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Synthesis and pharmacological properties of novel glycine antagonists
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Abstract

The NMDA receptor is an ionotropic receptor complex widely distributed in the central nervous system and its activation, particularly
in hypoxic conditions such as stroke, traumatic head injury and hypoglycemia, results in a massive influx of calcium ions into the
post-synaptic neurones, leading to cell death through the activation of several neurotoxic cascades. The NMDA receptor is a unique
ionotropic receptor complex because its activation requires the simultaneous binding of glutamate and glycine and selective antagonists at
the glycine binding site are endowed with a better side-effect profile than competitive NMDA antagonists. Then, considerable efforts have
been devoted to find potent and selective ligands, resulting in the identification of several classes of glycine antagonists. The research at
Glaxo Wellcome has been aimed at the identification of novel in vivo active glycine antagonists, and led to the synthesis and
pharmacological characterization of a number of novel, potent and systemically active compounds belonging to different chemical classes.
q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the recent past, the role of excitatory amino acids
Ž .EAAs in the physiology and pathophysiology of the
central nervous system has been widely investigated and

Želucidated Meldrum and Garthwaite, 1990; McCullogh,
.1992 and since the discovery of the neurotoxic properties

of glutamate, the most important excitatory neurotrans-
mitter in mammalian brain, a significant body of evidence
have associated, among others, the glutamatergic hypothe-

Ž .sis of acute neurodegeneration with stroke Choi, 1988 .
Glutamate acts through the activation of either the

Ž .ionotropic NMDA, AMPA and kainic acid subtypes or
Žthe metabotropic receptors Hollman and Hwinemann,

.1994 . A great attention has been concentrated on the
activation of NMDA receptors as a key event in triggering
excitotoxicity and therefore in studying their role in major
brain physiological and pathological conditions, such as
stroke, traumatic head injury and hypoglycemia. Stroke is
generally defined as an abrupt onset of neurological func-
tions caused by a sudden reduction of cerebral blood flow,
which is due in turn to either an ischaemic occlusion or a
haemorrhagic episode. This event is one of the leading
causes of death worldwide and the first cause of long-term
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disability with a high health-care cost for society. Al-
though it is possible to reduce the factors of risk for stroke,
no effective neuroprotective agents, able to block the
progression of the cerebral damage, are currently available.
Therefore, neuroprotection after stroke is clearly an area of
unmet need in current medicine.

In ischaemic conditions, the reduction of the oxygen-
energy supply to the cells causes a significant increase of

Žglutamate within the synaptic clefts Cotman et al., 1981;
.Watchins and Evans, 1981; Choi and Rothman, 1991 .

This event is responsible for the overstimulation of the
Ž .glutamatergic receptor Fig. 1 . In particular, the activation

of the ion channel associated with the NMDA receptor
results in a massive influx of Ca2q into the post-synaptic
neurones, leading to cell death through the activation of

Ž . Ždifferent neurotoxic cascades excitotoxicity Di Fabio et
.al., 1998a . Therefore, a pharmacological intervention with

competitive and non-competitive NMDA antagonists,
blocking the abnormal influx of Ca2q within the post-syn-
aptic neurones, has been suggested to have a potential

Žtherapeutic benefit Meldrum, 1991; Collingridge and
.Watkins, 1994 . The molecular structure of the NMDA

receptor is not fully elucidated yet. By analogy with other
Ž .receptor gated ion channels e.g., nicotinic receptor , it is

Ž .believed that NMDA receptor is formed Fig. 2 by the
assembly of five different subunits named NR1 and

ŽNR2 , respectively Nakanishi, 1992; Mori andA-B-C-D
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Fig. 1. Involvement of NMDA receptors in the excitotoxic cascade.

.Mishina, 1995 which are encoded by separate genes and
several splice variants for each gene have been described
Ž .Danysz and Parsons, 1998 . On the basis of morphologi-
cal studies, it has been shown that NMDA receptors are
probably heteromeric assemblies of at least four subunits,
with their composition depending from the regional ex-

Žpression in different brain areas Danysz and Parsons,
.1998 . Such a conclusion is also supported by electrophys-

iological and pharmacological studies showing that the
Žpharmacology of NMDA receptor ligands agonist and

.antagonists is strongly influenced by the receptor compo-
sition. The pathophysiological implication of these differ-
ences is still unknown, but this remains a fascinating area
of research interest.

In addition to the molecularrstructural complexity de-
scribed above, the NMDA receptor is also characterized by
a higher level of complexity which is given by the differ-
ent regulatory sites which control its function. Among the
different binding sites present within the NMDA receptor,
a special interest has been attracted by the strychnine-in-

Ž .sensitive glycine site glycine receptor . The conductance
through the channel associated with the NMDA receptor is
indeed strongly influenced by the presence of glycine.

ŽSome years ago, it has been reported Johnson and Ascher,
.1987; Kleckner and Dingledine, 1988 that in cultured

cerebral neurones, the frequency of the opening of this ion
channel was markedly affected by the presence of glycine.
This event was so relevant that in the absence of glycine,
glutamate failed to activate the NMDA receptor. Based on

Fig. 2. Schematic representation of the NMDA receptor.

these results, glycine was defined as co-agonist of gluta-
mate. In other words, glutamate and glycine co-operate
together to promote the transition of the NMDA ion

Žchannel associated from the closed to the open state Corsi
.et al., 1996; Danysz and Parsons, 1998 .

Therefore, the glycinergic site associated to the NMDA
receptor has gained considerable interest and, during the
last decade, it was perceived as a unique target for medici-
nal chemistry in terms of potential therapeutic intervention
ŽIversen and Kemp, 1994; Leeson and Iversen, 1994; Di

.Fabio et al., 1996 , since the observation that one of the
first glycine antagonists identified, the 7-chloro kynurenic

Ž . Ž .acid 7-Cl KA 1 depicted in Fig. 3, was endowed with a
greater therapeutic index compared to different series of
competitive and non-competitive NMDA antagonists
Ž .Chiamulera et al., 1990 . Then, considerable efforts have
been devoted to find potent and selective ligands, resulting
in the identification of several classes of glycine antago-

Ž .nists e.g., tetrahydroquinolines, indoles, quinoxalines, etc.
as exemplified in Fig. 3.

However, despite their high in vitro affinity at the
glycine binding site, many of the aforementioned com-
pounds showed poor in vivo activity in a variety of animal
models, probably because of their insufficient brain pene-

Ž .tration Carling et al., 1993; Moore et al., 1993 . As a
result of our efforts aimed at the identification of novel in
vivo active glycine antagonists as potential antistroke
agents, a number of new templates were selected for
further exploration, and, among others, we focused our

w x Ž . Žattention on pyrido 2,3-b pyrazines 7 Micheli et al.,
. Ž . Ž1996, 1997 indole-2-carboxylates 8 see for example, Di

. Ž . ŽFabio et al., 1998a and benzoazepines 9 Di Fabio et al.,
. Ž .1999a Fig. 4 . The synthesis and pharmacological charac-

terization of both indoles and benzoazepines will be de-
scribed in detail in the following sections. Even though the

Fig. 3. Classes of glycine antagonists.
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w x Ž .Fig. 4. General structures of pyrido 2,3-b pyrazines 7 , indole-2-
Ž . Ž .carboxylates 8 and benzoazepines 9 .

following discussion will be centered on the discovery and
characterization of novel glycine antagonists as potential
antistroke agents, it is worth mentioning that increasing
evidences support the hypothesis that the NMDA receptors
play a pivotal role in the development and maintenance of

Žpain hypersensitivity Woolf, 1983; Haley et al., 1990;
.Woolf, 1995; Harris et al., 1996 . Following such a hy-

pothesis, glycine antagonists, blocking the overactivation
of the NMDA receptor and restoring the baseline level of
nociceptive transmission should be effective for the treat-
ment of the chronic pain. The identification of novel
glycine antagonists as potential and effective antihyperal-
gesic agents was therefore considered an attractive and
further objective for our project. The results obtained in
this field will however be reported and discussed in detail

Ž .elsewhere Di Fabio et al., 1998b; Quartaroli et al., 1999 .

2. Results and discussion

2.1. Biological eÕaluation

Ž .All the new chemical entities NCEs were evaluated,
both in vitro and in vivo, according to the following

Ž .screening cascade: a binding assay to evaluate the affin-
Ž .ity for the glycine site Kishimoto et al., 1981 and selec-

Žtivity for glutamate receptors Honore et al., 1986; Giberti´
. Ž .et al., 1991; Van Amsterdam et al., 1992 ; b in vitro

functional antagonism studies to evaluate potency and
Ž . Ž .activity Kloog et al., 1988; Ratti et al., 1990 ; c in vivo

Ž . Ž .anticonvulsant activity Chiamulera et al., 1990 ; and d
the most interesting compounds in the NMDA-induced
convulsions model, were then submitted for in vivo models

Ž .of stroke in rats MCAo both pre- and post-ischaemia
Ž .Tamura et al., 1981 .

2.2. Indole-2-carboxylates

Ž .Indole-2-carboxylates of general structure 5 represent
a class of glycine antagonists widely explored in the last

Žyears by a number of different research groups see for
example, Huettner, 1989; Salituro et al., 1990; Rowley et

.al., 1992 following the preliminary evidence that the
substituent at the C-3 position of the indole nucleus could
modulate the affinity of these compounds for the strych-
nine-insensitive glycine binding site. However, glycine
antagonists identified within this class were devoid of
significant in vivo activity probably because of their poor
ability to penetrate the brain. Therefore, we became inter-
ested in the synthesis of novel indole-2-carboxylates ex-
hibiting the desired in vivo profile. This activity led to the
synthesis of indole-2-carboxylates substituted at the C-3
position with suitable a ,b-unsaturated side chains, which
showed nanomolar affinity for the glycine binding site
coupled with both high receptor selectivity and high in
vivo potency in the NMDA-induced convulsions model in

Ž .mice i.v. an p.o. route . Among the compound initially
Ž . Ž .synthesized, GV150526 gavestinel 10 , currently under-

going clinical studies in man, is the most promising glycine
Žantagonist identified to date Di Fabio et al., 1997; Di

.Fabio et al., 1998a . The most relevant characteristics of
GV150526 are summarized in the Table 1. The ability of
GV150526 to cross the blood–brain barrier results in a
substantial neuroprotective effect in a rat model of Middle

Ž .Cerebral Artery occlusion MCAo when given both pre-
Ž .ischaemia 70% of maximal protection at 3 mgrkg i.v.

and post-ischaemia up to 6 h from the induction of the
cerebral damage. As shown in Fig. 5, GV150526, given 6
h after the occlusion, was able to completely stop the
damage progression.

These results support the view that the blockade of
NMDA receptor could be of therapeutic benefit, and, in
this respect, glycine antagonists appear to be extremely
effective. Furthermore, GV150526 lacks the adverse be-
havioral effects in rats observed for both competitive
NMDA antagonists and NMDA channel blockers: neither

Table 1
Pharmacological profile of GV150526

Type of study Assay Results Notes
3w xAffinity H -glycine binding PK s8.49"0.02 Rat cortical membranesi

Ž .Selectivity Receptogram 40 brain receptors No displacement at 10 mM
Ž .Systemic activity NMDA induced convulsion in mice, i.v. ED s0.06 mgrkg Reversed by glycine agonist D-serine50

MCAo model Rat, i.v. ED s0.8 mgrkg pre-ischaemia50

ED s3.0 mgrkg post-ischaemia Single fully protective dose given 6 h after occlusion50
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Fig. 5. Neuroprotective effect of GV150526A after post-ischaemia admin-
Ž .istration 6 h .

Ž .ataxic effects rotarod nor impairment of performance
Ž .passive avoidance were observed in mice up to a dose of

Ž30 mgrkg administered i.v. 500-fold the ED observed50
.in inhibition of NMDA-induced convulsions , confirming

the wider therapeutic window observed with glycine antag-
Žonists Di Fabio et al., 1997; Di Fabio et al., 1998a and

.references cited therein . These results also confirm the
view that our indole 2-carboxylate template could be use-
ful to generate novel and effective compounds, strengthen-
ing the need of continuing the chemical exploration of

Ž .such a class Di Fabio et al., 1998a . This further chemical
exploration allowed identification of a number of ana-

Ž .logues of GV150526, and among them, GV228869 11
exhibited high in vitro affinity to the glycine binding site
Ž .Table 2 and promising physico-chemical and pharmaco-

Ž .logical profile Di Fabio et al., 1999b . In particular, it was
found to be effective in blocking NMDA induced convul-
sions and it showed a significantly better neuroprotective
activity in the MCAo model with respect to GV150526
when given post-ischaemia up to 6 h after occlusion of the
middle cerebral artery.

Scheme 1. Synthesis of substituted indole-2-carboxylates.

The aforementioned indoles and their analogues can be
Žprepared according to different reported methods Di Fabio

et al., 1997, 1999b; Giacobbe et al., 1999 and references
.cited therein , and in particular, following the general

Žsynthetic route described in Scheme 1 Di Fabio et al.,
.1999b and references cited therein . The key intermediate

Ž .12 , which is now available in large-scale as previously
Ž .described Di Fabio et al., 1997 was transformed into the

Ž .amido derivative 14 by using different methods of activa-
tion of the carboxyl group. The best results were obtained
via the formation of the corresponding 2-pyridyl thioester
Ž . X13 by using a stoichiometric amount of 2,2 -dipyridyldi-

Ž .sulphide and triphenylphosphine. In general, 13 is stable
enough to be purified by classical chromatographic proce-
dures; then, it can be reacted with the proper arylamines to

Ž . Žgive the amides 14 the same products can be also
obtained by a ‘‘one-pot’’ procedure, without the isolation

Ž .. Ž .of 13 . The amides 14 can then be transformed into the
Ž .final indole-2-carboxylates 15 in fairly good overall yields

by removal of the various protecting groups according to
standard methods.

2.3. Benzoazepines

To discover novel non-indole classes of glycine antago-
nists as potential back-up to GV150526A, new templates
were designed by receptor mapping techniques based on

Žthe pharmacophore model of the glycine binding site Di

Table 2
Summary of the pharmacological profile of GV228869 compared to GV150526

Type of study GV150526 GV228869

Affinity K 3 nM 2 nMi
Ž . Ž .Receptor selectivity IC )10 mM 70 receptors )10 mM 70 receptors50

Ž . Ž .NMDA-induced convulsions ED 0.06 mgrkg mice, i.v. 0.07 mgrkg mice, i.v.50
Ž .MCAo model pre-ischaemia rat, i.v. ED s0.8 mgrkg ED s0.2 mgrkg50 50

Max. protection 70% at 3 mgrkg i.v. 70% at 3 mgrkg i.v.



( )D. Donati, R. Di FabiorPharmaceutica Acta HelÕetiae 74 2000 239–245 243

Fig. 6. Benzoazepine derivatives.

.Fabio et al., 1997 and references cited therein . Among
others, a novel series of benzoazepine derivatives of gen-

Ž .eral structure 16 , bearing the same a ,b-unsaturated side
Ž .chain as GV150526 at the position C-5 Fig. 6 and

different substituent at C-3 was proposed. A number of
different compounds was then prepared and evaluated and

Ž .results are reported in Table 3 Di Fabio et al., 1999a .
As expected, the unsubstituted derivative was devoid of

any in vitro activity, while the most active compound of
such a series was the 3-carboxylic derivative GV224029
Ž . Ž .Table 3, entry 3 . Also, 3-carboxyamides entries 4 and 5
have shown an interesting affinity, comparable to
GV224029. The last one was further characterized from a
pharmacological point of view and results are reported in
Table 4 below. In particular, it is worth underlying that in
spite of its 10-fold lower affinity for the glycine binding
site, GV224029 exhibited a similar neuroprotective activity
with respect to GV150526 in the MCAo test both pre- and
post-ischaemia. The synthesis of benzoazepine derivatives
was performed following different synthetic routes, accord-
ing to the nature of the substituent at C-3. For the sake of
simplicity, only the synthesis of the C-3 carboxylic deriva-

Ž .tives GV224029 is reported Scheme 2 . Thus, 4-chloro-
Ž .2-nitro-iodobenzene 18 was obtained via Sandmeyer re-

Ž .action from 4-chloro-2-nitroaniline 17 , then reduced to
Ž .the corresponding aniline derivative 19 in high yield

using Fe in AcOHrEtOH. Reaction with p-methoxyben-
zyl chloride and sodium iodide in DMF, gave the protected

Ž .aniline 20 , which was reacted with methyl malonylchlo-
Ž .ride to give the amide 21 in high yield after proper

Ždeprotection and esterification with t-butyl alcohol the
protection as t-butyl ester in place of the methyl ester was

Table 3
Affinity of benzoazepine derivatives for the strychnine-insensitive bind-
ing site

aŽ .Entry R K nMi

51 H )10
2 OH 1288
Ž .3 GV224029 COOH 32

4 CONH 392

5 CONHPh 72
6 COOCH 9163

7 CN 339

aw3 xH -glycine displacement.

Table 4
Summary of the pharmacological profile of GV224029 compared to
GV150526

Type of study GV150526 GV224029

Affinity K 3 nM 32 nMi

Receptor )10 mM )10 mM
Ž . Ž .selectivity IC 70 receptors 70 receptors50

NMDA-induced 0.06 mgrkg 0.07 mgrkg
Ž . Ž .convulsions ED mice, i.v. mice, i.v.50

MCAo model
Pre-ischaemia ED s0.8 mgrkg ED s0.6 mgrkg50 50
Ž .rat, i.v.
Post-ischaemia ED s3 mgrkg ED s2.5 mgrkg50 50
Ž .rat, i.v.

required to avoid the double bond isomerization during
. Ž .deprotections in the last steps . When the malonamide 21

was reacted with 3-bromo-N-phenylacrylamide under basic
Ž .conditions, we obtained the open intermediate 22 which

Žwas then cyclized, in the presence of palladium tetrakis tri-
. Ž .phenylphosphine to give the protected benzoazepine 23 .

The final removal of both the N-1 and C-3 carboxylic
Ž .protecting groups was smoothly accomplished treating 23

first with anisole in H SO rTFA and then with base to2 4
Ž .give the final compound GV224029 24 .

Scheme 2. Synthesis of GV224029.
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3. Conclusions

In spite of great efforts by many research groups, there
are still no effective drugs available to treat stroke in
humans. Among the number of different approaches that
are currently under investigation, the search for novel and
effective antagonists at the strychnine-insensitive binding
site remains probably the most exciting in the field of
neuroprotection. Our search in this context has provided
new and further evidences of the validity of such an
approach and the discovery of new templates has repre-
sented a clear step forward. The synthesis and pharmaco-
logical characterization of novel indole-2-carboxylates
bearing a suitable a ,b-unsaturated side chain at position
C-3 led to the identification of a number of potent, selec-
tive and systemically active glycine antagonists and a

Ž .member of this class, GV150526 gavestinel is currently
in phase III clinical trials. In this respect, the importance of
the a ,b-unsaturated side chain in the interaction with the
glycine binding site has been recently supported with the
synthesis and the pharmacological characterization of pyr-
role-2-carboxylic acids bearing the same side chain as

ŽGV150526 and analogues Tarzia et al., 1998; Tarzia et
.al., 1999 . At the same time, the identification of novel

antagonists belonging to the benzoazepine series has al-
lowed us to further elaborate the existing pharmacophoric
model concerning the interaction with the glycine binding
site and GV224029 represents a valid prototype for a
further progression of the relevant studies.
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