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Abstract: Accumulating evidence suggests the key role of the kynurenine pathway (KP) of the
tryptophan metabolism in the pathogenesis of several diseases. Despite extensive research aimed
at clarifying the mechanisms underlying the development and maintenance of neuropathic pain,
the roles of KP metabolites in this process are still not fully known. Although the function of the
peripheral KP has been known for several years, it has only recently been acknowledged that its
metabolites within the central nervous system have remarkable consequences related to physiology
and behavior. Both the products and metabolites of the KP are involved in the pathogenesis of
pain conditions. Apart from the neuroactive properties of kynurenines, the KP regulates several
neurotransmitter systems in direct or indirect ways. Some neuroactive metabolites are known to have
neuroprotective properties (kynurenic acid, nicotinamide adenine dinucleotide cofactor), while others
are toxic (3-hydroxykynurenine, quinolinic acid). Numerous animal models show that modulation of
the KP may turn out to be a viable target for the treatment of diseases. Importantly, some compounds
that affect KP enzymes are currently described to possess analgesic properties. Additionally, kynure-
nine metabolites may be useful for assessing response to therapy or as biomarkers in therapeutic
monitoring. The following review describes the molecular site of action and changes in the levels of
metabolites of the kynurenine pathway in the pathogenesis of various conditions, with a particular
emphasis on their involvement in neuropathy. Moreover, the potential clinical implications of KP
modulation in chronic pain therapy as well as the directions of new research initiatives are discussed.

Keywords: tryptophan; kynurenines; neuropathy; metabolic pathway; analgesia; kynurenic acid;
3-hydroxykynurenine; quinolinic acid; neuropathy

1. Introduction

Pain is one of the most common symptoms that accompany many medical conditions.
It acts as a part of the body’s defense system, as it induces reflexive retraction from the
painful stimulus and tendencies to avoid that dangerous situation in the future; therefore,
it has relevant evolutionary functions. The International Association for the Study of Pain
(IASP) proposed the following to define the condition of pain: “Pain is an unpleasant
sensory and emotional experience associated with actual or potential tissue damage or
described in terms of such damage”. Nociceptive pain refers to pain clearly associated with
tissue damage or inflammation [1], while nociplastic pain arises from impaired nociception
despite no signs of potential or fatal tissue damage and no signs of damage or disease to
the somatosensory nervous system [2]. This definition de facto includes pain complaints
that occur despite the lack of nociception or neuropathy. Taking into consideration that
the integration of sensations, emotions, and cognition influences the perception of pain,
the term of psychogenic pain was also distinguished. This pain occurs without anatomic
tissue injury and it is considered to be caused by psychological factors such as depression
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or anxiety [3]. Lesions or diseases of the somatosensory nervous system can result in
the changed and disordered transmission of sensory signals to the spinal cord and brain,
leading to the development of neuropathic pain [4]. This kind of pain is associated with
conditions, such as spinal cord injury, stroke, multiple sclerosis, diabetes, cancer or can
arise as a consequence of chemotherapy, or other inflammatory disorders [5]. As indicated
by the research of van Hecke et al., 2014, the rates of morbidity have been divided into two
groups: the first is chronic pain with neuropathic features (3-17% of the population), and
the second is neuropathic pain associated with states such as painful diabetic peripheral
neuropathy, post-herpetic neuralgia, trigeminal neuralgia, and glossopharyngeal neuralgia.
Opverall, according to this systematic review neuropathic pain affects approximately 7-10%
of the general population [6]. People suffer from different sets of symptoms, including
abnormal sensations (dysesthesia), pain caused by physiological, otherwise nonpainful
stimuli of a continuous or paroxysmal nature (allodynia), or an exacerbated pain reaction
to a noxious stimulus (hyperalgesia). Moreover, patients experience impressions, such
as burning or coldness, tingling, numbness, or itching. Such manifestations can signifi-
cantly decrease quality of life and negatively influence the physical, emotional, and social
aspects of people’s functioning [7]. Furthermore, this condition is associated with other
problems, such as loss of function, anxiety, depression, sleep disturbance, and impaired
cognition [8]. Worse still, studies conducted by the IASP have shown that neuropathic pain
is not relieved by standard analgesics; hence, it frequently becomes a condition with no
prospects for significant improvement. The weaker effects of two main groups of analgesics
(opioids and nonsteroidal anti-inflammatory drugs) can be observed in neuropathic pain
management. For this reason, neuropathic pain therapy requires a more complex approach.
Some data suggest that it is possible to achieve a significant (30-50%) reduction in pain
in only 50% of patients [9]. Currently, substances with a strong recommendation and pro-
posed as first-line drugs are tricyclic antidepressants (TCAs), pregabalin, gabapentin, and
serotonin-noradrenaline reuptake inhibitors (SNRIs), whereas lidocaine, capsaicin patches,
and tramadol are considered second-line treatments. Strong opioids, such as morphine and
oxycodone, are suggested as third-line management, similar to botulinum toxin type A,
which is recommended only for peripheral neuropathic pain or migraine [10,11]. Combined
therapy is often used when treatment with one drug is not fully effective. Despite numerous
clinical and experimental studies, the molecular mechanisms of the development and main-
tenance of neuropathic pain have not been fully clarified. Lesions, hypoxia, compression,
inflammation, and chemical damage along the axons cause the degeneration of fibers and
contribute to modifications in the expression of intracellular connections, which result in
signal transmission disturbances [12]. As a consequence, an imbalance between excitatory
and inhibitory signaling is present, which leads to the development of neuronal hypersen-
sitivity in the central nervous system (CNS). Modified gene/protein expression in primary
sensory neurons is believed to be the most important factor responsible for neuropathic
pain progression. The alterations in ion channels, activation of immune cells, and release of
glial mediators contribute to the sensitization of nociceptive pathways [13]. The shift in the
microglial phenotype from a resting to an activated state appears to be especially significant
since those cells, while activated, are a source of many pro-nociceptive compounds, such
as chemokines, interleukins, growth factors, and other intracellular signaling molecules,
which are responsible for the expansion of a neuroinflammatory cascade [14]. Overall,
it is of great importance to understand the plastic changes within the nervous system
after nerve injury because present pharmacotherapy focuses mostly on the alleviation of
symptoms instead of treating the underlying pathophysiology. The development of an
efficient, rational method for neuropathic pain relief is a major clinical issue. The lack of
satisfactory therapeutic effects of third-level drugs of the analgesic ladder results in their
increased dosage, which in turn leads to many adverse effects. Another major issue in
the search for new forms of therapy is the necessity to perform preclinical studies using
animal models. It is commonly known that there are differences and limitations between
animal models of neuropathic pain and human neuropathy. However, a notable part of
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our understanding of the mechanisms of nociception comes from animal research whose
findings have led to the emergence of useful therapeutic strategies. The investigation of
the molecular mechanisms of neuropathic pain and testing of compounds with potential
beneficial properties requires proper animal models, which is an irreplaceable link between
in vitro studies using cell lines and clinical trials. The analysis of neuroimmune interactions
in neuropathic pain continually presents new questions, the answers to which require
thorough research. Since the kynurenine pathway is closely related to the immune system,
questions about its role in nociception have also been raised. The aim of this review is to
evaluate the role of tryptophan and its metabolites in the pathogenesis of neuropathic pain,
taking into account the role of products and enzymes of the kynurenine pathway in other
diseases. We also focused on which substrates and enzymes within the TRP (kynurenine)
catabolic pathway could serve as potential therapeutic targets.

2. Kynurenine Pathway of Tryptophan Metabolism

Tryptophan (TRP) is an endogenous amino acid necessary not only for protein syn-
thesis but also as a precursor to the synthesis of biologically active molecules, including
nicotinamide adenine dinucleotide (NAD), nicotine acid, serotonin, and melatonin [15].
The kynurenine pathway (KP) and the better-known serotonin pathway are the two ma-
jor routes of the TRP metabolism. The role of this amino acid in CNS functioning has
been previously explored, mostly looking through the prism of serotonin, which is one
of the best-known bioactive molecules. However, only 5% of dietary TRP is degraded to
serotonin, whereas approximately 95% of TRP undergoes transformations through the
KP, leading to the formation of kynurenines whose role is to regulate a plethora of bio-
logical processes, including the excitability of neurons, host-microbiome signaling, and
the response of immune cells [16]. Tryptophan metabolism via the kynurenine pathway
(Scheme 1) initiates with its conversion to N-formyl-L-kynurenine through three enzymes:
tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-dioxygenase 1 and 2 (IDO 1 and 2).
N-formyl-L-kynurenine is rapidly converted to L-kynurenine, one of the major metabolites
of the pathway. Subsequently, L-kynurenine can undergo three different transformations
to kynurenic acid (KYNA) through the activities of the enzymes kynurenine aminotrans-
ferases (KATs) and 3-hydroxy-L-kynurenine (3-HK) with the participation of kynurenine
3-monooxygenase (KMO) and anthranilic acid (AA) due to kynureninase activity. In the
next steps, 3-HK is modified to xanturenic acid (XA), while both 3-HK and anthranilic acid
can be enzymatically converted to 3-hydroxyanthranilic acid. Next, 3-Hydroxyanthranilic
acid is further metabolized by 3-hydroxyanthranilic oxidase (3-HAOO) to an unstable
compound that is converted to picolinic acid and then nonenzymatically to quinolinic acid
(QUIN), a precursor to the synthesis of NAD+ [15]. It is generally known that disorders
of the CNS are often accompanied by disturbances in the TRP metabolism [17]. The prod-
ucts of the KP affect the endogenous regulation of neuronal excitability and mediate the
regulation of the immune cell response, for example, via aryl hydrocarbon receptor (AhR)
or G-protein coupled receptor 35 (GPR35). In recent years, the control of the kynurenine
metabolism has been intensely studied, and many molecular sites and receptors have
been proposed to be mediators of kynurenine action [18]. Among kynurenines, KYNA
and QUIN are compounds that have gained great attention because they exert opposite
properties—QUIN is a weak but specific agonist of the N-methyl-D-aspartate (NMDA) re-
ceptor and, hence, it bears neurotoxic potential, while KYNA is an endogenous nonselective
antagonist of all subtypes of glutamatenergic receptors taking part in pain transmission,
including NMDA, AMPA, and kainite [16]. Therefore, the KP was traditionally divided
into “neuroprotective” KYNA and “neurotoxic” QUIN branches [15]. However, a number
of multifarious properties of kynurenine metabolites have been revealed in the last decade,
which also revealed that KYNA may contribute to the cognitive-depleting effects in patients
with Alzheimer’s disease [19]. There are reports suggesting that this effect depends on the
dose of KYNA; at low doses KYNA produces cognitive enhancement [20].
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Enzyme/Metabolite Changes in neuropathic pain Possible modulators
1 KMO 1 mRNA/protein in 3%, 7% and 14* day after CCl in Minocycline - | KMO, | mechanical and thermal
rats [21] hypersensitivity [21, 22]

1 mRNA in2, 7% and 14* day after CCl in rats [22] R061-6048 (KMO inhibitor)- | IL-6, NOS2, IBA-1,
IL-1B, | mechanical and thermal hypersensitivity,
t mRNA in 7% day after SNIin mice [23] 1 morphine effectiveness[21]

JM6 (Ro prodrug) - | mechanical and thermal
hypersensitivity, t morphine effectiveness [21]

UPF 648 (KMO inhibitor) - | mechanical and
thermal hypersensitivity [22]

2 IDO1/IDO2 1IDO1 mRNA in 7%, 14* and 28* day after CClinrats 1M-d-T (IDO-2 inhibitor) - | mechanical and

[22] thermal hypersensitivity [22]

1 IDO1 mRNA/protein 7% day after SNL in rats [24] PCC0208009 (IDO-1 inhibitor) - | pain
hypersensitivity, | cognition impairment, |
1IDO2 mRNA in 7% and 14* day after CClin rats [22] anxiogenic behaviors [24]

3 KYNA 1 KYNA level in spinal cord in rats after SNL [23] KYNA intrathecal injection - | mechanical and
thermal hypersensitivity [25,26], 1 morphine
effectiveness[25]

4 L-KYN No data L-KYN intraperitoneal injection —
| mechanical hypersensitivity in rats after SNL [26]

S HAOO 1 mRNA in 2 7% 14*% and 28* day after CCl in rats No data

[22]
6 QUIN 1 QUIN level in rats after SNL [23] No data

neuropathic pain with presentation of possible modulators [21-26].

Scheme 1. The kynurenine pathway of tryptophan metabolism and summary of differences in this pathway occurring in

Moreover, both 3-hydroxykynureine and 3-hydroxyanthranilic acid have been related
with both anti- and pro-oxidant properties [27]. Importantly, researchers focused on KP
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investigation have to face some challenges, not only technical or methodological but also
theoretical. What we know about TRP degradation via the KP does not always agree
with experimental results, raising many questions [28]. First, the kynurenine pathway
varies across different species; some studies have reported that KMO and IDO-1 activity
is higher in gerbils than in rats and that rat models do not fully reflect the KP course in
humans [29-31]. Additionally, the cellular localization of kynurenine pathway enzymes
and products is a matter of crucial importance. In vitro studies have revealed that the
physical segregation of KP branches occurs in CNS: microglia/macrophages, which be-
come activated in various neuroimmunological diseases, are equipped to form products
of the “neurotoxic” arm of the KP, while astrocytes are responsible for the synthesis of
neuroprotective KYNA [32,33]. This, however, requires further investigation since kynure-
nine pathway dynamics change substantially under nontypical conditions, and there is
still a lack of appropriate antibodies against KP enzymes to further immunohistochemical
studies [28]. Another important issue is the fact that peripheral kynurenines, indeed, affect
brain function, although these processes are not entirely known. Apart from L-kynurenine,
which is actively transported into the brain by the large neutral amino acid transporter,
kynurenine-derived metabolites cross the blood-brain barrier (BBB) poorly [34]. Therefore,
the concentrations of KP metabolites in the CNS are controlled mostly by local enzyme
activity. These issues become complicated when, under pathological circumstances, inflam-
mation induces changes in blood-brain barrier permeability. Undoubtedly, this condition
significantly influences the different stages of the KP.

3. Neuroactive Metabolites of Kynurenine Pathway
3.1. L-kynurenine

L-kynurenine (L-KYN) is the key metabolite of the KP and the starting point for the
synthesis of all the other metabolites in the pathway. Approximately 60-80% of L-KYN in
the CNS is derived from peripheral sources, since under physiological conditions L-KYN
is actively transported across the blood-brain barrier via the large neutral amino acid
transporter [34,35]. Following systemic immune activation, all L-KYN levels in the brain
come from the periphery, whereas, when inflammation is restricted to the brain, L-KYN
can be formed locally from TRP. Electrophysiological experiments focused on L-KYN,
3-HK, 3-hydroxyanthranilic acid (3-HANA), and anthranilic acid have not revealed any
direct influence of these compounds on neuronal activity. Systemic or intracerebral L-
KYN injection evokes convulsions and influences blood pressure; however, these effects
result from L-KYN conversion to its neuroactive metabolites [36-38]. Additionally, L-KYN
itself displays various functions, including both pro- and antioxidant effects [27,39—-41]
and has been suggested to be an AhR agonist, albeit with an unknown downstream
impact [42]. In glioblastoma cells, it has been shown that L-KYN action via AhR suppresses
the antitumor immune response and promotes the survival of neoplastic cells [42]. It has
also been hypothesized that the L-kynurenine-AhR axis may play a role in neurodegeneration
and brain damage [43—45]. Increased concentrations of L-KYN in the blood and the CNS reflect
the enhanced metabolism of TRP; thus, it is used as a biomarker for many neurological diseases.

3.2. Kynurenic Acid

The 4-Hydroxyquinoline-2-carboxylic acid was discovered by German chemist Justus
von Liebig in 1853 in dog urine; hence, it was named kynurenic acid. At the end of the 20th
century, KYNA was found to be present in the brain, and it was shown to be a nonselective
antagonist of three types of ionotropic receptors for excitatory amino acids: the N-methyl-
D-aspartate receptor (NMDAR), kainic acid receptor (KAR), and x-amino-2,3-dihydro-5-
methyl-3-oxo-isoxazolpropionic acid (AMPA) receptor, with the strongest inhibitory effect
on glutamatergic transmission resulting from blocking the strychnine-independent glycine
part of the NMDA receptor complex [46]. Moreover, KYNA was suggested to regulate
cholinergic transmission by acting as a noncompetitive antagonist of «-7 nicotinic receptors;
however, this hypothesis has recently become controversial [47,48]. The neuroprotective
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effect of KYNA is mainly due to the inhibition of glutamate excitotoxicity through the
antagonism of NMDAR. Importantly, approximately 80% of KYNA present in the brain is
produced in glial cells, where it is not stored but released into the extracellular space by
passive diffusion [34]. Carpenedo et al. have shown that the administration of even low
concentrations of KYNA in the nanomolar range to the brain can reduce glutamate levels
by 30—40%. This action involves blocking NMDA autoreceptors located on presynaptic
nerve endings [49]. It was previously reported that a 2- or 3-fold increase in KYNA
levels within the brain significantly diminishes post ischemic brain damage in in vivo
models [50]. KYNA has also recently been shown to act as an agonist at GPR35, modulating
cAMP production and preventing N-type Ca?* channels in neurons and astrocytes [51].
Additionally, KYNA controls the immune response through its agonistic action at AhR,
whose signaling appears to play an important role in inhibiting the release of cytokines in
several types of immune cells, including macrophages [52]. KYNA levels are increased in
the blood of patients suffering from multiple sclerosis [53], inflammatory bowel disease [54],
and type 2 diabetes [55], while in the blood of patients with chronic schizophrenia [56],
Alzheimer dementia [57], cluster headache [58], chronic migraine [59], and Parkinson’s
disease [57] KYNA levels are decreased. Interestingly, the recent review pointed out that
lover levels of KYNA accompany psychiatric disorders affecting cognitive domains, but
higher levels of KYNA are observed in patients suffering from schizophrenia [20,60-62].
In people affected by Huntington’s disease, a reduction in KYNA in the cerebrospinal
fluid and several brain regions was observed [60]. In patients suffering from rheumatoid
arthritis, a positive correlation between serum KYNA and morning stiffness and pain was
shown [61]. Additionally, it was observed that kynurenic acid exerts analgesic properties
in an animal model of migraine, induced by dural inflammatory soup [62]. Therefore, it
seems possible that pharmacological intervention affecting the production of KYNA—and
at the same time the processes connected with the activity of excitatory amino acids in the
CNS—may contribute to pain modulation.

3.3. 3-Hydroxy-L-kynurenine

Next, 3-Hydroxy-L-kynurenine (3-HK) is a metabolite of the KP, whose toxic effects
are independent of the NMDA receptor, and is also a precursor to QUIN formation. Its
neurotoxic properties are related to the production of free radicals [63], which in turn cause
degeneration and apoptosis of neurons [39,64]. In addition, 3-HK generates the formation
of superoxide and hydrogen peroxide, promoting copper-dependent oxidative damage
to proteins [65]. In addition, it has recently been discovered that it has a negative impact
on cell metabolism [66]. In contrast, some experimental studies have suggested that 3-HK
displays antioxidant and scavenging properties because it acts as a two-electron donor;
thus, it can restore the oxidative balance in the microenvironment [67]. Giles et al. proposed
that the action of 3-HK depends on the redox status of the cell [68]. In the mammalian
brain, 3-HK occurs in nanomolar amounts and is produced by activated macrophages and
microglia. Stimulation of 3-HK has been observed in neurodegenerative diseases, such as
hepatic encephalopathy, Huntington disease, Alzheimer’s disease, and dementia [69,70].

3.4. Quinolinic Acid

Pyridine 2,3-dicarboxylic acid, commonly known as a quinolinic acid (QUIN), was
demonstrated to be an agonist of NMDA receptors, specifically subtypes containing the
NR2A and NR2B subunits [71]. Schwarcz et al. discovered that QUIN induces selective
neuronal injury and that its administration into the striatum is followed by pathological
neurochemical changes [72]. Among NMDAR agonists, QUIN does not have a high-
affinity uptake system for its removal from the synapse; therefore, it continuously acts
on NMDARSs, resulting in damage and massive calcium entry into neurons and astro-
cytes [73]. Briefly, the neurotoxic potential of QUIN includes various mechanisms, such
as the stimulation of glutamate release, the inhibition of glutamate uptake by astrocytes,
the production of reactive oxygen species, the reduction of endogenous antioxidants, as
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well as lipid peroxidation and cytoskeletal destabilization [71,74]. QUIN causes oxida-
tive damage independent of its activity on the NMDA receptor through the formation
of complexes with Fe?*, which mediates ROS production [75]. Importantly, it was also
found that QUIN inhibits B monoamine oxidase (MAO-B) in human brain synaptosomal
mitochondria and influences gluconeogenesis in the liver; thus, metabolic impairments
also accompany its neurotoxicity [76]. Additionally, QUIN has been proven to regulate the
inflammatory response. Intrastriatal QUIN injection induces the expression of tumor necro-
sis alpha (TNF-«) and interleukin-6 (IL-6) [73]. Within the CNS, QUIN is produced mostly
by activated microglia and macrophages [71]. The quantity of QUIN in the brain and
cerebrospinal fluid is approximately <100 nM; however, during pathological states, QUIN
levels increase up to 500-1200 nM [77]. A growing body of research indicates that changes
in QUIN levels have been observed in many neurodegenerative and immune-mediated
diseases. Elevated QUIN levels are observed in Huntington disease [78], Alzheimer’s
and Parkinson’s disease [79], depression [80], amyotrophic lateral sclerosis [81], human
immunodeficiency virus (HIV) [82], and other conditions [83]. Importantly, a recent study
involving over 17,000 patients with chronic pain recognized QUIN as the most commonly
elevated biomarker and the authors suggested that its role in nociception is associated
with peripheral NMDAR activation [84]. Ongoing research is focused on the use of NMDA
receptor antagonists as a key therapeutic strategy in pain disorders [85].

4. Major Enzymes of Kynurenine Pathway
4.1. Indolamine, 2,3-dioxygenase-1 and 2

Indolamine, 2,3-dioxygenase-1 (IDO1) and IDO2 are two related, initial rate-limiting
enzymes (along with the unrelated enzyme TDO) in the KP and have aroused great interest
with regard to inducing cancer immunosuppression, tumor development, and metastasis
and neovascularization [86,87]. Although IDO1 and IDO2 share a high level of sequence
identity, they exert notably different functions and kinetics. It was found that IDO1 is the
high affinity enzyme with KM (Trp) = ~5 pM and IDO2 is the low affinity enzyme with
KM (Trp) = ~100 uM, and IDO2 can catalyze the reaction even when Trp > 200 pM [88].
Moreover, it was suggested that IDO1 mediates T cell suppressive effects while IDO2 works
directly in B cells as a proinflammatory mediator [89]. IDO1 is expressed in various immune
and nonimmune tissues, whereas IDO2 is expressed mostly by antigen-presenting cells
(APCs) of the immune system, including dendritic cells (DCs) and B cells [90]. However,
studies on primary microglia and astrocyte cultures have proved that the IDO2 enzyme
is also derived from microglial and macrophage cells [22,91,92]. IDOs participate in the
natural defense against various pathogens and have an immunosuppressive function
because of their ability to limit T cell function and evoke mechanisms of immune tolerance.
The effects of IDO activation are mediated not only via INF-y and the reduced availability
of tryptophan, but also by downstream KP metabolites. For example, L-KYN and KYNA
are able to activate the AhR, which in turn induces increased expression of IDO and
TDO, creating a positive feedback loop [91,93,94]. Currently, many studies have described
changes in IDO1 and/or IDO2 in many pathological conditions, such as amyotrophic lateral
sclerosis, autoimmune diseases, Huntington disease, Alzheimer’s disease, Parkinson’s
disease, cerebral ischemia, multiple sclerosis, as well as in tumors [91-99]. Many researchers
have suggested that IDO2 could be an effective therapeutic target to treat inflammatory
autoimmunity, while IDO1 has recently been under intense research focused on cancer
immunotherapy. A few IDOL1 inhibitors have been reported, some of which, including
epacadostat, BMS986205, indoximod, and PF-06840003, among others, have advanced into
clinical trials for cancer treatment [100].

4.2. Kynurenine-3-monooxygenase

The kynurenine-3-monooxygenase enzyme belongs to the NADPH-dependent flavin
monooxygenase family [101]. Tissue distribution studies have shown that KMO in mam-
mals is highly expressed within the liver and kidneys, while very low levels of this enzyme
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have also been detected in the CNS [102]. Macrophages, microglia, monocytes, and en-
dothelial cells are mostly responsible for KMO synthesis. This enzyme converts L-KYN
to 3-HK and, therefore, is responsible for QUIN formation. KMO is induced by IFN-13,
IFN-6, TNF-, and oxygen molecule (O,), but inhibited by IL-4, IL-10, SOD, and by NADH
which creates a negative feedback loop [103]. KMO expression levels are upregulated
by proinflammatory cytokines, and an increased KMO metabolism results in the creation
of compounds that activate glutamate receptors and elevate oxidative stress, which has
fundamental consequences for CNS functioning. KMO plays a significant role in the regula-
tion of peripheral inflammation [104] and central nervous system diseases [105]. In innate
physiology, the KP participates in the regulation of early brain development [106]. It has
been proven that the inhibition of KMO reduces the production of the “neurotoxic” branch
of the KP and shifts the balance to the formation of KYNA. Therefore, KMO has become
a very attractive drug target in many neurological diseases. However, KMO inhibitors
have their limitations, mostly associated with poor blood-brain barrier permeability [107].
Over the years, many potent KMO inhibitors have been designed and confirmed to be
beneficial in a variety of disease models. In the latest study, Zhang and colleagues created
a new brain-permeable inhibitor of KMO [108]. Additionally, our previous study showed
that at different time points after sciatic nerve injury (i.e., on days 3, 7, and 14) mRNA
and Kmo protein levels in the spinal cord and dorsal root ganglia (DRG) increased. In
2014, we showed that the pharmacological inhibition of KMO weakened pain features and
enhanced morphine effectiveness in a neuropathic pain model. We observed that chronic
intraperitoneal or intrathecal administration of minocycline decreased pain and caused
similar reductions in KMO mRNA levels in the spinal cord and the DRG. The inhibition of
KMO has a therapeutic effect in several preclinical models of neuropathology, including
neuropathic pain [21].

4.3. Kynurenine aminotransferases

Biologically active as homodimers, kynurenine aminotransferase (KAT) enzymes
belong to the family of PLP-dependent enzymes and are involved in the production
of neuroactive KYNA through the irreversible transamination of L-KYN [109]. KAT is
distributed unevenly in the brain, with its highest activity observed in rhinencephalon
and its lowest activity in the cerebellum, where it is mainly located in the cytoplasm of
astrocytes and where only negligible amounts are present in nerve cells [110]. These relative
proportions of the distribution of KAT are, however, different in the spinal cord. Almost
the same amount of the enzyme is found both in glial cells and in neurons, with the enzyme
concentrating in small grains bound to the cell membrane. Four KATs, I, II and III IV, have
been identified in the mammalian brain [111]. KAT I, KAT II, and KAT III take part in the
synthesis of KYNA and are characterized by different catalytic properties. It is likely that
KAT II and III operate under physiological conditions, while KAT I may be of particular
importance in pathological conditions, such as microglial activation. Since KYNA in the
brain is mostly produced by KAT II, this enzyme is an important target for pharmacological
modulation. [111,112]. However, the turnover kinetics of KAT IT and KYNA, which could
influence the duration of the pharmacological effect, have not been described thus far.

4.4. Kynureninase

Kynureninase (KYNU) is a pyridoxal phosphate-dependent enzyme; attenuation
of its activity in vitamin B6 deficiency leads to the conversion of 3-hydroxykynurenine
and L-KYN to 3-HAA and AA, respectively [27]. KYNU is an enzyme necessary for
the biosynthesis of nicotinamide nucleotides [113] and picolinic acid and enhances the
synthesis of nitric oxide [27]. There is evidence that the stimulation of kynureninase
activity is crucial in inflammatory processes. KYNU has been shown to increase in cerebral
and systemic inflammatory conditions [114]. Moreover, IFN-gamma has been shown to
elicit kynureninase activity in murine macrophages [113]. Thus far, a role for KYNU has
been demonstrated in such chronic inflammatory skin diseases as psoriasis and atopic
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dermatitis [115]. The role of this enzyme in general human immunology has not been
extensively studied. KYNU is expressed in almost all body organs and is involved in
various inflammatory and cardiovascular diseases [116]. Recently, its role in several types
of cancers has been explored, especially in the development of breast tumors [117].

5. Kynurenine Pathway in Neuropathic Pain

A growing body of evidence indicates that sustained neuroinflammation contributes
to pathological changes in the plasticity of sensory neurons, which, in turn, provokes
chronic pain. Injuries and diseases that affect the nervous system can induce the activation
of immune cells, alterations in capillary permeability, and the infiltration of peripheral
blood cells. Taking into consideration the KP involvement in a plethora of physiological
and pathological processes, and the fact that the source of its metabolites within the CNS
are mainly glial cells, it becomes clear that glial cells should be the first target in order
to define the role of kynurenines in neuropathic pain. First, Pineda-Farias et al. showed
that intraperitoneal administration of L-kynurenine (50-200 mg/kg) and probenecid (100
mg/kg) diminished tactile hypersensitivity in rats exposed to spinal nerve ligation (SNL),
which was associated with increased KYNA levels in the spinal cord [26]. An extensive
screening study using DNA microarray revealed that one out of the genes whose expression
was altered by chronic constriction injury of the sciatic nerve (CCI) in rats was Kmo [118].
Interestingly, the CCl-elevated mRNA level of Kmo was diminished in rats after chronic
treatment with minocycline (a microglia/macrophage inhibitor). In the next study, it was
proven that at different time points after a sciatic nerve injury, 2, 7, and 14 days after
surgery, the mRNA and protein levels of KMO increased in the spinal cord and DRG.
Additionally, these changes correlated with increased levels of microglial markers (CD40
and IBA-1) and astrocyte markers (GFAP). Moreover, the results showed that repeated
intraperitoneal or intrathecal administrations of minocycline decreased the post injury
elevated levels of Kmo mRNA in both examined structures, which was accompanied by
reduced hypersensitivity to pain stimuli. Using primary glial cell cultures, it was confirmed
that minocycline inhibited the LPS-stimulated increase in KMO mRNA in microglia but
not in astroglia. The next stage explored the potential for the KMO inhibitors Ro61-
6048 and JM6 to reduce neuropathic pain symptoms. Indeed, both substances reduced
the mechanical and thermal hypersensitivity evoked by nerve injury, and a biochemical
analysis indicated that Ro61-6048 reduced the levels of CD40/IBA1, IL-1p3, IL-6, and
NOS2 mRNA and/or proteins in both the spinal cord and DRG [21]. Recently, another
study provided the first evidence that IDO1/2, KMO, and HAOO but not TDO elevated
mRNA levels in the spinal cord, as measured on day 7 after the sciatic nerve injury in
a rat model, parallel to Clg-positive cell activation. Extended pharmacological studies
provided evidence that the repeated intraperitoneal administration of minocycline not
only attenuated tactile and thermal hypersensitivity but also diminished the levels of
IDO2 and KMO mRNA levels. Further pharmacological investigation confirmed that
IDO2 and KMO enzymes take part in the development of neuropathic pain, in that it
was observed that the repeated administration of IDO2 (1-M-d-T) and KMO (UPF 648)
inhibitors diminished the development of hypersensitivity as measured on days 2 and
7 [22]. Using a spared sciatic nerve injury (SNI) model of neuropathic pain in mice,
increased levels of II-13 and Kmo mRNA in the contralateral side of the brain were found.
The injury-induced increase in KMO mRNA was associated with the increased KMO
protein and elevated QUIN and reduced KYNA levels in the contralateral hippocampus.
The blockade of brain IL-1 signaling after SNI prevented the increase in KMO mRNA and
depression-like behavior measured by the forced swim test, but had no effect on mechanical
allodynia [23]. The importance of the IL-1f signaling pathway in the spinal cord has also
been suggested to be crucial for the development of peripheral, IDO-1-mediated, injury-
induced mechanical allodynia and depression-like behavior [119]. It has been demonstrated
that the IDO1 inhibitor, PCC0208009, diminished pain hypersensitivity and cognition
impairment in rats exposed to spinal nerve ligation [24]. Moreover, it has been shown that
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the intrathecal administration of KYNA reduced mechanical and thermal hypersensitivity
in CCl-exposed mice. GPR35, expressed within the CNS in both neuronal and nonneuronal
cells, including glia, has been suggested to be responsible for this effect [25]. The analgesic
action of KYNA via GPR35 is possible due to modulating hyperpolarization-activated
cyclic nucleotide-gated (HCN) channels [120]. These results correspond with previous
reports showing that in rat neuropathic pain models, KYNA administered intrathecally
reversed tactile hypersensitivity [26]. Importantly, the intrathecal administration of KYNA
not only diminishes mechanical and thermal hypersensitivity but also potentiates the
analgesic properties of morphine; however, the clarification of this phenomenon requires
further study. Interestingly, the KMO blockade by Ro61-6048 and JM6 enhanced morphine
effectiveness, probably due to decreases in IL-1p and IL-6, which are known to exert
opposing effects on morphine efficacy [21]. Overall, under neuropathic pain, due to the
microglia/macrophages activation there is an imbalance between neuroprotective KYNA
and neurotoxic QUIN production (Scheme 2) which might be relevant in designing new
pharmacotherapy for neuropathic pain.
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Scheme 2. The changes in kynurenine pathway in neuropathic pain within the central nervous
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system. Under physiological conditions (top panel) there is a balance between neuroprotective
KYNA produced by astrocytes and neurotoxic QUIN produced by microglia. In neuropathic pain
(bottom panel), activation of microglia and infiltration of peripheral macrophages occur; therefore,
as a consequence, the balance between KYNA and QUIN is disturbed.

6. Therapeutic Potential of the Kynurenine Pathway in the Treatment
of Neuropathic Pain

The KP seems to be an important mediator in neuropathic pain pathology. It is
possible that the modulation of its activity can be used in planning new treatment strategies.
The mutual dependence between the mechanism of neuropathic pain and the activity of
the kynurenine pathway will hopefully allow us to find a new mechanism of changes
accompanying injury and create a possibility for using this knowledge in prophylaxis
or therapeutic treatment. Management of neuropathic pain is consistently an enormous
challenge for both health providers and patients. People affected by this kind of pain suffer
from persistent symptoms that significantly reduce their quality of life, while doctors may
propose treatment with a substance that gives only a partial improvement. In the context
of the role of the kynurenine pathway in neuropathy, several points of interest in terms of
pharmacological intervention can be distinguished. Most of them rely on manipulating the
levels of neuroactive metabolites of this pathway. The first option is to use KMO inhibitors,
since this enzyme initiates a cascade of transformations that result in the synthesis of the
neurotoxin QUIN. This possibility is interesting because the results from basic, preclinical
research indicate that these inhibitors indeed reduce hypersensitivity to mechanical and
thermal stimuli. Moreover, from the therapeutic perspective, it is also significant that
the inhibitors of KMO studied thus far intensify the analgesic effect of morphine. It is
worth remembering that QUIN is also formed from anthranilic acid (Scheme 1); thus, the
simultaneous use of an inhibitor of this enzyme could influence the analgesic effects of
morphine. The direct precursor of QUIN is 3-hydroxyanthranilic acid, the modulation
of which seems to be an interesting solution; however, the potential side effects should
be taken into account, such as a decrease in the production of neuroprotective cinnabaric
acid [121], which could be counterproductive.

Among the enzymes of the kynurenine pathway, IDO2 is an interesting target for
therapeutic manipulation: its inhibition caused a decrease in hypersensitivity to mechanical
and thermal stimuli after ligation of the sciatic nerve in an animal model of neuropathy. An
extremely interesting compound is also KYNA, whose anticonvulsant and neuroprotective
properties have previously been confirmed in numerous studies. There is a chance that
pharmacological inhibition of QUIN production would result in a shift of the metabolic
balance of the KP toward its neuroprotective branch (i.e., an increase in the synthesis
of KYNA). It is worth noting that KYNA in combination with plasma proteins becomes
practically impermeable to the BBB [34]. However, recently, there have been attempts to
create nanoparticles that allow therapeutic amounts of kynurenic acid to penetrate the
blood-brain barrier. The results of these experiments are very promising, showing that
KYNA encapsulated in nanoparticles and administered peripherally to animals penetrates
the blood-brain barrier and causes electrophysiological changes within the CNS [122].
Designing compounds comparable to KYNA in terms of chemical structure and biolog-
ical activity remains a tremendous challenge. Several analogs of KYNA have already
been synthesized: (2-(2-N,N-dimethylaminoethylamine-1-carbonyl)-1H-quinolin-4-one
hydrochloride; KYNA-A1; 5,7-diBr-KYNA; 5,7-diCl-KYNA; 5-1,7-Cl-KYNA; and L-689,560),
and their physical, chemical, and pharmacological properties are constantly being investi-
gated. The recently discovered KYNA- or L-KYN-containing peptides are very promising
in terms of pharmacological intervention. Kynurenine-containing peptides that influence
opioid receptor activity have been previously isolated from natural organisms. Sz{ics et al.
designed and synthesized novel opioid peptide analogs combining L-KYN or KYNA in
place of native amino acids. Importantly, this new, L-KYN-containing peptide displays a
strong antinociceptive effect in in vivo tests [123]. It is worth mentioning because of the
impact on the serotonin metabolism; the kynurenine pathway was already suggested to
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be important in migraine attack and under migraine treatment [124,125]. The crosstalk be-
tween the kynurenine pathway and tetrahydrobiopterin (BH4) pathway has been recently
raised as a very important factor in nociception processes. Recently, XA was recognized
as an endogenous inhibitor of the BH4 metabolism which raises the possibility that XA
can potentially modulate the pathological overproduction of BH4 reported in chronic pain
hypersensitivity animal models [126]. Given the dynamically developing research on the role
and effect of KP modulators, the possibility for their clinical use in the treatment of various
CNS disorders is arousing increasing interest. Perhaps, in the future, these compounds may
also be among the pathways supporting the treatment of neuropathic pain.

7. Conclusions

In this review, we highlight emerging evidence of kynurenine pathway involvement
in the development of neuropathic pain and other conditions and KP modulation as a
potential strategy for the management of this kind of pain. An increasing number of studies
showing that kynurenine and its metabolites can directly or indirectly influence and control
various classical neurotransmitter systems has broadened our knowledge and aroused
greater interest in the role of the KP in nociception processes. In addition, as research has
shown, pain, stress, and infections modulate the metabolism of the kynurenine pathway
and cause serious changes in well-being. In the era of dynamically developing research
on the kynurenine pathway, increasing interest has been aroused by the possibility for the
clinical use of its metabolites, both in terms of the prediction of treatment effects as well as
new possibilities in the treatment of CNS disorders. Therefore, there is a need to continue to
expand research in this area, which in the future may allow for more effective therapy that is
less burdensome for people affected by CNS disorders, reduce costs and, above all, improve
the patient’s quality of life. In the future, research should be directed towards identifying
changes in tryptophan metabolism in people suffering from neuropathic pain of various
etiologies. Moreover, keeping in mind that this kind of pain has a significantly higher
prevalence among females compared with males, the gender differences are extremely
important aspects, and relatively not yet explored in the matter of kynurenine pathway
disturbances. Most likely, in the near future, new, thus far unknown, physiological and
pathological properties of kynurenines will be discovered and interest in developing drugs
based on modifications of the KP will increase. Complete knowledge of the KP will be
critical to one of the major advances in medical research, by preventing disease rather than
treating symptoms.

Author Contributions: Conceptualization, K.C., E.R.; writing—original draft preparation, K.C.,, ER.,
writing—review and editing, K.C., E.R., ].M. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Science Centre, Poland (SONATA 2015/17/D/NZ4/
02284) and by statutory funds from the Maj Institute of Pharmacology Polish Academy of Sciences,
Department of Pain Pharmacology.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.
Abbreviations
1-M-d-T  1-Methyl-D-tryptophan

3-HANA  3-hydroxyanthranilic acid
3-HAOO  3-hydroxyanthranilic oxidase



Int. J. Mol. Sci. 2021, 22, 11055

13 of 18

3-HK-3
AA
AhR
AMPA
APCs
BBB
BH4
Clq
CCI
CD40
CNS
DCs
DRG
GFAP
GPR35
HCN channels
HIV
IASP
IBA-1
IDO
IFN-1p3
IFN-6
IFN-gamma
IL-1
IL-10
IL-1pB
IL-4
IL-6
KAR
KATs
KM
KMO
KP
KYNA
KYNU
L-KYN
L-KYN
MAO-B
NAD
NMDA
NOS2
QUIN
ROS
SC

SNI
SNL
SNRIs
SOD
TCAs
TDO
TNF-&
TRP
UPF648
XA

hydroxykinurenine

anthranilic acid

aryl hydrocarbon receptor
a-amino-2,3-dihydro-5-methyl-3-oxo-isoxazolpropionic acid
antigen-presenting cells
blood-brain barrier
tetrahydrobiopterin

complement component 1q
chronic constriction injury

cluster of differentiation 40

central nervous system

dendritic cells

dorsal root ganglia

glial fibrillary acidic protein
G-protein coupled receptor 35
hyperpolarization-activated cyclic nucleotide—gated channels
human immunodeficiency virus
The International Association for the Study of Pain
allograft inflammatory factor 1
indoleamine 2,3-dioxygenase
interferon beta -1

interferon-6

interferon gamma

interleukin 1

interleukin-10

interleukin 1 beta

interleukin-4

interleukin-6

kainic acid receptor

kynurenine aminotransferases
Michaelis constant
kynurenine-3-monooxygenase
kynurenine pathway

kynureinc acid

kynureninase

L-kynurenine

L-kynurenine

B monoamine oxidase
nicotinamide adenine dinucleotide
N-methyl-D-aspartate

Nitric oxide synthase 2

quinolinic acid

reactive oxygen species

spinal cord

sciatic nerve injury

spinal nerve ligation
serotonin-noradrenaline reuptake inhibitors
superoxide dismutase

tricyclic antidepressants
tryptophan 2,3-dioxygenase

tumor necrosis alpha

tryptophan
(1S,25)-2-(3,4-Dichlorobenzoyl)cyclopropanecarboxylic acid
xanturenic acid



Int. J. Mol. Sci. 2021, 22, 11055 14 of 18

References

1.  Loeser, ].D.; Treede, R.D. The Kyoto protocol of IASP Basic Pain Terminology. Pain 2008, 137, 473-477. [CrossRef] [PubMed]

2. Aydede, M; Shriver, A. Recently introduced definition of “nociplastic pain” by the International Association for the Study of
Pain needs better formulation. Pain 2018, 159, 1176-1177. [CrossRef] [PubMed]

3.  Tanaka, M.; Torok, N.; Téth, F; Szabo, A.; Vécsei, L. Co-players in chronic pain: Neuroinflammation and the tryptophan-
kynurenine metabolic pathway. Biomedicines 2021, 9, 897. [CrossRef]

4. Bouhassira, D. Neuropathic pain: Definition, assessment and epidemiology. Rev. Neurol. 2019, 175, 16-25. [CrossRef] [PubMed]

5. Colloca, L.; Ludman, T.; Bouhassira, D.; Baron, R.; Dickenson, A.H.; Yarnitsky, D.; Freeman, R.; Truini, A.; Attal, N.; Finnerup,
N.B.; et al. Neuropathic pain. Nat. Rev. Dis. Prim. 2017, 3, 17002. [CrossRef]

6.  van Hecke, O.; Austin, S.K.; Khan, R.A.; Smith, B.H.; Torrance, N. Neuropathic pain in the general population: A systematic
review of epidemiological studies. Pain 2014, 155, 654—-662. [CrossRef]

7. Cavalli, E.; Mammana, S.; Nicoletti, F.; Bramanti, P.; Mazzon, E. The neuropathic pain: An overview of the current treatment and
future therapeutic approaches. Int. |. Immunopathol. Pharmacol. 2019, 33, 2058738419838383. [CrossRef]

8.  Yawn, B.P; Wollan, P.C.; Weingarten, T.N.; Watson, ].C.; Hooten, WM.; Melton, L.J. The prevalence of neuropathic pain: Clinical
evaluation compared with screening tools in a community population. Pain Med. 2009, 10, 586-593. [CrossRef]

9.  Butera, J.A. Current and emerging targets to treat neuropathic pain. J. Med. Chem. 2007, 50, 2543-2546. [CrossRef]

10.  Finnerup, N.B.; Attal, N.; Haroutounian, S.; McNicol, E.; Baron, R.; Dworkin, R.H.; Gilron, I.; Haanpaa, M.; Hansson, P.; Jensen,
T.S.; et al. Pharmacotherapy for neuropathic pain in adults: A systematic review and meta-analysis. Lancet Neurol. 2015, 14,
162-173. [CrossRef]

11. Bates, D.; Carsten Schultheis, B.; Hanes, M.C.; Jolly, S.M.; Chakravarthy, K.V,; Deer, TR.; Levy, R.M.; Hunter, CW. A Comprehen-
sive Algorithm for Management of Neuropathic Pain. Pain Med. 2019, 20, 52-S12. [CrossRef]

12.  Fernandes, V,; Sharma, D.; Vaidya, S.; Shantanu, P.A.; Guan, Y.; Kalia, K.; Tiwari, V. Cellular and molecular mechanisms driving
neuropathic pain: Recent advancements and challenges. Expert Opin. Ther. Targets 2018, 22, 131-142. [CrossRef]

13. Finnerup, N.B.; Kuner, R.; Jensen, T.S. Neuropathic pain: Frommechanisms to treatment. Physiol. Rev. 2021, 101, 259-301.
[CrossRef] [PubMed]

14. Meacham, K; Shepherd, A.; Mohapatra, D.P.; Haroutounian, S. Neuropathic Pain: Central vs. Peripheral Mechanisms. Curr. Pain
Headache Rep. 2017, 21, 28. [CrossRef] [PubMed]

15. Savitz, J. The kynurenine pathway: A finger in every pie. Mol. Psychiatry 2020, 25, 131-147. [CrossRef] [PubMed]

16. Badawy, A.A.B. Kynurenine pathway of tryptophan metabolism: Regulatory and functional aspects. Int. J. Tryptophan Res. 2017,
10, 1178646917691938. [CrossRef]

17. Hoglund, E.; Overli, @.; Winberg, S. Tryptophan metabolic pathways and brain serotonergic activity: A comparative review.
Front. Endocrinol. 2019, 10, 158. [CrossRef]

18.  Vécsei, L.; Szalardy, L.; Fiilop, E; Toldi, J. Kynurenines in the CNS: Recent advances and new questions. Nat. Rev. Drug Discov.
2013, 12, 64-82. [CrossRef]

19. Gulaj, E.; Pawlak, K,; Bien, B.; Pawlak, D. Kynurenine and its metabolites in Alzheimer’s disease patients. Adv. Med. Sci. 2010, 55,
204-211. [CrossRef]

20. Tanaka, M.; Bohdr, Z.; Vécsei, L. Are Kynurenines Accomplices or Principal Villains in Dementia? Maintenance of Kynurenine
Metabolism. Molecules 2020, 25, 564. [CrossRef]

21. Rojewska, E.; Piotrowska, A.; Makuch, W.; Przewlocka, B.; Mika, J. Pharmacological kynurenine 3-monooxygenase enzyme
inhibition significantly reduces neuropathic pain in a rat model. Neuropharmacology 2016, 102, 80-91. [CrossRef] [PubMed]

22. Rojewska, E.; Ciapala, K.; Piotrowska, A.; Makuch, W.; Mika, J. Pharmacological Inhibition of Indoleamine 2,3-Dioxygenase-2
and Kynurenine 3-Monooxygenase, Enzymes of the Kynurenine Pathway, Significantly Diminishes Neuropathic Pain in a Rat
Model. Front. Pharmacol. 2018, 9, 724. [CrossRef] [PubMed]

23. Laumet, G.; Zhou, W.; Dantzer, R.; Edralin, ].D.; Huo, X.J.; Budac, D.P; O’Connor, J.C.; Lee, A.W.; Heijnen, C.J.; Kavelaars, A.
Upregulation of neuronal kynurenine 3-monooxygenase mediates depression-like behavior in a mouse model of neuropathic
pain. Brain. Behav. Immun. 2017, 66, 94-102. [CrossRef] [PubMed]

24. Wang, Y, Li, C.-M,; Han, R.; Wang, Z.-Z.; Gao, Y.-L.; Zhu, X.-Y;; Yu, X,; Du, G.-Y.; Wang, H.-B,; Tian, ].-W.; et al. PCC0208009, an
indirect IDOL1 inhibitor, alleviates neuropathic pain and co-morbidities by regulating synaptic plasticity of ACC and amygdala.
Biochem. Pharmacol. 2020, 177, 113926. [CrossRef] [PubMed]

25. Rojewska, E.; Ciapata, K.; Mika, J. Kynurenic acid and zaprinast diminished CXCL17-evoked pain-related behaviour and
enhanced morphine analgesia in a mouse neuropathic pain model. Pharmacol. Rep. 2019, 71, 139-148. [CrossRef] [PubMed]

26. Pineda-Farias, ].B.; Pérez-Severiano, F.; Gonzalez-Esquivel, D.F; Barragan-Iglesias, P.; Bravo-Hernandez, M.; Cervantes-Duran,
C.; Aguilera, P; Rios, C.; Granados-Soto, V. The 1 -kynurenine-probenecid combination reduces neuropathic pain in rats. Eur. J.
Pain 2013, 17, 1365-1373. [CrossRef]

27. Reyes Ocampo, J.; Lugo Huitrén, R.; Gonzalez-Esquivel, D.; Ugalde-Muiiiz, P; Jiménez-Anguiano, A.; Pineda, B.; Pedraza-
Chaverri, ].; Rios, C.; Pérez de la Cruz, V. Kynurenines with neuroactive and redox properties: Relevance to aging and brain
diseases. Oxid. Med. Cell. Longev. 2014, 2014, 646909. [CrossRef]

28. Schwarcz, R.; Stone, T.W. The kynurenine pathway and the brain: Challenges, controversies and promises. Neuropharmacology

2017, 112, 237-247. [CrossRef]


http://doi.org/10.1016/j.pain.2008.04.025
http://www.ncbi.nlm.nih.gov/pubmed/18583048
http://doi.org/10.1097/j.pain.0000000000001184
http://www.ncbi.nlm.nih.gov/pubmed/29768305
http://doi.org/10.3390/biomedicines9080897
http://doi.org/10.1016/j.neurol.2018.09.016
http://www.ncbi.nlm.nih.gov/pubmed/30385075
http://doi.org/10.1038/nrdp.2017.2
http://doi.org/10.1016/j.pain.2013.11.013
http://doi.org/10.1177/2058738419838383
http://doi.org/10.1111/j.1526-4637.2009.00588.x
http://doi.org/10.1021/jm061015w
http://doi.org/10.1016/S1474-4422(14)70251-0
http://doi.org/10.1093/pm/pnz075
http://doi.org/10.1080/14728222.2018.1420781
http://doi.org/10.1152/physrev.00045.2019
http://www.ncbi.nlm.nih.gov/pubmed/32584191
http://doi.org/10.1007/s11916-017-0629-5
http://www.ncbi.nlm.nih.gov/pubmed/28432601
http://doi.org/10.1038/s41380-019-0414-4
http://www.ncbi.nlm.nih.gov/pubmed/30980044
http://doi.org/10.1177/1178646917691938
http://doi.org/10.3389/fendo.2019.00158
http://doi.org/10.1038/nrd3793
http://doi.org/10.2478/v10039-010-0023-6
http://doi.org/10.3390/molecules25030564
http://doi.org/10.1016/j.neuropharm.2015.10.040
http://www.ncbi.nlm.nih.gov/pubmed/26524415
http://doi.org/10.3389/fphar.2018.00724
http://www.ncbi.nlm.nih.gov/pubmed/30050435
http://doi.org/10.1016/j.bbi.2017.07.008
http://www.ncbi.nlm.nih.gov/pubmed/28709913
http://doi.org/10.1016/j.bcp.2020.113926
http://www.ncbi.nlm.nih.gov/pubmed/32217098
http://doi.org/10.1016/j.pharep.2018.10.002
http://www.ncbi.nlm.nih.gov/pubmed/30550994
http://doi.org/10.1002/j.1532-2149.2013.00305.x
http://doi.org/10.1155/2014/646909
http://doi.org/10.1016/j.neuropharm.2016.08.003

Int. J. Mol. Sci. 2021, 22, 11055 15 0f 18

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Murakami, Y.; Saito, K. Species and cell types difference in tryptophan metabolism. Int. ]. Tryptophan Res. 2013, 6, 47-54.
[CrossRef]

Heyes, M.P; Saito, K.; Chen, C.Y.; Proescholdt, M.G.; Nowak, T.S.; Li, J.; Beagles, K.E.; Proescholdt, M.A; Zito, M.A.; Kawai, K.;
et al. Species heterogeneity between gerbils and rats: Quinolinate production by microgila and astrocytes and accumulations in
response to ischemic brain injury and systemic immune activation. . Neurochem. 1997, 69, 1519-1529. [CrossRef]

Jovanovic, E; Candido, K.D.; Knezevic, N.N. The role of the kynurenine signaling pathway in different chronic pain conditions
and potential use of therapeutic agents. Int. . Mol. Sci. 2020, 21, 6045. [CrossRef]

Guillemin, G.J.; Kerr, S.J.; Smythe, G.A.; Smith, D.G.; Kapoor, V.; Armati, PJ.; Croitoru, J.; Brew, B.]. Kynurenine pathway
metabolism in human astrocytes: A paradox for neuronal protection. J. Neurochem. 2001, 78, 842-853. [CrossRef]

Guillemin, G.J.; Smith, D.G.; Smythe, G.A.; Armati, PJ.; Brew, B.]. Expression of the kynurenine pathway enzymes in human
microglia and macrophages. Adv. Exp. Med. Biol. 2003, 527, 105-112.

Fukui, S.; Schwarcz, R.; Rapoport, S.I.; Takada, Y.; Smith, Q.R. Blood-Brain Barrier Transport of Kynurenines: Implications for
Brain Synthesis and Metabolism. J. Neurochem. 1991, 56, 2007-2017. [CrossRef]

Kita, T.; Morrison, PF,; Heyes, M.P,; Markey, S.P. Effects of systemic and central nervous system localized inflammation on the
contributions of metabolic precursors to the I-kynurenine and quinolinic acid pools in brain. J. Neurochem. 2002, 82, 258-268.
[CrossRef]

Lapin, LP. Depressor effect of kynurenine and its metabolites in rats. Life Sci. 1976, 19, 1479-1483. [CrossRef]

Lapin, L.P. Stimulant and convulsive effects of kynurenines injected into brain ventricles in mice. . Neural Transm. 1978, 42, 37-43.
[CrossRef] [PubMed]

Pinelli, A.; Ossi, C.; Colombo, R.; Tofanetti, O.; Spazzi, L. Experimental convulsions in rats induced by intra ventricular
administration of kynurenine and structurally related compounds. Neuropharmacology 1984, 23, 333-337. [CrossRef]

Okuda, S.; Nishiyama, N.; Saito, H.; Katsuki, H. 3-Hydroxykynurenine, an Endogenous Oxidative Stress Generator, Causes
Neuronal Cell Death with Apoptotic Features and Region Selectivity. J. Neurochem. 2002, 70, 299-307. [CrossRef] [PubMed]
Peyrot, E.; Ducrocq, C. Potential role of tryptophan derivatives in stress responses characterized by the generation of reactive
oxygen and nitrogen species. J. Pineal Res. 2008, 45, 235-246. [CrossRef] [PubMed]

Song, H.; Park, H.; Kim, Y.-S.; Kim, K.D.; Lee, H.-K.; Cho, D.-H.; Yang, ].-W.; Hur, D.Y. I-Kynurenine-induced apoptosis in human
NK cells is mediated by reactive oxygen species. Int. Immunopharmacol. 2011, 11, 932-938. [CrossRef]

Opitz, C.A,; Litzenburger, U.M.; Sahm, E,; Ott, M,; Tritschler, I.; Trump, S.; Schumacher, T.; Jestaedt, L.; Schrenk, D.; Weller, M.;
et al. An endogenous tumour-promoting ligand of the human aryl hydrocarbon receptor. Nature 2011, 478, 197-203. [CrossRef]
Cuartero, M.IL; de la Parra, J.; Garcia-Culebras, A.; Ballesteros, 1.; Lizasoain, I.; Moro, M.A. The Kynurenine Pathway in the Acute
and Chronic Phases of Cerebral Ischemia. Curr. Pharm. Des. 2016, 22, 1060-1073. [CrossRef] [PubMed]

Vamos, E.; Pardutz, A.; Klivenyi, P.; Toldi, J. The role of kynurenines in disorders of the central nervous system: Possibilities for
neuroprotection. J. Neurol. Sci. 2009, 283, 21-27. [CrossRef] [PubMed]

Zadori, D.; Klivényi, P.; Vamos, E.; Fiilop, F.; Toldi, J.; Vécsei, L. Kynurenines in chronic neurodegenerative disorders: Future
therapeutic strategies. J. Neural Transm. 2009, 116, 1403-1409. [CrossRef] [PubMed]

Perkins, M.N.; Stone, T.W. An iontophoretic investigation of the actions of convulsant kynurenines and their interaction with the
endogenous excitant quinolinic acid. Brain Res. 1982, 247, 184-187. [CrossRef]

Hilmas, C.; Pereira, E.F.R.; Alkondon, M.; Rassoulpour, A.; Schwarcz, R.; Albuquerque, E.X. The Brain Metabolite Kynurenic Acid
Inhibits «7 Nicotinic Receptor Activity and Increases Non-«7 Nicotinic Receptor Expression: Physiopathological Implications. J.
Neurosci. 2001, 21, 7463-7473. [CrossRef]

Stone, T.W. Does kynurenic acid act on nicotinic receptors? An assessment of the evidence. J. Neurochem. 2020, 152, 627-649.
[CrossRef]

Carpenedo, R.; Chiarugi, A.; Russi, P.; Lombardi, G.; Carla, V.; Pellicciari, R.; Mattoli, L.; Moroni, F. Inhibitors of kynurenine
hydroxylase and kynureninase increase cerebral formation of kynurenate and have sedative and anticonvulsant activities.
Neuroscience 1994, 61, 237-244. [CrossRef]

Cozzi, A.; Carpenedo, R.; Moroni, F. Kynurenine hydroxylase inhibitors reduce ischemic brain damage: Studies with (m-
nitrobenzoyl)-alanine (mNBA) and 3,4-dimethoxy-[-N-4- (nitrophenyl)thiazol-2YL]-benzenesulfonamide (Ro 61-8048) in models
of focal or global brain ischemia. J. Cereb. Blood Flow Metab. 1999, 19, 771-777. [CrossRef]

Wang, J.; Simonavicius, N.; Wu, X.; Swaminath, G.; Reagan, J.; Tian, H.; Ling, L. Kynurenic Acid as a Ligand for Orphan G
Protein-coupled Receptor GPR35. |. Biol. Chem. 2006, 281, 22021-22028. [CrossRef]

DiNatale, B.C.; Murray, I.A.; Schroeder, J.C.; Flaveny, C.A.; Lahoti, T.S.; Laurenzana, E.M.; Omiecinski, C.J.; Perdew, G.H.
Kynurenic acid is a potent endogenous aryl hydrocarbon receptor ligand that synergistically induces interleukin-6 in the presence
of inflammatory signaling. Toxicol. Sci. 2010, 115, 89-97. [CrossRef]

Hartai, Z.; Klivenyi, P; Janaky, T.; Penke, B.; Dux, L.; Vecsei, L. Kynurenine metabolism in multiple sclerosis. Acta Neurol. Scand.
2005, 112, 93-96. [CrossRef]

Forrest, C.M.; Gould, S.R.; Darlington, L.G.; Stone, T.W. Levels of purine, kynurenine and lipid peroxidation products in patients
with inflammatory bowel disease. Adv. Exp. Med. Biol. 2003, 527, 395-400. [CrossRef] [PubMed]

Oxenkrug, G.F. Increased Plasma Levels of Xanthurenic and Kynurenic Acids in Type 2 Diabetes. Mol. Neurobiol. 2015, 52,
805-810. [CrossRef] [PubMed]


http://doi.org/10.4137/IJTR.S11558
http://doi.org/10.1046/j.1471-4159.1997.69041519.x
http://doi.org/10.3390/ijms21176045
http://doi.org/10.1046/j.1471-4159.2001.00498.x
http://doi.org/10.1111/j.1471-4159.1991.tb03460.x
http://doi.org/10.1046/j.1471-4159.2002.00955.x
http://doi.org/10.1016/0024-3205(76)90091-6
http://doi.org/10.1007/BF01262727
http://www.ncbi.nlm.nih.gov/pubmed/641543
http://doi.org/10.1016/0028-3908(84)90196-5
http://doi.org/10.1046/j.1471-4159.1998.70010299.x
http://www.ncbi.nlm.nih.gov/pubmed/9422375
http://doi.org/10.1111/j.1600-079X.2008.00580.x
http://www.ncbi.nlm.nih.gov/pubmed/18341517
http://doi.org/10.1016/j.intimp.2011.02.005
http://doi.org/10.1038/nature10491
http://doi.org/10.2174/1381612822666151214125950
http://www.ncbi.nlm.nih.gov/pubmed/25248805
http://doi.org/10.1016/j.jns.2009.02.326
http://www.ncbi.nlm.nih.gov/pubmed/19268309
http://doi.org/10.1007/s00702-009-0263-4
http://www.ncbi.nlm.nih.gov/pubmed/19618107
http://doi.org/10.1016/0006-8993(82)91048-4
http://doi.org/10.1523/JNEUROSCI.21-19-07463.2001
http://doi.org/10.1111/jnc.14907
http://doi.org/10.1016/0306-4522(94)90227-5
http://doi.org/10.1097/00004647-199907000-00007
http://doi.org/10.1074/jbc.M603503200
http://doi.org/10.1093/toxsci/kfq024
http://doi.org/10.1111/j.1600-0404.2005.00442.x
http://doi.org/10.1007/978-1-4615-0135-0_46
http://www.ncbi.nlm.nih.gov/pubmed/15206756
http://doi.org/10.1007/s12035-015-9232-0
http://www.ncbi.nlm.nih.gov/pubmed/26055228

Int. J. Mol. Sci. 2021, 22, 11055 16 of 18

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Szymona, K.; Zdzisiiska, B.; Karakuta-Juchnowicz, H.; Kocki, T.; Kandefer-Szerszen,, M.; Flis, M.; Rosa, W.; Urbariska, E.M.
Correlations of Kynurenic Acid, 3-Hydroxykynurenine, sIL-2R, IFN-«, and IL-4 with Clinical Symptoms During Acute Relapse of
Schizophrenia. Neurotox. Res. 2017, 32, 17-26. [CrossRef] [PubMed]

Hartai, Z.; Juhasz, A.; Rimandczy, A Janaky, T.; Donko, T.; Dux, L.; Penke, B.; Toth, G.K.; Janka, Z.; Kalman, ]. Decreased serum
and red blood cell kynurenic acid levels in Alzheimer’s disease. Neurochem. Int. 2007, 50, 308-313. [CrossRef] [PubMed]

Curto, M.; Lionetto, L.; Negro, A.; Capi, M.; Perugino, F,; Fazio, F.; Giamberardino, M.A.; Simmaco, M.; Nicoletti, F.; Martelletti, P.
Altered serum levels of kynurenine metabolites in patients affected by cluster headache. J. Headache Pain 2016, 17, 27. [CrossRef]
Curto, M,; Lionetto, L.; Negro, A.; Capi, M.; Fazio, F.; Giamberardino, M.A.; Simmaco, M.; Nicoletti, F.; Martelletti, P. Altered
kynurenine pathway metabolites in serum of chronic migraine patients. J. Headache Pain 2015, 17, 47. [CrossRef]

Beal, M.E; Matson, W.R,; Storey, E.; Milbury, P; Ryan, E.A.; Ogawa, T; Bird, E.D. Kynurenic acid concentrations are reduced in
Huntington’s disease cerebral cortex. J. Neurol. Sci. 1992, 108, 80-87. [CrossRef]

Parada-Turska, J.; Zgrajka, W.; Majdan, M.; Lisse, J.; Westlund, K.N. Kynurenic acid in synovial fluid and serum of patients with
rheumatoid arthritis, spondyloarthropathy, and osteoarthritis. J. Rheumatol. 2013, 40, 903-909. [CrossRef]

Spekker, E.; Laborc, K.E; Bohar, Z.; Nagy-Grocz, G.; Fejes-Szabd, A.; Szfics, M.; Vécsei, L.; Pardutz, A. Effect of dural inflammatory
soup application on activation and sensitization markers in the caudal trigeminal nucleus of the rat and the modulatory effects of
sumatriptan and kynurenic acid. J. Headache Pain 2021, 22, 17. [CrossRef]

Eastman, C.L.; Guilarte, T.R. Cytotoxicity of 3-hydroxykynurenine in a neuronal hybrid cell line. Brain Res. 1989, 495, 225-231.
[CrossRef]

Chiarugi, A.; Meli, E.; Moroni, F. Similarities and differences in the neuronal death processes activated by 30H-kynurenine and
quinolinic acid. J. Neurochem. 2001, 77, 1310-1318. [CrossRef] [PubMed]

Goldstein, L.E.; Leopold, M.C.; Huang, X.; Atwood, C.S.; Saunders, A.J.; Hartshorn, M.; Lim, J.T.; Faget, K.Y.; Muffat, ].A,;
Scarpa, R.C; et al. 3-Hydroxykynurenine and 3-Hydroxyanthranilic Acid Generate Hydrogen Peroxide and Promote a-Crystallin
Cross-Linking by Metal Ion Reduction. Biochemistry 2000, 39, 7266-7275. [CrossRef] [PubMed]

Reyes-Ocampo, J.; Ramirez-Ortega, D.; Vazquez Cervantes, G.I.; Pineda, B.; Montes de Oca Balderas, P.; Gonzalez-Esquivel, D.;
Sanchez-Chapul, L.; Lugo-Huitrén, R.; Silva-Adaya, D.; Rios, C.; et al. Mitochondrial dysfunction related to cell damage induced
by 3-hydroxykynurenine and 3-hydroxyanthranilic acid: Non-dependent-effect of early reactive oxygen species production.
Neurotoxicology 2015, 50, 81-91. [CrossRef]

Colin-Gonzélez, A.L.; Maldonado, P.D.; Santamaria, A. 3-Hydroxykynurenine: An intriguing molecule exerting dual actions in
the Central Nervous System. Neurotoxicology 2013, 34, 189-204. [CrossRef]

Giles, G.I; Collins, C.A.; Stone, T.W.; Jacob, C. Electrochemical and in vitro evaluation of the redox-properties of kynurenine
species. Biochem. Biophys. Res. Commun. 2003, 300, 719-724. [CrossRef]

Bonda, D.J.; Mailankot, M.; Stone, ].G.; Garrett, M.R.; Staniszewska, M.; Castellani, R.].; Siedlak, S.L.; Zhu, X.; Lee, H.; Perry, G.;
et al. Indoleamine 2,3-dioxygenase and 3-hydroxykynurenine modifications are found in the neuropathology of Alzheimer’s
disease. Redox Rep. 2010, 15, 161-168. [CrossRef] [PubMed]

Pearson, S.J.; Reynolds, G.P. Increased brain concentrations of a neurotoxin, 3-hydroxykynurenine, in Huntington’s disease.
Neurosci. Lett. 1992, 144, 199-201. [CrossRef]

Guillemin, G.J. Quinolinic acid, the inescapable neurotoxin. FEBS J. 2012, 279, 1356-1365. [CrossRef]

Schwarcz, R.; Whetsell, W.O.; Mangano, R.M. Quinolinic acid: An endogenous metabolite that produces axon-sparing lesions in
rat brain. Science 1983, 219, 316-318. [CrossRef]

Lugo-Huitrén, R.; Ugalde Muiiiz, P; Pineda, B.; Pedraza-Chaverri, J.; Rios, C.; Pérez-De La Cruz, V. Quinolinic acid: An
endogenous neurotoxin with multiple targets. Oxid. Med. Cell. Longev. 2013, 2013, 104024. [CrossRef] [PubMed]

Pérez-De La Cruz, V.; Konigsberg, M.; Pedraza-Chaverri, J.; Herrera-Mundo, N.; Diaz-Mufioz, M.; Moran, J.; Fortoul-Van
Der Goes, T.; Rondan-Zarate, A.; Maldonado, P.D.; Ali, S.F; et al. Cytoplasmic calcium mediates oxidative damage in an
excitotoxic/energetic deficit synergic model in rats. Eur. J. Neurosci. 2008, 27, 1075-1085. [CrossRef]

Stipek, S.; Stastny, E,; Platenik, J.; Crkovska, J.; Zima, T. The effect of quinolinate on rat brain lipid peroxidation is dependent on
iron. Neurochem. Int. 1997, 30, 233-237. [CrossRef]

Naoi, M.; Ishiki, R.; Nomura, Y.; Hasegawa, S.; Nagatsu, T. Quinolinic acid: An endogenous inhibitor specific for type B
monoamine oxidase in human brain synaptosomes. Neurosci. Lett. 1987, 74, 232-236. [CrossRef]

Braidy, N.; Grant, R.; Brew, B.J.; Adams, S.; Jayasena, T.; Guillemin, G.J. Effects of kynurenine pathway metabolites on intracellular
NAD-+ synthesis and cell death in human primary astrocytes and neurons. Int. J. Tryptophan Res. 2009, 2, 61-69. [CrossRef]
Guidetti, P; Luthi-Carter, R.E.; Augood, S.J.; Schwarcz, R. Neostriatal and cortical quinolinate levels are increased in early grade
Huntington’s disease. Neurobiol. Dis. 2004, 17, 455-461. [CrossRef] [PubMed]

Sorgdrager, F].H.; Vermeiren, Y.; Faassen, M.; Ley, C.; Nollen, E.A.A; Kema, I.P,; De Deyn, P.P. Age- and disease-specific changes
of the kynurenine pathway in Parkinson’s and Alzheimer’s disease. . Neurochem. 2019, 151, 656—668. [CrossRef] [PubMed]
Steiner, J.; Walter, M.; Gos, T.; Guillemin, G.J.; Bernstein, H.G.; Sarnyai, Z.; Mawrin, C.; Brisch, R.; Bielau, H.; zu Schwabedissen,
L.M.; et al. Severe depression is associated with increased microglial quinolinic acid in subregions of the anterior cingulate gyrus:
Evidence for an immune-modulated glutamatergic neurotransmission? J. Neuroinflammation 2011, 8, 1-9. [CrossRef] [PubMed]
Chen, Y,; Stankovic, R.; Cullen, K.M.; Meininger, V.; Garner, B.; Coggan, S.; Grant, R.; Brew, B.].; Guillemin, G.J. The kynurenine
pathway and inflammation in amyotrophic lateral sclerosis. Neurotox. Res. 2010, 18, 132-142. [CrossRef] [PubMed]


http://doi.org/10.1007/s12640-017-9714-0
http://www.ncbi.nlm.nih.gov/pubmed/28275903
http://doi.org/10.1016/j.neuint.2006.08.012
http://www.ncbi.nlm.nih.gov/pubmed/17023091
http://doi.org/10.1186/s10194-016-0620-2
http://doi.org/10.1186/s10194-016-0638-5
http://doi.org/10.1016/0022-510X(92)90191-M
http://doi.org/10.3899/jrheum.121035
http://doi.org/10.1186/s10194-021-01229-3
http://doi.org/10.1016/0006-8993(89)90216-3
http://doi.org/10.1046/j.1471-4159.2001.00335.x
http://www.ncbi.nlm.nih.gov/pubmed/11389182
http://doi.org/10.1021/bi992997s
http://www.ncbi.nlm.nih.gov/pubmed/10852726
http://doi.org/10.1016/j.neuro.2015.08.003
http://doi.org/10.1016/j.neuro.2012.11.007
http://doi.org/10.1016/S0006-291X(02)02917-0
http://doi.org/10.1179/174329210X12650506623645
http://www.ncbi.nlm.nih.gov/pubmed/20663292
http://doi.org/10.1016/0304-3940(92)90749-W
http://doi.org/10.1111/j.1742-4658.2012.08485.x
http://doi.org/10.1126/science.6849138
http://doi.org/10.1155/2013/104024
http://www.ncbi.nlm.nih.gov/pubmed/24089628
http://doi.org/10.1111/j.1460-9568.2008.06088.x
http://doi.org/10.1016/S0197-0186(97)90002-4
http://doi.org/10.1016/0304-3940(87)90155-8
http://doi.org/10.4137/IJTR.S2318
http://doi.org/10.1016/j.nbd.2004.07.006
http://www.ncbi.nlm.nih.gov/pubmed/15571981
http://doi.org/10.1111/jnc.14843
http://www.ncbi.nlm.nih.gov/pubmed/31376341
http://doi.org/10.1186/1742-2094-8-94
http://www.ncbi.nlm.nih.gov/pubmed/21831269
http://doi.org/10.1007/s12640-009-9129-7
http://www.ncbi.nlm.nih.gov/pubmed/19921535

Int. J. Mol. Sci. 2021, 22, 11055 17 of 18

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Heyes, M.P; Saito, K.; Lackner, A.; Wiley, C.A.; Achim, C.L.; Markey, S.P. Sources of the neurotoxin quinolinic acid in the brain of
HIV-1-infected patients and retrovirus-infected macaques. FASEB ]. 1998, 12, 881-896. [CrossRef]

Stone, T.W. Endogenous neurotoxins from tryptophan. Toxicon 2001, 39, 61-73. [CrossRef]

Gunn, J.; Hill, M.M.; Cotton, B.M.; Deer, T.R. An analysis of biomarkers in patients with chronic pain. Pain Physician 2020, 23,
E41-E49. [CrossRef] [PubMed]

Thompson, T.; Whiter, F.; Gallop, K.; Veronese, N.; Solmi, M.; Newton, P.; Stubbs, B. NMDA receptor antagonists and pain relief:
A meta-analysis of experimental trials. Neurology 2019, 92, E1652-E1662. [CrossRef]

Johnson, T.S.; Munn, D.H. Host indoleamine 2,3-dioxygenase: Contribution to systemic acquired tumor tolerance. Immunol.
Investig. 2012, 41, 765-797. [CrossRef]

Huang, Y.S.; Ogbechi, ]J.; Clanchy, EI.; Williams, R.O.; Stone, T.W. IDO and Kynurenine Metabolites in Peripheral and CNS
Disorders. Front. Immunol. 2020, 11, 388. [CrossRef]

Kashi, A.A.; Davis, RW.; Phair, R.D. The IDO Metabolic Trap Hypothesis for the Etiology of ME/CFS. Diagnostics 2019, 9, 82.
[CrossRef]

Merlo, LM.E; DuHadaway, ]J.B.; Montgomery, ].D.; Peng, W.-D.; Murray, PJ.; Prendergast, G.C.; Caton, A.J.; Muller, AJ;
Mandik-Nayak, L. Differential Roles of IDO1 and IDO2 in T and B Cell Inflammatory Immune Responses. Front. Immunol. 2020,
11, 1861. [CrossRef]

Bilir, C.; Sarisozen, C. Indoleamine 2,3-dioxygenase (IDO): Only an enzyme or a checkpoint controller? J. Oncol. Sci. 2017, 3,
52-56. [CrossRef]

Munn, D.H.; Mellor, A.L. Indoleamine 2,3-dioxygenase and tumor-induced tolerance. J. Clin. Investig. 2007, 117, 1147-1154.
[CrossRef] [PubMed]

Widner, B.; Leblhuber, F.; Walli, J.; Tilz, G.P.; Demel, U.; Fuchs, D. Degradation of tryptophan in neurodegenerative disorders.
Adv. Exp. Med. Biol. 1999, 467, 133-138. [CrossRef] [PubMed]

Muller, A.J.; DuHadaway, ].B.; Donover, P.S.; Sutanto-Ward, E.; Prendergast, G.C. Inhibition of indoleamine 2,3-dioxygenase, an
immunoregulatory target of the cancer suppression gene Binl, potentiates cancer chemotherapy. Nat. Med. 2005, 11, 312-319.
[CrossRef] [PubMed]

Darlington, L.G.; Mackay, G.M.; Forrest, C.M.; Stoy, N.; George, C.; Stone, T.W. Altered kynurenine metabolism correlates with
infarct volume in stroke. Eur. J. Neurosci. 2007, 26, 2211-2221. [CrossRef] [PubMed]

Opitz, C.A.; Wick, W.; Steinman, L.; Platten, M. Tryptophan degradation in autoimmune diseases. Cell. Mol. Life Sci. 2007, 64,
2542-2563. [CrossRef]

Zelante, T.; Fallarino, F.; Bistoni, F,; Puccetti, P.; Romani, L. Indoleamine 2,3-dioxygenase in infection: The paradox of an evasive
strategy that benefits the host. Microbes Infect. 2009, 11, 133-141. [CrossRef]

Sage, L.K; Fox, ].M.; Mellor, A.L.; Tompkins, S.M.; Tripp, R.A. Indoleamine 2,3-Dioxygenase (IDO) Activity During the Primary
Immune Response to Influenza Infection Modifies the Memory T Cell Response to Influenza Challenge. Viral Immunol. 2014, 27,
112-123. [CrossRef]

Mazarei, G.; Leavitt, B.R. Indoleamine 2,3 Dioxygenase as a Potential Therapeutic Target in Huntington’s Disease. J. Huntingtons.
Dis. 2015, 4, 109-118. [CrossRef] [PubMed]

Laugeray, A.; Launay, ] M.; Callebert, J.; Surget, A.; Belzung, C.; Barone, PR. Peripheral and cerebral metabolic abnormalities of
the tryptophan-kynurenine pathway in a murine model of major depression. Behav. Brain Res. 2010, 210, 84-91. [CrossRef]
Tang, K.; Wu, YH.; Song, Y.; Yu, B. Indoleamine 2,3-dioxygenase 1 (IDO1) inhibitors in clinical trials for cancer immunotherapy. J.
Hematol. Oncol. 2021, 14, 68. [CrossRef]

Lu, Y,; Shao, M.; Wu, T. Kynurenine-3-monooxygenase: A new direction for the treatment in different diseases. Food Sci. Nutr.
2020, 8, 711-719. [CrossRef]

Courtney, S.; Scheel, A. Modulation of the Kynurenine Pathway for the Potential Treatment of Neurodegenerative Diseases; Springer:
Berlin/Heidelberg, Germany, 2010; pp. 149-176.

Tanaka, M.; Téth, F; Polydk, H.; Szabg, A.; Mandi, Y,; Vécsei, L. Immune Influencers in Action: Metabolites and Enzymes of the
Tryptophan-Kynurenine Metabolic Pathway. Biomedicines 2021, 9, 734. [CrossRef]

Wilson, K.; Auer, M,; Binnie, M.; Zheng, X.; Pham, N.T.; Iredale, ]J.P.; Webster, S.P.; Mole, D.]. Overexpression of human kynurenine-
3-monooxygenase protects against 3-hydroxykynurenine-mediated apoptosis through bidirectional nonlinear feedback. Cell
Death Dis. 2016, 7, €2197. [CrossRef]

Mithaiwala, M.N.; Santana-Coelho, D.; Porter, G.A.; O’Connor, J.C. Neuroinflammation and the Kynurenine Pathway in CNS
Disease: Molecular Mechanisms and Therapeutic Implications. Cells 2021, 10, 1548. [CrossRef]

Forrest, C.M.; Kennedy, P.G.E.; Rodgers, J.; Dalton, R.N.; Turner, C.; Darlington, L.G.; Cobb, S.R.; Stone, T.W. Kynurenine pathway
metabolism following prenatal KMO inhibition and in Mecp2+/ — mice, using liquid chromatography-tandem mass spectrometry.
Neurochem. Int. 2016, 100, 110-119. [CrossRef]

Zhang, S.; Collier, M.E.W.; Heyes, D.].; Giorgini, F.; Scrutton, N.S. Advantages of brain penetrating inhibitors of kynurenine-3-
monooxygenase for treatment of neurodegenerative diseases. Arch. Biochem. Biophys. 2021, 697, 108702. [CrossRef]

Zhang, S.; Sakuma, M.; Deora, G.S.; Levy, C.W.,; Klausing, A.; Breda, C.; Read, K.D.; Edlin, C.D.; Ross, B.P.; Wright Muelas, M.;
et al. A brain-permeable inhibitor of the neurodegenerative disease target kynurenine 3-monooxygenase prevents accumulation
of neurotoxic metabolites. Commun. Biol. 2019, 2, 271. [CrossRef] [PubMed]


http://doi.org/10.1096/fasebj.12.10.881
http://doi.org/10.1016/S0041-0101(00)00156-2
http://doi.org/10.36076/ppj.2020/23/E41
http://www.ncbi.nlm.nih.gov/pubmed/33396677
http://doi.org/10.1212/WNL.0000000000007238
http://doi.org/10.3109/08820139.2012.689405
http://doi.org/10.3389/fimmu.2020.00388
http://doi.org/10.3390/diagnostics9030082
http://doi.org/10.3389/fimmu.2020.01861
http://doi.org/10.1016/j.jons.2017.04.001
http://doi.org/10.1172/JCI31178
http://www.ncbi.nlm.nih.gov/pubmed/17476344
http://doi.org/10.1007/978-1-4615-4709-9_19
http://www.ncbi.nlm.nih.gov/pubmed/10721050
http://doi.org/10.1038/nm1196
http://www.ncbi.nlm.nih.gov/pubmed/15711557
http://doi.org/10.1111/j.1460-9568.2007.05838.x
http://www.ncbi.nlm.nih.gov/pubmed/17892481
http://doi.org/10.1007/s00018-007-7140-9
http://doi.org/10.1016/j.micinf.2008.10.007
http://doi.org/10.1089/vim.2013.0105
http://doi.org/10.3233/JHD-159003
http://www.ncbi.nlm.nih.gov/pubmed/26397892
http://doi.org/10.1016/j.bbr.2010.02.014
http://doi.org/10.1186/s13045-021-01080-8
http://doi.org/10.1002/fsn3.1418
http://doi.org/10.3390/biomedicines9070734
http://doi.org/10.1038/cddis.2016.87
http://doi.org/10.3390/cells10061548
http://doi.org/10.1016/j.neuint.2016.09.012
http://doi.org/10.1016/j.abb.2020.108702
http://doi.org/10.1038/s42003-019-0520-5
http://www.ncbi.nlm.nih.gov/pubmed/31372510

Int. J. Mol. Sci. 2021, 22, 11055 18 of 18

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Stone, T.W.; Darlington, L.G. Endogenous kynurenines as targets for drug discovery and development. Nat. Rev. Drug Discov.
2002, 1, 609-620. [CrossRef] [PubMed]

Nematollahi, A.; Sun, G.; Jayawickrama, G.S.; Church, W.B. Kynurenine Aminotransferase Isozyme Inhibitors: A Review. Int. |.
Mol. Sci. 2016, 17, 946. [CrossRef] [PubMed]

Han, Q.; Cai, T.; Tagle, D.A.; Li, J. Structure, expression, and function of kynurenine aminotransferases in human and rodent
brains. Cell. Mol. Life Sci. 2010, 67, 353-368. [CrossRef] [PubMed]

Yoshida, Y.; Fujigaki, H.; Kato, K.; Yamazaki, K.; Fujigaki, S.; Kunisawa, K.; Yamamoto, Y.; Mouri, A.; Oda, A.; Nabeshima, T.;
et al. Selective and competitive inhibition of kynurenine aminotransferase 2 by glycyrrhizic acid and its analogues. Sci. Rep. 2019,
9,10243. [CrossRef]

Alberati-Giani, D.; Ricciardi-Castagnoli, P.; Kohler, C.; Cesura, A.M. Regulation of the kynurenine metabolic pathway by
interferon-gamma in murine cloned macrophages and microglial cells. J. Neurochem. 1996, 66, 996-1004. [CrossRef] [PubMed]
Heyes, M.P; Saito, K.; Major, E.O.; Milstien, S.; Markey, S.P.; Vickers, ].H. A mechanism of quinolinic acid formation by brain
in inflammatory neurological disease: Attenuation of synthesis from L-tryptophan by 6-chlorotryptophan and 4-chloro-3-
hydroxyanthranilate. Brain 1993, 116, 1425-1450. [CrossRef] [PubMed]

Harden, J.L.; Lewis, S.M,; Lish, S.R.; Sudrez-Farifias, M.; Gareau, D.; Lentini, T.; Johnson-Huang, L.M.; Krueger, ].G.; Lowes, M.A.
The tryptophan metabolism enzyme L-kynureninase is a novel inflammatory factor in psoriasis and other inflammatory diseases.
J. Allergy Clin. Immunol. 2016, 137, 1830-1840. [CrossRef]

Al-Mansoob, M.; Gupta, I; Stefan Rusyniak, R.; Ouhtit, A. KYNU, a novel potential target that underpins CD44-promoted breast
tumour cell invasion. J. Cell. Mol. Med. 2021, 25, 2309-2314. [CrossRef] [PubMed]

Liu, Y; Feng, X,; Lai, J.; Yi, W.; Yang, J.; Du, T,; Long, X.; Zhang, Y.; Xiao, Y. A novel role of kynureninase in the growth control of
breast cancer cells and its relationships with breast cancer. J. Cell. Mol. Med. 2019, 23, 6700. [CrossRef]

Rojewska, E.; Korostynski, M.; Przewlocki, R.; Przewlocka, B.; Mika, ]J. Expression profiling of genes modulated by minocycline
in a rat model of neuropathic pain. Mol. Pain 2014, 10, 1744-8069. [CrossRef]

Zhou, W,; Dantzer, R.; Budac, D.P.; Walker, A.K; Mao-Ying, Q.L.; Lee, A.W.; Heijnen, C.J.; Kavelaars, A. Peripheral indoleamine
2,3-dioxygenase 1 is required for comorbid depression-like behavior but does not contribute to neuropathic pain in mice. Brain.
Behav. Immun. 2015, 46, 147-153. [CrossRef]

Resta, F.; Masi, A; Sili, M.; Laurino, A.; Moroni, F.; Mannaioni, G. Kynurenic acid and zaprinast induce analgesia by modulating
HCN channels through GPR35 activation. Neuropharmacology 2016, 108, 136-143. [CrossRef]

Costantino, G. Inhibitors of quinolinic acid synthesis: New weapons in the study of neuroinflammatory diseases. Future Med.
Chem. 2014, 6, 841-843. [CrossRef]

Varga, N.; Csap¢, E.; Majlath, Z,; Ilisz, I.; Krizbai, I.A.; Wilhelm, I.; Knapp, L.; Toldji, ]J.; Vécsei, L.; Dékény, 1. Targeting of the
kynurenic acid across the blood-brain barrier by core-shell nanoparticles. Eur. J. Pharm. Sci. 2016, 86, 67-74. [CrossRef] [PubMed]
Szfics, E.; Stefanucci, A.; Dimmito, M.P,; Zador, F.; Pieretti, S.; Zengin, G.; Vécsei, L.; Benyhe, S.; Nalli, M.; Mollica, A. Discovery of
Kynurenines Containing Oligopeptides as Potent Opioid Receptor Agonists. Biomolecules 2020, 10, 284. [CrossRef] [PubMed]
Tanaka, M.; Torok, N.; Vécsei, L. Are 5-HT 1 receptor agonists effective anti-migraine drugs? Expert Opin. Pharmacother. 2021, 22,
1221-1225. [CrossRef] [PubMed]

Negro, A.; Martelletti, P. Novel synthetic treatment options for migraine. Expert Opin. Pharmacother. 2021, 22, 907-922. [CrossRef]
[PubMed]

Staats Pires, A.; Tan, V.X,; Heng, B.; Guillemin, G.J.; Latini, A. Kynurenine and Tetrahydrobiopterin Pathways Crosstalk in Pain
Hypersensitivity. Front. Neurosci. 2020, 14, 620. [CrossRef]


http://doi.org/10.1038/nrd870
http://www.ncbi.nlm.nih.gov/pubmed/12402501
http://doi.org/10.3390/ijms17060946
http://www.ncbi.nlm.nih.gov/pubmed/27314340
http://doi.org/10.1007/s00018-009-0166-4
http://www.ncbi.nlm.nih.gov/pubmed/19826765
http://doi.org/10.1038/s41598-019-46666-y
http://doi.org/10.1046/j.1471-4159.1996.66030996.x
http://www.ncbi.nlm.nih.gov/pubmed/8769859
http://doi.org/10.1093/brain/116.6.1425
http://www.ncbi.nlm.nih.gov/pubmed/8293279
http://doi.org/10.1016/j.jaci.2015.09.055
http://doi.org/10.1111/jcmm.16296
http://www.ncbi.nlm.nih.gov/pubmed/33486887
http://doi.org/10.1111/jcmm.14547
http://doi.org/10.1186/1744-8069-10-47
http://doi.org/10.1016/j.bbi.2015.01.013
http://doi.org/10.1016/j.neuropharm.2016.04.038
http://doi.org/10.4155/fmc.14.35
http://doi.org/10.1016/j.ejps.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/26924227
http://doi.org/10.3390/biom10020284
http://www.ncbi.nlm.nih.gov/pubmed/32059524
http://doi.org/10.1080/14656566.2021.1910235
http://www.ncbi.nlm.nih.gov/pubmed/33843394
http://doi.org/10.1080/14656566.2020.1862793
http://www.ncbi.nlm.nih.gov/pubmed/33369482
http://doi.org/10.3389/fnins.2020.00620

	Introduction 
	Kynurenine Pathway of Tryptophan Metabolism 
	Neuroactive Metabolites of Kynurenine Pathway 
	L-kynurenine 
	Kynurenic Acid 
	3-Hydroxy-L-kynurenine 
	Quinolinic Acid 

	Major Enzymes of Kynurenine Pathway 
	Indolamine, 2,3-dioxygenase-1 and 2 
	Kynurenine-3-monooxygenase 
	Kynurenine aminotransferases 
	Kynureninase 

	Kynurenine Pathway in Neuropathic Pain 
	Therapeutic Potential of the Kynurenine Pathway in the Treatment of Neuropathic Pain 
	Conclusions 
	References

