
Citation: Iwaniak, P.; Owe-Larsson,
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Abstract: In the era of a steadily increasing lifespan, neurodegenerative diseases among the elderly
present a significant therapeutic and socio-economic challenge. A properly balanced diet and
microbiome diversity have been receiving increasing attention as targets for therapeutic interventions
in neurodegeneration. Microbiota may affect cognitive function, neuronal survival and death, and
gut dysbiosis was identified in Parkinson’s disease (PD). Tryptophan (Trp), an essential amino acid,
is degraded by microbiota and hosts numerous compounds with immune- and neuromodulating
properties. This broad narrative review presents data supporting the concept that microbiota, the
Trp-kynurenine (KYN) pathway and aryl hydrocarbon receptors (AhRs) form a triad involved in PD.
A disturbed gut–brain axis allows the bidirectional spread of pro-inflammatory molecules and α-
synuclein, which may contribute to the development/progression of the disease. We suggest that the
peripheral levels of kynurenines and AhR ligands are strongly linked to the Trp metabolism in the gut
and should be studied together with the composition of the microbiota. Such an approach can clearly
delineate the sub-populations of PD patients manifesting with a disturbed microbiota–Trp-KYN–brain
triad, who would benefit from modifications in the Trp metabolism. Analyses of the microbiome,
Trp-KYN pathway metabolites and AhR signaling may shed light on the mechanisms of intestinal
distress and identify new targets for the diagnosis and treatment in early-stage PD. Therapeutic
interventions based on the combination of a well-defined food regimen, Trp and probiotics seem of
potential benefit and require further experimental and clinical research.

Keywords: Parkinson’s disease; microbial–intestinal–brain axis; diet; aryl hydrocarbon receptor;
microbiota; aging; tryptophan; kynurenine; probiotics; individualized therapy

1. Introduction

The high prevalence of neurodegenerative diseases in the elderly population presents
an important therapeutic and socio-economic challenge. The process of aging is determined
by a variety of factors, including non-modifiable aspects, such as genetic predisposition, and
modifiable aspects, such as, environmental influence, individual lifestyle, physical activity
and eating habits. In recent years, a properly balanced diet and microbiome diversity have
received increasing attention as targets for therapeutic interventions in neurodegeneration.

Parkinson’s disease (PD) is the second most common progressive neurodegenerative
disorder of aging. Neuropathological features involve the loss of dopaminergic neurons
in the substantia nigra (SN) and the intraneuronal formation of Lewy bodies, aggregates
built from α-synuclein, neurofilaments and ubiquitin [1]. Clinically, PD manifests as
motor symptoms comprising resting tremors, bradykinesia, akinesia, rigidity and gait
disturbance. Anxiety, depression and cognitive impairment follow, ultimately leading to
severe disability [2].
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Despite immense scientific efforts, the etiology of PD is not fully elucidated, yet a
number of genetic and environmental risk factors have been identified [3]. Hereditary
PD accounts for approx. 5% of cases. In one-fifth to one-third of inherited PD, more than
90 independent genetic risk signals in 37 loci were detected [4]. An increased probability
of developing PD has also been linked with traumatic brain injury, dairy and alcohol
consumption, diabetes, high cholesterol, hypertension and exposure to pesticides [5,6].
On the other hand, physical exercise, the intake of caffeine, the use of non-steroidal anti-
inflammatory drugs and special diets, such as Mediterranean or so-called Mediterranean-
DASH Intervention for Neurodegenerative Delay (MIND) diets were shown to lower
PD risk [7]. Cellular and molecular pathways leading to neuronal loss are complex and
involve, among others, mitochondrial dysfunction, impaired regulation of the proteome,
excitotoxicity or neuroinflammation. Since the pathogenesis of PD has been the subject of a
number of timely reviews recently (see, for example, [8–10]), it will not be presented here
in detail.

The standard therapy for PD is symptomatic and based on the enhancement of
dopaminergic transmission in the basal ganglia. The oral administration of a dopamine
precursor, levodopa, is initially highly effective, but prolonged therapy is associated with
reduced drug efficacy and the occurrence of adverse effects [11]. Novel invasive treatments,
like the deep brain stimulation of the subthalamic nucleus or globus pallidus internus,
result in an improved quality of life, yet a number of serious complications may arise [12].
An early diagnosis of PD followed by optimal preventive therapy appears, therefore, to be
of crucial value.

A microbiome encompasses all living microorganisms present within a given envi-
ronment, i.e., microbiota, together with their metabolites, structural fragments and the
molecules produced by the host exposed to these microbiota [13]. Increasing evidence
suggests that the gut microbiome may play a key role in age-related inflammation, a
factor linked with neurodegeneration, aging and cognitive decline [14,15]. Two decades
ago, Braak proposed that PD starts within the intestines, in the process of the retrograde
transport of misfolded α-synuclein from the gastrointestinal tract to the brain [16]. The
following years presented numerous clinical data revealing the existence of microbial
dysbiosis among PD patients [17,18]. Furthermore, the existence of the gut–brain axis and a
reciprocal connection between intestinal and brain compartments are well recognized [19].
Therefore, dietary intervention and changes in the composition of gut microbiota seem
attractive ways of modulating intestinal metabolism and, in turn, the gut–brain axis. This
may result in a changed synthesis, release and intestinal absorption of compounds able to
influence neuronal function [20].

Tryptophan (Trp) is an essential amino acid used for protein synthesis, and it is
metabolized into several biologically active compounds, including kynurenines, indoles,
melatonin and serotonin [21]. The Trp-kynurenine (KYN) pathway is the major route of Trp
conversion, yielding a number of immuno- and neuroactive derivatives, collectively called
kynurenines [22,23]. Alterations in the function of the Trp-KYN pathway are implicated
in the pathogenesis of PD, and, accordingly, manipulations of Trp metabolism may be of
therapeutic benefit [24]. Some kynurenines have been identified as agonists of the aryl
hydrocarbon receptor (AhR), able to activate AhR signaling in the periphery and in the
brain. AhR is a transcription factor widely expressed by immunocompetent cells, and is
thus involved in the modulation of the immune response [14]. Increasing evidence suggests
that changes in the composition of the gut microbiota affect local Trp metabolism and, in
turn, impact brain function [25,26]. Thus, dietary modifications of the Trp-KYN pathway
seem to be of potential value as an easy, socially acceptable therapeutic approach able to
alleviate certain neurological and psychiatric diseases, including PD [27,28]. This narrative
review presents data on the correlation between gut microbiota and the availability of Trp
and AhR function in PD and discusses whether dietary interventions may improve this
triad and, in turn, impede the progress of PD.
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2. Gut–Brain Axis Correlates Microbiota with Neuroinflammation

The composition of the human microbiome is distinctive, and the differences among
host individuals are considerable. Gut colonization occurs early in life, yet the environment,
especially changes in diet, can profoundly impact the gut microbial population [29]. The
microbiota–brain axis concept assumes that the brain and microorganisms residing within
the gut communicate bi-directionally through the immune, neuroendocrine, circulatory
and enteric nervous systems [30]. Commensal species within the gut are involved in the
development of the central nervous system (CNS), preserving the blood–brain barrier and
maintaining the proper function of the brain [15,31]. On the other hand, certain microbiota-
derived antigens and metabolites can promote a “leaky gut” syndrome and elicit intestinal
inflammation. It is currently acknowledged that peripheral inflammation is a potential risk
factor in various neurodegenerative diseases, especially PD (for a review, see [10,32–34]).
Reactive microgliosis within the SN, an increased number of major histocompatibility
complex (MHC) II-positive cells in various brain areas and high levels of pro-inflammatory
molecules are hallmarks of PD [10]. Furthermore, sustained activation of the immune
system, manifested by increased levels of cytokines and chemokines, is evident in the blood
and gut of PD patients [10].

2.1. Gut–Neuroinflammation Axis in PD

Substantial experimental data obtained in animal models of PD revealed prominent
microglial activation and other inflammatory changes preceding dopaminergic neuronal
loss [35]. Such changes were detected in models evoked by intracerebral administration
of neurotoxin 6-hydroxydopamine (6-OHDA), systemic application of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP; mitochondrial toxin) or paraquat (pesticide) and oral
treatment with rotenone (a naturally occurring pesticide and insecticide) [10,36].

In line with the inflammatory hypothesis, a model of PD based on the peripheral
or intranigral administration of lipopolysaccharide (LPS) was developed. Inflammation
causes the destruction of SN and a behavioral sequela resembling PD [37]. Furthermore,
LPS was shown to trigger a consecutive increase in α-synuclein immunoreactivity, intestinal
permeability and pathological accumulation of α-synuclein in the colon, in a manner similar
to that observed in PD patients [38,39]. It was discovered that α-synuclein pathology can
spread from the gut to the brain along the gut–brain axis, and an injection of α-synuclein
into the intestinal wall may cause pathological changes in the CNS [40–42]. In a model
of ulcerative colitis, inflammatory changes exacerbated the LPS-induced damage to the
SN [43]. PD patients manifest high serum levels of zonulin and claudin-5, markers of
intestinal barrier dysfunction. Increased calprotectin, a marker of intestinal inflammation,
was also detected among PD patients [33]. Furthermore, in a mouse model of PD based
on acute, intranigral injection of viral vectors encoding the mutated form of α-synuclein,
the latter was transported from the brain to the ileum of mice. Subsequently, α-synuclein
formed insoluble aggregates and impaired intestinal function [44].

Thus, accumulating data suggest that in PD, the disturbed function of the gut–brain
axis may contribute to the spread of inflammatory changes, which, in turn, may affect the
development and progression of the disease. Brundin and colleagues divided the course
of PD into three temporal phases mediated by triggers, facilitators and aggravators [45].
Using this concept, the inflammatory state in the gut could be viewed as the trigger that
initiates the neurodegenerative processes as well as a facilitator of PD.

2.2. Microbiota and Microbiome in PD

In various animal models of PD, including the MPTP- or rotenone-induced destruc-
tion of SN [46–48], dysbiosis and alterations in the gastrointestinal tract function were
observed, often before the onset of characteristic basal ganglia dysfunction [46,49].
In the rotenone PD model, changes in intestinal permeability were linked with al-
tered composition of the gut microbiota. Higher abundances of Lactobacillus, Bifidobac-
terium, Akkermansia and Bacteroides spp., accompanied by the decline of Lachnospiraceae,
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Ruminococcaceae_UCG-014, Turicibacter, Faecalibaculum and Clostridium spp., were de-
tected in mice [47]. In the MPTP model, decreased phylum Deferribacteres, decreased
genera Mucispirillum and Clostridium and lower biodiversity of intestinal species were
described [48]. Chronic stress further exacerbated intestinal barrier dysfunction, de-
creased the relative abundance of fecal Lactobacillus and increased the mucin-degrading
Akkermansia species, as revealed in a rotenone model [50].

The altered microbiota composition in the large intestines of PD patients shows similar-
ities to the changes observed in animal models [51–54]. However, of more than 160 human
studies on the role of gut microbiota in PD, only approximately 20 were case–control [55,56].
The resulting picture is not fully clear since there are quantitative differences between
various areas of the world in terms of bacterial diversity [56]. In the USA and Canada,
a significant increase in Actinobacteriota (Bifidobacterium), Verrucomicrobiota (Akkerman-
sia), Firmicutes (Enterococcus, Hungatella, Lactobacillus, Oscillospira, Ruminococcaceae), Bac-
teroidetes and Proteobacteria, with a decrease in Firmicutes Lachnospiraceae (Blautia, Copro-
coccus and Roseburia), was reported. In Germany, Ireland and Finland, a raised number
of Verrucomicrobiota (Akkermansia), Firmicutes (Lactobacillus and Roseburia), Bacteroidetes
(Barnesiellaceae), Actinobacteriota (Bifidobacterium) and Thermodesulfobacteriota (Bilophila
wadsworthia), with a decrease in Prevotella from Bacteroidetes, was shown. In Italy, increased
Verrucomicrobiota (Akkermansia), Actinobacteriota (Bifidobacteriaceae and Coriobacteriaceae),
Firmicutes (Christensenellaceae and Lactobacillaceae, Enterococcaceae, Lactococcus, Oscillospira),
Proteobacteria (Citrobacter, Klebsiella, Salmonella and Shigella) and Bacteroidetes, with a
reduced number of other Firmicutes (Lachnospiraceae, Roseburia and Ruminococcus), were
described [56].

The differences in bacterial diversity between countries may result from several factors,
including genetic predisposition, diverse geographical locations and different nutrition
and eating habits [57–59]. Our understanding of the profound impact of diet on microbiota
composition, intestinal physiology and human health is rapidly increasing. Diet is a
factor shaping the infant gut microbiome, as shown by the differences detected between
breastfed and formula-fed babies in a twin cohort [58]. Multiple data indicate that a typical
Western-style diet, high in animal protein, sugar, starch and fat and low in fiber, results in a
specific intestinal microflora profile [57,58]. An interesting study compared gut microbiota
sampled from children living in poor, rural areas (Burkina Faso; BF), whose food is low
in fat and animal protein and rich in starch, fiber and plant polysaccharides, with that of
European children (Florence). Children fed a rural African diet had a higher abundance
of Actinobacteria and Bacteroidetes, whereas Firmicutes and Proteobacteria were more
abundant in European children [57]. In consequence, Gram-negative bacteria dominated
over Gram-positive bacteria in the BF population, whereas Gram-positive species were three
times more abundant than Gram-negative among European children [57]. Furthermore,
short-chain fatty acid (SCFA)-producing bacteria dominated in specimens from BF children.
SCFAs are known to promote the integrity of the gut epithelial barrier and to regulate brain
function, including histone deacetylase activity, microglial activation or the expression
of growth factors [60]. It was suggested that a diet rich in plant polysaccharides and
low in sugar and fat may promote the growth of bacterial species, protecting against gut
inflammation [57].

Bacterial overgrowth in the small intestine occurs with high prevalence among PD
patients, and its frequency ranges from 14 to even 67% [61]. In a meta-analysis, small
intestine bacterial overgrowth correlated with PD and occurred with a higher prevalence
in Western countries (52%) in comparison with Eastern countries (33%) [62]. Interestingly,
intestinal microbiota composition in PD patients often shows resemblances to the changes
detected in patients with inflammatory bowel disease [63].

Overall, the abundance of Akkermansia, Enterococcus, Lactobacillus and Bifidobacterium
and a decrease in Lachnospiraceae, Faecalibacterium and Roseburia seem to be the most consis-
tent findings in PD [51,64–67]. A reduction in the number of Faecalibacterium and Roseburia
may lead to impaired production of SCFA [68]. The decrease in SCFA-producing bacteria
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and the increase in mucin-degrading Akkermansia may enhance intestinal permeability and,
in turn, contribute to the transport of pro-inflammatory molecules into systemic circulation.
In PD models, some SCFAs reduced the extent of neuronal degeneration and improved
behavioral alterations [69].

The clear picture of bacterial dysbiosis in PD implies the potential therapeutic effect
of antibiotic therapy. However, the available data are limited. Concomitant oral admin-
istration of ampicillin, neomycin and metronidazole evoked prominent changes in the
composition of the microbiota and reduced MPTP-induced dopaminergic neurotoxicity
in the brain [48]. Clinical trials in this area are basically absent. The ClinicalTrials.gov
database revealed three studies (two completed and one still recruiting) assessing the effect
of rifaximin in small groups of PD patients. Yet, to our knowledge, no results have been
published so far. Furthermore, precision nutrition based on devising a diet beneficial in a
given clinical scenario may become an important part of PD therapy.

In general, accumulated data imply that in PD, the pro-inflammatory gut environ-
ment, together with impaired mucosal barriers and “leaky gut” syndrome, may trigger an
inflammatory response. Furthermore, increased α-synuclein synthesis and the subsequent
transmission of misfolded α-synuclein to the brain follow [70]. Additionally, various enteric
and microbial metabolites, hormones, immune molecules and activation of the vagus nerve
affect the function of the brain and may induce or exacerbate the disease [31]. However,
considering that each species carries specific metabolic characteristics, alterations in the
composition of the microbiota may alter brain function in diverse ways. To ensure a more
consistent pattern of changes, the combination of a well-defined food regimen and probiotic
application seems required. We suggest that directing the microbiota metabolism towards
Trp conversion may be of therapeutic value.

3. Tryptophan Metabolism

Trp enters a complex metabolic pathway, yielding compounds that contribute to
several physiological processes, from neuronal function through immunity to metabolic
homeostasis [71,72]. Trp availability plays a rate-limiting role in protein synthesis [73], yet
only 1–2% of digested Trp is used for this purpose. The major route of Trp metabolism in the
periphery and the brain comprises the Trp-KYN pathway, which converts approximately
95% of the Trp pool [21]. The remaining 2–3% of Trp enters the serotonin or indole pathways
(Figure 1). Trp may pass the blood–brain barrier (BBB) only as a free, unbound form,
constituting approx. 10–15% of its serum pool. Transport of Trp across the BBB is facilitated
by the non-specific large neutral amino acid transporter (LNAAT) [74].

ClinicalTrials.gov


Int. J. Mol. Sci. 2024, 25, 2915 6 of 26
Int. J. Mol. Sci. 2024, 25, 2915 6 of 26 
 

 

 
Figure 1. A schematic overview of tryptophan metabolic pathways. Kynurenine, serotonin and in-
dole pathways are the primary routes of host Trp metabolism and its commensal bacteria. 
Kynurenine pathway: IDO, indoleamine 2,3-dioxygenase; TDO, tryptophan 2,3-dioxygenase; KAT 
I-IV, kynurenine aminotransferase I-IV; KMO, kynurenine 3-monooxygenase; KYNU, 
kynureninase; 3HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; ACMSD, α-amino-β-carboxymu-
conate-ε-semialdehyde decarboxylase. 
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The Trp-KYN pathway is functional in the microbiota and the human host. It starts 

with the conversion of Trp by Trp 2,3-dioxygenase (TDO) or indoleamine 2,3-dioxygen-
ases (IDO1 and IDO2), synthesizing N-formylkynurenine [21,75,76]. IDO1 is expressed in 
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Figure 1. A schematic overview of tryptophan metabolic pathways. Kynurenine, serotonin and
indole pathways are the primary routes of host Trp metabolism and its commensal bacteria.
Kynurenine pathway: IDO, indoleamine 2,3-dioxygenase; TDO, tryptophan 2,3-dioxygenase; KAT
I–IV, kynurenine aminotransferase I–IV; KMO, kynurenine 3-monooxygenase; KYNU, kynureni-
nase; 3HAAO, 3-hydroxyanthranilate 3,4-dioxygenase; ACMSD, α-amino-β-carboxymuconate-ε-
semialdehyde decarboxylase.

3.1. The Tryptophan–Kynurenine Pathway

The Trp-KYN pathway is functional in the microbiota and the human host. It starts
with the conversion of Trp by Trp 2,3-dioxygenase (TDO) or indoleamine 2,3-dioxygenases
(IDO1 and IDO2), synthesizing N-formylkynurenine [21,75,76]. IDO1 is expressed in the
microglia, neurons and astrocytes, as well as in macrophages, fibroblasts and epithelial
cells [77]. TDO, a rate-limiting enzyme, is detected mainly in hepatocytes and can be



Int. J. Mol. Sci. 2024, 25, 2915 7 of 26

upregulated by Trp itself or by glucocorticoids [77]. Higher availability of Trp and its
increased supply to the liver lead to enhanced TDO activity and stimulation of the Trp-
KYN pathway [71]. N-formylkynurenine is rapidly converted to L-KYN by formamidase.
In the brain and periphery, L-KYN is metabolized along two major enzymatic branches:
(A) generating kynurenic acid (KYNA) in the process catalyzed by four kynurenine amino-
transferases (KATs I–IV), or (B) producing 3-hydroxykynurenine (3-HK) and anthranilic
acid (AA) by kynurenine 3-monooxygenase (KMO) and kynureninase, respectively [78,79].
Kynureninase may also metabolize 3-HK to 3-hydroxyanthranilic acid (3-HANA). KAT
II, and possibly other KATs, may synthesize xanthurenic acid (XA) from 3-HK [22,23].
3-HANA may yield α-amino-α-carboxymuconic-ω-semialdehyde (ACMS) in the process
catalyzed by 3-hydroxyanthranilic acid 3,4-dioxygenase (3HAO). Under physiological
conditions, ACMS spontaneously rearranges to form quinolinic acid (QUIN). Condensation
of two molecules of 3-HANA yields cinnabarinic acid [22,71]. QUIN serves as an interme-
diate in the production of NAD+, an essential enzymatic cofactor [22,71]. Among all of the
molecules from the Trp-KYN pathway, only Trp and KYN may penetrate the blood–brain
barrier [22,23].

Kynurenines display a wide range of divergent biological activities, including cyto-
toxic/cytoprotective, oxidative/antioxidant or pro-/anti-inflammatory. Classically, metabo-
lites of the Trp-KYN pathway are divided into neuroprotective and neurotoxic groups.
However, the action of various kynurenines may depend on the local availability of sub-
strates, enzymatic activity and the broadly understood cellular environment [80,81]. More-
over, a complex network of endogenous factors as well as exogenous modifiers, e.g., the
availability of Trp, presence of inflammation and exposure to environmental toxins may
alter the ultimate role that a specific kynurenine plays. Thus, the original concept of
protective or toxic kynurenines gradually evolves.

Metabolites generally accepted as neuroprotective include KYN, KYNA, XA and
picolinic acid. The beneficial effects of KYN observed in various experimental models
have traditionally been attributed to KYNA production. However, KYN itself has redox
properties as a scavenger of free radicals such as peroxynitrite (ONOO−), superoxide
anion (O2•–) and hydroxyl radicals (OH radicals) [23]. KYN has been identified as an
endogenous aryl hydrocarbon receptor (AhR) ligand that functions as a xenobiotic target
and transcription factor [78].

KYNA, a direct transamination product of KYN, is an important metabolite of the
Trp-KYN pathway that exhibits pleiotropic biological activity [76]. KYNA is a well-known
neuroprotective, anti-epileptic and anti-inflammatory compound that blocks ionotropic
glutamate receptors. It displays the highest affinity toward the glycine site of the N-methyl-
D-aspartate (NMDA) receptors. KYNA was also identified as an agonist of AhR and G
protein-coupled orphan receptor 35 (GPR35) [76]. The deficiency of KYNA was implicated
as an important factor in the development of various metabolic, cardiovascular or brain
disorders [21,23].

XA has antioxidant properties and is a free radical scavenger. Picolinic acid acts as
an effective chelator of metals (such as chromium, zinc, manganese, copper and iron)
preventing protein aggregation and oxidative stress [82].

Metabolites of KP with prevailing neurotoxic properties include 3-HK, QUIN and
3-HANA. 3-HK is capable of inducing oxidative damage and cell death and has thus
been implicated in various neurological and psychiatric disorders [83]. Increased levels of
3-HK in the brain have been associated with several neurodegenerative diseases, including
Huntington’s disease [84]. However, some experimental studies have provided evidence of
the antioxidant properties of this molecule. At low levels, 3-HK acts as an antioxidant and
can scavenge reactive oxygen species (ROS) such as superoxide radicals [85].

Similarly, 3-HAA can induce oxidative stress and promote ROS synthesis [86]. On the
other hand, in primary glial cultures exposed to cytokines, 3-HAA induced the expression
of hemeoxygenase-1, which has anti-inflammatory and cytoprotective properties [87].
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QUIN is a classical excitotoxin, acting at the agonist-binding site of the NMDA receptor
at higher concentrations, whereas at low, physiological levels, it serves as an intermediate
for the production of NAD+. However, during long-lasting exposure to QUIN, the com-
pound may induce neuronal loss even at low concentrations [76]. Moreover, QUIN may
stimulate glutamate release and inhibit its reuptake, thus potentiating glutamate-mediated
neurotoxicity [76]. Like many other kynurenines, QUIN was also reported to promote lipid
peroxidation [76].

Some Trp metabolites were reported to modify the physical and chemical properties
of proteins, which results in their altered structure and function, such as unfolding, cross-
linking or changing solubility [88]. 3-HK-modified proteins were found in the urine of
hemodialyzed patients, manifesting elevated levels of kynurenines in the periphery [89,90].
Furthermore, it was demonstrated that KYN-derived chromophores interact with α-1-
microglobulin in the lens and urine, which may be involved in the development of cataracts
and exacerbate uremia [90,91]. Additionally, cross-linked KYN-modified proteins are
photosensitizers and can produce free oxygen radicals [92,93].

3.2. Trp Metabolism in the Microbiota–Indole Pathway

Various gut species, including Lactobacillus, Bifidobacterium, Bacteroides and Clostridium,
can metabolize Trp [25]. Microbiota may convert Trp along the Trp-KYN pathway, mainly
within immune and epithelial cells [94], along the serotonin pathway in enterochromaffin
cells [95] and into several other molecules, including ligands of the AhR. The Trp-KYN
and serotonin pathways in microbiota are analogous to those in human hosts. However, in
contrast to the human host, intestinal microorganisms can metabolize Trp via the indole
biosynthetic pathway [96,97].

Tryptophanase, expressed in various bacteria, including Escherichia coli, Clostridium spp.
and Bacteroides spp., hydrolyzes Trp to indole [98]. Indole can be released and subsequently
absorbed by the host cells. In the liver, xenobiotic metabolizing enzymes, cytochrome P450
and sulfotransferases convert indole into compounds such as indoxyl-3-sulfate (IS), oxindole
and isatin [99]. Trp can also be degraded by intestinal bacteria to indole-3-propionic acid (IPA),
indole-3-acetaldehyde (IAld), indole-3-acetic acid (IAA), indole-3-lactic acid (ILA), tryptamine,
indoleethanol (IE), indole-3-acetaldehyde (IAAld) or 3-methylindole (skatole) [100]. There are
qualitative and quantitative differences in indole production among different people due to
diverse gut microbiota species colonizing the gut.

The oxidative and reductive pathways in Clostridium sporogenes lead to the produc-
tion of IAA and IPA [101,102]. Clostridium bartlettii and Bifidobacterium spp. produce ILA
and IAA [103]. Peptostreptococcus spp. converts Trp to IA and IPA. IAld is also gener-
ated by Firmicutes species such as Lactobacillus (L.) reuteri, L. johnsonii, L. acidophilus and
L. murinus [103] via the aromatic amino acid aminotransferase (ArAT) and an indolelactic
acid dehydrogenase (ILDH)]. Skatoles are generated by the decarboxylation of IAA by Bac-
teroides spp. and Clostridium spp. [103]. Ruminococcus gnavus converts Trp into tryptamine
using Trp decarboxylase.

Indole, IPA and IAld promote the maintenance of the epithelial barrier, enhance
the secretion of mucus, increase the thickness of the mucus layer, improve gut barrier
function and alleviate inflammatory reactions. Pregnane X receptor (PXR), Toll-like re-
ceptor 4 (TLR-4) and AhR seem to be involved in the reduced intestinal permeability and
decreased inflammation [104]. Thus, increasing the synthesis of AhR ligands along the Trp-
KYN pathway should result in the diminution of the “leaky gut” syndrome and alleviate
local immune alterations. In turn, decreased absorption of potentially harmful compounds,
derived from nutritional sources as well as from microbiota metabolism, should exert a
positive impact on brain function.

3.3. Trp-KYN Pathway in PD

The shift of the Trp-KYN pathway to either neurotoxic kynurenines such as 3-HK
or QUIN or to the neuroprotective KYNA profoundly affects neuronal function and sur-
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vival [76,105]. Under physiological conditions, the astrocytic Trp-KYN pathway serves as a
source of neuroprotective KYNA, while the neuronal pathway produces NAD+, thereby
improving the energy status of the cell [106,107]. Inflammatory responses to cytotoxic
events triggered by various mechanisms start a cascade of events that, in the end, augment
the initial insult. One of the underlying mechanisms is linked with the induction of IDO
and subsequent stimulation of the Trp-KYN pathway, leading to an overabundance of
neurotoxic kynurenines. In the brain, the net effect of these processes can be viewed as the
interplay between astrocytes, microglia and neurons.

In 1983, Prof. Langston and his group discovered that administration of MPTP, a
highly lipophilic toxin that readily reaches the brain, induces SN degeneration followed by
a PD-like behavioral pattern (see, for review, [108]). Selective toxicity depends primarily on
the glial conversion of MPTP to a pyridinium metabolite (1-methyl-4-phenylpyridinium;
MPP+), which inhibits the neuronal mitochondrial respiratory chain and is a source of free
radicals [85]. MPP+ inhibits cortical KAT activity and reduces KYNA formation in vitro and
in vivo [109,110]. KYNA was shown to prevent neurodegeneration in an MPTP model of
PD disease. It also downregulates Bax expression and protects human neuroblastoma cells
against MPP+-induced degeneration [98,111,112]. Similarly, the application of probenecid
and KYN, causing an increase in brain KYNA, was shown to reduce 6-OHDA toxicity,
neuronal damage and behavioral changes [113]. Furthermore, the administration of a KMO
inhibitor, resulting in higher availability of KYN and increased KYNA formation, alleviated
L-DOPA-induced dyskinesias [114]. Thus, modifications of Trp metabolism appear to have
a dual therapeutic benefit in PD: neuroprotection and prevention of L-DOPA-induced
motor side effects [115]. Overall, experimental animal data suggest that in the brain, the
shift of the Trp-KYN pathway to the branch producing 3-HK and QUIN, accompanied
by a relative or complete KYNA deficiency, is an important factor contributing to the
development and progression of PD.

Furthermore, experimental data revealed that in 6-OHDA and MPTP models of
PD, the deficit in KYNA formation may result from the diminished expression of neu-
ronal KAT I in neurons of SN pars compacta [110,116]. Considering that chronic MPTP
administration increases the expression of IDO in the striatum [117], activation of the
kynurenine pathway in neurons seems to result in a deficiency of neuroprotective and
an overabundance of neurotoxic metabolites. Indeed, accumulated data support the
concept that enhanced activity of IDO and TDO contributes to motor and behavioral
disturbances as well as gastrointestinal symptoms in PD [105,118]. In contrast, in the
SN of rotenone-treated rats, a reduced expression of kynureninase, generating 3-HK,
was reported [119]. Further research should clarify the precise central changes in the
expression of KP enzymes in the models of disease.

Despite the quite clear picture arising from animal data, the results of clinical research
are equivocal. In the periphery, both decreased and increased levels of kynurenines were
reported. Higher KYNA and KAT II activity were detected in PD patients’ erythrocytes,
together with an increased KYN/Trp ratio, lower plasma Trp and higher KYN [120]. Others
did not reveal changes in serum KYNA levels; however, decreased activities of KAT I
and KAT II were found [121]. A lower plasma KYNA/L-KYN ratio, higher QUIN levels,
an increased QUIN/KYNA ratio and high 3-HK were reported [122,123]. In contrast,
no changes in the levels of KYN, KYNA, AA and 3-HK in either the serum or CSF of
PD were shown [124]. On the other hand, decreased KYNA and increased QUIN were
reported in the CSF of PD patients [96]. A meta-analysis including ten studies, involving
539 participants (265 patients and 274 controls), revealed that in PD, the level of Trp in
the blood, but not in the cerebrospinal fluid (CSF), is significantly lower compared to the
control group. In the brains of PD patients, KYN and KYNA levels are decreased in the
frontal cortex, putamen and SN [125]. A recent study revealed that SNPs in the rate-limiting
enzyme of the Trp-KYN pathway, IDO1, may impact the onset of PD [105].

As mentioned above, α-synuclein, misfolded and accumulated in Levy bodies, is im-
plicated in the pathogenesis of synucleinopathies and is considered a hallmark of PD [126].
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Aberrant soluble oligomers may disrupt cellular homeostasis and induce neuronal death
through various intracellular targets. Furthermore, secreted α-synuclein can damage neigh-
boring cells through the seeding of aggregates and subsequently further propagate PD [127].
So far, the triggers evoking aggregation of α-synuclein are not well recognized. The intrigu-
ing possibility that kynurenines contribute to this process is supported by the data from
experiments in SH-SY5Y cell cultures. QUIN stimulated the generation of amyloid-like
assemblies and the seeding of α-synuclein aggregates in vitro [128]. Furthermore, it was
shown that 3-HK and its auto-oxidation products may generate derivatives of α-synuclein
in a process boosted by the oxidizing environment [129].

The above data indicate that the Trp-KYN pathway plays an important role in the
development of PD. The areas of the brain profoundly affected by neurodegeneration
produce smaller quantities of KYN and KYNA. In the periphery, however, the status of
the Trp-KYN pathway varies and may depend on the stage of PD, comorbidities, accom-
panying inflammation and environmental factors. It is conceivable that the peripheral
conversion of Trp to kynurenines is in part regulated by the microbiota. The levels of
kynurenines in the blood are linked not only with the metabolism of Trp in peripheral
organs but also reflect the activity of the microbiota in converting Trp. Subsequent ab-
sorption of metabolites through the intestinal wall may prominently affect concentrations
of kynurenines in systemic circulation.

In the gut, free Trp from dietary proteins is absorbed within the small intestine into
the systemic circulation. The remaining Trp is transported into the colon and utilized by
the microbiota. Indeed, germ-free mice, completely deprived of all commensal microor-
ganisms, exhibit high central and peripheral Trp levels [130]. Moreover, as mentioned
before, antibiotic therapy leading to the eradication of microbiota was shown to alleviate
MPTP-induced neurotoxicity [48]. The beneficial effects of microbiota depletion may result
from the modulation of the availability of serum Trp and its metabolites.

4. AhR in the Gut–Brain Axis

AhR, a ligand-activated transcription factor, is an 848-amino-acid-long protein encoded
by a gene located on chromosomes 7 and 12 in mice and humans, respectively [131].
Although AhR was initially recognized as a mediator of the toxicity of xenobiotics, its
essential role in the regulation of various biological processes, including immune response,
is now well acknowledged [132,133]. Dietary, microbial or metabolic signals may impact
AhR signaling and thus modulate diverse biological processes [131].

Trp is an important source of AhR ligands. As mentioned above, degradation of Trp
by bacteria or enterocytes generates several AhR-binding molecules such as KYN, KYNA,
cinnabarinic acid, xanthurenic acid, tryptamine and indoles: 2-(19H-indole-39-carbonyl)-
thiazole-4-carboxylic acid methyl ester (ITE), 3-methylindole (skatole), 6-formylindolo [3,2-
b] carbazole, indole-3-aldehyde (IAld), indoxyl-3-sulfate (I3S) [131,132]. Indole, indoxyl-
3-sulfate, indole-3-propionic acid and indole-3-aldehyde can cross the blood–brain bar-
rier [133] (Figure 2).
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in contrast to indoles, which are synthesized only in the gut. In the brain, Trp comes from ingested
proteins, and KYN originates from Trp metabolism in the gut and peripheral organs and from the
conversion of Trp in situ. Other brain kynurenines are produced locally within the brain.

4.1. AhR Signaling Pathways

AhR binds multiple compounds, including dietary, commensal and endogenous lig-
ands. Apart from xenobiotics such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), dibenzo-
furans, biphenyls, benzopyrene or benzanthracenes, food-derived compounds, metabolites
of commensal microbiota and certain drugs (e.g., sulindac or diclofenac) are also able to act
as AhR ligands. It is of interest that dopamine itself and carbidopa, used concomitantly
with levodopa in the therapy of PD, are ligands of AhR [134].

The inactive form of AhR is located in the cytoplasm and bound with actin filaments,
chaperone proteins including heat shock protein 90 (HSP90), protein kinase c-Src, AhR-
interacting protein (AIP) and co-chaperone p23. Two signaling pathways mediate the AhR
response. The genomic path is triggered by agonist binding, followed by the release of
the AhR complex from actin filaments and its translocation into the nucleus. Further, AhR
interacts with DNA sequences, i.e., xenobiotic responsive elements (XREs, also known
as DREs), in the regulatory regions of target genes (e.g., CYP1A1, CYP1A2, CYP1B1).
Activation of CYP results in the degradation of AHR ligands and constitutes a negative
feedback loop that restricts AhR activation. AhR may also interact with other transcription
factors such as the pro-inflammatory nuclear factor kappa-light-chain enhancer of activated
B cells (NF-κB), estrogen receptor or retinoic acid receptor. NF-κB plays a crucial role
in the regulation of inflammation, apoptosis and aging and has been implicated in the
pathogenesis of PD [135,136]. The ability of AhR to exert epigenetic effects was also
shown [131]. Non-genomic ways include, among others, an interaction with the Trp-KYN
pathway. Released from the complex with AhR, the protein kinase c-Src may phosphorylate
and stabilize IDO1, thus affecting the fate of Trp metabolism [137].
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4.2. AhR in PD

In the CNS of rodents, transcriptionally active AhR and its mRNA were detected in all
brain regions within astrocytes, microglia and neurons [138–140]. However, the precise role
of AhR in the brain still awaits elucidation. One of the major obstacles originates from the
dual activity of AhR. Depending on the ligand, AhR may mediate either pro-inflammatory
(through NF-κB) or anti-inflammatory effects [140].

AhR agonists derived from the microbial metabolism of dietary Trp were demonstrated
to attenuate the pro-inflammatory phenotype of glia [141]. In mice, Trp metabolites, indole,
indoxyl-3-sulfate, indole-3-propionic acid and indole-3-aldehyde reduced inflammation
and experimental autoimmune encephalomyelitis disease scores [139]. Type I interferons
produced in the brain seem to act in concert with Trp metabolites produced by the gut
microbiota to activate AhR signaling in astrocytes and suppress CNS inflammation [139].

The data on the role of AhR in PD are, to our knowledge, limited to experimental
animal research. In the MPTP-induced model, the number of AhR-positive microglial
and glial cells in the striatum and the SNpc increased, whereas AhR-positive tyrosine-
hydroxylase-expressing neurons were reduced [100]. In mice, the administration of the
AhR ligand resulted in a twofold increase in protein levels of a ubiquitin-conjugating
enzyme that interacts with parkin (UbcH7). The AhR ligand stimulated UbcH7 expression
only in dopaminergic neurons and decreased levels of synphilin-1 protein in the ventral
midbrain. Synphilin-1 interacts with α-synuclein and is linked with familial PD and SN
neurodegeneration [138,142,143]. In line with the above observations, the administration of
another AhR ligand, diindolylmethane, prevented the loss of nigral dopaminergic neurons
in the MPTP model [144]. Thus, in the above paradigms, AhR stimulation seems to fuel the
anti-inflammatory state and exert beneficial effects in PD.

So far, three synthetic AhR agonists—laquinimod, tranilast and benvitimod—have been
investigated in phase I–III clinical trials. The trials involved patients with autoimmune
conditions, such as Crohn’s disease, rheumatoid arthritis, asthma, atopic dermatitis or multiple
sclerosis [145]. However, to our knowledge, none of them was tested in PD patients.

It is conceivable that, depending on the composition of the intestinal microbiota, the
proportion of various gut-derived kynurenines will vary. Considering the alterations in the
microbiota detected in PD, we may hypothesize that the production and absorption of AhR
ligands, especially KYN and KYNA, into the systemic circulation are impaired in these
patients. This, in turn, would affect the delivery of metabolites easily penetrating the BBB,
such as KYN, to the brain and affect neuronal survival among individuals at risk of PD.

We suggest that the peripheral levels of kynurenines are strongly linked to the Trp
metabolism in the gut and, as such, should be studied together with the composition of
the microbiota. Only such an approach can clearly delineate the sub-populations of PD
patients manifesting with a disturbed microbiota/Trp-KYN/brain triad who would benefit
from modifications of Trp metabolism.

5. Dietary Interventions

The recommended dietary allowance of Trp is estimated to be in the range of 3.5–6 mg/kg,
i.e., 250–500 mg/day [73,146]. Products richest in Trp include various seeds, nuts and
cocoa. Trp content per 100 g of products ranges from 590 mg/100 g (pumpkin seeds),
370 mg/100 g (sesame seeds) and 240 mg/100 g (cashew nuts) to 290 mg/100 g (cocoa).
Animal products with high Trp content include milk (550–800 mg/l) and poultry meat
(100–150 mg/100 g) [73,146]. For a detailed review of the content of Trp and other kynurenines
in food products, see [147].

Studies on the potential beneficial effects of Trp were performed in a broad range
of experimental paradigms [146,148]. However, the results are not conclusive. Various
modalities, such as age, diet, comorbidities, currently taken supplements and drugs, may all
modify the outcome of such approaches. Research concerning the impact of Trp intake on
its peripheral and central metabolism indicates the potential value of dietary interventions
in neurological conditions.
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5.1. Oral Tryptophan and Peripheral Kynurenines

Low-, medium- and high-Trp diets (0.6, 1.2 or 1.8%) fed to rats for 3 months resulted
in changes in the levels of AhR and kynurenines [149]. In the high-Trp group, serum levels
of AhR, KYN, 5-hydroxyindole-3-acetic acid, indole-3-lactic acid, indoleacetate and indoxyl
sulfate were increased [149]. A randomized clinical study in 17 healthy women receiving
from 1 to 5 g of Trp showed that the urinary excretion of Trp and other metabolites,
such as KYN, KYNA, 3-HK and 3-HANA, increases dose-dependently during dietary
intervention [150]. A study in 40 elderly persons with insomnia or depression revealed
that patients’ initial dietary Trp intake is low, their urinary excretion of KYNA is unaltered
and excretion of KYN and QUIN is high. A prolonged, 12-week intake of 25 mg/kg of
Trp daily resulted in mood improvement and increased elimination of Trp but reduced the
elimination of KYN and QUIN with urine [151]. A double-blind, placebo-controlled study
showed prominent increases in plasma KYN, KYNA and 5-HIAA, occurring 4 h after the
oral administration of a single dose of Trp (6 g) to patients with schizophrenia as well as in
healthy individuals [152,153].

5.2. Oral Tryptophan and Brain Kynurenines

The impact of Trp supplementation on the Trp-KYN pathway in the brain is complex.
A properly balanced diet with an appropriate intake of proteins seems at first like an
optimal approach to maintaining an adequate Trp supply. However, in contrast to the
intuitive expectation, providing a high-protein diet does not result in an increased brain Trp
level. A higher amount of Trp absorbed from the gut stimulates the activity of liver TDO
and hepatic conversion of Trp, thus reducing its availability. This, together with increased
levels of other protein-derived LNAA, which compete for the LNAAT activity in the BBB,
limits the amount of Trp entering the brain [148]. On the contrary, a high-carbohydrate diet
improves brain Trp availability through stimulation of insulin release. Insulin enhances
the uptake of branched-chain amino acids into muscles, thus improving the Trp/LNAA
ratio [148]. Furthermore, a dietary supply of high levels of polyunsaturated fatty acids
(PUFAs) may increase the free fraction of Trp due to its displacement from albumin-binding
sites. Interestingly, PUFA supplementation correlates inversely with plasma 3-HK levels
and the KYN/Trp ratio [154].

Much less is known about brain kynurenines following peripheral Trp administration.
In rats receiving a high Trp content diet for 24 h (1.5% Trp), a 3-fold increase in extracellular
KYNA levels (320% of control) was demonstrated [155]. To our knowledge, there are no
available data concerning CSF or brain levels of kynurenines following controlled oral
supplementation with Trp in humans.

Interestingly, physical exercise in the elderly raised the free serum Trp levels [156].
Having the above in mind, it may be assumed that exercise would be a safe way to improve
the uptake of Trp into the brain. Exercise, through increased lipolysis, yields high levels of
non-esterified fatty acids, which compete with serum albumins and displace Trp from the
albumin-binding sites. This will increase the brain availability of Trp [148]. Future studies
should assess this intriguing probability that enhanced uptake of Trp into the brain may be
one of the beneficial mechanisms of exercise for neuronal survival.

Moreover, accumulating data emphasize that exercise has a profound impact on the
intestinal microbiome [157–159]. Improved colon function, increased microbiota diversity
and the restored balance between beneficial and pathogenic bacterial communities were
reported [160,161]. A recent systematic review identified Firmicutes and Actinobacteria as
the main exercise-responsive phyla [162]. Furthermore, exercise may increase the number
of SCFA-producing bacteria in both rodents and humans [163,164]. Moreover, preclinical
studies have shown that exercise increases the activity of key antioxidant enzymes (catalase
and glutathione peroxidase), anti-inflammatory cytokines (including interleukin 10; IL-10)
and anti-apoptotic proteins (including Bcl-2) in intestinal lymphocytes, while reducing
the level of pro-inflammatory cytokines (TNF-α and IL-17) and pro-apoptotic proteins
(caspases 3 and 7) [165,166]. As a result, exercise may lead to an overall reduction in
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inflammation and the subsequent improvement of existing PD. It seems conceivable that
maintaining adequate physical activity, regardless of age, may delay or even prevent the
development of PD.

5.3. Antibiotics and Probiotics

In line with the concept of the beneficial effects of Trp, a low-Trp diet was demon-
strated to produce systemic inflammation in experimental animals. Moreover, animals
fed a low-Trp diet (0.1%) showed altered bacterial composition in the gut microbiota com-
pared to animals receiving a control (0.2%) or high-Trp (1.25%) diet [167]. The abundance
of Acetatifactor, Enterorhabdus and Adlercreutzia was increased and Deferribacteres were
decreased in a low-Trp group [167]. In the Trp-deficient diet, serum IL-6 and IL-1a were
upregulated, whereas anti-inflammatory IL-27 was decreased [167]. Notably, Acetatifactor
muris transplanted into control mice may cause colon inflammation [168].

Considering that microbiota efficiently break down Trp, it is conceivable that targeting
the gut microbiota may profoundly alter the availability of Trp. The resulting changes in Trp
metabolism will depend on a combination of factors: (a) microbiota species that are prevalent
in the gut; (b) the presence or lack of inflammation in the intestinal wall; (c) the composition
of food, and other aspects, such as age, physical activity or genetic determinants.

Disturbed proportions between intestinal microbiota species follow antibiotic therapy
and result in changes in gut metabolism. Increased serum Trp and decreased KYN, a
higher Trp/KYN ratio and a higher KYNA/KYN ratio were observed in the experimental
administration of antibiotics in mice, probably as a result of the increased availability
of Trp for peripheral metabolism [169]. A mixture of ampicillin, vancomycin, neomycin
and metronidazole, supplemented with amphotericin-B and administered from the 21st
postnatal day, reduced the fecal bacterial DNA load by 400-fold. Furthermore, a decreased
abundance of Firmicutes and Bacteroidetes and an increased quantity of Cyanobacteria
and Proteobacteria were reported [169]. Similarly, a decline in serum Trp was reported in
other studies evaluating orally administered antibiotics in pigs [170–173].

On the other hand, probiotics from the genera Lactobacillus and Bifidobacterium may
inhibit the metabolism of Trp towards kynurenines with a concomitant increase in indole
metabolites [25,174]. A decrease in serum KYN and lower IDO activity were described
in rats and humans receiving Lactobacillus or Bifidobacteria [25]. Lactobacillus reuteri also
produce high amounts of AhR ligands—IAld, ILA and IAA [175]. In humans, a significant
decrease in plasma KYN concentration, an increased 3-HK/KYN ratio and no changes in
Trp or KYNA levels were reported after administration of Lactobacillus plantarum 299v for
8 weeks [176].

Thus, certain probiotics seem to reduce the conversion of Trp to kynurenines, whereas
the synthesis of microbiota-derived AhR ligands increases. Boosted production of AhR
ligands appears to be an important factor that connects the microbiota with the Trp-KYN
pathway and brain function. It becomes clear that the modulation of microbiota com-
position may be an important tool allowing for controlling Trp availability for the host.
Intervention with probiotics seems like an attractive way to modulate Trp metabolism, yet
it requires further, detailed studies concerning the choice of optimal bacterial strain(s) able
to exert therapeutic effects.

Apart from direct modulation of the intestinal microbiota by means of probiotic
application, a low-protein, high-carbohydrate (LPHC) diet seems like a promising dietary
intervention in neurodegeneration. In MPTP-induced parkinsonism in mice, the LPHC
diet normalized the microbiota composition imbalance by increasing the abundance of
Bifidobacterium, Ileibacterium, Turicibacter and Blautia and decreasing Bilophila, Alistipes and
Bacteroides. Apart from ameliorating MPTP-induced motor deficits and reducing neuronal
loss, the LPHC diet exerted several metabolic effects, including a rise in serum Trp [177].
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5.4. Safety of Dietary Supplementation with Tryptophan

Administration of Trp in the form of supplementation should not exceed 4.5 g/d, as
proposed for young adults [178]. Coexisting disorders may constitute relative or absolute
contraindications for increased Trp supply with the diet. The major concern should be
the proper function of the kidney, which should be assessed before supplementation. In
an experimental model of chronic kidney injury, administration of Trp (500 mg/kg for
8 weeks) increased mortality and serum creatinine and enhanced renal damage in rats [149].
It is suggested that the accumulation of Trp-derived uremic toxins in humans, caused by
excessive Trp intake, may influence the progression of chronic kidney disease [179].

5.5. Fecal Microbiota Transplantation

Manipulating gut microbiota through procedures such as fecal microbiota transplan-
tation (FMT) has received increasing attention [180]. Beneficial effects of FMT include
preserved intestinal barrier function, improved intestinal motility, production of SCFA or
a reduced number of pro-inflammatory bacterial strains in the gut [181–183]. The poten-
tial benefit of FMT was reported, e.g., in obesity, cardiovascular disorders, epilepsy and
cognitive impairment [184–187]. In the animal MPTP model of PD, FMT was shown to
improve the composition of the gut microbiota, decrease α-synuclein expression, inhibit
microglial activation in SN, block pro-inflammatory signaling pathways and reduce be-
havioral changes [188,189]. Clinical data on FMT in PD are still limited. A preliminary
study performed in a group of 15 PD patients revealed that FMT via colonoscopy (N = 10),
in contrast to nasal–jejunal transplant (N = 5), alleviated the symptoms of the disease
1 month after the procedure [190]. Another small prospective study in 11 PD patients
showed improvement in motor and non-motor functions after FMT was delivered through
a nasoduodenal tube [191]. In light of the above data, future research seems vital in order
to evaluate the potential long-lasting benefits and precise dosing regimens of FMT in PD.

6. Future Perspectives and Conclusions

Accumulated evidence supports the concept that microbiota, Trp and AhR form a
target triad in PD (Figure 3). The current treatment of PD is primarily symptomatic and
aimed at boosting impaired central dopaminergic neurotransmission, yet we still do not
possess therapeutic options able to impact the cellular degeneration. Considering that
the abnormal composition of intestinal flora is a prominent feature of the PD phenotype,
oral supplementation with Trp together with probiotics and drugs modifying the Trp-
KYN metabolism pathway may become a valuable, novel therapeutic approach. However,
prominent individual differences, as well as the impact of comorbidities, food patterns,
medications, infections or even lifestyle can modify the composition of the gut microbiota.
Therefore, detailed research using a rigorous experimental approach, considering the above,
should be carried out in the future.

Firstly, there is a need for detailed studies evaluating the impact of probiotics on Trp
metabolism towards cytoprotective kynurenines and AhR ligands. The research should focus
on the short- and long-term oral application of different microbiota species, with and without
Trp supplementation, and studies of the intestinal, peripheral and central metabolisms of Trp.
The influence of food regimens on the outcome should also be assessed. Considering the
profound inter- and intra-species differences in intestinal colonization, research should be
conducted initially under strictly regulated food patterns. In the second stage, the experimental
approach should be aimed at comparing whether, despite different genetic backgrounds,
genders and food compositions, the probiotic–Trp combo will still be effective.
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Figure 3. Microbiota, tryptophan (Trp), aryl hydrocarbon receptor (AhR) triad and the microbiota–gut–
brain axis. Dysbiosis may affect Trp metabolism in the gut and the production of AhR ligands. Ensu-
ing pro-inflammatory environment impacts intestinal enterocytes, and cytokines and chemokines
evoke inflammation in situ. Furthermore, when absorbed into the systemic circulation, inflammatory
molecules affect peripheral organs and the brain. Deficiency of Trp and AhR ligands further exacer-
bates inflammation. This, together with the disturbed metabolic conversion of Trp and shift from
neuroprotective to neurotoxic kynurenines, will contribute to cytotoxicity.

Secondly, the effect of Trp–probiotic supplementation should be explored clinically
in larger cohorts of individuals as an intervention aimed at changing the peripheral and
central Trp metabolism. Even though precisely defined and customized diets appear
promising regarding their impact on microbiome and inflammation, their everyday use in
the general population is questionable. Thus, the research should focus on selecting the
optimal proportion, frequency and duration of Trp–probiotic administration that would be
effective in various paradigms.

Thirdly, the analyses of intestinal microbiota composition and intestinal and serum lev-
els of kynurenines and indoles should be assessed as possible screening and diagnostic tests
in a broader population, together with parallel neuroimaging analyses and cognitive assess-
ments. We expect that such an approach may allow early detection of individuals at higher
risk of developing PD, enabling personalized treatment. Therapies targeting enzymes or
products of the kynurenine pathway may halt or slow dopaminergic degeneration.

Finally, the research on microbiota, Trp-KYN pathway metabolites and AhR signaling
may shed light on the mechanisms of intestinal distress and identify new targets for the
diagnosis and treatment of this condition in early-stage PD.
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Abbreviations

3HAAO 3-hydroxyanthranilate 3,4-dioxygenase
3-HANA 3-hydroxyanthranilic acid
3-HAO 3-hydroxyanthranilic acid 3,4-dioxygenase
3-HK 3-hydroxykynurenine
6-OHDA 6-hydroxydopamine
AA anthranilic acid
ACMS α-amino-α-carboxymuconate-ε-semialdehyde
ACMSD α-amino-β-carboxymuconate-ε-semialdehyde decarboxylase
AhR aryl hydrocarbon receptor
AIP protein kinase c-Scr AhR-interacting protein
ArAT aromatic amino acid aminotransferase
BBB Blood–brain barrier
CNS central nervous system
CSF cerebrospinal fluid
CYP cytochrome P450
FMT fecal microbiota transplantation
GPR35 G-protein-coupled orphan receptor 35
HSP90 heat shock protein 90
I3S indoxyl-3-sulfate
IAA indole-3-acetic acid
IAAld indole-3-acetaldehyde
IDO indoleamine 2,3-dioxygenase
IE indole ethanol
IL interleukin
ILA indole-3-lactic acid
ILDH indole lactic acid dehydrogenase
IPA indole-3-propionic acid
IS indoxyl-3-sulfate
ITE 2-(19H-indole-39-carbonyl)-thiazole-4-carboxylic acid methyl ester
KAT I–IV kynurenine aminotransferase I–IV
KMO kynurenine 3-monooxygenase
KYN kynurenine
KYNA kynurenic acid
KYNU kynureninase
L-DOPA levodopa
LNAA large neutral amino acid
LNAAT large neutral amino acid transporter
LPHC low-protein, high-carbohydrate
LPS lipopolysaccharide
MHC major histocompatibility complex
MIND diet Mediterranean-DASH Intervention for Neurodegenerative Delay
MPP+ 1-methyl-4-phenylpyridinium ion
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
NAD+ nicotinamide adenine dinucleotide
NF-κB nuclear factor kappa-light-chain enhancer of activated B cells
NMDA N-methyl-D-aspartate
PD Parkinson’s disease
PUFAs polyunsaturated fatty acids
PXR pregnane X receptor
QUIN quinolinic acid
ROS reactive oxygen species
SCFA short-chain fatty acid
SN substantia nigra
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Src Src family kinases
TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin
TDO tryptophan 2,3-dioxygenase;
TLR-4 Toll-like receptor
Trp tryptophan
UbcH7 ubiquitin-conjugating enzyme H7
XA xanthurenic acid
XRE, DRE xenobiotic responsive element
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High-Fat, Western-Style Diet, Systemic Inflammation, and Gut Microbiota: A Narrative Review. Cells 2021, 10, 3164. [CrossRef]
[PubMed]

60. Fusco, W.; Lorenzo, M.B.; Cintoni, M.; Porcari, S.; Rinninella, E.; Kaitsas, F.; Lener, E.; Mele, M.C.; Gasbarrini, A.; Collado, M.C.;
et al. Short-Chain Fatty-Acid-Producing Bacteria: Key Components of the Human Gut Microbiota. Nutrients 2023, 15, 2211.
[CrossRef] [PubMed]

61. Dănău, A.; Dumitrescu, L.; Lefter, A.; Tulbă, D.; Popescu, B.O. Small Intestinal Bacterial Overgrowth as Potential Therapeutic
Target in Parkinson’s Disease. Int. J. Mol. Sci. 2021, 22, 11663. [CrossRef]

62. Li, X.; Feng, X.; Jiang, Z.; Jiang, Z. Association of Small Intestinal Bacterial Overgrowth with Parkinson’s Disease: A Systematic
Review and Meta-Analysis. Gut Pathog. 2021, 13, 25. [CrossRef] [PubMed]

63. Baizabal-Carvallo, J.F.; Alonso-Juarez, M. The Link between Gut Dysbiosis and Neuroinflammation in Parkinson’s Disease.
Neuroscience 2020, 432, 160–173. [CrossRef] [PubMed]

64. Bedarf, J.R.; Hildebrand, F.; Coelho, L.P.; Sunagawa, S.; Bahram, M.; Goeser, F.; Bork, P.; Wüllner, U. Functional Implications of
Microbial and Viral Gut Metagenome Changes in Early Stage L-DOPA-Naïve Parkinson’s Disease Patients. Genome Med. 2017, 9, 39.
[CrossRef]

65. Petrov, V.A.; Saltykova, I.V.; Zhukova, I.A.; Alifirova, V.M.; Zhukova, N.G.; Dorofeeva, Y.B.; Tyakht, A.V.; Kovarsky, B.A.; Alekseev,
D.G.; Kostryukova, E.S.; et al. Analysis of Gut Microbiota in Patients with Parkinson’s Disease. Bull. Exp. Biol. Med. 2017, 162,
734–737. [CrossRef]

66. Gerhardt, S.; Mohajeri, M.H. Changes of Colonic Bacterial Composition in Parkinson’s Disease and Other Neurodegenerative
Diseases. Nutrients 2018, 10, 708. [CrossRef] [PubMed]

67. Heintz-Buschart, A.; Pandey, U.; Wicke, T.; Sixel-Döring, F.; Janzen, A.; Sittig-Wiegand, E.; Trenkwalder, C.; Oertel, W.H.;
Mollenhauer, B.; Wilmes, P. The Nasal and Gut Microbiome in Parkinson’s Disease and Idiopathic Rapid Eye Movement Sleep
Behavior Disorder. Mov. Disord. Off. J. Mov. Disord. Soc. 2018, 33, 88–98. [CrossRef]

68. Hirayama, M.; Ohno, K. Parkinson’s Disease and Gut Microbiota. Ann. Nutr. Metab. 2021, 77 (Suppl. S2), 28–35. [CrossRef]
69. Mirzaei, R.; Bouzari, B.; Hosseini-Fard, S.R.; Mazaheri, M.; Ahmadyousefi, Y.; Abdi, M.; Jalalifar, S.; Karimitabar, Z.; Teimoori, A.;

Keyvani, H.; et al. Role of Microbiota-Derived Short-Chain Fatty Acids in Nervous System Disorders. Biomed. Pharmacother. 2021,
139, 111661. [CrossRef]

70. Becker, A.; Faßbender, K.; Oertel, W.H.; Unger, M.M. A Punch in the Gut—Intestinal Inflammation Links Environmental Factors
to Neurodegeneration in Parkinson’s Disease. Park. Relat. Disord. 2019, 60, 43–45. [CrossRef]

71. Badawy, A.A.-B. Kynurenine Pathway of Tryptophan Metabolism: Regulatory and Functional Aspects. Int. J. Tryptophan Res. IJTR
2017, 10, 1178646917691938. [CrossRef]

72. Covarrubias, A.J.; Perrone, R.; Grozio, A.; Verdin, E. NAD+ Metabolism and Its Roles in Cellular Processes during Ageing. Nat.
Rev. Mol. Cell Biol. 2021, 22, 119–141. [CrossRef]

https://doi.org/10.1016/j.neuro.2019.09.004
https://www.ncbi.nlm.nih.gov/pubmed/31505196
https://doi.org/10.1016/j.nbd.2018.12.012
https://doi.org/10.1002/mds.26069
https://www.ncbi.nlm.nih.gov/pubmed/25476529
https://doi.org/10.1371/journal.pone.0187307
https://doi.org/10.1016/j.molmed.2020.04.001
https://doi.org/10.1016/B978-0-12-800100-4.00003-9
https://doi.org/10.3389/fnagi.2022.1020172
https://doi.org/10.3390/neurolint15020047
https://www.ncbi.nlm.nih.gov/pubmed/37368331
https://doi.org/10.1073/pnas.1005963107
https://www.ncbi.nlm.nih.gov/pubmed/20679230
https://doi.org/10.1038/nature11053
https://doi.org/10.3390/cells10113164
https://www.ncbi.nlm.nih.gov/pubmed/34831387
https://doi.org/10.3390/nu15092211
https://www.ncbi.nlm.nih.gov/pubmed/37432351
https://doi.org/10.3390/ijms222111663
https://doi.org/10.1186/s13099-021-00420-w
https://www.ncbi.nlm.nih.gov/pubmed/33863370
https://doi.org/10.1016/j.neuroscience.2020.02.030
https://www.ncbi.nlm.nih.gov/pubmed/32112917
https://doi.org/10.1186/s13073-017-0428-y
https://doi.org/10.1007/s10517-017-3700-7
https://doi.org/10.3390/nu10060708
https://www.ncbi.nlm.nih.gov/pubmed/29857583
https://doi.org/10.1002/mds.27105
https://doi.org/10.1159/000518147
https://doi.org/10.1016/j.biopha.2021.111661
https://doi.org/10.1016/j.parkreldis.2018.09.032
https://doi.org/10.1177/1178646917691938
https://doi.org/10.1038/s41580-020-00313-x


Int. J. Mol. Sci. 2024, 25, 2915 21 of 26

73. Wisniewska-Jarosiñska, M.; Boznanska-wiçtaszek, P.; Mokwiñska, M.; Stçpieñ, A.; Chojnacki, J. Evaluation of Serotonin and
Melatonin Metabolism Indices in Patients with Ulcerative Colitis. Gastroenterol. Pol. Gastroenterol. 2009, 16, 358–362.

74. Li, D.; Yu, S.; Long, Y.; Shi, A.; Deng, J.; Ma, Y.; Wen, J.; Li, X.; Liu, S.; Zhang, Y.; et al. Tryptophan Metabolism: Mechanism-
Oriented Therapy for Neurological and Psychiatric Disorders. Front. Immunol. 2022, 13, 985378. [CrossRef]

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

76. Ostapiuk, A.; Urbanska, E.M. Kynurenic Acid in Neurodegenerative Disorders-Unique Neuroprotection or Double-Edged Sword?
CNS Neurosci. Ther. 2022, 28, 19–35. [CrossRef]

77. Chen, Y.; Guillemin, G.J. Kynurenine Pathway Metabolites in Humans: Disease and Healthy States. Int. J. Tryptophan Res. IJTR
2009, 2, IJTR-S2097. [CrossRef]

78. Marszalek-Grabska, M.; Walczak, K.; Gawel, K.; Wicha-Komsta, K.; Wnorowska, S.; Wnorowski, A.; Turski, W.A. Kynurenine
Emerges from the Shadows—Current Knowledge on Its Fate and Function. Pharmacol. Ther. 2021, 225, 107845. [CrossRef]

79. Han, Q.; Cai, T.; Tagle, D.; Li, J. Thermal Stability, pH Dependence and Inhibition of Four Murine Kynurenine Aminotransferases.
BMC Biochem. 2010, 11, 19. [CrossRef]

80. Reyes Ocampo, J.; Lugo Huitrón, R.; González-Esquivel, D.; Ugalde-Muñiz, P.; Jiménez-Anguiano, A.; Pineda, B.; Pedraza-
Chaverri, J.; Ríos, 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]

81. Tanaka, M.; Vécsei, L. Monitoring the Kynurenine System: Concentrations, Ratios or What Else? Adv. Clin. Exp. Med. Off. Organ
Wroclaw Med. Univ. 2021, 30, 775–778. [CrossRef]

82. Stone, T.W.; Stoy, N.; Darlington, L.G. An Expanding Range of Targets for Kynurenine Metabolites of Tryptophan. Trends
Pharmacol. Sci. 2013, 34, 136–143. [CrossRef] [PubMed]

83. Fazio, F.; Lionetto, L.; Curto, M.; Iacovelli, L.; Copeland, C.S.; Neale, S.A.; Bruno, V.; Battaglia, G.; Salt, T.E.; Nicoletti, F.
Cinnabarinic Acid and Xanthurenic Acid: Two Kynurenine Metabolites That Interact with Metabotropic Glutamate Receptors.
Neuropharmacology 2017, 112, 365–372. [CrossRef]

84. Guidetti, P.; Bates, G.P.; Graham, R.K.; Hayden, M.R.; Leavitt, B.R.; MacDonald, M.E.; Slow, E.J.; Wheeler, V.C.; Woodman, B.;
Schwarcz, R. Elevated Brain 3-Hydroxykynurenine and Quinolinate Levels in Huntington Disease Mice. Neurobiol. Dis. 2006, 23,
190–197. [CrossRef]

85. Luthra, M.; Balasubramanian, D. 3-Hydroxykynurenine and 3-Hydroxyanthranilic Acid May Act as Endogenous Antioxidants in
the Eye Lens. Exp. Eye Res. 1992, 55, 641–643. [CrossRef]

86. Stone, T.W.; Perkins, M.N. Quinolinic Acid: A Potent Endogenous Excitant at Amino Acid Receptors in CNS. Eur. J. Pharmacol.
1981, 72, 411–412. [CrossRef] [PubMed]

87. Krause, D.; Suh, H.-S.; Tarassishin, L.; Cui, Q.L.; Durafourt, B.A.; Choi, N.; Bauman, A.; Cosenza-Nashat, M.; Antel, J.P.; Zhao,
M.-L.; et al. The Tryptophan Metabolite 3-Hydroxyanthranilic Acid Plays Anti-Inflammatory and Neuroprotective Roles during
Inflammation: Role of Hemeoxygenase-1. Am. J. Pathol. 2011, 179, 1360–1372. [CrossRef]

88. Mizdrak, J.; Hains, P.G.; Truscott, R.J.W.; Jamie, J.F.; Davies, M.J. Tryptophan-Derived Ultraviolet Filter Compounds Covalently
Bound to Lens Proteins Are Photosensitizers of Oxidative Damage. Free Radic. Biol. Med. 2008, 44, 1108–1119. [CrossRef]
[PubMed]

89. Pawlak, D.; Tankiewicz, A.; Matys, T.; Buczko, W. Peripheral Distribution of Kynurenine Metabolites and Activity of Kynurenine
Pathway Enzymes in Renal Failure. J. Physiol. Pharmacol. Off. J. Pol. Physiol. Soc. 2003, 54, 175–189.

90. Sala, A.; Campagnoli, M.; Perani, E.; Romano, A.; Labò, S.; Monzani, E.; Minchiotti, L.; Galliano, M. Human Alpha-1-Microglobulin
Is Covalently Bound to Kynurenine-Derived Chromophores. J. Biol. Chem. 2004, 279, 51033–51041. [CrossRef]

91. Hood, B.D.; Garner, B.; Truscott, R.J. Human Lens Coloration and Aging. Evidence for Crystallin Modification by the Major
Ultraviolet Filter, 3-Hydroxy-Kynurenine O-Beta-D-Glucoside. J. Biol. Chem. 1999, 274, 32547–32550. [CrossRef]

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

93. Parker, N.R.; Jamie, J.F.; Davies, M.J.; Truscott, R.J.W. Protein-Bound Kynurenine Is a Photosensitizer of Oxidative Damage. Free
Radic. Biol. Med. 2004, 37, 1479–1489. [CrossRef]

94. Clarke, G.; Grenham, S.; Scully, P.; Fitzgerald, P.; Moloney, R.D.; Shanahan, F.; Dinan, T.G.; Cryan, J.F. The Microbiome-Gut-Brain
Axis during Early Life Regulates the Hippocampal Serotonergic System in a Sex-Dependent Manner. Mol. Psychiatry 2013, 18,
666–673. [CrossRef]

95. Yano, J.M.; Yu, K.; Donaldson, G.P.; Shastri, G.G.; Ann, P.; Ma, L.; Nagler, C.R.; Ismagilov, R.F.; Mazmanian, S.K.; Hsiao, E.Y.
Indigenous Bacteria from the Gut Microbiota Regulate Host Serotonin Biosynthesis. Cell 2015, 161, 264–276. [CrossRef]

96. Agus, A.; Planchais, J.; Sokol, H. Gut Microbiota Regulation of Tryptophan Metabolism in Health and Disease. Cell Host Microbe
2018, 23, 716–724. [CrossRef]

97. Parthasarathy, A.; Cross, P.J.; Dobson, R.C.J.; Adams, L.E.; Savka, M.A.; Hudson, A.O. A Three-Ring Circus: Metabolism of the
Three Proteogenic Aromatic Amino Acids and Their Role in the Health of Plants and Animals. Front. Mol. Biosci. 2018, 5, 29.
[CrossRef]

https://doi.org/10.3389/fimmu.2022.985378
https://doi.org/10.3389/fimmu.2020.00388
https://doi.org/10.1111/cns.13768
https://doi.org/10.4137/IJTR.S2097
https://doi.org/10.1016/j.pharmthera.2021.107845
https://doi.org/10.1186/1471-2091-11-19
https://doi.org/10.1155/2014/646909
https://doi.org/10.17219/acem/139572
https://doi.org/10.1016/j.tips.2012.09.006
https://www.ncbi.nlm.nih.gov/pubmed/23123095
https://doi.org/10.1016/j.neuropharm.2016.06.020
https://doi.org/10.1016/j.nbd.2006.02.011
https://doi.org/10.1016/S0014-4835(05)80177-0
https://doi.org/10.1016/0014-2999(81)90587-2
https://www.ncbi.nlm.nih.gov/pubmed/6268428
https://doi.org/10.1016/j.ajpath.2011.05.048
https://doi.org/10.1016/j.freeradbiomed.2007.12.003
https://www.ncbi.nlm.nih.gov/pubmed/18206985
https://doi.org/10.1074/jbc.M408242200
https://doi.org/10.1074/jbc.274.46.32547
https://doi.org/10.1021/bi992997s
https://doi.org/10.1016/j.freeradbiomed.2004.07.015
https://doi.org/10.1038/mp.2012.77
https://doi.org/10.1016/j.cell.2015.02.047
https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.3389/fmolb.2018.00029


Int. J. Mol. Sci. 2024, 25, 2915 22 of 26

98. Lee, S.-J.; Lim, H.-S.; Masliah, E.; Lee, H.-J. Protein Aggregate Spreading in Neurodegenerative Diseases: Problems and
Perspectives. Neurosci. Res. 2011, 70, 339–348. [CrossRef] [PubMed]

99. Tennoune, N.; Andriamihaja, M.; Blachier, F. Production of Indole and Indole-Related Compounds by the Intestinal Microbiota
and Consequences for the Host: The Good, the Bad, and the Ugly. Microorganisms 2022, 10, 930. [CrossRef] [PubMed]

100. Zhou, Y.; Zhao, W.-J.; Quan, W.; Qiao, C.-M.; Cui, C.; Hong, H.; Shi, Y.; Niu, G.-Y.; Zhao, L.-P.; Shen, Y.-Q. Dynamic Changes of
Activated AHR in Microglia and Astrocytes in the Substantia Nigra-Striatum System in an MPTP-Induced Parkinson’s Disease
Mouse Model. Brain Res. Bull. 2021, 176, 174–183. [CrossRef] [PubMed]

101. Lamas, B.; Richard, M.L.; Leducq, V.; Pham, H.-P.; Michel, M.-L.; Da Costa, G.; Bridonneau, C.; Jegou, S.; Hoffmann, T.W.;
Natividad, J.M.; et al. CARD9 Impacts Colitis by Altering Gut Microbiota Metabolism of Tryptophan into Aryl Hydrocarbon
Receptor Ligands. Nat. Med. 2016, 22, 598–605. [CrossRef] [PubMed]

102. Dodd, D.; Spitzer, M.H.; Van Treuren, W.; Merrill, B.D.; Hryckowian, A.J.; Higginbottom, S.K.; Le, A.; Cowan, T.M.; Nolan, G.P.;
Fischbach, M.A.; et al. A Gut Bacterial Pathway Metabolizes Aromatic Amino Acids into Nine Circulating Metabolites. Nature
2017, 551, 648–652. [CrossRef]

103. Russell, W.R.; Duncan, S.H.; Scobbie, L.; Duncan, G.; Cantlay, L.; Calder, A.G.; Anderson, S.E.; Flint, H.J. Major Phenylpropanoid-
Derived Metabolites in the Human Gut Can Arise from Microbial Fermentation of Protein. Mol. Nutr. Food Res. 2013, 57, 523–535.
[CrossRef]

104. Zhou, Y.; Chen, Y.; He, H.; Peng, M.; Zeng, M.; Sun, H. The Role of the Indoles in Microbiota-Gut-Brain Axis and Potential
Therapeutic Targets: A Focus on Human Neurological and Neuropsychiatric Diseases. Neuropharmacology 2023, 239, 109690.
[CrossRef]

105. Török, N.; Maszlag-Török, R.; Molnár, K.; Szolnoki, Z.; Somogyvári, F.; Boda, K.; Tanaka, M.; Klivényi, P.; Vécsei, L. Single
Nucleotide Polymorphisms of Indoleamine 2,3-Dioxygenase Influenced the Age Onset of Parkinson’s Disease. Front. Biosci.-
Landmark 2022, 27, 265. [CrossRef]

106. Sveinbjornsdottir, S. The Clinical Symptoms of Parkinson’s Disease. J. Neurochem. 2016, 139 (Suppl. S1), 318–324. [CrossRef]
[PubMed]

107. Bryleva, E.Y.; Keaton, S.A.; Grit, J.; Madaj, Z.; Sauro-Nagendra, A.; Smart, L.; Halstead, S.; Achtyes, E.; Brundin, L. The Acute-
Phase Mediator Serum Amyloid A Is Associated with Symptoms of Depression and Fatigue. Acta Psychiatr. Scand. 2017, 135,
409–418. [CrossRef] [PubMed]

108. Langston, J.W. The MPTP Story. J. Park. Dis. 2017, 7, S11–S19. [CrossRef] [PubMed]
109. Luchowski, P.; Luchowska, E.; Turski, W.A.; Urbanska, E.M. 1-Methyl-4-Phenylpyridinium and 3-Nitropropionic Acid Diminish

Cortical Synthesis of Kynurenic Acid via Interference with Kynurenine Aminotransferases in Rats. Neurosci. Lett. 2002, 330, 49–52.
[CrossRef] [PubMed]

110. Knyihár-Csillik, E.; Chadaide, Z.; Mihály, A.; Krisztin-Péva, B.; Fenyo, R.; Vécsei, L. Effect of 6-Hydroxydopamine Treatment
on Kynurenine Aminotransferase-I (KAT-I) Immunoreactivity of Neurons and Glial Cells in the Rat Substantia Nigra. Acta
Neuropathol. 2006, 112, 127–137. [CrossRef] [PubMed]

111. Brotchie, J.M.; Mitchell, I.J.; Sambrook, M.A.; Crossman, A.R. Alleviation of Parkinsonism by Antagonism of Excitatory Amino
Acid Transmission in the Medial Segment of the Globus Pallidus in Rat and Primate. Mov. Disord. Off. J. Mov. Disord. Soc. 1991, 6,
133–138. [CrossRef]

112. Butler, E.G.; Bourke, D.W.; Finkelstein, D.I.; Horne, M.K. The Effects of Reversible Inactivation of the Subthalamo-Pallidal
Pathway on the Behaviour of Naive and Hemiparkinsonian Monkeys. J. Clin. Neurosci. Off. J. Neurosurg. Soc. Australas. 1997, 4,
218–227. [CrossRef]

113. Silva-Adaya, D.; Pérez-De La Cruz, V.; Villeda-Hernández, J.; Carrillo-Mora, P.; González-Herrera, I.G.; García, E.; Colín-Barenque,
L.; Pedraza-Chaverrí, J.; Santamaría, A. Protective Effect of L-Kynurenine and Probenecid on 6-Hydroxydopamine-Induced
Striatal Toxicity in Rats: Implications of Modulating Kynurenate as a Protective Strategy. Neurotoxicol. Teratol. 2011, 33, 303–312.
[CrossRef]

114. Samadi, P.; Grégoire, L.; Rassoulpour, A.; Guidetti, P.; Izzo, E.; Schwarcz, R.; Bédard, P.J. Effect of Kynurenine 3-Hydroxylase
Inhibition on the Dyskinetic and Antiparkinsonian Responses to Levodopa in Parkinsonian Monkeys. Mov. Disord. Off. J. Mov.
Disord. Soc. 2005, 20, 792–802. [CrossRef]

115. Szabó, N.; Kincses, Z.T.; Toldi, J.; Vécsei, L. Altered Tryptophan Metabolism in Parkinson’s Disease: A Possible Novel Therapeutic
Approach. J. Neurol. Sci. 2011, 310, 256–260. [CrossRef] [PubMed]

116. Knyihár-Csillik, E.; Csillik, B.; Pákáski, M.; Krisztin-Péva, B.; Dobó, E.; Okuno, E.; Vécsei, L. Decreased Expression of Kynurenine
Aminotransferase-I (KAT-I) in the Substantia Nigra of Mice after 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine (MPTP) Treatment.
Neuroscience 2004, 126, 899–914. [CrossRef] [PubMed]

117. Zhu, Y.; Huan, F.; Wang, J.; Xie, X.; Yu, G.; Wang, X.; Jiang, L.; Gao, R.; Xiao, H.; Ding, H.; et al. 1-Methyl-4-Phenyl-1,2,3,6-
Tetrahydropyridine Induced Parkinson’s Disease in Mouse: Potential Association between Neurotransmitter Disturbance and
Gut Microbiota Dysbiosis. ACS Chem. Neurosci. 2020, 11, 3366–3376. [CrossRef]

118. Boros, F.A.; Vécsei, L. Tryptophan 2,3-Dioxygenase, a Novel Therapeutic Target for Parkinson’s Disease. Expert Opin. Ther. Targets
2021, 25, 877–888. [CrossRef] [PubMed]

https://doi.org/10.1016/j.neures.2011.05.008
https://www.ncbi.nlm.nih.gov/pubmed/21624403
https://doi.org/10.3390/microorganisms10050930
https://www.ncbi.nlm.nih.gov/pubmed/35630374
https://doi.org/10.1016/j.brainresbull.2021.08.013
https://www.ncbi.nlm.nih.gov/pubmed/34478811
https://doi.org/10.1038/nm.4102
https://www.ncbi.nlm.nih.gov/pubmed/27158904
https://doi.org/10.1038/nature24661
https://doi.org/10.1002/mnfr.201200594
https://doi.org/10.1016/j.neuropharm.2023.109690
https://doi.org/10.31083/j.fbl2709265
https://doi.org/10.1111/jnc.13691
https://www.ncbi.nlm.nih.gov/pubmed/27401947
https://doi.org/10.1111/acps.12730
https://www.ncbi.nlm.nih.gov/pubmed/28374419
https://doi.org/10.3233/JPD-179006
https://www.ncbi.nlm.nih.gov/pubmed/28282815
https://doi.org/10.1016/S0304-3940(02)00735-8
https://www.ncbi.nlm.nih.gov/pubmed/12213632
https://doi.org/10.1007/s00401-006-0086-4
https://www.ncbi.nlm.nih.gov/pubmed/16788821
https://doi.org/10.1002/mds.870060208
https://doi.org/10.1016/S0967-5868(97)90076-X
https://doi.org/10.1016/j.ntt.2010.10.002
https://doi.org/10.1002/mds.20596
https://doi.org/10.1016/j.jns.2011.07.021
https://www.ncbi.nlm.nih.gov/pubmed/21824629
https://doi.org/10.1016/j.neuroscience.2004.04.043
https://www.ncbi.nlm.nih.gov/pubmed/15207325
https://doi.org/10.1021/acschemneuro.0c00475
https://doi.org/10.1080/14728222.2021.1999928
https://www.ncbi.nlm.nih.gov/pubmed/34720020


Int. J. Mol. Sci. 2024, 25, 2915 23 of 26

119. Kretzschmar, G.C.; Targa, A.D.S.; Soares-Lima, S.C.; dos Santos, P.I.; Rodrigues, L.S.; Macedo, D.A.; Ribeiro Pinto, L.F.; Lima,
M.M.S.; Boldt, A.B.W. Folic Acid and Vitamin B12 Prevent Deleterious Effects of Rotenone on Object Novelty Recognition Memory
and Kynu Expression in an Animal Model of Parkinson’s Disease. Genes 2022, 13, 2397. [CrossRef] [PubMed]

120. Oxenkrug, G.; van der Hart, M.; Roeser, J.; Summergrad, P. Peripheral Tryptophan—Kynurenine Metabolism Associated
with Metabolic Syndrome Is Different in Parkinson’s and Alzheimer’s Diseases. Endocrinol. Diabetes Metab. J. 2017, 1, 1–5.
Available online: https://researchopenworld.com/wp-content/uploads/2017/11/EDMJ-2017-113-Gregory-F-Oxenkrug-USA.
pdf (accessed on 7 October 2023).

121. Hartai, Z.; Klivenyi, P.; Janaky, T.; Penke, B.; Dux, L.; Vecsei, L. Kynurenine Metabolism in Plasma and in Red Blood Cells in
Parkinson’s Disease. J. Neurol. Sci. 2005, 239, 31–35. [CrossRef] [PubMed]

122. Chang, K.-H.; Cheng, M.-L.; Tang, H.-Y.; Huang, C.-Y.; Wu, Y.-R.; Chen, C.-M. Alternations of Metabolic Profile and Kynurenine
Metabolism in the Plasma of Parkinson’s Disease. Mol. Neurobiol. 2018, 55, 6319–6328. [CrossRef]

123. Heilman, P.L.; Wang, E.W.; Lewis, M.M.; Krzyzanowski, S.; Capan, C.D.; Burmeister, A.R.; Du, G.; Escobar Galvis, M.L.; Brundin,
P.; Huang, X.; et al. Tryptophan Metabolites Are Associated with Symptoms and Nigral Pathology in Parkinson’s Disease. Mov.
Disord. 2020, 35, 2028–2037. [CrossRef]

124. Fathi, M.; Taghizadeh, F.; Mojtahedi, H.; Zargar Balaye Jame, S.; Markazi Moghaddam, N. The Effects of Alzheimer’s and
Parkinson’s Disease on 28-Day Mortality of COVID-19. Rev. Neurol. 2022, 178, 129–136. [CrossRef]

125. Ogawa, T.; Matson, W.R.; Beal, M.F.; Myers, R.H.; Bird, E.D.; Milbury, P.; Saso, S. Kynurenine Pathway Abnormalities in
Parkinson’s Disease. Neurology 1992, 42, 1702–1706. [CrossRef]

126. Nordengen, K.; Morland, C. From Synaptic Physiology to Synaptic Pathology: The Enigma of α-Synuclein. Int. J. Mol. Sci. 2024,
25, 986. [CrossRef]

127. Saramowicz, K.; Siwecka, N.; Galita, G.; Kucharska-Lusina, A.; Rozpędek-Kamińska, W.; Majsterek, I. Alpha-Synuclein Contribu-
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130. Lukić, I.; Ivković, S.; Mitić, M.; Adžić, M. Tryptophan Metabolites in Depression: Modulation by Gut Microbiota. Front. Behav.
Neurosci. 2022, 16, 987697. [CrossRef]

131. Barroso, A.; Mahler, J.V.; Fonseca-Castro, P.H.; Quintana, F.J. The Aryl Hydrocarbon Receptor and the Gut-Brain Axis. Cell. Mol.
Immunol. 2021, 18, 259–268. [CrossRef] [PubMed]

132. Stockinger, B.; Di Meglio, P.; Gialitakis, M.; Duarte, J.H. The Aryl Hydrocarbon Receptor: Multitasking in the Immune System.
Annu. Rev. Immunol. 2014, 32, 403–432. [CrossRef] [PubMed]

133. Rothhammer, V.; Quintana, F.J. The Aryl Hydrocarbon Receptor: An Environmental Sensor Integrating Immune Responses in
Health and Disease. Nat. Rev. Immunol. 2019, 19, 184–197. [CrossRef] [PubMed]

134. Park, H.; Jin, U.-H.; Karki, K.; Jayaraman, A.; Allred, C.; Michelhaugh, S.K.; Mittal, S.; Chapkin, R.S.; Safe, S. Dopamine Is an Aryl
Hydrocarbon Receptor Agonist. Biochem. J. 2020, 477, 3899–3910. [CrossRef] [PubMed]

135. Mincheva-Tasheva, S.; Soler, R.M. NF-κB Signaling Pathways: Role in Nervous System Physiology and Pathology. Neuroscientist
2013, 19, 175–194. [CrossRef] [PubMed]

136. Lanzillotta, A.; Porrini, V.; Bellucci, A.; Benarese, M.; Branca, C.; Parrella, E.; Spano, P.F.; Pizzi, M. NF-κB in Innate Neuroprotection
and Age-Related Neurodegenerative Diseases. Front. Neurol. 2015, 6, 98. [CrossRef] [PubMed]

137. Bessede, A.; Gargaro, M.; Pallotta, M.T.; Matino, D.; Servillo, G.; Brunacci, C.; Bicciato, S.; Mazza, E.M.C.; Macchiarulo, A.; Vacca,
C.; et al. Aryl Hydrocarbon Receptor Control of a Disease Tolerance Defence Pathway. Nature 2014, 511, 184–190. [CrossRef]

138. González-Barbosa, E.; Mejía-García, A.; Bautista, E.; Gonzalez, F.J.; Segovia, J.; Elizondo, G. TCDD Induces UbcH7 Expression
and Synphilin-1 Protein Degradation in the Mouse Ventral Midbrain. J. Biochem. Mol. Toxicol. 2017, 31, e21947. [CrossRef]

139. Rothhammer, V.; Mascanfroni, I.D.; Bunse, L.; Takenaka, M.C.; Kenison, J.E.; Mayo, L.; Chao, C.-C.; Patel, B.; Yan, R.; Blain, M.;
et al. Type I Interferons and Microbial Metabolites of Tryptophan Modulate Astrocyte Activity and Central Nervous System
Inflammation via the Aryl Hydrocarbon Receptor. Nat. Med. 2016, 22, 586–597. [CrossRef]

140. Lee, Y.-H.; Lin, C.-H.; Hsu, P.-C.; Sun, Y.-Y.; Huang, Y.-J.; Zhuo, J.-H.; Wang, C.-Y.; Gan, Y.-L.; Hung, C.-C.; Kuan, C.-Y.; et al.
Aryl Hydrocarbon Receptor Mediates Both Proinflammatory and Anti-Inflammatory Effects in Lipopolysaccharide-Activated
Microglia. Glia 2015, 63, 1138–1154. [CrossRef]

141. Ma, N.; He, T.; Johnston, L.J.; Ma, X. Host–Microbiome Interactions: The Aryl Hydrocarbon Receptor as a Critical Node in
Tryptophan Metabolites to Brain Signaling. Gut Microbes 2020, 11, 1203–1219. [CrossRef]
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147. Sadok, I.; Jędruchniewicz, K. Dietary Kynurenine Pathway Metabolites—Source, Fate, and Chromatographic Determinations. Int.
J. Mol. Sci. 2023, 24, 16304. [CrossRef]

148. Badawy, A.A.-B. Tryptophan Availability for Kynurenine Pathway Metabolism across the Life Span: Control Mechanisms and
Focus on Aging, Exercise, Diet and Nutritional Supplements. Neuropharmacology 2017, 112, 248–263. [CrossRef]

149. Hu, D.; Liu, J.; Yu, W.; Li, C.; Huang, L.; Mao, W.; Lu, Z. Tryptophan Intake, Not Always the More the Better. Front. Nutr. 2023,
10, 1140054. [CrossRef]

150. Hiratsuka, C.; Fukuwatari, T.; Shibata, K. Fate of Dietary Tryptophan in Young Japanese Women. Int. J. Tryptophan Res. IJTR 2012,
5, 33–47. [CrossRef]
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