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ABSTRACT

The intestinal barrier, an indispensable guardian of gastrointestinal health, mediates the intricate
exchange between internal and external environments. Anchored by evolutionarily conserved
junctional complexes, this barrier meticulously regulates paracellular permeability in essentially all
living organisms. Disruptions in intestinal junctional complexes, prevalent in inflammatory bowel
diseases and irritable bowel syndrome, compromise barrier integrity and often lead to the
notorious “leaky gut” syndrome. Critical to the maintenance of the intestinal barrier is a finely
orchestrated network of intrinsic and extrinsic factors that modulate the expression, composition,
and functionality of junctional complexes. This review navigates through the composition of key
junctional complex components and the common methods used to assess intestinal permeability.
It also explores the critical intracellular signaling pathways that modulate these junctional compo-
nents. Lastly, we delve into the complex dynamics between the junctional complexes, microbial
communities, and environmental chemicals in shaping the intestinal barrier function.
Comprehending this intricate interplay holds paramount importance in unraveling the pathophy-
siology of gastrointestinal disorders. Furthermore, it lays the foundation for the development of
precise therapeutic interventions targeting barrier dysfunction.
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1. Introduction

The digestive system is the first organ to develop
during animal evolution." While many species can
thrive without specialized organs like the brain,
heart, kidney, or lung, none can endure without a
functioning gut. In fact, the digestive system
emerges as the linchpin of survival across multi-
cellular organisms.' In humans, the gastrointestinal
(GI) tract stands as the largest interface between
the organism and its environment, spanning an
estimated area of 20-30 square meters.” This vast
expanse of the adult human intestinal epithelium
forms a critical barrier, akin to the protective func-
tion of the skin albeit on a much larger scale.””
Within this intricate ecosystem, an estimated 100
trillion to over 1,000 trillion microbes reside, many
in symbiosis with the host by supporting metabo-
lism and competing against pathogens. Despite this
symbiosis, numerous microbes also constantly pose
a threat of pathogenic invasion, which can severely

disrupt bodily balance. To maintain stability
amidst this constant assault, the intestine must
uphold a strong barrier, tightly regulating the
entry of foreign particles into the body.*”

Arguably the most important role of the intestinal
epithelium cells (IECs) is their highly-tuned selec-
tivity for the passage of molecules across the intest-
inal epithelium, a single-cell thick layer of tissue that
is selectively permeable to different molecules
depending on their size and charge.®” The ‘Leak
Pathway’ describes a route in which larger, non-
charged molecules (>5 A) can move across the bar-
rier (albeit in limited capacity), whereas the “Pore
Pathway” allows for smaller (~4.5 A), charged ions
and water molecules to permeate. *'° While these
pathways differ in their functions, they are con-
trolled by a large group of evolutionarily conserved
protein structures with similar features that form
connections to anchor adjacent cells, namely, intest-
inal junctional complexes.”
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Disruptions in the integrity of the intestinal bar-
rier frequently result in the abnormal leakage of gut
contents into the bloodstream, triggering increased
inflammation, autoimmune reactions, and malnu-
trition, among other effects.'"'? This phenomenon
is implicated in a broad spectrum of diseases,
including inflammatory bowel diseases (IBDs),
irritable bowel syndrome (IBS), liver disorders,
and even neurodegenerative conditions. '*~'® The
increasing evidence linking intestinal permeability
with IBDs, alongside their significant economic
burden, has prompted researchers to propose tar-
geting the intestinal barrier as a strategy to manage
various intestinal and extraintestinal ailments.
Notably, studies indicate that increased intestinal
permeability often precedes the onset of IBDs and
other related conditions, suggesting a potential
causal role.">"” For instance, longitudinal studies
with first-degree relatives of Crohn’s Disease
patients show that these individuals often experi-
ence increased permeability years Dbefore
diagnosis."” Additionally, research suggests a posi-
tive correlation between the severity of IBD cases
and elevated permeability levels."

IBDs are prevalent in developed nations, affect-
ing over 0.3% of the population, with an estimated
3 million adults diagnosed in the United States
alone by 2015.2>*' In 2004, the direct medical
costs for IBD patients in the United States sur-
passed $6 billion annually, while Europeans
incurred direct costs ranging from €4.6-5.6 billion
despite a lower incidence rate.”*** Given the sig-
nificant implications of intestinal permeability in
IBDs and related conditions, understanding how
junctional complexes regulate intestinal perme-
ability is of utmost importance. In this review,
we focus on the intestinal junctional complexes
by firstly examining their components across dif-
ferent species, and then exploring techniques for
assessing intestinal permeability. Subsequently,
we survey some of the known signaling pathways
and microbial elements involved in influencing
intestinal permeability and maintaining gut bar-
rier integrity. Lastly, we spotlight the intricate
relationship between the gut microbiome, parti-
cularly bacteria, in both fostering and protecting
against leaky gut conditions, highlighting recent
advances and posing questions for the future of
the field.

2. The structure and organization of the
intestinal barrier complexes

2.1. Mammalian intestinal barrier complexes

The mammalian intestinal barrier, traditionally con-
ceptualized as a tripartite junctional complex, com-
prises tight junctions, adherens junctions, and
desmosomes (Figure 1(2)).>** In mammalian cells,
the most apical connection between intestinal cells is
the tight junction, a protein complex that forms a
firm seal between neighboring cells.*> Also known as
zonulae occludens, tight junctions were first described
in the mid-1960s.>* A characteristic of these junctions
is the fusion of adjacent cell membranes at multiple
points along the cells’ surface. At these points of
fusion, the intercellular space is eliminated, forming
a very tight seal between cells.**** In addition, the
tight junction acts as a “fence” on the cell membrane
that separates the apical and basolateral sides and
controls the traffic of components across the cell
membrane.””” Their formation is dependent on the
expression of several proteins that vary in size and
function. Foremost are the zonula occludens proteins
(ZO-1, ZO-2, and ZO-3), a family of scaffolding
proteins that anchor other transmembrane proteins
to the cytoskeleton. ZO-1, the primary member of
this family, is hypothesized to play a crucial role in
regulating tight junction structure. It functions as a
bridge linking transmembrane proteins like claudin
and occludin to the actin cytoskeleton.”**

Claudin proteins are integral membrane proteins
that span the cell membrane four times and extend
outward to engage in either homophilic or hetero-
philic interactions with other claudins.’® The mam-
malian claudin family consists of approximately 27
different proteins with varying functions. While the
functions of many claudin family members remain
unknown, several (such as claudins 1, 3, 4, 5, 7, 11,
14, and 19) are known for their sealing properties,
which enhance the integrity of tight junction
barriers.”’ > By contrast, other claudins are not
involved in tight junction sealing, rather forming
selective channels that allow for the passage of
cations (claudins 2, 10b, 12, and 15), anions (clau-
dins 10a and 17), and water molecules (claudin-2)
across tight junctions.’>*"** Nonetheless, all claudin
proteins play crucial roles in the formation of tight
junctions, and ongoing research aims to uncover the
functions of the remaining family members.”*>"**
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Figure 1. Comparative analysis of junctional complexes across evolutionary models of intestinal barriers. (a), in the vertebrate
intestine, junctional complexes comprise tight junction, adherens junction, and desmosomes, with each complex containing multiple




4 e Z. MARKOVICH ET AL.

Occludin is a member of the tight junction-
associated MARVEL-domain protein (TAMP)
family of proteins. Despite differences in length
and the specific cytosolic domains of the proteins,
occludin and other TAMPs function similarly to
claudins in their membrane transversal and pairing
with other proteins in the tight junction.’® The
pairing of these proteins along with other tight
junction proteins such as Junctional Adhesion
Molecules (JAMs, which span the membrane only
once) and tricellulin leads to the formation of a
barrier that prevents the free flow of molecules
across epithelial membranes.

More basal than tight junctions are the adherens
junctions, also known as zonulae adherens (Figure
la). Unlike tight junctions, adherens junctions do
not fuse the membranes of adjacent cells and instead
leave a gap between the cells approximately 20 nm
in length.> Protruding into the gap and bridging the
cells are 9 nm thick, rod-shaped proteins known as
cadherins.”® Cadherin proteins are anchored into
the membrane and form binding pairs with other
cadherins on neighboring cells.”>*® Within the cell
they bind catenin proteins through which they are
associated with the actin cytoskeleton, ultimately
providing a support network and rigidity for the
cellular junction.’® While their morphology differs
in different cell types, adherens junctions in polar-
ized epithelial cells, like those found in the intestine,
form a continuous ring with intracellular F-actin
(known as the adhesion belt) that wraps around
the entirety of the cell and contributes to the barrier
function of the tissue.”®

Closest to the basal surface of the cell and the last
of these three junctional complexes are desmo-
somes (Figure 1(a)), also recognized as Macula
Adherens.”” In contrast to adherens junctions reli-
ance on actin microfilaments, desmosomes utilize
intermediate filaments.”® Bundles of intermediate
filaments extend outwards from the nucleus to the
cell membrane where they anchor the desmosome
junctional proteins.”® Nonetheless, desmosomes
are similar to adherens junctions in that

desmosomes also employ a family of cadherin pro-
teins to mediate their junctional capacity. Within
the intercellular space, two cadherin subtypes (des-
mogleins and desmocollins), recognize and bind to
each other, fostering a robust cell-to-cell junction
that withstands mechanical stress.”>*’

2.2. Invertebrate intestinal barrier complexes

Many of the intestinal junctional proteins found in
mammals are evolutionarily conserved across
diverse species, including lower organisms. For
instance, the model organism Drosophila melanoga-
ster (D. melanogaster) possesses analogues of both
adherens junctions and tight junctions, although
their organization differs from vertebrates. In D.
melanogaster, the adherens junction occupies the
most apical position among junctional complexes
(Figure 1(b)).** It is predominantly composed of
Drosophila epithelial (DE)-cadherin, which serves
as a counterpart to vertebrate cadherin proteins.*’
DE-cadherin circumscribes the cells near the apical
surface and interacts with the sole D. melanogaster
B-catenin homologue, known as Armadillo.*'
Similar to mammalian adherens junctions, the bind-
ing of DE-cadherin to Armadillo B-catenin facili-
tates interaction with a-catenin, which in turn
directly interacts with actin cytoskeleton.*' In con-
trast to mammalian tight junctions, the analogous
structure in D. melanogaster is located subapical to
the adherens junction, known as the “septate junc-
tion” (Figure 1(b)).*? Septate junctions serve a simi-
lar function to tight junctions by sealing cells
together to form a barrier across epithelia.*’
Similar to tight junctions, septate junctions contain
claudin proteins such as Megatrachea (Mega),
Sinuous (Sinu), and Kune-Kune that regulate the
structure and function of the junction.*” They also
contain two important structural proteins named
Neurexin IV and Coracle.”> While mammalian
tight junctions appear as fused regions between
adjacent cells, septate junctions have a ladder-like
intercellular structure and are not as tightly

key junctional proteins. (b), in the Drosophila intestine, adherens junctions and septate junctions form the protective junctional
complex among intestinal epithelial cells. Many evolutionarily conserved junctional proteins are expressed in the fly intestinal barrier.
(c), the C. elegans apical junction consists of the cadherin-catenin complex and DLG-1/AJM-1 complex, with many junctional proteins

sharing homology with higher species.



associated.*” Overall, while the organization of junc-
tional complexes in D. melanogaster differs from
that in mammals, many homologous proteins func-
tion similarly to create an protective cell barrier.

In Caenorhabditis elegans (C. elegans), the
intestine consists of just 20 cells that together
form a tubular structure within the organism.**
Despite their apparent simplicity, these intestinal
cells are interconnected via an apical junctional
complex of remarkable sophistication. As a func-
tional homologue to the bipartite cell junctions in
the Drosophila intestine (adherens junctions and
septate junctions) and tripartite structures in ver-
tebrate intestines (tight junctions, adherens junc-
tions, and desmosomes), the C. elegans Apical
Junction (CeA]J) exhibits a more condensed struc-
ture, featuring two distinct domains: the cad-
herin-catenin complex (CCC) and the DLG-1/
AJM-1 complex (DAC) (Figure 1(c)).** The
CCC in C. elegans, akin to classical adherens
junctions in vertebrates, comprises proteins such
as HMP-1, HMR-1, and HMP-2 which are
homologues of human a-catenin, E-cadherin,
and P-catenin, respectively.*> Notably, HMP-1
directly binds to F-actin and associates with
HMR-1 via HMP-2, mirroring the interactions
observed in mammalian cells.*> Additionally, the
Juxtamembrane Domain-associated Catenin
(JAC-1), a homologue of human pl20 catenin,
plays a crucial role in regulating cadherin func-
tion, as evidenced by exacerbating morphological
defects in HMP mutants when absent.** More
basal in the CeAJ is the DAC which is formed
by the two key proteins: AJM-1 and DLG-1.
AJM-1, an orthologue of human AJMI, is a
coiled-coil protein, while DLG-1 shares homology
with the Drosophila discs-large protein.”” DLG-1
aids in recruiting AJM-1 to the DAC, with its
spatial localization mediated by another protein,
LET-413.* Mutations in LET-413 result in severe
adhesion and polarity defects, emphasizing its
role in proper protein positioning.** The DAC
also contains a homolog of mammalian claudin
named CLC-1.** Together, the CCC and DAC
establish a densely packed region between C.
elegans intestinal cells, mirroring the junctional
complexes observed in mammalian intestines and
featuring numerous homologous proteins.
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2.3. Animal models for studying intestinal
permeability and related conditions

Exploring junctional complexes in genetic model
organisms such as Drosophila and C. elegans offers
several advantages and invaluable insights into the
conservation of critical proteins across species.
Despite variations in protein structure and organi-
zation, key proteins like cadherin, catenin, and
claudin are well conserved in intestinal junctions
across diverse organisms, highlighting their pivotal
role in establishing a robust barrier system essential
for intestinal protection, digestion, and immune
function.”” In addition, model organisms often
feature rapid life cycles, large broods, and sophis-
ticated genetic toolkits, enabling the genetic study
of intestinal junctional complexes in vivo with
unparalleled efficiency. Moreover, the transparent
bodies of C. elegans and Drosophila larvae facilitate
direct visual assessment of gut leakage, enhancing
our ability to study intestinal barrier function.’®”!
Furthermore, Drosophila and C. elegans are ideal
for high-throughput genetic and chemical screens.
Researchers can quickly test the effects of many
genes or compounds on intestinal barrier function,
aiding in the discovery of potential therapeutic
targets and drugs.

While D. melanogaster and C. elegans offer sig-
nificant advantages for understanding basic and
evolutionary aspects of intestinal barriers, using
these invertebrate models to study human intest-
inal diseases presents several limitations. For exam-
ple, the macro-structure of the intestine and
signaling pathways can significantly differ among
mammals, nematodes, and insects.”> Moreover, D.
melanogaster and C. elegans lack an adaptive
immune response, thus missing key cell types and
cellular processes integral to mammalian intestinal
epithelium.”® Additionally, the composition of gut
microbes differs drastically between invertebrate
models and humans, with D. melanogaster and C.
elegans harboring much simpler and less diverse
microbial communities tailored to their evolution-
ary and physiological needs.”> Thus, to better
mimic human intestinal diseases such as IBDs,
rodent models are often preferred to mitigate
these limitations.™

Mice have a GI tract anatomically similar to
humans, with analogous elements of adaptive
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immune response.’® The gut microbiome in mice is
also similar in composition to humans with the
same species diversity of bacteria phyla.>
Genetically, mice are invaluable for studying spe-
cific genes due to their high homology with
humans and the ability to generate specific genetic
knockouts. Various methods induce IBD-like
symptoms in mice, such as trinitrobenzene sulfonic
acid (TNBS) treatment in the BALB/c background
to mimic Crohn’s disease-like symptoms, whereas
C57BL/6 mice are relatively unaffected.’>>’
Another common model is sodium dextran sulfate
(DSS)-induced colitis, which induces inflammation
and ulcerative colitis symptoms, with severity vary-
ing across different mouse strains.”>> The robust-
ness of murine systems in modeling IBDs has been
pivotal for advancing research in this field. Many
modern discoveries in IBD treatment and manage-
ment stem from foundational studies in mice. For a
comprehensive discussion on the advantages and
disadvantages of various model organisms and
their contributions to understanding IBDs and
related intestinal conditions, please refer to insight-
ful reviews by Jiminez et al. and Kiesler et al., which
provide extensive coverage of this topic.”>>>

3. Techniques for assessing intestinal
permeability

Due to the importance of intestinal barrier integrity,
numerous experimental procedures have been devel-
oped to measure intestinal permeability both in vitro
and in vivo. Here we highlight a selection of the most
widespread methods for assaying gut leakage.

3.1. Oral probe excretion assays

One of the more traditional methods for mea-
suring human intestine permeability is through
administration of saccharide-like or radiolabeled
probe molecules. These probes are chosen for
specific properties such as their resistance to
bacterial degradation, solubility in water, and
relative inertness.”* Also key to these probes is
their inability to pass through the intestinal
barrier via transcellular pathways.”> Following
ingestion, the probe molecules pass through
the GI system where they may leak across the
intestinal barrier. The leakage can then be

quantified via renal excretion assays and serve
as a marker for intestine permeability (Figure 2
(a)). Depending on their sizes and the severity
of leakage in gastric tissues, different ratios of
the probes can be detected in the urine of
subjects.’® For example, the monosaccharide
probe mannitol is relatively small with a dia-
meter of 6.5 A and believed to cross the epithe-
lial barrier through the pore pathway.”* In
contrast, the disaccharide probe lactulose is a
larger molecule with the diameter of 9.5 A and
thought to only cross via the leak pathway.”
The lactulose:mannitol ratio (LMR) in urine
samples can therefore provide insight on the
activity of these two pathways. Studies have
reported a LMR in healthy individuals to be
0.014, while in IBD patients the LMR increases
10-fold to 0.093-0.133.°7 Intriguingly, healthy
individuals who are first-degree relatives of
IBD patients often exhibit elevated LMRs prior
to disease onset and have a markedly increased
predisposition to developing IBD later in life."

While the use of oral probes in detecting intest-
inal permeability is convenient, it is important to
note its complications. First, oral probes are indir-
ect measurement of intestinal permeability.
Second, recent research has challenged the accu-
racy of oral probes in measuring gut permeability.
For example, the sizes of two popular oral probes
mannitol and lactulose may not differ
significantly.”® However, mannitol is excreted in
orders-of-magnitude higher concentrations than
lactulose: 31.2 + 3.4% of administered '>C-manni-
tol is excreted within 24 hours in healthy adults,
compared to just 0.32 + 0.03% for lactulose.”® Thus,
the evidence for similarly-sized probes with differ-
ing excretion rates questions the validity of the leak
versus pore distinction since both molecules may
be crossing via the same pathway. Taken together,
cautions need to be taken to interpret the result of
using oral probes to detect leaky gut.

3.2. Transepithelial electrical resistance assay and
Ussing chamber assay

The Transepithelial Electrical Resistance (TEER)
assay is an in vitro method for real time and direct
measurements of barrier integrity in cellular
monolayers.®” TEER is frequently used to study
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Figure 2. Popular methods for assessing intestinal permeability. (a), the oral probe excretion assay is a widely employed indirect
method where probe molecules traverse the gastrointestinal system and potentially cross the intestinal barrier, subsequently
quantified through renal excretion assays to gauge intestinal permeability. (b), the transepithelial electrical resistance (TEER) assay
measures the electrical resistance across a cell monolayer, commonly used to assess the integrity and barrier function of epithelial or
endothelial cell layers. (c), the gut permeability staining assay involves the visualization of fluorescently labeled molecules or tracers
that permeate through the gut epithelium, thus providing insights into intestinal barrier integrity and permeability. This method is

commonly used in model organisms with transparent anatomy.

intestinal tissue permeability in Caco-2 cells
derived from a human colorectal adenocarcinoma,
but is also useful for other, intact epithelial tissues
such as the pulmonary alveolar epithelial barrier,
urinary tract epithelial barrier, and intestinal
epithelial barrier."** Caco-2 cells grow naturally
into monolayers and have many similar functions
to in vivo small intestine villi epithelium.®?

For grown cellular monolayers, the TEER assay
involves culturing the tissue of interest as a single-
cell layer on a semi-permeable membrane, forming a
tight monolayer that mimics the epithelial barrier in
vivo. With electrodes placed in the apical and baso-
lateral compartments, a small electrical current is
applied across the cell monolayer, and the resistance
to this current is measured (Figure 2(b)).546>

TEER measurements exhibit considerable varia-
bility due to factors such as cell culture conditions,
experimental setup, and the specific laboratory
conducting the assay. Typically, data are presented
as unit area resistance, calculated by dividing resis-
tance values by the membrane area.®® For instance,
TEER values in Caco-2 cells have been documented

to range from 49 to 137 Q/cm” depending on their
degree of differentiation.®’ Additionally, studies
have reported TEER measurements as high as
nearly 400 Q/cm?® in healthy Caco-2 cell controls,
while exposure to lipopolysaccharide (LPS) can
lead to a decrease of up to 50% in TEER values.*®
For an extensive compilation of TEER values in
Caco-2 monolayers across various experimental
setups, refer to Srinivasan et al.*’

When studying whole-tissue samples like the
intestine, researchers often utilize the Ussing
chamber assay. This method preserves the hetero-
geneity and morphology of intact intestinal tissue
by mounting it in a specialized chamber that allows
separate solutions on both apical and basolateral
sides.®” Unlike the TEER assay, which measures the
resistance of cellular monolayers, the Ussing cham-
ber assay evaluates the electrical properties such as
voltage and the movement of ions across the
epithelial barrier under controlled conditions.
Combining the Ussing chamber with radio-labeled
probes like'*C and’H allows for quantitative
assessment of barrier permeability.”” This
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approach provides valuable insights into ion trans-
port, secretion, and absorption across epithelial
tissues ex vivo.

3.3. Staining assays

In addition to the methods outlined above, the
Smurf assay and Fluorescein isothiocyanate
(FITC)-Dextran staining assay are commonly used
to visualize leaky gut. The Smurf assay involves
feeding a non-absorbable blue dye to animals and
monitoring the leakage of the dye from the intestine
into the body (Figure 2(c)).”! The most frequently
used dye is FD&C Blue No. 1 (disodium 2-[[4-
[ethyl-[(3-sulfonatophenyl)-methyl]amino]phenyl]-
[4-[ethyl-[(3-sulfonatophenyl)methyl]-azaniumyli-
dene]cyclohexa-2,5-dien-1-ylidene]methyl]benze-
nesulfonate) which is more commonly known as
Brilliant Blue FCF. This dye has been widely used
in commercially processed foods as a coloring agent
since it was first approved by the FDA in 1993.°
The Smurf assay, pioneered in D. melanogaster
and later adapted for C. elegans, allows for the
identification of ‘blue Smurfs’ - organisms exhi-
biting increased intestinal leakage, indicated by a
blue-stained appearance.”’ Following dye inges-
tion and an incubation period, animals can be
sorted based on the color of their bodies, either
normally colored or stained blue. Animals with
blue bodies are a result of increased leakage from
the intestine. This leakiness leads to the charac-
teristic blue stained appearance by which the
assay gets its name, i.e. blue Smurfs.”"®
Notably, the Smurf phenotype is typically
assessed as a binary outcome, reflecting either
increased permeability or an intact barrier. The
proportion of Smurf animals within a population
serves as a measure of overall leakiness and has
been linked to lifespan in various organisms.®’
Importantly, studies have demonstrated a corre-
lation between the proportion of ‘blue Smurfs’
and lifespan. In Drosophila, the proportion of
wildtype flies exhibiting the Smurf phenotype
increases with age.”’ Conversely, the eat-2
mutant of C. elegans, known for its extended
lifespan due to dietary restriction, displays a
markedly lower Smurf proportion compared to
wildtype counterparts.”’ These findings align

with observations in humans, indicating that
age plays a pivotal role in determining intestinal
permeability.”"

Another method for evaluating intestinal perme-
ability is the FITC-Dextran staining assay.”
Operating on a principles akin to the Smurf assay,
this method may be performed by orally administer-
ing fluorescently labeled FITC-Dextran to animals or
by staining in vitro cellular monolayers and three-
dimensional animal and human intestinal organoids.”
7> Subsequent monitoring allows detection of leakage
from the tissue of interest into the surrounding tissue
(Figure 2(c)), serving as an indicator of permeability.
Enhanced fluorescence observed in across the barrier
tissue corresponds with heightened levels of intestinal
leakage and compromised integrity of junction pro-
tein complexes.®® It is important to note that the
commonly used FITC-4 kDa dextran probe for asses-
sing intestinal permeability cannot differentiate
between leak and unrestricted pathways, as 4 kDa
dextran can cross both. Additionally, 4 kDa dextran
is too large to pass through the pore pathway, thereby
providing no information about paracellular flux
through this route. To quantitatively measure barrier
permeability across pore, leak, and unrestricted path-
ways, and to accurately assess flux changes due to
defects in cell junctions or overall epithelial damage,
a three-probe fluorescent system has been developed.”
7% This assay utilizes three separate probes: creatinine
(6 A diameter), FITC-4 kDa dextran (28 A diameter),
and rhodamine-70 kDa dextran (120 A diameter),
each probing different leakage routes. Creatinine can
permeate all three pathways, while 4 kDa dextran is
restricted to leak and unrestricted pathways, and 70
kDa dextran is limited to the unrestricted pathway.”*
Importantly, this technique can be applied either in
vivo via oral gavage or ex vivo using the Ussing cham-
ber, thereby combining the advantages of both
approaches.

4. Intrinsic factors involved in regulating
intestinal barrier complexes

As previously described, alterations in intestinal per-
meability often precede the onset of many intestinal
and extraintestinal disorders. Thus, unraveling the
factors that contribute to changes in intestine perme-
ability has become an important facet in combating
these diseases. In the subsequent sections, we focus on
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Figure 3. A summary scheme of the intrinsic cellular signaling pathways modulating intestinal permeability.

modulators that impact the integrity of the intestinal
barrier complexes, highlighting endogenous (Figure
3) and exogenous (Figure 4) contributors to intestinal
leakage. Herein, we present a compilation of signaling
pathways and effectors widely implicated in GI dis-
eases, most of which have been predominantly stu-
died using mouse models of intestinal barriers. While
this list is not exhaustive, it highlights some of the
most recognized and influential pathways known to
regulate the intestinal epithelial barrier.

4.1. Myosin light chain kinase (MLCK) pathway

Among the myriad signaling pathways implicated in
the regulation of gut barrier complexes, the myosin
light chain kinase (MLCK) stands out as a primary
player. Encoded by the MYLKI1 gene, intestinal

MLCK exists in two splice variants: MLCK1 and
MLCK2.” Both variants are calmodulin-activated
serine/threonine kinases long known to orchestrate
tight junction organization in intestinal epithelial
cells, a process intricately linked to Na'-glucose
cotransport.”> Mechanistically, the demand for Na*
transport across the barrier triggers MLCK activation,
leading to the phosphorylation of myosin II regulatory
light chain (MLC) within the perijunctional actomyo-
sin ring (PAMR). This phosphorylation triggers a
contractile force that increases physical tension on
tight junctions, potentially causing structural defor-
mations and thereby elevating paracellular
permeability.”® Enhanced expression and activity of
MLCK are frequently observed in cases of IBDs in
both rodent models and human patients, making it an
attractive therapeutic talrget.77’78 Several recent studies
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Figure 4. Gut microbes and common chemicals regulate intestinal junctional complexes in a complex manner. (a), many beneficial
microbes (e.g., L. plantarum, A. muciniphila, B. longum) promote the gut barrier integrity and reduce cytokine release and



have explored the potential of MLCK
inhibition in controlling IBD pathology and reducing
intestinal permeability.”**

In a recent study, researchers demonstrated that
recruitment of MLCK1 to the PAMR, followed by
MLC phosphorylation, heightened permeability, as
evidenced by a reduction in TEER.* Through
screening a library of 140,000 compounds for
MLCKI1 inhibitory activity, they identified a novel
compound termed “divertin”, which impedes the
recruitment of MLCK1 to the PAMR. Addition of
divertin to TNF-treated cells restored TEER levels
to those of healthy, non-TNF-treated cells and
reversed MLC phosphorylation.®® These findings
were corroborated in vivo, as divertin protected
mice administered TNF to induce barrier dysfunc-
tion. In the absence of MLCK1, MLC phosphoryla-
tion is inhibited, preventing occludin endocytosis
and thereby preserving tight junctions integrity.*

4.2. AMP-activated protein kinase (AMPK) pathway

AMPK signaling has also been implicated as a
key pathway for regulating inflammation and
tight junction expression within the intestine.
In a DSS-induced colitis model, genetic deletion
of AMPK exacerbated the severity of IBD symp-
toms, potentially attributed to heightened release
of proinflammatory cytokines and increased
macrophage activity.®' Conversely, activation of
AMPK directly influences tight junctions assem-
bly. For instance, treatment with AICAR, a non-
specific AMPK activator, accelerates the
recruitment of ZO-1 protein to the membrane,
reduces permeability to FITC-dextran, enhances
TEER, and upregulates markers indicative of
intestinal differentiation.’” Notably, the tran-
scription factor CDX2, crucial for cell differen-
tiation, is upregulated following AMPK
activation. Inversely, inhibition of AMPK abol-
ished the protective permeability effects seen
and CRISPR/Cas9 deletion of CDX2 abolished
differentiation.*” Overall, AMPK serves as a cri-
tical modulator of intestinal permeability and
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tight junction assembly, likely mediated through
mechanisms involving cellular differentiation
and recruitment of tight junction proteins to
the membrane.*’

4.3. cAMP-responsive element-binding protein H
(CREBH) pathway

The cAMP signaling pathway has been exten-
sively explored for its impact on intestinal per-
meability modulation. Central to this pathway is
the cAMP-responsive element-binding protein H
(CREBH), acting as a pivotal transcription
factor.®** Given reports of defective cCAMP signal-
ing in pediatric colitis and the presence of
CREBH in intestinal epithelial cells, it was postu-
lated that they play a pivotal role in regulating
intestinal permeability.*> In a mouse model of
DSS-induced colitis, both CREBH mRNA and
protein expression were diminished.®> Notably,
both DSS-treated wild type mice and CREBH
knockout mice exhibited decreased expression of
tight junction proteins critical for maintaining
intestinal barrier integrity, including claudin-1,
claudin-3, claudin-5, claudin-8, and ZO-1.*
Intriguingly, there was also a substantial increase
in the expression of claudin-2, a known mediator
of leaky gut and promoter of IBD progression.®
This regulation of tight junction proteins via
CREBH may be related to IGF signaling, which
is known to stimulate epithelial cell proliferation
following injuries to the intestine.*® Further
investigations unveiled a downregulation of
IGFIR in both DSS-treated wild type mice and
CREBH knockout mice, with expression levels
being restorable through forced expression of
CREBH.*” Together, these findings suggest that
CREBH plays a crucial role in stimulating IGFIR
expression, ultimately leading to an increase in
the expression of essential tight junction proteins.
This mechanism contributes to the enhancement
of gut barrier health and the reduction of perme-
ability, offering potential therapeutic avenues for
addressing intestinal disorders.

inflammation. (b), detrimental microbes (e.g., C. albicans, E. faecalis, S. aureus) undermine gut barrier integrity by diminishing
junctional protein expression and organization. (c), a summary of microbes and chemicals that are known to affect gut barrier

permeability through diverse mechanisms.
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4.4. TLR4 pathway

The Toll-like receptor 4 (TLR4) signaling pathway
stands as a cornerstone of innate immunity, and it
is a pivotal signaling pathway governing gut
permeability through its activation of downstream
proinflammatory signaling events. Specifically,
TLR4 serves as a pivotal receptor known for its
recognition of bacterial remnants, notably LPS.*”
Within the intestine, LPS engagement with epithe-
lial TLR4 receptors initiates a signaling cascade
culminating in the activation of nuclear factor-«xB
(NF-xB) transcription factors and other proinflam-
matory processes.*>® Elevated NF-kBp65 levels
and intestinal inflammation have been associated
with decreased expression of ZO-1 and occludin.”

While basal TLR4 expression in intestinal tissue
is low, it plays a crucial role in safeguarding against
intestinal and bacterial injuries.**”" Notably, stu-
dies have consistently observed elevated TLR4
expression in the intestinal cells of individuals
with IBD, with overexpression in murine models
correlating with increased susceptibility to chemi-
cally induced colitis.*”**> Moreover, experiments
with TLR4-overexpressing mice have demon-
strated compromised intestinal barrier function,
leading to heightened permeability and leakage of
FITC-dextran into the serum.”

4.5. Wnt/B-catenin pathway

The canonical Wnt signaling pathway, also referred
to as the Wnt/p-catenin pathway, plays a pivotal
role in cell proliferation by stabilizing and translo-
cating B-catenin into the nucleus.” In the intestine,
this pathway is indispensable for the maintenance
and regeneration of intestinal stem cells and tissue
integrity.”” Dysregulation of Wnt signaling is
implicated in various intestinal diseases, including
necrotizing enterocolitis and IBDs, which are char-
acterized by intestinal injury, inflammation, and
compromised gut barrier function.”>”°

Activation of Wnt signaling leads to the nuclear
translocation of P-catenin, which then activates
many target genes through P-catenin-T-cell fac-
tor/lymphoid enhancer-binding factor (TCF/LEF)
transcription factors. Notably, these target genes
include proteins crucial for tight junction assembly

in the intestine, such as ZO-1 and occludin.”
Studies in mice have shown that disruption of
Wnt/B-catenin signaling results in reduced
mRNA expression of ZO-1 and occludin, accom-
panied by increased intestinal permeability, as indi-
cated by FITC-dextran staining. Conversely,
restoration of Wnt signaling reverses these effects,
highlighting the importance of Wnt signaling in
maintaining  intestinal  barrier  function.”®
Furthermore, Wnt signaling has been found to
inhibit NF-«xB activity through direct interaction
of B-catenin with NF-kB, thereby mitigating
inflammation and tissue damage.”””® Together,
these results implicate Wnt/(B-catenin signaling as
another important pathway affecting intestinal
inflammation and junctional organization.

4.6. Notch pathway

NOTCH receptors also play a crucial role in reg-
ulating the integrity of the intestinal barrier. These
membrane-bound proteins undergo endocytosis
and nuclear translocation upon activation by their
binding partners.”” Once cleaved in the nucleus,
NOTCH acts as a transcription factor, orchestrat-
ing the expression of numerous genes involved in
development, tissue repair, and cell differentiation.”
* In the GI tract, NOTCH activity is specifically
linked to the regulation of tight junction proteins.
Interestingly, in mice lacking lamina propria lym-
phocytes that induce intestinal epithelial differen-
tiation, the absence of cleaved Notch-1 protein
correlated with increased intestinal permeability.
This was evidenced by reduced TEER measure-
ments and increased FITC-dextran staining.'®
Further evidence from Notch-1 knockdown experi-
ments in Caco-2 cell lines underscores NOTCH’s
direct impact on barrier integrity, with increased
intestinal permeability observed compared to con-
trol lines.'® These studies suggest that cleaved
NOTCH proteins transcriptionally regulate the
expression of proteins crucial for the architecture
of intestinal junction complexes.'*’

While the relationship between NOTCH activity
and specific junction proteins may vary, research
indicates a direct correlation between NOTCH
activity and the expression of proteins such as



occludin and claudin-1, while an inverse relation-
ship exists with proteins like claudin-5."%%'""
Overall, the NOTCH pathway emerges as another
critical signaling pathway intricately linked to the
expression and maintenance of junction complex
proteins in the intestinal epithelial barrier.

4.7. Autophagy

Routine cellular processes such as autophagy, along
with other stress-response factors, play a pivotal
role in regulating tight junction architecture and,
consequently, are essential for maintaining barrier
integrity. Autophagy is a highly conserved mechan-
ism of cellular recycling that eliminates damaged
and aged proteins.'> This homeostatic process is
crucial for responding to cellular stress and is par-
ticularly active in the proliferative component of
colonic crypts.'” Under stress conditions, the
autophagic machinery engulfs cytoplasmic compo-
nents, which are subsequently degraded upon
fusion with lysosomes.'*®

Regarding its impact on permeability, autophagy
induction protects the intestinal barrier by influen-
cing the expression of tight junction proteins. For
instance, claudin-2, a pore-forming claudin protein,
undergoes lysosomal degradation during starvation-
induced autophagy.'® Conversely, TNF-mediated
inhibition of autophagy leads to increased claudin-
2 expression and heightened permeability.'®
Beyond claudin-2, autophagic activity also impedes
the endocytosis of occludin protein, thereby preser-
ving tight junction structure.'**

5. Microbes involved in regulating intestinal
barrier complexes

The gut microbiome constitutes a complex ecosys-
tem of microorganisms inhabiting the human intest-
inal epithelium. This ecosystem undergoes dynamic
changes throughout life, with newborns initially
possessing a sterile intestinal tract. However, by
adulthood, the gut microbiome can comprise up to
10" cells, greatly outnumbering their own host cells
nearly tenfold.'” Among these microorganisms,
bacteria predominate, though the microbiome also
encompasses fungi, viruses, and other organisms,
with estimates suggesting the presence of 300 to
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1000 bacterial species.'®*'®” While many microbes
are pathogenic and cause damage to the epithelium,
countless others have been investigated for their role
as probiotics, improving the health and integrity of
the intestine. The gut microecosystem maintains a
delicate balance between beneficial and pathogenic
microbes, and disruptions to this balance can lead to
dysbiosis and the overgrowth of opportunistic
organisms. In healthy individuals, beneficial
microbes effectively outcompete specific pathogenic
strains, thereby limiting their ability to spread and
cause infections.'”® In contrast, patients suffering
from IBDs and other related conditions often exhibit
a disturbed microbiome that exacerbates inflamma-
tion and compromises barrier function.'” Although
these observations are now recognized as hallmarks
of IBD pathology, whether they are causes and/or
effects of the disease is still debated.'”
Understanding how microbiome alterations influ-
ence IBDs and contribute to intestinal barrier func-
tion is essential for developing effective treatment
strategies for these diseases. Due to the open ques-
tions that remain in this field of research, numerous
studies over the past decade have highlighted the
profound impact of bacterial colonization on gut
permeability (Figure 4).

5.1. Beneficial microbes for intestinal barrier
complexes

Of particular interest is the utilization of probiotics
to mitigate gut inflammation and subsequent per-
meability. Probiotics often exert their beneficial
effects on permeability by modulating proteins
within cell-adhesion junctions. For example,
Akkermansia muciniphila (A. muciniphila) and its
associated compounds have demonstrated efficacy
in reducing intestinal inflammation and perme-
ability in both in vitro and in vivo models through
diverse molecular pathways (Figure 4(a)).
High-fat diets (HFD) are recognized for their
propensity to increase permeability in experimen-
tal colitis models and exacerbate symptoms of IBD
in humans."'® HFDs reduce the expression of tight
junction components such as ZO-1 and occludin,
compromising gut barrier integrity and elevating
overall permeability."'" Interestingly, HFD-fed
mice administered A. muciniphila-derived
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extracellular vesicles (AmEVs) exhibited a marked
reduction in permeability compared to those on the
HFD alone.''” Notably, AmEV-treated mice dis-
played elevated expression of tight junction pro-
teins like occludin and claudin, countering the
detrimental effects of the HED.''” This suggests
that barrier reinforcement is associated with
enhanced cellular connectivity within the
intestine.'"> Mechanistically, the upregulation of
tight junction proteins induced by AmEVs appears
to involve multiple pathways including the afore-
mentioned phosphorylation of AMPK and cAMP
signaling via CREBH (Figure 4(c)).*>'"?
Consequently, it is unsurprising that treatment of
Caco-2 cells with AmEVs resulted in elevated
AMPK phosphorylation, accompanied by a corre-
lated reduction in intestinal permeability. By con-
trast, pharmacological inhibition of AMPK in
AmEV-treated cells attenuated the protective
effects observed in previous experiments.''” In
addition to AMPK, A. muciniphila may also be
exerting its effect through the activation of
CREBH. Infection of Caco-2 cells with A. mucini-
phila resulted in the upregulation of CREBH
expression, leading to the mitigation of gut
leakage.®” This effect may be attributed to the pre-
sence of Amuc_1100, an abundant outer mem-
brane protein of A. muciniphila known to
regulate CREBH expression.®> Furthermore,
Amuc_1100 was shown to upregulate the expres-
sion of toll-like receptor 2 (TLR2), a key player in
intestinal wound healing.*>''* Taken together,
these findings suggest that A. muciniphila and its
protein components confer a protective effect on
intestinal barrier integrity, potentially through
modulation of multiple signaling pathways.

The supplementation of human diets with gram-
positive, lactic-acid producing bacteria (LAB) has
long been recognized for its beneficial effects in
combating various human diseases.''> Among
these bacteria, multiple species of the
Bifidobacterium genus, commonly found in the
human gut microbiome, have shown promise in
regulating proinflammatory cytokine expression
and promoting epithelial barrier function. Studies
have revealed that Bifidobacterium longum ssp.
longum can downregulate the expression of proin-
flammatory markers TNF-a and IFN-y, along with
the anti-inflammatory cytokine IL-10, indicating a

reduced inflammatory state and decreased demand
for anti-inflammatory responses (Figure 4(c)).1e
This bacterial strain has also demonstrated the abil-
ity to decrease permeability as assessed by FITC-
dextran measurements in a DSS-induced colitis
mouse model.'* Likewise, Bifidobacterium bifidum
(B. bifidum) has demonstrated beneficial effects on
barrier integrity. In experiments using Caco-2 cell
monolayers treated with TNF-a to induce a decrease
in TEER, concurrent administration of B. bifidum
effectively restores TEER levels and enhances occlu-
din expression.'"”

Lactobacillus, another genus of LAB prevalent in
the human intestine, has been shown to modulate
intestinal permeability. In a randomized controlled
trial involving healthy human subjects, administra-
tion of Lactobacillus plantarum (L. plantarum)
directly to the duodenum resulted in alterations in
the expression pattern of the tight junction protein
ZO-1.""® Interestingly, the presence of L. plantarum
appears to force apical localization of ZO-1 and
increase tight junction presence on cell surface
membranes.''®'"” While this increase in tight junc-
tion presence alone did not enhance barrier integrity
in a Caco-2 monolayer, L. plantarum colonization
significantly attenuated the increase in permeability
induced by phorbol 12,13-dibutyrate (PDBu), a deri-
vative of TPA known to cause dislocation of tight
junction proteins.''® Previous research has demon-
strated that administration of Pam3-Cys-SK4
(PCSK), an artificial Toll-like receptor 2 (TLR2)
ligand, restored tight junction integrity in DSS-
induced colitis mice.'’ Given evidence suggesting
that TLR2 agonism increases translocation of ZO-1
to tight junctions and confers protection, researchers
investigated whether the effects of L. plantarum are
mediated by TLR2 signaling. By assessing TEER and
employing phorbol treatment, they found that acti-
vating TLR2 with PCSK replicated the effects
observed with L. plantarum treatment alone.''®
These findings imply that changes in ZO-1 localiza-
tion induced by L. plantarum may indeed be
mediated by TLR2 signaling (Figure 4(c)).

Lactobacillus  paracasei (L. paracasei) and
Lactobacillus acidophilus (L. acidophilus), two other
species within the Lactobacillus genus, have also
demonstrated protective effects against epithelial
barrier damage.'”® Salmonella typhimurium (8.
typhimurium), a pathogenic bacterial strain known



for inducing intestinal epithelial destruction and
irregular remodeling of tight junction proteins,
poses a significant threat to gut health.'”' However,
a recent study revealed that a metabolite derived
from L. paracasei effectively counteracts the dama-
ging effects of S. typhimurium."*® Specifically, L.
paracasei CNCM 1-5220-derived postbiotic (LP-
PBF) was found to prevent the disorganization of
Z0-1 in tight junctions and increase TEER values in
cell monolayers; remarkably, these protective effects
were achieved without adversely affecting the com-
mensal gut microbiota.'*® Unlike antibiotics, which
target bacterial growth, LP-PBF appears to neutra-
lize S. typhimurium and restrict its ability to invade
the intestinal epithelium, possibly by impeding the
formation of S. typhimurium biofilms."** Unlike L.
paracasei, L. acidophilus exerts its protective func-
tion by directly modulating the expression of tight
junction proteins. As early as 2005, studies demon-
strated that treating rats with a probiotic cocktail
containing L. acidophilus increased the expression
of occludin.'** More recent research has shown that
mice fed high-fat diets and subsequently adminis-
tered fecal transplants of L. acidophilus experienced
reduced inflammation and microbiome dysbiosis.
Similar to the effect observed with A. muciniphila,
these mice also showed improved permeability out-
comes, indicated by decreased FITC-dextran stain-
ing and increased occludin expression.'** Improved
barrier integrity is attributed to decreased activation
of the TLR4 and NF-«B signaling pathways, as well
as reduced expression of downstream proinflamma-
tory cytokines.'”> Numerous studies on L. plan-
tarum, L. paracasei, and L. acidophilus collectively
underscore the critical role of the Lactobacillus
genus in maintaining gut barrier integrity.

5.2. Detrimental microbes for intestinal barrier
complexes

While approximately 93% of known bacterial species
are deemed nonpathogenic, the gut harbors a diverse
range of microbes, some of which can cause diseases.”
'2* Among these, Staphylococcus aureus (S. aureus), a
gram-negative bacterium commonly found in the
human nasal mucosa, poses a significant health risk.”
2> While S. aureus infections are prevalent on the
skin, they become especially dangerous when they
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penetrate deeper tissues, leading to conditions like
sepsis and organ failure, particularly when the strains
are antibiotic-resistant (methicillin-resistant S. aur-
eus, or MRSA) (Figure 4(b))."**'*>

MRSA-induced sepsis can also have profoundly
negative effects on gut barrier function, possibly
due to increased expression of cytochrome
P4501A1 (CYP1A1l) (Figure 4(c)). In patients
with sepsis, increased levels of CYP1A1 have been
documented and CYP1A1 inhibitors exhibit anti-
inflammatory, antitumor, and other protective
immune functions.'**"*” Similarly, studies invol-
ving mouse models of MRSA infection have shown
that mice lacking CYP1A1 have a much higher
survival rate and better preservation of gut barrier
proteins (e.g., ZO-1, occludin, and E-cadherin) fol-
lowing MRSA infection compared to wildtype
mice.'?” Further investigations revealed the invol-
vement of cadaverine, a byproduct of lysine meta-
bolism produced by gut microflora, in MRSA-
induced gut permeability."*” Cadaverine levels
rise significantly during MRSA infection, with
CYP1A1 potentially playing a crucial role in its
synthesis.'*” Interestingly, pretreatment with cada-
verine abolishes the protective effects against
MRSA infection in Cyplal knockout mice, indicat-
ing the importance of CYP1AL1 in this context."*’

Among the various commensal gut microbiota,
Enterococcus faecalis (E. faecalis) stands out as one
of the most prolific producers of cadaverine. In the
cecal contents of both Cyplal™" and Cyplal™"
mice, cadaverine levels were increased following
oral gavage with E. faecalis.'”” Co-infection of
Cyplal™™" mice with E. faecalis and MRSA leads
to notable outcomes, including a decrease in ZO-1
expression, heightened intestinal permeability, and
reduced survivability compared to untreated
Cyplal™™ mice. Interestingly, Cyplal knockouts
maintain a protective phenotype against these
effects, indicating the crucial role of CYP1Al in
gut homeostasis.'”” Mechanistically, the increased
activities in MLCK and NF-kB pathways are likely
main drivers behind the increase in intestine per-
meability, as cadaverine can cause downstream
activation of both MLCK and NF-«xB via agonism
of histamine receptor (HRH) family member
HRH4 (Figure 4(c)).**” Notably, HRH4 expression
is also upregulated in the epithelium of Cyplal™’™"
mice with MRSA infection."”” These findings
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collectively underscore the contribution of both
MRSA and E. faecalis—despite their natural pre-
sence in the human gut microbiome - to the
pathology of leaky gut. Their induction of cadaver-
ine levels, leading to NF-xB pathway activation,
highlights the intricate interplay between gut
microbiota and intestinal barrier integrity.

Interestingly, despite Cyplal”™ mice being pro-
tected against MRSA infection, Cyplal expression
does not consistently indicate permeability status.
The aryl-hydrocarbon receptor (AhR) is a ligand-
activated transcription factor that detects xenobio-
tic compounds and regulates genes involved in
xenobiotic metabolism, including Cyplal.'*®
Activation of AhR by the microbial metabolite
Urolithin A (UroA) mitigated symptoms of DSS-
induced colitis in mice, but this effect was absent in
Cyplal-/- animals."”” Furthermore, wildtype mice
treated with UroA showed reduced FITC-dextran
staining and significant increases in ZO-1, occlu-
din, and claudin-4, whereas Cyplal-/- mice did not
exhibit improvement.'* This suggests that while
AhR activation by certain immune pathways can
protect barrier integrity, prolonged activation (as
seen in MRSA infection) may impair the intestinal
epithelium barrier."*’

AhR is activated by a variety of tryptophan-
based ligands such as indole, indole-3-acetic acid,
and indole-3-aldehyde, all of which are derived
from indigenous microbiome members."’' The
role of AhR as a regulator of intestinal barrier
function is underscored by its responsiveness to
diverse microbial-derived ligands. Ongoing
research into the generation of AhR ligands by
the microbiota will further clarify the influence of
this receptor on intestinal permeability.'*"

5.3. Context-dependent bacterial modulators of
the intestinal barrier complexes

Not all bacteria species follow the binary classifi-
cation of either promoting or suppressing leaky
gut pathology. For example, some evidence sug-
gests that gut colonization with Escherichia coli (E.
coli) may reduce permeability while other studies
report an increase in permeability, dependent on
the specific strain of E. coli."**'** E. coli Nissle
1917 (EcN), for instance, has been observed to
increase ZO-1 expression in healthy and DSS-

induced colitis mouse models (Figure 4(c)).1*?

While the precise mechanism by which EcN con-
trols ZO-1 expression remains unclear, it is
known that ZO-1 plays a crucial role in the for-
mation of tight junctions, thereby maintaining
intestinal barrier integrity.'>*

Conversely, other strains of E. coli have been
reported to weaken barrier integrity through dif-
ferent mechanisms. For instance, E. coli of the B2
phylotype commonly found in human intestines
may produce a-hemolysin (HlyA), a toxin known
to induce intestinal leakage, which is often present
in higher levels in individuals with ulcerative
colitis."”*> Moreover, infection of T84 cell mono-
layers with E. coli strain C25 reduced TEER mea-
surements and activated NF-kB signaling.'*”
Collectively, these examples underscore the diverse
effects that gut bacteria can exert on permeability
and junction remodeling, even within the same
species, highlighting the complexity of interactions
between microbes and host intestinal barriers.

5.4. Viral modulators of the intestinal barrier
complexes

While bacteria dominate the human gut microbiota,
comprising roughly 90%, the remaining 10%
encompasses a diverse array of viruses, fungi,
archaea, and protozoa species.'>® Beyond bacteria,
certain viral species emerge as significant exogenous
regulators of intestinal permeability. Viruses and
viral particles wield considerable influence over gut
permeability through interactions with resident bac-
terial populations. Viral infections can precipitate
shifts in microbiome composition, thereby impact-
ing intestinal integrity. Notably, individuals infected
with Human Immunodeficiency Virus (HIV) often
experience marked alterations in gut microbiota,
characterized by a decline in beneficial bacteria
such as Bifidobacterium and an increase in harmful
bacteria like Pseudomonas.”” This dysbiosis, linked
to HIV infection, may directly contribute to leaky
gut pathology. Moreover, research spanning decades
has illuminated potential pathways through which
HIV infection exacerbates intestinal permeability.
Studies from the late 1990s revealed that HIV-posi-
tive patients exhibit a 1.5 to 3.1-fold greater lactu-
lose-to-mannitol ratio in their urine, indicative of
heightened intestinal leakage.'’® HIV infection



prompts host immune cells to release proinflamma-
tory cytokines, potentially increasing permeability.
Notably, two HIV proteins, envelope protein ‘gp120’
and transactivator protein ‘Tat’, directly modulate
tight junction protein architecture. For instance, one
study reported decreased expression of ZO-1, occlu-
din, and claudin proteins in HIV-1-infected cells,
with similar effects observed following treatment
with isolated gp120."* The host response to viral
insult may involve production of TNF-a, IL-6, and
IL-8 cytokines and activation of NF-kB signaling
which may contribute to the increased permeability.”
3% Similarly, Tat protein induces expression of IL-18
and activity of MLCK, culminating in reduced clau-
din-2/occludin expression and compromised barrier
integrity.'*® Collectively, these findings underscore
the complex interplay among viral infections, gut
microbiota dynamics, and the pathophysiology of
leaky gut syndrome in HIV-infected individuals.'*®

Influenza, a virus affecting various avian and
mammalian species, primarily targets the upper
respiratory tract but also induces secondary effects
in the lower GI tract. Experimental models of intra-
nasal influenza infection in mice demonstrate sig-
nificant consequences such as shortened colons,
diarrhea, and upregulation of proinflammatory
genes in the intestines.'*""'** Remarkably, direct
infection of the gastric mucosa (intragastric) does
not replicate the effects of intranasal injection,
resulting in minimal pathological injury to the
mice and complete clearance of the infection
within 72 hours.'** These observations support
the hypothesis that viral infection in the upper
respiratory tract may adversely affect the distal
intestinal mucosa. Evaluation of intestinal perme-
ability reveals increased FITC-flux across the
intestinal lumen into the surrounding plasma
upon intranasal influenza infection."*' It is
hypothesized that this elevation in inflammation
markers and subsequent leaky gut pathophysiology
could stem from a reduction in available short-
chain fatty acids (SCFAs) - critical molecules for
intestinal homeostasis.'*' SCFAs, including acetate
and butyrate, are produced by gut bacteria through
the fermentation of dietary fiber, conferring pro-
tection against gut injury.143 Influenza infections,
akin to other viral infections discussed, alter the gut
microbiome, potentially favoring harmful
microbes over SCFA-producing bacteria. This
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microbiome shift, coupled with decreased SCFA
levels, correlates with the observed intestinal
damage in influenza-infected mice and can be miti-
gated by direct administration of SCFAs."*'
Additionally, it’s noteworthy that the H5N1 sub-
type of avian influenza virus has been found to
directly downregulate E-cadherin, occludin, clau-
din-1, and ZO-1 in the alveolar tissue of infected
mice via activation of TAKI1-Itch, an upstream
activator of NF-xB signaling.'** Although this
data originates from a peripheral tissue rather
than the intestine, similar phenomena may occur
in the intestine, contributing to the observed
increase in intestinal permeability.'**

More recent studies have documented
instances of microbiota dysbiosis in patients
infected with SARS-CoV-2 (COVID-19).'*°
Similarly, mice carrying COVID-19 exhibited
reduced microbial diversity and significant
alterations in intestinal epithelial composition.”
'*> Notably, severely ill mice showed diminished
Paneth cell numbers, along with abnormalities
in granule placement and morphology, coupled
with reduced gene expression of antimicrobial
factors such as lysozyme and defensins.'*
These changes to the Paneth cells are reminis-
cent of changes seen in human cases of IBDs. In
addition to mouse studies, researchers analyzed
stool samples from human COVID-19 patients
to monitor Faecalibacterium bacterium presence.
Faecalibacterium species, commonly found in
the human gut, play an immunosupportive role
and inhibit NF-xB activation and IL-8
production.'*® Reduced Faecalibacterium diver-
sity in COVID-19 patients correlated negatively
with nosocomial bloodstream infection (nBSI),
indicating potential bacterial translocation from
the intestine to the bloodstream.'®
Furthermore, COVID-19 infection’s impact on
alveolar tissue has been extensively studied,
revealing the release of various cytokines that
ultimately downregulate tight junction protein
expression.'*” Although these findings originate
from a different tissue, they suggest a plausible
link between COVID-19 infection and disrup-
tion of gut barrier integrity via similar mechan-
isms. While research on COVID-19s effects on
intestinal health and diversity remains in its
early stages, current evidence indicates that
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severe viral infection can compromise intestinal

barrier function, potentially exacerbated by anti-
s gt 14

biotic use.'*

5.5. Fungal modulators of intestinal barrier
complexes

Candida albicans (C. albicans), a commonly found
fungal species in the healthy human gut microbiome,
usually maintains a commensal relationship without
causing harm under normal circumstances. However,
when exposed to stress or changes in gut bacterial
composition, C. albicans may proliferate unchecked
by outcompeting commensal microbes, increasing
the risk of infection.'"*® In a mouse model of DSS-
induced colitis, supplementation with C. albicans has
been found to worsen colitis severity and heighten
intestinal barrier permeability."*” Moreover, co-infec-
tion with C. albicans and Klebsiella pneumoniae has
been shown to cause extensive damage to the gut
barrier.">® This damage is attributed to increased
expression of proinflammatory cytokines and simul-
taneous reduction in occludin.'

The primary means through which C. albicans
inflicts damage on the intestine are via the production
of Candidalysin, a cytolytic peptide toxin secreted
upon epithelial infection."”'** Candidalysin accu-
mulation induces intestinal inflammation by trigger-
ing IL-1B release and activating the NLRP3
inflammasome, culminating in direct tissue damage
and pyroptosis-mediated cell death."”' The NLRP3
(NACHT, LRR, and PYD domains-containing pro-
tein 3) inflammasome pathway is a significant proin-
flammatory pathway that responds to stress signals
arising from injury or microbial invasion.'”’ While
there are conflicting reports on the precise effects of
NLRP3 inflammasome signaling on exacerbating
IBDs, colitis, and intestinal permeability, NLRP3
inflammasome activation is considered a critical
step in the damage inflicted by C. albicans infection.”
PPLISSI% previous studies have demonstrated that
specific inhibitors targeting NLRP3 and IL-1p lead
to increased expression of tight junction proteins.">
Consequently, NLRP3 activation through candidaly-
sin secretion may have the contrary effect of reducing
tight junction protein expression, thereby exacerbat-
ing gut damage and increasing permeability."’

6. Common chemicals involved in regulating
intestinal barrier complexes

Nonsteroidal anti-inflammatory drugs (NSAIDs)
are among the most commonly used medications
due to their effective anti-inflammatory, analgesic,
and antipyretic properties.156 However, chronic
use of NSAIDs such as aspirin, especially in high
doses, has been associated with increased gut per-
meability and alterations in the gut microbiome.”
27158 Studies have shown that discontinuing
NSAID use can restore gut permeability and
microbiome composition to normal levels."” The
primary cause of NSAID-induced permeability
increases is thought to be their mechanism of
action as cyclooxygenase (COX) enzyme inhibi-
tors, particularly within the gastrointestinal tract.
More recent research has demonstrated that
NSAIDs can upregulate interleukin IL-17A
mRNA, and antibody neutralization of IL-17A
can mitigate barrier damage.'®® Additionally,
NSAIDs have been shown to uncouple mitochon-
drial oxidative phosphorylation and generate reac-
tive oxygen species (ROS).'*® Interestingly, the
intestinal damage caused by NSAID use can be
either exacerbated or mitigated by co-administra-
tion with other compounds. For instance, when
NSAID-administered mice were also given gliadin,
a component of wheat gluten implicated in the
progression of celiac disease, intestinal permeabil-
ity more than doubled compared to mice given
NSAIDs alone, and quadrupled compared to
untreated mice.'®" Conversely, NSAID-induced
barrier damage was ameliorated in rodents given
simultaneous doses of revaprazan, a potassium-
competitive acid blocker (PCAB). Revaprazan pre-
vented increases in intestinal permeability by
enhancing the expression of tight junction proteins
such as occludin, claudin, and ZO-1, likely due to
the inactivation of Rho-GTPase, MLC, and ERK
signaling pathways.'®

Proton pump inhibitors (PPIs) effectively treat
gastro-esophageal reflux disease (GERD), but their
long-term use has been associated with gut barrier
damage and worsening symptoms of IBDs.'®> A
2023 study by Nighot et al. demonstrated that
prolonged PPI use decreased TEER in cell culture
by activating MLCK and exacerbated colitis in
mouse models.'®* This finding, along with other



concerns about chronic PPI use, has spurred inter-
est in identifying alternative therapies such as
PCABs. For example, the novel PCAB tegoprazan
has shown promise in improving barrier function
by addressing microbiome dysbiosis, promoting
the growth of beneficial bacteria, and increasing
the expression of occludin and ZO-1."> Further
development of PCABs for conditions like GERD
holds the potential to offer alternative therapeutic
strategies that are less detrimental to gut barrier
integrity.

Selective serotonin reuptake inhibitors (SSRIs) are
widely prescribed for various mental health conditions,
particularly depression and anxiety disorders. Some
research suggests that SSRIs may contribute to gastro-
intestinal symptoms such as diarrhea, constipation, and
abdominal discomfort, which may indicate potential
effects on gut barrier function.'®® While the direct
causal link between SSRIs and leaky gut syndrome is
not definitively established, SSRIs are known to mod-
ulate the intestinal barrier through several mechanisms.
By altering serotonin levels, SSRIs may affect the tight
junctions between intestinal epithelial cells, potentially
influencing intestinal permeability. Moreover, seroto-
nin plays a role in shaping the gut microbiota composi-
tion, and changes in serotonin levels induced by SSRIs
can disrupt this balance, thereby impacting intestinal
barrier function.'®” Additionally, serotonin receptors
present on immune cells within the gut can be influ-
enced by SSRIs, potentially altering immune responses
and inflammation. These immune-mediated changes
have the potential to affect the integrity of the intestinal
barrier and its permeability.

In contrast to the harmful effects associated with
chronic use of NSAIDs, PPIs, and SSRIs, vitamin E
has been shown to confer protection toward the intest-
inal barrier. In a murine model of DSS-induced colitis,
dietary supplementation with vitamin E prevented the
depletion of the tight junction protein occludin, indi-
cating enhanced barrier integrity.'®® Additionally,
owing to its recognized anti-inflammatory and antiox-
idant properties, vitamin E was hypothesized to miti-
gate the effects induced by TNF-a and IFN-y
treatment. In experiments using Caco-2 cell mono-
layers, a- and y-tocopherol (natural derivatives of vita-
min E) were found to preserve TEER levels and restore
Z0-1 protein expression following cytokine exposure.”
' While the precise mechanism underlying vitamin
E’s protective action is not fully elucidated, studies

GUT MICROBES (&) 19

indicating reduced expression of TLR-4 and NF-kB
with vitamin E supplementation suggest its potential
involvement in the established signaling pathways dis-
cussed previously in this review.'®*'®

Other natural compounds derived from sources
beyond our microbiome, such as certain plant species,
also play a role in modulating gut permeability.
Schisandra chinensis, commonly known as the five-
flavor fruit plant, has a rich history in herbal medicine,
particularly for treating respiratory conditions.'”® One
of its derivatives, Schisandrin C, has demonstrated the
ability to decrease FITC-dextran staining and enhance
electrical resistance across Caco-2 cell layers exposed
to IL-1B."”° Through its anti-inflammatory effects,
Schisandrin C reduces the phosphorylation and
nuclear translocation of NF-«xB, while also reducing
the expression of MLCK and p-MLC. These collective
actions culminate in elevated levels of ZO-1 and
occludin expression.'’®”! Moreover, in an in vivo
model using C. elegans infected with barrier-dama-
ging bacteria, Schisandrin C demonstrated a reduc-
tion in FITC-dextran staining.'”

Another noteworthy plant-derived compound is
resveratrol, a natural polyphenol abundant in
grapes, seeds, and berries.'”” Renowned for its
reported anti-cancer, anti-inflammatory, antioxi-
dant, and neuroprotective effects, resveratrol mod-
ulates various signaling pathways involved in
inflammation and tight junction protein
expression.'”> Despite some conflicting findings,
resveratrol treatment in LPS-aggravated Caco-2
cells generally reduces inflammation by limiting
NF-«kB and TLR4 signaling.'”>"* Additionally,
resveratrol directly enhances tight junction protein
expression, thereby reducing intestinal permeabil-
ity. Treatment with resveratrol in cells with LPS-
induced inflammation led to increased expression
of ZO-1, occludin, and claudin-1."” This increased
expression is attributed to decreased inflammatory
cytokine expression and attenuation of Notch-1
signaling, known inducers of barrier damage and
modulators of tight junction proteins.'”

Similarly, Aloe vera L. plant pulp, known for its
antioxidative and anti-inflammatory effects, con-
tains various polysaccharides and phytochemicals,
with polysaccharides believed to be the primary
therapeutic agent.'”®'”” Recent research demon-
strates that processed gel from Aloe vera pulp
replicates the beneficial effects of other naturally-
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derived polysaccharides on tight junction
formation.'”® Administration of Aloe vera gel
reduced leakage in vivo and increased TEER and
translation of tight junction proteins (ZO-1, occlu-
din, claudin-1) in vitro."”® It is suggested that Aloe
vera gel regulates tight junction protein expression
by enhancing phosphorylation of ERK1/2 and acti-
vating MAPK/ERK signaling, another pathway
influencing tight junction assembly.'”®

7. Concluding remarks

The integrity of the intestinal barrier, essential for
maintaining gastrointestinal health, is intricately
regulated by both intrinsic and extrinsic factors.
Intrinsic factors, such as the composition of junc-
tional complex proteins and intracellular signaling
pathways acting on these proteins, play a funda-
mental role in maintaining the structural and func-
tional integrity of the intestinal barrier. These
factors ensure precise regulation of paracellular
permeability, thereby preserving the selective per-
meability essential for nutrient absorption and
defense against pathogens. Extrinsic factors,
including diet, microbial communities, and envir-
onmental chemicals, significantly influence the
function of intestinal junctional complexes. For
instance, the gut microbiome profoundly impacts
the modulation of junctional proteins, with bene-
ficial microbes promoting barrier integrity and
pathogenic microbes contributing to barrier dys-
function. Environmental factors, such as dietary
components and xenobiotics, further interact with
junctional complexes, either strengthening or com-
promising barrier function.

Disruptions in the intestinal barrier are impli-
cated in various gastrointestinal and extraintest-
inal disorders, making it crucial to understand
the complex interplay between these intrinsic
and extrinsic modulators to elucidate the patho-
physiology of these disorders. While the compo-
sition of intestinal junctional complexes is
relatively well-studied, many open questions
remain. For example:

e What biomarkers can be identified to reliably
assess the integrity and function of intestinal
junctional complexes in clinical settings?

e How can noninvasive techniques be developed
or improved to monitor intestinal permeabil-
ity and junctional complex function?

e What are the precise molecular mechanisms by
which intrinsic factors, such as genetic muta-
tions, epigenetic modifications, and intracellular
signaling pathways, regulate the expression and
function of junctional proteins?

e How do post-translational modifications (e.g.,
phosphorylation, ubiquitination) of junctional
proteins influence their stability and function?

e How do specific microbial species and their
metabolites influence the composition and
function of intestinal junctional complexes?

e What are the mechanisms through which
pathogenic microbes disrupt junctional com-
plexes, and how can these pathways be tar-
geted to prevent or treat barrier dysfunction?

e How does chronic exposure to environmental
toxins and pollutants contribute to long-term
changes in barrier function?

e How do intrinsic factors (e.g., genetic predis-
positions) modulate the response of the intest-
inal barrier to extrinsic factors (e.g., diet,
microbiota, environmental chemicals)?

e What are the disease-specific alterations in
junctional complexes that occur in conditions
such as IBD, IBS, and other gastrointestinal
disorders?

e How do systemic diseases, such as metabolic
syndrome and autoimmune diseases, affect the
regulation and function of intestinal junctional
complexes?

e How can dietary interventions or probiotics/
prebiotics be optimized to support and
enhance the function of junctional
complexes?

Addressing these critical questions will advance
our understanding of the regulation and function
of intestinal junctional complexes and their roles in
health and disease. This knowledge will also inform
the development of novel therapeutic strategies to
maintain or restore intestinal barrier integrity.

Disclosure statement

No potential conflict of interest was reported by the author(s).



Funding

This work was supported by grants from the National Institute
on Aging [R01AG063766 and P30AG028740 to R.X.] and
National Institute on Deafness and Other Communication
Disorders [T32DC015994 to Z.M.]. All model figures in this
article were generated with BioRender.com.

ORCID

Rui Xiao (2 http://orcid.org/0000-0001-5541-6685

Author contributions

Z.M. and RX. wrote the manuscript; Z.M., A.A. and RX.
prepared the model figures; Y.S. and S.M.H. reviewed and
edited the manuscript. All authors discussed and approved
the final version of the manuscript.

References

1. Chevalier NR. Physical organogenesis of the gut.
Development. 2022;149(16). doi:10.1242/dev.200765.

2. Helander HF, Fiandriks L. Surface area of the diges-
tive tract - revisited. Scand ] Gastroenterol. 2014;49
(6):681-689. doi:10.3109/00365521.2014.898326.

3. Mosteller RD. Simplified calculation of body-surface
area. N Engl ] Med. 1987;317(17):1098. doi:10.1056/
NEJM198710223171717.

4. Hou K, Wu Z-X, Chen X-Y, Wang J-Q, Zhang D, Xiao
C, Zhu D, Koya JB, Wei L, Li J. et al. Microbiota in
health and diseases. Sig Transduct Target Ther. 2022;7
(1):135. doi:10.1038/s41392-022-00974-4.

5. Backhed F, Ley RE, Sonnenburg JL, Peterson DA,
Gordon JI. Host-bacterial mutualism in the human
intestine. Science. 2005;307(5717):1915-1920. doi:10.
1126/science.1104816.

6. Watson CJ, Rowland M, Warhurst G. Functional model-
ing of tight junctions in intestinal cell monolayers using
polyethylene glycol oligomers. Am J Physiol Cell Physiol.
2001;281(2):C388-C397. doi:10.1152/ajpcell.2001.281.2.
C388.

7. Garcia MA, Nelson WJ, Chavez N. Cell-cell junctions
organize structural and signaling networks. Cold Spring
Harb Perspect Biol. 2018;10(4):a029181. doi:10.1101/
cshperspect.a029181.

8. Watson CJ, Hoare CJ, Garrod DR, Carlson GL,
Warhurst G. Interferon-gamma selectively increases
epithelial permeability to large molecules by activating
different populations of paracellular pores. J Cell Sci.
2005;118(Pt 22):5221-5230. d0i:10.1242/jcs.02630.

9. Shen L, Weber CR, Raleigh DR, Yu D, Turner JR. Tight
junction pore and leak pathways: a dynamic duo. Annu
Rev Physiol. 2011;73(1):283-309. doi:10.1146/annurev-
physiol-012110-142150.

10.

11.

12.

14.

15.

16.

17.

18.

19.

GUT MICROBES (&) 21

D’Arrigo JS. Screening of membrane surface charges by
divalent cations: an atomic representation. Am ]
Physiol. 1978;235(3):C109-C117. doi:10.1152/ajpcell.
1978.235.3.C109.

Paray BA, Albeshr MF, Jan AT, Rather IA. Leaky gut
and autoimmunity: an intricate balance in individuals
health and the diseased state. IJMS. 2020;21(24):9770.
doi:10.3390/ijms21249770.

Patterson GT, Osorio EY, Peniche A, Dann SM,
Cordova E, Preidis GA, Suh JH, Ito I, Saldarriaga OA,
Loeffelholz M. et al. Pathologic inflammation in mal-
nutrition is driven by proinflammatory intestinal
microbiota, large intestine barrier dysfunction, and
translocation of bacterial lipopolysaccharide. Front
Immunol. 2022;13:846155. doi:10.3389/fimmu.2022.
846155.

. Vivinus-Nébot M, Frin-Mathy G, Bzioueche H,

Dainese R, Bernard G, Anty R, Filippi J, Saint-Paul
MC, Tulic MK, Verhasselt V. et al. Functional bowel
symptoms in quiescent inflammatory bowel diseases:
role of epithelial barrier disruption and low-grade
inflammation. Gut. 2014;63(5):744-752. d0i:10.1136/
gutjnl-2012-304066.

Luther J, Garber JJ, Khalili H, Dave M, Bale SS, Jindal R,
Motola DL, Luther S, Bohr S, Jeoung SW. et al. Hepatic
injury in nonalcoholic steatohepatitis contributes to
altered intestinal permeability. Cell Mol Gastroenterol
Hepatol. 2015;1(2):222-232. doi:10.1016/j.jcmgh.2015.
01.001.

Pellegrini C, D’Antongiovanni V, Miraglia F, Rota L,
Benvenuti L, Di Salvo C, Testa G, Capsoni S, Carta G,
Antonioli L. et al. Enteric a-synuclein impairs intestinal
epithelial barrier through caspase-1-inflammasome sig-
naling in Parkinson’s disease before brain pathology.
NPJ Parkinsons Dis. 2022;8(1):9. do0i:10.1038/s41531-
021-00263-x.

Zhang Y-G, Wu S, YiJ, Xia Y, Jin D, ZhouJ, SunJ. Target
intestinal microbiota to alleviate disease progression in
amyotrophic lateral sclerosis. Clin Ther. 2017;39(2):322-
336. doi:10.1016/j.clinthera.2016.12.014.

Wu S, Yi J, Zhang Y-G, Zhou J, Sun J. Leaky intestine
and impaired microbiome in an amyotrophic lateral
sclerosis mouse model. Physiol Rep. 2015;3(4):e12356.
doi:10.14814/phy2.12356.

Kim S, Kwon S-H, Kam T-I, Panicker N,
Karuppagounder SS, Lee S, Lee JH, Kim WR, Kook
M, Foss CA. et al. Transneuronal propagation of patho-
logic a-synuclein from the gut to the brain models
Parkinson’s disease. Neuron. 2019;103(4):627-641.e7.
doi:10.1016/j.neuron.2019.05.035.

Turpin W, Lee S-H, Raygoza Garay JA, Madsen KL,
Meddings JB, Bedrani L, Power N, Espin-Garcia O, Xu
W, Smith MI. et al. Increased intestinal permeability is
associated with later development of crohn’s disease.
Gastroenterology. 2020;159(6):2092-2100.e5. doi:10.
1053/j.gastro.2020.08.005.


https://doi.org/10.1242/dev.200765
https://doi.org/10.3109/00365521.2014.898326
https://doi.org/10.1056/NEJM198710223171717
https://doi.org/10.1056/NEJM198710223171717
https://doi.org/10.1038/s41392-022-00974-4
https://doi.org/10.1126/science.1104816
https://doi.org/10.1126/science.1104816
https://doi.org/10.1152/ajpcell.2001.281.2.C388
https://doi.org/10.1152/ajpcell.2001.281.2.C388
https://doi.org/10.1101/cshperspect.a029181
https://doi.org/10.1101/cshperspect.a029181
https://doi.org/10.1242/jcs.02630
https://doi.org/10.1146/annurev-physiol-012110-142150
https://doi.org/10.1146/annurev-physiol-012110-142150
https://doi.org/10.1152/ajpcell.1978.235.3.C109
https://doi.org/10.1152/ajpcell.1978.235.3.C109
https://doi.org/10.3390/ijms21249770
https://doi.org/10.3389/fimmu.2022.846155
https://doi.org/10.3389/fimmu.2022.846155
https://doi.org/10.1136/gutjnl-2012-304066
https://doi.org/10.1136/gutjnl-2012-304066
https://doi.org/10.1016/j.jcmgh.2015.01.001
https://doi.org/10.1016/j.jcmgh.2015.01.001
https://doi.org/10.1038/s41531-021-00263-x
https://doi.org/10.1038/s41531-021-00263-x
https://doi.org/10.1016/j.clinthera.2016.12.014
https://doi.org/10.14814/phy2.12356
https://doi.org/10.1016/j.neuron.2019.05.035
https://doi.org/10.1053/j.gastro.2020.08.005
https://doi.org/10.1053/j.gastro.2020.08.005

22 (&) Z. MARKOVICH ET AL.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Inflammatory bowel disease (IBD), Data and Statistics.
Centers for disease control and prevention. [accessed
2023 Jun 25]. https://www.cdc.gov/ibd/data-statistics.htm.
Ng SC, Shi HY, Hamidi N, Underwood FE, Tang W,
Benchimol EI, Panaccione R, Ghosh S, Wu JCY, Chan
FKL. et al. Worldwide incidence and prevalence of inflam-
matory bowel disease in the 21st century: a systematic
review of population-based studies. Lancet. 2017;390
(10114):2769-2778. doi:10.1016/S0140-6736(17)32448-0.

Kaplan GG. The global burden of IBD: from 2015 to
2025. Nat Rev Gastroenterol Hepatol. 2015;12(12):720—
727. doi:10.1038/nrgastro.2015.150.

Burisch J, Jess T, Martinato M, Lakatos PL, ECCO
-EpiCom. The burden of inflammatory bowel disease
in Europe. ] Crohn's Colitis. 2013;7(4):322-337. doi:10.
1016/j.crohns.2013.01.010.

Farquhar MG, Palade GE. Junctional complexes in var-
ious epithelia. J Cell Biol. 1963;17(2):375-412. doi:10.
1083/jcb.17.2.375.

Cording J, Berg J, Kdding N, Bellmann C, Tscheik C,
Westphal JK, Milatz S, Giinzel D, Wolburg H, Piontek
J. et al. In tight junctions, claudins regulate the interac-
tions between occludin, tricellulin and marvelD3,
which, inversely, modulate claudin oligomerization. J
Cell Sci. 2013;126(2):554-564. doi:10.1242/jcs.114306.

Tsukita S, Furuse M, Itoh M. Multifunctional strands in
tight junctions. Nat Rev Mol Cell Biol. 2001;2(4):285-
293. doi:10.1038/35067088.

Zihni C, Mills C, Matter K, Balda MS. Tight junctions:
from simple barriers to multifunctional molecular
gates. Nat Rev Mol Cell Biol. 2016;17(9):564-580.
d0i:10.1038/nrm.2016.80.

Kuo W-T, Odenwald MA, Turner JR, Zuo L. Tight
junction proteins occludin and ZO-1 as regulators of
epithelial proliferation and survival. Ann N'Y Acad Sci.
2022;1514(1):21-33. do0i:10.1111/nyas.14798.

Miiller SL, Portwich M, Schmidt A, Utepbergenov DI,
Huber O, Blasig IE, Krause G. The tight junction protein
occludin and the adherens junction protein a-catenin
share a common interaction mechanism with ZO-1. J
Biol Chem. 2005;280(5):3747-3756. doi:10.1074/jbc.
M411365200.

Heinemann U, Schuetz A. Structural features of tight-
junction proteins. IJMS. 2019;20(23):6020. doi:10.3390/
ijms20236020.

Giinzel D, Fromm M. Claudins and other tight junction
proteins. Compr Physiol. 2012;2(3):1819-1852. doi:10.
1002/cphy.c110045.

Yu ASL, Enck AH, Lencer WI, Schneeberger EE.
Claudin-8 expression in Madin-Darby canine kidney
cells augments the paracellular barrier to cation per-
meation. ] Biol Chem. 2003;278(19):17350-17359.
doi:10.1074/jbc.M213286200.

Furuse M, Nakatsu D, Hempstock W, Sugioka S,
Ishizuka N, Furuse K, Sugawara T, Fukazawa Y,
Hayashi H. Reconstitution of functional tight junctions

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

with individual claudin subtypes in epithelial cells. Cell
Struct Funct. 2023;48(1):1-17. doi:10.1247/csf.22068.
Meoli L, Giinzel D. The role of claudins in homeostasis.
Nat Rev Nephrol. 2023;19(9):587-603. doi:10.1038/
$41581-023-00731-y.

Miyaguchi K. Ultrastructure of the zonula adherens
revealed by rapid-freeze deep-etching. J Struct Biol.
2000;132(3):169-178. doi:10.1006/jsbi.2000.4244.
Meng W, Takeichi M. Adherens junction: molecular
architecture and regulation. Cold Spring Harb
Perspect Biol. 2009;1(6):a002899. doi:10.1101/cshper
spect.a002899.

Drenckhahn D, Franz H. Identification of actin-, alpha-
actinin-, and vinculin-containing plaques at the lateral
membrane of epithelial cells. J Cell Biol. 1986;102
(5):1843-1852. doi:10.1083/jcb.102.5.1843.

Kowalczyk AP, Green KJ. Structure, function, and reg-
ulation of desmosomes. Prog Mol Biol Transl Sci.
2013;116:95-118. doi:10.1016/B978-0-12-394311-8.
00005-4.

Lowndes M, Rakshit S, Shafraz O, Borghi N, Harmon R,
Green K, Sivasankar S, Nelson WJ. Different roles of
cadherins in the assembly and structural integrity of the
desmosome complex. J Cell Sci. 2014;127(Pt 10):2339—
2350. doi:10.1242/jcs.146316.

Oda H, Uemura T, Harada Y, Iwai Y, Takeichi M. A
drosophila homolog of cadherin associated with arma-
dillo and essential for embryonic cell-cell adhesion. Dev
Biol. 1994;165(2):716-726. doi:10.1006/dbio.1994.1287.
Pacquelet A, Rorth P. Regulatory mechanisms required
for DE-cadherin function in cell migration and other
types of adhesion. J Cell Biol. 2005;170(5):803-812.
doi:10.1083/jcb.200506131.

Nelson KS, Furuse M, Beitel GJ. The Drosophila
Claudin Kune-kune is required for septate junction
organization and tracheal tube size control. Genetics.
2010;185(3):831-839. doi:10.1534/genetics.110.114959.
Baumgartner S, Littleton JT, Broadie K, Bhat MA,
Harbecke R, Lengyel JA, Chiquet-Ehrismann R,
Prokop A, Bellen H]J. A drosophila neurexin is required
for septate junction and blood-nerve barrier formation
and function. Cell. 1996;87(6):1059-1068. doi:10.1016/
$0092-8674(00)81800-0.

Labouesse M. Epithelial junctions and attachments.
WormBook. [2006 Jan 13]:1-21. do0i:10.1895/worm
book.1.56.1.

Costa M, Raich W, Agbunag C, Leung B, Hardin J, Priess
JR. A putative catenin-cadherin system mediates mor-
phogenesis of the Caenorhabditis elegans embryo. J Cell
Biol. 1998;141(1):297-308. doi:10.1083/jcb.141.1.297.
Pettitt J, Cox EA, Broadbent ID, Flett A, Hardin J. The
Caenorhabditis elegans p120 catenin homologue, JAC-
1, modulates cadherin-catenin function during epider-
mal morphogenesis. ] Cell Biol. 2003;162(1):15-22.
doi:10.1083/jcb.200212136.

Koppen M, Simske JS, Sims PA, Firestein BL, Hall DH,
Radice AD, Rongo C, Hardin JD. Cooperative


https://www.cdc.gov/ibd/data-statistics.htm
https://doi.org/10.1016/S0140-6736(17)32448-0
https://doi.org/10.1038/nrgastro.2015.150
https://doi.org/10.1016/j.crohns.2013.01.010
https://doi.org/10.1016/j.crohns.2013.01.010
https://doi.org/10.1083/jcb.17.2.375
https://doi.org/10.1083/jcb.17.2.375
https://doi.org/10.1242/jcs.114306
https://doi.org/10.1038/35067088
https://doi.org/10.1038/nrm.2016.80
https://doi.org/10.1111/nyas.14798
https://doi.org/10.1074/jbc.M411365200
https://doi.org/10.1074/jbc.M411365200
https://doi.org/10.3390/ijms20236020
https://doi.org/10.3390/ijms20236020
https://doi.org/10.1002/cphy.c110045
https://doi.org/10.1002/cphy.c110045
https://doi.org/10.1074/jbc.M213286200
https://doi.org/10.1247/csf.22068
https://doi.org/10.1038/s41581-023-00731-y
https://doi.org/10.1038/s41581-023-00731-y
https://doi.org/10.1006/jsbi.2000.4244
https://doi.org/10.1101/cshperspect.a002899
https://doi.org/10.1101/cshperspect.a002899
https://doi.org/10.1083/jcb.102.5.1843
https://doi.org/10.1016/B978-0-12-394311-8.00005-4
https://doi.org/10.1016/B978-0-12-394311-8.00005-4
https://doi.org/10.1242/jcs.146316
https://doi.org/10.1006/dbio.1994.1287
https://doi.org/10.1083/jcb.200506131
https://doi.org/10.1534/genetics.110.114959
https://doi.org/10.1016/s0092-8674(00)81800-0
https://doi.org/10.1016/s0092-8674(00)81800-0
https://doi.org/10.1895/wormbook.1.56.1
https://doi.org/10.1895/wormbook.1.56.1
https://doi.org/10.1083/jcb.141.1.297
https://doi.org/10.1083/jcb.200212136

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

regulation of AJM-1 controls junctional integrity in
Caenorhabditis elegans epithelia. Nat Cell Biol. 2001;3
(11):983-991. d0i:10.1038/ncb1101-983.

McMahon L, Legouis R, Vonesch JL, Labouesse M.
Assembly of C. elegans apical junctions involves posi-
tioning and compaction by LET-413 and protein aggre-
gation by the MAGUK protein DLG-1. J Cell Sci.
2001;114(Pt 12):2265-2277. doi:10.1242/jcs.114.12.2265.
Farhadi A, Banan A, Fields J, Keshavarzian A. Intestinal
barrier: an interface between health and disease. ]
Gastroenterol Hepatol. 2003;18(5):479-497. doi:10.
1046/j.1440-1746.2003.03032.x.

Corsi AK, Wightman B, Chalfie M. A transparent win-
dow into biology: a primer on Caenorhabditis elegans.
WormBook. [accessed 2015 June 18]:1-31. doi:10.1895/
wormbook.1.177.1.

Rera M, Bahadorani S, Cho J, Koehler C, Ulgherait M,
Hur J, Ansari W, Lo T, Jones D, Walker D. et al.
Modulation of longevity and tissue homeostasis by the
drosophila PGC-1 homolog. Cell Metab. 2011;14
(5):623-634. d0i:10.1016/j.cmet.2011.09.013.

Jiminez JA, Uwiera TC, Douglas Inglis G, Uwiera RRE.
Animal models to study acute and chronic intestinal
inflammation in mammals. Gut Pathog. 2015;7(1):29.
doi:10.1186/513099-015-0076-y.

Kiesler P, Fuss IJ, Strober W. Experimental models of
inflammatory bowel diseases. Cell Mol Gastroenterol
Hepatol. 2015;1(2):154-170. doi:10.1016/j.jcmgh.2015.
01.006.

Rao AS, Camilleri M, Eckert DJ, Busciglio I, Burton
DD, Ryks M, Wong BS, Lamsam J, Singh R, Zinsmeister
AR. et al. Urine sugars for in vivo gut permeability:
validation and comparisons in irritable bowel syn-
drome-diarrhea and controls. Am ] Physiol
Gastrointest Liver Physiol. 2011;301(5):G919-G928.
doi:10.1152/ajpgi.00168.2011.

Odenwald MA, Turner JR. Intestinal permeability
defects: is it time to treat? Clin Gastroenterol Hepatol.
2013;11(9):1075-1083. d0i:10.1016/j.cgh.2013.07.001.
Meddings JB, Gibbons I. Discrimination of site-specific
alterations in gastrointestinal permeability in the rat.
Gastroenterology. 1998;114(1):83-92. doi:10.1016/
$0016-5085(98)70636-5.

Gan ], Nazarian S, Teare J, Darzi A, Ashrafian H,
Thompson A]J. A case for improved assessment of gut
permeability: a meta-analysis quantifying the lactulose:
mannitol ratio in coeliac and Crohn’s disease. BMC
Gastroenterol. 2022;22(1):16. doi:10.1186/s12876-021-
02082-z.

Camilleri M. Leaky gut: mechanisms, measurement and
clinical implications in humans. Gut. 2019;68(8):1516—
1526. doi:10.1136/gutjnl-2019-318427.

Grover M, Camilleri M, Hines J, Burton D, Ryks M,
Wadhwa A, Sundt W, Dyer R, Singh RJ. 13 C mannitol
as a novel biomarker for measurement of intestinal
permeability. Neurogastroenterol Motil. 2016;28
(7):1114-1119. doi:10.1111/nmo.12802.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

GUT MICROBES (&) 23

Srinivasan B, Kolli AR, Esch MB, Abaci HE, Shuler ML,
Hickman JJ. TEER measurement techniques for in vitro
barrier model systems. ] Lab Autom. 2015;20(2):107-
126. doi:10.1177/2211068214561025.

Felix K, Tobias S, Jan H, Nicolas S, Michael M.
Measurements of transepithelial electrical resistance
(TEER) are affected by junctional length in imma-
ture epithelial monolayers. Histochem Cell Biol.
2021;156(6):609-616. doi:10.1007/s00418-021-
02026-4.

Haslam IS, O’Reilly DA, Sherlock DJ, Kauser A,
Womack C, Coleman T. Pancreatoduodenectomy as a
source of human small intestine for ussing chamber
investigations and comparative studies with rat tissue.
Biopharm Drug Disp. 2011;32(4):210-221. doi:10.1002/
bdd.751.

Hubatsch I, Ragnarsson EGE, Artursson P.
Determination of drug permeability and prediction of
drug absorption in caco-2 monolayers. Nat Protoc.
2007;2(9):2111-2119. doi:10.1038/nprot.2007.303.
Hartmann C, Zozulya A, Wegener J, Galla H-J. The
impact of glia-derived extracellular matrices on the
barrier function of cerebral endothelial cells: an in
vitro study. Exp Cell Res. 2007;313(7):1318-1325.
doi:10.1016/j.yexcr.2007.01.024.

Tiruppathi C, Malik AB, Del Vecchio PJ, Keese CR,
Giaever 1. Electrical method for detection of endothelial
cell shape change in real time: assessment of endothelial
barrier function. Proc Natl Acad Sci USA. 1992;89
(17):7919-7923. d0i:10.1073/pnas.89.17.7919.

Wu X-X, Huang X-L, Chen R-R, Li T, Ye H-J, Xie W,
Huang Z-M, Cao G-Z. Paeoniflorin prevents intestinal
barrier disruption and inhibits lipopolysaccharide
(Ips)-induced inflammation in caco-2 cell monolayers.
Inflammation. 2019;42(6):2215-2225. doi:10.1007/
$10753-019-01085-z.

Ménard S, Lebreton C, Schumann M, Matysiak-Budnik
T, Dugave C, Bouhnik Y, Malamut G, Cellier C, Allez
M, Crenn P. et al. Paracellular versus transcellular
intestinal permeability to gliadin peptides in active
celiac disease. Am ] Pathol. 2012;180(2):608-615.
doi:10.1016/j.ajpath.2011.10.019.

Olas B, Biatecki J, Urbanska K, Bry§ M. The effects of
natural and synthetic blue dyes on human health: a
review of current knowledge and therapeutic perspec-
tives. Adv Nutr. 2021;12(6):2301-2311. doi:10.1093/
advances/nmab081.

Martins RR, McCracken AW, Simons MJP, Henriques
CM, Rera M. How to catch a smurf? - ageing and
beyond ... in vivo assessment of intestinal permeability
in multiple Model organisms. Bio Protoc. 2018;8(3).
doi:10.21769/BioProtoc.2722.

Gelino S, Chang JT, Kumsta C, She X, Davis A, Nguyen
C, Panowski S, Hansen M. Intestinal autophagy
improves healthspan and longevity in C. elegans during
dietary restriction. PLOS Genet. 2016;12(7):e1006135.
doi:10.1371/journal. pgen.1006135.


https://doi.org/10.1038/ncb1101-983
https://doi.org/10.1242/jcs.114.12.2265
https://doi.org/10.1046/j.1440-1746.2003.03032.x
https://doi.org/10.1046/j.1440-1746.2003.03032.x
https://doi.org/10.1895/wormbook.1.177.1
https://doi.org/10.1895/wormbook.1.177.1
https://doi.org/10.1016/j.cmet.2011.09.013
https://doi.org/10.1186/s13099-015-0076-y
https://doi.org/10.1016/j.jcmgh.2015.01.006
https://doi.org/10.1016/j.jcmgh.2015.01.006
https://doi.org/10.1152/ajpgi.00168.2011
https://doi.org/10.1016/j.cgh.2013.07.001
https://doi.org/10.1016/s0016-5085(98)70636-5
https://doi.org/10.1016/s0016-5085(98)70636-5
https://doi.org/10.1186/s12876-021-02082-z
https://doi.org/10.1186/s12876-021-02082-z
https://doi.org/10.1136/gutjnl-2019-318427
https://doi.org/10.1111/nmo.12802
https://doi.org/10.1177/2211068214561025
https://doi.org/10.1007/s00418-021-02026-4
https://doi.org/10.1007/s00418-021-02026-4
https://doi.org/10.1002/bdd.751
https://doi.org/10.1002/bdd.751
https://doi.org/10.1038/nprot.2007.303
https://doi.org/10.1016/j.yexcr.2007.01.024
https://doi.org/10.1073/pnas.89.17.7919
https://doi.org/10.1007/s10753-019-01085-z
https://doi.org/10.1007/s10753-019-01085-z
https://doi.org/10.1016/j.ajpath.2011.10.019
https://doi.org/10.1093/advances/nmab081
https://doi.org/10.1093/advances/nmab081
https://doi.org/10.21769/BioProtoc.2722
https://doi.org/10.1371/journal.pgen.1006135

24 e Z. MARKOVICH ET AL.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Jain S, Marotta F, Haghshenas L, Yadav H. Treating
leaky syndrome in the over 65s: progress and chal-
lenges. CIA. 2023;18:1447-1451. doi:10.2147/CIA.
S409801.

Tagesson C, Sjodahl R, Thorén B. Passage of molecules
through the wall of the gastrointestinal tract. I. A simple
experimental model. Scand ] Gastroenterol. 1978;13
(5):519-524. doi:10.3109/00365527809181758.
Rallabandi HR, Yang H, Oh KB, Lee HC, Byun SJ, Lee
BR. Evaluation of intestinal epithelial barrier function
in inflammatory bowel diseases using murine intestinal
organoids. Tissue Eng Regen Med. 2020;17(5):641-650.
doi:10.1007/s13770-020-00278-0.

Chanez-Paredes SD, Abtahi S, Kuo W-T, Turner JR.
Differentiating between tight junction-dependent and
tight junction-independent intestinal barrier loss in
vivo. Methods Mol Biol. 2021;2367:249-271. doi:10.
1007/7651_2021_389.

Jin Y, Blikslager AT. The regulation of intestinal muco-
sal barrier by myosin light chain kinase/rho kinases.
IJMS. 2020;21(10):3550. doi:10.3390/ijms21103550.
Turner JR, Rill BK, Carlson SL, Carnes D, Kerner R,
Mrsny RJ, Madara JL. Physiological regulation of
epithelial tight junctions is associated with myosin
light-chain phosphorylation. Am J Physiol. 1997;273
(4):C1378-C1385. doi:10.1152/ajpcell.1997.273 4.
C1378.

Berglund JJ, Riegler M, Zolotarevsky Y, Wenzl E,
Turner JR. Regulation of human jejunal transmucosal
resistance and MLC phosphorylation by Na(+)-glucose
cotransport. Am ] Physiol Gastrointest Liver Physiol.
2001;281(6):G1487-93. doi:10.1152/ajpgi.2001.281.6.
G1487.

SuL, Nalle SC, Shen L, Turner ES, Singh G, Breskin LA,
Khramtsova EA, Khramtsova G, Tsai P, Fu Y. et al.
TNFR?2 activates mlck-dependent tight junction dysre-
gulation to cause apoptosis-mediated barrier loss and
experimental colitis. Gastroenterology. 2013;145
(2):407-415. doi:10.1053/j.gastro.2013.04.011.

Tang H, Zhou H, Zhang L, Tang T, Li N. Molecular
mechanism of MLCK1 inducing 5-fu resistance in col-
orectal cancer cells through activation of TNFR2/NF-
kB pathway. Discov Oncol. 2024;15(1):159. doi:10.
1007/s12672-024-01019-8.

Graham WV, He W, Marchiando AM, Zha ], Singh G,
Li H-S, Biswas A, Ong MLDM, Jiang Z-H, Choi W. et
al. Intracellular MLCK1 diversion reverses barrier loss
to restore mucosal homeostasis. Nat Med. 2019;25
(4):690-700. d0i:10.1038/s41591-019-0393-7.

Banskota S, Wang H, Kwon YH, Gautam ], Gurung P,
Hagq S, Hassan FMN, Bowdish DM, Kim J-A, Carling D.
et al. Salicylates ameliorate intestinal inflammation by
activating macrophage AMPK. Inflamm Bowel Dis.
2021;27(6):914-926. doi:10.1093/ibd/izaa305.

Sun X, Yang Q, Rogers CJ, Du M, Zhu M-J. AMPK
improves gut epithelial differentiation and barrier

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

function via regulating Cdx2 expression. Cell Death
Differ. 2017;24(5):819-831. d0i:10.1038/cdd.2017.14.
Zheng B, Cantley LC. Regulation of epithelial tight
junction assembly and disassembly by amp-activated
protein kinase. Proc Natl Acad Sci USA. 2007;104
(3):819-822. doi:10.1073/pnas.0610157104.

Nakagawa Y, Shimano H. CREBH regulates systemic
glucose and lipid metabolism. IJMS. 2018;19(5):1396.
doi:10.3390/ijms19051396.

Wade H, Pan K, Duan Q, Kaluzny S, Pandey E,
Fatumoju L, Saraswathi V, Wu R, Harris EN, Su Q. et
al. Akkermansia muciniphila and its membrane protein
ameliorates intestinal inflammatory stress and pro-
motes epithelial wound healing via CREBH and miR-
143/145. ] Biomed Sci. 2023;30(1):38. doi:10.1186/
$12929-023-00935-1.

Howarth GS, Xian CJ, Read LC. Insulin-like growth
factor-I partially attenuates colonic damage in rats
with experimental colitis induced by oral dextran sul-
phate sodium. Scand ] Gastroenterol. 1998;33(2):180-
190. doi:10.1080/00365529850166923.

Szebeni B, Veres G, Dezsofi A, Rusai K, Vannay A,
Mraz M, Majorova E, Araté A. Increased expression
of Toll-like receptor (TLR) 2 and TLR4 in the colonic
mucosa of children with inflammatory bowel disease.
Clin Exp Immunol. 2008;151(1):34-41. doi:10.1111/j.
1365-2249.2007.03531.x.

Shang L, Fukata M, Thirunarayanan N, Martin AP,
Arnaboldi P, Maussang D, Berin C, Unkeless JC,
Mayer L, Abreu MT. et al. Toll-like receptor signaling
in small intestinal epithelium promotes B-cell recruit-
ment and IgA production in lamina propria.
Gastroenterology. 2008;135(2):529-538. doi:10.1053/j.
gastro.2008.04.020.

Barton GM, Medzhitov R. Toll-like receptor signaling
pathways. Science. 2003;300(5625):1524-1525. doi:10.
1126/science.1085536.

Verma M, Garg M, Khan AS, Yadav P, Rahman SS, Ali
A, Kamthan M. Cadmium modulates intestinal Wnt/f-
catenin signaling ensuing intestinal barrier disruption
and systemic inflammation. Ecotoxicol Environ Saf.
2024;277:116337. doi:10.1016/j.ecoenv.2024.116337.
Fukata M, Michelsen KS, Eri R, Thomas LS, Hu B,
Lukasek K, Nast CC, Lechago J, Xu R, Naiki Y. et al.
Toll-like receptor-4 is required for intestinal response
to epithelial injury and limiting bacterial translocation
in a murine model of acute colitis. Am ] Physiol
Gastrointest Liver Physiol. 2005;288(5):G1055-G1065.
doi:10.1152/ajpgi.00328.2004.

Fukata M, Shang L, Santaolalla R, Sotolongo J, Pastorini
C, Espana C, Ungaro R, Harpaz N, Cooper HS, Elson G.
et al. Constitutive activation of epithelial TLR4 aug-
ments inflammatory responses to mucosal injury and
drives colitis-associated tumorigenesis. Inflamm Bowel
Dis. 2011;17(7):1464-1473. doi:10.1002/ibd.21527.
Dheer R, Santaolalla R, Davies JM, Lang JK, Phillips
MC, Pastorini C, Vazquez-Pertejo MT, Abreu MT.


https://doi.org/10.2147/CIA.S409801
https://doi.org/10.2147/CIA.S409801
https://doi.org/10.3109/00365527809181758
https://doi.org/10.1007/s13770-020-00278-0
https://doi.org/10.1007/7651_2021_389
https://doi.org/10.1007/7651_2021_389
https://doi.org/10.3390/ijms21103550
https://doi.org/10.1152/ajpcell.1997.273.4.C1378
https://doi.org/10.1152/ajpcell.1997.273.4.C1378
https://doi.org/10.1152/ajpgi.2001.281.6.G1487
https://doi.org/10.1152/ajpgi.2001.281.6.G1487
https://doi.org/10.1053/j.gastro.2013.04.011
https://doi.org/10.1007/s12672-024-01019-8
https://doi.org/10.1007/s12672-024-01019-8
https://doi.org/10.1038/s41591-019-0393-7
https://doi.org/10.1093/ibd/izaa305
https://doi.org/10.1038/cdd.2017.14
https://doi.org/10.1073/pnas.0610157104
https://doi.org/10.3390/ijms19051396
https://doi.org/10.1186/s12929-023-00935-1
https://doi.org/10.1186/s12929-023-00935-1
https://doi.org/10.1080/00365529850166923
https://doi.org/10.1111/j.1365-2249.2007.03531.x
https://doi.org/10.1111/j.1365-2249.2007.03531.x
https://doi.org/10.1053/j.gastro.2008.04.020
https://doi.org/10.1053/j.gastro.2008.04.020
https://doi.org/10.1126/science.1085536
https://doi.org/10.1126/science.1085536
https://doi.org/10.1016/j.ecoenv.2024.116337
https://doi.org/10.1152/ajpgi.00328.2004
https://doi.org/10.1002/ibd.21527

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Intestinal epithelial toll-like receptor 4 signaling affects
epithelial function and colonic microbiota and pro-
motes a risk for transmissible colitis. Infect Immun.
2016;84(3):798-810. doi:10.1128/1A1.01374-15.

Liu J, Xiao Q, Xiao J, Niu C, Li Y, Zhang X, Zhou Z, Shu
G, Yin G. Wnt/B-catenin signalling: function, biological
mechanisms, and therapeutic opportunities. Signal
Transduct Target Ther. 2022;7(1):bqab203. doi:10.
1038/541392-021-00762-6.

Li B, Lee C, Cadete M, Zhu H, Koike Y, Hock A, Wu
RY, Botts SR, Minich A, Alganabi M. et al. Impaired
Wnt/p-catenin pathway leads to dysfunction of intest-
inal regeneration during necrotizing enterocolitis. Cell
Death Dis. 2019;10(10):743. doi:10.1038/s41419-019-
1987-1.

Hao J, Liu C, Gu Z, Yang X, Lan X, Guo X.
Dysregulation of Wnt/B-catenin signaling contributes
to intestinal inflammation through regulation of group
3 innate lymphoid cells. Nat Commun. 2024;15
(1):2820. doi:10.1038/s41467-024-45616-1.

Duan Y, Liao AP, Kuppireddi S, Ye Z, Ciancio MJ, Sun
J. Beta-Catenin activity negatively regulates bacteria-
induced inflammation. Lab Invest. 2007;87(6):613-
624. doi:10.1038/labinvest.3700545.

Ma B, Fey M, Hottiger MO. WNT/pB-catenin signaling
inhibits cbp-mediated RelA acetylation and expression
of proinflammatory nf-kB target genes. J Cell Sci.
2015;128(14):2430-2436. doi:10.1242/jcs.168542.

Zhou B, Lin W, Long Y, Yang Y, Zhang H, Wu K, Chu
Q. Notch signaling pathway: architecture, disease, and
therapeutics. Signal Transduct Target Ther. 2022;7
(1):95. doi:10.1038/s41392-022-00934-y.

Dahan S, Rabinowitz KM, Martin AP, Berin MC,
Unkeless JC, Mayer L. Notch-1 signaling regulates
intestinal epithelial barrier function, through inter-
action with CD4+ T cells, in mice and humans.
Gastroenterology. 2011;140(2):550-559. doi:10.
1053/j.gastro.2010.10.057.

Pope JL, Bhat AA, Sharma A, Ahmad R, Krishnan M,
Washington MK, Beauchamp RD, Singh AB, Dhawan
P. Claudin-1 regulates intestinal epithelial homeostasis
through the modulation of notch-signalling. Gut.
2014;63(4):622-634. doi:10.1136/gutjnl-2012-304241.
Nighot PK, C-AA H, Ma TY. Autophagy enhances
intestinal epithelial tight junction barrier function by
targeting claudin-2 protein degradation. J Biol Chem.
2015;290(11):7234-7246. doi:10.1074/jbc.M114.597492.
Zhang C, Yan ], Xiao Y, Shen Y, Wang J, Ge W, Chen Y.
Inhibition of autophagic degradation process contri-
butes to claudin-2 expression increase and epithelial
tight junction dysfunction in tnf-a treated cell mono-
layers. IJMS. 2017;18(1):157. doi:10.3390/ijms18010157.
Wong M, Ganapathy AS, Suchanec E, Laidler L, Ma T,
Nighot P. Intestinal epithelial tight junction barrier
regulation by autophagy-related protein ATG6/beclin
1. Am ] Physiol Cell Physiol. 2019;316(5):C753-C765.
doi:10.1152/ajpcell.00246.2018.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

GUT MICROBES (&) 25

Thursby E, Juge N. Introduction to the human gut
microbiota. Biochem J. 2017;474(11):1823-1836.
doi:10.1042/BCJ20160510.

Quigley EMM. Gut bacteria in health and disease.
Gastroenterol Hepatol (N Y). 2013;9(9):560-569.
Zhang Y-], Li S, Gan R-Y, Zhou T, Xu D-P, Li H-B.
Impacts of gut bacteria on human health and diseases.
IJMS. 2015;16(4):7493-7519. doi:10.3390/ijms16047493.
Maijer L, Stein-Thoeringer C, Ley RE, Brotz-Oesterhelt
H, Link H, Ziemert N, Wagner S, Peschel A. Integrating
research on bacterial pathogens and commensals to
fight infections—an ecological perspective. Lancet
Microbe. [2024 Apr 9]. 5(8):100843. doi:10.1016/
$2666-5247(24)00049-1.

Santana PT, Rosas SLB, Ribeiro BE, Marinho Y, de
Souza Hsp. Dysbiosis in inflammatory bowel disease:
pathogenic role and potential therapeutic targets. IJMS.
2022;23(7):3464. doi:10.3390/ijms23073464.

Rohr MW, Narasimhulu CA, Rudeski-Rohr TA,
Parthasarathy S. Negative effects of a high-fat diet on
intestinal permeability: a review. Adv Nutr. 2020;11
(1):77-91. doi:10.1093/advances/nmz061.

Cani PD, Bibiloni R, Knauf C, Waget A, Neyrinck AM,
Delzenne NM, Burcelin R. Changes in gut microbiota
control metabolic endotoxemia-induced inflammation
in high-fat diet-induced obesity and diabetes in mice.
Diabetes. 2008;57(6):1470-1481. doi:10.2337/db07-
1403.

Chelakkot C, Choi Y, Kim D-K, Park HT, Ghim J,
Kwon Y, Jeon J, Kim M-S, Jee Y-K, Gho YS. et al.
Akkermansia muciniphila-derived extracellular
vesicles influence gut permeability through the reg-
ulation of tight junctions. Exp Mol Med. 2018;50
(2):e450. doi:10.1038/emm.2017.282.

Cheung GYC, Bae JS, Otto M. Pathogenicity and viru-
lence of staphylococcus aureus. Virulence. 2021;12
(1):547-569. doi:10.1080/21505594.2021.1878688.
lizuka M, Konno S. Wound healing of intestinal epithe-
lial cells. World J Gastroenterol. 2011;17(17):2161-
2171. doi:10.3748/wjg.v17.i117.2161.

Wang S, Ahmadi S, Nagpal R, Jain S, Mishra SP,
Kavanagh K, Zhu X, Wang Z, McClain DA,
Kritchevsky SB. et al. Lipoteichoic acid from the cell
wall of a heat killed lactobacillus paracasei D3-5 ame-
liorates aging-related leaky gut, inflammation and
improves physical and cognitive functions: from C.
elegans to mice. Geroscience. 2020;42(1):333-352.
doi:10.1007/s11357-019-00137-4.

Srutkova D, Schwarzer M, Hudcovic T, Zakostelska Z,
Drab V, Spanova A, Rittich B, Kozakova H,
Schabussova I. et al. Bifidobacterium longum CCM
7952 promotes epithelial barrier function and prevents
acute DSS-Induced colitis in strictly strain-specific
manner. PLOS ONE. 2015;10(7):e0134050. doi:10.
1371/journal.pone.0134050.

Hsieh C-Y, Osaka T, Moriyama E, Date Y, Kikuchi J,
Tsuneda S. Strengthening of the intestinal epithelial


https://doi.org/10.1128/IAI.01374-15
https://doi.org/10.1038/s41392-021-00762-6
https://doi.org/10.1038/s41392-021-00762-6
https://doi.org/10.1038/s41419-019-1987-1
https://doi.org/10.1038/s41419-019-1987-1
https://doi.org/10.1038/s41467-024-45616-1
https://doi.org/10.1038/labinvest.3700545
https://doi.org/10.1242/jcs.168542
https://doi.org/10.1038/s41392-022-00934-y
https://doi.org/10.1053/j.gastro.2010.10.057
https://doi.org/10.1053/j.gastro.2010.10.057
https://doi.org/10.1136/gutjnl-2012-304241
https://doi.org/10.1074/jbc.M114.597492
https://doi.org/10.3390/ijms18010157
https://doi.org/10.1152/ajpcell.00246.2018
https://doi.org/10.1042/BCJ20160510
https://doi.org/10.3390/ijms16047493
https://doi.org/10.1016/S2666-5247(24)00049-1
https://doi.org/10.1016/S2666-5247(24)00049-1
https://doi.org/10.3390/ijms23073464
https://doi.org/10.1093/advances/nmz061
https://doi.org/10.2337/db07-1403
https://doi.org/10.2337/db07-1403
https://doi.org/10.1038/emm.2017.282
https://doi.org/10.1080/21505594.2021.1878688
https://doi.org/10.3748/wjg.v17.i17.2161
https://doi.org/10.1007/s11357-019-00137-4
https://doi.org/10.1371/journal.pone.0134050
https://doi.org/10.1371/journal.pone.0134050

26 e Z. MARKOVICH ET AL.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

tight junction by bifidobacterium bifidum. Physiol Rep.
2015;3(3):e12327. doi:10.14814/phy2.12327.
Karczewski J, Troost FJ, Konings I, Dekker J, Kleerebezem
M, Brummer RJM, Wells JM. Regulation of human
epithelial tight junction proteins by lactobacillus plan-
tarum in vivo and protective effects on the epithelial
barrier. Am ] Physiol Gastrointest Liver Physiol.
2010;298(6):G851-G859. doi:10.1152/ajpgi.00327.2009.
Cario E, Gerken G, Podolsky DK. Toll-like receptor 2
controls mucosal inflammation by regulating epithelial
barrier function. Gastroenterology. 2007;132(4):1359-
1374. doi:10.1053/j.gastro.2007.02.056.

Algieri F, Tanaskovic N, Rincon CC, Notario E, Braga
D, Pesole G, Rusconi R, Penna G, Rescigno M.
Lactobacillus paracasei CNCM I-5220-derived postbio-
tic protects from the leaky-gut. Front Microbiol.
2023;14:1157164. doi:10.3389/fmicb.2023.1157164.
Spadoni I, Zagato E, Bertocchi A, Paolinelli R, Hot E, Di
Sabatino A, Caprioli F, Bottiglieri L, Oldani A, Viale G.
et al. A gut-vascular barrier controls the systemic dis-
semination of bacteria. Science. 2015;350(6262):830-
834. doi:10.1126/science.aad0135.

Qin HL, Shen TY, Gao ZG, Fan XB, Hang XM, Jiang
YQ, Zhang HZ. Effect of lactobacillus on the gut
microflora and barrier function of the rats with
abdominal infection. World ] Gastroenterol.
2005;11(17):2591-2596. doi:10.3748/wjg.v11.i117.2591.
Kang Y, Kang X, Yang H, Liu H, Yang X, Liu Q, Tian H,
Xue Y, Ren P, Kuang X. et al. Lactobacillus acidophilus
ameliorates obesity in mice through modulation of gut
microbiota dysbiosis and intestinal permeability.
Pharmacol Res. 2022;175:106020. doi:10.1016/j.phrs.
2021.106020.

Bartlett A, Padfield D, Lear L, Bendall R, Vos M. A
comprehensive list of bacterial pathogens infecting
humans. Microbiol (Read, Engl). 2022;168(12). doi:10.
1099/mic.0.001269.

Lee AS, de Lencastre H, Garau J, Kluytmans J, Malhotra-
Kumar S, Peschel A, Harbarth S. Methicillin-resistant
staphylococcus aureus. Nat Rev Dis Primers. 2018;4
(1):18033. doi:10.1038/nrdp.2018.33.

Kyoreva M, Li Y, Hoosenally M, Hardman-Smart J,
Morrison K, Tosi I, Tolaini M, Barinaga G, Stockinger
B, Mrowietz U. et al. CYP1A1 enzymatic activity influ-
ences skin inflammation via regulation of the AHR
pathway. J Invest Dermatol. 2021;141(6):1553-1563.
e3. doi:10.1016/j.jid.2020.11.024.

Ma X, Jin H, Chu X, Dai W, Tang W, Zhu J, Wang F,
Yang X, Li W, Liu G. et al. The Host CYP1A1-micro-
biota metabolic axis promotes gut barrier disruption in
methicillin-resistant Staphylococcus aureus-induced
abdominal sepsis. Front Microbiol. 2022;13:802409.
doi:10.3389/fmicb.2022.802409.

Granados JC, Falah K, Koo I, Morgan EW, Perdew GH,
Patterson AD, Jamshidi N, Nigam SK. AHR is a master
regulator of diverse

pathways in endogenous

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

metabolism. Sci Rep. 2022;12(1):16625. doi:10.1038/
$41598-022-20572-2.

Ghosh S, Moorthy B, Haribabu B, Jala VR. Cytochrome
P450 1A1 is essential for the microbial metabolite,
Urolithin A-mediated protection against colitis. Front
Immunol. 2022;13:1004603. doi:10.3389/fimmu.2022.
1004603.

Chen Y, Wang Y, Fu Y, Yin Y, Xu K. Modulating AHR
function offers exciting therapeutic potential in gut
immunity and inflammation. Cell Biosci. 2023;13
(1):85. doi:10.1186/s13578-023-01046-y.

Murray IA, Perdew GH. Ligand activation of the ah
receptor contributes to gastrointestinal homeostasis.
Curr Opin Toxicol. 2017;2:15-23. doi:10.1016/j.cotox.
2017.01.003.

Ukena SN, Singh A, Dringenberg U, Engelhardt R,
Seidler U, Hansen W, Bleich A, Bruder D, Franzke A,
Rogler G. et al. Probiotic Escherichia coli nissle 1917
inhibits leaky gut by enhancing mucosal integrity.
PLOS ONE. 2007;2(12):e1308. doi:10.1371/journal.
pone.0001308.

Schulz E, Schumann M, Schneemann M, Dony V,
Fromm A, Nagel O, Schulzke J-D, Biicker R.
Escherichia coli alpha-hemolysin HlyA induces host
cell polarity changes, epithelial barrier dysfunction
and cell detachment in human colon carcinoma Caco-
2 cell model via PTEN-Dependent dysregulation of cell
junctions. Toxins (Basel). 2021;13(8):520. doi:10.3390/
toxins13080520.

Haas AJ, Zihni C, Krug SM, Maraspini R, Otani T,
Furuse M, Honigmann A, Balda MS, Matter K. ZO-1
guides tight junction assembly and epithelial morpho-
genesis via cytoskeletal tension-dependent and
-Independent functions. Cells. 2022;11(23):3775.
doi:10.3390/cells11233775.

Zareie M, Riff ], Donato K, McKay DM, Perdue MH,
Soderholm JD, Karmali M, Cohen MB, Hawkins J,
Sherman PM. et al. Novel effects of the prototype
translocating Escherichia coli, strain C25 on intestinal
epithelial structure and barrier function. Cell
Microbiol. 2005;7(12):1782-1797. do0i:10.1111/j.1462-
5822.2005.00595.x.

Banaszak M, Goérna I, Wozniak D, Przystawski J,
Drzymata-Czyz S. Association between gut dysbiosis
and the occurrence of SIBO, LIBO, SIFO and IMO.
Microorganisms. 2023;11(3):573. doi:10.3390/microor
ganisms11030573.

Chandiwana P, Munjoma PT, Mazhandu AJ, Li J,
Baertschi I, Wyss J, Jordi SBU, Mazengera LR, Yilmaz
B, Misselwitz B. et al. Antenatal gut microbiome pro-
files and effect on pregnancy outcome in HIV infected
and HIV uninfected women in a resource limited set-
ting. BMC Microbiol. 2023;23(1):4. doi:10.1186/
$12866-022-02747-z.

Lima AA, Silva TM, Gifoni AM, Barrett L], McAuliffe
IT, Bao Y, Fox JW, Fedorko DP, Guerrant RL. Mucosal
injury and disruption of intestinal barrier function in


https://doi.org/10.14814/phy2.12327
https://doi.org/10.1152/ajpgi.00327.2009
https://doi.org/10.1053/j.gastro.2007.02.056
https://doi.org/10.3389/fmicb.2023.1157164
https://doi.org/10.1126/science.aad0135
https://doi.org/10.3748/wjg.v11.i17.2591
https://doi.org/10.1016/j.phrs.2021.106020
https://doi.org/10.1016/j.phrs.2021.106020
https://doi.org/10.1099/mic.0.001269
https://doi.org/10.1099/mic.0.001269
https://doi.org/10.1038/nrdp.2018.33
https://doi.org/10.1016/j.jid.2020.11.024
https://doi.org/10.3389/fmicb.2022.802409
https://doi.org/10.1038/s41598-022-20572-2
https://doi.org/10.1038/s41598-022-20572-2
https://doi.org/10.3389/fimmu.2022.1004603
https://doi.org/10.3389/fimmu.2022.1004603
https://doi.org/10.1186/s13578-023-01046-y
https://doi.org/10.1016/j.cotox.2017.01.003
https://doi.org/10.1016/j.cotox.2017.01.003
https://doi.org/10.1371/journal.pone.0001308
https://doi.org/10.1371/journal.pone.0001308
https://doi.org/10.3390/toxins13080520
https://doi.org/10.3390/toxins13080520
https://doi.org/10.3390/cells11233775
https://doi.org/10.1111/j.1462-5822.2005.00595.x
https://doi.org/10.1111/j.1462-5822.2005.00595.x
https://doi.org/10.3390/microorganisms11030573
https://doi.org/10.3390/microorganisms11030573
https://doi.org/10.1186/s12866-022-02747-z
https://doi.org/10.1186/s12866-022-02747-z

139.

140.

141.

142.

143.

144.

145.

146.

147.

hiv-infected individuals with and without diarrhea and
cryptosporidiosis in northeast Brazil. Am ]
Gastroenterol. 1997;92(10):1861-1866.

Nazli A, Chan O, Dobson-Belaire WN, Ouellet M,
Tremblay MJ, Gray-Owen SD, Arsenault AL, Kaushic
C. Exposure to HIV-1 directly impairs mucosal epithe-
lial barrier integrity allowing microbial translocation.
PLOS Pathog. 2010;6(4):e1000852. doi:10.1371/journal.
ppat.1000852.

Allam O, Samarani S, Mehraj V, Jenabian M-A,
Tremblay C, Routy J-P, Amre D, Ahmad A. HIV
induces production of IL-18 from intestinal epithelial
cells that increases intestinal permeability and micro-
bial translocation. PLOS ONE. 2018;13(3):e0194185.
doi:10.1371/journal.pone.0194185.

Sencio V, Gallerand A, Gomes Machado M, Deruyter L,
Heumel S, Soulard D, Barthelemy ], Cuinat C, Vieira
AT, Barthelemy A. et al. Influenza virus infection
impairs the gut’s barrier properties and favors second-
ary enteric bacterial infection through reduced produc-
tion of short-chain fatty acids. Infect Immun. 2021;89
(9):€0073420. doi:10.1128/IA1.00734-20.

Wang ], Li F, Wei H, Lian Z-X, Sun R, Tian Z.
Respiratory influenza virus infection induces intestinal
immune injury via microbiota-mediated Th17 cell-
dependent inflammation. J Exp Med. 2014;211
(12):2397-2410. doi:10.1084/jem.20140625.

Macia L, Tan J, Vieira AT, Leach K, Stanley D, Luong S,
Maruya M, Ian McKenzie C, Hijikata A, Wong C. et al.
Metabolite-sensing receptors GPR43 and GPR109A
facilitate dietary fibre-induced gut homeostasis through
regulation of the inflammasome. Nat Commun. 2015;6
(1):6734. doi:10.1038/ncomms7734.

Ruan T, Sun Y, Zhang J, Sun J, Liu W, Prinz RA, Peng
D, Liu X, Xu X. H5N1 infection impairs the alveolar
epithelial barrier through intercellular junction proteins
via Itch-mediated proteasomal degradation. Commun
Biol. 2022;5(1):186. doi:10.1038/s42003-022-03131-3.
Bernard-Raichon L, Venzon M, Klein ], Axelrad JE,
Zhang C, Sullivan AP, Hussey GA, Casanovas-
Massana A, Noval MG, Valero-Jimenez AM. et al. Gut
microbiome dysbiosis in antibiotic-treated COVID-19
patients is associated with microbial translocation and
bacteremia. Nat Commun. 2022;13(1):5926. doi:10.
1038/s41467-022-33395-6.

Sokol H, Pigneur B, Watterlot L, Lakhdari O,
Bermudez-Humaran LG, Gratadoux J-J, Blugeon S,
Bridonneau C, Furet J-P, Corthier G. et al
Faecalibacterium prausnitzii is an anti-inflammatory
commensal bacterium identified by gut microbiota ana-
lysis of Crohn disease patients. Proc Natl Acad Sci USA.
2008;105(43):16731-16736. doi:10.1073/pnas.
0804812105.

Ashour L. Roles of the ACE/Ang II/AT1R pathway,
cytokine release, and alteration of tight junctions in
COVID-19 pathogenesis. Tissue Barriers. 2023;11
(2):2090792. doi:10.1080/21688370.2022.2090792.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

GUT MICROBES (&) 27

Talapko J, Juzbasi¢ M, Matijevi¢ T, Pustijanac E, Beki¢
S, Kotris I, Skrlec I. Candida albicans—the virulence
factors and clinical manifestations of infection. ] Fungi
(Basel). 2021;7(2):79. doi:10.3390/j0f7020079.
Panpetch W, Hiengrach P, Nilgate S, Tumwasorn S,
Somboonna N, Wilantho A, Chatthanathon P,
Prueksapanich P, Leelahavanichkul A. Additional
Candida albicans administration enhances the severity
of dextran sulfate solution induced colitis mouse model
through leaky gut-enhanced systemic inflammation
and gut-dysbiosis but attenuated by lactobacillus rham-
nosus L34. Gut Microbes. 2020;11(3):465-480. doi:10.
1080/19490976.2019.1662712.

Panpetch W, Phuengmaung P, Hiengrach P, Issara-
Amphorn J, Cheibchalard T, Somboonna N,
Tumwasorn S, Leelahavanichkul A. Candida worsens
Klebsiella pneumoniae induced-Sepsis in a mouse
model with low dose dextran sulfate solution through
gut dysbiosis and enhanced inflammation. IJMS.
2022;23(13):7050. doi:10.3390/ijms23137050.

Kasper L, Konig A, Koenig P-A, Gresnigt MS, Westman J,
Drummond RA, Lionakis MS, Grof3 O, Ruland ], Naglik
JR. et al. The fungal peptide toxin Candidalysin activates
the NLRP3 inflammasome and causes cytolysis in mono-
nuclear phagocytes. Nat Commun. 2018;9(1):4260. doi:10.
1038/541467-018-06607-1.

Moyes DL, Wilson D, Richardson JP, Mogavero S, Tang
SX, Wernecke J, Hofs S, Gratacap RL, Robbins J,
Runglall M. et al. Candidalysin is a fungal peptide
toxin critical for mucosal infection. Nature. 2016;532
(7597):64-68. doi:10.1038/naturel7625.

Bauer C, Duewell P, Lehr H-A, Endres S, Schnurr
M. Protective and aggravating effects of Nlrp3
inflammasome activation in IBD models: influence
of genetic and environmental factors. Dig Dis.
2012;30(Suppl 1):82-90. doi:10.1159/000341681.
Bauer C, Duewell P, Mayer C, Lehr HA, Fitzgerald
KA, Dauer M, Tschopp J, Endres S, Latz E, Schnurr
M. et al. Colitis induced in mice with dextran sulfate
sodium (DSS) is mediated by the NLRP3 inflamma-
some. Gut. 2010;59(9):1192-1199. doi:10.1136/gut.
2009.197822.

Kang]J, Zhou Y, Zhu C, Ren T, Zhang Y, Xiao L, Fang B.
Ginsenoside Rg1 mitigates porcine intestinal tight junc-
tion disruptions induced by LPS through the p38
MAPK/NLRP3 inflammasome pathway. Toxics.
2022;10(6):285. doi:10.3390/toxics10060285.

Bhatt AP, Gunasekara DB, Speer J, Reed MI, Pefia AN,
Midkiff BR, Magness ST, Bultman SJ, Allbritton NL,
Redinbo MR. et al. Nonsteroidal anti-inflammatory
drug-induced leaky gut modeled using polarized mono-
layers of primary human intestinal epithelial cells. ACS
Infect Dis. 2018;4(1):46-52. doi:10.1021/acsinfecdis.
7b00139.

Sigthorsson G, Tibble ], Hayllar ], Menzies I, Macpherson
A, Moots R, Scott D, Gumpel MJ, Bjarnason I. Intestinal


https://doi.org/10.1371/journal.ppat.1000852
https://doi.org/10.1371/journal.ppat.1000852
https://doi.org/10.1371/journal.pone.0194185
https://doi.org/10.1128/IAI.00734-20
https://doi.org/10.1084/jem.20140625
https://doi.org/10.1038/ncomms7734
https://doi.org/10.1038/s42003-022-03131-3
https://doi.org/10.1038/s41467-022-33395-6
https://doi.org/10.1038/s41467-022-33395-6
https://doi.org/10.1073/pnas.0804812105
https://doi.org/10.1073/pnas.0804812105
https://doi.org/10.1080/21688370.2022.2090792
https://doi.org/10.3390/jof7020079
https://doi.org/10.1080/19490976.2019.1662712
https://doi.org/10.1080/19490976.2019.1662712
https://doi.org/10.3390/ijms23137050
https://doi.org/10.1038/s41467-018-06607-1
https://doi.org/10.1038/s41467-018-06607-1
https://doi.org/10.1038/nature17625
https://doi.org/10.1159/000341681
https://doi.org/10.1136/gut.2009.197822
https://doi.org/10.1136/gut.2009.197822
https://doi.org/10.3390/toxics10060285
https://doi.org/10.1021/acsinfecdis.7b00139
https://doi.org/10.1021/acsinfecdis.7b00139

28 e Z. MARKOVICH ET AL.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

permeability and inflammation in patients on NSAIDs.
Gut. 1998;43(4):506-511. doi:10.1136/gut.43.4.506.
Judkins TC, Solch-Ottaiano R]J, Ceretto-Clark B, Nieves C,
Colee J, Wang Y, Tompkins TA, Caballero-Calero SE,
Langkamp-Henken B. The effect of an acute aspirin chal-
lenge on intestinal permeability in healthy adults with and
without prophylactic probiotic consumption: a double-
blind, placebo-controlled, randomized trial. BMC
Gastroenterol. 2024;24(1):4. doi:10.1186/s12876-023-
03102-w.

Edogawa S, Peters SA, Jenkins GD, Gurunathan SV,
Sundt WJ, Johnson S, Lennon RJ, Dyer RB, Camilleri
M, Kashyap PC. et al. Sex differences in NSAID-
induced perturbation of human intestinal barrier func-
tion and microbiota. FASEB J. 2018;32(12):6615-6625.
doi:10.1096/1j.201800560R.

Sugimura N, Otani K, Watanabe T, Nakatsu G,
Shimada S, Fujimoto K, Nadatani Y, Hosomi §,
Tanaka F, Kamata N. et al. High-fat diet-mediated
dysbiosis exacerbates NSAID-induced small intestinal
damage through the induction of interleukin-17A. Sci
Rep. 2019;9(1):16796. d0i:10.1038/s41598-019-52980-2.
Shimada S, Tanigawa T, Watanabe T, Nakata A,
Sugimura N, Itani S, Higashimori A, Nadatani Y,
Otani K, Taira K. et al. Involvement of gliadin, a com-
ponent of wheat gluten, in increased intestinal perme-
ability leading to non-steroidal anti-inflammatory
drug-induced small-intestinal damage. PLOS ONE.
2019;14(2):e0211436. doi:10.1371/journal.pone.
0211436.

Han Y-M, Park J-M, Her S, Kim MS, Park YJ, Hahm
KB. Revaprazan prevented indomethacin-induced
intestinal damages by enhancing tight junction related
mechanisms. Biochem Pharmacol. 2020;182:114290.
doi:10.1016/j.bcp.2020.114290.

Liang Y, Meng Z, Ding X-L, Jiang M. Effects of proton
pump inhibitors on inflammatory bowel disease: an
updated review. World ] Gastroenterol. 2024;30
(21):2751-2762. doi:10.3748/wjg.v30.i21.2751.

Nighot M, Liao P-L, Morris N, McCarthy D,
Dharmaprakash V, Ullah Khan I, Dalessio S, Saha K,
Ganapathy AS, Wang A. et al. Long-term use of proton
pump inhibitors disrupts intestinal tight junction barrier
and exaggerates experimental colitis. ] Crohn's Colitis.
2023;17(4):565-579. doi:10.1093/ecco-jcc/jjacl68.

Son M, Park IS, Kim S, Ma HW, Kim JH, Kim TI, Kim
WH, Han J, Kim SW, Cheon JH. et al. Novel potassium-
competitive acid blocker, egoprazan, protects against coli-
tis by improving gut barrier function. Front Immunol.
2022;13:870817. doi:10.3389/fimmu.2022.870817.

Wang Z, Li H, Kang Y, Liu Y, Shan L, Wang F. Risks of
digestive system side-effects of selective serotonin reup-
take inhibitors in patients with depression: a network
meta-analysis. Ther Clin Risk Manag. 2022;18:799-812.
doi:10.2147/TCRM.S363404.

Luki¢ I, Getselter D, Ziv O, Oron O, Reuveni E, Koren
O, Elliott E. Antidepressants affect gut microbiota and

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

ruminococcus flavefaciens is able to abolish their effects
on depressive-like behavior. Transl Psychiatry. 2019;9
(1):133. doi:10.1038/s41398-019-0466-x.

Liu KY, Nakatsu CH, Jones-Hall Y, Kozik A, Jiang Q.
Vitamin E alpha- and gamma-tocopherol mitigate coli-
tis, protect intestinal barrier function and modulate the
gut microbiota in mice. Free Radic Biol Med.
2021;163:180-189. do0i:10.1016/j.freeradbiomed.2020.
12.017.

Xu C, Sun R, Qiao X, Xu C, Shang X, Niu W, Chao
Y. Effect of vitamin e supplementation on intestinal
barrier function in rats exposed to high altitude
hypoxia  environment. ~Korean ]  Physiol
Pharmacol. 2014;18(4):313-320. doi:10.4196/kjpp.
2014.18.4.313.

Kim MR, Cho S-Y, Lee HJ, Kim JY, Nguyen UTT, Ha
NM, Choi KY, Cha KH, Kim J-H, Kim WK. et al.
Schisandrin C improves leaky gut conditions in intest-
inal cell monolayer, organoid, and nematode models by
tight junction protein
Phytomedicine.  2022;103:154209.
phymed.2022.154209.

Guo M, An F, Wei X, Hong M, Lu Y. Comparative
effects of Schisandrin A, B, and C on acne-related
inflammation. Inflammation. 2017;40(6):2163-2172.
doi:10.1007/s10753-017-0656-8.

Salehi B, Mishra AP, Nigam M, Sener B, Kilic M, Sharifi-
Rad M, Fokou PVT, Martins N, Sharifi-Rad J. Resveratrol:
a double-edged sword in health benefits. Biomedicines.
2018;6(3):91. doi:10.3390/biomedicines6030091.

Panaro MA, Carofiglio V, Acquafredda A, Cavallo P,
Cianciulli A. Anti-inflammatory effects of resveratrol
occur via inhibition of lipopolysaccharide-induced nf-
kB activation in Caco-2 and SW480 human colon can-
cer cells. Br J Nutr. 2012;108(9):1623-1632. doi:10.
1017/S0007114511007227.

Cianciulli A, Calvello R, Cavallo P, Dragone T,
Carofiglio V, Panaro MA. Modulation of nf-«kB activa-
tion by resveratrol in LPS treated human intestinal cells
results in downregulation of PGE2 production and
COX-2 expression. Toxicol In Vitro. 2012;26(7):1122-
1128. doi:10.1016/j.tiv.2012.06.015.

Luo Y, Yu X, Zhao P, Huang J, Huang X. Effects of
resveratrol on tight junction proteins and the Notchl
pathway in an HT-29 cell Model of inflammation
induced by lipopolysaccharide. Inflammation. 2022;45
(6):2449-2464. doi:10.1007/s10753-022-01704-2.

Le Phan TH, Park SY, Jung HJ, Kim MW, Cho E, Shim
K-S, Shin E, Yoon J-H, Maeng H-J, Kang J-H. et al. The
role of processed Aloe vera gel in intestinal tight junc-
tion: an in vivo and in vitro study. IJMS. 2021;22
(12):6515. doi:10.3390/ijms22126515.

Ni Y, Turner D, Yates KM, Tizard I. Isolation and
characterization of structural components of Aloe vera
L. leaf pulp. Int Immunopharmacol. 2004;4(14):1745-
1755. doi:10.1016/j.intimp.2004.07.006.

increasing expression.

doi:10.1016/j.


https://doi.org/10.1136/gut.43.4.506
https://doi.org/10.1186/s12876-023-03102-w
https://doi.org/10.1186/s12876-023-03102-w
https://doi.org/10.1096/fj.201800560R
https://doi.org/10.1038/s41598-019-52980-2
https://doi.org/10.1371/journal.pone.0211436
https://doi.org/10.1371/journal.pone.0211436
https://doi.org/10.1016/j.bcp.2020.114290
https://doi.org/10.3748/wjg.v30.i21.2751
https://doi.org/10.1093/ecco-jcc/jjac168
https://doi.org/10.3389/fimmu.2022.870817
https://doi.org/10.2147/TCRM.S363404
https://doi.org/10.1038/s41398-019-0466-x
https://doi.org/10.1016/j.freeradbiomed.2020.12.017
https://doi.org/10.1016/j.freeradbiomed.2020.12.017
https://doi.org/10.4196/kjpp.2014.18.4.313
https://doi.org/10.4196/kjpp.2014.18.4.313
https://doi.org/10.1016/j.phymed.2022.154209
https://doi.org/10.1016/j.phymed.2022.154209
https://doi.org/10.1007/s10753-017-0656-8
https://doi.org/10.3390/biomedicines6030091
https://doi.org/10.1017/S0007114511007227
https://doi.org/10.1017/S0007114511007227
https://doi.org/10.1016/j.tiv.2012.06.015
https://doi.org/10.1007/s10753-022-01704-2
https://doi.org/10.3390/ijms22126515
https://doi.org/10.1016/j.intimp.2004.07.006

	Abstract
	1. Introduction
	2. The structure and organization of the intestinal barrier complexes
	2.1. Mammalian intestinal barrier complexes
	2.2. Invertebrate intestinal barrier complexes
	2.3. Animal models for studying intestinal permeability and related conditions

	3. Techniques for assessing intestinal permeability
	3.1. Oral probe excretion assays
	3.2. Transepithelial electrical resistance assay and Ussing chamber assay
	3.3. Staining assays

	4. Intrinsic factors involved in regulating intestinal barrier complexes
	4.1. Myosin light chain kinase (MLCK) pathway
	4.2. AMP-activated protein kinase (AMPK) pathway
	4.3. cAMP-responsive element-binding protein H (CREBH) pathway
	4.4. TLR4 pathway
	4.5. Wnt/β-catenin pathway
	4.6. Notch pathway
	4.7. Autophagy

	5. Microbes involved in regulating intestinal barrier complexes
	5.1. Beneficial microbes for intestinal barrier complexes
	5.2. Detrimental microbes for intestinal barrier complexes
	5.3. Context-dependent bacterial modulators of the intestinal barrier complexes
	5.4. Viral modulators of the intestinal barrier complexes
	5.5. Fungal modulators of intestinal barrier complexes

	6. Common chemicals involved in regulating intestinal barrier complexes
	7. Concluding remarks
	Disclosure statement
	Funding
	ORCID
	Author contributions
	References

