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a b s t r a c t

The intestinal mucus barrier is a crucial component of the host's innate defense system, playing a vital
role in regulating intestinal microecology and maintaining intestinal homeostasis. Glycosylated mucins,
the core components of this barrier, are essential for preserving its integrity by preventing bacterial
degradation. Additionally, mucins significantly contribute to establishing a balanced symbiotic rela-
tionship between the host and microbes. These mucins have the potential to mitigate intestinal epithelial
damage by capturing and transporting cell debris and pathogenic bacteria. Meanwhile, certain bacteria
help maintain the equilibrium and stability of the gut microbiome by degrading glycosylated mucins to
utilize the carbohydrate chains, thus affecting the cytokine expression to regulate the synthesis and
secretion of specific glycans. Investigating the complex connections between the mucus barrier and
mucin glycosylation holds great promise for advancing our understanding of gastrointestinal disease
mechanisms, paving the way for innovative prevention and treatment strategies.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

The intestinal tract, as the primary site for nutrient digestion
and absorption, is a pivotal organ inmammals, playing a crucial role
in defending against bacterial invasion and endotoxin exposure
within the intestinal lumen (Tang et al., 2016). At the heart of the
innate host defense in the intestine lies a thick layer of mucus,
serving as the frontline protector. This dense mucus layer, primarily
structured around the hyperglycosylated mucin, effectively pro-
tects the epithelial surface from microorganisms and harmful
substances (Paone and Cani, 2020). However, when themucus layer
is compromised, the intestinal epithelial tissue becomes vulnerable
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to pathogens, leading to various diseases such as enteritis and ir-
ritable bowel syndrome (Song et al., 2023). Some intestinal bacteria
can degrade mucus glycans, using them as an energy source in
competition with other bacteria. Meanwhile, certain gut bacteria
can influence the glycosylation of intestinal mucins by altering
factors such as energy levels, pH, and cytokine expression in in-
testinal mucosal cells, thereby regulating the synthesis and secre-
tion of specific glycans (Chun et al., 2019). The dynamic equilibrium
among the mucus layer, intestinal epithelial cells, microorganisms,
and host immune defense is crucial for maintaining intestinal
homeostasis.

Recent scientific and technological advancements have signifi-
cantly expanded the understanding of the composition and func-
tion of the intestinal mucus barrier. This review systematically
outlines the roles of the intestinal mucus barrier, with a particular
focus on the structure, types, and functions of mucins. Additionally,
the latest insights into the intricate interactions between themucus
barrier and the gut microbiota are integrated, emphasizing their
influence on host health and disease development. By examining
the relationship between glycosylated mucins and the integrity of
the intestinal mucus barrier, this discussion aims to provide a
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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comprehensive perspective on their physiological and pathological
significance.

2. The basic properties of the intestinal mucus barrier

2.1. Composition of intestinal mucus

Intestinal mucus is primarily composed of water (90%), elec-
trolytes, mucin glycoproteins, lipids, immunoglobulin A, bioactive
peptides, and metabolites, and is a complex viscoelastic adherent
secretion (Hansson, 2020). It is synthesized and secreted mainly by
specialized goblet and mucous cells, with mucin as its central
constituent (Elderman et al., 2017).

2.1.1. Mucin
Mucin is amacromolecular proteinwith extensive glycosylation,

playing a pivotal role in ensuring the lubrication properties and
barrier function of mucus (Pajic et al., 2022). Intestinal mucins can
be broadly categorized into two types: 1) Secreted mucins, which
primarily includemucin-2, mucin-5AC, mucin-5B, mucin-6, mucin-
7, mucin-19, and mucin-9. These proteins form a vast polymer
network throughout the gastrointestinal tract, constituting the core
framework of the intestinal mucus layer. Secreted mucins can
further be divided into gel-forming mucins (mucin-2, mucin-5AC,
mucin-5B, mucin-6, mucin-19) and soluble mucins (mucin-7,
mucin-8, mucin-9) (Johansson and Hansson, 2016). 2) Membrane-
associated mucins, which cover the surface of intestinal epithelial
cells and serve as anchors for the secreted mucin network (Wagner
et al., 2018).

2.1.2. Trefoil factors
Trefoil factors (TFFs) are primarily secreted by gastrointestinal

cells and contain a unique trefoil domain secondary structure,
making them important components in maintaining the stability of
the intestinal barrier within themucus (Thim,1989). The TFF family
in mammals includes mammary cancer-associated peptide, spas-
molytic peptide, and intestinal trefoil factor (ITF), with ITF mainly
secreted by intestinal epithelial cells and binding to mucin-2 to
form the first line of defense for the intestinal barrier (Song et al.,
2023; Yang et al., 2022). The ITF is a cysteine-rich secretory pep-
tide composed of 42e43 amino acid residues, including six cysteine
residues that form disulfide bonds in 1e5, 2e4, and 3e6 configu-
rations (Thim and May, 2005). The ITF protects the gastrointestinal
mucosa and promotes mucosal healing, exhibiting properties such
as acid resistance, protease resistance, and thermal stability (Braga
et al., 2020; Hoffmann, 2020).

2.1.3. The fc-binding protein of immunoglobulin G (FCGBP)
The FCGBP is also a component of colonic mucus, containing 13

von Willebrand factor domains, 12 cysteine-rich domains, and 12
pancreatic trypsin inhibitor-like domains (Liu et al., 2022). It is
expressed and secreted by colonic epithelial cells, forming heter-
odimers with ITF through disulfide bonds. The ITF-FCGBP hetero-
dimer interacts with mucin-2 via both covalent and non-covalent
bonds, thereby maintaining the integrity of the intestinal mucus
barrier (Herath et al., 2020).

Intestinal mucus contains a variety of antimicrobial peptides
with broad-spectrum antimicrobial activity, which are essential
components of the intestinal innate immune system. These pep-
tides bind to negatively charged lipids in bacterial membranes via
their positively charged surface amino acid residues, forming stable
transmembrane and ion channels. This disrupts the bacterial cell
membrane, inhibiting the growth and replication of pathogens
(Song et al., 2023). Furthermore, immunoglobulins in intestinal
mucus (especially immunoglobulin A) and bacterial metabolites are
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also key inmaintaining the integrity of the intestinal mucus barrier.
Immunoglobulin A, through its adhesive properties, helps defend
against foreign pathogens, while microbial metabolites can regu-
late mucin glycosylation, influencing both the structure and func-
tion of intestinal mucus (Sanchez et al., 2014).

2.2. The structure of intestinal mucus

It has been found that the composition and structure of the
mucus layer vary along the length of the digestive tract, corre-
sponding to the shape and function of different intestinal regions
(Xia et al., 2021). The small intestine features a single mucus layer
that facilitates the smooth passage of nutrients, whereas the colon
is enveloped by a thicker barrier, with the most substantial mucus
layer in the gastrointestinal tract. The intricate structure of mucus,
which includes the mucin domain, proline-threonine-serine (PTS)
domains, and densely O-glycosylated regions, is essential for per-
forming its diverse functions (Fig. 1). Mucus is a highly hydrated gel
that forms mucous network structure through disulfide bridging
between mucous protein units. These units have a backbone con-
sisting of tandem repeats rich in proline, threonine, and/or serine,
commonly known as the PTS domains (Herath et al., 2020). Addi-
tionally, mucins feature cysteine-rich regions at both the amino and
carboxy termini, as well as interspersed locations throughout the
PTS domains. These PTS domains are densely O-glycosylated,
resulting in a bottlebrush-like appearance with branched oligo-
saccharide chains, known as glycans, radiating outward from the
protein core (Song et al., 2023). One prominent mucin, mucin-2,
forms an extensive net-like polymer structure, where the C-
termini of individual mucin-2 molecules create dimeric complexes
through disulfide bonds, while the N-termini form trimeric
complexes.

2.3. The role of intestinal mucus

Intestinal mucus, an essential component of the intestinal
epithelium, forms a complex physicochemical barrier that protects
the host from the invasion of pathogens, toxins, and mechanical
damage. This barrier not only offers physical protection but also
plays a crucial role in immune responses and microbial regulation
through its chemical constituents.

2.3.1. Physicochemical barrier
Intestinal mucus is a complex hydrogel that provides robust

protection against the corrosive effects of gastric acid and digestive
enzymes, safeguarding the gastrointestinal epithelium from dam-
age. The physical barrier properties of intestinal mucus not only
defend against external threats but also lubricate the surfaces of
food as it moves through the digestive tract, helping to prevent
damage associated with friction against the intestinal walls
(Mcshane et al., 2021; Yuan and Cui, 2024). Additionally, the
combination of mucins with electrolytes, lipids, and other smaller
proteins imparts viscoelastic, lubricating, and hydrated properties,
enabling mucus to adsorb various molecules and particles, such as
drugs and other potentially harmful entities (pathogens, toxins, and
contaminants) (Bansil and Turner, 2018; Murgia et al., 2018).
Furthermore, mucus serves as a dynamic, semipermeable barrier
with complex selective permeability, facilitating the exchange of
nutrients, water, gases, and hormones while preventing the pene-
tration of most bacteria and many pathogens (Boegh and Nielsen,
2015). Studies have shown that alterations in mucus permeability
are associated with diseases such as cystic fibrosis and ulcerative
colitis (Fang et al., 2021; Morrison et al., 2019). Dorofeyev et al.
(2013) also reported increased permeability of colonic mucus in



Fig. 1. The structure of intestinal O-glycosylated mucins. The intricate structure of mucus is vital for carrying out its diverse functions and encompasses several key elements,
including the mucin domain, proline-threonine-serine (PTS) domains, and densely O-glycosylated regions. Protein core: Intestinal O-glycosylated mucins have a protein core
composed of a central tandem repeat domain rich in serine, threonine, and proline residues. This domain provides the attachment sites for O-linked glycan chains. O-glycans are
attached to the protein core via O-glycosidic linkages to the hydroxyl groups of serine and threonine residues in the tandem repeat domain. These O-glycans are highly hetero-
geneous and can vary in composition, length, and branching patterns. They typically contain various monosaccharides such as N-acetylgalactosamine (GalNAc), galactose, N-
acetylglucosamine (GlcNAc), fucose, and sialic acid. The O-glycosylated mucin molecule may exhibit secondary and tertiary structures, and mucins can adopt extended, coiled, or
globular conformations, which may influence their functional properties.
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patients with ulcerative colitis and Crohn's disease, indicating
compromised integrity of the mucus barrier.

Components with antimicrobial properties in mucus, such as
antimicrobial peptides, immunoglobulins, and other bioactive
molecules, help neutralize and eliminate pathogens, reducing the
risk of infections. These components are essential for maintaining
intestinal health and defending against pathogen invasion, acting
as a chemical barrier (Bergstrom and Xia, 2022). Research has found
that colonic mucus serves as a reservoir for antimicrobial peptides
(AMPs), which can directly cover the mucus layer to kill or inhibit
bacterial growth, preventing bacteria from attacking epithelial cells
in the intestine (Antoni et al., 2013). Additionally, some antimi-
crobial peptides exhibit lectin-like behavior, binding to glycosy-
lated proteins, lipopolysaccharides, and bacterial toxins to protect
intestinal health (Kudryashova et al., 2014; Moser et al., 2014).
Immunoglobulins also play a vital role in maintaining the function
of the intestinal mucus barrier by binding to and neutralizing
pathogens, preventing microbial penetration through intestinal
epithelial cells. As early as four decades ago, Franek et al. (1984)
proposed that secretory immunoglobulins are components of
mucosal immunity, capable of recognizing harmful bacteria and
immobilizing or neutralizing them. Kaetzel (2014) also reported
that secretory immunoglobulins in the intestinal mucus layer can
adhere to microorganisms, maintaining spatial separation between
the gut microbiota and intestinal epithelial cells without affecting
microbial metabolic activity.

2.3.2. Immune regulation
Intestinal mucus acts as a bridge between gut microbiota and

the immune system. Research by Chen et al. (2021) found that the
deletion of forkhead box protein O1 (Foxo1) in intestinal epithelial
cells leads to defects in goblet cell autophagy and mucus secretion,
resulting in increased susceptibility to intestinal inflammation.
Shigemura et al. (2014) discovered that intestinal epithelial cells
increase mucin synthesis through the synergistic effects of serum
amyloid A3 and tumor necrosis factor-a (TNF-a), effectively pro-
tecting epithelial cells frommicrobial invasion. Similar results were
reported by Iwashita et al. (2003). Furthermore, the regulation of
gut microbiota by mucus plays a crucial role in immune defense.
Certain components in mucus, such as fucose and oligosaccharides
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in the sugar chains, serve as nutrients for specific bacteria, sup-
porting the growth of beneficial microbes while inhibiting the
proliferation of harmful ones (Alemao et al., 2021; Pruss et al.,
2021).

In summary, mucus is a vital substance in the body, serving
multiple vital functions, including lubricating and protecting
epithelial surfaces, interacting with the immune system, and
capturing and clearing foreign particles. Additionally, mucus sup-
ports nutrient absorption and facilitates smooth digestion, while
providing a barrier against potential threats to the internal envi-
ronment. As ongoing research continues to unravel the complex-
ities of mucus and its functions, our understanding of its crucial role
in maintaining overall animal health is deepening.

3. Mucin glycosylation

3.1. Mucin-2 is a critical element of the intestinal barrier

The integrity of the mucus layer predominantly relies on mucin-
2, a highly glycosylated protein serving as attachment sites for O-
linked glycans, and hydroxy-linked carbohydrate chains. Mucin-2 is
fundamental to the lubrication, protection, and chemical barrier
function of the intestinal mucus layer. It also plays a crucial role in
transmitting immunomodulatory signals, thereby reducing the
immunogenicity of intestinal antigens and decreasing the likeli-
hood of invasion by bacteria and food antigens present in the in-
testinal cavity (Arike and Hansson, 2016). The mucus layer formed
by mucin-2 dynamically interacts with intestinal epithelial cells,
the microbiota, and the host immune defense, contributing to the
maintenance of intestinal mucosal homeostasis (Bergstrom et al.,
2020). Mucin-2 is a key protective component of the intestine
against external stimuli, participating in various stress responses
and resisting the invasion of pathogenic microorganisms. Research
has shown that weaning-induced stress can disrupt the synthesis
and secretion of mucin-2 in the intestine, leading to alterations in
intestinal structure and function, which can result in intestinal
barrier dysfunction and diarrhea (Sovran et al., 2016). Infections
with Salmonella typhimurium and Lawsonia intracellularis reduce
mucin-2 production, damaging the mucus layer and facilitating
bacterial invasion (Bengtsson et al., 2015; Kim et al., 2009).
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Similarly, infection with Brachyspira hyodysenteriae in the colon
causes mucoid hemorrhagic diarrhea and changes in the mucus
layer, triggering increased mucin-2 secretion. This infection also
induces a disorganized mucus structure, with massive mucus
production and elevated mucin-2 levels in the colon (Quintana
et al., 2017). This response may result from a compromised intes-
tinal barrier, which triggers inflammation and promotes mucin
secretion to resist the microbiota, helping to maintain intestinal
microbiota balance.

Chronic inflammation or stress may regulate the expression of
mucin-2 through related signals such as mitogen-activated protein
kinase (MAPK), nuclear factor kappa-B (NF-kB), c-Jun N-terminal
kinase (JNK), and toll-like receptors 2/4 (TLR2/4). These regulatory
mechanisms may lead to abnormal mucin-2 production, disrupting
the intestinal mucus barrier. As a result, intestinal microbes can
translocate and directly interact with mucosal epithelial cells,
exacerbating the inflammatory response. This process may play a
significant role in intestinal stress-related diseases, including
diarrhea (Paone and Cani, 2020; Vander et al., 2019).

3.2. Different glycan structures produced by O-glycosylated
modification are decisive factors for the function of mucin

3.2.1. Core structure of sugar chain
Glycosylation is a post-translational processing modification of

mucin, and it is also a decisive factor for the function of mucin
(Fig. 2). This multi-step process occurs in the endoplasmic reticu-
lum (ER) and Golgi apparatus (Qu et al., 2021). The mucin mono-
mer, synthesized by ribosomes in the cytoplasm of goblet cells, is
first transported to the ER, where it forms dimers through inter-
molecular disulfide bonds. It is then transported to the Golgi
apparatus for O-glycosylation, catalyzed by a series of
Fig. 2. The process of generation of mucin-type O-glycan. The generation of mucin-type O
process begins in the ER with the addition of a single N-acetylgalactosamine (GalNAc) residu
initial GalNAc residue is attached, the glycoprotein is transported to the Golgi apparatus, w
various modifications, including sulfation, sialylation, and fucosylation in the Golgi apparatu
target destinations within the cell or secreted into the extracellular environment. Mucin-t
glycocalyx and contribute to cellecell and cell-matrix interactions. C1GALT1C1 ¼ core 1b1
tylglucosaminyltransferase 1; C2GNT1 ¼ core 2b1,3-N-acetylglucosaminyltransferase 1.
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glycosyltransferases (Bennett et al., 2012). Mucin undergoes O-
glycosylation by two enzymes, core 1b1,3-galactosyltransferase
(C1GALT1 or T-synthase) and core 3b1,3N-acetylglucosamine
transferase (C3GnT), leading to the formation of core 1 and core 3
structures, respectively. These structures can further evolve into
core 2 and core 4 structures, respectively, through the action of Core
2/4 b1,6-N-acetylglucosaminyltransferase (C2/4GnT), encoded by
the glucosaminyl n-acetyl transferas 3 (GCNT3) gene
(Venkatakrishnan et al., 2017). These glycans with core 1e4 struc-
tures are commonly found in intestinal mucin, yet their distribution
can be influenced by factors such as species, intestinal segment,
diet, and microorganisms. For instance, the core 3 structure pre-
dominates in human intestinal mucin, while core 2 is more abun-
dant in the duodenum, jejunum, and ileum of mice. In contrast,
core 1 and core 3 structures are more prevalent in the colon
(Bergstrom et al., 2017).

The major polysaccharides in the colonic mucus layer are mucin
O-glycans derived from core 1 and core 3 structures (Sang et al.,
2023). Recent studies have shown that the absence of the core 1
structure in mice results in damage to the colonic mucus barrier,
leading to impaired intestinal mucosal barrier function (Suzuki
et al., 2022). This compromised barrier function makes it easier
for pathogens to breach the protective barrier and come into con-
tact with the intestinal epithelium, leading to the onset of spon-
taneous colitis. Furthermore, mice lacking core 3-derived O-glycans
exhibit elevated intestinal permeability compared to their litter-
mates expressing high levels of core 3-derived O-glycans, thereby
substantiating the pivotal role played by core 3-derived O-glycans
in the preservation of mucosal integrity (Coletto et al., 2023). Core
2-derived O-glycans, synthesized by the enzyme core 2 b1,6-N-
acetylglucosaminyltransferase 2, extend the core 1-derived O-gly-
cans (Pinho et al., 2023; Sang et al., 2023). A study by Ye et al. (2015)
-glycans occurs in the endoplasmic reticulum (ER) and Golgi apparatus of cells. The
e to the hydroxyl group of a serine or threonine residue on a protein substrate. After the
here further elongation of the O-glycan chain occurs. The O-glycan chain can undergo
s. Once glycosylation is complete, the O-glycosylated proteins are transported to their
ype O-glycans are often found on the surface of epithelial cells, where they form the
,3-galactosyltransferase specific molecular chaperone 1; C3GNT1 ¼ core 3b1,3-N-ace-



H. Cheng, H. Li, Z. Li et al. Animal Nutrition 21 (2025) 439e446
demonstrated that core 2 mucin-type O-glycans inhibit the inva-
sion of enteropathogenic Escherichiacoli and enterohemorrhagic
E. coli into intestinal epithelial cells by reducing bacterial adhesion
to the epithelium. Similarly, mice deficient in core 2 or core 3
derived O-glycans exhibit baseline impairments in intestinal
permeability and increased susceptibility to colitis (Bergstrom
et al., 2017).

3.2.2. Modification of sugar chain
Different glycan structures can affect the shape and properties

of mucin. Glycosylation is important for keeping mucin in an
extended shape, which can influence its overall structure (Witten
and Ribbeck, 2017). Furthermore, variations in glycan structure
can also have significant implications for the colonization of in-
testinal microorganisms, as they influence the immunogenicity of
mucin and regulate the composition of the gut microbiota
(Bergstrom et al., 2020; Gamage et al., 2020; Hansson, 2020).

Fucose is a key sugar residue on mucin sugar chains, making up
4%e14% of total sugar groups and playing a key role in immune
activity (Shuoker et al., 2023). It induces the phosphorylation of
membrane receptors in enterohemorrhagic E.coli, which inhibits
the activation of its virulence genes and reduces the strain's path-
ogenicity (Pacheco et al., 2012). Mutations in fucosylation genes,
such as fucosyltransferase 2 (FUT2), increase susceptibility to in-
flammatory diseases like colitis, altering gut microbiota composi-
tion and carbohydrate secretion (Cheng et al., 2021). Moreover,
fucosylated mucin can serve as substrates for metabolites, energy
sources, and adhesion receptors for beneficial bacteria (Lei et al.,
2022). Fucose has been shown to promote the abundance of
beneficial gut bacteria, such as Bifidobacteria, supporting their
functions (Kononova et al., 2021). Among the various glycan
modifications, sialylation, regulated by sialyltransferase, occurs on
mature mucin proteins (Yao et al., 2022). This process involves
adding sialic acid to glycans, which is crucial for forming themucin-
2 network structure by providing a negative charge and hydro-
philicity (Taniguchi et al., 2023). Sialylated glycan epitopes serve as
attachment sites and nutrients for bacteria, protecting the mucus
barrier from degradation and maintaining its integrity (Bell et al.,
2023).

4. Interaction between intestinal microbiota and mucus
barrier

The intestinal microbiota and gut mucin layer engage in in-
teractions that are essential for the development of the mucus
layer, microbial colonization, and stability of barrier function in the
gut (Fig. 3) (Gamage et al., 2020). The mucus layer, which envelops
the epithelial cells of the gut, upholds intestinal homeostasis by
blocking certain pathogens, providing nutrients tomicroorganisms,
and averting aberrant immune responses directed toward the
microbiota (Luis and Hansson, 2023). The microbiota is an impor-
tant player in health and physiology with many functions, such as
digesting dietary nutrients, producing vitamins, stimulating the
immune system, regulating the production and secreting of mucus,
etc. (Paone and Cani, 2020).

Host-derived mucus glycans on gut-secreted mucin proteins
serve as a continuous endogenous source of microbiota-accessible
carbohydrates for resident microbes. The glycosylation chain of
mucin could adhere to intestinal symbiotic flora, help probiotics
colonize in the intestine, and play a biological barrier role (Qu et al.,
2021). Probiotics like Bifidobacterium can produce highly active
fucosidase and sulfoglycosidase (BbhII), which degrades the sugar
chain of mucins, releasing free fucose and N-acetylglucosamine-6-
sulfate (Katoh et al., 2023; Jess et al., 2011). Porcine mucin glycans
have been shown to help restore the microbiota after antibiotic
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treatment, inhibit the abundance of Clostridium difficile and in-
crease the relative abundance of resident Akkermansia muciniphila,
thereby delaying the onset of diet-induced obesity, and maintain-
ing the body health (Pruss et al., 2021). The glycan architecture of
mucin significantly shapes the behavioral patterns of gut micro-
biota, influencing aspects such as energy metabolism, signaling
pathways, and probiotic functionalities (Shin et al., 2019). Specific
glycosylation processes enable mucin to exert immune responses
against specific pathogens. For example, mucin sulfation and sia-
lylation, orchestrated by IL-13/IL-4R, contribute to the expulsion of
worms and nematodes from the intestine (Earley et al., 2019;
Hasnain et al., 2017; Tsubokawa et al., 2017). Specific n-glycosyla-
tion supports the proliferation of succinate-consuming bacteria,
consequently diminishing the availability of succinateda crucial
metabolite essential for the growth of Clostridium difficile (Nagao
et al., 2020). Moreover, mucin likely mediates bacterial clearance
through the regulation of microbial phenotypes, which attenuates
pathogens and thereby facilitates host-mediated clearance (Takagi
et al., 2022; Wheeler et al., 2019). To sum up, mucin is the material
basis of intestinal mucous layer protection and microbial barrier
function and plays a critical role in maintaining intestinal mucosal
homeostasis, responding to various stressors, and resisting patho-
genic microorganisms.

In a state of normal physiological conditions, the gut microbiota
emerges as the foremost influential environmental factor shaping
the glycosylation profile of the intestinal mucosa which plays a
significant role in the initiation and progression of intestinal
inflammation and associated diseases (Padra et al., 2019). The
metabolites of symbiotic bacteria and cell surface-active sub-
stances, including short-chain fatty acids, tryptophan derivatives,
and TLR ligands, may exert an influence on the glycosylation of
intestinal mucins which is manifested by impacting cytokine
expression of intestinal mucosal cells, the pH, the energy levels, etc.
(Chun et al., 2019). Studies conducted previously have documented
that the administration of oral probiotics has the capability to
effectively restore the glycation profile of intestinal mucins and
these probiotics play a protective role in preserving mucin-derived
O-glycans from bacterial degradation and help in mitigating the
risk of intestinal mucosa infection by opportunistic pathogens
(Desantis et al., 2019; Schroeder et al., 2018). The colonization of
Bifidobacterium dentium has also been shown to be effective in
inducing intestinal endothelial cell fucosylation and mucin
expression (Qu et al., 2021). Besides, Bacteroides polymorpha could
stimulate the fucosylation modification of human intestinal mucin,
reduce the sialic acid level of intestinal mucin in young animals, and
promote the development and maturation of intestinal tissue,
thereby protecting the intestinal mucosal epithelium from intesti-
nal bacterial infection (Stahl et al., 2011). However, there are few
studies on the interaction between intestinal probiotics and mucin
glycosylation modification, and further research is needed to
elucidate its mechanisms.

5. Intestinal mucus barrier and gut diseases

Alterations in the permeability, glycosylation profiles, and
charge distributions of mucus barriers have been associated with
changes in physiology. Abnormal modifications in these aspects
may contribute to the onset of gut diseases, including ulcerative
colitis, irritable bowel syndrome, metabolic syndrome, Crohn's
disease, and others. These conditions are often accompanied by
disruptions in the composition and balance of the gut microbiota
(Table 1). In addition, intestinal injury is also accompanied by
abnormal changes in the intestinal mucus barrier. Inflammatory
bowel disease, a chronic non-specific intestinal inflammatory dis-
ease comprising ulcerative colitis and Crohn's disease, has been



Fig. 3. The interaction of microbe and intestinal mucus barrier. LPS ¼ lipopolysaccharide.

Table 1
Intestinal mucus barrier and gut disease.

Diseases Changes in the mucus barrier Symptoms Cause of gut disease References

Crohn's disease Increased mucus thickness,
and decreased mucin-2 protein

Pain diarrhea Not well studied Doron et al. (2013)

Ulcerative colitis Decreased mucus thickness,
goblet cell, and glycosylation

Bloody diarrhea Not well studied Fernandez et al. (2021)

Cystic fibrosis Abnormal decreased mucus Pain, obstruction,
and pancreatic insufficiency

Inheritance Morrison et al. (2019)

Pseudomembranous
colitis

Thinning of the mucus layer Flatulence and loss
of appetite

Clostridium difficile infections Rheinallt and
Andrew (2021)

Colorectal cancer Decreased mucus thickness, aberrant
mucin expression, and simplified
glycosylation

Bloody diarrhea, pain,
and flatulence

Variations in the intestinal
microbiome and some bacterial
metabolites

Song and Chan (2019),

Irritable bowel
syndrome

Non-specific inflammatory
manifestations

Indigestion, flatulence, and
intermittent pain

Brainegut communication dysfunction,
integrity of mucosa, and inflammation

Zhao et al. (2018)

Invasive candidiasis Perturbations of mucosal microbiota Intestinal mucosal inflammation Pappas et al. (2018)
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extensively studied in relation to the mucus barrier. Ulcerative
colitis, marked by inflammation restricted to the mucosa and
submucosa of the colon, is influenced by a combination of factors
including commensal microbiota, genetics, environment, and im-
mune response (Chen et al., 2014). Research has indicated a sub-
stantial reduction in mucin sulfation in patients with ulcerative
colitis, underscoring the pivotal role of colonic mucins in main-
taining the normal physiological function of the colon (Kawashima,
2012). Furthermore, in the context of ulcerative colitis, the mucus
layer undergoes thinning and partial denudation, potentially
creating a condition wherein luminal microbes may invade the
mucosa, triggering the onset of the disease (Dorofeyev et al., 2013).
Crohn's disease, another subtype of inflammatory bowel disease
characterized by chronic and nonspecific bowel inflammation that
can affect any part of the intestinal tract, has also been associated
with the mucus barrier. Allelic polymorphisms of mucin-1 and
mucin-2 have been linked to Crohn's disease (Doron et al., 2013).
Furthermore, Crohn's disease patients exhibit an altered
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microbiome profile characterized by an increased abundance of
Enterobacteriaceae, Pasteurellaceae, Veillonellaceae, and Fuso-
bacteriaceae, coupled with a decreased abundance of Erysipelo-
trichales, Bacteroidales, and Clostridiales (Basoglu and Karakoyun,
2023). In summary, the abnormality of the intestinal mucus bar-
rier may be one of the pathogenesis of various intestinal diseases,
involving the changes of flora, gene polymorphism, and other
factors.

Research has also proposed that dietary factors can impact the
integrity of the intestinal barrier (Desai et al., 2016; Liu et al., 2023).
Dietary fiber, commonly found in theWestern diet, has been shown
to improve the integrity of the intestinal barrier by increasing
mucus secretion, antibacterial proteins, and the production of T-
regulatory cells (Sauvaitre et al., 2021). Dietary iron supplementa-
tion, through oral administration or injection, could activate
mechanistic target of rapamycin complex 1-ribosomal protein S6
kinase b-1 (mTORC1-S6K1) signaling, thereby promoting intestinal
mucosal growth and mucus secretion (Dong et al., 2023; Liu et al.,
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2023). Moreover, dietary probiotics such as lactobacillus and bifi-
dobacterium increase host resistance to gastrointestinal diseases,
intestinal infections, antibiotic-induced diarrhea, depression, and
anxiety (Schroeder et al., 2018). In summary, the integrity of the gut
barrier can be improved by adjusting diet, and dietary fiber and
probiotics play an important role in this process; however, the
exact mechanisms of these dietary effects require further study.

6. Existing problems and future research directions

Despite considerable advancements in comprehending the
mucus barrier in recent years, various questions and uncertainties
persist. The mechanisms associated with glycosyltransferase levels
and activities, as well as the glycan repertoire on mucosal surfaces
during inflammation and infection, remain poorly understood. Due
to the complex physical and chemical properties of individual O-
glycan structures, it is challenging to isolate and purify them from
animal sources. Their specific mechanisms of action remain to be
further studied. Furthermore, the regulation of the mucus barrier
through interactions with the microbiota is an area that requires
further exploration. To address these practical questions and
advance our understanding of the mucus barrier, additional
research is essential.
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