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Abstract: Wolfiporia cocos (F. A. Wolf) Ryvarden and Gilb. is a widely used herb in China,
belonging to the large fungi of the family Polyporaceae. P. cocos; it consists of a variety
of biologically active ingredients such as polysaccharides, triterpenes, and sterols, and is
considered a treasure in traditional Chinese medicine (TCM). Notably, P. cocos polysac-
charides, as the most prominent constituent, are of interest for their superior anti-obesity,
anti-tumor, anti-inflammatory, antioxidant, and immunomodulatory activities. P. cocos
polysaccharides can be divided into water-soluble polysaccharides and water-insoluble
polysaccharides, which may contribute to their diverse biological functions. Numerous
scholars have focused on the extraction process, structural identification, and classical
pharmacological pathways of P. cocos polysaccharides, but there are few systematic reviews
on P. cocos polysaccharides regulating the gut microbiota. Natural products and their
active ingredients are closely related to intestinal health, and further exploration of these
mechanisms is warranted. This review summarizes the recent cases of P. cocos polysac-
charides regulating the gut microbiota to promote health and discusses their relationship
with bioactive functions. It aims to provide a basis for exploring the new mechanisms of P.
cocos polysaccharides in promoting intestinal health and offers a new vision for the further
development of functional products.

Keywords: Wolfiporia cocos; polysaccharides; gut microbiota; pharmacological function;
health benefits

1. Introduction

Wolfiporia cocos (F. A. Wolf) Ryvarden and Gilb. is a common and famous traditional
Chinese medicine, mainly distributed in China, America, Oceania, Japan, and Southeast
Asia [1]. P. cocos typically parasitizes the roots of pine trees and is classified as the dried
mycelium of the fungus Poria cocos (Schw.) Wolf, belonging to the family Polyporaceae [2].
It is a kind of a large fungal plant, which is popular and has unique medicinal and edible
values [3]. As one of the Chinese treasures in the past and present, P. cocos has a great
demand in the market and has broad development prospects.
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P. cocos has been used as a traditional Chinese medicine and dietary supplement for
over 2000 years, and it has been described as a “medicine for all seasons”. According to
TCM, P. cocos has the effects of inducing diuresis and seepage of dampness, strengthening
the spleen, and tranquilizing the heart [4]. Modern pharmacological studies have indicated
that P. cocos has a variety of biological activities such as hypoglycemic, hypolipidemic,
anti-tumor, anti-inflammatory, antioxidant, and immunomodulatory effects [5,6]. The
active ingredients of P. cocos include polysaccharides, triterpenes, sterols, amino acids,
proteins, nucleotides, and trace elements [7]. Polysaccharides are a class of macromolecular
carbohydrates, and polysaccharides are the most important active ingredient in P. cocos,
accounting for 70-90% of the total mass of the fungus [8]. P. cocos triterpenoids are diversi-
fied and have significant activities, mainly including P. cocos acid, tulmoic acid, and ibruric
acid [9]. P. cocos polysaccharides and triterpenes are widely used and rich in pharmacologi-
cal activities, mainly in the fields of anti-tumor, immunity regulation, and hypoglycemia
effects [10]. In recent years, isolation technology and pharmacological research on the active
ingredients of P. cocos have developed rapidly [11]. However, the active ingredients in P.
cocos have not been fully clarified, and the biological activities of some components are still
unknown. In addition, the pharmacological mechanisms and targets of action of P. cocos
have not been fully elucidated, especially the mechanism of its multicomponent synergistic
action. Therefore, the scientific research community needs to adopt more techniques and
methods to carry out more in-depth studies and to reveal the mechanism of action of P.
cocos ingredients to improve diseases, so as to better utilize its edible and medicinal value.

The gut microbiota is a complex ecosystem composed of numerous microorganisms
in the gastrointestinal tract, and its composition and diversity play a key role in main-
taining the health of the body [12,13]. Imbalances in the gut microbiota contribute to the
development and progression of diseases including obesity, diabetes, antibiotic-associated
diarrhea (AAD), inflammatory bowel disease (IBD), chronic liver disease, and colorectal
cancer [14,15]. Numerous studies have shown that natural products derived from TCM
can play a therapeutic role by remodeling the intestinal microecological structure, modulat-
ing flora-related metabolites, and influencing intestinal absorption and transport [16,17].
Targeting the gut microbiota for health promotion has great potential, and it is important to
explore the specific mechanisms by which natural products modulate the gut microbiota.

Numerous scholars have studied the extraction process, structural identification,
and classical pharmacological pathways of polysaccharides, but there are few systematic
reviews on P. cocos polysaccharides regulating the gut microbiota [18]. Therefore, this paper
reviews the bioactive activities and health benefits of P. cocos and focuses on the potential
relationship between PCPs and the gut microbiota. This review aims to provide a basis for
the mechanisms by which P. cocos and its active ingredients modulate the gut microbiota
to ameliorate diseases, and to provide a new strategy for further research on the potential
development of PCP bio-actives in food and drugs.

2. Polysaccharides, the Main Component of P. cocos
2.1. P. cocos Polysaccharides and Other Effective Active Ingredients

The bioactive ingredients in P. cocos include polysaccharides, triterpenes, sterols,
volatile oils, proteins, amino acids, nucleotides, and trace elements [19]. Modern pharmaco-
logical studies have revealed that polysaccharides are the predominant pharmacologically
active ingredients found in P. cocos, accounting for about 70% to 90% of the total weight
of the whole fungus [20]. Polysaccharides are divided into heteropolysaccharides and
homopolysaccharides according to their monosaccharide composition [21]. The polysac-
charides in P. cocos are mainly divided into a class of branched-chain (-(1-3)-d-glucan
containing (1-6) and (1-2) and another class of heteropolysaccharides composed of glucose,
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arabinose, fucose, mannose, xylose, galactose, and other monosaccharides [22]. Despite
continuous advancements in polysaccharide identification techniques, current methods still
face limitations in accuracy, consistency, and a comprehensive consideration of dynamic
changes in microbial communities, as well as a lack of standardized protocols. These issues
may hinder the in-depth understanding of the structure—function relationships of polysac-
charides and limit their applications in microbiota research. Triterpenoids are mainly found
in P. cocos mushroom kernel and skin, containing acid, alcohol, protein, and other compo-
nents with antioxidant, anti-tumor, anti-inflammatory, and many other pharmacological
effects [23]. P. cocos polysaccharides show excellent immune response, antioxidant, and
anti-tumor activities, and triterpenoids exert their anti-tumor effects by modulating cell
signaling and inhibiting tumor cells [24]. It has been shown that lasagna triterpenoids
in P. cocos extract enhance nonspecific immunity by activating natural killer cells (NK),
promoting interferon gamma (IFN-y) secretion by type 1 helper T cells (Th1), and inhibiting
the production of IL-4 and IL-5 [25]. In addition, Poria Acid (PA), another triterpenoid
saponin, reduced the invasion and metastasis of gastric cancer cells by inhibiting the EMT
process and the expression of MMP proteins [26]. Additionally, other active ingredients in
P. cocos, such as sterols and ergosterol, have immunomodulatory effects, and alpha-cedrol
in volatile oils has anti-inflammatory effects [26].

2.2. Extraction and Structural Characterization of P. cocos Polysaccharides

PCPs were mostly extracted by hot water extraction, alkali extraction, enzyme ex-
traction, supercritical fluid extraction, and microwave-assisted and ultrasound-assisted
extraction [27]. These methods exhibit distinct trade-offs: hot water and alkali extractions
are simple and cost-effective but may degrade polysaccharide structures under harsh
thermal or alkaline conditions; enzyme extraction offers mild specificity yet faces lim-
itations in cost and scalability; supercritical fluid extraction is environmentally benign
but equipment-intensive; while microwave and ultrasound techniques enhance yield and
speed at the risk of localized overheating or radical-induced bioactivity loss. Evidence has
demonstrated that deep eutectic solvent (DES) extraction for polysaccharide extraction has
the advantages of high efficiency and high yield [28]. A study found that the DES method
using a solid-liquid ratio of 1:10 and a ratio of choline chloride to oxalic acid of 1:2 gave a
polysaccharide yield of 33.67% after 45 min of extraction [29]. Additionally, Guo et al. also
found that the DES method using ternary butylene glycol with a 300 mesh particle size
and a solid-liquid ratio of 30 mL/g gave a polysaccharide yield of 55.02% after 30 min of
extraction [30]. With the development of instrumentation, as well as extraction, separation,
purification, and structure identification techniques, the study of polysaccharides has ad-
vanced rapidly [25]. The current methods for polysaccharide extraction and purification
are often limited by low yields and insufficient purity, which may introduce contaminants
and affect the accuracy of their biological effects on microbiota. To address these issues,
there is a need for standardized protocols to improve the yield and purity of polysaccharide
preparations, thereby ensuring reliable and reproducible results in microbiota research.
The analytical detection of P. cocos polysaccharides mainly includes the molecular weight
of polysaccharides, monosaccharide composition, and glycosidic bond type [31]. This infor-
mation can be identified with increasing accuracy by advanced physicochemical methods,
chromatographic techniques, and spectroscopic analysis [32]. P. cocos polysaccharides can
be divided into water-soluble polysaccharides and alkali-soluble polysaccharides according
to the different extraction methods [33]. Water-soluble polysaccharides in P. cocos have a low
content but have significant biological activities, such as anti-tumor and anti-inflammatory
effects [34]. Compared with water-soluble polysaccharides, alkali-soluble polysaccharides
have a higher content in P. cocos, which can reach 93%; however, these polysaccharides have
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poor water solubility and relatively low bioactivity, and especially almost no anti-tumor
activity [35].

2.3. Chemical Modification of P. cocos Polysaccharides

Chemical modification is a widely used modification method employed to change
the physicochemical properties and biological activities of polysaccharides by introducing
different substituents such as carboxyl, methyl, sulfate, and hydroxyl groups into the
polysaccharide molecules [36]. Structural modification of P. cocos polysaccharides not only
improves the water solubility and stability of polysaccharides but also enhances their biolog-
ical activities, such as anticancer, antioxidant, anti-inflammatory, and immunomodulatory
effects [37]. In addition, chemical modification can help to improve the pharmacokinetic
properties and bioavailability of polysaccharides, thus increasing their potential as drugs
or functional foods. However, common modification methods, such as acetylation and
sulfation, often involve toxic reagents and may generate by-products that could compro-
mise the purity and safety of the modified polysaccharides. Therefore, while chemical
modification improves the functionality of polysaccharides, it is essential to optimize the
modification processes to minimize the introduction of toxic substances and impurities,
ensuring their safe application in food and pharmaceutical industries [38]. It has been
shown that by introducing carboxymethyl (-CH,COOH) into the polysaccharide molecule,
the solubility and adsorption capacity of the polysaccharide, as well as its anti-tumor
and antioxidant activities, can be increased, [39]. Sulphation is the introduction of sulfate
(-50427) into the polysaccharide molecule, which usually increases the water solubility and
anticoagulant activity of the polysaccharide while potentially enhancing its anti-tumor and
antiviral activities [40]. Therefore, in order to improve the water solubility and biological
activity of P. cocos alkali-soluble polysaccharides, they are usually chemically modified
by carboxymethylation and sulfate esterification [41]. For example, carboxymethyl porin
polysaccharide (CMP) showed good anti-tumor effects, exerting its effects by modulating
NEF-«kB, Nrf2-ARE, and the mitogen-activated protein kinase/P38 protein kinase/c-Jun
amino-terminal kinase pathway [42].

Notably, P. cocos oligosaccharides (PCOs) are a class of polymers and low-molecular-
weight polysaccharides prepared by enzymatic degradation, containing sugar the residues
of (1-2)-p-D-Glc_p, (1-2)-a-D-Glc_p, and (1-4)-«-D-Glc_p [43]. PCOs exhibit a wide
range of applications in the pharmaceutical and food fields, with a variety of biological
activities, including anti-tumor, antiviral, anti-inflammatory, immunomodulatory, and
antioxidant effects [24]. Furthermore, they can improve disorders of glycolipid metabolism
and protect the structural and functional integrity of the intestinal barrier by regulating
intestinal flora [44]. Compared to P. cocos polysaccharides, PCOs have better water solu-
bility and bioavailability due to their lower molecular weight, which makes them exhibit
stronger antioxidant, immunomodulatory, and anti-tumor properties. To sum up, oligosac-
charide degradation and the chemical modification of P. cocos polysaccharides, such as
carboxymethylation, sulfation, and phosphorylation, can improve their water solubility,
increase their molecular flexibility and stretchability, and thus enhance their biological
activities, including anti-tumor, immunomodulatory, antioxidant, and anti-inflammatory
effects, which makes the modified polysaccharides have a wider range of applications in
the field of pharmaceuticals and functional foods (Figure 1).
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Figure 1. The main active ingredients of P. cocos are polysaccharides, triterpenes, and sterols. The
extraction and purification methods of PCPs include hot water extraction, alkali extraction, enzyme
extraction, supercritical fluid extraction, microwave-assisted and ultrasound-assisted extraction,
and deep eutectic solvents (DESs) extraction. The pharmacological functions of polysaccharides
include anti-inflammatory, anti-obesity, anticancer, and immunomodulatory functions. PCPs are clas-
sified into water-soluble polysaccharides and water-insoluble polysaccharides, and water-insoluble
polysaccharides with poor water solubility are 3-(1-3)-d-glucan, which are usually modified by
sulfate esterification and carboxymethylation.

3. Bioactive Functions of P. cocos Polysaccharides

Polysaccharides have great potential to be developed into functional prebiotics and
therapeutic drugs due to their wide range of biological activities, making the study of their
pharmacological activities and mechanisms a key research area [45]. For the past few years,
plenty of studies have revealed the role and mechanism of applying P. cocos polysaccharides
in the treatment of various diseases, and its pharmacological activities are mainly focused
on anti-inflammatory, anti-obesity, anti-tumor, and immunomodulatory functions [46,47]
(Table 1).
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Table 1. Extensive pharmacological functions of PCPs and their mechanisms.
Name Structure Dosage Model Pharmacqloglcal Molecular Mechanisms Symptoms of Improvement Reference
Function and Targets
PCP inhibited the activation of the
TLR4/NF-kB pathway in the
PCPs (95% pure) 100 mg/kg, Male 8-week Reduce high-fat me;g;:ssae:clllﬁ Hil(gl:r;:éaé?ézke d PCP intervenes in AS by
PCP °p 200 mg/kg, and C57/BL6 mice and diet-induced pias, . reducing inflammatory factors [48]
were purchased . . . the expression of matrix .
400 mg/kg ApoE mice arteriosclerosis : and blood lipid levels.
metalloproteinase 2 and
intercellular adhesion molecule
1 proteins.
PCP affects lipid synthesis,
. up.take, and ox1da.t10n by PCP reduced serum and hepatic
Male 8-week Improve lipid regulating the expression of genes lipid levels, and improved lipid
PCP N 225 mg/kg . metabolism to related to bile acid synthesis 7 . ' [49]
C57/BL6 mice . metabolism by regulating bile
alleviate NAFLD (Cyp7b1 and Cyp27al) and fatty - . .
: . acids and fatty acid metabolism.
acid metabolism (SrebpIc, Fas,
Scd1, Fatp2, Ppara).
PCO reversed the expression of
bile acid synthesis genes (CYP7A1, PCO inhibits lipid metabolism
CYP8B1, CYP27A1, ABCGI) to . L
(1 — 2)-B-D-Glep, (1 Improve - . disorders and reduces lipid
Male 6-week - promote lipid metabolism and . )
PCO — 2)-0-D-Glcp, and 200 mg/kg . HFD-induced accumulation and inflammatory [50]
C57/BL6 mice .. - reduced the mRNA levels of .
(1 = 4)-«-D-Glcp. dyslipidemia . ) responses in blood and
inflammatory cytokines to li .
X iver tissues.
attenuate inflammatory responses
in mouse liver.
PCP activate the ERK/Nrf2/HO-1 ~ PCP exerts anti-inflammatory
Atenuate signaling pathway in vsmc effects by inhibitin
50, 100, and Vascular smooth ox-LDL-induced & . &P Y . ! . y g
PCP N . . decreasing LOX-1 expression, and pro-inflammatory mediators [51]
200 pg/mL muscle cells (VSMCs) inflammation and Lo . .
1 eliminating intracellular and cytokines and ameliorates
oxidative stress .y . .
lipid accumulation. oxidative stress.
PCP down-regulated the
Attenuate RANKL phosphorylation levels of STAT3, PCP inhibits RANKL-induced
PCP Purity > 98% 0.5-8 uM RAW264.7 cells induced P38, ERK, and JNK, and inhibited osteoclast formation and [52]
osteoclastogenesis the expression of NFAcT1 and bone resorption.

c-Fos, and TRAcP and CTSK.
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Table 1. Cont.
Name Structure Dosage Model Pharmacqloglcal Molecular Mechanisms Symptoms of Improvement Reference
Function and Targets
Improve PCP regulates Treg cells in the PCP reduced inflammatory
. o 200 mg/kg, and Male 6-8-week : spleen and downregulates cytokines and oxidative stress in
PCP Purity > 90% 400 mg/kg C57/BL6 mice feicifcl)iﬁciisu(clzeg’) Annexin-V in the thymus of the plasma and spleen and [53]
P fp-induced sepsis mice. increased resistance to FIP.
. PCP_lC. reduc'ed heP a fie PCP-1C reduces serum
inflammation by inhibiting the . .
. . biochemical markers, attenuates
25,50, and Improve TLR4/NEF-«B signaling pathway hepatic steatosis, repairs the
PCP-1C N T Male C57/BL6 mice  alcohol-induced liver and ameliorated hepatocyte . . . [54]
100 mg/kg - . A intestinal barrier, and reduces
injury apoptosis by inhibiting lipopolvsaccharide
CYP2E1/ROS/MAPKs el
. : (LPS) leakage.
signaling pathway.
PCP-1C activated the Notch
. Regulate the immune signaling pathway in e
PCP-1C Suggaé ;c;z;tent. 2(())’0100’/?:5 RAW264. 7 cells response and macrophages and up-regulated mfgg 1hCa lzlp;?;?;\t/{clm [55]
o HE anti-tumor the expression of Notchl, ligands phase p '
Jagghd1l and Hesl.
PCP-W1 regulated the .
. . PCP-W1 induced macrophage
molecular weight: 25,50, 100, 200 and Potential TLR4/MD2/NF-«kB pathway and L .
PCP-W1 18.38 kDa 400 pg/mL RAW264. 7 cells anti-tumor effects activated the release of NO, IL-6, polarlzatzlgil ;Ollﬁi_tzgg in RAW [56]
IL-B, TNF-«, CD86, and ROS. ’ ’
PCP elevated the levels of nitric
200 g /mL for cell RAWf ji‘je cells, oxide, IL-2, IL-6, IL-17 A, TNE,  PCP led to a significant decrease
PCP 590% pure and 200 mg /kg for  C57BL/10ScNJ, and Immunomodulatory . and IFN-y and ﬁgplﬁcantly in .tumor Vglume and an (57]
mice control C57BL/10] effects increased the expression of TLR4, increase in all organ
mice MyD88, TRAF-6, p-NF-«kB, and immunoreactivity indices.
p-c-JUN.
PCAPS1 enhanced the mRNA
. expression levels of TNF-a and . .
[3-1,3-glucan with Immunoregulatory s o PCAPSI increased the secretion
PCAPS1 115 kDa 500 pg/mL RAW264. 7 cells capacity NF+jB, activating RAW264.7 cells of TNF-a. [58]

by inducing translocation of the
NF-B p65 signaling pathway.
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Table 1. Cont.

Name Structure Dosage

Model

Pharmacological
Function

Molecular Mechanisms
and Targets

Symptoms of Improvement

Reference

1,3-p-D-Glc and

RAW264. 7 cells

Immunoenhancing
effects

PCP-2 promoted the secretion of
NO and TNF-«, and increased the
levels of IgG, IgA, IgM, and
CD3*CD4* T cells in the blood.

PCP-2 promoted the
development of thymus and
spleen immune organs, and

improved gut barrier
dysfunctions.

[59]

PCP-2 1,6-B-D-Glc with ) 02('] 10, /5 O'L
2.35 kDa Hg/m
PCP 20.112 kDa 50, 200, 800 pg/mL

BALB/c mice

Inducing immune
responses

PCP promotes the activation of
dendritic cells and macrophages
and binds to Th1 and Th2
immune responses.

PCP markedly induced the
cytotoxic T lymphocyte
response, and enhanced

humoral and cellular
immune responses.




Molecules 2025, 30, 1193

9 of 28

3.1. Anti-Obesity Effects of P. cocos Polysaccharides

P. cocos polysaccharides inhibit high-fat-diet-induced metabolic disorders by regulating
host metabolic pathways [61]. Polysaccharides can change the synthesis and composition of
bile acids, affecting the digestion and absorption of lipids, and then promote the oxidative
utilization of fatty acids and reduce the accumulation of fat in the liver, which in turn exerts
anti-obesity effects [62]. Meanwhile, P. cocos polysaccharides can improve the symptoms of
diabetic patients by increasing glucose tolerance, improving abnormal glucose tolerance,
and improving glucose metabolism disorder [63]. It was found that 95% pure P. cocos
polysaccharide (PCP) intervened in atherosclerosis induced by a high-fat diet by inhibiting
the activation of the TLR4/NF-«B pathway in the aorta and lowering inflammatory factors
and lipid levels [48]. Wang et al. found that PCP reduced serum and liver lipid levels;
affected fatty acid metabolism, bile acid metabolism, and metabolic pathways of the
tricarboxylic acid cycle; and inhibited lipid synthesis and uptake to improve NAFLD [49].
Zhu et al. showed that PCO can significantly inhibit lipid metabolism disorders and reduce
lipid accumulation and inflammation in blood and liver tissues to effectively ameliorate
lipid metabolism disorders induced by a high-fat diet [50].

In summary, P. cocos polysaccharides exert anti-obesity effects and ameliorate high-fat-
diet-induced metabolic disorders by modulating host metabolic pathways, altering bile acid
composition to influence lipid digestion and absorption, promoting fatty acid oxidation
and utilization, reducing hepatic fat accumulation, increasing glucose tolerance, improving
glucose metabolism, inhibiting activation of the TLR4/NF-«kB pathway in atherosclerosis,
and decreasing inflammation and lipid-level disorders.

3.2. Anti-Inflammatory Activity of P. cocos Polysaccharides

P. cocos polysaccharides can reduce inflammatory response and the release of inflam-
matory factors [43]. Numerous studies have shown that P. cocos exerts anti-inflammatory
effects by inhibiting the expression of iNOS, COX-2, etc., and the production of inflamma-
tory mediators such as NO, PGE2, IL-1, IL-6, and TNF-« [64]. Zhao et al. found that PCP
exerts anti-inflammatory and antioxidant effects by activating the ERK/Nrf2/HO-1 signal-
ing pathway in vsmc, decreasing the expression of LOX-1, and eliminating intracellular
lipid accumulation [51]. Song et al. found that PCP inhibited RANKL-induced osteoclast
formation and bone resorption by down-regulating the phosphorylation levels of STAT3,
P38, ERK, and JNK, inhibiting the expression of NFAcT1 and c-Fos, and impacting the
expression of TRAcP and CTSK [52]. A study found that PCP exerts a protective effect
against fecal-induced peritonitis (FIP) by decreasing inflammatory cytokines and oxidative
stress in the plasma, modulating Treg cells in the spleen, and down-regulating Annexin-V
in the thymus of septic mice [53]. Another study showed that PCP reduced alcohol-induced
liver inflammation by repairing the intestinal barrier and reducing lipopolysaccharide (LPS)
leakage, inhibited the TLR4/NF-«kB signaling pathway, and improved hepatocyte apoptosis
by inhibiting the CYP2E1/ROS/MAPKs signaling pathway [54].

To sum up, P. cocos polysaccharides exert their anti-inflammatory efficacy by inhibit-
ing the production of inflammatory mediators and the release of inflammatory factors,
activating the ERK/Nrf2 /HO-1 signaling pathway, reducing the accumulation of lipids,
attenuating oxidative stress, and protecting the intestinal barrier, as well as by inhibiting
the TLR4/NF-«kB and CYP2E1/ROS/MAPKs signaling pathways.

3.3. Anti-Tumor and Immunomodulatory Functions of P. cocos Polysaccharides

P. cocos polysaccharides have anti-tumor activity, which may play a role by activating
the immune system, inhibiting the proliferation of tumor cells, and promoting apopto-
sis of tumor cells and other mechanisms [65]. Numerous studies have reported that the
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anti-tumor activity of P. cocos polysaccharides is mainly reflected in two aspects: one is to
promote the apoptosis of tumor cells through various mechanisms, thus achieving direct
tumor suppression effect; the other is to promote the sensitivity of tumor cells to radio-
therapy and chemotherapy, thus achieving an indirect tumor suppression effect [66-68].
Polysaccharides can enhance the immune function of the body, activate immune cells such
as macrophages and lymphocytes, and promote the production of antibodies, thus improv-
ing the body’s resistance to pathogens [69]. Current research on the immunomodulatory
function of P. cocos mainly focuses on polysaccharide and structurally modified polysac-
charide derivatives [70]. P. cocos polysaccharides (PCPs) regulate the body’s immunity
by protecting the immune organs, preventing or reducing thymus atrophy and spleen
enlargement, activating T and B lymphocytes, enhancing NK cell activity, and regulating
inflammatory cytokines such as IL-2, TNF-a, and so on [71]. In a study with RAW264.7
cells, Hu et al. found that the homopolysaccharide PCP-1C further exhibited anti-tumor
activity in vivo by activating the Notch signaling pathway in macrophages and upregu-
lating the expression of Notchl, and ligands Jagghdl and Hesl [55]. Sun et al. found that
PCP-W1 enhanced NO, IL-6, IL-13, TNF- «, and ROS in macrophages by regulating the
TLR4/MD2/NF-kB pathway, suggesting that PCP-W1 may have a potential anti-tumor
effect [56]. Tian et al. found that the use of PCP led to a significant reduction in tumor
volume and an increase in organ immunoreactivity indexes, and it exerted exogenous
and internal immunomodulatory effects by activating the TLR4/TRAF6/NF-«B signaling
pathway [57].

Interestingly, water-soluble polysaccharides and water-insoluble polysaccharides de-
rived from P. cocos have a large difference in immunomodulatory function and anti-tumor
activity [72]. Water-soluble polysaccharides are more easily recognized and processed by
the immune system to rapidly stimulate an immune response, which is reflected in the
enhancement of the body’s immune function through the activation of immune cells [73].
Water-insoluble polysaccharides, on the other hand, exhibit specific anti-tumor activities
due to their structural stability and interaction with cell surface receptors, and they can
play a role by inhibiting tumor cell proliferation, promoting apoptosis, or affecting the
tumor microenvironment [74]. In a study of insoluble polysaccharides, scholars found that
PCAPS1 enhanced the mRINA expression levels of TNF-a and nuclear factor jB (NF-B),
while activating RAW264.7 cells by inducing the NF-jB p65 signaling pathway transloca-
tion [58]. Lv et al. found that the water-soluble polysaccharide PCP-2 could stimulate
the proliferation of RAW264.7 cells, promote the secretion of inflammatory factors such
as NO and TNF-«, and increase the levels of IgG, IgA, IgM, and CD3*CD4* T cells in the
blood [59]. Another study showed that PCP can elicit a strong antibody response in the
body by promoting the activation of dendritic cells (DCs) and macrophages in combination
with Th1l and Th2 immune responses [60]. In a word, P. cocos polysaccharides enhance
immune function by activating immune cells and promoting antibody production, and they
concurrently exert anti-tumor effects by inhibiting tumor cell proliferation and promoting
apoptosis through the activation of signaling pathways such as Notch and TLR4/MD2/NEF-
kB. Moreover, they can achieve immunomodulation by regulating inflammatory factors
and enhancing the function of immune organs, in which water-soluble polysaccharides
promote immune responses through rapid activation of the immune system, whereas
water-insoluble polysaccharides exert specific anti-tumor activities by affecting the tumor
microenvironment and the interaction of cell surface receptors.

In addition to the main pharmacological activities mentioned above, P. cocos polysac-
charides also have pharmacological effects such as antioxidant, anti-aging, and protec-
tion effects on the liver and kidneys [75]. Mechanistic studies have shown that P. cocos
polysaccharides can elevate superoxide dismutase, which is essential for oxidation and
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antioxidants in organisms, thus protecting the structure and function of cell membranes
from the interference and damage of peroxides and improving the antioxidant capacity of
the organism [76,77]. In addition, P. cocos polysaccharides inhibited the phosphorylation of
mitogen-activated protein kinase p38 antibody (p38MAPK), thereby inhibiting the produc-
tion of inflammatory factors and thus protecting the kidneys [14]. P. cocos polysaccharides
protected the liver by down-regulating the expression of TGF01 and PDGE, inhibiting
the activation of HSC proliferation, promoting the degradation of the extracellular ma-
trix, and decreasing hepatic fibrous connective tissue deposition [78]. Moreover, P. cocos
polysaccharides can also be used as prebiotics to widely regulate gut microbiota and im-
prove intestinal barrier function due to their unique activity [79]. Prebiotics are a class of
non-digestible macromolecular carbohydrates that produce health benefits for the host
by selectively promoting the activity and growth of one or several beneficial bacteria in
the gut. A widely used prebiotic are polysaccharides from natural products, which have
a variety of positive effects on the health of the host [80,81]. As a powerful prebiotic, P.
cocos polysaccharides are worth exploring in depth for their multifaceted effects on the
maintenance and improvement of intestinal health, helping to improve overall digestive
health and the body’s immunity.

3.4. P. cocos Polysaccharides Modulate Gut Microbiota to Exert Probiotic Function

With the development of modern biotechnology and pharmacology, polysaccharides
have been found to have a wide range of biological functions [82]. The research on the com-
position, extraction, analysis, and biological activity of P. cocos polysaccharides has become
a hot spot at home and abroad [83]. Despite extensive reviews on P. cocos polysaccharides
covering aspects such as extraction processes, structural characterization, anti-tumor ac-
tivities, anti-inflammatory properties, and immunomodulatory effects, limited attention
has been given to summarizing their potential health-promoting effects via modulation of
the gut microbiota [84]. Therefore, we will focus on how polysaccharides can ameliorate
diseases by modulating the gut microbiota, altering related metabolites, and influencing
organismal functions.

Gut microorganisms have a crucial role in human health, and they play a variety of
roles in human physiological and pathological processes [85]. The gut microbiota is not
only involved in material metabolism and nutrient synthesis but is also closely related to
the regulation of the immune system and the development of many diseases [86]. On the
one hand, the interaction between gut microbes and the host immune system is crucial for
maintaining immune homeostasis [87]. On the other hand, alterations in the composition
and function of gut microbes have been associated with a variety of diseases, including
diabetes, antibiotic-associated diarrhea, inflammatory bowel disease, and colorectal can-
cer [88]. Herein, this study of the regulatory effects of P. cocos polysaccharides on the gut
microbiota is expected to provide new prospects for the effective amelioration of the disease
(Figure 2).
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Figure 2. PCPs activate or inhibit the TLR4/NF-«B, CYP2E1/ROS/MAPKs, and TLR4/MD2/NF-«B
pathways, releasing cytokines that exert anti-obesity, anti-inflammatory, and anti-tumor effects. In
contrast to the above, PCPs affect host metabolic, immune, and inflammatory responses by regulating
the gut microbiota, influencing the production of SCFAs, and altering flora-associated metabolites.

3.4.1. Regulate the Composition and Structure of Gut Microbiota

P. cocos polysaccharides can regulate the composition and structure of gut microbiota
by promoting the growth of beneficial bacteria (Muribaculaceae and Lachnospiraceae) and
inhibiting the reproduction of harmful bacteria (Escherichia-Shigella, Staphylococcus, and
Acinetobacter) [89]. The balance of gut microbiota is crucial to human health, and its
diversity and stability are key to maintaining intestinal health [90]. Beneficial bacteria such
as Bifidobacteria and Lactobacillus can enhance the intestinal barrier function and inhibit
the invasion of pathogenic bacteria [91]. By regulating the gut microbiota, PCPs can help
prevent and treat intestinal-related diseases, such as inflammatory bowel disease (IBD) and
irritable bowel syndrome (IBS) [92].

3.4.2. Influence on the Production of Short-Chain Fatty Acids (SCFAs)

SCFAs contain acetate, propionate, and butyrate, and are the main metabolites pro-
duced by gut microorganisms fermenting cellulose [93]. PCPs can promote the growth of
beneficial intestinal bacteria and increase the production of SCFAs [94]. SCFAs are involved
in the regulation of energy metabolism and blood glucose control in the host, which helps
to prevent and treat metabolic diseases such as obesity and diabetes [95]. Concomitantly,
SCFAs exert anti-tumor effects by enhancing immune cell function, directly acting on tumor
cells, regulating the tumor microenvironment, and inhibiting HDAC activity [96]. As
ligands for histone deacetylases (HDAC), SCFAs can induce HDAC inhibition to stimulate
monocytes and neutrophils, leading to NF-kB inactivation and a reduction in inflammatory
cytokines [97]. In addition, SCFAs bind to intestinal GPR43 and GPR41 receptors, which
further inhibits MAPK, p-p38/p38, and p-JNK/JNK signaling pathways and increases
the expression of immune cytokines (e.g., IL-2, IL-4, IL-6, IL-10, TGF-3, and IFN-y), thus
exerting immune activity [98,99].
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3.4.3. Regulation of Flora-Associated Metabolites

Gut flora metabolites are key regulators of host health and disease and are diverse
and multifunctional, including short-chain fatty acids (SCFAs), bile acids, tryptophan,
and trimethylamine-N-oxide (TMAO). P. cocos polysaccharides affect tryptophan and
bile acid metabolism by regulating the metabolic activity of the gut microbiota, thus
positively affecting host health [100]. Tryptophan is one of the essential amino acids, and
gut microbes are able to metabolize tryptophan to produce a variety of metabolites such
as 5-hydroxytryptophan (serotonin) and kynurenine [101]. These metabolites play an
important role in regulating the host’s mood, sleep, and immune response. Bile acids are
digestive fluids synthesized by the liver and are involved in the digestion and absorption
of fats [102]. Gut microbes metabolize bile acids to produce secondary bile acids, and
these metabolites play an important role in regulating the host’s metabolic, immune, and
cardiovascular health [103]. On the one hand, P. cocos polysaccharides can activate immune
effector cells and promote the expression of growth factors and cytokines by regulating the
intestinal microbiota and metabolic profile, thus enhancing innate and specific immunity.
On the other hand, excessive immune responses can damage tissues and organs, aggravate
pathological conditions, and induce autoimmune diseases. By regulating metabolites and
immune responses, P. cocos polysaccharides can both enhance the body’s immune defense
function and avoid organ damage caused by excessive immune responses [104].

Collectively, P. cocos polysaccharides act comprehensively on the intestinal micro-
biota through a variety of mechanisms, including promoting the growth of beneficial
bacteria, increasing the production of SCFAs, regulating the intestinal barrier function,
influencing the host metabolism, and altering the structure of the bacterial flora, which
work together to maintain the intestinal micro-ecological balance and enhance the body’s
immune defense ability.

4. P. cocos Polysaccharides Improve Disease by Regulating
Gut Microbiota

Conventional pharmacology usually relies on direct action on specific molecular
targets or signaling pathways [105]. The NF-«B pathway plays a key role in immune,
inflammatory, and other processes, and its activation mechanism includes both classical and
non-classical pathways involving the IkB kinase complex (IKK) and NF-kB-induced kinase
(NIK) [64]. In contrast, the paradigm of targeting the modulation of the gut microbiota
for disease amelioration focuses on influencing host health by regulating the composition
and metabolic activities of gut microbes [106,107]. Typically, the gut microbiota influences
the host’s metabolic, immune, and inflammatory responses through the production of
metabolites such as SCFAs [18]. Traditional pharmacology focuses on the treatment of
specific diseases or symptoms, and the effects of drugs are usually limited to specific organs
or systems [108]. In contrast, modulation of the gut microbiota has a broader therapeutic
potential, as evidenced by the fact that the gut microbiota is closely related to the function
of multiple systems, including metabolism, immunity, and the nervous system [109]. Thus,
gut microbiota modulation has a positive impact on a wide range of chronic diseases,
and in the next section we will focus on the role of flora modulation in prebiotic function,
anti-inflammation, anti-obesity, and immunomodulation (Table 2).
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Table 2. The role of PCPs in regulating gut microbiota and its mechanism.
Name Dosage Model Activity Gut Microbiota Regulation Metabolites Regulation Gene and Protein Expression Reference
Barnesiella, Pseudobutyrivibrio, PC promoted the . .
PC 750 mg/kg Male 6—wee.3k Prebiotic functions and Dehalobacterium production of Bacteroides .SCFA af.fects §1gnahr.1g pzjlthways [110]
C57BL/6 mice . in host intestinal epithelial cells.
were decreased. xylanolyticus.
PCP up-regulates intestinal
. g Occludin and ZO-1 proteins,
75 mg/kg, Male 8-week Functional food to PCP treatment increased the }icklfei}i(e)\t\;el;ios;irég’;fca:zig MUC2, 3-defensin and SIgA,
PCP 150 mg/kg, and . regulate intestinal abundance of Muribaculaceae gher feve's ot ¢ 7 and enhances immunity by [111]
300 mg/k; C57BL/6 mice m al function and Bacteroides propionic acid, isobutyric -regulating th ression of
8/%8 ucosat unctio ' acid, and isovaleric acid up-rest & the expression 0
’ © IL-2,IL-4, IL-6, IL-10, TGF-$ and
IFN-y.
Functional food to The relative abundances of Improved amino acid, PCPs could promote the
Male 21-dav-old help promote Bifidobacterium, Lactobacillus, energy, SCFAs and functional ma tl::l ration of et
PCPs 12 g/kg Sprague Daw}lle rats maturation and Allobaculum, and Oligella nucleotide metabolism. microbiota and & [112]
prag y stability in increased, whereas 35 urinary and 24 feces increase basic metabolism
young rats Enterococcus declined. metabolites was changed. ’
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PCX 300 mg/kg Male 4.—6—we.ek Functional prebiotic Lachnospiraceae and The content of short-chain PCX significantly elevated [113]
Kunming mice decreased Muribaculaceae. peptides was changed. IL-10 levels.
Male 4-6-week . " The number of Lactobacillus ~ The content of short-chain PCY significantly decreased
PCY 300 mg/kg Kunming mice Functional prebiotic was significantly increased. peptides was changed. IFN-y levels. [113]
PCE inhibited the NF-kB
PCE significantly decreased pathway, decreased the
20.46 mg/kg, Male 6-8-week Attenuated Pseudomonas, and increased inflammatory mediators TNF-«,
PCE 40.92 mg/kg, Balb/c mice DSS-induced Oscillospira, Prevotella, N IL-6, and IL-1p, and restored the [114]
81.84 mg/kg ulcerative colitis Ruminococcus, and expression of the colonic tight
unidentified-Lachnospiraceae. junction proteins ZO-1 and
Claudin-1.
Regulated the relative Secondary bile PCOs protect the intestinal
Male 6-week Attenuated abundance of Muribaculum, sjlcfljrli‘le?esé]/r:yhsetzlrsr; t:reld inﬁiﬁiiﬁéf;%lrré-?ﬁgl?ibznd
PCOs 200 mg/kg BALB/c mice DSS-induced Desulfovibrio, Oscillibacter, elutathione IL-6 cytokines and promoting [115]

ulcerative colitis

Escherichia—Shigella, and
Turicibacter.

metabolism were
remarkably reversed.

the expression of tight
junction proteins.
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Male Sprague Alleviated chronic NK4A214 group, uncultured P yoy
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: . Clostridium. in gut. PPAR-y pathway.
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Altered Eisenbergiella, Dorea, ~ PCP treatment improved PCP improves fatty acid
Male 6-week . . Proteiniphilum and vitamin metabolism and mitigates
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PCP treatment. ubiquitin system function. induced by HFD in vivo.
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tryptophan metabolites.

pro-inflammatory cytokines.
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adhesion molecules.
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and Mucispirillum. and GPR41.
PCY increased
norank_f_Muribaculaceae and
Ameliorated unclassi- The level of acetic and PCY restored intestinal barrier
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Staphylococcus, and
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4.1. P. cocos Polysaccharides as Dietary Supplements for Health Promotion

Previous studies have demonstrated that prebiotics, as dietary supplements, exert
significant effects on modulating the gut microbiota by promoting the proliferation of
beneficial bacteria such as Bifidobacterium and Lactobacillus, thereby maintaining gut
homeostasis, enhancing digestive function, and strengthening the intestinal barrier [130].
Prebiotics are non-digestible food ingredients that selectively promote the growth and
activity of beneficial gut microbiota, thereby improving host health [131]. Polysaccharides
exhibited prebiotic effects by modulating the composition of the gut microbiota, reducing
the abundance of potentially pathogenic bacteria, and promoting the proliferation of
SCFA-producing bacteria. A study shows that polysaccharides from P. cocos can function
as prebiotics by significantly reshaping the composition of the gut microbiome, thereby
contributing to health-promoting effects [110]. Duan et al. found that PCP, with a molecular
weight of 11.583 kDa, is a functional food that increases the abundance of Muribaculaceae
and Bacteroides, promotes the production of SCFAs, up-regulates the expression of intestinal
Occludin and ZO-1, down-regulates serum endotoxin, DAO, d-lactate, and intestinal MPO
levels, and enhances the intestinal barrier by increasing the expression of IL-2, IL-4, IL-6,
IL-10, TGF-B, and IFN-y [111]. In male 21-day-old SD young rats, Wang et al. found
that supplementation with PCPs favored the development and metabolic activity of the
gut microbiota, and that PCPs increased the relative abundance of beneficial bacteria,
decreased the relative abundance of detrimental bacteria, and effectively improved energy
metabolism and nucleic acid metabolism [112]. A comparative study of P. cocos water-
soluble polysaccharides (PCX) and water-insoluble polysaccharides (PCY) found that
both were effective in modulating the gut microbiota of KM mice and altering short
peptide metabolism and inflammatory factors, especially PCY, which has great prebiotic
potential [113].

4.2. P. cocos Polysaccharides Exert Anti-Inflammatory Effects to Improve Disease

Modern pharmacological studies have demonstrated that P. cocos polysaccharides
exert their anti-inflammatory effect by affecting the secretion of inflammation-related
factors, iNOS and COX-2, and inhibiting the activation of the inflammatory signaling
pathway NF-kB [132]. It has been shown that in DSS-induced ulcerative colitis, P. co-
cos oligosaccharides protect the intestinal barrier from damage by regulating the relative
abundance of Muribaculum, Desulfovibrio, Oscillibacter, Escherichia-Shigella, and Turicibac-
ter, inhibiting the expression of TNF-«, IL-13, and 1L-6 cytokines, and promoting the
expression of tight junction proteins to protect the intestinal barrier from damage [114]. P.
cocos aqueous polysaccharides improved IBD by significantly decreasing the number of
Pseudomonas and increasing the abundance of Oscillospira, Prevotella, Ruminococcus, and
unidentified-Lachnospiraceae, inhibiting the NF-«kB pathway, decreasing inflammatory medi-
ators, and restoring the expression of colonic tight junction proteins ZO-1 and Claudin-1
expression [115]. The gut microbiota affects the immune system, metabolic processes,
and intestinal barrier function by influencing the immune system, metabolic processes,
and intestinal barrier function in the treatment of chronic nonbacterial prostatitis (CNP).
Therefore, natural product polysaccharides modulating the gut microbiota may provide
a new strategy for the treatment of CNP [133,134]. P. cocos polysaccharides (PPs) reduce
CNP symptoms by enriching Parabacteroides and Fusicatenibacter, increasing beneficial
metabolites in the gut microbiome, and upregulating the expression of Alox15 and Pla2g2f
in the colonic epithelium to inhibit prostate inflammation [116]. In a study of CNP, Liu
et al. found that polysaccharide PPs over-reduced the levels of pro-inflammatory cytokines
(TNF-« and IL-1$3) and c-reactive protein (CRP), while PPs restored the relative abundance
of five genera, reconfigured the DNA methylome of intestinal epithelial cells, and played a
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key role in alleviating CNP [117]. Furthermore, in their another comparative study of PPs
with finasteride in the treatment of CNP, both PPs and finasteride inhibited the produc-
tion of pro-inflammatory cytokines and androgens, and interfered with CNP by restoring
CNP-induced changes in the bacterial flora, including Ruminococcaceae_ NK4A214_group,
bacterium_f Ruminococcaceae, Ruminiclostridium_9, Phascolarctobacterium, Coriobacteriaceae
UCG-002, and Oribacterium [118].

4.3. P. cocos Polysaccharides Effectively Alleviate Metabolic Syndrome

The metabolic syndrome, typified by obesity, hyperglycaemia and hepatic steato-
sis, is prevalent worldwide [135]. Metabolites produced by the gut microbiota, such as
trimethylamine and secondary bile acids, are involved in the body’s glycolipid metabolism
and inflammatory response, influencing the development of the metabolic syndrome [45].
Studies have shown that modulating the gut microbiota with prebiotics, probiotics, or
fecal mushroom transplantation (FMT) can help improve the symptoms of metabolic syn-
drome [136]. Sun et al. found that WIP with the repeating unit (1-3)-3-D-glucan modulated
the amount of Lachnospiracea and Clostridium, increased the level of butyrate in the intestine,
improved the integrity of the intestinal mucosa, and activated the PPAR-y pathway [119].
A comprehensive analysis of the Jiang et al. study found that PCP altered the amount of
Eisenbergiella, Dorea, Proteiniphilum, and Lachnospira in the gut, and inhibited inflamma-
tory signaling pathways in adipose tissue induced by a high-fat diet [120]. In addition,
Zhu et al. showed that PCO could be used as a new prebiotic, and that PCO inhibited
the expression of fatty acid synthesis regulator mRNA and pro-inflammatory cytokines,
restored the imbalance of the intestinal microbiota in the HFD mice, and reversed a variety
of intestinal metabolites [121]. A study demonstrated that PCP significantly alleviated
histological liver injury and impaired liver function in C57BL/6 mice, suggesting that
PCP modulates the gut microbiota and downregulates the NF-kB/CCL3/CCR1 axis to
ameliorate non-alcoholic steatohepatitis [122]. Another study found that WIP from P. cocos
treated intestinal fungal-induced PGE2-induced alcoholic hepatic steatosis by activating
PPAR-y signaling, decreasing colonic inflammation, increasing the relative abundance of
Ruminoclostridum and unidentified_clostridials, and inhibiting the overgrowth of fungal and
Proteobacteria in the intestine [123].

4.4. P. cocos Polysaccharides Have Superior Immunomodulatory Functions

P. cocos polysaccharides have a variety of biological activities, especially in im-
munomodulation, showing great potential to improve a variety of diseases [20]. P. cocos
polysaccharides can activate macrophages, increase the lymphocyte conversion rate and
natural killer cell activity, promote T lymphocyte proliferation, regulate cytokine secre-
tion, and enhance the body’s cellular and humoral immune functions [137]. Zhang et al.
found that PCWP ameliorated sleep deprivation-induced anxiety by modulating intestinal
ecological dysregulation, inhibiting the TNF-a/NF-kB signaling pathway, and alleviating
metabolic disturbances [124]. Ye et al. found that PCP exerts an immunomodulatory func-
tion and is involved in regulating the composition, function, and metabolism of the gut and
lung microbiota to reverse CSA-induced immunosuppressive lung injury [125]. Yin et al.
found that PCP attenuated the adverse effects of 5-FU and improved therapeutic efficacy
in Ap cMin/+
transplanting Lactobacillus johnsonii and Bifdobacterium animalis. In their study of cisplatin

mice, and they verified that PCP had a prebiotic effect on enhancing 5-FU by

damage to intestinal immunity [126]. Zou et al. found that WP attenuated intestinal injury
by modulating the intestinal microbiota and metabolic profile and reversing the elevation
of inflammatory mediators [127].
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In addition, antibiotic-associated diarrhea is a common and serious problem resulting
from the clinical misuse of antibiotics, and its typical diarrhea features are usually accom-
panied by disturbances in the gut microbiota [138]. Reversing the imbalance in the gut
microbiota is one of the most effective treatments for improving AAD, and the intake of
polysaccharide prebiotics restores the balance of the flora by increasing the beneficial bacte-
ria and decreasing the pathogenic bacteria [139]. Thus, PCPs ameliorate AAD in mice by
modulating the homeostasis of the intestinal microbiota and the intestinal mucosal barrier,
showing their potential prebiotic effects and therapeutic efficacy in host immune response
and metabolic function [140]. Xu et al. showed that PCP could improve AAD in mice by
modulating the homeostasis of the gut microbiota and the intestinal mucosal barrier, by
increasing the expression level of the colonic tight junction protein ZO-1, and by regulating
the expression of the FOXP3 and GPR41 mRNAs [128]. Interestingly, a study by Lai et al.
demonstrated that the PCY originating from P. cocos could also alleviate AAD symptoms
by increasing the relative abundance of Muribaculaceae and Lachnospiraceae, decreasing the
relative abundance of Escherichia-Shigella, Staphylococcus, and Acinetobacter, promoting the
production of SCFAs and decreasing inflammatory response [129].

5. Conclusions and Future Perspective

In this study, we provide information on the bioactivities, extraction methods, struc-
tural characterization, and chemical modifications of P. cocos and its major ingredients,
explore the pharmacological effects of P. cocos polysaccharides including anti-obesity, anti-
inflammatory, anti-tumor, and immunomodulatory functions, and systematically review
the scientific evidence for the modulatory effects of P. cocos polysaccharides on the gut
microbiota and their health benefits. The conformational relationships of polysaccharides
are characterized by their molecular weights, monosaccharide compositions, glycosidic
bond types, and high-level structures, which together affect the biological activities, and
an in-depth understanding of these conformational relationships is of great significance
for the development of natural polysaccharides [141-143]. It is worth noting that P. cocos
polysaccharides can be categorized into water-soluble polysaccharides and alkali-soluble
polysaccharides according to their differences in structure and biological activity. Water-
soluble P. cocos polysaccharides are more easily absorbed by the body due to their good
solubility, and they have excellent biological activities such as anti-tumor, anti-inflammatory,
and immunomodulatory effects. The water-insoluble polysaccharides, mainly 3-(1 — 3)-D-
glucan, are more abundant in P. cocos, but have poor water solubility and lower activity than
water-soluble polysaccharides [144]. Thus, researchers usually adopt methods, such as de-
grading polysaccharides into oligosaccharides, or carboxymethylating and sulfating them,
to improve water solubility and biological activity [145]. Polysaccharides have been demon-
strated to positively impact health on multiple levels by regulating the gut microbiota [146].
As research continues, the relationship between the targets of P. cocos polysaccharides
acting on the gut microbiota and diseases will be more clearly elucidated [147]. The role of
P. cocos polysaccharides in improving diseases by targeting the gut microbiota is mainly
concentrated on anti-inflammatory, anti-obesity, immune modulation, and prebiotic effects
due to the specificity of microbial regulation [148,149]. In this review, we learn that the
bioactivities of P. cocos polysaccharides targeting the gut microbiota are both related to
and different from traditional pharmacological functions. Moreover, the modulatory ef-
fects of P. cocos polysaccharides on the gut microbiota involve improvement in intestinal
barrier function and a reduction in intestinal inflammation via SCFAs, which provides an
indirect, yet more integrated and stable, therapeutic approach to treating related diseases.
Herein, the main difference between the above two strategies lies in the directness and
indirectness of the pathways, as well as the difference in therapeutic focus, with the former
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indirectly affecting the metabolic and immune status of the host through the modulation
of the intestinal microbiota, whereas the latter is usually directly directed to a specific
biological target.

In conclusion, this paper reviews the health benefits of P. cocos polysaccharides based
on the modulation of the gut microbiota, and it emphasizes the relationship between flora
modulation and biological functions. Future studies need to combine multidisciplinary
knowledge from microbiology, nutrition, immunology, and systems biology to compre-
hensively understand the regulatory mechanisms of P. cocos polysaccharides on the gut
microbiota and their integrated effects on human health. This review contributes to the
further development of P. cocos as a functional product and also provides ideas and insights
for developing new therapeutic strategies.
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