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1. Introduction

Human-associated gut bacterial dysbiosis affects
the anti-colitic activity of 3-DF and 3-HF

José Antonio Haro-Reyes, (2@ Jayaprakash Kanijam Raghupathi, (22

Bruce Hamaker 2% and Lavanya Reddivari (= *?

Dysbiosis, defined as an imbalance in the gut microbiota, disrupts the gut barrier and impairs host
immune and metabolic responses, playing a critical role in the pathogenesis of inflammatory bowel
disease (IBD). Dietary flavonoids have been explored as safer alternatives to conventional drugs, showing
efficacy in alleviating inflammation and restoring barrier integrity in colitis models. However, whether their
anti-colitic activity is preserved under human microbial dysbiosis remains unclear. Here, we investigated
the impact of ulcerative colitis (UC)-associated microbiota on the efficacy of 3-deoxyflavonoids (3-DFs)
and 3-hydroxyflavonoids (3-HFs), using a humanized interleukin (IL)-107/~ mouse model. Four near-iso-
genic lines (NILs) of corn, Lines A (lacking 3-DF or 3-HF), B (expressing only 3-DF), C (expressing only
3-HF), and D (expressing both 3-DF + 3-HF), were incorporated into experimental diets, alongside a
purified control. Mice were colonized with fecal microbiota from UC patients and fed the respective diets.
The effects of flavonoid-rich diets on distal colon inflammatory markers, tight-junction expression, and
disease activity varied according to the microbial composition of the three UC donors. Higher concen-
trations of gut metabolites, including short-chain fatty acids (SCFAs) and bile acids, were associated with
reduced inflammation and enhanced barrier function. Overall, the composition of dysbiotic human
microbiota influenced the anti-colitic activity of dietary flavonoids. When protective effects were
observed, diets containing 3-HF were more effective than those with only 3-DF. These findings highlight
the need to account for individual microbial profiles when designing flavonoid-based dietary interventions
for IBD.

Food phytochemicals have emerged as potential alterna-
tives to prevent or ameliorate IBD symptoms, offering safer

Gut microbial dysbiosis is critical in the development of
various gastrointestinal disorders, including inflammatory
bowel disease." Dysbiosis refers to an imbalance in the gut
microbiota, characterized by reduced microbial diversity, the
loss of keystone taxa, the overgrowth of pathobionts or patho-
genic species, and shifts in metabolic capacity.>” The origins
of dysbiosis are multifactorial, involving genetic background,
health status, diet, and exposure to xenobiotics, which can
directly or indirectly influence microbiota composition.
Dietary choices, for instance, can influence the risk and pro-
gression of the disease based on fiber content, fruit and vege-
table consumption and energy density.* Dysbiosis disrupts the
gut barrier and impairs host immune response and metab-
olism, facilitating disease development.?
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options compared to commercial drugs.’ Flavonoids, such as
anthocyanins or 3-hydroxyflavonoids (3-HF), and phloba-
phenes or 3-deoxyflavonoids (3-DF) in the food matrix, have
demonstrated anti-colitic activity.®® The attributes of the food
matrix, including composition and particle size, influence the
bioaccessibility of flavonoids, affecting their delivery to the
large intestine.’ In the colon, flavonoids can modulate the gut
microbiota and its metabolic outputs and microbiota can, in
turn, regulate flavonoid metabolism and bioactivity.'®"*
Replicating the conditions of dysbiosis in the gut micro-
biota and evaluating modulation with flavonoids can be chal-
lenging. Humanizing germ-free mice with fecal microbiota
from dysbiotic patients is a viable approach to replicate dysbio-
sis and to understand the role of flavonoids, despite limit-
ations in colonization efficiency.">'® Furthermore, gut
microbial communities vary in their robustness or plasticity,
maintaining or adapting their functional states despite compo-
sitional shifts after disturbances.'* This variability must be
considered when using communities from different donors.
Additionally, community resilience is lower in animals not
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exposed to environmental microbiota, such as those used in
humanization experiments under gnotobiotic housing.*?

Our approach delivers distinct flavonoid profiles within a
food matrix to an IL-107/~ mouse model colonized with dys-
biotic human microbiota. The knockout of IL-10 gene induces
colitis through an immunological pathway, while dextran
sulfate sodium (DSS) primarily disrupts the gut barrier.'® The
IL-107/~ model therefore recapitulates colitis driven by IL-10
receptor mutations or gene deficiencies, both of which are
strongly associated with early-onset IBD."” Colonization with
dysbiotic human microbiota in germ-free animals further
establishes a characteristic microbial community linked to
inflammatory responses.'® The objective of this study was to
investigate the impact of dysbiotic microbiota derived from
individuals with UC on the anti-colitic properties of two flavo-
noid groups, 3-deoxyflavonoids and 3-hydroxyflavonoids.

2. Materials and methods

2.1. Diets

For the dietary treatments, four near-isogenic lines (NILs) of
corn were selected from the Penn State Russel Larson
Agronomy Research Farm (Rocksprings, PA, USA), each exhibit-
ing different profiles of phlobaphenes and anthocyanins.
Specifically, Maize Line A lacked both flavonoids, Line B
expressed only phlobaphenes, Line C expressed only anthocya-
nins, and Line D expressed both flavonoids. The NILs were
developed by targeted backcrossing of maize inbred line
4Co63 (line A) with donor stocks carrying functional pigmenta-
tion alleles that regulate 3-DF or 3-HF within the phenylpropa-
noid pathway. The presence of phlobaphenes and abundance
of anthocyanins in corn NILs were verified using stablished
methods (SI Fig. S1 and Table S1).'° For these compounds to
exert anti-colitic activity, dietary 3-DFs and 3-HFs must
undergo metabolism by the gut microbiota, as demonstrated
in murine models, where they restore gut barrier integrity and
suppress inflammatory cytokine production, particularly
3-HFs.*” While the NF-xB pathway is the primary target
studied in relation to anthocyanin-mediated effects, additional
signaling cascades, including AMPK/mTOR, have also been
implicated.®>>%*!

The diets were formulated based on the AIN-93G diet com-
position, incorporating 25% dry matter (DM) from one of the
maize lines, as detailed in SI Table S2. To ensure nutritional
balance, the diets were standardized for energy, fat, and
protein content. A purified diet (P diet) without maize content
was used as a control. All diets were manufactured by Envigo
Teklad (Madison, WI, USA). Further details on the genetic
background, metabolite content, and development of the NILs
were published earlier."®

2.2. Experimental design

All animal procedures were conducted in accordance with the
guidelines for animal care and use established by Purdue
University and were approved by the Purdue Institutional
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Animal Care and Use Committee (protocol no. 1810001817).
Six-week-old germ-free IL-107/~ mice (C57BL/6) from both
sexes were obtained from the Purdue University Animal
Facility (West Lafayette, IN, USA). These mice were colonized
via oral gavage with human fecal microbiota obtained from
ulcerative colitis (UC) patients. The fecal samples were col-
lected at Seattle Children’s Hospital from donors aged 14 to 18
years, all of whom had active disease at the time of collection,
with calprotectin levels ranging from 1200 to 1800 pg g, indi-
cating severe disease. Fecal sample collection and use were
approved by the Seattle Children’s Hospital Institutional
Review Board (IRB STUDY00000619) and conducted in accord-
ance with the Belmont Report, with written informed consent
obtained from all patients. Although constrained by inherent
limitations, fecal microbiota transplantation (FMT) from
human patients remains an optimal approach for establishing
causal relationships and elucidating mechanisms underlying
microbiota-associated diseases.>” This strategy has expanded
the range of research questions that can be addressed, includ-
ing the inflammatory potential of microbiota from healthy
versus UC-affected twins in the offspring and the association of
UC-derived microbiota with altered expression of genes linked
to anxiety and depression.>***

The study was conducted in accordance with the
Declaration of Helsinki and approved by the Institutional
Review Board of Purdue University IRB-2021-109 (12/9/2022).
Mice were housed under controlled conditions with a 12 h
light-dark cycle, provided food and water ad libitum, and their
food intake was recorded (SI Fig. S2). Animals were randomly
assigned to one of the experimental diets (P, A, B, C, and D),
with three to five mice per donor, and maintained on these
diets for a total of eight weeks (Fig. 1). In the final week of the
study, mice received 1.25% dextran sodium sulfate (DSS) (CAS
No. 9011-18-1, TdB Labs AB, Uppsala, Sweeden) in their drink-
ing water for six days to induce mild colonic inflammation.

This specific DSS concentration was chosen to prevent the
early onset of severe disease symptoms, as observed in prelimi-
nary trials. One day after the removal of DSS, the mice were

UC-diagnosed [ ]

donors Diet P
IBD-1, IBD-2, Purified diet (control)
IBD-3 Diet A
. No 3-DF or 3-HF
PR 2 DietB
-, 3-DF
) - Diet C
%
6week-old  FMT 55 b 3-HF
orn K

C57BL/6 NILS _ DietD
IL-10-/- 3-DF + 3-HF

Dietary treatment (8 weeks) 1.25% DSS End
1 1

I

3-5 replicates/donor/diet 7 weeks g

n=60 . uc
induction

6 days i

Fig. 1 Experimental design. Fecal Microbial Transplantation (FMT),
near-isogenic Lines (NILs), Ulcerative Colitis (UC), 3-DF: 3-deoxyflavo-
noids or phlobaphenes, 3-HF: 3-hydroxyflavonoids or anthocyanins.
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euthanized by CO, asphyxiation. Blood samples were collected
via cardiac puncture, and organs including the colon, cecum,
liver, kidneys, and spleen were harvested, weighed, and either
processed immediately or stored for subsequent analysis.
Additionally, fecal content from the colon and cecum was col-
lected and stored at —80 °C.

2.3. Disease activity index (DAI)

The Disease Activity Index (DAI) was calculated based on a pre-
viously published method,** with some modifications. Briefly,
following DSS treatment, four parameters were assessed and
graded according to the severity observed. The DAI was deter-
mined by summing the individual scores for weight loss (0-3,
0: no loss; 1: up to 5% loss; 2: from 5 to 10% loss; 3: >20%
loss), stool consistency (0-3, 0: formed; 1:mild-soft; 2:very soft;
3: watery diarrhea), rectal bleeding/blood in the stool (0:
normal; 1: week appearance of blood; 2: blood in stool; 3:
gross bleeding), and overall condition of the mice (0: normal;
1: poor condition [respiratory distress, lethargy, ruffle coat
and/or hunched posture]).

2.4. Intestinal permeability

Intestinal permeability was evaluated using FITC-dextran (No.
46944, Sigma-Aldrich, St Louis, MO, USA). Mice were fasted
for 3.5 hours prior to euthanasia. Two hours before euthana-
sia, they were administered with FITC-dextran solution at a
concentration of 100 mg ml™", corresponding to 0.6% of their
body weight (w/v). Blood samples were collected via cardiac
puncture. The fluorescence intensity of the samples was
measured at 490 nm excitation and 520 nm emission, using a
BioTek™ Cytation™1 Cell Imaging Reader (Thermo Fisher
Scientific Inc., Winooski, VT, USA).

2.5. Distal colon biomarkers

The mRNA expression levels of toll-like receptors, pro-inflam-
matory cytokines, nuclear transcription factors, tight-junction
proteins, and Muc2 were analyzed. Total RNA was extracted
from distal colon tissues using the PureLink Mini Kit (No.
12183018A, Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. A standardized concentration of
100 ng RNA/pl was used for cDNA synthesis, which was carried
out using the High-Capacity cDNA Reverse Transcription Kit
(No. 4374966, Applied Biosystems, Waltham, MA) following
the manufacturer’s protocol. Real-time PCR amplification and
detection were conducted on a QuantStudio 3 PCR instrument.
The PCR protocol included an initial denaturation step at
95 °C for 10 minutes, followed by 45 cycles of 95 °C for 10
seconds, annealing at 55 °C for 60 seconds. mRNA expression
levels were normalized to f-actin. The primers used for DNA
amplification are listed in SI Table S3.

2.6. Gut microbiota 16S rRNA gene sequencing, diversity and
compositional metrics

DNA was extracted from the cecal content of mice using the
QIAmp PowerFecal Pro DNA Kit (No. 51804, QIAGEN,
Germantown, MD, USA) according to the manufacturer’s
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instructions. The DNA concentration was quantified using a
Take3 microvolume plate (BioTek, Winooski, VT, USA) in a
BioTek Cytation1 microplate reader (Winooski, VT, USA). The
DNA extracts were then processed at the RUSH Genomics and
Microbiome Core Facility (RUSH University, Chicago, IL, USA).
The hypervariable V4 region (515F-806R) was amplified, and
library preparation was performed using the Illumina MiniSeq
Platform (Illumina, Inc., San Diego, CA, USA). Demultiplexed
sequences were merged using the Pair-end read merger (PEAR)
version 0.9.11 and analyzed with the Quantitative Insights into
Microbial Ecology2 (QIIME2) Platform version 2022.18. The
sequences were filtered and denoised using the DADA2 pipe-
line. Taxonomy assignment was performed at the family level
using the Silva 138 database as a reference. Alpha and beta
diversity indices were estimated in QIIME2. Only bacteria with
a relative abundance greater than 1% were included in the
taxa-bar plots.

2.7. Extraction and quantification of targeted gut
metabolites

SCFAs were extracted from murine cecal contents. Briefly,
50 mg of sample was treated with 0.5% phosphoric acid (1:12,
v/w) and disrupted via bead beating. The homogenate under-
went centrifugation (17 000g, 4 °C, 10 min), and the super-
natant was extracted with ethyl acetate containing heptanoic
acid as an internal standard (1:1, v/v). Following vortexing
and a secondary centrifugation, the ethyl acetate phase was
recovered for analysis. SCFA standards, including acetate, pro-
pionate, and butyrate, were procured from Sigma-Aldrich
(St Louis, MO, USA). Quantification was performed using gas
chromatography (Agilent 7890A GC-FID) with a Nukon Supelco
No. 40369-03A silica capillary column. The temperature gradi-
ent initiated at 50 °C (2 min), increased stepwise to 70 °C
(10 °C min™"), then to 85 °C (3 °C min™"), 110 °C (5 °C min™"),
and 290 °C (30 °C min™"), holding at 290 °C for 8 min. Helium
was used as the carrier gas (1 mL min™", constant flow).

Bile acids were extracted from mouse serum following a pre-
viously described method?® with slight modifications. Briefly,
50 pL of serum were combined with 150 pL of cold methanol
containing 0.4 pg mL™" of GCA as an internal standard. The
mixture was incubated at —20 °C for 20 minutes, then centri-
fuged at 14 000g for 20 minutes at 4 °C. The supernatant was
retained for analysis. Targeted bile acids were quantified by
LC-MS (Agilent 1260 Infinity II HPLC coupled to an Ultivo
triple quadrupole mass spectrometer). Primary unconjugated
bile acids included o-muricholic acid («-MCA) and
f-muricholic acid (B-MCA; both from Avanti Research,
Alabaster, AL, USA), as well as cholic acid (CA) and cheno-
deoxycholic acid (CDCA; both from Sigma-Aldrich, St Louis,
MO, USA). Conjugated bile acids, including taurochenodeoxy-
cholic acid (TCDCA), tauroursodeoxycholic acid (TUDCA), and
glycocholic acid (GCA), were also from Sigma-Aldrich. The
HPLC gradient and mass spectrometry conditions followed a
previous method.?” Mobile phase solvents consisted of 20 mM
ammonium acetate + 0.1% formic acid and methanol. A
Supelco Ascentis Express No. 53829-U C18 150 x 4.6, 2.7 pm

This journal is © The Royal Society of Chemistry 2025
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column was used for separation. Data were acquired in nega-
tive mode using targeted multiple reaction monitoring (MRM)
for compound identification.

2.8. Statistical analysis

The analysis of the data was carried out using two distinct
approaches for comparing treatments: one that pooled all
results per treatment regardless of the donor, and another that
compared treatments within individual donors. IBM SPSS
Statistics 29.0 was used for all data analysis, except for bac-
terial sequencing, with GraphPad Prism 10 employed for
graphing. To assess normality, the Shapiro-Wilk test was
applied. When normality was confirmed, a one-way ANOVA
was performed. Post-hoc comparisons of the means were con-
ducted with Tukey’s test, or, when Levene’s test indicated het-
erogeneity of variances, with the Games-Howell test. Outliers
were excluded from the analysis, and in cases of non-normal-
ity, non-parametric tests such as Kruskal-Wallis or Mann-
Whitney were used. For microbial sequencing, data analysis
was performed using R Studio version 2024.04.0 or Qiime2.
Alpha diversity was analyzed using Kruskal-Wallis pairwise
tests, while pairwise PERMANOVA was applied to assess beta
diversity. Compositional differences were tested using
ANCOM-BC. To examine associations between bacterial taxa
and other biomarkers, Spearman’s correlation was employed.
Correlation strengths were categorized as mild (r < 0.4), moder-
ate (0.4 < r < 0.6), or strong (r > 0.6). Statistical significance was
reported as: #<0.10, *<0.05.
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3. Results

The effects of dietary interventions were analyzed by initially
grouping all recipients irrespective of human fecal microbiota
donors within the diet group, followed by disaggregation
based on individual donor groups.

3.1. Body weight, disease activity and anatomical changes

The corn matrix, with NILs containing or not anthocyanins
(diets C and A respectively), reduced kidney weight compared
to the control diet (Fig. 2C). Additionally, the 3-HF diet
showed potential benefits, as evidenced by a reduction in
colon and cecum weight. Conversely, the 3-DF diet showed the
potential to exacerbate weight loss compared to the corn
matrix (Fig. 2G). The differences observed through this overall
analysis did not appear to be exclusively triggered by a single
donor’s microbiota (Fig. 3).

From a single-donor perspective, flavonoid-rich diets
exacerbated the disease activity index (DAI) in IBD-1 recipients.
Specifically, diet C led to an increase in kidney weight, while
both 3-HF-containing diets resulted in a reduction in colon
length. In IBD-2 recipients, diet B worsened DAI and increased
spleen weight, whereas diet C was effective in reducing colon
and cecum weight but induced a decrease in colon length.
Although none of the corn-based diets influenced weight loss
significantly, the presence of 3-DFs showed a trend towards
increasing weight loss when compared to corn-based diets
(Fig. 3G). Notably, in IBD-3 recipients, diets containing flavo-
noids provided the most pronounced benefits. Diets B and D
were associated with a reduction in liver, spleen, colon, and
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Fig. 2 Dietary treatments affect body weight, disease activity and anatomical attributes. Liver (2A), spleen (2B), kidneys (2C), colon (2D), colon
length (2E), and cecum (2F) weights are normalized by body weight before DSS administration, together with the percentage of weight loss (2G) and
disease activity index (2H). dietary treatments: purified (P), and 25% inclusion of maize NILs with no 3-DFs or 3-HFs (diet A), 3-DFs (diet B), 3-HFs
(diet C) or both 3-DF + 3HF (diet D). Replicates (n = 9—-12) are shown for every diet. #p < 0.10 and *p < 0.05.
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Fig. 3 Dietary treatments affect body weight, disease activity and anatomical attributes within recipients of each microbiota donor. Liver (3A),
spleen (3B), kidneys (3C), cecum (3D), colon (3E), and colon length (3F) weights are normalized by body weight before DSS administration, together
with the percentage of weight loss (3G) and disease activity index (3H). Dietary treatments: purified (P), and 25% inclusion of maize NILs with no
3-DFs or 3-HFs (diet A), 3-DFs (diet B), 3-HFs (diet C) or both 3-DF + 3HF (diet D). Human donors: IBD-1, IBD-2, IBD-3. Replicates (n = 3-5) are
shown for every diet within each donor’s recipient group. #p < 0.10 and *p < 0.05.

cecum weight, while only the combined administration of
3-DF + 3-HF alleviated weight loss and improved DAI (Fig. 3G
and H). Diets A and C reduced liver and kidney weight, respect-
ively (Fig. 3A and C).

3.2. Pattern recognition receptors (PRR) and inflammatory
markers

All corn matrix diets reduced toll-like receptor (TLR)-5
expression; however, only diet B significantly reduced nuclear
factor (NF)-kB expression compared to 3-HF alone or in combi-
nation with 3-DF. The 3-DF diet also led to an increase in inter-
leukin (IL)-1f levels (Fig. 4E), a finding consistent with the
average responses across all three donor-recipient groups.
Moreover, diet C exhibited a trend toward reducing tumor
necrotic factor (TNF)-a expression.

When the analysis was disaggregated by the recipient’s
donor group (Fig. 5), in IBD-1 recipients, a consistent pattern
of proinflammatory activity was observed, characterized by

9052 | Food Funct., 2025, 16, 9048-9062

elevated IL-1f expression in all flavonoid-rich diets, with diet D
showing the most significant effect. Notably, all diets, except
for diet D, reduced TLR-5 expression. In IBD-2 recipients, only
diets containing 3-DF increased IL-1f, suggesting that the
3-HF diet had the least impact on inflammatory markers. Diet
C also showed potential to elevate NF-xB expression, but only
when compared to the corn-based diets. In contrast, in IBD-3
recipients, the flavonoid-rich diets demonstrated the most pro-
nounced anti-inflammatory effects. Both diets B and C
reduced TLR-4 expression compared to control and diet
A. Only diet B reduced TLR-5 expression, which was not
changed by the 3-HF-containing diets. Diets C and D exhibited
the most anti-inflammatory activity, as evidenced by the
reduced expression of IL-1p and IL-6 (Fig. 5E and F).

3.3. Tight-junction proteins and Gut barrier integrity

Tight-junction protein expression was unaffected by the corn
matrix, regardless of flavonoid content (Fig. 6A and B).

This journal is © The Royal Society of Chemistry 2025
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However, Muc2 expression was reduced by the corn matrix
without flavonoids and by diet B (Fig. 6C) and the other diets
did not significantly alter Muc2 expression. Additionally, gut
permeability, assessed via fluorescein isothiocyanate (FITC),
was decreased by diet D, indicating that the combination of
3-DF + 3-HF was more effective than when either component
was included individually.

In IBD-1 recipients, only diet D did not impact the barrier
integrity markers. The remaining diets exhibited a trend
toward reducing occludin and Muc2 expression, with diet A
significantly increasing gut permeability. Conversely, in IBD-2
recipients, only tight-junction proteins were affected. Diet B
reduced both occludin and tight junction protein (TJP)-1
expression, while diet D reduced only TJP-1, suggesting an
effect of 3-DF in this recipient group. In contrast, flavonoid-
rich diets demonstrated gut barrier protective effects in IBD-3
recipients. Diets containing 3-HF increased occludin
expression and reduced gut permeability, suggesting gut
barrier function restoration compared to the 3-DF diet (Fig. 7C
and D). Furthermore, diet D also increased TJP-1
expression, exhibiting a pattern of enhancement greater than
diets A and B.

This journal is © The Royal Society of Chemistry 2025

Fig. 5 Dietary treatments affect pattern recognition receptors and
inflammatory markers expression within recipients of each microbiota
donor. mRNA expression of TLR-4 (A), TLR-5 (B), NF-xB (C), TNF-a (D),
IL-1B (E), and IL-6 (F). Dietary treatments: purified (P), and 25% inclusion
of maize NILs with no 3-DFs or 3-HFs (diet A), 3-DFs (diet B), 3-HFs (diet
C) or both 3-DF + 3HF (diet D). Human donors: I1BD-1, IBD-2, IBD-3.
Replicates (n = 3-5) are shown for every diet within each donor’s recipi-
ent group. #p < 0.10 and *p < 0.05.

3.4. Microbial diversity and composition

The corn matrix, and its interactions with flavonoids, did not
significantly impact alpha diversity measurements across the
dietary treatments (SI Fig. S3). Similarly, beta-diversity analysis
(Fig. 8) showed no clustering by diet intervention, but recipient
mice were clustered according to the microbiota composition
of the human donor. Notably, in the Bray-Curtis plot, IBD-3
donor groups showed that all corn-based diets clustered separ-
ately from the P diet (Fig. 8B), indicating distinct composition
and distribution. However, clusters approached when phyloge-
netic information was incorporated into the Weighted UniFrac
analysis (Fig. 8D). Additionally, IBD-1 recipients differed from
the IBD-2 and 3 recipients when the phylogenetic similarities
were accounted for in the weighted UniFrac analysis (Fig. 8).
Microbial composition showed limited modulation by the
corn matrix and flavonoid-rich diets when all recipient donor
groups were analyzed together (SI Table S4 and Fig. 9).
However, Erysipelatoclostridiaceae was the taxonomic family
with relative abundance >1%, which was significantly affected
by diets A and B across donor groups. The reduction in this
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rity-associated marker expression within recipients of each microbiota
donor. Colonic mRNA expression of occludin (A), and TJP-1 (B) Muc2
(C), and FITC concentration in serum (D). Dietary treatments: purified
(P), and 25% inclusion of maize NILs with no 3-DFs or 3-HFs (diet A),
3-DFs (diet B), 3-HFs (diet C) or both 3-DF + 3HF (diet D). Human
donors: IBD-1, IBD-2, IBD-3. Replicates (n = 3-5) are shown for every
diet within each donor’s recipient group. #p < 0.10 and *p < 0.05.

family was primarily driven by IBD-2 and IBD-3 recipient
groups, highlighting the challenge of generalizing diet-
induced changes across distinct microbiota communities.
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When microbiota relationships were analyzed within
human donor’s recipient group, distinct dietary modulation
was observed in each group (Fig. 10). In the IBD-1 recipient

group, all corn-based diets decreased the abundance of
Pasteurellaceae,  Erysipelotrichaceae, and  Oscillospiraceae.
Moreover, the corn matrix without flavonoids increased
Clostridiaceae  abundance, while diet B  reduced

Lachnospiraceae, diet C reduced Peptostreptococcaceae, and diet
D significantly increased Lachnospiraceae while reducing
Clostridiaceae. In IBD-2 recipients, corn-based diets consist-
ently increased the abundance of Sutterellaceae and
Enterococcaceae, with diet D maintaining Enterococcaceae
levels. Notably, diet D exhibited the most distinct modulation
of the microbiota, particularly by promoting Clostridiaceae.
Diet A increased  Ruminococcaceae  and  reduced
Erysipelatoclostridiaceae, with a microbiota profile similar to
that of diet B. Diets B and C had similar effects on bacterial
composition, but compared to the control, diet B promoted
Enterobacteriaceae and reduced Lachnospiraceae, while diet C
increased Erysipelotrichaceae. In IBD-3 recipients, all corn-
based diets reduced Enterococcaceae levels. However, diet A
had a higher level of Enterococcaceae compared to the flavo-
noid-rich  diets. Simultaneously, diet A increased
Erysipelotrichaceae but reduced Erysipelatoclostridiaceae. Diet B
showed a similar profile to diet A, except for Enterococcaceae
levels. In contrast, diet C reduced Enterococcaceae and main-
tained Sutterellaceae, whereas Sutterellaceae was depleted in
the other treatments. Finally, diet D exhibited a pattern similar
to diet C but led to a depletion of Sutterellaceae.

3.5. Microbial metabolic products: SCFA and bile acids

Corn-based diets and flavonoids did not improve the concen-
tration of SCFAs (Fig. 11). However, diet D reduced butyrate
levels, consistent with the patterns observed in each recipient
group (SI Fig. S4), based on the human donor source.

Overall, primary bile acids were mostly unaffected by corn-
based diets (Fig. 12), except for diet B reducing CDCA and diet
D increasing the concentration of CA, primarily in IBD-3 recipi-
ents (Fig. 13C and D). Interestingly, IBD-3 recipients accounted
for the most notable differences between diets compared to
other recipient groups. Specifically, in IBD-3 recipients, all
corn-based diets elevated GC significantly (SI Table S5), while
the corn diet without flavonoids increased CA and f-MCA.
Concurrently, diets B and C reduced CDCA concentration in
serum, while diet D increased CA and GCA, and decreased
TUDCA. Furthermore, only a-MCA was reduced by diet D in
IBD-2 recipients, and no significant differences were found in
IBD-1 recipients for any of the bile acids measured in this
study.

3.6. Associations between gut bacteria, gut metabolites, and
inflammatory and barrier protection markers

Bacterial families were correlated with markers associated with
the inflammation (PRRs and pro-inflammatory cytokines) and
gut barrier function (mucus production and tight junction
protein genes). Interestingly, biomarkers within each group

This journal is © The Royal Society of Chemistry 2025
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responded similarly in their correlations to bacteria, except for
NF-kB, which clustered with the gut barrier protection genes
(SI Fig. S5).

Bacteria with relative abundance higher than 1% were
grouped based on their association with gut barrier protection
and inflammation. One group was composed of
Eggerthellaceae, Marinifilaceae, Tannerellaceae, and
Rikenellaceae, which showed a strong positive correlation with
occludin and Muc2, and a moderate correlation with TJP-1.
Conversely, these bacteria were negatively correlated with IL-1p
(high correlation), IL-6, and TLR-4 (moderate correlation). A
second group consisted of Bacteroidaceae, Ruminococcaceae,
and Lachnospiraceae. Although hierarchically separated from
the first group, they exhibited similar correlation patterns for
occludin, Muc2, and IL-1f. A third group, composed of
Enterobacteriaceae, Pasteurellaceae, Enterococcaceae,
Veillonellaceae, Peptostreptococcaceae, and Clostridiaceae, was
highly positively correlated with IL-1f but negatively correlated
with occludin and Muc2. Furthermore, Enterobacteriaceae and
Enterococcaceae were highly negatively associated with TJP-1,
and moderately positively associated with IL-6 and TLR-4. In
addition to these groups, NF-xB had a unique correlation
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pattern. It moderately correlated with Bacteroidaceae (posi-
tively) and with Pasteurellaceae and Veillonellaceae (negatively).
Finally, only weak correlations were found between TLR-5 and
TNF-o with bacterial composition.

Among the SCFAs, propionate and butyrate showed oppo-
site association dynamics (SI Fig. S6). Strong positive corre-
lations between propionate and Bacteroidaceae were found,
along with moderate correlations with Eggerthellaceae,

9056 | Food Funct, 2025, 16, 9048-9062

Marinifilaceae, Tannerellaceae, Rikenellaceae, Ruminococcaceae,
and Erysipelotrichaceae. Conversely, negative and moderate cor-

relations were observed between  propionate and
Enterobacteriaceae, Pasteurellaceae, Peptostreptococcaceae, and
Clostridiaceae. Regarding  butyrate,  Butyricicoccaceae,
Eggerthellaceae, Marinifilaceae, Tannerellaceae, and

Rikenellaceae exhibited negative and moderate correlations, in
contrast to Pasteurellaceae, Peptostreptococcaceae, and
Clostridiaceae, which showed positive correlations.

GCA exhibited a distinct response in its correlations with
bacterial composition (SI Fig. S7). GCA was strongly positively
correlated with Eggerthellaceae, Marinifilaceae, Tannerellaceae,
Rikenellaceae, Ruminococcaceae, and moderately correlated with
Lachnospiraceae,  Butyricicoccaceae, and  Streptococcaceae.
Conversely, moderate negative correlations were observed with
Enterobacteriaceae, Enterococcaceae, Pasteurellaceae,
Peptostreptococcaceae, and Clostridiaceae. Other bile acids pre-
sented weaker interactions, except for f-MCA and CA. f-MCA
exhibited moderate positive correlations with Veillonellaceae,
Pasteurellaceae, Peptostreptococcaceae, and Clostridiaceae, but
negative correlations with Bacteroidaceae and Butyricicoccaceae.
Similarly, CA showed similar correlations with the same bac-
teria as B-MCA but was also negatively associated with
Coriobacteriaceae and Sutterellaceae. In addition, CDCA exhibi-
ted similar correlations to B-MCA, except for Bacteroidaceae
and Veillonellaceae.

The correlations between gut metabolites and inflam-
mation and barrier function markers (Fig. 14) to better under-
stand the consequences of dysbiotic microbiota and host
health were analyzed. We categorized the parameters evalu-
ated: markers of the NF-«xB pathway, including PRRs, pro-
inflammatory cytokines, and nuclear factors; markers of gut
barrier integrity (occludin, TJP-1, Muc2); gut metabolites
(SCFAs and bile acids); and DAI.

This journal is © The Royal Society of Chemistry 2025
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We observed the most relevant relationships within cat-
egories, focusing on strong correlations (r > 0.6). Among the
gut barrier markers, occludin showed a very strong correlation
with Muc2 and a strong correlation with TJP-1. Among the gut
metabolites, strong positive correlations were found between
CA and B-MCA, TUDCA and TCDCA, as well as negative corre-
lations between propionate and -MCA.

Secondly, when comparing correlations between categories,
we found very strong negative correlations between IL-1f and
Muc2 or occludin, demonstrating the inverse regulation
between inflammation and barrier restoration. Additionally,
propionate and GCA appeared to be associated with gut
barrier protection, as they presented strong positive corre-
lations with Muc2 and occludin, but negative correlations with
IL-1p.

4. Discussion

Dysbiosis entails both compositional and functional shifts in
the gut microbiota.>® Expansion of pathogens, such as
Clostridium difficile, Bacteroides fragilis or Escherichia coli
(AIEC) has been linked to IBD dysbiosis, yet patient microbiota
profiles remain heterogeneous.***° Dysbiosis reshapes colonic
immune responses through pathogen-associated molecular
patterns and perturbs microbial metabolite production.*'~**
Dietary flavonoids can counteract these disturbances after
undergoing microbial hydrolysis, reduction, and deglycosyla-
tion. The resulting phenolic metabolites serve as energy sub-
strates and modulate microbial composition and
function.””'%3>3¢ Although anti-colitic effects have been docu-

This journal is © The Royal Society of Chemistry 2025

mented with healthy human microbiota,”” their interaction
with dysbiotic, UC-associated communities remains largely
unexplored and is the focus of this study.

Overall, corn diets were ineffective in alleviating inflam-
mation or gut barrier dysfunction (Fig. 4 and 6), except for diet
D, which reduced barrier permeability (Fig. 6D). This improve-
ment was primarily observed in IBD-3 recipients (Fig. 7D).
Additionally, corn diets led to the downregulation of TLR-5
(Fig. 4B), which was associated with the disease, as observed in
mice with DSS-induced colitis and in IBD patients.*”*® However,
TLR-5 downregulation did not appear to be a determining factor
in the inflammatory status or gut barrier function.

Conversely, a donor-based analysis revealed that flavonoid-
rich diets alleviated colitis in one donor group (IBD-3 recipi-
ents) (Fig. 5A, E, F and 6A, B and D), with limited activity in the
other two. In this group, when flavonoid-rich diets were
effective against colitis, Enterococcaceae was significantly
reduced (Fig. 10). We hypothesize that the reduction of
Enterococcaceae may be associated with disease alleviation, as
this commensal taxon is notably increased in IBD patients.*®*°
Mucin-degrading species within the Enterococcaceae family are
linked to a cross-feeding dynamic that culminates in gut
barrier disruption.”’ IBD-3 recipients also harbored
Marinifilaceae and Tannerellaceae, which were largely absent in
other groups (<1% relative abundance). Marinifilaceae is more
abundant in healthy individuals than in UC patients.*?
Tannerellaceae is negatively correlated with lipocalin-2 and posi-
tively with body weight in a DSS model,** consistent with
weight gain patterns in IBD-3 recipients compared to the
others (Fig. 3). Some Tannerellaceae members are H, producers,
and microbial hydrogen economy has been implicated in main-
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taining barrier integrity under DSS challenge.** Notably, we
observed that anthocyanin-rich diets in IBD-3 recipients
restored gut barrier function, and when combined with phloba-
phenes, they also reduced pro-inflammatory cytokines and
disease activity. The benefits of the 3-DF + 3-HF combination
surpassed the single action of 3-DFs in diet B (Fig. 5E, F, 6D,
7B and D). The anti-colitic effects observed are consistent with
previous reports using the same NILs of corn in mouse
models.”"® Furthermore, the superior performance of the 3-DF
+ 3-HF diet suggests potential synergisms conditioned by the
microbiota composition and metabolism. On the other hand,
in recipients of IBD-1 or IBD-2 donors, corn diets did not show
improvement in inflammation or barrier integrity-associated
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biomarkers, and some parameters were even aggravated.
However, the microbiota compositional changes differed in
each group. Interestingly, although IBD-2 and IBD-3 recipient
communities were more similar according to Weighted UniFrac
B-diversity (Fig. 8D), IBD-1 and IBD-2 recipients were more
similar in their response to the diets (Fig. 5 and 7). This aligns
with the significant inter-individual variability in human
microbiota,’ particularly in IBD patients, whose communities
are more distinct than those of healthy individuals.*® Prior
studies have demonstrated that inter-individual differences in
microbial diversity or baseline taxonomic abundance can lead
to divergent responses to dietary interventions.’® The similar
responses of IBD-1 and IBD-2 recipients may be explained by
the functional redundancy of their microbiota communities,””
whereby distinct microbial compositions can yield comparable
metabolic outcomes. In IBD-1, the more affectation of the gut
barrier and higher Clostridiaceae abundance were observed
when flavonoids were absent from the diets (Fig. 7C, D and 10).
Conversely, when the diet was rich in both 3-DF and 3-HF,
Clostridiaceae was reduced, and the disturbance of the gut
barrier did not progress further, although inflammation
remained significant (Fig. 5E). Some members of the
Clostridiaceae family are more abundant in UC patients,*® and
their reduction accompanies effective treatment of colitis symp-
toms, as shown with Clostridium_sensu_stricto in IL-107/~
mouse models.*® Additionally, the combined effect of 3-DF +
3-HF did not increase gut permeability as the corn matrix did
(Fig. 7D). In IBD-2 recipients, anthocyanins improved a few
anatomical responses (Fig. 2D and E) and did not exacerbate
inflammatory and gut barrier damage (Fig. 5 and 7).
Anthocyanins also increased the Erysipelotrichaceae relative
abundance (Fig. 10) and elevated the propionate concentration
(SI Fig. S4), which were moderately and positively correlated (SI
Fig. S6). The role of Erysipelotrichaceae in IBD is controversial,
although it is closely related to inflammatory disorders in
colon cancer.>® This bacterial family was also elevated when
5% black raspberry extract was provided to mice in a DSS
colitis model, but only under dietary conditions of a total
western diet and not with a healthy diet.>" Altogether, in scen-
arios where microbial compositions limit the anti-colitic
activity of flavonoid-rich matrices, 3-DF or 3-HF can alterna-
tively prevent the worsening of the condition depending on
their interaction with the particular microbiota profile.
Examining the targeted gut metabolites and their relation-
ship with biomarkers, propionate and GCA were highly associ-
ated with the recovery of gut barrier integrity and the reduction
of pro-inflammatory cytokines (Fig. 14). Both metabolite con-
centrations were higher in IBD-3 recipients (SI Fig. S4 and
Table S5), where anti-colitic activity was observed. This is con-
sistent with propionate’s properties, such as reducing neutro-
phil release, decreasing pro-inflammatory molecules (NF-kB,
TNF-a, IL-1f, and IL-6), and preserving tight junctions and gut
permeability.>>® Moreover, GCA has demonstrated anti-
inflammatory activity in LPS-stimulated zebrafish macro-
phages, likely due to the stimulation of farnesoid receptor
expression. Although associations between these metabolites

This journal is © The Royal Society of Chemistry 2025
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Fig. 14 Correlation heatmap between mRNA expression of toll-like receptors, inflammatory and gut integrity-associated biomarkers, disease
activity index and gut metabolites. Darker to lighter color gradient represents highly positive to highly negative correlations. Only significant p < 0.05
correlations are shown. Pattern recognition receptors: toll-like receptor-4, TLR-4, toll-like receptor-5, TLR-5. Inflammatory markers: interleukin-1p,
IL-1B, interleukin 6, IL-6, tumor necrotic factor- a, TNF-a. Tight junction proteins: occludin and tight junction protein 1, TIP-1. Mucin 2: Muc2.
Disease activity index: DAI. SCFAs: acetate, propionate, butyrate. Bile acids: glycocholic acid, GCA, taurochenodeoxycholic acid, TCDCA, taurourso-
deoxycholic, TUDCA, cholic acid, CA, chenodeoxycholic acid, CDCA, a-muricholic acid, a-MCA, and f-muricholic acid, p-MCA.

and improvements in colitis parameters are consistent.
Mechanistic studies are needed to determine real causality.

In summary, the anti-colitic effects of flavonoid-rich diets
were dependent on the microbial composition of the dysbiotic
donor. Anti-colitic effects were evident in recipients with
higher concentrations of propionate and GCA, possibly as a
product of the microbial composition and the food matrix.
Reduction of metabolic products like short-chain fatty acids is
common in IBD patients.> Furthermore, human studies inves-
tigating the supplementation of polyphenol-rich extracts have
demonstrated significant inter-individual variability in gut
metabolic responses, suggesting gut microbiota as a potential
source of variability.>® Therefore, it is feasible that even in dys-
biosis, microbiota composition can alter the metabolic out-
comes and health effects of bioactive compounds.

One limitation of our study is the relatively small sample
size per donor, which may limit the generalizability of our

This journal is © The Royal Society of Chemistry 2025

findings. A larger cohort is essential to accurately capture bac-
terial dynamics and uncover more robust trends. Despite this
limitation, our study highlights the substantial impact of dys-
biotic microbiota composition on the activity of flavonoids.
Future investigations should include disease severity and the
physiological stages of patients as key factors, as these
elements contribute to the complexity of the disease.
Additionally, incorporating network analysis with a larger
dataset, as well as metagenomic analyses, will contribute to
the identification of microbiota key networks responsible for
flavonoid-associated health impacts.

Conclusions

Our study demonstrates that the composition of dysbiotic
human-associated microbiota significantly influences the anti-
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colitic activity of 3-deoxyflavonoids (3-DFs) and 3-hydroxyflavo-
noids (3-HFs). When protective effects were observed, 3-HF-
containing diets reduced inflammation and enhanced barrier
integrity. These outcomes were accompanied by higher con-
centrations of gut-derived metabolites.
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