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Abstract 

Gut microbiota and its metabolite tryptophan play an important role in regulating neurotransmission, 
immune homeostasis and oxidative stress which are critical for brain development. The kynurenine 
pathway is the main route of tryptophan catabolism. Kynurenine metabolites regulate many biological 
processes including host-microbiome communication, immunity and oxidative stress, as well as 
neuronal excitability. The accumulation of metabolites produced by kynurenine pathway in brain results 
in the activation of the immune system (increase in the levels of inflammatory factors) and oxidative 
stress (production of reactive oxygen species, ROS), which are associated with mental disorders, for 
example schizophrenia. Thus, it was hypothesized that perturbations in kynurenine pathway could 
cause activation of immunity, and that oxidative stress may be involved in the etiology of schizophrenia. 
The present work is a review of the latest studies on the possible role of kynurenine pathway in 
schizophrenia, and mechanism(s) involved.  
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INTRODUCTION 
 
Schizophrenia is a severe neurodegenerative 
disease that affects about 1 % of the population. 
The definite underlying mechanism of this 
disease is far from known. Accumulating data 
from both epidemiological investigation and 
clinical studies support the neurodevelopmental 
hypothesis of schizophrenia, and have identified 
specific dysfunctions in neurodevelopment that 
might be critical in the pathogenesis of the 
disease [1]. Gut microorganisms refer to a 
complex microbial ecosystem that has been 

identified as a key modulator of 
neurodevelopment which is very likely to be 
involved in the occurrence of schizophrenia [2].  
 
The possible roles that gut microbiota play in 
brain development are as follows: In the first 
place, tryptophan is used in the production of 
numerous biologically important metabolites with 
significant physiological functions, and has 
critical implications for the development of the 
central nervous system (CNS). Serotonin (5-
hydroxytryptamine, HT) which is derived from 
tryptophan through the action of 
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tryptophan hydroxylase (TrpH), modulates critical 
neurodevelopmental processes. These 
processes are regulated by short-chain fatty 
acids (SCFAs) secreted by gut microflora, and a 
role of SCFAs in the stimulation of the 
expression of the rate-limiting enzyme TrpH1 has 
been suggested [3]. Secondly, the neurotrophins 
(e.g. brain-derived neurotropic factor, BDNF) 
which are closely related to neurodevelop-
ment and neuroprotection, have critical functions 
in neuronal survival, synaptic plasticity and 
cognitive function.  
 
Evidence suggests that the metabolites produced 
by gut microbiome impose modulatory effects on 
the expressions of BDNF and other proteins in 
brain, thereby affecting neurodevelopment and 
cognitive function [4]. Thirdly, gut microbiota 
might also affect N-methyl-D-aspartate receptor 
(NMDAR) expression and contribute to brain 
development [5]. 
 
Studies have linked neurotoxicity to the etiology 
of schizophrenia. The kynurenine pathway is 
possibly the link between gut microbiota and 
brain neurons, since several neuroactive 
compounds produced during this process may 
show neurotoxicity and affect 
physiological activity and brain health. This 
review focused on the link between kynurenine 
pathway and the etiology of schizophrenia, and 
the mechanism(s) involved. The major aspects 
reviewed were (1) gut microbiota participation in 
brain development through regulation of 
metabolism of tryptophan and serotonin (5-
hydroxytryptamine, 5-HT) and SCFAs; (2) the gut 
microbiota-tryptophan-kynurenine pathway and 
its bioactive metabolites; (3) the kynurenine 
pathway and its metabolites connected with 
inflammation and oxidative stress; (4) the 
relationship between schizophrenia and the 
kynurenine pathway; and (5) the possible role of 
gut microbiota-tryptophan-kynurenine pathway in 
the pathogenesis of schizophrenia (Figure 1). 
 
Gut microbiota and neurodevelopment  
 
The gastrointestinal tract which houses trillions of 
microbial cells constitutes a large microbial 
ecosystem in humans. More than a billion years 
of co-evolution between mammalian and 
microbiota has led to inter-dependency. Large 
numbers of microbial species reside in the 
gastrointestinal tract and play a critical role in the 
development and homeostasis in the immune 
system [6]. Dysbiosis of intestinal microbes, 
including imbalance in their composition and 
function, is associated with many psychiatric 
diseases [7]. Many studies are devoted to 
exploring potential association between 

pathogenesis of mental disorders and gut 
microbiota in order to improve the understanding 
of neuropsychiatric diseases while uncovering 
novel therapeutic and preventive strategies. 
 

 
 
Figure 1: Gut microbiota is a key modulator of 
neurodevelopment. Gut microbiota regulates the 
secretion of tryptophan, 5-HT and production of SCFA 
which are important for brain health; Gut microbiota 
plays a significant role in the modulation of HPA axis 
which is involved in oxidative stress. Intestinal 
microbiota within the gut lumen regulates the 
synthesis and release of tryptophan by 
enterochromaffin cells (EC cells). Only a small portion 
of tryptophan is transformed to serotonin (5-HT) 
 
The intestinal microbiome is a complicated 
ecosystem that varies between individuals, and 
is very likely to be a key modulator of 
neurodevelopment through the gut-brain axis. In 
studies on rodents, it was reported that 
alterations in the constitution and function of gut 
microbiota produce behavioral effects related to 
anxiety and depression, and cognitive 
impairment [8]. Germ-free mice display increased 
risk-taking behaviors, and show susceptibility to 
anti-anxiety and anti-depression [9]. These mice 
also exhibit learning and memory impairment, 
relative to conventional mice. Furthermore, GF 
mice displayed alterations in circulating total 
tryptophan levels [10], 5-hydroxytryptamine 
receptor (5-HT1A), BDNF, and NMDA receptors 
in the hypothalamus. These behavioral 
alterations were accompanied by changes in 
BDNF profiles in the hippocampus and 
amygdala, but these changes were reversed 
after colonization with microbiota of conventional 
mice [11]. 
 
Studies have shown that intestinal microorga-
nisms regulate receptors for BDNF and NMDA 
which are neurotrophic factors and proteins 
essential for brain development and neural 
plasticity [5]. The response of the hypothalamus-
pituitary axis to the same external stress differs 
between specific pathogen-free (SPF) mice and 
germ-free mice [12]. It has been reported that 
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Bifidobacterium preparation produced lower 
anxiety levels than placebo-fed MS mice, and 
also produced normal neurotransmitter levels in 
the hypothalamus [13]. These findings suggest 
that microbial colonization is essential for the 
development of the CNS which influences 
behavior. The possible reasons may be 
associated with metabolites such as tryptophan, 
5-HT and SCFA, as well as their 
secondary metabolites which are regulated by 
gut microbiota. 
 
Gut microbiota regulates tryptophan 
production  
 
Tryptophan is an essential amino acid, and so it 
must be provided in the diet. It is a substrate for 
the production of several substances with 
significant physiological functions. Tryptophan-
rich sources include eggs, fish, chocolate and 
meat. Gut microbiota exerts tremendous effects 
on the metabolism of tryptophan. They are 
capable of effecting direct uptake of tryptophan, 
thereby decreasing the amount of this essential 
amino acid available to their host. Mounting 
evidence indicate that the intestinal microbiota 
within the gut lumen influences the synthesis and 
release of serotonin regulated by 
enterochromaffin cells (EC cells) [14]. Serotonin, 
an important neurotransmitter derived from 
tryptophan degradation, participates in a variety 
of physical activities such as mood regulation, 
sleep, food consumption, pain and sex; and it 
has a critical role in CNS homeostasis [15]. 
 
Intestinal microbes are able to impact the amount 
of 5-HT synthesized and secreted by EC cells. 
Short chain fatty acids (SCFAs), just like acetate 
and butyrate produced by intestinal microbes, 
increase the mRNA expression of tryptophan 
hydroxylase 1 (TpH1), the key enzyme involved 
in 5-HT synthesis [3]. The TpH1 expression and 
mucosal 5-HT levels are increased in GF mice 
after colonization with human intestinal 
microflora, indicating that gut microbiota may 
exert an effect on the function of EC cell via 
secretion of SCFAs [3]. In addition, 5-HT release 
from EC cells can be activated by stimulating 
mechanosensitive ion channels which play 
significant roles in this process. These findings 
indicate that the generation of SCFAs by gut 
microbiota may be an alternative approach to 
changing the availability of 5-HT, and in turn, 
secretion and motility in the gut. 
 
The gut microbiota-tryptophan-kynurenine 
pathway  
 
The amount of ingested tryptophan employed in 
anabolism is very small. In contrast, more than 

95 percent of gut tryptophan is metabolized 
through the kynurenine pathway in mammals 
(Figure 2). This process produces several 
bioactive compounds (e.g. kynurenine, 3-
hydroxykynurenine, indoles, and NAD+) which 
participate in immunity and function as excitatory 
neurotransmitters. Since levels of enzymes of the 
kynurenine pathway tend to be much higher in 
peripheral tissues than in brain tissue, their roles 
in the kynurenine pathway exert local and 
systemic impacts.  
 

 
 
Figure 2: Kynurenine pathway. KMO: kynurenine 
monooxygenase; IDOs: indoleamine 2; 3-
dioxygenases; TDOs: tryptophan 2, 3-dioxygenase; N-
Formyl-L-kyn: N-formylkynurenine, L-Kyn: kynurenine;  
3-HK: 3-hydroxykynurenine, KATs: kynurenine-
aminotransferases, XA: xanthranilic acid, PA: picolinic 
acid; Quin: quinolinic acid; NAPRT1: nicotinate 
phosphoribosyl transferase; NAD+: nicotinamide 
adenine dinucleotide 
 
The catabolism of tryptophan in the brain, liver, 
kidney is quite complicated. This process 
generates many bioactive molecules that perform 
important physiological functions. The initial and 
rate-limiting step of kynurenine pathway, the 
transformation of tryptophan to N-
formylkynurenine, is under the catalysis of 
tryptophan 2, 3-dioxygenase (TDO2) and 
indoleamine 2, 3-dioxygenase (IDO-1 and IDO-2) 
[16]. N-Formylkynurenine is decomposed to 
kynurenine which undergoes hydroxylation, 
transamination and hydrolysis to yield  
anthranilate [17-19]. Kynurenine-3-
monooxygenase (KMO) has a very low Michaelis 
constant (km) for kynurenine. Thus, under normal 
conditions, KMO is considered to be the primary 
metabolic route of the kynurenine pathway. This 
pathway results in the production of NAD+ [20]. 
However, under specific conditions, kynurenine 
is transformed to kynurenic acid (KYNA) via the 
KAT route: KAT II may be important in the 
synthesis of most of the brain KYNA [19]. 
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Kynurenine can also be metabolized to 
anthranilic acid by kynureninase and then further 
converted to 3-hydroxyanthranilic acid. However, 
the km of kynureninase for kynurenine is so high 
that the kynureninase branch is activated only 
with tryptophan or kynurenine loading. This 
pathway contributes significantly to the 
endogenous generation of NAD+, and influences 
the neurotransmission of glutamatergic pathway 
as well as the redox reactions through its 
neuroactive metabolites.  
 
Some intermediates of the pathway may also 
affect both the function and dysfunction of 
neurons and the brain, mainly through oxidative 
stress and inflammation [21]. However, their 
functions in the neuronal physiology and 
pathophysiology are still not clearly proposed. A 
sustained homeostasis in neuroactive 
metabolites of the KYN pathway is critical for the 
normal neural function. In contrast, several 
abnormalities in the levels of these metabolites 
have been presented in various tissues and brain 
regions in neuropsychiatric disorders, including 
schizophrenia. 
 
Metabolites of kynurenine pathway 
 
Quinolinic acid 
 
Quinolinic acid (quin) produced by microglia is 
involved in neuronal excitotoxicity. Its neuronal 
excitatory properties are verified by using 
selective NMDA receptor antagonists. 
Tryptophan and the metabolites of the 
kynurenine pathway such as kynurenine and 3-
hydroxykynurenine (3-HK) are translocated from 
circulation to the brain across the BBB, and they 
contribute to the generation of microglia quin 
which generates detrimental effects linked to 
oxidative stress and apoptosis [22]. Quin also 
plays a role in stimulation of Fe2+-dependent lipid 
peroxidation, and the endogenous ions enhance 
the binding of quin to N-methyl-D-aspartate 
receptor (MDAR) [23]. Evidence demonstrates 
that intra-cerebro-ventricular injection of quin in 
mice affects the function of CNS through 
induction of behavioral abnormalities [24]. 
 
Kynurenic acid 
 
The KYNA produced by microglia in the 
kynurenine pathway is a neuroactive metabolite 
that antagonizes NMDAR [25]. Astrocytes also 
produce KYNA as the antagonist of NMDAR and 
alpha-7 nicotinic acetylcholine receptor 
(α7nAChR) [26]. This indicates the regulation of 
α7nAChRs, NMDAR, and their associated 
biological roles by the levels of endogenous 
KYNA. Studies have shown that KYNA regulates 

local inflammation mostly by GPR35 activation 
on the surface of immune cells in gastrointestinal 
tract [27]. In particular, the peripheral monocytes 
present the highest expression of GPR35. In 
addition, KYNA-GPR35 interaction is closely 
associated with immune homeostasis [27].  
 
Alterations in levels of brain KYNA generate 
distinct behavioral effects, especially related to 
cognition. Studies have reported that high levels 
of KYNA in the brain might lead to cognitive 
impairment in rodents [28]. Further studies 
revealed that increases in the levels of KYNA in 
brain may contribute to presynaptic inhibition of 
α7nAChR signaling, leading to abnormalities in 
behavioral responses and executive function 
[29]. On the other hand, decreases in the levels 
of KYNA in brain induced using KAT II knockout 
or agents that inhibit KAT II, led to improvements 
in related cognitive functions such as spatial 
memory, working memory and contextual 
learning, as well as behavior [30]. Several 
impairments in cognitive function are induced by 
elevation in forebrain KYNA levels following 
systemic administration of kynurenine [28].  
 
In another study, regions of forebrain in rodents 
exhibited significant increases in KYNA, causing 
rapid reductions in extracellular dopamine and 
glutamine concentrations [31]. However, 
inhibition of KYNA synthesis increases the levels 
of these neurotransmitters, as well as the levels 
of acetylcholine. Besides, exposure to 
exogenous kynurenine, or elevations in brain 
KYNA caused pharmacologically, influences 
dopaminergic neuronal discharge in the CNS 
[32]. Therefore, it can be speculated that these 
behaviors and cognitive changes are associated 
with dopaminergic, cholinergic and glutamatergic 
neurotransmission. 
 
Kynurenine, 3-OH-anthranilic acid and AA 
 
In vivo studies have indicated that kynurenine is 
associated with immune stasis. Mounting 
evidence indicate that the activation of AhR in 
cancer cells by kynurenine promotes cancer 
invasion and immune escape [33], and 
upregulates the expressions of genes that 
facilitate cell migration. The Kyn-AhR axis is 
thought to be a probable link between the 
activation of immune system and the proliferation 
of cancer cells. It has been reported that the 
metabolites of anthranilic acid activate 
metabotropic glutamate receptors [34]. Free 
radicals mediate the production of 3-HANA by 
KMO, and 3-HANA is linked to oxidative stress 
and inflammation, leading to increased 
generation of superoxide anion [35].  
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Association of the kynurenine pathway with 
inflammation and oxidative stress 
 
Inflammation 
 
The kynurenine pathway modulates innate and 
adaptive immune responses. Studies found that 
kynurenine metabolites such as 3-HANA and 
quin induce apoptosis in thymocytes and Th1 
helper cells, but not in Th2 helper cells [36]. 
Compounds derived from kynurenine pathway 
and tryptophan inhibited antigen-induced T-cell 
multiplication, and enhanced T-cell necrosis [37]. 
The rate-limiting enzymes of the kynurenine 
pathway (IDOs and GPR35) are highly 
expressed on the surface of dendritic cells 
responsible for immune tolerance. Thus, IDO 
might also play a key regulatory role with respect 
to T-cell-mediated immunity [38].  
 
The kynurenine pathway is highly regulated by 
the immune system. The levels of enzymes are 
much higher in peripheral nervous system than in 
the central nervous system, and quin produced 
by the macrophages is 20-fold more than that 
produced by microglial cells. About 60 % of 
kynurenine in the peripheral tissue is transported 
into the brain. This is of great significance for 
microphage penetration across the BBB in the 
brain. As a key enzyme of kynurenine pathway, 
IDO is induced by several factors such as 
interferon-γ (IFN-γ), tumor necrosis factor-α 
(TNF-α) and infections [38]. This pathway 
becomes active in the presence of pro-
inflammatory factors, but it is inhibited by anti-
inflammatory cytokines. In addition, animal and 
human studies have suggested that KMO is 
activated by inflammatory factors [39]. 
Consequently, this pathway is closely linked to 
the stability of the immune system. 
 
Oxidative stress 
 
It is generally believed that the main function of 
the kynurenine pathway is the production of 
NAD+, which is related to regulation of key 
oxidative stress events [40]. Higher expression of 
KMO leads to formation of intermediate products 
that activate glutamate receptors and lead to 
oxidative stress [41].  
 
Kynurenine is metabolized by KMO to 3-HK 
(Figure 1). In peripheral nervous system, 3-HK is 
translocated across the BBB, thereby increasing 
its bioavailability in the brain. In vivo and in vitro 
studies have found that 3-HK-mediated neuronal 
cell death is mitigated by the antioxidants 
glutathione, catalase and deferoxamine, 
demonstrating that the toxic effects of 3-HK are 
exerted through imposition of oxidative stress 

[42]. It would appear that 3-HK performs two 
opposite functions: a favorable function at the 
initial developmental period, and an unfavorable 
role during long-term exposure to harmful 
environments. The molecular mechanisms 
underlying these activities are not yet 
ascertained. 
 
Quinolinic acid and kynurenic acid form an 
important pair that maintains balance in levels of 
oxidative stress [43]. The neurotoxicity of 
quinolinic acid occurs via increased glutamate 
signaling, lipid peroxidation and its effect as an 
NMDAR agonist [44]. Elevation of quinolinic acid 
leads to the activation of NMDAR. Results from 
animal studies have confirmed that quinolinic 
acid induces neuro-inflammation and oxidative 
stress in rats which may cause neuro-
degeneration in the striatum [45]. Kynurenic acid 
inhibits the neurotoxic effect of quinolinic acid 
and physically protects the neurons [46]. 
Therefore, homeostasis of the kynurenine 
pathway metabolites is necessary for 
maintenance of normal brain function. 
 
Schizophrenia and kynurenine pathway  
 
Schizophrenia is a severe mental disorder with 
high recurrence rate. The hyperactivity of 
dopamine system in brain plays a dominant role 
in the etiology of schizophrenia. However, the 
hypothesis of glutamatergic signaling in 
schizophrenia has gradually aroused great 
attention in recent years. Application of 
phencyclidine and ketamine induces clinical 
presentations consistent with schizophrenia in 
healthy subjects, and aggravates mental 
symptoms in schizophrenic individuals by 
antagonizing the glutamatergic N-methyl-D-
aspartate (NMDA) receptors [47]. The induction 
of schizophrenia with phencyclidine and 
ketamine created awareness that the kynurenine 
pathway is very likely to be associated with the 
pathogenesis of schizophrenia since one of its 
metabolites (KYNA) is an NMDAR antagonist.  
 
Kynurenic acid (KYNA) which is produced in this 
pathway from a reaction catalyzed by kynurenine 
aminotransferases (KAT), antagonizes the 
NMDA receptor and α7nAChRs in the CNS [48]. 
Mounting evidence have demonstrated increased 
KYNA levels in the cerebrospinal fluid and 
encephalic regions of schizophrenic subjects; 
these contribute to hypofunction of NMDA 
receptor, cognitive function impairment, and 
negative symptoms related to schizophrenia [49]. 
It has been shown that increased brain KYNA 
levels in rats are closely related to accentuated 
release of DA in midbrain and turbulence in pre-
pulse inhibition, a deficit observed in 
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schizophrenics, although reports from different 
studies vary [50]. For example, a few studies 
confirm that KYNA protects the neurons from 
oxidant damage by eliminating free radicals, 
thereby shielding them from excitotoxic injury 
[51]. It is suspected that KYNA neutralizes the 
neurotoxicity produced by quin, 3-HK and 3-
HANA. However, the mechanism underlying the 
role of KYNA in schizophrenia needs further 
confirmation.  
 
Kynurenine lowers the activity of natural killer 
cells and dendritic cells, regulates the release of 
inflammatory cytokines, and promotes monocyte 
extravasation. This metabolite is associated with 
several neuropsychiatric disorders and 
neurodegenerative disease [52]. Upregulation of 
TDO expression increases kynurenine, and 
studies have indicated increases in kynurenine-
to-tryptophan ratio in the brain and cerebrospinal 
fluid of schizophrenia subjects [52]. Elevations in 
these markers are very likely due to 
consequences of peripheral inflammation and 
neuronal inflammation, which are involved in the 
pathogenesis of schizophrenia. Dysregulation in 
the metabolic pathway of tryptophan has been 
implicated in the pathogenesis of schizophrenia, 
based on the association between kynurenine 
pathway and inflammation. 
 
The key enzyme of the tryptophan/kynurenine 
pathway (IDO) is induced in rodents by 
inflammatory factors. The function of IDO, apart 
from metabolizing tryptophan in the 
microenvironment to protect the host from 
infection, involves generating a variety of 
metabolites that restrain T-cell-mediated immune 
reaction against self-antigens [53]. A report 
indicated that exposure to IFN-γ led to increase 
in the transcription of IDO in immune cells, 
dendritic cells, monocytes and macrophages 
[54]. The expression of IDO can also be 
regulated by IL-4, IL-6, IL-10 and TNF-α [55]. 
Moreover, infection-induced pro-inflammatory 
status of mothers during pregnancy increases 
the susceptibility of the offspring to schizophrenia 
during the adult period [56].The inflammatory 
process is supposed to be associated with the 
etiology of schizophrenia in at least a subgroup 
of patients. Those inflammatory factors i.e. IL-6, 
TNF-α and IFN-γ involved in the pathogenesis of 
schizophrenia participate in the activation of the 
kynurenine pathway [57] (Figure 2). 
 
Evidence has demonstrated the possible 
involvement of the kynurenine pathway in 
schizophrenic presentations. Rats injected 
ketamine showed schizophrenic-like behaviors 
which were alleviated by the inhibitors of TDO, 
IDO and KMO. In addition, the inhibitors of these 

enzymes have been shown to block oxidative 
stress and lipid peroxidation, and increase the 
levels of antioxidants including 
superoxide dismutase (SOD) and catalase (CAT) 
in the prefrontal cortex (PFC), hippocampus and 
striatum [58]. Significant impairments of 
kynurenine route have been reported in rats with 
increased risk for neurodegenerative alterations 
and oxidative stress; this may be a possible 
mechanism linking schizophrenia to the 
kynurenine pathway [59]. Lipid peroxidation is 
enhanced by quinolinic acid at an early stage of 
tissue culture; it has been reported that 
elevations in quinolinic acid led to ROS-pathway 
necrosis in natural killer cells [60]. 
 
CONCLUDING REMARKS 
 
The function of the kynurenine route of 
tryptophan metabolism in schizophrenia is 
constantly being explored, and a large number of 
studies have shown that endogenous kynurenine 
directly contributes to the etiology of 
neuropathology. The kynurenine pathway is the 
main route of tryptophan catabolism. This 
pathway is activated by inflammation and 
oxidative stress markers, and it exerts an impact 
on immunity and oxidative stress. In this context, 
understanding the role of intestinal microflora in 
controlling tryptophan availability and kynurenine 
metabolism is crucial for enhanced appreciation 
of the pathogenesis of schizophrenia.  
 
It has been hypothesized that schizophrenia is 
associated with human gut dysbiosis with 
microbiota that secrete lipopolysaccharide 
endotoxins into the blood, resulting in damaged 
gut barrier integrity. Furthermore, it was 
suspected that small molecule toxins enter the 
peripheral blood, cause inflammatory reactions in 
the peripheral and central regions, and induce 
transcription of IDO in immune cells such as 
microglia, thereby impacting on kynurenine 
metabolism.  
 
These processes may result in neural impairment 
and apoptosis, which then lead to changes in 
neurotransmission and abnormalities in 
communication between brain networks, 
ultimately resulting in schizophrenia. In all, there 
are still insufficient data on the mechanism by 
which intestinal flora and kynurenine pathway 
are linked to schizophrenia. Studies have shown 
that intestinal flora affects the metabolism of 
kynurenine through inflammation state and 
oxidative stress. However, the mechanism is far 
from clear, particularly where confounding factors 
are involved. 
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