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Abstract

In the intestinal tract, where numerous intestinal bacteria reside, intestinal epithelial cells produce and release various anti-
microbial molecules that form a complex barrier on the mucosal surface. These barrier molecules can be classified into two
groups based on their functions: those that exhibit bactericidal activity through chemical reactions, such as antimicrobial
peptides, and those that physically hinder bacterial invasion, like mucins, which lack bactericidal properties. In the small
intestine, where Paneth cells specialize in producing antimicrobial peptides, the chemical barrier molecules primarily inhibit
bacterial growth. In contrast, in the large intestine, where Paneth cells are absent, allowing bacterial growth, the primary
defense mechanism is the physical barrier, mainly composed of mucus, which controls bacterial movement and prevents their
invasion of intestinal tissues. The expression of these barrier molecules is regulated by metabolites produced by bacteria in
the intestinal lumen and cytokines produced by immune cells in the lamina propria. This regulation establishes a defense
mechanism that adapts to changes in the intestinal environment, such as alterations in gut microbial composition and the
presence of pathogenic bacterial infections. Consequently, when the integrity of the gut mucosal barrier is compromised,
commensal bacteria and pathogenic microorganisms from outside the body can invade intestinal tissues, leading to condi-
tions such as intestinal inflammation, as observed in cases of inflammatory bowel disease.
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Introduction maintain a balanced environment in the gut. Intestinal epi-

thelial cells, lining the mucosal surface, play a crucial role

The intestine is a distinct organ where heterogeneous organ-
isms, including bacteria, fungi and viruses, coexist along-
side host cells, establishing mutual relationships between
commensal microorganisms and the host. Given that these
symbiotic organisms can potentially become targets for
host immune cells, segregation between symbionts in the
lumen and immune cells in the lamina propria is required to
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in achieving this segregation. They not only absorb nutrients
and water but also contribute to this separation by releasing
antimicrobial molecules and forming a mucus layer. Col-
lectively, these components are referred to as mucosal bar-
riers. The expression of these mucosal barriers is altered in
response to bacterial signals from the lumen and cytokines
from the lamina propria to enable adaptation to alterations in
the gut environment, including changes in intestinal bacterial
populations and the presence of pathogenic bacterial infec-
tions. Therefore, when this well-organized barrier system
is genetically compromised or disrupted by certain envi-
ronmental factors, intestinal bacteria can invade intestinal
tissue, resulting in intestinal inflammation, as observed in
inflammatory bowel disease (IBD).

In this review, we discuss the intestinal barrier system,
classifying barrier molecules into chemical and physical
components. We also review the mechanisms that regulate
the expression of mucosal barrier molecules by intestinal
bacteria and lamina propria cells, including immune cells.
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Finally, we discuss recent advances in understanding the
mechanisms underlying intestinal inflammation in cases
of mucosal barrier dysfunction and future research pros-
pects on gut mucosal barriers.

Intestinal epithelial barrier and control
of intestinal bacteria

Unlike other organs, the small intestine and large intestine
harbor diverse bacterial species that the immune system
would typically recognize as foreign. To prevent direct
confrontation between immune cells in the lamina propria
and gut bacteria residing in the lumen, intestinal epithe-
lial cells themselves exist as a barrier, and express a vari-
ety of barrier molecules, which effectively segregate the
intestinal bacteria from the intestinal tissue. In this con-
text, we will discuss the mucosal barrier system, which
consists of epithelial cell-derived chemical and physical
barrier molecules and plasma cell-derived immunoglobu-
lin A (IgA), and its role in controlling intestinal bacteria
in the small and large intestines (Fig. 1).
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Fig. 1 Structure of the mucosal barrier in the small and large intes-
tines. In the small intestine, chemical barrier molecules, including
defensins, Reg3 family proteins, Lysozyme, and small proline-rich
protein 2a (Sprr2a), are primarily produced by Paneth cells. These
components play a crucial role in maintaining a separation between
intestinal bacteria and intestinal epithelial cells in the small intestine
by killing bacteria coming close to intestinal epithelia. In contrast, in
the large intestine, where Paneth cells are absent, chemical barrier
molecules including angiogenin, ribonuclease A family member 4
(Ang4), and resistin-like molecule B (Relmf) are not as prominent.
Instead, the large intestine relies on the constitutively high expression
of mucin 2 (Muc2) by goblet cells and LY6/PLAUR domain-contain-
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Chemical barrier molecules

The secreted chemical barrier molecules induce chemi-
cal changes in microorganisms, encompassing a group of
molecules with antimicrobial activity. These various bac-
tericidal molecules are abundantly produced, mainly in
the small intestinal epithelial cells including Paneth cells
(Table 1). One class of representative molecules secreted
are antimicrobial peptides (AMPs), which are primarily pro-
duced by Paneth cells. AMPs are short peptides of approxi-
mately 20 to 50 amino acids in length that are predomi-
nantly composed of basic amino acids, e.g., as arginine and
lysine [1, 2]. These peptides are conserved across a wide
range of organisms, from insects and plants to higher verte-
brates. AMPs possess a positively charged basic region and
a hydrophobic region. The positively charged region of an
AMP binds to the negatively charged bacterial membrane,
whereas the hydrophobic region alters the permeability of
the bacterial membrane, thereby exerting its killing activ-
ity [3, 4]. Among AMPs, defensin is a representative AMP,
consisting of three family members («,  and 6-defensin) [5].
Among them, a-defensin, known as cryptdin, is primarily
and abundantly produced by Paneth cells in the small intes-
tine, while B-defensin is expressed at low levels in the small
and large intestinal epithelial cells and 6-defensin is found

Large intestine

ing 8 (Lypd8) by enterocytes, both of which are extensively glyco-
sylated proteins. The thick mucus layer, composed of polymerized
Muc2, forms a network structure that effectively segregates a vast
population of intestinal bacteria from direct contact with intestinal
epithelial cells. Lypd8 plays a critical role in promoting this segrega-
tion by inhibiting bacterial invasion, particularly in the case of flagel-
lated bacteria. Overall, the small and large intestines employ distinct
strategies for maintaining the mucosal barrier, with the small intestine
relying on Paneth cell-secreted chemical defenses and the large intes-
tine utilizing glycosylated proteins like Muc2 and Lypd8 to establish
an effective barrier against bacterial contact
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Table 1 Antimicrobiz}l Antimicrobial molecule Tissue Call type

molecules expressed in

intestinal epithelial cells a-defensin small intestine Paneth cell
B-defensin small and large intestine Paneth cell, enterocyle
Cathelicidin (LL-37) small intestine Paneth cell, enterocyle
Lysozyme small intestine Paneth cell

Phospholipase A2

Regenerating islet-derived protein 3y

Resistin-like molecule
Small proline-rich protein 2a
Angiogenin 4

small and large intestine
small > large intestine
large intestine

small and large intestine
small and large intestine

Paneth cell, enterocyle
Paneth cell, enterocyle
goblet cell, enterocyle
enterocyle

Paneth cell, goblet cell

The table presents antimicrobial molecules expressed by intestinal epithelial cells, along with the tissues
and cell types that express each molecule, based on previous reports referenced in this paper and publicly

available RNA-sequencing data

only in rhesus monkeys. a-defensin plays a pivotal role in
the innate immunity of the small intestine by cooperating
with cathelicidin, which is produced by intestinal epithelial
cells including enterocytes, goblet cells and Paneth cells [6,
7]. Pro-cryptdin is converted into mature cryptdin by matrix
metalloproteinase-7 (MMP-7). MMP-7 deficiency results in
a high susceptibility to Salmonella Typhimurium infection
because mature cryptdin is absent [4]. Human cathelicidin
consists of 37 amino acids, with two leucines at the N-termi-
nus, and is hence referred to as LL-37 [8]. In addition to the
properties of AMPs, LL-37 is known to strongly neutralize
endotoxins, providing a defense mechanism against endo-
toxin shock [9, 10].

The regenerating islet-derived protein 3 (Reg3) family
of proteins are C-type lectins that bind to the bacterial cell
surface and exert antimicrobial activity by forming pores,
similar to defensins [11, 12]. Reg3p and Reg3y are produced
abundantly by intestinal epithelial cells, including Paneth
cells in the small intestine. Reg3f reportedly binds directly
to lipopolysaccharides (LPS) and exerts bactericidal activ-
ity against Gram-negative bacteria [13]. In contrast, Reg3y
exhibits a killing activity on Gram-positive bacteria by bind-
ing to their surface peptidoglycans, followed by forming a
membrane-penetrating pore [12, 14, 15]. Particularly, Reg3y
mainly contributes to the spatial separation of intestinal bac-
teria and the small intestinal epithelia through inhibiting the
invasion of mucosal surface by Gram-positive bacteria, such
as Eubacterium rectale and segmented filamentous bacteria
(SFB) [15].

Lysozyme, another hydrolytic enzyme produced by
Paneth cells, exhibits bactericidal antimicrobial activity
against Gram-positive bacteria by breaking the bond between
N-acetylmuramic acid and N-acetylglucosamine, which are
the main components of the bacterial cell wall peptidoglycan
[16]. Furthermore, phospholipase A2 (PLA2) is an enzyme
that hydrolyzes the fatty acid ester bond of phospholipids
and exerts antimicrobial activity by hydrolyzing the cell

membrane of Gram-positive bacteria [17, 18]. Resistin-like
molecule p (Relmf) was recently reported to be a bacte-
ricidal protein that binds to negatively charged lipids and
forms a multimeric pore in the membranes of Gram-negative
bacteria [19]. Relmp is abundantly produced by intestinal
epithelial cells in the colon, where it promotes the segre-
gation of gut bacteria and the epithelia [19] [20]. Small
proline-rich protein 2a (Sprr2a) was also reported to pos-
sess killing activity against Gram-positive bacteria such as
Listeria monocytogenes by permeabilizing membranes [21].
Interestingly, Sprr2a expression is induced by Th2 cytokines
during helminth infection and protects against helminth-
induced bacterial invasion of intestinal tissue [21]. Angio-
genin 4 (Ang4), harboring ribonuclease activity and abun-
dantly expressed in the small and large intestines, exhibits
microbicidal activity against bacterial and fungal pathogens
by disrupting bacterial membrane integrity [22, 23]. These
antimicrobial agents prevent the invasion by intestinal bac-
teria of the intestinal tissues effectively, particularly in the
small intestine, and help avoid excessive immune responses
by immune cells against intestinal bacteria. Paneth cells play
a critical role in maintaining the barrier integrity not only
by producing these chemical barrier molecules, but also by
regulating angiogenesis stem cell proliferation, contributing
to epithelial cell renewal and wound healing [24, 25].

Physical barrier molecules

Unlike the chemical barrier, the physical barrier refers to
a group of molecules and structures that act as physical
defenses to prevent bacterial invasion without directly killing
bacteria. In contrast to the small intestine, where there are
fewer bacteria due to the higher oxygen level than the large
intestine and the presence of Paneth cells, the large intestine,
having a significantly greater number of bacteria, primarily
relies on the physical barrier to prevent bacterial invasion of
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the intestinal tissue. The physical barrier includes the mucus
layer covering the intestinal mucosa, the glycoprotein cluster
known as glycocalyx on the surface of intestinal epithelial
cells and the cell-cell adhesion apparatus that holds the
intestinal epithelial cells together.

The mucus layer is a structural entity formed by the
polymerization of mucin, a highly glycosylated protein pro-
duced by goblet cells. In the intestine, Mucin 2 (Muc2), the
primary secreted gel-forming mucin, forms a network struc-
ture via N-terminal trimerization and C-terminal dimeriza-
tion through disulfide bonds [26, 27]. Numerous O-linked
glycans attached to the proline/threonine/serine-rich (PTS)
domain of Muc2 contribute to the viscosity of mucus and
also bind competitively to pathogenic microorganisms
attempting to adhere to the surface of epithelial cells,
thereby preventing bacterial invasion and adhesion [28]. In
the large intestine, where a vast number of bacteria reside,
a substantial amount of mucus is produced by a greater
number of goblet cells compared with the small intestine.
This greater production generates a thick mucus layer cov-
ering the intestinal epithelium, which helps to maintain the
mucosal surface in an almost sterile state. With regard to
the barrier system of mucus in the large intestine, Hansson
and colleagues have elegantly demonstrated a dual-layered
system. In this system, an inner-dense layer that attaches to
epithelial cells acts as a repellent barrier, whereas an outer-
loose layer facilitates microbial interactions [29]. However,
notably, this model has limitations and does not consider the
effects of peristalsis and material passage on mucus dynam-
ics. Thus, Xia et al. recently proposed a new “encapsulation”
model [30]. According to this model, detached mucus from
the proximal colon wraps around gut microbiota, dividing
microbiota communities into discrete units within fecal
pellets. Subsequently, the mucus-encapsulated fecal pel-
let moves and is further covered with distal colon-derived
mucus that has different glycosylation from the proximal
colon [30]. Further studies using live imaging are required
to confirm the validity of either model.

Glycans play a pivotal role in the mucus barrier function
within the gastrointestinal tract, as demonstrated by several
previous studies involving various glycosyltransferase-
mutant mice [28, 30-34]. For example, mice deficient in
core 1 synthase, specifically glycoprotein-N-acetylgalac-
tosamine 3-beta-galactosyltransferase 1 (Clgaltl), a crucial
enzyme in the biosynthesis of core 1 or 2 O-glycans, exhib-
ited a defective mucus layer in the colon, leading to severe
colitis resembling that seen in Muc2-deficient mice [32].
In contrast, B3gnt6-deficient mice, which lack the core 3
O-glycan, did not develop spontaneous colitis but displayed
heightened susceptibility to dextran sulfate sodium (DSS)-
induced experimental colitis because of a weakened mucus
barrier [31]. These findings underscore the essential role of
O-glycans in mucus barrier function. However, the specific
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glycan structure responsible for maintaining the mucus bar-
rier remains unclear. In this context, several recent stud-
ies investigated the gene expression profile of glycogenes,
including glycosyltransferase and sulfotransferase genes,
in intestinal epithelial cells from different sites within the
intestine [33-35]. A recent study showed that ST6 (alpha-
N-acetyl-neuraminyl-2,3-beta-galactosyl-1,3)-N-acetylga-
lactosaminide alpha-2,6-sialyltransferase 1 (St6galnacl) is
highly expressed in colonic goblet cells, and sialylation of
N-glycans of Muc2 mediated by St6galnacl is required for
the protection against excessive bacterial proteolytic degra-
dation of Muc?2 [33]. Another study demonstrated that disi-
alylated glycans of O-glycans of Muc?2 synthesized through
the actions of UDP-Gal:betaGlcNAc beta 1,3-galactosyl-
transferase, polypeptide 5 (B3galt5) and ST6 (alpha-N-
acetyl-neuraminyl-2,3-beta-galactosyl-1,3)-N-acetylgalac-
tosaminide alpha-2,6-sialyltransferase 6 (St6galnac6), both
are highly and specifically expressed in the colon, contribute
to the maintenance of mucus mechanical properties and the
multidirectional mucin network, inhibiting bacterial invasion
of the intestinal tissue [34]. These findings suggest that a2-6
sialic acid imparts a negative charge and hydrophilicity to
Muc2, leading to the uniformization of polymerized mucins
in a water-reduced environment in the distal colon, which
is required for the protection against bacterial invasion and
proteolytic degradation of mucins.

The mucus layer contributes predominantly to segregat-
ing gut bacteria from intestinal epithelia, whereas other
types of barrier molecules are required to maintain this seg-
regation. LY6/PLAUR domain-containing 8 (Lypd8), highly
expressed on the surface of intestinal epithelial cells, has
been identified to inhibit bacterial invasion within the mucus
layer [36, 37]. Lypd8, a GPI-anchored and highly N-glyco-
sylated protein, is continuously shed from intestinal epithe-
lial cells and secreted into the intestinal lumen. Secreted
Lypd8 preferentially binds to flagellated bacteria, inhibiting
their invasion of colonic epithelia by suppressing their motil-
ity [36, 37]. Additionally, Lypd8 has been reported to inhibit
the attachment of pathogenic bacteria, such as Citrobacter
rodentium, by binding to intimin, a virulence factor essential
for C. rodentium attachment to epithelial cells [38]. Moreo-
ver, a recent study demonstrated that Lypd8 contributes to
protecting against gut graft-versus-host disease following
allogeneic hematopoietic stem cell transplantation by sup-
pressing bacterial translocation from the colon [39]. These
findings underscore the crucial role of Lypd8 in preventing
bacterial invasion of colonic tissue.

Although the thick mucus layer containing various anti-
microbial molecules protects the large intestinal mucosa,
those few invading microbes that manage to penetrate this
mucus layer face additional physical barriers that prevent
their invasion into the intestinal tissues. One such barrier
is the glycocalyx, a cluster of sugar chains present on the



Seminars in Immunopathology (2025) 47:2

Page50f16 2

microvilli surface of intestinal epithelial cells. The glyco-
calyx, which forms a meshwork of carbohydrate moieties
on glycolipids or glycoproteins, including transmembrane
mucins such as MUCI1, MUC13 and MUC17 (a mouse
homolog of Muc3), constitutes the second line of defense
against invading bacteria [40]. These transmembrane mucins
shield the gut tissue from enteric bacterial pathogens. For
example, mice deficient in MUCI1 exhibit a high susceptibil-
ity to Campylobacter jejuni and Helicobacter pylori infec-
tions [41, 42]. In the case of H. pylori infection, MUC1
cleaved by proteases acts as a decoy that prevents H. pylori
attachment to epithelial cells [43]. Furthermore, the knock-
down of Mucl3 increases the attachment of enterotoxigenic
Escherichia coli to intestinal epithelial cells, indicating
that MUC13 also protects the host against the attachment
of pathogenic bacteria [44]. Moreover, reduced levels of
MUCI17 are associated with increased permeability and
enhanced bacterial invasion by enteroinvasive E. coli [45].
Glycans are indispensable for the barrier functions of these
highly glycosylated barrier proteins, mucins and Lypd8.
The densely packed sugar chains are believed to physically
impede bacterial invasion into the intestinal tissue. However,
it remains unclear which glycans are involved in the barrier
functions of the glycocalyx. This aspect will be clarified in
future research.

Furthermore, the well-organized intestinal epithelial cells
are firmly held together by tight junctions, which are formed
by membrane-spanning proteins such as occludin and clau-
din, and adherens junctions, formed by the mutual binding
of E-cadherin molecules on the cell lateral sides [46]. These
cell—cell adhesion apparatuses create a barrier that prevents
the passage of low-molecular-weight substances between
intestinal epithelial cells, effectively hindering the influx
of foreign substances into the intestinal tissue. Therefore,
mice lacking claudins exhibit high paracellular permeability,
leading to intestinal inflammation because of the leakage
of luminal contents, including bacterial components, and
increased paracellular organic solute flux [47—49].

Immunoglobulin A

IgA is most abundant among immunoglobulins in the gut,
which is constitutively secreted by intestinal plasma cells
differentiated from IgM™* B cells in gut associated lymphoid
tissue (GALT) such as Peyer’s patches and isolated lymphoid
follicles in the lamina propria. Dimeric IgA from plasma
cells in the lamina propria is transported to the luminal side
across intestinal epithelial cells via polymeric immunoglob-
ulin receptor (pIgR) and released into the intestinal lumen as
secretory IgA (SIgA). The role of SIgA in the gut mucosal
barrier system is divided into defending against patho-
genic microorganisms and maintaining the composition of

symbiotic bacteria. One of the primary functions of SIgA is
to neutralize pathogens and toxins in the gut lumen. By bind-
ing to bacteria, viruses, or toxins, SIgA prevents them from
adhering to and penetrating the epithelial cells of the gut,
thereby preventing infection without driving an excessive
inflammatory response. SIgA not only prevents infections
but also preferentially coats pathogenic commensal bacte-
ria with polyreactive binding, maintaining a robust balance
of microbial species through preventing the overgrowth of
inflammatory commensals [50-52]. Therefore, IgA-defi-
ciency causes microbial dysbiosis in human although IgM
and IgG compensate immunoglobulin coating of bacteria
[53, 54].

Regulation of the mucosal barrier system
by recognizing gut bacterial signals

The gut microbial composition is diverse among individu-
als and easily changes due to diet, stress, and many other
environmental factors. To regulate various gut microbiota
and its change, intestinal epithelial cells, which directly
encounter intestinal bacteria, can sense signals from symbi-
otic or invading pathogenic bacteria (Fig. 2). Depending on
the signals they receive, these cells strengthen the mucosal
barrier and transmit signals to immune cells located in the
lamina propria. This contribution is significant for adapting
to changes in the intestinal environment, such as alterations
in the intestinal microbiota and infections caused by patho-
genic bacteria. Signals from intestinal bacteria to intestinal
epithelial cells can be classified into three types: bacterial
metabolites, bacterial components, and bacterial adhesion.

Bacterial metabolites

Representative metabolites produced by intestinal bacteria
include short-chain fatty acids (SCFAs), secondary bile
acids and tryptophan metabolites. Several recent studies
have elucidated their effects on intestinal epithelial cells.
SCFAs (e.g., butyrate, propionate and acetate) are gen-
erated by beneficial intestinal bacteria such as Akkerman-
sia muciniphila and Faecalibacterium prausnitziifrom the
breakdown of dietary fiber. SCFAs serve not only as an
energy source for the host but also as modulators of the
physiological functions of intestinal epithelial cells and
immune cells [55]. In particular, butyrate plays a crucial role
in maintaining intestinal epithelial homeostasis and promot-
ing epithelial repair after mucosal injury by stimulating the
proliferation of intestinal epithelial cells [56, 57]. Further-
more, butyrate activates peroxisome proliferator-activated
receptor gamma (PPAR-y) signaling in colonic intestinal
epithelial cells [58]. This activation inhibits the expansion
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Fig.2 Regulation of the mucosal barrier system in the gut by intes-
tinal microorganisms and lamina propria cells. Intestinal epithelial
cells sense signals from commensal bacteria and pathogenic micro-
organisms in the lumen and cytokines from various lamina propria
cells. This sensing mechanism allows for the dynamic regulation of
the mucosal barrier system to adapt to changes in the gut environ-
ment. Intestinal epithelial cells express pattern recognition receptors,
such as Toll-like receptors (TLRs) and Nucleotide-binding oligomeri-
zation domain-containing protein 2 (NOD2), which detect bacterial
components like lipopolysaccharides (LPS), flagellum, and muramyl
dipeptide (MDP). Activation of these receptors leads to the produc-
tion of antimicrobial peptides (AMPs). Attachment of segmented
filamentous bacteria (SFB) and pathogenic bacteria such as Citrobac-
ter rodentium and enterohemorrhagic Escherichia coli (EHEC) trig-
gers the production of serum amyloid A and reactive oxygen species
(ROS), respectively. These promote the differentiation of T helper 17
(Th17) cells, resulting in the secretion of IL-17 and IL-22, which, in
turn, enhance AMP production by intestinal epithelial cells. Further-

of Enterobacteriaceae bacteria by reducing the bioavail-
ability of respiratory electron acceptors [58]. SCFAs also
activate the MUC2 gene promoter in goblet cells, leading to
increased mucus production and release from goblet cells
[59-63]. As for SCFAs from pathogens, succinate, an SCFA
produced by invading helminths, is recognized by tuft cells,
a type of epithelial cell bearing brush-like microvilli, via
Succinate receptor 1 (Sucnrl). Activated tuft cells, in turn,
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more, IL-22 produced by type3 innate lymphoid cells (ILC3), acti-
vated by IL-23 from dendritic cells (DC) in response to commensal
bacteria, enhances the production of AMPs. Tuft cells, sensing suc-
cinate produced by parasites, produce IL-25, leading to the activa-
tion of type2 innate lymphoid cells (ILC2) and Th2 cells. IL-5 and
IL-13 from these activated cells stimulate goblet cells to produce and
secrete mucins, aiding in parasite elimination. Short chain fatty acids
(SCFAs) from commensal bacteria promote mucus production by
goblet cells and the proliferation of intestinal epithelial cells. Indole,
a tryptophan metabolite, stimulates the differentiation of goblet cells
and the expression of tight-junction molecules, such as Occludin
(Ocln) and Claudin (Cldn), through the activation of Aryl hydrocar-
bon receptor (AHR) and pregnane X receptor (PXR). Additionally,
enteric neurons release IL-18, promoting AMP production by goblet
cells, while fibroblasts release IL-33, which supports goblet cell dif-
ferentiation. These processes highlight the intricate regulation of the
mucosal barrier by various bacterial signals and cytokines, crucial for
maintaining gut homeostasis in response to environmental changes

produce interleukin (IL)-25, which activates type 2 innate
lymphoid cells (ILC2) [64]. IL-13, produced by activated
ILC2, triggers a Th2 response, contributing to helminth
elimination by enhancing mucus production by goblet cells
[65, 66].

Some cholic acid (CA) and chenodeoxycholic acid
(CDCA) that are not reabsorbed in the intestinal tract are
converted by intestinal bacteria into secondary bile acids
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[67]. CA is converted to deoxycholic acid and CDCA is
converted to ursodeoxycholic acid and lithocholic acid [67].
Ursodeoxycholic acid promotes wound healing by enhanc-
ing the migration of intestinal epithelial cells to villi via the
epidermal growth factor receptor/cyclooxygenase-2 pathway
[68]. Additionally, intestinal epithelial endocrine cells have
been found to recognize secondary bile acids through the
Takeda G protein-coupled receptor 5 (TGRS) [69]. Deoxy-
cholic acid, for example, stimulates TGRS in enteroendo-
crine cells, promoting colon peristalsis through the release
of 5-hydroxytryptamine (5-HT) and calcitonin gene-related
peptide (CGRP), with both acting as major transmitters in
the afferent limb of the peristaltic reflex [69].

Tryptophan, an amino acid found in food, is converted to
indole in the intestinal tract by tryptophanase, an enzyme
produced by intestinal bacteria. Intestinal epithelial cells
express the aryl hydrocarbon receptor (AHR) and pregnane
X receptor (PXR), which are receptors that recognize indole
[70-72]. AHR deficiency in intestinal epithelial cells has
been linked to increased susceptibility to pathogenic bacte-
rial infection because of reduced expression of Muc2 and
carbonic anhydrase 4 (Car4) [73]. Additionally, indole stim-
ulates the expression of cell junction-associated molecules,
including occludin and claudins, through PXR activation
[72,74]. These findings indicate that the activation of AHR
and PXR in intestinal epithelial cells by indole reinforces the
barrier function of intestinal epithelial cells.

Bacterial components

Intestinal epithelial cells express several pattern recognition
receptors, such as Toll-like receptors (TLRs) and NOD-like
receptors (NLRs), for immune surveillance. These receptors
enable the detection of bacterial components such as LPS,
flagellin and peptidoglycans from the gut microbiota, initiat-
ing signal transduction pathways that lead to epithelial cell
proliferation, cytokine production, antimicrobial molecule
release and mucus production. In the small intestine, TLR/
myeloid differentiation factor (MyD)88 signaling plays a
pivotal role in the production of antimicrobial molecules
by intestinal epithelial cells, particularly by Paneth cells
[15, 75]. MyD88 deficiency in epithelial cells reduces the
production of antimicrobial molecules in small intestinal
epithelial cells, resulting in increased bacterial coloniza-
tion on the intestinal epithelial surface and reduced resist-
ance to infections caused by pathogenic bacteria such as S.
Typhimurium [15, 76]. In the colon, TLR2, TLR4 and TLRS
are expressed at both the apical and basal sites of intesti-
nal epithelial cells [77]. Mice lacking MyD88 in intestinal
epithelial cells exhibit reduced AMP and mucus production
in colonic intestinal epithelial cells, rendering them highly
susceptible to an experimental colitis model and receptive to

pathogenic bacterial infection [76, 78]. Cytoplasmic recep-
tors, such as NLRs, also contribute to the maintenance of
mucosal barrier function. Nucleotide-binding oligomeriza-
tion domain-containing protein 2 (NOD2), an NLR, is highly
expressed in Paneth cells and recognizes the muramyl dipep-
tide, a conserved structure in bacterial peptidoglycans. This
recognition leads to enhanced production of AMPs [79-81].

Bacterial adhesion

As mentioned earlier, the intestinal mucosal surface is
shielded by well-organized epithelial barriers. Neverthe-
less, certain enteric and pathogenic bacteria can breach
this barrier and adhere to the epithelial cell surface. Bacte-
rial adhesion induces specific gene expression in epithelial
cells. SFB, unique to rodents like mice or rats, inhabit the
intestinal tract by adhering to epithelial cells in the ileum.
Adhesion of SFB to epithelial cells triggers the production
of serum amyloid A (SAA) by epithelial cells, a factor that
strongly promotes the differentiation of T helper (Th) 17
cells, a subset of helper T cells found in the lamina propria
[82, 83]. Th17 and ILC3 cells produce interleukin-17 (IL-
17) and interleukin-22 (IL-22), which stimulate the secre-
tion of antimicrobial molecules, including the Reg3 family
of proteins, from intestinal epithelial cells, contributing to
intestinal homeostasis [84, 85]. Furthermore, the adhesion of
C. rodentium, a murine pathogenic bacterium, to the colonic
epithelium is associated with producing reactive oxygen spe-
cies (ROS) in the epithelial cells. This ROS production pro-
motes the differentiation of Th17 cells in the colonic lamina
propria [82]. In addition, a recent paper demonstrated that
major histocompatibility complex (MHC) class II of distal
colonic epithelial cells is required for elimination of patho-
genic bacteria such as C. rodentium through eliciting sus-
tained IL-22 signaling from C. rodentium-specific T cells
[86].

Regulation of the mucosal barrier system
by cytokines from lamina propria cells

To adapt to alterations in the gut environment, not only epi-
thelial cells but also immune cells and the other stromal
cells in the lamina propria directly sense the bacterial signals
and produce various cytokines to orchestrate the mucosal
barrier system (Fig. 2). Therefore, intestinal epithelial cells
express several receptors for cytokines to receive signals
from immune cells. Among various cytokines produced by
intestinal immune cells in the lamina propria, IL-23 and
IL-22 cooperatively play a crucial role in maintaining the
epithelial barrier [87-89]. IL-23, produced by myeloid cells
such as CD1037CD11b* dendritic cells and activated by
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specific bacteria like SFB, induces the secretion of IL-22
from ILC3 and Th17 cells [88, 90]. IL-22 binds to the IL.-22
receptor, a heterodimer of IL-22R1 and IL-10RB, which is
highly expressed by intestinal epithelial cells. This binding
enhances the production of bactericidal molecules, including
Reg3 family of proteins, tight junction proteins, and mucins
in intestinal epithelial cells [91-93]. This production pro-
tects against the invasion of commensal and pathogenic bac-
teria into the intestinal tissue. Additionally, a previous study
demonstrated that IL.-22 is essential for epithelial repair and
regeneration in the gut by promoting the proliferation of
epithelial cells in cases of epithelial injury [94]. Regarding
the similarities and differences of IL-22 functions on intes-
tinal epithelial cells between the small and large intestines,
arecent RNA-sequencing study using germ-free, //23-/- and
1122-/-. mice revealed that the functions of the IL-23/IL-22
axis on intestinal epithelial cells are less dependent of gut
microbiota in the large intestine, unlike the case in the small
intestine [95]. Additionally, apart from the well-known func-
tions of IL-22, this study highlighted the intestinal site-spe-
cific roles of the IL-23/IL-22 axis on epithelial cells, includ-
ing the regulation of lipid absorption in the small intestine
and the promotion of epithelial cell proliferation in the large
intestine [95].

IL-17 is also a cytokine that plays a crucial role in
maintaining the gut mucosal barrier function. IL-17 from
immune cells such as Th17 and ILC3, activated by commen-
sal bacteria, promotes the production of AMPs, including
a-defensins, from intestinal epithelial cells. This contributes
to regulating commensal bacteria and eliminating of patho-
genic bacteria [84, 96]. IL-17 receptor (IL-17RA) signaling
in epithelial cells also reportedly upregulates tight junction
molecules such as occludin to limit excessive permeability
and maintain epithelial integrity [97]. Moreover, a recent
study demonstrated that IL-17RA signaling in intestinal
stem cells induces the expression of atonal bHLH transcrip-
tion factor 1 (ATOH1), promoting differentiation into secre-
tory lineages such as Paneth, tuft, goblet, and enteroendo-
crine cells [98].

Other cytokines from Th cells are also critically involved
in modulating stem cell renewal, differentiation and the
maintenance of mucosal barrier functions. IL-10 from regu-
latory T cells was found to support stem cell renewal, main-
taining the stem cell niche [99]. In addition, IL-10 reportedly
upregulates the expression of tight junction molecules [100],
and promotes mucus production in goblet cells by preventing
protein misfolding and ER stress [101], contributing to the
preservation of the mucus barrier. In contrast, Th2 cytokines
such as IL-4, 5, and 13 promote mucus production from
goblet cells, aiding the host’s defense against helminth infec-
tion [102, 103]. In this context, IL-25 from activated tuft
cells enhances the production of Th2 cytokines from Th2
and ILC2 cells in the lamina propria [65, 66]. Conversely,
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interferon-gamma (IFN-y) induces the extrusion and release
of antimicrobial molecules from Paneth cells [104]. Addi-
tionally, a few papers reported that IFN-y increases the per-
meability of gut epithelia by downregulating the expression
of tight-junction molecules including Zonula occludens-1
and occuludin [105-107]. Moreover, several recent papers
demonstrated that IFN-y from activated T cells promotes cell
death of intestinal epithelial cells in a caspase-3/7-dependent
manner [108, 109]. These results suggest that IFN-y func-
tions more toward weakening the mucosal barrier.

Tumor necrosis factor (TNF)-a, an inflammatory cytokine
like IFN-v, also reportedly increases the permeability of gut
epithelia by downregulating the expression of tight-junction
molecules via nuclear factor-kappa B (NF-kB) activation,
followed by myosin light chain kinase (MLCK) activation.
Additionally, TNF-a induces caspase 3-dependent apoptosis
of intestinal epithelial cells via TNF receptor 1 signaling.
Overall, TNF-a disrupts the gut epithelial barrier by increas-
ing epithelial permeability, inducing cell death, and impair-
ing the intestinal barrier, leading to inflammatory states of
the intestine.

Not only immune cells but also non-immune cells such
as stromal cells and neurons were found to modulate epi-
thelial integrity through cytokine production. IL-33 derived
from fibroblasts around intestinal crypts reportedly shapes
the differentiation of epithelial progenitors toward secre-
tory lineages, including Paneth and goblet cells [110]. A
recent report showed that IL-18 derived from enteric neu-
rons induces AMP production from goblet cells to protect
against infection by invasive bacteria [111]. Taken together,
cytokines from lamina propria cells orchestrate mucosal bar-
rier functions to regulate commensal bacteria and eliminate
pathogenic microorganisms.

Breakdown of gut homeostasis by mucosal
barrier dysfunction

When the intestinal epithelial cell function is impaired
because of genetic factors or other environmental factors
such as high-fat diet and drugs [112], the regulation of
intestinal bacteria by the mucosal barrier is disrupted. This
disruption facilitates an excessive host immune response
to intestinal bacteria invading the epithelia and subsequent
submucosa, leading to the development of chronic intestinal
inflammation, as seen in IBD such as ulcerative colitis (UC)
and Crohn's disease (CD) (Fig. 3) [113]. There is evidence
for this, as the spontaneous onset of intestinal inflammation
or increased susceptibility to intestinal inflammation has
been reported in several genetically engineered mice with
abnormal mucosal barriers.

The number of mucin-secreting goblet cells is well known
to be decreased in the gut mucosa of both of UC and CD
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Fig. 3 Intestinal inflammation because of mucosal barrier dysfunc-
tion. Under healthy conditions, the mucosal barrier system effectively
segregates intestinal bacteria from intestinal epithelial cells. How-
ever, dysfunction of these mucosal barriers, characterized by reduced
production of antimicrobial peptides (AMPs), mucus, Lypd8, and
decreased fucosylation and sialylation of mucin, disrupts this seg-
regation. This disruption leads to dysbiosis, allowing intestinal bac-
teria to breach the mucosal barrier and gain access to immune cells
in the lamina propria. Consequently, activated immune cells respond
by producing elevated levels of inflammatory cytokines, such as

patients [114], suggesting that the reduced mucin produc-
tion is a cause of accelerated intestinal inflammation in IBD.
Indeed, in mice deficient in MUC?2, the main component of
intestinal mucus, a normal mucus layer is not formed, lead-
ing to intestinal bacteria invasion into the colonic mucosa
and subsequent spontaneous onset of colitis [29, 115]. Addi-
tionally, a previous report demonstrated that O-glycosylation
profile of MUC2 mucin is altered in UC patients and its
alteration is associated with mucosal inflammation level,
implying that O-glycosylation pattern of MUC2 mucin
is involved in the pathology of IBD [116]. Deficiency of
Clgaltl, critical for core 1 O-glycosylation of mucin, results
in the failure of normal mucus layer formation and spontane-
ous development of colitis, similar to MUC2-deficient mice
[32]. Moreover, a defect in core 3 O-glycans in MUC?2 also

interferon-gamma (IFN-y) and tumor necrosis factor-alpha (TNF-ar).
These cytokines, in turn, trigger the upregulation of cell death pro-
cesses and increase the permeability of intestinal epithelial cells. As
a result of these events, intestinal inflammation ensues, characterized
by compromised barrier function, immune cell activation, and epithe-
lial cell damage. This cascade of events underscores the critical role
of the mucosal barrier system in preventing intestinal inflammation,
and its dysfunction as a key factor in the development of such inflam-
mation

increases susceptibility to intestinal inflammation [31]. A
recent paper showed that a missense mutation of ST6GAL-
NACI with loss of function of ST6GALNACI1, which medi-
ates 2a-6 sialylation, was observed in UC patients [33].
St6galnacl-deficient mice were highly susceptible to DSS
colitis because of the enhanced mucin degradation following
dysbiosis [33]. Another recent study clearly demonstrated
that mice devoid of St6galnac6, which is highly and selec-
tively expressed in mouse colonic epithelia, develop spon-
taneous colitis because of the less lubricant mucus with the
unidirectional Muc2 network structure due to the reduced
sialylation [34]. Moreover, mice with a B3galt5 missense
mutation, which was observed in IBD patients, showed mild
spontaneous colitis because of the reduced sialylation of
Muc2, similar to St6galnac6-deficient mice [34]. Concerning
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the other glycosyltransferases expressed in intestinal epithe-
lial cells, fucosyltransferase 2 (FUT2) gene polymorphism
was found to be associated with susceptibility to IBD in
several genome-wide association studies [117-121]. Indeed.
Fut2-deficient mice, in which 1,2 fucose is absent in the
mucus, showed high susceptibility to DSS-induced colitis
because of the increase in gut bacteria generating lysophos-
phatidylcholine, which damages the epithelial barrier [122].
These results indicate that the alteration of glycosylation in
the mucus is involved in the pathogenesis of IBD.

A previous paper reported that LYPDS8 expression is sub-
stantially reduced in the inflamed mucosa of UC patients
[36]. This result was supported by a single cell RNA-
sequencing analysis of intestinal epithelial cells from UC
patients [123], suggesting that the reduced expression of
LYPDS is related to the progression of UC. Indeed, in mice
devoid of Lypd8, flagellated bacteria such as Proteus mira-
bilis, which has been shown to be associated with intestinal
inflammation [124], invade the colonic mucosa, resulting in
high susceptibility to DSS-induced experimental intestinal
inflammation and spontaneous onset of colitis in the case of
a high-fat diet feeding [36, 125]. In addition, the treatment
of recombinant LYPDS protein alleviated intestinal inflam-
mation in Lypd8-deficient mice [125].

Concerning the relationship between AMPs and the
pathology of IBD, some previous reports indicate that the
production of AMPs, including defensins and cathelicidin, is
reduced in IBD patients, particularly those with CD patients
[126, 127]. In some cases, this reduction has been associated
with NOD2 mutations [128, 129]. Numerous animal stud-
ies have demonstrated that a compromised chemical barrier
increases susceptibility to intestinal inflammation. Mice
lacking either MyD88 in intestinal epithelia cells or systemic
IL-22, which results in reduced production of AMPs from
intestinal epithelia, are highly susceptible to DSS-induced
intestinal inflammation [78, 130]. Mice deficient in Nod2,
a gene identified as a disease susceptibility gene for IBD,
were shown to be susceptible to CD-like intestinal inflam-
mation upon infection with Helicobacter hepaticus because
of the reduced production of AMPs from Paneth cells [80,
131, 132].

Furthermore, abnormalities in the mucosal barrier can
cause dysbiosis, a disorder of the intestinal microbiota char-
acterized by an increase in pathogenic bacteria and a reduc-
tion in bacterial diversity, which is observed in IBD patients.
Dysbiosis has been reported to increases susceptibility to
intestinal inflammation. For example, in mice deficient in
NLR family Pyrin Domain Containing 6 (NLRP6), a mem-
ber of the NLR family, mucus release from goblet cells is
impaired, resulting in insufficient mucus layer formation
[133, 134]. This impairment, in turn, causes dysbiosis and
increased susceptibility to DSS-induced colitis [133, 134].
In recent years, dysbiosis has been shown to be associated
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with the onset and exacerbation of not only IBD but also
autoimmune diseases such as rheumatoid arthritis, multi-
ple sclerosis, and lifestyle-related diseases such as obesity
and diabetes mellitus [135]. A recent study demonstrated
a relationship between intestinal barrier dysfunction and
the pathogenesis of a systemic disease. In this study, it was
shown that the reduced production of AMPs because of a
deficiency in the IL-23/IL-22 pathway induces the expan-
sion of specific types of gut microbes producing trimeth-
ylamine N-oxide, exacerbating atherosclerosis induced by
a high-fat diet [87]. Another paper showed that mice with
high intestinal epithelial permeability develop more severe
steatohepatitis after a high-fat diet than control mice [136].
These findings suggest that the mucosal barrier contributes
not only to the prevention of intestinal inflammation by regu-
lating intestinal bacteria but also to maintaining homeostasis
of the immune and metabolic systems throughout the body.

Conclusions and future directions

As described above, recent studies using various genetically
engineered animals have revealed various barrier molecules
produced by intestinal epithelial cells and their mechanisms
of action. These studies have also revealed how the construc-
tion of barriers by these molecules is regulated by intes-
tinal bacteria and immune cells. It is also becoming clear
that deficiency or dysfunction of these barrier molecules
contributes to the onset and development of IBD. However,
there are still many unknowns regarding the dynamics of
each barrier molecule, such as how individual bactericidal
molecules bind to and kill bacteria in the intestinal lumen
and how mucus flows to physically encompass bacteria. We
believe improving labeling techniques for barrier molecules
and intestinal bacteria and in-vivo imaging techniques for
the intestinal lumen are necessary to elucidate these fea-
tures of barrier molecules. In addition, an ex-vivo rheologi-
cal assessment of mucus using atomic force microscopy, as
shown in a recent paper, may also help in understanding the
dynamics of mucus [34]. Moreover, using the recently devel-
oped mini-intestinal tube fabrication technology [137], we
may be able to clarify the dynamics of barrier molecules and
their regulatory mechanisms by aligning organoid-derived
intestinal epithelial cells on a glass slide, seeding intestinal
bacteria on the epithelium and immune cells and stromal
cells under the epithelium, and observing their interaction
with each other by live imaging. This approach may help
elucidate the dynamics of barrier molecules and their regu-
latory mechanisms.

Differences in mucin glycosylation at intestinal sites have
been highlighted at the molecular level in recent years [30,
34], however it remains unclear what function each glyco-
sylation plays in each intestinal site. Furthermore, while
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glycosylation in the intestinal epithelia is reported to play an
important role in the barrier function of molecules other than
Muc2 and in the regulation of the intestinal microbiota, the
precise role of glycosylation of molecules other than Muc2
remains unresolved. Although some of the details of mucin
glycosylation in IBD patients have been clarified, the rela-
tionship between the pathophysiology of IBD and changes
in mucin glycosylation also remains elusive. Therefore, it is
expected that details about glycosylation in the mouse and
human intestinal epithelia and the role of each glycosylation
in the maintenance of intestinal homeostasis will be clarified
by analyses of glycosyltransferase-mutant mice and glycom-
ics of human intestinal samples from IBD patients. Further
clarification of the intestinal mucosal barrier mechanism is
expected to pave a new path to novel therapies for IBD by
regulating the intestinal mucosal barrier system.
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