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Abstract: A disturbed interaction between the gut microbiota and the mucosal immune system plays
a pivotal role in the development of inflammatory bowel disease (IBD). Various compounds that are
produced by the gut microbiota, from its metabolism of diverse dietary sources, have been found to
possess anti-inflammatory and anti-oxidative properties in in vitro and in vivo models relevant to
IBD. These gut microbiota-derived metabolites may have similar, or more potent gut homeostasis-
promoting effects compared to the widely-studied short-chain fatty acids (SCFAs). Available data
suggest that mainly members of the Firmicutes are responsible for producing metabolites with the
aforementioned effects, a phylum that is generally underrepresented in the microbiota of IBD patients.
Further efforts aiming at characterizing such metabolites and examining their properties may help to
develop novel modulatory microbiome therapies to treat or prevent IBD.
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1. Introduction

Inflammatory bowel disease (IBD) is an idiopathic disease affecting the gastrointestinal
(GI) tract and can be divided into two main subcategories: Crohn’s disease (CD) and
ulcerative colitis (UC). Both CD and UC lead to poor quality of life and psychological
distress for patients, and produce significant pressure on healthcare systems by their
relatively high morbidity. Genetic and environmental factors are known to increase the risk
of IBD and may predispose certain individuals or populations to developing the disease.
Prevalence of IBD has always been relatively high in Europe and North America, but is
now also on the rise in industrializing countries in Asia, Africa, and South America [1].

Despite the lack of full understanding of the pathophysiology of IBD, the majority
of available reports suggest a dysregulation between the intestinal microbiota and the
host immune system (i.e., loss of immune tolerance) to be one of the underlying causes.
The innate immune system in the intestinal mucosa responds to the microbiota and/or
antigens by promoting inflammation, which recruits the adaptive immune system and
leads to a more severe and long-lasting inflammatory state, as well as deterioration of the
intestinal barrier integrity. The latter leads to translocation of microbiota and/or antigens
into the mucosa, further exacerbating the mucosal inflammatory response, thereby creating
a vicious circle [2,3].

Currently used pharmacological interventions are aimed at combatting the character-
istic flareups of intestinal inflammation. The most effective drugs are corticosteroids and
tumor necrosis factor (TNF) inhibitors. However, the former cannot be used for extended
periods of time due to serious side effects (e.g., Cushing’s syndrome), and the latter has
a significant amount of primary and secondary non-responders, along with serious side
effects [4-6].
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Fecal microbiota transplant (FMT) is another, experimental, form of IBD treatment. A
recent meta-analysis found that 54% of IBD patients showed a clinical response to FMT,
and 37% demonstrated clinical remission, while 29% suffered from adverse events [7].
Generally, the adverse events following FMT are mild and subside within 24 h, but more
serious events, such as IBD flareups, infections, colectomy, pancreatitis, and death are also
reported, although less frequently [8].

Despite the promising remission rates of this IBD treatment, which is still in its infancy,
the main motive against FMT is that the treatment is considered to be a black box. The
outcome and safety of the treatment is influenced by a myriad of factors (e.g., host genotype,
specific type of microbiota imbalance, type and stage of IBD, route of administration, and
factors related to the FMT donor), which remain obscure [8,9].

Considering the pivotal role of the gut microbiota in IBD, and that, ultimately, a major
part of the communication between the gut microbiota and the host is based on chemical
signaling, this review aims to examine gut microbial metabolites known to have anti-IBD
effects. In order to positively implicate the role of microbial metabolism, only compounds
proven to be produced by the gut microbiota have been taken into consideration. Fur-
thermore, the metabolites discussed in this review originate from parental compounds
found in common dietary sources (e.g., vegetables, fruits, and herbs), and have either been
shown to improve colitis symptoms in vivo, affect signaling pathways involved in the
pathophysiology of IBD in vitro, or both. The relevant data are summarized in Table 1.

Due to intrinsic differences in the interindividual dietary and microbiota composi-
tions, especially the disturbed microbiota of IBD patients, such metabolites may not be
produced universally. Identifying these metabolites can help to overcome such intrin-
sic differences, and, ideally, helps making gut health less dependent on changes in the
microbiota composition.

Table 1. Overview of metabolites, bacterial species currently known to produce these metabolites, and experimental models

used to assess anti-IBD effects.

. . . Parental . Experimental
Microbial Metabolite Compound Phylum Species Model Ref.
H
N
/ - Lactobacillus reuteri in vitro,
Tryptophan Firmicutes Lactobacillus murinus in vivo [10-12]
0
Indole-3-aldehyde (I3Al)
H Peptostreptococcus russellii
N Peptostreptococcus anaerobius
eptostreptococcus
/ Peptostrep
asaccharolyticus in vitro
Tryptophan Firmicutes Clostridium sporogenes in Vivol [13-18]
Clostridium botulinum
OH Clostridium caloritolerans
O Clostridium paraputrificum
Indole-3-propionic acid (I3Pr) Clostridium cadaveris
H
N
/
@] A . in vitro, o
Tryptophan Firmicutes Clostridium sporogenes in vivo [15,19]
OH
0]

Indole-3-pyruvic acid (I3Py)
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Table 1. Cont.

. . . Parental . Experimental
Microbial Metabolite Compound Phylum Species Model Ref.
H
N
/ y
Peptostreptococcus russellii
Tryptophan Firmicutes Peptostreptococcus anaerobius in vitro [15,20]
= Clostridium sporogenes
OH
0
Indole-3-acrylic acid (I3Acr)
HO O
o) 0 Ellagic acid Actinobacteria Bifidobacterium m Vl.tro’ [21-26]
OH pseudocatenulatum in vivo
@)
Urolithin A (UrA)
HO
O OH
0O 0 Ellagic acid Actinobacteria Ellagibacter isourolithinifaciens in vitro [25,27,28]
0
Isouroithin A (iUrA)
HO O
') 0 Ellagic acid Actinobacteria Bifidobacterium in vitro [21,24,25]
pseudocatenulatum
0]
Urolithin B (UrB)
HO
o
0 0 Ellagic acid Actinobacteria Gordomba‘cter urolithinfaciens in vitro [24,29,30]
o) Gordonibacter pamelaeae
0]
Urolithin C (UrC)
o0 Lactobacillus gasseri
HO Lactobacillus salivarius
$ Firmicutes Clostridium scindens
Lactonifactor longoviformis
Peptostreptococcus productus
Enterolactone (EL) Lignans — - — in vitro [31-40]
ho HO OH on Bifidobacterium bifidum
Bifidobacterium catenulatum
< Actinobacteria Bifidobacterium pseudolongum

Enterodiol (ED)

Bifidobacterium adolescentis
Eggerthella lenta




Pharmaceuticals 2021, 14, 506 4 0f 18
Table 1. Cont.
. . . Parental . Experimental
Microbial Metabolite Compound Phylum Species Model Ref.
Quercitrin Fusobacteria Fusobacterium K-60 lir;“’]lit\fg’ [41-44]
Enterococcus avium
Lactobacillus acidophilus
N Lactobacillus plantarum
Firmicutes HEp
Ruti Lachnoclostridium spp.
utin Eisenbergiella spp. -
Blautia sp. lirrll ‘\,;lit\fg’ [45-53]
OH O Actinobacteria Bifidobacterium dentium
Quercetin Bacteroides uniformis
Bacteroidetes Bacteroides ovatus
Parabacteroides distasonis
OH
HO. /E I
OH
(0]
Protocatechuic acid
(PCA)/3/4-dihydroxybenzoic acid
OH Eubacterium oxidoreducens
w Flavonols Eubacterium ramulus
Flavan-3-ols A Enterococcus casseliflavus in vitro, .
HO OH Flavones Firmicutes Flavonifractor plautii in vivo [54-69]
3,4-dihydroxyphenylacetic acid Anthocyanins Catenibacillus scindens
(DHPA) Butyrivibrio spp.
OH
HO
(0]
3,4-dihydroxyphenylpropionic acid
(DHPP)
¢ Lactobacillus plant
L actobacillus plantarum
OH Firmicutes Lactobacillus casei
HO in vi
OH Anthocyanins m v1.tro, [70-77]
o in vivo
Gallic acid Actinobacteria Bifidobacterium lactis
(GA)/3,4,5-trihydroxybenzoic acid
Lactobacillus plantarum
Q OH Firmicutes Clostridium coccoides
(6] Flavonifractor plautii [54,55,58—
Flavan-3-ols L
- in vitro 60,63,78—
OH Proanthocyanins 80]
3,4-dihydroxyphenyl-y-valeric Actinobacteria EEggm:;elllZz fenta
lactone (DHPVL) g8erihelia sp-
Enterococcus faecium
o Enterococcus faecalis
Firmicutes Staphylococcus aureus
Staphylococcus epidermis o
Berberine 1ri1nv\17tir\§)0 ¢ [81-87]
Escherichia coli
Proteobacteria Enterobacter cloacae

Dihydroberberine

Klebsiella pneumoniae
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. . . Parental . Experimental
Microbial Metabolite Compound Phylum Species Model Ref.
o Lactobacillus acidophilus
Firmicutes Streptococcus aureus
Berberine Actinobacteria Bifidobacterium longum in vivo [88]
. Escherichia coli
Proteobacteria Pseudomonas aeruginosa
Firmicutes Eubacterium
Actinobacteria Bifidobacterium in Vit
Ginsenoside Rb1 I VILIo, [89-94]
in vivo
Bacteroidetes Bacteroides
Fusobacteria Fusobacterium

Compound K (CK)

 in vitro experiments are performed with berberine, as dihydroberberine is known to be re-oxidized to berberine after absorption.

2. Indoles

Indole derivatives (Figure 1) are mainly produced by Lactobacilli, Clostridia, Pep-
tostreptococci, Bifidobacteria, and Bacteroides (Table 1), as metabolites of the amino acid
tryptophan (Trp) [95]. Gut microbial Trp metabolites are often found to be agonists of the
aryl hydrocarbon receptor (AHR), of which lower levels are observed in IBD patients, com-
pared to healthy subjects [96]. IBD symptoms and pro-inflammatory cytokine levels were
found to be greater in AHR knockouts in murine models of dextran sodium sulfate (DSS)-
induced colitis [97]. Other AHR ligands are known to reduce colitis symptoms [96,98].

H H H H
N N N N
/ / / / “
N 0 C ©E<
o/ ~OH o/ ~OH o/ ~OH e =0

L-Tryptophan
(Trp)

Indole-3-pyruvic acid  Indole-3-acrylic acid Indole-3-propionic acid Indole-3-aldehyde
(I3Py) (I3Acr) (I3Pr) (I3Al)

Figure 1. Structures of L-tryptophan and several indole metabolites produced by the gut microbiota.

AHR activation by the gut microbial Trp metabolite indole-3-aldehyde (I3Al) was shown
to stimulate mucosal lymphocytes to secrete interleukin 22 (IL-22), an anti-inflammatory
cytokine known to play an important role in protecting mice from developing IBD [99].
Increased IL-22 secretion causes signal transducer and activator of transcription 3 (STAT3)
phosphorylation, which ultimately leads to faster proliferation of intestinal epithelial cells
(IECs), contributing to the recovery of damaged intestinal mucosa following DSS-induced
colitis [10].

Indole-3-propionic acid (I3Pr) also activates the AHR receptor, which induced IL-10
receptor expression in cultured IECs. Oral administration of I3Pr was shown to improve
DSS-induced murine colitis symptoms, which was attributed to increased signaling of the
anti-inflammatory cytokine IL-10, due to higher expression of IL-10 receptors [13].

Additionally, I3Pr was found to act as a ligand for the pregnane X receptor (PXR)
in vivo, and led to lower TNF-o levels together with higher levels of mRNA coding for
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Ellagic acid

tight junction proteins, thus contributing to intestinal integrity. With the help of knockout
experiments, it was determined that activation of PXR modulates Toll-like receptor 4 (TLR4)
signaling, which is known to activate nuclear factor kB (NF-kB), a pro-inflammatory
transcription factor. Accordingly, oral administration of I3Pr could activate PXR in the
colon, which prevents lipopolysaccharide (LPS)-induced inflammation via modulation of
TLR4, thereby preserving the intestinal integrity [14].

Administration of indole-3-pyruvic acid (I3Py) to mice with CD4* T cell-induced
colitis led to an increase in the amount of IL-10-producing T cells, while the number of Th1
cells in the mucosa was decreased, resulting in a reduction in colitis symptoms [19].

In a co-culture of murine-derived colonic spheroids and murine bone marrow-derived
macrophages (BMDMs), indole-3-acrylic acid (I3Acr) promoted IL-10 secretion while
suppressing TNF-« production upon stimulation with LPS, via activation of AHR. This
stimulated the expression of the mucin protein coding gene, Muc2, which may help to pro-
tect the intestinal epithelium. When human peripheral blood mononuclear cells (PBMCs)
were treated with I3Acr, a reduction in IL-1f and IL-6 was observed, upon LPS stimulation.
Moreover, not only was AHR activation reproduced in the human cell line, activation of
the anti-inflammatory Nrf2-ARE pathway was observed. Using these human PBMCs in
the co-culture, I3Acr treatment promoted important anti-inflammatory and anti-oxidant
effects, by upregulating Nrf2- and AHR-pathway target genes and genes related to the
biosynthesis glutathione (GSH), an important anti-oxidant that protects cells from oxidative
stress [20].

3. Urolithins

Urolithins are gut microbial metabolites of ellagic acid, a hydrolysis product of el-
lagitannins (Figure 2). Both ellagic acid and ellagitannins are naturally found in various
fruits, nuts, and seeds (e.g., pomegranate, raspberry, strawberry, almond, and walnut) [100].
Several members of the Actinobacteria (Table 1) have been found to metabolize ellagic
acid into particular urolithins, which differ by the number and the positions of hydroxyl
groups. For example, Gordonibacter urolithinfaciens and Gordonibacter pamelaeae are able to
produce urolithin C (UrC), but are not capable of further dehydroxylation [29,30]. Urolithin
A (UrA) and urolithin B (UrB) are produced by Bifidobacterium pseudocatenulatum, whereas
isourolithin A (iUrA) is produced by Ellagibacter isourolithinifaciens [21,27,28].

- T0 o o B

Urolithin A Isourolithin A Urolithin B Urolithin C
(UrA) (iUrA) (UrB) (UrC)

Figure 2. Structures of ellagic acid and several urolithins produced by the gut microbiota.

A comparison between the effects of pomegranate extract (PE) and UrA on DSS-
induced colitis in rats showed that both were able to decrease levels of the pro-inflammatory
mediators nitric oxide (NO) and prostaglandin E, (PGE;) in colonic mucosa, by down-
regulating the enzymes responsible for their production: inducible nitric oxide synthase
(iNOS), cyclooxygenase 2 (COX-2), and prostaglandin E synthase (PTGES). However, only
in the case of UrA administration was the colonic architecture protected. Additionally,
UrA was able to significantly downregulate the pro-inflammatory cytokines IL-1$ and
IL-4, and cluster of differentiation 40 (CD40), a receptor protein involved in immune and
inflammatory signaling pathways [22].

It was also observed that less UrA was produced from PE in colitic rats compared
to healthy rats, suggesting that UrA production from gut microbiota, which might be
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absent in inflammation, plays a protective role against colitis. During colitis, UrA itself
had to be administered in order to benefit from the anti-inflammatory effects. Another
protective effect of UrA might be via an observed increase in the abundance of Lactobacilli,
Bifidobacteria, and Clostridia taxa, which have been shown to prevent inflammation in
IECs in response to pathogenic Enterobacteria [101]. Moreover, an increase in E. coli,
observed after DSS treatment, was found to be lower in the rats that received UrA [22].

Several in vitro studies have been performed in an attempt to reveal a more de-
tailed mechanism explaining the anti-inflammatory actions of UrA. The production of
pro-inflammatory mediators was strongly reduced by UrA in LPS-stimulated RAW264
macrophages. UrA was found to inhibit the phosphorylation of protein kinase B (Akt)
and c-Jun, effectively suppressing the pro-inflammatory PI3-K/Akt/NF-«kB and JNK/AP-1
signaling pathways. This meant the downstream production of pro-inflammatory media-
tors (TNF-«, IL-6, and NO) was also suppressed. Notably, UrA appeared to also inhibit
NADPH oxidase (NOX), which is largely responsible for production of reactive oxygen
species (ROS) in activated macrophages, presenting another possible mechanism for in-
hibiting the activation of the pro-inflammatory transcription factors NF-«kB and AP-1 [23].

iUrA, UrB, and UrC also display anti-inflammatory effects in LPS-stimulated RAW264.7
macrophages, although the effects are inferior to UrA. The urolithins were shown to
decrease the DNA-binding activity of the NF-«kB p50 subunit, as well as the nuclear
translocation of the p65 subunit, resulting in lower levels of TNF-«, IL-1§3, IL-6, iNOS, and
NO [24,25]. Additionally, UrA has been shown to promote anti-inflammatory effects in
human macrophages and neutrophils, which was attributed to an observed induction of
extracellular signal-regulated kinase 1 and 2 (ERK1/2) phosphorylation [25].

Besides the anti-inflammatory properties and modulation of the microbiota, UrA can
also improve gut health by enhancing the intestinal barrier function. UrA was shown
to activate AHR and Nrf2, which leads to the upregulation of the tight junction proteins
claudin 4, occludin, and zonula occludens-1 (ZO-1). Treatment with UrA decreased gut
permeability in mice with 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis, and
reduced both local and systemic inflammation. When UrA was administered prior to
TNBS-administration, the development of colitis was prevented. Finally, chronic and acute
DSS-induced colitis were ameliorated by UrA treatment [26].

4. Enterodiol (ED) and Enterolactone (EL)

Enterodiol (ED) and its oxidation product enterolactone (EL) (Figure 3) are formed by
the intestinal microbiota upon lignan consumption. Lignans are polyphenolic compounds
found in seeds, nuts, and vegetables. Production of ED and EL from naturally occurring
lignans is dependent on the combined metabolic activities of different species [31]. How-
ever, several members of the Actinobacteria and Firmicutes phyla have been implicated in
catalyzing the final step towards ED and/or EL (Table 1) [31-38].

0
Ho  HO~ COH OH HO (\CO OH

Enterodiol Enterolactone
(ED) (EL)

Figure 3. Structures of enterodiol and enterolactone.

Both ED and EL are able to pass the intestinal barrier and have been found to suppress
the release of TNF-« from THP-1 human monocytes upon LPS stimulation. This observa-
tion was attributed to an inhibitory effect of ED and EL on the degradation of I«kB (inhibitor
of NF-«B), leading to lower NF-«B activity. EL was found to be more active than ED [39].

Additionally, EL was shown to reduce oxidative stress damage in LPS-stimulated
RAW264.7 cells, and in a co-culture of Caco2/RAW264.7 cells, EL treatment maintained



Pharmaceuticals 2021, 14, 506

8 of 18

barrier integrity. Experiments on HCT-8 human colonocytes, with TNF-a and interferon
v (INF-y)-induced inflammation, showed that EL significantly increased expression of
peroxisome proliferator-activated receptor y (PPAR-y) and tight junction protein ZO-1,
suggesting a mechanism for the observed maintenance of barrier integrity [40].

5. Flavonoids

Flavonoids are polyphenolic compounds that consist of the subclasses flavonols, fla-
vanones, flavones, flavan-3-ols, anthocyanins, and isoflavones, of which the core structures
are depicted in Figure 4. These compounds are present in various foods and drinks, and
are commonly found as glycosides. Flavonoid glucosides are often hydrolyzed in the
small intestine, where, subsequently, the flavonoid aglycone can be absorbed. Flavonoid
glycosides that contain other sugars than glucose do not undergo hydrolysis in the small
intestine and can reach the colon intact. There, the intestinal microbiota are able to cleave
the glycosidic bonds to release the respective flavonoid aglycones [102].

@

Flavonol Flavone Flavanone
J 2 CC
Sagiee
® e O
OH ZoH o
Flavan-3-ol Anthocyanin Isoflavone

Figure 4. Core structures of flavonoid subclasses. The phenyl rings may be functionalized at different
positions (i.e., -OH, -OMe).

Flavonoids have been consistently found to produce anti-inflammatory effects through-
out various tissues, including the GI tract, and have been shown to ameliorate experimental
colitis models [103-108]. It has also been repeatedly shown that flavonoid aglycones have
stronger anti-inflammatory activities than their glycosides [109]. This suggests that the anti-
IBD effects observed for flavonoid glycosides are dependent on microbial deglycosylation
in the colon to release the flavonoid aglycones.

Quercitrin and rutin are glycosides of quercetin (Figure 5), one of the most common
flavonols, which can be found in various vegetables and fruits. These quercetin glycosides
are not enzymatically hydrolyzed or absorbed in the small intestine and can reach the colon,
where diverse microbes (Table 1) catalyze the deglycosylation to produce the aglycone
quercetin [110].

Quercetin was found to inhibit the NF-kB pathway in macrophages in vitro, inhibiting
the expression of IL-1f3, TNF-&, and NOS. These effects were not observed for the glyco-
side quercitrin. However, in vivo studies on rats with DSS-induced colitis showed that
quercitrin, not quercetin, facilitated the recovery of inflamed mucosa. These results indicate
that the active compound is quercetin, but that its glycoside quercitrin has to be orally
administered for quercetin to be released in the colon via hydrolysis by the intestinal mi-
crobiota. This conclusion was supported by microbial fermentation experiments, showing
that the intestinal microbiota are able to hydrolyze quercitrin to produce quercetin [41,42].

Similar results have been obtained for rutin; oral administration to mice with the
CD4* CD62L* T cell-induced colitis model, which is closer to the human IBD compared to
chemically induced colitis, led to improvement of colitis symptoms and a marked reduction
in colonic levels of myeloperoxidase (MPO), an ROS-producing enzyme. Expression of pro-
inflammatory genes (IFN-y, TNF-c, IL-13, CXCL1, and S100A8) was significantly reduced,
as well as pro-inflammatory cytokine plasma levels. In vitro studies on splenocytes and
murine T cells showed that the aglycone quercetin displayed a concentration-dependent
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inhibition of pro-inflammatory cytokine release, whereas rutin itself did not show such
effects [45]. Hence, it is likely that the aglycone quercetin is responsible for the anti-colitic
effects that are observed in vivo, and that this is due to the microbiota-catalyzed hydrolysis
of rutin in the colon.

OH

Quercitrin
(quercetin-3-O-rhamnoside)

R =Y
(quercetin-3-O-rutinoside) OHCH3

Figure 5. Structures of quercetin, quercitrin, and rutin.

Other studies have shown that rutin, but not quercetin, was able to improve DSS-
induced colitis by attenuating the expression of pro-inflammatory cytokines IL-13 and IL-6,
and that rutin may prevent depletion of colonic GSH, reducing the damage arising from
oxidative stress, and thereby promote colonic healing in TNBS-induced rat colitis [46,47].

Unfortunately, possible involvement of the gut microbiota is often not taken into
consideration for in vivo studies in which the compound in question is administered orally.
Thus, such studies are commonly performed using flavonoid aglycones, which may not
reach the colon due to absorption in the small intestine. This means the gut microbiota
cannot be implicated in observed anti-IBD effects of orally administered flavonoid agly-
cones, although the gut microbiota-mediated deglycosylations of the respective glycosides
have often been described [54,55]. Without comparison of the glycoside and aglycone of
flavonoids, the role of the gut microbial deglycosylation in promoting anti-IBD effects
remains speculative.

Despite these discrepancies, the gut microbiota may play another role in the ob-
served anti-IBD effects of orally administered flavonoids. Besides deglycosylation, various
members of the gut microbiota have been found to catabolize flavonoid aglycones into
smaller phenolic acids. In some cases, these phenolic acids appeared to have stronger
anti-inflammatory effects than the parental compounds. For example, cyanidin-3-glucoside
(C3G) is known to be hydrolyzed by the gut microbiota to the aglycone cyanidin. Both C3G
and cyanidin have been shown to improve chemically induced colitis [111]. However, it has
been found that protocatechuic acid (PCA), a further gut microbial metabolite of cyanidin,
has a stronger anti-colitic effect than C3G, suggesting that the effects are dependent on the
production of PCA from C3G and/or cyanidin [56,57].

Interestingly, it has recently been shown that fecal samples of healthy human subjects
produce significantly higher levels of the phenolic acid metabolites 3-hydroxyphenylpropionic
acid (3HPP), 3,4-dihydroxyphenylacetic acid (DHPA), and 3,4-dihydroxyphenyl-y-valeric
lactone (DHPVL) upon fermentation of polyphenols, compared to subjects with moderate to
severe UC [112]. These data suggest that phenolic acids may be involved in gut homeostasis.

6. Dihydroxylated Phenolic Acids

PCA, DHPA, and DHPP are gut microbial catabolites of flavonols, flavones, flavan-
3-ols, and anthocyanins. Several members of the Firmicutes (Table 1) have been found to
be able to catalyze the ring fission of those flavonoids that is required to produce these
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metabolites [54,55,58-63]. It is unclear whether the different carbon chain lengths are the
result of distinct ring fissions of the flavonoid, or that PCA and DHPA are produced from
DHPP via «- and/or 3-oxidation, as shown in Figure 6 [58,60,113].

OH
~
Ho)(@orﬂ §

) \
Protocatechuic acid (PCA) \‘ \
.° / 3,4-dihydroxybenzoic acid ) '-'

3,4-dihydroxyphenylacetic acid

.. (DHPA) wox.h
Quercetin E N OH ',' ,.'
HO OH .
@)
3,4-dihydroxyphenylpropionic acid
(DHPP)

Figure 6. Example of proposed metabolic pathways that give phenolic acids from a flavonol (here:
quercetin). The colored dotted lines indicate the possible different ring fissions, while the black
dotted arrows indicate «- and -oxidation.

Oral administration of PCA improved symptoms of DSS-induced colitis in rats and
prevented the increase in the pro-inflammatory cytokines IL-1f3, IL-6, and TNF-« that was
seen in controls. Moreover, MPO activity and the concentrations of important markers for
oxidative stress, NO, H,O,, and malondialdehyde (MDA), were reduced, while GSH levels
were increased [64].

Similar results were obtained for mice with TNBS-induced colitis, and an investigation
into the mechanism of the anti-inflammatory and anti-oxidant effects led to the possible
explanation that PCA modulates SphK/S1P signaling, which serves as an important
pathway for activation of STAT3 and NF-kB [65].

PCA was also found to increase the Firmicutes/Bacteroidetes ratio in LPS-challenged
piglets. An increase in expression of tight junction proteins ZO-1 and claudin 1 was also
observed in the intestinal mucosa, which may have been related to the accompanied
decrease in pro-inflammatory cytokines IL-2 and TNF-o [66].

DHPA and DHPP decreased PGE; production in IL-13-stimulated CCD-18 colon
fibroblasts. DHPP treatment improved DSS-induced colitis symptoms in rats and lowered
the expression of IL-13, IL-8, and TNF-o. Furthermore, MDA levels and oxidative damage
to DNA were reduced in distal colon mucosa [67].

DHPA and DHPP significantly inhibited the release of TNF-«, IL-1p, and IL-6 in
LPS-stimulated PBMCs and were also found to induce glutathione S-transferase theta-2
(GSTT?2) expression while decreasing that of COX-2 in LT87 human colon cells [68,69].

7. Gallic Acid (GA)/3,4,5-trihydroxybenzoic Acid

GA (Figure 7) has been found to be produced from anthocyanins in similar fashion
to the earlier mentioned dihydroxylated phenolic acids. GA was shown to ameliorate
various chemically induced murine colitis models [70-75]. A decrease in the expression
of the pro-inflammatory cytokines IL-13, IL-6, IL-12, IL-17, IL-21, IL-23, TNF-&, IFN-y,
and transforming growth factor 3 (TGF-f3) was observed, while an increased expression of
the anti-inflammatory cytokines IL-4 and IL-10 was measured. Additionally, the activity
and/or expression of COX-2, iNOS, and MPO was decreased, while those of superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and glutathione reductase
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(GR) were increased. These effects are likely due to the observed decrease in pSTAT3
expression and NF-«B activity. The latter may be explained by an increase in IkBx ex-
pression and decrease in p65-NF-kB expression [70]. Moreover, the level of anti-oxidant
transcription factor Nrf2 was significantly higher with GA administration [71].

OH
OH @) OH
0]
o) OH
Gallic acid (GA) / 3,4-dihydroxyphenyl-y-valeric lactone
3,4,5-trihydroxybenzoic acid (DHPVL)

Figure 7. Structures of gallic acid and 3,4-dihydroxyphenyl-y-valeric lactone.

8. 3,4-Dihydroxyphenyl-y-valeric Lactone

One of the major gut microbial metabolites of flavan-3-ols and proanthocyanins is 3,4-
dihydroxyphenyl-y-valeric lactone (DHPVL) [114,115]. DHPVL (Figure 7) showed a dose-
dependent decrease in NO production and iNOS expression in RAW264.7 macrophages,
whereas the metabolic precursor catechin (flavan-3-ol) did not. The compound was also
found to accumulate in macrophages and human monocytes in vitro. This was attributed
to facilitated transport proteins, as the uptake was shown to decrease in the presence of the
influx inhibitor phloretin [78]. Furthermore, a dose-dependent inhibition of NF-«B activity
has been observed in TNF-a-stimulated HepG2 human liver cells [79].

Via chemical synthesis, both enantiomers of DHPVL were obtained separately and
their anti-inflammatory mechanism on IEC-6 rat small intestine epithelial cells was in-
vestigated. The phosphorylation and degradation of IkBx in LPS-stimulated IEC-6 cells
was prevented by (5)-DHPVL more than by (R)-DHPVL. Moreover, (S)-DHPVL showed a
dose-dependent inhibition, and suggests that (S)-DHPVL is able to reduce NF-«B activation
by inhibiting IkBx degradation, preventing LPS-induced inflammation [80].

9. Berberine

Berberine (Figure 8) is an alkaloid found in several herbs (e.g., Coptis chinensis) used for
traditional Chinese medicine. Pharmacokinetic studies on rats have shown that the largest
portion of orally ingested berberine ends up the feces. In humans, berberine also exhibits
poor oral bioavailability, suggesting it mainly persists in the GI lumen until excreted in
the feces, consistent with rat studies [116]. The gut microbiota is known to metabolize
berberine into various compounds. The metabolite dihydroberberine has received the
most attention, since it has lost the positive charge of the parental compound berberine,
and is absorbed in the gut much more efficiently. Once absorbed, it is re-oxidized to
berberine [116].

0
~o - gl)
_O
Berberine Dihydroberberine Oxyberberine

Figure 8. Structures of berberine and its gut microbial metabolites dihydroberberine and oxyberberine.

In vitro studies have shown that berberine is able to improve intestinal barrier integrity
in Caco-2 cells, and prevent the redistribution of tight junction proteins in Caco-2 cells when
treated with the pro-inflammatory cytokines TNF-« and IFN-vy, protecting the intestinal
barrier. The underlying mechanism is believed to involve the suppression of the NF-«B
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pathway [81,82]. In a mouse model of endotoxemia (LPS injection), berberine was indeed
able to prevent the redistribution of tight junction proteins in IECs by reducing NF-«B
activity [83].

Various other mechanisms, through which berberine may reduce colitis symptoms,
have been proposed. Berberine suppresses IFN-y- and IL-17A-releasing LPCD4"* T cells
by activation of AMP-activated protein kinase (AMPK) in vitro and in vivo. The latter led
to reduced colonic inflammation in mice with T cell-induced chronic colitis [84]. More-
over, berberine was found to decrease the expression of the IL-6-related pro-inflammatory
cytokine Oncostatin M (OSM) and its receptor OSMR, which are known to be involved
in activating the JAK-STAT signaling pathway, an important early signaling pathway
that leads to inflammation in response to extracellular pro-inflammatory cytokines [85].
This study also showed a marked improvement of colitis symptoms upon berberine ad-
ministration in mice treated with DSS, along with a rectification of tight junction protein
and Muc?2 expression, protecting the intestinal barrier integrity. Additionally, berberine
treatment prior to acetic acid-induced colitis in rats was shown to downregulate p38
mitogen-activated protein kinase (MAPK) and upregulate Nrf2 expression, which may
have been responsible for the observed downstream effects. These include reductions in
colitis symptoms, pro-inflammatory markers TNF-«, IL-1§3, IL-6, MPO, and PGE,, and
levels of NO and MDA, whereas TGF-f3 expression, GSH levels, and enzyme activities of
SOD, CAT, GPx, and GR, were increased [86].

Oxyberberine, a recently identified gut microbial metabolite of berberine, was found to
have superior anti-colitic effects with respect to berberine. Oral administration of oxyberber-
ine to mice with DSS-induced colitis significantly reduced colitis symptoms, inflammation,
and disruption of the intestinal barrier. Oxyberberine targets the TLR4/MyD88/NF-«B
pathway on multiple levels: expressions of TLR4 and MyD88, a protein involved in signal
relaying, were reduced, phosphorylation of IkBx was inhibited, and reduced levels of p65
NF-kB were observed in the nucleus [88].

10. Ginsenosides

Ginsenosides are triterpenoid glycosides that are found in plants of the Panax genus,
which have been widely used in traditional medicine. These compounds can be subdivided
into glycosides of protopanaxadiol (PPD) and protopanaxatriol (PPT). Due to the polarity of
the glycosyl groups, the oral bioavailability of naturally occurring ginsenosides is generally
low. The gut microbiota is known to remove these sugars to produce secondary glycosides
and, ultimately, aglycones, which are more readily absorbed by the host. Because of the
different core structures and varying patterns of glycosylation, there is a relatively large
variety of possible gut microbial ginsenoside metabolites [89,90].

Compound K (CK), a glycoside of PPD and only one glucose unit (Figure 9), is con-
sidered the most important gut microbial ginsenoside metabolite in terms of bioactivities,
which include anti-colitic effects. Mice that were fed American ginseng showed a sig-
nificant improvement in DSS-induced colitis symptoms, and had reduced levels of the
pro-inflammatory cytokines IL-1p and IL-6. CK was identified as a major metabolite of
the used ginseng that was specifically produced by the intestinal microbiota, as mice
treated with a broad-spectrum antibiotic did not have CK in their stool. CK was shown to
inhibit IL-8 secretion from LPS-stimulated HT-29 cells, even at low concentrations, whereas
ginsenoside Rbj, the major constituent of American ginseng, did not [91]. These results
strongly indicate that the gut microbial conversion of ginsenosides into CK is responsible
for the observed anti-colitic effects.

Additionally, in separate studies, CK was shown to target the NF-«xB pathway in
LPS-stimulated murine macrophage models, leading to reduced expressions of TNF-«,
IL-1B, and IL-6. The study that used murine peritoneal macrophages showed an additional
increase in expression of the anti-inflammatory cytokine IL-10 and reported that the potency
of CK was superior to that of ginsenoside Rb;. Moreover, these studies showed that CK
helped to reduce colitis symptoms in mice, induced by DSS or TNBS [92,93].
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Protopanaxatriol
(PPT)

Protopanaxadiol Ginsenoside Rb, Compound K
(PPD) (CK)

Figure 9. Structures of protopanaxatriol, protopanaxadiol, ginsenoside Rb1, and compound K. (Glc = glucose).

CK was also identified as a modulator of PXR/NF-kB signaling, to which the anti-
colitic effects on DSS-treated mice were attributed. The authors propose that the attenuation
of intestinal inflammation by CK restored the expression of PXR, but also found that CK
appears to enhance the interaction between PXR and the p65 subunit of NF-«B, inhibiting
NF-«B activity. Via this mechanism, CK is thought to stimulate PXR/NF-kB signaling only
in inflamed colon cells, and helps to restore it to normal levels. As CK is not an agonist of
PXR, there is no danger of PXR overactivation in a non-inflammatory state [94].

Besides CK, other gut microbial metabolites of ginsenosides have been found to
possess anti-inflammatory and anti-IBD effects via various mechanisms [90,117].

11. Conclusions and Outlook

IBD is a multifactorial disease that is not fully understood. Genetics, environmental
factors, and lifestyle play different roles in distinct cases. Undoubtedly, the interplay
between the gut microbiota and the host immune system has a pivotal role in the disease,
which is characterized by periodic flareups of intestinal inflammation.

Different dietary and herbal compounds appear to be metabolized by the gut mi-
crobiota into compounds with various anti-inflammatory and anti-oxidant properties as
detected in in vitro as well as in in vivo animal models (Table 1). The downstream effects
include improved intestinal integrity, reduced levels of pro-inflammatory cytokines and
oxidants, and improvement of colitis symptoms.

The gut microbial fermentation products of dietary fibers, short-chain fatty acids (5C-
FAs), have been well studied and are regarded as important anti-inflammatory compounds
that are crucial for maintaining gut homeostasis [118]. The studies discussed in this review
provide a glimpse of various other gut microbial metabolites from dietary sources that
may have similar, or possibly more potent effects with respect to SCFAs, based on the
in vitro and in vivo studies performed (Table 1). It is noteworthy that Firmicutes is the
predominant phylum responsible for production of these metabolites, as a reduction in
Firmicutes is consistently observed in patients with IBD compared to healthy subjects,
although it is unclear whether this reduction is a cause or result of IBD [119].

The relatively limited number of studies focusing on the anti-inflammatory and/or
anti-IBD effects of specific gut microbiota-derived metabolites presented here, shows that
there are more compounds involved in gut homeostasis than is generally assumed, and
that these compounds can originate from diverse dietary sources. The studies also show
the complicated nature of the interplay between host and gut microbiota, in the context of
IBD and its intervention or prevention. Further efforts into characterizing gut microbial
metabolites of dietary compounds, and experiments on models that mimic human IBD
in vivo, may ultimately lead to novel IBD modulatory microbiome therapies or postbiotics.
Such therapies would not be dependent on the composition of the microbiota, but rather
on their metabolic products, and could be a better alternative to existing treatments, such
as FMT.
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