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ABSTRACT 

The kynurenine pathway of tryptophan metabolism accounts for most of the 

tryptophan that is not committed to protein synthesis and includes compounds 

active in the nervous and immune systems. Kynurenine acts on the aryl 

hydrocarbon receptor, affecting metabolism of xenobiotics and promoting 

carcinogenesis. Quinolinic acid is an agonist at N-methyl-D-aspartate receptors 

(NMDAR), but is also pro-oxidant, has immunomodulatory actions and 

promotes the formation of hyperphosphorylated tau proteins. Kynurenic acid 

blocks NMDARs and 7-homomeric nicotinic cholinoceptors but is also an 

agonist at the orphan G-protein-coupled receptor GPR35. 3-hydroxykynurenine 

and 3-hydroxyanthranilic acid have pronounced redox activity and regulate T 

cell function. Cinnabarinic acid can activate metabotropic glutamate receptors. 

The aim of this review is to highlight the increasing range of molecular targets 

for components of the kynurenine pathway, in both the nervous and immune 

systems, in relation to their relevance to disease and drug development. 
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The kynurenine pathway 

     Apart from the tryptophan used in protein synthesis, most of this amino acid 

in mammals is oxidised along the kynurenine pathway. Only around 1% of 

tryptophan is used for the synthesis of 5-hydroxytrpytamine (5-HT). For many 

years, most compounds along the pathway (Figure 1) were thought to have little 

biological activity until quinolinic acid was shown to be an agonist at glutamate 

receptors sensitive to NMDA [1] and kynurenic acid was found to be an 

antagonist at these and other ionotropic glutamate receptors [2]. These two 

compounds have been the focus of attention on the kynurenine pathway for 

over 30 years [3,4]. In parallel with work on the central nervous system (CNS), 

however, there has been growing interest in the role of kynurenines in the 

immune system, and the last few years have seen the identification of more 

molecular targets acted on by quinolinic acid, kynurenic acid or other 

components of the pathway. The key enzymes, indoleamine-2,3-dioxygenase 

(IDO) and kynurenine-3-monoxygenase (KMO) are also potential drug targets. 

The aim of this review is to highlight the increasing range of molecular targets 

now recognised in the nervous and immune systems in relation to their 

relevance to disease and drug development. 

     

Kynurenine metabolites and their receptors in disease 

Quinolinic acid 

     In addition to its ability to activate NMDARs selectively, quinolinic acid can 

generate reactive oxygen species (ROS). This activity can produce substantial 

oxidation of cellular lipids, especially in the presence of transition metal ions [5]. 
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The axon-sparing neuronal loss produced by quinolinic acid in vivo may be due 

partly to formation of ROS [6] although it certainly also involves activation of 

NMDARs. 

     Acting on human primary astrocytes, excitotoxic concentrations of quinolinic 

acid can also promote the expression and secretion of some of the more potent 

chemokines and proinflammatory cytokines responsible for orchestrating the 

early phases of innate immune responses. In this context, quinolinic acid 

promotes the production of interleukin-1 (IL-1

chemoattractant protein-1 (MCP-1), as well as IL-8, Regulated on Activation, 

Normal T-cell Expressed and Secreted (RANTES) and several related 

chemokines and their receptors able to promote inflammatory responses [7,8] to 

a degree comparable with tumour necrosis factor- (TNF- - 

(IFN-  This may indicate an ability of quinolinic acid to initiate inflammation 

within the CNS or to enhance it when it is partly established as part of a disease 

process such as Alzheimer's disease (AD). 

     The amyloid plaques found in the brains of patients with AD are associated 

with high concentrations of quinolinic acid [9] but the compound is also co-

localised with hyperphosphorylated tau proteins which form the paired helical 

filaments in this disorder [10]. Quinolinic acid inhibits the phosphatase-mediated 

removal of phosphate from tau proteins, leaving hyper-phosphorylated tau 

protein.  

 

Kynurenic acid 

     Two early studies of the anti-epileptic actions of kynurenic acid 

independently reported that its suppression of epileptiform bursts in 
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hippocampal slices could not be entirely explained by blockade of NMDARs 

[11,12] (Figure 2). However, a new receptor target was later identified as 

homomeric 7-nicotinic cholinoceptors (7NR), where kynurenic acid was a 

non-competitive antagonist [13]. The effect was observed initially in neuronal 

cultures, where kynurenic acid appeared more active as an antagonist of 

7NRs than NMDARs. However, this differential potency did not apply to 

neurones in more intact, multicellular preparations such as slices. A later 

examination of hippocampal interneurones confirmed that kynurenic acid could 

block 7NR on these cells excited by exogenously applied agonists or 

synaptically released acetylcholine, although with a potency that was not 

fundamentally different from that which blocked NMDAR [14]. Thus, the 

sensitivity of 7NR is probably dependent on experimental conditions and 

location, differing also between synaptic and extrasynaptic sites. Sensitivity may 

also change with age [15]. In addition, kynurenic acid produced endogenously 

within brain slices from kynurenine is better able to block NMDAR and 7NR 

than kynurenic acid which is added exogenously [15], so that its physiological 

activity at this site may be underestimated. 

     AD.  These data are especially relevant to the treatment of Alzheimer's 

disease. Agonists acting at 7NR are particularly good at facilitating learning 

and memory processes in animal models and in patients with AD [16,17]. 

Conversely, a loss of cholinergic projections from the septum to the 

hippocampus or from nucleus basalis to the neocortex results in substantial 

deficits in learning, as does the administration of cholinoceptor antagonists. 

Although there are relatively few studies of the kynurenine pathway in patients 

with AD, IDO is activated in the disease leading to a high kynurenine:tryptophan 
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ratio in blood [18, 19]. This would be expected to raise the endogenous levels of 

kynurenic acid which, by blocking glutamate and nicotinic receptors, could 

contribute to cognitive dysfunction. 

     However, the effects of compounds that inhibit KMO are not limited to 

increasing the levels of kynurenic acid. A recent study showed that KMO 

inhibition also produces a decrease in the levels of glutamate in a transgenic 

mouse model of Alzheimer's disease. This was associated with a reduction in 

the loss of synapses in the brain, with improved memory in a spatial learning 

task and reduced anxiety behaviour [20]. This would be consistent with the view 

that part of the neurodegeneration seen in Alzheimer's disease is caused by the 

excitotoxic effects of endogenous glutamate. Since KMO inhibition should also 

reduce the formation of quinolinic acid, it is possible that this NMDA agonist 

may also have contribute to the excitotoxicity in AD, but its role was not 

assessed directly in that study. 

     HD. There are many neurochemical similarities observed in the post mortem 

striatum of patients with HD and animal models produced by quinolinic acid 

injections [21,22], with additional aspects of motor function in common [23]. 

Patients also exhibit reduced levels of kynurenic acid in the brain [24], although 

3HAA concentrations are raised, consistent with the increased concentrations of 

quinolinic acid found in the brains of animal models of HD [25,26]. In the most 

commonly used R6/2 mouse model of the disorder, KMO activity is increased 

and inhibition of the enzyme prolongs the life span of the animals as well as 

protecting neurons and synapses and suppressing microglial activation [20]. 

Recent clinical studies have obtained strong support for a role of kynurenines 

with the finding of highly significant correlations between the blood 
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concentrations of kynurenine and the number of DNA codon repeats (CAG) in 

the abnormally extended nucleotide sequence of the huntingtin gene [27]. 

Together there results are consistent with the view that the molecular aberration 

in HD is associated with altered kynurenine metabolism, which could account 

for at least some of the symptoms and progression of the disease. 

     Schizophrenia. In schizophrenia, the suppression of dopaminergic function 

by neuroleptic drugs can reduce the early, positive symptoms which are caused 

by overactivity of the ventral tegmental projections to the striatum and nucleus 

accumbens. Classical drugs have little effect on later, negative symptoms which 

are associated with underactivity of dopaminergic projections to prefrontal 

cortex [28]. Underlying these disturbances is a hypo-glutamatergic state [29]  

the induction of which, in animals, is widely used to model schizophrenic 

symptoms [30]. Thus, compounds that block NMDARs, such as phencyclidine, 

can induce many of the cardinal symptoms of schizophrenia such as a loss of 

pre-pulse inhibition [31]. A hypoglutamatergic state could be produced by raised 

levels of kynurenic acid, and several studies show up to five times the normal 

level of kynurenate in the cerebrospinal fluid (CSF) of schizophrenic patients 

[32,33]. The administration of kynurenic acid (directly or via its precursor, 

kynurenine), produces a reduction of extracellular dopamine concentrations, as 

seen in the prefrontal cortex in schizophrenia. Conversely, reduced kynurenic 

acid concentrations promote dopamine release in striatum [34] and 

hippocampus [35], which may account for the wide spectrum of cognitive 

dysfunction in schizophrenia. The mechanism of this effect is unclear at the 

cellular and network level, although it has been suggested that the interaction 

results from a blockade by kynurenic acid of glutamate or 7NR on 
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dopaminergic nerve terminals or local astrocytes [36]. There is a diminished 

activation of 7NRs in schizophrenia, and the administration of agonists acting 

at 7NRs can reduce many of the positive and negative aspects of cognitive 

dysfunction in schizophrenia and animal models [37,38].  

     Slightly complicating this picture is a report that kynurenic acid may facilitate 

activity of AMPA receptors by modulating their desensitisation  [39] and that it 

produces antagonism of AMPA when used at higher concentrations. To date, 

however, these results have not been confirmed and may represent, at best, a 

minor action of kynurenic acid. 

     Collectively these data suggest that the blockade of glutamate, NMDARs 

and 7NRs by kynurenic acid could account for many of the learning and 

cognitive problems in AD and schizophrenia. Indeed, deletion of the enzyme 

which synthesises kynurenic acid – kynurenine aminotransferase II (KATII) – 

has a pro-cognitive effect in animals [40], supporting the view that even normal 

levels of kynurenate may have a limiting effect on cognitive function. In addition, 

the plasma concentration of kynurenic acid increases with age in humans and 

could contribute to age-related deficiencies in memory and cognition [41].  

 

Alternative molecular targets for kynurenic acid  

GPR35 

     Another target of kynurenic acid may be the erstwhile orphan G-protein-

coupled receptor GPR35, at which kynurenic acid is one of the most potent 

endogenous agonists yet identified [42] (Figure 2). The highest levels of GPR35 

are in the intestine where, in patients with inflammatory bowel disease, 

kynurenic acid levels are significantly greater than in control subjects [43]. The 
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receptor has been implicated in several aspects of gastrointestinal dysfunction 

including the development of gastric cancer [44]. Its role in the CNS is less clear 

although loss of GPR35 may underlie at least one form of mental retardation 

[45]. The agonist activity of kynurenic acid could therefore be important in the 

early development of the CNS. Indeed, recent data demonstrate that increasing 

kynurenic acid levels prenatally leads to marked changes in the expression of 

neurodevelopmental proteins in postnatal life [46]. 

     Expression of GPR35 in immune cells occurs in neutrophils, monocytes, T 

cells and dendritic cells, but less so in natural killer (NK) cells and eosinophils. 

Amongst peripheral blood cells, GPR35 expression is greatest in circulating 

monocytes which, in the presence of kynurenic acid, bind firmly to endothelium, 

suggesting a role for this ligand-receptor combination in monocyte extravasation 

[47]. In monocytes, macrophages and glial cells, GPR35 interaction with 

kynurenic acid down-regulates the proinflammatory phenotype induced by 

bacterial lipoloysaccharides (LPS), notably reducing TNF- and high-mobility 

group box 1 protein (HMGB1) [48] (Figure 2). A proposed intracellular 

mechanism for this effect is the lowering of intracellular calcium, mediated by 

GPR35-linked adenylate cyclase inhibition and reduced intracellular cAMP; a 

similar explanation has been advanced to explain reduced calcium-dependent 

release of glutamate from GPR35-expressing glia treated with kynurenic acid 

[42]. There is currently little information available about other immune system 

cells that express GPR35, except for invariant natural killer cells (iNKT) which, 

on specific stimulation by glycolipids (presented by antigen presenting cells) 

produce a large variety of cytokines and chemokines [49]; GPR35 engagement 
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by kynurenic acid downregulates IL-4 but not IFN- and probably has other 

actions yet to be identified. 

      

Growth factors 

      Although the blockade of glutamate receptors by kynurenic acid may cause 

the cognitive dysfunction discussed above, the same blocking action can 

protect the brain against the excitotoxic effects of abnormally high glutamate 

receptor activation. This protective activity may be enhanced by effects on 

growth factors since kynurenic acid can increase the expression of nerve 

growth factor (NGF) in glial cells [50,51]. NGF is of special importance because 

of its regulation of proliferation and subsequent maintenance of cholinergic 

neurones in the CNS, and hence of relevance to AD and schizophrenia [52]. In 

contrast, kynurenic acid reduced the release of fibroblast growth factor-1 (FGF-

1) in several different experimental models [53], so that its net effects on cell 

viability may depend on a balance of changes in different growth factors. 

Although these results are exceptionally interesting for understanding the 

neuroprotective effects of kynurenic acid, therefore, work should be extended to 

other growth factors. For example, because kynurenic acid can enhance 

proliferation of some glial cells, it would be of value to examine the expression 

and release of gliotropic factors as well as brain-derived growth factor (BDNF). 

 

A kynurenine receptor?  

     A most surprising discovery has been that kynurenine itself – a compound 

regarded as being almost devoid of biological activity – can act at the aryl 

hydrocarbon receptor (AHR) [54] (Figure 3). The AHR is a cytosolic 
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transcription factor which is the primary binding site for the potent cellular toxin 

2,3,7,7-tetrachlorodibenzo-p-dioxin, (often known as ‘dioxin’). The receptor is a 

component of the ‘xenobiotic response element’ which is important in the 

detection of foreign substances. The AHR acts on a range of major 

metabolising enzymes including phase I and phase II enzymes such as 

CYP1A1, CYP1A2 and CYP1B1 and gives animals the ability to detect and 

respond to a wider range of xenobiotics and toxins than would otherwise be 

possible. The AHR appeared early in evolution and exists in a variety of species. 

Kynurenine may be the primary natural, endogenous ligand at the AHR, 

promoting protection of the organism, reducing illness triggered or caused by 

chemicals, and even prolonging survival [54,55]. This view is supported by work 

in which the AHR has been deleted, leaving animals with physiological 

aberrations and slowed development [56,57]. 

    The AHR may be associated with fundamental aspects of cell biology 

including the proliferation and differentiation of cells early in embryonic 

development, especially in the blood and lymphoid tissues as well as neurons. 

This would explain a requirement for the AHR in tissue formation [58].  In 

vertebrates, the role of AHR in development extends to the maturation of cells 

in the immune and nervous systems. Expression of AHR has been 

demonstrated in both innate and adaptive immune cells and, with few known 

exceptions, ligand engagement determines anti-inflammatory and tolerogenic 

cell phenotypes. Gene knock-out studies indicate that macrophages with intact 

AHR produce fewer proinflammatory mediators on stimulation with LPS or silica 

than those lacking AHR [59,60].  
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     Dendritic cells (DCs) present antigens to naive T cells and are a crucial link 

between innate and adaptive immunity; whether DCs exhibit a predominantly 

immunostimulant or immunosuppressive phenotype determines T cell 

responses. Immunostimulants such as LPS promote the expression of the AHR 

in DCs, and this expression is in turn required for the induction of IDO [61]. 

Furthermore, co-cultures of AHR(-/-)DCs and naïve T cells suppressed 

differentiation of the latter into Treg cells, while addition of kynurenine to this 

system restored differentiation into anti-inflammatory Treg cells and reduced 

differentiation into the highly inflammatory Th17 cells [55]. Thus, kynurenine 

acts on DCs to produce a powerfully anti-inflammatory action (Figures 3, 4). 

Whether this effect of kynurenine is also mediated through the AHR remains 

unclear.  

   In the adaptive immune system, AHRs are also constitutively expressed on 

naïve CD4+ T cells, and on AHR-kynurenine engagement differentiate into 

tolerizing Foxp3+ Treg cells, (which exert a constant restraining influence over 

both Th1 and Th2 helper cell populations) rather than to the pro-inflammatory 

Th17 cells [62,63]. One result of this is to promote self-tolerance, reducing the 

development of autoimmune disorders. The effect is potentiated by the 

activation (by kynurenine) of AHRs on DCs, an action which inhibits DC 

maturation and - because these are major antigen presenting cells - further 

inhibits immune surveillance. This also reduces tumour recognition, and thus, 

together with its propensity for increasing cell proliferation, AHR activation by 

kynurenine promotes tumour survival, growth, migration and metastasis [64]. 

     Since kynurenine is generated when IDO or TDO are activated in pro-

inflammatory microenvironments by mediators such as IFN- or TNF-, the 
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discovery of AHR as a kynurenine or kynurenic acid receptor may help to 

provide the sought-after link between chronic tissue inflammation and the 

induction of cancer. The future prospects for integrating the biology of 

kynurenines in the nervous and immune systems with carcinogenesis, with the 

kynurenine pathway emerging as an important new target for drug development, 

is immensely exciting. 

     Finally, it should be noted that, in addition to kynurenine, kynurenic acid may 

also be an agonist at the AHR with nanomolar potency [65], able to induce 

expression of the multi-functional and tumour-associated cytokine IL-6 (Figures 

3, 4). 

 

The 3-hydroxy compounds 

     Both 3-hydroxykynurenine (3-HK) and 3-hydroxyanthranilic acid (3HAA) 

(Figure 1) show significant cellular toxicity. The neurotoxicity of 3-HK is 

mediated primarily through its production of ROS, which initiate apoptosis [66]. 

The toxicity is probably produced at an intracellular site because the compound 

must be taken up by the large neutral amino acid transporter to exhibit toxicity. 

As with other redox active compounds, 3-HK and 3HAA acid they show pro-

oxidant or anti-oxidant activity, depending on the local oxidative environment, 

and thus regulate the oxidative status of tissues. Given the acknowledged 

importance of ROS in tissue function and pathology, fluctuations in 

concentration of 3-HK or 3-HAA could play a significant role in the initiation, 

progress or remission of diseases involving oxidative stress, which includes 

many neurodegenerative CNS disorders.  
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     3-HAA also inhibits nitric oxide synthase in macrophages [67] and can 

readily be nitrosylated to oxadiazole compounds, a property shared with 3-HK 

[68]. These behaviours could seriously compromise the biological functions of 

NO and merit further investigation. 

     Certainly, the levels of 3-HAA can change dramatically. In a study of patients 

newly diagnosed with osteoporosis, plasma levels of 3-HAA were less than 10% 

of those in control subjects. Over two years’ treatment with standard drugs, this 

level rose to control values in parallel with significant improvements in bone 

density [69]. Intriguingly, this leap in plasma 3-HAA concentrations was 

accompanied by the converse change in anthranilic acid, another kynurenine 

metabolite whose origin, metabolism and biology remain largely unexplored. A 

similar reversal in the ratio of 3-HAA and anthranilic acid has been discovered 

in patients with Huntington's disease (HD), stroke and chronic brain injury [70]. 

     Cinnabarinic acid is a metabolite of 3-HAA formed by its oxidative 

dimerisation. This compound is able to induce apoptosis of T cells with a 

potency about ten times that of 3-HAA itself [71], and it may, therefore, be the 

compound responsible for some of the effects hitherto attributed to 3-HAA. In 

addition, cinnabarinic acid activates mgluR4 [72], raising the possibility that it 

may have relevance to the development or treatment of several CNS disorders, 

especially Parkinson's disease [73].  

 

A wider role in the immune system 

     In addition to the effects that kynurenines have on immune function via the 

AHRs, there is increasing evidence for more generalised actions on the immune 

system. The inhibitory effect of IFN- on the growth and proliferation of 
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Toxoplasma parasites cultured with fibroblasts results from its activation of the 

first enzyme in the kynurenine pathway – IDO [74]. The activation produced a 

suppression of cell proliferation which was restored by adding tryptophan, giving 

rise to the ‘tryptophan depletion’ hypothesis which posits that the activity of IDO 

reduces the local concentrations of tryptophan, which in turn limits protein 

synthesis to rapidly dividing cells.  

     That observation marks the start of interest in kynurenine effects in the 

immune system. A second landmark discovery was that inhibition of IDO, using 

1-methyl-tryptophan, produced a loss of embryos in pregnant rats [75]. The 

proposed explanation was that the placenta normally upregulated IDO to 

maintain low tissue concentrations of tryptophan, thus inhibiting the activity and 

proliferation of maternal T cells that would normally detect and destroy the 

allogeneic foetus. By inhibiting IDO, therefore, this tryptophan depletion could 

not be induced and T cell attack proceeded successfully to destroy the foetus. 

This pioneering work diversified rapidly into investigating the links between 

raised levels of IDO and immunotolerance in both transplantion and cancer [76] 

(Figure 4).  

     Much of the immune tolerance to tumours is particularly attributed to the 

proliferation of regulatory T cells (Treg cells) expressing the Foxp3+ transcription 

factor [77]. These cells depress the activity of aggressive T cell populations 

including CD8+ cytotoxic (anti-tumour) cells, DCs and NK cells. IDO activation 

in a sub-population of DCs initiates a positive feedback cycle leading to an 

expansion in the numbers of Foxp3+Treg cells by promoting their differentiation 

from naïve CD4+ T cells, a change which is greatly enhanced in the presence 

of transforming growth factor- (TGF-) and IL-6. These Treg cells then act back 
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on DCs to induce further IDO [78] (Figure 4). Also, 3-HAA stimulates the 

production of TGF-, which further potentiates Treg cell formation. Overall, the 

increased numbers of Foxp3+Treg cells, involving the expression of IDO activity, 

suppresses immune function and generates a pronounced anti-inflammatory 

effect. This is further enhanced by a direct inhibition of Th1 cells by 3-HAA [79] 

(Figure 4).  

     In addition to stimulating TGF- production, 3-HAA acts directly upon Th1 

cells to suppress their pro-inflammatory activity, but has no discernible action on 

Th2 cells [78-80] although IDO activation overall may promote Th2 function [81]. 

These two T cell populations normally exist in a delicate balance, with Th1 cells 

generating IFN helping to sustain macrophage activation and release the 

powerfully pro-inflammatory TNF- as well as other deleterious substances 

including ROS. The combination of these Th1-induced factors is anti-microbial 

but also tends to attack allogeneic cells, producing rejection of tissue allografts 

and foetal resorption or abortion. Th2 cells generate IL-4 which acts as a brake 

on the activation of macrophages by IFN, thus imposing an anti-inflammatory 

restraint on the system and contributing to graft retention and foetal protection 

[82, 83]. The preferential inhibition of Th1 cells, therefore, confers on 3-HAA an 

overall immunoprotective influence [82]. 

     In fact, IDO activation may not be the only trigger for this cascade. IFN- and 

other pro-inflammatory cytokines also induce kynurenine-2,3-dioxygenase 

(KMO) and kynureninase so that, as long as kynurenine is available, the levels 

of 3-HK, 3HAA and quinolinic acid generated by DCs will be sufficient to 

regulate the activity of immune system cells [84]. The resulting state of immune 
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tolerance (tolerogenesis) seems to be produced by the kynurenine metabolites 

rather than by tryptophan depletion. 

     Although IDO is widely distributed in many tissues, the closely related 

enzyme tryptophan-2,3-dioxygenase (TDO) is largely confined to the liver. It 

also converts tryptophan to kynurenine and its subsequent metabolites and will 

therefore reduce T cell activity and immune surveillance, thus increasing the 

possibility of tumour formation as discussed above for IDO. In contrast to IDO, 

the activity of TDO is induced by glucocorticoids [85,86]. and, because the 

secretion of these steroids occurs in response to stress, this link may contribute 

to the greater incidence of cancer resulting from chronic stress, for which TDO 

inhibitors might present a potential treatment [87,88]. 

     Kynurenine metabolites help to regulate secretion of the tolerogenic Human 

Lymphocyte Antigen-G (HLA-G) [89]. In patients with HD, blood levels of this 

antigen correlate significantly with the levels of kynurenine metabolites in the 

blood. There is also a strong correlation between tryptophan metabolism and 

the size of the abnormally extended huntingtin protein which is believed to 

cause the disorder [27], supporting the increasing evidence for a significant 

pathological role for kynurenines in Huntington's disease [22]. 

 

Kynurenines and drug development 

     The discovery that kynurenine-derived metabolites of tryptophan could 

modulate the level of glutamate receptor activation focussed early interest on 

their potential roles in neurodegenerative disorders in which over- or under-

activity of those receptors could produce excitotoxicity and neurodegeneration, 

or a general suppression of excitatory neurotransmission respectively. As this 



 18 

review indicates, some of those original thoughts may still be highly relevant in 

disorders such as AD and HD, where compounds that inhibit KMO in particular 

could slow the rate of neuronal loss. In schizophrenia, the contrary situation is 

encountered, with raised kynurenic acid levels that could be normalised by 

development of selective inhibitors of KAT II [21]. The pro-cognitive actions of 

KAT inhibition have been adequately confirmed by the finding that deletion of 

KAT II results in a similar degree of cognitive enhancement and memory 

function [40]. The potential value of the kynurenine pathway for the 

development of new drugs acting in disorders such as these, in which a degree 

of neuronal damage is involved, has been discussed previously [90] 

     In addition, the identification of a range of molecular targets such as GPR35, 

with potential roles in inflammatory disorders, raises the possibility of 

developing new generations of anti-inflammatory compounds based on the 

chemical structure of kynurenic acid. Similarly, as knowledge develops of the 

actions performed by the AHR, the recognition of kynurenic acid as the possible 

natural ligand raises an entirely new means of viewing the possible 

pharmacological regulation of xenobiotic metabolism. 

     Finally, the parallel work that has developed since the early 1980s of the 

actions of kynurenines in the CNS and their effects in the immune system seem 

to be moving closer towards an integrated view of their interaction. That may in 

turn result in the development of compounds that can regulate changes in the 

processes of CNS neurotransmission directly, but which can also modify the 

development and progression of inflammatory reactions that increasingly seem 

to underlie chronic CNS disorders such as AD and HD, but may also be 

relevant to conditions such as multiple sclerosis (MS) [91] and infection-induced 
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dementias [92]. This is certainly a pathway that is likely to become more 

intriguing in the future. 

 

Concluding remarks 

     Although the links between tryptophan metabolism to kynurenines and to 5-

HT should not be forgotten, future research might benefit greatly from an 

increasing attention on the oxidative metabolism of tryptophan along the 

kynurenine pathway. The potential sites for interference may be under- or over-

activated by their ligands, mutated genetically or modified epigenetically and 

should be regarded as druggable targets for pharmacological development with 

therapeutic value in a range of disorders in the nervous and immune systems. 

 



 20 

References 

1 Stone, T.W. and Perkins, M.N. (1981) Quinolinic acid: a potent endogenous 

excitant at amino acid receptors in CNS. Europ. J. Pharmacol.  72, 411-412. 

2 Perkins, M.N. and Stone, T.W. (1982) An iontophoretic investigation of the 

action of convulsant kynurenines and their interaction with the endogenous 

excitant quinolinic acid. Brain Research 247, 184-187.   

3 Schwarcz, R. and Pellicciari, R. (2002) Manipulation of brain kynurenines: 

Glial targets, neuronal effects, and clinical opportunities. J. Pharmacol. Exp. 

Therap. 303, 1-10. 

4 Stone, T.W. and Darlington, L. G. (2002) Endogenous kynurenines as targets 

for drug discovery and development. Nature Revs. Drug Disc. 1, 609-620. 

5 Stipek, S. Stastny, F., Platenik, J., Crkovska, J. and Zima, T. (1997)  The 

effect of quinolinate on rat brain lipid peroxidation is dependent on iron. 

Neurochem. Int. 30, 233-237. 

6 Behan, W.M.H., Darlington, L.G. and Stone, T.W. (1999) Oxidative stress as a 

mechanism for quinolinic acid-induced hippocampal damage: protection by 

melatonin and deprenyl. Brit. J. Pharmacol. 128, 1754-1760. 

7 Guillemin G.J. (2012) Quinolinic acid, the inescapable neurotoxin. FEBS J. 

279, 1356–1365. 

8  Guillemin, G.J., Croitoru-Lamoury, J., Dormont, D., Armati, P.J.  and Brew, 

B.J. (2003) Quinolinic acid upregulates chemokine production and chemokine 

receptor expression in astrocytes. Glia 41, 371-381. 

9 Ting, K.K., Brew, B.J. and Guillemin, G.J. (2009) Effect of quinolinic acid on 

human astrocytes morphology and functions: implications in Alzheimer's 

disease. J. Neuroinflamm. 6, AR 36. 



 21 

10 Rahman, A., Ting, K., Cullen, K. M., Braidy, N., Brew, B.J.  and Guillemin, 

G.J. (2009) The Excitotoxin Quinolinic Acid Induces Tau Phosphorylation in 

Human Neurons. PLOS one 4, AR e6344. 

11 Stone, T.W. (1988) Comparison of kynurenic acid and 2APV suppression of 

epileptiform activity in rat hippocampal slices. Neurosci. Lett. 84, 234-238. 

12 Brady, R.J. and Swann, J.W. (1988) Suppression of ictal-like activity by 

kynurenic acid does not correlate with its efficacy as an NMDA receptor 

antagonist. Epilepsy Res. 2, 232-238. 

13 Hilmas, C., Pereira, E.F.R., Alkondon, M., Rassoulpour, A., Schwarcz, R. 

and Albuquerque, E.X. (2001) The brain metabolite kynurenic acid inhibits alpha 

7 nicotinic receptor activity and increases non-alpha 7 nicotinic receptor 

expression: physiopathological implications. J. Neurosci.  21, 7463-7473. 

14 Stone, T. W. (2007) Kynurenic acid blocks nicotinic synaptic transmission to 

hippocampal    interneurons in young rats. Europ. J. Neurosci.  25, 2656-2665. 

15 Alkondon, M., Pereira, E.F.R. and Albuquerque, E.X. (2011) Endogenous 

activation of nAChRs and NMDA receptors contributes to the excitability of CA1 

stratum radiatum interneurons in rat hippocampal slices: Effects of kynurenic 

acid. Biochem. Pharmacol.  82, 842-851. 

16 Wallace, T.L. and Porter, R.H.P. (2011) Targeting the nicotinic alpha7 

acetylcholine receptor to enhance cognition in disease.Biochem. Pharmacol.  

82, 891-903. 

17 Kawamata, J. and Shimohama, S. (2011) Stimulating nicotinic receptors 

trigger multiple pathways attenuating cytotoxicity in models of Alzheimer's and 

Parkinson's diseases. J. Alzheimer's Dis. 24, 95-109. 



 22 

18 Baran, H., Jellinger, K. and  Deecke, L. (1999) Kynurenine metabolism in 

Alzheimer’s disease. J Neural Transm 106, 165–181. 

19 Widner, B., Leblhuber, F., Walli, J., Tilz, G.P., Demel, U. and Fuchs, D. 

(2000) Tryptophan degradation and immune activation in Alzheimer’s disease. J 

Neural Transm 107, 343–353. 

20. Zwilling, D., Huang, S.Y., Sathyasaikumar, K.V., Notarangelo, F.M., Guidetti, 

P., Wu, H.Q., Lee, J., Truong, J., Andrews-Zwilling, Y., Hsieh, E.W., Louie, J.Y., 

Wu, T., Scearce-Levie, K., Patrick, C., Adame, A., Giorgini, F., Moussaoui, S., 

Laue, G., Rassoulpour, A., Flik, G., Huang, Y., Muchowski, J.M., Masliah, E., 

Schwarcz, R. and Muchowski, P.J. (2011) Kynurenine 3-monooxygenase 

inhibition in blood ameliorates Neurodegeneration. Cell 874, 863-874. 

21. Beal, M.F., Ferrante, R.J., Swartz, K.J. and Kowall, N.W. (1991) CHRONIC 

Quinolinic acid lesions in rats closely resemble Huntingtons-disease. J. 

Neurosci.  11, 1649-1659. 

22. Stone, T.W., Forrrest, C.M., Stoy, N. and Darlington, L. G. (2012) 

Involvement of kynurenines in Huntington's disease and stroke-induced brain 

damage.  J. Neural Transm. 119, 261-274. 

23. Popoli, P., Pezzola, A., Domenici, M.R., Sagratella, S., Diana, G., Caporali, 

M.G, Bronzetti, E., Vega, J. and Decarolis, S. (1994) Behavioral and 

electrophysiological correlates of the quinolinic acid rat model of Huntingtons-

disease in rats. Brain Res. Bull. 35, 329-335. 

24. Beal, M.F., Matson, W.R., Swartz, K.J., Gamache, P.H. and Bird, E.D. 

Kynurenine pathway measurements in Huntingtons-disease striatum -    

evidence for reduced formation of kynurenic acid. J. Neurochem. 55, 1327-1339. 



 23 

25. Guidetti, P., Luthi-Carter, R.E., Augood, S.J. and Schwarcz, R. (2004) 

Neostriatal and cortical quinolinate levels are increased in early grade    

Huntington's disease. Neurobiol. Dis. 17, 455-461. 

26. Guidetti, P., Bates, G.P., Graham, R.K., Hayden, M.R., Leavitt, B.R., 

MacDonald, M.E., Slow, E.J., Wheeler, V.C., Woodman, B. and Schwarcz, R. 

Elevated brain 3-hydroxykynurenine and quinolinate levels in Huntington    

disease mice. Neurobiol. Dis. 23, 190-197. 

27. Forrest, C.M., Mackay, G.M., Stoy, N., Spiden,S.L., Taylor, R., Stone, T.W. 

and Darlington, L.G. (2010) Blood levels of kynurenines, interleukin-23 and 

soluble human leukocyte antigen-G at different stages of Huntington's disease. 

J. Neurochem. 112, 112-122. 

28. Wolkin, A., Sanfilipo, M., Wolf, A.P., Angrist, B., Brodie, J.D. and Rotrosen, 

J. (1992) Negative symptoms and hypofrontality in chronic-schizophrenia. Arch. 

Gen. Psychiat. 49, 959-965. 

29. Tamminga, C.A. (1998) Schizophrenia and glutamatergic transmission. Crit. 

Revs. Neurobiol. 12, 21-36. 

30. Morris, B.J., Cochran, S.M. and Pratt, J.A. (2005) PCP: from pharmacology 

to modelling schizophrenia. Curr. Opin. Pharmacol. 5, 101-106. 

31.  Cochran, S.M., Kennedy, M., Mckerchar, C.E., Steward, L.J., Pratt, J.A. 

and Morris, B.J. (2003) Induction of metabolic hypofunction and neurochemical 

deficits after chronic intermittent exposure to phencyclidine: Differential 

modulation by antipsychotic drugs. Neuropsychopharmacology 28, 265-275. 

32. Erhardt, S., Blennow, K., Nordin, C., Skogh, E.  Lindstrom, L.H. and 

Engberg, G. (2001) Kynurenic acid levels are elevated in the cerebrospinal fluid 

of patients with schizophrenia. Neurosci. Lett.  313, 96-98. 



 24 

33. Schwarcz, R.,  Rassoulpour, A., Wu, H.Q., Medoff, D., Tamminga, C.A. and 

Roberts, R.C. (2001) Increased cortical kynurenate content in schizophrenia. 

Biol. Psychiat. 50, 521-530. 

34. Amori, L., Wu, H. -Q., Marinozzi, M., Pellicciari, R., Guidetti, P. and 

Schwarcz, R. (2009) Specific inhibition of kynurenate synthesis enhances 

extracellular dopamine levels in the rodent striatum.  Neuroscience  159, 196-

203.  

35. Pocivavsek, A., Wu, H.-Q. Potter, M. C., Elmer, G. I., Pellicciari, R. and 

Schwarcz, R. (2011) Fluctuations in endogenous kynurenic acid control 

hippocampal glutamate and memory. Neuropsychopharmacology 36, 2357-

2367. 

36. Wonodi, I. and Schwarcz, R. (2010) Cortical kynurenine pathway 

metabolism: a novel target for cognitive enhancement in schizophrenia.  

Schizophrenia Bull. 36, 211-218. 

37. AhnAllen, C.G. (2012) The role of the alpha 7 nicotinic receptor in cognitive 

processing of persons with schizophrenia. Curr. Opin. Psychiat. 25, 103-108. 

38. Geerts, H. (2012) alpha 7 Nicotinic receptor modulators for cognitive deficits 

in schizophrenia and Alzheimer's disease. Exp. Opin. Invest. Drugs 21, 59-65. 

39. Prescott, C., Weeks, A.M., Staley, K.J. and Partin, K.M. (2006) Kynurenic 

acid has a dual action on AMPA receptor responses. Neurosci. Lett.  402, 108-

112. 

40 Rossi F., Valentina, ., Garavaglia, S., Sathyasaikumar, K.V., Schwarcz, R., 

Kojima, S., Okuwaki, K., Ono, S., Kajii, Y. and Rizzi, M. (2010) Crystal 

Structure-Based Selective Targeting of the Pyridoxal 5 '-Phosphate Dependent 



 25 

Enzyme Kynurenine Aminotransferase II for Cognitive Enhancement. J. Med. 

Chem.  53, 5684-5689. 

41. Kepplinger, B.H., Kainz, A., Ferraz-Leite, H., Newcombe, J. and Kalina, P. 

(2005) Age-related increase of kynurenic acid in human cerebrospinal fluid-IgG 

and beta(2)-microglobulin changes. Neurosignals 14, 126-135. 

42. Wang, J., Simonavicius, N., Wu, X., Swaminath, G., Reagen,J., Tian, H. and 

Ling, L. (2006) Kynurenic acid as a ligand for orphan G protein-coupled receptor 

GPR35. J. Biol. Chem. 281, 22021-22028. 

43. Forrest, C.M.,  Youd, P., Kennedy, A., Gould, S.R., Darlington, L.G. and 

Stone, T.W. (2002) Purine, kynurenine, neopterin and lipid peroxidation levels in 

inflammatory bowel disease. J. Biomed. Sci. 9, 436-442. 

44. Okumura, S., Baba, H., Kumada, T., Nanmoku, K., Nakajima, H., Nakane, Y. 

Hioki, K. and Ikenaka, K. (2004) Cloning of a G-protein-coupled receptor that 

shows an activity to transform NIH3T3 cells and is expressed in gastric cancer 

cells. Cancer Science 95, 131-135. 

45. Shrimpton, A.E., Braddock, B.R., Thomson, L.L., Stein, C.K. and Hoo, J.J.  

(2004) Molecular delineation of deletions on 2q37.3 in three cases with an 

Albright hereditary osteodystrophy-like phenotype. Clin. Genet. 66, 537-544. 

46. Stone, T.W., Forrest, C.M., Khalil, O.S., Pisar, M. and Darlington, L.G. 

(2012) Kynurenine pathway inhibition and brain development. Soc Neurosci. 

Abs. In press 

47. Barth, M.C., Ahluwalia, N., Anderson, T.J.T., Hardy, G.J., Sinha, S., 

Alvarez-Cardona, J.A., Pruitt, I.E., Rhee, E.P., Colvin, R.A. and Gerszten, R.E. 

(2009) Kynurenic acid triggers firm arrest of leukocytes to vascular    

endothelium under flow conditions. J. Biol. Chem. 284, 19189-19195. 



 26 

48. Tiszlavicz, Z., Nemeth, B., Fueloep, F., Vecsei, L. Tapai, .K., Ocsovszky, I. 

and Mandi, Y. (2011) Different inhibitory effects of kynurenic acid and a novel 

kynurenic acid analogue on tumour necrosis factor-alpha (TNF-alpha) 

production by  mononuclear cells, HMGB1 production by monocytes and HNP1-

3 secretion by neutrophils. Arch. Pharmacol. 383, 447-455. 

49. Fallarini, S., Magliulo, L., Paoletti, T., de Lalla, C. and Lombardi, G. (2010) 

Expression of functional GPR35 in human iNKT cells. Biochem. Biophys. Res. 

Commun. 398, 420-425. 

50. Lee, D.R., Sawada, M. and Nakano, K. (1998) Tryptophan and its 

metabolite, kynurenine, stimulate expression of nerve growth factor in cultured 

mouse astroglial cells. Neurosci. Lett.  244, 17-20. 

51. Dong-Ryul, L., Kondo, H., Furukawa, S. and Nakano, K. (1997) Stimulation 

of NGF production by tryptophan and its metabolites in cultured mouse 

astroglial cells. Brain Res.  777, 228-230. 

52. Cuello, A., Claudio, B. and Martin A. (2007) The failure in NGF maturation 

and its increased degradation as the probable cause for the vulnerability of 

cholinergic neurons in Alzheimer's disease. Neurochem. Res. 32, 1041-1045. 

53 Di Serio, C., Cozzi, A., Angeli, I., Doria, L., Micucci, I., Pellerito, S., Mirone, 

P., Masotti, G., Moroni, F. and Tarantini, F. (2005) Kynurenic acid inhibits the 

release of the neurotrophic fibroblast growth factor (FGF)-1 and enhances 

proliferation of glia cells, in vitro. Cell. Molec. Neurobiol. 25, 981-993. 

54. Opitz, C.A., Litzenburger, U.M., Sahm, F., Ott, M., Tritschler, I., Trump, S.,  

Schumacher, T., Jestaedt, L., Schrenk, D., Weller, M., Jugold, M., Guillemin, 

G.J., Miller, C. L., Lutz, C., Radlwimmer, B., Lehmann, I., von Deimling, A., 



 27 

Wick, W. and Platten, M. (2011) An endogenous tumour-promoting ligand of the 

human aryl hydrocarbon receptor. Nature 478, 197-203. 

55. Nguyen, N. T., Kimura, A., Nakahama, T., Chinen, I., Masuda, K., Nohara, 

K., Fujii-Kuriyama, Y. and Kishimoto, T. (2010) Aryl hydrocarbon receptor 

negatively regulates dendritic cell immunogenicity via a kynurenine-dependent 

mechanism. Proc. Nat. Acad. Sci. U.S.A. 107, 19961-19966 

56. Jux, B., Kadow, S. and  Esser, C. (2009) Langerhans cell maturation and 

contact hypersensitivity are impaired in aryl hydrocarbon receptor-null mice. J. 

Immunol. 182, 6709-6717. 

57. Qiu, J., Heller, J.J., Guo, X., Chen, Z.M.E., Fish, K., Fu, Y.X. and Zhou, L. 

(2012) The aryl hydrocarbon receptor regulates gut immunity through 

modulation of innate lymphoid cells. Immunity 36, 92-104. 

58. Qin, H.T. and Powell-Coffman, J.A. (2004) The Caenorhabditis elegans aryl 

hydrocarbon receptor-1 regulates neuronal development. Develop. Biol. 270, 

64-75. 

59. Wu, D., Li, W., Lok, P., Matsumura, F., Vogel, C.F.A. (2011) AhR deficiency 

impairs expression of LPS-induced inflammatory genes in mice. Biochem. 

Biophys. Res. Commun. 410, 358-361. 

60. Beamer, C.A., Seaver, B.P. and Shepherd, D. M. (2012) Aryl hydrocarbon 

receptor (AHR) regulates silica-induced inflammation but not fibrosis. Toxicol. 

Sci 126, 554-568. 

61. Vogel, C. F.A., Goth, S.R., Dong, B., Pessah, I.N. and Matsumura, F. (2008) 

Aryl hydrocarbon receptor signaling mediates expression of indoleamine 2,3-

dioxygenase. Biochem. Biophys. Res. Commun. 375, 331-335. 



 28 

62. Benson, J.M. and Shepherd, D.M.  (2011) Dietary Ligands of the Aryl 

Hydrocarbon Receptor Induce Anti-Inflammatory and Immunoregulatory Effects 

on Murine Dendritic Cells. Toxicol. Sci. 124, 327-338. 

63. Mezrich, J. D., Fechner, J.H., Zhang, X., Johnson, B.P., Burlingham, W.J. 

and Bradfield, C.A. (2010) An interaction between kynurenine and the aryl 

hydrocarbon receptor can generate regulatory T cells. J. Immunol. 185, 3190-

3198. 

64. Barhoover, M. A., Hall, J.M., Greenlee, W.F. and Thomas, R.S. (2010) Aryl 

hydrocarbon receptor regulates cell cycle progression in human breast cancer 

cells via a functional interaction with cyclin-dependent kinase-4. Molec. 

Pharmacol. 77, 195–201. 

65. DiNatale, B.C., Murray, I.A., Schroeder, J.C., Flaveny, C.A., Lahoti, T.S., 

Laurenzana, E.M., Omiecinski, C.J., Perdew, G.H. (2010) Kynurenic acid is a 

potent endogenous aryl hydrocarbon receptor ligand that synergistically induces 

interleukin-6 in the presence of inflammatory signaling. Toxicol. Sci. 115, 89-97. 

66. Okuda, S., Nishiyama, N., Saito, H. and Katsuki, H (1998) 3-

hydroxykynurenine, an endogenous oxidative stress generator, causes 

neuronal cell death with apoptotic features and region selectivity. J. Neurochem.  

70, 299-307. 

67. Sekkai, D., Guittet, O., Lemaire, G., Tenu, J.P. and Lepoivre, M. (1997) 

Inhibition of nitric oxide synthase expression and activity in    macrophages by 

3-hydroxyanthranilic acid, a tryptophan metabolite. Arch. Biochem. Biophys. 

340, 117-123. 

68. Backhaus, C., Rahman, H., Scheffler, S., Laatsch, H., Hardeland, R. (2008) 

NO scavenging by 3-hydroxyanthranilic acid and 3-hydroxykynurenine: N-



 29 

nitrosation leads via oxadiazoles to o-quinone diazides. Nitric Oxide-Biol. Chem. 

19, 237-244. 

69. Forrest, C. M., Mackay, G.M., Oxford, L., Stoy, N., Stone, T. W. and 

Darlington, L. Gail. (2006) Kynurenine pathway metabolism in patients with 

osteoporosis after two years of drug treatment. Clin. Exp. Pharmacol.Physiol. 

33, 1078-1987. 

70. Darlington, L.G., Forrest, C.M., Mackay, G.M., Smith, R.A., Smith, A.J., Stoy, 

N. and Stone, T.W. (2010) On the biological significance of the 3-

hydroxyanthranilic acid:anthranilic acid ratio. Internat. J. Tryptophan Res. 3, 51-

59 

71. Hiramatsu, R., Hara, T., Akimoto, H., Takikawa, O., Kawabe, T., Isobe, K. 

and Nagase, F.  (2008) Cinnabarinic acid generated from 3-hydroxyanthranilic 

acid strongly induces apoptosis in thymocytes through the generation of 

reactive oxygen species and the induction of caspase. J. Cell. Biochem. 103, 

42-53. 

72. Fazio, F., Lionetto, L., Molinaro, G., Bertrand, H. O., Acher, F., Ngomba, R., 

Notartomaso, S., Curini, M., Rosati, O., Scarselli, P., Di Marco, R., Battaglia, G., 

Bruno, V., Simmaco, M., Pin, J. P., Nicoletti, F. and Goudet, C. (2012) 

Cinnabarinic acid, an endogenous metabolite of the kynurenine pathway, 

activates type 4 metabotropic glutamate receptors. Molec. Pharmacol. 81, 643-

656. 

73. Broadstock, M., Austin, P.J., Betts, M.J. and Dufy S. (2012) 

Antiparkinsonian potential of targeting group III metabotropic glutamate receptor 

subtypes in the rodent substantia nigra pars reticulate. Brit. J. Pharmacol. 165, 

1034-1045. 



 30 

74. Pfefferkorn, E.R. (1984) Interferon-gamma blocks the growth of toxoplasma-

gondii in human-fibroblasts by inducing the host-cells to degrade tryptophan. 

Proc. Nat. Acad. Sci. U.S.A. 81, 908-912. 

75. Munn, D.H., Zhou, M., Attwood, J.T., Bondarev, I., Conway, S.J., Marshall, 

B.,  Brown, C. and Mellor, A.L. (1998) Prevention of allogeneic fetal rejection by 

tryptophan catabolism. Science 281, 1191-1193. 

76. Liu, X., Newton, R. C., Friedman, S. M. and Scherle, P. A.(2009) 

Indoleamine 2,3-dioxygenase, an emerging target for anti-cancer therapy. Curr. 

Cancer Drug Targets 9, 938-952. 

77. Bilate, A.M. and Lafaille, J.J.(2012) Induced CD4(+)Foxp3(+) Regulatory T 

Cells in immune tolerance. Ann. Rev. Immunol. 30, 733-758. 

78. Hill, M., Tanguy-Royer, S., Royer, P., Chauveau, C, Asghar, K., Tesson, L., 

Lavainne, F., Remy, S., Brion, R, Huber, F.X., Heslan, M., Rimbert, M., 

Berthelot, L., Moffett, J.R., Josien, R., Gregoire, M. and Anegon, I. (2007) IDO 

expands human CD4(+)CD25(high) regulatory T cells by promoting    

maturation of LPS-treated dendritic cells. Europ. J. Immunol.  37, 3054-3062. 

79. Munn, D.H. (2011) Indoleamine 2,3-dioxygenase, Tregs and Cancer. Curr. 

Med. Chem. 18, 2240-2246. 

80. Fallarino, I., Grohmann, U., Vacca, C., Bianchi, R., Orabona, C,  Spreca, A., 

Fioretti, M.C. and Puccetti, P. (2002) T cell apoptosis by tryptophan catabolism 

Cell Death Different. 9, 1069-1077. 

81. Xu, H., Oriss, T. B., Fei, M., Henry, A.C., Melgert, B.N., Chen, L, Mellor, A.L., 

Munn, D.H., Irvin, C.G., Ray, P. and Ray, A. (2008) Indoleamine 2,3-

dioxygenase in lung dendritic cells promotes Th2 responses and allergic 

inflammation. Proc. Nat. Acad. Sci. U.S.A. 105, 6690-6695. 



 31 

82. Krause, D., Suh, H.-S., Tarassishin, L., Cui, Q.L., Durafourt, B.A., Choi, N., 

Bauman, A., Cosenza-Nashat, M., Antel, J.P., Zhao, M.L.and Lee, S. C. (2011) 

The tryptophan metabolite 3-hydroxyanthranilic acid plays anti-inflammatory 

and neuroprotective roles during inflammation. Am. J. Pathol. 179, 1360-1372. 

83. Darlington, L.G., Forrest, C.M., Mackay, G.M., Smith, R. A., Smith, A.J., 

Stoy, N. and  Stone, T. W. (2010) On the biological importance of the 3-

hydroxyanthranilic acid: anthranilic acid ratio. Intern. J. Tryptophan Res. 3, 51-

59. 

84. Belladonna, M.L., Grohmann, U., Guidetti, P., Volpi, C., Bianchi, R, Fioretti, 

M.C., Schwarcz, R, Fallarino, F. and Puccetti, P. (2006) Kynurenine pathway 

enzymes in dendritic cells initiate tolerogenesis in the absence of functional IDO. 

J. Immunol. 177, 130-137. 

85. Danesch, U., Gloss, B., Schmid, W., Schutz, G., Schule, R. and Renkawitz, 

R. (1987) Glucocorticoid induction of the rat tryptophan oxygenase gene is    

mediated by 2 widely separated glucocorticoid-responsive elements. EMBO 

journal 6, 625-630. 

86. Nakamura, T., Niimi, S., Nawa, K., Noda, C., Ichihara, A., Takagi, Y., Anai, 

M. and Sakaki, Y. (1987) Multihormonal regulation of transcription of the 

tryptophan 2,3-dioxygenase gene in primary cultures of adult-rat hepatocytes 

with special reference to the presence of a transcriptional protein mediating    

the action of glucocorticoids. J. Biol. Chem. 262, 727-733. 

87. Pilotte, L., Larrieu, P., Stroobant, V., Colau, D., Dolusic, E., Frederick, R., 

De Plaen, ., Uyttenhove, C., Wouters, J., Masereel, B. And Van den Eynde, B.J. 

(2012) Reversal of tumoral immune resistance by inhibition of tryptophan 2,3-

dioxygenase. Proc. Nat. Acad. Sci. U.S.A. 109, 2497-2502. 



 32 

88. Dolusic, E., Larrieu, P., Moineaux, L., Stroobant, V., Pilotte, L., Colau, D., 

Pochet, L., Van den Eynde, B., Masereel, B., Wouters, J. and  Frederick, R. 

(2011) Tryptophan 2,3-Dioxygenase (TDO) Inhibitors. 3-(2-

(Pyridyl)ethenyl)indoles as potential anticancer immunomodulators. J. Med. 

Chem.  54, 5320-5334. 

89.  Lopez, A.S., Alegre, E., LeMaoult, J., Carosella, E. and Gonzalez, A. . 

(2006) Regulatory role of tryptophan degradation pathway in HLA-G expression 

by human monocyte-derived dendritic cells. Molec. Immunol. 43, 2151-2160. 

90. Stone, T.W., Forrest, C.M. and Darlington, L.G. (2012) Kynurenine pathway 

inhibition as a therapeutic strategy for neuroprotection. FEBS Journal. 279, 

1386-1397. 

91. Chen, Y., Stankovic, R., Cullen, K.M., Meininger, .V., Garner, B., Coggan, 

S., Grant, R., Brew, B.J. and Guillemin, G.J. (2010) The kynurenine pathway 

and inflammation in amyotrophic lateral sclerosis. Neurotox. Res. 18, 132-142. 

92. Kandanearatchi, A. and Brew, B.J. (2012) The kynurenine pathway and 

quinolinic acid: pivotal roles in HIV associated neurocognitive disorders 

FEBS J. 279, 1366-1374. 

 



 33 

 

Legends 

 

Figure 1 

A summary of the main compounds which constitute the kynurenine pathway for 

the oxidative metabolism of tryptophan. The pathway is usually referred to in 

this way after the initial stable product of tryptophan oxidation, kynurenine, 

which was originally isolated from canine urine in the nineteenth century and 

named to reflect this. 

 

 

Figure 2 

The major cellular and molecular targets of kynurenic acid. The blockade of 

NMDA receptors was the first specific site of action to be identified [2], followed 

nearly 20 years later by blockade of 7 nicotinic receptors [13]. Increasing 

interest is being shown in a range of sites in the immune system with potential 

importance in the regulation of immune tolerance and cancer suppression. 

 

 

Figure 3 

Potential sites at which kynurenine, for long regarded as biologically inactive, 

may act to regulate the balance of cells produced in the immune system. 
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Figure 4 

The first enzyme in the kynurenine pathway, indolamine-2,3-dioxygenase (IDO) 

plays a key role in regulation of the immune system by virtue of its activation by 

mediators such as interferon-. In addition to the effects of kynurenic acid and 

kynurenine itself, some features of the kynurenine pathway on the balance of 

inflammatory status are mediated by 3-hydroxykynurenine and 3-

hydroxyanthranilic acid (3HAA). 
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Abbreviations 

7NR:  7-nicotinic cholinoceptors 

AHR:  aryl hydrocarbon receptor 

AMPA: -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

CD8+ : cytotoxic (anti-tumour) T cells  

CSF :  cerebrospinal fluid 

DC:  Dendritic cells    

GPR35: G-protein-coupled receptor 35.  

3-HAA  3-hydroxyanthranilic acid   

3HK:  3-hydroxykynurenine:  

HLA-G: Human Lymphocyte Antigen-G 

HMGB1 :high-mobility group box 1 protein 

IDO:   indoleamine-2,3-dioxygenase  

IL-1 :  Interleukin-1 

IFN-:  interferon-  

iNKT:  invariant natural killer cells  

KAT:  kynurenine aminotranferase 

KMO:   kynurenine-3-monoxygenase 

LPS:  bacterial lipoloysaccharides 

MCP-1:  monocyte chemoattractant protein-1 

NK:  natural killer cells  

NMDAR:  N-methyl-D-aspartate receptors  

RANTES: Regulated on Activation, Normal T-cell Expressed and Secreted  

ROS:  reactive oxygen species 

TDO:  tryptophan-2.3-dioxygenase 



 40 

TGF- : transforming growth factor- 

Th1, Th2 T-helper cell populations  

TNF-: tumour necrosis factor- 

 


