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ABSTRACT
The gastrointestinal tract is often considered as a key 
organ involved in the digestion of food and providing 
nutrients to the body for proper maintenance. However, 
this system is composed of organs that are extremely 
complex. Among the different parts, the intestine is 
viewed as an incredible surface of contact with the 
environment and is colonised by hundreds of trillions 
of gut microbes. The role of the gut barrier has been 
studied for decades, but the exact mechanisms involved 
in the protection of the gut barrier are various and 
complementary. Among them, the integrity of the 
mucus barrier is one of the first lines of protection of 
the gastrointestinal tract. In the past, this ’slimy’ partner 
was mostly considered a simple lubricant for facilitating 
the progression of the food bolus and the stools in 
the gut. Since then, different researchers have made 
important progress, and currently, the regulation of this 
mucus barrier is gaining increasing attention from the 
scientific community. Among the factors influencing 
the mucus barrier, the microbiome plays a major role in 
driving mucus changes. Additionally, our dietary habits 
(ie, high- fat diet, low- fibre/high- fibre diet, food additives, 
pre- probiotics) influence the mucus at different levels. 
Given that the mucus layer has been linked with the 
appearance of diseases, proper knowledge is highly 
warranted. Here, we debate different aspects of the 
mucus layer by focusing on its chemical composition, 
regulation of synthesis and degradation by the 
microbiota as well as some characteristics of the mucus 
layer in both physiological and pathological situations.

INTRODUCTION
The mucosal integrity of the entire gastrointestinal 
(GI) tract is vital for maintaining health. This review 
intends to discuss one of the key components of gut 
barrier integrity, that is, the mucus, which cover the 
intestinal epithelial surface. The mucus is composed 
of many components: water (90%–95%),1 2 elec-
trolytes, lipids (1%–2%), proteins and others.3 
This mucus is a dilute, aqueous and viscoelastic 
secretion, thanks to specific mucus proteins that 
are called mucins and are the major structural and 
functional components present in the mucus at a 
concentration of 1%–5%.3

In this review, we will specifically focus our 
attention on the following questions: What are the 
major roles of mucins? What is their composition? 
How are they produced and secreted? How do 
gut microbes contribute to this regulation? What 
are the factors influencing their production and 
composition?

Therefore, this review is divided into different 
subparts, starting with the mucus structure and 
organisation, then we discuss the difference 
between transmembrane mucins and gel- forming 
mucins, the variation in term of mucus composition 
between the small and the large intestine. After that, 
we focus on the role of the mucus, its bidirectional 
interaction with the gut microbiota, how external 
factors such as diet, specific probiotics or inflam-
matory bowel diseases (IBDs) may influence this 
dialogue or be influenced by these factors and even-
tually specifically impacting on health. Therefore, 
in this review, we will detail not only the different 
mechanisms and key molecular elements involved 
in the physiology of the mucus layer but also the 
impact of specific modifications.

MUCUS STRUCTURE AND ORGANISATION
Mucins are a family of large, complex, glycosylated 
proteins characterised by an important element, 
the ‘mucin domain’.2 4 It consists of a protein core 
composed of sequences containing the amino acid 
residues proline (Pro), threonine (Thr) and serine 
(Ser) called PTS- rich sequences often repeated 
in tandem, in which the Ser and Thr are exten-
sively O- glycosylated and confer a ‘bottle brush’-
like conformation (figure 1). The amino acid Pro, 
instead, ensures that the structure of the mucins 
remains unfolded in the Golgi apparatus, allowing 
the O- glycosylation process (all the chemical steps 
are detailed in figures 1 and 2).1 5 More than 80% 
of the mucin mass is made up of O- glycans and 
O- glycosylation is the main modification and type 
of glycosylation that affects mucins.1 6 7 O- glyco-
sylation represents an important process allowing 
the creation of a glycan coat, hiding the protein core 
of the mucins and protecting it from endogenous 

Key messages

 ► The gut mucus layer is vital for maintaining 
intestinal health.

 ► The regulation of the intestinal mucus barrier 
and glycobiology are very complex and dynamic 
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 ► There is a complex bidirectional interaction 
between host glycans and gut microbes.

 ► Gut microbiota composition is an important 
factor contributing to the regulation of the 
intestinal mucus barrier function.

 ► Specific nutrients or potential next- generation 
beneficial bacteria can be used to prevent, 
improve or maintain a protective mucus layer.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2020-322260 on 11 S

eptem
ber 2020. D

ow
nloaded from

 

http://www.bsg.org.uk/
http://gut.bmj.com/
http://orcid.org/0000-0003-2040-2448
http://crossmark.crossref.org/dialog/?doi=10.1136/gutjnl-2020-322260&domain=pdf&date_stamp=2020-09-11
http://gut.bmj.com/


2 Paone P, Cani PD. Gut 2020;0:1–12. doi:10.1136/gutjnl-2020-322260

Recent advances in basic science

protease degradation, in addition to conferring the capacity to 
bind and be soluble in water and to form a gel.1 7 8 Glycosyla-
tion differs along the different regions of the digestive tract and 
among individuals, depending on the expression of glycosyl-
transferases, the state of health or disease and microbial coloni-
sation.1 6 7 However, it has been shown that glycans are uniform 
among individuals in the distal part of the large intestine in 
humans.1 Moreover, among healthy individuals, it was observed 
that the MUC2 O- glycosylation profile was also qualitatively 
and quantitatively uniform.8

Finally, the mucins can be classified into two different types: 
transmembrane mucins and gel- forming mucins.2

Transmembrane mucins
Transmembrane mucins are synthetised and attached to the 
cell membrane of the enterocytes, covering their apical surface 
(figures 1 and 2).4 They are characterised by an N- terminal extra-
cellular domain, one or more mucin domains, a transmembrane 
domain and a C- terminal cytoplasmic tail, with phosphorylation 
sites involved in intracellular signal transduction (figure 1).2 4 6 
Among the different mucins, MUC1/3/4/12/13/15/17/20 and 21 
are found in the intestine at different locations (figure 3).1 4 9 The 
N- terminal extracellular mucin domain of MUC3/12/17 reaches 
approximately 1 µm from the tips of the enterocyte microvilli 

into the intestinal lumen, suggesting their participation in the 
formation of the densely glycosylated glycocalyx of enterocytes. 
MUC3/4/12/13 and 17 are always expressed, while MUC1 and 
MUC16 mucins are upregulated only in response to cancer and 
infection.2 These mucins do not contribute to the formation of 
mucus gels, and their function is primarily cell protection. They 
are likely sensors for the luminal milieu and involved in host–
microbe interactions.6 8 Further insights into their specific func-
tions and the presence of other possible types in the intestine are 
needed.

Gel-forming mucins
The gel- forming mucins (having gel- like properties) are secreted 
and synthetised by the goblet cells (figure 2) present in larger 
quantities in the crypt than on the villi in the small intestine and 
in the upper crypts in the colon (figures 2 and 3).2 10 Among 
the gel- forming mucins, MUC6 is expressed in the duodenum 
in Brunner’s glands,9 MUC5B is weakly expressed in the colon, 
and mucin 2 (MUC2/Muc2) is the best characterised secreted 
mucin of the GI tract.2 9 Of note, in the following text, mucins 
are denoted in uppercase when referring to humans (ie, MUC2), 
while for animals, only the first letter is capitalised (ie, Muc2). 
MUC2 is the main component of the intestinal mucus, present 
in the small and large intestine and forming the mucus skeleton 

Figure 1 Chemical structure of MUC2 and synthesis of the mucus in the intestine. Specific structure of MUC2 including the different steps involved 
in the addition of the first- glycosylation made by the peptidyl- GalNAc transferases, that add the first sugar, the N- acetylgalactosamine (GalNAc) 
residue, to the Ser and Thr of the PTS sequences. Subsequent elongation and branching of the O- glycan chains with for instance GalNAc, galactose, 
N- acetylglucosamine (GlcNAc), N- acetylneuraminic acid (NeuAc), and sulfate groups. Illustration of the transmembrane mucins on the surface of the 
enterocytes. Pro, proline; Ser, serine; Thr, threonine.
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(figure 1), but as depicted in figure 3, there are also specific 
mucins expressed only at specific locations of the GI tract.2 10 It 
is important to note that the biosynthesis of the main component 
of the intestinal mucus, the MUC2 mucin, is highly complex and 
includes several steps detailed in figure 1 and figure 2.1 2 5 8

The goblet cells fill their secretory vesicles with Muc2 while 
migrating from the crypt bottom5 and contain other mucus 
components, such as the Fc fragment of IgG- binding protein, 
chloride channel accessory 1, zymogen granule protein 16 
and anterior gradient homolog 2.10 The secretory vesicles 
extrude their content by exocytosis after fusion with the apical 
membrane.11 After secretion, to allow the packed mucins to prop-
erly expand, it is necessary to expose the mucin to an increase in 
pH and a decrease in calcium concentration.2 Bicarbonate ions 
(HCO3

-) are involved in this process and are provided by the 
cystic fibrosis transmembrane conductance regulator channel, 
allowing the packed mucins to form a net- like structure, 

expanding 100–1000 times in volume, by binding water and 
creating a protective barrier (figure 2).1 8 12

Differences between the small intestine and the large 
intestine
In humans, the goblet cell- to- enterocyte ratio changes along the 
intestinal tract, with an estimated percentage of goblet cells in 
the intestinal epithelium of approximately 4% in the duodenum, 
6% in the jejunum, 12% in the ileum and 16% in the distal 
colon (figures 2 and 3).13 This gradual variation can be explained 
by the fact that, along the intestine, the proportion of goblet 
cells increases proportionally to the increase in the number of 
microorganisms.14

In the small intestine, the mucus is secreted in the crypts and 
the MUC2 mucin is anchored to the goblet cells after secretion, 
and for its detachment, the intervention of the protease meprin β 
is necessary, which itself is released under the control of bacterial 

Figure 2 Production and distribution of the mucus in the small and the large intestine. Representation of the type of mucus layers in the small 
and the large intestine (inner and outer mucus layer). Identification of the steps involved in mucus production in the goblet cells and its secretion 
and expansion in the lumen (from 1 to 7). First, MUC2 monomers form dimers in the endoplasmic reticulum (ER), that are then O- glycosylated in 
the Golgi apparatus and, in the trans- Golgi network (TGN), the MUC2 mucin dimers form trimers that are packed inside the secretory vesicles. The 
mucus secretion is a complex process; the goblet cells fill their secretory vesicles with Muc2 while migrating from the crypt bottom and contain other 
components, such as the Fc fragment of IgG- binding protein (FCGBP), chloride channel accessory 1 (CLCA1), zymogen granule protein 16 (ZG16) 
and anterior gradient homolog 2 (AGR2). The secretory vesicles extrude their content after their fusion with the apical membrane of the goblet 
cells, by exocytosis, allowing mucus secretion. Finally, the packed mucins must be exposed to several factors to expand, such as changes in pH, Ca+2 
concentration and bicarbonate ions (HCO3

-) thanks to the cystic fibrosis transmembrane conductance regulator (CFTR) channel that will allow the 
mucins to form a net- like structure by expanding 100–1000 times in volume and binding water.
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exposure (figure 2).2 10 12 Moreover, the mucus is non- attached, 
experimentally easily removed (ie, easily aspired) and forms a 
discontinuous layer.8 10

It is also relatively porous and penetrable to different compo-
nents as well as bacteria.1 2 Nevertheless, in physiological situa-
tions, no bacteria are in contact with intestinal epithelial cells, 
except at the tips of the villi or for segmented filamentous bacteria 
(SFB).1 7 10 15 16 It is worth mentioning that the mucus thick-
ness varies along the different segments of the small intestinal 
tract but also according to the species considered. Although in 
animals the data present in the literature are still limited and with 
some discrepancies, it is proposed that the total mucus thickness 
estimated in mice is approximately 500 µm in the duodenum, 
250 µm in the jejunum and 200 µm in the ileum,17 whereas in 
rats, approximately 170 µm in the duodenum, 124 µm in the 
jejunum and 480 µm in the ileum (figures 2 and 3).18 Regarding 
the mucus thickness in the small intestine of humans, considering 
the difficulty in obtaining these measurements in vivo, there are 
still few studies available; therefore, further investigations are 
required to obtain a complete picture of the reality.

In the large intestine, the mucus is organised in two different 
layers: the inner and the outer layer (figure 2). Although it was 
observed that they have almost identical protein profiles,8 there 
are significant differences between them. The inner mucus layer 
is continuously refilled by the MUC2 mucin, is anchored to the 
goblet cells and remains attached to the epithelium.7 8 10 It has a 
stratified appearance due to its organisation in flat sheets, placed 
one below the other and forming a lamellar inner mucus layer 
(figure 2).4 5 8 10 In mouse models, it has been seen that the inner 
mucus layer is not penetrable to bacteria, since it has pore sizes 
down to 0.5 µm.10 19

At a certain distance (≈50 µm in mouse and ≈ 200 µm in 
humans) from the epithelium, the inner mucus is converted 
by endogenous proteases into the outer mucus layer, forming 
a sharp border that separates the two (figure 2).10 19 The outer 
mucus layer expands four times in volume, maintaining the net- 
like structure and avoiding the dissolution of the mucus gel due 
to the disulfide bonds.2 This conversion seems to be dependent 
on the host rather than bacteria because germ- free (GF) mice 
also have an outer mucus layer. However, it is likely that bacteria 
can also contribute to it.8

Furthermore, in comparison to the inner mucus layer, the 
outer mucus layer is non- attached (also called ‘loose’ mucus)2 

and so easily aspired, readily soluble in the chaotropic salt guan-
idinium chloride and it has a less well- defined outer border.5 
Additionally, it has larger pores and is thus penetrable to bacteria 
or beads up to 0.5 µm diameter, representing a habitat for 
commensal bacteria.5 10 20

As in the small intestine, in the colon the mucus can be 
different depending on its location.

A recent study in rodents showed that there are differences in 
mucus organisation between the proximal colon and the distal 
colon; indeed, it has been shown that mucus is attached to the 
faecal pellet and is absent from the epithelial surface in the distal 
colon.7

Moreover, the thickness is also variable, depending not only 
on the colon segment but also on the animal species considered 
(figure 3) and also differs according to the balance between the 
secretion and the degradation rate.21 Moreover, it has been esti-
mated that the outer mucus layer has double the thickness of the 
inner mucus layer, and it seems that the thickness of the inner 
mucus layer is maintained constant over time.8 17

In the human colon, the thickness of the adherent mucus has 
also been measured thanks to surgically resected specimens, 
however, as already pointed out for the small intestine, there are 
strong limitations for a proper investigation of the large intes-
tinal mucus layer thickness in both animal models and humans.

In conclusion for this part, it is important to highlight that 
most of the observations described have been obtained in animal 
models or by using in vitro human cells, further triggering the 
logical question, ‘is this what is actually happening in vivo?’. 
Therefore, it is difficult to generalise these data to all popu-
lations. Finally, it has been proposed that the proportion of 
mucus- degrading bacteria increases when the diet is deprived 
specific dietary fibres, meaning that in absence of such dietary 
components the mucus may become the energy source for the 
gut microbiota.22

Although this is already very complex, we cannot exclude that 
other important mucins, components and processes affecting the 
intestinal mucus remains to be discovered.

MUCUS TURNOVER AND DEGRADATION
The turnover of the intestinal mucus layer includes mucus 
synthesis, secretion and degradation, and it is a delicate process 
that needs to be regulated and balanced to ensure that mucus 

Figure 3 Mucus thickness and type of mucins in the intestinal tract in mice and humans. Description of the type of mucins and mucus thickness in 
the different parts of the GI tract in both mice and humans, and their specific roles.
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maintains an optimal protective function. It differs between the 
small and large intestine, indeed, in the upper intestinal tract, the 
turnover of the Muc2 mucin is slower in the goblet cells of the 
crypts than along the villi23 and in the colon, the surface goblet 
cells continuously secrete the inner mucus layer, while the goblet 
cells in the upper part of the colonic crypts secrete mucus in 
response to stress stimuli. In live murine distal colonic tissue, it 
has been suggested that the inner mucus layer is renewed every 
1–2 hours.19 Moreover, spontaneous mucus growth is estimated 
at approximately 240 μm/hour in humans and 100 μm/hour in 
mice.17 24

Mucus degradation generally occurs due to physical disruption 
by mechanical shear forces of peristalsis and enzymatic cleavage 
by microbial enzymes, after which the mucus is transported with 
the intestinal content towards the rectum and finally excreted 
with the stool.7 8 In the colon, the conversion of MUC2 in the 
outer mucus layer allows bacteria to degrade mucin glycans.1

THE ROLE OF MUCUS
The intestinal mucus layer has a primary role in intestinal protec-
tion against mechanical, chemical and biological attacks and 
contributes to the maintenance of intestinal homeostasis.7 25 It 
creates a coat that covers the intestinal cells, protecting them 
from contact with external and toxic substances, digestive 
enzymes and bacteria.12 The important protective function of 
mucus stands out from its continuous secretion into the GI tract: 
approximately 10 L per day.21

The ability of mucin glycans to bind water confers mucus 
moisturising and lubricant properties, protecting the epithelial 
cells from dehydration and mechanical stress during the passage 
of luminal content and peristalsis forces.4 21 25 Moreover, mucus 
also operates as a surface cleaner, removing debris and bacteria, 
through binding, collecting and flushing them away via intestinal 
flow.12 Among other functions, the intestinal mucus layer forms 
a diffusion barrier, in which small molecules, such as ions, water, 
nutrients and gases, can readily diffuse through it and reach the 
enterocytes.2 21 The protective function of mucus is also due to 
its collaboration with the immune system. Indeed, mucus is a 
part of the innate mucosal intestinal barrier26 by being involved 
in the reduction of antigen exposure and bacteria to the immune 
system underlying the enterocytes, thus acting as a first line of 
immunological defence against possible harmful compounds.19 
Several studies suggest that the mucus layer also has direct 
immunological effects due to their glycans, which are able to 
bind directly to immune cells through the lectin- like proteins 
found on the latter.2 19 Furthermore, MUC2 mucin enhances gut 
homoeostasis and oral tolerance, influencing dendritic cells and 
intestinal epithelial cells and MUC2 receptor complex suppresses 
inflammatory responses in dendritic cells.27

The mucus layer has an important role in the interaction with 
the gut microbiota, providing nutrients and attachment sites.28

The protective function of intestinal mucus differs between 
the small and large intestine. In the first, the mucus forms large 
pores and is penetrable to bacteria and other components, 
but despite this, in normal situations, the contact between 
bacteria and the epithelium is limited.1 29 Indeed, the contin-
uous basal secretion of mucus forms a flow towards the lumen 
that, together with the presence of antibacterial agents (eg, 
lysozyme DMBT1, IgA, defensins, REG3γ and phospholipase 
A2- IIA) collaborates to keep bacteria away from the epithelial 
surface.2 4 19 30 These antibacterial agents are secreted by Paneth 
cells and enterocytes in the crypt bottom, are mixed with the 
secreted mucus2 10 19 and are retained and diffused through the 

mucus, avoiding their rapid dilution and flow into the intes-
tinal lumen.10 21 Moreover, they diffuse slowly and form an 
antibacterial diffusion gradient, in which their concentration 
decreases from the epithelial cells to the intestinal lumen.2 10 
By contrast, in the colon, the inner mucus layer is actually the 
first line of defence against bacteria,12 forming a size exclusion 
filter that separates bacteria from the epithelial cells and the 
immune system.5 This separation has been shown in humans 
from biopsy specimens.31

BIDIRECTIONAL INTERACTION OF MUCUS AND THE GUT 
MICROBIOTA
The gradient by which the gut microbiota distributes in the 
intestinal tract varies along its course; indeed, microbial density 
increases from the proximal to the distal gut, with the following 
numbers of microbial cells per gram of intestinal content: 103 in 
the duodenum, 104 in the jejunum, 107 in the ileum and 1012 in 
the colon.32 Moreover, the microbial density increases from the 
epithelial cells towards the lumen, with the highest number of 
bacteria found in the latter, indeed few bacterial species are well 
adapted to adhere and reside in the mucus layer versus in the 
lumen.32 Except for this important function of adherence, the 
gut microbiota strongly contributes to modulate the intestinal 
mucus layer. The initial evidence of this observation came from 
studies performed in GF mice. For example, it was demonstrated 
that the gut microbiota is fundamental for the formation of a 
proper mucus layer and that the mucus in GF mice was different 
from that in conventionally raised (Convr) mice. First, in GF 
mice, the number of filled goblet cells was lower, the small intes-
tinal mucus was anchored to the goblet cells and it could not be 
experimentally aspirated off.33

As previously mentioned, to release mucus from the small 
intestine, the action of the meprin β enzyme is required, which in 
turn requires the presence of the gut microbiota to be activated,34 
and mucus detachment is an important step for the maintenance 
of small intestinal homeostasis.2 Moreover, in the colon, the 
inner mucus layer was thinner and penetrable to bacteria, in 
comparison to Convr mice. Even the glycosylation profile was 
different between these two groups of mice, with more abundant 
core of 2 trisaccharide and two monosialylated core 2 isomers as 
the most obvious GF mucus differences.33

Additionally, bacterial products can be involved in these 
processes, considering that lipopolysaccharides (LPS) and pepti-
doglycans stimulated mucus secretion and restored mucus prop-
erties in GF mice to a similar extent as in conventionally raised 
animals.35 In conclusion, these studies observed that the protec-
tive mucus in the small and large intestines depends on the pres-
ence of bacteria or their components and metabolites to mature 
and develop its proper structure.33 36

Although these data are interesting, there are still numerous 
questions that remain unanswered. For instance, ‘in which exact 
manner do the gut microbiota and related compounds contribute 
to the development of a proper mucus layer?’ ‘Is meprin β activa-
tion the unique mechanism, or there are other underlying mech-
anisms that we still need to discover?’

Another very important question in this context is ‘are there 
specific gut microbiota compositions or specific unique bacteria 
that are responsible for these effects?’

All these key questions require further investigations to fully 
understand how the gut microbiota and related molecules may 
influence intestinal mucus formation and degradation.
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The gut microbiota composition influences mucus properties
The fact that the gut microbiota composition plays a key role in 
influencing the intestinal mucus has been elegantly illustrated in 
a study that compared two mouse colonies that were genetically 
identical but were housed in different rooms of the same animal 
facility. The researchers discovered that, although the mice 
shared the same genetic background, raising them in different 
rooms was associated with different gut microbiota composi-
tions, and consequently, with several differences in the intestinal 
mucus properties. In particular, the researchers discovered that 
one colony had a colonic mucus layer that was impenetrable by 
bacteria or by beads having the size of bacteria, while it was 
observed the contrary for the other colony. They demonstrated 
that the differences could be attributed to the gut microbiota 
composition because the mucus properties were transmitted after 
transplantation of caecal microbiota to GF mice.37 At this stage, 
it was suggested in their study that some bacteria (ie, Erysip-
elotrichi class, Allobaculum) have the ability to better induce 
a non- penetrable inner mucus layer, whereas others phyla (ie, 
Proteobacteria and TM7) have opposite effects.33

After this important observation, one of the key questions 
could be ‘What are the mechanisms by which the gut microbiota 
influences mucus composition?’

One possible answer is the pattern of expression of glycos-
yltransferases. Indeed, both the presence and the number of 
specific bacteria shape the glycan profile of the mucus and are 
directly associated with many glycosyltransferases for which the 
levels are increased in the presence of the gut microbiota.28 30 
For example, it has been observed that some bacteria are able 
to induce the expression of host fucosyltransferases, which add 
L- fucose at the α−1,2 position and sialyltransferases.30 More-
over, host bacterial communities are able to affect both MUC2 
glycosylation and the glycosylation of transmembrane mucins.6

The composition of the gut microbiota varies from the 
mucosal to the luminal side
The composition of the gut microbiota undergoes changes 
from the mucosal to the luminal/faecal side, as observed in both 
humans and mice.38–42 It is known that luminal and mucosal- 
associated microbiota are different ecosystems with different 
microbial diversity and composition as well as metabolic and 
immunological functions.41 It has been shown in both humans 
and mice that many factors influence the bacterial distribution 
inside the gut. Among them, we can mention diet, the oxygen 
gradient, mucus, antimicrobials, microbial adherence and the 
host immune system as potentially the most important.38 43 44 
In particular, both intestinal oxygen and nutrient distribution 
are able to affect the gut microbiota composition of the faecal 
and mucosally adherent microbiota, suggesting that oxygen can 
favour or impede the growth of some microorganisms near the 
epithelial surface.40 43

Mucos-associated microbiota
The intestinal mucus layer represents a natural and biological 
selective habitat for the gut microbiota, in which particular 
microorganisms, called ‘mucus- associated microorganisms’, can 
live, thanks to the presence of mucin glycans, which serve as 
attachment sites for bacteria, promoting their colonisation.2 7 45

One of the major caveats in the field of the gut micro-
biota is that the exact composition of the mucosal microbiota 
remains poorly studied in contrast to the faecal gut microbiota. 
However, some studies suggest that in general, the phylum 
Firmicutes is higher in abundance in the mucus layer, than the 

phylum Bacteroidetes, in humans and rodents.14 46 It has also 
been suggested that the mucosal side is enriched in Lachnospir-
aceae, Ruminococcaceae, Bifidobacterium bifidum, Bifidobacte-
rium longum and the phylum Verrucomicrobia (represented by 
the mucus specialist Akkermansia muciniphila). Particularly, in 
humans, the presence of Lachnospiraceae, Enterobacteriaceae, 
Bacteroides, Eubacterium rectale, Faecalibacterium prausnitzii, 
Eubacterium cylindroides, Clostridium histolyticum, Clostridium 
lituseburense and A. muciniphila has been observed, while, in 
mice, SFB, Lactobacillus spp and A. muciniphila.46

However, there are also specific differences in the composi-
tion of the gut microbiota present in the outer or inner layer in 
the colon. Indeed, it is suggested that the colonic outer mucus 
layer is colonised by mucin- degrading bacteria such as Bacte-
roides acidifaciens (in mice), Bacteroides fragilis, Bifidobacte-
riaceae and A. muciniphila (in mice and humans). Despite the 
existing hypothesis that the inner mucus layer in the colon is 
devoid of bacteria in healthy individuals, some bacteria are able 
to penetrate the mucus and associate with the colonic crypts, as 
observed in healthy mice and humans. It has been shown that 
the communities able to associate with the colonic crypt are 
dominated principally by Acinetobacter spp and are usually rich 
in Proteobacteria.43 Moreover, recent studies in both mice and 
humans showed profound differences between faecal and inner 
mucus bacteria composition. The inner mucus layer was charac-
terised by communities comprising 20%–60% Proteobacteria, a 
reduction in Bacteroidetes and a higher level of species (α)- di-
versity compared with faecal samples.47 Finally, it is thought that 
the bacteria associated with the mucosa promote mucus secre-
tion and eventually increase the mucus layer thickness.15

Mucus–gut microbiota interactions
Some of the factors influencing the presence of specific bacteria 
in the mucus layer rely on the chemistry of the latter. Indeed, it 
has been observed that the mucin glycosylation profile is able to 
influence the composition of mucus- associated bacteria, selecting 
specific species, and that mucin O- glycans promote homeostasis 
with host microbes.45 Both secreted and transmembrane mucins 
offer interaction and attachment sites to glycan- binding compo-
nents of microorganisms.6 The mucus- binding capacity of the 
microorganism determines the ability to colonise the mucus, and 
it is important to increase the colonisation time.46 Considering 
that each species is characterised by a core microbiota and that 
the glycan profile varies between species, it is suggested that only 
specific bacterial adhesins allow adaptation inside a specific host.5 
Indeed, bacterial adhesion influences the composition of the gut 
microbiota, such as in the small intestine, where Helicobacter 
spp and SFB are able to adhere to and colonise the epithelial 
surface, attaching to the host glycans.43 Bacteria can interact and 
adhere to mucus and epithelial surface glycans through outer- 
membrane proteins, lectins, adhesins, capsules and appendages 
such as pili, flagella and fimbriae.2 7 32 43

In addition to supplying attachment sites, mucin glycans 
also serve as nutrients for microorganisms, so- called ‘mucol-
ytic bacteria’,39 favouring their replication.1 7 Bacteria are able 
to digest glycans through their glycosidase enzymes, also called 
glycan- degrading enzymes, which are usually exoglycosidase 
type, that remove one sugar residue per time.5 32 It is suggested 
that up to 40% of the bacterial genomes encode these enzymes. 
However, the released glycan residues can be used by bacteria 
that digest them or by other members of the gut microbiota.28 
Not all bacteria have all the enzymes needed to remove all mucin 
glycans, but only few of them, that can be considered mucolytic 
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specialists (eg, A. muciniphila).12 39 Moreover, considering that 
the glycan profiles vary among different hosts, it is suggested that 
only specific microbial species have a repertoire of enzymes able 
to replicate in a specific host, further confirming the host’s ability 
to select the gut microbiota.28 The glycan- degrading enzymes 
start to act from the non- reducing end of the mucin glycan chain, 
and when all the glycans are removed, the protein core of the 
mucin is degraded, and the entire mucin polymer network will 
finally be dissolved.5 This process contributes to MUC2 mucin 
and mucus degradation.1 48 Among the specific enzymes required 
for mucin degradation there are the glycoside hydrolases (such 
as sialidases, fucosidases, exo-β-N- acetylglucosaminidases 
and endo-β-N- acetylglucosaminidases, β-galactosidases, α-N- 
acetylglucosaminidases, α-N- acetylgalactosaminidases), sulfatases 
and proteases,7 belonging to the category of carbohydrate- active 
enzymes.9 While using glycans as an energy source, these enzymes 
generate short chain fatty acids (SCFAs) (acetate and butyrate) 
through the fermentation process.12 49 SCFAs are then absorbed 
and used by colonocytes to recover part of the energy spent for 
the expensive synthesis and secretion of MUC2 mucin49, further 
confirming a mutualist relationship between the host and the 
gut microbiota.49 It has been suggested that among the mucin- 
degrading bacteria, there are mostly A. muciniphila, Bacteroides 
thetaiotaomicron, Bifidobacterium bifidum, Bacteroides fragilis, 
Ruminococcus gnavus and Ruminococcus torques.46 It is suggested 
that the proportion of mucus- degrading bacteria increases when 
the diet is deprived of fibre polysaccharides, considering that 
they are the main energy source for the gut microbiota.22 Indeed, 
some bacteria are able to adapt their nutritional preference, from 
mucin glycans to dietary carbohydrates, in relation to the types 
of nutrients available. For example, for human colonic anaer-
obes, the principal energy source is represented by fermentable 
carbohydrates, included in the category of dietary microbiota- 
accessible carbohydrates (MACs), meaning the carbohydrates 
that are non- digested by the host enzymes but are used by the 
microbes as energy sources. Therefore, MACs may come from 
a large variety of dietary sources including non- digestible edible 
plant components, but also foodborne microbes, but that must be 
metabolised by the microbiota. Of note, the cellulose that humans 
are consuming is not metabolised by gut microbes and are not 
qualified “MACs”.50 51 In the case of food restriction or a lack of 
dietary MACs, these bacteria become dependent on host- derived 
endogenous MACs, represented by mucin glycans.2 51 B. thetaio-
taomicron is an example, considering its ability to change its 
carbohydrate- harvesting activities to host polysaccharides in rela-
tion to nutrient availability.50 However, this is in contrast with the 
mucin- degrading bacteria A. muciniphila, which is less abundant 
in a high- fat diet and in a diet poor in fibre.52 Moreover, consid-
ering that mucus degradation is a factor for the maintenance of a 
protective barrier and that some mucin- degrading bacteria (such 
as A. muciniphila) increase in healthy subjects and are associated 
with mucus thickness restoration, the question is ‘why are some 
mucin- degrading bacteria beneficial for mucus maintenance and 
others are harmful?’ It is very likely that there are other hidden 
mechanisms that we still need to discover. Finally, bacteria can 
use glycans not only as a source of energy but also to form new 
polymers that will be used as extracellular capsules. In this way, 
some bacteria can modify their capsule composition, promoting 
evasion to the immune system.53

Commensal and pathogenic bacteria at the mucus layer
Both commensal and pathogenic bacteria can degrade and use 
mucin glycans as an energy source and as attachment sites, 

promoting their replication and colonisation, but pathogenic 
bacteria are also able to cause infection.43 In normal situations, 
there are some mechanisms that avoid pathogen invasion and 
infection. For example, the intestinal epithelium can distin-
guish commensal and pathogenic microbiota by the presence of 
specific molecular patterns from microorganisms (eg, pattern 
recognition receptors), which are able to activate specific path-
ways that lead to inflammation in response to pathogen inva-
sion.14 54 Furthermore, beneficial bacteria can protect against 
pathogen invasion by increasing mucus production and occu-
pying the binding sites available on the mucins, impeding 
pathogen adhesion.14 43 Another protective mechanism is the 
limited motility in the mucus due to viscosity and flagellin immu-
nogenicity.43 Nevertheless, there are some situations in which 
pathogenic bacteria can degrade and penetrate the protective 
mucus layer and subsequently adhere to and colonise intestinal 
epithelial cells, causing infection.25 To colonise and infect the 
intestinal epithelium, pathogenic bacteria need to degrade the 
mucus layer and penetrate inside it. This is possible thanks to the 
presence of mucin- degrading proteases, chemotaxis and flagella, 
which allow bacteria to move inside the mucus, to go against the 
mucus flow that normally pushes them towards the lumen and to 
adhere to the mucin glycans.2 25 43 Pathogenic bacteria may also 
modify mucus pH, influencing mucus viscosity. For example, it is 
suggested that Helicobacter pylori increases the pH, reducing the 
viscoelasticity of the mucus and increasing its motility.25 Some 
pathogenic bacteria are also able to use the products released 
from mucin degradation by commensal bacteria, such as free 
fucose and sialic acid, to support their proliferation inside the 
mucus.7 Finally, intestinal epithelium invasion can be permitted 
by the alteration of mucus protective barrier function by influ-
encing the expression, synthesis and secretion of mucins.7 25

We will better explain how pathogens can alter the mucus 
layer and infect the intestine in the following chapter.

HOW THE MUCUS LAYER CAN CHANGE AND WHAT ARE THE 
CONSEQUENCES
The intestinal mucus layer is not static despite a basal and contin-
uous level of secretion. Instead, there is an incredible number of 
processes discussed earlier in this review that are influenced by 
many factors. Indeed, it is important to note that mucin synthesis 
is also regulated at the transcriptional and epigenetic levels. For 
instance, transcription factors are able to bind to specific sites 
on MUC2 promoter. Numerous signalling pathways have been 
described as specifically targeting the transcriptional regula-
tion of MUC2. They can be either linked to specific bacteria 
or microbial products such as LPS, flagellin, lipoteichoic acid 
(LPA), lipopeptide and are mostly acting through the activa-
tion of nuclear factor (NF)-κB, which has been shown to have a 
binding site in the promoter of MUC2. Similarly, several inflam-
matory markers (eg, tumour necrosis factor-α, Serum amyloid 
A3 and interleukins (IL)) are also activating the NF-κB pathway 
and stimulate the transcription of MUC2 (figure 4),55 56 whereas 
the activation of the Janus Kinase has inhibitory effects.57 Other 
pathways such as the cAMP- response element- binding protein 
and ATF1 are activated by the mitogen- activated protein kinases 
and p38 and have been described to regulate the expression 
of MUC2 (figure 4).58 Several IL such as IL-1β, IL-4, IL-13 
and L-22 have been shown to be involved in the regulation of 
goblet cell differentiation and mucin expression.10 Similar but 
also other additional very complex pathways have been shown 
to be activated by different hormones, neurotransmitters (eg, 
vasoactive intestinal peptide, acetylcholine) or lipids (eg, bile 
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acids, prostaglandins, butyrate) and eventually regulate the 
expression of MUC2 (for review14 59 60) (figure 4). Finally, by 
investigating different type of colon cancers, studies have shown 
that epigenetic mechanisms such as methylation of CpG islands 
in the specific regions of MUC2, DNA methylation or histone 
modifications but also micro- RNAs contribute to the complex 
regulation of MUC2 expression.61 62

Therefore, given that the expression, synthesis, secretion, 
degradation, glycosylation and structure of mucins, as well as 
mucus composition, viscosity, thickness and penetrability, can 
be changed in response to host factors (figure 4) and external 
factors (eg, pathogens, pre/probiotics, diet, food additives or 
contaminants and antibiotics),2 7 14 63 this means that the regu-
lation of the mucus barrier is a very complex system, and all the 
aforementioned factors can either positively or negatively affect 
the mucus layer. Obviously, understanding how the mucus layer 
can be regulated is of utmost importance.

Mucus layer impairment
‘Mucus layer impairment’ means a situation in which some 
of the following alterations can occur: a reduction in mucus 
synthesis, secretion, thickness and viscosity, an increase in mucus 
degradation and penetrability and an alteration of the mucin 
glycosylation profile and mucus composition. Hence, allowing 
commensal and pathogenic microorganisms to reach the intes-
tinal epithelium, thereby leading to infection and inflammation, 
as described in many diseases.2 33

Intestinal bowel disease
The alteration of the mucus protective barrier plays a key role 
in the onset of IBD, such as Crohn’s disease (CD) and ulcerative 
colitis (UC).15 25 64

For example, it has been observed that in mice lacking MUC2 
mucin, the colon was invaded by bacteria directly in contact 
with the epithelium and penetrating down into the crypts and 
epithelial cells.5 8 This bacterial invasion induces the response 
of the colonic immune system, characterised by inflammation, 
diarrhoea, rectal and colon prolapse, rectal bleeding and an 

increased risk of colon cancer development and spontaneous 
colitis.5 7 8 10 65

Another example is the alteration of the mucin O- glycosyla-
tion profile. Indeed, it is suggested that mucin O- glycosylation 
influences mucus properties and penetrability and the composi-
tion of the associated microorganisms, and it is so essential for 
the intestinal mucus functions. Moreover, it has been observed 
that the mucin O- glycosylation profile is altered in IBD and 
colorectal cancer.7

In this context, it has been observed that in mice lacking 
the Core 1 glycosyltransferase, the MUC2 mucins had shorter 
O- glycans and were subjected to faster degradation, and these 
mice developed severe colitis.5 66 67 Another study demonstrated 
that all humans had uniform levels of MUC2 O- glycans in the 
sigmoid colon except the subjects with an inflamed colon.8 All 
these studies demonstrate how an altered host glycosylation 
profile is linked to several diseases.

During IBD, there is an increase in mucin- degrading bacteria, 
such as those from the Ruminococcus family,7 25 and during 
UC, the colonic mucus is characterised by a thinner layer due 
to decreased MUC2 production and secretion, altered mucus 
composition characterised by altered O- linked glycosylation 
of MUC2 and increased penetrability to bacteria, in patients 
with active inflammation.2 7 12 25 49 It has been observed that the 
glycosylation of MUC2 returned to normal after the remission 
of the patient.33 Finally, during CD, the mucus layer is thicker, 
suggesting an increase in MUC2 expression and goblet cell 
hyperplasia, but the structure of MUC2 is altered due to a reduc-
tion in the oligosaccharide chain length by 50%, leading to a 
loss of mucus viscoelastic properties and consequently a loss of 
protective function.25

Among the causes that induce an alteration of the mucus layer, 
we next focused on pathological microorganisms and some 
factors related to nutrition, such as a high- fat diet or western 
diet, a low- fibre diet and food additives (emulsifiers).

Figure 4 Major effectors regulating the expression and the secretion of mucus. Principal effectors (ie, gut bacteria, cytokine and inflammatory 
markers, hormones, neurotransmitters and bioactive lipids acting on specific external (extracellular) and internal (intracellular signal transduction) 
signalling pathways influencing the expression (ie, gene expression and synthesis) and the secretion of the major mucin MUC2, and its impact on 
host. CREB, cAMP- response element (CRE)- binding protein; DCA, deoxycholic acid; EGF, epidermal growth factor; FXR, farnesoid receptor X; IL, 
interleukin; JAK, Janus kinase; JNK, c- Jun- N- terminal kinase; LP, lipopeptide; LPA, lipoteichoic acid; LPS, lipopolysaccharides; MAPK, mitogen- activated 
protein kinases; SAA, serum amyloid A; STAT, signal transducer and activator of transcription; TGF- alpha, transforming growth factor alpha; TLR, 
prostaglandin E2 (PGE2) Toll- like receptors; TNF, tumour necrosis factor; VIP, vasoactive intestinal peptide.
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Pathological micro-organisms
There are many ways by which pathogenic microorganisms are 
able to alter the intestinal mucus layer. One of these is their 
ability to degrade the mucins, as in the case of Vibrio cholerae 
and the protozoan Giardia lamblia in the small intestine and the 
proteases produced by Escherichia coli, the protozoan Entam-
oeba histolytica or the nematode Trichuris muris in the large 
intestine (figure 5).4 22

Through mucus degradation, the thickness of the mucus is 
decreased, and its penetrability is increased. This also allows 
infection by microorganisms that normally are, in theory, unable 
to cleave the mucus.39 Moreover, some species (eg, Listeria 
monocytogenes, E. histolytica, Nippostrongylus brasiliensis 
and Trichinella spiralis) inhibit mucus production and regulate, 
directly or indirectly, goblet cell function and mucin expression 
(figure 5).14 25 The first reaction of the intestine to infections is 
an increase in the number of goblet cells and mucus synthesis 
and secretion, with the aim of moving away microorganisms, 
but during chronic infection, mucus hypersecretion induces a 
depletion of goblet cells, with a reduction in mucus synthesis and 
secretion and endoplasmic reticulum stress, eventually leading to 
inflammation.2 4 14

Diet
Among the causes associated with a disruption of the mucus 
layer, it has been shown that diet composition has an important 
role.68 For example, during high- fat diet feeding, there is an 
impairment in mucus production and secretion, an enrichment 
in barrier- disrupting species, and a decrease in the expression of 
the Ctfr gene in mouse ileal enterocytes, causing a reduction in 
viscosity and density of the mucus and an increase in intestinal 
permeability.69 70 Furthermore, the mucus layer is altered during 
the development and presence of metabolic disorders, such as 
obesity and type 2 diabetes.52 70–73

Similarly, western- style diet (WSD) (containing 40.5% kcal 
from fat (41% saturated, 52% monounsaturated), 40.5% from 
carbohydrates (sucrose 18%, corn starch 16.0%, maltodextrin 
12.0%, cellulose 4.0% (w/v)) caused an alteration in the gut 
microbiota composition and a decrease in SCFA production 
associated with an impairment in the colonic inner mucus layer, 
including a reduction in the thickness and increased mucus pene-
trability (already after 3 days of a WSD). Moreover, in regions 

characterised by a western lifestyle, there is an increase in the 
incidence of UC, further suggesting an association of diet, mucus 
barrier function and IBD.49 The effects of these diets can be 
explained by a certain deficiency of dietary fibres, considering 
that the same results have been seen under a diet deprived of 
fibres (or dietary MACs), which was associated with an increased 
incidence of colitis and pathogen infections, while a regular 
consumption of dietary fibres (laboratory diet containing ~15% 
of dietary fibres from minimally processed grains and plants) 
had a preventive effect, suggesting in this way that fibre plays a 
crucial role in contributing to the presence of a protective mucus 
barrier.22 51 74 75

In recent years, some food additives, such as emulsifiers, 
present in a very small quantity in food (~2%), have been shown 
to induce alterations in the gut microbiota composition associ-
ated with mucus layer impairment. Specifically, these alterations 
have been associated with a reduction in the mucus layer thick-
ness76 and an increased gut penetrability,77 causing the erosion of 
the protective mucus barrier and increasing bacterial adherence 
to the epithelium.78 More importantly, all these effects are linked 
with intestinal inflammation and metabolic alterations.77 79

Mucus layer enhancement
Among the treatments and the factors that contribute to the 
prevention, improvement and maintenance of a protective 
mucus layer, we will briefly describe the following: probiotics, 
next- generation beneficial bacteria and microbial products and 
components.

Probiotics, next-generation beneficial bacteria and microbial 
products
Probiotics are live organisms that, administered in adequate 
amounts, confer a health benefit to the host.80 They might 
affect the mucus barrier, contributing, for example, to increase 
the expression of mucin genes, as in the case of the adherent 
Lactobacillus spp, which are able to stimulate MUC3 expression 
in human intestinal epithelial cells and MUC2 production and 
secretion.81 82 Other examples include the case of Bifidobacte-
rium longum, which, when supplemented in mice after 4 weeks 
of feeding with a WSD restored mucus growth,83 and Lactoba-
cillus reuteri, which showed a protective effect against dextran 
sulfate sodium treatment in mice, increasing the mucus layer 
thickness (figure 5).84

Finally, another key bacteria modifying the mucus layer is A. 
muciniphila. Indeed, during high- fat diet feeding the mice have 
a thinner inner mucus layer than the control group, while in 
mice treated with an high- fat diet plus viable A. muciniphila 
supplementation, the opposite effect is observed (ie, a restored 
mucus layer thickness) (figure 5).52 Interestingly, although this 
bacterium is known as a mucus degrader, supplementation 
with A. muciniphila increased number of goblet cells and the 
production of antimicrobial peptides, such as Reg3g and LyZ1. 
Altogether, these findings suggest that A. muciniphila commu-
nicates with host cells and eventually stimulates the production 
of mucus (figure 5).52 85–88 It is worth noting that this important 
effect on the number of goblet cells and the reinforcement of 
the gut barrier was also observed when A. muciniphila was 
killed by pasteurisation but not when killed by autoclaving.89 
Among the potential mechanisms, it has been shown that A. 
muciniphila expresses specific proteins on its outer membrane, 
such as the protein Amuc_1100. This protein is resistant to 
the heating process and remain in the active conformation.89 
Interestingly, treating mice with only this protein and without 

Figure 5 Mucus regulation by specific micro- organisms and microbial 
metabolites. Overview of the impact of different microbial species, 
parasites and short chain fatty acids (SCFAs) on mucus properties, 
composition or functions.
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the bacteria also replicated the effects of the bacteria on the 
increased number of goblet cells and the reinforcement of the 
gut barrier.89 Strikingly, this protein binds and activates TLR2, 
thereby possibly explaining the effects of the bacteria on both 
the regulation of immunity and the reinforcement of the gut 
barrier (figure 4). Therefore, suggesting that the viability of the 
bacteria is not required to observe the beneficial effects. Alto-
gether, this suggests that the regulation of mucus layer thickness 
by A. muciniphila is likely more complex than the ‘simple’ active 
degradation and utilisation of mucus glycans by this bacteria 
and also involves specific microbial compounds. Interestingly, 
in addition to the data obtained in rodents, it has been shown 
that obese and type 2 diabetic subjects were also characterised 
by a lower abundance of A. muciniphila.80 90 In a first proof- 
of- concept pilot human intervention in subjects with metabolic 
syndrome, we recently confirmed that A. muciniphila improved 
metabolism (ie, improved insulin sensitivity, lower inflam-
mation), together with reduced plasma LPS levels, thereby 
suggesting a reinforcement of the gut barrier.91

Altogether, this specific example is additional evidence 
suggesting an association of the gut microbiota, the mucus layer/
gut barrier and diseases.

The example of A. muciniphila and its components is evident 
for bacteria considered mucus specialists. However, other 
bacteria can influence the mucus by themselves but also by 
specific products and components, such as SCFAs, LPSs, flagellin 
and LPA (figure 4). For example, it has been shown that mucosal- 
associated bacteria promote mucus secretion and increase mucus 
layer thickness through the release of microbe- associated molec-
ular patterns (MAMPs) and the production of SCFAs.15 It has 
also been observed that SCFAs, such as acetate and butyrate, 
stimulate MUC2 expression in intestinal epithelial cells and 
increase mucus production and secretion (figure 5).25 92 93 More-
over, among the bacterial components, purified flagellin from 
gram- negative bacteria, LPA from gram- positive bacteria and 
LPS are able to upregulate mucin expression, and the latter also 
increase mucus secretion by goblet cells (figure 4).7 14 81 94

CONCLUSIONS
In conclusion, in this review, we have covered different comple-
mentary aspects of the mucus barrier by covering the mucus 
chemistry, production, secretion and degradation, and the 
various factors involved in the modification of the mucus layer 
status. Although the mucus barrier remains a neglected compo-
nent of gut barrier function in many studies, increasing attention 
has been paid to the different ways to approach it, ranging from 
a simple investigation of mucus thickness to an investigation of 
its detailed composition, turnover and penetrability as well as 
the regulation of the number of goblet cells and their differenti-
ation. To have an overall and more accurate vision, researchers 
should not rely only on one factor characterising the mucus, 
such as its thickness, considering that, for example, its increase 
is often associated with a mucus barrier improvement, but it can 
also hide the beginning of pathogenic infections.

Moreover, the mucus layer not only acts as an important 
factor for protecting the host against microbial invaders but also 
contributes to the mutualism between the host and microbes. 
Many diseases are associated with the alteration of the mucus 
layer thickness, but it is still difficult to identify whether this 
effect is a cause or a consequence of the disease. Additionally, 
recent evidence suggests that specific gut microbes contribute to 
the regulation of the mucus barrier and eventually intestinal and 
host health (eg, A. muciniphila); however, there are still many 

gaps that need to be filled to understand the sophisticated mech-
anisms hidden behind these slimy neglected partners.
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