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Abstract — Strokes (intracranial thomboses or haemorrhaging) cause death and disability, but effective treatments are lacking. The metabolisr
of tryptophan leads to the generation of quinolinic acid, an agonist potentially neurotoxic at glutamate receptors, and kynurenic acid, an
antagonist at the same population of receptors. The commercial development of the kynurenine pathway has included the use of analogu
of kynurenic acid as antagonists at glutamate receptors. A second has been to use prodrugs of kynurenic acid or its analogues. Alternative
it is proving possible to interfere directly with the kynurenine pathway to block the synthesis of quinolinic acid and promote the formation

of kynurenic acid. This change yields neuroprotectant and anticonvulsant compounds. © 2000 Editions scientifiques et médicales Elsevier SA
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1. The rationale for studying inhibitors of the
kynurenine pathway

1.1. Neurodegeneration

Much of the brain damage following a cerebrovascular
accident, or stroke, is not due to hypoxia per se, but to the
fact that hypoxia triggers a massive release of the
neurotransmitter glutamate from neurones into the extra-
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dione; L689,560: 2-carboxy-5,7-dichloro-4-[[(N-phenylamino)-
carbonyllamino]-1,2,3,4-tetrahydroquinoline; Ro0-61-8048: 3,4-
dimethoxy-N-[4-(3-nitrophenyl)thiazol-2-yl[benzenesulphonamide;
AMPA: a-amino-3-hydroxy-5-methyl-4-isoxazole; SC49648: 6-
chloro-2-carboxyindole-3-acetic acid; MDL 100,748: 4-[(carboxy-
methyl)amino]-5,7-dichloroquinoline-2-carboxylic  acid; MDL
29,951: 3-(4,6-dichloro-2-carboxyindole-3-yl)propionic acid, MDL
104,653: 3-phenyl-4-hydroxy-7-chloroquinoline-2(1H)-one; RPR
104632: 6,8-dichloro-[2-(2H)-[(3-bromophenyl)methyl]-1,2,4-ben-
zothiadiazine-1,1-dioxide-3-carboxylic acid; FCE28833A: 3,4-
dichlorobenzoylalanine; GV 150526A: 3-[2-[(phenylamino)carbo-
nyllethenyl]-4,6-dichloroindole-2-carboxylic acid; ACEA 1416:
7-chloro-6-methyl-5-nitro-1,4-dihydro-2,3-quinoxalinedione; L695,
902: 4-hydroxy-3-(carboxymethyl)-quinoline-2(1H)-one; L701,324:
4-hydroxy-7-chloro-3-(3-phenyloxy)phenyl-quinoline-2(1H)-one;
L701,252: 4-hydroxy-3-(cyclopropylcarbonyl)-7-chloroquinoline-
2(1H)-one.

cellular space. Glutamate activates a variety of receptors,
including those which induce the opening of ion channels
(ionotropic receptors) and those which produce changes
in intracellular transduction systems such as adenylate
cyclase (metabotropic receptors). The ionotropic recep-
tors are of three major subtypes responding to, respec-
tively, N-methyl-D-aspartate (NMDA), kainic acid and
a-amino-3-hydroxy-5-methyl-4-isoxazole (AMPA). The
activation of NMDA receptors in particular increases
calcium influx into neurones, leading to the activation of
destructive enzymes and increasing the formation of
reactive oxygen species. A therapeutic objective in the
pharmaceutical industry therefore, is to develop agents
which block the activation of glutamate receptors.

1.2. The kynurenine pathway

Although most of the pharmacological interest in
tryptophan has centred on its conversion to
5-hydroxytryptamine (5-HT), the major portion of tryp-
tophan is metabolised along a completely different route,
via kynurenine figure 1). This so-called ‘kynurenine
pathway’ is the source of much of the nicotinic acid
required physiologically for the synthesis of nicotinamide
and the essential enzymic co-factors such as nicotinamide
adenine dinucleotide (NAD).
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Figure 1. The kynurenine pathway for the metabolism of tryptophan.

1.2.1. Neuroactive kynurenines

was testing the activity of compounds with structures
Until 1981 interest in kynurenines was limited to this

resembling rigid forms of NMDA. It was discovered that
role as precursors of nicotinic acid. In 1981 my laboratory one such compound, quinolinic acid was an effective



agonist at NMDA receptors, producing excitation of
neurones in the cerebral cortex [1-6]. An examination of
the potential neuronal activity of other members of the
pathway then led to the discovery of kynurenic acid by
Perkins and Stone [7], who discovered that kynurenic
acid could block receptors for glutamate on cortical
neurones. Quinolinic acid and kynurenic acid remain the
only two endogenous compounds able to activate and
block, respectively, the NMDA receptor selectively [8, 9].
The discovery of kynurenic acid opened the way to the
development of analogues which would block glutamate

receptors and act as neuroprotectants and anticonvul-

sants.

Kynurenic acid is an antagonist at all three varieties of
ionotropic glutamate receptors, and is now frequently
used as a test for the involvement of glutamate in synaptic
transmission. However, NMDA receptors are often con-
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yielded the potent analogue 5,7-dichlorokynurenic acid
2 [30] which has an Ig, of 80 nM against strychnine-
resistant glycine binding. The 7-chloro- or 5,7-dichloro-
formula has been retained in many of the analogues
developed subsequently. Potency could be further en-
hanced by replacement of the 4-hydroxy group of
kynurenic acid with acetic acid or similar substituents
(3) [25], and this change led naturally to amido- and thio-
substituents in the 4-position, with potent analogues such
as4 (MDL 100,748) [20, 31],%) (L689,560) [21—-23] and
(6) [29]. Compound4 was a marked anticonvulsant
agent, while L689,5605) has become a standard com-
pound, with the displacement ofH]L689,560 being
employed as an assay for the strychnine-resistant
(NMDA-linked) glycine binding site.

Kynurenate analogues with a 3-phenyl substituent
retained potent activity at the NMDA/glycine site but

sidered to be the most important in neuronal damage, and were more lipid soluble and were orally active [35-38].

the detailed investigation of these sites eventually led to
the realisation that the receptor is a complex entity at
which several co-agonists, acting at linked, allosteric
sites, are essential for optimum receptor activation. One
of these is glycine [10], acting at a site at which strych-
nine is not an antagonist and which is therefore quite
distinct from the inhibitory, strychnine-sensitive glycine
receptor found mainly in the spinal cord. It soon became
apparent that kynurenic acid was one of the few com-
pounds which could block the NMDA/glycine binding
site with greater potency than it blocked non-NMDA
receptors [11].

Kynurenic acid is able to antagonise glutamate recep-
tor activation in rodents [7] and primates [12] and may
distinguish subpopulations of kainate receptors [13]. In
addition, there is evidence from two independent sources

One of the compounds produced was MDL 104,683 (
The retention of a keto grouping at position 3 yielded
quinones such a8 (L701,252) which has an I of
420 nM against L689,560 binding and an Eagainst
seizures in DBA/2 mice of 4.1 mg/kg. A group of
2-quinolone sulphonamide analogues of kynurenic acid
(9) are also active [39]. Of several 3,4-dihydroquinolones
and tetrahydroquinolines, those with a 3-nitro-substituent
were active as NMDA antagonists if they also included a
bulky grouping at position 4 [26, 40]. The compound
with no 4-substituent1(0) proved to be one of the most
effective broad spectrum antagonists of NMDA and
AMPA receptors known at the time.

1.2.3. Indole analogues
A significant advance was made with the realisation

that the potency of kynurenic acid in suppressing NMDA that the quinoline nucleus could be replaced by a five-
receptor-dependent spontaneous neuronal discharges inmembered indole nucleus [31, 41-48]. Modifications of
the hippocampus does not correlate with its activity as an the indole nucleus were found generally to parallel those

NMDA antagonist [14, 15]. This observation would sug-
gest an additional novel site of action of kynurenic acid.
Kynurenic acid can pass across the blood—brain barrier
[16] and is itself able to prevent brain damage following
anoxia [17] and ischaemia [18].

1.2.2. Kynurenic acid derivatives as glutamate
antagonists

The kynurenic acid structurkhas been used to model
features of the NMDA/glycine site as a prelude to the
development of more active agents. The structural re-
quirements required for NMDA receptor blockade have
been discussed by several groups [19-27]. In addition, a
range of structurally related compounds have been pro-
duced [28-34]. Halogen substitution onto the nucleus

of the kynurenate nucleus [42, 44]. The simplest product
was SC49648 1) [47], but the most effective is
MDL29,951 (12) [31, 41], an agent with an I of
140 nM against glycine binding. Oral bioavailability is
limited, however. Expansions of the 3-substituent led to
compounds such ak3[46] and 14 (GV150526A) [49].
For the structures of-14 seefigure 2

1.2.4. Other analogues

Although not directly related to kynurenic acid, ana-
logues based on the quinoxaline nucleus have less activ-
ity at the NMDA receptor but remain active at the kainate
and AMPA receptors [50-52]. Substitution produces a
1 000-fold increased activity at the NMDA/glycine site
relative to the AMPA receptors, as in ACEA10215].
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Figure 2. Structures of kynurenic acid analogues.

Heterocyclic substitutions into side chains [23J6) or
attached to a quinoxaline nucleus [35]7) are active,
while cyclisation of the 2- and 3- substituents has yielded
a range of compounds includirig (ZzD9379) [53].

Lipid solubility and blood—brain barrier penetration
have been enhanced [40, 54-56] by including more
complex lipophilic substituents in the 3-position of the
kynurenate nucleusl®; L701,324) [57] or indole ana-
logues [58-60]. The two compounds L701,324)(and
the sulphur-containing analogue L705,028)(have high
activity at the glycine site in vitro, and comparable
activity in vivo after either systemic or oral administra-
tion.

Changing the B ring of the kynurenate nucleus to a
substituted 5-membered rin@X and 22) [61, 62] or
replacing the nitrogenous ring by a seven-membered ring
has produced benzazepinedione compowiwith ac-
tivity at NMDA receptors. Compound23 displaces
strychnine-resistant glycine binding with an Cof
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Figure 3. Structures of kynurenic acid analogues.

30 nM and blocks amino acid receptors in vivo after
systemic administration of 6Q€g/kg i.v. [63]. In addi-
tion, this derivative protects against ischaemic brain
damage. The insertion of sulphur into the 4-position of
the kynurenate nucleus yields benzothiadazine-1,1-
dioxide structures such as RPR104632) (64]. For the
structures ofLl5-24 seefigure 3

1.2.5. Prodrugs

Limitations of blood—brain barrier permeability can be
circumvented partly by the use of prodrugs to deliver
kynurenic acid itself into the brain. The ester compound
25 penetrates the CNS more readily than kynurenic acid
itself, but is converted to kynurenic acid within the
brain [65]. Compoun®6 is hydrolysed within the CNS
to an active 4-amino analogue of kynurenic acid [66].
L-4-chloro-kynurenine is transported actively into the
brain and converted into the potent kynurenic acid
analogue, 7-chlorokynurenic acid. Similarly 4,6-dichloro-
kynurenine 27) is converted into 5,7-dichlorokynurenic
acid @) [67]. Rao et al. [47] developed a series of
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were both entered into Phase | and Il trials in 1996 and

the results should be available in the near future. Data on
the nosology and safety of GV150526 in 66 patients

indicate that this drug produces no significant nervous or
cardiovascular adverse effects up to doses of 800 mg/kg
with subsequent infusions to maintain potentially neuro-

protective levels [70].

1.3. Modulators of kynurenic acid concentrations

While the above paragraphs relate to compounds
derived from kynurenic acid and which have direct
antagonist activity at glutamate receptors, it may also be
possible to develop a therapeutic approach to the treat-
ment of neuronal hyperexcitability and ischaemic damage
by manipulating the kynurenine pathway. The feasability
of this approach was demonstrated by the development of
nicotinylalanine 28) as an inhibitor of kynureninase and
kynurenine hydroxylase [71-73figure 1. Inhibition of
kynurenine hydroxylase results in a decrease in the levels
of endogenous quinolinic acid and drives tryptophan
metabolism towards kynurenic acid. The change in the
balance of these, away from the excitotoxin and towards
the neuroprotectant, is predicted to have anticonvulsant
and neuroprotective properties in stroke and epilepsy [74,
75]. Nicotinylalanine was administered with L-kynu-
renine and probenecid and was shown both to increase
the brain content of kynurenic acid and to prevent
seizures. This study was the first to raise the possibility
that nicotinylalanine, or a related inhibitor of kynurenine
metabolism, might be of therapeutic interest in reducing
states of cerebral hyperexcitability, including excitotoxic
damage [76].

A number of alanine derivatives have now been syn-
thesised in an attempt to increase the potency and
selectivity of nicotinylalanine. L-kynurenine is metabo-

analogues which are active as amino acid antagonists lised primarily by hydroxylation in the brain and hydroly-

after systemic (i.p.) injection in rats. These and similar

sis in the peripheryMetanitrobenzoylalanine29) pref-

compounds penetrate easily into the brain where they are erentially inhibits kynurenine-3-hydroxylase with angjC

hydrolysed to the active substance SC49488. (For the
structures oR5-27 seefigure 4

1.2.6. Advantages of kynurenate analogues

of 900 nM, while ortho-methoxybenzoylalanine prefer-
entially inhibits kynureninase [77]Metanitrobenzoyl-
alanine is more potent at increasing kynurenine and
kynurenic acid levels in the brain, blood, liver and kidney.

The major advantage of the glycine site antagonists is Metanitrobenzoylalanine andortho-methoxybenzoyl-

that they do not exhibit the neurotoxic and psychological

alanine are able to increase the amount of kynurenic acid

side effects, such as neuronal vacuolisation and disturb- in the hippocampus in vivo, an effect which is associated
ing psychotomimetic effects, which have proven to be a with a decrease of locomotion and a suppression of

feature of the non-competitive NMDA channel blockers
such as dizocilpine [68] and selfotel [69]. Of the glycine

seizures in strains of mice sensitive to audiogenic sei-
zures [78]. The inhibition of kynurenine hydroxylase by

antagonists, kynurenic acid analogues penetrate the metanitrobenzoylalanine causes a decline of 3-hydroxy-

blood—brain barrier much more readily than most of the

kynurenine levels and an increase of kynurenic acid in the

qguinoxaline-based compounds. GV150526A and ZD9379 brain. In contrastortho-methoxybenzoylalanine prefer-
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entially inhibits kynureninase, leading to an increase of
brain 3-hydroxykynurenine without reducing the level of

brain 3-hydroxyanthranilic acid. The administration of

kynurenine hydroxylase inhibitors is, therefore, the most
rational way to simultaneously elevate brain levels of
kynurenic acid and decrease the amount of 3-hydroxy-
kynurenine and quinolinic acid in the brain [79].

PNU156561 80) (formerly known as FCE28833A) is
a systemically active inhibitor of kynurenine-3-hydroxy-
lase which is more potent thametanitrobenzoyl-
alanine [80] and is able to increase kynurenine and
kynurenic acid in the rat brain. By measuring the levels of
these compounds in microdialysates of rat hippocampus,
increases of 10- and 80-fold the resting levels, respec-
tively, were obtained after a single systemic injection,
with kynurenic acid remaining elevated for almost
24 h [80].

A series of N-(4-phenylthiazol-2-yl) benzenesulphon-
amides has been proven to exhibit potent inhibition of
kynurenine-3-hydroxylase, with one such compound,
R061-8048 81) having an I1G, of only 37 nM. It is also
active after oral administration in gerbils [81], raising
kynurenic acid levels in the extracellular fluid of gerbil
brain with an ER, of approximately 4imol/kg. Sys-
temic administration at the higher dose of 10@ol/kg
still raised brain kynurenic acid levels 7.5-fold. For the
structures oR8-31 seefigure 4

1.3.1. Modulators of quinolinic acid concentrations
The role of endogenous quinolinic acid in the brain
remains obscure and controversial, but there is increasing

evidence that glia can synthesise and release relatively

high concentrations of quinolinic acid after activation by
insults to the brain or inflammatory stimuli such as
bacterial infection. The increase of quinolinic acid could
produce or enhance the amount of neuronal damage
produced by the primary brain insult. The reduction of
quinolinic acid synthesis could, therefore, limit the
amount of brain damage. In addition to the enzyme
inhibitors described above, an alternative approach to
preventing the synthesis of quinolinic acid is to inhibit
3-hydroxyanthranilic acid 3,4-dioxygenase. 4-Halo-3-
hydroxyanthranilic acids can inhibit this enzyme and
reduce quinolinic acid formation [82—-85].

1.4. Therapeutic indications and trials of kynurenic acid
analogues

Many of the agents just described have now been
patented for the treatment of CNS disorders involving

useful in the prevention or slowing of neurodegenerative
disorders [52, 86-92]. There are several disorders in
which NMDA receptors have been implicated, including
the dementia associated with AIDS [93].

1.4.1. Cerebral ischaemia

Neuroprotection against brain damage due to ischaemia,
hypoxia or traumatic brain injury remains one of the
greatest challenges to neuropharmacology. Kynurenic acid
itself is able to protect against damage induced by transient
forebrain ischaemia [94] and a number of kynurenic acid
analogues have passed into clinical trials in some of these
disorders, especially stroke and head injury. These com-
pounds include the simple kynurenic acid analogue
L-695,902 B2, seefigure 4, and L-701,324 19) [62],
GV150526A (14)[49], RPR104632 2Z4)[61] and
ZD9379 (18) [36]. GV150526A (4) reduces neuronal
damage following focal cerebral ischaemia in rats [52],
producing a 78% reduction in neuronal loss after 30 mg/
kg p.o. A reduction of more than 50% of the damage was
still seen when the drug was administered 6 h after the
insult. GV150526A is one of only a few agents tested,
including dizocilpine and ACEA102116), able to confer
post-ischaemic protection. GV150526A entered Phase Il
clinical trials in April 1995. The Zeneca compound
ZD9379 (L8) has a half-life of 34 h in rats, a fact which
may contribute to its neuroprotective properties. About
50% protection was afforded 24 h after a dose of 10 mg/
kg, given 30 min after middle cerebral artery occlusion,
followed by a 4-h infusion, in rats[95]. Neither
GV150526A (4) nor ZD9379 (8) have induced neu-
ronal damage and vacuolisation [52].

1.4.2. Neurodegenerative disorders

Part of the cell loss in chronic neurodegenerative disor-
ders, including Parkinson’s disease, Alzheimer's disease
and Huntington’s disease may be due to increased activa-
tion of glutamate receptors. One of the neurodegenerative
disorders for which there is overwhelming evidence for an
involvement of quinolinic acid is that associated with
infection by the human immunodeficiency virus
(HIV) [93]. The neuro-inflammation which accompanies
CNS-AIDS results in a large increase in the level of
quinolinic acid in the brain [96, 97]. The resulting neuronal
damage gives rise to the AIDS-dementia syndrome which
afflicts over 20% of those affected by AIDS. In cases such
as these, kynurenic acid analogues with their predilection
for NMDA receptors are likely to prove effective, but the
strategy of limiting the production of the massively ele-

abnormalities in glutamate receptor function such as head vated amounts of quinolinic acid and simultaneously
injury, strokes, schizophrenia and epilepsy. Systemically increasing kynurenic acid levels by inhibition of the
active compounds are of special interest and may be kynurenine pathway enzymes is a promising alternative.



(10]
(11]

1.4.3. Schizophrenia

There is an increase in the density of glycine binding
sites in the post-mortem brains of schizophrenic pa-
tients [98-100], consistent with a reduction of
glutamatergic function resulting in a compensatory up-
regulation. There is also strong evidence for changes in
the number and subunit composition of glutamate recep-
tors. A role for glutamate dysfunction is supported by
studies of glutamate receptor function, glutamate release
and the beneficial effects of glycine-site agonists in some
cases [101, 102]. Glycine site antagonists are known to
prevent behavioural effects and changes of dopamine
metabolism induced by amphetamine in the nucleus
accumbens but not the striatum [103]. L701,3240)(
reduces amphetamine-induced hyperactivity in animals
but has no effect on normal locomotion and does not
induce catalepsy. This profile is similar to that of the
atypical antipsychotic drugs which reduce schizophrenic
symptoms without inducing extrapyramidal signs [57].
The glycine-site agonists may ameliorate schizophrenia
by down-regulating the receptors.

(12]
(13]
(14]
[15]
(16]
(17]

[18]
[19]
[20]
[21]
[22]
[23]
[24]

[25]
2. Summary
The discovery of kynurenic acid as a glutamate antago- 126]
nist almost 20 years ago, and the subsequent discovery of [27]
its potent activity at the strychnine-resistant glycine site [2g]
has led to a massive chemical and pharmacological
interest, leading to kynurenic acid analogues which both [29]
act directly at the NMDA/glycine site and are able to
disrupt the kynurenine pathway and alter the balance of [30]
endogenous kynurenines in the direction of reduced 3
neuronal excitability and neuroprotection. It is likely that,
with continued development, a selection of these will
soon be suitable for therapeutic intervention in preventing (321
or treating brain damage associated with AIDS dementia,
. : : [33]
neurodegenerative disorders and strokes, areas which at

present remain almost impossible to treat. [34]
[35]
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