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The gut-brain axis is a bidirectional communication system

between the central nervous system and the gastrointestinal

tract, in which serotonin (5-HT) functions as a key

neurotransmitter. Recent research has increasingly

concentrated on tryptophan, the precursor to 5-HT and on the

microbial regulation of tryptophan metabolism, with an

emphasis on host-microbe control over kynurenine pathway

metabolism and microbial-specific pathways that generate

bioactive tryptophan metabolites. Here, we critically assess

recent progress made towards a mechanistic understanding of

the microbial regulation of tryptophan metabolism and

microbiota-gut-brain axis homeostasis highlighting the role

tryptophan metabolism plays in preclinical and clinical

neuroscience and in the challenge to improve our

understanding of how perturbed tryptophan metabolism

contributes to stress-related psychiatric disorders.
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Introduction
Host-microbe interactionsarenowmoreroutinely considered

in the context of brain function and behavior. Establishing

the mechanistic basis for this fascinating dialogue between

the gut microbiome and the gut-brain axis has proved more

challenging. As the field transitions beyond compositional

assessments of the gut microbiome, tryptophan has come
www.sciencedirect.com 
under increasing scrutiny as a pivotal essential amino acid in

the lexicon of host-microbial crosstalk. Recent advances in

this field continue to demarcate the indirect means through

which our gut microbes influence host metabolic pathways

[1,2]. Direct microbial metabolism of tryptophan also yields

microbial metabolites and candidate interkingdom signaling

molecules acting as an interface between the host and its

resident microorganisms with important physiological impli-

cations both in the gut and the brain [3,4]. Support continues

to accumulate from studies of a broad swathe of gut-brain axis

disorders that the metabolism of tryptophan is perturbed and

associated with alterations in the composition or function of

the gut microbiome [2]. In this review, we critically evaluate

the recent advances in this area as we strive towards a

mechanistic understanding of the microbial regulation of

gut-brain axis homeostasis and the implications for

neuroscience.

Tryptophan metabolism
Tryptophan metabolites have a huge impact both in the

central nervous system (CNS) and in the periphery

(see Figure 1). Once absorbed from the gut they become

available in the circulation for distribution to target sites

both peripherally and in the CNS. Tryptophan can also be

metabolized directly by the gut microbiota and generate a

range of indoles with diverse biological activity [5]. The

combination of microbial and host gastrointestinal metab-

olism of tryptophan is thus likely an important factor in

the systemic availability of tryptophan, as well as indoles,

kynurenine and serotonin (5-HT) produced locally [3].

Much work has been done to better understand the

impact of aberrant host tryptophan metabolism in psy-

chiatric disorders and to identify the extent to which

these molecular mechanisms dictate the impact of the

gut microbiota on host physiology, brain function and

behavior.

Tryptophan metabolism and gut-brain axis
disorders
The importance of 5-HT in the gastrointestinal tract is

consistent with the fact that �95% of 5-HT is produced

endogenously by enterochromaffin cells in the gut

where it is involved in functions such as motility and

secretion. Disruption in central and peripheral

serotonergic signaling pathways are reported in GI dis-

orders, such as inflammatory bowel disease (IBD) [6]

and irritable bowel syndrome (IBS) – a functional
Current Opinion in Pharmacology 2019, 48:137–145
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Figure 1
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Tryptophan metabolism and the Microbiome-gut-brain axis.

An essential amino acid obtained from dietary proteins, tryptophan serves as a precursor to a variety of imperative bioactive molecules, some

generated by the host and some fabricated by gut microbes (indicated by blue arrows). The most widely known fate of tryptophan is conversion

into 5-HT and melatonin downstream. Nevertheless, a large majority of tryptophan is metabolized along the kynurenine pathway giving rise to

molecules often collectively referred to as ‘kynurenines’. The availability of tryptophan is also altered by gut microbes generating either indole and

its derivatives, tryptamine or even 5-HT which can impact on gastrointestinal function via GPCR activation. An increasing number of studies

highlight the importance of this pathway in metabolic and psychiatric disorders.
gastrointestinal disorder with significant psychiatric

comorbidity – and in pathologies like autism spectrum

disorder (ASD), a central nervous system disorder with

comorbid gastrointestinal symptoms. For instance, acti-

vation of the kynurenine pathway has been reported in

patients with IBD compared to controls. A sex-

difference in tryptophan metabolism has been observed

in both controls and patients with IBD characterised by

lower serum tryptophan levels in female compared to

males. The authors suggested this sex-difference could

have important implications for understanding the

increased female prevalence for some inflammatory

phenotypes [7]. Differences in microbial subnetworks

have been demonstrated in IBS patients compared to

controls with respect to functional connectivity of brain

regions in the somatosensory network and GI sensori-

motor function, pointing to alterations in interactions

within the brain-gut-microbiome axis [8]. The authors

also pointed out the importance of members of the order

Clostridiales in modulating host 5-HT biosynthesis and

release. A recent study working with BTBR mice – a

mouse-based model of ASD-like behaviors – exhibited

microbiota-related impairments in 5-HT production in

the intestine [9]. ASD is frequently associated with GI

symptoms that can plausibly be linked to dysregulation

of tryptophan metabolism in the gut [10,11,12]. In a

study of children with autism, the authors demonstrated

elevated concentrations in urine of xanthurenic acid and

quinolinic acid suggesting preferential transformation

from tryptophan at the expense of kynurenic acid [12].
Current Opinion in Pharmacology 2019, 48:137–145 
The gut microbiome, stress related
psychiatric disorders and tryptophan
metabolism
An increasing number of studies report the impact of the

intestinal microbiota on the fate and metabolism of trypto-

phan (seeFigure2). Importantly, the immuno-sensitiveand

stress-sensitive enzymes responsible for the initial conver-

sion of L-tryptophan to L-kynurenine—indoleamine-2,3-

deoxygenase (IDO) and tryptophan-2,3-dioxygenase

(TDO) – may also be regulated directly or indirectly by

the gut microbiome [14]. Indeed, experiments have

revealed that germ-free (GF) mice (i.e. mice devoid of

microrganisms, raised in a sterile environment) have reduc-

tions in kynurenine pathway metabolism that could be

restored by colonization post-weaning [13]. Although the

precise mechanisms are unclear, there are several potential

routes through which the intestinal microbiota could regu-

late the expression and activity of kynurenine pathway

enzymes. Examples include the production of hydrogen

peroxide, microbial priming of the host immune system,

activation of the aryl hydrocarbon receptor, the secretion of

microbial metabolites influencing gut barrier integrity or via

TLRs (see also Figure 3) [14]. Intestinal microbes are

thought to be involved in stress-related disorders as exem-

plified by the study of Valles-Colomer et al. [15�] where

differences in gut microbial composition were associated

with lower quality of life (QoL) and depression status

compared to healthy controls. In fact, certain strains of

bacteria in the gut are able to directly utilize tryptophan

consequently changing its availability to the host [16��,18�].
www.sciencedirect.com
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Figure 2
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Tryptophan metabolism pathways and stress related Gut/Brain Interactions.

Aberrant tryptophan metabolism can occur in response to stress and inflammation in both the gut and the brain. An imbalance in the

concentration of the different molecules that these pathways generates has consequences upon gut-brain signaling. In the gut, following immune

activation or during the stress response, tryptophan is preferentially converted to kynurenine rather than 5-HT. Decreased 5-HT conversion from

tryptophan – synthesized primarily by enterochromaffin cells – impacts on gastrointestinal motility and function. In the brain, tryptophan is

metabolized along the kynurenine pathway by microglia and astrocytes leading to the formation of either kynurenic acid or quinolinic acid (by

Astrocyte or Microglia, respectively). The majority of CNS kynurenine is derived from the periphery and once in the CNS, it can also participate in

onwards metabolism. The balance between kynurenic acid and quinolinic acid is important for health and disease. Excessive activation of

kynurenine metabolism may have neurotoxic consequences in clinical psychiatric and neurological disorders, such as depression.
Kelly etal. [18�]performedfecalmicrobiota transplants from

depressed patients to rats depleted of intestinal microbiota

and demonstrated that the depressive phenotype is trans-

mitted via the transfer of the intestinal microbiota as is the

physiological hallmark of depression in terms of increased

tryptophan metabolism along the kynurenine pathway.

Tryptophan and serotonin
Early studies in this field helped establish the principle that

the gut microbiome regulated tryptophan availability and

onward metabolism into 5-HT, not just locally in the gut

but also in the CNS [2,13,14,20�,53�]. Acute tryptophan

depletion (ATD) leads to increased depressive-like behav-

ior and a stronger reduction of tryptophan, 5-HT and 5-

hydroxyindoleacetic acid in the medial prefrontal cortex

and hippocampus of GF than in SPF mice [21�]. Interest-

ingly, following ATD, GF mice behave more similarly to

SPF mice under basal conditions. The authors concluded

that the serotonergic system of GF mice, which is abnormal
www.sciencedirect.com 
at baseline, is more vulnerable to ATD. Administration of

prebiotics (i.e. substrates that are selectively utilized by,

and promotes the growth and/or activity of, beneficial host

microorganisms compared to probiotics, which are live

microorganisms consumed to produce a health benefit)

in mice has shown antidepressant and anti-anxiolytic

effects which underlines the possibility of exerting benefi-

cial effects on the serotonergic system by therapeutic

targeting of the gut microbiome, an appealing strategy,

and one that can be expedited with an enhanced knowl-

edge of the mechanisms underpinning this important

emerging aspect of host-microbe dialogue [22].

Since 5-HT is mainly synthesized in the gut, it is not

surprisingthat the intestinalmicrobiotacanhaveasignificant

impact on its availability. Kwon et al. [23] demonstrated a

considerable difference in the composition of the intestinal

microbiota depending on whether or not the TPH-1 gene –

the rate-limiting enzyme of 5-HT synthesis – was knocked
Current Opinion in Pharmacology 2019, 48:137–145
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Figure 3
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Candidate mechanisms for microbial regulation of tryptophan and serotonin release.

The availability and metabolism of tryptophan is under the influence of various intrinsic and extrinsic factors. There are a number of potential

mechanisms through which the gut microbiome can influence tryptophan metabolism and the production of 5-HT or other metabolites. 5-HT can

be synthesized both in the brain and in the gut by two different rate-limiting isoenzymes of tryptophan hydroxylase (TPH)—TPH1 and TPH2,

respectively. It has been shown recently that some bacteria found in the gut microbiota, in vitro, are able to synthesize 5-HT. The microbiota has

several ways to modulate 5-HT availability by regulating 5-HT secretion from enterochromaffin cells with short chain fatty acids (SCFA) increasing

TPH1 mRNA expression. Microbial enzymes often biotransform metabolites produced by the liver, including the conversion of hepatic-derived

cholic acid into deoxycholic acid leading to increased 5-HT in the colon and blood serum or by cleaving 5-HT-O-glucuronide, secreted into the

gut lumen from the liver, into free 5-HT.
out and whether the progenitors were heterozygous or

homozygous for this gene. They also provided evidence

that 5-HT directly modulated the growth of commensal

bacteria in vitro in a concentration-dependent and species-

specific manner. It has also been demonstrated that mice

with a TPH2 gene mutation, which leads to lower 5-HT

biosynthesis in both enteric and CNS serotonergic neurons

specifically, exhibit both brain and intestinal dysfunction

and a slow release 5-HTP formulation was able to restore

ENS-mediated GI function [24��].
Current Opinion in Pharmacology 2019, 48:137–145 
Another proposed mechanism [16��] is by microbial bio-

transformation of cholic acid (CA) - secreted by the liver –

into deoxycholic acid (DCA). Raising luminal concentra-

tions of DCA in the colon of GF mice to levels seen in

specific-pathogen free (SPF) mice sufficiently increases

colon and serum 5-HT compared to vehicle-injected

controls. This restoration of peripheral 5-HT correlates

with elevations in colonic TPH1 expression. Sun et al.
[25] further showed that the elevation of 5-HT seen in

high fat diet rats can be restored to a conventional-like
www.sciencedirect.com
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level by use of fecal microbiota transplantation from

control animals which may imply that elevated levels

of DCA and CA could lead to the upregulation of

TPH1 expression in the small intestine.

By colonization of previously GF mice with a complex

microbiota, De Vadder et al. [26�] demonstrated that the

gut microbiota stimulates neuronal and mucosal 5-HT

release and that maturation of the adult ENS in GF mice

requires 5-HT4R-specific signaling. Moreover, the micro-

biota likely affects 5-HT3 receptor expression to modu-

late colonic secretion [27]. This study also addressed the

importance of short-chain fatty acids (SCFAs: microbial

metabolites produced by bacterial fermentation of dietary

fibers by the intestinal microbiota) in 5-HT colonic

secretion and hypothesized that this effect could be

mediated via acetate production by the gut microbiota.

Another study confirmed this result in vitro by exposing

BON cells (human EC cell model) to microbiota-derived

SCFAs which significantly increased TPH1 mRNA

expression [28]. There is thus growing evidence, includ-

ing mechanistic insights, that the intestinal microbiota is a

contributor to the colonic secretion of 5-HT. A very

elegant study by Yano et al. [16��] introduced the concept

that spore-forming bacteria could regulate host 5-HT

synthesis in colonic enterochromaffin cells in mice.

Indeed Mandi�c et al. [29] examined the specific involve-

ment of the bacterium Clostridium Ramosum in colonic

secretion of 5-HT in the gut and suggested it could be

due to an induced expansion of enterochromaffin cells.

5-HT availability – in both the brain and intestine –

depends on 5-HT transporter (SERT) function.

Recently Singhal et al. [30] emphasized differences in

cecal and fecal microbiota composition of SERT�/� or

SERT+/+ mice, concluding that SERT plays an impor-

tant role in maintaining the homeostasis of the gut

microbiota and that deficiency leads to loss of bacterial

niches and altered microbial metabolic capabilities. In

addition to being able to impact 5-HT production by

acting on enterochromaffin cells, there are 5-HT-

producing bacterial strains [14]. Lyte et al. [31] provided

evidence that there could be a biogenic amine transport

system in the biofilm of certain bacteria, particularly the

genus Lactobacillus, demonstrating that bacteria are capa-

ble of modifying host availability of 5-HT. Since intesti-

nal bacteria have an impact on 5-HT availability, bacteria

may be indirectly involved in psychiatric diseases. It is

also of considerable interest whether or not intestinal

bacteria are reciprocally affected by the use of psycho-

tropic drugs with serotonergic mechanisms of action. To

address this question, Cussotto et al. [32] showed in vitro
that two SSRI drugs, escitalopram and fluoxetine, mod-

ulate the growth of resident gut bacteria. The impor-

tance of these results were confirmed in a recent study

which documented changes in microbial communities

after chronic administration of fluoxetine [33].
www.sciencedirect.com 
One of the most understudied mechanisms by which the

gut microbiota could influence the level of 5-HT in the

gut lumen is deconjugation of 5-HT-O-glucuronide –

produced by the liver – by b-glucuronidase, a bacterial

enzyme. Ex-GF mice have the majority of 5-HT in an

unconjugated form whereas GF mice have approximately

50% of the 5-HT in a conjugated form. This leads to the

possibility that the intestinal microbiota could have a

specific role in liberating biologically active free 5-HT

[34]. Taken together, there is now evidence to postulate a

role of microbiota in 5-HT production from EC cells and

change in 5-HT availability in the host (see Figure 3).

Tryptophan and kynurenine
The available recent evidence suggests that the gut micro-

biotacanexert an impacton importantkynurenine pathway

enzymes at multiple levels of the gut-brain axis. By com-

paring GF, colonized GF and conventionally colonized

animals, Moloney et al. [35] highlighted the role of the

intestinal microbiota in modulating the expression of miR-

NAs associated with the kynurenine pathway in the mouse

hippocampus. Evidence shows that the microbial compo-

sition of chronically stressed mice changes compared to

controls in a way that is associated with the development of

depression-like behavior. A Lactobacillus strain, possibly by

the production of H2O2 [36], exerted a protective role

against stress-induced depression-like behavior associated

with inhibition of intestinal IDO1 activity and a decreased

circulating level of kynurenine. Another study focusing on

kynurenine in MDD patients [37] supports those results as

it showed that administration of Lactobacillus plantarum
leads to a decrease in kynurenine concentrations and

improved cognitive function. Kazemi et al. [38] also

demonstrated the benefit of an eight-week probiotic treat-

ment – Lactobacillus helveticus and Bifidobacterium longum
supplementation – in MDD patients. This treatment

resulted in a significant decrease in kynurenine/tryptophan

ratio (used here as a marker of IDO activity) in serum

samples compared to placebo. Furthermore, REGA3 has

recently been identified [39] as an antimicrobial protein

within the GI tract able to affect the composition of the gut

microbiota towards an increase in Lactobacillus. Interest-

ingly, REG3A-associated increases in Lactobacillus pro-

motes production of kynurenine in gut epithelial cells in

mice. By working with mice with an IDO-1 gene knockout

in the context of obesity, Laurans et al. [40] found an

increase of IL-22 target genes such as the antimicrobial

proteins (Reg3g and Reg3b) in the intestine of High Fat

Diet fed Ido1 �/� mice compared to high fat diet wild type

mice highlighting that obesity may be associated with a

microbiota-associated shift in tryptophan metabolism

towards kynurenine production. Since the flow of kynur-

enine across the blood brain barrier is considered critical to

its role inCNSpathology, harnessing the gutmicrobiota asa

control point for kynurenine generation could have impor-

tant therapeutic implications.
Current Opinion in Pharmacology 2019, 48:137–145
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Tryptophan and melatonin
Melatonin is a hormone synthetized from 5-HT and

mostly secreted by the pineal gland in mammals, but it

can also act locally and be synthetized by several organs

including the sites within the gastrointestinal tract. Its

best known role is the regulation of the circadian rhythm

but has also been shown to affect multiple molecular

pathways including immune function, apoptosis, prolifer-

ation, angiogenesis and oxidative stress [41]. Sleep dep-

rivation is a common burden that must be considered

seriously as it can impact the autonomic nervous system,

endocrine system and immune function, and that can be a

trigger factor of metabolic or mental diseases. Gao et al.
[42] investigated the effect of melatonin in a mouse

model of sleep deprivation and found melatonin medi-

ated sleep-deprivation induced mucosal injury and

altered gut microbiota composition. Intriguingly, they

show that sleep deprivation negatively impacts the diver-

sity and richness of colonic microbiota and that melatonin

supplementation greatly improves this state. In the con-

text of weaning stress, melatonin supplementation was

able to improve body weight gain and intestinal morphol-

ogy and to increase the richness indices of intestinal

microbiota and shape the composition of intestinal micro-

biota in conventionally colonized mice [43]. However, in

both antibiotic-treated and GF mice, melatonin failed to

affect intestinal morphology suggesting that there could

be an involvement of intestinal microbiota in the regula-

tory functions of melatonin in intestinal physiology.

Interestingly, a third study [44] focused on lipid metabo-

lism found that melatonin supplementation in high fat

diet fed mice alleviated the lipid accumulation and was
Table 1

AHR ligands and their physiological impact on host metabolism

AHR ligands Model 

Indole,

3-methyl indole, 2-oxindole

In vitro ligand binding, ligand

activity analyses

Indoxyl-3-sulfate (I3S) Mouse model of multiple scle

Skatole/3-methylindole Human colon cancer cell line

Indole-3-propionic acid (IPA) Model of high-fat diet mice 

Indole-3-propionic acid (IPA) Tryptophan-rich diet in rats 

Indole, skatole and indoleacetic acid Humans 

Indoleacrylic acid (IA) Model of colitis in mice 

AHR ligands Fecal microbiota transplant (

CARD �/� mice into WT or 

CARD9 is one of the IBD sus

genes
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able to reverse gut microbiota dysbiosis. They also

showed results that suggest that melatonin can act on

the intestinal microbiota by increasing the number of

acetic acid-producing strains. These recent studies sug-

gest that melatonin acts on the intestinal microbiota in

several very different contexts, which implies that its role

is essential in many physiological conditions and that its

impact should not to be neglected in future studies.

Tryptophan and indole
Indole is produced from tryptophan via the enzyme trypto-

phanase by multiple indole-producing bacteria [45]. This

metabolite plays a significant role for their survival and

controls diverse physiological processes such as antimicrobial

response, biofilm formation, motility and a range of other

functions. Importantly, animal cells cannot synthesize

indole. However, indole can be oxidized by non-indole-

producing bacteria or eukaryotes into several biologically

active derivatives [46]. Understanding how these tryptophan

derivatives, synthesized by certain bacteria, can impact the

host is an important research objective. There is growing

evidence that these molecules have an impact at both

peripheral and cerebral level, in particular through the bind-

ing to certain receptors such as the aryl hydrocarbon receptor

(AHR) [4,47�], that promotes the expression of inflammation

associated genes. Indole has been detected in the human gut

at concentrations of 250–1100 mM [4] and indole derivatives

synthetized by gut bacteria have been found in blood [19],

peripheral tissues, urine and brain tissues which suggests an

important role of those bacterial compounds. Some indole-

derivativesarecharacterizedbyneurodepressiveproperties–

namely oxindole and isatin – and excessive production of
Potential physiological impact Ref

 structure Influence the transcription of important factors

of the immune system.

[52]

rosis Regulation of genes in neuroinflammation. [53�]
 Caco-2 Acts on the intestinal epithelial cells by AHR-

dependent or AHR-independent activation

pathways regulating the amount of IEC death.

[54]

Might be reducing intestinal permeability and

plasma LPS.

[55]

Contributes to changes in body weight gain. [56]

Influence of indoles derivatives on hedonic food

intake and obesity by acting on the extended

reward network.

[57]

Indoleacrylic acid (IA) has a beneficial effect on

intestinal epithelial barrier function and

mitigates inflammatory responses by immune

cells.

[58�]

FMT) from

GF mice

The FMT resulted in an increase sensitivity to

colitis observed in mice depleted of CARD9

gene.
[59��]ceptibility These alterations might be due to an impaired

ability of the microbiota of CARD9 �/� mice to

catabolize tryptophan into AHR ligands.

www.sciencedirect.com
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indole by the gut microbiota may adversely affect behavior

in rats [47�].

An increasing number of studies are focusing on the

activation of the AHR as it has shown to have profound

effects upon immunological status of the GI tract. How-

ever, the range of ligands responsible for AHR-activation

within the gut continues to expand [48]. Recently, indole

and some of these derivatives have been shown to be

potent activators or stimulators of AHR and thus to

influence the transcription of important factors of the

immune system. This discovery is potentially of major

importance because it highlights activation of the host’s

immune system through metabolites produced by the

intestinal microbiota. Koper et al. [49] studied the kinetics

of tryptophan-derived AHR-ligands by using a Simulator

of the Human Intestinal Microbial Ecosystem (SHIME)

and were able to simulate the ascending, transverse and

descending colon from fresh human fecal sample. Some

kynurenine derivatives showed a constant concentration

through the colon, while other metabolites showed

increased or decreased concentrations through different

regions, although the implications of these region-specific

variations are unclear. Table 1 lists some key indoles

thought to activate the AHR and their potential physio-

logical impact.

Tryptophan and tryptamine
Clostridium sporogenes and Ruminococcus gnavus are strains

present in the gut microbiota capable of decarboxylating

tryptophan to tryptamine through the specific enzyme

tryptophan decarboxylase [50]. Tryptamine can play

several roles in the gut such as signaling and has been

shown to induce the release of 5-HT by enterochromaf-

fin cells. Indeed, enteric neurons are able to take up

tryptamine, which displaces 5-HT in intracellular syn-

aptic vesicles, causing 5-HT release therefore might

affect gastrointestinal motility [24��]. Bhattarai et al.
[51��] uncovered a specific mechanism by which trypt-

amine-producing bacteria could accelerate gastrointesti-

nal transit by activating the epithelial GPCR 5-HT4

receptor. To date, there are very few studies investigat-

ing the synthesis of tryptamine [50] by intestinal bacteria

and the effect of this molecule in the body, but these

promising initial studies indicate that there are some

interesting discoveries to be made.

Concluding section
The essential role of tryptophan as a precursor to a range

of bioactives important for signaling along the micro-

biome-gut-brain axis is increasingly appreciated in the

context of psychological wellbeing and symptom gener-

ation. These tryptophan derivatives may facilitate both

interorgan and interkingdom crosstalk and systemic

availability of tryptophan, indoles, kynurenine, 5-HT

and melatonin, each have an essential and unique aspect

in maintaining signaling homeostasis along the
www.sciencedirect.com 
microbiome-gut-brain axis. Microbial regulation of tryp-

tophan availability and metabolism has important impli-

cations for many gut-brain axis disorders including GI

disorders with psychiatric comorbidity, such as IBS, IBD

and other CNS pathologies with GI dysfunction like

ASD. These observations are likely missing pieces of

the puzzle in understanding the origin and conse-

quences of aberrant host tryptophan metabolism in

many psychiatric disorders as well. Future research

should seek to clarify the importance of lifestyle habits

such as diet, sleep, daily activity and exercise for tryp-

tophan metabolism in health and disease states. It

remains to be seen if this fast accumulating information

can be rationally integrated within a framework that

enables mechanistically oriented therapeutic targeting

of the gut microbiome.
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regulates maturation of the adult enteric nervous system via
enteric serotonin networks. Proc Natl Acad Sci U S A 2018,
115:6458-6463.

These findings show that the microbiota modulates the anatomy of the
adult ENS in a 5-HT-dependent fashion with concomitant changes in
intestinal transit.

27. Bhattarai Y, Schmidt BA, Linden DR, Larson ED, Grover M,
Beyder A, Farrugia G, Kashyap PC: Human-derived gut
microbiota modulates colonic secretion in mice by regulating
5-HT 3 receptor expression via acetate production. Am J
Physiol Liver Physiol 2017, 313:G80-G87.

28. Reigstad CS, Salmonson CE, Rainey JF, Szurszewski JH,
Linden DR, Sonnenburg JL, Farrugia G, Kashyap PC: Gut
microbes promote colonic serotonin production through an
effect of short-chain fatty acids on enterochromaffin cells.
FASEB J 2015, 29:1395-1403.

29. Mandi�c AD, Woting A, Jaenicke T, Sander A, Sabrowski W, Rolle-
Kampcyk U, von Bergen M, Blaut M: Clostridium ramosum
regulates enterochromaffin cell development and serotonin
release. Sci Rep 2019, 9:1177.

30. Singhal M, Turturice BA, Manzella CR, Ranjan R, Metwally AA,
Theorell J, Huang Y, Alrefai WA, Dudeja PK, Finn PW et al.:
Serotonin transporter deficiency is associated with dysbiosis
and changes in metabolic function of the mouse intestinal
microbiome. Sci Rep 2019, 9:2138.

31. Lyte M, Brown DR: Evidence for PMAT- and OCT-like biogenic
amine transporters in a probiotic strain of Lactobacillus:
implications for interkingdom communication within the
microbiota-gut-brain axis. PLoS One 2018, 13:e0191037.

32. Cussotto S, Strain CR, Fouhy F, Strain RG, Peterson VL, Clarke G,
Stanton C, Dinan TG, Cryan JF: Differential effects of psychotropic
drugs on microbiome composition and gastrointestinal function.
Psychopharmacology 2018, 236:1671-1685.

33. Lyte M, Daniels KM, Schmitz-Esser S: Fluoxetine-induced
alteration of murine gut microbial community structure:
evidence for a microbial endocrinology-based mechanism of
action responsible for fluoxetine-induced side effects. PeerJ
2019, 7:1-19 e6199.

34. Hata T, Asano Y, Yoshihara K, Kimura-Todani T, Miyata N,
Zhang X-T, Takakura S, Aiba Y, Koga Y, Sudo N: Regulation of
www.sciencedirect.com

http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0025
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0025
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0025
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0030
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0030
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0030
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0035
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0035
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0035
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0035
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0035
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0040
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0040
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0040
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0040
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0040
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0040
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0045
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0045
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0045
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0045
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0045
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0050
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0050
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0050
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0050
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0055
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0055
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0055
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0060
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0060
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0060
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0065
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0065
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0065
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0065
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0065
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0070
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0070
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0070
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0075
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0075
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0075
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0075
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0080
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0080
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0080
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0080
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0085
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0085
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0085
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0085
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0085
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0090
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0090
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0090
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0090
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0095
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0095
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0095
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0095
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0095
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0100
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0100
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0100
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0105
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0105
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0105
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0105
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0105
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0110
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0110
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0110
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0110
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0110
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0115
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0115
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0115
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0115
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0115
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0120
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0120
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0120
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0120
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0120
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0125
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0125
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0125
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0125
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0125
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0130
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0130
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0130
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0130
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0130
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0135
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0135
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0135
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0135
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0135
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0140
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0140
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0140
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0140
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0145
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0145
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0145
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0145
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0145
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0150
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0150
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0150
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0150
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0155
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0155
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0155
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0155
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0160
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0160
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0160
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0160
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0160
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0165
http://refhub.elsevier.com/S1471-4892(18)30127-9/sbref0165


Microbial regulation of tryptophan metabolism Gheorghe et al. 145
gut luminal serotonin by commensal microbiota in mice. PLoS
One 2017, 12.

35. Moloney GM, O’Leary OF, Salvo-Romero E, Desbonnet L,
Shanahan F, Dinan TG, Clarke G, Cryan JF: Microbial regulation
of hippocampal miRNA expression: Implications for
transcription of kynurenine pathway enzymes. Behav Brain Res
2017, 334:50-54.

36. Marin IA, Goertz JE, Ren T, Rich SS, Onengut-Gumuscu S,
Farber E, Wu M, Overall CC, Kipnis J, Gaultier A: Microbiota
alteration is associated with the development of stress-
induced despair behavior. Sci Rep 2017, 7:1-10 43859.

37. Rudzki L, Ostrowska L, Pawlak D, Małus A, Pawlak K,
Waszkiewicz N, Szulc A: Probiotic Lactobacillus plantarum
299v decreases kynurenine concentration and improves
cognitive functions in patients with major depression: a
double-blind, randomized, placebo controlled study.
Psychoneuroendocrinology 2019, 100:213-222.

38. Kazemi A, Noorbala AA, Azam K, Eskandari MH, Djafarian K:
Effect of probiotic and prebiotic vs placebo on psychological
outcomes in patients with major depressive disorder: a
randomized clinical trial. Clin Nutr 2019, 38:522-528.

39. Qi H, Li Y, Yun H, Zhang T, Huang Y, Zhou J, Yan H, Wei J, Liu Y,
Zhang Z et al.: Lactobacillus maintains healthy gut mucosa by
producing L-Ornithine. Commun Biol 2019, 2 171. 1-10.

40. Laurans L, Venteclef N, Haddad Y, Chajadine M, Alzaid F,
Metghalchi S, Sovran B, Raphael GP Denis, Dairou J, Cardellini M
et al.: Genetic deficiency of indoleamine 2,3-dioxygenase
promotes gut microbiota-mediated metabolic health. Nat Med
2018, 24:1113-1120.

41. Simonneaux V: Generation of the melatonin endocrine
message in mammals: a review of the complex regulation of
melatonin synthesis by norepinephrine, peptides, and other
pineal transmitters. Pharmacol Rev 2003, 55:325-395.

42. Gao T, Wang Z, Dong Y, Cao J, Lin R, Wang X, Yu Z, Chen Y: Role
of melatonin in sleep deprivation-induced intestinal barrier
dysfunction in mice. J Pineal Res 2019, 67:e12574.

43. Ren W, Wang P, Yan J, Liu G, Zeng B, Hussain T, Peng C, Yin J, Li T,
Wei H et al.: Melatonin alleviates weanling stress in mice:
involvement of intestinal microbiota. J Pineal Res 2018, 64:e12448.

44. Yin J, Li Y, Han H, Chen S, Gao J, Liu G, Wu X, Deng J, Yu Q,
Huang X et al.: Melatonin reprogramming of gut microbiota
improves lipid dysmetabolism in high-fat diet-fed mice. J
Pineal Res 2018, 65:0-2.

45. Lee J-H, Lee J: Indole as an intercellular signal in microbial
communities. FEMS Microbiol Rev 2010, 34:426-444.

46. Lee JH, Wood TK, Lee J: Roles of indole as an interspecies and
interkingdom signaling molecule. Trends Microbiol 2015,
23:707-718.

47.
�

Jaglin M, Rhimi M, Philippe C, Pons N, Bruneau A, Goustard B,
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