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Abstract: Progressive degeneration of neurons and aggravation of dopaminergic neurons in the
substantia nigra pars compacta results in the loss of dopamine in the brain of Parkinson’s disease (PD)
patients. Numerous therapies, exhibiting transient efficacy have been developed; however, they are
mostly accompanied by side effects and limited reliability, therefore instigating the need to develop
novel optimistic treatment targets. Significant therapeutic targets have been identified, namely:
chaperones, protein Abelson, glucocerebrosidase-1, calcium, neuromelanin, ubiquitin-proteasome
system, neuroinflammation, mitochondrial dysfunction, and the kynurenine pathway (KP). The role
of KP and its metabolites and enzymes in PD, namely quinolinic acid (QUIN), kynurenic acid (KYNA),
3-hydroxykynurenine (3-HK), 3-hydroxyanthranillic acid (3-HAA), kunurenine-3-monooxygenase
(KMO), etc. has been reported. The neurotoxic QUIN, N-methyl-D-aspartate (NMDA) receptor
agonist, and neuroprotective KYNA—which antagonizes QUIN actions—primarily justify the Janus-
faced role of KP in PD. Moreover, KP has been reported to play a biomarker role in PD detection.
Therefore, the authors detail the neurotoxic, neuroprotective, and immunomodulatory neuroactive
components, alongside the upstream and downstream metabolic pathways of KP, forming a basis
for a therapeutic paradigm of the disease while recognizing KP as a potential biomarker in PD, thus
facilitating the development of a suitable target in PD management.

Keywords: Parkinson’s disease; Janus-faced role; kynurenine pathway; neurotoxic; quinolinic acid;
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1. Introduction

The greatest obstacle associated with neurodegenerative disorders is that they are
incurable, and the deterioration is progressive with time and age. These pathologies
vary in symptoms, pathological features, and drug candidates. Parkinson’s disease (PD),
as well as Alzheimer’s disease (AD), are considered to be the most prevalent among
the neurodegeneration-related disorders [1]. Recently, PD was reported to affect about
6.1 million people, in comparison to 2.5 million people in 1990 [2]. Accounting for the 21.7%
of age standardized disease prevalence rate, the disease progressively accelerated during
all these years. In 2016, PD led to 211,296 deaths around the globe [3]. The symptoms in
PD include tremors, rigidity, bradykinesia, and disrupted posture, parallel to retardation in
mental processing, speech problems, memory losses, and leaning inability.

The prime pathological features of the disease include loss of dopaminergic neurons
in the substantia nigra pars compacta (SNpc) and alleviated dopamine (DA) levels in the
striatum [4,5]; however, the specific cause of the disease is still to be investigated. When
the loss of dopaminergic neurons reaches 70% to 80%, it is marked with the appearance of
associated signs and symptoms [2]. Therefore, this period (from the beginning of the loss
of dopaminergic neurons in the brain to the identification of clinical signs and symptoms)
marks the basis for development of effective treatment therapies for the disease. Despite
the availability of numerous treatment options, no therapy is completely effective for this
disorder. The therapies available for the disease are associated with hindrances, such as
inability to cross the blood-brain barrier (BBB), side effects, limited life span, etc., alongside
primary challenges such as the development of sensitive and reliable of biomarkers for
disease detection [6,7]. Thus, there is a dire need to develop novel treatment options for
PD, with greater specificity and selectivity for the disease targets and limited side effects.

Various metabolomics studies have been performed to identify specific targets and
biomarkers in PD pathogenesis. The metabolism of tryptophan (TRP) in association with
the kynurenine pathway (KP) has been employed in multiple neurodegenerative and
psychiatric diseases, cancer, inflammation, obesity, and diabetes [8]. The metabolites linked
to KP are responsible for exerting physiological actions by interacting with intracellular
or extracellular receptors in the peripheral and central nervous system (CNS) regions [8].
The activity at «7 nicotinic acetylcholine receptors and glutamate receptors is regulated
by KP metabolites, which in turn influences the excitatory neurotransmission [9,10] and
can further affect the immune-mediated responses, by acting at the transcription factor
aryl hydrocarbon receptor (AhR) [10,11]. An important cofactor, nicotinamide adenine
dinucleotide (NAD+), associated with energy metabolism, is produced as an end product
of KP [12,13]. Large neutral amino acids transporters and enzymes modulate the concentra-
tion of KP metabolites in multiple tissues, where its actions are controlled by inflammation
and exercise, along with microbiota composition in the gut [8].

The enzymes associated with KP have been recognized as reliable and promising target
candidates for treatment of neurodegenerative diseases. Ageing and inflammation can alter
the KP metabolism and availability of TRP [14], thus elevating the susceptibility towards
age-dependent neurological disorders, including PD [15,16]. Chronic inflammation of the
intestine, gut microbiota changes, and «-synuclein aggregation are the pivotal features of
PD pathogenesis [17].

The review focuses on the role of KP in PD excitotoxicity, where the KP metabolites
were found to play a dual role in disease progression. Quinolinic acid (QUIN) was iden-
tified as the neurotoxic metabolite, whereas, kynurenic acid (KYNA) was identified as a
neuroprotective metabolite in the brain [8]; they have been found to exhibit antagonistic
actions in KP, thereby justifying the Janus-faced role of KP in mitigation of the disease.
Moreover, the literature also elaborates other features of impaired KP metabolism, such as
elevated KYN/TRP ratio and enhanced 3-HK/KYNA ratio, in the CNS, alongside elevated
serum levels of KYN/TRP ratio, which have been observed in the periphery, however, they
are very limited [8]. Moreover, the authors aim to highlight the role of KP in PD, while
elaborating the antagonizing actions of its neurotoxic and neuroprotective metabolites,
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QUIN and KYNA. These can uncover the possibility of development of a novel therapeutic
regime in PD, thereby giving an opportunity to researchers all over the world to investigate
the possible involvement of KP metabolites and enzymes in PD progression and establish
its significance as a potential target. The manuscript details the role of upstream and
downstream KP metabolites in PD, followed by identifying KP as a biomarker in disease
detection, and finally elaborating the therapeutic considerations related to it.

2. The Kynurenine Pathway

The KP functions as a significant target for PD, which is the major focus area of this
review. This TRP metabolism pathway aids in the generation of NAD+. QUIN and KYNA
are the two significant metabolites formed in the pathway, where any differences in these
metabolites results in PD development, as discussed further in the review. As a primary
degradation pathway of essential amino acid, TRP, the KP results in the formation of
NAD+, an essential co-factor [18], aiding as well as in immune response regulation.

KP metabolism affects the processes associated with NAD+, by directly regulating the
production of NAD+, which further modulates the tri-carboxylic acid cycle and function of
the mitochondria [19]. The NAD+ metabolism and function of mitochondria can be affected
by KP by regulating ROS concentration. The KP and NAD+ are divided to microglial cells
and astrocytes in the CNS, with only a few KP metabolites, such as KYN, TRP, and 3-HK,
able to cross the BBB [19]. The different expressions of IDO-1, IDO-2, and TDO2 in the
tissue govern the entry of TRP into KP [20]. QUIN, the major precursor of NAD+ in KP,
is not contained in the liver, even post TRP loading, which depicts NAD+ processing
in this tissue [21]. After accumulating in activated immune cells, QUIN might function
as a reservoir for production of NAD+, further providing a substrate for the activity of
PARP, which is required to fight the DNA damage done by elevated oxidative stress during
immune activity. As an alternative, the cells of the immune system may eliminate QUIN,
and use its pro-oxidant features to attack the invading pathogens [19].

The immune tolerance, in association with pregnancy and severity of tumors, is de-
veloped by induction of indoleamine-2,3-dioxygenase (IOD-1), which regulates activation
of KP and mitigation of TRP [22,23]. IDO-1 is a rate limiting enzyme of KP, which is the
primary pathway of TRP catabolism. IDO-1 has been found to be involved in immune
tolerance and contributes to the maintenance of T cell homeostasis of self-antigen tolerance
during the inflammatory conditions [24]. Its neuronal functions have initially targeted its
involvement in brain tumors and autoimmune diseases. The ratio of KYN to TRP is used
to assess the activity of IDO-1 because of the ability of IDO-1 to convert TRP to KYN [24].
The concentration levels of KYN and TRP in the serum and CSF of 22 patients with PD was
compared with 11 control subjects, where the ratio of KYN to TRP was found to be elevated
in both the serum and CSF of patients with PD [25]. In addition to this, the serum and CSF
ratio of KYN to TRP correlates with concentration of neopterin, depicting activation of
immune system and is also associated with the severity of the disease [24].

The clonal expansion of T cells is completely hindered by activation of IDO-1 in
the dendritic cells [26]. The three theories proposed are: TRP degradation-mediated
suppression of T cells proliferation by ameliorating the supply of this important amino
acid; suppression of some immune cells by certain downward KP metabolites; and KP
metabolites, such as kynurenine (KYN), cinnabarinic acid (CA), and KYNA, promote AhR
activation, which facilitates the dendritic cell-mediated production of transforming growth
factor beta-1 (TGFf3-1) resulting in development of tolerance towards the disease [27]. The
neuronal KP expression is yet to be further explored; however, the enzyme moieties associ-
ated with KP are completely expressed in monocytes such as macrophages and microglial
cells [28,29]. These enzymes were reported to be only partly present in oligodendrocytes,
neurons, endothelial cells, and astrocytes in humans.

The astrocytes and neuronal cells are considered to be neuroprotective, whereas
the infiltrating macrophages and activated microglia are considered to be neurotoxic [30].
Therefore, multiple products of KP can have neuroprotective, neurotoxic, and immunomod-
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ulatory effects [31]. QUIN, an excitotoxin, is reported to be the most significant among them,
which results in the death of neurons [32,33]. Only infiltrating macrophages and activated
microglia, and not astrocytes and neurons, are responsible for the production of QUIN in
the brain [28]. The astrocytes produce KYNA, which antagonizes the effects of ionotropic
glutamate receptors resulting in hindering the actions of QUIN as well as excitotoxins.
However, in diseased conditions, the production of QUIN is in excess, unlike KYNA, which
fails to sufficiently block QUIN [10]. The two KP metabolites exhibit a sharply contrasting
aspect of characteristics; therefore, they are depicted to play a Janus-faced role in PD.

Another intermediate metabolite of KP is 3-hydroxykynurenine (3-HK), which exerts
neurotoxic actions and produces free radicals at nanomolar concentrations, resulting in
neuronal degeneration and apoptosis, and also causes elevated metal toxicity in rat astro-
cyte culture [34,35]. Additionally, hydrogen peroxide and superoxide ions are produced by
3-HK, which results in induction of copper-dependent damage to oxidative proteins [35,36].
The neurotoxic effects of QUIN can be effectively synergized by 3-HK [10]. The human
primary neurons produce an endogenous metal chelator, picolinic acid in micromolar con-
centrations, which exerts neuroprotective actions [30,37]. It is noteworthy, that KP results
in the generation of KYNA or NAD+ or picolinic acid in physiological states and under
inflammatory conditions, QUIN is over-expressed along with other pro-inflammatory and
neurotoxic moieties [38].

For many years, many investigations have been targeting the initial steps in KP,
comprising of TRP transformation to KYNA, corresponding to activity of IDO-1 [10]. Over
the last ten years, the significance of the middle and downstream steps of KP has risen to
higher levels. The intermediate metabolites of KP have been reported to play a significant
role in neurotoxicity, as per multiple studies, such as immunomodulatory role of 3-HK as
well as neurodegeneration inducted by CA and 3-hydroxyanthraanilic acid (3-HANA) [30].
Figure 1 provides a layout of the KP and its different steps.
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Figure 1. An overview of multiple steps involved in the kynurenine pathway, forming two significant metabolites: quinolinic
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3-carboxymuconate-6-semialdehyde decarboxylase, CoA—coenzyme A, NAD+—nicotinamide

adenine dinucleotide, TDO—tryptophan-2,3-dioxygenase.
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3. The Interaction of Kynurenine Pathway with the Central Nervous System

The activity of IDO/TDO regulates the initial rate-determining step of KP, alongside
enzymes that exhibit varying affinities for specific isoforms of TRP, slow sequence similarity,
and are modulated by different mechanisms [39,40]. Tryptophan-2,3-dioxygenase (TDO)
is a deoxygenase, which contains heme encoded by TDO-2 gene [41,42]. The L-TRP is
oxidized as a result of TDO heme group reduction, forming heme-Fe?* from heme-Fe3*,
thus the activity of L-TRP is found to be regulated by reactive oxygen species (ROS) and
reducing agents [43]. Furthermore, proinflammatory cytokines may further promote acti-
vation of TDO. However, this is expected to happen indirectly via glucocorticoid receptor
activation. The immune response promotes the release of proinflammatory cytokines,
which are responsible for directly inducing IDO-1 [44].

One of the prime regulators of IDO-1 transcription is interferon-gamma (INF-y),
which binds to one out of two INF-y activation sites (GAS) on the 5’ flanking site of IDO-1
gene [45]. Therefore, INF-y-dependent activation of IDO-1 can be promoted by other
proinflammatory cytokines, such as interleukin-1 beta (IL-13) and Toll-like receptor (TLR)
agonists, which synergize the activity of IDO-1 as a response to the proinflammatory stim-
uli [46]. It is noteworthy that the L-KYN/TRP ratio is elevated by IDO-1 activation [47,48].
Additionally, the proinflammatory stimuli can also affect the activity of kynurenine 3-
monooxygenase (KMO), which are elevated in the hippocampus and whole brain extracts
as a result of systemic administration of LPS in rats [49-52].

On the other hand, in gene transcription and coding, kynureninase (KYNU) and KMO
both are promoted by IL-1f3 treatment in the human hippocampal progenitor cells [48]. Mi-
croglial activation is also mediated by immune response, along with influx of macrophages
and proinflammatory cytokines in the brain. The cytokine influx or macrophages have the
tendency to cause potential alterations to the concentration and ratio of KP metabolites in
the CNS, on account of approximately 20-fold greater capacity of macrophages for QUIN
production as compared to microglia [28,53]. The concentrations of TDO-2 and IDO-1
are much lesser in the brain, unlike the periphery, despite the capability of TRP to cross
the BBB [54]. Therefore, the BBB permeable, L-KYN, which is peripherally produced and
taken up by the glial cells [55,56], is responsible for initiation of KP metabolism (about
60%) in the neuronal tissue. The two primary arms associated with metabolism of L-KYN
are detached physically in the brain, where KMO is not expressed in astrocytes, but in the
microglia; therefore the 3-HK arm of KP resulting in the production of QUIN occurs in
the microglia [53]. On the other hand, KYN aminotransferases (KATs) are not found in
microglia but are contained in the astrocytes; therefore, KYNA production in the CNS takes
place in the astrocytes [57,58].

Numerous factors, such as concentration of glutamate receptor agonists, potassium
ion levels, and concentration of glucose, affect the synthesis and release of KYNA from
astrocytes [59]. D-amphetamine, which inhibits reuptake of DA, ameliorates the concen-
tration of KYNA in the brain, without decreasing its levels in the periphery, consequently
implying the regulatory function of DA. On the other hand, L-KYN levels are not af-
fected [60]. Furthermore, it has been found that the neuronal signaling is essential for
KYNA regulation, on account of loss of further influences in the absence of neuronal cells.
The abundance of 3-HANA and 3-HK affects the concentration levels of QUIN [61]. Simi-
larly, the actions of enzymes KYNU, 3-HANA 3,4-dioxygenase (3-HAO), and KMO also
affect QUIN levels [62,63]. For the use of QUIN and KYNA in the CNS, these metabolites
must be produced locally, as both are deprived of effective active transport processes and
lack the ability to penetrate BBB. Changes in the blood levels of periphery- produced 3-HK
can affect the relative amounts of QUIN with respect to KYNA in the CNS, as 3-HK is able
to cross the BBB [64].

Numerous KP enzymes have significant neuroprotective, neurotoxic, and immunomod-
ulatory roles [15]. Maximum number of KP metabolites produce 3-HK in the astrocytes and
microglia of the brain [57]. Neurodegeneration and neuronal apoptosis is induced by 3-HK
in healthy cells by production of free radicals [34,65]. On the other hand, in the diseased
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cells, 3-HK is transformed into QUIN, which exhibits significant role in dysfunction of
neurons, inducing neurotoxicity [66]. However, the KYNA metabolite is responsible for
inhibiting the actions of QUIN and excitotoxins [57,65]. The glutamatergic signaling is
altered by the ratio of KYN metabolites, which provide protection against excitotoxicity,
induced by N-methyl-D-aspartate (NMDA) receptors, which suggests the prime role of
KP in physiological states of the body [8]. Only IDO-1 is responsible for KP activation
during neuroinflammation, which could be acute, low-grade, or severely progressive. IDO-
1 is known to be activated by multiple inflammatory mediators, such as TNF-«, INF-y,
lipopolysaccharides, TLRs-1,6,9, and viral and amyloid proteins [10].

The IDO-1, IDO-2, and KMO enzymes, along with the KYN metabolites, have also
been reported to contribute to neuropathic pain, as well as migraine, headache, depres-
sion etc. [67]. The association of numerous enzymes of KP, such as KMO, IDO-1, IDO-2,
TDO, KYNU etc., with neuropathic pain has been investigated in a rat model of chronic
constriction injury (CCI) at the spinal cord as well as the levels of dorsal root ganglia [68].

The levels of these enzymes were assessed in the microglial cells, stimulated by
LPS, and recovered from cerebral cortices, which reported that all enzymes, other than
TDO, were derived from this cell population. Enhanced mRNA concentration of IDO-2,
KMO, and HAOO were reported at the spinal cord level after seven days of CCI with-
out any alterations in the TDO mRINA levels. These events took place parallel to the
microglial/macrophage activation [67]. Intraperitoneal injection of minocycline was repeat-
edly administered both before and after CCI, which mitigated the concentration of IDO-1
and KMO enzymes, alongside ameliorated thermal and tactile hypersensitivity. Moreover,
inhibitors of KMO and IDO-2, UPF-648 and 1-methyl-D-tryptophan (1-D-MT), mitigated
hypersensitivity to thermal and mechanical stimuli. Thus, this evidently supports the role
of IDO and KMO in the pathogenesis of neuropathic pain [67].

As a prime catabolic enzyme of TRP in the neuronal tissue, IDO-1 is significant reg-
ulator of KP [10]. The serum and CSF samples of PD patients were reported to exhibit
enhanced ration of KYN to TRP, as the result of elevated IDO and TDO levels. The PD
population has been recognized to constitute elevated number of single nucleotide poly-
morphisms (SNPs); however, it is still unclear if the IDO-associated genetic disturbances
lead to KYN metabolism impairment and PD [69]. Allelic discrimination assay was used to
perform SNP analysis of IDO1, along with fluorescently labelled TagMan probes. Further,
a subgroup analysis was carried out depending upon the onset of the disease in patients.
The three variants of 105 PD patients with no comorbidities: intronic variant rs7820268,
frame shifts variant rs34155785, and promoter region variant rs9657182, were evaluated
and compared to 129 healthy control subjects. However, the A alleles of rs7820268 SNP
or rs9657182 SNP carriers were found to aid the late onset of disease in PD patients, as
compared to non-carriers, as reported by the subgroup analysis [69]. This investigation
revealed the impact of SNPs of IDO1 on the age onset of PD and the function of SNP
genotypes as a risk biomarker of PD [69].

The physiological concentration of QUIN in the cerebrospinal fluid (CSF) and brain is
approximately 100 nM, and it exhibits hormesis action. QUIN treatment results in elevation
of NAD+ production, within the human neuronal cells, alongside enhanced proliferation
of stem cells [70]. However, the concentration of QUIN is increased to 1200 nM in disease
conditions, which can lead to acute, chronic, or progressively severe functions of neurons
or death of neuronal cells by a minimum of nine varying processes [71]. At pathological
concentrations, between 150 to 1200 nM, QUIN functions as NMDA receptor agonists.
Previously, two studies reported the selective actions of QUIN on NMDA receptor, along
with differences in actions, mediated by QUIN on NMDA, at particular neuronal areas [72].
Vandresen-Filho et al. confirmed the above statement and reported that the hippocampus,
cerebral cortex, cerebellum, and striatum have varying susceptibility towards QUIN in-
duced oxidative stress [73]. The neuronal cells contained in the striatum, hippocampus,
and neocortex, exhibit sensitivity towards QUIN; however, the neurons present in the
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spinal cord and cerebellar region are comparatively less sensitive. These differences are
associated with alterations in the configurations of the NMDA receptor [74].

It was depicted that the motor neuron could be completely protected from QUIN-
mediated excitotoxicity by using NMDA receptor (NMDAR) antagonist combinations [75].
QUIN has the ability to cause elevated micro-environment glutamate levels and neurotoxic-
ity by enhancing the release of glutamate by neuronal cells, blocking its astrocyte-mediated
uptake and inhibiting astroglial glutamine synthetase enzyme [76].

Furthermore, QUIN has the tendency to promote indirect peroxidation of lipids [77,78].
ROS are formed by electron transfer from QUIN-iron complex to oxygen, which further
promotes peroxidation of lipids [79]. QUIN can potentiate its own toxicity profile, as well
as of the other excitotoxins, in association with energy depletion. The other excitotoxins,
derived from the immune system, are synergized by toxicity mediated QUIN. Additionally,
the integrity of the BBB is disrupted by the actions mediated by QUIN [80]. Moreover,
certain regions of the striatum and hippocampus are reported to exhibit greater sensitivity
towards QUIN mediated excitotoxic actions, as compared to others [81].

Oxidative stress is induced in the astrocytes and neuronal cells by QUIN, which results
in the death of the glial cells and neurons, by energy restriction. The phosphorylation of
cellular structural proteins, such as glial fibrillary acidic protein (GFAP) in astrocytes and
neurofilament in neuronal cells are elevated by QUIN, resulting in the destabilization of
the cytoskeleton [82,83]. It has been reported that the tau phosphorylation in neuronal cells
in humans is elevated by QUIN, which further co-localizes with hyperphosphorylated tau
in neuronal cells in cortex of AD-affected neuronal tissue [83].

The cellular agents, which provide support to the neuronal cells, i.e., astrocytes, are
also altered by QUIN, which also dysregulated astroglial functions and promote death
of the glial cells [84]. As a result, dysregulated function and death of neuronal cells take
place [10]. Furthermore, QUIN exerts proinflammatory effect on astrocytes, followed
by generation of proinflammatory cytokines as well as chemokines, such as monocyte
chemotactic protein 1 (MCP-1), IL-1f3, and IL-8 in astrocytes [76]. The activity of glutamine
synthetase is retarded by QUIN in a dose dependent manner in the astrocytes in humans,
which leads to disruption of glutamine/glutamate cycle [76].

Excessive NMDAR stimulation is responsible for regulation of the QUIN gliotoxicity
mechanism [84]. It was demonstrated that QUIN is also responsible for killing oligoden-
drocytes [85]. The expression of cathepsin D (which is a lysosomal aspartic protease) is
elevated, and that of Beclin-1 (which is a tumor suppressor protein) is alleviated as the
result of QUIN treatment of human neurons and astrocytes. Autophagy disturbances
indicate an important mechanism for toxicity mediated by QUIN [86].

The stochastic resonance therapy was reported to influence the TRP metabolism in
healthy non-smoking subjects, by ameliorating the TRP, KYNA, and KYN levels that
might result in the progression of neuropsychiatric disorders, such as PD, AD, Hunt-
ington’s disease (HD), etc. [87,88]. A flame retardant in Drosophila PD model, 2,2,4,4'-
Tetrabromodiphenyl ether (BDE-47), when exposed, resulted in retardation of KYNA
formation with an elevation in 3-HK levels [89]. The redox homeo-dynamics is maintained
by antioxidant actions of KYNA and xanthurenic acid (XA), which results in reduction of
neurodegeneration [90].

4. Alteration in KP Metabolites, Parallel to Impairment of Mitochondria Functions,
Redox Metals and Oxidative Stress in PD

The early 1990s marked the first description of disrupted KP in PD, where the authors
reported elevation in KYNA/TRP and RP/KYN ratios in the putamen, pars compacts, and
frontal cortex in PD patients, and the concentration levels of 3-HK were increased in the
SNpc and putamen [91]. The frontal cortex region of PD patients who were administered
with levodopa (L-DOPA), were marked with ameliorated levels of KYNA and KYN. Addi-
tionally, the ratio of KYN to 3-HK was retarded in the SNpc and frontal cortex of patients
with PD administered with L-DOPA, but not in the putamen. Another group was marked
with decreased KYNA levels in the cortical area, cerebellum as well as caudate of PD
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patients [92]. As a result of retarded levels of endogenously formed KYNA, its potential to
retard QUIN or glutamate-induced excitotoxicity, via NMDA receptors, was retarded [93].

Furthermore, the concentration of KAT-1, the enzyme associated with KP, which aids
in KYNA formation, was retarded in the SNpc of mice treated with MPTP toxin [10]. This
group also depicted co-expression of TH and KAT-1 in the same neurons of SNpc, and
loss of maximum number of nigral neurons as a result of 6-OHDA injected into lateral
ventricle of adult rats. Published data also reported expression of KAT-1 in SNpc astrocytes
in normal conditions and elevated post 6-hydroxydopamine (6-OHDA) administration,
while microglia generated immunoreactive KAT-1 only after administration of 6-OHDA.
The serum and CSF biofluids of PD patients was marked with elevated KYN/TRP ratio, as
compared to the healthy controls with similar gender and age profiles [94]. The actions of
KAT-1 and KAT-2 were predominantly retarded, as evident from the data obtained from
post-mortem neuronal PD tissue and mice treated with MPTP, parallel to alleviated levels
of KYNA in plasma [95]. The KP has also been marked with alterations in the peripheral
organs in PD patients. These investigations provide evidence-based data for catabolic shift
of TRP towards QUIN and 3-HK, resulting in retarded concentrations of KYNA, leading to
neurotoxic effects and cell death (Figure 2).
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Figure 2. Neuroprotective and neurotoxic effects mediated by KYNA and QUIN in Parkinson’s disorder and neuroin-
flammation. Legend: TRP—tryptophan, IDO—indoleamine 2,3-dioxygenase, KYN—kynurenine, QUIN—quinolinic acid;
NMDAR—NMDA receptor; KAT—kynurenine aminotransferase, GluT—glutamate transporter, KYNA—kynurenic acid,

INF-y—interferon-gamma, 1 increased expression.

As well, the RBCs in the periphery have been reported to exhibit enhanced catalytic ac-
tivity of KAT-2, which aids in the neuronal production of 75% of KYNA. However, plasma
of PD patients is not reported to exhibit any such actions [95]. Increased concentration of
KYNA is associated with elevated activity of KAT-2. This action may be associated with
the 3-HK release from CNS. Neuronal transportation of KYNA may take place from the
periphery by large neutral amino acid carriers to exhibit neuroprotective actions, as KYNA
can hardly penetrate BBB [10]. Furthermore, KYNA has been revealed to aid in leukocyte
recruitment and regulation of anti-inflammatory actions in the neuronal tissue [96]. Numer-
ous clinical and pre-clinical investigations have portrayed the significance of KYNA and
its neuroprotective analogues in PD, by antagonizing the actions of NMDAR and retarding
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the excitotoxic actions in the neurons [10]. INF-y production was found to be elevated
by SN microglia in macaques administered with MPTP. Therefore, INF-v is a significant
KP inducer as well (Figure 2) [97]. Two more isotopes of KAT are reported, namely KAT3
and KAT4, where KATS3 is similar to KAT1 in genome structure, has high sequence ho-
mology, and exhibits significant specificity towards alpha-keto acids and L-amino acids,
whereas KAT4 is similar to mitochondrial aspartate aminotransferase [98]. These NMDA
antagonists can be significant psychopharmacological targets, due to which they grab the
attention of the neuro-chemists [98].

Additionally, QUIN was found to be produced and aggregated in macaque brain ad-
ministered with MPTP by activated microglia upon co-localization with SN dopaminergic
neurons [10]. Additional evidence and data support the microglia (activated) and NMDAR
dopaminergic neurons in the SNpc region, which shows that NMDAR that is activated by
elevated microglia-released endogenous QUIN as a result of the disease, and followed by
neurotransmitter glutamate (excitotoxic), may contribute significantly in regulating the
loss of dopaminergic neurons in PD (Figure 3) [99].
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Figure 3. Microglial activation resulting in QUIN-mediated damage to the dopaminergic neuron, leading to PD. Legend:
IDO—Indoleamine 2,3-dioxygenase, QUIN—quinolinic acid; NMDAR—NMDA receptor; KYNA—kynurenic acid, INF-y—
interferon-gamma, 3-HK—3-hydroxykynurenine, ROS—reactive oxygen species, PD—Parkinson’s disease, MMP3—matrix
metalloproteinase-3., 1" increased expression.

Numerous in vivo as well as in vitro investigations have further aided it, depicting the
neuroprotective actions of antagonists of NMDA receptor against toxicity indued by MPTP.
On the other hand, it was found that no NMDA receptor regulated neuroprotective effects
after MPTP was injected via intra-striatal route [100]. Thus, the initial positive outcome
occurs as a result of blockage of the system of reuptake of DA, when elevated MK-801 doses,
antagonist of NMDA ion channel, are administered [10]. KYN is converted to its down-
stream metabolite, 3-HK (neurotoxic), under the action of kynurenine-3-monooxygenase
(KMO), which, if pharmacologically inhibited, has been reported to promote KYNA pro-
duction [101-104].

The dopaminergic metabolism in bipolar disorder, depression, and schizophrenia,
has been reported to be impaired by KMO gene polymorphism [105]. The significant
involvement of SNPs of KMO were investigated in PD [16,106]. However, the study was
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unable to recognize any relationship of the four SNPs investigated in PD and were unable
to carry the binding sites for regulatory proteins, associated with PD pathogenesis [106].

Lim et al. elaborated on the involvement of KP in PD pathogenesis where the levels
of KYN metabolites altered the levels of KP metabolites in L-DOPA treated PD patients,
which influenced the glutaminergic transmission resulting in L-DOPA-induced dyskinesia
(LID) [15]. The role of KP metabolites in LID was significantly studied, where the level of
these metabolites was assessed in the CSF and plasma of PD patients with LID, and depicted
an elevation of 4-folds in the ratio of 3-HK to KYNA levels and curbed AA levels [91].
QUIN infusions were used in rat brain, which retarded KYNA and KYN levels [107],
further resulting in reduction in the limit of excitotoxicity. L-DOPA and D-amphetamine
administration was reported to retard the levels of KYNA in rat brain [93,108].

The red blood cells (RBCs) and plasma of PD patients were evaluated for KYNA
and the biosynthetic enzymes (KAT1 and KAT2), where enhanced KYNA levels along
with KAT2 were observed, which may be a sequential pathway against the excitatory
neurotoxic effects [109]. Furthermore, KYNA and KAT1 activity has also been reported
to be responsible for 6-OHDA and MPTP toxicity. Similarly, the activities of biosynthetic
enzymes were curbed in the plasma of patients with PD, with a reduction in KYNA,
while increased levels of KYNA were related to elevated KATs in the RBCs of patients
with PD [110]. Additionally, about 2-3-folds of DA levels in the striatum, is elevated by
KAT-2 blockage, which can be protected by KYNA co-administration [95]. Further, an
investigation on PD patients reported retarded TRP levels, with elevated ratio of KYN to
TRP, increased KYNA, arachidonic acid (AA), and KYN, as compared to controls [111].

Further investigations with ameliorated KYNA levels were reported in caudate, cor-
tical areas, SNpc, cerebellum, and putamen of PD patients [112]. Figure 4 depicts the
antagonizing actions of KP metabolites QUIN and KYNA as a result of microglia and
astrocyte activation.
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Figure 4. Neuroprotection mediated by KYNA against neurotoxic effects of QUIN, mediated by microglia and astrocyte
activation. Legend: PD—Parkinson’s disease, NMDA—N-methyl-D-aspartate receptor, KYNA—kynurenic acid, QUIN—
quinolinic acid, 1 increased expression.

The chemical reactions which constitute electron transfer between two molecular
entities, are referred to as redox reactions. Redox metabolism comprises of a series of
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redox reactions, which are significant for removal of electrophilic oxidative species and
harmful nucleophiles [113]. The imbalance generated between the production of reactive
oxidizing metabolites and their excretion by the anti-oxidant or enzymatic processes results
in the induction of oxidative stress, which is associated with numerous neurological
disorders [113]. Multiple free radicals—such as hydroxyl radical and superoxide—as well
as non-radical molecular entities—such as hydrogen peroxide—constitute the ROS species,
which are produced by soluble intercellular components in the cytosol [114], where the
enzyme XDH catalyzes xanthine to urate, NAD+ to reduced form, and NADH and water
to hydrogen ion [113].

Nrf2 is a transcriptional factor of the anti-oxidative enzyme genes comprising of
glutathione S-transferase, catalase, GPx, SOD, and GRx [113]. The Kelch-like ECH associ-
ated protein 1 (KEAP1) blocks the cytosolic UPS system, promoting translocation of Nrf2
into the nucleus to attach to the cis-acting enhancer sequence of the promoter region, the
anti-oxidant response elements [115].

Another transcriptional factor of energy metabolism-regulating gene, peroxisome
proliferator-activated receptor (PPARs), has been identified as reliable candidate for dis-
orders such as diabetes [116]. Furthermore, numerous diseases are reported to be treated
by polyphenolic antioxidants such as vitamin C, vitamin E, L-carnitine, folic acid, and
N-acetyl cysteine. The neuronal disorders are reported to be ameliorated by polyphenols
derived from olive leaves [117]. The Mediterranean diet is found to be effective against
inflammation and curcumin is an antioxidant and anti-inflammatory agent, that prevents
pain and stress via KP [113-119].

Certain endogenous oxidative and anti-oxidative KP metabolites are also significant
in this regard [120-123], such as 3-HK (oxidative) and KYNA (anti-oxidative), which were
found to be related to the depressive symptoms in stroke patients [118,124-126], where
KYNA induced anti-depressant action in animal models of depression [127-131]. The onset
age of neurodegeneration is regulated by IDO-1, which is related to depressive impact and
inflammation [69,132-134].

Besides mediating excitotoxicity, QUIN elevates peroxidation of lipids in a Fe** and
NMDAR-dependent manner [135-138]. Auto-oxidation is followed by the generation of
highly reactive free radicals, as a result of iron complexes formation by QUIN. QUIN
treatment at pathophysiological concentration leading to a dose-dependent elevation in
the expression of inducible nitric oxide synthase (iNOS) as well as neuronal nitric oxide
synthase (NNOS) in cultured astrocytes and neuronal cells in humans [139], which results
in elevated toxicity and death of cells, determined by the absence of necessary pyridine
nucleotide as well as the cofactor to produce adenosine triphosphate (ATP), NAD+. MK-
801 mediated blockage of NMDA receptor or N-nitro-L-arginine methyl ester (L-NAME)
mediated inhibition of activity of NOS, can retard cellular toxicity, depicting that production
of nitric oxide (NO) is responsible for excitotoxicity, mediated by QUIN [140]. This is
evidently supported by elevation in nNOS and iNOS, neuronal excitotoxicity, and lipid
peroxidation in rat neuronal tissue, being the result of QUIN actions, which were curbed
by NOS inhibition or antioxidants, such as U-83826E, melatonin, and x-phenyl-t-butyl
nitrone [141]. Parkin modification mediated by NO, has been observed in post-mortem
neuronal tissue in patients with PD, unlike the controls of similar ages and genders.

The production of non-functional and misfolded parkin is induced by oxidative stress,
as detected in SNpc of patients with PD. S-nitrosylated parkin and nitrosative stress in-
activate parkin functions, as reported by neuronal samples of sporadic PD patients [142].
This indicates the BBB-permeating effective NO scavengers can prove to be therapeutically
useful in PD. QUIN mediated toxicity may also occur because of metabolic impairment.
QUIN administration via intra-striatal route can facilitate reduction in ATP production and
oxidative phosphorylation [30]. However, these actions might be because of glutamate re-
ceptor activation and production of free radicals. The reduction in actions of mitochondrial
complexes 1 (50%), 2-3 (35%) and 3 (46%) of electron transport chain (ETC) in rat striatum
is promoted by treatment with QUIN [30]. This action is considered to be partly mediated
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by ROS production. The familial and sporadic PD are characterized by mitochondrial dys-
function. Therefore, mitochondrial dysfunction is found to aid in enhanced vulnerability
of DA neurons. These neuronal cells are subject to massive oxidative stress, on account of
DA metabolism as well as excitotoxicity, whereas the antioxidant potential is narrow [143].

3-HK is another neurologically active KP metabolite, which can generate ROS. The
cultured cortical as well as striatal neuronal cells when treated with 3-HK at pathophysiolog-
ical levels have been reported to ameliorate outgrowths of neurites [144]. The antioxidant,
catalase, can be used to prevent the morphological alterations but not superoxide dismu-
tase (SOD). QUIN toxicity and development of neuronal lesions can be potentiated with
co-injection of 3-HK via the intra-striatal route [145]. The antioxidants, such as N-tert-
butyl-a-(2-sulpho-phenyl)-nitrone, and antagonists of NMDA receptor can abolish these
abnormalities. The downstream KP metabolite, 3-HAA, promotes auto-oxidation, resulting
in production of super-reactive oxygen species, which is substantially elevated by SOD, but
curbed by catalase [119]. These results indicate that neurotoxicity, mediated by 3-hydroxy
anthranilic acid (3-HAA) and 3-HK, occurs by production of free radicals, which can be
prevented by pharmacological upregulation of catalase activity.

4.1. Upstream KP Metabolism in PD

KP metabolomics has provided a direct relationship between neurological conditions,
specifically PD and psychoneuroimmunology [120,121], which aids in understanding the
interlinking pattern between neuronal degeneration and inflammation of the neurons,
where innate immunity contributes significantly to the progression of the disease and its
pathophysiology. The chronic low-grade inflammation has been reported to promote KP
activation [122] and is related to older people with changes in tyrosine metabolism and
TRP levels. TRP is a significant precursor for serotonin—melatonin pathway, synthesis of
proteins and KP metabolism, and creates a balance by regulating the pathways. How-
ever, during low-grade chronic inflammation, this balance is disturbed, throughout the
activation of the immune system. As a result, the KP route catabolizes TRP, instead of
the serotonin—melatonin pathway, resulting in the amelioration of the production of sero-
tonin, leading to depression-like signs while the disease progresses [10]. A study extracted
metabolites involved in the diagnosis of major depressive disorder and estimated the effect
of escitalopram by using metabolomic approaches, where KYNA was identified among
73 metabolites for overlapped biomarkers [123]. The Hamilton Rating Scale for Depression
(HRSD) was measured, where HRSD reduction was found to be negatively related to KYN
and KYNA. Ameliorated levels of KYNA were found in major depressive disorder, which
exhibited a better response to escitalopram [123]. The disease classification is enhanced and
the exposure to treatments with limited efficacy is curbed by overlapping biomarkers that
promote diagnosis of disease and prediction of therapeutic response [123]. Studies have
identified a relationship between KP metabolites and depression, on account of immune
response and activation of pro-inflammatory cytokines. The risk of depression was found
to be elevated after immune-activating agents in critically ill patients, due to KP mediated
actions [124].

Numerous published data provide suitable evidence, suggesting the involvement of
QUIN in mood and behavioral disorders, via its actions on the NMDA receptors [125,126].
The translational validity in PD pathogenesis is reported by dysregulated immune system
and disturbed neurological behavior. The levels of pro-inflammatory markers such as,
MCP-1, IL-6, and C-reactive protein (CRP) are found to be elevated in the CSF of PD
patients, which are related to the non-motor PD symptoms, such as cognitive disruption,
tiredness and depressive behavior [127], which may promote the occurrence of non-motor
signs. This process is associated with sickness behavior, that is stimulated by elevated KP
activation. Thus, IDO-1 activation, mediated by INF-y—which can be promoted by other
cytokines, such as TLR agonists and IL-13—may also take place in PD [10].

The elevated TRP catabolism, accordingly displayed by the ratio of KYN/TRP, exhibits
positive relationship with neopterin (the inflammatory marker) in the CSF and periphery
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of patients with PD, which further provides a proof to the immune system mediators,
promoting activation of KP in patients with PD [25]. These trends are associated with
progression of the disease in PD cohort depicting those metabolic changes in KP that
may enhance complexity of the disease in patients. Pycnogenol (PYC) was used as an
anti-inflammatory compound to curb the activation of microglia and neuroinflammation,
as well as to provide protection to the dopaminergic neurons against toxicity induced
by MPTP and impaired mitochondrial functions [128]. The expression level of nuclear
factor-kappa B (NF-«kB) is hindered in PD mice model administered with MPTP as a
result of PYC therapy, which implicates IDO-1 suppression in monocytic cells, especially
microglia, as NF-«B being a regulator of upstream metabolic processes, inducing IDO-1
expression [129]. The activation of IDO-1 in microglial cells is related to degeneration of
neurons and psychosis [130]. Thus, IDO-1 blockage serves as a target site for PD treatment,
that shall be subject to future considerations.

4.2. Downstream KP Metabolism in PD

Multiple downstream neuroactive metabolites are produced as a result of KP ac-
tivation in PD. KYN production results in downstream generation of QUIN instead of
KYNA, particularly during immune challenge, comprising of microglial cells that are
mostly present in association with PD. QUIN is a selective NMDA agonist, as discussed
earlier, especially with NR2A and NR2B subunit containing NMDAR subtypes with mas-
sive entry of astrocytes and neuronal cells [131]. Thus, QUIN-mediated toxic effects are
highest in the presence of these receptor types. The regions relevant to PD pathogenesis,
such as gamma amino benzoic acid (GABA) and substance P, containing striatal spiny
neurons exhibit vulnerability towards QUIN toxicity. The slight variation of QUIN levels
above the physiological concentration can promote induction of neuronal degeneration in
cortico—striatal cell culture in rats [132]. Significant behavioral alterations were induced,
when QUIN was administered via intra-striatal route [133]. QUIN lesions were reported to
be followed by cognitive deficiency in rats, which showed that QUIN can impair spatial
reference memory [134]. Additionally, the performance of rats on balance beam, open
field tasks and radial arm water maze, was found to be curbed, as the result of QUIN
administration. Apomorphine (DA agonist) administration resulted in development of
unilateral QUIN lesions and behavioral abnormalities in rodents, which occurred due to
imbalance in dopaminergic signaling between the normal and damaged hemisphere [135].
Moreover, axon-sparring lesions were also reported to occur as a result of intra-striatal
QUIN injections, which also promoted swelling of dendrites and absence of structural char-
acteristics of cells at post-synaptic sites, as per the post mortem analysis reports; however,
the axons close to the presynaptic terminals were found to be largely preserved [136].

KYNA, another significant KP metabolite, exhibits antioxidant characteristics, on
account of its ability to act as a free radical scavenger for superoxide anions and hy-
droxyls. KYNA antagonizes the actions of a7-nicotinic acetylcholine (a7nACh) receptors,
non-competitively, at normal physiological concentration, and regulates the level of glu-
tamate and DA as well as acetylcholine in the CNS [71]. KYNA antagonizes the actions
of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), kainic acid (KA), and
NMDA receptors, at high micromolar concentrations, and curbs the neurotoxic effects
mediated by QUIN. The shifting of KYN catabolism either towards QUIN or KYNA, must
be significantly modulated under normal physiological conditions in order to promote
efficacy of neuroprotective metabolites in actions of downstream neurotoxic TRP metabo-
lites [10,137]. Antagonists of AMPA and NMDA receptors have been reported to alleviate
the development of motor symptoms, induced by L-DOPA in rats [100].

Glutamate release and toxicity is inhibited by the antagonizing actions of KYNA
on AMPA, KA, and NMDA receptors. The metabolic arm of KYN is shifted towards
KYNA by the action of RO 61-8048, which is a KMO inhibitor, thereby elevating KYNA
levels and ameliorating dyskinesia in MPTP monkeys with LID [102]. It is noteworthy;,
that KP activation does not always tend to induce damaging results, as if the pathway is
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shifted towards KYNA production, it might exert a positive impact, which was evidently
supported by prevention of cell death, promoted by MPP+, by pretreatment with KYNA in
dopaminergic neuronal cell lines in humans [138]. Furthermore, direct injection of KYNA
into globus pallidus internus in PD patients provided protection against toxicity induced
by MPTP [139,140].

Additionally, extraordinarily little therapeutic efficacy is observed because of sys-
temic administration of exogenous KYNA on account of its limited penetration ability
across BBB as well as short-lived half-life. Furthermore, antagonistic action at the glycine
region in non-human primates as well as rodent LID-PD models, has been predicted to
provide protection against the excitotoxic consequences in PD [141]. However, blockage of
ionotropic glutamate receptors can further propagate harsh consequences, such as cognitive
dysregulation in multiple patients.

4.3. Microbiota Gut Brain Association with KP in PD

Despite the localization of neurological disorders in the brain, the researchers have
depicted a significant relationship between the gut and the brain. The accumulation of
a-synuclein in PD begins in the gut, followed by dissemination to the neuronal tissue, via
the vagus nerve [142]. The Lewy bodies are the inclusions of a-synuclein protein which
have been observed in maximum amounts in submandibular gland and lower part of the
esophagus, and also contained in stomach, rectum, small intestine, and colon [143]. As the
age grows, the chances of development of x-synuclein also increases [144]. Accumulation
of a-synuclein and neurodegeneration is associated with constipation, which is a non-
motor PD symptom that is accompanied by elevated signs of intestinal permeability,
oxidative stress, and inflammation [145,146]. Such pathological alterations precede the
motor symptoms associated with PD, which provides a significant evidence of initiation of
PD pathogenesis in the gut.

The gut microbiota is considered to exert a stringent effect on the KP metabolites,
as per the results obtained from multiple investigations. The KYN in the gut has the
ability to penetrate the BBB and aid in the development of KP metabolites in the neuronal
tissue [147]. In the neuro gastroenterology investigations, KYNA and QUIN are regarded
as the most significant KP metabolites. Even though, their exact functions are not fully
known, yet they function as immunoregulator agents [148]. Immunoregulatory actions
and gastric mucosal defense mechanism is regulated by KYNA in the gastrointestinal
tract, via G-protein coupled receptor (GPCR), i.e., GPR35 [149]. The KP associated enzyme
are encoded by multiple intestinal bacteria, which result in the production of 3-HAA
and KYN [150], which exerts neurotoxic effects during diseased states [151]. Microbial
colonization [152] has been observed to be the cause of changes in the plasma levels of KP
metabolites under diseased states [151,153-155]. Certain investigations have suggested
generation of metabolite assemblies, promoting accumulation of x-synclein, as a result of
excess QUIN due to mutations in the KP [156]. Previous investigations have portrayed the
association between gut microbiota and KP in neurodegenerative diseases [157,158]. Such
a link has attracted significant attention, as it may serve as a suitable therapeutic target for
PD treatment in the future.

5. Applicability of KP as A Biomarker in PD

Understanding the factors, which lead to the development of PD and other neuropsy-
chiatric disorders would aid in promoting healthy aging and prolonged health in geriatric
patients. Therefore, validation and accessibility of biomarkers from pathological and nor-
mal subjects is a chief requirement in this regard. Metabolomics is a significant approach
which complements hypothesis driven techniques and targets. Specific moieties, with
known associations, such as molecular signals, such as x-synuclein, are considered to be a
significant target in PD patients [10]. However, numerous biochemical pathways, lipid and
cholesterol metabolism, inflammatory processes, proteolysis, dysfunction of BBB, metal
ion homeostasis, and structure of the cytoskeleton, regulate a multifactorial disorder such
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as PD. Yet, most of these processes occur as a result of normal brain aging, and there is a
requirement to provoke the aging process, to be a programmed process, determined by
genetics, and disorders associated with distinct entities with individual risk factors [10].

CSF examination is a conventional technique, used to investigate disorders related to
the brain, which are responsible for bathing the brain and carry out its protein signaling
processes. As discussed previously, regarding the role of changes in the metabolic pathway
of KP in PD, these metabolites are reported to indicate biochemical processes specific to
the disease [10]. CSF samples were collected before 4 h postmortem, from 48 patholog-
ical patients of PD and 57 controls of comparable ages and were assayed by employing
ultra-high-performance liquid as well as gas chromatography, in association with mass
spectrometry [159]. A total of 19 biochemicals out of the 243 identified compounds differ-
entiated control subjects from patients with PD at a false discovery rate of 20% [159]. The
concentration of 3-HK was found to be elevated by one-third level as well as mean oxidized
glutathione was found to be ameliorated by 40% in PD patients [159]. Such conclusions
evidentially confirm the role of excitotoxicity and KP in PD progression. Investigation of
optimistic disease-specific association between metabolomic evaluation of blood samples
and CSF biomarkers is a matter of future considerations.

Multiple biological fluids are reported to be suitable candidates for biomarker de-
tection, such as CSF, urine, and blood [160]. The exact cellular alterations in affected
neuronal tissue of PD patients was reflected by biofluids (serum and CSF), which were
collected alongside complete assessment of phenotypic features from PD patients [161].
It was reported that KP related compounds were able to cross the BBB easily and enter
the CSF [9,162]. The KP metabolites are reported to be related to PD progression, either
directly or indirectly, along with variations in the blood.

Elevated IDO levels were reported in the blood of PD patients, resulted during the
aging process [163]. In fruit flies, with expressed a-synuclein, the ratio of KYN to KYNA,
and urine samples of PD patients were found to be elevated [164]. The urine samples of
PD patients were reported to exhibit 18 different metabolites, in which the concentration
of KYN was found to be increased [165]. Enhanced 3-HK and KYN concentrations were
reported in the CSF in another investigation, which may aid in the induction of oxidative
stress in patients with PD [166]. The concentration levels of KYN to TRP, along with AA,
KYNA, and KYN levels, were found to be enhanced in PD patients [8].

QUIN to KYNA ratio and concentration of QUIN was reported to be elevated in
the plasma samples of PD patients [167]. KYNA levels were reported to curbed in the
CSF samples, with elevation in KYA, QUIN and KYN levels in the serum, as per KYA
pathway study in PD [8]. All these findings depict the significance of biomarker studies, in
order to recognize the initial signs and symptoms associated with PD and further profiling
which is useful for the development of suitable pharmacological intervention. Furthermore,
urine KYN was found to be related to severity in PD patients, along with mild cognitive
impairment. Therefore, urine KYN may function as a novel biomarker for early stage
diagnosis of PD. Table 1 lists the biomarker studies in biological fluids, exerting notable
actions on KP metabolites in PD.

Table 1. Representation of studies of biomarkers in bio-fluids and their effects on KP metabolites in PD.

Biofluid Biomarker Metabolites Observation Ref.
Serum Kynurenines Decreased concentration of TRP [8]
Urine Urinary metabolites Elevated «-synuclein and modified 8]

CSF and serum

Plasma

CSF

metabolism of tryptophan
Decreased KYNA in CSF; increased KYNA,

No metabolites mentioned KYN and QUIN in serum [8]
Elevated KYN/TRP ratio, KYN, AA, KYN [108]
184 metabolites Increased QUIN/KYNA ratio [167]
Increased QUIN [8]

No metabolites mentioned Increased KYN and 3-HK [166]
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6. Exploring the Therapeutic Role of KP in PD

Numerous therapeutic approaches have been investigated to elevate the levels of
endogenous KYNA or to alleviate the production of QUIN. In AD animal models, it was
used as pharmacological treatment, to retard the PD progression and related disorders. Co-
administration of L-KYN is the prime precursor for KYNA, which when co-administered
with organic anion transporter inhibitor, was reported to elevate KYNA, resulting in re-
versal of excitotoxicity induced by glutamate in rats with PD, induced by 6-OHDA [110].
Besides regulating the release of glutamate from cortex to the striatum, elevation in KYNA
resulted in direct antagonizing action on NMDA receptors, thus reducing glutamate ex-
citotoxicity. KYNA and L-KYN analogues were developed to overcome the limited half-
life of these main metabolites [10]. These analogues included 7-chlorokynurenic acid
(7-C1-KYNA), L-4-chlorokynurenine (4-CI-L-KYN), and 2-(2-N,N dimethyl amino ethyl
amine-1-carboyl)-1H-quinoline-4-one hydrochloride [168-170].

These analogues have been developed to elevate the pharmacological characteristics
and stability profile of the main metabolites. 4-Cl-L-KYN has the potential to penetrate
BBB and hinder toxicity mediated by QUIN at the glycine site on the NMDA receptor [171].
Considering BBB permeability, the analogues of KYNA also exhibit the ability of inducing
glutamate suppression as well as NMDA activation, thereby gaining therapeutic impor-
tance in PD, which is yet to be evaluated. D-glucose or D-galactose, in combination with
KYNA analogues, result in increased ability to cross BBB and prevent and curb the chances
of seizures and excitotoxicity in animal models [172].

Improvement in the motor symptoms in PD patients with LID, was observed on
treatment with zonisamide, which is a sulfonamide anti-epileptic drug, although, the
mechanism is not yet known. However, zonisamide has been reported to elevate KYNA
production [10], which further provides an evidential data related to the involvement of
KYNA in treating PD-associated LID. It has been reported that chronic and acute exposure
of astrocytes to zonisamide results in KYNA generation as well as other neurologically
active KP metabolites, such as CA and XA [173], where both of these metabolites have been
identified as endogenously produced agonists of first and third group of metabotropic
glutamate receptors [174,175].

Group 2-mGluR and Group 3-mGluR activation are reported to function as significant
targets of drug candidates to provide symptomatic relief as well as neuroprotection in
patients with PD, besides KYNA, as per numerous preclinical investigations. Thus, these
two prime metabolites of KP may possess therapeutic significance in PD treatment [176,177].
An INF-mediated elevation in CA was reported that result because of chronic exposure to
zonisamide, which also induced reduction in the production of QUIN [173]. Therefore, this
results in shifting of the ideal paradigm towards elevated neuroprotection provided by XA,
KYNA, and CA, while the excitotoxicity exhibited by QUIN is yet at bay.

A KP associated enzyme, KMO, which, when blocked can result in ameliorating of
generation of downstream metabolites by 3-HK, can further induce diversion of KYN
towards generation of KYNA [10]. The progression of dystonia in hamsters is significantly
retarded by KMO inhibitors thus exhibiting its role as potential agents for treating dysk-
inesia, related to dysfunction of striatum [178]. The KMO inhibitors, such as Ro61-8048,
have been reported to decrease dyskinesia induced by L-DOPA in monkeys administered
with MPTP, with no comprise in the therapeutic role of L-DOPA, as well as elevated pro-
duction of KYNA [102,179]. Furthermore, KMO inhibitor nicotinyl alanine, in combination
with probenecid and KYN, was observed to increase the production of KYNA, against
excitotoxicity induced by QUIN and NMDA in nigrostriatal dopaminergic neurons [107].
Such a protective action does not exhibit any specificity towards KYNA enhancement, as
administration of precursor alone, with no pharmacological intervention does not provide
any beneficial actions in PD treatment in animal studies [10].

A neuro immunophilin ligand, FK506, is employed as an immune system suppress-
ing agent in PD treatment, which besides elevating KYNA production in the cortex, also
reduces KYNA inhibition, which is carried out by 3-nitropropionic acid and MPP+ [180].
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Certain investigations have depicted that treatment with this ligand could elevate the
survival chances of DA neurons in a dose dependent manner but therapy for a short period
of time only exerts a minor impact on the progression of the disease [181]. Furthermore,
infiltration of cytotoxic T cells and T-helper cells, along with subtypes and number of
macrophages and microglial cells were significantly retarded as the result of FK506 admin-
istration [181]. Such data depicts that FK506 exhibits anti-inflammatory functions, which
resulted in reduction of neurodegeneration and portrays its role in PD treatment.

7. Identifying other therapeutic targets of PD

Numerous targets have been identified to facilitate PD treatment, such as chaperones,
protein Abelson (c-Abl), glucocerebrosidase-1 (GBA-1), calcium, neuromelanin, ubiquitin-
proteasome system (UPS), neuroinflammation, mitochondrial dysfunction, and KP. Chap-
erones are the protein entities that are elevated as a response to temperature, due to which
they are also referred to as heat shock proteins (HSP) [2,106]. These regulate folding,
refolding and degradation of proteins, thereby sustaining proteostasis. Overexpression of
HSP70 was reported to retard a-synuclein mediated neurodegeneration of dopaminergic
neurons [182,183]. The development of PD is aggravated in states where HSP70 in mito-
chondria exhibits mutation [2]. Furthermore, HSP70 has been reported to prevent death of
dopaminergic neurons, promoted by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
toxin, in PD models [184].

Currently, multiple drug candidates are undergoing clinical trials targeting chaperone
and show promising results in PD. An orally administered, mucolytic therapeutic com-
pound, ambroxol hydrochloride, functions as a chaperone of pharmacological significance
for mutant glucocerebrosidase and certain studies have shown its action in retarding PD [2].
The c-Abl is a member of tyrosine kinase family, reported to be stimulated by cellular as
well as oxidative stress. Inhibitors of c-Abl have the ability to cross the BBB and provide
protective action against toxicity, induced by MPTP in mouse model of PD, by reversing the
loss of dopaminergic neurons with noticeable improvement in motor symptoms [185]. It is
known that a c-Abl inhibitor, nilotinib, which is used to treat chronic condition of leukemia
is under investigation for PD treatment. Another target for PD treatment is GBA-1 gene,
encoded on glucosidase enzyme, which is produced in rough endoplasmic reticulum.

Oxidative stress is often considered to be one of the most significant pathological
hallmarks of PD, as confirmed by post-mortem evaluation of patients with PD. The reactive
oxygen species (ROS) are consistently produced by all cells via respiratory chain, and
function as secondary messengers in cell signaling, alongside normal physiological roles at
limited or medium levels [186]. However, exposure for a longer period of time or severe
ROS levels can disrupt the prime macromolecules of the cells, such as proteins, lipids,
and deoxy-ribonucleic acid (DNA), resulting in cell death via necrosis and apoptosis [187].
The disrupted balance between ROS production and impaired natural antioxidant system
creates the condition of oxidative stress in the body, which among all the body systems
severely damages the CNS due to its elevated oxygen demand, terminal differentiation of
neuronal cells, and weak antioxidant system, because of which oxidative stress forms the
basis of numerous neurodegenerative disorders in the body [186].

Extensive research has been carried out to investigate potential antioxidants to amelio-
rate oxidative stress conditions, such as free radical scavenging vitamin D (water soluble
antioxidant); vitamin C, exhibiting neuroprotective actions against L-DOPA induced neu-
rotoxicity [186]; mangosteen pericarp water extract exhibiting antioxidative neuronal
protection and anti-apoptotic effects in mice, resulting in enhanced spatial memory [188];
MAO-A inhibitor, Verbascoside [189]; essential oil of Thymus vulgaris [190,191]; and Juglans
regia L. extract, which mitigates oxidative stress in neuronal tissue and enhances cognitive
potential [186].

Enhanced ROS levels were found in fibroblasts of PD patients, which compromised
GBA1 mutation as compared to the wild type GBA1 [2]. Currently, numerous clinical
trials are taking place depicting the role of GBA as a biomarker in PD. Furthermore,
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neuromelanin is brain melanin, which comprises of eumelanin surface and pheomelanin
core. The production of neuromelanin constitutes the antioxidant pathway, resulting
in transforming oxidized DA products (toxic), such as quinone and semiquinone, into
neuromelanin [2].

Significant information has been collected for the relevance of in vivo administered
iron and neuromelanin as quantification tools for diagnosis of dystonia associated with
PD, but the data related to it has not yet been fully investigated. Synaptic vesicles (SV) are
contained in the synaptic buttons, which act as storage units of neurotransmitters, where
the SV2 family comprise of 12 transmembrane proteins with 3 major families, SV2A, SV2B,
and SV2C [2]. The SV2C family has been reported to be present in basal ganglia and has
been observed to be used in multiple neurological disorders, such as PD, AD, and epilepsy.
Studies indicated alterations in the SV2C expression in mouse models, which resulted
in loss of dopaminergic cells. Some investigations reported the regulation of protective
actions of nicotine in PD by alterations in the SV2C gene variation [192]. Further, calcium
can be found in all the organisms and functions as a secondary messenger, where PD
pathophysiology is reported to be significantly associated with L-type calcium channels.

In juvenile SNpc dopaminergic neurons, calcium channel, voltage dependent, L-
type, «1C-subunit (Cav1.2) is present in active form, whereas during aging it is used by
dopaminergic neurons to promote calcium influx, thereby aiding rhythmic pacemaker
activity, which is significant in the maintenance of the striatal dopaminergic levels as
highlighted by the role of Cavl.2 in regulation of dopaminergic firing activity in the
ventral tegmental area in PD mouse models [193-195]. Furthermore, MPTP intoxicated
Cav1.2 knockdown mice exhibit degeneration of dopaminergic neurons, which elaborates
the detrimental effects of inhibition of Cav1.2 on PD [196]. Cav1.3 is reported to be an
effective therapeutic target for PD. Cav1.3 L type calcium channel (LTCC) promotes calcium
influx, during autonomous pace making in SNpc dopaminergic neurons in adults, which is
associated with mitochondrial oxidative stress in preclinical models [197].

LTCCs play a significant role in regulating firing activities in the ventral tegmental
area in mouse PD models. Distinctive functions of Cav1.2 and Cav1.3 have been elaborated,
during regulation, in two transgenic strains of mice [198]. The mice defiant in Cav1.3,
exhibited a lower frequency of basal firing. Administration of nifedipine (dihydropyridine
channel blocker) ameliorated single spike firing in dihydropyridine-insensitive Cav1.2
channel mice, which confirms the essential role of Cav1.3 subtype in basal firing [198]. Fur-
ther, the firing patterns were converted from single spiking to bursting in mice expressing
dihydropyridine-insensitive Cav1.2 channels, which was hindered by nifedipine depicting
the significant role of Cav1.3 in burst firing also [198]. Therefore, these findings lead to
important conclusions regarding the significance of Cav1.3 in regulating basal single-spike
firing, whereas both Cavl.2 and Cav1.3 activation aids burst firing of neurons in the
ventral tegmental area [198]. Investigations have revealed the significant involvement of
oxidative stress (OS) conditions in PD progression; however, the mainstream process is
not yet clear. Despite being the source for reactive oxygen species (ROS), mitochondria
also serve as a target for ROS, which portrays the role of mitochondrial dysfunction in
PD pathogenesis [113,199]. Mitochondria plays a significant role in production of energy;,
cellular homeostasis, cellular death, and stress response, due to which any impairment or
damage to the organ results in neuronal degeneration. ROS is primarily produced from the
superoxide anion generated in the ETC, where the electron transport processes aid in the
synthesis of ATP, via ATP synthase, i.e., complex 5 [2]. The superoxide anion is also gener-
ated by other complexes, namely complex 1, 2, and 3, during the functioning of the ETC.
NAD+ (complex 1) is a ubiquinone oxidoreductase enzyme, which produces ubiquinol
from ubiquinone by energy extraction from oxidation of NADH, where ubiquinol functions
as a carrier within the membrane for the pair of electrons followed by their transfer to
complex 3 [2]. The electrons are discharged through uniquinol to complex 3 by complex 2,
i.e., succinate-coenzyme Q reductase, which aids to establish a relationship between ETC
and Krebs cycle [2]. Cytochrome C is reduced by ubiquinone cytochrome C oxidase (com-
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plex 3), via ubisemiquinone oxidation, followed by pumping of proton from mitochondrial
matrix into the inner membrane space of the organelle. Reduction in the electron transfer
in the ETC results in capture of electron by molecular oxygen from ubiquinone cytochrome
C oxidase, resulting in the formation of superoxide anion [2].

In the MPTP-induced PD, loss of dopaminergic neurons was revealed by post-mortem
analysis, in which after penetrating the BBB, MPTP is metabolized into 1-methyk-4-
phenylpyridinium (MPP+), by monoamine oxidase B (MAO-B), followed by the use of
MPP+ by dopaminergic neuronal cells, resulting in blockage of complex 1 of the ETC [2].
Furthermore, a reduction in complex 1 and ubiquinone in PD patients has been reported;
this leads to degeneration of the neurons. Mitochondrial dysfunction in PD patients was
confirmed by gene profiling of dopaminergic neurons and also differentiates between
mitochondrial fusion/fission cycle and mitophagy [2,200]. Loss of ATP13A2, elevated
mitochondrial mass to enhanced oxygen consumption are reported in certain patients,
associated with PD, which results in increased production of ROS in cell culture [201].

Alteration in the level of miRNAs has been found to be related to ROS formation
as well as impairment of mitochondrial function, which in turn plays a significant role
in progression of neurodegenerative disorders [202]. Metabolic dysfunction and glial
activation in the hypothalamus are found to result in negative energy balance, which
significantly aids in neurodegeneration [203]. At present, various clinical trials are investi-
gating functional and metabolomic biomarkers for mitochondrial dysfunction in PD. The
ubiquitin—proteasome contributes significantly to the degradation of cells, followed by their
removal, alongside elimination of unsolicited proteins [2]. Significant components associ-
ated with UPS include genes such as, ubiquitin carboxy-terminal esterase L1 and parkin,
where mutations in these genes facilitate the development of a significant link between
UPS and PD pathogenesis, as well as the role of UPS in the regulation of degradation of
TH, which widens the understanding of PD pathogenesis [204,205]. Even though, multiple
pre-clinical studies have been carried out to evaluate the impact of UPS in pathological
events of PD, none of them has yet been carried out on human subjects. Figure 5 portrays
different therapeutic targets for PD treatment.

Various investigations evidently support the involvement of neuroinflammation in
PD progression, which is primarily adjudicated by microglia activation, being a source
of superoxide it aids in the development of oxidative stress conditions in the neuronal
tissue [206,207] and produces tumor necrosis factor-alpha (TNF-o) and glutamate, which
in turn supports neurodegeneration. Microglia promotes neuroprotection by removing
endogenous and exogenous substances and has elevated levels of glutathione, that pro-
vide protection from excessive levels of hydrogen peroxide [2]. Therefore, microglia
serves a dual purpose in the neuronal tissue. Carrageenan-induced peripheral inflam-
mation, followed by its administration in rat paw, deteriorates inflammation, induced
by lipopolysaccharides, alongside the loss of dopaminergic neurons [2]. A N-methyl-D-
aspartate (NMDA) receptor antagonist, memantine, has been reported to exert a protective
action P2 x 7 purinergic microglial receptor, promoting activation of NLR Family Pyrin
Domain Containing 3 (NLPR3) a-synuclein in murine model, which further triggers neu-
roinflammation contributing to deterioration of neuronal cells [2].
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Figure 5. A mechanistic approach of potential targets for the treatment of Parkinson’s disorder (PD). The production of
reactive oxygen species (ROS) is initiated by genetic mutations, aging, chemicals, etc., via mitochondrial dysfunction, which
intervenes with ubiquitin proteasome system (UPS) and «-synuclein, resulting in the production of Lewy bodies. These
further interfere with activation of microglial cells resulting in neuroinflammation and cell death. Calcium influx stimulates
mitochondrial dysfunction, which further stimulates protein Abelson (c-Abl), further stimulating Parkin, followed by UPS
dysfunction, PGC1, F16BP, and AIMP2. Mitochondrial dysfunction is also stimulated by glucocerebrosidase-1 (GBA-1),
which elevated ER stress and aids in formation of neuromelanin pigments, resulting in neurodegeneration and cell death.
Kynurenine is transformed to quinolic acid, stimulating tetrahydrobiopterin (BH4) and ROS, where the former blocks
dopamine (DA) synthesis by hindering the enzymes, tyrosine hydroxylase (TH), and phenylalanine hydroxylase (PHA).
Cocaine-amphetamine regulated transcript (CART) provides neuroprotection by protecting DA neuron. Chaperone binds
to a-synuclein and blocks activation of microglia, production of Lewy bodies and UPS dysfunction, ameliorating production
of proinflammatory cytokines, preventing cell death. Legend: PD—Parkinson’s disease, ROS—reactive oxygen species,
UPS—ubiquitin proteasome system, c-Abl—protein Abelson, GBA-1—glucocerebrosidase, BH4—tetrahydrobiopterin,
TH—tyrosine hydroxylase, PHA—phenylalanine hydroxylase, CART—cocaine-amphetamine regulated transcript, DA—
dopamine, MPTP—1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, OS—oxidative stress, CaZ*—calcium ions, PGC-1—
peroxisome proliferator-activated receptor-gamma coactivator 1, AIMP2—aminoacyl t-RNA synthetase-interacting multi-
functional protein 2, TNF-a—tumor necrosis factor, IL—interleukins, ER—endoplasmic reticulum, Fe3*—ferric ions,
DDC—dopa decarboxylase, 1 increased expression.

8. Conclusions

A vast amount of population is currently affected by neurodegenerative disorders,
which is the most prevalent in the geriatric patients, among which PD and AD are the
most common ones. Despite the conventional therapeutic paradigm employed in PD,
the results exhibit limited efficacy, lesser tolerance, elevated side effects, and progressive
deterioration of the dopaminergic neurons, where the ratio of positive to negative effects
keeps on decreasing. As a result, a more reliable approach is on demand, with more
optimistic drug targets. The manuscript provides a detailed account of KP, which is a
TRPmetabolism pathway and its role on PD, with the help of the downstream and upstream
metabolic processes, which collectively modulate the events related to the disease. The two
major metabolites involve QUIN (neurotoxic), which acts via NMDA receptor, and KYNA
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(neuroprotective), which exhibit antagonizing actions to each other, therefore advocating
the Janus-faced role of KP metabolites in PD.

The authors also display the role of KP as a biomarker, and involvement of other
KP metabolites and enzymes such as 3-HK, 3-HAA, TRP, etc. in PD pathogenesis. Based
upon the dual actions, the therapeutic possibilities in the disease are inferred, which has
led to the development of multiple drug candidates targeting KP metabolites in PD. The
authors aim to bring into light the possibility of targeting KP as a therapeutic candidate,
to facilitate development of promising treatment approaches, providing an opportunity
for the researchers to carry out further investigations in this regard to establish possible
development of PD treatment in the future of neurological healthcare.

9. Future Prospects

The complexity of neurodegenerative disorders makes it difficult and also necessary
to evaluate the exact mechanism behind the neurological disorder. Due to elevated risks
and mortalities associated with brain disorders, the clinical researchers in this context are
carried out on animals and not on humans. However, there is a need for clinical studies
on humans, to study more the effects of therapeutic targets to facilitate disease mitigation.
The researchers should emphasize of development of potential drug candidates targeting
suitable sites, metabolites, or enzymes of KP. Despite the methods of either blocking the
QUIN roads or opening the KYNA pathway, the researchers should investigate greater
number of routs in KP leading to PD treatment. Another challenge is exploring more
reliable ways to deplete side effects and exhibit greater effectiveness. An inhibitor, capable
of crossing the BBB, is greatly desirable on account of its capability to prevent aggregation
of neurotoxic metabolites and providing neuroprotection by elevating KYNA levels in the
brain [53]. Additionally, most of the KMO inhibitors function as effectors, instead of a true
inhibitor, due to which flavin reduction is promoted along with production of hydrogen
peroxide, which is cytotoxic [53]. Therefore, such inhibitors should be avoided in the future.
Thus, varying disease study models are required for validation of therapeutic tendency of
candidates in the future along with inhibitor modification to get more effective compounds
in PD treatment.
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