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Chronic excessive inflammation drives the pathogenesis of diseases such as
Heart Failure (HF) and arthritis. Natural polysaccharides, with low toxicity and
biodegradability, exert anti-inflammatory effects by requlating core inflammatory
signaling pathways (e.g., Nuclear Factor-xB (NF-xB), Mitogen-Activated Protein
Kinase (MAPK), Toll-Like Receptor (TLR)) and downregulating pro-inflammatory
cytokines including Tumor Necrosis Factor-o (TNF-a), IL-1B, and IL-6. But their
poor water solubility and easy breakdown by digestive enzymes limit
bioavailability. Nanonization solves these problems by enhancing aqueous
dispersibility, reducing enzymatic hydrolysis, and improving targeting efficiency
(passive via the Enhanced Permeability and Retention (EPR) effect, active via
ligand modification). It also strengthens the inhibition of pro-inflammatory
pathways, activates the Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2)/
Heme Oxygenase-1 (HO-1) antioxidant pathway, and protects the mucosal
barrier. This review is divided into four logical sections—fundamental
mechanisms of inflammation and polysaccharide regulation, anti-inflammatory
activities of natural polysaccharides, nanonization strategies for efficacy
enhancement, and clinical translation potential. It eliminates redundancy,
integrates overlapping information, and provides a concise framework
to promote the clinical application of polysaccharide-based anti-
inflammatory therapies.
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1 Introduction

Inflammation is a defensive response of the body to infection or injury, but chronic and
excessive inflammation leads to pathological states. It has both protective roles (eliminating
pathogens and repairing tissues) and pathogenic effects (e.g., inducing Heart Failure (HF) and
arthritis) (1, 2). The core mechanism includes immune response dysregulation (e.g., excessive
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release of TNF-a, IL-1, IL-6), oxidative stress, and tissue damage,
which may develop into multiple organ failure (e.g., sepsis) (3-5).
Conventional anti-inflammatory therapies, including Non-Steroidal
Anti-Inflammatory Drugs (NSAIDs), corticosteroids, biologics (e.g.,
anti-TNF-ot antibodies), and antibiotics, have inherent limitations:
they relieve symptoms in the short term but do not cure the root
cause, may cause drug resistance (e.g., ineffective anti-TNF-o
antibodies), have safety risks (e.g., osteoporosis from long-term
corticosteroid use), lack good targeting (easily damaging healthy
tissues), and have low bioavailability (susceptible to degradation
and hard to penetrate biological barriers) (6-9). Natural
polysaccharides, widely present in plants, fungi, and marine
organisms, are promising alternatives because of their low toxicity,
biodegradability, and bioactivities such as antioxidant and anti-
inflammatory effects (10, 11). Their anti-inflammatory effects are
achieved by regulating signaling pathways, immune cell polarization,
and inflammatory cytokine expression, but poor water solubility and
easy breakdown by digestive enzymes restrict their clinical efficacy
(12). Unlike other compounds that often focus on a single
mechanism (such as blocking inflammatory factors), natural
polysaccharides exert synergistic anti-inflammatory effects through
gut microbiota regulation (as prebiotics) and multi-pathway
inhibition (such as antioxidant and immune regulation) (13, 14).
Also, the macromolecular properties of polysaccharides make them
easier to use in drug delivery systems (such as nanoparticles),
improving therapeutic efficiency (15-17). Nanonization technology
has become a key strategy to optimize these properties. Combining
polysaccharides with traditional anti-inflammatory drugs or
probiotics further forms a synergistic anti-inflammatory system. To
provide a comprehensive and concise understanding of this field, this
review first clarifies the fundamental mechanisms of inflammation
and how polysaccharides regulate these processes, then details the
anti-inflammatory activities of natural polysaccharides (closely linked
to their molecular structures), explains how nanonization enhances
their efficacy, and finally analyzes their clinical translation potential
and challenges. It builds a logical chain from basic research to
application without redundant subsections.

2 Fundamental mechanisms:
inflammation regulation and
polysaccharide targets

2.1 Core driving mechanisms of
inflammation occurrence

Inflammation is driven by the interaction of signaling molecules,
immune cells, and intracellular regulatory networks. Signaling
molecules such as Specialized Pro-Resolving Mediators (SPMs)—
derived from polyunsaturated fatty acids—initiate resolution signals
in acute inflammation. They downregulate IL-1f and TNF-c. to stop
the progression to chronic inflammation. Pro-inflammatory
mediators like Neutrophil Extracellular Traps (NETs) promote
chronic inflammation when their levels are imbalanced (18-22).
Dysregulation of these molecules leads to mediator imbalance and
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the development of chronic inflammatory diseases (23). Immune
cells, especially macrophages, have high plasticity and a “polarization
spectrum” (M1 pro-inflammatory/M2 anti-inflammatory) regulated
by microenvironmental signals. M1 macrophages, activated by
stimuli such as Lipopolysaccharide (LPS) and Interferon-y (IFN-y),
secrete IL-1pB, IL-6, and TNF-o. to worsen inflammation and cause
tissue damage. M2 macrophages, induced by IL-4 and IL-10, secrete
IL-10 and Transforming Growth Factor-f (TGF-B) to promote
inflammation resolution, phagocytosis, and tissue regeneration (24—
29). Metabolic reprogramming (e.g., glycolysis for M1 polarization,
oxidative phosphorylation for M2 polarization) and epigenetic
modifications further regulate this process (30-32). Also, the
interaction between autophagy and inflammasomes plays a key
role. Autophagy inhibits the activation of the NOD-Like Receptor
Pyrin Domain-Containing 3 (NLRP3) inflammasome by degrading
damaged mitochondria (reducing the release of Reactive Oxygen
Species (ROS) and Damage-Associated Molecular Patterns
(DAMPs)). It also directly clears inflammasome components (e.g.,
the adapter protein ASC via the autophagy receptor p62) and inhibits
the maturation and secretion of IL-1B and IL-18 (33-36). On the
other hand, abnormal activation of the NLRP3 inhibits autophagy via
IL-1B and disrupts immunometabolism (e.g., lipid and amino acid
metabolic pathways), forming a positive feedback loop that
aggravates inflammatory damage (37-39).

2.2 Key signaling pathways regulated by
polysaccharides in inflammation

Natural polysaccharides regulate inflammatory responses by
targeting core inflammatory signaling pathways, and their
regulatory effects depend on structural characteristics. As the core
pathway of inflammatory regulation, the NF-xB pathway is either
inhibited or activated by polysaccharides. For example, plant
polysaccharides regulate the TLR4/NF-kB axis to reduce the levels
of inflammatory mediators such as Nitric Oxide (NO) and TNF-o.
Sulfated polysaccharides can activate the MAPK/Akt/NF-xB
pathway in RAW264.7 macrophages to promote cell proliferation
and cytokine secretion. Molecular Weight (MW) and Degree of
Sulfation (DS) directly affect the binding affinity of polysaccharides
to receptors like TLR, thus determining whether the NF-xB
pathway is activated or inhibited (40-45). But this argument does
not clarify the core mechanistic differences in the bidirectional
regulation of the NF-xB pathway by different polysaccharides. The
activation and inhibition effects of the same pathway may come
from differences in the fine structures of polysaccharides, such as
the type of glycosidic bonds and the degree of sulfation. The cyclic
Adenosine Monophosphate (cAMP) pathway, a key second
messenger system, interacts closely with the NF-xB pathway in
the anti-inflammatory process. When the NF-xB pathway
upregulates Phosphodiesterase 4 (PDE4) to accelerate cAMP
degradation and sustain inflammation, polysaccharides can
interfere with this process (e.g., by inhibiting PDE4) to increase
cAMP levels, thereby indirectly inhibiting inflammatory responses.
Some polysaccharides also target the GPR91-Goi-cAMP-NF-kB
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pathway to promote cell apoptosis in fibrosis models (46, 47). The
MAPK pathway, which includes three main subtypes (p38 MAPK,
c-Jun N-Terminal Kinase (JNK), Extracellular Signal-Regulated
Kinase (ERK)) and is closely related to pro-inflammatory factor
translation, cell apoptosis, and oxidative stress, is regulated by
polysaccharides mainly through selective inhibition of pro-
inflammatory subtypes (p38 MAPK and JNK).

In cell models stimulated by oxidative stress or LPS,
polysaccharides reduce the gene transcription of Matrix
Metalloproteinase-9 (MMP-9) and cell invasion by inhibiting JNK
and p38 activation (relying on Myc-mediated transcriptional
regulation). They also decrease the phosphorylation levels of ERK,
JNK, and p38 to reduce the expression of pro-inflammatory
cytokines such as TNF-o. and IL-6, or upregulate Dual-Specificity
Phosphatase 1 (DUSP1) to inhibit MAPK activation and alleviate
neuroinflammation. They can also interfere with inflammation
through the TLR4/MAPK crosstalk pathway, such as inhibiting
the activation of the TLR4/MAPK pathway to reduce the expression
of NO, IL-6, and TNF-o. (48-51). The TLR pathway, a pattern
recognition receptor pathway in innate immunity, is bidirectionally
regulated by polysaccharides. Polysaccharides can block LPS-
induced inflammation by downregulating TLR4 expression or
inhibiting its activation (e.g., reducing TLR4-mediated signal
transduction through interaction with TLR4, or inhibiting the
activation of the TLR4/MAPK pathway by preventing TLR4
dimerization and downstream molecule recruitment). They also
bind to TLRs (e.g., TLR2, TLR4) to initiate adaptive immune
responses, activate immune signals in macrophages and dendritic
cells, and promote the secretion of anti-inflammatory factors such
as IL-10 (52-54). Also, the Phosphatidylinositol 3-Kinase (PI3K)/
Akt pathway— involved in cell survival, metabolism, and immune
responses—is targeted by polysaccharides to reduce the
phosphorylation levels of PI3K and Akt, directly cutting off
downstream pro-inflammatory signals (e.g., NF-kB, MAPK). The
Janus Kinase (JAK)/Signal Transducer and Activator of
Transcription (STAT) pathway (a core cytokine-mediated
inflammatory pathway) is regulated by polysaccharides to block
the activation of JAK kinases (e.g., JAK2) and the phosphorylation
of STAT3. This prevents the transcription of pro-inflammatory
genes and promotes the secretion of anti-inflammatory factors such
as IL-10 to balance inflammatory responses (55-58).

3 Anti-inflammatory activities of
natural polysaccharides

3.1 Classification, structure, and activity
specificity

Natural polysaccharides with anti-inflammatory activity are
mainly derived from three categories, each with unique structural
characteristics that determine their anti-inflammatory specificity.
Plant-derived polysaccharides include those from Moringa oleifera
seeds (e.g., MOSP-1), bamboo shoots, common buckwheat
(Fagopyrum esculentum Moench, FEP), and Nitraria tangutorum
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Bobr. (NTP). They regulate inflammatory responses through
mechanisms such as inhibiting the release of pro-inflammatory
cytokines, scavenging ROS, or modulating gut microbiota (59-63).
Fungal-derived polysaccharides—such as sulfated polysaccharides
from Poria cocos, polysaccharides from Dictyophora indusiata,
Pleurotus eryngii, and Flammulina velutipes—inhibit the
production of NO and the activation of the NF-xB pathway to
exert anti-inflammatory effects (64-67). Marine polysaccharides,
including jellyfish skin polysaccharides (JSP) and sulfated
polysaccharides extracted from various seafood (algae, marine
animals), exhibit anti-inflammatory, antioxidant, and
immunomodulatory activities in colitis models and alleviate
obesity-related inflammation (68, 69). Other sources of anti-
inflammatory polysaccharides include algae (unspecified species)
and pitaya (dragon fruit) stems and peels, which also show
potential for treating inflammatory injuries (70, 71). The anti-
inflammatory specificity of natural polysaccharides is determined
by their molecular structures (Table 1). Monosaccharide composition
regulates the selection of anti-inflammatory pathways. Ganoderma
lucidum polysaccharides, which have a B-(1—3)-glucan main chain
and B-(1—6)-glucose side chain branches, can specifically bind to the
Dectin-1 receptor on macrophages, activate M2 polarization, and
inhibit the NF-kB pathway to reduce the release of pro-inflammatory
cytokines (97, 98). The glucose/galactose ratio in monosaccharides
affects receptor recognition—a high glucose ratio enhances the
binding affinity to Dectin-1, while galactose residues may inhibit
NE-kB activation by regulating TLR4 endocytosis (99).

For marine sulfated polysaccharides, DS is the key to regulating
the TLR4 pathway. High-DS sulfated polysaccharides (e.g.,
fucoidan) block the formation of the TLR4-MD2 complex
through steric hindrance, thereby inhibiting MyD88-dependent
NF-xB signaling. Low-DS polysaccharides tend to activate the
Nrf2 pathway and upregulate the antioxidant enzyme HO-1 to
alleviate inflammation (100-103). Studies on K5 sulfated
polysaccharide derivatives have shown that polysaccharides with a
high degree of sulfation exhibit significant anti-inflammatory
activity. Among them, the K5 F2 fragment inhibits the
phosphorylation of p38, while the K5 F3 fragment inhibits the
activation of the p38/JNK signaling pathway, thus confirming that
the degree of sulfation is the core driving factor affecting the anti-
inflammatory response (104). In experiments on sulfonated
carboxymethyl cellulose (CMC) derivatives, the sSCMC derivative
with a sulfation degree of approximately 10% showed a molecular
weight of 10 kDa and conferred chondrogenic properties. It also
effectively reduced key inflammatory markers in an osteoarthritis
model, indicating that DS indirectly regulates anti-inflammatory
mechanisms by improving the stability of polysaccharides (105).
Also, Surface Plasmon Resonance (SPR) studies have shown that
the binding strength between polysaccharides and growth factors
mainly depends on the degree of sulfation, suggesting that DS
dominates the anti-inflammatory response by regulating receptor
affinity (106).

Molecular weight(MW)leads to distinct anti-inflammatory
mechanisms. Low-MW polysaccharides (LMWPs, <10 kDa) such
as the 5 kDa fragment of Astragalus polysaccharides (APS) can
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TABLE 1 Chemical composition of polysaccharides.

Source

Composition

and content

10.3389/fimmu.2025.1723346

References

Ara 5.97

Glep-(1—

Low MW Brown algae Undaria 4.4 g x 2/day oral Fuc > 90, containing .
Mainly o-(1 1—4)-L-Fi 72
Fucoidan (LMF) pinnatifida (Clinical grade) preparation—1-5 kDa sulfate ester ainly 0-(1-3)/(1—4) ucpS 2
GLP Red a.lsae Gr'acilariu 2,305 x 10° Da Gal 93.65, Xyl 3.49, Alternating B-(1—3)/a-(1—4) 73)
lemaneiformis Glc 2.86 galactose
Herb G tall Glc + Fi ti
PS-HBS ero Gymnopetatum 1217 x 10° Da ¢ + Fru(repeating | () Glep, (2-6)/(2—4)-Fruf (74)
cochinchinense unit)
Pectfn with Passion fruit peel 20500 kDa (fraction) GalA main, Rha HG: 0-(1—4)-GalA; RG-1: —>2,4-0- 75)
specific structure secondary Rhap—
4/3/6-B-Gl 2,6-0-Galp,
TOP60-1 Fungus Trametes orientalis 1.122 x 10" Da Glc, Gal, Man, Fuc - /3/,6 B ,GCP and _> 6-0-Galp (76)
etc. with high branching
-D-Gl kbone, multipl
PEP-A/B/C Phyllanthus emblica fruit Multimodal: 8-310 kDa Ara, Gal, Glc, Rha B G CP bac or'le m '1p ¢ (77)
substitutions on side chains
F Dictyoph 3)-B-Glep.(1— backbone, —3,6--
DXBP-0 Hngus Eicooprora 2711 x 10° kDa Gle 100 —3)-B-Glep.(1— backbone, =3.6-B- | )
rubrovolvata Glcp branches
Nacre-PS Nacreous layer 5 kDa Glc + Man + Rha Not detailed (neutral glycosidic 79
account for 87 linkages)
F lcp-(1—, —4-Glcp, —3-Galp, Araf-
PSH ungus Sanghuangporus 525 x 10* Da Gle, Gal, Ara Glep-(1=, —4-Glep, —3-Galp, Ara (80)
vaninii (1—
Original idic link: tained,
DNJP Morinda citrifolia juice 1.918 x 10° Da Gle, Gal, Ara, Man riginal glycosidic linkages retained, | o,
Mw]| after depolymerization
Not clear; d a-(1—4)/B-
Lp Bulb of Lilium brownii 24006 x 10* Da Gle: Man = 1:156 (10 z)ear presumed a-(1=4)/p (82)
—
Medium MW AX Plantago (-zsmtlca medium Approximately 30-50 kDa Xyl main, Ara B-(1—4)-Xylp backbone, O-3-Ara (83)
Mw Arabinoxylan branches branches
EKPA Epimedium koreanum 1.258 x 10° Da Glc, GlcA, Gal 1,4-0-Glep/GleAp backbone, 1,3,6-B- (84)
Galp branches
NCP-DES-3 Cyanobacteria Nostoc 7.35 1% extract; Mw =~ 1-2 x Rha, GalA, Glc, Xyl, —3)-B-Glep,(1— with multiple 5)
commune 10° Da etc. branches
Initial ~450 kDa, <200 kD FucT to 25.6, XylT RG-I/AX lex; taini 6-
BRL-G Root of Brassica rapa nitia -a < a ucT up to yl /AX complex; containing — 6)
after fermentation up to 26.9 Gal, —4-Glc
DSA . . . . . L. .
Sodium alginate periodate Mw not given, polyaldehyde Man-B-(1—4)-uronic Retaining B-(1—4) after Dialdehyde
(Formaldehyde- . e e (87)
oxidation modification backbone modification
free DAP)
Sz Leech Hirudo nipponica 22128 x 10° Da Glc main —4-0.-Glep-(1—3 O-3/0-6 branches (88)
Traditional Chi Backb 4-0-GalpA-(1/—5-0.-
IRPS-TE-3 racional Anese ~1.6 x 10° Da GalA, Araf, Gal ackbone —4-a-GalpA-(1/=5- (89
medicine Isatidis Radix Araf-(1—
Pol; harid Oli ic: d B-(1—4)/0-
CDPS-1 Cistanche deserticola 989 Da olysaccharide + igomeric: presumed B-(1—4)/o: (90)
phenol 5.94 (1—6)
-D-Fruf-(1—2/6 -Glep-(1—6
PKP1 Polygonatum kingianum 5.3 x 10° Da Fru & Glc B ruf-(1-2/6) + o Glep-(1-6) 91)
backbone
O-antigen PS Salmonella Paratyphi A Medium Mw retained >90 Rha, Man, Gal, Abe, —»3)—a-Man'p-(1—>‘2)—(x-Rhap— and 92)
kDa Paratose other repeating units
4-0t-Glep-(1—4)-B-M -(1
PCLP Pholidota chinensis ~3.8 x 10° Da Gle, Man —4-0-Glep-(1—4)-B-Manp-(1— (93)
backbone
GalA 29.7, Glc 20.2, 4-0.-GalpA-(1—6 2-0.-Rhap-
MCP-3 Herb Mesona chinensis 1.6014 x 10* Da @ ¢ —4-0-GalpA-(1—6)/—2-a-Rhap (94)
Rha 17.2, Ara 7.1... (1— backbone
MPP Mango peel pectin 676 x 10° Da GalA 21.36, Glc 8.85, —6-0-GalPAOMe-(1— & —4-f- ©95)
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TABLE 1 Continued

Source

Composition

and content

10.3389/fimmu.2025.1723346

Types References

7.473 x 10* — enzymatic

SVP Sanghuang vaninii
ghuang vanini degradation 5.533 x 10° Da

Glc, Man, Gal

B-(1—3)/(1—6)-Glcp backbone (96)

penetrate the intestinal epithelial barrier to act directly on immune
cells. They inhibit excessive T cell activation by activating the PI3K/
Akt pathway and upregulating the expression of immune
checkpoint molecules such as TIGIT to suppress intestinal
inflammatory responses (107-109). High-MW polysaccharides
(HMWPs, >100 kDa) such as high-MW APS are not easily
absorbed directly but can be fermented by gut microbiota to
produce Short-Chain Fatty Acids (SCFAs). SCFAs inhibit Histone
Deacetylase (HDAC) activity by activating the GPR43 receptor,
promote the differentiation of regulatory T (Treg) cells, and block
NF-kB nuclear translocation, thus exerting systemic anti-
inflammatory effects (110). There is a research gap regarding the
correlation between molecular weight and activity. Current studies
have not addressed the activity characteristics of polysaccharides
with intermediate molecular weights ranging from 10 to 100 kDa,
nor have they reflected the differences in activity mechanisms of
polysaccharides with the same molecular weight due to
different sources.

Studies have shown that the impact of molecular weight on anti-
inflammatory activity exhibits a “threshold effect” and has a
synergistic interaction with DS: the combination of low molecular
weight (typically <40 kDa) and high DS results in the strongest
activity. Both the F2 (36 kDa) and F3 (1.9 kDa) fragments of K5
polysaccharides demonstrate excellent anti-inflammatory activity,
with the highest inhibition rates of IL-6 and TNF-o. production
reaching 83% and 37% respectively. In contrast, the high molecular
weight fragment F1 (327 kDa) lacks data supporting high activity,
indicating that a molecular weight below 40 kDa is a critical threshold
for optimizing anti-inflammatory activity (111). SPR experiments
further confirmed that polysaccharides with molecular weights in the
range of 5-40 kDa have significantly higher binding affinity to
inflammatory receptors, which is associated with improved water
solubility and cellular permeability. Moreover, the binding affinity
mainly depends on the degree of sulfation of the polysaccharides
(112). From the analysis of the dose-effect relationship, the activity
differences between K5 F3 (1.9 kDa, DS 1:8) and F2 (36 kDa, DS 1:3)
indicate that a decrease in molecular weight can enhance activity,
even under high DS conditions. Although data on molecular weight
gradients under the same DS are currently lacking, the overall
findings support the conclusion that “low molecular weight
combined with high DS can enhance the anti-inflammatory activity
of sulfated polysaccharides” (111).

There are still gaps in current research: the anti-inflammatory
activity characteristics of polysaccharides with intermediate
molecular weights (10-100 kDa) have not been systematically
investigated, nor has the variation in activity mechanisms of
polysaccharides with the same molecular weight due to
differences in sources been elucidated. The type and conformation
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of glycosidic bonds affect the binding of polysaccharides to anti-
inflammatory receptors. The triple-helical conformation of [3-
(1—3)-glucans (e.g., Grifola frondosa polysaccharides, SPG) can
form multivalent binding with the Dectin-1 receptor on
macrophages, trigger the Syk/CARD9 signaling cascade, promote
IL-10 secretion, and induce M2 polarization (113). Its rigid helical
structure binds to receptors more stably than the flexible chain of
starch o-(1—4)-glucan, resulting in more than a 3-fold increase in
anti-inflammatory activity (114). o-type glycosidic bonds (e.g.,
—4)-0-Galp-(1— and —4)-0.-Glcp-(1— in Jerusalem artichoke
polysaccharides) can bind to the Galectin-3 receptor and inhibit the
ERK/NF-kB pathway to alleviate skin inflammation. B-glycosidic
bonds (e.g., —3,4)-B-GalpA-(1—) can balance immune responses
by activating the TLR4/TGF-f pathway (115-117).

The configuration of glycosidic bonds indirectly regulates the
binding mechanism with inflammatory receptors (such as TLRs) by
influencing the conformation and charge distribution of
polysaccharides. For example, (1—4) and (1—6) glycosidic bonds
have been confirmed as the structural basis for immunomodulatory
and anti-tumor activities, and can enhance receptor binding ability
by maintaining three-dimensional conformation (118). SPR studies
have shown that the binding strength of polysaccharides mainly
depends on the sulfation degree, but different combinations of
glycosidic bonds with different sulfation patterns (such as peroxy-
sulfation, nitrogen sulfation, and primary hydroxyl sulfation) may
lead to changes in binding strength, thereby affecting the anti-
inflammatory response. But there is currently a lack of quantitative
affinity data (such as equilibrium dissociation constant Kd values)
for specific binding of glycosidic bonds (119, 120). Also, the
complexity and heterogeneity of polysaccharide structures (such
as variations in monosaccharide composition, glycosidic bond
types, and molecular weight) pose significant obstacles to
systematic studies of Structure-Activity Relationships (SAR),
making it difficult to obtain polysaccharide samples with clear
structures. This causes small changes in parameters such as
monosaccharide composition and glycosidic bond types to
potentially trigger abnormal SAR. Altering the degree of sulfation
or molecular weight alone cannot stably regulate activity, and leads
to significant activity differences among different batches or variants
(121-124). Even in cases where SPR confirms that the degree of
sulfation dominates affinity, the large number of polysaccharide
components and structural complexity may mask the correlation of
glycosidic bonds or conformations, failing to show consistency in
specific experiments (125). Therefore, quantifying SAR requires
integrating multi-parameter analyses such as sulfation patterns,
glycosidic bonds, and conformations, and using multivariate
statistical methods such as principal component analysis to
analyze and interpret these complex interactions (126, 127).
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3.2 Comparative analysis of different
polysaccharide sources and their relative
efficacies

Polysaccharides from various sources such as plants, animals, and
microorganisms differ in structure, activity, and application, which
directly affect the relative strength of their anti-inflammatory effects.
The efficacy comparison is mainly based on chemical composition,
structural characteristics (such as molecular weight, monosaccharide
residues), and biological activity performance. Among them, plant-
derived polysaccharides are the most widely studied category,
covering bamboo shoots, longans, and different plant species. Their
efficacy is highly dependent on their structure and source part. From
the perspective of structure-activity relationship, bamboo shoot
polysaccharides have various activities such as anti-diabetic,
antioxidant, anti-inflammatory, and immunomodulatory effects due
to their water-soluble high molecular weight and monosaccharide
composition (128). Longan polysaccharides (especially purified
acidic polysaccharides) strongly inhibit inflammation through
antioxidant mechanisms, and their activity is affected by the degree
of purification; the anti-inflammatory abilities of crude
polysaccharides and pure polysaccharides are different (129). In
terms of source part, polysaccharides from different plant stems
and barks have significant differences in chemical composition,
morphological structure, and antioxidant/anti-inflammatory
activities. The anti-inflammatory activity of polysaccharides from
different parts of the same plant may also change due to the
extraction part (such as stem vs. bark), indicating that the source
part is a key determinant of their relative efficacy (130).

Overall, plant polysaccharides have diverse biological activities
(such as immune enhancement, antioxidant), and structural
characteristics such as molecular weight, glycosidic bond type,
and degree of branching directly affect their activity (131). They
also have the advantages of wide availability, safety, and ease of
modification, and have strong anti-inflammatory effects in
intestinal and chronic inflammation. But there are large
differences in activity among different species (such as Longan vs.
Cistanche), and structural complexity may also limit the
standardization of some applications (132, 133). Relatively
speaking, animal-derived polysaccharides have been less studied
but have unique efficacy. For example, polysaccharides extracted
from maggots (MEs) are composed of glucose, mannose, etc., and
have potential anti-colon cancer effects and related anti-
inflammatory effects, but their molecular mechanism is unclear
(134), suggesting that they may have advantages in specific cancer-
related inflammation. But compared with plant polysaccharides, the
SAR of animal-derived polysaccharides requires more research and
analysis, so their efficacy is weaker and their applications are limited
(135). Microbial and fungal-derived polysaccharides include
sulfated polysaccharides from P. cocos and fungal polysaccharides
such as D. indusiata, which usually have high efficacy but are
structurally sensitive. Sulfated polysaccharides from P. cocos have
anti-inflammatory and anti-cancer activities, and their efficacy is
affected by monosaccharide residue composition (a key factor) and
degree of sulfation; different structures lead to differences in anti-

Frontiers in Immunology

10.3389/fimmu.2025.1723346

inflammatory efficacy (136). D. indusiata polysaccharides have anti-
inflammatory, immunomodulatory, and antioxidant effects, with
strong effects in in vitro and in vivo models, and their structural
complexity gives them great potential for nano-applications (137).
In terms of relative efficacy, microbial polysaccharides often have
enhanced biological activity due to modifications (such as
sulfation), and their anti-inflammatory effects may be better than
plant polysaccharides (e.g., more precise in targeting inflammatory
signaling pathways). But limited by their sources and complex
extraction processes, they are slightly inferior to plant-derived
polysaccharides in terms of accessibility (136).

3.3 Key anti-inflammatory mechanisms

3.3.1 Regulation of immune cell function

Natural polysaccharides exert anti-inflammatory effects by
regulating immune cell functions, with structural-function
relationships reflected in specific examples. Astragalus
polysaccharides (APS) reverse the decreasing trend of CD107a (a
marker indicating the inhibition of CD8" T cell activation) in
inflammatory colorectal cancer models, inhibit the expression of
STAT3 and activated Gal-3, and further reduce the expression of
LAG3 in tumor-infiltrating CD8" T cells—enhancing the killing
ability of CD8" T cells. In Ulcerative Colitis (UC) models, APS also
restores the balance of Th17/Treg cells (decreasing Th17 cells and
increasing Treg cells) by inhibiting the abnormal activation of the
TIGIT/CD155 signaling pathway and reducing the protein levels of
PI3K, AKT, and p-AKT (138-140). Currently, most mechanistic
studies remain at the level of pathway protein expression, with no
clarification of direct binding sites between polysaccharides and
target proteins, and insufficient analysis of cross-talk between
multiple pathways. Tetrastigma hemsleyanum polysaccharides
(THP) reduce the body temperature of dry yeast-induced febrile
mice, lower the levels of Prostaglandin E2 (PGE2) and cAMP, and
decrease the levels of thyroid hormones such as Thyrotropin-
Releasing Hormone (TRH), Thyroid-Stimulating Hormone
(TSH), T3, and T4. Histologically, THP effectively reduces the
degree of inflammatory cell infiltration in liver and hypothalamus
tissues and alleviates tissue damage, which is achieved by inhibiting
the TLR4/MyD88/NF-«B signaling pathway (decreasing the mRNA
and protein levels of TLR4, MyD88, IKKa, IKKf, IKKY, IxB-o., NF-
kB, and NF-«B p65) (141-145).

3.3.2 Balanced regulation of oxidative stress and
inflammation

Selaginella uncinata polysaccharide SUSP-4 significantly
improves the histological appearance of the colon in
Inflammatory Bowel Disease (IBD) models, upregulates the
expression of key intestinal barrier proteins (Occludin and ZO-1),
and suppresses macrophage activation (downregulating the
expression levels of CD68 and CD86). It also reduces the serum
levels of Myeloperoxidase (MPO) and Malondialdehyde (MDA),
upregulates the levels of Catalase (CAT) and Total Superoxide
Dismutase (T-SOD), and increases the expression of Nrf2 while
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decreasing the expression of Cyclooxygenase-2 (COX-2) and p-NF-
KkB—alleviating oxidative stress by breaking the Keapl-mediated
inhibitory regulation of Nrf2 (146-149). Alhagi honey
polysaccharide AHPNS8O0 effectively promotes the activity of
Alcohol Dehydrogenase (ADH) and Aldehyde Dehydrogenase
(ALDH), inhibits the activity of Alanine Aminotransferase (ALT)
and Aspartate Aminotransferase (AST), increases High-Density
Lipoprotein (HDL) levels, and reduces Low-Density Lipoprotein
(LDL), Total Cholesterol (TC), and Triglyceride (TG) levels to
alleviate liver damage in Alcoholic Liver Disease (ALD) models. It
also reverses the reduction in SOD activity, decreases LPS levels,
reduces the accumulation of toxic metabolites in the liver, and
inhibits the TLR4/MAPK pathway (lowering the protein expression
levels of TLR4, MyD88, p-p38, p-ERK, and p-JNK) to reduce the
levels of pro-inflammatory factors (TNF-a., IL-6, IL-1B) and ROS
(150-155).

3.3.3 Mucosal barrier repair and gut microbiota
regulation

Morus alba polysaccharide (Mup) relieves pain in Knee
Osteoarthritis (KOA) models (confirmed by gait analysis and
visual assessment of knee joint swelling), restores damaged
trabecular bone morphology, and ameliorates the KOA-induced
disordered arrangement of chondrocytes by inhibiting the
upregulation of MMP-3 and MMP-13. It also reduces the levels
of pro-inflammatory cytokines (TNF-c, IL-6, NO) and restores
KOA-induced gut microbiota dysbiosis (with the most significant
effect at a dose of 200 mg/kg) (156-160). Pectic polysaccharides
alter specific gut microbiota, repair the intestinal mucosal barrier,
and reshape the microbial metabolome. Microbial metabolites act
on receptors (e.g., TLRs, Epidermal Growth Factor Receptor
(EGFR), GPR43) on the surface of immune cells or tissue cells,
activating multiple signaling pathways to regulate immune
responses and tissue function, thereby alleviating inflammatory
symptoms, balancing pro-inflammatory/anti-inflammatory
mediators, and repairing tissues (161).

3.3.4 Synergistic anti-inflammation with drugs/
probiotics

Natural polysaccharides also achieve synergistic anti-
inflammation through combination with traditional drugs or
probiotics. When combined with NSAIDs, polysaccharides such
as Lycium barbarum polysaccharide (LBP) (which inhibits the NF-
KB pathway to reduce pro-inflammatory factors) and Auricularia
auricula polysaccharide (AAP) (which enhances intestinal barrier
function by promoting Occludin/ZO-1 expression and regulates
flora) complement the COX-2/PGE2 pathway inhibition of
NSAIDs, reducing the required dose of single drugs and
repairing NSAID-induced mucosal erosion (162). When
combined with probiotics (e.g., Bifidobacterium, Lactobacillus),
polysaccharides such as soybean polysaccharides and Pueraria
lobata polysaccharide (PKP) provide fermentation substrates to
promote probiotic colonization and SCFA production (SCFAs
enhance intestinal barrier function by activating the GPR43
receptor and upregulating tight junction proteins). Probiotics also
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metabolize polysaccharides into low-MW bioactive fragments to
improve bioavailability, and together they activate Treg cells to
secrete IL-10 and inhibit the TLR4/MyD88 pathway, forming a
closed-loop regulation of “polysaccharides — flora proliferation —
increased SCFAs — immune homeostasis — inflammation
alleviation” (162). Natural polysaccharides exert anti-
inflammatory effects through multiple mechanisms, including
regulating immune cell function, balancing oxidative stress and
inflammation, repairing the mucosal barrier, modulating gut
microbiota, and synergizing with drugs/probiotics (Figure 1). This
reflects their advantage of multi-targeted and multi-pathway
synergistic anti-inflammation, providing a safe and diverse
natural strategy for the prevention and treatment of inflammatory
diseases; however, the direct binding sites between polysaccharides
and target proteins, as well as the crosstalk mechanisms among
multiple pathways, remain unclear. Future breakthroughs can be
made in analyzing molecular interaction mechanisms, modifying
nano-delivery systems, and conducting large-sample clinical
evidence-based studies to further promote their transformation
into personalized anti-inflammatory therapeutic agents.

4 Nanonization strategies: efficacy
enhancement

4.1 Nanonization-mediated property
optimization

Ordinary natural polysaccharides face challenges of low
bioavailability due to poor water solubility and susceptibility to
digestive enzyme degradation, and nanonization overcomes these
limitations through multiple mechanisms. Nanonization increases
the specific surface area of polysaccharides and exposes hydrophilic
groups to enhance aqueous dispersibility, while reducing
digestive enzyme degradation via steric hindrance. For example,
polysaccharide nanocarriers improve the gastrointestinal stability,
processing performance, and digestive tolerance of active ingredients
(163-165), and enable controlled release to prolong intestinal retention
and improve delivery efficiency to target organs (166). The nanoscale
particle size (usually <200 nm) enables passive targeting via the EPR
effect or M cell transport (e.g., chitooligosaccharide nanospheres are
absorbed by M cells to improve oral bioavailability and accumulate in
the liver (167)). Active targeting can be achieved through ligand
modification or pH-responsive design (e.g, modification enhances
the targeting of Lycium barbarum polysaccharides to inflammatory
macrophages, improving their liver targeting and anti-inflammatory
effects (168, 169)) and can also prevent gastric acid degradation and
promote intestinal epithelial uptake (170). Nanonization also regulates
pharmacokinetics to enhance efficacy and reduce toxicity: Polyethylene
Glycol (PEG) modification avoids recognition by the mononuclear
phagocyte system (MPS) to prolong the blood drug half-life (168), and
nanocarriers enable sustained release to maintain effective
concentrations (e.g., polysaccharide nanosystems loaded with
flavonoids improve the oral bioavailability of hesperidin (171-173),
and chitosan nanoparticles increase bioavailability and alleviate liver
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The regulatory mechanisms of polysaccharides on inflammatory signaling pathways and immune modulation. External stimuli such as
polysaccharides activate multiple signaling pathways including Nrf2/HO-1, MAPK, and TLR-dependent (MyD88 and TRIF pathways) NF-«B signaling,
regulating immune cell proliferation, inflammatory factor secretion, and NLRP3 assembly. These pathways interact to modulate the activation of
caspase-1, the release of cytokines (e.g., IL-1p, IL-18, IL-6, TNF-0), and the induction of type | interferon, thereby orchestrating the inflammatory
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fibrosis damage (167)). Also, nanonization overcomes structural
limitations, such as regulating MW to avoid gastrointestinal
degradation and aiding in the analysis of pharmacodynamic
mechanisms (e.g., revealing the metabolic effect of gut microbiota on
active substances with low bioavailability (174)).

4.2 Anti-inflammatory mechanisms of
nanopolysaccharides

4.2.1 Precise regulation of immune cells
Nanopolysaccharides achieve precise regulation of immune cells to
alleviate inflammation (Table 2). For macrophages—core cells in
inflammation and immune regulation—nanopolysaccharides can
directly reprogram their functions as immune adjuvants:
polysaccharide nano-adjuvants target receptors on the macrophage
surface, inducing polarization from M1 to M2, reducing the production
of pro-inflammatory factors such as TNF-o. and IL-6, and increasing
the secretion of anti-inflammatory factors such as IL-10 to improve
immunotherapeutic efficacy (194). Chitosan nanoparticles (CS NPs) of
different MWSs can activate the Stimulator of Interferon Genes
(STING)-mediated autophagy or NLRP3 signaling pathway,
enhancing macrophage immune responses and reducing the release
of pro-inflammatory factors (195). They can also synergistically inhibit
pro-inflammatory activity through multiple pathways such as cGAS-
STING, TLRs, and cell death signaling to alleviate inflammation and
tissue damage (196). For neutrophils—main recruited cells in the early
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stage of inflammation—nanopolysaccharides primarily regulate them
through indirect effects: through the design parameters of
nanomaterials (size, shape, charge, surface modification), they
inherently interact with myeloid cells such as neutrophils, inhibiting
their chemotaxis and infiltration and reducing migration to
inflammatory sites (197). They can also interfere with the
neutrophil-macrophage feedback amplification axis (e.g. blocking
signal transduction between the two cell types to reduce neutrophil
infiltration in acute inflammation models (198)) or reduce the pro-
inflammatory phenotype and infiltration level of neutrophils by
analyzing surface gene regulatory pathways via single-cell RNA
sequencing (scRNA-seq) (199).

Nanopolysaccharides exert anti-inflammatory effects by
inhibiting NF-kB, MAPK inflammatory pathways to reduce pro-
inflammatory factor release, activating Nrf2/HO-1 antioxidant
pathway to alleviate oxidative stress, and regulating NLRP3,
interfering with TLR signal axis and other multiple mechanisms
synergistically (Figure 2). They combine the safety of natural
polysaccharides with the targeting and sustained-release
properties of nanotechnology, showing significant advantages in
the synergy of anti-inflammatory mechanisms and clinical
translation. Although the anti-inflammatory differences among
different modifications and molecular weights, as well as the
details of pathway interactions, still need in-depth exploration,
they provide a highly promising direction for the innovative
development of natural-derived anti-inflammatory agents and
personalized treatment of inflammatory diseases.
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TABLE 2 Polysaccharide and immune cell interactions anti-inflammatory mechanisms.

Name Immune cells Mechanism Type References
Aminoglycan layered Macrophages Recruit af]d ir‘1duce M2 .polarization, pronjlote angic{genesis and cardiomyocyte survival, Invivo | (175)
hydrogel and alleviate inflammation after Myocardial Infarction (MI)
Bind to Prolyl Hydroxylase Domain Protein 2 (PHD2), promote Hypoxia-Inducible
Fucoidan (Fucus Monocytes/Hepatic | Factor-1o (HIF-10t) hydroxylation and degradation, inhibit infiltration of Invive | (176)
n viv
vesiculosus) macrophages inflammatory monocytes, and improve Metabolic-Associated Alcoholic Liver Disease
(MetALD)
T tiy 1 Inhibit NLRP3- -1- inD DMD) signaling, block h
etras 1gma. hemsleyanum Macrophages nhibit ! 3-Caspase C?asdermln ?GS ) signal mg block macrophage Invivo | (177)
polysaccharide (THP) pyroptosis and IL-1f secretion, and alleviate Acute Lung Injury (ALI)
Injectable self-heali
& ec.ab ¢ seli-healing Retain Fucoidan to drive M2 polarization, with antioxidant, anti-inflammatory, and i
Fucoidan-Hydrazone Macrophages . o Invivo | (178)
good tissue compatibility
hydrogel
Codonopsis tpilosula acidic T cells/Neutrophils Enrich ggt flora Lacto'baci'llus — act.ivate T cell anti-tumor immunity and inhibit Invivo | (179)
polysaccharide (CPAP) neutrophil degranulation inflammation
11 ~tannic acid
Gellan gum-—tannic aci Triple cross-linking for antibacterial, anti-oxidation, and hemostatic properties; i
three-network Macrophages ) C S e Invivo | (180)

. regulate inflammation via M2 polarization and repair diabetic infected wounds
polysaccharide hydrogel
Atmctylodes. macrocephala Macrophages Regulate long non-coding RNA‘(lncRNA) -GASS/mi-croRNA -(miR)—223.—3p/NLRP3 axis Invive | (181)
polysaccharide (PAMK) to reduce macrophage pyroptosis and alleviate LPS-induced inflammation
DEP. i

S (sztnamomu@ Macrophages/ Downregulate IL-6, inhibit neutrophil migration, upregulate IL-10, and protect against .
burmannii endophytic ; : i L In vivo | (182)
! Neutrophils Acetaminophen (APAP)-induced liver injury
fungal polysaccharide)
Sulfated saikosaponin DPI
+ Dihydromyricetin Inflammatory Target macrophages to scavenge ROS, deliver Naringenin to inhibit inflammatory In vi (183)
n vivo
(DHM) composite monocytes signals, and enhance cytoprotective effects
nanoparticles
Fucoidan (review, UC) Macrophages/T Inhibit NF—KB/MAPK, enhance tight junction proteins, and reshape gut microbiota- Invivo | (184)
cells SCFA axis
P togi
anazx no og':mseng Target JAK2-STAT3 inhibition, promote M2 polarization, and delay the progression of .
polysaccharide Macrophages Rheumatoid Arthritis (RA) In vivo | (185)
microspheres (FA-PPi-Ms)
Fermented Polygonatum RAW264.7 Improve st-rucj(ural cor?ver‘sior} z?n.cl PeroxiSO-me Proliferator-Activated Recep’for Y In

R (PPARY) binding affinity, inhibit inflammation and promote M1—M2 polarization, X (186)

polysaccharide (FPKP3) macrophages X X i K vitro
and ameliorate obesity-related inflammation

Paeonia alba Regulate metabolism via PI3K/Akt, promote Oxidative Phosphorylation (OXPHOS)
polysaccharide-iron Macrophages and inhibit NF-xB, drive M2 polarization, and treat IBD-Iron Deficiency Anemia In vivo | (187)
nanocapsules (PPFeCs) (IDA)
Edible fungal M h:

dllb ¢ Lﬁlgé des (systemati D ac;o.lz. agelsl/ T-B Structure-function coupling: synergistic immune regulation via multiple pathways In vi (188)

olysaccharides (systematic endritic cells/T- n vivo
POy 4 (TLR4/MyD88/NE-kB, NLRP3, MAPK, etc.)
review) cells

THP-1 . a .

Solanum tuberosum L. . Downregulate IL-1B/IL-6/TNF, activate NRF2 and BCL2/BAX, and exhibit multi- In

; macrophage-like o . (189)
polysaccharide (STP) cells target anti-inflammatory effects vitro
Spirulina subsalsa S .

. Promote NO production, inhibit TNF-o and increase IL-10; self-assembled hydrogel )
polysaccharide hydrogel Macrophages . . . . In vivo | (190)
(sPS) with excellent immunotherapeutic potential
Portulaca oleracea acidic TR .

. Alveolar Block LPS-TLR4 binding, inhibit NF-kB and NLRP3-Caspase-1-GSDMD pyroptosis .
heteropolysaccharide macrophages athway, and improve sepsis-induced lung inju Invivo | (191)
(POPAA-1) phag I3 Y p P g mjury
ROS- i

respon‘swe- . Dynamic boronic acid ester network scavenges ROS, promotes M2 polarization and .

polysaccharide injectable Macrophages . . . o ; Invivo | (192)
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The regulatory mechanisms of nanopolysaccharides on inflammatory response via multi-pathway inhibition and immune cell modulation. External
stimuli such as nanopolysaccharides exert anti-inflammatory effects by precisely regulating macrophages (via toll-like receptor signaling pathways
MyD88 and TRIF), inhibiting multiple inflammatory signaling pathways (NF-xB, MAPK, Nrf2/HO-1, cGAS-STING) and NLRP3, thereby reducing the
release of pro-inflammatory cytokines (TNF-a, IL-1B, IL-6) and regulating immune cells like neutrophils. These coordinated actions collectively
suppress the inflammatory response.

4.2.2 Targeted blockade of inflammatory AU can activate the nuclear factor Nrf2, promote the expression of
signaling pathways downstream HO-1, and scavenge ROS in the inflammatory area to
Nanopolysaccharides block the activation of inflammatory  alleviate oxidative stress damage (214). In the Diethyl Phthalate
signaling pathways to suppress the inflammatory cascade (Table 3). ~ (DEHP)-induced inflammation model, nanopolysaccharides can
In inhibiting the NF-kB pathway, CS NPs can inhibit IxkB-o¢  also inhibit MAPK/NF-kB activation through the Nrf2/HO-1
degradation, block NF-xB activation, and reduce the expression of  pathway, blocking pyroptosis (217). Chitosan nanocarriers can
pro-inflammatory factors such as TNF-o. and IL-1B (212). APS  simultaneously regulate the NF-kB/Nrf2/HO-1/MAPK pathway,
nanoparticles (AU) can significantly reduce the protein level of  forming a multi-pathway synergistic anti-inflammatory network
phosphorylated NF-kB (p-NF-kB) relative to total NF-xB,  (219-221). Also, nano-chitosan can block NLRP3 activation and
decreasing the release of downstream inflammatory mediators  IL-1f maturation by inhibiting the NADPH oxidase/MAPK/NF-«xB
(213). Nanoscale Ganoderma lucidum polysaccharides (GLPS)  axis (222). Sulfated modified nanopolysaccharides (e.g., SH-
further block NF-xB activation by inhibiting TLR4-mediated  modified) can inhibit the NF-kB/MAPK pathway through the
MyD88-TRAF6 signaling (214). Nano-chitosan can also indirectly =~ TLR-MyD88-TRAF6 axis to enhance immune regulation (223).
inhibit NF-xB signal transduction by activating the STING pathway =~ High-MW CS NPs can enhance adjuvant activity by activating
(212). In regulating the MAPK pathway, nanoscale analogs of = STING-mediated autophagy and NLRP3 signaling (213), and
tremella polysaccharides (e.g., GLPS) can significantly downregulate  polysaccharide nanocarriers can improve drug bioavailability and
the phosphorylation levels of ERK, JNK, and p38 MAPK. extend anti-inflammatory effects through sustained release (224).
Experiments confirm that GLPS can reduce p38 phosphorylation
by more than 60%, blocking the MAPK/NF-KB signal axis (214). CS ~ 4.2.3 Protection of mucosal barrier in
NPs can also reduce the release of pro-inflammatory mediators by  inflammatory tissues
inhibiting p38 MAPK phosphorylation (IC5,=1.95 uM) (215). Some Nanopolysaccharides protect the mucosal barrier of inflammatory
nanopolysaccharides (e.g., PF543) can simultaneously inhibit the  tissues through physical and chemical mechanisms. In physical barrier
activation of p38 MAPK and NF-xB p65, confirming the  construction, polysaccharides such as nano-chitosan can form a dense
synergistic regulation between the two pathways (216, 217). In the ~ “nanomembrane” on the mucosal surface through electrostatic
ethanol-induced gastric ulcer model, nanoparticles can block the  adsorption or hydrophobic interactions. This barrier effectively
inflammatory cascade by inhibiting the p38 MAPK/NF-kB/NLRP3  blocks the contact between pathogenic bacteria (e.g., E. coli),
signal axis (218). In activating the Nrf2/HO-1 antioxidant pathway,  endotoxins (LPS), and epithelial cells, reducing the activation of
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TABLE 3 Anti-inflammatory signaling pathways of polysaccharides.

Name Signaling pathways Mechanism References
B-glucan Dectin-1 — Syk — NOX-2/ROS- Trigger LC3-related phagocytosis, clear inflammatory debris and inhibit 200)
8 Lipidated LC3 (LAP); NF-kB NF-kB, improve chronic inflammation
“Trained i ity 2.0” —— R hematopoietic st 1ls, mak
B-glucan Interferon (IEN)-I/JAK-STAT rained immunity ‘ eprog}rz‘im ematopoietic stem cells, make 01)
descendant granulocytes M2-like anti-inflammatory phenotype
Chit: COS, D f
itosan (COS, Degree of | 1 p) |\ B Block TLR2 dimerization, inhibit iNOS/IL-6/TNF-0. production (202)
Polymerization (DP) = 6)
A A CGAS-STING-Interferon Regulatory Transiently activate ?TINQ toA promote antigen présentation, therAl N
Chitosan nanoparticles Suppressor of Cytokine Signaling 1 (SOCS1) negatively feedback inhibits (203)
Factor 3 (IRF3); NF-xkB
NF-«xB
lian Target Of R i
Chitosan mammatan targe apamycin Inhibit microglial Warburg metabolism, alleviate neural inflammation (204)
(mTOR)-HIF-1o
Alginate TLR4-MyD88-NF-kB; p38/JNK Scavenge ROS, inhibit NF-kB & MAPK, reduce IL-1B/IL-6 (205)
Double-layer alginate JAK1/STAT3; Vascular Endothelial First release IL-10 to reduce inflammation, then release VEGF to promote (206)
hydrogel Growth Factor (VEGF)-signaling neovascularization and accelerate diabetic wound healing
Regulate fl i by te, istically inhibit NF-xB/JNK,
Alginomannan (AOS) NF-kB; JNK; Gut microbiota-SCFA egulate flora = increase butyrate, synergistically inhibr J (207)
protect colitis
Fucoidan (SCVP-2) NF-kB; ERK Reduce hepatic IL-1B/TNF-0., improve metabolic inflammation (208)
Takeda G Protein-Coupled Receptor 5
Fucoidan (T GeRSa)-c A;;P?;?rot:iiplfinaszcip (;;( A) Induce macrophage M2 polarization, alleviate obesity-related inflammation (209)
Fucoidan Nrf2/HO-1 Elevate antioxidant enzymes, reduce chronic nephritis oxidative stress (210)
Pectin NLRP3: NE-kB; MAPK thﬂ-mt inflammasome assembly, reduce iNOS/COX-2, restore intestinal Q1)
arrier

inflammatory signaling pathways such as TLR4/NF-xB and thereby
decreasing the release of pro-inflammatory factors such as TNF-o and
IL-1B (225-227). In intestinal inflammation models, such
nanomembranes can significantly reduce mucosal damage area
(228). Polysaccharide nanoparticles such as AMP can promote goblet
cells to secrete mucin MUC?2, increasing mucus layer thickness and
integrity to repair damaged mucus barriers (228). nanostructures can
also indirectly maintain mucus layer homeostasis by regulating gut
microbiota (e.g., increasing the abundance of anti-inflammatory
bacteria such as Muribaculaceae (229)).

In chemical repair and regeneration, hyaluronic acid nanoparticles
can activate CD44 receptors or integrin signaling, accelerating epithelial
cell migration and wound closure (230, 231). Polysaccharides such as
Huangshui polysaccharide (NLS-2) can upregulate the expression of
tight junction proteins such as Occludin, Claudin-1, and ZO-1 to repair
the intestinal epithelial mechanical barrier (232-235). They can also
regulate inflammation by inhibiting the TLR4/NF-xB pathway (e.g.,
lactic acid promotes macrophage M2 polarization to block the
“inflammation-barrier damage” vicious cycle (236, 237)) and
regulating the STAT3 pathway (e.g., 2’-fucosyllactose (2’-FL) inhibits
STAT3 phosphorylation to alleviate colitis (238)). Meanwhile,
polysaccharide nanoparticles such as Huangshui polysaccharide and
SMSP2 can scavenge ROS to inhibit the destruction of tight junctions
by oxidative stress (239) and balance Th1/Th2 responses by regulating
macrophage polarization and Treg cell activation to alleviate mucosal
immune barrier damage (240). This barrier protection exhibits cross-
organ applicability: in the intestinal tract, nanopolysaccharides exert
protective effects on UC and sepsis-induced intestinal injury by
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repairing intestinal epithelial tight junctions, restoring mucus barrier
function, and regulating flora homeostasis (241, 242). In the respiratory
tract, chitosan nanoparticles can penetrate the tight junctions of
respiratory epithelium, enhancing mucosal vaccine delivery efficiency
and inducing local immune responses (e.g., promoting secretory
Immunoglobulin A (sIgA) secretion) to block pathogen invasion (243).

4.2.4 Balanced regulation of gut microbiota
Nanopolysaccharides regulate gut microbiota balance to enhance
anti-inflammatory effects. As “prebiotics,” they can selectively regulate
flora composition, increasing the abundance of beneficial bacteria such
as Bifidobacterium and Lactobacillus while inhibiting the overgrowth of
harmful bacteria such as Proteobacteria and Fusobacteria. High-MW
nanopolysaccharides exhibit better flora-regulating effects than low-
MW ones due to their stronger colonic fermentation capacity (244
247). After fermentation by gut microbiota, nanopolysaccharides
significantly increase the production of SCFAs such as butyrate and
propionate. SCFAs exert anti-inflammatory effects and maintain
intestinal barrier integrity, while also reducing the levels of harmful
metabolites such as endotoxins (e.g., LPS) (inulin-based
nanopolysaccharides reduce endotoxins by 40% in animal models
(248-250)) and alleviating enteritis induced by pro-inflammatory bile
acids such as deoxycholic acid (DCA) through the gut microbiota-
farnesoid X receptor (FXR) signaling pathway (251, 252). This flora
regulation further promotes barrier repair: nanopolysaccharides
enhance the physical barrier by increasing tight junction protein
expression and repair the immune barrier by reducing the secretion
of pro-inflammatory factors such as TNF-o and IL-6, while directly
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alleviating mucosal oxidative stress and inflammatory responses by
inhibiting the NF-kB pathway and reducing ROS levels (253-256).
Also, the nano-scale size endows polysaccharides with higher
bioavailability, enabling targeted delivery to inflamed intestinal sites
for precise regulation of local flora and immune microenvironments
(257-259).

4.3 Efficacy verification via animal models

Animal models are primarily used to induce inflammatory
states for verifying the efficacy of nanopolysaccharides, with common
types including chemically induced, infection/toxin-induced,
immunosuppressive, and transgenic/condition-specific models.
Chemically induced models are widely applied: the Dextran Sulfate
Sodium (DSS)-induced colitis model simulates human UC,
reproducing intestinal barrier destruction, inflammatory cell
infiltration, and flora dysbiosis—researchers evaluate the symptom-
alleviating effects of nanocomposites such as polysaccharide-based
nanoparticles by monitoring changes in body weight, colon length,
and inflammatory markers (260-263). The High-Fat Diet (HFD)-
induced obesity and inflammation model is used to investigate the
effects of polysaccharide fractions on flora composition (264). Infection
or toxin-induced models use LPS in mouse models to verify the
protective effect of Galacto-Oligosaccharides (GOS) (265); the
Listeria monocytogenes infection model tests the anti-infective
capacity of bifidocin A, including its effects on barrier function and
inflammatory responses (266); the rotenone-induced model explores
the link between intestinal inflammation and neurological disorders
such as movement disorders (267).

Immunosuppressive models involve Cyclophosphamide (CTX)-
induced intestinal mucosal damage and immunosuppression in mice
(simulating chemotherapy or immunodeficiency states), which are
used to evaluate the effects of polysaccharide formulations on flora
diversity and oxidative stress (268, 269). Transgenic or condition-
specific models include germ-free mouse models (verifying the
necessity of gut microbiota in inflammatory mechanisms—e.g.,
confirming the dependence of TNF-driven inflammation on flora
in RA research (270)); “pseudo-germ-free” mice (with flora depleted
via antibiotics) (assessing whether the inflammatory regulation of
quinic acid depends on flora (271)); and chicken intestinal
inflammation models (studying the regulation of Th17/Treg
balance by flora via Fecal Microbiota Transplantation (FMT)
(272, 273)).

5 Clinical translation potential and
challenges

5.1 Clinical prospects
5.1.1 Clinical application prospects in major
inflammation-related diseases

Natural polysaccharides (especially nanopolysaccharides) show
broad clinical potential in chronic inflammation-related diseases.
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In intestinal inflammatory diseases (UC, Crohn’s disease),
nanopolysaccharides repair the intestinal barrier, regulate gut
microbiota, and inhibit the NF-kB/MAPK pathways—DSS-induced
colitis models confirm their ability to reduce mucosal damage and
inflammatory factor levels, laying the foundation for UC treatment
(267, 268). In joint diseases (RA, KOA), modified Panax notoginseng
polysaccharide microspheres target JAK2-STAT3 to inhibit pro-
inflammatory signals and promote macrophage M2 polarization
(260), while Mup restores KOA cartilage and subchondral bone
structure by inhibiting MMP-3/MMP-13 and regulating flora —
providing new options for arthritis treatment. In liver diseases (ALD,
non-alcoholic fatty liver disease), AHPNS80 inhibits the TLR4/MAPK
pathway to reduce liver inflammation and oxidative stress (154), while
fucoidan reduces hepatic IL-1B/TNF-c levels to improve metabolic
inflammation (257)—showing promise for liver inflammatory disease
intervention. In respiratory diseases (ALI, asthma), nanoscale GLPS
inhibits the PI3K/Akt/NF-kB pathway to alleviate ALI (214), while
chitosan nanoparticles penetrate respiratory epithelial tight junctions to
enhance mucosal immunity (e.g,, promoting sIgA secretion) and block
pathogen invasion (242, 243)—offering new strategies for respiratory
inflammation. Also, the “polysaccharide-traditional anti-inflammatory
drug/probiotic” synergistic system reduces NSAID-induced mucosal
damage (261-265) and enhances probiotic stability and colonization
(266, 267), providing a basis for combined clinical therapies.

5.1.2 Current status of clinical trials on
polysaccharide drugs

The clinical translation of polysaccharides and their nano-
formulations in the treatment of inflammatory diseases faces
multiple challenges: Firstly, their low bioavailability severely limits
their application in fields such as Cardiovascular Diseases (CVD),
and there is an urgent need to improve delivery efficiency through
technologies like nano-carriers (268). Secondly, although they show
potential in IBD in terms of anti-inflammation, mucosal repair, and
microbiota regulation—for example, natural polysaccharides
combined with FMT can correct dysbiosis (269), or targeted
delivery via nanoparticles can enhance local drug concentration
(270)—large-scale clinical trial evidence supporting their efficacy is
still lacking (271).

Also, the dual nature of polysaccharides in immunoregulation (e.g.,
lipopolysaccharides can both induce inflammation and act as vaccine
adjuvants) further complicates trial design, requiring precise control of
dosage and delivery methods (272). Among the clinical studies that
have been advanced, the CVD field is limited by bioavailability and
delivery efficiency, and the translation of related nano-carriers is still in
the early stages (268); preliminary clinical trials on Chronic Kidney
Disease (CKD) have verified its safety (273); while the combination
therapy and nano-targeting strategies for IBD are promising but have
not yet achieved large-scale clinical validation (271). Nanotechnology
provides a direction to break through the above bottlenecks: nano-
polysaccharide carriers can improve solubility, prolong release, and
reduce systemic toxicity by encapsulating anti-inflammatory drugs
(260, 261), while partially overcoming the low bioavailability defect
of natural polysaccharides by enhancing cell uptake efficiency (262,
263). For example, in RA, nano-polysaccharides have demonstrated
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excellent pharmacokinetic properties (264), but their long-term safety
and effectiveness in different inflammatory diseases still need further
verification through more clinical trials (265). Although animal models
are widely used to evaluate the anti-inflammatory activity of
polysaccharide nanomedicines, they have significant limitations in
simulating the complex physiological environment of humans.
Especially in IBD research, animal models cannot fully replicate
the dynamic mucosal barrier, microbial interaction network, and
immunometabolic differences in the human intestine. This leads to
inaccurate predictions of the targeted delivery effect and metabolic
kinetics of polysaccharides (266, 267). For example, although
polysaccharide nanocarriers (such as chitosan-modified PLGA
nanoparticles CS-PIPP) have shown efficacy in DSS-induced
mouse colitis models—by regulating gut microbiota (e.g.,
increasing Lactobacillus) and inhibiting inflammatory factors—the
heterogeneity of the physicochemical environment and the diversity
of flora in the human gastrointestinal tract may weaken their delivery
stability (268). In addition, animal models have limited ability to
evaluate the duality of immunoregulation (e.g., polysaccharides can
both inhibit inflammation and potentially trigger abnormal reactions)
and long-term safety (269).

5.2 Challenges and future directions

5.2.1 Existing core challenges

Existing studies have shown that polysaccharide nanocarriers can
improve bioavailability by 1.5-2.5 times through controlled release
and targeted delivery (270, 271), but their long-term physicochemical
stability remains unsubstantiated by accelerated experiments and
actual storage data. Scale-up production faces challenges such as
batch-to-batch variations (272, 273), equipment compatibility, and
continuous process development. Additionally, the nanonization of
polysaccharide-based materials is sensitive to temperature and shear
force, increasing the difficulty of process control (260). Clinical
translation must address regulatory barriers including insufficient
long-term biosafety data (261), lack of standardized production
specifications (e.g., control of residual organic solvents) (260), and
compliance risks arising from inadequate stability verification (262).
It is necessary to establish a multi-dimensional comparison table to
quantify the bioavailability improvement multiples, production
feasibility scores, and stability/regulatory limiting factors of each
strategy (e.g., liposomes enhance bioavailability by 2-3 times
(263)), thereby filling the argumentative gaps in this chapter.

Although current research on the anti-inflammatory effects of
natural polysaccharides has clarified the correlation between their
structures (monosaccharide composition, molecular weight,
glycosidic bond types) and anti-inflammatory efficacy, as well as
nanonization optimization strategies, there are still significant
research gaps and application obstacles: At the research level, the
analysis of structure-activity relationships is superficial, failing to use
technologies such as cryo-electron microscopy and molecular docking
to clarify the precise impact of subtle structural differences (e.g,, sulfate
substitution sites, branch chain lengths) on receptor binding and signal
transduction (264, 265). Traditional models such as RAW264.7 cells
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and DSS-induced colitis cannot replicate the superposition of multiple
pathological factors (oxidative stress, metabolic disorders, microbiota
imbalance) in human chronic inflammation, nor can they simulate the
pathological characteristics of special populations (e.g., the elderly,
individuals with liver or kidney dysfunction). Furthermore, the
regulatory mechanisms of non-immune cells (e.g, fibroblasts) in the
inflammation-fibrosis vicious cycle are overlooked (266, 267).

At the application level, ordinary polysaccharides have unstable
oral bioavailability due to poor water solubility and susceptibility
to degradation by digestive enzymes, while injectable preparations
face issues with administration convenience (268). Although
nanopolysaccharides have improved water solubility and targeting,
they confront prominent core translation challenges: In terms of long-
term toxicity, existing short-term experiments have not evaluated the
long-term accumulation risks in organs such as the liver and spleen,
nor have they investigated genotoxicity, reproductive toxicity, or
excessive disturbances to intestinal microbiota homeostasis (269,
270). In terms of immunogenicity, the risks of activating the
complement system, inducing the production of specific antibodies,
and overactivating immune cells have not been quantified, blurring the
boundary between “immunomodulation” and “immune activation”. In
terms of industrial scale-up production, raw materials such as plants
and algae are greatly affected by the growth environment; laboratory
nanonization processes (e.g., ultrasonic emulsification, electrospinning)
are difficult to adapt to industrial scales; and there is a lack of online
quality monitoring technologies that meet international standards such
as USP, EP, and ICH, resulting in significant batch-to-batch quality
differences (271). In terms of regulatory pathways, the FDA classifies
nanopolysaccharides as “complex drug formulations” and the EMA as
“biosimilars”; global regulatory classifications and approval data
requirements are inconsistent, and coupled with patent barriers, this
leads to confusion in the declaration path.

5.2.2 Future development directions

Future directions focus on addressing these challenges to promote
clinical translation. Deepening structure-mechanism analysis: Use
advanced technologies such as cryo-electron microscopy to clarify
the impact of subtle structural differences (e.g., degree of sulfate
substitution, branching pattern) on polysaccharide-receptor binding
and pathway regulation. Establish a precise “structure-mechanism”
correspondence to guide targeted polysaccharide modification.
Standardizing preparation and quality control: Formulate unified
national/international standards for polysaccharide extraction,
purification, and quality evaluation (e.g., MW distribution, DS,
purity). Ensure batch consistency and experimental reproducibility.
Optimizing nanocarrier design: Develop smart responsive nanocarriers
(e.g, pH-sensitive, ROS-sensitive, enzyme-sensitive) to improve the
targeting of nanopolysaccharides to inflammatory sites and realize
controlled drug release. Conduct long-term toxicity studies (e.g.,
chronic exposure, organ accumulation tests) to provide safety data
for clinical use. Expanding clinical research and formulation
development: Promote multi-center, large-sample RCTs of
polysaccharide-drug/probiotic combinations to verify their efficacy
and safety in humans. Develop novel formulations (e.g., oral
nanoparticles, injectable hydrogels, mucosal sprays) to enhance
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targeting and patient compliance. Expanding disease application scope:
Use systems biology approaches to explore the effects of
polysaccharides in understudied fields such as neuroinflammation
(e.g., Alzheimer’s disease-related inflammation) and tumor-associated
inflammation. Expand the anti-inflammatory application field
of polysaccharides.

6 Conclusions

This review systematically organizes the anti-inflammatory
research progress of natural polysaccharides into four core sections—
fundamental mechanisms, natural polysaccharides activities,
nanonization strategies, and clinical translation—without redundant
pathway-specific subsections. It clarifies the “structure-anti-
inflammatory specificity” association of natural polysaccharides
(monosaccharide composition, MW, glycosidic bond type determine
pathway selection), establishes nanonization as a key solution to
improve polysaccharide bioavailability (via solubility enhancement,
targeting optimization, and pathway synergy), and constructs a
“polysaccharide-drug/probiotic” synergistic anti-inflammatory
paradigm (overcoming single-therapy limitations via target
complementarity and flora-immune axis regulation). Additionally, it
expands the cellular regulatory dimension of polysaccharides,
clarifying their role in regulating non-immune cells (endothelial cells,
fibroblasts, intestinal epithelial cells) to improve the inflammatory
microenvironment. These insights enrich the theoretical system of
natural polysaccharides anti-inflammation and provide new directions
for the treatment of chronic inflammation-related diseases.
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