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Abstract

Tryptophan is an essential amino acid transformed by host and gut microbial enzymes into metabolites that regulate mucosal ho-
meostasis through aryl hydrocarbon receptor (AhR) activation. Alteration of tryptophan metabolism has been associated with
chronic inflammation; however, whether tryptophan supplementation affects the metabolite repertoire and AhR activation under
physiological conditions in humans is unknown. We performed a randomized, double blind, placebo-controlled, crossover study
in 20 healthy volunteers. Subjects on a low tryptophan background diet were randomly assigned to a 3-wk L-tryptophan supple-
mentation (3 g/day) or placebo, and after a 2-wk washout switched to opposite interventions. We assessed gastrointestinal and
psychological symptoms by validated questionnaires, AhR activation by cell reporter assay, tryptophan metabolites by liquid
chromatography and high-resolution mass spectrometry, cytokine production in isolated monocytes by ELISA, and microbiota
profile by 16S rRNA lllumina technique. Oral tryptophan supplementation was well tolerated, with no changes in gastrointestinal
or psychological scores. Compared with placebo, tryptophan increased AhR activation capacity by duodenal contents, but not by
feces. This was paralleled by higher urinary and plasma kynurenine metabolites and indoles. Tryptophan had a modest impact
on fecal microbiome profiles and no significant effect on cytokine production. At the doses used in this study, oral tryptophan
supplementation in humans induces microbial indole and host kynurenine metabolic pathways in the small intestine, known to
be immunomodulatory. The results should prompt tryptophan intervention strategies in inflammatory conditions of the small
intestine where the AhR pathway is impaired.

NEW & NOTEWORTHY We demonstrate that in healthy subjects, orally administered tryptophan activates microbial indole and
host kynurenine pathways in the small intestine, the primary metabolic site for dietary components, and the richest source of
immune cells along the gut. This study provides novel insights in how to optimally activate immunomodulatory AhR pathways
and indole metabolism in the small intestine, serving as basis for future therapeutic trials using L-tryptophan supplementation in
chronic inflammatory conditions affecting the small intestine.

aryl hydrocarbon receptor; indole; kynurenine; microbiome; tryptophan

INTRODUCTION

Modulation of host and microbial pathways through die-
tary intervention and natural supplements is a central topic
in biomedical research (1). Natural supplements are widely
adopted by the general population, often with little evidence
or mechanistic support of their effectiveness. Among these,
tryptophan, one of 20 essential amino acids (2), has gained
central attention given the complexity of its metabolism by
host and gut microbiota, and the biological effects of these
metabolites (3). Once ingested within foods such as poultry
and cruciferous vegetables, tryptophan is used for protein
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synthesis or becomes the substrate of three major metabolic
pathways: serotonin, indoleamine 2,3-dioxygenase (IDO)/
kynurenine, and indole synthesis (4). Serotonin is a neuro-
transmitter with complex biological functions, including
mood regulation (5), while kynurenine and its metabolites
are involved in immune regulation and gut-brain signaling
(6-8). Both serotonin and IDO/kynurenine pathways are
mainly host-dependent, with tryptophan being degraded by
90% of its total to kynurenine products by the key enzyme
IDO (9). In contrast, indole metabolites are produced by the
gut microbiota, many of them being ligands of aryl hydrocar-
bon receptor (AhR), which is expressed throughout the
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gastrointestinal tract and has important homeostatic func-
tions (10-12).

AhR activation leads to downstream homeostatic mech-
anisms that participate in intestinal epithelial renewal and
barrier integrity, and modulate many cell types, including
intraepithelial lymphocytes and Th17 cells (4). Changes in
AhR activation can lead to an imbalance of the other two
host-mediated metabolic pathways of tryptophan and
immune dysregulation (13, 14), favoring inflammatory,
rather than homeostatic mechanisms. Indeed, impaired
activation of the AhR pathway has been demonstrated in
chronic inflammatory conditions associated with gut dys-
biosis, such as inflammatory bowel disease, metabolic syn-
drome, or celiac disease (15-17).

Animal models of colitis and celiac disease have demon-
strated that the indole pathway can be rescued by trypto-
phan supplementation through microbial production of
indoles (18, 19), raising possibility of preventative or thera-
peutic potential of oral tryptophan in chronic inflammation.
However, whether tryptophan supplementation has any
impact on host and bacterial metabolites with physiological
impact in humans is unknown. Thus, the objective of this
study was to determine the effects of tryptophan supplemen-
tation on immune homeostasis in the gut, IDO/kynurenine,
indole and serotonin metabolic pathways, gastrointestinal
symptoms, and mood in healthy volunteers. We hypothe-
sized that oral tryptophan supplementation will increase the
production of bacterial indoles and increase AhR activation.

MATERIALS AND METHODS

Study Population

Twenty-two healthy subjects (18 to 75 yr) of both sexes in
overall good health and not fulfilling Rome IV criteria for
functional gastrointestinal disorders (20) were recruited
between October 2017 and July 2019 at McMaster University
Medical Centre. We included volunteers of a wide range of
age to ensure generalizability and effectiveness of the
interventions across different age groups. For detailed
demographics, see Table 1.

Table 1. Demographic information

Healthy Subjects (n = 20)

Age, yr 28 (19-57)
Sex

Female 11(55)

Male 9 (45)
Body mass index, kg/m? 23.2 (18.6-29.1)
Race

White 15 (75)

Asian 5 (25)
Smoking

Nonsmoker 12 (60)

Smoker 5 (25)

Ex-smoker 3(15)
Chronic medication

Yes 1(5)

No 19 (95)
Alcohol consumption

Yes 19 (95)

No 1(5)

Data presented as median (IQR), or number (percent).
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Study Design

This was a randomized, double-blind, placebo-controlled,
crossover study. Subjects were instructed by a research dieti-
cian to follow a diet restricted in tryptophan for two periods of
3 wk, separated by a 2-wk washout period when their regular
diet was resumed (Supplemental Fig. S1). The washout period
allows to minimize the potential carryover effect, ensuring
that the results of the subsequent opposite intervention are not
influenced by the previous intervention (21). Participants were
randomized and equally allocated in two groups: L-tryptophan
(3 g/day) or placebo, and instructed to consume six capsules
daily for 3 wk during the two study periods. A randomization
list was generated including the following sequence: block
identifier, block size, sequence within block, treatment, and
code without any stratification. Duodenal aspirate, blood,
urine, and stool samples were collected, and clinical parame-
ters were assessed at baseline and at the end of each treatment
period. The trial protocol was conducted in accordance with
the Declaration of Helsinki, approved by Hamilton Integrated
Research Ethics Board (Project No. 2820), and registered in
clinicaltrials.gov (Trial ID: NCT03059862). Written informed
consent was obtained from all study participants.

Interventions

Enteric-coated capsules, each containing either 500 mg L-
tryptophan (Tryptan, Bausch Health, Canada, Inc.) or 500 mg
of leucine (MEDISCA, Inc.), were prepared by the McMaster
University Medical Centre Pharmacy, after approval from the
Ethics Committee and applicable regulatory authorities of
Health Canada. The identity of the specific product was
blinded to subjects and investigators, distinguishable only by
a deidentifiable code, known only by the pharmacy staff.
Study participants were instructed to take two capsules (1,000
mg) three times daily with meals, with a total daily dose of 3
g. Medication compliance was assessed by counting residual
capsules in the retrieved containers at the end of every period.
Appearance of adverse events (AE) or serious adverse events
(SAE) was monitored during the entirety of the study.

Tryptophan-Restricted Diet

The diet provided adequate protein (50 g/day) and energy
(1,800 kcal/day) intake while containing less than 500 mg of
L-tryptophan per day. Subjects were provided with a list of
allowed low-tryptophan foods, as well as high-tryptophan
foods to avoid, with outlined serving limits per day. Subjects
recorded the amount of the food consumed during the inter-
vention periods in the form of a diary, including the servings
per meal during each day, which was strictly monitored by
the dietician. A regular diet was followed during the baseline
and washout periods, with an estimated amount of 1,000 mg
L-tryptophan intake per day.

Primary and Secondary Study Outcomes

The primary outcome was a change in aryl hydrocarbon re-
ceptor (AhR) activation level in stool and duodenal content
samples before and after intervention. As secondary out-
comes, we assessed microbial and host metabolites of trypto-
phan in blood, urine, and stool, cytokine production by
isolated peripheral blood mononuclear cells, microbiota pro-
files, as well as gastrointestinal and psychological symptoms.
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Assessment of Clinical Parameters

Gastrointestinal and psychological symptoms were
assessed at baseline and at the end of each intervention
by validated questionnaires, including Gastrointestinal
Symptom Rating Scale (GSRS) (22), Hospital Anxiety and
Depression Scale (HAD) (23), and Depression, Anxiety
and Stress Scale-21 (DASS-21) (24).

Sample Collection

All samples were obtained at the day of the endoscopy
procedure, at baseline (before starting the tryptophan-re-
stricted diet), and at the end of each intervention. Upper
gastrointestinal endoscopy was performed after an over-
night fasting, using conscious sedation with midazolam
and fentanyl. After entering the second portion of the duo-
denum, available luminal fluid was aspirated into a sterile
mucus specimen trap (Medline), and then using waterjet
with sterile water, we dislodged the intestinal mucus and
aspirated the luminal contents. Duodenal aspirates (total of
approximately 15 mL) were then frozen on dry ice. Stool
samples and first morning midstream urine samples were
collected in sterilized containers. Blood was drawn using
BD Vacutainer K2 EDTA and serum tubes (BD Biosciences),
then centrifuged and aliquoted into sterilized microtubes.
All samples were stored in —80°C until further analysis.

Cell Line and Culturing Conditions

H1L1.1c2 cells containing the plasmid pGudLucl.1 (25)
were thawed from a frozen stock and grown in culturing
media (Dulbecco’s modified Eagle’s media, DMEM, sup-
plemented with 10% heat-inactivated FBS, 50 IU/mL
penicillin, 50 IU/mL streptomycin, and 50 mg/mL of
geneticin; Sigma-Aldrich) at 37°C, 5% CO,. After 24 h of
growth, spent media was removed and replaced with
fresh media. Cells were grown until 80%-90% conflu-
ency. At this point, cells were passaged by aspirating
spent media, washing the cells with PBS, and detaching
the cells using trypsin-EDTA (0.5%). Cells were then
added to fresh media at a 1:10 dilution and grown to
desired confluency. This process was repeated until the
desired number of cells was produced.

Aryl Hydrocarbon Receptor Activity Assay

AhR activity in duodenal aspirate and stool samples was
assessed using a luciferase reporter assay method (12).
HI1L1.1c2 cells, containing the dioxin response element-
driven firefly luciferase reporter plasmid pGudLucl.1 (26),
were stimulated with human stool suspensions or small in-
testinal contents for 24 h. Luciferase activity was meas-
ured and expressed as fold changes relative to the control.
Cytotoxicity was monitored by lactate dehydrogenase
(LDH) release; highly cytotoxic wells were excluded from
the analysis.

AhR activity in duodenal contents was normalized using
the osmolality of the sample. Two duodenal aspirate samples
were excluded from the analysis as luciferase activity not
measurable, likely due to high dilution. Resulting values
(delta) of placebo and tryptophan arms in relation to the
baseline are shown as percentages.
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Tryptophan Metabolite Levels

Metabolites were extracted from each sample after addi-
tion of the internal standards and MeOH/H,O in different
concentrations. The samples were vortexed and homoge-
nized at —20°C for 30 min and centrifuged at 11,000 rpm for
10 min. The supernatant was transferred to 96-well plates for
Liquid chromatography coupled with high-resolution mass
spectrometry (LC-HRMS) analysis. Chromatography was
conducted using a Phenomenex Kinetex 1.7 ym XB—C18 col-
umn (150 mm x 2.10 mm, 100 A) kept at 55°C. The solvent
system consisted of mobile phase A (0.5% formic acid in
water) and mobile phase B (0.5% formic acid in methanol).
Multiple reaction monitoring (MRM) analyses were car-
ried out on a UPLC Ultimate WPS-3000 system (Dionex,
Germany) coupled with a Q-Exactive mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany) operating
in positive (ESI +) and negative (ESI —) electrospray ioni-
zation modes (one run for each mode). The collected data
were processed using Xcalibur software (Thermo Fisher
Scientific, San Jose, CA) by integrating selected product
ion chromatographic peak area to calculate calibration
curves and samples concentration (27).

Peripheral Blood Mononuclear Cells and Cytokines in
Culture Supernatants

Peripheral blood mononuclear cells (PBMCs) were isolated
from whole blood, and cytokines were measured using in
culture supernatants using the Bioplex Pro Assay (Bio-Rad).
Whole blood was layered over Histopaque-1077 and centri-
fuged (30 min, 400 g) to collect PBMCs. After washing, cells
were counted with trypan blue, resuspended (1 x 107 cells/
mL) in RPMI with 10% FCS. Freezing media (20% DMSO in
FCS) was added, cryovials were slow-frozen at —80°C, then
transferred to liquid nitrogen after 24 h. Thawed PBMCs (1 x
10° cells/mL) were then plated (0.18 x 10° per well) in 96-
well plates, rested for 12 h, and stimulated (triplicate) with
phorbol 12-myristate 13-acetate (PMA; 500 pg/mL) and iono-
mycin (1 pg/mL) for 24 h at 37°C, 5% CO,. Supernatants were
stored at —80°C for analysis. Cytokines were measured in
cultured supernatants using the Bioplex Pro Assay (Bio-Rad).
Briefly, magnetized beads with detection antibodies for cyto-
kines [interferon y (IFN-y), tumor necrosis factor-o. (TNF-a),
interleukin-6 (IL-6), interleukin-8 (IL-8), and interleukin-22
(IL-22)] were combined with the samples, standards, and
antibodies in a 96-well plate. After incubation and washing
steps, streptavidin-PE was added, followed by a final mea-
surement using the MAGPIX reader (Luminex).

Fecal Microbiota Sequencing

For DNA extraction, each stool sample was placed in a
tube with ceramic and glass beads, GES solution (guanidium
thiocyanate, EDTA, and Sarkosyl), and sodium phosphate
buffer. The samples were mechanically homogenized for 3
min at 3,000 rpm for 2 cycles and then incubated at 37°C for
1 h with lysozyme and RNaseA (mutanolysin was excluded).
After a second incubation at 65°C for 1 h with SDS (sodium
dodecyl sulfate), NaCl, and Proteinase K, the samples were
centrifuged at 13,000 rpm for 5 min. The supernatant was
mixed with an equal volume of phenol:chloroform:isoamyl
for extraction and purification and centrifuged again (13,000
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rpm for 10 min). The resulting aqueous layer was com-
bined with 200 pL of DNA binding buffer and purified
using the Zymo DNA Clean and Concentrator-25 kit. The
DNA was purified and eluted with 50 uL of ultrapure water
(28). The V3-V4 regions of the 16S rRNA gene were PCR-
amplified with adapted primers (29). Sequencing utilized
the MiSeq Illumina platform. Sequences were processed
using Cutadapt (30) and DADA2 (31) with the SILVA refer-
ence database v. 138.1. A phylogenetic tree was generated
with FastTree 2 (32). Data exploration used the phyloseq
package and custom R scripts (33). One sample with
<1,000 reads was excluded. Of the remaining samples,
1,787,525 reads were obtained, averaging 45,833 per sample
(range: 1,674-72,808).

Statistical Methods

Data are presented as median (interquartile range).
Wilcoxon test was used to compare metabolites and clinical
parameters using GraphPad Prism v. 9. Spearman’s rank cor-
relation between clinical parameters, cytokine expression,
and metabolites parameters was analyzed using R v. 3.5.2.
Cytokine data were analyzed using the MAGPIX XxPONENT
software, Bio-Plex Manager v. 5.0.

For microbiota analysis, differences in beta-diversity
were evaluated using a PERMANOVA. Differences for
alpha-diversity genera were evaluated with a generalized
linear mixed model using a negative binomial distribution
(34), performed using glmmTMB package for R (v. 4.1.1)
(35). Treatment group was modeled as a fixed effect and
individual subject as a random effect, with number of
reads used as an offset. Statistical differences between
groups were identified using estimated marginal means
and custom contrasts using emmeans and contrast func-
tions of the emmeans package for R (36), followed by Sidak
correction for multiple comparisons.

First author and co-authors had access to the study data,
had reviewed, and approved the final manuscript

RESULTS
Study Subjects

Twenty-two healthy subjects were enrolled in the
study. Two subjects were excluded (one for presence of

Feces
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asymptomatic eosinophilic esophagitis and the second
one for not adhering to the study protocol) before the ran-
domization. No participant withdrew from the study due
to self-reported adverse effects from the intervention.
Therefore, 20 subjects were included in the analysis (for
demographics see Table 1).

L-Tryptophan Increased Duodenal but Not Fecal AhR
Activation

Luciferase cell reporter assay showed that although there
was no significant change from baseline in AhR activity in
feces between placebo and L-tryptophan supplementation,
AhR activity in the duodenal aspirates increased during L-
tryptophan supplementation compared with placebo (P =
0.03, Fig. 1).

L-Tryptophan Altered Production of Urine and Serum
Metabolites but Not Serum Cytokines

Using LC-HRMS, 15 tryptophan metabolites were assessed,
focusing on IDO/kynurenine and indole pathways. In urine,
several indole pathway metabolites, including indole-3-ace-
tic acid, indole-3-aldehyde, indole-3-lactic acid, and trypt-
amine were increased after L-tryptophan supplementation
compared with placebo (Fig. 2A). Similarly, urine levels of
kynurenine, kynurenic acid, and several other IDO/kynuren-
ine pathway metabolites were higher after L-tryptophan sup-
plementation (Fig. 2B). In parallel, serum levels of total IDO
metabolites, kynurenic acid, 3-OH-kynurenine, 3-OH-an-
thranilic acid, and quinolinic acid were increased after L-
tryptophan supplementation, together with total levels of
indoles and indole-3-sulfate (Fig. 3, A and B).

No differences in fecal indole or kynurenine metabolites
were found between placebo and L-tryptophan supplementa-
tion (Supplemental Table S1). No differences in serotonin
pathway metabolites were found in serum, urine, or feces
(Supplemental Table S2).

The AhR plays a critical role in immune homeostasis
by affecting the expression of various cytokines, namely
IL-6 (37), IL-8 (38), IL-22 (13), TNF-o, and IFN-y (39).
Therefore, we investigated the production of these cyto-
kines by stimulated PBMCs, finding no significant changes
after L-tryptophan supplementation compared with placebo
(Supplemental Fig. S2).

Duodenal contents
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Figure 2. Effect of L-tryptophan supplementation on urine metabolites. Indole pathway metabolites (A) and IDO pathway metabolites (B) as measured by
liquid chromatography coupled to high-resolution mass spectrometry (LC-HRMS). Statistical significance was assessed by the Wilcoxon signed-rank

test. IDO, indoleamine 2,3-dioxygenase.

L-Tryptophan Did Not Affect Clinical Scores

Abdominal symptoms scores were within normal range
and were not affected by L-tryptophan supplementation
compared with placebo (Fig. 4; Supplemental Fig. S3A).
Similarly, scores of depression, anxiety, and stress were low
and not affected by L-tryptophan supplementation (Fig. 4;
Supplemental Fig. S3, B and C).

Correlation between Tryptophan Metabolites, Serum
Cytokines, and Clinical Scores

Although metabolites in feces were similar between L-tryp-
tophan supplementation and placebo groups (Supplemental
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Table S1), several fecal tryptophan metabolites, such as
indole-3-lactic acid, 3-OH-anthranilic acid, and kynuren-
ine, correlated positively with clinical parameters, includ-
ing anxiety, depression, stress, abdominal pain, and
diarrhea (Supplemental Fig. S4A). Similarly, levels of cyto-
kines IL-6 and IL-22 positively correlated with age and BMI,
as well as with anxiety, indigestion, and overall abdominal
symptoms (Supplemental Fig. S4B). In addition, there was a
negative correlation between serum IDO/kynurenine path-
way metabolites, namely kynurenine, 3-OH-kynurenine and
quinolinic acid, and cytokine IL-8 (Supplemental Fig. S5A)
during L-tryptophan supplementation, but not in placebo
group (Supplementary Fig. S5B).
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Figure 3. Effect of L-tryptophan supplementation on serum metabolites. Indole pathway metabolites (A) and IDO pathway metabolites (B) as measured
by liquid chromatography coupled to high-resolution mass spectrometry (LC-HRMS,). Statistical significance was assessed by the Wilcoxon signed-rank

test. IDO, indoleamine 2,3-dioxygenase.

L-Tryptophan Supplementation Had Modest Impact on
Fecal Microbiota Profiles

Fecal microbiota sequencing identified five genera,
namely Erysipelatoclostridium, Family XIII-UCG 001,
Monoglobus, NK4A214 group, and Colidextribacter, which
differed between L-tryptophan and placebo groups, but oth-
erwise no major differences in composition or abundance
were found (Fig. 5A). Alpha and beta diversity were similar
between the two groups (Fig. 5, B and C). However, several
genera including Coprococcus, Ruminococcus, Streptococcus,
and Oscillospiraceae UCG 002 correlated with several clinical
parameters (scores for anxiety, depression, stress, reflux,
indigestion, and diarrhea), fecal tryptophan metabolites, and
cytokines (Supplemental Fig. S6).

DISCUSSION

In humans, oral L-tryptophan supplementation at the
doses used in this study was safe and well tolerated with no
adverse events reported. Tryptophan increased duodenal
content, but not fecal, capacity for AhR activation and
enhanced tryptophan metabolites of both microbial and
host origin, with increased concentrations of indole
and IDO/kynurenine metabolites, respectively, in urine
and serum. Thus, oral delivery of L-tryptophan activates
AhR-related metabolic pathways in the small intestine of
healthy subjects.

Fecal tryptophan metabolites were not affected by L-tryp-
tophan supplementation, suggesting that either the supple-
mented L-tryptophan did not reach the colon, being fully
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Figure 5. Effect of L-tryptophan supplementation on gut microbiota. A: differential taxa abundance changes assessed by16S rRNA sequencing, associ-
ated with placebo and L-tryptophan supplementation. Each column represents a subject, rows represent genera statistically different between the two
groups, and color represents the corresponding Z score. Squares next to genera indicate median abundance of each genus in the dataset; B: alpha di-
versity indicated by the Shannon and Chao1 index; C: beta diversity: ordination plots generated using the weighted UniFrac metric. Data points repre-
sent subjects receiving placebo (blue) or L-tryptophan (orange). Statistical analysis was performed using estimated marginal means and custom
contrasts using emmeans followed by Sidak correction for multiple comparisons, Wilcoxon signed-rank test, and PERMANOVA. CAP, canonical analysis

of principal coordinates.

metabolized in the small intestine, or the microbial metabo-
lites were absorbed before reaching the distal colon. This find-
ing is clinically relevant, as there is growing interest into how
to best implement tryptophan metabolite therapies during
chronic intestinal conditions (40). In this study, L-tryptophan
and placebo were administered as enteric-coated capsules,
which are rapidly dissolved and fully absorbed and/or
metabolized in the small intestine, thus explaining the
higher levels in urine and blood, with no effects on colonic
metabolites. A measurable effect of L-tryptophan supple-
mentation on the level of indoles in both serum and urine
demonstrates active metabolism by the human small intesti-
nal microbiota. In accordance with the absence of changes
in fecal metabolites, we did not see any differences in fecal
AhR activity. However, there was higher AhR activity in
the duodenum, which strongly suggests increased bacterial
indole production in the small intestine. It is possible that in
more distal intestinal segments, such as jejunum or proxi-
mal ileum, where the microbial density is higher and where
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supplemented L-tryptophan is available, AhR activity would
be even more pronounced.

Gastrointestinal symptoms, as well as mood and anxiety
scores did not change with L-tryptophan supplementation,
which is not surprising as this study was performed in
healthy volunteers. The vast majority of these subjects
scored low and within normal range for all the parameters
measured. However, we found that fecal tryptophan and sev-
eral of its metabolites, likely produced by gradual digestion
of dietary tryptophan contained within complex food matrix
that ultimately reaches the colon, correlated with clinical pa-
rameters, including gastrointestinal symptoms, depression,
and anxiety scores. The clinical significance of this finding is
unclear, and it remains to be determined whether they rep-
resent active players or are only passive bystanders in these
processes.

L-Tryptophan supplementation did not affect cytokine
production by PBMC with placebo, suggesting no sys-
temic immune impact. However, within the L-tryptophan
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supplemented group, we found that higher serum levels
of tryptophan and several IDO/kynurenine metabolites
(total IDO metabolites, kynurenine, 3-OH-kynurenine,
quinolinic acid) negatively correlated with IL-8. Although
in general the IDO activity is considered to be proinflam-
matory and related to poor clinical outcomes in anxiety
and depression (41), some studies suggested that IDO ac-
tivity can have tolerogenic and immunosuppressive effects,
reducing not only allergy-related inflammation and food
sensitivities (42-44), but also colitis severity in mouse mod-
els, by increasing xanthurenic and kynurenic acid, known
AhR ligands (40).

The indole pathway of tryptophan metabolism is gut
microbiota dependent (45). In our study, L-tryptophan
supplementation had a modest effect on fecal microbiota
composition, in agreement with our metabolomic results,
suggesting that most of the observed effect was exerted by
the small intestinal microbiome. Indeed, the metabolic
capacity of the upper gastrointestinal tract microbiome is
gaining attention (46, 47). Although our previous study in
mice showed that a high tryptophan diet favors the
growth of Lactobacillus, known metabolizer of tryptophan
(16), none of the five altered genera detected in this
human study has been previously associated with trypto-
phan metabolism (48), thus warranting further investiga-
tion of their activity as indole producers.

Our study has several limitations, including lack of meta-
genomic assessment of the duodenal microbiome to link the
AhR activation and tryptophan metabolism to specific bacte-
ria, due to technical difficulties associated with the analysis
of low microbial mass. We recruited a relatively low number
of subjects, and thus the results should be validated in a
larger cohort. Most importantly, the study was performed in
healthy individuals, therefore L-tryptophan supplementa-
tion should be investigated in patients with chronic inflam-
matory conditions with impaired activation of the AhR
pathways (15-17).

In summary, we demonstrate that in physiological
conditions, oral supplementation of L-tryptophan con-
tained with enteric-coated capsules increased serum and
urine levels of multiple metabolites related to IDO activ-
ity and indole production, reflecting both host and mi-
crobial metabolism of tryptophan, which occurred in the
small intestine as assessed in our reporter cell line. Our
study provides novel insight into the effects of dietary
tryptophan in humans, mode of administration and
dose, to optimally and safely activate AhR pathways and
indole metabolism in the small intestine. The study will
encourage and provide basis for therapeutic trials in
inflammatory conditions of the small intestine, such as
nonresponsive celiac disease.
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