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SUMMARY

Gut microbial metabolites produced proximal to intestinal
barrier regulate numerous host responsive activities. Cur-

rent review article highlights recent advances in the area of
gut metabolites and their impact on gut barrier function as
well as their potential translational applications in regu-
lating various disorders.

The human gastrointestinal tract (GI) harbors a diverse
population of microbial life that continually shapes host
pathophysiological responses. Despite readily available
abundant metagenomic data, the functional dynamics of
gut microbiota remain to be explored in various health and
disease conditions. Microbiota generate a variety of me-
tabolites from dietary products that influence host health
and pathophysiological functions. Since gut microbial me-
tabolites are produced in close proximity to gut epithe-
lium, presumably they have significant impact on gut
barrier function and immune responses. The goal of this
review is to discuss recent advances on gut microbial me-
tabolites in the regulation of intestinal barrier function.
While the mechanisms of action of these metabolites are
only beginning to emerge, they mainly point to a small
group of shared pathways that control gut barrier func-
tions. Amidst expanding technology and broadening
knowledge, exploitation of beneficial microbiota and their
metabolites to restore pathophysiological balance will
likely prove to be an extremely useful remedial tool. (Cell
Mol Gastroenterol Hepatol 2021;11:1463-1482; https://
doi.org/10.1016/j.jcmgh.2021.02.007)
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H umans and microbes have coevolved over millions of
years, thereby contributing to the interdependency of
host and microbiota physiological activities." Diverse interac-
tive associations of host cells and microbes lead to mild to se-
vere cellular and molecular responses depending on the status
of host pathophysiological conditions. Deciphering the under-
lying relationship between the microbial community and hu-
man health provides a unique opportunity to utilize microbes
and their metabolic products to prevent and treat numerous
human disorders as well as maintain overall health. Increasing
culture-independent omic-based technologies such as

biomarker sequencing, metagenomics, metatranscriptomics,
metaproteomics, and metabolomics have facilitated the dis-
covery of novel functional dynamics of microbiota® ° and their
relationship with host pathophysiology.®

The human gut harbors abundant microbes
(~10'2-10"3) that play an important role in homeostatic
mechanisms leading to the regulation of numerous physio-
logical activities both in health and disease. Microbiota
significantly influence the functions of the intestinal barrier
that separates internal organs from harmful entities
including microorganisms, luminal antigens, and luminal
proinflammatory factors. Intestinal barrier function is
compromised (barrier dysfunction) in several disease con-
ditions leading to an increased translocation of bacteria,
endotoxins, and other inflammatory mediators. Gut barrier
dysfunction is associated with systemic inflammatory
response resulting in aggravation of the pathophysiological
status of underlying diseases. Recent studies have shown a
significant correlation between gut barrier dysfunction with
various gastrointestinal disease conditions such as inflam-
matory bowel disease (IBD), irritable bowel syndrome (IBS),
and celiac disease. Gut barrier dysfunction is also strongly
correlated with other autoimmune, inflammatory, and
metabolic diseases such as diabetes, obesity, atheroscle-
rosis, heart failure, hypertension, and food allergies, as well
as with cancer.'®' It has been reported that various
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external factors like alcohol, nonsteroidal anti-inflammatory
drugs, and specific pathogens can directly alter gut barrier
function contributing to the pathogenesis of various dis-
eases.'*"'* The imbalance of microbes in the gut (microbial
dysbiosis) has been also linked with gut barrier dysfunction
and an immature immune system, leading to wide spectrum
of intestinal, hepatic, and neurological disorders.'®> '8
Studies have revealed that fecal microbiota transplantation
(FMT) from healthy hosts are positively correlated with
disease reversal, especially those stemming from gut barrier
dysfunction like IBD, IBS, celiac disease, and Clostridium
difficile infections."**°

One of the major functions of the gut microbiota is meta-
bolism of dietary components leading to the generation of
active metabolites that directly regulate human physiology
including gut barrier function.”' Recent studies have explored
the impact of microbial metabolites in restoration of healthy
intestinal barrier function separate from their effects on im-
mune cell functions.” ** Detailed mechanisms are yet to be
elucidated, but knowledge concerning the functional activities
of metabolites on gut barrier function and the immune system
is expanding gradually. Exploiting microbial metabolites to
restore gut barrier integrity will prove to be an extremely
useful remedial tool against several pathophysiological con-
ditions. In this review, we discuss how the intestinal micro-
biota and their metabolites reinforce gut barrier function via
bi-directional interactions with gut epithelial cells. Further,
we will discuss potential treatment strategies to mitigate gut
barrier dysfunction in various disorders.
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Gut Barrier and Intestinal Epithelial Cell
Junctions

The gut barrier is composed of 3 main interlinked/
interdependent layers that provides a physical barrier
against bacterial intrusion from the gut lumen. These
include the luminal mucus layer, the gut epithelial layer
formed by a continuous sheet of epithelial cells, and a third,
internal layer that forms the mucosal immune system. The
gut barrier acts as a physical and immunological defense
against luminal microorganisms, viruses, food antigens, and
environmental toxins. The barrier is selectively permeable
to allow for translocation of essential dietary nutrients,
electrolytes, amino acids, short-chain fatty acids (SCFAs),
sugars, water, and select microbial metabolites from the
intestinal lumen into the circulation. The gut epithelial
barrier is composed of a single cell layer epithelial cells
interspersed with functionally specialized differentiated
epithelial cells. These include enterocytes, Paneth cells,
goblet cells, tuft cells, enteroendocrine cells, and microfold
cells, which together form a continuous and polarized
monolayer leading to the separation of the lumen from
lamina propria (Table 1). Among these, Paneth cells and
microfold cells are only present in the small intestine,
whereas enterocytes, goblet cells, and enteroendocrine and
tuft cells are present in both the small intestine and colon,
reviewed previously.””?” The mucus layer’®*° and
different types of intestinal cells play important and distinct
roles in maintaining gut barrier function and homeostasis.

Table 1.Cell Types in Intestinal Barrier and Their Role in Barrier Function

Cell types

Role in gut barrier function

Enterocytes (small intestine,
colon)

Paneth cells (small intestine) Source of AMPs.

Goblet cells (small intestine)

Responsible for physical barrier through junctional protein complexes.

Nutrient absorption and metabolization.

Balance of epithelial shedding.

Secretion of antimicrobial agents.

Changes in expression/localization of junction proteins regulate gut barrier permeability.

Directly can sense microbes and critical for gut homeostasis.
Paneth cell dysfunction triggers inflammation and gut barrier dysfunction.
Lack of Paneth cells leads to necrotizing enterocolitis both in humans and mice.

Produce and release MUCs, the mucus forming glycoprotein to maintain mucosal barrier.

e Lack of MUC2 or O-glycan or N-glycosylation lead to severe gut barrier dysfunction and generate

susceptibility to colitis.
Tuft cells (small intestine, colon)

Secrete IL-25 leading to release of IL-13 from type 2 innate lymphoid cells (ILC2) to promote goblet

cell hyperplasia and mucin production.

Enteroendocrine cells (small
intestine, colon)

Detect helminth infection and expulse.

Secret hormones such as GLP-2.
e GLP-2 induces of TJ proteins such as ZO-1 and occludin and attenuates TNF-a-induced changes in

TJ proteins in colon epithelial cells.
e GLP-2 enhances epithelial cell wound healing in TGF-3-dependent manner.

M cells (small intestine)

Antigen uptake.

o M cell damage, during chronic inflammatory conditions elevates uptake of microorganisms amplifying
the inflammatory condition leading to increased gut barrier dysfunction.

AMP, antimicrobial peptide; GLP-2, glucagon-like peptide-2; M cell, microfold cell; MUC, mucin; TGF-g, transforming growth

factor beta; TJ, tight junction; TNF-«, tumor necrosis factor alpha.



2021

Intestinal epithelial cells (IECs) allow for selective
penetration of nutrients, water, and electrolytes while
simultaneously excluding microbial pathogen-associated
molecular pattern, toxins, and foreign antigens.’’ Enter-
ocytes connect with each other in a continuous epithelial
cell layer via adhesive junctional proteins that make up tight
junction (TJ) proteins, adherens junction (A]) proteins, gap
junction proteins, and desmosomes (Table 2).°*"*? These
protein complexes not only mechanically secure extracel-
lular cell to cell interactions, but also regulate intracellular
adaptor protein-mediated interactions within gut epithelial
cells. Epithelial cells tightly regulate paracellular (space
between cells) and transcellular (through cell) permeability
by posttranslational modifications of TJ proteins.**° TJ
proteins are located on the apical side of the epithelial layer
and form a continuous belt-like ring at the junction between
the apical membrane and lateral membrane. T] proteins
consist of over 50 proteins that are crucial for maintaining
cell-to-cell adhesion and gut barrier health.*° Some of the TJ
proteins are composed of tetraspan or single-span trans-
membrane proteins that link to intracellular cytoskeletal
proteins.>” TJ proteins such as occludin (OCLN), claudin
(CLDN), and tricellulin are tetraspan transmembrane pro-
teins, whereas junctional adhesion molecules are single-
span transmembrane proteins.**~*' Other TJ proteins such
as zonula occludens (Z0O) proteins (Z0-1, Z0-2, and Z0-3)
consist of intracellular scaffold proteins. The postsynaptic
density protein-95/Drosophila disc large tumor suppressor/
Z0-1 protein (PDZ) binding domains of plaque proteins (ZO-
1, Z0-2, Z0-3) link the cytoskeletal proteins (eg, F-actin) and
T] complex.42 T] seals are generally formed when the
extracellular domains of transmembrane T] proteins anas-
tomose with adjacent cells. T] proteins regulate transport
molecules based on their size/charge through the para-
cellular space. Adherence junctions and desmosomes pri-
marily contribute mechanical contacts between adjacent
cells. The physiological structures, properties, and functions
of the gut epithelial junctional protein complexes have been
extensively reviewed elsewhere.”* *%
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The functional or physical disruption of TJ, AJ, and gap
junction proteins and desmosomes leads to increased gut
permeability causing dysregulated translocation/trans-
portation of inflammatory mediators, which potentially
manifests as chronic gut inflammation. Increased inflam-
mation further perpetuates the disruption of T] proteins
leading to increased permeability. The following sections
will describe gut barrier dysfunction and impact of gut
microbiota and their metabolites in the regulation of the gut
barrier and its altered state in various inflammatory
disorders.

Gut Barrier Dysfunction

Defective gut epithelial barrier function in combination
with immune dysregulation is associated with several
gastrointestinal tract-related disorders including but not
limited to IBD, IBS, drug-induced toxicity, and colon cancer.
Increased gut barrier permeability occurs through dysre-
gulation of epithelial apoptosis/enterocyte death, mucus
degradation, and increased paracellular permeability due to
disruption of TJs. These pathways are independently regu-
lated and functional consequences are distinct from each
other. The following section describes the mechanisms and
potential factors responsible for barrier dysfunction.

TJ-Mediated Paracellular Permeability

As described in previous sections, T] proteins are
responsible for paracellular transport and selective gut
barrier permeability. It was reported that solutes and water
cross TJs through 2 distinct pathways based on their size
and charge selectivity: the pore pathway*®° and the leak
pathway.*®”! The pore pathway is exclusively size and
charge selective and excludes molecules with a diameter <8
A and is a high-conductance route. CLDN-2 as well as CLDNs
10a, 10b, 15, 16, and 17 were shown to play critical role in
the pore pathway. In contrast to the pore pathway, the leak
pathway allows macromolecule flux with an exclusion limit
of ~100 A with lower conductance.”’ The leak pathway is

Table 2.Structural Components of Intestinal Epithelial Cells and Gut Barrier Function

Structural
components Junctional proteins Examples of junctional protein-mediated intestinal barrier dysfunction
Tight junction Z0, occludin, claudins, o IFN-y and TNF-a mediated organization of several TJ proteins such as ZO-1, claudin-1,
proteins tricellulin, JAM claudin-4, occluding, and JAM-A downregulate intestinal epithelial barrier function.

e Downregulation of claudin-3, claudin-4, claudin-5, and claudin-8 and increased claudin-2
expression and MLCK phosphorylation are reported to be associated with gut barrier
function.

Adherens junction Cadherins, catenins e Downregulated E-cadherin—catenin complex mediates the impairment of the integrity of
proteins mucosal barrier.
Desmosome Desmoglein, e Desmoglein 2 (Dsg2) deficiency leads to the loss of intestinal epithelial barrier integrity.

desmocollins
Gap junctions

Connexin e Connexin-43 plays a role in intercellular communication mediated by extracellular vesi-

cles, tunneling nanotubes and gap junctions.

IFN-v, interferon gamma; JAM, junctional adhesion molecules; MLCK, myosin light-chain kinase; TNF-«, tumor necrosis facto

alpha; ZO, zonula occludens.
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believed to be regulated by myosin light-chain kinase
(MLCK), where constitutively active MLCK is sufficient to
increase the leak pathway-dependent permeability both
in vitro and in vivo.”*>*® It was reported that MLCK, OCLN,
and ZO0-1 like T] proteins play an important role in regula-
tion of the leak pathway.”* Detailed discussions of para-
cellular permeability and potential mechanisms have been
published.*®***%°° The gut microbiota and their metabo-
lites significantly regulate these pathways leading to either
enhancement or reduction of gut barrier function.

Unrestricted Paracellular Pathway: IEC Death
Dysregulated IEC death is commonly observed in IBD
patients as well as in preclinical models of colitis. Increased
IEC death is one of the confounding factors for increased
barrier breach in gastrointestinal tract-related disorders. It
was reported that apoptosis, necroptosis, and pyroptosis are
major cell death pathways that influence IEC death and
result in pathophysiological outcomes. The mechanisms of
cell death in the gut epithelium and its implication for gut
barrier function and chronic inflammation are reviewed
elsewhere.”® For example, Gitter et al°” showed that tumor
necrosis factor alpha (TNF-«) disrupts the gut barrier not
only by degradation in TJs, but also through the induction of
epithelial apoptosis. TNF-« induced loss of the epithelial
integrity due to apoptosis accounted for about 56% of the
damage and the rest was by disruption of TJs in non-
apoptotic areas.”” Epithelial permeability is also modulated
by interleukin (IL)-13 through regulation of Cldn-2. Upre-
gulated IL-13 and Cldn-2 induce epithelial apoptosis,
resulting in epithelial barrier disruption.”® The flux that
occurs due to cell death (global barrier loss) is classified as
“unrestricted pathway,” in which there is no size limit of
molecules or antigens that can cross the membrane.*®

Role of Microbial Metabolites in Gut

Barrier Function

The gut microbiota is often referred to as an essential
“organ” due to the vast density and richness of microbial life
that exist in the gut lumen.” Members of the gut microbiota
influence host metabolic and immune status by modulating
nutrient metabolism, xenobiotic and drug metabolism, and
production of antimicrobial metabolites that limit numbers
of competing microbes for the same niche. The following
sections will discuss the role of gut microbial metabolites in
regulating gut barrier function.

The host-microbiota relationship has been defined as the
synergistic effect of microbial metabolites on host immunity,
health and disease, energy metabolism, and cellular
communication.”” **** Microbial metabolism contributes to
the nutrient harvest from the diet. Gut microbiota metabo-
lize dietary components and produce numerous active mi-
crobial metabolites based on the type of diet. Due to the
fastidious relationship between the host immune system
and microbiota, the production of helpful metabolites de-
pends on toleration and existence of helpful microbes.®*
Moreover, coevolution of host and the microbiota has
apparently facilitated the production of structurally
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compatible microbial metabolites that bind to host re-
ceptors resulting in the modulation of host physiology.®”
Recent developments in metagenomics, metatran-
scriptomics, and metabolomics have successfully discovered
thousands of microbial metabolites and the associated genes
for their synthesis. Thus far, it is estimated that ~ 50,000
microbial metabolites are produced by microbes in the hu-
man gut. Among these, 22,500 compounds are estimated to
have antibiotic properties. Nevertheless, only 150 com-
pounds are in direct use in human and veterinary medicine
and in agriculture, reviewed in.°® It is fascinating to observe
that the number of bioactive fungal products at ~8600
representing 38% of all microbial products. The description,
properties, features, source, and structures of known
bioactive metabolites are described elsewhere.®””" Here,
we summarize how dietary microbial metabolites influence
gut barrier function.

Microbial metabolites can be classified’? as dietary
product-derived metabolites, such as compound K, or de
novo synthesized metabolites such as SCFAs. A third cate-
gory of metabolites include metabolites that were initially
generated by the host and secreted into the lumen where
they undergo modification by gut microbes such as sec-
ondary bile acids. Microbial metabolites produced in the gut
directly interact with IECs and immune cells and impact
host health.°>°% Further, they have been shown to signifi-
cantly influence the maintenance of gut barrier integrity
itself and intestinal homeostasis.”*’* The following section
and Table 3 summarize the immunomodulatory activities of
selected microbial metabolites and their role in gut barrier
function.

Short-Chain Fatty Acids

The human diet contains a large amount of dietary fiber
and indigestible carbohydrates that escape proximal diges-
tion and are fermented by gut commensals such as Bifido-
bacterium, Bacteroides, Enterobacter, Faecalibacterium, and
Roseburia species into SCFAs. Propionate, butyrate, and ac-
etate are SCFAs that not only are required for the nutritional
demands of microbes, but also actively impact host immune
cell differentiation and immunity and metabolism as well as
regulating susceptibility to other pathogens.””’® It was
shown that sodium butyrate at a concentration ranging
between 1 and 10 mM significantly improved epithelial
barrier function in E12 human colon cells by increasing the
levels of mucin 2 (MUC2).”” However, at higher concentra-
tions (50-100 mM), it showed no beneficial effects on MUC2
expression patterns,”’ likely due to the induction of
apoptosis at higher doses. Similarly, butyrate improved
barrier function at lower doses, but reduced barrier func-
tion at higher doses in Caco-2 cells.®’ It was shown that
butyrate induces activation of AMPK (AMP-activated protein
kinase) that protects intestinal barrier integrity by facili-
tating the assembly of TJ proteins.”’ Treatment with sodium
butyrate led to the upregulation of CLDN-1 transcription by
increasing the interaction between the motif specific pro-
moter region of CLDN-1 and transcription factor SP1.%?
Furthermore, Feng et al®s reported that treatment with



2021

Regulation of Intestinal Barrier Function by Microbial Metabolites

Table 3.List of Microbial Metabolites, Gut Microbiota, and Their Functions
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Metabolites

Gut Microbes

Functions

Short-chain fatty acids (acetate, propionate,
butyrate, valerate, isobutyrate,
isovalerate, 2-methylpropionate,
hexanoate)

Bacteriocin (nisin A, Mcc B17, MccJ25,
colicin)

Autoinducers (Al-2, AHL, PQS)

Vitamins (vitamin K2, menadione, vitamin
B2, vitamin B6, vitamin B9)

Microbial amino acids (lysine, D-aas, D-Ser)

Conjugated fatty acids (sphingomyelin,
acylglycerol, phosphatidylcholine,
cholesterol, phosphoethanolamine)

Indole derivatives (indole, indole-3-
propionic acid, 5-hydroxyl indole,
indoxyl sulfate, N-acetyltryptophan,
indoxyl sulfate, serotonin, melatonin,
melatonin 6-sulfate)

Bile acid metabolites (cholic acid,
deoxycholic acid, chenodeoxycholic
acid, taurocholic acid, lithocholic acid,
glycocholic acid, ursodeoxycholic acid)

Choline metabolites (choline, methylamine,
dimethylamine, trimethylamine,
trimethylamine N-oxide, betaine,
dimethylglycine)

Phenolic, benzoyl, and phenyl derivatives
(urolithins, enterolactone, 4-OH
phenylacetic acid, equol,
8-prenylnaringenin, enterodiol)

Polyamines (putrescine, spermidine,
cadaverine, spermine)

Bacteroidetes, Firmicutes, Campylobacter
jejuni, Staphylococcus aureus,
Bifidobacterium sp., Coprococcus,
Clostridium, Roseburia, Faecalibacterium

All major bacteria, archaea

L. lactis, Klebsiella, Salmonella, Shigella,
Pseudomonas, Enterobacteria (mostly
Escherichia coli), S. enterica, B. cereus,
S. aureus

E. coli, S. aureus, P. aeruginosa, Clostridium
perfringens

Lactic acid bacteria, gram-positive
organism, Bifidobacterium, S. aureus,
L. monocytogenes, S. typhimurium

V. cholera, E. coli, P. aeruginosa, S. aureus,
enterohemorrhagic E. coli

Bifidobacterium, Enterobacter, Clostridium,
Citrobacter, Roseburia, Lactobacillus,
Klebsiella

E. coli, C. sporogenes

Bifidobacterium, Bacteroides, Clostridium,
Lactobacillus, Enterobacter

Bifidobacterium, Firmicutes, Proteobacteria,
Actinobacteria, Faecalibacterium
prausnitzii

Bifidobacterium, Lactobacillus, C. difficile,
F. prausnitzii

Campylobacter jejuni, C. saccharolyticum

Cell signaling-mediated host
metabolic pathway regulation.

e Immunomodulation.
e Maintenance of energy homeostasis.
e Increased glucose tolerance and in-

sulin sensitivity.

Osmotic balance regulation.

Fat oxidation.

Defense against pathogens.
Intestinal permeability regulation.

Transcription regulation.

e Translation regulation.
e Synergism with other bioactive agents

or molecules.
Peptidoglycan synthesis regulation.

e Modulation of biofilm formation.
e Polysaccharide intercellular adhesion

production.
Flagella expression regulation.

Modulation of biofilm formation.
Immunomodulation.

Participation in redox cycle.
Defense against pathogens.

DNA replication, methylation and
repair.

Production of vitamins, nucleotides,
and amino acids.

Cofactor of enzymatic reactions.

Modulation of biofilm formation.
SOS response.

Deamination.

Peptidoglycan synthesis regulation.

Intestinal permeability regulation.
Modulation of cell size, weight, and fat.
Sterol and bile acid production.

Antioxidant.

Neuroprotection and cytoprotection.
Intestinal barrier regulation.
Regulation of endothelial dysfunction.
Regulation of cardiovascular disease.

Intestinal barrier regulation.

e Activate host nuclear receptors and

cell signaling pathways.

e Exhibit antimicrobial effects.

Lipid absorption regulation.

Modulation of lipid metabolism.
Glucose homeostasis maintenance.
Cell membrane function regulations.
Neurotransmission.

Phospholipid biosynthesis precursor.

Metabolic biomarker.

Protection against oxidative stress.
Modulation of estrogen response.
Inhibition of platelet aggregation.
Anti-inflammatory, anticancer, antimi-
crobial effect.

Maintenance of intestinal health.

Intestinal epithelial cell and intestinal
barrier integrity maintenance.

e Immunomodulation.
e Cell growth and apoptosis regulators.
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SCFA such as acetate, propionate, and butyrate induced
expression of TJ proteins of IECs.** SCFA treatment in-
creases in paracellular transport, maintenance of Z0-1 and
OCLN proteins, inhibition of NLRP3 (NOD-, LRR-, and pyrin
domain-containing protein 3) inflammasome activation, and
autophagy. In addition, gastric infusion of SCFA in a pig gut
barrier model enhanced OCLN and CLDN-1 expression. High
local concentrations of SCFAs also increase anion release
maintaining osmotic equilibrium in the intestinal lumen for
resident microbes.®*** Importantly, consumption of diets
enriched in SCFA and butyrate production by human sub-
jects with metabolic syndrome exhibited increased colonic
expression of MUC2 and OCLN, suggesting beneficial action
of butyrate in gut barrier function.®® Moreover, butyrate
treatment resulted in downregulation of IL-18 levels, sug-
gesting it may be beneficial for protection against
inflammation-promoted barrier disruption.®”

Indole Derivatives

A diet rich in red meat, fish, egg, cheese, cruciferous
vegetables, and beans has high levels of the amino acid
tryptophan.®® Dietary tryptophan is catabolized into indole
by tryptophanase expressed by several microbes such as
indole-positive Clostridium sporogenes. Indole and indole
derivatives (such as indole-3-aldehyde, indole-3-pyruvate,
indole-3-acetaldehyde, indole-3-acetamide, indole-3-propi-
onic acid, indole-3-acetic acid, and indole-3-lactic acid) are
essential for bacterial quorum sensing and intracellular
signaling. Tryptophan microbial metabolites are also well-
known ligands for the aryl hydrocarbon receptor (AhR),
a ligand-activated transcription factor that senses envi-
ronmental toxins and endogenous ligands. Activation of
AhR by tryptophan metabolites promotes immune cell
maturation and decreased pathogen colonization.?” AhR
signaling primarily influences the induction of immune
responses via IL-22, which enhances gut barrier function
(discussed in the following section). It was reported that
indole levels in fecal samples of germ-free (GF) mice were
27-fold lower compared with conventionally raised mice.”’
T] and AJ proteins (Cldn7, Ocln, ZO-1, E-cadherin 1) are
significantly decreased in GF mice compared with
conventionally raised mice.”® Importantly, supplementation
of indole capsules restored gut barrier integrity by
elevating junctional protein expression in GF mice.”® FMT
has resulted in enhanced metabolic functions of gut
microbiota associated with indole alkaloid biosynthesis
such as indole-3-acetic acid that in turn enhances gut
barrier homeostasis.”"

Activation of AhR by tryptophan ligands such as 6-
formylindolo(3,2-b) carbazole (FICZ) enhances gut barrier
function. AhR activation by FICZ was therapeutic in the
dextran sodium sulfate (DSS)-induced mouse colitis model
in which FICZ treatment upregulated T] protein expression
in inflamed mouse colons.”*”? Treatment with FICZ dimin-
ished MLCK expression and MLC in DSS-induced colitis
mice. In addition, FICZ also prevented a TNF-«/interferon
gamma-induced decrease in transepithelial electrical resis-
tance (TEER) and disruption of T] proteins in Caco-2
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monolayers.”” FICZ was also shown to reverse hypoxia-
induced barrier dysfunction.”* Thus, tryptophan agonists
regulate multiple pathways in gut barrier integrity.

An impaired capacity of gut microbiota to metabolize
tryptophan into multiple AhR agonists has been associated
with metabolic syndrome in humans and mice.”® Dietary
supplementation with synthetic AhR agonists or bacterial
strains that naturally produce AhR ligands by Tryptophan
metabolism enhanced gut barrier function via secretion of
incretin hormone glucagon-like peptide-1.°°> AhR™”~ mice
exhibit increased inflammation and severe colitis pheno-
types compared with wild type mice in the 2,4,6-
trinitrobenzene sulfonic acid (TNBS) or DSS-induced
colitis models.”>?® Levels of TJ proteins in AhR”/~ mice
are also significantly reduced compared with wild type mice
leading to increased gut leakiness.”” Additionally, AhR
deficiency is associated with loss of intraepithelial lym-
phocytes, group 3 innate lymphoid cells and decreased IL-
22 production.”*? It was demonstrated by the Stockinger
group that deletion of AhR in IECs led to a defective barrier
and uncontrolled proliferation of intestinal stem cells,
leading to increased tumors in an azoxymethane-DSS-in-
duced colon tumorigenesis model.'”’ Supplementation of
dietary AhR ligands (like I3C) guarded the intestinal stem
cell niche and maintained intestinal barrier function and
decreased tumor burden in the azoxymethane-DSS-induced
colon tumorigenesis model.'’’ In parallel to these obser-
vations in mice, low levels of naturally occurring AhR li-
gands were reported in IBD patients.'’’ Supplementation
with both Lactobacillus strains and synthetic AhR agonists
ameliorated intestinal inflammation in IBD patients.’’!

Bile Acid Metabolites

Bile acids that are synthesized in the liver from choles-
terols in pericentral hepatocytes are referred to as primary
bile acids. These primary bile acids, cholic acid and cheno-
deoxycholic acid (CDCA), are transported into the gut
through the enterohepatic circulation system and are
further metabolized by gut microbiota by dehydroxylation,
dehydrogenation, and epimerization to generate secondary
bile acids reviewed previously.'’” Secondary bile acids
include deoxycholic acid (DCA), ursocholic acid, ursodeox-
ycholic acid (UDCA), and lithocholic acid (LCA) in humans.
cholic acid, CDCA, 6-hydroxylated bile acids, and muricholic
acid are the primary bile acids in mice, which further con-
verted into the secondary bile acids DCA, ursocholic acid,
UDCA, murideoxycholic acid, and hyodeoxycholic acid. Sec-
ondary bile acids antagonize the nuclear membrane farne-
soid X receptor (FXR) and the G protein-coupled receptor
TGR5'”® in the intestines. There are numerous studies
published describing the impact of bile acids and their re-
ceptors on gut barrier action.”*"'°? Some bile acid metab-
olites can both improve as well as exert negative effects on
gut barrier TJ function.'®* For example, it was shown that
the primary bile acid CDCA and its 7«-dehydroxylated de-
rivative LCA have opposite effects on epithelial integrity in
human colonic T84 cells. Treatment with CDCA decreased
the expression of Ocln and TEER values leading to increased
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permeability as well as an increase in the inflammatory
cytokine IL-8. Although LCA by itself neither altered barrier
function nor increased IL-8 production, LCA attenuated
CDCA-induced barrier permeability and IL-8 production. It
was shown that high fat diet-induced impairment of gut
barrier function is associated with the proportion of UDCA
vs DCA.'”>'%7 Mice fed a diet containing DCA exhibited
increased gut permeability (>1.5-fold) compared with mice
fed a regular diet. In contrast, UDCA did not alter gut
permeability but blocked the DCA-induced permeability in
murine jejunal and colonic preparations. Mechanistically,
DCA-induced tissue disruption is responsible for DCA-
mediated increased permeability rather than DCA acting
as an inflammatory mediator. Further, DCA exacerbated
lipopolysaccharide (LPS)-induced barrier disruption.'’”
Using a Caco-2 cell model, Raimondi et al''® showed that
DCA and CDCA, but not UDCA, treatment decreased TEER
and increased permeability. This study concluded that DCA
and CDCA modulated intestinal permeability via endothelial
growth factor (EGF) receptor autophosphorylation, OCLN
dephosphorylation, and rearrangement at the TJ level.""’
The effects of these bile acids were mediated by the Src
family kinases and was abolished by EGF treatment.'® A
study on prematurely weaned piglets reported that admin-
istration of CDCA improves the gut barrier protection by
inducing expression of ZO-1 and reducing expression of
TNF-q, IL-6, and IL-10.""" It was showed that mice exposed
to broad-spectrum antibiotics such as ampicillin, clindamy-
cin and streptomycin resulted in reduced gut bacterial di-
versity and richness and impacted gut barrier integrity.'?
The homeostasis of bile acids was significantly changed in
these mice. Further, treatment with dietary flavanones and
their glycosyl derivatives such as total phenolic extracts of
Citrus aurantium L (TPE-CA) restored bacterial diversity
and improved gut barrier integrity and homeostasis of bile
acids. TPE-CA treatment induced the expression of TJ pro-
teins such as Z0-1 and OCLN-associated proteins in these
mice and improved the barrier integrity."'* Moreover,
treatment with TPE-CA maintained the homeostasis of bile
acid by regulating bile acids entry into the enterohepatic
circulation through farnesoid X receptor (FXR)/fibroblast
growth factor 15 pathway and FXR-targeted protein.'
Alcoholic liver disease (ALD) is associated with gut mi-
crobial dysbiosis,“g’“s and ALD-associated microbiota
changes lead to alterations in bile acid profiles (ie, increased
amounts of unconjugated bile acids in the small intes-
tine).116 Fexaramine, an intestine-restricted FXR agonist,
restored intestinal FXR activity and gut barrier integrity in
an ALD model. These studies suggested that targeted in-
terventions can improve bile acid-FXR-fibroblast growth
factor 15 signaling by modulation of hepatic Cyp7al and
lipid metabolism, thereby reducing ethanol-induced liver
disease in mice."*® The G protein-coupled bile acid receptor
(GP-BAR1) (also called as TGR5) is highly expressed in the
ileum and colon. The colons of GP-BAR1™~ mice exhibit
altered subcellular distribution of ZO-1, leading to increased
gut permeability. Importantly these mice were more sus-
ceptible to DSS- or TNBS-induced colitis.''” Mice treated
with GP-BAR1 agonists (ciprofloxacin and oleanolic acid)
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abrogated the signs and symptoms of TNBS-induced coli-
tis.'*” In summary, bile acids have been shown to be a
double-edged sword and an appropriate balance (ratio) of
different bile acids is required to mediate gut barrier pro-
tective activity.

Conjugated Fatty Acids

Intestinal bacteria such as Bifidobacterium, Butyrivibrio,
Enterobacter, Lactobacillus, Clostridium, Citrobacter, Rose-
buria, Klebsiella, and Megasphaera can produce conjugated
fatty acid metabolites from fat-enriched diets."'® Conjugated
fatty acids, such as conjugated linoleic acid (CLA), are
known to influence gut barrier function. Treatment with the
trans-10 CLA isomer caused a redistribution of ZO-1 and
OCLN and increased paracellular permeability in Caco-2
colon epithelial cells.'’ Dietary supplementation of CLA
ameliorated DSS-induced colitis in mice.'*® Importantly,
CLA treatment reduced the prevalence of Bacteroides and
increased Bifidobacterium and Odoribacter in this model.
Additionally, treatment with CLA significantly increased the
expression of the T] proteins ZO-1, OCLN, and CLDN-3 in the
DSS-induced colitis mouse model."?” Ren et al reported that
the probiotic L. plantarum ZS2058 produced isomers of
conjugated fatty acids, a-linolenic acid (conjugated linolenic
acid (CLNA) 1 and CLNA2) mitigated DSS-induced colitis by
enhancing gut barrier function through upregulation of ZO-
1, OCLN, CLDN-3, and E-cadherin 1 in colonic tissues.
Additionally, treatment with CLNA1 and CLNAZ2 significantly
reduced inflammatory mediators (TNF-«, IL-1(6, and IL-6)
while upregulating the expression of the colonic anti-
inflammatory cytokine IL-10 and nuclear receptor
peroxisome-activated receptor-y. These treatments also
rebalanced the intestinal microbial composition in the co-
lons of DSS-treated mice, including increasing the «-
diversity.'**

Polyamines

The polyamines such as spermine, spermidine, and pu-
trescine have important implications in human health,
mainly in the intestinal maturation and in the differentiation
and development of immune system. The gut microbiota
metabolize polyamine rich foods (eg, wheat germ, citrus
fruits, mushrooms, soybeans) to generate polyamines in the
lower intestine. Polyamines are also produced in the cyto-
plasm of human cells either by the enzyme ornithine
decarboxylase or by AdoMetDC (S-adenosyl-methionine
decarboxylase) and a transferase in the upper intestine.

Polyamines exhibit numerous beneficial effects including
increased longevity, recovery of injured mucosa, as well as
favorable effects on cognitive function.'??"'?* Here, we
briefly discuss the polyamine regulation of intestinal barrier
integrity. Gut microbes such as E. coli, Bacteroides spp. and
Fusobacterium spp. can synthesize polyamines.'** Bacterial
polyamines  include  spermidine, = homospermidine,
norspermidine, putrescine, cadaverine, and 1,3-
diaminopropane with putrescine and spermidine.'*” Poly-
amines enhance gut barrier integrity through inducing
E-cadherin, the cell-cell adhesion protein in
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c-Myc-dependent manner.'?° [t was shown that depletion of
cellular polyamines by «-difluoromethylornithine reduced
intracellular free Ca*" concentrations in normal IECs (IEC-6
cell line),"?” which leads to decreased expression of E-cad-
herin and increased paracellular permeability. Interestingly,
polyamine depletion does not alter expression of T] proteins
such as Z0-1, ZO-2, and junctional adhesion molecule-1.
However, exogenous supplementation of the spermidine
reversed the effects of a-difluoromethylornithine on intra-
cellular Ca®" and E-cadherin expression and restored par-
acellular permeability to near normal levels.'*® These
studies suggested that polyamines regulate gut barrier
function through upregulating E-cadherin in an intracellular
Ca?"-dependent manner.'?’

Polyphenolic Derivatives

Dietary polyphenols, which have limited bioavailability,
are most abundantly present in berries, walnuts, and
pomegranate. Polyphenolic compounds (eg, tannins, flava-
nols, flavanones, flavones, isoflavones, flavan-3-ols, lignans,
chlorogenic acids, anthocyanidin) are metabolized by gut
microbiota as indicated in Table 3 and converted to active
phenolic derivatives responsible for numerous physiological
activities. Removal of sugars by microbes leads to break-
down of glycosylated derivatives of polyphenols, which are
inactive components of the human diet. Limitations in
bioavailability of polyphenolic compounds are exploited by
microbes via conversion into microbial-derived secondary
metabolites. For example, dietary ellagic acid (EA) de-
rivatives such as ellagitannins (ETs) are metabolized into
various bioactive metabolites including urolithins (Urolithin
A, B, C, D, and iso-urolithin A) by human gut microflora.*?°
The health benefits of consumption of pomegranate and
pomegranate juice are attributed to the activities of these
urolithins. 39131 Compared with ETs or EA, urolithins have
a much higher rate of absorption most likely due to
increased lipophilicity."** Among urolithins, urolithin A
(UroA) displays potent anti-inflammatory, antioxidative, and
antiaging properties.mo']“’135 However, UroA can only be
detected in ~ 40%-50% of human subjects upon con-
sumption of EA/ET-containing diets."*"'**"'** Two factors
are critical for the generation of UroA in humans (1) pres-
ence of UroA producing bacteria and (2) consumption of
EA/ET-containing foods (eg, pomegranate, berries, walnuts).
The concentration of serum urolithins can reach up to
micromolar levels without displaying toxicity in certain
populations,'?#134138 144145 Bor example, upon consump-
tion of 1L of pomegranate juice daily for 5 days by healthy
volunteers, urolithin levels ranged from 0.5 to 18.6 uM in
the plasma.’®® It was reported that 2 species of human in-
testinal bacteria, Gordonibacter urolithinfaciens, sp. nov. and
G. pamelaeae DSM 19378(T), convert EA to Urolithin M-5, M-
6 and C."*® Recently, B. pseudocatenulatum strain INIA P815
was shown to be responsible for the production of UroA and
UroB by metabolizing EA.'*” However, functional activities
and production of UroA in vivo yet to be directly determined
using gnotobiotic animals. Numerous studies have shown
the  beneficial activities of UroA in  various
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pathophysiological conditions due to its anti-inflammatory,
antioxidative,  anticancer, and antiaging proper-
ties."**1*9 Our group demonstrated that treatment with
UroA significantly enhanced gut barrier integrity through
upregulation of T] proteins via an AhR-Nrf2-dependent
pathway.”” UroA failed to upregulate TJ proteins such as
Cldn4, ZO-1 and Ocln in AhR™~ and Nrf2™/~ mice. Impor-
tantly, treatment with UroA mitigated DSS- or TNBS-induced
colitis in mice through enhancing gut barrier function and
blocking the production of inflammatory cytokines.?? A
human phase I clinical trial showed that a polyphenol-rich
diet modulates gut microbiota and reduces intestinal
permeability, including decreased transport of pathogenic
microbes into the bloodstream.'*’ Johnson et al'®" reported
that dietary polyphenols such as isoflavones and lignans and
corresponding microbial metabolites protected the gut
epithelium by reducing permeability and inhibited LPS-
induced inflammation. Lignan derived microbial metabo-
lites such as equol and enterolactone protected against ni-
tric oxide-, TNF-a-, and IL-6-induced barrier
dysfunction.'®" Moreover, anthocyanins and proanthocya-
nidins, polyphenols form blueberries, ameliorated
E. coli-induced gut barrier dysfunction.'”?

In summary, numerous microbial metabolites discussed
previously shown to exhibit direct impact on gut epithelium
and play an important role in regulating gut barrier function
thereby mucosal immunity and vice versa.

Role of Bacterial Structural

Components in Gut Barrier Function
Numerous bacterial products regulate gut barrier
function by activating Toll-like receptors (TLR) and
nucleotide-binding and oligomerization domain (NOD)-like
receptor (NLR) pathways.'**'°° Here, we highlight some
of the bacterial components and their receptors that
participate in regulating gut barrier integrity. IECs express
TLR2 that recognizes bacterial lipopeptides, lipoteichoic
acid and yeast zymosan, and forms heterodimers with
TLR1 or TLR 6.7 Ligand-induced TLR2 activation leads
to the specific activation of protein kinase C « (PKC-«) and
PKC-6 and is responsible for increased TEER as well as
increased apical tightening and sealing of the TJs. PKC
phosphorylation by TLR2 activation leads to stabilization
of Z0-1, which is a target of PKC. It was shown that the
treatment with the TLR2 agonist Pam3CSK4 (PCSK [pro-
protein convertase subtilisin/kexin]) increased the gap
junctional intercellular communication through connexin-
43 during IEC injury."*® Furthermore, Cario et al'®’
demonstrated using both in vitro and ex vivo models
that TLR2 stimulation effectively preserves TJ-associated
barrier assembly against stress-induced damage through
promotion of PI3K/Akt-mediated cell survival in an
MyD88-dependent manner. In this study, the authors
showed that oral treatment with the TLR2 ligand, PCSK
significantly suppressed mucosal inflammation and
apoptosis by efficiently restoring TJ-associated integrity of
the intestinal epithelium in a mouse colitis model.'>’
Bacterial LPS mediates proinflammatory signaling
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through TLR4 and the adapter molecule MyD88.
Numerous studies including ours showed that LPS dis-
rupts junctional protein complexes and increases inflam-
matory cytokines leading to increased gut permeability.
Blocking LPS-mediated signaling has been shown to pro-
tect against gut barrier disruption. For example, wogonin
suppresses the inflammatory response and maintains in-
testinal barrier function via the TLR4-MyD88-TAK1 (TGF-3
activated kinase 1)-NF-kB (nuclear factor-kappa B)
pathway in Caco-2 cells."®® It was also shown that the
TLR4/NF-kB signaling pathway may be critical to the
mechanism underlying hypoxia-induced damage to intes-
tinal barrier function and bacterial translocation.'®’
Importantly, treatment with a TLR4 antagonist (CRX-
526) inhibited the development of disease in an acute DSS
colitis model.'”® Although blocking TLR4 with antibodies
limited acute inflammation in the DSS model, subsequent
tissue repair was hampered, suggesting an important role
for TLR4 in the resolution of inflammation and restoration
of tissue integrity."®” TLR4™/~ mice exhibited less intestinal
permeability (FITC-dextran permeability assay) compared
with wild type mice in a burn injury model due to unal-
tered expression of the TJ protein OCLN.'®® Overall, these
studies suggest that TLR4 plays an important role in
modulating gut barrier function.

Flagellin, a structural component of bacterial flagellum,
is exerted activities through TLR5 and has been shown to
play an essential and nonredundant role in protecting the
gut from enteric microbes.'®* It was demonstrated in
numerous reports from Dr Gewirtz’'s group that expression
and activation of TLR5 on IECs regulates the composition
and localization of microbiota and prevents disease associ-
ated intestinal inflammation."®>'°® Activation of TLR5 by
flagellin in ileal tissues of SAMP1/YitFc (SAMP) mice (a
spontaneous model of Crohn’s disease-like ileitis) led to
decreased epithelial barrier resistance and altered expres-
sion of the TJ proteins CLDN-3, OCLN, and 70-1.1%° Further,
TLR5”~ mice developed spontaneous colitis due to
increased bacterial burdens and reduced anti-inflammatory
cytokine secretion.'®®'7°

Hypomethylated CpG (cytosine-guanine dinucleotide
DNA) DNA motifs (microbial CpG-DNA are recognized by
TLR9. TLR9™/~ mice are more susceptible to DSS-induced
colitis compared with wild types mice, suggesting that
activation of TLR9 is important for protection against in-
testinal damage through induction of vascular EGF and in-
testinal progenitor cell differentiation as well as being
critical for wound repair mechanisms.'”*

NLRs proteins are also responsible for maintaining gut
barrier integrity by sensing the presence of commensal
microbiota and the regulation of intestinal inflamma-
tion."”*'”3 NLRs like NOD1 and NOD2 are expressed both
on immune and epithelial cells and detect the bacterial cell
wall component peptidoglycan. Activation of NLRs results in
inflammatory responses mediated by NF-«B, mitogen-
activated protein kinase, or caspase-1 activation. It was re-
ported that Nod1™~ mice have increased levels of intestinal
permeability and inflammation in the murine DSS-induced
colitis model compared with wild type mice,'’* suggesting
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an important role in intestinal barrier function. Further-
more, muramyl dipeptide or peptidoglycan mediated acti-
vation of NOD2 is reported to negatively regulate TLR
signaling and provide protection of wildtype mice against
colitis."”*”® The absence of NOD protein-mediated micro-
bial sensing leads to a loss of gut barrier homeostasis and
leads to increased susceptibility to gut inflammatory dis-
eases.”’® NOD1 and NOD2 knockout mice exhibit increased
paracellular permeability and are reported to be more
susceptible to DSS colitis mediated intestinal injury.'”’
Couturier-Millard et al'’® reported that NOD2 deficiency
leads to microbial dysbiosis leading to increased risk of
colitis.

Additionally, the mucosal immune system profoundly
impacts gut barrier functions both in health and disease
conditions, reviewed previously.*®7?'% As discussed
previously, microbial metabolites regulate host immunity by
exploiting metabolite-specific immune cell receptors such as
AhR, FXR, pregnane X receptor, membrane bile acid receptor
(M-BAR/TGRS5), purinergic receptor (P2X7), and G
protein-coupled receptors (GPR41, GPR43, GPR109A).
These receptors, which play crucial roles in host-microbiota
interactions, are expressed at various levels in different cell
types such as IECs, innate lymphoid cells, macrophages, T
cells, and dendritic cells.'®* Functional immune responses
often modulate gut barrier integrity; hence, the fine tuning
of gut microbiota to evoke necessary immune responses to
alter intestinal barrier function is critical.

In summary, bacterial structural components either
directly or indirectly (through increasing inflammatory
mediators and regulating immune system) impact and
modulate the gut barrier functions both in health and dis-
ease conditions.

Treatment Strategies Against Gut

Barrier Dysfunction

Microbial manipulations and supplementation of micro-
bial metabolites are being considered as emerging preven-
tive and therapeutic medicines for numerous
disorders'®*"'®” including those with gut barrier dysfunc-
tion and dysbiosis. Though beneficial activities of microbial
metabolites in regulating gut barrier function have been
shown in animal models, thus far, no microbial metabolites
or their analogues are in clinical use. The following section
reviews experimental approaches that could be efficacious
in improving gut barrier function (Figure 1).

One approach would entail modulation of immune cell
function. Conventional treatment strategies include the use
of immunosuppressants such as azathioprine and mesal-
amine that are used in the clinic to treat ulcerative colitis
and Crohn’s disease.'®® Another therapeutic approach in-
cludes blocking Th1 responses or using neutralizing anti-
bodies such as infliximab (anti-TNF) antibody.'®%'?°
Altering the signaling pathways involved in gut barrier
dysfunction are reported as potential therapeutics. It was
shown by the Turner group that a domain binding small
molecule called “divertin” blocks the recruitment of MLCK1
without inhibiting enzyme function.'”’ Further, they
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Figure 1. Potential treatment strategies against gut barrier dysfunction. Host-microbiota interactions and external stimuli
drive changes in gut barrier integrity and lead to gut barrier dysfunction. Impaired junctional proteins and increased intestinal
permeability lead to pathogen-mediated mucosal inflammation and subsequent uncontrolled immune responses mediated by
macrophages, T cells, B cells, mast cells, neutrophils, and dendritic cells. Potential preventive/therapeutic interventions are
shown. Inhibition of disease induced regulatory factors, hormone treatment, dietary supplementation, and healthy diets and
habits can potentially restore intestinal epithelial barrier function. GJ, gap junction protein; NSAID, nonsteroidal anti-

inflammatory drugs.

showed that treatment with divertin blocked acute inter-
feron gamma-primed TNF-induced MLC phosphorylation
and barrier loss in Caco-2 monolayers model system.
Importantly, they provided the evidence that treatment with
divertin regulate paracellular transport rather than trans-
cellular transport across the membranes. Further, they
demonstrated that treatment with divertin corrected
increased intestinal permeability in IL-107/~ mice (sponta-
neous colitis model) without significant systemic, mucosal,
or epithelial toxicity.'" Treatment with divertin also
reduced the progression and severity of experimental
chronic colitis of T cell transfer model (CD4 " effector T cells
in immunodeficient mice) by correcting gut permeability.***
Recent advances in defining the functional role of specific
commensal bacteria has led to novel approaches to attain
gut homeostasis and improve barrier function. Implantation
of 17 pre-selected clostridial bacterial strains that are
capable of enhancing T,.q cell abundance and inducing anti-
inflammatory mediators, IL-10 and inducible T-cell co-
stimulator, into GF mice attenuated TNBS-induced colitis
and enhanced gut barrier function.'? Similarly, implanta-
tion with IL-10 producing Lactococcus lactis reduced
inflammation in a mouse colitis disease model."”*'%* FMT is
another emerging tool for treatment of gut dysbiosis as it
can effectively repopulate the gut with a more favorable

microflora. FMT was reported to decrease antibiotic,
chemotherapy, and injury-induced gut permeability and
increased the prevalence of specific microbiota strains
exhibiting anti-inflammatory properties.'”>'%°

Several microbial metabolites are being considered as
promising therapeutics against gut barrier dysfunction. As
discussed above, the EA-derived microbial metabolite UroA
is reported to increase intestinal barrier integrity and
illustrated the opportunity for the use of microbial metab-
olites to treat inflammatory intestinal diseases.”* Our group
showed that UroA and its synthetic structural analogue
UASO03 enhanced gut barrier function via upregulation of T]
proteins such as CLDN-4, OCLN, and ZO-1. Additionally,
UroA and UASO3 also blocked unwarranted inflammation
and mitigated colitis in pre-clinical models.**

Oxyberberine, another microbial metabolite derived
from berberine ameliorated gut barrier dysfunction via in-
hibition of the TLR4, MyD88, and NF-«B signaling path-
ways'?” and downregulated inflammatory cytokines such as
TNFq, IL-6, and IL-10. Probiotics such as L. plantarum are
reported to modulate the normal gut microbiome and
maintain gut barrier homeostasis and regulate permeability
by strengthening the intestinal epithelium. Furthermore,
probiotic strains such as L. plantarum also elevate the levels
of host defense peptides such as pBD2, PG1-5 and pBD2 and
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improve gut barrier function.®® It was shown that a bioac-
tive compound from Astragalus membranaceus, Astragalo-
side IV (AS-IV) induced T] protein expression by
suppressing RhoA/NLRP3 inflammasome signaling path-
ways in a sepsis model."” Activation of mitochondrial
dynamin-related protein (Drp1) regulates gut barrier func-
tion through regulating SCFA-producing gut microbiota in
hemorrhagic shock mouse models.’”® It was shown that
activated Drpl led to distribution of ZO1 protein and
increased intestinal permeability in a ROS-specific manner.
Further, blocking Drpl-induced ROS accumulation by N-
acetylcysteine in IECs protected TJs and improved intestinal
barrier function after hypoxia.'’® Studies have shown that
soluble epoxide hydrolase (sEH) and its metabolites (as
dihydroxyeicosatrienoic acids) were upregulated in the co-
lon tissues of diet-induced obese mice. It was demonstrated
that increased expression of sEH led to enhanced gut
permeability in diet-induced obesity models.'”” Further,
genetic deletion of sEH (sEH knockout mice) abolished
obesity-induced gut leakage, endotoxin lipopolysaccharide
and bacterial translocation.'”” Pharmacological inhibition of
SsEH  (trans-4-(4-[3-(4-trifluoromethoxyphenyl) ureido]
cyclohexyloxy) benzoic acid (t-TUCB), prevented obesity-
induced gut barrier dysfunction suggesting sEH inhibitors
may be promising agents for gut barrier dysfunction treat-
ment in obesity conditions."”’

A variety of evidence also suggests that hormone treat-
ment can be a potential therapeutic strategy to combat
barrier dysfunction. For example, sex hormones such as
estrogen and progesterone induced expression of TJ

proteins and inhibited gut permeability in inflammatory
organoid models from IBD patients and 2D cell line
models.”’’ Zhou et al’’’ reported that progesterone upre-
gulated OCLN expression in the gut and inhibited NF-xB
activation to maintain gut barrier homeostasis. Irisin, a
newly identified exercise hormone, was also reported to
ameliorate gut barrier dysfunction via activation of the
AMPK-UCP 2 pathway and binding to the integrin aV(5
receptor.202

Dietary component such as curcumin supplementation
reduced high fat diet induced hepatic steatosis by modu-
lating the gut-liver axis and by enhancing ZO-1 and OCLN
expression in the intestines.”’’® Dietary supplements have
also provided evidence for treatment of gut barrier
dysfunction. Supplementation of dietary garcinol inhibited
intestinal barrier dysfunction via elevated Z0O-1, CLDN-1,
and OCLN expression.’’* Dietary cellulose supplements also
can ameliorate LPS-mediated intestinal barrier damage and
protect against gut epithelial apoptosis.’’> However,
growing evidences also suggests that certain treatments
related to diseases such as sepsis, systemic inflammatory
response syndrome, small bowel ischemia, hypoxia, and
cancer lead to loss of gut barrier function as the result of
enterocyte damage. Hence, withdrawal of treatment in some
cases can also reverse gut barrier dysfunction.”’°

Last, but definitely not the least, dietary habits and a
healthy lifestyle are of the foremost importance in main-
taining healthy intestinal barrier functions.”’” Early-stage
disease development as well as early detection of an
imbalance of gut permeability due to external stimuli or
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dietary habits can be reversed. A healthy life without stress,
obesity, and diabetes and accompanied by an alcohol-free
diet can reverse gut barrier dysfunction over time.
Emerging knowledge of host-microbiota interactions allows
for the development of new therapeutic strategies to restore
a healthy gut ecosystem and prevent a variety of intestinal
diseases.

Conclusions

The current review provides a summary of current un-
derstanding of the role of gut microbial metabolites in
maintenance of gut barrier integrity. The review also dis-
cusses potential therapeutic targets and mechanisms of ac-
tion (Figure 2). In addition, we outlined potential strategies
to improve gut barrier integrity. The influence of gut
microbiota on intestinal barrier permeability and subse-
quent host cellular homeostasis is indisputable. Intestinal
microbial homeostasis is required for maintenance of good
health and disease prevention. Emerging technologies have
given insight into microbial dynamics and composition,
stimulating the development of new hypotheses concerning
microbiota function and host-microbe interactions. Thus, an
in-depth understanding of the relationship between a host
and its microbiota helps to elucidate detailed mechanistic
understanding of pathogenesis and reveals pathways that
can be modulated for disease prevention. Reversal of gut
dysbiosis is the key factor for any treatment utilizing gut
microbiota. In fact, studies have shown that microbial-
derived metabolites largely impact pathogen colonization,
gut barrier integrity, and host metabolism. Moreover,
increasing recognition of the association between gut mi-
crobes, gut barrier dysfunction, and intestinal diseases
highlights the importance of understanding microbial
metabolite production and function. Hence, defining a
“healthy” microbiota and microbial metabolites and the
development of de novo multiomic technologies as bio-
markers and therapeutic tools will significantly advance
microbiota research. Furthermore, a deeper understanding
of intestinal microbiota dynamics with respect to gut barrier
function provides translational opportunities for therapeu-
tic discovery, including drug design, microbe trans-
plantation, and a clearer perspective of host
pathophysiology. Additionally, the advantages of extensive
longitudinal studies highlight a direction for future investi-
gation, which will unequivocally show the impact of external
environmental factors on host physiology and on shaping
the gut microbiome population in the human intestine. In a
nutshell, there is hope that proper utilization of beneficial
gut microbes and gut metabolites will maintain human
health devoid of intestinal diseases.
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