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Inflammatory bowel diseases (IBD) are a group of chronic and recurring
inflammatory conditions in the colon and intestine. Their etiology is not fully understood
but involves the combination of gut dysbiosis, genetics, immune functions, and
environmental factors including diet. Polyphenols from plant-based food synergistically
interact with gut microbiota to suppress inflammation and alleviate symptoms of IBD.
Polyphenols increase the diversity of gut microbiota, improve the relative abundance of
beneficial bacteria, and inhibit the pathogenic species. Polyphenols not absorbed in the
small intestine are catabolized in the colon by microbiota into microbial metabolites,
many of which have higher anti-inflammatory activity and bioavailability than their
precursors. The polyphenols and their microbial metabolites alleviate IBD through
reduction of oxidative stress, inhibition of inflammatory cytokines secretion (TNF-a, IL-6,
IL-8, and IL-1P3), suppression of NF-kB, upregulation of Nrf2, gut barrier protection, and
modulation of immune function. Future studies are needed to discover unknown
microbial metabolites of polyphenols and correlate specific gut microbes with microbial
metabolites and IBD mitigating activity. A better knowledge of the synergistic
interactions between polyphenols and gut microbiota will help to devise more effective
prevention strategies for IBD. This review focuses on the role of polyphenols, gut
microbiota and their synergistic interactions on the alleviation of IBD as well as current

trends and future directions of IBD management.
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1. Introduction

IBD are a group of chronic and recurring inflammatory conditions in the colon and
intestine. These diseases have no medical cure and require life-long management of
symptoms.’ IBD have the highest incidence in Europe and North America, and their
incidence is rising throughout the world.2 Common symptoms of IBD include diarrhea,
abdominal pain, fever, fatigue, and blood in the stool. Diagnosis of IBD in patients
younger than 30 increases their risk of developing colorectal cancers by 8.2 folds as
indicated by the standardized incidence ratio.3 In addition, IBD patients have higher risk
of depression and anxiety, which further decrease their quality of life.*

The etiology of IBD is not fully understood. The pathogenesis of IBD is the result
of numerous factors including environments, genetic predisposition, gut dysbiosis, and
immune dysregulation.® Environmental factors associated with higher risk of IBD include
urban living, smoking, tonsillectomy, appendectomy, the usage of antibiotics, oral
contraceptives, vitamin D deficiency, poor diets, and non—Helicobacter pylori—like
enterohepatic Helicobacter species.® 7 Studies suggested a positive correlation between
high fat, high proteins, high sugar and low fiber diet and IBD incidence. Food additives
such as carrageenan and surfactants may increase the risk for IBD. The amount of soft
drinks, saturated fats, red meat, and gluten in diets also contribute to the development

of IBD.”

The genome-wide association studies associated 230 gene loci with IBD. NOD2,
ATG16L1, IRGM, IL-23R, and TL1A are IBD susceptible genes.> & ° NOD2 is a CD
susceptible gene. This gene encodes a protein that functions as an intracellular receptor

and identifies molecules consisting of muramyl dipeptide, which originates from
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peptidoglycan and is a vital structure for NOD2 recognition.’”® ATG16L1 and IRGM
genes play an important role in the autophagy of immune responses in IBD. Autophagy
is associated with intracellular homeostasis, degrading and recycling intracellular
contents, fighting against infection, and cleaning out intracellular microorganisms.
ATG16L1 is indispensable for autophagy of any form and the Thr3%-to-Ala mutation for
increasing CD risk. IRGM is a member of immune p47 GTPase family. Certain IRGM
gene polymorphisms are associated with CD.'" 12 The IL-23R gene provides guidance
for the receptor of pro-inflammatory cytokine IL-23, a protein related to Th17 cells.'3
TL1A, also known as TNFSF15, is a cytokine that belongs to the TNF ligand family.
TL1A and its functional receptor death receptor 3 are members of the TNF/TNFR
protein family. TL1A and death receptor 3 are upregulated in inflammatory sites of

intestine in human and mice with IBD.8

The dysfunction of the innate and adaptive immunity contributes to the abnormal
response of intestinal inflammation in IBD patients. Early studies on adaptive immunity
identified two major forms of IBD: CD associated with a Th1 response and UC related to
a non-conventional Th2 response.’ 15 Recent studies on immunity have found that
increased intestinal permeability, defective epithelial barrier, abnormal expression of
antimicrobial peptides, and the significant alteration of innate immunity and function,

including the expression of NOD and TLRs proteins, increased the risk for IBD.5

Gut dysbiosis, any alteration in microbial composition or bowel eubiosis, is a
factor for the development of IBD.'® In healthy individuals, microbiota maintains the
homeostasis of the gut by fermenting the indigestible polysaccharides, producing SCFA,

synthesizing specific vitamins, providing energy, protecting intestinal mucosa, and
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suppressing pathogenic microorganisms. Above 90% of healthy human gut bacteria are
classified into 4 major phyla: Firmicutes, Bacteroidetes, Proteobacteria, and
Actinobacteria.'” There are three types of gut dysbiosis, including a decrease of
diversity, a loss of beneficial bacteria, and an increase of pathogens. In most cases,
these three types of dysbiosis co-exist.’”® Gut dysbiosis has been associated with the
development of obesity,’® atherosclerosis,?? and type-2 diabetes.?! In most cases, there
is a lower diversity of gut microbiota in IBD patients.?2 A decrease of Firmicutes and
Bacteroidetes and an increase of Proteobacteria are the most consistent observations

of gut dysbiosis in IBD patients.?3 24

Polyphenols are natural compounds in plant-based foods including fruits,
vegetables, and cereals. Major polyphenols in the diet include hydroxycinnamic acids
(e.g. chlorogenic acids), flavonoids, stilbenes (e.g. resveratrol), and tannins. Flavonoids
are further classified into flavonols (e.g. quercetin), flavones, flavan-3-ols, isoflavones,
flavanones, and anthocyanins. Human interventions in IBD patients, in vivo, and in vitro
studies have shown that polyphenols are effective at preventing and alleviating the
symptoms of IBD.25-27 |n IBD patients, polyphenols were shown to improve the diversity
of gut microbiota,?® increase the beneficial bacteria, decrease the harmful bacteria, and
reduce the level of pro-inflammatory cytokines.?® In vivo studies use DSS, TNBS, or
acetic acid to induce IBD in rodents.39-32 Other studies have used Mdr1a knock-out or
IL-10 knock-out mice, which spontaneously develop IBD.33 34 |L-7 transgenic mice and
HLA-B27 transgenic rats are two types of commonly used transgenic colitis models.3% 36
Studies in rodents found that polyphenols mitigated the colitis, prevented the colon

shortening, preserved the integrity of the gut barrier, and decreased the expression and
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secretion of inflammatory cytokines.3” The most common in vitro models for IBD
research used Caco-2, HT-29, and CCD18-Co cells derived from the human colon.?¢: 38.
39 |n vitro studies showed that polyphenols decreased cytokine expression but
enhanced the tight junction proteins in intestinal epithelial cells or monolayers.3®
Anaerobic fermentation experiments demonstrated the degradation of polyphenols by
gut microbiota,*® and the enhancement of beneficial bacteria and inhibition of

pathogenic bacteria by polyphenols.

Polyphenols were the sole focus of early studies, but research in the last few
years started to investigate the complex interactions between polyphenols and gut
microbiota and how they synergistically mitigate IBD.30: 42 43 This review will discuss
current trends and future research directions on the role of gut microbiota, polyphenols,

and their reciprocal interactions in IBD prevention and management.
2. Gut microbiota and IBD

The human gut microbiota contains more than 1000 species and has a symbiotic
relationship with the human host.'” Alternations of gut microbiota and dysbiosis are
hallmarks in IBD patients. UC and CD patients have a decreased percentage of
Firmicutes and Bacteroidetes but an increased proportion of Proteobacteria.?* 44 Within
the Firmicutes phylum, the Faecalibacterium and Roseburia genera are reduced,
whereas Ruminococcus gnavus is increased in CD patients.*®>#7 Deltaproteobacteria
from Proteobacteria may contribute to the development of colitis because they reduce
sulfates to toxic hydrogen sulfide in the colon. Their abundance was increased in UC
patients.*® It has been demonstrated that there was a significant reduction in beneficial

bacteria, including Bacteriodes, Lactobacillus, and Eubacterium in IBD patients.*®
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Species such as Lactococcus lactis reduce oxidative stress in the colon. The decrease
of these species in IBD causes overproduction of reactive oxygen species, which further
exacerbates gut dysbiosis.*3 SCFA are the major source of energy for the epithelial cells
in the colon. There was a reduction of SCFA-producing microbial strains in IBD patients
and most of them belonged to Firmicutes, including Ruminococcaceae,
Leuconostocaceae, Phascolarctobacterium, and Roseburia, as well as Odoribacter from

the phylum of Bacteroidetes.%0 51

The diversity of the gut microbiome is significantly lower in IBD patients
compared to healthy individuals. Some studies have demonstrated a reduction in the
overall species and diversity in the intestinal microbiome of IBD patients.>? A study
using metagenomics sequencing indicated that colon in IBD patients contained 25%
fewer genes of mucosal microbes than healthy individuals.?? It was found that the
prevalence of adherent-invasive Escherichia coli in CD and UC patients were 75% and
69% higher than those in healthy people, respectively.>® A multicenter study showed a
significantly lower abundance of Clostridia in CD patients.? Faecalibacterium prausnitzii
from Firmicutes was considered to have anti-inflammatory effects. Several studies
found that F. prausnitzii was significantly decreased in CD patients.?6: 47 In a
metagenomic study, there was a decreased microbial diversity in CD patients (54
ribotypes) compared to healthy individuals (88 ribotypes). The decreased diversity was
mainly from Firmicutes because there were only 13 Firmicutes operational taxonomic

units in CD patients compared to 43 in healthy subjects. 22

Restoring gut dysbiosis is an effective treatment for IBD because fecal microbiota

transplantation from healthy individuals restored gut microbiota in IBD patients to a
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normal state and reduced inflammation.5* By contrast, treating IBD using antibiotics is
associated with remission and relapse because they may disrupt gut microbiota.®® An
increasing amount of research suggests that polyphenols have prebiotics-like activities

to promote the growth of beneficial bacteria in the host and restore gut dysbiosis.%¢
3. Polyphenols and IBD

Anti-inflammatory activities have been reported for polyphenols of different
sources and structures. Polyphenols may alleviate IBD through multiple mechanisms,
including antioxidant effects to reduce oxidative stress, regulating Nrf2 and NF-kB

pathways, gut barrier protection, and immune modulation.57-59

In an open-label human intervention, UC patients with mild to moderate
symptoms were given anthocyanin-rich bilberries at a dose of 160 g/day (840 mg
anthocyanins per day) for six weeks. There was a significant decrease in the clinical
disease activity index after 1-week of bilberry intake and a significant decrease in the
fecal calprotectin (an IBD biomarker) level after two weeks. After six weeks, IFN-y and
IFN-y R2 expression in colon biopsy specimens was decreased in UC patients, and an
increase of anti-inflammatory cytokine IL-10 was observed in about 50% of patients.?’. 60
Feeding HLA-B27 transgenic rats with a diet containing 7.6% of lyophilized Marie
Me'nard apple pulp for 12 weeks alleviated the colon inflammation by decreasing
myeloperoxidase activity and down-regulating gene expression of cyclooxygenase-2,
IFN-y, and inducible nitric oxide synthase in the colon.3® However, these activities were
not observed in red delicious apples due to their much lower polyphenol content. This
study highlighted the critical role of polyphenols in fruits to mitigate IBD.35 In another

study, male CF-1 mice were treated with 1.5% DSS in drinking water for 7 days and
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then EGCG (3.2 mg/mL) in drinking water for 3 days. It was found that EGCG prevented
the colon shortening and decreased the protein levels of inflammatory cytokines IL-1(,
IL-6, TNF-a, and monocyte chemotactic protein-1 in the colon of DSS-treated mice.8’
Female C57BL/6 mice were gavaged with polyphenols extracted from muscadine
grapes or wine at 500 mg/kg for 14 days. DSS (3%) was added in drinking water to
induce acute colitis in the last 7 days. Muscadine polyphenols were shown to preserve
the structure of gut mucosa and decrease the level of myeloperoxidase activity, IL-18,
IL-6, and TNF-a in the colon.? In Caco-2 cells, muscadine polyphenols at 100 ug/mL
blunted TNF-a-induced NF-kB activation by reducing IkB phosphorylation and

degradation.52

Although many polyphenols were found effective at alleviating IBD, it is unknown
whether a subclass of polyphenols has higher bioactivity than others. The safe and

effective dose of polyphenols remains unknown in IBD patients.
4. The catabolism of polyphenols by gut microbiota

Polyphenols have a low absorption rate in their intact form. The unabsorbed
polyphenols are metabolized by the microbiota in the colon. Microbial catabolism of
dietary polyphenols, phase Il metabolism, and transport of absorbed microbial
metabolites in humans are depicted in Figure 1. Figure 2 shows microbial catabolism
of dietary polyphenols by microbiota in the colon using malvidin-3-glucoside,

epicatechin gallate, and ellagic acid as examples.

Fermenting polyphenols with human fecal bacteria under an anaerobic condition

provides direct knowledge on the microbial degradation of polyphenols. Incubating a
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grape extract with fecal microbiota led to the hydrolysis of anthocyanins to their
aglycones. Malvidin-3-glucoside was completely degraded into syringic acid after
incubated with a human fecal slurry for 24 hours (Figure 2A). Gallic acid, p-coumaric,
and syringic acid were formed after a mixture of anthocyanins were incubated with
healthy human fecal bacteria.*° Bifidobacterium spp. in microbiota contain enzymes that
catalyze O-deglycosylation and C-ring-cleavage of flavonoids, including anthocyanins.3
Microbial degradation of flavan-3-ols and proanthocyanidins follow a similar pathway to
generate a unique product of 5-(3'4'-dihydroxyphenyl)-Y-valerolactone, which
undergoes dihydroxylation and oxidation to produce phenolic acids (Figure 2B).54
Ellagitannins and ellagic acid are found in many nuts and fruits. Ingested ellagitannins
were hydrolyzed to release ellagic acid in the jejunum of animals and humans. Ellagic
acid undergoes ring fission, decarboxylation, and dihydroxylation by microbes in the

colon to produce urolithin D, C, A, B, and isourolithin A (Figure 2C).6%. 66

Microbial catabolism of polyphenols often results in metabolites with higher
bioavailability and bioactivity than their precursors. After a single dose of 500 mg of
cyanidin-3-glucoside was given to healthy men, sixteen microbial metabolites were
detected in serum. The C,,«x of cyanidin-3-glucoside was 141 nM, whereas the C,,x of
its microbial metabolites, including protocatechuic acid and vanillic acid, were 382 nM
and 1845 nM respectively, indicating a higher bioavailability of the metabolites.5” After
human subjects were given a single dose of pomegranate ellagitannin extract (1 g),
peak plasma concentration of urolithin A glucuronide reached 2.47 uM which was over
80 fold of the Cx of ellagic acid (0.02-0.061 uM), also indicative of much higher

bioavailability of urolithins.®® The 4-hydroxybenzoic acid is a microbial metabolite of

10
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multiple flavonoids including quercetin, epicatechin, hesperetin, and cyanidin-3-
glucoside. In human THP-1 monocytes, 1 uM of 4-hydroxybenzoic acid significantly
decreased the LPS-induced IL-13 secretion while none of its precursor flavonoids were
effective at the same concentration, suggesting that anti-inflammatory activity of these

flavonoids was largely due to their microbial metabolites.5?

The inflammation in macrophages is related to the etiology of intestinal
inflammation since it is a necessary process to protect the host from pathogenic
bacteria and to promote healing. Inflammation in murine macrophage cell line RAW
264.7 was stimulated by LPS (250 ng/mL) before they were incubated with different
urolithins for 24 h. It was found that urolithin A, B, and C at the concentration of 40 uM
decreased the LPS-induced NO production, iINOS production, and the mRNA
expression of inflammatory cytokines IL-1B8, TNF-a, and IL-6. Urolithin A showed the
highest inhibition activity followed by urolithin B and C because their minimum effective
concentrations to inhibit the production of NO were 2.5, 20 and 40 uM, respectively.”®
Pretreatment of HT-29 and Caco-2 monolayers cells with 50 uM of urolithin A for 24 h
preserved gut barrier function impaired by 50 ng/mL of LPS. Such activities were
associated with increased mRNA levels of claudin 4, occludin, and ZO-1. Upregulation
of tight junction protein expression by urolithin A was mediated by activation of aryl

hydrocarbon receptor and Nrf2 dependent pathways.”"

The higher absorption rate and anti-inflammatory activity of polyphenol microbial
metabolites suggest they play a bigger role than precursors in mitigating IBD. Microbial

catabolism of polyphenols produces numerous metabolites and most of them are
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unknown. Discovering new microbial metabolites with possibly new bioactivity remains a

challenge for current and future research.
5. The modulation of gut microbiota by polyphenols

Animal and human studies showed that polyphenols have prebiotic activities to
alter the composition and diversity of gut microbiota. Polyphenols have been
consistently observed to increase the diversity of gut microbiota, enhance beneficial
bacteria, and inhibit pathogenic ones.?2 The modulation of gut microbiota by

polyphenols in human and rodents is summarized in Table 1.

In a human study, healthy volunteers consumed 250 mL/day red wine for 28
days. A significant increase in the diversity of gut microbiota was observed among
intervention groups after the wine consumption compared to baseline.?8 A randomized,
controlled, double-blind, crossover human intervention found that the addition of cocoa
flavanol at 494 mg/d for four weeks increased the relative abundance of Lactobacillus
spp. and Bifidobacterium spp. This study associated these changes in gut bacteria with
a significant reduction of C-reactive protein in blood.”? In a randomized, crossover,
controlled human study, overweight-obese participants consumed 0.45 g/day of placebo
or 1.8/day g of pomegranate extract daily for 3 weeks. Treatments were separated by 3-
week washout periods. A significant decrease of plasma lipopolysaccharide-binding
protein was observed after intake of 1.8 g pomegranate extract, but not after the low
dose. Such change was associated with increases of Faecalibacterium and Odoribacter
and decreases of Parvimonas in the gut microbiota. The high dose of extract decreased
pro-inflammatory microorganisms including Parvimonas, Methanobrevibacter, and

Methanosphaera.®®

12
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In a rodent study using Wistar rats, supplementation of quercetin at a dose of 30
mg/kg/day for six weeks reduced the abundance of Bacillus and Erysipelotrichaceae.
Both species were elevated by a high-fat-diet, which induced inflammation in the
intestine.”® In C57BL/6J mice, after oral gavage of cranberry polyphenol extracts with a
daily dose of 200 mg/kg for 8 weeks, intestinal inflammation and oxidative stress were
alleviated in mice fed a high fat/high sucrose diet.”# A high-fat diet decreased the
abundance of mucin-degrading bacterium Akkermansia in C57BL/6 mice, and such
decreases were partially corrected by a cranberry extract and grape polyphenols.”4 75
Dealcoholized muscadine wine containing anthocyanins and flavonols decreased
Clostridium from Firmicutes, but increased Roseburia, Anaerotruncus, and Coprococcus
in Firmicutes phylum in DSS-treated colitis mice.”® In a fermentation study, apple
matrices were incubated with fecal slurries from healthy volunteers for 48 h under
anaerobic conditions. About 70% of the total phenolics in apple matrices were
procyanidins and hydroxycinnamic acids. It was found that fermentation with apple
matrices significantly increased B-diversity of the microbiota compared to baseline.
Apple matrices increased seven bacterial groups belonging to Firmicutes but decreased
three, including Clostridium, Eisenbergiella, and Lachnospiraceae ND3007 group.”’
Cranberry extracts or whole cranberry powder was added into a human gut simulator
inoculated with human stool sample at a dose of 1 mg/mL every 24 hours five times.
Cranberries decreased the abundance of Enterobacteriaceae from Proteobacteria but
increased Bacteroidaceae from Bacteroidetes. Salicylate, a phenolic acid, isolated from

cranberries inhibited the growth of pathogenic E. coli.*!

13
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The effects of polyphenols on gut bacteria depend on the bacterial species, the
structure of the polyphenols, and the dosage tested. It was reported that EGCG and its
acetate, EGCG octaacetate, had a wide inhibitory effect on both gram-positive and
gram-negative food-borne pathogens. The minimum inhibitory concentration of EGCG
and EGCG octaacetate was 130 pg/mL and 100 pg/mL, respectively, on gram-positive
bacteria Bacillus subtilis, and 580 ug/mL and 250 ug/mL on gram-negative bacteria E.
Coli, respectively. Both EGCG and EGCG octaacetate altered the bacterial membrane
permeability of E. coli to induce its death. EGCG octaacetate was more effective than
EGCG due to its higher lipophilicity.”® EGCG increased the sensitivity of S. aureus to -
lactam antibiotics. EGCG also upregulated autolysins associated with the cell wall,
increased lipoteichoic acid released from the cytoplasmic membrane, and enhanced
lysostaphin resistance, leading to the alteration of structure in cell wall teichoic acid.
Thus, the properties of cell-surface were modulated to keep the B-lactam-resistant
phenotype. This phenotype was able to inhibit S. aureus.”® An additional study
demonstrated that EGCG inhibited the primary functions of porin proteins, such as the
passive transport of small molecules (glucose), which prevented the growth of E. Coli.8°
Grape seed extract reduced the level of autoinducer-2, a signal molecule for quorum
sensing, in non-0O157 Shiga toxin-producing E. coli effectively even at the concentration
of 0.5 mg/mL. The main polyphenols in the grape seed extract are flavonols and

proanthocyanidins.8’

All previous research relied on 16S sequencing to investigate microbiome
composition in the gut because it is more cost-effective than metagenomics sequencing.

However, 16S sequencing identifies only bacteria, not viruses or fungi, which also

14
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contribute to IBD development. Shotgun metagenomics sequencing is needed to
overcome the drawbacks of 16S sequencing and provide information about the

functions of an organism in the microbiome.
6. Polyphenols and gut barrier

Studies found that polyphenols have beneficial effects on the gut barrier, which is
formed by epithelial cells lining the gut lumen. These cells are held together by tight
junction assembles consisting of ZO, occludin, and claudins. Gut barrier junction is
affected by protein expression of tight junction proteins and distribution of these proteins
between cell membrane and cytoplasm. IL-10 deficient mice spontaneously develop
colitis, which is associated with gut barrier dysfunction. Grape seed extract at a
proportion of 1% in the diet increased barrier-forming claudin-1 protein expression in the
ileum but reduced pore-forming claudin-2 protein expression.3 Adding 0.1%(w/v) of
grape seed extracts in drinking water for 12 weeks was also found to protect gut barrier
function in IL-10 deficient mice and their bioactivity was possibly obtained via inhibiting
Whnt/B-catenin pathway.®2 Male Sprague-Dawley rats were gavaged with grape seed
extracts containing 89% proanthocyanidins (100 mg/kg daily) for seven days before
colon hyperpermeability and inflammation was induced by water avoidance stress in the
next three days. Grape seed extract significantly reduced colonic permeability, colonic
levels of IL-6 and IL-1B, and TLR4 expression compared with the vehicle. These were
accompanied by decreased relative expression of claudin-2 and increased expression
of claudin-7, which are key proteins in the colon tight junction complex. IL-6 and IL-13
(10 ng/mL) increased permeability and induced inflammation in Caco-2 monolayers.

Treating monolayers with 3 pg/mL grape seed extract for 72 hours preserved

15
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permeability and increased claudin-2 expression but reduced the expression of claudin-

3 and claudin-7.83

In vitro studies found that mycotoxin deoxynivalenol at 4 yM impaired barrier
function of Caco-2 monolayers and caused the translocation of E. coli through the
monolayers. Treating monolayers with 50 pyM resveratrol for 12 hours decreased
paracellular permeability of the monolayers and prevented the translocation of E. coli.
This was associated with the upregulation of protein expression of claudin-4 in the tight
junction.8* Treating Caco-2 monolayers with 7.5% ethanol for 1 hour caused the
redistribution of ZO-1, claudin-4, and occludin proteins from cell membrane to
cytoplasm. Pretreatment of monolayers by citrus peel flavanols prevented such
redistribution as indicated by immunostaining.8® The ZO-1 proteins in the Caco-2
monolayers were redistributed from membrane to cytoplasm after incubation with 0.2
mM deoxycholic for 6 h. Pretreating the monolayers with 10 yM of procyanidin
hexamers for 30 min retained ZO-1 protein on the cell membrane.®¢ Another in vitro
study showed that red wine extracts at 600 pg/mL enhanced the expression of tight
junction proteins including occludin, claudin-5, and ZO-1, and decreased the intestinal
permeability in HT-29 intestinal epithelial cells treated by a mixture of pro-inflammatory

cytokines (20 ng/mL TNF-a, 10 ng/mL IL-1 and 50 ng/mL INF-y).38

Although polyphenols, their microbial metabolites, and butyrate co-exist in the
colon, it is unknown if there are syngenetic interactions among them for reducing

inflammation and protecting the gut barrier.

7. The interaction of polyphenols and gut microbiota in IBD

16
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Increasing number of studies have demonstrated that alleviation of IBD
symptoms by polyphenols was associated with modulation of gut microbiota. Table 1
summarizes the functions and changes of gut microbiota and their interactions with

dietary polyphenols in the alleviation of IBD.

In a rodent study, male Sprague-Dawley rats were treated with 3% DSS water for
48 h every two weeks for three times. The rat diets contained 6% fiber from cellulose, or
6% fiber from different types of sorghum bran, Black (containing 3-deoxyanthocyanins),
Sumac (containing condensed tannins), or Hi Tannin black (containing both 3-
deoxyanthocyanins and condensed tannins). The results indicated that rats fed the diets
containing 3-deoxyanthocyanins or condensed tannins increased the abundance and
diversity of Bacteroides and Lactobacillus. Rats fed diets containing sorghum bran had
a reduced abundance of Proteobacteria, a phylum that mainly consists of pathogenic
bacteria such as Salmonella and Escherichia.?” In another study, 5 groups of male
Sprague-Dawley rats were given 2% DSS in drinking water for 5 days, and four groups
of the DSS-treated rats were gavaged with sugars (19.2 g/kg BW), honey (25 g/kg),
honey polyphenols (10.5 mg/kg), and sulfasalazine respectively twice a day for 7 days.
It has been found that honey polyphenols downregulated the expression of genes
related to inflammation, IL-6, TNF-a, and IL-13 in male rats with DSS-induced colitis.
ACE (abundance-based coverage estimator), diversity index of gut microbiota, was
significantly increased in honey treated groups compared to the only DSS-treated rats.
Honey polyphenols inhibited the growth of Corynebacterium, Bacteroides, and Proteus.
There was a positive correlation between the decreased inflammatory gene expressions

and supplementation of honey polyphenols as well as the key strains of gut flora,
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including Treponema and Bacteroides.88 The anthocyanin-rich jaboticaba extract was
found to perform better than mesalazine, a medicine for IBD treatment, to enhance the
growth of Lactobacillus and Bifidobacterium and the synthesis of SFCA in TNBS-treated
rats.3? In another rodent study, mice were fed a diet containing 1% freeze-dried tomato
powder for 14 days and then provided with drinking water containing 1% DSS for 14
days. It was found that the tomato powder contained anthocyanins, stilbenoids or
flavonols. The supplementation of bronze tomatoes prevented the weight loss and the
increase of disease activity index induced by DSS. Moreover, regarding the gut
microbiome, mice fed a diet containing bronze tomato had a significantly higher
abundance of Lactobacillus from Firmicutes phylum and Parabacteroides from
Bacteroidetes phylum, and a decreased abundance of Blautia and Oscillospira from

Firmicutes phylum compared to DSS-treated mice with control diet.8?

Most polyphenols have low absorption rates in small intestine and are degraded
by microbiota in the colon to microbial metabolites which often have much higher
bioavailability than their precursors. Some polyphenol microbial metabolites have been
shown to be effective in treating IBD. Male Fischer 344 rats were treated with 4% DSS
water for 4 days to induce colitis before they were given a diet supplemented with
hydrocaffeic acid with a dose of 50 mg/kg/day for 18 days. Hydrocaffeic acid is a major
gut microbial metabolite of caffeic acid and chlorogenic acid in colon. Results indicated
that hydrocaffeic acid attenuated the colitis by reducing the expression of inflammatory
cytokines including TNF-a and IL-8.°0 In another study, urolithin A, a gut microbial
metabolite of ellagic acid, upregulated tight junction proteins in HT-29 cells.”" The 3, 4-

dihydroxyphenylpropionic acid and 3, 4-dihydroxyphenylacetic acid are microbial

18
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metabolites of many polyphenols. At a concentration of 1 uM, these metabolites
significantly decreased the secretion of pro-inflammatory cytokines TNF-a, IL-13, and
IL-6 in LPS-stimulated peripheral blood mononuclear cells obtained from healthy people,
suggesting their usefulness to alleviate IBD.?" These studies provided valuable
information on the bioactivities of polyphenol microbial metabolites for the treatment of
IBD. Within the Firmicutes phylum, Eubacterium and Clostridium are the main genera
with capacities to catabolize flavonols, flavanones, and flavan-3-ols. A series of genera
are responsible for the metabolism of isoflavone, such as Bacteroide, Lactobacillus,

Enterococcus and etc.92

Fecal microbial transplant has drawn much attention in recent years for the
treatment of IBD. In one study, nine CD patients with different degrees of colitis
symptoms received fecal microbial transplants via nasogastric tube. This transplant led
to alleviation of symptoms in most of the colitis patients.%® However, a different trial
found that there was no significant improvement after fecal microbial transplant for UC
patients.% Alrafas et. al. conducted a study combining resveratrol and fecal
transplantation on BALB/c mice with TNBS-induced colitis. They found that resveratrol
(100 mg/kg by gavage for 5 days) decreased the T-cell subsets related to inflammation
and improved anti-inflammatory Tregs.*? Resveratrol was reported to decrease the
production of reactive oxygen species, inhibit NF-kB pathway, and preserve gut barrier
function.*® Moreover, colitis mice that received feces from resveratrol-treated mice had
lower levels of inflammatory cytokines including serum amyloid A, lipocalin-2, and
myeloid peroxidase. H&E staining results showed that the mice that received fecal

transplant had no symptoms of tissue damage or cellular infiltration, indicating that the
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gut microbiota from resveratrol treated mice had a protective effect in mice with TNBS-
induced colitis. This study also demonstrated that resveratrol increased the abundance
of a bacterium classified as Ruminococcus from Firmicutes, which was considered to

have anti-inflammatory properties by maintaining the integrity and function of the gut.*2

8. Conclusions and future research directions

Gut microbiota metabolize dietary polyphenols into microbial metabolites, which
often have increased absorption rate and bioactivity than their precursor polyphenols.
Reciprocally, polyphenols increase the diversity of gut microbiota, stimulate the
beneficial microbiota, and retard the pathogenic strains in most cases. Such interactions
between polyphenols and gut microbiota collectively and synergistically contribute to the
alleviation and mitigation of IBDs. The benefits of polyphenols for IBD alleviation result
from combined activities of precursor compounds, microbial metabolites, and
improvements of the gut microbiome.

Despite significant progress, several gaps need to be addressed in future
research about polyphenols, gut microbiota, and IBD. Current findings suggest that gut
microbiome catabolize polyphenols to numerous metabolites with diverse structures.
The known metabolites are likely a small subset of all microbial metabolites. Many
unknown metabolites remain to be discovered by future studies. Untargeted
metabolomics can be a powerful tool to discover new metabolites of polyphenols from
either anaerobic fermentation or feeding studies. Dietary polyphenols increase the
levels of many microbial metabolites which are associated with complex changes of gut

microbiome. It is important to correlate specific gut microbes with a microbial metabolite
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in order to elucidate their interactions and mechanisms. This will require an integrated

analysis of metabolomics data and microbiome data.

Previous studies using rodents with intact gut microbiota were unable to dissect
the role of gut microbiota and polyphenols microbial metabolites in IBD mitigation. A
recent study using germ-free mice found that the reduction of colitis severity by some
diets are microbiota-dependent whereas others had microbiota-independent activities.%
The use of germ-free mice in the future will help us to dissect the function of
polyphenols and gut microbiota. Future studies are needed to investigate the efficacy of
polyphenols on CD because nearly all previous studies have focused on UC. Lastly, the
safe and effective dose of polyphenols in IBD patients should be defined in future
human intervention studies. A high dose of polyphenols may adversely affect gut
microbiota and alter the efficacy of drugs for IBD treatment. A better understanding on
the synergistic interactions between polyphenols and gut microbiota will help to devise

more effective strategies for IBD intervention in the future.

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgements

This work is supported in part by a grant from National Institute of Food and Agriculture
(2019-67017-29366) and viticulture research grants from Florida Department of

Agriculture and Consumer Services.

References

21



10.

Food & Function

D. O. Frohlich and K. Birnbrauer, Discrepancies in health information found on web
sites discussing cures for inflammatory bowel disease, an "incurable" disease,
Inflamm Bowel Dis, 2014, 20, 458-463.

S. C. Ng, H. Y. Shi, N. Hamidi, F. E. Underwood, W. Tang, E. |. Benchimol, R.
Panaccione, S. Ghosh, J. C. Y. Wu, F. K. L. Chan, J. J. Y. Sung and G. G. Kaplan,
Worldwide incidence and prevalence of inflammatory bowel disease in the 21st
century: a systematic review of population-based studies, Lancet, 2018, 390, 2769-
2778.

L. Beaugerie and S. H. ltzkowitz, Cancers complicating inflammatory bowel
disease, N Engl J Med, 2015, 372, 1441-1452.

W. W. Ishak, D. Pan, A. J. Steiner, E. Feldman, A. Mann, J. Mirocha, |. Danovitch
and G. Y. Melmed, Patient-Reported Outcomes of Quality of Life, Functioning, and
Gl/Psychiatric Symptom Severity in Patients with Inflammatory Bowel Disease
(IBD), Inflammatory Bowel Diseases, 2017, 23, 798-803.

Y. Z. Zhang and Y. Y. Li, Inflammatory bowel disease: Pathogenesis, World
Journal of Gastroenterology, 2014, 20, 91-99.

D. Piovani, S. Danese, L. Peyrin-Biroulet, G. K. Nikolopoulos, T. Lytras and S.
Bonovas, Environmental Risk Factors for Inflammatory Bowel Diseases: An
Umbrella Review of Meta-analyses, Gastroenterology, 2019, 157, 647-659 e644.
M. C. Mentella, F. Scaldaferri, M. Pizzoferrato, A. Gasbarrini and G. A. D. Miggiano,
Nutrition, IBD and Gut Microbiota: A Review, Nutrients, 2020, 12.

V. Valatas, G. Kolios and G. Bamias, TL1A (TNFSF15) and DR3 (TNFRSF25): A
Co-stimulatory System of Cytokines With Diverse Functions in Gut Mucosal
Immunity, Front Immunol, 2019, 10, 14.

W. Turpin, A. Goethel, L. Bedrani and K. Croitoru Mdcm, Determinants of IBD
Heritability: Genes, Bugs, and More, Inflamm Bowel Dis, 2018, 24, 1133-1148.

N. Inohara, Y. Ogura, A. Fontalba, O. Gutierrez, F. Pons, J. Crespo, K. Fukase, S.
Inamura, S. Kusumoto, M. Hashimoto, S. J. Foster, A. P. Moran, J. L. Fernandez-
Luna and G. Nunez, Host recognition of bacterial muramyl dipeptide mediated
through NODZ2, J. Biol. Chem., 2003, 278, 5509-5512.

22

Page 22 of 40



Page 23 of 40

11.

12.

13.

14.

15.

16.

Food & Function

J. Hampe, A. Franke, P. Rosenstiel, A. Till, M. Teuber, K. Huse, M. Albrecht, G.
Mayr, F. M. De La Vega, J. Briggs, S. Gunther, N. J. Prescott, C. M. Onnie, R.
Hasler, B. Sipos, U. R. Folsch, T. Lengauer, M. Platzer, C. G. Mathew, M.
Krawczak and S. Schreiber, A genome-wide association scan of nonsynonymous
SNPs identifies a susceptibility variant for Crohn disease in ATG16L1, Nature
Genet., 2007, 39, 207-211.

S. A. McCarroll, A. Huett, P. Kuballa, S. D. Chilewski, A. Landry, P. Goyette, M. C.
Zody, J. L. Hall, S. R. Brant, J. H. Cho, R. H. Duerr, M. S. Silverberg, K. D. Taylor,
J. D. Rioux, D. Altshuler, M. J. Daly and R. J. Xavier, Deletion polymorphism
upstream of IRGM associated with altered IRGM expression and Crohn's disease,
Nature Genet., 2008, 40, 1107-1112.

R. H. Duerr, K. D. Taylor, S. R. Brant, J. D. Rioux, M. S. Silverberg, M. J. Daly, A.
H. Steinhart, C. Abraham, M. Regueiro, A. Griffiths, T. Dassopoulos, A. Bitton, H. Y.
Yang, S. Targan, L. W. Datta, E. O. Kistner, L. P. Schumm, A. T. Lee, P. K.
Gregersen, M. M. Barmada, J. |. Rotter, D. L. Nicolae and J. H. Cho, A genome-
wide association study identifies IL23R as an inflammatory bowel disease gene,
Science, 2006, 314, 1461-1463.

K. Matsuoka, N. Inoue, T. Sato, S. Okamoto, T. Hisamatsu, Y. Kishi, A. Sakuraba,
O. Hitotsumatsu, H. Ogata, K. Koganei, T. Fukushima, T. Kanai, M. Watanabe, H.
Ishii and T. Hibi, T-bet upregulation and subsequent interleukin 12 stimulation are
essential for induction of Th1 mediated immunopathology in Crohn's disease, Gut,
2004, 53, 1303-1308.

I. J. Fuss, F. Heller, M. Boirivant, F. Leon, M. Yoshida, S. Fichtner-Feigl, Z. Yang,
M. Exley, A. Kitani, R. S. Blumberg, P. Mannon and W. Strober, Nonclassical
CD1d-restricted NK T cells that produce IL-13 characterize an atypical Th2
response in ulcerative colitis, J Clin Invest, 2004, 113, 1490-1497.

G. Tomasello, M. Mazzola, A. Leone, E. Sinagra, G. Zummo, F. Farina, P. Damiani,
F. Cappello, A. Gerges Geagea, A. Jurjus, T. Bou Assi, M. Messina and F. Carini,
Nutrition, oxidative stress and intestinal dysbiosis: Influence of diet on gut
microbiota in inflammatory bowel diseases, Biomed Pap Med Fac Univ Palacky
Olomouc Czech Repub, 2016, 160, 461-466.

23



17.

18.

19.

20.

21.

22.

23.

24.

25.

Food & Function

I. Khan, N. Ullah, L. Zha, Y. Bai, A. Khan, T. Zhao, T. Che and C. Zhang, Alteration
of Gut Microbiota in Inflammatory Bowel Disease (IBD): Cause or Consequence?
IBD Treatment Targeting the Gut Microbiome, Pathogens, 2019, 8, 28.

A. Kumar Singh, C. Cabral, R. Kumar, R. Ganguly, H. Kumar Rana, A. Gupta, M.
Rosaria Lauro, C. Carbone, F. Reis and A. K. Pandey, Beneficial Effects of Dietary
Polyphenols on Gut Microbiota and Strategies to Improve Delivery Efficiency,
Nutrients, 2019, 11.

O. Castaner, A. Goday, Y. M. Park, S. H. Lee, F. Magkos, S. T. E. Shiow and H.
Schroéder, The Gut Microbiome Profile in Obesity: A Systematic Review, Int J
Endocrinol, 2018, 2018, 4095789.

E. Sanchez-Rodriguez, A. Egea-Zorrilla, J. Plaza-Diaz, J. Aragon-Vela, S. Mufioz-
Quezada, L. Tercedor-Sanchez and F. Abadia-Molina, The Gut Microbiota and Its
Implication in the Development of Atherosclerosis and Related Cardiovascular
Diseases, Nutrients, 2020, 12.

R. Fernandes, S. D. Viana, S. Nunes and F. Reis, Diabetic gut microbiota
dysbiosis as an inflammaging and immunosenescence condition that fosters
progression of retinopathy and nephropathy, Biochim Biophys Acta Mol Basis Dis,
2019, 1865, 1876-1897.

C. Manichanh, L. Rigottier-Gois, E. Bonnaud, K. Gloux, E. Pelletier, L. Frangeul, R.
Nalin, C. Jarrin, P. Chardon, P. Marteau, J. Roca and J. Dore, Reduced diversity of
faecal microbiota in Crohn's disease revealed by a metagenomic approach, Gut,
2006, 55, 205-211.

U. Gophna, K. Sommerfeld, S. Gophna, W. F. Doolittle and S. J. Veldhuyzen van
Zanten, Differences between tissue-associated intestinal microfloras of patients
with Crohn's disease and ulcerative colitis, J Clin Microbiol, 2006, 44, 4136-4141.
Y. Zhou and F. Zhi, Lower Level of Bacteroides in the Gut Microbiota Is Associated
with Inflammatory Bowel Disease: A Meta-Analysis, Biomed Res. Int., 2016, 2016,
5828959.

S. Shanmugam, P. Thangaraj, B. Dos Santos Lima, G. G. G. Trindade, N. Narain,
E. S. A. Mara de Oliveira, J. R. Santin, M. F. Broering, M. R. Serafini, L. J.

Quintans-Junior and A. Antunes de Souza Araujo, Protective effects of flavonoid

24

Page 24 of 40



Page 25 of 40 Food & Function

composition rich P. subpeltata Ortega. on indomethacin induced experimental
ulcerative colitis in rat models of inflammatory bowel diseases, J. Ethnopharmacol.,
2020, 248, 10.

26. J. C. Carmona-Hernandez, G. Taborda-Ocampo, J. C. Valdez, B. W. Bolling and C.
H. Gonzalez-Correa, Polyphenol Extracts from Three Colombian Passifloras
(Passion Fruits) Prevent Inflammation-Induced Barrier Dysfunction of Caco-2 Cells,
Molecules, 2019, 24.

27. S. Roth, M. R. Spalinger, C. Gottier, L. Biedermann, J. Zeitz, S. Lang, A. Weber, G.
Rogler and M. Scharl, Bilberry-Derived Anthocyanins Modulate Cytokine
Expression in the Intestine of Patients with Ulcerative Colitis, PLoS One, 2016, 11,
17.

28. E. Barroso, I. Munoz-Gonzalez, E. Jimenez, B. Bartolome, M. V. Moreno-Arribas,
C. Pelaez, M. D. Martinez-Cuesta and T. Requena, Phylogenetic profile of gut
microbiota in healthy adults after moderate intake of red wine, Mol. Nutr. Food
Res., 2017, 61, 9.

29. H. Kim, V. P. Venancio, C. Fang, A. W. Dupont, S. T. Talcott and S. U. Mertens-
Talcott, Mango (Mangifera indica L.) polyphenols reduce IL-8, GRO, and GM-SCF
plasma levels and increase Lactobacillus species in a pilot study in patients with
inflammatory bowel disease, Nutr Res, 2020, 75, 85-94.

30. Z. Hong and M. Piao, Effect of Quercetin Monoglycosides on Oxidative Stress and
Gut Microbiota Diversity in Mice with Dextran Sodium Sulphate-Induced Colitis,
Biomed Res. Int., 2018, 2018, 7.

31. R. A. Gupta, M. N. Motiwala, U. N. Mahajan and S. G. Sabre, Protective effect of
Sesbania grandiflora on acetic acid induced ulcerative colitis in mice by inhibition
of TNF-alpha and IL-6, Journal of Ethnopharmacology, 2018, 219, 222-232.

32. J. K. da Silva-Maia, A. G. Batista, C. B. B. Cazarin, E. S. Soares, S. Bogusz Junior,
R. F. Leal, M. A. da Cruz-Hofling and M. R. Marostica Junior, Aqueous Extract of
Brazilian Berry (Myrciaria jaboticaba) Peel Improves Inflammatory Parameters and
Modulates Lactobacillus and Bifidobacterium in Rats with Induced-Colitis, Nutrients,
2019, 11, 13.

25



33.

34.

35.

36.

37.

38.

39.

40.

Food & Function

G. Paturi, T. Mandimika, C. A. Butts, S. T. Zhu, N. C. Roy, W. C. McNabb and J.
Ansell, Influence of dietary blueberry and broccoli on cecal microbiota activity and
colon morphology in mdria(-/-) mice, a model of inflammatory bowel diseases,
Nutrition, 2012, 28, 324-330.

H. Wang, Y. S. Xue, H. Y. Zhang, Y. Huang, G. Yang, M. Du and M. J. Zhu,
Dietary grape seed extract ameliorates symptoms of inflammatory bowel disease
in IL10-deficient mice, Mol. Nutr. Food Res., 2013, 57, 2253-2257.

C. Castagnini, C. Luceri, S. Toti, E. Bigagli, G. Caderni, A. P. Femia, L. Giovannelli,
M. Lodovici, V. Pitozzi, M. Salvadori, L. Messerini, R. Martin, E. G. Zoetendal, S.
Gaj, L. Eijssen, C. T. Evelo, C. Renard, A. Baron and P. Dolara, Reduction of
colonic inflammation in HLA-B27 transgenic rats by feeding Marie Menard apples,
rich in polyphenols, Br. J. Nutr., 2009, 102, 1620-1628.

M. Schreiber, M. Weigelt, A. Karasinsky, K. Anastassiadis, S. Schallenberg, C.
Petzold, E. Bonifacio, K. Kretschmer and A. Hommel, Inducible IL-7
Hyperexpression Influences Lymphocyte Homeostasis and Function and Increases
Allograft Rejection, Front Immunol, 2019, 10, 742.

A. Kaulmann and T. Bohn, Bioactivity of Polyphenols: Preventive and Adjuvant
Strategies toward Reducing Inflammatory Bowel Diseases-Promises, Perspectives,
and Pitfalls, Oxid Med Cell Longev, 2016, 2016, 9346470.

C. Nunes, V. Freitas, L. Aimeida and J. Laranjinha, Red wine extract preserves
tight junctions in intestinal epithelial cells under inflammatory conditions:
implications for intestinal inflammation, Food Funct., 2019, 10, 1364-1374.

L. O. Ojwang, N. Banerjee, G. D. Noratto, G. Angel-Morales, T. Hachibamba, J. M.
Awika and S. U. Mertens-Talcott, Polyphenolic extracts from cowpea (Vigna
unguiculata) protect colonic  myofibroblasts (CCD18Co cells) from
lipopolysaccharide (LPS)-induced inflammation--modulation of microRNA 126,
Food Funct, 2015, 6, 146-154.

M. Hidalgo, M. J. Oruna-Concha, S. Kolida, G. E. Walton, S. Kallithraka, J. P. E.
Spencer, G. R. Gibson and S. de Pascual-Teresa, Metabolism of Anthocyanins by
Human Gut Microflora and Their Influence on Gut Bacterial Growth, J. Agric. Food
Chem., 2012, 60, 3882-3890.

26

Page 26 of 40



Page 27 of 40

41.

42.

43.

44,

45.

46.

47.

48.

Food & Function

K. O'Connor, M. Morrissette, P. Strandwitz, M. Ghiglieri, M. Caboni, H. Liu, C.
Khoo, A. D'Onofrio and K. Lewis, Cranberry extracts promote growth of
Bacteroidaceae and decrease abundance of Enterobacteriaceae in a human gut
simulator model, PLoS One, 2019, 14, 14.

H. R. Alrafas, P. B. Busbee, M. Nagarkatti and P. S. Nagarkatti, Resveratrol
modulates the gut microbiota to prevent murine colitis development through
induction of Tregs and suppression of Th17 cells, J. Leukoc. Biol., 2019, 106, 467-
480.

Y. Hu, D. Chen, P. Zheng, J. Yu, J. He, X. Mao and B. Yu, The Bidirectional
Interactions between Resveratrol and Gut Microbiota: An Insight into Oxidative
Stress and Inflammatory Bowel Disease Therapy, Biomed Res. Int., 2019, 2019,
5403761.

H. Sokol and P. Seksik, The intestinal microbiota in inflammatory bowel diseases:
time to connect with the host, Current Opinion in Gastroenterology, 2010, 26, 327-
331.

M. Joossens, G. Huys, M. Cnockaert, V. De Preter, K. Verbeke, P. Rutgeerts, P.
Vandamme and S. Vermeire, Dysbiosis of the faecal microbiota in patients with
Crohn's disease and their unaffected relatives, Gut, 2011, 60, 631-637.

H. Sokol, B. Pigneur, L. Watterlot, O. Lakhdari, L. G. Bermudez-Humaran, J. J.
Gratadoux, S. Blugeon, C. Bridonneau, J. P. Furet, G. Corthier, C. Grangette, N.
Vasquez, P. Pochart, G. Trugnan, G. Thomas, H. M. Blottiere, J. Dore, P. Marteau,
P. Seksik and P. Langella, Faecalibacterium prausnitzii is an anti-inflammatory
commensal bacterium identified by gut microbiota analysis of Crohn disease
patients, Proc. Natl. Acad. Sci. U. S. A., 2008, 105, 16731-16736.

H. Sokol, P. Seksik, J. P. Furet, O. Firmesse, L. Nion-Larmurier, L. Beaugerie, J.
Cosnes, G. Corthier, P. Marteau and J. Dore, Low Counts of Faecalibacterium
prausnitzii in Colitis Microbiota, Inflammatory Bowel Diseases, 2009, 15, 1183-
1189.

H. Nagao-Kitamoto and N. Kamada, Host-microbial Cross-talk in Inflammatory

Bowel Disease, Immune Netw, 2017, 17, 1-12.

27



49.

50.

51.

52.

53.

54.

55.

56.

Food & Function

S. M. Sha, B. Xu, X. Wang, Y. G. Zhang, H. H. Wang, X. Y. Kong, H. W. Zhu and K.
C. Wu, The biodiversity and composition of the dominant fecal microbiota in
patients with inflammatory bowel disease, Diagnostic Microbiology and Infectious
Disease, 2013, 75, 245-251.

D. N. Frank, A. L. S. Amand, R. A. Feldman, E. C. Boedeker, N. Harpaz and N. R.
Pace, Molecular-phylogenetic characterization of microbial community imbalances
in human inflammatory bowel diseases, Proc. Natl. Acad. Sci. U. S. A., 2007, 104,
13780-13785.

X. C. Morgan, T. L. Tickle, H. Sokol, D. Gevers, K. L. Devaney, D. V. Ward, J. A.
Reyes, S. A. Shah, N. LeLeiko, S. B. Snapper, A. Bousvaros, J. Korzenik, B. E.
Sands, R. J. Xavier and C. Huttenhower, Dysfunction of the intestinal microbiome
in inflammatory bowel disease and treatment, Genome Biology, 2012, 13, 18.

A. Andoh, H. Kuzuoka, T. Tsujikawa, S. Nakamura, F. Hirai, Y. Suzuki, T. Matsui,
Y. Fujiyama and T. Matsumoto, Multicenter analysis of fecal microbiota profiles in
Japanese patients with Crohn's disease, Journal of Gastroenterology, 2012, 47,
1298-1307.

J. G. Lee, D. S. Han, S. V. Jo, A. R. Lee, C. H. Park, C. S. Eun and Y. Lee,
Characteristics and pathogenic role of adherent-invasive Escherichia coli in
inflammatory bowel disease: Potential impact on clinical outcomes, PLoS One,
2019, 14, e0216165.

R. J. Colman and D. T. Rubin, Fecal microbiota transplantation as therapy for
inflammatory bowel disease: A systematic review and meta-analysis, Journal of
Crohns & Colitis, 2014, 8, 1569-1581.

B. Shen, A. Brzezinski, V. W. Fazio, F. H. Remzi, J. P. Achkar, A. E. Bennett, K.
Sherman and B. A. Lashner, Maintenance therapy with a probiotic in antibiotic-
dependent pouchitis: experience in clinical practice, Aliment Pharmacol Ther, 2005,
22, 721-728.

A. Gonzalez-Sarrias, M. Romo-Vaquero, R. Garcia-Villalba, A. Cortes-Martin, M. V.
Selma and J. C. Espin, The Endotoxemia Marker Lipopolysaccharide-Binding

Protein is Reduced in Overweight-Obese Subjects Consuming Pomegranate

28

Page 28 of 40



Page 29 of 40

57.

58.

59.

60.

61.

62.

63.

64.

65.

Food & Function

Extract by Modulating the Gut Microbiota: A Randomized Clinical Trial, Mol Nutr
Food Res, 2018, 62, 17.

N. Beloborodova, |. Bairamov, A. Olenin, V. Shubina, V. Teplova and N.
Fedotcheva, Effect of phenolic acids of microbial origin on production of reactive
oxygen species in mitochondria and neutrophils, J Biomed Sci, 2012, 19, 9.

S. Saber, R. M. Khalil, W. S. Abdo, D. Nassif and E. El-Ahwany, Olmesartan
ameliorates chemically-induced ulcerative colitis in rats via modulating NF kappa B
and Nrf-2/HO-1 signaling crosstalk, Toxicol. Appl. Pharmacol., 2019, 364, 120-132.
Z. T. Bitzer, R. J. Elias, M. Vijay-Kumar and J. D. Lambert, (-)-Epigallocatechin-3-
gallate decreases colonic inflammation and permeability in a mouse model of
colitis, but reduces macronutrient digestion and exacerbates weight loss, Mol Nutr
Food Res, 2016, 60, 2267-2274.

L. Biedermann, J. Mwinyi, M. Scharl, P. Frei, J. Zeitz, G. A. Kullak-Ublick, S. R.
Vavricka, M. Fried, A. Weber, H. U. Humpf, S. Peschke, A. Jetter, G. Krammer and
G. Rogler, Bilberry ingestion improves disease activity in mild to moderate
ulcerative colitis - an open pilot study, J Crohns Colitis, 2013, 7, 271-279.

Z. T. Bitzer, R. J. Elias, M. Vijay-Kumar and J. D. Lambert, (-)-Epigallocatechin-3-
gallate decreases colonic inflammation and permeability in a mouse model of
colitis, but reduces macronutrient digestion and exacerbates weight loss, Molecular
Nutrition & Food Research, 2016, 60, 2267-2274.

R. Q. Li, M. H. Kim, A. K. Sandhu, C. Gao and L. W. Gu, Muscadine Grape (Vitis
rotundifolia) or Wine Phytochemicals Reduce Intestinal Inflammation in Mice with
Dextran Sulfate Sodium-Induced Colitis, J. Agric. Food Chem., 2017, 65, 769-776.

A. Braune and M. Blaut, Bacterial species involved in the conversion of dietary
flavonoids in the human gut, Gut Microbes, 2016, 7, 216-234.

K. Ou, P. Sarnoski, K. R. Schneider, K. Song, C. Khoo and L. Gu, Microbial
catabolism of procyanidins by human gut microbiota, Mol Nutr Food Res, 2014, 58,
2196-2205.

J. C. Espin, R. Gonzalez-Barrio, B. Cerda, C. Lopez-Bote, A. I. Rey and F. A.

Tomas-Barberan, Iberian pig as a model to clarify obscure points in the

29



66.

67.

68.

69.

70.

71.

72.

Food & Function

bioavailability and metabolism of ellagitannins in humans, J Agric Food Chem,
2007, 55, 10476-10485.

F. A. Tomas-Barberan, R. Garcia-Villalba, A. Gonzalez-Sarrias, M. V. Selma and J.

C. Espin, Ellagic acid metabolism by human gut microbiota: consistent observation
of three urolithin phenotypes in intervention trials, independent of food source, age,
and health status, J Agric Food Chem, 2014, 62, 6535-6538.

R. M. de Ferrars, C. Czank, Q. Zhang, N. P. Botting, P. A. Kroon, A. Cassidy and
C. D. Kay, The pharmacokinetics of anthocyanins and their metabolites in humans,
Br J Pharmacol, 2014, 171, 3268-3282.

N. P. Seeram, Y. Zhang, R. McKeever, S. M. Henning, R. P. Lee, M. A. Suchard, Z.

Li, S. Chen, G. Thames, A. Zerlin, M. Nguyen, D. Wang, M. Dreher and D. Heber,
Pomegranate juice and extracts provide similar levels of plasma and urinary
ellagitannin metabolites in human subjects, J Med Food, 2008, 11, 390-394.

J. L. di Gesso, J. S. Kerr, Q. Zhang, S. Raheem, S. K. Yalamanchili, D. O'Hagan,
C. D. Kay and M. A. O'Connell, Flavonoid metabolites reduce tumor necrosis
factor-a secretion to a greater extent than their precursor compounds in human
THP-1 monocytes, Mol Nutr Food Res, 2015, 59, 1143-1154.

J. P. Piwowarski, A. K. Kiss, S. Granica and T. Moeslinger, Urolithins, gut
microbiota-derived metabolites of ellagitannins, inhibit LPS-induced inflammation in
RAW 264.7 murine macrophages, Mol Nutr Food Res, 2015, 59, 2168-2177.

R. Singh, S. Chandrashekharappa, S. R. Bodduluri, B. V. Baby, B. Hegde, N. G.
Kotla, A. A. Hiwale, T. Saiyed, P. Patel, M. Vijay-Kumar, M. G. I. Langille, G. M.
Douglas, X. Cheng, E. C. Rouchka, S. J. Waigel, G. W. Dryden, H. Alatassi, H. G.
Zhang, B. Haribabu, P. K. Vemula and V. R. Jala, Enhancement of the gut barrier
integrity by a microbial metabolite through the Nrf2 pathway, Nature
Communications, 2019, 10, 18.

X. Tzounis, A. Rodriguez-Mateos, J. Vulevic, G. R. Gibson, C. Kwik-Uribe and J. P.
E. Spencer, Prebiotic evaluation of cocoa-derived flavanols in healthy humans by
using a randomized, controlled, double-blind, crossover intervention study,
American Journal of Clinical Nutrition, 2011, 93, 62-72.

30

Page 30 of 40



Page 31 of 40

73.

74.

75.

76.

77.

78.

79.

80.

Food & Function

U. Eteberria, N. Arias, N. Boque, M. T. Macarulla, M. P. Portillo, J. A. Martinez and
F. 1. Milagro, Reshaping faecal gut microbiota composition by the intake of trans-
resveratrol and quercetin in high-fat sucrose diet-fed rats, J. Nutr. Biochem., 2015,
26, 651-660.

F. F. Anhe, D. Roy, G. Pilon, S. Dudonne, S. Matamoros, T. V. Varin, C. Garofalo,
Q. Moine, Y. Desjardins, E. Levy and A. Marette, A polyphenol-rich cranberry
extract protects from diet-induced obesity, insulin resistance and intestinal
inflammation in association with increased Akkermansia spp. population in the gut
microbiota of mice, Gut, 2015, 64, 872-883.

D. E. Roopchand, R. N. Carmody, P. Kuhn, K. Moskal, P. Rojas-Silva, P. J.
Turnbaugh and I. Raskin, Dietary Polyphenols Promote Growth of the Gut
Bacterium Akkermansia muciniphila and Attenuate High-Fat Diet-Induced
Metabolic Syndrome, Diabetes, 2015, 64, 2847-2858.

R. Li, G. P. Wang, J. A. Whitlock, S. Zhao, Y. Yagiz and L. Gu, Muscadine grapes
(Vitis rotundifolia) and dealcoholized muscadine wine alleviated symptoms of colitis
and protected against dysbiosis in mice exposed to dextran sulfate sodium,
Journal of Functional Foods, 2020, 65, 103746.

C. Le Bourvellec, P. Bagano Vilas Boas, P. Lepercq, S. Comtet-Marre, P. Auffret,
P. Ruiz, R. Bott, C. Renard, C. Dufour, J. M. Chatel and P. Mosoni, Procyanidin-
Cell Wall Interactions within Apple Matrices Decrease the Metabolization of
Procyanidins by the Human Gut Microbiota and the Anti-Inflammatory Effect of the
Resulting Microbial Metabolome In Vitro, Nutrients, 2019, 11, 31.

K. Ignasimuthu, R. Prakash, P. S. Murthy and N. Subban, Enhanced
bioaccessibility of green tea polyphenols and lipophilic activity of EGCG
octaacetate on gram-negative bacteria, LWT-Food Sci. Technol., 2019, 105, 103-
109.

P. D. Stapleton, S. Shah, K. Ehlert, Y. Hara and P. W. Taylor, The beta-lactam-
resistance modifier (-)-epicatechin gallate alters the architecture of the cell wall of
Staphylococcus aureus, Microbiology-Sgm, 2007, 153, 2093-2103.

M. Nakayama, K. Shimatani, T. Ozawa, N. Shigemune, T. Tsugukuni, D.

Tomiyama, M. Kurahachi, A. Nonaka and T. Miyamoto, A study of the antibacterial

31



81.

82.

83.

84.

85.

86.

87.

88.

Food & Function

mechanism of catechins: Isolation and identification of Escherichia coli cell surface
proteins that interact with epigallocatechin gallate, Food Control, 2013, 33, 433-
439.

L. Sheng, S. A. Olsen, J. Hu, W. Yue, W. J. Means and M. J. Zhu, Inhibitory effects
of grape seed extract on growth, quorum sensing, and virulence factors of CDC
"top-six" non-O157 Shiga toxin producing E. coli, International Journal of Food
Microbiology, 2016, 229, 24-32.

G.Yang, Y. S. Xue, H. Y. Zhang, M. Du and M. J. Zhu, Favourable effects of grape
seed extract on intestinal epithelial differentiation and barrier function in IL10-
deficient mice, Br. J. Nutr., 2015, 114, 15-23.

H. Arie, T. Nozu, S. Miyagishi, M. Ida, T. Izumo and H. Shibata, Grape Seed
Extract Eliminates Visceral Allodynia and Colonic Hyperpermeability Induced by
Repeated Water Avoidance Stress in Rats, Nutrients, 2019, 11, 13.

K. H. Ling, M. L. Wan, H. EI-Nezami and M. Wang, Protective Capacity of
Resveratrol, a Natural Polyphenolic Compound, against Deoxynivalenol-Induced
Intestinal Barrier Dysfunction and Bacterial Translocation, Chem Res Toxicol, 2016,
29, 823-833.

X. M. Chen and D. D. Kitts, Flavonoid composition of orange peel extract
ameliorates alcohol-induced tight junction dysfunction in Caco-2 monolayer, Food
Chem Toxicol, 2017, 105, 398-406.

A. G. Erlejman, C. G. Fraga and P. I. Oteiza, Procyanidins protect Caco-2 cells
from bile acid- and oxidant-induced damage, Free Radic Biol Med, 2006, 41, 1247-
1256.

L. E. Ritchie, J. M. Sturino, R. J. Carroll, L. W. Rooney, M. A. Azcarate-Peril and N.
D. Turner, Polyphenol-rich sorghum brans alter colon microbiota and impact
species diversity and species richness after multiple bouts of dextran sodium
sulfate-induced colitis, FEMS Microbiol Ecol, 2015, 91, 11.

H. A. Zhao, N. Cheng, W. Q. Zhou, S. N. Chen, Q. Wang, H. Gao, X. F. Xue, L. M.
Wu and W. Cao, Honey Polyphenols Ameliorate DSS-Induced Ulcerative Colitis
via Modulating Gut Microbiota in Rats, Mol. Nutr. Food Res., 2019, 63, 12.

32

Page 32 of 40



Page 33 of 40

89.

90.

91.

92.

93.

94.

95.

96.

97.

Food & Function

A. Scarano, E. Butelli, S. De Santis, E. Cavalcanti, L. Hill, M. De Angelis, G.
Giovinazzo, M. Chieppa, C. Martin and A. Santino, Combined Dietary
Anthocyanins, Flavonols, and Stilbenoids Alleviate Inflammatory Bowel Disease
Symptoms in Mice, Front. Nutr., 2018, 4, 10.

M. Larrosa, C. Luceri, E. Vivoli, C. Pagliuca, M. Lodovici, G. Moneti and P. Dolara,
Polyphenol metabolites from colonic microbiota exert anti-inflammatory activity on
different inflammation models, Mol. Nutr. Food Res., 2009, 53, 1044-1054.

M. Monagas, N. Khan, C. Andres-Lacueva, M. Urpi-Sarda, M. Vazquez-Agell, R. M.
Lamuela-Raventos and R. Estruch, Dihydroxylated phenolic acids derived from
microbial metabolism reduce lipopolysaccharide-stimulated cytokine secretion by
human peripheral blood mononuclear cells, Br. J. Nutr., 2009, 102, 201-206.

L. Marin, E. M. Miguélez, C. J. Villar and F. Lombd, Bioavailability of dietary
polyphenols and gut microbiota metabolism: antimicrobial properties, Biomed Res.
Int., 2015, 2015, 905215.

D. L. Suskind, M. J. Brittnacher, G. Wahbeh, M. L. Shaffer, H. S. Hayden, X. Qin,
N. Singh, C. J. Damman, K. R. Hager, H. Nielson and S. I. Miller, Fecal Microbial
Transplant Effect on Clinical Outcomes and Fecal Microbiome in Active Crohn's
Disease, Inflammatory Bowel Diseases, 2015, 21, 556-563.

D. L. Suskind, N. Singh, H. Nielson and G. Wahbeh, Fecal Microbial Transplant
Via Nasogastric Tube for Active Pediatric Ulcerative Colitis, J. Pediatr.
Gastroenterol. Nutr., 2015, 60, 27-29.

S. R. Llewellyn, G. J. Britton, E. J. Contijoch, O. H. Vennaro, A. Mortha, J. F.
Colombel, A. Grinspan, J. C. Clemente, M. Merad and J. J. Faith, Interactions
Between Diet and the Intestinal Microbiota Alter Intestinal Permeability and Colitis
Severity in Mice, Gastroenterology, 2018, 154, 1037-1046.e1032.

I. Moreno-Indias, L. Sanchez-Alcoholado, P. Perez-Martinez, C. Andres-Lacueva,
F. Cardona, F. Tinahones and M. |. Queipo-Ortuno, Red wine polyphenols
modulate fecal microbiota and reduce markers of the metabolic syndrome in obese
patients, Food Funct, 2016, 7, 1775-1787.

P. Blatchford, H. Stoklosinski, S. Eady, A. Wallace, C. Butts, R. Gearry, G. Gibson

and J. Ansell, Consumption of kiwifruit capsules increases Faecalibacterium

33



98.

Food & Function

prausnitzii abundance in functionally constipated individuals: a randomised
controlled human trial, J. Nutr. Sci., 2017, 6, 10.

H. D. Holscher, H. M. Guetterman, K. S. Swanson, R. P. An, N. R. Matthan, A. H.
Lichtenstein, J. A. Novotny and D. J. Baer, Walnut Consumption Alters the
Gastrointestinal Microbiota, Microbially Derived Secondary Bile Acids, and Health
Markers in Healthy Adults: A Randomized Controlled Trial, Journal of Nutrition,
2018, 148, 861-867.

34

Page 34 of 40



Page 35 of 40

Food & Function

Figure Captions

Figure 1 Microbial catabolism of dietary polyphenols, phase Il metabolism and tranport
of absorbed microbial metabolites in human. A majority of polyhenols are not absorbed
in the small intestine. They are hydrolyzed, demethylated, decarboxylated,
dehydroxylated, and ring fissioned by microbiota in colon to produce numerous
microbial metabolites. These microbial metabolites undergo phase |l metabolism in
colon and liver. Part of phase || metabolites re-enter small intestine via bibliary excretion.
Other metabolites enter systemic circulation to exhibit their biological effects in various
organs and tissue. Unabsorbed polyphenols and microbial metabolites are excreted in

feces whereas absorbed micrbioal metabolites are mostly excreted in the urine.

Figure 2 Microbial catabolism of dietary polyphenols by microbiota in colon using
malvidin-3-glucoside, epicatechin gallate, and ellagic acids as examples. (A) Malvidin-3-
glucoside is deglycosylated to malvidin. The C-ring fission of malvidin gives rise to
syringic acid. Gallic acid is formed after O-demethylation of syringic acid. (B)
Epicatechin gallate is hydrolyzed to gallic acid and epicatechin. Gallic acid is further
decarboxylated to pyrogallol. The C-ring fission of epicatechin yields to diphenylpropan-
2-diol which is further degraded to 5-(3',4'-dihydroxyphenyl)-y-valerolactone. (C) Ring-
fission and decarboxylation of ellagic acid yield urolithin D, which loses 1, 2, and 3

hydroxyl groups to form urolinthin C, A, and B, respectively.
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Table 1. The changes of IBD-related gut microbes by dietary polyphenols or polyphenol-rich foods in human and animals.

Food & Function

Change of Type of study, subjects Polyphenols or
Altered gut microbes Main functions relative ’ £ ’ f References
abundance and length of study oods, and dose
Human interventions
fgggﬁ:ﬁfﬂf’ Produce SCFA, Randomized cross-over Red wine
. a rotect intestinal Increase human intervention, polyphenols, 272 96
Faecalibacterium prok i
A barrier obesity people, 30 days ml./day
prausnitzii
Produce Randomized cross-over Red wine
Enterobacter cloacae livopolvsaccharides Decrease human intervention, polyphenols, 272 96
popoly obesity people, 30 days ml./day
Butyricicoccus, . . Randomized cross-over Pomegranate
. Protect intestinal . : extract, 450
Odoribacter, : Increase human intervention, 56
. barrier : mg/day or 1.8
Butyricimonas obesity people, 3 weeks g/day
Parvimonas, Randomized cross-over z)c()tr;i?riggte
Methanobrevibacter, Pro-inflammatory Decrease human intervention, ma/da ’ or1.8 56
Methanosphaera obesity people, 3 weeks g /gay y '
Butyrate production, Randomized cross-over
Faecalibacterium anti-inflammatory, Increase human intervention, Kiwifruits, 2400 mg 97
prausnitzii block NF-kB healthy and constipated or 600 mg/day
activation participants, 4 weeks
Butyrate production, Randomized, crossover
Roseburia intestinalis | inhibit interleukin-17 | Increase human intervention, 3 Walnuts, 45 g/day | 98
excretion weeks, healthy people
Animal studies
Produce SCFA, rape seed
Lactobacillus protect intestinal Increase IL-10 (-/-) mice, 16 weeks 9 tp ts. 1% (w/ 34
barrier extracts, 1% (w/w)
Interact with T rape seed
Bacteroides regulatory cells and | Increase IL-10 (-/-) mice, 16 weeks 9 tp ts. 1% (w/ 34
macrophages, extracts, 1% (w/w)
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stimulate anti-
inflammatory IL-10
production

Release enterotoxin,

Clostridium . . Mdr1a (-/-) mice, 21 Dry blueberries,
) associate with Decease o 33
perfringens diarrhea weeks 10% (w/w)
Associated with
increased Crohn . ,
Enterococcus faecalis | disease activity Decease Mdrta (-/-) mice, 21 Dr); blueberries, 33
. weeks 10% (w/w)
index and fecal
calprotectin level
Colonize the . .
Escherichia coli mucosa, produce Decease Mdr‘:(a (-/-) mice, 21 Ii)(r);;/blue/zberrles, 33
toxin weeks o (W/iw)
Akkermansia : Dgcrgased by High fat/sucrose diet-fed Polyphenal-rich
L Degrade mucin diet, increased ; cranberry extract, 74
municiphila mice, 8 weeks
by polyphenol 200 mg/kg/day
Increased by Dealcoholized
. Facilitate mucin turn | DSS, DSS-treated mice, 28 . ;
Akkermansia . muscadine wine, 76
over in gut mucosa | decreased by | days o
; 5.5% (v/w)
wine
Decreased by Dealcoholized
Produce butyricand | DSS, DSS-treated mice, 28 . )
Coprococcus acetic acids increased by days mugcadlne wine, 76
. 5.5% (viw)
wine
Butyrate production, Brazilian Berry
Bifidobacterium protect intestinal Increase TNBS-treated rats, 2 extract, 50 g/L in 32

barrier, decrease C-
reactive protein

weeks, or 6 weeks

water
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