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Abstract: In recent decades, neuropsychiatric disorders such as major depressive disorder, schizophre-
nia, bipolar, etc., have become a global health concern, causing various detrimental influences on
patients. Tryptophan is an important amino acid that plays an indisputable role in several physiologi-
cal processes, including neuronal function and immunity. Tryptophan’s metabolism process in the
human body occurs using different pathways, including the kynurenine and serotonin pathways.
Furthermore, other biologically active components, such as serotonin, melatonin, and niacin, are
by-products of Tryptophan pathways. Current evidence suggests that a functional imbalance in the
synthesis of Tryptophan metabolites causes the appearance of pathophysiologic mechanisms that
leads to various neuropsychiatric diseases. This review summarizes the pharmacological influences
of tryptophan and its metabolites on the development of neuropsychiatric disorders. In addition, tryp-
tophan and its metabolites quantification following the neurotransmitters precursor are highlighted.
Eventually, the efficiency of various biomarkers such as inflammatory, protein, electrophysiological,
genetic, and proteomic biomarkers in the diagnosis/treatment of neuropsychiatric disorders was
discussed to understand the biomarker application in the detection/treatment of various diseases.

Keywords: tryptophan; neuropsychiatric disorders; metabolic pathways; pharmacological influences

1. Introduction

Psychiatric disorders (PDs) (i.e., bipolar/mood disorders, schizophrenia) are prevalent
ailments that have a devastating effect on the health and well-being of sufferers. In the
previous century, medical-based information regarding the neurobiology of PDs was
deficient. However, many uncertainties have been elucidated over the last few decades,
and new horizons toward developing efficient treatments for mental illnesses have been
opened. Recent studies suggest that the kynurenine pathway (KP) as a biological pathway
has excessive potential for recognizing major psychiatric disorders [1,2]. Tryptophan (TRP)
is the most prevalent amino acid, which plays a significant role in protein biosynthesis
in humans/animal bodies. Apart from its incorporation into protein, TRP is metabolized
according to disparate routes and produces biologically important components [3,4]. The
synthesis of TRP follows two metabolic pathways [5–7]:

1. Kynurenine pathway (KP) creates nicotinic acid as a precursor to nicotinamide adenine
dinucleotide coenzymes.

2. Serotonin pathway (SP) eventuates in the production of serotonin as a neurotransmit-
ter and melatonin as a neuromodulator.
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Previous studies have proved that TRP and some of its metabolites, such as serotonin,
melatonin, and 5-hydroxytryptophan, can be included in melanogenesis due to their
ability to be metabolized by applying tyrosinase and peroxidase [8–10]. TRP and its
metabolites play a substantial role in alleviating disparate types of illnesses ranging from
psychiatric/neurological diseases to cancer. This brilliant characteristic has made the
investigation of TRP metabolism an exciting field of study for biomedical researchers
focusing on developing novel therapeutic target identification [11–13]. Recent research
illustrates that the KP can improve numerous biological systems that act inefficiently in
psychiatric disorders like central nervous system (CNS) neurotransmission and immune-
inflammatory systems [1,14]. Appropriate interpretation of the linkage mechanisms of the
kynurenines (KYNs) with various systems is an excessive interest [15]. Although disrupted
KP enhances the risk of PDs, suitable treatment approaches such as electroconvulsive
therapy, physical exercise, and non-steroidal anti-inflammatories change the metabolism
of KYN [16,17]. As such, these features can result in evaluating the potential of KYN
metabolites as promising therapeutic biomarkers. Moreover, the targeting process of
the KP eventuating is an outstanding opportunity to develop effective treatments for
neuropsychiatric disorders [18,19].

A biological marker (biomarker) can be identified as an objective indicator of bio-
logical, pathological, or pharmacological response to medical-based interventions [20].
Some physiological biomarkers are also known as indicators of the body’s physiological
functioning, including heart/breathing rate [21]. Biomarkers possess great potential for
application in assessing drug impacts, diagnosis, and monitoring of clinical response in
patients suffering from neuropsychiatric disorders [20].

Herein, we open new horizons towards a better understanding of the impact of
TRP metabolites on neuropsychiatric disorders by discussing the existing pathways of its
metabolism. Additionally, TRP and its metabolites quantification following neurotransmit-
ter precursors are included, which represents the novelty of this work. A comprehensive
evaluation of the efficacy of the different biomarkers, including inflammatory, protein,
electrophysiological, genetic, and proteomic biomarkers in detecting neuropsychiatric
disorders, is also presented and provides an appropriate opportunity to understand the
potential applications of biomarkers.

2. TRP Metabolism

TRP is a vital part of the human diet and plays an essential role in neuropsychiatric
health, physiological stress responses, inflammatory responses, oxidative systems, and
gastrointestinal (GI) health [22]. High tryptophan foods include turkey, chicken, pork, red
meat, fish, milk, beans, nuts, eggs, and oatmeal. The prominent catabolic pathway for
TRP is the KYN, which is equal to almost 95% of dietary TRP degradation [6,11,12]. The
importance of this pathway is significant for the biosynthesis of niacin. Sixty milligrams
of TRP results in the production of 1 mg of niacin [23]. Conversion of the majority of
dietary TRP to non-aromatic compounds is often performed using the glutarate pathway.
The catalysis process of the first phase of TRP degradation using TRP 2,3-dioxygenase
(TDO) and indoleamine 2,3-dioxygenase (IDO-1 and IDO-2) results in the formation of
N-formyl kynurenine that is quickly converted to KYN by N-formylkynurenine formami-
dase. Although the enzymes mentioned above catalyze similar oxidation reactions to form
N-formylkynurenine, their mechanical operation is different. The responsibility of TDO is
to metabolize L-TRP by applying molecular oxygen as a cofactor [24,25].

In comparison with TDO, IDO has inclusive substrate specificity and can operate
on other indole derivatives. They apply superoxide anion and molecular oxygen for
activity [26,27]. IDO can be present in two forms as follows [28].

IDO-1: this form of IDO exists in most non-hepatic tissues.
IDO-2: this form of IDO exists in the kidney, liver, and brain.
IDO-1 is a noteworthy physiological regulator of immune system activation, expressed

in dendritic cells, secondary lymphoid organs, and pancreatic β-cells [29,30]. IDO-1 ex-
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pression possesses a particular role in providing peripheral tolerance in autoimmune
diseases and cancer. It is worth mentioning that IDO-1 and IDO-2 enzymes can play
an essential role in the catabolism of L-/D-tryptophan and their metabolites, including
5-hydroxytryptophan, serotonin, melatonin, and 5-hydroxyindolacetic acid [31]. Therefore,
it has been propounded that IDO-2 can be applied as a negative IDO-1 regulator via a
competitive mechanism. The regulation process of IDO enzymes can be done by inter-
feron γ as a pro-inflammatory cytokine, bacteria lipopolysaccharides, viruses, and tumor
cells [32–34].

3. Neurotransmitters Precursor

The synthesis process of serotonin (an important neurotransmitter) is performed
using TRP via the 5-hydroxytryptophan (5-HT) pathway. In some organs, such as the
intestine, conversion of serotonin into N-acetylserotonin takes place employing serotonin-
N-acetyltransferase (SNA). Then, SNA is converted to melatonin during the hydroxyindole-
O-methyltransferase action. Serotonin is an essential chemical neurotransmitter, and its
presence is of great importance in regulating mood, sleep, and appetite [34,35]. Melatonin is
considered a vital neuromodulator, which has shown great potential as a strong antioxidant
to regulate numerous body-related activities such as circadian rhythm and pain [36–39].
Of note, only free TRP fractions possess the capability to move through the blood–brain
barrier to reach the brain [5,40].

Three parameters, including the concentration of free TRP, the concentration of neutral
amino acids, and meal carbohydrates (that conduct some neutral amino acids from plasma
to muscle), are essential to identify the amount of TRP converted to serotonin in the brain.
The occurrence of functional imbalances in the formation of downstream metabolites
during the activation process of the KYN pathway is believed to be the prominent reason
for disparate central/peripheral sicknesses such as depression, aggression, schizophrenia,
and acquired immunodeficiency syndrome [2,41,42]. Among KYN metabolites, quinolinic
acid (QA) and kynurenic acid (KYNA) attract attention due to their capability to bind
the N-methyl-D-aspartate (NMDA) receptor and their potential impact on developing
neuropsychiatric diseases [43,44]. QA boosts the excitotoxic neuronal damage due to
its activity as an agonist for the NMDA receptors. In contrast, KYNA has shown great
neuroprotection potential due to operating as an NMDA antagonist.

Moreover, KYNA can act as an inhibitor of the α7 nicotinic acetylcholine (α7nACh)
receptors [45]. It is essential to have a balance between the values of neurotoxic QA
and neuroprotective KYNA under physiological circumstances. As such, the emergence
of various pathologic conditions is mainly due to the imbalance in the generation of
QA and KYNA (higher values of QA), which enhances neurotoxicity. For instance, in
neuroinflammatory diseases, the release of pro-inflammatory cytokines eventuates to
improve the amount of QA and decrease KYNA by increasing TRP degradation via the
KYN pathway [46–48].

4. TRP and Its Metabolites Quantification

Due to the indisputable relationship between TRP metabolism and pathophysiology,
modifications/alterations in TRP and its metabolites in disparate biological fluids such
as plasma, serum, and urine have been studied to perceive potential biomarkers [3,49,50].
Conventional techniques for analyzing TRP and its metabolites are liquid/gas chromatog-
raphy connected with different detection systems such as UV and fluorescence/mass
spectrometry [51–54]. The advancement of high-technology procedures has considerably
revolutionized the analysis of TRP and its metabolites. For instance, Sadok et al. developed
the ultra-high-performance liquid chromatography-electrospray ionization-tandem mass
spectrometry (UHPLC-ESI-MS/MS) technique to quantify TRP and KP metabolites biologi-
cally and validated it independently for both matrices used in serum and peritoneal fluid
analysis. They concluded that this model is excellent for evaluating TRP and KYN in blood
and peritoneal fluid [55].
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5. The Role of TRP in Psychiatric Disorders

Alteration in the value of circulating TRP can result in a significant inconsistency in its
accessibility for 5-HT/ melatonin (MLT) synthesis in the brain. Thus, it may be involved
in the pathophysiology of disparate neuropsychiatric disorders. Indeed, the imbalanced
process of 5-HT neurotransmission can be attributed to the pathophysiology and neuro-
psychopharmacology of various psychiatric diseases [32,36,37,56,57]. Numerous studies
have evaluated serum and cerebrospinal fluid (CSF) TRP as well as other psychoactive
formed components by employing the KYN pathway. Despite several investigations about
the serum and CSF TRP in various pathologic circumstances, only very few evaluated the
correlation between serum and CSF TRP concentration [58–60]. A declinine of CSF and TRP
has been linked to different types of psychiatric disorders and clinical symptoms. It is worth
pointing out that with the existence of comorbidities such as suicidal behavior, depressed
patients illustrate higher decrement in circulating TRP compared to those without these
comorbidities [61–64]. Surprisingly, the simultaneous presence of two diseases such as
obsessive-compulsive disorder (OCD) and attention deficit hyperactivity disorder (ADHD)
symptoms may increase the amount of TRP [65–69]. Ramos-Cha’vez et al. illustrated that
anxiety positively correlates with depression scores and negatively correlates with TRP in a
cohort study including 77 women over 50 [70]. Eventually, the simultaneous occurrence
of depression and anxiety (in almost 50% of patients) and their symptoms may be similar.
Recent evidence has corroborated the relationship between TRP and inflammation on
anxiety [3,71]. The significant variation in the KYN pathway in the CNS has emerged to
induce serotonin/melatonin deficiency.

Additionally, increased TRP catabolites (TRYCATs) can retain anxiety due to per-
forming as endogenous anxiogenic [72,73]. However, those scientific investigations which
evaluated peripheral TRP in depression did not consider comorbidities known to change
TRP. This restriction is a major approach that needs to be considered. Although most
reports show reduced plasma or serum TRP in depression, other reports contradict these
findings [74]. Table 1 enlists disparate employed biomarkers for neuropsychiatric diseases.

Bipolar disorder (BD) is a mental health condition that causes extreme mood swings
that include emotional highs (mania or hypomania) and lows (depression) [75]. Those
patients suffering from this chronic disorder may be followed with a higher prevalence of
obesity than the general population, which eventuates the risk of metabolic and cardiovas-
cular sicknesses and, consequently, lower life expectancy [76–78]. Moreover, obesity as a
chronic disorder is accompanied by cognitive deficits, a more significant number of suicide
attempts, and shorter periods of euthymia [79,80]. From a historical aspect point of view,
diagnosis and treatment of BD are only based on clinical phenomenology. Perception of
efficacious biomarkers with the capability to prepare evidence about the current stage of
disorders and estimate the further course of the illness is an essential effort in BD scientific
investigation. TRP is of great importance in the biological underpinnings of BD through its
catabolic pathways [81]. TRYCATs are involved in the pathophysiology of mood disorders
by mediating immune inflammation and neurodegenerative processes. A meta-analysis of
21 eligible studies showed that the TRYCATs pathway is downregulated in BD patients.
However, further studies are required to confirm the association of peripheral and central
TRYCATs levels and BD [82]. TRP may be converted to 5-HT, serotonin, N-acetylserotonin,
and melatonin. The Kynurenine-axis is another metabolic pathway that relies significantly
on the enzymes indoleamine IDO-1 and TDO [83]. Despite acceptable stability in the
activity of TDO, the activity of IDO-1 is greatly enforced in monocyte-derived cells via
pro-inflammatory cytokines such as IFN-γ, IL-2, and -6 or TNF-α [84].

Schizophrenia is a neuropsychiatric disorder related to the human body’s TRP level.
For the first time, the reduced plasma concentration of TRP was recognized in patients with
schizophrenia aged over 40 years old [41,85,86]. Due to the metabolism of more than 90%
of TRP via the kynurenine pathway controlled by rate-limiting enzymes IDO and TDO, the
decrease of TRP in schizophrenia may be attributed to an enhanced conversion of TRP to
kynurenine metabolites [87,88]. IDO regulation of KP metabolism is of great importance in
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modifying myelin-specific T cells’ activation [86,89]. These activated T cells have shown
brilliant performance in creating pro-inflammatory cytokines, which directly contribute to
demyelination and indirectly strengthen antibodies against myelin proteins [90–92]. In fact,
a collection of evidence has illustrated that white matter abnormality is an essential factor of
schizophrenia pathophysiology and may contribute to symptoms of schizophrenia [93,94].

Major depressive disorder (MDD) is known as the prominent reason for disability
worldwide and thus can be regarded as a public health concern [95]. However, recognizing
the pathophysiology of this critical psychiatric disorder is still a big challenge. In current
decades, serotonin has been extensively associated with major depression with the classical
assumption of low serotonin levels in the CNS [96]. Evaluation of peripheral serotonin in a
major depressive episode can be an essential part of the investigation due to the storage of
serotonin in the periphery [97]. Numerous available papers have investigated peripheral
serotonin levels in blood, platelet, and plasma and demonstrated lower concentrations in
MDD sufferers compared to control arms [98–101]. TRP is identified as the precursor of
serotonin, which can be converted to 5 hydroxy-TRP and then serotonin. However, the
decrement of peripheral levels in the major depressive episode is unclear [102–104]. Thus,
the observed reduction in peripheral serotonin levels in major depressive episode patients
may result from a nominal synthesis rate or a high turnover. Peripherally, the synthesis
process of serotonin relies on the accessibility of TRP and two enzymatic conversions [105].
To assess the high turnover rate, an increase in metabolite levels must be seen. Investigation
of these assumptions needs a complete evaluation of the serotonin pathway like serotonin,
its precursors, and its metabolite in major depressive episode patients in comparison with
controls arms. It has been corroborated that the lower levels of kynurenic acid can be
accompanied by severe cognitive problems in major depressive episode patients [106].
Moreover, former investigations have demonstrated that xanthurenic acid possesses a
great ability to modulate synaptic transmission in the hippocampus (a highly contributed
structure in major depressive episodes [107]).

Attention deficit hyperactivity disorder (ADHD) is one of the most common behavioral
disorders, characterized by impulsivity, hyperactivity, and inability to have attention.
Although ADHD has high prevalence and causes drastic functional impairment, the neural
basis of the condition still remains poorly understood [108]. It was initially hypothesized
that decreased 5-HT could result in heightened impulsivity. However, further studies
showed that the correlation between TRP metabolites and ADHD is more complicated,
possibly due to interactions with dopamine [109]. Serotonin has also been linked to the
default mode network (DMN), which is thought to be altered in ADHD [110,111]. Moreover,
differences in TRP, KA, XA, and HAA serum levels in adult patients with ADHD compared
to adult controls were reported [112]. This could confirm a connection between severity
of ADHD symptoms and serum levels of tryptophan and tryptophan metabolites [112].
Furthermore, the positive correlations between the concentration of TRP and KYN in
ADHD patients and control groups indicate a normal conversion of TRP to KYN. However,
the number of studies focusing on the role of serotonin and tryptophan in aggression and
ADHD is too limited and needs further research.

Table 1. Summary of different biomarkers for detection/treatment of neuropsychiatric diseases.

Disorder Biomarker Biomarker
Classification Outcome of Findings Ref.

Depression (including
MDD)

CRP, IL-6, TNF-α Inflammatory
The simultaneous existence of
three biomarkers in patients
suffering from depression.

[113]

Alteration in δ/β
activity of EEG

Electro-
physiological

Simultaneous decrement of
δ-power and increase of β
activity in the frontal lobe in
people suffering
from depression.

[98]
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Table 1. Cont.

Disorder Biomarker Biomarker
Classification Outcome of Findings Ref.

α1-anti-trypsin
Epo-lipoprotein C3
Cortisol
Myeloperoxidase

Protein

These biomarkers not only can
be applied for MDD detection
but also are able to estimate
treatment response.

[114]

lncRNAs Genetic

The expression of lncRNAs can
act as a promising biomarker for
improving the detection of MDD
in the clinical setting.

[115]

Angiotensin-converting
enzyme
BDNF
Cortisol

Proteomic

Preparation of anecdotal
evidence about the increment of
pro-inflammatory/oxidative
stress response in the acute
stages of MDD.

[116]

Mood disorders
(particularly anxiety) SB100 Protein

Elevation of SB100 in patients
suffering from mood disorders,
including anxiety.

[117]

Schizophrenia

Variation in β and
θ activity

Electro-
physiological

The surveys report the increase
of β activity in all brain zones
followed by increased θ activity
in the upper temporal gyrus.

[118]

sTNF-R1, IL-6, IL-1Ra,
OPG, vWf, sCD40L and
hsCRP Pro-inflammatory
markers

Inflammatory

The study supports considerable
negative associations between
inflammatory markers and
general cognitive abilities.

[119]

BD BDNF Protein Significant decrease of BDNF in
acute manic and BD. [120]

ADHD SNAP-25 gene Genetic The SNAP-25 T allele leads to a
genetic load for ADHD. [121]

PTSD BNP Protein
The amount of BNP is
abnormally low in patients
suffering from chronic PTSD.

[122]

Abbreviations: ADHD: attention deficit hyperactivity disorder; BD: bipolar disorder; BDNF: brain-derived
neurotrophic factor; BNP: brain natriuretic peptide; CRP: C-reactive protein; hsCRP: high sensitivity CRP;
IL: interleukin; MDD: major depressive disorder; PTSD: post-traumatic stress disorder; vWF: von Willebrand
factor; SB100: S100 calcium binding protein B; TNF-α: tumor necrosis factor-α; OPG: osteoprotegerin.

6. Pharmacological Influences of TRP in Neuropsychiatric Diseases

Several investigations have been conducted to evaluate the feasibility of TRP appli-
cation as an adjunctive to decrease the activity of 5-HT and MLT in disparate sorts of
neuropsychiatric diseases [123,124]. The principle is based on the assumption that in-
creased TRP accessibility for the brain will significantly improve the synthesis process of
5-HT [125]. Those biomedical protocols, which aim to reduce circulating TRP, are prevalent
practices to evaluate the role of the 5-HT neurotransmission in different psychopatholo-
gies [11,57]. In a comprehensive review, Sarris et al. corroborated the encouraging impact
of TRP adjunctive therapy with tricyclic antidepressants compared to placebo. These
studies are older, dating back from the 1970s and 1980s, and no up-to-date research has
been published, i.e., adjunctive TRP with newer antidepressants [126]. In a 4-week in-
vestigation on 12 uncontrolled aggressive schizophrenic patients, TRP supplementation
significantly declined the number of events that needed intervention. All participating
patients with schizophrenia with reported violent crimes were administered tryptophan
and placebo in a double-blind crossover design. [127]. In another study, a double-blind
placebo-controlled investigation with 98 healthy men and women was performed to assess
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the relationship between increased 5-HT and mood change (i.e., agreeable and quarrel-
some manner). Astonishingly, it was found that TRP supplementation could considerably
decrease aggressive/pugnacious behavior without any impact on mood or agreeable-
ness [128]. The possible effect of TRP and thus 5-HT on social behavior was tested in
23 boys (age 10 years) with a history of increased physical aggression [129]. That was the
first study to implement an acute TRP supplementation procedure with children. Findings
showed participants in the TRP group tended to show more dominance, helpfulness, and
affiliative responding. This pattern could be underlined by increased emotion regulation,
leading to more situationally appropriate and goal-directed behaviors. Despite various
investigations regarding the efficacy of TRP supplementation in neuropsychiatric disor-
ders, challengeable arguments have remained among scientists due to some functional
restrictions, including the low number of samples and poorly controlled processes [130].

Despite little application of TRP for chronic schizophrenia, this amino possesses ex-
cellent potential to improve mood and decrease hallucinations in patients suffering from
schizoaffective disorders [130–133]. In a double-blind investigation, Brewerton and Reus
concluded that a combination of lithium and TRP demonstrated superior efficiency com-
pared to lithium plus placebo in manic schizoaffective patients [134]. Moreover, among
12 patients suffering from schizoaffective disorders, treatment with 8 gr of TRP for 4 weeks
significantly decreased the symptoms of schizophrenia patients [135]. Since the decrement
of 5-HT functions may contribute to the etiology of mania, TRP has been investigated
as an antimanic agent [136]. Breaking down of serum TRP to kynurenine pathway can
decrease the tryptophan required to prepare serotonin. Based on the monoamine-deficit
assumption, a significant paucity of cerebral serotonin is included in chronic neuropsychi-
atric disorders such as mania and depression [15,61]. Due to the significant involvement
of serotonin metabolite (melatonin) in disparate processes associated with BD (i.e., ad-
justment of circadian rhythms, sleeping, and immune cell reactivity), sensible shortage
negatively impacts symptomatology and comorbidities [137]. In an experimental study,
Murphy et al. corroborated that those 7 out of 10 patients who suffered from acutely
manic or hypomanic disorders illustrated disease improvement when they received TRP
(9.6 gr/day). The rest experienced relapse when a placebo was applied instead of TRP [138].
Pharmacological modification of the kynurenine pathway has been an interesting research
subject in psychopharmacology due to its emphasis on cognitive performance, depression,
and anxiety symptoms. The first investigation on TRP efficiency was published in 1963 by
Coppen et al. [139]. In recent years, TRP demonstrated its great potential to improve the
antidepressant influence of clomipramine, tricyclic antidepressants, and lithium [140–143].
It has been recently corroborated that focusing on the synthesis of the brain’s serotonin may
increase the advancement of antidepressant drugs [144]. Biochemical facets of the serotonin
deficiency in patients suffering from major depressive disorder are of great importance
owing to the availability of the serotonin precursor tryptophan to the brain. This decrement
is due to the precipitated degradation of tryptophan. It is worth noting that the induc-
tion of the extrahepatic IDO by the immune activation is unlikely to make a significant
contribution [145]. Better speaking, the negligible antidepressant performance of TRP can
be justified owing to its accelerated hepatic degradation. Improving TRP accessibility to
the brain is vital to normalizing serotonin synthesis and may form the basis for future
advancement of antidepressant drugs [144].

One of the essential advantages of TRP is improving sleep quality, followed by re-
ducing the latency to sleep [146,147]. In another study, Schneider-Helmert and Spinweber
presented a comprehensive overview to evaluate the influence of TRP on sleep and its
efficiency in curing insomnia. The authors concluded that The TRP (from 1 to 5 g/day)
possesses excellent potential to decline the latency to sleep as a hypnotic for chronic in-
somniacs without detrimental side effects such as decreased mental performance and
intolerance [148]. In addition, TRP is an effective drug as a hypnotic for chronic insomnia at
low doses. Interestingly, therapeutic TRP doses have reported no extreme side effects such
as impaired psychomotor and mental performance [148]. This study has illustrated the
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efficiency of TRP in improving total sleep time and decreasing sleep fragmentation index
and latency. Human experiments have implied that central 5-HT possesses the indisputable
ability to modify an extensive array of cognitive processes in the current 20 years. Most
of the evidence is obtained from psychopharmacological manipulations, which enhance
or decline the activity of 5-HT in the brain. In humans, obtained information originates
from investigations that have applied acute tryptophan depletion to enforce an acute global
reduction in 5-HT synthesis in the brain [69,149,150]. However, there are serious concerns
about the safety, side effects, and long-term use of psychostimulant medications [151]. TRP
has been shown to increase serotonin levels in the brain and exhibit pharmacological effects.
Moreover, tryptophan can also be used to synthesize other compounds, including niacin,
proteins, and enzymes, which lead to numerous extra positive impacts on the user’s health.

It must be noted that although not all patients suffering from major depressive dis-
orders might possess serotonin deficiency, the momentousness of TRP in the serotonin
deficiency of major depressive disorders is indubitable [144,152–155]. Based on the above-
mentioned interpretation, liver TDO induction can describe the poor antidepressant per-
formance of TRP. According to the reports, TRP is significantly effective in treating mild
depression [156,157]. In current years, dietary patterns have been changed globally with
a significant increment in the consumption of sugars, high-fat foods, and red meat. This
substantial change has resulted in the emergence of gut microbiota alteration, which may
contribute to the increased risk of chronic psychiatric disorders (i.e., depression) [158].
Population-based investigations have demonstrated the connection between traditional
dietary patterns with risk of anxiety and depression [159]. It has been recently reported
that the use of a ketogenic diet possesses great potential to modify the behavior in patients
with psychiatric diseases, which implies the close connection between the gastrointestinal
tract and schizophrenia [160]. Kim et al. reached the result that fermented foods can
substantially improve cognitive function [161]. In addition, a gluten-free diet may be
efficient in enhancing the levels of free L-TRP and modifying behavior, which is good
evidence for the effect of leaky gut syndrome on gluten/casein sensitivity [162]. Several
studies have illustrated the Mediterranean diet’s efficacy in reducing the risk of psychiatric
disorders [163–166]. Generally, it is worth pointing out that decrement in the consumption
of refined sugars and processed red meat and regular use of fermented foods and fish can
efficiently avoid psychiatric disorders. Table 2 presents clinical research on targeting the
gut–brain axis in neuropsychiatric diseases. Table 3 summarizes some clinical research
outcomes on TRP therapeutic impacts in neuropsychiatric disorders.

Table 2. Recent studies targeting the gut–brain axis in neuropsychiatric disorders.

Disorder Group of Study Therapeutic
Intervention Therapeutic Outcome Ref.

Schizophrenia

Patients who have
Schizophrenia and
Schizoaffective
disorders

Ketogenic diet

Prevention of
suicidal contemplation [167,168]

Improvement of
concentration
Reduction of hallucinations
Improvement quality of life

[131]

Psychological stress
Students of medicine L.gasseri SBT2055 B.longum

SBT2928 Decreased stress [169]

Female volunteers Probiotic
(L.casei Shirota)

Enhancement of sleeping
quality in stressful conditions [170]
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Table 2. Cont.

Disorder Group of Study Therapeutic
Intervention Therapeutic Outcome Ref.

Anxiety and
cognitive dysfunction

Male and Female
volunteers

Probiotic
(L.casei Shirota)

Improvement in quality
of life [171]

Patients suffering from
Fibromyalgia

ERGYPHILUS Plus
(L.Rhamnosus GG®, Casei,
Acidophilus, and B. Bifidus)

Improvement of
decision-making capability [172]

Mood disorders Adults Dietary fiber Improvement of mood [173]

Depression
Patients suffering from
Major depression
disorder

Probiotic
(L.Plantarum 299v)

Improvement of
cognitive function [174]

Table 3. Clinical research outcomes of TRP therapeutic impacts on neuropsychiatric disorders.

Disorder Clinical Outcome Ref.

Schizophrenia
TRP supplementation significantly declined the number of events that
needed intervention. [127]

TRP supplementation improves mood and decreases hallucinations in patients. [131]

Mood disorders
TRP supplementation could considerably decrease aggressive/pugnacious
behavior without any impact on mood or agreeableness. [128]

TRP supplementation enhances dominance, helpfulness, and
affiliative responding. [129]

Hypomanic disorders Disease improvement after receiving TRP supplement. [138]

Sleep disorders TRP supplementation possesses excellent potential to decrease the latency to
sleep as a hypnotic for chronic insomniacs. [148]

Mild depression TRP supplementation is significantly effective in treating mild depression. [156]

7. Toxicology of TRP and Its Metabolites

Understanding the toxicity and pharmacological effects of TRP and its metabolites
will be significantly helpful for future studies to use TRP as a therapeutic agent. However,
very few data are reported on their toxic outcomes, and as such, further research is required.
However, disruptions in tryptophan metabolism have been associated with various neuro-
logical and psychological disorders. Available data show that a TRP dose of 100 mg/kg
body weight is usually well tolerated except for some slight gastric troubles [175]. In addi-
tion, some compounds in the KYN pathway are neurotoxic, and some are associated with
CNS diseases. 3-hydroxkynurenine (3-HK) is one of the KYN pathway metabolites and its
level in the brain is markedly elevated under several pathological conditions, including
human immunodeficiency virus infection and hepatic encephalopathy. 3-HK causes neuro-
toxic effects due to hydrogen peroxide production, with consequent excessive hydroxyl
radical and formation causing toxicity [176]. QA is an NMDA (N-methyl-D-aspartate)
receptor agonist, causing increased neuronal firing, and leading to an axon-sparing neu-
rodegenerative lesion, with lesion volume increasing proportionately to the QA concentra-
tion [177]. Previous studies showed a strong correlation between Huntington’s disease and
the KYN pathway metabolites, including KYN, 3-HK, 3-HAA, QA, and KYNA. A study
showed that for AIDS dementia complex patients, QA causes toxicity to cultured human
astrocytes, which leads to glial cell and astrocyte loss [178]. Based on the impact of the
KYN pathway on inflammation, Clark et al. previously suggested a link between the KYN
pathway and cerebral malaria, possibly due to KYN pathway utilization in inflammatory
responses mediated by microglia [179]. Higher levels of QA and PIC in cerebral malaria
patients’ CSF were drastically associated with increased mortality rates [180]. Furthermore,
several studies have noted indoxyl sulfate’s effects on uremic syndrome and its roles in
cardiovascular disease, kidney and heart fibrosis, thrombogenicity, metabolic and hormonal
dysfunction, inflammation, and chronic kidney disease mineral and bone disorder [181].
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Indoxyl sulfate is responsible for many adverse effects and is a uremic toxin TRP metabolite.
Type-2 diabetes is the primary cause of chronic kidney disease. Inflammation is associated
with metabolic dysregulation in patients with type-2 diabetes and chronic kidney disease.
Chronic kidney disease secondary to type-2 diabetes may be related to the accumulation of
toxic TRP metabolites due to inflammation and impaired kidney function [182].

TRP is an essential part of the diet. However, its metabolism produces neurotoxic
compounds. Therefore, further studies are required to understand the toxicological effects
of these metabolites. Indeed, the TRP metabolites may be linked with several neurological
diseases that warrant further investigation and can lead to opportunities for developing
interventions to treat these conditions.

8. Conclusions and Future Perspectives

Neuropsychiatric diseases pose severe challenges that substantially deteriorate func-
tioning in all aspects of life. These ailments possess a detrimental influence on psychosocial
functioning. Due to the pleiotropic role of TRP in physiologic/pathophysiologic processes,
its impact on human health is complicated. TRP is an important amino acid for the synthe-
sis of proteins and energy metabolism. Due to the chemical activity of TRP metabolites and
its multi-functionality at the systemic levels, TRP imbalance has been involved in disparate
pathologic states such as CNS, autoimmune, and neuropsychiatric diseases. Participation
in various physiologic functions has made this amino acid an essential disease biomarker
with low specificity. Despite low specificity as a negative feature, TRP can be of great
interest as a prognostic biomarker.

In this manuscript, a comprehensive study was attempted on the pharmacological
effects of TRP in neuropsychiatric diseases. A presentation of the recent advancements in
this paper was made to open new horizons towards a better perception of the role of TRP in
neuropsychiatric diseases for those professionals involved in the field. For this aim, the role
of TRP in various types of psychiatric disorders was discussed, and significant pathways
toward its metabolism were presented. Eventually, TRP and its metabolites quantification
following the neurotransmitter’s precursor were described. The identification of biomarkers
with the appropriate capability of detecting/treating neuropsychiatric disorders is of great
importance. Most neuropsychiatric diseases share symptoms and molecular pathways.
Despite the significant influences of some biomarkers on neuropsychiatric disorders, their
level of specificity can be controversial. In current years, numerous investigations have
been carried out to highlight the ability of biomarkers for the detection/treatment of
common neuropsychiatric disorders such as PTSD, MDD, BD, and schizophrenia. The
most prominent parameter determining the potential application of biomarkers is their
ability to alter various psychiatric and neurologic disorders, since commonly applied
biomarkers are readily affected by environmental/lifestyle parameters like diet, stress, and
substance abuse. Different types of inflammatory, protein, electrophysiological, genetic,
and proteomic biomarkers possess great potential for application in diagnosing and treating
neuropsychiatric disorders. Table 2 presents a comprehensive summary of applying the
abovementioned biomarkers to detect/treat disparate neuropsychiatric disorders. As
demonstrated, each biomarker has specific characteristics for opening new horizons to treat
neuropsychiatric disorders. As a future perspective, further research is required towards
the identification and role of biomarkers and their applications in therapeutic-associated
purposes in neuropsychiatric disorders.

Author Contributions: Conceptualization, M.D. and V.A.; writing—original draft preparation, M.D.
and N.R.; writing—review and editing, V.A. and K.N.; supervision, V.A. and K.N. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Int. J. Mol. Sci. 2022, 23, 9968 11 of 18

Data Availability Statement: Not applicable.

Acknowledgments: The authors would also like to thank the Immunology and Translational Re-
search Group and the Enteric Neuropathy Group for their significant contribution. The Mechanisms
and Interventions in Health and Disease Program within the Institute for Health and Sport, Victoria
University Australia are also appreciated for their support. M.D. and N.R. were supported by Victoria
University Postgraduate Scholarships. V.A. and K.N. were supported by Victoria University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Muneer, A. Kynurenine pathway of tryptophan metabolism in neuropsychiatric disorders: Pathophysiologic and therapeutic

considerations. Clin. Psychopharmacol. Neurosci. 2020, 18, 507. [CrossRef] [PubMed]
2. Schwarcz, R.; Stone, T.W. The kynurenine pathway and the brain: Challenges, controversies and promises. Neuropharmacology

2017, 112, 237–247. [CrossRef] [PubMed]
3. Comai, S.; Bertazzo, A.; Brughera, M.; Crotti, S. Tryptophan in health and disease. Adv. Clin. Chem. 2020, 95, 165–218. [PubMed]
4. Roager, H.M.; Licht, T.R. Microbial tryptophan catabolites in health and disease. Nat. Commun. 2018, 9, 3294.
5. Comai, S.; Cavalletto, L.; Chemello, L.; Bernardinello, E.; Ragazzi, E.; Costa, C.V.L.; Bertazzo, A. Effects of PEG-interferon

alpha plus ribavirin on tryptophan metabolism in patients with chronic hepatitis C. Pharmacol. Res. 2011, 63, 85–92. [CrossRef]
[PubMed]

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

7. Höglund, E.; Øverli, Ø.; Winberg, S. Tryptophan metabolic pathways and brain serotonergic activity: A comparative review.
Front. Endocrinol. 2019, 10, 158. [CrossRef]

8. Rizzi, A.; Comai, S.; Bertazzo, A.; Costa, C.V.; Allegri, G.; Traldi, P. An investigation on the possible role of melatonin in
melanogenesis. J. Mass Spectrom. 2006, 41, 517–526. [CrossRef]

9. Vogliardi, S.; Bertazzo, A.; Comai, S.; Costa, C.V.; Allegri, G.; Seraglia, R.; Traldi, P. An investigation on the role of
3-hydroxykynurenine in pigment formation by matrix-assisted laser desorption/ionization mass spectrometry. Rapid Commun.
Mass Spectrom. 2004, 18, 1413–1420. [CrossRef]

10. Dagenais-Lussier, X.; Loucif, H.; Beji, C.; Telittchenko, R.; Routy, J.-P.; van Grevenynghe, J. Latest developments in tryptophan
metabolism: Understanding its role in B cell immunity. Cytokine Growth Factor Rev. 2021, 59, 111–117. [CrossRef]

11. Platten, M.; Nollen, E.A.; Röhrig, U.F.; Fallarino, F.; Opitz, C.A. Tryptophan metabolism as a common therapeutic target in cancer,
neurodegeneration and beyond. Nat. Rev. Drug Discov. 2019, 18, 379–401. [CrossRef] [PubMed]

12. Grifka-Walk, H.M.; Jenkins, B.R.; Kominsky, D.J. Amino Acid Trp: The Far Out Impacts of Host and Commensal Tryptophan
Metabolism. Front. Immunol. 2021, 12, 2005.

13. Keegan, M.R.; Chittiprol, S.; Letendre, S.L.; Winston, A.; Fuchs, D.; Boasso, A.; Iudicello, J.; Ellis, R.J. Tryptophan metabolism
and its relationship with depression and cognitive impairment among HIV-infected individuals. Int. J. Tryptophan Res. 2016, 9,
IJTR-S36464. [CrossRef] [PubMed]

14. Badawy, A.A.-B. Kynurenine pathway and human systems. Exp. Gerontol. 2020, 129, 110770. [CrossRef]
15. Dehhaghi, M.; Kazemi Shariat Panahi, H.; Guillemin, G.J. Microorganisms, tryptophan metabolism, and kynurenine pathway: A

complex interconnected loop influencing human health status. Int. J. Tryptophan Res. 2019, 12, 1178646919852996. [CrossRef]
16. Savitz, J. The kynurenine pathway: A finger in every pie. Mol. Psychiatry 2020, 25, 131–147. [CrossRef]
17. Allen, A.P.; Naughton, M.; Dowling, J.; Walsh, A.; O’Shea, R.; Shorten, G.; Scott, L.; McLoughlin, D.; Cryan, J.F.; Clarke, G.

Kynurenine pathway metabolism and the neurobiology of treatment-resistant depression: Comparison of multiple ketamine
infusions and electroconvulsive therapy. J. Psychiatr. Res. 2018, 100, 24–32. [CrossRef]

18. Benedetti, F.; Aggio, V.; Pratesi, M.L.; Greco, G.; Furlan, R. Neuroinflammation in bipolar depression. Front. Psychiatry 2020,
11, 71. [CrossRef]

19. Price, J.B.; Bronars, C.; Erhardt, S.; Cullen, K.R.; Schwieler, L.; Berk, M.; Walder, K.; McGee, S.L.; Frye, M.A.; Tye, S.J. Bioenergetics
and synaptic plasticity as potential targets for individualizing treatment for depression. Neurosci. Biobehav. Rev. 2018, 90, 212–220.
[CrossRef]

20. Group, B.D.W.; Atkinson Jr, A.J.; Colburn, W.A.; DeGruttola, V.G.; DeMets, D.L.; Downing, G.J.; Hoth, D.F.; Oates, J.A.; Peck, C.C.;
Schooley, R.T. Biomarkers and surrogate endpoints: Preferred definitions and conceptual framework. Clin. Pharmacol. Ther. 2001,
69, 89–95.

21. Adams, Z.W.; McClure, E.A.; Gray, K.M.; Danielson, C.K.; Treiber, F.A.; Ruggiero, K.J. Mobile devices for the remote acquisition
of physiological and behavioral biomarkers in psychiatric clinical research. J. Psychiatr. Res. 2017, 85, 1–14. [CrossRef] [PubMed]

22. Yusufu, I.; Ding, K.; Smith, K.; Wankhade, U.D.; Sahay, B.; Patterson, G.T.; Pacholczyk, R.; Adusumilli, S.; Hamrick, M.W.;
Hill, W.D.; et al. A Tryptophan-Deficient Diet Induces Gut Microbiota Dysbiosis and Increases Systemic Inflammation in Aged
Mice. Int. J. Mol. Sci. 2021, 22, 5005. [CrossRef] [PubMed]

23. Goldsmith, G.A. Niacin-tryptophan relationships in man and niacin requirement. Am. J. Clin. Nutr. 1958, 6, 479–486. [CrossRef]
[PubMed]

http://doi.org/10.9758/cpn.2020.18.4.507
http://www.ncbi.nlm.nih.gov/pubmed/33124585
http://doi.org/10.1016/j.neuropharm.2016.08.003
http://www.ncbi.nlm.nih.gov/pubmed/27511838
http://www.ncbi.nlm.nih.gov/pubmed/32122523
http://doi.org/10.1016/j.phrs.2010.10.009
http://www.ncbi.nlm.nih.gov/pubmed/20940053
http://doi.org/10.1177/1178646917691938
http://doi.org/10.3389/fendo.2019.00158
http://doi.org/10.1002/jms.1010
http://doi.org/10.1002/rcm.1497
http://doi.org/10.1016/j.cytogfr.2021.02.003
http://doi.org/10.1038/s41573-019-0016-5
http://www.ncbi.nlm.nih.gov/pubmed/30760888
http://doi.org/10.4137/IJTR.S36464
http://www.ncbi.nlm.nih.gov/pubmed/27812290
http://doi.org/10.1016/j.exger.2019.110770
http://doi.org/10.1177/1178646919852996
http://doi.org/10.1038/s41380-019-0414-4
http://doi.org/10.1016/j.jpsychires.2018.02.011
http://doi.org/10.3389/fpsyt.2020.00071
http://doi.org/10.1016/j.neubiorev.2018.04.002
http://doi.org/10.1016/j.jpsychires.2016.10.019
http://www.ncbi.nlm.nih.gov/pubmed/27814455
http://doi.org/10.3390/ijms22095005
http://www.ncbi.nlm.nih.gov/pubmed/34066870
http://doi.org/10.1093/ajcn/6.5.479
http://www.ncbi.nlm.nih.gov/pubmed/13594872


Int. J. Mol. Sci. 2022, 23, 9968 12 of 18

24. Ehrenshaft, M.; Deterding, L.J.; Mason, R.P. Tripping up Trp: Modification of protein tryptophan residues by reactive oxygen
species, modes of detection, and biological consequences. Free Radic. Biol. Med. 2015, 89, 220–228. [CrossRef]

25. Crotti, S.; Enzo, M.V.; Bedin, C.; Pucciarelli, S.; Maretto, I.; Del Bianco, P.; Traldi, P.; Tasciotti, E.; Ferrari, M.; Rizzolio, F. Clinical
predictive circulating peptides in rectal cancer patients treated with neoadjuvant chemoradiotherapy. J. Cell. Physiol. 2015, 230,
1822–1828. [CrossRef]

26. Mishra, A.K.; Choi, J.; Moon, E.; Baek, K.-H. Tryptophan-rich and proline-rich antimicrobial peptides. Molecules 2018, 23, 815.
[CrossRef]

27. Jenabian, M.-A.; Patel, M.; Kema, I.; Kanagaratham, C.; Radzioch, D.; Thébault, P.; Lapointe, R.; Tremblay, C.; Gilmore, N.;
Ancuta, P. Distinct tryptophan catabolism and Th17/Treg balance in HIV progressors and elite controllers. PLoS ONE 2013,
8, e78146. [CrossRef]

28. Fatokun, A.A.; Hunt, N.H.; Ball, H.J. Indoleamine 2, 3-dioxygenase 2 (IDO2) and the kynurenine pathway: Characteristics and
potential roles in health and disease. Amino Acids 2013, 45, 1319–1329. [CrossRef]

29. Anquetil, F.; Mondanelli, G.; Gonzalez, N.; Calvo, T.R.; Gonzalo, J.Z.; Krogvold, L.; Dahl-Jørgensen, K.; Van den Eynde, B.;
Orabona, C.; Grohmann, U. Loss of IDO1 expression from human pancreatic β-cells precedes their destruction during the
development of type 1 diabetes. Diabetes 2018, 67, 1858–1866. [CrossRef]

30. Yuasa, H.J.; Mizuno, K.; Ball, H.J. Low efficiency IDO 2 enzymes are conserved in lower vertebrates, whereas higher efficiency
IDO 1 enzymes are dispensable. FEBS J. 2015, 282, 2735–2745. [CrossRef]

31. Lee, Y.-K.; Lee, H.B.; Shin, D.-M.; Kang, M.J.; Eugene, C.Y.; Noh, S.; Lee, J.; Lee, C.; Min, C.-K.; Choi, E.Y. Heme-binding-mediated
negative regulation of the tryptophan metabolic enzyme indoleamine 2, 3-dioxygenase 1 (IDO1) by IDO2. Exp. Mol. Med. 2014,
46, e121. [CrossRef]

32. Jockers, R.; Delagrange, P.; Dubocovich, M.L.; Markus, R.P.; Renault, N.; Tosini, G.; Cecon, E.; Zlotos, D.P. Update on melatonin
receptors: IUPHAR Review 20. Br. J. Pharmacol. 2016, 173, 2702–2725. [CrossRef]

33. Comai, S.; Gobbi, G. CCNP Award Paper: Unveiling the role of melatonin MT2 receptors in sleep, anxiety and other neuropsychi-
atric diseases: A novel target in psychopharmacology. J. Psychiatry Neurosci. 2014, 39, 6. [CrossRef] [PubMed]

34. Lucki, I. The spectrum of behaviors influenced by serotonin. Biol. Psychiatry 1998, 44, 151–162. [CrossRef]
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