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Abstract

The syntheses and transformations of 4-hydroxyquinoline-2-carboxylic acid,
kynurenic acid, are reviewed, and special attention is paid to the

pharmacological activities and pharmaceutical applications of its derivatives.



1. Introduction

4-Hydroxyquinoline- 2-carboxyxlic acid, aso known as Kkynurenic acid
(KYNA, Fig. 1), is an endogenous product of the tryptophan (TRP) metabolism, a
pathway (Fig. 2) known to be responsible for the production of nicotinamide
adenine dinucleotide (NAD*) and NAD phosphate (NADP*) [1,2]. In this pathway,
TRP is converted into various compounds, including L-kynurenine (L-KYN),
which can be metabolized in two separate ways, one branch furnishing KYNA,
and the other 3-hydroxykynurenine (3-OH-KYN) and quinolinic acid (QUIN), the

precursors of NAD [3,4].
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Fig. 1

Among the important features of KYNA is the fact that it is one of the few
known endogenous excitatory amino acid receptor blockers with a broad
spectrum of antagonistic properties in supraphysiological concentrations. One of
its recently confirmed sites of action is the - 7-nicotinic acetylcholine ( - 7-nACh)
receptor and, interestingly, a more recently identified one is a higher- affinity
positive modulatory binding site at the @ amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptor [5].
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Since KYNA is a TRP metabolite produced by astrocytes and neurons via
the KYN pathway in both humans and rodents [6-9], and since it is an
endogenous neuroprotective agent able to prevent neuronal loss following
excitotoxic, ischemia-induced and infectious neuronal injuries [10,11], there has
recently been increasing interest in the synthesis and pharmacological studies of
KYNA derivatives.

The primary aim of the present review is to survey the methods available
for the synthesis and transformations of KYNA derivatives. Additionally, the

pharmacological activities of these derivatives will be reviewed.



2. Syntheses and transformations of KYNA derivatives

2.1. Syntheses of KYNA derivatives

The general procedure for the synthesis of 4-hydroxyquinolinic acid
involves a modified Conrad- Limpach method, starting from the commercially
available substituted arylamines 1. The first step comprises enamine bond
formation through the use of dimethyl acetylenedicarboxylate (DMAD) or diethyl

acetylenedicarboxylate (DEAD), resulting in 2a-m (Scheme 1).
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Scheme 1. Reagents and conditions: i), ii) see Table 1; iii) NaOH, MeOH, H-O,

rt; then HCI (aq)

The intermediate fumarates 2a-m are then cyclized by using diphenyl
ether or Downtherm at high temperature, yielding methyl 4-hydroxy-2-
carboxylates (3a-e and 3i-m) or ethyl 4-hydroxy-2-carboxylates (3f-h),
respectively. The reaction conditions for the preparation of different substituted
4-hydroxyquinolinic acid derivatives are listed in Table 1. For 3a- m, the enol-oxo
tautomerism is possible. This equilibrium is shifted in favor of the oxo form when
C-2 contains an ester function (3a-m), while the presence of a carboxylic group
at C-2 (4a- m) favors the enol form (Scheme 1).

For the transformations of the 4-hydroxy-quinoline derivatives, the free
acids (KYNA derivatives) are needed. Hydrolysis of the esters is generally
performed in methanolic alkaline medium followed by acidification with HCI

(Scheme 1).



Table 1. Reagents and conditions for the synthesis of KYNA derivatives 3a-m

Compoun

ds X Y
3a H H
3b 6-F H
3c 7-OMe H
3d 6,7 -OCH .0
3e 5,7—di-Cl
3f 5,7—di-Cl
39 5,7—di-Br
3h 5,7—di- |
3i 7-Cl H
3] 7-OBn H
3k 6-OBn H
3l 6-NO- H

Reaction conditions

R i i References
1-2 2 -3
diphenyl
DMAD ether,
Me MeOH, 55 reflux or [12,13]
°C Downtherm,
240 °C
DMAD, diphenyl
Me MeOH, 55 ether, [14-16]
°C reflux
DMAD, diphenyl
Me MeOH, 55 ether, [14]
°C reflux
DMAD, diphenyl
Me MeOH, 55 ether, [14]
°C reflux
DMAD, diphenyl
Me MeOH, 55 ether, [17]
°C reflux
DEAD, diphenyl
Et MeOH, 55 ether, [18]
°C reflux
DEAD, diphenyl
Et MeOH, 55 ether, [18]
°C reflux
DEAD, diphenyl
Et MeOH, 55 ether, [18]
°C reflux
DMAD, diphenyl
Me MeOH, 55 ether, [19]
°C reflux
DMAD
! Downtherm,
Me MeOH, 240 °C [12,13]
reflux
DMAD
’ Downtherm,
Me MeOH, 240 °C [12,13]
reflux
DMAD
’ Downtherm,
Me MeOH, 240 °C [12,13]
reflux



DMAD,
3m 6,7 -NH-COO- Me MeOH,
reflux

Downtherm,

240 °C [12.13]




2.2. Transformations of KYNA derivatives

The transformations of KYNA derivatives can be achieved in different
ways: transformation of the synthetically active 4-OH group, and conversion of
the 2-carboxylic function to the pharmacologically interesting ester or amide

derivatives of KYNA.

2.2.1. Transformations of the hydroxy group at position 4

The 4-OH group can be chlorinated by refluxing the starting materials 3a
and 3b in POCI; for some hours [14], resulting in 5 and 6. A new approach in
this area is the use of P,Os/BusNBr as brominating agent, furnishing 7 (Scheme
2) [20].

The reactions of 3a and 3i with benzyl bromide (BnBr) in basic medium
(K.CO3), followed by hydrolysis of the ester moiety with NaOH, led to O-
protected acid derivatives 8 [21,22] and 9 [19], respectively. When ethyl
bromide was applied under similar reaction conditions, the OH group in 3b-3d
was transformed to an OEt group (10-12, Scheme 2) [14].

On the use of methyl bromoacetate in the presence of NaH in DMF, an
ether moiety containing an additional ester function was incorporated at C-4 to

yield 13, hydrolysis of which led to dicarboxylic acid 14 (Scheme 2) [17].



Y Y
\\ X \\ A X
| iorii | v
= Z - _— > > _
z N COR z N COR 3 a N coMe
Y=,7=H,R=Me: 3a 13
X=Cl, Y=2=H, R=Me: 5 Y=6-F, Z=H, R=Me: 3b
v - Y=H,Z=OMg R=Me 3c
X=Cl, Y=6-F, Z=H, R=Me: 6 v oA Lo REMe |
X=Br, Y=2=H, R=H: 7 ,2=6,7-OCH,0, R=Me: 3d
' ' Y=5-Cl, Z=Cl, R=Me: 3e
=H, Z=Cl, R=Me: 3i Vi
] Y=,Z=H, R=H: 4a
GBn v N
Y ca o COH
NN OEt
I\ Y X
= ~
‘ N CoH |\\ D a N/ COH
Y=,Z=H: 8 Pz =z
Y=H,z=Cl: 9 z N~ COR

Y=6-F, Z=H, R=Me 10
Y=H, Z=OMe, R=Me: 11
Y,Z=6,7-0CH,0, R=Me 12

Scheme 2. Reagents and conditions: i) POCI g, reflux, 4 h; ii) P,Os/BusNBr, 100
°C, toluene; iii) BnBr, K,COj3;, DMF then NaOH, H,O, MeOH; iv) K.COg3, EtBr,

DMF; v) methyl bromoacetate, NaH, DMF; vi) 1.0 M LiOH, MeOH

A series of KYNA derivatives bearing an amide moiety at C-4 (21-23) have
been prepared through transformation of the OH group to NH ; by refluxing 3f-h
with chlorosulfonyl isocyanate, followed by the coupling of 15-17 with
diphenylcarbamoyl chloride in the presence of NaH. The hydrolysis of 18-20
10% NaOH and then HCI (aq) led to the desired substituted KYNA derivatives
21- 23 (Scheme 2) [18].

27, the nitrogen- bridged analog of 14, was prepared via the reaction of 3e
with p-tolylsulfonyl isocyanate, which resulted in 24. Substitution of 24 with
methyl bromoacetate and subsequent hydrolysis of the dimethyl ester gave the
desired dicarboxylic acid 27 [17,23,24].

The heating of 24 with Mel in the presence of Na.CO; yielded methyl 4-

methylamino- 5,7-dichloroquinoline- 2-carboxylate (25, Scheme 3) [23,25].
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Scheme 3. Reagents and conditions: i) chlorosulfonyl isocyanate, , MeCN; ii)
diphenylcarbamoyl chloride, NaH, 0 °C, DMF; iii) 10% NaOH (aq) then HCI (aq);
iv) p-tolylsulfonyl isocyanate, , MeCN; v) methyl bromoacetate, NaH, DMF; vi)

90% H,S04, 0 °C; vii) Mel, Na,.COs, reflux, MeCN

2.2.2. Transformations of the ester/carboxylic function at position 2

KYNA derivatives are potent NMDA receptor antagonists, but they exert
only weak activity after systemic administration. In order to overcome the blood-
brain barrier (BBB), new esters that are actively transported across the BBB
have been prepared by chemical conjugation with essential nutrients such as
ascorbic acid (AA), glucose and galactose.

Esterification with AA is carried out by a general coupling procedure
involving a protected precursor, the 2,3-diBn derivative of AA, in the presence of
N,N’ -dicyclohexylcarbodiimide (DCC), leading to 28 (Scheme 4). Since BrAA is
endowed with better SVCT2 affinity than that of AA, BrAA derivatives of KYNA
were prepared as second- generation compounds. The coupling between BrAA
and 8 in the presence of DCC resulted in 30 (Scheme 4). The 6-O-ascorbates 28
and 30 were then deprotected by hydrogenolysis, affording the desired KYNA

esters 29 and 31 (Scheme 4) [21,22].
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Scheme 4. Reagents and conditions: i) DMAP, DCC, CH,Cl,or CH,CI,/DMF; ii)

TFA, CH.Cl, then H,, C/Pd 10%, MeOH

Esterification of 9 with 1,2:4,5-di-O-isopropylidene- - D-glucofuranose,

1,2:3,4-di-O-isopropylidene- - D-galactopyranose and 1,2, 3,4-0-

tetramethylcarbonate- D-glucopyranose, in the presence of 1,1 -

carbonyldiimidazole (CDI) furnished 32, 34 and 36 (Scheme 5). The Bn group
was cleaved off by hydrogenolysis and the protecting groups of the resultant

esters were removed with trifluoroacetic acid (TFA) in CH,Cl,to yield 33, 35 and

37 [19].
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Scheme 5. Reagents and conditions: i) CDI, CH,Cl,, DMF; ii) TFA, CHCl, then

H,, C/Pd 10%, MeOH

The free carboxylic function at C-2 in KYNA derivatives provides a new
synthetic possibility: transformation to amide derivatives by using the
corresponding amines. The strategy of choosing amines follows that for ester
formation, e.g. by using different “natural-like” amines, the BBB can be
overcome.

The amidation of KYNA (4a) with glucosamine (GLUC) in the presence of
1-hydroxybenzotriazole (1-HOBT) and DCC led to the formation of 38 (Scheme
6) [26].

As iminosugars are known to be inhibitors of many carbohydrate-

processing enzymes and to exhibit various biological activities, a series of



iminosugar core structures were constructed and (without any purification) were
screened directly against tumor cell lines. Among these compounds, 39 and 40,
were synthetized and tested as new KYNA derivatives (Scheme 6) [27].

When N-glycyl- - glycopyranosylamine was reacted with 4a in the presence
of DCC and N-hydroxysuccinimide in DMSO, 41 (Scheme 6) was isolated [28].

A further extension of this type of amidation of KYNA involves the use of
iminocyclitol as amine component. The coupling reaction is performed with DCC

in the presence of 1-HOBT, furnishing 42 (Scheme 6) [29].
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Scheme 6. Reagents and conditions: i) DCC, 1-HOBT, DMF; ii) HBTU, DIEA,

DMF; iii) DCC, N-hydroxysuccinimide, DMSO

On the other hand, 4a provided a new strategy via which to synthetize new
asymmetric monohydroxyethylene (43 and 45) or symmetric (44 and 46)
peptidomimetics as potential HIV-1 [30] and C. albicans aspartic [31] protease

inhibitors (Scheme 7).

-12-
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Scheme 7. Reagents and conditions: i) DCC, 1-HOBT, DMF

The syntheses of some new amides of KYNA were recently reported. The
intensified interest in these types of compounds is demonstrated by the number
of patents that have appeared in this field. New KYNA amides containing a
substituted piperidine amide moiety at C-2 (47-57) have been prepared through
coupling of the corresponding KYNA derivatives with the amines, O-
(benzotriazol- 1-yl)-N,N,N",N" -tetramethyluronium hexafluorophosphate (HBTU)
serving as coupling agent [12,13].

A new series of KYNA amides bearing a substituted piperazine moiety
following the double amide function (58, Scheme 8) were succesfully synthetized
in DMF in the presence of 1-HOBT and 3-dimethylaminopropyl- 3-
ethylcarbodiimide (EDCI) [32]. 60, a 4-substituted analog of 58, was obtained in
two different pathways: transformation of the OH group of KYNA derivatives to
OR® by the standard Williamson synthesis, followed by coupling with the
corresponding amines, or application of the Williamson synthesis to amide 58,

leading to 60 (Scheme 8) [32].
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Another subgroup of KYNA amides bearing a water-soluble side-chain in

the amide moiety have been synthetized and studied by the present authors

[33,34].
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Scheme 8. Reagents and conditions: i) H,, 10% Pd/C, MeOH, rt; ii) Ac,0O, reflux;
iiil) NaOH, MeOH, H:O, rt, then HCI; iv) 1-HOBT, EDCI; DMF; v) HBTU, Et;N,

DMF; vi) RéX, Cs,CO3;, DMF

In order to obtain the carbonylaminotetrazole derivative 62, an activated

2,4,6-trichlorophenyl ester (61) was first isolated, which was then reacted with

5-aminotetrazole to yield 62 (Scheme 9) [14].

OEt OEt
E
OFt F A a A
F i, ii, iii = 0 iv = H N
N = N —_— N N\(/ N
= 7 N
(0] (0] HN
N COMe cl a N
10 61 62

Scheme 9. Reagents and conditions: i) NaOH/MeOH, reflux, 2h; ii) SOCI,, rt,
overnight; iii) 2,4,6-trichlorophenol, pyridine, toluene, 3h; iv) aminotetrazole

monohydrate, EtsN, acetone, reflux
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The preparation and transformation of a hydrazide-type moiety in the side-
chain led to new KYNA derivatives. When KYNA methyl esters 3b, 6, 10-12
were treated with guanidine in DMF, 63-66 were formed (Scheme 10) [14].

Following the reaction of 6-F-KYNA methyl ester (3b) with semicarbazide,
67 (Scheme 10) was isolated [14].

Hydrazide derivatives 68 and 69 were prepared from 3b and 10 by
treatment with hydrazine hydrate, and were subsequently guanylated with 1H-

pyrazole- 1-carboxamide to give 70 and 71 (Scheme 10) [14,15].
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o X=F, Y=H, R=Cl: 6
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H, s ROR: X=H, Y=OMe, R=OF: 11
75 OCH,O-, REORL: 66 ¥.z=.0CH,0-, R=OFT 12

iii
3b10\\ R
F F
A NH HCl v N
AN N — PR
N N NH; N NH,

=0H: 70 R=0OH:
71 R=OFt:

880

Scheme 10. Reagents and conditions: i) guanidine, DMF, rt, then EtOH/HCI or
HCI ag. (10%); ii) semicarbazide, DMF/dioxane; iii) NH,NH,, 1.5 H,0, reflux, 2 h;

iv) 1H-pyrazole- 1-carboxamide hydrochloride, DMF, 100 °C, 3 h

The ring closure of 68 with triphosgene led to 8-fluoro-4-hydroxy-1H-
[1,2,4]triazino[4,5- aJquinoline- 1,6(2H)-dione (72) [15]. Alkylation of 72 with 2
equivalents of K,CO; and ethyl bromoacetate resulted in double alkylation
(Scheme 11, 73) without any trace of monoalkylated compound.

In contrast, a Michael addition with methyl acrylate in the presence of
EtsN led to the selective introduction of a methyl propanoate group onto N-2

(Scheme 11, 74) [15].
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Regioselective alkylation on N-2 occurred upon reaction with Etl in the
presence of NaH as base (Scheme 11, 75) [15].

As a further transformation, [1,2,4]triazino compound 72, was chlorinated
with POCI ;, yielding 76. In order to ascertain the position of the Cl substituent,
76 was subsequently reduced by catalytic hydrogenation under pressure,

leading to 77 (Scheme 11) [15].

o
F XN i F
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|\COZEt | K/COZMe
73 N
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iv v
o a
F . Q . F X
Nl OH o N OH
| N I )\ N
AN g
o oy oy
7 76 m

Scheme 11. Reagents and conditions: i) triphosgene, Py, CHCl;; ii) ethyl
bromoacetate, K,CO3;, DMF, 50 °C; iii) methyl acrylate, EtsN, DMF, 100 °C; iv)

Etl, NaH, DMF; v) POCI 3, reflux; vi) Pd-C (10%), H,, DMF
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3. Pharmacological activities of KYNA derivatives

It is well known that KYNA has neuroactive properties (reviewed in
[3,5,9]). It is synthesized from L-KYN in reactions mediated by mitochondrial
aspartate aminotransferase [35] and kynurenine aminotransferases (KATSs): KAT-
I, KAT-1l [36-38] and KAT-IIl [39] in astrocytes, glial cells [40] and neurons [41].
The largest amount of KYNA is produced by KAT Il in the rat [36]. Less
information is available concerning the role of KYNA in the periphery than in the
central nervous system (CNS). Recent data indicate that major amounts of
serum KYNA are produced and liberated from the vascular endothelium [42,43].

KYNA displays a broad spectrum of antagonistic properties. In the human
cerebrospinal fluid (CSF), the concentration of KYNA is in the nanomolar range
[44]. It can act competitively, primarily at the strychnine-insensitive glycine-
binding site of the NMDA receptors [45-47]. At higher concentration, it can
competitively inhibit the AMPA and kainate receptors, too [45,46,48,49].
Interestingly, Prescott et al. [50] reported that KYNA in nanomolar to
micromolar concentrations is able to facilitate the AMPA receptor responses.
However, the concentration ranges are controversial, because it was recently
demonstrated that KYNA in micromolar concentrations still has a
neuroinhibitory effect, whereas in nanomolar concentrations it behaves as a
facilitator [1]. Moreover, KYNA non-competitively blocks the - 7-nACh receptors
[51], activation of which at the presynaptic site takes part in the regulation of
glutamate release [52], and hence in both glutamatergic and cholinergic
neurotransmission. Furthermore, in nanomolar concentrations, acting on - 7-

NACh receptors, it can reduce the extracellular level of dopamine in the rat

-17-



striatum. This fact suggests that even modest increases in the brain KYNA level
can contribute to modulation of the dopaminergic transmission [53].

GPR35, which is a G-protein-coupled receptor in immune and
gastrointestinal tissues, was also found to be selectively activated by KYNA, but
not by other kynurenines [54].

In view of its pharmacological properties, an increase of the level of KYNA
in the CNS seems to be a potential therapeutic strategy. However, KYNA can
cross the BBB only poorly [55], whereas L-KYN is transported across much more
easily by a neutral amino acid carrier [55]. This is often utilized in animal
models, where L-KYN is administered in monotherapy or in combination with
probenecid to elevate the KYNA concentration in the CNS.

However, an excessive elevation of the KYNA level could have adverse
effects. The intracerebroventricular injection of KYNA to rats resulted in
reduced exploratory activity, ataxia, stereotypy, sleeping and respiratory
depression (mainly in higher doses), while there was only a slight effect on the
learning ability [56]. The precursor L-KYN did not exert any marked effect when
applied in equimolar doses. KYNA has been shown to be an anxiolytic compound
[57], while L-KYN is anxiogenic [58].

In consequence of its elevated CNS level, KYNA behaves as an endogenous
neuroprotective agent and it is able to prevent neuronal loss following
excitotoxic, ischemia-induced, and infectious neuronal injuries [10,11,59]. The
changed level of KYNA in the CNS correlates with several disorders

(summarized in Table 2).

KYNA and its derivatives under pathological conditions
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Many reviews have been published on the relationships between oxidative
stress, free radicals, neurological diseases and the metabolites of the kynurenine
pathway [60,61]. Stone [23] has also surveyed the therapeutic potential of the

neuroactive kynurenines and their analogs. Thus, the aim of this chapter is to

give a concise overview of the pharmacological

KYNA,

concentrating mainly on

the CNS, and to consider

activity of the base molecule

the possible

therapeutic significance of the novel KYNA derivatives in the past decade.

Table 2. KYNA concentrations under pathological conditions

Disorders Possible changes in level of KYNA Referenc
es
Ischemia No alteration in KYNA level or KAT activities [11]
Alzheimer’s A slightly elevated KYNA concentration in the [62]
disease putamen, caudate nucleus and hippocampus in
post- mortem brains
Parkinson’s Lowered KYNA concentrations in the frontal [63]
disease cortex, putamen and substantia nigra pars
compacta
Huntington’s A KYNA level deficiency and decreased activities [64,65]
disease of KAT-l1 and KAT-II in the striatum
An imbalance between the levels of neuroactive [66]
kynurenines in the striatum in different stages of
this disease
Multiple A lower KYNA level in the CSF in patients with [67]
sclerosis stable relapsing- remitting multiple sclerosis
An increased KYNA content during relapse of the [68]
disease
Epilepsy A decreased KYNA level in the CSF of subjects [69]

with West syndrome
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No correlation between the development of [70]
complex partial seizures and the CSF KYNA

concentration

Schizophrenia  An elevated KYNA level in the prefrontal cortex [71]
An increased concentration of KYNA in the CSF [72]

Diabetes Elevated KYNA levels in senile nuclear human [73l

mellitus cataracts

Ischemia

The excitotoxicity caused by overexcitation of the glutamate receptors is
known to play an important role in brain ischemia [74]. It was recently
demonstrated that KYN pretreatment preserves the hippocampal pyramidal cells
in the CA1 area after global ischemia in gerbils and reduces the focal infarction
in mice [10]. In very high doses (400-1800 mg/kg b.w.), KYNA can cross the BBB
and induce an increase in the KYNA level of the CNS. This increased
concentration exerts a neuroprotective effect after bilateral carotid occlusion in
transient forebrain ischemia in gerbils [75]. Peripherally administered L-KYN,
which causes an increased KYNA level in the brain, increases the normal and the
unilateral carotid artery occlusion-induced ischemic corticocerebral blood flow
in conscious rabbits [76]. It has been reported that L-KYN administration can
mitigate the delayed cortical neuronal damage in an animal model of transient
global ischemia [77]. In the four-vessel occlusion model in the rat, combined
treatment with L-KYN and probenecid proved able to rescue the Schaffer
collateral- CA1 synapses from impaired long term potentiation induction after

transient global ischemia [78]. Taken together, these findings suggest that an
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increased concentration of KYNA has an important modulating role in the

neuronal cell damage after ischemic conditions.

Neurodegenerative disorders (Alzheimer's disease, Parkinson’s disease,

Huntington's disease and multiple sclerosis)

The ratio TRP/L-KYN in the plasma is elevated in Alzheimer’s disease [79],
as an indication of the importance of the kynurenine pathway in this disorder.
An increased KYNA level has been demonstrated in the putamen and caudate
nucleus of Alzheimer’s disease patients, accompanied by significant increases in
KAT | activity in both nuclei [62].

The ratio TRP/L-KYN is decreased in both the serum and the CSF of
patients with Parkinson’s disease as compared with normal controls [80].
Lowered KYNA concentrations have been measured in the frontal cortex,
putamen and substantia nigra pars compacta of such patients [63]. The bilateral
injection of 5,7-di-CI-KYNA (4f) into the rostral striatum inhibited the
haloperidol-induced muscle rigidity in the model of parkinsonian-like muscle
rigidity in the rat [81].

A decreased KYNA level and a reduced activity of KAT have been found in
the striatum of Huntington’s disease patients [64,65]; these alterations are
suggested to be related to the development of the condition. An imbalance of
this disease has also been demonstrated between the levels of neuroactive
kynurenines in the striatum in the different stages [66], with a slight striatal
KYNA elevation in the early stages and a decreased or normal concentration in
the advanced stages. The ratio TRP/L-KYN is lower in subjects with Huntington’'s
disease than in healthy controls. The higher levels of L-KYN in such patients do

not result in any differences in KYNA levels in an advanced stage, providing no
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evidence of endogenous neuroprotective compensation by KYNA [82].
Intrastriatal injections of QUIN cause significantly larger lesions in mice with a
targeted deletion of KAT Il than in wild-type animals, which indicates that KYNA
controls the vulnerability of the striatal neurons to QUIN [83]. These data
demonstrate abnormalities in the kynurenine pathway which may play a role in
the pathomechanism of Huntington’'s disease.

Lower KYNA levels have been found in the CSF in patients with stable
relapsing- remitting multiple sclerosis as compared with healthy controls [67].
Recent findings indicate an increased KYNA content during the relapse of the
disease [68], when immune cells are presumed to be abundant in the CNS,
catabolizing TRP to produce L-KYN metabolites. In the periphery, the
erythrocytes of multiple sclerosis patients display increased levels of KAT | and
Il [84], suggesting the presence of general activation mechanisms in the disease
affecting the CNS. However, stable multiple sclerosis patients did not exhibit
significant changes in the plasma KYNA concentration during 24 h of monitoring

[85].

Epilepsy

Combined L-KYN and probenecid administration, which elevates the CNS
KYNA level, attenuates pentylenetetrazole-induced seizures in the rat brain
[86,87]. In WAG/RIij rats, which are a genetic model of absence epilepsy, the
KYNA levels are significantly lower in the frontal lobe [88], suggesting its
involvement in the higher excitability. Scharfman et al. [89] showed that,
following the bath-application of L-KYN, de novo synthetized KYNA is much
more effective than normally-synthetized KYNA against low extracellular

magnesium- induced spontaneous epileptiform activity. In vitro studies have
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indicated that many antiepileptic drugs enhance KYNA production in rat cortical
slices, pointing to an alternative target of such medication [90].

Magnesium- induced seizures were successfully attenuated by 7-CI-KYNA
(4i) applied in vitro to hippocampal and entorhinal cortical slices [91]. In
pilocarpine-induced epilepsy, an enhanced 7-CI-KYNA concentration and a
higher extracellular KYNA level were detected by an in vivo microdialysis
technique. Furthermore, in vitro studies (tissue slices) have revealed an
enhanced synthesis of both KYNA and 7-CI-KYNA (4i) in the same area. This may
suggest that the brain can synthesize the NMDA receptor antagonist under
pathological conditions [92]. Battaglia et al. [93] reported that D-glucose or D-
galactose esters of 7-CI-KYNA (33,35 and 37) readily cross the BBB and are
converted to 7-CI-KYNA or KYNA by astrocytes and neurons in the brain. These
data indicate that the glucose- conjugate may have a role in transporting drugs
across the BBB. At the same dose, glucose-conjugated esters exhibited
neuroprotective effects against NMDA toxicity and epileptic seizures.

In an in vitro study, mice were pretreated with 7-CI-KYNA (4i) or one of its
esters (33,35 and 37) before NMDA injection. The NMDA-induced seizures were
not mitigated in the animals injected with 7-CI-KYNA (4i) and ester 35. It was
hypothesized that 35 could not penetrate successfully through the BBB. Esters
33 and 37, in the same dose, did attenuate NMDA-induced seizures in mice [19].
Both in vivo and in vitro experiments suggest that 37 may be of potential in the
therapy of epilepsy.

Systemic administration of a newly synthetized compound, GLUC-KYNA
(38), which readily penetrates the BBB, leads to an increased KYNA
concentration in the CNS [94]. Intracerebroventricularly administered GLUC-

KYNA (38) induces the same behavioral effects in rats as those of KYNA [26]. In
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electrophysiological experiments, intravenously injected GLUC-KYNA (38)
decreased the amplitudes of the barrel field potentials evoked by contralateral
whisker pad stimulation. GLUC-KYNA (38) in a lower dose significantly
decreased the amplitude of the cortical responses relative to those of KYNA
(given intravenously in the same dose;) [26]. In in vivo experiments, systemically
administered GLUC-KYNA (38), but not pure KYNA, mitigated the evoked
activity in the hippocampal CA1l area [94].

Administration of 5,7-di-CI-KYNA (4f) into the hilus of the gyrus dentate
prevented both the behavioral and the electrographic manifestations of status
epilepticus [95]. In animal experiments 5,7-di-CI-KYNA (4f) suppressed both
glutamate- and glycine-induced seizures [96]. When the neuroprotective effects
of 4-trans -2-carboxy- 5,7-dichloro- 4-phenylaminocarbonylamino- 1,2,3,4-
tetrahydroquinoline (L-689,560), 5,7-di-CI-KYNA (4f) and 7-CI-KYNA (4i) were
tested on a primary culture of rat cortical neurons, all afforded protection
against glutamate-induced excitotoxicity [97].

Recent findings demonstrated that 9 of 12 4-urea-5,7-di-Cl-KYNA
derivatives tested exerted anticonvulsant activity in mice in maximal
electroshock, subcutaneous pentylenetetrazole and threshold tonic extension
tests [25]. The methyl ester of diphenylureido-di-CI-KYNA appeared to be
protective against audiogenic seizures in DBA/2 mice [18].

While epilepsy seems to be the most widely examined pathological
condition in relation to kynurenine pathway, several derivatives of KYNA have
been tested in experimental models in the last decade, too, giving the possibility

of studying the structure- activity relationship (Table 3).
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Table 3. The pharmacological activity of the systemically administered KYNA

derivatives in the experimental models of epilepsy

Derivatives Pharmacological activity Referenc
es
;“5 The NMDA-induced seizures were not mitigated.
33 The NMDA-induced seizures were attenuated [19]
37
(probably due to better BBB penetration).
38 A greater decrease in the amplitude of the
[26]
cortical responses relative to KYNA.
38 Mitigated the evoked activity in the hippocampal
[94]
CA1 area (but not KYNA).
Migraine

Migraine has a complex pathophysiology in which both central and
peripheral components of the trigeminal pain pathway probably play significant
parts. The role of glutamate is strongly indicated at different sites of migraine
pathogenesis [98]. In one animal model of trigeminovascular activation after
electrical stimulation of the Gasserian ganglion, decreased KAT expression was
observed among the dural Schwann cells [99]. In combination with probenecid,
L-KYN is able to reduce c-fos activation in the caudal trigeminal nucleus in the
above model [100]. The periaqueductal grey cell activity involved in nociception
can also be altered by the administration of KYNA [101]. These findings suggest
that kynurenines can influence the brain stem structures involved in the
pathogenesis of migraine.

In one migraine model, SZR72, is a novel synthetic KYNA analog,
significantly attenuated the nitroglycerine-induced increase in the number of c-

fos-immunoreactive neurons in the caudal trigeminal nucleus in the rat [33].
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Such findings suggest the influence of the kynurenine pathway on a wide range

of neurons involved in the process.

Pain

It has been reported that NMDA receptors play an important part in spinal
nociceptive transmission [102-104]. The peripheral role of the metabolites of the
kynurenine pathway in pain processing was postulated by Simone et al. [105].
lontophoric administration of KYNA to the spinal cord reduces the nociceptor
response of the spinal cord neurons after cutaneous and muscular noxious

stimulation [106].

Microinjections of KYNA or 7-CI-KYNA (4i) significantly inhibit the
acquisition of formalin-induced conditioned place avoidance (CPA) without
reducing electric foot-shock CPA and acute formalin-induced nociceptive
behavior in rats [107,108]. In vitro electrophysiological examinations
demonstrated that NMDA-evoked currents, but not formalin-induced nociceptive
behavior, were successfully inhibited by 7-CI-KYNA (4i) in rostral anterior

cingulate cortex slices [108].

Animal investigations suggest that 5,7-di-CI-KYNA (4f) can inhibit
intraplantar formalin-induced nocifensive behavior and tissue injury in a dose-
dependent manner without any side-effects [109]. At a dose of 46.4 mg/kg
bodyweight (i.p.), it reduced the pain score by approximately 88% as compared
with the control group. It also inhibited tactile allodynia in a neuropathic pain

model in the rat.

Diphenylureido- di-CI-KYNA (21) was synthetized with a view to achieving a

combination of the effects of carbamazepine and KYNA. Diphenylureido- di-Cl-
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KYNA (21) and its derivatives (22 and 23), which easily cross the BBB, inhibit
both- NMDA channels at the strychnine-insensitive glycine binding site and
sodium channels. Diphenylureido-di-CI-KYNA (21) and its methyl ester
diminished glutamate-induced excitotoxic cell death in primary cultures of
cerebellar granule cells. The ethyl ester of diphenylureido-di-CI-KYNA (21)
attenuated tactile and thermal hyperalgesia in animals following spinal nerve
ligation, and in C57BL/6 mice exerted an anxiolytic effect in the elevated- plus
maze test [18]. Taken together, these observations point to the involvement of

metabolites of the kynurenine pathway at various sites of nociception.

Schizophrenia

An elevated KYNA level has been detected in the prefrontal cortex of
schizophrenic patients [71], and the concentration of KYNA has also been found
to be increased in the CSF of such patients [72]. The enhanced brain KYNA level
gives rise to electrophysiological effects [110-112], similarly as observed after
NMDA receptor administration [113]. These findings are in good accordance
with the glutamatergic hypofunction seen in schizophrenia [114], which can
manifest in an elevated firing activity of midbrain dopaminergic neurons via
inhibition of the tonic GABAergic input, which normally dampens the neuronal
activity [111].

The neurobiological background of the sensory gating deficits in
schizophrenia is not fully understood. An elevated KYNA level in rats has been
reported to be associated with an altered responsiveness to auditory stimuli,

caused by an interaction with the - 7-nACh receptor [115].
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Retinal damage

KYNA and KAT activities have been observed in mammalian eyes [116]. In
the retina of DBA/2J mice, the impairment of KYNA biosynthesis that is
demonstrated may be one of the mechanisms of retinal degeneration related to
ocular hypertension [117]. A dysfunction of the glutamatergic system has been
described in various pathological conditions in the retina, e.g. retinal damage
such as glaucoma [118] and optic neuropathy [119]. Interestingly, KYNA level
changes have been observed in both the rat and the chicken retina during

ontogeny [120].

In vivo experimental data have revealed that 5,7-di-CI-KYNA (4f) inhibits
NMDA-induced cell loss in the retinal ganglion cells, thinning of the inner
plexiform layer, and the occurrence of DNA fragmentation revealed by terminal
deoxynucleotidyl transferase- mediated dUTP nick end-labeling (TUNEL). These
findings suggest that glycine site stimulation by endogenous ligands is

obligatory for NMDA-induced retinal damage [121].

Diabetes mellitus

Changed levels of kynurenines may play an important role in diabetic
cataract [122]. Kynurenines and their glycoside derivatives in the ocular lens
absorb ultraviolet radiation and thereby possibly help protect the retina from
ultraviolet light. Elevated KYNA levels have been reported in senile nuclear
human cataracts and in cataractous lenses of rats with experimentally induced

diabetes [73].

In rats with diabetes mellitus of type Il, the glucose concentrations have

been measured in the plasma. Variation of the different groups at position 4 (5,
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6, 10-12), did not cause an increase in the hypoglycemic activity [14]. A
carbonylguanidine group at position 2 (66) enhanced hypoglycemic activity as

compared with one of position 3 [14].

Hypertension

The rostral ventrolateral medulla plays an important role in regulation of
the arterial blood pressure. Injection of KYNA into this organ in spontaneously
hypertensive rats decreased the mean arterial pressure, whereas this effect was

not observed in Wistar- Kyoto rats [123].

3. Conclusions and outlook

The evidence indicates that KYNA and its derivatives play crucial roles in

maintaining the normal brain function.

Animal studies have demonstrated that elevated levels of KYNA or KYNA
derivatives in the brain may reduce the overactivation of excitatory amino acid
receptors and thereby modify or arrest the progression of various disorders. In
view of structure-activity relationship, there are only few available data
reflecting the advances in systematic drug design in the past decade. While the
earlier attempts mainly focused on enhancing the potency (e.g. substitution with
halogen atoms), the recent activities particularly deal with the conversion of the
2-carboxylic function to the pharmacologically interesting derivatives of KYNA.
This can offer a novel therapeutic opportunity, and the development of these

powerful new compounds promises to be the key to brain neuroprotection.
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