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Abstract
In the past, accelerated tryptophan breakdown was consid-
ered to be a feature of clinical conditions, such as infection, 
inflammation, and malignant disease. More recently, how-
ever, the focus has changed to include the additional modu-
lation of tryptophan metabolism by changes in nutrition and 
microbiota composition. The regulation of tryptophan con-
centration is critical for the maintenance of systemic homeo-
stasis because it integrates essential pathways involved in 
nutrient sensing, metabolic stress response, and immunity. 
In addition to tryptophan being important as a precursor for 
the synthesis of the neurotransmitter serotonin, several ca-
tabolites along the kynurenine axis are neuroactive. This em-
phasizes the importance of the immunometabolic fate of 
this amino acid for processes relevant to neuropsychiatric 
symptoms. In humans, besides hepatic catabolism, there is 
usually a strong relationship between immune activation-
associated tryptophan breakdown and increased levels of 

biomarkers, such as neopterin, which has particular rele-
vance for both acute and chronic diseases. A shift towards 
neopterin synthesis during oxidative stress may indicate a 
corresponding decrease in tetrahydrobiopterin, a cofactor 
of several mono-oxygenases, providing a further link be-
tween tryptophan metabolism and serotonergic and cate-
cholaminergic neurotransmission. The psychoneuroimmu-
nological consequences of tryptophan metabolism and the 
susceptibility of this pathway to modulation by a variety of 
nutritional and lifestyle-related factors have important im-
plications for the development of both diagnostic and treat-
ment options. © 2019 S. Karger AG, Basel

Introduction

In recent years, tryptophan metabolism emerged as a 
central hub for the metabolic control of immunological 
and neuropsychological processes. Several kynurenine 
downstream metabolites are neuroactive, and some are 
even able to cross the blood-brain barrier (BBB) [1]. A 
deeper insight into the relationship between tryptophan 
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availability and systemic responses may not only be help-
ful for disease monitoring or therapeutic interventions, 
but also for the better understanding of the “immune-
brain” loop, and thus how immunological status impacts 
behavior, stress, mood and thought, cognition, and, 
moreover, the development of psychiatric illness.

The breakdown of tryptophan along the kynurenine 
axis is accelerated in a variety of inflammation-associated 
disorders. Chronic inflammatory disorders, in particular, 
are frequently accompanied by a decreased quality of life, 
mood-lowering, and depression, but also neurocognitive 
symptoms [2, 3]. In addition, proinflammatory mecha-
nisms contribute to the pathophysiology of major depres-
sion, including cell-mediated responses. Alterations of 
the serotonergic, noradrenergic, and glutamatergic neu-
rotransmission may be provoked by the direct effects of 
cytokines on neurotransmitter storage and/or release, but 
also by indirect mechanisms such as changes of metabo-
lite concentrations as reported, e.g. for several tryptophan 
catabolites [4, 5]. Changes in kynurenine and down-
stream metabolites have also been observed in a variety of 
central nervous system (CNS) disorders, including AIDS-
dementia complex, Huntington’s disease, Alzheimer’s 
disease (AD), and CNS infections [6–8].

Moreover, the modulation of the tryptophan-kyn-
urenine pathway by immunological activation and stress 
is recognized as a mediator of environmental factors on 
cognition and behavior [9]. It becomes more and more 
evident that several lifestyle parameters influence these 
metabolic circuits. Importantly, the enzyme indoleamine 
2,3-dioxygenase-1 (IDO-1), which catalyzes the first and 
rate-limiting step in tryptophan breakdown along the 
kynurenine axis, has been shown to be susceptible to 
modulation by dietary components, microbiome compo-
sition, and physical exercise [10–13].

Tryptophan Metabolism

Tryptophan and Immunity
The aromatic amino acid tryptophan is 1 of 9 essen-

tial amino acids, and is the least available of all proteino-
genic amino acids. As such, tryptophan availability is an 
important factor in the control of protein biosynthesis. 
This may be one important reason why the immune sys-
tem utilizes tryptophan starvation to restrict the un-
wanted proliferation of pathogens and malignant cells 
[14]. Activation of the tryptophan-degrading enzyme 
IDO-1 is an integral defense mechanism in the cell-me-
diated immune response, whereby the T helper type 1 

(Th1) cytokine, interferon (IFN)-γ, is the main activat-
ing factor [15, 16]. IDO catalyzes the first and rate-lim-
iting step of tryptophan breakdown to kynurenine, and 
the kynurenine-to-tryptophan ratio (Kyn/Trp) was pro-
posed as an estimate of IDO enzyme activity in the early 
1990s [17].

In addition to its function as a defense strategy, tryp-
tophan metabolism plays a pivotal role in the regulation 
of the immune response, by slowing down T cell prolif-
eration. Moreover, kynurenine triggers regulatory T cell 
(Treg) development, and some of the tryptophan catabo-
lites such as 3-hydroxyanthranilic and quinolinic acid 
have been shown to selectively drive Th1 cells (but not 
Th2 cells) into apoptosis [18]. In this way, a negative feed-
back loop is established that prevents overwhelming im-
mune reactions, and a status of immunotolerance can be 
achieved. Accordingly, in patients with an activated im-
mune system, IDO activity can contribute to immuno-
suppression, especially in chronic conditions. Indeed, en-
hanced IDO-1 activity has been observed in the blood of 
patients suffering from infections like HIV-1, autoim-
mune pathologies like systemic lupus erythematosus, sev-
eral malignancies, and cardiovascular (CV) and neurode-
generative disorders [2]. Furthermore, low tryptophan 
concentrations together with high levels of neopterin, a 
biomarker of oxidative stress and immune activation, 
were associated with shorter survival in patients suffering 
from cancer (e.g., colorectal cancer and malignant mela-
noma) [19, 20], and enhanced overall and disease-specif-
ic mortality in CV disease [21, 22].

Tryptophan Kynurenine Pathway
Despite being so important for protein synthesis, most 

dietary tryptophan (> 95%) is fed into the kynurenine 
pathway [23], giving rise to a number of downstream me-
tabolites, the absolute and relative concentrations of 
which vary among cell types due to different enzymatic 
repertoires [16]. Further changes occur in disease condi-
tions [7, 24]. The importance of tryptophan in depressive 
disorders was already being promoted in the 1960s and 
treatment possibilities were explored [25, 26]. Further 
studies accumulated, reporting on the correlation of ac-
celerated tryptophan breakdown with neurologic/neuro-
psychiatric symptoms in conditions of activated cellular 
immunity, e.g., in HIV-1-infected patients [27].

After the first and rate-limiting step of tryptophan 
conversion to kynurenine, the downstream catabolism 
may divide into different branches, leading to the forma-
tion of 3-hydroxykynurenine, anthranilic acid, or kyn-
urenic acid (Fig. 1). Catabolism of 3-hydroxykynurenine 
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can lead to the generation of picolinic acid, quinolinic 
acid, and nicotinamide.

Several of these metabolites are neuroactive. Kynuren-
ic acid is able to block ionotropic α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA), N-meth-
yl-D-aspartate (NMDA) and kainate glutamate receptors 
[28]. Quinolinic acid is excitotoxic due to its NMDA re-
ceptor agonistic effects [29, 30]. While the neuroprotec-
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Fig. 1. Tryptophan catabolism and related pathways. Proinflam-
matory stimuli such as the major T helper type 1 (Th1) cytokine, 
interferon (IFN)-γ, stimulate the breakdown of tryptophan along 
the kynurenine axis via the activation of indoleamine 2,3-dioxy-
genase (IDO-1), which is responsible for the first and rate-limiting 
step in this pathway. IFN-γ also stimulates the NADPH oxidase-
mediated formation of reactive oxygen species (ROS), and the ac-
tivity of GTP-cyclohydrolase 1 (GTP-CH-I) which synthesizes 
7,8-dihydroneopterin, the precursor of tetrahydrobiopterin (BH4), 
and neopterin. While most cell types preferentially produce BH4, 
this pathway is directed towards neopterin synthesis in human 

monocyte-derived cells such as macrophages (MΦ) and dendritic 
cells (DC), due to the deficiency of a downstream processing en-
zyme. Under inflammatory conditions, levels of the oxidation-
sensitive cofactor BH4 are diminished further, resulting in reduced 
tryptophan 5-hydroxylase (TPH) and nitric oxide synthase (NOS) 
activity, and thus in decreased levels of serotonin and nitric oxide 
levels. In addition, xanthurenic acid may interfere with BH4 syn-
thesis. As nitric oxide is an IDO-1 inhibitor, the tryptophan ca-
tabolism is directed towards kynurenine, enhancing the synthesis 
of several neuroactive catabolites.
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tive kynurenic acid is present mainly in astrocytes, neu-
rotoxic 3-hydroxykynurenine and excitotoxic quinolinic 
acid are found in microglial cells [31]. Besides directly 
targeting neurotransmitter receptors, the tryptophan me-
tabolites, in particular 3-hydroxykynurenine and 3-hy-
droxyanthranilic acid, are redox active, leading to further 
effects that impact brain physiology [31, 32]. Not surpris-
ingly, several enzymes are considered as important drug-
gable targets, also for CNS-related disorders (compre-
hensively reviewed elsewhere [7]).

Besides the manifold biological activities of trypto-
phan catabolites, activation of this pathway contributes to 
a nicotinamide nucleotide pool which is considered im-
portant in situations of dietary shortage, as under normal 
conditions food is the main source of this metabolite in 
mammals. Furthermore, kynurenine metabolites are in-
terlinked with other metabolic pathways, e.g., picolinic 
acid is involved in the intestinal absorption of zinc and 
quinolinic acid regulates gluconeogenesis by blocking 
phosphoenolpyruvate [33]. Thus, the modulation of the 
tryptophan-kynurenine pathway can be suggested as an 
indicator for a coherent metabolic shift.

Transport across Membranes
CNS concentrations of tryptophan derivatives are not 

isolated but linked to peripheral metabolite concentra-
tions. For the transport of tryptophan into the brain, the 
leucine-preferring system L1 large amino acid transport-
er (LAT1) is utilized in competition with the large neutral 
amino acids (LNAAs) [34]. Fukui et al. [1] reported on 
the uptake of several tryptophan metabolites in rat brains: 
L-kynurenine is also transported by the L-system, and the 
same carrier mediates the uptake of 3-hydroxykynuren-
ine, both competing with the brain transfer of L-leucine. 
Anthranilic acid is taken up by passive diffusion; this has 
also been shown for 3-hydroxykynurenine, kynurenic 
acid, and quinolinic acid, though less pronounced. While 
plasma protein-binding plays a role for several of the me-
tabolites, this is not the case for quinolinic acid.

Tryptophan, L-kynurenine, and 3-hydroxykynuren-
ine efficiently cross the BBB whereas serum concentra-
tions of the more polar compounds quinolinic acid, kyn-
urenic acid, and 3-hydroxyanthranilic acid are less rele-
vant for brain pools in conditions with an intact BBB [1, 
31]. A LAT1 independent efflux transport for kynuren-
ine has only recently been described, although the trans-
porter responsible here is not yet known [35]. Thus, kyn-
urenine concentrations are not only controlled by influ-
encing the metabolic rate (which is limited because the 
downstream processing machinery may be saturated, or 

the accumulating catabolites can become too toxic), but 
also through clearance mechanisms. The origin of tryp-
tophan metabolites in a compartment may change in the 
presence of inflammatory stimuli, as was observed in 
gerbils with systemic or CNS inflammation by using la-
beled metabolites and comparing local formation and 
transport [36]. In addition to cytokine-mediated induc-
tion of enzymatic activity, it is hypothesized that there is 
a major impact of systemic inflammation on the function 
of the BBB.

Tryptophan Serotonin Pathway
Tryptophan is also the precursor of 5-hydroxytrypta-

mine (serotonin), which is involved in the physiological 
regulation of several behavioral and neuroendocrine 
functions. In this way, enhanced IDO-1 activity may con-
tribute to mood-lowering when tryptophan availability 
becomes low during periods of immune activation [37]. 
In addition, serotonin is accepted as a substrate by IDO-1. 
In conditions that provoke prolonged high IDO-1 activ-
ity, not only brain tryptophan but also serotonin may be-
come destroyed. Unlike tryptophan, serotonin itself can-
not pass the BBB. If the immune activation process takes 
place primarily outside the brain, decreased tryptophan 
availability due to the accelerated breakdown may con-
tribute to serotonin deficiency in the brain. The effects on 
serotonergic neurotransmission may be somewhat re-
tarded when compared to the decrease of plasma trypto-
phan, and then become more severe when the pool of 
stored serotonin is exhausted. However, special attention 
must be paid to immune activation processes that develop 
directly in the brain, e.g., viral infections with encephali-
tis, Guillain-Barré syndrome [38], and neuroborreliosis, 
or brain tumors. 

The pineal gland-derived hormone melatonin is an 
end-product of the serotonin pathway, and it is important 
for the regulation of the circadian rhythm. Circadian mal-
function is associated with seasonal affective disorder and 
mood disturbances, and treatment options based on the 
modulation of melatonin concentrations have been a top-
ic of discussion [39]. Melatonin itself can promote IDO-1 
activity [40], which may represent a negative-feedback 
loop probably involved in the regulation of the circadian 
rhythm.

Of note, serotonin was first discovered in the gut which 
is the major source for this neurotransmitter in the pe-
riphery. About 95% of serotonin is synthesized and stored 
in the gastrointestinal tract, where it acts as a paracrine 
messenger to modulate sensation, secretion, and motility, 
and is also involved in appetite control [41, 42]. 
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Plasma Concentrations of Tryptophan and 
Kynurenine
Physiological concentrations of tryptophan and kyn-

urenine are usually kept in a relatively narrow range by 
hepatic tryptophan dioxygenase (TDO). So far, little is 
known about the TDO regulation, besides its substrate 
activation and stabilization by tryptophan, hormonal in-
duction by glucocorticoids, cofactor activation by heme, 
and feedback inhibition by NADPH [43]. Serum concen-
trations of tryptophan are in the range of 70 ± 10 µmol/L 
for males and 65 ± 10 µmol/L for females, as reported for 
a cohort of human healthy blood donors [44]. Gender-
specific differences of about 15% are in agreement with 
earlier reports [45]. Kynurenine concentrations are 
around 1.8 ± 0.4 µM and do not differ between genders, 
most likely due to the hepatic responses which stabilize 
the circulating concentrations of the metabolites. Ageing, 
which is associated with an increase of immune activa-
tion, also in otherwise-healthy individuals, affects trypto-
phan metabolism, giving rise to higher kynurenine and 
lower tryptophan concentrations that are often associat-
ed with neuropsychiatric symptoms [46].

Neopterin and Tetrahydrobiopterin

Neopterin Metabolism 
During cellular immune activation with IFN-γ as the 

major stimulus, enzyme GTP-cyclohydrolase (GTP-CH-
I) is induced, which synthesizes 7,8-dihydroneopterin tri-
phosphate from GTP. Further enzymatic conversion by 
6-pyruvoyl-tetrahydropterin synthase leads to the forma-
tion of 5,6,7,8-tetrahydrobiopterin (BH4), a cofactor for 
several mono-oxygenases [47].

While most cell types produce BH4 when GTP-CH-I is 
activated, in human monocytes/macrophages, the meta-
bolic route is directed towards the formation of neopterin 
and 7,8-dihydroneopterin [48] (Fig.  1). Neopterin and 
7,8-dihydroneopterin interfere with a variety of redox-reg-
ulated intracellular signaling pathways. Moreover, neopter-
in has emerged as an important diagnostic marker of cel-
lular immune activation in a variety of disorders associated 
with oxidative stress including CV, neurodegenerative, and 
tumor diseases, viral infections, and during allograft rejec-
tion [48]. In the course of a Th1-type immune reaction, ne-
opterin formation parallels IDO-1 activity [27, 49].

Serum concentrations of neopterin are in the range of 
5.9 ± 1.6 nmol/L in human healthy blood donors [44]. 
Like kynurenine and tryptophan concentrations, neop-
terin levels increase in the elderly [46].

BH4 and Its Role in Neurotransmitter Synthesis
BH4-dependent enzymes include tryptophan 5-hy-

droxylase (TPH), phenylalanine 4-hydroxylase (PAH), 
tyrosine 3-mono-oxygenase (alternative name: tyrosine 
3-hydroxylase; TH), nitric oxide synthase (NOS), and al-
kylglycerol mono-oxygenase [47, 50, 51] (Fig. 1, 2). BH4 
is sensitive to the oxidative condition that arises during 
immune activation and inflammation, and the activity of 
dependent enzymes is therefore reduced under oxidative 
stress (Fig. 1). Furthermore, xanthurenic acid, a metabo-
lite formed from 3-hydroxykynurenine [52], has been 
shown to inhibit sepiapterin reductase, the final enzyme 
in de novo BH4 synthesis [53].

Such interactions have important consequences for 
the generation of serotonergic neurotransmitters and cat-
echolamines. Dopamine, noradrenaline, and adrenaline 
are synthesized from tyrosine-derived L-DOPA. Both the 
conversion of phenylalanine to tyrosine and the following 
reaction to L-DOPA are BH4-dependent steps. The direct 
measurement of BH4 in clinical samples is somewhat 
hampered due to the oxidation-sensitive nature of this 
molecule. The phenylalanine-to-tyrosine ratio (Phe/Tyr) 
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5-Hydroxytryptamine (serotonin)
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TPHBH4
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Fig. 2. Tetrahydrobiopterin (BH4)-dependent enzymes are in-
volved in serotonergic and dopaminergic neurotransmitter syn-
thesis. TPH, tryptophan 5-hydroxylase; PAH, phenylalanine 4-hy-
droxylase; TH, tyrosine 3-mono-oxygenase.
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has been proposed as an estimate of BH4 levels [54], be-
cause phenylalanine and tyrosine can be regarded as 
more stable analytes than BH4. Serum concentrations of 
phenylalanine and tyrosine are in the range of 53–79 and 
61–116 µmol/L, respectively [44]. Of note, Phe/Tyr is also 
often increased in the elderly [55].

The cross-talk involving the different isoforms of NOS 
present in different cell types, the activating nature of 
IFN-γ signaling, and the suppressing nature of reactive 
oxygen species (ROS) provide a variety of interactions 
that are important for the temporal and spatial regulation 
of NO concentrations. NO is a gaseous signaling mole-
cule implicated in a broad range of processes, endothelial, 
neuronal, and immunological (reviewed elsewhere [56]). 
Importantly, it is able to inhibit IDO activity by reversibly 
binding to heme at the active site [57].

Impact of Nutrition and Lifestyle

In light of the above-described consequences of altered 
tryptophan and neopterin metabolism, it becomes obvi-
ous that the treatments or conditions which affect these 
metabolic routes may result in altered CNS function with 
mood-related, behavioral, and/or cognitive effects. More-
over, several in vitro and in vivo studies involving human 
primary cells and cell lines show that these pathways are 
highly susceptible to modulation by dietary constituents 
including phytochemicals, preservatives, colorants, and 
probiotics as well as by other lifestyle-related factors [11, 
58–60]. Both direct interfering activities as well as up-
stream regulatory events may be relevant. Already in 
2013, tryptophan metabolism was discussed due to its 
role as a mediator of environmental factors on cognition 
and behavior [9]. In line with this, the following sum-
mary on the modulation of the abovementioned pathway 
by a variety of nutritional and lifestyle-related factors fur-
ther underlines the role of IDO-mediated tryptophan ca-
tabolism as a pathway that is particular sensitive to envi-
ronmental influences [61].

Nutrition
As mentioned, for the transport of tryptophan into the 

brain, the leucine-preferring L1-system is important, in 
competition with LNAAs. In addition, there is evidence 
that eating carbohydrates along with protein can increase 
the tryptophan available to the brain [62]. When carbo-
hydrates are consumed, the body produces insulin which 
directs other amino acids to muscle tissue, but trypto-
phan remains in the bloodstream. Thus, competing ami-

no acids in the circulation decline and tryptophan more 
freely enters the brain. Taking pure tryptophan works in 
a qualitatively different way than when it is obtained from 
a food source [63].

Under inflammatory conditions, where peripheral 
tryptophan concentrations are low anyway, the kynuren-
ine transport via LAT1 becomes even more relevant. 
 L-leucine was shown to efficiently interfere with kyn-
urenine transport into the brain of lipopolysaccharide-
challenged mice, which could efficiently counteract de-
pressive-like behavior [35]. Another possibility is that the 
tryptophan concentration in the blood stream may in-
crease when the breakdown of the amino acid is counter-
acted. This can take place when the intake of compounds 
slows down inflammation and IDO-1 activity [59].

Food rich in antioxidant compounds could improve 
both serotonin and tryptophan status in the brain. These 
compounds counteract immune response and trypto-
phan breakdown by IDO, e.g., compounds like vitamin C 
and E, and also stilbene resveratrol and coffee flavonoids, 
were observed to slow down T cell activation and IFN-γ 
production in vitro in mitogen-stimulated human pe-
ripheral blood mononuclear cells (PBMC) from healthy 
donors, followed by lower activity of the downstream bio-
chemical pathways (like tryptophan breakdown) by IDO-
1 or neopterin production [64]. In CV disease, elevated 
neopterin concentrations were found to correlate with a 
decrease of the plasma antioxidants lycopene, lutein, and 
zeaxanthin, and the vitamins ascorbic acid and α-to-
copherol [65], so several metabolites could benefit from 
decreasing oxidative stress. An antioxidative milieu sta-
bilizes the oxidation-sensitive molecule BH4, thus affect-
ing the activity of BH4-dependent enzymes. 

Though the prediction of the net effects of dietary 
components of phytochemicals in humans based on in 
vitro data only is somewhat limited due to sometimes 
missing ADME (absorption, distribution, metabolism, 
and excretion) data, individual susceptibility, interfer-
ences with the microbiome, or interactions with other 
food components, some of the effects on tryptophan me-
tabolism and related pathways have been reported. In a 
pilot study with healthy volunteers who received a single 
dose of resveratrol administered orally after overnight 
fasting, the Kyn/Trp was found to be slightly but signifi-
cantly elevated, and tryptophan concentrations were de-
creased up to 5 h after the intervention [66]. Of note, res-
veratrol treatment in PBMC in vitro suppressed IDO-1 
activity dose-dependently under inflammatory condi-
tions; at low concentrations, a nonmonotonic response 
provoked an increased activity in otherwise-untreated 
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PBMC [67]. Similar results were obtained when investi-
gating the effect of the intake of regular black tea over a 
6-month period: plasma Kyn/Trp and kynurenine 
 concentrations increased in volunteers compared to the 
placebo group, while tryptophan and neopterin concen-
trations were not affected [68]. The tea-drinkers were 
healthy individuals, with no major illnesses and normal-
to- mildly elevated systolic blood pressure. In vitro, the 
stimulating effects of black tea were also shown on other-
wise-unstimulated PBMC, reflected by the elevation of 
neopterin concentrations [69].

Though polyphenol-rich food/beverages and phyto-
chemicals such as resveratrol are generally considered to 
act as antioxidants, the data suggest that the net effect de-
pends on an individual’s immune status, being immuno-
stimulatory in healthy individuals while a dampening of 
responses may occur on an inflammatory background. 

Microbiome and Probiotics
The importance of tryptophan metabolism in the 

cross-talk of gut and microbiome was addressed in a 
 recent study by Laurans et al. [70], who reported amelio-
rating effects on obesity, liver steatosis, and insulin sensi-
tivity in the absence of IDO-1 activity in mice, which were 
mediated by microbiota-dependent production of inter-
leukin 22. In addition, microbiota can be a source of tryp-
tophan and tryptophan-derived metabolites, some of 
which can be transported across membranes [71], and of 
neurotransmitters and precursors such as noradrenalin, 
γ-aminobutyric acid (GABA), and other neuroactive sub-
stances [72]. Thus, interferences with the microbiome are 
likely to influence the gut-brain axis.

No major effects regarding exercise-induced Kyn/
Trp and neopterin concentrations were reported in a 
study with trained athletes receiving probiotics com-
pared to those receiving placebo [73]. Though trypto-
phan degradation rates were somewhat lower in sub-
jects supplemented with probiotics, this effect was not 
significant; however, there was a reduced incidence of 
upper respiratory tract infections compared to the pla-
cebo group [73]. However, probiotic supplementation 
provoked an increase in neopterin concentrations and 
a subclinical increase in neutrophil resting burst com-
pared to treatment with placebo in patients with liver 
cirrhosis who suffered from intestinal dysbiosis and 
pro-inflammatory conditions [74]. Serum kynurenine 
concentrations increased slightly but significantly in 
AD patients treated with probiotics [75]. The influence 
of gut microbiome composition on neuropsychiatric 
conditions like anxiety, depression, cognition, and 

 autism spectrum disorder is largely accepted, likewise 
that there is a link between gut-derived signals and 
healthy brain development but also with the progres-
sion of neurological disorders [76]. The leaky gut syn-
drome, an increase of the intestinal barrier permeabil-
ity allowing the entry of microbes and metabolites into 
the bloodstream, is associated with AD pathogenesis 
and provides a mechanistic explanation for this con-
nection [77].

Though the abovementioned studies are limited due to 
small samples, these preliminary data indicates that, par-
ticularly in patients likely suffering from leaky gut syn-
drome on probiotic treatments, personalized monitoring 
is required, as the consequences of the observed immu-
nostimulatory effects have not yet been fully clarified. 
Like with phytochemicals, the effects seem to be highly 
dependent on an individual’s immune status and epithe-
lial barrier function. The type of probiotic and the treat-
ment duration also play a role here.

Exercise
In line with an augmentation of oxidative metabolism, 

an increase of tryptophan catabolism and neopterin for-
mation has been observed with different types of exercise 
[11, 78]. Trying to explain the beneficial effects of physi-
cal exercise on a metabolic level, Lewis et al. [79] gener-
ated a metabolic signature of exercise detectable in the 
plasma, which indicated an exercise-induced metabolic 
shift towards glycogenolyis, lipolysis, effects on tricar-
boxylic acid, insulin sensitivity, and fatty acid oxidation. 
In addition to the expected catabolic consequences seen 
with a decreased tryptophan concentration, marathon 
running resulted in an increased kynurenate concentra-
tion [79]. Exercise-induced increased expression of kyn-
urenine aminotransferase, which is mediated by the per-
oxisome proliferator-activated receptor (PPAR)-γ coact-
ivator (PGC)-1α (a key transcriptional coactivator in 
energy metabolism), was shown to contribute to the low-
ering of the plasma kynurenine concentration in mice 
[80].

Phenylalanine catabolism may also be driven by 
 exercise, and increased substrate availability for dopami-
nergic neurotransmission could counteract negative con-
sequences on mood resulting from accelerated trypto-
phan breakdown, though such effects may depend on the 
type and duration of the training [11]. It is well estab-
lished that prolonged exhaustive/endurance exercise can 
be associated with immunosuppression as well as low 
mood and depression, which may be explained that the 
short time lowering of neurotransmitter precursors can 
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be  counterregulated, while the exercise-driven continu-
ous catabolic reaction will negatively impact psychoneu-
roimmunological circuits.

Interpreting Metabolic Changes
It is important to take into account that, under certain 

conditions, the interpretation of changes in Kyn/Trp and 
neopterin concentrations may differ. For example, in chil-
dren with persistent IgE-mediated food allergy, trypto-
phan concentration was higher and Kyn/Trp lower than 
in healthy, age-matched controls, but kynurenine concen-
trations were not different [81]. This may relate to the loss 
of tolerance due to lowered IDO-1 activity. Furthermore, 
cultures of PBMC from patients with different phenotypes 
of cow’s milk allergy showed distinct cytokine responses 
after treatment with casein and β-lactoglobulin [81].

A higher tryptophan concentration despite a minor 
 affected Kyn/Trp has also been reported in patients suffer-
ing from allergic rhinitis [82]. An increased concentration 
of NO, as observed in asthma and allergic rhinitis patients, 
may be responsible here and is due to the specific blockage 
of IDO-1 activity [83]. Interestingly, an elevated serotonin 
concentration, associated with behavioral symptoms, has 
been reported in pollinosis patients [84].

In a study on obese/overweight juveniles and a nor-
mal-weight, age-matched control population, it was 
 observed that in the obese juveniles, early vascular burden 
and chronic low-grade inflammation were already pres-
ent and concentrations of C-reactive protein were in-
creased, but there was a decrease of neopterin compared 
to in the healthy population [85]. In addition, a lower 
Kyn/Trp has been reported in overweight/obese juvenile 
males but not in females aged ≤18 years. This is a major 
difference when compared to overweight adults and adult 
patients with metabolic syndrome who show elevated 
Kyn/Trp [86], or adults at a risk of CV disease in whom 
Kyn/Trp and neopterin concentrations are elevated [65, 
87]. The reason for the lower neopterin and Kyn/Trp lev-
els in obese (male) juveniles has not yet been determined 
on the molecular level, although the potential implica-
tions of an excessive uptake of food antioxidants has been 
discussed. An influence of elevated nitrite concentrations 
might also provide a reasonable explanation in such 
 patients because it is well known that NO is increased in 
certain allergies and inhibits IDO-1 [88].

These examples further highlight that individual im-
mune status varies substantially in the general popula-
tion, which adds another degree of complexity when 
 trying to interpret personalized tryptophan metabolite 
concentrations in clinical settings. 

Therapeutic and Diagnostic Options
Dietary interventions to increase tryptophan have 

been used to study the metabolism for a long time, and 
nutritional interventions to modulate these pathways 
hold great therapeutic potential, particularly for long-
term treatment. Supplementation of tryptophan is sug-
gested to be less effective as the net effect of the high 
 tryptophan is widely lost when it must compete with 
LNAAs for BBB transport. However, as discussed above, 
the modulation of serum tryptophan breakdown rates by 
nutritional constituents or probiotics may be a feasible 
way to attain long-term changes. 

Moreover, specific interventions can also be used for 
diagnostic purposes, e.g., for acute tryptophan depletion 
(ADT), a neurodietary, short-term, physiological sero-
tonin precursor-related challenge test, consisting of the 
administration of a cocktail of LNAAs and a lack of tryp-
tophan, results in a decreased tryptophan concentration 
in the circulation and brain a few hours after treatment. 
The antidepressant action of ADT was the aim of studies 
in the 1980s and 1990s and is currently again in focus 
[89–91]. 

Conclusion

Maintenance of the tryptophan-kynurenine balance 
seems to be critical for the physiological homeostasis. 
The same is true for neopterin concentration. Both are 
indicators of individual immunological status. How-
ever, a variety of physiological, lifestyle, nutritional, and 
environmental factors affects tryptophan metabolism 
and the related metabolic pathways. Though the organ-
ism can balance slight and temporarily limited increases 
or decreases in these metabolites, long-term perturba-
tion may be associated with more severe symptoms. The 
observations reported in this review are limited because 
the main focus was the effect of metabolic changes, ob-
servable in the plasma or urine. However, the connec-
tion of peripheral and brain metabolite concentrations 
has been explained. Other drug-induced changes were 
not included in the discussion. Indeed, several enzymes 
in the tryptophan-kynurenine pathway are under inves-
tigation as promising drug targets with potential appli-
cation for the treatment of metabolic, neurodegenera-
tive, and psychiatric disorders as well as cancer. Suscep-
tibility to the modulation of tryptophan breakdown and 
the related pathways, due to a variety of different factors, 
is a further challenge for these drug-targeting approach-
es as, most likely, such interventions require a profound 
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knowledge of disease development combined with a 
strict personalized monitoring so as not to risk a com-
plete blocking of activities that are potentially necessary 
to reobtain homeostasis. However, this high susceptibil-
ity also holds great potential for less specific interven-
tions, such as dietary and physical (exercise-based) in-
terventions.
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