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Systemic dysregulation of the
gut microenvironment plays a
pivotal role in the onset and
progression of inflammatory
bowel disease
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Inflammatory bowel disease (IBD) represents a multifaceted, chronic
inflammatory condition affecting the gastrointestinal tract, with its underlying
pathophysiological mechanisms not yet fully elucidated. Recent research has
underscored the pivotal role of the gut microenvironment, a complex ecological
system, in the pathogenesis of IBD. This review systematically examines the
interactions between gut microenvironment components and their roles in the
pathogenesis of IBD. It is now understood that gut dysbiosis results in a decrease
in beneficial microbiota, such as Faecalibacterium and Roseburia, along with an
increase in pathogenic bacteria, including Adherent-invasive Escherichia coli
(AIEC). This microbial imbalance results in a reduction in the production of
beneficial metabolites, such as short-chain fatty acids, and the accumulation of
detrimental metabolites, thereby directly disrupting the gut microbiome. The
resultant gut dysbiosis leads to dysfunction in intestinal stem cells (ISCs) and a
reduction in the expression of tight junction (TJ) proteins, thereby further
compromising the integrity of the intestinal epithelial barrier. This dysfunction
allows microorganisms and harmful metabolites to penetrate the barrier,
reaching the submucosal layer, where they activate both innate and adaptive
immune responses, thereby initiating a complex immune cascade. Over time,
this process leads to a self-sustaining inflammatory cycle that culminates in
chronic IBD and potentially contributes to the development of metabolic
disorders. This paper examines this cycle, elucidating the interactions among
gut microbiota dysbiosis, metabolite alterations, barrier dysfunction, and immune
activation that drive the pathogenesis of IBD, while also critically assessing the
limitations of current therapeutic strategies. Based on our understanding of the
overarching dysregulation of the gut microenvironment, we propose a paradigm
shift in IBD from “controlling inflammation” to “restoring intestinal homeostasis”,
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and from “single therapy” to “comprehensive intervention”. This integrated
approach encompasses microbiome remodeling, metabolite intervention,
reconstruction of the immune microenvironment, and repair of barrier
function. Such a multidimensional and integrated therapeutic strategy
promises to effectively disrupt the pathological feedback loop, restore gut
homeostasis, and offer novel theoretical and clinical insights for the precise
treatment of IBD and its progression.

inflammatory bowel disease (IBD), gut microenvironment, gut microbiota, metabolites,
intestinal epithelial barrier, immune system

1 Introduction

Inflammatory Bowel Disease (IBD) is a complex, chronic
gastrointestinal disorder influenced by multiple factors and
primarily characterized by persistent intestinal inflammation.
Although the pathogenesis of IBD remains incompletely
understood, current research suggests that its core pathological
processes involve an interplay among dysregulated microorganisms
and metabolites, intestinal barrier dysfunction, immune activation,
and the progression of chronic inflammation (1-4).

The gut microenvironment constitutes a complex ecosystem
comprising microorganisms and their metabolites, the intestinal
epithelial barrier, the immune system and the circulatory system, all
of which are essential for maintaining human health. Its primary
functions include regulating metabolism, preserving barrier
integrity, promoting immune balance, and protecting the body’s
intrinsic systems from external harmful factors. The gut microbiota,
encompassing both bacteria and fungi, contributes not only to
digestion and metabolism but also to the synthesis of functional
substances, playing a crucial role in immune regulation.

Abbreviations: AhR, aryl hydrocarbon receptor; AIEC, Adherent-invasive
Escherichia coli; APCs, antigen-presenting cells; BAFF, B-cell activating factor;
DAMPs, damage-associated molecular patterns; DCs, dendritic cells; ECM,
extracellular matrix; ETBF, Enterotoxigenic Bacteroides fragilis; FMT, Fecal
microbiota transplantation; GBD, Global Burden of Disease; GUDCA,
Glycoursodeoxycholic acid; IA, Indoleacrylic Acid; IBD, Inflammatory bowel
disease; ISCs, intestinal stem cells; LPS, lipopolysaccharides; MAC, membrane
attack complexes; NDDS, nanomaterial-based drug delivery systems; NETs,
Neutrophil extracellular traps; NK, natural killer; NLC, Nanostructured lipid
carriers; NLRs, NOD-like receptors; NO, nitrogen oxides; NPs, Nanoparticles;
PAMPs, pathogen-associated molecular patterns; PLGA, Poly (lactic-co-glycolic
acid); PRRs, pattern recognition receptors; ROS, reactive oxygen species; SCFAs,
short-chain fatty acids; SLN, Solid lipid nanoparticles; TCRs, T cell receptors;
Tho, naive T cells; TJ, tight junction; TLR4, Toll-like receptor 4; TLRs, Toll-like
receptors; tolDC, Tolerogenic Dendritic Cell; Treg, regulatory T cells; TUDCA,
Tauroursodeoxycholic acid; UC, Ulcerative Colitis; UDCA, Ursodeoxycholic
acid; ZO-1, Zonula Occludens-1.
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Furthermore, its metabolites, such as short-chain fatty acids
(SCFAs) and bile acids, affect intestinal neurosignaling, energy
metabolism, immune functionality, and intestinal barrier
function, thereby modulating the gut ecosystem in various ways
(5-7). It is widely thought that the dynamic balance of these
microorganisms is fundamental to intestinal homeostasis, and any
disruption to this balance may lead to the onset and progression
of disease.

Aside from the gut microbiota, the function of the intestinal
tissue itself also plays a critical role in the occurrence and
progression of diseases. The primary protective barrier in the
intestinal lumen consists of intestinal epithelial cells, including
mucus-secreting goblet cells and intestinal stem cells (ISCs),
which are located at the base of the crypts. Collectively, these cells
form a physical barrier through tight junctions (TJs), separating the
intestinal lumen contents from the underlying tissue and preventing
harmful substances from infiltrating the intestinal immune system,
which encompasses both innate and adaptive immune cells, as well
as the circulatory system (8). Besides, enzymes secreted by the
gastrointestinal tract, along with glycoproteins and other chemical
substances, constitute a chemical barrier that resists the invasion of
microorganisms and harmful agents within the intestinal lumen,
thereby preventing leakage and inhibiting pathogen growth (9).

Under physiological conditions, gut microorganisms and their
metabolites maintain gut microenvironmental homeostasis through
various mechanisms, including microbial balance, metabolic
regulation, enhancement of barrier structure and function, and
modulation of immune responses (10-12). These processes are
accomplished via multiple pathways, including tight junction, leak,
and unrestricted pathways (13). However, during disease progression,
gut dysbiosis and the presence of harmful metabolites can
compromise the intestinal barrier, leading to leakage into the
submucosa and bloodstream (14). This damage activates immune
cells, including dendritic cells (DCs) and macrophages, which
subsequently initiate immune responses via various signaling
pathways, such as Toll-like receptors (TLRs) acting as pattern
recognition receptors (15). The subsequent release of inflammatory
cytokines exacerbates tissue damage, further disrupts the intestinal
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barrier, and intensifies the imbalance (15). This cycle is perpetuated
by feedback loops, leading to persistent disruption of local intestinal
homeostasis. Furthermore, this dysregulation may trigger systemic
diseases such as metabolic syndrome, non-alcoholic fatty liver
disease, and diabetes by disrupting various signaling pathways in
the liver, muscle, and adipose tissues (16, 17).

Despite significant progress in recent years, research on the gut
microenvironment has primarily focused on individual
components or pathways, lacking a comprehensive analysis of the
entire microenvironment. This approach poses challenges in
comparing different studies and determining whether a specific
change is causally related to disease outcomes. Moreover, existing
therapeutic approaches, such as antibiotics, probiotics, and
microbiota transplantation, exhibit variability in effectiveness
across individuals and may carry potential risks (18). Therefore,
this study investigates the gut microenvironment as a dynamic and
complex entity, aiming to elucidate the interactions and regulatory
mechanisms among microorganisms and their metabolites,
epithelial cells, immune cells and signaling molecules in relation
to IBD. By providing a holistic perspective, this review aims to offer
new insights into IBD pathogenesis and establish a crucial
theoretical foundation and practical guidance for the development
of more effective therapeutic strategies in the future (Figure 1).

10.3389/fimmu.2025.1661386

2 The dysregulation of gut microbiota
and their metabolites

It is well-established that the pathogenesis of IBD is closely
associated with the dysregulation of gut microbiota and their
metabolites. In recent years, the Western diet, characterized by a
high fat and protein content and low dietary fiber, along with the
widespread use of food additives due to industrialization, has
significantly altered both the structure and function of the gut
microbiome (19, 20). This disruption, compounded by genetic
susceptibility and environmental stressors, has emerged as a key
trigger for the onset of IBD (21). It is now understood that under
physiological conditions, beneficial gut bacteria, such as
Faecalibacterium prausnitzii, Roseburia spp., Bifidobacterium, and
Lactobacillus, metabolize dietary components to produce SCFAs,
including acetate, propionate, and butyrate, as well as indole
metabolites and antimicrobial peptides. These metabolites play a
crucial role in maintaining intestinal barrier integrity and immune
homeostasis (22). For instance, SCFAs provide energy to intestinal
epithelial cells, enhance the expression of TJ proteins (e.g., Zonula
Occludens-1 (ZO-1) and Occludin), regulate immune responses by
promoting regulatory T cell expansion, and inhibit inflammation
(23-25). Besides, indole metabolites promote barrier repair and

Gut lumen Faecalibacterium prausnitzii | SCFAs @ Clostridioides difficile LPS
Hyd Ifid
Roseburia spp. secondary bille acids . ly rogfn sulfide
Bifidobacterium Ammonia
Lactobacillus Tryptophan Metabolites ETBF Prilr{ary bile acids
‘\‘_‘f’ 4:,}2}, Microbiota . f
Tight Junctions [ ___S=5
® _ _oeoe, [ oooo‘o:o.oo.oo‘o‘. o/o/o/e)ie Gut barrier
GobletCells | & 4 Epithelial Cells  Enteroendocrine o 1 @ o dysfunction
- e e | . o
@ e @®_0° oo ®
<> . — 1
M2 @ MHCHI k\ H
macrophage ' 1
macrophage ---------- 1
Nalve 10 || /S | 1
cel
Neutrophils 1
ﬁ J " Al
oW
patches Antibody
IFN-y ""2 TGF-) IL6  TGF- p A
M)
2
Th1 Th2 Th17 Treg Plasma cells
IFN-y IL41L6 L7 iL10
L2 1L101L13 TGF-B
L | 9
| B cells v
Immune
l frh1/Th2/Th17]T ((Treg | l >/

””| Dysregulation

Blood vessel

o —

P/

FIGURE 1

00 ©

Pathophysiological mechanisms of gut microenvironment systemic dysregulation in inflammatory bowel disease (IBD).

Frontiers in Immunology

03

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1661386
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kou et al.

immune modulation by activating the aryl hydrocarbon receptor
(AhR), while antimicrobial peptides further protect the intestinal
barrier by inhibiting the growth of pathogenic bacteria (26, 27).
In contrast, patients with IBD exhibit significantly reduced gut
microbiota diversity and a decreased abundance of beneficial
bacteria, resulting in diminished capacity to produce SCFAs and
indole metabolites (28). This reduction weakens the anti-
inflammatory functions and barrier repair abilities of the gut.
Concurrently, the abundance of pathogenic bacteria, such as
Adherent-Invasive Escherichia coli (AIEC), Enterotoxigenic
Bacteroides fragilis (ETBF) and Clostridioides difficile, is
significantly increased (29). Toxins secreted by these bacteria
(e.g., colibactin and Bacteroides fragilis toxin (BFT)) and their
metabolic byproducts (e.g., lipopolysaccharides (LPS), hydrogen
sulfide, and ammonia) disrupt the gut microenvironment in
multiple pathways (30, 31). These harmful metabolites can
directly damage epithelial cells, inducing apoptosis or necrosis,
and can also activate pro-inflammatory signaling pathways (e.g.,
NF-kB) by binding to Toll-like receptor 4 (TLR4). This activation
promotes the release of pro-inflammatory cytokines (e.g., IL-6, IL-
17, and TNF-at), which directly disrupt TJ proteins, leading to
increased intestinal permeability and exacerbating inflammation
(32). Furthermore, harmful metabolites, including LPS, inhibit the
growth of beneficial bacteria by altering the gut microenvironment

10.3389/fimmu.2025.1661386

(e.g., lowering pH and changing redox states) while simultaneously
creating favorable conditions for the proliferation of pathogenic
bacteria (33). Dysregulation of bile acid metabolism, characterized
by an accumulation of primary bile acids and a decrease in
secondary bile acids, further disrupts the balance of the gut
microbiota and enhances pro-inflammatory effects (34). Thus, the
imbalance of microorganisms and their metabolites constitutes a
significant driver in the onset and progression of IBD (Figure 2).
In response to the aforementioned pathological conditions,
various innovative therapeutic strategies have been proposed.
Probiotics, as classical regulators of gut microbiota, have emerged
as a significant approach in the treatment of IBD given their ability
to restore the balance of gut microecology and exert anti-
inflammatory effects. Studies have demonstrated that specific
probiotics, such as Lactobacillus and Bifidobacterium, can
significantly alleviate clinical symptoms of IBD by inhibiting the
release of pro-inflammatory cytokines, enhancing gut barrier
function, and providing antioxidant effects (35, 36). Clinical data
indicate that probiotics demonstrate significant efficacy in achieving
remission in ulcerative colitis (UC), with higher rates observed in
the probiotic group compared to the placebo group (37). However,
the overall effectiveness of probiotics remains a subject of debate.
Some studies suggest that probiotics may not demonstrate
significant differences in inducing remission when compared to
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placebo or standard treatments (38). Fecal microbiota
transplantation (FMT) has emerged as an alternative therapeutic
method for restoring gut microbiota diversity, utilizing microbiota
derived from healthy donors to effectively modulate gut immune
responses and reduce pathological inflammation. Studies have
reported therapeutic efficacy rates ranging from 60% to 80%, with
long-term remission rates around 50% (39). Despite the notable
efficacy of FMT, challenges remain, including complexities
associated with donor screening, potential infection risks during
the treatment process, and variability in effectiveness due to
individual patient differences. In summary, although these
therapeutic strategies have made positive strides in improving
IBD symptoms, they continue to face challenges related to
variability in efficacy, side effects, and the demand for
personalized treatment. Future research should focus on precisely
modulating the gut microbiota to further optimize treatment
regimens and provide patients with more accurate and
personalized therapeutic strategies.

Collectively, these findings demonstrate that gut dysbiosis,
characterized by a reduction in beneficial bacteria and an increase
in pathogenic species, fundamentally disrupts the intestinal
metabolic landscape, leading to a cascade of harmful compounds
that compromise barrier integrity and immune homeostasis. While
current therapeutic interventions targeting microbial restoration
show promise, they require further optimization to address inter-
individual variability and achieve sustained clinical efficacy.

3 Injury to the intestinal barrier

The intestinal barrier serves as a fundamental defense system,
maintaining gut homeostasis and preventing the invasion of
external pathogens and harmful substances. It is composed of
both physical and chemical barriers. The physical barrier is
mainly composed of intestinal epithelial cells, which establish a
protective layer through TJ proteins such as Occludin, Claudins and
ZO-1 that separate luminal contents from the underlying lamina
propria (23). This separation helps prevent harmful substances
from leaking into the intestinal immune system and bloodstream,
both of which contain innate and adaptive immune cells. The self-
renewal of intestinal epithelial cells relies on ISCs located in the
intestinal crypts between the intestinal villi, which play a central role
in maintaining the intestinal barrier. ISCs proliferate to generate
progeny cells; some of these continue to function as ISCs to
maintain their proliferative capacity, while others differentiate
into functional epithelial cells, including absorptive enterocytes,
goblet cells and enteroendocrine cells (40, 41). These differentiated
cells are indispensable for normal intestinal physiology. In this
respect, absorptive enterocytes are responsible for nutrient
absorption and transport while maintaining the integrity of the
intestinal barrier. Intestinal endocrine cells regulate multiple
physiological functions of the gut by secreting hormones. Besides,
goblet cells secrete mucus, which protects the intestinal epithelial
barrier and prevents the translocation of harmful external
substances (42).
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Current evidence suggests that the processes of proliferation
and differentiation of these stem cells are precisely regulated by
multiple signaling pathways, particularly the Wnt, Notch, and
Hedgehog pathways, which play crucial roles in the renewal of
ISCs (43). Specifically, the Wnt signaling pathway not only
maintains the undifferentiated state of ISCs and promotes their
self-renewal, but also creates a conducive proliferative
microenvironment within the intestinal glands (44). Moreover,
Wnt signaling regulates downstream transcription factors that
determine the differentiation of ISCs into various epithelial cell
types (45). Besides, Notch signaling, through interactions between
its receptor and ligand, activates intracellular transcription factors
that maintain the proliferative capacity of ISCs (46). It also regulates
the differentiation process via negative feedback mechanisms.
Notably, during the formation of endothelial and goblet cells,
Notch signaling interacts with the Wnt signaling to finely regulate
the directional differentiation of ISCs (47). Hedgehog signaling
activates Gli transcription factors to govern the proliferation and
differentiation of ISCs, thereby playing a crucial role in maintaining
their proliferative potential (48). Furthermore, Hedgehog signaling
pathways coordinate with other pathways to regulate the three-
dimensional structure and functionalization of tissues, promoting
the directional differentiation of ISCs into specific cells and ensuring
the intestinal barrier integrity (49). In addition to these molecular
signals, mechanical signals significantly influence the differentiation
of ISCs. The stiffness, tensile forces, and shear stress of the
extracellular matrix (ECM) regulate cell morphology and
migration through integrin-matrix interactions, ultimately
affecting their differentiation. Studies have shown that mechanical
characteristics, such as stiffness, tensile force, and shear stress, of the
ECM can significantly influence cell morphological changes and
migration through the interaction between integrins and the matrix,
thereby regulating the differentiation of ISCs (50). Specifically,
integrins, as the primary connecting molecules between cells and
the extracellular matrix, can sense and respond to the mechanical
properties of the matrix. The interaction between integrins and
ECM not only affects cell adhesion and morphology but also
regulates cell proliferation and differentiation by activating
downstream signaling pathways. For instance, the binding of
integrins to ECM can activate signaling pathways such as FAK
and ERK, which play a crucial role in cellular mechanosignal
transduction (51). In addition, the mechanical properties of the
extracellular matrix regulate cell fate by influencing the
reorganization of the cytoskeleton. The reorganization of the
cytoskeleton can alter the shape and mechanical characteristics of
cells, thereby affecting their differentiation direction. Current
evidence suggests that the interplay of mechanical and
physiological signals within the microenvironment collectively
determines the differentiation fate of ISCs. This regenerative
process not only ensures the continuous turnover of the intestinal
epithelium but also facilitates barrier repair following injury.
Following damage to the intestinal epithelium, ISCs proliferate
and differentiate into new functional cells. This process facilitates
the repair of the intestinal barrier and restores its physical and
chemical defense functions. Notably, upon differentiating into
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goblet cells, ISCs secrete mucus, forming a physical barrier in the
gut that prevents the invasion of harmful substances and pathogens.
Furthermore, ISCs contribute not only to local barrier repair but
also to the adaptive regulation within the gut microenvironment,
aiding in the maintenance of gut homeostasis and immune balance.
Dysregulation of ISC function or abnormal proliferation and
differentiation can compromise barrier integrity, contributing to
gut pathology and triggering various intestinal diseases, such as
leaky gut syndrome and IBD (52). The rapid renewal of intestinal
epithelial cells enhances the dynamic repair capacity, effectively
maintaining the structural integrity of the barrier.

The chemical barrier is a crucial defense system in the gut, with
one of its key components being the mucus layer that coats the
epithelial surface. This layer serves as the first line of defense,
protecting gut homeostasis by blocking pathogens from contacting
the epithelial surface while providing a habitat for the commensal
microbiota (53). Studies have found that the intestinal mucus layer
in patients with IBD is significantly thinner or locally absent, which
not only exposes epithelial cells directly to the contents of the
intestinal lumen but also substantially increases the risk of pathogen
colonization (54). Furthermore, the secretion of antimicrobial
peptides (e.g., defensins) by Paneth cells and epithelial cells is
often diminished in IBD patients, further weakening the
protective function of the chemical barrier (55). In addition to the
physical and chemical barriers, the immune system also plays a
defensive role in maintaining gut homeostasis. Innate immune cells
(e.g., macrophages and DCs) and adaptive immune cells (e.g., T
cells) initially secrete cytokines to exert anti-inflammatory effects
during the gut’s initial inflammatory state. However, the ongoing
occurrence and progression of inflammation can drive the
persistent release of pro-inflammatory factors (e.g., TNF-o., IL-6,
and IL-17), which exacerbate intestinal inflammation and inhibit
the barrier’s repair functions (56, 57).

In patients with IBD, gut dysbiosis and its metabolites can
directly damage the physical and chemical barriers of the gut,
leading to epithelial injury and a reduction in T] protein
expression, which is considered one of the primary causes of
increased intestinal permeability (58). Damage to the intestinal
barrier allows toxic metabolites and microorganisms to easily cross
the barrier and leak into the lamina propria or the bloodstream.
This leakage activates immune cells such as macrophages, DCs, and
T lymphocytes, disrupting the immune barrier and inducing the
release of additional pro-inflammatory factors, which further
impair barrier function. Moreover, the leaked toxins (e.g., LPS)
may cause metabolic disorders (including insulin resistance and
abnormalities in lipid metabolism) through systemic circulation,
exacerbating the systemic inflammatory state of IBD and worsening
damage to the intestinal barrier (59, 60). Consequently, this
impairment of barrier function leads to significant leakage of
intestinal contents, providing toxic metabolites that contribute to
the characteristic persistent inflammation associated with
IBD (Figure 3).

Current therapeutic strategies for intestinal barrier damage
primarily focus on improving gut barrier function, reducing
intestinal permeability, and promoting the repair of intestinal
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epithelial cells. For instance, probiotic therapy can restore the
balance of gut microbiota and facilitate the repair of the intestinal
barrier. SCFAs, as metabolic products of gut microbiota, play a
crucial role in barrier repair by promoting T] formation in intestinal
epithelial cells and exerting anti-inflammatory effects. Besides,
pharmacological agents such as glutamine and other gut
protectants directly act on intestinal epithelial cells to enhance gut
barrier function and improve clinical symptoms in patients with
IBD (61). Despite the significant effectiveness of these treatment
strategies in clinical practice, challenges remain, including
interindividual variability in efficacy, potential side effects, and
issues with drug tolerance, highlighting the need for further
research to optimize treatment approaches.

Overall, intestinal barrier dysfunction in IBD encompasses
multiple interconnected components, comprising compromised
stem cell regeneration, disrupted tight junction integrity, reduced
chemical barrier protection, and impaired immune surveillance.
Therefore, effective therapeutic strategies require integrated
approaches that simultaneously target these multiple barrier
elements rather than focusing on isolated pathways.

4 Activation of the immune response

A compromised intestinal barrier can allow microorganisms
and their harmful metabolites to leak into the lamina propria. This
leakage triggers complex immune responses that may contribute to
inflammatory processes and various other health issues.

4.1 Innate immune response

Once the integrity of the intestinal barrier is compromised,
microorganisms and their metabolites translocate across the
epithelium, prompting a rapid and coordinated innate immune
response. This process involves the activation and interplay of
various immune cells, orchestrating a dynamic and precise
immune defense mechanism. Among the first responders are the
resident macrophages within the lamina propria, which quickly
recognize pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs) through pattern
recognition receptors (PRRs) on their surface, including TLRs and
NOD-like receptors (NLRs). TLRs can recognize microbial
components such as LPS and double-stranded RNA, while NLRs
recognize bacterial peptidoglycans (62, 63). Upon activation,
macrophages secrete various pro-inflammatory cytokines (e.g., IL-
6, TNF-0,, and IL-1p) to initiate local inflammation and release the
chemokine CXCLS8 to attract more immune cells to the site of
infection (64). Moreover, macrophages phagocytose and eliminate
pathogens while releasing reactive oxygen species (ROS) and
nitrogen oxides (NO) to further facilitate pathogen clearance (65).
By performing these functions, macrophages process antigen
fragments and present them on MHC II molecules, thereby
bridging innate and adaptive immunity. Moreover, under the
influence of different microenvironmental signals, macrophages
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can polarize into M1 or M2 subtypes. M1 macrophages secrete IL-
12 and TNF-o. to enhance inflammatory responses and activate Th1
and Thl7 immunity, while M2 macrophages secrete IL-10 and
TGF-B to promote tissue repair and immune regulation and
activate Treg immunity (66). Indeed, this equilibrium between
M1/M2 polarization reflects the dual roles of macrophages in
immune responses. In a healthy state, a dynamic balance between
M1 and M2 macrophages is maintained, ensuring a rapid response
to pathogen invasion while preventing excessive inflammatory
responses (67).

However, during the onset and progression of IBD, this balance
is disrupted. Persistent exposure to microorganisms and
metabolites in the intestinal microenvironment drives the
overactivation of M1 macrophages. Their continuous secretion of
high levels of pro-inflammatory factors not only sustains and
exacerbates local inflammatory responses but may also cause
damage and apoptosis of intestinal epithelial cells, further
compromising gut barrier function and creating a deleterious
feedback loop (68). At the same time, the anti-inflammatory and
repair functions of M2 macrophages are limiting their ability to
counteract M1 macrophage overactivation and the excessive
secretion of inflammatory factors. Emerging evidence suggests
that macrophages in IBD patients may exhibit impaired
polarization toward the M2 phenotype or may exhibit functional
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abnormalities during the polarization process, resulting in
insufficient anti-inflammatory and repair responses (69).
Moreover, the chronic inflammatory milieu promotes oxidative
stress and the continuous release of cytokines, enhancing the M1
macrophage phenotype while recruiting additional immune cells,
such as T cells and neutrophils, into the inflammatory cascade,
creating a self-sustaining chronic inflammatory microenvironment
that promotes the persistence and exacerbation of IBD.
Neutrophils are the key effectors of the secondary immune wave
that follows macrophage activation. Attracted by chemokines (e.g.,
CXCL8) and pro-inflammatory factors (e.g., TNF-o. and IL-1B)
secreted by macrophages and epithelial cells, neutrophils are swiftly
recruited to the sites of infection within hours following intestinal
barrier disruption (70). These innate immune cells exhibit
antimicrobial function and utilize ROS and antimicrobial
enzymes (e.g., myeloperoxidase and elastase) to clear pathogens.
Besides, neutrophils can capture and contain pathogens through the
formation of neutrophil extracellular traps (NETs), which comprise
decondensed chromatin and antimicrobial proteins (71). This
process further enhances local defense mechanisms by
immobilizing pathogens and preventing their spread. While these
processes are crucial for defense, the release of these cytotoxic
molecules can cause damage to surrounding tissues, exaggerating
inflammation and contributing to the chronic IBD (72).
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Building on the roles of macrophages and neutrophils, DCs have
gradually emerged as a key bridge connecting innate and adaptive
immunity. In response to microenvironmental signals (e.g., IL-1f3 and
TNEF-01), DCs migrate to the sites of injury, where they recognize and
capture pathogens and their metabolites through PRRs. Similar to
macrophages, DCs can process antigens through phagocytosis;
however, their distinct capability lies in their ability to present
processed antigens to naive T cells via MHC II molecules (73).
During this process, DCs undergo several steps, including antigen
uptake, intracellular processing, upregulation of surface molecules,
migration to lymphoid tissues, effective interaction with T cells and
regulation of T cell differentiation. Upon encountering pathogens or
inflammatory signals (e.g., bacterial components, IL-13, and TNF-a),
DCs become activated and undergo maturation (74). During this
transition, MHC II molecules are significantly upregulated to enhance
antigen presentation capabilities, and the expression of co-stimulatory
molecules CD80 (B7-1) and CD86 (B7-2) increases. This interaction
with CD28 on T cells provides the necessary second signal for T cell
activation, thereby preventing ineffective or spontaneous immune
responses (75). Furthermore, the upregulation of the chemokine
receptor CCR7 directs mature DCs to migrate to secondary
lymphoid organs (e.g., Peyer’s patches), facilitating contact with T
cells (76). During antigen processing, DCs capture pathogens or their
metabolites through phagocytosis, pinocytosis, or receptor-mediated
endocytosis. They degrade these materials into short peptide
fragments and transport them to the cell surface after binding to
MHC II molecules for recognition by T cells. In secondary lymphoid
tissues, DCs present antigen peptides via MHC II molecules while
providing co-stimulatory signals by binding CD80/CD86 to CD28 on
T cells, thereby promoting the comprehensive activation and
proliferation of T cells (77). Current evidence suggests that DCs
secrete cytokines such as IL-12 and IL-23, which guide T cell
differentiation into various subtypes, including pro-inflammatory
Thl, Th17, and anti-inflammatory regulatory T cells (Treg) (78).
DCs not only activate T cells but can also induce T cell apoptosis or
drive Treg generation to prevent autoimmune responses (81). This
function is particularly crucial for maintaining homeostasis in
immune organs such as the gut. However, in diseases such as IBD,
DCs may experience functional disturbances, including overactivation
leading to excessive secretion of pro-inflammatory cytokines,
abnormal antigen presentation that activates self-reactive T cells,
and loss of regulatory functions that result in the erosion of
immune tolerance (82, 83).

Macrophages serve as the first line of defense in the innate
immune response, rapidly containing the spread of pathogens
through pattern recognition, the secretion of inflammatory
factors, and phagocytosis, thereby establishing a foundation for
adaptive immunity. Neutrophils are rapidly recruited to the site of
infection, where their primary function is the swift elimination of
pathogens, thereby playing a critical role in the early stages of
infection. The involvement of DCs marks the transition from innate
to adaptive immunity, as they integrate the entire immune defense
system through antigen presentation and the secretion of cytokines.
The successive activation and functional cooperation of these three
cell types create a precisely timed and functionally complementary

Frontiers in Immunology

10.3389/fimmu.2025.1661386

immune network capable of swiftly controlling pathogens while
ensuring the subsequent specific immune response. However, in the
pathological process of IBD, pro-inflammatory Thl and Thl7
responses exhibit sustained activation, while anti-inflammatory
Treg responses are often insufficient to fully suppress
inflammation, leading to a sustained inflammatory response that
cannot be effectively controlled. This chronic inflammation is
further exacerbated by the dysregulation of macrophage
polarization. The failure to restore homeostasis results in a self-
perpetuating inflammatory cycle that drives disease onset and
progression (Figure 4).

In conclusion, macrophages in intestinal immunity exhibit both
pro-inflammatory and anti-inflammatory repair functions. The
onset and progression of IBD arise from an imbalance between
these functions, where the pro-inflammatory role predominates
while the anti-inflammatory and repair functions are insufficient,
leading to persistent inflammation and tissue damage in the gut.
Moreover, DCs further exacerbate this imbalance by influencing the
development of T cell subtypes. Therefore, therapeutic strategies
aimed at regulating the functions of macrophages and DCs, such as
promoting the polarization of M2 macrophages and Treg, or
inhibiting the overactivation of M1 macrophages and Th1/Th17
cells, have emerged as promising directions in current IBD research
and treatment.

In summary, the dysregulated innate immune response in IBD
is characterized by persistent M1 macrophage activation, excessive
neutrophil recruitment, and aberrant dendritic cell function,
creating a self-perpetuating inflammatory cycle. Indeed,
disrupting this pathological loop requires therapeutic strategies
that can simultaneously restore immune cell balance and address
the underlying microenvironmental triggers.

4.2 Adaptive immune response

The initiation of the adaptive immune response begins with the
presentation of antigens to naive T cells, leading to their successful
activation and differentiation. This crucial process is primarily
orchestrated by professional antigen-presenting cells (APCs),
especially DCs (84). Through the sequential processes of antigen
uptake, intracellular processing, surface molecule upregulation,
migration to lymphoid tissues, and effective interaction with T
cells, DCs establish the fundamental antigen-MHC presentation
and co-stimulatory signaling required for T cell activation and
subsequent differentiation regulation (85, 86).

Upon activation, naive T cells undergo clonal expansion and
differentiate into various effector T cell subtypes (Thl, Th2, Th17,
Treg) or memory T cells, executing specific immune functions. The
cytokines released by DCs play a crucial role in the differentiation
pathways of T cells. Importantly, DCs can regulate the directional
response of the immune system through the dynamic equilibrium
of their subtypes. In this regard, in the gut of healthy individuals,
tolerogenic DCs in the gut secrete IL-10 and TGF-f to induce the
differentiation of naive T cells into Treg, sustaining mucosal
immune homeostasis (87). Conversely, pro-inflammatory DCs
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Dysregulation of innate and adaptive immune responses in IBD pathogenesis.

secrete IL-12 and IL-23 to drive the differentiation of Th1 and Th17
cells exacerbating inflammation (88). For instance, under the
influence of IL-12, Th1 cells secrete IFN-y to counter intracellular
pathogens; under IL-23, Th17 cells secrete IL-17 to participate in
inflammatory responses against fungi and bacteria (79). Meanwhile,
Treg cells differentiate under the regulation of TGF-B and IL-10,
secreting anti-inflammatory factors to suppress excessive
inflammation and maintain immune tolerance (80). Furthermore,
when DCs secrete IL-6 in synergy with IL-1f or IL-23, they promote
Th17 cell differentiation (89). In the absence of IL-23, however, they
support the proliferation and differentiation of B cells, ultimately
facilitating the generation of plasma cells that produce antibodies to
neutralize pathogens or activate the complement system (90).
Under specific conditions, DCs can also secrete low levels of IL-4,
which supports the differentiation of Th2 cells during parasitic
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infections or allergic responses. The differentiated Th2 cells secrete
IL-4, IL-5, and IL-13, inducing IgE production in B cells while
activating eosinophils to eliminate parasites and enhancing mucus
secretion to protect the epithelial barrier (91).

DCs initiate the immune response by activating naive T cells via
antigen presentation and cytokine secretion. These newly
differentiated effector T cells then secrete specific cytokines to
recruit and activate macrophages, neutrophils, B cells, and natural
killer (NK) cells, forming a collaborative immune network. This
complex and dynamic interplay within the adaptive immune system
ensures the effective elimination of pathogens while rigorously
maintaining self-tolerance to prevent autoimmunity.

However, in patients with IBD, this balance is disrupted,
resulting in a significant increase in pro-inflammatory DCs that
excessively secrete IL-12 and IL-23. This leads to the abnormal
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expansion and activation of Thl and Thl7 cells, creating a
persistent pro-inflammatory microenvironment (92). As key
effector cells in IBD pathogenesis, activated Th1l and Th17 cells
are the primary effector cells in the pro-inflammatory response in
IBD. Thl cells are now understood to enhance the phagocytic and
bactericidal abilities of M1 macrophages through the secretion of
IFN-y and TNF-o. while also promoting cytotoxic responses
mediated by CD8+ T cells (93). However, the overactivity of Thl
cells can contribute to intestinal tissue damage (94). It has been
reported that Th17 cells primarily secrete IL-17 and IL-22, with IL-
17 recruiting neutrophils to eliminate extracellular pathogens,
which can lead to excessive inflammation and tissue destruction.
Under physiological conditions, IL-22 promotes the repair of the
epithelial barrier; however, in the context of IBD, dysregulated IL-
22 signaling can exacerbate intestinal barrier dysfunction (95-97).
Furthermore, a synergistic interaction between Thl and Th17 cells
amplifies the pro-inflammatory cascade, contributing to the chronic
and often irreversible nature of intestinal inflammation.
Conversely, anti-inflammatory Tregs play a crucial role in
suppressing the activity of Thl and Th17 cells, balancing pro-
inflammatory responses and maintaining immune homeostasis
through the secretion of IL-10 and TGF-f. However, in patients
with IBD, the reduction in Treg cell abundance or their functional
impairment significantly contributes to uncontrolled inflammation
(98). Notably, the differentiation of Treg and Th17 cells is regulated
by common signals such as TGF-f. Under physiological conditions,
TGF-B and IL-6 work synergistically on naive T cells to induce
Th17 differentiation (99). However, in environments lacking IL-6 or
rich in IL-10, TGF-B tends to favor Treg differentiation (100). A
study on IBD patients revealed that excessive secretion of IL-6 and
insufficient expression of IL-10 could significantly enhance Th17
differentiation while suppressing Treg differentiation (101, 102).
The disruption in the Thl and Thl7 axis represents a core
pathological mechanism underlying the development of IBD.
Furthermore, in IBD, the role of plasma cells in antibody
secretion exhibits a complex duality, where this dysfunctional
function may exacerbate inflammatory responses and interfere
with the integrity and repair capacity of the intestinal barrier.
Under normal circumstances, IgA antibodies maintain gut
homeostasis by preventing pathogen adhesion and clearing
harmful microorganisms. However, in patients with IBD, the
types of antibodies secreted by plasma cells may become
abnormal, marked by excessive secretion of IgG antibodies.
Excessive IgG binds to pathogens or intestinal microbiota,
forming immune complexes that activate the classical
complement pathway and lead to C3a and Cb5a release, which
recruit neutrophils and monocytes, thereby intensifying the
inflammatory response (103, 104). Moreover, IgG can bind to Fcy
receptors on the surface of macrophages or DCs, inducing the
secretion of numerous pro-inflammatory factors, such as TNF-o
and IL-6, which further amplify inflammation. In some cases, IgG
may target intestinal self-antigens, leading to autoimmune damage.
This abnormal pro-inflammatory environment is detrimental to
inflammation control and, through complement-mediated
membrane attack complexes (MAC), directly damages epithelial
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cells. This damage exacerbates barrier permeability, allowing
intestinal microbes and endotoxins to translocate across the
barrier. This influx further activates the immune system, creating
a deleterious feedback loop of inflammation (105-107).

Interestingly, antibodies secreted by plasma cells also affect the
repair of the intestinal barrier through various mechanisms.
Complement activation and Fcy receptor signaling can induce
apoptosis or necrosis of epithelial cells, leading to the loss of TJ
proteins and thereby weakening barrier function (108, 109). In
addition, IL-13 secreted by Th2 cells in patients with IBD not only
promotes plasma cell-driven secretion of IgE antibodies but also
suppresses the regenerative capacity of epithelial cells, further
exacerbating the challenges to intestinal barrier repair in
conjunction with the damage caused by complement activation
(110, 111). Moreover, this pro-inflammatory environment and
abnormal antibody secretion significantly impair the regenerative
capacity of intestinal epithelial stem cells, which are essential for
maintaining the integrity and self-repair of the intestinal barrier.
Excessive production of pro-inflammatory factors (e.g., TNF-a, IL-
6, and complement C3a) inhibits the proliferation and
differentiation of ISCs by activating the NF-xB and STAT3
signaling pathways. Meanwhile, complement-mediated
inflammatory mediators (e.g., C5a) recruit neutrophils and
monocytes, which release ROS and proteases, causing direct
damage to ISCs and their niche (112). Furthermore, IL-13,
through specific signaling pathways, not only inhibits the
proliferation of stem cells but may also alter their differentiation
direction, making them more prone to differentiate into goblet cells
rather than absorptive epithelial cells, thus impairing barrier repair
functions (113).

Macrophages play a critical role in both innate and adaptive
immunity. In response to persistent inflammation, the balance
between M1 and M2 macrophage differentiation becomes
increasingly disrupted. Moreover, the factors secreted by
macrophages progressively participate in adaptive immunity. It has
been established that M1 macrophages secrete pro-inflammatory
cytokines, such as IL-1fB, IL-6, and TNF-a, which engage in
inflammatory crosstalk with Th1 and Th17 cells, thereby creating a
self-reinforcing pro-inflammatory network. In patients with IBD, the
proportion of M1 macrophages is significantly elevated, and their
continuous activation leads to the overproduction of pro-
inflammatory cytokines, thereby exacerbating tissue damage.
Conversely, the insufficient number and impaired function of M2
macrophages restrict the anti-inflammatory response, undermining
effective inflammation regulation.

The function of T cells and the polarization state of
macrophages are significantly influenced by the intestinal
microenvironment. For instance, SCFAs derived from a healthy
microbiota, such as butyrate, induce M2 polarization and enhance
the function of Treg cells. Conversely, in patients with IBD,
dysbiosis leads to a decrease in SCFAs levels, impairing the
immune regulatory functions of M2 macrophages and Tregs.

The regulation of adaptive immunity by the intestinal
microenvironment is not limited to the action of cytokines but
also involves the participation of gut microbiota and their metabolic
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products. A healthy microbiota can interact directly with DCs
through metabolites such as SCFAs, promoting intestinal immune
homeostasis. However, in IBD, the diversity of the gut microbiota is
significantly decreased, and the overgrowth of specific pathogenic
bacteria, such as mucosa-adhering Escherichia coli, directly
stimulates DCs and M1 macrophages, resulting in the
overproduction of pro-inflammatory cytokines. Furthermore, the
deficiency of SCFAs in the microenvironment restricts the
expansion and anti-inflammatory functions of Tregs, exacerbating
the uncontrolled inflammatory response.

In summary, the dual roles of pro-inflammatory and anti-
inflammatory responses in adaptive immunity are crucial for
maintaining immune homeostasis. Excessive pro-inflammatory
signaling coupled with inadequate anti-inflammatory counter-
regulation can lead to the onset and progression of IBD. This
mechanism involves not only the imbalance among Th1, Th17 and
Treg cells and their associated cytokines but also includes the
abnormal secretion of plasma cell antibodies, impaired
proliferation and regenerative capacity of stem cells, dysfunction
of macrophages in M1/M2 polarization, aberrant regulation of DCs
during antigen presentation, and dysregulation of gut microbiota
and their metabolites (Figure 4).

Therefore, targeting the balance between pro-inflammatory and
anti-inflammatory mechanisms in adaptive immunity is a key
objective in treating IBD. Current research indicates that selectively
regulating pro-inflammatory factors and enhancing anti-inflammatory
mechanisms demonstrates substantial therapeutic potential. For
instance, anti-IL-12/IL-23 monoclonal antibodies, such as
Ustekinumab, effectively reduce the proliferation of Thl and Th17
cells. Besides, anti-TNF-o. medications, such as Infliximab, alleviate
inflammation by neutralizing key pro-inflammatory factors. Besides,
supplementing microbial metabolic products, such as butyrate, or
promoting the expression of IL-10 and TGF-B can enhance Treg
function and M2 macrophage polarization, thereby restoring intestinal
immune homeostasis (114). Emerging therapeutic strategies also
include engineered dendritic cell therapy, which involves the ex vivo
expansion of tolerogenic DCs and their reinfusion into patients to
facilitate Treg expansion while suppressing Th1/Th17 activity,
ultimately alleviating the inflammatory response.

Therapeutic strategies targeting the abnormal secretion of
plasma cell antibodies in IBD also present considerable potential.
On the one hand, B-cell depletion therapies, such as anti-CD20
monoclonal antibodies, can reduce the abundance of precursor B
cells and diminish the secretion of abnormal antibodies. On the
other hand, promoting IgA secretion while limiting IgG production,
such as through the supplementation of short-chain fatty acids like
butyrate, may effectively alleviate inflammation and restore barrier
function. Besides, blocking Fcy receptors or the complement system
(e.g., C5 inhibitors) can reduce IgG-mediated pro-inflammatory
responses while enhancing stem cell function and barrier repair by
activating the Wnt signaling pathway or suppressing pro-
inflammatory factors, such as TNF-a and IL-6. A comprehensive
therapeutic strategy aims to regulate antibody secretion, protect the
ISCs niche, and restore barrier integrity, thereby providing more
precise and effective treatment options for patients with IBD.
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In the future, enhancing the function and abundance of Treg cells
can effectively suppress pro-inflammatory responses. Conversely,
using specific inhibitors or neutralizing antibodies to reduce the
production of Thl and Th17 cells, along with their associated pro-
inflammatory factors, will also be crucial. Restoring the balance of the
immune system may involve targeting pro-inflammatory cytokines
such as IL-12, IL-23, and IL-17, or enhancing the expression of anti-
inflammatory factors like IL-10 and TGF-f. Moreover, promoting
the polarization of M2 macrophages while inhibiting the excessive
activation of M1 macrophages can help reduce inflammation and
facilitate tissue repair. Through these comprehensive immune
modulation strategies, the aim is to restore the balance of the
immune system, alleviate intestinal inflammation, and promote
tissue repair, thereby effectively controlling and relieving IBD.
Conducting in-depth research into the interactions among Thl,
Th17, Treg cells, B cells, plasma cells, antibodies, DCs,
macrophages and the microenvironment, as well as developing
precise modulation strategies based on these mechanisms, could
lead to breakthroughs in IBD treatment.

Taken together, adaptive immune dysfunction in IBD involves a
complex network of dysregulated responses: excessive Th1/Th17
activation, insufficient Treg suppression, abnormal antibody
production, and impaired tissue regeneration. Effective
intervention must address this multifaceted immune imbalance
through precision targeting of interconnected cellular and
molecular pathways.

4.3 Consequences of the immune
response

In the immune system’s response to pathogens, the body may
undergo different outcomes that can be categorized in order of
severity, ranging from mild to severe. These outcomes are
influenced by several factors, including the balance of the immune
system, the nature of the pathogen and environmental conditions.

4.3.1 Effective pathogen clearance and
homeostasis restoration

When the immune system responds efficiently under the
coordinated actions of innate and adaptive immunity, pathogens
can be swiftly cleared, accompanied by effective tissue repair.
Macrophages and neutrophils play a crucial role in reducing the
pathogen load through phagocytosis and facilitating pathogen
clearance. Meanwhile, DCs activate adaptive immunity by
presenting antigens, which prompts effector T cells, such as Thl,
Th2, and Th17, to mount functional immune responses. Following
pathogen eradication, Tregs secrete anti-inflammatory cytokines such
as IL-10 and TGF-B, which inhibit inflammation and promote
homeostasis. Importantly, M2 macrophages further facilitate tissue
repair, while the epithelial barrier is restored under the influence of IL-
22 (115). Throughout this process, immune memory is established,
enabling a rapid response to subsequent encounters with similar
pathogens. Ultimately, the immune network returns to a resting
state and homeostasis is restored within the microenvironment.
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4.3.2 Perpetuating inflammation reinforcing the
chronic inflammatory conditions

If the immune response fails to resolve following pathogen
clearance, or in the presence of persistent antigenic stimulation,
chronic inflammation may ensue. A functional deficiency or
insufficient abundance of Treg cells can cause the adaptive
immune response to erroneously shift towards targeting self-
antigens, resulting in autoimmune-mediated inflammation.
Effector T cells may target intestinal epithelial cells or commensal
microbiota, resulting in tissue damage (4). Aberrant immune
activation is a hallmark of inflammatory bowel diseases. Crohn’s
disease and ulcerative colitis are characterized by diffuse immune
attacks on the intestinal mucosa, which exacerbate mucosal injury
and compromise barrier integrity. Under these conditions, Th1 and
Th17 responses are excessively active, with pro-inflammatory
factors such as IFN-y, IL-17, and TNF-o. maintained at high
levels for prolonged periods. This persistent activation drives
continuous recruitment and activation of macrophages and
neutrophils, which release ROS and proteases, resulting in
repeated damage to intestinal tissues. Furthermore, the sustained
recruitment of neutrophils and macrophages can further
compromise the intestinal barrier’s integrity, exacerbating the
inflammatory cycle. This persistent immune activation also
disrupts the gut microbiota. Elevated levels of pro-inflammatory
cytokines alter the gut’s pH and redox balance, suppressing
beneficial microbes while promoting pathogenic bacterial
overgrowth. This shift can lead to a long-term state of
microenvironment dysbiosis, characterized by a decreased
diversity of beneficial microbial species and an overgrowth of
pathogenic bacteria. As the beneficial bacteria diminish, the
production of SCFAs and other metabolites that facilitate gut
health is reduced, further impairing the intestinal barrier and
perpetuating inflammation. This dysbiotic state can contribute to
a feedback loop of immune activation and further dysregulation,
reinforcing the chronic inflammatory conditions. Ultimately, the
interplay between immune dysfunction and gut microbiota
dysbiosis drives the onset of chronic inflammatory disease,
specifically IBD.

To summarize, immune response outcomes in IBD range from
effective pathogen clearance to destructive chronic inflammation,
with the gut microenvironment playing a critical role in
determining these divergent pathways. Understanding this
mechanistic framework provides essential insights for developing
interventions that redirect immune responses toward
homeostatic restoration.

5 Therapeutic approaches for IBD

According to the Global Burden of Disease (GBD) 2019 data,
the standardized incidence rate of IBD in China increased from 1.47
per 100,000 in 1990 to 3.01 per 100,000 in 2019, marking a 104.76%
increase (116). IBD represents a quintessentially progressive
disorder characterized by gradual disease worsening and
increasing complexity, where inadequately controlled intestinal
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inflammation leads to heightened risks of disease progression and
complications (199). Epidemiological studies further substantiate
the clinical significance of this progression, with progression to
moderate-to-severe disease within one year of diagnosis in 24.5% of
patients with mild UC and 46% of those with mild CD (200). This
disease progression not only severely impairs patient quality of life
but also significantly affects long-term clinical outcomes, with
extraintestinal manifestations emerging as important
determinants of morbidity and mortality in IBD patients (201).
Given the profound impact of IBD progression on patient
prognosis, establishing effective therapeutic strategies to control
disease advancement and improve patient outcomes becomes
critically important and urgent.

Current treatments of IBD primarily rely on pharmacotherapy
supported by surgical intervention and adjunctive therapies.
Despite achieving some efficacy in symptom improvement and
induction of remission, these approaches remain insufficient for
long-term disease control. Firstly, existing pharmacological
treatments, including aminosalicylates, corticosteroids,
immunomodulators and biologics, may alleviate symptoms but do
not provide a complete cure. Actual remission rates range from only
30% to 60%, indicating that many patients do not achieve long-term
disease control (117). Besides, many individuals undergoing anti-
TNF therapy may experience reduced efficacy or complete
ineffectiveness, underscoring the need for individualized and
precise treatment strategies as a crucial area of research (118).
Moreover, biologic therapy may develop extraintestinal
manifestations such as oral ulcers, which further demonstrate the
limitations of current treatment methods in achieving
comprehensive disease management (119).

While surgery can alleviate symptoms to some extent, it is not
curative and has several inherent limitations. First, preoperative
nutritional optimization is a crucial factor in improving surgical
outcomes. However, there is currently a lack of standardized
protocols for preoperative optimization management (120).
Second, many patients may still experience disease recurrence
after surgery. Research indicates that patients with Crohn’s
disease have a higher risk of postoperative recurrence, especially
when effective medical management is not implemented following
surgery (121). Besides, the surgery itself carries certain risks of
complications, such as postoperative infections and bowel leakage,
which can adversely affect recovery and overall quality of life (122).
The timing of surgery and the selection of appropriate indications
also present significant challenges. While early surgical intervention
may lead to better outcomes in some cases, it is not indicated for all
patients. Clinical decisions regarding surgical intervention should
be individualized based on a comprehensive consideration of the
severity of the patient’s condition, previous treatment responses,
and potential risks and benefits of the procedure (123). Therefore,
the application of surgical intervention should be conducted in
collaboration with a multidisciplinary team to ensure that the best
treatment plan is tailored to the personalized needs of each
patient (124).

Adjunctive therapies, including probiotics, FMT and dietary
modifications, are widely thought to yield beneficial effects in
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alleviating symptoms. These approaches aim to modulate the gut
microenvironment, which plays a crucial role in disease progression
and therapeutic response. Probiotics demonstrate therapeutic
potential in IBD management by modulating intestinal
microbiota, regulating histamine levels, and enhancing vitamin D
metabolism, thereby promoting tolerogenic immune states and
reducing inflammation (202). FMT, as a direct method to alter
recipient microbial composition, has shown promise in IBD
management across multiple studies. FMT may exert beneficial
effects on IBD through modulating immune responses, restoring
mucosal barrier integrity, and altering microbial metabolites (203).
However, FMT application in IBD still faces challenges, including
variability in donor selection criteria, standardization of
transplantation protocols, and uncertainty regarding long-term
post-transplantation outcomes (204). Furthermore, the quality of
the clinical evidence for these adjunctive therapies remains
inconsistent, with incompletely elucidated mechanisms of action
and a lack of individualized application guidelines for different IBD
subtypes, limiting their widespread clinical application and
efficacy prediction.

The persistent limitations of current IBD therapies stem from
their failure to comprehensively target the core pathogenic
mechanisms underlying the disease. At the molecular level, existing
treatments primarily target downstream inflammatory effector
molecules, while failing to address upstream immune homeostatic
imbalances. Although biologics, such as anti-TNF agents, can block
specific inflammatory pathways, they exhibit limited ability to restore
the Th17/Treg cell balance or repair innate immune defects, leaving
the fundamental drivers of inflammatory responses intact (205).
Most importantly, conventional therapies neglect the systemic
dysfunction of the gut microecological-host immune network. Gut
dysbiosis, disrupted short-chain fatty acid metabolism, and
breakdown of the microbial-epithelial barrier-immune cell
multivariate interaction network constitute the microenvironmental
foundation for disease chronicity and recurrence; however, current
pharmaceuticals lack effective interventions targeting these
mechanisms. At the tissue repair level, current therapies exhibit
pronounced mechanistic deficiencies in intestinal barrier
reconstruction. Tight junction protein dysfunction, impaired mucus
layer remodeling, and disrupted epithelial regeneration programs
result in loss of barrier integrity, whereby continuous antigen
exposure can trigger immune response reactivation even when
inflammation is controlled, accounting for the fundamental
inability to maintain sustained mucosal healing. Furthermore, a
fundamental contradiction exists between the molecular endotype
heterogeneity of IBD and current therapeutic strategies. Current
evidence suggests that individual differences in genetic background,
epigenetic modifications, microbiome characteristics, and immune
phenotypes determine response patterns to specific treatments, while
the absence of precision stratification strategies inevitably leads to
therapeutic uncertainty (206).

Based on these considerations, the past few years have witnessed
an increasing number of studies on emerging therapies. Research
targeting various components of the gut microenvironment,
including gut microbiota, intestinal metabolites, and immune
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pathways, has demonstrated promising potential in improving
IBD outcomes (Table 1). In this regard, butyrate has been shown
to alleviate intestinal inflammation by activating HIF-1 and
promoting the expression of tight junction proteins. Additionally,
acetate has been shown to yield protective effects on the intestinal
barrier in organoid models derived from UC patients. Similarly,
interventions targeting immune pathways, such as modulation of
Th17 or Treg responses, are under active investigation.

Clinical research data further substantiate the efficacy of these
emerging therapies. In the realm of biologics, the selective
interleukin-23 antagonist mirikizumab demonstrated significant
efficacy in the phase III randomized controlled trials LUCENT-1
and LUCENT-2, with a clinical remission rate of 49.9%, compared to
25.1% in the placebo group (P < 0.001), thereby confirming the
effectiveness of this novel targeted therapy (207). Similarly, in the
domain of small molecule drugs, the JAK inhibitor upadacitinib
showed superior induction of remission in phase 2b trials relative to
placebo, offering a new oral treatment option, particularly for patients
with inadequate responses to traditional biologics (208). In the field of
innovative nanoparticle therapies, oral creatine-modified selenium
hyaluronic acid nanogels significantly improved the Disease Activity
Index (DAI), reducing the score from 4.2 to 1.8 in a DSS-induced
colitis model. This improvement was accompanied by a 3.2-fold
increase in ZO-1 expression and a 2.7-fold increase in occludin
expression, demonstrating remarkable intestinal barrier repair
capabilities (197). Furthermore, probiotic nanocomposites, through
their excellent anti-inflammatory targeting and multiple therapeutic
effects, significantly enhanced colitis treatment, reducing colonic
inflammation scores by 75%, improving intestinal permeability,
and significantly decreasing the pro-inflammatory cytokines IL-6
and TNF-o0, thereby offering a novel technological platform for
personalized treatment strategies (193).

While these emerging therapies have shown promise, their
integration into clinical practice requires overcoming significant
challenges, including variability in patient responses and the
complexity of interactions between the gut microbiota and the
host. As research progresses, these therapies have the potential to
complement existing pharmacological and surgical interventions,
offering a more comprehensive approach to improving
patient outcomes.

In summary, while existing treatments have improved the
quality of life for patients with IBD to some extent, there remains
a pressing need for new therapeutic strategies. Addressing the
shortcomings and limitations of current therapies is essential to
enhance treatment efficacy, minimize side effects and achieve better
long-term outcomes for patients. Research into innovative therapies
and a deeper understanding of disease mechanisms will be vital for
advancing IBD management and ultimately improving patient care.

6 The gut microenvironment in IBD:
implications and future directions

The dysregulated interplay among the gut microbiota, microbial
metabolites, impaired barrier integrity, and the host immune
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TABLE 1 Therapeutic targeting multicomponents of the intestinal microenvironment.

Intestinal

microenvironment

Components

Research
target

Research subject

10.3389/fimmu.2025.1661386

Research content (references)

Gut microorganisms

Gut metabolites

Bacteria

Beneficial gut
bacteria

Pathogenic bacteria

VSL<ns/>3

VSL<ns/>3, a mixture of 8 probiotic bacteria, has been
confirmed to alleviate DSS-induced colitis by downregulating
Tth cells (125).

Bifidobacterium

Lactobacillus

Enterococcus faecalis

Enterococcus durans

Bifidobacterium breve alters immune function and ameliorates
DSS-induced inflammation in rats (126).

Bifidobacterium longum CCM 7952 promotes epithelial barrier
function and prevents acute DSS-induced colitis (127).

Oral administration of Lactobacillus plantarum K68
ameliorates DSS-induced ulcerative colitis in BALB/c mice via
the anti-inflammatory and immunomodulatory activities (128).

Lactobacillus casei prevents the development of dextran
sulphate sodium-induced colitis in Toll-like receptor 4 mutant
mice (129).

Lactobacillus reuteri prevents colitis by reducing P-selectin-
associated leukocyte- and platelet-endothelial cell interactions
(130).

Lactobacillus rhamnosus alleviates intestinal barrier
dysfunction in part by increasing expression of zonula
occludens-1 and myosin light-chain kinase in vivo (131).

Enterococcus faecalis EF-2001 attenuated IBD symptoms,
suppressing the pathogenic shortening of colon length,
reducing mesenteric lymph node weight, and downregulating
proinflammatory cytokine expression in the colon, thereby
improving Dinitrobenzene sulfonic acid induced colonic tissue
destruction (132).

Enterococcus durans TN-3 induces regulatory T cells and
suppresses the development of dextran sulfate sodium (DSS)-
induced experimental colitis (133).

Fungi

Fungi

Saccharomyces boulardii

Oral gavage of Saccharomyces boulardii supernatant (SbS)
alleviated gut inflammation, protected the intestinal barrier,
and reversed DSS-induced down-regulated activation of
epidermal growth factor receptor (EGFR) in colitis (134).

Viruses

Short-chain fatty
acids

Phage

Butyrate

Acetate

Phage consortia

Butyrate

Targeted suppression of human IBD-associated gut microbiota
commensals by phage consortia for treatment of intestinal
inflammation (135).

Butyrate attenuates intestinal inflammation and improves
intestinal barrier by activation of HIF-1 (136).

N-butyrate

High acetate

N-butyrate upregulates intestinal claudin-23 expression and
enhances barrier function through spl and ampk pathways in
mouse colon and human intestinal caco-2 cells (137).

High acetate protects intestinal barrier, reduces inflammation,
and upregulates barrier genes in UC patient-derived organoids
(138).

Secondary Bile Acid

Secondary Bile Acid

Lithocholic acid (LCA)

Ursodeoxycholic acid
(UDCA)/
Tauroursodeoxycholic
acid (TUDCA)/
Glycoursodeoxycholic
acid (GUDCA)

Oral LCA suppresses inflammatory cytokines IL-6, IL-170., and
TNF-o to reduce DSS-induced colitis in mice in a VDR-
dependent way. Concurrently, LCA treatment shows an
increase in claudin-15 levels (139).

Giving ursodeoxycholic acid (UDCA), tauroursodeoxycholic
acid (TUDCA), or glycoursodeoxycholic acid (GUDCA) orally
every day can lessen the impact of DSS-induced colitis in mice
(140).

Frontiers in Immunology

14

(Continued)

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1661386
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kou et al.

TABLE 1 Continued

Intestinal
microenvironment

Components

Research
target

Research subject

10.3389/fimmu.2025.1661386

Research content (references)

Tryptophan
metabolite

Indole

Indoleacrylic Acid (IA)

IA significantly reduced the production of pro-inflammatory
mediators, including PGE2, TNF-a, IL-6, and IL-8, while
upregulating MUC2, AhR, and tight junction proteins, thereby
enhancing mucosal barrier integrity (141).

Intestinal barrier

Epithelial cells layer

Tight Junctions

Intestinal Epithelial
Cells

Larazotide acetate

Intestinal stem cell
/Goblet cells

Lgr5+stem cells

Larazotide acetate, a zonulin antagonist, has been shown to
prevent the disassembly of TJs by competitively inhibiting the
binding of zonulin to its receptor (142).

Colonic epithelial-derived FGF1 drives intestinal stem cell
commitment toward goblet cells to suppress inflammatory
bowel disease (143).

Notoginsenoside R1 alleviates DSS-induced colitis in mice by
promoting the regeneration of Lgr5+stem cells and intestinal
reconstruction (144).

Mucus Layer

Antimicrobial
Peptides

Mucus barrier

Endogenous
Antimicrobial
Peptides

Mucus barrier

Many herbs exhibit excellent anti-inflammatory effects, and
have been shown to treat IBD by restoring the integrity of the
mucus barrier (145).

o-defensin Aryl hydrocarbon receptor-mediated induction of alpha-
defensin 1 in colitis mice reversed the gut microbial dysbiosis
and alleviated colitis (146).

B-defensin Engineered lactococcus lactis expressing mouse B-defensin 14

(L. lactis/mBD14) significantly alleviated DSS-induced colitis
(147).

Intestinal immune system

Innate immune
response

Adaptive immune
response

Pattern Recognition
Receptors

Macrophages

Neutrophil

Toll-like receptor

NOD-like receptor

Macrophages
polarization

Neutrophil extracellular
traps(NET)

The protective effect of amitriptyline on experimental colitis
through inhibiting Toll-like receptor 4/myeloid differentiation
factor 2 signaling pathway (148).

Deubiquitinase USP14 is upregulated in Crohn's disease and
inhibits the nucleotide binding oligomerization domain
containing 2 pathway mediated inflammatory response in vitro
(149).

The mesalamine prodrug nanoassemblies target pro-
inflammatory macrophages in the intestinal tract through
mucoadhesive properties and cathepsin B-triggered release of
5-ASA, promoting M2 macrophage polarization and epithelial
cell repair (150).

LMT503 is a therapeutic candidate that can target
macrophages to drive polarization with an immunosuppressive
character and ameliorate IBD (151).

Tofacitinib Affects M1-like and M2-like Polarization and
Tissue Factor Expression in Macrophages of Healthy Donors
and IBD Patients (152).

Efforts to pharmacologically manipulate NETs have resulted in
the development of experimental treatments aimed at
impeding NET formation or improving its elimination (153).

Tolerogenic
Dendritic Cell

T cell

Tolerogenic Dendritic
Cell (tolDC)

Target T cell

Ex vivo generation of tolDCs via exposure to a suitable antigen
could represent a potential therapeutic tool to re-induce
tolerance and ameliorate inflammation in a number of
conditions (154).

Several drugs have developed to target IBD pathogenesis via
surface receptors, via T cell derived cytokines, via CRAC
channels on T cells or by inducing T cell apoptosis (155).
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TABLE 1 Continued

Research
target

Intestinal
microenvironment

Components

Research subject

10.3389/fimmu.2025.1661386

Research content (references)

B cell

response forms a core pathological mechanism underlying the
development of IBD. This positive feedback loop drives chronic
inflammation through multi-level interactions, exacerbating
repeated damage to intestinal tissues and ultimately triggering
severe pathological changes, such as chronic ulcer formation,
fibrosis, and dysfunction.

Dysbiosis often initiates this process, characterized by a
reduction in beneficial bacteria and an overgrowth of pathogenic
bacteria, leading to an imbalance of key metabolites. Indeed, this
imbalance disrupts the intestinal physical and chemical barriers,
resulting in the leakage of harmful microbial products into the
lamina propria and the activation of both the innate and adaptive
immune systems. Various immune cells are now understood to be
sequentially activated and recruited in response to signaling,
performing their functions and releasing pro-inflammatory
factors and ROS, further exacerbating the inflammatory state.
This, in turn, leads to intestinal barrier damage and aggravates
dysbiosis, perpetuating a vicious loop of inflammation. Ultimately,
this positive feedback mechanism not only results in a chronic
inflammatory state of IBD but also facilitates lesion expansion and
disease progression.

This complex pathological mechanism suggests that IBD is not
driven by a single factor, but instead results from the interplay of
microbiota, metabolism, barrier integrity, and immunity. Breaking
this loop requires an integrated approach that combines strategies
such as microbiota modulation, barrier repair, and immune
regulation to effectively alleviate inflammation, halt disease
progression, and ultimately restore intestinal homeostasis
and health.

Future IBD treatment needs to shift focus from “controlling
inflammation” to “restoring intestinal homeostasis,” and from

»

“single therapy” to “comprehensive intervention”. Given the

pivotal role of the gut microenvironment in the pathogenesis of

Frontiers in Immunology

IL-12/23 antagonist

Th17

Treg/Th2

Th1/Th17

B-cell activating factor
(BAFF)

Targeting IL-23 was associated with significant therapeutic
benefits in clinical trials involving patients with IBD and has
led to the approval of ustekinumab for the treatment of both
CD and UC, and risankizumab for the treatment of moderate-
to-severe CD (156).

Currently, the main targeted therapy methods include
inhibiting the differentiation and proliferation of Th17 cells,
neutralizing or inhibiting cytokines produced by Th17 cells,
inhibiting the migration of Th17 cells (157).

B.adolescentis ameliorates chronic colitis by regulating Treg/
Th2 response and gut microbiota remodeling (158).

Qingchang suppository ameliorates mucosal inflammation in
ulcerative colitis by inhibiting the differentiation and effector
functions of Th1 and Th17 cells (159).

B-cell activating factor (BAFF) expression is associated with
Crohn's disease and can serve as a potential prognostic

indicator of disease response to Infliximab treatment (160).

IBD, we propose that future therapeutic directions should focus on
regulating the multidimensional microbiome. An integrated
approach may include gut microbiota modulation, metabolite
supplementation (e.g., butyrate and indole metabolites), immune
microenvironment reconstruction (including regulation of the
Th17/Treg balance and the use of inflammasome inhibitors),
barrier repair techniques (e.g., TJ protein regulators and ISC
therapy), and the incorporation of gene editing technologies.
Moreover, integrating multi-omics techniques, such as
metabolomics, transcriptomics, and immunomics, can provide a
deeper understanding of the gut microenvironment in IBD.
Importantly, the introduction of nanoparticle delivery systems
offers innovative strategies to disrupt the deleterious feedback
loop in IBD, enabling the precise delivery of therapeutic agents
(e.g., anti-inflammatory cytokines, probiotics, or compounds that
repair the intestinal barrier) directly to the inflammatory sites. This
approach minimizes systemic side effects and enhances treatment
efficacy. Recent advances have led to the development of a diverse
array of nanomaterial-based drug delivery systems (NDDS),
encompassing inorganic frameworks, organic polymers, bio-
nanomaterials, and engineered microbe-based platforms. Each
class exhibits unique physicochemical properties, such as pH-
responsiveness, enzymatic sensitivity, or ligand targeting, that are
exploited for site-specific delivery, redox regulation, immune
modulation, or mucosal repair in IBD. Table 2 provides a
comprehensive classification of these NDDS along with
representative studies that exemplify their therapeutic potential.
These nanoparticle delivery platforms can accurately control the
drug release rate according to clinical needs, allowing for the
sequential delivery of multiple drugs as required, which can
promote synergistic effects of medications. Thus, facilitating
personalized, high-efficacy interventions. This strategy aims to
enhance therapeutic effects and prolong efficacy. Such
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TABLE 2 NDDS in inflammatory bowel disease: classification and representative studies.

Nanoparticles

10.3389/fimmu.2025.1661386

(NPs) Category Properties Representative studies
Inorganic NDDS | Metals Metal-organic framework . . Biomimetic MOF Nanoparticles Delivery of C-
Metal-organic frameworks with
. . Dot Nanozyme and CRISPR/Cas9 System for
tunable porosity for pH-responsive . . . .
X Site-Specific Treatment of Ulcerative Colitis
drug release and ROS scavenging.
(161).

Noble metal AuNPs effectively targeted the colonic tissue, and
Noble metal nanoparticles (Au, Ag, reduced changes induced by DSS. The
Pt) not only load drugs but also underlying mechanisms could be related to anti-
exhibit antioxidant and anti- oxidant effect (as evident by decreasing tissue
inflammatory properties. MDA) and anti-inflammatory potential of

AuNPs (162).

Metal oxide Metal oxide nanoparticles (ZnO, ZnO NPs significantly improves TNBS-induced
Fe304) offer high drug loading and, in | intestinal inflammatory damage by modulating
some cases, magnetic targeting for the gut microbiota, mucus, and mechanical
improved delivery. barriers (163).

Non-metals Mesoporous silica Given the special shapes of mesoporous silica
Mesoporous silica nanoparticles with nanoparticles (MSNs) and pH-responsivity of
tunable pore sizes and pH-sensitive Eudragit S100, budesonide (BUD) loaded in the
drug release for targeted colon voids of MSND (E@MSNs-BUD) could penetrate
delivery. the mucous layer and be accurately delivered to

the colon with minor side effects (164).

Carbon-based Carbon-based nanomaterials Carbon dots based on Bletilla striata (BS-CDs)
(graphene, carbon dots) efficiently significantly increased colon length, improved
load drugs and offer biocompatibility, colonic histopathology, and reduced the levels of
utilizing m-7 stacking for drug pro-inflammatory cytokines (TNF-a, IL-1B, and
adsorption. 1L-6) in colitis mice (165).

Nanoenzyme Cerium-based CeNP-PEG ameliorated the proinflammatory
Cerium-based nanozymes mimic SOD microenvironment })y persistently scaver?ging

s . ROS, down-regulating the levels of multiple
and CAT activities, effectively K i L
. proinflammatory cytokines, restraining the
scavenging O2- and H202. .
proinflammatory profile of macrophages and
Th1/Th17 response (166).
Selenium-based . i Zero-Valence Selenium-Enriched Prussian Blue
Selenium-based nanozymes, with R R i
. . . Nanozymes Reconstruct Intestinal Barrier against
GPx-like activity, scavenge peroxides . . e
A rest dox bal Inflammatory Bowel Disease via Inhibiting
and restore redox balance.
Ferroptosis and T Cells Differentiation (167).
Nickel-based As demonstrated in a mouse model, Ni3 S$4 is
stable in the gastrointestinal tract without
. . toxicity and specifically targets the diseased colon
Nickel-based 8., Ni3S4
}C ¢ as-e nanozym.es (eg, K 354) to alleviate oxidative stress. RNA and 16S rRNA
with multiple enzymatic activities to . . .
sequencing analyses show that Ni3 S4 effectively
scavenge ROS/RNS. S
inhibits the cellular pathways of pro-
inflammatory factors and restores the gut
microbiota (168).
Platinum-based Platinum nanoparticles (Pt NPs) exhibited
remarkable superoxide dismutase (SOD) and
Platinum-based nanozymes mimic catalase (CAT) cascade catalytic activities, as well
SOD and CAT activities, scavenging as effective hydroxyl radical (¢OH) scavenging
02- and H202. ability. The in vitro experiments showed that Pt
NPs could eliminate excessive ROS to protect
cells against oxidative stress (169).
Organic NDDS Lipid Conventional liposomes Liposomes, encapsulate both Krill Oil-Incorporated Liposomes As An Effective
hydrophilic and hydrophobic drugs, Nanovehicle To Ameliorate The Inflammatory
improving stability and bioavailability. | Responses Of DSS-Induced Colitis (170).
lid lipi icles (SLN I h ici ion of

Solid lipid nanoparticles (SLN) SLNs, made from solid lipids, provide mprov?d u'ptake'an'd t] e'rapeut%c '1ntervent10n [
i . K curcumin via designing binary lipid
improved stability and sustained X . . .

) nanoparticulate formulation for oral delivery in
release properties. . .
inflammatory bowel disorder (171).
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TABLE 2 Continued

Nanoparticles
(NPs)

Category

Properties

10.3389/fimmu.2025.1661386

Representative studies

Nanostructured lipid carriers
(NLC)

Lipid-like nanoparticles

NLCs, composed of solid-liquid lipids,
overcome SLN drawbacks with
improved drug encapsulation.

Lipid-like nanoparticles, chemically
modified to mimic natural lipids, offer
high biocompatibility and targeted
drug delivery.

Oral delivery of oleuropein-loaded lipid
nanocarriers alleviates inflammation and
oxidative stress in acute colitis (172).

Oral delivery of IL-22 mRNA-loaded lipid
nanoparticles targeting the injured intestinal
mucosa: A novel therapeutic solution to treat
ulcerative colitis (173).

Gelatin, a collagen hydrolysate, is
biodegradable by proteases for colon-
specific release.

Polysaccharide Chitosan-based Chitosan nanoparticles enhance drug Melatonin-loaded chitosan nanoparticles endows
release and absorption with anti- nitric oxide synthase 2 mediated anti-
inflammatory and immune- inflammatory activity in inflammatory bowel
modulatory effects. disease model (174).

Hyaluronic acid-based Hyaluronic acid-based nanoparticles Budesonirj‘le-Loaded Hyaluronic' Acid

L. Nanoparticles for Targeted Delivery to the
target CD44 receptors in inflamed . .
tissues for localized drug delivery. Inﬂam.efi Intestinal Mucosa in a Rodent Model
of Colitis (175).
Alginate-based SNase encapsulated with calcium alginate (ALG-
SNase) was formulated using crosslinking
Alginate-based nanoparticles, stable in | technology with sodium alginate and calcium
acidic conditions, degrade in the colon | chloride. Oral administration of ALG-SNase
for colon-specific drug release. nanoparticles decreased NET levels in the colon
and effectively alleviated the clinical colitis index
and tissue inflammation in UC mice (176).

Pectin-based Pectin-based nanoparticles degrade in | Pectin-coated polymeric NPs encapsulating the
the colon, enabling targeted drug inflammation-resolving peptide Ac2-26 reduced
release. colitis activity postoperatively (177).

Dietary polysaccharide-based Polysaccharides from tragacanth gum (GUM) are

i . coordinated with iron and further interact with
Dietary polysaccharide-based o . X .
nanoparticles modulate immune shikonin ('Sh].k) to obtain a. nanocomposite
function, enhance gut bartier, and named Sh]k—Fe@GU'M, vtfhlch can modulate IL-
restore microbiota fo alleviate IBD. 17RA relevant cell signaling and reduce the

recruitment of Th17 cells (T helper cell 17)
(178).

Chondroitin sulfate-based The mechanism of Ta2 C Modified with
Chondroitin sulfate-based Chondroitin Sulfate (TACS) treatment mainly
nanoparticles target CD44 receptors involves protection of mitochondria, elimination
on inflammatory cells, offering of oxidative stress, inhibiting macrophage M1
bioadhesive properties. polarization, protection of intestinal barrier, and

restoration of intestinal flora balance (179).

Protein Silk fibroin Silk fibroin, a biocompatible protein, Silk fibroin nanoparticles enhance quercetin
protects drugs from gastric immunomodulatory properties in DSS-induced
degradation and enhances stability. mouse colitis (180).

Albumin Albumin, with high biocompatibility, Heparin-Coated Albumin Nanoparticles for
targets inflammation via SPARC in Drug Combination in Targeting Inflamed
inflamed tissues. Intestine (181).

Casein GCPP NPs was synthesized through covalent

assembly of Genipin and Casein phosphopeptide
Casein offers high biocompatibility (CP_P)’ ,Whld,j can pass%vely accumulate a?nd
and gastric stability. maintain at mﬂamed' sites. The b'o.dy V?relght and
colon length of DSS-induced colitis mice treated
by GCPP NPs perform a rehabilitation trend
(182).
Gelatin A multicompartmental biodegradable polymer-

based nanoparticles-in-microsphere oral system
(NiMOS) using gelatin nanoparticles
encapsulating a combination of siRNA duplexes
specifically targeted against tumor necrosis
factor-o. (TNF-o) and cyclin D1 (Cendl) was
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TABLE 2 Continued

Nanoparticles
(NPs)

Category

Properties

10.3389/fimmu.2025.1661386

Representative studies

Composite
NDDS

employed to study its effects on a dextran sulfate
sodium (DSS)-induced acute colitis mouse model
mimicking inflammatory bowel disease (IBD)
(183).

Polymer-Based

Bio-nanomaterial-
related

Engineered Microbe-
Based

Inorganic-organic
hybrid nanocarriers

Poly (lactic-co-glycolic acid)
(PLGA)

Polyacrylic acid

Polyethylenimine

PLGA, a biodegradable polymer, offers
biocompatibility and controlled
release.

Polyacrylic acid, a pH-sensitive
polymer, releases drugs in the alkaline
conditions of the colon.

Polyethylenimine, a cationic polymer,
is ideal for gene delivery due to high
transfection efficiency.

Dual action tofacitinib-loaded Poly(lactic-co-
glycolic acid) (PLGA) nanoparticles alleviate
colitis in an IBD mouse model (184).

Budesonide-Loaded Eudragit S 100 Nanocapsules
for the Treatment of Acetic Acid-Induced Colitis
in Animal Model (185).

Functional TNF-a gene silencing mediated by
polyethyleneimine/TNF-a siRNA nanocomplexes
in inflamed colon (186).

PEGylated nanoparticles

Cell membrane-derived

Exosome-based

PEGylated nanoparticles enhance
stability, circulation time, and reduce
immune clearance.

Cell membrane-derived nanoparticles,
wrapped in red or white blood cell
membranes, provide immune evasion
and targeted delivery.

Exosome-based nanoparticles offer
natural cell targeting and membrane
penetration abilities.

Optimizing PLGA-PEG Nanoparticle Size and
Distribution for Enhanced Drug Targeting to the
Inflamed Intestinal Barrier (187).

A ROS scavenging and inflammation-directed
nanomedicine is designed and fabricated by
coupling polydopamine nanoparticles with
mCRAMP, an antimicrobial peptide, while
wrapping macrophage membrane in the outer
layer (188).

Cerium Oxide-Loaded Exosomes Derived From
Regulatory T Cells Ameliorate Inflammatory
Bowel Disease by Scavenging Reactive Oxygen
Species and Modulating the Inflammatory
Response (189).

Plant-derived

Bacterial-derived

Engineered probiotic

Plant-derived nanoparticles provide
high biocompatibility and specific
targeting.

Bacterial-derived nanoparticles target
the gut with high precision.

Engineered probiotics deliver
therapeutic factors or nanoparticles,

colonizing the gut for sustained effects.

Amelioration of colitis progression by ginseng-
derived exosome-like nanoparticles through
suppression of inflammatory cytokines (190).

Odoribacter splanchnicus-derived extracellular
vesicles alleviate inflammatory bowel disease by
modulating gastrointestinal inflammation and
intestinal barrier function via the NLRP3
inflammasome suppression (191).

Engineered Probiotics Enable Targeted Gut
Delivery of Dual Gasotransmitters for
Inflammatory Bowel Disease Therapy (192).

Bacteria-nanomaterial hybrid
systems

Bacteria-nanomaterial hybrid systems
combine bacterial motility with
nanomaterial-based drug delivery.

The author present an innovative therapeutic
strategy for encapsulating probiotic Bacillus
coagulans spores with rosmarinic acid (RA) and
silk fibroin (SF) (193).

Phage display systems

Metal-polysaccharide
composite nanomaterials

Phage display systems target gut
pathogens or inflammatory cells with
high specificity.

Metal-polysaccharide composite
nanomaterials combine metal
nanoparticle stability with
polysaccharide biocompatibility.

Designing and constructing a phage display
synthesized single domain antibodies library
based on camel VHHs frame for screening and
identifying humanized TNF-a-specific nanobody
(194).

Iron oxide particles are embedded into Chitosan
Milliwheels for Rapid Translation, Barrier
Function Rescue, and Delivery of Therapeutic
Proteins to the Inflamed Gut Epithelium (195).
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TABLE 2 Continued

Nanoparticles
(NPs)

Category

Properties

10.3389/fimmu.2025.1661386

Representative studies

Inorganic nanomaterial-
liposome composite systems

Inorganic nanomaterial-liposome
composites combine functional
inorganic nanoparticles with liposome
biocompatibility.

CeO2@S100 is composed of a CeO2 nanoparticle
core and a protective polyacrylic acid resin shell
(Eudragit $100),regulating the redox balance and
gut microbiome (196).

Multi-component Targeted ligand-modified

Functionalized nanocarriers

Nanocarriers

Multistimuli-responsive

nanocarriers

multidimensional combined strategies, through their synergistic
effects, have the potential to achieve more efficient and lasting
clinical remission and restore intestinal homeostasis, representing a
promising new direction for future IBD treatment.

7 Conclusions

The systemic dysregulation of the gut microenvironment
represents a fundamental pathophysiological mechanism driving
IBD pathogenesis through complex interactions among microbial
dysbiosis, alterations in metabolite levels, barrier dysfunction, and
immune activation. This review has elucidated how the disruption of
beneficial microbiota and the proliferation of pathogenic organisms
initiate a cascade that compromises intestinal homeostasis. Reduced
protective metabolites and impaired tight junction integrity facilitate
microbial translocation and sustained immune responses,
perpetuating chronic inflammation. Current therapeutic
approaches, while providing symptomatic relief, remain inadequate
for achieving long-term disease control due to their failure to address
the multifaceted nature of gut microenvironmental dysregulation.
The limitations of conventional pharmacotherapy, surgical
intervention, and adjunctive therapies underscore the urgent need
for treatment strategies that evolve from “controlling inflammation”
to “restoring intestinal homeostasis” through comprehensive,
multidimensional interventions. Future IBD management should
simultaneously target microbiome remodeling, metabolite
supplementation, immune microenvironment reconstruction, and
barrier repair through integrated approaches incorporating multi-
omics technologies, gene editing, and nanoparticle delivery systems.
These innovative platforms offer unprecedented opportunities for
precision medicine by enabling targeted therapeutic delivery,
minimizing systemic toxicity, and facilitating synergistic treatment
effects. By understanding and therapeutically targeting the intricate
network of gut microenvironmental interactions, we can disrupt the
pathological feedback loops that sustain chronic inflammation and
work toward achieving durable remission and restoration of intestinal
homeostasis in patients with IBD.

Frontiers in Immunology

Ligand-modified nanocarriers enhance
targeting through specific surface
modifications.

Multistimuli-responsive nanocarriers
enable precise drug release based on
environmental triggers.

An oral creatine-modified selenium-based
hyaluronic acid (HA) nanogel (HASe-Cr
nanogel) was fabricated for treatment of IBD,
through ROS elimination and energy metabolism
upgradation (197).

Enhanced therapeutic efficacy of budesonide in
experimental colitis with enzyme/pH dual-
sensitive polymeric nanoparticles (198).

Author contributions

RK: Writing - review & editing, Writing - original draft,
Visualization, Data curation. YG: Writing - original draft,
Visualization, Writing - review & editing, Data curation.
ZQ: Visualization, Writing - review & editing. XX: Visualization,
Writing — review & editing. YL: Writing — review & editing. WW:
Writing - review & editing. YC: Writing - review & editing. ZJ:
Conceptualization, Project administration, Writing — review & editing.
BL: Conceptualization, Project administration, Writing - review &
editing, Funding acquisition.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This work was funded by
Joint Funds for the Innovation of Science and Technology, Fujian
Province (NO. 2021Y9151).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1661386
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kou et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Foppa C, Rizkala T, Repici A, Hassan C, Spinelli A. Microbiota and IBD: Current
knowledge and future perspectives. Dig Liver Dis. (2024) 56:911-22. doi: 10.1016/
j.dld.2023.11.015

2. Bardia A, Hurvitz SA, Tolaney SM, Loirat D, Punie K, Oliveira M, et al.
Sacituzumab govitecan in metastatic triple-negative breast cancer. N Engl ] Med.
(2021) 384:1529-41. doi: 10.1056/NEJMo0a2028485

3. Garcia-Carbonell R, Yao SJ, Das S, Guma M. Dysregulation of intestinal epithelial
cell RIPK pathways promotes chronic inflammation in the IBD gut. Front Immunol.
(2019) 10:1094. doi: 10.3389/fimmu.2019.01094

4. Cao H, Diao J, Liu H, Liu S, Liu J, Yuan J, et al. The pathogenicity and synergistic
action of th1 and th17 cells in inflammatory bowel diseases. Inflammation Bowel Dis.
(2023) 29:818-29. doi: 10.1093/ibd/izac199

5. Wang LY, He LH, Xu LJ, Li SB. Short-chain fatty acids: bridges between diet, gut
microbiota, and health. | Gastroenterol Hepatol. (2024) 39:1728-36. doi: 10.1111/
igh.16619

6. Ratajczak W, Ryt A, Mizerski A, Walczakiewicz K, Sipak O, Laszczynska M.
Immunomodulatory potential of gut microbiome-derived short-chain fatty acids
(SCFAs). Acta Biochim Pol. (2019) 66:1-12. doi: 10.18388/abp.2018_2648

7. Wang X, Yang J, Qiu X, Wen Q, Liu M, Zhou D, et al. Probiotics, pre-biotics and
synbiotics in the treatment of pre-diabetes: A systematic review of randomized
controlled trials. Front Public Health. (2021) 9:645035. doi: 10.3389/fpubh.2021.645035

8. Yang D, Jacobson A, Meerschaert KA, Sifakis JJ, Wu M, Chen X, et al. Nociceptor
neurons direct goblet cells via a CGRP-RAMPI axis to drive mucus production and gut
barrier protection. Cell. (2022) 185:4190-205.e25. doi: 10.1016/j.cell.2022.09.024

9. Sperandio B, Fischer N, Sansonetti PJ. Mucosal physical and chemical innate
barriers: Lessons from microbial evasion strategies. Semin Immunol. (2015) 27:111-8.
doi: 10.1016/j.smim.2015.03.011

10. Mirzaei R, Bouzari B, Hosseini-Fard SR, Mazaheri M, Ahmadyousefi Y, Abdi M,
et al. Role of microbiota-derived short-chain fatty acids in nervous system disorders.
BioMed Pharmacother. (2021) 139:111661. doi: 10.1016/j.biopha.2021.111661

11. Zhang B, Zhang Y, Liu X, Yin J, Li X, Zhang X, et al. Differential protective effect
of resveratrol and its microbial metabolites on intestinal barrier dysfunction is
mediated by the AMPK pathway. | Agric Food Chem. (2022) 70:11301-13.
doi: 10.1021/acs.jafc.2c04101

12. Silva MJ, Carneiro MB, dos Anjos Pultz B, Pereira Silva D, Lopes ME, dos Santos
LM. The multifaceted role of commensal microbiota in homeostasis and
gastrointestinal diseases. J Immunol Res. (2015) 2015:321241. doi: 10.1155/2015/
321241

13. Horowitz A, Chanez-Paredes SD, Haest X, Turner JR. Paracellular permeability
and tight junction regulation in gut health and disease. Nat Rev Gastroenterol Hepatol.
(2023) 20:417-32. doi: 10.1038/s41575-023-00766-3

14. Usuda H, Okamoto T, Wada K. Leaky gut: effect of dietary fiber and fats on
microbiome and intestinal barrier. Int J Mol Sci. (2021) 22:7613. doi: 10.3390/
ijms22147613

15. Muiioz L, Borrero MJ, Ubeda M, Conde E, Del Campo R, Rodriguez-Serrano M,
et al. Intestinal immune dysregulation driven by dysbiosis promotes barrier disruption
and bacterial translocation in rats with cirrhosis. Hepatology. (2019) 70:925-38.
doi: 10.1002/hep.30349

16. Jiang N, Xiao Y, Yuan K, Wang Z. Effect of intestinal microbiota on liver disease
and its related future prospection: From the perspective of intestinal barrier damage
and microbial metabolites. ] Gastroenterol Hepatol. (2023) 38:1056-71. doi: 10.1111/
jgh.16177

17. Yang G, Wei ], Liu P, Zhang Q, Tian Y, Hou G, et al. Role of the gut microbiota
in type 2 diabetes and related diseases. Metabolism. (2021) 117:154712. doi: 10.1016/
j.metabol.2021.154712

18. Parigi TL, Vieujean S, Paridaens K, Dalgaard K, Peyrin-Biroulet L, Danese S.
Efficacy, safety, and concerns on microbiota modulation, antibiotics, probiotics, and
fecal microbial transplant for inflammatory bowel disease and other gastrointestinal
conditions: results from an international survey. Microorganisms. (2023) 11:2806.
doi: 10.3390/microorganisms11112806

19. Ferenc K, Jarmakiewicz-Czaja S, Filip R. Components of the fiber diet in the
prevention and treatment of IBD-an update. Nutrients. (2022) 15:162. doi: 10.3390/
nul5010162

20. Lv W, Song J, Nowshin Raka R, Sun J, Shi G, Wu H, et al. Effects of food
emulsifiers on high fat-diet-induced obesity, intestinal inflammation, changes in bile

Frontiers in Immunology

21

10.3389/fimmu.2025.1661386

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

acid profile, and liver dysfunction. Food Res Int. (2023) 173:113302. doi: 10.1016/
j.foodres.2023.113302

21. Ceballos D, Hernandez-Camba A, Ramos L. Diet and microbiome in the
beginning of the sequence of gut inflammation. World J Clin Cases. (2021) 9:11122—
47. doi: 10.12998/wjcc.v9.i36.11122

22. Liao T, Shen F, Zhu H, Mu W, Qian H, Liu Y. Extracellular polysaccharides from
Sporidiobolus pararoseus alleviates rheumatoid through ameliorating gut barrier
function and gut microbiota. Int J Biol Macromol. (2024) 260:129436. doi: 10.1016/
j.ijbiomac.2024.129436

23. Kuo WT, Odenwald MA, Turner JR, Zuo L. Tight junction proteins occludin and
ZO-1 as regulators of epithelial proliferation and survival. Ann N Y Acad Sci. (2022)
1514:21-33. doi: 10.1111/nyas.14798

24. Yue X, Wen S, Long-Kun D, Man Y, Chang S, Min Z, et al. Three important
short-chain fatty acids (SCFAs) attenuate the inflammatory response induced by 5-FU
and maintain the integrity of intestinal mucosal tight junction. BMC Immunol. (2022)
23:19. doi: 10.1186/512865-022-00495-3

25. ZhangY, Tang Y, Cai L, He ], Chen L, Ouyang K, et al. Chimonanthus nitens oliv
polysaccharides modulate immunity and gut microbiota in immunocompromised
mice. Oxid Med Cell Longev. (2023) 2023:6208680. doi: 10.1155/2023/6208680

26. Chen C, Cao Z, Lei H, Zhang C, Wu M, Huang S, et al. Microbial tryptophan
metabolites ameliorate ovariectomy-induced bone loss by repairing intestinal ahR-
mediated gut-bone signaling pathway. Adv Sci (Weinh). (2024) 2024:e2404545.
doi: 10.1002/advs.202404545

27. Cui C, Wang F, Zheng Y, Wei H, Peng J. From birth to death: The hardworking
life of Paneth cell in the small intestine. Front Immunol. (2023) 14:1122258.
doi: 10.3389/fimmu.2023.1122258

28. Lin Y, Lv Y, Mao Z, Chen X, Chen Y, Zhu B, et al. Polysaccharides from
Tetrastigma Hemsleyanum Diels et Gilg ameliorated inflammatory bowel disease by
rebuilding the intestinal mucosal barrier and inhibiting inflammation through the
SCFA-GPR41/43 signaling pathway. Int ] Biol Macromol. (2023) 250:126167.
doi: 10.1016/j.ijbiomac.2023.126167

29. Shi X, Xu W, Che X, Cui J, Shang X, Teng X, et al. Effect of arsenic stress on the
intestinal structural integrity and intestinal flora abundance of Cyprinus carpio. Front
Microbiol. (2023) 14:1179397. doi: 10.3389/fmicb.2023.1179397

30. Silpe JE, Wong JWH, Owen SV, Baym M, Balskus EP. The bacterial toxin
colibactin triggers prophage induction. Nature. (2022) 603:315-20. doi: 10.1038/
$41586-022-04444-3

31. Kushkevych I, Kotrsova V, Dordevi¢ D, Bunkova L, Vitézova M, Amedei A.
Hydrogen sulfide effects on the survival of lactobacilli with emphasis on the
development of inflammatory bowel diseases. Biomolecules. (2019) 9:752.
doi: 10.3390/biom9120752

32. Mohammad S, Thiemermann C. Role of metabolic endotoxemia in systemic
inflammation and potential interventions. Front Immunol. (2020) 11:594150.
doi: 10.3389/fimmu.2020.594150

33. Li A, Ding J, Shen T, Liang Y, Wei F, Wu Y, et al. Radix paeoniae alba
polysaccharide attenuates lipopolysaccharide-induced intestinal injury by regulating
gut microbiota. Front Microbiol. (2022) 13:1064657. doi: 10.3389/fmicb.2022.1064657

34. Pan Y, Zhang H, Li M, He T, Guo S, Zhu L, et al. Novel approaches in IBD
therapy: targeting the gut microbiota-bile acid axis. Gut Microbes. (2024) 16:2356284.
doi: 10.1080/19490976.2024.2356284

35. Wang Z, Zhou Y, Luo A, Heng X, Liu J, Wang H, et al. Lactobacillus salivarius
CPU-01 ameliorates temozolomide-induced intestinal mucositis by modulating gut
microbiota, maintaining intestinal barrier, and blocking pro-inflammatory cytokines.
Probiotics Antimicrob Proteins. (2023) 15:1079-91. doi: 10.1007/s12602-022-10046-2

36. Li W, Zhang Y, Chen M, Guo X, Ding Z. The antioxidant strain
Lactiplantibacillus plantarum AS21 and Clostridium butyricum ameliorate DSS-
induced colitis in mice by remodeling the assembly of intestinal microbiota and
improving gut functions. Food Funct. (2024) 15:2022-37. doi: 10.1039/d3fo03127a

37. Wang X, Zhou C, Zhang S, Ma Y, Xiao W, Guo Y. Additive efficacy and safety of
probiotics in the treatment of ulcerative colitis: a systematic review and meta-analysis.
Eur ] Nutr. (2024) 63:1395-411. doi: 10.1007/s00394-024-03252-z

38. Theozor-Ejiofor Z, Kaur L, Gordon M, Baines PA, Sinopoulou V, Akobeng AK.
Probiotics for maintenance of remission in ulcerative colitis. Cochrane Database Syst
Rev. (2020) 3:Cd007443. doi: 10.1002/14651858.cd007443.pub3

frontiersin.org


https://doi.org/10.1016/j.dld.2023.11.015
https://doi.org/10.1016/j.dld.2023.11.015
https://doi.org/10.1056/NEJMoa2028485
https://doi.org/10.3389/fimmu.2019.01094
https://doi.org/10.1093/ibd/izac199
https://doi.org/10.1111/jgh.16619
https://doi.org/10.1111/jgh.16619
https://doi.org/10.18388/abp.2018_2648
https://doi.org/10.3389/fpubh.2021.645035
https://doi.org/10.1016/j.cell.2022.09.024
https://doi.org/10.1016/j.smim.2015.03.011
https://doi.org/10.1016/j.biopha.2021.111661
https://doi.org/10.1021/acs.jafc.2c04101
https://doi.org/10.1155/2015/321241
https://doi.org/10.1155/2015/321241
https://doi.org/10.1038/s41575-023-00766-3
https://doi.org/10.3390/ijms22147613
https://doi.org/10.3390/ijms22147613
https://doi.org/10.1002/hep.30349
https://doi.org/10.1111/jgh.16177
https://doi.org/10.1111/jgh.16177
https://doi.org/10.1016/j.metabol.2021.154712
https://doi.org/10.1016/j.metabol.2021.154712
https://doi.org/10.3390/microorganisms11112806
https://doi.org/10.3390/nu15010162
https://doi.org/10.3390/nu15010162
https://doi.org/10.1016/j.foodres.2023.113302
https://doi.org/10.1016/j.foodres.2023.113302
https://doi.org/10.12998/wjcc.v9.i36.11122
https://doi.org/10.1016/j.ijbiomac.2024.129436
https://doi.org/10.1016/j.ijbiomac.2024.129436
https://doi.org/10.1111/nyas.14798
https://doi.org/10.1186/s12865-022-00495-3
https://doi.org/10.1155/2023/6208680
https://doi.org/10.1002/advs.202404545
https://doi.org/10.3389/fimmu.2023.1122258
https://doi.org/10.1016/j.ijbiomac.2023.126167
https://doi.org/10.3389/fmicb.2023.1179397
https://doi.org/10.1038/s41586-022-04444-3
https://doi.org/10.1038/s41586-022-04444-3
https://doi.org/10.3390/biom9120752
https://doi.org/10.3389/fimmu.2020.594150
https://doi.org/10.3389/fmicb.2022.1064657
https://doi.org/10.1080/19490976.2024.2356284
https://doi.org/10.1007/s12602-022-10046-2
https://doi.org/10.1039/d3fo03127a
https://doi.org/10.1007/s00394-024-03252-z
https://doi.org/10.1002/14651858.cd007443.pub3
https://doi.org/10.3389/fimmu.2025.1661386
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kou et al.

39. Zeng L, Deng Y, Yang K, Chen ], He Q, Chen H. Safety and efficacy of fecal
microbiota transplantation for autoimmune diseases and autoinflammatory diseases: A
systematic review and meta-analysis. Front Immunol. (2022) 13:944387. doi: 10.3389/
fimmu.2022.944387

40. Clevers H. The intestinal crypt, a prototype stem cell compartment. Cell. (2013)
154:274-84. doi: 10.1016/j.cell.2013.07.004

41. Maeda K. Quantitative prediction of intestinal absorption of drugs from in vitro
study: utilization of differentiated intestinal epithelial cells derived from intestinal stem
cells at crypts. Drug Metab Dispos. (2023) 51:1136-44. doi: 10.1124/dmd.122.000966

42. Yu L-E, Yang W-C, Liang Y-C. Crosstalk within the intestinal epithelium:
aspects of intestinal absorption, homeostasis, and immunity. Biomedicines. (2024)
12:2771. doi: 10.3390/biomedicines12122771

43. Yang L, Wang X, Zhao G, Deng L, Yin X. Leveraging temporal wnt signal for
efficient differentiation of intestinal stem cells in an organoid model. Stem Cells Dev.
(2024) 33:11-26. doi: 10.1089/5cd.2023.0186

44. Yan KS, Janda CY, Chang J, Zheng GXY, Larkin KA, Luca VC, et al. Non-
equivalence of Wnt and R-spondin ligands during Lgr5+ intestinal stem-cell self-
renewal. Nature. (2017) 545:238-42. doi: 10.1038/nature22313

45. Zhang H, Rong X, Wang C, Liu Y, Lu L, Li Y, et al. VBP1 modulates Wnt/f-
catenin signaling by mediating the stability of the transcription factors TCF/LEFs. ] Biol
Chem. (2020) 295:16826-39. doi: 10.1074/jbc.ra120.013071

46. Liang SJ, Li XG, Wang XQ. Notch signaling in mammalian intestinal stem cells:
determining cell fate and maintaining homeostasis. Curr Stem Cell Res Ther. (2019)
14:583-90. doi: 10.2174/1574888x14666190429141702

47. Ou W, Xu W, Wang Y, Hua Z, Ding W, Cui L, et al. Cooperation of Wnt/B-
catenin and DIl1-mediated Notch pathway in Lgr5-positive intestinal stem cells
regulates the mucosal injury and repair in DSS-induced colitis mice model.
Gastroenterol Rep (Oxf). (2024) 12:g0ae090. doi: 10.1093/gastro/goae090

48. Lau ST, Li Z, Pui-Ling Lai F, Nga-Chu Lui K, Li P, Munera JO, et al. Activation of
hedgehog signaling promotes development of mouse and human enteric neural crest
cells, based on single-cell transcriptome analyses. Gastroenterology. (2019) 157:1556—
71.e5. doi: 10.1053/j.gastro.2019.08.019

49. Hu DJ, Yun J, Elstrott J, Jasper H. Non-canonical Wnt signaling promotes
directed migration of intestinal stem cells to sites of injury. Nat Commun. (2021)
12:7150. doi: 10.1038/s41467-021-27463-6

50. Saraswathibhatla A, Indana D, Chaudhuri O. Cell-extracellular matrix
mechanotransduction in 3D. Nat Rev Mol Cell Biol. (2023) 24:495-516. doi: 10.1038/
$41580-023-00599-7

51. Sun M, Chi G, Xu ], Tan Y, XuJ, Lv S, et al. Extracellular matrix stiffness controls
osteogenic differentiation of mesenchymal stem cells mediated by integrin o.5. Stem Cell
Res Ther. (2018) 9:52. doi: 10.1186/s13287-018-0798-0

52. He L, Zhu C, Zhou XF, Zeng SE, Zhang L, Li K. Gut microbiota modulating
intestinal stem cell differentiation. World J Stem Cells. (2024) 16:619-22. doi: 10.4252/
Wjsc.v16.i6.619

53. Di Sabatino A, Santacroce G, Rossi CM, Broglio G, Lenti MV. Role of mucosal
immunity and epithelial-vascular barrier in modulating gut homeostasis. Intern Emerg
Med. (2023) 18:1635-46. doi: 10.1007/s11739-023-03343-3

54. Garcia-Diaz M, Cendra MDM, Alonso-Roman R, Urdaniz M, Torrents E,
Martinez E. Mimicking the intestinal host-pathogen interactions in a 3D in vitro
model: the role of the mucus layer. Pharmaceutics. (2022) 14:1552. doi: 10.3390/
pharmaceutics14081552

55. Bevins CL, Salzman NH. Paneth cells, antimicrobial peptides and maintenance
of intestinal homeostasis. Nat Rev Microbiol. (2011) 9:356-68. doi: 10.1038/
nrmicro2546

56. Maloy KJ, Powrie F. Intestinal homeostasis and its breakdown in inflammatory
bowel disease. Nature. (2011) 474:298-306. doi: 10.1038/nature10208

57. Gomez-Bris R, Saez A, Herrero-Fernandez B, Rius C, Sanchez-Martinez H,
Gonzalez-Granado JM. CD4 T-cell subsets and the pathophysiology of inflammatory
bowel disease. Int J Mol Sci. (2023) 24:2696. doi: 10.3390/ijms24032696

58. Xiao Y, Lian H, Zhong XS, Krishnachaitanya SS, Cong Y, Dashwood RH, et al.
Matrix metalloproteinase 7 contributes to intestinal barrier dysfunction by degrading
tight junction protein Claudin-7. Front Immunol. (2022) 13:1020902. doi: 10.3389/
fimmu.2022.1020902

59. Bai M, Wang X, Liu D, Xu A, Cheng H, Li L, et al. Tolypocladium sinense
Mycelium Polysaccharide Alleviates Obesity, Lipid Metabolism Disorder, and
Inflammation Caused by High Fat Diet via Improving Intestinal Barrier and
Modulating Gut Microbiota. Mol Nutr Food Res. (2024) 68:¢2300759. doi: 10.1002/
mnfr.202300759

60. Wang N, Li C, Gao X, Huo Y, Li Y, Cheng F, et al. Co-exposure to lead and high-
fat diet aggravates systemic inflammation in mice by altering gut microbiota and the
LPS/TLR4 pathway. Metallomics. (2024) 16:mfae022. doi: 10.1093/mtomcs/mfae022

61. Chen X, Zhang P, Zhang Y, Fan S, Wei Y, Yang Z, et al. Potential effect of
glutamine in the improvement of intestinal stem cell proliferation and the alleviation of
burn-induced intestinal injury via activating YAP: A preliminary study. Nutrients.
(2023) 15:1766. doi: 10.3390/nul5071766

62. Li D, Wu M. Pattern recognition receptors in health and diseases. Signal
Transduct Target Ther. (2021) 6:291. doi: 10.1038/s41392-021-00687-0

Frontiers in Immunology

10.3389/fimmu.2025.1661386

63. Wicherska-Pawlowska K, Wrobel T, Rybka J. Toll-like receptors (TLRs), NOD-
like receptors (NLRs), and RIG-I-like receptors (RLRs) in innate immunity. TLRs,
NLRs, and RLRs ligands as immunotherapeutic agents for hematopoietic diseases. Int ]
Mol Sci. (2021) 22:13397. doi: 10.3390/ijms222413397

64. Hilda JN, Das SD. TLR stimulation of human neutrophils lead to increased
release of MCP-1, MIP-1a, IL-1pB, IL-8 and TNF during tuberculosis. Hum Immunol.
(2016) 77:63-7. doi: 10.1016/j.humimm.2015.10.005

65. Al-Shehri SS. Reactive oxygen and nitrogen species and innate immune
response. Biochimie. (2021) 181:52-64. doi: 10.1016/j.biochi.2020.11.022

66. Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili
SA, Mardani F, et al. Macrophage plasticity, polarization, and function in health and
disease. J Cell Physiol. (2018) 233:6425-40. doi: 10.1002/jcp.26429

67. Di Benedetto P, Ruscitti P, Vadasz Z, Toubi E, Giacomelli R. Macrophages with
regulatory functions, a possible new therapeutic perspective in autoimmune diseases.
Autoimmun Rev. (2019) 18:102369. doi: 10.1016/j.autrev.2019.102369

68. Liu L, Wu Y, Wang B, Jiang Y, Lin L, Li X, et al. DA-DRD?5 signaling controls
colitis by regulating colonic M1/M2 macrophage polarization. Cell Death Dis. (2021)
12:500. doi: 10.1038/541419-021-03778-6

69. Xiao Q, Luo L, Zhu X, Yan Y, Li S, Chen L, et al. Formononetin alleviates
ulcerative colitis via reshaping the balance of M1/M2 macrophage polarization in a gut
microbiota-dependent manner. Phytomedicine. (2024) 135:156153. doi: 10.1016/
j.phymed.2024.156153

70. Baggiolini M. Neutrophil activation and the role of interleukin-8 and
related cytokines. Int Arch Allergy Immunol. (1992) 99:196-9. doi: 10.1159/
000236247

71. Valderrama A, Ortiz-Hernandez P, Agraz-Cibrian JM, Tabares-Guevara JH,
Gomez DM, Zambrano-Zaragoza JF, et al. Particulate matter (PM(10)) induces in vitro
activation of human neutrophils, and lung histopathological alterations in a mouse
model. Sci Rep. (2022) 12:7581. doi: 10.1038/s41598-022-11553-6

72. Kaltenmeier C, Wang R, Popp B, Geller D, Tohme S, Yazdani HO. Role of
immuno-inflammatory signals in liver ischemia-reperfusion injury. Cells. (2022)
11:2222. doi: 10.3390/cells11142222

73. Tussiwand R, Rodrigues PF. Where's Waldo: Identifying DCs within
Mononuclear Phagocytes during Inflammation. Immunity. (2020) 52:892-4.
doi: 10.1016/j.immuni.2020.05.006

74. Zanoni I, Tan Y, Di Gioia M, Broggi A, Ruan J, Shi J, et al. An endogenous
caspase-11 ligand elicits interleukin-1 release from living dendritic cells. Science. (2016)
352:1232-6. doi: 10.1126/science.aaf3036

75. Furuta K, Onishi H, Ikada Y, Masaki K, Tanaka S, Kaito C. ATP and its
metabolite adenosine cooperatively upregulate the antigen-presenting molecules on
dendritic cells leading to IFN-y production by T cells. J Biol Chem. (2023) 299:104587.
doi: 10.1016/.jbc.2023.104587

76. Yashiro T, Takeuchi H, Nakamura S, Tanabe A, Hara M, Uchida K, et al. PU.1
plays a pivotal role in dendritic cell migration from the periphery to secondary
lymphoid organs via regulating CCR7 expression. FASEB J. (2019) 33:11481-91.
doi: 10.1096/£j.201900379RR

77. Xing ], Hu'Y, Liu W, Tang X, Sheng X, Chi H, et al. The interaction between the
costimulatory molecules CD80/86 and CD28 contributed to CD4+ T lymphocyte
activation in flounder (Paralichthys olivaceus). Fish Shellfish Immunol. (2024)
148:109482. doi: 10.1016/j.£51.2024.109482

78. Spinner CA, Lazarevic V. Transcriptional regulation of adaptive and innate
lymphoid lineage specification. Immunol Rev. (2021) 300:65-81. doi: 10.1111/
imr.12935

79. Guo K, Zhang X. Cytokines that modulate the differentiation of th17 cells in
autoimmune uveitis. | Immunol Res. (2021) 2021:6693542. doi: 10.1155/2021/6693542

80. Czaja AJ. Immune inhibitory properties and therapeutic prospects of
transforming growth factor-beta and interleukin 10 in autoimmune hepatitis. Dig
Dis Sci. (2022) 67:1163-86. doi: 10.1007/s10620-021-06968-6

81. Elizondo DM, Andargie TE, Yang D, Kacsinta AD, Lipscomb MW. Inhibition of
allograft inflammatory factor-1 in dendritic cells restrains CD4(+) T cell effector
responses and induces CD25(+)Foxp3(+) T regulatory subsets. Front Immunol.
(2017) 8:1502. doi: 10.3389/fimmu.2017.01502

82. Liu J, Zhang X, Cheng Y, Cao X. Dendritic cell migration in inflammation
and immunity. Cell Mol Immunol. (2021) 18:2461-71. doi: 10.1038/s41423-021-
00726-4

83. Xiu W, Chen Q, Wang Z, Wang J, Zhou Z. Microbiota-derived short chain fatty
acid promotion of Amphiregulin expression by dendritic cells is regulated by GPR43
and Blimp-1. Biochem Biophys Res Commun. (2020) 533:282-8. doi: 10.1016/
j.bbrc.2020.09.027

84. Li W, Chen G, Peng H, Zhang Q, Nie D, Guo T, et al. Research progress on
dendritic cells in hepatocellular carcinoma immune microenvironments. Biomolecules.
(2024) 14:1161. doi: 10.3390/biom14091161

85. Roche PA, Furuta K. The ins and outs of MHC class II-mediated antigen
processing and presentation. Nat Rev Immunol. (2015) 15:203-16. doi: 10.1038/nri3818

86. Cruz FM, Chan A, Rock KL. Pathways of MHC I cross-presentation of
exogenous antigens. Semin Immunol. (2023) 66:101729. doi: 10.1016/
j.smim.2023.101729

frontiersin.org


https://doi.org/10.3389/fimmu.2022.944387
https://doi.org/10.3389/fimmu.2022.944387
https://doi.org/10.1016/j.cell.2013.07.004
https://doi.org/10.1124/dmd.122.000966
https://doi.org/10.3390/biomedicines12122771
https://doi.org/10.1089/scd.2023.0186
https://doi.org/10.1038/nature22313
https://doi.org/10.1074/jbc.ra120.013071
https://doi.org/10.2174/1574888x14666190429141702
https://doi.org/10.1093/gastro/goae090
https://doi.org/10.1053/j.gastro.2019.08.019
https://doi.org/10.1038/s41467-021-27463-6
https://doi.org/10.1038/s41580-023-00599-7
https://doi.org/10.1038/s41580-023-00599-7
https://doi.org/10.1186/s13287-018-0798-0
https://doi.org/10.4252/wjsc.v16.i6.619
https://doi.org/10.4252/wjsc.v16.i6.619
https://doi.org/10.1007/s11739-023-03343-3
https://doi.org/10.3390/pharmaceutics14081552
https://doi.org/10.3390/pharmaceutics14081552
https://doi.org/10.1038/nrmicro2546
https://doi.org/10.1038/nrmicro2546
https://doi.org/10.1038/nature10208
https://doi.org/10.3390/ijms24032696
https://doi.org/10.3389/fimmu.2022.1020902
https://doi.org/10.3389/fimmu.2022.1020902
https://doi.org/10.1002/mnfr.202300759
https://doi.org/10.1002/mnfr.202300759
https://doi.org/10.1093/mtomcs/mfae022
https://doi.org/10.3390/nu15071766
https://doi.org/10.1038/s41392-021-00687-0
https://doi.org/10.3390/ijms222413397
https://doi.org/10.1016/j.humimm.2015.10.005
https://doi.org/10.1016/j.biochi.2020.11.022
https://doi.org/10.1002/jcp.26429
https://doi.org/10.1016/j.autrev.2019.102369
https://doi.org/10.1038/s41419-021-03778-6
https://doi.org/10.1016/j.phymed.2024.156153
https://doi.org/10.1016/j.phymed.2024.156153
https://doi.org/10.1159/000236247
https://doi.org/10.1159/000236247
https://doi.org/10.1038/s41598-022-11553-6
https://doi.org/10.3390/cells11142222
https://doi.org/10.1016/j.immuni.2020.05.006
https://doi.org/10.1126/science.aaf3036
https://doi.org/10.1016/j.jbc.2023.104587
https://doi.org/10.1096/fj.201900379RR
https://doi.org/10.1016/j.fsi.2024.109482
https://doi.org/10.1111/imr.12935
https://doi.org/10.1111/imr.12935
https://doi.org/10.1155/2021/6693542
https://doi.org/10.1007/s10620-021-06968-6
https://doi.org/10.3389/fimmu.2017.01502
https://doi.org/10.1038/s41423-021-00726-4
https://doi.org/10.1038/s41423-021-00726-4
https://doi.org/10.1016/j.bbrc.2020.09.027
https://doi.org/10.1016/j.bbrc.2020.09.027
https://doi.org/10.3390/biom14091161
https://doi.org/10.1038/nri3818
https://doi.org/10.1016/j.smim.2023.101729
https://doi.org/10.1016/j.smim.2023.101729
https://doi.org/10.3389/fimmu.2025.1661386
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kou et al.

87. Hilpert C, Sitte S, Arnold H, Lehmann CHK, Dudziak D, Mattner J, et al.
Dendritic cells control regulatory T cell function required for maintenance of intestinal
tissue homeostasis. J Immunol. (2019) 203:3068-77. doi: 10.4049/jimmunol.1900320

88. Ye BJ, Lee HH, Yoo EJ, Lee CY, Lee JH, Kang HJ, et al. TonEBP in dendritic cells
mediates pro-inflammatory maturation and Th1/Th17 responses. Cell Death Dis.
(2020) 11:421. doi: 10.1038/s41419-020-2632-8

89. Korn T, Hiltensperger M. Role of IL-6 in the commitment of T cell subsets.
Cytokine. (2021) 146:155654. doi: 10.1016/j.cyt0.2021.155654

90. Zielinski CE, Mele F, Aschenbrenner D, Jarrossay D, Ronchi F, Gattorno M, et al.
Pathogen-induced human TH17 cells produce IFN-y or IL-10 and are regulated by IL-
1B. Nature. (2012) 484:514-8. doi: 10.1038/nature10957

91. Li Z, Zhang Y, Sun B. Current understanding of Th2 cell differentiation and
function. Protein Cell. (2011) 2:604-11. doi: 10.1007/s13238-011-1083-5

92. Heinemann C, Heink S, Petermann F, Vasanthakumar A, Rothhammer V,
Doorduijn E, et al. IL-27 and IL-12 oppose pro-inflammatory IL-23 in CD4+ T cells by
inducing Blimp1. Nat Commun. (2014) 5:3770. doi: 10.1038/ncomms4770

93. Wu L, Deng H, Feng X, Xie D, Li Z, Chen J, et al. Interferon-y(+) Th1 activates
intrahepatic resident memory T cells to promote HBsAg loss by inducing M1
macrophage polarization. ] Med Virol. (2024) 96:€29627. doi: 10.1002/jmv.29627

94. Wu S, Zhang X, Hu C, Zhong Y, Chen J, Chong WP. CD8(+) T cells reduce
neuroretina inflammation in mouse by regulating autoreactive Thl and Th17 cells
through IFN-y. Eur ] Immunol. (2023) 53:2350574. doi: 10.1002/eji.202350574

95. Annunziato F, Romagnani C, Romagnani S. The 3 major types of innate and
adaptive cell-mediated effector immunity. J Allergy Clin Immunol. (2015) 135:626-35.
doi: 10.1016/j.jaci.2014.11.001

96. Yang P, Qian FY, Zhang MF, Xu AL, Wang X, Jiang BP, et al. Th17 cell
pathogenicity and plasticity in rheumatoid arthritis. J Leukoc Biol. (2019) 106:1233-40.
doi: 10.1002/JLB.4RU0619-197R

97. Le Jan S, Plée ], Vallerand D, Dupont A, Delanez E, Durlach A, et al. Innate
immune cell-produced IL-17 sustains inflammation in bullous pemphigoid. J Invest
Dermatol. (2014) 134:2908-17. doi: 10.1038/jid.2014.263

98. Tindemans I, Joosse ME, Samsom JN. Dissecting the heterogeneity in T-cell
mediated inflammation in IBD. Cells. (2020) 9:110. doi: 10.3390/cells9010110

99. Zhang S, Zhang G, Wan YY. SKI and SMAD#4 are essential for IL-21-induced
Th17 differentiation. Mol Immunol. (2019) 114:260-8. doi: 10.1016/
j.molimm.2019.07.029

100. Hang L, Kumar S, Blum AM, Urban JF Jr., Fantini MC, Weinstock JV.
Heligmosomoides polygyrus bakeri Infection Decreases Smad7 Expression in
Intestinal CD4(+) T Cells, Which Allows TGF-B to Induce IL-10-Producing
Regulatory T Cells That Block Colitis. J Immunol. (2019) 202:2473-81. doi: 10.4049/
jimmunol.1801392

101. MacDonald TT, Bell I, Monteleone G. The opposing roles of IL-21 and TGFp1
in chronic inflammatory bowel disease. Biochem Soc Trans. (2011) 39:1061-6.
doi: 10.1042/BST0391061

102. Boardman DA, Garcia RV, Ivison SM, Bressler B, Dhar TM, Zhao Q, et al.
Pharmacological inhibition of RORC2 enhances human Th17-Treg stability and
function. Eur J Immunol. (2020) 50:1400-11. doi: 10.1002/ji.201948435

103. Giirsoy M, Rautava J, Pussinen P, Kristoffersen AK, Enersen M, Loimaranta V,
et al. Salivary igA and igG antibody responses against periodontitis-associated bacteria
in crohn's disease. Int ] Mol Sci. (2023) 24:2385. doi: 10.3390/ijms24032385

104. Castro-Dopico T, Dennison TW, Ferdinand JR, Mathews RJ, Fleming A, Clift
D, et al. Anti-commensal igG drives intestinal inflammation and type 17 immunity in
ulcerative colitis. Immunity. (2019) 50:1099-114.e10. doi: 10.1016/
jimmuni.2019.02.006

105. Conigliaro P, Triggianese P, Ballanti E, Perricone C, Perricone R, Chimenti MS.
Complement, infection, and autoimmunity. Curr Opin Rheumatol. (2019) 31:532-41.
doi: 10.1097/BOR.0000000000000633

106. Morgan BP. The membrane attack complex as an inflammatory trigger.
Immunobiology. (2016) 221:747-51. doi: 10.1016/j.imbio.2015.04.006

107. Lin K, Zhang L, Kong M, Yang M, Chen Y, Poptic E, et al. Development of an
anti-human complement C6 monoclonal antibody that inhibits the assembly of
membrane attack complexes. Blood Adv. (2020) 4:2049-57. doi: 10.1182/
bloodadvances.2020001690

108. Murugan SK, Bethapudi B, Raghunandhakumar S, Purusothaman D,
Nithyanantham M, Mundkinajeddu D, et al. A flavonoid rich standardized extract of
Glycyrrhiza glabra protects intestinal epithelial barrier function and regulates the tight-
junction proteins expression. BMC Complement Med Ther. (2022) 22:38. doi: 10.1186/
$12906-021-03500-1

109. Buckley A, Turner JR. Cell biology of tight junction barrier regulation and
mucosal disease. Cold Spring Harbor Perspect Biol. (2018) 10:a029314. doi: 10.1101/
cshperspect.a029314

110. Hashiguchi M, Asatsuma-Okumura T, Iwai Y. Interleukin 21 promotes IgG1
(+) plasma cell differentiation instead of class switching to IgE via Blimp1 expression.
Eur J Immunol. (2024) 2024:2451041. doi: 10.1002/€ji.202451041

111. Ngo Thi Phuong N, Palmieri V, Adamczyk A, Klopfleisch R, Langhorst J,
Hansen W, et al. IL-33 drives expansion of type 2 innate lymphoid cells and regulatory

Frontiers in Immunology

10.3389/fimmu.2025.1661386

T cells and protects mice from severe, acute colitis. Front Immunol. (2021) 12:669787.
doi: 10.3389/fimmu.2021.669787

112. Luo S, Xu H, Gong X, Shen J, Chen X, Wu Z. The complement C3a-C3aR and
C5a-C5aR pathways promote viability and inflammation of human retinal pigment
epithelium cells by targeting NF-xB signaling. Exp Ther Med. (2022) 24:493.
doi: 10.3892/etm.2022.11420

113. Zhang S, Zhang S, Hou Y, Huang Y, Cai J, Wang G, et al. Porcine
deltacoronavirus infection disrupts the intestinal mucosal barrier and inhibits
intestinal stem cell differentiation to goblet cells via the notch signaling pathway. J
Virol. (2023) 97:¢0068923. doi: 10.1128/jvi.00689-23

114. Huang C, Wang J, Liu H, Huang R, Yan X, Song M, et al. Ketone body B-
hydroxybutyrate ameliorates colitis by promoting M2 macrophage polarization
through the STAT6-dependent signaling pathway. BMC Med. (2022) 20:148.
doi: 10.1186/512916-022-02352-x

115. Ahn D. Prince A. Participation of the IL-10RB related cytokines, IL-22 and
IFN-A in defense of the airway mucosal barrier. Front Cell Infect Microbiol. (2020)
10:300. doi: 10.3389/fcimb.2020.00300

116. Zhang Y, Liu J, Han X, Jiang H, Zhang L, Hu J, et al. Long-term trends in the
burden of inflammatory bowel disease in China over three decades: A joinpoint
regression and age-period-cohort analysis based on GBD 2019. Front Public Health.
(2022) 10:994619. doi: 10.3389/fpubh.2022.994619

117. Bai J, Wang Y, Li F, Wu Y, Chen J, Li M, et al. Research advancements and
perspectives of inflammatory bowel disease: A comprehensive review. Sci Prog. (2024)
107:368504241253709. doi: 10.1177/00368504241253709

118. Kumar M, Murugesan S, Ibrahim N, Elawad M, Al Khodor S. Predictive
biomarkers for anti-TNF alpha therapy in IBD patients. ] Transl Med. (2024) 22:284.
doi: 10.1186/s12967-024-05058-1

119. Salgado-Peralvo AO, Montero-Alonso M, Kewalramani N, Pérez-Sayans M,
Mateos-Moreno MV, Garcillan-Izquierdo MR. Prevalence of aphthous stomatitis in
patients with inflammatory bowel disease after the treatment with monoclonal
antibodies: a systematic review and meta-analysis. Med Oral Patol Oral Cir Bucal.
(2022) 27:¢588-€99. doi: 10.4317/medoral.25528

120. Vanderstappen J, Hoekx S, Bislenghi G, D'Hoore A, Verstockt B, Sabino J.
Preoperative optimization: Review on nutritional assessment and strategies in IBD.
Curr Opin Pharmacol. (2024) 77:102475. doi: 10.1016/j.coph.2024.102475

121. Lavorini E, Allaix ME, Ammirati CA, Astegiano M, Morino M, Resegotti A.
Late is too late? Surgical timing and postoperative complications after primary ileocolic
resection for Crohn's disease. Int | Colorectal Dis. (2022) 37:843-8. doi: 10.1007/
s00384-022-04125-7

122. Quaresma AB, Yamamoto T, Kotze PG. Biologics and surgical outcomes in
Crohn’s disease: is there a direct relationship? Ther Adv Gastroenterol. (2020)
13:1756284820931738. doi: 10.1177/1756284820931738

123. Meima-van Praag EM, Buskens CJ, Hompes R, Bemelman WA. Surgical
management of Crohn's disease: a state of the art review. Int | Colorectal Dis. (2021)
36:1133-45. doi: 10.1007/s00384-021-03857-2

124. Sninsky J, Barnes EL. Medical management of aggressive inflammatory bowel
disease: when is the time to cut your (and the patient's) losses? ] Laparoendosc Adv Surg
Tech A. (2021) 31:905-10. doi: 10.1089/lap.2021.0338

125. Liu XJ, Yu R, Zou KF. Probiotic mixture VSL3 alleviates dextran sulfate
sodium-induced colitis in mice by downregulating T follicular helper cells. Curr Med
Sci. (2019) 39:371-8. doi: 10.1007/s11596-019-2045-z

126. Izumi H, Minegishi M, Sato Y, Shimizu T, Sekine K, Takase M. Bifidobacterium
breve alters immune function and ameliorates DSS-induced inflammation in weanling
rats. Pediatr Res. (2015) 78:407-16. doi: 10.1038/pr.2015.115

127. Chamaillard M, Srutkova D, Schwarzer M, Hudcovic T, Zakostelska Z, Drab V,
et al. Bifidobacterium longum CCM 7952 promotes epithelial barrier function and
prevents acute DSS-induced colitis in strictly strain-specific manner. PloS One. (2015)
10:€0134050. doi: 10.1371/journal.pone.0134050

128. Liu Y-W, Su Y-W, Ong W-K, Cheng T-H, Tsai Y-C. Oral administration of
Lactobacillus plantarum K68 ameliorates DSS-induced ulcerative colitis in BALB/c
mice via the anti-inflammatory and immunomodulatory activities. Int
Immunopharmacol. (2011) 11:2159-66. doi: 10.1016/j.intimp.2011.09.013

129. Chung YW, Choi JH, Oh TY, Eun CS, Han DS. Lactobacillus casei prevents the
development of dextran sulphate sodium-induced colitis in Toll-like receptor 4 mutant
mice. Clin Exp Immunol. (2008) 151:182-9. doi: 10.1111/j.1365-2249.2007.03549.x

130. Schreiber O, Petersson J, Phillipson M, Perry M, Roos S, Holm L. Lactobacillus
reuteriprevents colitis by reducing P-selectin-associated leukocyte- and platelet-
endothelial cell interactions. Am ] Physiol Gastrointest Liver Physiol. (2009) 296:
G534-G42. doi: 10.1152/ajpgi.90470.2008

131. Miyauchi E, Morita H, Tanabe S. Lactobacillus rhamnosus alleviates intestinal
barrier dysfunction in part by increasing expression of zonula occludens-1 and myosin
light-chain kinase. vivo ] Dairy Sci. (2009) 92:2400-8. doi: 10.3168/jds.2008-1698

132. Nakano H, Choi E-J, Lee HJ, Kim W-J, Han K-I, Iwasa M, et al. Enterococcus
faecalis EF-2001 protects DNBS-induced inflammatory bowel disease in mice model.
PloS One. (2019) 14:€0210854. doi: 10.1371/journal.pone.0210854

133. Singh UP, Kanda T, Nishida A, Ohno M, Imaeda H, Shimada T, et al.
Enterococcus durans TN-3 induces regulatory T cells and suppresses the

frontiersin.org


https://doi.org/10.4049/jimmunol.1900320
https://doi.org/10.1038/s41419-020-2632-8
https://doi.org/10.1016/j.cyto.2021.155654
https://doi.org/10.1038/nature10957
https://doi.org/10.1007/s13238-011-1083-5
https://doi.org/10.1038/ncomms4770
https://doi.org/10.1002/jmv.29627
https://doi.org/10.1002/eji.202350574
https://doi.org/10.1016/j.jaci.2014.11.001
https://doi.org/10.1002/JLB.4RU0619-197R
https://doi.org/10.1038/jid.2014.263
https://doi.org/10.3390/cells9010110
https://doi.org/10.1016/j.molimm.2019.07.029
https://doi.org/10.1016/j.molimm.2019.07.029
https://doi.org/10.4049/jimmunol.1801392
https://doi.org/10.4049/jimmunol.1801392
https://doi.org/10.1042/BST0391061
https://doi.org/10.1002/eji.201948435
https://doi.org/10.3390/ijms24032385
https://doi.org/10.1016/j.immuni.2019.02.006
https://doi.org/10.1016/j.immuni.2019.02.006
https://doi.org/10.1097/BOR.0000000000000633
https://doi.org/10.1016/j.imbio.2015.04.006
https://doi.org/10.1182/bloodadvances.2020001690
https://doi.org/10.1182/bloodadvances.2020001690
https://doi.org/10.1186/s12906-021-03500-1
https://doi.org/10.1186/s12906-021-03500-1
https://doi.org/10.1101/cshperspect.a029314
https://doi.org/10.1101/cshperspect.a029314
https://doi.org/10.1002/eji.202451041
https://doi.org/10.3389/fimmu.2021.669787
https://doi.org/10.3892/etm.2022.11420
https://doi.org/10.1128/jvi.00689-23
https://doi.org/10.1186/s12916-022-02352-x
https://doi.org/10.3389/fcimb.2020.00300
https://doi.org/10.3389/fpubh.2022.994619
https://doi.org/10.1177/00368504241253709
https://doi.org/10.1186/s12967-024-05058-1
https://doi.org/10.4317/medoral.25528
https://doi.org/10.1016/j.coph.2024.102475
https://doi.org/10.1007/s00384-022-04125-7
https://doi.org/10.1007/s00384-022-04125-7
https://doi.org/10.1177/1756284820931738
https://doi.org/10.1007/s00384-021-03857-2
https://doi.org/10.1089/lap.2021.0338
https://doi.org/10.1007/s11596-019-2045-z
https://doi.org/10.1038/pr.2015.115
https://doi.org/10.1371/journal.pone.0134050
https://doi.org/10.1016/j.intimp.2011.09.013
https://doi.org/10.1111/j.1365-2249.2007.03549.x
https://doi.org/10.1152/ajpgi.90470.2008
https://doi.org/10.3168/jds.2008-1698
https://doi.org/10.1371/journal.pone.0210854
https://doi.org/10.3389/fimmu.2025.1661386
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kou et al.

development of dextran sulfate sodium (DSS)-induced experimental colitis. PloS One.
(2016) 11:e0159705. doi: 10.1371/journal.pone.0159705

134. Qin X, Zhao Q, Zhao Q, Yang L, Li W, Wu J, et al. A Saccharomyces boulardii-
derived antioxidant protein, thioredoxin, ameliorates intestinal inflammation through
transactivating epidermal growth factor receptor. Pharmacol Res. (2024) 208:107372.
doi: 10.1016/j.phrs.2024.107372

135. Federici S, Kredo-Russo S, Valdés-Mas R, Kviatcovsky D, Weinstock E,
Matiuhin Y, et al. Targeted suppression of human IBD-associated gut microbiota
commensals by phage consortia for treatment of intestinal inflammation. Cell. (2022)
185:2879-98.¢24. doi: 10.1016/j.cell.2022.07.003

136. Zhou C, Li L, Li T, Sun L, Yin J, Guan H, et al. SCFAs induce autophagy in
intestinal epithelial cells and relieve colitis by stabilizing HIF-1a.. ] Mol Med (Berl).
(2020) 98:1189-202. doi: 10.1007/s00109-020-01947-2

137. Xu W, Ishii Y, Rini DM, Yamamoto Y, Suzuki T. Microbial metabolite n-
butyrate upregulates intestinal claudin-23 expression through SP1 and AMPK
pathways in mouse colon and human intestinal Caco-2 cells. Life Sci. (2023)
329:121952. doi: 10.1016/j.1f5.2023.121952

138. Deleu S, Arnauts K, Deprez L, Machiels K, Ferrante M, Huys GRB, et al. High
acetate concentration protects intestinal barrier and exerts anti-inflammatory effects in
organoid-derived epithelial monolayer cultures from patients with ulcerative colitis. Int
J Mol Sci. (2023) 24:768. doi: 10.3390/ijms24010768

139. Kubota H, Ishizawa M, Kodama M, Nagase Y, Kato S, Makishima M, et al.
Vitamin D receptor mediates attenuating effect of lithocholic acid on dextran sulfate
sodium induced colitis in mice. Int ] Mol Sci. (2023) 24:3517. doi: 10.3390/
ijms24043517

140. Van den Bossche L, Hindryckx P, Devisscher L, Devriese S, Van Welden S,
Holvoet T, et al. Ursodeoxycholic acid and its taurine- or glycine-conjugated species
reduce colitogenic dysbiosis and equally suppress experimental colitis in mice. Appl
Environ Microbiol. (2017) 83:¢02766-16. doi: 10.1128/AEM.02766-16

141. Amarasiri RPGSK, Hyun ], Lee S-W, Kim J-I, Lee H-G, Ryu B, et al.
Therapeutic potential of tryptophan metabolite indoleacrylic acid in inflammatory
bowel disease: From cellular mechanisms to zebrafish stress-like behavior. Int
Immunopharmacol. (2025) 149:114207. doi: 10.1016/j.intimp.2025.114207

142. Sturgeon C, Fasano A. Zonulin, a regulator of epithelial and endothelial barrier
functions, and its involvement in chronic inflammatory diseases. Tissue Barriers. (2016)
4:€1251384. doi: 10.1080/21688370.2016.1251384

143. Lin Q, Zhang S, Zhang J, Jin Y, Chen T, Lin R, et al. Colonic epithelial-derived
FGF1 drives intestinal stem cell commitment toward goblet cells to suppress
inflammatory bowel disease. Nat Commun. (2025) 16:3264. doi: 10.1038/s41467-025-
58644-2

144. Yu Z-L, Gao R-Y, Lv C, Geng X-L, Ren Y-J, Zhang J, et al. Notoginsenoside R1
promotes Lgr5+ stem cell and epithelium renovation in colitis mice via activating Wnt/
B-Catenin signaling. Acta Pharmacol Sin. (2024) 45:1451-65. doi: 10.1038/s41401-024-
01250-7

145. Qiao Y, He C, Xia Y, Ocansey DKW, Mao F. Intestinal mucus barrier: A
potential therapeutic target for IBD. Autoimmun Rev. (2025) 24:103717. doi: 10.1016/
j.autrev.2024.103717

146. Palrasu M, Kakar K, Marudamuthu A, Hamida H, Thada S, Zhong Y, et al. AhR
activation transcriptionally induces anti-microbial peptide alpha-defensin 1 leading to
reversal of gut microbiota dysbiosis and colitis. Gut Microbes. (2025) 17:2460538.
doi: 10.1080/19490976.2025.2460538

147. Tian H, Li ], Chen X, Ren Z, Pan X, Huang W, et al. Oral delivery of mouse -
defensin 14 (mBD14)-producing lactococcus lactis NZ9000 attenuates experimental
colitis in mice. J Agric Food Chem. (2023) 71:5185-94. doi: 10.1021/acs.jafc.2c07098

148. Zeng C, Zhu Q, Peng W, Huang C, Chen H, Huang H, et al. The protective
effect of amitriptyline on experimental colitis through inhibiting TLR-4/MD-2
signaling pathway. J Pharmacol Exp Ther. (2025) 392:100024. doi: 10.1016/
j.jpet.2024.100024

149. Li M, Zhao Y, Zhang J, Jiang W, Peng S, Hu J, et al. Deubiquitinase USP14 is
upregulated in Crohn's disease and inhibits the NOD2 pathway mediated inflammatory
response. vitro Eur ] Histochem. (2024) 68:4101. doi: 10.4081/ejh.2024.4101

150. Park B, Han G, Jin DY, Gil KC, Shin D, Lee ], et al. Mucoadhesive mesalamine
prodrug nanoassemblies to target intestinal macrophages for the treatment of
inflammatory bowel disease. ACS Nano. (2024) 18:16297-311. doi: 10.1021/
acsnano.4c05544

151. Kim Y-I, Ko I, Yi E-J, Kim ], Hong YR, Lee W, et al. NAD+ modulation of
intestinal macrophages renders anti-inflammatory functionality and ameliorates gut
inflammation. BioMed Pharmacother. (2025) 185:117938. doi: 10.1016/
j.biopha.2025.117938

152. Lethen I, Lechner-Grimm K, Gabel M, Knauss A, Atreya R, Neurath MF, et al.
Tofacitinib affects M1-like and M2-like polarization and tissue factor expression in
macrophages of healthy donors and IBD patients. Inflammation Bowel Dis. (2024)
30:1151-63. doi: 10.1093/ibd/izad290

153. Wu Y, Shen J. Unraveling the intricacies of neutrophil extracellular traps in
inflammatory bowel disease: Pathways, biomarkers, and promising therapies. Cytokine
Growth Factor Rev. (2024) 80:156-67. doi: 10.1016/j.cytogfr.2024.10.003

154. Baradaran Ghavami S, Asadzadeh Aghdaei H, Sorrentino D, Shahrokh S,
Farmani M, Ashrafian F, et al. Probiotic-induced tolerogenic dendritic cells: A novel

Frontiers in Immunology

10.3389/fimmu.2025.1661386

therapy for inflammatory bowel disease? Int ] Mol Sci. (2021) 22:8274. doi: 10.3390/
1jms22158274

155. Giuffrida P, Di Sabatino A. Targeting T cells in inflammatory bowel disease.
Pharmacol Res. (2020) 159:105040. doi: 10.1016/j.phrs.2020.105040

156. Vuyyuru SK, Shackelton LM, Hanzel ], Ma C, Jairath V, Feagan BG. Targeting
IL-23 for IBD: rationale and progress to date. Drugs. (2023) 83:873-91. doi: 10.1007/
540265-023-01882-9

157. Jiang P, Zheng C, Xiang Y, Malik S, Su D, Xu G, et al. The involvement of TH17
cells in the pathogenesis of IBD. Cytokine Growth Factor Rev. (2023) 69:28-42.
doi: 10.1016/j.cytogfr.2022.07.005

158. Fan L, Qi Y, Qu S, Chen X, Li A, Hendi M, et al. B. adolescentis ameliorates
chronic colitis by regulating Treg/Th2 response and gut microbiota remodeling. Gut
Microbes. (2021) 13:1-17. doi: 10.1080/19490976.2020.1826746

159. Cao H, Liu H, Dai X, Shi B, Yuan J, Shan J, et al. Qingchang suppository
ameliorates mucosal inflammation in ulcerative colitis by inhibiting the differentiation
and effector functions of Thl and Th17 cells. J Ethnopharmacol. (2025) 337:118865.
doi: 10.1016/j.jep.2024.118865

160. Andreou N-P, Legaki E, Dovrolis N, Boyanov N, Georgiou K, Gkouskou K,
et al. B-cell activating factor (BAFF) expression is associated with Crohn's disease and
can serve as a potential prognostic indicator of disease response to Infliximab
treatment. Dig Liver Dis. (2021) 53:574-80. doi: 10.1016/j.d1d.2020.11.030

161. Ma Y, Gao W, Zhang Y, Yang M, Yan X, Zhang Y, et al. Biomimetic MOF
nanoparticles delivery of C-dot nanozyme and CRISPR/cas9 system for site-specific
treatment of ulcerative colitis. ACS Appl Mater Interfaces. (2022) 14:6358-69.
doi: 10.1021/acsami.1¢21700

162. Abdelmegid AM, Abdo FK, Ahmed FE, Kattaia AAA. Therapeutic effect of gold
nanoparticles on DSS-induced ulcerative colitis in mice with reference to interleukin-17
expression. Sci Rep. (2019) 9:10176. doi: 10.1038/541598-019-46671-1

163. YuZ,QiuY, Yang Y, Wen C, Huang S, Liu T, et al. Nano zinc oxide restores gut
barrier integrity and modulates microbiota to mitigate TNBS-induced colitis in mice.
Biol Trace Elem Res. (2025). doi: 10.1007/s12011-025-04635-9

164. Li Q, Liu W, Liu K, Dong Z, Kong W, Lu X, et al. The role of nanoparticle
morphology on enhancing delivery of budesonide for treatment of inflammatory bowel
disease. ACS Appl Mater Interfaces. (2024) 16:33081-92. doi: 10.1021/acsami.4c05214

165. Huang ], Wang M, Jiang X, Liu Y, Ge Y, Zhang C. Bletilla striata carbon dots
with alleviating effect of DSS-induced ulcerative colitis. Biochem Biophys Res Commun.
(2024) 695:149358. doi: 10.1016/j.bbrc.2023.149358

166. Zeng F, Shi Y, Wu C, Liang J, Zhong Q, Briley K, et al. A drug-free nanozyme
for mitigating oxidative stress and inflammatory bowel disease. J Nanobiotechnol.
(2022) 20:107. doi: 10.1186/s12951-022-01319-7

167. Zhu D, Wu H, Jiang K, Xu Y, Miao Z, Wang H, et al. Zero-Valence Selenium-
Enriched PRussian Blue Nanozymes Reconstruct Intestinal Barrier against
Inflammatory Bowel Disease via Inhibiting Ferroptosis and T Cells Differentiation.
Adv Healthc Mater. (2023) 12:¢2203160. doi: 10.1002/adhm.202203160

168. Yu Y, Zhao X, Xu X, Cai C, Tang X, Zhang Q, et al. Rational design of orally
administered cascade nanozyme for inflammatory bowel disease therapy. Adv Mater.
(2023) 35:€2304967. doi: 10.1002/adma.202304967

169. Liu H, Zhang Y, Zhang M, Yu Z, Zhang M. Oral administration of platinum
nanoparticles with SOD/CAT cascade catalytic activity to alleviate ulcerative colitis. ]
Funct Biomater. (2023) 14:548. doi: 10.3390/jfb14110548

170. Kim J-H, Hong S-S, Lee M, Lee E-H, Rhee I, Chang S-Y, et al. Krill oil-
incorporated liposomes as an effective nanovehicle to ameliorate the inflammatory
responses of DSS-induced colitis. Int ] Nanomed. (2019) 14:8305-20. doi: 10.2147/
IJN.S220053

171. Sharma M, Sharma S, Wadhwa J. Improved uptake and therapeutic
intervention of curcumin via designing binary lipid nanoparticulate formulation for
oral delivery in inflammatory bowel disorder. Artif Cells Nanomed Biotechnol. (2019)
47:45-55. doi: 10.1080/21691401.2018.1543191

172. Huguet-Casquero A, Xu Y, Gainza E, Pedraz JL, Beloqui A. Oral delivery of
oleuropein-loaded lipid nanocarriers alleviates inflammation and oxidative stress in
acute colitis. Int ] Pharm. (2020) 586:119515. doi: 10.1016/j.ijpharm.2020.119515

173. Sung J, Alghoul Z, Long D, Yang C, Merlin D. Oral delivery of IL-22 mRNA-
loaded lipid nanoparticles targeting the injured intestinal mucosa: A novel therapeutic
solution to treat ulcerative colitis. Biomaterials. (2022) 288:121707. doi: 10.1016/
j.biomaterials.2022.121707

174. Soni JM, Sardoiwala MN, Choudhury SR, Sharma SS, Karmakar S. Melatonin-
loaded chitosan nanoparticles endows nitric oxide synthase 2 mediated anti-
inflammatory activity in inflammatory bowel disease model. Mater Sci Eng C. (2021)
124:112038. doi: 10.1016/j.msec.2021.112038

175. Vafaei SY, Abdolghaffari AH, Mahjub R, Eslami SM, Esmaeili M, Abdollahi M,
et al. Budesonide-loaded hyaluronic acid nanoparticles for targeted delivery to the
inflamed intestinal mucosa in a rodent model of colitis. BioMed Res Int. (2022)
2022:7776092. doi: 10.1155/2022/7776092

176. Dong W, Liu D, Zhang T, You Q, Huang F, Wu J. Oral delivery of
staphylococcal nuclease ameliorates DSS induced ulcerative colitis in mice via
degrading intestinal neutrophil extracellular traps. Ecotoxicol Environ Saf. (2021)
215:112161. doi: 10.1016/j.ecoenv.2021.112161

frontiersin.org


https://doi.org/10.1371/journal.pone.0159705
https://doi.org/10.1016/j.phrs.2024.107372
https://doi.org/10.1016/j.cell.2022.07.003
https://doi.org/10.1007/s00109-020-01947-2
https://doi.org/10.1016/j.lfs.2023.121952
https://doi.org/10.3390/ijms24010768
https://doi.org/10.3390/ijms24043517
https://doi.org/10.3390/ijms24043517
https://doi.org/10.1128/AEM.02766-16
https://doi.org/10.1016/j.intimp.2025.114207
https://doi.org/10.1080/21688370.2016.1251384
https://doi.org/10.1038/s41467-025-58644-2
https://doi.org/10.1038/s41467-025-58644-2
https://doi.org/10.1038/s41401-024-01250-7
https://doi.org/10.1038/s41401-024-01250-7
https://doi.org/10.1016/j.autrev.2024.103717
https://doi.org/10.1016/j.autrev.2024.103717
https://doi.org/10.1080/19490976.2025.2460538
https://doi.org/10.1021/acs.jafc.2c07098
https://doi.org/10.1016/j.jpet.2024.100024
https://doi.org/10.1016/j.jpet.2024.100024
https://doi.org/10.4081/ejh.2024.4101
https://doi.org/10.1021/acsnano.4c05544
https://doi.org/10.1021/acsnano.4c05544
https://doi.org/10.1016/j.biopha.2025.117938
https://doi.org/10.1016/j.biopha.2025.117938
https://doi.org/10.1093/ibd/izad290
https://doi.org/10.1016/j.cytogfr.2024.10.003
https://doi.org/10.3390/ijms22158274
https://doi.org/10.3390/ijms22158274
https://doi.org/10.1016/j.phrs.2020.105040
https://doi.org/10.1007/s40265-023-01882-9
https://doi.org/10.1007/s40265-023-01882-9
https://doi.org/10.1016/j.cytogfr.2022.07.005
https://doi.org/10.1080/19490976.2020.1826746
https://doi.org/10.1016/j.jep.2024.118865
https://doi.org/10.1016/j.dld.2020.11.030
https://doi.org/10.1021/acsami.1c21700
https://doi.org/10.1038/s41598-019-46671-1
https://doi.org/10.1007/s12011-025-04635-9
https://doi.org/10.1021/acsami.4c05214
https://doi.org/10.1016/j.bbrc.2023.149358
https://doi.org/10.1186/s12951-022-01319-7
https://doi.org/10.1002/adhm.202203160
https://doi.org/10.1002/adma.202304967
https://doi.org/10.3390/jfb14110548
https://doi.org/10.2147/IJN.S220053
https://doi.org/10.2147/IJN.S220053
https://doi.org/10.1080/21691401.2018.1543191
https://doi.org/10.1016/j.ijpharm.2020.119515
https://doi.org/10.1016/j.biomaterials.2022.121707
https://doi.org/10.1016/j.biomaterials.2022.121707
https://doi.org/10.1016/j.msec.2021.112038
https://doi.org/10.1155/2022/7776092
https://doi.org/10.1016/j.ecoenv.2021.112161
https://doi.org/10.3389/fimmu.2025.1661386
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kou et al.

177. Lee JH, Reischl S, Walter RL, Vieregge V, Weber M-C, Xu R, et al. Orally
delivered biodegradable targeted inflammation resolving pectin-coated nanoparticles
induce anastomotic healing post intestinal surgery. Sci Rep. (2024) 14:29253.
doi: 10.1038/s41598-024-80886-1

178. HuJ, Wang X, Sun Q, Yang S, Feng M, Zhang T, et al. A polysaccharide metal
phenolic network nanocomposite for theranostic applications in inflammatory bowel
disease. Adv Funct Mater. (2024) 35:2416918. doi: 10.1002/adfm.202416918

179. Song X, Huang Q, Yang Y, Ma L, Liu W, Ou C, et al. Efficient therapy of
inflammatory bowel disease (IBD) with highly specific and durable targeted ta2C
modified with chondroitin sulfate (TACS). Adv Mater. (2023) 35:€2301585.
doi: 10.1002/adma.202301585

180. Diez-Echave P, Ruiz-Malagon AJ, Molina-Tijeras JA, Hidalgo-Garcia L, Vezza
T, Cenis-Cifuentes L, et al. Silk fibroin nanoparticles enhance quercetin
immunomodulatory properties in DSS-induced mouse colitis. Int J Pharm. (2021)
606:120935. doi: 10.1016/j.ijpharm.2021.120935

181. Zhang S, Cho WJ, Jin AT, Kok LY, Shi Y, Heller DE, et al. Heparin-coated
albumin nanoparticles for drug combination in targeting inflamed intestine. Adv
Healthc Mater. (2020) 9:¢2000536. doi: 10.1002/adhm.202000536

182. Ma X, Gong H, Liu Y, Liu Y, Ogino K, Xing R, et al. Orally administered
covalently-assembled antioxidative peptide nanoparticles for inflammatory bowel
disease therapy. J Colloid Interface Sci. (2022) 626:156-66. doi: 10.1016/
j.jcis.2022.06.088

183. Kriegel C, Amiji MM. Dual TNF-at/cyclin D1 gene silencing with an oral
polymeric microparticle system as a novel strategy for the treatment of inflammatory
bowel disease. Clin Transl Gastroenterol. (2011) 2:e2. doi: 10.1038/ctg.2011.1

184. Seegobin N, McCoubrey LE, Vignal C, Waxin C, Abdalla Y, Fan Y, et al. Dual
action tofacitinib-loaded PLGA nanoparticles alleviate colitis in an IBD mouse model.
Drug Delivery Transl Res. (2024) 15:2372-89. doi: 10.1007/s13346-024-01736-1

185. Qelliny MR, Aly UF, Elgarhy OH, Khaled KA. Budesonide-loaded eudragit S
100 nanocapsules for the treatment of acetic acid-induced colitis in animal model.
AAPS PharmSciTech. (2019) 20:237. doi: 10.1208/512249-019-1453-5

186. Laroui H, Theiss AL, Yan Y, Dalmasso G, Nguyen HTT, Sitaraman SV, et al.
Functional TNFo, gene silencing mediated by polyethyleneimine/TNFo siRNA
nanocomplexes in inflamed colon. Biomaterials. (2011) 32:1218-28. doi: 10.1016/
j.biomaterials.2010.09.062

187. Mohan LJ, McDonald L, Daly JS, Ramtoola Z. Optimising PLGA-PEG
nanoparticle size and distribution for enhanced drug targeting to the inflamed
intestinal barrier. Pharmaceutics. (2020) 12:1114. doi: 10.3390/pharmaceutics12111114

188. Bao M, Wang K, Li J, Li Y, Zhu H, Lu M, et al. ROS Scavenging and
inflammation-directed polydopamine nanoparticles regulate gut immunity and flora
therapy in inflammatory bowel disease. Acta Biomater. (2023) 161:250-64.
doi: 10.1016/j.actbio.2023.02.026

189. Yue S, Gong L, Tan Y, Zhang X, Liao F. Cerium oxide-loaded exosomes derived
from regulatory T cells ameliorate inflammatory bowel disease by scavenging reactive
oxygen species and modulating the inflammatory response. J Inflammation Res. (2025)
18:4395-408. doi: 10.2147/JIR.S502388

190. Kim J, Zhang S, Zhu Y, Wang R, Wang J. Amelioration of colitis progression by
ginseng-derived exosome-like nanoparticles through suppression of inflammatory
cytokines. J Ginseng Res. (2023) 47:627-37. doi: 10.1016/j.jgr.2023.01.004

191. Zhuang J, Zhuang Z, Chen B, Yang Y, Chen H, Guan G. Odoribacter
splanchnicus-derived extracellular vesicles alleviate inflammatory bowel disease by
modulating gastrointestinal inflammation and intestinal barrier function via the
NLRP3 inflammasome suppression. Mol Med. (2025) 31:56. doi: 10.1186/s10020-
025-01063-2

192. Ma T, Gan G, Cheng J, Shen Z, Zhang G, Liu S, et al. Engineered probiotics
enable targeted gut delivery of dual gasotransmitters for inflammatory bowel disease
therapy. Angew Chem Int Ed. (2025) 64:¢202502588. doi: 10.1002/anie.202502588

Frontiers in Immunology

25

10.3389/fimmu.2025.1661386

193. Huang Y, Cai H, Liu H, Wang L, Feng G, Ding Z, et al. Probiotic
nanocomposite materials with excellent resistance, inflammatory targeting, and
multiple efficacies for enhanced treatment of colitis in mice. ] Nanobiotechnol. (2025)
23:188. doi: 10.1186/s12951-025-03240-1

194. Nie J, Ma X, Hu F, Miao H, Feng X, Zhang P, et al. Designing and constructing
a phage display synthesized single domain antibodies library based on camel VHHs
frame for screening and identifying humanized TNF-o-specific nanobody. BioMed
Pharmacother. (2021) 137:111328. doi: 10.1016/j.biopha.2021.111328

195. Osmond MJ, Korthals E, Zimmermann CJ, Roth EJ, Marr DWM, Neeves KB.
Magnetically powered chitosan milliwheels for rapid translation, barrier function
rescue, and delivery of therapeutic proteins to the inflamed gut epithelium. ACS
Omega. (2023) 8:11614-22. doi: 10.1021/acsomega.3c00886

196. Huang Y, Xu J, Sun G, Cheng X, An Y, Yao X, et al. Enteric-coated cerium
dioxide nanoparticles for effective inflammatory bowel disease treatment by regulating
the redox balance and gut microbiome. Biomaterials. (2025) 314:122822. doi: 10.1016/
j.biomaterials.2024.122822

197. Huai M, Pei M, Chen J, Duan X, Zhu Y, Yang F, et al. Oral creatine-modified
selenium-based hyaluronic acid nanogel mediated mitochondrial energy recovery to
drive the treatment of inflammatory bowel disease. ] Nanobiotechnol. (2024) 22:740.
doi: 10.1186/s12951-024-03007-0

198. Yoo J-W, Naeem M, Cao J, Choi M, Kim W, Moon HR, et al. Enhanced
therapeutic efficacy of budesonide in experimental colitis with enzyme/pH dual-
sensitive polymeric nanoparticles. Int ] Nanomed. (2015) 10:4565-80. doi: 10.2147/
IJN.S87816

199. Zhong WM, Qian XH, Jin ZW. Identification of potential predictive biomarkers
and biological pathways and the correction with immune infiltration in the activation of
Crohn's disease. Immunogenetics. (2022) 74:527-37. doi: 10.1007/s00251-022-01274-5

200. Jacobsen HA, Karachalia-Sandri A, Ebert AC, Allin KH, Ananthakrishnan AN,
Agrawal M, et al. Prevalence and prognosis of mild inflammatory bowel disease: A
population-based cohort study, 1997-2020. Clin Gastroenterol Hepatol. (2024), S1542—
3565(24)01071-1. doi: 10.1016/j.cgh.2024.10.021

201. Fan X, He A, Li K, Zhang M, Zhang Q, Xiao W, et al. The causal impact of
genetically predicted inflammatory bowel disease on extraintestinal manifestations: a
mendelian randomization study. BMC Gastroenterol. (2025) 25:135. doi: 10.1186/
512876-024-03566-4

202. Vallejos OP, Bueno SM, Kalergis AM. Probiotics in inflammatory bowel
disease: microbial modulation and therapeutic prospects. Trends Mol Med. (2025)
31:731-42. doi: 10.1016/j.molmed.2024.12.005

203. Liu HJ, Wu MC, Gau SY. Role of gut microbiota and mesenteric adipose tissue
in the pathology of Crohn's disease: Potential therapeutic targets. World ] Gastroenterol.
(2025) 31:102291. doi: 10.3748/wjg.v31.i13.102291

204. Fanizzi F, D'Amico F, Zanotelli Bombassaro I, Zilli A, Furfaro F, Parigi TL, et al.
The role of fecal microbiota transplantation in IBD. Microorganisms. (2024) 12:1755.
doi: 10.3390/microorganisms12091755

205. Yan JB, Luo MM, Chen ZY, He BH. The function and role of the th17/treg cell
balance in inflammatory bowel disease. ] Immunol Res. (2020) 2020:8813558.
doi: 10.1155/2020/8813558

206. Agliata I, Fernandez-Jimenez N, Goldsmith C, Marie JC, Bilbao JR, Dante R,
et al. The DNA methylome of inflammatory bowel disease (IBD) reflects intrinsic and
extrinsic factors in intestinal mucosal cells. Epigenetics. (2020) 15:1068-82.
doi: 10.1080/15592294.2020.1748916

207. D'Haens G, Dubinsky M, Kobayashi T, Irving PM, Howaldt S, Pokrotnieks J,
et al. Mirikizumab as induction and maintenance therapy for ulcerative colitis. N Engl ]
Med. (2023) 388:2444-55. doi: 10.1056/NEJM0a2207940

208. Sandborn WJ, Ghosh S, Panes J, Schreiber S, D'Haens G, Tanida S, et al. Efficacy
of upadacitinib in a randomized trial of patients with active ulcerative colitis.
Gastroenterology. (2020) 158:2139-2149.e14. doi: 10.1053/j.gastro.2020.02.030

frontiersin.org


https://doi.org/10.1038/s41598-024-80886-1
https://doi.org/10.1002/adfm.202416918
https://doi.org/10.1002/adma.202301585
https://doi.org/10.1016/j.ijpharm.2021.120935
https://doi.org/10.1002/adhm.202000536
https://doi.org/10.1016/j.jcis.2022.06.088
https://doi.org/10.1016/j.jcis.2022.06.088
https://doi.org/10.1038/ctg.2011.1
https://doi.org/10.1007/s13346-024-01736-1
https://doi.org/10.1208/s12249-019-1453-5
https://doi.org/10.1016/j.biomaterials.2010.09.062
https://doi.org/10.1016/j.biomaterials.2010.09.062
https://doi.org/10.3390/pharmaceutics12111114
https://doi.org/10.1016/j.actbio.2023.02.026
https://doi.org/10.2147/JIR.S502388
https://doi.org/10.1016/j.jgr.2023.01.004
https://doi.org/10.1186/s10020-025-01063-2
https://doi.org/10.1186/s10020-025-01063-2
https://doi.org/10.1002/anie.202502588
https://doi.org/10.1186/s12951-025-03240-1
https://doi.org/10.1016/j.biopha.2021.111328
https://doi.org/10.1021/acsomega.3c00886
https://doi.org/10.1016/j.biomaterials.2024.122822
https://doi.org/10.1016/j.biomaterials.2024.122822
https://doi.org/10.1186/s12951-024-03007-0
https://doi.org/10.2147/IJN.S87816
https://doi.org/10.2147/IJN.S87816
https://doi.org/10.1007/s00251-022-01274-5
https://doi.org/10.1016/j.cgh.2024.10.021
https://doi.org/10.1186/s12876-024-03566-4
https://doi.org/10.1186/s12876-024-03566-4
https://doi.org/10.1016/j.molmed.2024.12.005
https://doi.org/10.3748/wjg.v31.i13.102291
https://doi.org/10.3390/microorganisms12091755
https://doi.org/10.1155/2020/8813558
https://doi.org/10.1080/15592294.2020.1748916
https://doi.org/10.1056/NEJMoa2207940
https://doi.org/10.1053/j.gastro.2020.02.030
https://doi.org/10.3389/fimmu.2025.1661386
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Systemic dysregulation of the gut microenvironment plays a pivotal role in the onset and progression of inflammatory bowel disease
	1 Introduction
	2 The dysregulation of gut microbiota and their metabolites
	3 Injury to the intestinal barrier
	4 Activation of the immune response
	4.1 Innate immune response
	4.2 Adaptive immune response
	4.3 Consequences of the immune response
	4.3.1 Effective pathogen clearance and homeostasis restoration
	4.3.2 Perpetuating inflammation reinforcing the chronic inflammatory conditions


	5 Therapeutic approaches for IBD
	6 The gut microenvironment in IBD: implications and future directions
	7 Conclusions
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


