foxins

Review

Microbial-Derived Tryptophan Catabolites, Kidney Disease and
Gut Inflammation

Avra Melina Madella 1*, Jeroen Van Bergenhenegouwen 2, Johan Garssen

1,2 1

, Rosalinde Masereeuw

and Saskia Adriana Overbeek 1:2*

check for
updates

Citation: Madella, A.M.; Van
Bergenhenegouwen, J.; Garssen, J.;
Masereeuw, R.; Overbeek, S.A.
Microbial-Derived Tryptophan
Catabolites, Kidney Disease and Gut
Inflammation. Toxins 2022, 14, 645.
https://doi.org/10.3390/
toxins14090645

Received: 31 August 2022
Accepted: 16 September 2022
Published: 18 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Pharmaceutical Sciences, Utrecht University, Universiteitsweg 99,

3584 CG Utrecht, The Netherlands

2 Danone Nutricia Research, Uppsalalaan 12, Utrecht Science Park, 3584 CT Utrecht, The Netherlands

*  Correspondence: a.m.madella@uu.nl (A.M.M.); s.a.overbeek@uu.nl or saskia.overbeek@danone.com (5.A.O.);
Tel.: +31-30-209-5000 (S.A.O.)

Abstract: Uremic metabolites, molecules either produced by the host or from the microbiota popula-
tion existing in the gastrointestinal tract that gets excreted by the kidneys into urine, have significant
effects on both health and disease. Tryptophan-derived catabolites are an important group of bacteria-
produced metabolites with an extensive contribution to intestinal health and, eventually, chronic
kidney disease (CKD) progression. The end-metabolite, indoxyl sulfate, is a key contributor to the
exacerbation of CKD via the induction of an inflammatory state and oxidative stress affecting various
organ systems. Contrastingly, other tryptophan catabolites positively contribute to maintaining
intestinal homeostasis and preventing intestinal inflammation—activities signaled through nuclear
receptors in particular—the aryl hydrocarbon receptor (AhR) and the pregnane X receptor (PXR).
This review discusses the origins of these catabolites, their effect on organ systems, and how these
can be manipulated therapeutically in the future as a strategy to treat CKD progression and gut
inflammation management. Furthermore, the use of biotics (prebiotics, probiotics, synbiotics) as
a means to increase the presence of beneficial short-chain fatty acids (SCFAs) to achieve intestinal
homeostasis is discussed.

Keywords: CKD; intestinal inflammation; tryptophan derivatives; indoles; indoxyl sulfate; biotics;
SCFAs

Key Contribution: In this review, we discuss tryptophan catabolites in gut inflammation and chronic
kidney disease. In addition, the use of biotics to achieve intestinal homeostasis is also discussed.

1. Introduction

Uremic syndrome is defined as the terminal clinical manifestation of chronic kidney
disease (CKD), largely caused by increased retention of a variety of uremic metabolites [1].
Uremic metabolites are molecules resulting from either host or bacterial metabolic pro-
cesses and are normally removed from the organism by renal excretion pathways through
urine. When kidney function declines, the uremic metabolites” increased systemic concen-
trations lead to various deleterious effects, including the progression of CKD as well as
cardiovascular disease; for this reason, they are collectively termed uremic toxins [2,3].

The European Uremic Toxin workgroup (https://www.uremic-toxins.org/ (accessed
on 1 August 2022) has classified these molecules according to their physicochemical prop-
erties in relation to their removal patterns in three categories; (a) small water-soluble
molecules (MW < 500 Da) that can be removed by conventional dialysis such as creatinine
and urea, (b) middle weight molecules (MW > 500 Da) such as (32-microglobulin that
can be more effectively removed by peritoneal dialysis due to the larger pore size and
longer dialysis duration, and (c) protein-bound compounds such as indoxyl sulfate (IS)

Toxins 2022, 14, 645. https:/ /doi.org/10.3390/toxins14090645

https:/ /www.mdpi.com/journal/toxins


https://doi.org/10.3390/toxins14090645
https://doi.org/10.3390/toxins14090645
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/toxins
https://www.mdpi.com
https://orcid.org/0000-0002-8678-9182
https://orcid.org/0000-0002-1560-1074
https://www.uremic-toxins.org/
https://doi.org/10.3390/toxins14090645
https://www.mdpi.com/journal/toxins
https://www.mdpi.com/article/10.3390/toxins14090645?type=check_update&version=1

Toxins 2022, 14, 645

20f21

and p-cresol sulfate (PCS) that are firmly bound to blood plasma proteins (predominantly
albumin) and are difficult to remove by conventional haemodialysis [1,4].

Another method of classification is according to their origin; (a) endogenous metabolism,
(b) microbial metabolism, and (c) exogenous intake. The classification of these metabolites
based on origin is helpful for the identification of therapeutic targets for CKD.

The majority of these metabolites are by-products from endogenous metabolic pro-
cesses, although it is becoming more apparent that metabolites from microbial metabolism
are also of crucial importance [5]. Metabolites produced by microbial metabolism are fur-
ther classified into three categories (Figure 1), depending on the involvement of microbial
species in the synthesis of these specific metabolites. Specifically, they are classified as (a)
metabolites that are produced by bacteria from dietary sources, (b) metabolites that are
produced by the host and biochemically modified by gut bacteria, and (c) metabolites that
are synthesised de novo by gut microbes [6]. Metabolites that are produced by bacteria
from dietary components include short chain fatty acids (SCFAs), polyamines, and indole
derivatives, while metabolites that are produced by the host and biochemically modified
by gut bacteria include secondary bile acid and taurine [7-9]. Finally, metabolites that
are synthesised de novo by gut microbes include polysaccharides A (PSA) and adenosine
triphosphate (ATP) [10,11].

Uremic Metabolites

Endogenous Metabolism: Exogenous intake:
- Sugars « Drugs
. Lipids . Environmental contaminants
. Vitamins «  Toxins
. Fatty acids . Food
. Organic acids
- Nucleic acids
+  Amines Wﬁ
(A)
Microbial Metabolism

/

Produced by dietary

components: Synthesised de novo
. SCFAs == by microbes:
. Indoles Produced by host and . PSA

biochemically modified
by gut bacteria:

.« ATP

+ polyamines

. Taurine

« Secondary Bile Acids

(B)

Figure 1. (A). Classification of uremic metabolites based on origin. Uremic metabolites have three
possible origins, either endogenous metabolism, microbial metabolism, or from exogenous intake.
(B). Classification of uremic metabolites sourced from microbial metabolism. Uremic metabolites
sourced from microbial metabolism are further classified according to the involvement of microbiota
in their synthesis; they are either the result of dietary component metabolism, produced by host and
biochemically modified by microbiota or synthesised de novo by the microbiota. SCFAs: short chain
fatty acids; PSA: polysaccharide-A [4].
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An increasing number of studies demonstrate the relevance of the gut microbiome to
health and disease, with a special role for microbial metabolites [12]. Bacterial metabolism
has great significance in the breakdown of dietary products to metabolites with both
beneficial effects as well as potentially harmful solutes associated with the development
and progression of the disease [13]. Metabolites produced by microbiota form an essential
component of the crosstalk that occurs between the gut and the kidneys. Interactions
between the two organs are bidirectional and are collectively termed as the gut-kidney
axis [14]. Alterations in homeostasis lead to the induction of dysbiosis, which can play a
role in CKD and related cardiovascular diseases.

Uremic metabolites, predominantly originating from proteolytic fermentation, have
now been associated with the development of CKD. Increased accumulations of these
metabolites, such as IS, show a strong correlation with more severe clinical outcomes
and higher mortality risk [15-17]. Furthermore, IS was found to induce inflammation by
stimulating the activation of the nuclear factor kappa B (NF-kB) pathway and plasmino-
gen activator inhibitor type 1, resulting in nephrotoxic effects in renal proximal tubular
cells [18]. On the other hand, kidney failure leads to an accumulation of uremic toxins
systemically. The increased presence of urea in the intestine then further exacerbates gut
dysbiosis, leading to the synthesis of more IS, which then feeds back into the progressively
worsening renal state. Elevated urea levels impact gut permeability and inflammation by
two pathways; (a) causing a breakdown of the tight junction protein barrier in the epithelial
barrier, making the barrier become leakier and contributing to endotoxemia, the low-grade
level inflammation that exists in CKD patients; and (b) modifying the microbial flora [19,20].
Once urea has diffused into the gut lumen, it is metabolised by gut bacterial urease to
ammonia, which then alters the pH in the gut lumen. The altered pH then acts as a selection
pressure, causing an expansion in bacterial families with the capability to break down urea
and a decreased presence of other bacterial families [21].

However, not all metabolites synthesised by bacterial metabolism are associated with
negative health outcomes and CKD progression. In contrast to the evidence shown for
uremic metabolites, bacteria-produced SCFAs have been associated with CKD-protective
effects. SCFAs have been shown to beneficially modulate fibrotic and epigenetic factors in
research models of CKD, as well as to reduce blood pressure, inflammation, and immu-
nity [22].

The aim of this review is to examine uremic metabolites that have been synthesised
by bacteria from dietary sources. Given the involvement of certain tryptophan catabolites,
such as IS on CKD, the focus will be given to indole and its derivatives, including special
consideration on their function on gut health and inflammation. Although the investigation
of the relevance of the gut microbiome manipulation with respect to CKD is still in the
early explorative stages, the potential benefits of microbiome management, e.g., the use of
prebiotics, probiotics, and synbiotics as therapeutic interventions will also be explored.

2. Origins and Distribution of Tryptophan Catabolites

Tryptophan is an essential amino acid naturally provided by diet and an important
precursor for many different bioactive metabolites [23]. As bacteria depend on tryptophan
catabolites such as indole and indole-based compounds for their intercellular signalling,
both Gram-positive as well as Gram-negative bacteria express an abundance of enzymes
that are capable of processing tryptophan into molecules that would support indole sig-
nalling [24,25]. Different microbial species possess different catalytic enzymes, necessitating
cooperation between bacterial species for the synthesis of particular metabolites. Adding
further complexity to the matter, the characterisation and identification of bacterial species
possessing certain catalytic enzymes remain to be elucidated in many cases [26]. In gen-
eral, bacteria metabolise tryptophan using the indole pyruvate pathway utilising three
different key enzymes to produce a variety of metabolites [27,28]. The enzyme tryptophan
dehydrogenase (TrpD) converts tryptophan into tryptamine which is a precursor for the
metabolites indole-3-ethanol (IE), indole-acetate, and indole-3-acetic acid (IAA), which
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can be further metabolised into 3-methylindole (Skatole) and indole-3-aldehyde (IAld).
Bacterial-derived tryptophanase converts tryptophan into IAld, IAA, indole-3-propionic
acid (IPA), and indole, which is processed by the liver into indoxyl and then sulfated into IS
and indole-3-carboxylic acid. The aromatic amino acid aminotransferase-dependent path-
way converts tryptophan into indole-3-pyruvate (IPyA), which can be further processed
into indole-3-lactic acid (ILA), indoleacrylic acid (IAcr), and IAA (Figure 2).

These indole products, with the exception of IS, are of crucial importance in the poten-
tial role of the microbial community for drug resistance, biofilm formation, toxicity, plasmid
stability, and spore formation [29-32]. Additionally, indoles also suppress inflammation,
regulate gut insulin secretion, and strengthen the efficacy of intestinal epithelial cells [33].
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Figure 2. Depiction of metabolic pathways of tryptophan. Serotonin, and kynurenine pathways
(in yellow boxes) are processes occurring endogenously within host metabolism. Indole pyruvate
pathway occurs intestinally as a result of enzymatic degradations performed by the microbiota
population in three separate pathways; tryptophan dehydrogenase pathway, tryptophanase pathway,
and the aromatic amino acid transaminase pathway. All catabolites are produced intestinally with
the exception of indoxyl sulfate (in the grey box), which is produced hepatically [34].

3. Tryptophan Catabolites, AhR, and PXR

Over the past years, it has become clear that the aryl hydrocarbon receptor (AhR)
and the pregnane X receptor (PXR) are the primary targets for interaction with bacterial-
produced tryptophan catabolites [35,36]. AhR is a ligand-activated transcription factor
whose activity is tightly controlled through repressors that prevent AhR-transcriptional
activity and AhR-activated negative feedback loops. AhR is expressed by a variety of
different cell types, among which are epithelial cells and immune cells, and its expression
is increased in inflammatory and malignant disorders. Activation of AhR is an important
factor in the maintenance of tissue homeostasis and immunity and functions as a key sensor
allowing immune cells to adapt to environmental conditions, such as air pollution [37].
Decreased activation, as well as hyperactivation of AhR, may contribute to the pathogenesis
of multiple human diseases such as inflammatory bowel disease, autoimmune disorders,
and cancer [38-40]. In the context of CKD, elevated levels of uremic tryptophan catabolites,
especially IS, may lead to dysregulation of AhR-activity, promoting vascular disease, renal
tissue fibrosis, and pro-inflammatory responses [41].
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Similar to AhR, PXR is a nuclear receptor with a high substrate diversity of ligands
and its activation leads to the expression of drug-metabolising enzymes and drug efflux
transporters. For this reason, PXR activation plays an important role in detoxification
processes protecting the body from harmful foreign toxicants or endogenous toxic sub-
stances [42]. PXR is mainly expressed by intestinal epithelial and liver cells but also by
immune cells. In the intestine, PXR is important as a central regulator of epithelial barrier
function; the absence of PXR or reduces PXR expression increases intestinal susceptibility
toward xenobiotic injury and increases intestinal inflammatory responses [43]. Although
PXR is expressed in B-cells, T-cells, dendritic cells, and monocytes [44,45] the exact role
of PXR in these cells remains to be defined. However, it could include anti-inflammatory
functions as PXR exhibits significant repressive interactions with nuclear factor kappa B
(NFkB), which is a master transcription factor of inflammation [46,47].

The interaction between PXR and NF«B seems of special importance in managing
intestinal inflammatory responses [48,49]. In the context of CKD, PXR-activation confers
protective functions against kidney damage, while a diminished PXR activation might
reduce the expression of drug-metabolising enzymes, changing the pharmacokinetics in
CKD [50,51].

Analysis of faecal content of tryptophan catabolites indicates that the presence of
specific bacterial species is necessary for the occurrence of these catabolites, and their levels
depend on diet and/or microbiota composition [38,52]. Moreover, physiologically relevant
concentrations of these catabolites in either serum or feces are sufficient to induce AhR
activation to different extents, as also shown in Table 1 [52].

Table 1. Summary of AhR and PXR interaction of intestinally synthesised tryptophan catabolites in
human AhR reporter assays. IE: indole-3-ethanol; IAA: indole-3-acetic acid; Skatole: 3-methylindole;
IAld: indole-3-aldehyde; IPA: indole-3-propionic acid; IPyA: indole-3-pyruvate; ILA: indole-3-lactic
acid; [Acr; indoleacrylic acid.

AhR interaction PXR interaction
Catabolite
Affinity Potency Efficacy Affinity Potency Efficacy

Tryptamine  Very Low Low Medium Unknown  Very Low Low
IAA Very Low Low Very Low  Unknown  Very Low Very Low

IE Low Low Low Unknown  Very Low Low
Skatole Low Low Very Low  Unknown  Very Low Very Low

TIAld High Low Low Low Medium High
IPA Very Low Low Very Low  Unknown  Very Low Very Low
Indole Very Low Low Very Low  Unknown  Very Low Very Low

IPyYA Very Low Very Low  Very High Low Very Low High
ILA High Low Very High  Unknown  Very Low Very Low
TAcr Very Low Very Low Very Low Unknown  Very Low Very Low

Affinity: quantification of compound binding at the receptor-ligand binding domain; Potency: concentration of
compound required to produce half-maximal effective effect; Efficacy: maximum response that can be generated
as a result of ligand binding [35,36].

However, there exists a significant difference between affinity and activation between
mouse and human AhR, which could result in a 10-fold difference in ligand-binding affinity
between the mouse AhR and human AhR for a diverse range of AhR ligands [53]. Trypto-
phan catabolite interactions with AhR and PXR were investigated in detail by the Dvorak
group [35,36,54]. While all catabolites tested were capable of dose-dependently binding to
and activating AhR and PXR in luminescence-based reporter assays, not all of them were
able to induce the expression of CYP1A1 mRNA, a sensitive marker for AhR-activation,
or CYP3A4 mRNA, a sensitive marker for PXR-activation. This discrepancy could poten-
tially be explained by the interactions between AhR and PXR. Activation of PXR has been
shown to prevent the binding of AhR to its target genes and subsequently suppress gene
expression [55]. On the other hand, some synergy between AhR and PXR could potentially
be expected as indole co-incubations significantly increased IPA and IAA-induced PXR
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activation, although the involvement of AhR was not confirmed [43]. Interestingly, specific
catabolites also showed strong antagonistic properties against one or more of the proto-
typical AhR-ligands 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), benzo(a)pyrene (BaP)
and 6-formylindolo [3,2-b]carbazole (FICZ). Antagonism was observed at the level of AhR
activation but also at the level of inhibition of CYP1A1 expression. The catabolite indole
proved to be the most proficient antagonist of AhR-activation, confirming previously ob-
tained results using a different methodology [36,56]. Antagonistic activity has been shown
by other tryptophan catabolites, but results are rather ambiguous at this stage.

While more and more data become available on the cellular effects of isolated catabo-
lites, it remains difficult to predict the result of catabolite mixtures as present in faecal
material or serum/systemically. This is mainly due to the ongoing discovery of novel
catabolites and their receptors but also due to the promiscuity of the nuclear receptors
and their complex interactions among themselves and with NF-«B and the inflamma-
some [57-60].

4. The Role of Tryptophan Catabolites in Gut Health and CKD

Tryptophan catabolites significantly influence intestinal function by affecting its barrier
efficacy through modulating immune responses, permeability and tight junction formation,
and mucus synthesis [33]. Although tryptophan derivatives are essential in improving and
maintaining intestinal health, they can still be responsible for deleterious effects throughout
organ systems. The most widely studied example is IS, a pro-inflammatory metabolite that
affects various organs and systems and contributes to CKD-associated comorbidities [61].

Over the years, it has become evident that patients with CKD suffer from dysbiotic
microbiota [62]. CKD-induced changes in the microbiota not only impacts microbiota
composition but also the array of microbiota-produced metabolites [63]. To maintain
proper intestinal functioning and homeostasis, the host depends on carefully controlled
interactions between microbes, microbial metabolites, epithelial functioning, and mucosal
immunity. In patients with CKD, this precarious balance is disrupted, leading to reduced
intestinal barrier function and increased intestinal inflammation [64,65]. It can be hypothe-
sised that beneficial tryptophan catabolites may improve CKD through their contribution
to intestinal homeostasis by skewing the balance towards a more eubiotic microbiota com-
position. In addition, reduction in deleterious tryptophan derivatives will also contribute
to improvement in disease. The effects of these metabolites on gut health are discussed in
more detail below and in Table 2.

Tryptamine:

Tryptamine, is a neurotransmitter acting on the enteric nervous system and modulating
intestinal homeostasis whilst also affecting intestinal motility [66]. Additionally, it can
prevent the invasion and colonisation ability of pathogenic species such as Salmonella
enterica serovar Typhimurium [67]. It has also shown inhibitory activity against the enzyme
Indoleamine 2,3-dioxygenase 1 (IDO1), which has implications for immune escaping and
immunomodulation [68].

IAA

The effects of IAA have been characterised as ambivalent with regard to CKD. IAA
has been found to act both through PXR and AhR. IAA has been found to activate AhR
on dendritic cells, leading to the production of the anti-inflammatory cytokine IL-22 [69].
Through its affinity for PXR, IAA was found to promote the synthesis and accumulation of
IL-35" B regulatory (Breg) cells in the intestine, which are key regulators for a myriad of
diseases whilst IL-35 expression is dysregulated in inflammatory autoimmune diseases,
most notably IBD [70]. Even though its effects on the maintenance of intestinal homeostasis
indicate a beneficial effect, IA A has also been associated with the exacerbation of fibrosis,
cardiovascular disease, thrombogenicity, and inflammation in CKD [61]. Further analysis
is required to disseminate the mechanisms by which IAA might be beneficial for the
maintenance of intestinal homeosis but exert deleterious effects in the exacerbation of CKD.
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Skatole:

Skatole, also known as 3-methylindole, has a bacteriostatic effect against Gram-
negative enterobacteria, while it can also influence the growth and reproduction of other
bacterial species by enhancing the growth of bacteria-producing skatole [71]. Its exact effect
on intestinal microbes and, consequently, intestinal homeostasis is not fully elucidated yet.

IAld:

Through its activation of AhR, IAld enhances IL-22 transcription and decreases in-
testinal inflammation whilst contributing to the maintenance of intestinal homeostasis and
enhancing intestinal epithelial cell regeneration. Moreover, it has also shown antifungal
resistance in both mice and humans while providing colonisation resistance [72].

IPA:

IPA has been found to have an affinity for both AhR and PXR, similar to IAA. By
activating AhR, IPA exposure significantly increased the expression of the IL-10 receptor-
ligand binding subunit (IL-10R1) on intestinal epithelial cells [73]. IPA also demonstrated
an anti-inflammatory effect through its activation of PXR. Activation of PXR by IPA was
found to downregulate the expression of TNF-« intestinally whilst also increasing the gene
expression for tight junction proteins and causing a fortification of the epithelial barrier [43].

Indole:

Indole has been found to strongly influence various aspects of intestinal homeostasis,
with the most notable being bacterial physiology in a concentration-dependent manner.
Bacterial movement, persister cell formation, biofilm creation, plasmid stability and cell
division have all been factors to be affected by indole [74-78]. Additionally, indole has
also been found to decrease the synthesis of pro-inflammatory cytokine CXCL-8 and the
expression of NF-kB when that had been activated by TNF-a. Moreover, the secretion of
anti-inflammatory cytokine IL-10 was found to occur as a result of indole exposure in the
same experimental investigation [79].

IPyA:

IPyA showed an anti-inflammatory effect through AhR activation, indicating a signifi-
cant anti-inflammatory effect in the murine IBD model, through the modulation of Th1 cell
differentiation [80].

ILA:

ILA, through its activation of AhR cells in CD4+ T cells, downregulates the transcrip-
tion factor ThpoK causing CD4+ T cells to differentiate into CD4+ CD8aa+ double-positive
intraepithelial T lymphocytes that possess immunomodulatory functions [81].

TAcr

Finally, IAcr, demonstrated an anti-inflammatory effect, by increasing IL-10 production
and decreasing the production of TNF-« in the intestinal mucosa. Roles in the enhancement
of mucin production were also found, suggesting a role for indole acrylate in the fortification
of the epithelial barrier [82].

According to our knowledge, the tryptophan catabolites indole-3-acetamide and
indole-3-ethanol, indole acetate, and indole-3-carboxylic acid do not have established roles
in CKD or intestinal inflammation.
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Table 2. Summary of the various tryptophan catabolites and their effects on both CKD and gastroin-

testinal homeostasis.

Catabolite Effect on CKD Effect on Gastrointestinal Homeostasis
. Potentially beneficial through contribution to intestinal ~ Reduced invasion and colonisation by pathogenic
Tryptamine h . .
omeostasis species [83]
Ambivalent; implicated in both exacerbation
mechanisms as well as tissue repair mechanisms Stimulation of IL-22/STAT3 signalling
IAA Linked to inflammation, fibrosis, metabolic disorders, . pathway [70] .
. . .. Induce synthesis of IL35+ B cell production and
cardiovascular disease, thrombogenicity [61] . i
. .. . . 4 promotion of anti-inflammatory IL-35 release [84]
Implicated in tissue repair and cell proliferation as well
as anti-inflammatory and anti-oxidant action [85,86]
Potentially beneficial through contribution to intestinal Bacteriostatic for certain species, although not fully
Skatole . characterized
homeostasis
[71]
Potentially beneficial through cqntrlbutlon to intestinal Activation of IL-10R1 receptor in an
IAld homeostasis AhR-dependent manner [72,88]
Protection against metabolic syndrome [87] p /
Enhancement of the integrity of the intestinal
Potentially beneficial through contribution to intestinal . epithelial barrier [91,92] .
homeostasis Mucosa maintenance through IL-10R1 receptor in
IPA Serum IPA levels depleted with CKD progression [89] an AhI.{-d.epen.dent mannher [72,88]
. . . . Antimicrobial properties [93]
Involved in the regulation of endothelial function [90] . .
Downregulation of pro-inflammatory TNF-«
through TLR4 [88]
Enhancement of the integrity of the intestinal
epithelial barrier
Potentially beneficial through contribution to intestinal Enhancement of repair r.nechan.l sms involved with
Indole homeostasis epithelial barrier
Promotion of goblet cell differentiation all through
IL-10 release
Anti-inflammatory intestinally [79,94-96]
Enhancement of the integrity of the intestinal
epithelial barrier [27,91]
Potentially beneficial through contribution to intestinal ~ Contribution in gut mucosa immune homeostasis
IPvA homeostasis maintenance through IL-10R1 receptor in an
Y Serum IPA levels depleted with CKD progression [89] AhR-dependent manner [72,88]
Involved in the regulation of endothelial function [90] Antimicrobial properties [93]
Downregulation of pro-inflammatory TNF-«
through TLR4 [88]
. .. o . . Downregulates the transcription factor ThPOK for
ILA Potentially beneficial ﬁk;iizg;;;r;tnbutlon to intestinal CD4+ cells, causing them to differentiate into
DPIELs—important for immunomodulation [81]
Potentially beneficial through contribution to intestinal Increase in IL-10 productlon'and decrease in
IAcr homeostasis TNF-« production
Enhancement of mucin production [82]
Roles in cardiovascular disease, inflammation, kidney . . . .
. . . . Deleterious for intestinal homeostasis, promotes
and heart fibrosis, neurotoxicity, disturbed drug . . . s Lo .
1S increased intestinal epithelial barrier disruption,

removal, and chronic kidney disease-mineral and bone
disorder (CKD-MBD) [61,97,98]

contributing to endotoxemia [22]

5. Dietary Interventions Targeting Tryptophan Catabolites

As stated previously, tryptophan catabolites produced by gut microbiota play a sig-
nificant role in both health and disease, with the prominent example of IS, in CKD and
associated comorbidities. Consequently, therapeutic approaches targeting these catabolites
should aim to decrease the levels of the deleterious IS catabolites and increase levels of
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beneficial catabolites that have demonstrated their positive effects in the maintenance of
intestinal homeostasis and prevention of inflammation. Strategies to decrease IS involve
either removing IS from the circulation or decreasing IS synthesis by reducing protein
intake [99]. Reducing IS from the circulation of CKD patients either through haemodial-
ysis or peritoneal dialysis is challenging, as IS is tightly bound to albumin, hindering
its removal [100]. Diet interventions with restricted protein consumption have shown a
beneficial effect, reducing in IS, and improving bacterial diversity in faecal samples, but
significant improvements in kidney function were not observed [101-103]. Moreover, the
use of adsorbent AST-120, whose function was to trap indole and reduce the synthesis of
IS, has shown very mixed results on clinical biomarkers such as slower disease progression
and mortality [104].

On the other hand, interventions to increase the presence of beneficial tryptophan
catabolites have proven to be quite challenging for various reasons. Primarily, the circu-
lating levels of these tryptophan catabolites have not been published in the literature yet,
either for a normal healthy population or patients with CDK. These pathways are extremely
complex, with extensive crosstalk and cooperation occurring between various bacterial
species. It would therefore be a challenging task to make predictions about the effects of
any alterations in these synthetic pathways. Nonetheless, these beneficial catabolites do
represent an important therapeutic target for ameliorating intestinal homeostasis and could
potentially prevent the exacerbation of CKD. They have been assessed in other conditions,
most notably lung conditions, with further research warranted [105,106]. Indole, in par-
ticular, has shown a range of beneficial effects for intestinal homeostasis and the ability
to activate AhR by itself and be an AhR antagonist in the presence of other AhR agonists.
Dysregulated AhR signaling is heavily implicated in the exacerbation, if not the driving seat
in CKD progression and its comorbidities, and consequently, a potent antagonist, such as
indole, would potentially be able to mitigate the effects of the dysregulated signaling [36,56].
Evidence supporting the use of AhR antagonists for CKD comes from both in vitro and
in vivo experiments [107,108]. Inhibition of AhR, either pharmacologically or through
murine knock-out models, resulted in improvements in proteinuria, hypoalbuminuria, and
hyperlipidemia in nephritic rats, as well as ameliorations in several aspects involved with
diabetic nephropathy in murine models [108,109]. It should also be noted that indole might
be beneficial in antagonising IS for AhR binding but has also shown significantly toxic
effects, and hence, further research is warranted before this can be investigated.

Regardless, CKD does represent a vastly unmet medical need and even though the
aforementioned strategies do demonstrate significant promise therapeutically, alternatives
should also be considered. An example of such a strategy is biotic intervention by the
supplementation of probiotics, prebiotics, and synbiotics, which have been shown in
both clinical trials and preclinical models to mitigate intestinal inflammation (shown
in Table 3). The term prebiotics refers to the supplementation with nutrients that are
selectively used by gut microbiota in order to confer beneficial effects to the host, with
examples including complex carbohydrates, oligosaccharides, polyphenols, fructans, and
galactans [110]. Probiotics involve the administration of living organisms that also elicit a
beneficial effect to the host when administered in adequate concentrations through a variety
of mechanisms; catabolism of waste products, immunomodulation, and anti-inflammatory
effects, as well as the synthesis of bacteriocins in order to suppress the growth of pathogenic
bacteria [111]. Most notable examples of probiotics include Lactobacillus or Bifidobacterium
strains. Synbiotics refer to the combination of pro- and prebiotics that can elicit a positive
effect on host health [112]. Given the large number of prebiotics and probiotics available,
there are multiple possible combinations that can be studied, with some of the most
commonly used combinations including Lactobacillus GG and inulin, Bifidobacteria and
Lactobacilli with fructooligosaccharides (FOS) or inulin and Bifidobacteria and FOS [113].
Postbiotics also represent a biotic intervention option and have recently been defined by the
international scientific association of prebiotics and probiotics as a preparation of inanimate
microorganisms and/or their components that confers a health benefit on the host [114].



Toxins 2022, 14, 645

10 of 21

Assessments on the efficacy of postbiotics on intestinal inflammation or the management of
CKD have been very limited, and hence postbiotics will not be discussed in this review.

Biotic interventions may result in the improvement in the dysbiotic gut by increasing
the presence of bacterial species capable of producing SCFAs, catabolic products resulting
from the saccharolytic fermentation of non-digestible carbohydrates, such as fibre [115].
Bacterial families producing SCFAs include the Bacteroides and the Firnicutes, although
a comprehensive list of all bacterial species with capabilities to produce SCFAs remains
to be elucidated [116,117]. As both intracellular and extracellular signalling molecules,
SCFAs, can affect intestinal immunity through a variety of mechanisms, and their presence
in the intestine is of crucial importance for the maintenance of intestinal homeostasis. Their
most important functions include enhancing the integrity of the epithelial barrier function
through upregulation of the tight junction proteins, the increased synthesis of antimicrobial
peptides, preventing entry of pathogenic bacteria, as well as increasing the production of
mucins, the first line of defence in the gastrointestinal mucosa [118-127].

Given the beneficial roles of SCFAs in the fortification of the epithelial barrier and
the prevention of leakage of intestinal contents into the circulation, and thus prevention
of endotoxemia, shifting the microbiota composition from a proteolytic fermentation to a
saccharolytic fermentation represents an attractive therapeutic strategy to alleviate some
of the effects of CKD. Skewing fermentation from a proteolytic nature to a saccharolytic
nature would not only increase levels of SCFAs but should also decrease the levels of IS.

A meta-analysis of the effect of dietary fibre in CKD by Chiavaroli et al. revealed
a beneficial effect for the supplementation in CKD patients, with the primary endpoints
being reductions in serum urea and creatinine, suggesting an improvement in kidney
function [128]. Biotic supplementation has also shown a beneficial effect in murine models
of CKD. Probiotics [129-131], prebiotics [132-134], synbiotics [135-137] have been assessed
in various murine CKD models with promising results and an improvement in various
parameters (e.g., inflammatory indexes, bacterial diversity, urea and creatinine levels) has
been observed as a result of biotic intervention. Of critical note, kidney function was not
investigated in these animal models.

A meta-analysis of randomised clinical trials (RCTs) by McFarlane et al. revealed
that there is little evidence to support the use of biotics as an intervention therapy for
CKD [138]. An important highlight was also a lack of studies that were lengthy in duration,
with intervention times ranging from one week to a maximum of 6 months. A likely
explanation for the lack of beneficial effect in CKD, which has also been highlighted by
other meta-analyses [139,140], would be that 6 months might not be an adequate timeframe
to achieve measurable improvements in kidney function.

Table 3. Summary of the effects of various murine models and in vivo studies utilising probiotics,
prebiotics, and synbiotics on gut inflammation.

Probiotic

Intervention Effect on Inflammation Type of Study/Species
Inhibition of IL-6 production [141] Ex vivo in LPS—stlmulate.d mononuclear
cells from mice
Downregulation of NF-«B [142] SAMP1/Yit mice
Lactobacilli Upregulation of MUC3 and MUC3 mRNA expression [143] HT29 cells

Improvement in intestinal barrier integrity by inhibition of

epithelial cell apoptosis [144] Healthy Humans

Lack of remission maintenance of ulcerative colitis (UC) or Crohn'’s

disease (CD) [145,146] UC/CD patients
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Table 3. Cont.

Probiotic

Intervention Effect on Inflammation Type of Study/Species
Suppression of Bacteroides vulgatus growth [147] Mice
Attenuation of inflammation in IL-10 knock-out mice [148] IL-10 knock mice
Bifidobacterium Improvement in inflammation in colitis [149] DSS-induced colitis in mice
Reduction in histological injury score, ileal tissue weight,
myeloperoxidase activity, tissue contents of immunoglobulin, TNF-«, SAMP1/Yit mice
and increased IL-10 secretion [150]
VSL #3 1 Reductlontlr} TNlF-oc. agd II.ZN—fy se;retlo{lSO IL-10 Knock out mice
(four strains of mprovement in colonic barrier function [150]
Lactobacillus, Inhibition of TNF-« induced IL-8 secretion, MAPK, and NF-K§ HT-29 cells
three strains of activation in HT-29 cells [151]
Blfldobacter'lum Potentiation of mucin expression [152] LSL174T cells and in vivo in rats
and one strain of
Streptococcus) No repair in colonic barrier breakdown or attenuation of colitis [153] DSS-induced colitis in mice
Effective against maintenance and treatment of active UC [154] Clinical Trial
Prebiotic . . .
Intervention Effect on inflammation Type of study/species
Improvement in microflora composition [156]
GBF .
(Germinated Increase in butyrate levels [157]
Decrease in serum IL-8 concentration and in «l-acid glucoprotein DSS-induced colitis in rats
barley foodstuff) .
[155] concentration [158]

Suppression of mucosal infiltration from inflammatory cells [159]

Fructo and milk
oligosaccharides
[160]

FOS:
Attenuation of trinitrobenzenesulfonic acid (TNBS) induced colitis
Increased presence of lactic acid-producing bacteria
Increased butyrate levels [161]

TNBS-induced colitis in rats

Fructooligosaccharide:
No improvement in disease activity [162]

DSS-colitis model in mice

Goat milk oligosaccharides:
Beneficial in the maintenance of body weight in DSS-mice
Decreased myeloperoxidase activity
Increased MUCS3 expression
Milder disease manifestation [163]

DSS-colitis model in mice

Fructooligosaccharide:
Increased IL-10 expression in dendritic cells as well as the increase of
Bifidobacteria [164]

Human Crohn’s disease patients

Inulin and
oligofructose
[165]

Oligofructose: Increased Bifidobacteria and Lactobacilli activity [166]

Healthy Humans

Oligofructose:
Prevention of colitis development [167]

HLA-B27 transgenic mice

Inulin (separately):
Attenuated inflammation and caused an increase in lactic bacteria
presence with a decrease in pH [168]

DSS-colitis model in mice

Inulin and oligofructose in combination:
increase in lactic bacteria and decreased pH [166]

Healthy Humans
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Table 3. Cont.

Probiotic
Intervention

Effect on Inflammation

Type of Study/Species

Psyllium [169]

Amelioration of colonic damage through increased SCFA synthesis
Decreased synthesis of pro-inflammatory cytokines [170]

-HLA-B27 transgenic rats

Synbiotic . . .
Intervention Effect on inflammation Type of study/species
Beneficial synergistic effect
Bifidobacterium Improved disease pathology in comparison to prebiotics or
longum and in- probiotics by themselves Clinical trial with UC patients
ulinoligofructose Decrease in TNF-« and IL-1b levels
Anti-inflammatory effect seen in endoscopic markers [171]
Bifidobacterium Beneficial synergistic effect
longum and Improved disease pathology in comparison to prebiotics or Clinical trial with UC patients
psyllium probiotics by themselves [172]
B.breve Yakult
strain e.md Decrease in inflammation in mild to moderate UC [173] Clinical trial with UC patients
galactooligosac-
charides

6. Future Perspectives

As recapitulated in Figure 3, it is in the authors” opinion that the use of biotics, with
their demonstrated improvements in gut inflammation, may be a valuable therapeutic
target for the treatment of CKD, especially with the need for alternatives to indoles-related
strategies. Even though this has, as of yet, not been demonstrated in patients with CKD,
well-designed studies, with a long duration and a variety of outcomes (e.g., microbiome
composition, renal function, cardiovascular parameters, inflammatory markers), on a
large population sample should be conducted. Furthermore, more research needs to be
conducted into the precise mechanisms by which beneficial indole catabolites can be ma-
nipulated to reach eubiosis, improve intestinal homeostasis and reduce the progression of
CKD. Indole metabolites also represent an attractive therapeutic target, although currently,
they do represent a field where much still remains to be elucidated and consolidated. Con-
trastingly, SCFAs as a therapeutic option, have shown significant benefits in gastrointestinal
inflammation management clinically.
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Figure 3. Depiction of future experimental perspectives. The use of biotics represents an important
therapeutic target to achieve eubiosis and reduce intestinal inflammation, either through the promo-
tion of the synthesis of beneficial indole metabolites or through the enhanced synthesis of SCFAs. A
decrease in the levels of deleterious metabolites such as indoxyl sulfate is warranted for the reduction
of intestinal homeostasis.

7. Conclusions

Our knowledge of interactions of the microbiota with the host community has sig-
nificantly increased over the past years, with the extent of the impact that tryptophan
catabolites, especially, have on local and systemic inflammation becoming more apparent.
However, further research is needed to fully consolidate the roles of some tryptophan
catabolites as well as their mechanisms of action and how affecting these would alter in-
flammation and other CKD-associated comorbidities. Regardless, the manipulation of the
microbiota to generate a more eubiotic composition through the use of “biotics” represents
a very attractive therapeutic target, which is gaining a lot of traction, especially with the
existing knowledge of how SCFAs positively affect both CKD and inflammation. The
conduction of further well-designed randomised placebo-controlled clinical trials with
long intervention times is an absolute necessity to enhance the understanding of how these
biotics influence the maintenance of intestinal homeostasis as well as whether they can be
therapeutically used for the treatment of CKD.

Author Contributions: AM.M., ].V.B,, ].G., RM,, and S.A.O. contributed substantially to the writing
of review. A.M.M. wrote the draft and made the figures. All authors have read and agreed to the
published version of the manuscript.

Funding: This project has received funding from the European Union’s Horizon 2020 research and
innovation programme under the Marie Sktodowska-Curie grant agreement No 860329.



Toxins 2022, 14, 645 14 of 21

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Duranton, F; Cohen, G.; De Smet, R.; Rodriguez, M.; Jankowski, J.; Vanholder, R.; Argiles, A.; European Uremic Toxin Work
Group. Normal and pathologic concentrations of uremic toxins. J. Am. Soc. Nephrol. 2012, 23, 1258-1270. [CrossRef]

2. Niwa, T.; Ise, M. Indoxyl sulfate, a circulating uremic toxin, stimulates the progression of glomerular sclerosis. J. Lab. Clin. Med.
1994, 124, 96-104. [PubMed]

3. Lekawanvijit, S.; Kompa, A.R.; Wang, B.H.; Kelly, D.]J.; Krum, H. Cardiorenal syndrome: The emerging role of protein-bound
uremic toxins. Circ. Res. 2012, 111, 1470-1483. [CrossRef]

4. Velasquez, M.T; Centron, P; Barrows, I.; Dwivedi, R.; Raj, D.S. Gut microbiota and cardiovascular uremic toxicities. Toxins 2018,
10, 287. [CrossRef]

5. Evenepoel, P.; Meijers, B.K.; Bammens, B.R.; Verbeke, K. Uremic toxins originating from colonic microbial metabolism. Kidney Int.
Suppl. 2009, 76, S12-519. [CrossRef] [PubMed]

6. Postler, T.S.; Ghosh, S. Understanding the holobiont: How microbial metabolites affect human health and shape the immune
system. Cell Metab. 2017, 26, 110-130. [CrossRef] [PubMed]

7. Cipriani, S.; Mencarelli, A.; Chini, M.G,; Distrutti, E.; Renga, B.; Bifulco, G.; Baldelli, F.; Donini, A.; Fiorucci, S. The Bile Acid
Receptor GPBAR-1 (TGR5) Modulates Integrity of Intestinal Barrier and Immune Response to Experimental Colitis. PLoS ONE
2011, 6, €25637. [CrossRef] [PubMed]

8. Arpaia, N.; Campbell, C.; Fan, X.; Dikiy, S.; van der Veeken, J.; deRoos, P; Liu, H.; Cross, ].R.; Pfeffer, K.; Coffer, PJ.; et al.
Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation. Nature 2013, 504, 451-455.
[CrossRef] [PubMed]

9.  Levy, M.; Blacher, E.; Elinav, E. Microbiome, metabolites and host immunity. Curr. Opin. Microbiol. 2017, 35, 8-15. [CrossRef]
[PubMed]

10. Johnson, J.L.; Jones, M.B.; Cobb, B.A. Polysaccharide A from the Capsule of Bacteroides fragilis Induces Clonal CD4* T Cell
Expansion. J. Biol. Chem. 2015, 290, 5007-5014. [CrossRef] [PubMed]

11. Perruzza, L.; Gargari, G.; Proietti, M.; Fosso, B.; D’Erchia, A.M.; Faliti, C.E.; Rezzonico-Jost, T.; Scribano, D.; Mauri, L.; Colombo,
D.; et al. T Follicular Helper Cells Promote a Beneficial Gut Ecosystem for Host Metabolic Homeostasis by Sensing Microbiota-
Derived Extracellular ATP. Cell Rep. 2017, 18, 2566-2575. [CrossRef] [PubMed]

12. Jandhyala, S.M.; Talukdar, R.; Subramanyam, C.; Vuyyuru, H.; Sasikala, M.; Nageshwar Reddy, D. Role of the normal gut
microbiota. World . Gastroenterol. 2015, 21, 8787-8803. [CrossRef]

13. Feng, Y.L.; Cao, G.; Chen, D.Q.; Vaziri, N.D.; Chen, L.; Zhang, J.; Wang, M.; Guo, Y.; Zhao, Y.Y. Microbiome-metabolomics reveals
gut microbiota associated with glycine-conjugated metabolites and polyamine metabolism in chronic kidney disease. Cell. Mol.
Life Sci. 2019, 76, 4961-4978. [CrossRef] [PubMed]

14. Raj, D.; Tomar, B.; Lahiri, A.; Mulay, S.R. The gut-liver-kidney axis: Novel regulator of fatty liver associated chronic kidney
disease. Pharmacol. Res. 2020, 152, 104617. [CrossRef]

15. Bammens, B.; Evenepoel, P.; Keuleers, H.; Verbeke, K.; Vanrenterghem, Y. Free serum concentrations of the protein-bound
retention solute p-cresol predict mortality in hemodialysis patients. Kidney Int. 2006, 69, 1081-1087. [CrossRef] [PubMed]

16. Dou, L.; Sallée, M.; Cerini, C.; Poitevin, S.; Gondouin, B.; Jourde-Chiche, N.; Fallague, K.; Brunet, P.; Calaf, R.; Dussol, B.; et al.
The cardiovascular effect of the uremic solute indole-3 acetic acid. J. Am. Soc. Nephrol. 2015, 26, 876-887. [CrossRef] [PubMed]

17.  Wang, W.; Hao, G.; Pan, Y.; Ma, S.; Yang, T; Shi, P.; Zhu, Q.; Xie, Y.; Ma, S.; Zhang, Q.; et al. Serum indoxyl sulfate is associated
with mortality in hospital-acquired acute kidney injury: A prospective cohort study. BMC Nephrol. 2019, 20, 57. [CrossRef]

18.  Motojima, M.; Hosokawa, A.; Yamato, H.; Muraki, T.; Yoshioka, T. Uremic toxins of organic anions up-regulate PAI-1 expression
by induction of NF-kappaB and free radical in proximal tubular cells. Kidney Int. 2003, 63, 1671-1680. [CrossRef]

19. Kalantar-Zadeh, K.; Ikizler, T.A.; Block, G.; Avram, M.M.; Kopple, ].D. Malnutrition-inflammation complex syndrome in dialysis
patients: Causes and consequences. Am. J. Kidney Dis. 2003, 42, 864-881. [CrossRef]

20. Vanholder, R.; De Smet, R.; Glorieux, G.; Argilés, A.; Baurmeister, U.; Brunet, P; Clark, W.; Cohen, G.; De Deyn, P.P.; Deppisch,
R.; et al. Review on uremic toxins: Classification, concentration, and interindividual variability. Kidney Int. 2003, 63, 1934-1943.
[CrossRef]

21. Wong, J.; Piceno, Y.M.; DeSantis, T.Z.; Pahl, M.; Andersen, G.L.; Vaziri, N.D. Expansion of urease- and uricase-containing, indole-
and p-cresol-forming and contraction of short-chain fatty acid-producing intestinal microbiota in ESRD. Am. J. Nephrol. 2014, 39,
230-237. [CrossRef]

22. Huang, Y.;; Zhou, J.; Wang, S.; Xiong, J.; Chen, Y.; Liu, Y; Xiao, T,; Li, Y.; He, T.; Li, Y.; et al. Indoxyl sulfate induces intestinal
barrier injury through IRF1-DRP1 axis-mediated mitophagy impairment. Theranostics 2020, 10, 7384-7400. [CrossRef] [PubMed]

23. Agus, A,; Planchais, J.; Sokol, H. Gut Microbiota Regulation of Tryptophan Metabolism in Health and Disease. Cell Host Microbe

2018, 23, 716-724. [CrossRef] [PubMed]


http://doi.org/10.1681/ASN.2011121175
http://www.ncbi.nlm.nih.gov/pubmed/8035108
http://doi.org/10.1161/CIRCRESAHA.112.278457
http://doi.org/10.3390/toxins10070287
http://doi.org/10.1038/ki.2009.402
http://www.ncbi.nlm.nih.gov/pubmed/19946322
http://doi.org/10.1016/j.cmet.2017.05.008
http://www.ncbi.nlm.nih.gov/pubmed/28625867
http://doi.org/10.1371/journal.pone.0025637
http://www.ncbi.nlm.nih.gov/pubmed/22046243
http://doi.org/10.1038/nature12726
http://www.ncbi.nlm.nih.gov/pubmed/24226773
http://doi.org/10.1016/j.mib.2016.10.003
http://www.ncbi.nlm.nih.gov/pubmed/27883933
http://doi.org/10.1074/jbc.M114.621771
http://www.ncbi.nlm.nih.gov/pubmed/25540199
http://doi.org/10.1016/j.celrep.2017.02.061
http://www.ncbi.nlm.nih.gov/pubmed/28297661
http://doi.org/10.3748/wjg.v21.i29.8787
http://doi.org/10.1007/s00018-019-03155-9
http://www.ncbi.nlm.nih.gov/pubmed/31147751
http://doi.org/10.1016/j.phrs.2019.104617
http://doi.org/10.1038/sj.ki.5000115
http://www.ncbi.nlm.nih.gov/pubmed/16421516
http://doi.org/10.1681/ASN.2013121283
http://www.ncbi.nlm.nih.gov/pubmed/25145928
http://doi.org/10.1186/s12882-019-1238-9
http://doi.org/10.1046/j.1523-1755.2003.00906.x
http://doi.org/10.1016/j.ajkd.2003.07.016
http://doi.org/10.1046/j.1523-1755.2003.00924.x
http://doi.org/10.1159/000360010
http://doi.org/10.7150/thno.45455
http://www.ncbi.nlm.nih.gov/pubmed/32641998
http://doi.org/10.1016/j.chom.2018.05.003
http://www.ncbi.nlm.nih.gov/pubmed/29902437

Toxins 2022, 14, 645 15 of 21

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Lee, J.H.; Lee, J. Indole as an intercellular signal in microbial communities. FEMS Microbiol. Rev. 2010, 34, 426—444. [CrossRef]
[PubMed]

Ma, Q.; Zhang, X.; Qu, Y. Biodegradation and Biotransformation of Indole: Advances and Perspectives. Front. Microbiol. 2018,
9, 2625. [CrossRef]

Gao, J; Xu, K;; Liu, H,; Liu, G.; Bai, M.; Peng, C.; Li, T.; Yin, Y. Impact of the gut microbiota on intestinal immunity mediated by
tryptophan metabolism. Front. Cell. Infect. Microbiol. 2018, 8, 13. [CrossRef]

Li, X.; Zhang, B.; Hu, Y.; Zhao, Y. New Insights Into Gut-Bacteria-Derived Indole and Its Derivatives in Intestinal and Liver
Diseases. Front. Pharmacol. 2021, 12, 769501. [CrossRef] [PubMed]

Su, X.; Gao, Y.; Yang, R. Gut Microbiota-Derived Tryptophan Metabolites Maintain Gut and Systemic Homeostasis. Cells 2022,
11, 2296. [CrossRef] [PubMed]

Martino, P.D.; Fursy, R.; Bret, L.; Sundararaju, B.; Phillips, R.S. Indole can act as an extracellular signal to regulate biofilm
formation of Escherichia coli and other indole-producing bacteria. Can. |. Microbiol. 2003, 49, 443—449. [CrossRef] [PubMed]
Lee, H.H.; Molla, M.N.; Cantor, C.R.; Collins, J.J. Bacterial charity work leads to population-wide resistance. Nature 2010, 467,
82-85. [CrossRef] [PubMed]

Chimerel, C.; Emery, E.; Summers, D.K.; Keyser, U.; Gribble, EM.; Reimann, F. Bacterial metabolite indole modulates incretin
secretion from intestinal enteroendocrine L cells. Cell Rep. 2014, 9, 1202-1208. [CrossRef] [PubMed]

Kumar, A.; Sperandio, V. Indole Signaling at the Host-Microbiota-Pathogen Interface. mBio 2019, 10, e01031-19. [CrossRef]

Ye, X,; Li, H.; Anjum, K.; Zhong, X.; Miao, S.; Zheng, G.; Liu, W.; Li, L. Dual Role of Indoles Derived From Intestinal Microbiota
on Human Health. Front. Immunol. 2022, 13, 903526. [CrossRef] [PubMed]

Paeslack, N.; Mimmler, M.; Becker, S.; Gao, Z.; Khuu, M.P.; Mann, A.; Malinarich, F.; Regen, T.; Reinhardt, C. Microbiota-derived
tryptophan metabolites in vascular inflammation and cardiovascular disease. Amino Acids 2022. [CrossRef] [PubMed]

Dvorak, Z.; Sokol, H.; Mani, S. Drug Mimicry: Promiscuous Receptors PXR and AhR, and Microbial Metabolite Interactions in
the Intestine. Trends Pharmacol. Sci. 2020, 41, 900-908. [CrossRef] [PubMed]

Vyhlidalova, B.; Krasulova, K.; Pe¢inkova, P.; Marcalikovd, A.; Vrzal, R.; Zemankov4, L.; Vanco, J.; Travni¢ek, Z.; Vondracek,
J.; Karasovd, M. Gut microbial catabolites of tryptophan are ligands and agonists of the aryl hydrocarbon receptor: A detailed
characterization. Int. . Mol. Sci. 2020, 21, 2614. [CrossRef] [PubMed]

Shinde, R.; McGaha, T.L. The Aryl Hydrocarbon Receptor: Connecting Immunity to the Microenvironment. Trends Immunol. 2018,
39, 1005-1020. [CrossRef] [PubMed]

Lamas, B.; Richard, M.L.; Leducq, V.; Pham, H.P,; Michel, M.L.; Da Costa, G.; Bridonneau, C.; Jegou, S.; Hoffmann, T.W.; Natividad,
J.M.; et al. CARD9 impacts colitis by altering gut microbiota metabolism of tryptophan into aryl hydrocarbon receptor ligands.
Nat. Med. 2016, 22, 598-605. [CrossRef] [PubMed]

Shah, K.; Maradana, M.R.; Joaquina Delas, M.; Metidji, A.; Graelmann, F; Llorian, M.; Chakravarty, P; Li, Y.; Tolaini, M.; Shapiro,
M.; et al. Cell-intrinsic Aryl Hydrocarbon Receptor signalling is required for the resolution of injury-induced colonic stem cells.
Nat. Commun. 2022, 13, 1827. [CrossRef] [PubMed]

Zhang, T.P; Li, R,; Li, H.M,; Xiang, N.; Tan, Z.; Wang, G.S.; Li, X.M. The Contribution of Genetic Variation and Aberrant
Methylation of Aryl Hydrocarbon Receptor Signaling Pathway Genes to Rheumatoid Arthritis. Front. Immunol. 2022, 13, 823863.
[CrossRef] [PubMed]

Curran, C.S.; Kopp, J.B. Aryl Hydrocarbon Receptor Mechanisms Affecting Chronic Kidney Disease. Front. Pharmacol. 2022,
13, 782199. [CrossRef] [PubMed]

Ma, X.; Idle, J.R.; Gonzalez, EJ. The pregnane X receptor: From bench to bedside. Expert Opin. Drug Metab. Toxicol. 2008, 4,
895-908. [CrossRef] [PubMed]

Venkatesh, M.; Mukherjee, S.; Wang, H.; Li, H.; Sun, K.; Benechet, A.P; Qiu, Z.; Maher, L.; Redinbo, M.R,; Phillips, R.S; et al.
Symbiotic bacterial metabolites regulate gastrointestinal barrier function via the xenobiotic sensor PXR and Toll-like receptor 4.
Immunity 2014, 41, 296-310. [CrossRef] [PubMed]

Owen, A; Chandler, B.; Back, D.J.; Khoo, S.H. Expression of pregnane-X-receptor transcript in peripheral blood mononuclear
cells and correlation with MDR1 mRNA. Antivir. Ther. 2004, 9, 819-821. [CrossRef] [PubMed]

Schote, A.B.; Turner, J.D.; Schiltz, J.; Muller, C.P. Nuclear receptors in human immune cells: Expression and correlations. Mol.
Immunol. 2007, 44, 1436-1445. [CrossRef] [PubMed]

Hu, G,; Xu, C,; Staudinger, J.L. Pregnane X receptor is SUMOylated to repress the inflammatory response. J. Pharmacol. Exp. Ther.
2010, 335, 342-350. [CrossRef] [PubMed]

Mencarelli, A.; Renga, B.; Palladino, G.; Claudio, D.; Ricci, P; Distrutti, E.; Barbanti, M.; Baldelli, F.; Fiorucci, S. Inhibition of
NF-kappaB by a PXR-dependent pathway mediates counter-regulatory activities of rifaximin on innate immunity in intestinal
epithelial cells. Eur. ]. Pharmacol. 2011, 668, 317-324. [CrossRef] [PubMed]

Shah, Y.M.; Ma, X.; Morimura, K.; Kim, I.; Gonzalez, EJ. Pregnane X receptor activation ameliorates DSS-induced inflammatory
bowel disease via inhibition of NF-kappaB target gene expression. Am. ]. Physiol. Gastrointest. Liver Physiol. 2007, 292,
G1114-G1122. [CrossRef] [PubMed]

Deuring, J.J.; Li, M.; Cao, W.; Chen, S.; Wang, W.; de Haar, C.; van der Woude, C.J.; Peppelenbosch, M. Pregnane X receptor
activation constrains mucosal NF-kappaB activity in active inflammatory bowel disease. PLoS ONE 2019, 14, €0221924. [CrossRef]
[PubMed]


http://doi.org/10.1111/j.1574-6976.2009.00204.x
http://www.ncbi.nlm.nih.gov/pubmed/20070374
http://doi.org/10.3389/fmicb.2018.02625
http://doi.org/10.3389/fcimb.2018.00013
http://doi.org/10.3389/fphar.2021.769501
http://www.ncbi.nlm.nih.gov/pubmed/34966278
http://doi.org/10.3390/cells11152296
http://www.ncbi.nlm.nih.gov/pubmed/35892593
http://doi.org/10.1139/w03-056
http://www.ncbi.nlm.nih.gov/pubmed/14569285
http://doi.org/10.1038/nature09354
http://www.ncbi.nlm.nih.gov/pubmed/20811456
http://doi.org/10.1016/j.celrep.2014.10.032
http://www.ncbi.nlm.nih.gov/pubmed/25456122
http://doi.org/10.1128/mBio.01031-19
http://doi.org/10.3389/fimmu.2022.903526
http://www.ncbi.nlm.nih.gov/pubmed/35784338
http://doi.org/10.1007/s00726-022-03161-5
http://www.ncbi.nlm.nih.gov/pubmed/35451695
http://doi.org/10.1016/j.tips.2020.09.013
http://www.ncbi.nlm.nih.gov/pubmed/33097284
http://doi.org/10.3390/ijms21072614
http://www.ncbi.nlm.nih.gov/pubmed/32283770
http://doi.org/10.1016/j.it.2018.10.010
http://www.ncbi.nlm.nih.gov/pubmed/30409559
http://doi.org/10.1038/nm.4102
http://www.ncbi.nlm.nih.gov/pubmed/27158904
http://doi.org/10.1038/s41467-022-29098-7
http://www.ncbi.nlm.nih.gov/pubmed/35383166
http://doi.org/10.3389/fimmu.2022.823863
http://www.ncbi.nlm.nih.gov/pubmed/35309329
http://doi.org/10.3389/fphar.2022.782199
http://www.ncbi.nlm.nih.gov/pubmed/35237156
http://doi.org/10.1517/17425255.4.7.895
http://www.ncbi.nlm.nih.gov/pubmed/18624678
http://doi.org/10.1016/j.immuni.2014.06.014
http://www.ncbi.nlm.nih.gov/pubmed/25065623
http://doi.org/10.1177/135965350400900510
http://www.ncbi.nlm.nih.gov/pubmed/15535420
http://doi.org/10.1016/j.molimm.2006.04.021
http://www.ncbi.nlm.nih.gov/pubmed/16837048
http://doi.org/10.1124/jpet.110.171744
http://www.ncbi.nlm.nih.gov/pubmed/20719936
http://doi.org/10.1016/j.ejphar.2011.06.058
http://www.ncbi.nlm.nih.gov/pubmed/21806984
http://doi.org/10.1152/ajpgi.00528.2006
http://www.ncbi.nlm.nih.gov/pubmed/17170021
http://doi.org/10.1371/journal.pone.0221924
http://www.ncbi.nlm.nih.gov/pubmed/31581194

Toxins 2022, 14, 645 16 of 21

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Velenosi, T.J.; Feere, D.A.; Sohi, G.; Hardy, D.B.; Urquhart, B.L. Decreased nuclear receptor activity and epigenetic modulation
associates with down-regulation of hepatic drug-metabolizing enzymes in chronic kidney disease. FASEB ]. 2014, 28, 5388-5397.
[CrossRef] [PubMed]

Yu, X.; Xu, M.; Meng, X,; Li, S.; Liu, Q.; Bai, M.; You, R.; Huang, S.; Yang, L.; Zhang, Y.; et al. Nuclear receptor PXR targets AKR1B7
to protect mitochondrial metabolism and renal function in AKI. Sci. Transl. Med. 2020, 12, eaay7591. [CrossRef]

Dong, F,; Hao, F.; Murray, L.A.; Smith, P.B.; Koo, I.; Tindall, A.M.; Kris-Etherton, PM.; Gowda, K.; Amin, S.G.; Patterson, A.D.;
et al. Intestinal microbiota-derived tryptophan metabolites are predictive of Ah receptor activity. Gut Microbes 2020, 12, 1-24.
[CrossRef]

Flaveny, C.A.; Murray, I.A.; Chiaro, C.R.; Perdew, G.H. Ligand selectivity and gene regulation by the human aryl hydrocarbon
receptor in transgenic mice. Mol. Pharm. 2009, 75, 1412-1420. [CrossRef] [PubMed]

Illes, P.; Krasulova, K.; Vyhlidalova, B.; Poulikova, K.; Marcalikova, A.; Pecinkova, P.; Sirotova, N.; Vrzal, R.; Mani, S.; Dvorak, Z.
Indole microbial intestinal metabolites expand the repertoire of ligands and agonists of the human pregnane X receptor. Toxicol.
Lett. 2020, 334, 87-93. [CrossRef] [PubMed]

Cui, H.; Gu, X;; Chen, |.; Xie, Y.; Ke, S.; Wu, ].; Golovko, A.; Morpurgo, B.; Yan, C.; Phillips, T.D.; et al. Pregnane X receptor
regulates the AhR/CyplA1 pathway and protects liver cells from benzo-[alpha]-pyrene-induced DNA damage. Toxicol. Lett.
2017, 275, 67-76. [CrossRef] [PubMed]

Jin, U.H.; Lee, S.O.; Sridharan, G.; Lee, K.; Davidson, L.A.; Jayaraman, A.; Chapkin, R.S.; Alaniz, R.; Safe, S. Microbiome-derived
tryptophan metabolites and their aryl hydrocarbon receptor-dependent agonist and antagonist activities. Mol. Pharm. 2014, 85,
777-788. [CrossRef]

Pascussi, ].M.; Gerbal-Chaloin, S.; Duret, C.; Daujat-Chavanieu, M.; Vilarem, M.].; Maurel, P. The tangle of nuclear receptors
that controls xenobiotic metabolism and transport: Crosstalk and consequences. Annu. Rev. Pharmacol. Toxicol. 2008, 48, 1-32.
[CrossRef]

Ishihara, Y.; Kado, S.Y.; Hoeper, C.; Harel, S.; Vogel, C.EA. Role of NF-kB RelB in Aryl Hydrocarbon Receptor-Mediated Ligand
Specific Effects. Int. . Mol. Sci. 2019, 20, 2652. [CrossRef]

Okamura, M.; Shizu, R.; Abe, T.; Kodama, S.; Hosaka, T.; Sasaki, T.; Yoshinari, K. PXR Functionally Interacts with NF-kappaB and
AP-1 to Downregulate the Inflammation-Induced Expression of Chemokine CXCL2 in Mice. Cells 2020, 9, 2296. [CrossRef]
Alatshan, A.; Benko, S. Nuclear Receptors as Multiple Regulators of NLRP3 Inflammasome Function. Front. Immunol. 2021,
12, 630569. [CrossRef]

Vanholder, R.; Pletinck, A.; Schepers, E.; Glorieux, G. Biochemical and Clinical Impact of Organic Uremic Retention Solutes: A
Comprehensive Update. Toxins 2018, 10, 33. [CrossRef] [PubMed]

Noce, A.; Marchetti, M.; Marrone, G.; Di Renzo, L.; Di Lauro, M.; Di Daniele, F.; Albanese, M.; Di Daniele, N.; De Lorenzo, A. Link
between gut microbiota dysbiosis and chronic kidney disease. Eur. Rev. Med. Pharmcol. Sci. 2022, 26, 2057-2074. [CrossRef]
Huang, Y.; Xin, W.; Xiong, ].; Yao, M.; Zhang, B.; Zhao, J. The Intestinal Microbiota and Metabolites in the Gut-Kidney-Heart Axis
of Chronic Kidney Disease. Front. Pharmacol. 2022, 13, 837500. [CrossRef]

Lau, W.L.; Kalantar-Zadeh, K.; Vaziri, N.D. The Gut as a Source of Inflammation in Chronic Kidney Disease. Nephron 2015, 130,
92-98. [CrossRef] [PubMed]

Meijers, B.; Farre, R.; Dejongh, S.; Vicario, M.; Evenepoel, P. Intestinal Barrier Function in Chronic Kidney Disease. Toxins 2018,
10, 298. [CrossRef]

Wilodarska, M.; Kostic, A.D.; Xavier, R.J. An integrative view of microbiome-host interactions in inflammatory bowel diseases.
Cell Host Microbe 2015, 17, 577-591. [CrossRef]

Williams, B.B.; Van Benschoten, A.H.; Cimermancic, P.; Donia, M.S.; Zimmermann, M.; Taketani, M.; Ishihara, A.; Kashyap,
P.C; Fraser, ].S.; Fischbach, M. A ; et al. Discovery and characterization of gut microbiota decarboxylases that can produce the
neurotransmitter tryptamine. Cell Host Microbe 2014, 16, 495-503. [CrossRef]

Whiteside, T.L. Inmune suppression in cancer: Effects on immune cells, mechanisms and future therapeutic intervention. In
Seminars in Cancer Biology; Elsevier: Amsterdam, The Netherlands, 2006.

Mizoguchi, A.; Yano, A.; Himuro, H.; Ezaki, Y.; Sadanaga, T.; Mizoguchi, E. Clinical importance of IL-22 cascade in IBD. ].
Gastroenterol. 2018, 53, 465-474. [CrossRef]

Shi, J.; Du, P; Xie, Q.; Wang, N.; Li, H.; Smith, E.E.; Li, C.; Liu, F; Huo, G.; Li, B. Protective effects of tryptophan-catabolizing
Lactobacillus plantarum KLDS 1.0386 against dextran sodium sulfate-induced colitis in mice. Food Funct. 2020, 11, 10736-10747.
[CrossRef]

Yokoyama, M.T.; Carlson, ].R. Microbial metabolites of tryptophan in the intestinal tract with special reference to skatole. Am. J.
Clin. Nutr. 1979, 32, 173-178. [CrossRef]

Zelante, T.; Iannitti, R.G.; Cunha, C.; De Luca, A.; Giovannini, G.; Pieraccini, G.; Zecchi, R.; D’Angelo, C.; Massi-Benedetti,
C.; Fallarino, F. Tryptophan catabolites from microbiota engage aryl hydrocarbon receptor and balance mucosal reactivity via
interleukin-22. Immunity 2013, 39, 372-385. [CrossRef] [PubMed]

Alexeev, E.E; Lanis, ].M.; Kao, D.J.; Campbell, E.L.; Kelly, C.J.; Battista, K.D.; Gerich, M.E.; Jenkins, B.R.; Walk, S.T.; Kominsky, D.J.
Microbiota-derived indole metabolites promote human and murine intestinal homeostasis through regulation of interleukin-10
receptor. Am. J. Pathol. 2018, 188, 1183-1194. [CrossRef] [PubMed]


http://doi.org/10.1096/fj.14-258780
http://www.ncbi.nlm.nih.gov/pubmed/25208844
http://doi.org/10.1126/scitranslmed.aay7591
http://doi.org/10.1080/19490976.2020.1788899
http://doi.org/10.1124/mol.109.054825
http://www.ncbi.nlm.nih.gov/pubmed/19299563
http://doi.org/10.1016/j.toxlet.2020.09.015
http://www.ncbi.nlm.nih.gov/pubmed/33002526
http://doi.org/10.1016/j.toxlet.2017.03.028
http://www.ncbi.nlm.nih.gov/pubmed/28428138
http://doi.org/10.1124/mol.113.091165
http://doi.org/10.1146/annurev.pharmtox.47.120505.105349
http://doi.org/10.3390/ijms20112652
http://doi.org/10.3390/cells9102296
http://doi.org/10.3389/fimmu.2021.630569
http://doi.org/10.3390/toxins10010033
http://www.ncbi.nlm.nih.gov/pubmed/29316724
http://doi.org/10.26355/eurrev_202203_28354
http://doi.org/10.3389/fphar.2022.837500
http://doi.org/10.1159/000381990
http://www.ncbi.nlm.nih.gov/pubmed/25967288
http://doi.org/10.3390/toxins10070298
http://doi.org/10.1016/j.chom.2015.04.008
http://doi.org/10.1016/j.chom.2014.09.001
http://doi.org/10.1007/s00535-017-1401-7
http://doi.org/10.1039/D0FO02622K
http://doi.org/10.1093/ajcn/32.1.173
http://doi.org/10.1016/j.immuni.2013.08.003
http://www.ncbi.nlm.nih.gov/pubmed/23973224
http://doi.org/10.1016/j.ajpath.2018.01.011
http://www.ncbi.nlm.nih.gov/pubmed/29454749

Toxins 2022, 14, 645 17 of 21

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Bansal, T.; Englert, D.; Lee, J.; Hegde, M.; Wood, TK.; Jayaraman, A. Differential Effects of Epinephrine, Norepinephrine, and
Indole on Escherichia coli O157:H7 Chemotaxis, Colonization, and Gene Expression. Infect. Immun. 2007, 75, 4597-4607. [CrossRef]
[PubMed]

Lee, J.; Jayaraman, A.; Wood, T.K. Indole is an inter-species biofilm signal mediated by SdiA. BMC Microbiol. 2007, 7,42. [CrossRef]
[PubMed]

Chimerel, C.; Field, C.M.; Pifiero-Fernandez, S.; Keyser, U.F,; Summers, D.K. Indole prevents Escherichia coli cell division by
modulating membrane potential. Biochim. Biophys. Acta (BBA)-Biomembr. 2012, 1818, 1590-1594. [CrossRef]

Field, C.M.; Summers, D.K. Indole inhibition of ColE1 replication contributes to stable plasmid maintenance. Plasmid 2012, 67,
88-94. [CrossRef]

Vega, N.M.; Allison, K.R.; Khalil, A.S.; Collins, J.J. Signaling-mediated bacterial persister formation. Nat. Chem. Biol. 2012, 8,
431-433. [CrossRef]

Bansal, T.; Alaniz, R.C.; Wood, T.K,; Jayaraman, A. The bacterial signal indole increases epithelial-cell tight-junction resistance
and attenuates indicators of inflammation. Proc. Natl. Acad. Sci. USA 2010, 107, 228-233. [CrossRef]

Aoki, R.; Aoki-Yoshida, A.; Suzuki, C.; Takayama, Y. Indole-3-Pyruvic Acid, an Aryl Hydrocarbon Receptor Activator, Suppresses
Experimental Colitis in Mice. J. Immunol. 2018, 201, 3683-3693. [CrossRef]

Ehrlich, A.M.; Pacheco, A.R.; Henrick, B.M.; Taft, D.; Xu, G.; Huda, M.N.; Mishchuk, D.; Goodson, M.L.; Slupsky, C.; Barile,
D.; et al. Indole-3-lactic acid associated with Bifidobacterium-dominated microbiota significantly decreases inflammation in
intestinal epithelial cells. BMC Microbiol. 2020, 20, 357. [CrossRef]

Wilodarska, M.; Luo, C.; Kolde, R.; d'Hennezel, E.; Annand, ].W.; Heim, C.E.; Krastel, P.; Schmitt, E.K.; Omar, A.S.; Creasey, E.A,;
et al. Indoleacrylic acid produced by commensal peptostreptococcus species suppresses inflammation. Cell Host Microbe 2017, 22,
25-37.e6. [CrossRef] [PubMed]

Davis, R.E. Exploring the effects of gut-derived microbial metabolites on expression of spi-1 genes and antimicrobial resistance
in salmonella typhimurium. 2013. Available online: https:/ /oaktrust.library.tamu.edu/handle/1969.1/157617 (accessed on 16
September 2022).

Su, X.; Zhang, M.; Qi, H.; Gao, Y.; Yang, Y.; Yun, H.; Zhang, Q.; Yang, X.; Zhang, Y.; He, ].; et al. Gut microbiota-derived metabolite
3-idoleacetic acid together with LPS induces IL-35+ B cell generation. Microbiome 2022, 10, 13. [CrossRef] [PubMed]

Ji, Y; Yin, W,; Liang, Y,; Sun, L.; Yin, Y.; Zhang, W. Anti-Inflammatory and Anti-Oxidative Activity of Indole-3-Acetic Acid
Involves Induction of HO-1 and Neutralization of Free Radicals in RAW264.7 Cells. Int. ]. Mol. Sci. 2020, 21, 1579. [CrossRef]
[PubMed]

Wu, PH,; Lin, Y.T.; Wu, P.Y,; Lee, H.H,; Lee, S.C.; Hung, S.C.; Chen, S.C.; Kuo, M.C.; Chiu, Y.W. Association between Circulation
Indole-3-Acetic Acid Levels and Stem Cell Factor in Maintenance Hemodialysis Patients: A Cross-Sectional Study. J. Clin. Med.
2020, 9, 124. [CrossRef] [PubMed]

Puccetti, M.; Pariano, M.; Borghi, M.; Barola, C.; Moretti, S.; Galarini, R.; Mosci, P.; Ricci, M.; Costantini, C.; Giovagnoli, S.
Enteric formulated indole-3-carboxaldehyde targets the aryl hydrocarbon receptor for protection in a murine model of metabolic
syndrome. Int. J. Pharm. 2021, 602, 120610. [CrossRef] [PubMed]

Vanholder, R.; Nigam, S.K.; Burtey, S.; Glorieux, G. What If Not All Metabolites from the Uremic Toxin Generating Pathways Are
Toxic? A Hypothesis. Toxins 2022, 14, 221. [CrossRef]

Sun, C.Y,; Lin, C.J.; Pan, H.C,; Lee, C.C; Lu, S.C.; Hsieh, Y.T.; Huang, S.Y.; Huang, H.Y. Clinical association between the metabolite
of healthy gut microbiota, 3-indolepropionic acid and chronic kidney disease. Clin. Nutr. 2019, 38, 2945-2948. [CrossRef]

Venu, V.K.P; Saifeddine, M.; Mihara, K.; Tsai, Y.-C.; Nieves, K.; Alston, L.; Mani, S.; McCoy, K.D.; Hollenberg, M.D.; Hirota, S.A.
The pregnane X receptor and its microbiota-derived ligand indole 3-propionic acid regulate endothelium-dependent vasodilation.
Am. ]. Physiol. Metab. 2019, 317, E350-E361. [CrossRef]

Zhao, Z.H.; Xin, FZ; Xue, Y.; Hu, Z.; Han, Y;; Ma, F; Zhou, D.; Liu, X.L.; Cui, A.; Liu, Z.; et al. Indole-3-propionic acid inhibits gut
dysbiosis and endotoxin leakage to attenuate steatohepatitis in rats. Exp. Mol. Med. 2019, 51, 1-14. [CrossRef]

Li, J.; Zhang, L.; Wu, T.; Li, Y.; Zhou, X.; Ruan, Z. Indole-3-propionic Acid Improved the Intestinal Barrier by Enhancing Epithelial
Barrier and Mucus Barrier. J. Agric. Food Chem. 2021, 69, 1487-1495. [CrossRef]

Borghi, M.; Pariano, M.; Solito, V.; Puccetti, M.; Bellet, M.M.; Stincardini, C.; Renga, G.; Vacca, C.; Sellitto, F.; Mosci, P; et al.
Targeting the Aryl Hydrocarbon Receptor With Indole-3-Aldehyde Protects From Vulvovaginal Candidiasis via the IL-22-1L-18
Cross-Talk. Front. Immunol. 2019, 10, 2364. [CrossRef] [PubMed]

Berstad, A.; Raa, J.; Valeur, ]. Indole—The scent of a healthy ‘inner soil’. Microb. Ecol. Health Dis. 2015, 26, 27997. [CrossRef]
[PubMed]

Whitfield-Cargile, C.M.; Cohen, N.D.; Chapkin, R.S.; Weeks, B.R.; Davidson, L.A.; Goldsby, ].S.; Hunt, C.L.; Steinmeyer, S.H.;
Menon, R.; Suchodolski, J.S.; et al. The microbiota-derived metabolite indole decreases mucosal inflammation and injury in a
murine model of NSAID enteropathy. Gut Microbes 2016, 7, 246-261. [CrossRef] [PubMed]

Powell, D.N.; Swimm, A.; Sonowal, R.; Bretin, A.; Gewirtz, A.T.; Jones, RM.; Kalman, D. Indoles from the commensal microbiota
act via the AHR and IL-10 to tune the cellular composition of the colonic epithelium during aging. Proc. Natl. Acad. Sci. USA
2020, 117,21519-21526. [CrossRef] [PubMed]


http://doi.org/10.1128/IAI.00630-07
http://www.ncbi.nlm.nih.gov/pubmed/17591798
http://doi.org/10.1186/1471-2180-7-42
http://www.ncbi.nlm.nih.gov/pubmed/17511876
http://doi.org/10.1016/j.bbamem.2012.02.022
http://doi.org/10.1016/j.plasmid.2011.11.004
http://doi.org/10.1038/nchembio.915
http://doi.org/10.1073/pnas.0906112107
http://doi.org/10.4049/jimmunol.1701734
http://doi.org/10.1186/s12866-020-02023-y
http://doi.org/10.1016/j.chom.2017.06.007
http://www.ncbi.nlm.nih.gov/pubmed/28704649
https://oaktrust.library.tamu.edu/handle/1969.1/157617
http://doi.org/10.1186/s40168-021-01205-8
http://www.ncbi.nlm.nih.gov/pubmed/35074011
http://doi.org/10.3390/ijms21051579
http://www.ncbi.nlm.nih.gov/pubmed/32106625
http://doi.org/10.3390/jcm9010124
http://www.ncbi.nlm.nih.gov/pubmed/31906560
http://doi.org/10.1016/j.ijpharm.2021.120610
http://www.ncbi.nlm.nih.gov/pubmed/33865951
http://doi.org/10.3390/toxins14030221
http://doi.org/10.1016/j.clnu.2018.11.029
http://doi.org/10.1152/ajpendo.00572.2018
http://doi.org/10.1038/s12276-019-0304-5
http://doi.org/10.1021/acs.jafc.0c05205
http://doi.org/10.3389/fimmu.2019.02364
http://www.ncbi.nlm.nih.gov/pubmed/31681274
http://doi.org/10.3402/mehd.v26.27997
http://www.ncbi.nlm.nih.gov/pubmed/26282698
http://doi.org/10.1080/19490976.2016.1156827
http://www.ncbi.nlm.nih.gov/pubmed/27007819
http://doi.org/10.1073/pnas.2003004117
http://www.ncbi.nlm.nih.gov/pubmed/32817517

Toxins 2022, 14, 645 18 of 21

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

120.

121.

Adesso, S.; Magnus, T.; Cuzzocrea, S.; Campolo, M.; Rissiek, B.; Paciello, O.; Autore, G.; Pinto, A.; Marzocco, S. Indoxyl Sulfate
Affects Glial Function Increasing Oxidative Stress and Neuroinflammation in Chronic Kidney Disease: Interaction between
Astrocytes and Microglia. Front. Pharmacol. 2017, 8, 370. [CrossRef]

Santana Machado, T.; Poitevin, S.; Paul, P.; McKay, N.; Jourde-Chiche, N.; Legris, T.; Mouly-Bandini, A.; Dignat-George, E,; Brunet,
P.; Masereeuw, R.; et al. Indoxyl Sulfate Upregulates Liver P-Glycoprotein Expression and Activity through Aryl Hydrocarbon
Receptor Signaling. . Am. Soc. Nephrol. 2018, 29, 906-918. [CrossRef]

Takkavatakarn, K.; Wuttiputinun, T.; Phannajit, J.; Praditpornsilpa, K.; Eiam-Ong, S.; Susantitaphong, P. Protein-bound uremic
toxin lowering strategies in chronic kidney disease: A systematic review and meta-analysis. |. Nephrol. 2021, 34, 1805-1817.
[CrossRef]

Viaene, L.; Annaert, P.; de Loor, H.; Poesen, R.; Evenepoel, P.; Meijers, B. Albumin is the main plasma binding protein for indoxyl
sulfate and p-cresyl sulfate. Biopharm. Drug Dispos. 2013, 34, 165-175. [CrossRef]

Marzocco, S.; Dal Piaz, F.; Di Micco, L.; Torraca, S.; Sirico, M.L.; Tartaglia, D.; Autore, G.; Di Iorio, B. Very Low Protein Diet
Reduces Indoxyl Sulfate Levels in Chronic Kidney Disease. Blood Purif. 2013, 35, 196-201. [CrossRef]

Black, A.P; Anjos, ].S.; Cardozo, L.; Carmo, EL.; Dolenga, C.J.; Nakao, L.S.; de Carvalho Ferreira, D.; Rosado, A.; Carraro Eduardo,
J.C.; Mafra, D. Does Low-Protein Diet Influence the Uremic Toxin Serum Levels From the Gut Microbiota in Nondialysis Chronic
Kidney Disease Patients? J. Ren. Nutr. 2018, 28, 208-214. [CrossRef]

Di Iorio, B.R.; Rocchetti, M.T.; De Angelis, M.; Cosola, C.; Marzocco, S.; Di Micco, L.; di Bari, I.; Accetturo, M.; Vacca, M.; Gobbetti,
M.; et al. Nutritional Therapy Modulates Intestinal Microbiota and Reduces Serum Levels of Total and Free Indoxyl Sulfate and
P-Cresyl Sulfate in Chronic Kidney Disease (Medika Study). J. Clin. Med. 2019, 8, 1424. [CrossRef] [PubMed]

Chen, Y.C; Wu, M.Y;; Hu, PJ.; Chen, T.T.; Shen, W.C.; Chang, W.C.; Wu, M.S. Effects and Safety of an Oral Adsorbent on Chronic
Kidney Disease Progression: A Systematic Review and Meta-Analysis. J. Clin. Med. 2019, 8, 1718. [CrossRef] [PubMed]
Puccetti, M.; Paolicelli, G.; Oikonomou, V.; De Luca, A.; Renga, G.; Borghi, M.; Pariano, M.; Stincardini, C.; Scaringi, L.; Giovagnoli,
S.; et al. Towards Targeting the Aryl Hydrocarbon Receptor in Cystic Fibrosis. Mediat. Inflamm. 2018, 2018, 1601486. [CrossRef]
[PubMed]

Samuelson, D.R.; Gu, M.; Shellito, J.E.; Molina, P.E.; Taylor, C.M.; Luo, M.; Welsh, D.A. Pulmonary immune cell trafficking
promotes host defense against alcohol-associated Klebsiella pneumonia. Commun. Biol. 2021, 4, 997. [CrossRef] [PubMed]
Lano, G.; Burtey, S.; Sallée, M. Indoxyl Sulfate, a Uremic Endotheliotoxin. Toxins 2020, 12, 229. [CrossRef] [PubMed]

Mo, Y.; Lu, Z.; Wang, L.; Ji, C.; Zou, C,; Liu, X. The Aryl Hydrocarbon Receptor in Chronic Kidney Disease: Friend or Foe? Front.
Cell Dev. Biol. 2020, 8, 589752. [CrossRef] [PubMed]

Lee, WJ]; Liu, S.H.; Chiang, C.K,; Lin, S.Y.; Liang, K.W.; Chen, C.H.; Tien, H.R.; Chen, PH.; Wu, J.P; Tsai, Y.C,; et al. Aryl
Hydrocarbon Receptor Deficiency Attenuates Oxidative Stress-Related Mesangial Cell Activation and Macrophage Infiltration
and Extracellular Matrix Accumulation in Diabetic Nephropathy. Antioxid. Redox Signal. 2016, 24, 217-231. [CrossRef] [PubMed]
Cremon, C.; Barbaro, M.R.; Ventura, M.; Barbara, G. Pre- and probiotic overview. Curr. Opin. Pharmacol. 2018, 43, 87-92.
[CrossRef] [PubMed]

Plata, C.; Cruz, C.; Cervantes, L.G.; Ramirez, V. The gut microbiota and its relationship with chronic kidney disease. Int. Urol.
Nephrol. 2019, 51, 2209-2226. [CrossRef] [PubMed]

Bengmark, S. Pre-, pro- and synbiotics. Curr. Opin. Clin. Nutr. Metab. Care 2001, 4, 571-579. [CrossRef] [PubMed]

Markowiak, P; Slizewska, K. Effects of Probiotics, Prebiotics, and Synbiotics on Human Health. Nutrients 2017, 9, 1021. [CrossRef]
[PubMed]

Salminen, S.; Collado, M.C.; Endo, A ; Hill, C.; Lebeer, S.; Quigley, EM.M.; Sanders, M.E.; Shamir, R.; Swann, ].R.; Szajewska, H.;
et al. The International Scientific Association of Probiotics and Prebiotics (ISAPP) consensus statement on the definition and
scope of postbiotics. Nat. Rev. Gastroenterol. Hepatol. 2021, 18, 649—-667. [CrossRef] [PubMed]

Luu, M.; Visekruna, A. Short-chain fatty acids: Bacterial messengers modulating the immunometabolism of T cells. Eur. ].
Immunol. 2019, 49, 842-848. [CrossRef] [PubMed]

Wrzosek, L.; Miquel, S.; Noordine, M.-L.; Bouet, S.; Chevalier-Curt, M.].; Robert, V.; Philippe, C.; Bridonneau, C.; Cherbuy, C.;
Robbe-Masselot, C. Bacteroides thetaiotaomicron and Faecalibacterium prausnitziiinfluence the production of mucus glycans
and the development of goblet cells in the colonic epithelium of a gnotobiotic model rodent. BMC Biol. 2013, 11, 61. [CrossRef]
[PubMed]

Levy, M.; Thaiss, C.A.; Elinav, E. Metabolites: Messengers between the microbiota and the immune system. Genes Dev. 2016, 30,
1589-1597. [CrossRef] [PubMed]

Finnie, I.A.; Dwarakanath, A.D.; Taylor, B.A.; Rhodes, ].M. Colonic mucin synthesis is increased by sodium butyrate. Gut 1995, 36,
93-99. [CrossRef] [PubMed]

Sakata, T.; Setoyama, H.J.C.B.; Physiology, PP.A. Local stimulatory effect of short-chain fatty acids on the mucus release from the
hindgut mucosa of rats (Rattus norvegicus). Physiol. Part A Physiol. 1995, 111, 429-432. [CrossRef]

Corfield, A.; Myerscough, N.; Longman, R.; Sylvester, P.; Arul, S.; Pignatelli, M. Mucins and mucosal protection in the gas-
trointestinal tract: New prospects for mucins in the pathology of gastrointestinal disease. Gut 2000, 47, 589-594. [CrossRef]
[PubMed]

Peng, L.; Li, Z.-R.; Green, R.S.; Holzman, L.R; Lin, J. Butyrate enhances the intestinal barrier by facilitating tight junction assembly
via activation of AMP-activated protein kinase in Caco-2 cell monolayers. J. Nutr. 2009, 139, 1619-1625. [CrossRef] [PubMed]


http://doi.org/10.3389/fphar.2017.00370
http://doi.org/10.1681/asn.2017030361
http://doi.org/10.1007/s40620-020-00955-2
http://doi.org/10.1002/bdd.1834
http://doi.org/10.1159/000346628
http://doi.org/10.1053/j.jrn.2017.11.007
http://doi.org/10.3390/jcm8091424
http://www.ncbi.nlm.nih.gov/pubmed/31510015
http://doi.org/10.3390/jcm8101718
http://www.ncbi.nlm.nih.gov/pubmed/31627462
http://doi.org/10.1155/2018/1601486
http://www.ncbi.nlm.nih.gov/pubmed/29670460
http://doi.org/10.1038/s42003-021-02524-0
http://www.ncbi.nlm.nih.gov/pubmed/34426641
http://doi.org/10.3390/toxins12040229
http://www.ncbi.nlm.nih.gov/pubmed/32260489
http://doi.org/10.3389/fcell.2020.589752
http://www.ncbi.nlm.nih.gov/pubmed/33415104
http://doi.org/10.1089/ars.2015.6310
http://www.ncbi.nlm.nih.gov/pubmed/26415004
http://doi.org/10.1016/j.coph.2018.08.010
http://www.ncbi.nlm.nih.gov/pubmed/30219638
http://doi.org/10.1007/s11255-019-02291-2
http://www.ncbi.nlm.nih.gov/pubmed/31576489
http://doi.org/10.1097/00075197-200111000-00019
http://www.ncbi.nlm.nih.gov/pubmed/11706296
http://doi.org/10.3390/nu9091021
http://www.ncbi.nlm.nih.gov/pubmed/28914794
http://doi.org/10.1038/s41575-021-00440-6
http://www.ncbi.nlm.nih.gov/pubmed/33948025
http://doi.org/10.1002/eji.201848009
http://www.ncbi.nlm.nih.gov/pubmed/31054154
http://doi.org/10.1186/1741-7007-11-61
http://www.ncbi.nlm.nih.gov/pubmed/23692866
http://doi.org/10.1101/gad.284091.116
http://www.ncbi.nlm.nih.gov/pubmed/27474437
http://doi.org/10.1136/gut.36.1.93
http://www.ncbi.nlm.nih.gov/pubmed/7890244
http://doi.org/10.1016/0300-9629(95)00033-4
http://doi.org/10.1136/gut.47.4.589
http://www.ncbi.nlm.nih.gov/pubmed/10986224
http://doi.org/10.3945/jn.109.104638
http://www.ncbi.nlm.nih.gov/pubmed/19625695

Toxins 2022, 14, 645 19 of 21

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Jung, TH.; Park, J.H.; Jeon, WM.; Han, K.S. Butyrate modulates bacterial adherence on L5174T human colorectal cells by
stimulating mucin secretion and MAPK signaling pathway. Nutr. Res. Pract. 2015, 9, 343-349. [CrossRef] [PubMed]

Miao, W.; Wu, X.; Wang, K.; Wang, W.; Wang, Y.; Li, Z; Liu, J; Li, L.; Peng, L. Sodium butyrate promotes reassembly of tight
junctions in Caco-2 monolayers involving inhibition of MLCK/MLC2 pathway and phosphorylation of PKC2. Int. J. Mol. Sci.
2016, 17, 1696. [CrossRef] [PubMed]

Yan, H.; Ajuwon, K.M. Butyrate modifies intestinal barrier function in IPEC-J2 cells through a selective upregulation of tight
junction proteins and activation of the Akt signaling pathway. PLos ONE 2017, 12, e0179586. [CrossRef] [PubMed]

Zheng, L.; Kelly, C.J.; Battista, K.D.; Schaefer, R.; Lanis, ] M.; Alexeev, E.E.; Wang, R.X.; Onyiah, J.C.; Kominsky, D.J.; Colgan, S.P.
Microbial-derived butyrate promotes epithelial barrier function through IL-10 receptor-dependent repression of claudin-2. J.
Immunol. 2017, 199, 2976-2984. [CrossRef]

Zhao, Y.; Chen, E; Wu, W,; Sun, M,; Bilotta, A.].; Yao, S.; Xiao, Y.; Huang, X.; Eaves-Pyles, T.D.; Golovko, G.].M.i. GPR43 medjiates
microbiota metabolite SCFA regulation of antimicrobial peptide expression in intestinal epithelial cells via activation of mTOR
and STAT3. Mucosal Immunol. 2018, 11, 752-762. [CrossRef]

Chen, J.; Zhao, K.N.; Vitetta, L. Effects of Intestinal Microbial-Elaborated Butyrate on Oncogenic Signaling Pathways. Nutrients
2019, 11, 1026. [CrossRef]

Chiavaroli, L.; Mirrahimi, A.; Sievenpiper, J.L.; Jenkins, D.J.A.; Darling, P.B. Dietary fiber effects in chronic kidney disease: A
systematic review and meta-analysis of controlled feeding trials. Eur. . Clin. Nutr. 2015, 69, 761-768. [CrossRef] [PubMed]
Prakash, S.; Chang, T. Microencapsulated genetically engineered live E. coli DH5 cells administered orally to maintain normal
plasma urea level in uremic rats. Nat. Med. 1996, 2, 883-887. [CrossRef] [PubMed]

Ranganathan, N.; Patel, B.G.; Ranganathan, P.; Marczely, J.; Dheer, R.; Pechenyak, B.; Dunn, S.R.; Verstraete, W.; Decroos, K.;
Mehta, R. In vitro and in vivo assessment of intraintestinal bacteriotherapy in chronic kidney disease. ASAIO J. 2006, 52, 70-79.
[CrossRef] [PubMed]

Andrade-Oliveira, V.; Amano, M.T.; Correa-Costa, M.; Castoldi, A.; Felizardo, R.J.; de Almeida, D.C.; Bassi, E.J.; Moraes-Vieira,
PM.; Hiyane, M.I;; Rodas, A.C. Gut bacteria products prevent AKI induced by ischemia-reperfusion. J. Am. Soc. Nephrol. 2015, 26,
1877-1888. [CrossRef] [PubMed]

Yang, J.; Li, Q.; Henning, S.M.; Zhong, J.; Hsu, M.; Lee, R; Long, J.; Chan, B.; Nagami, G.T.; Heber, D.; et al. Effects of Prebiotic
Fiber Xylooligosaccharide in Adenine-Induced Nephropathy in Mice. Mol. Nutr. Food Res. 2018, 62, 1800014. [CrossRef]
Lakshmanan, A.P; Al Za’abi, M.; Ali, B.H.; Terranegra, A. The influence of the prebiotic gum acacia on the intestinal microbiome
composition in rats with experimental chronic kidney disease. Biomed. Pharmacother. 2021, 133, 110992. [CrossRef]

Melekoglu, E.; Cetinkaya, M.A.; Kepekci-Tekkeli, S.E.; Kul, O.; Samur, G. Effects of prebiotic oligofructose-enriched inulin on
gut-derived uremic toxins and disease progression in rats with adenine-induced chronic kidney disease. PLoS ONE 2021, 16,
e0258145. [CrossRef] [PubMed]

Iwashita, Y.; Ohya, M.; Yashiro, M.; Sonou, T.; Kawakami, K.; Nakashima, Y.; Yano, T.; Iwashita, Y.; Mima, T.; Negi, S.; et al.
Dietary Changes Involving Bifidobacterium longum and Other Nutrients Delays Chronic Kidney Disease Progression. Am. J.
Nephrol. 2018, 47, 325-332. [CrossRef]

Jerez-Morales, A.; Merino, J.S.; Diaz-Castillo, S.T.; Smith, C.T.; Fuentealba, J.; Bernasconi, H.; Echeverria, G.; Garcia-Cancino,
A. The Administration of the Synbiotic Lactobacillus bulgaricus 6¢3 Strain, Inulin and Fructooligosaccharide Decreases the
Concentrations of Indoxyl Sulfate and Kidney Damage in a Rat Model. Toxins 2021, 13, 192. [CrossRef] [PubMed]

Yang, C.Y.; Chen, TW.; Lu, WL,; Liang, S.S.; Huang, H.D.; Tseng, C.P,; Tarng, D.C. Synbiotics Alleviate the Gut Indole Load and
Dysbiosis in Chronic Kidney Disease. Cells 2021, 10, 114. [CrossRef] [PubMed]

McFarlane, C.; Ramos, C.L; Johnson, D.W.; Campbell, K.L. Prebiotic, Probiotic, and Synbiotic Supplementation in Chronic Kidney
Disease: A Systematic Review and Meta-analysis. ]. Ren. Nutr. 2019, 29, 209-220. [CrossRef]

Pisano, A.; D’Arrigo, G.; Coppolino, G.; Bolignano, D. Biotic Supplements for Renal Patients: A Systematic Review and
Meta-Analysis. Nutrients 2018, 10, 1224. [CrossRef]

Liu, J.; Zhong, J.; Yang, H.; Wang, D.; Zhang, Y.; Yang, Y.; Xing, G.; Kon, V. Biotic Supplements in Patients With Chronic Kidney
Disease: Meta-Analysis of Randomized Controlled Trials. J. Ren. Nutr. 2022, 32, 10-21. [CrossRef]

Matsumoto, S.; Hara, T.; Hori, T.; Mitsuyama, K.; Nagaoka, M.; Tomiyasu, N.; Suzuki, A.; Sata, M. Probiotic Lactobacillus-induced
improvement in murine chronic inflammatory bowel disease is associated with the down-regulation of pro-inflammatory
cytokines in lamina propria mononuclear cells. Clin. Exp. Immunol. 2005, 140, 417-426. [CrossRef]

Ma, D.; Forsythe, P.; Bienenstock, J. Live Lactobacillus reuteri Is Essential for the Inhibitory Effect on Tumor Necrosis Factor
Alpha-Induced Interleukin-8 Expression. Infect. Immun. 2004, 72, 5308-5314. [CrossRef]

Mack, D.R.; Ahrne, S.; Hyde, L.; Wei, S.; Hollingsworth, M.A. Extracellular MUC3 mucin secretion follows adherence of
Lactobacillus strains to intestinal epithelial cells in vitro. Gut 2003, 52, 827-833. [CrossRef] [PubMed]

Gotteland, M.; Cruchet, S.; Verbeke, S. Effect of Lactobacillus ingestion on the gastrointestinal mucosal barrier alterations induced
by indometacin in humans. Aliment. Pharmacol. Ther. 2001, 15, 11-17. [CrossRef] [PubMed]

Schultz, M.; Timmer, A.; Herfarth, H.H.; Sartor, R.B.; Vanderhoof, J.A.; Rath, H.C. Lactobacillus GG in inducing and maintaining
remission of Crohn’s disease. BMC Gastroenterol. 2004, 4, 5. [CrossRef] [PubMed]


http://doi.org/10.4162/nrp.2015.9.4.343
http://www.ncbi.nlm.nih.gov/pubmed/26244071
http://doi.org/10.3390/ijms17101696
http://www.ncbi.nlm.nih.gov/pubmed/27735862
http://doi.org/10.1371/journal.pone.0179586
http://www.ncbi.nlm.nih.gov/pubmed/28654658
http://doi.org/10.4049/jimmunol.1700105
http://doi.org/10.1038/mi.2017.118
http://doi.org/10.3390/nu11051026
http://doi.org/10.1038/ejcn.2014.237
http://www.ncbi.nlm.nih.gov/pubmed/25387901
http://doi.org/10.1038/nm0896-883
http://www.ncbi.nlm.nih.gov/pubmed/8705857
http://doi.org/10.1097/01.mat.0000191345.45735.00
http://www.ncbi.nlm.nih.gov/pubmed/16436893
http://doi.org/10.1681/ASN.2014030288
http://www.ncbi.nlm.nih.gov/pubmed/25589612
http://doi.org/10.1002/mnfr.201800014
http://doi.org/10.1016/j.biopha.2020.110992
http://doi.org/10.1371/journal.pone.0258145
http://www.ncbi.nlm.nih.gov/pubmed/34614017
http://doi.org/10.1159/000488947
http://doi.org/10.3390/toxins13030192
http://www.ncbi.nlm.nih.gov/pubmed/33800029
http://doi.org/10.3390/cells10010114
http://www.ncbi.nlm.nih.gov/pubmed/33435396
http://doi.org/10.1053/j.jrn.2018.08.008
http://doi.org/10.3390/nu10091224
http://doi.org/10.1053/j.jrn.2021.08.005
http://doi.org/10.1111/j.1365-2249.2005.02790.x
http://doi.org/10.1128/IAI.72.9.5308-5314.2004
http://doi.org/10.1136/gut.52.6.827
http://www.ncbi.nlm.nih.gov/pubmed/12740338
http://doi.org/10.1046/j.1365-2036.2001.00898.x
http://www.ncbi.nlm.nih.gov/pubmed/11136273
http://doi.org/10.1186/1471-230X-4-5
http://www.ncbi.nlm.nih.gov/pubmed/15113451

Toxins 2022, 14, 645 20 of 21

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Marteau, P.; Lémann, M.; Seksik, P,; Laharie, D.; Colombel, J.E,; Bouhnik, Y.; Cadiot, G.; Soulé, ].C.; Bourreille, A.; Metman, E.; et al.
Ineffectiveness of Lactobacillus johnsonii LA1 for prophylaxis of postoperative recurrence in Crohn’s disease: A randomised,
double blind, placebo controlled GETAID trial. Gut 2006, 55, 842-847. [CrossRef] [PubMed]

Shiba, T.; Aiba, Y.; Ishikawa, H.; Ushiyama, A.; Takagi, A.; Mine, T.; Koga, Y. The Suppressive Effect of Bifidobacteria on
Bacteroides vulgatus, a Putative Pathogenic Microbe in Inflammatory Bowel Disease. Microbiol. Immunol. 2003, 47, 371-378.
[CrossRef]

McCarthy, J.; O’'Mahony, L.; O’Callaghan, L.; Sheil, B.; Vaughan, E.E.; Fitzsimons, N.; Fitzgibbon, J.; O’Sullivan, G.C.; Kiely, B.;
Collins, ].K.; et al. Double blind, placebo controlled trial of two probiotic strains in interleukin 10 knockout mice and mechanistic
link with cytokine balance. Gut 2003, 52, 975-980. [CrossRef]

Setoyama, H.; Imaoka, A.; Ishikawa, H.; Umesaki, Y. Prevention of gut inflammation by Bifidobacterium in dextran sulfate-treated
gnotobiotic mice associated with Bacteroides strains isolated from ulcerative colitis patients. Microbes Infect. 2003, 5, 115-122.
[CrossRef]

Matsumoto, S.; Watanabe, N.; Imaoka, A.; Okabe, Y. Preventive effects of Bifidobacterium- and Lactobacillus-fermented milk on
the development of inflammatory bowel disease in senescence-accelerated mouse P1/Yit strain mice. Digestion 2001, 64, 92-99.
[CrossRef]

Rachmilewitz, D.; Katakura, K.; Karmeli, F.; Hayashi, T.; Reinus, C.; Rudensky, B.; Akira, S.; Takeda, K.; Lee, J.; Takabayashi,
K.; et al. Toll-like receptor 9 signaling mediates the anti-inflammatory effects of probiotics in murine experimental colitis.
Gastroenterology 2004, 126, 520-528. [CrossRef]

Caballero-Franco, C.; Keller, K.; De Simone, C.; Chadee, K. The VSL#3 probiotic formula induces mucin gene expression and
secretion in colonic epithelial cells. Am. J. Physiol. Gastrointest. Liver Physiol. 2007, 292, G315-G322. [CrossRef]

Gaudier, E.; Michel, C.; Segain, J.P.; Cherbut, C.; Hoebler, C. The VSL# 3 probiotic mixture modifies microflora but does not heal
chronic dextran-sodium sulfate-induced colitis or reinforce the mucus barrier in mice. J. Nutr. 2005, 135, 2753-2761. [CrossRef]
[PubMed]

Bibiloni, R.; Fedorak, R.N.; Tannock, G.W.; Madsen, K.L.; Gionchetti, P.; Campieri, M.; De Simone, C.; Sartor, R.B. VSL#3
probiotic-mixture induces remission in patients with active ulcerative colitis. Am. |. Gastroenterol. 2005, 100, 1539-1546. [CrossRef]
[PubMed]

Kanauchi, O.; Agata, K. Protein, and dietary fiber-rich new foodstuff from Brewer’s Spent grain increased exceretion of faeces
and jejunum mucosal protein content in rats. Biosci. Biotechnol. Biochem. 1997, 61, 29-33. [CrossRef] [PubMed]

Kanauchi, O.; Iwanaga, T.; Andoh, A.; Araki, Y.; Nakamura, T.; Mitsuyama, K.; Suzuki, A.; Hibi, T.; Bamba, T. Dietary fiber
fraction of germinated barley foodstuff attenuated mucosal damage and diarrhea, and accelerated the repair of the colonic
mucosa in an experimental colitis. Acta Odontol. Scand. 2001, 16, 160-168. [CrossRef] [PubMed]

Araki, Y.; Koyama, S.; Fujiyama, Y.; Kanauchi, O.; Bamba, T. Effects of germinated barley foodstuff on microflora and short chain
fatty acid production in dextran sulfate sodium-induced colitis in rats. Biosci. Biotechnol. Biochem 2000, 64, 1794-1800. [CrossRef]
Kanauchi, O.; Nakamura, T.; Agata, K.; Mitsuyama, K.; Iwanaga, T. Effects of germinated barley foodstuff on dextran sulfate
sodium-induced colitis in rats. . Gastroenterol. 1998, 33, 179-188. [CrossRef]

Araki, Y.; Kanauchi, O.; Sugihara, H.; Fujiyama, Y.; Hattori, T. Germinated barley foodstuff suppresses dextran sulfate experimen-
tal colitis in rats: The role of mast cells. Int. ]. Mol. Med. 2007, 19, 257-262. [CrossRef]

Le Blay, G.; Michel, C.; Blottiere, H.M.; Cherbut, C. Prolonged intake of fructo-oligosaccharides induces a short-term elevation of
lactic acid-producing bacteria and a persistent increase in cecal butyrate in rats. J. Nutr. 1999, 129, 2231-2235. [CrossRef]
Cherbut, C.; Michel, C.; Lecannu, G. The prebiotic characteristics of fructooligosaccharides are necessary for the reduction of
TNBS-induced colitis in rats. J. Nutr. 2003, 133, 21-27. [CrossRef]

Moreau, N.M.; Martin, L.J.; Toquet, C.S.; Laboisse, C.L.; Nguyen, P.G.; Siliart, B.S.; Dumon, H.J.; Champ, M.M. Restoration of the
integrity of rat caeco-colonic mucosa by resistant starch, but not by fructo-oligosaccharides, in dextran sulfate sodium-induced
experimental colitis. Br. J. Nutr. 2003, 90, 75-85. [CrossRef]

Lara-Villoslada, F; Debras, E.; Nieto, A.; Concha, A.; Galvez, ].; Lopez-Huertas, E.; Boza, J.; Obled, C.; Xaus, J. Oligosaccharides
isolated from goat milk reduce intestinal inflammation in a rat model of dextran sodium sulfate-induced colitis. Clin. Nutr. 2006,
25,477-488. [CrossRef] [PubMed]

Lindsay, J.O.; Whelan, K.; Stagg, A.].; Gobin, P.; Al-Hassi, H.O.; Rayment, N.; Kamm, M.A_; Knight, S.C.; Forbes, A. Clinical,
microbiological, and immunological effects of fructo-oligosaccharide in patients with Crohn’s disease. Gut 2006, 55, 348-355.
[CrossRef] [PubMed]

Roberfroid, M. Dietary fiber, inulin, and oligofructose: A review comparing their physiological effects. Crit. Rev. Food Sci. Nutr.
1993, 33, 103-148. [CrossRef] [PubMed]

De Preter, V.; Vanhoutte, T.; Huys, G.; Swings, J.; De Vuyst, L.; Rutgeerts, P.; Verbeke, K. Effects of Lactobacillus casei Shirota,
Bifidobacterium breve, and oligofructose-enriched inulin on colonic nitrogen-protein metabolism in healthy humans. Am. .
Physiol. Gastrointest. Liver Physiol. 2007, 292, G358-G368. [CrossRef]

Hoentjen, E; Welling, G.W.; Harmsen, H.].; Zhang, X,; Snart, ].; Tannock, G.W.; Lien, K.; Churchill, T.A.; Lupicki, M.; Dieleman,
L.A. Reduction of colitis by prebiotics in HLA-B27 transgenic rats is associated with microflora changes and immunomodulation.
Inflamm. Bowel Dis. 2005, 11, 977-985. [CrossRef]


http://doi.org/10.1136/gut.2005.076604
http://www.ncbi.nlm.nih.gov/pubmed/16377775
http://doi.org/10.1111/j.1348-0421.2003.tb03368.x
http://doi.org/10.1136/gut.52.7.975
http://doi.org/10.1016/S1286-4579(02)00080-1
http://doi.org/10.1159/000048846
http://doi.org/10.1053/j.gastro.2003.11.019
http://doi.org/10.1152/ajpgi.00265.2006
http://doi.org/10.1093/jn/135.12.2753
http://www.ncbi.nlm.nih.gov/pubmed/16317116
http://doi.org/10.1111/j.1572-0241.2005.41794.x
http://www.ncbi.nlm.nih.gov/pubmed/15984978
http://doi.org/10.1271/bbb.61.29
http://www.ncbi.nlm.nih.gov/pubmed/9028033
http://doi.org/10.1046/j.1440-1746.2001.02427.x
http://www.ncbi.nlm.nih.gov/pubmed/11207896
http://doi.org/10.1271/bbb.64.1794
http://doi.org/10.1007/s005350050067
http://doi.org/10.3892/ijmm.19.2.257
http://doi.org/10.1093/jn/129.12.2231
http://doi.org/10.1093/jn/133.1.21
http://doi.org/10.1079/BJN2003867
http://doi.org/10.1016/j.clnu.2005.11.004
http://www.ncbi.nlm.nih.gov/pubmed/16375993
http://doi.org/10.1136/gut.2005.074971
http://www.ncbi.nlm.nih.gov/pubmed/16162680
http://doi.org/10.1080/10408399309527616
http://www.ncbi.nlm.nih.gov/pubmed/8257475
http://doi.org/10.1152/ajpgi.00052.2006
http://doi.org/10.1097/01.MIB.0000183421.02316.d5

Toxins 2022, 14, 645 21 of 21

168.

169.

170.

171.

172.

173.

Gibson, G.R.; Roberfroid, M.B. Dietary modulation of the human colonic microbiota: Introducing the concept of prebiotics. J.
Nutr. 1995, 125, 1401-1412. [CrossRef]

Singh, B. Psyllium as therapeutic and drug delivery agent. Int. J. Pharm. 2007, 334, 1-14. [CrossRef]

Rodriguez-Cabezas, M.E.; Gélvez, J.; Camuesco, D.; Lorente, M.D.; Concha, A.; Martinez-Augustin, O.; Redondo, L.; Zarzuelo,
A. Intestinal anti-inflammatory activity of dietary fiber (Plantago ovata seeds) in HLA-B27 transgenic rats. Clin. Nutr. 2003, 22,
463-471. [CrossRef]

Furrie, E.; Macfarlane, S.; Kennedy, A.; Cummings, J.H.; Walsh, S.V.; O'Neil, D.A.; Macfarlane, G.T. Synbiotic therapy (Bifidobac-
terium longum/Synergy 1) initiates resolution of inflammation in patients with active ulcerative colitis: A randomised controlled
pilot trial. Gut 2005, 54, 242-249. [CrossRef]

Fujimori, S.; Gudis, K.; Mitsui, K.; Seo, T.; Yonezawa, M.; Tanaka, S.; Tatsuguchi, A.; Sakamoto, C. A randomized controlled trial
on the efficacy of synbiotic versus probiotic or prebiotic treatment to improve the quality of life in patients with ulcerative colitis.
Nutrition 2009, 25, 520-525. [CrossRef]

Ishikawa, H.; Matsumoto, S.; Ohashi, Y.; Imaoka, A.; Setoyama, H.; Umesaki, Y.; Tanaka, R.; Otani, T. Beneficial Effects of Probiotic
Bifidobacterium and Galacto-Oligosaccharide in Patients with Ulcerative Colitis: A Randomized Controlled Study. Digestion
2011, 84, 128-133. [CrossRef] [PubMed]


http://doi.org/10.1093/jn/125.6.1401
http://doi.org/10.1016/j.ijpharm.2007.01.028
http://doi.org/10.1016/S0261-5614(03)00045-1
http://doi.org/10.1136/gut.2004.044834
http://doi.org/10.1016/j.nut.2008.11.017
http://doi.org/10.1159/000322977
http://www.ncbi.nlm.nih.gov/pubmed/21525768

	Introduction 
	Origins and Distribution of Tryptophan Catabolites 
	Tryptophan Catabolites, AhR, and PXR 
	The Role of Tryptophan Catabolites in Gut Health and CKD 
	Dietary Interventions Targeting Tryptophan Catabolites 
	Future Perspectives 
	Conclusions 
	References

