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Abstract

Background: Consistent evidence suggests diabetes-protective effects of dietary fiber intake.
However, the underlying mechanisms, particularly the role of gut microbiota and host circulating
metabolites, are not fully understood. We aimed to investigate gut microbiota and circulating
metabolites associated with dietary fiber intake, and their relationships with type 2 diabetes (T2D).

Methods: This study included up to 11394 participants from the Hispanic Community Health
Study/Study of Latinos. Diet was assessed with two 24h dietary recalls at baseline. We examined
associations of dietary fiber intake with gut microbiome measured by shotgun metagenomics

(350 species/85 genera and 1958 enzymes, n=2992 at visit2) and serum metabolome measured

by untargeted metabolomics (624 metabolites, n=6198 at baseline); and associations between
fiber-related gut bacteria and metabolites (n=804 at visit 2). We examined prospective associations
of serum microbial-associated metabolites (n=3579 at baseline) with incident T2D over 6 years.

Results: We identified multiple bacterial genera, species and related enzymes associated with
fiber intake. Several bacteria (e.g., Butyrivibrio, Faecalibacterium) and enzymes involved in fiber
degradation (e.g., xylanase EC3.2.1.156) were positively associated with fiber intake, inversely
associated with prevalent T2D, and favorably associated with T2D-related metabolic traits. We
identified 159 metabolites associated with fiber intake, 47 of which were associated with incident
T2D. We identified 18 of these 47 metabolites associated with the identified fiber-related bacteria,
including several microbial metabolites (e.g., indolepropionate and 3-phenylpropionate) inversely
associated with risk of T2D. Both Butyrivibrio and Faecalibacterium were associated with these
favorable metabolites. The associations of fiber-related bacteria, especially Faecalibacterium and
Butyrivibrio, with T2D were attenuated after further adjustment for these microbial metabolites.

Conclusion: Among US Hispanics/Latinos, dietary fiber intake was associated with favorable
profiles of gut microbiota and circulating metabolites for T2D. These findings advance our
understanding of the role of gut microbiota and microbial metabolites in the relationship between
diet and T2D.

Graphical Abstract
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Introduction

Consistent evidence suggests diabetes-protective effects of dietary fiber intakel2, but the
underlying mechanisms are not well-elucidated. These mechanisms could potentially be
related to gut microbiota and microbiota-derived metabolites which have been suggested

to play important roles in human chronic diseases, including type 2 diabetes(T2D)34,
Dietary fibers, though not susceptible to hydrolysis by human digestive enzymes, can be
metabolized by specific gut bacteria which produce a spectrum of metabolites through fiber
fermentation and other metabolism pathways3.

Recent studies have indicated the potential influence of dietary fiber intake on the human
gut microbiota composition. Higher fiber intake has been associated with alterations in

gut bacterial taxa (e.g., higher levels of Prevotella or Prevotella to Bacteroides ratio®,
Roseburid®, Lachnospird®, and Eubacterium’) as well as in gut bacterial gene functions
(e.g., higher levels of genes encoding xylanase, beta-glucanase, and other enzymes related
to fiber degradation®). However, to what extent the specific fiber-associated gut microbiota
taxonomic features and functional capacities may affect the host metabolic diseases such as
T2D, and the underlying mechanisms, are not fully understood.
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Microbial-derived metabolites can be absorbed into the host circulation and may affect
host biological systems, and thus have been suggested as functional mediators linking

gut microbiota and host metabolic health and disease3. While the majority of existing
research has focused on short-chain fatty acids (SCFAs), well-known microbial metabolites
through fiber fermentation®, there is also evidence suggesting other microbial metabolites
associated with fiber intake and T2D, such as indolepropionatel®. However, few studies have
integrated host metabolomics and gut metagenomics data to investigate the relationships
among dietary fiber intake, gut microbiota, host circulating metabolites and risk of T2D in
population-based cohorts3. Data are even sparse in US Hispanics/Latinos, with westernized
diet (e.g., reduced dietary intake of fiber-rich foods) and gut microbiome (e.g., reduced
bacterial diversity) during acculturation®8, who are disproportionally affected by T2D20.

In this study, using fecal shotgun metagenomics data, we aimed to identify gut microbial
taxa and functional capacities associated with dietary fiber intake in the Hispanic
Community Health Study/Study of Latinos (HCHS/SOL), and then linked these identified
gut microbial features with prevalent T2D. We also performed a metabolome-wide analysis
to identify serum metabolites associated with dietary fiber intake and examined whether
these fiber-associated metabolites at baseline were associated with risk of incident T2D over
a 6-year follow-up in the HCHS/SOL. Moreover, through a “Late Integration” strategy,
we linked both fiber-associated gut bacteria and fiber-associated metabolites to help better
understand the role of gut microbiota and microbial metabolites in the relationship between
dietary fiber intake and T2D.

Data Availability.

The gut microbiome shotgun metagenomics sequencing data in this study are deposited

in QUTA (https://giita.ucsd.edu/), ID 11666. HCHS/SOL has established a process for

the scientific community to apply for access to participant data and materials, with such
requests reviewed by the project’s Steering Committee. These policies are described at
https://sites.cscc.unc.edu/hchs/. Please see the Major Resources Table in the Supplemental
Material.

Study population

The HCHS/SOL is a prospective, population-based cohort study of 16,415 Hispanic/Latino
adults aged 18-74 years living in four US metropolitan communities (Chicago, IL;

Miami, FL; Bronx, NY; San Diego, CA). A comprehensive battery of interviews and

a clinical assessment with blood draw were conducted at in-person clinic visits during
2008-2011(baseline) and 2014-2017 (visit 2)>12. In this study, we included up to 11394
participants at baseline (including 6198 participants with serum metabolomics data), and
2992 participants in an ancillary gut microbiome study at visit 2. The specific sample

size for each analysis is detailed in the respective sections. Information on demographics,
behaviors, health status, medical histories, and medication use was collected using structured
questionnaires1213,

Circ Res. Author manuscript; available in PMC 2025 March 29.
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An expanded description of study populations, data assessments and statistical analyses is
provided in Supplemental Methods. The study was approved by the institutional review
boards of corresponding site institutions. Written informed consent was obtained from all
participants.

Assessment of dietary intake

Dietary intake was collected using the multiple-pass methods of the Nutrition Data System
for Research software (version 11) based on two 24-hour dietary recalls assessed ~6-week
apart at baselinel®. Dietary fiber intake assessment included the energy-adjusted total fiber
intake (g/1000kcal per day), and separate estimates for soluble and insoluble fiber intake.
We created a new diet score which comprised 7 non-fiber dietary factors (long chain
omega-3 fatty acids, polyunsaturated fatty acids (PUFA), alcohol, sugar-sweetened drinks,
red and processed meat, trans fats, and sodium).

Metagenomics sequencing, taxonomic and functional profiling

Shotgun metagenomics sequencing was performed on DNA extracted from fecal samples
of 3035 participants at visit2, using lllumina NovaSeq platforms®8. 2992 samples passed
QC metrics were included in the analysis. Microbiome bioinformatics analyses, taxonomic
assignment, and functional component identification were performed using the SHOGUN1®
pipeline®. A total of 350 gut microbial species (presented in more than 20% of samples and
average relative abundance =0.001%) and 1958 annotated known enzymes were included in
the analysis. We conducted central log ratio transformation on these gut microbial features.

Metabolomic profiling

Serum metabolomic profiling was performed using an untargeted liquid chromatography-
mass spectrometry(LC-MS) based protocol at Metabolon (Durham, North Carolina, USA),
in 3972 randomly selected participants (at baseline), and 814 participants (at visit 2)

who provided blood samples within one month of fecal sample collection!®. Metabolomic
profiling was performed in additional 2282 participants (at baseline) as a replication dataset.
A total of 624 known metabolites with an undetectable rate of <20% were included in the
analysis. Values of metabolites below detection were imputed by the half of the minimum
value. We performed inverse-normal transformation on levels of metabolites.

Ascertainment of T2D and metabolic traits

T2D cases were identified if participants met at least one of the following criterial’: fasting
glucose 7.0 mmol/L (126mg/dL); post 2h glucose =11.1 mmol/L (200 mg/dl); HbAlc
>6.5%; or self-reported antidiabetic medication use. Participants free of diabetes at baseline
who were identified as having T2D during the follow-up visits were deemed to be incident
T2D. Metabolic traits, including body mass index (BMI), waist-hip ratio, systolic blood
pressure (SBP), diastolic blood pressure (DBP), triglycerides (TG), high-density lipoprotein
cholesterol (HDL), fasting glucose, post 2h glucose, HbAlc, and Homeostatic Model
Assessment for Insulin Resistance (HOMA-IR),were measured following standardized
methods and protocols?+18,

Circ Res. Author manuscript; available in PMC 2025 March 29.
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Statistical analysis

Dietary fiber intake and incident T2D.—Multivariable Poisson regression was used to
examine the association between baseline dietary fiber intake and incident T2D over 6 years
of follow-up, among 8185 participants who were free of diabetes, cardiovascular disease or

cancer at baseline, controlling for age, sex, study center, education, family income, physical
activity, smoking, drinking, antihypertensive medication, and lipid-lowering medication.

Dietary fiber intake, gut microbial taxa and prevalent T2D.—Among 2992
participants at visit 2, we examined associations of dietary fiber intake with microbial
taxonomic features using multivariate linear regressions, adjusting for age, sex, study center,
education, family income, physical activity, smoking, drinking, use of antibiotics, probiotics,
antihypertensive medication, anti-diabetic medication, and lipid-lowering medication. We
further adjusted for the diet score which comprised 7 non-fiber dietary factors to examine
the potential influences of other dietary factors on the association results. We applied
ANCOM219 to identify fiber-associated microbial taxa in a compositionally coherent
manner. We performed logistic regressions to examine multivariable-adjusted associations
of gut microbial taxonomic features with prevalent T2D and prediabetes, controlling for
aforementioned covariates except for anti-diabetic medication use as this was used to

define T2D. We constructed the integrated hierarchical phylogenetic tree using iTol20.
Subsequently, we focused on those microbial taxa associated with both fiber intake and
T2D, and examined their associations with T2D-relaetd metabolic traits using multivariate
linear regressions, adjusting for aforementioned covariates.

Dietary fiber intake, gut microbial functional enzymes, and prevalent T2D.—
We explored associations of dietary fiber intake with 1958 annotated microbial functional
enzymes using multivariate linear regressions, adjusting for aforementioned covariates.

An enrichment test was performed at enzyme category EC level 11. We applied logistic
regressions to examine multivariable-adjusted associations of the identified fiber-associated
enzymes with prevalent T2D. We performed microbial genomic sequence-based-alignment
analyses® to examine potential contributions of specific bacterial taxa to these fiber-
associated functional enzymes.

Dietary fiber intake, circulating metabolites, and incident T2D.—We examined
associations of serum metabolites with dietary fiber intake using multivariate linear
regressions among 3916 participants at baseline, adjusting for aforementioned covariates
except antibiotics and probiotics. These associations were further examined in an additional
dataset at baseline (n =2282). Then we evaluated the prospective associations of fiber-
associated metabolites with incident T2D over a 6-year follow-up. Among 3916 participants,
we excluded those with prevalent diabetes, cardiovascular disease, or cancer at baseline, and
those who did not attend the second visit. The remaining 2010 participants were included

in the multivariable Poisson regressions, to estimate rate ratios (RRs) of incident T2D per
SD increment in metabolites. The same analysis was conducted in the replication dataset
(n=1569). Results from two datasets were combined using fixed-effects meta-analysis.

We further examined associations of selected metabolites with metabolic traits using
multivariate linear regressions.

Circ Res. Author manuscript; available in PMC 2025 March 29.
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Integrated analyses of gut microbiota and circulating metabolites associated
with fiber intake and T2D.—Among 804 participants with both omics data available at
visit 2, we utilized partial Spearman correlation to assess correlations between the identified
microbial taxa and metabolites which were associated with both fiber intake and T2D.
Associations of 9 fiber-associated microbial genera with prevalent T2D were estimated
using multivariable logistic regressions, adjusted for aforementioned covariates (Model 1);
further adjusted for metabolites relevant to specific individual taxa (Model 2); and further
adjusted for all 18 microbial-related metabolites (Model 3), to explore if these metabolites
could partially explain the observed associations. In addition, we conducted a proxy
association analysis?! to test potential prospective associations of these 9 bacterial genera
with risk of T2D. The identified 18 microbial-related metabolites were used as proxies for
these 9 bacterial genera. For each bacterial genus, we calculated a Spearman correlation
coefficient between effect sizes (beta coefficients) from the cross-sectional associations of
this genus with 18 microbial-related metabolites, and effects sizes (hature-log-transformed
RRs) from the prospective associations of 18 microbial-related metabolites at baseline
with risk of T2D. These effect sizes were standardized using z-score transformation to
ensure comparability. A significant correlation between these two sets of effect sizes was
considered as a significant proxy association.

Statistical analyses were performed using R 4.0.3. The Benjamini-Hochberg false discovery
rate (FDR) method was used for multiple testing correction.

Dietary fiber intake and incident T2D

We first examined the prospective association between dietary fiber intake and incident T2D
among 8185 participants who were free of diabetes at baseline (participant characteristics
are shown in Table.1). During an average 6-years of follow-up, 851 incident T2D cases
were identified (Table.S1). After adjustment for multiple covariates, higher dietary fiber
intake was significantly associated with lower risk of T2D (RR=0.95, 95% C1:0.90,0.99; per
9/1000kcal per day; P=0.045). Compared to those in the lowest tertile of fiber intake (range
3.4-8.4 g/1000kcal per day), participants in the highest tertile (range 10.8-22.1 g/1000kcal
per day) had a 29% (95% CI: 6-47%) lower risk of T2D (P-trend=0.023, Figure.S1).

Dietary fiber intake, gut microbial taxa, and prevalent T2D

We then examined associations of dietary fiber intake with individual gut microbial taxa at
multiple taxonomic levels, among 2992 individuals (participant characteristics are shown in
Table.S2 and Figure.S2). After controlling for multiple covariates, 24 of 85 predominant gut
microbial genera were associated with fiber intake (FDR<0.05). As shown in the integrated
phylogenetic tree (Figure.1A), 17 of these fiber-associated genera were under Firmicutes
phylum, 4 under Actinobacteria, and 3 under Bacteroidetes. Associations between dietary
fiber intake and these 24 gut microbial taxa remained significant after further adjustment
for the diet score which comprised 7 non-fiber dietary factors (Figure.S3). Consistently,

23 of these 24 microbial genera were also identified to be associated with dietary fiber
intake by ANCOM2 (Table.S3). Correlations among these 24 genera were generally weak,

Circ Res. Author manuscript; available in PMC 2025 March 29.
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though a few moderate correlations were observed among 4 genera positively associated
with fiber intake, and among 9 genera inversely associated with fiber intake (Figure.1B). We
identified 99 microbial species within these 24 fiber-associated genera, and the species-fiber
associations were generally consistent with genus level results (Figure.1C and Table.S4). For
example, all of Roseburia, Butyrivibrio, Faecalibacterium species, and 20 of 26 Prevotella
species, were positively associated with fiber intake.

We also examined associations of insoluble and soluble fiber intake with these 24 identified
microbial genera and results were similar (Figure S4). Among these 24 microbial genera,
21 and 15 genera were significantly associated with insoluble and soluble fiber intake
respectively (14 genera associated with both), with consistent directions compared to results
for the total fiber intake.

We thus focused on these 24 fiber-associated genera and examined their associations with
prevalent T2D. After multivariable adjustment, 9 fiber-associated genera showed significant
associations with T2D (Figure.1A and 1D). Higher levels of Butyrivibrio, Faecalibacterium,
Roseburia, Ruminococcus and Marvinbryantia, all of which were positively associated with
fiber intake, were associated with lower odds of T2D. Higher levels of Acidaminococcus,
Erysipelatoclostridium, Hungatella and Lachnoclostridium were associated with lower fiber
intake and higher odds of T2D (all P<0.05)(Figure.1D). For most of the other genera, we
observed expected directions of the associations with fiber intake and T2D (i.e., positively
associated with fiber intake and inversely associated with T2D), though these associations
were not significant (Figure.1E). After further adjustment of obesity, associations between 9
microbial genera and T2D remained significant (Table.S5).

We observed generally consistent directions of associations of these 9 identified microbial
genera with pre-diabetes and T2D (Figure.S5). In addition, several fiber-associated
“beneficial” taxa, notably Butyrivibrio and Marvinbryantia, were linked with a favorable
profile of metabolic traits. On the contrary, the “unbeneficial” taxa associated with lower
fiber intake, such as Acidaminococcus and Lachnoclostridium, exhibited unfavorable
associations with metabolic traits (Figure.1F).

Dietary fiber intake, gut microbial functional enzymes, and prevalent T2D.

After controlling for multiple covariates, we identified 211 enzymes associated with fiber
intake (All FDR <0.05). Our enrichment tests at EC enzyme category level 1l indicated that
fiber intake was associated with enrichment of enzymes belonging to specific categories
(e.g.,EC3.2 Glycosylases; and EC2.5 Transferring alkyl or aryl groups; Table.S6).

In particular, we identified 17 enzymes under the glycosylases category associated with
fiber intake (all FDR<0.05, Figure.2). The identified glycosylases formed two clusters, with
enzymes within each cluster demonstrating high correlations with each other (Figure.2). The
first cluster, which was positively associated with fiber intake and inversely associated with
T2D, included several representative microbial fiber-degradation enzymes. For example,
oligosaccharide reducing-end xylanase (EC3.2.1.156,K15531) is known as a high molecular
mass xylanases which can degrade xylan, a type of dietary fibers found in plant cell walls?2.
The second cluster was inversely associated with fiber intake and positively associated
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with T2D. This cluster comprised microbial encoding enzymes related to metabolism of
simple carbohydrates. In line with our results, one representative enzyme in this cluster,
alpha-mannosidase (EC3.2.1.24, K01191), has been linked with insulin resistance?3.

Besides the EC 3.2 Glycosylases, our results indicated that fiber intake was also associated
with potential enrichment of enzymes in EC2.5, Transferring alkyl or aryl groups
(Figure.S6). We identified 11 fiber-associated enzymes under this transferases category, all
of which were associated with T2D in expected directions (Figure.S6). These 11 transferases
showed weak-to-moderate correlations with the 17 enzymes under the glycosylases category
(Figure.S7).

We then explored potential contributions of the 9 selected fiber-associated bacterial genera
to these enzymes (Figure.2 and S6). Our genomic analyses provided further evidence
supporting the presence of enzyme encoding-genes on the specific bacterial genomes
(Table.S7). For example, we confirmed the presence of xylanase gene on representative
Roseburia and Butyrivibrio genomes. These results expanded our previous findings8 and
also consistent with other studies indicated that Roseburia species from the human gut
displayed high xylanolytic activity?2.

Dietary fiber intake, circulating metabolites, and incident T2D

After adjustment for multiple covariates, 164 out of 624 metabolites were significantly
associated with fiber intake (FDR<0.05) in 3916 HCHS/SOL participants (Table.S8 and S9),
and associations of 159 metabolites with fiber intake were validated in an additional dataset
in HCHS/SOL (n=2282) (Table.S9 and Figure.3A).

We then focused on these 159 fiber-associated metabolites and examined prospective
associations of these metabolites with incident T2D among 2010 participants who were
free of diabetes at baseline, with 224 incident T2D cases identified after 6 years of follow-
up (Table.S10). We found that 69 fiber-associated metabolites were also associated with
incident T2D (Table.S11). After further adjustment for obesity, the associations between
metabolites and risk of T2D only changed slightly and 43 of the 69 remained significant
(Figure.S8). In addition, we conducted stratified analyses based on baseline pre-diabetes
status and results among participants with pre-diabetes were highly consistent with those
observed in the overall sample (Figure.S9). This was expected as the majority incident T2D
cases were identified among participants with pre-diabetes at baseline (Table.S12).

We further conducted replication analyses in the additional HCHS/SOL dataset (1569
participants free of diabetes at baseline with 204 incident T2D cases, Table.S10), and found
that 44 out of 69 metabolites showed significant associations with risk of T2D (Table.S12).
We then combined results from both datasets by meta-analysis, and 47 metabolites were
associated with risk of T2D (Table.S11 and Figure.3B).

To explore potential relationships among these 47 metabolites which were associated
with both fiber intake and T2D, we examined their correlations (Figure.S10) and
performed network analysis (Figure.S11). Notably, 3-phenylpropionate, indolepropionate,
and cinnamoylglycine, which were associated with higher fiber intake and lower risk of
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T2D, were clustered into the same module. This module also showed close relationships
with beta-cryptoxanthin as well as oxalate. We also observed several modules that
comprised metabolites positively associated with risk of T2D. As expected, the host
kynurenine metabolites (kynurenine, kynurenate, and quinolinate) clustered into the same
module. Another representative unfavorable metabolite module comprised gamma-glutamyl
amino acids.

As shown in Figure.S12, among the 47 identified metabolites, those beneficial metabolites
which were associated with lower risk of T2D, were generally linked with a favorable
profile of metabolic traits; whereas unfavorable associations with metabolic traits were
observed for metabolites positively associated with T2D, such as N-acetylglucosamine and
hydroxyasparagine.

Integrated analyses of gut microbiota and circulating metabolites associated with fiber
intake and T2D

We next examined associations between the microbial taxa and serum metabolites, among
804 participants at visit 2. After controlling for multiple covariates, we identified 18
potential microbial-related metabolites out of the 47 metabolites that were associated

with both fiber intake and T2D (Figure.4A). Many of the fiber-associated genera

were significantly correlated with multiple metabolites. For example, the “beneficial”

taxa Butyrivibrio and Faecalibacterium, were correlated with 16 and 4 metabolites,
respectively. Both of them demonstrated positive correlations with the recognized microbial
metabolites, indolepropionate!? and 3-phenylpropionate?4, suggesting that Butyrivibrio
and Faecalibacterium could be potential contributors of these metabolites. In contrast,
Lachnoclostridium, which was associated with lower fiber intake and higher odds of T2D,
showed negative correlations with indolepropionate and 3-phenylpropionate, and positively
linked with several unfavorable metabolites, including N-acetylglucosamine, a metabolite
associated with insulin resistance and weight gain24; and hydroxyasparagine, a marker of the
mild obesity-related diabetes25. Since fecal samples were collected after blood draw, with

a median of 10 days (IQR:6-14 days), we conducted stratified analyses on the correlations
between gut bacteria and serum metabolites by the sample collection time difference (<10
days versus 10-30 days), and correlations between genera and metabolites were highly
consistent (Figure.S13A and S13B).

To examine whether the identified microbial-related metabolites could partially explain

the associations between microbial genera and T2D, we included these microbial-related
metabolites as covariates in the regression models. Associations between four genera
(Faecalibacterium, Butyrivibrio, Acidaminococcus, Lachnoclostridium) and T2D were
attenuated or abolished after further adjusting for their corresponding taxa-related
metabolites, and a similar or more pronounced attenuation was observed when including
all these 18 microbial-related metabolites in the regression models (Figure.4B). In contrast,
the association between Ruminococcus and T2D did not change materially after further
adjusting for metabolites.

We also conducted a proxy association analysis?! to estimate potential prospective
associations between these 9 gut bacteria and risk of T2D, using these 18 microbial-related
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metabolites measured at baseline as proxies for gut microbiota. Our analysis suggested four
bacterial genera potentially associated with risk of T2D (all Spearman |r|>0.5 and P<0.05,
represented by Butyrivibrio and Lachnoclostridium, Figure.4D and S14).

Discussion

Our integrative analyses shed light on the complex relationships among dietary fiber intake,
gut microbiota, and circulating metabolites, offering insights into their potential roles in the
development of T2D. We identified nine gut microbial genera associated with both fiber
intake and T2D in a US Hispanic/Latino population. Further functional analysis highlighted
specific microbial enzymes, particularly glycosylases involved in fiber degradation, which
were enriched in individuals with higher fiber intake and exhibited inverse associations
with T2D. Enhanced by longitudinal metabolomics data, we identified multiple microbial-
related metabolites that could help explain the beneficial associations between specific
fiber-associated bacterial genera and T2D.

Our study revealed a potential pathway/route through the fiber- Faecalibacterium-metabolite-
T2D axis. Faecalibacterium is a Gram-positive anaerobe which is deemed as a symbiotic
microorganism in human gastrointestinal tracts?%. Faecalibacterium prausnitzii was the only
predominant Faecalibacterium species identified in our study. Consistent with our results,
Faecalibacterium has been associated with the high fiber diet?”, and possesses the ability to
metabolize various types of fibers and plant polysaccharides28. Although Faecalibacterium
is known as a butyrate-producer, its anti-inflammatory and other beneficial effects could not
be explained by butyrate alone28. Our study revealed that Faecalibacterium was associated
with multiple potentially beneficial metabolites in serum, including indolepropionate, 3-
phenylpropionate, and cinnamoylglycine, all linked to higher fiber intake and lower risk

of T2D. Our findings are consistent with the reported beneficial role of indolepropionate

in anti-inflammation, anti-oxidant activity, and amelioration of glucose metabolism10.29.
The antimicrobial properties of 3-phenylpropionate may result in low production of
inflammatory lipopolysaccharide and its antioxidant activities may contribute to insulin
sensitivity24. Cinnamoylglycine is a marker of healthy gut microbiome, which inhibits

the growth of pathogenic microorganisms and has potential metabolic health benefits in
vitro30. Notably, the association between Faecalibacterium and T2D was greatly attenuated
after adjusting for these Faecalibacterium-related metabolites, suggesting that the potentially
protective effect of Faecalibacteriumon T2D could be partially explained by these microbial
metabolites.

Another representative route identified in our study was the fiber- Butyrivibrio-metabolite-
T2D axis. Members of Butyrivibrio are known as important degraders of hemicelluloses
and plant polysaccharides3l. Our metagenomics data indicated that, among US Hispanics/
Latinos, Butyrivibrio fibrisolvens was the most predominant species under Butyrivibrio
genus. Our microbial genomic analysis detected the presence of several glycosylases on the
representative Butyrivibrio fibrisolvens genome, including high molecular mass xylanases
(K15531;EC3.2.1.156). In line with our results, Butyrivibrio species have been reported

to grow on xylan32, a type of dietary fiber found in plant cell walls22:33, In addition,

two recent pilot studies also observed decreased Butyrivibrio abundance in patients with
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diabetes using 16S amplicon sequencing34:35. Our integrative analysis linked Butyrivibrio
with several potentially beneficial metabolites, including three aforementioned metabolites
(i.e., indolepropionate, 3-phenylpropionate, and cinnamoylglycine) and p-cryptoxanthin, an
antioxidant and provitamin A carotenoid associated with a reduced risk of T2D36. The
protective association between Butyrivibrio and T2D might be partially explained by these
microbial metabolites. In addition, we observed an inverse association between Butyrivibrio
and circulating pyruvate, which might be related to its role in butyrate production via
pyruvate fermentation3’. Further studies are warranted to clarify the relationship between
circulating and fecal pyruvate and their associations with gut butyrate-producers like
Butyrivibrio.

Our study also identified several potentially pathogenic bacteria, including
Lachnoclostridium and Acidaminococcus, associated with lower fiber intake and higher
risk of T2D. Moreover, by integrating data on serum metabolomics, we found that
Lachnoclostridium was positively associated with circulating metabolites implicated in
T2D development, such as N-acetylglucosamine and hydroxyasparagine. Of note, N-
acetylglucosamine is a recognized contributor to insulin resistance3® and has been

linked with insulin resistance and weight gain in mouse model38:3%, High levels

of hydroxyasparagine were reported to play a role in obesity2®. In addition, both
Lachnoclostridium and Acidaminococcus were inversely associated with serum levels of
three beneficial metabolites, indolepropionate, 3-phenylpropionate, and cinnamoylglycine.
The associations between these two potentially pathogenic bacteria and T2D could be
partially explained by their related microbial metabolites. Moreover, using metabolite
signatures as proxies for gut microbiota, our results also support potential prospective
associations of these two microbial taxa with increased risk of T2D.

The observed relationships between some fiber-associated genera (e.g.,Roseburia and
Ruminococcus) and T2D might not be related to fiber-associated metabolites identified in
this study. This may reflect the complexity of the microbiota-host crosstalk, and suggests
that these bacterial may contribute to host metabolic health and disease through other
microbial metabolites or metabolite-independent pathways. For example, Roseburia species,
known butyrate-producers, have been reported to affect host metabolism through butyrate
inhibiting NF-xB activation, or influence on T-cell proliferation#041. Both our findings
and previous results support the protective association between Roseburia and T2D*2, In
addition, our study found enriched Hungatellain individuals with T2D, and consistently, a
decreased relative abundance of Hungatellain response to T2D treatment was observed in
mouse model“3,

Our results indicate that, both higher insoluble and soluble fiber intakes were associated with
a favorable gut microbiota profile. Our findings aligned with recent /n vitro studies showing
that beneficial butyrogenic bacteria in Firmicutes preferentially utilize insoluble substrates to
support their energy needs?44>, Additionally, insoluble fiber may affect the gut microbiota
composition via other mechanisms, such as fecal bulking effect#® which can reduces the
amount of time available for gut bacterial fermentation of non-digested foodstuff, and
stimulates bacterial growth*®. On the other hand, soluble fiber can be metabolized by gut
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bacteria efficiently, which produces many beneficial metabolites and thus offers health
benefits?’.

Our study also pinpointed certain circulating metabolites that were associated with both fiber
intake and T2D, but not correlated with the identified T2D-related gut bacteria. Some of
these associations could potentially be attributed to host factors. For instance, we found a

set of gamma-glutamy!| dipeptides associated with increased risk of T2D. These dipeptides
are recognized as bioactive peptides, and in particular, gamma-glutamyl-leucine, has been
extensively documented for its association with inflammation, oxidative stress, and T2D
risk48. A recent genome-wide study also identified genetic variants in the host genome that
may regulate levels of serum gamma-glutamyl-leucine?8.

This study has several limitations. The ascertainment of dietary fiber intake was based

on self-report data at baseline, which could potentially inject bias into our findings. The
association between gut microbiota and T2D was examined in a cross-sectional dataset.
However, using longitudinal metabolomics data, we identified specific gut microbial-related
serum metabolites associated with incident T2D over 6 years. Our further analyses using
microbial metabolites as proxies also supported a potential prospective relationship between
gut microbiota and risk of T2D. Finally, given the observational nature of this study, our
results should be interpreted with caution, and causal inference could not be established
without further evidence.

In summary, in this study of US Hispanics/Latinos, we demonstrated that, higher dietary
fiber intake was linked to favorable gut microbiota and circulating metabolite profiles

for T2D. The relationships between some fiber-related gut bacteria and T2D could be
partially explained by circulating microbial-related metabolites. Our findings provide new
information that helps to better understand the relationships of dietary fiber intake with gut
microbiota and circulating metabolites, and their roles in the development of T2D.
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Novelty and Significance
What Is Known?

. Higher dietary fiber intake is associated with lower risk of type 2 diabetes
(T2D); however, the underlying mechanisms are not well elucidated.

. Dietary fiber can be metabolized by specific gut microbes. However, to what
extent the specific fiber-associated gut microbiota taxonomic features and
functional capacities may affect host T2), is not fully understood.

What New Information Does This Article Contribute?

. Our integrated multi-omics analyses revealed the potential fiber-microbiota-
metabolite-T2D route. We identified several bacterial genera (e.g.,
Butyrivibrio, Faecalibacterium) and functional capacities involved in fiber
degradation (e.g., xylanase EC3.2.1.156) positively associated with fiber
intake, and linked to lower odds of T2D.

. Butyrivibrio and Faecalibacterium were positively associated with multiple
beneficial serum metabolites, including indolepropionate, 3-phenylpropionate,
and cinnamoylglycine, with the properties of anti-inflammation and anti-
oxidant activity, and amelioration of glucose metabolism.

. The protective associations of Butyrivibrio and Faecalibacterium with T2D
could be partially explained by these microbial metabolites.

In summary, by leveraging integrative omics data in US Hispanics/Latinos, our

study demonstrated that a higher intake of fiber was linked to beneficial patterns

of gut microbiota taxonomic features, microbial functional enzymes, and circulating
metabolites, all of which were associated with lower risk of T2D. Our analyses further
revealed that, for certain fiber-associated taxa such as Butyrivibrio and Faecalibacterium,
the potentially beneficial effects on T2D risk could be explained by microbial related
metabolites, namely indolepropionate, 3-phenylpropionate and cinnamoylglycine. These
findings contribute to our understanding of the complex relationships among dietary fiber
intake, gut microbiota, and circulating metabolites, offering insights into their potential
roles in the development of T2D. These insights facilitate the novel therapeutic strategies
in precision nutrition and dietary intervention through modulating the gut microbiota and
related microbial metabolites, potentially offering a more effective, precise way for T2D
prevention.
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Figure 1. Dietary fiber intake, gut microbial taxa, and prevalent T2D.

A. Integrated phylogenetic tree of gut microbial taxa associated with fiber intake (n=2992).
Taxa from inner to outer circle represent bacteria kingdom to genus level. The branch
widths reflect the relative abundance of each taxon. Red/blue colors of the ring depict

the significant positive/inverse associations with fiber intake (FDR <0.05) and the gradient
colors reflect the beta coefficients estimated in linear regression models, after adjustment for
age, sex, study center, education, family income, physical activity, smoking, drinking, use
of antibiotics, probiotics, antihypertensive medication, anti-diabetic medication, and lipid-
lowering medication. Among the 24 fiber-associated genera, 9 were significantly associated
with prevalent T2D in multivariable logistic models, after adjustment for the aforementioned
covariates except for anti-diabetic medication use. Red/blue stars depict the positive/inverse
associations of genera with T2D (P <0.05).

B. Partial Spearman correlation heatmap for the 24 identified fiber-associated microbial
genera. Red font highlights those genera positively associated with fiber intake. The pie
pieces reflect the strength of the correlation. Results were adjusted for the aforementioned
covariates.

C. Polar plot for associations of species-level microbial taxa with dietary fiber intake. The
results for 99 predominant species (average relative abundance >0.001% and present in
>20% samples) under the identified 24 fiber-associated genera are shown. The bar height
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represents —Log1o(P) value. Bacterial species significantly associated with fiber intake are
highlighted in red / blue (positive / inverse associations; P <0.05).

D. Associations of fiber-related genera with prevalent T2D. Data are odds ratios (ORs) and
95% confidence intervals (Cls) for T2D per increment of CLR-transformed abundance of
gut bacterial genera, adjusting for the aforementioned covariates.

E. Associations of microbial genera with fiber intake and prevalent T2D. Data are

beta coefficients estimated in regressions (for fiber intake) and natural logarithms of

ORs estimated in logistic regressions (for T2D), after adjustment for the aforementioned
covariates in panel A. Each dot represents a bacterial genus. Red dots highlight the 9 genera
significantly associated with both fiber intake and T2D.

F. Associations of T2D-associated genera with metabolic traits. Data are beta coefficients
estimated in linear regression models after adjustment for the aforementioned covariates in
panel A (*P <0.05).
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Figure 2. Fiber-associated gut microbial functional enzymes and prevalent T2D.
The partial Spearman correlation heatmap (the left panel) includes 17 microbial functional

enzymes under the Glycosylases category that were significantly associated with fiber intake
(all FDR <0.05) (n=2992). For the associations of microbial functional enzymes with

fiber intake (the middle-left panel), the gradient colors reflect the ranks of beta coefficients
estimated in multivariate linear regressions, after adjustment for age, sex, study center,
education, family income, physical activity, smoking, drinking, use of antibiotics, probiotics,
antihypertensive medication, anti-diabetic medication, and lipid-lowering medication. For
the associations of microbial functional enzymes with prevalent T2D (the middle-right
panel), data are ORs and 95% Cls, estimated in multivariable logistic regressions, after
adjustment for the aforementioned covariates except for anti-diabetic medication use. The
partial Spearman correlation heatmap (the right panel) indicates correlations between these
17 microbial functional glycosylases and the 9 identified fiber-associated genera.
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Figure 3. Dietary fiber intake, circulating metabolites, and incident T2D.
A. Polar plot for associations of serum metabolites with fiber intake. Data are —Log1(P)

values for 159 metabolites, which were significantly associated with fiber intake (FDR
<0.05)(n=3916), and validated in an additional dataset (n=2282), from multivariate linear
regressions, with adjustment for age, sex, study center, education, family income, physical
activity, smoking, drinking, use of antibiotics, probiotics, antihypertensive medication, anti-
diabetic medication, and lipid-lowering medication. Red/blue: positive/ inverse associations
(FDR <0.05).
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B. Prospective associations between fiber-related metabolites and incident T2D. Data are
rate ratios (RRs) and 95% Cls, estimated by multivariable Poisson regressions, with
adjustment for the aforementioned covariates except for anti-diabetic medication use.
Results were from the discovery data (the upper panel) including 2010 participants free
of diabetes at baseline, with 224 incident T2D cases over 6 years; from the replication
analyses (middle panel) including 1569 participants free of diabetes at baseline with 204
incident T2D cases over 6 years; and combined (the lower panel) from both datasets using
fixed-effects meta-analysis.
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Figure 4. Integrated analyses of gut microbiota and circulating metabolites associated with fiber
intake and T2D

A. Correlation heatmap for the identified microbial taxa and serum metabolites associated
with both fiber intake and T2D. Data are partial Spearman correlation coefficients

among 804 participants after adjustment for age, sex, study center, education, family
income, physical activity, smoking, drinking, use of antibiotics, probiotics, antihypertensive
medication, anti-diabetic medication, and lipid-lowering medication. (*P <0.05)

B. Associations of fiber-related microbial genera with prevalent T2D with and without
adjustment for microbial-related metabolites. Data are ORs and 95% Cls for T2D per
increment of CLR-transformed abundance of gut bacterial genera, estimated in logistic
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regression models after adjustment for the aforementioned covariates (Modell); further
adjustment for metabolites relevant to specific individual taxa (Model 2); and further
adjustment for all 18 microbial-related metabolites (Model 3).

C. The proxy associations between fiber-related microbial genera and risk of T2D. The
identified 18 microbial-related metabolites were used as proxies for these 9 bacterial genera.
For each bacterial genus, we calculated a Spearman correlation coefficient between effect
sizes (beta coefficients) from the associations of this genus with the microbial-related
metabolites and effects sizes (nature-log-transformed RRs) from the associations of the
microbial-related metabolites with risk of T2D. A significant correlation between these two
sets of effect sizes was considered as a significant proxy association.

D. The representative proxy associations of Butyrivibrio (the left panel) and
Lachnoclostridium (the right panel) with risk of T2D. Each dot represents a microbial-
related metabolite. The x-axis shows effect sizes (beta coefficients) from the cross-sectional
associations of Butyrivibrio or Lachnoclostridium with18 metabolites, and the y-axis
shows effects sizes (nature-log-transformed RRs) from prospective associations of 18
metabolites at baseline with risk of T2D. These effect sizes were standardized using
z-score transformation, to ensure comparability. Metabolites significantly associated with
Butyrivibrio and Lachnoclostridium, respectively are highlighted with red.
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Table 1.

Characteristics of study participants, free of diabetes at baseline (n=8185).

Fiber intake

Tertile 1 Tertile 2 Tertile 3

Age, year 30.1(135) 44.8(12.5) 49.5(11.2)
Sex,%
female 50.2 62.9 75.6
male 49.8 37.1 24.4

Field Center,%

Bronx 34.6 19.6 9.7
Chicago 139 25.9 39.1
Miami 40.7 26.5 9.2
San Diego 10.9 28 42
Smoking,%
never 58.7 64.1 71.2
former 15.6 19.6 19.1
current 13 9.2 6.5
current heavy smoker 12.7 7.1 3.2
Alcohol consumption,%
never 17.7 19.7 211
former 26.7 29.9 355
current 48 46.4 40.4
current heavy drinker 7.7 4 3
Education,%
<high school 26.7 31 43.6
high school 30.6 275 22.6
>high school 42.7 41.5 33.7
Annually family income($),%
<30k 69.7 65.9 66
>=30k 30.3 341 34

Anti-hypertensive medication use,%

no 92.4 91.5 88.3
yes 7.6 8.5 11.7

Lipid-lowering medication use,%
no 96.8 94.3 91.2
yes 3.2 5.7 8.8

Obesity categories,%

normal 25.0 214 19.3
overweight 36.9 41.2 42.7
obese 38.1 374 38.0

Data are mean(SD) for continuous variables or percentage for categorical variables.
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