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Abstract: Disrupted kynurenine pathway (KP) metabolism has been implicated in the pro-

gression of neurodegenerative disease, psychiatric disorders and cancer. Modulation of en-

zyme activity along this pathway may therefore offer potential new therapeutic strategies for 

these conditions. Considering their prominent positions in the KP, the enzymes indoleamine 

2,3-dioxygenase, kynurenine 3-monooxygenase and kynurenine aminotransferase, appear the 

most attractive targets. Already, increasing interest in this pathway has led to the identifica-

tion of a number of potent and selective enzyme inhibitors with promising pre-clinical data 

and the elucidation of several enzyme crystal structures provides scope to rationalize the mo-

lecular mechanisms of inhibitor activity. The field seems poised to yield one or more inhibi-

tors that should find clinical utility.  

Keywords: Kynurenine pathway, neurodegeneration, cancer, indoleamine 2,3-dioxygenase, kynurenine 3-

monooxygenase, enzyme inhibitors. 

1. INTRODUCTION 

The kynurenine pathway (KP) (Fig. 1) is the major 

catabolic route of tryptophan (TRP) which ultimately 

leads to the de novo synthesis of the essential metabolic 

co-factor nicotinamide adenine dinucleotide (NAD
+
) 

[1]. Groundbreaking studies by Mellor and colleagues 

described that the first enzyme in the KP, indoleamine 

2,3-dioxygenase (IDO-1) was essential for preventing 

foetal rejection by dampening the maternal immune 

response [2]. It was then hypothesized that IDO-1 may 

similarly facilitate tumor escape from immune system 

surveillance and several studies confirmed this link [3]. 

Small molecule inhibitors of IDO-1 have thus attracted 

attention as potential cancer chemotherapeutics with 

several progressing to clinical trial [4, 5]. More re-

cently, it was shown that the IDO-1 product, 

kynurenine (KYN) interacts with the aryl hydrocarbon 

receptor (AhR) resulting in a cascade of events that 

leads to the suppression of immune cell proliferation 

and tumor growth [6].  
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The KP also has a role in various neurodegenerative 

and psychiatric disorders where a variety of data show 

modulated KP enzyme activity and/or altered metabo-

lite expression [7-11]. Induction of glutamatergic activ-

ity at the N-methyl-D-aspartate (NMDA) receptor by 

the KP metabolite quinolinic acid (QUIN) has been 

viewed as the central excitotoxic mechanism but at 

least six other neurotoxic mechanisms have been at-

tributed to QUIN [12]. Aside from IDO-1, other major 

enzymes of the KP include kynurenine 3-monooxy-

genase (KMO), kynurenine aminotransferase (KAT) 

and quinolinic acid phosphoribosyltransferase (QPRT) 

[13]. 

Considering the accumulating evidence implicating 

the KP in human disease, we comprehensively review 

the essential characteristics of enzymes and metabolites 

along this pathway together with the major classes of 

KP enzyme inhibitors, their key significant structural 

features, structure-activity relationships and future 

promise as therapeutics for cancer or neurodegenera-

tive disease.  

1.1. Indoleamine 2,3-Dioygenase (IDO) and Trypto-

phan Dioxygenase (TDO) 

The enzymes that catalyze the first step of L-TRP 

catabolism are IDO-1, IDO-2 or TDO [14, 15]. These 

 1875-533X/17 $58.00+.00 © 2017 Bentham Science Publishers 
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oxidatively cleave L-TRP to form N-formyl-L-

kynurenine, which is hydrolyzed to the first stable me-

tabolite of the KP, L-kynurenine (KYN). However, 

IDO-1, IDO-2 and TDO have different substrate 

specificities with the IDO enzymes capable of oxidiz-

ing both L- and D-TRP, whereas TDO shows a pro-

nounced specificity for L-TRP, potentially reflecting 

the presence of a hydrogen bond between T342 and the 

substrate ammonium group in the L-TRP stereoisomer 

[16]. 
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Fig. (1). Simplified diagram of the kynurenine pathway.  

TDO is constitutively active in liver but is expressed 

in glioma and other cancer cells [13]. Increased TDO 

expression is correlated to tumor cell proliferation and 

malignancy [6]. TDO is inducible by TRP, tyrosine, 

histidine, glucocorticoids and KYN [17]. In compari-

son, IDO-1 is expressed in many cells including endo-

thelial cells, smooth muscle cells, fibroblasts, astro-

cytes, macrophages, microglia and dendritic cells. It is 

up-regulated by certain cytokines and inflammatory 

molecules, such as lipopolysaccharides, amyloid pep-

tides and HIV proteins [18, 19] but the most potent 

IDO-1 inducer is interferon gamma (IFN-γ) [20], which 

increases both gene expression and enzymatic activity 

[21]. IDO-2 is detected in human liver, small intestine, 

spleen, placenta, thymus, lung, brain, kidney, and colon 

[14, 15]. Similarly to TDO, IDO is expressed by a vari-

ety of tumor cells, with high IDO expression correlat-

ing to low survival rate in ovarian [22], hepatocellular 

[23] and endometrial cancers [24].  

1.2. Kynurenine 3-Monoxygenase (KMO) 

KMO is a flavin adenine dinucleotide (FAD)-

dependent monooxygenase located on the outer mito-

chondrial membrane [25]. It catalyzes the incorporation 

of one atom of oxygen into KYN in the presence of 

NADPH resulting in the formation of 3-hydroxy-

kynurenine (3-HK) and water [26].  

KMO is primarily expressed in the liver and kidney. 

In the central nervous system, it is expressed by micro-

glial cells and infiltrating macrophages but not by neu-

rons or astrocytes [27].  

KMO is positioned at a significant branch point in 

the KP, the neurotoxic metabolites 3-HK and QUIN 

(see sections 2.3 and 2.5 below, respectively) are pro-

duced one- and three-steps downstream respectively, 

but production of the neuroprotective metabolite 

kynurenic acid (KYNA; see section 2.2 below) is im-

mediately upstream to KMO activity (Fig. 1). KMO 

inhibition may therefore favorably rebalance the KP by 

decreasing levels of neurotoxic metabolites while in-

creasing neuroprotective KYNA. This hypothesis is 

supported by studies in KMO -/- mice which showed 

significantly reduced levels of 3-HK and QUIN cou-

pled with increases in KYN, KYNA and anthranilic 

acid (AA) in brain, liver and plasma compared to wild 

type (WT) animals. Indeed, KMO inhibition in mouse 

models of Huntington’s and Alzheimer’s Disease 

showed a variety of beneficial effects [28].  

While most interest in KMO centers on its roles in 

neurodegenerative diseases, emerging evidence sug-

gests that excessive KMO activity stimulates tumor 

growth [29]. Most recently, KMO inhibition has been 

highlighted as protective against multiple organ dys-

function syndrome (MODS) in a rat model of acute 

pancreatitis [30]. 

1.3. Kynurenine Aminotransferase (KAT) 

The KAT family contains 4 homologous pyridoxal 

phosphate (PLP) dependent enzymes KAT-I, II, III and 

IV which catalyze the cyclization of L-KYN to form 

KYNA [31]. In the brain, both KAT-I and KAT-II are 

expressed; however, KAT-II is the enzyme that pre-

dominantly produces KYNA [32-34]. KYNA has been 
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shown to play a neuroprotective role in the brain, but 

accumulation of KYNA has been linked to psychiatric 

disorders including schizophrenia [35]. The KAT-II 

isozyme, in particular, has been identified as a promis-

ing neuropsychiatric target as it contains a number of 

unique structural features that may make it possible to 

develop an isozyme-specific inhibitor that targets 

KYNA production while leaving the remaining iso-

forms active [36].  

1.4. Kynureninase (KYNU) and 3-Hydroxy-

anthranilic Acid Oxygenase (3-HAO) 

Kynureninase (KYNU) catalytically cleaves its sub-

strates 3-HK or KYN into 3-hydroxyanthranillic acid 

(3-HAA) or anthranilic acid (AA), respectively [37]. In 

humans, KYNU more rapidly cleaves 3-HK and is 

therefore the major route of TRP catabolism [38]. As 

KYNU may also convert KYN into AA, which may 

then yield 3-HAA by the action of non-specific oxi-

dases, KYNU may participate in a potential compensa-

tory mechanism leading to the production of QUIN. 3-

hydroxyanthranlic acid oxygenase (3-HAO) with an 

additional non-enzymatic step converts 3-HAA to 

QUIN. Interestingly, AA prevents synthesis of QUIN 

through inhibition of 3-HAO [39].  

1.5. Quinolinic Acid Phosphoribosyltransferase 

(QPRT) 

Quinolinic acid phosphoribosyltransferase (QPRT) 

catalytically converts QUIN into nicotinamide ribonu-

cleotide (NANM), which is the first step of de novo 

NAD
+
 synthesis. QPRT exists at an important point in 

the KP, adjacent to NAD
+
 synthesis. Brain efflux or 

catabolism by QPRT are the only known methods by 

which QUIN is removed from the brain [40]. Cerebral 

neurons readily take up exogenous QUIN, but as QPRT 

becomes rapidly saturated, only a small quantity of 

QUIN can be metabolized, leading to a metabolic bot-

tle-neck that results in QUIN accumulation [41]. 

Hence, QPRT has significant potential as a therapeutic 

target [42], as an activator of this enzyme could poten-

tially reverse neurotoxic QUIN accumulation. En-

hancement of QPRT activity would also result in an 

increase in NAD
+
 which has been hypothesized to 

promote cellular longevity [43].  

2. BIOACTIVE METABOLITES OF THE KP 

2.1. Kynurenine  

KYN has been shown to cross the blood brain bar-

rier (BBB) via the large neutral amino acid transporter 

[44]. Accordingly, increased peripheral KP activity can 

lead to an increase of KYN in the central nervous sys-

tem (CNS) [44]. KYN has been described as an immu-

nomodulator, it suppresses allogeneic T-cell prolifera-

tion and converts naïve T cells into regulatory T-cells 

(Treg) [45, 46]. More recently, KYN has also been 

shown to be an endogenous aryl hydrocarbon receptor 

(AhR) ligand [6]. The AhR was shown to have ligand-

specific effects in promoting T-reg differentiation and 

T-helper (Th17) development [6, 47]. Activation of the 

AhR has been implicated in a number of cellular proc-

esses including inflammation and tumorigenesis. Es-

sentially, when KYN binds to the AhR of an immune-

cell, it is translocated to the nucleus where it binds di-

oxin responsive elements (DRE) in the promoter region 

of genes that suppress immune-cell proliferation and 

function thereby suppressing the immune response. 

The critical role of the TDO-AhR pathway was first 

shown in human brain tumors and was associated with 

both malignant progression and poor survival [6]. 

Other studies have since highlighted the role of the 

KYN-AhR interaction in breast cancer. D’Amato et al., 
described how the TDO-AhR signaling axis facilitated 

resistance to cell-death mechanisms and promoted me-

tastasis in triple-negative breast cancer [48, 49].  

2.2. Kynurenic Acid  

KYNA plays an important role in the CNS, but does 

not cross the BBB and its presence in the brain is de-

pendent upon its local production by astrocytes [33, 

44]. KYNA acts as an antioxidant with the ability to 

scavenge hydroxyl and other reactive oxygen species 

(ROS) [50]. KYNA is a broad-spectrum endogenous 

antagonist of ionotropic excitatory amino acid (EAA) 

receptors which includes the NMDA, kainate and α-

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

(AMPA) receptors [51]. KYNA also inhibits α-7 nico-

tinic acetyl choline receptors (α7nAChR), resulting in 

the inhibition of glutamate release at the axonal termi-

nals of the striatum thereby further reducing excitotox-

icity [52]. However, other experiments showed that 

KYNA had little effect on α7nAChR in the sub micro-

molar range [53]. KMO inhibitors act to increase 

KYNA concentrations and have been shown to reduce 

glutamate concentration in the extra cellular space of 

the basal ganglia [54] and attenuate symptoms in some 

models of neurodegenerative disease [28, 55]. Con-

versely, both the NMDA and α7nAChR play important 

roles in psychosis and other cognitive phenomena. In-

creased levels of KYNA in the brain have been shown 

to lead to a decline in cognitive abilities in animal 

models whereas improvements were observed follow-

ing acute reductions in hippocampal KYNA [56-58]. 
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These studies highlight the dual physiological roles of 

KYNA in the brain, which should be considered in the 

development of therapeutic modulators of the KP.  

2.3. 3-Hydroxykynurenine  

It has been conventionally thought that 3-HK is an 

endogenous neurotoxin that leads to the formation of 

ROS including H2O2 and superoxide. Treatment of 

primary neuronal cell cultures with concentrations of 3-

HK similar to those found at pathophysiological levels, 

led to apoptotic cell death [59, 60]. Conversely, 3-HK 

has been shown to be an effective scavenger of peroxyl 

radicals [61] and was shown to reduce several parame-

ters of oxidative stress in both rat cerebral cortex and 

C6 glioma cells [62]. Other studies support the duality 

of 3-HK as both a pro- and anti-oxidant. When admin-

istered in vitro to isolated striatal slices, 3-HK was pro-

oxidant at sub 20 µM concentrations but exhibited an-

tioxidant activity at 100 µM. In other striatal slices, 3-

HK did not induce mitochondrial dysfunction but at-

tenuated the toxic effects of QUIN (see section 2.5) and 

the mitochondrial toxin 3-nitropropionic acid due to up 

regulation of glutathione S-transferase (GST) and su-

peroxide dismutase (SOD). These authors also found 

that 3-HK increased the expression of the transcription 

factor and antioxidant regulator Nrf2 and related pro-

teins, suggesting that 3-HK functions as a pro-oxidant 

under certain conditions, but that this then induces a 

redox modulatory activity that serves to limit cell dam-

age [63]. Upon coordination to KMO, 3-HK also re-

sults in the NADPH induced reduction of FAD, result-

ing in the generation of H2O2 (see section 4.2 below).  

2.4. 3-Hydroxyanthranilic Acid  

Although 3-HAA was reported to lead to neuronal 

death as a result of oxidative stress, it was not as neuro-

toxic as 3-HK [60]. Other studies suggest that 3-HAA 

has anti-oxidant properties as 3-HAA suppressed glial 

cytokine and chemokine expression, reducing neuronal 

death [64]. It also induced the expression of the anti-

inflammatory enzyme hemeoxygenase-1 (HO-1) in 

astrocytes and macrophages stimulated with INF-γ and 

lipopolysaccharide [64]. Inducible nitric oxide syn-

thase, which can generate damaging nitric oxide and 

peroxynitrite radicals, had previously been shown to be 

down-regulated as a result of HO-1 induction by 3-

HAA [65]. 3-HAA also inhibited the oxidation of 

low-density lipoprotein (LDL), a key process in the 

development of atherosclerosis, by acting as an oxidant 

scavenger [66]. Recent mechanistic studies show that 

while 3-HAA inhibited the Fenton reaction and scav-

enged ROS in a deoxyribose degradation assay, it was 

pro-oxidant in an iron (II) autoxidation assay [67]. Ac-

cordingly, 3-HAA may contribute to ROS-mediated 

disease processes or act as an inflammation defense 

mechanism in a milieu-specific way. 3-HAA also ex-

hibits potent toxic effects on activated T-cells in the 

immune system by depleting intracellular glutathione 

(GSH) but not in resting T-cells [68]. In a range of dis-

eases including Huntington’s disease, stroke and de-

pression, the concentration of 3-HAA is decreased 

[69]. These authors speculate that the resulting de-

creased 3-HAA:AA ratio could be evidence of a ‘clean-

ing up’ effect whereby QUIN toxicity (see below) and 

ROS production is attenuated through inhibition of 3-

HAO by AA. Given the ease by which 3-HAA can be 

oxidized by radical scavenging, lower 3-HAA concen-

trations may constitute a sensitive biomarker of 

ROS-mediated disease processes. 

2.5. Quinolinic Acid  

3-HAA may then be converted to QUIN by 3-

hydroxyanthranilic acid oxygenase (3-HAO) and an 

additional non-enzymatic step. The major sources of 

QUIN within the brain are activated microglia and in-

filtrating macrophages [33, 70, 71] but many other im-

mune cells are capable of synthesizing or taking up 

QUIN including monocytes, dendritic cells, Langer-

hans cells, Kupffer cells, B cells, and T cells in the 

brain [72]. QUIN toxicity occurs by multiple mecha-

nisms (for review see [12]) but its role as an endoge-

nous agonist of the NMDA receptor is considered most 

important. QUIN acts as a competitive and specific 

agonist of the NR2A and NR2B subunits of the NMDA 

receptor, resulting in the influx of Ca
2+

 into neurons 

thereby activating nNOS and leading to the production 

of NO and other free radicals which cause DNA dam-

age, decreased mitochondrial membrane potential lead-

ing to mitochondrial destabilization, activation of 

PARP, NAD
+
 depletion and finally cell death [73, 74].  

Formation of redox enhancing QUIN-iron com-

plexes, lipid peroxidation, disruption of the BBB, in-

creased production of nitric oxide (NO) following in-

duction of iNOS and increased phosphorylation of 

structural proteins including tau [12] have also been 

reported as mechanisms of QUIN toxicity. QUIN has 

also been shown to act as an immunomodulator and 

induces cell death via caspase 8 and cytochrome c re-

lease in Th1 cells and thymocytes [75].  

2.6. Nicotinamide Adenine Dinucleotide 

Nicotinamide adenine dinucleotide (NAD
+
) is the 

last product of the KP. Quinolinic acid phosphoribosyl 
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transferase (QPRT) converts QUIN to nicotinic acid 

adenine ribonucleotide, which is further metabolized to 

NAD
+ 

[76]. NAD
+
 is an essential cofactor for many 

enzyme-catalyzed oxidative reactions. It also serves as 

an electron transporter in ATP production and plays a 

key role in glutathione metabolism and the NADPH-

dependent thioredoxin system, which is involved in 

antioxidant defense and detoxification. Further roles 

include DNA repair, gene silencing and cellular energy 

sensing [77]. Enhancing NAD
+
 synthesis may be a 

therapeutically effective strategy in pathologies where 

oxidative stress exacerbates progression. 

3. SIGNIFICANCE OF THE KP IN HUMAN PA-

THOLOGY 

3.1. Cancer 

Tumor escape from immunosurveillance has been 

described as a fundamental characteristic of cancer 

[78]. Up regulation of IDO-1 leads to localized trypto-

phan depletion and inhibition of T-lymphocyte prolif-

eration [79] and increased production of downstream 

KP metabolites KYN, 3-HK and 3-HAA, which act via 

the AhR, result in T-cell apoptosis. These metabolites 

have been shown to exert cytostatic and/or cytotoxic 

activities against a range of immune cells including T-

lymphocytes, natural killer (NK) cells and invariant 

NKT cells [6, 46, 80, 81].  

Malignant human tumors including prostatic, colo-

rectal, pancreatic, cervical, endometrial, gastric carci-

nomas [3] and breast cancer [82] express IDO-1. These 

tumors escape immune detection [3, 83] in a manner 

reminiscent of the way IDO-1 producing trophoblasts 

allow the maternal immune system to tolerate the fetus 

[2]. 

As with IDO-1, TDO is highly expressed in a range 

of human cancers including gliomas [84], bladder car-

cinoma, melanoma and hepatocarcinoma [13]. Sys-

temic administration of TDO inhibitor LM10 (8, Fig. 3) 

promoted tumoral rejection in mouse models [13]. In a 

series of 104 human tumor cell lines 16% where shown 

to express genes for IDO1, 19% TDO2 and a further 

15% expressed genes for both [13]. Therefore, target-

ing both IDO-1 and TDO may offer a synergistic ap-

proach to restoring immunosurveillance in cancer.  

The enzyme KMO may also promote cancer cell 

proliferation by several mechanisms. Recent studies 

showed that KMO inhibition may decrease the expres-

sion of the immunosuppressive KP metabolites 3-HK 

and 3-HAA, thereby enhancing anti-tumor immune 

function [85]. Additionally, increased KMO activity 

has the potential to increase levels of the cellular nutri-

ent NAD + which may promote cancer cell growth by 

facilitating cellular energy production and DNA repair. 

3.2. Neurodegenerative Disorders 

Neuroinflammation resulting in over-activation of 

the KP is a feature present in all the major neurodegen-

erative diseases including Alzheimer’s disease (AD), 

amyotrophic lateral sclerosis (ALS), Parkinson’s dis-

ease (PD) and Huntington’s disease (HD), where a 

common thread is the neurotoxicity of QUIN (see 

above for discussion of neurotoxic mechanisms).  

In AD, increased expression of IDO-1 and TDO, re-

sulting in QUIN accumulation, has been observed in 

the brain [7, 86, 87]. These enzymes were co-localized 

with pathological hallmarks of AD, Aβ deposits and 

tau [7, 41, 87]. Tau formation increased in a dose de-

pendent manner following exposure to QUIN [41]. Fur-

thermore, Aβ 1-42, a cleavage product of amyloid pre-

cursor protein, has been shown to induce IDO-1 result-

ing in a significant increase in the production of QUIN 

by macrophages and microglia [18]. The concentration 

of 3-HK was significantly increased in AD patient se-

rum [8]. As 3-HK can readily cross the BBB, periph-

eral increases of 3-HK may result in increased 3-HK in 

the brain further contributing to neurotoxicity. No other 

changes to KP metabolite profiles were reported in AD 

serum highlighting the potential for 3-HK to be used as 

an AD biomarker [8]. Previously, in AD patient 

plasma, lower TRP and KYNA concentrations together 

with a marked increase of QUIN were reported [88].  

In the brain and cerebral spinal fluid (CSF) of PD 

patients elevated 3-HK and decreased KYN and 

KYNA were reported [89, 90]. As PD is characterized 

by loss of dopamine producing neurons in the substan-

tia nigra pars compacta [91], decreased KYNA may be 

particularly relevant to disease progression, as KYNA 

has been shown to protect dopaminergic neurons 

against QUIN mediated excitotoxicity [92]. 

Accumulation of QUIN is also evident in both CSF 

and serum of ALS patients [9], and as noted above, 

likely reflects the activation of microglia and infiltrat-

ing macrophages, a noted clinical feature of ALS [93]. 

These immune cells release inflammatory mediators 

including INF-γ which may ultimately lead to in-

creased up regulation of IDO-1 and further accumula-

tion of downstream KP  

Similarly, increases in both QUIN and 3-HK are re-

ported in early stage HD patient brain and mouse HD 

models [10, 94, 95]. Increased 3-HK:KYNA ratio is 
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also observed in early stage HD and suggests a loss of 

balance between neurotoxic and neuroprotective KP 

metabolites, which may be indicative of the role of the 

KP in HD progression [95]. In contrast, changes in 

QUIN and 3-HK were not reported in advanced grade 

HD brain [10]. However, in end stage HD patients 3-

HAA:AA ratio was significantly decreased [69].  

Further evidence supporting the link between the 

KP and HD came from a genomic screen of yeast, fol-

lowing deletions of the KMO homologue BNA4 hunt-

ingtin induced toxicity was reduced [96]. Similar re-

sults were observed in a Drosophila melanogaster 

model of HD in which inhibition of both KMO and 

TDO led to neuroprotection following increased 

KYNA levels relative to 3-HK [97].  

Accordingly, the KP is a well-rationalized therapeu-

tic target to the treatment of neurodegenerative diseases 

and number of proof of concept studies have been con-

ducted validating use of KP pathway modulators. KMO 

inhibitor JM6 (prodrug form of Ro-61-8048) was 

shown prevent spatial memory deficits, anxiety related 

behavior, synaptic loss and increase survival and pre-

vent synaptic loss in AD and HD mouse models [28]. 

Similarly, KMO inhibitor CHDI-340246 dose depen-

dently increased KYNA in HD rodent models resulting 

in restoration of normal excitability in striatal medium 

spiny neurons [98]. Most recently, the IDO-1 inhibitor, 

coptisine (11, Fig. 3), decreased the activation of mi-

croglia and astrocytes in AD mice. This prevented neu-

ron loss, reduced amyloid plaque formation, and ame-

liorated impaired cognition [99].  

3.3. Schizophrenia 

Dopaminergic dysfunction was long believed to be 

responsible for schizophrenia, however observations 

that known NMDA antagonist, ketamine, produced 

schizophrenia like symptoms in normal individuals and 

exacerbated those of individuals with schizophrenia, 

implicated inhibition of the NMDA receptor in the de-

velopment of disease [100, 101].  

The up regulation of TDO [102, 103] in combina-

tion with decreased KMO gene expression and activity 

[35, 104] demonstrates KP unbalance in schizophrenia. 

This dysregulation results in increased metabolism of 

KYN by secondary branches of the KP leading to ele-

vated levels of NMDA antagonist KYNA in the cortex 

[105] and increased KYNA and decreased 

QUIN:KYNA ratio in the CSF of schizophrenia pa-

tients [11, 106]. As KYNA acts to counteract QUIN 

induced excitotoxicity a shift in the balance of these 

metabolites is likely to have significant effects on brain 

chemistry [11]. Additionally, KYNA contributes to 

deficits in glutamate, dopamine and acetylcholine 

pathways as a result of α7nAChRs antagonism. These 

pathways have also been linked to both cognitive dys-

function and psychotic manifestations in humans [35].  

An association between a KMO single nucleotide 

polymorphism (SNP) (rs1053230) and KYNA concen-

trations in the CSF of schizophrenia patients suggests a 

possible genetic component of the disease [107]. This 

mutation was later associated with a decrease in cogni-

tive function [108]. The SNP encodes a change in the 

amino acid sequence from arginine to cysteine (KMO 

Arg452>Cys) in the active site of the enzyme, possibly 

resulting decreased turnover of the enzyme, shifting the 

KP towards KYNA. The same mutation is also associ-

ated with increased KYNA and psychotic features of 

bipolar disorder type 1 [109]. Therefore, normalization 

of the KP may prove to be an effective treatment strat-

egy for schizophrenia and other psychiatric disorders. 

3.4. Infections of the CNS 

IDO-1 plays a seemingly contradictory role in de-

fence mechanisms against various acute bacterial, viral 

and protozoa pathogens. In the event of acute infection 

IDO-1 is induced, resulting in localised TRP depletion 

and the accumulation of immune active metabolites 

limiting growth of pathogens and preventing an exag-

gerated immune response [110]. However, chronic 

upregulation of IDO-1 and production of immunosup-

pressive KYN results in T-cell exhaustion and the re-

cruitment of T regulatory cells [46, 111, 112]. In the 

CNS, this also results in the accumulation of QUIN as 

has been linked to cognitive impairment in a range of 

infectious diseases including Human Immunodefi-

ciency Virus (HIV) [113], cerebral malaria (CM) [114] 

and toxoplasmosis [115].  

The KP is activated in HIV associated neurological 

disorder (HAND) and the severity of the neurological 

deficits are correlated with CSF concentrations of 

QUIN [116, 117]. Inhibition of IDO prevented neu-

ronal abnormalities and damage in primary cell cul-

tures [118]. More recently, a logistic regression model 

showed that lower KYN/TRP ratios in plasma were 

associated with cognitive impairments and major de-

pressive disorder in an HIV+ group of patients al-

though this observation was not statistically significant 

following Bonferroni correction [119].  

Large increases in QUIN have also been observed in 

the CSF of patients with CM [120, 121]. In mouse 

models of CM, INF- γ dependent increases in IDO ac-

tivity have been observed coupled with increased con-
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centrations of KYN, 3-HK and QUIN [122]. Treatment 

with KMO inhibitor Ro-61-8048 protected against the 

development of neurological symptoms and extended 

life span in this model [123, 124]. 

Toxoplasma gondii is an intracellular parasite that is 

particularly susceptible to TRP depletion [125]. Murine 

hosts infected with T. gondii show early decreases in 

TRP and subsequent increases in KYN, KYNA, 3-HK 

and QUIN in the brain [126]. Recently, a series of stud-

ies have suggested the T. gondii infection increases the 

likelihood of psychiatric disorders include schizophre-

nia, depression and anxiety [127-129]. 

4. MODULATORS OF THE KYNURENINE 

PATHWAY 

4.1. IDO Inhibitors 

A diverse range of small molecules have been de-

veloped as IDO-1 inhibitors, with most as anti-cancer 

agents [130, 131]. To date, three IDO inhibitors (Fig. 

2) have reached clinical trials as cancer therapies: 

1-methyl-D-tryptophan (1, 1-D-MT, Indoxomod, 

Newlink Genetics), imidazole NLG919 (2, Newlink 

Genetics) and hydroxylamidine INCM024360 (3, 

Epacadostat, Incyte) [132]. 

4.1.1. 1-Methyltryptophan 
The enantiomeric molecule 1-methyl-tryptophan (1-

MT) was identified as an IDO-1 inhibitor following 

investigation of TRP derivatives as potential IDO in-

hibitors [133]. It was subsequently concluded that the 

free from of the indole nitrogen was essential for en-

zymatic turnover [133]. With an inhibition constant 

(Ki) of 6.6 µM, 1-MT reversed maternal T-cell toler-

ance towards the allogenic foetus in mice [2] indicating 

an immunomodulatory function. This observation, to-

gether with the discovery of a role for IDO-1 in pro-

moting tumor cell immune evasion [3], generated con-

siderable interest in the potential of 1-MT as an anti-

cancer immunomodulator. 1-MT was also found to en-

hance the activity of standard chemotherapy agents, 

where in combination with a sub-effective dose of pa-

clitaxel, a 30% decrease in breast tumor volume in 

MMTV-Neu after two weeks of treatment was noted. 

Enhancement effects were also reported for cisplatin, 

cyclophosphamide and doxorubicin [130]. 1-MT re-

stored immunosurveillance when acting as a single 

agent or in combination with established chemothera-

peutics against gastric and bladder cancers [134], 

melanoma [135], lung [83] and ovarian cancer [136, 

137]. In combination with temozolomide and radiation 

treatment 1-MT significantly increased the average life 

span of murine models of glioblastoma [138]. 
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Fig. (2). Chemical structures of 1-methyl tryptophan, imida-

zole NLG919 and the hydroxlyamidine INCM024360. 

A recent study, however, suggested that 1-MT may 

have paradoxical tumor promoting activity. Opitz et al., 
found that D-1-MT increased production of KYN in 

human cancer cells and in cell free assays D-1-MT did 

not inhibit IDO-1 activity. Further experiments in can-

cer cells showed that D-1-MT induced the expression 

of IDO-1 mRNA and protein expression via p38 

MAPK and JNK signaling. It was suggested that these 

off-target transcriptional effects may promote tumor 

growth [84].  

One controversy surrounding 1-MT has been that 

D-1-MT stereoisomer shows higher anti-tumor activity 

in-vivo and is currently in clinical trials even though, 

biochemically, it is a weaker IDO inhibitor than L-1-

MT. An explanation of this apparent anomaly may be 

that D-1-MT also inhibits IDO-2 [15], as it was shown 

that D-1-MT was more selective for IDO-2 than IDO-

1, while L-1-MT more potently inhibited IDO-1 [15]. 

However, others have reported that IDO-2 is more effi-

ciently inhibited by L-1-MT than by the D-1-MT [139].  

Phase 1 clinical trials of 1-D-MT in combination 

with docetaxel in patients with metastatic solid tumors 

demonstrated the treatment was well tolerated and with 

18% of patients seeing partial response, 4% remaining 

stable for more than 6 months and 41% stable for less 

than 6 months. From this study the highest D-1-MT 

dose of 1200 mg PO twice daily was recommended for 

further trials [140]. In a separate trial of D-1-MT alone 

10% of patients remained stable for more than 6 

months [141]. 

D-1-MT is currently in phase 2 clinical trials for 

treatment of malignant prostate (NCT01560923), me-
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tastatic melanoma (NCT02073123), metastatic pancre-

atic (NCT02077881) and metastatic breast cancer 

(NCT01792050) [142]. 

4.1.2. Hydroxylamidines 

To date, the hydroxylamidine series are one of the 

most potent inhibitors of IDO-1 and were identified 

following high-throughput screening (HTS) of Incyte’s 

compound collection [143]. Optimization of the lead 

compound from this screen led to identification of a 3-

chloro, 4-fluro substituted hydroxylamidine (4-amino-

N-(3-chloro-4-fluorophenyl)-N'-hydroxy-1,2,5-oxadia-

zole-3-carboximidamide) with an IC50 of 19 nM in 

HeLa cells. When the 3-chloro, 4-fluro substituted hy-

droxylamidine was administered to mice plasma con-

centrations of KYN were reduced by 60% [143]. SAR 

analysis of this compound revealed the hydroxyla-

midine moiety was essential for activity and substitu-

tion of the phenyl ring was limited to relatively small 

hydrophobic groups such as halogens and small alkyl 

chains. Based on the mode of binding of similar mole-

cules, these molecules have been proposed to interact 

with IDO-1 by the interaction of the hydroxylaminidine 

oxygen with the IDO-1 heme moiety, through exten-

sion of the phenyl ring into the active sites hydrophobic 

pocket and hydrogen bonding between the amine of the 

furazan ring and the propionic acid arm of the heme 

moiety [143]. The furazan ring was predicted to extend 

towards the entrance of the IDO-1 active site allowing 

for further optimization in later SAR series and which 

was likely to have ultimately led to the identification of 

Incyte’s lead compound INCB024360 (3, Epacadostat, 

IC50 ~ 10 nM, Fig. 2).  

INCB024360 was shown to inhibit CT26 colon car-

cinoma growth by 54% over a period of 24 days in 

Balb/c mice [4]. In co-culture systems of human allo-

geneic lymphocytes and dendritic cells (DCs) or tumor 

cells inhibition of IDO-1 by INCB024360 promoted 

growth of immune cells including T and natural killer 

(NK)–cell growth and following induction of IDO-1 by 

INF-γ reversed IDO-1 mediated DC apoptosis [144].  

INCB024360 is currently in a number of phase 1 

and 2 clinical trials as a monotherapy and in combina-

tion with other chemotherapeutic agents for the treat-

ment of non-small cell lung cancer (NCT02298153), 

ovarian cancer and metastatic melanoma (NCT01-

604889), stage III-IV melanoma (NCT01961115) 

[142]. Recently published results from the first-in-

human phase 1 trial of INCB024360 in patients with 

advanced solid tumors showed the drug was well toler-

ated and stabilized disease in 13.5% of patients for 16 

weeks or more [145]. Similarly, preliminary results 

from phase 1 trials of INCB024360 in combination of 

immune checkpoint inhibitor pembrolizumab showed 

promising objective response rates (58%) in patients 

with treatment-naive advanced melanoma (NCT021-

78722) [142, 145].  

4.1.3. Imidazoles  

Fused imidazole derivatives were first patented as 

IDO-1 inhibitors by Newlink genetics in 2012 [146]. In 

preclinical trials second generation IDO-1 inhibitor, 

NLG919/GCD-0919/RG6078 (NewLink Genetics, 

Genentech and Roche respectively) led to a significant 

decrease in size of large established tumors. NLG919 

showed enhanced immune activation and tumor regres-

sion when combined with Indoximod (1-MT) [5] and is 

currently in clinical trials for use both alone and in 

combination with Atezolizumab (MPDL3280A) for 

treatment of advanced solid tumors (NCT02048709 

and NCT02471846) [142]. Similarly, in murine models 

of glioblastoma, NLG919, enhanced survival when 

combined with chemo-radiation therapy when com-

pared to chemo-radiation therapy alone (temozolomide 

plus radiation) [138]. 

Most recently, the crystal structure of IDO-1, com-

plexed with a NLG919 derivative was solved [147]. 

Unlike other available IDO-1 crystal structures com-

plexed with relatively weak IDO inhibitors such as 

4-phenylimidazole (PDB ID: 2D0T) [148], this struc-

ture highlighted a number of hydrogen bonds between 

the NLG919 derivative and the 7-propionic acid arm of 

the IDO heme moiety and the NH group of Ala264. 

Interestingly, a intramolecular hydrogen bond between 

the molecules isoindole nitrogen and hydroxyl group 

was also important for activity, the removal of which 

(via replacement of the hydroxyl group with a car-

bonyl) resulted in an approximately 12 fold decrease in 

potency (from an IC50 or 38 nM to 468 nM) [147]. The 

presence of these hydrogen bonds may be key to the 

potent activity observed for this series of imidazoles 

and suggests that conformational constraints may be a 

design clue relevant for other classes of IDO inhibitors. 

4.1.4. Other IDO Inhibitors 

Several other IDO inhibitors have also been identi-

fied based on the scaffolds of β-carboline (e.g. norhar-

man, 4, IC50 90 µM) [149, 150], phenylimidazole (e.g. 
5-phenylimidazole, 5, IC50 48 µM) [149, 151], quinone 

containing molecules including the natural products 

(exiguamine A, 9, Ki 41 nM); annulin B (12) [152-154] 

and brassinin (10, Ki 98 µM) [155], benzylisothiourea 
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(7, IC50 2.2 µM) [156] and diaryl ketones (exemplified 

by 3-hydroxyphenyl(phenyl)methanone, 6, IC50 0.5 

mM) [154]; structures shown in Fig. 3). Although some 

attempt has been made to characterize the structure-

activity relationships of some classes of these mole-

cules (e.g. brassinins and phenylimidazoles) these 

structures do not appear to have pharmacological pro-

files suitable to progression to clinical trials [132].  
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Fig. (3). Representative structures of IDO-1 inhibitors scaf-

folds and TDO inhibitor LM10 which have not progressed to 

clinical trials. 

Common features of these molecules include a het-

eroatom that interacts with the IDO heme moiety, one 

or more hydrophobic groups that fit into the IDO hy-

drophobic pockets and in a number of cases polar 

groups for hydrogen bonding with the propionic arm of 

heme. 

 

4.2. KMO Inhibitors 

As discussed above, the enzyme kynurenine-3-

monooxygenase (KMO) is a well-rationalized thera-

peutic target for a range of neurodegenerative condi-

tions, as KMO inhibition decreases concentrations of 

neurotoxic QUIN but increases neuroprotective 

KYNA. However, while some IDO inhibitors have 

reached clinical trials, KMO inhibitors are still at the 

pre-clinical phase of development.  

A potential drawback of KMO inhibition is the for-

mation of H2O2 which occurs following NADPH-de- 

pendent reduction of FAD in the presence of 3-HK and 

some substrate-like molecules [157]. As H2O2 genera-

tion is potentially deleterious, this should be assessed 

during the course of new KMO inhibitor development.  

4.2.1. Kynurenine Analogues 

As the enzymes KMO and KAT both utilize the 

substrate KYN, there is the potential that KMO inhibi-

tors structurally analogous to KYN, may inhibit both 

enzymes. This may be an important consideration in 

the development of highly selective KMO inhibitors.  

4.2.1.1. 4-Phenyl-4-Oxobutanoic Acids 

The first reported selective KMO inhibitor was the 

kynurenine analogue m-nitrobenzoyl alanine (m-NBA; 

IC50 = 0.9 µM, 13, Fig. 4) [158]. This compound selec-

tively inhibited KMO relative to the enzyme KYNU 

(IC50 100 µM). When administered to rats m-NBA was 

shown to significantly increase levels of both KYN, 

and in turn, KYNA 13 and 5 fold respectively in the 

brain, 5 and 2.4 fold in the blood and 6 and 3.5 fold in 

the liver. This KYNA increase induced anticonvulsant 

and sedative effects. Treatment with m-NBA was also 

shown to decrease duration of maximal electroshock 

induced seizures [158].  

The S(+)m-NBA stereoisomer was later shown to 

be the most active isomer with an IC50 of 0.5 µM in the 

presence of 100 µM kynurenine when compared to the 

R(-) stereoisomer which only demonstrated 60% inhi-

bition under the same conditions [159]. Additionally, 

the S(+) stereoisomer showed activity towards KYNU 

whereas the R(-) was essentially inactive. 

Structure activity relationship (SAR) studies 

showed that a 3,4-dicholoro substitution was optimal 

and led to the identification of inhibitor FCE 28833 

(14, IC50 = 0.33 µM; Fig. 4) [160, 161]. Treatment of 

rats with a single oral doses of FCE 28833 led to a 

dose-dependent increase in endogenous KYN and 

KYNA in rat brain tissue, with a 400 mg/kg dose re-
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sulting in a 14-fold increase in KYN and 34 fold in-

crease in KYNA [162]. Furthermore, extracellular hip-

pocampal KYNA levels remained significantly higher 

than basal KYNA levels following both a single oral 

(10 fold increase) and intraperitoneal (80 fold increase) 

administration of FCE 28833 [162].  
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Fig. (4). Key KMO inhibitor structures. 

Other SAR study varied the benzoyl alanine portion 

of FCE 28833. The most potent analogues resulted 

from replacement of the amino group with either hy-

droxyl or benzyl moieties (IC50 values of 1.4 µM and 

IC50 2.9 µM, respectively). This SAR study demon-

strated that the amino group was not essential for good 

activity and although these analogues were not as po-

tent as the original scaffold, they more selectively in-

hibited KMO as they did not inhibit either KYNU or 

KAT [161].  

The effect of limiting free-rotation of the FCE 

28833 molecule was later examined through introduc-

tion of a double bond to the 4-oxobutanioc acid scaf-

fold resulting in the synthesis of a FCE 28833 analogue 

with an IC50 of 1.0 µM [163].  

The inhibitor UPF-648 (15, Fig. 4) was developed 

by adding a cyclopropyl linker to the benzoylalanine 

portion of FCE 28833, which further reduced the con-

formational freedom of the molecule and resulted in 

potent KMO inhibition (IC50 = 40 nM) [164]. Subse-

quently, UPF-648 was shown to selectively inhibit 

KMO compared to KAT in vitro (100% and 5% inhibi-

tion, respectively) [165]. When administered to gerbils, 

UPF-648 led to a dramatic and dose dependent increase 

of KYN and KYNA in both brain and plasma [166]. 

Studies in wild-type and KAT II knockout mice (mkat-

2
-/-

), which have a pronounced KYNA deficit, showed 

that 30 mg/kg (i.p) of UPF-648 was shown to increase 

KYNA 14 fold in wild-type mice and 10 fold in mkat-

2
-/- 

mice. Consequently, the susceptibility of mkat-2
-/-

mice to QUIN toxicity in the striatum was reduced, as 

indicated by decreased QUIN-induced striatal lesions. 

WT mice did not show similar reductions in lesion vol-

ume. Notably, QUIN and 3-HK levels did not change, 

this further suggests that an increase KYNA to 

3-HK/QUIN ratio is neuroprotective [55]. Treatment of 

rat pups with UPF-648 10 minutes after birth lead to 

substantial increase in KYN and KYNA and decreased 

QUIN and 3-HK in both brain and liver compared to 

controls [167]. 

The crystal structure of yeast KMO (S. Cerevisiae) 

was successfully elucidated in both its free form and 

when co-crystalized with UPF-648. Although yeast and 

human KMO do not share 100% sequence homology 

(38% identity and 51% similarity), all the residues in-

volved in ligand binding are conserved (Arg 83, Tyr 

97, Leu 212, Met 230, Ile 232, Leu 234, Phe 246, Pro 

321 and Phe 322) between both species which provides 

a potential for comparing ligand-active site interac-

tions. Indeed, the carboxylate group in UPF-648 was 

shown to interact with conserved residues Arg83 and 

Tyr97 whereas the aromatic moiety lay within the con-

served hydrophobic pocket on the re-side of the FAD 

co-factor. The chemical similarity between UPF-648 

and L-KYN permitted molecular modeling of L-KYN 
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in the active site and suggested that both molecules 

bind to the enzyme in a similar manner [168]. How-

ever, UPF-648 coordination induced structural changes 

in the enzyme which included reorientation of the 

Pro321-Gln325 loop in order to accommodate the aro-

matic chlorine substituents not present in L-KYN. 

These structural perturbations may additionally affect 

KMO activity. The Pro321-Gln325 loop is also in close 

proximity to the postulated oxygen binding site on the 

re-side of the FAD cofactor, which is subsequently de-

stroyed upon UPF-648 binding. A potential drawback 

of UPF-648 is the 20-fold increase in the production of 

H2O2 observed following UPF-648 coordination to 

KMO, which results from the destabilization of the 

C4a-hydroperoxide intermediate formed as part of the 

catalytic cycle of all flavin mono-oxygenases, includ-

ing KMO [168]. 

4.2.1.2. Sulfonamides 

The sulfonamides are among the most potent known 

KMO inhibitors. They are structurally analogous to the 

KMO substrate L-kynurenine and were developed fol-

lowing a SAR study based on previous observations 

that the amino moiety was not essential for activity and 

that carboxylic acid groups often reduce the bioavail-

ability of molecules. In general, these molecules con-

tain a FAD-binding benzene ring, a 5 or 6 membered 

aromatic ring as a linker, a sulfonamide as an amino 

acid bioisostere and a pendant benzene ring. The struc-

ture of the 5 or 6 membered ring leads to significant 

variation in inhibition with sulfonamides containing a 

thiazole linker being, by far, the most potent [169]. 

This class of molecules includes the well-known KMO 

inhibitor Ro-61-8048 (16, Fig. 4, IC50 = 37 nM). Origi-

nally described as a high-affinity inhibitor of KMO in 
vitro, Ro-61-8048 inhibited KMO in the gerbil brain 

under the same conditions more effectively than FCE 

28833 (ED50 of 5.5 and 461 µmol/kg, respectively) 

[169]. Prolonged inhibition of KMO with Ro-61-8048 

was shown to reduce development of levodopa-induced 

dyskinesia in Parkinsonian monkeys [170] and attenu-

ated post-ischemic neural death [171]. More recently, 

Ro-61-8048 modulated KYNA levels in the brain, re-

ducing the ability of tetrahydrocannibinol (THC) and 

other synthetic cannabinoids to stimulate dopamine 

release, in turn reducing the reward effects of mari-

juana and potentially providing an effective approach 

for the treatment of marijuana dependence [172].  

Zwilling et al. described Ro-61-8048 as metaboli-

cally unstable and developed a slow-release prodrug 

form, JM6 (17, Fig. 4) [28]. Structurally, Ro-61-8048  

 

and JM6 differ only in the addition of a 

1-methylpiperidine substituent to the thiazole ring of 

the latter. It was hypothesized that under acidic condi-

tions the N-methylenepiperidino moiety at C-5 of the 

isothiazole nucleus would be removed from JM6 lead-

ing to the formation of Ro-61-8048. Both molecules 

were found in the blood when administered orally but 

did not demonstrate significant ability to cross the 

blood brain barrier. Treatment of murine models of 

neurodegenerative disease with Ro-61-8048 still led to 

the peripheral inhibition of KMO in the blood, but also 

increased KYNA levels in the brain. As discussed pre-

viously, it was reported that in the APPtg mouse model 

of AD that this molecule prevented spatial memory 

deficits, anxiety related behavior and synaptic loss. 

When administered in the R6/2 mouse model of HD, 

JM6 was also able to prevent synaptic loss and attenu-

ated microglial activation. These findings further sup-

ported the link between tryptophan metabolism in the 

blood and neurodegeneration and demonstrated that 

peripheral inhibition of KMO is sufficient to induce a 

neuroprotective effect [28]. Investigation into the me-

tabolism and pharmacokinetics of JM6 and Ro-61-8048 

by Beconi et al. proposed that the activity of JM6 did 

not result from an ability to act as a Ro-61-8048 pro-

drug but instead resulted from an impurity of 

Ro-61-8045 present in the JM6 preparations [173]. 

However, this finding is yet to be confirmed by others 

and potentially remains contentious.  

4.2.1.3. Oxazolidinones 

Most recently, the KYN like inhibitor GSK180 

(IC50 6 nM, 22, Fig. 4) was developed by Mole et. al. 
as a KMO inhibitor with physiochemical properties 

suitable for i.v. drug administration. This series of pro-

panoic acid heterocycles were designed to contain both 

a carboxylic acid and H-bond acceptor, which were 

deemed important for activity based on previous stud-

ies. The crystal structure of Pseudomonas fluorescens 
KMO-GSK180 complex highlighted interactions in-

cluding ionic bonding between the carboxylate moiety 

and Arg84, H-bonding between the carboxylate and 

Tyr98 and Asn369, H-bonding between the oxazolidi-

none carbonyl and Tyr404 and hydrophobic interac-

tions between the 5-chloro substituent and Phe238. 

GSK180 treatment reduced 3-HK and increased KYN 

and KYNA in both rat and mouse models of acute pan-

creatitis (AP). A 5.5 mg/kg/hr dose of GSK180 resulted 

in a plasma concentration of 600 µM over the course of 

the study and prevented multiple organ dysfunction 

syndrome (MODS) in a rat model of AP [30]. 
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4.2.2. Other Synthetic KMO Inhibitors 
4.2.2.1. Aryl Pyrimidines 

The Cure Huntington’s Disease Initiative (CHDI) 

Foundation has patented a large number of phenylpyri-

dine and phenylpyrimidine molecules as KMO inhibi-

tors [174]. Most recently, Toledo-Sherman et. al. re-

ported a number of pyrimidine carboxylic acids as 

competitive, potent and selective KMO inhibitors 

[175]. These compounds exhibited desirable pharma-

cokinetic profiles, making them promising molecules 

for further therapeutic development. These molecules 

were designed such that they would mimic key struc-

tural features of KYN, m-NBA and FCE-28833. Rep-

resentative structures of this series include 

6-(3-chlorophenyl)pyrimidine-4-carboxylic acid (18, 

Fig. 4) and its 3,4-dichloro substituted analogue with 

IC50 in the sub nanomolar range (IC50 0.5 nM and 0.6 

nM respectively) [175]. When tested in stably trans-

fected CHO cells, the 3,4-dichloro substituted molecule 

showed superior activity (IC50 33 nM), which may re-

flect increased ability to cross cell membranes. Re-

placement of the carboxylic acid moiety with carbox-

ylic acid isosteres was also investigated to improve the 

potential to cross the BBB. Of the isosteres tested, 

tetrazole, oxadiazolone and acidic acyl sulfonamide 

substituted molecules had an IC50 of 2, 12, and 25 nM 

respectively. However, the remaining non-acidic isos-

teres showed little or no KMO inhibitory activity, high-

lighting the importance of an acidic functional group 

[175]. These observations are in line with the KMOs 

crystal structure and the predicted mode of binding of 

KYN-like molecules. In particular, the crystal structure 

highlighted ionic bonding between UPF-648s carbox-

ylic acid moiety and a conserved arginine residue 

[168]. Pharmacokinetic analysis of the tetrazole and 

oxdiazolone substituted molecules revealed neither 

molecule appreciably crossed the BBB.  

Optimization of the phenyl ring substitution led to 

the development of a molecule with 3-chloro, 

4-cyclopropoxy substitution (CHDI-340246, IC50 of 0.5 

nM, 19, Fig. 4) which was hypothesized to extend the 

molecule further into the postulated hydrophobic 

pocket binding site. Pharmacokinetic analysis of this 

molecule in non-fasted male Sprague-Dawley rats 

showed that in accordance with other acidic com-

pounds its ability to cross the BBB was limited, how-

ever microdialysis studies in rat brain and CSF re-

vealed concentrations of compound near the ED50 for 

rat KMO following a single oral 10 mg eq./kg dose 

[175]. KP metabolite analysis following administration 

of a single 10 mg/kg dose demonstrated significant ele-

vations in plasma KYN, KYNA and AA and a decrease 

in 3-HK concentrations for 8-12 hours. Similarly, in-

creases in KYN, KYNA and AA (approximately 6 fold, 

8 fold and 15 fold respectively) were observed in the 

striatal dialysate. 3-HK levels increased only 2 fold. 

This relatively small increase in 3-HK following large 

increases of upstream metabolite KYN likely indicates 

some KMO inhibition in the brain [175]. 

CHDI’s lead KMO inhibitor, CHDI-340246 does 

not inhibit other KP enzymes and is currently in pre-

clinical testing in non-human primates [53, 176]. The 

molecule was reported to have an IC50 of 0.5, 4.0 and 

5.1 nM in human, rat and mouse live tissue lysate re-

spectively, EC50 in human peripheral blood mononu-

clear cells (PBMC) and rat microglia were 82 and 72 

nM respectively. CHDI-340246 dose dependently in-

creased KYNA in the CSF of rodent HD models and 

re-established normal excitability to striatal medium 

spiny neurons [98]. Most recently, CHDI-340246 was 

shown to modulate the KP in both the periphery and 

CNS of murine HD models. Following a 10 mg/kg 

(p.o.) dose KYN, KYNA and AA concentrations in-

creased approximately 15, 70 and 9 fold respectively in 

the striatum. Modest changes were also observed for 3-

HK (2.5 fold) and QUIN (1.5 fold). Overall 3HK:KYN 

ratio decreased 22% in WT and 16% in Q175 het-

erozygotes, in contrast KYNA:KYN ratio increased 2.5 

fold demonstrating a shift in KP metabolism away from 

3-HK towards KYNA. Similar changes in metabolite 

ratios were not observed following a single dose of 30 

mg/kg KYN suggesting shifts in KP metabolism re-

sulted from KMO inhibition in the brain and not simply 

as a result from significant increases in KYN in the 

periphery. CHDI-340246 was shown to restore SNP 

membrane excitability in R6-2 mice. However, in this 

model, KMO inhibition did not significantly modify 

behavioral phenotype or ameliorate disease progression 

as judged by open field test, accelerated rotarod, grip 

strength and brain volumetric loss [53]. 

Several other KMO inhibitor scaffolds have been 

reported including the pyrroloquinolines, 3-oxo-

propanitriles and tetrazoles. Little, if any work has been 

reported for these molecules in vivo, however they 

have been included for interest.  

4.2.2.2. Pyrroloquinolines 

Pyrroloquinolines are a class of moderately active 

KMO inhibitors with IC50 values ranging from 20-100 

µM [177]. The most active of this series (7-Chloro-3-

methyl-1H-pyrrolo[3,2-c]quinoline-4-carboxylic acid, 

23, Fig. 4) showed selectivity towards KMO (IC50 24 

µM in rat liver) in vitro compared to kynureninase 
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(24% inhibition at 100 µM) and kynurenine 

aminotransferase (25% inhibition at 100 µM) [177]. 

4.2.2.3. 3-Oxo-Propanitriles 

The 3-oxo-propanitriles are a series of molecules 

patented by Pharmacia, from this series one representa-

tive compound has been disclosed (PNU-168754 A, 24, 

Fig. 4) which was reported to have an IC50 of 40 nM 

[178]. 

4.2.2.4. Tetrazoles 

Recently, a number of lead structures were identi-

fied by GlaxoSmithKline using High-Throughput 

RapidFire Mass Spectrometry [179]. A KMO enriched 

membrane preparation was used for a direct screen of 

approximately 78,000 compounds selected for low mo-

lecular weight (<300 kDa) and low lipophillicity. From 

this a number of hits were identified for further investi-

gation, of this series, 5-(3-nitrobenzyl)-1H-tetrazole 

(21, Fig. 4) was reported to have an IC50 of 6.3 µM 

[179]. 

4.2.3. Natural Products 
4.2.3.1. Marine Natural Product Ianthellamide A 

Ianthellamide A (20, Fig. 4) was recently reported 

as a novel octopamine (naturally occurring neuro-

transmitter) derivative isolated from the Australian ma-

rine sponge Ianthella quadrangulata. Ianthellamide A 

selectively inhibited the activity of kynurenine 3-

monooxygenase when compared to kynureninase at 

concentrations less than 125 µM (IC50 value of 1.5 

µM). It also significantly increased the level of en-

dogenous KYNA, 20 fold, in rat brain following ad-

ministration of 200 mg/kg lanthellamide A and 100 

mg/kg KYN [180]. 

4.2.4. KMO Inhibitors: Current Limitations  

While KMO inhibitors have potential for the treat-

ment of neurodegenerative conditions, to date none of 

these inhibitors have been shown to efficiently cross 

the BBB. As a result, the conversion of KYN to 3-HK, 

and ultimately QUIN, is not effectively inhibited. Al-

though in vivo studies have demonstrated that periph-

eral inhibition of KMO successfully reduces symptoms 

in various AD and HD models, inhibition of KMO ac-

tivity at the site of neuroinflammation can be expected 

to have a better therapeutic effect. A number of strate-

gies may be used to achieve this. Current KMO inhibi-

tors could be re-engineered to better comply with the 

requirements for CNS permeability or new KMO in-

hibitors could be developed that cross the BBB. Other 

strategies range from temporary disruption of the BBB, 

receptor- or cell -mediated delivery based on pro-drug 

development to a variety of nanoscience approaches 

including encapsulation in liposomes or polymeric 

nanoparticles [181]. 

4.3. KAT Inhibitors 

As discussed, KYNA is an exogenous NMDA an-

tagonist which counteracts QUIN induced excitotoxic-

ity. However, increased brain KYNA has also been 

linked to a number of psychiatric diseases including 

schizophrenia and depression. A reduction in KYNA 

through the use of KAT inhibitors may prove an effec-

tive strategy for re-establishing KP metabolite balance 

for the treatment of these conditions. Of particular in-

terest are KAT-I and KAT-II, the main isoforms ex-

pressed by astrocytes in the brain. 
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Fig. (5). KAT inhibitor structures. 
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4.3.1. KAT (I) 

KAT-I, also known as glutamine transaminase-K is 

inhibited by physiological concentrations of trypto-

phan, indole-3-pyruvic acid, glutamine, cysteine and 

phenylalanine [182]. In particular, cysteine and cys-

teine derivatives, were able to inhibit KAT-I and 

KAT-II in vitro and reduced KYNA in rat cortical 

slices [183]. The solved crystal structure of the enzyme 

was first reported by Rossi et. al, 2004 complexed with 

L-phenylalanine (PDB ID: 1W7L) [184] and later re-

ported by Han et. al, 2009 containing known inhibitor 

indole-3-acetic acid (IAC; PDB ID: 3FVU) [185]. In 

each case the hydrophobic regions of the molecules 

were situated within KAT-Is hydrophobic pocket made 

up of Tyr 63, His 279, Phe 278, Tyr 101 and Phe 125 

[184, 185]. In addition the carboxylic moiety of IAC 

formed extensive H-bond networks with Asn 185, Gly 

36, gly 34, Arg 395, Gln 35 and Thr64 [185].  

4.3.1.1. Tryptophan Derivatives 

The complexed IAC/KAT-I crystal structure pro-

vided a logical starting point for the development of a 

small SAR series investigating both the indole and car-

boxylic moieties of IAC [185]. The series of molecules 

was designed such that they did not contain an α-keto 

or α-amino group which would prevent transamination 

of the molecule as seen with some other KAT-I inhibi-

tors which act as both a substrate and inhibitor to the 

enzyme. The best inhibitor of the indole-containing 

molecules was indole-3-propionic acid with a reported 

IC50 of 140 µM [185]. 

A number of other tryptophan derivatives were 

identified as KAT-I inhibitors by Akladois et al. with 

higher inhibitory activity relative to the indole acetic 

acids [31]. These included a series of phenylhydrazone 

hexanoic acids and indole derivatives, the most active 

of which 5-(2-(4-chlorophenyl) hydrazono)-6-ethoxy-

6-oxohexanoic acid (25, Fig. 5) had a reported IC50 of 

19.8 µM. A SAR study of the phenylhydrazone series 

demonstrated that phenyl ring substitutions signifi-

cantly altered activity. Addition of electron withdraw-

ing groups, such as nitrogen, led to a decrease in inhibi-

tory activity when compared to addition of hydropho-

bic and/or electron donating groups, such as halogens, 

which led to an increased activity [31]. The specificity 

of these inhibitors towards KAT-I over KAT-II was not 

reported. 

4.3.2. KAT (II) 

As KAT-I has broad substrate specificity and is in-

hibited by physiological concentrations of glutamine 

and other amino acids, KAT-II may prove to be a more 

effective target for modulating KYNA synthesis. The 

crystal structure of KAT-II was reported by Rossi et. 
al, (PDB ID: 2VGZ) and revealed the protein exists as 

a functional dimer and therefore contains two active 

sites with coordinated PLP cofactors [36]. As the active 

sites for both KAT-I and KAT-II are structurally dis-

tinct, it may be possible to selectively target particular 

isoforms.  

4.3.2.1. Kynurenine Derivatives 

KAT-II inhibitor (S)-4-(ethylsulfonyl)benzoy-lala-

nine (S-ESBA; 26, Fig. 5) [186] was originally devel-

oped for screening as a KMO inhibitor following SAR 

analysis of the benzoylalanine portion of KYN and 

with the knowledge that sulfonyl alky substituents offer 

a good hydrophobic/hydrophilic balance and have the 

ability to act as a H-bond acceptor. However, S-ESBA 

was not active towards KMO and KYNU and was 

shown to preferentially inhibit rat KAT-II over rat 

KAT-I with 97% and <5% inhibition at 1 mM respec-

tively [187]. When infused by reverse dialysis in rat 

striatum S-ESBA significantly reduced extracellular 

KYNA by 32% after 1.5 hours. Increased dopamine 

was also observed, reaching a maximum of 265% of 

baseline level at 1.5 hours. To further investigate the 

link between KYNA and dopamine, rats were co-

infused with 1 mM S-EBSA and 100 nM KYNA. In 

these animals, dopamine levels remained unchanged 

during the testing period. This demonstrated that KAT 

II and KYNA play an important role in dopaminergic 

function. This was hypothesized to reflect the ability of 

KYNA to act as an α-7nAChR antagonist, leading to a 

reduction in glutamate and a subsequent decrease in 

extracellular dopamine [188]. Additionally, infusion of 

1 mM S-ESBA 1 hour prior to QUIN caused 3.7 fold 

increases in the size of QUIN induced striatal lesions. 

This effect was potentiated when co-administered with 

KYNA [187]. However, S-ESBA less potently inhibits 

human KAT-II compared to rat KAT-II (19 % inhibi-

tion at 0.1 mM compared to 88% inhibition of rat 

KAT-II at the same concentration) which may indicate 

that S-ESBA is likely to be less effective in humans 

[189]. 

4.3.2.2. Fluroquinolones 

As S-ESBA was a relatively poor inhibitor of hu-

man KAT-II [189], a fluroquinolone BFF-122 (27, Fig. 

5) was identified by in-house screening by Schwarcz 

and Kajii [190, 191] and patent protected. Unlike 

S-ESBA, BFF-122 more potently inhibited human 

KAT-II, with an IC50 in the low micromolar range and 

effectively reduced KYNA synthesis in rat brain [190]. 
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The structure of BFF-122 co-crystalized with KAT-II 

(PDB ID: 2XH1) revealed covalent bonding between 

the primary amine and BFF-122 and the PLP cofactor 

of KAT-II, forming an irreversible adduct. The selec-

tivity of the inhibitor was hypothesized to result from 

the bulkiness of the molecule which would likely en-

counter steric hindrance in coordinating to KAT-I, mi-

tochondrial aspartate aminotransferase or other amino-

transferases [190]. 

HTS and lead optimization resulted in the identifi-

cation of orally active KAT-II inhibitor BFF-816 (IC50 

13.4 µM, 28, Fig. 5). In male Sprague-Dawley a dose 

of 30 mg/kg p.o reduced extracellular KYNA by 30% 

and led to improvement in both spatial and contextual 

memory as assessed by the Morris water maze test 

[192]. 

4.3.2.3. Hydroxamate Derivatives 

A novel KAT-II inhibitor scaffold was identified by 

Dounay et al, 2012 following a high-throughput screen 

of the Pfizer compound library [193]. Optimization of 

this scaffold yielded aminodihydroquinolone (29, Fig. 

5) as a lead compound [193] and a potent group of bi-

cyclic and tricyclic KAT-II inhibitors were subse-

quently patent protected by Claffey et. al [194]. Lead-

ing analogues from this series include (R)-3-amino-7-

bromo-1-hydroxy-3,4-dihydroquinolin-2(1H)-one with 

a reported IC50 of 10.5 nM and (R)-3-amino-1-

hydroxy-3,4-dihydroquinolin-2(1H)-one, known as PF-

04859989 (30, Fig. 5) with an IC50 of 23 nM [194]. 

Importantly, PF-04859989 was shown to be more po-

tent towards human KAT-II than rat KAT-II and could 

effectively cross the BBB. A single 10 mg/kg dose was 

shown to reduce brain KYNA by 50% [193] and re-

stored nicotine induced glutamatergic activity in rat 

cortex [195]. Similarly, to BFF-122, X-ray crystallog-

raphy and 
13

C NMR spectroscopy revealed the primary 

amine formed a covalent bond with the enzyme PLP 

co-factor, irreversibly inhibiting the enzyme [193]. Un-

fortunately, the pharmacokinetic properties of this 

molecule were not ideal, being poorly bioavailable and 

subject to O-glucuronidation at the hydroxamate moi-

ety [196]. To improve these properties, a SAR study 

focused on modulating the hydroxamate moiety was 

conducted. A number of triazolinone and triazole hy-

droxamate replacements were utilized, resulting in ana-

logues with improved pharmacokinetic properties, but 

less inhibitory activity, compared to the parent com-

pound [196]. 

A number of other hydroxamate based KAT-II in-

hibitors were reported by Tuttle et al, based on the  

 

scaffold of PF-04859989. This relatively recent series 

of molecules includes a number of irreversible KAT 

(II) inhibitors with IC50 values in the range of 20-30 nM 

and inhibitory constants (Ki) of 0.0016-0.015 µM 

[197]. A SAR investigation of the hydroxamate scaf-

fold revealed that hydrophobic substituents at C5 and 

C8 led to a decrease in potency while C6 and C7 sub-

stitution led to an increase. Further investigation of 

KAT (II) crystal structure revealed that this was likely 

to be due to C6 and C7 being oriented towards solvent 

exposed regions of the molecule while C5 and C8 are 

exposed to the walls of the binding pocket. Inhibitor 

activity was increased further following addition of a 

phenoxy group at C6 which consequently interacted 

with a previously unknown lipophilic pocket at the en-

trance of the active site. This series of molecules was 

shown to be weakly active towards isoforms KAT-I 

and KAT-III [197].  

Pyrazole based KAT-II inhibitors were developed 

by Dounay et. al, 2013. The most potent molecule of 

this series (31, Fig. 5), had an IC50 value of 25 nM and 

improved lipophillicity when compared to the parent 

compound PF-04859989 [198]. The X-ray crystal 

structure of this compound bound to KAT-II showed 

covalent bonding between the primary amine and the 

PLP co-factor, hydrogen bonding between the hydrox-

amate functional group and Arg399 and Asn202 and 

interactions between the phenyl group and hydrophobic 

residues including Ile19, Leu40 and Tyr74 [198].  

Most recently, a number of bi- and tricyclic hetero-

cylic compounds were patent protected by Mitsubishi 

Tanabe Pharma Corporation, Japan for the treatment of 

KAT-II associated disorders [199]. A representative 

structure from this series (32, Fig. 5) was reported to 

have an IC50 of 0.61 µM.  

4.4. Kynureninase (KYNU) Inhibitors 

As a result of KYNs poor affinity for KYNU, its 

primary role in the KP is the conversion of 3-HK into 

3-HAA. However, following inhibition of KMO, 

KYNU may play a role in compensatory mechanisms 

that ultimately lead to the production of QUIN. To 

date, few specific and potent inhibitors of this enzyme 

have been identified. A number of inhibitors that re-

semble the molecular transition state of a range of sub-

strates have been developed including (4S)- and (4R)-

dihydro-L-kynurenine[200], a series of S-aryl-L-

cysteine S,S-dioxides [201] and a phosphinic acid 

[202] analogue of kynurenine which are all inhibitors 

of bacterial KYNU.  
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Fig. (6). KYNU and QPRT inhibitor structures. 

Further investigation into the S-aryl-L-cysteine S,S-

dioxide scaffold resulted in the synthesis of 2-amino-5-

methyl-S-phenyl cysteine S,S-dioxide (IC50 of 11 µM 

in rat liver KYNU, 33, Fig. 6). This molecule was 

shown to inhibit INF-γ induced QUIN synthesis in hu-

man macrophages [203]. 

4.4.1. Kynurenine Derivatives 

A kynurenine derivative 2-amino-4-[3’-hydroxy-

phenyl]-4-hydroxybutanoic acid (34, Fig. 6) was de-

signed to include a hydroxyl moiety at C7 and C3 to 

mimic the substrates transition state and improve speci-

ficity towards mammalian KYNU respectively. This 

molecule was shown to have a Ki of 100 nM against 

with recombinant human KYNU [204] and was a 

mixed mode inhibitor, acting as a competitive inhibitor 

at low concentrations and non-competitive at higher 

concentrations [204]. This supported previous evidence 

that the enzyme has a second regulatory binding site 

[204, 205].  

4.5. Quinolinic Acid Phosphoribosyltransferase 

(QPRT) Inhibitors 

To date few modulators of QPRT have been identi-

fied, however as discussed above, QPRT enzyme acti- 

 

vators might have beneficial properties in neurodegen-

erative conditions. Conversely, QPRT has been pro-

posed as a therapeutic target for the treatment of ma-

lignant gliomas [206]. QPRT expression is associated 

with poor prognosis in recurrent glioblastoma after ra-

diochemotherapy [207] The inhibition of QPRT would 

result in a reduction of the synthesis of NAMN and in 

turn NAD, thereby limiting rapid cell growth [207-

208]. The crystal structure of human QPRT was deter-

mined in complex with its inhibitor phthalic acid (PDB 

ID: 4KWW), QUIN (PDB ID: 5AYY), NAMN (PDB 

ID: 5AYY) and in its free form (PDB ID: 5AYX) [208-

209], providing valuable information on QPRT struc-

ture and active site, which have utility in the develop-

ment of new modulators of this enzyme.  

QPRTs only reported inhibitor phthalic acid (35, 

Fig. 6) is a QUIN analogue which acts as a moderately 

potent competitive inhibitor of hQPRT with an inhibi-

tion constant of 2.8 µM [209]. Administration of 

phthalic acid to neurons and astrocytes has been shown 

to lead to a dose dependent decrease in QPRT activity 

which in turn correlated to a decrease in NAD
+
 in the 

cells and an increase in extracellular LDH activity 

[210].  

CONCLUSION 

Mounting evidence implicates disruption in 

kynurenine pathway metabolism in neurological disor-

ders and cancer. As a result, enzymes of the KP path-

way, in particular those responsible for the formation 

of neuroactive metabolites (such as KMO and KAT) or 

immune modulation (IDO) continue to be investigated 

as promising therapeutic targets. In recent years, eluci-

dation of KP enzyme crystal structures and increased 

efforts to assess SAR of known inhibitors has resulted 

in the development potent inhibitors with increased 

selectivity and improved pharmacological profiles. 

Considering that a number of IDO inhibitors have al-

ready undergone clinical trials as cancer therapeutics, 

together with our increased understanding of the mo-

lecular interactions of KP metabolites with the AhR 

(and their downstream effects on tumor immunology), 

it seems almost inevitable that a KP enzyme inhibitor 

will soon be a part of cancer therapy. In neurodegen-

erative disease, KMO inhibitors in particular have 

emerged as potential therapeutics to limit the damaging 

disease-progressing effects of neuroinflammation. De-

spite this promise, lack of ability to permeate the BBB 

has retarded developmental progress and presents a 

focus of challenge for medicinal chemists.  
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