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Abstract
The different branches of kynurenine pathways of tryptophan metabolism are the important mechanism to elucidate various
neurological and immunological disorders. There is a substantial body of evidence indicating the involvement of kynurenine
pathway (KP) in the pathophysiology of some neuropsychiatric and neurodegenerative perturbation. This pathway generates
neuro-active compounds, those can interact with neurotransmitters receptors in the central nervous system (CNS). According to
some recent studies, there are a strong relation between KP’s related enzymes such as indoleamine 2,3 dioxygenase (IDO) and
tryptophan 2,3 dioxygenase (TDO) activation and neurological disease. In this review article, we focus on the level/ratios of
different metabolites and precursors such as tryptophan (TRP), 5-hydroxytryptamine (5-HT), kynurenine (KYN), kynurenic acid
(KYNA), and quinolinic acid (QUIN) in order to find the link with the KP-induced neuropathologies. Kynurenine metabolism is
hypothesized to be one of the key mechanisms that link inflammation and depression. Some factors such as exercise (through
PGC-1α), inflammation, stress, and somemedication have the remarkable effects on KP.We highlight the role of different causes
such as inflammation and stress, Tryptophan-kynurenine pathway with the whole biochemical and organ-specific biochemistry,
and the neuropathomechanism of related pathologies. Here, we discuss the relations, the changes, and the mutual effects of KP
with major depressive disorders, bipolar disorders, schizophrenia, Parkinson’s, and Alzheimer’s disease.
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Abbreviations
KP Kynurenine pathway
KYN Kynurenine
KYNA Kynurenic acid
TRP Tryptophan
3-HK 3-Hydroxykynurenine
AA Anthranilic acid
XA Xanthurenic acid
TDO Tryptophan 2, 3 dioxygenase
IDO Indoleamine 2, 3 dioxygenase
KAT Kynurenine aminotransferase

KMO Kynurenine monoxygenase
NAD Nicotinamide adenine dinucleotide
BDL Bile duct ligation
NMDA N-methyl D-aspartate
GSH Glutathione
TPH Tryptophan hydroxylase
5-HIAA 5-hydroxyindoleacetic acid
BD Bipolar disorders
HD Huntington disease
AD Alzheimer’s disease
PD Parkinson’s disease
MDD Major depressive disorders
TLR Toll-like receptors
MT 1-Methyl tryptophan
BDNF Brain-derived neurotrophic factor
TrkB Tropomycin receptor kinase B
PFC Prefrontal cortex
CA3 Cornu ammonis of hippocampus
MS Multiple sclerosis
FNDC5 Fibronectin type III domain containing 5
CSF Cerebrospinal fluid
PPI Prepulse Inhibition
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
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PIC Picolinic acid

Introduction

Tryptophan (TRP) is an essential amino acid and a mother
molecule for 5-HT and the metabolites of KP such as
kynurenine (KYN), 3-hydroxykynurenine (3-HK), KYNA,
and QUIN. Kynurenine pathway (KP) is an important path-
way of tryptophan metabolism that takes place in the kidneys,
liver, and brain of various mammals such as human, rat, mice,
rabbits, monkeys, and guinea pigs. Along this pathway, varied
neuroactive and redox activities take place. A total of 95% Trp
is metabolized within tissue-specific pathways by the rate-
limiting enzymes tryptophan 2,3-dioxygenase (TDO1/2) and
indolamine 2,3-dioxygenase (IDO1/2) [1] KP to produce
NAD+, an important redox cofactor for energy metabolism
[2]. IDO1 plays the key role by regulating L-tryptophan levels
and T cell differentiation. In recent studies, several IDO1 in-
hibitors are currently being tested in clinical trials for cancer
treatment as well as for the treatment of several other pathol-
ogies [3]. IDO1 genetic study shows its regulation by two
pathways, i.e., interferon-gamma-dependent and interferon-
gamma-independent pathways [4–7]. The increased neuroac-
tive metabolite concentrations of KP in the central nervous
system are associated to the pathophysiology of several
inflammation-related neuropsychiatric and neurodegenerative
diseases [8]. In response to inflammatory stimuli, the initial
pathway is started with IDO1 which produces KYN from
TRP. Subsequently, the KP has two different sub-pathways;
the first sub-pathway is catalyzed by kynurenine 3-
monooxygenase (KMO) which produces 3-HK and QUIN,
and the second one is regulated by kynurenine aminotransfer-
ase (KAT) which is responsible for kynurenic acid (KYNA)
production [9].

As it is highly important to describe KP regulatory mecha-
nisms, therefore we focus on the properties of neuroactive me-
tabolites, especially on the regulation of the KP enzymes in
neuropsychiatric diseases. Whereas, interferon-gamma activity
is increased with age, thus there is well-known associated rela-
tion between these findings and chronic health conditions such
as diabetes, dementia, and sarcopenia [10]. Previous studies
have demonstrated that associations between the imbalance of
KP and depression are driven either by an increase in neuro-
toxic QUIN [11–13], or by a decrease in neuroprotective
KYNA [14–16]. In recent studies, the individual metabolite
QUIN shows to be driving the association between sleep dis-
turbance and the reduction in KYNA/QUIN ratio observed in
currently depressed subjects. The KYNA/QUIN might have
contributed to the sleep disturbance in different degrees [17].
According to previous and recent studies, dysregulation of KP
has been associated to neurodegenerative disorders such as
Alzheimer’s, Huntington, and Parkinson’s diseases [18], and

it is also confirmed that depression and inflammation exacer-
bate each other through KP [19]. Depression could increase
systemic inflammation, which could activate the KP and lead
to other neurobehavioral disturbances [20]. KYNA, QUIN, and
xanthurenic acid are neuroactive compounds that interact with
different types of glutamate receptors [21]. KYNA acts as a
competitive antagonist at the glycine site of NMDA receptor,
thereby exerts neuroprotective and anticonvulsant activity [22].
All the KP-related enzymes are involved in the above discussed
cerebral disorders, but IDO is in the most predominant one
[23]. An increase level of serum IL-6, IL-1β, and TNF-α were
observed after 7 days bile duct ligation (BDL) in rats; progres-
sive decline in memory, depressive disorders and anxiety, ac-
companied by IDO expression due to BDL, decrease in 5-HT
and KYN, and increase in KYN and 3-HK levels was shown
[23]. This phenomenon shows that KP is an important trajec-
tory in mediating the effects of inflammatory cytokines in dif-
ferent regions of the brain [24]. In this case, TRP is more likely
to be metabolized to KYN and subsequently to QUIN, an
NMDA receptor agonist and excitotoxic agent [25], and in
parallel, obviously a low cerebral 5-HT level will occur.
Some studies have confirmed that IDO expression and relative-
ly higher level of QUINwere found in animal model of depres-
sion, and the inflammation-induced depressive-like symptoms
were prevented by IDO inhibitor, 1-methyl tryptophan treat-
ment [26]. Protein and mRNA expression level of IDO1 was
increased by inducing pro-inflammatory cytokines activation in
cerebral cortex and hippocampus, while TDO enzyme activity
was not modulated in any brain region by this mechanism [23].
Physiologically, the metabolism of kynurenine is compartmen-
talized within the brain regions of astrocyte and microglia,
which depends on the location specificity of enzymes such as
KATand KMO [27]. To be more specific, it means that KYN is
differently biotransformed by either astrocyte or microglia, in
order to produce distinct neuroactive metabolites. The neuro-
toxic compound, 3-HK, and the downstream catabolites such
as 3-hydroxyanthranilic acid (3-HAA) and QUIN are produced
in microglia and other cells of monocytic origin, while the
synthesis of neurotoxic compound KYNA is carried out in
astrocytes, neurons, and oligodendrocytes [28].. Reactive oxy-
gen species can also induce KP activation, which can be mod-
ulated in redox environment [29]. A recent study has shown
that cellular and particularly the mitochondrial toxicity wors-
ened by co-incubation of copper with 3-HK and 3-HAA [29].
These consequences are attributed to the effects of 3-HK and 3-
HAA on respiratory control followed by ATP decline and cell
death [30]. Alongside the above mechanism, these metabolites
are able to form reactive compounds such as xanthommatin
radical, p-quinone, and 4,6 dihydroxyquinolinequinone car-
boxylic acid, with mitochondrial and cellular toxicity [31].
GSH, an antioxidant which is abundant in astrocytes and nec-
essary for SOD activity, could also be affected by oxidative
kynurenines [32]. 3-HK could be deaminized in astrocyte by
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KAT to 3-hydroxykynurenin glucoside, which is able to form
adduct to GSH and decrease active GSH level [29]. Besides,
the QUIN toxicity to glutamatergic neurotransmission and
excitotoxicity, oxidative stress induced by some KP metabo-
lites triggers neurodegenerative diseases.

Major depressive disorders are partly attributed to TRP-5-
HT-KYN metabolic machinery. Therefore, some recent stud-
ies focused on the correlation between KP and suicidality.
Patients diagnosed with or in risk of suicidality have shown
elevated level of central nervous system inflammation, as well
as peripheral blood inflammation, dysregulation of KP, an
imbalance of metabolites (increased QUINA and decreased
KYNA serum level) [33], a predominant suggested mecha-
nism to develop suicidality. The NMDA receptor antagonist,
ketamine, has shown to produce anti-suicidal and anti-
depressant effects via intravenous injection [34]. From this
point of view, the role of KYNA, and QUIN brain level,
would be taken into consideration in suicidality.
Nevertheless, the biological mechanism underlying complete
suicide or suicide attempt has not yet been known, but the
disorders of hypothalamic-pituitary-adrenal axis and seroto-
ninergic system can be involved [33]. Within inflammation-
induced KP, the availability of TRP is decreased toward sero-
tonin synthesis [35]. A total of 40% decrease in plasma TRP
level and 40% increase of plasma KYN/TRP ratio was ob-
served in suicide attempted patients diagnosed with major
depressive disorder (MDD) compared with non-suicide
attempted with MDD and healthy controls [36].

Some recent studies also show the interaction between
endocannabinoid system and KP in relation to migraine,
via glutamatergic system interference [37, 38]. It is clear
that KP metabolites, particularly QUIN and KYNA have
their effect through glutamatergic system. Besides AMPA,
glutamate is an ionic neurotransmitter of NMDA receptor,
and glutamate excitotoxicity is related to NMDA receptor
hyperexcitability. A large body of evidences shows that
increased glutamate level in synaptic space activates
NMDA receptor and leads to large amount of Ca++ entry
to the cell. Ca++ entry induces the activation of some
proteolytic enzymes such as endonuclease, phospholipase,
and protease, which are massively responsible for damag-
ing cells and DNA structure and results into nerve cell
death [39]. Hence, these mechanisms are strongly sug-
gested to be involved in the pathophysiology of migraine
[40]. QUIN is able to induce nerve cell death, lipid per-
oxidation, and inhibit the reuptake of glutamate resulting
in increased synaptic glutamate level [41, 42]. Contrarily,
KYNA and its related halogenated compounds are sup-
posed to be the future drug candidates in migraine treat-
ment. These compounds such as 7-chlorokynurenic acid
and 5, 7-dichlorokynurenic acid can cross blood-brain
barrier opposite to KYAN and both have increased affin-
ity to glycine-binding site of NMDA receptor [43, 44].

These findings suggest that the decreased brain KYNA
level shows that the glutamatergic system was overactive
in chronic migraine.

Schizophrenia is also remarkably considered as one of the
disorders with high risk of suicide [45]. Dopaminergic system
hyperactivity is thought to be the predominate hypothesis.
However KYNA induces both positive and negative symp-
toms, cognitive deficit and exacerbates psychotic symptoms
in schizophrenic patients [46]. In different studies compared
with the control group, significant increase of KYN level have
been shown in patient diagnosed with schizophrenia [47].

Kynurenine Pathway of Tryptophan
Metabolism

Tryptophan is one of the nine essential amino acids, which fol-
lows a complicated pathway of metabolism in animals.
Tryptophan has a unique characteristics than other amino acids,
such as being derivative of indol, circulates primarily 95% bound
to albumin, and present in the blood at low concentration [19,
48]. Free tryptophan is metabolized in CNS, neurons, astrocytes,
glial cells, and dendrites; and in periphery, by hepatocytes, im-
mune cells, and skeletal muscles [49–51]. Inflammatory media-
tors such as interferon-gamma and some interleukins activate
IDO, an enzyme that metabolizes tryptophan TRP to KYN;
hence, the ratio of KYN/TRP reflects the level of IDO activity.
IDO is also induced by some interleukins such as IL-1 and IL-6
[52], or by tumor necrosis factor (TNF) [24], while IL-4 reduce
the activity of IDO [53]. KYN is metabolized into 3-HK by the
enzyme KMOwhich is similarly upregulated under inflammato-
ry conditions, leading to an increase QUIN level in the putative
neurotoxic branch of the KP [14, 25]. TRP is also the main
precursor for the synthesis of NAD+. Partially, TRP is broken
down by different pathways, including KP in which the indol
ring is cleaved by both TDO1/2, or by IDO1/2 [39]. TDO is
generally expressed in the liver, while some recent studies show
its expression in the CNS of rat and human [47, 54]. TDO’s
activity is regulated by ROS, which reduce the ferric state (inac-
tive form) to active form (ferrous state) of this enzyme [55, 56].
Both IDO1 and IDO2 have the same catalytic activity but differ
in a sense that IDO1 has a significantly higher affinity toward
TRP than IDO2 [57].

KP always remains responsible for 95% degradation of
TRP, and the liver is a major site for TRP degradation [58].
In this pathway, the pyrrole site of TRP is opened by TDO in
the liver or by IDO in other organs of the body such as the
brain [49]; then, the product is hydrolyzed to KYN by N-
formyl kynurenine formamidase [9]. KYN is further hydrox-
ylated by kynurenine hydroxylase to 3-HK and subsequently
hydrolyzed by kynureninase to 3-HAA [8, 9]. KYNA is pro-
duced when KYN is catalyzed by KAT [22]. KYN could also
be converted to anthranilic acid by kynureninase. KYN and 3-
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HK is transaminated to KYNA and xanthurenic acid, respec-
tively, within a minor reaction [59]. 3-HAA is converted to
quinolinic acid by non-enzymatic cyclization of acroleyl
aminofumarate [9]. Acroleyl aminofumarate may be convert-
ed to picolinic acid by a specific carboxylase, which is thought
to be the second rate-limiting enzyme after TDO in rat liver
[60]. Whereas, tryptophan is the precursor for KP and seroto-
ninergic pathway, therefore a narrow association between
these two pathways has been known (Fig. 1). The main route
of elimination of KYN and its metabolites is renal excretion
[61]. In addition, the kidneys are able to uptake KYN and 3-
hydroxykynurenine (3-HK) from the blood, which are metab-
olized and excreted in the form of KYNA and xanthurenic
(XA), respectively [62]. Thus, the impairment of the kidney

function is likely to be associated with the retention of KYN
and its metabolites. The above data suggests that exploration
of KYNmetabolism could help to explain the pathogenesis of
certain diseases. KP metabolites could be found in the liver,
plasma, brain, muscle, intestine, kidneys, and lungs [9]. In
different pathologies, the level of KP metabolites and enzyme
are affected in these tissues [63].

Kynurenine

Kynurenine was first known as a precursor in the beginning of
the twentieth century, in 1950. The main product of L-
tryptophan kynurenine pathway degradation in peripheral tis-
sues is L-kynurenine, which is further converted to a series of

Fig. 1 The kynurenine pathway of tryptophan metabolism. The
predominant metabolite of the KP is L-kynurenine. The catabolism of
L-tryptophan by IDO and TDO enzymes represents the rate-limiting
step of L-kynurenine synthesis. IDO is induced by various
inflammatory stimuli, while TDO is expressed in the liver in normal
conditions. Kynurenine can be further metabolized to 3-HK, KYNA, or
QUIN by different enzyme in various cerebral, hepatic, or extrahepatic
regions. KAT (kynurenine amino transferase), QUIN (quinolinic acid), 3-

HAA (3-hydroxy anthranilic acid), 3-HK (3-hydroxy kynurenine), NAD
(nicotinamide adenine dinucleotide), KYNA (kynurenic acid), NAS (N,
acetyl serotonin), 5-HIAA (5-hydroxy indoleacetic acid), IDO
(indoleamine dioxygenase), TDO (tryptophan dioxygenase), KMO
(kynurenin monoxygenase), TPH (tryptophan hydroxylase), MAO
(monoamine oxidase), ASMT (acetyl-serotonin O-methyl transferase),
AANAT (aralkylamine N-acetyltransferase)
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metabolites, such as 3-HK, and anthranilic (AA), KYNA, XA,
and quinolinic (QA) acids [63]. As mentioned above, it is the
intermediate metabolite which can convert to different neuro-
active products. From this point of view, its study is signifi-
cantly important in modern neurodegenerative and psychiatric
disorders. KYN can easily pass through blood-brain barrier
and similarly not physiologically very active; that’s why re-
cent research works focus on its related active metabolites
[19]. Nearly 60% of CNS KYN comes from peripherally pro-
duced KYN, which can be transported through blood-brain
barrier [64]. KYNA and QUIN are not able to transport across
the blood-brain barrier [14]. We found that KYN/TRP ratio
was decreased by long-term endurance exercise in mice
(Tutakhail et al., in preparation).

Quinolinic Acid

QUIN is an important heterocyclic catabolite of
kynurenine pathway of tryptophan metabolism. Whereas,
tryptophan is mostly converted to 5-hydroxytryptamine
than N-formylkynurenine in serotonergic system of
CNS; thus, the concentration of QUIN is lower in CNS
than blood and systemic tissues [65]. During the brain
inflammation, macrophage, microglia, and dendritic cells
are the major source of QUIN production, while astro-
cytes did not show this ability due to the lack of KMO
enzyme [66]. The higher concentration of QUIN in CNS
is associated to many pathological conditions such as in-
flammation, depression, hyper-excitatory, and oxidative
stress [67]. The increased activation of NMDA receptor
produces excitotoxicity and lesion on CNS level catalyzed
by nitric oxide synthase (NOS). ROS and other free rad-
icals are produced in this reaction, perturb mitochondria
and cellular death [68, 69]. Some recent studies show that
QUIN induced neuronal cell death in intracerebral and
neuronal cell culture, [70, 71]. As an agonist of NMDA
receptor, QUIN increases glutamatergic transmission, de-
creases the reuptake of glutamate by astrocyte, and finally
increases glutamate level in synaptic region, which poten-
tiate excitotoxic effects in CNS [72]. QUIN maybe asso-
ciated with many other neurodegenerative diseases such
as Huntington disease [63], Alzheimer’s disease [73], and
AIDS dementia complex [74].

Kynurenic Acid

KYNA is also an interesting metabolite produced by KP,
by KAT in CNS and periphery [72]. It should be men-
tioned that KYNA cannot pass through blood-brain barri-
er [14]. KYNA is an endogenous catabolite, present in the
brain in nanomolar concentration [75]. KYNA is antago-
nist of NMDA receptor and acts on glycine modulatory
site at low concentration [76]. At higher concentration, it

binds to glutamate site and also acts on α-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionate (AMPA) receptor
[77]. Recent studies have confirmed the neuroprotective
role of KYNA by opposing the QUIN effects and reduc-
ing excitotoxicity [9]. KYNA similarly acts as α7-
nicotinic acetyl cholinergic receptor (α7AchR) antagonist,
which plays an important role in the pathogenesis of
schizophrenia [14]. Therefore, a higher KYNA level was
found in CSF of schizophrenic patients, around gluta-
matergic and dopaminergic site [78]. In some recent stud-
ies, G protein coupled receptor 35 (GPR35) and aryl hy-
drocarbon receptor (AhR), are the two receptors to which
KYNA demonstrate agonistic effects. GPR35 is expressed
in immune cells of gastrointestinal tissues and circulation
monocytes. After activation of GPR35 by KYNA, promo-
tion of monocyte extravasation, reduced inflammatory re-
sponse to lipopolysaccharide, and regulated cytokine re-
lease were observed [39]. KYNA can ameliorate immune
activation via AhR expression [51]. 4-chloro-kynunrenine
a prodrug of KYNA, which can easily pass through BBB,
has shown ketamine-like anti-depressant effects.
Neurobehavioral changes, induced by 4-chloro-
kynunrenine were compared with fluoxetine and keta-
mine, and the changes were significantly different with
both of them [79]. In our research work, we have found
that PGC-1α and KATs genes were significantly
expressed and subsequently caused an increased KAT pro-
tein translation by the exercise-fluoxetine combination, in
soleus and gastrocnemius muscle, respectively. The sig-
nificantly increase level of PGC-1α and KATs gene,
KAT protein and KYNA was confirmed in soleus muscle.
Accordingly, such as some previous studies, we con-
firmed that the plasma levels of KP metabolites were re-
markably changed by exercise and fluoxetine alone or in
combination (Tutakhail et al., in preparation). We also
found that the anxiolytic effects of exercise-fluoxetine
combination were correlated to the KP metabolites level
in the brain and muscles.

3-Hydroxykynurenine

3-HK is the neuroactive metabolite of KYN, catalyzed by
kynureninase [29, 80]. The physiological role of this metabo-
lite has not been known yet. The risk related to 3-HK can
easily pass through BBB contrarily to other metabolites [3].
Many studies have shown that immune stimulation especially
interferon-α increases the synthesis of 3-HK [67]. Contrary to
QUIN and KYNA, its binding site and affinity with NMDA
receptor have not been confirmed, and it is supposed that the
neurotoxicity of 3-HK is associated to the ability of ROS and
H2O2 production in CNS [19]. The intermediate metabolite of
3-HK, 3-HAA is capable of producing autoxidation as well as
superoxide anion and ROS [80].
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Tryptophan Metabolism and Related
Neuropathologies

Neuropsychiatric Disorders

Schizophrenia

Kynurenine pathway of tryptophan degradation produces var-
ious neuroactive metabolites [33]. The kynurenic acid hypoth-
esis of schizophrenia is based on the kynurenic acid activity in
CNS as NMDA and α7AchR receptors antagonist [14] This
hypothesis, supported by different studies, shows elevated
KYNA CNS level in schizophrenic patient [78, 81]. KYNA
is a neuroprotective metabolite, but it is well confirmed that
elevated brain KYNA concentration is contributed to alter-
ation in glutamatergic, cholinergic, and dopaminergic signal-
ing [76]. Some CSF and postmortem studies have confirmed
the initial study reports about KYNA brain level elevation,
both in drug-treated [82, 83], and drug-naïve schizophrenia
patients [84]. KYN, the precursor of KYNA, has been also
observed elevated both in CSF and cortical brain region of
patients diagnosed with schizophrenia [11, 83]. 3-HK is
seemed to be elevated in human dermal fibroblast in schizo-
phrenia disease [85]. Similarly, another metabolite of KP,
anthranilic acid, is also found to be increased in schizophrenia
[86]. Interestingly, it has also been observed that the CNS
KYNA level was higher in patient of schizophrenia with
HIV infection, than in schizophrenia-diagnosed individuals
without HIV infection [87]. It should be mentioned that plas-
ma level of KYNAwas observed both elevated [88] and de-
creased in schizophrenia [13, 14]. KYNA cannot cross the
blood-brain barrier in normal condition [89]; therefore, the
relation between plasma concentration and CSF, saliva, and
other tissues could not be assessed comprehensively.

There are many factors which control KYNA brain level:
(1) The brain level of some amino acids, such as glutamine,
L-α aminoadipate and phenylalanine, which are competitive
substrates for KAT 1 and 2 [90]; (2) KYN and probenecid as
active pharmacological agents inhibit the efflux of KYNA out
of the CNS; and (3) drugs inhibiting the neurotoxic branch of
KP (blocking KMO and production of QUIN) [91–93].

According to some old and recent studies, indomethacin
and diclofenac, inhibitor of COX-1, elevate brain level of
KYNA [93, 94].Whereas, the formation of KYNA is indirect-
ly controlled by KMO activity; some recent studies have con-
firmed that the expression of KMO gene and KMO activity is
reduced in the prefrontal cortex and ocular field of patients
diagnosed with schizophrenia [82, 95]. There is a narrow re-
lation between inflammation and KP, thus it is suggested that
neuroinflammation or infection might be causal factor, under-
lying pathophysiology of schizophrenia [96, 97]. Some epide-
miological studies have shown that offspring whose mothers
were seropositive during pregnancy are more vulnerable for

schizophrenia [98]. Enhanced activation of cytokines, recruit-
ment of T cell, and neurodegeneration are the most known
hallmarks of neuroinflammation. Whereas, interleukin plays
inflammatory and non-inflammatory role, hereby IL-1β and
IL-6 involvement in activation of KP ismarkedly considerable
[15, 94, 96]. A postmortem study of patients diagnosed with
schizophrenia has confirmed a higher level of mRNA of IDO
and TDO expression, and TDO2 immunopositive astroglial
cell in prefrontal cortex, than that of control subjects [99].
As TDO2 is located in astrocytes, thus the mentioned upreg-
ulation would lead to production of KYNA. Studies have
shown that KYN administration in rodents, either in adoles-
cence or during late pre-natal development stage, is associated
with impaired neurobehavioral and social interaction, cogni-
tive flexibility, and long-term potentiation [100–102].

Some behavioral investigations show that neonatal admin-
istration of L-kynurenine as well as infection was associated
with increased responsiveness to d-amphetamine in the open
field, disrupts prepulse inhibition (PPI), and reduces working
memory [100, 101]. CSF level of KYNA has been confirmed
to correlate with CSF 5-hydroxyindoleacetic acid (5-HIAA),
but the reason for this correlation is unknown [102]. Low CSF
5-HIAA concentration, a clear sign of serotoninergic system
deficit, can be contributed to mood disorders and suicidal
behaviors [103].

Bipolar Disorders

Bipolar disorder (BD) is characterized by two episodes,
manic and depressive [104]. The pathophysiology of bi-
polar disorder is less clear than other major psychiatric
disorders [105]. There are three pathophysiologic hypoth-
eses suggesting the mechanism of BD: (1) electrical sig-
naling; (2) parasynaptic neurotransmitter-receptor signal-
ing system; and (3) post-receptor neuro-chemical signal-
ing [106]. Studies have been carried out to find the rela-
tion of BD with biogenic amino acids, but the result was
inconsistent [107, 108]. Genetic studies on tryptophan hy-
droxylase and serotonin transporter gene have also shown
controversial results [109, 110]. Recent studies have
shown the involvement of NMDA receptor in manic re-
lapse [111], and similarly the upregulation of KP was
demonstrated in postmortem anterior cingulated cortex in
patients diagnosed with BD [47]. The role of NMDA re-
ceptor involvement related to cytokine-serotonin system
interaction through IDO is suggested to be responsible
in the treatment resistance against major depressive disor-
ders [112]. The ratio between kynurenic acid and
kynurenine is lower in major depression, and this im-
paired neuroprotection is proposed to be involved in the
pathophysiology of bipolar disorders, which is also
NMDA receptor-dependent mood disorder [14].
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Major Depressive Disorders

MDD is a major neurological problem around the world and
will be the leading cause of years lost to disability in 2030
[113]. The role of KP in MDD is studied with its molecular
and genetics level [49, 112]. It is strongly suggested that
stressful life condition is associated with decreased brain-
derived neurotropic factor (BDNF) and increased 3-HK level,
and the myokine, so-called irisin (exercise hormone) and
QUIN would be novel serum biomarkers of cognitive impair-
ments [114]. In recent studies, exercise-induced BDNF alter-
ations have been attributed to the irisin and KP. KP is a link
between tringle of lifestyle factors, cognitive activity, and
neuroplasticity [114]. Particularly, a decreased level of neuro-
protective KP metabolite (KYNA) and increased level of neu-
rotoxic KP metabolite (QUIN) were detected in several mood
disorder types [115]. Whereas among mammals, females have
greater expression of toll-like receptor (TLR), increased
interferon-1 activity, elevated activity and number of macro-
phages, T cells, and B cells; therefore, they are more vulnera-
ble to KP-induced major depressive disorders [116]. Studies
have shown that lipopolysaccharides did not induce depres-
sion in rodents when the KP was blocked genetically or phar-
macologically, even if the pro-inflammatory cytokines were
remained elevated [115].

Major depressive disorder is a heterogeneous neurological
problem characterized by low mood and anxiety, loss of inter-
est, and pleasure in normally enjoyable life activities.
Neurodegenera t ive and somat i c symptoms and
neurocognitive impairments are also the particular clinical
symptoms. Whereas, the exact pathomechanism of MDD is
still not been well known, but the most predominant nervous
monoamine systems (5-HTergic , adrenergic and
dopaminergic) are counted to be the most involved factors in
MD. A huge body of evidences confirms that hypothalamo-
pituitary-adrenal (HPA) axis hyperactivity is also associated to
the pathogenesis of MDD. HPA system to the response of
chronic stress increases the release of corticotropin and corti-
sol [117].

During the last two decades, the relationship between de-
pression and some pathological conditions such as inflamma-
tory and neurodegenerative disorders, diabetes, and cardiovas-
cular disease have received progressively more attention in
research [5, 49]. It is worth to mention that various diseases
may contribute to direct or indirect pathophysiological effect
on the brain [118]. Inflammation is a good example of the
above-mentioned chronic somatic disease, which is strongly
attributed to the neuropsychiatric deviations such as MDD
[119]. Immune activation, the serotoninergic system, and KP
are closely linked via few shared characteristics such as
IDO1/2, HPA system and neurodegeneration [3, 112, 120].
A tight link is confirmed between the induction of IDO and
neuropsychiatric symptoms, in patients suffering from

immunopathologies [121]. In vitro, it was shown that IDO
induction via T cell activation removed all the available tryp-
tophan in culture medium within 48 h [122]. Due to
immunobiochemical interaction between 5-HT biosynthesis
and inflammation, a remarkable increased depressive-like be-
haviors were observed in patients with chronic inflammatory
disorders [48, 122–124]. Some studies have shown that anti-
depressants such as imipramine, venlafaxine, fluoxetine, and
sertraline attenuate the expression of inflammatory bio-
markers, responsible for the depressive symptoms and re-
duced TNF-γ/IL-10 ratio [125]. According to a recent study,
serum IL-6 level represents a predictable biomarker for
ketamine’s anti-depressive effects in patient with treatment-
resistant depression [126]. These prove confirm the mutual
effects between inflammation and depression.

The hippocampus and cortex are the most pivotal brain
areas where the KP metabolites commence their toxic effects
[23, 27]. Following inflammation, induced by peripheral lipo-
polysaccharides treatment, neuroactive metabolites level of
KP was evaluated in the dorsal hippocampus, ventral hippo-
campus, central amygdala, and nucleus accumbens. KYN, 3-
HK, QUIN, and XA levels were elevated in all aforemen-
tioned brain area, but in the dorsal hippocampus, the level
was significantly higher for neurotoxic metabolites [27].
These changes were not seen in KMO−/− hydroxyanthranilic
acid dioxygenase knockout (HAAO−/−) mice. While
depressive-like neurobehavioral changes were re-expressed
by 3-HK subcutaneous administration in dose-dependent
manner. The IDO1 inhibitor, 1-MT (1-methyl tryptophan), in
the same manner decrease KP neurotoxic branch metabolites
in the hippocampus and cortex, and consequently decreased
the depressive-like behaviors [23].

BDNF is necessary for normal brain activity [125, 127].
Studies show that BDNF−/+ mice are more vulnerable to low
level stress than wild-type mice [127]. In some recent re-
searches, the relations between stress, inflammation, KP in-
duction in hippocampus and forebrain as well as the role of
BDNF in modulation this pathway was studied. It was also
confirmed that the anti-inflammatory cytokine, IL-10, was not
expressed in heterozygous BDNF−/+ mice. IL-10, which neg-
atively modulates microglia activation, was significantly in-
creased in the hippocampus and forebrain of wild-type mice
[128]. KYNA was increased in wild-type mice due to astro-
cytes activation, while 3-HK was increase in BDNF−/+ mice
due to microglia activation, after unpredictable mild stress
[128]. This study shows that stress-sensitive BDNF−/+ mice
are more vulnerable to mild stress application, which induce
the neurotoxic branch of KP by producing neurotoxic metab-
olites such as 3-HK and subsequently QUIN. The real molec-
ular mechanism between BDNF deficiency and depressive-
like behavior remains unclear, and further studies are sug-
gested in this regard. Depressive-like behaviors were raised
by lipopolysaccharide-induced inflammation, via BDNF-
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TrkB pathway alteration in the prefrontal cortex, hippocam-
pus, and nucleus accumbens [125]. These effects were con-
firmed by BDNF receptor TrkB (tropomycin receptor kinase
B), agonist and antagonist. BDNF expression is decreased in
PFC and, CA3 and dentate gyrus area of the hippocampus and
decrease in nucleus accumbens [129] of patients with depres-
sive symptoms [125]. Stressful life events were confirmed to
be associated with reduced BDNF and increased 3-HK serum
level [114]. Some experiments show the involvement of
BDNF in positive effects of physical exercise, which have
been linked to the induction of physical exercise–activated
myokine irisin (exercise hormone) and KP [114, 130]. Irisin
is cleaved from the transmembrane receptor fibronectin type
III domain-containing 5 (FNDC5) in skeletal muscle and se-
creted into the periphery as a myokine from where it acts on
adipocytes. FNDC5 which is expressed by physical exercise
resulted in elevated irisin and BDNF and subsequent stimu-
lated hippocampal neurogenesis in vitro [131].

Neurodegenerative Diseases

Multiple Sclerosis

Multiple sclerosis (MS) is one of the most known neurode-
generative disorder, attributed to impaired KPmetabolism and
altered KP intermediates presence in CNS [132]. It is thought
that MS progression is due to the activation of pro-
inflammatory cytokines IFN-gamma and TNF-alpha, thereby
related to IDO1 expression [133]. KAT activity as a compen-
satory mechanism was elevated in plasma of MS patients.

Some recent studies have strongly suggested the role of KP in
prevalence of Huntington disease (HD) [118, 134]. The clear
evidence of involvement of neurotoxic/neuroinflammatory
branch of KP and HD was found in animal studies and in HD
patients [135]. The level of neuroprotective KP’s metabolite,
KYNA, was decreased in the brain cortex, striatum, and CSF,
whereas QUIN, 3-HK, and other neurotoxic metabolites levels
were elevated in MS [135] . In mice model of HD, the inhibition
of KMO has shown a decrease in neurodegeneration and a sig-
nificant amelioration of the MS pathology [136]. Depressive
symptoms caused by IFN-α, which activates IDO1, enhances
KP and decreases serotonin availability. This phenomenon was
confirmed in patients undergoing IFN treatment for hepatitis C or
cancer [123]. Beside serotonin degradation by MAO to 5-
hydroxyindolacetic acid, IDO1 also catabolize serotonin into
formyl-5-hydroxykynuramine [123]. As the serotonergic system
alteration have been directly related to MS [137], therefore this
co-metabolism of serotonin will further exacerbates the depres-
sive state due to the serotonin deficiency which subsequently
affects the neurotransmission of dopamine, norepinephrine, and
melatonin. IDO also degrades melatonin, the circadian rhythm
regulator, into N-acetyl-N-formyl-5-methoxykunuramine within
KP and mediate seizure activity in MS [138]. As the melatonin

precursor, serotonin level is already decreased in inflammatory
state and melatonin production is disrupted. These two additive
mechanisms worsen the MS pathology [139].

Parkinson’s Disease

Parkinson’s disease (PD) is a long-term neurodegenerative
worldwide CNS disease that mainly effects the motor neurons
and induced by multiple pathogenic factors which are not yet
fully elucidated [140]. PD effects 1% of world’s population
aged over 60 [141]. It is characterized by tremor, bradykinesia,
limb rigidity, and freezing of gait due to progressive degener-
ation of dopaminergic system neurons [142]. KP is one of the
inducible causes of PD [140, 143]. Lower plasma level of
TRP, KYN, KYNA, and KYNA/KYN, and higher level of
QUIN/KYNA ratio were confirmed in a cohort study of 118
PD patients compared with normal controls [144].
Kynurenine pathway’s abnormality and production of neuro-
active toxic metabolites have been closely linked to PD [143].
The NMDA receptor activation, excitotoxicity and lesion to
the brain, lipid peroxidation in iron dependent manner, ROS
production [145], and similarly the increase in brain nitric
oxide synthase level are the most cited mechanisms attributed
to QUIN-induced PD [144]. QUIN level in the striatum and
cortex was elevated, whereas the KYNA level in striatum and
CSF was significantly reduced in patients diagnosed with PD
[145]. Some recent works demonstrated a significant change
in the KP plasma metabolites in PD patients with levodopa
induced dyskinesia (LID) compared with non-LID [146]. The
increased 3-HK/KYN and decreased 3-HAA/3HK and XA/3-
HK plasma levels are directly related to the elevated KMO
activity [144]. As the absolute plasma level of TRP and KYN
was not significantly different between PD and non-PD pa-
tients, it supports that the KP was shifted toward increased
level 3-HK by KMO activity and decreased KYNA and
anthranilic acid [146]. The enhanced 3-HK/KYN plasma level
and its special tendency toward CSF suggest that this specific
change in KP have being carried out in synaptic zone of basal
ganglia, where it activates glutamatergic neurotransmission
[147]. The main factor in this change is higher activity of
NMDR, potentiated by endogenous glycine and pre-synaptic
nicotinic acetyl-choline receptors in glutamatergic terminal,
following low KYNA level [148]. Increased level of 3-HK
or QUIN potentiates oxidative stress, however decreased level
of KYNA increases excitotoxicity which may contribute to
the striatal spine loss and development of PD [149]. LID in
PD was removed in MTPT model monkeys by enhancing
brain KYNA level using systemic treatment with KMO inhib-
itor [150]. Many recent researches have shown increased
KYN/TRP ratio in plasma and increased 3-HK/KYNA ratio
in postmortem CSF of patients diagnosed with PD [151].
Elevated level of 3-HK and lower level of KYNAwas found
in the frontal cortex, putamen, and substantia nigra of PD
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Table 1 Kynurenine pathway metabolites concentration in plasma of patients diagnosed with different pathologies. *p < 0.05, **p < 0.01,
***p < 0.001

Pathology Metabolite Patient Control Ref

Osteoporosis TRP (μM) 36.69 ± 1.8 42.08 ± 2.28 [165]
KYN (μM) 1.87 ± 0.12 1.96 ± 0.11

KYNA (μM) 32.68 ± 2.98 24.76 ± 2.46

3-HAA (μM) 1.04 ± 0.13 7.89 ± 1.15

AA 139 ± 14.7 21.56 ± 2.25

Gynecological TRP (μM) 43.5* (median) 53.5 [166]
KYN (μM) 1.91 (median) 1.73

Rheumatoid TRP (μM) 44.95** (median) 62.62 [167]
KYN (μM) 1.86 (median) 2.06

K/T (×103) 42.39** 31.72

Coronary heart disease TRP (μM) 53.5 ± 9.26** 65.9 ± 12.7 [52]
KYN (μM) l.88 ± 0.53 l.85 ± 0.51

K/T (×103) 36.3 ± 13.0** 28.l ± 5.15

HIV QUIN (nM) 16,847 ± 3358 451 ± 78 [168]

TRP (μM) 33.2–50.1 56.3 [169]

TRP (μM) 44.6 52.6 [170]
KYN (μM) 4.1*** 2.7

KYNA (μM) 27 30.1

QUIN (nM) 848 * 303.3

K/T (×103) 108.2*** 51.4

Streptococcus pyogenes infection TRP (μM) 25.3 [171]

Colorectal cancer TRP (μM) 53.5* (median) 63.7 [172]
KYN (μM) 2.1 (median) 2

K/T (×103) 42.9 31.8

Epilepsy TRP (μM) 1.58 ± 0.61 1.66 ± 0.64 [173]
KYN (nM) 28.4 ± 15.3* 43.9 ± 24.5

5-HIAA (nM) 96.7 ± 37.7 117.2 ± 62.7

Cerebrovascular disease TRP (nM) 3.34 ± 0.54 [174]

KYN (nM) 68.1 ± 2.78 * [175]

Hydrocephalus QUIN (nM) 31 ± 5 20 ± 2 [176]
Hemorrhage 200 ± 113

CNS tumor 282 ± 82

CSF infection 1,084 ± 549

Hydrocephalus KYN (nM) 185 ± 40 54 ± 7

Hemorrhage 254 ± 128

CNS tumor 1,698 ± 589

CSF infection 2,610 ± 1067

Cerebral malaria QUIN (μM) 0.09 [177]
KYNA (μM) 0.21

PIC (μM) 0.18

Schizophrenia KYNA (nM) 1.45 ± 0.10 1.06 ± 0.06 [84]

KYNA (nM) 1.67 ± 0.027 0.97 ± 0.07 [78]

Amyotrophic lateral sclerosis KYNA (nM) 39.9 ± 14.7 59.6 ± 20.5 [178]

TRP (μM) 143.28 ± 5.64 75.0 ± 10.5 [179]
KYN (μM) 4.02 ± 0–2 2.52 ± 0.19

QUIN (MM) 0.37 ± 0.018 0.30 ± 0.026

PIC (MM) 1.42 ± 0.087 2.38 ± 0.37

K/T (×103) 37 ± 2.5 39 ± 4

Major depression TRP (μM) 65.8 ± 15.57 69.71 ± 13.65 [14]
KYN (\M) 1.81 ± 0.56 1.87 ± 0.43
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patients [143]. Factors such as advanced PD, oxidative stress,
and Sever’s inflammation may contribute to the neurotoxic
branch of KYN metabolism [152]. TRP-KYN pathway me-
tabolism is also influenced by gut microbiota which induces
significant neurological consequences [153].

Alzheimer’s Disease

As discussed above, KP is a complicated pathway with
various metabolites, representing different effects in the
CNS. According to some previous studies, these metabo-
lites are proposed to be remarkable Alzheimer’s disease–
inducing agents [154]. A positive correlation was found
between cognitive function test and KYNA plasma level,
and an inversed correlation was found between the men-
tioned test and QUIN level in CNS [155]. There are many
mechanisms to be attributed for KP-induced AD [156].
Overstimulation of NMDA receptor by QUIN following
by neurons death during excitotoxicity [77], neuronal dys-
function [157, 158], ROS production, lipid peroxidation,
and production of TNF-α, IFN-γ, and IL-1β by astrocyte

induction [73, 158] are the most suggested mechanisms.
Immune system modification, IDO induction, and QUIN
have been found to have considerable result in AD research
[155]. Contrarily to the QUIN, the serum level of KYNA
was found decreased in AD patients [159]. The relation
between beta amyloid protein (Aβ1-42) level and KP was
studied, and potential positive correlation was found.
Human IDO mRNA was expressed by Aβ1-42 in macro-
phage and microglia of patients diagnosed with AD [160].
QUIN and Aβ1-42 synergistically induce cytokine produc-
tion such as TNF-α, IFN-γ, and IL-1β [158]. Continued
circulatory TNF-α and IFN-γ re-stimulate Aβ1-42 and
IDO production [161]. This is responsible for senile plaque
production inflammatory process as a countable factor in
AD pathology. In a recent research, the KP metabolites
such as 3-HK and 3-HAA have been found to increase
Cu++-induced neurotoxicity in rat astrocyte culture [29].
Chemically, both Cu++ and the KP metabolites are capable
for neurodegeneration in AD. A remarkable number of
studies suggest that 3-HK, which is found in nanomolar
level in the brain during normal conditions and increases

Table 2 Kynurenine pathway
metabolite concentration in the
brain of patients diagnosed with
different pathologies. *p < 0.05,
**p < 0.01

Human brain (postmortem)

Pathology Metabolite Patient Control Ref

Huntington’s disease TRP (ng/g) 4,658 ± 442* 8,053 + 1120 [182]
KYN (ng/g) 289 ± 40 293 ± 67

KYNA (ng/g) 17.9 ± 2.4* 31.2 ± 5.6

3-HK (ng/g) 20.3 ± 6.4 10.14–2.2

110 ± 47** 65 ± 56 [118]
Alzheimer’s disease 3-HK (ng/g) 82 ± 41 65 ± 33

HIV QUIN (pM) 20,942 ± 2,959** 72 ± 26 [168]

3-HK (ng/g) 71.3 ± 12.7 19.95 ± 3.18 [183]
3-HA (ng/g) 64.9 ± 11.4 15.8 ± 14

KYN (pM/g) 22.66 ± 5.38 12.08 ± 1.24 [30]
KYNA (pM/g) 7.31 ± 1.33 3.49 ± 55

Schizophrenia KYN (ng/g) 35.2 ± 28.0* 22.4 ± 14.3 [81]
KYNA (ng/g) 40.3 ± 23.4* 30.9 ± 10.8

Table 1 (continued)

Pathology Metabolite Patient Control Ref
KYNA (nM) 24.29 ± 8.09** 35.95 ± 13.4

3-HAA (nM) 24.53 ± 11.91 24.12 ± 7.3

K/T (×103) 25 ± 12* 17 ± 14

Alzheimer’s disease KYN (μM) 2.5 ± 0.1 2.01 ± 0.2 [159]
KYNA (nM) 15.82.31 ± 1.1 23.13 ± 2.2

Multiple sclerosis KYNA (nM) 0.41 [180]

Anxiety KYN (μM) 9.32 ± 0.2 4.32 ± 0.3 [181]
Depression 2.98 ± 0.01
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3 times during neurodegenerative disorder, is able: (1) to
induce cell death through apoptosis, both in brain regions
and/or cell culture [162]; (2) to induce DNA fragmentation
and chromatin condensation [162]; (3) to generate oxida-
tive stress and protein aggregation [163]. 3-HAA is also
confirmed to damage protein due to its interaction to
metals in neuronal culture [163] and produces hydroxyl
radical through Fenton’s reaction [157]. 3-HAA is able to
produce uncoupling effects during oxidative phosphoryla-
tion, and consequently decreased oxygen consumption-
activating astrocyte and leads to neuronal death [157].
Thus, we conclude that 3-HK, 3-HAA, and QUIN may
be the most toxic metabolites of KP involved in AD.
Furthermore, QUIN is found with hyperphosphorylated
tau (tubulin-associated unit) protein (pathological protein
of AD) and induces its phosphorylation in cortical neurons
in patients diagnosed with AD-type dementia [164].

Conclusion

Metabolic pathways of different biological system are the
most important targets in the study of disease diagnosis, di-
versified metabolism, drug development and design, and the
interaction between body systems in various pathologies.
Changes or disruption in the balance of indigenous metabo-
lites can lead to the induction of varied consequences and may
be sometimes dangerous to human or animal health. In recent
studies, kynurenine pathway is confirmed to be induce by pro-
inflammatory cytokines, oxidative stress, cancer, environmen-
tal factors and lead to different pathologies such as psychotic
disorders, neurodegenerative disorders, and behavioral im-
pairments. In summary, we conclude that the imbalance in
KP or divert metabolism might be attributed to behavioral
impairment, major depressive disorders, schizophrenia,
Alzheimer’s disease, and Parkinson’s disease. Meanwhile,
the related enzyme and catabolite production are strongly sug-
gested to be studied more in order to elucidate the concrete
involvement and highlight the mechanisms which have not
yet been known.

Chemical machinery of KP takes place in the brain, hepatic
and extrahepatic level of the body. Therefore, the correlation,
the interactions, the pathomechanism, the role of microbiota,
and finally the treatment through KP are worthy for more
attention in the treatment of the abovementioned pathologies.
For screening and diagnostic purposes, it would be beneficial
to measure the KP metabolites in order to achieve the suitable
treatment goals (Tables 1 and 2 ).
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