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exosomes and claudin regulation
in ulcerative colitis: emerging insights and
therapeutic potential

Shao-han Li, ab Hao-ming Xu,ab Hong-li Huang*ab and Yong-jian Zhou *ab

Ulcerative colitis (UC) is a chronic inflammatory conditionmarked by immune dysfunction and disruption of

the intestinal epithelial barrier, in whichmast cells play a significant role through the release of inflammatory

mediators. Recent advances suggest that mast cell-derived exosomes and intraluminal vesicles (MC-EXOs

and MC-ILVs) may contribute to disease pathogenesis by modulating epithelial tight junction proteins,

particularly members of the Claudin family. Notably, transcriptomic analyses indicate that CLDN23,

a gene encoding Claudin-23, is downregulated in active UC. Exosomes are emerging as key players in

intercellular communication, capable of delivering functional microRNAs and proteins that influence

intestinal permeability and immune cell behaviour. This mini-review summarizes current evidence on the

interaction between mast cell-derived vesicles and intestinal epithelial cells, focusing on their regulatory

role in Claudin expression and immune signalling pathways. Understanding these mechanisms may

inform the development of exosome-based biomarkers and therapeutic strategies for UC.
1. Introduction

Ulcerative colitis (UC) is an inammatory bowel disease (IBD) of
unknown etiology. It is characterized by multiple causative
factors and potentially has lifelong consequences, which
signicantly impact the patients' quality of life.1–3 Evidence
from current research suggests that UC pathogenesis is
primarily related to intestinal immune imbalance, intestinal
ora dysbiosis, and other genetic factors.4 The clinical treat-
ment of UC primarily focuses on controlling inammation and
relieving symptoms. Recent ndings have revealed that exo-
somes are stable, compatible, and safe nano-scale delivery
vehicles within the human body and do not exhibit immune-
activating properties. Designing methods for delivering
certain drug treatments has become a popular research topic.5,6

However, when secreted by certain cells, exosomes not only
serve as a structural shell but also exhibit diverse functions.

Exosomes are small vesicles with a diameter of 30–200 nm that
can be secreted by various cells into the extracellular space. They
contain various bioactive components, including nucleic acids,
proteins, and lipids.7–9 Intraluminal vesicles (ILVs) represent the
pre-secretory state of exosomes and can form multivesicular
bodies intracellularly.10 Exosomes, naturally secreted nanoscale
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vesicles derived from cells, are ubiquitous and perform diverse
functions. For example, exosomes derived from oxidized low-
density lipoprotein-induced macrophages are enriched in
miRNA-146a. This causes the accumulation of lipid-containing
macrophages in the vascular wall and leads to atherosclerosis.11

Mesenchymal stem cell-derived exosomes can enhance the skin
barrier and suppress the release of inammatory mediators
following skin injury.12,13 Furthermore, exosomes not only func-
tion as natural nanoparticles but also undergo complex engi-
neering modications. For instance, dendritic cell-derived
chimeric exosomes encapsulating toyocamycin enable targeted
drug delivery to tumors, and aptamer-modied macrophage-
derived exosomes facilitate bone injury repair.14,15

Mast cells (MCs) are widely distributed in various tissues,
such as blood vessels, skin, nerves, and the intestinal mucosa,
among other tissues.16 Mast cell-derived exosomes (MC-EXOs)
have garnered widespread attention in disease
pathogenesis.17–19 Furthermore, previous studies have reported
that Argonaute 2 (Ago2) protein inuences both exosome
secretion and miRNA selection within exosomes.20,21

Recent studies have demonstrated that tight junction (TJ)
proteins, such as the Claudin family of proteins, play a crucial
role in maintaining intestinal epithelial barrier function in
UC.22 Adjacent cells in the intestinal epithelium are connected
by TJs. The Claudin proteins, as important components, bind to
the cytoskeletal domains of the cellular scaffolds such as ZO-1
and ZO-2, forming a connective network that protects the
intestinal barrier.23 Claudin proteins are characterized by four
transmembrane domains with a long intracellular C-terminus
(PDZ-binding domain) and a shorter N-terminus. They also
© 2025 The Author(s). Published by the Royal Society of Chemistry
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contain two extracellular loops: the larger ECL1 and the smaller
ECL2. These structures are encoded by the Claudin gene family,
which comprises 27 members in mammals.24,25 For instance,
Claudin-3 is expressed in surface intestinal epithelial cells
(IECs) and crypt enterocytes. The dysregulation of Claudin-3
expression can contribute to IBD development.26 Claudin-4
and Claudin-8 work synergistically to form anion channels,
forming TJs in goblet cells. Their dysregulation can cause UC.
Generally, the expression of most Claudin proteins is down-
regulated in IBD, with the notable exception of Claudin-2
expression, which is upregulated.27–31 Claudin-8, as a down-
stream target, can be inuenced by IL-23 and CREBHKO, which
can alter intestinal permeability and inammation.32,33
2. The potential communication
between vesicles and intestinal
epithelium in ulcerative colitis

We hypothesize that MC-ILV may inuence Claudin-23 expres-
sion, thereby contributing to UC pathogenesis. Mast cells
Fig. 1 (A) Mast cell synthesizing intraluminal vesicles in the exocytosis end
Argonaute 2 protein binds to the miRNA 50 end, A/U region. It carries
combines GW182 and untranslated mRNAs to form a processing body
protein, mRNA, and GW182 mature into intraluminal vesicles. (B) Mast ce
as well as secreting exosomes involved in the regulation of macrophage

© 2025 The Author(s). Published by the Royal Society of Chemistry
generate vesicles via the endosomal pathway and establish
contact with intestinal epithelial cells through their derived
nanotubes, delivering intraluminal vesicles to epithelial cells.
This process may reduce Claudin-23 protein distribution in the
colon, decrease ZO-1 expression, polarize macrophages towards
the M1 phenotype, and regulate Th1/Th17 cell numbers. These
processes lead to altered intestinal permeability and dimin-
ished tolerance to immune or non-immune stimuli, ultimately
resulting in persistent inammation and the development of
UC. Therefore, inhibiting MC-ILV synthesis represents a poten-
tial therapeutic approach for UC (Fig. 1). However, the specu-
lative hypotheses are derived from secondary analyses of
bioinformatics data and literature support. This hypothesis
requires further validation.
3. Assessment

From the GEO database, we re-analyzed high-throughput single-
cell sequencing data (GSE214695) that included 6 healthy colon
tissues and 6 colon tissue samples from active UC patients.
osomal pathway. To stabilize the translocatedmiRNA, the extracellular
miRNA to form the miRNA-induced silencing complex. This complex
that inhibits miRNA expression. Following this, degraded Argonaute 2
ll nanotubes delivering intraluminal vesicles to intestinal epithelial cells,
and T cell subsets.
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Through t-SNE dimensionality reduction clustering and annota-
tion, cells from healthy control (HC) and ulcerative colitis (UC)
groups were classied into intestinal epithelial cells, T cells
(including Th1, Th17 cells), macrophages, B cells and plasma
cells, mesenchymal cells, and MCs (Fig S1A and C). Marker genes
for each cell type are displayed in Fig. S1C. Notably, among these
identied cell types, proportions analysis revealed a decreased
MCpercentage in the UC group (Fig. S1B). Previous studies report
that activated MCs are more prevalent than their resting coun-
terparts in UC. However, these activated cells undergo accelerated
apoptosis aer releasing proteases, which may account for the
observed reduction in MC numbers within the UC group.34 Cell–
cell communication analysis revealed close MC interaction with
macrophages and Th1 cells in both HC and UC groups. In UC
samples, MCs exhibited specic interactions with intestinal
epithelial cells, implying direct MCs-epithelial contact (Fig. 2).
Based on mast cell positioning in the intestine, they are mainly
classied into two types: the lamina propria and epithelial types.
Fig. 2 Re-analysis of the public data from GSE214695 to investigate c
between all cell types in the HC group and interaction number and streng
communication (number and weights) specifically between other cell pop
communication between mast cells and individual cells in the UC grou
number between mast cells and distinct cell populations.

6776 | Nanoscale Adv., 2025, 7, 6774–6785
The specic function of these cells remains unclear. However,
recent research discovered that intraepithelial MCs regulate anti-
helminth type 2 immunity via protease delivery through nano-
tube lumens, a key mechanism in MC-epithelial crosstalk.35

Reanalysis of the data serves as an exemple, suggesting that MC-
EXOs or MC-ILVs may be transported to epithelial cells through
nanotubes to modulate the epithelial barrier function in UC.
Additionally, the secondary analysis revealed a signicant
downregulation of CLDN23 expression in UC and identied
miRNAs that potentially target CLDN23 (Fig. 3). Past research has
demonstrated that IECs expressing CLDN23 recruit CLDN3 and
CLDN4, forming cis-interacting complexes that synergistically
enhance the intestinal barrier function as contributors to tight
junction assembly.36 Furthermore, UC is an autoimmune disease
associated with pro-inammatory M1 macrophages. Lu et al.
found upregulated miRNA-21a-5p in M1 macrophage-derived
exosomes from DSS-induced UC mice. This miRNA targets E-
cadherin mRNA, inhibiting its translation and activation. Then,
ell to cell communication. (A) Total interaction number and strength
th specifically between mast cells and other cell types. (B) All pathways
ulations andmast cells. (C) The number and intensity of ECM-receptor
p. (D) The comparison of secreted signaling interaction strength and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Re-analysis of the GSE87466 dataset to assess potential targets binding to CLDN23. (A) Differential gene analysis showing 267 down-
regulated genes, including CLDN23 (log Fc = −1.11345800, P < 0.05). (B) GO enrichment analysis of differentially expressed genes. (C and D)
Overlap of HMC-miRNA expression types from the EVmiRNA database with TARGETSCAN, MIRDB and MIWALK databases. (E). Expression levels
of CLDN23-targeting miRNAs within MC-EXOs. (F) Predicted binding sites between miRNA-486-5p and CLDN23.

© 2025 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2025, 7, 6774–6785 | 6777
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Th2 cells, through the miRNA-21a-5p/E-cadherin/KLRG1/GATA-3
pathway, aggravate DSS-induced colitis.37 Collectively, these
previous literature reports motivated us to investigate unexplored
connections between exosomes, UC pathogenesis, and Claudin
proteins. Despite support from the cited literature, our perspec-
tive still requires rigorous experimental studies and validation in
clinical cohorts to ensure its robustness.
4. Claudin underexpression
contributes to UC development

Abnormalities in Claudin proteins have been implicated in
damage to the intestinal mucosa in patients with UC. Xiao et al.
demonstrated that matrix metalloproteinase 7 (MMP7) was
overexpressed in the colon of patients with UC. MMP7 can
cleave Claudin-7, compromising the protection provided by the
intestinal barrier.38 Claudins play both barrier and non-barrier
roles. Their functions include forming paracellular channels,
facilitating signal transduction, regulating cell differentiation
and proliferation, and maintaining cell membrane integrity.39

For instance, Claudin-12 promotes cancer cell migration and
proliferation, while Claudin-5 restricts endothelial cell move-
ment to enhance adhesion.40,41 Channels formed by Claudin
proteins exhibit selective permeability. In the IECs, the over-
expression of CLDN23 signicantly reduces permeability to
cations (Na+, Li+) and anions (Cl−).36 The dysregulation of
Fig. 4 The role of different pathways in regulating claudin proteins. Typic
such as the TGFb-1/Smad-4 pathway, HIF-1, HtrA, and miRNA. Howeve
diarrhea.

6778 | Nanoscale Adv., 2025, 7, 6774–6785
Claudin-2 expression in UC primarily causes diarrhea by
increasing the leakage of ions, solutes, and water from blood
vessels through paracellular channels. In previous studies,
patients with Crohn's disease exhibited higher expression of
pore-forming Claudin-2 but lower expression of barrier-
enhancing Claudin-3 and Claudin-4.27

Under normal conditions, the oxygen concentration gradient
in the intestinal epithelium induces “physiological hypoxia,”
which activates hypoxia-inducible factor 1 (HIF-1) to sustain the
normal barrier. Findings from previous studies have demon-
strated that the barrier effect in HIF-1b-decient colonic
epithelium is weakened in response to the absence of Claudin-1
expression. Conversely, Claudin-1 expression can improve
barrier protection.42

Claudin-4, in conjunction with Claudin-8, can form both
a sodium channel and a protective barrier. Hou et al. discovered
that Claudin-8 binds Claudin-4 with high affinity in renal col-
lecting tubules.43 In a porcine reproductive and respiratory
syndrome virus infection model, Sun et al. found that Claudin-8
and Claudin-4 dysregulation in pulmonary microvascular endo-
thelial cells increased vascular endothelium permeability.44 Addi-
tionally, a study on a human colon cancer HT-29-B6 cell model
revealed that TGFb-1 enhances barrier function by upregulating
Claudin-4 expression through Smad-4-dependent transcription.45

Claudin-5 is expressed in both vascular endothelial cells and
intestines. Using a DSS mouse model, Wang et al. veried that
Claudin-5 is a target of the IL-21-mediated inammatory
ally, several factors can trigger the downregulation of Claudin protein,
r, Claudin-2 shows great improvement in UC, which can lead to leaky

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cascade. Claudin-5 is positioned downstream of miRNA-423-5p
in the IL-21/miRNA-423-5p/Claudin-5 pathway. Then, miRNA-
423-5p binds to the 30UTR sequence of Claudin-5, blocking its
expression, damaging the barrier, and inducing UC. The
expression of Claudin-1, Claudin-8, and ZO-1 was also inhibited
in this model.22

Infection is another focal point in investigations on UC
pathogenesis. Campylobacter jejuni infection results in the
secretion of high temperature requirement A protein, which
cleaves Claudin-8 at the N-terminal cleavage site at position
A58-N59. This allows pathogens to invade the paracellular
space, triggering an intestinal inammatory immune
response46 (Fig. 4).

Claudin family members typically serve dual roles in barrier
formation and channel regulation, with individual members
(e.g., CLDN5) exhibiting context-dependent functions. While
research on barrier disruption in UC has extensively docu-
mented altered permeability phenotypes, the cascade regulatory
effects mediated by dynamic TJ complexes remain poorly
explored. Although key regulatory pathways contributing to UC
development have been identied, how they in a coordinated or
antagonistic manner target specic Claudin combinations to
modulate barrier integrity and channel activity is unclear,
highlighting the need for an integrated molecular model.
5. Exosomes are involved in UC
regulation

Exosomes derived from various sources have been observed to
either mitigate or contribute to UC development. On the
Fig. 5 Exosomes from diverse sources mediating both repair and in
mechanisms.

© 2025 The Author(s). Published by the Royal Society of Chemistry
protective side, exosomes derived from IECs (IECs-EXOs)
maintain barrier integrity and activate the immunosuppres-
sive function of Treg cells in the intestinal mucosa. IECs-EXOs
contain annexin A1, which binds the IEC formyl peptide
receptor to mediate the repair of damaged mucosa.47,48

Conversely, exosomes can be potent drivers of inammation
and barrier disruption in UC. Their cargo is highly diverse and
context-dependent. For instance, exosomal DNA, whether
surface-bound on small vesicles or encapsulated within larger
ones, can act as a damage-associated molecular pattern. Aer
being taken up, it can engage Toll-like receptors, triggering pro-
inammatory NF-kB signaling and exacerbating colitis, high-
lighting a potential link between circulating nucleic acids and
IBD pathogenesis.49,50

Furthermore, exosomes are intimately linked to inamma-
some activation. The NLRP3 inammasome is involved in
pyroptosis and mediates IL-1b/IL-18 activation in Th1/Th17
cells to damage the barrier.51 Recent studies have proposed
that an exosome/NLRP3 inammasome inammatory cascade,
in which non-stem cells derived exosomes may act directly on
the NLRP3 inammasome to induce caspase-1 cleavage and
release, is involved in UC pathogenesis.52 Notably, the inam-
matory effects of IL-1b can be sustained and amplied through
exosome-dependent packaging. Gasdermin D (GSDMD) is
considered to be involved in non-pyroptotic inammatory
action through IL-1b-dependent GSDMD release. Researchers
found an increase in the GSDMD protein levels in IECs present
in the inamed regions of the mouse colon in a murine model
of DSS-induced colitis. They demonstrated that IECs-EXOs
release the GSDMD/NEDD4/caspase-8/IL-1b complex and
jury processes in the IECs through pyroptotic and non-pyroptotic

Nanoscale Adv., 2025, 7, 6774–6785 | 6779
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identied a novel and potentially targetable inammatory
amplication loop.53

Perhaps most intriguingly, exosomes facilitate pathological
communication beyond the local intestinal environment. The
concept of “long-distance infection” may be exemplied by
studies on Helicobacter pylori. Guo et al. demonstrated that
gastric tissue-colonizing H. pylori secrete cytotoxin-associated
gene A protein (CagA), which could exacerbate colitis in
a DSS-treated mouse model. They found that CagA was encap-
sulated in human gastric epithelium cell derived exosomes and
subsequently captured by the colonic epithelium. CagA acti-
vated CDX-2, which disrupted the integrity of the intestinal
mucosal barrier and aggravated colitis. The activation of CDX2
promoted Claudin-2 expression and was accompanied by a loss
of ZO-1 expression54 (Fig. 5).

In summary, exosomes exhibit dual regulatory roles in UC,
inuencing mucosal protection, inammation amplication,
and distant organ damage. Validation of the GSDMD-mediated
non-pyroptotic pathway and remote infection theory in human
UC samples remains essential. Targeting exosome packaging
and release thus represents a promising therapeutic strategy.
However, the dose–response relationship of exosomes within
the inammatory milieu of UC is poorly dened. While current
purication strategies enhance the detection of exosome-
mediated effects in vitro, they may not accurately reect their
pathophysiological relevance in vivo, where complex con-
founding factors signicantly modulate outcomes.
6. Interaction between exosomes and
claudin proteins

Exosomes secreted by various cells can circulate in the blood-
stream, affecting multiple tissue sites and targeting different
Claudin proteins. In previous studies on the mechanism
underlying colorectal cancer metastasis, exosomes secreted by
cancer cells were found to be transferred via blood ow and
could alter blood vessel permeability. Liu et al. used epithelial–
mesenchymal transition (EMT) HCT116 cancer cells co-cultured
with human umbilical vein endothelial cells as recipient cells.
They observed that the level of EMT-derived exosomes carrying
miRNA-29a was prompted in the recipient cells. The miRNA-29a
targets the transcription factor KLF4 through the EMT cancer
cell-EXO/miRNA-29a/KLF4 pathway. This interaction destabi-
lizes the vascular endothelial barrier by disrupting the
connectivity between Claudin-5, occludin, and ZO-1, increasing
the permeability of monolayer endothelial cells, thereby facili-
tating cancer cell metastasis.55

In addition to the effects of exosomes on them, Claudin
proteins also inuence the biogenesis of exosomes. Claudin-7
plays a role in TJs. Palmitoylated Claudin-7 constitutes
glycolipid-enriched membrane domains. Cancer-initiating cell
micro-vesicles with a recognized oncogenic role are used in an
assay to compare the effects of palmitoylated and non-
palmitoylated Claudin-7 on vesicle recruitment. The study
showed that non-palmitoylated Claudin-7 was more conducive
to vesicle assembly and that vesicle recycling and restoration of
6780 | Nanoscale Adv., 2025, 7, 6774–6785
miRNA action were both dependent on non-palmitoylated
Claudin-7. In contrast, palmitoylated Claudin-7 primarily
facilitated the recruitment of glycolipid-enriched membrane
domain-associated proteins.56 Ikeda et al. explored biomarkers
for cholangiocarcinoma (CCA) and identied Claudin-3 protein
in bile-derived extracellular vesicles. Using the chelating agent
EDEG, high-purity extracellular vesicles were extracted from
patients with CCA. Four proteins, namely Claudin-3, LARS,
FAF2, and RAB20, which are potential markers, were analyzed
using ELISA. They found that Claudin-3 expression was signif-
icantly elevated and proposed that it could be the most valuable
potential diagnostic marker in CCA.57

These ndings reveal an interplay between exosomes and
TJs, suggesting an alternative pathway for exosome biogenesis.
However, it remains unclear whether the context-specic tar-
geting selectivity of Claudin proteins by exosomes exhibits
tissue specicity. The diagnostic sensitivity and specicity of
exosomes as biomarkers require validation in larger cohorts. In
the future, studies need to integrate intravital imaging and
spatial transcriptomic analyses to elucidate the spatiotemporal
dynamics of exosome-Claudin interactions within disease
microenvironments.

7. Exosomes secreted by MCs

Recent studies reveal that the exocytosis process of MC secretory
granules inuences exosome release. Omari et al. demonstrated
that granule-plasma membrane fusion is mediated by CD63-
positive, LC3 late endosomes. These endosomes form through
Rab5-regulated internalization of the plasma membrane.
Furthermore, the balance of exosome release is regulated by
either the fusion of granules into large secretory vesicles or the
ssion of multigranular aggregates.58

MC-EXOs mediate ferroptosis in target cells. Fang et al.
demonstrated that in a murine acute respiratory distress
syndrome model, MC-EXOs were internalized by human bron-
chial epithelial cells, which were decient in miR-774. This
uptake suppressed GPX4 expression while elevating ACSL4 and
ALOX15 levels, inducing ferroptosis and inammation.
Conversely, the analysis of blood-derived exosomes from ARDS
patients revealed a signicant reduction in miR-744 levels,
suggesting its potential utility as a diagnostic biomarker.59 MC-
EXOs also participate in cellular processes as functional
complexes. Li et al. showed that the surfaces of exosomes
secreted by bone marrow-derived mast cells express OX40L and
CD63 molecules. Then, OX40L linked to OX40, which enabled
the differentiation of CD4-positive T cells into Th2 cells.60 Wang
et al. studied preeclampsia and found that miR181a-5p in MC-
EXOs targeted the YY1/MMP-9 pathway and regulated the MMP-
9 promoter to affect trophoblast activity.19 Nevertheless, while
functional miRNAs and mRNAs are detected, further verica-
tion is required to conrm whether all identied transcripts
undergo translation and functional expression. Although exo-
some biogenesis pathways are increasingly well-characterized,
signicant gaps persist in understanding their release
kinetics, extracellular dissemination, and cellular uptake
mechanisms (Table 1).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Review of previous studies on miRNA and its binding targets

Micro RNAs Targets Conclusion Year Reference

miRNA-21a-5p E-cadherin/KLRG1/GATA3 Unfavorable 2021 37
miRNA-423-5p IL-21/Claudin-5 Unfavorable 2020 22
miRNA-29a KLF4/ZO-1/Claudin-5 Unfavorable 2023 55
miRNA-774 GPX4 Benecial 2024 59
miRNA-181-5p YY1/MMP-9 Benecial 2022 19
miRNA-214-3p PI3K/AKT/mTOR Benecial 2024 61
miRNA-590-3p LATS1/YAP/b-catenin Benecial 2021 62
miRNA-223 Claudin-8 Unfavorable 2016, 2020 32 and 63
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8. Discussion and conclusion

Previous studies have shown that exosomes can be secreted
with the endosomal sorting complexes required for transport
(ESCRT), which comprises three components: ESCRT-I, ESCRT-
II, and ESCRT-III. Among them, ESCRT-III can induce the
deformation of the plasmamembrane, facilitating the release of
exosomes from plasma membrane buds.64 In recent studies,
exosomes have been categorized into classical (positive for
CD81, CD63, and CD9) and non-classical types based on their
surface molecular phenotypes.65 Argonaute proteins play a sup-
porting role in exosome release as well as in miRNA processing.
These proteins primarily bind to small RNAs, forming miRNA-
induced silencing complexes that inhibit RNA degradation
and suppress transcription. In humans, Ago2 proteins, func-
tioning as active enzymes, interact with GW182 proteins to form
GW bodies. These structures stabilize both intracellular and
secreted miRNAs. These GW bodies then associate with DEAD-
box helicase DDX6 to form processing bodies, aiding the
silencing function of Ago2 protein.66–69 Han et al. examined the
mechanisms of Ago2 ubiquitination clearance and miRNA
degradation mechanisms. Their ndings suggest that ZSWIM8,
a cullin-RING ubiquitin ligase, mediates ubiquitin transfer to
Ago2. This process triggers proteasomal degradation of miRNA-
loaded Ago2, which consequently releases the associated
miRNAs.70

Exosomes are not merely small vesicles with a specic
function but are environmentally responsive structures widely
distributed across organisms, including eukaryotes, prokary-
otes, and viruses. They serve as vehicles for cells to transmit
networked information and act as protective shells, analogous
to “envelopes,” for transportation.71 For example, the functional
properties of MC-EXOs depend on stimulation status. Exosomes
from unstimulated murine MCs bind the high-affinity IgE
receptor, reducing IgE levels and consequently inhibiting
allergic inammatory responses.72 This functional plasticity
indicates that exosomes mediate diverse biological signals.

Exosomes originating from MCs secreted in response to
immune antigen stimulation exert inammatory effects on the
gut. However, experiments have shown that exosomes can be
used therapeutically for various diseases.62,73,74 For instance,
exosomes derived from human adipose tissue mesenchymal
stem cells can be used in cell-free therapy for atopic dermatitis.
They inhibit the upregulation of IL-4, IL-31, IL-23, and TNF-a,
exerting effects similar to corticosteroids, such as
© 2025 The Author(s). Published by the Royal Society of Chemistry
prednisolone.73 Li et al. found that exosomes from hypoxia-
preconditioned hair follicle mesenchymal stem cells deliver
miR-214-3p to modulate the PI3K/AKT/mTOR pathway. This
action sustains mitochondrial dynamic stability, enhances
autophagy in MODE-K cells and murine colitis models, and
ameliorates ulcerative colitis.61 Compared to stem cell therapy,
stem cell-derived exosomes offer advantages including lower
tumorigenic potential, long-term storage capability, and
absence of ethical concerns. Other studies demonstrate that
miRNA-590-3p inM2macrophage-derived exosomes targets and
inhibits LATS1. This activates the YAP/b-catenin pathway,
forming the YAP/b-catenin/TCF4 complex, which promotes IEC
regeneration.62 Yang et al. proposed an autologous exosome
therapy. They puried intestinal-derived exosomes isolated
using a multistep sucrose gradient ultracentrifugation method
from feces samples of healing-phase mouse models. They
revealed that these exosomes exert an anti-inammatory effect
on DSS-treated mice.74

Furthermore, owing to their excellent drug delivery proper-
ties, exosomes exhibit signicant promise for clinical applica-
tions. Examples include Patisiran and Ibudilast, which have
been approved for treating neurological disorders.75 Ultracen-
trifugation suffers from low yield, the recent development of
tangential ow ltration offers a cost-effective and more
convenient approach for exosome isolation, thereby providing
potential technical support for clinical translation.

TJs are crucial structures for cellular stability across various
tissues, including the skin, blood vessels, blood–brain barrier,
and intestinal mucosa. In an experiment examining the effects
of Akkermansia muciniphila colonization on the intestine, the
use of cAMP-responsive element-binding protein H inhibitor
was found to suppress the expression of Claudin-8, which
altered the intestinal permeability and inammation.33 Wang
et al. elucidated that in the pathogenesis of TNBS-induced IBD
in rats, the IL-23/Th17 axis downregulates Claudin-8 expression
through miRNA-223. This pathway compromises the intestinal
mucosal barrier, where Claudin-8 serves as a downstream target
of the IL-23 pathway.32 Li et al. demonstrated that HMC-EXOs
interact with IECs through secretory pathways in vitro experi-
ments. They identied that MC-EXOs deliver miR-223 to
suppress Claudin-8 expression and increase intestinal epithelial
permeability.63 However, the immune cell interactions in
human ulcerative colitis are likely more complex in vivo.

We reviewed the precise interaction between exosomes and
Claudin along with the functions of exosomes in disease
Nanoscale Adv., 2025, 7, 6774–6785 | 6781
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development. We deem that MC-EXOs could be a promising
diagnostic biomarker. Simultaneously, we could alleviate the
severity of UC by blocking the pro-inammatory effects of exo-
somes secreted by MCs. Consequently, the exosome secretion
pathway in MC can emerge as a promising therapeutic target in
UC. This review aims to provide new insights into the mecha-
nisms underlying UC development and potentially contribute to
improved diagnostic and therapeutic approaches for UC.
However, future clinical diagnostic research on exosomes
should incorporate multi-omics data and single-cell commu-
nication assays, providing the theoretical foundation for clin-
ical translation through in vivo validation.

9. Methods

See the SI le.

Author contributions

S. H. L. and HMX designed the study, summarised the litera-
ture, draed the article and contributed equally to this paper; S.
H. L. participated in the design of gures, data analysis and
visualisation; Y. J. Z and H. L. H. planned and directed the
project and interpreted the results. All authors read and
approved the nal manuscript.

Conflicts of interest

The authors declare no competing nancial interests.

Abbreviations
UC
6782 | Nanoscale
Ulcerative colitis

TJ
 Tight junction

CLDN23
 Claudin-23

MC-EXOs
 Mast cell-derived exosomes

HMC-EXOs
 Human mast cell-derived exosomes

MC-ILVs
 Mast cell-derived intraluminal vesicles

IECs-EXOs
 Intestinal epithelial cell derived exosomes

Ago-2
 Argonaute 2

GSDMD
 Gasdermin D

CagA
 Cytotoxin-associated gene A protein

EMT
 Epithelial-mesenchymal transition
Data availability

This study did not generate any new data. The identiers for the
existing datasets are provided in detail in the Methods section
of the supplementary les. The sc RNA-SEQ data used in this
paper were obtained from the GEO database under accession
number GSE214695. (Garrido-Trigo A., Corraliza A. M., Veny M.,
et al. Macrophage and neutrophil heterogeneity at single-cell
spatial resolution in human inammatory bowel disease [pub-
lished correction appears in Nat Commun., 2024 Jan 29, 15(1),
857, DOI: https://doi.org/10.1038/s41467-024-45212-3]. Nat
Adv., 2025, 7, 6774–6785
Commun., 2023, 14(1), 4506. Published 2023 Jul 26. DOI:
https://doi.org/10.1038/s41467-023-40156-6). Exosome-related
data in this article are from the EVmiRNA website: https://
guolab.wchscu.cn/EVmiRNA.

Other data (miRNA intersection data) have been placed in
the SI. See DOI: https://doi.org/10.1039/d5na00707k.
Acknowledgements

This work was supported by the Science and Technology Plan-
ning Project of Guangdong Province (2023A0505010007), the
Guangzhou Municipal Science and Technology Project
(2023A03J0955), the Medical Key Disciplines of Guangzhou, the
Foundation of Guangzhou Key Clinical Specialties (Institute of
Clinical Medicine), the Science and Technology Projects in
Guangzhou (2025A03J4148), Guangdong Basic and Applied
Basic Research Foundation (2024A1515220138), and the
Guangdong Medical Science and Technology Research Fund
(A2025164). We thank Figdraw for providing the drawing plat-
form (Export ID: WSIOIe8ee4) and acknowledge the Sangshin
Skill Tree course for its assistance.
References

1 C. Le Berre, S. Honap and L. Peyrin-Biroulet, Ulcerative
colitis, Lancet, 2023, 402(10401), 571–584, DOI: 10.1016/
s0140-6736(23)00966-2.

2 J. D. Feuerstein, A. C. Moss and F. A. Farraye, Ulcerative
Colitis, Mayo Clin. Proc., 2019, 94(7), 1357–1373, DOI:
10.1016/j.mayocp.2019.01.018.

3 A. Saez, R. Gomez-Bris, B. Herrero-Fernandez,
C. Mingorance, C. Rius and J. M. Gonzalez-Granado,
Innate Lymphoid Cells in Intestinal Homeostasis and
Inammatory Bowel Disease, Int. J. Mol. Sci., 2021, 22(14),
7618, DOI: 10.3390/ijms22147618.

4 R. Ungaro, S. Mehandru, P. B. Allen, L. Peyrin-Biroulet and
J. F. Colombel, Ulcerative colitis, Lancet, 2017, 389(10080),
1756–1770, DOI: 10.1016/s0140-6736(16)32126-2.

5 G. Han, H. Kim, H. Jang, E. S. Kim, S. H. Kim and Y. Yang,
Oral TNF-a siRNA delivery via milk-derived exosomes for
effective treatment of inammatory bowel disease, Bioact.
Mater., 2024, 34, 138–149, DOI: 10.1016/
j.bioactmat.2023.12.010.

6 M. Rashidi, S. Bijari, A. H. Khazaei, F. Shojaei-Ghahrizjani
and L. Rezakhani, The role of milk-derived exosomes in
the treatment of diseases, Front. Genet., 2022, 13, 1009338,
DOI: 10.3389/fgene.2022.1009338.

7 S. Mathivanan, C. J. Fahner, G. E. Reid and R. J. Simpson,
ExoCarta 2012: database of exosomal proteins, RNA and
lipids, Nucleic Acids Res., 2012, 40, D1241–D1244, DOI:
10.1093/nar/gkr828.

8 L. Wang, Z. Yu, S. Wan, F. Wu, W. Chen, B. Zhang, D. Lin,
J. Liu, H. Xie, X. Sun and Z. Wu, Exosomes Derived from
Dendritic Cells Treated with Schistosoma japonicum
Soluble Egg Antigen Attenuate DSS-Induced Colitis, Front.
Pharmacol., 2017, 8, 651, DOI: 10.3389/fphar.2017.00651.
© 2025 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1038/s41467-024-45212-3
https://doi.org/10.1038/s41467-023-40156-6
https://guolab.wchscu.cn/EVmiRNA
https://guolab.wchscu.cn/EVmiRNA
https://doi.org/10.1039/d5na00707k
https://doi.org/10.1016/s0140-6736(23)00966-2
https://doi.org/10.1016/s0140-6736(23)00966-2
https://doi.org/10.1016/j.mayocp.2019.01.018
https://doi.org/10.3390/ijms22147618
https://doi.org/10.1016/s0140-6736(16)32126-2
https://doi.org/10.1016/j.bioactmat.2023.12.010
https://doi.org/10.1016/j.bioactmat.2023.12.010
https://doi.org/10.3389/fgene.2022.1009338
https://doi.org/10.1093/nar/gkr828
https://doi.org/10.3389/fphar.2017.00651
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00707k


Minireview Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 2

/1
3/

20
26

 9
:4

0:
35

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
9 T. Skotland, N. P. Hessvik, K. Sandvig and A. Llorente,
Exosomal lipid composition and the role of ether lipids
and phosphoinositides in exosome biology, J. Lipid Res.,
2019, 60(1), 9–18, DOI: 10.1194/jlr.R084343.

10 J. Gruenberg, Life in the lumen: The multivesicular
endosome, Traffic, 2020, 21(1), 76–93, DOI: 10.1111/
tra.12715.

11 M. A. Nguyen, D. Karunakaran, M. Geoffrion, H. S. Cheng,
K. Tandoc, L. Perisic Matic, U. Hedin, L. Maegdefessel,
J. E. Fish and K. J. Rayner, Extracellular Vesicles Secreted
by Atherogenic Macrophages Transfer MicroRNA to Inhibit
Cell Migration, Arterioscler., Thromb., Vasc. Biol., 2018,
38(1), 49–63, DOI: 10.1161/atvbaha.117.309795.

12 F. Mao, Y. Wu, X. Tang, J. Kang, B. Zhang, Y. Yan, H. Qian,
X. Zhang and W. Xu, Exosomes Derived from Human
Umbilical Cord Mesenchymal Stem Cells Relieve
Inammatory Bowel Disease in Mice, BioMed Res. Int.,
2017, 2017, 5356760, DOI: 10.1155/2017/5356760.

13 Y. Zhou, X. L. Zhang, S. T. Lu, N. Y. Zhang, H. J. Zhang,
J. Zhang and J. Zhang, Human adipose-derived
mesenchymal stem cells-derived exosomes encapsulated in
pluronic F127 hydrogel promote wound healing and
regeneration, Stem Cell Res. Ther., 2022, 13(1), 407, DOI:
10.1186/s13287-022-02980-3.

14 Z. Wen, S. Li, Y. Liu, X. Liu, H. Qiu, Y. Che, L. Bian and
M. Zhou, An engineered M2 macrophage-derived
exosomes-loaded electrospun biomimetic periosteum
promotes cell recruitment, immunoregulation, and
angiogenesis in bone regeneration, Bioact. Mater., 2025, 50,
95–115, DOI: 10.1016/j.bioactmat.2025.03.027.

15 M. Sun, Y. Wu, Z. Chen, B. Zhang, X. Liu, P. Ouyang, P. Chen,
L. Chen, Z. He, T. Han, H. Li, J. Sun, S. Cai and Q. Luo,
Chimeric exosomes-derived immunomodulator restoring
lymph nodes microenvironment for sensitizing TNBC
immunotherapy, Nat. Commun., 2025, 16(1), 7116, DOI:
10.1038/s41467-025-62543-x.

16 A. Sobiepanek, Ł. Kuryk, M. Garofalo, S. Kumar, J. Baran,
P. Musolf, F. Siebenhaar, J. W. Fluhr, T. Kobiela,
R. Plasenzotti, K. Kuchler and M. Staniszewska, The
Multifaceted Roles of Mast Cells in Immune Homeostasis,
Infections and Cancers, Int. J. Mol. Sci., 2022, 23(4), 2249,
DOI: 10.3390/ijms23042249.

17 S. Ben, X. Huang, Y. Shi, Z. Xu and H. Xiao, Change in
cytokine proles released by mast cells mediated by lung
cancer-derived exosome activation may contribute to
cancer-associated coagulation disorders, Cell Commun.
Signaling, 2023, 21(1), 97, DOI: 10.1186/s12964-023-01110-7.

18 A. Savage, C. Risquez, K. Gomi, R. Schreiner, A. C. Borczuk,
S. Worgall and R. B. Silver, The mast cell exosome-broblast
connection: A novel pro-brotic pathway, Front. Med., 2023,
10, 1139397, DOI: 10.3389/fmed.2023.1139397.

19 Y. Wang and A. Chen, Mast cell-derived exosomal miR-181a-
5p modulated trophoblast cell viability, migration, and
invasion via YY1/MMP-9 axis, J. Clin. Lab. Anal., 2022,
36(7), e24549, DOI: 10.1002/jcla.24549.

20 A. J. McKenzie, D. Hoshino, N. H. Hong, D. J. Cha,
J. L. Franklin, R. J. Coffey, J. G. Patton and A. M. Weaver,
© 2025 The Author(s). Published by the Royal Society of Chemistry
KRAS-MEK Signaling Controls Ago2 Sorting into Exosomes,
Cell Rep., 2016, 15(5), 978–987, DOI: 10.1016/
j.celrep.2016.03.085.

21 B. Mead and S. Tomarev, Bone Marrow-Derived
Mesenchymal Stem Cells-Derived Exosomes Promote
Survival of Retinal Ganglion Cells Through miRNA-
Dependent Mechanisms, Stem Cells Transl. Med., 2017,
6(4), 1273–1285, DOI: 10.1002/sctm.16-0428.

22 M. Wang, J. Guo, Y. Q. Zhao and J. P. Wang, IL-21 mediates
microRNA-423-5p/claudin-5 signal pathway and intestinal
barrier function in inammatory bowel disease, Aging,
2020, 12(16), 16099–16110, DOI: 10.18632/aging.103566.

23 C. Wang, N. Wu, B. Pei, X. Ma and W. Yang, Claudin and
pancreatic cancer, Front. Oncol., 2023, 13, 1136227, DOI:
10.3389/fonc.2023.1136227.

24 T. Otani, T. P. Nguyen, S. Tokuda, K. Sugihara, T. Sugawara,
K. Furuse, T. Miura, K. Ebnet and M. Furuse, Claudins and
JAM-A coordinately regulate tight junction formation and
epithelial polarity, J. Cell Biol., 2019, 218(10), 3372–3396,
DOI: 10.1083/jcb.201812157.

25 D. Günzel and A. S. Yu, Claudins and the modulation of tight
junction permeability, Physiol. Rev., 2013, 93(2), 525–569,
DOI: 10.1152/physrev.00019.2012.

26 R. Ahmad, B. Kumar, I. Thapa, G. A. Talmon, J. Salomon,
A. E. Ramer-Tait, D. K. Bastola, P. Dhawan and A. B. Singh,
Loss of claudin-3 expression increases colitis risk by
promoting Gut Dysbiosis, Gut Microbes, 2023, 15(2),
2282789, DOI: 10.1080/19490976.2023.2282789.

27 C. Barmeyer, M. Fromm and J. D. Schulzke, Active and
passive involvement of claudins in the pathophysiology of
intestinal inammatory diseases, Pugers Arch., 2017,
469(1), 15–26, DOI: 10.1007/s00424-016-1914-6.

28 M. Stio, L. Retico, V. Annese and A. G. Bonanomi, Vitamin D
regulates the tight-junction protein expression in active
ulcerative colitis, Scand. J. Gastroenterol., 2016, 51(10),
1193–1199, DOI: 10.1080/00365521.2016.1185463.

29 Y. Gong and J. Hou, Claudins in barrier and transport
function-the kidney, Puegers Arch., 2017, 469(1), 105–113,
DOI: 10.1007/s00424-016-1906-6.
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