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Abstract: The intestinal epithelial barrier plays a key role in the absorption of nutrients and water, in
the regulation of the interactions between luminal contents and the underlying immune cells, and
in the defense against enteric pathogens. Additionally, the intestinal mucus layer provides further
protection due to mucin secretion and maturation by goblet cells, thus representing a crucial player
in maintaining intestinal homeostasis. However, environmental factors, such as dietary products,
can disrupt this equilibrium, leading to the development of inflammatory intestinal disorders. In
particular, ultra-processed food, which is broadly present in the Western diet and includes dietary
components containing food additives and/or undergoing multiple industrial processes (such as dry
heating cooking), was shown to negatively impact intestinal health. In this review, we summarize
and discuss current knowledge on the impact of a Western diet and, in particular, ultra-processed
food on the mucus barrier and goblet cell function, as well as potential therapeutic approaches to
maintain and restore the mucus layer under pathological conditions.
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1. Introduction

In healthy people, the intestinal tract has the largest population of immune cells in
the body, reflecting the fact that its surface is continuously exposed to food antigens and a
complex and dynamic population of microorganisms—called “gut microbiota”—which
encompasses bacteria, fungi, protists, archaea, and viruses [1,2]. This state of “physio-
logical” inflammation faces the challenge of responding quickly to pathogens without
inducing morphological /functional intestinal changes [3]. Therefore, complex and highly
regulated immune responses by different types of mucosal cells must maintain intesti-
nal immune homeostasis in a healthy intestinal tract [3]. The intestinal epithelium acts
as a semipermeable physical barrier that facilitates the absorption of essential nutrients,
commensal-derived metabolites, electrolytes, and water from the intestinal lumen into the
bloodstream [4]. Each intestinal epithelial cell maintains strict contact with its neighbors
and seals the surface of the intestinal tract with tight junctions [4]. Furthermore, the intesti-
nal epithelium contains goblet cells that, by secreting mucins, are key to the establishment
of the first line of defense against pathogens (that is, the mucus barrier) [5] and Paneth
cells, which synthesize antimicrobial peptides (i.e., lysozyme and defensins) [6]. However,
luminal antigens can reach mucosal immune cells through the follicle-associated epithe-
lium, which overlies the organized lymphoid tissues of the intestinal wall (i.e., Peyer’s
patches and follicles) [7]. Furthermore, mucosal dendritic cells can extend processes across
intestinal epithelial cells into the lumen to sample bacteria [8,9]. Although luminal antigens
interact with the intestinal immune system, excessive adaptive responses are prevented
by additional counter-regulatory mechanisms, including suppression of lymphocytes by
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regulatory T cells, regulatory macrophages/dendritic cells, immune-suppressive cytokines
(e.g., IL-10), and induction of programmed T cell death by apoptosis [3].

The gut microbiota exerts a marked influence on the host during normobiosis, and
altered gut microbiota composition (dysbiosis), characterized by a decrease in microbiota
diversity, a loss of beneficial microbiota, or an overgrowth of harmful microbiota, has been
associated with the pathogenesis of many inflammatory diseases, such as Crohn’s disease
and ulcerative colitis, and infections [10,11].

Dysbiosis can arise from host-specific conditions such as genetic background, health
status (e.g., infections, inflammation, psychological and physical stress), and lifestyle
habits (e.g., poor hygiene) or, more importantly, can be driven by environmental factors
such as exposure to xenobiotics (e.g., antibiotics, drugs, food additives, alcohol, and
nicotine) [12-14].

In addition to the factors mentioned above, diet represents one of the main elements
that can influence gut homeostasis. For example, high-fat and high-sugar diets, which are
commonly present in westernized countries, can trigger intestinal inflammation, whereas
high-fiber intake can limit or prevent such detrimental effects [15].

In this review, we summarize and discuss current knowledge on the impact of the
Western diet on the mucus barrier and goblet cell function, as well as potential therapeutic
approaches to maintain and restore the mucus layer under pathological conditions.

2. Western Diet and Ultra-Processed Food

The typical Western diet pattern is characterized by a high intake of saturated fatty
acids, sugar, refined carbohydrates, protein, and salt, as well as a low amount of fiber and
fruits [15]. Most Western diet-related food products undergo a transformation process that
generates formulations of ingredients typically created by a series of industrial techniques
and processes, often including the use of food additives and specific cooking methods,
called ultra-processed food (UPF) [16-18]. Furthermore, UPF intake has been associated
with higher host levels of exogenous advanced glycation end products (AGEs), which are
harmful compounds generated when sugars react with proteins and lipids during fast and
high-temperature cooking [18-20]. Interestingly, several clinical studies are underway to
assess the potential harmful effects of these compounds on intestinal health and the possible
correlation with the onset and development of inflammatory bowel disease (IBD) [21,22].

The direct (Table 1) and indirect (Table 2) impacts of UPF and natural dietary prod-
ucts on the function/activity of the mucus barrier and goblet cells are summarized and
discussed below.

Table 1. Direct impact of the Western diet, ultra-processed food, or natural dietary products on the
intestinal mucus barrier.

Component Model System Effects on the Mucus Barrier Reference
Goblet cell hyperplasia, higher ileal mucus content, and
Rats exposed for 2 weeks increased expression of Muc-2 and Muc-3 proteins.
HPD (53% protein o) Decreased number of goblet cells in the epithelium, [23]
°pP balanced by a higher frequency of those in the colonic
crypts. Higher expression of the II-13 gene.
Mice exposed for 22 weeks .
(46% saturated fat, 20% Aberrant mucus layer and decreased colonic mucus
HFD g content. ER stress in goblet cells (increased expression of [24]

protein, and 4.80% crude

i) Grp78 and IRE-1p). Decreased Muc-2 and Klf4 expression.

Chlorogenic acid, epicatechin

Coculture of

gallate, and quercetin (plant Caco-2/HT29-MTX (10 uM) Increased expression of Muc-2, -3, -13, and -17. [25]
polyphenols) =
Resveratrol (plant polyphenol) (CScitir s s (G o Upregulation of Muc-2 expression in colon tissue. [26]

8 mg/kg)
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Table 1. Cont.

Component Model System Effects on the Mucus Barrier Reference
Upregulation of IRE-1f3 expression and reduction in
Mice exposed for 4 weeks (5%  glycosylated Muc-2 and total mucus content through a p38 [27]
MDX) MAPK-mediated mechanism. Increased Muc-2 mRNA
MDX levels. Exacerbated experimental colitis in treated mice.
(food additive) g L Exacerbated experimental colitis in treated mice. Reduced
rrI:iIg;Dei Ii?eznfccl)rnzll\?vi(lzs number of goblet cells and mucus production, and 28]
lzl % MDX) increased phosphorylation of p38 MAPK. Altered caecal
? microbiota composition. Increased NOD2 expression.
Caco-2 cells (1-200 pug/mL) Oxidative stress and DNA damage. [29]
TiO,-NPs Mice exposed for 8 days (50 Exacerbated experimental colitis. Reduced mucus
(food additive) P Y production and increased activation of the NLRP3 [30]
or 500 mg/kg/day TiO,) :
inflammasome.
Rats exposed for 28 weeks (30, Higher number of ileal-secreting mucus goblet cells.
300, or 1000 mg/kg/day Decreased content of neutral and acidic mucins in the [31]
Ag-NPs Ag-NPs) ileum and in the whole colon/rectum.
(food additives)
LRt o O i) Altered expression of the Muc-2 and Muc-3 genes in the
18, and 36 mg/kg/day . [32]
ileal mucosa.
Ag-NPs)
. Mice exposed for 3 weeks Higher discharge of goblet cells in the empty distal colon.
AGEs derived from lactose and (5 mg/day lactose and 10%  Altered thickness of the mucus layer that covers the feces. [33]
FOS
FOS) Increased frequency of mast cells.
Pink background = detrimental impact; green background = protective impact. Abbreviations: HPD: high-
protein diet; MUC: mucin; IL: interleukin; HFD: high-fat diet; ER: endoplasmic reticulum; GRP78: 78-kDa
glucose-regulated protein; IRE1j3: Inositol-requiring enzyme 13; KLF4: Kriippel-like factor 4; MDX: maltodextrin;
MAPK: mitogen-activated protein kinase; NOD2: nucleotide-binding oligomerization domain-containing protein
2; TiO, NPs: titanium dioxide nanoparticles; NLRP3: NLR family pyrin domain containing 3; Ag NPs: silver
nanoparticles; AGEs: advanced glycation end products; FOS: oligofructose.
Table 2. Indirect impact of the Western diet, ultra-processed food, or natural dietary products on the
intestinal mucus barrier.
Component System Model Effects on the Mucus Barrier Reference
High-fiber diet Fecal transplantation in mice Restoration of the inner mucus layer. [34]
Germ-free mice transplanted with . . .
. . . Increase in mucus-degrading bacteria and
synthetic human gut microbiota and d in fiber-deeradi -
xposed to a chronic or intermittent ecrease i tberdegrading Species.
Fiber-deficient diet p . . . Altered mucus composition and thickness. [35]
fiber-deficient diet : . .
. Increased intestinal inflammation and
(40 weeks, starch and maltodextrin . s .
: increased susceptibility to colitis.
replaced with glucose).
Mouse model of diet-induced obesity Low levels of B. longum. Altered inner
High saturated fats + low dietary (40.6% kcal of fat: 41% saturated, 52% colonic mucus 136]
fiber monounsaturated, 7% polyunsaturated layer and increased mucus production by
fatty acids) goblet cells in the crypts.
Mice exposed to a high-casein, whey . ~ . .
HPD protein, or soy protein (593 g/kg) diet for Increaie m dmucus.degraclhngl.b.acterla and [37]
4 weeks exacerbated experimental colitis.
Increase in inflammatory and
3 . mucus-degrading bacteria.
P80 and CMC (food additives) Wil g, WLIEARO, ar})d WL-TAO e Reduced mucus thickness and increased [38]
exposed for 12 weeks (1% P80 and CMC) 1 . . .
ow-grade inflammation and metabolic
syndrome.
Altered expression of flagella-encoding
P80 and CMC (food additives) Microbial ecosystem (M-SHIME) model genes and those related to the [39]
inflammatory response.
Glyeerol morolaurate (food Lower abundance of A. muciniphila,
4 ) Mice exposed for 8 weeks (150 mg/kg) intestinal inflammation, and metabolic [40]
syndrome.
Carrageenan (food additive) Mice exposed to different isomers for 6 Lower abundance of A. muciniphila and [41]

weeks (20 ng/mL)

spontaneous colitis.
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Table 2. Cont.
Component System Model Effects on the Mucus Barrier Reference
Reduced «-diversity, altered crypts, goblet
. cell depletion, dysregulated expression of
Witz ez o &, 12, sl U5 ores o zonulin-1 and occludin-1, and increased [42]
AGEs intestinal permeability.
Mice exposed to a high-AGE diet or I . . . .
: mpaired mucus barrier and microbial
transplanted with feces from AGE-treated e . [43]
- composition, and depletion of goblet cells.
animals
Protection against alterations in the
. mucosal barrier, microbial composition,
Inulin Mice eXP‘jsed to HFD and the development of HFD-induced [44,45]
(60% fat) . . .
metabolic syndrome by triggering the
production of IL-22.
Cytotoxic effects in the intestinal crypts
Deoxycholic acid Mice exposed to HFD for 2 weeks (60% and barrier dysfunction by altering IDO-1 [46]
(secondary bile acid) fat) expression, AhR signaling, and decreased
levels of goblet cells and Muc-2.
FICZ Mice treated daily with FICZ Differentiation of goblet cells during
(R ) (1 ug/mouse) 2 days after induction of experimental colitis through the [47]
8 DSS-colitis AhR-p-ERK1/2-mediated mechanism.
. . . . . Reduction in the IL-10 and JAK-STAT
HED Obese children with hypertriglyceridemia pathways. The effects on the mucus 48]

and HFD-induced obese rats (44.9% fat) barrier were not characterized

Pink background = detrimental impact; green background = protective impact; gray background = uncharacterized
impact. Abbreviations: HPD: high-protein diet; P80: polysorbate 80; CMC: carboxymethyl cellulose; TLR: toll-like
receptor; IL: interleukin; AGEs: advanced glycation end products; HFD: high-fat diet; IDO: Indoleamine-pyrrole
2,3-dioxygenase; AHR: aryl hydrocarbon receptor; MUC: mucin; FICZ: 6-Formylindolo[3,2-b]carbazole; p-ERK:
phosphorylated extracellular signal-regulated kinase; JAK: Janus kinase; STAT: signal transducer and activator of
transcription.

2.1. Direct Effects of the Western Diet, Ultra-Processed Food, and Natural Dietary Products on the
Intestinal Mucus Barrier

2.1.1. High-Protein Diet

Several reports in recent years indicated that a high protein content could have impor-
tant detrimental effects on the mucus barrier. For example, in vivo studies showed that rats
exposed to a high-protein diet (53% protein) for two weeks developed important goblet cell
hyperplasia and a higher ileal mucus content, together with increased expression of mucin
(Muc)-2 and Muc-3 proteins [23]. Milder effects were observed in the colon, where the
number of goblet cells in the epithelium decreased and was balanced by a higher number
of those located in the colonic crypts, suggesting that the high-protein diet influenced the
differentiation process of colonic epithelial cells in their transition from the crypt to the
epithelial surface instead of mucus production [23].

Except for mild alterations in some immunological parameters in the ileal mucosa (that
is, decreased expression of interleukin (IL)-1f3, -4, -10, -17A, interferon (IFN)-y, and tumor
necrosis factor (TNF)-o levels, as well as increased expression of IL-13 and transforming
growth factor (TGF)-$) and mesenteric lymph nodes (that is, decreased frequency of CD3*
CD4* T cells), the high-protein diet did not exert any further effect on other components,
such as luminal levels of IgA and expression of antimicrobial peptides [23]. The authors
hypothesized that increased expression of the II-13 gene may be partially responsible
for the increase in ileal mucus content, as IL-13 has been proposed to contribute to the
differentiation and hyperplasia of goblet cells in other biological systems [49,50]. However,
the fact that the level of IL-13 protein was almost undetectable [23] strongly suggests the
involvement of other factors in such an effect. An alternative hypothesis could be that
the high-protein diet provides a large amount of amino acids, in particular threonine,
serine, and proline, which are essential for the structure of mucins, supporting previous
observations that indicated the beneficial effects of oral administration of L-threonine,
L-serine, L-proline, and L-cysteine on mucus production during experimental colitis [51].
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2.1.2. High-Fat Diet

As already discussed, one of the main characteristics of the Western diet is a large
intake of foods rich in saturated fatty acids, which critically affect gut homeostasis and
microbiota composition, thus triggering low-grade inflammation over time. Importantly,
a high-fat diet can also affect intestinal epithelial cells, in particular goblet cells, without
any microbiota-mediated mechanisms. For example, Gulhane and colleagues observed
that mice exposed to a high-fat diet for 22 weeks presented an aberrant mucus layer
and a reduction in colonic mucus content due to the induction of chronic endoplasmic
reticulum (ER) stress in goblet cells by non-esterified long-chain saturated fatty acids [24].
In particular, a high-fat diet triggered the gene expression of Grp78 and IRE1(3 (Ern2), an
ER stress sensor that is expressed specifically in the ER membrane of goblet cells, where
it promotes efficient protein folding and mucin secretion [52]. This resulted in a decrease
in Muc-2 and Klf-4 expression, a marker of goblet cell terminal differentiation, already
after 11 weeks of treatment, together with the accumulation of misfolded proteins and
non-O-glycosylated Muc-2 precursors [24].

2.1.3. Plant Polyphenols

The mucus content can also be influenced by the dietary plant polyphenols available
in some foods and beverages (that is, apples, tea, and coffee). For example, chlorogenic
acid, epicatechin gallate, and quercetin were found to modulate the gene expression of
some mucins (e.g., Muc-3, -13, -17, and, to a lesser extent, Muc-2) in Caco-2/HT29-MTX
cocultures, although these results were not confirmed at the protein levels [25]. Another
interesting plant polyphenol is resveratrol, which has been reported to exert antineoplastic
effects in some animal models of cancer [53]. In particular, in a rat model of colorectal
cancer, resveratrol has been shown to upregulate Muc-2 expression in colon tissue once
administered for 30 weeks, together with a suppressive effect on several neoplastic markers
(e.g., cyclooxygenase-2, ornithine decarboxylase), although the mechanism underlying the
beneficial effects of resveratrol on Muc-2 content was not investigated [26].

2.1.4. Food Additives

Food additives are widely present in UPFs because they play an important role in
maintaining and improving quality and taste [54]. Several studies revealed that some of
them can directly modulate mucus production and goblet cell physiology. For example, our
group found that maltodextrin (MDX), a polysaccharide commonly used as a thickening
agent during food processing, could trigger ER stress in normal goblet cells and exacerbate
experimental intestinal inflammation [27]. In detail, colonocytes of mice exposed for four
weeks to MDX (5% w/v) dissolved in drinking water strongly upregulated IRE-1f3 and
showed a marked reduction in glycosylated Muc-2 and total mucus content through a
mechanism mediated by mitogen-activated protein kinase (MAPK) p38 [27]. Interestingly,
the level of Muc-2 mRNA increased as a compensatory mechanism for the decrease in the
amount of mature Muc-2 protein, suggesting that these alterations would be mainly due to
impaired Muc-2 folding and secretion rather than defects in goblet cell differentiation and
function [27]. Inhibition of ER stress was able to restore mucus maturation and secretion
by goblet cells and limit intestinal inflammation in a mouse model of experimental colitis,
while no other effects were reported on other components of the epithelial barrier (i.e., tight
junctions) as well as on the mucosa-associated microbiota [27].

Some of the results were confirmed by Zangara et al. in IL-10 knockout (KO) mice [55],
which are known to spontaneously develop colitis and showed an easier penetrable mucus
layer and aberrant colonic Muc-2 synthesis since IL-10 can prevent unresolved ER stress in
goblet cells and associated protein misfolding [56]. Once fed MDX, mice developed colitis
earlier than controls and showed reduced mucus production and increased phosphorylation
of p38 MAPK. However, MDX-exposed IL-10-KO mice also revealed an altered microbiota
composition in the caecum, characterized by decreased levels of acetic acid and increased
epithelial proliferation, as well as increased expression of the intracellular microbial sensor
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NOD2 [55]. The authors also reported a direct effect of MDX on goblet cells, whose number
was reduced in treated animals, together with altered expression of the transcription factor
KIf4, even if this last observation was limited only to in vitro experiments [55].
Nanoparticles (NPs) are an important category of food additives that are often used
during food processing as a result of their coloring and antimicrobial properties. Among
them, silver nanoparticles (Ag-NPs, E174) and titanium dioxide nanoparticles (TiO,-NPs,
E171) are particularly present in many products and food packaging, thus entering di-
rectly or indirectly into contact with the consumer [57,58]. Several studies revealed that
Ag-NPs and TiO,-NPs exerted a relevant effect on microbiota composition and could easily
be trapped by the mucus layer to contain their spread across the epithelial barrier [58].
However, chronic in vitro exposure of intestinal epithelial cells to TiO,-NPs may also result
in oxidative stress and DNA damage [29]. Interestingly, an in vivo study by Ruiz and
colleagues reported a worsening of the intestinal inflammation in mice undergoing experi-
mental colitis when treated orally with TiO,-NPs, which accumulated in intestinal epithelial
cells, spleen, and macrophages and activated the NLRP3 inflammasome [30]. However, no
mucus layer alterations have been reported [30]. The in vivo effects of Ag-NPs were also
evaluated. Male and female rats showed a higher number of ileal mucus-secreting goblet
cells when orally exposed to different doses of Ag-NPs (30, 300, and 1000 mg/kg/day) for
28 weeks, whereas no effect was observed in the proximal colon [31]. Furthermore, such
treatment induced alterations in mucus composition characterized by a decreased content
of neutral and acidic mucins in the ileum and in the whole colon/rectum [31]. Additional
in vivo observations confirmed that Ag-NPs can target the mucus layer by affecting the
expression of the Muc-2 and Muc-3 genes in the ileal mucosa, especially in female rats orally
exposed to different doses of Ag-NPs (9, 18, and 36 mg/kg/day) for 13 weeks [32].

2.1.5. AGEs

Ultra-processed food typically undergoes different industrial transformations that also
include specific cooking methods (i.e., dry heating techniques such as grilling or frying),
leading to the production of advanced glycation end products (AGEs). Furthermore, the
intake of non-digestible carbohydrates can also produce toxic glycating metabolites during
fermentation, thus contributing to the release of AGEs [33]. In addition to their stimulating
effect on mast cells, AGEs generated by lactose and fructo-oligosaccharide intake for three
weeks in C57BL/6 mice induced an increase in mucus production as a consequence of
increased discharge of goblet cells into the empty distal colon in response to mucosal
irritation, as well as an altered thickness of the mucus layer covering feces [33]. Such effects
were reverted by the action of the antiglycation agent pyridoxamine, suggesting that the
generation of AGEs during digestion greatly affects the mucus barrier [33]. The authors
hypothesized that AGEs generated during fermentation may promote increased mast cell
frequency and activation, which interact with goblet cells and trigger their dysregulated
mucus discharge [33].

2.2. Indirect Effects of the Western Diet, Ultra-Processed Food, and Natural Dietary Products on
the Intestinal Mucus Barrier

2.2.1. Low-Fiber Diet

Low fiber intake is known to have a profound impact on the gut microbiota [59].
Although mucus digestion is part of physiological turnover, uncontrolled degradation by
microbes exerts detrimental effects on the intestinal epithelial barrier that may, in some
cases, result in decreased thickness of the inner mucus layer, increased mucus permeabil-
ity, and pathogen penetration [59]. In mice, such defects may be limited by microbiota
transplantation from animals fed a high-fiber diet to those exposed to a low-fiber diet
(mimicking the Western diet), as it can restore the inner mucus layer through a microbiota-
mediated mechanism [36]. In fact, dietary fibers can provide several polysaccharides that
are not metabolized by the host but that represent a key source of nutrients for commen-
sals [34]. Microbes produce several enzymes called harbor glycosyl hydrolases, which
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cleave specific glycan linkages and depolymerize and ferment dietary polysaccharides into
host-absorbable short-chain fatty acids [60]. Using a gnotobiotic mouse model, Desai and
co-workers transplanted a synthetic human gut microbiota, composed of fully sequenced
commensal bacteria, by oral gavage into germ-free mice [35]. The authors observed that the
microbial community of mice exposed to a chronic or intermittent fiber-deficient diet began
to use the mucus layer rich in glycoproteins of the host as an alternative energy source. This
metabolic switch affected both the composition and thickness of the mucus layer, leading
to a proliferation of mucus-degrading bacteria that allowed the translocation of pathogens
across the epithelial barrier and resulted in the induction of intestinal inflammation and
increased susceptibility to colitis [35]. In particular, this effect was associated with a rapid
increase in the abundance of Akkermansia muciniphila and Bacteroides caccae at the expense
of fiber-degrading species [35]. Similar observations were reported in a mouse model of
diet-induced obesity, where a high intake of saturated fats but a low level of dietary fiber
(thus mimicking the Western diet) triggered important alterations in the composition of the
microbiota, characterized by low levels of Bifidobacterium longum, which has been reported
to regulate mucus thickness and penetrability [36]. In particular, the colonic inner mucus
layer was affected, whereas mucus production by goblet cells in the crypts was increased
as a compensatory response from the host. Fecal transplantation from mice fed normal
chow to those receiving Western diet-mimicking chow was sufficient to prevent mucus
defects, as was the administration of Bifidobacterium longum or the prebiotic inulin, which is
known to sustain its growth [36].

2.2.2. High-Protein Diet

The Western diet is also characterized by high protein intake, which can influence the
growth of some bacterial species at the expense of others. In this regard, a recent study by
Chen et al. showed that mice fed three different types of high-protein diet (HPD) (i.e., high-
casein, whey, or soy protein diet) for four weeks developed more severe experimental colitis
compared to controls [37]. Interestingly, a diet rich in casein triggered the growth of several
mucus-degrading microbial species, especially Bacteroides thetaiotaomicron, in the colonic
mucus layer, which impaired its thickness. Of note, treatment with an antibiotic cocktail
was able to prevent a change in microbiota composition, as well as mucus dysfunction [37].

2.2.3. Food Additives

In addition to their direct effects on goblet cell function and mucus secretion, some
food additives can also affect the colonic mucus layer by altering the composition of the
gut microbiota. Dietary emulsifiers, which are commonly used in food processing as
detergent-like molecules, play an important role in this regard. In particular, Chassaing
and colleagues provided several pieces of evidence on the detrimental effects of low doses
of the emulsifiers polysorbate-80 (P80) and carboxymethylcellulose (CMC, E466) on the
host’s bacterial community [38]. The authors first observed that wild-type, toll-like receptor
(TLR)-5-KO and IL-10-KO mice exposed to 1% (w/v) P80 or 1% (w/v) CMC in drinking
water or chow for 12 weeks showed increased levels of mucus-degrading and inflamma-
tory bacteria (e.g., Ruminococcus gnavus, Akkermansia muciniphila) that compromised mucus
thickness and triggered low-grade inflammation and metabolic syndrome [38]. Germ-
free mice did not show such alterations, whereas they began to develop similar features
once transplanted with feces derived from mice treated with CMC or P80, suggesting that
changes in microbiota composition after chronic exposure to emulsifiers are sufficient to
trigger low-grade inflammation and metabolic syndrome [38]. Using the mucosal simulator
of the human intestinal microbial ecosystem (M-SHIME) model that simulates the human
intestinal microbial community in the absence of a live host, the authors also confirmed
the detrimental effects of CMC and P80 on the human microbiota [39]. Both P80 and CMC
directly affected the microbiota, increasing its pro-inflammatory potential [39]. Further-
more, germ-free mice that received the microbiota treated with CMC and P80 developed
low-grade inflammation and metabolic syndrome, suggesting that these food additives



Biomedicines 2023, 11, 2015

8 of 17

play a central role in mediating their detrimental effects on the host [39]. Contrasting
results were obtained in mice who received a natural food emulsifier, glycerol monolaurate
(150 mg/kg), for eight weeks, as it induced intestinal inflammation and metabolic syn-
drome but lowered the frequency of Akkermansia muciniphila [40]. Finally, mice exposed
to different isomers of the seaweed-derived polysaccharide carrageenan (20 ng/mL in
drinking water) for six weeks showed an altered gut microbiota characterized by a lower
abundance of Akkermansia muciniphila and spontaneous colitis [41].

2.2.4. AGEs

In addition to having direct detrimental effects on mucus composition, advanced gly-
cation end products (AGEs) can also indirectly affect mucus content and colon permeability
by altering the composition of the microbiota. In particular, Sprague-Dawley rats exposed
to a high AGE diet for 6, 12, or 18 weeks showed reduced «-diversity, altered crypts,
goblet cell depletion, dysregulated expression of the colonic tight junctions zonulin-1 and
occludin-1, and increased intestinal permeability, especially in the group fed a high AGE
diet for 18 weeks [42]. In line with these findings, Nie et al. reported that an AGE-enriched
diet affected intestinal barrier integrity and microbial composition in C57BL/6 mice, while
treatment with prebiotic galactooligosaccharides (GOS) limited these alterations by decreas-
ing the frequency of Akkermansia muciniphila and increasing the number of goblet cells, tight
junction expression, and short-chain fatty acid levels [43]. Furthermore, mice transplanted
with fecal content from the AGE-treated group developed an altered mucus barrier, while
those receiving feces from animals treated with GOS were protected [43].

2.2.5. Dietary Compounds and Immune-Mediated Effects

Dietary compounds and related metabolites can also influence the host’s immune
response, which is known to play a key role in maintaining the mucus layer and the
function of goblet cells [61]. For example, fermentable fiber inulin has been reported to
prevent alterations in microbial composition and the development of metabolic syndrome
induced by exposure to a high-fat diet or in animal models of type 1 diabetes by triggering
the expression of the IL-22 cytokine by type 3 innate lymphoid cells [44,45]. IL-22 is known
to play an important role in mucosal healing due to its beneficial effects on epithelial
regeneration by stimulating stem cell proliferation, the release of anti-microbial peptides,
and the production of membrane mucus [62]. Multi-omics analysis in the distal small
intestine of weaning mice showed that IL-22 could also exert important beneficial effects
on membrane-bound Muc-17, which is one of the main components of the glycocalyx
covering enterocytes in mice and humans [63]. In particular, IL-22 promoted Muc-17
expression in the ileal enterocytes of weaning mice to protect them from exogenous bacteria
and molecules [63].

The Aryl hydrocarbon Receptor (AhR) is a ligand-activated transcription factor capa-
ble of interacting with xenobiotic molecules and dietary metabolites [64,65]. These latter
are present in food, such as fruits and cruciferous vegetables, and include flavonoids and
indoles, while some nutritional AhR ligands, instead, can be produced endogenously
upon tryptophan catabolism by commensals (i.e., Lactobacillus reuteri or bacteria expressing
tryptophanase) [66]. These nutritional agonists can bind to AhRs and promote the main-
tenance of some immune cell subsets, such as intestinal intraepithelial lymphocytes and
type 3 innate lymphoid cells, as well as the differentiation of regulatory T cells [67]. The
AhR is also capable of targeting intestinal epithelial cells, regulating the differentiation of
intestinal crypt stem cells into enterocytes and goblet cells [68]. Interestingly, transgenic
mice overexpressing the tryptophan metabolizing enzyme indoleamine 2,3-dioxygenase 1
(IDO1) in intestinal epithelial cells showed an increase in the mucus layer thickness and an
increase in the frequency of secretory cells, including goblet cells [69]. In particular, IDO1
was shown to interact with AhRs to suppress Notch1 signaling [69]. Furthermore, IDO1
expression was found to be positively correlated with Muc-2 and AhR gene expression in
the ileum of CD patients [69]. Additional studies showed that metabolites derived from
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the Western diet could affect AhR signaling and alter the mucus barrier. For example,
Liu et al. observed that mice exposed to a high-fat diet for two weeks produced high
levels of deoxycholic acid, a secondary bile acid capable of exerting cytotoxic effects in
intestinal crypts by altering IDO1 expression and tryptophan metabolism, and this effect
was associated with impaired differentiation of intestinal stem cells into goblet cells and
Muc-2 production [46]. It should be noted that the administration of AhR agonists, such
as 6-formylindolo [3,2-b] carbazole (FICZ), partially restored AhR signaling and intestinal
stem cell differentiation [46]. The interaction of FICZ with the AhR could also protect
against goblet cell depletion and decreased mucus production during experimental colitis
by promoting goblet cell differentiation through the AhR-p-ERK 1/2-mediated mecha-
nism [47]. Consistently, the lack of Ahr gene expression in transgenic mice significantly
impaired the mucus layer [47].

Another important cytokine involved in maintaining the mucus barrier is IL-10, which
has been reported to protect goblet cells from ER stress by preventing the accumulation
of misfolded Muc-2 in the ER and allowing its correct O-glycosylation and secretion [28].
The Western diet has been suggested to weaken these IL-10-mediated beneficial effects, as
IL-10 expression and the downstream JAK-STAT pathway (that is, STAT3) were reduced in
serum and adipose tissue of 62 obese children with hypertriglyceridemia and in high-fat
diet-induced obese rats [48]. Unfortunately, alterations in goblet cell frequency and mucus
production were not investigated or characterized in these subjects, nor was a possible
direct or indirect role of IL-10 in the processes [48].

3. Therapeutic Improvement of the Mucus Barrier

In addition to a fiber-enriched diet or the administration of AhR agonists, other
strategies represent potentially valid alternatives to help maintain a stable and functional
intestinal mucus layer (Figure 1).

=1y Glutamine
s Probiotics Trefoil factors
SCFA-producing bacteria (TFF-1,-2 and -3)
L. rhamnosus GG + p40
B. bifidum

Interaction with Ramp1

L. plantarum

o0
° |
L. casei GG
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nociceptor
\ Restored mucus layer neurons

Figure 1. Overview of potential strategies aimed at stimulating mucus production and/or main-
taining the integrity of the mucus layer. Abbreviations: B. Longum: Bifidobacterium longum; GOS:
galactooligosaccharide; FOS: oligofructose; IMO: iso-malto oligosaccharide; SCFA: short-chain fatty
acid; L. rhamnosus: Lactobacillus rhamnosus; B. bifidum: Bifidobacterium bifidum; L. plantarum: Lacto-
bacillus plantarum; L. casei GG: Lactobacillus casei GG; B. fragilis: Bacteroides fragilis; TFF: trefoil factor;
Ramp1: receptor activity modifying protein 1, CGRP: calcitonin gene-related peptide. Created
with Biorender.com.

3.1. Prebiotics

Prebiotics are commonly defined as non-digestible dietary elements (typically fibers)
that are fermented by microorganisms and can support the growth and activity of beneficial
bacteria [70]. We have already described the effect of inulin on the growth of Bifidobacterium
longum, which is important in protecting the mucus layer from the detrimental effects of a
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high-fat diet, thus maintaining the content and quality of mucus [36]. Among prebiotics,
galactooligosaccharide was found to impact the microbiota composition and increase Muc-
2 production in old mice, generally showing altered intestinal homeostasis [71]. In line
with these results, prebiotic fructooligosaccharides prevented the detrimental effects of the
high-fat diet on the mucus barrier and intestinal homeostasis [72]. In detail, fructooligosac-
charides promoted goblet cell differentiation (by increasing Math1, Spdef, EIf3, and KIf4
gene expression), the amount of transmembrane and secreted mucins, and the expression
of glycosyltransferases, which are important enzymes involved in mucin glycosylation [72].
Similar results were recently obtained after treating rats with low doses of Agave salmiana-
derived fructans (5, 10, and 12.5%) for 35 days, which increased mucus production and
the frequency of goblet cells [73]. Finally, isomalto-oligosaccharide has been reported to
prevent abnormalities induced by a high-fat diet in the mouse colon by positively affecting
mucus production, intestinal permeability, and intestinal bacterial abundance [74,75].

3.2. Probiotics

Another potential therapeutic intervention includes probiotics, defined as a group of
special bacterial strains used as a supplement to restore the intestinal microbiota. Probiotics
can also provide fermented metabolites that can support epithelial cells and restore the mu-
cus barrier [70]. For example, bacteria producing short-chain fatty acids (i.e., Lactobacillus
rhamnosus GG, Bifidobacterium longum, and Bifidobacterium bifidum) have attracted special
attention due to their ability to stimulate mucus production and maintain the integrity of
the mucus layer [36,76-78]. In this regard, butyric acid, a fermented product of the bacteria
mentioned above, was found to be crucial for mucin gene expression and mucus produc-
tion in vitro and in vivo [79-83]. Consistent results were obtained using other short-chain
fatty acids, such as propionate and acetate, which have been reported to exert important
beneficial effects on the mucus barrier [83]. Other mechanisms have been proposed to
mediate the beneficial effects of specific probiotics on the intestinal barrier and mucus layer.
Wang et al. showed that p40, a soluble protein derived from Lactobacillus rhamnosus GG,
transactivated the epidermal growth factor receptor (EGFR) and the downstream target
protein kinase B (AKT), which is known to regulate mucus production [76]. In particu-
lar, p40 promoted Muc-2 expression in vitro as well as mucus production in the colonic
epithelium of mice orally treated with this protein (10 pg in pectin/zein beads) for four
hours or five consecutive days, while no effects were observed in Egfrwa5 (EGFR dominant
negative) transgenic mice [76]. Zhang and colleagues demonstrated that the administration
of an adequate amount of Bacteroides fragilis strain ZY-312 to rats who underwent antibiotic-
associated diarrhea could repair the structure of the intestinal barrier by enhancing goblet
cell proliferation and the expression of tight junction proteins (i.e., ZO-1 and occludin) [84].
Furthermore, the probiotic strain Lactobacillus plantarum 299v was reported to promote the
expression of Muc-2 and Muc-3 in vitro, thus affecting the adhesion of the Escherichia coli
pathogen to the mucus barrier [85]. Similar effects were also observed in Caco-2 cells, used
as a model of the intestinal epithelial barrier, stimulated with Lactobacillus casei GG [86],
while conflicting results were obtained by using the probiotic mix VSL#3 (Lactobacillus
acidophilus, Lactobacillus bulgaricus, Lactobacillus casei, Lactobacillus plantarum, Bifidobacterium
brevis, Bifidobacterium infantis, Bifidobacterium longum, and Streptococcus salivarius subsp.
thermophilus). For example, Muc-2 gene expression and colonic mucus secretion have been
reported to be induced in rats orally treated with a mixture of VSL#3 for seven consecutive
days, and in vitro experiments in colonic epithelial cells LS174T confirmed these observa-
tions [87]. Gaudier and co-workers, instead, reported that VSL#3 was able to modify the
microbiota composition in mice undergoing experimental colitis, but such an effect was not
sufficient to decrease the inflammatory response, promote mucosal healing, or restore the
mucus barrier [88].
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3.3. Other Therapeutic Approaches

Trefoil factors (TFFs) are a group of peptides capable of repairing the gastrointestinal
mucosa and restoring or maintaining intestinal homeostasis [89-91]. Although human
TFF1 and TFF2 are expressed primarily by goblet cells in the stomach and duodenum,
TFF3 is produced in the rest of the small intestine and colon [89-91]. TFF3 can interact
with and bind to the glycoproteins present in the mucus, thus maintaining the mucus
barrier and promoting epithelial cell migration to sustain mucosal healing during coli-
tis [92-94]. TFF-mediated therapeutic effects have been tested in vivo in wild-type mice
undergoing acute colitis induced by dextran sodium sulfate and in IL-10-KO mice de-
veloping chronic enterocolitis [95]. In particular, an engineered bacterium, Lactococcus
lactis, capable of synthesizing and secreting bioactive murine TFFs, was administered by
intragastric catheter to allow the same distribution of TFFs in the small intestine, caecum,
and colon of mice for five consecutive days [95]. Treatment with TFFs protected against
intestinal inflammation-mediated epithelial damage, including goblet cell dysfunction, in
both experimental models [95].

The amino acid glutamine is a major substrate utilized by intestinal cells and has
proven to be essential for the maintenance of intestinal structure and function [96]. Glu-
tamine has been shown to promote mucus synthesis and alleviate damage to the intestinal
mucus barrier after burn injury in rats [97]. Further studies from the same group linked this
effect with the ability of glutamine to increase Muc-2 maturation through the enhancement
of G6PD glycosylation and inhibition of AGR2 S-glutathionylation [98].

Finally, since the gastrointestinal tract is innervated by several enteric neurons that
affect intestinal cell functions (e.g., motility, pain, and nutrient absorption) [99], a possible
approach to improving the functionality of the mucus barrier may rely on the modulation of
such cells. Yang et al. reported that mucus secretion could be stimulated by Nav1.8*CGRP*
nociceptor neurons, which are located near goblet cells [100]. In particular, the authors
observed that goblet cells express receptor activity modifying protein 1 (Ramp1), which
interacts with the neuropeptide calcitonin gene-related peptide (CGRP), whose delivery is
regulated by nociceptors after sensing commensal bacteria and dietary stimuli [100]. The
interaction of CGRP and Ramp1 stimulated colonic mucus production, thus maintaining
the integrity of the colonic mucus barrier and protecting against experimental colitis [100].

4. Discussion

The mucus barrier represents the first line of defense against luminal pathogens to
maintain gut homeostasis [101]. In particular, the small intestine is characterized by a
discontinuous mucus layer, while colonic mucus is organized in an outer loose and thicker
layer colonized by commensals, together with an inner sterile layer that protects epithelial
cells from pathogen penetration, thus avoiding unwanted immune responses [102,103].
The role of the mucus barrier is crucial because different pathologies, such as ulcerative
colitis, are characterized by important alterations of the outer and inner layers, from which
a lot of detrimental effects are generated, such as microbial dysbiosis, infection, and an
uncontrolled inflammatory immune response.

Environmental agents, such as diet and elements involved in food processing, can
further worsen this condition. As mentioned above, a large body of experimental evidence
raised concerns about the possible deleterious effects of ultra-processed food (UPF) on the
function/activity of goblet cells and the intestinal barrier, and recent clinical studies would
seem to support this notion. Chen and colleagues published the results of a prospective
and cross-sectional cohort study of 187,854 individuals in the United Kingdom using
24-hour dietary recall questionnaires [21]. Ultra-processed food intake was higher in
patients with inflammatory bowel disease (IBD) compared to controls and was associated
with the incidence of Crohn’s disease, but not ulcerative colitis, and the need for IBD-
related surgery [21]. Similar results were obtained from another prospective cohort study
conducted with 116,087 participants from seven different regions (e.g., Europe, North and
South America, Africa, the Middle East, South Asia, South East Asia, and China), who
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received a questionnaire on the frequency of food and were prospectively followed at
least every three years [104]. The results obtained confirmed that a higher intake of UPF
(such as soft drinks and refined, sweetened foods) was associated with an increased risk of
incident IBD [104].

Conflicting results were obtained from another prospective cohort study conducted
on 413,590 participants from eight European countries, where the association between
the degree of food processing and the risk of IBD was investigated [22]. Interestingly, the
risk of developing Crohn’s disease within 13 years was lower in people who ate mainly
unprocessed /minimally processed foods, although no association was detected between
UPF consumption and the risk of IBD [22].

However, more studies are necessary to deeply characterize the positive or negative
correlation between UPF intake and the onset and development of IBD, as well as to identify
the contributing factors within UPFs that are able to trigger chronic intestinal inflammation.

Despite all the promising experimental and preclinical findings, changing eating habits
is just part of the advice given by clinicians, and the beneficial effects of such intervention
may vary among patients. In fact, some of those affected by chronic inflammatory condi-
tions (i.e., patients with stricturing Crohn’s disease) may not be eligible for therapeutic
nutritional management characterized, for example, by increased fiber intake, as they may
face several side effects such as intestinal obstruction, a lower micronutrient absorption rate,
and a lack of fermentative microbe activities. Furthermore, the unwanted inflammatory
response could be enhanced [105-107], suggesting that these subjects should be treated
with alternative strategies.

In this context, the experimental data produced in vitro and in preclinical models
suggest that prebiotics and probiotics are useful tools for the treatment of patients with
impaired mucus barrier functionality and chronic intestinal inflammation, as well as for the
prevention of these pathological conditions. In support of this view are the results of a recent
systematic review by Zheng et al., where the authors conducted a meta-analysis of data from
a total of 26 randomized controlled trials (n = 1891), revealing that probiotics could improve
intestinal barrier function and alleviate inflammation and microbial dysbiosis [108].

5. Conclusions

Although there is still much to do, awareness of the potential detrimental impact of
UPF on intestinal homeostasis is rising among people. In this context, health authorities
are making several efforts to limit the use of UPF in the community from childhood
(www.fao.org/publications/card /en/c/CA5644EN /; www.fda.gov/food /food-ingredients-
packaging/food-additives-petitions) (accessed on 27 April 2023) in order to avoid a further
increase in patients affected by chronic inflammatory conditions in the near future. In
addition to that, research efforts to discover/validate the beneficial effects of new and/or
modified microbial entities (e.g., next-generation probiotics) on preventing gut dysbiosis
and/or re-establishing intestinal homeostasis are worth pursuing.
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