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Abstract

The synthesis of NAD (or NADP) from tryptophan involves a series of enzymes and the formation of a number of intermediates which
are collectively called ‘kynurenines.’ In the late 1970s and early 1980s, it became clear that intraventricular administration of several
“kynurenines' could cause convulsions and that one of the ‘ kynurenines,’” quinolinic acid, was an agonist of a sub-population of NMDA
receptors and caused excitotoxic neuronal death. A related metabolite, kynurenic acid, could, on the other hand, reduce excitotoxin-in-
duced neuronal death by antagonising ionotropic glutamate receptors. Since then, modificationsin quinolinic and kynurenic acid synthesis
have been proposed as a pathogenetic mechanism in Huntington’s chorea and epilepsy. It was subsequently shown that a robust activation
of the kynurenine pathway and a large accumulation of quinolinic acid in the central nervous system occurred in several inflammatory
neurological disorders. More recently, it has been shown that 30H-kynurenine or 30H-anthranilic acid, two other kynurenine metabolites,
may cause either apoptotic or necrotic neuronal death in cultures and that inhibitors of kynurenine hydroxylase may reduce neuronal death
inin vitro and in vivo models of brain ischaemia or excitotoxicity. Finally, it has been reported that indole metabolites, indirectly linked
to the kynurenine pathway, are able to modify neuronal function and animal behaviour by interacting with voltage-dependent Na™*
channels. Oxindole, one of these metabolites, has sedative and anticonvulsant properties and accumulates in the blood and brain when
liver function is impaired. In conclusion, a number of metabolites affecting brain function originate from tryptophan metabolism.
Selective inhibitors of their forming enzymes may be useful to understand their role in physiology or as therapeutic agents in pathology.
© 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction is another widely studied neuroactive tryptophan metabo-
lite formed along the kynurenine pathway. It is present in
the mammalian brain and is able to antagonise the excita-
tory amino acid receptors (Perkins and Stone, 1982b;
Foster et a., 1983; Moroni et al., 1984a). Other neuroac-
tive kynurenine metabolites are: 30OH-kynurenine, a com-
pound able to cause neuronal damage (necrosis and apop-
tosis) in cell cultures (Eastman and Guilarte, 1989; Okuda
et al., 1998), and picolinic acid, which is able to induce the
expression of nitric oxide (NO) synthase in macrophages
(Varesio et a., 1990; Mdlillo et ., 1994). Finaly, kynure-
nine itself seems to be able to increase the expression and
synthesis of growth factors (Dong-Ruyl et al., 1998).
Recently, it has been shown that tryptophan is aso
metabolised in the gut by bacteria tryptophanases and
indole is the resulting metabolite (Vederas et a., 1978;
" Corresponding author. Tel.; + 39-055-4271-266; Kawata et a., 1991). Indole is then absorbed and further
Fax: +39-055-4271-280; E-mail: moronif@ds.unifi.it metabolised into oxindole, a strongly sedative compound

The kynurenine metabolic pathway of tryptophan
metabolism was investigated in depth in the 1950s and
1960s in order to understand its contribution to the synthe-
sis of NAD and NADP, two ubiquitary coenzymes in-
volved in basic cellular processes (Wolf, 1974). In the |ate
1970s, reports on the convulsant and other behavioural
actions of systemic administration of kynurenine deriva-
tives opened the way to studies on their role in brain
function (Lapin, 1980). Quinolinic acid is probably the
most studied kynurenine metabolite because, by interacting
with glutamate receptors of the NMDA type, it may cause
convulsion and excitotoxicity (Stone and Perkins, 1981;
Foster et al., 1983; Schwarcz et al., 1983). Kynurenic acid
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Fig. 1. Possible metabolic pathways of tryptophan metabolism.

which accumulates in the blood and brain when liver
function is impaired (see Fig. 1) (Carpenedo et al., 1997;
Moroni et al., 1998a).

Excellent reviews covering the neuropharmacology of
kynurenine derivatives (Stone and Connick, 1985; Stone,
1993; Reinhard et al., 1994) or the role of kynurenine
forming enzymes (Carlin et al., 1989; Taylor and Feng,
1991) are available. Here we will focus mainly on the
brain actions of kynurenine metabolites and the regulation
of their synthesis and metabolism. We will also discuss the
pharmacological tools which are available to study the
pathway and which may be proposed for therapeutic strate-
gies in pathological conditions.

2. Formyl-kynurenine and kynurenine

At least two different enzymes, tryptophan-dioxygenase
(tryptophan pyrrolase; E.C. 1.13.1.2) and indoleamine
2,3-dioxygenase (E.C. 1.13.11.42) catalyse the irreversible
cleavage of the indole ring of L-tryptophan leading to the
formation of formyl-kynurenine, which is then rapidly
metabolised into kynurenine. The first of these, trypto-
phan-dioxygenase, was described in 1937 (Kotake and
Masayama, 1937) and the regulation of its activity was
studied in depth in the 1950s with the aim of understand-
ing the control of tryptophan availability for 5-hydroxy-
tryptamine (5-HT) and NAD synthesis. It is a heme-con-
taining protein mostly expressed in liver-derived cells and
it is able to metabolise L- but not p-tryptophan (Schutz et
al., 1972; Bender, 1989). A cDNA encoding for trypto-
phan-dioxygenase has been isolated and characterised and
the primary structure of the protein has been deduced
(Schmid et al., 1982; Maezono et a., 1990). It has also

been shown that the gene contains glucocorticoid-respon-
sive elements which are probably responsible for the con-
trol of its synthesis (Danesh et a., 1983, 1987). In fact,
glucocorticoid administrations increase tryptophan-di-
oxygenase formation in the liver (Knox and Mehler, 1951)
and cause a decrease of blood tryptophan levels associated
with kynurenine accumulation. Since kynurenine and tryp-
tophan compete for the same carrier to be transported from
blood to brain, glucocorticoids may cause a depletion in
the brain tryptophan pool and a significant decrease in
brain 5-HT synthesis (Green et al., 1975; Young, 1981). In
view of the importance of 5-HT in brain function, it has
been proposed that the induction of tryptophan-di-
oxygenase is responsible for the mood changes (depres-
sion) found in patients chronically treated with glucocorti-
coids or suffering from Cushing’s disease. With the aim of
reducing tryptophan catabolism in liver and increasing its
availability in brain, a number of tryptophan-dioxygenase
inhibitors have been studied in rodents (Sdter et al., 1995;
Reinhard et al., 1996). Indeed, the administration of (E)-
6-fluoro-3[-2-(pyridyl)vinyl]-1H-indole (680C91) (see Fig.
3) or (E)-3-[2-(4-pyridyl)vinyl]-1H-Indole (540C91), two
tryptophan-dioxygenase inhibitors, causes a robust increase
in the rate of brain 5-HT synthesis (Salter et al., 1995;
Reinhard et a., 1996). It could be interesting to evauate
whether or not these agents are effective in the treatment
of glucocorticoid-induced mood disorders.

Indoleamine 2,3-dioxygenase is the second enzyme able
to open the indole ring of tryptophan. Its existence was
suspected for a long time because a large percentage of
patients with rheumatoid arthritis, tuberculosis, leukaemia,
Hodgkin's disease and bladder tumours excreted excep-
tionally large amount of kynurenine into the urine without
having an induced tryptophan-dioxygenase in the liver.
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The enzyme was firstly described by Hayaishi et al. in the
early 1960s in the rabbit intestine as a heme-containing
protein (42.000 M.W.) able to catalyse the incorporation of
superoxide anion into the pyrrole moiety of indole (see
Hayaishi et al., 1984 for areview). In order to evaluate its
activity in vitro, methylene blue and ascorbate are required
to maintain an active ferrous form during the catalysis
(Hirata and Hayaishi, 1975). The name indoleamine 2,3-di-
oxygenase originates from the proposed importance of the
enzyme in the metabolism of the indoleamines 5-HT,
tryptamine and melatonin (Hirata and Hayaishi, 1975;
Y oshida and Hayaishi, 1987). In fact, while tryptophan-di-
oxygenase specifically acts on L-tryptophan, indoleamine
2,3-dioxygenase may open the indole ring of the amines,
D-tryptophan, L- or p-50H-tryptophan, but it is not active
on scatole, indole or indole acetic acid. Furthermore, while
tryptophan-dioxygenase is predominantly located in the
liver, indoleamine 2,3-dioxygenase is present in most
mammalian organs, including intestine, placenta, lung,
blood mononuclear phagocytes, epididymis, endocrine and
centra nervous systems (Watanabe et al., 1981). In-
doleamine 2,3-dioxygenase is strongly induced in mouse
lung after systemic administration of lipopolysaccharides,
pokeweed mitogen, or during influenza virus infections
(Yoshida et al., 1979, 1986). Interferons and other pro-in-
flammatory cytokines also induce indoleamine 2,3-di-
oxygenase expression when systemically administered to
rodents or locally applied in vitro to severa cell types,
(Carlin et al., 1989; Taylor and Feng, 1991). The cDNA
encoding for indoleamine 2,3-dioxygenase has been identi-
fied and expressed (Dai and Gupta, 1990a; Tone et a.,
1990); two interferon-stimulated response elements (ISRE)
and at least one v-interferon-activated sequence (GAS) are
present in the gene to regulate its expression (Dai and
Gupta, 1990b; Konan and Taylor, 1996). While interferons
and pro-inflammatory cytokines stimulate, other cytokines
such as interleukin 1V or growth factors such as transform-
ing growth factor B (TGF-B), antagonise indoleamine
2,3-dioxygenase expression and activity, thus suggesting
that the enzyme is under tight immunological control
(Musso €t al., 1994; Yuan et a., 1998).

NO is another important mediator able to inhibit in-
doleamine 2,3-dioxygenase activity in y-interferon primed
mononuclear phagocytes in vitro (Thomas et al., 1994).
The mechanism for this inhibition is not clear and may
involve either direct interaction of NO with the heme iron
or with superoxide anion. Additional support for the notion
that indoleamine 2,3-dioxygenase activity and NO forma-
tion may be functionally linked comes from the observa-
tion that picolinic acid, one of the products of kynurenine
metabolism, induces (Mélillo et al., 1994), while 3-hy-
droxyanthranilic acid, another kynurenine metabolite, in-
hibits NO synthase expression in murine macrophages
(Sekkai et al., 1997). Why do interferons, cytokines, growth
factors and NO control indoleamine 2,3-dioxygenase ex-
pression and activity? Tryptophan is the least abundant of

the essential amino acids and it is required for the mainte-
nance of a number of cellular functions. Changes in in-
doleamine 2,3-dioxygenase activity may regulate loca
tryptophan concentrations and protein synthesis. It has
been proposed that a reduction in tryptophan availability in
the host cells is the mechanism through which y-interferon
inhibits the growth of pathogens such as Toxoplasma
gondi, Clamidia psittaci, C. trachomatis, group B Srepto-
cocci and Enterococci (Pfefferkorn, 1984; Shemer et al.,
1987; Carlin et a., 1989). Tryptophan deprivation, how-
ever, does not explain why +y-interferon inhibits the growth
of Escherichia coli or Listeria monocytogens, suggesting
that y-interferon may also reduce the growth of pathogens
through tryptophan-independent mechanisms (MacKenzie
et a., 1998). In a similar manner, a tryptophan deprivation
mechanism has been proposed to explain the anti-prolifera-
tive effects of ~y-interferon against severa types of neo-
plastic cells. The experimental basis of this proposa is the
demonstration that y-interferon is not able to reduce the
reproductive growth of neoplastic cells unable to express
indoleamine 2,3-dioxygenase and that a relationship exists
between v-interferon-mediated indoleamine 2,3-di-
oxygenase induction and inhibition of neoplastic growth in
vitro (Feng and Taylor, 1989; Takikawa et d., 1991). It
has, however, been difficult to reproduce this correlation in
vivo and it has been suggested that v-interferon may also
reduce neoplastic cell proliferation without inducing in-
doleamine 2,3-dioxygenase and depleting the cells of tryp-
tophan (Burke et al., 1995).

Another field of research in which the induction of
indoleamine 2,3-dioxygenase seems to play a key role is
the immunologica tolerance between the mother and the
foetus. It has been recently shown that administration of an
indoleamine 2,3-dioxygenase inhibitor (1-methyl-tryp-
tophan, see Fig. 3; Cady and Sono, 1991) to pregnant
mothers causes rejection of allogenic, but not syngeneic
concepti (Bonney and Matzinger, 1998; Munn et ., 1998)
and proposed that indoleamine 2,3-dioxygenase induction
in trophoblast and then in placenta is sufficient to inhibit
the maternal immune system and prevent foetal expulsion.
It is difficult to understand how a decrease in tryptophan
concentration in a single district (the placenta) may affect
the whole maternal immune system. We feel that this
simple interpretation of the above-mentioned experimental
results does not consider that a number of compounds able
to affect the immune system of the mother and the foetus,
may originate from tryptophan metabolism. In our opinion,
the biological meaning of the careful immunological con-
trol of indoleamine 2,3-dioxygenase activity is an interest-
ing field of research which is till relatively unexplored.

The opening of the indole ring of tryptophan by either
tryptophan-dioxygenase or indoleamine 2,3-dioxygenase
results in the formation of formyl-kynurenine which is
rapidly metabolised into kynurenine. Unfortunately, rela-
tively little work has been performed on formyl-kynurenine
biological activity. Its conversion into kynurenine is rapid



90 F. Moroni / European Journal of Pharmacology 375 (1999) 87—100

and almost complete because formamidase, the enzyme
responsible for formyl-kynurenine metabolism, is quite
abundant in most mammalian organs (Mehler and Knox,
1950).

Kynurenine is the key compound of the pathway (see
Fig. 2) and is present in blood, brain and peripheral organs
in low micromolar concentrations. Peripheral kynurenine is
transported through the blood—brain barrier by the large
neutral amino acid carrier and may easily reach the central
nervous system. Systemic administration of kynurenine
can therefore easily reach the brain where it is taken up by
glid cells which further metabolise it (Speciale et al.,
1989; Fukui et al., 1995). In the late 1970s and early
1980s, a number of studies reported that direct kynurenine
injection into the rodent brain caused convulsions (Lapin,
1981, 1982; Pinelli et a., 1984), while systemic injection
of very small doses of kynurenine decreased blood pres-
sure in anaesthetised rats (Lapin, 1976). The electrophysio-
logical or neurochemical basis of these effects remains to
be discovered, but it has been shown that kynurenine does
not directly modify neuronal electrical activity in brain
dlices or in isolated neurones and has no direct depressant
effects on cardiac or smooth muscle tissues (Stone and
Connick, 1985).

In the course of screening studies aimed to identify
compounds able to increase nerve growth factor (NGF)
formation, it has been recently observed that kynurenine
application to glial cell cultures increases NGF synthesis
and content (Dong-Ruyl et a., 1997, 1998). In view of the
importance of NGF on the trophism of different types of
neurones, these data could open a new avenue on the
interpretation of kynurenine's physiological role and on
why its neosynthesis is so carefully controlled.
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Fig. 2. Kynurenine metabolism: the affinity of the different enzymes for
their substrates is also reported.

3. OH-kynurenine and kynurenic acid

At least three different enzymatic activities may
metabolise kynurenine in mammalian tissues: (1) kynure-
nine hydroxylase (E.C. 1.14.13.9.) with the formation of
30H-kynurenine; (2) kynurenine aminotransferase with the
formation of kynurenic acid; (3) kynureninase with the
formation of anthranilic acid (see Fig. 2).

Kynurenine hydroxylase is a flavin-containing mono-
oxygenase requiring NADPH as an electron donor (De-
Castro et a., 1956) and it is localised in the outer mito-
chondrial membranes of liver, placenta, spleen, kidney,
and brain (Erickson et al., 1992). The enzyme has been
recently purified from the pig liver (Uemura and Hirai,
1998) and cloned by hybridisation screening a human liver
cDNA library (Alberati-Giani et a., 1997). It has a high
affinity for the substrate (K., in the low micromolar
range), thus suggesting that, under physiological condi-
tions, it metabolises most of the available kynurenine
(Bender and McCreanor, 1982).

Notably, it has been reported that kynurenine hydroxyl-
ase expression increases in inflammatory conditions or
after immune stimulation (Saito et a., 1993b). 30H-
kynurenine, the product of its activity, accumulates in the
brain of vitamin B-6 deficient neonatal rats (Guilarte and
Wagner, 1987) and, at relatively elevated concentrations, it
causes cytotoxicity when added to neuronal cells in pri-
mary cultures (Eastman and Guilarte, 1989) or when lo-
caly injected into the brain (Nakagami et a., 1996).
Recently, it has been reported that relatively low concen-
trations (nanomolar) of 30H-kynurenine may cause apop-
totic cell death of neurones in primary cultures. Interest-
ingly, this neurotoxicity has the features of regional selec-
tivity because the compound is taken up with different
affinities by different neuronal populations and it causes
accumulation of H,O, inside the cells (Okuda et al.,
1998).

Kynurenine amino-transferase is the second enzymatic
activity able to metabolise kynurenine and kynurenic acid
is the product of this metabolism (see Fig. 2). This activity
was first detected in homogenates of mammalian kidney or
liver in the presence of pyridoxal phosphate and «o-
chetoglutarate (Mason, 1954; Okamoto and Hayaishi,
1970). In mammalian peripheral organs, several pyridoxal
phosphate-dependent aminotransferases are able to catal-
yse the transamination of kynurenine (Okuno and Kido,
1991) and two distinct enzymes have been described in rat
and human brains (Okuno et al., 1991; Guidetti et al.,
1997). The first of them (kynurenine amino-transferase 1)
prefers pyruvate as a co-substrate and it is competitively
inhibited by glutamine, phenylalanine and tryptophan. An-
tibodies against this enzyme have shown its preferential
location in forebrain astrocytes (Du et a., 1992), but some
immunoreactivity also seems to be present in a small
percentage of neurones, especialy in rat medulla and
spinal cord (Kapoor et al., 1997). Interestingly, a cDNA
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clone encoding for a soluble protein with kynurenine
amino-transferase 1 activity has been isolated from a rat
brain library (Alberati-Giani et al., 1995) and surprisingly,
its sequence is identical to that of the previoudy cloned
enzyme glutamine transaminase K (E.C. 2.6.1.14) (Perry et
al., 1993; Mosca et al., 1994; Alberati-Giani et a., 1995).
Another rat brain cDNA clone, encoding for an isoform of
the above-mentioned kynurenine amino-transferase/
glutamine transaminase K from which it differs because of
an additional oligonucleotide stretch coding for 32 amino
acids at the NH ,-terminus, has been isolated. It has been
proposed that this isoform possesses a peptide necessary
for targeting the protein toward the mitochondrial matrix
(Maherbe et a., 1995; Cesura et al., 1996). The existence
of a mitochondrial protein with kynurenine amino-trans-
ferase/glutamine transaminase K activity has also been
reported (Stevens et al., 1988) and it has been suggested
that the ‘ mitochondrial’ form of kynurenine amino-trans-
ferase 1 iso-enzyme is predominant in brain, whereas the
‘soluble’ form is more abundant in kidney (Cooper et al.,
1993).

The second enzyme (kynurenine amino-transferase I1;
E.C. 2.6.1.7) has a preference for oxoglutarate as a co-sub-
strate, displays L-aminoadipate aminotransferase activity
and is localised in the soluble cytoplasm (Okuno et 4.,
1991). Recently, the enzyme was cloned from rat kidney
(Buchli et al., 1995) and its presence in the brain has been
confirmed with Northern blot hybridisation (Gramsbergen
et al., 1997). Lesion and pharmacologica studies suggest
that a large portion of kynurenic acid present in brain
extracellular spaces may indeed originate from kynurenine
amino-transferase |1 activity (Guidetti et a., 1997). Both
kynurenine amino-transferase | and Il enzymes have K,
in the millimolar range, suggesting that kynurenine avail-
ability is the rate limiting step for kynurenic acid biosyn-
thesis. In brain slices and in microdialysis experiments,
indeed, the levels of extracellular kynurenate increase lin-
early with kynurenine availability and it appears that, once
formed in glia cells, kynurenic acid is readily liberated
into the extracellular space (Swartz et al., 1990; Gramsber-
gen et a., 1997). The regulation of kynurenate concentra-
tion in the brain may have neuropharmacological relevance
because at relatively low concentrations (micromolar),
kynurenic acid is a glycine, receptor antagonist (Stone,
1993), while at larger concentrations, it also interacts as
an antagonist with glutamate recognition sites of NMDA
and «-amino-3-hydroxy-5-methyl-4-isoxazol epropionate
(AMPA) receptors. Kynurenic acid is physiologically pre-
sent in the nervous tissue at nanomolar concentrations
(Moroni et al., 1988) and, only after a significant increase,
it may be expected to affect excitatory amino acid-media-
ted neurotransmission. The administration of large doses of
kynurenine to neonatal rats has been shown to attenuate
brain damage induced by ischaemia or by local injection of
NMDA (Nozaki and Beal, 1992). When kynurenine was
added to the superfusion fluid of brain dices, neoformed

kynurenate was sufficient to abolish convulsions induced
by the lack of Mg?* (Scharfman and Ofer, 1997). In order
to obtain a larger increase in the brain extracellular con-
centration of kynurenic acid, a compound which is dis-
posed by the brain through a probenecid-sensitive carrier
(Moroni et al., 1988), the administration of kynurenine has
been combined with that of probenecid. This association
seems to be able to reduce seizures induced by NMDA or
pentylenetetrazol (Vécsei et al., 1991) and to attenuate
quinolinic acid neurotoxicity in rodent brains (Santamaria
et a., 1994; Miranda et al., 1997). On the other hand,
experimental manipulations, such as hypoglycaemia or
interference with cellular energy metabolism, may reduce
kynurenic acid formation in different animal models
(Gramsbergen et al., 1997; Hodgkins and Schwarcz, 1998).
Reduction in extracellular kynurenic acid concentrations
has also been shown in the rat basal ganglia after am-
phetamine treatment and has been associated to increased
vulnerability to excitotoxic insults (Poeggeler et al., 1998).
These observations suggest the possibility that, by modu-
lating the brain extracellular kynurenic acid concentrations,
it is possible to reduce or increase excitotoxic neurona
damage.

4. Neuropharmacological effects of kynurenine
hydroxylase inhibitors. decrease of ischaemic brain
damage

The administration of kynurenine hydroxylase inhibitors
to rats, mice or gerbilsis one of the approaches which may
be used to increase kynurenine availability and to cause a
significant increase in brain kynurenate content (Moroni et
al., 1991; Connick et a., 1992; Russi et al., 1992; Speciae
et al., 1996). Systemic administration of kynurenine hy-
droxylase inhibitors reduces spontaneous locomotor activ-
ity and increases the threshold level of electroshock or
audiogenic-induced seizures (Carpenedo et al., 1994;
Chiarugi et al., 1995). Since these effects are qualitatively
similar to what occurs when glycine receptor antagonists
are systemically administered (Sing et al., 1990; Vartanian
and Taylor, 1991; Dennison et al., 1992; Rogawski, 1992),
it is reasonable to assume that by inhibiting kynurenine
hydroxylase it is possible to reduce NMDA receptor func-
tion in vivo (Moroni et al., 1991; Russi et a., 1992).
Activation of NMDA receptors plays a key role in the
induction of post-ischaemic neuronal damage and antago-
nists of this receptor complex reduce the dramatic conse-
quences of focal or globa brain ischaemia (Simon et al.,
1984; Meldrum, 1985; Gill et a., 1987; Choi, 1988;
Olney, 1990; Pellegrini-Giampietro et al., 1994). However,
the administration of competitive or non-competitive
NMDA receptor antagonists may cause neuronal toxicity
(Olney et al., 1989) and a long series of other side effects
resulting in a benefit-to-risk ratio that is not acceptable for
clinical studies (Small and Buchan, 1997). Kynurenine
hydroxylase inhibitors have therefore been tested as neuro-
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protectant agents in models of brain ischaemia primarily
because of their properties of increasing kynurenate con-
centration in the brain. It should also be mentioned that
their systemic administration is also expected to decrease
brain concentrations of 30OH-kynurenine, a metabolite pro-
vided with excitotoxic actions in neuronal cell lines (East-
man and Guilarte, 1989) and able to cause, in a concentra-
tion-dependent manner, either necrotic or apoptotic types
of neuronal death (Okuda et al., 1998). Structure—activity
studies have in fact shown that 30H-kynurenine, and other
o-aminophenols, may be subject to oxidative reactions
initiated by their conversion to quinonimines, a process
associated with concomitant production of oxygen-derived
free radicals (Hiraku et al., 1995). The involvement of
these reactive species in the pathogenesis of ischaemic
neuronal death has been widely studied in the last severa
years and it has been shown that oxygen-derived free
radicals and glutamate-mediated neurotransmission co-op-
erate in the development of ischaemic neurona death
(Pellegrini-Giampietro et a., 1990). Finally, another rea-
son whereby kynurenine hydroxylase inhibitors have been
studied in models of brain ischaemiais the commonly held
concept that 30H-kynurenine formation is one of the steps
required for the synthesis of quinolinic acid, a compound

provided with NMDA agonist and excitotoxic properties. It
is now accepted that, under basal conditions, the adminis-
tration of large doses of inhibitors of kynurenine hydroxyl-
ase do not modify basal blood or brain quinolinic acid
content, while a significant decrease in blood or brain
concentrations of this excitotoxin was observed when the
inhibitors were administered to immune-stimulated ani-
mals (Moroni et al., 1991; Chiarugi and Moroni, 1999b).
Until a few years ago, the only compound with kynure-
nine-hydroxylase inhibiting properties was nicotinyl-
alanine, an analogue of kynurenine originaly investigated
as a metabolic intermediate for NAD biosynthesis (Decker
et al., 1963). The specificity of this compound toward
kynurenine hydroxylase is relatively poor (Moroni et al.,
1991; Russi et a., 1992; Moroni et a., 1996). Severa
more specific inhibitors have been synthesised and tested
in the last severa years. The first of them was (m-nitro-
benzoyl)-alanine (Carpenedo et al., 1994; Pdllicciari et al.,
1994; Natalini et al., 1995), arelatively potent competitive
and selective inhibitor (IC, 1.M; see Fig. 3). New, more
potent and more selective compounds have been recently
described by two pharmaceutical companies (Speciae et
al., 1996; Roever et a., 1997) and their biochemical
effects have been studied in vivo. Appropriate doses and

Prototype inhibitors of kynurenine pathway enzymes

Tryptophan 2,3 dioxygenase
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Fig. 3. Molecular structures of prototype inhibitors of kynurenine pathway enzymes. The potencies of the different inhibitors and the appropriate references

are reported.
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administration schedules of either (m-nitrobenzoyl)-alanine
or 3,4-dimethoxy-[-N-4-(nitrophenyl)thiazol-2yl]-benzene-
sulfonamide (Ro 61-8048), one of the newly synthesised
compounds, causes neuroprotective properties on brain
lesions induced in gerbil hippocampus by transient bilat-
eral carotid occlusion or in the rat cortex by middle
cerebral artery occlusion (Cozzi et al., 1999). Neuroprotec-
tive effects of kynurenine hydroxylase inhibitors have been
recently reported in organotypic hippocampal slice cultures
exposed to oxygen and glucose deprivation (Moroni et d.,
1999) and against excitotoxic striatal lesions in rats pre-
treated with amphetaminein order to reduce local kynurenic
acid concentrations (Schwarcz et a., 1999). The above-
mentioned results are therefore in line with the hypothesis
that by shifting kynurenine metabolism toward kynurenic
acid formation, it is possible to reduce glutamate receptor
activation and excitotoxic or ischaemic neuronal damage.

5. 30H-anthranilic and quinalinic acids

30H-anthranilic acid is present in most mammalian
organs, including brain, at relatively low concentrations
(nanomolar) (Baran and Schwarcz, 1999). Its synthesis
may occur either through the hydrolysis of 30H-kynurenine
or through direct oxidation of anthranilic acid (see Fig. 2).
Both pathways operate in rat brain slices (Baran and
Schwarcz, 1999), but while the enzymatic activity
catalysing the hydrolysis of 30H-kynurenine has been
carefully characterised, probably several oxidases are able
to metabolise anthranilic acid into its 3-hydroxy metabo-
lite. Interestingly, it has been recently reported that low
micromolar concentrations of 30H-anthranilic acid, when
added to primary cultures of striatal neurones, cause apop-
totic features similar to those induced by 30OH-kynurenine.
This type of neurotoxicity seems to be ascribed to the
o-aminophenol structure which is shared by both 30H-
kynurenine and 30OH-anthranilic acid. The compounds are
taken up by the neurones where they generate reactive
oxygen species able to trigger the apoptotic process (Okuda
et a., 1998). At relatively large concentrations, 30H-
anthranilic acid has been shown to inhibit the expression
of NO synthase in a macrophage cell line probably be-
cause it prevents nuclear factor-kB activation similar to
other agents which may modify the cell redox state (Sek-
kai et al., 1997). Obvioudly, in physiological conditions
and in most of the organs, the compound is rapidly
metabolised and its concentration remains well below those
able to induce toxicity.

As previously mentioned, kynureninase [E.C. 3.7.1.3.]
is the main enzyme responsible for 30H-anthranilic acid
formation. In mammals, a single protein catalyses the
cleavage of either 30H-kynurenine or kynurenine, while in
bacteria, two different enzymes, one active on 30OH-
kynurenine and the second on kynurenine, have been

described (McDermott et al., 1973). Mammalian kynureni-
nase is a pyridoxal phosphate-dependent enzyme predomi-
nantly located in the cytosol, and it has been purified and
characterised mostly from rodent liver, kidney or spleen
(Kawai et al., 1988). The purified enzyme, besides acting
on the kynurenines, also has a cysteine conjugate B-lyase
enzymatic activity and cleaves the S-cysteine conjugates of
certain halogenated xenobiotics into possibly nephrotoxic
thiols (Stevens, 1985). The rat and human enzymes have
been cloned and expressed and it has been confirmed that
the affinity of both native or expressed enzymes is approx-
imately 10-fold higher for 3OH-kynurenine than for
kynurenine (K,, for kynurenine 250 and K, for 30H-
kynurenine 25 wM) (Alberati-Giani et a., 1996a; Toma et
al., 1997). Interestingly, y-interferon induces kynureninase
activity in rat macrophages but not in rat microglial cells
(Alberati-Giani et a., 1996b). Severa inhibitors of bacte-
rial kynureninase have been designed and studied with the
aim of understanding the molecular basis of the enzymatic
activity (Dua et al., 1993). In rodents, the inhibition of the
enzyme obtained with systemic administration of o-
methoxybenzoylalanine (oMBA), a prototype inhibitor of
the mammalian enzyme (see Fig. 3), leads to a modest
accumulation of kynurenic acid in the brain and prevents
audiogenic convulsion in DBA2 mice (Carpenedo et 4.,
1994; Chiarugi et al., 1995, 1996). It has been difficult to
further characterise the metabolic effects of the kynureni-
nase inhibitors in vivo because oMBA, an extremely
selective inhibitor in vitro, inhibits not only kynureninase
but also 30H-anthranilic acid 3,4-dioxygenase (E.C.
1.13.11.6) in complex systems and in vivo (Chiarugi and
Moroni, 1999a).

30H-anthranilate-3,4-dioxygenase is the enzyme able to
cleave the benzene ring of 30H-anthranilate into «-amino-
B-carboxymuconate-e-semialdeide, a relatively unstable
compound which largely undergoes spontaneous cyclisa
tion with the formation of quinolinic acid. A portion of
a-amino-B-carboxymuconate-e-semialdeide is metabolised
by «-amino-B-carboxymuconate-e-semialdeide decarbox-
ylase (E.C. 4.1.1.45) with the formation of picolinic or
aminomuconic acids (total oxidative pathway, see Fig. 2).

30H-anthranilate-3,4-dioxygenase has been purified
from mammalian liver or kidney and it has been shown
that it requires both ferrous ions (Fe**) and sulfidryl
groups for its activity (Long et al., 1954; Decker et d.,
1961; Koontz and Shiman, 1976). The enzyme is aso
present, although in small amounts, in mammalian brains
(Foster et al., 1986) and immunohistochemica studies,
using selective antibodies have shown that it is contained
in astrocytes. In the striatum, the enzyme is present in
astrocytic processes which surround glutamate-containing
axon terminals (Koehler et al., 1988; Roberts et al., 1995).
An increase in cerebral 30H-anthranilate-3,4-dioxygenase
activity has been reported in autoptic material of Hunting-
ton's disease patients (Schwarcz et al., 1988), in gerhil
hippocampus after global forebrain ischaemia (Saito et al.,
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1993c) and in a rat epilepsy model (Du et a., 1993). Most
of the brain enzymatic activity seems located in the soluble
cytosol, but immunoreactivity has also been detected in the
mitochondria (Koehler et a., 1988). The mitochondrial
enzyme seems to have a different molecular weight and a
lower affinity for the substrate. It has been observed that
the mitochondria may change 3OH-anthranilate-3,4-di-
oxygenase's properties: in the presence of these organelles,
enzymatic activity is reduced by oMBA, a compound
which was considered a selective inhibitor of kynureninase
and which does not affect purified cytosolic 30H-anth-
ranilate-3,4-dioxygenase (Chiarugi and Moroni, 1999a).
Recently, human 3OH-anthranilate-3,4-dioxygenase has
been cloned and functionally expressed. The recombinant
enzyme has an affinity for 30OH-anthranilate very similar
to that found in purified rat cytosol enzyme (K, 2 pM;
Malherbe et d., 1994). Haogen derivatives of 30H-anth-
ranilate (see Fig. 3) are potent inhibitors of this enzyme
(Parli et al., 1980) and reduce quinolinic acid formation in
stimulated monocytes in vitro and in brain or blood of
immune-activated mice in vivo (Saito et al., 1993a, 1994).

Quinalinic acid is formed from the spontaneous cyclisa-
tion of a-amino-B-carboxymuconate-e-semialdeide, the di-
rect product of 30H-anthranilate-3,4-dioxygenase activity.
Its biological properties are probably responsible for much
of the current interest in the regulation of the kynurenine
pathway enzymes. Quinolinic acid interacts with a sub-
group of NMDA receptors (Stone and Perkins, 1981;
Perkins and Stone, 1982a) and when directly injected into
brain areas, it destroys most neuronal cell bodies sparing
fibres en passant and neuronal terminals (Schwarcz et al.,
1983). Much of the origina observation showing that
corticall NMDA receptors are more sensitive to quinolinic
acid than those located in the cerebellum or the spinal cord
(Perkins and Stone, 1983; McLennan, 1984) and which
suggest the existence of multiple forms of NMDA recep-
tors (Monaghan and Beaton, 1991; Moroni et al., 1995)
can probably be explained by considering that quinolinic
acid (similar to its analogue homoquinolinic acid) is a
relatively poor agonist for the NMDA receptor complex
containing either NR2C or NR2D subunits, while it inter-
acts with a relatively high affinity with the NMDA recep-
tor complex containing NR2B subunits (Brown et al.,
1998). The neurotoxicity profile found after intrastriatal
injection of quinolinic acid closely resembles that found in
the basal nuclei of Huntington's disease patients: while
most of the intrinsic striatal neurones are destroyed,
NA DH-diaphorase-staining neurones (which are now con-
sidered able to express NO synthetase) and neurones con-
taining neuropeptide Y seem to be spared together with
axon terminals and fibres en passant (Ferrante et al., 1985;
Bea et a., 1986, 1989). The concentration of quinolinic
acid causing neurotoxicity in vivo, after direct local injec-
tion, are quite elevated and may be considered at least two
orders of magnitude larger than those found in mammalian
brains or cerebrospinal fluid (CSF) under basa conditions

(Moroni et al., 1984bh; Wolfensberger et al., 1984; Heyes
and Markey, 1988). In vitro, the neurotoxic effects of the
compound have been studied in different model systems
with variable results: chronic exposure of organotypic
cortico-striatal cultures to submicromolar concentrations of
quinolinic acid causes histological signs of pathology
(Whetsell and Schwarcz, 1989), but elevated concentra-
tions of quinolinic acid (in the low millimolar range) are
necessary to cause excitotoxic neuronal death in primary
cultures of mixed cortical neurones when brief (20 min)
exposure times are used (Kim and Choi, 1987). Mam-
malian brain quinolinic acid concentrations are quite low
(0.05-0.1 M) and are approximately one order of magni-
tude lower that those in the blood, thus suggesting that,
under basal conditions, the blood contained in the brain
vessels may significantly contribute to the measurement of
the overall brain quinolinic acid concentration (Beagles et
al., 1998). In models of inflammatory neurological disor-
ders, such as experimental alergic encephalitis (Flanagan
et a., 1995), bacterial and viral infections (Heyes et 4.,
1992; Espey et al., 1996), forebrain global ischaemia or
spinal trauma (Heyes and Nowak, 1990; Blight et al.,
1995), brain quinalinic acid levels are extremely elevated
(Heyes and Morrison, 1997; Beagles et a., 1998). This
increased brain quinolinate concentration could be due to
either an elevated circulating concentration of the excito-
toxin or to an increased de novo synthesis in activated
microglia or infiltrating macrophages (Heyes et al., 1996,
1997). In retrovirus-infected macaques, it has been pro-
posed that most of the increased content in brain quinolinic
acid (approximately 98%) is due to local production. In
fact, a robust increase in the activities of indoleamine
2,3-dioxygenase, kynurenine hydroxylase and kynureni-
nase has been found in areas of brain inflammation (Heyes
et a., 1998).

6. Oxindole

In the course of experiments performed to study the
neurochemical effects of kynurenine metabolism inhibitors
(Carpenedo et al., 1994; Chiarugi et a., 1995), we ob-
tained data suggesting that tryptophan may be metabolised
into oxindole (Fig. 1) and that oxindole is physiologically
present in blood and other biological fluids in concentra
tions ranging from 0.1 to 1 wM (Carpenedo et al., 1997).
Systemic administration of oxindole to rats, dogs or hu-
mans has been shown to cause profound sedation, de-
creased blood pressure, decreased muscular tone and loss
of consciousness (Orcultt et d., 1964). A number of studies
have been performed to understand oxindole’'s mechanism
of action, and it has been shown that it does not modify the
depolarisation induced by AMPA or NMDA in cortica
dices, thus suggesting that it does not affect ionotropic
glutamate receptor function. Furthermore, it does not dis-
place the binding of [*HIJGABA to either GABA, or



F. Moroni / European Journal of Pharmacology 375 (1999) 87—100 95

GABA, recognition sites in brain membranes, °H-
flunitrazepam to the benzodiazepine recognition sites and
*H-glycine or *H-glutamate to the NMDA receptor com-
plex. In rat hippocampal slices in vitro, oxindole effects
have been evaluated on the neurotransmission of the CA1l
region following orthodromic stimulation of the Schaffer
collaterals and extra or intracellular recordings. At 0.3—3
mM, the compound decreases the population spike ampli-
tudes extracellularly recorded at a somatic level and the
field excitatory postsynaptic potentials recorded at a den-
dritic level. In intracellular recordings, oxindole (0.1-1
mM) does not affect the resting membrane potential or the
neuronal input resistance, but reduces the probability of
firing action potentials upon both synaptic or direct activa-
tion of the pyramidal cells. It also increases the threshold
and the latency of firing action potentials elicited by
depolarising steps without changing the duration or the
peak amplitude of the spikes. The action potential fre-
quency adaptation (accommodation) induced by long last-
ing (400 ms) depolarising stimuli is significantly increased
by oxindole. It has therefore been proposed that concentra-
tions of oxindole, which may be found in pathological
conditions, significantly decreases neuronal excitability by
possibly acting on voltage-operated Na*™ channels.

Since rats treated with oxindole or having acute liver
impairment share several common signs and since it is
widely accepted that tryptophan metabolites are involved
in the neurological signs associated with liver damage (see
references in: Bengtsson et a., 1991; Bengtsson and
Bergqvist, 1996), brain oxindole content in rat models of
acute liver impairment have been measured. As expected,
a very large increase (10-100 fold) in blood and brain
oxindole content has been found in rats with acute liver
failure or in patients with cirrhosis and hepatic en-
cephalopathy, thus suggesting that the compound could
play an important role in the neurological symptoms asso-
ciated with liver failure (Carpenedo et al., 1998; Moroni et
al., 1998b). Large increases in oxindole concentrations
have also been found in urine samples obtained from a
subpopulation of patients affected by phenylchetonuria, an
hereditary disorder of the amino acid metabolism. Al-
though the biochemical mechanisms responsible for such
increases have not been studied, it has been suggested that
the compound could have a role in the pathophysiology of
the syndrome. It seems, therefore, that oxindole is a neu-
roactive metabolite that should be added to the already
long list of compounds originating from tryptophan which
are able to affect brain function in physiology or pathology
(Allegri Filippini et al., 1997).

7. Conclusion

The number of tryptophan metabolites which, at reason-
able concentrations, have been shown to interact with
neurotransmitter receptors, ion channels, carriers and other
membrane or intracellular structures of excitable cells is

quite elevated. In pathological conditions, the concentra-
tions of these neuroactive compounds may significantly
change in blood and brain. It is therefore reasonable to
assume that agents which selectively affect the enzymes
involved in their formation or metabolism (see Fig. 3) are
useful tools to improve our understanding on the role
“kynurenines' play in brain physiology and pathology.
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