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The gut-brain axis (GBA) is a bilateral communication network between the gastrointestinal (Gl) tract and the central nervous system. The essential
amino acid tryptophan contributes to the normal growth and health of both animals and humans and, importantly, exerts modulatory functions at
multiple levels of the GBA. Tryptophan is the sole precursor of serotonin, which is a key monoamine neurotransmitter participating in the modulation
of central neurotransmission and enteric physiological function. In addition, tryptophan can be metabolized into kynurenine, tryptamine, and
indole, thereby modulating neuroendocrine and intestinal immune responses. The gut microbial influence on tryptophan metabolism emerges as
animportant driving force in modulating tryptophan metabolism. Here, we focus on the potential role of tryptophan metabolism in the modulation
of brain function by the gut microbiota. We start by outlining existing knowledge on tryptophan metabolism, including serotonin synthesis
and degradation pathways of the host, and summarize recent advances in demonstrating the influence of the gut microbiota on tryptophan
metabolism. The latest evidence revealing those mechanisms by which the gut microbiota modulates tryptophan metabolism, with subsequent
effects on brain function, is reviewed. Finally, the potential modulation of intestinal tryptophan metabolism as a therapeutic option for brain and Gl
functional disorders is also discussed. Adv Nutr 2020;11:709-723.
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gut microbiota have been implicated in functional disorders
of the GBA, such as irritable bowel syndrome (IBS) (4, 5) and

Introduction
The bidirectional crosstalk between the central nervous

system (CNS), enteric nervous system (ENS), and the
gastrointestinal (GI) tract is referred to as the gut-brain axis
(GBA). Accumulating evidence supports the theory that the
gut microbiota plays an important role in the modulation of
the GBA by directly or indirectly affecting the production of
metabolites (1-3). In line with this notion, disturbances of the
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neuropsychiatric disorders [e.g., autism spectrum disorder
(ASD) and major depression] (6-8). Therefore, we previously
proposed that the gut microbiota is the brain peacekeeper (9).

Tryptophan is an essential amino acid being utilized for
protein synthesis and, thereby, affecting the growth and
health of both animals and humans. In addition to serving
as a nutrient, accumulating evidence has revealed that
changes in the gut microbiota composition affect the GBA by
modulating the tryptophan metabolism (10-12). Moreover,
products of the tryptophan metabolism, such as serotonin,
kynurenines, tryptamine, and indolic compounds, have
profound effects on the interaction between gut microbiota
and the GBA (13-15). However, due to the complexity
of this crosstalk, the mechanistic role of the tryptophan
metabolism along the GBA is still being elucidated. In this
review, we summarize the potential role of tryptophan and its
metabolites as signaling molecules between gut microbiota
and brain functions.
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Host Tryptophan Metabolism

As an essential amino acid for animals and humans, tryp-
tophan is mainly derived from the diet (16). The digestion
of dietary proteins in the small intestine leads to the release
of tryptophan, which can be absorbed through intestinal
epithelium and enter the bloodstream (17, 18). Unlike other
amino acids, tryptophan circulates in the blood and is mainly
bound to albumin, while merely 10-20% of tryptophan is
free-form in blood circulation. An important physiological
function of free tryptophan is the contribution to host protein
synthesis (19). The net balance of tryptophan across the
portal-drained viscera in animals during the growing period
has been thoroughly reviewed previously (20). However,
the proportion of free tryptophan being incorporated into
proteins varies considerably, which may be attributed to
various aspects. On the one hand, tryptophan serves as a
sole precursor for the biosynthesis of the neuroendocrine
transmitter serotonin and, subsequently, a pineal hormone
called melatonin (21); on the other hand, tryptophan in the
host can be degraded through the kynurenine pathway (22).
In addition, vitamin B6 is an important enzyme cofactor in
the tryptophan metabolism (23). The tryptophan availability
can be altered in a vitamin B6-dependent manner, as
evidenced by an impairment of the tryptophan metabolism
after a vitamin B6 deficiency (24).

Host Serotonin Synthesis by Tryptophan
Serotonin (5-hydroxytryptamine) is a monoamine molecule
that is synthesized from tryptophan. In the CNS, serotonin
acts as a key neurotransmitter that is involved in the
modulation of emotional control, food intake, sleep, and pain
processing (25). However, central serotonin only accounts
for a small proportion of the body’s total serotonin. Over
90% of serotonin is located in the GI tract (especially in
the hindgut), and serotonin is mainly produced from ente-
rochromafhin cells (ECs) (26). Under normal physiological
conditions, peripheral serotonin cannot cross the blood-
brain barrier (BBB) (22), pointing to distinct pools of central
and peripheral serotonin.

Despite the differences in the availability of serotonin
along the GBA, the synthetic processes of serotonin in the
CNS and the gut are in a tryptophan hydroxylase (TPH)-
dependent manner (Figure 1), as has been thoroughly
reviewed (21). TPH exists in 2 isoforms: TPH1 is mainly
expressed in the ECs and TPH2 is locally expressed in the
brain (25). TPH expressions can be influenced by many
factors, such as p-chloroamphetamine (27) and tryptophan
excess (28). Interestingly, the dysregulated expression of
TPHs is revealed in the psychiatric and GI functional
disorders, such as anxiety and IBS (29, 30), suggesting
the importance of TPH in the modulation of serotonin
availability and its functional consequences.

Host Tryptophan Oxidation Through the
Kynurenine Pathway

More than 90% of total tryptophan is oxidized, via the
kynurenine pathway, into kynurenine in the liver (31).
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This kynurenine pathway exerts a primary role in affecting
tryptophan availability by the clearance of excess tryptophan.
The tryptophan metabolism along the kynurenine pathway
is mainly initialized by the induction of either of the rate-
limiting enzyme indoleamine-2,3-dioxygenase (IDO) or by
tryptophan 2,3-dioxygenase (TDO; Figure 1). While IDO
exists in various organs, such as the brain, GI tract, and
liver, TDO is almost entirely expressed in the liver (21).
IDO can be activated in response to immune stimuli,
with interferon-gamma being the most efficient inducer.
Among other inflammatory conditions, overexpression of
IDO can be observed in the colonic mucosa of patients with
inflammatory bowel disease (32). TDO activity is regulated
by tryptophan’s availability, with its activity being relatively
stable, while stress-induced changes in the expression of
TDO in the liver are primarily influenced by the activation of
the hypothalamic-pituitary-adrenal axis through the action
of glucocorticoids (33).

Once kynurenine is produced, it is further metabolized
through 2 distinct pathways: kynurenic acid (KYNA) and
quinolinic acid (QUIN) pathways (Figure 1) (31). These
metabolites, which are produced from the kynurenine
pathway and referred to as “kynurenines,” not only are
inflammatory mediators, but can also cross the BBB to reach
the CNS; therefore, they are regarded as neuromodulators
in diverse physiological and pathological processes of brain
and GI functional disorders (34). In particular, KYNA
is considered as a neuroprotective N-methyl D-aspartate
(NMDA) receptor antagonist, while QUIN is regarded as
a neurotoxic NMDA receptor agonist (35). The imbalance
between the neurotoxic and neuroprotective properties of
kynurenines—the KYNA to QUIN ratio, in particular—
receives the most attention in patients with brain functional
disorders, such as depression (36, 37). Furthermore, QUIN
can be converted into niacin and NAD as primary end
products (31).

The Gut Microbiota: A Driving Force of the
Intestinal Tryptophan Metabolism

Accumulating evidence reveals that the complex commensal
microbes that inhabit the mammalian GI tract have versatile
impacts on intestinal tryptophan availability (10, 12, 38), thus
being considered collectively as a driving force affecting the
tryptophan metabolism in the gut.

Microbial Tryptophan Degradation

Although the majority of tryptophan derived from ingested
protein is absorbed in the small intestine, a certain amount
of tryptophan can still reach the large intestine, where
it is degraded by a range of commensal microbes (16).
Tryptamine, a monoamine that is structurally similar to
serotonin, can be generated from the decarboxylation of
tryptophan by tryptophan decarboxylases (TrpDs) from
commensal bacteria (22). In comparison with conventional
mice, germ-free (GF) mice lacking all microorganisms
exhibit reduced levels of tryptamine in the gut (39), in line
with increased levels of tryptophan in blood circulation (15),
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FIGURE 1 Overview of host tryptophan metabolism via serotonin synthesis and degradation pathway. The key metabolites and
enzymes during tryptophan metabolism are presented. AADC, aromatic L-amino acid decarboxylase; AANAT, aralkylamine
N-acetyltransfer; ASMT, acetylserotonin O-methyltransferase; IDO, indoleamine 2,3-dioxygenase; KMO, kynurenine 3-monooxygenase;
KYN, kynurenine; KYNA, kynurenic acid; NAD, nicotinamide adenine dinucleotides; NAS, N-acetyl-serotonin; QUIN, quinolinic acid; TDO,
tryptophan 2,3-dioxygenase; Tph1/2, tryptophan hydroxylase 1/2; 3HANA, 3-hydroxyanthranilic acid; 3-HK, 3-hydroxykynurenine; 5-HTP,

5-hydroxytryptophan.

suggesting that the gut microbiota participates in the modu-
lation of gut tryptophan decarboxylation. A previous study
demonstrated that at least 10% of the human population
harbors at least 1 bacterium encoding a TrpD in their gut
community (40). In particular, some bacteria belonging to
Clostridium, Ruminococcus, Blautia, and Lactobacillus have
been identified as being able to convert tryptophan to
tryptamine in a TrpD-dependent manner (40).

Tryptophan can also be metabolized by the gut microbiota
into indole and its derivatives, such as indole-3-aldehyde
(IAld), indole-3-acetic-acid (IAA) and indole-3-propionic
acid (IPA; Figure 2) (22). Indole formation from tryptophan
occurs through the activation of the enzyme tryptophanase
(TnaA), which can be found in many Gram-negative and
Gram-positive bacterial species, including Escherichia coli,
Clostridium sp., and Bacteroides sp. (41, 42). IAA is formed
from indole-acetamide, which is converted from tryptophan
by tryptophan monooxygenase of bacteria, such as Clostrid-
ium, Bacteroides, and Bifidobacterium (42, 43). In addition,
tryptophan can be converted to the intermediate indole-
3-lactic acid (ILA) by some bacteria belonging to Lacto-
bacillus and Bifidobacterium through the aromatic amino
acid aminotransferase and indolelactic acid dehydrogenase-
dependent pathway (44, 45). Furthermore, some bacteria,
including Clostridum and Peptostreptococcus, have been
reported to convert ILA to IPA in the presence of the
phenyllactate dehydratase gene cluster (fldAIBC) (40, 46).

Microbial Modulation of the Serotonin
Synthesis Pathway

The modulation of the peripheral serotonin pool by com-
mensal microbiota is revealed in multiple ways. On the one
hand, endogenous serotonin in the gut is mainly released
from ECs in response to a number of stimuli (26). Previ-
ous studies have demonstrated that commensal bacteria—
especially spore-forming bacteria of the mouse and human
microbiota—promote serotonin biosynthesis in colonic ECs
via a metabolite/cell component-dependent mechanism
(47, 48). On the other hand, commensal microbiota can
directly utilize luminal tryptophan for serotonin synthesis.

Several bacteria belonging to Lactococcus, Lactobacillus,
Streptococcus, Escherichia coli, and Klebsiella have been
reported to be able to produce serotonin by expressing
tryptophan synthetase (21). Furthermore, a recent study
using GF mice recolonized with specific pathogen-free fecal
microbiota revealed that a small but significant amount of
serotonin is also produced in the lumen by commensal mi-
crobiota from the deconjugation of glucuronide-conjugated
serotonin, which is excreted in the gut via the bile duct,
through a bacterial enzyme g-glucuronidase-dependent way
(49).

Microbial Modulation of the Kynurenine
Pathway

The kynurenine pathway is modulated by inflammatory
mediators, given that the enzymes within this pathway,
especially IDOs, are immunoresponsive (34). It is well
known that through the bidirectional crosstalk between the
microbiota and immune system, microbial colonization plays
an instrumental role in the development of the intestinal
immune response of the host (50). Thus, mice lacking gut
microbiota exhibit an innate immune system deficiency. In
comparison with conventional mice, GF mice show reduced
tryptophan degradation through the kynurenine pathway,
with higher tryptophan availability and lower kynurenine
levels in blood circulation (15, 51). Furthermore, circulat-
ing levels of tryptophan and kynurenine are normalized
following microbial colonization of mice immediately post-
weaning (15).

Innate immunity constitutes the first line of defense
against pathogens by responding to pathogen-associated
molecular pattern molecules. These microbial molecules are
recognized by pattern recognition receptors, including Toll-
like receptors (TLRs). Furthermore, dynamic interactions
between the gut microbiota and the innate immune system
are critical for the gut microbial community and intestinal
homeostasis (9). The activation of TLRs by microbial compo-
nents, such as LPS and lipoteichoic acids, has been identified
as a key factor in initiating the tryptophan metabolism
through the kynurenine pathway, and the stimulation of
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FIGURE 2 The modulation of tryptophan metabolism by gut microbiota. The key modulatory pathways in the microbial modulation of
tryptophan metabolism are presented. AhR, aryl hydrocarbon receptor; ArAT, aromatic amino acid transaminase; ECs, enterochromaffin
cells; flIdBC, phenyllactate dehydratase; IA, indole acrylic acid; IAA, indole-3-acetic acid; IAld, indole-3-aldehyde; IAM, indole-3-acetamide;
IDO, indoleamine 2,3-dioxygenase; ILA, indole-3-lactic acid; ILDH, indolelactic acid dehydrogenase; IP, indole-3-pyruvate; IPA,
indolic-3-propionic acid; LPS, lipopolysaccharides; LTA, lipoteichoic acid; SCFA, short-chain fatty acid; TLR, toll-like receptor; TMO,
tryptophan-2-monooxygenase; TnaA, tryptophanase; TrpD, tryptophan decarboxylase.

TLR-2, TLR-3, TLR-4, TLR-7/8, and TLR-9 has been found
to induce the production of kynurenine. Interestingly, only
the stimulation of TLR-3 can increase levels of further
downstream neuroactive kynurenines, such as KYNA and
QUIN, in human peripheral monocytes (52).

In addition, several metabolites produced by gut mi-
crobes, such as SCFAs, especially butyrate, are also recog-
nized to modulate the kynurenine pathway (34). Among
SCFAs, butyrate is considered as a primary energy source
for enterocytes, and also as vital for the down-regulation
of intestinal IDO expression via dual mechanisms (53).
Firstly, butyrate can reduce signal transducer and activator
of transcription 1 (STAT1) expression, leading to the in-
hibition of the IFN-gamma-dependent phosphorylation of
STAT1 and, subsequently, the STAT1-driven transcriptional
activity of IDO. Secondly, butyrate downregulates IDO
transcription by acting as a histone deacetylase (HDAC)
inhibitor (53). By the inhibition of IDO activity, butyrate
suppresses kynurenine production from tryptophan (34).
SCFAs are the major products from microbial carbohydrate
metabolization (54); thus, they point to an important role of
microbial carbohydrate metabolism in the modulation of the
kynurenine pathway in the gut.

Targeting the Gut Microbiota: A Potential
Approach to Balance the Tryptophan
Metabolism

Increasing evidence from studies in animal models suggests
that the luminal tryptophan can be metabolized by the
gut microbiota, which further limits its availability for
the host (10, 12, 39). Therefore, the manipulation of the
gut microbiota could play a crucial role in determining
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the tryptophan availability for the host by balancing the
microbial tryptophan metabolism and, thereby, serotonin
production and tryptophan degradation pathways (Table 1).

Antibiotics

Oral antibiotics are able to reshape the gut microbiota
composition and metabolism. Oral treatment with broad-
spectrum antibiotics results in the depletion of the gut
microbiota and reduced colonic serotonin levels, which, in
turn, delay colonic motility in mice (38). As evidenced by
the down-regulation of the key synthase TPH1 in the colon
(38), this study points to the possible role of commensal
microbiota in the modulation of the intestinal serotonin
synthesis. Microbial manipulation by antibiotics is reported
to affect the kynurenine pathway, as antibiotic-induced
microbiota depletion leads to an increased circulating
tryptophan availability and reduced metabolism along the
peripheral kynurenine pathway in mice (51) and pigs (55). In
addition, several studies have shown that antibiotic-induced
gut microbial alterations also favor the microbial tryptophan
degradation pathway in pigs (54, 56). Along with increased
circulating tryptophan levels, the oral administration of
antibiotics reduces tryptophan availability in the jejunum
and decreases microbial tryptophan decarboxylation activity
in the large intestines of pigs (18). Furthermore, oral
antibiotic administration increases the levels of indole and
indolic compounds in the large intestines of pigs (54, 56).
Interestingly, a recent study revealed that the ileal terminal
infusion of broad-spectrum antibiotics specifically targeting
the large intestinal microbiota results in decreased levels of
tryptophan in blood circulation, and enhanced microbial
tryptophan degradation, with increased levels of indole
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in the large intestine (12). Contrary to previous findings
(18, 51, 55), the findings in this study (12) point to a distinct
role of the large intestinal microbiota in modulating the tryp-
tophan metabolism in response to antibiotic manipulation.

Probiotics

Probiotics, such as bacteria belonging to the genera Lacto-
bacillus and Bifidobacterium, are reported to exert beneficial
effects on the tryptophan metabolism (22). On the one
hand, as mentioned above, probiotics, such as species within
Lactobacillus and Bifidobacterium, can directly convert tryp-
tophan into serotonin (21). On the other hand, some
probiotic Lactobacillus strains, such as Lactobacillus casei
327, can indirectly promote colonic serotonin synthesis by
increasing TPHI1 expression (57). All these ways would
affect the peripheral serotonin pool. In addition, several
probiotic species are closely involved in the modulation of the
kynurenine pathway. In line with increased serum serotonin
levels, oral treatment with Lactobacillus johnsonii cell-free
supernatant in rats also results in decreased kynurenine
levels in the serum, along with reduced intestinal IDO
activity (58). A strong trend toward decreased serum levels
of kynurenine, along with increased amounts of tryptophan,
was observed in humans with the oral administration
of Lactobacillus johnsonii for 8 weeks (59). A previous
study also revealed that probiotic Bifidobacteria infantis
administration in rats results in increased tryptophan levels,
with a decreased kynurenine to tryptophan ratio in blood
circulation (60). These studies indicate that some probiotic
species belonging to Lactobacillus and Bifidobacterium may
shift the host tryptophan metabolism by suppressing the
kynurenine pathway. Furthermore, some bacteria belonging
to Lactobacillus are reported to be able to degrade tryptophan
into indolic compounds, such as IAld, ILA, and IAA (44, 61).
The oral administration of 3 tryptophan-metabolizing Lacto-
bacillus strains to colitis-susceptible mice promote microbial
tryptophan metabolism aryl hydrocarbon receptor (Ah)-
dependent signaling, thereby influencing the peripheral tryp-
tophan availability (62). Although the mechanisms whereby
the manipulation of the gut microbiota affect the tryptophan
metabolism pathways are not yet fully understood, targeting
the gut microbiota can be a promising approach for the
modulation of the tryptophan metabolism.

Nutrients

Diets are regarded as important factors to shape the mi-
crobial tryptophan metabolism (63). For instance, a recent
study revealed that a high-fat diet depletes the microbial
metabolites JAA and tryptamine in the cecum of mice
(64), suggesting that the microbial tryptophan degradation
pathway can be attenuated under a high-fat diet. Breast milk
not only acts as a sole source of early life nourishment but also
contributes to the maturation of gut microbiota in the host
(65). Interestingly, a previous study found that formula milk-
induced alterations in gut microbiota shift the tryptophan
metabolism from serotonin to tryptamine in the neonatal
porcine colon (66).

Furthermore, the rate of the microbial tryptophan
metabolism can be affected by changes in the luminal
availability of nutrients, such as carbohydrates. As evidenced
by a previous in vitro study, a strain of a tryptophan-utilizing
bacterium isolated from piglet feces uses tryptophan for
bacterial protein synthesis with a digestible carbohydrate
(glucose) as a substrate, while indigestible carbohydrates
[fructooligosaccharides, (FOS)] are a substrate for indole
production (67). In addition, increasing carbohydrate avail-
ability by adding indigestible carbohydrates, such as FOS
and resistant starch, facilitates the carbohydrate metabolism,
leading to increased SCFA production while reducing tryp-
tophan degradation and indolic compounds in the large
intestine of piglets (68, 69). Consistently, increasing large
intestinal carbohydrate availability by cecal starch infusion is
demonstrated to suppress the microbial tryptophan degra-
dation, which leads to increased tryptophan levels in the
large intestine and further in the serum (10). These studies
suggest that increasing carbohydrate availability suppresses
microbial tryptophan degradation in the gut, which would
further affect the circulating tryptophan pool. In contrast,
increasing carbohydrate availability promotes the intestinal
serotonin synthesis associated with increased GI transit, as
reported by a previous study in mice with oral polysaccharide
administration (63). The enhanced production of microbial
SCFAs can be involved in this process, given that they have
been demonstrated to stimulate the serotonin release in the
colonic ECs (70).

The luminal tryptophan availability is another direct
factor influencing the microbial tryptophan metabolism
(21, 34). The depletion of host tryptophan resulting from
IDO activation or dietary restriction can reduce microbial
proliferation, especially bacteria within Lactobacillus (61),
some of which are reported to be tryptophan-utilizing bac-
teria (21, 40). Restoring tryptophan levels by dietary feeding
selectively resulted in the expansion of Lactobacillus, which
further led to enhancement in the microbial tryptophan
metabolism with increased IAld (61). Given that tryptophan
would also be absorbed by host directly, the complex
crosstalk among the gut microbiota, luminal tryptophan
availability, and host tryptophan metabolism requires further
investigation.

Tryptophan Metabolism in the Gut-Brain Axis
Increasing evidence points to a prominent role for the gut
microbiota in shaping the GBA (9, 71). Alterations in the gut
microbiota composition and metabolic activities are closely
associated with changes in brain functions and behaviors
(2, 12, 51). Recent evidence suggests that tryptophan and
relevant metabolites play a central role in the crosstalk
between the gut microbiota and brain (Table 2) (22).

Serotonin and the Gut-Brain Axis

During CNS development, serotonin plays an important
role in the modulation of neuronal differentiation and
migration, as well as axonal outgrowth, myelination, and
synapse formation (21). Since peripheral serotonin cannot
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pass through the BBB, central serotonin is synthesized from
tryptophan, which gets transported through the BBB from
blood circulation (25). In comparison with conventional
mice, GF mice lacking gut microbiota exhibit enhanced
anxiety-like behaviors and higher levels of serotonin in the
hippocampus, in line with a higher concentration of the pre-
cursor tryptophan in blood circulation (15). These findings
suggest a humoral route through which the gut microbiota
can influence CNS serotonergic neurotransmission. Recent
studies further provide clear evidence that alterations of the
gut microbial tryptophan metabolism influence peripheral
tryptophan availability, affecting central tryptophan levels
and, thereby, leading to changes in the central serotonin
metabolism (10-12). Apart from controlling the tryptophan
availability, gut microbiota exhibit various other pathways
through which they modulate central serotonin synthesis.
Thus, the microbial metabolites SCFAs, especially butyrate,
which can be transported into blood circulation, are reported
to exert neuroprotective effects in stressed mice by increasing
the brain serotonin concentration and restoring BBB im-
pairments (72). In addition, inflammatory stimuli, such as
LPS, the major components of the outer membrane of Gram-
negative bacteria, have been revealed to decrease serotonin
levels in the prefrontal cortices of mice (73). This may be
due to an LPS-induced immune response, which enforces the
kynurenine pathway through the activation of IDO, thereby
hampering serotonin synthesis (74).

Interestingly, increased anxiety and an elevated circulating
tryptophan availability in GF mice can be restored to normal
values following colonization of the gut microbiota, while
the increased serotonin levels cannot be normalized in GF
mice post-weaning (15). These findings point to a complex
network controlling the central serotonin metabolism, in-
volving the serotonin-selective reuptake transporter (SERT)
and serotonin turnover into 5-hydroxyindoleacetic acid by
monoamine oxidase (MAO) (21). Along with the decrease in
the central levels of serotonin and its precursor tryptophan,
the antibiotic-induced alterations in the large intestinal
microbiota are associated with increased expression of SERT
and MAO in the hypothalami of piglets (12). These findings
indicate that the enhanced serotonin metabolism, as reflected
by increased SERT and MAO expression, may contribute
to the decrease in central serotonin levels following gut
dysbiosis.

During ENS development, serotonergic neurons are
among the first to be present in the ENS, where they
impact on neurogenesis and guide the development and
survival of neurons (21). A previous study revealed that the
colonization of GF mice with microbiota from conventional
mice modifies the neuroanatomy of the ENS and enhanced
intestinal transit, which is associated with increased neuronal
and mucosal serotonin production and the proliferation of
enteric neuronal progenitors in the adult intestine (75). The
activation of the 5-hydroxytryptamine, (5-HT,) receptor in
the ENS is linked to adult neurogenesis and neuroprotection
(76). The pharmacological modulation of the 5-HT, receptor
identifies a mechanistic link between the gut microbiota

and maturation of the adult ENS through the serotonin-
dependent activation of the 5-HT, receptor (75).

Kynurenine and the Gut-Brain Axis

As noted above, the kynurenine pathway is the major route of
tryptophan degradation. This pathway is of interest not only
because it modulates serotonin availability, but also due to
the strong evidence implicating the kynurenine pathway in
behavioral and cognitive symptoms of neurological disease
(31). Thus, dysregulation between serotonin synthesis and
the kynurenine pathway influences neuropsychiatric disor-
ders, such as depression (34). Once kynurenine is produced,
it can be further metabolized along 2 distinct arms of the
pathway, with neuroactive KYNA and QUIN being the major
products. KYNA can be neuroprotective against QUIN-
induced excitotoxicity, while it can also induce cognitive
impairments when excessively elevated (34). Therefore, in
addition to limiting the tryptophan availability for central
serotonin synthesis, activation of the kynurenine pathway
also plays an important role in the modulation of brain func-
tions by producing downstream neurotoxic/neuroprotective
metabolites. Furthermore, kynurenine is an Ah-ligand: a
receptor that could play vital roles in neuroinflammatory
processes, as well as neuropsychiatric disorders (14, 77).

Notably, central kynurenine accumulation results in be-
havioral, learning, and memory deficits in rodents (78).
In contrast, gut microbiota—depleted mice exhibit cognitive
deficits, as well as reduced anxiety-like behavior, accom-
panied by higher levels of tryptophan and lower levels of
kynurenine in plasma (51). Furthermore, mice receiving
gut microbiota from depressed patients exhibit increased
anxiety-like behaviors, in line with higher kynurenine levels
and an increased kynurenine to tryptophan ratio in blood cir-
culation (7). Oral administration of the probiotic Bifidobac-
terium infantis leads to increased circulating tryptophan and
KYNA concentrations (60). Similarly, mice infected with
Toxoplasma gondiido, an intracellular protozoan parasite,
have elevated levels of kynurenine, KYNA, and QUIN in the
brain (79). A recent study further reveals that the antho-
cyanins attenuate neuroinflammation and neurobehavioral
changes in rats in response to high fat-induced obesity, by
modulating some of the features of diet-induced dysbiosis
with an increased abundance of Ruminococcus and decreased
abundance of Oscillobacter, which are associated with the
increased levels of tryptophan and KYNA (80). These
findings indicate that the gut microbiota may affect brain
functions through modulation of the kynurenine pathway.

It is well known that various cognitive and behavioral
functions are controlled by central micro RNAs (miRNAs)
(81). The expressions of miRNAs, such as miR-294-5p,
Brd2, and Slit3kr, which regulate the expression of central
kynurenine pathway genes, are reported to be increased
in the hippocampi of GF mice and can be normalized
following microbial colonization (82). These findings suggest
that gut microbiota regulate the expression of kynurenine
pathway genes in the hippocampus through an miRNA-
dependent way. There is also evidence that gut microbiota
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can modulate the brain kynurenine pathway by directly
impacting the activity of its key enzymes. When compared
with conventional mice, GF mice show reduced IDO activity,
which can be normalized after recolonization with gut
microbiota immediately post-weaning (15). Mechanistically,
on the one hand, gut microbiota can modulate intestinal
immune responses through TLRs, thus affecting the produc-
tion of cytokines and chemokines (9). These immune factors,
especially IFN-gamma, can reach the CNS through blood
circulation, subsequently activating the central kynurenine
pathway through the stimulation of IDO (74). Moreover,
in contrast to serotonin, kynurenine produced from the
periphery can cross the BBB (31). On the other hand,
circulating SCFAs, such as butyrate, can directly modulate
central kynurenine pathways. In more detail, butyrate has
been demonstrated to inhibit IDO activity and to modulate
the kynurenine pathway in a STAT1/HDAC-dependent
manner (53). In addition, as evidenced by a previous study in
stressed mice (83), the production of H,O, by Lactobacillus
strains, such as Lactobacillus reuteri, can be protective against
the development of despair behaviors by directly inhibiting
intestinal IDO1 expression and decreasing the circulating
kynurenine levels (83).

Microbial Tryptophan Metabolites and the
Gut-Brain Axis

The gut microbiota produces a wide and diverse array of
tryptophan metabolites, such as tryptamine and indolic
compounds; these are integral parts of the host metabolome,
as these metabolites are able to signal locally to the intestinal
mucosa and also to distant organs, including the brain (22).
This points to the potential role of microbial tryptophan
metabolites in communication between gut microbiota and
the CNS.

Indole is the main metabolite produced by gut bacteria
from tryptophan, through the action of the enzyme TnaA,
as mentioned earlier. While indole is a major intercellular
signal within the gut microbial ecosystem (84), it also
interacts with the intestinal epithelium by promoting tight-
junction resistance and the expression of anti-inflammatory
cytokines (85). Once absorbed into blood circulation, indole
is reported to influence brain function and behavior. Con-
ventional rats receiving an acute cecal injection of indole
exhibit a dramatic decrease of motor activity, an increase
in eye blinking frequency, and an increase in c-Fos protein
expression in the dorsal vagal complex (1). A chronic and
moderate overproduction of indole by colonizing GF rats
with the indole-producing bacterial species Escherichia coli
was further applied in this study. Rats overproducing indole
display higher helplessness in the tail suspension test, and
enhanced anxiety-like behavior in the novelty, elevated plus
maze, and open-field tests (1). This study provides clear
evidence that indole plays a critical role along the GBA, and
that central indole accumulation could lead to developing
anxiety and mood disorders.

Similar to indole, indolic derivatives from tryptophan
degradation, such as tryptamine, IAA, and IPA, are known to
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affect intestinal permeability and host immunity. In particu-
lar, IPA is identified as a beneficial metabolite and contributes
to the anti-inflammatory effects of the gut microbiota (86).
These indole derivatives are ligands for Ah, which are not
only expressed in the GI tract but also in cells of the CNS,
including neurons, astrocytes, and microglial cells, where Ah
has impacts on neuronal proliferation, differentiation, and
survival (87). Since circulating indole derivatives, such as
[AA and IPA, can cross the BBB, the mediatory role of indolic
metabolites in the context of the GBA is of special interest. In
line with this hypothesis, a recent study demonstrated that
the microbial indole metabolites of tryptophan, including
indole, IAA, and IPA, are able to activate Ah signaling in
astrocytes and, thereby, suppress CNS inflammation (14).

The Importance of the Tryptophan Metabolism
in Neurogastroenterology

Impaired tryptophan metabolisms have been observed in
patients with GI functional disorders (e.g., IBS) (88, 89) and
neuropsychiatric diseases (e.g., depression and ASD) (16, 90),
pointing to the potential role of the tryptophan metabolism
in the pathophysiology of these diseases.

Irritable Bowel Syndrome

IBS is a functional GBA disorder, which is characterized by
chronically recurring abdominal pain and changes in bowel
habits (91). Brain networks, such as sensorimotor, emotional
regulation, salience, and executive control networks, have
been identified to be involved in the pathophysiology
of symptom-related anxiety, hypervigilance, and visceral
hypersensitivity in IBS patients (92). The gut microbiota
composition may play an important role in IBS, as the
relative abundances of bacterial taxa differ between patients
with IBS and healthy controls (HCs) (93). However, to date,
only associations from cross-sectional studies have been
reported, and a causative role of the gut microbiota in the
occurrence of IBS has not been demonstrated. Treatment
with antibiotics or probiotics improves some symptoms in
IBS patients (5, 94), suggesting a potential link between
intestinal microbes and IBS. Furthermore, recent studies
report significant differences in fecal microbiota composition
and brain connectivity networks and volumes between
IBS patients and HCs (4, 95), consistent with a potential
relationship between the gut microbial community and brain
functions in IBS.

It is suggested that there is a relationship between IBS and
an impaired tryptophan metabolism (22). Thus, kynurenine
levels and the ratio of kynurenine to tryptophan in plasma
were shown to be increased in IBS patients compared to HCs
(89), indicating the enhanced activity of the kynurenine path-
way in IBS patients. However, in line with the importance of
serotonin for the regulation of GI motility, a study including
both constipation-predominant and diarrhea-predominant
IBS patients reports dysfunctional serotonin synthesis and
transport, with decreased expressions of TPH1 and SERT
in the colorectal biopsies of IBS patients (29). Interestingly,
the changes in serotonin levels differ between IBS subtypes,
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as serotonin levels in the large intestine are found to be
decreased in constipation-predominant IBS, while increased
in diarrhea-predominant IBS (88). Furthermore, serotonin
receptors, such as the 5-HT; receptor, are reported to be
altered in IBS patients (29). Since the serotonin system can
be directly modulated by the gut microbiota (48, 75), further
research is warranted investigating whether dysregulation of
the serotonin system in IBS patients may be partly due to
alterations of the gut microbiota.

Neuropsychiatric Disorders

A number of preclinical studies suggest that the gut
microbiota may play a key role in neurodevelopmental
and neurodegenerative disorders (5, 8, 96). Furthermore,
alterations in the tryptophan metabolism in humans are also
linked to a variety of neuropsychiatric conditions, such as
depression and ASD (16, 37, 97). A depressive disorder is a
debilitating condition and the most common mental illness,
affecting more than 300 million people worldwide, with
decreased central serotonin availability being a major feature
in depression (22), indicating that an altered tryptophan
metabolism may be involved in the pathogenesis of depres-
sion. Previous studies have revealed that decreased levels of

tryptophan and an increased kynurenine to tryptophan ratio
in the plasma are closely associated with depression (97, 98).
In addition, the ratio of KYNA to QUIN is reported to be
decreased in the plasma of depressive patients (37). These
alterations in tryptophan metabolism are also correlated with
learning impairments and processing speeds in patients with
depressive disorder (90), potentially linking the kynurenine
pathway with cognitive impairments in patients with depres-
sive disorder. These alterations in the tryptophan metabolism
may be driven by the gut microbiota, as evidenced by a
previous study revealing that the colonization of GF rats
with gut microbiota from depressive patients also induces
neurobehavioral changes, with an increased kynurenine to
tryptophan ratio in blood circulation (7).

ASDs are neurodevelopmental conditions characterized
by social and behavioral impairments. In addition to neu-
rological symptoms, ASD subjects frequently suffer from
GI functional abnormalities. According to previous studies
(6, 99), the pathogenesis of ASD is suggested to involve an
altered gut microbiota. In comparison with HCs, in feces,
ASD patients display a reduced Bacteroidetes to Firmicutes
ratio; decreased abundances of Alistipes, Bilophila, Dialister,
Parabacteroides, and Veillonella; and increased abundances
of Collinsella, Corynebacterium, Dorea, and Lactobacillus

Tryptophan metabolism in gut microbiota-brain axis 719



(6). Microbiota transfer therapy improves GI and autism
symptoms in ASD patients, with an increased abundance
of Bifidobacterium, Prevotella, and Desulfovibrio (99). In
addition, patients with ASD exhibit an altered tryptophan
metabolism, with reduced levels of tryptophan and an
increased kynurenine to tryptophan ratio in the plasma (16),
suggesting a shift of the tryptophan metabolism from sero-
tonin synthesis to the kynurenine pathway in ASD. Finally,
a correlation between altered concentrations of tryptophan
and serotonin with gut dysbiosis (e.g., Clostridiales) was
observed in ASD patients (100), indicating that alterations of
tryptophan metabolism in the ASD may be mediated by the
gut microbiota.

Conclusions

The understanding of the role of the tryptophan metabolism
in the communication between the gut microbiota and CNS
is increasing. Studies in animal models have expanded the
evidence that the gut microbiota modulates GBA function
through an interplay between the immune systems, bac-
terial metabolites (including SCFAs), and changes in the
tryptophan metabolism (Figure 3). However, since the gut
microbial communities are different in animals and humans
(7,101), questions remain regarding the relevance of findings
in animal studies for the pathogenesis, pathophysiology, and
treatment of GBA disorders in humans. Therefore, there is
an urgent need for large-scale and highly controlled studies
in humans to reveal the causative role of the tryptophan
metabolism along the GBA. Further research is likewise
needed to investigate whether tryptophan metabolites can
act as biomarkers for the diagnosis of GBA disorders. In
addition, bacterial tryptophan metabolites can aid in the
development of novel therapeutic agents for GBA disorders.

The gut microbiota plays a crucial role in the modulation
of the tryptophan metabolism, affecting the balance between
the serotonin synthesis and tryptophan degradation pathway
(22). Since many factors can influence the gut microbiota
composition and metabolism, including diet, antibiotics, and
probiotics (Figure 3), the manipulation of the gut microbiota,
modulating tryptophan availability, may be a therapeutic
option for GBA disorders. It is well recognized that there are
differences in microbial compositions in the small and large
intestines (101). Thus, the large intestinal microbiota have
a greater capacity of tryptophan metabolism than the small
intestinal microbiota, with various tryptophan metabolites,
such as tryptamine and indolic compounds, being the major
products (42, 43). However, to date, the contribution of
microbial communities at different intestinal sites to the host
tryptophan metabolism is still not clear and requires further
investigations by conducting site-specific, microbiota-based
interventions.

In conclusion, the tryptophan metabolism plays a central
role in the GBA. The major routes of tryptophan metabolism,
including serotonin synthesis, the kynurenine pathway, and
microbial degradation pathways, are differentially affected
in diseases, such as depression and IBS. Since the host
tryptophan metabolism is directly and indirectly modulated
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by the gut microbiota, targeted gut microbiota interventions
are promising approaches as therapeutic options for GBA
disorders.
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