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Abstract

Objectives—To identify indolepropionate (IPA)-predicting gut microbiota species, investigate
potential diet-microbiota interactions, and examine the prospective associations of circulating IPA
concentrations with type 2 diabetes (T2D) and coronary heart disease (CHD) risk in free-living
individuals.

Design—We included 287 men from the Men’s Lifestyle Validation Study, a sub-study of the
Health Professionals Follow-Up Study (HPFS), who provided up to two pairs of fecal samples
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and two blood samples. Diet was assessed using 7-day diet records. Associations between plasma
concentrations of tryptophan metabolites and T2D CHD risk were examined in 13,032 participants
from Nurses’ Health Study (NHS), NHSII, and HPFS.

Results—We identified 17 microbial species whose abundance was significantly associated with
plasma IPA concentrations. A significant association between higher tryptophan intake and higher
IPA concentrations was only observed among men who had higher fiber intake and a higher
microbial species score consisting of the 17 species (p-interaction < 0.01). Dietary and plasma
concentrations of tryptophan and most kynurenine pathway metabolites were positively associated
with T2D risk (HRqs vs @1 ranged from 1.17 to 1.46) while a significant inverse association was
found for IPA (HRqs vs g1 [95% CI] = 0.70 [0.56, 0.88]). No associations were found in CHD for
any plasma tryptophan metabolites.

Conclusions—Specific microbial species and dietary fiber jointly predicted significantly higher
circulating IPA concentrations at higher tryptophan intake. Dietary and plasma tryptophan, as well
as its kynurenine pathway metabolites demonstrated divergent associations from those for IPA,
which was significantly predictive of lower risk of T2D.

INTRODUCTION

Tryptophan is an essential amino acid that plays critical roles in human nutrition and
metabolism. Ingested tryptophan is predominantly catabolized through the kynurenine
pathway (KP) in the liver and peripheral tissues, while a small fraction that is not absorbed
can be directly utilized by the gut microbiota to produce indole and its derivatives.(1)
Interestingly, the host and microbial tryptophan catabolites appear to manifest divergent
associations with human health. While the increased level of KP catabolites such as
kynurenine has been implicated in the development of cardiometabolic diseases,(2,3)
higher circulating concentrations of microbial tryptophan metabolites, most notably the
indolepropionate (IPA), is associated with a lower risk of T2D.(4,5) Since dietary tryptophan
is the only source of tryptophan that can be converted to IPA, the gut microbiota profiles
are likely to play a pivotal role in modulating the IPA production. Although culture-based
studies in animal models have identified a number of IPA-producing microbial species,(6)
the associations between IPA and gut microbiota profile in free living-individuals remain
to be fully characterized. Recent investigations among human populations have discovered
some gut microbial genus and species that may potentially produce IPA but these are

quite different from findings from rodent models, implying limited generalizability of host-
microbial crosstalk in tryptophan metabolism from animal studies to free-living human
individuals.(7,8) In addition, emerging evidence from population-based studies suggested
that dietary fiber, as a key prebiotic, may be involved in the production of IPA since a
higher dietary fiber intake has been consistently associated with increased circulation IPA
concentrations as well as an overlapping panels of gut microbial species associated with
both fiber and IPA.(5,7,and 8) As such, the role of dietary fiber is particularly intriguing as
no evidence suggests IPA can be produced through fiber fermentation and the production
of IPA was found to be completely gut microbiota-dependent in rodent models.(9) Because
no previous population-based study explicitly takes dietary fiber intake into consideration
when examining the interactions between dietary tryptophan and gut microbiota profile on
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circulating IPA concentrations, the potential complex interplay between dietary and gut
microbial profiles that modulates the IPA production remains to be elucidated.

The current study aims to integrate the gut microbiome and plasma metabolome data to
identify gut microbial species associated with circulating IPA concentrations and explicitly
investigate the interaction between diet and gut microbiome with circulating IPA level. We
also investigated whether dietary fiber may strengthen the IPA-producing capacity of the
identified gut microbiota species. Finally, to complement the host-microbial interaction
analysis, prospective associations of dietary tryptophan as well as major tryptophan
metabolites with T2D and coronary heart disease (CHD) risk were examined in three large
prospective cohort studies of US men and women.

Study population

The current study consisted of two primary components of analyses (Figure 1): 1) gut
microbial taxonomic and functional analyses that elucidated the relationships among dietary
tryptophan and intake, gut microbiome, and plasma concentrations of IPA; 2) survival
analyses that examined the prospective associations between circulating level of IPA and
other tryptophan metabolites and incidence of T2D. We also considered CHD in this
analysis given the etiology of T2D and CHD may partially overlap. The study population
for the gut microbiome analyses is the Men’s Lifestyle Validation Study (MLVS), a 1-year
sub-study nested in the Health Professionals Follow-up Study (HPFS) which is an ongoing
prospective cohort study initiated in 1986 enrolling 51,529 US male health professionals.
During 2011-2013, a total of 307 participants from MLV'S provided up to two pairs of
self-collected fecal samples with each pair collected from two consecutive bowel movements
24 to 72 hours apart; the two pairs were collected approximately 6 months apart. Two blood
samples were also collected, 6-month apart, to roughly match with the timing of the stool
sample collection. (10) After excluding 20 participants without blood samples, we finally
included 287 men in the gut microbiome analyses.

The study population of the survival analyses were sub-studies among participants from

the Nurses’ Health Study (NHS), NHSII, and HPFS who provided blood samples during
1990-1999 (1990 for NHS, 1999 for NHSII, and 1994 for HPFS). The survival analysis
sample consisted of 13,669 participants from the three cohort studies who had data

of plasma tryptophan metabolites. Similar to HPFS, the NHS (n=121,700) and NHSII
(116,340) are two ongoing prospective cohort studies of middle-aged-to-older female nurses
who have been followed up since 1976 and 1989, respectively. In all three cohorts,
participants were sent questionnaires biennially to update their demographic and lifestyle
information and to identify disease incidence. The cumulative response rates in three cohorts
exceeded 90%.(11,12) After excluding prevalent T2D and CHD cases from the 13,669
participants, we included 13,032 participants in the survival analyses.

The study protocol was approved by the institutional review boards of the Brigham
and Women’s Hospital and Harvard T.H. Chan School of Public Health, and those of
participating registries as required.
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Taxonomic and functional profiling of stool samples

Stool samples were profiled using Illumina HiSeq paired-end shotgun sequencing to obtain
metagenomes and metatranscriptomes. QC was performed according to HMP protocols
with KneadData. Detailed information regarding sample processing, sequencing, and QC
have been described extensively in previous studies.(13,14) Taxonomic and functional
profiles were generated following the bioBakery workflow:(15) MetaPhlAn2 was used

to perform taxonomic profiling(16) and HUMANN?2 for functional profiling.(17) For
taxonomic features, we excluded those with a relative abundance <1074 (0.01%) in over
10% of all observations; for functional features, we excluded those with a relative abundance
<107°(0.001%) in over 10% of all observations. Because no metatranscriptomic data (RNA
data from gene expression of gut microbiome) were left after filtering in a subset of 91
men, the microbial analysis only focused on the metagenomic features. We included 925
metagenomes from 287 men in the final analyses.

Metabolomics profiling of blood samples

For both microbiome analyses and survival analyses, the plasma concentrations of
tryptophan metabolites including IPA, KP metabolites, and serotonin were profiled in

the laboratory at the Broad Institute of Harvard University and M.1.T. (Cambridge, MA),
using high-throughput liquid chromatography-tandem mass spectrometry techniques.(18) In
MLVS, the mean coefficient of variance (CV) for IPA was 15.4%. In the survival analysis
sample, for major tryptophan metabolites, the average CV ranged from 13.7% for indoxyl
sulfate to 28.2% for IPA (Supplemental table 1).

Dietary assessment

In the microbiome analyses, diet was assessed using two sets of 7-day diet records (7DDR)
administered 6 months apart during the stool sample collection period to record detailed
consumptions for seven consecutive days.(19) Provided with a food scale, ruler, and
instructional supports via DVD and telephone, participants measured and reported weights
in gram of foods before and after eating a meal so that the actual intake could be computed.
Moreover, the participants also provided recipes of all home-prepared foods, including

the number of servings in each recipe and the portion of the foods they consumed. Over

150 nutrients and dietary constituents including tryptophan and fiber (total fiber, soluble
fiber, insoluble fiber, and pectin) were derived from 7DDRs based on the Nutrition Data
System for Research at the University of Minnesota Nutrition Coordinating Center.(20)
Dietary tryptophan was calculated by multiplying the frequency of consumption of each
tryptophan-containing food item by tryptophan content and then summing across from all
foods. Since the IPA was only measured in the second blood samples collected in the MLVS,
we used average values of food and nutrients intake from two 7DDRs to represent the recent
dietary intake contemporaneous with stool sample collection.

In the survival analyses, diet was assessed by a validated FFQ every 4 years starting in 1984
in the NHS, 1991 in the NHSII, and 1986 in the HPFS, respectively. For each food item
listed in the FFQ, participants were asked their average consumption frequency of a pre-
specified portion size during the previous year.(21) The average daily intake of tryptophan
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was calculated by multiplying the frequency of consumption of each tryptophan-containing
food item by tryptophan content and then summing across from all foods.

Ascertainment of type 2 diabetes and coronary heart disease

Participants who reported a diabetes diagnosis were mailed a supplementary questionnaire
regarding symptoms, diagnostic tests, and hypoglycemic therapy. We used the National
Diabetes Data Group criteria to ascertain diabetes diagnoses for cases identified before 1998
or the American Diabetes Association criteria for cases after 1998.(22,23) Our validation
studies demonstrated about 97% of participants with self-reported T2D confirmed by the
questionnaire were reconfirmed by review of the medical records.(24,25)

Total CHD included myocardial infarction (MI) and fatal CHD and we included both
definite and probable cases in the analysis. Non-fatal M1 was reported by the participants in
the follow-up questionnaires and was subsequently ascertained by medical records review.
Study physicians who were blinded to exposure status reviewed the medical records and
confirmed/refuted reported MI cases according to the WHO criteria.(26,27) Fatal CHD was
confirmed by a review of hospital records or autopsy reports if CHD was listed as the
underlying cause of death and if evidence of previous CHD was available from medical
records.

Assessment of covariates

Biennial follow-up questionnaires were sent to participants in 3 cohorts to collect and
update the occurrence of diseases, demographic information, and lifestyle factors including
smoking status, alcohol consumption, and body weight, and other variables. Physical
activities were repeatedly assessed in the three cohorts and we calculated the body mass
index (BMI) as weight in kilograms divided by the square of height in meters to measure
overall obesity. In addition, we used the alternative healthy eating index (AHEI) to adjust for
overall diet quality.(28) In MLVS, the covariates information was collected in similar ways
around the time of blood collection, except that we additionally assessed the information

on use of probiotics and antibiotics, surgical procedures, and the Bristol stool chart through
fecal sample collection questionnaires.

Statistical analysis

In the microbiome analyses, we calculated the intake of energy-adjusted tryptophan and
fiber as well as major tryptophan food contributors using the averages of two 7DDRs to
represent a more stable, habitual diet, also partially because IPA and other metabolites

were measured in the 2" blood samples only in the MLVS. Similarly, we averaged up

to 4 measurements of metagenomic features from two pairs of fecal samples including
microbial taxon, DNA enzymes, and DNA pathways. When linking metagenomes with diet,
for participants who did not provide fecal samples in all 4 phases, we used the dietary
intake data from the 7DDR that was closest to the fecal sample collections. For example,
for participants who only provided fecal samples in phase 1 and 2, we only used their first
7DDR information.
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Multiple linear regression was used to assess the associations between dietary tryptophan

as well as major tryptophan contributors and plasma IPA concentrations. Bray-Curtis
dissimilarity-based principal coordinates (PCo) analysis was conducted using taxonomic
data at the species level and the PERNOVA test was performed to assess associations
between the overall microbial community and plasma IPA concentrations. After applying
Arc-sin square root transformation to relative abundances of taxonomic features, the
associations between metagenomic features and plasma concentrations of IPA were analyzed
using generalized fixed-effects linear regressions implemented in MaAsLin2. Multivariable
models were adjusted for age, BMI, calorie intake (quintile), physical activity (quintile),
smoking status (never, past, current), cumulatively averaged AHEI scores, probiotic

use, antibiotic use, colonoscopy, acid reduction medication use, and Bristol stool chart
(Supplemental figure 1).(10,29, and 30) In addition to IPA, we also analyzed the associations
with dietary tryptophan and major tryptophan food contributors including vegetables,
legume, nuts, fruits, red/processed meat, poultry, fish, egg, dairy, and whole grain. The
functional analyses including microbial enzymes and pathways were analyzed in a similar
manner.

To evaluate the modulation effects of gut microbiome on the dietary tryptophan-1PA
associations, we derived a species rank score (SRS) based on identified IPA-associated
species to reflect the IPA-producing capacity. We ranked the positive IPA-predicting species
by their relative abundance of non-zero values. The negative IPA-predicting species were
reversely ranked in the same manner. The SRS was the sum of rank from both IPA-
predicting and non-predicting species. The interactions between dietary tryptophan intake
and gut microbiome on plasma concentration of IPA were examined by including a product
term between dietary tryptophan and SRS in a generalized linear regression model. To
further consider the role of dietary fibers on modulating the diet-gut microbiome interaction,
we additionally introduced in a product term among dietary tryptophan, SRS, and total fiber
as well as the pair-wised product terms among these three variables in the multivariable-
adjusted model. In a secondary analysis, we also examined the 3-way interactions with
subtypes of fiber, including soluble fiber, insoluble fiber, and pectin.

In the survival analyses, plasma tryptophan metabolites with less than 5% of missing

values were imputed with the one half of the minimum value and transformed to natural
logarithmic Z-score. We cumulatively averaged the dietary tryptophan intake until the blood
draw year to represent the baseline tryptophan intake. All tryptophan-related variables

were categorized into quintiles. Multivariable Cox proportional hazards model was used to
calculate hazard ratios and 95% confidence intervals for the associations between dietary
tryptophan and plasma tryptophan metabolites, and the risk of T2D. The proportional
hazards assumption was evaluated by including an interaction term between tryptophan
intake or plasma tryptophan metabolites and the duration of follow-up and we did not detect
any evidence of violations of the assumption (P>0.05 for all tests). The Cox models adjusted
for age, race, cohort origin, physical activity (quintile), alcohol intake (quintile), AHEI
without alcohol (quintile), smoking status (never, past, current), BMI, and total energy intake
(quintile). The median value for each exposure was used to calculate the P value for trend.
To plot the multivariable-adjusted Kaplan-Meir survival curves, we used inverse probability
weighting method to adjust for covariates.(31) We also conducted a mediation analysis to
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quantify the mediation effects of KP pathway, IPA, and free plasma tryptophan in the dietary
tryptophan-T2D association.(32) Four KP metabolites including kynurenine, kynurenic acid,
quinolinic acid, and xanthurenic acid were summed up to represent the KP pathway in the
mediation analysis.

In taxonomic and functional analysis, a false discovery rate (FDR)<0.05 were deemed
statistically significant. Otherwise, statistical tests were 2-sided with significant level of
0.05. Statistical analyses were performed using SAS 9.4 (SAS Institute, Cary, NC) and R
v4.1.0.

Patient and public involvement

RESULTS

No patients were involved in setting the research question or the outcome measures, nor
were they involved in the design and implementation of the study. No patients were asked
to advise on interpretation or writing up of results. We did not have the infrastructure,
resources, funding, or time to involve the public in study design, result interpretation, or
publication.

Among 287 MLVS participants, higher plasma concentrations of IPA were associated
with lower BMI, higher levels of physical activity, overall diet quality, fiber intake,

total energy, and lower prevalence of acid reduction medication use (Table 1.1). Other
characteristics including age, probiotic use, antibiotic use, colonoscopy, stool types, and
dietary tryptophan intake did not appear to be associated with plasma IPA concentrations.
Plasma IPA concentrations were modestly correlated with higher consumptions of fiber,
vegetables, fruits, legume, nuts, and whole grains while negative correlations were observed
for red/processed meat, egg, and dairy (Supplemental figure 2). For the survival analyses,
higher baseline plasma IPA levels appeared to be correlated with lower prevalence of
overweight/obesity, higher physical activity and overall diet quality level, as well higher
plasma concentrations of tryptophan and kynurenine but not other tryptophan metabolites
(Table 1.2).

The associations of dietary tryptophan and tryptophan food contributors and overall

gut microbial community in relation to plasma IPA level are shown in Figure 2.

Although higher dietary tryptophan appeared to be associated with lower plasma IPA

level (slope=-0.48, p=0.06), some fiber-rich food contributors including fruits (slope= 0.11,
p<0.001), vegetables (slope= 0.08, p=0.01), and whole grains (slope=0.06, p=0.02) were
significantly associated with higher plasma IPA concentrations while animal product intake
manifested mostly inverse associations (Figure 2 Panel A). Based on 139 species from
seven phyla spanning three kingdoms, plasma IPA concentration was weakly but statistically
significantly associated with overall gut microbial community abundance (Figure 2 Panel
B). In the stratified analysis by two PCos, we did not observe any statistically significant
difference between higher and lower PCo in relation to plasma IPA level for dietary
tryptophan and tryptophan food contributors (Figure 2 Panel C).
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In the taxonomic analysis, we identified 17 microbial species in two phyla (Bacteroidetes
and Firmicutes) whose relative abundance was significantly associated with plasma IPA
level (Figure 3, Panel A). Of 17 identified species, only 3 species were positively associated
with IPA concentrations (£. eligens, B. crossotus, and F. prausnitzii) and the rest of species
were negatively associated with plasma IPA level. Moreover, dietary tryptophan, most major
tryptophan food contributors as well as total dietary fiber shared similar associations with
the 17 identified species as with IPA (Figure 3, Panel B).

Higher IPA-producing capacity reflected by a higher SRS did not modify the relationship
between dietary tryptophan intake and plasma IPA concentrations (p for interaction = 0.37).
Increased tryptophan intake was consistently associated lower plasma IPA level regardless
of the SRS (Figure 4, Panel A). We also did not observe any statistically significant
interactions with individual IPA-associated species (Supplemental table 2). However, when
additionally considering dietary fiber in these interactions, we found a robust, statistically
significant interaction between dietary tryptophan and SRS on plasma IPA concentrations
at higher level of dietary fiber intake (Figure 4, Panel B, p for 3-way interaction <0.001).
Similar significant 3-way interactions were also observed in fiber-rich tryptophan food
contributors including vegetables (p=0.002), nuts (p=0.04), and whole grains (p=0.002)
while the interactions in the opposite direction were found in red/processed meat (p=0.01),
egg (p=0.02), and dairy (p=0.01). Moreover, consistent patterns of interactions were found
for all fiber subtypes with different strength of associations (Supplemental table 3).

In the functional analysis focusing on the 17 IPA-predicting species, we did not identify
any specific enzymes operating in the indole pathway and most statistically significant
signals were some unnamed enzymes. Several nucleotides homeostasis-related enzymes
were identified in £ prausnitzii (Supplemental figure 2, Panel A) that were significantly
associated with the IPA levels. Of note, total fiber and fiber subtypes shared similar
associations with identified enzyme signals with plasma IPA. Finally, we identified 54
pathways within 5 species including B. dorei, B. faecis, B. crossotus, F. prausnitzif, and
R. gnavus (Supplemental table 4). For two IPA-predicting species (B. crossotus and F.
prausnitzif), higher plasma IPA levels were associated with significantly increased activities
of house-keeping pathways involving amino acids biosynthesis, coenzyme biosynthesis,
energy metabolism, homeostasis, nucleotide biosynthesis, and nucleotide degradations,
while the opposite associations were found in those negative IPA-predicting species
(Supplemental figure 2, Panel B).

In the survival analyses, during 218,603 person-years of follow-up, we documented

1,744 T2D cases and 1,129 CHD cases. In the multivariable adjusted model, elevated
baseline plasma IPA concentrations were associated with significantly lower T2D risk
while higher baseline levels of both dietary tryptophan intake and most plasma tryptophan
metabolites from the KP were associated with significantly increased T2D risk (Figure 5).
In multivariable-adjusted model, comparing extreme quintiles, the HRs (95% Cls) were
0.70 (0.56, 0.88) for IPA (p trend <0.001), 1.42 (1.20, 1.68) for dietary tryptophan (p trend
<0.001), 1.17 (1.02, 1.36) for plasma tryptophan (p trend = 0.02), 1.33 (1.09, 1.62) for
kynurenine (p trend <0.01), 1.46 (1.18, 1.79) for quinolinic acid (p trend <0.001), and
1.29 (1.06, 1.56) for xanthurenic (p trend = 0.03). No associations were found for indoxyl
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sulphate, serotonin, and kynurenic acid (Table 2). In the mediation analysis, KP metabolites
and IPA explained 8.2% (2.7%, 22.2%; p=0.003) and 12.2% (4.2%, 30.4%; p=0.01) of the
positive association between dietary tryptophan and T2D, respectively, white no statistically
significant mediation effects were found for free plasma tryptophan (Supplemental table 5).
We also did not find any statistically significant associations with CHD for either IPA or
dietary tryptophan and plasma tryptophan metabolites.

DISCUSSION

In the current analysis integrating gut microbiome and plasma metabolome, we identified a
panel of bacteria species mostly from Firmicutes phylum that were significantly associated
with plasma IPA levels. Although the IPA-predicting species did not directly modulate the
association between dietary tryptophan intake and plasma IPA, our data showed that such
interactions would only manifest with concomitant high dietary fiber intake. These 3-way
interactions were persistent not only among major fiber-rich tryptophan food contributors
but also observed for subtypes of fiber including soluble fiber, insoluble fiber, and pectin.
Using follow-up data from three large prospective cohort studies, a statistically significant
inverse association was found between baseline plasma IPA concentrations and incident T2D
while higher levels of dietary tryptophan intake and most KP metabolites were associated
with significantly increased T2D risk. On the contrary, neither dietary tryptophan nor
baseline plasma tryptophan metabolites were associated with risk of CHD.

In comparison with a recent analysis in the Hispanic Community Health Study/Study

of Latinos (SOL) study identifying the IPA-predicting microbial genus, we found a

quite different panel of taxonomic features at species level which were mostly negative
IPA-predicting species.(8) Nevertheless, our results confirmed three Firmicutes genus
Eubacterium, Butyrivibrio, and Faecalibacterium as positive IPA-predicting species and

the discrepancy might largely reflect the distinct microbial compositions among different
ethnicity groups, since this previous study consisted of predominantly Hispanic population
as opposed to the mostly non-Hispanic white participants in our study. However, it is
important to note that these three identified IPA-associated species are unable to directly
produce IPA because they lack the phenyllactate dehydratase gene cluster F/dA/BC that

is required to encode several key enzymes in IPA biosynthesis.(33) These observations

are compatible with the hypothesis that these three positive predictors of IPA and the

14 negative predictors together constitute a microenvironment that is favorable for the IPA-
producing species which were not detectable in the current and previous studies. Indeed, our
dataset only included one candidate IPA-producing species, Peptostreptococcus stomatis,
which were present in less than 2% of the study population, making it challenging to
examine its associations with IPA. Notably, none of the IPA-producing species identified
from the experimental studies have been successfully identified in the human studies. One
probable reason is that not all of these reported IPA-producers have mutualistic relationships
with the host and some of the species such as C. botulinum, C. paraputrificum, and P,
asaccharolyticus are even detrimental to the host.(34-36) Since our study population was
generally healthy without serious cardiometabolic or infectious diseases, the prevalence and
abundance of certain pathogenic IPA-producing species were likely to be very low.

Gut. Author manuscript; available in PMC 2024 November 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hu et al.

Page 10

To our knowledge, this is the first study among free-living individuals that specifically
examined the modulation roles of gut microbiome on the dietary tryptophan-1PA
associations. Albeit the null findings in the direct interaction between dietary tryptophan and
IPA-associated species on plasma IPA concentrations, we did observe that such interaction
was manifested at higher fiber intake level. Consistent with data from the SOL study,

fiber intake was not only positively associated with plasma IPA level, but it was also
associated with a shared panel of microbial species with IPA.(5,7, and 8) This finding is
particularly interesting as no known bacterium can produce IPA from fiber fermentation.
Based on the physiological roles of dietary fiber on human health, we propose that fiber
may help to activate the tryptophan-gut microbiome interaction via three pathways (Figure
6). First, dietary fiber is known for potentially delaying or decreasing the absorption of
macronutrients in the small intestine,(37) resulting in more unabsorbed dietary tryptophan
to be metabolized by gut microbiota in colon. Second, higher dietary fiber may inhibit

or downregulate the KP in colon and therefore partially shift the tryptophan metabolism
towards the indole pathways. This is supported by an experimental study that found butyrate,
one of the major fiber fermentation metabolites, could negatively regulate the intestinal
epithelial cells indoleamine 2,3-dioxygenase (IDO) expression which is the key enzyme
initiating the KP.(38) We also observed consistent inverse associations between fiber intake
and kynurenine metabolites in our survival analysis sample (Supplemental table 6). Finally,
since the short-chain fatty acids from dietary fiber intake fermentation have profound
impacts on bacterial cross-feeding,(39) it may help to shape the microbial communities

to benefit the growth or well-being of IPA-producing species, although no study has been
conducted to elucidate the cross-feeding networks involving the reported IPA-predictors.
Additional studies are clearly warranted to confirm these 3-way interactions as well as the
role of dietary fiber in the modulation of tryptophan metabolism in combination with the gut
microbiome.

Findings from the survival analyses showing divergent associations between IPA and KP
metabolites in relation to T2D incidence were consistent with previous prospective cohort
studies.(4,5,8, and 40) Our study further showed that the positive associations between
dietary tryptophan intake and T2D risk were moderately mediated by plasma levels of KP
metabolites and IPA. Evidence from both animal and human studies suggest that IPA may
be able to prevent T2D development through improving blood glucose, increasing insulin
sensitivity, and inhibiting liver lipid synthesis and inflammatory factors.(41,42) Moreover,
the similar results found after additionally adjusting for dietary fiber suggested that the
inverse associations was likely to be independent of fiber intake.(7) On the contrary, as
serum kynurenine/tryptophan ratio has been consistently associated with obesity, metabolic
syndrome, and dyslipidemia in population-based studies,(43-45) insulin resistance and
inflammation are likely the underlying mechanisms attributed to the positive associations
between KP metabolites and T2D risk.(46—48) In addition, although several epidemiological
studies have associated KP metabolites with increased risk of CHD and CVVD mortality

in high-risk or older population,(49-51) our study did not observe statistically significant
positive associations. Higher kynurenine/tryptophan ratio resulting from activation of IDO
by interferon -y has been suggested as an indicator of increased immunoinflammatory
responses in advanced atherosclerosis(52,53) whereas IPA was found to be able to inhibit
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atherosclerosis by facilitating macrophage reverse cholesterol transport.(54) Given the
opposite roles of IPA and KP metabolites implicated in atherosclerosis development and
endothelial functions(3,55), further prospective cohort studies are needed to clarify the
associations between tryptophan metabolites and cardiovascular health. In addition, data
from experiment study and dietary intervention trial are warranted to further interrogate
whether fiber and microbiome may jointly modulate the associations between tryptophan
intake and diabetes risk.

The major strengths of study included an accurate dietary assessment by diet records,
relative comprehensive profiling of metagenomic features that allow for both taxonomic and
function analysis, integration of both gut microbiome and plasma metabolome that enabled
us to explore the complex relationship among dietary tryptophan, microbial species, fiber,
and plasma IPA. Moreover, the survival analyses examining both T2D and CHD provided
the prospective data that further substantiated the important pathophysiological roles of
tryptophan metabolites on cardiometabolic health. Several limitations also merit discussion.
First, our metagenomic functional features were quite limited and did not encompass the key
enzymes and pathways in the kynurenine and indole pathways. As a results, the identified
enzymes and pathways had mostly house-keeping functions and we were not able to gain
additional mechanistic insights in the tryptophan metabolism. Second, the higher order
statistical interactions are usually less reliable especially with relatively modest samples
size. However, the statistically significant 3-way interactions were not only identified for
dietary tryptophan but also among most major tryptophan food contributors across three
fiber subtypes, so these results were more likely to reflect plausible biological process

than to be merely explained by the chance findings. Third, limited by the modest sample
size, we were not able to test any non-linear interactions in the diet-gut microbiome-1PA
relationships, which might be more biologically plausible. Fourth, due to the lack of

fecal metabolites data, our study could not examine the cross-feeding networks among
IPA-associated species which may shed light on the modulation effects of dietary fiber in
the tryptophan metabolisms. Finally, our study participants were predominantly white health
professionals with higher health consciousness, so whether our findings can be generalized
to other ethnic groups or professions needs to be further investigated.

CONCLUSION

In conclusion, the current study identified a panel of IPA-predicting gut microbial species
which jointly modulate the associations between dietary tryptophan intake and circulating
IPA with dietary fiber in a free-living male population. Plasma IPA was prospectively
associated with lower T2D risk while most KP metabolites were associated with increased
risk of T2D, but these metabolites were not associated with CHD incidence. Our findings
facilitate further understandings of the complex host-microbial crosstalk in tryptophan
metabolism and highlight the important role of prebiotics in modulating the relationships
in the diet-gut microbiome-disease axis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

WHAT THIS STUDY ADDS

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR POLICY

Among tryptophan catabolites, elevated circulating level of kynurenine
pathway metabolites have been associated with increased risk of
cardiometabolic disease risk while higher circulating levels of indole pathway
metabolites, most notably the indolepropionate (IPA), is associated with a
lower risk of type 2 diabetes (T2D).

Different panels of IPA-associated microbial features have been identified in
culture-based studies in animal models and free-living human populations.

Dietary fiber as a major prebiotic has been associated with IPA production
in a gut microbiota-dependent manner, although how dietary fiber modulates
the interactions between dietary tryptophan and gut microbiota profile on
circulating IPA concentrations remains to be investigated.

Utilizing repeatedly measured gut microbiota data and diet records collected
among 287 men, we identified 17 microbial species whose abundance was
significantly associated with plasma IPA concentrations.

Although IPA-predicting microbial species did not directly modify

the associations between dietary tryptophan intake and plasma IPA
concentrations, we found that such interactions only manifested among men
consuming higher dietary fiber.

A robust inverse association was observed between baseline plasma IPA
level and T2D risk while higher plasma concentrations of most kynurenine
metabolites were associated with significantly higher T2D incidence. No
associations were found in coronary heart disease for any plasma tryptophan
metabolites.

Our findings facilitate further understandings of the complex host—-microbial
crosstalk in tryptophan metabolism and highlight the important role of
prebiotics in modulating the relationships in the diet-gut microbiome-disease
axis. Additional studies are warranted to further interrogate whether fiber and
microbiome may jointly modify the associations between tryptophan intake
and T2D risk.
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Figure 1.

Overview of the dual components of the study design integrating diet, gut microbiota,

and circulating metabolites in relation to IPA and T2D. The microbial analysis focused on
exploring the inter-relationships among dietary tryptophan, fiber, gut microbial features, and
plasma level of IPA. The survival analysis examined the prospective associations of dietary
tryptophan and circulating tryptophan metabolites with T2D risk.
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Figure 2.
Associations between dietary tryptophan, major tryptophan food contributors, and overall

gut microbial community and plasma IPA concentrations.

Panel A: Associations between dietary tryptophan and major tryptophan food contributors
on plasma IPA concentrations.

Panel B: The first two principal coordinates (PCo) based on based on Bray-Curtis
dissimilarity plotted by plasma IPA levels (left) and Firmicutes to Bacteroidetes ratio (right).
Panel C: Associations between dietary tryptophan and major tryptophan food contributors
on plasma IPA concentrations stratified by PCol and 2. Error bar represents 95% confidence
interval.
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Figure 3.
Associations between taxonomic features and plasma IPA concentrations Panel A shows

phylogenetic tree for taxonomic features qualified for analysis, highlighting features
significantly associated with plasma IPA concentrations (solid stars with letter labels, false
discovery rate (FDR)<0.05; solid circles, p<0.05). The inner rings denote associations of
each species with IPA levels and intakes of tryptophan food contributors (red, positive
associations; green, inverse associations; color depth, statistical significance), and the
abundance of each species are portrayed in the outermost ring. Panel B presents the
associations between IPA-associated species with dietary tryptophan, fiber, and major
tryptophan food contributors. Colors of cells indicate association coefficients, and asterisks
denote association significance (** FDR<0.05, *p<0.05). Generalized linear fixed-effects
regressions implemented in MaAsLin2 were adjusted for age, BMI, calorie intake (quintile),
physical activity (quintile), smoking status (never, past, current), cumulatively averaged
AHEI scores, probiotic use, antibiotic use, colonoscopy, acid reduction medication use, and
Bristol stool chart.
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Total fiber, tertile 2
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Interactions among dietary tryptophan, species rank score, dietary fiber with plasma
concentrations of IPA. Panel A: The associations between dietary tryptophan intake and
plasma IPA concentrations according to tertiles of species rank score. Panel B: Interaction
between dietary tryptophan and species rank score on plasma IPA concentrations according
to tertiles of total fiber intake.
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Figure 5.

Multivariable-adjusted Kaplan-Meir survival curves for dietary tryptophan and plasma
tryptophan metabolites in relation to T2D. The inverse probability weighting was used to
adjust for the Kaplan-Meir survival curve. Stabilized weights for each quintile of dietary
tryptophan and tryptophan metabolites were calculated using cumulative logistic regression
adjusting for age, race, cohort origin, physical activity, alcohol intake, AHEI, smoking
status, BMI, and total energy intake.
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Figure 6.

Schematic illustrations of potential roles of dietary fiber modulating the tryptophan
metabolism. Three pathways that may shift the tryptophan metabolism towards the indole
pathway are proposed: 1) fiber can delay or decrease dietary tryptophan absorption in small
intestine, resulting in more unabsorbed tryptophan to be processed in colon; 2) butyrate from
fiber fermentation is able to inhibit the key enzyme of the kynurenine pathway in colonic
epithelial cells, leaving more tryptophan to be metabolized through the indole pathway; 3)
fiber acts as prebiotics that may promote bacterial cross-feeding that particularly benefit the
growth or well-being of IPA-producing species.
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