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The kynurenine pathway (KP), which is activated in times of stress and infection has been implicated in
the pathophysiology of neurodegenerative and psychiatric disorders. Activation of this tryptophan
metabolising pathway results in the production of neuroactive metabolites which have the potential to
interfere with normal neuronal functioning which may contribute to altered neuronal transmission and
the emergence of symptoms of these brain disorders. This review investigates the involvement of the KP
in a range of neurological disorders, examining recent in vitro, in vivo and clinical discoveries highlights
evidence to indicate that the KP is a potential therapeutic target in both neurodegenerative and stress-
related neuropsychiatric disorders. Furthermore, this review identifies gaps in our knowledge with re-
gard to this field which are yet to be examined to lead to a more comprehensive understanding of the
role of KP activation in brain health and disease.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

The kynurenine pathway (KP) is a tryptophan metabolism
pathway that is induced in times of stress and or immune activa-
tion. Initially tryptophan is converted to kynurenine which is
subsequently converted into a range of metabolites which have
neuromodulatory properties (Fig. 1). The pathway has been impli-
cated in the pathophysiology of multiple central nervous system
(CNS) disorders ranging from psychiatric disorders to neurode-
generative diseases (Reus et al., 2015; Bohar et al., 2015; Karakuła-
Juchnowicz et al., 2015). Its likely contribution to underlying
mechanisms associated with CNS disorders indicates that regula-
tion of the KP is of critical importance and may serve as an
important target for the future development of treatments for a
range of CNS-related illnesses.

2. The differential activation and roles of IDO and TDO

Both TDO and IDO have evolved to have similar functions,
differing primarily in substrate specificity and tissue and cellular
localisation. Most species contain both tryptophan-metabolising
enzymes, with gene duplications resulting in certain species hav-
ing several homologs of these enzymes (Ball et al., 2014). IDO is a
monomeric enzyme with a broader substrate specificity than TDO.
IDOandTDOhavea sequence identity of only 10%,while the recently
discovered tryptophan-catabolising enzyme IDO-2 which is enco-
ded by a gene adjacent to that of IDO, shares 43% sequence identity
and structural similarities with IDO (Forouhar et al., 2007). IDO is
expressed extra-hepatically in intestinal, lung, placenta and brain
tissue (Stone,1993) with high expression of IDO found in the spleen
as a consequence of the accumulation of IDO-expressing immune
cells, including dendritic cells and peripheral blood mononuclear
cells (Jones et al., 2015; Bronte and Pittet, 2013; Hwu et al., 2000).

2.1. The role of IDO in KP activation

Induction of IDO is pivotal in the immune response. IDO acti-
vation is associated with the anti-parasitic, anti-fungal, anti-viral
and anti-bacterial activities of polymorphonuclear immune cells
(Bozza et al., 2005; Kwidzinski and Bechmann, 2007). These effects
are achieved through tryptophan depletion and the production of
kynurenine, 3-hydroxykynurenine, and 3-hydroxyanthranilic acid
in pathogens which are anti-proliferative and increase the
apoptotic susceptibility of the cells in which they are produced.
Moreover, activation of IDO results in immunosuppression and can
Please cite this article in press as: O'Farrell, K., Harkin, A., Stress-related r
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lead to immune tolerance (Kwidzinski and Bechmann, 2007) if the
aforementioned mechanisms occur in T lymphocytes (Fallarino
et al., 2002). The KP metabolites also shift the T cell response to-
wards the development of regulatory T cells. This occurs as a
consequence of a positive feedback cycle which exists between
dendritic cells and regulatory T cells, in so much as IDO induction in
dendritic cells drives the development of CD4þ T cells towards the
regulatory T cell phenotype, which further induces IDO in dendritic
cells (Hill et al., 2007). In addition, 3-hydroxyanthranilic acid trig-
gers the production of transforming growth factor b (TGFb) which
further promotes the development of regulatory T cells, alongside
suppressing the development of Th1 cells (Munn, 2011).

In the CNS, IDO is expressed in neurons, macrophages, microglia
and astrocytes, but not oligodendrocytes (Lim et al., 2010). Neurons
express both IDO and IDO-2 which exhibit a reciprocal relationship
with TDO expression, in that induction of IDO results in decreased
expressionofTDO(Guilleminetal., 2007). IDO-2 ispresent indifferent
tissues to that of IDO, such as the epididymis, liver and kidneys
(Fukunaga et al., 2012; Ball et al., 2007) indicating that it is not func-
tionally redundant. However, the neurological and immune effects of
IDO-2 are not fully elucidated and its function in human cells is un-
known (Vecsei et al., 2013; Fatokun et al., 2013). Moreover, IDO-2
appears to be much less enzymatically active than IDO as indicated
by its lower substrate binding affinity and lower turnover rates
(Pantouris et al., 2014).

Activationof thesympathoadrenalmedullary (SAM)axis following
exposure to stress leads to the release of noradrenaline from sympa-
thetic nerve endings and adrenaline from the adrenal medulla. Cate-
cholamines activate b-adrenergic receptors expressed on natural
killer cells, T cells, B cells and monocytes (Maisel et al., 1989) which
results in the expression and release of pro-inflammatory cytokines,
specifically interferon-g (IFNg), IL-1b and IL-6 which are capable of
inducing IDO (Elenkov et al., 2000; see, Kohm and Sanders (2001) for
review). Inflammation isalsocapableof activating thedownstreamKP
enzyme KMO (Connor et al., 2008), which is a flavin adenine dinu-
cleotide dependent monooxygenase enzyme (Alberati-Giani et al.,
1997), located in the outer mitochondrial membrane (Erickson et al.,
1992). KMO is expressed peripherally in the kidney and liver as well
as in thebrainwhere it is primarily found inmicroglia (Guilleminet al.,
2005b), with low expression of it in neurons (Guillemin et al., 2007).
2.2. The role of TDO in KP activation

TDO is a homotetrameric enzyme with its expression primarily
restricted to the liver in the periphery (Stone, 1993) while it is
egulation of the kynurenine pathway: Relevance to neuropsychiatric
g/10.1016/j.neuropharm.2015.12.004
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Fig. 1. The kynurenine pathway (KP) in the periphery and CNS. The initial conversion of tryptophan to kynurenine requires induction of either of the rate limiting enzymes,
tryptophan 2, 3-dioxygenase (TDO) or indoleamine 2, 3-dioxygenase (IDO). Stress-induced activation of the hypothalamic pituitary adrenal (HPA) axis results in the release of
glucocorticoids from the adrenals which can lead to the induction of TDO upon activation of intracellular glucocorticoid receptors (GR). TDO subsequently metabolises tryptophan to
kynurenine, which is then converted to either kynurenic acid (KYNA) by kynurenine aminotransferase (KAT) or 3-hydroxykynurenine by kynurenine monooxygenase (KMO). 3-
Hydroxykynurenine is further metabolised to either anthranillic acid or 3-hydroxyanthranilic acid by kynureninase (KYNU), which gives rise to acetyl CoA, or to the unstable
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induced in response to stress through sympathoadrenal medullary (SAM) system-associated b-adrenergic receptor activation on immune cells resulting in the release of pro-
inflammatory cytokines including IL-1b, IL-6 and interferon (IFN)-g (Elenkov et al., 2000). Pro-inflammatory cytokines are in turn capable of inducing IDO. Within the CNS the
KP is differentially compartmentalised within astrocytes and microglia in the brain. Tryptophan uptake and metabolism in astrocytes leads to the production of the KYNA which is
reported to have neuroprotective actions in the CNS. Metabolism of tryptophan in microglia gives rise to metabolites with reactive oxidative properties including 3-
hydroxykynurenine and 3-hydroxyanthranilic acid and quinolinic acid which also acts as an agonist at the glutamate N-methyl-D-aspartate (NMDA) receptor subtype and may
contribute to excitotoxicity and neurotoxicity (Guillemin et al., 2001, Guillemin et al., 2003a). Abbreviations: 3-HAO, 3-hydroxyanthranilic acid 3, 4-dioxygenase; CNS, central
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present in both astrocytes and neurons in the brain (Guillemin
et al., 2007; Miller et al., 2004). In fact, there are now three vari-
ants of the tdo gene which have been identified in adult mice
referred to as tdo variant 1, tdo variant 2, and the classic gene, tdo
full-form (Kanai et al., 2009b). Under normal circumstances, TDO
activity is regulated by tryptophan's availability with its activity
being relatively stable (Myint and Kim, 2014). Regulation of TDO
expression occurs chiefly through GR mediated induction. Conse-
quently, stress-related changes in the expression of TDO are pri-
marily influenced by activation of the HPA axis through the action
of glucocorticoids (Green and Curzon, 1975).

Considering the nature of factors which influence the expres-
sion of IDO and TDO, the relevance of KP induction in times of stress
is unclear. It is believed that induction of TDO is a protective
mechanism against the unfavourable effects of excess tryptophan
Please cite this article in press as: O'Farrell, K., Harkin, A., Stress-related r
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which are mediated through the production of indoles, which are
capable of disrupting the membrane potential (Kim et al., 2013). In
addition, induction of hepatic TDO in times of stress may be
important for driving the synthesis of NADþ. This would enable
further energy production for use in other immune reactions, while
induction of central TDO provides astrocytes with the substrate for
the production of KYNA which in turn may have important neu-
romodulatory actions in response to stress. Continuous generation
of NADþ is essential to cell survival (Ying, 2006). For one, it is of
utmost importance in the generation of energy (Berger et al., 1986),
as well as being involved in the regulation of intracellular calcium
and gene expression (Berger et al., 2004; Sauve et al., 2006).

Stimulation of both b-adrenoceptors and GRs results in receptor
downregulation providing a mechanism of control to prevent over-
signalling (Asakura et al., 2000; Dong et al., 1988). Although the
egulation of the kynurenine pathway: Relevance to neuropsychiatric
/10.1016/j.neuropharm.2015.12.004
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action of glucocorticoids is known to result in downregulation of its
receptor in HPA axis tissues, it is not well established if glucocrti-
coid receptor desensitivity occurs in the liver or immune cells or
how TDO/IDO induction are affected by chronic stress or gluco-
corticoid exposure. Chronic stress has been reported to be accom-
panied by increased circulating glucocorticoids and resistance to
glucocorticoids in both humans and animal models of stress (Miller
et al., 2008; Chiba et al., 2012). GR resistance involves the reduced
sensitivity of immune cells to glucocorticoids which would other-
wise regulate the inflammatory response system (Stark et al., 2001;
Marques et al., 2009).

3. The neuroactive properties of KP metabolites

3.1. The oxidative metabolites

3-Hydroxykynurenine and 3-hydroxyanthranilic acid are KP
metabolites which contribute to the generation of free radicals
(Forrest et al., 2004) leading to lipid peroxidation and oxidative
stress. This is achieved directly through the generation of reactive
oxygen species (ROS) such as hydrogen peroxide from these me-
tabolites (Okuda et al., 1996). Moreover, 3-hydroxykynurenine, 3-
hydroxyanthranilic acid and anthranillic acid can inhibit com-
plexes I, II and IV, I and II, and I-III in the electron transport chain
respectively (Schuck et al., 2007). This inhibition may lead to
impaired mitochondrial function contributing further to oxidative
stress within cells (Maes et al., 2011). Activation of oxidative and
nitrosative pathways, and impairments in mitochondrial function
are widely reported to be involved in the pathology of neurode-
generative and neuropsychiatric disorders (Glass et al., 2010; Maes,
2011; Federico et al., 2012; Muller, 2013).

3.2. The oxidative and NMDA receptor properties of quinolinic acid

Quinolinic acid is a weak but specific competitive agonist at the
NMDA receptor containing NR2A and NR2B subunits (Guillemin,
2012). The concentrations of quinolinic acid in the human brain
are usually less than 100 nM but these can increase drastically in
inflamed tissues (Guillemin et al., 2005a; Guillemin and Brew,
2002; Guidetti and Schwarcz, 2003). In addition to it being
directly able to generate ROS (Behan et al., 1999), quinolinic acid
can also act through the activation of the NMDA receptor indirectly
to drive free radical formation. This can occur through the con-
version of xanthine dehydrogenase into xanthine oxidase - an
enzyme responsible for the production of ROS, and also through
stimulation of nitric oxide synthase (Forrest et al., 2004). Moreover,
quinolinic acid stimulates the release of glutamate from neurons
(Tavares et al., 2002) and inhibits the uptake of glutamate by as-
trocytes, enhancing its synaptic availability which in turnmay over-
activate the NMDA receptor (Tavares et al., 2002). Furthermore,
quinolinic acid also impairs postsynaptic elements, causes neuronal
degeneration (Kerr et al., 1998), and destabilizes the cytoskeleton
(Pierozan et al., 2010). In addition, quinolinic acid triggers pro-
inflammatory responses and apoptosis of neurons and astrocytes
(Braidy et al., 2009a), as well as disrupting the blood brain barrier
(BBB) (St'astny et al., 1999). Further effects of quinolinic acid-
induced cytotoxicity have been discussed elsewhere (Lugo-
Huitron et al., 2013).

3.3. The multifaceted nature of KYNA

KYNA is found in the human brain at concentrations between
0.2 and 1.5 mM (Moroni et al., 1988). It is produced from kynurenine
by the KATenzymes of which there are 4, KAT I, II, III, IV, all of which
are involved to varying degrees in the conversion of kynurenine to
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KYNA (see also Fig. 1) (Agudelo et al., 2014; Zinger et al., 2011).
Within the brain, KAT II is mostly responsible for the production of
KYNA (75%) (Zinger et al., 2011). KAT II mediated conversion is the
primary source for KYNA production in the brain due to the
inability of KYNA to cross the BBB (Fukui et al., 1991). KYNA is often
referred to as a neuroprotective KP metabolite on account of
antagonistic properties at the NMDA receptor (Stone, 1993) which
may serve to counteract quinolinic acid-related toxicity (Perkins
and Stone, 1982). Specifically KYNA is an antagonist at the glycine
recognition and co-agonist site of the NMDA receptor complex
(Birch et al., 1988b). Consequently, the ratio of quinolinic acid to
KYNA is used as an index to gauge for NMDA receptor-related
activation and neurotoxicity (Saito et al., 1993). At higher concen-
trations KYNA has the capacity to antagonise the NMDA receptor at
the glutamate binding site (Birch et al., 1988a), thus KYNA has the
potential to interfere with glutamatergic signalling. In addition to
its NMDA receptor antagonistic properties, KYNA also blocks other
glutamate receptors including kainite and a-amino-3-hydroxyl-5-
methyl-4-isoxazolepropionic acid (AMPA) receptors (Birch et al.,
1988a). It is also a non-competitive inhibitor at the a7-nicotinic
receptor (Hilmas et al., 2001), an important component of the
cholinergic anti-inflammatory pathway that inhibits cytokine ac-
tivities and glutamate release (Gallowitsch-Puerta and Tracey,
2005; Marchi et al., 2002). The actions of KYNA at the a7-
nicotinic receptor and the glycine binding site of the NMDA re-
ceptor occur at more physiologically relevant concentrations
(Prescott et al., 2006; Szalardy et al., 2012), while its antagonism at
the AMPA receptor or at the NMDA binding site of the NMDA re-
ceptor occurs at higher concentrations (Szalardy et al., 2012).

The concentrations of KYNA in the brain have been proposed to
be regulated by b-adrenoceptor stimulation in a cyclic adenosine
monophosphate (cAMP)- and protein kinase A (PKA)-dependent
manner (Luchowska et al., 2009). Luchowska et al. (2009)
demonstrated that stimulation of either rat cortical slices or rat
mixed glial cultures with either b-adrenoceptor agonists or cAMP
analogues resulted in increased KYNA concentrations which was
blocked by the PKA inhibitor, KT5720. Similarly, the b-adrenoceptor
agonist formoterol resulted in increased KAT I and II activity in
mixed glial cultures. Other mechanisms by which the induction of
central KAT and increased KYNA production occur are unclear.
However, it has been demonstrated that sulphur-containing acidic
amino acids, which exert neuroexcitatory actions similar those of
glutamate, reduce KYNA production and inhibit KAT I and II activity
in the brains of Wistar rats (Kocki et al., 2003).

Despite its reputation as a neuroprotective metabolite, KYNA
has been found to be a full agonist at the orphan receptor, g-
protein coupled receptor 35 (GPR35) in rodents (Wang et al.,
2006). Activation of this receptor results in Ga13 and Gi/o signal-
ling leading to mobilisation of intracellular calcium and the
disruption of synaptic currents (Wang et al., 2006; Jenkins et al.,
2011; Divorty et al., 2015). The degree of potency of KYNA at
GPR35 is species specific, with it being more potent at rat in
comparison with human GPR35 (Wang et al., 2006). Considering
that GPR35 is not widely distributed in the brain (Wang et al.,
2006), it is more likely that KYNA exerts its action via this re-
ceptor in the periphery, primarily in the gastrointestinal tract or
immune cells where GPR35 is predominantly expressed (Wang
et al., 2006). Furthermore, the plasma concentration of KYNA
required to activate GPR35 is not reached under normal circum-
stances in humans, suggesting that KYNA-driven GPR35 activation
may only be relevant in the presence of disease salient stimuli
(Divorty et al., 2015). In spite of the potential of KYNA to perturb
neuronal signalling through GPR35 activation, further studies are
required in order to determine whether this receptor may influ-
ence the neuroactive properties of KYNA.
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4. Finding a balance e lessons from exposing cultured cells to
KP metabolites in vitro

4.1. The effects of KP metabolites on viability

3-Hydroxykynurenine, and to a lesser extent 3-
hydroxyanthranilic acid, at concentrations ranging from 1 to
100 mM were reported to be toxic to rat striatal neurons where
toxicity was prevented by treatment with the xanthine oxidase
inhibitor, allopurinol (Okuda et al., 1996). Furthermore, the same
group reported that other KP metabolites tested including quino-
linic acid over a similar range of mM concentrations did not affect
the viability of these cultured striatal neurons (Okuda et al., 1998).
In another report, 3-hydroxykynurenine was capable of inducing
cell death in both undifferentiated and differentiated SH-SY5Y and
SK-N-SH neuroblastoma cells (Wszelaki and Melzig, 2011). 3-
Hydroxykynurenine, 3-hydroxyanthranilic acid and quinolinic
acid, but not KYNA have been reported to affect the viability of
human neuronal cells with lactate dehydrogenase release from
cells indicative of neuronal cell death at doses greater than 0.5 mM
(Braidy et al., 2009b). Similarly this group assessed the viability of
human astrocytes following exposure to various KP metabolites,
and they found that 3-hydroxykynurenine, 3-hydroxyanthranilic
acid and quinolinic acid, but not KYNA reduced astrocytic viability
(Braidy et al., 2009a). In a further report, the quinolinic acid-
induced reduction in neuronal viability was prevented by the
pre-treatment with the NMDA receptor antagonist, MK-801 or the
inducible nitric oxide (iNOS) inhibitor, L-NAME. Furthermore L-
NAME was capable of attenuating the quinolinic acid-induced re-
ductions in viability in human astrocytes (Braidy et al., 2009a).

Pierozan et al. (2015) have reported that quinolinic acid at
concentrations between 10 and 100 mM with exposure times
ranging from 24 to 72 h failed to affect the viability of primary rat
astrocytes or neurons. These are consistent with results from our
own laboratory where quinolinic acid in either the presence of
absence of glycine at doses ranging from 0.1 to 100 mM over 24 h
failed to affect the viability of rat primary cortical neurons. Some
metabolites are likely to contribute to neuronal cell death to a
greater degree than others and this may have implications with
regard to underlying mechanisms associated with the influence of
the KP in neurodegenerative disorders.

4.2. The effects of KP metabolites on neurite outgrowth and
complexity

KP metabolites have the potential to influence neuronal trans-
mission by affecting neuronal integrity via reducing viability,
neuritic complexity or plasticity. The number, length and
complexity of dendrites is widely believed to underlie neuronal
interaction and network integration corresponding to key aspects
of brain function such as cognitive function (Ferrante et al., 2013).
As such, in vitro experiments which assess the impact of KP me-
tabolites on neurite outgrowth and neuronal complexity are of
interest. Exposure of rat primary striatal neurons to quinolinic acid
at 10, 25 and 100 mM has been reported to result in hyper-
phosphorylation of neurofilament subunits which is believed to be
mediated by NMDA receptor-driven increases in intracellular cal-
cium. In addition, this group demonstrated that these same con-
centrations of quinolinic acid reduced the neurite length of rat
primary striatal neuronal cells in culture. It was proposed that
quinolinic acid-induced neuronal injury interferes with the physi-
ological roles of the axonal cytoskeleton in mediating neuronal
outgrowth (Pierozan et al., 2015). This same group had previously
reported similar results in striatal cortical slices from young rats
following an infusion of quinolinic acid into the brain where the
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hyperphosphorylation of neurofilaments was prevented by the
NMDA receptor antagonist, MK-801, or the iNOS inhibitor, L-NAME
(Pierozan et al., 2010). Moreover, we have also found that 3-
hydroxykynurenine (0.1 mM) and to a lesser extent 3-
hydroxyanthranilic acid (0.1 mM) reduce measures of neuronal
outgrowth and complexity of rat primary cortical neurons
including the number of primary neurites, neurite length and the
number of branching intersections at various distances from the
cell soma. In addition, we have also found KYNA to reducemeasures
of neuronal outgrowth and complexity at concentrations ranging
from 0.1 to 10 mM (unpublished data). This is in accordancewith the
literature in that KYNA is believed to play a dual role with opposing
effects depending on whether it is present in nanomolar or
micromolar concentrations (Rozsa et al., 2008).

Variations in the literature regarding the effects that KP me-
tabolites have on neuronal complexity may be as a consequence of
variations between experimental parameters. These may include
differences in the treatment duration and concentration, variations
in protocols for the preparation of primary cultures and also the
specific type of neuron utilised. In particular the age at which the
neuronal cultures are treated may greatly influence the outcomes
and cellular resilience or lack thereof to exposure to the various
metabolites. Verstraelen et al. (2014) have recently described the
maturation of primary murine hippocampal neurons and illustrate
the changes in morphological and electrophysiological properties
that occur with respect to the age of the cells in culture. In addition
they showed that the balance between KYNA and quinolinic acid
was critical for the maintenance of the activity of hippocampal
neuronal networks, with either quinolinic acid or KYNA alone
disturbing the synchronous burst firing of these networks, while
consecutive addition of the NMDA receptor modulators allowed for
normal network activity.

Macrophages of the murine cell line, BAC1.2F5 stimulated with
IFN-g release nitric oxide alongside 3-hydroxykynurenine and
quinolinic acid into the culture media. These effects may be blocked
by treatment with the IDO inhibitor, norharmane (Chiarugi et al.,
2000). Circulating or infiltrating macrophages act as a peripheral
source of KP metabolites. Circulating metabolites may in turn gain
access to the brainwhich provides a putative link between systemic
immune activation and inflammation influencing neuronal trans-
mission. It is now well recognised that bidirectional communica-
tion occurs between the CNS and the immune system. This is
achieved through cytokines accessing the brain directly via cir-
cumventricular organs, or being transported across the BBB by their
respective active transporters or infiltrating immune cells. In
addition cytokines can act via the vagus nerve to alter neuro-
transmission in the brain. A role for the peripheral immune system
in neuroinflammatory processes underlying the pathophysiology of
neurological disorders is well accepted and reviewed extensively
elsewhere [see, Najjar et al. (2013), Haroon et al. (2012), Glass et al.
(2010) for review]. As such, direct activation of the KP centrally,
through locally produced or infiltrating cytokines may therefore
impact upon neuronal transmission through the aforementioned
actions of KP metabolites. Additionally, activation of the KP
peripherally may influence neuronal transmission as some KP
metabolites gain access to the brain (Fig. 1). Thus, KP-mediated
alterations in neuronal transmission and integrity may be one
such mechanism by which stress could contribute to the develop-
ment of symptoms of neuropsychiatric and degenerative disorders.

5. A role for the KP in the pathophysiology of
neurodegenerative disorders

The KP is appreciated as having an important part to play in the
development of multiple neurodegenerative disorders including
egulation of the kynurenine pathway: Relevance to neuropsychiatric
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Parkinson's disease, Alzheimer's disease, Huntington's disease,
amylotrophic lateral sclerosis (ALS), multiple sclerosis (MS), epi-
lepsy and stroke (Lim et al., 2010; Anderson and Rodriguez, 2011;
Maddison and Giorgini, 2015; Bohar et al., 2015; Cuartero et al.,
2014; Tan et al., 2012).

A role for IDO-related activation of the KP in the pathophysi-
ology of neurological disease and psychiatric disorders has been
examined extensively over the past decade and is reviewed else-
where (Myint and Kim, 2014; 2003; Schwarcz et al., 2012b; Maes
et al., 2011). The extent to which TDO-related activation of the KP
is involved is yet to be fully investigated and understood. Apart
from early work carried out by Curzon and Green (1969), demon-
strating that psychophysiological stress in rats induces hepatic
TDO, little has been done to assess in greater detail the degree to
which TDO-related activation of the KP may be implicated in the
cause or progression of stress-associated disorders.

5.1. A role for the KP in Parkinson's disease

Endogenous excitotoxic mediators have been implicated in the
degeneration of nigral dopaminergic neurons in Parkinson's dis-
ease for some time now. Parkinson's disease patients show in-
creases in 3-hydroxykynurenine in the frontal cortex, putamen, and
the substantia nigra pars compacta, while KYNA concentrations
were found to be decreased (Ogawa et al., 1992). A widely used
mouse model of Parkinson's disease which involves the adminis-
tration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
demonstrated a reduction in KAT I expression in these mice
(Knyihar-Csillik et al., 2004). Similarly KAT II activity was reported
to be reduced in cortical slices of rats treated with MPPþ, the toxic
metabolite of MPTP (Luchowski et al., 2002). Modulation of the KP,
in terms of shifting its activation towards KYNA production, has
been suggested as a putative novel approach for the development
of neuroprotective treatments for use in Parkinson's disease (Zadori
et al., 2011, 2013).

The development of a BBB permeable KMO inhibitor provides a
novel strategy that may help to reduce the toxic effects associated
with activation of the KP in neurodegenerative processes. Several
studies have shown that NMDA receptor antagonists can exert
neuroprotection in both in vitro and in vivo models of Parkinson's
disease [see, Zinger et al. (2011) for review]. Furthermore, intra-
cerbroventricular administration of nicotinylalanine, a KMO and
KYNU inhibitor, alongside systemic administration of kynurenine
and probenecid, an inhibitor of KYNA removal from the cerebro-
spinal fluid, leading to increased levels of KYNA in the brain, has
been reported to block quinolinic acid-mediated toxicity within the
substantia nigra in rats (Miranda et al., 1997). In addition, nic-
otinylalanine and the KMO inhibitor, Ro-618048 were capable of
reducing dyskinesia associated with long term L-Dopa usage. This
was achievedwithout altering its beneficial effects inmonkeyswho
had previously received MPTP and developed moderate to severe
Parkinsonian syndrome (Gregoire et al., 2008). Furthermore, sys-
temic administration of kynurenine and probenecid prevented re-
ductions in striatal dopamine levels, striatal neurodegeneration
and increased rotation behaviour, a marker of dopaminergic system
alterations in the 6-hydroxydopamine model of Parkinson's disease
(Silva-Adaya et al., 2011). Thus far it has been proposed that KYNA,
or KYNA derivatives that have a higher propensity to cross the BBB
would be useful in aiding neuroprotective processes in Parkinson's
disease patients. Similarly, it is believed that kynurenine de-
rivatives and various KP inhibitors such as, the KMO inhibitor, Ro-
618048, would be a strategic way of ameliorating KYNA deficits
observed in Parkinson's disease patients by way of increasing the
levels of available kynurenine for KYNA synthesis (Nemeth et al.,
2006). In particular, melatonin production which provides
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protection against various Parkinsonian toxins including, MPTP and
6-hydroxydopamine (Sharma et al., 2006; Patki and Lau, 2011), is
reduced by the presence of increased glial TDO or IDO activation.
Administration of melatonin may thus act as a complementary
adjunctive therapeutic strategy in Parkinson's disease (Anderson
and Maes, 2014).

5.2. A role for the KP in Alzheimer's disease

Alterations in the KP have also been observed in Alzheimer's
disease including a reduction in the serum concentrations of
tryptophan and KYNA and increases in kynurenine and 3-
hydroxykynurenine, with these concentrations correlating with
the level of cognitive impairment [see, Ting et al. (2007) for review].
In contrast, an increase in the concentrations of KYNA has been
reported in the striatum of post mortem brains of Alzheimer's dis-
ease patients which is proposed to be a compensatory mechanism
in response to a hyperactive striato-frontal loop due to neuronal
loss in cortical areas (Baran et al., 1999). In conjunction with the
increase in KYNA, b-amyloid, specifically Ab1-42 has been reported
to increase quinolinic acid production to neurotoxic concentrations
in both human macrophages and microglia which may contribute
to oxidative processes in Alzheimer's disease (Guillemin et al.,
2003b). Similarly Ab1-42-induced increases in IDO mRNA expres-
sion, allows for 3-hydroxykynurenine- and 3-hydroxyanthranilic
acid-induced oxidative stress which could contribute to neuro-
degeneration (Guillemin et al., 2003b). A role for the KP has been
proposed as a consequence of both TDO and IDO induction (Wu
et al., 2013). A recent study has indicated that TDO-mediated KP
activation may be important in the formation of neurofibrillary
tangles and may be associated with senile plaque development.
This study demonstrated that TDO is highly expressed in the brains
of both Alzheimer's disease patients and the 3xTg mouse model of
Alzheimer's disease. Moreover TDO co-localises with quinolinic
acid, neurofibrillary tangles and amyloid deposits in the hippo-
campus of post mortem brains of Alzheimer's disease patients. It is
proposed that activation of TDO in this instance is driven by pro-
lactin and cortisol (Wu et al., 2013). With regards to potential
therapeutic targets, a small molecule KMO inhibitor, JM6, was
shown to be capable of reducing extracellular glutamate centrally
and increasing KYNA concentrations in the brain and serum of rats
following chronic oral administration. In addition, it was also
capable of preventing spatial memory deficits, anxiety-like
behaviour and synaptic loss, while having no effect on amyloid b
accumulation in a mouse model of Alzheimer's disease associated
with over-expression of the human amyloid precursor protein
(Zwilling et al., 2011).

5.3. A role for the KP in Huntington's disease

Metabolites of the KP have been implicated in the pathophysi-
ology of Huntington's disease. Both Huntington's disease patients
and transgenic mice expressing the mutant huntingtin gene are
reported to have increased concentrations of quinolinic acid and 3-
hydroxykynurenine in the neostriatum and cortex (Guidetti et al.,
2004, 2000). In the fruit fly model of this disorder, genetic inhibi-
tion of either TDO or KMO resulted in a decrease in the levels of 3-
hydroxykynurenine and a shift towards KYNA synthesis and neu-
roprotection. Further effects of KP metabolites in Huntington's
disease are reviewed elsewhere (Tan et al., 2012; Bohar et al., 2015).
Various KMO inhibitors including JM6 and Ro61-8048 were re-
ported to attenuate neurodegeneration, with JM6 preventing syn-
aptic loss, stabilising synaptic activity and reducing
neuroinflammation in a mouse model of Huntington's disease (Tan
et al., 2012; Amaral et al., 2013).
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5.4. A role for the KP in ALS

The KP has also been directly linked with ALS as patients were
reported to have increased cerebrospinal fluid and serum concen-
trations of kynurenine and quinolinic acid. KP activation could not
be specifically attributable to either IDO or TDO induction alone,
however the authors propose that considering the higher expres-
sion levels of IDO in the brain relative to TDO, in this instance, IDO
was driving the changes in metabolite concentrations (Chen et al.,
2011). In vitro studies however, in the mouse motor neuron cell
line NSC-34, have found that both control and IFN-g-stimulated
cells stain positively for TDO, while IDO was only found in the IFN-
g-treated group (Chen et al., 2011). This is a conflicting finding, in
that IFN-g was shown to induce TDO and furthermore that the
reciprocal relationship that was previously reported (Guillemin
et al., 2007) to exist between TDO and IDO in both primary hu-
man neurons and the human neuronal cell line, SK-N-SH, is absent
in these cells, thus highlighting differential enzyme expression
patterns between mice and humans (Guillemin et al., 2007). Other
indirect ways by which the KP could be associated with the pa-
thology of ALS include the excitotoxic action of quinolinic acid at
the NMDA receptor and also by raised synaptic glutamate con-
centrations which has been implicated in the pathophysiology of
ALS. In fact, interference in glutamate regulation, through the use of
riluzole which inhibits hippocampal glutamate release (Martin
et al., 1993), is the only current treatment available for ALS. More-
over various KP metabolites are capable of producing free radicals
and driving oxidative stress which is an additional putative
contributing factor to ALS (Chen and Guillemin, 2012).

5.5. A role for the KP in MS

Considering MS is a neuroinflammatory disorder all of the work
done to date has primarily focused on IDO-driven KP activation,
with little to no data available on a companion role for TDO (Rajda
et al., 2015; Lim et al., 2010; Chen and Guillemin, 2009; Anderson
and Rodriguez, 2011). Irrespective of this, there are both preclini-
cal and clinical studies, recently reviewed by Rajda et al. (2015),
illustrating how activation of the KP is associated with neuronal
degeneration in bothMS patients and animal models of MS. Both 3-
hydroxykynurenine and quinolinic acid concentrations have been
reported to be increased in the spinal cord of rodents subjected to
experimental autoimmune encephalitis (EAE), with increases being
attenuated by systemic treatment with the KMO inhibitor, Ro61-
8048 (Chiarugi et al., 2001). Moreover, quinolinic acid has been
shown to be capable of inducing neuronal, astroglial and oligo-
dendroglial cell death (Braidy et al., 2009b; Sundaram et al., 2014).
Furthermore, circulating KYNA concentrations in patients varies
depending on the phase of the disease. Low levels have been
detected in the cerebrospinal fluid of patients in remission (Rejdak
et al., 2002), while high levels were reported in the cerebrospinal
fluid of patients experiencing acute relapse (Rejdak et al., 2007).
Therapeutic strategies targeting the KP in MS primarily aim to in-
crease the concentrations of KYNA in the brain by treating with
KMO inhibitors in order to shift metabolism on the KP towards
conversion of kynurenine to KYNA [see, Rajda et al. (2015) for
review].

5.6. A role for the KP in seizure control

In relation to epilepsy and seizures, evidence to date only goes
so far as to implicate IDO-mediated KP activation with suggestions
of a potential role for TDO being overlooked (Xie et al., 2014;
Anderson and Rodriguez, 2011). Recently a genetic link between
the KP gene, aminocarboxymuconate semialdehyde decarboxylase
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(ACMSD), which encodes the enzyme that drives the metabolism of
2-amino 3-carboxymuconate 6-semialdehyde to 2-aminomuconic
acid 6-semialdehyde rather than quinolinic acid, and familial
myoclonic epilepsy has been identified. This stop codonmutation is
implicated in ACMSD deficiency, resulting in quinolinic acid accu-
mulation in the brain and in the onset of epilepsy (Marti-Masso
et al., 2013). In addition, it was found that administration of
kynurenine in combination with probenecid which prevents it
from being removed from the CNS, protected against
pentylenetetrazol-induced seizures in rats (Nemeth et al., 2004).

5.7. A role for KP activation in ischaemic stroke

The KP has been implicated in cardiovascular disease and stroke
(Nikkheslat et al., 2015; Cuartero et al., 2014; Darlington et al.,
2007). A recent study by Cuartero et al. (2014) was aimed at
defining a role for the aryl hydrocarbon receptor (AhR) in stroke.
Kynurenine, a known agonist at the AhR (Opitz et al., 2011) medi-
ates AhR activation in times of ischemia. In this investigation the
authors reported that ischemic insult led to increases in the
expression of the AhR in the brain following middle cerebral artery
occlusion in mice. The effects were abolished in AhR knockout
(�/�) mice or following systemic administration of the AhR
antagonist, 6,20,40-trimethoxyflavone (TMF) indicating that the AhR
mediates acute ischemic damage. AhR activation in neurons in-
hibits cAMP response element binding (CREB) protein, it is pro-
posed that via this inhibition, ischemia and AhR activation inhibit
pro-survival pathways. With regards to a role for kynurenine in
this instance, Cuartero et al. (2014) reported that the concentra-
tions of kynurenine increase in the brain as early as 3 h following
middle cerebral artery occlusion and remain elevated at 24 h post
occlusion in mice. Interestingly, this increase occurred only in the
brain and was as a consequence of ischemia increasing the
expression of TDO rather than IDO or IDO-2 in both the core and
peri-infarct regions. Furthermore this group demonstrated that
inhibition of TDO but not IDO reduced the infarct volume relative to
control. Similarly they reported that TDO inhibition prevented
middle cerebral artery occlusion-induced increases in concentra-
tions of kynurenine in the brain resulting in an accumulation of
central tryptophan and reduced activation of the AhR. Overall this
study suggests that TDO-mediated kynurenine agonism at the AhR
and concomitant inhibition of pro-survival pathways in neurons is
a potential mechanism by which tryptophan metabolism may
mediate ischemic damage. This highlights TDO as the primary
enzyme responsible for kynurenine production following stroke,
and identifies TDO as an important therapeutic target with regards
to preventing ischemic damage. In contrast other studies have
found that administration of kynurenine prior to ischemic damage
has a protective effect due to the action of the downstream
metabolite, KYNA (Gigler et al., 2007). Gigler et al. (2007) used the
middle cerebral artery occlusion in mice as a model for focal ce-
rebral ischemia, while bilateral carotid artery occlusion in gerbils
was used to examine global cerebral ischemia. Intraperitoneal
administration of L-kynurenine sulphate 15 min prior to middle
cerebral artery occlusion significantly reduced the cortical infarct
surface area at all doses tested. This reduction in cortical infarct
surface areawas also achieved by pretreatment with lower doses of
the anti-ischemic agent and AMPA receptor antagonist, GYKI53655.
In addition, administration of L-kynurenine sulphate or GYKI53655
2 h prior to a transient bilateral carotid artery occlusion prevented
pyramidal neuronal loss in the CA1 region of the hippocampus of
these gerbils. Furthermore, both L-kynurenine sulphate or
GYKI53655 attneuated ischemia-induced deterioration of spatial
memory and hypermotility as assessed by spontaneous alternation
and locomotor activity in the Y-maze respectively.
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6. A role for the KP in the pathophysiology of
neuropsychiatric disorders

In relation to psychiatric disorders, it has long been acknowl-
edged that the KP plays a role in the pathophysiology of mood
disorders, anxiety and schizophrenia (Oxenkrug, 2010; Schwarcz
et al., 2012a). It is well established that genetic pre-disposition
and brain development in early life are factors which can increase
a person's vulnerability to the emergence of psychiatric symptoms
in later life. The KP may play a role in mediating such effects.

Single nucleotide polymorphisms (SNPs) in tdo2, the genewhich
encodes TDO such as, rs3775085, A/C; rs3755907, A/G; rs3755908,
C/T, have been associated with autism, attention deficit hyperactive
disorder and Tourette syndrome (Comings, 2001; Nabi et al., 2004).
Similarly preliminary data from a genome wide association study
identified two SNPs, rs2929115 and rs2929116, in the IDO genewith
this genetic variation in ido and ido-2 proposed to contribute to
variations in outcome following antidepressant treatment (Cutler
et al., 2012). Moreover, in the mouse nervous system Kanai et al.
(2009b), identified the expression of TDO in the brain, with high
levels of its expression in the hippocampus and cerebellum and
lower levels in the cerebral cortex, striatum and midbrain. In
addition, this group identified variants of the tdo gene, namely tdo
variant 1 and tdo variant 2 and they showed that the TDO protein
encoded by the tdo gene shares similar specific enzymatic activity
to the proteins encoded by the novel variants. In addition, the group
demonstrated that these variants exhibit altered expression pat-
terns which fluctuate from postnatal day 1e49. As a consequence of
this expression pattern, the authors suggest that tdo full-form is an
important modulator of hippocampal development, while both it
and tdo variant 2 are important in early cerebellar development
(Kanai et al., 2010). In adult mice TDO was demonstrated as having
an important role in themaintenance of brainmorphology as tdo�/
�mice were shown to have increased neurogenesis and these mice
exhibited a reduced anxiety-related phenotype when subjected to
the elevated plus maze and open field test. These knockout mice
exhibited increased plasma levels of tryptophan, kynurenine and
the serotonin metabolite, 5-hydroxyindoleacetic acid, as well as
increased brain levels of tryptophan, serotonin and 5-
hydroxyindoleacetic acid (Funakoshi et al., 2011b; Kanai et al.,
2009a). In contrast, ido �/� mice have only recently come into
use to facilitate an assessment of KP activation in animal models of
psychiatric disorders (Heisler and O'Connor, 2015). A recent study
demonstrated that exposure to lipopolysaccharide (LPS) increased
plasma and brain kynurenine levels and led to reduced time
exploring a novel object in wild type mice. However, the same LPS
treatment in either ido �/� or kmo �/� mice does not have the
same physiological or behavioural effects. This study implicates KP
activation in driving these deficits in object recognition memory
which the authors propose may contribute to cognitive dysfunction
in inflammation-induced depression (Heisler and O'Connor, 2015).

Developmentof thebrain canbe influencedbyearly life adversity
including exposure to infectious agents, activation of the immune
system and exposure to stress. A number of studies have been car-
ried out to date which assess a role for the KP in driving develop-
mental processes (Khalil et al., 2014; Pisar et al., 2014; Forrest et al.,
2013b). These studies suggest that activation of the KP as a conse-
quence of prenatal stress and inflammation may have the potential
to contribute to alterations in the development of the nervous sys-
tem. Preclinical models, such as poor maternal care, demonstrate
that early life adversity has the potential to alter brain development
[see, Lucassen et al. (2013), McEwen (2008) for review]. In early life,
tryptophan is an important factor involved in the development of
regions of the brain associated with psychiatric disorders. This may
bedue to the fact that it is theprecursor for serotoninwhichhasbeen
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shown to exert effects in the development of target tissues [see,
Lauder (1990) for review] alongside altering the expression of brain
derived neurotrophic factor (BDNF) (Vaidya et al., 1997). The iden-
tification of fluctuations in the expression of TDO mRNA and its
variants in both the developing and adult brain suggests that TDO is
important in the regulation of the development of specific brain
regions suchas thehippocampus andcerebellum (Kanai et al., 2010).
Thus, disruptions in TDO expression may be responsible for subse-
quent behavioural changes, such as the emergence of anxiety-
related behaviour in adult life (Funakoshi et al., 2011a). Trypto-
phan restriction in rats during an early postnatal stagewas shown to
result in reduced levels of serotonin in the brain alongside reduced
dendritic arborisation, spine density and cell proliferation in the
dentate gyrus of the hippocampus. These rats also displayed
anxiety-like and depressive-like behaviour, however this study
failed to examine a role for KP activation in mediating these
morphological and behavioural changes (Zhang et al., 2006).

KP activity has been implicated in normal brain development
(Forrest et al., 2013a, 2013b; Pisar et al., 2014). Prenatal inhibition of
the KP downstream of TDO/IDO, using the KMO inhibitor, Ro61-
8048 resulted in rapid changes in protein expression. For
instance, the levels of NMDA receptor subunits GluN2A and GluN2B
were decreased and increased respectively in the brains of embryos
5 h post Ro61-8048 administration. In 21 day old offspring, there
was increased neurogenesis, neuronal excitability and paired-pulse
firing, alongside increased long term potentiation and protein
expression of GluN2A, GluN2B and postsynaptic density 95. These
changes highlight that inhibition of activation of the neurotoxic
arm of the KP prenatally affects neuronal development of offspring
assessed at weaning [postnatal day 21] (Forrest et al., 2013a,
2013b). In addition, prenatal administration of Ro61-8048, which
increases the levels of kynurenine and KYNA in the brain of em-
bryos (Forrest et al., 2013a), altered dendritic parameters in the
hippocampus such as increasing the radial intersections at various
distances from the cell body (Pisar et al., 2014). It is proposed that
such changes may be as a consequence of altered NMDA receptor
expression at the various stages of development (Forrest et al.,
2013b). Another study which involved the administration of
kynurenine to cultured murine astrocytes has been shown to
induce the expression of nerve growth factor, which the authors
propose may be a mechanism by which circulating tryptophan and
kynurenine may exert trophic support (Dong-Ryul et al., 1997).

Furthermore, clinical studies suggest that early life adversity and
subsequent neurodevelopmental abnormalities and alterations in
the stress response, such as HPA axis hyperactivity can persist
during adulthood [see, Faravelli et al. (2012) for review]. Reductions
in the levels of GR expressionwere found in the post mortem brains
of patients with major depression, bipolar disorder and schizo-
phrenia, indicating altered GR functioning (Webster et al., 2002).
Similarly, findings reviewed by Holtzman et al. (2013) show that
schizophrenic patients exhibit a hyperactive HPA axis as well as
dexamethasone non suppression in the dexamethasone suppres-
sion test. This re-programming of the HPA axis and associated
blunted GR signalling in immune cells, is believed to be an
important link between prenatal stress and risk of psychosis in later
life (Koenig et al., 2002). How these early life stress-related physi-
ological changes affect KP activation both peripherally and centrally
in the long term is yet to be examined, with interesting findings
having emerged over the past decade on the role for KP activating
in psychiatric disorders which will be discussed hereafter.

6.1. A role for KP activation in major depression

Several studies have identified increases in circulating kynur-
enine and decreases in circulating tryptophan concentrations
egulation of the kynurenine pathway: Relevance to neuropsychiatric
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culminating in alterations to the kynurenine over tryptophan ratio,
which is commonly used as an indicator of KP activation. Increases
in the concentrations of kynurenine, quinolinic acid and KYNA have
been identified in the cerebrospinal fluid (Raison et al., 2010), while
decreases in plasma KYNA concentrations have also been reported
in depressed patients (Myint et al., 2007). These changes indicate
that the KP may be influenced in specific subtypes of depression
[see, Reus et al. (2015); Lopresti et al. (2014) for review]. A role for
inflammation in the pathogenesis of depression was originally put
forward by Smith (1991) who developed the macrophage theory of
depression in which he emphasised that it was the excessive
secretion of cytokines from macrophages which bring about
depression. Support for this came from the positive correlation
between increased inflammatory cytokines in the plasma of
chronic depressives and the finding that depression developed in
hepatitis C patients receiving interferon (IFN) a treatment (Raison
et al., 2005). As such, secondary depression which occurs as a
consequence of infection, inflammation or oxidative stress may be
more so associated with IDO-driven KP activation (Fukuda, 2014).
Reactive depression is associated with exposure to major life
stressors, HPA axis activation and dysregulation (Fukuda, 2014) and
likely induction of TDO and KP activation. While these links be-
tween stress and KP activation have not much been explored in
major depression to date, studies in animal models of stress lend
support to the likely role of these interactions in major depressive
illness. Early investigations by Green and Curzon (1968), reported
that administration of the stress hormone, hydrocortisone to rats
resulted in increased TDO activity and reductions in brain serotonin
concentrations which were preventable by prior treatment with
the TDO inhibitor, allopurinol. Furthermore, periods of immobili-
sation stress increased hepatic TDO activity which was prevented
by adrenalectomy, indicating that stress-related TDO induction is
mediated by HPA axis activation (Curzon and Green, 1969).

More recently Gibney and co-workers demonstrated a role for
TDO in driving immobilisation stress-induced depressive-like
behaviour in rats as indicated by an increase in immobility time in
the forced swimming test (FST). Rats exposed to immobilisation
stress showed elevated levels of hepatic TDO expression and ac-
tivity, an increase in the kynurenine over tryptophan ratio in tan-
demwith depression-related immobility in the FST. Prior treatment
with the TDO inhibitor allopurinol attenuated the stress-related
increase in immobility in tandem with a reduction in the KP acti-
vation ratio (Gibney et al., 2014). Similarly, IDO activation has been
shown to mediate LPS-driven depressive-like behaviours in ro-
dents, with these behaviours being abolished by use of the IDO
inhibitor, 1-methyl tryptophan (L) (O'Connor et al., 2009; Lawson
et al., 2013). O'Connor et al. (2009), demonstrated that peripheral
administration of LPS to mice increased IDO mRNA expression in
the brain alongside an increase in the kynurenine over tryptophan
ratio in both the brain and plasma. In addition, thesemice displayed
increased immobility time in both the FST and tail suspension test,
which is indicative of depressive-like behaviour. These LPS-induced
changes inmeasures of KP activation and behaviour were abolished
by pre-treatment with 1-methyl tryptophan (L) or minocycline, an
inhibitor of microglial activation. Furthermore Lawson et al. (2013)
reported that intracerbroventricular administration of LPS to mice
resulted in increased kynurenine over tryptophan ratio in the brain,
alongside anhedonic and depressive-like behaviour as measured by
the sucrose preference test and tail suspension test respectively.
This anhedonic phenotype was absent in ido�/�mice treated with
LPS, and similarly both behavioural changes were prevent by
administration of a racemic mixture of 1-methyl tryptophan in
conjunction with LPS. Despite the fact that tryptophan metabolism
associated with KP activation may conceivably lower tryptophan
availability for serotonin synthesis, there is inconsistent evidence
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for this occurring following administration of either LPS, poly-
inositolphosphatidic acid (poly I:C) or inflammatory cytokines to
rodents. As such it is believed that it is the production of KP me-
tabolites which drive the depressive-like behaviour in animal
models (Gibney et al., 2013; Myint et al., 2007; Dunn et al., 2005).

There is a large body of literature demonstrating that exercise is
effective in alleviating suffering from mood disorders [see, Powers
et al. (2015) for review]. A recent study by Agudelo et al. (2014) in
mice suggests that exercise-driven kynurenine metabolism in
skeletal muscle mediates resilience to stress-induced behaviour
associated with depression. Brain penetrant kynurenine may be
converted to various neuroactive metabolites which have been
implicated in the pathophysiology of a number of brain disorders
including depression. Conversion of kynurenine to kynurenic acid
by KATs in the periphery however limits its delivery to the brain as
kynurenic acid is incapable of crossing the BBB. Agudelo and col-
leagues have identified a molecular axis in mice whereby
increasing the activity of the transcriptional co-activator PGC-1a1
in skeletal muscle mediates resilience against stress-induced
depression-related behaviours and stress-related deficits in the
expression of a range of molecular markers of neurotrophy. In
conjunctionwith PGC-1a1 the transcription factors PPARa/d induce
the expression of KATs to reduce levels of kynurenine which reach
the brain, consequently impeding the conversion of kynurenine in
the brain to active metabolites associated with altered neuro-
transmission and behaviour. Linking peripheral kynurenine meta-
bolism to stress resilience is further supported by the induction of
PGC-1a1 and up-regulation of KAT in skeletal muscle and increase
in circulating kynurenic acid concentrations in response to free
wheel running. Moreover aerobic exercise was also reported to
increase PGC-1a1 and KAT enzyme expression in human biopsied
muscle tissue. Exercise may thus act as a key adjunct in treating
stress-related disorders like depression through limiting kynur-
enine's access to the brain. The clinical significance of the effect of
exercise on PGC-1a1 is likely to be of greatest significance where
expression of the transcriptional co-activator is reduced. Skeletal
muscle PGC-1a1 expression is known to decline with age and in
individuals with type 2 diabetes, and increased kynurenine accu-
mulation in the brain may be a potential contributor to co-morbid
depression. This proposed mechanism also provides a platform
from which new treatments can be investigated and developed
where mediators of the skeletal muscle pathway are harnessed to
provoke exercise-like responses with regard to stress resiliency.
Further evaluation of serum biomarkers in human studies would be
favourable to demonstrate reductions in circulating kynurenine
and concomitant increases in KYNA following exercise training.

There is evidence emerging to support a contributing role of KP
activation, whichmay be driven by the induction of TDO and IDO in
tandem or isolation, with the relative contribution of either being
determined by the presence or absence of inflammatory factors, the
nature and duration of the stressor exposure, and whether these
two elements are present alone or in combination (Gibney et al.,
2014).

6.2. A role for KP activation in anxiety disorders

Information regarding the HPA axis in all anxiety diagnostic
subgroups is scarce and inconsistent, with neither early stressful
life events nor HPA axis dysfunction being unique to any diagnostic
group [see, Furtado and Katzman (2015), Faravelli et al. (2012) for
review]. Furthermore, alterations in circulating inflammatory cy-
tokines in these patients is equivocal. A meta-analysis examining
inflammatory markers in obsessive compulsive disorder (OCD)
patients reported reduced levels of circulating IL-1b and IL-6 and
suggests that inconsistencies within the literature are as a
egulation of the kynurenine pathway: Relevance to neuropsychiatric
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consequence of confounding factors such as varied medication and
co-morbidity with depressive disorders (Gray and Bloch, 2012).
Men suffering from generalised anxiety disorder and panic disorder
have been reported to exhibit raised circulating concentrations of
C-reactive protein (Vogelzangs et al., 2013). Similarly, patients
suffering from post-traumatic stress disorder (PTSD) showed
increased inflammatory markers (Spitzer et al., 2010). Conse-
quently, a lack of clarity regarding changes in HPA axis and immune
function parameters in these patients precludes indicating a role
for the kynurenine pathway which may be affected in these pa-
tients, whether it be over-activated and whether it is TDO or IDO
driving this activation. Thus far, little has been reported with sup-
porting evidence for KP activation in any specific diagnostic sub-
group. Maes et al. (2002) demonstrated that women in the early
postpartum period have increased plasma kynurenine concentra-
tions and kynurenine over tryptophan ratio associated with
increased serum levels of IL-6 and IL-8. This group also found sig-
nificant positive associations between changes in kynurenine
pathway metabolite concentrations and depressive and anxiety
symptoms in these women during the post-partum period.

Although various animal models exist for OCD, PTSD and panic
disorders, assessment of KP activation has not been carried out in
these models to date [for review of these models, see Goswami
et al. (2013), Johnson and Shekhar (2012), Albelda and Joel
(2012)]. Limitations arise with the tests used for assessing
anxiety-like behaviour in rodents, as they are not specific to any
one anxiety-related disorder (Deacon, 2013). Preclinical studies
have found associations of anxiety-related behaviours with altered
KP activation in both mice and rats (Gibney et al., 2013; Laugeray
et al., 2011). Laugeray et al. (2011) demonstrated in mice exposed
to the unpredictable chronic mild stress paradigm, the elevated
plus maze and FST, an elevated lung kynurenine over tryptophan
ratio and reduced levels of KYNA in the amygdala were associated
with anxiety- and depressive-like behaviours. Moreover, Gibney
et al. (2013) administered Poly I:C to rats systemically and
showed increased IDO mRNA expression and kynurenine to tryp-
tophan ratio in the brain was associated with anxiety-related
behaviour as assessed in the open field test. In addition, postnatal
administration of LPS to male rats, stimulates KP activation with
increased concentrations of tryptophan, kynurenine, 3-
hydroxykynurenine and quinolinic acid, but not KYNA, in
different brain regions as well as in plasma (Kubesova et al., 2015).
Sominsky et al. (2013) showed using a lower dose of LPS and a
similar experimental design that female rat pups exposed to LPS
exhibit anxiety-like behaviour in adult life. It was also reported that
systemic administration of L-kynurenine provokes anxiety-like
behaviour and impaired object recognition memory in mice
(Varga et al., 2015). This was proposed to be as a consequence of
dose-dependent increases in KYNA concentrations in the striatum
following systemic administration of L-kynurenine sulphate
(Swartz et al., 1990). In such investigations KP activation would
mostly likely be mediated by inflammatory cytokines and the in-
duction of IDO rather than changes to TDO activity. In early life,
stress associated induction of TDO and KP activation may be a
mechanism which links HPA axis dysregulation to changes in CNS
circuitry within mood and anxiety associated brain regions. A study
involving tdo�/�mice reported reduced anxiety-related behaviour
in two anxiety behavioural tests, the elevated plus maze and open
field test when compared to the wild type control strain (Kanai
et al., 2009a). This was proposed to be as a consequence of
increased concentrations of serotonin in the hippocampus and
midbrain implicated in neural development through pro-
neurogenic and trophic actions [see, Gaspar et al. (2003) for re-
view]. Furthermore, maternal separation, a widely used model of
early life stress, in mice was shown to result in an increase in the
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ratio of 3-hydroxykynurenine to KYNA in the prefrontal cortex.
These changes were accompanied by altered emotional responses
such as, reductions in emotional memory, depressive-like behav-
iour and anxiety-like behaviour as measured by the passive
avoidance, tail suspension and open field tests respectively. These
studies involved the use of both male and female mice, and
demonstrated that behavioural abnormalities were more severe in
females than males (Gracia-Rubio et al., 2015).

6.3. A role for KP activation in schizophrenia

In contrast to depressed patients, schizophrenic patients show a
shift in the KP towards increases in serum and cerebrospinal fluid
concentrations of KYNA [see, Muller and Schwarz (2010) for re-
view]. A study done by Chiappelli et al. (2014) investigating
schizophrenic patients' response to stress, showed that these pa-
tients have a higher rate of distress intolerance. Furthermore it
showed that stress increased salivary KYNA in both patients and
controls, the levels of which were associated with the severity of
clinical symptoms in patients. Reduced KMO activity has also been
reported in the post mortem brains of schizophrenic patients
(Wonodi et al., 2011).

Alterations in the regulation of the KP in schizophrenia may be
as a consequence of an alteration in immune activation. This change
appears to involve a shift from a type 1 immune response, which
involves the production of IL-2 and IFNg by Th1 cells, M1 macro-
phages and monocytes which mediates a cellular immune
response, towards a type 2 immune response, which involves the
production of IL-4 and IL-10 by Th2 cells and M2 macrophages or
monocytes which drives the humoral immune response [see,
Muller and Schwarz (2010) for review]. A type 1/type 2 immune
imbalance may result in a reduction in central and peripheral IDO
activation, however tryptophan-induced TDO activation remains
intact. In fact, TDO has been found to be up-regulated in the post
mortem brains of schizophrenic patients and this appears to be
astrocyte specific (Miller et al., 2004). This type 1/type 2 shift hy-
pothesis as a pathophysiological mechanism for the development
schizophrenia was contradicted by Kim et al. (2009). This group
demonstrated that drug-naïve schizophrenic patients exhibited
increased levels of IFNg, a Th1-specific cytokine and reduced levels
of IL-4, a Th2-specific cytokine in the plasma. It was proposed that
treatment with certain antipsychotics may contribute to this shift
in the immune response as seen with risperidone (Cazzullo et al.,
2002). Furthermore, plasma tryptophan concentration in drug-
naive schizophrenic patients were negatively associated with the
total positive symptoms score. This was proposed to be as a
consequence of either tryptophan availability for serotonin meta-
bolism, or tryptophan metabolism to neuroactive KP metabolites
(Kim et al., 2009). A recent study by Schwieler et al. (2015),
demonstrated that olanzapine-treated patients suffering from
chronic schizophrenia or schizoaffective disorder, have increased
levels of IL-6 in the cerebrospinal fluid. This increase in IL-6 was
positively correlated with an increase in the KYNA levels in the
cerebrospinal fluid. Moreover, increased levels of KYNA have been
found in astrocyte-dense regions of the brain associated with the
pathology of schizophrenia, including Brodmann area 9 and the
anterior cingulate cortex (Schwarcz et al., 2001). In contrast Myint
et al. (2011) demonstrated a decrease in the levels of KYNA and an
increase in the levels of 3-hydroxykynurenine in the plasma of
medication-naïve/free schizophrenic patients. This KP imbalance
was partially reversed following 6 week treatment with either
risperidone, amisulpride, olanzapine or aripiprazole. In this
instance, activation of the neurotoxic arm of the KP in microglia
(Heyes et al., 1996) may contribute to neuronal and/or astrocytic
cell death which may account for the reductions in brain volume
egulation of the kynurenine pathway: Relevance to neuropsychiatric
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which have been found in patients with chronic schizophrenia (van
Erp et al., 2004). To this end, determining a role for KP activation in
the pathophysiology of schizophrenia is complex as a consequence
of inconsistent findings which may be due to the lack of stand-
ardised antipsychotic treatment in studies. Alongside this, physio-
logical variations in patients may occur within different
schizophrenic subgroups and between those experiencing acute or
chronic schizophrenia.

A profile of astrocytic KP activation may account for raised
circulating KYNA concentrations associated with the illness. A role
for the KP and specifically KYNA in schizophrenia is further sup-
ported as NMDA receptor antagonists such as ketamine, phency-
clidine, or MK-801 produce psychotomimetic effects in humans
akin to the positive and cognitive symptoms characteristic of the
illness (Radant et al., 1998). Systemically administered MK-801,
which binds to the phencyclidine site of the NMDA receptor, pro-
duces social withdrawal and stimulates motor activity in rats,
creating a model for positive and negative symptoms of schizo-
phrenia, unlike amphetamine which provokes positive-related
symptoms only (Rung et al., 2005). Furthermore Erhardt and
Engberg (2002), have reported that increased KYNA concentra-
tions, increase burst firing rate of midbrain dopaminergic neurons
which is known to be involved in the pathophysiology of schizo-
phrenia. This hyperactivity of dopaminergic neurons occurs in a
similar fashion to responses obtained following MK-801, ketamine
or phencyclidine administration (Erhardt and Engberg, 2002; Javitt
and Zukin, 1991; Krystal et al., 1994), associating KYNA with the
psychotomimetic properties of NMDA receptor antagonists.

With regards to peripherally produced KYNA, it may not
necessarily play an important role in the pathophysiology of
schizophrenia due to the inability of KYNA to cross the BBB. In this
circumstance, pathological levels of KYNA may act at GPR35
mobilising intracellular calcium via inositol triphosphate produc-
tion. Thus, pathological levels of central KYNA acting via neuronal
GPR35 may initiate calcium-related excitotoxic and oxidative cas-
cades independent of NMDA receptor activation. This may be a
mechanism by which increased concentrations of KYNA in the
brain may alter neuronal integrity and subsequently may
contribute to behavioural symptoms displayed by schizophrenic
patients although further investigation of this mechanism is
required. It may be more so the production of peripheral kynur-
enine by hepatic TDO that is involved due to the ability of kynur-
enine to access the brain, providing astrocytes with a substrate
from which KYNA can be produced. Schizophrenia is associated
with disruption to the glutamatergic system which may be pro-
moted as a result of KYNA-related antagonism of the NMDA re-
ceptor. This may in turn contribute to the array of behavioural
symptoms observed in these patients. Koshy Cherian et al. (2014)
reported that inhibition of KAT II may be beneficial in amelio-
rating some of the cognitive abnormalities experienced by schizo-
phrenic patients. They reported that peripheral administration of
the KAT II inhibitor, PF-04859989, to rats 30 min prior to kynur-
enine administration prevents increases in brain KYNA levels which
was observed following administration of kynurenine. In addition,
this group demonstrated that PF-04859989 restores nicotinic-
evoked glutamate release events which are otherwise attenuated
by increased concentrations of KYNA in the brain. The authors
suggest that this restoration occurs as a consequence of KYNA's
antagonism at the a7-nicotinic receptor on glutamatergic thalamic
afferents and/or the ionotropic glutamate receptors expressed by
additional neuronal circuits which link stimulation of nicotinic
receptors with glutamate release [see, Albuquerque and Schwarcz
(2013) for review]. These glutamate release events were assessed
on the basis of a previous finding where repeated pressure ejec-
tions of nicotine reliably stimulated glutamatergic release and thus,
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this may be a potential therapeutic mechanism for ameliorating
disturbances in the glutamatergic system in schizophrenic patients.

Therapeutically, research has focused on developing KAT II in-
hibitors which interferewith the production of KYNA (Amaral et al.,
2013). In addition, the TDO inhibitor, allopurinol, has been reported
to show efficacy as adjuvant to standard antipsychotic treatment.
Treatment with allopurinol was seen to non-significantly reduce
the positive and negative syndrome scale, and patients receiving
allopurinol rated themselves as more improved than those
receiving placebo (Dickerson et al., 2009). Another recent case
study has demonstrated that allopurinol was effective in improving
the positive and negative symptoms of a patient who was other-
wise unimproved for three months prior to beginning allopurinol
adjuvant treatment (Linden et al., 2014).

7. Targeting the KP; therapeutic considerations

Considering the multi-step metabolism of tryptophan along the
KP, in addition to the branching of this pathway resulting in the
production of neuroprotective or neurotoxic metabolites, there are
multiple points where the pathway can be interrupted and modi-
fied. At present the competitive IDO inhibitor 1-methyl tryptophan
is in clinical trials for the treatment of cancer (http://
clinicaltrials.gov/show/NCT01191216), while KMO and KAT II in-
hibitors are under investigation for the treatment of neurodegen-
erative and cognitive disorders respectively [see, Bohar et al. (2015),
Dounay et al. (2015), Maddison and Giorgini (2015), Amaral et al.
(2013) for review]. Thus far, TDO, IDO, KMO and KAT II exhibit
the greatest potential as targets for drug development based on
evidence emerging from both preclinical models and clinical
studies which implicate a role for KP activation in CNS disorders.

7.1. Targeting the rate limiting enzymes of the KP

Allopurinol is now a widely accepted inhibitor of TDO, and
renders enzymatic inhibition by way of preventing TDO from
conjugating with its cofactor, heme (Green et al., 1976; Welch and
Badawy, 1980). It is a purine analogue commonly used for treat-
ing gout due to its action as a xanthine oxidase inhibitor (Pacher
et al., 2006). In addition, it has been repeatedly demonstrated
that in the presence of stress, allopurinol is capable of reducing
hepatic TDO activity (Green et al., 1976; Curzon and Green, 1969).
The recently discovered TDO inhibitors, 680C91 and LM10 (Dolusic
et al., 2011; Salter et al., 1995; Madge et al., 1996), show high
selectivity for TDO over IDO (Pilotte et al., 2012), with LM10
showing chemotherapeutic efficacy in a pre-clinical tumour model
in mice (Pilotte et al., 2012). It is suggested that simultaneous in-
hibition of both TDO and IDO may be a complementary approach
rather than serving as conflicting pathways in cancer therapy
(Pilotte et al., 2012). This combined approach could also be thera-
peutically relevant with regards to use in neuropsychiatric and
degenerative disorders. Considering that these neurological disor-
ders are linked with stress and exhibit an underlying inflammatory
phenotype [see, Glass et al. (2010), Esch et al. (2002) for review],
this dual-inhibitory approach may be efficacious as it would target
both IDO- and TDO-driven KP activation. 1-Methyl tryptophan ex-
ists as either a dextro (D) or levo (L) enantiomer, with some in vivo
and in vitro studies suggesting they have divergent actions. In vitro
enzyme and cellular assays have demonstrated that the L enan-
tiomer is a more potent inhibitor of IDO (Qian et al., 2009; Lob et al.,
2008), while in vivo studies have reported that the D enantiomer
evokes a more effective anti-tumour response (Hou et al., 2007).
The inconsistent findings are believed to be associated with the fact
that the D enantiomer may have more off-target effects, and also
that it is a more potent inhibitor of IDO-2 than IDO (Lob et al.,
egulation of the kynurenine pathway: Relevance to neuropsychiatric
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2008). Other IDO inhibitors such as, imadizole, imadizothiazole,
and triazole are extensively reviewed by Rohrig et al. (2015), and
the apparent inconsistencies which occur with 1-methyl trypto-
phan also seem to appear with other current compounds. Consid-
ering that IDO is more so implicated in KP activation than IDO-2,
further compounds have been developed including NLG919 which
exhibits increased potency and ligand efficacy for IDO over IDO-2,
in order to provide more effective experimental tools as well as
potential novel therapeutic compounds [see, Dounay et al. (2015)
for review].

7.2. Targeting the KP downstream of TDO or IDO

The first published KMO inhibitor, m-NBA, as well as other in-
hibitors including UPF648 and Ro61-8048 result in increased con-
centrations of plasma and brain KYNA and decreased central
concentrations of 3-hydroxykynurenine when administered to ro-
dents (Forrest et al., 2013a; Pellicciari et al., 2003; Chiarugi et al.,
1996). JM6, originally believed to be a pro-drug of Ro61-8048 has
been studied extensively and shows therapeutic potential in animal
models of Huntington's and Alzheimer's disease [see, Bohar et al.
(2015), Dounay et al. (2015), Amaral et al. (2013) for review]. To
this end, the need for a BBB permeable KMO inhibitor has not been
met. The development of such an agent would increase the po-
tential for this enzyme to be a clinically relevant therapeutic target.

The current review highlights the varying role that KYNA has to
play in both neurodegenerative and neuropsychiatric disorders. As
such, it is not surprising that the transaminase class of KATenzymes
have become a potential therapeutic target in modulating the KP.
Various KAT II inhibitors have been developed, including S-ESBA
which showed selectivity for rat KAT II over KMO or KYNU, however
it failed to inhibit the human orthologue (Rossi et al., 2010). A more
promising inhibitor developed by Pfizer, PF-04859989, is irrevers-
ible and shows high selectivity for KAT II, the main driver of KYNA
in the brain, over KAT I, III or IV isoforms in addition to it being
capable of penetrating the BBB (Dounay et al., 2012). PF-04859989,
will be a useful tool in deciphering the exact role that KYNA plays in
various neurological disorders in terms of investigating the cir-
cumstances where it produces toxicity as opposed to its known
protective function.

7.3. Targeting the KP indirectly

Considering that the neurotoxic enzymes IDO and KMO are
induced by inflammatory stimuli both in vivo and in vitro (Connor
et al., 2008) it is important to consider anti-inflammatory strate-
gies as a method of manipulating KP activation. A study involving
patients suffering from treatment resistant depression who
received three infusions of the TNFa antagonist, infliximab indi-
cated that this strategy although it is not effective in all circum-
stances, may improve depressive symptoms in patients with higher
baseline inflammatory biomarkers (Raison et al., 2013). Further-
more, the non-steroidal anti-flammatory, diclofenac, which non-
selectively inhibits cyclooxygenase (COX) �1 and �2, increased
the levels of rat brain KYNA following systemic administration.
Similarly, indomethacin, which exhibits a slight preference for COX-
1 over COX-2, increased rat brain KYNA. In contrast, the COX-2
selective inhibitors parecoxib and meloxicam reduced the levels
of central KYNA (Schwieler et al., 2005). Furthermore, b-adreno-
ceptor mediated anti-inflammatory effects may provide a novel
mechanism of modulating the KP. The b2-adrenoceptor agonist,
clenbuterol was shown to have anti-inflammatory actions in rats
following subcutaneous administration of kainic acid. Clenbuterol
prevented the kainic acid-induced increases in inflammatory cy-
tokines, IDO and KMO in the hippocampus of these rats (Gleeson
Please cite this article in press as: O'Farrell, K., Harkin, A., Stress-related r
and degenerative disorders, Neuropharmacology (2015), http://dx.doi.or
et al., 2010). Moreover, various other b-agonists including
noradrenaline, formoterol, and xamoterol, have been shown to
increase KYNA production both in vitro and ex vivo in mixed glial
cells and rat brain cortical slices respectively (Luchowska et al.,
2009). Overall, modulation of the KP could be achieved through
the use of various anti-inflammatory agents depending on the
dysregulation of the pathway (seeMuller (2013), for review). COX-2
selective inhibitors may be a beneficial adjunctive treatment in
schizophrenia, while clenbuterol may be a more relevant adjunc-
tive treatment in patients exhibiting an inflammatory phenotype
and subsequently IDO activation. Similarly a study by Muller et al.
(2010) which involved patients exhibiting their first manifesta-
tion of schizophrenia demonstrated celecoxib as an effective
adjunctive treatment to amisulpride. This study showed that pa-
tients receiving both treatments had a more effective outcome in
the positive and negative symptom scale and the clinical impres-
sion scale.

At present, there is scope for the development of compounds
targeting other KP enzymes, such as KYNU, for which inhibitors do
not already exist. In addition there is potential for modification of
existing compounds in terms of BBB permeability and increased
efficacy and selectivity. Considering the extent to which the KP and
its downstream metabolites have been implicated in neurological
disease, development of efficacious drugs which modulate this
pathway either directly or indirectly may be beneficial clinically.

8. Conclusions

There is a role for stress-induced KP activation in neuropsychi-
atric and degenerative disorders, with the extent of its involvement
varying between and within each disorder. The strongest evidence
for KP dysregulation appears in major depressive disorder and
schizophrenia, with over-activation of the pathway having a dele-
terious effect. Although inconsistencies exist, this may be as a
consequence of the heterogeneity and co-morbid nature of mood
disorders, alongside the variation in patient medications used, if
any. The recognition that stress is associated with KP activation and
a major contributor to both the pathophysiology and emergence of
affective and neurodegenerative disorders places an emphasis on a
likely role for stress-related regulation of the KP pathway in
neurological disease. Although a role for inflammation-induced
IDO in these disorders is proposed, a role for stress-induced TDO
activation will require further investigation and development.
Another interesting concept that to this end remains unexamined,
is exploring how GR down-regulation, as a consequence of chronic
stress may impact upon IDO expression in immune cells and/or
TDO expression in the liver and brain. Investigation of this may
further resolve the impact of KP activation and regulation in the
pathophysiology of these disorders further clarifying if targeting
the KP is a worthwhile pursuit therapeutically.
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