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Abstract \

The intestinal mucus layer is a barrier that separates intestinal contents and epithelial cells, as well as acts as the “mucus layer-
soil” for intestinal flora adhesion and colonization. Its structural and functional integrity is crucial to human health. Intestinal
mucus is regulated by factors such as diet, living habits, hormones, neurotransmitters, cytokines, and intestinal flora. The mucus
layer’s thickness, viscosity, porosity, growth rate, and glycosylation status affect the structure of the gut flora colonized on it.
The interaction between “mucus layer-soil” and “gut bacteria-seed” is an important factor leading to the pathogenesis of non-
alcoholic fatty liver disease (NAFLD). Probiotics, prebiotics, fecal microbiota transplantation (FMT), and wash microbial
transplantation are efficient methods for managing NAFLD, but their long-term efficacy is poor. FMT is focused on achieving
the goal of treating diseases by enhancing the “gut bacteria-seed”. However, a lack of effective repair and management of the
“mucus layer-soil” may be a reason why “seeds” cannot be well colonized and grow in the host gut, as the thinning and
destruction of the “mucus layer-soil” is an early symptom of NAFLD. This review summarizes the existing correlation between
intestinal mucus and gut microbiota, as well as the pathogenesis of NAFLD, and proposes a new perspective that “mucus layer-
s0il” restoration combined with “gut bacteria-seed” FMT may be one of the most effective future strategies for enhancing the
long-term efficacy of NAFLD treatment.
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Introduction circulation ectopically. In addition to playing a crucial role
as an immune barrier, the intestinal mucus layer aids in
nutrient absorption and prevents the invasion of various
organisms. Recent studies have shown that the intestinal
mucus layer is a part of the gut-liver axis, a complex
mechanism whose crosstalk with microbiota is closely asso-

ciated with the incidence and progression of NAFLD.!®! The

Non-alcoholic fatty liver disease (NAFLD) is the hepatic
manifestation of metabolic syndrome and is frequently
associated with metabolic risk factors including obesity, type
2 diabetes (T2D), hyperlipidemia, and hypertension.!!!
As the global obesity epidemic worsens metabolic condi-
tions, NAFLD has become the most prevalent chronic

liver disease globally, affecting approximately 1 billion
people.>31 Among them, non-alcoholic steatohepatitis
(NASH) has become a common indication for liver
transplantation in the United States.*! However, the
pathogenesis of NAFLD remains unclear, with the intes-
tinal microenvironment possibly playing a role."!

The intestinal mucus layer is the substrate for the adhesion
and colonization of many microorganisms, as well as a key
entry point for bacteria and bacterial products to enter the
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repair of the mucus layer may be beneficial to the adhesion
and colonization of probiotics and could be the key to
enhancing the long-term efficacy of biotherapy, making it a
novel avenue to explore for the clinical treatment of NAFLD.

Gut Microbes and NAFLD

There is a large number of symbiotic bacteria in the
human intestinal tract. These symbiotic bacteria together
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contain approximately 100-fold more genes than that
found in humans. The intestinal tract of mammals is
sterile at birth, then gets colonized by symbiotic
bacteria.l”l The gut microbiota and its active metabolites
play an important role in the host!®’! by maintaining the
immune level of the intestinal environment, participating
in the intestinal defense against pathogenic microbial
colonization and in metabolic syndrome.['”) As an inde-
pendent organ, the liver receives blood supply from the
portal vein and the hepatic artery, which are pooled by
the mesenteric vein. The portal vein contains the nutri-
ents that come from the intestinal tract and the microbial
products of the intestinal tract. Thus, the liver is directly
affected by changes in the gut microecology.!'!:12]

Compared to individuals with a high gut bacterial abun-
dance, those with a low bacterial abundance show more
overall obesity, insulin resistance, and dyslipidemia, and
a more pronounced 1nflammatory phenotype over time;
furthermore, obese individuals in populatlons with low
bacterial abundance are more likely to gain weight.!"3! Two
bacterial phyla, namely Bacteroidetes and Firmicutes,
predominate in the human gut and account for 92.6%
of all 16S ribosomal RNA (rRNA) sequences; however,
the abundance of Bacteroidetes is relatively reduced in
an obese patient population.'* Based on 16S rRNA
gene sequencing results, the abundance of Bacteroidetes
in the feces of ob/ob obese mice decreased by nearly
50%, whereas the proportion of Firmicutes increased.!™]
Moreover, the abundance of Bacteroidetes is associated
with the percentage of weight loss.'¥! In a 16S rRNA
test of gut microbes in monozygotic or dizygotic twins,
obese individuals were found to contain significantly
less number of Bacteroidetes (P = 0.003) and more Acti-
nobacteria (P = 0.002), with no significant difference in
the abundance of Firmicutes (P = 0.090), compared to
those in lean individuals.!'®]

Gut microbes and liver lipid de novo synthesis

Changes in gut microecology have a direct impact on
liver physiology and pathology.'Y! Gut microbes influence
the liver lipid de novo synthesis of NAFLD in the following
main ways. First, gut microbes can break down indigestible
foods. Gut microbes contain abundant glycoside hydro-
lases and polysaccharide lyases, which help to extract
energy from indigestible polysaccharides in the diet and
convert them into monosaccharides and short-chain fatty
acids (SCFAs), which can enter the liver through the
portal vein to synthesize triglycerides (TG).'"!! Second, gut
microbes promote the absorption of lipids. The adipo-
cyte hypertrophy in conventionally fed mice was 40%
greater than that in germ-free (GF) mice when fed the same
polysaccharide diet,”! despite the fact that the convention-
ally fed mice ate less than the GF mice. This may be due
to gut microbes converting indigestible polysaccharides
in the food to absorb energy.'” Third, intestinal microbial
metabolism can affect liver pathophy51ology directly through
the portal vein. SCFAs fermented by gut microbes stimu-
late de novo hepatic lipid synthesis while also serving as
carbon donors.["¥ Further, commensal colonization increases
glucose uptake (GU) in the host gut, leading to elevated
blood glucose and insulin levels.[”]
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Pathogenic bacteria induces NAFLD

Escherichia/Shigella bacteria significantly increase in
patients with NAFLD compared to that in healthy
controls.['”) Furthermore, lipid accumulates in the liver
after transplantation of EscherichialShigella in host rats
as the bacteria secrete small RNA (msRNA) 23487,
which inhibits hepatic lipid B-oxidation and peroxisome
proliferator-activated receptor-o, thereby promoting liver
lipid de novo synthesis."”! Colonoscopy biopsy revealed
that the relative abundance of Escherichia coli NF73-1
was significantly increased in the mucosa of patients with
NAFLD or even NASH. Through the Toll-like receptor
2-nuclear factor kappa B/NOD-like receptor protein 3-
caspase-1 signaling pathway, Escherichia coli NF73-1
increased M1 macrophages in the NASH mouse livers,
exacerbating high fat diet (HFD)-induced steatosis in mice."!

Administration of an HFD to GF mice after transplanta-
tion of Enterobacter cloacae B29 can induce obesity and
insulin resistance in the mice, possibly through the
production of lipopolysaccharide (LPS) endotoxin, which
can aggravate inflammatory reactions and induce obesity
in mice.?!! Mice colonized with Enterobacter cloacae
B29 show significantly enhanced scores of liver steatosis
and NAFLD activity than HFD-fed mice alone.!*?! These
results confirm that pathogenic bacteria contribute inde-
pendently to the occurrence and development of NAFLD.

Probiotics, prebiotics, and fecal microbiota transplantation
(FMT) are an effective way to manage NAFLD

There are no Food and Drug Administration (FDA) -
approved drugs for treating NAFLD, and probiotics,
prebiotics, and FMT are regarded as effective methods
for treating NAFLD. In general, prebiotics improve gut
bacterial composition, modulate host energy metabo-
lism, and improve the intestinal barrier to ameliorate
metabolic disease.l*3! Furthermore, prebiotics are also
involved in insulin signaling, by which they improve
NAFLD outcomes; for example, they improve insulin
resistance,** reduce hepatic collagen accumulation,?’)
and reduce lipid peroxidation.[?¢!

Probiotics affect the body by regulating the gut micro-
biota, enhancing intestinal barrier function, increasing
competitive adhesion to mucous membranes and epithe-
lium, and regulating the gut-associated lymphatic immune
system.?”) Lactobacillus plantarum NCU116 improves
NAFLD by upregulating the expression of genes related
to lipolysis and fatty acid (FA) oxidation and downregu-
lating the expression of adipogenesis genes.!*®! Lactoba-
cillus rhamnosus GG and Lactobacillus plantarum WCFS1
co-administration can reduce rat serum TG, total choles-
terol (TC), free fatty acids (FFAs), and liver fat deposi-
tion levels by upregulating cholesterol 7a-hydroxylase
(CYP7A1) expression.?”! Providing hamsters HFD with
heat-killed Lactobacillus reuteri GMNL-263 reportedly
improves lipid and cholesterol metabolism, which may
improve liver health.3!

In a recent randomized, triple-blind clinical trial, probi-
otic capsules (comprising Lactobacillus acidophilus ATCC
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B3280, Bifidobacterium bifidum ATCC SD6576, Bifido-
bacterium lactis DSMZ 32269, and Lactobacillus rham-
nosus DSMZ 21690) administered to children with
NAFLD for 12 weeks improved serum alanine amino-
transferase (ALT) and lipid levels, but this had no influ-
ence on the body mass index (BMI).3!l A meta-analysis
that included four randomized controlled trials involving
134 patients with NASH evaluated the effects of various
probiotic therapies on NAFLD and showed that using
probiotic therapy significantly reduced serum amino-
transferase, TC, high-density lipoprotein (HDL), and
tumor necrosis factor-o. (TNF-a) levels. These findings
suggest a potential role for probiotic treatment in modu-
lating gut microbiota to treat NAFLD.3?! Another meta-
analysis that evaluated prebiotics and probiotics for the
treatment of NAFLD retrieved nine articles on prebi-
otics, 11 articles on probiotics, and seven articles on
microbiota transplantation, involving a total of 1309
patients, and found that microbial therapy significantly
reduced the BMI, serum liver enzyme levels such as of
ALT, aspartate aminotransferase (AST), and y-glutamyl
transpeptidase (y-GT), serum TC, low-density lipopro-
tein cholesterol (LDL)-c, and TG. This meta-analysis
supports microbial therapy’s potential role in the treat-
ment of NAFLD.*3l Furthermore, FMT administered to
NAFLD mice for eight weeks could increase the abun-
dance of beneficial bacteria such as Christensenellaceae
and Lactobacillus, increase the expression of the intes-
tinal tight junction protein zonula occludens-1 (ZO-1),
and improve liver steatosis.**'In a clinical study that
recruited 20 patients with NAFLD, administration of
FMT as a continuous intervention for six months was
found to prevent gut microbiota from returning to base-
line, improve liver magnetic resonance imaging-derived
proton density fat fraction (MRI-PDFF) values, and reduce
serum AST levels.** In another randomized controlled
clinical trial that recruited 21 patients with NAFLD who
received once either an allogenic or an autologous FMT
treatment, and the follow-up after six months found
that FMT did not improve insulin resistance and liver
MRI-PDFF but did have the potential to reduce small
intestinal permeability of NAFLD patients in six weeks!3°!
[Supplementary Table 1, http:/links. lww. com/CM9/B569].
Therefore, FMT has a certain effect on NAFLD in a
short time range, but the long-term efficacy is not good,
which may be related to the degree of colonization of
healthy intestinal bacteria, and so increasing the frequency
or the colonization rate of intestinal microorganisms of
FMT is the key to future research on FMT therapy.

Mucus Layer Regulates Gut Microbiota Structure

The gut microbiome primarily colonizes the mucus layer
of the gastrointestinal tract, and their interaction with
the mucus layer plays an important role in regulating the
immune system and host health.’”! The intestinal mucus
layer serves as a substrate for the adhesion and coloniza-
tion of many microorganisms, as well as an important
entry point for bacteria and bacterial products. In addi-
tion to its important role as an immune barrier, the intes-
tinal mucus layer aids in nutrient absorption and
prevents the invasion of various organisms.!®!
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Composition of the intestinal mucus layer

The intestinal mucus layer is a thin, aqueous, and visco-
elastic secretion composed of multiple components: water
(90%-95%),13%31 electrolytes, lipids (1%-2%), mucus
proteins, and others, with mucin (MUC) serving as the
main structural and functional component in mucus. At
a concentration of 1% — 5%, MUC forms a complex
layered, large-scale polymer network as the skeleton of
the mucus layer, attached to the intestinal epithelial cell
surface.*’l The colon has two mucus layers, with the
outer mucus layer serving as a habitat for colonic gut
microbes.*!l The thickness of the mucus layer and
growth rate varies along with different parts of the gut
as well different bacterial species.*?!

Mucus layer affects gut microbiome structure

MUQ2 is a family of highly glycosylated proteins secreted
by goblet cells in the gut. Its O-glycans are used as
ligands for bacterial adhesins,/***1 and serve as bacte-
rial attachment points to promote bacterial growth and
colonization*®! and to maintain the homeostasis and
immune response of the intestinal environment. Secre-
tory and transmembrane MUC both provide interaction
and attachment sites, and the microorganisms’ ability to
bind to MUC determines their colonization ability.l*’! In
addition to providing attachment sites, MUC glycans
can also serve as nutrients for microbes known as
“mucolytic bacteria.”*8]

The mucosa-associated microbiota bacterial species use
glycans as carbon sources. Altered glycan availability
alters the composition of the microbiota.[*”’ The mucin-
deficient Muc2”mouse model shows impaired epithelial
barrier, and colonoscopy in these mice showed erosion
of the mucosal surface.’%! Thus, Muc2” mouse were
more prone to developing colitis and rectal cancer.®!!
Furthermore, gut dysbiosis was observed in the
Muc2” mice, with pro-inflammatory microbiota coloni-
zation, such as increased abundance of Clostridiales and
decreased abundance of Lactobacillaceae.*® Due to
differences in the mucus layer, the small intestine and
colon have different gut microbiomes. The small intes-
tine contains immunoglobulin A (IgA) and antimicrobial
peptide (AMP), which are secreted into the mucus layer
by plasma cells and Paneth cells within the lamina
propria, respectively, making the small intestine rela-
tively unsuitable for bacterial growth.’>%! The colon
has fewer Paneth cells, resulting in less IgA and AMP
secretion on the colon, coupled with a large amount of
mucus and thicker mucus on the colon, making the colon
more conducive to the growth of microorganisms.!

Mucus layer prevents colonization by pathogenic
microorganisms

Mucus, a component of the innate intestinal mucosal
barrier, is responsible for reducing antigen exposure and
bacterial exposure to the immune system under the intes-
tinal epithelium, serving as the first line of immune
defense against potentially harmful compounds.** Mucus
also serves as a surface-cleaning agent, eliminating foreign
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pathogens.I®¥! The intestinal mucosa helps maintain the
intestinal barrier by secreting AMPs produced by Paneth
cells for innate immunity (e.g., a-defensins, lysozyme C,
phospholipases, C-type lectin, and Regllly). Addltlonally,
the antimicrobial-rich mucosal system establishes and
maintains a steady-state relationship between the host
and its colonizing microbiota.’®*’! It is due to its inter-
action with the immune system that the mucus layer
provides protection. Secretory IgA (SIgA) is the major
globulin on the mucosal surface of humans and many
other mammals, and its function is immune rejection,
which restricts the entry of pathogenic microorganisms
and mucosal antigens through the mucosal barrier.l5?!
SIgA may prevent the colonization of harmful microor-
ganisms by recognizing multiple antigenic epitopes on
the surface of viral and pathogen proteins. Additionally,
SIgA can recognize and control the homeostasis of
commensal bacteria in the host.’8! In Muc27/~ mice, the
Firmicutes phylum is enriched while the abundance of
the Bacteroidetes phylum is reduced, which might poten-
tially lead to pathogen colonization, causing sponta-
neous colitis or even colorectal cancer.!*’!

Intestinal mucosa is affected by microbial colonization and
dietary structure

The regulation of the mucus layer is highly complex and is
influenced by multiple factors, including external factors
(e.g., pathogens, probiotics, diet, food additives or
pollutants, antibiotics) and host factors (e.g., hormones,
cytokines, neurotransmitters, lipids).[°*) Many patho-
genic microorganisms, including Vibrio cholerae, the
protozoa Giardia lamblia in the small intestine, prote-
ases produced by Escherichia coli (E. coli), the proto-
zoan Entamoeba histolytica, or the nematode Trichuris
muris in the large intestine, have the ability to degrade
mucus proteins and alter the mucus layer.°!l Studies
have shown that probiotic transplantation helps increase
the expression of MUC genes and increases the thick-
ness of the mucus layer. Beneficial bacteria can prevent
pathogens from invading by increasing mucus produc-
tion and occupying available binding sites on MUCs,
thereby preventing pathogens from adhering.[®?l Studies
have also shown that feeding a western diet supple-
mented with Bifidobacterium longum for 4 weeks can
restore mucus growth.[®3 Lactobacillus spp. transplanta-
tion can promote the expression of MUC genes, which
can stimulate the expression of MUC3 and the produc-
tion and secretion of MUC2 in human intestinal epithe-
lial cells.®*®31 Lactobacillus reuteri bacteria expresses
adhesins such as mucus-binding proteins CmbA and
MUB, which increased binding to human colon carci-
noma HT-29 (ATCC HTB-38) and LS174T cells (ATCC
CL-188). Therefore, Lactobacillus reuteri binding to the
mucus layer resulted in decreased Escherichia coli adher-
ence ability to small intestinal biopsy epithelium.®¢!
Therefore, Lactobacillus reuteri transplantation protected
mice against dextran sulfate-induced inflammatory bowel
disease and increased mucus layer thickness.[®”]

After seven days of treatment with a probiotic mixture
of Lactobacilli, Bifidobacteria, and Streptococci, the
mucin content in the colon of rats increased by 60%.[6%]
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Akkermansia muciniphila derived extracellular vesicles
as delivery vehicles can reportedly improve HFD-induced
mucosal crypt depth and thickness, increase intestinal
permeability, and upregulate tight junction protein (Zo-1,
Occludin, and Claudin-1) expression, thereby improving
obesity.l®’l These findings support the development of
therapeutic strategies based on human mucus colonizers,
where probiotic transplantation prevents or treats obesity
and its associated metabolic disorders by improving the
mucus layer.

Dietary structure can affect the mucus layer. In mouse
ileal cells induced by HFD, Ctfr gene expression was
reduced, mucus synthesis and secretion were hindered,
and the mucus layer became thinner and less dense.!””!
Decreased expression of Muc2 protein in mucus samples
from western diet-fed mice resulted in decreased mucus
layer density, increased mucus layer permeability, and a
reduced mucus layer growth rate.l®3 A western diet
containing 40.5% kcal from fat (41% saturated, 52%
monounsaturated) and 40.5% kcal from carbohydrates
(sucrose 18.0%, corn starch 16.0%, maltodextrin
12.0%, cellulose 4.0% [w/v]) was fed to mice for three
days, which results in a decrease in SCFA and in the
thickness of the mucus layer, and an increase in perme-
ability in the colon of mice.”!! Regular consumption of
dietary fiber can also help protect the mucus layer.!”] In
mice on a microbiota-accessible carbohydrate deficient
diet, a study found reduced mucus thickness in the colon,
bacteria were localized close to the intestinal epithelium,
and sparser bacterial localization was found in the
lumen.”3l Considering fiber polysaccharides are the
primary source of energy for gut microbes, mucus
increases the number of degrading bacteria when fiber
polysaccharides are absent in the diet.[6"

Furthermore, some widely used food additives, such as
carboxymethyl cellulose and polysorbate, can reduce the
thickness of the mucus layer.”¥ MUC2 expression is
also influenced by a number of cytokines.””) TNF-a
stimulates MUC2 transcription via the nuclear factor-
kappa B (NF-«xB)-induced kinase and phosphatidylino-
sitol 3-kinase (PI3K)/serine/threonine kinase 2 (Akt 2)
pathways, and inhibits MUC2 transcription via the c-
jun amino terminal kinase (JNK) pathway. However, NF-
kB transcriptional activation can counteract the JNK
pathway inhibition.!”®! Interleukin(IL)-1B can upregulate
the expression of MUC2 through the protein kinase C
(PKC)/mitogen-activated extracellular signal-regulated
kinase (MEK)/extracellular regulated protein kinases
(ERK)/PI3K 51gnahng pathway.l”®! IL-4 and IL-13 increase
Muc2 gene expression by activating MAPK phosphoryla-
tion.[””l TL-10 promotes MUC2 secretion by improving
MUC2 folding in goblet cells and preventing endo-
plasmic reticulum stress.!”®

The current review included studies describing the regu-
lation of the mucus layer mainly focusing on external
factors (microbiota, diet, etc.). However, the data on the
regulation of the mucus layer by host factors remain
limited, especially studies on the regulation of the mucus
layer by host factors in biological disorders, intestinal
motility dysfunction, and stress. Given that these factors
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are linked to the incidence of gut dysbiosis disorders and
enteric neurohormonal secretion, more research is
needed in the future to acquire complete data.

Interaction between mucus layer and gut bacteria is a key
factor of NAFLD

The mucous layer is related to the occurrence of diseases.
The regulation of its chemical composition and synthesis
and the process of its synthesis and degradation are
subject to pathological and physiological regulation. In
metabolic diseases such as T2D, obesity, and NAFLD,
the mucus layer is altered during the development and
growth of the gut microbiota, and the mucus layer is
impaired prior to the disease phenotype.””8% Further-
more, microbial invasion of the medial mucus layer is
associated with insulin resistance and the bacterial-
epithelial distance is inversely related to the BMI, blood
glucose, and hemoglobin levels in people with metabolic
syndrome.!8!]

The mucus—bacteria interaction is disrupted in chronic
inflammation or metabolic syndrome, allowing bacteria to
penetrate the mucus layer and reach epithelial cells.[”*
In the mucin-deficient Muc2™ mice, bacteria were
found not only in direct contact with intestinal epithelial
cells but also deep in the crypts, even below the epithe-
lial nucleus; moreover, Muc2™~ mice developed colitis at
7 weeks of age and colon cancer at 6-12 months.[8?]
Disruption of the intestinal epithelial barrier leading to
the translocation of microbial products to the portal
vein can induce liver inflammation. High-fat pork
protein diet intake can reduce the number of mucus
goblet cells and inhibit the expression of Muc2 protein
while reducing the key ZO-1 and E-cadherin proteins to
increase intestinal permeability and induce host obesity.!®*!
A high-fat, high-sugar, and high-cholesterol diet produces
more severe liver fibrosis in knockout mice lacking the
gene encoding junctional adhesion molecule-A/F11
Receptor (JAM-A/F11R), whereas antibiotics can improve
liver tissue fibrosis.®4!

In another study,!®! Muc27~ mice were found to have
less alcoholic liver damage and steatosis than wild-type
mice when alcoholic liver was induced in mice by the
Tsukamoto-French method (comprising continuous
gavage of an isocaloric diet or alcohol). Additionally, the
LPS content in serum was lower in Muc2”~ mice than
that in wild-type mice, which may be due to the expres-
sion of regenerating insulin-derived 3B and y AMP
proteins in the jejunum of the Muc27~ mice, which
protects against alcohol-associated microorganisms’
growth and reduces transfer of bacterial products such
as LPS into the circulation, thereby reducing alcoholic
liver damage. The same studies have shown that the
intestinal mucosa of Muc27~ mice is impaired, and tran-
scriptomic studies have shown that it plays a role in main-
taining ileal homeostasis by enhancing the interleukin-
22 (IL-22) signal transducer and activator of transcrip-
tion 3 (STAT3) signaling pathway, thereby reducing Toll
receptors and downregulating immune factors and chemo-
kine signaling pathways. 3!
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Mucus layer and hepatic de novo lipid synthesis

The intestinal mucosa serves not only as a barrier to
microbial invasion of tissues but also as a conduit for
the uptake of nutrients from food sources and metabo-
lites from microbiome sources. Food consumption
rapidly activates a population of intestinal neurons
expressing vasoactive intestinal peptide (VIP) 4, enhancing
the growth of epithelial-associated commensal microbes,
such as segmented filamentous bacteria and increasing
lipid absorption.®”! Additionally, the levels of epithelial
cell-derived AMPs are reduced but the expression of
lipid-binding proteins and transporters is enhanced.®!

There is growing evidence that dietary fat disrupts the
intestinal barrier, negatively regulating intestinal mucus
composition, increasing luminal content penetration
into the mucosa and submucosa of adjacent immune
cells, and promoting inflammatory responses.!”’!

A protein with a molecular weight of 12,000 that binds
to unsaturated fat more readily than FA and medium-
chain FAs has been found in tissues such as the intestinal
mucosa; this protein may be involved in the absorption
of FA by the mammalian intestinal mucosa.*! The secre-
tion of bile acids promotes the entry of FA and choles-
terol into the intestinal mucosa.” During fat absorp-
tion, the release of mast cells from the intestinal mucosa
is promoted.”"! Additionally, butyrate infusion or
exercise-induced SCFAs could stimulate mucosal growth
and increase mucosal DNA content in rats.””l These
results suggest that intestinal mucus layer, which affects
the absorption of lipids in the intestine, may be the
primary factor affecting de novo hepatic fat synthesis in
NAFLD.

Mucus layer and insulin resistance

Insulin resistance is closely associated with NAFLD and
its progression through regulation of adipose tissue
breakdown, changes in de novo lipogenesis rates, and
mitochondrial FA-B oxidation.”®! In patients with T2D,
however, the mucus layer is damaged and thinned, the
microbiota-epithelial distance is reduced by nearly three-
fold, and fasting blood glucose and hemoglobin levels
are positively correlated with the degree of mucus layer
damage. This suggests that microbial invasion of epithe-
lial cells is a cause or feature of T2D.[8! The gut is the
primary site of glucose absorption and a major cause of
insulin resistance induction. Glucose uptake (GU) in the
gut and skeletal muscle, measured using ['*F]-fluoro-2-
deoxyglucose and positron emission tomography,
revealed that insulin-stimulated skeletal muscle GU was
attenuated in obese diabetic and non-diabetic patients
compared with that in healthy controls, but had no
effect on intestinal GU stimulation. Intestinal GU is asso-
ciated with systemic insulin sensitivity after bariatric
surgery in obese patients, suggesting that the intestinal
mucosa may mediate systemic glycemic status and
insulin resistance.** This suggests that intestinal insulin
resistance is an early feature of obese individuals.
Targeting the intestinal mucus layer may be the key to
preventing T2D and reducing early insulin resistance.
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Mucus layer and obesity

Obesity appears to play a role in the pathogenesis of
NAFLD by reducing FA uptake in subcutaneous adipose
tissue and causing excess circulating FFAs to accumulate
ectopically and insulin resistance in the liver in the obese
state.l”’) There is mounting evidence linking obesity and
the mucus barrier. We performed a genetic analysis in the
mucus layer of obese and non-obese stomachs and found
929 differential genes between the two groups. Oxidative
stress and inflammatory responses contribute to gastric
mucus injury in obese patients, with TNF-o and IL-6
expression showing significant upregulation.”®! Interest-
ingly, mucus layer defects are associated with obesity,
with obese mice exhibiting greater mucus permeability and
a decreased mucus growth rate compared to lean mice,
while if co-housing the obese and lean mice, the intestinal
permeability and mucosal growth rate of obese mice can be
restored to some extent. Mucus growth rate in mice suggests
that altered gut microbiota structure in obese mice may
be responsible for obesity-related mucosal defects.l"’!

In conclusion, the interaction between gut microbiota
and the mucus layer is crucial to the occurrence and
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development of gut microbiota disorders. We believe
that factors affecting NAFLD (such as changes in micro-
biota, HFD, neurotransmitters, cytokines) may also
affect the thickness, viscosity, porosity, growth rate, and
glycosylation changes in the host’s “mucus layer-soil,”
which would then in a feedback manner influence the
composition and colonization of the intestinal micro-
biota. After pathogenic bacteria enter the mucus, they
alter the internal environment of the intestinal mucosa
“soil,” weaken the protective effect of the mucus layer,
and affect the colonization of the flora, resulting in a
decline in intestinal biodiversity and an imbalance in the
ratio of harmful bacteria to beneficial bacteria, which is
one of the primary causes of NAFLD [Figure 1].

Intestinal Mucus Layer-mediated Regulation of NAFLD

Microbial diversity strengthens the mucus barrier

Commensal microbes rely on undigested polysaccha-
rides and the host’s endogenous glycans as an energy
source and produce thousands of carbohydrate-active
enzymes, leading to the production of SCFAs, bile acids,
and organic acids, which in turn creates a favorable
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substrate for the growth of commensal bacteria.l®’]

Studies have shown that as the microbiome becomes
more diverse, the mucus layer in the colon in particular,
becomes more viscous. Mice housed in different breeding
rooms on the same pathogen-free (SPF) breeding platform
exhibit different intestinal microbiota structures, and
different breeding rooms and different intestinal micro-
biota structures can cause mice to exhibit different
mucosal layer characteristics.””! While GF mice had an
impaired mucus barrier, it was restored after wild mice
fecal transplantation into GF mice.['®”! On day 7 of colo-
nization in GF mice, the mucus layer permeability was
similar to that of wild mice, with reduced systemic bacte-
rial antigen exposure and reduced susceptibility to intes-
tinal injury.l'°!l These results suggest that the mucus
layer thickness can be improved by increasing the abun-
dance of gut microbes.

Repairing the mucus layer helps probiotic colonization
improve NAFLD

Probiotics have been shown to be an effective way to
manage NAFLD. In NAFLD models, the mucus layer tends
to be disrupted, and repairing the mucus layer is more
effective than probiotic colonization in managing NAFLD.
Nuciferine can enhance the intestinal barrier by enhancing
the expression of occludin, goblet cells, and MUC2, as
well as altering the relative abundance of mucus-
associated microbiota (Akkmensia muciniphila, Rumino-
coccaceae) and LPS-producing microbiota (Desulfovi-
brionaceae) for weight loss and steatosis.!'%?! Administra-
tion of laver degradant can improve a series of problems
such as HFD-induced obesity by increasing the growth
of goblet cells and mucus in the mucous membrane of
mice, increasing the expression level of lysozyme, and
stimulating the secretion of SIgA.1%! HFD-induced
obesity and T2D are characterized by altered gut micro-
biota, inflammation, and gut barrier disruption.['%4 Simi-
larly, probiotic colonization improved NAFLD by
repairing mucus layer damage caused by HFD. HFD
induced a 46% reduction in mucus layer thickness in
mice, and colonization with live Akkermansia
muciniphila favored increased endocannabinoid intes-
tinal peptide secretion and restored the mucus layer
thickness reduced by HFD to treat hyperlipidemia.
Moreover, Akkermansia muciniphila degraded MUC by
upregulating mucolytic activity (protease, glycosyl
hydrolase, and sulfatase) to facilitate self-colonization
and increase the abundance of the butyrate-producing
commensal Anaerostipes caccae.'*’!

“Seeds and soil” may be new strategies to treat NAFLD

Growing evidence suggests that restoring barrier func-
tion can improve the clinical manifestations of gastroin-
testinal or systemic disease. Probiotics, FMT, and washed
microbiota transplantation are thought to be effective
treatments for NAFLD, but their long-term efficacy is
questionable. All of these clinical treatment strategies
achieve the purpose of treating diseases by changing the
“gut bacteria-seeds,” but there is a lack of strengthening/
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repair and management strategies for the “mucus layer-
soil,” which may be the reason why the probiotic
“seeds” cannot be transplanted very well. Because the
thinning and destruction of the “mucus layer-soil” is an
early symptom of NAFLD, repairing the “mucus layer-
soil” is critical to the colonization of probiotics and
intestinal bacteria after FMT, and may be the basis for
the long-term prognosis of FMT. Smectite is a naturally
occurring silicate that has mucus layer-stabilizing proper-
ties. In a monosodium glutamate-induced NAFLD rat
model, we provided the multi-probiotic and the multi-
probiotic + smectite combination, respectively, and the
results showed that the multi-probiotic complex + smec-
tite combination was associated with a more
pronounced reduction in leaflet inflammation. The stabi-
lizing effect of smectite on the mucus layer could
enhance the effect of probiotics and improve lobular
inflammation.['%! These findings suggest that “soil”
remediation combined with “seed” transplantation (such
as FMT) may be one of the effective strategies to
improve the long-term efficacy of NAFLD treatment in
the future [Figure 2].

Conclusion

Changes in the gut microbiota and microbiome have
been extensively reported to affect bacterial translocation,
both in patients and experimental models of NAFLD.
Increased levels of plasma endotoxin and bacterial DNA
are associated with gut bacterial overgrowth in patients.
Bacterial overgrowth in the small intestine causes signifi-
cant liver inflammation in rats.'®”l NAFLD was found
in the liver and intestine, and intestinal bacteria are the key
factors in the occurrence and development of NAFLD.
FMT transplantation of probiotics, prebiotics, and
healthy intestinal microbiota is an emerging approach to
manage NAFLD. FMT has been shown to have a signifi-
cant short-term effect on NAFLD, but the long-term
prognosis is poor, possibly due to the return of intestinal
bacteria to baseline levels. The mucus layer in the intes-
tine not only acts as the defense line of the intestinal
barrier but also provides a nutrient matrix for the adhe-
sion and colonization of intestinal commensal bacteria,
which is essential for affecting the structure of the intes-
tinal bacteria and maintaining homeostasis. The thin-
ning and breakage of the mucus layer is an early charac-
teristic event of metabolic diseases such as NAFLD, and
the thin “mucus layer-soil” is not conducive to the colo-
nization and growth of FMT “seeds,” which is an
important reason for the weakening of the long-term
effect of FMT. Therefore, improving the intestinal mucus
“soil” is the key to the future management of NAFLD
with probiotics, prebiotics, and FMT, which can not
only prevent direct contact between intestinal bacteria
and epithelial cells but also improve intestinal insulin
resistance. Meanwhile the repaired “mucus layer-soil”
also facilitates the adhesion and colonization of FMT
beneficial bacteria, providing long-term therapeutic effects
for NAFLD. Future strategies to improve the long-term
efficacy and prognosis of NAFLD treatment may include
“s0il” remediation in conjunction with “seed” FMT.
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Figure 2: New clinical treatment strategies to improve the long-term efficacy and prognosis of NAFLD. Along with transplantation of “gut microbiota-seeds”, such as FMT, the
expression of mucin is promoted to repair the broken and thin “mucin layer-soil,” which can prevent the direct contact between intestinal microbes and epithelial cells and promote
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