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Abstract: SAMP mice develop progressive Crohn’s disease (CD)-like ileitis without sponta-
neous colitis that worsens over time without chemical, genetic, or immunological manipula-
tion. Even growing in an identical vivarium and fed with the same diet, SAMP mice reveal
a distinct fecal microbiome, metabolome, and lipidome profile compared to AKR mice,
their non-inflamed parental control strain. Differences are already present in 5-week-old
mice, with a tendency to increase in 15-week-old mice. SAMP and AKR mice metabolome
and lipidome profiles were substantially different, belonging to two clusters in line with the
progression of intestinal disease. Similarly, the 16S analysis confirmed differences between
15-week-old AKR and SAMP mice. The protective role of dietary polyphenols has been
documented in inflammatory bowel diseases (IBD); thus, we supplemented the chow diet
with an anthocyanin-rich extract (RED) to evaluate disease reduction in SAMP mice and
changes in fecal microbiota/metabolome. Our data reveal that 10-week supplementation
with anthocyanin-rich extract ameliorated disease severity in SAMP mice despite limited
fecal microbiota/metabolome differences.

Keywords: Crohn’s disease; polyphenols; adjuvant therapy; microbiota; metabolome

1. Introduction
Inflammatory bowel diseases (IBDs) are gastrointestinal disorders driven by numer-

ous factors, including genetic predisposition, dysregulated immune response, and strong
dysbiosis, leading to chronic and relapsing diseases [1]. Apart from these factors, environ-
mental ones support IBD pathogenesis; in fact, an unbalanced diet and limited bioactive
nutritional compound intake may play a pivotal role in IBD onset and relapses, partially
explaining the IBD incidence increase in Westernized countries [2]. Unbalanced and self-
sustaining intestinal immune response is the signature of IBD, and several cytokines were
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associated with this condition; among these, tumor necrosis factor (TNF) was the first to
be targeted by biological therapies based on monoclonal antibody infusion. Conventional
therapies for IBD patients include corticosteroids and biological agents that have shown
efficacy in maintenance therapy. Anti-TNF therapies (such as infliximab (IFX), adalimumab,
and certolizumab) have revolutionized the treatment of CD in the past two decades. These
agents have become increasingly widespread and commonly used [3–5]. Despite their wide
use, approximately one-third of patients immediately fail to respond to anti-TNF drugs
(primary non-responders), and 23–46% of patients lose response over time (secondary
non-responders) [6,7]. Even in patients achieving complete remission, targeting inflamma-
tory mediators may not be sufficient for long-term disease remission [8]. The persistence
of environmental triggers may represent the reason for disease recurrence and/or a lack
of response to biologicals. For example, intestinal dysbiosis may be involved in disease
relapse, directly triggering inflammation or producing metabolites that may bend the
immune response toward inflammation [9]. In light of the significant number of patients
who are non-responders to the currently available therapies, it is crucial to define adjuvant
therapies as able to act in parallel with biological drug administration.

Preclinical murine models of IBD have been intensively used to uncover several aspects
of human pathology. These models include chemical induction, gene mutations, and cell
transfer [10]. Each model has limits. Nonetheless, their use significantly increased the
knowledge of disease onset and progression, shedding light on new targets for developing
innovative therapies. Among in vivo models of ileitis, the SAMP1/YitFC (SAMP) mice
have the unique feature of spontaneously developing early ileitis (starting at 10 weeks of
age) without genetic or immunologic manipulations, which reaches 100% penetrance by
20 weeks of age, with progressively worse disease up to 60 weeks [11,12].

These mice’s typical macroscopic and histological features are focal areas of necrosis
and inflammation in the ileum with a cobblestone pattern, crypt elongation, and immune
cell infiltration. Immune phenotyping showed SAMP mice as a mixed Th1/Th2 model
switching toward the Th2 type, mainly thanks to IL-33-driven pathways [11,13]. This model
represents a valid murine counterpart of human disease, featuring similar macroscopic and
microscopic features. For this reason, we used SAMP mice as a valuable tool to study the
effects of anthocyanin-rich extract (RED) administration in in vivo models.

The microbiome and metabolome of SAMP mice have not been fully characterized to
date. Thus, we employed 16S rRNA sequencing and UHPLC-MS/MS approaches to char-
acterize the pre-inflamed and inflamed states of this experimental model of CD-like ileitis.

Several studies have already investigated the potential use of polyphenols and fla-
vanols as primary or adjuvant therapies for IBD patients. Recent evidence highlights the
role of polyphenols and their metabolites as modulators of the intestinal microbiota by
shaping its composition and reducing chronic inflammation in the gut. Several pieces of
evidence proved the benefits of polyphenol administration to human patients and murine
models of chronic colitis [14,15]. Moreover, polyphenols exert a prebiotic-like activity by
inhibiting pathogenic bacteria and promoting beneficial ones [16]. Polyphenol-enriched
OGM, specifically bronze tomatoes, can reduce the inflammation in a preclinical model of
UC, the Winnie mice, favoring the growth of beneficial bacteria [17]. The same can be said
of the impact of bronze tomato on dendritic cells (DCs), where it decreased inflammatory
cytokine secretion while increasing anti-inflammatory IL-10 production [18]. Among the
suggested polyphenols’ mechanisms of action, their ability to act as natural iron chela-
tors to sequestrate iron from both host and microbial species is fascinating. This peculiar
characteristic is lost when immune cells are grown with an excess of iron [19].

A recent single-center study demonstrated that patients receiving a diet enriched with
RED better reduced circulating inflammatory biomarkers compared to patients with a
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diet enriched with commercial red fruit tea (RFT), despite IFX being administered to both
groups [20,21]. Importantly, we demonstrated that RED was more efficient in CD than
in ulcerative colitis (UC) patients [20], although the metabo-lipidomics profiling revealed
limited modulation induced by the flavonoid-rich diet vs. control [21]. Flavonoids are the
most represented class of polyphenols, along with stilbenes, phenolic acids, and lignans,
and can be further divided into flavan-3-ols, flavanols, flavones, isoflavones, flavanones,
and anthocyanins. They are present in nature in glycoside and non-glycosylated form, and
this can influence their bioavailability and metabolism. Polyphenols are primarily absorbed
in the small intestine, but colonic bacteria can also metabolize them; in both cases, they
can affect immune cells directly or indirectly [22]. Thus, our results sustain the potential
role of polyphenols as bioactive phytochemicals, which can be used as adjuvant therapy in
patients affected by chronic inflammatory disorders.

2. Materials and Methods
2.1. Animal Studies

Our investigations were performed under the relevant animal protocols, which were
approved by the Institutional Animal Care and Use Committee (IACUC) protocol 2014-0158
at Case Western Reserve University (CWRU, Cleveland, OH, USA). All animals were
maintained in a controlled environment (20–22 ◦C, 12 h light and 12 h dark cycles, and
45–55% relative humidity). We used the ARRIVE checklist for these studies. All animal
protocols were approved by the Institutional Animal Care and Use Committee (protocol
number 2014-0158). All animal studies were blinded without prior knowledge of the
experimental groups by the experimenter. Mice were randomized using a progressive
numerical order. The code for each mouse was known only to the animal caretaker and was
revealed only at the end of the study. Single animals were used for all experiments, and
an equal number of gender/age-matched animals were used in each group. Each animal
experiment used a sample size of 6–12 mice and/or observations per group, which allowed
for sufficient degrees of freedom to fit our statistical model. No criteria for inclusion or
exclusion were set, and there was no exclusion of animals, experimental units, or data points.
AKR mice were used as controls. AKR and SAMP colonies are maintained at the Animal
Resource Center at Case Western Reserve University. All mice were maintained under
specific pathogen-free conditions in ventilated micro-isolator cages with 1/8-inch corn
bedding and cotton nestlets for environmental enrichment at the CWRU Animal Facility
and kept on a 12 h light/dark cycle. Mice were routinely tested for specific pathogens.
Mice had ad libitum access to water and were fed with a standard laboratory rodent diet
P3000 (Harlan Teklad, Indianapolis, IN, USA). At the end of the treatment, the animals
were euthanized by CO2 inhalation followed by cervical dislocation to confirm death. At
the end of the treatment, colon tissues were harvested for histological assessment.

2.2. 16S rRNA Microbiome Analysis

Mouse stool was collected before (Day 0) and after the end of the RED treatment
(Day 70). Following fecal DNA extraction using the QIAamp® PowerFecal® Pro DNA
kit (QIAGEN, Hilden, Germany) according to the manufacturer’s protocol, microbiome
amplification for the 16s rRNA gene V4 regions and high-throughput 16S rRNA gene
microbiome sequencing and analysis were conducted using the well-established Illumina
MiSeq and analytical protocols as previously described [17].

2.3. Metabolomics Sample Preparation and Analysis

A total of 200 mg of stool samples from the same animals used for the 16S sequenc-
ing were processed using the OMNImet®·GUT kit ME-200 (DNA Genotek, Ottawa, ON,
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Canada) before the metabolite extraction. The samples were then processed, as reported
previously [23]. Following centrifugation, polar metabolites and lipid fractions were sepa-
rately collected, dried by a SpeedVac (Savant, Thermo Scientific, Bremen, Germany), and
stored until analysis. For the assessment of repeatability and instrument stability over time,
a QC strategy was applied. Metabolomics and lipidomics were performed on two different
analytical platforms, as reported previously [23,24].

2.4. Untargeted Lipidomics and Metabolomics

Lipid analysis was performed by RP-UHPLC-TIMS on a Thermo Ultimate RS 3000 cou-
pled online to a TimsTOF Pro quadrupole Time of flight (Q-TOF) (Bruker Daltonics, Bremen,
Germany). The separation was performed with an Acquity UPLC CSH TM C18 column
(50 × 2.1 mm; 1.7 µm, 130 Å) protected with a VanGuard CSH TM precolumn (5.0 × 2.1 mm;
1.7 µm, 130 Å) (Waters, Milford, MA, USA). Untargeted metabolomics was carried out by
HILIC-HRMS on a Thermo Ultimate RS 3000 coupled to a Q-Exactive quadrupole-Orbitrap
(Thermo Scientific, Bremen, Germany). The separation was carried out with a Sequant
ZIC-HILIC (100 × 2.1 mm; 3 µm) protected with a pre-column (5 × 21 mm; 3 µm) (Supelco,
Bellefonte, PA, USA). Detailed parameters are reported elsewhere [23,25].

2.5. Statistical Analysis and Metabolomics Data Processing

Statistical analysis was performed using the GraphPad Prism 8 software (GraphPad
Software, San Diego, CA, USA). All data obtained from at least three independent ex-
periments were expressed as mean ± SEM. We evaluated statistical significance using
the two-way ANOVA test following Sidak’s post hoc test. The results were considered
statistically significant at p < 0.05.

Bioinformatics analyses of sequence data, from the processing of raw DNA sequences
and reads to obtain alpha index estimates, were conducted in the QIIME2 microbiome
platform (version 2020.8). Paired demultiplexed 16S sequences were denoised by us-
ing the q2-deblur QIIME plugin (https://github.com/qiime2/q2-deblur, accessed on
27 September 2022). Taxonomy was inferred by using the SILVA QIIME-compatible clas-
sifier (release 138). Alpha diversity metrics, including Shannon entropy and Faith’s PD,
were also computed by using the QIIME2 platform [26,27]. Starting from QIIME2 relative
abundances, the q2-emperor plugin was used to compute beta diversity metrics. Significant
taxa among groups were computed by using a two-sided Welch test corrected by multiple
tests with Benjamini–Hochberg.

Metabolomics and lipidomics HRMS data analyses were performed with MS-DIAL
v4.48 (http://prime.psc.riken.jp/compms/msdial/main.html, accessed on 3 January 2024)
and MetaboScape 2021 (Bruker), respectively. The detailed processing parameters for both
metabolomics and lipidomics are reported elsewhere [28,29]. An enrichment and path-
way analysis was performed with the relative tools in MetaboAnalyst 5.0 (https://www.
metaboanalyst.ca/MetaboAnalyst/ModuleView.xhtml, accessed on 3 January 2024).

The omics data analysis was conducted using MATLAB R2024b (The MathWorks, Inc.,
Natick, MA, USA), combining built-in functions and custom scripts tailored specifically to
the objectives of this research. The dataset comprised multiblock omics data derived from
the same cohort of samples, encompassing metabolomics (ESI+ and ESI−) and lipidomics
(ESI+ and ESI−). To ensure analytical rigor and robustness while minimizing bias and error,
each dataset underwent individual preprocessing steps designed to enhance consistency
and reliability for subsequent analyses. Data filtering was followed by normalization,
wherein each variable was scaled relative to the median value of the corresponding sample
to mitigate inter-sample variability. Missing or zero entries were addressed by substituting
them with uniformly distributed random values, scaled by a factor equivalent to one-fifth

https://github.com/qiime2/q2-deblur
http://prime.psc.riken.jp/compms/msdial/main.html
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of the smallest non-zero value within the respective column, thereby ensuring controlled
and reproducible imputation.

Each omics block was then subjected to independent univariate statistical analysis
using the Wilcoxon rank-sum test (Mann–Whitney U test) [30] to identify variables exhibit-
ing significant differences between experimental groups. Multiple testing correction was
performed using the False Discovery Rate (FDR) methodology to reduce the likelihood
of type I errors [31]. Statistically significant variables were visualized through heatmaps,
where the data are normalized by rows to enhance interpretability and emphasize relative
differences within each variable across samples. These variables were further examined to
identify trends indicative of underlying biochemical or physiological mechanisms. Post-
normalization, a base-10 logarithmic transformation, was applied to the datasets to stabilize
variance and minimize the influence of large-scale differences. External Parameter Or-
thogonalization (EPO) [32] was implemented to eliminate external biological variability,
removing four principal components to preserve maximal informational content. The
preprocessed data were then autoscaled, centering each variable to a mean of zero and
scaling to unit variance, ensuring standardized comparisons across variables. Data fusion,
also referred to as multiblock analysis, was employed as an integrative chemometric ap-
proach to simultaneously analyze multiple omics datasets [33]. This strategy facilitated the
extraction of complementary information from distinct data blocks, enhancing the robust-
ness, reliability, and predictive accuracy of the model. Exploratory analysis incorporated
Common Component and Specific Weight Analysis (CCSWA), commonly termed ComDim,
to identify both shared and unique sources of variation across the data blocks. This method
iteratively identified global and local components that accounted for the maximum joint
variability. The contribution of each data block to these components was quantified via the
“Salience” metric. To ensure equitable representation, each data block was normalized to its
Frobenius norm, standardizing the total variance among the blocks. The ComDim approach
yielded score matrices that represent sample relationships derived from the simultaneous
evaluation of all datasets [34,35]. Hotelling’s (T2) confidence ellipses were constructed for
each experimental class and shown on the score plots, providing a 98% confidence level for
visualizing sample distributions and class separations.

2.6. RED Diet Administration

SAMP and AKR mice were maintained under SPF conditions, fed with standard labora-
tory chow, and kept on 12 h light/dark cycles in the animal resource core (ARC) facility of
CWRU. Five-week-old mice were randomly divided into two groups: vehicle vs. RED; the
vehicle group received normal drinking water while the RED group received 53 mg/kg [36,37]
of anthocyanin-rich powder obtained from purple corn [20] dissolved in their drinking wa-
ter, changed each day for 70 consecutive days. Mice were checked every day and weighed
every week. At day 70, all mice were euthanized according to the ARC protocols, and their
distal ileum and colon were explanted, fixed in Bouin’s fixative (Sigma-Aldrich, St. Louis,
MO, USA) for 24 h, and stored with 70% EtOH before paraffin embedding, sectioning, and
staining for hematoxylin/eosin to be scored for inflammation by a trained pathologist. Colon
length and weight were measured as indicators of colonic inflammation at sacrifice. The
colon/body weight indices were expressed as a percentage calculated as the ratio of the colon
length/weight and the total body weight (BW) for each mouse.

3. Results
3.1. Fecal Mice Microbiota in 5- and 15-Week-Old SAMP Mice

We performed a 16S rRNA sequencing on fecal material collected from AKR and
SAMP mice at 5 and 15 weeks of age.
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The data showed no differences in alpha diversity (Figure 1A, left panel), while the
two genotypes separated well on the principal component analysis (PCA) plot (Figure 1A,
right panel). The bar plots in Figure 1B show differences in the two cohorts of mice;
24 genera were the most abundant (above 1%) for each mouse strain, while several others
were included in the “others” group (below 1%). Among the most abundant genera, 12 were
significantly represented between AKR and SAMP mice (Figure 1C,D). Bacteroides, Rikenella,
and Lachnospiraceae UCG-001 were more represented in young 5-week-old SAMP mice
compared to age-matched parental controls (AKR mice, Figure 1C). Conversely, nine genera
were more abundant in young SAMP mice: Lachnospiraceae NK4A136, Lachnoclostridium,
ASF356, Colidextribacter, Oscillibacter, Muribaculum, Prevotellaceae UCG-001, Prevotellaceae
NK3B31, and Odoribacter (Figure 1D). Of note, in AKR mice, Odoribacter, Prevotellaceae
NK3B31, and Prevotellaceae UCG-001 were absent.

Figure 1. Shannon index and PCA plot for 5-week-old SAMP and AKR mice (A). Stacked bar plots
for representative genera in AKR and SAMP mice (B). Dot plots for the significant genera found in
5-week-old AKR and SAMP mice (C,D) (* p-value < 0.05, ** p-value < 0.005, *** p-value < 0.001, and
**** p-value < 0.0001). Data expressed as mean ± SEM (n = 16).
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The same analysis was repeated at 15 weeks in SAMP mice showing severe ileitis
relative to AKR mice. Figure 2A shows an increased Shannon index between the two
cohorts of mice and a great separation between them on the PCA plot. Figure 2B reports
the 24 most abundant genera in AKR and SAMP mice. In particular, Bacteroides, Alistipes,
and Anaeroplasma were found to be more abundant in AKR mice (Figure 2C), while Parabac-
teroides, Colidextribacter, Odoribacter, Prevotellaceae NK3B31, and Prevotellaceae UCG-001 were
more represented in SAMP mice (Figure 2D).

Figure 2. Shannon index and PCA plot for 15-week-old SAMP and AKR mice (A). Stacked bar plots
for representative genera in the two strains (B). Dot plots for the significant genera found in 15-week-
old SAMP and AKR mice (C,D) (* p-value < 0.05, *** p-value < 0.001, and **** p-value < 0.0001). Data
expressed as mean ± SEM (n = 3 for AKR and 8 for SAMP mice).

3.2. Fecal Mice Metabolome and Lipidome in 5-Week-Old AKR and SAMP Mice

The metabolome and lipidome profiles of SAMP and AKR mice were substantially
different at 5 weeks, as shown by PCA plots (Figure 3A,B). The loadings corresponding to
each data block, along with their respective salience values, are provided in Supplementary
Figure S1A,B, offering detailed insights into the contribution of individual blocks to the
identified standard components. The heatmap in Figure 3C reports the top 50 differentially
abundant metabolites. Among them, several were increased in SAMP mice and were
mainly represented by purine and pyrimidine intermediates (adenine, cytidine, xanthine,
uridine, adenosine, guanine, deoxyuridine, guanosine, hypoxanthine, and inosine), long-
chain saturated fatty acids (LCFA with a carbon length from C13 to C18), tryptophan
metabolites (e.g., indole-3-acetaldehyde, indole-3-propionic acid, and 1-methyltriptophan),
polyamine metabolites (e.g., putrescine and 5′-S-methylthioadenosine), and nicotinamide
metabolism intermediates (e.g., NAD and nicotinamide). On the contrary, many others
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were reduced in SAMP compared to AKR mice. These were essentially amino acids and
N-derivatives (acetyl, methyl, formyl, bile acids, and cholic and taurocholic acid), hydroxy
fatty acids, taurine, and hippurate. Concerning lipids, as observed from the heatmap in
Figure 3D, many lipids were found to be increased in SAMP vs. AKR mice. They were
mainly represented by phosphatidylethanolamines (PEs), phosphatidylglycerols (PGs),
phosphatidylinositol (PI), and sphingomyelins (SMs). On the other hand, the lipids found
to be reduced in the same comparison were primarily represented by Ceramides (CERs),
diacylglycerols (DGs), and lysophosphatidylcholines (LPCs).

Figure 3. COMDIM score plots for the metabolome and lipidome of 5-week-old SAMP and AKR
mice (A,B) and respective heatmaps showing the top 50 significantly modulated metabolites and
lipids (p-value < 0.05) (C,D).

The human metabolome database (HMDB) codes were used to build a KEGG en-
richment analysis with stools used as the biospecimen background. Figure 4 shows the
top-enriched pathways, including unclassified IBD, UC, and CD, thus highlighting the
presence of key metabolites and lipids for the two forms of the disease.



Antioxidants 2025, 14, 473 9 of 21

Enrichment Overview (top 25) 

Unclassified ISO 

Colorectal cancer -

Irritable bowel syndrome 

Crohn's Disease 

Colorectal Cancer -

Irritable bowel syndrome 

Gout 

Gout 

Ulcerative colitis 

Crohn's Disease 

Ced 

lleal Crohn's Disease 

Rheumatoid arthritis 

Ulcerative Colitis 

1--------

Cryptosporidium Infection 

Ankylosing Spondylitis 

Rheumatoid Arthritis 

Diverticular disease 

Obesity 

Recurrent Clostridium Difficile Infection 

Asymptomatic Diverticulosis 

Diverticular Disease 

Symptomatic Uncomplic. Diverticular ... 

Bladder Infections 

Interstitial Cystitis 

0 2 4 6 

Enrichment Ratio 

8 

P value 

3" 10 .. 

1 )( 10·1 

2 )( 10·1 

Figure 4. Quantitative enrichment analysis (QEA) overview presenting the top 25 related metabolic
pathways ranked according to the fold enrichment p-value.

3.3. In Vivo Effects of RED Administration in SAMP Mice

Given the importance of microbiota in the onset of chronic colitis and the efficacy of
polyphenols in modulating microbial populations in both human patients and mouse mod-
els, we recently proved that RED extract enhanced the IFX response in CD patients [20,21].
To test the role of RED in preventing intestinal inflammation in susceptible individuals, we
administered this extract to SAMP mice without clear signs of inflammation. Specifically,
5-week-old mice were administered with RED powder (53 mg/kg) dissolved in sterile
water or a vehicle (control group) for 70 days; AKR mice were used as parental controls for
each condition.

The mice’s weight was recorded every week for 10 weeks. RED-treated AKR mice
gained more weight than the vehicle-treated group, but the average weight was signif-
icantly different only after 9 and 10 weeks of RED administration (Figure 5A). Starting
from the third week, RED administration induced SAMP mice weight gain that remained
significantly higher than vehicle-treated SAMP mice up to the end of treatment (Figure 5B).

In line with this, histology scores from the ileum highlighted a significant inflam-
mation reduction in RED-treated compared to vehicle-treated SAMP mice (Figure 5C,D).
In particular, H&E-stained ilea from RED-treated SAMP mice showed a reduction in the
inflammatory milieu with less immune cell infiltration and necrotic areas and a more
conserved villi architecture than the vehicle-treated ones (Figure 5C). The AKR mice did
not show any sign of inflammation or morphologic differences between the two groups
(Figure 5C,D). A relevant result induced by RED administration was the reduction in ter-
tiary lymphoid organs (TLOs), mainly in the distal tract of SAMP mice, despite the absence
of other differences in histological score and macroscopic parameters (Figure 5E–H). The
results are also highlighted by the stereomicroscopy and its relative H&E staining (Figure 5I,
left and right, respectively, and Supplementary Figure S4).
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Figure 5. In vivo treatment of SAMP and AKR mice with RED. Five-week-old SAMP mice were
administered with RED powder (53 mg/kg) or vehicle for 70 days; AKR mice were used as parental
controls for each condition. Weight was measured each week for all the treatment (10 weeks) in
AKR (A) and SAMP (B) mice. Representative H&E-stained ilea from AKR (left panel) and SAMP
(right panel) mice treated with vehicle (top row) or RED (top row) (C). Inflammatory score of ileal
inflammation (D) and colon inflammation (E) was calculated for all the experimental groups, as
well as colon length/BW (F) and colon weight/BW (G) ratio percentage measured at the time of
sacrifice, and TLOs count (H). Representative TLO stereomicroscopy of RED-treated SAMP mice and
its respective H&E (I). Magnification: 10×. Abbreviation: BW: body weight. (* p-value < 0.05 and
** p-value < 0.005). Data expressed as mean ± SEM (n = 3 for AKR vehicle, 4 SAMP vehicle, 8 AKR
RED, and 8 SAMP RED).

Supplementary Figure S1A,B shows the score plots of a COMDIM analysis for the
metabolome and lipidome of the SAMP and AKR mice after the RED treatment (both the
control and treated groups). The marked separation between the SAMP and AKR mice
is still present; however, the RED treatment does not appear to induce appreciable clus-
tering between the experimental groups before and after the RED treatment, as shown in
Supplementary Figure S2A,B. These data are confirmed in Supplementary Figure S3,
showing the details for metabolomics (Supplementary Figure S3A,B) and lipidomics
(Supplementary Figure S3C,D) in 15-week-old SAMP and AKR mice before and after
the RED treatment.

Supplementary Figure S4 shows representative stereomicroscopies of vehicle- and
RED-treated SAMP mice with the detailed inset of the inflamed colon mucosa and the TLO.

The alpha diversity of the fecal microbiota of the 15-week-old SAMP mice did not
change in response to 10 weeks of RED administration, and vice versa, AKR mice showed
a trend to increase their alpha diversity in the RED-treated group, reaching the same
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level as the SAMP group (Figure 6A); although some genera were different, with the
present numerosity, both groups did not reach significance following RED. PCA shows no
separation between the two AKR groups, while there is little distancing of RED-treated
SAMP mice from the vehicle-treated ones. The bar plots in Figure 6B show all the top
abundant genera in our experimental groups before the sacrifice. The 16S analysis revealed
a reduction in the genera of Bacteroides, Roseburia, Lachnospiraceae UCG-001, ASF356, and
Rikenella and an increase in the Lachnoclostridium, Lachnospiraceae FCS020, Muribaculum,
and Parabacteroides genera in the RED-treated SAMP mice (Figure 6C). No differences were
observed in the AKR mice based on the RED treatment.

Figure 6. Shannon index and PCA plot for 15-week-old AKR and SAMP mice after RED treatment (A).
Stacked bar plots for representative genera in the two strains (B). Dot plots for the significant genera
modulated by RED treatment in 15-week-old SAMP and AKR mice (C,D) (* p-value < 0.05 and
** p-value < 0.005). Data expressed as mean ± SEM (n = 3 for AKR vehicle, 4 SAMP vehicle, 8 AKR
RED, and 8 SAMP RED).
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4. Discussion
Standard therapies used to reduce inflammation in IBD patients are effective in most

cases, but some patients fail to respond to them over time. Thus, there is an urgent need to
create new adjuvant methods to boost anti-inflammatory drug potential further. Polyphe-
nols can cover this niche as they have often been proven effective immunomodulators
in vitro and in vivo. RED administration to IBD patients reduced serum inflammatory cy-
tokine concentrations and positively modulated their stool metabolome and microbiota [21].

Microbiota has a central role in the onset and pathogenesis of chronic colitis. Thus,
we wanted to study stool microbiota and metabolites of the SAMP model over time,
before and after the onset of inflammation. Stools collected right after the weaning of
SAMP and AKR mice resulted in 11 microbial genera differentially represented. Among
them, ASF356 (part of the Clostridiales family) was more expressed in the SAMP mice,
and it can induce a Th17 response [38] that is associated with CD in both human and
mouse models [39]. The same trend was observed with Colidextribacter, a genus that is
present in the biofilm of the inflamed colon [40]; it is also present in the early days after
DSS administration [41], and it is also associated with gut barrier dysfunction in human
patients [42]. Lachnoclostridium was also associated with inflammation and increased in
stool from CD patients [43,44]. Lachnospiraceae NK4A136’s association with inflammation is
debated, but it was found to be related to gastritis and DSS colitis as a mucin-consumer
genus [45,46]. Nevertheless, this genus’s abundance was lower and not statistically different
from the AKR group at later time points, indicating that it might have some beneficial
effects [47] that are lost with increased inflammation in older mice. Muribaculum’s role in
IBD is unclear, and little evidence shows that its abundance is reduced after the onset of
inflammation [48]. Oscillibacter was found to be related to inactive CD in patients, mirroring
a state of predisposition to the onset of disease we observe in SAMP mice [49]. Lastly, both
Prevotellaceae genera are absent in AKR mice, indicating their exclusive part of the SAMP
mice microbiota [50].

On the other hand, Rikenella showed some beneficial and protective effects against
intestinal inflammation, and its lower abundance in young SAMP mice might boost
the odds of developing ileitis [51]. Lachnospiraceae UCG-001 are responsible for SCFA
production [52], and we found them more abundant in young AKR mice. Altogether,
these more abundant genera in AKR mice have protective effects; thus, their absence in
SAMP mice might be related to the progressive onset of intestinal inflammation. Despite
the increased abundance of Bacteroides in AKR mice, a genus with notorious pathogenic
strains, some species still have protective and homeostatic effects on gut health; thus, a
better analysis is needed to clarify their role in AKR mice’s gut.

Stool metabolomics and lipidomics exhibited a profound difference between the
SAMP and AKR mice immediately after weaning. Among the differentially expressed
metabolites, purine and pyrimidine intermediates were highly abundant in the SAMP mice
feces. The alteration in purine homeostasis is tightly linked with gut bacterial metabolism,
and increased purine and pyrimidine levels have been associated with increased demand,
such as in colon cancer [53] or the increased turnover of epithelial cells [54], as well as
playing a role in exacerbating colitis [55]. Nevertheless, their levels should be correlated
with tissue or plasma concentrations. LCFA levels were increased in the SAMP mice. LCFA
has an ambiguous role in UC. In some observations, saturated LCFA has been associated
with IBD induction and aggravation [56]. Mouse models in which 2,4,6-trinitrobenzene
sulfonic acid (TNBS) was used to induce colitis also showed greater LCFA end products
than healthy controls with the same diet [57].

Additionally, saturated LCFA has been associated with dysbiosis and a specific bac-
terial composition [58]. Some polyamine intermediates, such as putrescine and SAM,
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were increased in the SAMP mice, and these have been ascribed to the disruption of the
epithelial tight junction in ex vivo and in vivo models [59]. Interestingly, this last aspect is
counterbalanced by taurine, which decreased compared to the AKR group associated with
intestinal epithelial integrity. The role of bile acid metabolism is still debated in IBD models;
some observations reported that some cholic acids have anti-inflammatory effects and
can also be used for the treatment of inflammation-related diseases, including colitis [60].
Reduced bile acid levels of cholic and taurocholic acid characterized the SAMP group.
In addition, the levels of multiple hydroxy fatty acids were found to increase, among
them beta-hydroxybutyric acid, which has been recently identified to promote macrophage
polarization and reduce the severity of acute experimental colitis [61]. Among different
lipid subclasses, the SAMP group was characterized by an overall reduction in Ceramides
(CERs) and increased sphingomyelins (SMs) fecal content. A decrease in Ceramide synthe-
sis has been associated with disrupted barrier function [62,63]. The consequent increase
in SM could suggest an imbalance of acid sphingomyelinase (aSMase), an essential sphin-
gomyelin hydrolase. Of note, a profound glycerophospholipid remodeling was observed
in SAMP mice, with phosphatidylethanolamine (PE), phosphatidylglycerols (PGs), and
phosphatidylinositols (PIs). Interestingly, a substantial number of PG species were found
to increase, and these have been associated with gut dysbiosis and inflammation [64].

In 15-week-old mice, Colidextribacter and Prevotellaceae abundance was unchanged
between the SAMP and AKR mice. Bacteroides increased in the SAMP mice, albeit they
are still less abundant than in the AKR mice. We observed an increased abundance of
Parabacteroides and Odoribacter in the SAMP mice; both genera characterize the microbiota
of ileitis-affected mice [48]. Moreover, Anaeroplasma, which we found more abundant in
the AKR mice, is related to IgA and TGFβ production by immune cells in murine Peyer’s
patches [65,66]. Despite the old SAMP mice showing a higher abundance of Alistipes [50],
we found a higher abundance of this genus in the AKR mice, probably because it might
increase its abundance with aging. Thus, the inflammatory conditions of the SAMP mice
may not be supported by Alistipes outgrowth.

To validate the protective effects of RED anthocyanins in a CD model, we administered
RED powder extract to the SAMP and AKR mice starting from 5-week-old mice for the
following 70 days. Weekly weight monitoring showed increased weight gain in both mouse
groups that received RED. Weight loss is often considered among the symptoms of colitis,
and a positive weight gain can be regarded as an improvement in mice’s health, even
though a weight increase was also observed in the control group.

RED anti-inflammatory effects were confirmed by SAMP mice’s lower ileal inflamma-
tory score after 70 days of treatment, from 5 to 15 weeks of age. Compared to vehicle-treated
SAMP mice, we observed healthier villi and less immune cell infiltration in the ilea of mice
that received RED in their beverage. Moreover, RED reduced the formation of TLOs [67]
in the colon of SAMP mice; these immune organs are responsible for sustaining chronic
inflammation and are regarded as a hallmark of the CD phenotype in mice [68].

Their reduction can be seen as an improvement in the intestinal tract’s general inflam-
matory status, even though a lower number of TLOs can increase DSS susceptibility [69].

This change in both groups might be attributable to the increase in beneficial bacteria
that grew more abundant during the RED treatment, such as Lachnospiraceae, Lachnoclostrid-
ium, and the less abundant Bacteroides. Lachnospiraceae are often responsible for IBD patho-
genesis and are increased in CD patients, which can be influenced by polyphenols [70,71].
Parabacteroides were also found to be upregulated after the administration of polyphenols,
and their role in the gut is often regarded as protective and anti-inflammatory [72,73]. The
Lachnoclostridum genus was found abundantly in blueberry-treated rats, indicating that
anthocyanin-rich foods might increase their presence and role in intestinal homeostasis [74].
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At the same time, it was also seen to increase in mice treated with probiotics and amy-
lase, which is associated with SCFA production [75]. Rikenella and Roseburia genera are
related to IBD and inflammation, and there is evidence of anthocyanin modulation in
their presence [51,76]; Roseburia was also inhibited by Sonchus arvensis extracts and had
positive effects against DSS-induced colitis [77]. Lastly, the Bacteroides genus was found
to have a predominant role in SAMP ileitis pathogenesis [78] and is often associated with
an inflamed gut. This change in the microbiota has positive effects on the production of
SCFA, as we also observed in the metabolomic analysis. Lachnoclostridium is a genus of
succinate-transforming bacteria. Succinate, moreover, is responsible for mucosal healing
and protection in Tnf ∆ARE/+ mice [79].

Parabacteroides are linked to the production of succinate and linoleic acid, as well as
their metabolites [80]. There is evidence of anti-inflammatory effects [81], an immunomod-
ulatory capability on macrophages [82], and metabolism changes mediated by them [83,84].
ASF356’s decreased abundance could be related to polyphenols’ protective effects on micro-
biota composition [85], while Muribaculum’s increased abundance [86,87] was also observed
in inflammation models treated with plant polyphenols.

Metabolomes and lipidomes are substantially different between AKR and SAMP mice
at both 5 and 15 weeks of age. RED administration did not induce consistent variation
in metabolome and lipidome clusters in both genotypes, suggesting that, at least in these
experimental conditions, the RED-protective effects are mainly directed to the host tissues
and not mediated by altered metabolic production by the intestinal flora.

Several plant extracts, similar to RED in our model, help restore gut microbial balance
by promoting beneficial bacteria, inhibiting pathogens, reducing inflammation, and mod-
ulating the gut barrier. Epigallocatechin-3-gallate (EGCG), the widely used extract from
green tea, favors the growth of Bifidobacterium and Lactobacillus and limits the growth of
Clostridium [88]. Totum-070, a combination of olive leaves, artichoke leaves, chrysanthel-
lum, goji fruits, and black pepper, increased the Muribaculum and Parabacteroides genera in
Westernized diet-fed mice [89]. Berberine is an extract obtained from the roots of plants
common in traditional Chinese/East Asian medicines, including Coptis chinensis, Berberis
aristata, etc. The administration of berberine in murine models of IBD enriched the relative
abundance of Firmicutes and decreased Proteobacteria [90]. Positive effects on the Bacteroides
genus were also obtained in a DSS model treated with cannabigerol hemp extract and black
rice anthocyanins [91,92]. Several other plant extracts showed positive effects in murine
models of spontaneous or chemically induced colitis, highlighting nutraceuticals’ potential
to reshape intestinal microbiota and act as an adjuvant in disease remission [93–95].

Despite the reduced inflammation in the colon of the RED-treated SAMP mice, the
selected low dose of anthocyanin was neither sufficient to induce a complete remission nor
managed to affect the ileitis in these mice. Furthermore, this low dosage mildly reshaped
the intestinal microbiota of the SAMP and AKR mice without a major influence on stool
metabolites. We know that microbial metabolites and postbiotics might be the new frontiers
of IBD therapy, so further research needs to be carried out to better determine anthocyanin
effects on intestinal microbiota and metabolomics.

5. Conclusions
RED proved useful in reducing inflammation in the SAMP model of CD. RED ad-

ministration was sufficient to change the SAMP intestinal microbiota despite the stool
metabolome analysis not revealing a consistent shift toward a more eubiotic microenvi-
ronment. The current results demonstrate that RED administration might be useful as an
adjuvant for the prevention/amelioration of CD onset, tackling luminal aspects of CD. Fu-
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ture studies will address the effects of combined treatments of RED with biological agents
to evaluate if this strategy may support disease remission and reduce disease relapse.
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stereomicroscopies of vehicle- and RED-treated SAMP mice with the respective H&E zoom-in inset.

Author Contributions: Conceptualization, F.C., M.C., C.T., K.P. and A.S. (Angelo Santino); methodol-
ogy, G.V.; software, V.C., E.S. and F.M.; validation, G.V., S.D.S. and A.S. (Aurelia Scarano); formal
analysis, G.V. and S.D.S.; investigation, G.V.; resources, A.S. (Angelo Santino) and F.C.; data curation,
G.V., S.D.S., F.D.A.C., A.S. (Aurelia Scarano), V.C. and M.G.B.; writing—original draft preparation,
G.V. and S.D.S.; writing—review and editing, F.C., M.C. and P.C.; supervision, F.C.; project adminis-
tration, F.C. and P.C.; funding acquisition, F.C. and A.S. (Angelo Santino). All authors have read and
agreed to the published version of the manuscript.

Funding: This project, PNRR-MAD-2022-12376791 “Rafforzamento e potenziamento della ricerca
biomedica del SSN”, was financed by European Nation—NextGenerationEU, CUP C53C22001140007;
the 2022 PNRR Project “Changing the future of intestinal failure in intestinal chronic inflamma-
tion: towards innovative predictive factors and therapeutic targets”; the 2022 PNRR project “ON-
FOODS”; and the CNR project Nutrage. This project was also funded under the National Recovery
and Resilience Plan (NRRP), mission 4 component 2 investment 1.4—call for tender no. 3138 of
16 December 2021, rectified by decree n.3175 of 18 December 2021 of the Italian Ministry of University
and Research, funded by the European Union—NextGenerationEU (project code CN_00000033, con-
cession decree no. 1034 of 17 June 2022, adopted by the Italian Ministry of University and Research,
CUP: D43C22001260001, project title “National Biodiversity Future Center—NBFC”). This work was
also supported by Ministero dell’Università e della Ricerca (MIUR) project PIR01_00032 BIO OPEN
LAB BOL “CUP” J37E19000050007, project CIR01_00032—BOL “BIO Open Lab—Rafforzamento del
capitale umano”, and project “Pathogen Readiness Platform for CERIC ERIC upgrade”—PRP@CERIC
CUP J97G22000400006 to P. Campiglia. F.C. was the recipient of a CNR Short-Term Mobility Fellow-
ship in 2024.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board of Case Western Reserve University (protocol code 2014-0158, date of approval:
19 December 2023).

Informed Consent Statement: Not Applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors upon request.

Acknowledgments: The authors acknowledge the services of the Histology/Imaging Core and the
Mouse Models Core of the NIH Cleveland Digestive Diseases Research Core Center.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:

RED Anthocyanin-rich extract
CD Crohn’s disease
SAMP Senescence-prone mice

https://www.mdpi.com/article/10.3390/antiox14040473/s1
https://www.mdpi.com/article/10.3390/antiox14040473/s1


Antioxidants 2025, 14, 473 16 of 21

IBD Inflammatory bowel disease
TNF Tumor necrosis factor
IFX Infliximab
TH1 T-helper cell 1
TH2 T-helper cell 2
IL-33 Interleukin 33
DCs Dendritic cells
UC Ulcerative colitis
RFT Red-fruit tea
IACUC Institutional Animal Care and Use Committee
SPF Specific pathogen-free
ARC Animal research center
CWRU Case Western Reserve University
FDR False Discovery Rate
EPO External Parameter Orthogonalization
CCSWA Common Component and Specific Weight Analysis
PCA Principal component analysis
DSS Dextran-sodium sulfate
LCFA Long-chain fatty acids
SCFA Short-chain fatty acids
TNBS 2,4,6-Trinitrobenzenesulfonic acid
CERs Ceramides
SM Sphingomyelin
PE Phosphatidylethanolamine
PGs Phosphatidylglycerols
PI Phosphatidylinositol
LPCs Lysophosphatidylcholines
HDMB Human metabolome database
BW Body weight
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References
1. Corridoni, D.; Arseneau, K.O.; Cominelli, F. Inflammatory Bowel Disease. Immunol. Lett. 2014, 161, 231–235. [CrossRef]
2. Zhang, W.; Qi, S.; Xue, X.; Al Naggar, Y.; Wu, L.; Wang, K. Understanding the Gastrointestinal Protective Effects of Polyphenols

Using Foodomics-Based Approaches. Front. Immunol. 2021, 12, 671150. [CrossRef] [PubMed]
3. Feagan, B.G.; Rutgeerts, P.; Sands, B.E.; Hanauer, S.; Colombel, J.-F.; Sandborn, W.J.; Van Assche, G.; Axler, J.; Kim, H.-J.;

Danese, S.; et al. Vedolizumab as Induction and Maintenance Therapy for Ulcerative Colitis. N. Engl. J. Med. 2013, 369, 699–710.
[CrossRef] [PubMed]

4. Dulai, P.S.; Singh, S.; Jiang, X.; Peerani, F.; Narula, N.; Chaudrey, K.; Whitehead, D.; Hudesman, D.; Lukin, D.;
Swaminath, A.; et al. The Real-World Effectiveness and Safety of Vedolizumab for Moderate-Severe Crohn’s Disease: Re-
sults From the US VICTORY Consortium. Am. J. Gastroenterol. 2016, 111, 1147–1155. [CrossRef] [PubMed]

5. Feagan, B.G.; Sandborn, W.J.; Gasink, C.; Jacobstein, D.; Lang, Y.; Friedman, J.R.; Blank, M.A.; Johanns, J.; Gao, L.-L.; Miao, Y.; et al.
Ustekinumab as Induction and Maintenance Therapy for Crohn’s Disease. N. Engl. J. Med. 2016, 375, 1946–1960. [CrossRef]

6. Stidham, R.W.; Lee, T.C.H.; Higgins, P.D.R.; Deshpande, A.R.; Sussman, D.A.; Singal, A.G.; Elmunzer, B.J.; Saini, S.D.; Vijan, S.;
Waljee, A.K. Systematic Review with Network Meta-Analysis: The Efficacy of Anti-TNF Agents for the Treatment of Crohn’s
Disease. Aliment. Pharmacol. Ther. 2014, 39, 1349–1362. [CrossRef]

7. Atreya, R.; Neurath, M.F.; Siegmund, B. Personalizing Treatment in IBD: Hype or Reality in 2020? Can We Predict Response to
Anti-TNF? Front. Med. 2020, 7, 517. [CrossRef]

8. Roda, G.; Chien Ng, S.; Kotze, P.G.; Argollo, M.; Panaccione, R.; Spinelli, A.; Kaser, A.; Peyrin-Biroulet, L.; Danese, S. Crohn’s
Disease. Nat. Rev. Dis. Primers 2020, 6, 22. [CrossRef]

9. Serrano-Gómez, G.; Mayorga, L.; Oyarzun, I.; Roca, J.; Borruel, N.; Casellas, F.; Varela, E.; Pozuelo, M.; Machiels, K.; Guarner, F.; et al.
Dysbiosis and Relapse-Related Microbiome in Inflammatory Bowel Disease: A Shotgun Metagenomic Approach. Comput. Struct.
Biotechnol. J. 2021, 19, 6481–6489. [CrossRef]

https://doi.org/10.1016/j.imlet.2014.04.004
https://doi.org/10.3389/fimmu.2021.671150
https://www.ncbi.nlm.nih.gov/pubmed/34276660
https://doi.org/10.1056/NEJMoa1215734
https://www.ncbi.nlm.nih.gov/pubmed/23964932
https://doi.org/10.1038/ajg.2016.236
https://www.ncbi.nlm.nih.gov/pubmed/27296941
https://doi.org/10.1056/NEJMoa1602773
https://doi.org/10.1111/apt.12749
https://doi.org/10.3389/fmed.2020.00517
https://doi.org/10.1038/s41572-020-0156-2
https://doi.org/10.1016/j.csbj.2021.11.037


Antioxidants 2025, 14, 473 17 of 21

10. Katsandegwaza, B.; Horsnell, W.; Smith, K. Inflammatory Bowel Disease: A Review of Pre-Clinical Murine Models of Human
Disease. Int. J. Mol. Sci. 2022, 23, 9344. [CrossRef]

11. Pizarro, T.T.; Pastorelli, L.; Bamias, G.; Garg, R.R.; Reuter, B.K.; Mercado, J.R.; Chieppa, M.; Arseneau, K.O.; Ley, K.;
Cominelli, F. SAMP1/YitFc Mouse Strain: A Spontaneous Model of Crohn’s Disease-like Ileitis. Inflamm. Bowel Dis. 2010,
17, 2566–2584. [CrossRef] [PubMed]

12. Chieppa, M.; De Santis, S.; Verna, G. Winnie Mice: A Chronic and Progressive Model of Ulcerative Colitis. Inflamm. Bowel Dis.
2025, izaf006. [CrossRef]

13. De Salvo, C.; Wang, X.-M.; Pastorelli, L.; Mattioli, B.; Omenetti, S.; Buela, K.A.; Chowdhry, S.; Garg, R.R.; Goodman, W.A.;
Rodriguez-Palacios, A.; et al. IL-33 Drives Eosinophil Infiltration and Pathogenic Type 2 Helper T-Cell Immune Responses
Leading to Chronic Experimental Ileitis. Am. J. Pathol. 2016, 186, 885–898. [CrossRef] [PubMed]

14. Verna, G.; Liso, M.; Cavalcanti, E.; Bianco, G.; Di Sarno, V.; Santino, A.; Campiglia, P.; Chieppa, M. Quercetin Administration
Suppresses the Cytokine Storm in Myeloid and Plasmacytoid Dendritic Cells. Int. J. Mol. Sci. 2021, 22, 8349. [CrossRef]

15. Sommella, E.; Verna, G.; Liso, M.; Salviati, E.; Esposito, T.; Carbone, D.; Pecoraro, C.; Chieppa, M.; Campiglia, P. Hop-Derived
Fraction Rich in Beta Acids and Prenylflavonoids Regulates the Inflammatory Response in Dendritic Cells Differently from
Quercetin: Unveiling Metabolic Changes by Mass Spectrometry-Based Metabolomics. Food Funct. 2021, 12, 12800–12811.
[CrossRef]

16. De Angelis, M.; Ferrocino, I.; Calabrese, F.M.; De Filippis, F.; Cavallo, N.; Siragusa, S.; Rampelli, S.; Di Cagno, R.; Rantsiou, K.;
Vannini, L.; et al. Diet Influences the Functions of the Human Intestinal Microbiome. Sci. Rep. 2020, 10, 4247. [CrossRef] [PubMed]

17. Liso, M.; De Santis, S.; Scarano, A.; Verna, G.; Dicarlo, M.; Galleggiante, V.; Campiglia, P.; Mastronardi, M.; Lippolis, A.;
Vacca, M.; et al. A Bronze-Tomato Enriched Diet Affects the Intestinal Microbiome under Homeostatic and Inflammatory
Conditions. Nutrients 2018, 10, 1862. [CrossRef]

18. Scarano, A.; Chieppa, M.; Santino, A. Plant Polyphenols-Biofortified Foods as a Novel Tool for the Prevention of Human Gut
Diseases. Antioxidants 2020, 9, 1225. [CrossRef]

19. Scarano, A.; Laddomada, B.; Blando, F.; De Santis, S.; Verna, G.; Chieppa, M.; Santino, A. The Chelating Ability of Plant
Polyphenols Can Affect Iron Homeostasis and Gut Microbiota. Antioxidants 2023, 12, 630. [CrossRef]

20. Liso, M.; Sila, A.; Verna, G.; Scarano, A.; Donghia, R.; Castellana, F.; Cavalcanti, E.; Pesole, P.L.; Sommella, E.M.; Lippolis, A.; et al.
Nutritional Regimes Enriched with Antioxidants as an Efficient Adjuvant for IBD Patients under Infliximab Administration, a
Pilot Study. Antioxidants 2022, 11, 138. [CrossRef]

21. Vacca, M.; Sommella, E.M.; Liso, M.; Verna, G.; Scarano, A.; Sila, A.; Curlo, M.; Mastronardi, M.; Petroni, K.; Tonelli, C.; et al.
Anthocyanins from Purple Corn Affect Gut Microbiota and Metabolome in Inflammatory Bowel Disease Patients under Infliximab
Infusion: The SiCURA Pilot Study. Food Sci. Hum. Wellness 2024, 13, 3536–3543. [CrossRef]

22. Fraga, C.G.; Croft, K.D.; Kennedy, D.O.; Tomás-Barberán, F.A. The Effects of Polyphenols and Other Bioactives on Human Health.
Food Funct. 2019, 10, 514–528. [CrossRef] [PubMed]

23. Merciai, F.; Musella, S.; Sommella, E.; Bertamino, A.; D’Ursi, A.M.; Campiglia, P. Development and Application of a Fast
Ultra-High Performance Liquid Chromatography-Trapped Ion Mobility Mass Spectrometry Method for Untargeted Lipidomics.
J. Chromatogr. A 2022, 1673, 463124. [CrossRef] [PubMed]

24. Carbone, D.; Vestuto, V.; Ferraro, M.R.; Ciaglia, T.; Pecoraro, C.; Sommella, E.; Cascioferro, S.; Salviati, E.; Novi, S.; Tecce, M.F.;
et al. Metabolomics-Assisted Discovery of a New Anticancer GLS-1 Inhibitor Chemotype from a Nortopsentin-Inspired Library:
From Phenotype Screening to Target Identification. Eur. J. Med. Chem. 2022, 234, 114233. [CrossRef]

25. Scisciola, L.; Chianese, U.; Caponigro, V.; Basilicata, M.G.; Salviati, E.; Altucci, L.; Campiglia, P.; Paolisso, G.; Barbieri, M.;
Benedetti, R.; et al. Multi-Omics Analysis Reveals Attenuation of Cellular Stress by Empagliflozin in High Glucose-Treated
Human Cardiomyocytes. J. Transl. Med. 2023, 21, 662. [CrossRef]

26. Shannon, C.E. The Mathematical Theory of Communication. MD Comput. 1997, 14, 306–317.
27. Chao, A.; Bunge, J. Estimating the Number of Species in a Stochastic Abundance Model. Biometrics 2002, 58, 531–539. [CrossRef]
28. Sommella, E.; Carrizzo, A.; Merciai, F.; Di Sarno, V.; Carbone, D.; De Lucia, M.; Musella, S.; Vecchione, C.; Campiglia, P. Analysis

of the Metabolic Switch Induced by the Spirulina Peptide SP6 in High Fat Diet ApoE-/- Mice Model: A Direct Infusion FT-ICR-MS
Based Approach. J. Pharm. Biomed. Anal. 2021, 195, 113865. [CrossRef]

29. Ciccarelli, M.; Merciai, F.; Carrizzo, A.; Sommella, E.; Di Pietro, P.; Caponigro, V.; Salviati, E.; Musella, S.; di Sarno, V.;
Rusciano, M.; et al. Untargeted Lipidomics Reveals Specific Lipid Profiles in COVID-19 Patients with Different Severity from
Campania Region (Italy). J. Pharm. Biomed. Anal. 2022, 217, 114827. [CrossRef]

30. Mann, H.B.; Whitney, D.R. On a Test of Whether One of Two Random Variables Is Stochastically Larger than the Other. Ann.
Math. Stat. 1947, 18, 50–60. [CrossRef]

31. Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J. R.
Stat. Soc. Ser. B (Methodol.) 2018, 57, 289–300. [CrossRef]

https://doi.org/10.3390/ijms23169344
https://doi.org/10.1002/ibd.21638
https://www.ncbi.nlm.nih.gov/pubmed/21557393
https://doi.org/10.1093/ibd/izaf006
https://doi.org/10.1016/j.ajpath.2015.11.028
https://www.ncbi.nlm.nih.gov/pubmed/26908008
https://doi.org/10.3390/ijms22158349
https://doi.org/10.1039/D1FO02361F
https://doi.org/10.1038/s41598-020-61192-y
https://www.ncbi.nlm.nih.gov/pubmed/32144387
https://doi.org/10.3390/nu10121862
https://doi.org/10.3390/antiox9121225
https://doi.org/10.3390/antiox12030630
https://doi.org/10.3390/antiox11010138
https://doi.org/10.26599/FSHW.2023.9250036
https://doi.org/10.1039/C8FO01997E
https://www.ncbi.nlm.nih.gov/pubmed/30746536
https://doi.org/10.1016/j.chroma.2022.463124
https://www.ncbi.nlm.nih.gov/pubmed/35567813
https://doi.org/10.1016/j.ejmech.2022.114233
https://doi.org/10.1186/s12967-023-04537-1
https://doi.org/10.1111/j.0006-341X.2002.00531.x
https://doi.org/10.1016/j.jpba.2020.113865
https://doi.org/10.1016/j.jpba.2022.114827
https://doi.org/10.1214/aoms/1177730491
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x


Antioxidants 2025, 14, 473 18 of 21

32. Roger, J.-M.; Chauchard, F.; Bellon-Maurel, V. EPO–PLS External Parameter Orthogonalisation of PLS Application to Temperature-
Independent Measurement of Sugar Content of Intact Fruits. Chemom. Intellig. Lab. Syst. 2003, 66, 191–204. [CrossRef]

33. Qannari, E.M.; Wakeling, I.; Courcoux, P.; MacFie, H.J.H. Defining the Underlying Sensory Dimensions. Food Qual. Prefer. 2000,
11, 151–154. [CrossRef]

34. Cariou, V.; Jouan-Rimbaud Bouveresse, D.; Qannari, E.M.; Rutledge, D.N. Chapter 7—ComDim Methods for the Analysis of
Multiblock Data in a Data Fusion Perspective. In Data Handling in Science and Technology; Cocchi, M., Ed.; Elsevier: Amsterdam,
The Netherlands, 2019; Volume 31, pp. 179–204. ISBN 0922-3487.

35. El Ghaziri, A.; Cariou, V.; Rutledge, D.N.; Qannari, E.M. Analysis of Multiblock Datasets Using ComDim: Overview and
Extension to the Analysis of (K + 1) Datasets. J. Chemom. 2016, 30, 420–429. [CrossRef]

36. Petroni, K.; Trinei, M.; Fornari, M.; Calvenzani, V.; Marinelli, A.; Micheli, L.A.; Pilu, R.; Matros, A.; Mock, H.P.; Tonelli, C.; et al. Dietary
Cyanidin 3-Glucoside from Purple Corn Ameliorates Doxorubicin-Induced Cardiotoxicity in Mice. Nutr. Metab. Cardiovasc. Dis.
2017, 27, 462–469. [CrossRef]

37. Magni, G.; Marinelli, A.; Riccio, D.; Lecca, D.; Tonelli, C.; Abbracchio, M.P.; Petroni, K.; Ceruti, S. Purple Corn Extract as
Anti-Allodynic Treatment for Trigeminal Pain: Role of Microglia. Front. Cell. Neurosci. 2018, 12, 378. [CrossRef] [PubMed]

38. Gomes-Neto, J.C.; Kittana, H.; Mantz, S.; Segura Munoz, R.R.; Schmaltz, R.J.; Bindels, L.B.; Clarke, J.; Hostetter, J.M.; Benson, A.K.;
Walter, J.; et al. A Gut Pathobiont Synergizes with the Microbiota to Instigate Inflammatory Disease Marked by Immunoreactivity
against Other Symbionts but Not Itself. Sci. Rep. 2017, 7, 17707. [CrossRef]

39. Brand, S. Crohn’s Disease: Th1, Th17 or Both? The Change of a Paradigm: New Immunological and Genetic Insights Implicate
Th17 Cells in the Pathogenesis of Crohn’s Disease. Gut 2009, 58, 1152–1167. [CrossRef]

40. Baumgartner, M.; Lang, M.; Holley, H.; Crepaz, D.; Hausmann, B.; Pjevac, P.; Moser, D.; Haller, F.; Hof, F.; Beer, A.; et al. Mucosal
Biofilms Are an Endoscopic Feature of Irritable Bowel Syndrome and Ulcerative Colitis. Gastroenterology 2021, 161, 1245–1256.e20.
[CrossRef]

41. Gu, W.; Zhang, L.; Han, T.; Huang, H.; Chen, J. Dynamic Changes in Gut Microbiome of Ulcerative Colitis: Initial Study from
Animal Model. J. Inflamm. Res. 2022, 15, 2631–2647. [CrossRef]

42. Leibovitzh, H.; Lee, S.-H.; Xue, M.; Raygoza Garay, J.A.; Hernandez-Rocha, C.; Madsen, K.L.; Meddings, J.B.; Guttman, D.S.;
Espin-Garcia, O.; Smith, M.I.; et al. Altered Gut Microbiome Composition and Function Are Associated With Gut Barrier
Dysfunction in Healthy Relatives of Patients With Crohn’s Disease. Gastroenterology 2022, 163, 1364–1376.e10. [CrossRef]

43. Frau, A.; Ijaz, U.Z.; Slater, R.; Jonkers, D.; Penders, J.; Campbell, B.J.; Kenny, J.G.; Hall, N.; Lenzi, L.; Burkitt, M.D.; et al.
Inter-Kingdom Relationships in Crohn’s Disease Explored Using a Multi-Omics Approach. Gut Microbes 2021, 13, 1930871.
[CrossRef] [PubMed]

44. Zhuang, X.; Tian, Z.; Li, N.; Mao, R.; Li, X.; Zhao, M.; Xiong, S.; Zeng, Z.; Feng, R.; Chen, M. Gut Microbiota Profiles and
Microbial-Based Therapies in Post-Operative Crohn’s Disease: A Systematic Review. Front. Med. 2021, 7, 615858. [CrossRef]

45. Park, J.Y.; Seo, H.; Kang, C.-S.; Shin, T.-S.; Kim, J.W.; Park, J.-M.; Kim, J.G.; Kim, Y.-K. Dysbiotic Change in Gastric Microbiome
and Its Functional Implication in Gastric Carcinogenesis. Sci. Rep. 2022, 12, 4285. [CrossRef] [PubMed]

46. Yao, Q.; Fan, L.; Zheng, N.; Blecker, C.; Delcenserie, V.; Li, H.; Wang, J. 2’-Fucosyllactose Ameliorates Inflammatory Bowel Disease
by Modulating Gut Microbiota and Promoting MUC2 Expression. Front. Nutr. 2022, 9, 822020. [CrossRef]

47. Thipart, K.; Gruneck, L.; Phunikhom, K.; Sharpton, T.J.; Sattayasai, J.; Popluechai, S. Dark-Purple Rice Extract Modulates Gut
Microbiota Composition in Acetic Acid- and Indomethacin-Induced Inflammatory Bowel Disease in Rats. Int. Microbiol. 2022, 26,
423–434. [CrossRef]

48. Dobranowski, P.A.; Tang, C.; Sauvé, J.P.; Menzies, S.C.; Sly, L.M. Compositional Changes to the Ileal Microbiome Precede the
Onset of Spontaneous Ileitis in SHIP Deficient Mice. Gut Microbes 2019, 10, 578–598. [CrossRef] [PubMed]

49. Metwaly, A.; Dunkel, A.; Waldschmitt, N.; Raj, A.C.D.; Lagkouvardos, I.; Corraliza, A.M.; Mayorgas, A.; Martinez-Medina, M.;
Reiter, S.; Schloter, M.; et al. Integrated Microbiota and Metabolite Profiles Link Crohn’s Disease to Sulfur Metabolism. Nat.
Commun. 2020, 11, 4322. [CrossRef]

50. Rodriguez-Palacios, A.; Harding, A.; Menghini, P.; Himmelman, C.; Retuerto, M.; Nickerson, K.P.; Lam, M.; Croniger, C.M.;
McLean, M.H.; Durum, S.K.; et al. The Artificial Sweetener Splenda Promotes Gut Proteobacteria, Dysbiosis, and Myeloperoxidase
Reactivity in Crohn’s Disease-Like Ileitis. Inflamm. Bowel Dis. 2018, 24, 1005–1020. [CrossRef]

51. Butera, A.; Di Paola, M.; Pavarini, L.; Strati, F.; Pindo, M.; Sanchez, M.; Cavalieri, D.; Boirivant, M.; De Filippo, C. Nod2 Deficiency
in Mice Is Associated with Microbiota Variation Favouring the Expansion of Mucosal CD4+ LAP+ Regulatory Cells. Sci. Rep.
2018, 8, 14241. [CrossRef]

52. Gryaznova, M.; Dvoretskaya, Y.; Burakova, I.; Syromyatnikov, M.; Popov, E.; Kokina, A.; Mikhaylov, E.; Popov, V. Dynamics of
Changes in the Gut Microbiota of Healthy Mice Fed with Lactic Acid Bacteria and Bifidobacteria. Microorganisms 2022, 10, 1020.
[CrossRef] [PubMed]

https://doi.org/10.1016/S0169-7439(03)00051-0
https://doi.org/10.1016/S0950-3293(99)00069-5
https://doi.org/10.1002/cem.2810
https://doi.org/10.1016/j.numecd.2017.02.002
https://doi.org/10.3389/fncel.2018.00378
https://www.ncbi.nlm.nih.gov/pubmed/30455630
https://doi.org/10.1038/s41598-017-18014-5
https://doi.org/10.1136/gut.2008.163667
https://doi.org/10.1053/j.gastro.2021.06.024
https://doi.org/10.2147/JIR.S358807
https://doi.org/10.1053/j.gastro.2022.07.004
https://doi.org/10.1080/19490976.2021.1930871
https://www.ncbi.nlm.nih.gov/pubmed/34241567
https://doi.org/10.3389/fmed.2020.615858
https://doi.org/10.1038/s41598-022-08288-9
https://www.ncbi.nlm.nih.gov/pubmed/35277583
https://doi.org/10.3389/fnut.2022.822020
https://doi.org/10.1007/s10123-022-00309-x
https://doi.org/10.1080/19490976.2018.1560767
https://www.ncbi.nlm.nih.gov/pubmed/30760087
https://doi.org/10.1038/s41467-020-17956-1
https://doi.org/10.1093/ibd/izy060
https://doi.org/10.1038/s41598-018-32583-z
https://doi.org/10.3390/microorganisms10051020
https://www.ncbi.nlm.nih.gov/pubmed/35630460


Antioxidants 2025, 14, 473 19 of 21

53. Naes, S.M.; Ab-Rahim, S.; Mazlan, M.; Amir Hashim, N.A.; Abdul Rahman, A. Increased ENT2 Expression and Its Association
with Altered Purine Metabolism in Cell Lines Derived from Different Stages of Colorectal Cancer. Exp. Ther. Med. 2023, 25, 212.
[CrossRef]

54. Calzadilla, N.; Qazi, A.; Sharma, A.; Mongan, K.; Comiskey, S.; Manne, J.; Youkhana, A.G.; Khanna, S.; Saksena, S.;
Dudeja, P.K.; et al. Mucosal Metabolomic Signatures in Chronic Colitis: Novel Insights into the Pathophysiology of Inflammatory
Bowel Disease. Metabolites 2023, 13, 873. [CrossRef]

55. Chiaro, T.R.; Soto, R.; Zac Stephens, W.; Kubinak, J.L.; Petersen, C.; Gogokhia, L.; Bell, R.; Delgado, J.C.; Cox, J.; Voth, W.; et al.
A Member of the Gut Mycobiota Modulates Host Purine Metabolism Exacerbating Colitis in Mice. Sci. Transl. Med. 2017,
9, eaaf9044. [CrossRef] [PubMed]

56. Yan, D.; Ye, S.; He, Y.; Wang, S.; Xiao, Y.; Xiang, X.; Deng, M.; Luo, W.; Chen, X.; Wang, X. Fatty Acids and Lipid Mediators in
Inflammatory Bowel Disease: From Mechanism to Treatment. Front. Immunol. 2023, 14, 1286667. [CrossRef]

57. Nieto, N.; Giron, M.D.; Suarez, M.D.; Gil, A. Changes in Plasma and Colonic Mucosa Fatty Acid Profiles in Rats with Ulcerative
Colitis Induced by Trinitrobenzene Sulfonic Acid. Dig. Dis. Sci. 1998, 43, 2688–2695. [CrossRef] [PubMed]

58. Zhao, L.; Huang, Y.; Lu, L.; Yang, W.; Huang, T.; Lin, Z.; Lin, C.; Kwan, H.; Wong, H.L.X.; Chen, Y.; et al. Saturated Long-Chain
Fatty Acid-Producing Bacteria Contribute to Enhanced Colonic Motility in Rats. Microbiome 2018, 6, 107. [CrossRef]

59. Grosheva, I.; Zheng, D.; Levy, M.; Polansky, O.; Lichtenstein, A.; Golani, O.; Dori-Bachash, M.; Moresi, C.; Shapiro, H.;
Del Mare-Roumani, S.; et al. High-Throughput Screen Identifies Host and Microbiota Regulators of Intestinal Barrier Function.
Gastroenterology 2020, 159, 1807–1823. [CrossRef]

60. Yang, J.; Xu, L. Elevated IL-23R Expression and Foxp3+Rorgt+ Cells in Intestinal Mucosa During Acute and Chronic Colitis. Med.
Sci. Monit. 2016, 22, 2785–2792. [CrossRef]

61. Huang, C.; Wang, J.; Liu, H.; Huang, R.; Yan, X.; Song, M.; Tan, G.; Zhi, F. Ketone Body β-Hydroxybutyrate Ameliorates Colitis by
Promoting M2 Macrophage Polarization through the STAT6-Dependent Signaling Pathway. BMC Med. 2022, 20, 148. [CrossRef]

62. Oertel, S.; Scholich, K.; Weigert, A.; Thomas, D.; Schmetzer, J.; Trautmann, S.; Wegner, M.S.; Radeke, H.H.; Filmann, N.; Brüne, B.; et al.
Ceramide Synthase 2 Deficiency Aggravates AOM-DSS-Induced Colitis in Mice: Role of Colon Barrier Integrity. Cell Mol. Life Sci.
2017, 74, 3039–3055. [CrossRef]

63. Li, Z.; Kabir, I.; Tietelman, G.; Huan, C.; Fan, J.; Worgall, T.; Jiang, X.-C. Sphingolipid de Novo Biosynthesis Is Essential for
Intestine Cell Survival and Barrier Function. Cell Death Dis. 2018, 9, 173. [CrossRef] [PubMed]

64. Kayser, B.D.; Lhomme, M.; Prifti, E.; Da Cunha, C.; Marquet, F.; Chain, F.; Naas, I.; Pelloux, V.; Dao, M.C.; Kontush, A.; et al.
Phosphatidylglycerols Are Induced by Gut Dysbiosis and Inflammation, and Favorably Modulate Adipose Tissue Remodeling in
Obesity. FASEB J. 2019, 33, 4741–4754. [CrossRef]

65. Beller, A.; Kruglov, A.; Durek, P.; von Goetze, V.; Werner, K.; Heinz, G.A.; Ninnemann, J.; Lehmann, K.; Maier, R.; Hoffmann, U.; et al.
Specific Microbiota Enhances Intestinal IgA Levels by Inducing TGF-β in T Follicular Helper Cells of Peyer’s Patches in Mice.
Eur. J. Immunol. 2020, 50, 783–794. [CrossRef] [PubMed]

66. Crittenden, S.; Goepp, M.; Pollock, J.; Robb, C.T.; Smyth, D.J.; Zhou, Y.; Andrews, R.; Tyrrell, V.; Gkikas, K.; Adima, A.; et al.
Prostaglandin E2 Promotes Intestinal Inflammation via Inhibiting Microbiota-Dependent Regulatory T Cells. Sci. Adv. 2021,
7, eabd7954. [CrossRef] [PubMed]

67. Bery, A.I.; Shepherd, H.M.; Li, W.; Krupnick, A.S.; Gelman, A.E.; Kreisel, D. Role of Tertiary Lymphoid Organs in the Regulation
of Immune Responses in the Periphery. Cell Mol. Life Sci. 2022, 79, 359. [CrossRef]

68. McNamee, E.N.; Rivera-Nieves, J. Ectopic Tertiary Lymphoid Tissue in Inflammatory Bowel Disease: Protective or Provocateur?
Front. Immunol. 2016, 7, 308. [CrossRef]

69. Gomez-Nguyen, A.; Gupta, N.; Sanaka, H.; Gruszka, D.; Pizarro, A.; DiMartino, L.; Basson, A.; Menghini, P.; Osme, A.;
DeSalvo, C.; et al. Chronic Stress Induces Colonic Tertiary Lymphoid Organ Formation and Protection against Secondary Injury
through IL-23/IL-22 Signaling. PLoS ONE 2022, 119, e2208160119. [CrossRef]

70. Plamada, D.; Vodnar, D.C. Polyphenols-Gut Microbiota Interrelationship: A Transition to a New Generation of Prebiotics.
Nutrients 2021, 14, 137. [CrossRef]

71. Rodríguez-Daza, M.C.; Pulido-Mateos, E.C.; Lupien-Meilleur, J.; Guyonnet, D.; Desjardins, Y.; Roy, D. Polyphenol-Mediated Gut
Microbiota Modulation: Toward Prebiotics and Further. Front. Nutr. 2021, 8, 689456. [CrossRef]

72. Lei, Y.; Tang, L.; Liu, S.; Hu, S.; Wu, L.; Liu, Y.; Yang, M.; Huang, S.; Tang, X.; Tang, T.; et al. Parabacteroides Produces Acetate
to Alleviate Heparanase-Exacerbated Acute Pancreatitis through Reducing Neutrophil Infiltration. Microbiome 2021, 9, 115.
[CrossRef] [PubMed]

73. Ephraim, E.; Brockman, J.A.; Jewell, D.E. A Diet Supplemented with Polyphenols, Prebiotics and Omega-3 Fatty Acids Modulates
the Intestinal Microbiota and Improves the Profile of Metabolites Linked with Anxiety in Dogs. Biology 2022, 11, 976. [CrossRef]

74. Cladis, D.P.; Simpson, A.M.R.; Cooper, K.J.; Nakatsu, C.H.; Ferruzzi, M.G.; Weaver, C.M. Blueberry Polyphenols Alter Gut
Microbiota & Phenolic Metabolism in Rats. Food Funct. 2021, 12, 2442–2456. [CrossRef]

https://doi.org/10.3892/etm.2023.11911
https://doi.org/10.3390/metabo13070873
https://doi.org/10.1126/scitranslmed.aaf9044
https://www.ncbi.nlm.nih.gov/pubmed/28275154
https://doi.org/10.3389/fimmu.2023.1286667
https://doi.org/10.1023/A:1026607428716
https://www.ncbi.nlm.nih.gov/pubmed/9881501
https://doi.org/10.1186/s40168-018-0492-6
https://doi.org/10.1053/j.gastro.2020.07.003
https://doi.org/10.12659/MSM.896827
https://doi.org/10.1186/s12916-022-02352-x
https://doi.org/10.1007/s00018-017-2518-9
https://doi.org/10.1038/s41419-017-0214-1
https://www.ncbi.nlm.nih.gov/pubmed/29415989
https://doi.org/10.1096/fj.201801897R
https://doi.org/10.1002/eji.201948474
https://www.ncbi.nlm.nih.gov/pubmed/32065660
https://doi.org/10.1126/sciadv.abd7954
https://www.ncbi.nlm.nih.gov/pubmed/33579710
https://doi.org/10.1007/s00018-022-04388-x
https://doi.org/10.3389/fimmu.2016.00308
https://doi.org/10.1073/pnas.2208160119
https://doi.org/10.3390/nu14010137
https://doi.org/10.3389/fnut.2021.689456
https://doi.org/10.1186/s40168-021-01065-2
https://www.ncbi.nlm.nih.gov/pubmed/34016163
https://doi.org/10.3390/biology11070976
https://doi.org/10.1039/d0fo03457f


Antioxidants 2025, 14, 473 20 of 21

75. Di Martino, L.; Osme, A.; Ghannoum, M.; Cominelli, F. A Novel Probiotic Combination Ameliorates Crohn’s Disease–Like Ileitis
by Increasing Short-Chain Fatty Acid Production and Modulating Essential Adaptive Immune Pathways. Inflamm. Bowel Dis.
2023, 29, 1105–1117. [CrossRef] [PubMed]

76. Verediano, T.A.; Stampini Duarte Martino, H.; Dias Paes, M.C.; Tako, E. Effects of Anthocyanin on Intestinal Health: A Systematic
Review. Nutrients 2021, 13, 1331. [CrossRef] [PubMed]

77. Ren, Y.; Hou, S.; Sui, Y.; Chang, N.; Zhou, Y.; Sun, C. Sonchus arvensis L. Water Extract Attenuates Dextran Sulfate Sodium-Induced
Colitis by Adjusting Gut Microbiota. Heliyon 2023, 9, e14168. [CrossRef]

78. Komatsu, Y.; Shimizu, Y.; Yamano, M.; Kikuchi, M.; Nakamura, K.; Ayabe, T.; Aizawa, T. Disease Progression-Associated
Alterations in Fecal Metabolites in SAMP1/YitFc Mice, a Crohn’s Disease Model. Metabolomics 2020, 16, 48. [CrossRef] [PubMed]

79. Banerjee, A.; Herring, C.A.; Chen, B.; Kim, H.; Simmons, A.J.; Southard-Smith, A.N.; Allaman, M.M.; White, J.R.; Macedonia,
M.C.; McKinley, E.T.; et al. Succinate Produced by Intestinal Microbes Promotes Specification of Tuft Cells to Suppress Ileal
Inflammation. Gastroenterology 2020, 159, 2101–2115.e5. [CrossRef]

80. Liu, H. Parabacteroides Distasonis Alleviates Obesity and Metabolic Dysfunctions via Production of Succinate and Secondary
Bile Acids. Cell Rep. 2019, 26, 222–235. [CrossRef]

81. Yang, B.; Chen, H.; Gao, H.; Wang, J.; Stanton, C.; Ross, R.P.; Zhang, H.; Chen, W. Bifidobacterium Breve CCFM683 Could
Ameliorate DSS-Induced Colitis in Mice Primarily via Conjugated Linoleic Acid Production and Gut Microbiota Modulation.
J. Funct. Foods 2018, 49, 61–72. [CrossRef]

82. Bassaganya-Riera, J.; Viladomiu, M.; Pedragosa, M.; De Simone, C.; Carbo, A.; Shaykhutdinov, R.; Jobin, C.; Arthur, J.C.;
Corl, B.A.; Vogel, H.; et al. Probiotic Bacteria Produce Conjugated Linoleic Acid Locally in the Gut That Targets Macrophage
PPAR γ to Suppress Colitis. PLoS ONE 2012, 7, e31238. [CrossRef]

83. Devillard, E.; McIntosh, F.M.; Duncan, S.H.; Wallace, R.J. Metabolism of Linoleic Acid by Human Gut Bacteria: Different Routes
for Biosynthesis of Conjugated Linoleic Acid. J. Bacteriol. 2007, 189, 2566–2570. [CrossRef]

84. Innes, J.K.; Calder, P.C. Omega-6 Fatty Acids and Inflammation. Prostaglandins Leukot. Essent. Fatty Acids 2018, 132, 41–48.
[CrossRef] [PubMed]

85. Zhang, J.; Chen, Z.; Yu, H.; Lu, Y.; Yu, W.; Miao, M.; Shi, H. Anti-Aging Effects of a Functional Food via the Action of Gut
Microbiota and Metabolites in Aging Mice. Aging 2021, 13, 17880–17900. [CrossRef] [PubMed]

86. Medina-Larqué, A.-S.; Rodríguez-Daza, M.-C.; Roquim, M.; Dudonné, S.; Pilon, G.; Levy, É.; Marette, A.; Roy, D.; Jacques, H.;
Desjardins, Y. Cranberry Polyphenols and Agave Agavins Impact Gut Immune Response and Microbiota Composition While
Improving Gut Barrier Function, Inflammation, and Glucose Metabolism in Mice Fed an Obesogenic Diet. Front. Immunol. 2022,
13, 871080. [CrossRef]

87. Wan, M.; Li, Q.; Lei, Q.; Zhou, D.; Wang, S. Polyphenols and Polysaccharides from Morus Alba L. Fruit Attenuate High-Fat
Diet-Induced Metabolic Syndrome Modifying the Gut Microbiota and Metabolite Profile. Foods 2022, 11, 1818. [CrossRef]
[PubMed]

88. Zhang, X.; Zhu, X.; Sun, Y.; Hu, B.; Sun, Y.; Jabbar, S.; Zeng, X. Fermentation in Vitro of EGCG, GCG and EGCG3”Me Isolated
from Oolong Tea by Human Intestinal Microbiota. Food Res. Int. 2013, 54, 1589–1595. [CrossRef]

89. Langhi, C.; Vallier, M.; Bron, A.; Otero, Y.F.; Maura, M.; Le Joubioux, F.; Blomberg, N.; Giera, M.; Guigas, B.; Maugard, T.; et al. A
Polyphenol-Rich Plant Extract Prevents Hypercholesterolemia and Modulates Gut Microbiota in Western Diet-Fed Mice. Front.
Cardiovasc. Med. 2024, 11, 1342388. [CrossRef]

90. Chen, H.; Zhang, F.; Li, R.; Liu, Y.; Wang, X.; Zhang, X.; Xu, C.; Li, Y.; Guo, Y.; Yao, Q. Berberine Regulates Fecal Metabolites
to Ameliorate 5-Fluorouracil Induced Intestinal Mucositis through Modulating Gut Microbiota. Biomed. Pharmacother. 2020,
124, 109829. [CrossRef]

91. Anderson, B.D.; Sepulveda, D.E.; Nachnani, R.; Cortez-Resendiz, A.; Coates, M.D.; Beckett, A.; Bisanz, J.E.; Kellogg, J.J.; Raup-
Konsavage, W.M. High Cannabigerol Hemp Extract Moderates Colitis and Modulates the Microbiome in an Inflammatory Bowel
Disease Model. J. Pharmacol. Exp. Ther. 2024, 390, 331–341. [CrossRef]

92. Li, Y.; Yuan, F.; He, X.; Fu, S.; Fan, B. Anthocyanin Extract from Black Rice Attenuates Chronic Inflammation in DSS-Induced
Colitis Mouse Model by Modulating the Gut Microbiota. Open Chem. 2023, 21, 20220288. [CrossRef]

93. Yang, S.; Huang, J.; Tan, W.; Xia, X.; Gan, D.; Ren, Y.; Su, H.; Xiang, M. Xiaoyankangjun Tablet Alleviates Dextran Sulfate
Sodium-Induced Colitis in Mice by Regulating Gut Microbiota and JAK2/STAT3 Pathway. Nat. Prod. Bioprospect. 2024, 14, 44.
[CrossRef] [PubMed]

https://doi.org/10.1093/ibd/izac284
https://www.ncbi.nlm.nih.gov/pubmed/36715169
https://doi.org/10.3390/nu13041331
https://www.ncbi.nlm.nih.gov/pubmed/33920564
https://doi.org/10.1016/j.heliyon.2023.e14168
https://doi.org/10.1007/s11306-020-01671-5
https://www.ncbi.nlm.nih.gov/pubmed/32274593
https://doi.org/10.1053/j.gastro.2020.08.029
https://doi.org/10.1016/j.celrep.2018.12.028
https://doi.org/10.1016/j.jff.2018.08.014
https://doi.org/10.1371/journal.pone.0031238
https://doi.org/10.1128/JB.01359-06
https://doi.org/10.1016/j.plefa.2018.03.004
https://www.ncbi.nlm.nih.gov/pubmed/29610056
https://doi.org/10.18632/aging.202873
https://www.ncbi.nlm.nih.gov/pubmed/33878733
https://doi.org/10.3389/fimmu.2022.871080
https://doi.org/10.3390/foods11121818
https://www.ncbi.nlm.nih.gov/pubmed/35742014
https://doi.org/10.1016/j.foodres.2013.10.005
https://doi.org/10.3389/fcvm.2024.1342388
https://doi.org/10.1016/j.biopha.2020.109829
https://doi.org/10.1124/jpet.124.002204
https://doi.org/10.1515/chem-2022-0288
https://doi.org/10.1007/s13659-024-00468-6
https://www.ncbi.nlm.nih.gov/pubmed/39133435


Antioxidants 2025, 14, 473 21 of 21

94. Triantafyllidi, A.; Xanthos, T.; Papalois, A.; Triantafillidis, J.K. Herbal and Plant Therapy in Patients with Inflammatory Bowel
Disease. Ann. Gastroenterol. Q. Publ. Hell. Soc. Gastroenterol. 2015, 28, 210–220.

95. Caban, M.; Owczarek, K.; Lewandowska, U. Effects of Polyphenol-Rich Extracts on Inflammatory Bowel Diseases. Food Rev. Int.
2024, 40, 2448–2485. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/87559129.2023.2273929

	Introduction 
	Materials and Methods 
	Animal Studies 
	16S rRNA Microbiome Analysis 
	Metabolomics Sample Preparation and Analysis 
	Untargeted Lipidomics and Metabolomics 
	Statistical Analysis and Metabolomics Data Processing 
	RED Diet Administration 

	Results 
	Fecal Mice Microbiota in 5- and 15-Week-Old SAMP Mice 
	Fecal Mice Metabolome and Lipidome in 5-Week-Old AKR and SAMP Mice 
	In Vivo Effects of RED Administration in SAMP Mice 

	Discussion 
	Conclusions 
	References

