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ABSTRACT: Edible and medicinal mushroom polysaccharides (EMMPs) have been widely studied for their various biological
activities. It has been shown that EMMPs could modulate microbiota in the large intestine and improve intestinal health. However,
the role of EMMPs in protecting the gastric barrier, regulating gastric microbiota, and improving gastric health cannot be ignored.
Hence, this review will elucidate the effect of EMMPs on gastric and intestinal barriers, with emphasis on the interaction of EMMPs
with microbiota in maintaining overall gastrointestinal health. Additionally, this review highlights the gastroprotective effects and
underlying mechanisms of EMMPs against gastric mucosa injury, gastritis, gastric ulcer, and gastric cancer. Furthermore, the effects
of EMMPs on intestinal diseases, including inflammatory bowel disease, colorectal cancer, and intestinal infection, are also
summarized. This review will also discuss the future perspective and challenges in the use of EMMPs as a dietary supplement or a
nutraceutical in preventing and treating gastrointestinal diseases.
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B INTRODUCTION water reabsorption as well as the elimination of feces.
Microbiota reside on the mucosa and have a profound impact
on health in humans. The stomach and small intestine
normally have relatively fewer bacteria than the large intestine.
The outer mucous layer of the large intestine is colonized by a
large number of microbes. Numerous research results have
supported the theory that gut microbiota play a key role in
modulating host immunity and maintaining normal metabo-
lism."’

Edible mushrooms mainly include Lentinula edodes, Agaricus
bisporus, Flammulina velutipes, and Auricularia auricula, while
medicinal mushrooms refer to those fungi that have certain
medicinal value and play a therapeutic or health-care role in
human health, such as Ganoderma lucidum, Cordyceps sinensis,
H. erinaceus, and Sanghuangporus sanghuang. Among them, G.
lucidum, C. sinensis, and H. erinaceus have both edible and
medicinal value. Edible and medicinal mushrooms are rich
sources of bioactive substances, including polysaccharides,
alkaloids, steroids, polyphenols, and lipids.u’12 Among these,
edible and medicinal mushroom polysaccharides (EMMPs)
have exhibited great nutritional and healing properties.' "
The most common polysaccharide extracted from both edible
and medicinal mushrooms is f-glucan, although the structures,
concentration, and complexity may differ. Over the past few
decades, extensive research has highlighted the diverse health-

Gastrointestinal (GI) health is essential for overall health. The
GI tract serves as an essential site for food intake, digestion,
absorption, and elimination of food residue.' Food is processed
into a bolus in the oral cavity, then enters the stomach and
mixes with gastric acid and digestive enzymes to become
chyme. As chyme gradually moves in and through the intestinal
tract, it is neutralized by bicarbonate in the duodenum.”
Subsequently, the digestion and absorption process primarily
occurs in the jejunum and ileum of the small intestine.” The
main function of the large intestine is to provide microbiota,
absorb water and electrolytes, and expel undigested food
residues.” Gut bacteria play a crucial role in metabolizing some
unabsorbed food constituents, protecting the mucous layer
from pathogens, generating vitamins B and K, and modulating
immune function.”

The mucosa is a physical and immune defense barrier to
protect the GI track against foreign pathogens and toxins in
humans.® The gastric mucosa has two primary functions: to
lubricate the foods in the stomach and to protect the stomach
wall from acid and digestive enzymes. The characteristic
feature of the small intestine mucosa is its villous structure,
which extends to the lumen, enlarging the surface area of the
epithelial cells to facilitate digestion and absorption of
nutrients.” Exocrine cells in the mucosa of the small intestine
secrete various enzymes, which are essential for the hydrolysis
and absorption of fats, carbohydrates, and proteins. Macro- Received:  January 16, 2025
phages and dendritic cells underneath the epithelium serve as a Revised:  February 25, 2025
major part of the immune system to protect against a variety of Accepted:  February 28, 2025
extracellular infections and dietary antigens.”” The mucosa of Published: March 10, 2025
the large intestine does not have villous projections. The
mucosa in the large intestine is the major site of electrolyte and
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promoting activities of EMMPs, including antiobesity,
anticancer, antioxidant, anti-inflammation and antidiabetes
activity and modulation of lipid metabolism.'*™"* In recent
years, it has been discovered that EMMPs could improve GI
health in many ways. On one hand, intestinal microbiota could
ferment and utilize EMMPs."® On the other hand, EMMPs
could modulate immune system cells such as T and B
lymphocytes, macrophages, and dendritic cells (DCs) to
initiate immune responses in the host.”® Recently, poly-
saccharides, particularly EMMPs, together with probiotics have
been used as a combination to treat various intestinal and
colorectal related diseases.”’ However, their role in protecting
the gastric barrier, regulating gastric microbiota, and protecting
gastric health cannot be ignored.

This review will explore the unique structural characteristics
of EMMPs and discuss their effects on the GI tract with focus
on their impact on gastric and intestinal mucosal barriers. It
will further illustrate the underlying mechanisms by which
EMMPs improve GI health and explore a theoretical basis to
develop EMMPs as dietary supplements.

B STRUCTURES OF EMMPs

Edible and medicinal mushrooms are widely distributed in
nature. Due to the complexity of the structure of EMMPs, their
specific structures have been sparsely characterized so far.
Table 1 lists some species of edible and medicinal mushrooms
from which polysaccharides have been extracted. EMMPs have
a smaller portion of a-p-glucans present and primarily consist
of f-p-glucans with monosaccharide units being linked by
glycosidic bonds. The main chains of EMMPs contain f-(1 —
3) linkages with attachment of f-(1 — 6) branches. The
majority of the EMMPs discussed in this review have glucose
or galactose chains as the backbone and connect mainly
through 1 — 6 linkages or 1 — 4 linkages, while some have 1
— 3 linkages. Branches primarily include glucose pyranose or
galactose pyranose units, and in some cases, they may include
xylose, mannose, or fucose units. Water, alkali, or acid
solutions are usually used as the extractants of polysaccharides.
The alkali-soluble polysaccharides mainly contain highly
branched f-(1 — 3, 1 > 6)-glucan and glycoprotein, while
the acid-soluble and alkali-insoluble parts are mainly composed
of f-(1 — 6)-glucan, and the yield of polysaccharides is
normally higher than that of water extraction.”” For example,
the polysaccharides isolated from Pleurotus ostreatus with 3.8%
HCI had a glucose backbone with (1 — 3)-f-Glcp and a small
percentage of (1 - 4)-f and (1 — 6)-p linked interior
residues,”” while the polysaccharides extracted with 1 M
NaOH/NaBH, were f-linked glucans showing (1 — 3) and (1
— 6) glycosidic bonds.”* Depending on the structural
characteristics of polysaccharides such as chemical composi-
tion, molecular weight, glycosidic bonds, three-dimensional
conformation, and number and structure of branches, the
gastrointestinal barrier protection effects may differ. The
specific structure—function correlation will be further discussed
in the following sections.

B DIGESTION, ABSORPTION, AND UTILIZATION
PATHWAYS OF EMMPs

Polysaccharides can be divided into two categories, namely,
digestible and indigestible polysaccharides. The digestible
polysaccharides such as starch can be hydrolyzed to release
simple sugars (glucose) by relevant enzymes in the GI track,
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Table 1. Extraction, Composition, and Structures of
EMMPs“
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“Abbreviations: Glc, glucose; Man, mannose; Rha, rhamnose; Gal,
galactose; GalA, galactonic acid; GlcA, glucuronic acid; Xyl, xylose;
Fuc, fucose; Ara, arabinose; GlcN, glucosamine.
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Figure 1. Structure and composition of gastric barrier and factors contributing to its damage.

whereas indigestible polysaccharides can reach the large colon
where they are broken down by gut microbiota to small
molecular compounds such as short chain fatty acids
(SCFAs).>* p-Glucan is one of the major indigestible
polysaccharides in EMMPs. When ingested, EMMPs are not
broken down by the gastric acidic environment and digestive
enzymes in the gastrointestinal tract.”’> Specifically, in
simulated digestive systems, including both gastric and
intestinal regions, most acquired EMMPs showed no
significant changes in the main functional groups and
molecular weight. The production of free monosaccharides
was also not observed. Ma et al. studied the digestion process
of Pleurotus eryngii polysaccharides by in vitro digestion models
and found that the molecular weight and overall structure
remained unchanged, suggesting that the polysaccharide
remained intact and was not degraded during the digestion
process.’® A metabolomic study was performed on the
systemic metabolism of Grifola frondosa and Inonotus obliquus
polysaccharides in mice by analyzing the metabolic profiles in
serum, colon, intestinal contents, and feces, finding that these
polysaccharides significantly affected some pathways including
amino acid metabolism, the tricarboxylic acid cycle, and purine
and pyrimidine metabolism. Specifically, G. frondosa poly-
saccharides exhibited more pronounced regulation on
carbohydrate metabolism, while I obliquus polysaccharides
had a more significant impact on tryptophan metabolism.”” L.
edodes polysaccharides, primarily composed of p-glucans,
passed through the intestine relatively intact and formed a
gel upon reaching the mucosal surface, subsequently
modulating bile salt absorption and altering the gut micro-
biota.”® These findings indicated that EMMPs could reach the
large intestine intact where they were transformed by the
intestinal microbiota into a range of easily absorbable small
molecules, primarily SCFAs and gases such as hydrogen,
carbon dioxide, and methane).”” These metabolites were
further utilized and eventually entered the bloodstream.’® The
interaction between EMMPs and the bacteria in the colon
suggested their potential role in regulating gastrointestinal
health. However, the specific structural changes of EMMPs
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when they were passing through the gastrointestinal tract and
how they play beneficial roles are not yet fully understood.

In addition to regulating health, EMMPs have also served as
substrates for nanomaterials.”’ The total concentration of
certain drugs in the bloodstream after digestion and
absorption, known as the actual oral bioavailability, ultimately
determines their therapeutic activity. Therefore, achieving
higher oral bioavailability was the most crucial factor in
realizing the intended therapeutic effects of drugs. Nano-
particles based on EMMPs possess excellent properties such as
nonimmunogenicity, biodegradability, and biocompatibility,
making them ideal nanocarriers for drug delivery. By altering
their physicochemical properties, EMMP-based nanoparticles
enhanced drug uptake rates.””

B PATHOGENESIS OF
GASTROINTESTINAL-RELATED DISEASES

The GI mucosal barrier provides various defenses for the body,
including physical, chemical, biological, and immune protec-
tions. The mucosa comprises physical components (the
epithelial cell layer), chemical elements (the mucus layer),
immune components (various immune cells mainly located in
the subepithelial layer), and biological barriers (gastrointestinal
microbiota).”® These four components are closely intercon-
nected, forming a collective entity that directly or indirectly
safeguards the gastrointestinal tract.

Gastric Barrier Damage. Composition of the Gastric
Barrier. The gastric mucosa has four levels of protective
barriers (Figure 1). The first level refers to the epithelial cells
and intercellular spaces of the gastric mucosa. They form a cell
layer through tight connections, preventing harmful substances
from entering the mucosal tissue. These cells also participate in
the secretion of mucus and other protective substances, also
known as the physical barrier.”* The second level refers to
various defensive substances distributed on the surface of the
gastric mucosal epithelium, including gastric acid, mucus,
surfactant phospholipids, and other antimicrobial substances.
These substances are secreted by the gastric mucosa, known as
the chemical barrier.”® The third level is the mucosal immune
barrier, mainly including macrophages and lymphocytes, which

https://doi.org/10.1021/acs jafc.5c00745
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participate in immune reactions and identify and eliminate
invading harmful microorganisms.66 The fourth level involves
the gastric microbiota, which constitute the biological barrier.
Due to the high acidity environment in the stomach that is
unfavorable for the growth of most microorganisms, specific
gastric microbial groups (mainly composed of Firmicutes,
Bacteroidetes, actinomycetes, Clostridium, and Proteobacteria)
better adapt and survive in this environment, competitively
preventing the invasion and proliferation of other harmful
microorganisms.”” The gastric microbiota also interact with the
immune system, regulating the immune balance and thereby
influencing the overall immune response.”® However, the
important role played by the gastric mucosal barrier, especially
gastric microbiota, in regulating human health is often
overlooked.

The integrity of the gastric barrier is a complex system
influenced by various interacting endogenous and exogenous
factors. The main endogenous factors are as follows.””’® The
first is gastric mucosal physiological conditions, such as the
structure and function of the mucous layer and epithelial cells
and the chemical composition of the mucus, which directly
impact the integrity of the barrier. The second endogenous
factor is gastric acidity because it plays a vital role in
maintaining the acidic environment in the stomach. Moderate
gastric acidity helps eliminate harmful microorganisms that are
ingested and is also an essential component of gastric mucus.
The third endogenous factor is the immune system. The
presence of immune cells in the stomach allows for the
recognition of and response to potential pathogenic micro-
organisms. The health of the immune system is vital to the
protective function of the gastric barrier. The fourth of the
endogenous factors is the gastric microbiota. These micro-
organisms contribute to maintaining the acidic environment in
the stomach, providing protection against invasion and
proliferation of harmful microorganisms. Additionally, they
participate in regulating gastric fluids, promoting food
breakdown, and digestion.

The integrity of the §astric barrier is also influenced by four
exogenous factors.”'~’* The first factor is diet and nutrition:
Components in the diet, such as antioxidants and dietary fiber,
can influence the health of the gastric environment and
mucosa. Poor dietary habits may lead to damage to the
mucosal barrier. The second exogenous factor is the use of
drugs and medicines. Some drugs, especially nonsteroidal anti-
inflammatory drugs (NSAIDs), antibiotics, etc.,, may exhibit
some adverse impacts on the gastric barrier, resulting in gastric
mucosal injury or ulcer formation. The third exogenous factor
is infection and inflammation. Infections or inflammatory
conditions in the stomach directly influence the gastric barrier,
especially infections caused by Helicobacter pylori may lead to
inflammation and ulcer formation. The fourth exogenous
factor is the environment. Exposure to harmful environments,
such as smoking and alcohol consumption, may also have
negative effects on the gastric barrier.

Mechanisms of Gastric Barrier Damage. The damage to
the gastric barrier involves the actions of various attacking
factors and can be summarized and categorized from four
perspectives: physical, chemical, biological, and immune
barrier injuries (Figure 1). Mechanical injuries fall under the
physical category and are primarily caused by friction or
compression of certain foreign objects in the stomach (such as
large food particles or medications) or external pressure,
leading to mechanical damage to local tissues, such as
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stretching, tearing, or deformation of the mucosa.”® Gastric
acid, bile, and drugs and chemicals are the main factors that
cause the chemical injuries. First, the secretion of gastric acid is
primarily stimulated by histamine, gastrin, and acetylcholine,
while it is inhibited by somatostatin. Excessive secretion of
gastric acid or imbalance of mucosal defense can cause the
direct contact of gastric acid with the stomach wall and result
in gastric mucosa damage. Under strong acidic conditions with
a pH < 3, gastric acid not only activates pepsinogen into
pepsin, initiating self-digestion, but also causes hydrogen ions
to infiltrate, directly damaging the gastric mucosa.”® Second,
bile refluxes into the stomach and washes away the mucus in
the stomach, weakening the isolation effect of the mucus. The
chemical components such as bile salts in bile may dissolve the
lipid layer and cause esterification of the epithelial cell
membrane, disrupting the mucous and gastric mucosal barriers,
resulting in gastric mucosal inflammation and ulcers.”” Third,
prolonged or high-concentration use of certain drugs (such as
NSAIDs) and chemical substances like alcohol (acidic or
alkaline) may cause tissue damage through direct toxicity or by
inducing inflammatory reactions. NSAIDs can lead to gastric
mucosal damage by depleting prostaglandins derived from
cyclooxygenase.”® Alcohol can dissolve the gastric mucus layer,
increase mucosal permeability, and induce oxidative stress.””

Biological injuries mainly involve changes in the gastric
microbiota, including infections by H. pylori and other bacteria,
viruses, and fungi. These infections can produce toxins and
enzymatic substances with toxicity, leading to gastritis, ulcers,
and chronic gastric disorders.®® Besides, H. pylori infection can
cause changes of the structure of the gastric microbiota, and
eradication of H. pylori can reverse gastric microbiota dysbiosis
and enrich the dominant commensal gastric bacteria.” This
suggests that dysbiosis of the gastric microbiota can damage
the gastric microbial barrier and probably causes the
occurrence of gastric diseases.

Immune injuries include autoimmune diseases, allergic
reactions, and inflammatory reactions. First, diseases like
autoimmune gastritis involve the immune system attacking
gastric mucosal tissues, leading to tissue destruction and
functional abnormalities.®” Second, allergic reactions of the
immune system caused by certain foods or substances may
cause inflammation and damage. Third, when the body is
invaded by pathogens, sentinel cells (such as macrophages or
other inflammation-related cells) release inflammatory medi-
ators, increase granulocyte infiltration, generate oxygen free
radicals, and cause inflammatory damage to the gastric
mucosa.”’

Gastric barrier damage is often accompanied by an
inflammatory response and an increase in free radicals. The
mechanisms causing gastric mucosal lesions vary with different
attacking factors, but their fundamental basis lies in the
imbalance between defensive and aggressive factors. When
aggressive factors are intensified or defensive factors weaken,
the gastric barrier is compromised, leading to the permeation
of hydrogen ions, release of histamine from mast cells, and
stimulation of parietal cells to accelerate gastric acid
secretion.”” This series of reactions will cause microcirculatory
disturbances in the gastric mucosa, simultaneously leading to
inflammatory reactions such as congestion and edema in the
short term and formation of erosion and ulcers in the long
term.®> When the stomach undergoes various stress reactions,
a large amount of oxygen free radicals are generated, resulting
in circulatory disturbances within the body. Simultaneously,
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the free radicals combine with polyunsaturated fatty acids in
the membrane, causing lipid peroxidation damage and forming
lipid peroxidation products such as malondialdehyde
(MDA).*® Inflammation-induced damage to the superficial
layers of the gastric mucosa may result in superficial gastritis
and erosive gastritis, while damage to the deeper layers may
lead to gastric ulcers and atrophic gastritis. Atrophic gastritis
may gradually develop from superficial gastritis, accompanied
by intestinal metaplasia and atypical hyperplasia, among other
precancerous lesions, eventually evolving into gastric cancer.

Intestinal Barrier Damage. Composition of the
Intestinal Barrier. The intestinal mucosa also has four levels
of protective barriers, namely, physical, chemical, immune, and
biological barriers (Figure 2).”” The essential component of
the intestinal physical barrier refers to the morphology of the
mucosa, directly influencing the absorption of nutrients. An
increase in villus height implies numerous mature villous cells,
resulting in a greater absorptive surface area and enhanced
absorption capacity.*® Intestinal crypts primarily produce cells
and sustainably replenish epithelial cells on the villi An
increase in crypt depth suggests a slowing down of the
maturation speed and a reduction in the secretion capacity of
villous epithelial cells. The ratio of villus height to crypt depth
is a vital indicator to assess the morphology, integrity, and
function of the intestinal mucosa.*” The intestinal epithelial
cells (IECs) are connected by tight intercellular junctions,
forming a continuous layer.” Intercellular connections consist
of tight junctions (TJs), adherent junctions (AJs), and
desmosomes.”’ TJs are one of the most important barrier
systems that present on the surface of IECs, mainly including
four transmembrane proteins: zonula occludens (ZOs),
occludins, claudins, and Jams.92 Besides, TJs are linked to
the cytoskeleton supporting the IECs, and they can establish a
dynamic barrier system that directly controls intestinal
permeability.”

The intestinal chemical barrier includes the mucus layer,
mucins, and antimicrobial peptides (AMPs), as well as other
substances secreted by IECs.”* The mucus layer is produced by
mucosal cells and is mainly composed of mucins, i.e., mucin 2
(Muc-2), which have the function of adhering to microbes and
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preventing them from attaching to the mucosal surface.”
Through the production and secretion of mucus, a thick layer
forms, thereby blocking the invasion of microbes and
protecting the mucosa from the effects of irritating substances.
The intestinal mucosa secretes antimicrobial substances, such
as AMPs, which have a direct killing or inhibitory effect on
microbial growth.”® In the intestinal tract, prostaglandins are
vital for protecting the mucosa from damage. They are lipid
substances produced by mucosal cells and function in
regulating mucosal blood flow, promoting mucus secretion,
and maintaining the structural integrity of the mucosa.”’

The immune barrier of the intestinal tract is mainly
composed of gut-associated lymphoid tissue (GALT), immune
cells, and immunoglobulins. GALT is primarily located
beneath the intestinal mucosal epithelium, including Peyer’s
patches and intestinal intraepithelial lymphocytes (IELs).”® By
monitoring and responding to potential pathogens, it maintains
the immune balance within the intestinal tract. The generation
and activation of immune cells, mainly including macrophages,
T cells, B cells, and neutrophils, in the intestinal tract primarily
occur in the GALT.” Through activation of the immune
system, the immune cells identify and clear invading
pathogens, regulate inflammatory responses, and maintain a
stable microbial balance in the intestinal tract. Secretory
immunoglobulin A (sIgA) is primarily secreted by lymphocytes
and plasma cells, which are distributed on the surface of the
mucosa. It is the most abundant immunoglobulin in the
intestinal secretions and is the main factor preventing the
invasion of pathogens and regulating immune responses in the
intestinal tract.'*’

The combination of symbiotic microorganisms with the
mucosa forms the biological barrier of the intestine. Normal
flora colonize the intestinal tract, affording necessary nutrients,
avoiding the colonization and expansion of pathogenic
bacteria, and maintaining the microbial balance within the
intestinal tract. Simultaneously, they boost mucosal immunity,
facilitate the growth and maturation of immune organs, and
regulate immune balance.'”" The most abundant phylum in
the intestine is Firmicutes, accounting for approximately 65%.
The second most prevalent is Bacteroidetes, constituting
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around 25%. There are also smaller quantities of Actino-
bacteria, Proteobacteria, Clostridia, and Verrucomicrobia.'**
Molecules secreted by probiotics (such as Lactobacillus and
Bifidobacterium), including surface layer proteins, capsule
polysaccharides, flagella, and pili, interact with pattern
recognition receptors (PRRs) in the immune system of the
host. This interaction triggers the activation/inhibition of
various signaling pathways, inducing the production of
cytokines or inhibiting cell apoptosis, subsequently reducing
inflammatory response and promoting intestinal epithelial
function.'”” Metabolites produced by probiotics, including
secreted proteins, indoles, organic acids, extracellular vesicles,
SCFAs, and bacteriocins, also protect the functional integrity
of the egithelial barrier through interacting with various
receptors. o

Mechanisms of Intestinal Barrier Damage. Various factors
such as unhealthy diet, diseases, and stress can impact the
intestinal barrier, leading to mucosal atrophy, increase of
intestinal permeability, epithelial cell injury, impairment of the
intestinal immune system, and dysbiosis of the gut microbiota.
The damage to the intestinal barrier is often manifested as a
comprehensive injury to various physical, chemical, biological,
and immune barriers (Figure 2).

The main components of the physical barrier are IECs and
TJs between the cells. Damage to the physical barrier of the
intestine can be caused by intense intestinal movements,
trauma, surgery, or other mechanical stimuli, resulting in
mucosal tearing, ulcers, or bleeding.lo5 Imbalances of acidic or
alkaline substances may alter the pH of the intestinal
environment, resulting in cell membrane damage and structural
changes in cells, increasing barrier permeability and affecting
intestinal mucosal health. Additionally, the excessive accumu-
lation of reactive oxygen species (ROS) induces oxidative
stress, which disrupts T] complexes between cells via different
signaling pathways. Mitogen-activated protein kinase (MAPK),
c-Jun N-terminal kinase (JNK), extracellular signal-regulated
kinase (ERK), and protein kinase C (PKC) are the most
common signaling molecules. Oxidative stress also disrupts AJs
and protein scaffolds by redistributing T] proteins, interrupting
protein modifications, and impairing intestinal epithelial barrier
function.'*

Different types of mucins in the intestine and the mucus
layer covering IECs can act as a chemical barrier to protect
IECs from invasion by pathogens and foreign harmful
substances.'”” Damage to the intestinal mucous layer caused
by decreased mucin secretion and impaired mucin polymer
connections will lead to a variety of intestinal diseases, such as
inflammatory bowel disease (IBD), ulcerative colitis (UC), and
type 2 diabetes mellitus (T2DM).'**~""" The long-term or
excessive use of certain drugs and toxins, such as NSAIDs,
alcohol, and chemicals, may directly damage the intestinal
mucosal cells. For example, cyclooxygenase inhibitors like
indomethacin inhibit the secretion of prostaglandins in the
intestinal mucosa, increase mucosal epithelial permeability, and
cause clinical intestinal lesions.''" Chemotherapy and anti-
transplant rejection drugs also damage the mucosal barrier.''”
Worse, malnutrition not only reduces transcription levels,
protein synthesis, and cell proliferation of intestinal epithelial
cells but also results in the reduction of the mucosal layer
thickness, mucosal atrophy, and a decrease in mucosal
enzymatic activity.''? Simultaneously, the decrease in the
chemical bactericidal ability of gastric acid, bile, mucopoly-
saccharides, lysozymes, glycoproteins, and intestinal fluids
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facilitate the proliferation of intestinal pathogens, resulting in
excessive bacterial growth in the intestine.'"*

The damage to the biological barrier of the intestine
primarily refers to disruption of the intestinal microbiota.
Various microorganisms residing in the intestinal tract play a
crucial role in digestion, providing energy, regulation of
immune responses, and prevention of invasion by harmful
pathogens.'"> A healthy intestinal microbiota environment
mainly includes Firmicutes, Bacteroidetes, and small amounts
of Actinobacteria and Proteobacteria.''® Various factors such
as diet, stress, disease, drug abuse, and poor lifestyle may cause
imbalances in intestinal microbiota. In clinical settings, the
prolonged use of broad-spectrum antibiotics usually results in
dysbiosis of the microbial community in the intestine,
subsequently causing disorders of the intestinal mucosal
biological barrier."'” Moreover, the misuse of antibiotics can
enhance the growth of drug-resistant bacterial populations in
the intestine, allowing the invasion of exogenous microbial
communities. This compresses the growth space for the
original microbial community, causing an imbalance in the
intestinal microbial structure and ultimately damaging the
intestinal mucosal barrier."'® Additionally, long-term smoking
markedly changes the composition and activity of the
microbial community in the colon.""” Compared to non-
smokers, smokers tended to have lower relative abundances of
Actinobacteria and Lactobacillus."*° Infections and food
poisoning caused by pathogenic bacteria, such as Salmonella,
Shigella, and Escherichia coli, release a large number of
enterotoxins, disrupting the balance of the microbial
community and the intestinal permeability.'*!

Intestinal immune barrier damage typically affects the
integrity and barrier function of TJs. IECs facilitate immune
responses and increase their integrity via modulating the
homeostasis of mucosal immune cells and interacting with
dietary and microbial antigens.'”” Imbalances in anti-
inflammatory and Eroinﬂammatory cytokines can destroy the
barrier integrity.'>’ Signaling pathways induced by toll-like
receptor 4 (TLR4), interleukin-1 beta (IL-1f3), interleukin-13
(IL-13), tumor necrosis factor alpha (TNF-a), and interferon
gamma (IFN-y) compromise barrier function, while inter-
leukin-10 (IL-10) and transforming growth factor beta (TGF-
B) serve as anti-inflammatory factors to protect the intestinal
barrier.'”* When traumatic infection or shock occurs,
numerous inflammation-activating factors, such as endotoxins
(produced by Gram-negative bacteria) and proinflammatory
factors, activate various intracellular signaling pathways,'*
particularly NOD-like receptor family pyrin domain containing
3 (NLRP3), nuclear factor kappa B (NF-«B), signal transducer
and activator of transcription 3 (STAT3), ERK, MAPK,
activator protein 1 (AP-1), etc. This activation occurs through
combining specific receptors and secreting mutually promoting
inflammatory mediators, activating polymorphonuclear leuko-
cytes, and polarizing macrophages. This strong stimulation
affects vascular endothelial cells, releasing a large amount of
oxygen-free radicals, creating a vicious cycle that further results
in intestinal mucosa damage. The involved inflammatory
mediators such as cytokines (TNF-a, IL-1f, etc.), chemokines
include interleukin-8 (IL-8) and monocyte chemoattractant
protein-1 (MCP-1), leukotrienes, platelet-activating factor
(PAF), and increased prostaglandins.'*® Besides, trauma and
burns result in a reduction in the number and quality of plasma
cells in the lamina propria of the intestinal mucosa, leading to
reduced secretion of sIgA. This reduction makes it relatively

https://doi.org/10.1021/acs jafc.5c00745
J. Agric. Food Chem. 2025, 73, 6416—6441


pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.5c00745?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

EVE

easier for bacteria and toxins to invade, subsequently
weakening the function of the immune barrier of the intestine.
The function of macrophages is also one of the factors that
affects the intestinal barrier. Under normal conditions,
macrophages have the function of phagocytizing bacteria and
endotoxins and presenting antigens. However, once trauma-
tized, macrophages will become dysfunctional and lose their
bactericidal function. This impairment in macrophage function
contributes to a compromised ability to eliminate pathogens
and antigens, further contributing to the overall weakening of
the inlt2e75tina1 immunity in the aftermath of trauma and
shock.

B GASTROPROTECTIVE EFFECTS AND POSSIBLE
MECHANISMS OF EMMPs

Gastric mucosal barrier damage is a common pathogenesis of
gastric diseases. It not only involves mucosal damage such as
erosion and ulcers but also causes abnormalities in gastro-
intestinal motility, digestion and absorption, and intestinal
microecology. Factors such as stress, smoking, alcohol,
nutritional deficiencies, infections, and frequent use of
nonsteroidal anti-inflammatory drugs can stimulate gastritis
and pathological changes in the gastric mucosa and further
develop into gastric ulcers. As chronic inflammation of the
gastric mucosa persists for a long time and the mucosa is
damaged and repaired repeatedly, precancerous lesions such as
intestinal metaplasia are prone to occur. Without intervention,
it will gradually evolve into gastric cancer. In recent years,
numerous studies have confirmed that EMMPs have the
function of regulating gastric health, mainly in the following
four aspects: (1) protection of the gastric mucosal barrier; (2)
antigastritis and anti-inflammation activity; (3) anti-gastric-
ulcer activity; (4) anticancer activity. Table 2 summarizes the
various mechanisms by which EMMPs are gastroprotective.

Effect of EMMPs on Gastric Mucosal Injury. Gastric
mucosal injury will affect gastric function and self-repair ability
of the gastric mucosa and may cause gastritis, gastric ulcer,
gastric cancer, and other related diseases. Various studies have
indicated that EMMPs have a protective effect on the gastric
mucosa (Table 2). Generally, EMMPs can provide a protective
effect for the gastric mucosal barrier by improving physical and
chemical barriers, enhancing antioxidant effects, and enhancing
immune barriers.

When various stress reactions, chemical influences, or gastric
mucosal ischemia occur in the stomach, a large amount of
oxygen free radicals are generated and react with polyunsatu-
rated fatty acids within the membrane, resulting in the
production of lipid peroxidation products such as acetalde-
hyde.'*® In human gastric mucosal epithelial GES-1 cells, H.
erinaceus polysaccharides could prevent apoptosis and oxidative
damage induced by hydrogen peroxide (H,0,), thus
demonstrating good gastric mucosal protection effects.'**~"*°
Besides, H. erinaceus polysaccharides can effectively alleviate
ethanol-induced acute damage, mainly by promoting the
defense function of gastric mucosa, reducing inflammatory
response, mitigating oxidative damage, and Ipromoting cell
migration to protect the gastric mucosa."*""** P. ostreatus
polysaccharides significantly inhibited acetic acid-induced
gastric injury by increasing gastric mucosal blood flow and
enhancing mucin synthesis and prostaglandin production in
rats. Moreover, it significantly enhanced the levels of
glutathione (GSH) and the activity of superoxide dismutase
(SOD) in acetic acid-treated rats with gastric ulcers, while it
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reduced the amount of thiobarbituric acid reactive substances
(TBARS)."*

EMMPs also played a protective role in the gastric mucosa
by strengthening the gastric immune barrier. H. erinaceus
polysaccharides exerted a protective effect on the gastric
mucosa by activating the repair and defense systems of the host
and reducing the inflammatory cytokines IL-1/ and TNF-a.'*
Interestingly, although two polysaccharides, A-glucan
H6PC20* and a-heteropolysaccharide HPB-3," both have
gastroprotective activity, the macromolecular S-glucan has
better repair and defense system effects, while the small
molecule a-heteropolysaccharide was specially anti-inflamma-
tory,132 indicating that the difference in gastroprotective
activity of polysaccharides may be related to their structures.
F. velutipes polysaccharides (FVPs) alleviated ethanol-induced
injury in GES-1 cells by increasing the gastric mucosal blood
flow and promoting the defense function of the gastric mucosa
with upregulation of the mRNA expression of triglyceride
factor 2 (TFF2), prostaglandin E2 (PGE2), and epidermal
growth factor (EGF)."**

Impact of EMMPs on Gastritis and Helicobacter pylori.
Gastritis could be classified into different types based on its
etiology including H. pylori-related gastritis, stress-related
gastritis, autoimmune gastritis, drug-induced gastritis, reflux
gastritis, and others. Three processes of the pathological
changes in gastritis caused by different etiologies usually
involve epithelial damage, mucosal inflammation response, and
epithelial regeneration.'*” Experiments using a chronic
atrophic gastritis cell model showed that polysaccharides
isolated from H. erinaceus significantly inhibited the growth of
precancerous MC cells transformed by MNNG cells and
interfered with MC cells through inducing cell cycle arrest,*'
suggesting that EMMPs had possible antigastritis activity
(Table 2).

The gastric microbiota, which constitute the biological
barrier, help maintain gastric homeostasis. Gastritis is typically
caused by inflammation of the gastric mucosa, resulting in
changes in gastric acid secretion and pH values and affecting
the abundance of gastric microbiota. Previous research
demonstrated that such alterations could result in the
overgrowth of harmful bacteria, thereby damaging gastric
mucosal health.'** The abundance of gastric microbiota in
patients with chronic atrophic gastritis was significantly lower
than in those with chronic non-atrophic gastritis. Additionally,
in chronic gastritis patients infected with H. pylori, the
abundance of beneficial bacteria such as Aliidiomarina,
Reyranella, Halomonas, Pseudomonas, and Acidaminococcus in
the gastric microbiota was lower.'*’ This indicated that H.
pylori infection altered the gastric microbiota and reduced the
microbial diversity of the gastric mucosa. Zhu et al. found that
H. erinaceus polysaccharide extract has anti-H. pylori activity.' >
Besides, the ethanol extracts from H. erinaceus, G. lucidum,
Pleurotus eryngii, P. ostreatus, L. edodes, and 14 other types of
mushrooms inhibited the growth of H. pylori, with minimum
inhibitory concentration (MIC) values less than 3 mg/ mL.">°
Unfortunately, studies investigating the important role of
gastric microbiota with EMMPs against H. pylori are still rare.
Such a future investigation would help to elucidate the possible
synergistic action between EMMPs and gastric microbiota
against H. pylori.

Effect of EMMPs on Gastric Ulcers. Gastric ulcers are a
common digestive tract ulcer disease primarily caused by a
reduction in the gastric mucosal defense ability, leading to an
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= 2 58 £E triggering increased secretion of inflammatory cytokines.'>*
& g5 8 2 Water extract of Amauroderma rugosum containing poly-
— e . . .
f; 5 Fg%:é B E saccharides could reduce the ulcer area in the gastric ulcer
g o5s Ec g models and inhibit gastric inflammation by suppressing the
o D e~ @ g .
=2 58 N2 K athway. n addition, myeloperoxidase
= §30a2 NF-kB/NLRP3 pathway.'*’ In addit yeloperoxid
—_ 3 e =
2 R 58 & (MPO) activity is commonly used to evaluate leukocyte
= ’Ea T 2 '§ infiltration and inflammatory dysfunction.'>® T. eurrhizus and
b =) . . . .
z EE‘ gL EZTS G. lucidum polysaccharides could significantly decrease MPO
) ) P . . . . .
f: 2 & TQE g g activity,"*”"** indicating the efficacy of reducing inflammatory
3 k: R R EE response of EMMPs.
g -; E = Ew g+t After the gastric mucosa is stimulated by exogenous factors,
+ IS
g = % 5-5 S H = the overexpression of reactive oxygen species can induce
= Es = E g A =S oxidative damage to the tissue, thereby promoting the
g ) . . :
= R RIS IO % formation of ulcers."*® SOD can scavenge free radicals in the
- g0 mS 8 i g o body, thereby enhancing the antioxidant status. More research
o ] - em
e » _‘26 A § 25 %%‘ indicated that EMMPs alleviated gastric ulcers by improving
g 2 2& Q g Zé = & E the antioxidant status. The polysaccharides from H. erinaceus
g 5 A BE £° % 53 g and G. lucidum exhibited the clearance of 2,2-diphenyl-1-
© E é;,; g :Q:; RS picrylhydrazyl and hydroxyl radicals, along with enhanced
2 Z S é § g = = g & SOD activity 1and1 ?I}us improved the antioxidant status of
= £z 22 ST EEFES astric tissue."””'*"'** Interestingly, the gastroprotective
< g0 a0 ';% L9 0o ap g gLy, 3 P
= O& H| T EEBES effects of the G. lucidum polysaccharides (GLPs) with different
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Figure 3. Mechanism of action of EMMPs in protecting gastric health. Abbreviations: EMMPs, edible and medicinal mushroom polysaccharides;
H. pylori, Helicobacter pylori; PGE2, prostaglandin E2; EGF, epidermal growth factor; VEGF, vascular endothelial growth factor; bFGF, basic
fibroblast growth factor; NO, nitric oxide; SOD, superoxide dismutase; ROS, reactive oxygen species; NF-kB, nuclear factor-kappa B; NLRP3,
NOD-like receptor family pyrin domain containing 3; MPO, myeloperoxidase; Bax, BCL-2-associated X protein; Bcl-2, B-cell lymphoma-2.

molecular weights (100 kDa, 10 kDa, and 1 kDa) on ethanol-
induced acute gastric injury in rats were evaluated, and the
results showed that GLPs above 10 kDa have the best effects,
which demonstrated the influence of different structures of
polysaccharides on their activities.'**

Effect of EMMPs on Gastric Cancer. The pathogenesis of
gastric cancer remains not entirely clear. Reports indicated that
the causative factors, including the presence of H. pylori,
genetic factors, alcohol consumption, obesity, and gastro-
esophageal reflux disease, contributed to an increased
incidence of gastric cancer.'”” Gastric cancer also impacted
the gastric microbiota. In H. pylori-negative gastric cancer
patients, an enrichment of Proteobacteria and Firmicutes was
observed. However, in H. pylori-positive gastric cancer patients,
Neisseria was the only identified enriched genus in the
Betaproteobacteria class.'>® Currently, surgery, radiotherapy,
chemotherapy, and immunotherapy are used for the treatment
of gastric cancer. However, these treatments exhibit high
toxicity to the normal cells of the nervous system and
gastrointestinal tract and have not achieved satisfactory
therapeutic effects.’”” Existing experiments suggest that
EMMPs play a positive role in gastric cancer therapy (Table
2).

A study regarding the anticancer effects of G. lucidum
polysaccharides on the gastric cancer cell line AGS indicated
that the polysaccharides significantly induced cells apoptosis
and autophagy and downregulated the expression levels of Bcl-
2 and caspase-3 while they upregulated the cleavage of PAR.'*’
The selenium-enriched P. ostreatus polysaccharides reduced
viability, induced apoptosis, inhibited migration and invasion,
disrupted the Bax/Bcl-2 ratio, and suppressed the epithelial-to-
mesenchymal transition in human gastric cancer MGC-803
cells.'®" Polysaccharides isolated from the P. ostreatus

6425

mycelium significantly reduced colony formation and invasion
ability in gastric cancer BGC-823 cells and reduced tumor
weight and volume and exhibited antitumor effects against
cancer in mice implanted with BGC-823 cells in vivo."**
Polysaccharide EP-1 isolated from H. erinaceus induced cell
apoptosis and cell cycle arrest, and modulated the expression
of Bax, Bcl-2, and caspase-3 in precancerous human gastric
cells."* A meta-analysis of 8009 patients from randomized
controlled trials indicated that the immunopotentiator
polysaccharide K from Coriolus versicolor added to standard
chemotherapy increased the survival of patients after curative
gastric cancer resection over chemotherapy alone.'®* Besides,
another clinical study also showed that chemo-immunotherapy
using lentinan prolongs the survival of patients with advanced
gastric cancer compared to chemotherapy alone.'®®

Mechanisms of Action of EMMPs against Gastric
Diseases. Through the above summary and analysis, it was
concluded that the EMMPs could be used as potential
gastroprotective agents to protect the gastric barrier against
damage and alleviate the subsequent diseases including
gastritis, gastric ulcers, and even gastric cancer. In summary,
EMMPs can serve as prebiotics, preventing H. pylori from
adhering, colonizing, and invading the gastric cell wall,
modulating the gastric microbiota, promoting the release of
gastric defensive factors, regulating gastric fluid secretion,
improving antioxidant status, modulating immune response,
and targeting and killing gastric cancer cells. Figure 3
summarizes the mechanism of action of EMMPs in protecting
gastric health.

https://doi.org/10.1021/acs jafc.5c00745
J. Agric. Food Chem. 2025, 73, 6416—6441
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Figure 4. Mechanisms of EMMPs in alleviating IBD. Abbreviations: EMMPs, edible and medicinal mushroom polysaccharides; LPS,
lipopolysaccharide; TLR4, Toll-like receptor 4; MD2, myeloid differential protein-2; MyD88, myeloid differentiation factor 88; MAPK, mitogen-
activated protein kinase; NF-kB, nuclear factor-kappa B; ZO-1, zonula occludens-1; SCFAs, short chain fatty acids; AMPs, antimicrobial peptides;
Muc-1/2, Mucin-1/2; GPR41/43/109a, G-protein coupled receptor 41/43/109a; MANF, mesencephalic astrocyte derived neurotrophic factor;
BATF2, basic leucine zipper transcriptional factor ATF like 2; Th17/1/2, trihydrophobin 17/1/2; Treg, regulatory T cell; IL-6/10/1f, interleukin-
6/10/1 beta; TNF-a, tumor necrosis factor-alpha; ROS, reactive oxygen species; CAT, catalase; GSH, L-glutathione; SOD, superoxide dismutase;

MDA, malondialdehyde.

B INTESTINAL PROTECTIVE EFFECTS AND POSSIBLE

MECHANISMS OF EMMPs

Damage to the intestinal mucosal barrier is strongly related to
the development of many intestinal inflammatory diseases. It
not only affects the selective absorption of water and nutrients
in the digestive process but also allows bacteria and toxins in
the intestinal tract to cross the mucosal barrier and flow into
the portal vein and lymphatic system to arouse bacterial
translocation. Causes of intestinal mucosal barrier dysfunction,
such as chronic inflammation, bacterial dysbiosis, and environ-
ment changes, can independently or synergistically cause
biochemical cascade reactions, leading to chronic inflamma-
tion, which can further cause a variety of intestinal diseases, for
example, IBD, colorectal cancer (CRC), and intestinal
infection.

Numerous studies have confirmed that EMMPs play an
important role in regulating intestinal health as manifested
primarily in the following three aspects: (1) regulating the
intestinal microbiota and maintaining intestinal homeostasis;
(2) improving inflammatory bowel disease; (3) alleviating
colorectal cancer; and (4) inhibiting the growth of pathogenic
microorganisms. Table 3 summarizes the intestinal protective
effects and mechanisms of EMMPs.

Role of EMMPs in Regulating Intestinal Microbiota
and Maintaining Intestinal Homeostasis. Trillions of
microorganisms, including at least 1000 different species of
bacteria, live in the gut and are critical to human health. The
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intestinal microbiota have a harmonious and symbiotic
relationship with the host. Once the balance is disturbed, the
intestinal microecological system will be affected, subsequently
resulting in intestinal disease. As nondigestible carbohydrates,
EMMPs can reach the rectum and colon and act as prebiotics
to influence the community composition and diversity of
intestinal microorganisms (Table 3). After fermentation,
EMMPs are converted to SCFAs by intestinal microbiota.
SCFAs can reduce the luminal pH and exert properties such as
regulating the immune system, inhibiting inflammation, and
regulatin§ colon cell permeability and intestinal barrier
function.”” From in vitro fermentation models, polysaccharides
in F. velutipes and Coprinus comatus were shown to regulate the
abundance of intestinal bacteria, such as promoting the growth
of Bifidobacteriaceae and Bacteroidetes and decreasing the
number of Lachnospiraceae and Enterococcaceae at family
levels.'**'% Likewise, polysaccharides from Tremella fucifor-
mis, A. bisporus, and Volvariella volvacea raised the relative
abundance of Phascolarctobacterium, and upregulated the
amounts of SCFAs in vitro."°*™'°® In animal models, lentinan
improved the relative abundance of beneficial bacteria
(Lactobacillaceae, Lachnospiraceae, and Ruminococcaceae)
and reduced that of harmful bacteria (such as Enter-
obacteriaceae, Fusobacteriaceae and Flavobacteriaceae) in the
intestinal tract of juvenile taimen with intestinal dysbiosis.'®”
Both polysaccharides from H. erinaceus and P. eryngii could
increase the content of SCFAs in the colon and cecum
contents of mice and reduce intestinal pH, thus improving
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intestinal health."””"”" Polysaccharides from A. auricula and F.
velutipes also had the similar effects in mice, and reduced the
Firmicutes/Bacteroidetes ratio and increased the relative
abundance of Porphyromonadaceae and Bacteroidetes.'””'”
Besides, polysaccharides from G. lucidum, F. velutipes, and
Dictyophora indusiata revealed the potential of prebiotics,
effectively improved the tissue morphology of the small
intestine, improved the structure of intestinal microbiota, and
finally promoted intestinal health."”*~'7® In short, the
supplementation of EMMPs can improve intestinal morphol-
ogy, enhance intestinal mucosal barrier function, regulate the
community abundance and structural composition of intestinal
microorganisms, promote intestinal homeostasis, and have the
potential to improve intestinal health.

Attenuating Effects of EMMPs on IBD. Crohn’s disease
and ulcerative colitis are the two main types of IBD,
characterized by increased intestinal permeability, chronic
intestinal inflammation, and dysbiosis of the intestinal
microbiota.””> EMMPs have been widely used in the inhibition
of IBD and can increase body weight and colon length, and
improve the colitis activity index and histological score of mice
(Table 3).!771781807182 "EMMPs usually alleviate IBD by
restoring the intestinal barrier (physical and chemical barriers),
modulating the intestinal immune system and anti-inflamma-
tory effects (immune barriers), and regulating the diversity and
abundance of microbiota (biological barriers). The corre-
sponding mechanisms of EMMPs in alleviating IBD are
summarized in Figure 4.

EMMPs can effectively treat and prevent IBD by increasing
the mucus layer and its secretion and promoting the expression
of TJs such as junctional adhesion molecules, cytosolic scaffold
proteins, and ZO-1, thereby improving the integrity of the
colonic mucosal barrier. For example, in DSS-induced colitis
mice, the polysaccharides from I obliquus and Huangshan
floral mushroom upregulated the TJ proteins occludin and ZO-
1 and increased Muc-2 expression in colon tissue.'*”'®*
Besides, both T. fuciformis and Hericium caput-medusae
polysaccharides improved the symptoms of weight loss and
ameliorated diarrhea, supplemented with increased mucus
layer thickness and up-regulated Muc-2 and T] expressions to
restore the intestinal epithelial barrier integrity.'*>'*® By
constructing the damaged intestinal mucosal barrier, dangerous
molecules (endotoxins such as lipopolysaccharides) and
harmful microorganisms can be prevented from passing
through the mucosa, further protecting other intestinal
barriers.”**

EMMPs can regulate the intestinal immune system, alleviate
oxidative damage, and exert anti-inflammatory effects in IBD.
EMMPs regulate the expression of inflammatory cytokines
through multiple signaling pathways, involving innate
immunity (macrophage populations, natural killer, neutrophils,
and DCs) and adaptive immunity (T and B cells).”> (1)
EMMPs inhibit TLR4—NF-kB/MAPK and MANF-BATF2
signaling pathways to alleviate IBD. Lipopolysaccharides (LPS)
can enter the blood through the damaged intestinal barrier,
activate the TLR4 downstream NF-kB/MAPK signaling
pathway, and promote the secretion of proinflammatory
factors. P. eryngii polysaccharide strengthened the phosphor-
ylation level of NF-kB and MAPK to enhance the immune
regulation in LPS-treated RAW 264.7 macrophages.*® In LPS-
induced intestinal inflammation mice, F. velutipes polysacchar-
ide significantly depressed the release and mRNA expression of
IL-14, IL-6, IL-18, and TNF-a.'®” Both the H. erinaceus
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polysaccharides with Mw 9.9 kDa and 86.67 kDa suppressed
the activation of the NF-kB signaling pathway and decreased
the colonic production of proinflammatory cytokines in DSS-
induced colitis mice.'”"*" Similarly, F. velutipes polysaccharide
inhibited the TLR4/NF-«kB pathway, decreased the pro-
inflammatory cytokines, and increased the anti-inflammatory
cytokines.'™ As a secretion protein induced by endoplasmic
reticulum stress, MANF can negatively regulate macrophage
inflammation and BATF2, and BATF2 can upregulate the
expression of NF-kB.”*° Recently, it was found that the
polysaccharide from Boletus aereus attenuated colitis and
regulated the mucus barrier by increasing MANF expression
and reducing BATF2 expression, targeting the MANF—
BATF2—NF-«B signaling pathway.'”” (2) EMMPs alleviate
IBD by regulating helper T cell (Th) homeostasis. Th cells,
including Th1, Th2, and Th17, and regulatory T cells (Treg)
play a key roles in the immune process. Thl7 cells can
stimulate the intestine to secrete TNF-a, IL-1f, IL-17, IFN-y,
and other cytokines to aggravate the inflammatory process,
while Treg cells ??lay a key anti-inflammatory and immuno-
modulatory role.””’ It was found that the polysaccharides from
L obliquus and Huangshan floral mushroom could promote
Th1/Th2 and Th17/Treg homeostasis in DSS-induced colitis
mice.'*'*" Similarly, the polysaccharides from Pycnoporus
sanguineus and C. sinensis restored intestinal mucosal immunity
by regulating the differentiation and proportion of Thl, Th2,
Thl7, and Treg cells.”"'”* (3) EMMPs improve IBD by
regulating macrophage polarization. M1 macrophages can
release numerous proinflammatory cytokines and promote
Thl and Th17 cell-regulated immune responses, leading to
inflammatory damage to the intestinal tissues of IBD patients;
while M2 macrophages can release immunosuppression factors
(such as IL-10), activate Th2 immune responses, and inhibit
Thl immune responses, exerting anti-inflammatory effects.”*®
Research on the D. indusiata polysaccharide showed that it
suppressed M1 macrophage polarization and promoted M2
macrophage polarization in the spleen and colon of colitis
mice."”” (4) EMMPs alleviate IBD by alleviating oxidative
stress. Typically, inflammatory responses are accompanied by
oxidative stress, which markedly promotes the production of
oxygen free radicals. The oxygen free radicals and the
antioxidases in the intestine mainly include ROS, MPO, NO,
MDA, plasma diamine oxidase (DAO), and GSH.”* Agaricus
blazei Murrill and Pleurotus tuber-regium polysaccharides
significantly suppressed inflammation and oxidative
stress.' "> H. erinaceus polysaccharide reduced the MDA
level and increased the levels of antioxidases SOD and CAT in
the colon of UC mice."”® MPO is an inflammatory marker of
neutrophil infiltration. P. eryngii polysaccharide could suppress
the accumulation of immune cells, macrophages, and
neutrophils to alleviate colitis.'”” iNOS can catalyze the
production of NO after being stimulated by oxidative stress. It
was found that Phellinus linteus polysaccharide inhibited the
oxidative stress-related enzymes iNOS and MPO and
enhanced the anti-inflammatory factors in ulcerative colitis
mice.'”®

EMMPs can effectively modulate the homeostasis of
intestinal microbiota, increase the diversity of intestinal
microbiota, facilitate the production of SCFAs, and strengthen
the intestinal microbial barrier. For mice with DSS-induced
ulcerative colitis, polysaccharide from F. velutipes increased the
microbial community diversity and decreased the ratio of
Firmicutes and Bacteroidetes."” A. auricula-judae (Bull.)
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polysaccharide decreased the harmful bacteria Ruminococcus,
Deferribacteres, and Actinobacteria.””’ Besides, T. fuciformis
polysaccharide raised the amounts of beneficial bacteria
Lactobacillus, Odoribacter, Helicobacter, Ruminococcaceae, and
Marinifilaceae.”®" SCEAs bind to receptors such as GPR41,
GPR43, and GPRI09A, activating downstream signaling
pathways like NF-xB and MAPK, stimulating the production
of immunosuppressive cytokines, subsequently enhancing the
intestinal mucosal barrier and maintaining intestinal homeo-
stasis.”>” EMMPs can promote the growth of SCFA-producing
bacteria and promote the production of SCFAs, thereby
exerting an immunomodulatory effect and alleviating enter-
itiS.ZOZ,ZOf)

Effect of EMMPs on Colorectal Cancer. Colorectal
cancer (CRC) is a malignant tumor originating from the
epithelium of the colon mucosa, and it is one of the most
common malignant tumors in the gastrointestinal tract.”*!
CRC comprises two types, colon cancer and rectal cancer, with
colon cancer accounting for 70%.”>> A family history of
colorectal cancer, chronic intestinal inflammation, a diet
abundant in red meat and fat while lacking fruits and
vegetables, obesity, alcohol consumption, and smoking are all
possible factors that increase the incidence of CRC.**’
Numerous studies have indicated that EMMPs exert potential
anticancer benefits (Table 3).

EMMPs have anticancer properties by inhibiting tumor cell
proliferation and inducing apoptosis. G. lucidum polysaccharide
was found to possess antitumor activity through inhibiting
migration and inducing apoptosis in LoVo human colon cancer
cells.”®* Another study found that G. lucidum polysaccharide
induced autophagy and apoptosis in CRC-related cells HT-29
and HCT116 via activating the MAPK/ERK signaling pathway
and inhibited tumor §_rowth and autophagic flux in xenograft
cancer bearing mice.””> Two kinds of polysaccharides from H.
erinaceus aroused apoptosis in human colorectal cancer cells
through the caspase-9-dependent signaling pathway’*® and
suppressed cancer cell growth by arresting the cell cycle in the
S-phase.””” Furthermore, lentinan, entirely composed of -
glucose, could suppress tumor growth both in vitro and in vivo
mainly throu§h inducing autophagy and endoplasmic retic-
ulum stress”” and showed antiproliferative and antitumori-
genic properties in human colon cancer cell line HT-29.”%

EMMPs possessed anti-inflammatory and antitumor func-
tions, regulating the balance of inflaimmatory and anti-
inflammatory immune cells. Research revealed that G. lucidum
polysaccharide induced a shift of colon M1 macrophages to
M2 type and promoted anti-inflammatory cytokines, accord-
ingly strengthening the inflammatory intestinal barrier in
colorectal cancer mice.”"’ Polysaccharides from G. frondosa
reduced the proinflammatory cytokines COX-2, IL-6, and
TNEF-a and relieved oxidative stress through decreasing MPO
activity and NO content and increasing the expression of GSH
and SOD, and the mechanism of alleviating cancer was
associated with the modulation of the Wnt/f-catenin/GSK-3/
signaling pathway.”'' L. edodes polysaccharide inhibited
lymphangiogenesis and lymphatic metastasis via regulating
the TLR4/JNK signaling pathway in CRC mice.”'? Activation
of the NLRP3 inflammasome is relevant to inflaimmation-
induced cancer. It was found that the I obliquus polysaccharide
promoted the colonic expression of the NLRP3 inflammasome,
IL-18, and IL-18 to ameliorate colon cancer in mice.”"”
Moreover, the activation of Thl immunity highly contributed
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to the antitumor effects of Sanghuangporus vaninii poly-
saccharide.”"*

EMMPs also alleviated colorectal cancer by modulating gut
microbiota and their metabolites. Polysaccharide from S.
vaninii prevented dysbiosis in the gut microbiota associated
with the vr-arginine biosynthetic pathway.”'* G. lucidum
polysaccharide improved intestinal dysbiosis by significantly
reducing the relative abundance of Oscillospira and a genus of
Desulfovibrionaceae in CRC mice.”"> Besides, another study
found that the G. lucidum polysaccharide ameliorated micro-
biota dysbiosis, promoted SCFA production, and alleviated
endotoxemia to inhibit tumorigenesis in the colon.*'®

Effect of EMMPs on Enteropathogenic Bacteria. Some
pathogenic microorganisms caused bacterial infections in the
intestines, significantly affecting intestinal health.”** EMMPs
could inhibit the growth of many pathogens, further indicating
their potential to resist intestinal infections caused by certain
pathogens (Table 3). Heteropolysaccharides from Ganoderma
formosanum protected mice from infection by Listeria
monocytogenes characterized by stimulating macrophages to
initiate an inflammatory response.”'” A Ganoderma applanatum
exopolysaccharide expressed antibacterial effects against Staph-
ylococcus aureus.”™® Polysaccharides isolated from liquid
mycelial cultures of L. edodes exhibited antibacterial effects
against Salmonella infection in mice by activating Th1 immune
responses, with an improvement in IL-1f, IL-2, IL-6, and IL-12
levels.”"” Sulfated polysaccharides isolated from P. eryngii
inhibited S. aureus, Escherichia coli, and L. monocytogenes.zzo
Similarly, intracellular polysaccharides isolated from G.
frondosa showed antibacterial effect against E. coli, S. aureus,
Bacillus megaterium, and L. monocytogenes.””' Crude poly-
saccharide from A. auricula-judae had significant antimicrobial
activities against E. coli and S. aureus.”””

B FUTURE PERSPECTIVES AND CHALLENGES

EMMPs are bioactive prebiotics that can pass the gut almost
intact and directly reach the large intestine for further
fermentation by the intestinal microbiota, thereby affecting
the host’s nutrient absorption, energy expenditure, and
immunologic function. This review briefly introduced the
structure, digestion, absorption, and utilization pathways of
EMMPs in order to explore how to achieve higher oral
bioavailability of EMMPs. Gastrointestinal health has been the
subject of numerous research. An increasing number of studies
have found that the gastric barrier and microorganisms present
in the stomach also play a protective role in human health.
Therefore, this review summarized the structures and
composition of the gastric and intestinal barriers and various
factors that cause GI damage, emphasizing the important role
of GI physical, chemical, immunological, and biological
barriers. Furthermore, due to active components such as -b-
glucan in the EMMPs, they exhibited favorable therapeutic
effects on gastrointestinal-related diseases after being digested
and absorbed in the body. For the first time, this review
summarized the gastroprotective effects of EMMPs against
gastric mucosa injury, gastritis, gastric ulcer, and gastric cancer.
In addition, intestinal protective effects of EMMPs on
intestinal homeostasis, IBD, colorectal cancer, and intestinal
infection were also summarized. Mechanistically, EMMPs exert
GI protective effects by enhancing the physical, chemical,
immunological, and biological barriers of the stomach and
intestine.
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The physical and chemical properties of EMMPs, especially
their stereoselectivity, molecular weight, and structural
diversity, have a significant impact on their therapeutic effects.
Nevertheless, much remains to be learned about the relation-
ships among the molecular weight, monosaccharide contents,
glycoside binding form, and higher-order structure and
gastrointestinal microecological effects of EMMPs. Therefore,
future research should focus more on the relationship between
the structure and function of EMMPs to further elucidate their
mechanisms of action at the cellular and molecular levels,
thereby promoting their potential applications in different
areas such as dietary nutritional supplements, functional foods,
or pharmaceuticals. In addition, developing economical and
sustainable standardized isolation, purification, and production
technologies for EMMPs is also a focus of future research.

As prebiotics, EMMPs can regulate the gut microbiota,
which has been confirmed by numerous studies. However,
through the summary in this review, it is found that the role of
EMMPs in protecting the gastric barrier, regulating gastric
flora, and protecting against gastric-related diseases cannot be
ignored. Therefore, in future studies, more attention should be
paid to the importance of EMMPs in the treatment of gastric
diseases. Additionally, it is crucial to study the bioavailability
and pharmacokinetics of EMMPs in animal models or the
human body.235 On this basis, the digestion, absorption, and
metabolism patterns of EMMPs in the gastrointestinal tract
should be explored, thereby helping to better understand their
functional mechanisms for protecting the gastrointestinal tract.

EMMPs are easy to obtain, have few side effects, and are
considered clinically safe and well-tolerated. In a phase I open-
label trial on 26 healthy adults supplementing active hexose
correlated compound extract from L. edodes, 6 of 26 healthy
adults showed nonsevere, transient symptoms like diarrhea,
bloating, headache, foot cramps, and fatigue.236 Oral
administration of soluble f-glucan is safe in healthy older
adults and appears to induce an increase in circulating f-
cells.””” Therefore, when preparing EMMPs, their safety
should be fully considered, which depends on the source of
mushrooms, extraction methods, and purity of polysaccharides.
In the present, EMMPs can serve as dietary supplements,
nutrition enhancers, edible films (packaging materials), etc. For
example, the polysaccharide products from C. sinensis have
been served as dietary supplements made by the manufacturer
Maple Life Sciences, and the polysaccharide products from G.
lucidum serve as an immunomodulator by Herbal Island.”**
Interestingly, the polysaccharide from Polish wild mushroom
promoted the growth of Lactobacillus strains stronger than
commercially available prebiotics like inulin or fructooligo-
saccharides, also indicating its prebiotic potential.”*’ Besides,
EMMPs have certain medicinal advantages over traditional
drug treatments in preventing and treating gastrointestinal
diseases. For example, P. ostreatus and Trametes versicolor have
been made as medicinal éProducts to improve digestion and
provide relief from IBD.**" However, whether they can replace
traditional treatments or achieve the same therapeutic effects
still needs further exploration. Although an increasing number
of in vitro and in vivo studies have determined the benefits of
EMMPs, more large-scale, multicenter randomized controlled
trials are needed in the future to further determine the safe and
effective doses of EMMPs. More interestingly, precision
nutrition and personalized medicine are also future research
directions. Due to their excellent natural advantages such as
hydrophilicity, tunability, and mechanical stability,”**~***
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EMMPs have been used as carriers for drug delivery. Biyang
floral mushroom polysaccharides, as a novel type of nanoscale
particle carrier in delivering resveratrol, exhibited good
physicochemical stability, sustained gastrointestinal digestion
release characteristics, and improved in vitro antioxidant and
anticancer activities.”*> Nanoparticles based on G. lucidum
polysaccharides, as carriers for delivering bioactive compounds,
targeted various cancer tissues and reduced chemotherapy-
related side effects.”** Therefore, customizing personalized
EMMPs or using EMMPs as a carrier to achieve precise
nutrition based on the physical characteristics and gastro-
intestinal functional characteristics of different groups of
people is also a new opportunity to promote the development

of the big health industry.
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