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Summary eBioMedicine 2023;m:
Background Accessible prebiotic foods hold strong potential to jointly target gut health and metabolic health in high- 104873
risk patients. The BE GONE trial targeted the gut microbiota of obese surveillance patients with a history of colorectal ~ "vPlished Online xxx

neoplasia through a straightforward bean intervention. ?thg/ /j; ';:92/ 33'3
j.ebiom. .

. . N . . . . 104873
Methods This low-risk, non-invasive dietary intervention trial was conducted at MD Anderson Cancer Center

(Houston, TX, USA). Following a 4-week equilibration, patients were randomized to continue their usual diet
without beans (control) or to add a daily cup of study beans to their usual diet (intervention) with immediate
crossover at 8-weeks. Stool and fasting blood were collected every 4 weeks to assess the primary outcome of intra
and inter-individual changes in the gut microbiome and in circulating markers and metabolites within 8 weeks.
This study was registered on ClinicalTrials.gov as NCT02843425, recruitment is complete and long-term follow-up
continues.

Findings Of the 55 patients randomized by intervention sequence, 87% completed the 16-week trial, demonstrating an
increase on-intervention in diversity [n = 48; linear mixed effect and 95% CI for inverse Simpson index: 0.16 (0.02,
0.30); p = 0.02] and shifts in multiple bacteria indicative of prebiotic efficacy, including increased Faecalibacterium,
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Eubacterium and Bifidobacterium (all p < 0.05). The circulating metabolome showed parallel shifts in nutrient and
microbiome-derived metabolites, including increased pipecolic acid and decreased indole (all p < 0.002) that
regressed upon returning to the usual diet. No significant changes were observed in circulating lipoproteins
within 8 weeks; however, proteomic biomarkers of intestinal and systemic inflammatory response, fibroblast-
growth factor-19 increased, and interleukin-10 receptor-a decreased (p = 0.01).

Interpretation These findings underscore the prebiotic and potential therapeutic role of beans to enhance the gut
microbiome and to regulate host markers associated with metabolic obesity and colorectal cancer, while further

emphasizing the need for consistent and sustainable dietary adjustments in high-risk patients.

Funding This study was funded by the American Cancer Society.

Copyright © 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Inflammation

Research in context
Evidence before this study

+ The gut microbiome is increasingly implicated in patient
outcomes from the management of obesity-related car-
diometabolic conditions to cancer.

+ Prebiotic foods offer a safe and accessible strategy to
shape the composition and activity of the gastrointestinal
microbiota and to confer benefits to the host’s health via
inherent dietary nutrients selectively fermented by the
large intestine.

Added value of this study

» We conducted the Beans to Enrich the Gut microbiome vs.
Obesity’s Negative Effects (BE GONE) trial in obese sur-
veillance patients with a history of colorectal cancer and/
or polyps—a group that stands to benefit from an inter-
vention that targets both gut health and metabolic health
but may have unique challenges when it comes to making
and tolerating changes to diet.

This highly accessible and adaptable prebiotic food inter-
vention required patients to consume up to 1 cup per day

Introduction

The gut microbiome’s role in dietary fiber and protein
fermentation is increasingly implicated in patient out-
comes from the management of obesity-related car-
diometabolic conditions to cancer development,
treatment, and survival.'”* Prebiotic whole, plant foods
offer a safe, scalable strategy to shape the composition
and activity of the gastrointestinal microbiota and to
confer benefits to the host’s health via multiple inherent
dietary nutrients selectively fermented by the large in-
testine.* Dry beans (Phaseolus vulgaris) are rich in non-
digestible oligosaccharides that reach the colon intact

of pressure-cooked, canned navy beans within the context
of their usual diet (control); and was sufficient to enhance
the diversity and composition the gut microbiome within
8 weeks with parallel shifts in host metabolites, immune
and inflammatory biomarkers.

Notably, the effect of returning to the usual diet without
beans was quite striking with reversals in favorable
changes in bacteria and host metabolites within 4 weeks.

Implications of all the available evidence

» Broad diet-microbiome interactions in clinical cohorts
enforce a need for improved understanding of the effects
of specific diet changes and predictable strategies to
target and modulate the microbiome to ultimately
improve outcomes and prolong survival.

Insights from BE GONE, reflecting practical real-world
dietary changes, offer a robust foundation for the devel-
opment of microbiome-targeted dietary strategies,
leveraging measurable host biomarkers toward enhanced
patient outcomes.

and have been extensively studied to selectively stimu-
late the growth of beneficial gut bacteria, while con-
straining pathogens, to modulate inflammation and
immunity.® The prebiotic properties of beans are further
supported by the balance of microbiota-accessible car-
bohydrates, including resistant starch, insoluble and
soluble fibers, as well as the high content of essential
amino acids, polyphenols and other bioactive com-
pounds. While inexpensive and accessible, beans are
rarely consumed within the typical U.S. diet and
frequently avoided due to mild or acute gastrointestinal
side effects that can be mitigated through appropriate
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cooking or canning methods.® The small, white
navy bean is distinctively rich in lysine, iron, phospha-
tidylserine, apigenin, saponins, ferulic acid and p-cou-
maric acid compared to other legumes and prebiotic
food sources, providing several unique properties of
relevance to the microbiome, cardiometabolic risk and
cancer.®’” Preclinical studies demonstrate that navy bean
supplementation within a high-fat diet is sufficient to
improve intestinal health and mitigate the severity of the
obese, inflammatory phenotype,® a finding further sup-
ported by clinical and follow-up studies linking bean
consumption to improvements in cardiovascular health®
and reduced risk of advanced colorectal adenoma
recurrence.” Previous clinical studies’® have not
addressed whether simply increasing or adding beans to
the usual diet is sufficient and effective in high-risk
patients with known or expected challenges in cooper-
atively managing both gut and metabolic health.

We and others have observed perturbations or dis-
turbances in the normal microbial balance of patients
with obesity, poor diet and/or colorectal neoplasia’; and
a joint effect of obesity and inflammation in colorectal
cancer survival." Long after the cancer is treated or
precancerous polyp is removed, entrenched dietary
patterns continue to present significant hinderances to
gut homeostasis and secondary prevention.”” Thus,
microbiome modulation via diet changes presents a
challenging but promising target for the management of
high-risk patients. In a clinically characterized cohort of
obese patients with a history of colorectal neoplasia, we
conducted the Beans to Enrich the Gut microbiome vs.
Obesity’s Negative Effects (BE GONE) trial to test the
effect of an 8-week increase in navy bean consumption
within the usual diet on gut microbiota profiles from
stool samples; and circulating marker and metabolite
profiles from fasting blood samples.

Methods

Study design and ethical approval

BE GONE was a single-center, low-risk and minimally
invasive dietary intervention study approved by the
Institutional Review Board of the University of Texas
MD Anderson Cancer Center and registered under the
ClinicalTrials.gov identifier NCT02843425. Following
initiation of a pilot protocol in July 2016, recruitment
was expanded to patients with a history of colorectal
cancer in May 2017. Shortly thereafter tropical storm
Harvey hit the study site and recruitment remained
open until January 2020.

Our design included consideration of (1) the baseline
gut microbiota landscape that may be important when
developing a prebiotic intervention delivering bean
substrates for bacterial conversion to beneficial metab-
olites, as well as (2) the usual diet, a shaper of baseline
status and substrates that influence the host and bacte-
rial metabolome." Briefly, to establish the basal diet and
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microbiome and to track compliance with study pro-
cedures, patients entered a 4-week run-in and equili-
bration period prior to randomization. Following
completion of this period where participants followed
their usual diet without dry beans (control), patients
were block randomized according to commonly pre-
scribed medications for obesity-related conditions to one
of two sequences—either continuing their usual diet
without dry beans (control) or beginning the interven-
tion of adding study beans to their usual diet. After the
first 8-week cycle, patients immediately crossed over to
the other sequence. No wash-out period was included
because each participant, regardless of which sequence
they were randomized to, began the intervention
following a control period. This allowed for cross-arm
comparisons during the on-intervention period; and
facilitated the full assessment of temporal effects for
future studies, i.e., how stable was the microbiome of
these patients during the usual (control) diet period,
how quickly would it change when beans were added
and how long would the effect remain when they
reverted to back to their usual (control) diet without
beans.

The on-intervention period consisted of a short
ramp-up to 1 cup/d of study beans (16 g dietary fiber;
14 g protein; 220 kcal). Pressure-cooked and canned
organic navy beans stored in water with sea salt were
purchased in two batches for the study and provided to
participants every 4 weeks. Throughout the study, pa-
tients were free-living and able to choose and prepare
their own meals with close follow-up and counseling
support from the study dietitian. Participants provided
stool and fasting blood samples to assess the primary
outcome focused on shifts in the gut microbiome and
parallel systemic changes in host metabolites and
markers via longitudinal intra and inter-individual ef-
fects assessed every 4 weeks over the course of the 8-
week intervention.

Full details of the design can be found in the pub-
lished study protocol* and supplemental materials.

Participants

Clinic-based recruitment was targeted to the major
specialty centers at MD Anderson Cancer Center,
including gastrointestinal medical oncology and gastro-
enterology/colonoscopy surveillance. Patients were also
reached through the MD Anderson Cancer Registry'
and an adjacent primary referral clinic. Major inclu-
sion criteria included men and women, 30 years or
older, that met criteria for obesity via BMI or waist size;
and who had either a (1) history of pathology-confirmed
precancerous polyps of the colon or rectum or (2) were
defined as a colorectal cancer survivor that had
completed treatment with adequate maintenance of
bowel length (eligible: hemicolectomy or low anterior
resection; ineligible: total or near total colectomy,
greater than 10 cm of small bowel resection) and
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reached normalized bowel habits. Major exclusion
criteria included hereditary colorectal cancer syn-
dromes, antibiotic use in the past month, current
smoker or heavy drinker, exclusionary prescription
medications  (i.e., cytokines, immunosuppressive
agents, chemopreventive drugs, bile acid sequestrants),
major dietary restrictions relevant to the intervention
and/or regularly taking anti-flatulence medications or
relevant supplements (probiotics, prebiotics/fiber) that
could not be safely discontinued.

Study procedures

Study procedures are described in detail within the
published study protocol.”” Briefly, the randomization
list was generated by an independent analyst and allo-
cated by a research team member not directly interact-
ing with participants. Block allocation considered no use
vs. regular use of statins and/or metformin, as they were
commonly prescribed in our target population.
Although it was not possible to blind the intervention
sequence, the dietitian and study staff administering the
intervention were not involved in the assignment. Par-
ticipants were asked to follow the control diet during the
equilibration period and during one of two crossover
sequences. During the intervention, participants were
instructed to add study beans (only) to their usual diet.
Randomized participants were expected to attend a total
of 5 in-person visits every 4 weeks.

To establish baseline status and to monitor de-
viations in untargeted behaviors throughout the study
period we measured anthropometrics and blood pres-
sure, monitored medications and changes in health
status, and carefully reviewed data collected via web-
based assessments of dietary habits''® and physical ac-
tivity'”'® at each in-clinic visit. When consuming the
beans, participants were provided with special con-
tainers to measure servings and store the remainder of
the can for the next day. They were instructed to keep
week-by-week daily logs that included records of the
date, time, amount and manner in which the beans
were consumed (including other foods or ingredients
added), as well as any side effects experienced. Between
the in-clinic visits, the dietitian interacted with partici-
pants approximately twice per week by telephone and
email. During these sessions they reviewed progress
and completed dietary assessment (24-h recall”) in-
terviews. Any side effects or events reported were
escalated to the study physicians (SK and PCO) for
immediate or standard review, as appropriate. Partici-
pants were similarly monitored with regard to both side
effects and dietary intake during the usual (control) diet
period when they were not consuming beans.

An in-home, fresh-frozen stool sample collection kit,
similar to that used in the Human Microbiome Project
and refined in our previous studies within this patient
population® was provided to participants with detailed
instructions to collect a stool sample just before each in-

clinic visit. Upon receipt, samples were transferred
to —80 °C storage. During the morning in-clinic visits,
fasting blood was drawn by trained phlebotomists at the
MD Anderson Clinical and Translational Research
Center and immediately processed.

Outcomes

Stool and fasting blood samples were collected every 4
weeks to assess the primary outcome of on-intervention
intra and inter-individual changes in the gut micro-
biome and, in parallel, changes in circulating markers
and metabolites within 8 weeks to further characterize
function and host response (Fig. S1). Participants were
considered adherent if they consumed >80% of the
beans over the intervention period and followed the
prescribed regimen on at least 5 days of the week.

Laboratory measurements

Details regarding the laboratory, computational and data
processing methods for microbiome, metabolome and
proteome biomarker profiling are provided in the sup-
plemental materials. Briefly, bacterial genomic DNA
was extracted and amplified with Illumina barcoded
primers and analyzed on the Illumina MiSeq and
NovaSeq 6000 platforms.”* Whole metagenomic
shotgun sequencing was applied to a subset, allowing
taxonomical and functional classification of sequencing
reads.””* Untargeted metabolomics profiling was con-
ducted using a Waters Acquity™ UPLC system with 2D
column regeneration configuration (I-class and H-class)
coupled to a Xevo G2-XS quadrupole time-of-flight mass
spectrometer as previously described.”” The serum
lipid panel was processed within the same day as fasting
blood collection in a standard manner by a CLIA-
certified laboratory. Plasma specimens were also
analyzed via the Olink® Target 96 Inflammation panel,
a proximity extension immunoassay technology that
uses a dual recognition DNA-coupled immunoassay for
protein identification and relative quantification.”

Sample size and statistical analysis

The sample size calculation for the trial was reported in
our published protocol."” While we acknowledge that the
proposed sample size was 60 in the original design,
challenges associated with patient follow-up limited the
intent-to-treat sample size to 48. However, the observed
effect size for microbial alpha diversity is higher than
what was assumed for the sample size calculation (20%
increase in the original design vs. 32% increase in the
actual data). This improvement in the effect size kept
the power of the test above 80%.

The complete statistical analysis plan can be found in
the supplemental materials with relevant annotation in
the table footnotes and figure legends. To quantify
microbiome changes during the study, we conducted a
longitudinal analysis of alpha diversity and the relative
abundance of individual taxa on the natural log scale
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(slope = 0 under the null hypothesis) across the trial
sequence using generalized linear mixed models with
random intercept. Similar methods were applied to
circulating metabolites and markers. For all analyses in
which the multiplicity of tests was an issue, we used the
Benjamini-Hochberg FDR to report appropriately
adjusted significance levels. We considered an FDR-
adjusted p-value or g-value <0.20, two-sided, as statisti-
cally significant. We further explored correlation
coefficients of intervention-responsive biomarkers esti-
mated at baseline (usual diet) and 8-weeks post inter-
vention using Fisher’s Z-transformation of a Pearson
correlation coefficient. Pairs with corresponding differ-
ences in correlation values of greater than 0.25 or less
than —0.25 were pre-selected, estimating the p-value for
the difference (under the null hypothesis of zero dif-
ference between the two time-points).

Role of the funding source

The funder of this peer-reviewed study had no role in
the design, data collection, analysis, interpretation, the
writing of the report, or the decision to publish the
results. All authors had access to the data and shared
the final responsibility to submit the study for
publication.

Screening, N=240

Results

At total of 69 enrolled individuals began the 4-week
equilibration/run-in. Following this, 55 individuals
were randomized to one of two intervention sequences
and 48 patients (87%) completed the full 16-week trial
(Fig. 1). Of these, 75% and 25% had a history of colo-
rectal cancer and precancerous polyps, respectively; and
44% used statins and/or metformin. No differences in
baseline diet, microbiome or demographic factors were
observed by randomization order or between the intent-
to-treat group and those who withdrew pre- or post-
randomization (Tables S1 and S2; Figs. S2 and S3). Of
the 7 patients who withdrew post-randomization, all
used statins and/or metformin, 6 began the study in the
control arm and 5 were polyp patients (Table S2). Mild
to moderate bloating/flatulence and/or change in bowel
habits (constipation/loose stool) attributed to the inter-
vention was reported in 33% and 10% of the patients
who completed the study and in 0% who dropped out
(Table S3). While adding study beans to the usual diet
did appear to increase reports of gas in this population,
similar profiles of unattributable bowel habit changes
were also reported (12%) when patients were
consuming their usual diet. Two participants who
completed the trial did not provide sufficient

Excluded, N=169
Not meeting inclusion criteria
(123)

Enrolled, N=71
v

Declined to participate (13)
Loss to FU/Other reasons (33)

AN3IWTI0UNI

jed, N=2

4-week Run-in / Equilibration, N=69

Change in eligibility
Declined to continue

l

Excluded, N=14

v

Declined to continue (3)

Block Randomization, N=55

Joined another program
Travel/work/family (6)
Medical diagnosis

NOLLY20TV

l

l Lost to FU/Reason unknown (3)

Withdrawal, N=1 Intervention First, N=29

Family illness

Withdrawal, N=4
Unrelated illness

Control First, N=26

| Weight gain

8-week usual diet with
dry beans (2 wk ramp-up)

8-week usual diet without dry beans

Work
Joined another program

Loss to follow up, N=0 i

NOILN3AY3ILINI

l Loss to follow up, N=2

8-week usual diet without dry beans

dry beans (2 wk ramp-up)

8-week usual diet with

l

l

‘ Completed, N=48

SISATYNY

Fig. 1: CONSORT. Of the 240 individuals initially contacted or approached for study recruitment, 71 provided informed consent. Of the 240, 123
did not meet inclusion criteria, 13 declined to participate, 25 were lost to follow-up and 8 withdrew for other stated reasons during the
screening process. Immediately post-consent and before completing any study procedures, 1 individual experienced a change in eligibility and 1
decided not to continue; thus, 69 eligible patients began the run-in/equilibration period. Of these, 11 withdrew for various stated reasons and 3
individuals were lost to follow-up resulting in 80% (n = 55) of those initially eligible being randomized. Five participants withdrew post-
randomization for various stated reasons, including 1 who withdrew in order to join another program. Two did not attend their final visit
due to unrelated illness and were lost to follow-up, resulting in 48 patients (87%) who completed the study for intent-to-treat analysis.
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information to accurately estimate adherence. Of those  circumference and other biometrics monitored for
who did, 95% met the target for total amount of study  consistency throughout the study also remained stable
beans consumed across the on-intervention period (28  (Fig S4; Table S4). Some prior dry bean and soluble fiber
cups) and 74% consumed the prescribed bean dose on  trials in the setting of obesity, diabetes and cardiovas-

all or most days within a week for each of the 8 weeks. cular disease prevention reported reductions in circu-
Pipecolic acid, an established marker of dry bean con-  lating LDL cholesterol*’; and we were curious if we could
sumption,” was also considered as an objective measure  achieve the same in this population of patients with a
of compliance (Fig. 2a). history of bowel lesions through the addition of beans

alone. However, without other lifestyle changes, circu-
Effect of the intervention on usual diet, circulating  lating lipoprotein profiles remained largely unchanged
lipoproteins and other biometrics within 8 weeks of consuming 1 daily cup of beans
Beyond the addition of study beans, participants were  (p > 0.05; Table S5) nor did chronic disease medication
asked to not change their usual diet, physical activity and ~ use or basal diet appear to modulate the effect of the
lifestyle habits during the study. Total dietary fiber  intervention on LDL (p for interaction >0.05; Table S6).
intake increased on the intervention; however, most
participants remained Dbelow the adequate intake  Effect of the intervention on the gut microbiome:
threshold for U.S. adults of 14 g per 1000 kcal®* (Fig. 2b;  diversity, composition and function
Table S4). Compensatory shifts were observed in the  To evaluate the effect of the bean intervention on the gut
proportion of total energy intake from carbohydrate vs.  microbiome, we assessed microbial alpha diversity, the
fat, while protein remained stable and we observed a  relative abundance of individual taxa, and beta diversity
modest increase in overall diet quality scores’’ reflecting ~ distances from 16S rRNA gene profiles within each
adherence to U.S. dietary recommendations that  subject at each time point. As the equilibration and
encourage legumes and plant proteins (Table S4). control was the usual diet, the primary outcome focused
Total energy intake, BMI, blood pressure, waist  on changes during the on-intervention period in the full

Randomization

? w&]mllbratlonﬂ e ?CW oot 'x.

: v ; : ; v
vo Time on study (weeks) Time on study (weeks)

° Intervention first (O ! Intervention second °

C m=]

Value

Pipecolic acid value

b e Intervention first (’j (7)1 nterventionsecond (@)

Basolne & wesk onnenvnton .

Bacteroidota

‘e ABaclerg:dola
er@utes Y

0 4 8 2 16 0 4 8 12 16
Time on study (weeks) Time on study (weeks)

Fig. 2: The BE GONE Trial tested the effect of cooked dry bean addition and depletion within the participant’s usual diet. a. Study design,
Left to Right: To establish the basal diet and microbiome and introduce study procedures prior to randomization, eligible and consented in-
dividuals began the equilibration/run-in. Participants who completed the run-in were randomized to begin the dry bean intervention or to
continue the usual diet control for 8 weeks. The intervention diet consisted of adding %2 cup (1 serving) of cooked, canned navy beans to their
usual diet over a 2-week ramp-up period followed by 1 cup (2 servings) per day for an additional 6 weeks. At week 8, participants who
completed the intervention diet immediately crossed over to the control (usual diet without beans) and vice versa for a total of 5 in-person
visits every 4 weeks with stool and fasting blood collection. The primary outcome focused on changes in stool 16S rRNA gene profiles and
blood metabolites/markers. Trends in pipecolic acid, a specific marker of dry bean intake and microbiome-derived metabolite of lysine, paralleled
the addition and the depletion of cooked navy beans within the usual diet, providing an objective measure of compliance. b. Total dietary fiber
intake within the usual diet from multiple 24-h recalls collected across the intervention sequence showed that majority of participants remained
below the adequate intake threshold for U.S. adults of 14 g per 1000 kcal [means, medians, interquartile range and outliers presented with p-
values comparing intervention (orange) and control (gray) periods]. Within person change in total dietary fiber intake for the 8-week on-
intervention period for both groups combined, linear mixed effect (LME) estimate and 95% Cl: 0.22 (0.10, 0.35) interpreted as slope above
0 by generalized linear mixed models (proc glimmix, SAS 9.4) with random intercept in natural log scale. c. Beta diversity by weighted Jaccard
similarity/distance across randomization groups visualized as PCoA biplots with the most abundant phylum-level taxa at baseline and 8 weeks
post-intervention in the full trial cohort (n = 48).

www.thelancet.com Vol = m, 2023


www.thelancet.com/digital-health

Articles

trial cohort [n = 48; intervention first VO-V2 (n = 28)
combined with intervention second V2-V4 (n = 20);
Fig. 2a]. We further characterized these findings across
the crossover study sequence in each of the two
randomization groups separately to assess the stability
of these measures during the “return to control” [V2-V4
(n = 28)] and “remain on control” [VO-V2 (n = 20)]
period; and visualized the group-level similarity of the
microbial community at baseline and post-intervention
(Fig. 2¢; Fig. S3).

The inverse Simpson index, a measure of microbial
alpha diversity that accounts for the number of distinct
bacteria types within the sample, as well as the evenness
of their relative abundance toward a more balanced
distribution, increased on-intervention within 8 weeks
[n = 48, linear mixed effect (LME) and 95% CI: 0.16
(0.02, 0.30), two-sided p = 0.02; Fig. 3a; Table S7], a
finding consistent with a 4-week controlled feeding
study providing a navy bean powder-enriched meal and
snack daily to 10 colorectal cancer survivors."” No
change was observed during the control periods
(Table S7); and results were consistent within major
subgroups of patients. However, we noted that the small
group who reported a change in bowel habits (con-
stipation/loose stools) experienced a pronounced in-
crease in diversity during the 8-week intervention
(Table S6). To further assess how the prebiotic proper-
ties of beans influenced the relative abundance of
common or highly prevalent bacteria within our popu-
lation, we conducted analyses among genus-level bac-
teria carried by at least 80% of participants at
randomization. In this analysis restricted to carriers
only, we found that on-intervention the intra-patient
relative abundance of Roseburia and Streptococcus [LME
and 95% CI: -0.49 (-0.86, —0.13), two-sided p = 0.01,
q = 0.16 and -0.48 (-0.92, -0.04), two-sided p = 0.03,
q = 0.30), respectively] decreased at the 4-week mid-
point, whereas the relative abundance of Faecalibacte-
rium [0.40 (0.02, 0.78), two-sided p = 0.04, q = 0.65)]
increased within 8 weeks (Fig. 3a; Table S8). When we
examined the slope across all three on-intervention time
points, the positive trend in the inverse Simpson index
and Faecalibacterium remained consistent (Table S9).
Among the patients randomized to the intervention
first, Faecalibacterium dropped notably upon returning
to their usual diet without beans [LME and 95%
CI: —-0.69 (-1.30, —0.08), two-sided p = 0.03, q = 0.24;
Fig. 3a; Table S8).

We then examined a larger pool of microbial taxa
using a linear mixed model method that considers the
sparsity of compositional data observed within microbial
communities and over time, setting a lower minimum
prevalence threshold (10%) and adding half the mini-
mum relative abundance as a pseudo count (Fig. 3b;
Tables S10-S14). These analyses further indicated that
Streptococcus, Collinsella, Escherichia, Ruminoccocus tor-
ques, Fournierella, Oscillibacter and another member of
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the Oscillospiraceae family decreased post-intervention,
while Odoribacter, Bifidobacterium, Eubacterium siraeum,
Eubacterium brachy and other members of Ruminoccocus
and Lachnospiraceae increased (all two-sided p < 0.05,
q < 0.41; Fig. 3b; Table S10). As the 28 patients ran-
domized to the bean intervention first returned to their
usual diet without beans (control), Collinsella, Four-
nierella and a member of the Oscillospiraceae family
subsequently increased (all two-sided p < 0.05, q < 0.30;
Fig. 3b; Table S12). Further examination of the slope
defined by all three on-intervention time points in
the full trial cohort revealed consistent findings for the
decrease in Collinsella and Ruminococcus torques; and the
increase in Eubacterium brachy, Odoribacter, and Bifido-
bacterium (Table S15 and Fig. S5). Consistent with the
modest increase in alpha diversity and shifts in specific
taxa on the intervention diet, we observed similar pat-
terns for beta-diversity. On-intervention (n = 48),
community-level shifts were apparent at the 4-week
mid-point but did not appear to differ from what was
achieved across the full 8 weeks (Fig. S6) with more
pronounced shifts observed in older participants
(Table S6). Among participants randomized to the
intervention first (n = 28), the on-bean effects again
appeared to be attenuated upon returning to their usual
diet without beans (Fig. S6).

In a subset of 140 on-intervention samples from 48
patients that underwent shotgun metagenomic
sequencing to further characterize the microbiome and
its metagenome, we observed consistent results for
alpha diversity (Table S9) and similar patterns of
compositional shifts (Tables S16 and S17). The prebiotic
dry bean intervention increased the relative abundance
of Bifidobacterium adolescentis, Eubacterium rectale, Eu-
bacterium sp. CAG:38, Oxalobacter formigenes and Veil-
lonella atypica. Conversely, Bilophila wadsworthia, Blautia
hydrogenotrophica, Christensenella minuta, Clostridium
innocuum, Roseburia sp. CAG:471 and Sharpea aza-
buensis decreased on-intervention (Fig. 3c; Table S17).
The main species within the Faecalibacterium genus,
F. prausnitzii was not a key finding in the metagenomic
subset; however, overall results remained consistent
with those shown in the 16S analysis. We also found
that the intervention shifted the relative abundance of
microbial gene content pathways associated with
branched amino acid biosynthesis, 1-lysine biosynthesis,
pyruvate fermentation to isobutanol, and thiazole
biosynthesis (Tables S18 and S19; Fig. S7).

Effect of the intervention on the host metabolome
Given that the gut microbiome has profound influence
on host metabolism,* we performed a global metab-
olomic analysis to identify changes in circulating me-
tabolites associated with the intervention and changes in
microbial composition (Fig. 2a). Shifts in circulating
metabolites over the study sequence paralleled what we
observed in the gut microbiota, implicating microbial
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Fig. 3: Parallel effects of cooked dry beans on the gut microbiome, circulating metabolome and protein markers of immune and in-
flammatory response in obese surveillance patients with a history of colorectal neoplasia otherwise following their usual diet. a. Within
8 weeks, the bean intervention significantly increased the inverse Simpson index [LME and 95% Cl: 0.16 (0.02, 0.30), two-sided p = 0.02;
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markers of nutrient metabolism with five key metabo-
lites meeting q < 0.20 across the three on-intervention
time points (Fig. 3d; Table S20). On-intervention
(n = 48), pipecolic acid (PA), a metabolite previously
linked to dry bean intake and microbial lysine meta-
bolism’ increased within 8 weeks [LME and 95% CI:
0.37 (0.28, 0.46), two-sided p < 0.001, q < 0.001], as did
S-(5"-Adenosyl)-L-methionine (SAM) [0.30 (0.19, 0.40),
two-sided p < 0.001, q < 0.001], a methyl group donor**
(Fig. 3e and f; Table S21). Each of these metabolites
decreased as the 28 individuals randomized to the
intervention first returned to their usual diet without dry
beans (V2 to V4) but remained stable during the
extended control period (VO to V2) in the 20 individuals
randomized to the intervention second (Fig. 3e and f;
Table S21). On-intervention (n = 48), we also observed a
decrease in an indole-derivative [LME and 95% CI: -0.18
(-0.29, —0.07), two-sided p = 0.002, q = 0.19], a class of
metabolites associated with the degradation of trypto-
phan by microbes,** with levels returning to baseline
upon discontinuation of dry beans (Fig. 3f; Tables S17
and S21). Trigonelline, a microbial-derived catabolite
of niacin* and marker of legume intake,* also increased
on-intervention [LME and 95% CI: 0.57 (0.33, 0.82), two-
sided p < 0.001, q = 0.004; Fig. 3f). Theophylline, a
methylxanthine, increased in concordance with trig-
onelline, but unlike trigonelline, theophylline and other
metabolites (in Fig. 3d) did not decrease or change when
participants crossed over to the control.

Effect of the intervention on protein markers of
host immune and inflammatory response

In vitro and in vivo data support that multiple bioactive
compounds present in beans and other legumes have
the potential to modulate colonic inflammation and
carcinogenesis through systemic immunity and
inflammation.” In pre and post 8-week intervention
blood samples, we detected 75 immunologic proteins

measured by proximity extension assay (PEA) using the
Olink 96 inflammation panel. We found an increase in
fibroblast growth factor (FGF)-19, while interleukin 10
receptor alpha (IL10ra) and other immuno-oncology
cytokines, including tumor necrosis factor-related acti-
vation-induced cytokine (TRANCE), T-cell surface
glycoprotein CD8 alpha chain (CD8A), programmed cell
death 1 ligand 1 (PD-L1), growth-regulated alpha protein
C-X-C motif chemokine 1 (CXCL1) and urokinase
plasminogen activator (uPA) decreased in response to 8-
week bean intervention (Fig. 3g and Table S22).

Shifting interactions among responsive biomarkers
Differential correlations among bean-responsive bio-
markers and key study variables visualized in Fig. 4
reflect a move or shift in co-expression or co-exclusion
between paired features pre vs. post 8-week interven-
tion. Shifts reflected interactions of microbial pathways
and metabolites with other host markers that changed in
direction, were uncoupled, or newly appeared over the
course of the intervention. To highlight a few, this
included shifts in interactions among microbial thiazole
biosynthesis and other bean-responsive pathways with
FGF-19; microbial t-lysine biosynthesis with Faecali-
bacterium abundance and CXCL1; circulating metabolite
trigonelline with IL-10ra and TRANCE; and CXCL1 with
microbial branched amino acid biosynthesis and HDL.

Discussion

The BE GONE trial supports that adding navy beans to
the usual diet of high-risk patients provides a viable
prebiotic food source to target and shift both the gut
microbiome and host metabolome. Taken overall, the
gut microbiota findings suggest that changes in the
relative abundance of individual bacteria reflect early or
transient shifts in dominant dietary fiber sources and
amino acids within the usual diet (e.g., on-intervention

n = 48] and the relative abundance of Faecalibacterium [LME and 95% Cl: 0.40 (0.02, 0.78), two-sided p = 0.04; n = 42 (88%) carried the genus
at baseline]. Across the study sequence no change was observed among participants randomized to remain on the control for the first 8 weeks
(n = 20), while among patients randomized to the intervention first, Faecalibacterium dropped significantly [LME and 95% Cl: -0.69
(-1.30, -0.08), two-sided p = 0.03, n = 25] within 8 weeks of returning to their usual diet without beans. Forest plot of effect estimates (LME)
and 95% confidence intervals by generalized linear mixed models (proc glimmix, SAS 9.4) with random intercept in the natural log scale. b.
Heatmap of effects () observed by randomization group across the trial sequence by Multivariable Association Discovery in Population-scale
Meta-omics Studies (MaAsLin2), a linear mixed model with random intercept of normalized relative abundance (natural log scale; half the
minimum relative abundance as pseudo count) for use in sparse, compositional microbial communities. Analysis restricted to min preva-
lence = 0.1 (total n = 48; n = 28 among the intervention first; 20 among the intervention second). Selected taxa shown met an unadjusted
p < 0.05 for the on-intervention effect at either 4- or 8-weeks across the full trial cohort (n = 48; Supplementary Table S10). *further indicates
the effect within randomization group also met p < 0.05. c. Volcano plot visualizing the results of MaAsLin2 analysis applied to the meta-
genomic subset (140 stool samples in 48 patients) characterizing the slope across the three on-intervention time points. Maximum estimated
false discovery rate when calling all p-values (one-sided) < 0.05 is 0.30. d. Volcano plot visualizing the circulating metabolome results of LME
analysis across the three on-intervention time points. Maximum estimated false discovery rate when calling all p-values (one-sided) < 0.05 is
0.48. e. Plot of effect estimates demonstrating significant and consistent increases and decreases within 4 weeks in selected dry bean me-
tabolites, PA and SAM. f. Heatmap of effects () observed by randomization group across the trial sequence for plasma metabolites meeting
q<0.2ind. g. Volcano plot visualizing 8-week on-intervention change in plasma proteins associated with intestinal and systemic inflammatory
and immune response (Olink). Maximum estimated false discovery rate when calling all p-values (one-sided) < 0.05 is 0.47.
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Fig. 4: Differential co-expression of the gut microbiome, circulating metabolome and protein markers of immune and inflammatory
response induced by the 8-week intervention. Differentially correlated module pairs between baseline usual diet (left column) and 8-weeks
post intervention (middle column). Heatmaps depict Fisher’s z-transformation of Pearson correlation coefficients between paired features that
significantly increased or decreased pre-and post-intervention (FDR adjusted p-value <0.25).

decreases in Oscillibacter and Roseburia with increases in
Odoribacter and Eubacterium***°) and in several poten-
tially pathogenic or opportunistic bacteria that threaten
the integrity of the gut barrier and colorectal cancer
prevention (e.g., decreases in Streptococcus, Collinsella,
and Ruminococcus torques)."*** Increased alpha diversity
and potential markers of a healthy or homeostatic gut
microbiome (e.g., Faecalibacterium and Bifidobacterium)
with therapeutic potential in inflammatory bowel dis-
ease, colon and other cancers*” were more readily
apparent within 8 weeks post-intervention. Intervention-
responsive nutrient and microbiome-derived circulating
biomarkers and metabolites, including pipecolic acid, an
indole derivative, FGF-19 and 11-10ra, highlight potential
mechanisms whereby the simple addition of this pre-
biotic food modulates both gut and host health.
Metagenomic sequencing and functional profiling of
the gut microbiome was generally consistent with this
pattern of findings and shed light on specific species
that increased over time during the dry bean interven-
tion (e.g., Eubacterium rectale and Bifidobacterium ado-
lescentis). Interestingly, some of the bacteria that shifted
on intervention are sulfur-metabolizing species with
established links to diet and colorectal cancer (e.g.,
Bilophila wadsworthia).** While shifts in functional
profiles did support an increase in the bacterial degra-
dation of the sugar sulfoquinovose (SQ, 6-deoxy-6-

sulfoglucose) produced by plants and decrease in the
superpathway of sulfur amino acid biosynthesis and
transsulfuration, we observed stronger signals for
downregulated expression of microbial pathways
involved in branched chain amino acid biosynthesis. A
growing body of evidence suggests that dysbiosis of gut
microbiota plays an important role in the pathogenesis
of metabolic dysregulation among obese populations
through production of branched chain amino acids,
increased gut permeability and low-grade endotox-
emia.” Notably, these changes may be targeted by diet
and exercise interventions that shift gate-keeping bac-
teria, such as Faecalibacterium, Bifidobacterium and
Akkermansia.*® Microbial lysine and thiazole (thiamine)
biosynthesis also decreased with the bean intervention,
perhaps reflecting a reduced priority or need for the
microbiota to produce these nutrients when they could
be directly obtained by the host from study beans. We
expect that individual microbes are members of an
ecology that carry complementary functions with the
host, which is reflected in overlapping microbial path-
ways that respond to the bean intervention. For
example, the microbial superpathway of branched chain
amino acid biosynthesis includes the subpathways of 1-
leucine biosynthesis, 1-isoleucine biosynthesis I (from
threonine), and 1-valine biosynthesis. A shared inter-
mediate, 3-methyl-2-oxopentanoate, is involved in
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pyruvate fermentation to isobutanol, 1-isoleucine
biosynthesis IV from propionate, and r-isoleucine
biosynthesis III from glutamate. Components of the
L-lysine biosynthesis pathway (from aspartate), where
gram-positive  bacteria uniquely convert tetrahy-
drodipicolinate to meso-diaminopimelate in a single
enzymatic step, supports homoserine biosynthesis
which feeds into the SAM superpathway.

Parallel shifts in circulating PA, SAM, trigonelline
and an indole-derivative further support the role of
microbial metabolism in converting dietary components
to bioactive metabolites with potential therapeutic rele-
vance to this patient population. Nutritional profiles of
navy beans provide a complete source of plant-based
protein, including lysine, methionine and tryptophan,
as well as B vitamins and several mineral co-factors. The
findings for PA, a microbial metabolite of the essential
amino acid lysine with anti-inflammatory, antitumor
and antibiotic properties, is consistent with those from
the Polyp Prevention Trial cohort, as well as preclinical
and clinical studies specifically testing the effect of navy
bean extracts.”*” Trends over the study sequence in this
dry bean biomarker support the relative efficacy of this
8-week “add a cup of beans” intervention to achieve
measurable effects without broader or controlled
changes in the usual diet. Trigonelline, a nutritional
metabolite often linked to its most commonly
consumed non-leguminous source (coffee), is formed
through the microbial metabolism and methylation of
vitamin B3 (niacin) and accumulates in the seeds of
legumes.** In preclinical and clinical studies, trigonel-
line has been shown to demonstrate inhibitory effects
on obesity-related conditions, including diabetes and
cancer.” Similarly, SAM has been tested in the pre-
vention and treatment of multiple conditions, including
liver disease, colorectal and other cancers.®* Humans
and microbes have methionine adenosyltransferase en-
zymes that catalyze the biosynthesis of SAM from
methionine. Other host and microbiota metabolites,
including trigonelline, act as substrates and cofactors in
reactions where SAM donates an activated methyl group
for many fundamental cellular processes, including the
methylation of DNA, RNA and histones that modulates
autophagy through epigenetic effects.** Conversely, this
process can be derailed and exploited by cancer cells,
such that dietary methionine restriction demonstrates
therapeutic potential in preclinical models. However,
dietary methionine has also been shown to support a
healthy gut microbiome and host immune response
suggesting that the timing, quantity and source of other
nutritional co-factors may be critical to understand in
this context. Interestingly, the navy bean intervention
also decreased an indole-derivative (putatively cinna-
moylglycine), which may be linked to an immunologi-
cally relevant class of metabolites associated with the
degradation of tryptophan by microbes,”* that subse-
quently increased when patients returned to their usual
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diet without dry beans. Theophylline increased in
concordance with trigonelline on-intervention, but un-
like trigonelline, SAM and PA, theophylline did not
decrease or change when participants crossed over to
the control; and thus, could be related to other dietary or
drug interactions.

Intervention-responsive immune and inflammation-
modulating biomarkers, FGF-19 and 1I-10ra, shed
further light on the role of specific prebiotic foods in the
dynamic process of maintaining intestinal homeostasis
whereby acute immune responses toward foods and
microbes are balanced by the control of these responses
in order to prevent chronic, systemic inflammation that
promotes cancer and other chronic diseases.” The in-
crease in FGF-19 may be particularly relevant to high-
risk patients with a history of both gut and metabolic
health issues, as diminished FGF-19 is linked to in-
flammatory bowel disease, type 2 diabetes and non-
alcoholic fatty liver disease.””” As a gut hormone that
regulates bile acid synthesis, glucose and lipid meta-
bolism, FGF-19 serves as both a metabolic coordinator
between the gut microbiota and liver and an inhibitor of
intestinal inflammation through modulation of immune
responses. Similarly, downregulation of IL10ra, a
mediator of the immunosuppressive signals of IL-10
and target in the treatment of colorectal cancer, may
also reflect shifting immune responses or tolerance in
the intestinal mucosa and the liver.” This is also
consistent with the pattern of suppression in several
other pro-inflammatory and immune markers,
including TRANCE and CD8a that regulate T-cell
dependent immune responses against both external and
internal stimuli and CXCL1 that is expressed at higher
levels during inflammatory responses.”** Although
there is clear biological overlap between inflammatory
processes, FGF19, bile acid and cholesterol meta-
bolism,’**” the duration of bean consumption might not
have been long or robust enough to observe any
improvement in lipoprotein profiles. However, concur-
rent shifts in microbes, metabolites, cytokine profiles
and immune proteins hint at well-established mecha-
nisms driven by diet. Beans contain plant oligosaccha-
rides and multiple other microbiota-accessible fibers,
amino acids, and vitamin co-factors involved in
the formation of bioactive metabolites involved in
favorable (i.e., anti-cancer) immune and intracellular
processes among host cells.”* For example, galacto-
oligosaccharides (GOS) in beans, selectively promote
the growth of beneficial bacteria, such as Faecalibacte-
rium and Bifidobacterium spp., that play specialized roles
in the fermentation of dietary fiber to short chain fatty
acids (SCFA), the main energy source for intestinal
epithelial cells, ensuring mucosal barrier integrity and
preventing bacterial translocation.” Beans are also a
readily available source of lysine, an essential amino
acid precursor for microbial-derived SCFA and another
suspected host-microbiota metabolic pathway linked to
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beans’ preventive effects. The effects of prebiotic foods
are further supported through cross-feeding, symbiotic
relationships between keystone or gate-keeping bacteria
that help maintain the overall gut ecosystem by pro-
ducing metabolites that selectively stimulate the growth
of other beneficial bacteria.® This phenomenon may be
particularly important to address the natural variability
in microbiome communities between patients and over
time.

The crossover design revealed patterns across the
study sequence that provide important context to the key
findings. Acknowledging the expected variability in in-
dividual responses to a dietary intervention conducted
within usual eating habits and natural living conditions,
as well as the restrictions on statistical significance given
multiple comparisons, the effects of “coming off” the
intervention were quite striking and have not been re-
ported in prior dry bean or legume trials with reversals
in favorable changes in bacteria and host metabolites
within 4-8 weeks. Our findings spanning the effects of
bean addition and depletion track with real-life diet
modifications and mirror the findings of a recent study™
testing a 5 day cycle of diets containing >40 g/d followed
by <5 g/day of dietary fiber whereby rapid depletion
in beneficial microbes and host immune responses
created a “window” for opportunistic pathogens. Taken
together, our results suggest that more modest and
extended diet modification (i.e., beans alone) could have
similar consequences. This 8-week intervention excee-
ded the length of previous studies'®® and in post-trial
follow-up within a year of completion, we observed a
modest pre-vs. post-study increase in the reported fre-
quency of consuming dry beans or dry bean-containing
mixed dishes [LME and 95% CI for change in monthly
frequency: 2.1 (-1.2, 5.4), p = 0.19; data not shown]);
however, some patients also reported new diagnoses
and health issues that limited their overall intake.

Our collective findings for beneficial microbes, PA,
SAM and trigonelline and FGF-19 demonstrate that the
simple diet change and the bean “dose” was sufficient to
influence host metabolites and biomarkers with poten-
tial therapeutic relevance. Although broader changes in
diet and lifestyle in conjunction with increased bean
intake are likely to be more effective in improving LDL
and overall metabolic health,” simple and accessible di-
etary strategies targeting the composition and metabolic
function of the microbiome are of increasing interest to
scientists, patients, and providers in multiple settings.
Adding one cup of navy beans to the diet on all or most
days of the week was a safe, scalable dietary strategy to
modulate the gut microbiome of high-risk patients, who
may be unwilling or unable to sustain more dramatic
changes to their usual dietary pattern without substan-
tial support. Given the tolerable side effect profile for a
population with a history of bowel lesions, beans should
not be intentionally avoided. Future research is needed
to continue to address whether beans (and other

prebiotic foods patients may not be consuming in suf-
ficient amounts) should be a prominent component of
prescriptive or adjunct dietary regimens delivered as
part of the usual care and management plan in other
clinical settings relevant to this population (e.g., in-
flammatory bowel disease, type 2 diabetes, or cancer
immunotherapy). Advancing our understanding of the
metabolites and biological markers paralleling in-
teractions of the microbiota with prebiotic foods is
critical to effectively design and monitor extended trials
with clinically relevant outcomes.
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Supplementary data related to this article can be found at https://doi.
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