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Historically, neutrophils have been regarded primarily as pro-in ammatory cells,
yet recent advancements have revealed their phenotypic heterogeneity and
functional plasticity with versatile immunophenotypes. Distinct subpopulations
of neutrophils exhibit a functional duality, not only initiating and amplifying
in ammation, but also actively promoting tissue restoration in diseases, such
as in ammatory bowel disease (IBD), colorectal cancer (CRC) and intestinal
infections. They contribute to the formation of a dynamic immune
microenvironment in concert with the intestinal microbiota, epithelial cells,
and other immune cell types. Current rst-line therapies for enteric diseases
often lack precision in modulating neutrophil functions. In contrast, natural
products including alkaloids, polysaccharides, polyphenols, quinones, and
glycosides, as well as microbiota-derived metabolites, exhibit distinct
advantages for ability to achieve multi-targeted and bidirectional
immunomodulation. These compounds target neutrophil activation, migration,
neutrophil extracellular trap formation, cytokine release, oxidative stress, and
energy metabolism etc. In this review, we systematically examine the
heterogeneity and functional diversity of intestinal neutrophils, highlighting
their interaction mechanisms with the surrounding microenvironment.
Potential of natural products to modulate neutrophil functions via multi-target
strategies has not been fully explored. Moreover, the review discusses novel
precision therapeutic approaches based on neutrophil nanotechnology and
engineered cell drug delivery. These cutting-edge technologies aim to
enhance natural products delivery to in ammatory sites, provide controllable
regulation of neutrophil function, and facilitate the degradation of pathological
structures. Collectively, the study presents new research directions and
theoretical frameworks for intervention of natural products in neutrophils of
intestinal immune-related disorders, notably IBD and even CRC.
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1 Introduction

The intestinal immune system is critical in maintaining
systemic homeostasis and protecting against pathogenic invasion.
Its dysfunction could lead to the development of various complex
immune-mediated intestinal disorders. Multiple immune cell types,
including lymphocytes, macrophages, dendritic cells, and
neutrophils, coordinate interplay to sustain intestinal immune
homeostasis (1). Neutrophils, as the primary effector cells of
innate immunity, are a key effector response to tissue infection
and in ammation. Recent studies have highlighted their remarkable
plasticity and functional heterogeneity within the gut, expanding
our understanding of their role beyond innate defense (2). Intestinal
neutrophils refer to neutrophils that are recruited from the
circulation into the intestinal mucosa in response to homeostatic
or in ammatory signals. Shaped by the local microenvironment,
particularly the microbiota, they adopt speci ¢ functional states.
Upon intestinal homeostasis disruption, chemokines and cytokines
guide neutrophils into intestinal tissue (3), where they undergo
transcriptomic and phenotypic reprogramming into distinct
functional subsets (4, 5). Although whether there exist tissue-
resident neutrophil populations like macrophages remains
controversial, evidence indicates that circulating neutrophils can
adapt and persist locally. For instance, subsets such as CXCR4"*
neutrophils exhibit transcriptional pro les skewed toward non-
immune regulatory roles (6, 7). Further support comes from the
phenomenon of reverse transendothelial migration,  wherein
tissue-reprogrammed neutrophils re-enter circulation (8).

Research has identi ed distinct functional subsets of intestinal
neutrophils. These neutrophil subsets engage in complex
interactions with the gut microbiota, epithelial cells, and other
immune cells through processes such as migration, phagocytosis,
neutrophil extracellular trap formation (NETs) formation, and
cytokine production (9, 10). The dynamic equilibrium of
neutrophil subset quantity, function, and spatial distribution is a
critical determinant of intestinal immune homeostasis. Disruption
of this balance can contribute to the pathogenesis and
exacerbation of several intestinal immune disorders, particularly
in ammatory bowel disease (IBD) and colorectal cancer
(CRC) (9).

Current therapeutic approaches for these conditions primarily
involve anti-in ammatory agents (such as aminosalicylates),
corticosteroids, and biologics (e.g., anti-TNF-a monoclonal
antibodies and interleukin inhibitors) (11). The medicinal value
of aspirin, a conventional anti-in ammatory medication, in these
scenarios has recently been investigated. Current statistical evidence
implies that low-dose aspirin (160mg/d) as a supplementary
treatment could diminish the likelihood of CRC returning
through the PI3K pathway, although its exact modes of action are
not yet fully elucidated (12). These treatments aim to control
in ammation, alleviate symptoms, and protect the intestinal
mucosa by broadly or selectively inhibiting immune activation
(13). still, most of these therapies have notable limitations and
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side-effects. Speci cally, long-term corticosteroid use is associated
with severe metabolic and infective complications, whereas
biologics are hampered by high cost, variable ef cacy, and
potential safety risks (14, 15). Furthermore, these therapies tend
to modulate neutrophil function in a non-selective manner, which
makes it challenging to effectively suppress excessive NETS
formation and oxidative burst of pathogenic neutrophils while
preserving or enhancing their pathogen-clearance and tissue-
repair abilities (16). As a critical element of the immune defense
mechanism, NETs have become a major focus for developing direct
pharmacological interventions. Notably, PAD4 inhibitors,
including GSK484 and Cl-amidine, can block NETs formation by
inhibiting histone citrullination (17, 18). Similarly, DNase |
degraded the DNA scaffold of existing NETSs, and alleviated
NETs-mediated immunothrombosis and tissue injury (19).
Furthermore, studies indicated that PAD4 inhibitors and DNase |
synergistically reduce hepatic metastasis and peritoneal
dissemination in CRC models (20). Although the neutrophil
elastase inhibitor sivelestat is primarily used for acute lung injury
(21), it may theoretically in uence NETs formation and require
experimental validation in intestinal diseases. Nevertheless, such
drugs are often limited by single targets, short half-lives, potential
interference with normal anti-infective immunity, and unveri ed
long-term safety (22, 23), precluding their adoption as
standard therapies.

Natural products and their derived compounds, encompassing
alkaloids, quinones, polysaccharides, polyphenols, glycosides,
terpenoids, microbiota-derived metabolites, which offer a
promising alternative therapeutic strategy for the bidirectional
regulation of neutrophils due to their multi-target mechanisms,
low toxicity, and favorable safety pro les (24). These compounds
have garnered attention for their potential in bidirectional immune
modulation. Numerous studies have demonstrated that natural
products can precisely intervene in neutrophil-mediated
in ammatory processes and tissue damage (25). Notably, the
effects of natural products are not con ned to single targets. They
also indirectly modulate neutrophil function by in uencing
epithelial barrier, T-cell differentiation, and the gut microbiota,
thereby demonstrating a multi-layered, network-based
immunomodulatory potential (26). In addition, emerging
strategies point to targeting neutrophils to enhance the
therapeutic precision and ef cacy of natural products in intestinal
immune diseases (27).

Taken together, the review aims to systematically elucidate
the heterogeneity and functional diversity of intestinal
neutrophils, along with their complex interactions within the
intestinal microenvironment. It particularly focuses on how
natural products precisely and multi-targetedly modulate
neutrophil functions. The objective is to provide a robust
theoretical framework and forward-looking insights to guide
the development of novel therapeutic strategies that leverage
natural products for the precise and bidirectional regulation
of neutrophils.
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2 Heterogeneity and functional
diversity of intestinal neutrophils

2.1 Classi cation, phenotypic
characteristics, and function of intestinal
neutrophil subpopulations

Different neutrophil subtypes possess speci ¢ surface markers,
which serve as key indicators for distinguishing between subtypes. The
classi cation of intestinal neutrophil subpopulations (N1, N2, N3),
which is based on their function and activation state, should not be

10.3389/fimmu.2025.1754107

con ated with that of tumor-associated neutrophils (TANS, also termed
N1 and N2). In fact, their functional roles are often opposing (Table 1).

2.2 Dual mechanisms of different
neutrophil subtypes in various diseases

Neutrophils play a complex dual role in intestinal diseases and
are regulated by speci ¢ subtypes. In IBD, neutrophils are recruited
to the mucosa in response to in ammatory signals, where they
release reactive oxygen species (ROS), proteolytic enzymes, pro-
in ammatory cytokines, and NETSs. These actions contribute to

TABLE 1 Classi cation, phenotypic characteristics and functions of different subtypes of neutrophils in the intestinal tract.

Basis of Phenotypic . Implications in
; : Subtype g Function : References
classi cation yp characteristics disease
High expression of CD66b, Phagocytosis, ROS
N1 CD11b, CD16; highly activated, production, NETosis, Acute infection, active IBD
pro-in ammatory bactericidal, tissue damage
(28)
. . . Anti-i tory, . .
Function & High expression of CXCR4, CD63; . nu-in ammatory, IBD remission, tissue
L N2 . . immunomodulatory and .
Activation State anti-in ammatory and pro-repair . repair
pro-reparative effects
Similar to bone marrow mature Potential role in immune
N3 S homeostasis (function Present in IBD ©9)
neutrophils; immunomodulatory A L
under investigation)
Low density; high expression of |MMUNOSUDDFESSive o Autoimmunity, sepsis,
LDNs CD11b, CD16 or immature . PP cancer, and other chronic (29, 30)
pro-in ammatory . L
phenotypes in ammatory conditions
Density-based NDNs Conventlonz?ll ne.utrophlls; altered Chemotax!s, phagocytosw, Health and disease @1)
in disease antibacterial
subgroups
Classical neutrophil
Mature; similar to NDNs, but functions (chemotaxis, Minimal in health, resting
HDNs R . L (32)
resting state phagocytosis, bactericidal state
activity)
Phagocytosis, cytotoxicity,
T cell recruitment,
IFN-b-driven; high expression of production of TNF-a/ROS, Anti-tumor in
N1 (Anti-tumor) Fas, TRAIL, ICAM-1, low Argl antibody-dependent in ammation and cancer
Tumor-Associated activity cellular cytotoxicity
Neutrophils (ADCC), immune (33, 34)
(TANs) activation
TGF-b-driven; high expression of T cell suppression, Tumor proaression
N2 (Pro-tumor) CXCR4, VEGF, MMP9, high Argl | promotion of angiogenesis immuno‘:u 9 ressior;
activity and metastasis, NETosis PP
Antibacterial
Rel ROS/AMPs/NETS; . | D lati bat
CD177+ € er?)S(?Zces 1L-22 /TSGF-b s immunomodulation, ysregi; aa;z;ZZic:r ates (35, 36)
Surface Marker- P microbiota interaction
Based
. . Modulates NETSs, Bi ker in UC, epithelial
OLFM4+ OLFM4 protein expression . o yaes s . fomarker .|n. Epithela 37)
antibacterial (controversial) injury
Segmented Neutrophils Fully differentiated, segmented Chemotaxis, phagocytosis, Increased in infection/ ©8)
(PMNs) nucleus (2 5 lobes) antibacterial in ammation
Functional but less ef cient
. . . . chemotaxis and Left shift in acute
Maturity Band Neutrophils Immature, basic function phagocytosis compared to infection/IBD (38)
segmented neutrophils
) Maturation in b S left shift i
Metamyelocytes Immature, not fully functional aturation In bone .ever.e el shi |.n (39)
marrow infection/leukemia
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epithelial barrier breakdown, crypt abscess formation, and
amplifying in ammation (3, 40, 41). However, excessive NETS
deposition is associated with an increased risk of thrombosis in
active IBD, particularly UC, although it may also provide some
protective hemostatic functions (42). Furthermore, neutrophils
promote the progression of UC colitis and even transform into
colitis-associated carcinomas (CAC) through the activation of the
JAK/STAT pathway (43, 44). Conversely, speci ¢ subsets such as
CD177" neutrophils enhance bactericidal activity and produce
tissue-healing factors, thereby supporting mucosal repair (35, 36,
45). Similarly, CXCR4™9" neutrophils contribute to tissue
remodeling via MMP9 secretion (46, 47). In addition, neutrophils
produce pro-resolving lipid mediators, vascular endothelial growth
factor (VEGF), and MCPIP1, which collectively represent another
mechanism to limit excessive in ammation and maintain tissue
homeostasis (48).

Within the intestinal tumor microenvironment, the function of
neutrophils is in uenced by local cytokines and displays context-
dependence. In response to stimulation of different cytokines, such as
TGF-b, IFN-g, and IFN-b, neutrophils have the potential to polarize
toward an antitumorigenic phenotype (N1) or toward a
protumorigenic phenotype (N2) (34, 49 51). N1 neutrophils exert
anti-tumor effects through phagocytosis, ROS-mediated cytotoxicity,
and recruitment of T cells. N2 neutrophils promote tumor
progression by suppressing T cell activity, facilitating angiogenesis
via VEGF signaling, and promoting metastasis through MMP9 and
NETosis (52, 53). This pro-tumorigenic NETosis can be potently
induced by speci ¢ members of the dysbiotic intestinal microbiota. A
key example is Fusobacterium nucleatyra pathobiont frequently
enriched in CRC. It has been demonstrated to trigger NETS
formation, which subsequently enhances tumor cell proliferation
and invasiveness, thereby facilitating CRC progression (54). This
exempli es a direct mechanistic link between a dysbiotic bacterium,
neutrophil activation, and tumor progression.

Moreover, the functional duality of neutrophils extends to other
intestinal disorders. In infectious enteritis, neutrophils provide
essential defense against pathogens like Salmonella through
phagocytosis, ROS production, and NETs formation (55 57).
However, excessive activation can exacerbate tissue damage, as
seen in Clostridium dif cile infection (58). In irritable bowel
syndrome, neutrophils contribute to barrier disruption and
chronicity, whereas in intestinal obstruction and necrotizing
enterocolitis, their early bactericidal activity may be offset by ROS
and protease-mediated injury (59). In diverticulitis, rapid
neutrophil recruitment localizes infection and prevents peritonitis,
albeit at the cost of local tissue destruction (60 62).

3 Mechanisms of interaction between
neutrophils and the microbiome and
other cells

Neutrophils are of crucial signi cance for maintaining intestinal
homeostasis and could in uence the intestine through three
primary interaction mechanisms, including neutrophil-gut
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microbiota interactions, neutrophil-epithelial cell interactions, and
neutrophil-immune cell interactions.

3.1 Neutrophils-gut microbiota

Neutrophils directly or indirectly impact the local gut microbiota
via multiple pathways (Figure 1). Their phagocytic activity eliminates
pathogens and dysbiotic commensals (63). Activated neutrophils
release antimicrobial peptides and ROS via receptors such as
GPR120 to eliminate bacteria (38, 57, 64). In addition, NETs can
directly capture and kill microorganisms during NETosis (65, 66).
Furthermore, NETosis itself can be mediated by the in ammasome,
leading to the release of chemokines and cytokines that indirectly
affect the microbiota (58, 67). Neutrophils can also activate the NF-
kB signaling pathway through TLR receptors and help counteract
dysbiosis through the upregulation of AHR-mediated a-defensin 1
(68, 69). Oxidative stress from neutrophils may suppress anaerobes
and promote aerotolerant pathogens, worsening dyshiosis (66, 70).
This dysbiosis-driven process can exert in uence on tumor
microenvironments beyond the gut. For instance, a recent single-
cell analysis of CRC peritoneal metastasis revealed that intestinal
microbiota dyshiosis promotes the recruitment of in ammatory, pro-
tumorigenic neutrophils, which in turn drive mesenchymal transition
of malignant and mesothelial cells, thereby facilitating metastatic
spread (71). This exempli es a direct link between dysbiosis,
neutrophil recruitment, and tumor progression. Conversely, the
intestine microbiota precisely regulates neutrophil function through
metabolic products and molecular signaling. Speci ¢ microbial
metabolites in uence neutrophil metabolism (72). (Refer to Section
3.8 for details.) The microbiota also employs multiple indirect
pathways to ne-tune neutrophil recruitment, activation, and
function. These, including the C3 complement pathway (73),
AMPK signaling (74), the CXCL3-PD-L1 axis (75), in ammasome
activity (76), and Treg cell differentiation (77), form a complex
network of immune microenvironment interactions.

3.2 Neutrophil-epithelial cell

The interaction between neutrophils and intestinal epithelial
cells (IECs) can be divided into four key processes. Recruitment and
adhesion: Under in ammatory stimuli, IECs release chemokines
(78, 79), promoting neutrophil adhesion to and retention within the
epithelium via adhesion molecules such as LFA-1/ICAM-1 (80, 81).
Transmigration: Neutrophils migrate from the lamina propria to
the epithelium guided by IL-8, IL-6, IL-33 (82 84), and other
factors, utilizing proteases such as CD11b/CD18 and MMP-9 to
cleave tight junction proteins and form migration channels (78, 85).
Interaction: Neutrophils interact with IECs at injury sites through
NETSs release, ROS, degranulation, and pro-in ammatory factors
(86, 87). At the same time, IECs modulate neutrophil antimicrobial
responses and in ltration levels via the chemerin-CMKLR1/LPO
axis (88). Resolution of In ammation: During resolution,
neutrophils undergo apoptosis or release pro-resolving mediators,

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1754107
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kang et al.

10.3389/fimmu.2025.1754107

FIGURE 1

site interaction, and repair and regression.

The interaction mechanism between neutrophils and gut microbiota, epithelial cells. (A) Neutrophils act on the microbiota through phagocytosis, the
release of ROS, antimicrobial peptides (AMPs), and NETSs, or through signaling pathways, in ammatory pathways, and immune regulation. Bene cial
metabolites in the intestinal microbiota regulate the chemotaxis, apoptosis and NETosis of neutrophils, while pathogen-related molecules strongly
activate neutrophils or indirectly regulate them through signaling pathways. (B) Neutrophils and epithelial cells interact through in ammatory
pathways, signaling pathways, immune regulation and apoptosis in the four stages of recruitment and adhesion, transepithelial migration, epithelial-

and thus facilitate tissue repair (89 91). It is noteworthy that
excessive neutrophil activity or dysregulated defensins can
exacerbate mucosal damage (92).

3.3 Neutrophils-immune cells
3.3.1 Neutrophils-myeloid immune cells

The recruitment of neutrophils is regulated by myeloid immune
cells such as monocytes, macrophages, and dendritic cells (DCs). In
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the pre-in ammatory stage, macrophages and DCs produce factors
such as CXCL8 and TNF-a that stimulate neutrophil recruitment
(93) (Figure 2). Neutrophils amplify recruitment signals to attract
macrophages and DCs, forming a feedback loop. Macrophages also
in uence neutrophil traf cking in the in amed mucosa by
modulating the endothelial cell (EC) TNFR2 axis (81). When
neutrophils and macrophages reach the site of in ammation, they
cooperate in phagocytosis and antigen presentation. During the
resolution phase of in ammation, macrophages not only drive
necroptosis of neutrophils by inhibiting the TLR4/NF-kB
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