DEDICATION - in honour of Dr. David W. Robertson

During 2003, our close friend and colleague, Dr. David W. Robertson, passed away
suddenly. David had served as the section editor of Central Nervous System section of
Annual Reports in Medicinal Chemistry for 9 years (Vol. 30—38) and prior to that, for the
Cardiovascular and Pulmonary Agents section for 5 years (Vol. 25—-29). He made a
tremendous contribution over these 14 years to this book. All who knew David could not
forget his dedication, his knowledge of our industry, his voice of reason and his humour.
Within the Pharmaceutical industry he was a formidable force, having been responsible for
leading teams to discover medicines in many therapeutic areas. We, as colleagues and
friends, miss him intensely but no more so that his family, as a devoted father to Andrew and
Cassie, his children are his legacy. | would like to dedicate this volume of Annual Reports to
David and his memory. David himself wrote about his core values and his dedication to the
discovery of medicines “/ live in one of the golden eras of science and the pharmaceutical
industry. | have chosen and been chosen for — a glorious pursuit, lofty calling, and have
been honored to have at my disposal massive resources, and wonderful, intellectually gifted
and highly productive colleagues. With these resources and co-workers, | recognize my
awesome responsibility, and work intensely in our quest to make medicines that matter,
and deliver hope to those who suffer from disease... We engineer medicines that matter,
medicines that my mentors and | could only dream of when | began my career in the
pharmaceutical industry. Our mission and my purpose as a leader, as a scientist and as a
person, demands the very best that | can offer. We make a difference.”

We are all incredibly honored to have had the opportunity to know David and to work
with him.

Annette M. Doherty
Sandwich, UK
June 2004
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PREFACE

Annual Reports in Medicinal Chemistry continues to focus on providing timely and critical
reviews of important topics in medicinal chemistry together with an emphasis on emerging
topics in the biological sciences, which are expected to provide the basis for entirely new
future therapies.

Volume 39 mostly retains the familiar format of previous volumes, this year with 25
chapters. Sections I1-IV are disease-oriented and generally report on specific medicinal
agents with updates from Volume 38. As in past volumes, annual updates have been limited
only to the most active areas of research in favor of specifically focussed and
mechanistically oriented chapters, where the objective is to provide the reader with the
most important new results in a particular field.

Sections V and VI continue to emphasize important topics in medicinal chemistry, biology,
and drug design as well as the critical interfaces among these disciplines. Included in
Section V, Topics in Biology, are chapters on the Pleiotropic effects of statins and Protein
structure modeling. Chapters in Section VI, Topics in Drug Design and Discovery include
drug transporters, the hit-to-lead discovery process, prodrug strategies in the design of
antivirals, and pre-clinical assessment of drug-induced QT interval prolongation.

Volume 39 concludes with To Market, To Market — a chapter on NCE and NBE
introductions worldwide in 2003. In addition to the chapter reviews, a comprehensive set of
indices has been included to enable the reader to easily locate topics in Volumes 1-39 of
this series.

Volume 39 of Annual Reports in Medicinal Chemistry was assembled with the superb
editorial assistance of Hannah Young and Lyn Hill and | would like to thank them for their
hard work and enduring support. | have continued to work with innovative and enthusiastic
section editors and my sincere thanks go to them again this year. | hope that you the reader
will enjoy and profit from reading this volume.

Annette M. Doherty

Sandwich, UK
June 2004
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1. INTRODUCTION

Attention-deficit/hyperactivity disorder (ADHD) is a relatively common psychiatric dis-
order in children and adolescents, occurring with a prevalence of 3—8% [1]. This disorder
can also continue into and be diagnosed in adulthood with a prevalence of 2—4% [2].
The biological basis for ADHD is not well understood, yet is considered to reflect several
heterogeneous variables including genetic polymorphisms, changes in neuroanatomy and
neurochemistry, and environmental factors.

2. CURRENT PHARMACOLOGIC TREATMENTS

For several decades, the psychostimulants methylphenidate (1) and amphetamine (2)
have been the mainstays in the treatment of ADHD, effectively controlling the core
symptoms of impulsivity, hyperactivity, and inattention [3,4]. This efficacy is
demonstrated as reductions in hyperarousal, impulsivity, motor restlessness, aggressive-
ness and antisocial behavior, and improvements in concentration, school and work
performance. Compliance issues and concerns as regards multiple daily doses of these
drugs to maintain effect has largely been eliminated by the introductions of longer acting
formulations (e.g., Adderall XR®, Concerta®). These drugs act by blocking the reuptake
of dopamine (DA) and norepinephrine (NE) and/or enhancing the release of these two
neurotransmitters. Although they are often considered the ‘gold standards’ in ADHD

ANNUAL REPORTS IN MEDICINAL CHEMISTRY, VOLUME 39 © 2004 Elsevier Inc.
ISSN: 0065-7743 DOI 10.1016/S0065-7743(04)39001-9 All rights reserved



4 S.A. Glase and D.J. Dooley

treatment, there are several issues that limit their widespread use inside and outside the
US. The psychostimulants can produce side effects including insomnia and sleep
disturbances, rebound phenomenon, appetite suppression and possible retardation of
growth, tics, and exacerbation of comorbid disorders [2]. Moreover, these agents may not
be effective or tolerated in all patients. Additionally, the psychostimulants are scheduled
drugs (restricting prescribing/dispensing) often associated with negative cultural
perceptions, and have the potential for abuse and diversion.
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The launch of the non-stimulant atomoxetine (Strattera®, 3) in early 2003 for ADHD
was the first instance in over 30 years of a new drug being approved for both child and
adult ADHD [5]. In contrast to the psychostimulants, atomoxetine acts by selectively
blocking the reuptake of NE, in a manner similar to the older tricyclic antidepressant
drugs desipramine and nortryptiline. As of the first quarter of 2004, atomoxetine had
garnered ~ 16% of the US ADHD market [6], providing physicians and psychiatrists with
an alternative to the psychostimulants. Since atomoxetine is not scheduled or abused, it
has significant advantages to the older agents. There are ongoing studies addressing the
relative efficacy and tolerability of atomoxetine versus amphetamine and
methylphenidate.

To compete successfully against the psychostimulants and atomoxetine, newer agents
may need to demonstrate improvements in efficacy, safety and tolerability, and at the
same time not be subject to scheduling or have the potential for abuse.

3. NEW THERAPEUTIC APPROACHES
3.1. Monoamine reuptake inhibitors

There is strong evidence that DA and NE play an important role in the pathophysiology of
ADHD. The widely used psychostimulants, methylphenidate and amphetamine, and the
non-stimulants desipramine (4), imipramine (5), bupropion (6) and atomoxetine act
through the common mechanism of enhancing monoaminergic neurotransmission [7,8].
The therapeutic effects of the stimulants have been attributed to their ability to block
reuptake and facilitate release (amphetamine) of DA in the striatum. The antidepressant
bupropion and GW320659 (7, structurally similar to the active hydroxyl metabolite of
bupropion) inhibit both DA and NE reuptake [9]. Bupropion has been shown to be an
effective treatment for ADHD especially in the presence of co-morbid depression and
bipolar disorder [10]. An initial study indicates that GW320659 may have clinically
relevant efficacy in pediatric ADHD [11]. The tricyclic antidepressants (TCAs)
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desipramine and imipramine, and the non-TCA atomoxetine are efficacious ADHD
treatments that act through selective inhibition of NE reuptake [12,13]. Atomoxetine
increases extracellular levels of NE and DA in the prefrontal cortex but does not affect
DA levels in the striatum or nucleus accumbens [14,15].
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A number of selective NE reuptake inhibitors have been reported recently, these
include the thio (8) and carbon (9) analogs of (S,S) reboxetine [16,17] and a series of
4-phenyl substituted tetrahydrofuro- and tetrahydropyrroloisoquinolines (10) which are

described as having K; ratios of =2 for the DA/NE transporters and K; ratios of =5 for
the 5-HT/NE transporters [18].

Several nonselective reuptake inhibitors have also been described. Structures 11-14
are piperidine analogs of desmethylsibutramine, which was shown to improve attention
in healthy volunteers [19]. The NE and DA uptake ICsq values are <10 nM for examples
11 and 12 and <100 nM for example 13 [20—22]. Compound 14 inhibited both NE and

DA uptake at 97% at 1 uM [23].

:
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Tropane analogs (15-18) were also claimed as monoamine reuptake inhibitors
[24—-27]. Compound 18 had ICs, values of 15, 32 and 20 nM for DA, NE and 5-HT
uptake, respectively [28].

Cl
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Conventional monoamine transporter ligand design has been driven by the assumption
that a basic amine is necessary for the formation of an ionic bond with an aspartate
residue on the DA, NE and 5-HT transporters. This notion has been challenged by the
identification of several potent non-nitrogen containing DA and 5-HT transporter ligands
that are highly selective against a wide range of receptors [29]. The high affinity usually
attributed to the formation of an ionic bond in a nitrogen-containing compound can be
compensated for by halogenation of the phenyl rings in the non-nitrogen counterparts.
This suggests the existence of different binding domains on monoamine transporters,
which raises the possibility of a new class of compounds with novel therapeutic profiles.

The (R,R) isomers of methylphenidate (19) and the oxy analog (20) both had ICs,
values of 17 nM at the DA transporter. The oxy analog (22) is also equipotent to tropane
(21) with ICs values of 1 and 3 nM at the DA transporter and 2.5 and 6.5 nM at the 5-HT
transporter, respectively. The carbon analog (23) is slightly weaker (DA; ICso = 11 nM
and 5-HT; ICsy = 214 nM).
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3.2. Dopamine D4 antagonists

ADHD is a highly heritable disorder, influenced by multiple genes. There is considerable
documentation supporting the association between the 7-repeat allele of the dopamine D4
(DA Dy) receptor and the personality trait of novelty seeking and ADHD, especially the
inattention subtype [30-34]. It has been shown that motor hyperactivity in
6-hydroxydopamine lesioned juvenile rats can be dose-dependently inhibited by
stimulants used to treat ADHD and selective antagonists for the dopamine D, but not
D, receptors [35-38].

Several 3- and 5-substituted indole (24) and dihydroindole (25) dopamine D, ligands
have been disclosed in recent patents. Compounds 24 and 25 were reported to have 1Cs,
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values of 7.5 and 1.3 nM, respectively, at the dopamine D, , receptors [39-43]. A series
of octahydropyridopyrazine analogs (26) have also been described as dopamine Dy,
ligands [44].

/NH
agha el o e

24 25 26

3.3. a-Adrenergic agonists

The a,-adrenergic agonists clonidine (27) and guanfacine (28) have been used in the
treatment of ADHD [45,46] especially where co-morbid tic disorders can be exacerbated
by stimulants [47,48]. Since there are no highly selective o, 0tog O Qrc agonists,
studies of cognitive function were carried out in oy, [49] and a,c [50] knock-out mice.
The results demonstrated that the beneficial cognitive enhancing effects of a, agonists
could be attributed to the a4 subtype. Several genes are likely to be responsible for the
heritability of ADHD. Genes within the dopaminergic system have received the most
attention, but more recently the o, adrenergic receptor gene (ADRA2A) has been
suggested to play a small role in the susceptibility or severity of ADHD [51].

A number of imidazobenzthiophenes and thiophenes were shown to have high affinity
for the a,p adrenergic receptors. The K; value for 29 was 0.09 nM [52,53].
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3.4. Histamine H; antagonists

In addition to controlling the synthesis and release of histamine, H; receptors are also
heteroreceptors that modulate the release of a number of other neurotransmitters that are
implicated in the learning and motor disturbances in ADHD, these include DA, NE and
acetylcholine [54]. H; antagonists have been shown to enhance attention and cognition in
multiple animal models [55].

A recent thorough review summarizes advances in imidazole and non-imidazole
H3/H, receptor ligands [56]. The chemical structures of the non-imidazole ligands vary
considerably but all contain an aliphatic tertiary amino group. Examples of these ligands
are 30, with an H; receptor binding K; = 0.83 nM, and analogs where the pyridinyl
oxime is replaced by substituted indoles and benzimidazolones [57-60].
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The benzofuranylethylpyrrolidine (31) and the imidazolephenylmethanone (32) have K;
values of 0.6 and 1.3 nM, respectively, at the H? receptor [61,62].
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3.5. Nicotinic receptor agonists

Evidence indicates that abnormal regulation of nicotine acetylcholine receptors
(nAChRs) may contribute to the inattention and cognitive impairments associated with
ADHD. Presynaptic nAChRs modulate the release of NE, DA, 5-HT, acetylcholine,
glutamate and y-aminobutyric acid, neurotransmitters important to learning and memory
[63]. nAChRs are comprised of a combination of Sa and 3 subunits which confer distinct
pharmacologic properties. a3, and «; antagonists were shown to disrupt working
memory in rats [64]. In clinical trials, nicotine skin patches and the nicotine agoinist
ABT-418 were shown to be effective in alleviating inattention in adults with ADHD
[65,66]. The significantly higher occurrence of cigarette smoking (nearly twice the
general population) in adolescents and adults with ADHD may represent a form of self-
medication [67].

Most nicotinic ligands share a common structural motif that is characterized by a
bicyclicamine attached to a variety of aromatic and heteroaromatic moieties. Numerous
examples of 1-azabicyclo-[2.2.2]octane o; nAChR ligands can be found in the recent
patent literature. Three representative examples are the spirofuropyridine (33), the octene
(34) and heterocyclic amides such as (35). The K; values are 0.033, 58, and 5 nM,
respectively [68—77]. There are also many analogs of 35 with I-azabicyclo-
[2.2.1]heptane, -[3.2.1]octane, -[3.2.2]nonane and 7-azabicyclo-[2.2.1]heptane [78—89].

N= g NZSN-S

33 34 35
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Additional examples of a; nAChR ligands are 8-azabicyclo-[3.2.1]octene (36) with an
affinity of 18 nM and the 4-ester substituted and 4-keto substituted 1,4-diazabicyclo-
[3.2.2.]nonanes (37) and (38) [90-93].

36 37 38

The pyridazinyl-3,7-diazabicyclo-[3.3.1]nonane (39) is an example of an 43, nAChR
ligand with an ICsq value of 3 nM [94]. Ureas such as (40) are described as positive
allosteric modulators that enhance the efficacy of agonists at the a; nAChR by
minimizing receptor desensitization [95].

SN N\
o) R
39 NH 40 p O\N/ 2

4. CONCLUSION

It is becoming apparent that for many individuals, ADHD is a lifelong impairment that
affects their ability to function in academic, occupational and personal situations.
Advances in understanding the biological basis of this disorder and the availability of
novel compounds from a variety of mechanisms of action, offer the promise of new
therapeutic options, with the opportunity to improve the number of successfully treated
patients.
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1. INTRODUCTION

The chemical diversity of agents acting on receptors for y-aminobutyric acid (GABA),
the major inhibitory neurotransmitter in the brain, is substantial and increasing. This rich
diversity offers both challenges and opportunities for medicinal chemists [1]. GABA
produces neuronal inhibition by acting on two major types of receptors: ionotropic
receptors that are ligand-gated ion channels (GABA, and GABA( receptors) [1], and
metabotropic receptors that are G-protein coupled receptors (GABAg receptors) that act
via second messengers [2]. The ionotropic GABA 5 and GABA receptors belong to the
nicotinicoid superfamily of ligand-gated ion channels that includes nicotinic acetyl-
choline, strychnine-sensitive glycine and SHT; receptors [3]. Although GABAc
receptors are sometimes classified as subtypes of GABA, receptors, they differ in
their ability to form endogenous heteromeric and homomeric receptors respectively, and
in their physiological and pharmacological properties [4].

There is also a significant diversity of ionotropic GABA receptor subtypes composed
of different protein subunits. The discovery of subtype specific agents is a major
challenge in the continuing development of ionotropic GABA receptor pharmacology.
Leads for the discovery of new chemical entities that selectively influence ionotropic
GABA receptors come from using recombinant receptors of known subunit composition
and the use of genetically modified mice [5]. This has been elegantly demonstrated in
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mice with mutant al subunits that show the normal anxiolytic responses to
benzodiazepines but not the sedative effects. Mice with mutant a2 subunits show the
sedative but not the anxiolytic effects of benzodiazepines. Positive allosteric modulators
of GABA, receptor function that are selective for al subunits show non-anxiolytic
sedative properties, e.g. 1 zolpidem [6]. While sufficiently selective a2 subunit agents are
yet to be developed there are non-sedating anxiolytics, e.g. 2, 7,8,9,10-tetrahydro-
3-phenyl-6-(2-pyridinyl-methoxy)-7,10-ethano-1,2,4-triazolo[3,4-a]phthalazine that
show selectivity for a2, a3 and a5 subunit containing receptors over a1l [7].
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GABA, as the major inhibitory neurotransmitter, is involved, directly or indirectly, in
many disorders of brain function. The major disorders for which ionotropic GABA
receptors represent important therapeutic targets include anxiety, depression, epilepsy,
schizophrenia, sleep and memory disorders. Thus, therapeutic agents acting selectively
on subtypes of ionotropic GABA receptors are much sought after. This review is
concerned with ionotropic GABA, and GABA( receptors as therapeutic targets in
particular for memory and sleep disorders. It is known from the actions of relatively non-
selective agents that stimulating the function of ionotropic GABA receptors can enhance
sleep while relatively non-selective agents that reduce the function of ionotropic GABA
receptors can enhance aspects of memory. While classical benzodiazepines such as
diazepam promote sleep by enhancing the function of GABA 4 receptors that contain a y2
subunit, they do have some adverse effects on memory. The challenge is to discover more
selective agents that influence only sleep and not memory, and vice versa.

There are many reviews on aspects of GABA receptors including GABA 4 receptor
subtypes [8—12], drug interactions [13], specific agonists and partial agonists [14],
receptor recycling and regulation [15], novel modulators [16], medicinal chemistry
[1,17], and analysis of GABA 4 receptors through mouse genetics [S]. GAB A receptors
as therapeutic targets have been the subject of a recent review [18].

2. IONOTROPIC GABA RECEPTORS

Structurally, GABA, and GABA( receptors are similar to other members of the
nicotinicoid superfamily of ligand-gated ion channels, consisting of five protein
subunits arranged around a central pore that constitutes the actual ion channel [1].
Each subunit has a large extracellular N-terminal domain which incorporates part of
the agonist/antagonist binding site, followed by three membrane spanning domains
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(M1-3), an intracellular loop of variable length and a fourth membrane spanning domain
(M4), with the C-terminal end being extracellular. Each subunit arranges itself such that
the second membrane-spanning domain (M2) forms the wall of the channel pore and the
overall charge of the domain determines whether the channel conducts anions or cations.
Both GABA, and GABAC( receptors are GABA-gated chloride ion channels causing
inhibition of neuronal firing, with GABA 4 receptors being heteromeric, i.e., made up of
different subunits (e.g. al, B2 and y2 subunits) and GABA receptors being in general
homomeric (e.g. made up exclusively of pl subunits). The cytoplasmic loop, between
the third and fourth transmembrane domains (M3 and M4), is believed to be the
target for protein kinases, required for subcellular targeting and membrane clustering of the
receptor.

2.1. Molecular composition of ionotropic receptors

There are 16 different subunits comprising the GABA 4 receptor family: a1-6, B1-3,
v1-3, 9, €, and 6. In addition, there are splice variants of many of these subunits. If all of
these subunits could co-assemble to form functional pentameric receptors the total
number of GABA, receptors would be very large. Even if the combinations were
restricted to those containing two o two 3 and one other subunit, then more than 2000
different GABA, receptors could exist. In fact, studies of native GABA, receptors
suggest that there may be fewer than 20 widely occurring GABA, receptor subtype
combinations, with the major combinations being o/2/3v2, a333vy2 and «233vy2 [8].

The molecular components of the GABA( receptors are the p-subunits. To date, two
subunits (pl and p2) have been cloned from human, while in rat three subunits (p1-3)
have been cloned. There is a high degree of sequence homology (>92%) shared between
human and rat p-subunits, while 60—74% sequence homology is exhibited between the
various p-subunits [18]. The subunits form functional homomeric receptors (formed from
pl, p2 or p3 subunits) [19] or pseudo-heteromeric receptors (formed from a combination
of pl and p2 subunits, or p2 and p3 subunits) [19,20]. Neither p1 or p2 subunits assemble
with o or 3 subunits of the GABA 4 receptor and, thus, are generally not regarded as part
of the GABA, receptor family [21], although coassembly of mutated GABAc pl
subunits with GABA ¥2S, glycine a1 and glycine a2 subunits was demonstrated in vitro
[22] and pl with y2 subunits in white perch retina [23], suggesting that heteromeric
assembly can exist.

While GABA4 receptors are found throughout the central nervous system, GABAc
receptors have a more restricted distribution, having been found in the retina,
hippocampus, spinal cord, pituitary and gut [24—28]. Their role may include visual
processing, regulation of sleep-waking rhythms, pain perception, memory, learning,
regulation of hormones and neuroendocrine gastrointestinal secretion [18].

2.2. GABA, and GABA_ receptor pharmacology

GABA 4 receptors are defined pharmacologically by their inhibition by the alkaloid bicu-
culline. In addition, muscimol 3 and THIP 4 (gaboxadol, 4,5,6,7-tetrahydroisoxazolo
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(5,4-c)pyridin-3-ol) are widely used as selective GABA 4 receptor agonists [1]. However,
they also have potent actions on GABA( receptors, which means that interpretation of
studies with these agents should be treated with some caution [18]. No ‘selective’ GABA 5
receptor agonist is known that does not have significant action on either GABAg and/or
GABAC( receptors. For example, muscimol 3, a conformationally restricted analog of
GABA in which a hydroxyisoxazole moiety replaces the carboxyl group of GABA, is more
potent at GABA receptors than at GABA 4 receptors [29].

OH OH ?]
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GABA( receptors are not inhibited by bicuculline nor activated by the GABAg
receptor agonist (— )-baclofen [1]. Instead, these receptors are selectively activated by
CACA 5 (cis-4-amino-crotonic acid; (Z)-4-amino-2-butenoic acid) and (+)-CAMP 6
((1S,2R)-2-(aminomethyl)cyclopropanecarboxylic acid) and inhibited by TPMPA 7
((1,2,5,6-tetrahydropyridin-4-yl)methylphosphinic acid) [1,30,31].

2.3. Modulators of ionotropic GABA receptors

Allosteric modulators of GABA receptors are usually considered to be promising drug
leads for two reasons. Firstly, the allosteric sites have greater diversity between receptor
subtypes in amino acid sequence than on the GABA recognition sites (orthosteric sites).
Secondly, they require the presence of the endogenous ligand to produce an effect and
so are thought to be somewhat more ‘gentle’ drugs compared to ligands acting at the
orthosteric site [32]. Benzodiazepines and barbiturates are examples of widely used
therapeutic agents that act as positive allosteric modulators at GABA, receptors.
Although there is a significant chemical diversity of positive allosteric modulators
acting at GABA 4 receptors [1], allosteric modulators of GABA receptors are relatively
unknown. A number of early SAR studies of GABA( receptors reported that GABAA
receptor modulators including benzodiazepine and steroids were inactive at these
receptors [33,34]. However, such compounds were only tested at concentrations active
at GABA, receptors, that is, at nM concentrations. More recent studies found that
higher doses (M concentrations) of certain steroids could indeed modulate this
receptor [35].

3. IONOTROPIC GABA RECEPTORS AND SLEEP DISORDERS

The treatment of insomnia is regarded as a developing market for agents acting on
GABA 4 and possibly GABA receptors. GABA systems are known to play an important
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role in sleep and positive allosteric modulators of GABA 4 receptors are widely used to
promote restful sleep [36].

The brain lipid oleamide (8, Z-9-octadecenamide) accumulates in the CSF of
sleep-derived cats suggesting that it may be an endogenous sleep-inducing factor.
Oleamide enhances the effect of GABA on rat cultured cortical neurons with an
ECsy of 15 puM [37]. In studies on recombinant GABA, receptors expressed in
Xenopus oocytes, oleamide enhanced the effects of GABA only at those receptors
containing a <2 subunit that are susceptible to positive modulation by benzo-
diazepines. However, its enhancing action was not sensitive to the specific
benzodiazepine antagonist flumazenil [37,38].

AN
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Oleamide is inactive in 33 knockout mice and a mutation in o) s
B3 GABA, receptor subunits has been described in a patient /
with chronic insomnia [39]. Oleamide and related compounds N \

~ —

are being intensively investigated for use in sleep therapy
[40]. Indiplon 9 acts in a similarly selective manner to \\_ N /7
oleamide and is in clinical trials for the treatment of insomnia

[41,42].
Also in clinical trials for the treatment of sleep disorders O
is THIP 4, a directly acting GABA, receptor partial )K
agonist that interacts with a GABA, receptor population N
that is insensitive to benzodiazepines, zolpidem, zaleplon o |

and indiplon [43]. THIP is a moderately potent GABAc

receptor antagonist [29]. Unlike GABA, THIP passes the blood—brain barrier on
systemic administration and is a potent analgesic [44]. The side effects of THIP
(including sedation, dizziness, and blurred vision) meant that it had too low a
therapeutic index to be therapeutically useful as an analgesic [45,46] but it is being
investigated for sleep therapy. Interestingly, THIP-induced analgesia is not sensitive
to bicuculline suggesting that GABA, receptors are not involved [47]. Instead, the
GABAC( receptor antagonist action of THIP may contribute to its analgesic action
[18] as the analgesic action of THIP in rats is blocked by subconvulsant doses of
picrotoxinin [48], a potent GABA( receptor antagonist in addition to its well known
action as a GABA, receptor antagonist [18].

THIP produces slow wave sleep and reduces spindling activity in non-rapid
eye movement sleep in humans [49]. It does appear that receptors other than the
classical benzodiazepine-sensitive, bicuculline-sensitive GABA 5 receptors are involved
in the effects of THIP on both pain perception and sleep. Benzodiazepine-sensitive
GABA 4 receptors do not appear to be involved in the effects of THIP on sleep patterns
[49]. The binding of THIP to rat brain membranes, unlike that of GABA and muscimol,
is not stimulated by diazepam [50]. THIP was devoid of the anticonvulsant and
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antiepileptogenic effects shown by diazepam and alphaxalone in pentamethylene-
tetrazole-kindled mice [51].

Clinical studies with THIP have indicated that sleep quality improving effects are
obtained at plasma concentrations of the order of 1 uM [49]. THIP shows considerable
variation in potency on recombinant receptors: THIP acts on a133y2S recombinant
GABA, receptors expressed in oocytes as a partial agonist (ECsy 350 pM) and more
potently and as a full agonist on a533y3 (ECsqy 40 puM) and a5B3v3 (ECso 29 M)
recombinant receptors [52]. On a433y2 recombinant receptors THIP acts as a partial
agonist (ECso 102 M) and on a4B33 as a ‘superagonist’ (ECsy 6 pM) [53]. On
recombinant GABA( receptors THIP acts as an antagonist (Kb 32 uM for pl [29] and
10 uM for p3 receptors [54]). On this basis, 4330 GABA, and p3 GABA( receptors
are the most likely GABA receptors to respond to clinically relevant 1 uM plasma
concentrations of THIP. In addition, the GABA( receptor antagonist TPMPA 7 has
been used to probe the involvement of GABA( receptors in sleep-waking behavior in
rats on intraventricular administration [55]. TPMPA enhanced both active and quiet
wakefulness and decreased total slow wave sleep and paradoxical sleep. GABAc
receptors are also involved in sleep-waking regulation. It was concluded that since the
sensitivity of GABA( receptors to GABA is much higher than that of GABA, and
GABAGg receptors, GABA( receptors modulators could be potential medications acting
at low doses with fewer side effects [55].

Many herbal preparations are used to promote sleep. Their active ingredients
include flavonoids and terpenoids known to modulate GABA receptor function. For
example, chamomile tea contains the flavonoid apigenin, 10 R=H. Apigenin is known
to have sedative effects in rats [56]. The effects of apigenin on GABA4 receptors are
complex and involve both flumazenil-sensitive and flumazenil-insensitive components.
Apigenin has been shown to inhibit the activation of recombinant a131vy2S GABA,
receptors in a flumazenil-insensitive manner and to have a similar effect on pl
GABA( receptors [57]. Other studies on recombinant alB2y2L. GABA, receptors
describe an inhibitory effect of apigenin on
GABA responses and, in addition, describe an
enhancement of the diazepam-induced positive
allosteric modulation of GABA responses by
apigenin [58]. Such a second order modulation
by apigenin of benzodiazepine modulation of
the activation by GABA of GABA, receptors
may indicate that apigenin needs to work
through an endogenous benzodiazepine system
to produce sedation in a flumazenil-sensitive manner. 6-Methylapigenin, 10 R=CHj,
has been isolated from Valeriana wallichii, a known sedative herb, and may be a more
potent positive modulator of GABA, receptors than apigenin [59].

Extracts of valerian (Valeriana officinalis) are widely used to reduce the latency of
sleep onset, the depth of sleep and the perception of well-being. These extracts
contain a variety of agents, including the sesquiterpenoid valerinic acid 11, that act
on GABA, receptors [60]. The monoterpenoid (+)-borneol 12, found in high
concentrations in extracts of valerian, is a flumazenil-insensitive positive allosteric
modulator of recombinant GABA, receptors of low affinity but very high efficacy

OH
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producing a 12-fold enhancement of the action of 10 uM GABA at a concentration
of 450 uM [58,61].
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4. IONOTROPIC GABA RECEPTORS AND MEMORY DISORDERS

GABA, receptor a5-subunits are likely to be involved in aspects of memory. Less
than 5% of GABA, receptors in the brain are thought to contain a5-subunits. They
are localized mainly to the hippocampus where they may play a key role in
cognitive processes by controlling a component of o

synaptic transmission in the CAl. Mice lacking the o5 P(CH2),0H
gene show improved performance in the Morris water =

maze model of spatial learning, whereas the performance — S

in non-hippocampal-dependent learning and in anxiety

tasks were unaltered in comparison with wild-type S
controls [62]. Novel selective o5 negative allosteric N <)
modulators, e.g. 6,6-dimethyl-3-(2-hydroxyethyl)thio-1- 13 =

(thiazol-2-yl)-6,7-dihydro-2-benzothiophen-4(5H)-one 13, that enhance spatial learn-
ing but lack the convulsant or proconvulsant activity associated with non-selective
GABA, receptor negative allosteric modulators have been developed [63].

bis(7)-Tacrine (14, N,N'-bis(1,2,3,4-tetrahydro-9-acridinyl)-1,7-heptanediamine) is a
potential Alzheimer’s disease drug on the basis of its superior acetylcholinesterase
inhibition and memory-enhancing potency relative to tacrine. It is a potent competitive
GABA, receptor antagonist (ICsy 6 wM), some 18 times more potent than tacrine on
these receptors, suggesting that its GAB A 4 receptor antagonist activity may contribute to
its memory-enhancing properties [64].

/\/\/\/\
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The sesquiterpene trilactone bilobalide 15 is one of the active constituents of the 50:1
Ginkgo biloba leaf extract widely used to enhance memory and learning. Bilobalide was
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found to antagonize the direct action of GABA on recombinant alB2y2L GABA,
receptors expressed in Xenopus oocytes [65,60]. Bilobalide is unusual in being a GABA 5
receptor antagonist that lacks overt convulsant properties; indeed it is an anticonvulsant
[67,68]. As with 13, the a5 subunit preferring negative allosteric modulator, the lack of
convulsant action in an agent that reduces GABA action may be important for
enhancement of memory and learning. The lack of convulsant action of bilobalide may
result from subunit selectivity, but this has yet to be established. The structurally related
ginkgolides act similarly to bilobalide as negative allosteric modulators of GABA,
receptor function [69]. The biflavone amentoflavone 16 is negative allosteric modulator of
GABA, receptor function [70]; it is found in Ginkgo biloba but is removed from the
extracts used to enhance memory and learning.

GABAC( receptors have also been associated with learning and memory. (3-Amino-
propyl)butylphosphinic acid (17, CGP36742), a moderately potent antagonist at the
GABAg receptor (ICs;, = 38 wM), was found to also antagonize GABA( receptors.
CGP36742 had memory-enhancing properties [71] and it was proposed that the memory
enhancing effects of CGP36742 result from activity at GABAc receptors.
The hypothesis that GABAc receptors enhanced memory was confirmed by the
fact that TPMPA 7 was able to improve memory in rats and chicks [72].
(*)-cis-(3-Aminocyclopentyl)butylphosphonic acid 18, a GABA( receptor antagonist
that lacks GABAg receptor activity, has been patented as a memory enhancing
agent [73].

i i
PSS P\\/\ " P\M
OH OH
17 18

Resveratrol 19 is a moderately potent GABA( receptor non-competitive antagonist
(ICs0 72 pM) [58]. It is an important constituent of red wine and has been patented for the
treatment of mild cognitive disorders [74]. These studies provide some evidence that
GABAC( receptors play a role in memory.
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Preparations of sage have been used in herbal medicine to assist memory [75] and an
extract of Salvia lavandulaefolia (Spanish sage) has been shown to enhance memory in
healthy young volunteers [76]. Hispidulin, 6-methoxyapigenin 10 R=OCHj, isolated
from sage, has been shown to be a potent positive allosteric modulator of GABA,
receptors [77]. Sage extracts are known to contain a variety of flavonoids (including
apigenin, hispidulin and linarin) and terpenoids (including galdosol, miltirone, carnosic
acid and carbosol) that are known to enhance the function of ionotropic GABA receptors.
Possibly the most interesting terpenoid in extracts of sage is a-thujone 20 a known
GABA, receptor antagonist [78]. The levels of a-thujone in individual sage plants are
known to vary considerably [75]. The antagonistic effects of a-thujone on GABA,
receptors may be an important component of the memory enhancing properties of sage
extracts, while the constituents that enhance the functioning of GABA 5 receptors, such as
hispidulin, are more likely to be involved in sedative actions [79].

5. CONCLUSION

Agents acting on GABA, or GABA( receptors have widespread therapeutic potential
including therapy of sleep and memory disorders. The discovery of selective ionotropic
GABA receptor agents as modulators acting on the allosteric sites or as agonists, partial
agonists or antagonists acting on the orthosteric, site is a major challenge in the
continuing development of therapeutic agents acting on specific subtypes of GABA, or
GABAC receptors.
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1. INTRODUCTION

Melatonin is widely used as an over-the-counter therapy for the treatment of sleep
disorders. The discovery of novel potent melatonin agonists has led to the clinical
development of a number of melatonin agonists for the treatment of sleep, major
depression and anxiety disorders.

In this report, we will review recently published literature detailing some of the current
understanding of the biology of melatonin receptors, the use of melatonin and detail some
of potential new medicines being explored.

2. BIOLOGY OF MELATONIN

The hormone melatonin 1 (N-acetyl-5-methoxytryptamine) is produced and secreted
from the pinealocytes of the pineal gland [1]. Melatonin is synthesized in a circadian
mode as it is produced at high levels at night and low levels during the day. The
suprachiasmatic nucleus (SCN) of the hypothalamus, which is considered the master
clock, regulates the rhythmic secretion of melatonin. Melatonin, in turn, interacts at
receptors in the SCN to suppress neuronal firing. The ability of melatonin to shift
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the circadian rhythm, modulate the sleep—wake cycle o
and circannual rhythms in many species, including man, N )K
is well documented as detailed in the recent literature _0 H
[2—8]. Numerous recently published articles have also N
described the effect of melatonin on phase shifts, for m

example those associated with shift work or jet lag 1

[9-13].

Other effects of melatonin described in the literature include its neuroprotective, anti-
inflammatory, pain modulatory, retinal, vascular and antioxidant properties [3,14—20].
This chapter focuses on the use of melatonin and synthetic melatonin agonists for the
treatment of sleep, major depression and anxiety.

2.1. Melatonin receptors

Melatonin has high affinity for two G-protein coupled receptors (GPCRs), designated
MT1 and MT2, and activates the inhibition of adenylyl cyclase via these receptors [21].
Melatonin receptors MT1 and MT2 have amino acid sequences which are 60% identical.
In situ analysis has revealed that MT1 mRNA is present in human SCN.
Autoradiographic localization studies have shown that '*’I-melatonin binding is present
in the SCN of most mammalian species including human. MT2 mRNA is not as abundant
as MT1 and has been found in SCN and retina by RT-PCR [22]. Most species, with the
exception of humans, show specific '*’I-melatonin binding in the pars tuberalis of the
pituitary. Pituitary melatonin receptors are believed to contribute to the regulation of
seasonal changes in reproductive function [7].

The distinct function of MT1 and MT2 has yet to be clearly defined, however, their
role in the regulation of sleep and in circadian rhythm is well established [22]. In mice
lacking the MT1 receptor, melatonin does not inhibit suppression of neuronal firing in the
SCN as in wild-type controls [23]. In contrast, melatonin inhibits the neuronal firing in
the SCN of mice lacking the MT2 receptor [24]. These knockout mice studies reveal that
the MT1 receptor is responsible for the regulation of neuronal activity in the SCN. MT1
and MT?2 receptors both appear to regulate CREB-phosphorylation in the SCN showing
that both receptors may be important in transcriptional regulation within the SCN and
indicating that there may be some redundancy of melatonin receptors. As more MT1 or
MT?2 receptor specific ligands are discovered, the differing roles of these two subtypes
may become more clearly defined.

A third melatonin receptor binding site, termed MT3, has lower affinity for
melatonin compared to MT1 and MT2 and does not fit the typical binding profile of a
GPCR. Binding to MT3 displays enzyme-like kinetics of fast association and dissociation
of ligand, is loosely associated with the membrane fraction and is not affected by GTPyS
[25]. Recently, hamster MT3 binding site was identified as the hamster homologue of the
human dihydronicotinamide riboside quinone oxidoreductase (NQO2)[26]. NQO2 is
responsible for nitroreductase and detoxification of compounds. The activity of this
enzyme is inhibited by melatonin and other compounds that interact at the '*’I-melatonin
binding site. The physiological significance of melatonin’s interaction with NQO2 has
not been well explored. MT3 receptors are currently being investigated for their potential

]251_
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role in regulating intraocular pressure [27]. Interestingly, a polymorphism in the NQO2/
MT3 gene is associated with an increased risk of developing clozapine-induced
agranulocytosis [28].

2.2. Regulation of melatonin receptors

Desensitization and down regulation of GPCRs by agonist ligands may effect the
physiological responses mediated by the particular GPCR. The regulation of melatonin
receptors by agonists has been studied in an effort to understand the mechanism
regulating receptor expression. Desensitization of MT1 receptors by melatonin requires
prolonged exposure and is not accompanied by significant observable receptor
internalization [29]. Instead, a slight but significant desensitization of melatonin-induced
GTP~S binding was revealed. Exposure of recombinant MT2 receptors to melatonin,
however, leads to a rapid down-regulation of specific '*’I-melatonin binding and
correlates with desensitization of MT2 receptor function [30]. The authors suggest that
administration of high doses of MT2 agonists may desensitize the MT2 receptor and
impair melatonin-induced phase shifts in circadian rhythms or reduce melatonin-induced
vasodilation.

2.3. Melatonin and sleep

Sleep deprivation and poor sleep quality can reduce cognitive function, memory and
negatively affect mood [31,32]. Understanding the relationship of melatonin levels to
sleep disorders, depression and anxiety has become a topic of considerable recent
research and the melatonin receptors MT1 and MT2 have emerged as therapeutic targets
of interest [33]. Melatonin’s effect on the duration and quality of sleep has been reported
in the literature and in a recent clinical trial, the effects of exogenous melatonin on
disturbed REM sleep in humans was studied [34,35]. The results showed that melatonin
was significantly more effective than placebo in measures of sleep parameters with
patients on melatonin experiencing significant increases in REM sleep percentage and
improvements in subjective measures of daytime function [35]. Melatonin therapy could
be a useful treatment for sleep disorders associated with shift work or patients with
reduced melatonin levels.

Age-related reduction in serum melatonin levels in mice has been recently
documented [15,36]. Also impaired production of melatonin, and sleep disorders are
reported as common among elderly patients [37]. In a recent article, the excretion of the
major melatonin metabolite, 6-sulfatoxymelatonin, was studied in patients aged 55 years
or older [38]. It was concluded that low nocturnal melatonin production is associated
with insomnia and these ‘low excretors’ had a significantly higher positive response to
melatonin replacement therapy. However, previously published clinical trial data on the
use of 5 mg of fast release melatonin taken at bedtime showed that it did not improve
the quality of sleep in older people with reported age-related sleep maintenance
problems [39].
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In a recent review the beneficial use of melatonin in children with severe and
intractable sleep disturbance associated with developmental disabilities was discussed
[40]. It was concluded that melatonin use is a safe addition to psychological and social
approaches for severe sleep disturbance. Similar clinical study reports indicate that
melatonin facilitated sleep in individuals with mental retardation and insomnia [41].
Melatonin therapy has also been reported to dramatically improve sleep architecture in
blind patients [42].

A disturbed sleep—wake rhythm is common in patients with Alzheimer Disease. This
is reported to correlate with decreased melatonin levels and a disrupted circadian
melatonin rhythm [43]. This recent article concludes that this disruption is caused by
dysfunction of noradrenergic regulation and the depletion of serotonin by increased
monoamine oxidase A, resulting in the loss of melatonin rhythm in preclinical Alzheimer
Disease.

2.4. Melatonin and depression

Melatonin has been described in the literature as having an antidepressant effect in
some animal models of depression. In the mouse tail suspension test (TST), the
antidepressant activity of melatonin was proposed to be mediated through an
interaction with NMDA receptors and the L-arginine-NO pathway [44]. In a rodent
behavioral despair model, administration of melatonin decreased the immobility time
that was observed on chronic exposure to forced swimming test [45,46]. Daily
treatment of chronically stressed mice with melatonin was shown to reverse various
perturbations induced by stress [47]. Recently, published results monitoring the levels
of melatonin in trout, also seem to indicate it plays a role in the regulation of stress and
anxiety [48].

3. SYNTHETIC MELATONIN AGONISTS

Melatonin from the pineal gland was recently reported to be distributed to the brain via
the cerebrospinal fluid [49]. Exogenously administered deuterated melatonin has low
absolute bioavailability in man (1-37%) due to first pass metabolism and a short half life
reported to be approximately 40 min [50]. The shortcomings of exogenously
administered melatonin as a drug have led to the search for improved synthetic
melatonin agonists. Some of the novel synthetic melatonin agonists previously reported
in the literature include agomelatine (S 20098), ramelteon (TAK-375), LY-156735,
GR196429, and BMS-214778 [51-55]. The efficacy of novel melatonin agonists in
human sleep regulation and the treatment of depression has been well documented and is
described in more detail for the specific ligands below [51—53]. The role of melatonin
agonists in the treatment of anxiety is less clearly defined, however, some recently
published results in anxiolytic animal models seem to indicate they play a significant role.
For example melatonin MT1, MT2 dual receptor agonist, S23478 (structure not
disclosed), was assessed in a rat model of anticipation of social defeat [56]. The behaviors
induced in this animal model, immobility, ultrasonic vocalization and defensive postures
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associated with anxiety, were reduced when the animal was pretreated with doses of
523478 at 40 mg/kg. This compound significantly reduced the duration of immobility
and vocalization. The data indicates that a dual MT1/2 receptor agonist can exert
anxiolytic-like effects.

3.1. Indolic melatonin agonists

Melatonin has been studied extensively as described o
above and many close indole containing analogs have )K
also been reported in the literature. The melatonin 4
agonist LY-156735, 2 was recently reported to alleviate
the symptoms of shift lag and to help resynchronize
circadian rhythms at a dose of 5 mg/day in human
clinical trials [53].

Indole derivative 3, with 5-fold greater potency than melatonin was recently
described [57]. The group also reported the synthesis and biological evaluation of
tricyclic melatonin analogs with alkyl and cycloalkyl groups in the beta position of the
ethylamido chain [58]. When two beta methyl groups were added to the side-chain of
the methoxyl-substituted ligand, 4 an increase in agonist potency was observed.
However, more bulky R group beta-substituents, reportedly led to antagonism.

o
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Recently sulfur analogs of melatonin, 5 and 6 were reported to have decreased
binding affinity at human MT1 and MT2 receptors combined with reduced potency as
melatonin agonists [59]. Introduction of the sulfur at the 5 position as seen in 5 resulted in
a 35-fold reduction in binding to MT1 and 44-fold reduction in binding to MT2 compared
to Melatonin. The thioamide 6 gave a 2.5- and 2-fold reduction in binding affinity for
MT1 and MT2, respectively, indicating the greater importance of the 5-methoxy group to
receptor affinity.

S
SN SN
A\ N
5 6

Computational methods have also been used to help determine the active conformation
of melatonin and the structural requirements for both melatonin receptor subtype
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specificity and intrinsic activity. In a recent report ab initio calculations were used to
analyze the conformation of melatonin and the results were used to explain the different
receptor affinities and subtype specificity of various melatonin analogs with restricted
conformations [60,61]. Three dimensional quantitative structure—activity relationship
comparative molecular field analysis (3D-QSAR CoMFA) was also recently reported
with further exploration of the structural requirements for the melatonin receptor
subtypes and intrinsic activity modulation [62].

3.2. Structurally diverse synthetic melatonin agonists

As well as literature describing melatonin and close indolic analogs, a number of more
structurally diverse pharmacological tools and possible future drugs have been disclosed.
The two most advanced drug development candidates are agomelatine (S 20098) and
ramelteon (TAK-375) both are in Phase III studies for the treatment of depression and
sleep, respectively.

3.3. Agomelatine and derivatives

Agomelatine 7 is a potent agonist at melatoninergic 0
receptors. It shows a high affinity for cloned human NJ\
melatonin receptor MT1 and MT2 sub-types (K; = 61 H

o}
and 268 pM, respectively). The affinity of agomelatine - OO
at melatonin receptors is comparable to that of

melatonin (K; = 85 and 263 pM, respectively). Agome-
latine also shows affinity (ICsy = 270 nM) for human
cloned serotonin-2C (5-HT2C) receptors, and acts as an antagonist at this receptor
subtype [63].

Agomelatine has shown antidepressant activity in animal models of depression, e.g. the
rat forced swim test (FST) [63] and the rat chronic mild stress model of depression [64]
Researchers have suggested that the antidepressant-like activity of agomelatine depends
on some combination of its melatonin agonist and 5-HT2C antagonist properties. This
novel dual pharmacological profile has been given the acronym: MASSA (Melatonin
Agonist and Selective Serotonin Antagonist) [51].

Anti-depressant efficacy in human phase 2 clinical trials has been shown by
agomelatine [65]. In a randomized placebo controlled trial, agomelatine (25 mg/day)
after 2 and 4 weeks of treatment was significantly more effective than placebo in treating
depression (based on HAM-D scores). Additionally, agomelatine was significantly more
effective than placebo at treating a subpopulation of severely depressed patients whereas
paroxetine was not significantly different from placebo. Agomelatine also decreased the
severity of anxiety associated with depression and was well tolerated with adverse effects
similar to placebo.

Agomelatine, is significantly more potent at melatonin receptors than at SHT2c
receptors, however, the role of SHT2c in its efficacy for the treatment of depression is

7
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an interesting area of further investigation [66,67]. The potency of two major
metabolites of agomelatine at SHT2c has been reported in the literature. Metabolite S
21517, 8 has greater potency than agomelatine, 130 nM versus 210 nM at SHT2c.
However, potency, approximately 10-fold lower than agomelatine, was reported for
the metabolite S 21540, 9 [68].

The synthesis of agomelatine-like arylalkoxy amido derivatives has been reported
[69]. The introduction of an oxygen atom in the amido chain led to melatonin agonists
that were less potent than the corresponding deoxy derivatives. The 2,7-dimethoxy-
naphthalene derivative, 10 was reported to be 0.13 and 0.1 nM at hMT1 and hMT2
receptors, respectively.

N i
N H

10

Agomelatine dimer derivatives have been described by Descamps-Francois ef al. some
of these dimers were reported to be MT1 selective, however, the most MT1 selective
compound, S 26131, 11 showed an antagonist profile [70].

0 o)
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Recently inhibitors of serotonin N-acetyltransferase were found to be potent
melatonin ligands [71]. As the ligands resemble serotonin and melatonin, the natural
substrate and product of arylalkylamine N-acetyltransferase this activity was expected.
These ligands were also structurally related to agomelatine. The most potent derivative,
12 was 90 and 80 pM at hMT1 and hMT2, respectively, and 2 puM at serotonin
N-acetyltransferase.

3.4. Ramelteon

An exciting new drug candidate for the treatment of patients with insomnia and
circadian rhythm dysfunction, ramelteon 13 has been reported [52]. It is a high-affinity
agonist at MT1 and MT?2 receptors with K; values of 14 and 40 pM, respectively. In a
randomized placebo-controlled phase 2 study, ramelteon (4, 8, 16 and 32 mg)
significantly reduced the latency to persistent sleep, increased the mean total sleep
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time, and improved sleep efficiency in patients with chronic insomnia [52]. Subjects
experienced no residual pharmacological effects upon awakening. Its synthesis and SAR
of related analogs has also been reported along with an enzymatic resolution route to the
chiral indane [72,73].

Melatonin is a potent agonist and identifying novel structurally diverse ligands with
equal or better potency is a considerable challenge. The tetrahydroindoline GR196429,
14 has been reported to have similar potency and efficacy to melatonin and was reported
to readily penetrate the CNS and show modulation of circadian rhythm in rat [54].
Structurally it is very similar to ramelteon, but is reported to be less potent (hMT1,
126 pM; hMT2, 158 pM).

o )

% :?AuJVO%QFu*
13 14

A series of chiral benzofuranyl pyrrolidinamine derivatives were also synthesized
as novel melatoninergic ligands [74]. The potent dual agonist 15 was identified as an
orally bioavailable agonist at MT1 and MT2 melatonin receptors and was described
as a potential clinical trial candidate. The preclinical pharmacokinetics and
metabolism of another related novel melatonin receptor agonist BMS-214778, 16
was also reported. The agonist showed high hepatic extraction, non-linear oral
pharmacokinetics and its in vitro metabolism was reported to be by hydroxylation
and dehydrogenation. The most likely human cytochrome P(450) (CYP) isoforms
to be involved in its metabolism were reported to be CYPIA1, 1A2, 2D6, and
2C9 [55].

0
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A novel series of benzoxazole melatoninergic ligands was recently described [75].
Compound 17, (hMT1, 150 pM; hMT2, 70 pM) exhibited better MT1 and MT?2
receptor affinities than melatonin (400 and 300 pM at hMT1 and hMT2, respectively).
The benzoxazole nucleus was described as an effective isosteric replacement for the
more traditional melatonin like alkoxyaryl cores. A series of N-acyl-4-indanyl-
piperazines that bind to MT2 receptors was also recently reported [76]. The MT2
selective (R)-4-(2,3-dihydro-6-methoxy-1H-inden-1-yl)-N-ethyl-1-piperazine-carboxa-
mide fumarate 18 produced advances in circadian phase in rats at doses of 1-
56 mg/kg similar to those observed with melatonin at 1 mg/kg. The hMT2 receptor
binding affinity of 18 was reported as 1.7 nM with melatonin reported as 0.3 nM in the
same assays. The research group reported that unlike melatonin, compound 18
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produced only weak contractile effects in rat tail artery even at high doses reporting
this was due to the enhanced hMT2 versus hMT1 selectivity.

YA”j\/ -0 (\N)LH/\
M@ e

18

Mesangeau et al. recently described 2(3H)-benzoxazolone-based melatonin ligands,
19 and 20 in the literature [77]. They were described as exhibiting lower affinities for
the hMT2 receptor than melatonin (19, 6.7 nM and 20, 14.3 nM at hMT2). This was
attributed to unfavorable steric bulk and hydrophilic interactions.
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The novel heterocycle, 5-substituted-2,3-dihydro-1,4-benzoxathiin, 21 with a
retroamide moiety was recently found to have similar affinity to melatonin on
MTI1 and MT2 receptors [78]. Structural modification of melatonin ligands has also
been shown to alter melatonin receptor subtype specificity and ligand function
resulting in the discovery of novel antagonists. Synthesis of tetrahydronaphthalenic
melatonin analogs with a phenyl substituent in the 3-position of the tetraline ring led
to the discovery of highly hMT2 selective ligands [79]. The (+)-(RR)-cis
enantiomer, 22 is 880-fold more selective for hMT2 versus hMT1. It is also an
antagonist.

A series of 4-substituted anilide melatonin agonists was recently reported [80].
Compound 23 showed agonist function with subnanomolar hMT2 binding affinity of
750 pM and hMT?2 selectivity of at least 70-fold over the hMT1 receptor. Melatonin was
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reported to be 530 pM and 320 pM at hMT1 and hMT2, respectively, in their assays.
A more potent non-selective compound, 24 was also described, with binding affinity at
hMT1 and hMT2 reported as 50 and 230 pM, respectively.

\O/Q\OQNE/\/ \O/Q\T/@N\[O(

A variety of new selective and non-selective melatonin receptor agonists and
antagonists have been reported [81]. The report highlighted the selective hMT?2
antagonist S 24601, 25 as well as the non-selective antagonist, S 22153, 26. The hMT1
selective agonist, S 24268, 27 was also described along with the potent melatonin non
selective hMT1/2 receptor agonist, S 25150, 28.
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4. CONCLUSION

The last year has seen considerable progress in the understanding of the biology of
melatonin, its receptors and the use of melatonin agonists. A rich array of chemical matter
has also been described which provides great tools to further explore this exciting area of
future research.
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1. INTRODUCTION

Type 2 diabetes (T2D) affects an increasing proportion of populations of both the
developed and developing parts of the world. According to the National Institute of
Diabetes and Digestive and Kidney Diseases (NIDDK) 17 million Americans — 6.2% of
the U.S. population — have diabetes, and more than one third of these are undiagnosed.
Another 16 million have insulin resistance or pre-diabetes. Worldwide figures are even
more staggering: in 2000 the World Health Organization (WHO) reported a worldwide
prevalence of 154.4 million diabetes patients. Hence, intense efforts in the discovery
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and development of more efficacious and safer diabetes therapies are underway in
academic and industrial research organizations.

Since the appearance of the last review of diabetes in Annual Reports in Medicinal
Chemistry in 2000, sales of troglitazone, the first peroxisome proliferator of activated
receptor gamma (PPAR-vy) agonist on the market were halted due to hepatotoxicity in a
small number of patients. Two more potent new PPAR-y agonists, rosiglitazone and
pioglitazone were introduced and appear to be free of the hepatic liability associated with
troglitazone. One other new molecular entity (NME) is Starlix, an ATP-sensitive
pancreatic potassium channel inhibitor. However, there have been many significant
developments in the discovery and development of novel molecular entities that are in
various phases of clinical and preclinical development. These recent developments (post
2000) discussed in this chapter, can be broadly classified into (1) enhancers of insulin
release, (2) enhancers of insulin action, (3) inhibitors of hepatic glucose production,
(4) inhibitors of glucose absorption from the gut.

2. ENHANCERS OF INSULIN RELEASE

2.1. Glucokinase activators

Glucokinase (GK) or hexokinase IV is one of the
four hexokinases that phosphorylate glucose and
plays a key role in whole-body glucose homeo-

stasis through its action in (3-cells and hepato- n

cytes. The rationale for GK activators was \(N
derived from the study of GK mutations as o S\/>
manifested in maturity onset of diabetes of the H,CO,S

young Type II (MODY II) in humans and 1

persistent hyperinsulinemic hypoglycemia of infancy (PHHI) phenotypes associated with
gene manipulation studies in mice. Recently, a potent GK activator RO0281675, 1, which
increased the enzymatic activity of recombinant human GK in a dose-dependent and
stereospecific manner, was identified [1]. At a concentration of 3 uM, 1 increased the V.,
of GK by a factor of about 1.5 and decreased the substrate concentration at 0.5V, ([Slos)
for glucose from 8.6 to 2.0 mM. In numerous in vivo studies GK activators were shown to
cause glucose-dependent insulin release in the pancreas, and also to increase glucose
utilization in the liver.

2.2. Potassium channel openers

Unlike the conventional sulfonylureas, which stimulate insulin secretion by blocking ATP
sensitive potassium channels, NN414, 2, is postulated to selectively open the pancreatic
B-cell potassium channel, SUR1/Kir6.2 and consequently suppress overstimulation of
insulin secretion resulting in an improvement in the insulin response to glucose
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challenge. In ZDF (fa/fa) rats, 2 was shown to reduce H H
fasting blood glucose levels and improve glucose J N Nzg
tolerance in a 21 day study at a dose of 1.5 mg/kg, bid Clq \(
dosing [1]. NN414, 2 was advanced to Phase II clinical S 57 N

trials. However, further development was halted due to a O// \O

finding of elevated liver enzymes in treated patients, 2
according to a press release.

2.3. GLP-1 agonists and dipeptidyl peptidase IV (DPPIV) inhibitors

Glucagon-like peptide 1 (GLP-1) is a 36 amino acid peptide secreted by the gut in
response to nutrients that exerts control over glucose levels by promoting insulin
secretion, reducing glucagon levels, and slowing the rate of gastric emptying. However,
GLP-1 is rapidly degraded by the endopeptidase dipeptidyl peptidase IV and has a short
half-life. Approaches that are underway to potentiate GLP-1 activities include the
preparation of stable GLP-1 analogs, and use of inhibitors of DPPIV, which slow
degradation of the active form of GLP-1 and prevent the formation of the GLP-1
antagonist GLP1(9-36).

Exenatide 3, a GLP-1 analog, exhibits several antidiabetic actions and is being
developed as an injectable therapy. In Phase II clinical trials, exenatide 3 caused
statistically significant reductions in post-prandial glucose and glucagon concentrations
and reductions in the rate of gastric emptying [2]. These results, plus data from two
ongoing pivotal studies of 3 in combination with sulfonyl ureas and metformin, will
form the basis of an NDA submission to the FDA, anticipated for 2004. Three additional
stable and potent GLP-1 analogs, liragutide, (NN-2211, Novo Nordisk) [3], BIM-51077,
(Beaufour-Ipsen and Roche), and CJC-1131, (ConjuChem) are in phase II or III
clinical testing.

H-His-Gly-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Leu-Ser-Lys-GIn-Met-Glu-Glu-Glu-Ala-Val-Arg-
Leu-Phe-lle-Glu-Trp-Leu-Lys-Asn-Gly-Gly-Pro-Ser-Ser-Gly-Ala-Pro-Pro-Pro-Ser-NH2

3

Inhibitors of DPPIV are under investigation as orally active mediators of GLP-1 levels.
NVP-LAF237,4 apotent DPPIV inhibitor, was shown to increase active GLP-1 levels, and
improve glucose tolerance in rodents. Chronic treatment with 4 had no effect on weight
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gain in mice and rats and delayed gastric emptying in cynomolgus monkeys [4]. In humans,
4 improved hyperglycemia in T2D patients at 100 mg TID, in a 4-week study.

Another DPPIV inhibitor, CP-867534-01, 5§ (IC5, ~ 100 nM), showed good efficacy in
ob/ob and Balb/c mice at 10 mg/kg po and inhibited DPPIV activity in fed mice resulting in
increased GLP-1 levels. Interestingly, CP-867534-01, 5 was associated with bloody stools
in dogs after 5 mg/kg i.v. dosing. Although further investigation showed the effect is
species-specific and not linked to DPPIV inhibition, § is no longer under development [19].

A number of other companies including Syrrx and Roche, are reported to have DPPIV
inhibitors in development. The issues that remain to be addressed include breadth of
action of DPPIV inhibitors, specificity of action, durability of effect and effects in
combination with other drugs.

3. ENHANCERS OF INSULIN ACTION

3.1. Ligands for peroxisome-proliferator activated
receptors (PPARs)

Investigation of the family of nuclear receptors PPAR-«a, 3, and v remains a highly active
area of research in the diabetes field and was recently reviewed in Annual Reports in
Medicinal Chemistry [5]. Most advanced are the PPAR-vy agonists balaglitazone 7
(Dr Reddy’s Laboratories/ Novo Nordisk, Phase II) rivoglitazone 6 (Sankyo, Phase II),
FK614 (Fujisawa, Phase II), and R483 (Roche/Chugai, Phase II). PPAR-y agonists
promote adipocyte differentiation and consequently cause weight gain as a side effect.
In attempts to minimize this side effect, there is interest in developing dual acting
PPAR-«a and y co-activators which could be expected to simultaneously promote fatty
acid oxidation and adipocyte differentiation. A leading entry was MK-0767 8 (Merck,
Phase III) until its suspension from development due to the formation of a rare hepatic
tumor during long term safety studies. Tesaglitazar 9 (Astra Zeneca) is in Phase III
clinical development, and three other candidates with dual PPAR-a and vy co-activators
are in Phase II clinical development [6].

o

Q NH
\ NH ﬁﬂo
0 7

6
0 0
0
FsC H,CO S~ a OEt
8 ° 9



Recent Advances in Therapeutic Approaches to Type 2 Diabetes 45
3.2. Retinoid X receptor (RXR) modulators

RXR is anuclear receptor that plays a critical role in

the activation of many genes by formation N
of functional heterodimers with other nuclear

hormone receptors including the PPARs and LXR

in the presence of small molecule ligands.

The potent RXR modulator LG100268, 10, acti-

vates the RXR:PPAR-y heterodimer as efficiently 10

as the PPAR-y agonist (BRL-49653 — rosiglitazone) in in vitro assays. Compound 10,
was found to improve glucose tolerance in Zucker female fa/fa rats and also restrained
weight gain in a 6 week study relative to the PPAR-y agonist BRL-49653. However, 10
was found to raise triglyceride levels 2 h post-dose, and to lower TSH levels 24 h post-
dose in Sprague Dawley rats following a single administration of 10 or 30 mg/kg, po.
Because of this undesired activity, the team further optimized the molecule and
identified, LG101506, 11, a partial agonist that is selective for the RXR:PPAR-vy
heterodimer. This compound did not increase TG levels and had no effect on TSH levels,
while improving insulin sensitivity without weight gain [7]. However, compound 11, had
poor PK properties (low AUC, short T,,,,, and low C,,,). Recently, compounds 12, 13,
and 14 with better PK properties have been reported [8].

Y

COOH

HOOC

1M - R1 = CHonFz, R2 = CH3, R3 = t-butyl, R4 =H
12 - R1 = CHchFQ, R2 = CH3, R3 = t-butyl, R4 =F

13 - R4 =CH,CHF,, Ry = H, R3 = 2-fluorophenyl, R, = H

R‘] 14 - R1 = CHQCH3, R2 = H, R3 = CF2CF3, R4 =H

Ry

3.3. Protein tyrosine phosphatase 1B (PTP1B) inhibitors

PTP1B negatively regulates insulin receptor (IR) and insulin receptor substrate-1 (IRS-1)
phosphorylation. Mice that lack the PTP1B gene have increased insulin sensitivity with
resistance to weight gain on a high-fat diet and are otherwise normal. This unique
combination of desired attributes has driven an intense search for PTP1B inhibitors for
treatment of both T2D and obesity. The discovery of effective inhibitors of PTP1B has
proven challenging, due to both the selectivity requirements over other protein tyrosine
phosphatases, particularly T-cell protein tyrosine phosphatase (TC-PTP) with which it
shares high sequence homology near the catalytic site, and the need for potent antagonists
to incorporate polar phosphate mimics, thus limiting cell penetration. The Abbott team
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identified a peripheral site in the X-ray crystal structure of a PTP1B-inhibitor complex. It
is located near the catalytic site where the substrate phosphotyrosine residues bind and by
using an SAR by NMR approach, identified unique binders to each site. They then linked
these fragments to obtain the potent inhibitor 15, containing two free carboxylic
acid groups.

O
Ry~ \Mg\N
H
0] NH
j/ Ry
R2

15 R4 = N(COCOOH)(2-carboxy-phenyl), R, = CH,CHj
R3 = (2-carbomethoxy-3-hydroxy)phenyl

16 Ry = OCH,COOH; R, = OH,
R3 = (2-carbomethoxy-3-hydroxy)phenyl

This compound has a K; of 18 nM against PTP1B and 65 nM against TC-PTP. Further
optimization to improve transport properties led to the discovery of 16, with one
carboxylic acid group. Compound 16 showed modest potency against PTP1B (PTP1B K;
9 uM), and good selectivity over TC-PTP (K; 182 uM) and this inhibitor was active in
a cell line in which PTP1B was over expressed [9,10]. Further work led to the
identification of compound 17, with improved cell permeability [11]. Other interesting
antagonists include the deoxybenzoin bis-fluorophosphonate inhibitor, 18 (PTP1B ICs
120 nM) which was found to have 13% oral bioavailability in rats. This PTP1B inhibitor
18, in Zucker fa/fa rats, in an OGTT, caused a reduction of glucose AUC by 50% after a
single dose of 30 mg/kg PO dose [12].
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R Ph
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Ph POzH,
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F
17 R = (2-carbomethoxy-3-hydroxy)phenyl 18

In a novel approach, researchers at ISIS Pharmaceuticals used a PTP1B anti-sense
oligonucleotide (ASO) to target the mRNA to disrupt its transcription. In vivo studies
with the PTP1B ASO showed that a 25 mg/kg ip dose either once or twice per week in
ob/ob and db/db mice normalized plasma glucose levels, and postprandial glucose
excursion and reduced HbAlc. PTP1B protein and mRNA were reduced in liver and fat
with no effect in skeletal muscle, reasons for which are not fully understood [13]. This
PTP1B ASO entered Phase II in September, 2003.
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4. INHIBITORS OF HEPATIC GLUCOSE PRODUCTION (HPG) [14]
4.1. Inhibitors of pyruvate dehydrogenase kinase (PDHK)

Increasing the activity of pyruvate dehydrogenase (PDH) by inhibiting PDHK is expected
to decrease blood glucose by increasing glucose oxidation in peripheral tissues and by
decreasing the supply of the gluconeogenic precursors, lactate and alanine to the liver.
Dichloroacetate (DCA), a known inhibitor of PDHK was shown to reduce plasma glucose
levels both in animal models of diabetes and in patients. Administration of DCA for
seven days to T2D patients decreased plasma glucose, and caused marked decreases in
lactate and alanine levels. However, DCA was not suitable as therapeutic agent due to its
low potency, lack of specificity, poor PK, and toxicity. AZD7545, 19 is a potent rat
PDHK inhibitor (ICs5y 0.021 wM) that increased PDH activity with an ECsy value of
0.105 wM in rat hepatocytes. Compound 19 was also found to markedly improve the 24 h
glucose profile, by eliminating postprandial elevation in glucose levels, at 10 mg/kg, bid,
in male obese Zucker fa/fa rats [15]. However, the development of 19 was stopped in
view of the formation of corresponding aniline metabolite 20 which was considered to be
undesirable. Further work to identify compounds without this liability is in progress.
Interestingly, Novartis researchers did not observe lowered glucose levels with their
PDHK inhibitors, for example 21, in rodent models of type 2 diabetes [16,17], but
observed significantly diminished blood lactate levels.
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4.2. Liver-selective glucocorticoid receptor antagonist

The correlation between elevated hepatic glucose output and fasting hyperglycemia in
type 2 diabetic patients is well established. Also, the link between elevated
glucocorticoids (GCs) and their role in glucose control suggested the desirability of
exploring glucocorticoid receptor antagonism as a potential therapy for T2D. However,
the critical role played by GCs in the hypothalamic pituitary axis (HPA) and potential
toxicities due to systemic GC antagonism, require liver-selective glucocorticoid receptor
(GR) antagonism to safely treat T2D patients.
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Another group used a novel strategy to design liver-selective GC receptor antagonists.
They explored a bile-acid conjugation (BCA) approach by linking RU-486, a potent
GC antagonist (ICso= 1.1 nM) with cholic acid via a two carbon linker to give 22
(A-348441). Cholic acid is known to enter the liver and intestine via bile acid transporters
and thus this approach could potentially minimize the systemic exposure to RU-486. The
X-ray structure of GR ligand binding domain with RU-486 was determined. Modeling
studies using a complex with the X-ray crystal structures helped in the design of 22. This
complex was found to retain potent GC antagonist activity (ICso = 9 nM), and blocked
GR mediated gene expression in primary hepatocytes (ICsq’s: 22 — 0.12 wM; RU486 —
0.21 uM). The conjugate 22 was also evaluated in various rodent models of type 2
diabetes and found to have desirable effects on glucose homeostasis and dyslypidemia
[18,19]. Thus, it appears that a liver-targeted GC receptor antagonist has potential to have
a beneficial effect in type 2 diabetics [20].

4.3. Adenosine A2B receptor antagonists

Adenosine is an autocoid produced in many tissues to mediate various functions through
four receptor subtypes, Al, A2A, A2B and A3. Current literature reports suggest
adenosine A2B receptor antagonism reduces hepatic glucose production and enhances
glucose uptake in muscle. In human skeletal muscle cells, adenosine A2B and A2A but
not Al receptors were detected [21], while in rat skeletal muscle cells, A2A and A2B
receptors but not Al or A3 receptors were found [22]. Earlier reports ruled out a role for
A2A receptors as modulators of muscle insulin sensitivity [23]. Using specific adenosine
receptor agonists and antagonists, further evidence suggesting involvement of adenosine
acting through A2B receptors in promoting hepatic glucose production, has been
provided. The potent A2B receptor antagonist 23 (A2B CHO-cAMP 100 nM) was
effective in lowering glucose levels in KK-Ay mice, at a 10 mg/kg po dose [24,25].
BWA1433, 24, is a potent but non-selective A2B receptor antagonist that is efficacious in
improving glucose clearance as measured through an ip glucose tolerance test (ipGTT) in
Zucker fa/fa (obese phenotype) rats [28]. In hyperinsulinemic euglycemic clamp studies,
24 increased whole body glucose uptake in obese Zucker fa/fa rats [26]. Based on muscle
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tissue A2B receptor distribution and the clamp study results, the authors conclude the
effects of 24 are primarily mediated through adenosine A2B receptor antagonism in
muscle [27]. Thus, adenosine A2B receptor antagonists may be useful in treating T2D
through their action in both liver and muscle.
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4.4. Glucagon receptor antagonists

Glucagon is a key hormone that acts as a counter regulator of the actions of insulin and, as
a consequence, it contributes to insulin resistance in T2D. Glucagon is secreted by a-cells
of the pancreas and it promotes hyperglycemia by increasing glycogenolysis and
gluconeogenesis in liver. In T2D patients, circulating glucagon levels are normal or
slightly elevated suggesting that elevated fasting glucagon levels that fail to appropriately
decrease postprandially, contribute to hyperglycemia. Mice lacking glucagon receptors
(GlucR ~/~ KO mice) were found to have normal glucose levels, and improved insulin
sensitivity. Treatment of ob/ob mice or streptotozocin (STZ) induced diabetic rats with a
glucagon monoclonal antibody (Glu-mAB) normalized or slightly lowered glucose
levels. Recently, similar observations were made using a specific glucagon receptor
antisense oligonucleotide (GR-ASO) [28]. Bay 27-9955, 25 a small molecule competitive
glucagon receptor antagonist with moderate potency (ICso = 110 nM) was advanced to
phase I clinical trials. In healthy humans, 25 demonstrated efficacy in glucagon challenge
experiments, wherein the elevated glucose levels were shown to be lower in the drug-
treated group compared with the placebo group [29,30]. These results fueled further
interest in this target and a selection of both competitive and non-competitive receptor
antagonists such as 26-27 have been reported [31,32].
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4.5. Glycogen phosphorylase inhibitors

Glycogen phosphorylase is a dimeric enzyme which plays a key role in the breakdown of
glycogen to glucose-1-phosphate, and its activity is modulated by signals that promote
glycogen breakdown as well as its storage. The three isoforms of GP, brain, liver and
muscle share about 80% homology. Inhibition of liver GP in T2D is considered to be
desirable in view of its rate-limiting role in glycogenolysis and indirect inhibitory role in
gluconeogenesis pathways. The activity of GP is known to be modulated by the affinity of
ligands binding to its six different binding sites, thus offering multiple opportunities for
its inhibition. The most interesting of these is the site which spans the GP dimer interface
that was characterized by the identification of a potent inhibitor CP-320626, 28 [33].
Compound 28 was found to be efficacious at 10 mg/kg po dose in ob/ob mice [34].
Compounds from this class have been studied clinically, and preliminary results have
confirmed their glucose lowering potential [35]. Other potent inhibitors of GP that bind at
the allosteric effector site, 29 and the catalytic site, 30 are shown [37,38].

F
cl
o)
0 OH )\ COOH
T HQ  OH
x N N COOH N
cl T OCH, OH
H
H
28 29 OCH, 30

4.6. Glucose-6-phosphatase inhibitors

Glucose-6-phosphatase (G6Pase) catalyzes the terminal step in gluconeogenesis and
glycogenolysis by converting glucose-6-phosphate to glucose and inorganic phosphate.
G6Pase is a multicomponent enzyme, located in the endoplasmic reticulum, and has a
wide tissue distribution. In T2D animal models, the G6Pase activity, GTPase protein
content and mRNA levels are elevated. In humans, a rare autosomal recessive genetic
disorder known as Type I Von Gierke’s Disease, or type la glycogen storage disease is
caused by the absence of G6Pase activity.
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In these patients, hypoglycemia is observed as one of many clinical features. Two
series of compounds, characterized by the tetrahydrothienopyridines, 31 (ICso 350 nM)
and the N,N-dibenzyl-N'-benzylidenehydrazines 32 (ICs, 170 nM), have moderate
in vitro activity, but no in vivo activity has been reported [39,40].

4.7. Fructose-1,6-bisphosphatase inhibitors

Fructose-1,6-bisphosphatase (FBPase) catalyzes the conversion of fructose-1,6-bispho-
sphate to fructose-6-phosphate (F6P) and inorganic phosphate. FBPase is allosterically
regulated by AMP and indirectly by glucagon and insulin. FBPase is a homotetramer
and exists in active (R) and less active (T) states. Aminothiazole phosphinic acids (33
ICso 15 nM) and esters (34) represent the most potent inhibitors reported to date. The
aminothiazole, 33 was shown reduce glucose levels relative to controls in db/db mice
and Zucker diabetic fatty rats [41-43]. Thus, inhibitors of FBPase may provide
therapeutic benefit for T2D patients, by lowering hepatic glucose production.
A compound from the aminothiazole class has entered clinical trials.
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4.8. Glycogen synthase kinase-3 inhibitors

Glycogen synthase kinase (GSK-3) is a serine/threonine kinase that phosphorylates
glycogen synthase and inhibits its activity. Conversely, inhibition of GSK3 is expected
to activate glycogen synthase and promote glucose uptake into muscle. Human GSK-3
exists in two isoforms, o and (3, encoded by two distinct genes, located on
chromosomes 19 and 3, respectively. GSK-3 has wide tissue distribution and has
multiple key biological functions. Although selective GSK-3 inhibitors with desired
enzyme and tissue distribution may be beneficial in several indications, identification of
sufficiently selective inhibitors has been challenging since most inhibitors are ATP site
binders. Among the reported GSK-3 inhibitors, CHIR98014, 35 and CHIR98023, 36
increased glucose uptake in human skeletal muscle cell culture [36]. Other potent GSK-
3 inhibitors include structures 37—42 [37,38]. There is a great deal of current interest in
identifying GSK3 selective inhibitors with desired tissue distribution and further
developments are eagerly awaited.
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37 X =N, Ry = (3,4-di-OH)phenyl, R, = H, R3 = cyclopropyl
38 X =N, Ry = (4-OH)phenyl, R, = CI, R5 = cyclopropyl

39 X =N, Ry = (4-OH)phenyl, R, = Br, R3 = 4-piperidine-N-Me
40 X = N, R, = phenyl, R, = Br, R3 = cyclopropyl

41 X = C, Ry = 3-furanyl, R, = H, R3 = cyclopropyl

42 X = N, R4 = 2-thienyl, R2 = Br, R3 = cyclopentyl

4.9. PEPCK inhibitors

Phosphoenolpyruvate carboxykinase (PEPCK) catalyzes the conversion of oxaloacetate
(OAA) to phosphoenol pyruvate (PEP), the rate limiting step in gluconeogenesis. PEPCK
is an intracellular enzyme and has two isoforms, PEPCK-C (cytosolic), and PEPCK-M
(mitochondrial).
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44 R = Cyclopropylmethyl

In rodents, PEPCK-C accounts for 95% of total gluconeogenesis activity. However,
in humans both isoforms are equally responsible and their functions are not
interchangeable. This species difference in PEPCK activity complicates the discovery
and evaluation of inhibitors. For obvious reasons, selective inhibition of PEPCK-C over
the PEPCK-M form is desirable. Recently, the X-ray crystal structures of free and
substrate-bound PEPCK were solved. 3-Mercaptopicolinic acid is a well known PEPCK
inhibitor, and the xanthine based inhibitors, 43 and 44 were recently reported, although
no in vivo data were provided [39,40]. A report on the viability of liver specific PEPCK
KO mice suggests that at least in this extreme case alternative routes to glucose are
utilized [41].



Recent Advances in Therapeutic Approaches to Type 2 Diabetes 53
4.10. 11-p-Hydroxysteroid dehydrogenase-1 (11-3-HSD-1) inhibitors

In humans, the circulating levels and activity of cortisol and cortisone are tightly regulated.
The enzyme 11-B-HSD-1 catalyzes the conversion of cortisone to cortisol, using NADPH
as co-factor, while the reverse reaction is catalyzed by 11-B3-HSD-2. Cortisol is the ligand
for glucocorticoid receptors and modulates numerous biological functions, including the
HPA axis. Studies using transgenic mice lacking either 11-B-HSD-1 or 11-B-HSD-2
indicated the desirability of selective inhibition of 11-B-HSD-1 to reduce hepatic glucose
production, and improve glucose homeostasis. Numerous steroid based inhibitors have
been discovered including glycyrrhetinic acid and carbenoxolone [42,43]. Recently,
2-aminothiazole based rat- and human-selective 11-B-HSD-1 inhibitors, 45 and 46
respectively were disclosed [44,45]. Compound 46, was found to lower circulating glucose
levels by 50—88% and insulin by 52—65% of control in ob/ob and KK-Ay mice after dosing
at 200 mg/kg b.i.d for 4 days. BVT.3498, currently in Phase II clinical trials for NIDDM, is
thought to belong to this class of 11-B-HSD-1 inhibitors.

Cl

45 R = Diethylamino
46 R= 4-Methyl-1-piperazinyl

5. INHIBITORS OF GLUCOSE UPTAKE
5.1. Sodium-glucose transporter (SGLT) inhibitors

Both intestinal absorption and renal re-absorption of glucose are mediated by SGLTs.
Three isoforms, SGLT-1, SGLT-2 and SGLT-3, have been reported to date. Phlorizin, a
specific inhibitor of SGLTs is the earliest of the reported inhibitors to show efficacy in
in vivo models of T2D. Based on these observations, stable analogs of phlorizin,
T-1095A, 47 and the pro-drug T-1095, 48, were evaluated in various T2D animal models.
These studies suggested that 47 inhibited renal SGLTs. Thus, at 100 mg/kg po, 48
effectively suppressed renal reabsorption of glucose resulting in increased glucose
excretion in urine in rats and mice. The compound was found to improve glucose
homeostasis in yellow KK-mice and STZ-induced diabetic rats [46]. Recently, novel
pyrazole-O-glucosides were also found to be potent inhibitors of SGLTs in vivo, as
measured by development of glucosuria. For example, compound, 49, induced 63 mg of
urinary glucose excretion, at a 3 mg/kg iv dose, while at the same dose T-1095A induced
300 mg of urinary glucose excretion, in Wistar rats [47].
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6. SUMMARY AND OUTLOOK

T2D and associated morbidities are prevalent in an increasing proportion of populations
of both the developed and the developing parts of the world. Major current therapies for
T2D include sulfonylureas, metformin, and TZDs. Each of these therapies has
limitations with regard to their efficacy or side-effect profile. Among the targets
discussed in this chapter, the most advanced are those based on GLP-1 agonist activity,
i.e., Exenatide, and DPPIV inhibitors. Both strategies are directed to potentiate the
actions of GLP-1 on insulin secretion and have shown promise in Phase II/III clinical
trials. These agents may avoid complications related to hypoglycemia and also may
limit the potential for weight gain, thus complementing existing therapies. The
discovery of potent PTP1B inhibitors remains a challenge; however, progress is being
made and effective PTP1B inhibitors are expected to show beneficial effects in reducing
insulin resistance and modulating weight gain, based on KO mice experiments.
Glucokinase activation is the newest strategy disclosed. The lead molecule showed
promising effects in glucose homeostasis in rodent models of T2D through a dual effect
of improved glucose utilization in the liver and glucose-dependent insulin secretion by
the pancreas. This strategy could offer an advantage over the current therapies where
sulfonylureas and other insulin secretagogs are used. The failure of several promising
new drugs in late stage clinical trials urges caution in predicting the impact of any of the
new therapies, until they have been widely tested.
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1. INTRODUCTION

It has been over twenty years since the pioneering work of Arrang and co-workers
demonstrated that histamine inhibited its own release from rat brain cortical slices via
a novel receptor that is pharmacologically distinct from both the H; and H, receptors
[1]. It is now well recognized that this third histamine receptor, the Hs receptor, is a
G-protein coupled receptor that functions both as an autoreceptor, controlling the
release of histamine from histaminergic neurons, as well as a heteroreceptor,
controlling the release of other neurotransmitters such as serotonin and noradrenalin.
In the intervening years since the discovery of the Hj; receptor, considerable effort has
gone into preparing novel Hj receptor ligands and the field has evolved from one
dominated by imidazole-derived analogs, with their attendant pharmacokinetic and
toxicological issues, to one in which there are now several classes of non-imidazole
compounds. Additionally, the potential therapeutic utility of these molecules in the
treatment of disease, particularly CNS related disorders, is now starting to be tested in
human clinical trials. The goal of this report is to update the current state of the field
of Hj; receptor medicinal chemistry.

2. NON-IMIDAZOLE H; RECEPTOR ANTAGONISTS

The imidazole analog thioperamide, 1, was the first selective H; antagonist identified
[2], and most of the early literature in the field described compounds that were
also 4-substituted imidazoles. However, 4-substituted imidazoles are not ideal drug

ANNUAL REPORTS IN MEDICINAL CHEMISTRY, VOLUME 39 © 2004 Elsevier Inc.
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candidates for a number of reasons. For example, S
the imidazole moiety is an excellent ligand for the )J\
iron present in the heme group of the cytochrome N N
P450 isozymes. Consequently, many 4-substituted x

imidazole analogs are potent inhibitors of these HN\;N

critical metabolic enzymes [3]. Additionally, the H;
receptor is located primarily in the CNS and most of
the proposed therapeutic applications for agonists
and antagonists are in the treatment of CNS-related diseases. Therefore, good brain
penetration is imperative for activity. However, many imidazole containing analogs do
not display high brain levels due to the hydrogen bond donor and acceptor properties of
the imidazole ring [4].

As a result of these issues, a significant amount of effort has been expended by a
number of research groups in academia and industry on identifying ligands for the Hj
receptor that do not incorporate a 4-substi-
tuted imidazole ring. This work eventually
led to the identification of the phenolic ether C\N\/\/\/ ©
class of Hj receptor antagonists, exemplified
by 2, as the first potent, non-imidazole Hj NO,
receptor antagonist [4]. The general structure 2
given by 2, a tertiary amine, preferably
cyclic, tethered to a phenolic ether via a hydrophobic chain is a common pharmacophore
for the H3 receptor, and this motif is repeated in a number of different series of
compounds from several labs.

For example, high throughput screening of the Abbott compound collection led
to the identification of the piperazine amide A-923 (3) as a high affinity ligand
(K; = 2 nM) for the rat H; receptor although it displayed poor oral bioavailability and
selectivity [5].

CH,

Systematic optimization of this lead led to the identification of a cyclopropyl ketone
series exemplified by 4 [6]. Interestingly, this series of analogs incorporates the same
tail group as ciproxifan (5) so it appears that the piperazine amide may be acting as a
surrogate for the imidazole ring. Like ciproxifan, compound 4 was a more potent ligand
for the rat full-length receptor than for the human full-length receptor and acts as an
inverse agonist [7]. Compound 4 was also active in a variety of in vivo CNS models
[8]. For example, rat pups treated with 4 (10 mg/kg, s.c.) showed improved cognitive
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performance in an avoidance test while social memory was improved in adult rats treated
with 3 and 10 mg/kg, i.p. [8].

(o]
oy

~
Il HN/Y\/\O

\=N

4 5

Further work in this series identified the biphenyl nitrile 6 [9]. Unlike the
piperazine amide 4, this compound is a potent ligand for both the rat and human Hj
receptor (pK; 1o« = 7.87, pK; human = 8.56) and is selective for the Hj receptor over the
H, and H, receptors. Furthermore, 6 was the first non-imidazole H; antagonist to show
weight loss in a diet-induced obesity model [10]. In a 28-day study in mice fed a high
fat diet, 6 (15 mg/kg) reduced weight to a level comparable to mice fed a low fat diet.
Total body fat as measured in the fat pads was reduced and the animals displayed
normal insulin tolerance. Consistent with a central mode of action, 6 attains extremely
high concentrations in the brain (brain/plasma = 160 at 1h following 5 mg/kg i.v.

administration).
l CN

2, O
Zi
o

HyC—
CH,

This lead structure was further optimized. In an attempt to prepare more rigid
analogs and thus potentially improve the pharmacokinetic and selectivity profiles of
the series, benzofuran analog 7 was obtained by cyclization of the alkyl ether chain
back onto the central phenyl ring [11]. Compound 7 is a potent ligand for the
human and rat Hjz receptors (K; = 0.45 and 3.22 nM, respectively) and displays
excellent brain concentrations after i.v. dosing (brain/plasma > 30). This compound
is reported to be in Phase I clinical trials for the treatment of cognition related
disorders.
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(0)

Bt

7

This privileged H; pharmacophore has appeared in several other series of Hz receptor
ligands. Oxime 8 is structurally related to 6 in that the biphenyl moiety of 6 is now
linked via a five-membered ring. In this case, the Z-oxime is essential for good Hj;
activity (K; = 65nM). The E-oxime is approximately tenfold less active [12].
Imidazopyridine 9, which was also derived from a lead identified via high throughput
screening, is a potent ligand for the human Hj; receptor (K; =2 nM) with good
selectivity over the H;, H,, and H, receptors as well as more than 50 other biogenic
amine and neuropeptide receptors. Compound 9 also displayed good oral pharmaco-
kinetics after dosing in the rat [13]. Sequential removal of each of the nitrogen atoms of
9 gives either an indolizine or indole analog, respectively [14]. The indolizine analogs
were more potent than the corresponding indoles with the 3-methyl analog 10 being

equipotent to 9 (K; = 2 nM).
()
O °

N|\

OH
8
N/\:>
[¢]
N
9
{ )
N /—F
(6]
SN
CH,
10

A number of other groups have also reported variations on this theme. For example,
compound 11 is a potent ligand for the H; receptor (K; = 0.5 nM) [15].
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-
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\
CH,
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Not all non-imidazole H; antagonists fit this pharmacophore. A structurally related
but novel series of piperidine alkynes exemplified by structure 12 has been prepared
[16]. In this case an alkyne moiety has replaced the ether linker. Optimum binding
activity seems to reside in those analogs with a basic tertiary amine on the 4-position of
the butynyl chain. For example, compound 12 (pK, = 10.1) binds to the Hj3 receptor
with subnanomolar affinity (K; = 0.8 nM). The corresponding morpholine analog 13
(pK, = 7.4) is a significantly weaker ligand (K; = 15 nM). While the 4-position of the
butynyl group seems to be sensitive to substitution, the 3-position of the central phenyl
ring is more tolerant. For example, the left-hand piperidine of 12 can be replaced
with the much bulkier indanyl amine as in 14 and still retain good binding affinity
(K; = 1.3 nM).

S0

14

Pseudo-symmetric analog 15 represents another series of unique non-imidazole
H; antagonists [17]. Compound 15 is a potent ligand for the Hj receptor
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(K; = 2.8 nM) although it was relatively weak in vivo in the mouse when dosed orally

(EDsp = 9.6 mg/kg).
JIORS
(o)
N

15

3. IMIDAZOLE DERIVED H; RECEPTOR AGONISTS
AND ANTAGONISTS

3.1. Selective H; receptor agonists

Although there has been noteworthy progress in the discovery of non-imidazole Hj
receptor antagonists, significant interest still exists in imidazole based analogs as
well. The discovery of the histamine H4 receptor which shares an overall 43%
identity homology to the histamine Hj receptor has rekindled interest in discovery of
highly selective Hj; receptor ligands [18]. Recently, a cyclopropane-based confor-
mationally restricted analog of histamine, 16, was found to be a potent H; receptor
agonist which exhibits very good binding affinity (K; = 1.3 nM) and functional
activity (ECso = 10 nM) but has virtually no effect on the H, receptor [19]. SAR
investigations on immepip 17 (pK; = 9.32; pECso = 9.88), a potent H3 receptor
agonist of moderate selectivity (46 fold favoring the Hj; receptor), resulted in
the identification of olefin analogs 18 and 19 which exhibit decreased affinity
and functional activity at the H; receptor (pK; = 8.23 and 8.40; pECs, = 8.50 and
8.63, respectively) but increased selectivity for the Hjz receptor over the Hy
receptor (300 and 700 fold, respectively) [20]. Alternatively, replacement of the
piperidine ring of 17 with a 4-pyridine resulted in the discovery of a potent and
highly selective H; receptor agonist, immethridine 20 (pK; = 9.07, pECsy = 9.74),
which exhibits 300-fold Hj3 receptor selectivity over the H, receptor [21]. In the
search for novel Hj; receptor agonists, which lack a basic moiety in the side chain of
the molecule in order to improve pharmacokinetic properties, a novel chiral carbamate
21 was prepared. Compared to BP294, a prodrug of (R)-a-methylhistamine,
compound 21 was significantly more efficacious in all tissues investigated in
the capsaicin-induced plasma extravasation models in rats (EDsy = 0.07-0.1 mg/kg
p.o.) [21,22].

7N HN
HN/WNHZ ) HN AN AN
NH _
\=N \=N NH

16 17 (Immepip) 18
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19 20

\=N

21(S-) 22 (BP 2-94) (R-)

3.2. Imidazole H3 receptor antagonists

The proxifan class, compounds containing an imidazole heterocycle connected by a
three-carbon alkyl chain to a para-substituted phenyl ether moiety, was previously
reported to contain numerous potent and orally active H; antagonists, e.g., ciproxifan
[5] (K; = 0.49 nM; EDsq = 0.14 mg/kg p.o.) and imoproxifan (23) (K; = 0.26 nM;
EDsg = 0.034 mg/kg p.o. in mice) [23,24]. Recent work on the design of novel
heterocyclic proxifan analogs has led to the identification of oxadiazole derivatives
which displayed reduced potencies compared to those of ciproxifan and imoproxifan,
but retain high in vivo efficacies, e.g., compound 24 (K; = 13 nM; EDsy = 0.57 mg/kg
p-0.) [25]. In an effort to discover a novel and selective H; antagonist that can be used in
combination with an H; antihistamine for the treatment of nasal congestion, a novel
series of Hj receptor antagonists was prepared by incorporating urea and carbamate
linkers to the 4-benzyl-(1H-imidazole-4-yl) template. The urea 25 is a potent Hj
antagonist (K; =4 nM) and it demonstrated excellent oral plasma levels in the rat
(AUC = 18.1 pg h/ml at 10 mg/kg p.o.) and monkey (AUC = 12.6 pg h/ml at 3 mg/kg
p.o.) [26].

NOH N—N
/ >\CH
CH
3 o 3
~
HNWO
HNWO

\=N

23 (Imoproxifan) 24
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Cl

=

Cl
25

4. HISTAMINE H; ANTAGONISTS WITH A DUAL MODE
OF ACTION

Three series of compounds which combine H3 antagonism and another pharmacological
profile in one molecule were recently reported. In contrast to the combined application of
two molecules, these hybrid molecules have the advantage of a single pharmacokinetic
and toxicological profile. In search of novel ways to enhance histaminergic
neurotransmission in the central nervous system, a novel class of aminoquinoline
histamine Hj; receptor ligands was developed that simultaneously possessed strong
inhibitory activity on the main histamine metabolizing enzyme, histamine N-methyl-
transferase (HMT) as well as Hj; antagonist activity. Non-imidazole 26
(K; (Hz) = 0.09 nM; IC59 (HMT) = 51 nM) and imidazole 27 (K; (H3) = 4.1 pM; ICsq
(HMT) = 24 nM) exhibit dual H; antagonistic and HMT inhibitory activity [27,28].
Combining the first generation H; antihistamine chlorpheniramine with Hj ligands of the
alkylamine type has led to the discovery of dual ligands of the H; and Hj receptors,
e.g., 28 (K; (H)) = 7 nM; K; (H3) = 15 nM). Compounds such as 28 may be useful for the
treatment of allergies and nasal congestion [29]. Nitric oxide (NO) is a recently
discovered endogenous messenger. There is strong evidence that furoxan system
(1,2,5-oxadiazole, 2-oxide) is able to release NO under the action of thiol cofactors [30].
Consequently, a series of Hj antagonists endowed with NO-donor properties were
designed by coupling the H; antagonist SKF91486 with the NO-donor furoxan moieties.
Although behaving only as a weak partial H, agonist, compound 29 (pA,(H3) = 7.02;
pD, = 5.28) was able to trigger a dual NO-dependent muscle relaxation and
Hs-antagonistic effect on guinea-pig ileum [31].

OM@rt@
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1. INTRODUCTION

Osteoporosis is a disease characterized by an increased risk of bone fractures that results
from reduced bone mass and bone strength [1-3]. In humans, bone mass is maintained
or increased through the balancing actions of continuous bone resorption and deposition.
In healthy individuals, bone mass reaches a peak during early adulthood, and then begins
to slowly decline with advancing age. Women, who generally have lower peak bone
mass than men, experience a more rapid loss of bone following menopause. This
accelerated loss of bone material is associated with an increasing risk of fracture over
time. In the United States, 10 million persons are estimated to have osteoporosis, and a
total of 34 million have low bone mass, indicating increased risk of disease. The
estimated national direct expenditure for osteoporosis and associated fractures in 2001
was 17 billion USD.

Osteoporosis therapy seeks to maintain or increase bone mass and strength so that
fracture risk is reduced. This can be done by decreasing the rate of bone resorption,
increasing the rate of bone deposition, or by a combination of both actions. Several novel
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approaches for inhibition of bone resorption are detailed, including integrin o3
antagonists, cathepsin K inhibitors, and inhibitors of the OPG/RANKL/RANK system.
While parathyroid hormone-derived agents are the only approved therapy for the
treatment of osteoporosis that work through a mechanism of increasing bone deposition,
there are active research and development efforts to add to this paradigm. Those that will
be reviewed include novel parathyroid hormone products, selective androgen receptor
modulators (SARMs), growth hormone secretagogues, insulin-like growth factors,
proteosome inhibitors, and statins.

2. BONE RESORPTION INHIBITORS
2.1. Hormone replacement therapy (HRT)

Because the decline in estrogen levels following menopause is a major cause of
osteoporosis, estrogen therapy is a logical treatment. Estrogen is most often combined
with progesterone in this regimen to reduce the risk of uterine cancer associated with
unopposed estrogen. This combination therapy was shown to increase bone mineral
density (BMD) but the effect on fracture rate was initially unclear [4,5]. The recently
released results of the large, five year, multi-center Women’s Health Initiative estrogen
plus progesterone (E + P) study indicated that the most commonly prescribed HRT
therapy reduces fractures in postmenopausal women by 24% overall, and 33% in the hip
[6]. These positive results were tempered by the findings of increased incidences of
dementia and ovarian cancer in the same study. Increased caution is thus now
recommended when considering the use of HRT for the prevention and treatment of post-
menopausal osteoporosis.

2.2. SERMs

The study and use of Selective Estrogen Receptor Modulators for the prevention and
treatment of post-menopausal osteoporosis continues [7]. These compounds bind to the
estrogen receptor and show agonist effects on bone, with antagonist effects on the
endometrium and breast [8]. The only currently approved SERM is raloxifene 1, which
increased bone mass in the spine and hip while having no significant effect on
endometrial thickness, breast pain, or hot flashes [9]. Raloxifene reduced the incidence of
fracture in the spine, however, no effect on non-vertebral fractures was demonstrated
[10]. Newer SERMs are currently under study in the clinic. Bazedoxifene 2 (TSE-424),
lasofoxifene 3 (CP336156) and ospemifene 4 have entered late-stage clinical trials and
show a beneficial effect on BMD and/or markers of bone turnover [11—14].

2.3. Bisphosphonates

The bisphosphonates are a class of drugs that bind to bone via a substituted H,O;P—-C(OH)—
POs;H, backbone and inhibit resorption through inhibition of farnesyl pyrophosphate
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synthesis [15,16]. While bisphosphonates have low bioavailability and short plasma half-
lives, the portion that is bound to bone has a long residence time. While etidronate Sa was
the first bisphosphonate to be used clinically, the aminoalkyl analogs pamidronate Sb and
alendronate 6a soon followed, with 6a becoming the most widely prescribed in the US. In
clinical trials, 6a increased BMD in the femoral neck, hip, and spine, and reduced the fracture
rate at these locations [17]. The anti-osteoporotic effect of 6a and risedronate 6¢ was also
shown to be additive to that of HRT and calcium [18,19]. Recently, however, 6a treated
patients gained no significant benefit from the inclusion of PTH therapy in their regimen [20].
Demonstration that 6a and 6c are effective following once-weekly dosing, has established
these less-frequent dosing schedules as the standard [21,22]. The newer, more potent
bisphosphonates ibandronate 6b, minodronate 7, and zoledronate 8 are currently in clinical
trials [23,24]. Ibandronate is an oral agent that has been reported to increase spine and hip
BMD in post-meonopausal women [25]. Oral 7 is under development in Japan and increases
lumbar spine BMD. Intravenous 8 dosed once every three months, six months, or one year
had beneficial effects on BMD in the spine and hip [26].

2.4. Integrin o33 antagonists

The vitronectin receptor o33 is a member of the integrin superfamily of receptors that
is highly expressed in osteoclast cells and has been shown to modulate osteoclast
formation, adhesion and activity [27,28]. Anti-bodies to o, 33, the peptide echistatin, and
small-molecule o33 antagonists inhibited bone resorption in vitro and prevented bone
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loss in vivo [29]. Recent reports describe significant progress toward the development of
o3 antagonists with drug-like attributes. The 2-benzazepine SB267268 9 was a potent
antagonist of a3 in ligand displacement and osteoclast adhesion assays and had good
efficacy in rats [30]. The urea MRK-4 10 demonstrated potent antagonist activity in vitro,
good oral bioavailability in rats, dogs and monkeys, and increased BMD in
ovariectomized rats when dosed orally at 10 and 30 mp/kg. for 28 days [31]. In addition,
10 reduced urinary markers of bone resorption in rhesus monkeys by 39% over 15 days
when dosed orally once daily at 15 mg/kg.
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2.5. Cathepsin K inhibitors

Cathepsin K is a cysteine protease that is selectively expressed in osteoclast cells,
where it plays a vital role in the degradation of bone [32]. Human deficiencies of
cathepsin K are associated with abnormal stature, increased bone fracture rates, and
osteosclerosis [33]. Inhibition of the enzyme with an anti-sense oligonucleotide led
to decreased bone resorption, demonstrating a therapeutic proof-of concept [34].
The bis-aminoacyl ketone 11, a selective, potent, and reversible covalent cathepsin K
inhibitor, bound through a thiohemiketal formed between the ketone carbonyl and
the enzyme active site Cys 25 [35]. The cyclic ketone 12 combined potency and
selectivity with good oral bioavailability in rats. The central aminoazepinone of 12 was



Anti-Resorptive and Anabolic Bone Agents 71

identified as a key potency-enhancing and configurationally stable chiral constraint.
The aminopyrrolidine CEL-1 13 was a potent cathepsin K inhibitor providing a 20-fold
selectivity over cathepsin L [36]. The cyanamide group of this class of compounds
proved vital for the desired activity and was identified as the electrophilic ‘warhead’
for reaction with Cys 25. The non-peptidic biarylamide MRK-1 14 utilizes a reactive
(aminomethyl)nitrile group and reduced urinary markers of bone turnover by 80% in
ovariectomized rhesus monkeys when dosed orally at 20 mpk daily [37]. Unique
among the reported cathepsin K inhibitors is the arylaminoethyl amide class of agents
exemplified by NVT-1 15, which shows good potency and selectivity despite the lack
of an electrophilic warhead [38].
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2.6. OPG/RANKL/RANK inhibitors

Osteoprotegerin (OPG) is a naturally occurring protein that inhibits the activation of
the receptor activator of NF-kB (RANK) pathway by its ligand (RANKL). The RANK
pathway is important for the formation of osteoclast cells and their activation for bone
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resorption [39]. OPG itself, dosed in a single SC injection to postmenopausal women,
reduced urinary markers of bone resorption for 6 weeks [40]. An anti-body to
RANKL, AMG 162 suppresses urinary markers of bone resorption in cynomolgus
monkeys by 84-91% [41].

3. ANABOLIC BONE AGENTS (OSTEOANABOLICS)

While anti-resorptive drugs have been the cornerstone of osteoporosis therapy,
compounds that stimulate bone formation are already available. The potential of
anabolic agents to restore and enhance bone density more substantially than anti-
resorptives suggests that these agents may also reduce fracture risk to a greater degree.
Comprehensive surveys on specific osteoanabolic agents have appeared [42—44].

3.1. Parathyroid hormone

Parathyroid hormone, hPTH(1-84), is the key endogenous hormone that controls calcium
homeostasis. Intermittent, low doses of hPTH increase trabecular bone and cortical to a
lesser extent, in animal models and humans via inhibition of osteoblast apoptosis and an
increase in RANKL thus increasing both resorption and bone formation simultaneously.
At a daily sc dose of 100 g hPTH(1-84) lumbar spine BMD in postmenopausal women
was increased by 7% [45-47].

The most promising PTH-derived osteoanabolic agent to date is the PTH fragment
teriparatide, thPTH(1-34) (Forteo), which was recently approved in the US for the
treatment of osteoporosis in postmenopausal women with low bone density and
osteoporosis. In a Phase III trial, thPTH(1-34) at 40 g sc increased BMD in lumbar
spine and femoral neck by 9-13% and 3%, respectively [48]. Thus, the risk of new
vertebral or non-vertebral fractures was reduced, compared to placebo, by 65% and 35%,
respectively. Similar BMD effects were shown in men.

A related strategy for restoring bone involves enhancing secretion of endogenous PTH
by inhibition of the calcium sensing receptor that is expressed in parathyroid and other
cells. Administration of the calcilytic NPS-2143 16 orally to osteopenic ovariectomized
rats resulted in moderate, sustained increases in plasma PTH levels and marked increases
in bone formation and resorption with no net gain or loss [49]. Combination of NPS-2143
with estrogen increased bone formation and density in rats to a greater extent than either
agent alone [50]. The recent patent literature also contains reports of novel calcylitic 17
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3.2. Selective androgen receptor modulators

It is well known that androgens, including dihydrotestosterone (DHT), increase
periosteal bone formation in the cortical envelope and that the combination of
testosterone with estrogen provides favorable effects in postmenopausal osteoporosis
patients. However, the use of steroidal androgens has been limited by their potential
for liver toxicity [51] and virilizing side effects including uterine/prostate hyperplasia,
hirsutism, and acne. Given the proven osteoanabolic effect in man, there is tremendous
potential therapeutic utility for a bone-specific, non-virilizing androgen receptor
agonist [52].

Although the non-steroid anti-androgen bicalutamide 18 is well known in the
treatment of hormone-dependent prostate cancer, only recently were non-steroidal
androgen receptor agonists identified. Modification of bicalutamide, during a search
for electrophilic ligands of the androgen receptor (AR), provided the chloroaceta-
mido agonist 19, which had K; = 1.65nM for AR binding and full transcriptional
activity compared to DHT at 100 nM [53]. Agonist 19, was 248-fold more potent in
binding to the AR compared to its enantiomer and did not covalently (irreversibly)
bind to the AR despite the potential for electrophilic reactivity [54]. Potency
optimization for both AR binding and transcriptional activation was attained as
shown in 20-22 [55].
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More recently, androxolutamide (GTx-007) 23 displayed anabolic effects on BMD
when dosed at 1 mg/day sc in male and female gonadectomized rats [56]. In immature
male rats, 23 showed partial agonist activity in prostate and seminal vesicles while acting
as a full agonist in the levator ani muscle in castrated animals — a SARM-like profile
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that suggests utility in hypogonal men. In dogs, 23 displayed dose-dependent PK and had
62% oral bioavailability at a dose of 1 mg/kg.
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Optimization in the quinolinone series provided the novel and potent AR agonist 24
that mimicked the effects of DHT in transcription assays with similar potency and only
slightly attenuated efficacy compared to DHT [57].

Using 18 as the template, tetrahydroquinoline 25 was discovered [58]. This compound
bound to the AR with a similar potency to testosterone, had no measurable affinity for
other nuclear receptors, and caused increases in BMD, but not prostate weight, in ORX
rats after four weeks of administration. The SARM-like profile of 25 was confirmed in
OVX rats where BMD and femoral cortical bone strength were increased during 2 months
of dosing.
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3.3. Growth hormone secretagogues

Growth hormone levels decrease with age and restoration with the orally active
GH-releasing secretagogue 26 (MK-677) is reported [59]. In postmenopausal,
osteoporotic women, treatment with 26 for 16 months increased BMD in the femoral
neck but not in the lumbar spine or total hip. GH-like side effects including weight gain,
fluid retention, and abdominal distention were observed in addition to an increase in
fasting glucose levels.

3.4. Insulin-like growth factor (IGF-1)

IGF-1 promotes chondrocyte and osteoblast differentiation and growth and is a key factor
in bone turnover, but therapy has been limited due to side effects [60]. Beneficial effects
of IGF-1 were seen in alleviating the osteopenia that is induced in OVX rats [61].
Subcutaneous infusions of rhIGF-1, in association with its binding protein IGFBP-3 at
1 mg/kg/day, for 2 months were well-tolerated and after six months post therapy BMD
was significantly improved vs placebo [62].
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3.5. Statins

Recent epidemiological data suggest that HMG coenzyme A reductase inhibitors cause a
modest increase in BMD and a significant fracture risk reduction [63]. The mechanism
appears to involve the stimulation of bone morphogenic protein-2 (BMP-2) via a
reduction in Rho prenylation and a subsequent increase in eNOS [64]. Several clinical
trials support an anti-resorptive bone effect for statins as shown by a decrease in bone
resorption markers and no change in bone formation indices [65]. Since other large-scale,
cross-sectional surveys failed to show fracture risk reduction in statin patients, further
work is needed to firmly classify these agents as anabolic.

3.6. 20S proteasome inhibitors
A recent report indicates that epoxomicin 27 and other 20S proteasome inhibitors
stimulated bone formation in bone organ cultures by enhancing BMP-2 expression

in osteoblasts [66]. In addition, 27 increased trabecular bone volume and bone formation
rates by more than 70% in mice treated for 5 days and then followed for 16 days.

CH(CHa),

CH,

3.7. Miscellaneous

The sympathetic nervous system modulates bone metabolism via both impairment of
osteoclast bone resorption and increased bone formation [67]. Adrenergic agonists
activate [3-receptors on osteoblasts and stimulate bone resorption in cultures of mouse
calvariae [68]. A recent population-based study documented that [3-blocker use was
associated with higher BMD at the total hip and forearm and reduced fracture risk in older
women [69].

A recent patent identifies compounds that are inhibitors of microtubule assembly as
stimulators of bone growth [70]. Compound 28 administered sc increased BMD, bone
volume, and bone formation rates in ICR Swiss mice at a dose of 8 mg/kg/day.

B o
H
@%N
o
CHy
28



76 G.D. Hartman and R.S. Meissner

4. CONCLUSION

Progress continues in the discovery and development of treatments for osteoporosis.
The clinical use of bone resorption inhibitors and osteoanabolic agents is expanding and
will allow for their use as single agents and in combination. These advances in the
treatment of osteoporosis offer the promise of greater relief from this common and
debilitating disease.
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1. INTRODUCTION

Bone is a tissue comprised of two principle constituents [1]. The first is an organic
protein matrix made up of collagen fibers and other non-collagenase proteins.
Approximately 90-95% of the protein matrix of bone is in the form of type 1
collagen. The second constituent is the mineral component of bone which is
hydroxyapatite [3Ca3(PO4),(OH),]. This crystalline mineral component is found
embedded throughout the protein matrix of the bone architecture. The equilibrium of
remodeling bone tissue is a process maintained by the close interplay of two cell
types. Osteoblasts are the cells that are responsible for the synthesis of new bone
while osteoclasts are the principle cells mediating bone resorption. In order for
effective bone resorption to take place, the osteoclast must serve the dual functions of
being able to both dissolve the mineral portion of bone and enzymatically degrade the
organic protein matrix. The mineral portion of bone is dissolved in the highly acidic
environment maintained beneath the osteoclast in the resorption pit/lacuna. The
organic matrix is degraded by proteolytic enzymes that are expressed within the
osteoclast and then secreted into the resorption pit. When bone resorption by
osteoclasts outpaces bone formation by osteoblasts, an overall fragility in the
microarchitecture of bone results. This imbalance manifests itself clinically as
osteoporosis, a disease characterized by an increased risk of bone fractures as a function
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of a reduction in bone mass. There are several treatments for osteoporosis that may be
divided into two classes [2]. The first are a class of anabolic agents that act on the
osteoblast to increase the rate of new bone formation. Teriparitide, the recombinant
1-34 amino acid fragment of human parathyroid hormone (h-PTH 1-84), as well as
fluoride and androgen are examples of anabolic bone forming agents. The second class
of agents used to treat osteoporosis is antiresorptives that serve to slow the rate of
bone resorption. Here, examples include the use of supplemental calcium, vitamin D
and its analogs, estrogen, selective estradiol receptor modulators (SERMs), calcitonin
and bisphosphonates. Recently, the enzyme responsible for the degradation of the
protein matrix of bone has been identified as the cysteine protease cathepsin K.
Inhibition of this protease is thought to be an excellent antiresorptive target for the
treatment of osteoporosis. This review will focus on the identification and
characterization of cathepsin K as well as on the development of several classes of
potent inhibitors of this protease as possible therapeutic agents to treat diseases of
excess bone resorption such as osteoporosis.

2. CATHEPSIN K

Preceding the discovery of cathepsin K it had been thought that the proteolytic
enzyme(s) utilized by the osteoclast to degrade the protein matrix of bone were the
cysteine proteases cathepsins L, S and/or B. This thinking had arisen from several
in vitro and in vivo studies that had utilized promiscuous, nonselective inhibitors of
cysteine proteases to slow resorption. By measuring levels of hydroxyproline
production following application of PTH to mouse calvaria, it was demonstrated
that treatment with the known cysteine protease inhibitors leupeptin (18), Tos-Lys-
CH,C1 or Cbz-Phe-Ala-CHN, resulted in a 50% reduction in the loss of hydroxypro-
line, suggesting that the degradation of the protein matrix of bone is mediated by
cysteine proteases [3]. In a similarly designed experiment, the epoxide inhibitor E-64
(2) was shown to inhibit bone resorption on mouse calvaria. Following i.p
administration of a 2mg dose of 2 in the mouse an 8% drop of serum calcium
levels as well as a 50% drop of urinary hdroxyproline were observed, again suggesting
that cysteine protease(s) may be involved in bone resorption [4]. It has been reported
that the inhibitor of cathepsin L known as pig leucocyte cysteine protease inhibitor
(PLCPI) stopped pit formation induced by parathyroid hormone on rat bone [5]. The
reportedly selective peptide aldehyde inhibitor Cbz-Phe-Tyr-CHO (cathepsin L
IC50 = 0.74 nM) was also shown to inhibit pit formation on rat bone [6]. In the
ovariectomized mouse this aldehyde suppressed bone resorption as measured by levels
of hydroxyproline. Recently, it was reported that the aldehyde N-1-naphthylenesulfonyl-
i-Leu-Trp-CHO (cathepsin L ICsy = 1.9 nM) inhibited the release of **Ca™ in the fetal
rat long bone assay and prevented bone loss in the ovariectomized rat following p.o.
administration of 50 mg/kg for 3 weeks [7]. As the majority of the studies described
above were conducted before the identification of cathepsin K, none of the inhibitors
discussed in these reports were assayed against this enzyme or any of the appropriate
species orthologs.
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2.1. Identification and characterization of cathepsin K

Prior to the official designation of this protein as cathepsin K it possessed several different
names including cathepsin OC-2 (the rabbit ortholog), cathepsin O, cathepsin O2 as well
as cathepsin X. A variety of molecular biology screening approaches have led to the
identification of the gene expressing cathepsin K. Differential screening of a c-DNA
library generated from isolated rabbit osteoclasts resulted in the identification of a gene
initially termed rabbit OC-2 which was shown to encode a putative protein with high
homology to cathepsins S and L [8,9]. In sifu hybridization and northern blot analysis
revealed that cathepsin OC-2 was highly and selectively expressed in osteoclasts,
suggesting it may have a specific role in bone resorption by these cells. Screening of a
c-DNA library derived from human osteoclastoma cells led to the identification of a
human gene encoding a cysteine protease reported as cathepsin X [10,11]. This protein
was shown to share 93.9% sequence homology at the amino acid level with rabbit
cathepsin OC-2. The random screening of a library of human osteoclast-derived expressed
sequence tags (EST) led to the identification of a gene encoding a cysteine protease highly
expressed within these cells [12,13]. In situ hybridization experiments demonstrated that
cathepsin K m-RNA was selectively and highly expressed in osteoclastoma and
oesteophyte cells. Conversely, expression levels of the homologous cathepsins S, L. and
B were not detected in these cell lines suggesting that these proteases are not responsible
for the resorption of bone matrix proteins. In a subsequent report, it was detailed that
cathepsin K was expressed initially as pre-procathepsin K [14]. This protein included a 15-
amino acid pre or signal sequence followed by a leader sequence of 99 amino acids. This
pre-pro expression is typical of the expression of cysteine proteases of the papain family.
Treatment of procathepsin K under low pH conditions at elevated temperatures resulted in
the processing to mature, active cathepsin K. Mature cathepsin K was shown to
proteolytically cleave both type 1 collagen and osteonectin. Detailed studies with collagen
have determined the exact nature of the cleavage sites produced by cathepsin K [15-17].
Sequence alignments revealed that pre-procathepsin K possessed the highest degree of
homology with cathepsin L (60% identity, 76% similarity) followed by cathepsin S (59%
identity, 73% similarity). The high degree of identity and similarity between these
proteases represents but one of the principle issues in the design of selective, potent
inhibitors of cathepsin K. Screening of a monocyte-derived macrophage c-DNA library
led to the identification of a 1670-bp gene encoding a 329 amino acid cysteine protease
initially termed cathepsin O. This human ortholog was shown to share 94% structural
identity to the rabbit ortholog cathepsin OC-2 [18]. A later report described the cloning of
a 1.6 kb human c-DNA that encoded a 329 polypeptide predominantly expressed within
both osteoclastomas and ovary which was termed cathepsin O2 [19]. A c-DNA library
cloned from the bone of human osteoarthritic hips identified a gene encoding a 329-amino
acid protein with 94% homology to rabbit cathepsin OC-2 [20]. Protein alignments
revealed that cathepsin K identified from this study shared the highest sequence homology
with cathepsin S. The expression of cathepsin K m-RNA in breast cancer bone metastases,
synovium of rheumatoid arthritis patients and in giant cells of osteoarthritic synovial
tissue derived from humans have also been detailed [21-23]. The cathepsin K gene
derived from female M. cynomolgus monkey m-RNA produced a c-DNA sequence that
encoded a polypeptide with 94.2% identity to human pre-procathepsin K [24].
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Interestingly, sequence analysis of this protein revealed that the only differences in amino
acid sequence occurred in the pre-pro region of this protein. The mature forms of both
human and M. cynomolgus monkey cathepsins K have been shown to be identical. This
finding has been crucial for the in vivo characterization of the bone resorptive effects of
inhibitors of cathepsin K. Mature rat cathepsin K has been reported to be 88% identical to
human cathepsin K [25]. The kinetic behavior of rat and human cathepsin K however
varies considerably despite the high sequence homology. The k., /K, for the fluorogenic
substrate Cbz-Leu-Arg-aminomethylcoumarin is 12 to 35-fold lower for rat cathepsin K
versus human cathepsin K. Additionally the K, for this substrate is 6 wM for human
cathepsin K while for rat cathepsin K it is 99 uM. These differences in specificities
highlight the requirement of characterizing species orthologs to assure the accurate
analysis of inhibitors in the appropriate animal models. The characterizations of mouse and
rhesus monkey cathepsin K have also been reported [26—28].

2.2. Target validation

The predominantly selective expression of cathepsin K in osteoclasts, as well as the
ability of this enzyme to degrade type one collagen, suggests that this protease plays a
specific role in the resorption phase of bone remodeling. Several additional lines of
scientific evidence have provided further validation for the role of cathepsin K in this
process. It was shown that a cathepsin K antisense oligonucleotide was able to decrease
both the level of cathepsin K expression within osteoclasts as well as the resorptive
activity of these cells [29]. Recently, mutations in the human gene expressing cathepsin K
have been identified [30—-32]. All of these mutations have been shown to result in the
expression of a truncated, inactive version of cathepsin K which manifests itself as
pycnodysostosis, a disease characterized by osteosclerosis, short stature and a high rate of
bone fractures. Patients with pycnodysostosis have the normal number of osteoclasts but
the function of these cells in resorbing bone is impaired. The structure and location of the
human cathepsin K gene have been detailed [33,34]. Finally, additional validation of
cathepsin K has been reported by two groups that have independently generated mice
deficient in cathepsin K [35,36]. In both of these studies the cathepsin K deficient mice
appeared normal, were viable and capable of breeding. More in depth histological
examinations revealed that these mice displayed an osteopetrotic phenotype that became
more distinct over time. Osteoclasts of the cathepsin K deficient mice were shown to be
capable of demineralizing bone, but were not able to degrade the organic protein matrix,
a finding similar to that seen in patients with pycnodysostosis [31]. In combination, these
studies provide compelling validation for targeting the inhibition of cathepsin K as
a potential therapy for osteoclast bone resorption-related diseases.

2.3. Protein structure

Independent X-ray co-crystal structures of human cathepsin K crystallized with either the
potent, time dependent vinyl sulfone inhibitor 1 (kg /[f] = 5.7 X 107 M~ s7!) or the
cysteine protease pan-active epoxide inhibitor 2 bound covalently within the active site of
the protein have been reported [37,38]. The overall protein folding of these structures
revealed this protease to be a member of the papain family of cysteine proteases. Cathepsin
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K shares the highest degree of sequence homology with the cysteine proteases cathepsins S
and L with 56 and 42% identity, respectively. The X-ray co-crystal structure of cathepsin
K with 1 (1.8 A) bound in the active site showed that the nucleophilic thiol of Cys 25 had
covalently attached to the inhibitor via Michael addition to the si face of the 3-carbon atom
of the vinyl sulfone (highlighted with an asterisk). The increased nucleophilicity of Cys 25
was ascribed to the influence of a helical dipole on this residue as well as hydrogen
bonding interactions between residues of the catalytic triad (Cys 25, Asn 175 and His 159)
within the active site. The peptide portion of the inhibitor was oriented on the unprimed
side of the active site with the phenethyl moiety of the homophenylalanine bound within
the S1 pocket. This shallow pocket was defined by Gly’s 23, 64 and 65 and Cys 63. The iso-
butyl group of the leucine residue was bound within the hydrophobic S2 binding pocket
comprised of Tyr 67, Met 68, Ala 133, Leu 157 and Ala 160. It is the differences in the
amino acid residues contained within the S2 binding pockets of the highly homologous
members of the papain family cysteine proteases that is most relevant to the design of
selective inhibitors for each of these respective enzymes. The piperizine moiety of 1 was
bound within the S3 binding pocket defined by Tyr 67 and Asp 61. The phenyl sulfonyl
group is oriented on the primed side of the active site with the phenyl moiety bound within
the S1’ pocket comprised of GIn 142, Ser 137 and Ala 136. The X-ray co-crystal structure
of cathepsin K complexed with the epoxide 2 (2.2 A, 1ATK) showed this inhibitor also
oriented on the unprimed side of the active site, covalently attached to the protein via
attack of the thiol of Cys 25 to C2 of the inhibitor. As above, the iso-butyl moiety of 2 was
bound within the S2 pocket. The basic guanidinium group was bound within the S3
binding pocket. The crystal structure of human pro-cathepsin K (2.60 A, 1BY8) has also
been described [39]. These structures have been instrumental in the structure-based design
of potent and selective inhibitors of cathepsin K.
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3. THE INHIBITION OF CATHEPSIN K

The inherent nucleophilic reactivity of the cysteine thiolate moiety, which in part defines
cysteine proteases, has led to the design of a variety of inhibitor templates. These
inhibitor classes may be divided broadly into four categories based upon their respective
mechanistic modes of reactivity. Several reviews detailing inhibitor categorization have
been published and the reader is referred to these accounts for a more critical description
of inhibitor mechanism [40]. The first class of inhibitor template described is a series of
irreversible alkylators of the active site cysteine thiol group. Representative members of
this class include a-halo ketones, a-azido ketones, epoxides, a-aryloxy ketones, o,f3
unsaturated esters and most recently the vinyl sulfone inhibitor template. The second
template category is comprised of a series of time dependent inhibitors that, by the nature
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of their reactivity, form a stable thioacyl-enzyme intermediate that is slow to hydrolyze.
The acyl hydrazide template originally described by Abeles [41], represents the prototype
of this class of inhibitor. The third class of template are inhibitors which do not form a
covalent interaction with the active site cysteine but rely almost entirely on the protein’s
substrate binding elements for effective inhibition. Here, the aminoethyl amides
described below serve as a recent example of this type of inhibitor. Finally, the fourth
class of template, which has seen recent widespread application, is a series of inhibitors
that form a covalent, yet reversible, intermediate with the thiol group of the active site
cysteine. Representative members of this class include peptide derived nitriles, aldehyde,
a-ketoamides and a-heteroatom ketone-based inhibitors. Although not comprehensive in
scope, the remainder of this review will detail recent, salient applications of these four
mechanistic classes as inhibitors of cathepsin K.

3.1. Vinyl sulfone inhibitors

A series of peptidyl vinyl sulfone inhibitors, exemplified by 1, have been reported as potent
irreversible inactivators of cysteine proteases [42]. The vinyl sulfone moiety represents the
second generation of irreversible inhibitors of cysteine proteases that incorporate a
Michael acceptor motif [43]. Variation of the P2 residue of this inhibitor template
permitted mapping of the S2 binding pockets of cathepsins K, S and L [44]. In this study it
was shown that cathepsin K clearly prefers a branched hydrophobic moiety such as leucine
in this position. This preference for leucine by cathepsin K does not impart selectivity over
cathepsins L and S. Inhibitor 3, which incorporates a P1 homophenyalanine and a P2
leucine, has been described as a potent inactivator of cathepsins K, L and S with a
kinact/Ky’s of 772,700, 387,000 and 26,300,000 M sl respectively [45]. This
compound is a modestly potent inactivator of cathepsin B with a ki /K; of
4250 M~ ' s !, Alternatively vinyl sulfone 4, which incorporates a 2-naphthylalanine in
the P2 binding position, is a weak inactivator of cathepsin K with a k;;,/K; of less than
300 M~ ' s™! and potently inactivates cathepsins S, L and B (kjpec /K; = 56,000, 000,
9,200,000 and 420,000 M~! s_l, respectively). The ability of these vinyl sulfones to
inhibit bone resorption was assessed in the rat pit formation assay which measures the
number of resorption pits per bone slice. In this assay the potent cathepsin S, L and B
inhibitor 4 had no effect on resorption. Compound 3, which is the potent K, S, L and B
inhibitor, attenuated bone resorption with an ICsq of 0.05 wM. The antiresorptive effect of
the cathepsin K, L, S and B inhibitor 3 was confirmed by its ability to inhibit the hydrolysis
of the cathepsin K selective methylcoumarin substrate Cbz-Gly-Pro-Arg-MCA.
Osteoclasts exposed to vehicle alone or to the potent o R 4 0. .0
cathepsin L, S and B inhibitor 4 hydrolyzed this ﬁNJ\NJ\(N\/\/‘S'
substrate rapidly. However, no hydrolysis of this o _J H o = \©
substrate was observed in osteoclasts treated with the

cathepsin K, L, S and B inhibitor 3. Although no data

detailing the potencies of either 3 or 4 versus species

orthologs of rat cathepsins K, L, S and B were 3 R=CH,CH(CH;),
reported, these data suggest that it is the inhibition of

. . . . 4 R= CH
cathepsin K that is responsible for attenuating bone 2

resorption in vitro in the rat.
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3.2. Hydrazide-based inhibitors

A series of acyl bis-hydrazide inhibitors exemplified by 5 have been reported as potent,
time dependent inhibitors of cathepsin K [46]. The design of this inhibitor template was
based upon substitution of the central diaminoketone inhibitor template contained within
23 (vide infra) with an acyl bis-hydrazide template. The prototypical acyl-bis-hydrazide 5
has been reported as a potent and selective inhibitor of cathepsin K with kys/[I]'s of
3.1 x 107° for cathepsin K, 1.3 X 102 for cathepsin B, 5.8 X 10~ * for cathepsin L and a
K; = 11 nM for cathepsin S. Compound 5 is also a potent inhibitor of cathepsin K activity
in the osteoclast resorption assay with an ICsy = 0.34 wM. The X-ray co-crystal structure
of 5 bound within the active site of cathepsin K (2.2 A) revealed that this inhibitor, like the
previously designed diaminoketone series, spanned the S3 to S3’ binding pockets of the
active site. Additionally, this co-crystal structure suggested the inhibitor formed a covalent
thio-acyl hydrazide intermediate with the active site cysteine thiol residue. Mechanistic
studies have shown this inhibitor template to be time dependent, slow turn over inhibitors
of cathepsin K [47]. Further molecular modeling analyses led to the identification of
peptidomimetic groups to replace the Cbz-leucine moiety contained within 5. Analogs 6,
as a 9:1 mixture of diastereomers at the carbon designated with an asterisk, are potent, time
dependent inhibitors of cathepsin K with a kg /[I] of 2,900,000 M~ "' s™' [48]. The
incorporation of other peptidomimetic moieties in to the acyl bis-hydrazide template has
been detailed [49]. Thiazole 7 was identified as an effective replacement of the acyl
hydrazide moiety resulting in potent inhibition of cathepsin K (K ,,, = 10 nM) with
selectivity over cathepsins L (K;,,, = 700 nM), cathepsin S (K; ,p, > 1,000 nM) and
cathepsin B (K ., = 5,200 nM). Compound 7 has been characterized as an initially rapid
and reversible inhibitor with a subsequent slow turnover step. Analog 8, which
incorporates the Freidinger lactam [50] was shown to be a 33 nM inhibitor of cathepsin
K which has demonstrated greater stability to proteolitic processing by cathepsin K
relative to 7, the acylic version of this inhibitor template. Additional aza-peptide-based
inhibitors of cathepsin K have been published recently [51,52].
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3.3. Aminoethyl amide-based inhibitors

The identification of a novel series of aminoethyl amides based on the lead structure
9 have been detailed as potent, reversible and competitive inhibitors of both rabbit
and human cathepsins K [53]. Unlike most of the inhibitors discussed within this
review, the aminoethyl amide template does not contain an electrophilic moiety
capable of forming a covalent bond with the thiol moiety of active-site cysteine
residue. This inhibitor template attempts to take advantage of Van Der Waals
interactions between itself and those contained within the respective binding pockets
of active site of cathepsin K. Aminoethyl amide 9 inhibits rabbit cathepsin K with
an ICsy = 470 nM. Incorporation of a 4-methoxy phenyl moiety to produce analog
10 resulted in a 7-fold increase in inhibitor potency with an ICsy = 64 nM versus
rabbit cathepsin K. Further SAR studies to improve the potency of 10 by
replacement of the P3 benzyloxycarbonyl moiety led to the identification of several
potent and selective inhibitors. Analogs 12 and 13, which incorporate either a P3
4-benzyloxyphenyl amide moiety or a 1-(2-chloro-phenyl)-1H-[1,2,4]triazole-3-
carboxylic acid amide, are potent inhibitors of human cathepsin with Ki’s of 15
and 11 nM, respectively. Compound 12 is selective for cathepsin K over cathepsin L
and S with ICsy’s of >10 and 9.5 uM, respectively. Inhibitor 13 is somewhat less
selective (cathepsin L ICsq = 2.3 wM; cathepsin S ICsqy = 1.9 wM). Preincubation of
12 with excess cathepsin K followed by dialysis and redilution with substrate (Cbz-
Phe-Arg-AMC) restored the proteolytic activity of the protein indicative of
reversible inhibition. The Lineweaver-Burk plot of 12 displayed a constant 1/S
axis intercept, characteristic of a competitive mode of inhibition. Evidence that this
inhibitor template was not forming a covalent bond with the enzyme was
established by '>C NMR analysis of a '’C radiolabeled analog of 13 (the position
of the radiolabel is highlighted with an asterisk) in the presence of cathepsin K. In
this experiment a small upfield shift and a broadening of the '*C resonance in the
radiolabeled amide carbonyl carbon of radiolabeled 12 were observed. These data
are indicative of a non-covalent interaction between the inhibitor and the protein.
Molecular modeling studies, in which inhibitor 10 was docked within the active site
of cathepsin K, revealed the expected wm—mr stacking interaction of the phenyl ring
of the benzyloxycarbonyl moiety with Tyr 67 contained within the S3 binding
pocket and occupation of the lipophilic S2 binding pocket by the iso-butyl group of
the inhibitor [54]. Additionally, these studies suggested that an improvement in
potency and/or selectivity could be realized by extension of 10 into the S1’ binding
pocket of active site of cathepsin K. Towards this end, inhibitor 11, which contains
a benzyl ether moiety, is a potent inhibitor of cathepsin K (ICsy = 54 nM) with
good selectivity over cathepsins L (ICsq > 10 uM) and S (IC5y = 9.5 pM). Analog
14, which possesses a P3 1H-indo-2-yl amide and the lipophilic P1’ iso-butyloxy
moiety, is approximately 3,300-fold selective for cathepsin K (ICso < 3 nM) over
cathepsins L and S (ICs0’s >10 uM). The potential for slow-turnover proteolytic
processing of this inhibitor template by cathepsin K was not addressed in these
accounts.
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In a similar vein, a closely related extension of the aminoethyl amide inhibitor
template described above has been reported [55]. Replacement of the aldehyde
carbonyl moiety of the known, potent inhibitor of cathepsin L Cbz-Leu-Phe-CHO
(cathepsin L K; = 13 nM) with aniline provided the aminoethyl amide 15. This
compound inhibits cathepsin K with an ICso= 1.1 pM and retains significant
cathepsin L potency (ICso = 230 nM). Incorporation of a 4-piperidinyl aniline moiety
provided 16 which is a potent inhibitor of both cathepsins K and L (ICso = 10 and
2 nM, respectively). Further SAR investigations of 16 led to 17 that incorporates a
P1 homophenylalanine and a P2 proline residue. Compound 17 is a potent inhibitor
of cathepsin K (ICs5y = 12 nM) with selectivity over cathepsins L (ICsq = 7.84 pM)
and B (ICsp > 10 uM). It has been characterized as a competitive and reversible
inhibitor of cathepsin K that inhibited pit formation in murine and human bone
resorption assays.

3.4. Carbonyl-based inhibitors

One of the first reports on the inhibition of cathepsin K described the utility of the
classical cysteine protease tri-peptide aldehyde inhibitor leupeptin (18) which has been
characterized as a potent, time-dependent inhibitor with an ICs5y= 70 nM,
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kops/[T] = 273,00 M~ ' s™! and a ko = 0.061 min~ ' [47]. Based on the potency of 18,
further evaluation of a series of structurally related peptide derived aldehydes identified
19 as a potent inhibitor of cathepsin K with a K ,,, = 1.4 nM [56]. The fluorometric
assay utilized to assess the potency of these aldehyde inhibitors measured the rate of
processing of the dipeptide aminomethylcoumarin substrate Cbz-Phe-Arg-AMC by
cathepsin K. In this assay format, in which the aldehyde inhibitor and substrate (Cbz-Phe-
Arg-AMC) were added simultaneously, the proteolytic activity of cathepsin K was
observed to return over time with a concomitant loss of inhibitor potency. Preincubation
of the aldehyde inhibitors with assay buffer, prior to the addition of cathepsin K and
substrate, resulted in an approximate 10-fold loss of potency. This loss of inhibitor
potency was attributed to the highly reactive nature of the electrophilic aldehyde moiety
that had likely formed inactive intermediates with components of the assay buffer.
Aldehyde 19 is a potent inhibitor of PTH-stimulated bone resorption in the fetal rat long
bone assay (ICsy = 20 nM). In the human osteoclast resorption assay 19 inhibited bone
resorption with an ICsy = 100 nM. In vivo in the adjuvent arthritis rat model a 61%
inhibition of hindpaw inflammation was observed with 19 at a 30 mg/kg i.p. dose after 16
days. In the thyroparathyroidectomized (TPTX) rat model calcemic response to PTH
[1-34] was inhibited significantly by compound 19 following i.p. administration at a
60 mg/kg dose. Due to the fact that aldehyde-based inhibitors such as 19 lack selectivity
toward a variety of other enzyme systems, the attribution of an antiresorptive effect
elicited by these compounds to the inhibition of a specific protease should be taken with
some degree of caution.
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A screening effort led to the identification of aldehyde 20 as an inhibitor of
cathepsin K with an ICsy = 51 nM [57]. Replacement of the aldehyde moiety of 20
with an a-ketoamide group provided a series of a-ketoamide inhibitors of cathepsin
K [58]. The ketoamide 21 was substantially less potent than the parent aldehyde 20
with an ICsy = 5.9 wM. Optimization of the P2 and P1’ binding elements led to the
identification of 22 which is a potent, reversible inhibitor of human and rat
cathepsins K with ICsy’s of 0.77 and 13 nM, respectively [59]. Analog 22 is
selective for cathepsin K over cathepsins L, V, H and B and modestly selective over
cathepsin S. The 2.2 A X-ray co-crystal structure of 22 bound within the active site
of cathepsin K revealed that the pyrazole moiety interacted with Gln 18 through a
bridging water molecule and with the S1’ Trp 184 aromatic moiety. One of the iso-
propyl groups was bound within the S2 pocket while the second iso-propyl projects
toward, but does not bind in, the S3 pocket. The n-butyl moiety of the norleucine is
oriented toward the S1 site while the ketone of the inhibitor is engaged in a covalent
interaction with the active site Cys 25. Oral administration in the rat showed 22 to
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be 41% orally bioavailable with a high rate of clearance (Cl = 68 mL/min/kg) and a
half-life of 700 min. In the neonatal rat calvaria assay 22 completely reversed PTH
stimulated bone resorption atadose of 10 wM. Evaluation in the TPTX rat model at an oral
dose of 25 mg/kg demonstrated that 22 lowered serum calcium levels upon co-
administration with PTH. No selectivity data versus serine proteases were reported in
this account.
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The use of structure-based inhibitor design has led to the synthesis of a series of
potent, reversible and competitive 1,3-bis(acylamino)-2-propanone inhibitors of
cathepsin K exemplified by 23. The intellectual underpinning of the design of
this inhibitor template was based upon the anomalous binding orientations of two
closely related peptide derived aldehyde inhibitors 18 and 19 within the active site
of papain, the prototypical cysteine protease [60,61]. The X-ray co-crystal structure
of aldehyde 18 bound within the active site of papain revealed that this inhibitor
was oriented on the unprimed side of the active site of this protease [62].
Alternatively, the X-ray co-crystal structure of the closely related tri-peptide
aldehyde 19, again bound within the active site of papain, revealed this inhibitor to
be bound on the primed side of the active site of papain. Molecular modeling of an
overlay of these two structures within the active site of cathepsin K led to the
design of the 1,3-bis(acylamino)-2-propanone 23 which has been characterized as a
potent inhibitor of this enzyme with a Kj,,, = 22 nM. Inhibitor 23 is selective for
cathepsin K over cathepsins L, S and B with K;,,,’s of 340, 890 and 1300 nM,
respectively. This compound is a weak inhibitor of papain (Kj,,, > 10 uM) and
inactive against the serine proteases trypsin and chymotrypsin. An X-ray co-crystal
structure of 23 in the active site of cathepsin K showed the inhibitor bound from
the S3 to the S3’ binding pockets confirming the elegant design of this inhibitor
template. The synthesis of a variety of 1,3-bis(acylamino)-2-propanone inhibitors has
been reduced to a solid-phase approach [63]. Further modeling studies led to the
incorporation of peptidomimetics designed to replace one, and ultimately both, of
the Cbz-leucine moieties contained within 23 [64]. Analog 24, which incorporates
the 4-phenoxyphenyl amide, is a 67 nM inhibitor of cathepsin K. Further utilization
of iterative modeling/X-ray co-crystallography led to the design and synthesis of 25,
in which both of the Cbz-leucine peptide residues have been replaced by
peptidomimetic binding elements, is a potent inhibitor of cathepsin K
(Kiapp = 1.4nM) which is selective over cathepsins L, S and B (Kj,,, > 1000,
910, and >10000 nM, respectively). Compound 26, which contains the P3
morpholinobenzofuran moiety has been identified as a potent inhibitor of rat and
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human cathepsins K with Kj,,,’s of 69 and 0.082nM, respectively [65]. This
azepanone demonstrated potent inhibition of native cathepsin K in the osteoclast pit
resorption assay with an ICso = 41 nM.
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The a-alkoxy ketone template was originally reported in 1995 as a potent, reversible
class of inhibitors of the serine protease thrombin [66]. This template has seen recent
application for the inhibition of cathepsin K. The a-propyloxy ketone 27 was reported as
a weakly time-dependent inhibitor of cathepsin K with a kjp,./1 of 4100 M s 671
Incorporation of a P1 methoxymethyl ketone group provided 28 that is a 80 nM inhibitor
of cathepsin K. The X-ray co-crystal structure of 27 bound within the active site of the
enzyme revealed the dipeptide portion of the inhibitor oriented on the primed side of the
active site with the P1’ and P2’ iso-butyl groups bound within the S1’ and S2’ binding
pockets. The propoxymethyl ether group was seen oriented on the unprimed side of the
active site barely penetrating the P1 binding pocket. The orientations of the P1 propyl and
the P1’ iso-butyl moieties of 27 in this X-ray co-crystal structure suggested that
cyclization of this template may be possible [68]. The 4-amidopyrrolidinone and
4-amidopiperidinone templates 29 and 30 were reported as potent, reversible inhibitors of
cathepsin K with K; ., of 2.3 and 2.6 nM, respectively, as mixtures of diastereomers
[69,70]. The X-ray co-crystal structure of 29, bound within the active site of cathepsin
K, revealed that this inhibitor spanned the active site binding from the P3 to the P3’
pockets. Several peptidomimetic substitutions of the N — 1 Cbz-leucine of both 29 and
30 were reported in these accounts. The rapid epimerization of the C-4 a-amido ketone
chiral center limited the progression of this inhibitor template. A similar cyclization
strategy led to the identification of the tetrahydrofuran and tetrahydropyran derivatives
31 and 32 both of which have been characterized as potent, reversible inhibitors of
cathepsin K with K;’s of 140 and 150 nM, respectively, as mixtures of diastereomers at
C4 [71]. Within this particular series of cyclic oxygen containing analogs, epimerization
of the C-4 chiral center was demonstrated to be somewhat less problematic relative to
29 and 30. A solid phase synthesis of a variety of analogs based on the furanone
inhibitor template has been reported [72].
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Incorporation of a 4-amidoazepanone was utilized in an effort to address the
epimerization of the C-4 chiral center of the 4-amidopyrrolidinone/piperidinone inhibitor
templates 29 and 30 [25]. The C4-S azepanone 33 has been characterized as a
configurationally stable inhibitor of cathepsin K with a K ,,, = 2.0 nM. Inhibitor 33 is
modestly selective versus cathepsins L and S with K; ,,,’s of 47 and 26 nM, respectively.
Incorporation of peptidomimetic elements into the azepanone template led to the
identification of 34 which is a potent inhibitor of cathepsin K with a K; = 0.16 nM.
Compound 34 is modestly selective over cathepsins L and S with Kj,,,’s of 2.2 and
4.0 nM, respectively. It is a potent inhibitor of native cathepsin activity as measured in
the osteoclast pit resorption assay with an ICsq = 70 nM [73]. This assay measures the
level of known collagen fragments that are released following active bone resorption.
This compound was also shown to be a potent inhibitor in the in sifu cytochemical assay,
a measure of cathepsin activity in osteoclasts, with an IC5, = 80 nM [74]. The C4-R
diastereomer (not shown) was significantly less potent against cathepsin K with a
Ki 3pp = 980 nM. In the rat 34 was shown to be 42% orally bioavailable with clearance of
49.2 mL/min/kg and a , /, of 29.8 min. It was the increase in oral bioavailability of cyclic
azepanones such as 34 relative to their acyclic diaminoketone counterparts that, in part,
led to a more general examination of the role of conformational constraint in determining
this property and to the hypothesis relating systemic exposure to the importance of
reducing the number of rotatable bonds [75,76]. The C4 R diastereomer was shown to
have an oral bioavailability of 9.7% highlighting the role of stereochemistry as a
determinant of systemic exposure. Although the oral bioavailability of 34 in the monkey
was poor (4.8%), systemic levels of compound following s.c. administration were of
significantly high levels to permit evaluation of the antiresorptive effect of this compound
in the chemically ovariectomized monkey [77]. In this model, monkeys chemically
ovariectomized following treatment with the gonadotropin releasing agonist lupron, were
treated with 34 (12 mg/kg s.c dose) for 5 days. Following the first dose of azepanone 34
baseline levels of the bone biomarkers CTx and NTx were reported to be reduced 46 and
38%, respectively, after 24 h. After 4 days of dosing NTx and CTx levels were
suppressed more than 50% relative to vehicle control animals. These studies suggest that
a potent inhibitor of cathepsin K is an effective treatment of bone resorption diseases such
as osteoporosis. In vitro and in vivo studies to determine the mechanisms limiting the
systemic exposure of 34 in the monkey revealed that metabolism by cytochromes 3A
were responsible for overall low systemic exposure. In vitro metabolism directed analog
synthesis led to the identification of azepanone 35, a potent inhibitor of cathepsin K with
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a K; = 0.11 nM [78]. Analog 35 is a potent inhibitor of in vitro osteoclast-mediated bone
resorption with an ICsq = 30 nM. Compound 35 has been shown to be 66.3 and 23.4%
orally bioavailable in the rat and the monkey, respectively. In the chemically
ovariectomized monkey, a 32% reduction of urinary NTx levels were observed over
the first 24 h period following oral administration (3 mg/kg) of 35. A 32% drop in serum
CTx levels were also observed 90 min after administration of 35. These studies
demonstrate that an orally administered inhibitor of cathepsin K may be an effective
therapeutic for reducing bone loss due to excess resorption of the protein component of
bone matrix collagen. Incorporation of peptidomimetic groups, originally identified in
the acyclic 1,3-diaminoketone series (vida supra), to the 4-amido-azepanone template led
to the identification of 36 a potent inhibitor of both human and rat cathepsins K with
Ki app s of 0.0048 and 4.7 nM, respectively. This compound was one of the more potent
inhibitors of rat cathepsin K identified within the 4-amidoazepanone series. No data
versus rat cathepsins L, S or B was contained within these reports. Histologic evaluation
of bones from ovariectomized rats treated with 36 for 4 weeks following intraperitoneal
administration of 3, 10 and 30 mg/kg u.i.d for 4 weeks revealed that 36 inhibited OVX-
induced bone loss in vivo at all of the dose levels examined [79].
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3.5. Nitrile-based inhibitors

Inhibitor templates utilizing a nitrile moiety as the electrophilic component were
originally reported as inhibitors of papain in 1986 [80]. The nitrile motif has seen recent
application in the inhibition of cathepsins B, S and K [81,82]. A screening effort led to the
identification of cyanamide 37 as an inhibitor of cathepsins K, L and B with
ICs¢’s = 0.45, 0.37 and 2.3 pM, respectively [83]. Replacement of the quinoline moiety
produced the benzenesulfonamide analog 38 that is a potent inhibitor of cathepsins K and
L with ICsy values of 50 and 80 nM, respectively. The inhibitory potency of several
related members of this class was assessed at pH 7 in the presence of excess glutathione.
In these experiments no reduction in potency was observed suggesting that the nitrile
moiety is stable to exogenous thiol nucleophiles. Pharmacokinetic analysis of 38 in the
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rat, confirmed the stability of this inhibitor template, where it was shown to be 38% orally
bioavailable with a half-life of 2 h. Nuclear magnetic resonance analysis of a '*C labeled
version of 38 (the position of the '*C label is highlighted with an asterisk) with papain
revealed the formation of two new resonance peaks indicative of isothiourea ester
rotational isomers along with the disappearance of the nitrile resonance peak. Addition of
E64 (2), an irreversible epoxide-based inactivator of cysteine proteases, to this enzyme-
inhibitor complex resulted in the reappearance of the nitrile resonance peak, indicative of
a reversible mode of inhibition. Replacement of the benzenesulfonamide moiety with
Cbz-leucine provided 39 that possesses the C3-R configuration. This compound is a
potent inhibitor of cathepsin K (Kj,,, = 12nM) with excellent selectivities over
cathepsins L (K, = 250nM), S (K4, = 310) and B (Kj,,, = 1500 nM). In a
functional assay of bone resorption, which utilized murine osteoclasts on bovine bone
slices, 39 inhibited bone resorption with an ICsq = 103 nM [84].
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The peptidyl nitrile 40 was first described in a 1968 report on the synthesis of a series of
inhibitors of carbon tetrachloride-induced necrosis of the liver in the rat [85]. It has been
reported recently to be a potent inhibitor of cathepsins K, L and S (IC5¢’s = 51, 42 and
41 nM, respectively) and a weakly potent inhibitor of cathepsin B (ICsq = 3560 nM) [86].
In vitro 40 inhibited bone resorption with an ICsy of 275 nM. A marked improvement in
selectivity was realized upon replacement of the benzamide moiety of 40 with a biphenyl
group. This led to racemic 41 which is a potent inhibitor of cathepsin K (IC5q = 56 nM)
with good selectivities over cathepsins L (IC59 = 498 nM), S (IC5o = 1578 nM) and B
(IC59 = 3560 nM). This compound was a weak inhibitor of bone resorption in vitro with an
IC59 = 3560 nM. Further optimization of 41, focusing on the SAR of the P3 binding
element, led to piperazine 42 which now possesses the R stereochemistry at the indicated
carbon. This analog is a potent and selective inhibitor of cathepsin K (cathepsin K
ICs¢ = 3 nM, cathepsin L ICsy = 3725 nM, cathepsin S ICsy = 2010 nM and cathepsin B
ICs50 = 3950 nM) and is an active inhibitor of bone resorption in vitro (ICso = 95 nM).
Nitrile 42 has been characterized as a reversible inhibitor of cathepsin K with no detectable
time dependent component. Incubation of 42 with 1 puM cathepsin K and 1 mM
B-mercaptoethanol for 30 min demonstrated the inhibitor to be stable over this time period
suggesting that the possibility of in vivo inhibitor inactivation by cysteine proteases or
other thiol containing components was unlikely. Pharmacokinetic analysis in the rhesus
monkey showed 42 to be 32% orally bioavailable with a half-life of 9.6 h. Oral
administration of 42 for eight days at a dose of 20 mg/kg/day in the ovariectomized (OVX)
rhesus monkey resulted in a 75-87% decrease of urinary N-teleopeptide/creatinine
(uNTx/Cre), a biomarker of collagen breakdown observed during active resorption of
bone. Three days after the dosing of 42, uNTx/Cre levels were reduced 58%. Seventeen
days after the last dose of 42 uNTX/Cre levels had returned to the same levels as those
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observed in control group animals. The level of biomarker suppression observed in this

study was comparable to that observed in human osteoporosis patients treated with
bisphosphonates [87].
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4. CONCLUSIONS

The identification of mutations of the human gene expressing cathepsin K as well as the
phenotyping of the cathepsin K deficient mouse have provided exquisite validation of the
role of this protease in osteoclast-mediated bone resorption. Potent and selective inhibitors
of cathepsin K which demonstrate suitable pharmacokinetics have been identified and
profiled in vivo to assess their ability to attenuate the production of biomarkers of bone
resorption. These studies have suggested strongly that an inhibitor of cathepsin K may be
an effective therapeutic agent for the prevention and treatment of osteoporosis.
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1. INTRODUCTION

Gonadotropin-releasing hormone (GnRH) is a hypothalamic decapeptide amide, pGlu-
His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH, that stimulates the secretion of luteinizing
hormone (LH) and follicle-stimulating hormone (FSH) by the pituitary [1,2]. The GnRH
receptor has been cloned from a number of species and is a member of the G-protein
coupled receptor super-family [3]. Chronic administration of peptide analogs of GnRH
with increased potency and stability, such as leuprolide or goserelin, results in a down-
regulation of gonadotropin secretion and subsequent gonadal suppression [4]. Depot
formulations of these peptides are now routinely used for ‘medical oophrectomy’ where
ablation of gonadal steroids has proven effective in treating a range of diseases including
precocious puberty, endometriosis, prostate cancer, uterine fibroids, and breast cancer as
well as for hormonal manipulation for assisted reproductive therapy [5,6]. More recently,
peptide antagonists have been developed for clinical use in order to provide a more
immediate gonadal suppression and avoid the initial rise in gonadal steroids which are a
consequence of the initial stimulatory phase of agonist therapy [7].

Because of their peptidic nature, current GnRH based therapeutics require daily
injection or implantation of long acting depots, although nasal formulations of some
GnRH peptides are also available. This has prompted a number of groups to attempt to
develop orally active, nonpeptide antagonists that conceptually may have several
advantages over injectable GnRH peptide drugs. Obviously, injection site reactions
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commonly observed in peptide depots are avoided and dosing can be rapidly discontinued
if necessary — a clinical management option not available with long-acting injectable
depots. Perhaps more importantly, it may be possible to vary the level of pituitary
suppression by varying dosage and therefore allow titration of circulating estrogen levels
to a therapeutic window which avoids symptoms of severe gonadal suppression, such as
bone loss [8]. In this chapter, we review recent progress towards the development of
nonpeptide GnRH antagonists which has resulted in a number of distinct chemical
approaches to the problem.

2. THIENOPYRIDINONES AND THIENOPYRIMIDINONES

The first potent and orally active human GnRH receptor antagonist, T-98475 (1), was
reported in 1998 [9]. It inhibits ['*I]leuprorelin binding to the cloned human GnRH
receptor with an ICs, value of 0.2 nM. It also has potent binding affinity to membrane
fractions of monkey pituitary with an ICs, of 4 nM, but somewhat lower activity on the
rat pituitary (ICso = 60 nM). It suppresses plasma LH concentration up to 25% level after
oral administration in castrated male cynomolgus monkeys (60 mg/kg). A small set of
SAR data suggested that the benzyl side-chain on the basic nitrogen contributes a 30-fold
increase in binding affinity.

O,N a

(4]
P4

F O
5@
N F

A slightly different series of compounds from T-98475, which removes the
metabolically labile ester group, has been reported recently [10]. A representative
compound from this series TAK-013 (2) binds with high affinity to human or monkey
receptors expressed in CHO cells (ICsy values of 0.1 and 0.6 nM, respectively).
Functionally, TAK-013 inhibits GnRH-stimulated arachidonic acid release with ICsq

3 X
4: X
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values of 0.06 and 10 nM, for human and monkey receptors, respectively. In cynomolgus
monkeys, after oral doses of 10 mg/kg, TAK-013 reaches maximal concentration of
140 ng/ml at 6 h with an AUC of 568 ng h/ml. This good oral exposure enables TAK-013
to almost completely suppress plasma LH levels (11% of pretreatment at 24 h) after oral
administration of a 30 mg/kg dose in castrated male cynomolgus monkeys. Chronic
administration (30 mg/kg, three times daily) over the course of four menstrual cycles in
normal cycling female cynomolgus macaques resulted in a suppression of LH, estradiol
and progesterone, but not FSH [11]. TAK-013 is highly lipophilic and poorly soluble in
water with a log D value higher than 4. Structure—activity studies on the side-chain of the
basic nitrogen reveals the benzyl group can be replaced by a more polar and slightly basic
2-pyridylmethyl group resulting in a 20-fold improvement in binding affinity (K; values
are 180 and 9 nM for 3 and 4, respectively) [12].

5 X
~N

\CL Q)
N~ =0
H

3. 3-ARYLQUINOLONES

An initial lead compound 5 was obtained from high throughput screening, and the 1Cs,
of 5 at the rat GnRH receptor is reported to be 3 uM [13]. SAR studies of this series
resulted in potent GnRH antagonists such as 6 with ICsy values of 60 nM on the rat
GnRH receptor and 2.5 nM at the cloned human GnRH receptor [14—16]. Differences
in affinities for GnRH receptors from different species have been reported for this and
all other series of nonpeptide GnRH antagonists studied thus far. Functionally, 6
inhibits GnRH-stimulated LH release from rat pituitary cells with an ICsy of 85 nM,
and GnRH-stimulated inositol phosphate hydrolysis in CHO cells expressing the
human GnRH receptor (IC5o0 = 16 nM). A more potent human GnRH antagonist 7
(hGnRH ICsy = 0.44 nM, PI turnover ICso = 1.0 nM) also binds very tightly to the
rhesus monkey GnRH receptor (ICs5o=0.5nM) and rat GnRH receptor
(IC50 = 4.0 nM), but less at the dog GnRH receptor (ICso = 60 nM). This compound
suppresses circulating LH and testosterone levels in male rhesus macaques when given
intravenously (0.5 mg/kg) [17].

4. 2-ARYLTRYPTAMINES

Initial SAR studies on a lead compound with a 2-aryltryptamine structure
8, ICso =3 uM) discovered from high throughput screening suggests that the
optimal distance between the 4-phenol group and the basic amine is a four-carbon
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linkage [18]. When the 3,4-dimethoxyphenyl at the 2-position of tryptamine core is
replaced with a 3,5-disubstituted phenyl, the binding affinity increases. For example,
the 3,5-dimethoxy, 3,5-dichloro, and 3,5-dimethylphenyl analogs have ICsy values of
700, 170 and 50 nM, respectively. The dimethylphenyl compound (9) is over 25-fold
better than the unsubstituted phenyl analog (ICso= 1.3 uM). However, the
corresponding 4-fluorophenyl analog is about eightfold less active which suggests a
lipophilic electron-rich phenyl group is favored at this position for interaction with the
GnRH receptor, possibly at an aromatic residue. Further SAR study reveals a
lipophilic group with hydrogen bonding capability at the 5-position of the tryptamine
core improves binding affinity about 10-fold. Thus, 10 has an ICso value of 4 nM [19].
When the OH group of the phenol was replaced with a methanesulfonamido group, the
binding affinity further improved (11, ICso = 7 nM). While the binding data above
were obtained from crude membranes prepared from rat pituitary glands, the binding
affinity of these compounds is less potent at the human GnRH receptor. For example,
11 exhibits an ICso value of 170 nM at the cloned human receptor, an over 40-fold
difference [20]. The phenol can also be replaced by a heteroaromatic ring with
hydrogen bonding capability. Thus, the 4-pyridyl analog 12 has an ICsy value of
41 nM at the rat GnRH receptor [21].

HN/\/\/OrOH

00

Y HN OH
/=X S /\/\/@/

~
N V7 gx= 3,4-MeO K/N\n/o Q
H 9: X = 3,5-Me o) N
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H 15: R = Et,NCOCMe,, A = CNHSO,Me
16: R =i-Bu,NCO,A= N

0
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Several very potent GnRH antagonists were synthesized by a combination of the
previous SAR information. Thus, compounds with a 5-amide bulky group exhibit low
nanomolar binding affinity at the rat receptor (ICsq values for 13, 14 and 15 are 6, 3 and
2 nM, respectively). Functionally, they inhibit LH release from rat pituitary glands with
ICs( values of 540, 72 and 42 nM. These data suggest the sulphonamides 14 and 15 are
much more functionally active than the phenol such as 13. Interestingly, the binding
affinity of this series of compounds is greatly improved by the presence of 0.1% BSA in
the binding assay, and the ICs, values obtained under this condition are 10-fold more
potent. Thus, the ICsq values for 13, 14 and 15 are now 0.5, 0.3 and 0.2 nM, respectively.
The authors suggest that this shift is due to BSA preventing nonspecific loss of compound
to glass assay tubes [22].

The function of the 5-amido group of the tryptamine seems not only to increase
binding affinity of this series of compounds at the rat GnRH receptor, but also to narrow
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the gap in binding affinities between the rat and human GnRH receptors. For example, 16
has ICsq values of 0.6 and 7.1 nM at the rat and human GnRH receptors, respectively,
which is only a 12-fold difference [23]. On the other hand, 11, without a 5-substitution,
has a 40-fold difference between these two species. Compound 17 is a very potent human
GnRH receptor antagonist with an ICs of 1.4 nM in receptor binding, and ICs, of 18 nM
in inhibition of GnRH-stimulated inositol phosphate hydrolysis.

18a,18b,18h 19b-k
] -
OO OO T O O
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Because of the enhancement of both binding and function of this series of
compounds from the substitution at the 5-position together with the introduction of
(§)-methyl group at 2-aminoethyl side chain of the tryptamine core, the linker between
the basic nitrogen and the aromatic side-chain can be reduced to 2-carbon without loss
of activity (18a, ICso=0.7nM and 18b, IC50= 0.8 nM). In contrast, the
corresponding 2-carbon version of 12 is about 12-fold less active. This series of
compounds have been further modified to improve pharmacokinetic profiles. In dogs,
19b (IC50 = 0.8 nM) has an oral bioavailability of 25% and an elimination half-life of
3.9h. It has a similar profile in monkeys (F =21%, t;,, =3.3h), but is less
bioavailable in rats (F = 8%, f,/, = 1 h) [24]. Introduction of a methyl group at the 2-
position of the pyridine to reduce both 2- and N-oxidations of pyridine, improved oral
bioavailability in dogs (19¢, F = 36%) but the 2-hydroxymethylpyridine analog 19d
with excellent in vitro profile did not improve bioavailability in dogs (F = 15%) [25].
Despite limited oral bioavailability 19b (ICso = 1.7 nM, rat receptor) dose-depen-
dently inhibits LH release for periods ranging from 5 to 7 h at 5 mg/kg po and >15h
at 20 mg/kg po in castrated male rats. Among compounds with different bicyclic side-
chains, 19f exhibits excellent oral bioavailability in dogs (F = 63%), while the very
close analog 19e has much lower oral exposure (F = 16%). Furthermore, low oral
bioavailability of 19g (F = 5%) was observed [26]. The authors speculate that the
urea structure of 19g has very strong hydrogen-bonding capability that reduces cell
permeability. Unlike most compounds in this series, 19h has less risk of inhibition of
cytochrome P450 3A4 (ICso = 7.5 uM) while maintaining potent GnRH binding
affinity (ICso = 0.3 nM). This compound was also shown to be efficacious in the
castrated male rats, where it reduced plasma LH levels for 14 h after a single oral dose
at 10 mg/kg.
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5. MACROLIDES

A-198401 (20) is a potent GnRH antagonist with a macrolide structure [27]. It inhibits
5L [Tyr’]leuprolide binding to rat pituitary membranes with a pK; value of 9.2.
Functionally, A-198401 inhibits LH release with a pA, value of 8.8. It also tightly binds
to the cloned human GnRH receptor, with a pK; of 8.7. This compound has minimal
antibacterial activity against Staphylococcus strains, and is roughly 100-fold less potent
than erythromycin A. A-198401 causes no significant release of histamine from rat
peritoneal mast cells, a concern which has hindered development of peptide GnRH
antagonists. This compound suppresses plasma LH concentration in a dose-dependent
manner after oral administration in castrated male rats. At a dose of 24 mg/kg po,
A-198401 reduces the plasma LH to the 20% of pretreatment levels at approximately 3 h
and this effect lasts up to the 24-h time point. Detailed SAR studies from an initial lead to
yield the potent analogs 20, and efforts on elimination of the antibacterial activities of this
series of compounds have been published recently [28,29].

Cl
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6. TETRALIN

A series of tetralins has been reported as GnRH antagonists. Among them, a potent
analog AG-045572 (21) has been studied in detail. AG-045572 inhibits '*’I-[des-Gly'°,
D-Ala®]GnRH ethylamide binding to the membranes from rat pituitary glands with a K;
value of 3.8 nM. When tested with membranes prepared from HEK293 cells expressing
mouse or human GnRH receptors, it has K; values of 2.2 and 6.0 nM, respectively. In
castrated male rats AG-045572 completely suppresses plasma LH concentration up to 8 h
after oral administration of a single dose at 100 mg/kg. After a single intravenous
administration at 10 mg/kg, this compound can suppress LH levels to almost baseline at
the 0.5-h time point, but this effect lasts less than 2h. AG-045572 also reduces
testosterone concentrations in intact male rats after a single intravenous dose of
20 mg/kg. These data suggest AG-045572 is an efficacious GnRH antagonist [30].
Interestingly, this compound has varying oral bioavailability in rats depending on their
endocrine status (F = 8% in intact male rats, and F' = 24% in female and castrated male
rats) [31]. Another potent analog from this series is 22 with a guanidine structure at right
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side of the molecule [32]. Compound 22 is much more hydrophilic than the highly
lipophilic AG-045572. This compound has K; values of 40 nM at the human GnRH
receptor and 520 nM at the rat receptor. The Ky value of this compound for inhibition of
GnRH-stimulated inositol phosphate hydrolysis is 30 nM. Compound 23, which is
apparently designed to address the possible poor cell permeability of guanidine 22, has an
aminopyrimidine structure [33]. This compound has high binding affinity for both rat and
human GnRH receptors (hGnRH K; = 9.3 nM, rGnRH K; = 4.7 nM). In cells expressing
recombinant rat GnRH receptors, 23 is a competitive inhibitor of GnRH-stimulated
extracellular acidification with a pA, value of 8.3, which is similar to its pK; (8.3) at the
rat pituitary receptor. In castrated male rats, 23 dose-dependently suppresses circulating
LH levels when given intravenously (5—20 mg/kg). When administrated in intact male
rats, 23 significantly lowers circulating testosterone levels for up to 24 h after a single
intra-muscular dose of 20 mg/kg. At this dose, plasma levels of 23 is sustained at > 1 pM
for over 10 h, suggesting this compound is fairly stable in rats. 23 is also very selective
among >40 receptor, enzyme and channel targets screened, with the exception of D,
dopamine receptors (160 nM) and sodium channel site 2 (200 nM).
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7. PYRROLOPYRIMIDINONE AND IMIDAZOPYRIMIDINONE

A series of pyrrolopyrimidinones as potent GnRH antagonists are described in recent
publications. The initial set of compounds with 3-cyanopyrrolopyrimidinone structures
have high affinity at the human GnRH receptor, but poor at the rat GnRH receptor [34].
Thus, compound 24 has K; value of 25 nM in inhibition of des-Glle[125 I-Tyrs, D—Leuﬁ,
NMeLeu’, Pro’-Net|GnRH binding to the cloned human GnRH receptor stably expressed
in HEK 293 cells, but only exhibits a K; of 7.3 wM on the rat GnRH receptor. The binding
affinities of this series of compounds are further enhanced by deleting the cyano group at
the 3-position. Thus, 25 has K; value of 2.7 nM on the human GnRH receptor, and
completely inhibits GnRH stimulated calcium flux at 1 wM concentration [35]. While 25
exhibits much better in vitro activity than 24, removal of the 3-cyano group results in
analogs with less stability due to de-amination of the basic side-chain caused by the
electron-rich bicyclic pyrrolopyrimidinone. This problem is resolved by introducing a
much smaller but strongly electron-withdrawing fluorine group at this position.
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Compound 26 has comparable binding affinity (K; = 9 nM) to 25, but is chemically much
more stable than 25 [36].

=

\ —
N—¢/ \_/

N—
O O
N
N ) A)j)ko N
o NN
D 28: R =4 MeOPh
27 F 29:R=tBu
N—
O

F

HN

/) N)j/u\o
NJ\N F

S >
30 F

Another successful way to fix the stability of 25 is to replace the 3-carbon with a
nitrogen to result in a less electron-rich imidazopyrimidinone to give such compounds as
27. SAR studies reveal that the imidazopyrimidinone analogs are as potent as the
pyrrolopyrimidinone compounds. For example, 27 has a K; of 7.5 nM at the human
GnRH receptor, and is stable under acidic conditions [37]. An independent report also
demonstrates the imidazopyrimidinone such as 30 (ICs5, = 0.3 nM) are potent GnRH
antagonists [38]. Further SAR studies to address the potentially labile ester group reveals
that a 3-methoxyphenyl group is a good substitution of the lipophilic isopropyl or
3-pentyl ester [39]. In combination with a methyl group at the 7-position of the bicyclic
core, the binding affinity is enhanced about 50-fold. Thus, 28 with a smaller
4-methoxyphenyl group at the 2-position of imidazolopyrimidinone has a K; value of
4.6 nM. Because of the binding enhancement from the right side of the molecule (28), the
left side phenyl group with a hydrogen-bonding center can now be replaced by a smaller
lipophilic group without losing binding affinity. Thus, 29 has K; of 5.2 nM on the human
GnRH receptor [40]. It also maintains potent functional activity in calcium flux assays
(IC50 =27 nM)

8. 5-ARYLURACILS

Since one of the main objectives for developing small molecule GnRH antagonists is
clinical use as oral agents, a molecule with lower molecular weight might have improved
pharmacokinetic properties. Towards this end, a series of monocyclic uracils have been
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reported where the 5-numbered ring part of bicyclic compounds such as 28 and 29, is
essentially removed. The resulting uracils are moderately potent human GnRH receptor
antagonists (31: K; = 34 nM) [41]. Further SAR studies on the 3-side-chain reveal that
introduction of a methyl group on the ethylene linkage improves binding affinity of this
series, presumably by restriction of the free rotation of the ethylene group. Compounds
32 and 33 have K; values of 5.5 and 20 nM, respectively, at the human GnRH receptor
[42,43]. Compound 32 demonstrated a potent functional antagonism in inhibition of
calcium flux with an ICsy of 2.5 nM. Continuous SAR at the 1-position of uracil also
demonstrates the importance of a lipophilic, but electron-deficient benzyl group is
favored for maximal binding [44]. More detailed SAR studies of this series of compounds
have been published very recently [45].

-
Y5 G
b n *&@

9. COMPOUNDS IN HUMAN CLINICAL TRIALS

Early clinical results for two nonpeptide GnRH compounds, TAK-013 and NBI-42902
[46], have been reported at scientific meetings although reports have not appeared in a
peer-reviewed journal as of this writing [47-50]. NBI-42902 showed good exposure
following oral administration to post-menopausal women and dose-dependent suppres-
sion of LH [46]. TAK-013 was shown to suppress testosterone in healthy young men
following a single oral dose [49]. In a 14-day study, premenopausal women receiving oral
TAK-013 each day showed dose-dependent suppression of LH and estradiol, but no
significant effect on FSH [48]. Comparison of day 1 and day 14 pharmacokinetics, as well
as urinary 6-hydroxycortisol/cortisol ratios, suggested that the compound was inducing
CYP3A4. A multiple dose study in post-menopausal women confirmed the potential for
CYP3A4 induction, but in this population FSH, as well as LH, was suppressed [47].

10. CONCLUSIONS

The success of peptide GnRH agonists, and more recently, antagonists has prompted
efforts to discover orally active GnRH antagonists. Since the publication of the first orally
active GnRH antagonist in 1998, there has been tremendous progress in discovery of
potent small molecule GnRH antagonists. As discussed above, at least eight distinct
series of compounds have been reported in the literature. Several representative
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molecules from these different series have demonstrated oral activity in suppressing LH
in rats or monkeys. Recently, at least two small molecule GnRH antagonists have been
evaluated in early human clinical trials. Because the well-described therapeutic
mechanism of GnRH peptide based drugs is by suppression of the reproductive
endocrine axis, the endocrine effects of the nonpeptide GnRH antagonists in these early
clinical trials bodes well for their eventual therapeutic utility in a range of human
reproductive related diseases.
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1. INTRODUCTION

Persistent pain is one of the most difficult pathologies to diagnose and treat effectively.
Not only is pain perception very subjective in nature, but also the mechanistic
redundancies inherent in pain neurobiology have led to a large number of emerging pain
targets. The bradykinin B2 receptor is a mature G-protein coupled receptor target that
has long offered the prospect of therapeutic intervention in pain and inflammation,
but this has been notoriously difficult to achieve. This review charts the progress of
bradykinin B2 antagonist medicinal chemistry and presents the clinical outlook for
compounds in this area.

2. THE CHALLENGE OF PAIN

The alleviation of pain, especially persistent pain, is an urgent and unrelenting issue for
physicians and the biopharmaceutical industry. Pain is initiated when noxious thermal,
mechanical, or chemical stimuli excite the peripheral terminals of specialized primary
afferent neurons (C and A3 fibres) called ‘nociceptors’. Under physiological conditions,
acute painful stimuli serve as a protective mechanism, integral to survival or well-being.
Such acute pain is generally short-lived and clinically controlled by removing the
causative noxious stimulus or by treatment with conventional analgesics (non-steroidal
anti-inflammatory drugs and opioids). However, under conditions of more prolonged
tissue injury or peripheral sensory nerve damage (neuropathy), a number of complex
adaptive changes occur within nociceptive pathways that together promote the clinical

ANNUAL REPORTS IN MEDICINAL CHEMISTRY, VOLUME 39 © 2004 Elsevier Inc.
ISSN: 0065-7743 DOI 10.1016/S0065-7743(04)39009-3 All rights reserved
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symptoms of chronic pain, including spontaneous pain, hyperalgesia (exaggerated
sensitivity to pain) and allodynia (pain elicited by stimuli that are normally innocuous).
Such pain, arising from metabolic disorders, infection or physical trauma, has outlived its
biological usefulness, becoming a disease in itself and producing enormous deleterious
effects on the physical and emotional states of the patient. However, at least 50% of
patients given conventional therapy for their pain do not feel that the treatment is
adequate. This unmet medical need, centred on the poor efficacy and poor side-effect
profile of current therapies, has created a health problem of staggering proportions.
The prevalence of these disorders has been forecast to rise, driven by the increasing age
of the general population, the growth of obesity, improving diagnostic techniques and
increasing physician (and patient) awareness. As a consequence, the annual economic
burden of direct treatment (drugs, hospitalization, consultations) and the indirect
societal costs (lost productivity, disability and retirement payments) are estimated to
increase accordingly.

3. THE KALLIKREIN-KININ SYSTEM

Kinins are an endogenous family of potent vasoactive linear peptides acting as local
(paracrine) hormones in the peripheral and central nervous systems. They are generated
as short-lived components of the kallikrein-kinin system to regulate normal physiological
processes and in response to pathophysiological stimuli such as inflammation or tissue
damage [1,2]. The major human kinins are the nonapeptide bradykinin (BK; Arg'-Pro’-
Pro’-Gly*-Phe’-Ser®-Pro’-Phe®-Arg®) and the physiologically related decapeptide
kallidin (KD; [Lys’]BK; Lys'-Arg*-Pro’-Pro*-Gly’-Phe®-Ser’-Pro®-Phe’-Arg'?). The
third human kinin, the undecapeptide Met-Lys-BK, is apparently only produced in
inflammatory processes.

The kinin sequences are embedded in single-chain, multidomain glycoproteins called
kininogens, which are synthesized in the liver and secreted into the mammalian
circulation [3]. There are three molecular variants of these precursor proteins. High
molecular weight kininogen (H-kininogen) is a 120-kDa a-globulin which is present in
man, together with low molecular weight kininogen (L-kininogen), which is a 66-kDa
B-globulin [4]. The third species, T-kininogen, is present only in rats (the precursor of
Ile-Ser-BK or ‘T-kinin’). The domain containing the kinin moiety has other specific
functions, such as the ability to act as a cell binding site [5]. Thus, apart from extracellular
fluid, kininogens have also been isolated on a number of cell types, such as human
platelets [6], endothelial cells [7] and neutrophils [8]. The involvement of these cells in
tissue injury makes this an efficient mechanism by which to deliver kinins to sites of
inflammation.

Under pathophysiological conditions, elevated levels of kinins are rapidly produced
from kininogen substrates by a variety of enzymatic activity [9,10]. However, the two
most potent kininogen-metabolizing enzymes are the trypsin-like serine proteases,
plasma kallikrein (PK) and tissue kallikrein (TK). The inactive precursors of these
enzymes are normally present in all tissues and are ready to be activated by physiological
or pathophysiological processes. BK is produced in plasma predominantly from
H-kininogen. Although L-kininogen is a poor substrate for PK, it will form BK in
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the presence of another serine protease, neutrophil elastase [11]. In fact, this enzyme
combination may also generate Met-Lys-BK at inflammatory sites. KD, on the other
hand, is preferentially released in tissues from L-kininogen, but TK can generate the
peptide from both H- and L-kininogen [12].

Once formed, kinins exert their biological influences at two distinct cell surface
receptors, designated B1 and B2. These membrane-bound receptors are members of the
Type 1 GPCR superfamily and share the characteristic serpentine architecture and
heptahelical topology. The receptors were initially distinguished on the basis of their
differing pharmacological profiles [13,14], and this characterization was confirmed by
molecular cloning techniques [15,16]. The cloned human B1 receptor is a 353 amino acid
protein. B1 receptor density increases after exposure to inflammatory or noxious stimuli,
i.e., B1 receptors are inducible, whereas they are poorly expressed under physiological
conditions [17—19]. BK and KD are essentially inactive at the B1 receptor, which has
higher affinity for their active metabolites. The cloned human B2 receptor is composed of
364 amino acids and is phylogenetically only 36% identical to the human B1 receptor. In
contrast to the B1 subtype, B2 receptors are expressed constitutively in most cell and
tissue types and mediate most of the known effects of BK and KD when these are
produced in plasma and tissues, respectively [17,20].

A number of kininase enzymes rapidly degrade BK and KD to produce a variety of
both active and inactive peptide metabolites [1]. Aminopeptidases remove amino acid
residues from the N-terminus of the kinin sequences. In this fashion, KD can be
converted to BK, but subsequent hydrolysis leads to kinin inactivation. At the
C-terminus, kininase I-carboxypeptidases remove the terminal Arg® residue to produce
des-Arg®-BK and des-Arg'°-KD. These peptide fragments act as selective, full agonists
for the Bl receptor and therefore prolong overall kinin activity. Carboxy-
peptidase N (CPN) is the soluble circulating form and gives BK a half-life of about
15s in plasma. The kininase II enzyme, angiotensin converting enzyme (ACE),
inactivates BK and KD by removing the C-terminal Phe-Arg dipeptide moiety. The
enzyme inactivates kinins mainly during their passage through the lungs [1]. Finally,
cleavage of BK and KD at Phe’ and Phe®, respectively, is facilitated by neutral
endopeptidase 3.4.24.11 (NEP).

Recently, GPR100 was identified on human chromosome 1 from the human genome
database as a new high-affinity BK receptor with binding features resembling those of the
B2 receptor (BK ECs9 = 7.2 nM; KD ECsy = 6.6 nM,; Ca’"-induced bioluminescence
assay) [21]. Cloning of GPR100 revealed it to be a 374 amino acid protein with highest
sequence identity (43%) to the human orphan somatostatin- and angiotensin-like peptide
receptor (SALPR), although a very recent phylogenetic analysis placed SALPR between
the B1 and B2 receptors [22]. There are suggestions that GPR100 and B2 may differ in
their responses to BK given the involvement of different G-protein subunits in the signal
transduction processes of the two receptors. If confirmed, this would lend credence to the
frequently cited reports of B2 receptor heterogeneity [23], observations which are also
very much dependent upon the cellular environments in which the B2 receptor is
expressed [24]. Interestingly, GPR100 is highly expressed in a number of tumour-derived
cell lines, hinting at a role in mediating the effects of BK on cell proliferation and
tumourigenesis. Indeed, for quite some time, BK antagonists have been proposed as
potential anti-cancer agents [25].
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4. THE KININ B2 RECEPTOR AS A THERAPEUTIC TARGET

Although the role of B1 receptors in mediating various pain responses has been
consolidated over the last ten years, and appears very compelling, the more
physiologically prominent B2 subtype has attracted the most scrutiny to date as a drug
target. This is also due to the fact that small molecule B1 antagonists have appeared only
recently and have yet to achieve clinical candidacy [26].

One would expect B2 receptor antagonists to exhibit analgesic properties given the
indisputable role of BK in evoking pain. By directly stimulating B2 receptors on
nociceptors, BK exhibits an extremely potent pain-producing (algogenic) action. BK can
also sensitizes these neurones to other noxious stimuli by lowering their firing thresholds
[27,28]. Recent mechanistic studies in mice have demonstrated that BK produces its
nociceptive effects, at least in part, through its ability to activate and sensitize the
vanilloid receptor (TRPV1) [29]. It does this by stimulating the production of lipid-
derived second messengers and this was proved to be a purely B2-mediated event. In
contrast, B1 receptor agonists are not thought to directly excite or sensitize nociceptors,
but contribute to nociception via other mechanisms [28].

As a pro-inflammatory mediator, BK elicits a wide variety of biological effects:
oedema formation, arterial dilatation, venoconstriction and increased vascular per-
meability [30]. BK also facilitates the release of primary sensory neuropeptides such as
substance P and calcitonin gene-related peptide, which can amplify the inflammatory
response [31]. The action of BK on vascular smooth muscle promotes extravasation of
plasma and inflammatory cells from the circulation into areas of infection, injury and
inflammation. The cells may be activated to release other mediators such as
prostaglandins, cytokines and nitric oxide [32]. These events are abetted by the enzyme
elastase, released from neutrophils, which produces tissue degradation, allowing cellular
infiltration of affected tissues, as well as helping to release Met-Lys-BK into the
inflammatory milieu [33].

There is evidence that activation of B2 receptors engages multiple signal transduction
pathways, leading to production of pro-inflammatory cytokines, such as interleukin-1(3,
and induction of the transcriptional nuclear factor-kB. These entities are subsequently
capable of inducing the upregulation and expression of Bl receptors, potentiating the
inflammatory response further [34,35]. In fact, interleukin-1[3 was also able to induce B2
receptor expression in human bronchial smooth muscle cells, establishing a positive
feedback mechanism [36].

5. PEPTIDE BRADYKININ B2 RECEPTOR ANTAGONISTS

Peptide antagonists for B2 receptors were first discovered in 1984 following a systematic
investigation of the BK sequence of amino acid residues [37]. The critical structural
change which conferred antagonist action was the replacement of Pro’ with D-Phe’,
ushering in the ‘first generation’ of antagonists. The affinity of these antagonists for B2
receptors could be significantly increased by replacing both Phe® and Phe® by
thienylalanine (1, NPC-349, Table 1) [38]. In addition, the degrading action of
aminopeptidase P could be blocked with the addition of an N-terminal D-Arg residue,
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Table 1. Four generations of peptide antagonists (adapted from Ref. [48])

Compound Sequence Rat uterus®
BK Arg'-Pro*-Pro>-Gly*-Phe’-Ser®-Pro’-Phe®-Arg’ 7.9°

1 DArg-Arg-Pro-Hyp-Gly-Thi-Ser-DPhe-Thi-Arg 6.9

2 DArg-Arg-Pro-Hyp-Gly-Thi-Ser-DTic-Oic-Arg 9.5

3 DArg-Arg-Pro-Hyp-Gly-Igl-Ser-DIgl-Oic-Arg 10.0 (7.9
4 DArg-Arg-Pro-Hyp-Gly-Igl-Ser-Df5f-Igl-Arg 10.5

Abbreviations: f5f, pentafluorophenylalanine; Hyp, 4-hydroxyproline; Igl, a-(2-indanyl)glycine;
Oic, L-(3aS,7aS)-octahydroindole-2-carboxylic acid; Thi, B-(2-thienyl)alanine; Tic, 1,2,3,4-
tetrahydroisoquinoline-3-carboxylic acid.

?pA, of antagonist activity.

pD, of agonist activity.

¢BI1 receptor binding, pICsp.

thereby prolonging the in vivo lifetime. Although action of ACE was blocked by p-Phe’,
the first generation antagonists were still substrates for CPN, which was able to remove
the C-terminal Arg residue, and limited plasma duration of the intact structure to less than
20 min [39].

Successive generations of peptide antagonists incorporated unnatural amino acids in
an effort to compensate for the particular weaknesses of their predecessors. The most well
known of the ‘second generation’ antagonists is HOE-140 (2, icatibant), distinguished by
the presence of the conformationally constrained dipeptide fragment p-Tic’-Oic® [40,41].
Compound 2 exhibited a much improved in vivo lifetime, mainly due to the Oic residue at
position 8, which blocked the action of CPN. The difference in biological activity
between peptides 2 and 1, meanwhile, highlights the advantages of judicious
conformational restriction, in that the 3D structure of the important C-terminus of 2
must be interacting favourably with complementary B2 receptor components.

A subsequent modification to the structure of peptide 2 signalled the emergence of the
‘third generation’ antagonists. The non-proteinogenic amino acid, a-2-indanylglycine
was introduced at positions 5 and 7 in L- and D-forms, respectively, to afford B-9430 (3)
[42,43]. Not only is this peptide very potent in established kinin assay systems (Table 1),
but also it is completely stable to enzymatic action (e.g., by lung or kidney homogenates)
and orally bioavailable in rats [44]. The position 5 modification specifically stabilizes the
sequence to hydrolysis by NEP. An interesting additional feature of peptide 3 is its
antagonistic activity at both B2 and B1 receptors despite incorporating the C-terminal
Arg residue [45]. This dual activity is an attribute shared by the ‘fourth generation’
antagonists (e.g., 4, B-10056), which are the most potent peptide antagonists synthesized
to date and characterized by the D-pentafluorophenylalanine residue at position 7 [46].

6. NON-PEPTIDE BRADYKININ B2 RECEPTOR ANTAGONISTS

Non-peptide antagonists of the B2 receptor have been available since 1993, and have
formed the subject of a number of previous reviews [9,47-51]. The first potent,
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non-peptide antagonist of the human B2 receptor, 5 (WIN 64338), was based on a
L-B-(2-naphthyl)alanine scaffold [52]. Compound 5 incorporates two terminal
positively charged groups at a separation distance mimicking that between the
terminal Arg residues in the proposed bioactive conformation of BK [53]. The affinity
of compound 5 for B2 receptors in human IMR-90 fetal lung fibroblasts was 60 nM
and the compound demonstrated a competitive antagonism in BK-mediated functional
assays (pA, 7.1 £ 0.5 in guinea pig ileum contractility assay). However, 5 exhibited an
affinity for muscarinic receptors, a lack of oral bioavailability and variable B2 affinity
across species [54]. Although modifications were made to 5 for suspected toxicological
and bioavailability reasons (e.g., 6: h-IMR-90 K; = 0.41 uM), the design principle
behind this compound class has only been extrapolated to a few other structural
variants [49].

The imidazo[1,2-a Jpyridine 7 (FR167344) and quinoline 8 (FR173657 or FK3657)
were identified three years after the publication of compound 5 [55-57]. This series of
antagonists arose from an appreciation of the relationship between the kinin system and
the renin—angiotensin system [58,59]. The benzyloxy heteroaromatic substructure
appears to be the common non-peptidic fragment recognized by the B2 and angiotensin II
AT1 receptors. A key role was also attributed to the 2,6-dichloro-3-N-methylanilide
moiety in stabilizing the active conformation suggested for these antagonists.

Br (0]
S 7 T
__ H —
Cl O N O
(0]

\

Compounds 7 and 8 inhibited the specific binding of [’H]BK to human recombinant
B2 receptors expressed in CHO cells with ICs, values of 2.2 and 1.4 nM, respectively.
Intensive pharmacological evaluation of these compounds revealed pronounced
beneficial efficacy in various animal models of inflammatory diseases. Thus, oral
administration of 7 inhibited carrageenin-induced paw oedema in rats with an IDs, of
2.7 mg/kg at 2 h after carrageenin injection [60].

Compound 8 has recently been further elaborated with the introduction of
nitrogen-containing heteroaromatic moieties and various aliphatic amino groups at
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the quinoline 4-position [61,62]. By facilitating salt formation, it is hoped that an
injectable form of the antagonist can be used in life-threatening inflammatory
diseases such as acute pancreatitis, shock and brain oedema. The quinoline 4-position
was also confirmed to be the key determinant of species selectivity, with structural
changes enhancing compound affinities for the human B2 receptor compared to those
at the guinea pig B2 receptor. Compound 9 had an ICs, value of 0.26 nM at the
cloned human B2 receptor expressed in CHO cells, and was as potent as the peptide
2 in inhibiting BK-induced bronchoconstriction in guinea pigs at 1 wg/kg iv. The
affinity of compound 10 for the cloned human B2 receptor (ICs5q9 = 0.7 nM) was
comparable to that of the peptide 2 (ICso = 0.49 nM). In addition, 10 inhibited
BK-induced bronchoconstriction in vivo at 10 wg/kg iv more efficaciously than the
peptide 2 at 1 pg/kg iv, despite a 57-fold lower binding affinity for the guinea pig
B2 receptor. These derivatives could be dissolved in 5% aqueous citric acid solution
up to a concentration of 10 mg/mL.
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The thiosemicarbazide 11 (bradyzide) represents a third, distinct non-peptide B2
antagonist class, and was optimized from a lead compound discovered by random
screening [63,64]. Compound 11 had an affinity of 0.5 nM for the rat B2 receptor
expressed in NG108-15 neuroblastoma—glioma hybrid cell membranes and was both
competitive and selective. It displayed in vivo functional antagonist activity against
Complete Freund’s Adjuvant (CFA)-induced mechanical hyperalgesia in rats upon oral
administration (EDsy = 0.84 wmol/kg, 0.57 mg/kg). However, the compound was
much less potent at the human B2 receptor expressed in Cos-7 cells, with a K; of
772 nM. Activity at the human B2 subtype could be restored by replacing the terminal
diphenylmethyl moiety with dibenzosuberyl [65]. Compound 12 had an affinity
of 2.8 nM at the human B2 receptor, and oral administration reversed CFA-induced
and turpentine-induced mechanical hyperalgesia in rodents with EDs, values
of 0.027 pmol/kg (0.02 mg/kg) and 0.32 wmol/kg (0.22 mg/kg), respectively.
Subsequent binding and functional studies have also shown it to be unusually specific
for the human form of the B2 receptor (e.g., rat B2R K; = 176 nM, rabbit B2R
K; =44.40M; pA, 7.53 and <5 in human and rabbit venous contractility assays,
respectively) [66].
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Compounds 7 and 8 have provided the basic framework for a number of related
structures [67,68]. Most recently, a series of aroylpyrrole alkylamides (13) and
pyrrolidine-containing B2 antagonists (14) has been disclosed [69,70]. Structural
changes were introduced to replace the amide linkages found in 8 as well as substituting
for the N-Me cis amide moiety, in an effort to modulate solubility, metabolic stability and
in vivo properties. The compounds exhibited human B2 binding affinities (K;) of
4-5500 nM and were functional antagonists of the B2 receptor in a GTP-v-S assay (data
not provided). In a kaolin-induced abdominal irritancy test, compound 13 (hB2R
K; = 38 nM) gave an EDs( of 23 pmol/kg po (14 mg/kg), whereas the (S)-enantiomer of
compound 14 (hB2R K; = 33 nM) showed a 59% inhibition of abdominal contractions at
160 pwmol/kg po in the mouse, which was comparable to that elicited by compound 8
itself (69% inhibition at 100 mg/kg).

X

G s

Replacement of the N-Me cis amide moiety of compound 8 has also appeared in
the patent literature of the last year [71,72]. Compounds 15 and 16 incorporate
N-benzenesulfonyl amino acids in this part of the molecule, a structural modification first
introduced about five years ago [67]. Compound 15 is one of 90 examples characterized
by the presence of an a,a-dialkyl amino acid residue and at least one additional amino
group. Compound 15 exhibited a pK; value of 10.1 at the human B2 receptor expressed in
human WI38 fibroblasts. The a,o-dialkyl amino acid moiety is also claimed to confer a
higher potency and longer duration of action in inhibiting BK-induced bronchospasm in
guinea pigs, although no data are given. (S)-proline-containing compounds, such as 16,
were reported to give ICsq values of 0.1—4 nM in inhibiting the binding of [*H]BK to
CHO-K1 cell membranes, prepared from monkey ileum.
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Compounds structurally related to the semicarbazide 12 were specifically exemplified
in a recently published patent [73]. Most of the 165 analogues described therein were
based on a pyridinecarboxamide core (e.g., 17) and they exhibited K; values in the range
5-5000 nM at the cloned human B2 receptor, expressed in HEK 293 S cells. The
compounds are claimed to be useful for the treatment of pain of different aetiology, but no
further data are presented.

The widely applicable 1,4-benzodiazepin-2-one core has been previously used as a
scaffold for the design of B1 and B2 ligands [26,74,75]. Two recent patent disclosures
extend this application, focussing on B2 antagonism as a treatment for pain [76,77]. A
library of more than 1100 examples was assembled and K; values of 43-3110 nM were
obtained for the 33 compounds tested at the human B2 receptor (e.g., 18), although no
individual values are reported.

7. CONCLUSION

There is an urgent clinical need for new analgesic medicines with novel mechanisms of
action. Within the last decade, potent, selective and orally active non-peptide B2 receptor
antagonists have emerged as potential therapeutic agents and have demonstrated efficacy
in various animal models of inflammatory pain. However, although most patent
applications cite pain as a major indication, no B2 antagonist has been successfully
shepherded through clinical trials to registration, despite a substantial industry-wide
preclinical effort [23,78]. Indeed, kinin antagonists have been incisively described as
‘therapeutic agents in search of an indication’ [78]. Moreover, the ubiquitous nature of
BK regulatory function in normal physiology has raised concerns about the possible
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adverse consequences of B2 antagonism, especially within the cardiovascular system
[23,50,51,78]. While these observations suggest caution in the clinical application of B2
antagonists, the tantalizing therapeutic opportunity afforded by animal studies should
encourage the research community to continue to seek a resolution for these
complications. It is hoped that the perennial question of potential clinical utility versus
side-effect profile can be unequivocally addressed with the newer generation of
antagonists or by incremental refinements of existing structures.
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1. INTRODUCTION

Cyclooxygenase (prostaglandin G/H synthase) catalyzes the conversion of arachidonic
acid (AA) into prostaglandin H2 as the first committed step of prostaglandin biosynthesis.
This enzyme has been known since the 1970s to be the target of acetyl salicylic acid (ASA)
and non-steroidal anti-inflammatory drugs (NSAIDs). In 1991 it was recognized that this
enzyme existed in two isoforms, designated COX-1, a constitutive enzyme, and COX-2,
an enzyme induced in response to a variety of pro-inflammatory stimuli. This recognition
led to the hypothesis that the anti-infla mmatory and analgesic effects of NSAIDs were due
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to the inhibition of COX-2, while many of the undesirable side effects of these drugs,
particularly gastric irritation, were due to non-selective cyclooxygenase inhibition.
The identification of selective inhibitors of COX-2 (coxibs) followed by clinical trials has
largely validated this hypothesis. An extensive body of literature has accompanied the
rapid development of this field and numerous reviews have been published [1-3].
The three-dimensional crystal structures of both COX-1 and COX-2 have been solved [4].
The two enzymes are highly homologous, with 63% identity and 77% similarity. The
COX-1 active site contains an isoleucine residue (Ile523) which is replaced by a valine
residue in COX-2 (Val523). This single amino acid difference allows access to a polar side
pocket in COX-2, and binding in this pocket, along with a difference in binding kinetics,
largely accounts for the selectivity observed with COX-2 inhibitors [5].

2. CLINICAL EXPERIENCE WITH COX-2 INHIBITORS
2.1. Marketed COX-2 inhibitors

Six COX-2 selective inhibitors (coxibs) have now reached the market, and a seventh is
expected to be launched in the near future. Celecoxib (1) and rofecoxib (2) are the
original entries from 1999 and are now widely prescribed for the treatment of the
symptoms of osteoarthritis (OA) and rheumatoid arthritis. Valdecoxib (3) and etoricoxib
(4) followed three years later, while parecoxib sodium (§), an injectable pro-drug of
valdecoxib, was launched in 2003. Lumiracoxib (6) is expected to be the newest entry to
the field and has already been approved for market in the United Kingdom. The relative
potencies and selectivity of these compounds in human whole blood assays performed by
two different groups are given in Table 1 along with the usual clinical dose for the
treatment of pain due to osteoarthritis [6—9]. Additionally, deracoxib (7) is now available
for the treatment of pain and inflammation associated with osteoarthritis in dogs. Multiple
clinical trials have shown these drugs to have clinical efficacy comparable to that of
NSAIDs [7].

Table 1. Coxibs: potency in whole blood assays, selectivity and OA clinical dose

Patrignani et al [6,7] Brideau er al [8,9]
(ICso, pM (ICs0, pM)
5o, KM o I OA clinical dose

COX-2 COX-1 Ratio COX-2 COX-1 Ratio (mg)
Celecoxib (1) 0.54 16 30 0.87 6.7 7.6 200-400
Rofecoxib (2) 0.18 49 272 0.53 19 35 12.5-25
Valdecoxib (3) 0.65 40 61 0.87 26 30 10
Etoricoxib (4) 0.47 162 344 1.1 116 106 60

Lumiracoxib (6) - - 400 - - - 200-400
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2.2. GI safety

The underlying hypothesis of selective COX-2 inhibitors is that there will be fewer
serious gastric side-effects compared to NSAIDs. Endoscopy studies using therapeutic
doses of celecoxib (1) or rofecoxib (2) have clearly shown significant reductions in upper
GI ulceration relative to NSAID treatment, generally yielding ulceration rates equivalent
to placebo [10,11]. However, since clinically important gastrointestinal events such as
perforations and bleeds occur in only 1-4% of treated patients per year [12], large
clinical trials are required to demonstrate an improved GI safety profile. Long-term
outcome studies with 8000 patients each have been conducted with both 1 (CLASS) and 2
(VIGOR) in an effort to demonstrate their superior GI safety profile over NSAIDs. For 2
at the supraclinical chronic dose of 50 mg, the VIGOR study demonstrated a 50%
reduction in confirmed gastrointestinal events over a 11-month study period relative to
naproxen [13]. For 1 at the supraclinical dose of 400 mg bid, the CLASS study results
were equivocal: a 40% reduction in upper GI complications and symptomatic ulcers was
observed through 6 months relative to the combined group of ibuprofen and diclofenac,
but no significant difference between these groups was achieved at the 9-month or
12-month points of the study [14—16].

2.3. Renal safety

An early hypothesis in the COX-2 program was that the well-established renal adverse
effects of NSAIDs were also a result of COX-1 inhibition and that coxibs would be renal-
sparing. This has not proven to be the case and studies with both 1 and 2 demonstrate
dose-dependent adverse effects (hypertension and edema) as are observed with NSAIDs.
This may be attributed to the constitutive expression of COX-2 within the kidney, and it
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now appears that basal levels of COX-2 are required to maintain kidney function in
renally impaired patients [17].

2.4. Cardiovascular safety

An unexpected finding that emerged from the VIGOR trial was a statistically significant
increase in cardiovascular (CV) events among patients on rofecoxib relative to the
naproxen group. It has been proposed that this may, in part, be due to a mechanism-based
rebalancing of vasoactive prostacyclin and thromboxane A, in the face of COX-2
inhibition [18]. However, pooled analysis of data from VIGOR and other rofecoxib
studies is consistent with the hypothesis that the observed difference in CV events is not
due to a negative effect of rofecoxib, but rather a cardioprotective effect of naproxen
associated with its sustained anti-platelet effects. Comparisons of patients on rofecoxib to
patients on placebo or non-naproxen NSAIDs show similar rates of CV events between
groups [19]. Differences in CV events between patients on celecoxib and those on
ibuprofen or diclofenac were not observed in the CLASS study. Further studies are
ongoing to clarify this issue.

2.5. Cancer therapy

A number of new indications have been explored clinically with celecoxib and/or
rofecoxib. The role of selective COX-2 inhibitors in the prevention and treatment of a
variety of cancers has been explored extensively. COX-2 is expressed at high levels in
numerous cancer tissues and this expression has correlated with lower survival rates in
patients [20]. COX-2 inhibitors may exert anti-tumor effects through a variety of
mechanisms, including anti-angiogenesis and pro-apoptosis [21]. Several clinical trials
are underway, and celecoxib has been approved for reducing polyp formation in patients
with familial adenomatous polyposis.

2.6. Treatment of perioperative pain

The anti-platelet effects of NSAIDs and the corresponding increase in clotting times can be
attributed to COX-1 inhibition. Thus, a selective COX-2 inhibitor can be considered for
perioperative pain without the risk of increased bleeding times [22]. A study of rofecoxib
administered prior to knee replacement surgery demonstrated a reduction in opioid
consumption, less overall pain, and a more rapid recovery when compared to placebo [23].

2.7. Alzheimer’s disease
Epidemiological evidence shows that a 80% reduction in the risk of Alzheimer’s

disease (AD) is observed in people who have used NSAIDs for more than 2 years [24].
Clinical trials have been conducted with COX-2 inhibitors to study the treatment of patients
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with mild to moderate AD, but no effect on cognitive decline was observed [25,26]. To
date, no trials studying the prevention of Alzheimer’s disease have been reported with
COX-2 inhibitors. In vitro studies have shown that only certain NSAIDs (ibuprofen,
indomethacin, flurbiprofen and sulindac) are capable of reducing levels of AP, in
neuronal culture, suggesting that this effect may be independent of COX activity [27,28].

3. NEW PHARMACOLOGY OF COX-2 INHIBITORS
3.1. Ischemia

The role of COX-2 inhibition in both cerebral and myocardial ischemia has also been
explored. Much of the cellular damage caused by transient ischemic injury is not due to
the initial ischemic event, but rather develops over hours and days following the injury in
response to a variety of secondary mechanisms. Inflammation and the formation of
reactive oxygen species through cyclooxygenase activity are thought to be two of these
mechanisms. Increased levels of COX-2 expression in the brain have been reported to
give an increase in infarct volume in a mouse model of transient focal cerebral ischemia
[29]. The use of a COX-2 inhibitor in a gerbil model of cerebral ischemic injury has been
successful in reducing infarct volume while a COX-1 inhibitor showed no effect [30]. In
addition, the degree of hippocampal neuronal injury produced by global ischemia in
COX-2 deficient mice was less than that in wild-type mice [31]. A rat model of acute
myocardial infarction showed strong expression of COX-2 in the myocardium and
treatment with a selective COX-2 inhibitor reduced infarct size and also gave an
improvement in cardiac function [32].

3.2. PET tracers

PET ligands can be useful for localizing target proteins in whole animals or human
patients. They can also allow the determination of fractional inhibition in vivo that is
obtained with therapeutic doses of a pharmaceutical agent. Two COX-2 selective PET
ligands have recently been characterized. '®F-SC58125 has been used in biodistribution
experiments in rat and baboon [33]. '®F-desbromo Dup 697 has also been used for
biodistribution studies in rat [34]. A significant amount of the ligand was found in the
brain and ~40% of this could be competed with the COX-2 inhibitor NS398, potentially
allowing a window for the study of COX-2 inhibition in neurological disorders.

4. RECENT ADVANCES IN INHIBITOR DESIGN
4.1. Evaluation of inhibitor potency and selectivity

Selective inhibitors of COX-2 generally exhibit slowly reversible, time-dependent
inhibition of COX-2 and rapidly reversible, competitive inhibition of COX-I.
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Thus, selectivity measurements are highly dependent on assay incubation time and
substrate (arachidonic acid) concentration. A multitude of assays have been developed to
measure COX-2 and COX-1 activity and coupled with these kinetic attributes, this has
lead to great variation in the reported potencies and selectivity of standard inhibitors [2].
Both microsomal and intact cell assays are commonly used and are particularly subject to
differences due to cell origin, stimulating agent, and culture conditions. Whole blood
assays are also widely used and have the advantage of testing inhibitors in a biologically
relevant milieu using endogenous substrate [35]. Even here, differences in selectivity are
observed between assays, but the rank order is consistent (Table 1). A number of rat
models of inflammation and pain have been used to assess in vivo efficacy of COX-2
selective inhibitors. In many cases, the results of these assays are a reflection of the
pharmacokinetics of the test compound rather than of the compound’s potency. All
in vivo data reported here are from oral dosing.

4.2. Tricyclic inhibitors

A large proportion of the research into selective COX-2 inhibitors over the past three
years has been in the ‘tricyclic sulfone/sulfonamide’ class of compounds. All six of the
currently marketed coxibs fall into this class, illustrating the importance of this structural
motif. These compounds are in general lipophilic, neutral compounds with low aqueous
solubility and moderate-to-high protein binding. The inherent selectivity of this class is
critically dependent on the presence of a sulfone or sulfonamide group at the 4-position of
one of the aromatic rings. This key pharmacophore has been shown by X-ray
crystallography to bind to a polar pocket accessible only in COX-2 [5]. Within a given
series, the sulfonamide derivatives generally have higher oral bioavailability than the
corresponding sulfones, but also have greater activity against COX-1 and are often
shifted in high protein environments such as whole blood assays.

4.3. 5-Membered central rings

Variation of the central ring in the tricyclic series has been a traditional area of
research and a great variety of heterocycles have been explored [35]. A number of
new entries have been reported in recent years. A variation of the furanone ring in
which the ring oxygen has been moved to the (-position has been described, giving
potent and selective inhibitors of COX-2 [36]. Compound 8 is 667-fold selective for
COX-2 in a mouse macrophage assay. It shows similar potency to celecoxib in the rat
paw edema assay and is extremely potent in the rat adjuvant arthritis model
(EDso = 0.03 mg/kg). A chiral 5,5-disubstituted furanone was found to provide a
metabolic advantage over previously described furanones [37]. The gem-dimethyl
analogue DFP (9) had only 2% metabolism in human hepatocyte incubations, which
translated into a 64 h half-life in clinic. The corresponding ethyl methyl analogue 10
showed increased in vitro metabolism (18% in human hepatocyte incubations) while
maintaining the potency and selectivity of DFP in human whole blood assays (COX-2
IC50 = 0.4 uM, COX-1 ICs5y > 86 wM). A study of 1,5-diarylimidazoles showed that
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a halogen in the 4-position of the imidazole was crucial for activity, with chlorine
being preferred [38]. Cimicoxib (UR-8880, 11) is very potent in a human whole blood
COX-2 assay (0.07 wM), shows 660-fold selectivity over COX-1 in whole cell assays
and is active in three rat models of pain and inflammation. When dosed at 100 mg/kg
for 5 days in a >'Cr excretion model of ulcerogenicity in rats, minimal chromium
leakage was observed indicating a low propensity for ulceration. An isoxazoline
template has also been found to give potent, selective COX-2 inhibitors [39]. The 3-
methyl isoxazoline 12 is 61,000-fold selective in ovine enzyme assays
(COX-2 ICsp = 0.004 pM, COX-1 IC59 =258 uM) but shows poor activity in the
rat paw edema assay (50% inhibition at 50 mg/kg). Interestingly, the unsubstituted
isoxazole 13 was inactive in both in vitro and in vivo assays. Molecular modeling
suggests that the 3-methyl substituent allows a more favorable orientation of the
inhibitor such that the sulfone group binds suitably in the polar side pocket of
the COX-2 active site.

4.4. 6-Membered central rings

Several 6-membered central ring templates have been disclosed recently. The
6-thioethyl substituted pyranone 14 was potent and selective in an ovine enzyme
assay (COX-2 ICsy = 0.003 pM, COX-1 ICsy = 386 uM) but showed little activity
in vivo, possibly due to metabolic instability [40]. The corresponding ethoxy analogue 15,
while somewhat less potent in vitro (COX-2 ICso = 0.1 puM, COX-1 ICsy = 288 pM),
showed excellent activity in the rat paw edema assay (68% inhibition at 1 mg/kg). It is
interesting to note that the fluorine substituent on the lower ring is not tolerated in the
S-linked series but is essential to activity in the O-linked series. N-benzyl pyridazinone 16
is exceptionally potent in the human whole blood COX-2 assay (ICsy = 0.09 uM) but is
inactive in the rat paw edema assay [41]. In contrast, the isopropoxy derivative 17
has only moderate potency in the human whole blood COX-2 assay (ICso = 1.7 pM,
>500-fold selective in whole cell assays) but has an EDsg of <0.3 mg/kg in the rat paw
edema assay. The phenoxy-linked pyrimidine 18 is reported to be > 81,000-fold selective
in transfected COS cell assays (COX-2 ICsy < 0.001 uM, COX-1 IC5y = 81 pM) [42].
This 1,3-disubstitution pattern is unusual in the tricyclic class of compounds.
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4.5. Bicyclic central rings

Several groups have explored bicyclic replacements of the central ring in recent years. One
group has reported on two regioisomeric indoles. In compound 19 where the indole
nitrogen is anti to the phenyl sulfone [43], selectivity comparable to that of celecoxib is
observed in murine macrophage assays (COX-2 ICsy= 0.0003 pM, COX-1
ICs¢ > 10 uM) but no in vivo data is reported. In compound 20 where the indole nitrogen
is syn to the phenyl sulfonamide, the COX-2 potency is threefold greater (COX-2
IC5¢ = 0.00009 uM, COX-11Csy > 10 wM) and this compound also shows activity in the
rat paw edema assay (EDsy = 5 mg/kg) [44]. In these series, the preference for sulfone or
sulfonamide was highly variable and depended strongly on the substituent on the second
aryl ring. An extensive SAR study of the pyrazolopyrimidine ring system found that small
substituents at the 6 and 7 positions were required for optimal potency and selectivity [45].
Compound 21 was more potent and selective than celecoxib in the human whole blood
assay (COX-21Csy = 0.08 M, COX-1ICsq > 10 wM), but had poor oral bioavailability
and had only a 1 h half-life in rats. As a result, little activity in the rat paw edema assay was
observed.

SO,CH, SO,NH, SO,NH,
Q S O e
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O R
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4.6. Modifications to the lower ring

The non-sulfone bearing aryl ring of the tricyclic series has been an area in which a
great variety of modification has been tolerated. Pyridine, alkoxy and cycloalkyl have
been used successfully in the past [9,46]. Recently, the SAR that led to the
cyclohexyl of JTE-522 has been published [47]. Also a series of alkyl amines and
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alkyl thiols has been reported [48], but no biological data was disclosed. One
noteworthy example of the alkoxy replacement for this aryl ring is the
cyclopropylmethoxy group of firocoxib 22, a compound currently being developed
for use in dog [49]. 22 is potent and highly selective in a dog whole blood assay
(COX-2 ICs9 = 0.3 pM, COX-1 ICsy = 105 wM) and prevents lameness in a canine
inflammatory synovitis model at 4 mg/kg. An analogue of 2 wherein the phenyl ring
has been replaced with an aminopyridine to give 23 (UR-8962) has been described
[50]. UR-8962 is highly selective in whole cell assays (COX-2 ICsy = 0.022 pM,
COX-1 IC50 =100 pM). An extensive SAR of methylene-linked carbocyclic and
heterocylic replacements of the aryl ring has been published [51]. The authors noted
that introducing an alkyl or carbonyl linker gave an increase in potency compared to
the directly attached phenyl ring. The preferred compound 24 was comparable in
potency and selectivity in human whole blood assays to that of celecoxib (COX-2
IC50=1pM, COX-1 ICs5y =120 nM), but was inactive in the rat air pouch
inflammation assay, apparently due to poor oral bioavailability. An acetoxy moiety
has been attached to the lower phenyl ring of rofecoxib to generate compound 25
which could potentially acetylate COX-2 selectively in a manner analogous to the
COX-2 selective ASA analogue APHS [52]. Although this has not been demonstrated
mechanistically, 25 exhibits good potency and selectivity in ovine enzyme assays
(COX-2 IC59 = 0.001 uM, COX-1 IC509 > 100 uM) while the corresponding phenol is
inactive [53]. Finally, a report has been published in which the non-sulfone-bearing
ring has been fused with a furanone central ring to form a novel tetracyclic inhibitor
26 [54]. In recombinant enzyme assays, this compound is >80-fold selective with
potency comparable to that of rofecoxib (COX-2 ICsy=0.56 uM, COX-1
ICsg > 45 pM).
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4.7. Modifications to the arylsulfonyl ring

Modification to the sulfone- or sulfonamide-bearing aryl group has met with limited
success. The introduction of a fluorine ortho to the sulfonamide was found to increase
COX-2 selectivity fourfold leading to JTE-522 while a meta fluorine substituent led to a
twofold decrease in selectivity [55,56]. A pyridylsulfone was found to be an acceptable
replacement for a phenylsulfone in a compound intended for use in dogs [57]. Compound
27 is 155-fold selective for COX-2 in a dog whole blood assay (COX-2 ICsy = 0.3 pM,
COX-11ICs¢ = 48 M) and is active in a canine inflammatory synovitis model at 4 mg/kg.

4.8. Parenteral formulations

While the majority of COX-2 inhibitors are designed for oral use, there has been some
effort towards identifying a compound suitable for parenteral administration. Due to the
poor aqueous solubility associated with the tricyclic class of COX-2 inhibitors, this has led
to an effort in pro-drugs. The best example is that of parecoxib 5§ which features an
acylsulfonamide capable of forming a sodium salt. Metabolic conversion to the active
sulfonamide 3 is achieved in vivo following intravenous administration [58]. A similar
approach has been taken in a pyrazole series of inhibitors giving compound 28 which is
itself a weak inhibitor of COX-2, but in rats is rapidly converted to 29, which has similar
potency and selectivity to celecoxib in enzyme assays (COX-2 ICsq = 0.15 pM, COX-1
ICs50 > 30 wM) [56]. Another solution to the solubility problem was the identification of
hydroxyfuranone 30 which exists in a pH-dependent equilibrium with a water-soluble
ketocarboxylate. At neutral pH the furanone predominates which is a moderately potent
but highly selective inhibitor in a human whole blood assay (COX-2 ICsy = 1.7 pM,
COX-11ICs0 > 100 pM). The sodium salt 31 is active in vivo with an EDs( of 1.8 mg/kg in
the rat paw edema assay [59].

P SONR, SO,CH,4 SO,CH,4
N o S g

F,e— 0
= o | NaO |
I )
OCH, cl ° cl
28R, = Na,C(O)CH,CH, 30 31
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4.9. Modification of existing NSAIDs

A complementary strategy to the design of COX-2 inhibitors has been to modify
conventional NSAIDs to take advantage of the larger COX-2 active site and thus impart
selectivity. This effort has been aided greatly by the availability of structural information
on both enzymes [60]. The most successful example of this approach has been
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the identification of lumiracoxib 6, a derivative of diclofenac. Several selective
derivatives of indomethacin have been prepared. Two groups have introduced selectivity
by modifying the carboxylic acid moiety to provide amides [61] or thiazoles [62]. Amide
32 is >500-fold selective in enzyme assays (COX-2 ICso=0.11 pM, COX-1
ICs¢ > 63 uM). Thiazole 33 is 30,000-fold selective in microsomal assays (COX-2
IC50 = 0.0003 pM, COX-1 ICsy> 10 pM). A similar approach preparing amide
derivatives of meclofenamic acid has also been reported [63]. The resulting compound
34 is 440-fold selective in enzyme assays (COX-2 ICso = 0.15 pM, COX-1
ICs50 = 66 pM). No in vivo data was reported in these publications.

gae
/
OCH,
@*(’ ﬁ @E
Cl CH
32 33 34

A second approach was to use a pharmacophore model to introduce beneficial features
of the tricyclic series into the indomethacin skeleton [64]. The resulting compound 35
incorporates the sulfone group in the 5-position of the indole to provide >20-fold
selectivity in whole blood assays (COX-2 ICsq= 4.3 pM, COX-1 IC59 > 100 pM).
Applying the same approach to the ketoprofen skeleton led to the replacement of the
profen group with a vinyl sulfonamide along with an alkyl substituent to improve
selectivity [65]. Compound 36 (LM-1669) is eightfold selective in whole blood assays
(COX-2 IC59 = 4.3 pM, COX-1 IC59 > 100 wM). Again, no in vivo data is reported.

3
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35 36

4.10. Miscellaneous structures

A series of benzyl pyrazinones has been described [66]. Compound 37 is 116-fold
selective for COX-2 in microsomal assays (COX-2 ICsq=0.45 pM, COX-1
ICs¢ = 52 M) but had poor activity in the rat paw edema assay (32% inhibition at
30 mg/kg PO). The 2,5-diaryl pyrrole 38 is potent and 250-fold selective in a human
whole blood assay (COX-2 ICsy = 0.12 pM, COX-1 ICsy = 30 M) and is very active
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in the rat adjuvant arthritis model (EDsy = 0.15 mg/kg) [67]. Introducing a methylsul-
fone group on the 4-position of one of the aryl rings led to 1000-fold loss in potency in the
COX-2 assay, illustrating that the apparent structural similarity to the tricyclic class of
inhibitors may not be reflected in their binding mode.

A 3D-QSAR approach based on known COX inhibitors led to the identification of
sulfanilide 39 which was found to be 70-fold selective in mononuclear cell assays (COX-2
IC50 = 0.37 pM, COX-1 IC5¢ = 26 pM) [68].

HNKO , \NH O S0,CH,
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5. CONCLUSION

The field of cyclooxygenase-2 inhibitors has progressed from infancy to maturity over the
past decade. The clinical applications of the resulting drugs have already proceeded
beyond that of NSAIDs and new indications and combinations continue to be explored.
The pharmacophores resulting in selective inhibition of COX-2 are well established,
although the subtleties of substituent effects and binding modes at times remain elusive.
The future of the field may now lie in new structural classes and targeted inhibitors to
address niche applications such as CNS indications.
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1. INTRODUCTION

In host defense, the complement system of blood-borne proteins initiates a series of
cellular and inflammatory responses to divergent stimuli. These can vary from
infectious agents (e.g., bacteria, viruses and parasites) to biochemical, chemical and
physical injury [1]. Excessive activation of the complement system in man results in
elevated C5a, a glycosylated 74-amino acid protein that is associated with several acute
and chronic clinical situations or disease states. Due to the pro-inflammatory nature of
C5a receptor-mediated responses, this receptor has been investigated as a potential drug
target by the pharmaceutical industry for some time [2]. Solid evidence, based on
animal models, has only recently been generated to demonstrate the crucial involvement
of the C5a receptor in disease pathogenesis or progression. For example, it has been
shown in the K/BXN T cell receptor transgenic mouse model of inflammatory arthritis,
that the arthritic state is critically dependent on the complement system and in particular
the C5a receptor [3]. Further, several disease models in rat including an antigen-induced
monarticular arthritis model, an acute limb ischemia-reperfusion model and a model of
inflammatory bowel disease have been explored with peptide-based C5a receptor
antagonists, and the results indicate promising activity of C5a receptor antagonists
[4-6]. C5a receptor antagonists have been proposed to be useful in rheumatoid arthritis,
respiratory distress syndrome, ischemia-reperfusion injury, sepsis, psoriasis, and
inflammatory bowel disease [1-3]. In this review, we provide an overview of the
complement pathway in man and the role of the C5a effector arm in anaphylatoxin
biology. Recent work on the identification of peptide and small molecule C5a receptor
antagonists is summarized.
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2. THE COMPLEMENT SYSTEM, C5a AND THE C5a RECEPTOR

The complement system consists of more than 30 serum and cellular proteins
and encompasses three biochemical cascades (classic, mannose binding lectin and
alternative pathways), that culminate in the activation C5 convertase, the enzyme
that converts C5 to two products, C5a and C5b. The latter pathway and its multiple
arms of activation are illustrated in Fig. 1. The specific molecular activators of the
classical complement pathway are immune complexes; however, [3-amyloid peptide
has also been shown to interact with Clq under apparent physiological conditions to
activate the cascade [7]. Complex polysaccharides activate the mannose binding lectin
pathway, while microbial surfaces, IgA antibodies, certain Ig light chains, as well as

Classical Pathway Lectin pathway Alternative Pathway
1gG, IgM immune Complex Microbial surfaces
complexes Polysaccharides IgA Abs
B-Amyloid (1-42) Certain Ig L chains
Y Y
C1q B
C4
C3
Y
c5 C3a = |C3aR
C5b
Cba
=
Ch5aR c6
Y \i
Chemoattraction Membrane Attack
Inflammation Complex

Fig. 1. Schematic illustration of the complement system. For the purpose of clarity, not
all complement components are depicted. This figure is adapted from Ref. [3].
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foreign surfaces such as the tubing of the cardiopulmonary bypass-oxygenator activate
the alternative pathway. In most animal species, there are in essence three effector arms
of the complement pathway, the C5a receptor, the C3a receptor and the membrane
attack complex. The two anaphylatoxins, C3a and C5a, activate G-protein coupled
receptors and as such are the specific cellular effectors of the complement system. C3a
and its receptor are also potential drug targets [8]. C5a is a glycosylated 74-amino acid
containing protein that activates the G-protein coupled receptor (GPCR) known as
CD88 or C5a receptor. C5b combines with C6, C7, C8 and C9 serum complement
proteins to form C5b-9. The latter is also known as the membrane attack complex, and
mediates lysis of invading microorganism membranes as well as clearing tissue debris
from sites of tissue destruction or necrosis. The C5a receptor is expressed on
neutrophils, mast cells, other cells of myeloid lineage, smooth muscle cells and
endothelial cells. It initiates several biochemical cascades, including decreases in
intracellular cAMP levels and increases of intracellular calcium levels, PI3 kinase
activity and MAP kinase activity [2]. These biochemical effects of C5a receptor
activation result in the classic neutrophil effects including chemotaxis, degranulation
and cellular adhesion. More recently, receptor activation has been shown to influence
cytokine and chemokine gene expression and even apoptosis, depending on the specific
cellular site of C5a receptor expression [9,10].

3. PEPTIDE ANTAGONISTS

The search for potent small C5a peptide antagonists has proven to be a difficult
challenge. Initial efforts in protein SAR focused on determining the minimum peptide
fragment possessing potent binding affinity. The C-terminal octapeptide was identified
as the shortest linear sequence possessing reasonable C5a binding affinity [11]. A
major complication associated with C5a antagonists arises from the fact that
historically, most C5a receptor active ligands display some partial agonist activity.
In spite of this precedent, there has recently been significant progress in the
development of pure antagonist C5a peptide ligands. The discovery that the relatively
weak linear peptide antagonist MePhe-Lys-Pro-dCha-Trp-dArg, 1, is a pure antagonist
has served as the springboard for the exploration of a series of small cyclic peptide
analogs of C5a with potent C5a blocking activity [12—15]. Compounds 2 and 3 have
been reported to competitively displace '*’I-thC5a from rat, dog and human
polymorphonuclear leukocytes (PMN’s) with ICsy values in the 40—200 nM range
[16]. However, in a functional assay in human PMN’s the peptide 2 displayed
insurmountable antagonism against C5a [17]. In addition, 2 was reported to block
C5a- or endotoxin-induced neutropenia in the rat after iv administration [18].
Compound 3 was reported to be orally bioavailable with a 3 mg/kg po dose generating
peak plasma levels of 300 ug/mL and a terminal half-life of about 70 min [19]. The
latter analog was reported to have efficacy in a variety of disease models following
oral and topical administration [4—6,19-21]. It was also disclosed that 3, designated
as PMXS53, is currently being evaluated in Phase II clinical trials for rheumatoid
arthritis and psoriasis [22]. In this connection, an improved, scalable synthesis of 3,
suitable for large-scale production was reported [23].
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2, (R = H): F-[OP-dCha-WR]
3, (R = Ac): AcF-[OP-dCha-WR]

dCha = cyclohexyl-D-alanine

3.1. Non-peptide antagonists

The first reports of non-peptide compounds with C5a blocking activity appeared in the
early 1990s. A series of 4,6-diaminoquinolines exemplified by 4 and 5 possessed weak
(ICso values, 4—40 uM) activity in inhibiting '*’I-rhC5a binding as well as in
antagonizing C5a-induced neutrophil activation [24]. Subsequent reports cast doubt on
the specificity of these antagonists in view of the fact that the diaminoquinolines also
inhibit the binding of the chemotactic agent IL-8 to its receptors [25].
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The optimization of screening hit 6, which displayed weak activity (ICsy = 30 uM) in
inhibiting '*’I-thC5a binding to its receptor was also documented [26]. These efforts
resulted in the identification of RPR121154, 7. This biaryl guanidine showed a modest
boost in binding affinity (ICso = 800 nM) and demonstrated functional antagonism of
C5a in an oxidative burst assay at 30 wM.

HN/ HN/

6 7

Tetrahydro imidazopyridines 8, L-164,710 and benzodiazepines 9, L-747,981 were
evaluated as C5a antagonist ligands [27,28]. Similar to the experience with early
peptide ligands, 9 and related analogs were found to be partial to full agonists [28]. A
further report from the same group described a hydantoin series of C5a ligands, the
most potent of which is the analog 10. This compound is potent in a binding assay
(ICso = 20 nM), but displays agonist properties in functional assays [29]. Extensive
efforts to convert each of these lead series to potent and selective pure antagonists
were ultimately unsuccessful. Thus, despite these promising early reports, none of the
first generation non-peptide lead compounds proved to be a viable starting point for
the generation of potent and selective low molecular weight C5a antagonists devoid of
agonist activity and having suitable pharmacokinetic parameters.
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The small molecules described thus far were all identified utilizing displacement
binding assays. This strategy generally yielded weak ligands for the C5a receptor with
partial to full agonist profiles. More recently, library screening with functional assays
was successfully employed to identify pure CS5a receptor antagonists. In the first
account of this approach, structures were not disclosed [30]. However, the lead
compounds were characterized as antagonists/inverse agonists and reported to inhibit
Ca?* flux and chemotaxis in a monocytic cell line (differentiated to a neutrophil-like
state) with ICsos in the 0.3—5 nM range. In addition, one of these newer generation
antagonists blocked C5a-induced neutropenia in a primate model at oral doses as low
as 1 mg/kg. These compounds were reported to show potent C5a blocking effects only
at the human and primate C5a receptors. Following the initial report, several patent
applications from the same research group claimed potent C5a antagonists [31-33].
Some structural classes that are disclosed with specific examples include aminomethyl
arylimidazoles, pyrazoles and pyridines such as 11, acylaminomethyl azabenzimida-
zoles such as 12, simple biarylcarboxamides such as 13, and tetrahydroisoquinoline
derivatives such as 14. One compound, presumably within this patent estate, NGD
2000-1, is in Phase II clinical trials for asthma and rheumatoid arthritis [34].
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The most recent examples of small molecule C5a antagonists consist of diaryl ureas
such as compound 15 and their isosteric amide analogs, exemplified by W-54011, 16
[35-37]. The potent C5a antagonist 16 displaces '*’I-hC5a from human PMN’s with a K|
value of 2.2 nM. It has similar potency in inhibiting C5a-induced Ca** mobilization,
chemotaxis and generation of reactive superoxide species in human neutrophils.
Compound 16 also displays species specificity. It is a potent antagonist at human, primate
and gerbil C5a receptors, whereas it is essentially inactive at mouse, rat, guinea pig,
rabbit and dog C5a receptors [37]. In addition, 16 is active in a C5a-induced neutropenia
model in the gerbil (3—30 mg/kg, po).
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4. CONCLUSIONS

The generation of small molecule C5a antagonists has been a recalcitrant problem for
medicinal chemists. However, recent reports suggest that several blueprints now exist for
the potential solution of this elusive problem. At least two orally bioavailable small
molecule C5a antagonists are reported to be in Phase II clinical trials, NGD 2000-1 and
PMX53 [3]. Preliminary reports of the efficacy of PMX53 in psoriasis have been reported
[23]. Thus, the long awaited proof of the clinical utility for this promising class of
potential therapeutic agents may soon be available.
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1. INTRODUCTION

Chemokines are members of a superfamily of proteins whose primary function is to
control leukocyte activity and trafficking through tissues. The biological cascade leading
to leukocyte trafficking has been reviewed [1,2]. The current understanding of leukocyte
recruitment to sites of inflammation infers that the initial contacts of leukocytes with the
blood vessel wall are weak interactions with selectins which lead to the rolling of
leukocytes along the vessel wall. This is followed by a tighter binding event, “sticking”,
that is mediated by integrins and various Cell Adhesion Molecules (CAMs). The final
event is the chemokine-induced leukocyte extravasation through the vessel wall,
followed by their migration toward the site of injury/inflammation. This is mediated
through secretion of chemokines at the inflammatory site and the directional migration
of leukocytes towards this chemotactic gradient. Figure 1 illustrates the recruitment
of monocytes to Mip-lae (macrophage inflammatory protein-loe through the CC
Chemokine Receptor-1 (CCR1) receptor.

The increased expression of chemokines and their respective receptors is associated
with inflammatory diseases, autoimmune and allergic disorders, infectious diseases,
and cancer. CCRI is one of 27 known CC chemokine receptors. CCRI is a seven-
transmembrane (7-TM) cell surface G-protein coupled receptor (GPCR) from the C-C
family of chemokine receptors that bind chemokines containing adjacent cysteine
residues. In humans, CCR1 is expressed at high levels on monocytes, basophils, and a
subset of activated memory T cells [1]. Chronic inflammatory diseases are
characterized by target tissue CCR1 positive mononuclear cell infiltrates. CCL3
(MIP-1a, macrophage inflammatory protein-la) and CCLS (RANTES, regulated on
activation normal T cell expressed and secreted) chemokines are specific ligands for
the CCR1 receptor. Together, both CCR1 chemokines and their receptor are expressed
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Fig. 1. The three-step model of leukocyte recruitment.

at high levels in chronic inflammatory diseases such as rheumatoid arthritis (RA),
multiple sclerosis (MS) and psoriasis [3—7]. CCRI1 antagonists should reduce
monocyte/macrophage and memory T cell infiltration into inflammatory sites, as
well as the subsequent pathological sequelaec. CCR1 has recently been shown to co-
localize with amyloid beta plaques in Alzheimer disease (AD) patients leading to its
possible application as a diagnostic tool for AD [8]. Therefore, antagonists of CCR1
may provide a novel and specific mechanism for therapeutic intervention in RA, MS
and other autoimmune or inflammatory diseases. In this chapter, we provide a brief
summary of the chemical structures and allied data of recently published, small-
molecule CCR1 antagonists.

2. PIPERAZINE DERIVATIVES

The structure and primary pharmacology of BX-471 (1) was disclosed in 1998-2000,
and has been reviewed [9,10]. One recurring theme evident in much of the CCRI
antagonist literature is the disconnect between affinity for the human receptor and
activity on rodent orthologs. Compound 1 is a prime example, as it shows a marked
difference in potency between the human receptor and those of other species [11].
While very potent against the human CCR1 (1 nM), and the rabbit CCR1 (60 nM),
compound 1 only inhibits the rat CCR1 with a K; value of 121 nM; no results have
been published for the murine CCR1. Compound 1 was reported to have efficacy in
various inflammatory disease models such as rat EAE (experimental autoimmune
encephalitis), rabbit allograft rejection, rat heart allograft rejection [13], and mouse
renal fibrosis [9,12—14]. Although compound 1 is reported to have acceptable
pharmacokinetics in dog (60% bioavailability, T/, = 3 h), studies with most rodent
models were performed using sub-cutaneous (s.c.) dosing.

The SAR that led to compound 1 was recently presented [15]. The initial hit from a
high-throughput screen was the 3,4,5-trimethoxy derivative 2, which had a receptor
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binding K; value of 328 nM. Subsequent optimization of the right-hand benzyl group led
to compound 3, which showed an increase in potency to 18 nM. Exploration of the left-
hand phenoxy ring led from the 3,4,5-trimethoxy substituted analog to the equipotent
4-chloro substituted derivative, 4. The receptor binding affinity was enhanced further
with the addition of a 2-carboxamide substituent leading to the 5 nM inhibitor,
5. Subsequent elaboration of the piperazine ring was then performed, where it was shown
that the 2-(R)-methyl derivative 7 was more potent (6 nM) than 2-(S)-methyl enantiomer
6 (307 nM). Disubstitution of the piperazine gave analog 8 which retained good potency
(3 nM). Further refinement of the 2-carboxamide substituent in 8 yielded the fully
optimized urea, compound 1.
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6, X = 2-(S)-methyl
7, X =2-(R)-methyl
8, X =2-(R)-methyl 5-(S)-methyl

Several series of substituted piperazines similar to compound 1 have been reported in
the patent literature. The compounds are exemplified by carboxylic acids such as 9, as
well as by a series of sulfonamides, acylsulfonamides and sulfonic acids such as 10 and
11 [16,17]. In addition, related bicyclic structures such as 12 have been reported to have
CCRI activity (CCRI1 chemotaxis ICsy < 25 uM [18]).
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Still other piperazine-containing CCR1 antagonists have been published and presented
recently [19]. A series of piperazine-pyrazole antagonists was discovered by utilizing the
initial screening hit CCX-105 (13), for which a CCRI1 binding potency of less than
500 nM was reported. Other active compounds among the family include compound 14,
which was listed as having a binding ICsq value of less than 500 nM. Compound 14 was
reported to show in vivo activity in a rabbit model of lipopolysaccharide (LPS)-induced
destructive joint inflammation when administered via direct intra-articular injection
in the knee joint. Compound 14 was also active in a rat collagen-induced arthritis (CIA)
model. Using a prophylactic dose of 25 mg/kg (s.c. once/day), the compound showed a
reduction in joint diameter upon collagen-induced ankle joint inflammation.
No compound-specific ortholog activity data has been reported for this series of
compounds.
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3. PIPERIDINE DERIVATIVES

As in the case of piperazines, such as compound 1, rodent ortholog cross-reactivity
differences have been observed in other structural series of CCR1 antagonists. Although
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4-hydroxy-4-chlorophenyl piperidine HO

CCR1 antagonists have been reported N 15, n=3
previously, new data concerning their (CHz)n 16. n=4
murine CCR1 cross-reactivity was Cl CN 17’ s
recently published [20,21]. In the 6- ’
cyano-dibenzothiepine series, linker O O

length showed a correlation with murine S

CCRI affinity. While compound 15 was

reasonably potent against the human CCR1 (21 nM), it had diminished potency
(9150 nM) against the murine ortholog. Conversely, compound 16 had higher affinity for
the mCCR1 (332 nM) than for the hCCR1 (417 nM). Inclusion of a 5-carbon-linker
in compound 17 resulted in affinities of 96 nm for the hCCR1 and 635 nM for the
mCCRI1.

Another interesting SAR trend was revealed in rodents in the related non-bridged
series exemplified by structures 18 and 19 [21]. The incorporation of a quaternary
ammonium group increased the binding affinity to the murine CCR1. Accordingly,
compound 18 has a binding affinity of 840 nM for the mCCRI1, whereas the quaternary
analog 19 displays affinity of 50 nM for the mCCR1. A similar potency shift was seen on
the human receptor, with K; values of 116 and 6 nM, respectively.

HO HO, CHa I
Y 3
N N<
Cl Cl
18 19

Tricyclic heterocycles have also been reported in the patent literature as CCR1
antagonists [22]. These molecules display the typical GPCR pharmacophore. For
example, 20 is a pyridinebenzoxapine tethered
to an aryl piperidine. This series of CCRI1
antagonists utilizes an exocyclic olefin as the
spacer to the piperidine functionality.

The functionalized propoxy piperidines 21—
24 were reported in the patent literature as a O R
structurally divergent class of antagonists that
include chemokine receptors whose natural 20
ligands are MIP-1a and RANTES, implying activity against CCR1 [23-26]. This series
of molecules contains common structural motifs, among which is the well-known GPCR
antagonist pharmacophore, comprising the aromatic—basic amine—aromatic motif and
separated by an appropriate spacer. The left hand aromatic ring is halogen substituted, the
central basic amine is commonly a piperidine ring, and the right hand aromatic ring
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contains polar substituents such as an amide or urea. In the patent application reporting
compounds which include piperidine 24, quaternizing the carbinol carbon was important
in successfully decreasing the cross reactivity to the hERG channel; the latter activity could
potentially lead to cardiac liabilities.

T
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A series of acylated piperidine derivatives has recently been disclosed [27-28].
Compounds such as 26 and 27 are reported to inhibit CCR1-mediated chemotaxis at
concentrations of less than 10 wM.
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4. QUINOXALINE AMIDE DERIVATIVES

A considerable amount of activity has centered on the quinoxaline-amide class of CCR1
antagonists, exemplified by CP-481,715 (28). This series of compounds was first
disclosed in the patent literature in 1998 [29-31] and the scope of the medicinal
chemistry effort has recently been reported [33—35]. High-throughput screening revealed
CCRI1 activity in a class of hydroxyethylene peptide isosteres which were designed as
renin inhibitors [33]. The initial screening hit 28 was selected as a lead compound due to
its CCR1 potency (ICso = 2300 nM) and selectivity vs rennin (ICsq > 10 uM). The
stereochemistry of compound 28 was investigated, and the 2R, 48, 58S, stereochemistry
was determined to be optimal. The N-5 quinoline amide linkage was judged critical, since
its replacement with a sulfonamide group led to an inactive compound. Substitution of
the cyclohexyl group showed a strong effect, with acyclic aliphatics leading to inactive
compounds. Alternatively, the phenylalanine derivative 29 showed improvement in
potency (ICsy = 650 nM). Other modifications demonstrated that the hydrophobic C-2
substituent and the C-1 amide NH are critical for activity. Substitution of the quinoline
amide with various acyl groups [34] led to a significant potency gain in quinoxaline
derivative 30 (IC5y = 64 nM). Further SAR refinements confirmed the importance of the
hydrophobic group at C-2 and showed that a C-terminal primary amide can also lead to
active analogs as in 31 (ICso = 28 nM). Finally, efforts to improve PK properties led to
derivative 32 (ICsy = 46 nM) [35]. While oral absorption was identified as a major
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liability, compound 32 was reported to have favorable PK properties in dogs where it had
moderate clearance (13 mL/min/kg), a low volume of distribution (Vdss = 1.0 L/kg),
and 49% bioavailability.

Analog 32 was reported to have an ICsy value of 74 nM in a CCR1/Mip-la
radioligand binding assay [32]. In a separate study with radiolabeled compound, 32
was shown to have a binding Kd of 9 nM to hCCR1. Compound 32 was shown to be
an antagonist using a GTPyS binding assay using >°S-GTP. Compound 32 was also
shown to inhibit calcium mobilization induced by Mip-la. In support of receptor
antagonism, 32 did not directly induce calcium flux. Compound 32 was also shown
to inhibit chemotaxis in a dose-dependent manner in human peripheral blood
monocytes using both Mip-la and RANTES. In addition, the compound was shown
to be inactive in a panel of GPCR’s and other chemokine receptors such as CCR2,
CCR3, and CCRS. Activity in whole blood was demonstrated via inhibition of
CD11b upregulation in human whole blood, with an average ICs, of 160 nM. Further
validation of the utility of using a CCRI1 antagonist for the treatment of RA was
demonstrated experimentally when compound 32 was shown to inhibit monocyte
chemotactic activity induced by RA synovial fluid in vitro [36]. A clinical proof of
concept study was conducted with a panel of 12 active RA patients who were treated
with the CCR1 antagonist 32 for 14 days [36]. The results indicated that on day 15 a
significant reduction in the number of macrophages and CCR1 + cells was observed
in synovial biopsy samples. Moreover, no severe side effects were reported [36].
These preliminary data support the potential clinical utility of a CCR1 antagonist for
the treatment of chronic inflammatory diseases.

5. CONCLUSION

Within the past few years there has been a dramatic increase in patent and publication
activity on CCR1 antagonists. Several different structural classes of CCR1 antagonists
have been advanced to clinical trials. It is a critical time-point for the biology of CCRI1 to
be manifested in clinical effect in humans. Although different classes of molecules have
shown efficacy in various animal models of inflammation (CIA, EAE, transplantation,
etc.), this is only indicative of their potential clinical utility. The availability of different
and effective molecular probes will undoubtedly help in unraveling the therapeutic
potential for CCR1 antagonists in human disease.
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1. INTRODUCTION

An antimetabolite interferes with the formation or utilization of a normal cellular
metabolite. Most antimetabolites interfere with the enzymes involved in the synthesis of
new DNA, are incorporated into the newly formed DNA, or in some cases both processes
are important to an agent’s efficacy. As a result, many antimetabolites are derivatives of
the building blocks of DNA itself, such as the nucleoside based inhibitors, or analogs of
critical cofactors such as the antifolates. A variety of key cellular pathways have been
disrupted with antimetabolite therapy, including inhibition of the thymidine and purine
nucleotide biosynthesis pathway, and the inhibition of ribonucleoside reductase. Given
their mechanism of action, it is not surprising that the observed benefits of
antimetabolites are often accompanied by significant toxicity, due to the fact that the
affected cellular metabolites are critical to both normal and cancer cells. Single
antimetabolite agents can act on a single pathway, or on multiple pathways at once, but in
either instance, they are often used in combination with other therapies in the clinic.

2. MECHANISMS OF ANTIMETABOLITE CANCER
CHEMOTHERAPY

2.1. Thymidine biosynthesis

Critical to the cell’s process of replication is its ability to synthesize thymidine.
This process involves several key enzymes including thymidylate synthase (TS),

ANNUAL REPORTS IN MEDICINAL CHEMISTRY, VOLUME 39 © 2004 Elsevier Inc.
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dihydrofolate reductase (DHFR), and serine hydroxymethyl transferase (SHMT)
(Fig. 1).

The methylation of deoxyuridine 5" monophosphate (dAUMP) to produce deoxythymi-
dine 5" monophosphate (dTMP) is mediated by TS [1]. The methyl group for dTMP is
provided by N5,N10-methylene tetrahydrofolate (N5,N10-CH,-THF) through its
conversion to 7,8-dihydrofolate (7,8-DHF). The 7,8-DHF must then be converted to
tetrahydrofolate (THF) by DHFR [2], followed by further transformation back to N5,N10-
CH,-THF through the action of SHMT [3]. Therefore, inhibition of TS, DHFR, or SHMT
with an appropriate agent would interrupt the process of thymidine biosynthesis. Low
thymidine levels cause defects in DNA which in turn activates stress response elements,
such as the Fas ligand/Fas death pathway leading to apoptosis [4]. It has also been
proposed that defects in this Fas-dependent apoptotic signaling pathway are one cause of
cellular resistance to drugs.

2.2. Purine nucleotide synthesis

The cell’s ability to provide the needed purine nucleotides for DNA and RNA synthesis is
also critical to its survival. The de novo biosynthesis of purine nucleotides involves 10
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separate enzyme catalyzed reactions starting with 5-phosphoribosyl-1-pyrophosphate
and leading to inosinic acid [5]. Both adenosine monophosphate (AMP) and guanine
monophosphate (GMP) are then derived from inosinic acid (Fig. 2). The third step in this
process is the biosynthesis of formylglycinamide ribonucleotide from glycinamide
ribonucleotide (GR) via glycinamide ribonucleotide formyltransferase (GARFT). The
last two steps in the synthesis of inosinic acid occur via a bifunctional enzyme having
both aminoimidazolecarboxamide ribonucleotide formyltransferase (AICARFT) and
inosine monophosphate cyclohydrolase IMPCH) activity. This enzyme has been shown
to be made up of a 39 kDa carboxy-terminal AICARFT active fragment along with a
25 kDa amino-terminal IMPCH active fragment [6]. Both GARFT and AICARFT
catalyze the transfer of a formyl group from 10-CHO-tetrahydrofolate (10-CHO-THF) to
GR or aminoimidazolecarboxamide ribonucleotide (AICAR) respectively, returning
THF as the second product of the reaction.

2.3. Ribonucleoside reductase

The synthesis of new DNA within a cell requires the production of deoxynucleotides.
The four required deoxynucleotides (adenosine, guanosine, cytidine, and thymidine) are
produced as by reduction of the appropriate ribonucleotide substrate with ribonucleoside
reductase, also referred to a nucleoside diphosphate reductase (NDPR) [7]. The resulting
oxidized form of NDPR can then be reduced back to NDPR by the action of
glutaredoxin, which is in turn oxidized to thioredoxin [8]. NDPR is a dimer, with each
monomer made up of two subunits: a larger (M1) and a smaller (M2) subunit. The M1
subunit contains two allosteric sites involved in regulation of the overall activity of the
enzyme and the enzyme’s substrate specificity. The deoxynucleoside triphosphates bind
to this allosteric site, and regulate their own synthesis. The M2 subunit is responsible for
the key reduction reaction, carrying a tightly bound iron atom that stabilizes the tyrosyl
free radical critical to reduction. Deoxynucleotide pools in proliferating cells are
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sufficient for only a few minutes of DNA synthesis without regeneration, thus making
NDPR inhibition an attractive candidate for cancer chemotherapy [9].
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2.4. Intracellular transformations of antimetabolites

Most antimetabolites must undergo modification within the cell before they are active
agents, and so in essence are prodrugs. Methotrexate (MTX, 1), an antifolate agent
targeting DHFR, and pemetrexed (Alimta, 2), a multi-targeted antifolate, exert much
of their pharmacological effects as a polyglutamate, as do most classical antifolates
[10]. This transformation is carried out by the enzyme folylpolyglutamate synthetase
(FPGS). Formation of the polyglutamate of antifolate drugs can cause a dramatic
increase in the activity of the agent toward its intended target. Further, polyglutamates
(above diglutamate) are less susceptible to cellular efflux, thus providing a long-lived
pool of drug within the cell [11]. Most natural folate cofactors exist as polyglutamates,
and so the beneficial action of FPGS on antifolate drugs is not surprising. It also
follows that any cellular change leading to decreased FPGS activity could lead to
antifolate resistance.
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Many nucleoside derived antimetabolite analogs also undergo intracellular trans-
formations to become active agents (Fig. 3). The earliest of these agents, 5-fluorouracil
(5-FU, 3) is converted into three major metabolites that are responsible for its activity.
5-FU is changed into 5-fluoro-2’-deoxyuridine monophosphate (FAUMP, 4) that acts as a
mimic for the natural substrate of TS, dUMP, thus inhibiting TS activity. 5-FU can also
be tranformed to 5-fluoro-2’-deoxyuridine triphosphate, which is eventually incorporated
into DNA causing DNA damage, and finally to 5-fluorouridine triphosphate (5), which is
incorporated into RNA leading to impaired RNA function [12]. Deoxyribonucleoside
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Fig. 3. Metabolism of 5-FU 3 and other nucleoside antimetabolites.

analogs such as cytarabine (6) and gemcitabine (7) are converted to their triphosphate
derivatives in vivo before showing their effects [13,14], while capecitabine (8) is
metabolized in vivo to 3 (Fig. 4). 8 is readily absorbed in the gastrointestinal tract, then
passes intact through the intestinal mucosa. It is subsequently converted to 5'-
deoxycytidine 9 by carboxylesterase in the liver, 5'-deoxy-5-fluorouridine 10 by cytidine
deaminase, and finally to 5-FU 3 by thymidine phosphorylase.

O
O
F
/ \N | NH
(0]
N/& N’&O F
cytidine thymine / NH
carboxylesterase deaminase phosphorylase
sty g\ westonize {
HO OH HO OH HO OH H O
9 10 3

Fig. 4. Metabolism of capecitabine to 5-FU.
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3. ANTIMETABOLITES

Historically, antimetabolites have been useful agents in hematopoietic therapy. However,
in recent years, they have been shown to be effective in the treatment of solid tumors
(Table 1). Three antimetabolites have been approved for clinical use since 1996:
gemcitabine, capecitabine and pemetrexed. A new method for the delivery of cytarabine,
DepoCyt, was given accelerated approval in 1999. Additional oncolytic indications for
some of the approved antimetabolites are in clinical trials, and other antimetabolites,
including nolatrexed and decitabine, are currently undergoing Phase III study. An
antifolate, raltitrexed, has been approved for use outside of the US, but its development as
a single agent, as well as that of the nucleoside analog eniluracil has been discontinued in
the USA [15,16].

Although 5-FU is widely used, its pharmacokinetic profile is not ideal. Its optimal
method of delivery is by continuous intravenous infusion, as its bioavailability after oral
administration is variable. 5-FU is rapidly metabolized, with a mean half-life of
elimination of approximately 16 min. Within 3 h, no intact drug can be detected in
plasma. 5-FU is more effective when co-administered with leucovorin, a prodrug of
5,10-CH,-THF. Inhibition of TS by FAUMP is dependent on the cofactor 5,10-CH,-THF,
which combines with TS and FAUMP to form a covalent ternary complex. Excess
cofactor decreases the dissociation rate of this complex, and consequently addition of

Table 1. Selected oncolytic antimetabolites in clinical use

Year approved
Clinical agent Trade name (USA) Indication Ref.

Folate Antagonists

Methotrexate (MTX) 1953, 1959, 1971 Leukemia [18]
Pemetrexed Alimta® 2004 Mesothelioma [19]
Nolatrexed Thymitaq® (Phase III) Liver cancer [20]
Nucleoside analogs
5-Fluorouracil Adrucil® 1962 Colorectal cancer  [21]
Cytarabine Cytosar-U® 1969 Leukemia [22]
Fludarabine Fludara® 1991 Leukemia [23]
Pentostatin Nipent® 1991 Leukemia [24]
Cladribine Leustatin® 1993 Leukemia [25]
Gemcitabine Gemzar® 1996 Pancreatic cancer  [26]
1998 Non-small cell [27]
lung cancer
Cytarabine DepoCyt® 1999 Lymphomatous [28]
lyposomal meningitis
Capecitabine Xeloda® 1998 Breast cancer [29]
2001 Colorectal cancer  [30]

Decitabine Dacogen® (Phase III) Leukemia [31]
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leucovorin increases the cytotoxicity of 5-FU. The major toxicities of 5-FU are to bone
marrow and mucous membranes [17].

Capecitabine (8) is an orally administered fluoropyrimidine carbamate that is
metabolized in vivo to 5-FU (3) [32]. Pharmacokinetic studies in patients showed rapid
gastrointestinal absorption of capecitabine, followed by extensive conversion to 10, with
only low systemic levels of 5-FU [33]. Significantly, capecitabine appears to deliver drug
selectively to tumors. Analysis of the tumor:plasma AUC ratios of capecitabine vs. 5-FU
in four human tumor xenografts in mice (HCT116, CXF280, COLO205, and WiDr) at the
maximum tolerated dose (p.o.) showed that although the half-life of 5-FU was similar in
all four tumors, the tumor:plasma AUC ratio of 5-FU was significantly higher for animals
dosed with capecitabine. For example, in HCT116, 5-FU exposure was 127-fold higher in
tumor than plasma in animals treated with capecitabine, and 209-fold higher in CXF280
[34]. In the clinic, the efficacy of capecitabine equals or exceeds 5-FU, although its
pharmacology in the murine models might have predicted consistently superior efficacy.
Capecitabine is approved for the treatment of breast and colorectal cancer, and its ease of
dosing by mouth is attractive to patients.

Gemcitabine (7) is a nucleoside analog that exhibits cell phase specificity, primarily
killing cells undergoing DNA synthesis (S-phase) and also blocking the progression of
cells through the G1/S-phase boundary. The cytotoxic effect of gemcitabine is attributed
to a combination of two actions of the diphosphate and the triphosphate nucleosides,
which leads to inhibition of DNA synthesis. First, gemcitabine diphosphate inhibits
NDPR, which causes a reduction in the concentrations of deoxynucleotides, including
deoxycytidine triphosphate (dCTP) [35]. Second, gemcitabine triphosphate competes
with dCTP for incorporation into DNA. The reduction in the intracellular concentration
of dCTP (by the action of the diphosphate) enhances the incorporation of gemcitabine
triphosphate into DNA (self-potentiation). After the gemcitabine nucleotide is
incorporated into DNA, only one additional nucleotide is added to the growing DNA
strands. After this addition, there is inhibition of further DNA synthesis. Because of the
addition of this final nucleotide, DNA polymerase epsilon is unable to remove the
gemcitabine nucleotide and repair the growing DNA strands (masked chain termination).
First approved by the FDA in 1996, 7 was demonstrated to have a significant clinical
benefit response in advanced pancreatic cancer patients compared to 5-FU, with a
survival advantage of 5.6 months vs. 4.4 months in the 5-FU-treated patients [26]. The
clinical benefit was measured as improvement in three symptoms present in most
pancreatic cancer patients: pain, functional impairment and weight loss. Gemcitabine has
become accepted as the standard of care for the treatment of advanced pancreatic cancer,
and in 1998 the FDA approved its combination with cisplatin for the treatment of non-
small cell lung cancer (NSCLC).

DepoCyt is an injectable, sustained release form of cytarabine (ara-C; 6), for the
treatment of antineoplastic meningitis (NM) arising from lymphoma (lymphomatous
meningitis) [28]. Ara-C acts by inhibiting DNA polymerase as well as through
incorporation of its triphosphate into DNA. A phase III trial of DepoCyt in
lymphomatous NM showed it to be more convenient and associated with a higher
positive response rate than ara-C. The DepoCyt formulation of ara-C is encapsulated in
the aqueous chambers of a spherical 20 wM matrix comprised of lipids biochemically
similar to normal human cell membranes (phospholipids, triglycerides, and cholesterol).
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When injected into the cerebral spinal fluid (CSF) at room temperature, the particles
spread throughout the neuroaxis and slowly release ara-C. A single injection of free
unencapsulated ara-C maintains cytotoxic concentrations in the CSF for <24 h [36],
whereas a single injection of 50 mg of DepoCyt maintains cytotoxic concentrations of
ara-C in most patients in the CSF for > 14 days [37]. As cytotoxicity is a function of both
drug concentration and duration of exposure, this formulation maintains high
concentrations of ara-C in the cancer cell for prolonged periods of time and increases
the efficacy of the agent.

Pemetrexed is an antifolate that inhibits multiple folate-requiring enzymes including
TS, DHFR, GARFT and to a lesser extent, AICARFT [38,39]. Having multiple sites of
inhibition results in an activity profile that differs from the TS inhibitor, 5-FU, or the
DHFR inhibitor, MTX. Folic acid and vitamin B-12 supplementation modulate
pemetrexed’s overall toxicity while enhancing its cytotoxic effects, and pre-treatment
with folic acid is a component of the clinical regimen [40]. In a Phase II study of
pemetrexed as a single agent in patients with malignant pleural mesothelioma (MPM),
a 17% response rate was observed (9 of 64 patients). In combination with cisplatin,
however, a Phase III trial found a response rate of 41.3% and a median survival of 12.3
months [19]. The control arm of the study received cisplatin monotherapy, and the
response rate in these patients was 16.7% with median survival of 9.3 months [41]. Based
on these findings, the pemetrexed/cisplatin combination was approved by the FDA in
February 2004 as a treatment for MPM. Clinical trials of pemetrexed are underway as a
therapy for solid tumors including non-small cell lung, pancreatic, metastatic breast,
colorectal, and gastric cancers [42].

4. CLINICAL ADVANCES WITH COMBINATIONS
OF ANTIMETABOLITES

Anti-cancer agents are rarely given singly, as combinations of drugs have proven to be
far superior to single agent therapy for a variety of cancers. Antimetabolites are no
exception; they have been combined with other antimetabolites and with other
chemotherapeutic agents. The goal of combination therapy is to find agents whose
activities are synergistic, i.e., a regime where the combined effect is greater than what
would be expected from the sum of the two individual agent’s activities, and have non-
overlapping toxicities. Since most antimetabolites interfere with the process of DNA
synthesis or growth, many combinations with drugs that react with DNA have been used
[43]. An illustration of this is the combination of pemetrexed with cisplatin. Other
potential combinations would be with compounds targeted towards inducing apoptosis,
preventing angiogenesis, or with antimetabolites targeting different enzymes in the same
pathway. An example is the combination of cyclophosphamide (a DNA alkylating agent),
MTX, and 5-FU. This regimen, referred to as CMF, was an early standard of care in the
treatment of metastatic breast cancer [44]. 5-FU targets the thymine biosynthesis
pathway by inhibiting TS, while MTX targets the same general pathway by inhibiting
DHFR. Combinations are first studied preclinically in cellular and animal models, but
application of the models to patients in the clinical setting is complicated by ADMET
phenomena that are not well predicted by the models [45]. Clinical success for therapy
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(combination or single agent) is assessed by a variety of measures relative to the standard
of care for the indication, including toxicities, survival benefit, response rate, median
survival, and survival to a determined point in time (e.g. 12 months). Our focus will be on
recent clinical outcomes with combinations of antimetabolites and the biochemical
rationale behind them.

Thymidylate synthase inhibitors including 5-FU, capecitabine, and raltitrexed have
been tested in the clinic in combination with gemcitabine. Gemcitabine and the TS
inhibitors inhibit DNA and RNA synthesis by different mechanisms and possess almost
no overlapping toxicity profiles. Gemcitabine inhibits NDPR, depleting cellular dUMP
pools, thereby decreasing the dUMP competition with 5-FAUMP at TS. Raltitrexed
prevents binding of the folate cofactor on TS, and also has little overlapping toxicity with
gemcitabine. At least additive, and possibly synergistic cytotoxic effects for
gemcitabine/5-FU were anticipated based on preclinical results with the combination
in HT29 colon cancer cells [46]. To date, several Phase III trials in pancreatic cancer have
found gemcitabine/5-FU regimens to be tolerable in terms of toxicities, but an optimal
dosing schedule has yet to be found which improves the median survival of patients with
advanced pancreatic carcinoma compared with single-agent gemcitabine [47]. A Phase II
trial of bi-weekly high dose gemcitabine plus capecitabine in pancreatic cancer similarly
found a good therapeutic index for the combination, but no advantage was observed
in terms of efficacy parameters compared to monotherapy with gemcitabine [48,49].
The combination of gemcitabine with raltitrexed has been investigated in a Phase II trial
involving pancreatic cancer patients, and was found to be convenient with little
symptomatic toxicity. However, like the combinations with the nucleoside TS inhibitors,
the dual therapy of gemcitabine with the antifolate TS inhibitor was no more efficacious
in terms of survival benefit than single gemcitabine monotherapy [50].

Gemcitabine has also been investigated with pemetrexed in pancreatic cancer and
NSCLC. Pemetrexed depletes the intracellular supply of both purine and thymidine
deoxynucleotides, while gemcitabine is incorporated into nascent DNA strands
ultimately resulting in strand termination. Thus, the two agents together would
interfere with DNA replication at both the nucleotide and strand synthesis level. Early
in vitro cell assays and tumor xenograft models indicated that gemcitabine/pemetrexed
would show synergism in vivo, but the degree of activity was dependent on cell type
and dosing schedule [40,51,52]. Each drug is active as a single agent in pancreatic
cancer (Table 2) [26,53], and a Phase I trial of the gemcitabine/pemetrexed combination
in advanced pancreatic cancer was initiated. In patients, the recommended schedule and
doses were found to be gemcitabine on days 1 and 8 @ 1250 mg/m?* with pemetrexed
on day 8 only @ 500 mg/m” [51]. Phase II results for the gemcitabine/pemetrexed
combination have been reported, with patients showing a 15% partial response rate,
with 29% of the evaluable patients surviving for 12 months. As the three measures
(partial response, median survival, and 1-yr survival) for the combination showed
improvement relative to therapy with gemcitabine or pemetrexed alone, a Phase III trial
was initiated. Enrollment for the Phase III trial has concluded, and a final data analysis
is anticipated in the coming year. The combination has demonstrated efficacy in an
ongoing Phase II trial for NSCLC, employing the same schedule, with evidence of
improved median survival and 1-yr survival in comparison to the gemcitabine/cisplatin
combination or single agent pemetrexed.
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Table 2. Comparisons of selected anti-metabolite single agent and combination clinical
trials

Median 1-yr
Patients survival  survival
Ref.  total/eval.  Treatment Agent PR? n (%) (mo) (%)
Advanced pancreatic cancer
[26] 63/56 Phase III Gemcitabine 3(5.4) 5.7 18
[53] 42/35 Phase 11 Pemetrexed 2 (5.7) 6.5 28
[54] 42/40 Phase II Gemcitabine/ 6 (15) 6.5 29
pemetrexed
Non-small cell lung cancer
[55] 301/288 Phase III Gemcitabine/ 60 (21) 8.1 36
cisplatin
[56] 33/30 Phase 11 Pemetrexed 7 (23) 9.2 25
[57] 60/54 Phase 11 Gemcitabine/ 9 (17)° 11.3 46
pemetrexed

?PR = partial response.
® Objective response.

5. CONCLUSIONS

Much progress has been made in the last decade in the development and clinical use of
antimetabolites as chemotherapeutics for the treatment of solid tumors. Both mono- and
combination therapies have been found to be efficacious, and clinical trials are underway
to determine efficacies against a greater variety of tumor types, and of regimens involving
two, three and four-drug combinations.
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1. INTRODUCTION

Kinesins are microtubule motor proteins that translate energy released by hydrolysis of
ATP into mechanical force for directional movement of a wide variety of cellular cargoes
along microtubules [1,2]. The hallmark of kinesin family members is the catalytic kinesin
motor domain, a relatively compact domain of approximately 350—450 amino acids,
depending upon the specific kinesin in question. The motor domains of Kin-N family
kinesins mediate motility toward microtubule minus ends. Kin-C motors mediate
movement toward microtubule plus ends, and Kin-I family members destabilize
microtubule ends [1].

Kinesin-mediated movement along microtubules involves a complex enzymatic cycle
that requires coordination of nucleotide hydrolysis and turnover with microtubule
interaction, and conformational change resulting in force generation [3]. Small molecule
perturbation of any one of these events would be expected to impair kinesin function,
highlighting kinesin motor domains as a focus for drug discovery efforts.

Curation of the human genome indicates the existence 45 kinesin family members that
may be grouped into approximately 15 phylogenetic subclasses based on primary amino
acid sequence [4,5]. Although these proteins are members of a common superfamily,
their motor domains share only ~45% identity at the amino acid level (R. Freedman,
personal communication). Considering that a substantial portion of this identity resides
within conserved core structural elements of the motor domains the solvent-exposed
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surfaces of kinesin family members may be quite different, offering the potential for
discovery of inhibitors specific to various kinesins.

Perhaps the largest single functional class of kinesins are those involved in cell
division [6]. These kinesins, termed mitotic kinesins, play important roles in assembly
and function of the mitotic spindle. The mitotic spindle has proven a fruitful target for
the discovery of anti-neoplastic agents. All approved anti-mitotic cancer therapies,
including the taxanes and vinca alkaloids, target B-tubulin, thus disrupting the function
of microtubules, the major structural element of the mitotic spindle. Microtubule
dysfunction results in a failure to form a functional mitotic spindle resulting in cell
cycle arrest and subsequent cell death [6]. The effectiveness of anti-microtubule agents
in the treatment of various cancers is thought to be a direct consequence of their anti-
mitotic actions. However, the action of these drugs on microtubules of non-
proliferating cells such as neurons results in substantial toxicities which can be dose
limiting [7]. As a target class, kinesins functioning exclusively in mitosis offer the
potential for discovery of novel anti-mitotic cancer therapies with novel mechanisms
of action and enhanced specificity for proliferating cells.

One mitotic kinesin, known as KSP or Hs Eg5, has seen significant attention as a drug
target, yielding several classes of inhibitors. At least one of these KSP inhibitors has
advanced to clinical trial. The biological roles and characteristics of these mitotic
kinesins are summarized below, as are recent progress in identification and advancement
of KSP inhibitors.

2. MITOTIC KINESIN BIOLOGY

Mitosis is divided into several phases, each characterized by specific mechanical
events (Fig. 1). The integrity of mitosis is monitored and enforced by the mitotic
checkpoint. This checkpoint prevents sister chromatid separation and anaphase onset
until all chromosomes are attached to spindle microtubules and aligned at the spindle
midzone. Mitotic spindle dysfunction in prometaphase results in failure to satisfy this
checkpoint, resulting in prolonged cell cycle arrest and eventual cell death (reviewed
in Ref. [6]). The consequences of mitotic spindle dysfunction later in mitosis, for
example during anaphase, telophase or cytokinesis are not as well characterized as
responses to early mitotic dysfunction, but are expected to result in chromosome
missegregation and multinucleation. Mitotic kinesins have been shown to play
important roles in nearly all aspects of mitotic spindle function.

A table of known and putative mitotic kinesins is presented below (Table 1).
Functional characterization in multiple organisms strongly supports mitotic roles for
nine of these fourteen kinesins: CENP-E, HSET, Kid, Kif4, KSP, MCAK, MKLP1,
MPP1 and RabKe6. Functional characterization in human cells is summarized in Table 1.
These findings will not be reviewed in detail here, but are covered in the references
cited and in several recent reviews [8—12]. Systematic profiling of kinesin family
mRNA expression levels in human tissues, and in proliferating and quiescent human
fibroblasts revealed a positive correlation of expression levels of these well-
characterized mitotic kinesins with proliferative index [13]. These kinesins were also
found to be more highly expressed in tumor tissue relative to normal adjacent tissue and
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Fig. 1. During prometaphase (1) chromosomes attach to microtubules, spindle poles
separate (1a) and chromosomes align at the spindle midzone (1b). Following satisfaction
of the mitotic cell cycle checkpoint at metaphase (2), sister chromatids separate and
migrate toward their respective spindle poles (3), which then move apart resulting in
spindle elongation (4). Contraction of the cytokinetic furrow in the final stage of mitosis
divides the parent cell into two daughter cells each retaining one copy of the parental
genome (5).

were absent from post-mitotic neurons. Several kinesins of uncharacterized function,
including Kif15/HKIp2, Kinl3, Kip3a and Kip3d exhibited similar expression profiles
and were identified as probable mitotic kinesins.

A recent systematic survey of genes periodically expressed in the cell cycle identified
the mitotic kinesins CENP-E, HSET, Kid, KSP, MCAK and MKLPI1 as exhibiting
increased mRNA levels during mitosis [14]. Two other kinesins, CmKrp (KIAA0042)
and MPP1, were found to display similar patterns of expression. Independent efforts
have demonstrated that CENP-E and RabK6 exhibit similar profiles [15—17].

2.1. Identification of mitotic kinesin inhibitors

In addition to the catalytically active motor domain, mitotic kinesins also include
substantial additional regions responsible for protein—protein interaction, including
regions responsible for dimerization, for localization to intracellular cargo and for
interaction with upstream regulators. The variety of inhibitory mechanisms that may be
identified in small molecule discovery screening efforts may vary greatly depending on the
specific protein fragment used and the functional or binding event monitored. Discovery
efforts reported to date have been grounded in both biochemical [41,42] and cell-based
approaches [43,44]. Biochemical screens have focused on motor domain function. Such
screens may identify inhibitors of kinesin motor interaction with nucleotide or microtubule
substrates, as well as inhibitors of conformational changes associated with coupling of
substrate interactions and motility. Cell-based approaches may identify inhibitors both of
motor domain function, and of other critical functions mediated by non-motor regions



Table 1. Mitotic kinesin target validation

Phenotype upon dysfunction or modulation

(mammalian cells)

Kinesin name Alias Mitotic arrest? Morphology References

CENP-E - Yes Bipolar prometaphase spindle with  [18-21]
misaligned XC?*

CmKrp KIAA0042, KIF14 ND ND [22]

HKLP2 HsKif15 ND ND [23,24]

HSET KNSL2; HsCHO2, HsKIFC1 No Unfocussed spindle poles? [25-27]

Kid KNSL4, KIF22 No More diffuse metaphase XC [26,28]
alignment

Kif4 HSA271784; chromokinesin ND ND [29,30]

KinlI3 KIF24, AL353662 ND ND [31]

Kip3a HsKif18B ND ND [32]

Kip3d HsKifl18A ND ND [33]

KSP KNSLT1; HsEg5; KIF11 Yes Monopolar spindle [27,34] see below

MCAK KNSL6, KIF2C Yes Lagging anaphase chromosomes [35,36]

MKLP1 KNSL5; HsCHO1; KIF23 Yes Cytokinesis failure [37,38]

MPP1 MPHOSPH1, KRMP1; DKFZP434B0435 No Cytokinesis failure [39]

RabK6 MKLP2, Kif20A, Rab6KIFL Yes Cytokinesis failure [16,17,40]

#XC = Chromosomes, ND = not determined.
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of a particular mitotic kinesin. Clearly, compounds KSP INHIBITORS
identified by either approach must be carefully
characterized with respect to specificity of action
since, for example, microtubule-active compounds o
may also alter kinesin biochemical activity but cause
cell cycle arrest of living cells as a consequence of |
their microtubule activity. IS 2\

Described below are chemical structures reported
to specifically inhibit KSP, together with available 1
biological data.

HO

2.2. Dihydropyrimidines

Using a cell-based screen for compounds producing
mitotic arrest, the dihydropyrimidinethione

1, termed monastrol (ICs9= 14-20 uM), was Q
identified [43]. Characterization of monastrol N
revealed it to be an allosteric inhibitor of ol N/)\V\
KSP ATPase function, with the S-enantiomer 0w N
being bound preferentially by the motor [43,45].

Mechanistic analysis revealed that this compound \H
prevents ADP release, the rate-limiting step for R,
KSP, by forming a ternary complex with KSP and

ADP. Recently, a 1.9 A resolution X-ray crystal Ry

structure of the ADP/monastrol/KSP motor domain
complex was solved revealing the precise binding
locus of the monastrol/KSP interaction [46]. The 2: NMe, Br rac

site to which monastrol binds is in a region 12 A 3:NH;  Me S

away from the nucleotide binding pocket between

helices al and o2, making contact with flexible loop L5. As many as 20 residues
(Metl115, Glul16, Gly117, Glul18, Argl19, Trp127, Asp130, Leul32, Alal33, Gly134,
Ile136, Prol37, Leul60, Tyr211, Leu214, Glu215, Gly217, Ala218, Arg221, and
Phe239) from various parts of the protein’s secondary structure are involved in the
binding. Comparison of this ternary complex structure with the previously solved
inhibitor-free ADP/KSP binary complex structure [47] shows that monastrol lies in an
induced fit pocket not normally present in unbound KSP. Overall, loop L5 moves 7 A,
with its Trp127 side-chain shifting 10 A to effectively cap the entrance of the pocket.
The consequence of this binding mode appears to be a complex set of structural changes
that, while not affecting the structure of the nucleotide-binding pocket itself, could
prevent the conformational changes required for nucleotide exchange and the
generation of mechanical force. Some of the largest conformational changes are
observed in the putative microtubule binding region known as switch-2 which is
located ~30 A away. Findings demonstrating monastrol-resistance of KSP motor
domain in which loop L5 was substituted with the corresponding region of naturally

Ry Ry  Stereo
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monastrol-insensitive conventional kinesin heavy chain loop5 support the essential role
of L5 in monastrol binding [48].

In addition to monastrol, other dihydropyrimidines have also been reported as
inhibitors of KSP, supporting the notion that this is a tractable scaffold [49,50].

2.3. Quinazolinones and related compounds

Another series of inhibitors of KSP catalytic function are quinazolinone-containing
compounds such as CK0106023, 2, which has a K; of 12 nM and produces 50% growth
inhibition (Glsg) of a panel of 11 human tumor cell lines of at concentrations ranging
from 126 to 582 nM (mean = 362 nM) [42] Like monastrol, these compounds are
reported to function via an allosteric mechanism, also stabilizing the ADP-bound form of
the enzyme. Analog 3 has been reported to have a biochemical ICsy below 1 nM and a
cellular ICs5y below 10 nM [51]. Synthetic methods for accessing these structures in
stereo-controlled fashion have been reported [52,53].

One member of this series, SB-715992 (CK0238273) has been reported as the subject
of two phase I clinical trials in patients with refractory solid tumors. Preclinical studies
suggested that intermittent dosing was most effective [54,55]. The two reported ongoing
clinical trials explored pharmacokinetics and safety of escalating doses on two dosing
schedules: once weekly X 3 every 28 days (days 1, 8 and 15) [56], and once every 21
days [57]. Drug related toxicities were described as primarily hematologic and
gastrointestinal, consistent with unpublished preclinical safety studies. Three patients
had experienced stable disease for six or more cycles.

Compounds related to this series have been reported in which the quinazolinone core
has been replaced with various carbocycle- and heterocycle-fused pyrimidinones,
substituted monocyclic pyrimidinone, substituted chromenone, substituted pyrrolotria-
zinone, substituted isoquinolin-1-one, and pyridopyrimidinone, suggesting a degree of
tolerance for core modification within this structural class [58-65]. In addition,
replacement of the benzamide portion with heterocycles such as piperazines, diazepines,
imidazoles and imidazolines has also been reported [66,67].

HR22C16 (4) IC50(NM)
5. R = (CH,),NH, 90
6: R = CHCH,CO,H 300
7: R = CH,CH,CH; 400
4:R = CH,CH,CH,CH, 800
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2.4. Tetrahydro-3-carbolines

Using a cell-based screen for anti-mitotic compounds,
HR22C16 (4), was identified as a potent
(ICs50 = 800 nM) inhibitor of KSP from among a
collection of 16,000 synthetic samples. Like the
structures above, it caused monopolar spindles in
dividing cells without affecting microtubules [44,68].
Also termed monastroline, HR22C16 served as the
progenitor for an optimization effort that has led to
more potent analogs such as 5, which inhibits KSP movement on microtubules with an
ICs0 of 90 nM. In order to assert a degree of temporal control over the effects of
HR22C16 in a cellular assay, the pendant phenol was ‘caged’ using an o-nitrobenzyl
protecting group that when irradiated with a He—Cd laser for 21 s, converted inactive,
caged HR22C16 into its active component in a tissue culture environment, causing
monoastral figures only after photolysis. Using this strategy, it is predicted that both
temporal and spatial control over inhibition of cell division in a living organism can be
accomplished. Ongoing investigations involve application of ‘caged” HR22C16 toward a
better understanding of time dependence of inhibitor release during cell division.

Terpendole E (8)

2.5. Terpendole E

In a screen for cell cycle inhibitors, over 4000 fungal extracts were tested against mouse
temperature-sensitive cell line tsFT210 leading to the identification of a complex mixture
consisting of terpendoles C, E, H and I that blocked M phase progression [69]. Among
them, only terpendole E (TerE), 8, was found to cause M phase accumulation at a
concentration of 50 uM, generating monopolar spindles without affecting interphase
microtubules or tubulin polymerization in vitro. It is interesting to note that terpendoles
have previously been reported to be inhibitors of acyl-CoA:cholesterol O-acyltransferase
(ACAT); however, 8 was found to be a selective inhibitor of KSP with an ICsy of
14.6 pM in a microtubule sliding assay and an ICsy of 23.0 wM in an ATP hydrolysis
assay. Though its precise biochemical mechanism of action has not been elucidated, 8
inhibits both the microtubule-catalyzed and basal ATPase rates, supporting a direct
interaction with KSP. TerE also represents the only known example of a selective, natural
product inhibitor of KSP.
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2.6. Dyhydropyrazoles and Dihydropyrroles

Recently, diaryl azaheterocycles such as dihydropyrazoles and dihydropyrroles have
been reported to inhibit KSP [70—-72]. Both are suggested to bind at the same allosteric
binding site to which monastrol binds and may find use as competitive ligands for screens
looking to identify compounds that also bind at this site [73]. Examples 9 and 10 are both
reported to inhibit KSP at concentrations below 50 wM.

H
NH - He o § Br
N
H - ‘NJ\NH2 \Q\N&d\,"'
H H N g

NO, H
Monastrol Suppressor Monastrol Enhancer
11 12

2.7. Suppressors and enhancers of KSP inhibitor action

In addition to inhibitors of KSP, a cell-based screen of 20,000 synthetic samples led to
the identification of compounds that either enhance or suppress monastrol-induced
mitotic arrest while having no such effect when dosed alone [74]. Treatment of
synchronized BSC1 cells pre-treated with monastrol led to the identification of
compounds such as amidinohydrazide 11, which was found to promote escape from
monastrol-induced mitotic block at concentrations below 50 wM. In all, 32 suppressors
were found of which 15 had activity below 50 uM. Conversely, pyrazolone 12 was
notable for its ability to extend monastrol’s effect on these cells at 25 uM without
affecting KSP ATPase activity at functional concentrations. A total of 12 enhancers
were identified with potencies below 50 uM with 12 being the most potent. The targets
of these compounds were not discerned.

3. CONCLUSIONS

Efforts toward the discovery of novel anti-tumor therapeutic agents over the last decade
have increasingly focused on cell cycle targets, with anti-mitotic strategies providing
the greatest impact. The appearance of phase I and II clinical candidates against the
mitotic kinesin KSP has only served to spark interest in this novel family of proteins,
evidenced by increased numbers of publications within the chemistry and biology
literature within the last year. As discussed in this review, a variety of structures have
now been reported as inhibitors of one mitotic kinesin, KSP. Multiple other mitotic
kinesins remain to be explored. As the biology surrounding these remarkable proteins is
discerned it will become feasible to test the hypothesis that inhibition of specific mitotic
kinesins will be an effective mode for the treatment of human cancer.
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1. INTRODUCTION

Over the last decade, histone deacetylase inhibitors have become the subject of
considerable attention due to a remarkable increase in understanding of the role that
acetylation of histone and non-histone proteins plays in the regulation of normal and
cancer cell behavior. Histone deacetylases (HDACs) represent a family of enzymes
that compete with histone acetyltransferases (HATs) to modulate chromatin structure
and to regulate gene transcriptional activity by changing the acetylation status of
lysines of nucleosomal histones. Several forms of cancer are characterized by an
altered expression or mutation of genes that encode HATs or HDACs. Similarly,
aberrant repression of genes mediated by HDACsS, is associated with the pathogenesis
of various types of solid tumors and haematological malignancies. HDAC inhibitors
induce histone hyperacetylation, reactivate suppressed genes and consequently,
inhibit the cell cycle, activate differentiation programmes or induce apoptosis and
several HDAC inhibitors of various structural families have now advanced into phase
I and II clinical trials. Comprehensive reviews on histone deacetylase as a new target
for cancer chemotherapy and the current status of HDAC inhibitors in clinical
development have appeared [1-4].
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1.1. Histone deacetylases and structural studies

Mammalian HDACs can be divided into three distinct classes [5]. Class I deacetylases,
HDACs 1,2, 3 and 8, share homology in their catalytic sites with molecular weights of 42—
55 kDa. Class II deacetylases includes HDACs 4, 5, 6, 7, 9 and 10. They have molecular
weights between 120—130 kDa. HDACs 4, 5, 7 and 9 share homology in two regions, the
C-terminal catalytic domain and a N-terminal regulatory domain [6]. Recently, HDAC 11
was cloned and characterized [7]. It contains conserved residues in the catalytic core
regions shared by both Class [ and Class Il mammalian enzymes. HDAC 6 and 10 have two
regions of homology with the Class II catalytic site. The third class of deacetylases is the
conserved Sir2 family of proteins which are dependent on NAD™ for activity whereas
Class I and I HDACSs operate by zinc-dependent mechanisms.

A structural rationale for HDAC inhibition is suggested from the X-ray crystal
structure of Trichostatin A — bound HDAC-like protein (HDLP), a homologue of Class
I/IT HDAC with ca. 35% sequence identity [8]. In this structure, the hydroxamic acid of
Trichostatin A (TSA), 1, penetrates a
narrow, hydrophobic channel and
chelates a buried zinc ion. Despite o o
the variety of their structural charac- SN N,OH
teristics most HDAC inhibitors can
be rationalized in the light of the Mes N e e
HDLP structure. Inhibitors typically |\|,19
possess a metal-binding moiety and
a surface recognition part which  Surface recognition Linker Metal binding
interacts with amino acids at the
entrance of the N-acetyl lysine binding channel. These two parts of the molecule are
connected by a linker which is often a 5—6 hydrocarbon chain.

1

2. HDAC INHIBITORS AS ANTICANCER AGENTS

HDAC inhibitors bear great potential as new drugs because of their ability to modulate
transcription, and are endowed with cytodifferentiating, antiproliferative and apopto-
genic properties [9]. Furthermore the anticancer activity of HDAC inhibitors may be
mediated in part by the inhibition of angiogenesis, since it was shown recently that TSA,
1, specifically inhibited hypoxia-induced angiogenesis by reducing the expression of
genes required for angiogenesis [10]. Several structural classes of compounds have been
described as HDAC inhibitors [11-14]. The most important of these compound classes
are short-chain fatty acids, hydroxamic acids, benzamides, and cyclic tetrapeptides.

2.1. Short-chain fatty acids

This compound class with butyrate, phenyl butyrate, or valproic acid as most important
examples exhibits the least potency, with ICs( in the millimolar range [15—17]. In a recent
structural optimization study valproate, butyrate, phenylacetate, and phenylbutyrate
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were coupled with Zn>" chelating motifs (hydroxamic acid and o-phenylenediamine)
through aromatic amino acid linkers [18]. This strategy has led to a novel class of short-
chain fatty acid derivatives that exhibited varying degrees of HDAC inhibitory potency
with the best compounds in the nanomolar range.

2.2. Hydroxamic acids

Hydroxamic acids constitute the largest class of HDAC inhibitors with novel compounds
being added rapidly. Solution- and solid-phase synthesis methods as well as potential
therapeutic applications of hydroxamic acids [19,20] have been reviewed recently. A fully
automated multi-step solution-phase synthesis using polymer supported reagents for the
preparation of hydroxamic acid HDAC inhibitors has been described which might have
the potential to accelerate the output of medicinal and combinatorial chemistry groups in
this field even further [21]. The established hydroxamic acid HDAC inhibitors TSA (1),
Suberoyl anilide hydroxamic acid (SAHA), CBHA, Pyroxamide, Oxamflatin and
Scriptaid which are partially undergoing clinical trials were extensively reviewed
elsewhere [11-14] and therefore will not be discussed here.

The cinnamyl hydroxamic acid NVP-LAK974 (2) was found as a high-throughput
screening hit. This compound had good enzyme and cellular potency, but poor efficacy in
vivo. A systematic structural exploration of cinnamyl hydroxamates based on NVP-
LAK974 was undertaken with the goal of finding a novel, well-tolerated and efficacious
HDAC inhibitor [22,23]. NVP-LAQS824 (3) showed activity both in vitro (HDAC
ICsp = 32 nM, HCT116 GI5yp = 10 nM) and in vivo and is currently undergoing phase I
clinical trials against both solid tumors and leukemia [24].

A new set of sulfonamide hydroxamic acids (4) and anilides have been synthesized
[25,26]. One of the best compounds was 5 which had an ICs, in the HDACI in vitro assay
of 90 nM and showed 57% tumor growth inhibition against A549 tumors. The reversal of
the sulfonamide functionality resulted in similar activity.

0 0
™ _OH ™ _OH
N N
« H 0.9 H
A7 Y > H
X=80,, Y=NH 4 5
X=NH.Y=S0, MeO

OMe
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PXD101 (6) is a new hydroxamate-type HDAC inhibitor that inhibits histone
deacetylase activity with an ICs, of 27 nM [27]. It was found that replacing the cinnamic
acid moiety with an alkyl chain leads to a reduction in activity and substitution of the
sulfonamide nitrogen also reduces activity. In a further elaboration of this series
piperazine sulfonamide derivatives (e.g. 7) have been prepared [28]. Most of these
compounds inhibit HDAC with ICs5y = 20—-200 nM.

0
H O‘\s//
SrANe WwVe]
o Ph N\) _~__NHOH
o e Y
6 Ph

7 0

Novel 3-(4-substituted-phenyl)-N-hydroxy-2-propenamides have been prepared recently
[29,30]. Incorporation of a 1,4-phenylene carboxamide linker and a 4-(dimethyl-
amino)phenyl or 4-(1-pyrrolidinyl)phenyl group as a cap substructure generated highly
potent hydroxamic acid-based HDAC inhibitors.

Aroyl-pyrrole-hydroxy-amides (APHA’s) are another important class of o,p-
unsaturated hydroxamic acid inhibitors in which the benzene ring was replaced by a
pyrrole ring [31]. Pyrrole N-substitution with groups larger than methyl gave a reduction
in HDAC inhibiting activity, and replacement of hydroxamate function with various
non-hydroxamate, metal ion-complexing groups

yielded poorly active or totally inactive com- 0

pounds. On the contrary, proper substitution at the R%O
pyrrole C(4)-position favorably affected enzyme | Y
inhibiting potency, leading to 9 which was 38-fold N NHOH
more potent than 8 in in vitro anti-HD2 assay. Me

Such enhancement of inhibitory activity can be 8: R=-Ph

explained by the higher flexibility of the pyrrole 9: R=-CH,Ph

C(4)-substituent of 9 which accounts for a

considerably better fit into the HDAC1 pocket compared to 8. The enhanced fit allows
a closer positioning of the hydroxamate moiety to the zinc ion. These findings were
supported by extensive docking studies performed on both APHAs and reference drugs
(TSA and SAHA) [32].

A new class of pyrimidine derived hydroxamic acid HDAC inhibitors was disclosed
recently [33-36]. JNJ-16241199 (10) was found to be a potent (ICso = 6 nM) and
orally bioavailable HDAC inhibitor. Orally administered JNJ-16241199 was associated
with strong inhibition of the growth of ovarian A2780, human non-small cell lung
carcinoma NCI-H460 and human colon carcinoma HCT 116 xenografts in
immunodeficient mice. Urea derivatives (e.g. 11) of these pyrimidine hydroxamic
acids also showed potency in the HDAC inhibitor assay as well as compounds in which
the sulfonamide group in 10 was replaced by an amide or an alkyl or aryl moiety
[37-39].
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A series of novel aromatic dicarboxylic acid derivatives was prepared and tested as
HDAC inhibitors [40]. The in vitro cytotoxic activity of these compounds against HT29
human colon carcinoma cells was determined (12, IC5q = 0.03 wM).

The synthesis of a series of heterocyclic-amide hydroxamic acids demonstrated
the highly potent HDAC inhibitory activity of indole-amides [41]. Compounds with a
2-indole amide moiety were found to be the most active inhibitors among the different
regioisomers. Introduction of substituents on the indole ring further improved the potency
and generated a series of low nanomolar HDAC inhibitors (e.g. 13, ICsq = 3.1 nM) with
significant antiproliferative activity (HT1080 ICsy = 120 nM).

le} 0 CH,4 CH,4 /<
S W 3
HO. N CH 0L ¢

N
H \/ H ? Q
H
N N
O o) O o)
MeO
S H NHOH 14
NH

A series of succinimide hydroxamic acids which contain a macrocyclic surface
recognition domain was prepared [42]. The best compound 14 had an HDAC ICs of 38 nM
and in the antiproliferation assay using HT1080 fibrosarcoma cells an I1Cs of 250 nM was
measured. The number, identity and disposition of macrocycle substituents appears to be
critical for activity. The removal of the succinimide substituents or the phenylalanine side
chain depresses activity. Replacement of the succinimide with a lactam or phthalimide also
led to reduced activity. The length of the linker domain alkyl group was also found to be
critical, with the five-methylene analogue showing maximal activity. The pharmacokinetic
and in vivo tumor study data for 14 were rather disappointing. In mouse or monkey, 14 had
a very short half-life (ca. 20 min) and little or no measurable exposure after oral or
intraperitoneal dosing due to rapid hydrolysis to the inactive carboxylic acid [43]. In the
HT1080 mouse model 14 had only marginal anti-tumor activity.

2.3. Non-hydroxamate HDAC inhibitors

Although hydroxamic acids are frequently employed as zinc-binding groups, they often
present metabolic and pharmacokinetic problems such as glucuronidation and sulfation
that result in a short in vivo half-life. Many hydroxamates are unstable in vivo, and are
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prone to hydrolysis giving hydroxylamine which has potential mutagenic properties.
Because of such concerns with the metabolic stability and the toxicity associated with
hydroxamic acids, it has become increasingly desirable to find replacement groups with
strong HDAC inhibitory potency.

Trifluoromethyl ketones were found to be active as HDAC inhibitors [44]. It is
likely that for these and other electrophilic ketones the hydrated form of the ketone
acts in a similar way as a transition state analogue and coordinates the zinc-ion in
the active site. Optimization of this series led to the identification of submicromolar
inhibitors that demonstrated antiproliferative effects.

In another series various heterocyclic ketones were tested for their HDAC inhibitory
potency [45]. a-Keto oxazoles were found to be submicromolar inhibitors. One of the
most potent compounds was 15 with HDAC IC5, = 30 nM and anti-proliferative activity
in MDA 435 cells (ICso = 2.3 wmol). However, both types of electrophilic ketones
exhibited short half-lives in vivo and in vitro due to rapid reduction to the corresponding
inactive alcohols. Recently a-keto acids, a-keto esters and a-keto amides were studied
[46,47].Compound 16 is an HDAC inhibitor (ICsy = 9 nM) that shows antiproliferative
activity in vitro, as well as significant efficacy in an HT1080 mouse tumor model.
However, the a-keto amide 16 was also rapidly metabolized to the inactive a-hydroxy
amide. Overall exposure was low with only transient concentrations of inhibitor above
the cellular proliferation ICso value. Despite the poor pharmacokinetics of the a-keto
amides, they exhibit significant anti-tumor effects in xenograft models, suggesting that
transient exposure to HDAC inhibitors may be sufficient for anti-tumor effects.

0 >N
\ A 5 R=F7)
S O H

16, R =\WN\

O

In another attempt to substitute the hydroxamic acid moiety three analogs of suberoyl
anilide hydroxamic acid (SAHA) with phosphorus metal-chelating functionalities were
synthesized as inhibitors of histone deacetylases [48]. The compounds showed only weak
HDAC inhibitory potency in the millimolar range, suggesting that the transition state of
HDAC is not analogous to zinc proteases. Also derived from SAHA HDAC inhibitors
with a N-formyl hydroxylamine head group have been prepared [49]. Replacing the
hydroxamic acid group by this moiety led to a fifty-fold drop in potency. This loss in
activity could be offset by increasing the size of the hydrophobic region to afford HDAC
inhibitors with low micromolar activity in cellular histone hyperacetylation assay.
Further studies will be necessary to determine whether these compounds offer enhanced
pharmacological properties relative to SAHA.

2.4. Benzamides

The benzamide class of HDAC inhibitors, which is generally less potent than the
corresponding hydroxamic acid and tetrapeptide classes, includes MS-275, 17, [50] and
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CI-994, 18, [11]. The SAR of MS-275 revealed that a 2’-amino or 2’-hydroxyl moiety is
critical for inhibitory activity.

0
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\ H H H
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Both compounds are currently under clinical evaluation. A variety of w-substituted
alkanoic acid (2-amino-phenyl)-amides were shown to inhibit recombinant human
HDACs with ICs, values in the low micromolar range [51]. Compounds in this class
(e.g. 19) showed efficacy in human tumor xenograft models. However the activity was
lower than that of MS-275. A heterocyclic series of benzamides (20) derived from o-
phenylene diamine has been reported recently and found to be active in the in vitro
HDAC assay in the micromolar range [52].
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2.5. Cyclic peptides

Compounds containing cyclic peptide structures constitute the most structurally complex
class of HDAC inhibitors. Well-known examples are the natural product FK-288 which is
currently undergoing clinical evaluation, CHAP31 and Trapoxin A and B and derivatives
[11-14].

K

\\“
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O

Recently the total synthesis of Spiruchostatin A (21) was accomplished, unambigu-
ously confirming its structure [53]. Spiruchostatin A is shown to have biological activity
similar to that of FK228.The Spiruchostatin A analog, epimeric at the (3-hydroxy acid,
is inactive, highlighting the importance of stereochemistry at this position for interactions
with HDACs. New inhibitors of histone deacetylase containing a sulfhydryl group
(e.g. 22) were designed based on the CHAP31 skeleton and the HDAC binding functional
group of FK228 [54]. HDAC inhibitor potency was in the nanomolar range.
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3. INHIBITORS SELECTIVE FOR SPECIAL HDAC ISOFORMS

Despite the progress made in the last few years the role of the various individual HDAC
isoforms has only started to unravel. Therefore new isoform selective HDAC inhibitors
could be useful as tools for probing the biology of these enzymes and eventually as new
anticancer agents with low toxicity. Class II HDACs differ from class I HDACs
depending on their tissue expression, subcellular localization, and biological roles. Class
I HDAC:s are ubiquitously expressed, whereas class Il enzymes display tissue-specific
expression in humans and mice [55].

There is evidence for differences in sensitivity of different members of class I
and class II HDACs to different inhibitors. Few HDAC inhibitors (e.g., Trapoxin A,
Trapoxin B, CHAP1 and FK-228) are known to be selective for class I HDACs.
Recently Tubacin, 23, which has been discovered through a multidimensional, chemical
genetic screen of 7392 molecules, has been described as specific a-tubulin deacetylation
inhibitor in mammalian cells [56—58]. Between the two HDAC6 catalytic domains,
Tubacin selectively binds only that with tubulin deacetylase activity, without affecting
histone acetylation, gene expression, or cell-cycle progression [59]. These results
suggest that small molecules that selectively inhibit HDAC6-mediated o-tubulin
deacetylation might have therapeutic applications as antimetastatic and antiangiogenic
agents. Interestingly, Histacin, a closely related o-aminoanilide derivative of 23, is
inactive toward HDAC6 while apparently inhibiting deacetylases that act upon histone
substrates [60].

HO

A series of (aryloxopropenyl)pyrrolyl hydroxyamides 24 (R = H, 2-Cl, 3-Cl, 4-Cl,
2-Me, 3-Me, 4-Me) were designed as the first representatives of selective inhibitors of
class Ila histone deacetylase (HDAC4, HDACS, HDAC 7, and HDAC9) [61]. 24 showed
better inhibitory activity against maize HDI1-A than HDI1-B (two homologues of
mammalian class IIa and I HDACs) in the submicromolar range with 7-78-fold
selectivity. The unsubstituted compound showed good inhibitory activity against both
HD1-B and HD1-A, lacking in class selectivity. Insertion of a chlorine atom or a methyl
group at any position of the benzene ring caused a dramatic change in the inhibiting effect
on the two deacetylases. 2-substituted compounds were the most potent against both
enzymes whereas 3-substitution gave rise to the highest selectivities.
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In a HDACS enzyme-based high-throughput screen several class I HDAC selective
hits were found [62]. SB-42920 preferentially inhibited HDAC1 (IC59 ~ 1.5 pM)
whereas SB-379872, 25, only inhibited HDAC8 (IC5o ~ 0.5 wM). Recently a method for
selectively inhibiting HDAC7 and HDACS8 was described by either inhibiting expression
at the nucleic acid level using antisense oligonucleotides or by inhibiting enzymatic
activity at the protein level with small molecule inhibitors derived from the
phenylenediamine benzamide series [63].

4. FURTHER CLINICAL OPPORTUNITIES
FOR HDAC INHIBITORS

In addition to their application in cancer, HDAC inhibitors also show promise in
neurological and immunological disorders [64]. HDAC inhibitors alone or in
combination with other drugs were claimed to be useful for the treatment of multiple
sclerosis, amyotrophic lateral sclerosis and Alzheimer’s disease [65]. HDAC inhibitors
were found to be beneficial in treating neurodegenerative diseases caused by
polyglutamine toxicity, such as Huntington’s disease [66,67]. Recently, this was
confirmed in a mouse model of Huntington’s disease in which the HDAC inhibitor
suberoylanilide hydroxamic acid (SAHA) was found to improve motor deficits [68].

In addition to polyglutamine-induced neurodegeneration, HDAC inhibitors may find
application in immunological disorders. Cytokine production is regulated through selective
patterns of histone acetylation [69]. The HDAC inhibitor SAHA exhibits anti-inflammatory
properties both in vitro and in vivo [70,71]. In a model of lipopolysaccharide induced
inflammatory response in mice, SAHA decreases the levels of circulating pro-inflammatory
cytokines, such as TNF-a, IL-1-B, IL-6 and IFN-y. Recently, TSA and SAHA have
also been shown to antagonize systemic lupus erythematosus in a mouse model [72,73].

Another therapeutic strategy uses HDAC inhibitors to modulate the expression of
genes involved in the pathogenesis of rheumatoid arthritis [74]. The current treatment
options, which suppress immune responses or ameliorate inflammation, do not halt the
destructive process. It was found that the HDAC inhibitors phenylbutyrate and
Trichostatin A causing histone hyperacetylation to modulate multiple gene expression
and inhibited the expression of TNF-« in an animal model of rheumatoid arthritis.

5. CONCLUSION

HDAC inhibitors represent a prototype of molecularly targeted agents that perturb signal
transduction, cell cycle-regulatory and survival-related pathways. Newer generation
HDAC inhibitors have been introduced into the clinics that are considerably more potent
than their predecessors and are beginning to show early evidence of activity, particularly
in hematopoietic malignancies. It is now becoming evident that each HDAC enzyme has
a particular role in controlling transcription, the cell cycle, cell motility, DNA damage
response, and senescence by deacetylating histone and non-histone proteins. Therefore
enzyme sub-type specific inhibitors will pave a new way to therapeutic drugs that control
the specific function and the downstream pathway of HDACs.
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1. INTRODUCTION

Bacterial biofilms are cellular communities adherent to an inert or living surface that
can tolerate both antibiotic and immune attacks [1-3]. The most commonly
recognized biofilm infections are prosthetic or medical device infections where the
device surface serves as safe harbor for bacterial adhesion and biofilm formation [3].
Device associated infections are difficult to eradicate by the available antibiotic
therapies. Standard treatment requires surgical removal of infected devices plus
prolonged antibiotic therapy [4—6]. Biofilms have also been linked to many forms of
non-device, chronic infections such as cystic fibrosis, endocarditis, osteomylitis and
otitis media [2,3]. Based on some estimates, biofilms are associated with about half
of the two million cases of nosocomial infections that occur each year in the United
States and responsible for the increased morbidity, mortality and medical cost [6,7].
In addition, biofilm organisms live in an ideal niche for the transfer of drug resistant
plasmids and are more likely to be exposed to a prolonged suboptimal drug
concentration, which lead to the rapid development of antibiotic resistance [§—10].
There is a clear unmet need for effective therapeutic agents that can prevent or
eradicate biofilm infections.
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2. MECHANISMS OF BIOFILM FORMATION
AND PERSISTENCE

2.1. Quorum sensing and biofilm formation

The processes by which bacteria colonize artificial and natural surfaces have been
extensively studied [11-13]. Key stages identified include primary attachment, micro-
colony formation, growth/maturation into multilayer biofilm, and ongoing detachment
of pathogenic cells back into the fluid phase. Despite general agreement that these
stages characterize most biofilms, the molecular details of key attachment and
maturation processes are extremely variable and clearly depend on the species, the
choice of biofilm model system, the source of a particular isolate, and often poorly
understood genetic differences between strains. For example, although a variety of
mutants in multiple species have been characterized with substantial defects in specific
steps of in vitro and in vivo biofilm formation, the clinical and therapeutic relevance of
such biofilm specific genes or targets even within a single bacterial species remains
uncertain [14-20].

One area that has received particular recent attention is the role that quorum
sensing (QS) based cell-to-cell signaling systems play in biofilm formation and
maturation. To date three different families of bacterial QS signal transduction
pathways have been characterized, each of which produces a chemically distinct set of
small molecule pheromones that are excreted for the purpose of signaling and
regulating the behavior of nearby cells in dense bacterial communities. Because
genetic or chemical interference with QS signaling has been found to influence biofilm
behavior in a broad variety of bacteria, disruption of these bacterial specific signal
pathways has recently emerged as an alternative strategy for discovery of new
chemotherapeutics [16,19,21,22].

In staphylococci, a family of closely related oligopeptides is excreted as key signal
molecules that coordinate a complex, overlapping network of signal transduction
components and transcription factors. Although the downstream signal effectors and
overlapping pathways are still being elucidated, the key signals themselves seem to be
auto inducer peptides (AIP), and RNA III inhibiting peptides (RIP), which are all
excreted and function by specific activation or inhibition of membrane bound histidine
kinase receptors of adjacent cells. Downstream phosphorylation cascades initiated by
these sensor kinases then modulate transcription of a large number of staphylococcal
genes involved in virulence, metabolism, and biofilm formation [20,23-25]. In Pseudo-
monas aeruginosa and other Gram-negative bacteria, the major QS signal molecules are
small molecule acyl homoserine lactones (AHLs), which regulate cell density dependent
behavior of other cells. AHLs diffuse into nearby cells and bind to specific transcription
factors that in turn regulate a broad variety of cellular processes, again including
environmental responses, metabolism, virulence, and biofilm functions [19,22]. The
Gram-negative AHL family is also known as auto inducer-1 (AI-1) group. A third type
of QS signal molecule has also been found in both Gram-positive and negative bacteria
[26]. This molecule incorporates an unusual borate functionality and is part of the auto
inducer-2 (AI-2) system, which has been primarily characterized in the marine symbiont
Vibrio harveyi [27,28]. Al-2 signals can regulate nearby cells by external binding
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to a membrane-bound sensor kinase or by directly binding to cytoplasmic transcription
factors [26].

2.2. Biofilm drug tolerance

In general, in vitro surface associated and in vivo device associated bacterial biofilms can
be remarkably tolerant to conventional antibiotics, although some conventional agents still
retain substantial efficacy against bacteria embedded in biofilms [3,10,11,29—-34]. Table 1
demonstrates that a variety of otherwise effective antibacterial drugs lose substantial
activity when tested against in vitro models of surface associated Staphylococcus aureus or
P. aeruginosa biofilms. The distinguishing feature of such biofilms is that when they are
disrupted and resuspended into planktonic culture, they typically revert to their original
drug susceptible state, indicating that biofilm organisms are not usually drug-resistant in
the classical sense. Instead, these results make plain that one or more aspects of the biofilm
growth state result in temporary, environmentally dependent non-susceptibility to
otherwise highly effective antibacterials. Biofilm drug tolerance occurs for multiple anti-
bacterial drug classes against both Gram-positive and Gram-negative pathogen (Table 1).
Biofilm efficacy can also vary substantially depending on the antibiotic tested, the age of
the biofilm and the duration of drug exposure [35].

The unusual drug tolerance of bacterial biofilms has stimulated extensive research
regarding molecular mechanisms of biofilm formation and their resulting non-
susceptibility to antimicrobials. Despite considerable effort, the precise molecular and
physiological basis for biofilm mediated drug tolerance remains to be fully understood.
To date the major hypotheses for biofilm mediated drug tolerance include: reduced
penetration rates; inactivation of antibacterials during transit through the biofilm; altered
growth, physiology, and stress responses of bacterial cells in biofilm communities;
and the existence of cryptic persister cells that reemerge when drug treatment is stopped
[3,10-12,37].

Table 1. Representative planktonic vs biofilm potency of selected antibiotics

Planktonic
MBC? Biofilm/adherent
Organism Antibiotic Class (uwg/mL)  MBC® (ug/mL) Ref.
S. aureus Vancomycin  Glycopeptide 2 >20 [35]
Tetracycline  Tetracycline 0.25 >2.5 [35]
Rifampin Rifamycin 0.03 0.03 [35]
P. aeruginosa Tobramycin ~ Aminoglycoside 8 400 [29]
Ciprofloxacin Fluoroquinolone 4 50 [29]
Meropenem  Carbapenem 8 128 [36]

#Minimal bactericidal concentration to kill 99.9% of planktonic bacteria.
® Minimal bactericidal concentration to kill 99.9% of biofilm/adherent bacteria.
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2.3. Biofilm drug penetration

Although reduced penetration of antibiotics into biofilms provides a simple, intuitive
explanation for drug tolerance, multiple studies show that most drugs still penetrate
a broad variety of bacterial biofilms quite effectively, and that the observed modest
reductions in penetration rates cannot account for large reductions in drug potency
[3,10,11,33,38]. In two recent examples, rifampin quantitatively diffused into and
across S. epidermidis biofilms [31] while tetracycline was directly observed to rapidly
penetrate throughout Escherichia coli biofilms [30]. There is some evidence, however,
for what are termed reaction-diffusion effects on drug permeation that suggest
enhanced trapping of aminoglycosides in extracellular polysaccharides of
P. aeruginosa biofilms [29,32], and enhanced inactivation of some [-lactam anti-
biotics in Klebsiella pneumoniae biofilms [39]. Nevertheless, the results of most
biofilm penetration studies indicate that simply optimizing antibiotic penetration into
biofilms may not be a generally effective strategy for discovery of improved broad
spectrum biofilm agents.

2.4. Biofilm growth states

For simplicity, many of the competing hypotheses for reduced drug susceptibility in
biofilms can be grouped together and easily understood as resulting from the
architecture, various growth states and heterogeneous subpopulations of bacterial
cells that characterize biofilm communities. The concept of multicellular bacterial
biofilm communities has become an increasingly accepted paradigm for understanding
growth patterns and the dynamics of drug effects on surface associated bacteria
[13,40,41], particularly with regard to describing how diffusion of aqueous solutes
(primarily nutrients, waste products, and drugs in and out of the biofilm) may account
for biofilm properties [33,42]. Biofilms are now seen as heterogeneous populations, with
layers of metabolically dormant and dead cells embedded in the biofilm whereas more
metabolically active cells are typically found on the periphery. While the specific
details vary considerably, multiple studies consistently conclude that it is the dormant
cells that seem to account for much of the recalcitrance to drug treatments, whereas the
more active cells are consistently more drug sensitive, showing faster and more
complete killing upon exposure to therapeutic drugs [3,10,11,13,30,37]. From a drug
discovery perspective, the current literature clearly suggests that decreased growth rate
is the most significant factor in biofilm mediated drug tolerance, as well as in the
reemergence of drug sensitive persister cells and overtly drug resistant clones following
drug treatments.

The growing realization that many human infections likely include previously
unappreciated biofilm properties [11,43—45] has stimulated two new general strategies
detailed below for discovery of new therapies targeting such infections. The first
approach seeks to exploit recent progress in understanding the role of bacterial cell-to-
cell communication, particularly QS systems in the attachment, development/
differentiation, and persistence of bacterial biofilms in a variety of settings. The second
approach seeks to refocus traditional medicinal chemistry methods on systematically
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optimizing the biofilm specific efficacy of compounds that are already active against
planktonic bacteria.

3. PROPHYLACTIC STRATEGIES FOR BIOFILM INFECTIONS

Various prophylactic strategies have been utilized to minimize initial colonization of
devices by biofilm-forming organisms. As recently reviewed, the primary strategies
include co-administration of prophylactic antibiotics and use of antibiotic device coatings
[46]. Disruption of QS based cell-to-cell signaling in biofilms has also been investigated
as an alternative therapeutic strategy in a number of recent studies [47].

3.1. Staphylococcal QS inhibitors

Synthetic heptapeptide analogs of the QS signal molecule RIP enhanced activity of
antibiotics against drug resistant S. aureus and S. epidermidis by blocking
phosphorylation of a critical membrane-bound sensor kinase known as TRAP [23,
48]. In these studies, a synthetic form of RIP, YSPWTNF-NH,, was tested in a rat
model. Dacron grafts soaked with RIP were implanted under the skin, infected with
S. aureus, and rats were co-administered various antibiotics. In all cases the peptide
treated Dacron grafts had a 1-2 log additional reduction in viable bacteria compared
to drug alone [48]. Similar efficacy was reported for synthetic RIP against
S. epidermidis [23]. Others have described analogs of the cyclized thiolactone peptide
1a, which is also known as the key QS signal molecule autoinducer peptide (AIP)
from S. aureus [49]. While native AIP is an agonist of the QS sensor kinase AgrC, the
synthetic analogs 1b—1e shown in Table 2 exhibited substantial inhibition of both
isoforms of the membrane-bound AgrC histidine kinase [49]. AIP analogs designed to
act as AgrC antagonists were also investigated by another group, who suggested that
synthetic AIP analogs show promise as general inhibitors of agr dependent virulence
gene expression in S. aureus [24]. However, an earlier study of the QS system in
S. aureus found that agr deficient strains were actually better biofilm forming strains
than the agr positive strains [50]. The authors of this study suggest that treating

Table 2. AIP derivatives as quorum sensing inhibitors

Inhibitory ICsy (nM)

Compd R, R, AgrC-1 AgrC-2
la CH,CO,H OH Agonist Agonist
1b CH3; OH 21 4

1c CH,CHj; OH 137 2.8

1d CH; CH,Ph 295 19

le CH; C(O)Ph 303 18
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infections with QS inhibitors of the agr system would likely enhance the adhesion
properties of the pathogens and could be counterproductive [50].
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3.2. Gram-negative QS inhibitors

N-Acyl-homoserine lactone (AHL, 2) is a family of 0o
signaling molecules produced by a variety of biofilm )J\
forming bacteria. Table 3 illustrates that each species has R N
unique AHLs that govern signaling specificity based on H
the length and substitution of the fatty acyl side chain

[51]. Moreover, subtle structural changes can greatly

diminish the ability of AHL analogs to stimulate production of biofilm and virulence
factors in nearby bacterial cells [51]. In principle, QS inhibitors could therefore be
used as therapeutics to directly disperse biofilms and enhance the efficacy of
conventional antibiotics.

Recent reports have described synthesis and evaluation of AHL analogs as antagonists
of QS signaling. Bioisosteric replacement of the lactone oxygen of the P. aeruginosa Al
molecule 2 led to an interesting series of compounds in which slight structural
modifications produced compounds that inhibited QS mediated expression of virulence
factors [51]. The carbon analog 3a was a weak autoinducer. Reduction of the ketone to an

2 o)

Table 3. AHL autoinducers of various biofilm forming organisms

Organism R group structure

V. fisheri/lE. chrysanthemilY. enterocolitica ~ —CH,C(O)(CH,),CHj;

A. tumefaciens —CH,C(O)(CH,)4CH3

P. aeruginosa —CH,C(O)(CH,)3CH3

P. aeruginosalS. liquefaciens —(CH,),CHj3

B. cepacia —(CH,)sCHj

R. leguminosarum —CH,CH(OH)(CH,);CH=CH(CH,)sCH;
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alcohol gave 3b that bound to the Al receptor but did not induce the QS system.
Expansion of the five-membered ring as with 4a produced a QS inhibitor and reduction of
the 6-membered ketone to 4b gave an inducer.

O O O O
n . - . n . - . e
i g 3a: n=1, inducer 3b: n=1, inhibitor

4a: n=2, inhibitor CgHyg Y 4b: n=2, inducer
o OH

A series of 4-hydroxy derivatives of the AHL (5) were also prepared and had QS
signaling potency similar to their parent structure, with the S-isomer 6a being more potent
than the R-isomer 6b. In contrast, the 5-hydroxymethyl derivative inhibited QS signaling,
with the S-isomer 7a showing slightly more inhibition than the R-isomer 7b. However,
neither isomer was as potent as compound 8, a naturally occurring QS inhibitor isolated
from Delisea pulchra [52]. At 40 pg/ml, compound 8 completely inhibited growth
of Bacillus subtillison LB agar plates, while at 10 pg/ml the growth was reduced by
28% [53]. Compound 9 is a des-butyl analog of 8 that demonstrated QS inhibitory
activity. In vitro, 9 partially or completely suppressed production of virulence factors
in P. aeruginosa cultures at 1 to 10 uM without causing any direct growth effects on
planktonic cells. Further, cells treated with 9 were 2—3 orders of magnitude more
sensitive to tobramycin [47]. In an in vivo model, P. aeruginosa infected mice were
treated with 0.7 mg/kg subcutaneous doses of 9, resulting a 3 log reduction of viable
bacteria compared to placebo treated animals. A dose of 0.4 mg/kg gave a 1 log reduction
and 0.2 mg/kg had no effect. No estimate of the dose that would produce a toxic effect in
mice was discussed for this compound, nor were separate antibiotic controls reported [47].

R, R, ¥ Ri=Rg=H -
0 6a: R, = (4S)-OH,R,=H 4
P b 6b:R1=(4R)-OH,R,=H B :R=n-Bu
7a:R,=H,R,=(55)-CH,0H R ‘R=
o] 7b: R, = H, R, = (5R)-CH,OH o)

C5H11

Iz

A recent patent reported the co-crystal structure of the Vibrio harveyi AI-2 signal
molecule 10 with its kinase receptor LuxP [27], and a series of inhibitory analogs based
on an oxyanion binding motif where X represented B, S or P (11-13), were claimed in a
related patent [28]. The proposed binding mode of the borate adduct is shown in Fig. 1.
No biological data were reported for compounds 11-13.

Macrolides have been reported to benefit patients with chronic P. aeruginosa
infections despite the absence of bactericidal or bacteriostatic activity [54,55].
Azithromycin at 2 pg/ml inhibited QS in P. aeruginosa, possibly by preventing
expression of the AHL synthetase for P. aeruginosa [55]. Prolonged exposure to
azithromycin was necessary to observe this effect, and the authors noted that the resulting
reduction of virulence factors may reduce the inflammatory response in chronic
P. aeruginosa lung infections [55]. In a later report, pg/ml azithromycin caused a 45%
reduction in biofilm formation of wild-type P. aeruginosa [56].

In summary, targeted disruption of QS systems could prevent the establishment
of infection, which could be an adjuvant to the existing therapies for biofilm infections,
or even an effective monotherapy if further research indicates that in vivo biofilms
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Fig. 1. Proposed binding of V. harveyi Al-2 signal with LuxP kinase receptor.

disperse when their signals are jammed. To date however, there are conflicting reports
regarding the clinical significance of QS signaling in both Staphylococci and
P. aeruginosa. Indeed, recent studies have found that interference with QS based
signaling in S. aureus [15,16,18] and S. epidermidis [21] often yields undesirable and
unpredictable effects, including enhanced virulence in vivo and stimulation of biofilm
production, depending on the genetic background of the bacterial strain. These results
are especially troubling because staphylococci are the most frequent cause of serious
device-related infections [48,57]. With P. aeruginosa infections, the QS inhibition
strategy presents two additional new challenges to drug discovery scientists. First,
existing QS inhibitors such as furanones or natural products often show direct
antibacterial effects against planktonic cells which can be rather nonselective,
cytotoxic, and mechanistically quite difficult to distinguish from the desired signal
transduction effects. Finally, QS inhibitors with the appropriate mechanistic selectivity
to become drugs may also be expected to be narrow spectrum agents with limited
clinical application [19,22,58].

4. THERAPEUTIC STRATEGIES FOR BIOFILM INFECTIONS

Some advancement has been made in understanding the mechanisms of biofilm
formation and persistence, based on which new therapeutic strategies can be derived
[11,12,58]. However, progress towards identifying a new, effective agent against
biofilms has been limited. Efforts in this area have been mainly focused on evaluation of
the known antibiotics or compounds that have already been in clinical development.
Despite having potent activity against planktonic cells, the existing agents are much less
effective against organisms in a biofilm [3]. The biofilm potency of these agents varies
significantly according to their structures and shows little correlation with the
planktonic activity [59].

The poor predictability of conventional planktonic assays for biofilm activity supports
the notion that a new approach is needed for advancing lead compounds against biofilms



Therapeutic Opportunities for the Treatment of Biofilm-Associated Infections 205

[3]. Ideally, a new approach would instead be driven by a series of predictive in vitro
and in vivo biofilm models that can accurately reproduce the clinical outcomes of
antibacterial agents. Such models need to have enough throughput to allow the rapid
development of structure-activity relationships against biofilms. However, standard
models suitable for biofilm lead optimization have not been developed to date.
Researchers in this area have independently developed a variety of in vitro and in vivo
models to address specific questions [3]. However, the available models utilize different
organisms, experimental conditions and end points for measuring biofilm efficacy. For
example, cell viability is often determined by different methods such as plate counts
(CFU), light emission and microscopy [3].

As summarized in Table 4, many commercial antibiotics and compounds in clinical
development have been evaluated by using the available in vitro models. A relative
potency score is used here so that the results from different models can be compared.
The results obtained from various in vitro models are not always consistent and
sometimes conflicting, although each model may reflect certain true aspects of a real
biofilm infection. It is clear that a drug’s biofilm killing effect is not only strain but also
model dependent. Therefore, caution must be made to carefully select the right models
before launching a biofilm lead optimization program. Despite the discrepancies
between different models, certain commonalities do exist. S. aureus and S. epidermidis
are responsible for the majority of device-related biofilm infections in hospital.
Rifampin, a RNA polymerase inhibitor, exhibited good activity almost uniformly
against these pathogens in various biofilm models. In the few instances that rifampin
performed poorly, resistance to this drug was observed and believed to be responsible
for the poor activity [66]. On the opposite side, antibiotics in the glycopeptide and
lipopeptide families showed inferior potency against biofilm organisms. They were
either inactive or weakly active in various biofilm models. One exception was
ramoplanin which demonstrated good killing against S. aureus and S. epidermidis
biofilms but only when the drug concentration reached and exceeded 16 pg/ml [62].
Members of the p-lactam family were also ineffective against Gram-positive biofilms
although aztreonam, a monobactam, appeared to be active against biofilms formed by
E. coli [66]. Members from the quinolone, macrolide, oxazolidinone, aminoglycoside
and tetracycline families showed a wide range of biofilm killing activities in different
models. Quinolones and aminoglycosides appeared to be more active against biofilms
formed by Gram-negative organisms than Gram-positive organisms. Rufloxacin
exhibited the best biofilm killing effect among seven quinolones tested against a
biofilm model formed by Stenotrophomonas maltophilia, which is an important
nosocomial pathogen with increasing prevalence [69].

Many antibacterial agents have also been tested in a number of in vivo biofilm models.
It is worth noting that the reported efficacy data are not always consistent and vary
significantly depending on the model and condition used. Table 5 shows the efficacy of
various antibacterial agents in three different biofilm infection models of S. aureus.
Again, a relative efficacy score is used in order to compare the results from different
models. The in vivo studies indicated that biofilm associated infections were extremely
hard to eradicate. Very few agents demonstrated meaningful efficacy in these models.
One of the main observations from these studies was that rifampin or rifampin-containing
regiments were more efficacious than other drugs or drug combinations against



Table 4. Potency of various antibiotics in selected in vitro biofilm models

Relative potency score of antibiotics®

3 2

Most Moderately 1 0
Mode Organism active active Weakly active Not active Ref.
Adherence model S. aureus S. epi. Rif, Nov, Tet Cefu, Cefa Van, Tei, Cep, Cip, [60,61]

Pho Gen, Ery
Adherence model S. aureus S. epi. Rif, Ram Tei, Cip, Ofl Van, Lin [62]
Calgary model S. aureus Gen Cip, Clin, Pen Van, Oxa, Cefa [36,59]
Sobarod model S. aureus S. epi. Cip, Max TD-6424, Lin, Q/D Van, Tei [63,64]
Glass bead model S. aureus S. epi. Rif Cip, Van, Tei, Dap Fle, Net [65,66]
MRD model S. epi. Lin Epe Van Gen [67]
Silicone disk model S. aureus Rif Min Q/D Van, Lin [68]
Adherence model S. maltophilia Ruf TMP/SMX, Ofl Grep, Nor Cip, Lev, Mox, Cefta [69]

# Ami: amikacin, Amp: ampicillin, Azt: aztreonam, Cefa: cefazolin, Cefu: cefuroxime, Cefta: ceftazidime, Cep: cephalothin, Cip: ciprofloxacin, Clin:

clindamycin, Dap: daptomycin, Epe: eperezolid, Ery: erythromycin, Fle: fleroxacin, Gen: gentamicin, Gre: grepafloxacin, Lev: levofloxacin, Lin: linezolid,

Min: minocyclin, Mox: moxifloxacin, Net: netilmicin, Nor: norfloxacin, Nov: novobiocin, Ofl: ofloxacin, Ram: ramoplanin, Pen: penicillin, Pip:
piperacillin, Pho: phosphomycin, Rif: rifampin, Ruf: rufloxacin, Q/D: quinupristin/dalfopristin, Tei: teicoplanin, Tet: tetracyclin, TMP/SMX:
trimethoprim/sulfamethoxazole, Van: vancomycin.
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Table 5. Efficacy of selected agents against S. aureus biofilms in animal models

Relative potency score of antibiotics

3 2 1 0
Most Moderately =~ Weakly Not
Model Animal efficacious efficacious efficacious efficacious  Ref.
Tissue cage Guinea Rif Dap, Cip, Van, Tei, [66,70]
model pig Fle Net
Catheter Mouse Rif Cip, Tob  [71,72]
implant model
Osteomyelitis Rat Rif Cefu Van, Dap [73,74]
model Cip, Tob

staphylococci biofilm infections. This finding is consistent with the previous conclusions
based on various in vitro biofilm models. The clinical efficacy of the rifampin-containing
regiments against device associated infections was also illustrated by randomized
placebo-controlled clinical trials [4,75—77]. However, drug resistance developed rapidly
if rifampin was used alone [75].

Various in vitro and in vivo studies reveal that the biofilm killing effect of a given
compound is highly dependent on the drug class as well as the chemical structure.
Certain structure-activity relationships can be developed for biofilm potency.
Unfortunately, biofilm potency cannot be predicted by conventional planktonic assays.
To identify a better biofilm agent, a new drug discovery platform utilizing predictive
biofilm models must be developed. The inconsistency of the in vitro results from
different biofilm models indicates that developing a predictive in vitro model will
continue to be a challenge. The in vitro models will require extensive validation by
using relevant animal models in conjunction with pharmacodynamic considerations.
Ultimately, both in vitro and in vivo biofilm models must be validated by the clinical
outcomes of the reference agents.

5. CONCLUSION

The current antibiotic therapies are insufficient against infections associated with
bacterial biofilms, which have become a serious and growing problem in the infectious
disease area. Considerable advancement has been made in understanding the
mechanism of biofilm formation and persistence, based on which two specific
strategies, targeting quorum sensing and biofilm persistence have emerged. However,
progress on both fronts has been slow. One of the major factors for this slow progress
is that the current antibiotic discovery platform based on planktonic assays is unreliable
in predicting potency against biofilms. A new platform that utilizes predictive in vitro
and in vivo biofilm models must be developed. Appropriate use of these models should
allow for rapid development of structure—activity relationships for biofilm potency and
accelerate the discovery of effective therapeutic agents against biofilm infections.
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An effective biofilm agent would improve the quality of care for patients with device
and non-device associated biofilm infections and significantly reduce the cost for the
treatment of such infections. Because most forms of bacterial infections, both biofilm
and non-biofilm related, involve organisms in various metabolic states, the conventional
approach focusing on the fast growing cell populations will likely lead to agents with
suboptimal efficacy [78]. In contrast, bacterial biofilms involve cells in various
metabolic states. A new approach based instead on biofilm activity will likely lead to
therapeutic agents with improved efficacy against all forms of bacterial infections. Such
a biofilm effective agent will have potential to shorten the duration of antibiotic therapy
and minimize the chance for bacteria to develop resistance.
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1. INTRODUCTION

Significant progress has been achieved in the 20th century in the implementation of
antiinfective therapies that have improved the quality of life of people throughout the
world. These advances have also given both immuno-competent and immunosuppressed
patients significant enhancements in life span. Numerous scientific and lay publications
have focused with high emphasis on the problems of antibiotic-resistant clinical infec-
tions. However, there has been little balanced discussion on the etiological impact of the
subgroups of pathogens called biowarfare agents [1-3].

In contrast to most clinically-relevant pathogens, biowarfare agents have intrinsic
features which make their etiology and clinical treatment unique. These features range
from production of exotoxins which promote rapid organ failure (anthrax) to simply a
lack of small molecule therapeutics (smallpox and hemorrhagic fever viruses).

The events of October 2001, where dispersement of anthrax spores in key US
government facilities crippled their function for weeks, highlighted the specter of societal
traumas due to these agents. Aside from the medical challenges, effect on the public
psyche is immeasurable [4]. Some of these agents have left their impact on the history of
civilization through natural distribution. Notable examples are (i) smallpox (Variola
major) since the early times and (ii) the Black Death (Yersinia pestis) in the Middle
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Ages, which caused significant political shifts in Europe. In some cases, especially
the hemorrhagic viruses, the originating loci fortuitously have been a Third World region
where the epidemic self-extinguishes. However, transoceanic travel can facilitate the
disbursement of some etiological agents as recently shown with Lassa Fever and Severe
Acute Respiratory Syndrome (SARS)[1].

Biological weapons have been a societal problem since their first use in the sixth
century BC. In the Middle Ages, during some military conflicts, these agents were
intentionally dispersed by throwing diseased animal carcasses into an opposition’s
encampments. In the 20th century, several notable incidences with severe
consequences were: (i) Japanese dispersal of Y. pestis on Chinese population in
Manchuria in late 1930s [5,6] and (ii) the accidental release of anthrax in Sverdlovsk,
Russia in 1979 [7.8].

Weaponization further enhances the aerosoling of these agents, which Biopreparat
(Soviet Union’s biological warfare program) undertook on industrial-scale. The Soviets
weaponized anthrax, tularemia, brucellosis, plague, typhus, Q fever, smallpox, botulinum
toxin, Ebola and Marburg virus, and Venezuelan equine encephalitis [9,10].

Intentional construction of multiply-resistant mutants (chimeric constructs) by genetic
recombination of dissimilar agents with individual resistance mechanisms was also a
cornerstone of the Biopreparat technology. Agents that were more virulent or multiply
resistant to various classes of therapeutics were attained. Veepox, which is a combination
of Venezuelan equine encephalitis and smallpox, is a frightening example of a chimeric
construct [11].

Table 1. NIAID priority pathogens

Class A Class B

Bacillus anthracis (anthrax) Burkholderia pseudomallei

Clostridium botulinium Burkholderia mallei (glanders)

Yersinia pestis (plague) Brucella species (brucellosis)

Francisella tularensis (tularemia) Coxiella burnetti (Q fever)

Variola major (smallpox), other pox viruses Ricin toxin

Viral hemorrhagic fevers Epsilon toxin of Clostridium perfringens

A . Staphylococcus enterotoxin B
rena viruses . Rickettsia prowazekii (typhus)

LCM, Junin Virus, Machupo Virus

Lassa Fever Food and Waterborne Pathogens

Bunyaviruses Clostridium perfringens

H v Vibrio cholerae
antaviruses Crypt idium parvum
Rift Valley Fever PROSPOTLAIL PATH

Flaviviruses Viral encephalitides

Dengue

Filoviruses
Ebola
Marburg
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Starting in 1998, as part of coordinated effort by US government agencies for
preparedness in the event of a biowarfare incident, a pathogen classification system was
adopted. The more pertinent categories have been reproduced in Table 1, with the most
dangerous listed as Class A agents because of rapid death. The Class B agents cause
debilitating diseases, slow death, or panic driven events [12].

The Class A pathogens have characteristics which are medically and operationally
challenging: (i) high morbidity or mortality, (ii) inter-personal transmissibility (except
anthrax and tularemia), (iii) lack of effective or safe vaccines, and (iv) lack of
effective or available treatments. In the absence of pathogen speciation data, the
initial clinical symptoms can be confused with those of more benign organisms.
While early speciation is crucial, the lack of small molecule therapeutics is
abundantly clear.

A recent survey of the Investigational Drugs Database (IDDB) for various research
initiatives against Class A agents showed a dearth of small molecule leads (highlighted in
grey in Table 2). The majority of the experimental therapeutics are either vaccines or
monoclonal antibodies.

While the Class A agents (except for the hemorrhagic viruses) are the focus of this
chapter, research and clinical knowledge obtained from the Class A and B agents could
provide new treatment modalities for clinically relevant pathogens. Some examples are
(1) the interplay between virulence factors and host immune systems which could lead
to better understanding of the physiology of sepsis; and (ii) knowledge from
Burkholderia pseudomallei and Burkholderia mallei could provide insights into
treatments for Burkholderia cepacia, a pulmonary pathogen found in patients with
cystic fibrosis.

Drug discovery efforts against the biowarfare agents listed above have historically
been limited, either because the consequences of these pathogens were not high priority
for policy-makers agenda, or because of technical difficulties. The technical difficulties
in working with biowarfare agents include (i) inadequate knowledge of genomic
sequences of some of these agents, (ii) the need for use of specialized bio-containment
facilities, (iii) inadequate or lack of in-life models that approximate human
circumstances, and (iv) also a lack of scientists with relevant research expertise.

Clearly, there is a need for new agents that are potent and minimally toxic against the
biowarfare agents. This synopsis describes recent progress towards identifying small
molecule inhibitors.

2. BACILLUS ANTHRACIS (ANTHRAX)
2.1. Background

Anthrax is a dimorphic bacterium that normally exists as spores. The clinical presentation
can be as cutaneous, inhalational or gastrointestinal forms that are fortuitously not
transmissible from person to person. As the October 2001 anthrax cases showed, the
insidious nature of anthrax has both a vegetative and spore morphology. The vegetative
state, being the growth phase, is typically responsive to most classes of antibiotics, while
the spore phase is not. Thus, long treatment modalities with systemic antibiotics for
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Table 2. R and D initiatives for modulators of biowarfare agents
Therapeutic Company or organization Status Ref.
Anthrax
Antitoxin antibodies Alexion Pharmaceuticals Discovery NA
Anthrax vaccines DynPort/AVANT Phase 1 [13]
Anthrax-plague vaccine DynPort/ AVANT Discovery [14]
Abthrax monoclonal antibody Cambridge Antibody Phase 1 [15,16]
Technology
Lethal factor inhibitor Cengent Pharmaceuticals Discovery [17]
Anthrax vaccines DOR Biopharmaceuticals Discovery NA
ETI-205 monoclonal antibody EluSys Therapeutics Discovery [18]
Human monoclonal antibodies IQ Corporation Discovery [19]
Anthrax vaccines Medarex Discovery NA
Anthrax vaccines Microscience Discovery NA
Anthrax vaccines NIAID/USAMRIID/VaxGen Phase I NA
Anthrax vaccines Vaxin Pharmaceuticals Discovery NA
Polyclonal anti-RcPA IgC NEXT Therapeutics Discovery NA
NAD inhibitors, VDDI U. Alabama Discovery [20]
DNA vaccine Vical Discovery [21]
AVP-21D9 monoclonal antibody Xenerex Biosciences Discovery NA
Plague
Anthrax-plague vaccine DynPort/AVANT Discovery [22]
Plague vaccine DERA/Provalis Discovery [23-26]
Proteosome-formulated vaccine  ID BiomedicalUSAMRMC Discovery NA
Smallpox
CMX-001 Chimerix Discovery [27,28]
ACAM-2000 vaccine Acambis Phase Il  [29]
MVA vaccine Acambis Discovery NA
ACY-111 vaccine Acceptys Discovery NA
Elstrein-BN vaccine Bavarian Nordic Phase 1 NA
Smallpox vaccine Kaketsuken/VaxGen Launched NA
Smallpox vaccine DynPort Phase 1 [30]
Smallpox vaccine NIH Phase 1 [31]
Smallpox vaccine SIGA Technologies Discovery NA

NA, Primary technical reference(s) not available yet, but product theme has been discussed in
government forums (cited in Investigational Drugs Database).

the deadly inhalation form are necessary in order to inhibit all of the organisms that convert
from the spore state to the vegetative state [4]. This requires anti-infectives with safety
profiles adequate for several months of administration. A major advance would be the
discovery of antibiotics that are effective against the spore phase or stationary phase of
these pathogens.

A second unique aspect of anthrax, which alters the clinical treatment, is the presence
of anthrax toxin which is responsible for rapid on-set of organ and cardiac failure.
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Cessation of anthrax growth through antibiotic action does not stop the downstream
biological effects of the toxin components, especially when pathogen overload results in
large titers of anthrax toxin release into the body.

After inhalation, Bacillus anthracis spores germinate in alveolar macrophages and
then migrate to lymph nodes where they propagate. The vegetative bacteria secrete a
tripartite toxin, which consists of three proteins: lethal factor (LF, 90 kDa), edema factor
(EF, 89 kDa), and protective antigen (PA, 83 kDa), all of which work in concert to kill
host cells. While the mode-of-action of anthrax toxin itself is not yet well understood,
small molecule inhibitors or monoclonal antibodies to inhibit toxin assembly and/or
function represent potentially useful approaches.

Lethal Factor (LF) is a zinc dependent protease which targets the Mitogen Activated
Protein Kinase Kinases (MAPKK), that are involved in intracellular signaling pathways.
The protease inactivates the MAPKK which cannot then signal the p38 MAPKSs. Lack of
P-38 activity causes lysis of macrophages, which then facilitates the propagation of the
anthrax [32,33].

Edema factor (EF) is a calmodulin-mediated adenylate cyclase that impairs the host
defenses through a variety of mechanisms inhibiting phagocytosis. These include
interference with the host’s immune response which facilitates the bacteria propagation,
and induction of massive tissue necrosis, including pulmonary fluid retention. The
EF-calmodulin complex is an exquisitely potent and hyperactive adenylyl cyclase. Cells
activated by the adenyl cyclase lose the ability to regulate their environment, release
water, and die [34-36].

Protective antigen (PA) binds to the cellular receptor, Tumor Endothelium Marker-8
(TEMS). Upon binding to TEMS, PA is cleaved into 20 and 63 kDa fragments (PA20 and
PAG63) by furin or furin-like proteases. The PA63 fragment re-associates and binds either
LF or EF. The resulting complexes of PA63-EF or PA63-LF are internalized into
endosomes followed by translocation of LF and OF into cytosol of the cells. PA receptor
TEMS8 (also known as Anthrax Toxin receptor, ATRI1) is a glycoprotein with
extracellular (1-321aa), cytosolic (343-564aa) and TM (322-342) domains [37,38]

Nearly half (5/11) of the pulmonary anthrax patients from the Oct 2001 incidents died,
while the survivors have ongoing symptoms such as fatigue, shortness of breath and
memory loss [4]. This highlights the need for more effective therapies [39].

While various initiatives are ongoing to examine the efficacy of existing antibiotics
against anthrax, this may not address the fears of a chimeric construct of anthrax which is
multiply-resistant to various classes of existing antibiotics. Thus, parallel small molecule
approaches for clinical use are needed [40]. There is a need for new antibiotics which
function against new anthrax targets, and also agents to inhibit various toxin components.

While the multiplicative biological effects of the
various toxin components is daunting, even inhibition RE_N R
of a single component would be beneficial. Several I 1 1
approaches have been reported. As a potential treat- R "N” O
ment for pulmonary indications, substituted 3-hydro- OH
xyhydropyrazine-2-ones 1 are being investigated as R' = benzyl, i-butyl, 4-phenylbenzyl
inhibitors of LF [17]. A small-molecule LF inhibitor R? = alkyl, substituted phenyl,
demon-strated in vivo protection against anthrax toxin- 2-thienyl, 2-naphtyl, biphenyl
induced disease processes, and also partial restoration R = > alkyl, phenyl
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of anthrax lethal toxin-suppressed immunological function in mice. In addition, treating
lethal toxin-exposed rats with the inhibitors increased the life span of the rats significantly.

In examining a subset of the NCI compound library, researchers have identified
inhibitors 2—4 of LF with a common pharmacophore,

NH
which may be amenable to further structural modifications 2
to provide more potent analogs [41,42]. Other earlier N| N N\>
screening leads of peptidic origin have yet to evolve into o kN/ N

more drug-like molecules [43-45]. "

The search for new drugs can also be serendipitous. O~ 0" 07
Using de novo design strategies, researchers at the o O 5
University of Chicago have identified adefovir dipivoxil J
(5, Hepsera®), a hepatitis B antiviral, as an in vitro o
inhibitor of EF [46]. Adefovir fits 10,000 times better then
the natural substrate into a pocket on the surface of EF. While in vitro success does not
necessarily translate to in vivo success, a new use for a recently approved drug represents
an attractive strategy.

3. YERSINIA PESTIS (PLAGUE)
3.1. Background

Plague is caused by a bacterium carried by a rodent flea [47-49]. While current
antibiotics are effective against plague, the worry is the possibility of a bioengineered
chimeric construct that would be resistant to all classes of antibiotics.

Wild rodents in certain areas around the world are infected with plague. Human plague
in the United States occurs mostly in rural areas with an average of 10—15 cases/annum
vs. 1000-3000 cases worldwide. Most human cases in the United States occur in two
regions: (i) northern New Mexico, northern Arizona, and southern Colorado, and
(i1) California, southern Oregon, and far western Nevada. Plague also exists in Africa,
Asia, and South America [50].
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Aside from citations on the use of older antibiotics Q
for the treatment of plague, there is one key report on
the molecular and cellular basis of plague’s virulence ‘
[51]. An attempt to identify inhibitors of Yersinia |
protein tyrosine phosphatase (YopH) [52], one of the HOOC COOH
virulence factors, has been reported the activity of O O
aurintricarboxylic acid 6 [53].

COOH

HO OH
6

4. FRANCESELLA TULARENSIS
(TULAREMIA)

4.1. Background

Tularemia is a zoonosis that occurs naturally in the United States, with animal (especially
rodents, rabbits, and hares) transmission to man. Sometimes an insect vector may also be
the primary route of infection. It is highly pathogenic and the inhalation of 10 organisms
would be adequate for infection [54—55]. It is resilient to various environmental factors
such as low temperatures and resides in the natural environment (moist hay, grass, water)
when distributed. It exists in two subspecies: (i) F. fularensis biovar tularensis (type A)
and (ii) F. tularensis biovar palaearctica (type B). Type A, the more virulent form, exists
predominantly in North America whereas type B, a less virulent form, is found in Europe
and Asia. Aerosol release of a virulent form of tularemia would be expected to lead to
substantial morbidity and mortality. There are no reported approaches to a small
molecule therapy.

5. VARIOLA MAJOR (SMALLPOX)

5.1. Background

Smallpox, which originated in northern Africa, has been known for ca. 10,000 years, and
the last known case occurred in Somalia in mid-1970s. It was declared eradicated in 1977
by the WHO. Historically it has caused more deaths then any other cause of mortality.
Smallpox is the most feared of all biowarfare pathogens, primarily due to its high
transmissibility versus other pathogens whose etiologic affects are episodic (e.g., Y. pestis
or M. tuberculosis) [1,56].

This area has prompted substantial interest in the last several NH,
years, especially in the use of vaccinia viruses as surrogates for NZ
smallpox. A number of nucleoside analogs were identified that )\ | 7
inhibited various stages of viral reproduction by various 0~ N

mechanisms, including (i) inosine monophosphate (IMP) o KKOH
dehydrogenase inhibitors (EICAR), (ii) S-adenosylhomocysteine P O
(SAH) hydrolase inhibitors (5'-noraristeromycin, 3-deazanepla- ~ HO™ | ™"

nocin A and neplanocin A analogs), (iii) orotidine HO
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monophosphate (OMP) decarboxylase inhibitors (pyrazofurin), (iv) cytidine triphosphate
(CTP) synthetase inhibitors (cyclopentenyl cytosine), (v) thymidylate synthetase (TS)
inhibitors (2’-deoxyuridines), (vi) DNA synthetase inhibitors (Ara-A), (vii) acyclic
nucleoside (cidofovir), and (viii) polyacrylic acid.

Cidofovir 7, an approved drug for the treatment of cytomegalovirus (CMV) infections,
is a potent inhibitor of the smallpox virus [57-59]. However, cidofovir must be
administered by intravenous infusion making it impractical for broad and rapid
distribution in the event of a smallpox outbreak. Further, in some patients, the parenteral
formulation shows nephrotoxic events. Lipophosphate prodrugs of cidofovir have been
reported to be orally bioavailable [27,28]. CMX-001 (structure undisclosed) is being
studied for the potential treatment of smallpox infections and complications resulting
from smallpox vaccination. It is more potent and less toxic than cidofovir. CMX-001 is
100 times more potent than cidofovir, as shown by antiviral assays, and it is active against
a variety of pox viruses including smallpox and monkeypox. When given orally, it was
fully effective in mouse models of pox virus infection. The development of CMX-001 for
smallpox therapy is compelling since earlier clinical data, from the regulatory approval
for CMV indications, would facilitate its use for smallpox.

6. CONCLUSION

While few small molecular entities were discussed in this review, the increased research
activity along with enhanced government support of biowarfare agents is encouraging.
We can hope that within a few years there will be significant developments in small
molecule discovery to fill this void.

The events from 9/11, in conjunction with expanded government funding for
biowarfare research, has led to shifts in anti-infectives research operations. These
include:

— Interest in microbiology, molecular microbiology, and adjunctive technologies
has increased in academic institutions. Especially evident is the use of
comparative genomic and post-genomic strategies to identify pathogen targets.

— There is an increase in collaborations between private industry, academics, and
government labs. As more 3D crystallographic data is obtained on target proteins
from biowarfare pathogens, massive parallel virtual screening efforts are being
encouraged through government-sponsored programs [60]. This will foster a
better utilization of government-sponsored BL3 facilities.

— There is the opportunity for researchers to work creatively by using clinically-
relevant pathogens as surrogates for biowarfare pathogens: (i) B. cereus or B.
subtilis for B. anthracis activity or (ii) Yersinia pseudotuberculosis for Y. pestis.

— In contrast to the more traditional drug development sequence that requires Phase
I-IIT studies, the FDA has created a new paradigm for approval of drugs for use
against biowarfare agents [61].

— A new paradigm for funding of biotech start-ups has occurred. Several companies
have been started with minimal levels of venture support, but with substantial
non-dilutive government funding.
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Ironically, one of the anti-infective successes in 20th century included the final
eradication of smallpox in 1977 in Somalia. Within one generation, we now fear the
possible use of smallpox as a biowarfare agent.
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1. INTRODUCTION

Chronic infection with HCV has become a major health problem associated with liver
cirrhosis, hepatocellular carcinoma and liver failure. An estimated 170 million chronic
carriers worldwide are at risk of developing liver disease [1]. In the US alone 2.7 million are
chronically infected with HCV and the death-toll in 2000 was estimated between 8000 and
10,000, a number that is expected to increase significantly over the next years [2].
Considering the slow course of the infection and the nature of the current, insufficient
therapy, treatment of HCV-related illness is a heavy burden on any public health system.
Current therapy involving pegylated interferon-o alone (Pegasys, PEG-Intron™) or in
combination with ribavirin (1) (Rebetrol™, Copegus™) [3], is expensive, associated with
side-effects and exhibits only modest success rates, which are strongly dependent on the
particular genotype of the virus. For the most prevalent HCV subtypes in the US, 1a and 1b
(72%), the above co-therapy yields response rates between 40 and 60%. Note that the above
therapy is not aimed at inhibiting viral targets directly, in contrast to the successful
approaches in HIV therapy. Future therapies need to include the more elusive HCV subtypes
and should benefit from targeting viral replication directly. HCV is a small, enveloped virus
with a single strand RNA genome coding for a 3000 a.a. polyprotein which is processed into
at least 10 individual viral proteins of which the six C-terminal ones are non-structural
proteins termed NS2, NS3, NS4a, NS4b, NS5a and NS5b [4]. Assembly of the final

ANNUAL REPORTS IN MEDICINAL CHEMISTRY, VOLUME 39 © 2004 Elsevier Inc.
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replication complex around the NS5b RNA polymerase requires five proteolytic steps of
which the first is carried out by the metalloprotease NS2. Subsequently, the protease module
of NS3 delivers the remaining cuts which most require NS4a as a cofactor for NS3. Fueled by
the success of targeting the HIV protease and reverse transcriptase, the largest anti-HCV drug
discovery efforts have been directed towards NS3 protease and NS5b RNA polymerase.

2. INHIBITORS OF VIRAL PROTEIN TARGETS
2.1. NS3 protease

NS3 is a relatively small serine protease of the chymotrypsin family and peptide sequence
requirements for both efficient cleavage and competitive inhibition are well known [5].
Since low micromolar inhibition could be achieved with hexapeptides derived from
N-terminal P-site cleavage products [6], the vast majority of work has not strayed from
competitive peptidic inhibitors with either a covalent (‘serine traps’) or non-covalent
mode of interaction. Most promising is the group of constrained tripeptides, 2—5, which
arose from linking the P1 and P3 a.a. side chains and optimization of the P2 proline
substituents [7]. Trailblazer BILN-2061, 2, yielded clinical proof-of-concept data as its
outstanding in vitro activity in enzyme inhibition assays (K; = 0.3 and 0.7 nM for
subtype 1a and 1b, respectively) and the surrogate cell-based replicon assay (ECsy = 3
and 4 nM for subtype 1a and 1b, respectively) was mirrored by a dramatic 2-3 log;
reduction of viral loads within 24 h in the majority of patients that had received 2 (200 mg
in an oral solution of a PEG 400/ethanol 80:20 mixture, twice-daily for 2 days) [8]. While
2 was well tolerated up to 2000 mg and no serious clinical or laboratory findings were
obtained in a human safety study, further clinical trials are currently on hold because
cardiac lesions were observed in routine chronic safety testing in monkeys at supra-
therapeutic doses [9,10]. The primary interaction site of BILN 2061 with NS3, as
revealed by a crystal structure, involves largely the residues conserved across HCV
subtypes [7]. This explains why K; values for subtypes 2a, 2b and 3a are still below
100 nM. Oral bioavailability for 2 was below 20% in rats and rhesus monkeys; for dogs,
values were as high as 38% [8]. Some of the clinical activity of 2 might in fact be the
restoration of the IFN related cellular anti-viral response. NS3 has been shown to mediate

2 R=iPr
3 R =cyclopentyl
1 4 R = cyclohexyl
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inhibition of the phosphorylation, hence activation of IFN regulatory factor-3 (IRF-3), a
key anti-viral signaling molecule [11].

The scaffold of 2 tolerates small changes in several places. ICsq and replicon ECsq
values of 3 and 4 are both below 10 nM [12]. When the carboxylate group in 3 is replaced
by a cyclopropyl-acylsulfonamide moiety no loss in activity is observed. This latter class
of macrocycles is further exemplified by 5, which exhibits ICs, and ECs values of 21 nM
and 124 nM, respectively [13]. Note that an unprotected amino group and a shortened
aliphatic linker are compatible with good potency. Also unconstrained proline-
substituted tripeptides, 6—10, retain activity. 6 represents a group of compounds wherein
various bulky aliphatic substituents (e.g., f-butyl, cyclobutyl, cyclopentyl, and
cyclohexyl) can be interchanged [13,14]. In this scaffold, the carboxylate group can be
replaced by methyl- and phenyl-acylsulfonamide moieties. A wide range of six-
membered and especially five-membered heterocycles, exemplified by 7 and 8, can be
used in conjunction with the acylsulfonamide grouping [13]. 9 and 10 are examples of a
large group of compounds with both ICsy and ECsy below 100 nM in which the
heterocyclic proline-substituent assumes a range of substituted condensed ring systems
[15]. Studies with acylsulfonamide bearing hexapeptides demonstrated that a cluster of
carboxylate groups at the N-terminus contributes greatly to inhibitory activity; 11
exhibited an ICsy value of 3.8 nM [16]. Among the non-covalent NS3 inhibitors, two
non-peptidic natural products, 12 and 13, showed submicromolar inhibition [17].

The class of covalent inhibitors is largely comprised of peptides bearing a reactive
center at the cleavage site trapping the hydroxyl of Serl39, i.e., a-keto, aldehyde,
boronic acid or lactam moieties. Most advanced is VX-950, 14, which binds slowly
and covalently (K =3 nM, T; ,2 =58 min), yet reversibly to NS3 with a multistep
mechanism. The replicon ECsq is 400 nM and a cell-based viral clearance assay
showed 3 log;( reductions of viral RNA levels at concentrations above 3.5 uM [18].
With good oral bioavailability and high liver exposure, 14 is slated for clinical studies
[18]. The co-crystal structure of 14 shows that it only partially overlaps with the
region accessed by BILN-2061, which explains why 14 retains full activity against
NS3 mutants (e.g., D168V) that are more than 1000-fold less sensitive to BILN 2061
[19]. Modification of the bicycloproline moiety and the N-terminal capping group as
seen in 15, yields potent derivatives (ICsy < 500 nM) [20]. Even the replacement of
the cyclopentane moiety in 14 with the bulkier bicyclo[2.2.1]hept-2-ene is compatible
with good potency [21]. Replacement of norvaline in 14 with difluoro-Abu and
methylbenzyl instead of cyclopropyl yields potent anti-viral activity (replicon
IC5o = 630 nM) [22]. Other examples of new «-keto-peptide inhibitors are 16 and
17 [23]. Compounds bearing only an aldehyde group replacing the entire a-keto-amide
moiety also show in vitro activity in the low micromolar range [24]. Another class of
covalent inhibitors is that of the pyrrolidine-trans-lactams, exemplified by 18 and 19.
The crystal structure of a smaller example showed that the serine hydroxyl opens the
lactam ring, forming a hemiketal [25]. As older compounds in this series exhibited
carbamate moieties at the N-terminus, newer designs favor the urea linker. There is
crystallographic evidence that both amide hydrogens engage in hydrogen bonding to
A157 [26]. 18 and 19 exhibit replicon ICsq values of 300 and 100 nM, respectively,
although 18 was found to be fivefold more active in the enzyme assay [26]. Due to the
chemical instability of the lactam moiety, compounds like 18 and 19 exhibit
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undesirable, fast intravenous (IV) clearance rates. GW0014, 20, however, although
less potent, showed significantly improved in vivo pharmacokinetic properties and

demonstrated anti-viral activity in a surrogate animal model with GBV-B infected
marmosets following subcutaneous administration [27].
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2.2. NS5b RNA dependent RNA polymerase

As an RNA virus, HCV must encode its own RNA dependent RNA polymerase, NS5b
[28]. NS5b is essential for viral replication and uses single-stranded HCV RNA as a
template to initiate de novo synthesis [29]. The enzyme contains a hydrophobic C-
terminus which anchors the polymerase to the ER membrane in a replicase complex
composed of viral and host proteins [30]. Under enzymatic screening conditions the
hydrophobic C-terminus of NS5b causes several important assay complications. The
solubility of expressed protein is decreased by the presence of this tail as well as shifts in
K., for both RNA template and nucleotide substrates (Table 1). The usual solution is to
truncate this tail as either the A21 or A57 construct. N- or C-terminal Hisg tags as
purification aids can further change the affinities. This has the effect, particularly in the
case of some non-nucleoside inhibitors, of causing ICs, values to vary dramatically
depending on the exact construct used (Table 1) [31].

Furthermore, the choice of homopolymeric vs. heteropolymeric templates with or
without primers can further shift the substrate K s and consequently the inhibitor’s

Table 1. Effecrt of NS5b enzyme constructs on kinetics and inhibition
HT®-NS5b HT-NS5bA21 NS5bA57-HT NS5bA21-HT NS5b

K,, (P-T)® (nM) 210 58 34 25 25
K, (UTP) (aM) 6200 12,000 1800 5200 3300
ICso (NM)° 54 440 2200 3000 5700

“Hisg-tagged.
b Primer-template.
“ICsq of compound 21.
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ICso. Therefore one must clearly understand the enzymatic systems of reported results
to properly analyze and interpret SAR. Crystal structures of the enzyme reveal
similarities to the classic polymerase right-handed model with fingers, thumb and the
active site palm subdomains [32,33]. Thus the unique structure, de novo mechanism
and the absence of a homologous mammalian enzyme should allow potent and
selective anti-virals to be discovered. Anti-viral therapy strategies targeting this
polymerase have been approached with parallel efforts in both nucleoside and non-
nucleoside inhibitor discovery.

2.3. Non-nucleoside NS5b inhibitors

Benzimidazole containing compounds were some of the first non-nucleoside inhibitors
discovered to be active against NS5b and to date represent the most potent. 22 was
reported to be active at <0.01 uM [34] but under different enzyme assay conditions
was reported at 0.28 uM [35] demonstrating the importance of understanding the
enzyme and polymer constructs. Similarly, the initially reported ICsy of 21 using one
enzyme construct was 0.054 uM but using a different construct resulted in a 0.25 pM
ICso [31,35]. Kinetic studies show that they are non-competitive with NTP and
competitive with the RNA template [31]. Further kinetic analysis demonstrated that 21
and 22 were exclusive inhibitors [36]. Finally, 22 was active in the HCV replicon
(ECso = 0.35 pM) and multiple resistant replicon mutants generated to 22 displayed a
common P495L/A mutation in NS5b [35]. This proline residue is located in a recently
reported allosteric GTP binding site [32] and may represent the binding site for this
benzimidazole class of compounds. Further optimization of this class of allosteric
inhibitors has yielded the optimized analog 23 (ICsq < 0.5 puM) [37-39] and the
tetrazole 24 (ICso = 0.01 pM) [40]. Interestingly, replacement of the benzimidazole
with a pyrazolo-pyrimidine ring and reversal of its relative orientation (6:5 to 5:6 ring
system) resulted in active compounds such as 25 (ICsq < 1 uM) [41].
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A second allosteric binding site has been reported with inhibitors bound to crystalized
NS5b [42,43]. Further optimization of one of these two compounds led to the discovery
of 26 (NS5b IC5y = 0.7 pM, replicon ECsy = 0.2 pM). The crystal structure reveals the
cyclohexyl ring binding tightly in a deep hydrophobic pocket [44]. Similarly, 27 binds to
the same site with the cyclopentyl group binding to the same pocket. Recently, analogs of
27 were reported with activities less than 1 uM [45,46].
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Other non-nucleoside inhibitors have been reported and characterized. A previously
described benzothiadiazine (NS5b ICsy = 0.08 uM, replicon ECsy = 0.5 pM) was
used to generate resistant replicons which mapped the key mutation to M414T,
implicating a new inhibitor site on NS5b [47,48]. Similarly, a dimethoxypyrimidine
analog 28 previously described [49] was used to generate resistant replicons
containing either P156L or GI52E mutations [47]. Interestingly, these mutations
map the binding site of this compound to the active site, the first reported active-site
non-nucleoside inhibitor. A non-nucleoside compound, HCV-371, was reported to
have failed a phase I/II clinical trial [28,50]. While the compound was safe, it failed to
reduce HCV RNA levels. However, follow-up compounds such as racemic 29 and (R)-
pyranoindole 30 (NS5b ICsy, = 0.004 and 0.06 wM, respectively) have recently been
reported [51,52]. An analog of dichloroacetamide 31, R803, is active in the replicon
(ECsp < 10 pM) and is claimed to be an NS5b inhibitor [53]. Phase I results for this
compound were reported and a phase I/II study scheduled to assess anti-viral efficacy
[54]. Dihydropyrroles such as 32 (NS5b IC5q < 5 pM for best compounds) and related
pyrrolidine analogs such as 33 (NS5b ICsy < 0.3 wM for best compounds) have been
reported [55-57]. Triazine 34 (%inhibition at 0.1 pg/mL: HCV NS5b = 46% and
HBV RT = 52%) and difluorobenzamide 35 (%inhibition at 0.1 wg/mL: HCV
NS5b =46% and HBV RT = 48%) are two reported promiscuous inhibitors with
activity against both HCV NS5b and HBV RT [58,59]. Finally, compounds such as 36
(NS5b ICsp < 10 uM for best compounds) [60] and 1,2-diaminophenyl compound 37
(NS5b ICs55 = 1.42 M) have recently been disclosed [61].

2.4. Nucleoside NS5b inhibitors

Nucleoside anti-virals are pro-drugs in that they are actively transported into cells and
then activated by cellular kinases to the nucleotide triphosphate. This NTP is now able
to competitively inhibit the enzyme or, more commonly, act as a substrate and be
incorporated into the nascent RNA chain. Chemical or structural features of
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the incorporated nucleoside subsequently prevents (chain-terminates) the further
replication of the viral genome. While nucleoside inhibitors can vary in either (or
both) the ribose or base portion of the molecule, the initially reported anti-HCV
inhibitors were modified ribose analogs such as 2'-fluoro [62], 4'-azido [63] and
dioxolane cytidine analogs [64].

To date, the most significant amount of work has been reported on 2’-methylribose
nucleosides. Adenosine (38, ICso = 1.9 puM, ECsy = 0.17 pM) and guanosine (39,
IC50 = 0.13 uM, ECsy = 1.4 pM) analogs inhibit both NS5b (as the NTP) and the
HCV replicon [65]. Mechanism of action work clearly demonstrates that these
nucleosides act as chain-terminators. Modeling of 38 into the RNA primer portion of
the NS5b crystal structure suggests how these 3’-hydroxyl containing nucleosides are
able to act as chain-terminators. The 2’-methylribose nucleoside is incorporated as a
substrate but the 2'-methyl group prevents subsequent incorporation via steric clashes
with either the O4’ or H8 of purines of the incoming nucleotide. Resistant replicons
were generated against 38 and showed a S282T mutation in the NS5b sequence. When
this mutation is modeled with 38 into the crystal structure, the addition of a methyl
group to the wild-type serine (i.e., threonine) clearly prevents the incorporation of this
nucleotide into the resistant mutant [65]. The cytidine analog (40) is claimed to be
active in vitro as the active metabolite of its 3'-valyl ester NM-283 (41) [66,67] which
is currently undergoing a phase Ib/phase Ila clinical trial. Initial data from a 50 patient
study (doses from 25 to 800 mg) demonstrated an approximately 0.5 log;o reduction in
HCV RNA levels after 100 mg once-daily dosing for 15 days. Clinical pharmaco-
kinetics at both day 1 and 15 showed a half-life slightly longer than 4 h with no
apparent accumulation [66,68].
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Recently, base modified analogs containing 2’'-methylribose have been reported,
including the tubercidin (42) and 6-thiophene-purine (43) [69,70]. Multiple modified-
base nucleosides including a hydrazine analog series of 44 and thiomethylpurine analog
45 were reported to have HCV replicon ECsgs less than 10 wM [71-74]. Mouse PK data
for 45 demonstrated half-lives of 1.2 h and 0.43 h for oral and IV dosing, respectively,
with no toxicity observed up to 160 mg/kg.
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2.5. Other viral targets

HCV IRES inhibitors are mostly nucleic acid based molecules and no small molecule
with promising activity has been reported. The only inhibitor that has demonstrated
clinical effectiveness is ISIS 14803 (anti-sense oligonucleotide). In a phase II trial
involving 43 patients with chronic hepatitis C, ISIS 14803 reduced viral loads in 7
patients from =1 to 3.8 log;y copies/ml during a 12-week treatment period [75]. Gene
silencing by RNA interference is being explored as a new approach to inhibit HCV
replication. Duplex small interfering RNAs directed at the HCV genome has been shown
to be effective in dramatically inhibiting HCV replication and protein expression in
human hepatoma cells [76]. In vivo application is likely to require gene delivery.
Despite certain efforts in targeting the HCV NS3 helicase, no compound that selectively
and directly inhibits the NS3 ATP-hydrolyzing or nucleic acid-unwinding activities has
been reported. Several nucleoside compounds including ring-expanded nucleosides 46—
48 were synthesized and evaluated for their abilities to affect helicases of Flaviviridae
viruses. Mixed results were obtained. The compounds can cause either enzyme inhibition
or activation depending on the assay condition, source of the enzyme and nucleic acid
template [77]. While these compounds may be interesting tools to elucidate putative
allosteric sites on the helicase, their ability to inhibit HCV replication remains to be shown.
The HCV P7 protein forms an ion channel in lipid bilayers. It is not essential for viral
replication, but it has been speculated that cation permeation across membranes may be
important for the maturation and release of infectious virions. There is interest in
evaluating P7 as an anti-viral target. Amantidine, 49, an anti-influenza agent that inhibits
the ion channel of influenza virus, inhibits the HCV P7 ion channel [78]. Amantidine has
been tested clinically against HCV and as a single agent has not shown anti-viral activity; in
combination with interferon or interferon and ribavirin has yielded mixed results [79,80].
Long-alkyl-chain iminosugar derivatives inhibit bovine viral diarrhea virus (BVDV). 50—
52 were recently shown to inhibit the HCV P7 ion channel in black lipid membrane [81].

3. INHIBITORS FOR NON-VIRAL TARGETS
3.1. Caspase

Liver disease caused by conditions such as HCV infection is characterized by excessive
apoptosis. Oxamyl dipeptide IDN-6556 is an anti-apoptotic irreversible caspase inhibitor
with potencies against several caspases in the low to subnanomolar range [82]. In a phase
IIa trial with chronic hepatits C patients, oral dosing of IDN-6556 for 14 days significantly
lowered liver enzyme levels in plasma at all doses [83]. While IDN-6556 is not an anti-viral
agent, it may help infected patients to preserve the function and health of their livers.

3.2. Toll-like receptor 7

Certain C8-substituted and N7, C8-substituted guanosine analogs stimulate immune
responses. Some of these compounds activate toll-like receptor 7 (TLR7), a member
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of a group of receptors that take part in the host defense against viruses. Isotoribine (53,
ANA245) is a TLR7 agonist that is currently under evaluation in the clinic and so is its
oral pro-drug ANA971 [84]. While it has no direct anti-viral activity, it induces hepatic
2'5'-oligoadenylate synthetase (OAS) leading to activation of the innate immune
response. In a phase Ib trial with a 7-day treatment by IV administration, the compound
reduced viral load in patients with chronic HCV infection. Viral load reduction was
maximal in the 800 mg arm at approximately 1-3 log;y copies/ml and was associated
with induction of the OAS system [85].
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3.3. Proteasome inhibitors

A fortuitous discovery recently implicated the human 20S proteasome subunit a«-PSMA7
in HCV IRES mediated translation. In fact, a proteasome inhibitor MG132 54 showed
dose-dependent inhibition of HCV IRES activity in human hepatoma cells [86].

34. CD81

CD81 is a member of the tetraspanin family of integral membrane protein and is thought
to be a binding partner for the HCV envelope E2 protein. Although binding alone is not
enough for infection, prevention of binding does coincide with lack of infection in human
hepatocytes. An extracellular region (D helix) on CD81 is important for binding to E2.
Small molecule mimics 55, 56 of the D helix inhibit binding of E2 to CD81 on Molt-4
cells [87]. Cellular activities of these compounds are unknown and may be difficult to
determine since they require 6% DMSO for solubilization.
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4. CONCLUSION

There has been a dramatic increase in patents and publications describing new HCV
inhibitors last year as many research organizations have turned their attention to this
important viral disease. Compounds which directly target viral specific proteins are
beginning to enter clinical trials and the recent encouraging proof-of-principle results
with BILN 2061 will hopefully mark the beginning of an era of new high efficacy
treatments for HCV.
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1. INTRODUCTION

Elevation of serum LDL cholesterol is a major risk factor for the development of
atherosclerosis and subsequent development of myocardial infarction. Cardiovascular
disease is the leading cause of morbidity and mortality in the industrialised world and as
such has a major impact on health economics. A variety of therapeutic approaches have
been developed to lower serum cholesterol including bile acid sequesterants, cholesterol
absorption inhibitors, nicotinic acid derivatives, fibrates and statins. Statins are drugs
that inhibit the enzyme, 3-hydroxy-3 methylglutaryl-coenzyme A reductase (HMG-CoA
reductase), which is a key step in the de novo synthesis of cholesterol. Reduced
hepatocyte cholesterol concentrations trigger increased expression of hepatic LDL
receptors which clear LDL and LDL precursors from the circulation. Given that statins
still lower LDL in patients with homozygous familial hypercholesterolemia lacking
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functional LDL receptors, this indicates that statins can lower cholesterol by their action
on the hepatic cholesterol biosynthetic pathway alone [1]. Large scale clinical trials have
repeatedly demonstrated the efficacy of statins in lowering serum cholesterol in man and
long term trials consistently demonstrate significant reductions in coronary heart disease
and total mortality [2—4].

The widespread use of statins and the multitude of large clinical trials have suggested
anecdotally that these drugs may have additional benefits to patients over and above those
expected from only lowering serum LDL cholesterol. In vitro studies, initiated by these
clinical observations, have frequently identified unanticipated activity of statins on cell
types distinct from the liver and consistent with the additional benefit observed in trials.
This article will review these non-hepatic, non-LDL cholesterol lowering effects of
statins and discuss why the sometimes dramatic effects of statins in model systems do not
necessarily translate back into man.

2. MECHANISM OF ACTION OF STATINS

Statins are competitive inhibitors of HMG-CoA reductase which converts HMG-CoA to
mevalonate. This enzyme is recognised to be the rate limiting enzyme in the cholesterol
biosynthetic pathway (Fig. 1). Analysis of the human genome has shown that there is only
one gene for HMGCoA reductase which is found in all cell types. The enzyme is
anchored in the endoplasmic reticulum through the amino terminal part of the protein
which comprises 8 transmembrane spanning domains (Fig. 2).

2 acetyl-CoA

v

Acetoacetyl-CoA

Farnesylated

Farnesy-P-P—  proteins e.g. Ras

Squalene Geranylgeranyl-P-P

v v

Cholesterol  Geranylgeranylated proteins
e.g. Rho, Rac, cdc42

Fig. 1. Scheme for cholesterol biosynthetic pathway.
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cytosol N‘\‘_l‘ W h fl catalytic domain |-

ERlumen J “J “J \J

Fig. 2. Schematic depiction of HMG-CoA reductase enzyme.

The catalytic domain comprises the C terminal half of the protein and resides in the
cytosol. Cellular levels of HMG-CoA reductase are highly regulated: high intracellular
levels of sterols and nonsterol endproducts of mevalonate metabolism promote the
ubiquitination and degradation of HMG-CoA reductase in the proteasome [5]. Of the 8
transmembrane domains of HMG-CoA reductase, 5 from the sterol sensing domain of the
protein required to mediate the regulated degradation of the enzyme [6].

3. MECHANISTIC MULTIPLICITY OF STATIN EFFECTS

This mevalonate pathway is important not only for cholesterol biosynthesis but also for
the formation of the isoprenoids and their precursors, farnesyl pyrophosphate (FPP) and
geranylgeranyl pyrophosphate (GGPP), both of which are involved in regulatory post-
translational isoprenylation of proteins involved in many signal transduction pathways.
For example, Ras is farnesylated at the C terminal CAAX box, whereas the Rho family
members of small molecular weight GTPases, including Rho, Rac and cdc42, are
modified by geranylgeranyl transferase. These proteins are key intracellular signalling
molecules that play a pivotal role in regulating cellular activities such as cell polarity,
intracellular vesicle trafficking, progression through cell cycle, differentiation, gene
transcription, cell migration (chemotaxis) [7-9]. Isoprenylation of proteins alters
subcellular localization and facilitates their association with membranes and downstream
effectors such as the actin cytoskeleton and pl60 Rho kinase [7-10]. Failure to
isoprenylate these proteins impairs intracellular signalling functions. There is an
increasing body of evidence that the effects of statins, not explained through their action
on serum LDL cholesterol levels, may be due to altered isoprenylation.

Furthermore, there are additional mechanisms by which statins can alter signal
transduction pathways by altering cholesterol levels within inflammatory cells. The
majority of cholesterol and cholesterol esters are derived following uptake through
specific transporters or receptors from the extracellular space. However, HMG-CoA
reductase is required by every cell for the de novo synthesis of plasma membrane
cholesterol which is an essential component of sphingolipid rafts [11,12]. These
detergent-insoluble microdomains concentrate molecules involved in signal transduction
enriched in these raft structures include GPCRs, heterotrimeric G proteins, ion channels,
Src-family kinases and PI-3 kinases [13]. Disruption of these rafts by physical depletion
of cholesterol uncouples receptors such as the T cell receptor (TCR), B cell receptor
(BCR), IgG and IgE receptors from intracellular signalling cascades [14—18]. Inhibition
of de novo synthesis of cholesterol would be expected to similarly disrupt raft function
[11,19]. This may account for some of the direct effects of statins on membrane proteins
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such as TCR, Fc receptors, GPCRs and ion channels [20—24]. Thus, simvastatin and
lovastatin have been found to relax rat basilar artery precontracted with either SHT or
high potassium. Electrophysiology of the basilar artery demonstrated that lovastatin acts
to directly inhibit L-type calcium current [23]. In a separate study, cerivastatin was found
to activate human endothelial calcium-activated potassium channels (BK(Ca)).
Cerivastatin caused significant membrane hyperpolarization at very low concentrations
(1-50 nM) [24].

An additional mode of action of statins is the direct interaction with cell surface
molecules. Lovastatin was identified from a screening programme aimed at finding
molecules that specifically interfered with LFA-1 [25]. Subsequent crystallography has
shown that lovastatin binds to LFA-1 at a distance from its adhesion site but that the drug
inhibits LFA-1:ICAM-1 interactions and leukocyte adherence. Other statins are active in
the same assays but the SAR differs to that observed for HMG-CoA reductase [26].

4. NON-LDL CHOLESTEROL LOWERING ACTIONS OF STATINS

The efficacy of statins in lowering serum LDL cholesterol is well-recognised [2—4]. The
widespread clinical use of statins has led to observations that statins have additional
effects not explicable through their primary role of lowering serum LDL cholesterol.
Initial clinical trial data in patients with hypercholesterolemia indicated beneficial effects
of statins on cardiovascular parameters beyond that expected for their ability to directly
lower LDL cholesterol [3,27—-31]. There is now clear-cut evidence that statins act locally
on the vascular wall to directly reduce inflammation. Additional anecdotal clinical data
has emerged from trials to suggest that statins benefit other disease processes.
Epidemiological data hinted that statins may influence the incidence and severity of
transplant rejection episodes, progression of Alzheimers dementia (AD), the incidence of
hip fracture and, possibly neoplasia (see below). Although the clinical trial data remains
equivocal, studies to explore the underlying action of statins in these conditions have
unearthed novel mechanisms consistent with and supportive of the initial clinical
observations.

5. INFLAMMATION
5.1. Atherosclerosis

The improvement in cardiovascular endpoints in many of these trials was superior to
estimations calculated from the effect on LDL cholesterol loading [3,27-31]. The
clinical improvement was observed faster than was explicable on the basis of lowering
serum LDL cholesterol levels compared to other cholesterol lowering therapies. Statins
were found to reduce the incidence of stroke despite the fact that serum LDL is not an
important risk factor for this condition [27-31]. In addition, there is increasing evidence
for benefit in patients with atherosclerotic thrombo-embolic conditions in terms of plaque
stabilization [32]. These effects are so striking that the criteria for statin use are constantly
being re-evaluated to include patients with vascular risk such as carotid stenosis,
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intermittent claudication and vascular complications linked to type II diabetes [33—-36].
For particular patients at risk, such as those with type II diabetes mellitus, the
recommendation is now that treatment with statins be based on their vascular score rather
than their serum cholesterol levels [37].

How were statins having these effects in man? This has been the subject of intense
investigation and has led to the concept for a pleiotropic role of statins in cardiovascular
tissues where statins act to stop the inflammation process [1,38—43]. Evidence that statins
influence the inflammatory component of cardiovascular disease has been provided by
trials by measuring markers such as CRP, interleukin 6 (IL-6), soluble ICAM-1, soluble
phospholipase-2 (sPLA2) [44—47]. The beneficial effect on these markers was frequently
observed shortly after starting statin treatment mirroring the clinical improvements in
vascular status which occurred more rapidly than expected from lowering cholesterol
alone. These studies are on-going and will have important implications for selection of
patients for statin treatment [48—50].

The relationship of cholesterol and inflammation to the development of atherosclerotic
lesions is well-recognised and is not within the scope of this review. Briefly,
macrophages laden with cholesterol become foam cells which are a hallmark of the
atherosclerosis. Many different cell types of the vascular wall and immune systems
including Th1 lymphocytes and myeloid cells have been demonstrated to play a role in
atherosclerosis. Focus has been on the relationship of monocytes to the vascular
endothelium as a principal determinant in the development of atherosclerosis. Thus,
chemokines, such as monocyte chemoattractant protein-1 (MCP-1) and interleukin-8 (IL-8)
have been implicated in promoting migration of monocytes to arterial intima. In the
arterial intima, monocytes differentiate into macrophages and these accumulate
cholesterol esters to form foam cells. Macrophages secrete pro-inflammatory cytokines
resulting in the increased surface expression of adhesion molecules on the endothelial
cells. This in turn recruits more monocytes to the lesion. These cells also secrete growth
factors, which stimulate vascular smooth muscle proliferation, and matrix metallopro-
teinases (MMP-2 and MMP-9) leading to matrix degradation and unstable plaques.
Accepted clinical markers of atherosclerosis now include the classic markers of
inflammation such as C reactive protein (CRP) and cytokines [44—50]. Laser dissected
macrophage-rich shoulder regions of the atherosclerotic plaques have been analysed for
gene expression and compared to normal human intima. A number of inflammatory genes
were found to be upregulated [51]. This study also demonstrated that HMG-CoA
reductase enzyme expression levels were increased in these shoulder regions of the
atherosclerotic plaques [51].

Experimental work has demonstrated that statins intervene at many different levels in
the inflammatory process. The overall cumulative effect is to reduce the development of
atherosclerotic lesions, to increase local blood flow by increased local production of nitric
oxide and to stabilise plaques by reducing their liability for rupture. In addition, they may
have local actions on the thrombotic process. Histopathology of plaques from patients
with carotid stenosis has shown that statin treatment confers benefit even after a relatively
short treatment period. In one study, patients with carotid stenosis were treated with
pravastatin (40 mg/day) for 3 months and, in another study, with simvastatin (40 mg/day)
for 4 months prior to endarterectomy [52,53]. Surgical samples were analysed for
markers of atherosclerosis and compared to samples from non-statin treated patients.
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In both studies, there were significant improvements in the histological and biochemical
markers of atherosclerosis. Thus, in the pravastatin study, the plaques had less lipid as
judged by oil red O staining, less oxidised LDL, fewer macrophages, fewer T cells, less
MMP-2 and increased collagen content. In the second study, plaques from the statin
treated patients demonstrated reduced lipid and oxidised LDL content, increased collagen
content, fewer macrophages, T lymphocytes and HLA-DR+ cells and reduced
immunoreactivity for inducible cyclooxygenase (COX-2) and PGE synthase. In both
studies, the amount of collagen was reported to be increased. As plaque rupture is
believed to result from thinning of the collagen, fibrous cap of plaques, this data provides
histological evidence for plaque stabilisation by statins.

The effect of statins on the individual cellular components that comprise the
atherosclerotic lesion has also been studied in some detail. The major cellular players
mediating this inflammatory process are the endothelium, vascular smooth muscle cells
(VSMC) and immune cells such as monocytes/macrophages, T cells and dendritic cells.

5.1.1. Endothelial cells

Local production of cytokines increases the surface expression of various adhesion
molecules on endothelial cells which promotes the adherence of circulating cells such as
monocytes. Thus, statins have been demonstrated to inhibit the cell surface expression of
ICAM-1, E-selectin, MHC class II and CD40 on human endothelial cells [54-57].
Intravital microscopy of rat mesenteric microvasculature superfused with thrombin has
shown that statin treatment (rosuvastatin 1.25 mg/kg) attenuated leukocyte rolling,
adherence and transmigration [58]. Rosuvastatin treatment was associated with a 70%
reduction in E-selectin expression on the endothelial cells [58]. Using genome-wide
microarrays to analyse gene expression patterns in human endothelial cells (HUVEC),
statins (either 6 wM atorvastatin or 1.1 pM pitavastatin) were found to suppress the
expression of both IL-8 and MCP-1 [59]. Statins also suppress expression of endothelin-1
(ET-1) and elevate endothelial type III nitric oxide synthase (eNOS) which synthesizes
the vasodilator, nitric oxide, NO [59,60]. The combined effect of suppressing endothelin
and increasing eNOS activity will increase local blood flow and explains some of the
beneficial effects of statins observed in both man and experimental animals. Thus, in
man, simvastatin has been demonstrated to increase endothelium-dependent vasodilation
[61]. This response was observed within one month of starting treatment. In an
experimental model of stroke, statins were found to be neuroprotective [62,63]. This
effect of statins was attributed to its activity on eNOS as the neuroprotection conferred by
statins was lost in eNOS deficient mice [62]. Using cultured bovine aortic endothelial
cells, NO release was increased 4-fold following treatment with statins [64]. This effect
of statins on local NO production by the endothelium explains observations that these
drugs protect vascular beds against ischemia (coronary, cerebral, renal and lung)
independent of LDL cholesterol as protection is still observed in normocholesterolemic
animals [63].

Oxidised LDL and hypoxia are both factors that reduce eNOS expression and
reduction is reversed by statins [60,65,66]. The ability of statins to reverse the inhibition
of eNOS by oxidised LDL is further clear evidence for a role for these drugs independent
of their action on the liver to lower LDL cholesterol. Endothelial NOS activity is
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regulated by phosphorylation by the kinase, Akt, and by the small GTPase, Rho which
negatively regulates expression and activity of eNOS in endothelial cells. Thus,
constitutively active Rho down-regulates expression of eNOS [67,68]. A number of
studies indicate that statins act to disinhibit eNOS regulation by Rho by limiting the
formation of GGPP (Fig. 1) and, thereby, prevent geranylgeranylation of Rho. Thus,
treatment of human endothelial cells with mevastatin in vitro increased eNOS protein and
mRNA levels [68]. Co-treatment with either mevalonate or GGPP reversed the action of
mevastatin whereas FPP or LDL had no effect. Consistent with the concept that the
isoprenylation drives the subcellular localization of Rho and its interaction with effector
proteins, mevastatin inhibited both Rho translocation and GTP binding activity [68].

5.1.2. Vascular smooth muscle cells (VSMC)

Proliferation and migration of VSMC are key events in atherogenesis. VSMC
proliferation has been shown to be inhibited by statins in vitro and in animal models
[69]. In addition, statins have been shown to promote apoptosis of VSMC [70]. In man,
statins decrease restenosis after successful angioplasty and, in animal models of vascular
injury, statins reduce arterial neointimal thickening [71-73]. Mevalonate completely
reversed the effect of statins both in vivo and in vitro. The mechanism of action of statins
is again thought to be via the inhibition of formation of GGPP and the failure to
geranylgeranylate Rho [74]. The Rho family of proteins play an important role in
regulating cell cycle progression through activity of the cyclin dependent kinase (CDK)
inhibitors, p27 and p21 [7-9]. Rho has been shown to mediate PDGF-induced cell cycle
progression in human VSMC in vitro by down-regulating the Cdk inhibitor, p27%7’ and
stimulating the activity of Cdk-2 [75]. In addition, for successful cell division, an actin
myosin contractile band constricts to separate the two daughter cells. Active Rho and
cdc42 are required for this process of cytokinesis [7,8]. Statins by inhibiting the
production of GGPP prevent these actions of Rho and thereby inhibit both cell cycle
progression and cell division. Lovastatin has been shown to arrest cells in G1 through the
induction of cyclin-dependent kinase (Cdk) inhibitors, p27 and p21, thereby disinhibiting
the effects of Rho on cell cycle control. Mevalonate releases arrested cells from lovastatin
induced G1 block.

5.1.3. Immune cells

Migration of T cells and monocytes into vascular tissue is a key feature of the progressive
inflammatory process that underlies atherosclerosis. As detailed above, endarterectomy
samples from patients treated with either simvastatin or pravastatin exhibited fewer
macrophages and T cells compared to the non-statin treated control samples [52,53].
Adhesion and chemotaxis of monocytes into the vessel wall is mediated through cell
surface adhesion molecules. There are numerous studies in vitro and in vivo showing
consistently that statins inhibit expression of cell surface adhesion molecules on
circulating immune cells or endothelial cells and the production of chemokines and
cytokines [76,77]. Statins have been shown to inhibit expression of ICAM-1, P-selectin,
CD40, CDI11 and LFA-1. In hypercholesterolemic patients, simvastatin (20 mg/day)
treatment for 8 weeks reduced monocyte expression of TNFa and IL-13 by 49 and 35%,
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respectively [67]. Many studies have documented the in vitro effect of statins in causing
a reduction in pro-inflammatory cytokines such as IL-6, IL-1f, IL-8, TNFa and
chemokines such as MCP-1 [78]. Statins have been found to inhibit T cell function in
vitro in man [20]. In addition, statins have been found to inhibit the maturation of
dendritic cells and interfere with their ability to present antigen to T cells and cause T cell
activation [79,80].

5.1.4. Plaque rupture

Plaque rupture leads to adverse cardiovascular events such as stroke and myocardial
infarction. The main component that prevents rupture is the collagen-rich fibrous cap.
Activated macrophages in these lesions secrete a variety of inflammatory agents
including proteases, such as MMP-2 and MMP-9, which degrade collagen. Statins have
been shown to reduce production of MMP-9 and MMP-2 by macrophages in vitro and as
detailed above, in vivo [52,53,81].

5.2. Transplant rejection

Early clinical studies suggested that statin treatment conferred benefit to transplant
patients by altering the incidence and severity of transplant rejection episodes particularly
for patients receiving cardiac transplants. These reports co-incided with the experimental
data as outlined above, that statins were modulating the inflammatory response. As Thl
lymphocytes play a key role in transplant rejection, the beneficial effect on transplant
rejection was taken as further evidence for an immunomodulatory role for statins [85].
Randomized trials have demonstrated that use of statins in heart transplant patients
significantly lowers mortality. However, it seems increasingly that the benefit of statins
after cardiac transplantation reflects the effect of these drugs on the development of
coronary vasculopathy although some studies report benefit of stains in severe rejection
episodes [82—84]. This vasculopathy is associated with high levels of plasma CRP and
levels are lower in patients treated with statins [86,87]. In a mouse model of transplant
rejection, the effect of cerivastatin was tested on the rejection parameters in the mouse
cardiac heterotopic transplant model. Cerivastatin was placed in the drinking water but
plasma levels in the mouse ranged from 10—22 nM. Cerivastatin was found to reduce
graft arterial disease and this was associated with a significant decrease in graft-infiltrating
cells and levels of expression of the chemokines, RANTES and MCP-1, in the graft [88].

The effect of statins on transplant rejection episodes has been studied for other
allografts. Thus, in one study, the incidence of rejection was evaluated in patients who
received lung transplants and were treated with statins for hypercholesterolemia and
compared to the patients who did not receive statins. In this study, the nature of the statin
treatment was not standardised. This study demonstrated a markedly improved 6-year
survival rate amongst the patients treated with statins compared to the control group [89].
Histological parameters of inflammation showed benefit in the statin treated group in
terms of immune cell lung infiltration in broncho-alveolar lavage, in particular the
appearance of inflammatory neutrophils, and in the development of obilterative
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bronchiolitis. Measurements of lung function were similarly improved in the statin
treated group compared to the control group. The data for renal transplants is variable.
Pravastatin has been shown to reduce the incidence of acute rejection, being 25% in the
treated group compared to 58% in the control group. In this same study, in vitro studies
demonstrated that statin treatment was assoicated with a decrease in T cell mediated
cytotoxicity [90]. In another study, patient survival was improved in statin treated
patients compared to controls [91]. However, in a large randomised trial of 364 renal
transplant patients, fluvastatin (40 mg/day) was found to have no effect on the incidence
or severity of acute rejection [92].

5.3. Arthritis

Collagen-induced arthritis (CIA) in rodents is an accepted model for rheumatoid arthritis
(RA) in man. Two injections of type II collagen separated by 21 days results in the onset
of a classic Th1 lymphocyte driven arthritis: inflammation becomes apparent 5—10 days
after the second dose of collagen. The ability of simvastatin to modulate the disease
process was tested in both a prophylactic protocol, where the drug treatment started
before the second dose of collagen, and in a therapeutic protocol, where the drug was
administered after the development of the arthritis [93]. In both cases, simvastatin
suppressed the incidence and severity of the arthritis. In the therapeutic group, a
significant reduction in arthritis progression was observed with 3 days of starting
treatment. In both groups, plasma levels of IL-6 were significantly reduced. The studies
demonstrated that simvastatin specifically suppressed Thl cytokine (TNFa, IL-12 and
IL-6) responses to collagen and the serum levels of anti-type II collagen antibodies
indicating that B cell responses were also suppressed in these animals. The effective dose
of simvastatin in this study was 40 mg/kg being considerably higher than that used in
man. Plasma levels in the mice were not measured. In the same study, the effect of
simvastatin was tested in vitro on PBMC and synovial fluid from patients with RA.
Simvastatin (10 wM) reduced T cell proliferation in response to TCR cross-linking,
release of IFN-vy and the ability of T cells to activate macrophages.

Published phase IV clinical trial data for patients with hypercholesterolemia has not
highlighted any unexpected beneficial effects on the severity of arthritis. However, in one
very limited open trial, benefit was reported in RA patients treated with simvastatin
(40 mg/day) [94].

5.4. Multiple sclerosis

This is an auto-immune inflammatory disease mediated through Thl lymphocytes
resulting in demyelination within the central nervous system. The effect of atorvastatin on
a mouse model, experimental autoimmune encephalitis (EAE), was studied [95].
Atorvastatin treatment (1—10 mg/kg) was found to prevent both the onset of the disease
and also to modify established disease. In this model, secretion of pro-inflammatory
cytokines, IL-2, IL-12, IFN-y and TNFa, was suppressed. Treatment of microglia with
atorvastatin suppressed up-regulation of Class II MHC complexes by IFN-v.
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The suggestion from this study is that atorvastatin has pleiotropic effects on the immune
process to modify the auto-immune response to antigen in the development of EAE by
intervening at many different steps of the process. In a similar study, lovastatin was found
to reduce the severity and duration of EAE by acting on both T cells and on antigen
presenting cells (APC) [96]. In an additional study, statins were shown to inhibit
proliferation of PBMCs derived from patients with multiple sclerosis and to down-
regulate MMP-9, chemokine receptors and adhesion molecules [97]. Curiously, in two
separate studies in mice, statins promoted differentiation of ThO lymphocytes towards a
Th2 phenotype [95,98].

Plasma concentrations of statins were not measured in these studies. However, the
findings were striking enough to stimulate a number of formal clinical trials for statin
treatment in multiple sclerosis [99,100]. In one very recent report, simvastatin (80 mg)
was given to 30 patients with relapsing-remitting multiple sclerosis in an open study to
assess the effect of statins on gadolinium-enhancing lesions by MRI at 4, 5 and 6 months
of treatment [100]. In this study, improvement in was observed in both volume and
number of lesions over the 6 month treatment course suggesting benefit, however, there
was no placebo control group in this study.

5.5. Asthma

Th2 lymphocytes are thought to play a key role in the initiation and maintenance of the
inflammatory response in asthma. The standard mouse model of allergic asthma is the
ovalbumin (OVA) challenge model where acute eosinophilic airway inflammation is
measured. Simvastatin (40 mg/day) was found to suppress eosinophil recruitment to the
lung in response to OV A in animals pre-sensitised to the protein [101]. Both eosinophils
and macrophage lung infiltrates were reduced and levels of the Th2 cytokines, IL-3 and
IL-5, in the bronchoalveolar fluid were reduced. In vitro, simvastatin inhibited OVA
specific secretion of IL-4 and IL-5. As a general marker of inflammation, IL-6 levels were
also decreased in the mice. In this study, in contrast to the CIA and EAE models, statin
treatment did not significantly reduce antigen induced cell proliferation.

5.6. Glomerulonephritis

Auto-immune inflammation of the renal glomeruli results in renal failure. A number of
studies have shown that statins inhibit the inflammatory process and the progression of
renal disease [102]. This is in part through the action of statins on Th1 lymphocytes and in
part due to the local action of statins on mesangial cells in the glomerulus [98,103].

6. OSTEOPOROSIS

A role for statins in regulating bone metabolism has been suggested from some clinical
trial data. The mixed results coming from clinical trials may, in part, be a result of the fact
that the data is derived from a secondary analysis of existing trials where patient entry
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selection was based on hypercholesterolemia. The patient population is very varied
as patient recruitment and monitoring was not specifically aimed at measuring bone
parameters or outcomes. The incidence of fractures is influenced dramatically by factors
such as age and sex. Smaller and shorter trials have been completed in post-menopausal
women but often the trial size or duration has been insufficient to come to a firm
conclusion.

Initial studies implied that there was a reduced risk of fracture in patients treated with
statins compared to their controls [104]. In this study, the history of fractures in women
over the age of 60 years was related to the statin dispensing history. Statins appeared to be
protective, particularly amongst women treated for 2 years or more. No clear-cur
protection was observed in patients with shorter history of statin use. Other studies have
been published that associate statin treatment with a reduced rate of fracture [105]. A
smaller study of 36 women measured mean bone density at the femoral neck and found
that this was increased significantly during 15 months statin treatment [106]. At the same
time, other clinical studies have failed to demonstrate this association; in particular,
secondary analysis of the LIPID study showed no difference in fractures occurring in the
pravastatin group compared to the controls [107]. Thus, observational studies have
suggested that the risk of hip fracture is lower among older women taking statins but
secondary analysis of the large cardiovascular clinical trials do not necessarily support
this. On a smaller scale, studies have been reported examining specifically bone
parameters in man; again with conflicting results [108—110].

Statins have been shown to influence bone formation in animal models and in vitro.
Osteoblasts promote bone formation and osteoclasts cause bone resorption and both
aspects of bone metabolism may be influenced by statins. Of particular interest is the
action of statins on osteoblasts, as therapeutic agents targeted at this cell type, promote
bone formation and are likely to have a profound influence on osteoporosis. Bone
Morphogenic Proteins (BMPs) are a family of differentiation factors that have bone-
forming activity and account for the osteo-inductive activity found in bone extracts. An
increase in BMP activity would therefore promote bone formation. In a screening
programme to identify small molecules that enhance BMP-2 transcription, a collection of
30,000 natural products or drugs were screened. Lovastatin was identified as a potent and
specific stimulator of the BMP-2 transcription [111]. Lovastatin and simvastatin were
subsequently shown to induce BMP-2 expression in osteoblasts and stimulate bone
formation in vitro and in vivo [112]. In MC3T3-E1 cells, a mouse clonal osteoblastic
primary cell line, simvastatin was found to promote osteoblast differentiation and
mineralization as measured by the induction of BMP-2 and bone alkaline phosphatase
and by the accumulation of bone matrix proteins, such as type I collagen [112]. In this
in vitro study, simvastatin was found to be active at concentrations in the range of
10—100 nM. Using primary human osteoblasts, pitavastatin was found to increase
expression of BMP-2 and osteocalcin. This stimulation by pitavastatin was abolished by
addition of mevalonate or GGPP. Furthermore, pitavastatin treatment prevented Rho
translocation following receptor activation. Results using these cells implied that Rho
kinase inhibits bone formation and that statins, by preventing Rho activity, act as dis-
inhibitors [113]. In animal studies, simvastatin (20 mg/kg) was found to induce an
increase in cortical bone formation and reduce the loss of cancellous bone induced by
ovariectomy, consistent with activity of statins in both osteoblasts and osteoclasts [114].
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7. DEMENTIA

Epidemiological studies have suggested that statin treatment in man may be beneficial in
the treatment of dementia [115—119]. This has been extensively reviewed in previous
years [120]. As with all epidemiological data which relies on historical data, the answer is
not clear-cut and a number of prospective studies are now underway. An added
complexity for analysing trial data for a role of statins in treating dementia is their
variable penetration across the blood brain barrier. The etiology of Alzheimers-type
dementia is complex but recognised to be associated with an accumulation of the amyloid
B peptide (AB) which is neurotoxic. AR is formed through the cleavage of the amyloid
precursor protein (APP) by B- and +y-secretases. An issue relating to the retrospective
studies for efficacy of statins in modifying disease progression for dementia is that the
pathophysiology leading to dementia can vary enormously and statins can act through
different mechanisms dependent on the nature of the underlying cause. Thus, trial design
and patient selection criteria for measuring the influence of statins on cardiovascular
outcome may not be suitable for subsequently analysing effects specifically on AD. For
example, vascular disease is a common cause of dementia in the elderly population. By
improving vascular status and, thereby, blood flow, statins may independently improve
dementia scores through the mechanisms relating to their impact on the vascular wall
described above. In addition, an inflammatory component for AD has been described and
NSAIDs have been reported to be beneficial. Statins may have benefit through their anti-
inflammatory activity, such as has been observed for NSAIDs [120].

In effort to examine Alzheimer dementia directly, the effect of statin treatment on
plasma levels of AP have been measured although it is debatable as to whether plasma
levels per se correlate with dementia. The results are not clear cut. In one study, lovastatin
was found to reduce A levels significantly by up to 40% [121]. In another study, 39
patients were treated with increasing doses of either simvastatin or atorvastatin reaching a
final dose of 80 mg/day and then maintained at this level for 24 weeks. Plasma levels of
both AR (1-40) and AP (1-42) were unchanged [122].

There is a complex relationship between serum cholesterol, serum lipoproteins and the
development of dementia in man and animal studies [123,124]. Thus, transgenic mice
overexpressing a mutant form of APP develop neuritic plaques. This process is
accelerated when the mice are fed a high cholesterol diet and treatment of mice with
atorvastatin reduces appearance of plaques by about 50% [125]. However, in vitro data,
points to a role for intraneuronal cellular cholesterol pools in regulating APP processing.
Depletion of cholesterol from primary rat hippocampal neurones expressing APP resulted
in a reduction of A3 formation [126]. The mechanism underlying this was proposed to
relate to the partitioning of APP and 3-secretase into the cholesterol-sphingolipid rich
membrane microdomains known as lipid rafts.

Further evidence for a role of statins in modulating disease processes has come from
studies of transmissible spongiform encephalopathies (TSE) characterised by Creutzfeld-
Jacob disease, scrapie and bovine spongiform encephalopathy (BSE). Neurodegeneration
follows the accumulation of protease-resistant prion protein (PrP) aggregates. Screening
of a cell model of scrapie for molecules that influenced the production of aggregated
protease-resistant PrP resulted in the identification of lovastatin, out of a collection of
2,000 drugs, as active in this model. Subsequent dose responses demonstrated that
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lovastatin inhibited the model with an IC5y of 500 nM [127]. In a separate study,
lovastatin (300 nM) was found to inhibit the PrP processing in the same cells. The effect
was attributed to the depletion of cellular cholesterol by lovastatin [128].

8. CANCER

Previous epidemiological studies have pointed to an association between low serum
cholesterol levels and the incidence of gastro-intestinal cancers, in particular colorectal
cancer [129]. This topic is still controversial [130,131]. However, this data taken together
with the increasing evidence that statins can act as immunomodulators, in both animal
models and in vitro, and the role of statins in reversing hypoxic inhibition of eNOS,
thereby promoting increased local blood flow through eNOS activity, have raised
concerns over the long term use of statins in terms of immune surveillance for tumours.
However, large scale prolonged clinical trials have given no evidence for an association
of statin use with cancer [132].

As discussed above, statins have been shown to cause cell cycle arrest and induce
apoptosis of VSMC through the inhibition of geranylgeranylation of Rho, thereby dis-
inhibiting the effect of Rho on Cdk inhibitors, p21 and p27 [7-9,74,75]. The role of Rho-
family proteins in mediating intracellular signalling pathways involved in cell cycle
progression, cytokinesis and cell migration/motility makes this family an attractive target
for oncology [7-9,133,134]. Thus, the potential for statins to interfere with the
isoprenylation of Rho-family proteins in cells has been studied and a number of
observations reported that indicate that statins in vitro cause cell cycle arrest and change
the behaviour of cells in invasion models such as Boyden chambers [135,136].

9. TARGETING NON-HEPATIC HMG-COA REDUCTASE

Statins are now widely used in clinical practice and have proven to be well-tolerated and
safe. As detailed above, the widespread use of statins has led to observations of anecdotal
benefit unrelated to their inhibition of hepatic HMG-CoA reductase. The principal adverse
effects are recognised to be liver and muscle toxicity [137]. Elevated hepatic transaminase
has been observed in 0.5-2% of cases and is dose-dependent being reversible with a
reduction in dose. Myopathy is recognised to be the major significant adverse effect for
statins. This is frequently a non-specific, mild myalgia comprising muscle aches and
cramps without elevation of creatine kinase. Rarely, statin treatment can lead to a myositis
with muscle soreness and weakness associated with an elevated creatine kinase. This can
lead to rhadomyolysis with myoglobinuria and acute renal necrosis. This side effect,
although very rare, resulted in the voluntary withdrawal of cerivastatin in 2001.
Understanding the mechanism of myopathy has proven difficult because it is rare.
However, the effect does appear to relate to higher dose levels of the drugs.

In efforts to reduce the risk of myopathy, statins are increasingly targeted specifically
to the liver via uptake systems to maximise effects on hepatic HMG-CoA reductase and
minimise systemic exposure [138—142]. It seems likely that with increasing success of
this approach, the opportunity to identify non-hepatic, non-LDL cholesterol effects will
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diminish, both through empirical observation and directed trials. This factor may already
account for the variability in the results from some clinical trials. Taken together, these
previous data suggest that there may be further opportunity for chemistry optimisation of
statin class drugs achieving higher systemic exposure, to exploit these potential novel
mechanisms, assuming that the mechanism behind muscle toxicity can be understood and
avoided. Alternatively, there exists the possibility of delivering statins at high relative
concentrations to local sites and optimising the structure of the statin to ensure it is
rapidly metabolised to an inactive form, either on exposure to the systemic circulation, or
through efficient clearance on first pass metabolism, i.e., a ‘soft statin’ approach. Clinical
conditions amenable to this strategy include asthma, allergic rhinitis or dermatitis,
psoriasis, or even arthritis.
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1. INTRODUCTION

Homology or comparative protein structure modeling constructs a three-dimensional
model of a given protein sequence based on its similarity to one or more known
structures. In this perspective, we begin by describing the comparative modeling
technique and the accuracy of the models. We then discuss the significant role that
comparative prediction plays in drug discovery. We focus on virtual ligand screening
against comparative models and illustrate the state-of-the-art by a number of specific
examples.

The genome sequencing efforts are providing us with complete genetic blueprints for
hundreds of organisms, including humans. We are now faced with describing,
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controlling, and modifying the functions of proteins encoded by these genomes. This
task is generally facilitated by protein three-dimensional structures [1], which are best
determined by experimental methods such as X-ray crystallography and nuclear
magnetic resonance (NMR) spectroscopy. Despite significant advances in these
techniques, many protein sequences are not easily accessible to structure determination
by experiment. Over the last two years, the number of sequences in the comprehensive
public sequence databases, such as SwissProt/TTEMBL [2] and GenPept [3], increased
by a factor of 2.3 from 522,959 to 1,215,803 on 26 April 2004. In contrast, despite
structural genomics, the number of experimentally determined structures deposited in
the Protein Data Bank (PDB) increased by only a factor of 1.4 over the same period,
from 16,612 to 23,793 [4]. Thus, the gap between the numbers of known sequences and
structures continues to grow.

Protein structure prediction methods attempt to bridge this gap [S]. The first class of
protein structure prediction methods, including threading and comparative modeling, rely
on detectable similarity spanning most of the modeled sequence and at least one known
structure [6]. The second class of methods, de novo or ab initio methods, predict the
structure from sequence alone, without relying on similarity at the fold level between the
modeled sequence and any of the known structures [7]. Despite progress in ab initio
protein structure prediction [7,8], comparative modeling remains the most reliable
method to predict the 3D structure of a protein with an accuracy that can be comparable to
a low-resolution, experimentally determined structure [6].

Comparative modeling is carried out in four sequential steps: finding known structures
(templates) related to the sequence to be modeled (target), aligning the target sequence
with the templates, building the model, and assessing the model. Therefore, comparative
modeling is only applicable when the target sequence is detectably related to a known
protein structure. Using automated comparative modeling, the fraction of sequences with
comparative models for at least one domain remained at ~ 57% over the last two years [9].

A number of servers for automated comparative modeling are available (http:/
salilab.org/bioinformatics_resources.shtml). Automation makes comparative modeling
accessible to both experts and the non-specialists alike. Many of the servers are tested at
the bi-annual CAFASP meetings and continually by the LiveBench and EVA [10-14]
web servers for assessment of automated structure prediction methods. However, in
spite of automation, manual intervention is generally still needed to maximize the
accuracy of the models.

Comparative modeling will benefit from structural genomics [15]. Structural genomics
aims to structurally characterize most protein sequences by an efficient combination of
experiment and prediction [16,17]. This aim will be achieved by careful selection of
target proteins and their structure determination by X-ray crystallography or NMR
spectroscopy. There are a variety of target selection schemes, ranging from focusing on
only novel folds to selecting all proteins in a model genome [1]. A model-centric view
requires that targets be selected such that most of the remaining sequences can be
modeled with useful accuracy by comparative modeling. Even with structural genomics,
the structure of most proteins will be modeled, not determined by experiment.
As discussed below, the accuracy of comparative models, and correspondingly the
variety of their applications, decreases sharply below the 30% sequence identity cutoff,
mainly as a result of a rapid increase in alignment errors. Thus, structural genomics aims
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to determine protein structures such that most of the remaining sequences are related to at
least one known structure at higher than 30% sequence identity [1,15,17]. It was recently
estimated that this cutoff requires a minimum of 16,000 structures to cover 90% of all
protein domain families, including those of membrane proteins [17]. These 16,000
structures will allow the modeling of a very much larger number of proteins. For
example, the New York Structural Genomics Research Consortium measured the impact
of its structures by documenting the number and quality of the corresponding models for
detectably related proteins in the non-redundant sequence database. For each new
structure, on average ~ 100 protein sequences without any prior structural characteriz-
ation could be modeled at least at the fold level [9]. This large leverage of structure
determination by protein structure modeling illustrates and justifies the premise of
structural genomics.

We begin by reviewing the methods needed for each of the four steps of comparative
modeling. While we only briefly touch on fold assignment, sequence-structure alignment,
and model assessment, we elaborate on model building; we emphasize the modeling of
loops and sidechains, because of their importance in ligand docking and rational drug
discovery. We continue by describing MODBASE, a comprehensive database of
comparative models. Next, we describe the role of comparative modeling in drug
discovery, focusing on ligand docking against comparative models. We compare
successes of docking against models and x-ray structures, and illustrate the computational
docking against models with a number of examples, including kinases and G-protein
coupled receptors.

2. FOLD ASSIGNMENT AND SEQUENCE-STRUCTURE
ALIGNMENT

The templates for modeling may be found by pairwise sequence alignment methods, such
as BLAST and FASTA, profile-sequence alignment methods, such as PSI-BLAST,
profile—profile alignment methods, such as SALIGN, Hidden Markov Models, such as
SAM-TO02, and sequence-structure threading methods that can sometimes reveal more
distant relationships than purely sequence-based methods [18—23]. Threading methods
assign the fold by threading the sequence through each of the structures in a library of all
known folds; each sequence-structure alignment is assessed by the energy of a
corresponding coarse model, not by sequence similarity as in sequence comparison
methods. Recently, the accuracy of aligning a sequence to a remotely related protein
structure has been improved by a genetic algorithm protocol that iterates through
alignment, model building, and model assessment [24].

3. COMPARATIVE MODEL BUILDING

Comparative protein structure prediction produces an all-atom model of a sequence,
based on its alignment to one or more related protein structures. Comparative model
building includes either sequential or simultaneous modeling of the core of the protein,
loops, and side-chains. In the original comparative approach, a model is constructed from
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a few template core regions, and from loops and side-chains obtained from either aligned
or unrelated structures [25-27]. Another family of comparative methods relies on
approximate positions of conserved atoms from the templates to calculate the coordinates
of other atoms [28]. A third group of methods uses either distance geometry or
optimization techniques to satisfy spatial restraints obtained from the sequence-template
alignment [29-31]. Next, we review a large variety of specialized methods that focus on
the modeling of loops in a fixed environment of the rest of the protein and the modeling of
sidechains on a fixed backbone.

4. LOOP MODELING

In comparative modeling, target sequences often have residues inserted relative to the
template structures or have regions that are structurally different from the corresponding
regions in the templates. Thus, no structural information about these segments can be
extracted from the template structures. These regions frequently correspond to surface
loops. Loops often play an important role in defining the functional specificity of a given
protein, forming the active and binding sites. The accuracy of loop modeling can be a
major factor determining the usefulness of comparative models in applications such as
ligand docking. Loop modeling can be seen as a mini protein folding problem because the
correct conformation of a given segment of a polypeptide chain has to be calculated
mainly from the sequence of the segment itself. However, loops are generally too short to
provide sufficient information about their local fold. Even identical decapeptides in
different proteins do not always have the same conformation [32,33]. Some additional
restraints are provided by the core anchor regions that span the loop and by the structure
of the rest of a protein that cradles the loop. Although many loop modeling methods have
been described, it is still challenging to model correctly and confidently loops longer than
approximately 810 residues [34,35].

There are two main classes of loop modeling methods: (i) database search
approaches that scan a database of all known protein structures to find segments fitting
the anchor core regions [36,37]; (ii) conformational search approaches that rely on
optimizing a scoring function [38—40]. There are also methods that combine these two
approaches [41,42].

The database search approach to loop modeling is accurate and efficient when a
database of specific loops is created to address the modeling of the same class of loops,
such as B-hairpins [43], or loops on a specific fold, such as the hypervariable regions in
the immunoglobulin fold [37,44]. There are attempts to classify loop conformations into
more general categories, thus extending the applicability of the database search approach
[45—-47]. However, the database methods are limited because the number of possible
conformations increases exponentially with the length of a loop. As a result, only loops
up to 4—7 residues long have most of their conceivable conformations present in the
database of known protein structures [48,49]. This limitation is made even worse by
the requirement for an overlap of at least one residue between the database fragment and
the anchor core regions, which means that modeling a five residue insertion requires at
least a seven residue fragment from the database [50]. Despite the rapid growth
of the database of known structures, it does not seem possible to cover most
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of the conformations of a 9-residue segment in the foreseeable future. On the other hand,
most of the insertions in a family of homologous proteins are shorter than 10—12
residues [34].

To overcome the limitations of the database search methods, conformational search
methods were developed [38,39]. There are many such methods, exploiting different
protein representations, objective functions, and optimization or enumeration algorithms.
The search algorithms include the minimum perturbation method, molecular dynamics
simulations, genetic algorithms, Monte Carlo and simulated annealing, multiple copy
simultaneous search, self-consistent field optimization, and enumeration based on graph
theory [41,51-59]. The accuracy of loop predictions can be further improved by
clustering the sampled loop conformations and partially accounting for the entropic
contribution to the free energy [60]. Another way to improve the accuracy of loop
predictions is to consider the solvent effects. Improvements in implicit solvation models,
such as the Generalized Born solvation model, motivated their use in loop modeling. The
solvent contribution to the free energy can be added to the scoring function for
optimization, or it can be used to rank the sampled loop conformations after they are
generated with a scoring function that does not include the solvent terms [34,61—-64].

5. SIDECHAIN MODELING

Two simplifications are frequently applied in the modeling of sidechain conformations.
First, amino acid residue replacements often leave the backbone structure almost
unchanged [65], allowing us to fix the backbone during the search for the best sidechain
conformations. Second, most sidechains in high-resolution crystallographic structures
can be represented by a limited number of conformers that comply with stereochemical
and energetic constraints [66]. This observation motivated Ponder and Richards to
develop the first library of sidechain rotamers for the 17 types of residues with dihedral
angle degrees of freedom in their sidechains, based on 10 high-resolution protein
structures determined by X-ray crystallography [67]. Subsequently, a number of
additional libraries have been derived [68—-72].

Rotamers on a fixed backbone are often used when all the sidechains need to be
modeled on a given backbone. This approach reduces the combinatorial explosion
associated with a full conformational search of all the sidechains, and is applied by some
comparative modeling [27] and protein design approaches [73]. However, ~ 15% of the
sidechains can not be represented well by these libraries [74]. In addition, it has been
shown that the accuracy of sidechain modeling on a fixed backbone decreases rapidly
when the backbone errors are larger than 0.5 A [75].

Earlier methods for sidechain modeling often put less emphasis on the energy or
scoring function. The function was usually greatly simplified, and consisted of the
empirical rotamer preferences and simple repulsion terms for non-bonded contacts [69].
Nevertheless, these approaches have been justified by their performance. For example, a
method based on a rotamer library compared favorably with that based on a molecular
mechanics force field, and new methods continue to be based on the rotamer library
approach [72,76,77]. The various optimization approaches include a Monte Carlo
simulation, simulated annealing, a combination of Monte Carlo and simulated annealing,
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the dead-end elimination theorem, genetic algorithms, neural network with simulated
annealing, mean field optimization, and combinatorial searches [69,78—-86]. Several
recent papers focused on the testing of more sophisticated potential functions for
conformational search [86,87] and development of new scoring functions for side chain
modeling [77,88], reporting higher accuracy than earlier studies.

6. COMPARATIVE MODELING BY MODELLER

MODELLER is a computer program for comparative protein structure modeling [30,34].
In the simplest case, the input is an alignment of a sequence to be modeled with the
template structures, the atomic coordinates of the templates, and a short script file.
MODELLER then automatically calculates a model containing all non-hydrogen atoms,
without any user intervention and within minutes on a Pentium processor.

MODELLER implements comparative protein structure modeling by satisfaction of
spatial restraints [30]. The spatial restraints include (i) homology-derived restraints on
the distances and dihedral angles in the target sequence, extracted from its alignment with
the template structures [30], (ii) stereochemical restraints such as bond length and bond
angle preferences, obtained from the CHARMM-22 molecular mechanics force-field
[89], (iii) statistical preferences for dihedral angles and non-bonded inter-atomic
distances, obtained from a representative set of known protein structures [90], and (iv)
optional manually curated restraints, such as those from NMR spectroscopy, rules of
secondary structure packing, cross-linking experiments, fluorescence spectroscopy,
image reconstruction from electron microscopy, site-directed mutagenesis, and intuition.
The spatial restraints, expressed as probability density functions, are combined into an
objective function that is optimized by a combination of conjugate gradients and
molecular dynamics with simulated annealing. This model building procedure is similar
to structure determination by NMR spectroscopy.

Apart from model building, MODELLER can perform additional auxiliary tasks,
including alignment of two protein sequences or their profiles, multiple alignment of
protein sequences and/or structures, calculation of phylogenetic trees, and de novo
modeling of loops in protein structures [34].

7. PHYSICS-BASED APPROACHES TO COMPARATIVE MODEL
CONSTRUCTION AND REFINEMENT

In principle, an accurate and efficient method for estimating the free energy of a given
protein conformation could substantially improve the accuracy of comparative models.
That is, an accurate energy function combined with efficient sampling could be used to
refine initially constructed comparative models and thus decrease their RMS error,
assuming that the native state represents the lowest free energy state. We suggest that
accurate energy-based scoring may be particularly important for accurately reproducing
the fine details (e.g., specific hydrogen bonding interactions) of protein active sites, which
in turn will be critical for success of virtual screening using comparative models.
Two key challenges confronting this approach are (i) efficient but accurate methods for
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treating solvent (many methods have entirely ignored solvent or used low-accuracy
but efficient distance-dependent dielectric representations); and (ii) the estimation of
entropic contributions to free energy differences among states, which generally requires
extensive sampling.

As discussed above, loop and sidechain prediction algorithms rely on scoring functions
to guide the sampling, aiming to identify favorable conformations and reject unfavorable
ones. These scoring functions typically do not explicitly attempt to estimate the free energy
of a given conformation. Rather, most scoring functions have been based on statistical
analyses of native protein structures encoded in the so-called potentials-of-mean-force,
heuristic functional forms, or highly simplified energetic models (e.g., only van der Waals
energy terms). Electrostatic interactions and, especially, the effect of solvent are
infrequently used in such algorithms, largely due to their computational expense; a large
number of conformations of a protein model must typically be scored during comparative
model construction, and thus the scoring function must be rapid to compute.

Nonetheless, a number of groups have made efforts to use more sophisticated energetic
scoring functions for comparative model construction and refinement. Recently, the
convergence of increased computing power as well as accurate and efficient implicit
solvent models (i.e., Poisson—Boltzmann and Generalized Born models) has bolstered
these efforts. In the realm of loop modeling, there have been several groups reporting
recent studies [62,91-93]; all four of these studies employed all-atom force fields and
Generalized Born solvent models for scoring. An alternative recent approach is that of
Hornak and Simmerling, which uses molecular dynamics methods [94]. Xiang and Honig
developed a function that attempts to mimic the entropic contribution to free energy
without rigorous sampling [72]. These studies have focused on reproducing loop
conformations in native protein structures.

The problem of refining comparative models to improve accuracy is more challenging,
and early attempts to use molecular dynamics or energy minimization in this context had
mixed success, frequently increasing the RMS error of the models [95,96]. Nonetheless,
physics-based energy functions, although certainly not perfect, have shown impressive
abilities to distinguish native from non-native protein structures [61,97], suggesting that
the model accuracy may be currently limited by incomplete sampling rather than the
accuracy of the scoring function. A few recent reports about successful refinement of
comparative models by restrained molecular dynamics [98,99] support this viewpoint.

A complete software package for physics-based comparative model construction and
refinement has been developed [146]. The energy function employed is based on the OPLS
all-atom force field and Surface Generalized Born solvent model with a non-polar
estimator [100—103]. The sampling algorithms, which all use this energy function, include
side chain and loop and helix prediction; the latter capability is novel and addresses the fact
that corresponding helices in homologous proteins frequently adopt differing confor-
mations, especially at relatively low sequence identity [64,87,104]. The loop prediction
algorithm is, to our knowledge, the most accurate yet reported in the literature when tested
by reconstructing hundreds of loops in native structures. Of particular relevance to virtual
ligand screening against comparative models (as discussed below), the comparative model
construction algorithm permits inclusion of co-factors and ligands as the model is built,
which can help to improve accuracy of binding site conformations.
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8. ACCURACY OF COMPARATIVE MODELS

The accuracy of the predicted model determines the information that can be extracted from
it. Thus, estimating the accuracy of 3D protein models in the absence of the known
structures is essential for interpreting them. The model can be evaluated as a whole as well
as in the individual regions. There are many model evaluation programs and servers [147].

The accuracy of comparative modeling is related to the percentage sequence identity on
which the model is based, correlating with the relationship between the structural and
sequence similarities of two proteins [6,96,105]. High accuracy comparative models are
generally based on more than 50% sequence identity to their templates. They tend to
have approximately 1 A RMS error for the main-chain atoms, which is comparable to
the accuracy of a medium resolution NMR structure or a low-resolution X-ray structure.
The errors are mostly mistakes in side-chain packing, small shifts or distortions of the
core main-chain regions, and occasionally larger errors in loops. Medium accuracy
comparative models are based on 30-50% sequence identity. They tend to have
approximately 90% of the main-chain modeled with 1.5 A RMS error. Errors in side-chain
packing, core distortion, and loop modeling errors are more frequent, and there are
occasional alignment mistakes [105]. Finally, low accuracy comparative models are based
on less than 30% sequence identity. Alignment errors increase rapidly below 30%
sequence identity and become the most significant source of errors in comparative models.
In addition, when a model is based on an almost insignificant alignment to a known
structure, it may also have an entirely incorrect fold. Accuracies of the best model building
methods are relatively similar when used optimally [96,106]. Other factors such as
template selection and alignment accuracy usually have a larger impact on the model
accuracy, especially for models based on less than 40% sequence identity to the templates.

9. MODELING ON A GENOMIC SCALE

Threading and comparative modeling methods have been applied on a genomic scale [105,
107,108]. Domains in approximately one half of all 1,300,000 known protein sequences
were modeled with MODPIPE [105,107] and MODELLER [30], and deposited into a
comprehensive database of comparative models, MODBASE [9]. The web interface to the
database allows flexible querying for fold assignments, sequence-structure alignments,
models, and model assessments. An integrated sequence/structure viewer, Chimera [110],
allows inspection and analysis of the query results. MODBASE is inter-linked with other
applications and databases such that structures and other types of information can be easily
used for functional annotation. For example, MODBASE contains binding site predictions
for small ligands and a set of predicted interactions between pairs of modeled sequences
from the same genome. Other resources associated with MODBASE include a
comprehensive database of multiple protein structure alignments (DBALI) as well as
web servers for automated comparative modeling with MODPIPE (MODWEB), modeling
of loops in protein structures (MODLOOP) [112], and predicting functional consequences
of single nucleotide polymorphisms (SNPWEB) [109,111,113].

While the current number of modeled proteins may look impressive given the
early stage of structural genomics, usually only one domain per protein is modeled
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(on the average, proteins have slightly more than two domains) and two thirds of the
models are based on less than 30% sequence identity to the closest template.

10. APPLICATIONS OF COMPARATIVE MODELING TO
DRUG DISCOVERY

There is a wide range of applications of protein structure models [5]. For example, high
and medium accuracy comparative models frequently are helpful in refining functional
predictions that have been based on a sequence match alone because ligand binding is
more directly determined by the structure of the binding site than by its sequence. It is
often possible to correctly predict features of the target protein that do not occur in the
template structure. The size of a ligand may be predicted from the volume of the binding
site cleft, and the location of a binding site for a charged ligand can be predicted from a
cluster of charged residues on the protein. Fortunately, errors in the functionally
important regions in comparative models are many times relatively low because the
functional regions, such as active sites, tend to be more conserved in evolution than the
rest of the fold. Even low accuracy comparative models may be useful, for example, for
assigning the fold of a protein. Fold assignment can be very helpful in drug discovery,
because it can shortcut the search for leads by pointing to compounds that have been
previously developed for other members of the same family [114,115].

10.1. Comparative models vs experimental structures
in virtual screening

The remainder of this review focuses on the use of comparative models for ligand
docking [116—118]. It is widely accepted that docking to comparative models is more
challenging and less successful than docking to crystallographic structures. However,
surprisingly little work has been done to quantify the accuracy of docking to comparative
models, to determine in detail why the results are inferior to those obtained with crystal
structures, and to improve methods for docking to comparative models. Efforts along
these lines, directed at the important kinase and GPCR drug targets, are described in
separate sections below.

We begin our discussion with a study that compared the success of docking against ten
enzymes, each in three different conformations: holo (ligand bound), apo, and homology
modeled [119]. Each enzyme had multiple known inhibitors in the MDDR database, a
library of drug-like molecules where each molecule has been annotated by the receptor to
which it binds. Success of the docking, carried out with the this group’s version of
DOCK, was assessed by enrichment: the ability to distinguish known inhibitors from a
large set of ‘decoys’ (~ 100,000 of them in this case), relative to random selection. As
might be expected, the holo structures were the best at selecting the known ligands from
among the MDDR decoys based on docking score. Unexpectedly, the comparative
models, all taken from the MODBASE website without any special preparation, often
ranked known ligands among the top-scoring database molecules. In four targets, this
enrichment was better than 20-fold over random for top-scoring molecules [119]. In one
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case, purine nucleoside phosphorylase, the modeled structure actually performed better
than the holo structure. For the comparative model, 25% of the known ligands were found
in the top 1.2% of the ranked database, whereas for the holo conformation 2.8% of the
ranked list had to be searched before 25% of the ligands were found. Thus, whereas X-ray
crystallographic structures remain the first choice in docking, in many cases comparative
models seem good enough to highly rank known ligands from among a very large list of
possible alternatives.

10.2. Use of comparative models to obtain novel drug leads

Comparative models have been used in conjunction with virtual screening to successfully
identify novel inhibitors over the past few years. We briefly review a few of these
‘success stories’ to highlight the potential of this approach. The role of comparative
modeling in the design of new kinase inhibitors is discussed separately, below.

A series of papers demonstrate the successful use comparative protein structure
models to aid rational drug design against parasites. Comparative models were used
for computational docking studies that identified low micromolar nonpeptidic
inhibitors of proteases in malaria and the schistosome [53]. Subsequently, further
work applied similar methods to develop nanomolar inhibitors of falcipain that are
active against chloroquine-resistant strains of malaria [120]. Additionally, comparative
models were used to predict new nonpeptide inhibitors of cathepsin L-like cysteine
proteases in L. major[121]. Sixty-nine compounds were selected by DOCK 3.5 as
strong binders to a comparative model of protein cpB, and of these, 21 had
experimental ICs, values below 100 wM. Finally, comparative models were used to
rationalize ligand binding affinities of cysteine proteases in E. histolytica [122].
Specifically, this work provided an explanation for why proteins ACP1 and ACP2 had
substrate specificity similar to that of cathepsin B, although their overall structure is
more similar to that of cathepsin D.

Fifteen new inhibitors of matriptase have been discovered by docking against its
comparative model [123]. The comparative model employed thrombin as the template,
sharing only 34% sequence identity with the target sequence. Moreover, some residues in
the binding site are significantly different, including a trio of Asp residues in thrombin
that are modified to Tyr and Trp in matriptase. Thrombin was chosen as the template, in
part, because it prefers substrates with positively charged residues at the P1 position, as
does matriptase. The comparative model was constructed using MODELLER and refined
with MD simulations in CHARMM. The NCI database was used for virtual screening that
targeted the S1 site with the DOCK program. The 2000 best-scoring compounds were
manually inspected to identify positively charged ligands (the S1 site is negatively
charged), and 69 compounds were experimentally screened for inhibition, identifying 15
inhibitors. One of them, hexamidine, was used as a lead to identify additional compounds
selective for matriptase relative to thrombin. Another group has also used similar
methods to discover seven new, low-micromolar inhibitors of Bcl-2, using a comparative
model based on the NMR solution structure of Bcl-X; [124].

A novel inhibitor of a retinoic acid receptor by virtual screening using a comparative
model [125]. In this case, the target (RAR-a) and template (RAR-vy) are very closely
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related; only three residues in the binding site are not conserved. The ICM program was
used for virtual screening of ligands from the Available Chemicals Directory, using a
hierarchical approach. As with other studies, 300 good-scoring compounds from
the virtual screening were manually inspected to choose the final 30 for testing. Two
novel agonists were identified, with 50 nanomolar activity.

Novel inhibitors of DHFR in 7. cruzi (the parasite that causes Chagas’ disease) were
discovered by docking into a comparative model based on ~50% sequence identity to
DHEFR in L. major, a related parasite [126]. The virtual screening procedure used DOCK
for rigid docking of over 50,000 selected compounds from the Cambridge Structural
Database. Visual inspection of the top 100 hits was used to select 36 compounds for
experimental testing. This work identified several novel scaffolds with micromolar 1Cs,
values. The authors report attempting to use virtual screening results to identify
compounds with greater affinity for 7. cruzi DHFR than human DHFR, but it is not clear
how successful they were.

10.3. Comparative models of kinases in virtual screening

Protein kinases have been intensely investigated as drug targets. The large number of
kinases in the human genome (~500) is both an asset and a liability for drug
development efforts. The catalytic domain of kinases (i.e., the domain that binds ATP and
effects phosphorylation of substrates) is well conserved structurally, making it possible to
construct comparative models for this domain for many of the kinases in the human
genome. On the other hand, the high level of sequence conservation around the ATP
binding site-the site most frequently targeted for inhibitor development-raises concerns
about selectivity. Drugs that inadvertently inhibit kinases unrelated to the disease state
one intends to treat may lead to side effects (although activity against several kinases may
be desirable for treating some diseases). Proteins other than kinases can also contain ATP
binding sites, of course, although it is not clear whether selectivity across protein families
is a problem in practice. Reliable comparative models of kinases can in principle help to
address issues of selectivity and aid drug development against the many kinases lacking
experimental structures. Work along these lines remains at an early stage. Here we
highlight five studies in which kinase comparative models were used in virtual screening
applications; two of these studies developed new kinase inhibitors, while the remaining
three focused on methodological issues.

A selective inhibitor of human CK2 was discovered by virtual screening [144].
Because no experimental structure of the human protein was available at the time, a
comparative model of this kinase based on the structure of CK2 from Zea mays, using the
Whatlf program [127]. The level of sequence identity between the two proteins is very
high: 72% overall, and 82% in the ATP binding site. The crystal structure of human CK2
was subsequently solved, and the Cac RMS error of the model was determined to be only
0.92 A overall, and 0.64 A in the binding site. DOCK was used to screen a corporate
database of 400,000 compounds against the comparative model. As with many other
studies, the hit list was subjected to extensive filtering based on a variety of factors
including visual inspection. A dozen compounds were tested, yielding several inhibitors
with activity at 10 wM, and one with an ICs, of 80 nM — the most potent inhibitor of CK2
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yet reported. Fortuitously, this inhibitor has excellent selectivity, showing much weaker
inhibition of other kinases.

In another successful use of kinase comparative models for inhibitor development, was
in the virtual screening of a model of CDK4, a member of the important cyclic-dependent
kinase class of drug targets (CDKs play a central role in regulation of the cell cycle)
[145]. The comparative model was built from the crystal structure of CDK2 in its
activated (phosphorylated) form (45% sequence identity). The de novo design program
LEGEND was then used to predict inhibitors, which were subsequently filtered based on
commercial availability. Of 382 tested compounds, 18 had ICsy values better than
500 uM. After several rounds of optimization, one inhibitor had an ICs, of 42 nM. The
predicted binding mode of this inhibitor was subsequently supported by a crystal
structure of the inhibitor bound to CDK2.

Two recent papers have evaluated the enrichment of known kinase inhibitors (relative
to randomly selected drug-like molecules) obtained by virtual screening against kinase
comparative models. Construction of a total of 17 comparative models of six kinases,
using templates with sequence identity ranging from 30 to 77% was used in the first study
[128]. Four of these kinases had crystal structures available for comparison. Known
inhibitors for the kinases (ranging from 46 for VEGFR1 to 387 for EGFr) were combined
with 32,000 random compounds for the virtual screening, which used the LibDock
program [129]. In five of six cases, the known inhibitors were found to be enriched by
factors of 4—5 in the top 5% of the docking hits. These results are worse than typical
results with kinase crystal structures (although for SRC, the comparative model
performed much better than the crystal structure, for reasons that are not entirely clear).
This study also compared poses of the docked ligands with crystallographically
determined positions, when available, and suggested structural reasons for the difference
in enrichment between crystal structures and comparative models.

A further study compared enrichment for models of CDK?2 built from several different
templates with results for the crystal structure [130]. Comparative models were
constructed with MOE, and docking was performed with DOCK. This study concluded
that comparative models built from templates with >50% sequence identity provide
useful proxies of crystal structures, generating enrichment factors of ~ 5, similar to the
results with the crystal structure. Results for virtual screening against comparative
models of factor VIIa were also presented and are similar to those for CDK2.

In a study investigating the differential binding of the drugs Gleevec, purvalanol A,
and hymenialdisine to their intended kinase targets and many other kinases, most receptor
structures were constructed by comparative modeling [131]. This study represents an
early effort toward using comparative models to help assess possible side effects of drugs
caused by unintended binding to homologs of the intended target protein.

10.4. GPCR comparative models for drug development

Comparative modeling takes on special importance for the G-protein coupled receptors
(GPCRs). This class of membrane proteins has played an enormously important role in
drug development; approximately 40% of all drugs target a member of this class.
However, they are very difficult to crystallize, and most of the comparative modeling
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effort has been based on the atomic-resolution structure of bovine rhodopsin.
Comparative modeling methods for GPCRs capable of accuracy sufficient for
structure-based drug design would have an enormous impact on drug discovery. Several
serious challenges confront this goal. Many targets of interest for drug development share
rather low sequence identity (<30%) with rhodopsin. Although the transmembrane
helices can frequently be aligned with reasonable certainty (aided by certain highly
conserved residues), the extracellular loops are much more divergent in sequence.
Finally, model building algorithms typically do not take the membrane environment into
account explicitly, although it is not clear whether this approximation is a significant
factor for reconstructing the ligand binding sites. Despite these challenges, encouraging
early results have been reported for docking into comparative models of GPCRs. In fact,
enrichment of known ligands in virtual screening has become an important means of
validating GPCR comparative models.

A rather extensive test of docking methods with rhodopsin-based comparative
models, using three different docking programs and seven different scoring functions
has recently been reported [132]. The comparative modeling protocol is intricate, and
includes manual adjustment of sequence alignments, specialized loop search methods
for the second extracellular loop, and energy minimization of the model using AMBER.
Models were separately prepared for agonists and antagonists; that is, known ligands
were manually ‘docked’ into the binding site in reasonable poses, and the protein
structure was again minimized. Several different docking protocols were attempted, and
the authors report that the use of a ‘consensus’ scoring procedure involving three
scoring functions provides the best results. Under optimal conditions, the rather
elaborate procedures produced encouraging results in cross-docking experiments
involving known ligands of the 2 and D3 receptors, and in enrichment tests using
990 randomly chosen compounds from the ACD.

The ICM flexible docking algorithm could successfully reproduce the conformation of
the retinal ligand in rhodopsin and rank this ligand in the top 2% relative to a database of
decoy ligands [133]. Encouragingly, the method appears to be robust with respect to
entirely deleting the extracellular loop regions (which are difficult to model) and errors in
the binding site side chain conformations. GPCR models generated by the MembStruk
[134] and PREDICT [135,136] methods, which do not explicitly rely on the rhodopsin
structure, also appear to be useful for virtual screening purposes.

10.5. Other uses of comparative models in drug development

Clearly, as the previous discussion shows, comparative models are finding increasing
application in virtual ligand screening. However, comparative models have been put to
use in many other ways in the context of drug development, generally to obtain
qualitative insights to guide inhibitor development. In contrast to the literature on
docking to comparative models, the number of papers in this category is quite large, and
we aim to provide only a flavor of the many ways in which comparative models have
been used.

One common use of comparative models is to rationalize trends in binding affinities
among known inhibitors or structure-activity relationships, with an aim of guiding future
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lead discovery and optimization efforts. In these studies, docking algorithms are used
primarily to generate possible binding modes of known inhibitors in comparative models,
providing a structural context for understanding existing data on these inhibitors.
Examples include recent studies of the cysteine protease falcipain-3 in malaria,
thymidine phosphorylase, thymidine kinase, and androgen receptor [137—140]. Similar
studies have also combined comparative modeling and docking to help guide
the improvement of the pharmacokinetic properties of inhibitors, rationalize the role of
mutations in the development of drug resistance, and understand selectivity of drugs
against homologous proteins [141—143].

10.6. Future directions

Although recent reports of successful virtual screening against comparative models are
encouraging, such efforts are not yet a routine part of rational drug design efforts. Even
the successful efforts appear to rely strongly on visual inspection of the docking results,
and it is clear that much work remains to improve the robustness and accuracy of docking
against comparative models. Although a number of studies have compared docking
against comparative models with docking against crystal structures of the same proteins,
little work has been done to compare the accuracy achievable by different approaches to
comparative modeling, or to identify the specific structural reasons why comparative
models produce less accurate virtual screening results. Among the many issues that
deserve consideration are the following:

e The inclusion of co-factors and bound waters in protein receptors is often critical for
success of virtual screening; however, co-factors are not routinely included in
comparative models.

e The accuracy of comparative models is frequently judged by the Cao RMS error, or
similar measures of backbone accuracy. For virtual screening, however, the precise
positioning of side chains in the binding site is likely to be critical; measures of
accuracy for binding sites are needed to help evaluate the suitability of comparative
modeling algorithms for constructing models for docking.

e Knowledge of known inhibitors, either for the target protein or the template, can be
used to evaluate and improve virtual screening against comparative models. For
example, comparative models constructed from ‘holo’ template structures implicitly
preserve some information about the ligand-bound receptor conformation.

e Improvement in the accuracy of models produced by comparative modeling will
require methods that finely sample protein conformational space using a free energy or
scoring function that has sufficient accuracy to distinguish the native structure from
the non-native conformations. Despite many years of development of molecular
simulation methods, attempts to refine models that are already relatively close to the
native structure have met with relatively little success. This failure is likely to be due
to inaccuracies in the potential functions used in the simulations, particularly in the
treatment of electrostatics and solvation effects. Improvements in sampling strategies
may also be necessary. Combination of physical chemistry with the vast amount of
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information in known protein structures may provide a route to development of
improved potential functions.

11. CONCLUSIONS

High-resolution crystallographic structures becoming available for all human and
pathogen proteins and complexes is a very unlikely scenario. The only practical manner
of exploring ligand—protein interactions for most systems is to use comparative protein
structure models. It is now clear that comparative models, based on as little as 30%
sequence identity to known template structures, can be useful. New methods that improve
and combine existing modeling and docking techniques to further advance the utility of
comparative models will no doubt be developed in the future.
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1. INTRODUCTION

For efficacy, a drug must be absorbed and move from the site of administration across
several tissues to reach the site of action. The cellular membrane forms a formidable
barrier for the movement of compounds into and out of the cell. By the chemical
nature of hydrophilic compounds, these molecules prefer residing in water and are less
soluble in hydrophobic environments such as the phospholipid bilayer of cellular
membranes and therefore cannot easily cross the membrane. By contrast, hydrophobic
compounds easily diffuse into lipid membranes. This poses a dichotomy since hydro-
phobic compounds prefer a lipid environment then why do they diffuse through the
cellular membrane into the hydrophilic cytosol of cells? In the past few decades,
transport proteins have been recognized to play a major role in determining whether
hydrophilic and hydrophobic compounds are allowed passage across the membrane
barrier. Drugs and/or their metabolites are now known to be substrates of membrane
transporters. This knowledge has enhanced our understanding of absorption, tissue
distribution, and excretion from the body. This review describes the properties of
transporters and their importance in drug transport and disposition, highlighting
specific clinical examples.

ANNUAL REPORTS IN MEDICINAL CHEMISTRY, VOLUME 39 © 2004 Elsevier Inc.
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2. BIOLOGY OF TRANSPORTERS
2.1. General characteristics

The human genome initiative has estimated that humans possess 2000 or more
transporters and ion channels [1,2]. As illustrated in Fig. 1, transporters are integral
membrane proteins typically containing 12 transmembrane spanning regions and are
important in the movement of both solutes and ions from one side of a membrane to other
without chemical modification.

Functionally, three classes of transporters exist: influx transporters facilitate the
movement of compounds into the cell, efflux transporters remove cytosolic substances
from the cell, and exchangers permit the simultaneous movement of solutes across the
membrane in opposite directions. Like enzymes, transporters display substrate specificity
normally recognizing structurally related compounds and saturate with increasing
concentrations as typically described by Michaelis-Menten kinetics with addition of a
simple diffusion component (Fig. 2).

Vmax [S]

T Kat

+ kq[S]

The uptake rate (v) is related to the affinity of the transporter for its substrate (Kj,)
at the concentration of half maximal transport (V). Simple diffusion is directly
proportional to the substrate concentration by a kinetic constant (k) and does not saturate
with increasing concentrations. Transporters may have overlapping specificities but may
differ in substrate affinity, regulation of expression, and tissue or cellular distribution.

2.2. Energetics

Transporters receive energy from a variety of sources (Fig. 3A). Active transporters
concentrate a substrate to higher concentrations within a cell than what is present
extracellularly; passive transporters facilitate the movement of a solute to achieve
equilibrium across the membrane. In mammalian cells, primary active transporters are
directly coupled to ATPase activity and hydrolyze ATP to derive energy for pumping
substrates across the membrane.

Extracellular

Cytoplasmic

Fig. 1. Transporter membrane topology.
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All other active transporters use an energy source that is indirectly coupled to Na™/K™*-
ATPase. As shown in Fig. 3B, Na*/K*-ATPase creates an inwardly directed sodium
chemical gradient by simultaneously effluxing 3 Na™ out of the cell and influxing 2 K™
into the cell, thereby, creating an intracellular negative membrane potential due to the
imbalance in charge movement. Since Na/K"-ATPase is present in all mammalian
cells, a number of transporters use this electrochemical gradient either directly or
indirectly to drive the concentrative accumulation of solutes within the cell (Fig. 3A).
Secondary active transporters are Na'-dependent, cotransporting Na™ with a substrate
(S). Similarly, transporters can be coupled to a proton gradient created by the Na*/H™*
exchanger that utilizes the Na* gradient created by the Na*/K*-ATPase to export H*
from the cell thereby creating an acid microenvironment at the cell surface. Examples of
tertiary active transporters are the proton-dependent peptide transporters (PEPTI,
PEPT2) and the amino acid transporter, L-system (LAT2) (Table 1) [3—5]. Alternatively,
active transporters can also be exchangers permitting the movement of one solute for
another such as the Na*/H™ antiporter. By contrast, facilitative transporters are not
coupled to any energy source and are ‘passive’, facilitating the diffusion of molecules

A
Energy Source:
I Active || Passive I Na* K*-ATPase
N ot >
" 4
‘@,bc\ & &,bd ‘\,bog &
Q\\ %QJO «0 Q/“‘O Q@G
S Na*S H*S st S
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Fig. 3. Energetics of transporters.



Table 1. Examples of solute carriers that mediate drug transport [8]

[4:14

Transporter Location Natural substrates Drug substrates References
CNT1? (SLC28A1) Liver, kidney, intestine, Pyrimidine nucleosides 2'-Deoxycitidine, 5-fluoro-5'- [9]
brain deoxyuridine, gemcitabine
ENT1P (SLC29A1) Ubiquitous Nucleosides, free nucleobases Gemcitabine, fludarabine, [9-11]
cytarabine, ribavirin
LATI1P (SLC7A5) Brain, testis, ovaries, Large neutral amino acids with L-Dopa, melphalan, gabapentin, [4,12]
placenta bulky or branched side chains triiodothyronine
LAT2® (SLC7AS8) Ubiquitous Large and small neutral L-Dopa [4,13]
amino acids
PEPT1? (SLC15A1) Intestine, kidney Di/tripeptides Cephalosporins, ACE inhibitors, [14,15]
proximal tubule renin inhibitors, bestatin,
valacyclovir,
PEPT2? (SLC15A2) Kidney distal tubule, Di/tripeptides Cephalosporins, ACE inhibitors, [16,17]
brain valacyclovir
HPT-1? (CDH17) Intestine Di/tripeptides? Cephalexin, bestatin, [6,7]
valacyclovir
MCTI1? (SLC16A1) Ubiquitous Anions, Pyruvate, lactic acid, Ceftibuten, carindacillin, [18-23]
ketone bodies, biotin atorvastatin acid
RFC-1? (SLC19A1) Intestine, kidney, retina  Folic acid, thiamine Methotrexate, premetrexed [24-29]
OATP-C?, OATP2, Liver Organic anions, bile acids, Pravastatin, troglitazone sulfate  [22,30-32]

LST-1 (SLC21A6)

bilirubin, estrone sulfate or
estradiol-17-3-D-glucuronide

conjugate, Atorvastatin acid

 Active transport; P passive transport.

Abbreviations: ACE, angiotensin converting enzymes; CNT, concentrative nucleoside transporter; DOPA, dopamine; ENT, equilibrative nucleoside
transporter; HPT, human peptide transporter; LAT, L-system-amino acid transporter; MCT, monocarboxylic acid transporter; OATP, organic anion

transport protein; PEPT, peptide transporter; RFC, reduced folate transporter.
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across the membrane down their concentration gradients permitting solutes to rapidly
equilibrate across the membrane.

2.3. Solute carriers

In mammalian cells, the largest group of influx transporters is classified as the solute
carriers (designated SLC) [2]. These membrane proteins are important for the transport
of nutrients such as amino acids, peptides, sugars, nucleosides, vitamins, neuro-
transmitters, bile acids and organic and inorganic anions and cations. There are
presently 298 genes assigned to the SLC gene classification. They are divided into 43
families (designated SLC1-43). Table 1 lists a number of different drug influx
transporters and some of their known substrates. An exception noted in Table 1 is
CDH17, commonly known as HPT-1. HPT-1 transports the [-lactam antibiotic,
cephalexin, bestatin and valacyclovir [6,7]; however, it is in the cadherin (CDH) gene
classification.

2.4. ATP-binding cassette (ABC) transporter superfamily

A second major group of drug transporters are members of the ABC transporter
superfamily that are responsible for the efflux of many drugs and drug conjugates.
These ABC membrane proteins are ATP-dependent transporters that contain a highly
conserved ATP signature domain and multiple transmembrane spanning domains.
Humans possess ~50 members of this superfamily which are divided into seven
families (designated ABCA—ABCG) and to date four families contain drug efflux
transporters (Table 2) [33—37]. These ABC drug transporters are listed in Table 2 with
their tissue distribution and substrates. MDR1 (ABCBI, P-glycoprotein, Pgp) is the
most extensively studied and effluxes drugs for a wide array of therapeutic indications.
Genetic polymorphisms exist in several members that influence their substrate
specificity and/or transport activity [38—42]. The role of several of these transporters
in tissue distribution will be discussed below.

2.5. Tissue distribution

Transporters may work in concert to allow movement through polarized cells such as
epithelial cells of the intestine, kidney, liver, and lung. Transporters in these cell types
are asymmetrically distributed to cell surfaces (Fig. 4). One example of this is the
movement of nucleosides across the intestinal mucosa. Uptake at the apical (luminal)
side is mediated by the Na*-dependent concentrative nucleoside transporters (CNTs)
while efflux is mediated by the Na™-independent equilibrative nucleoside transporters,
ENTs. These transporters work in concert to permit the vectorial transport across the
mucosa of nucleosides into the blood stream. Expression of CNTs, PEPT1 and HPT-1
in the intestine is regulated by diet or disease [67—69].

Also, ABC transporters are often key in maintaining the barrier function of various
tissues and excretion of substances from the body. For example, Pgp is highly
expressed in the luminal membrane of the intestine, the canalicular membrane of
the liver and the blood—brain barrier (BBB). At the intestinal luminal membrane, Pgp



Table 2. ABC drug efflux transporters [43]

¥8¢

Transporter Location Natural substrates Drug substrates References
ABCAS8 Heart, skeletal tissue, liver, LTC,, 17-B-glucuronide- p-Aminohippuric acid [44]
others estradiol, taurocholate (ochratoxin-A)
MDRI1 (ABCB1) Intestine, kidney, lung, liver, Amphiphilic cationic and Natural product anticancer agents;  [45—-47]
Pgp adrenal gland, BBB neutral compounds STI-571; immunosuppressive
agents, HIV protease inhibitors;
anti-CVS drugs; CNS, morphine,
fexofenadine, loperamide
BSEP (ABCB11) Liver Bile acids Vinblastine [48,49]
Sister Pgp
MRP1 (ABCC1)  Ubiquitous ( << liver) Organic anionic conjugates, Anticancer agents, Anthracyclines, [50]
X + GSH LTC,4 GSSG peptides Epipodophyllo-toxins,
Melphalan, SN-38
MRP2 (ABCC2) Liver, intestine, kidney Organic anions and anionic Anticancer drugs, SN-38, [51-53]
cMoat, cMRP conjugates Glucuronsul-bilirubin premetremed; cephalosporins,
LTC, HIV protease inhibitors
MRP3 (ABCC3) Liver, intestine, kidney, Organic anionic conjugates Bile Anticancer drugs, etoposide [54,55]
Moat-D placenta (pancreas) Salts, LTC,4, 17-B-glucuronide- MTX, vincristine
estradiol
MRP4 (ABCC4) Prostate, lung, testis, ovary, Nucleoside Phosphonates cAMP, Antiviral agents, PMEA, [56-59]
Moat-B bladder, pancreas cGMP PMEG AZT, 6-MP, 6-TG
MRPS5 (ABCCS) Ubiquitous Base and Nucleotide Analogs, PMEA, 6-MP, 6-TG, [53,56,60]
Moat-C camp, cGMP premetrexed
MRP8 (ABCC11) Low levels except in kidney, Purine and pyrimidine nucleotide Antiviral, PMEA; anticancer [61,62]
SURI spleen, colon analogs, cAMP, cGMP fluoropyrimidine
BCRP (ABCG2) Placenta, breast, liver, Organic anions, porphyrins Anticancer, mitoxantrone, [63-66]
MXR, ABCP intestine, brain and steroids doxorubicin, MTX, topotecan,

SN-38, AZT

Abbreviations: 6-MP, 6-mercaptopurine; 6-TG, 6-thioguanine; AZT, zidovudine; LTC,, leukotriene C4; MTX, methyltrexate, PMEA 9-(2-

phosphonylmethoxyethyl)adenine; PMEG, 9-(2-phosphonylmethoxyethyl)guanosine; SN-38, 7-ethyl-10-hydroxycamptothecin.
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Fig. 4. Asymmetric distribution of transporters in epithelial cells.

as well as Breast Cancer Resistance Protein (BCRP) is known for limiting the
bioavailability of certain drugs (Table 2). At the BBB, Pgp is a major player in
excluding substances from the brain, thereby protecting the brain and maintaining the
BBB. In addition, Pgp is responsible for the excretion of some drugs from the liver
into the bile.

3. ROLES IN CLEARANCE AND TISSUE DISTRIBUTION

Transporters are important in determining the pharmacokinetics (e.g. absorption,
distribution, metabolism and excretion) of their substrates [70]. Their roles become
apparent when polymorphisms exist in transporters that alter their transport activity or
when two drugs are co-administered that compete for the same transporter. Under these
circumstances altered pharmacokinetics of the transported compound(s) can be seen by
changes in pharmacokinetic parameters such as bioavailability, plasma clearance and
apparent volume of distribution. Bioavailability can be defined as the fraction of the dose
reaching the systemic circulation as the intact unmetabolized drug. Clearance describes
the efficiency of irreversible elimination of the drug from the body and can be defined as
the volume of blood cleared of drug per unit time. The apparent volume of distribution
relates the concentration of drug in the plasma to the total amount of the drug in the body.
The major determinant is the relative strength of drug binding to tissue components
compared to binding to plasma proteins.

3.1. Impact on oral absorption

Both influx and efflux transporters may have a dramatic effect on oral absorption.
Early in the development of oral cephalosporins, an intestinal peptide transporter was
recognized to be important for enhancing the oral absorption of these hydrophilic
antibiotics [3]. For some [-lactams, cephalexin, cepharadrine, and cefadroxil, nearly
90% is orally absorbed in humans [71,72]. Because excellent bioavailability generally is
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afforded PEPT1 substrates, peptidyl mimetic prodrug strategies have been used
to enhance absorption relative to the parent molecule. An example is the development of
valacyclovir a prodrug of acyclovir that enhanced oral bioavailability of acyclovir from
22 to 70% and reduced the interindividual variability from 49 to 21% in patients.

By contrast, the ABC drug transporters can dramatically limit the oral absorption
of their substrates by enhancing their clearance via the intestine, kidney and/or liver.
For example, the anticancer agent, paclitaxel, a Pgp substrate has poor oral bio-
availability in humans, only 5%, but when dosed with the Pgp substrate, cyclosporin A,
the oral bioavailability of paclitaxel is increased to 50% [73]. When a Pgp substrate,
talinolol, that is not appreciably metabolized, was co-administered with a Pgp inhibitor,
verapamil, oral absorption of talinolol was enhanced by blocking intestinal secretion
and decreasing plasma clearance (between 30 and 60%) as well as reducing the volume
of distribution of talinolol [74]. Absorption can also be altered by agents that enhance
the expression of transporters such as rifampicin, St. John’s wort or phenobarbital for
Pgp and MRP2 [75-77]. Clinical studies have examined the effect of rifampicin on
talinolol [78]. After 9 days of rifampicin treatment, duodenal Pgp expression was
enhanced by ~4-fold and talinolol plasma exposure was reduced after either oral or
intravenous administration, 35 or 21%, respectively. Following 1 mg talinolol with
I mg digoxin by IV administration, the volume of distribution was enhanced modestly
by 13%. A similar result was seen with digoxin administered orally after dosing
rifampicin for 10 days [79]. The oral bioavailability was decreased by 30% and was
shown to correlate to an increase in Pgp expression in the duodenum of the subjects.
Taken together, these studies demonstrate the important role that Pgp has in oral
absorption, clearance as well as distribution.

Another ABC drug transporter important in limiting oral absorption is BCRP.
The anticancer agent topotecan is a substrate of BCRP and not Pgp. In clinical studies,
cancer patients were dosed topotecan orally or intravenously with and without a single
oral dose of a potent, mixed inhibitor of both Pgp and BCRP, GF120918 [80].
Co-administration of GF120918 significantly increased the apparent bioavailability of
topotecan from 40 to 97%.

3.2. Impact on the kidney

The kidney plays an important role in the elimination of certain compounds. The
intestine and kidney share many of the same transporters that are located to the same
epithelial cell surfaces [81]. These include PEPT1, OATP, MDR and MRPs, organic
anion transporters (OAT), organic cation transporters (OCT). PEPT1 and PEPT2
function for renal tubular reabsorption across the kidney brush-border membranes
for drugs such as the B-lactam antibiotics [81]. Actively secreted renal drugs may be
affected by co-administered drugs that share a common transporter. For example
probenecid, an OAT substrate inhibits the OAT-mediated secretion of anionic drugs
(penicillins, ACE inhibitors, antiviral drugs) at the basolateral membrane of renal
proximal tubules [82—84]. OAT transporters are thought be important for mediating
cephaloridine nephrotoxicity which is reversible with the co-administration of
probenecid [85].



Drug Transporters and Their Role in Tissue Distribution 287
3.3. Impact on blood-brain distribution

An important tissue barrier for agents acting on the CNS is the BBB. Although much is
still to be learned about the transporters in the BBB, a number of amino acid, organic
anion, organic cation and ABC transporters, Pgp, MRPs, and BCRP are expressed there
[86—88]. Only lipophilic drugs cross the BBB by way of simple diffusion and a strong
correlation between lipophilicity and brain penetration of drugs exists although factors
such as number of hydrogen bonds and molecular size can also influence the transport of
drugs across the BBB [89-92]. Pgp is highly expressed in the endothelia that comprise
the BBB and plays a critical role in restricting the passage of lipophilic compounds into
the brain [93,94]. In vitro studies examining the permeability of 93 marketed drugs
through MDCK cells expressing human Pgp demonstrated that both simple diffusion
of drugs and their transport by Pgp could distinguish between drugs marketed for CNS
and non-CNS indications [95]. In recent studies, several Pgp inhibitors (cyclosporin A,
PSC-833 and GF120918) were co-administered with paclitaxel to increase the BBB
penetration of wild type mice and mdrla(—/—) knockout mice which lack Pgp in the
BBB [96,97]. Brain levels of paclitaxel were 11-fold greater in knockout mice than
wild type mice. Brain levels in wild type mice were enhanced by co-administration of
cyclosporin A (3-fold), PSC-833 (6.5-fold) or GF120918 (5-fold). This indicates that
drug combinations may alter the CNS pharmacodynamics. This has been demonstrated
with loperamide, a Pgp substrate that is a potent opiate. Loperamide does not normally
elicit CNS effects due to Pgp limiting its access to the brain, however, when co-
administered with the Pgp inhibitor, quinidine, respiratory depression, was observed
which is an effect common to centrally acting opiates [98]. The role of Pgp in this
interaction was confirmed by studies in mdrla(—/—) knockout mice. The brain
concentration of loperamide after oral administration was 10-times greater in the
knockout mice than in wild type mice [99]. Together, these clinical data support Pgp
limiting the brain penetration of loperamide and paclitaxel.

3.4. Impact on liver

The liver is responsible for the majority of first pass metabolism that detoxifies orally
absorbed xenobiotics. As such, the liver has a large number of transporters on the
sinusoidal and canalicular membranes to not only extract xenobiotics from the blood
into the liver, but to release the drug and/or its metabolites into the bile (Fig. 5) [51,100,
101]. Liver-specific forms of some transporters exist such as the Bile salt export pump
(BSEP) and the OATPs (C and 8) [32,77,102,103]. OATP-C is an influx transporter
present on the sinusoidal membrane of hepatocytes that transports pravastatin. Genetic
polymorphisms of OATP-C result in decreased transport capacity for pravastatin. A
recent clinical study in the Japanese population showed that the transporter allele
(Aspl130/Alal74) resulted in a reduced clearance of pravastatin leading to greater
plasma exposure [31,104]. This study confirms the role of OATP-C in the uptake of
pravastatin into the liver in man.

MDRI1 is located on the bile canalicular membrane of hepatocytes and is responsible for
the biliary secretion of some drugs from the liver. In clinical studies, patients were given
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Fig. 5. Distribution of transporters in hepatocytes.

digoxin, a Pgp substrate, with and without concomitant administration of the Pgp
inhibitor, verapamil [105]. Verapamil increased the steady-state plasma concentrations of
digoxin by 44% by decreasing the biliary clearance by 43% without altering the renal
clearance. Thus, Pgp can have an important role in the biliary clearance of certain drugs.
An important function of the liver is the metabolism of xenobiotics. Both Pgp and
cytochrome P450 3A enzyme (CYP3A) are expressed in hepatocytes and their substrate
specificities overlap considerably unlike CYP2C another isoform with more limited
substrate specificity for these drugs. Expression of CYP3A and Pgp in the liver and the
intestine are co-ordinately regulated by the pregnane (steroid) xenobiotic receptor to
eliminate xenobiotics, i.e., Pgp effluxes the drug out of the cell while CYP3A further
removes the substance by metabolism within the cell [106,107]. Thus, therapeutics that
are inhibitors or substrates of both could be expected to lead to drug—drug interactions,
resulting in increased levels of the co-administered drugs circulating in plasma.

4. CONCLUSIONS

Transporters are critical for the movement of hydrophilic and hydrophobic drugs
across membranes. In clinical studies, transporters have been shown to be important in
the oral absorption and tissue distribution of a number of very successful marketed
drugs. The discovery and development of new agents will benefit from attention paid
to the role of transporters in enhancing and/or limiting the biodistribution of com-
pounds to target tissues. Incorporation of transport properties into structural activity
relationships should aid in the design and development of new therapeutics with
improved efficacy.
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1. INTRODUCTION

Despite technological advances such as high throughput screening (HTS) and
combinatorial chemistry, the number of drug launches has fallen steadily during the
past several years [1]. The ten to fifteen year discovery and development cycle
makes it necessary for most companies to work on multiple projects simultaneously;
therefore, drug discovery requires a regular supply of leads to drive this process. Of
the few published studies concerning pre-clinical attrition rates going from target
validation to clinical candidate selection, estimates of rates for successfully finding a
lead and for optimizing that lead are reported as 60 and 63%, respectively [2]. The
way in which research and development organizations are willing to take a family of
lead molecules into clinical development is one of two reasons cited for higher
success rates in delivering compounds for launch; selecting compounds for clinical
studies according to stricter, more aggressive quality criteria is also cited as a
success factor [3]. Both of these factors speak to the opportunity to enhance the
success rates in drug discovery by providing more and better leads. To this end, the
emergence of a new phase in drug discovery, commonly called the hit-to-lead
process, has been the target of increased attention and thus, merits detailed definition
and exemplification.
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2. DEFINITION OF THE HIT-TO-LEAD PROCESS

Most leads are identified by assaying natural products, historical compound collections,
combinatorial chemistry libraries, and compounds synthesized according to knowledge-
based approaches such as study of literature and patents. Often compounds are
identified through an HTS assay protocol, the predominant means to identify potential
leads in a random manner. Depending on the biological target, the assay of hundreds of
thousands of single compounds usually produces some number of primary hits.
The process of primary hit filtration and assessment is known as hit-to-lead [4—10].
In the hit-to-lead process, an early prospecting of the potential of a compound series in
question is conducted to assess the chance of success in lead optimization and beyond.
Experience has shown that of the many primary hits identified from a high
throughput screen, only a handful are likely to advance to the resource-intensive lead
optimization phase.

Almost all hit-to-lead programs begin with SAR studies directed toward increasing
the potency of the hit and understanding the SAR landscape around it. It makes
sense to increase potency since many screening hits have activity in the single-digit
micromolar range and this is generally not a sufficient level of potency for a human
therapeutic. Moreover, increasing potency is often accompanied by reduction in the
severity of some issues associated with a high dose, such as solubility, selectivity,
toxicity, permeability, etc. Many recently published papers covering hit-to-lead work
focus on SAR studies and improvements in potency [11-24]. In some cases, crystal
structures are used to direct structural modification of the hit [25,26].

In other cases, liabilities are identified early on, and overcoming these liabilities
becomes the focus of the hit-to-lead efforts, often in combination with efforts to
improve the potency of the hits. For example, in order to minimize possible unwanted
side-effects, selectivity may be an important issue and several publications have
appeared describing improvements in this area [27—-33]. In addition to selectivity, some
other issues that have received recent attention in hit-to-lead publications are
anticipated toxicity [34]; metabolism [35]; and a combination of poor solubility, high
lipophilicity and lack of functional activity [36].

Some publications describe a series of analogues where different issues are
addressed by different modifications of the hit. For example, some compounds may
show that potency increases are possible while other compounds show that oral
bioavailability is achievable in the series. The challenge in such cases is to show that
it is possible to identify a molecule in which all issues are satisfactorily resolved in the
same molecule. Recent publications have described cases of improvements in potency
and bioavailability [37]; potency, selectivity and water solubility [38]; or oral
bioavailability.

Unlike lead optimization, the focus of hit-to-lead efforts is not to identify the best
compound, but rather to provide data around a series of compounds that rationalizes the
decision to advance a given series of compounds into the lead optimization phase. An
early identification of liabilities significant enough to disqualify a series of compounds
for further work is of greatest value before the expenditure of lead optimization effort and
resources on that series.
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The process of primary hit filtration, assessment, and prospecting of the potential
for a tractable lead series is central to the hit-to-lead process. The hit-to-lead process
is composed of the general stages of hit assessment, hit validation, and identification
of the best hits. The goal of any hit-to-lead effort is the identification of an optimal
lead series and its liabilities for transition to lead optimization efforts. Although the
lead series criteria are specific to a given project, one can organize the common
thinking about this process and some of its criteria as shown in Fig. 1. Of the reasons
that a compound may fail during lead optimization, several may be generalized and
may be used as a basis for consideration of the suitability of any molecule for a
target. For example, recent reports have described methods to identify so-called
frequent hitters, molecules that appear active in several HTS assays unrelated as
members of a single protein family [39]. Because attempts to optimize frequent
hitters as leads are nearly always futile, these molecules should be eliminated rapidly
from consideration.

For a given molecule, failure to meet some hit-to-lead criteria does not necessarily
eliminate the molecule from further consideration as much as it helps to direct on
synthesis of other molecules to understand the potential to remediate the problem.
Successful practices for the identification of good leads from HTS data are an
efficient means to increase the chances for success in the lead optimization phase.

Identification of

Assessing hits

Validating hits

high quality hits

“A Good Lead”

Structure & purity
confirmed

Not a frequent
hitter

Minimum toxicity
alerts

Minimum Lipinski
Rules violations

Solubility,
permeability, logP
calculated

Activity confirmed
with powder
sample

Feasible
chemistry for
analog synthesis

Potency < 10 uM

Appropriate target
selectivity

Solubility,
permeability, logD
measured

Intellectual
property issues
assessed

Resolution &
assay of chiral
isomers

Synthesis
amenable to HTC

Plausible SAR in
50-100 analogs

No Lipinski Rules
violation

Determination of
metabolic
liabilities

LogD: 0-3

PAMPA: high

Elucidation of
kinetics, mode of
action

NMR or X-ray of
structure-target
complex

Potency <1 uM

Encouraging
preliminary PK

Low hERG
channel binding
liability

Aqg. solubility >
100 pug / mL

Low Cyp450,
PGP liabilities

Fig. 1. Stages and general criteria for the hit-to-lead process.
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As encouraging information is accumulated, the molecule or series of molecules in
question progresses from the status of an HTS primary hit to bona fide lead series.

3. PUBLISHED EXAMPLES OF HIT-TO-LEAD STUDIES

The most clearly defined milestones in the drug discovery process are project initiation
and entry-into-humans. Intermediate milestones are defined differently in different
organizations and are often not described in publications. Consequently, the identification
of papers dealing with the hit-to-lead process is somewhat subjective. We have included
in this review papers dealing with the early stages of drug discovery, and some may
actually include elements of lead optimization.

3.1. P2X7 receptor antagonists

Elaboration of an HTS hit with respect to a specific target criteria was recently reported
for antagonists of the P2X7 receptor, a ligand-gated ion channel involved in the
mediation of inflammatory and immune processes [40]. Extensive and specific criteria for
the lead target profile were reported (Table 1) and were used to evaluate the nature of
initial hits and the progress of hit-to-lead efforts. Emphasis on finding molecules with
good metabolic stability is evident in this example, but many of these properties would
define good leads for other targets as well.

Through HTS, the structure 1 was identified and evaluated against the criteria above.
The goals of the hit-to-lead effort were to maintain inhibitory potency, to understand the
preliminary SAR, to improve clearance values and to reduce the compound’s molecular
weight and ¢ log P. During the course of the SAR investigation, it was found that a
single aromatic substituent was sufficient for significant potency. This change gave a
significant reduction in molecular weight. SAR study of aryl ring substitution through
preparation of various analogs also identified the possibility of introducing heterocylic
fused rings (2). These improvements in the molecule along with acceptable pharma-
cokinetic properties in the rat made it possible to advance the molecule to lead
optimization (LO) efforts.

Table 1

Property Target Hit 1 Lead 2
Inhibitory potency (pA,) >7.0 6.9 7.4
Rat hepatocyte clearance (wL/min/10° cells) <14 5
Human liver microsomal clearance (pL/min/mg) <23 21
Rat iv clearance (mL/min/kg) <35 47
Rat Vss (L/kg) >0.5 2
T, (h) >0.5 1
Molecular weight (Da) <450 540 309

clog P <3.0 6.2
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3.2. HPV6 E1 helicase inhibitor

The hit-to-lead process for an HTS hit 3 active against human papillomavirus HPV6 El
helicase was divided into two steps: initial prospecting of gross SAR through a few
modifications followed by a more detailed analysis of the most permissive areas [41]. The
first step identified the importance of the sulfonyl acetic acid moiety. Specifically,
substitutions with carboxylate isosteres such as tetrazoles, phosphonates, or sulfates were
not tolerated. Further, changes in the oxidation state of sulfur as well as the length of the
alkyl linker between sulfone and carboxylate could not be changed without significant
loss in potency. In the second step, the distal aromatic ring was derivatized through a
carboxylate functionality, providing compounds with single digit nanomolar inhibitory
potency such as compound 4.

3
4
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20
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3 HTS hit 4
HPV6 ICsq 2 uM HPV |5, 0.0043 uM
MW 276 MW 473

Cﬂ H Cﬂ
N
o

et ane
0"
o
5

HPV6 IC5y 0.63 uM
MW 474
Moderately permeable (Caco-2)

This two-step SAR analysis confirmed that active compounds could be derived for
this series. This analysis also highlighted two key liabilities: the potential instability of
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the sulfonylacetic acid moiety and the absence of cell-based activity likely due to
poor cellular permeability. These two problems were addressed by substitution of
the sulfonylacetic acid moiety with several potential isosteres. It was found that
substitution of the carboxyl group with nitro (compound 5) provided a moderately
permeable compound (Caco-2 assay result) but with a greater than 100-fold loss in
potency.

3.3. CXCR2 receptor antagonists

The results for a hit-to-lead investigation were reported for a molecule 6 identified in an
HTS campaign for inhibitors of the CXCR2 receptor, of interest for treatment of immune
and inflammatory disease conditions [42]. A profile for the desired lead for this target was
extensively defined and serves as useful benchmarks to evaluate the initial hit and
progress towards identifying a lead. Preliminary SAR studies indicated that the pyridyl
group could be substituted by a phenyl but that modification of the thiol was not tolerated.
It is theorized that the acidity of the thiol group (pKa ~6.5) is an important feature of
these types of inhibitors. Ortho-substitutions of the phenyl ring were shown to increase
inhibitory potency; mono- and di-chlorination of the benzyl ring were found to enhance
inhibitory potency. A pharmacokinetic study of the HTS hit indicated moderate clearance
and a long half-life in the rat. The results of the hit-to-lead work identified molecule 7
having more than 100-fold greater inhibitory potency. Although the molecule was more
lipophilic than both the original hit and the target lipophilicity, the molecule had good
bioavailability in a rat pharmacokinetic study. Having achieved good results for lead-like
potency and DMPK profile, further improvements in potency will be the goal of the lead
optimization phase.

Property Goal Hit 6 Lead 7
CXCR2 (ICsp) (binding, puM) <0.1 4.6 0.028
Whole cell assay (FLIPR, uM) <0.1 2.4 0.048
Rat hepatocyte clearance <14 19 26
(wL/min/10° cells)
Human liver microsome clearance <23 13 14
(nL/min/mg)
Rat iv clearance (mL/min/kg) <35 12 12
Rat iv Vss (L/kg) >0.5 1.3 8
Rat iv T1/2 (h) >0.5 3.4 9
Rat po F (%) >10 61
Plasma protein binding (%) <99.5 99.0
Solubility (ug/mL) >10 20
MW (Da) <450 268 336
clog P <3.0 34 43

log D <3.0 3.2
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pyridyl -> phenyl ok; ortho
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— - N= Ne
SH
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6 CXCR2-R IC5y = 4.6 uM 7 CXCR2-R IC5, = 28 nM
MW = 286 MW = 370

3.4. MexAB-OprM efflux pump inhibitors

One liability that has received some attention is protein binding. Compound 8 is an
effective in vitro potentiator of the effect of antibacterial quinolones such as levofloxacin,
through inhibition of an efflux pump [43]. However, it has limited in vivo activity
attributed to its high protein binding. The scaffold was modified to a pyridopyrimidine in
an attempt to reduce protein binding. Although compound 9 has in vitro activity about
10-fold lower than 8, the desired reduction in protein binding has been achieved, and
most significantly, the compound shows activity in vivo.

¢} OH / N
/) H Sﬁ\/o AN
s Z | H
N N,
(o] \ N
)
8

14

N~-N
9
MPCg < 0.63 ug/mL MPCg 5 ug/mL
Protein Binding > 99.9% Protein Binding 88.4%

3.5. PAI-1 inhibitors

Compound 10 is a micromolar inhibitor of plasminogen inhibitor-1 (PAI-1) with poor
oral bioavailability which is attributed at least in part to the phosphonic acid [44]. It was
found that compound 11 gave a combination of slightly better potency with much better
pharmacokinetic properties in rats (for example, 43% oral bioavailability).

10 1
ICgp 1.8 uM 1C5, 0.5 uM
Poor oral bioavailability F 43% (rat)
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3.6. PTP1B inhibitors

Often, high-throughput screening hits have poor permeability, and some publications
address improvements in this area, sometimes in combination with improvements in oral
bioavailability [45]. In some cases, a high price in terms of potency is paid to overcome a
permeability problem. For example, compound 12 is a potent inhibitor of protein tyrosine
phosphatase 1B (PTP1B) and it shows 3.6-fold selectivity over the closely related T cell
phosphatase [46]. However, 12 shows poor permeability in the Caco2 system, and this is
attributed to the two negative charges it bears at physiological pH. A replacement was
sought for the phosphotyrosine mimetic and it was found that an o-hydroxy-phenoxy-
acetic acid gave a compound with good permeability and increased selectivity over the T
cell phosphatase. However, the improvement in permeability has come at a price in terms
of potency: 13 has a K; of 9 uM against PTP1B, compared to a K; of 0.018 puM for 12.

HO

o 0. _OH
0

)S(OH
N

Oj/
o} HO
o (@) OMe o (0] OMe
N/\/\/O OH N/\/\/O OH
H
H Oj/NH

OYNH
12 13
Ki 0.018 uM Ki 9 uM
Papp < 1x 10% cm/s Papp > 10 x 10 cm/s

3.7. Steroid sulfatase inhibitors

In some cases, the screening hit suffers from poor synthetic tractability which would
make the lead optimization process slow and difficult, and which could cause cost-of-
goods issues in manufacturing if the project were successful. Compound 14 is an inhibitor
of human steroid sulfatase but it contains a complex hydrazine substructure which
presents synthetic challenges [47]. It was found that removal of one nitrogen from the
structure gave a more synthetically tractable series where improvements in potency over

the original hit were possible (see for example compound 15).
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3.8. 5-HT; receptor antagonists

Another example of improving synthetic tractability comes in a series of 5-HT; receptor
antagonists [48]. The initial hit (compound 16) contains a beta-substituted ketone which
is synthetically challenging. With the help of molecular modeling based on a receptor
homology structure, it was found that the position of attachment of the sidechain could be
moved so that it was alpha to the ketone carbonyl, facilitating synthesis but retaining the
activity of the compounds. Furthermore, it was found that the ketone could be replaced
with an amide, removing the chiral center and making the series even more synthetically
accessible. These modifications led to the identification of compound 17, SB-691673, as
a potent and selective 5-HT5 receptor antagonist.

o H
O !
o o} N
N F
N N~
16 17
pKi7.73 pKi 8.65

3.9. MTP inhibitors

One recent publication describes a case where optimization of a screening hit led to a
significant increase in potency, oral activity, and in vivo efficacy. A high-throughput
screen was used to identify compound 18 as an inhibitor of micro-somal triglyceride
transfer protein (MTP) [49]. A combination of scaffold-hopping and SAR studies led to
the identification of 19 which is 400-fold more potent than 18 in the in vitro assay, and
which showed efficacy in lowering cholesterol when dosed orally in hamsters.

NS
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N /_/7(I)Bu
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18 19
IC5q 4.5 UM ICg0 0.011 uM

4. SUMMARY AND CONCLUSIONS

Despite different work practices among drug discovery organizations, it appears that
there are features of the hit-to-lead process that can be generalized. In order to avoid
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beginning resource intensive lead optimization efforts with leads that are not good
starting points, hit-to-lead efforts are focused on an early assessment and prospecting
of early hits. Hit-to-lead efforts usually focus on developing a preliminary SAR and
identification of liabilities for a compound class. As demonstrated by the examples given,
relatively simply changes can provide extensive information about the potential for
optimization of an initial hit.
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1. INTRODUCTION

The past decade has seen significant advances in the development of small molecule
nucleoside and nucleotide drugs for the treatment of viral diseases. Currently there
are almost 20 drugs that fall into this category [1]. The active species for the
polymerase target is the triphosphate (or triphosphate mimic) nucleotide, 4, which is
generated through a series of enzyme mediated phosphorylations from the nucleoside
precursor 1 [2]. The triphosphate nucleotide either acts as a competitive inhibitor
with the natural nucleotides, or as a substrate, becoming incorporated into the
growing polynucleotide chain thereby modifying its properties. Extensive research
efforts in the past decade have been directed toward the development of nucleoside
therapeutics, analogs of 1 that are anabolically converted to the triphosphate species.
There have been two major problems encountered in this approach. First, the
nucleosides typically have low log D, stability, solubility and permeability properties
that can limit oral bioavailability or tissue penetration, and second, the enzymes
responsible for anabolism may not recognize the nucleoside or nucleotide precursors.
To solve these problems, prodrugs of nucleosides 1, and also prodrugs of the
phosphate species 2—4 (or their phosphonate analogs) have been developed. Several
recently approved drugs are the products of these research efforts (e.g. tenofovir
disoproxil, abacavir, adefovir dipivoxil, famciclovir, valaciclovir). This review will
explore some of the prodrug strategies that have been reported in the literature.
Several reviews that overlap with the scope of this review can also be consulted for
further information [3-5].

ANNUAL REPORTS IN MEDICINAL CHEMISTRY, VOLUME 39 © 2004 Elsevier Inc.
ISSN: 0065-7743  DOI 10.1016/S0065-7743(04)39023-8 All rights reserved
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2. PRODRUGS OF NUCLEOSIDES - THE RIBOSE RING

The dominant prodrug strategy adopted on the ribose ring involves appending
carboxyl groups, e.g. esters, carbonates and carbamates, to the ribose hydroxyl groups,
in order to improve drug exposure and oral bioavailability. The prodrug can block
unwanted metabolic pathways, increase log D, and improve permeability. Addition-
ally, some prodrugs, e.g. amino acid esters, can take advantage of in vivo transporter
systems. Peptidases, esterases and other hydrolases in the host catalyze the release
of the parent molecule. The L-valine ester prodrug valaciclovir, 5, has a 3-5 fold
improved oral bioavailability compared to acyclovir (aciclovir) [6]. This allows for a
more convenient administration of acyclovir for treating herpes zoster (VZV) and
genital herpes (HSV) [7].

It has been determined that 5 is a substrate for the intestinal and renal peptide
transporters, PEPT1 and PEPT2 [8]. A biphenyl hydrolase-like protein has been
isolated from human intestinal cells and shown to activate valaciclovir to acyclovir
[9]. Valganciclovir 6, a peptide analog of ganciclovir, is also recognized by the same
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peptide transporters and improves oral bioavailability > 10-fold compared to
ganciclovir [10—12]. Valganciclovir is approved for the treatment of CMV retinitis.
Dipeptide derivatives of acyclovir, designed to target the peptide transporters, have
also been reported [13]. Increasing the level and duration of AZT exposure in the
CNS system, where latent reservoirs of HIV virus exist, has been an intense area
of HIV research. The isoleucine ester of AZT, 7, displayed similar in vitro activity to
AZT, improved toxicity in H9 cells, and in a rabbit model, resulted in greater
exposure to AZT in the brain compared to administration of AZT [14,15]. Many
carboxyl based prodrug strategies on AZT including steroid esters, carbohydrate
esters, saturated and unsaturated fatty acid esters, and dihydropyridine esters have
been reviewed [4]. Recently, a novel prodrug approach on AZT, involving an
intramolecular cyclic rearrangement of a carbonate prodrug, 8, has been reported
[16,17]. A 30- to 50-fold improvement in the in vitro HIV activity and reduced
toxicity, compared to AZT, was noted.

N7 >N
Y
OAc
N7 NH,
OAc
10

Another group utilized an approach referred to as the ‘trimethyl lock’ on ganciclovir,
analog 9, and reported a 4-fold increase in oral bioavailability [18]. Cleavage of the
acetate ester is followed by intramolecular lactonization promoted by the 3,3-dimethyl
and 6'-methyl (hence ‘trimethyl’) groups, to release ganciclovir. Di- and tri-ester
prodrugs of the varcella zoster virus agent, 6-methoxypurine arabinoside, have been
reported [19]. The bis-acetate prodrug, 10, displayed the optimal balance of bioavail-
ability and solubility. Hoe-961, 11, is an orally active acetate ester prodrug of S2242, a
novel N7-substituted anti-viral agent for treatment of HSV [20]. Lipid esters that take
advantage of a high lipophilicity to promote penetration across membranes have been
widely explored. The elaidic acid ester prodrug of ganciclovir, 12 (P-4018), has been
shown to be more efficacious than ganciclovir in an animal model of HSV infection
[21]. Simple ester prodrugs, e.g. 13, of a novel pyrrolopyrimidine HCV polymerase
inhibitor have recently been reported in the patent literature [22]. Valomaciclovir
stearate 14 (ABT-606/MIV-606) is an example of a double prodrug of H2G
(omaciclovir) for the treatment of varicella zoster virus infections. The combination
of the valine and stearyl esters leads to a 5.5—10% bioavailability improvement in rats
compared to H2G [23].
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3. PRODRUGS OF NUCLEOSIDES - THE NUCLEOBASE

The HIV drug abacavir 15 (1592U89), is a nucleobase prodrug of carbovir 16 [24,25].
A number of different C-6 amino substituents were explored to improve the oral
bioavailability of 16, resulting in the discovery of the C-6 cyclopropylamine prodrug
15 [24]. Abacavir is first phosphorylated by adenosine phosphotransferase and then
converted by a cytosolic deaminase to carbovir monophosphate [26]. A small portion
(<2%) of 15 is probably directly converted to 16 by the action of adenosine deaminase
prior to the initial phosphorylation. Since abacavir is not efficiently converted by
adenosine deaminase in plasma, cleavage to carbovir is predominantly intracellular.
Adenosine deaminase has been utilized in many other nucleobase prodrug strategies (see
below) and several reports profiling the substrate specificity of this enzyme are available
[27-32]. Spurred by the success of abacavir, two C-6 aminopurine prodrugs of DXG,
17, are under clinical investigation for the treatment of HIV. SPD-756, 18, is a C-6
cyclopropylamine prodrug of 17, and DAPD, 19, a soluble adenosine deaminase
activated prodrug of 17 [33-35].

R6 R R

ST T an

P

HO‘\(17/N N™ “NH;, HO—\/ (17/N N” "NH; HO*\V/N N” "NH;,
= 0

15X =C:R=HN—<] 17R=0H :;ETS;
16 X=C:R=OH 18R=HN<] -
19 R=NH,
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Recently, anti-HIV activity for the C-6 cyclopropyl amine prodrug of D4G, 20,
has been reported. This compound exhibits greater stability, lipophilicity and solubility
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than D4G [36]. Similarly, C-6 amino prodrug groups were investigated on synguanol
21 (QYL-438), a novel cyclopropylmethylene nucleoside active against CMV [37]. The
C-6 cyclopropyl amine analog, 22 (QYL-769), displayed potency against ganciclovir
resistant isolates [37].

The HIV inhibitor didanosine (ddI), 23, can be considered to be a nucleobase prodrug
since it leads to the generation of ddA triphosphate [38]. DdI is first converted to ddI
monophosphate, and then converted to ddA monophosphate by adenylosuccinate
synthetase/lyase before subsequent phosphorylation to ddA triphosphate [39,40]. DdA,
24, can also be rapidly converted to ddlI in vivo [39].
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DdI, like AZT, has been the focus of research efforts aimed to improve its CNS
penetration. C-6 halo purines can be converted to C-6 hydroxyl purines (inosine or
guanine) by adenosine deaminase, and have the advantage of increased lipophilicity
which can facilitate greater penetration into the CNS. Early work on C-6 halo prodrugs
of the HIV agents, ddl and ddG, indicated that C-6 fluoro prodrugs, 25 and 26
respectively, provide optimal antiviral activity [41,42]. Lipophilicity (log P) was
increased by >1 log unit and a correlation between anti-HIV activity and adenosine
deaminase activity was indicated [42]. 6-Chloro ddI, 27, is less lipophilic than its C-6
iodine or bromine counterparts, yet provides a superior exposure to 23 in rat brain tissue
due to greater adenosine deaminase conversion [43]. This result indicates that a balance
between lipophilicity and conversion by adenosine deaminase is necessary. A similar
approach has been applied to 2'F-ddI, 28, a more acid stable analog of 23. The C-6
fluoro analog, 29, had the highest rate of adenosine deaminase conversion and the best
anti-HIV activity [44]. The C-6 fluoro prodrug group strategy has also been used to
improve solubility and oral bioavailability of acyclovir and ganciclovir, prodrugs 30 and
31 respectively [45].

A series of C-6 alkoxy prodrugs of 23 have been evaluated for their anti HIV activity
and conversion by adenosine deaminase [46]. Small alkoxy groups exhibited low
HIV activity and relatively weak conversion by adenosine deaminase to 23. Interestingly
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the most active analog, hexyloxy substituted, 32, was not a good substrate for adenosine
deaminase. In this example, it is proposed that mono phosphorylation of 32 is followed by
AMP deaminase mediated conversion to ddI monophosphate [46].

A recent approach to nucleobase prodrugs, designed to improve CNS penetration,
utilizes C-6 azido groups that can be reduced by the P450 NADPH reductase system. C-6
azido analog of 2'F-araddl, 33, was shown to be converted in vivo to 2'F-araddl [47].
However, poor oral bioavailability coupled with the low levels of deaminase activity in
the brain led to undetectable brain exposure of 2'F-araddl. In contrast, in vivo
administration of C-6 azido prodrug 34, resulted in an extended ara-A half life and
significant exposure of ara-A in the brain tissue, thereby validating the potential of this
approach [48].

One of the earliest examples of a nucleobase prodrug is desiciclovir, 35 (A515U,
515U74), a prodrug of acyclovir that displayed improved water solubility and oral
bioavailability compared to acyclovir [49]. Prodrug 35 is a substrate for xanthine
oxidase which oxidises the C-6 carbon to generate acyclovir. In human trials, 35
resulted in a high acyclovir plasma AUC comparable to that obtained with i.v.
administered acyclovir, and much improved over oral acyclovir [50]. Once again, this
nucleobase approach was applied to 2'F-araddl to improve CNS penetration.
Oral dosing of 36 in mice led to significantly higher levels of 2'F-araddl in the
brain tissue compared to 2'F-araddl [51]. Xanthine oxidase mediated conversion of 36
to 2'F-araddl was demonstrated in vitro [51]. Attempts to improve the oral
bioavailability of carbovir by using the C-6 deoxy 2-aminopurine prodrug 37, or oral
bioavailability of DXG, by using the C-6 deoxy 2-aminopurine dioxolone 38, have also
been reported [52,53]. The latter was found to give higher brain levels of DXG than the
parent non-prodrug [53].
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Significant success with C-6 deoxy nucleobase prodrugs has been achieved in
combination with other prodrug motifs (double prodrugs). Famciclovir, 39 (BRL 42810),
is a double prodrug of the HSV agent penciclovir, 40, and is approved for treatment of
HSV infections [54]. In rats, famciclovir was found to have superior oral bioavailability
(41%) compared to the single 6-deoxy penciclovir prodrug, 41 (9%). 6-Deoxy
penciclovir was shown to be converted to penciclovir by xanthine oxidase in vitro
[55]. Recently, carbonate prodrugs, e.g. 42, produced slightly greater urine levels of
penciclovir 40 in mice compared to famciclovir [56]. Hoe-602, 43, is a double prodrug of
ganciclovir, 44, that improves ganciclovir exposure in rhesus monkeys [57]. Another
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prodrug of ganciclovir, 45 (841U83) bearing a bis-pivaloyl ester produced a 2-fold
improvement in rat oral bioavailability over 6-deoxy ganciclovir 46 and a 7-fold
improvement over 44 [58].

6
N /ij\NH NN
4
R0 <NIN\/)\NH2 HO. <N lN/)\NHz RO <N |N/)\NH2
RO HO A RO A

39R=R;=Ac 40 X =CH, 43R ='Pr
41R=R;=H 44X=0 45R = CO'Bu
42R=CO,Pr:R;=H 46R=H

There are relatively few examples of pyrimidine nucleobase prodrugs compared to
purine prodrugs. However, some efforts to increase lipophilicity and CNS penetration of
the HIV drugs AZT, D4T and FLT, through the design of 5-halo-6-alkoxy substituted
5,6-didehydropyrimidine prodrugs have been described [59—-63]. AZT prodrug, 47, and
DAT prodrug, 48 both display anti-HIV activity comparable to AZT and DAT
respectively [61,63]. Both prodrugs can be converted in the presence of glutathione or
mouse liver homogenate to their respective parent drugs [61,63]. In vivo mice studies
indicated a rapid conversion of 47 to AZT and 2—4 fold greater exposure to AZT in the
brain tissue following IV administration [62]. The same approach has also been applied to
the development of prodrugs for the anti-herpes agent EDU [64]. The 5-Br,5-ethyl,6-
methoxy analog, 49, exhibited equipotent in vitro activity against HSV-1 and HSV-2
compared to EDU. 5-lodo,2-pyrimidinone-2-deoxy ribose 50 also has activity toward
HSV-1 and HSV-2 viruses [65]. Aldehyde oxidase has been discovered to possibly carry
out the conversion of 50 to 5IU, 51 [65]. Since aldehyde oxidase is enriched in the liver
this could lend itself to a specific liver targeting prodrug strategy.
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4. PRODRUGS OF NUCLEOSIDE MONOPHOSPHATE
(NMP) ANALOGS

In order to bypass the often limiting first phosphorylation step in the activation of
nucleoside analogs, various prodrugs of their monophosphates have been explored with
phosphoramidate [66], bis(S-acylthioethyl) (SATE) ester [67], and cyclosaligenyl
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(cycloSal) prodrugs [68] showing the most promising results. Phenyl methyl-alaninyl
phosphoramidate of d4T, 52 (So0324), is a more potent inhibitor of HIV-1 than d4T and
retains its activity in TK-deficient cells, proving the intracellular delivery of d4T-MP
[69]. Modifications of the amino acid [70,71], carboxyester [72] and phosphoester [73] of
52 did not yield more active prodrugs with the exception of 53 (stampidine) that shows a
favorable toxicity profile and antiviral activity in various animal models [74-77].
Currently, 53 is being considered as an anti-HIV microbicide [78]. Phosphoramidates
with improved antiviral potency relative to their parent nucleosides have been
successfully prepared from ddA [79], d4A [79], iso-ddA [80], abacavir [81] and other
nucleosides [82,66]. However, this approach failed to improve the activity of AZT [83],
3TC [84] and ACV [85], presumably due to inefficient intracellular hydrolysis of their
phosphoramidate prodrugs or limited catabolic stability of the delivered NMP analogs.

Applying the bis(SATE) approach to ddA, iso-ddA, and L-ddA dramatically improved
their anti-HIV potency [86—88]. Although various bis(SATE) prodrugs were prepared
from AZT [89], no improvement in antiviral activity was achieved. Following oral
administration in mice, bis(tBu-SATE)-AZTMP, 54, delivered AZT, but not the intact
prodrug into systemic circulation [90]. In contrast, the bis(hydroxy-tBu-SATE) of
AZTMP, 55, was more stable and showed improved anti-HIV activity and permeability
[91]. Bis(SATE) prodrugs were also prepared from acyclovir, ddC, 3TC and adenallene
nucleosides [92—94]. Although the potential of these prodrugs remains to be fully
explored in vivo, mutagenic activity and toxicity of the episulfide by-product
spontaneously released during the activation of these prodrugs, may limit their long
term therapeutic applications [95].
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Unlike phosphoramidate and bis(SATE) prodrugs that are activated through
enzymatic hydrolysis [96,87], the design of cycloSal prodrugs relies on the release of
NMP through sequential chemical hydrolysis of the two cyclosaligenyl esters [68].
Aromatic ring substitutions and phosphorous stereochemistry both affect the rate of
hydrolysis and the anti-HIV activity of these prodrugs [97]. Although 56 is only 2-fold
more active than d4T, it retains its activity in TK-deficient cells [97]. Analogous
cycloSal monophosphate prodrugs of ddA, d4A, 2'F-ddA showed 10- to 500-fold
improved anti-HIV-1 activity relative to the parent nucleosides [98,99].

Phospholipid prodrugs represent yet another approach for the intracellular delivery
of NMPs. Acyclovir diphosphate dimyristoylglycerol, 57, retains its activity against
ACV-resistant TK-deficient HSV strains and shows improved efficacy in a rabbit
HSYV retinitis model [100,101]. Nucleoside diphosphate diglyceride hydrolase is likely
responsible for the release of NMPs in this class of prodrugs [102]. Unlike parent
ACV, l-octadecyl-sn-glycero-3-phospho-ACV inhibited HBV in vitro and exhibited
100% oral absorption in mice [103]. Thioether lipid prodrug of AZT-MP, 58
(fozivudine), displayed clinical efficacy in HIV-infected patients with potentially
improved tolerability due to reduced systemic exposure to AZT [104]. However, as
shown with other monophosphate prodrugs of AZT, 58 may only efficiently deliver
AZT and not AZT-MP into cells. A broader spectrum of antiviral NMP prodrugs has
been reviewed [5].

5. PRODRUGS OF ACYCLIC NUCLEOSIDE
PHOSPHONATES (ANPs)

ANPs are enzymatically stable NMP analogs requiring only two-step activation to their
diphosphates in order to act as inhibitors of viral polymerases [105]. Cidofovir, 59
(HPMPC), has been licensed for the treatment of CMV retinitis and has potential for the
management of papillomavirus infections/malignancies and poxvirus outbreaks
[106—108]. The limiting toxicity of 59 is nephrotoxicity due to its accumulation in
kidney via the hOAT1 transporter [109]. The cyclic prodrug 60 (cHPMPC) shows the
same antiviral activity and accumulates to a lesser extent in kidney [110,111].
Consequently, it exhibits reduced nephrotoxicity due to its weaker interaction with
hOAT1 [109,110]. Prodrug 60 is relatively stable in plasma, but cellular cCMP-
hydrolase quickly converts it to 59 [110,112]. Similarly, the cyclic prodrug of
ganciclovir phosphonate, is a potent CMV inhibitor with reduced renal accumulation
and toxicity compared to the parent ANP [113]. Due to their negative charge, free ANPs
exhibit only limited oral bioavailability [114,115]. Therefore, ANP prodrugs with
various phosphonate-masking groups have been explored. Alkoxyalkyl esters 61—64
substantially enhanced the activity of cidofovir and cHPMPC against herpes viruses and
pox viruses [116,117]. Following oral administration, 61, 62 and some other ether lipid
prodrugs of 59 showed good bioavailability, anti-pox virus efficacy in animal models,
and reduced renal accumulation [118,119]. Aryl prodrug 65 enhanced the oral
bioavailability of 60 in dogs to >40%, but no improvement in activity against pox
viruses was observed [120,121]. In contrast, amidate, 66 improved the antiviral activity
of 60 by >5-fold [121].
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Tenofovir, 67 (PMPA) is an ANP with potent activity against HIV and HBV and a
favorable resistance and toxicity profiles [105,122,123]. Among a variety of tenofovir
prodrugs, bis(POC)PMPA, 68, (tenofovir disoproxil) showed efficient intracellular
conversion to tenofovir-DP and up to 100-fold enhanced in vitro anti-HIV activity
compared to tenofovir [124,125]. Bioavailability of tenofovir in humans following the
oral administration of 68 approaches 40% [126]. Prodrug 68 was recently licensed for
the treatment of HIV-infected patients and its combination with lamivudine and
efavirenz is among the most potent antiretroviral regimens in treatment-naive patients
[107]. Alaninyl amidate, 69 (GS-7340) has increased plasma stability relative to 68,
but is quickly converted to tenofovir in target cells [127]. Consequently, 69
substantially enhances in vivo delivery of tenofovir into T-lymphocytes and lymphatic
tissues [128]. Phase I evaluation of 69 monotherapy in HIV-infected patients is in
progress. Adefovir, 70 (PMEA) exhibits a broad-spectrum activity against herpes
viruses, HBV, and HIV [105]. Bis(POM)PMEA, 71 (adefovir dipivoxil) showed
optimal activity and oral bioavailability [129-131] and was subsequently licensed for
the treatment of HBV infection including lamivudine-resistant viruses [132,133].
Bis(SATE) prodrug, 72 of adefovir has comparable anti-HIV activity to 71 and
appears to be more resistant against chemical and enzymatic hydrolysis [134]. Among
other adefovir prodrugs, methyl-alaninyl amidate improves anti-HIV activity of
adefovir by 30-fold [135].
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Bis(POM) prodrug 73 (LB80380) is currently being evaluated for the treatment of
HBYV infection [136]. In blood, 73 is hydrolyzed to 74, which then undergoes intra-
cellular conversion to a guanine analog 75 [136]. Furthermore, 73 showed promising
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activity in the woodchuck HBV model and promising oral bioavailability (15-60%) in
various animal species [137,138]. MB6866, 76 (Hepavir B) is a cyclic diester prodrug
of adefovir specifically activated by liver CYP450-mediated oxidative metabolism
[139]. Preclinical evaluation of 76 indicated preferential liver targeting and reduced
kidney accumulation of adefovir. Clinical evaluation of 76 in HBV-infected patients is
ongoing [140].

X NH, R0

Pe
. G y .,
N 0 o N™ >N N
«f\ o AN
Q NN i ~ 4 lN/)\NHz
°K

Ro0O RO ~

73 R, = H: R, = CH,OCO'Bu 77 Ry = CH3: Ry = R3 = CH,CF3
74R,=H:R,=H 78Ry =CH3:R; =Rz =H
75R,=OH: R, = H 79 Ry =CH3: R, =CH,CF3: Rz =H

80 R1 =H: R2 = CH20F3: R3 =H

LY582563, 77 MMCC-478) shows potent in vitro anti-HBV activity (ECsq = 30 nM)
but no HIV-1 activity [141,142]. Unlike 70, the activity of 77 is compromised in the
presence of lamivudine-resistance mutations [141]. Effect of various 6-arylthio
substitutions on the activity, toxicity and PK parameters of this class of prodrugs has
been evaluated [143]. Compounds 78, 79 and 80 are the main metabolites of 77 but no
data is available indicating that the diphosphate metabolite of 78 is the active species
inhibiting HBV DNA polymerase [142]. In phase I studies, 77 demonstrated clinical
efficacy in HBV-infected patients [144].

6. PRODRUGS OF NUCLEOSIDE DIPHOSPHATES (NDP)
AND TRIPHOSPHATES (NTP)

Similar to the NMPs, delivery of NDP and NTP drugs to target cells bypasses some or
all of the activating phosphorylation steps. However, chemical and enzymatic
breakdown of the NDP and NTP phosphate bonds complicate this approach in addition
to the high polarity of these species. Despite these drawbacks the development of
chemically and enzymatically stable triphosphate mimic prodrugs of AZT have been
reported [145]. Stabilization was achieved by replacement of the 3-y oxygen with a
difluoromethylene group, and the «-P hydroxyl with a borane group thus generating a
‘triphosphate’ mimic, 81 (AZT-P3M). Inhibition of HIV RT by 81 is comparable to
AZT triphosphate. Among the prodrugs designed to mask the phosphonate diacids, the
v-bis(POM) prodrug 82, exhibited 5-fold greater potency toward HIV-1 than AZT and
an improved resistance profile, most likely due to the presence of a-borano moiety that
has been shown to favorably affect the activity against drug resistant HIV RT [146].
Lipophilic acyl prodrugs of AZT tri-phosphates, e.g. 83 and 84 have been explored
[147]. The acyl group is selectively hydrolyzed in buffer, by virtue of the increased
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lability of the acyl phosphate bond compared to the phosphodiester bond. However, in
cell culture experiments, there was no significant improvement in antiviral activity
which was attributed to the instability of the compound in culture media [147].
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7. CONCLUSION

The recent success of new antiviral agents, noteably, famciclovir, valaciclovir,
valganciclovir, tenofovir disoproxil, adefovir dipivoxil and abacavir, exemplifies the
substantial progress that has been made in the development of nucleotide and nucleoside
prodrugs. It is expected that continued research in this field will lead to further novel
antiviral prodrugs that possess optimal tissue specificity and oral bioavailability
properties.
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1. INTRODUCTION

Over the past decade, a number of non-cardiovascular drugs have had their label revised,
or have been withdrawn from the market, because of unexpected post-marketing reports
of sudden cardiac death associated with a prolongation of the QT interval on surface
electrocardiograms (ECG), and an increased risk of developing a rare polymorphic
ventricular tachyarrhythmia called torsades de pointes (TdP) (Table 1). Although a direct
link between prolongation of the QT interval and the onset of arrhythmias remains to be
demonstrated with certainty, it is currently assumed that even a small increase in the QT
interval is associated with some risk of developing TdP. As a result, the issue of drug-
induced QT prolongation has become the subject of intense regulatory review. QT
prolongation is now the leading cause for the withdrawal of approved drugs from the
market, and represents a major hurdle for the development process of a myriad of
potentially new drugs. Consequently, it has become imperative for the pharmaceutical
industry to implement strategies to address this critical issue. Various assays and models
are being considered by both regulators and the drug industry to identify, as early as
possible in the discovery process, new chemical entities that have the propensity to affect
the QT interval in an effort to avoid future health concerns for patients, as well as
commercial fallout from adverse labeling and costly withdrawals from the market place.

ANNUAL REPORTS IN MEDICINAL CHEMISTRY, VOLUME 39 © 2004 Elsevier Inc.
ISSN: 0065-7743 DOI 10.1016/S0065-7743(04)39024-X All rights reserved
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This chapter addresses the issue of drug-induced QT prolongation, and examines its
impact on drug-development programs in the pharmaceutical industry.

2. ELECTROPHYSIOLOGICAL MECHANISMS UNDERLYING
QT PROLONGATION

The surface ECG is a reflection of the sum of action potentials generated from all the cells
in the heart. Action potentials result from the opening and closing of membrane-spanning
proteins that form ion channels in the membrane. A sequential change in the inward and
outward flow of positive ions through these selective channels determines the complex
morphology and duration of cardiac action potentials (Fig. 1). Rapid entry of sodium ions
initiates the depolarization of the ventricles (phase 0), followed by a rapid repolarization
though transiently activating and inactivating outward potassium channels (phase 1).
This is followed by a plateau phase (phase 2), mainly determined by the entry of calcium
ions through L-type calcium channels, and a repolarization (phase 3) phase resulting from
the inactivation of calcium channels, and the increase in net outward potassium currents
carried mainly by the slow (Ix,) and rapid (Ix,) components of the delayed rectifier
potassium channels. In humans, Ik, appears to play a significant role in determining
ventricular action potential duration (APD) and repolarization, as congenital mutations of
this channel are associated with a decrease in current amplitude and prolongation the QT
interval [1]. Clinically, cardiac repolarization is assessed by measuring the QT interval on

ars® i
INTERVAL §

QT INTERVAL
Phase 2

/

Phase 0

\
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<+ Action Potential Duration —»

Adapted from ref 32, with permission

Fig. 1.
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the ECG, which is defined as the duration between the beginning of the QRS complex and
the end of the T wave, and is a reflection of ventricular APD (Fig. 1). When corrected for
individual heart rate, the QT interval is defined as ‘corrected’ QT, or QTc. Normal upper
limit for QTc is approximately 430 ms for men, and 450 ms for women. Drugs that
prolong the APD or the QT interval may do so by interacting with one or several ion
channels. Excessive APD prolongation (typically in Purkinje fibers and/or midmyo-
cardial cells) increases the propensity of developing spontaneous oscillations of the
membrane potential that can give rise to one or more premature responses called early
after-depolarizations (EADs). When generated in the presence of transmural hetero-
geneity in ventricular repolarization, EADs are believed to contribute to the generation of
extrasystoles that can trigger TdP [2].

3. QT PROLONGATION AND TORSADES DE POINTES

Prolongation of the QT interval in patients is usually observed in response to an
underlying medical condition, or in association with drug treatment, or else in patients
afflicted with one of the congenital long-QT syndromes. Genetic studies have
identified at least six genes that, if mutated, result in ion channel malfunction that can
cause the long-QT syndrome. Studies of one of these genes (KCNH2), the human
ether-a-go-go-related gene (HERG at the LQT2 locus), which encodes the cardiac
potassium channel Iy, has provided invaluable information in understanding the
mechanisms underlying drug-induced QT prolongation [3,4]. In the large majority of
cases, drugs that prolong the QT interval and cause TdP inhibit HERG or Iy, at
therapeutic, or supra therapeutic concentrations. Wide ranges of chemical structures
developed against many different molecular targets have been shown to inhibit the
HERG channel, relative to other voltage-dependent K channels. It is believed that
most of the drugs that inhibit HERG current bind to a site located in the intracellular
region of the pore cavity of the channel. Recent studies have revealed that the pore of
HERG channels is large, which makes it more likely to trap small molecules of
different classes, or compounds that are too large to block other potassium channels
[5]. Moreover, unlike other potassium channels, HERG channels inactivate rapidly,
effectively trapping drug molecules in the vestibule of the channel, leading to an
increase in drug concentration near the pore [6]. Using homology modeling of the
HERG channel, based on the crystallographic structure of two bacterial potassium
channels (KcsA and MthK) representing the closed and open states of the channels,
investigators were able to show that the HERG channel also contains two aromatic
residues in each S6 helix (Tyr652 and Phe656), which undoubtedly contributes to
allowing many different chemical structures to dock and bind to the inner mouth of the
channel [5,7]. Such residues are not found in other potassium channels that are less
susceptible to drug inhibition. More recently, ligand-based in silico models of the
HERG channel have been published, and should help us further our understanding of
how drug molecules interact with this channel [8,9].

Although prolongation of the QT interval can lead to life-threatening arrhythmias, in
reality the incidence of such arrhythmias is rare. For example, the antibiotic
agent grepafloxacin was removed from the US market in November 1999. Out of over
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2.7 million prescriptions filled for this drug, there were seven cardiovascular events
related to fatalities, with three documented cases of TdP [10]. Currently, more than fifty
drugs have been reported to prolong the QT interval and/or induce TdP (see http://www.
arizonacert.org). Among the most common are the three antiarrhythmic agents, Ibutilide
(rate of TdP: 2—6%), sotalol (rate of 1.8—4.8%) and quinidine (rate 2—8.8%), as well as
the prokinetic agent, cisapride (rate of 1 per 120,000 patients) and the antihistamine,
terfenadine (rate of 8%). Of these, grepafloxacin, terfenadine and cisapride have been
removed from the US market, as well as others such as astemizole (antihistamine) and
sertindole (antipsychotic). All of these drugs have been reported to inhibit HERG current
amplitude [11-15]. Hence, early identification of compounds that have the propensity to
become pro-arrhythmic poses a challenge to physicians, the pharmaceutical industry and
regulators. Taking into account the tens of millions of patients exposed these drugs; it
remains that no more than a few dozen cases of TdP have been reported. This raises two
important issues: (1) is QT prolongation a valid predictor of TdP and (2) why do only a
small proportion of individuals experience TdP while the majority appears unaffected by
drugs that produce QT interval prolongation?

3.1. QT prolongation as a surrogate marker for TdP

Clinicians and regulators use the QT interval as a surrogate marker for the prediction of
adverse effects such as TdP. Rightfully or not, it is currently assumed that even small
changes in the QT interval indicate some risk of TdP, and there is presently no well-
established threshold below which a prolonged QT interval is believed to be harmless.
Yet, not all drugs that prolong the QT interval cause TdP. For example, the calcium
channel blocker verapamil, used for the treatment of hypertension, has been shown to
prolong the QT interval in a manner that is correlated to its plasma concentration [16],
but there are few described cases of verapamil-induced TdP [17]. Also, the
antiarrhythmic agent, amiodarone, consistently prolongs the QT interval to more than
500 ms, but rarely causes TdP [18]. Because both verapamil and amiodarone inhibit ion
channels other than I, it has been proposed that such mechanisms may preclude the
generation of arrhythmias by either mitigating the prolongation of the action potential
expected for Ik, inhibition, or reducing the risk of developing EADs by affecting L-type
calcium channels and/or the regulation of intracellular calcium levels. Nonetheless, the
overall risk of arrhythmia does appear to increase with increasing QTc. Data on QTc
intervals in case reports of TdP on a number of cardiac and non cardiac drugs indicate
that a QTc interval of >500 ms was most commonly observed before the TdP event. In
support of this argument, recent studies looking at the risk stratification of patients with
the congenital Long-QT syndrome, LQT?2, indicate that the risk of developing a cardiac
event before the age of 40 years increases among patients with QTc intervals over
500 ms [19,20]. Finally, available data suggest that in individual subjects, an increase of
60 ms in peak or maximum QTc interval over baseline is also predictive of a potential
risk [21]. Therefore, although the relationship between QT interval prolongation and
TdP is imperfect, it will continue to be used as a surrogate marker, until a better clinical
alternative is identified.
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3.2. Risk factors for drug-induced arrhythmias

Many different factors that influence cardiac repolarization and the duration of the QT
interval have been associated with an increased risk of drug-induced arrhythmias. These
include age (very young and elderly), gender (female > male), heart rate (bradycardia),
cardiac disorders, electrolyte imbalance, disease states (hepatic and renal), and
concomitant medication. When present, such factors may contribute to exacerbate the
actions of a drug that prolongs the QT interval, and predispose to an increase risk of
developing TdP. In support of this idea of individual predisposition, a study of patients
prescribed a Class III antiarrhythmic agent showed that those who developed TdP had
more drug-induced QT prolongation than those who did not [22]. Moreover, the degree of
QTec prolongation in the group with TdP was unrelated to drug dosage, suggesting that
those who developed TdP showed an abnormal response to the drug. In some patients, the
susceptibility has a genetic basis. Current data suggests that as many as 10— 15 percent of
the individuals that experience drug-induced TdP may carry mutations associated with
the long QT-syndrome that may compromise cardiac repolarization, and aggravate the
effects of a drug that is otherwise safe in the absence of such background factors [23].
These data suggest that the simultaneous combination of risk factors and genetics may be
required to confer increased risk of drug-induced TdP in a certain population of patients.
It is hoped that in the future, genetic research will play an important role in identifying
populations at higher risk, so they can be treated accordingly when requiring therapies
leading to an increased risk of developing TdP.

4. REGULATORY PERSPECTIVES

In response to increased reports of post-marketing QT prolongation and cardiac adverse
events by non-cardiovascular drugs, the Committee for Proprietary Medicinal Products
(CPMP) in 1997 issued a ‘Points to Consider’ document entitled “The assessment of the
potential for QT interval prolongation by non-cardiovascular medicinal products’ [24].
This document outlined a series of experimental non-clinical and clinical models for
assessing the potential for QT prolongation by non-cardiovascular agents. The non-
clinical approaches emphasized in vitro electrophysiological studies examining action
potentials in isolated cardiac tissues like Purkinje fibers and papillary muscle, whereas
the in vivo approach focused on large animal assessment effects on blood pressure, heart
rate, and more robust measurements of electrocardiogram intervals. The clinical
guidance also focused on more intense assessments of electrocardiogram intervals
obtained from a larger patient population earlier in development. Specific methods and
magnitude of changes were noted in the document, thus opening the debate on the
scientific basis and relevance of all these recommendations.

Given the tremendous economic and medical consequence of this issue, the
International Conference on Harmonization (ICH) recently established an expert
working group (EWG) to draft guidance recommending the incorporation of pre-clinical
models predictive of QT prolongation and proarrhythmia in the development process of
new drugs [25]. The resultant draft guidance document entitled ‘Safety Pharmacology
Studies For Assessing The Potential For Delayed Ventricular Repolarization
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(QT Interval Prolongation) By Human Pharmaceuticals S7B’ was signed as a Step 2 draft
document in February 2002 (see http://www.ich.org). At Step 2, a consensus draft
document is transmitted by the ICH to the regulatory authorities of the three ICH regions
(EU, Japan, USA), for internal and external consultation. The S7B document advocates a
testing strategy that incorporates (1) an assay evaluating the block of repolarizing
currents such as HERG or Ig,; (2) a repolarization assay that evaluates changes in APD in
an integrated cardiac tissue preparation such as Purkinje fibers; and (3) an assay
evaluating changes in the QT interval in an in vivo preparation. The implication of such
guidelines is that any drug that blocks repolarizing currents and prolongs the cardiac APD
in the in vitro models or prolongs the QT interval or elicits arrhythmias in the in vivo
model is considered to pose a risk to human. Yet, the absence of findings in these assays is
not considered to preclude a potential risk to humans. The Food and Drug Administration
(FDA), as an organization, has not issued a written statement or documents on QT
prolongation. However, it is supporting a study by the International Life Sciences
Institute and Health and Environmental Sciences Institute (ILSI/HESI), evaluating the
sensitivity and specificity of the in vitro and in vivo assays proposed by the ICH S7B. It is
also collaborating with Georgetown University in evaluating several drugs known to
cause TdP in the HERG assay. Results from this initiative have not yet been published.

5. PRE-CLINICAL MODELS TO ASSESS THE PRO-ARRHYTHMIC
POTENTIAL OF NON-CARDIOVASCULAR DRUGS

There has been much debate within the pharmaceutical industry as to the most predictive
in vitro and in vivo models for predicting the risk of TdP in clinical use. A survey of the
current practice in the pharmaceutical industry for assessing the potential of QT
prolongation by non-cardiovascular drugs showed that there was a wide diversity in the
testing methodologies used [26]. A more recent study examined the relative value of pre-
clinical cardiac electrophysiology data for predicting the risk of TdP in clinical use [27].
This study also introduced the notion of a safety margin between the ICs, for inhibition of
the HERG channel, and the maximal effective therapeutic plasma concentration of a drug
attained during clinical use. Finally, it proposed a pre-clinical screening scheme with the
purpose of acquiring important information on any new compound before it enters
clinical evaluation. These assays are similar to that described in the S7B document, and
their utility, advantages and disadvantages are now discussed.

5.1. In vitro assays

As mentioned previously, two functional assays are regularly used to evaluate the
potential of a drug to delay cardiac repolarization. One assay looks at the effects of drugs
on the action potential of cardiac tissues obtained from the myocardium of animal species
demonstrating an ionic profile similar to that of the human heart (including dog, rabbit,
ferret, swine and guinea pig). In this assay, a fine tipped electrode impales a single
myocyte within the exposed surface of the preparation, and records action potentials
(AP). Changes in the morphology or duration of the AP will reflect pharmacological
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effects of the drug studied on native cardiac channels. One added advantage of this
approach is that the experimental conditions can be manipulated to simulate predisposing
factors for QT prolongation and TdP. This assay is also useful because it allows drug
effects on native cardiac channels to be studied, and can be used to detect effects mediated
through pumps or exchange mechanisms, as well as ion channels other than the Iy,
channel. On the other hand, metabolites of a drug cannot be generated, and need to be
tested in a separate series of experiences. Moreover, this assay is labor intensive, has a
very low throughput, and failure to see APD prolongation in this model cannot exclude
pro-arrhythmic toxicity or the risk of TdP in humans [28].

The other approach evaluates the effects of drugs on HERG current expressed in
heterologous expression systems, or on native Iy, current recorded from isolated cardiac
myocytes, using the voltage clamp technique. This technique uses a single microelectrode
to voltage-clamp the electrical potential difference across the cell membrane, while
measuring the current carried by ions flowing through ion channels expressed in the cell
membrane. No other method can provide such high quality and physiologically relevant
data of precise and detailed activity of ion channel function. However, the predictive
value of studies performed using this technique will depend on several factors including:
selectivity of the compounds for HERG/I, over other ion channels, concentration range
studied, experimental conditions and protocols used. One of the major disadvantages of
this assay is that it is technically difficult, and is low throughput. But this situation may be
about to change, as high throughput planar patch-clamp technology is now emerging, and
commercially available systems pledge to increase the rate of data acquisition
dramatically to screen thousands of compounds per day [29].

A recent study investigated the utility of these two in vitro assays, and compared
matched concentrations of a set of 10 structurally diverse drugs on APD changes in
canine Purkinje fibers, and HERG channels stably expressed in human embryonic kidney
cells [30]. The study highlighted the difficulty of assessing the potential pro-arrhythmic
risk of drugs on the basis of concentration-dependent effects using these two assays.
Moreover, it showed that, overall, the extent of HERG inhibition was poorly correlated
with APD prolongation, consistent with the idea of additional drug effects on non-HERG
channels. While HERG inhibition detected many of the drugs linked to QT prolongation
and TdP, it was not fully predictive of pro-arrhythmic risk, as compounds, like verapamil,
elicited significant HERG block with little effect on APD. Taken together, these results
suggest that the HERG assay may occasionally oversimplify the drug effect on the
repolarization process and that neither assay alone can adequately predict the pro-
arrhythmic risk of drugs.

5.2. In vivo assays

In this assay, the ECG effects of a drug candidate are monitored in either conscious or
anesthetized guinea pigs, rabbits, dogs or monkeys. Based on the survey of current
practices, the dog seems to be the most popular species for in vivo studies. This seems to
be justified mostly by the fact that the heart rate range is closer to humans than smaller
animals, and by the similarities of the ionic makeup of Purkinje fibers and ventricular
action potentials. The preferred methodology is the use of unrestrained animals
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implanted with telemetry systems so that autonomic tone and stress influences are
minimized. The heart rate, blood pressure, and ECG are continuously recorded over a
range of escalating doses in order to detect the occurrence of any arrhythmias or QT
interval prolongation [31]. However, the conscious dog model is relatively expensive,
and is not suitable to screen a large number of compounds. Alternatively, the effects of
compounds on the ECG and monophasic action potentials can be studied in the
anesthetized state. This model is often used when the drug candidate that interferes with
the determination of the pharmacological effect on the QT interval produces adverse
behavior or dose-limiting emesis. One major advantage of the anesthetized model is that
ventricular electrical pacing can be used to control the heart rate, thus eliminating the
need to correct the QT interval for heart rate. One of the disadvantages to using
anesthetized animals is that they cannot be used repeatedly. Furthermore, because
parenteral routes of administration are necessary, the metabolic profile may not
necessarily reflect the clinical profile when normally given orally in the conscious
state (i.e., no first-pass metabolism through the liver). Another limitation is that
most anesthetics interfere with cardiac conduction and may interact with the drug
candidate, which can complicate the interpretation of the results. Although this assay can
provide much information about the cardiac safety of a drug candidate, including
the potential effects of any active metabolites, it has a low throughput and is extremely
labor intensive.

Clearly, no single pre-clinical assay has an absolute predictive value of clinical
outcome. Therefore, the use of several complimentary models is required to identify the
potential hazard and assess the potential risk of QT interval prolongation and pro-
arrhythmia of new pharmaceuticals. Finally, it should be emphasized that no matter how
careful, extensive and complementary, the pre-clinical assessment process of a drug
candidate for cardiac safety will always be superseded by clinical data.

6. IMPACT ON DRUG DISCOVERY AND DEVELOPMENT

Early identification of the risk of new drugs, or their metabolites, to induce QT
prolongation has become a major goal for the pharmaceutical industry, and an integral
part of the development process of every new drug. One of the real challenges is to
develop new drugs that have minimal activity, at clinically relevant concentrations, on
repolarizing currents such as HERG/Ik, over their respective therapeutic target. It is likely
that pre-clinical studies such as those proposed in the S7B guideline and well-planned
clinical programs will reduce the number of pro-arrhythmic drugs from reaching the
market. But in the process, millions of dollars in added research and development costs
are at stake. Once established that a drug has the potential to prolong the QTc interval at
clinically relevant concentrations, a company has to evaluate the approvability, labeling
implications and consequent commercial fallout of such a drug against the benefit of
continuing development. Given these high hurdles, it is likely that several potential new
drugs will see their development either stopped, or greatly delayed. On the other hand,
attempting to develop drugs that are entirely without effects on HERG, Ik, or the QT
interval may paralyze the drug discovery and development process, and also lead to
the reduction in the number of novel drugs urgently needed for the treatment of diseases
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for which there are currently few available options. Ultimately, a thorough assessment of
the risk a new drug carries for adverse pro-arrhythmic events against its overall benefit
will weigh heavily in its approvability, especially if it offers clear advantages over
marketed products, or is used for the treatment for life-threatening conditions.

There is no doubt that pre-clinical assessment of compounds has improved our ability
to detect non-cardiovascular drugs that have the propensity to prolong the QT interval.
The next challenge remains in developing appropriate models that will unfailingly
determine the pro-arrhythmic potential and clinical outcome of such drugs.
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The number of new molecular entities and biologics entering the drug market in 2003
was lower than in 2002 (27 vs 33), with a clear trend toward increasing contribution of
the biotechnology sector relative to previous years [1—5]. From the 18 NCEs and 9 NBEs
introduced last year, there were eight first-in-class therapies, representing an increase
compared with 2002 and largely attributed to the emergence of new biologics. The US was
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again the most active market with 18 new product launches, followed by Europe and Japan
with 7 and 2, respectively. Of the major pharmaceutical companies, GlaxoSmithKline and
Eli Lilly had the most productive year with a marketing or co-marketing role on three new
launches each, followed by Pfizer, Merck, Novartis, Sankyo and Bristol—Myers Squibb,
each launching two new products. Eli Lilly and Novartis were at the origin of three new
substances each; however, a significant majority of the new entities originated from
smaller drug companies, suggesting a boost in licensing activity by major drug firms.

As in the two previous years, the antiinfective domain continued to be the most prolific
therapeutic area with the introduction five new entities. Four new AIDS drugs were
launched in 2003, most notably Roche/Trimeris’s HIV fusion inhibitor, Fuzeon®
(enfuvirtide), a first-in-class HIV therapy. Enfuvirtide acts by preventing HIV from
fusing with and entering CD4 T cells whereas the existing therapies target post-entry
events in the viral life cycle. Other new HIV drugs included a reverse transcriptase
inhibitor, Emtriva™ (emtricitabine), and two HIV protease inhibitors, Lexiva™
(fosamprenavir) and Reyataz™ (atazanavir). Daptomycin (Cubicin™) was introduced
last year as a new fast-acting antibiotic for once-daily treatment of infections caused by
Gram-positive bacteria, including methicillin-resistant S. aureus (MRSA) and methi-
cillin-succeptible S. aureus (MSSA). MRSA now accounts for nearly 60% of all
staphylococcal infections in US hospitals.

The cardiovascular sector had four new drugs entering the market in 2003, equaling
the productivity in 2002. Two new second-generation statins, often referred to as
superstatins, were introduced last year adding to the list of five previously marketed drugs
from this class of hypolipidemic agents. Crestor™ (rosuvastatin) entered its first market
in Canada and Livalo® (pitavastatin) was launched in Japan. Two new antihypertensives,
Calblock® (azelnidipine), a gradual-onset, long-acting calcium antagonist, and Inspra™
(eplerenone), a selective aldosterone blocker, were also introduced last year. Eplerenone
is additionally indicated to improve survival among patients with clinical evidence of
congestive heart failure after an acute myocardial infarction.

The anticancer field saw the introduction of three new drugs, including Velcade®
(bortezomib), the first proteasome inhibitor for the treatment of multiple myeloma, and
Erbitux® (cetuximab), the first monoclonal antibody targeting epidermal growth factor
receptor (EGFR) for the treatment of irinotecan-refractory colorectal cancer. Bexxar™
(tositumomab), a 1311 radiolabeled antibody, was launched for the treatment of rituximab-
refractory non-Hodgkin’s lymphoma, making it the second radioimmunotherapy agent
on the market for this indication. In addition, two new antiemetics were marketed for
the treatment of chemotherapy-induced nausea and vomiting: Emend® (aprepitant),
a neurokinin NK-1 receptor antagonist, and Aloxi® (palonosetron hydrochloride), a
selective 5-HT3-receptor antagonist.

In the field of allergic and respiratory diseases, two new entities reached the market
last year. Rupafin® (rupatidine fumarate), a dual mechanism drug with non-sedating
histamine H; antagonist activity and platelet-activating factor antagonist activity, was
launched for the treatment of perennial and seasonal allergic rhinitis in patients aged 12
years or older. Xolair® (omalizumab), the first humanized anti-IgE antibody, was
introduced as a new type of treatment for allergic asthma.

In the area of endocrine and metabolic diseases, three new drugs appeared on the
market. Somavert® (pegvisomant), a PEGylated recombinant human growth hormone
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antagonist, was launched last year as a novel treatment for acromegaly. Aldurazyme®
(laronidase), a recombinant form of «-L-iduronidase, was launched as an enzyme
replacement therapy for the treatment of mucopolysaccharidosis I. In addition, Zavesca™
(miglustat), a glucosylceramide synthase inhibitor, was introduced as the first orally
active treatment for type 1 Gaucher’s disease.

Following the success of Viagra® (sildenafil) in the treatment of male erectile
dysfunction (ED), two new phosphodiesterase type 5 (PDES5) inhibitors were launched in
2003: Cialis™ (tadalafil), a long-acting drug with high selectivity for PDES, and Levitra™
(vardenafil), a potent PDES inhibitor with slightly faster on-set of action than Viagra®.

The CNS area was represented by the launch of Strattera™ (atomoxetine) for the once-
or twice-daily treatment of attention deficit/hyperactivity disorder (ADHD). Atomox-
etine is postulated to be a selective inhibitor of norepinephrine reuptake and it is the first
approved treatment for this order that is not a stimulant.

Two new biologic immunosuppressive agents, Amevive®™ (alefacept), a recombinant
fusion protein, and Raptiva™ (efalizumab), a humanized recombinant monoclonal
antibody, were launched in 2003 as psoriasis therapies, representing the first advance in
treatment for the condition in many years. Myfortic®, an enteric-coated tablet containing
mycophenolic acid, was launched as an oral immunosuppressant for use in the prevention
of kidney rejection during transplantation.

A significant NBE introduced last year was Humira™ (adalimumab), a novel disease-
modifying antirheumatic drug (DMARD) developed by Abbott. Adalimumab is the first
fully humanized monoclonal antibody that binds to human TNF-a and it is the third
biologic DMARD on the market with this mechanism of action. The other notable NBE
launched in 2003 was FluMist™ (influenza virus live), the first influenza vaccine
delivered as a nasal spray, marking a significant innovation in the vaccination field.

Two other biologics were launched in 2003 but they are not considered new entities.
Aralast™ brand of the alphal-proteinase inhibitor (A1PI) was marketed for the
augmentation therapy of hereditary emphysema caused by A1PI deficiency, making it
the second brand on the market in addition to Prolastin® by Bayer. Advate, a recombinant
antihemophilic factor (rAHF), was introduced for the treatment of bleeding episodes in
patients with hemophilia A. While structurally similar to the previously marketed rAHF
molecule Recombinate, Advate is produced without the addition of plasma proteins or
albumin in the cell culture process, purification or final formulation, thus eliminating the
risk of infection by pathogens contained in these additives.

2. ADALIMUMAB (RHEUMATOID ARTHRITIS) [6-10]

Country of origin UsS

Originator Cambridge antibody technology
First introduction usS

Introduced by Abbott

(Continued)



340 S. Hegde and J. Carter

Trade name Humira

CAS registry no. 331731-18-1

Class Recombinant humanized antibody
Type IgG1 monoclonal anti-TNF
Molecular weight 148 kDa

Expression system CHO cell line

Manufacturer Abbott

Adalimumab is the first fully human neutralizing IgG1 monoclonal antibody specific for
TNF-alpha and is the third TNF sequestrant marketed. It was launched in US, UK and
Germany for the treatment of rheumatoid arthritis. It prevents TNF binding to p55 and
p75 cell surface TNF receptors thereby decreasing leukocyte migration and acute phase
reactants such as C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), and
levels of serum IL-6, MMP-1 and MMP-3. Adalimumab was developed starting with a
phage-display derived murine antibody, followed by replacement of both heavy and light
chains with human forms and further optimization to yield the final humanized form.
In receptor binding studies, adalimumab exhibits an ICs, between 7.8 X 10~ '" and
156 X 10°''M with a K; of 1x 10 '°M. It also binds to pro-TNFalpha on cell
membranes mediating complement-dependent toxicity and to the Fc receptor mediating
antibody-dependent cytotoxicity. In a human-TNF transgenic polyarthritis mouse model,
adalimumab was efficacious based upon both clinical and histological readouts. Patients
responding inadequately to methotrexate were co-administered methotrexate and
adalimumab, which resulted in improved ACR scores in a 52-week study (ACR20:
59%; ACRS50: 42%; ACR70; 23%). Radiographic analysis at six months showed
decreased progression of structural joint damage (96% > placebo) and that joint-space
narrowing stabilizes after six months. Adalimumab has an EDs of 0.3 to 0.5 mg/kg and
is dosed subcutaneously once every two weeks (0.8 mL containing 40 mg). The Vdg
ranged from 0.063 to 0.76 L/kg consistent with being highly localized within the
vasculature. It is slowly cleared with clearance values ranging from 0.18 to 0.27 mL/min
and with a terminal half-life of about 12 days. As is the case with other TNF-alpha
sequestrants, injection-site irritation is the most common side effect. The risk of
developing opportunistic infection, especially tuberculosis, has been noted with TNF
sequestrant biologics, which has led to screening of patients to identify those at risk.

3. ALEFACEPT (PLAQUE PSORIASIS) [11-15]

Country of origin UsS
Originator Biogen
First introduction us
Introduced by Biogen

(Continued)
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Trade name

CAS registry no.
Class

Type

Molecular weight
Expression system
Manufacturer

Amevive

222535-22-0

Recombinant protein
Human LGA3-IgG1 fusion
91.4 kDa

CHO cells

Biogen

Alefacept is a recombinant human LFA3-Ig-G1 fusion protein that blocks the T-cell CD2
receptor preventing T-cell proliferation, a key mechanism in psoriasis. It was launched
in the US for the treatment of chronic plaque psoriasis. It is a dimeric fusion protein
consisting of the LFA-3 (leukocyte function antigen-3) and Fc (hinge, CH2 and CH3)
portion of human IgG1 and has been produced in Chinese hamster ovary (CHO) and NS-
0 myeloma cell lines. In transgenic mice expressing human CD?2, alefacept demonstrated
efficacy in inhibiting antigen and mitogen-induced T-cell response. In the baboon
cardiac-graft survival model alefacept, dosed 3 mpk intravenously for 12 days and
treatment initiated two days before graft surgery, increased the mean survival of the
transplanted hearts from 10.6 days (placebo) to 18.0 days (treatment group). In all clinical
trials, improvement in PASI scores were noted and a long-lasting effect was noted. Thus
this agent does not require chronic, maintenance dosing in all patients. Clinical studies for
repeat courses (second twelve weeks) showed additional improvement. It has a half-life
of 12 days, is dosed once weekly by injection either subcutaneously or intramuscularly
and is approved for 12-week regimen. Side effects limit the use of current treatments such
as phototherapy, cyclosporin, and methotrexate. Thus far, alefacept has been well
tolerated.

4. APREPITANT (ANTIEMETIC) [16-19]

Country of origin UsS o

Originator Merck %

First introduction usS NH (\O CHs

Introduced by Merck HN_ /)\/ N J,, H CFs4
N o

Trade name Emend

CAS registry no. 170729-80-3

Molecular weight 534.44

CF;

Aprepitant, a substance P (neurokinin-1 [NK-1]) receptor antagonist used for the
treatment of chemotherapy-induced nausea and vomiting, was launched in the US and
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was later approved in the European Union. It is a non-peptide analog having
a trisubstituted morpholine with three chiral centers. Two syntheses have been
described. In six steps p-fluorophenylacetic acid is converted to 4-benzyl-3-p-
fluorophenyl-2-oxomorpholine with a resolution step setting the S-stereochemistry.
This intermediate is converted in six steps to aprepitant, with two of the steps
utilizing a chiral induction strategy to set the new centers based upon the chiral 2-
oxomorpholine intermediate. SAR efforts leading to aprepitant included engineering
in potency for NK-1, decreasing affinity for L-type calcium ion channels, most
importantly by decreasing the basicity of the core heterocycle. In vitro, it binds with
very high affinity (90 pM) to the hNK1 in transfected CHO cells. It is described as an
inverse agonist of hNK-1 receptor, with slow dissociation rate under some conditions.
In ferrets dosed orally or intravenously prior to emetogen challenge (cisplatin,
apomorphine or morphine), retching and vomiting was reduced. Its antiemetic effect
is enhanced with the dosing of dexamethasone and it is effective against both the
acute and delayed phase of cisplatin-induced emesis. Cisplatin-induced emesis clinical
studies showed that aprepitant (125 mg p.o.) in combination with ondansetron (32 mg
i.v.) and dexamethasone (20 mg p.o.) therapeutically followed by repeat dosing (days
2-5) of aprepitant (80 mg) dexamethasone (20 mg) provided acute (8 h) and delayed
phase (days 2—7) no vomiting rates of 83 and 70%, respectively. L-758298, a prodrug
of aprepitant, was not as effective as ondansetron (32 mg i.v.) in reducing acute phase
vomiting, but was superior in reducing vomiting in the delayed phase. The terminal
half-life range of aprepitant is 9—13 h and the bioavailability is about 65%. It is
highly protein bound (95%) and has a Vdss of 70L. It is a moderate CYP3A4
inhibitor, thus several drugs cleared by CYP3A4 should not be used concurrently. It is
also an inducer of CYP2C9 thus potentially modulating the PK of drugs cleared by
CYP2C9. Most side effects were mild to moderate, with fatigue, asthenia, diarrhea,
and hiccups.

5. ATAZANAVIR (ANTIVIRAL) [20-24]

Country of origin US N

Originator Novartis |

First introduction  US X

Introduced by BMS

Trade name Reyataz 0

CAS registry no.  198904-31-3 N_ _oCH;

Molecular weight 705 (parent) \)i T
o]
H3CO OH HsC CH3

\© H,S0,
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Atazanavir is an inhibitor of human immunodeficiency virus type 1 (HIV-1) protease, an
enzyme that is essential for the processing of Gag and Gag-Pol polyproteins into structural
and enzymatic proteins required for viral replication. It has a similar pharmacophore motif
to the other six widely marketed HIV protease inhibitors, most of which are based upon a
hydroxyethylamine template. Uniquely, it possesses an aza-peptide motif but maintains
many similar pharmacophore elements including lipophilic moieties that presumably bind
to S», S, Si, and S5 positions. Atazanavir is pseudo-symmetric about the central template,
incorporating D-fert-Leucine at both termini. This compound is synthesized in about seven
steps, with a key coupling of the chiral epoxide (derived from phenylalanine and imparting
one chiral center) and N-tert-boc-N'-(4-[2-pyridyl]benzyl)hydrazine. Removal of both
tert-Boc groups and double acylation with methoxycarbonyl-tert-Leucine provides the
product. Another synthesis of atazanavir entails ten steps and utilizes «-(tert-boc-
amino)phenylpropanal as a chiral intermediate. It is a potent inhibitor of indinavir-resistant
and saquinavir-resistant strains of HIV-1 (ICso = 0.03-0.1 and 0.04-0.1 pM,
respectively). In 300 patients who had failed previous treatment, atazanavir (400 mg
once daily) was compared to lopinavir (400 mg twice daily) and ritonavir (100 mg); both
arms additionally receiving two non-reverse transcriptase inhibitors. After 24 weeks, HIV
RNA levels of <400 copies/mL were noted in 61% of patients receiving atazanavir and
81% of those taking lopinavir/ritonavir. After 96 weeks of therapy with atazanavir, HIV
RNA copy levels were found to be <400 and <50 in 80 and 58% of patients, respectively.
A study of the cross-resistance profile relative to other protease inhibitors using a panel of
551 clinical isolates (without prior atazanavir exposure but with cross-resistance to one or
two other protease inhibitors; the majority had resistance to nelfinavir) showed that greater
than 80% retained susceptibility to atazanavir. All of the resistant isolates from patients
taking atazanavir had an I50 L substitution. The recommended dosage of atazanavir is
400 mg once daily. It has a mean half-life range of 7.9-6.5h with about 60%
bioavailability and moderate plasma protein binding (86% albumin and 89% alpha-1-
acid glycoprotein (AAG)). Atazanavir was well tolerated in clinical studies and it
displayed minimal lipid modulation when tested in combination with two non-reverse
transcriptase inhibitors. Atazanavir had no effect on total cholesterol, low-density
lipoprotein, and triglyceride levels when compared with other protease inhibitors that
caused sustained elevations in these lipid levels.

6. ATOMOXETINE (ATTENTION DEFICIT HYPERACTIVITY
DISORDER) [25-28]

Country of origin us
Originator Eli Lilly & Co
First introduction [N} HCL
Introduced by Eli Lilly & Co
Trade name Strattera _CH3

0] N

H
CH3

CAS registry no. 082248-59-7
Molecular weight 291.82
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Atomoxetine is the first non-stimulant marketed for the treatment of attention deficit
hyperactivity disorder (ADHD). It is the R-stereoisomer of the racemate tomoxetine and
is a selective and potent norepinephrine uptake inhibitor (K; = 0.7—-1.9 nM) that is
devoid of binding to monoamine receptor. It also has little effect on dopamine and
serotonin reuptake or acetylcholine, H1 histamine, alphal or alphal-adrenergic or
dopamine receptors. It is prepared from racemic 1-phenylbut-3-en-1-ol via a selective
enzymatic acylation leaving the desired S-stereoisomer as the alcohol. This alcohol is
converted via a Mitsunobu reaction with ortho-cresol to the corresponding ether with
isomeric R-configuration. Ozonolysis and reduction steps provided the terminal alcohol
that is mesylated and displaced with methylamine. Its selectivity for norepinephrine
relative to dopamine inhibition was demonstrated in vivo preclinically. In a two-lever
(two condition) discriminative stimulus effect study in squirrel monkeys, tomoxetine
and other norepinephrine uptake inhibitors substituted for cocaine under low-dose
training conditions, whereas dopamine uptake inhibitors substituted for cocaine in both
low and high-dose conditions. In clinical ADHD studies in adolescents, it was
significantly different from placebo in 1.2 and 1.8 mpk/day dosing. In the clinical study
in adults using the CAARS scale a 95 mg/day dose provided greater than 30%
improvement in total scores. Atomoxetine is about 63% orally bioavailable, is highly
protein bound (98%, primarily to albumin) and has a half-life of about 5.2 h. It is
metabolized by CYP2D6 resulting in differential clearance for poor metabolizers (half-
life of 19 h with a 10 times higher AUC) relative to extensive metabolizers. The total
daily dose for children, adolescents and adults is a maximum of 100 mg/day. Common
side effects in children and adults include nausea, decreased appetite, and dizziness.
Adults may also have insomnia.

7. AZELNIDIPINE (ANTIHYPERTENSIVE) [29-31]

Country of origin  Japan

Originator Sankyo NO, O
First introduction ~ Japan

Introduced by Sankyo

Trade name Calblock ji3 e Q /C/N
CAS registry no.  116574-11-9 HaC o
Molecular weight  582.66 | |

HsC 2 HCI

Iz
z
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Azelnidipine, a member of the 1,4-dihydropyridine class of L-type calcium channel
blockers with a slow onset profile, was marketed in Japan for the treatment of
hypertension. Azelnidipine is synthesized via the condensation of iso-propyl 2-(3-
nitrobenzylidene)acetoacetate with (1-diphenylmethylazetidin-3-yl)-3,3-diamino acry-
late. The diamino acrylate intermediate is prepared from the cyanoacetic ester
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by sequential treatment with HCI and ammonia. In receptor binding studies using
porcine heart membrane fractions, azelnidipine exhibits an ICso of 3.1 nM and an
apparent K; of 2.1 nM. Its tight binding and slow onset are correlated with its high
lipophilicity. A slow onset is also noted in vitro in a rat aortic strip contraction assay,
and this effect continues after removal of the drug from the bath solution. In the
conscious spontaneously hypertensive rat (SHR) model of hypertension, it was more
potent that nicardipine and also had a more gradual onset and long-lasting effect. This
effect was noted both when dosed orally or intravenously. When SHR dosed at 1 or
3 mpk/day for 15 weeks, a sustained reduction in systolic blood pressure was noted (19
and 43 mmHg reduction, respectively). Cardiac output was increased and total
peripheral resistance was decreased in each group. Clinical studies of patients with
mild-to-moderate hypertension have shown that long-term treatment with azelnidipine
provided a sustained decrease in blood pressure (mean reduction systolic /diastolic:
27.8/16.6 mmHg). It similarly controlled blood pressure, as did amlodipine at 24 h. It
possesses a gradual onset of activity with plasma levels increasing before the
antihypotensive effect is attained. After plasma levels drop, the pharmacodynamic effect
is sustained. In clinical studies, azelnidipine did not show reflex tachycardia, a common
side effect of this class. Most common side effects were facial flushing and headache,
similar to other dihydropyridines. Azelnidipine is dosed orally once daily (8—16 mg), is
rapidly absorbed in a dose-dependent fashion, and has a mean terminal half-life of
19.2 h (8 mg dosage p.o. for seven days). Uniquely, it possesses a 2-amino function
associated with a longer half-life than related agents wherein this moiety is a methyl.
The very highly lipophilic 3-carboxylic ester side-chain is purported to contribute to the
gradual onset of activity and prolonged pharmacodynamic effect, unlike other drugs in
this class. This compound exhibits a much less pronounced first-pass metabolic effect
than nicardipine.

8. BORTEZOMIB (ANTICANCER) [32-37]

Country of origin usS

Millenium

Originator (LeukoSite, Proscript)
First introduction US Q H C|)H
Introduced by Millenium N N B
Trade name Velcade [ ~ ” \:/ o
CAS registry no. 179324-69-7 = () ~ CHj
Molecular weight 384 N

CHs

Bortezomib, a potent ubiquitin proteasome (26S) inhibitor (K; = 0.6 nM), was launched
in the US as a treatment for multiple myeloma. This proteasome is required for
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the proteolytic degradation of the majority of cellular proteins and is present in all cells.
It is required for the control of inflammatory processes, cell cycle regulation and gene
expression and is a novel target in cancer treatment. Bortezomib is a N-acyl-pseudo-
dipeptidyl boronic acid and formulated as a mannitol ester. Aldehyde containing
peptides are also proteasome inhibitors, but lack chiral stability (racemization) and
selectivity against other proteases including cysteine proteases. Replacement of the
aldehyde moiety by a boronic acid avoids these shortcomings and provides some
measure of selective proteasome inhibition relative to many other serine proteases. It is
prepared by coupling the pinanediol ester of leucine boronic acid with N-tert-Boc-
phenylalanine utilizing O-(1H-benzotriazol-1-yl)-N,N,N',N -tetramethyluronium tetra-
fluoroborate (TBTU) as the coupling agent. The tert-Boc protecting group is then
cleaved from the dipeptide and pyrazinecarboxylic acid is coupled to form the terminal
amide. Hydrolysis of the boronate ester is accomplished via a two-phase transester-
ification procedure using isobutyl boronic acid and aqueous extraction. In a study of
patients who had received at least two prior therapies and demonstrated disease
progression on their most recent therapy, about twenty eight percent showed a response
to bortezomib. The response lasted a median time of one year. Another trial in 54
patients with relapsed multiple myeloma showed similar responses. It is dosed
intravenously at an exposure of 1.3 mg/m?%/dose twice weekly for two weeks followed
by a 10-day drug-holiday. At therapeutic doses, the plasma drug levels were reported to
drop to near detection limits within minutes of intravenous dosing. Based upon an ex
vivo proteasome activity assay using blood cells, the pharmacodynamic half-life ranged
from 9 to 15 h in patients with advanced malignancies.

9. CETUXIMAB (ANTICANCER) [38-40]

Country of origin [N}

Originator ImClone

First introduction Switzerland
Introduced by Merck/BMS

Trade name Erbitux

CAS registry no. 205923-56-4

Class Monoclonal antibody
Type murine anti-EGFR
Molecular weight 152 kDa

Expression system murine myeloma cell culture
Manufacturer ImClone

Cetuximab, a human/mouse chimeric monoclonal antibody that blocks the EGFR,
was launched last year for use in combination with irinotecan in the treatment of
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patients with colorectal cancer who no longer respond to standard chemotherapy
treatment with irinotecan. Cetuximab is obtained by chimerization of M225, a
murine anti-EGFR antibody; specifically heavy and light chains of the murine
antibody are cloned and adapted for expression with constant regions of the human
kappa light chain and human gammal heavy chain. It is produced by mammalian
(suspension) cells in serum-free medium, purified by protein A affinity chromatog-
raphy, ion-exchange chromatography, and gel filtration. Cetuximab binds specifically
to EGFR on both normal and tumor cells. Overexpression of the human EGFR is
detected in many cancers, including those of the colon and rectum. The binding of
cetuximab to EGFR prevents growth factors from binding to the receptor, thereby
inhibiting cell growth and inducing apoptosis. The therapeutic regimen of cetuximab
consists of an initial loading dose of 400 mg/m® administered as a 120-min IV
infusion, followed by weekly maintenance dose of 250 mg/m? infused over 60 min.
The steady-state plasma concentrations of cetuximab are reached by the third weekly
infusion and the mean elimination half-life is 114 h. Cetuximab is eliminated by
binding to EGFRs in various tissues, followed by internalization of the antibody-
EGFR complex. Systemic clearance of the antibody is saturated at higher doses, and
this appears to correlate with saturation of EGFR binding. In a multicenter clinical
trial in more than 300 patients with advanced metastatic colorectal cancer,
combination therapy with cetuximab and irinotecan produced response in more
than half of the patients, shrinking tumors in 23% and stopping tumor growth in an
additional 33% of the patients. The most common adverse reactions associated with
cetuximab were acneform rash, asthenia/malaise, fever, nausea, abdominal pain,
constipation and vomiting. Serious adverse events such as infusion reaction, fever,
sepsis, kidney failure, dehydration and diarrhea were experienced by <10% of the
patients.

10. DAPTOMYCIN (ANTIBIOTIC) [41-44]

Country of origin UsS

Originator Lilly

First introduction [N

Introduced by Cubist

Trade name Cubicin

CAS registry no. 103060-53-2

Class Recombinant peptide
Type Antimicrobial peptide
Molecular weight 1621

Expression system Streptomyces roseporus

Manufacturer Abbott
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Daptomycin is the first entry of a new class of cyclic lipopeptide antibiotics that disrupts
multiple aspects of bacterial membrane function including disruption of membrane
potential and amino acid transport, inhibition of lipoteichoic acid synthesis and inhibition
of peptidoglycan synthesis. It is indicated for the treatment of complicated skin and skin-
structure infections (cSSSI) caused by a range of Gram-positive bacteria. This is distinct
from previous classes of antibiotics that inhibit bacterial cell wall biosynthesis, bacterial
DNA replication, and folate coenzyme biosynthesis. Due to this unique mechanism,
cross-resistance has not been noted with any other class of antibiotics. It is produced by
the fermentation of Streptomyces roseporus. The fatty acid side chain is a key
determinant of acute toxicity, with the ten-carbon chain least acutely toxic to mice.
Daptomycin has shown efficacy in a variety of animal models versus several Gram-
positive infectious agents including methicillin-susceptible S aureus, vancomycin-
resistant E faecalis, spyogenes and S pneumoniae. It retains in vitro activity against
methicillin, vancomycin and linezolid-resistant strains including Staphylococcus aureus
(MRSA and VRSA), which is the leading cause of hospital-acquired infections
(nosocomial infections (Nis)). The MIC values against Gram-positive pathogens are
relatively low, ranging from 0.06 to 2.0 wg/mL. In two clinical studies treating patients
(ca. 1090 for both arms of both studies) with complicated skin and soft tissue infections
(cSSTIs) in which gram-positive pathogens were suspected and parenteral antibiotics
were required, daptomycin provided similar clinical success rates as compared to
standard therapy with vancomycin or semisynthetic penicillins such as cloxacillin,
oxacillin, or flucloxacillin. The daptomycin treated group showed more rapid
improvement as noted by scoring on day three or four and also had a shorter duration
of treatment versus the standard therapy group (7 vs 8 days). It is dosed once daily
(4 mg/kg/day) by intravenous infusion and has a half-life of 8.1 h. It is primarily cleared
renally and thus requires dosing adjustments for those with severe renal insufficiency
(CLCR <30 mL/min). Clinical safety of daptomycin is similar to other antibiotics.



To Market, To Market—2003 349

11. EFALIZUMAB (PSORIASIS) [45-48]

Country of origin uUsS

Originator XOMA

First introduction UsS

Introduced by Genentech/ XOMA

Trade name Raptiva

CAS registry no. 214745-43-4

Class Recombinant monoclonal antibody
Type Humanized IgG1, anti-CD11
Molecular weight ~ 150 kDa

Expression system CHO cells

Manufacturer Genentech

Efalizumab, a humanized monoclonal antibody marketed for the treatment of
psoriasis, is a full-length IgG1 antibody developed through a murine anti-human
CDl11a mAbD. It is produced in a Chinese hamster ovary mammalian cell expression
system in a nutrient medium containing the antibiotic gentamicin. Psoriasis is a
disease mediated through inflammatory cells (primarily T-cells expressing CD4 or
CD8 markers) and keratinocytes. CDIlla is the alpha-chain LFA-1 (leukocyte
function associate antigen; integrin family). It is expressed on the surface of T-
lymphocytes and it binds to the intercellular cell adhesion molecules (ICAM-1, -2
and -3) on endothelial cells, monocytes, keratinocytes, fibroblasts, and activated
lymphocytes. By blocking LFA-1 binding the ability of T cells to adhere, migrate
and be activated is blunted. Studies in chimpanzee and murine animal models
demonstrated that efalizumab down regulates the expression of LFA-1 on
lymphocytes, prevents contact dermatitis to 2,4-dinitrofluorobenzene, increases skin
and heart transplant survival. In the collagen-induced arthritis model it delays onset
and decreases the severity of the arthritic condition. In a study of 498 patients,
efalizumab treatment of 1 or 2 mg/kg/wk for 12 weeks provided, respectively, a 39
or 27% Psoriasis Area and Severity Score (PASI) improvement of =75%. By
comparison, placebo provided a 2% improvement. It was further demonstrated that a
second 12-week course could provide additional improvement. As dose increases,
clearance decreases (dose 0.1 mg/kg: 322 ml/day/kg; dose 10 mg/kg: 6.6 mL/day/kg)
with data suggesting saturation of clearance above 10 pwg/mL. A pharmacokinetic
model positively correlates number of circulating cells expressing CDlla with
relative clearance. This blockade decreases the CDIla expressed on circulating
lymphocytes to about 25% of their baseline levels in patients with plaque psoriasis.
Efalizumab is formulated as a once-weekly subcutaneous injectable, dosed at 0.7 to
1 mg/kg/week. Although mild adverse events were noted such as headache, pain
chills, nausea, and fever, these events generally decreased after one or two doses.
The overall rate of infections was only 3% higher than the placebo-arm and no
depletion of T-cells was noted.
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12. EMTRICITABINE (ANTIVIRAL) [49-52]

Country of origin US

Originator Emory University HoN /N O
First introduction  US \f
Introduced by Gilead (formerly Triangle) L
Trade name Emtriva

N\[O
CAS registry no.  143491-57-0 S OH

Molecular weight 247.25

Emtricitabine is a synthetic nucleoside inhibitor of HIV-1 reverse transcriptase. Its
mechanism of action entails the phosphorylation of the oxathiolane carbinol function
by cellular enzymes to form the corresponding 5'-triphosphate, which competes with
the endogenous 2'-deoxycytidine 5'-triphosphate substrate. The in vitro activity of
emtricitabine ranges from ICsy of 0.00013 to 0.64 pM against lymphoblastoid cell
lines, MAGI-CCRS cell lines, and peripheral blood mononuclear cells. Emtricitabine
is prepared in about 16 steps from L-gulose, from which the O-C-S carbon
stereochemistry is derived in the formation of substituted key 4-O-Acetyl-1,3-
oxathiolane intermediate. This intermediate is coupled with N-benzoyl-O-trimethylsi-
lyl-5-fluoro-cytosine in the presence of trimethylsilyl triflate. The resulting anomeric
mixture is separated by silica chromatography and subjected to two deprotection steps.
Emtricitabine resistant isolates (M184V/I) were cross-resistant to lamivudine (des-
fluoro version of emtricitabine) and zalcitabine but remained sensitive to abacavir,
didanosine, stavudine, tenofovir, zidovudine, and non-nucleoside reverse transcriptase
inhibitors (delavirdine, efavirenz, and nevirapine). In a 48-week clinical trial using
emtricitabine with didanosine and efavirin versus stavudine, didanosine and efavirenz
produced 81 versus 68% responder rate respectively. In one study, 37.5% of treatment
naive patients that were not achieving successful viral levels were found to exhibit a
reduced potency toward emtricitabine. This resistance was due to M184V/I mutation
in the HIV reverse transcriptase gene. Recommended dosing of emtricitabine is
200 mg (capsule) once per day. It is 93% bio-available and has a plasma half-life
about 10 h, with 86% renal clearance. Side effects associated with emtricitabine
treatment were generally mild to moderate and included headache, diarrhea, nausea,
and rash. A generally mild and asymptomatic hyperpigmentation of the palms and/or
soles was also observed.

13. ENFUVIRTIDE (ANTIVIRAL) [53-57]

Country of origin [N
Originator Duke University

(Continued)
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First introduction [N

Introduced by Roche/Trimeris
Trade name Fuzeon

CAS registry no. 159519-65-0
Molecular weight 4492

N-acetyl-L-tyrosyl-L-threonyl-L-seryl-L-leucyl-L-isoleucyl-L-histidyl-L-seryl-L-
leucyl-L-isoleucyl-L-glutamyl-L-glutamyl-L-seryl-L-glutaminyl-L-asparaginyl-L-
glutaminyl-L-glutaminyl-L-glutamy-L-lysyl-L-asparaginyl-L-glutamyl-L-glutami-
nyl-L-glutamyl-L-leucyl-L-leucyl-L-glutamyl-L-leucyl-L-aspartyl-L-lysyl-L-trypto-
phyl-L-alanyl-L-seryl-L-leucyl-L-tryptophyl-L-asparaginyl-L-tryptophyl-L-phenyla-
laninamide

Enfuvirtide is the first of a new class of HIV therapeutics that interferes with the
entry of HIV-1 by inhibiting fusion of viral and cellular membranes. It binds to the
first heptad-repeat (HR1) in ghe gp41 subunit of the viral envelope glycoprotein and
prevents the conformational changes required for the fusion with cell membranes,
thus representing a new mechanism. It is a potent inhibitor of this binding with an
ICsy in laboratory and primary isolates (HIV-1 clades A—G) ranging from 4 to
280 nM (18-1260 ng/mL), but has virtually no activity against HIV-2. Due to its
unique mechanism, it does not show cross-resistance to NRTI, NNRTI and PIs. It is
prepared by chemical synthesis, using a combination of solution and solid phase
steps. The solid phase steps utilize fmoc protection and the acid sensitive 2-
chlorotrityl chloride resin to produce peptides of lengths ranging from nine to sixteen
amino acids. These amino acids are subsequently coupled to form the full-length
peptide followed by side-chain deprotection and column chromatography. In the
HuPBMC-SCID mouse model of HIV-1 infection enfuvirtide showed a dose-
dependent decrease in viral load. At doses of 200 mg/kg/day, it decreased the RNA
levels to 8.2 copies/1 million cells compared to 17 million copies/l million cells in
the saline-treated group. In a clinical study involving 78 heavily pretreated patients
(plasma HIV RNA >5000 copies/mL), enfuvirtide dosing of 12.5-200 mg/day by
b.i.d. subcutaneous injection resulted in a dose-dependent decrease in viral load
(plasma HIV RNA 0.3-1.6 log 10 copies/mL). In a combination drug study where all
patients received an optimized retroviral regimen with or without enfuvirtide, it was
found that, at week 24, the enfuvirtide group had a 4.5 fold-relative drop in HIV
RNA copies/mL relative to the standard treatment group. Subjects received 3-5
antiretroviral agents with or without enfuvirtide. In clinical trials, HIV-1 isolates
from 185 patients using enfuvirtide in a cocktail with other antiretroviral agents
showed 4 to 422-fold decrease in sensitivity to this drug. These more resistant types
had changes in the gp4l amino acids 36—45. Enfuvirtide is dosed twice per day
(90 mg) by subcutaneous injection and has an elimination half-life of about 3.8 h. It
is highly plasma protein bound (92%) and has a Vdss is 5.5 L. Local injection site
irritation (98% had at least one reaction), diarrhea (26.8%), nausea (20.1%), and
fatigue (16.1%) were the most common adverse events.
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14. EPLERENONE (ANTIHYPERTENSIVE) [58-60]

Country of origin UsS o
Originator Ciba-Geigy (Novartis)

First introduction usS

Introduced by Pfizer (Pharmacia)

Trade name Inspra

CAS registry no. 107724-20-9

Molecular weight 414.50

Eplerenone derives its antihypertensive effect by blocking the binding of aldosterone
at the mineralocorticoid receptor (MR). The drug, which was previously approved
only for the oral treatment of hypertension, is now indicated to improve survival of
stable patients with left ventricular systolic dysfunction (ejection fraction <40%) and
clinical evidence congestive heart failure (CHF) after an acute myocardial infarction.
Aldosterone is a key hormone in the renin-angiotensin-aldosterone system (RAAS),
which is of critical importance in the development and progression of hypertension,
cardiac remodeling and other cardiovascular diseases. The purpose of RAAS is to
control sodium, potassium, and fluid volume balance. Aldosterone binds to MRs in
both epithelial (e.g. kidney) and nonepithelial (e.g. heart, blood vessels, and brain)
tissues and increases blood pressure through induction of sodium reabsorption and
possibly other mechanisms. The actions of aldosterone can be blocked by
spironolactone (Aldactone®™), a relatively nonselective MR antagonist that has been
used in clinical practice for many years. Eplerenone, a structural analog of
spironolactone, is a highly selective MR antagonist, with significantly lower affinity
for other nuclear receptors. It can be prepared by several related ways, with the key
step being the introduction of 11-a-hydroxy group on the steroid scaffold via
microbiological conversion. The presence of the 11-a-hydroxy group permits the
derivation of the epoxy functionality found in eplerenone. Following oral
administration, eplerenone is well absorbed and reaches peak plasma concentrations
in ~2 h. The bioavailability of eplerenone is 98% and it is cleared predominantly by
CYP3A4 metabolism, with an elimination half-life of 4—6 h. Steady state is reached
within two days. Eplerenone therapy is typically initiated with 25 mg once daily oral
dosing and, if tolerated by the patient, titrated to 50 mg once daily. In a clinical
study, eplerenone significantly reduced deaths in congestive heart failure patients
after a heart attack, above and beyond standard therapy, including ACE inhibitors
and B-blockers. The trial in more than 6600 hospitalized patients demonstrated a
15% reduction in the risk of death for eplerenone compared with placebo, in addition
to standard treatment. The most commonly reported adverse events associated with
eplerenone are hyperkalemia and increased creatine.
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15. FOSAMPRENAYVIR (ANTIVIRAL) [61,62]

Country of origin US o HsC
Originator Vertex ca?* (O 7/ CHs

First introduction ~ US (07N O NH,
Introduced by Vertex/GSK =

Trade name Lexiva N \/\/ N S/©/
CAS registry no.  226700-81-8 OQ’ \”/

Molecular weight 623.67

Fosamprenavir, a prodrug of the HIV protease inhibitor amprenavir, is indicated for the
oral treatment of HIV infection in adults in combination with other antiretroviral agents.
Although amprenavir has excellent antiviral potency and good tolerability, its water-
solubility is poor (0.04 mg/ml). As a result, the formulation of the agent includes a high
percentage of organic excipients to facilitate gastric dissolution, which limits the amount
of active drug that can be formulated per capsule. Fosamprenavir is a highly soluble
phosphate ester of amprenavir. It allows more convenient dosing and reduction in pill
counts as compared to amprenavir. Fosamprenavir is readily prepared in two steps
starting from a key intermediate used in the synthesis of amprenavir, by phosphorylating
a hydroxyl group and subsequently reducing a p-nitrophenyl to a p-aminophenyl group.
Fosamprenavir has little or no antiviral activity in vitro. After oral administration, it is
rapidly and almost completely hydrolyzed by phosphatases in the gut epithelium to
amprenavir prior to reaching systemic circulation. The time to reach peak plasma
concentration of amprenavir is approximately 2.5 h and the plasma elimination half-life
is approximately 7.7 h. Amprenavir is metabolized in the liver by CYP3A4 and >90% of
the dose is excreted as metabolites in urine and feces. In most patients, fosamprenavir is
administered at daily doses of 700—1400 mg in conjunction with ritonavir. Monotherapy
with fosamprenavir is only recommended in antiretroviral therapy-naive patients and the
dosing regimen is 1400 mg twice daily. The most common adverse events experienced
with fosamprenavir are diarrhea, nausea, vomiting, headache and rash.

16. INFLUENZA VIRUS (LIVE) (ANTIVIRAL VACCINE) [63-65]

Country of origin [N}

Originator MedImmune

First introduction US

Introduced by MedImmune/Wyeth
Trade name FluMist

(Continued)
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Class Influenza virus

Type AHINI + AH3N2 4+ B
Expression system Embryonic poultry cells
Manufacturer MedImmune

FluMist™, launched last year by Medlmmune and Wyeth, is a live attenuated
influenza virus (LAIV) vaccine and it is a cold-adapted trivalent formulation. It is the
first nasally administered vaccine indicated for providing active immunity against
select influenza A and B strains in healthy people aged 5-49 years. FluMist™ is not
indicated for the treatment of influenza or prevention of variant strains. Local
administration of the vaccine mist to the interior nare yields serum IgG antibody
levels sufficient to provide protection against influenza infection. In addition,
intranasal delivery promotes the production of mucosal IgA antibodies and local T-
cell formation. The cold-adapted formulation allows it to grow in the lower
temperatures of nasal passages and not in the lungs where influenza develops. After
initial vaccination with FluMist™, protective antibody levels are generally achieved
in approximately 2 weeks and can persist for a period of six months or longer. In
clinical trials, a single dose of the vaccine in children over the age of 15 months
demonstrated 89% efficacy against developing culture-confirmed influenza illness. In
healthy adults aged 18—64 years, vaccination significantly reduced severe febrile
illness by 18.8% and upper respiratory illnesses by 23.6%. FluMist™ is well tolerated
in children and adults. Since the vaccine contains live attenuated virus the adverse
events generally mimic mild flu-like symptoms such as cough, rhinorhea, sore throat
and headache. FluMist™ is contraindicated in persons with biological or drug-induced
immunodeficiency. Each year, influenza vaccines are standardized and consist of two
types of influenza A strains and one type of influenza B strain, as determined by
worldwide surveillance and mutation patterns. For 2003—-2004, the intranasal LAIV
vaccine contains A/New Caledonia/20/99 (HIN1), A/Panama/2007/99 (H3N2) and
B/Hong Kong/330/221 antigens. The antigens are derived from wild type and master
donor virus strains replicated in embryonic poultry cells.

17. LARONIDASE (MUCOPOLYSACCARIDOSIS I) [66,67]

Country of origin UsS

Originator BioMarin

First introduction US

Introduced by BioMarin/Genzyme
Trade name Aldurazyme

CAS registry no. 210589-09-6

Class Recombinant protein
Type Glycosidase

(Continued)
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Molecular weight 83 kDa
Expression system CHO Cells
Manufacturer BioMarin

Mucopolysaccharidosis I (MPS 1) is a rare genetic lysosomal storage disease caused
by the deficiency of a-L-iduronidase, an enzyme required for the catabolism of
dermatan sulfate and heparin sulfate. The deficiency blocks the degradation of these
mucopolysaccharides, which accumulate in a variety of tissues including liver,
spleen, heart and connective tissues. The clinical manifestations of MPS I can
include progressive developmental delay, airways obstruction, hepatosplenomegaly,
severe joint restriction and cardiovascular disease. There are three subtypes of MPS 1
depending on its clinical severity: Hurler’s syndrome (severe), Hurler-Scheie
syndrome (moderate), and Scheie syndrome (mild). Among the existing therapies,
bone marrow transplantation has been the only effective option for Hurler’s
syndrome. Laronidase was launched last year as an enzyme replacement therapy for
the treatment of patients with Hurler and Hurler-Scheie syndromes and patients with
the Scheie syndrome who have moderate to severe symptoms. It is a recombinant
form of the human a-L-iduronidase produced by overexpression in a Chinese hamster
ovary cell line. The recommended dosage regimen of laronidase is 0.58 mg/kg of
body weight administered once weekly as an intravenous infusion. The efficacy of
laronidase was demonstrated in a 26-week, double-blind, placebo-controlled clinical
trial by measuring improvement in pulmonary function and endurance. The
laronidase-treated patients showed a mean increase of 4.0% in predicted forced
vital capacity (FVC) and a mean increase of 38.0 m in the distance walked in 6 min
as compared with placebo-treated patients. Reductions in liver size and in urinary
glycosaminoglycan excretion were also observed. The most common adverse events
associated with laronidase were upper respiratory tract infection, rash and injection
site reaction.

18. MIGLUSTAT (GAUCHER’S DISEASE) [68-70]

Country of origin usS

Originator G.D. Searle (Pfizer) K\/CH3
First introduction UK N
Introduced by Actelion HO

Trade name Zavesca o™ “UYou
CAS registry no. 72599-27-0 &
Molecular weight 219.28

Miglustat is an N-alkylated iminosugar, launched as an oral treatment for mild to
moderate type 1 Gaucher’s disease in adult patients for whom enzyme replacement
therapy is not a therapeutic option. It is readily synthesized from D-glucose in three
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steps by first converting to N-butylglucamine via reductive amination with
butylamine, followed by a microbial oxidation to an aminofuranose intermediate
and subsequent reductive cyclization. Type 1 Gaucher’s disease is a metabolic
disorder caused by the lysosomal accumulation of certain glycosphingolipids (GSLs)
as a result of deficiency in their degradation. Enlargement of the liver and spleen,
low blood platelet and bone lesions are among the key symptoms of this disease.
Miglustat acts by inhibiting glucosylceramide synthase, a glucosyl transferase
enzyme in the biosynthesis of most GSLs, which results in the lowering of GSLs to
a level that can be effectively cleared. Up to 50% reduction in liver and splenocyte
GSL levels are achieved in mice by long-term administration of Miglustat (600—
1800 mg/kg/day for 118 days). Miglustat, dosed at 50 and 100 mg in Gaucher
patients, exhibits dose proportionate pharmacokinetics (fy, = 2.5h, 71/, =6 to 7h)
and >90% oral bioavailability. Steady-state plasma levels are reached after 4—6
weeks of treatment. Miglustat is not significantly metabolized in humans and the
major route of excretion is renal. In clinical trials, efficacy was demonstrated by
significant reductions in liver and spleen volumes (12 and 19%, respectively) at 12
months and increase in hemoglobin and platelet count (0.91 g/dL and 13.6 X 10°/1,
respectively) at 24 months. Miglustat is generally well tolerated by patients and the
most common side effects are diarrhea and weight loss.

19. MYCOPHENOLATE SODIUM (IMMUNOSUPPRESSANT) [71,72]

Cqur}try of origin Switzeﬂand o OH CHs

Originator Novartis -
First introduction Switzerland = O Na
Introduced by Novartis (o] a

Trade name Myfortic OCHs

CAS registry no. 37415-62-6

Molecular weight 342.32 CHs

Mycophenolate sodium, an immunosuppressive agent, was launched last year in
Switzerland as an oral treatment in combination with Neoral® and corticosteroids for
the prevention of acute transplant rejection in adult patients receiving allogeneic
renal transplantation. In contrast to the previously marketed product mycophenolate
mofetil (MMF, CellCept®), which is a prodrug and must be converted to
mycophenolic acid (MPA) in vivo, Myfortic® contains MPA itself as the active
ingredient. Myfortic® was designed to enhance the therapeutic efficacy of MPA
through increased tolerability relative to systemic exposure. Unlike MMF, which is
absorbed in the stomach, the enteric-coated formulation of MPA sodium is mainly
absorbed in the small intestine, thus protecting the upper GI tract from the side
effects of MPA. MPA is an inhibitor of inosine monophosphate dehydrogenase
(IMDPH), a vital enzyme in the de novo pathway of purine biosynthesis.
Proliferating lymphocytes rely principally on this pathway for purine production,
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thus rendering them succeptible to depletion of purine bases by MPA. Inhibition of
IMPDH by MPA results in the inhibition of both T- and B-lymphocyte proliferation
upon antigen challenge and facilitates the prevention of acute graft rejection.
Following oral administration of MPA sodium, the ?,,, of MPA is 1.5-2h, with a
mean absolute bioavailability of 71% and a mean half-life of 11.7h. MPA is
primarily metabolized in the liver by glucuronidation and excreted mainly in the
urine as the metabolite. The recommended dosage regimen of MPA sodium is
720 mg twice daily, which provides equimolar amounts of MPA compared
with MMF 1000 mg twice daily. In two major clinical trials in 748 patients,
Myfortic® was demonstrated to be a highly potent and well-tolerated immunosup-
pressant for new renal transplant patients. A trend was seen towards fewer dose
reductions due to GI intolerability and less serious infections relative to other MPA
drugs. The most common adverse events associated with MPA treatment are
diarrhea and leukopenia.

20. OMALIZUMAB (ALLERGIC ASTHMA) [73-75]

Country of origin UsS

Originator Genentech

First introduction uUsS

Introduced by Genentech/Novartis
Trade name Xolair

CAS registry no. 242138-07-04
Class Humanized monoclonal antibody
Type murine anti-IgE
Molecular weight 149 kDa
Expression system CHO Cells
Manufacturer Genentech

Omalizumab is a recombinant humanized construct of murine IgGlk monoclonal
antibody introduced last year for the treatment of allergic asthma. It forms
complexes with free, circulating serum IgE, which results in the inhibition of binding
of IgE to the high-affinity IgE-receptor (FCeRI) on the surface of mast cells and
basophils. Reduction in surface-bound IgE on FceRI-bearing cells limits the degree
of release of mediators of the allergic response. Omalizumab is produced by a
Chinese hamster ovary cell suspension culture in a nutrient medium containing the
antibiotic gentamicin. The recommended dosage is 150-375 mg administered
subcutaneously every 2 or 4 weeks. Omalizumab has an average absolute
bioavailability of 62% and an average terminal half-life of 26 days. Following a
single SC dose, omalizumab is absorbed slowly, reaching peak serum concentrations
after 7-8 days. However, serum levels of free IgE begin to decline in a dose-
dependent manner within an hour after the first injection and typically lead to >96%
reduction in free IgE concentrations. The omalizumab-IgE complexes have a longer
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half-life and are eliminated more slowly than free IgE. After 16 weeks of dosing,
total serum IgE (free plus bound IgE) is five times higher than pretreatment levels.
Clearance of the omalizumab-IgE complexes occurs via the Fcy receptors
reticuloendothelial system. The efficacy and safety of omalizumab in the treatment
of inhaled corticosteroid-dependent (ICS) asthma was evaluated in a 28-week double-
blinded, placebo-controlled clinical study, which entailed co-administration of ICS
for 16 weeks, followed by a gradual reduction in ICS dose over 12 weeks. A
significant reduction in steroid dose with fewer exacerbations during steroid
withdrawal phase was noted and more subjects receiving omalizumab were able to
discontinue their ICS than in the placebo group (39.6 vs 19.1%, respectively;
p < 0.001). Omalizumab was well tolerated and the most common adverse effects
were arthralgia, generalized pain, leg pain, and injection-site reactions.

21. PALONOSETRON (ANTIEMETIC) [76-79]

Country of origin usS N
Originator Syntex (Roche Bioscience) ®

First introduction UsS

Introduced by MGI Pharma/Helsinn N H

Trade name Aloxi

CAS registry no. 135729-62-3 Uy el

Molecular weight 332.88

Palonosetron is a novel 5-HT3 receptor antagonist launched last year as an injectable
agent for the prevention of acute and delayed nausea and vomiting associated with
cancer chemotherapy. It has a much longer half-life (~40 h) than the other currently
available 5-HT3 antagonists, which provides efficacy advantages in the prevention of
delayed nausea and vomiting that typically occurs after 24 h and up to six days post
chemotherapy administration. Palonosetron was developed as a conformationally
restricted analog of the previously known S5HT3 antagonists tropisetron and
granisetron. It is synthesized in four steps starting with the condensation of 1,8-
naphthalic anhydride and (S)-3-aminoquinuclidine to produce the corresponding
imide. The subsequent steps include catalytic hydrogenation of one of the aromatic
rings of the imide intermediate, selective reduction of one of the carbonyls to a
hydroxyl group, dehydration to an olefin and catalytic hydrogenation. The
recommended dosage of palonosteron is 0.25 mg, administered as a single
intravenous dose approximately 30 min before the start of chemotherapy. Palonose-
tron exhibits dose-proportional pharmacokinetics and it is moderately bound to
plasma proteins (62%). Fifty percent of the dose is metabolized in the liver, and 40%
is excreted unchanged in the urine. In comparative clinical studies with two other 5-
HT3 receptor antagonists, palonosetron is shown to be as effective as dolasetron and
more effective than ondansetron in controlling acute nausea and vomiting and
superior to both in the control of delayed nausea and vomiting. Efficacy of



To Market, To Market—2003 359

palonosetron has been demonstrated in patients receiving initial and repeat courses of
both moderately and highly emetogenic chemotherapy, including cisplatin, cyclopho-
sphamide and dacarbazine. At 0.25 and 0.75 mg doses, palonosetron is well tolerated
and the most occurring adverse events are headache, diarrhea, fatigue, abdominal
pain and insomnia.

22. PEGVISOMANT (ACROMEGALY) [80-82]

Country of origin us

Originator Sensus (Pfizer)

First introduction US

Introduced by Pfizer

Trade name Somavert

CAS registry no. 218620-50-9

Class PEGylated recombinant protein
Type Human growth hormone
Molecular weight 40-50 kDa

Expression system E. coli

Manufacturer Abbott

Acromegaly is a rare debilitating endocrine disease caused by the excessive secretion
of growth hormone (GH) and increased production of insulin-like growth factor I
(IGF-I) in middle-aged adults. In over 90% of acromegaly patients, excess of GH is
associated with a benign pituitary adenoma. The clinical manifestations of
uncontrolled acromegaly include soft-tissue swelling, joint pain, nerve entrapment,
glucose intolerance, hypertension, and cardiac disease. Patients with acromegaly have
increased morbidity and mortality relative to the general population. The currently
available treatment options for acromegaly are surgical removal of the adenoma,
radiation therapy, and drug therapy with dopamine antagonists or somatostatin
analogues. Pegvisomant, launched last year as a new treatment for acromegaly, is a
modified form of human GH that acts as a highly selective GH receptor antagonist.
It is a PEGylated form of a recombinant human GH antagonist (B2036).
Pegvisomant selectively binds to GH receptors on cell surfaces, where it blocks
the binding of endogenous GH, and thus interferes with GH signal transduction. This
leads to a decrease in serum concentrations of IGF-I. A 12-week randomized,
double-blind, placebo-controlled clinical study found that daily treatment of
acromegaly patients with 10, 15, and 20 mg of pegvisomant resulted in normalized
IGF-I concentrations in 54, 81, and 89% of patients, respectively, compared to 10%
in the placebo group. An open-label extension study in which pegvisomant was
individually titrated demonstrated that 12-month or longer treatment resulted in
normalized IGF-I concentrations in 97% of patients. The recommended dosage
regimen of pegvisomant consists of a 40 mg loading dose, followed by 10 mg daily
dose, administered subcutaneously. The ¢t,, of pegvisomant following SC
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administration is 33-77h, with a bioavailability of 57% and 17, of six days.

Pegvisomant is generally well tolerated and the most common side effects include
injection-site reactions, diarrhea, nausea, chest pain and flu-like symptoms.

23. PITAVASTATIN (HYPOCHOLESTEROLEMIC) [83-86]

Country of origin Japan

Originator Nissan HO\(:COZ 0
First introduction Japan
Introduced by Sankyo/Kowa - OH
Trade name Livalo
CAS registry no. 147526-32-7
Molecular weight 880.98
ca?
L 12

Pitavastatin, launched last year for the treatment of hypercholesterolemia, belongs to
the family of second-generation statins, also referred to as superstatins due to their
improved efficacy as cholesterol lowering agents. Like other statins, pitavastatin
reduces plasma cholesterol levels by competitively inhibiting HMG-CoA reductase,
the rate-limiting enzyme of cholesterol biosynthesis in the liver. It is a more potent
inhibitor of HMG-CoA reductase than the previously marketed statins and has the
potential benefit of not undergoing significant metabolism by CYP3A4. Pitavastatin
is synthesized in a multi-step sequence, including the key step of introducing the
dihydroxyheptenoate side chain by cross-coupling of a 3-iodoquinoline intermediate
with an alkenylborane reagent. Unlike rosuvastatin, the other statin introduced last
year, pitavastatin has a high oral bioavailability (~80%). Plasma protein binding is
also high for pitavastatin (>95%), and regardless of the dosing, the highest tissue
levels are found in the liver, its target organ. After oral administration, the peak
plasma concentration is reached at ~0.8 h and the mean elimination half-life is
~11h. Pitavastatin is only minimally metabolized, mainly by CYP2C8 and
CYP2C9, and the predominant route of elimination of the parent drug and its
metabolites is by means of bile excretion followed by elimination in the feces. In
clinical studies, oral doses of 2—4 mg/day of pitavastatin produced dose-dependent
reduction in LDL-cholesterol levels by 40-48% from baseline in patients with
heterozygous familial hypercholesterolemia. In a 12-week double-blind comparative
study, pitavastatin (2 mg/day) was more effective than pravastatin (10 mg/day) in
reducing LDL-cholesterol levels (38 and 18%, respectively); however, both agents



To Market, To Market—2003 361

produced similar increases in HDL-cholesterol (~9%). The drug was well tolerated
and the adverse reactions were mild and transient.

24. ROSUVASTATIN (HYPOCHOLESTEROLEMIC) [87-90]

Country of origin Japan
Originator Shinogi
First introduction Netherlands
Introduced by AstraZeneca
Trade name Crestor
CAS registry no. 147098-20-2
Molecular weight 1001.15

Rosuvastatin, one of the two new statins launched last year for the treatment of
hypercholesterolemia, has high hepato-selectivity and more potent inhibitory effect
on HMG-CoA reductase than the previously marketed statins. In rat hepatocytes, it
inhibits cholesterol biosynthesis with an ICsy of 1.12 nM, which is ~ 100-fold higher
potency than pravastatin. Rosuvastatin is synthesized in a 12-step sequence, entailing
the construction of a pyrimidinyl aldehyde intermediate in eight steps and subsequent
introduction of the dihydroxyheptenoate side chain via Wittig reaction with a -
ketophosphorane reagent and stereoselective carbonyl reduction of the resultant
enone. Pharmacokinetic properties of rosuvastatin in humans, dosed at 5-80 mg, are
approximately linear with dose. Following oral administration, rosuvastatin is rapidly
absorbed with an oral bioavailability of ~20% and #,,,, of ~3h. It has a prolonged
duration of action, with terminal 7;/, of ~20h, compatible with once-daily dosing.
In humans, rosuvastatin is minimally metabolized through CYP2C9 and CYP2C19,
with little or no metabolism via the CYP3A4. Approximately 90% of the
administered oral dose is eliminated in the feces (92% as the parent compound)
and the rest in the urine. Rosuvastatin is considered a “superstatin” due to its ability,
at well-tolerated doses, to lower LDL cholesterol and triglycerides to a much greater
extent than first generation statins. In patients with hypercholesterolemia, rosuvastatin
treatment at doses of 5 and 10 mg/day over 12-week period resulted in 40-43%
reduction of LDL-cholesterol levels, 12—13% increase in HDL-cholesterol, and 17—
19% reduction in triglycerides. In comparison, the efficacy range of LDL-cholesterol
reductions by atorvastatin (10 mg/day), pravastatin (20 mg/day), and simvastatin
(20 mg/day) was 28—35%. Rosuvastatin is a well-tolerated drug at doses of 1-20 mg
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and the most common side effects at these doses are headache, myalgia, pain and
pharyngitis, which are consistent with those previously reported for statin therapy.

25. RUPATADINE FUMARATE (ANTIALLERGIC) [91-93]

Country of origin Spain
Originator Uriach 7
First introduction Spain ~ |
Introduced by Uriach N Cl
Trade name Rupafin /
CAS registry no. 182349-12-8 COzH
Molecular weight 532.04 ) J‘/
N HO,C
/ AN CH3
—
N

Rupatadine fumarate, a novel antiallergic drug with a dual mechanism of action, was
introduced last year in Spain as an oral treatment for perennial and seasonal rhinitis.
Rupatadine acts as non-sedating histamine H1 receptor antagonist and platelet-
activating factor (PAF) antagonist. Its K;™ values against ["HJWEB-2086 binding to
rabbit platelet membrane PAF receptors and [*H]pyralimine binding to guinea pig
cerebellum membrane H1 histamine receptors are 0.55 and 0.10 uM, respectively. It
has a rapid onset of action, with patients experiencing relief of symptoms within 2 h,
and its long duration of action (>24h) permits once-daily dosing. Rupatidine is
prepared in a 6-step convergent synthesis, with the key steps involving the Grignard
reaction of a N-alkyl-4-chloropiperdine with a benzocycloheptapyridinone intermedi-
ate, followed by dehydration. Rupatadine is rapidly absorbed after oral adminis-
tration. The time to reach maximum plasma concentration is 0.75—1 h and the mean
half-life in healthy volunteers is ~6h. It is extensively metabolized, mainly by
CYP3A4, and the major elimination route for the drug is biliary excretion. In
comparative clinical trials, rupatadine 10 mg once daily was as effective as certizine
10 mg in short-term studies (2—4 weeks duration), but provided a better profile of
CNS side effects. In comparison with ebastine 10 mg and loratadine 10 mg,
rupatadine showed a superior relief of rhinitis symptoms at the same dose.
Rupatadine was well tolerated in clinical trials and, at the recommended daily dose
of 10mg, was free of the sedative effects associated with first-generation
antihistamines. In addition, there were no significant differences in the overall
incidence of adverse events in rupatidine-treated patients and those treated with
placebo or standard reference products.



To Market, To Market—2003 363

26. TADALAFIL (MALE SEXUAL DYSFUNCTION) [94-98]

Country of origin UsS
Originator Lilly/ICOS
First introduction UK, Germany
Introduced by Lilly/ICOS
Trade name Cialis

CAS registry no. 171596-29-5
Molecular weight 389.41

Tadalafil is one of the two new PDES inhibitors launched last year for the oral
treatment of male erectile dysfunction. Tadalafil is a 3-carboline derivative and it is
structurally distinct from vardenafil (Levitra®) and sildenafil (Viagra®), both of
which are PDES inhibitors based on a fused pyrimidine core structure. Tadalafil is
synthesized in three steps starting from D-tryptophan methyl ester, by first
condensing with piperonal in a Pictet-Spengler cyclization reaction to form the
tetrahydro-B-carboline derivative, which is followed by chloroacetylation of the
piperidine ring nitrogen and cyclization with methylamine. Tadalafil is a potent and
highly selective inhibitor of PDE5 (ICso = 1 nm). It shows > 10,000-fold selectivity
for PDES5 versus PDEIL, 2, 3, 4, 7, 8 and 9, and >700-fold selectivity versus PDE6.
Typically administered at 10 and 20 mg doses, tadalafil is rapidly absorbed and has a
tmax Of 2h, which is slightly longer than those of sildenafil (1 h) and vardenafil
(0.75 h). Clinically, all of these agents appear to have efficacy for many men within
30-60 min. However, tadalafil distinguishes itself from other PDES5 inhibitors in
terms of significantly longer duration of action. The half-life of tadalafil dosed at
20mg is 17.5h as compared with 3.8 h for sildenafil (100 mg) and 4.7h for
vardenafil (20 mg). In clinical studies, significant rates of response were reported up
to 36 h following drug ingestion. Tadalafil is predominantly metabolized in the liver
by CYP3A4 to entities that are not active against PDE5 and excreted mainly as
metabolites in the feces and the urine. The pharmacokinetics of tadalafil are
unaffected by factors such as intake of food and alcohol, age, the presence of
diabetes, and mild or moderate hepatic insufficiency. The most common drug-related
adverse events are headache, back pain, dyspepsia, and myalgia. At 10 and 20 mg
doses, Tadalafil does not have a significant effect on blood pressure and heart rate
and does not result in increased instances of myocardial infarction. Rare reports of
prolonged erections greater than 4 h and priapism have been noted with the use of
tadalafil. Priapism, if not treated properly, can result in irreversible damage to the
erectile tissue. Patients who have an erection lasting greater than 4 h are advised
to seek emergency medical attention. Tadalafil has a modest synergistic effect
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on the nitrate-induced reduction in blood pressure and, as with sildenafil and
vardenafil, it is contraindicated for use in patients on nitrate therapy. In diabetic
patients, improvement of erectile function by tadalafil is irrespective of the type of
diabetes and the type of diabetic therapy.

27. TOSITUMOMAB (ANTICANCER) [99,100]

Country of origin UsS

Originator Corixa

First introduction [N

Introduced by GSK/Corixa

Trade name Bexxar

CAS registry no. 192391-48-3

Class Monoclonal antibody

Type murine anti-CD20 radioimmunoconjugate
Molecular weight 150 kDa

Expression system murine/human hybridoma cell line
Manufacturer Corixa

Tositumomab was launched last year as a new radioimmunotherapeutic antibody for the
treatment of B-cell non-Hodgkin’s lymphoma (NHL). It is specifically indicated for
patients with CD20-positive, follicular NHL, with or without transformation, whose
disease is refractory to rituximab and has relapsed following chemotherapy.
Tositumomab is an anti-CD20 murine IgG,, lambda monoclonal antibody produced in
an antibiotic-free culture of mammalian cells. The therapeutic regimen of the drug is
composed of tositumomab and '*'I-tositumomab. This dual-action therapy combines the
tumor-targeting ability of a cytotoxic monoclonal antibody and the therapeutic potential
of radiation with patient-specific dosing. The binding of tositumomab to CD20 antigen on
NHL cells initiates an immune response to the cancer and the radiolabeled antibody, '*'I-
tositumomab, delivers a dose of radiation directly to tumor cells. Iodine-131 has a
physical half-life of eight days. It emits 3 particles and v rays, but the primary antitumor
effect results from the B particles. In contrast to the external beam radiation, '*'I-
tositumomab delivers radiation to the tumor at a continuous low dose rate. The dose rate
initially increases, as radiolabelled antibodies accumulate at the tumor site, with a
maximal tumor dose rate of <0.10 Gy/h. The dose rate then decreases with physical
decay of the radioisotope and clearance from the body. The tositumomab and '3'I-
tositumomab therapeutic regimen is dosed in two steps: a dosimetric step followed 7—-14
days later by a therapeutic step. The dosimetric step consists of successive infusions of
tositumomab (450 mg) and '*'I-tositumomab (5.0 mCi, 35 mg). The therapeutic step
consists of 450 mg tositumomab infusion, followed by '*'I-tositumomab as calculated to
patient-specific activity. Since non-tumor localization of '*'I is primarily in the thyroid,
the patients are also treated with a thyro-protective agent such as potassium iodide
throughout the therapeutic course. In a clinical study in patients who had an average
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of four prior chemotherapies and who did not respond to or relapsed from rituximab
therapy, overall response to tositumomab and '*'I-tositumomab treatment was achieved
in 63% of the patients and complete response was achieved in 29% of the patients. The
duration of response in this category of patients was 25 months. The most common
adverse reactions associated tositumomab regimens are severe or life-threatening
cytopenia, infections, hemorrhage, allergic reactions, secondary leukemia, and
myelodysplasia.

28. VARDENAFIL (MALE SEXUAL DYSFUNCTION) [101-104]

Country of origin  Germany

Originator Bayer AG o CHs
First introduction =~ Germany

Introduced by Bay.er/GSK O\\ //O HN - N
Trade name Levitra s N N7
CAS registry no. ~ 224785-90-4 K\N N
Molecular weight 488.61 H3C\/NJ

O
k CHj

Vardenafil is a new PDES inhibitor launched last year for oral treatment of male erectile
dysfunction and it has significant structural similarity with sildenafil (Viagra®), which
was the first PDES inhibitor introduced in 1998 for this indication. Vardenafil is
synthesized in three steps starting with a cyclization reaction of 2-ethyoxybenzamidine
with 2-butyramidopropionic acid and ethoxyallyl chloride to construct the imidazo-
triazine ring system, followed by sulfonation to the corresponding sulfonyl chloride and
subsequent condensation with 1-ethylpiperazine. The potency of PDES5 inhibition by
vardenafil (ICsyo = 0.7 nM) is ~ 10 times greater than that of sildenafil (ICsy = 6.6 nM).
Vardenafil is typically administered in single doses of 10 and 20 mg. The time to reach
maximum plasma concentration is 0.75 h, which is slightly shorter than those of sildenafil
(tmax = 1.16 h) and tadalafil (z,,,, = 2 h), and the half-life is 4—5 h. Although it is almost
completely absorbed following oral administration, the mean absolute bioavailability of a
10 mg dose is ~ 15%, resulting from extensive first pass metabolism. Vardenafil is
metabolized in the liver primarily by CYP3A4 and is eliminated mainly in feces. In
clinical studies, 10—20 mg doses of vardenafil was well tolerated and efficacious in
patients with ED of various severities, including subjects with comorbidities such as
diabetes mellitus or hypertension or hyperlipidemia. The side-effect profile of vardenafil
is similar to that of sildenafil, with headache, flushing, dyspepsia and nasal congestion
being the most common adverse events. Vardenafil has systemic vasodilatory properties,
which can cause transient decrease in supine blood pressure; however, it does not appear
to translate into clinical effects. The mean maximum decreases in supine systolic blood
pressure following 20 and 40 mg vardenafil were 6.9 and 4.3 mmHg, respectively, when



366 S. Hegde and J. Carter

compared to placebo. However, single and multiple oral doses of vardenafil up to 40 mg
produced no clinically relevant changes in the ECGs of normal male volunteers.
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glucose-6-phosphatase inhibitors, 50
glycogen phosphorylase inhibitors, 50
glycogen synthase kinase-3 inhibitors,
51

glycopeptide, 199, 205

GnRH, 99

GnRH Antagonists, 100

GnRH receptor, 99

GPCR models, 271

GPR100, 115

G-protein coupled receptor, 149
G-protein coupled receptors, 270
GR196429, 32

grepafloxacin, 325, 327

growth hormone secretagogues, 74

guanfacine, 7

GWO0014, 226

GW320659, 4

HCV IRES, 232

HCV NS3 helicase, 232

HCV NS3/4a protease, 223-225
HCV NS5b polymerase, 223, 227-230
HCV P7, 232

HCV-371, 230

HERG Channel, 327

high throughput screening, 293
hispidulin, 21

histacin, 192

histamine H; antagonist, 7
histamine Hj receptors, 57
histamine H, receptor, 62
histamine N-methyl transferase, 64
histone acetyl transferases, 185
histone deacetylases, 185
hit-to-lead, 294

HMG-CoA reductase, 241
hOATI transporter, 313

HOE-140, 117
Hoe-602, 310
Hoe-961, 307

Homoserine lactone, 198, 202
HPV6 E1 helicase inhibitor, 297
HR22C16, 179

11-B-HSD inhibitors, 53

5-HT transporter, 5, 6

5-HT; receptor antagonists, 296
hydroxamic acid HDAC inhibitors, 187
3-hydroxyhydropyrazine-2-ones, 215
ibandronate, 69

ibutilide, 328

icatibant, 117

IDN-6556, 232

IL-6/gp 130-complex modulators, 72
imipramine, 4

immepip, 62

immethridine, 62

imoproxifan, 63

indiplon, 17

indolic melatonin agonists, 29
inflammation, 244

influx transporters, 280

insulin-like growth factor (IGF-1), 74
interferon-at, 223

isotoribine, 233

INJ-16241199, 188
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JTE-522, 132

kallikrein-kinin, 114

kinase inhibitors, 270

kinases, 269, 270

kinesin, 173-177, 180

kininogens, 114

KSP, 174, 175,177, 178, 180
L-164,710, 143

L-747981, 143

lasofoxifene (CP336156), 68
LB80380, 314

LDL choesterol, 241

lead generation, 293

LEGEND, 270

lethal factor (LF), 215

leucovorin, 166, 167

leupeptin, 80, 87

LFA-1, 244

LG100268, 45

LibDock program, 270

lipid rafts, 243

liragutide, 43

liver selective glucocorticoid receptor
antagonist, 47

LM-1669, 135

loop modeling, 262, 263
lovastatin, 247

lumiracoxib, 126, 135

lupron, 91

LY 231514 (pemetrexed), 164, 166,
168-170

LY-156735, 29

LY582563 (MCC-478), 315
macrolide, 203, 205

macrophage inflammatory protein-1c,
149

Madindoline A, 72

mannose binding lectin pathway, 140
MB6866 (hepavir B), 315
melatonin, 25

melatonin agonists, 29

melatonin and depression, 29
melatonin and sleep, 27

melatonin receptors, 26

memory, 14

methotrexate, 164, 166
6-methoxypurine arabinoside, 307
6-methylapigenin, 18
(R)-a-methylhistamine, 62
methylphenidate (Concerta), 3,4, 6

mevalonate, 242

MexAB-OprM efflux pump inhibitors,
299

MG132, 233

microtubule, 173-175
minodronate, 69

mitosis, 174

MK-0767, 44

MODBASE, 261, 266
MODELLER, 264, 266, 268
monastrol, 178

monastroline, 179

monoamine reuptake, 4,6
monocyte recruitment, 149
MS-275, 190

MTP inhibitors, 301

multiple sclerosis, 249

myopathy, 253
N,N’-bis(1,2,3,4-tetrahydro-9-acridinyl)-
1,7-heptanediamine, 19
Na®,K™-ATPase, 281
NBI-42902, 107

NE transporter, 5,6
nephrotoxicity, 286

neutral endopeptidase, 115

NGD 2000-1, 144

nicotinic acetylcholine receptor
(nAChR), 8

nitric oxide, 64

NM-283, 231

NN-2211, 43

NN-414, 43

nolatrexed, 166

non-hydroxamate HDAC inhibitors,
189

non-virilizing androgen receptor agonist,
73

norepinephrine (NE) reuptake, 3-5
nortryptiline, 4

nosocomial infection, 197
NPC-349, 116

NS398, 129

nucleoside monophosphate, 311
nucleoside prodrugs, 308
nucleoside triphosphate, 316
NVP-LAF237, 43

NVP-LAQS824, 187

OATP-C, 282

oleamide, 17

omaciclovir (H2G), 307
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OPG/RANKL/RANK Inhibitors, 71
organic anion transporters, 286
organic cation transporters, 286
ospemifene, 68

osteoporosis 67, 80, 94, 250
oxamflatin, 187

oxazolidinone, 205

P2X7 receptor antagonists, 296
paclitaxel, 287

PAI-1 inhibitors, 299
pamidronate, 69

parathyroid hormone, 72
parecoxib sodium, 126, 134
pemetrexed (LY 231514), 164, 166,
168-170

penciclovir, 310

pentostatin, 167

PEPCK inhibitors, 52

PEPTI1, 281

peptide transporters, 306
P-glycoprotein, 283
phosporamidate prodrugs, 311
pitavastatin, 246

plague (Yersinia pestis), 212, 214, 216,
217

planktonic activity, 204

PMX53, 141

potassium channel openers, 42
PPAR-gamma agonists, 44
pravastatin, 245, 282, 287
PREDICT, 271

prion proteins, 252

protective antigen (PA), 215
protein receptors, 272

protein sequence, 259

protein structure modeling, 259, 264
protein structure prediction methods,
260

a-PSMA7, 233
rthPTH(1-34)(Forteo), 72
PTP1B — ASO, 47

PTPI1B inhibitors, 45, 300
PXD101, 188
pycnodysostosis, 82
pyrimidine prodrugs, 311
pyroxamide, 187

pyruvate dehydrogenase kinase
inhibitors, 47

QT interval, 323
quinazolinone, 178

quinidine, 328

quinolone, 199, 205

quorum sensing, 198, 201, 207
QYL-769, 309

R483, 44

raloxifene, 68

raltitrexed, 166, 169

ramelteon, 31

ramelteon, TAK-375, 30

Ras, 243

regulation of melatonin receptors, 27
resveratrol, 20

retinoid X receptor modulators, 45
rho, 243

rhodopsin, 271

ribavirin, 223

rifampin, 199, 200, 205, 207
risedronate, 69

rivoglitazone, 44

RO0281675, 42

rofecoxib, 126-128

rosuvastatin, 246

RPR121154, 143

RU-486, 48
S 21517, 31
S 21540, 31
S 22153, 34
S 24268, 34
S 24601, 34
S 25150, 34
S 26131, 31
S2242, 307
sage, 21
SALIGN, 261

SB267268, 70

SB-691673, 301

SB-715992, 178

SC56631, 69

SC58125, 129

scriptaid, 187

selective androgen receptor modulators
(SARMs), 73

serotonin reuptake, 6

sertindole, 324, 328

SGLT-1 inhibitors, 53

short-chain fatty acid HDAC inhibitors,
186

side chain modeling, 264
simvastatin, 246

sinusoidal membrane, 287
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SKF91486, 64 4.5,6,7-tetrahydroisoxazolo(5,4-c)
sleep disorders, 14 pyridin-3-ol, 15

smallpox (Variola major), 211, 212, (1,2,5,6-tetrahydropyridin-4-yl)methyl-
214, 217 phosphinic acid), 16

soft statins, 254 thioperamide, 57

solute carriers, 283 THIP, 15,17

solvation models, 263 tissue distribution, 283

sotalol, 328 Toll-like receptor 7, 232
SPD-756, 308 TPMPA, 16, 18, 20

special HDAC isoform inhibitors, 192 transplant rejection, 248
spindle, 174, 179 transporter, 279

spiruchostatin A, 191 trichostatin A (TSA), 186
statins, 241 tubacin, 192

steroid sulfatase inhibitors, 300 tularemia (Francesella tularensis), 217
structural genomics, 260 UR-8962, 133

suberoyl anilide hydroxamic acid vaccines, 214

(SAHA), 187,190 valaciclovir, 305

synguanol (QYL-438), 309 valacyclovir, 283

synthetic melatonin agonists, 28 valdecoxib, 126

T cells, 149 valerian, 18

T-1095, 53 valerinic acid, 18

T-98475, 100 valganciclovir, 306

tacrine, 19 valomaciclovir stearate (ABT-606,
TAK-013, 100, 107 MIV-606), 307

talinolol, 286 verapamil, 328, 331

tenofovir disoproxil, 305, 314 viral hemorrhagic fevers, 212
terfenadine, 324, 328 virtual screening, 267, 269, 272
teriparitide, 80 VX-950, 225

terpendole E, 179 W-54011, 145

tetracycline, 199, 200, 205 WIN 64338, 118
7,8.,9,10-tetrahydro-3-phenyl-6- xanthine oxidase, 310
(2-pyridinylmethoxy)-7,10-ethano- Z-9-octadecenamide, 17
1,2,4-triazol[3,4-a]phthalazine, 14 zoledronate, 69

tetrahydro-beta-carboline, 179 zolpidem, 14, 17
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acetylcholine receptors, 30, 41

acetylcholine transporter, 28, 247

adenylate cyclase, 6, 227, 233; 12, 172; 19, 293; 29, 287
adenosine, 33, 111

adenosine, neuromodulator, 18, 1; 23, 39

Aj adenosine receptors, 38, 121

adjuvants, 9, 244

ADME by computer, 36, 257

ADME properties, 34, 307

adrenal steroidogenesis, 2, 263

adrenergic receptor antagonists, 35, 221

B-adrenergic blockers, 10, 51; 14, 81

B-adrenergic receptor agonists, 33, 193

aerosol delivery, 37, 149

affinity labeling, 9, 222

3-agonists, 30, 189

AIDS, 23, 161, 253; 25, 149

alcohol consumption, drugs and deterrence, 4, 246

aldose reductase, 19, 169

alkaloids, 1, 311; 3, 358; 4, 322; 5, 323; 6, 274

allergic eosinophilia; 34, 61

allergy, 29, 73

alopecia, 24, 187

Alzheimer’s Disease, 26, 229; 28, 49, 197, 247; 32, 11, 34, 21; 35, 31
Alzheimer’s Disease Research, 37, 31

Alzheimer’s Disease Therapies, 37, 197

aminocyclitol antibiotics, 12, 110

B-amyloid, 34, 21

amyloid, 28, 49; 32, 11

amyloidogenesis, 26, 229

analgesics (analgetic), 1, 40; 2, 33; 3, 36; 4, 37; 5, 31; 6, 34; 7, 31; 8, 20; 9, 11; 10, 12;
11, 23; 12, 205 13, 41; 14, 31; 15, 32; 16, 41; 17, 21; 18, 515 19, 1; 20, 21; 21, 21; 23, 11;
25, 11; 30, 11; 33, 11

androgen action, 21, 179; 29, 225

androgen receptor modulators, 36, 169

anesthetics, 1, 30; 2, 24; 3, 28; 4, 28; 7, 39; 8, 29; 10, 30, 31, 41
angiogenesis inhibitors, 27, 139; 32, 161

angiotensin/renin modulators, 26, 63; 27, 59

animal engineering, 29, 33

animal healthcare, 36, 319

animal models, anxiety, 15, 51

animal models, memory and learning, 12, 30

Annual Reports in Medicinal Chemistry, 25, 333

anorexigenic agents, 1, 51; 2, 44; 3, 47; 5, 40; 8, 42; 11, 200; 15, 172
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antagonists, calcium, 16, 257; 17, 71; 18, 79
antagonists, GABA, 13, 31; 15, 41; 39, 13

antagonists, narcotic, 7, 31; 8, 20; 9, 11; 10, 12; 11, 23
antagonists, non-steroidal, 1, 213; 2, 208; 3, 207; 4, 199
antagonists, steroidal, 1, 213; 2, 208; 3, 207; 4, 199
antagonists of VLA-4, 37, 65
anthracycline antibiotics, 14, 288
antiaging drugs, 9, 214
antiallergy agents, 1, 92; 2, 83; 3, 8
15, 59; 17, 51; 18, 61; 19, 93; 20, 7
109

antianginals, 1, 78; 2, 69; 3, 71; 5, 63; 7, 69; 8, 63; 9, 67; 12, 39;
anti-angiogenesis, 35, 123

antianxiety agents, 1, 1;2,1;3,1;4,1;5,1;6,1;7,6; 8, 1; 9, 1; 10, 2; 11, 13; ;
21; 14, 22; 15, 22; 16, 31; 17, 11;18, 11; 19, 11; 20, 1; 21 11; 22, 11; 23, 19; 2 11
antiarrhythmics, 1, 85; 6, 80; 8, 63; 9, 67; 12, 39; 18, 99, 21, 95; 25, 79; 27, 8
antibacterial resistance mechanisms, 28, 141
antibacterials, 1, 118; 2, 112; 3, 105; 4, 108; 5, 87; 6, 108; 17, 107; 18, 29, 113; 23, 141;
30, 101; 31, 121; 33, 141; 34, 169; 34, 227, 36, 89

antibacterial targets, 37, 95

antibiotic transport, 24, 139

antibiotics, 1, 109; 2, 102; 3, 93; 4, 88; 5, 75, 156; 6,99; 7,99, 217, 8, 104; 9, 95; 10, 109,
246; 11, 89; 11, 271; 12, 101, 110; 13, 103, 149; 14, 103; 15, 106; 17, 107; 18, 109; 21,
131; 23, 121; 24, 101; 25, 119; 37, 149

antibiotic producing organisms, 27, 129

antibodies, cancer therapy, 23, 151

antibodies, drug carriers and toxicity reversal, 15, 233

antibodies, monoclonal, 16, 243

antibody drug conjugates, 38, 229

anticancer agents, mechanical-based, 25, 129

anticancer drug resistance, 23, 265

anticoagulants, 34, 81; 36, 79; 37, 85

anticoagulant agents, 35, 83

anticonvulsants, 1, 30; 2, 24; 3, 28; 4, 28; 7, 39, §, 29; 10, 30; 11, 13; 12, 10; 13, 21; 14,
22;15,22;1@,31;11,11;18,11;19,11 zg 11; 21, 11; 23, 19; 24, 11
antidepressants, 1, 12; 2, 11; 3, 14; 4, 13; 5, 13; Q, 15;7 18 8, 11;11,3;12,1;13,1; 14,
1; 15, 1; 16, 1; 17, 41; 18, 41; 20, 31; 22, 21, 24, 21; & 23;29,1; 34,1

antidiabetics, 1, 164; 2, 176; 3, 156; 4, 164; 6, 192; 2_7, 219

antiepileptics, 33, 61

antifungal agents, 32, 151; 33, 173, 35, 157

antifungal drug discovery, 38, 163

antifungals, 2, 157; 3, 145; 4, 138; 5, 129; 6, 129; 7, 109; 8, 116; 9, 107; 10, 120; 11, 101;
13, 113; 15, 139; 17, 139; 19, 127; 22, 159; 24, 111, gg 141 27, 149

antiglaucoma agents, 20, 83

anti-HCV therapeutics, 34, 129; 39, 223
antihyperlipidemics, 15, 162; 18, 161; 24, 147
antihypertensives, 1, 59; 2, 48; 3, 53; 4, 47; 5, 49; 6,
13,71, 14, 61, 15,79; 16,73, 17, 61; 18, 69; 19, 61;
antiinfective agents, 28, 119

antiinflammatory agents, 28, 109; 29, 103
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anti-inflammatories, 37, 217

anti-inflammatories, non-steroidal, 1, 224; 2,217, 3, 215; 4, 207, 5, 225; 6, 182; 7, 208; 8,

214; 9, 193; 10, 172; 13, 167; 16, 189; 23, 181

anti-ischemic agents, 17, 71

antimalarial inhibitors, 34, 159

antimetabolite cancer chemotherapies, 39, 161

antimetabolite concept, drug design, 11, 223

antimicrobial drugs — clinical problems and opportunities, 21, 119

antimicrobial potentiation, 33, 121

antimicrobial peptides, 27, 159

antimitotic agents, 34, 139

antimycobacterial agents, 31, 161

antineoplastics, 2, 166; 3, 150; 4, 154; 5, 144; 7, 129; 8, 128; 9, 139; 10, 131; 11, 110; 12,

120; 13, 120; 14, 132; 15, 130; 16, 137; 17, 163 18, 129; 19, 137; 20, 163; 22, 137; 24,

121; 28, 167

antiparasitics, 1, 136, 150; 2, 131, 147; 3, 126, 140; 4, 126; 5, 116; 7, 145; 8, 141, 9, 115;

10, 154; 11, 121; 12, 140; 13, 130; 14, 122; 15, 120; 16, 125; 17, 129; 19, 147, 26, 161

antiparkinsonism drugs, 6, 42; 9, 19

antiplatelet therapies, 35, 103

antipsychotics, 1,1;2,1;3,1;4,1;5,1;6,1;7,6;8,1;9, 1 0 1,3;12,
3

1;
15,12;16,11; 18, 21; 19, 21; 21, 1; 22, 1; 23, 1, 24, 1; 2 6,5 ; 27, 49; 8,39;&,1
antiradiation agents, 1, 324; 2, 330; 3, 327; 5, 346
anti-resorptive and anabohc bone agents, 39, 67
anti-retroviral chemotherapy, 25, 149
antiretroviral drug therapy, 32, 131
antiretroviral therapies, 35, 177; 36, 129
antirheumatic drugs, 18, 171
antisense oligonucleotides, 23, 295; 33, 313
antisense technology, 29, 297
antithrombotics, 7, 78; 8, 73; 9, 75; 10, 99; 12, 80; 14, 71; 17, 79; 27, 99; 32, 71
antithrombotic agents, 29, 103
antitumor agents, 24, 121
antitussive therapy, 36, 31
antiviral agents, 1, 129; 2, 122; 3, 116; 4, 117; 5, 101; 6, 118; 7, 119; 8, 150; 9, 128; 10,
161; 11, 128; 13, 139; 15, 149; 16, 149; 18, 139; 19, 117; 22, 147; 23, 161; 24, 129; 26,
133; 28, 131; 29, 145; 30, 139; 32, 141; 33, 163; 37, 133; 39, 305
antitussive therapy, 35, 53
anxiolytics, 26, 1
apoptosis, 31, 249
aporphine chemistry, 4, 331
arachidonate lipoxygenase, 16, 213
arachidonic acid cascade, 12, 182; 14, 178
arachidonic acid metabolites, 17, 203; 23, 181; 24, 71
arthritis, 13, 167; 16, 189; 17, 175; 18, 171; 21, 201; 23, 171, 181; 33, 203
arthritis, immunotherapy, 23, 171
aspartyl proteases, 36, 247
asthma, 29, 73; 32, 91
asymmetric synthesis, 13, 282
atherosclerosis, 1, 178; 2, 187; 3, 172; 4, 178; 5, 180; 6, 150; 7, 169; 8, 183; 15, 162; 18,
161; 21, 189; 24, 147, 25, 169; 28, 217 32, 101; 34, 101; 36, 57
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atherothrombogenesis, 31, 101

atrial natriuretic factor, 21, 273; 23, 101

attention deficit hyperactivity disorder, 37, 11; 39, 3
autoimmune diseases, 34, 257; 37, 217

autoreceptors, 19, 51

bacterial adhesins, 26, 239

bacterial genomics, 32, 121

bacterial resistance, 13, 239; 17, 119; 32, 111

bacterial toxins, 12, 211

bacterial virulence, 30, 111

basophil degranulation, biochemistry, 18, 247

Bcl2 family, 31, 249; 33, 253

behavior, serotonin, 7, 47

benzodiazepine receptors, 16, 21

biofilm-associated infections, 39, 197

bioinformatics, 36, 201

bioisosteric groups, 38, 333

bioisosterism, 21, 283

biological factors, 10, 39; 11, 42

biological membranes, 11, 222

biological systems, 37, 279

biopharmaceutics, 1, 331; 2, 340; 3, 337; 4, 302; 5, 313; 6, 264; 7, 259; §, 332
biosensor, 30, 275

biosimulation, 37, 279

biosynthesis, antibotics, 12, 130

biotechnology, drug discovery, 25, 289

biowarfare pathogens, 39, 211

blood-brain barrier, 20, 305

blood enzymes, 1, 233

bone, metabolic disease, 12, 223; 15, 228; 17, 261; 22, 169
bone metabolism, 26, 201

bradykinin-1 receptor antagonists, 38, 111

bradykinin B2 antagonists, 39, 113

brain, decade of, 27, 1

C5a antagonists, 39, 139

calcium antagonists/modulators, 16, 257; 17, 71; 18, 79; 21, 85
calcium channels, 30, 51

calmodulin antagonists, SAR, 18, 203

cancer, 27, 169; 31, 241; 34, 121; 35, 123; 35, 167

cancer chemosensitization, 37, 115

cancer chemotherapy, 29, 165; 37, 125

cancer cytotoxics, 33, 151

cancer, drug resistance, 23, 265

cancer therapy, 2, 166; 3, 150; 4, 154; 5, 144; 7, 129; 8, 128; 9, 139, 151; 10, 131; 11, 110;
12, 120; 13, 120; 14, 132; 15, 130; 16, 137; 17, 163; 18, 129; 21, 257; 23, 151; 37, 225;
39, 161

cannabinoid receptors, 9, 253; 34, 199

carbohydrates, 27, 301

carboxylic acid, metalated, 12, 278

carcinogenicity, chemicals, 12, 234
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cardiotonic agents, 13, 92; 16, 93; 19, 71
cardiovascular, 10, 61

caspases, 33, 273

catalysis, intramolecular, 7, 279

catalytic antibodies, 25, 299; 30, 255

cathepsin K, 39, 79

CCRI1 antagonists, 39, 149

CCR3 antagonists, 38, 131

cell adhesion, 29, 215

cell adhesion molecules, 25, 235

cell based mechanism screens, 28, 161

cell cycle, 31, 241; 34, 247

cell cycle kinases, 36, 139

cell invasion, 14, 229

cell metabolism, 1, 267

cell metabolism, cyclic AMP, 2, 286

cellular pathways, 37, 187

cellular responses, inflammatory, 12, 152
cheminformatics, 38, 285

chemogenomics, 38, 285

chemoinformatics, 33, 375

chemokines, 30, 209; 35, 191; 39, 149
chemotaxis, 15, 224; 17, 139, 253; 24, 233
chemotherapy of HIV, 38, 173
cholecystokinin, 18, 31

cholecystokinin agonists, 26, 191
cholecystokinin antagonists, 26, 191
cholesteryl ester transfer protein, 35, 251
chronic obstructive pulmonary disease, 37, 209
chronopharmacology, 11, 251

circadian processes, 27, 11

CNS medicines, 37, 21

coagulation, 26, 93; 33, 81

cognition enhancers, 25, 21

cognitive disorders, 19, 31; 21, 31; 23, 29; 31, 11
collagenase, biochemistry, 25, 177
collagenases, 19, 231

colony stimulating factor, 21, 263
combinatorial chemistry, 34, 267; 34, 287
combinatorial libraries, 31, 309; 31, 319
combinatorial mixtures, 32, 261

complement cascade, 27, 199; 39, 140
complement inhibitors, 15, 193

complement system, 7, 228

conformation, nucleoside, biological activity, 5, 272
conformation, peptide, biological activity, 13, 227
conformational analysis, peptides, 23, 285
congestive heart failure, 22, 85; 35, 63
contrast media, NMR imaging, 24, 265
corticotropin-releasing factor, 25, 217; 30, 21; 34, 11

379
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corticotropin-releasing hormone, 32, 41

cotransmitters, 20, 51

cyclic AMP, 2, 286; 6, 215; 8, 224; 11, 291

cyclic GMP, 11, 291

cyclic nucleotides, 9, 203; 10, 192; 15, 182

cyclin-dependent kinases, 32, 171

cyclooxygenase, 30, 179

cyclooxygenase-2 inhibitors, 32, 211; 39, 125

cysteine proteases, 35, 309; 39, 79

cystic fibrosis, 27, 235; 36, 67

cytochrome P-450, 9, 290; 19, 201; 32, 295

cytokines, 27, 209; 31, 269; 34, 219

cytokine receptors, 26, 221

database searching, 3D, 28, 275

DDT-type insecticides, 9, 300

dermal wound healing, 24, 223

dermatology and dermatological agents, 12, 162; 18, 181; 22, 201; 24, 177
designer enzymes, 25, 299

diabetes, 9, 182; 11, 170; 13, 159; 19, 169; 22, 213; 25, 205; 30, 159; 33, 213; 39, 41
Diels-Alder reaction, intramolecular, 9, 270

distance geometry, 26, 281

diuretic, 1, 67; 2, 59; 3, 62; 6, 88; 8, 83; 10, 71; 11, 71; 13, 61; 15, 100
DNA binding, sequence-specific, 27, 311; 22, 259

DNA vaccines, 34, 149

docking strategies, 28, 275

dopamine, 13, 11; 14, 12; 15, 12; 16, 11, 103; 18, 21; 20, 41; 22, 107
dopamine Dj3, 29, 43

dopamine Dy, 29, 43

DPP-1V Inhibition, 36, 191

drug abuse, CNS agents, 9, 38

drug allergy, 3, 240

drug carriers, antibodies, 15, 233

drug carriers, liposomes, 14, 250

drug delivery systems, 15, 302; 18, 275; 20, 305

drug design, 34, 339

drug design, computational, 33, 397

drug design, metabolic aspects, 23, 315

drug discovery, 17, 301; 34, ; 34, 307

drug disposition, 15, 277

drug metabolism, 3, 227; 4, 259; 5, 246; 6, 205; 8, 234; 9, 290; 11, 190; 12, 201; 13, 196,
304, 14, 188; 16, 319; 17, 333; 23, 265, 315; 29, 307

drug receptors, 25, 281

drug resistance, 23, 265

dynamic modeling, 37, 279

EDREF, 27, 69

elderly, drug action, 20, 295

electrospray mass spectrometry, 32, 269

electrosynthesis, 12, 309

enantioselectivity, drug metabolism, 13, 304

endorphins, 13, 41; 14, 31; 15, 32; 16, 41; 17, 21; 18, 51
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endothelin, 31, 81; 32, 61

endothelin antagonism, 35, 73

endothelin antagonists, 29, 65, 30, 91
enzymatic monooxygenation reactions, 15, 207
enzyme induction, 38, 315

enzyme inhibitors, 7, 249; 9, 234; 13, 249
enzyme immunoassay, 18, 285

enzymes, anticancer drug resistance, 23, 265
enzymes, blood, 1, 233

enzymes, proteolytic inhibition, 13, 261
enzyme structure-function, 22, 293

enzymic synthesis, 19, 263; 23, 305
epitopes for antibodies, 27, 189

erectile dysfunction, 34, 71

estrogen receptor, 31, 181

ethnobotany, 29, 325

excitatory amino acids, 22, 31; 24, 41; 26, 11; 29, 53
ex-vivo approaches, 35, 299

factor VIla, 37, 85

factor Xa, 31, 51; 34, 81

factor Xa inhibitors, 35, 83

Fc receptor structure, 37, 217

fertility control, 10, 240; 14, 168; 21, 169
filiarial nematodes, 35, 281

forskolin, 19, 293

free radical pathology, 10, 257; 22, 253
fungal resistance, 35, 157

G-proteins, 23, 235

G-proteins coupled receptor modulators, 37, 1
GABA, antagonists, 13, 31; 15, 41

galanin receptors, 33, 41

gamete biology, fertility control, 10, 240
gastrointestinal agents, 1, 99; 2, 91; 4, 56; 6, 68; 8, 93; 10, 90; 12, 91; 16, 83; 17, 89; 18,
89; 20,117; 23, 201, 38, 89

gender based medicine, 33, 355

gene expression, 32, 231

gene expression, inhibitors, 23, 295

gene targeting technology, 29, 265

gene therapy, 8, 245; 30, 219

genetically modified crops, 35, 357

gene transcription, regulation of, 27, 311
genomics, 34, 227

ghrelin receptor modulators, 38, 81
glucagon, 34, 189

glucagon, mechanism, 18, 193

B-D-glucans, 30, 129

glucocorticoid receptor modulators, 37, 167
glucocorticosteroids, 13, 179

glutamate, 31, 31

glycoconjugate vaccines, 28, 257
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glycopeptide antibiotics, 31, 131

glycoprotein IIb/Illa antagonists, 28, 79
glycosylation, non-enzymatic, 14, 261

gonadal steroid receptors, 31, 11

gonadotropin releasing hormone, 30, 169; 39, 99
GPIIb/IIIa, 31, 91

G protein-coupled receptors, 35, 271

growth factor receptor kinases, 36, 109

growth factors, 21, 159; 24, 223; 28, 89

growth hormone, 20, 185

growth hormone secretagogues, 28, 177; 32, 221
guanylyl cyclase, 27, 245

hallucinogens, 1, 12; 2, 11; 3, 14; 4, 13; 5, 23; 6, 24
HDL cholesterol, 35, 251

health and climate change, 38, 375

heart disease, ischemic, 15, 89; 17, 71

heart failure, 13, 92; 16, 93; 22, 85

HCYV antiviral agents, 39, 223

helicobacter pylori, 30, 151

hemoglobinases, 34, 159

hemorheologic agents, 17, 99

herbicides, 17, 311

heterocyclic chemistry, 14, 278

high throughput screening, 33, 293

histamine Hj receptor agents, 33, 31; 39, 57
histone deacetylase inhibitors, 39, 185
hit-to-lead process, 39, 293

HIV co-receptors, 33, 263

HIV protease inhibitors, 26, 141; 29, 123

HIV reverse transcriptase inhibitors, 29, 123
HIV vaccine, 27, 255

homeobox genes, 27, 227

hormones, glycoprotein, 12, 211

hormones, non-steroidal, 1, 191; 3, 184
hormones, peptide, 5, 210; 7, 194; 8, 204; 10, 202; 11, 158; 16, 199
hormones, steroid, 1, 213; 2, 208; 3, 207; 4, 199
host modulation, infection, 8, 160; 14, 146; 18, 149
5-HT2C receptor modulator, 37, 21

human gene therapy, 26, 315; 28, 267

human retrovirus regulatory proteins, 26, 171
5-hydroxytryptamine, 2, 273; 7, 47; 21, 41
hypercholesterolemia, 24, 147

hypersensitivity, delayed, 8, 284
hypersensitivity, immediate, 7, 238; 8, 273
hypertension, 28, 69

hypertension, etiology, 9, 50

hypnotics, 1, 30; 2, 24; 3, 28; 4, 28; 7, 39; 8, 29; 10, 30; 11, 13; 12, 10; 13, 21; 14, 22; 15,
22,16;31; 17, 11; 18, 11; 19, 11; 22, 11

ICE gene family, 31, 249

IgE, 18, 247
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Immune cell signaling, 38, 275

immune mediated idiosyncratic drug hypersensitivity, 26, 181
immune system, 35, 281

immunity, cellular mediated, 17, 191; 18, 265
immunoassay, enzyme, 18, 285

immunomodulatory proteins, 35, 281
immunophilins, 28, 207

immunostimulants, arthritis, 11, 138; 14, 146
immunosuppressants, 26, 211; 29, 175
immunosuppressive drug action, 28, 207
immunosuppressives, arthritis, 11, 138
immunotherapy, cancer, 9, 151; 23, 151
immunotherapy, infectious diseases, 18, 149; 22, 127
immunotherapy, inflammation, 23, 171

infections, sexually transmitted, 14, 114
inflammation, 22, 245; 31, 279

inflammation, immunomodulatory approaches, 23, 171
inflammation, proteinases in, 28, 187

inflammatory bowel disease, 24, 167, 38, 141
inhibitors, complement, 15, 193

inhibitors, connective tissue, 17, 175

inhibitors, enzyme, 13, 249

inhibitors, irreversible, 9, 234; 16, 289

inhibitors, platelet aggregation, 6, 60

inhibitors, proteolytic enzyme, 13, 261

inhibitors, renin-angiotensin, 13, 82

inhibitors, reverse transcription, 8, 251

inhibitors, transition state analogs, 7, 249

inorganic chemistry, medicinal, 8, 294

inosine monophosphate dehydrogenase, 35, 201
inositol triphosphate receptors, 27, 261

insecticides, 9, 300; 17, 311

insulin, mechanism, 18, 193

integrins, 31, 191

B, -integrin Antagonist, 36, 181

integrin alpha 4 beta 1 (VLA-4), 34, 179

intellectual property, 36, 331

interferon, 8, 150; 12, 211; 16, 229; 17, 151
interleukin-1, 20, 172; 22, 235; 25, 185; 29, 205, 33, 183
interleukin-2, 19, 191

interoceptive discriminative stimuli, animal model of anxiety, 15, 51
intracellular signaling targets, 37, 115

intramolecular catalysis, 7, 279

ion channel modulators, 37, 237

ion channels, ligand gated, 25, 225

ion channels, voltage-gated, 25, 225

ionophores, monocarboxylic acid, 10, 246

ionotropic GABA receptors, 39, 13

iron chelation therapy, 13, 219

irreversible ligands, 25, 271
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ischemia/reperfusion, CNS, 27, 31

ischemic injury, CNS, 25, 31

isotopes, stable, 12, 319; 19, 173

JAKs, 31, 269

B-lactam antibiotics, 11, 271; 12, 101; 13, 149; 20, 127, 137; 23, 121; 24, 101
B-lactamases, 13, 239; 17, 119

ketolide antibacterials, 35, 145

LDL cholesterol, 35, 251

learning, 3, 279; 16, 51

leptin, 32, 21

leukocyte elastase inhibitors, 29, 195

leukocyte motility, 17, 181

leukotriene modulators, 32, 91

leukotrienes, 17, 291; 19, 241; 24, 71

LHRH, 20, 203; 23, 211

lipid metabolism, 9, 172; 10, 182; 11, 180; 12, 191; 13, 184; 14, 198; 15, 162
lipoproteins, 25, 169

liposomes, 14, 250

lipoxygenase, 16, 213; 17, 203

lymphocytes, delayed hypersensitivity, 8, 284

macrocyclic immunomodulators, 25, 195

macrolide antibacterials, 35, 145

macrolide antibiotics, 25, 119

macrophage migration inhibitor factor, 33, 243

magnetic resonance, drug binding, 11, 311

malaria, 31, 141; 34, 349, 38, 203

male contraception, 32, 191

managed care, 30, 339

MAP kinase, 31, 289

market introductions, 19, 313; 20, 315; 21, 323; 22, 315; 23, 325; 24, 295; 25, 309; 26,
297, 27, 321; 28, 325; 29, 331; 30, 295; 31, 337; 32, 305; 33, 327
mass spectrometry, 31, 319; 34, 307

mass spectrometry, of peptides, 24, 253

mass spectrometry, tandem, 21, 213; 21, 313

mast cell degranulation, biochemistry, 18, 247

matrix metalloproteinase, 37, 209

matrix metalloproteinase inhibitors, 35, 167

mechanism based, anticancer agents, 25, 129

mechanism, drug allergy, 3, 240

mechanisms of antibiotic resistance, 7, 217; 13, 239; 17, 119
medicinal chemistry, 28, 343; 30, 329; 33, 385; 34, 267
melatonin, 32, 31

melatonin agonists, 39, 25

melanocortin-4 receptor, 38, 31

membrane function, 10, 317

membrane regulators, 11, 210

membranes, active transport, 11, 222

memory, 3, 279; 12, 30; 16, 51

metabolism, cell, 1, 267; 2, 286
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metabolism, drug, 3, 227; 4, 259; 5, 246; 6, 205; 8, 234; 9, 290; 11, 190; 12, 201; 13, 196,
304, 14, 188; 23, 265, 315

metabolism, lipid, 9, 172; 10, 182; 11, 180; 12, 191; 14, 198
metabolism, mineral, 12, 223

metabotropic glutamate receptor, 335, 1; 38, 21

metal carbonyls, 8, 322

metalloproteinases, 31, 231; 33, 131

metals, disease, 14, 321

metastasis, 28, 151

microbial genomics, 37, 95

microbial products screening, 21, 149

microtubule stabilizing agents, 37, 125

microwave-assisted chemistry, 37, 247

migraine, 22, 41; 32, 1

mitogenic factors, 21, 237

mitotic kinesin inhibitors, 39, 173

modified serum lipoproteins, 25, 169

molecular diversity, 26, 259, 271; 28, 315; 34, 287
molecular modeling, 22, 269; 23, 285

monoclonal antibodies, 16, 243; 27, 179; 29, 317
monoclonal antibody cancer therapies, 28, 237
monoxygenases, cytochrome P-450, 9, 290

multivalent ligand design, 35, 321

muscarinic agonists/antagonists, 23, 81; 24, 31; 29, 23
muscle relaxants, 1, 30; 2, 24; 3, 28; 4, 28; 8, 37

muscular disorders, 12, 260

mutagenicity, mutagens, 12, 234

mutagenesis, SAR of proteins, 18, 237

myocardial ischemia, acute, 25, 71

narcotic antagonists, 7, 31; 8, 20; 9, 11; 10, 12; 11, 23; 13, 41
natriuretic agents, 19, 253

natural products, 6, 274; 15, 255; 17, 301; 26, 259; 32, 285
natural Killer cells, 18, 265

neoplasia, 8, 160; 10, 142

neurodegeneration, 30, 31

neurodegenerative disease, 28, 11

neurokinin antagonists, 26, 43; 31 111; 32, 51; 33, 71; 34, 51
neurological disorders, 31, 11

neuronal calcium channels, 26, 33

neuronal cell death, 29, 13

neuropathic pain, 38, 1

neuropeptides, 21, 51; 22, 51

neuropeptide Y, 31, 1; 32, 21; 34, 31

neuropeptide Y receptor modulators, 38, 61

neuropeptide receptor antagonists, 38, 11

neuroprotection, 29, 13

neurotensin, 17, 31

neurotransmitters, 3, 264; 4, 270; 12, 249; 14, 42; 19, 303
neutrophic factors, 25, 245; 28, 11
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neutrophil chemotaxis, 24, 233

nicotinic acetylcholine receptor, 22, 281; 35, 41
nitric oxide synthase, 29, 83; 31, 221

NMR, 27, 271

NMR in biological systems, 20, 267

NMR imaging, 20, 277; 24, 265

NMR methods, 31, 299

NMR, protein structure determination, 23, 275
non-enzymatic glycosylation, 14, 261

non-HIV antiviral agents, 36, 119, 38, 213
non-nutritive, sweeteners, 17, 323

non-peptide agonists, 32, 277

non-peptidic 3-opinoid agonists, 37, 159
non-steroidal antiinflammatories, 1, 224; 2, 217; 3, 215; 4, 207, 5, 225; 6, 182; 7, 208; 8,
214; 9, 193; 10, 172; 13, 167; 16, 189

novel analgesics, 35, 21

NSAIDs, 37, 197

nuclear orphan receptors, 32, 251

nucleic acid-drug interactions, 13, 316

nucleic acid, sequencing, 16, 299

nucleic acid, synthesis, 16, 299

nucleoside conformation, 5, 272

nucleosides, 1, 299; 2, 304; 3, 297, 5, 333; 39, 305
nucleotide metabolism, 21, 247

nucleotides, 1, 299; 2, 304; 3, 297, 5, 333; 39, 305
nucleotides, cyclic, 9, 203; 10, 192; 15, 182
obesity, 1, 51; 2, 44; 3,47, 5,40, 8,42; 11, 200, 15, 172; 19, 157; 23, 191; 31, 201; 32, 21
obesity therapeutics, 38, 239

obesity treatment, 37, 1

oligomerisation, 35, 271

oligonucleotides, inhibitors, 23, 295

oncogenes, 18, 225; 21, 159, 237

opioid receptor, 11, 33; 12,20; 13, 41; 14,31; 15,32; 16, 41; 17,21; 18, 51; 20, 21; 21, 21
opioids, 12, 20; 16, 41; 17, 21; 18, 51; 20, 21; 21, 21
opportunistic infections, 29, 155

oral pharmacokinetics, 35, 299

organocopper reagents, 10, 327

osteoarthritis, 22, 179

osteoporosis, 22, 169; 26, 201; 29, 275; 31, 211
oxazolidinone antibacterials, 35, 135

P38« MAP kinase, 37, 177

P-glycoprotein, multidrug transporter, 25, 253
parallel synthesis, 34, 267

parasite biochemistry, 16, 269

parasitic infection, 36, 99

patents in medicinal chemistry, 22, 331
pathophysiology, plasma membrane, 10, 213

PDE 1V inhibitors, 31, 71

penicillin binding proteins, 18, 119
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peptic ulcer, 1, 99; 2, 91; 4, 56; 6, 68; 8, 93; 10, 90; 12, 91; 16, 83; 17, 89; 18, 89; 19, 81;
20, 93; 22, 191; 25, 159

peptide-1, 34, 189

peptide conformation, 13, 227; 23, 285

peptide hormones, 5, 210; 7, 194; 8, 204; 10, 202; 11, 158, 19, 303
peptide hypothalamus, 7, 194; 8, 204; 10, 202; 16, 199

peptide libraries, 26, 271

peptide receptors, 25, 281; 32, 277

peptide, SAR, 5, 266

peptide stability, 28, 285

peptide synthesis, 5, 307; 7, 289; 16, 309

peptide synthetic, 1, 289; 2, 296

peptide thyrotropin, 17, 31

peptidomimetics, 24, 243

periodontal disease, 10, 228

peroxisome proliferator - activated receptors, 38, 71

PET, 24, 277

PET ligands, 36, 267

pharmaceutics, 1, 331; 2, 340; 3, 337; 4, 302; 5, 313; 6, 254, 264; 7, 259; 8, 332
pharmaceutical productivity, 38, 383

pharmaceutical proteins, 34, 237

pharmacogenetics, 35, 261

pharmacogenomics, 34, 339

pharmacokinetics, 3, 227, 337; 4, 259, 302; 5, 246, 313; 6, 205; 8, 234; 9, 290; 11, 190;
12, 201; 13, 196, 304; 14, 188, 309; 16, 319; 17, 333
pharmacophore identification, 15, 267

pharmacophoric pattern searching, 14, 299

phosphodiesterase, 31, 61

phosphodiesterase 4 inhibitors, 29, 185; 33, 91; 36, 41
phosphodiesterase 5 inhibitors, 37, 53

phospholipases, 19, 213; 22, 223; 24, 157

physicochemical parameters, drug design, 3, 348; 4, 314; 5, 285
pituitary hormones, 7, 194; 8, 204; 10, 202

plants, 34, 237

plasma membrane pathophysiology, 10, 213

plasma protein binding, 31, 327

plasminogen activator, 18, 257; 20, 107; 23, 111; 34, 121
plasmon resonance, 33, 301

platelet activating factor (PAF), 17, 243; 20, 193; 24, 81
platelet aggregation, 6, 60

polyether antibiotics, 10, 246

polyamine metabolism, 17, 253

polyamine spider toxins, 24, 287

polymeric reagents, 11, 281

positron emission tomography, 24, 277; 25, 261

potassium channel activators, 26, 73

potassium channel antagonists, 27, 89

potassium channel blockers, 32, 181

potassium channel openers, 24, 91, 30, 81

potassium channel modulators, 36, 11
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potassium channels, 37, 237

privileged structures, 35, 289

prodrugs, 10, 306; 22, 303

profiling of compound libraries, 36, 277

programmed cell death, 30, 239

prolactin secretion, 15, 202

prostacyclin, 14, 178

prostaglandins, 3, 290; 5, 170; 6, 137; 7, 157; 8, 172; 9, 162; 11, 80
prostanoid receptors, 33, 223

prostatic disease, 24, 197

proteases, 28, 151

proteasome, 31, 279

protein C, 29, 103

protein growth factors, 17, 219

proteinases, arthritis, 14, 219

protein kinases, 18, 213; 29, 255

protein kinase C, 20, 227; 23, 243

protein phosphatases, 29, 255

protein-protein interactions, 38, 295

protein structure determination, NMR, 23, 275
protein structure modeling, 39, 259

protein structure prediction, 36, 211

protein structure project, 31, 357

protein tyrosine kinases, 27, 169

protein tyrosine phosphatase, 35, 231

proteomics, 36, 227

psoriasis, 12, 162; 32, 201

psychiatric disorders, 11, 42

psychoses, biological factors, 10, 39
psychotomimetic agents, 9, 27

pulmonary agents, 1, 92; 2, 83; 3, 84; 4, 67; 5, 55; 7, 89; 9, 85; 10, 80; 11, 51; 12, 70;
13,51;14,51;15,59; 17,51, 18, 61;20,71;21,73;22,73;23,69; 24,61, 25,61, 26, 113;
27, 109

pulmonary disease, 34, 111

pulmonary hypertension, 37, 41

pulmonary inflammation, 31, 71

purine and pyrimide nucleotide (P2) receptors, 37, 75
purine-binding enzymes, 38, 193

purinoceptors, 31, 21

QT interval prolongation, 39, 323

quantitative SAR, 6, 245; 8, 313; 11, 301; 13, 292; 17, 281
quinolone antibacterials, 21, 139; 22, 117; 23, 133
radioimmunoassays, 10, 284

radioisotope labeled drugs, 7, 296

radioimaging agents, 18, 293

radioligand binding, 19, 283

radiosensitizers, 26, 151

ras farnesyltransferase, 31, 171

ras GTPase, 26, 249

ras oncogene, 29, 165
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receptor binding, 12, 249

receptor mapping, 14, 299; 15, 267; 23, 285

receptor modeling, 26, 281

receptor, concept and function, 21, 211

receptors, acetylcholine, 30, 41

receptors, adaptive changes, 19, 241

receptors, adenosine, 28, 295; 33, 111

receptors, adrenergic, 15, 217

receptors, (3-adrenergic blockers, 14, 81

receptors, benzodiazepine, 16, 21

receptors, cell surface, 12, 211

receptors, drug, 1, 236; 2, 227; 8, 262

receptors, G-protein coupled, 23, 221; 27, 291

receptors, G-protein coupled CNS, 28, 29

receptors, histamine, 14, 91

receptors, muscarinic, 24, 31

receptors, neuropeptide, 28, 59

receptors, neuronal BZD, 28, 19

receptors, neurotransmitters, 3, 264; 12, 249

receptors, neuroleptic, 12, 249

receptors, opioid, 11, 33; 12, 20; 13, 41; 14, 31; 15, 32; 16, 41; 17, 21
receptors, peptide, 25, 281

receptors, serotonin, 23, 49

receptors, sigma, 28, 1

recombinant DNA, 17, 229; 18, 307; 19, 223

recombinant therapeutic proteins, 24, 213

renal blood flow, 16, 103

renin, 13, 82; 20, 257

reperfusion injury, 22, 253

reproduction, 1, 205; 2, 199; 3, 200; 4, 189

resistant organisms, 34, 169

respiratory tract infections, 38, 183

retinoids, 30, 119

reverse transcription, 8, 251

RGD-containing proteins, 28, 227

rheumatoid arthritis, 11, 138; 14, 219; 18, 171; 21, 201; 23, 171, 181
ribozymes, 30, 285

RNAI, 38, 261

SAR, quantitative, 6, 245; 8, 313; 11, 301; 13, 292; 17, 291
same brain, new decade, 36, 1

secretase inhibitors, 35, 31; 38, 41

sedative-hypnotics, 7, 39; 8, 29; 11, 13; 12, 10; 13, 21; 14, 22; 15, 22; 16, 31; 17, 11; 18,
11;19, 11; 22, 11

sedatives, 1, 30; 2, 24; 3, 28; 4, 28; 7, 39; 8, 29; 10, 30; 11, 13; 12, 10; 13, 21; 14, 22; 15;
22; 16, 31; 17, 11; 18, 11; 20, 1; 21, 11

sequence-defined oligonucleotides, 26, 287

serine proteases, 32, 71

SERMs, 36, 149

serotonergics, central, 25, 41; 27, 21

serotonin, 2, 273; 7, 47; 26, 103; 30, 1; 33, 21
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serotonin receptor, 35, 11

serum lipoproteins, regulation, 13, 184
sexually-transmitted infections, 14, 114

SH2 domains, 30, 227

SH3 domains, 30, 227

silicon, in biology and medicine, 10, 265

sickle cell anemia, 20, 247

signal transduction pathways, 33, 233

skeletal muscle relaxants, 8, 37

sleep, 27, 11; 34, 41

slow-reacting substances, 15, 69; 16, 213; 17, 203, 291
SNPs, 38, 249

sodium/calcium exchange, 20, 215

sodium channels, 33, 51

solid-phase synthesis, 31, 309

solid state organic chemistry, 20, 287

solute active transport, 11, 222

somatostatin, 14, 209; 18, 199; 34, 209

spider toxins, 24, 287

SRS, 15, 69; 16, 213; 17, 203, 291

statins, 37, 197; 39, 241

statins, pleiotropic effects of, 39, 241

STATs, 31, 269

stereochemistry, 25, 323

steroid hormones, 1, 213; 2, 208; 3, 207; 4, 199
stroidogenesis, adrenal, 2, 263

steroids, 2, 312; 3, 307; 4, 281; 5, 192, 296; 6, 162; 7, 182; 8, 194; 11, 192
stimulants, 1, 12; 2, 11; 3, 14; 4, 13; 5, 13; 6, 15; 7, 18; 8, 11
stroke, pharmacological approaches, 21, 108
stromelysin, biochemistry, 25, 177

structure-based drug design, 27, 271; 30, 265; 34, 297
substance P, 17, 271; 18, 31

substituent constants, 2, 347

suicide enzyme inhibitors, 16, 289

superoxide dismutases, 10, 257

superoxide radical, 10, 257

sweeteners, non-nutritive, 17, 323

synthesis, asymmetric, 13, 282

synthesis, computer-assisted, 12, 288; 16, 281; 21, 203
synthesis, enzymic, 23, 305

T-cells, 27, 189; 30, 199; 34, 219

tachykinins, 28, 99

taxol, 28, 305

technology, providers and integrators, 33, 365
tetracyclines, 37, 105

thalidomide, 30, 319

therapeutic antibodies, 36, 237

thrombin, 30, 71; 31, 51; 34, 81

thrombolytic agents, 29, 93

thrombosis, 5, 237; 26, 93; 33, 81
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thromboxane receptor antagonists, 25, 99
thromboxane synthase inhibitors, 25, 99
thromboxane synthetase, 22, 95
thromboxanes, 14, 178

thyrotropin releasing hormone, 17, 31
tissue factor pathway, 37, 85

TNF-a, 32, 241

TNF-a converting enzyme, 38, 153
topoisomerase, 21, 247

toxicity reversal, 15, 233

toxicity, mathematical models, 18, 303
toxicology, comparative, 11, 242; 33, 283
toxins, bacterial, 12, 211

transcription factor NF-kB, 29, 235
transcription, reverse, 8, 251

transgenic animals, 24, 207

transgenic technology, 29, 265
translational control, 29, 245

transporters, drug, 39, 279

traumatic injury, CNS, 25, 31

trophic factors, CNS, 27, 41

tumor classification, 37, 225

tumor necrosis factor, 22, 235

type 2 diabetes, 35, 211

tyrosine kinase, 30, 247; 31, 151

urinary incontinence, 38, 51
urokinase-type plasminogen activator, 34, 121
urotensin-II receptor modulators, 38, 99
vascular proliferative diseases, 30, 61
vasoactive peptides, 25, 89; 26, 83; 27, 79
vasoconstrictors, 4, 77

vasodilators, 4, 77; 12, 49

vasopressin antagonists, 23, 91
vasopressin receptor modulators, 36, 159
veterinary drugs, 16, 161

viruses, 14, 238

vitamin D, 10, 295; 15, 288; 17, 261; 19, 179
waking functions, 10, 21

water, structures, 5, 256

wound healing, 24, 223

xenobiotics, cyclic nucleotide metabolism, 15, 182

xenobiotic metabolism, 23, 315
x-ray crystallography, 21, 293; 27, 271
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CUMULATIVE NCE INTRODUCTION INDEX, 1983-2003

GENERIC NAME

abacavir sulfate
acarbose
aceclofenac
acemannan
acetohydroxamic acid
acetorphan
acipimox

acitretin

acrivastine

actarit

adalimumab
adamantanium bromide
adefovir dipivoxil
adrafinil

AF-2259
afloqualone
agalsidase alfa
alacepril
alclometasone dipropionate
alefacept
alemtuzumab
alendronate sodium
alfentanil HCl1
alfuzosin HCI
alglucerase
alitretinoin
alminoprofen
almotriptan
anakinra

alosetron hydrochloride
alpha-1 antitrypsin
alpidem

alpiropride
alteplase

amfenac sodium
amifostine
aminoprofen
amisulpride
amlexanox
amlodipine besylate
amorolfine HCI1
amosulalol
ampiroxicam

INDICATION

antiviral
antidiabetic
antiinflammatory
wound healing agent
hypoammonuric
antidiarrheal
hypolipidemic
antipsoriatic
antihistamine
antirheumatic
rheumatoid arthritis
antiseptic

antiviral
psychostimulant
antiinflammatory
muscle relaxant
fabry’s disease
antihypertensive
topical antiinflammatory
plaque psoriasis
anticancer
osteoporosis
analgesic
antihypertensive
enzyme

anticancer
analgesic
antimigraine
antiarthritic
irritable bowel syndrome
protease inhibitor
anxiolytic
antimigraine
thrombolytic
antiinflammatory
cytoprotective
topical antiinflammatory
antipsychotic
antiasthmatic
antihypertensive
topical antifungal
antihypertensive
antiinflammatory

393

YEAR ARMC
INTRO. VOL., PAGE
1999 35, 333
1990 26, 297
1992 28, 325
2001 37, 259
1983 19, 313
1993 29, 332
1985 21, 323
1989 25, 309
1988 24, 295
1994 30, 296
2003 39, 339
1984 20, 315
2002 38, 348
1986 22, 315
1987 23, 325
1983 19, 313
2001 37, 259
1988 24, 296
1985 21, 323
2003 39, 340
2001 37, 260
1993 29, 332
1983 19, 314
1988 24, 296
1991 27, 321
1999 35, 333
1983 19, 314
2000 36, 295
2001 37, 261
2000 36, 295
1988 24, 297
1991 27, 322
1988 24, 296
1987 23, 326
1986 22, 315
1995 31, 338
1990 26, 298
1986 22, 316
1987 23, 327
1990 26, 298
1991 27, 322
1988 24, 297
1994 30, 296
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GENERIC NAME
amprenavir
amrinone
amrubicin HCI
amsacrine
amtolmetin guacil
anagrelide HCl
anastrozole
angiotensin II
aniracetam

anti-digoxin polyclonal

antibody
APD
apraclonidine HC1
aprepitant
APSAC
aranidipine
arbekacin
argatroban
arglabin
aripiprazole
arotinolol HCl
arteether
artemisinin
aspoxicillin
astemizole
astromycin sulfate
atazanavir
atomoxetine

atorvastatin calcium
atosiban
atovaquone
auranofin
azelnidipine

azelaic acid
azelastine HCI
azithromycin
azosemide
aztreonam
balofloxacin
balsalazide disodium
bambuterol
barnidipine HCI
beclobrate
befunolol HCI
benazepril HCI
benexate HCI
benidipine HC1

Cumulative NCE Introduction Index, 1983-2003

INDICATION
antiviral
cardiotonic
antineoplastic
antineoplastic
antiinflammatory
hematological
antineoplastic
anticancer adjuvant
cognition enhancer
antidote

calcium regulator
antiglaucoma
antiemetic
thrombolytic
antihypertensive
antibiotic
antithromobotic
anticancer
neuroleptic
antihypertensive
antimalarial
antimalarial
antibiotic
antihistamine
antibiotic
antiviral
attention deficit

hyperactivity disorder

dyslipidemia
preterm labor
antiparasitic
chrysotherapeutic
antihypertensive
antiacne
antihistamine
antibiotic
diuretic
antibiotic
antibacterial
ulcerative colitis
bronchodilator
antihypertensive
hypolipidemic
antiglaucoma
antihypertensive
antiulcer
antihypertensive

YEAR ARMC
INTRO. VOL., PAGE
1999 35, 334
1983 19, 314
2002 38, 349
1987 23, 327
1993 29, 332
1997 33, 328
1995 31, 338
1994 30, 296
1993 29, 333
2002 38, 350
1987 23, 326
1988 24, 297
2003 39, 341
1987 23, 328
1996 32, 306
1990 26, 298
1990 26, 299
1999 35, 335
2002 38, 350
1986 22, 316
2000 36, 296
1987 23, 327
1987 23, 328
1983 19, 314
1985 21, 324
2003 39, 342
2003 39, 343
1997 33, 328
2000 36, 297
1992 28, 328
1983 19, 314
2003 39, 344
1989 25, 310
1986 22, 316
1988 24, 298
1986 22, 316
1984 20, 315
2002 38, 351
1997 33, 329
1990 26, 299
1992 28, 328
1986 22, 317
1983 19, 315
1990 26, 299
1987 23, 328
1991 27, 322



Cumulative NCE Introduction Index, 1983—-2003

GENERIC NAME
beraprost sodium
betamethasone butyrate
prospinate
betaxolol HCI
betotastine besilate
bevantolol HCI
bexarotene
biapenem
bicalutamide
bifemelane HCl
bimatoprost
binfonazole
binifibrate
bisantrene HCI
bisoprolol fumarate
bivalirudin
bopindolol
bortezomib
bosentan
brimonidine
brinzolamide
brodimoprin
bromfenac sodium
brotizolam
brovincamine fumarate
bucillamine
bucladesine sodium
budipine
budralazine
bulaquine
bunazosin HCI
bupropion HCI
buserelin acetate
buspirone HCI1
butenafine HCI
butibufen
butoconazole
butoctamide
butyl flufenamate
cabergoline
cadexomer iodine
cadralazine
calcipotriol
camostat mesylate
candesartan cilexetil
capecitabine
carboplatin
carperitide

INDICATION
platelet aggreg. inhibitor
topical antiinflammatory

antihypertensive
antiallergic
antihypertensive
anticancer
antibacterial
antineoplastic
nootropic
antiglaucoma
hypnotic
hypolipidemic
antineoplastic
antihypertensive
antithrombotic
antihypertensive
anticancer
antihypertensive
antiglaucoma
antiglaucoma
antibiotic

NSAID

hypnotic

cerebral vasodilator
immunomodulator
cardiostimulant
antiParkinsonian
antihypertensive
antimalarial
antihypertensive
antidepressant
hormone
anxiolytic

topical antifungal
antiinflammatory
topical antifungal
hypnotic

topical antiinflammatory
antiprolactin
wound healing agent
hypertensive
antipsoriatic
antineoplastic
antihypertension
antineoplastic
antibiotic
congestive heart failure

395

YEAR ARMC
INTRO. VOL., PAGE

1992 28, 326
1994 30, 297
1983 19, 315
2000 36, 297
1987 23, 328
2000 36, 298
2002 38, 351
1995 31, 338
1987 23, 329
2001 37, 261
1983 19, 315
1986 22, 317
1990 26, 300
1986 22, 317
2000 36, 298
1985 21, 324
2003 39, 345
2001 37, 262
1996 32, 306
1998 34, 318
1993 29, 333
1997 33, 329
1983 19, 315
1986 22, 317
1987 23, 329
1984 20, 316
1997 33, 330
1983 19, 315
2000 36, 299
1985 21, 324
1989 25, 310
1984 20, 316
1985 21, 324
1992 28, 327
1992 28, 327
1986 22, 318
1984 20, 316
1983 19, 316
1993 29, 334
1983 19, 316
1988 24, 298
1991 27, 323
1985 21, 325
1997 33, 330
1998 34, 319
1986 22, 318
1995 31, 339



396 Cumulative NCE Introduction Index, 1983-2003

YEAR ARMC

GENERIC NAME INDICATION INTRO. VOL., PAGE
carumonam antibiotic 1988 24, 298
carvedilol antihypertensive 1991 27, 323
caspofungin acetate antifungal 2001 37, 263
cefbuperazone sodium antibiotic 1985 21, 325
cefcapene pivoxil antibiotic 1997 33, 330
cefdinir antibiotic 1991 27, 323
cefditoren pivoxil oral cephalosporin 1994 30, 297
cefepime antibiotic 1993 29, 334
cefetamet pivoxil HCI antibiotic 1992 28, 327
cefixime antibiotic 1987 23, 329
cefmenoxime HCI antibiotic 1983 19, 316
cefminox sodium antibiotic 1987 23, 330
cefodizime sodium antibiotic 1990 26, 300
cefonicid sodium antibiotic 1984 20, 316
ceforanide antibiotic 1984 20, 317
cefoselis antibiotic 1998 34, 319
cefotetan disodium antibiotic 1984 20, 317
cefotiam hexetil HCI antibiotic 1991 27, 324
cefozopran HCl injectable cephalosporin 1995 31, 339
cefpimizole antibiotic 1987 23, 330
cefpiramide sodium antibiotic 1985 21, 325
cefpirome sulfate antibiotic 1992 28, 328
cefpodoxime proxetil antibiotic 1989 25, 310
cefprozil antibiotic 1992 28, 328
ceftazidime antibiotic 1983 19, 316
cefteram pivoxil antibiotic 1987 23, 330
ceftibuten antibiotic 1992 28, 329
cefuroxime axetil antibiotic 1987 23, 331
cefuzonam sodium antibiotic 1987 23, 331
celecoxib antiarthritic 1999 35, 335
celiprolol HCI antihypertensive 1983 19, 317
centchroman antiestrogen 1991 27, 324
centoxin immunomodulator 1991 27, 325
cerivastatin dyslipidemia 1997 33, 331
cetirizine HCI antihistamine 1987 23, 331
cetrorelix female infertility 1999 35, 336
cetuximab anticancer 2003 39, 346
cevimeline hydrochloride anti-xerostomia 2000 36, 299
chenodiol anticholelithogenic 1983 19, 317
CHF-1301 antiparkinsonian 1999 35, 336
choline alfoscerate nootropic 1990 26, 300
cibenzoline antiarrhythmic 1985 21, 325
cicletanine antihypertensive 1988 24, 299
cidofovir antiviral 1996 32, 306
cilazapril antihypertensive 1990 26, 301
cilostazol antithrombotic 1988 24, 299
cimetropium bromide antispasmodic 1985 21, 326

cinildipine antihypertensive 1995 31, 339



Cumulative NCE Introduction Index, 1983—-2003

GENERIC NAME
cinitapride
cinolazepam
ciprofibrate
ciprofloxacin
cisapride
cisatracurium besilate
citalopram
cladribine
clarithromycin
clobenoside
cloconazole HCI
clodronate disodium
clopidogrel hydrogensulfate
cloricromen
clospipramine HCl
colesevelam hydrochloride
colestimide
colforsin daropate HCl
crotelidae polyvalent
immune fab
cyclosporine
cytarabine ocfosfate
dalfopristin
dapiprazole HCl
daptomycin
defeiprone
defibrotide
deflazacort
delapril
delavirdine mesylate
denileukin diftitox
denopamine
deprodone propionate
desflurane
desloratadine
dexfenfluramine
dexibuprofen

dexmedetomidine hydrochloride

dexmethylphenidate HCI
dexrazoxane

dezocine

diacerein

didanosine

dilevalol

dirithromycin

disodium pamidronate
divistyramine
docarpamine

INDICATION
gastroprokinetic
hypnotic
hypolipidemic
antibacterial
gastroprokinetic
muscle relaxant
antidepressant
antineoplastic
antibiotic
vasoprotective
topical antifungal
calcium regulator
antithrombotic
antithrombotic
neuroleptic
hypolipidemic
hypolipidaemic
cardiotonic
antidote

immunosuppressant
antineoplastic
antibiotic
antiglaucoma
antibiotic

iron chelator
antithrombotic
antiinflammatory
antihypertensive
antiviral

anticancer
cardiostimulant
topical antiinflammatory
anesthetic
antihistamine
antiobesity
antiinflammatory
sedative
psychostimulant
cardioprotective
analgesic
antirheumatic
antiviral
antihypertensive
antibiotic

calcium regulator
hypocholesterolemic
cardiostimulant

397
YEAR ARMC
INTRO. VOL., PAGE
1990 26, 301
1993 29, 334
1985 21, 328
1986 22, 318
1988 24, 299
1995 31, 340
1989 25, 311
1993 29, 335
1990 26, 302
1988 24, 300
1986 22, 318
1986 22, 319
1998 34, 320
1991 27, 325
1991 27, 325
2000 36, 300
1999 35, 337
1999 35, 337
2001 37, 263
1983 19, 317
1993 29, 335
1999 35, 338
1987 23, 332
2003 39, 347
1995 31, 340
1986 22, 319
1986 22, 319
1989 25, 311
1997 33, 331
1999 35, 338
1988 24, 300
1992 28, 329
1992 28, 329
2001 37, 264
1997 33, 332
1994 30, 298
2000 36, 301
2002 38, 352
1992 28, 330
1991 27, 326
1985 21, 326
1991 27, 326
1989 25, 311
1993 29, 336
1989 25, 312
1984 20, 317
1994 30, 298



398

GENERIC NAME
docetaxel
dofetilide
dolasetron mesylate
donepezil HCI1
dopexamine
dornase alfa
dorzolamide HCL
dosmalfate
doxacurium chloride
doxazosin mesylate
doxefazepam
doxercalciferol
doxifluridine
doxofylline
dronabinol
drospirenone
drotrecogin alfa
droxicam
droxidopa
dutasteride
duteplase

ebastine

ebrotidine

ecabet sodium
edaravone
efalizumab
efavirenz
efonidipine
egualen sodium
eletriptan
emedastine difumarate
emorfazone
emtricitabine
enalapril maleate
enalaprilat
encainide HCl
enfuvirtide
enocitabine
enoxacin
enoxaparin
enoximone
enprostil
entacapone
epalrestat
eperisone HCl
epidermal growth factor
epinastine
epirubicin HC1

Cumulative NCE Introduction Index, 1983-2003

INDICATION
antineoplastic
antiarrhythmic
antiemetic
anti-Alzheimer
cardiostimulant
cystic fibrosis
antiglaucoma
antiulcer

muscle relaxant
antihypertensive
hypnotic
vitamin D prohormone
antineoplastic
bronchodilator
antinauseant
contraceptive
antisepsis
antiinflammatory
antiparkinsonian
Sa reductase inhibitor
anticougulant
antihistamine
antiulcer
antiulcerative
neuroprotective
psoriasis
antiviral
antihypertensive
antiulcer
antimigraine

antiallergic/antiasthmatic

analgesic
antiviral
antihypertensive
antihypertensive
antiarrhythmic
antiviral
antineoplastic
antibacterial
antithrombotic
cardiostimulant
antiulcer
antiparkinsonian
antidiabetic
muscle relaxant
wound healing agent
antiallergic
antineoplastic

YEAR ARMC
INTRO. VOL., PAGE

1995 31, 341
2000 36, 301
1998 34, 321
1997 33, 332
1989 25, 312
1994 30, 298
1995 31, 341
2000 36, 302
1991 27, 326
1988 24, 300
1985 21, 326
1999 35, 339
1987 23, 332
1985 21, 327
1986 22, 319
2000 36, 302
2001 37, 265
1990 26, 302
1989 25, 312
2002 38, 353
1995 31, 342
1990 26, 302
1997 33, 333
1993 29, 336
2001 37, 265
2003 39, 349
1998 34, 321
1994 30, 299
2000 36, 303
2001 37, 266
1993 29, 336
1984 20, 317
2003 39, 350
1984 20, 317
1987 23, 332
1987 23, 333
2003 39, 350
1983 19, 318
1986 22, 320
1987 23, 333
1988 24, 301
1985 21, 327
1998 34, 322
1992 28, 330
1983 19, 318
1987 23, 333
1994 30, 299
1984 20, 318



Cumulative NCE Introduction Index, 1983—-2003

GENERIC NAME
eplerenone
epoprostenol sodium
eprosartan
eptazocine HBr
eptilfibatide
erdosteine
ertapenem sodium
erythromycin acistrate
erythropoietin
escitalopram oxolate
esmolol HCl
esomeprazole magnesium
ethyl icosapentate
etizolam

etodolac

etoricoxibe
exemestane

exifone

ezetimibe

factor VIla

factor VIII
fadrozole HC1
falecalcitriol
famciclovir
famotidine

fasudil HCI
felbamate

felbinac

felodipine

fenbuprol
fenoldopam mesylate
fenticonazole nitrate
fexofenadine
filgrastim

finasteride
fisalamine

fleroxacin

flomoxef sodium
flosequinan
fluconazole
fludarabine phosphate
flumazenil
flunoxaprofen
fluoxetine HC1
flupirtine maleate

flurithromycin ethylsuccinate

flutamide
flutazolam

INDICATION
antihypertensive
platelet aggreg. inhib.
antihypertensive
analgesic
antithrombotic
expectorant
antibacterial
antibiotic
hematopoetic
antidepressant
antiarrhythmic
gastric antisecretory
antithrombotic
anxiolytic
antiinflammatory
antiarthritic/analgesic
anticancer

nootropic
hypolipidemic
haemophilia
hemostatic
antineoplastic
vitamin D

antiviral

antiulcer
neuroprotective
antiepileptic

topical antiinflammatory
antihypertensive
choleretic
antihypertensive
antifungal
antiallergic
immunostimulant
Sa-reductase inhibitor
intestinal antiinflammatory
antibacterial
antibiotic
cardiostimulant
antifungal
antineoplastic
benzodiazepine antag.
antiinflammatory
antidepressant
analgesic

antibiotic
antineoplastic
anxiolytic

399
YEAR ARMC
INTRO. VOL., PAGE
2003 39, 352
1983 19, 318
1997 33, 333
1987 23, 334
1999 35, 340
1995 31, 342
2002 38, 353
1988 24, 301
1988 24, 301
2002 38, 354
1987 23, 334
2000 36, 303
1990 26, 303
1984 20, 318
1985 21, 327
2002 38, 355
2000 36, 304
1988 24, 302
2002 38, 355
1996 32, 307
1992 28, 330
1995 31, 342
2001 37, 266
1994 30, 300
1985 21, 327
1995 31, 343
1993 29, 337
1986 22, 320
1988 24, 302
1983 19, 318
1998 34, 322
1987 23, 334
1996 32, 307
1991 27, 327
1992 28, 331
1984 20, 318
1992 28, 331
1988 24, 302
1992 28, 331
1988 24, 303
1991 27, 327
1987 23, 335
1987 23, 335
1986 22, 320
1985 21, 328
1997 33, 333
1983 19, 318
1984 20, 318
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GENERIC NAME
fluticasone propionate
flutoprazepam
flutrimazole
flutropium bromide
fluvastatin
fluvoxamine maleate
follitropin alfa
follitropin beta
fomepizole
fomivirsen sodium
fondaparinux sodium
formestane
formoterol fumarate
fosamprenavir
foscarnet sodium
fosfosal

fosinopril sodium
fosphenytoin sodium
fotemustine
fropenam
frovatriptan
fudosteine
fulveristrant
gabapentin
gadoversetamide
gallium nitrate
gallopamil HCl
ganciclovir

ganirelix acetate
gatilfloxacin
gefitinib
gemcitabine HCI
gemeprost
gemtuzumab ozogamicin
gestodene
gestrinone
glatiramer acetate
glimepiride
glucagon, rtDNA
GMDP

goserelin
granisetron HCI
guanadrel sulfate
gusperimus
halobetasol propionate
halofantrine
halometasone
histrelin

Cumulative NCE Introduction Index, 1983-2003

INDICATION
antiinflammatory
anxiolytic

topical antifungal
antitussive
hypolipaemic
antidepressant
fertility enhancer
fertility enhancer
antidote

antiviral
antithrombotic
antineoplastic
bronchodilator
antiviral

antiviral

analgesic
antihypertensive
antiepileptic
antineoplastic
antibiotic
antimigraine
expectorant
anticancer
antiepileptic

MRI contrast agent
calcium regulator
antianginal
antiviral

female infertility
antibiotic
antineoplastic
antineoplastic
abortifacient
anticancer
progestogen
antiprogestogen
Multiple Sclerosis
antidiabetic
hypoglycemia
immunostimulant
hormone
antiemetic
antihypertensive
immunosuppressant
topical antiinflammatory
antimalarial
topical antiinflammatory
precocious puberty

YEAR ARMC
INTRO. VOL., PAGE

1990 26, 303
1986 22, 320
1995 31, 343
1988 24, 303
1994 30, 300
1983 19, 319
1996 32, 307
1996 32, 308
1998 34, 323
1998 34, 323
2002 38, 356
1993 29, 337
1986 22, 321
2003 39, 353
1989 25, 313
1984 20, 319
1991 27, 328
1996 32, 308
1989 25, 313
1997 33, 334
2002 38, 357
2001 37, 267
2002 38, 357
1993 29, 338
2000 36, 304
1991 27, 328
1983 19, 319
1988 24, 303
2000 36, 305
1999 35, 340
2002 38, 358
1995 31, 344
1983 19, 319
2000 36, 306
1987 23, 335
1986 22, 321
1997 33, 334
1995 31, 344
1993 29, 338
1996 32, 308
1987 23, 336
1991 27, 329
1983 19, 319
1994 30, 300
1991 27, 329
1988 24, 304
1983 19, 320
1993 29, 338



Cumulative NCE Introduction Index, 1983—-2003

GENERIC NAME

hydrocortisone aceponate

hydrocortisone butyrate
ibandronic acid
ibopamine HC1
ibudilast

ibutilide fumarate
ibritunomab tiuxetan
idarubicin HCl
idebenone

iloprost

imatinib mesylate
imidapril HC1
imiglucerase
imipenem/cilastatin
imiquimod
incadronic acid
indalpine
indeloxazine HCI
indinavir sulfate
indobufen

influenza virus (live)
insulin lispro
interferon alfacon-1
interferon gamma-1b
interferon, gamma
interferon, gamma-1a
interferon, 8 — la
interferon, B-1b
interleukin-2
ioflupane

ipriflavone
irbesartan

irinotecan
irsogladine
isepamicin
isofezolac

isoxicam

isradipine

itopride HC1
itraconazole
ivermectin
ketanserin

ketorolac tromethamine
kinetin

lacidipine
lafutidine
lamivudine

INDICATION
topical antiinflammatory
topical antiinflammatory
0steoporosis
cardiostimulant
antiasthmatic
antiarrhythmic
anticancer
antineoplastic
nootropic
platelet aggreg. inhibitor
antineoplastic
antihypertensive
Gaucher’s disease
antibiotic
antiviral
osteoporosis
antidepressant
nootropic
antiviral
antithrombotic
antiviral vaccine
antidiabetic
antiviral
immunostimulant
antiinflammatory
antineoplastic
multiple sclerosis
multiple sclerosis
antineoplastic
diagnosis CNS
calcium regulator
antihypertensive
antineoplastic
antiulcer
antibiotic
antiinflammatory
antiinflammatory
antihypertensive
gastroprokinetic
antifungal
antiparasitic
antihypertensive
analgesic
skin photodamage/
dermatologic
antihypertensive
gastric antisecretory
antiviral

401

YEAR ARMC
INTRO. VOL., PAGE

1988 24, 304
1983 19, 320
1996 32, 309
1984 20, 319
1989 25, 313
1996 32, 309
2002 38, 359
1990 26, 303
1986 22, 321
1992 28, 332
2001 37, 267
1993 29, 339
1994 30, 301
1985 21, 328
1997 33, 335
1997 33, 335
1983 19, 320
1988 24, 304
1996 32, 310
1984 20, 319
2003 39, 353
1996 32, 310
1997 33, 336
1991 27, 329
1989 25, 314
1992 28, 332
1996 32, 311
1993 29, 339
1989 25, 314
2000 36, 306
1989 25, 314
1997 33, 336
1994 30, 301
1989 25, 315
1988 24, 305
1984 20, 319
1983 19, 320
1989 25, 315
1995 31, 344
1988 24, 305
1987 23, 336
1985 21, 328
1990 26, 304
1999 35, 341
1991 27, 330
2000 36, 307

1995 31, 345



402

GENERIC NAME
lamotrigine
landiolol
lanoconazole
lanreotide acetate
lansoprazole
laronidase
latanoprost
lefunomide
lenampicillin HCI
lentinan

lepirudin
lercanidipine
letrazole
leuprolide acetate
levacecarnine HCl
levalbuterol HCI
levetiracetam
levobunolol HCI

levobupivacaine hydrochloride

levocabastine HCI
levocetirizine
levodropropizine
levofloxacin
levosimendan
lidamidine HCl
limaprost
linezolid
liranaftate
lisinopril
lobenzarit sodium

lodoxamide tromethamine

lomefloxacin
lomerizine HCI
lonidamine
lopinavir
loprazolam mesylate
loprinone HCl
loracarbef
loratadine
lornoxicam

losartan

loteprednol etabonate
lovastatin
loxoprofen sodium
Lyme disease
mabuterol HC1
malotilate
manidipine HC1

Cumulative NCE Introduction Index, 1983-2003

INDICATION
anticonvulsant
antiarrhythmic
antifungal
acromegaly
antiulcer
mucopolysaccaridosis I
antiglaucoma
antiarthritic
antibiotic
immunostimulant
anticoagulant
antihyperintensive
anticancer
hormone
nootropic
antiasthmatic
antiepileptic
antiglaucoma
local anesthetic
antihistamine
antihistamine
antitussive
antibiotic

heart failure
antiperistaltic
antithrombotic
antibiotic

topical antifungal
antihypertensive
antiinflammatory
antiallergic ophthalmic
antibiotic
antimigraine
antineoplastic
antiviral

hypnotic
cardiostimulant
antibiotic
antihistamine
NSAID
antihypertensive
antiallergic ophthalmic
hypocholesterolemic
antiinflammatory
vaccine
bronchodilator
hepatoprotective
antihypertensive

YEAR ARMC
INTRO. VOL., PAGE

1990 26, 304
2002 38, 360
1994 30, 302
1995 31, 345
1992 28, 332
2003 39, 354
1996 32, 311
1998 34, 324
1987 23, 336
1986 22, 322
1997 33, 336
1997 33, 337
1996 32, 311
1984 20, 319
1986 22, 322
1999 35, 341
2000 36, 307
1985 21, 328
2000 36, 308
1991 27, 330
2001 37, 268
1988 24, 305
1993 29, 340
2000 36, 308
1984 20, 320
1988 24, 306
2000 36, 309
2000 36, 309
1987 23, 337
1986 22, 322
1992 28, 333
1989 25, 315
1999 35, 342
1987 23, 337
2000 36, 310
1983 19, 321
1996 32, 312
1992 28, 333
1988 24, 306
1997 33, 337
1994 30, 302
1998 34; 324
1987 23, 337
1986 22, 322
1999 35, 342
1986 22, 323
1985 21, 329
1990 26, 304



Cumulative NCE Introduction Index, 1983—-2003

GENERIC NAME
masoprocol
maxacalcitol
mebefradil HCI

medifoxamine fumarate

mefloquine HCI
meglutol
melinamide
meloxicam
mepixanox
meptazinol HCI1
meropenem
metaclazepam
metapramine
mexazolam
micafungin
mifepristone
miglitol

miglustat
milnacipran
milrinone
miltefosine
miokamycin
mirtazapine
misoprostol
mitoxantrone HCI
mivacurium chloride
mivotilate
mizolastine
mizoribine
moclobemide
modafinil
moexipril HCI
mofezolac
mometasone furoate
montelukast sodium
moricizine HCI
mosapride citrate
moxifloxacin HCL
moxonidine
mupirocin
muromonab-CD3
muzolimine

mycophenolate mofetil
mycophenolate sodium

nabumetone
nadifloxacin
nafamostat mesylate
nafarelin acetate

INDICATION
topical antineoplastic
vitamin D
antihypertensive
antidepressant
antimalarial
hypolipidemic
hypocholesterolemic
antiarthritic
analeptic

analgesic
carbapenem antibiotic
anxiolytic
antidepressant
anxiolytic
antifungal
abortifacient
antidiabetic
gaucher’s disease
antidepressant
cardiostimulant
topical antineoplastic
antibiotic
antidepressant
antiulcer
antineoplastic
muscle relaxant
hepatoprotectant
antihistamine
immunosuppressant
antidepressant

idiopathic hypersomnia

antihypertensive
analgesic

topical antiinflammatory

antiasthma
antiarrhythmic
gastroprokinetic
antibiotic
antihypertensive
topical antibiotic
immunosuppressant
diuretic
immunosuppressant
immunosuppressant
antiinflammatory
topical antibiotic
protease inhibitor
hormone

403
YEAR ARMC
INTRO. VOL., PAGE
1992 28, 333
2000 36, 310
1997 33, 338
1986 22, 323
1985 21, 329
1983 19, 321
1984 20, 320
1996 32, 312
1984 20, 320
1983 19, 321
1994 30, 303
1987 23, 338
1984 20, 320
1984 20, 321
2002 38, 360
1988 24, 306
1998 34, 325
2003 39, 355
1997 33, 338
1989 25, 316
1993 29, 340
1985 21, 329
1994 30, 303
1985 21, 329
1984 20, 321
1992 28, 334
1999 35, 343
1998 34, 325
1984 20, 321
1990 26, 305
1994 30, 303
1995 31, 346
1994 30, 304
1987 23, 338
1998 34, 328
1990 26, 305
1998 34, 326
1999 35, 343
1991 27, 330
1985 21, 330
1986 22, 323
1983 19, 321
1995 31, 346
2003 39, 356
1985 21, 330
1993 29, 340
1986 22, 323
1990 26, 306



404 Cumulative NCE Introduction Index, 1983-2003

YEAR ARMC

GENERIC NAME INDICATION INTRO. VOL., PAGE
naftifine HCI antifungal 1984 20, 321
naftopidil dysuria 1999 35, 344
nalmefene HCI dependence treatment 1995 31, 347
naltrexone HCl narcotic antagonist 1984 20, 322
naratriptan HCl antimigraine 1997 33, 339
nartograstim leukopenia 1994 30, 304
nateglinide antidiabetic 1999 35, 344
nazasetron antiemetic 1994 30, 305
nebivolol antihypertensive 1997 33, 339
nedaplatin antineoplastic 1995 31, 347
nedocromil sodium antiallergic 1986 22, 324
nefazodone antidepressant 1994 30, 305
neflinavir mesylate antiviral 1997 33, 340
neltenexine cystic fibrosis 1993 29, 341
nemonapride neuroleptic 1991 27, 331
neridronic acide calcium regulator 2002 38, 361
nesiritide congestive heart failure 2001 37, 269
neticonazole HCI topical antifungal 1993 29, 341
nevirapine antiviral 1996 32, 313
nicorandil coronary vasodilator 1984 20, 322
nifekalant HC1 antiarrythmic 1999 35, 344
nilutamide antineoplastic 1987 23, 338
nilvadipine antihypertensive 1989 25, 316
nimesulide antiinflammatory 1985 21, 330
nimodipine cerebral vasodilator 1985 21, 330
nipradilol antihypertensive 1988 24, 307
nisoldipine antihypertensive 1990 26, 306
nitisinone antityrosinaemia 2002 38, 361
nitrefazole alcohol deterrent 1983 19, 322
nitrendipine hypertensive 1985 21, 331
nizatidine antiulcer 1987 23, 339
nizofenzone fumarate nootropic 1988 24, 307
nomegestrol acetate progestogen 1986 22, 324
norelgestromin contraceptive 2002 38, 362
norfloxacin antibacterial 1983 19, 322
norgestimate progestogen 1986 22, 324
OCT-43 anticancer 1999 35, 345
octreotide antisecretory 1988 24, 307
ofloxacin antibacterial 1985 21, 331
olanzapine neuroleptic 1996 32, 313
olimesartan Medoxomil antihypertensive 2002 38, 363
olopatadine HCl antiallergic 1997 33, 340
omalizumab allergic asthma 2003 39, 357
omeprazole antiulcer 1988 24, 308
ondansetron HCI antiemetic 1990 26, 306
OP-1 osteoinductor 2001 37, 269
orlistat antiobesity 1998 34, 327
ornoprostil antiulcer 1987 23, 339



Cumulative NCE Introduction Index, 1983—-2003

GENERIC NAME
osalazine sodium
oseltamivir phosphate
oxaliplatin
oxaprozin
oxcarbazepine
oxiconazole nitrate
oxiracetam
oxitropium bromide
ozagrel sodium
paclitaxal
palonosetron
panipenem/betamipron
pantoprazole sodium
parecoxib sodium
paricalcitol
parnaparin sodium
paroxetine
pazufloxacin
pefloxacin mesylate
pegademase bovine
pegaspargase
pegvisomant
pemirolast potassium
penciclovir
pentostatin

pergolide mesylate
perindopril
perospirone HCL
picotamide
pidotimod
piketoprofen
pilsicainide HCl
pimaprofen
pimecrolimus
pimobendan
pinacidil
pioglitazone HCL
pirarubicin

pirmenol

piroxicam cinnamate
pitavastatin
pivagabine

plaunotol
polaprezinc

porfimer sodium
pramipexole HCl
pramiracetam H,SOy
pranlukast

INDICATION
intestinal antinflamm.
antiviral

anticancer
antiinflammatory
anticonvulsant
antifungal

nootropic
bronchodilator
antithrombotic
antineoplastic
antiemetic
carbapenem antibiotic
antiulcer

analgesic

vitamin D
anticoagulant
antidepressant
antibacterial
antibacterial
immunostimulant
antineoplastic
acromegaly
antiasthmatic
antiviral
antineoplastic
antiparkinsonian
antihypertensive
neuroleptic
antithrombotic
immunostimulant
topical antiinflammatory
antiarrhythmic
topical antiinflammatory
immunosuppressant
heart failure
antihypertensive
antidiabetic
antineoplastic
antiarrhythmic
antiinflammatory
hypocholesterolemic
antidepressant
antiulcer

antiulcer
antineoplastic adjuvant
antiParkinsonian
cognition enhancer
antiasthmatic

405

YEAR ARMC
INTRO. VOL., PAGE

1986 22, 324
1999 35, 346
1996 32, 313
1983 19, 322
1990 26, 307
1983 19, 322
1987 23, 339
1983 19, 323
1988 24, 308
1993 29, 342
2003 39, 358
1994 30, 305
1995 30, 306
2002 38, 364
1998 34, 327
1993 29, 342
1991 27, 331
2002 38, 364
1985 21, 331
1990 26, 307
1994 30, 306
2003 39, 359
1991 27, 331
1996 32, 314
1992 28, 334
1988 24, 308
1988 24, 309
2001 37, 270
1987 23, 340
1993 29, 343
1984 20, 322
1991 27, 332
1984 20, 322
2002 38, 365
1994 30, 307
1987 23, 340
1999 35, 346
1988 24, 309
1994 30, 307
1988 24, 309
2003 39, 360
1997 33, 341
1987 23, 340
1994 30, 307
1993 29, 343
1997 33, 341
1993 29, 343
1995 31, 347



406 Cumulative NCE Introduction Index, 1983-2003

YEAR ARMC

GENERIC NAME INDICATION INTRO. VOL., PAGE
pravastatin antilipidemic 1989 25, 316
prednicarbate topical antiinflammatory 1986 22, 325
prezatide copper acetate vulnery 1996 32, 314
progabide anticonvulsant 1985 21, 331
promegestrone progestogen 1983 19, 323
propacetamol HC1 analgesic 1986 22, 325
propagermanium antiviral 1994 30, 308
propentofylline propionate cerebral vasodilator 1988 24, 310
propiverine HC1 urologic 1992 28, 335
propofol anesthetic 1986 22, 325
prulifloxacin antibacterial 2002 38, 366
pumactant lung surfactant 1994 30, 308
quazepam hypnotic 1985 21, 332
quetiapine fumarate neuroleptic 1997 33, 341
quinagolide hyperprolactinemia 1994 30, 309
quinapril antihypertensive 1989 25, 317
quinfamide amebicide 1984 20, 322
quinupristin antibiotic 1999 35, 338
rabeprazole sodium gastric antisecretory 1998 34, 328
raloxifene HCl 0steoporosis 1998 34, 328
raltitrexed anticancer 1996 32, 315
ramatroban antiallergic 2000 36, 311
ramipril antihypertensive 1989 25, 317
ramosetron antiemetic 1996 32, 315
ranimustine antineoplastic 1987 23, 341
ranitidine bismuth citrate antiulcer 1995 31, 348
rapacuronium bromide muscle relaxant 1999 35, 347
rebamipide antiulcer 1990 26, 308
reboxetine antidepressant 1997 33, 342
remifentanil HC1 analgesic 1996 32, 316
remoxipride HCl antipsychotic 1990 26, 308
repaglinide antidiabetic 1998 34, 329
repirinast antiallergic 1987 23, 341
reteplase fibrinolytic 1996 32, 316
reviparin sodium anticoagulant 1993 29, 344
rifabutin antibacterial 1992 28, 335
rifapentine antibacterial 1988 24, 310
rifaximin antibiotic 1985 21, 332
rifaximin antibiotic 1987 23, 341
rilmazafone hypnotic 1989 25, 317
rilmenidine antihypertensive 1988 24, 310
riluzole neuroprotective 1996 32, 316
rimantadine HCI antiviral 1987 23, 342
rimexolone antiinflammatory 1995 31, 348
risedronate sodium 0Steoporosis 1998 34, 330
risperidone neuroleptic 1993 29, 344
ritonavir antiviral 1996 32, 317
rivastigmin anti-Alzheimer 1997 33, 342



Cumulative NCE Introduction Index, 1983—-2003

GENERIC NAME
rizatriptan benzoate
rocuronium bromide
rofecoxib
rokitamycin
romurtide
ronafibrate
ropinirole HCI
ropivacaine
rosaprostol
rosiglitazone maleate
rosuvastatin
roxatidine acetate HCl
roxithromycin
rufloxacin HCI
rupatadine fumarate
RV-11
salmeterol
hydroxynaphthoate
sapropterin HCl
saquinavir mesvlate
sargramostim
sarpogrelate HCI
schizophyllan
seratrodast
sertaconazole nitrate
sertindole
setastine HCI
setiptiline
setraline HCl
sevoflurane
sibutramine
sildenafil citrate
simvastatin
sivelestat
SKI-2053R
sobuzoxane
sodium cellulose PO4
sofalcone
somatomedin-1

somatotropin
somatropin
sorivudine
sparfloxacin
spirapril HCI
spizofurone
stavudine
succimer

INDICATION
antimigraine
neuromuscular blocker
antiarthritic
antibiotic
immunostimulant
hypolipidemic
antiParkinsonian
anesthetic

antiulcer
antidiabetic
hypocholesterolemic
antiulcer

antiulcer
antibacterial
antiallergic
antibiotic
bronchodilator

hyperphenylalaninemia

antiviral

immunostimulant

platelet antiaggregant

immunostimulant

antiasthmatic

topical antifungal

neuroleptic

antihistamine

antidepressant

antidepressant

anesthetic

antiobesity

male sexual dysfunction

hypocholesterolemic

anti-inflammatory

anticancer

antineoplastic

hypocalciuric

antiulcer

growth hormone
insensitivity

growth hormone

hormone

antiviral

antibiotic

antihypertensive

antiulcer

antiviral

chelator

407

YEAR ARMC
INTRO. VOL., PAGE

1998 34, 330
1994 30, 309
1999 35, 347
1986 22, 325
1991 27, 332
1986 22, 326
1996 32, 317
1996 32, 318
1985 21, 332
1999 35, 348
2003 39, 361
1986 22, 326
1987 23, 342
1992 28, 335
2003 39, 362
1989 25, 318
1990 26, 308
1992 28, 336
1995 31, 349
1991 27, 332
1993 29, 344
1985 22, 328
1995 31, 349
1992 28, 336
1996 32, 318
1987 23, 342
1989 25, 318
1990 26, 309
1990 26, 309
1998 34, 331
1998 34, 331
1988 24, 311
2002 38, 366
1999 35, 348
1994 30, 310
1983 19, 323
1984 20, 323
1994 30, 310
1994 30, 310
1987 23, 343
1993 29, 345
1993 29, 345
1995 31, 349
1987 23, 343
1994 30, 311

1991 27, 333



408

GENERIC NAME
sufentanil
sulbactam sodium
sulconizole nitrate
sultamycillin tosylate
sumatriptan succinate
suplatast tosilate
suprofen

surfactant TA
tacalcitol

tacrine HC1
tacrolimus

tadalafil

talipexole

taltirelin

tamsulosin HCI
tandospirone
tasonermin
tazanolast
tazarotene
tazobactam sodium
tegaserod maleate
teicoplanin
telithromycin
telmesteine
telmisartan
temafloxacin HCI
temocapril
temocillin disodium
temoporphin

temozolomide
tenofovir disoproxil fumarate
tenoxicam
teprenone

terazosin HCl
terbinafine HCI
terconazole
tertatolol HCI
thymopentin
tiagabine
tiamenidine HCI
tianeptine sodium
tibolone

tilisolol HCl
tiludronate disodium
timiperone
tinazoline
tioconazole

Cumulative NCE Introduction Index, 1983-2003

INDICATION
analgesic
B-lactamase inhibitor
topical antifungal
antibiotic
antimigraine
antiallergic
analgesic
respiratory surfactant
topical antipsoriatic
Alzheimer’s disease
immunosuppressant
male sexual dysfunction
antiParkinsonian
CNS stimulant
antiprostatic hypertrophy
anxiolytic
anticancer
antiallergic
antipsoriasis
B-lactamase inhibitor
irritable bowel syndrome
antibacterial
antibiotic
mucolytic
antihypertensive
antibacterial
antihypertensive
antibiotic
antineoplastic/
photosensitizer
anticancer
antiviral
antiinflammatory
antiulcer
antihypertensive
antifungal
antifungal
antihypertensive
immunomodulator
antiepileptic
antihypertensive
antidepressant
anabolic
antihypertensive
Paget’s disease
neuroleptic
nasal decongestant
antifungal

YEAR ARMC
INTRO. VOL., PAGE
1983 19, 323
1986 22, 326
1985 21, 332
1987 23, 343
1991 27, 333
1995 31, 350
1983 19, 324
1987 23, 344
1993 29, 346
1993 29, 346
1993 29, 347
2003 39, 363
1996 32, 318
2000 36, 311
1993 29, 347
1996 32, 319
1999 35, 349
1990 26, 309
1997 33, 343
1992 28, 336
2001 37, 270
1988 24, 311
2001 37, 271
1992 28, 337
1999 35, 349
1991 27, 334
1994 30, 311
1984 20, 323
2002 38, 367
1999 35, 349
2001 37, 271
1987 23, 344
1984 20, 323
1984 20, 323
1991 27, 334
1983 19, 324
1987 23, 344
1985 21, 333
1996 32, 319
1988 24, 311
1983 19, 324
1988 24, 312
1992 28, 337
1995 31, 350
1984 20, 323
1988 24, 312
1983 19, 324



Cumulative NCE Introduction Index, 1983—-2003

GENERIC NAME
tiopronin
tiotropium bromide
tiquizium bromide
tiracizine HCI
tirilazad mesylate
tirofiban HCI
tiropramide HCI
tizanidine
tolcapone
toloxatone

tolrestat
topiramate
topotecan HCl
torasemide
toremifene
tositumomab
tosufloxacin tosylate
trandolapril
travoprost
treprostinil sodium
tretinoin tocoferil
trientine HCl
trimazosin HCI
trimegestone
trimetrexate glucuronate

troglitazone
tropisetron
trovafloxacin mesylate
troxipide

ubenimex
unoprostone isopropyl ester
valaciclovir HCI
vadecoxib
vaglancirclovir HCL
valrubicin

valsartan

vardenafil
venlafaxine
verteporfin
vesnarinone
vigabatrin
vinorelbine
voglibose
voriconazole
xamoterol fumarate
zafirlukast
zalcitabine

INDICATION
urolithiasis
bronchodilator
antispasmodic
antiarrhythmic
subarachnoid hemorrhage
antithrombotic
antispasmodic
muscle relaxant
antiParkinsonian
antidepressant
antidiabetic
antiepileptic
anticancer
diuretic
antineoplastic
anticancer
antibacterial
antihypertensive
antiglaucoma
antihypertensive
antiulcer
chelator
antihypertensive
progestogen
Pneumocystis carinii
pneumonia
antidiabetic
antiemetic
antibiotic
antiulcer
immunostimulant
antiglaucoma
antiviral
antiarthritic
antiviral
anticancer
antihypertensive
male sexual dysfunction
antidepressant
photosensitizer
cardiostimulant
anticonvulsant
antineoplastic
antidiabetic
antifungal
cardiotonic
antiasthma
antiviral

409
YEAR ARMC
INTRO. VOL., PAGE
1989 25, 318
2002 38, 368
1984 20, 324
1990 26, 310
1995 31, 351
1998 34, 332
1983 19, 324
1984 20, 324
1997 33, 343
1984 20, 324
1989 25, 319
1995 31, 351
1996 32, 320
1993 29, 348
1989 25, 319
2003 39, 364
1990 26, 310
1993 29, 348
2001 37, 272
2002 38, 368
1993 29, 348
1986 22, 327
1985 21, 333
2001 37, 273
1994 30, 312
1997 33, 344
1992 28, 337
1998 34, 332
1986 22, 327
1987 23, 345
1994 30, 312
1995 31, 352
2002 38, 369
2001 37, 273
1999 35, 350
1996 32, 320
2003 39, 365
1994 30, 312
2000 36, 312
1990 26, 310
1989 25, 319
1989 25, 320
1994 30, 313
2002 38, 370
1988 24, 312
1996 32, 321

1992 28, 338



410 Cumulative NCE Introduction Index, 1983-2003

YEAR ARMC

GENERIC NAME INDICATION INTRO. VOL., PAGE
zaleplon hypnotic 1999 35, 351
zaltoprofen antiinflammatory 1993 29, 349
zanamivir antiviral 1999 35, 352
zidovudine antiviral 1987 23, 345
zileuton antiasthma 1997 33, 344
zinostatin stimalamer antineoplastic 1994 30, 313
ziprasidone hydrochloride neuroleptic 2000 36, 312
zofenopril calcium antihypertensive 2000 36, 313
zoledronate disodium hypercalcemia 2000 36, 314
zolpidem hemitartrate hypnotic 1988 24, 313
zomitriptan antimigraine 1997 33, 345
zonisamide anticonvulsant 1989 25, 320
zopiclone hypnotic 1986 22, 327

zuclopenthixol acetate antipsychotic 1987 23, 345



CUMULATIVE NCE INTRODUCTION INDEX, 1983-2003 (BY INDICATION)

GENERIC NAME INDICATION
gemeprost ABORTIFACIENT
mifepristone

lanreotide acetate ACROMEGALY

pegvisomant
nitrefazole
omalizumab
tacrine HCI
quinfamide
tibolone
mepixanox

alfentanil HCl1
alminoprofen
dezocine
emorfazone
eptazocine HBr
etoricoxib
flupirtine maleate
fosfosal

ketorolac
tromethamine
meptazinol HCI1
mofezolac
parecoxib sodium
propacetamol HC1
remifentanil HCI
sufentanil
suprofen

desflurane
propofol
ropivacaine
sevoflurane

levobupivacaine
hydrochloride

azelaic acid

ALCOHOL DETERRENT
ALLERGIC ASTHMA
ALZHEIMER’S DISEASE
AMEBICIDE

ANABOLIC

ANALEPTIC
ANALGESIC

ANESTHETIC

ANESTHETIC, LOCAL

ANTIACNE

411

YEAR ARMC
INTRO. VOL.. PAGE
1983 19 (319)
1988 24 (306)
1995 31 (345)
2003 39 (359)
1983 19 (322)
2003 39 (357)
1993 29 (346)
1984 20 (322)
1988 24 (312)
1984 20 (320)
1983 19 (314)
1983 19 (314)
1991 27 (326)
1984 20 (317)
1987 23 (334)
2002 38 (355)
1985 21 (328)
1984 20 (319)
1990 26 (304)
1983 19 (321)
1994 30 (304)
2002 38 (364)
1986 22 (325)
1996 32 (316)
1983 19 (323)
1983 19 (324)
1992 28 (329)
1986 22 (325)
1996 32 (318)
1990 26 (309)
2000 36 (308)
1989 25 (310)



412

GENERIC NAME

Cumulative NCE Introduction Index, 1983—2003 (by Indication)

INDICATION

betotastine besilate
emedastine difumarate
epinastine
fexofenadine
nedocromil sodium
olopatadine
hydrochloride
ramatroban
repirinast

suplatast tosilate
tazanolast

lodoxamide
tromethamine
rupatadine
fumarate

loteprednol
etabonate

donepezil
hydrochloride
rivastigmin

gallopamil HCI

cibenzoline
dofetilide
encainide HCI
esmolol HCI
ibutilide fumarate
landiolol
moricizine
hydrochloride
nifekalant HCI
pilsicainide
hydrochloride
pirmenol
tiracizine
hydrochloride

anakinra
celecoxib
etoricoxib
meloxicam
leflunomide
rofecoxib
valdecoxib

ANTIALLERGIC

ANTIALLERGIC

OPHTHALMIC

ANTI-ALZHEIMERS

ANTIANGINAL

ANTIARRHYTHMIC

ANTIARTHRITIC

YEAR ARMC
INTRO.  VOL.. PAGE
2000 36 (297)
1993 29 (336)
1994 30 (299)
1996 32 (307)
1986 22 (324)
1997 33 (340)
2000 36 (311)
1987 23 (341)
1995 31 (350)
1990 26 (309)
1992 28 (333)
2003 39 (362)
1998 34 (324)
1997 33 (332)
1997 33 (342)
1983 19 (319)
1985 21 (325)
2000 36 (301)
1987 23 (333)
1987 23 (334)
1996 32 (309)
2002 38 (360)
1990 26 (305)
1999 35 (344)
1991 27 (332)
1994 30 (307)
1990 26 (310)
2001 37 (261)
1999 35 (335)
2002 38 (355)
1996 32 (312)
1998 34 (324)
1999 35 (347)
2002 38 (369)



Cumulative NCE Introduction Index, 1983—2003 (by Indication)

GENERIC NAME INDICATION
amlexanox ANTIASTHMATIC
emedastine

difumarate

ibudilast

levalbuterol HCI
montelukast sodium
pemirolast potassium
seratrodast
zafirlukast

zileuton

balofloxacin ANTIBACTERIAL
biapenem
ciprofloxacin
enoxacin

ertapenem sodium
fleroxacin
norfloxacin
ofloxacin
pazufloxacin
pefloxacin mesylate
pranlukast
prulifloxacin
rifabutin

rifapentine
rufloxacin
hydrochloride
teicoplanin
temafloxacin
hydrochloride
tosufloxacin tosylate

arbekacin ANTIBIOTIC
aspoxicillin
astromycin sulfate
azithromycin
aztreonam
brodimoprin
carboplatin
carumonam
cefbuperazone sodium
cefcapene pivoxil
cefdinir

cefepime

cefetamet pivoxil
hydrochloride
cefixime
cefmenoxime HCl

413
YEAR ARMC
INTRO.  VOL.. PAGE
1987 23 (327)
1993 29 (336)
1989 25 (313)
1999 35 (341)
1998 34 (328)
1991 27 (331)
1995 31 (349)
1996 32 (321)
1997 33 (344)
2002 38 (351)
2002 38 (351)
1986 22 (318)
1986 22 (320)
2002 38 (353)
1992 28 (331)
1983 19 (322)
1985 21 (331)
2002 38 (364)
1985 21 (331)
1995 31 (347)
2002 38 (366)
1992 28 (335)
1988 24 (310)
1992 28 (335)
1988 24 (311)
1991 27 (334)
1990 26 (310)
1990 26 (298)
1987 23 (328)
1985 21 (324)
1988 24 (298)
1984 20 (315)
1993 29 (333)
1986 22 (318)
1988 24 (298)
1985 21 (325)
1997 33 (330)
1991 27 (323)
1993 29 (334)
1992 28 (327)
1987 23 (329)
1983 19 (316)



414

GENERIC NAME

Cumulative NCE Introduction Index, 1983—2003 (by Indication)

INDICATION

cefminox sodium
cefodizime sodium
cefonicid sodium
ceforanide
cefoselis

cefotetan disodium
cefotiam hexetil
hydrochloride
cefpimizole
cefpiramide sodium
cefpirome sulfate
cefpodoxime proxetil
cefprozil
ceftazidime
cefteram pivoxil
ceftibuten
cefuroxime axetil
cefuzonam sodium
clarithromycin
dalfopristin
daptomycin
dirithromycin
erythromycin acistrate
flomoxef sodium
flurithromycin
ethylsuccinate
fropenam
gatifloxacin
imipenem/cilastatin
isepamicin
lenampicillin HCI
levofloxacin
linezolid
lomefloxacin
loracarbef
miokamycin
moxifloxacin HCI1
quinupristin
rifaximin
rifaximin
rokitamycin
RV-11
sparfloxacin
sultamycillin
tosylate
telithromycin
temocillin
disodium

YEAR ARMC
INTRO.  VOL.. PAGE
1987 23 (330)
1990 26 (300)
1984 20 (316)
1984 20 (317)
1998 34 (319)
1984 20 (317)
1991 27 (324)
1987 23 (330)
1985 21 (325)
1992 28 (328)
1989 25 (310)
1992 28 (328)
1983 19 (316)
1987 23 (330)
1992 28 (329)
1987 23 (331)
1987 23 (331)
1990 26 (302)
1999 35 (338)
2003 39 (347)
1993 29 (336)
1988 24 (301)
1988 24 (302)
1997 33 (333)
1997 33 (334)
1999 35 (340)
1985 21 (328)
1988 24 (305)
1987 23 (336)
1993 29 (340)
2000 36 (309)
1989 25 (315)
1992 28 (333)
1985 21 (329)
1999 35 (343)
1999 35 (338)
1985 21 (332)
1987 23 (341)
1986 22 (325)
1989 25 (318)
1993 29 (345)
1987 23 (343)
2001 37 (271)
1984 20 (323)



Cumulative NCE Introduction Index, 1983—2003 (by Indication)

GENERIC NAME

INDICATION

trovafloxacin
mesylate

meropenem
panipenem/
betamipron

mupirocin
nadifloxacin

alemtuzumab
alitretinoin
arglabin
bexarotene
bortezomib
cetuximab
denileukin
diftitox
exemestane
fulvestrant
gemtuzumab
o0zogamicin
ibritumomab
tiuxetan
letrazole
OCT-43
oxaliplatin
raltitrexed
SKI-2053R
tasonermin
temozolomide
topotecan HCl
tositumomab
valrubicin

angiotensin II

chenodiol

duteplase
lepirudin
parnaparin sodium
reviparin sodium

lamotrigine
oxcarbazepine
progabide
vigabatrin
zonisamide

ANTIBIOTIC,
CARBAPENEM

ANTIBIOTIC, TOPICAL

ANTICANCER

ANTICANCER
ADJUVANT

ANTICHOLELITHOGENIC
ANTICOAGULANT

ANTICONVULSANT

415
YEAR ARMC
INTRO.  VOL.. PAGE
1998 34 (332)
1994 30 (303)
1994 30 (305)
1985 21 (330)
1993 29 (340)
2001 37 (260)
1999 35 (333)
1999 35 (335)
2000 36 (298)
2003 39 (345)
2003 39 (346)
1999 35 (338)
2000 36 (304)
2002 38 (357)
2000 36 (306)
2002 38 (359)
1996 32 (311)
1999 35 (345)
1996 32 (313)
1996 32 (315)
1999 35 (348)
1999 35 (349)
1999 35 (350)
1996 32 (320)
2003 39 (364)
1999 35 (350)
1994 30 (296)
1983 19 317)
1995 31 (342)
1997 33 (336)
1993 29 (342)
1993 29 (344)
1990 26 (304)
1990 26 (307)
1985 21 (331)
1989 25 (319)
1989 25 (320)



416

GENERIC NAME

Cumulative NCE Introduction Index, 1983—2003 (by Indication)

INDICATION

bupropion HCI
citalopram
escitalopram oxalate
fluoxetine HCl
fluvoxamine
maleate
indalpine
medifoxamine
fumarate
metapramine
milnacipran
mirtazapine
moclobemide
nefazodone
paroxetine
pivagabine
reboxetine
setiptiline
sertraline
hydrochloride
tianeptine sodium
toloxatone
venlafaxine

acarbose
epalrestat
glimepiride
insulin lispro
miglitol
nateglinide
pioglitazone HCI
repaglinide
rosiglitazone
maleate
tolrestat
troglitazone
voglibose

acetorphan

anti-digoxin

polyclonal antibody
crotelidae polyvalent

immune fab
fomepizole

aprepitant
dolasetron mesylate

ANTIDEPRESSANT

ANTIDIABETIC

ANTIDIARRHEAL

ANTIDOTE

ANTIEMETIC

YEAR ARMC
INTRO.  VOL.. PAGE
1989 25 (310)
1989 25 (311)
2002 38 (354)
1986 22 (320)
1983 19 (319)
1983 19 (320)
1986 22 (323)
1984 20 (320)
1997 33 (338)
1994 30 (303)
1990 26 (305)
1994 30 (305)
1991 27 (331)
1997 33 (341)
1997 33 (342)
1989 25 (318)
1990 26 (309)
1983 19 (324)
1984 20 (324)
1994 30 (312)
1990 26 (297)
1992 28 (330)
1995 31 (344)
1996 32 (310)
1998 34 (325)
1999 35 (344)
1999 35 (346)
1998 34 (329)
1999 35 (347)
1989 25 (319)
1997 33 (344)
1994 30 (313)
1993 29 (332)
2002 38 (350)
2001 37 (263)
1998 34 (323)
2003 39 (341)
1998 34 (321)



Cumulative NCE Introduction Index, 1983—2003 (by Indication)

GENERIC NAME INDICATION
granisetron

hydrochloride

ondansetron

hydrochloride

nazasetron

palonosetron

ramosetron

tropisetron

felbamate ANTIEPILEPTIC
fosphenytoin sodium

gabapentin

levetiracetam

tiagabine

topiramate

centchroman ANTIESTROGEN

caspofungin ANTIFUNGAL
acetate
fenticonazole
nitrate

fluconazole
itraconazole
lanoconazole
micafungin
naftifine HCI
oxiconazole nitrate
terbinafine
hydrochloride
terconazole
tioconazole
voriconazole

amorolfine ANTIFUNGAL, TOPICAL
hydrochloride
butenafine
hydrochloride
butoconazole
cloconazole HCI
liranaftate
flutrimazole
neticonazole HCI
sertaconazole nitrate
sulconizole nitrate

apraclonidine HCI ANTIGLAUCOMA
befunolol HCI

417
YEAR ARMC
INTRO.  VOL.. PAGE
1991 27 (329)
1990 26 (306)
1994 30 (305)
2003 39 (358)
1996 32 (315)
1992 28 (337)
1993 29 (337)
1996 32 (308)
1993 29 (338)
2000 36 (307)
1996 32 (320)
1995 31 (351)
1991 27 (324)
2001 37 (263)
1987 23 (334)
1988 24 (303)
1988 24 (305)
1994 30 (302)
2002 38 (360)
1984 20 (321)
1983 19 (322)
1991 27 (334)
1983 19 (324)
1983 19 (324)
2002 38 (370)
1991 27 (322)
1992 28 (327)
1986 22 (318)
1986 22 (318)
2000 36 (309)
1995 31 (343)
1993 29 (341)
1992 28 (336)
1985 21 (332)
1988 24 (297)
1983 19 (315)



418 Cumulative NCE Introduction Index, 1983—2003 (by Indication)

GENERIC NAME INDICATION
bimatroprost
brimonidine
brinzolamide
dapiprazole HCI
dorzolamide HCl
latanoprost
levobunolol HC1
travoprost
unoprostone
isopropyl ester

acrivastine ANTIHISTAMINE
astemizole
azelastine HC1
cetirizine HCI
desloratadine
ebastine
levocabastine
hydrochloride
levocetirizine
loratadine
mizolastine
setastine HC1

alacepril ANTIHYPERTENSIVE
alfuzosin HCl
amlodipine besylate
amosulalol
aranidipine
arotinolol HCI
azelnidipine
barnidipine
hydrochloride
benazepril
hydrochloride
benidipine
hydrochloride
betaxolol HCI1
bevantolol HCI
bisoprolol
fumarate
bopindolol
bosentan
budralazine
bunazosin HCI
candesartan
cilexetil
carvedilol

YEAR ARMC
INTRO.  VOL.. PAGE
2001 37 (261)
1996 32 (306)
1998 34 (318)
1987 23 (332)
1995 31 (341)
1996 32 (311)
1985 21 (328)
2001 37 (272)
1994 30 (312)
1988 24 (295)
1983 19 (314)
1986 22 (316)
1987 23 (331)
2001 37 (264)
1990 26 (302)
1991 27 (330)
2001 37 (268)
1988 24 (306)
1998 34 (325)
1987 23 (342)
1988 24 (296)
1988 24 (296)
1990 26 (298)
1988 24 (297)
1996 32 (306)
1986 22 (316)
2003 39 (344)
1992 28 (326)
1990 26 (299)
1991 27 (322)
1983 19 (315)
1987 23 (328)
1986 22 (317)
1985 21 (324)
2001 37 (262)
1983 19 (315)
1985 21 (324)
1997 33 (330)
1991 27 (323)
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YEAR ARMC
GENERIC NAME INDICATION INTRO. VOL., PAGE
celiprolol HCI 1983 19 (317)
cicletanine 1988 24 (299)
cilazapril 1990 26 (301)
cinildipine 1995 31 (339)
delapril 1989 25 (311)
dilevalol 1989 25 (311)
doxazosin 1988 24 (300)
mesylate
efonidipine 1994 30 (299)
enalapril maleate 1984 20 (317)
enalaprilat 1987 23 (332)
eplerenone 2003 39 (352)
eprosartan 1997 33 (333)
felodipine 1988 24 (302)
fenoldopam 1998 34 (322)
mesylate
fosinopril sodium 1991 27 (328)
guanadrel sulfate 1983 19 (319)
imidapril HC1 1993 29 (339)
irbesartan 1997 33 (336)
isradipine 1989 25 (315)
ketanserin 1985 21 (328)
lacidipine 1991 27 (330)
lercanidipine 1997 33 (337)
lisinopril 1987 23 (337)
losartan 1994 30 (302)
manidipine 1990 26 (304)
hydrochloride
mebefradil 1997 33 (338)
hydrochloride
moexipril HCI 1995 31 (346)
moxonidine 1991 27 (330)
nebivolol 1997 33 (339)
nilvadipine 1989 25 (316)
nipradilol 1988 24 (307)
nisoldipine 1990 26 (306)
olmesartan 2002 38 (363)
medoxomil
perindopril 1988 24 (309)
pinacidil 1987 23 (340)
quinapril 1989 25 (317)
ramipril 1989 25 (317)
rilmenidine 1988 24 (310)
spirapril HCI 1995 31 (349)
telmisartan 1999 35 (349)
temocapril 1994 30 (311)
terazosin HC1 1984 20 (323)

tertatolol HCl 1987 23 (344)



420 Cumulative NCE Introduction Index, 1983—2003 (by Indication)

YEAR ARMC
GENERIC NAME INDICATION INTRO. VOL., PAGE
tiamenidine HCI 1988 24 (311)
tilisolol hydrochloride 1992 28 (337)
trandolapril 1993 29 (348)
treprostinil sodium 2002 38 (368)
trimazosin HCl 1985 21 (333)
valsartan 1996 32 (320)
zofenopril calcium 2000 36 (313)
aceclofenac ANTIINFLAMMATORY 1992 28 (325)
AF-2259 1987 23 (325)
amfenac sodium 1986 22 (315)
ampiroxicam 1994 30 (296)
amtolmetin guacil 1993 29 (332)
butibufen 1992 28 (327)
deflazacort 1986 22 (319)
dexibuprofen 1994 30 (298)
droxicam 1990 26 (302)
etodolac 1985 21 (327)
flunoxaprofen 1987 23 (335)
fluticasone 1990 26 (303)
propionate
interferon, 1989 25 (314)
gamma
isofezolac 1984 20 (319)
isoxicam 1983 19 (320)
lobenzarit 1986 22 (322)
sodium
loxoprofen 1986 22 (322)
sodium
nabumetone 1985 21 (330)
nimesulide 1985 21 (330)
oxaprozin 1983 19 (322)
piroxicam 1988 24 (309)
cinnamate
rimexolone 1995 31 (348)
sivelestat 2002 38 (366)
tenoxicam 1987 23 (344)
zaltoprofen 1993 29 (349)
fisalamine ANTIINFLAMMATORY, 1984 20 (318)
osalazine sodium INTESTINAL 1986 22 (32)
alclometasone ANTIINFLAMMATORY, 1985 21 (323)
dipropionate TOPICAL
aminoprofen 1990 26 (298)
betamethasone 1994 30 (297)

butyrate propionate
butyl flufenamate 1983 19 (316)



Cumulative NCE Introduction Index, 1983—2003 (by Indication)

GENERIC NAME INDICATION
deprodone propionate
felbinac
halobetasol
propionate
halometasone
hydrocortisone
aceponate
hydrocortisone
butyrate propionate
mometasone furoate
piketoprofen
pimaprofen
prednicarbate

pravastatin ANTILIPIDEMIC

arteether ANTIMALARIAL
artemisinin

bulaquine

halofantrine

mefloquine HCI

almotriptan ANTIMIGRAINE
alpiropride
eletriptan
frovatriptan
lomerizine HCI1
naratriptan
hydrochloride
rizatriptan
benzoate
sumatriptan
succinate
zolmitriptan

dronabinol ANTINAUSEANT

amrubicin HCI ANTINEOPLASTIC
amsacrine
anastrozole
bicalutamide
bisantrene
hydrochloride
camostat mesylate
capecitabine
cladribine
cytarabine ocfosfate
docetaxel

421
YEAR ARMC
INTRO.  VOL.. PAGE
1992 28 (329)
1986 22 (320)
1991 27 (329)
1983 19 (320)
1988 24 (304)
1983 19 (320)
1987 23 (338)
1984 20 (322)
1984 20 (322)
1986 22 (325)
1989 25 (316)
2000 36 (296)
1987 23 (327)
2000 36 (299)
1988 24 (304)
1985 21 (329)
2000 36 (295)
1988 24 (296)
2001 37 (266)
2002 38 (357)
1999 35 (342)
1997 33 (339)
1998 34 (330)
1991 27 (333)
1997 33 (345)
1986 22 (319)
2002 38 (349)
1987 23 (327)
1995 31 (338)
1995 31 (338)
1990 26 (300)
1985 21 (325)
1998 34 (319)
1993 29 (335)
1993 29 (335)
1995 31 (341)
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YEAR ARMC
GENERIC NAME INDICATION INTRO. VOL., PAGE
doxifluridine 1987 23 (332)
enocitabine 1983 19 (318)
epirubicin HCI 1984 20 (318)
fadrozole HCl 1995 31 (342)
fludarabine 1991 27 (327)
phosphate
flutamide 1983 19 (318)
formestane 1993 29 (337)
fotemustine 1989 25 (313)
geftimib 2002 38 (358)
gemcitabine HCI 1995 31 (344)
idarubicin 1990 26 (303)
hydrochloride
imatinib mesylate 2001 37 (267)
interferon 1992 28 (332)
gamma-la
interleukin-2 1989 25 (314)
irinotecan 1994 30 (301)
lonidamine 1987 23 (337)
mitoxantrone HCI 1984 20 (321)
nedaplatin 1995 31 (347)
nilutamide 1987 23 (338)
paclitaxal 1993 29 (342)
pegaspargase 1994 30 (306)
pentostatin 1992 28 (334)
pirarubicin 1988 24 (309)
ranimustine 1987 23 (341)
sobuzoxane 1994 30 (310)
temoporphin 2002 38 (367)
toremifene 1989 25 (319)
vinorelbine 1989 25 (320)
zinostatin 1994 30 (313)
stimalamer
porfimer sodium ANTINEOPLASTIC 1993 29 (343)

ADJUVANT

masoprocol ANTINEOPLASTIC, 1992 28 (333)
miltefosine TOPICAL 1993 29 (340)
dexfenfluramine ANTIOBESITY 1997 33 (332)
orlistat 1998 34 (327)
sibutramine 1998 34 (331)
atovaquone ANTIPARASITIC 1992 28 (326)
ivermectin 1987 23 (336)
budipine ANTIPARKINSONIAN 1997 33 (330)

CHF-1301 1999 35 (336)



Cumulative NCE Introduction Index, 1983—2003 (by Indication)

GENERIC NAME INDICATION

droxidopa

entacapone

pergolide mesylate

pramipexole

hydrochloride

ropinirole HCl

talipexole

tolcapone

lidamidine HCl ANTIPERISTALTIC

gestrinone ANTIPROGESTOGEN

cabergoline ANTIPROLACTIN

tamsulosin HCI ANTIPROSTATIC
HYPERTROPHY

acitretin ANTIPSORIATIC

calcipotriol

tazarotene

tacalcitol ANTIPSORIATIC,
TOPICAL

amisulpride ANTIPSYCHOTIC

remoxipride

hydrochloride

zuclopenthixol

acetate

actarit ANTIRHEUMATIC

diacerein

octreotide ANTISECRETORY

adamantanium ANTISEPTIC

bromide

drotecogin alfa ANTISEPSIS

cimetropium ANTISPASMODIC

bromide

tiquizium bromide

tiropramide HCI

argatroban ANTITHROMBOTIC

bivalirudin

defibrotide

cilostazol

423
YEAR ARMC
INTRO.  VOL.. PAGE
1989 25 (312)
1998 34 (322)
1988 24 (308)
1997 33 (341)
1996 32 (317)
1996 32 (318)
1997 33 (343)
1984 20 (320)
1986 22 (321)
1993 29 (334)
1993 29 (347)
1989 25 (309)
1991 27 (323)
1997 33 (343)
1993 29 (346)
1986 22 (316)
1990 26 (308)
1987 23 (345)
1994 30 (296)
1985 21 (326)
1988 24 (307)
1984 20 (315)
2001 37 (265)
1985 21 (326)
1984 20 (324)
1983 19 (324)
1990 26 (299)
2000 36 (298)
1986 22 (319)
1988 24 (299)
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GENERIC NAME INDICATION
clopidogrel
hydrogensulfate
cloricromen
enoxaparin
eptifibatide

ethyl icosapentate
fondaparinux sodium
indobufen

limaprost

ozagrel sodium
picotamide

tirofiban
hydrochloride

flutropium bromide ANTITUSSIVE
levodropropizine

nitisinone ANTITYROSINAEMIA

benexate HCI1 ANTIULCER
dosmalfate
ebrotidine
ecabet sodium
egualen sodium
enprostil
famotidine
irsogladine
lansoprazole
misoprostol
nizatidine
omeprazole
ornoprostil
pantoprazole
sodium
plaunotol
polaprezinc
ranitidine
bismuth citrate
rebamipide
rosaprostol
roxatidine
acetate HCI
roxithromycin
sofalcone
spizofurone
teprenone
tretinoin tocoferil
troxipide

YEAR ARMC
INTRO.  VOL.. PAGE
1998 34 (320)
1991 27 (325)
1987 23 (333)
1999 35 (340)
1990 26 (303)
2002 38 (356)
1984 20 (319)
1988 24 (306)
1988 24 (308)
1987 23 (340)
1998 34 (332)
1988 24 (303)
1988 24 (305)
2002 38 (361)
1987 23 (328)
2000 36 (302)
1997 33 (333)
1993 29 (336)
2000 36 (303)
1985 21 (327)
1985 21 (327)
1989 25 (315)
1992 28 (332)
1985 21 (329)
1987 23 (339)
1988 24 (308)
1987 23 (339)
1994 30 (306)
1987 23 (340)
1994 30 (307)
1995 31 (348)
1990 26 (308)
1985 21 (332)
1986 22 (328)
1987 23 (342)
1984 20 (323)
1987 23 (343)
1984 20 (323)
1993 29 (348)
1986 22 (327)
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GENERIC NAME INDICATION
abacavir sulfate ANTIVIRAL
adefovir dipivoxil
amprenavir
atazanavir

cidofovir
delavirdine mesylate
didanosine

efavirenz
emtricitabine
enfuvirtide
famciclovir
fomivirsen sodium
fosamprenavir
foscarnet sodium
ganciclovir
imiquimod

indinavir sulfate
interferon alfacon-1
lamivudine
lopinavir

neflinavir mesylate
nevirapine
oseltamivir phosphate
penciclovir
propagermanium
rimantadine HCI
ritonavir

saquinavir mesylate
sorivudine

stavudine

tenofovir

disoproxil fumarate
valaciclovir HCI
zalcitabine
zanamivir
zidovudine

influenza virus ANTIVIRAL VACCINE

cevimeline ANTI-XEROSTOMIA
hydrochloride

alpidem ANXIOLYTIC
buspirone HCl

etizolam

flutazolam

flutoprazepam

metaclazepam

425
YEAR ARMC
INTRO.  VOL.. PAGE
1999 35 (333)
2002 38 (348)
1999 35 (334)
2003 39 (342)
1996 32 (306)
1997 33 (331)
1991 27 (326)
1998 34 (321)
2003 39 (350)
2003 39 (350)
1994 30 (300)
1998 34 (323)
2003 39 (353)
1989 25 (313)
1988 24 (303)
1997 33 (335)
1996 32 (310)
1997 33 (336)
1995 31 (345)
2000 36 (310)
1997 33 (340)
1996 32 (313)
1999 35 (346)
1996 32 (314)
1994 30 (308)
1987 23 (342)
1996 32 (317)
1995 31 (349)
1993 29 (345)
1994 30 (311)
2001 37 (271)
1995 31 (352)
1992 28 (338)
1999 35 (352)
1987 23 (345)
2003 39 (353)
2000 36 (299)
1991 27 (322)
1985 21 (324)
1984 20 (318)
1984 20 (318)
1986 22 (320)
1987 23 (338)
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GENERIC NAME

Cumulative NCE Introduction Index, 1983—2003 (by Indication)

INDICATION

mexazolam
tandospirone

atomoxetine

flumazenil

bambuterol
doxofylline
formoterol fumarate
mabuterol HCI
oxitropium bromide
salmeterol
hydroxynaphthoate
tiotropium bromide

APD
clodronate disodium

disodium pamidronate

gallium nitrate
ipriflavone
neridronic acid

dexrazoxane

bucladesine
sodium
denopamine
docarpamine
dopexamine
enoximone
flosequinan
ibopamine HC1
loprinone
hydrochloride
milrinone
vesnarinone

amrinone
colforsin
daropate HCL
xamoterol
fumarate

cefozopran HCL

ATTENTION DEFICIT
HYPERACTIVITY
DISORDER

BENZODIAZEPINE
ANTAG.

BRONCHODILATOR

CALCIUM REGULATOR

CARDIOPROTECTIVE

CARDIOSTIMULANT

CARDIOTONIC

CEPHALOSPORIN,
INJECTABLE

YEAR ARMC
INTRO.  VOL.. PAGE
1984 20 (321)
1996 32 (319)
2003 39 (343)
1987 23 (335)
1990 26 (299)
1985 21 (327)
1986 22 (321)
1986 22 (323)
1983 19 (323)
1990 26 (308)
2002 38 (368)
1987 23 (326)
1986 22 (319)
1989 25 (312)
1991 27 (328)
1989 25 (314)
2002 38 (361)
1992 28 (330)
1984 20 (316)
1988 24 (300)
1994 30 (298)
1989 25 (312)
1988 24 (301)
1992 28 (331)
1984 20 (319)
1996 32 (312)
1989 25 (316)
1990 26 (310)
1983 19 (314)
1999 35 (337)
1988 24 (312)
1995 31 (339)



Cumulative NCE Introduction Index, 1983—2003 (by Indication)

GENERIC NAME INDICATION

cefditoren pivoxil CEPHALOSPORIN,
ORAL

brovincamine CEREBRAL

fumarate VASODILATOR

nimodipine

propentofylline

succimer CHELATOR

trientine HCI

fenbuprol CHOLERETIC

auranofin CHRYSOTHERAPEUTIC

taltirelin CNS STIMULANT

aniracetam COGNITION ENHANCER

pramiracetam H,SOy

carperitide
nesiritide

drospirenone
norelgestromin

nicorandil

dornase alfa
neltenexine

amifostine

nalmefene HCL

ioflupane

azosemide
muzolimine
torasemide

atorvastatin
calcium
cerivastatin

naftopidil

alglucerase

CONGESTIVE HEART
FAILURE

CONTRACEPTIVE

CORONARY

VASODILATOR

CYSTIC FIBROSIS

CYTOPROTECTIVE

DEPENDENCE
TREATMENT

DIAGNOSIS CNS

DIURETIC

DYSLIPIDEMIA

DYSURIA
ENZYME

427

YEAR ARMC
INTRO.  VOL.. PAGE
1994 30 (297)
1986 22 (317)
1985 21 (330)
1988 24 (310)
1991 27 (333)
1986 22 (327)
1983 19 (318)
1983 19 314)
2000 36 (311)
1993 29 (333)
1993 29 (343)
1995 31 (339)
2001 37 (269)
2000 36 (302)
2002 38 (362)
1984 20 (322)
1994 30 (298)
1993 29 (341)
1995 31 (338)
1995 31 (347)
2000 36 (306)
1986 22 (316)
1983 19 (321)
1993 29 (348)
1997 33 (328)
1997 33 (331)
1999 35 (343)
1991 27 (321)
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YEAR ARMC
GENERIC NAME INDICATION INTRO. VOL., PAGE
erdosteine EXPECTORANT 1995 31 (342)
fudosteine 2001 37 (267)
agalsidase alfa FABRY’S DISEASE 2001 37 (259)
cetrorelix FEMALE INFERTILITY 1999 35 (336)
ganirelix acetate 2000 36 (305)
follitropin alfa FERTILITY ENHANCER 1996 32 (307)
follitropin beta 1996 32 (308)
reteplase FIBRINOLYTIC 1996 32 (316)
esomeprazole GASTRIC 2000 36 (303)
magnesium ANTISECRETORY
lafutidine 2000 36 (307)
rabeprazole sodium 1998 34 (328)
cinitapride GASTROPROKINETIC 1990 26 (301)
cisapride 1988 24 (299)
itopride HCL 1995 31 (344)
mosapride citrate 1998 34 (326)
imiglucerase GAUCHER'’S DISEASE 1994 30 (301)
miglustat 2003 39 (355)
somatotropin GROWTH HORMONE 1994 30 (310)
somatomedin-1 GROWTH HORMONE 1994 30 (310)

INSENSITIVITY

factor VIla HAEMOPHILIA 1996 32 (307)
levosimendan HEART FAILURE 2000 36 (308)
pimobendan 1994 30 (307)
anagrelide HEMATOLOGIC 1997 33 (328)
hydrochloride
erythropoietin HEMATOPOETIC 1988 24 (301)
factor VIII HEMOSTATIC 1992 28 (330)
malotilate HEPATOPROTECTIVE 1985 21 (329)
mivotilate 1999 35 (343)
buserelin acetate HORMONE 1984 20 (316)
goserelin 1987 23 (336)
leuprolide acetate 1984 20 (319)
nafarelin acetate 1990 26 (306)

somatropin 1987 23 (343)



Cumulative NCE Introduction Index, 1983—2003 (by Indication) 429

YEAR ARMC
GENERIC NAME INDICATION INTRO. VOL., PAGE
zoledronate disodium HYPERCALCEMIA 2000 36 (314)
sapropterin HYPERPHENYL- 1992 28 (336)
hydrochloride ALANINEMIA
quinagolide HYPERPROLACTINEMIA 1994 30 (309)
cadralazine HYPERTENSIVE 1988 24 (298)
nitrendipine 1985 21 (331)
binfonazole HYPNOTIC 1983 19 (315)
brotizolam 1983 19 (315)
butoctamide 1984 20 (316)
cinolazepam 1993 29 (334)
doxefazepam 1985 21 (326)
loprazolam mesylate 1983 19 (321)
quazepam 1985 21 (332)
rilmazafone 1989 25 (317)
zaleplon 1999 35 (351)
zolpidem hemitartrate 1988 24 (313)
zopiclone 1986 22 (327)
acetohydroxamic acid HYPOAMMONURIC 1983 19 (313)
sodium cellulose PO4 HYPOCALCIURIC 1983 19 (323)
divistyramine HYPOCHOLESTEROLEMIC 1984 20 (317)
lovastatin 1987 23 (337)
melinamide 1984 20 (320)
pitavastatin 2003 39 (360)
rosuvastatin 2003 39 (361)
simvastatin 1988 24 (311)
glucagon, rtDNA HYPOGLYCEMIA 1993 29 (338)
acipimox HYPOLIPIDEMIC 1985 21 (323)
beclobrate 1986 22 (317)
binifibrate 1986 22 (317)
ciprofibrate 1985 21 (326)
colesevelam 2000 36 (300)
hydrochloride
colestimide 1999 35 (337)
ezetimibe 2002 38 (355)
fluvastatin 1994 30 (300)
meglutol 1983 19 (321)
ronafibrate 1986 22 (326)
modafinil IDIOPATHIC HYPERSOMNIA 1994 30 (3030)
bucillamine IMMUNOMODULATOR 1987 23 (329)
centoxin 1991 27 (325)

thymopentin 1985 21 (333)
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GENERIC NAME

Cumulative NCE Introduction Index, 1983—2003 (by Indication)

INDICATION

filgrastim
GMDP
interferon
gamma-1b
lentinan
pegademase
bovine
pidotimod
romurtide
sargramostim
schizophyllan
ubenimex

cyclosporine
gusperimus
mizoribine
muromonab-CD3
mycophenolate
sodium
mycophenolate
mofetil
pimecrolimus
tacrolimus

defeiprone

alosetron
hydrochloride
tegasedor maleate

sulbactam sodium
tazobactam sodium

nartograstim
pumactant

sildenafil citrate
tadalafil
vardenafil

gadoversetamide
telmesteine
laronidase

interferon 8 — la
interferon 3-1b
glatiramer acetate

IMMUNOSTIMULANT

IMMUNOSUPPRESSANT

IRON CHELATOR

IRRITABLE BOWEL
SYNDROME

B-LACTAMASE INHIBITOR

LEUKOPENIA
LUNG SURFACTANT

MALE SEXUAL
DYSFUNCTION

MRI CONTRAST AGENT
MUCOLYTIC
MUCOPOLYSACCARIDOSIS
MULTIPLE SCLEROSIS

YEAR ARMC
INTRO.  VOL.. PAGE
1991 27 (327)
1996 32 (308)
1991 27 (329)
1986 22 (322)
1990 26 (307)
1993 29 (343)
1991 27 (332)
1991 27 (332)
1985 22 (326)
1987 23 (345)
1983 19 317)
1994 30 (300)
1984 20 (321)
1986 22 (323)
2003 39 (356)
1995 31 (346)
2002 38 (365)
1993 29 (347)
1995 31 (340)
2000 36 (295)
2001 37 (270)
1986 22 (326)
1992 28 (336)
1994 30 (304)
1994 30 (308)
1998 34 (331)
2003 39 (363)
2003 39 (365)
2000 36 (304)
1992 28 (337)
2003 39 (354)
1996 32 (311)
1993 29 (339)
1997 33 (334)
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GENERIC NAME

INDICATION

afloqualone
cisatracurium
besilate
doxacurium
chloride
eperisone HC1
mivacurium
chloride
rapacuronium
bromide
tizanidine

naltrexone HCl

tinazoline

aripiprazole
clospipramine
hydrochloride
nemonapride
olanzapine
perospirone
hydrochloride
quetiapine
fumarate
risperidone
sertindole
timiperone
ziprasidone
hydrochloride

rocuronium bromide

edaravone
fasudil HCL
riluzole

bifemelane HCl
choline

alfoscerate

exifone

idebenone
indeloxazine HCI
levacecarnine HCI
nizofenzone fumarate
oxiracetam

MUSCLE RELAXANT

NARCOTIC
ANTAGONIST

NASAL
DECONGESTANT

NEUROLEPTIC

NEUROMUSCULAR
BLOCKER

NEUROPROTECTIVE

NOOTROPIC

431
YEAR ARMC
INTRO.  VOL.. PAGE
1983 19 (313)
1995 31 (340)
1991 27 (326)
1983 19 (318)
1992 28 (334)
1999 35 (347)
1984 20 (324)
1984 20 (322)
1988 24 (312)
2002 38 (350)
1991 27 (325)
1991 27 (331)
1996 32 (313)
2001 37 (270)
1997 33 (341)
1993 29 (344)
1996 32 (318)
1984 20 (323)
2000 36 (312)
1994 30 (309)
1995 37 (265)
1995 31 (343)
1996 32 (317)
1987 23 (329)
1990 26 (300)
1988 24 (302)
1986 22 (321)
1988 24 (304)
1986 22 (322)
1988 24 (307)
1987 23 (339)
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Cumulative NCE Introduction Index, 1983—2003 (by Indication)

GENERIC NAME INDICATION
bromfenac sodium NSAID

lornoxicam

OP-1 OSTEOINDUCTOR
alendronate OSTEOPOROSIS
sodium

ibandronic acid
incadronic acid
raloxifene
hydrochloride
risedronate
sodium

tiludronate
disodium

temoporphin
verteporfin

beraprost sodium
epoprostenol sodium
iloprost

sarpogrelate HCI

trimetrexate
glucuronate

histrelin
atosiban

gestodene
nomegestrol
acetate
norgestimate
promegestrone
trimegestone

alpha-1 antitrypsin
nafamostat mesylate

adrafinil

dexmethylphenidate
HCl

dutasteride

alefacept
efalizumab

PAGET’S DISEASE

PHOTOSENSITIZER

PLATELET AGGREG.
INHIBITOR

PLATELET

ANTIAGGREGANT

PNEUMOCYSTIS CARINII
PNEUMONIA

PRECOCIOUS PUBERTY
PRETERM LABOR
PROGESTOGEN

PROTEASE INHIBITOR

PSYCHOSTIMULANT

PSORIASIS

YEAR ARMC
INTRO.  VOL.. PAGE
1997 33 (329)
1997 33 (337)
2001 37 (269)
1993 29 (332)
1996 32 (309)
1997 33 (335)
1998 34 (328)
1998 34 (330)
1995 31 (350)
2002 38 (367)
2000 36 (312)
1992 28 (326)
1983 19 (318)
1992 28 (332)
1993 29 (344)
1994 30 (312)
1993 29 (338)
2000 36 (297)
1987 23 (335)
1986 22 (324)
1986 22 (324)
1983 19 (323)
2001 37 (273)
1988 24 (297)
1986 22 (323)
1986 22 (315)
2002 38 (352)
2002 38 (353)
2003 39 (340)
2003 39 (349)
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GENERIC NAME INDICATION
finasteride 5a-REDUCTASE
INHIBITOR
surfactant TA RESPIRATORY
SURFACTANT
Adalimumab RHEUMATOID
ARTHRITIS
dexmedetomidine SEDATIVE
hydrochloride
kinetin SKIN PHOTODAMAGE/
DERMATOLOGIC
tirilazad mesylate SUBARACHNOID
HEMORRHAGE
APSAC THROMBOLYTIC
alteplase

balsalazide disodium
tiopronin

propiverine
hydrochloride

Lyme disease
clobenoside

falecalcitriol
maxacalcitol
paricalcitol

doxercalciferol

prezatide
copper acetate

aceémannan

cadexomer iodine
epidermal growth
factor

ULCERATIVE COLITIS
UROLITHIASIS
UROLOGIC

VACCINE
VASOPROTECTIVE
VITAMIN D

VITAMIN D
PROHORMONE

VULNERARY

WOUND HEALING
AGENT

433
YEAR ARMC
INTRO.  VOL.. PAGE
1992 28 (331)
1987 23 (344)
2003 39 (339)
2000 36 (301)
1999 35 (341)
1995 31 (351)
1987 23 (326)
1987 23 (326)
1997 33 (329)
1989 25 (318)
1992 28 (335)
1999 35 (342)
1988 24 (300)
2001 37 (266)
2000 36 (310)
1998 34 (327)
1999 35 (339)
1996 32 (314)
2001 37 (257)
1983 19 (316)
1987 23 (333)
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