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Abstract. Within the past decade, there has been increasing interest in the role of tryptophan (Trp) metabolites and the kynurenine
pathway (KP) in diseases of the brain such as Huntington’s disease (HD). Evidence is accumulating to suggest that this pathway is
imbalanced in neurologic disease states. The KP diverges into two branches that can lead to production of either neuroprotective
or neurotoxic metabolites. In one branch, kynurenine (Kyn) produced as a result of tryptophan (Trp) catabolism is further
metabolized to neurotoxic metabolites such as 3-hydroxykunurenine (3-HK) and quinolinic acid (QA). In the other branch, Kyn
is converted to the neuroprotective metabolite kynurenic acid (KA). The enzyme Indoleamine 2,3 dioxygenase (IDO1) catalyzes
the conversion of Trp into Kyn, the first and rate-limiting enzymatic step of the KP. This reaction takes place throughout the
body in multiple cell types as a required step in the degradation of the essential amino acid Trp. Studies of IDO1 in brain have
focused primarily on a potential role in depression, immune tolerance associated with brain tumours, and multiple sclerosis;
however the role of this enzyme in neurodegenerative disease has garnered significant attention in recent years. This review will
provide a summary of the current understanding of the role of IDO1 in Huntington’s disease and will assess this enzyme as a
potential therapeutic target for HD.
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KP Kynurenine pathway
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THE KYNURENINE PATHWAY IN THE
BRAIN

Within the past decade, there have been significant
advances in our understanding of the kynurenine path-
way, both its role within the brain and its function
within specific brain cell types. Furthermore, there is
accumulating evidence suggesting perturbations of this
pathway and imbalances in the levels of KP metabolites
occur in many neurologic disease states. Tryptophan
that enters the body as an essential amino acid in
food can take two different routes; one is to enter
the kynurenine pathway via the catalytic activity of
IDO1 (along with two other enzymes, tryptophan 2,3
dioxygenase (TDO2) and IDO2) and the other is to
enter the serotonergic pathway (SP) by the action

of the enzyme tryptophan hydroxylase (Fig. 1). The
Kynurenine pathway is the principle route of tryp-
tophan (Trp) catabolism in the brain. The first step
of this pathway is the conversion of L-tryptophan
(L-Trp) to N-formyl-L-kynurenine, which is mainly
catalyzed by the enzymes Indoleamine 2,3 dioxyge-
nase (IDO1), IDO2 and TDO2. These are the known
heme-containing oxido-reductase, which facilitate this
reaction through the oxidative cleavage of the indole
ring of Trp [1]. Therefore, the induction of this first
enzymatic step is an important determinant of whether
Trp is diverted from the SP and into the KP.

Downstream of IDO1 activity, kynurenine acts as a
point of divergence of the KP, which splits into two
branches that can lead to production of either neuro-
protective or neurotoxic metabolites. In one branch,

Fig. 1. Schematic of the KA pathway. Tryoptophan entering the CNS becomes a substrate for the kynurenine pathway (depicted vertically)
or the serotonin pathway (depicted horizontally). The kynurenine pathway then diverges into two branches that can lead to production of
either neuroprotective metabolites such as Kynurenic acid (KA) or neurotoxic metabolites such as 3-hydroxykunurenine (3-HK) and quinolinic
acid (QA).
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kynurenine produced as a result of Trp degradation is
further catabolized to neurotoxic metabolites such as 3-
hydroxykunurenine (3-HK) and quinolinic acid (QA).
3-HK generates hydrogen peroxide and other reactive
oxygen species, and has been shown to result in neu-
ronal cell death within the select brain region that has
been implicated in the pathology of neurodegenerative
disorders including HD [2].

In the other branch, kynurenine is converted to the
neuroprotectivemetabolitekynurenicacid(KA),which
is an endogenous glutamate antagonist. In addition to
KA inhibitory action on NMDA receptors, it also acts
onkainate-andAMPA(�-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid)-sensitive ionotropic gluta-
mate receptors [3]. Another antiglutamatergic function
of KA is through the inhibition of the �7 nicotinic
acetylcholine receptors (nAChRs) known to enhance
glutamate release [4]. Finally, KA acts as a potent free
radical scavenger [5]. Metabolism of Trp through this
pathway also results in production of nicotinamide ade-
nine dinucleotide (NAD+) in mammalian tissues [6].
Figure 1 depicts the metabolites and enzymes of the
kynureninepathway(vertical)andpartsof theserotonin
pathway (horizontal).

THE ROLE OF THE KYNURENINE
PATHWAY IN NEURODEGENERATION

Withinthepasttwodecades,therehasbeenincreasing
evidence for the involvement of KP in neurodegenera-
tivediseasessuchasamyotropic lateral sclerosis (ALS),
Parkinson’s disease (PD), Alzheimer’s disease (AD)
and Huntington’s disease (HD) [7–20]. This involve-
ment generally manifests as an imbalance between the
levels of neuroprotective and neurotoxic metabolites in
the pathway.

In many neurologic disorders the ratio of QA/KA is
modified in the plasma of patients or their susceptible
brain regions. For example, an increased neostriatal
QA/KA ratio, caused by a rise in QA levels has been
observed in early grade HD brain at the first stages of
the disease [21]. Similarly, elevated QA immunoreac-
tivity has been observed in the hippocampus of AD
patients in association with senile plaques [13].

Among KP neurotoxic metabolites, QA is an N-
methyl-D-aspartate (NMDA) receptor agonist that has
the potential to cause NMDA receptor-mediated neu-
ronal damage and dysfunction, a mechanism thought
to be involved in the pathogenesis of neurodegener-
ative diseases such as HD [22]. This effect of QA
was initially inferred when intrastriatal injection of

QA in rodents replicated HD-like striatal degenera-
tion by binding to NMDA receptors and producing
axon-sparing lesions in the striatum [23]. Currently,
intrastriatal injection of QA is used in many labora-
tories around the world as a mouse model of acute
excitotoxic neurodegeneration that may have relevance
to the form of cell death that medium spiny neurons
undergo in HD [22, 23].

A reduction in the levels of neuroprotective KA has
been observed in the brain of HD patients as well as
in several mouse models of HD [7, 24, 29]. Altered
levels of KA in the CSF of patients with ALS have
also been observed [18]. Mice deficient for kynure-
nine aminotransferase ii (KAT2), an enzyme in the KP
that converts L-L-kyn into KA, have decreased lev-
els of KA and are more susceptible to QA-induced
toxicity [25].

Upstream of QA, 3-HK is an endogenous oxidative
stress generator that is known to be elevated in
the brains of HD and PD patients and HD mouse
models [7, 26–28]. 3-HK causes neuronal cell death
with apoptotic features and region selectivity to the
striatum in both HD and PD [28, 29]. Although 3-HK
is converted to QA through a few steps in the pathway,
the toxic effect of 3-HK is at least partly independent
of NMDA receptor mediated toxicity and is due to
its ability to generate free radicals [61]. Intrastriatal
co-application of 3-HK, at a concentration that did
not produce neuronal damage on its own, increased
the neurotoxicity of intrastriatal QA injections [30]
demonstrating the ability of 3-HK to exacerbate
QA-induced lesions in the striatum, despite its lack of
known effects on NMDA receptors. The result of feed-
ing neurotoxic metabolites such as KA and 3-HK to
flies expressing mutant huntingtin (mHTT) suggested
a causal involvement of kynurenine pathway metabo-
lites in mHTT dependent neuron loss in this model
system [31].

More recently, the enzyme kynurenine 3-
monooxygenase (KMO) has attracted a lot of
attention as a potential therapeutic target for HD and
AD. This enzyme is known to be expressed primarily
in microglia where it converts L-kyn to 3-HK [32,
33]. A trial of chronic oral administration of a KMO
inhibitor extends lifespan, prevents synaptic loss and
decreases brain microglial activation in the R6/2
model of HD [34]. This KMO inhibitor also prevented
spatial memory deficits, anxiety-related behaviour,
and synaptic loss in mouse model of AD. A more
recent study of the KMO knock-out mice showed
reduced amount of neurotoxic compounds in the brain
of these animals [35].
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This study by Giorgini et al. is a valuable example of
how manipulating specific enzymes in the kynurenine
pathway can divert the pathway from the neurotoxic
branch to the neuroprotective branch and modify the
net result of the pathway in terms of neurotoxicity.
With regards to neuropathology and particularly
neurodegeneration, the metabolites downstream of
Kyn have been studied extensively compared to those
upstream of Kyn. This review examines the potential
role of the first step of the pathway with particular
focus on IDO1 in neurologic disorders specifically in
HD, and will assess its potential as a therapeutic target
in HD.

ROLE OF IDO1 IN PERIPHERY

IDO1 is the first and the rate-limiting enzyme of
the kynurenine pathway which is the principle route
of tryptophan catabolism. IDO1 is highly expressed
in mammalian organs such as lung, epididymis, small
intestine and placenta [6]. In most other organs the
expression is constitutively low but can be induced by
the expression of cytokines such as interferon gamma
(IFNy) [6]. IDO1 has also been implicated in immune
tolerance and plays a role in maintaining the T cell
homeostasis of self-antigen tolerance during inflam-
mation [36–39]. Similarly, by increasing IDO1, cancer
tumours suppress host T cells and enhance local Treg-
mediated immunosuppression through Trp depletion
[40]. During infection, IDO1 upregulation depletes Trp
which in turn inhibits the proliferation of intracellu-
lar parasites [41, 42]. IDO1 is therefore a potential
therapeutic target for multiple clinical settings such as
cancer, chronic infections, autoimmunity, allergy, and
potentially even transplantation [43].

During pregnancy, IDO1 induction prevents allo-
geneic fetal rejection by reducing the availability of
Trp to maternal T cells and thus enhancing acti-
vation induced T cell death [44]. The induction of
IDO1 shunts Trp into the KP and away from the SP.
This induction generates a microenvironment in which
maternal T cells become Trp-deprived and die. The
IDO1-mediated suppression of T cell activity there-
fore prevents fetal rejection. This was discovered in
1998, when Munn et al. found that pharmacologic
inhibition of IDO1 results in rapid T cell-induced
rejection of all allogeneic embryos in pregnant mice
[44]. Interestingly, immuno-tolerance as a result of
Trp depletion during pregnancy has been linked to
decreased serotonin levels and associated with post-
partum depression [45].

ROLE OF IDO1 IN THE CNS

Previous work examining the role of IDO1 in the
brain initially focused primarily on its role in immune
tolerance associated with brain tumours [40, 46] and a
role in infiltrating macrophages in autoimmune dis-
eases such as multiple sclerosis (MS) [5, 37, 47].
Development of depression and depressive-like phe-
notypes as a result of IDO1-induced Trp degradation
and reduced serotonin levels has been of more recent
interest [19, 20, 48–50; 51]. A new study has been
successful in showing that IDO1 contributes to the
comorbidity of pain and depression [52].

The study of normal IDO1 function in brain has only
recently been addressed in a small number of studies.
In a recent study, we examined the brain response to
an NMDA-mediated excitotoxic insult in mice lacking
indoleamine 2,3 dioxygenase (Ido knockout or Ido–/–

mice) [53]. The striatum of Ido–/– mice was less sen-
sitive to NMDA receptor-mediated excitotoxic stress
induced by QA compared to their wild-type littermates.
Downstream metabolites of the KP were measured,
and no changes in endogenous KA or QA levels were
observed in the striatum of Ido–/– mice. However, 3-
HK was significantly reduced in the striatum of Ido–/–

mice. 3-HK is an endogenous oxidative stress genera-
tor, known to be increased in the brains of HD patients
and mouse models of HD [3, 26]. Increased 3-HK
causes neuronal cell death with apoptotic features and
region selectivity to the striatum [29]. We proposed in
this paper that the reduction in striatal 3-HK levels was
neuroprotective in these ido–/– mice and that IDO1
inhibition may be a promising therapeutic strategy for
HD [53].

The Ido1 transcript is highly enriched in mouse stria-
tum relative to other brain regions [27, 54]. In addition,
in silico analysis showed that Ido1 is co-expressed with
many striatal-enriched genes found in previous studies
[54]. Cell-type specificity of IDO1 expression has also
been investigated in mouse brain [27]. Striatal neurons
and astrocytes express high levels of Ido1 mRNA
at baseline, but ido1 transcript was not detectable in
microglia.

IDO1 IN AD AND PD

Since IDO1 facilitates the conversion of Tryp to
Kyn, the ratio of Kyn/Trp is used as an estimate of
IDO1 activity in many older studies. Widner and col-
leagues examined serum from 21 AD patients and 20
controls for Tryp and Kyn concentrations. Elevated
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Kyn/Trp ratio, primarily due to significantly lower Trp
levels was observed in patients’ serum [11]. Interest-
ingly, high correlations were found in patients between
Kyn/Trp and concentrations of soluble immune mark-
ers such as neopterin, interleukin-2 receptor, and tumor
necrosis factor receptor. Finally, this study demon-
strated that increased IDO1 activity in patients’ serum
correlated with cognitive impairment in AD [11].
These results suggest a possible link between increased
KP activity and the pathogenic processes involved
in AD.

Monocytic cells (macrophages and microglia)
primed with amyloid ß peptide 1-42 [16] released sig-
nificantly more QA following induction of IDO1. Inter-
estingly, IDO1 induction did not occur when cells were
primed with other peptides such as amyloid ß 1–40,
or prion peptide 106–126 [55–57]. Moreover, analy-
sis of human post-mortem brain samples has revealed
increased IDO1 immunoreactivity in AD hippocam-
pus, which was associated with senile plaques [13].
IDO1 is specifically co-localized with neurofibrillary
tangles in post-mortem AD hippocampal brain sections
[17]. IDO1 has also been implicated in PD, but has not
been extensively investigated. Kyn and Trp levels in
serum and CSF of 22 PD patients were compared to
those of 11 controls and Kyn/Trp ratios were increased
significantly in both the serum and CSF of PD patients
[11]. Additionally, the serum and CSF Kyn/Trp
ratios correlated with neopterin concentration reflect-
ing immune activation, and also correlated with disease
severity [11]. Inflammatory mechanisms, possibly
linked to KP pathway activation, appear to be involved
in the neuropathology of PD and AD (Table 1).

IDO1 IN HUNTINGTON’S DISEASE

Increased IDO1 activity in HD increases the
production of the neurotoxic metabolites 3HK and
QA, thus linking elevated susceptibility to NMDA-
mediated neurotoxicity in HD with increased KP
activity. Plasma Kyn to Trp ratio (a measure of IDO1
activity) is increased in HD [58]. While many studies
have measured KP metabolites in the brain of HD
patients and mouse models, IDO1 activity has not
been investigated extensively. Our recent analysis
of YAC128 mouse brains has revealed early and
region-specific changes of Kyn/Trp ratio as a measure
of IDO1 activity [27]. These studies revealed higher
Kyn/Trp ratios in the striatum, indicating an important
role for the first step of the kynurenine pathway in this
model system.

OTHER ENZYMES IN THE FIRST STEP OF
TRYPTOPHAN DEGRADATION (TDO2
AND IDO2)

Despite both catalyzing the dioxygenation of tryp-
tophan, the first step in the kynurenine pathway, the
sequence similarity between TDO and IDO is low.
Alignment of sequences across this family of enzymes
is only possible on the basis of their structures. Human
IDO shows activity toward a wider range of substrates
than TDO, and is found throughout the body, while
TDO is limited to the liver and epidermis. To date, no
functional prokaryotic IDO has been identified, while
TDO is found in many bacteria.

Table 1
Summary of IDO1, IDO2, and TDO changes reported in AD, HD, and PD model systems and patients
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While IDO1 is expressed widely in most extra-
hepatic tissues, TDO2 has been considered the
main enzyme converting Trp to Kyn in the liver.
Recently however, there has been increasing evi-
dence for the role of TDO2 in the brain (59, 30).
TDO2 and IDO1 are different in their regulation and
are induced/inhibited through different physiological
mechanisms. For example, the family of interferons (�,
�, y), tumour necrosis factor � (TNF�), platelet acti-
vating factor, T-antigen 4, HIV1 proteins (Nef and Tat),
Amyloid beta peptide 1–4, Trp, and Trp analogues are
well-known inducers of IDO1 while TDO2 is mainly
induced by Trp, Trp analogues, and glucocorticoids
[60]. On the other hand, IL-4, nitric oxide, and COX-
2 inhibitors are known to inhibit IDO1 expression
whereas indoleamines, nicotinamide analogues, and
several antidepressant drugs are effective inhibitors of
TDO2 [60].

Interestingly, inhibition of TDO2-mediated Trp
degradation has been shown to delay aging and aging-
associated protein homeostasis in C. elegans [61].
IDO2 or IDO-like gene was first discovered in 2007
to be a paralog of IDO1. Both genes have very similar
genomic structures and are located adjacent to each
other on chromosome 8 in both mouse and human
genomes. These genes are likely to be the result of
gene duplication and seem to have similar enzymatic
activity (ie. conversion of Trp to kyn) but are differ-
ent in their expression patterns and their selectivity for
some inhibitors [62]. Evolutionarily, the IDO ancestor
gene was found to be more similar to IDO2 than IDO1
and while IDO1 is found in mammals and yeast, IDO2
is present only in mammals [6].

To examine the potential involvement of Ido2 and
Tdo2 in facilitating Trp to Kyn conversion, the expres-
sion patterns of the transcripts corresponding to these
enzymes was assessed in the brains of the YAC128
mouse model of HD and Ido–/– adult mice [27]. Ido1
and Ido2 proteins are encoded by genes adjacent to
each other on human and mouse chromosome 8 and
are 43% similar in amino acid sequence. These two
genes are paralogs that have resulted from the duplica-
tion of an ancestral Ido gene. Tdo2 on the other hand is
structurally unrelated to Ido1 and Ido2 but has similar
functions [6]. While Tdo2 has mainly been postulated
to function in the liver, it has a recently described
function in adult neurogenesis and in anxiety-related
behavior in mice [59]. This suggests a role of this
enzyme in some higher brain functions. The Ido2
expression pattern is similar to that of Ido1 in that
it is highly enriched in the striatum compared with
other brain regions. Similar to Ido1, Ido2 mRNA was

not expressed in the striatum of Ido–/– mice. This
suggested that the knockout construct designed for
the generation of Ido–/– mice also targeted Ido2, and
that these animals are null for both Ido1 and Ido2.
Unlike Ido1, Ido2 expression however, did not change
significantly in the striatum of YAC128 mice. Tdo2
expression was not detectable in the striatum and was
only present in the mouse cerebellum. Levels of cere-
bellar Tdo2 did not change in either of the YAC128
or Ido–/– mice [53]. These mouse data support a role
for IDO1 as the primary KP enzyme involved in brain
regions affected in HD.

The kinetic parameter Michaelis–Menten constant
(Km) which is a reverse measure of enzymatic affinity
for substrate, in this case Trp, was shown to be
different for each of the three enzymes. The Km value
is ∼20 �M for human IDO1 and ∼100 �M for human
TDO2 [6]. The Km value of IDO2 is estimated to be
500–1000 fold higher than that of IDO1 [6]. These
findings demonstrate that among the three enzymes;
IDO1 has the highest affinity for substrate Trp, is
highly expressed in striatum, and has elevated expres-
sion in HD brain and mouse models [27]. Increased
peripheral Kyn levels were also found in the plasma
of YAC128 mice. This Kyn may cross the blood brain
barrier (BBB) and add to the pool of striatal Kyn.
Plasma Kyn/Trp was also assessed in these mice, as
the state of the KP in the periphery can affect the KP
in the CNS and several KP metabolites can traverse
the blood brain barrier (BBB) [3]. Increases in plasma
Kyn and Kyn/Trp could potentially contribute to the
increase in the pool of Kyn in the striatum where
it is converted to 3-HK in a region-specific manner.
Given the significant levels of transcript enrichment
in the brain and much lower Km, it is very likely
that IDO1 is the predominant enzyme responsible for
the first step in the KP converting Trp to Kyn in the
brain [53]. This study also showed that brain levels
of IDO1 are further increased in HD, likely due to
local inflammation.

IDO1 AS A THERAPEUTIC TARGET

Targeting the KP in HD has drawn a great deal of
attention in the past few years. This involves strate-
gies that shift the pathway toward generation of KA
and away from production of 3-HK and QA. In other
words, the therapeutic strategy is considered success-
ful when the imbalance in KP resulted from increased
neurotoxicity over neuroprotection is reversed. So far,
KMO inhibition has been validated as a therapeutic
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strategy for HD. It has been shown that the peripheral
inhibition of this enzyme by a novel orally bioavail-
able prodrug (JM6) decreased synaptic loss in brain
and increased the lifespan of the R6/2 mouse model
[34, 63].

While the first step of the KP is located upstream of
both neuroprotective and neurotoxic branches, there
is increasing evidence that inhibition of this step may
push the balance towards the neuroprotective metabo-
lites [61]. A study in Drosophila models of HD also

showed that the reduction in the activity of the first
step through genetic inhibition of Tdo2 (flies do not
express Ido1 or Ido2) protected flies from mHTT-
mediated neurotoxicity [31]. No therapeutic studies
of IDO1 inhibitors have yet been published in mouse
models of HD. The potential mode of administration
of various IDO1 inhibitors, their specificity, and ability
to cross the BBB are issues yet to be resolved in the
development of compounds targeting IDO1 as effec-
tive therapies for HD.

Fig. 2. A model describing potential mechanism(s) involved in the selective vulnerability of the striatum in HD based on the YAC128 model. We
propose that induction of Ido1 expression and activity in the striatum by mutant huntingtin (mHTT) and inflammation plays a central role in the
observed imbalance of downstream kynurenine pathway metabolites. This imbalance, and altered transport of kynurenine pathway metabolites
through the blood brain barrier (BBB) from blood to CNS, may result in increased sensitivity of striatal neurons to glutamate toxicity in HD.
Dates (months) provided in the figure refer to findings at those ages of YAC128 mice, with 12 months representing an advanced stage with
significant striatal cell loss.
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SUMMARY

In summary, studies investigating IDO1 the first
enzymatic step of the kynurenine pathway in neu-
rodegeneration suggest that inhibition of this enzyme
is likely neuroprotective in HD. The early and
region-specific induction of IDO1 in the brains of
HD mouse models suggests that this enzyme plays a
central role in the observed imbalance of the kynure-
nine pathway (summarized in fig. 2). The changes in
IDO1 should be taken into account when assessing
therapeutic targets that act downstream in this pathway.
These findings open new doors toward understanding
novel mechanisms involving tryptophan degradation
and suggest potential future therapies for HD.
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