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Abstract

Kynurenines are a wide range of catabolites which derive from tryptophan through the
“Kynurenine Pathway” (KP). In addition to its peripheral role, increasing evidence shows a role of
the KP in the central nervous system (CNS), mediating both physiological and pathological
functions. Indeed, an imbalance in this route has been associated with several neurodegenerative
disorders such as Alzheimer’s and Huntington’s diseases. Altered KP catabolism has also been
described during both acute and chronic phases of stroke; however the contribution of the KP to
the pathophysiology of acute ischemic damage and of post-stroke disorders during the chronic
phase including depression and vascular dementia, and the exact mechanisms implicated in the
regulation of the KP after stroke are not well established yet. A better understanding of the
regulation and activity of the KP after stroke could provide new pharmacological tools in both
acute and chronic phases of stroke. In this review, we will make an overview of CNS modulation
by the KP. We will detail the KP contribution in the ischemic damage, how the unbalance of the
KP might trigger an alteration of the cognitive function after stroke as well as potential targets for
the development of new drugs.
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1. INTRODUCTION

Ischemic stroke, which results from cerebral arterial occlusion, is a major cause of morbidity
and mortality in today’s society that affects millions of lives every year [1]. Due to the
impact around the world, mainly in industrialized countries, stroke consumes over 4-5% of
total health care costs [2]. Despite this, little therapeutic options are available for stroke
treatment. Until recently, the only approved treatment for the acute ischemic stroke was
recombinant thrombolytic tissue plasminogen activator (rtPA) [3], but due to strict eligibility
criteria and narrow therapeutic window, only 2%-5% of stroke patients receive rtPA
treatment. In addition, with the publication of several randomized clinical trials of
endovascular treatment for acute ischemic stroke (MR CLEAN, ESCAPE, EXTEND-IA,
SWIFT PRIME and REVASCAT) [4-8], intra-arterial thrombectomy represents an
alternative effective option for a subset of patients with acute stroke, for example, those
patients with large artery occlusions.

In the acute phase of stroke, ischemic injury results from a series of cellular and molecular
events caused by a sudden decrease or loss of blood flow and subsequent reperfusion of the
ischemic territory. This succession of events is the so called ischemic cascade, consisting of
a cellular bioenergetics failure, followed by excitotoxicity, oxidative stress, blood-brain
barrier (BBB) dysfunction and post-ischemic inflammation, which collectively contribute to
cell death in the ischemic territory [9, 10] Fig. 1. These phenomena are critical events to
determine the fate of the ischemic brain and the survival of stroke patients. Thus, stroke
treatment has focused on reducing ischemic cell death with neuroprotective drugs, by
targeting different points of the ischemic cascade. For instance, among the most effective
candidates used in preclinical stroke studies are the NMDA receptor antagonists [11-14],
which target excitotoxicity, a process caused by pathological activation and calcium uptake
by neurons due to abnormal release of excitatory neurotransmitters from dying cells,
especially glutamate [15]. Other neuroprotective drugs include sodium-channel and calcium-
channel blockers, growth factors (such as basic fibroblast growth factor), free radical
scavengers (such as tirilazad), and anti-inflammatory compounds (such as enlimomab) [11-
13].

Unfortunately, so far, translational research with neuroprotectants from animal studies to the
clinic has failed [11-13]. The ischemic cascade seems to be so complex that targeting a
single pathway may be ineffective, or even have adverse side effects. In addition, the
presence of comorbidities in patients such as hypertension, aging, obesity or bacterial
infections [16-20] can modify stroke outcome and survival.

Despite the reduced therapeutic opportunities for acute stroke treatment, advances in
prevention and healthcare have increased life expectancy and produced a progressive
decrease in stroke mortality in the last few decades [21]. However, a direct consequence is
the high prevalence stroke survivors suffering a range of motor and cognitive impairments.
Even with effective thrombolysis, the prevalence of disability is estimated in 24-54% [22].
Beyond the motor deficits, vascular cognitive impairment (\VCI) and post-stroke depression
(PSD) are among the most common long-term sequelae afflicting stroke survivors during the
chronic phase [23-25]. The increase in the number of survivors with residual impairments
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and disabilities has been accompanied by a growing interest in the factors that could
interfere with functional outcome and quality of life during this phase. This chronic brain
damage occurring after stroke injury could be mediated, at least in part, by a delayed
neurodegeneration which is caused, not by the initial insult itself, but by a secondary process
in which several factors such as immune activation, neurotoxic/neuroinhibitory factors and
oxidative stress among others have been suggested to play a pivotal role [26]. Because these
processes occur weeks after primary damage, the development of therapies targeting delayed
neurodegeneration offers new opportunities to enhance brain recovery and improve
functional outcome of stroke survivors.

As we will describe in detail below, the kynurenine pathway (KP) mediates important
physiological functions in the CNS and has been also implicated in different brain
pathologies such as Alzheimer’s, Parkinson’s and Huntington’s diseases. Several tryptophan
catabolites of this route present the ability to modulate glutamatergic and nicotinic receptors,
to regulate the response of the immune system after inflammation and/or infection and even
to modify the generation of reactive oxygen species. Since all these mechanisms have been
previously demonstrated to play a key role in both acute and chronic pathogenic phases of
stroke, interfering KP catabolites could represent a valuable tool for ameliorating stroke
deficits.

In this sense, the main focus of this review is to summarize the present level of
understanding of the involvement of the kynurenine system in the pathomechanisms of brain
injury after cerebral ischemia and to evaluate the therapeutic options for manipulating the
KP in the acute phase of stroke. We will also discuss the possible role of altered KP as a
predisposing factor for stroke. Finally, we will try to evaluate the role of kynurenine and
tryptophan catabolism during the chronic phase of stroke with special emphasis in VCI and
PSD.

2. THE KYNURENINE PATHWAY IN THE BRAIN

Tryptophan (L-Trp) is one of the essential amino acids which is used for protein synthesis
but also is the metabolic precursor of serotonin and the KP, being the latter the major
metabolic pathway of dietary L-Trp (more than 95% of tryptophan catabolism) [27, 28]. The
initial interest in the KP was based on the fact that this route ends with the generation of
nicotinamide and the important enzyme co-factor nicotinamide adenine dinucleotide (NAD),
which plays a critical role in many fundamental biological processes. Nowadays, the KP is
becoming recognized as a key player in the mechanisms of neuronal damage in several
neurodegenerative disorders and acute brain damage [27-30]. This point of view is
supported by data which demonstrated that kynurenine catabolism is altered in such brain
pathologies and by the fact that several of its catabolites could exert a regulatory role in a
different plethora of biological functions which including neuroactive and neurotoxic
properties.

L-Trp is transported into brain across the BBB through a neutral amino acid transporter [31].
The initial and rate-limiting step of the KP in the brain is carried out by two key enzymes,
indoleamine-2,3-dioxygenase (IDO-1 and IDO-2) and tryptophan-2,3-dioxygenase (TDO),
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that metabolize L-Trp into N-formyl-L-kynurenine [32, 33], an unstable compound which is
further converted by kynurenine formidase into L-kynurenine (L-Kyn). L-Kyn has a central
role on this pathway since its degradation could be produced by three different routes. In the
first route, L-Kyn is converted in one of the final products, kynurenic acid (KYNA) after an
irreversible transamination reaction by kynurenine aminotransferase (KAT) family enzymes
[34]. In the second branch of L-Kyn degradation, L-Kyn is transformed into anthranilic acid
(ANA) by the action of kynureninase (KYNU). Finally, L-Kyn can also be hydroxylated by
kynurenine 3-monooxygenase (KMO) to produce 3-hydroxykynurenine (3-HK) [35]. At this
point, both 3-HK and ANA may be enzymatically converted into 3-hydroxyanthranilic acid
(3-HAA) by kynurenine 3-hydroxylase (K3H) and KYNU, respectively. Then, 3-HAA is
metabolized by 3-hydroxyanthranilate 3,4-dioxygenase (3-HAQO) producing 2-amino-3-
carboxymuconate semialdehyde (ACMS), a very unstable compound which could be further
metabolized to generate picolinic acid (PIC) by 2-amino-3-carboxymuconate-6-
semialdehyde decarboxylase or non-enzimatically transformed into quinolinic acid (QUIN).
Finally, QUIN generates nicotinamide, and ultimately NAD*/NADP™ through a
transamination reaction driven by quinolate phosphoribisyltransferase (QPRT) (Fig. 2). All
these catabolites are altogether commonly called kynurenines.

3. DIFFERENT ACTIONS OF KYNURENINE CATABO-LITES IN THE BRAIN
3.1. L-Kynurenine

Until very recently, research attention on L-Kyn was only because of its central role in the
KP not by its properties itself, being considered an inert catabolite of this pathway. In fact,
changes in L-Kyn levels and L-Kyn/L-Trp ratio are commonly used as indicators of altered
KP catabolism after brain pathology. One of the main properties of L-Kyn is to be readily
transported across the BBB. In fact, 60% of L-Kyn is taken up from the blood and 40% is
generated locally from cerebral L-Trp [36]. In brain, L-Kyn availability is determinant for
the synthesis of the rest of KP catabolites, which are well known to exert neuroactive actions
within brain as we will discuss later. For that, L-Kyn and its halogenated derivatives such as
4-chlorokynurenine [37] (that acts as prodrugs) are used as indirect pharmacological
strategies to exploit the therapeutic potential of KP to increase catabolites with
neuroprotective actions, as KYNA, given that peripheral KYNA crosses poorly the BBB.

However, it is necessary to keep in mind that recent studies have shown specific actions for
L-Kyn apart from its role as catabolic precursor. A recent study demonstrated that
catabolism of L-Trp to L-Kyn by endothelial IDO contributes to arterial vessel relaxation
and therefore, L-Kyn is positioned as an endothelium-derived vasodilator during
inflammation [38]. Furthermore, different pieces of evidence strongly suggest that L-Kyn
can be considered as a potential endogenous antioxidant, which can protect macromolecules
against oxidative modifications. In contrast, L- Kyn has also shown pro-oxidant effects [39].
Finally, L-Kyn has been identified as an endogenous ligand of the aryl hydrocarbon receptor
(AhR) in different contexts including brain [40-43]. AhR is a ligand-activated transcription
factor [44] mainly known to participate in the metabolism of xenobiotics from
environmental pollutants such as polyaromatic hydrocarbons, polychlorinated biphenyls, and
dioxins [45]. AhR activation by xenobiotics leads to a wide variety of toxic responses

Curr Pharm Des. Author manuscript; available in PMC 2016 August 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cuartero et al.

Page 5

including severe thymic involution, wasting syndrome, chloracne, immune suppression,
inflammation, reduced fertility, hepatotoxicity, tumour promotion and death[46, 47]. In
addition, several metabolites of Trp such as 6-formylindolo-[3,2-b]carbazole (FICZ) and
bacterial products such as indole-3-aldehyde have been identified as AhR endogenous
ligands supporting that this receptor also plays important roles in normal cell physiology and
function [43, 48-53]. Some of the best-characterized actions of the L-Kyn-AhR axis are
related to autoimmunity, tumour immunity and disease tolerance. Regarding autoinmmunity,
preclinical studies demonstrated that AhR activation by L-Kyn promotes the differentiation
of naive CD4+ T-helper (Th) cells into a regulatory T cell phenotype (Treg) while
suppressing the differentiation into interleukin (IL)-17)-producing Th (Th17) cells [42].
Moreover, a regulatory pathway has recently been described in which AhR activation by L-
Kyn produced by innate immune cells limits endotoxin-triggered inflammation [54]. In
addition, the study by Opitz and cols. in human gliomas demonstrated that AhR activation
by L-Kyn is able to suppress antitumor immune responses and promotes tumor-cell survival,
being therefore associated with malignant progression and poor survival [43]. Interestingly,
AhR is also expressed in the brain suggesting a role of the L-Kyn-AhR axis in neuronal
damage in neurodegeneration and brain injury [27-30]. As we will discuss later, results of
our group support this idea in the context of stroke [40].

3.2. Kynurenic Acid (KYNA)

Kynurenic acid (KYNA) is present in low nanomolar concentrations in mammals [55] and is
mainly known to be an endogenous antagonist of glutamate receptors inhibiting all three
ionotropic glutamatergic receptors; that is, AMPA- (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid), NMDA- (N-methyl-D-aspartate) and kainate- receptors [56, 57].
However, the strongest inhibitory effects of KYNA in glutamatergic transmission are mainly
mediated by acting as an inhibitor at the strychnine-insensitive glycine-binding site of the
NMDA receptor [58] with a comparingly weak antagonistic properties on AMPA and
kainate receptors. As we will see below, the potent inhibitory features of KYNA on NMDA
receptors raise the possibility of its neuroprotective efficacy against NMDA receptor-
mediated excitotoxicity, one of critical events in the neuronal death after cerebral ischemia
[59].

In addition to its established role in NMDA receptor blockade, several actions have also
been ascribed to KYNA [60]. For instance, KYNA is able to regulate cholinergic
transmission due to its activity as a non-competitive modulator of the a7-nicotinic
acetylcholine receptor (a7nAChR) [61]. Recently, KYNA has been identified as a ligand for
the orphan G protein-coupled receptor GPR35 [62]. Acting on GPR35, KYNA may induce
the production of inositol triphosphate and promote Ca2+ mobilization. However, GPR35 is
predominantly expressed in the intestine and immune cells including neutrophils,
monocytes, T cells and dendritic cells with very low levels in the brain. For this reason, its
role in the CNS is still under debate, although some forms of mental retardation occur with
loss of GPR35 [63] suggesting a possible function of this receptor in CNS. Moreover,
KYNA has also been described to be a potent agonist for the AhR, although the effects of
this activation are not well established yet [64]. Independently of its actions over receptors,
KYNA could also modulate the expression and/or release of different growth factors such as
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nerve growth factor (NGF) [65] or fibroblast growth factor-1 (FGF-1) [66] and, furthermore,
KYNA is an endogenous antioxidant; its protective effect in diverse toxicity models may be
due to its redox character in addition to its activity on receptors [39].

3.3. Quinolinic Acid (QUIN)

QUIN is a weak but competitive agonist of NMDA receptors, specifically, of NMDA
receptor subtypes containing NR2A and NR2B subunits [67]. Therefore, QUIN exerts the
greatest damage to neurons where these receptor subtypes are present. NMDA receptor-
dependent activation by QUIN produces ROS due to intracellular Ca2* influx enhancing
peroxynitrite levels and damaging the cell [68]. However, its well established neurotoxic
capacity may also be attributed to different mechanisms, such as removal of endogenous
antioxidants, inhibition of glutamate uptake by astrocytes, generation of ROS and even
metabolic impairment [69, 70]. In addition to modulate neuronal activity, QUIN can also act
as an initiator and promoter of local inflammation within the CNS, increasing the expression
and secretion of chemokines such as monocyte chemoattractant protein-1 (MCP-1) and
regulated on activation normal T cell expressed and secreted (RANTES) [71].

3.4. 3-Hydroxykynurenine (3-HK)

3-HK is other neuroactive KP catabolite with cytotoxic properties. 3-HK is able to cross the
BBB due to its hydrophobic nature, increasing its bioavailability in the brain [36]. In
addition, after tissue damage or inflammation, KMO expression and 3-HK production also
increase, shuttling L-Kyn catabolism toward production of QA. Regarding its activity, most
studies have demonstrated that 3-HK mediates its neurotoxic effects through ROS generation
[72-74], in part due to superoxide anions from the autooxidation of its metabolite 3-HAA
[75]. However, more recent studies have demonstrated that 3-HK has the ability to be both
antioxidant as well as pro-oxidant depending on the circumstances [76].

3.5. Functions of other Kynurenines

3.5.1. 3-hydroxy-Anthranilic Acid (3-HAA)—3-HAA is known as one of the main free
radicals generators due to is able to generate ROS throughout its autooxidation [77, 78]. This
autooxidation process first consists in the production of anthraniloyl radical, which is
oxidized to the quinoneimine. Next, a condensation and an oxidative reaction on
quinoneimine yields cinnabarinic acid. Some reports also suggest that 3-HAA modulates the
survival of immune cells, specifically differentiated T helper cells 1, through a caspase-8 and
cytochrome ¢ dependent apoptosis pathway [79]. 3-HAA modulates autoimmune
neuroinflammation [80] and regulates innate immunity, at least in part, by inducing
hemeoxygenase-1 (HO-1) [81], an enzyme well known for its anti-inflammatory and
protective actions. In addition, as well as other KP catabolites, 3-HAA seems to exert several
antioxidant actions. A role of 3-HAA as a potent antioxidant preventing LDL lipid
peroxidation [82] and protecting against oxidative stress in the brain [83] has been
described. Furthermore, 3-HAA has been recently demonstrated to inhibit atherosclerosis by
regulating lipid metabolism and reducing vascular inflammation [84, 85].

3.5.2. Picolinic Acid (PIC)—PIC is known to be one of the best chelating agents, with
capacity to chelate a wide range of bivalent metals as Cu2*, Fe2*, Ni2*, Zn?*, Cd?* and Pb2*
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[86]. Beyond its chelator attributes, PIC also plays a role over the immune system.
Specifically, in the presence of IFN-y, PIC activates macrophages through macrophage
inhibitory protein (MIP)-1a and -1 [87], and also induces the expression of inducible nitric
oxide synthase [88]. In brain, PIC presented a neuroprotective effect in cholinergic neurons
of nucleus basalis after a neurotoxic context evoked by overstimulation with QUIN [89, 90].
In addition, PIC also has agonistic activity on the ionotropic amino acid neurotransmitter
glycine receptor [91]. Finally, it has been described that PIC causes several hippocampal,
substantia nigra and striatal cellular toxicity [92], probably due to its capacity to generate
hydroxy! radicals.

3.5.3. Anthranilic acid (ANA)—AIthough its exact role is not very clear, some anti-
inflammatory actions have been attributed to ANA. In fact, ANA is able to bind to copper
forming an anti-inflammatory complex ANA-Cu2+ which decreases the levels of hydroxyl
radicals after inflammation [93, 94].

4. CATABOLISM AND REGULATION OF THE KP

Brain kynurenines are linked and influenced by the peripheral KP. Therefore, fluctuations in
the blood levels of KP catabolites directly affect the KP in the brain. In fact, only 40% of
brain L-Kyn is generated locally and most L-Kyn comes from circulation after being
generated by hepatic conversion of L-Trp mainly by TDO [95]. As we previously delineated,
local synthesis of L-Kyn starts with enzymatic reactions driven by IDO and TDO. Although
they are implicated in the same reaction (conversion of L-Trp into N-formyl-L-kynurenine),
they present different localization, structure and regulation [96]. TDO is mainly expressed in
liver, but its location in glial cells and neurons [97] has also been described. TDO may be
activated by several inducers including L-Kyn, amino acids (hystidine, tyrosine and
phenylalanine), increased tryptophan levels, glucocorticoids, corticosteroids, or its
expression may be indirectly induced by inflammation [98, 99].

On the other hand, IDO presents a closed relationship with the immune system. In fact, the
two described IDO isoforms, IDO1 and IDO2 are mainly expressed in monocytes,
macrophages, dendritic cells and importantly in microglia, the tissue-resident macrophages
of the brain [100-102]. Moreover, the regulation of IDO is mainly mediated by pro-
inflammatory mediators being interferon-gamma (IFN-vy) one of its main activators during
the immune response [99, 103]. Due to the low activity of both brain IDO and TDO under
physiological conditions, brain KP is in part driven by L-Trp peripheral conversion to L-Kyn
and also 3-HK, and the subsequent entry of these catabolites into the brain across the BBB.
However, both brain IDO and TDO may be activated by brain injury, also allowing an
increased local production of L-Kyn [104]. Independently of its origin, L-Kyn is next
metabolized through the previously described branches of the pathway. Interestingly, at
physiological level, although L-Kyn degradation occurs in all brain cells, there is a
segregation of the 2 main pathways into specific cell types, mainly glial cells (Fig. 3). In
fact, KMO is mainly expressed in the outer mitochondrial membrane of microglial and
monocytes [105, 106] where it oxidates L-Kyn in the presence of NADPH to produce 3-HK,
which will be subsequently transformed into its major downstream metabolites being its
production clearly regulated by inflammation [107]. Meanwhile, astrocytes, which
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predominantly contain KATSs but do not contain KMO, account for most KYNA
biosynthesis, which appears to be regulated by intracellular metabolic events [108, 109].

Because of their polar nature and the lack of an active transport process, QUIN and KYNA
are not able to cross BBB and they are produced only locally within the brain [36]. Once
synthesized, QUIN and KYNA are released into the extracellular space to exert their
neurotoxic and neuroactive actions, respectively, in the pre- and post-synaptic membranes of
neurons.

5. THE KYNURENINE PATHWAY IN THE ACUTE STROKE PHASE
5.1. Evidence of Altered KP After Stroke

The first data on abnormal KP and tryptophan catabolites after ischemic stroke were
provided by Saito and collaborators [110-112] who demonstrated a delayed increase in the
levels of brain QUIN after transient ischemia in gerbils. This increase was mediated by the
activation of IDO, KYNU, 3-HK, and 3-hydroxyanthranilate-3,4-dioxygenase and
eventually produced an abnormal increase in the QUIN/KYNA ratio. While these results do
not support a role for increased QUIN concentrations in early excitotoxic neuronal damage,
delayed increases in brain QUIN could play a role in the progression of post-ischemic injury.
In fact, QUIN levels were also found to be correlated with lesion severity, supporting the
idea of its secondary cytotoxic role after cerebral ischemia.

Interestingly, while QUIN remained unchanged during the first 24h after the ischemic insult,
authors found significant increases at 2, 4 or even 7 days after injury coinciding with the
peak of immune infiltration, glial activation and inflammation, which could suggest a direct
contribution of these inflammatory cells in the delayed increase of QUIN levels. Supporting
this, after global ischemia in gerbils, most QUIN is detected in microglial and infiltrated
macrophages [113]. Different studies after stroke have focused their attention in evaluating
KYNA levels and enzymes related to KYNA production [101,114], without detecting any
change in the endogenous levels of KYNA and the activity of its biosynthetic enzymes. Data
from our group after permanent middle cerebral artery occlusion (MCAOQ) in mice [40] also
demonstrated an altered KP after cerebral ischemia. Interestingly, an increase in brain L-Kyn
levels were found as early as 3 hours after MCAQ and remained elevated 24h (detecting also
a reduction of L-Trp from 3 to 24h). On the contrary, minor changes were detected in plasma
L-Kyn or L-Trp. All these previous data seem to suggest an altered KP after experimental
stroke, in spite of differences observed in the timing, location and metabolites increased after
ischemia.

Several clinical studies in patients hospitalized after stroke also support the idea of an
increased KP and tryptophan catabolism, and suggest a causal relation between the KP and
stroke outcome. In this sense, Darlington and colaborators [115] found a significant
reduction in L-Trp levels compared to healthy controls at several days after stroke onset. In
addition, the L-Kyn/L-Trp ratio was much higher in stroke patients than in control
population hereby confirming the increased activity of the KP in acute ischemic stroke. This
activation was also accompanied with a high reduction in the 3-HAA/AA ratio which
positively correlates with infarct volume. This reversed ratio could produce a ‘cleaning up’
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effect after ischemic injury, and could protect against primary and secondary damage after
ischemic insult [116]. Surprisingly, KYNA levels were higher in patients who died within 21
days after stroke compared to survivors. Since KYNA is an antagonist of NMDA receptors,
this increase could be a compensatory protective response to limit brain damage caused by
QUIN after stroke.

Applying similar techniques to determine KP and tryptophan catabolites, a report by Brouns
[117] and collaborators confirmed the increased activity of plasmatic KP after stroke in a
much larger population. Moreover, authors found a strong association between activity of
the KP, stroke severity and long-term outcome. On the contrary, no differences were
observed in 3-HAA concentration or the 3-HAA/AA ratio. Possible explanations to
reconcile these different results could be that differences in the study population, exclusion
criteria for concomitant conditions or medication known to influence L-Trp catabolism were
not formulated. Differences could also be due to different times of blood sampling after
stroke onset.

Finally, a recent report [118] also demonstrated lower blood L-Trp and KYNA levels in
stroke patients which were accompanied by increased activity of IDO and KAT, calculated
as the L-Kyn/L-Trp and KYNA/L-Kyn ratios, respectively.

A common interesting result of all these clinical studies is the relationship between L-Trp
oxidation and stroke-induced inflammatory response determined by using different
inflammatory markers. In this sense, the report by Darlington and cols. showed elevations of
plasma S100B and peroxidation markers which were correlated with lesion extent by
computed tomography, supporting the inflammatory component of acute ischemic damage
[119,120]. Moreover, they also demonstrated a strong association between the inflammatory
marker neopterin and the L-Kyn/L-Trp ratio, which persists from day 1 to 14 after stroke.
Supporting these results, the clinical study performed by Brouns et a/. also found a positive
correlation between post-stroke inflammation and L-Kyn/L-Trp ratio by using, in this case,
C-reactive protein (CRP), erythrocyte sedimentation rate (ESR) and neutrophil/lymphocyte
ratio (NLR) as indicators of inflammation.

5.2. Targeting KP After Stroke in Experimental Models

As previously mentioned, glutamate-induced excitotoxicity is among the crucial factors of
cell death in brain ischemia by finally promoting cellular necrosis or apoptosis [121]. Given
the importance of excitotoxicity after stroke, synthetic antagonists of glutamate receptors as
neuroprotective agents has been extensively employed to prevent excitotoxic neuronal loss in
the stroke field [11-14]. However, these synthetic drugs also blocked normal neuronal
function and consequently had severe side effects. In this sense, the KP provides an
opportunity to block NMDA receptors after stroke by using KYNA as an endogenous
NMDA receptor inhibitor, which could diminish the side effects of NMDA receptor
blocking caused by synthetic antagonists. The neuroprotective actions of KYNA in the
stroke field are supported by different types of experimental evidence, such as those that
associate neuroprotection after /n7 vivo and in vitro cerebral ischemia with a moderate
increase in brain KYNA after its systemic administration at very high doses, or after KP
manipulation [122-126].
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Nevertheless, the therapeutic value of KYNA per seis clearly restricted by its low capacity
to cross BBB [36]. Therefore, an increase in brain KYNA levels may be obtained by
administering analogues, direct or indirect precursors, transport inhibitors, or inhibitors of
KMO [127]. For instance, the KYNA amide analogue, N-(2-N,N-dimethylaminoethyl)-4-
oxo-1H-quinoline-2-carboxamide hydrochloride, was demonstrated to exert beneficial
effects against ischemia-induced neuronal loss [128]. In addition, another option is the use
of KMO inhibitors (such as m-nitrobenzoyl)-alanine (mNBA) or 3,4-dimethoxy-[-N-4-
(nitrophenyl)thiazol-2yl]-benzenesulfonamide (Ro 61-8048)) to reduce 3-HK and QUIN
synthesis and facilitate kynurenine and tryptophan catabolism towards KYNA formation. In
this sense, administration of KMO inhibitors has been shown to reduce ischemic injury after
both /n vitroand /n vivo stroke models [122-124].

Moreover, systemic administration of its precursor L-Kyn has been widely used in different
pathologies to increase brain KYNA concentration [28]. Under physiological conditions,
systemic administration of L-Kyn may increase several downstream catabolites of the KP;
however, the most profound change occurs in brain KYNA concentration, which dose-
dependently increases in different brain regions 2h after administration [129-132]. In the
context of cerebral ischemia, studies on the effect of L-Kyn administration are controversial:
L-Kyn, apparently by elevating brain KYNA levels, results in neuroprotection when
administered before hypoxia/ischemia and NMDA lesions [133-136]; conversely, post-
ischemic L-Kyn sulphate administration exacerbated acute neuronal damage after permanent
and transient MCAO [40, 137]. This discrepancy could be due to direct actions of L-Kyn
after stroke, without the involvement of its downstream products.

Effectively, studies from our group [40] support this assumption, demonstrating that L-Kyn
accumulatesin the brain during acute ischemia where it functions as an endogenous activator
of AhR, promoting its transcriptional activity. Furthermore, our results also shown that
exogenous L-Kyn administration after occlusion exacerbates brain damage in an AhR-
dependent fashion. Perhaps most intriguingly, our data also pointed toward L-Kyn synthesis
by TDO as the foremost pathway for the increased L-Kyn concentration in the ischemic
brain. In fact, inhibition of L-Kyn production by the TDO inhibitor 680C91I1 decreased AhR
activation and reduced infarct volume in our experimental setting. Interestingly,
pharmacological blockade of IDO by the IDO inhibitor 1-methyl-D-tryptophan (1-MT) did
not produce any effect in the infarct volume. In fact, supporting our results, a previous study
from Sobey and cols. [138] demonstrated that although IDO expression and activity (higher
plasmatic L-Kyn/L-Trp ratio) are increased after transient MCAQ in mice, genetic and
pharmacological approaches for IDO inhibition after ischemia (IDO knockout mice and 1-
MT treatment, respectively) had no beneficial effects on infarct volume and neurological
outcome. Therefore, these results could suggest that brain TDO activity mainly accounts for
L-Kyn biosynthesis, at least, at early times after stroke onset.

It is important to understand which cell types are responsible for producing L-Kyn during
cerebral ischemia as well as the mechanisms that mediate their activation. Cerebral ischemia
evokes a strong inflammatory response which is thought to contribute to the progression of
ischemic brain injury [9]. After stroke, a cascade of signals leads to the activation of resident
glial cells -mainly microglia-, perivascular macrophages, as well as to an influx of blood-
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derived cells recruited by cytokines, adhesion molecules, and chemokines [9, 120, 139-141].
Given that IDO activity in mainly regulated by inflammatory cytokines [98-99] and its
expression is largely confined to immune cells [100-102], previous studies in the stroke field
pointed to IDO as the main actor responsible for the increased L-Kyn/L-Trp ratio, by
consuming L-Trp while increasing peripheral L-Kyn and therefore, the influx of L-Kyn into
the brain. However, local L-Kyn production has also been demonstrated after stroke,
although cell types responsible for its generation are not well defined yet. In this sense,
several studies after global ischemia in mice reported that IDO is mainly up-regulated in
neurons and not in inflammatory cells, and its activation is independent of its main inductor
IFN-vy [142,143]. Furthermore, our work also provides evidence of neuronal TDO after
stroke, which is, at least in part, responsible for brain L-Kyn synthesis. TDO has always
been thought to contribute mainly to systemic L-Trp catabolism. However, recent reports
have suggested that TDO may also play important roles in both mouse and human brain
functions. Its expression in the brain is mainly confined to neurons and, to a lesser extent, to
astrocytes, being absent in microglia [97, 144-147]. TDO activation is mainly regulated by
its own substrate L-Trp and by hormones such as cortisol and prolactin [98, 99]. In the
context of cerebral ischemia, an early and transient increase in L-Trp levels in brain has been
clearly observed by several groups [40, 110]. Thus, the activation of TDO after stroke could
be mediated by an increased availability of its substrate L-Trp. In addition, although TDO is
not directly modulated by pro-inflammatory cytokines as IDO does, an inflammatory
context, for instance produced by lipopolysaccharide (LPS) in a toll-like receptor (TLR)4-
dependent manner, could induce its expression [54]. In this sense, it is interesting to note
that very early after ischemic injury, TLR4 is activated by damage-associated molecular
patterns (DAMPSs) from necrotic and apoptotic cells to induce/amplify the inflammatory
response and contribute to cerebral damage [9]. Given the well established role of TLR4 on
exacerbating cerebral damage [148-151], TLR4-dependent regulation of TDO could also be
a possible mechanism contributing to the increased KP after stroke.

Consequently, an interplay between the immune system and the KP could exist after stroke,
but different inflammatory-independent mechanisms could also mediate a role in the initial
regulation of this pathway, modulating the rate-limiting enzymes of tryptophan catabolism.
An interesting possibility could be that AhR acts as a link between TDO and IDO expression
and their activation after ischemia. In fact, AhR is able to regulate at the transcriptional level
the expression of IDO1 [152]. Intriguingly, AhR-mediated IDO induction may act as a
positive feedback mechanism further activating AhR. A pathway implicating this possibility
has been recently demonstrated for endotoxin tolerance [54] in which TDO expression
induced by LPS in a TLR4-dependent manner results in the production of L-Kyn and the
activation of AhR in innate immune cells. AhR activation induces IDO1 expression resulting
in the establishment of endotoxin tolerance. Thus, the current observations raise the
possibility that a similar pathway may be involved in cerebral ischemia in which AhR
activation by TDO-L-Kyn finally modulates the expression of IDO at later time points, and
thus could contribute to delayed brain damage.
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5.3. Kynurenines as a Predisposing Factor for Stroke Risk and Stroke Outcome?

Different studies support that the risk and even the outcome and mortality of stroke patients
may be increased for different predisposing factors or comorbidities. Among these
mechanisms, atherosclerosis [153], chronic inflammation [154], systemic infections [155],
metabolic syndrome [156], acute coronary events [157] and aging [158] are the best
characterized. Interestingly, all these conditions have been found to present common features
related with the KP: an overactivation of some KP enzymes (mainly 1DO), higher L-Kyn/L-
Trp ratios and also higher levels of KP catabolites such as L-Kyn and QUIN. Therefore, KP
alterations could be a novel significant predictor tool for avoiding the risk and an
unfavourable outcome of stroke.

For instance, both extra- and intracranial atherosclerosis are not only leading causes for
stroke but also are associated stroke risk and poor stroke outcome [159,160]. Atherosclerosis
is an inflammatory initiated by the accumulation of Apolipoprotein B100 containing low
density lipoprotein (LDL) in the artery wall leading to a chronic inflammatory response in
which both vascular and immune cells are activated contributing in all phases of the
atherosclerotic process and even finally, in its thrombotic complications [161, 162].
Abnormalities in the KP have been also detected in patients with stable coronary artery
disease. In fact, increased plasmatic IDO activity (L-Kyn/-Trp ratio), L-Kyn and 3-HK levels
were positive correlated with poor prognosis and risk of acute coronary events [163].
Furthermore, higher KYNA levels were associated with unstable human plaque phenotype
and predict adverse cardiovascular outcomes [164]. However, most part of pre-clinical data
in animal models does not support clinical observations. Actually, using different murine
models of atherosclerosis (LDLr—/- and ApoE—-/- mice) or graft arteriosclerosis, increased
IDO1 expression in plasmacytoid dendritic, vascular smooth muscle- or B cells was
demonstrated to regulate immune response, by dampening T cell activation and proliferation
[165-167], by directly modulating adhesion molecules, such as VCAM-1 [85] or even
regulate the production of 1L-10 [168]. In agreement with these results, IDO inhibition by 1-
MT in hypercholesterolemic mice [85] or IDO deficiency (IDO-/-) in ApoE-/- mice [168]
increased lesion size. Administration of L-Trp catabolites such as 3-HAA [84, 85] decreased
atherosclerosis lesion and reversed detrimental effects of 1-MT in ApoE-/-. In addition, a
synthetic derivative of the anthranilic acid [3,4,-dimethoxycinnamoyl anthranilic acid (3,4-
DAA)] [168] was also demonstrated to reduced lesion formation and inflammation after
arterial injury in ApoE-/- mice. Taken together, IDO seems to be a key regulator of
inflammation in atherosclerosis, probably due to the well established role of IDO1 as a
homeostatic mechanism against excessive immune activation promoting immune tolerance.

However, the role of IDO in atherosclerosis is still controversial. For instance, the study of
Nakajima and cols. did not find any difference in lesion size after the administration of 1-
MT to LDLr deficient mice [167]. Supporting this observation, IDO-/-/ApoE—/- mice
presented an accelerated formation of atherosclerotic lesion but no differences were
observed at later time points [168]. Finally, a recent study found that IDO deficiency reduces
the development of atherosclerosis in LDLr—/- mice through an enhanced IL-10 production
and identifies KYNA as the main inhibitor of IDO-dependent IL-10 production [164]. Given
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this background, further studies are necessary to interpret and clarify these discrepancies
regarding the effect of KP in the context of atherosclerosis.

Among non-modifiable risk factors, age is one the most important ones for cerebral
ischemia, and recovery after stroke is significantly influenced by age. Aging is associated
with altered KP catabolism. In fact, an increased L-Kyn/L-Trp ratio has been detected across
aging models in different species [169] including humans [158]. Several studies focused in
invertebrates indicated that reducing L-Kyn levels through pharmacological or genetic
inhibition of TDO prolonged life span in Drosophilaand C. elegans models [170,171] and,
even most interestingly, TDO in these models acts as a metabolic regulator of age-related a-
synuclein, amyloid-$ and polyglutamine proteins toxicity linking the KP with aging-
associated neurodegeneration. Multiple mechanisms may explain aging-associated up-
regulation of L-Kyn/L-Trp ratio. For instance, aging increases cortisol production, which
may in turn induce TDO expression [172]. In addition, as a consequence of the
“inflammaging” process (or aging-associated chronic inflammation) [173], IDO could also
be activated by pro-inflammatory cytokines as previously described. Besides IDO activation
could interfere with T cell functions contributing therefore to aging immunosenescence
[174].

6. BEHAVIORAL AND COGNITIVE EFFECTS OF KYNURENINES

6.1. Effect of KP Manipulation in Animal Models

The analysis of the subsequent behaviour after manipulation of kynurenines in experimental
animal models has allowed to establish that this pathway plays a key role in several aspects
of cognitive function [175]. Increasing cerebral KIYNA levels produces long-term
impairment of different cognitive domains which include deficits of spatial working memory
[176-179], changes in pre-pulse inhibition of auditory startle stimuli [178], alterations in the
freezing response after contextual fear conditioning [180], impaired context discrimination
or even deficits in the acquisition of the extra-dimensional shift task [179]. On the contrary,
after decreasing KYNA levels by using a genetic model in which KAT 11 is deleted, an
improved cognitive performance was observed in behavioural tasks including exploration,
object recognition and passive avoidance learning [181]. Therefore, imbalance in the KP
could affect different cognitive domains. Most of these deficits commonly occur in a number
of psychiatric conditions and neurodegenerative process. All evidence supports that changes
in the KP could be involved in cognitive dysfunction after pathological conditions.
Moreover, its role in depressive-like behavior in animal models has also been described.
While administration of L-Kyn, QUIN and 3-HK exerted an anxiogenic effect, KYNA
administration produced an anxiolytic activity in different animal models of anxiety.
Supporting the role of the KP in depression, TDO knockout mice displayed an anxiety-
related behavior [146].

6.2. A Role of KP in Cognitive Impairment After Stroke?: Focus on Dementia and

Depression

Despite efforts to delineate the effects of KP after the acute phase of stroke, little attention
has been focused in evaluating the role of altered KP in the chronic phase of this pathology

Curr Pharm Des. Author manuscript; available in PMC 2016 August 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cuartero et al.

Page 14

in which stroke survivors present a high incidence of disability with a plethora of cognitive
deficits. Interestingly, a study from Mackay and cols. [182] found that alterations in the KP
catabolism persist at least one year after stroke onset suggesting that KP activation possibly
contributes to the continuing cerebral dysfunction in these patients. Common disabilities
observed in stroke survivors include dementia (also known as vascular dementia) and
depression.

6.3. Vascular Cognitive Impairment

Dementia could be defined like an acquired cognitive decline beyond what might be
attributed to normal aging. The main pathogenic mechanisms involved in the development of
dementia are neurodegeneration but also cerebrovascular dysfunction (as the case of stroke).
In fact, both factors have been observed to be closely associated [24]. Among patients with
stroke, 10% of them develop a new dementia after a first stroke, and after recurrent stroke,
>30% of the patients have dementia. Given the high prevalence of this type of dementia, the
concept of VCI has gained wide acceptance and is defined as “a syndrome with evidence of
clinical stroke or subclinical vascular brain injury and cognitive impairment affecting at least
one cognitive domain” [183]. VCI may progress to a most severe form of dementia called
vascular dementia (VD). The main cognitive domains affected in patients with VCI/VD
include attention, memory, language, orientation, visuospatial skills and abstract reasoning
[184,185]. In addition, it is interesting to note that mixed lesions overlapping AD
neuropathology and cerebrovascular deficits are observed in more than 50% of dementia
patients [186]. Interestingly, vascular lesions may also be found in other neurodegenerative
diseases, such as hippocampal sclerosis, synucleinopathies or frontotemporal lobar
degeneration, but the mixed vascular-AD pathology is the most frequent [24].

Despite the growing body of evidence that supports the notion that KP alterations could play
an important role in the pathogenic mechanism of AD [175, 187], such as the increased ratio
of 3-hydroxykynurenine to L-Trp in serum [188, 189] and the accumulation of QUIN in the
brain of AD patients [190], its role in VCI has only been briefly explored. Only one study
demonstrated an association between elevated L-Kyn/L-Trp ratios and the extent of
cognitive impairment among acute ischemic stroke patients. In fact, the L-Kyn/L-Trp ratio
was able to identify subjects at risk of significant VCI. So far, this study is the only evidence
which suggests a relationship between cognitive impairment and activation of the post-
stroke kynurenine pathway [191]. However, it remains to be demonstrated whether a similar
correlation between KP levels and VCI persists in the chronic phase of stroke and also which
are the specific domains affected by the altered KP after stroke.

6.4. Post-Stroke Depression

Depression is commonly characterized by anhedonia (loss of interest or pleasure) for 2
weeks or longer and the presence of at least four of the following persistent symptoms:
weight loss or gain, sleep disturbances, psychomotor agitation or retardation, fatigue,
worthlessness or inappropriate guilt, diminished concentration, or indecisiveness [192]. One
of the most common disorders affecting stroke survivors is PSD. In fact, depression occurs
more frequently in patients after stroke than in the general population [193, 194], reporting
an incidence from 18% to 61%, depending on patient selection and criteria used. In addition,

Curr Pharm Des. Author manuscript; available in PMC 2016 August 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cuartero et al.

Page 15

PSD is associated with cognitive impairment, increased mortality and risk of falls, increased
disability, and worse rehabilitation outcome.

Several neuroendocrine alterations have been reported in depression, including changes in
tryptophan catabolism. In fact, a reduction in 5-HT production and an increased KP
catabolism is clearly observed after depression. In this context, several studies reported an
increase activation of both TDO/IDO and also KATs which lead to an augmentation of 3-
HK, QUIN, L- Kyn and KYNA production [195], that finally induce ROS generation and
alterations in glutamatergic neurotransmission [196-198]. Finally, all these changes would
mediate damage in several brain regions including hippocampus, inhibiting neurogenesis
and increasing apoptosis signaling pathways [199]. This is known as the “kynurenine
hypothesis of depression” [200]. Moreover, the high levels of KYNA found in depression
could also modulate, not only the glutamatergic but also the cholinergic hippocampal
neurotransmission since KYNA acts as an antagonist of the a7nAChR [201]. Several clinical
studies in the stroke field have tried to evaluate the role of KP in post-stroke depression and
its relation to pro-inflammatory markers, given that inflammation is also commonly
observed in depressive patients. Unfortunately, aforementioned studies did not find a
correlation between peripheral L-Kyn/L-Trp ratios and depressive symptoms in the post-
stroke population [202, 203]. However, several interesting results were observed in these
studies. First, exploratory analyses suggested that inflammatory activity was associated with
mild—-moderate but not with severe depressive symptoms. Second, stroke patients with post-
stroke fatigue (PSF) have a lower bioavailability of L-Trp for 5-HT synthesis in the brain in
the acute stroke phase. Therefore, further studies are necessary to clarify the role of the KP
in PSD.

CONCLUSION

The tryptophan catabolism has been reported to be altered in different pathologies affecting
the brain, such is the case of stroke, a devastating disease which is one of the main causes of
death and disability worldwide but treatment options are still limited including rtPA
administration and mechanical thrombectomy. The activation of the KP in the acute phase of
stroke may participate in the ischemic damage by direct mechanisms which include
excitotoxicity and oxidative stress among others, since inhibition of the KP decreases brain
injury in animal models of stroke. However, further studies are necessary to determine the
mechanism which modulates the activation of KP after cerebral ischemia. Probably, an
interplay between the immune system and the KP could exist after stroke, but also different
inflammatory-independent mechanisms could mediate a role in the regulation of this
pathway, modulating the rate-limiting enzymes of tryptophan catabolism. Interestingly, the
kynurenine pathway after cerebral ischemia could also play a role during the chronic phase
of this pathology in which stroke survivors present a high incidence of disabilities such as
dementia and depression or even being a risk factor for stroke outcome and mortality. All
together the kynurenine and tryptophan catabolism could have a significant role in after
cerebral ischemia. A deepest knowledge about the regulation and activity of the KP after
stroke could provide new pharmacological tools in both acute and chronic phases of stroke.
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ANA anthranilic acid

BBB blood-brain barrier
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KYNU kynureninase

LDL low density lipoprotein
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LPS lipopolysaccharide
L-Tryp tryptophan

MCAO middle cerebral artery occlusion
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Fig. 1. Theischemic cascade
Ischemic injury results from a series of cellular and molecular events caused by a sudden

decrease or loss of blood flow and subsequent reperfusion of the ischemic territory. This
succession of events is the so called ischemic cascade, consisting of a cellular bioenergetics
failure, followed by excitotoxicity, oxidative stress, blood-brain barrier (BBB) dysfunction
and post-ischemic inflammation, which collectively contribute to cell death in the ischemic.
Within the first minutes, the lack of blood flow produces the energy failure in brain cells,
triggering the release of the neurotransmitter glutamate. The postsynaptic overactivated
NMDA (N-metil-D-aspartate) receptors will lead the excitotoxicity processes (mainly due to
the influx of Ca2*) and then, the subsequent cellular damage due to the production of
reactive oxygen species (ROS). Afterwards, the lack of blood flow and ROS will also
damage the microvasculature producing the breakdown of the brain-blood-barrier (BBB),
allowing the infiltration of leukocytes into the brain parenchyma. Resident brain cells
(mainly microglial cells), but also astrocytes, together with infiltrated cells will release pro-
inflammatory citokines triggering neuroinflammation, and therefore enhancing the brain
damage. Two different regions can be distingued during the progression of the ischemic
injury, that is, core and penumbra. The infarct core is the region in which the severe decrease
of blood flow caused an energy failure and therefore cells rapidly die by necrosis. By
contrary, the penumbra is the region which a preserved energy state. Without any
intervention, the infarct core finally expands into the penumbra.
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Fig. 2. The Kynurenine pathway of tryptophan degradation
One of the main metabolic pathways of dietary L-tryptophan (L-Trp) in the brain is the

kynurenine pathway (KP). The rate-limiting step of this pathway is the conversion of L-Trp
to L-Kynurenine (L-Kyn) by indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-
dioxygenase (TDO). Through three pathways L-kynurenine is converted into kynurenic acid
(KYNA), 3-hydroxykynurenine (3-HK) and anthranilic acid (ANA). The next step of the
pathway is the conversion of 3-HK and ANA into 3-hydroxyanthranilic acid (3-HAA). 3-
HAA, through several enzimatic reactions is converted into the final kynurenine pathway
products picolinic acid (PIC) and quinolinic acid (QUIN). Finally, QUIN generates
nicotinamide, and ultimately NAD+/NADP+
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Fig. 3. The Kynurenine pathway in the brain

Brain kynurenines are linked and influenced by the peripheral KP. Fluctuations in the blood
levels of L-Trp, L-Kyn and 3-HK directly affect metabolism of KP in the brain, since these
metabolites readily cross the BBB using the large neutral amino acid transporter. Under
physiological conditions, kynurenine pathway enzymes in the mammalian brain are
preferentially, although not exclusively, localized in non-neuronal cells (see below) and the
two routes of L-Kyn degradation are physically segregated in the brain. In fact, astrocytes,
which contain KAT, are the main responsible of kynurenic acid (KYNA) biosynthesis, a well
established NMDA receptor antagonist. On the contrary, microglial cells generate 3-HK and
its major downstream metabolites, including quinolinic acid (QUIN), which present
neurotoxic properties, at least in part, by being an NMDAR agonist. Both QUIN and KYNA
are released into the extracellular space and act over NMDA receptors in the postsynaptic
compartment of the neurons. In addition, under several conditions, neurons can also express
different kynurenine pathway enzymes, such as TDO and IDO.

Astrocyte
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