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Mesenchymal Stem Cell-Derived Extracellular Vesicles
Modulate the Course of Peritoneal Inflammation Through
Metabolic and Epigenetic Regulation

Qiang Huang, Yuxiang Sun, Pengpeng Kuang, Juan Sun, Dandan Guo, Long Peng,
Hu Zhou, Qinrong Song, Zhihao Huo, Canming Li, Janusz Witowski, Zhaoyong Hu,*
and Hui Peng*

Peritoneal dialysis (PD), as a renal replacement therapy, relies heavily on the
structural and functional integrity of the peritoneum. In some patients,
however, the peritoneum may undergo adverse remodeling and fibrotic
thickening, resulting in treatment failure. Here, a previously unrecognized
metabolic-epigenetic mechanism contributing to peritoneal fibrogenesis is
uncovered, wherein lactate accumulation in injured peritoneal mesothelial
cells promotes histone H3K18 lactylation and transcriptional activation of
macrophage-recruiting chemokine CCL2. In a mouse model of peritoneal
fibrosis induced by chlorhexidine gluconate (CG) or PD fluid, the
administration of extracellular vesicles derived from human bone marrow
mesenchymal stem cells (MSC-EVs) significantly ameliorates histological and
functional changes in the peritoneum. Single-cell RNA sequencing reveals
that MSC-EVs attenuate mesothelial-macrophage crosstalk by suppressing
CCL2 signaling. Mechanistically, MSC-EVs reprogram glycolytic metabolism in
mesothelial cells, reduce lactate production, and inhibit H3K18
lactylation-dependent transcriptional activation of CCL2. Pharmacologic
blockade of lactate production recapitulates the protective effects of MSC-EVs.
These findings suggest that lactate-induced histone lactylation is a key driver
of peritoneal fibrosis, positioning MSC-EVs as a promising cell-free
therapeutic strategy for targeting metabolic-epigenetic inflammation in
serosal injury.
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1. Introduction

Peritoneal fibrosis represents adverse
tissue remodeling that may complicate
long-term peritoneal dialysis (PD), recur-
rent peritonitis episodes, or neoplastic
peritoneal dissemination.[1] When occur-
ring during PD, this may lead to peritoneal
membrane dysfunction and treatment
failure.[2,3] Histopathological hallmarks of
peritoneal fibrosis include leukocyte-rich
inflammatory infiltration, mesothelial-to-
mesenchymal transition (MMT), fibroblast
activation and expansion, as well as neo-
vascularization and vasculopathy.[4–6]

Currently, apart from the prevention of
bacterial peritonitis and the use of biocom-
patible peritoneal dialysis fluids, there is
no widely available treatment option aimed
explicitly at preventing peritoneal fibrosis
during peritoneal dialysis.
Mesenchymal stem cell (MSC)-based

therapies have revolutionized regenerative
medicine, particularly in the context of
fibrotic diseases.[7,8] MSCs possess sev-
eral therapeutic advantages, including the
potential for multilineage differentiation,
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immune tolerance, and the ability to home to sites of tissue
injury.[9] Recent studies have shown that MSC-derived extracel-
lular vesicles (MSC-EVs) can act as paracrine mediators, deliver-
ing bioactive cargoes to recipient cells while avoiding the risks
associated with cell transplantation.[10–12] In this respect, it has
been reported that murine bone marrowMSC-derived exosomes
can ameliorate peritoneal fibrosis in animal models.[13] However,
it is unclear whether extracellular vesicles derived from human
MSCs can exert similar protective effects. Moreover, the underly-
ing mechanisms through which these vesicles execute their ac-
tivities remain to be fully elucidated.
Recent studies have established cellular metabolic reprogram-

ming as a hallmark of fibrotic progression.[14–16] Our previous
study involving metabolomic profiling has demonstrated that
exposure to glucose-based peritoneal dialysis fluids can trig-
ger a Warburg-like shift in peritoneal mesothelial cells, leading
to increased glycolytic flux and lactate overproduction. Such a
metabolic alteration provides both energy and biosynthetic pre-
cursors for the synthesis and accumulation of the extracellu-
lar matrix (ECM). Importantly, inhibition of glycolytic enzymes
has been shown to alleviate peritoneal fibrosis in preclinical
models.[17] In parallel, increasing evidence suggests that specific
metabolites can directly influence chromatin structure through
epigenetic modifications.[18,19] Histone lactylation, a newly dis-
covered post-translational modification by glycolysis-generated
lactate, is of particular interest as it has been shown to regulate
macrophage polarization[20] and gene expression in neuroinflam-
mation and cancer.[21–23] Histone lactylation has also been impli-
cated in hepatic fibrosis by promoting the activation of hepatic
stellate cells.[24] It is not known, however, whether similar effects
of lactate occur in the peritoneum and contribute to peritoneal
fibrosis during PD.
In this study, we investigated the therapeutic effects of ex-

tracellular vesicles derived from human bone marrow MSCs in
the murine model of chlorhexidine gluconate (CG) or PD fluid-
induced peritoneal fibrosis. By integrating single-cell transcrip-
tomics, metabolic profiling, and epigenetic analyses, we investi-
gated howMSC-EVs modulate the peritoneal microenvironment
and disrupt profibrotic signaling pathways. Particular attention
was given to the interplay between glycolytic metabolism, lactate
production, and histone modifications in mesothelial cells. Our
findings reveal an unexpected connection between metabolic
rewiring and epigenetic regulation in peritoneal fibrogenesis,
pointing toward a previously unrecognized mechanism of MSC-
EV-mediated protection.

2. Results

2.1. Purification and Characterization of MSC-EVs

We isolated extracellular vesicles (EVs) from the conditioned
medium of human bone marrow-derived mesenchymal stem
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cells (MSCs). Before EV collection, phase-contrast microscopy
confirmed that cultured MSCs exhibited typical spindle-shaped
morphology and robust adherence under standard in vitro condi-
tions (Figure 1A). Flow cytometric analysis demonstrated that the
MSC population was uniformly positive for MSC surface mark-
ers CD105 and CD90 (≥95%), and negative for hematopoietic
markers CD45 and CD34 (≤2%), confirming their phenotypic
identity (Figure 1B).
EVs were purified using differential ultracentrifugation and

subsequently visualized by transmission electron microscopy
(TEM), which revealed spherical, lipid-bilayered vesicles consis-
tent with exosomal morphology (Figure 1C). Nanoparticle track-
ing analysis (NTA) showed that the majority of particles ranged
from 100–200 nm in diameter, with a peak modal size of ≈124
nm (Figure 1D), consistent with the expected size distribution
of small EVs. Western blot analysis further validated EV identity
by detecting the presence of classical EV markers CD63, CD81,
and TSG101, while confirming the absence of Calnexin, an endo-
plasmic reticulum marker, thereby excluding significant cellular
contamination (Figure 1E).
Collectively, these results confirmed the successful isolation

and biochemical characterization of MSC-derived EVs.

2.2. Cell-Free MSC Therapy Reverses Structural and Functional
Deterioration of the Peritoneum

To evaluate the therapeutic efficacy of MSC-EVs in vivo, we estab-
lished amurinemodel of peritoneal fibrosis induced by intraperi-
toneal injection of 0.1% CG three times per week for 3 weeks
(Figure 2A). Starting on day 7 after the initial CG injection, mice
were treated with either MSC-EVs (5 μg g−1 body weight) or PBS
control, administered intraperitoneally at the same frequency un-
til the study endpoint (n = 7 per group).
To investigate the in vivo distribution and tropismofMSC-EVs,

CG-treated mice were intraperitoneally injected with Cy5-labeled
EVs or an equivalent volume of PBS, followed by imaging of the
major organs. The results revealed no detectable fluorescent sig-
nals in the heart, lungs, liver, spleen, kidneys, or peritoneum of
PBS-treated mice 24 h post-injection. In contrast, significant flu-
orescent accumulation was observed in the peritoneum of mice
administered with Cy5-labeled EVs (Figure 2B). To further assess
whether MSC-EVs reached the injured peritoneum, we injected
PKH26-labeled EVs into CG-treated mice and detected their dis-
tribution on the peritoneum via fluorescence microscopy 24 h
later. The red PKH26 signal was clearly localized within peri-
toneal cells, confirming effective EV retention and uptake at the
injury site (Figure 2C).
We further evaluated the biocompatibility ofMSC-EVs inmice.

Following intraperitoneal administration of MSC-EVs, the body
weights of these mice were recorded every other day. The re-
sults demonstrated that body weight fluctuations across all exper-
imental groups remained stable (Figure S1A, Supporting Infor-
mation). Histological analyses revealed no detectable evidence of
toxicity in the heart, liver, spleen, and kidney tissues (Figure S1B,
Supporting Information).
We then evaluated the histological changes of murine peri-

toneum induced by CG. Hematoxylin and eosin (H&E) staining
revealed that CG treatment resulted in prominent inflammatory
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Figure 1. Characterization of MSC-EVs. A) Optical microscopy revealed that MSCs exhibited a favorable growth morphology. Scale bar, 100 μm. B)
Phenotypic marker analysis of MSCs. Sixth-passage MSCs were stained either with test antibodies (blue) or control antibodies (pink) and analyzed by
flow cytometry. Values indicate the proportion of positively stained cell populations. C) Representative electron micrographs of nanoscale vesicles. Left
panel: low-magnification field, scale bar: 1 μm; right panel: high-magnification field, scale bar: 200 nm. D) Nanoparticle tracking analysis demonstrating
the particle concentration and diameter distribution of these EVs. E) Western blot analysis of classical EV markers (CD63, CD81, and TSG101) in the
purified EVs.
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Figure 2. Cell-free MSC therapy reverses structural and functional deterioration of the peritoneum. A) An overview of the experimental design. Mice
received intraperitoneal injections of 0.1% CG or saline three times per week for 3 weeks. MSC-EVs (5 μg g−1 body weight) or PBS were administered
intraperitoneally starting on day 7. B) Ex vivo imaging of the main organs from CG model mice, after intraperitoneal injection with Cy5-labeled EVs or
an equivalent volume of PBS for 24 h (n = 3). C) Representative fluorescence images showing uptake of PKH26-labeled MSC-EVs (red) by peritoneal
cells in CG-treated mice. Nuclei were counterstained with DAPI (blue) (n = 5). Scale bar, 50 μm. D,E) Representative histological images of peritoneal
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cell infiltration of the peritoneum. Masson’s trichrome stain-
ing revealed marked thickening of both parietal and visceral
peritoneum. In contrast, MSC-EV-treated mice exhibited sub-
stantially reduced peritoneal thickening and inflammatory cell
infiltration (Figure 2D,E; Figure S2A,B, Supporting Informa-
tion). These findings were further supported by morphometric
quantification of peritoneal thickness (Figure 2F). Immunohisto-
chemical staining demonstrated that CG-induced peritoneal in-
jury was associated with increased expression of 𝛼-smooth mus-
cle actin (𝛼-SMA), indicating fibroblast activation, and elevated
CD31, reflecting neovascularization (Figure 2G,H). Both 𝛼-SMA
and CD31 levels were markedly decreased following MSC-EV
treatment. To evaluate functional recovery of peritoneal trans-
port, a modified peritoneal equilibration test was performed.
The results showed that CG exposure led to accelerated glucose
absorption (decreased D/D0 glucose ratio) and impaired solute
clearance (increased D/P creatinine), consistent with compro-
mised membrane function. These abnormalities were partly cor-
rected in MSC-EV-treated mice, indicating restoration of peri-
toneal transport function (Figure 2I,J).
Next, we also analyzed amousemodel of peritoneal inflamma-

tion and fibrosis induced by PD fluid (Figure S3A, Supporting
Information). H&E staining revealed increased inflammatory in-
filtration in the peritoneum of PD fluid-treated mice, which was
attenuated byMSC-EVs treatment (Figure S3B, Supporting Infor-
mation). Masson’s trichrome staining demonstrated reduced de-
position of submesothelial collagen in the MSC-EVs group com-
pared to the PD group (Figure S3C,D, Supporting Information).
Additionally, immunohistochemistry confirmed lower protein
expression levels of CCL2 and Ly6c in the peritoneum of MSC-
EV-treated mice relative to the PD model mice (Figure S3E,F,
Supporting Information). Concurrently, MSC-EVs administra-
tion also ameliorated peritoneal functional impairment in PD
fluid-treated mice (Figure S3G,H, Supporting Information).
Together, these data demonstrated thatMSC-EVs alleviate peri-

toneal inflammation, fibrosis, and functional impairment in vivo.

2.3. Effect of MSC-EVs on Immune Cell Composition and
Macrophage-Mesothelial Cell Crosstalk After CG-Induced
Peritoneal Injury

To investigate cellular mechanisms underlying the protective
effects of MSC-EVs, single-cell RNA sequencing (scRNA-seq)
was performed on peritoneal tissues (mesenteric adipose tis-
sue and omentum, excluding lymph nodes) from three mice
per group (Control (Con), CG, and CG + MSC-EVs (CG + EV))
(Figure 3A). After rigorous quality control, 11 543 cells obtained
were grouped into 11 transcriptionally distinct clusters through
unsupervised analysis (Figure 3B). These clusters were anno-
tated as mesothelial cells (Mes), fibroblasts (Fib), endothelial

cells (Endo), large peritoneal macrophages (Timd4+ LPM,Mgl2+

LPM), small peritoneal macrophages (Ly6c2+ SPM, Itgal+ SPM),
monocyte-derived dendritic cells (DC), T cells, B cells, and a
mixed monocyte/granulocyte population (Mono/Granu), based
on marker expression patterns, as shown in Figure 3C.
Comparative analysis revealed striking changes in cell compo-

sition following CG-induced injury. The abundance of mesothe-
lial cells declinedmarkedly in CG-treatedmice. At the same time,
the pro-inflammatory Ly6c2+ SPM population, previously iden-
tified as a key inflammatory subset in the peritoneal cavity,[25]

was significantly expanded. Notably,MSC-EV administration par-
tially reversed the shift of Ly6c2+ SPM population (Figure 3D).
The transcriptional changes in immune cells induced by CG
stimulation were primarily concentrated in Ly6c2+ SPM, DC,
and Mgl2+ LPM, with the most significant change observed in
Ly6c2+ SPM (Figure S4A, Supporting Information). Although the
changed pathways differed after CG stimulation, all three im-
mune cell types exhibited activation of the innate immune and
inflammatory response pathways (Figure S4B–G, Supporting In-
formation). Moreover, pseudotime analysis of myeloid popula-
tions (LPM, SPM, DC) indicated a dominant presence of non-
resident (Adgre1low) and inflammatory (Tnfhigh Il1bhigh) signatures
across all groups, consistent with the course of acute injury
(Figure 3E).
To figure out whether MSC-EVs had direct regulatory effects

on peritoneal immune cells, we performed differential analysis of
immune cells between the CG and the CG + EV groups. The re-
sults showed no significant reversal of the transcriptome changes
caused by CG, while only Ly6c2+ SPM exhibited a certain number
of differentially expressed genes (DEGs) after MSC-EV treatment
(Figure S4H–J, Supporting Information). Pathway enrichment
also suggested thatMSC-EV treatmentmainly enhanced the anti-
gen presentation ability of Ly6c2+ SPM, without alleviating its
inflammatory effects (Figure S4K, Supporting Information). In
addition, the proliferative capacity of Ly6c2+ and Itgal+ SPMs,
as assessed by Mki67 expression, did not differ significantly
among the three groups (Figure 3F), suggesting that altered re-
cruitment, rather than proliferation, accounted for local SPM
accumulation.
Biological process enrichment analysis of DEGs of myeloid

cells demonstrated that MSC-EVs significantly reduced the
chemotaxis of myeloid cells (Figure S5A, Supporting Informa-
tion). To explore this further, ligand-receptor interaction anal-
ysis was performed between Ly6c2+ SPMs and parenchymal
cells. The expression levels of the key chemokines, such as
Ccl2 and Ccl7, were significantly mitigated by MSC-EV treat-
ment in mesothelial cells. In contrast, the receptor expression in
Ly6c2+ SPMs didn’t change after MSC-EV treatment (Figure 3G;
Figure S5B,C, Supporting Information).
Collectively, these data highlight a key mechanism by which

MSC-EVs reduce inflammatory macrophage recruitment by

tissue sections from each group: (D) hematoxylin and eosin (H&E) staining; (E) Masson’s trichrome staining highlighting collagen deposition (n = 7).
Scale bars, 50 μm. F) Quantification of peritoneal thickness in each group (n = 7). G,H) Representative immunohistochemical staining of fibrotic and
angiogenic markers: (G) 𝛼-SMA and (H) CD31 (n = 7). Scale bars, 50 μm (G) and 100 μm (H). I,J) Modified peritoneal equilibration test assessing
membrane transport function: (I) D/D0 glucose ratio and (J) D/P creatinine ratio (n = 7). Data are presented as mean ± SD. *p <0.05, **p <0.01, ***p
<0.001 by one-way ANOVA.
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Figure 3. MSC-EVsmodulate immune cell composition andmesothelial-macrophage crosstalk in peritoneal injury. A) Schematic overview of the scRNA-
seq workflow using peritoneal tissues from the three groups: control (Con), CG-treated, and CG + MSC-EV-treated (CG + EV) mice (n = 3 per group).
B) UMAP plot showing clustering of 11 transcriptionally distinct cell populations across all samples. C) A dot plot showing the expression of canonical
marker genes used to identify each cell type. Dot size reflects the percentage of expressing cells; color reflects average expression. D) Relative abundance
of significant cell populations across experimental groups. Notable changes were observed inmesothelial cells and Ly6c2+ small peritoneal macrophages
(SPMs). The dashed red line denotes the SPM cell subtype. E) Pseudotime analysis of myeloid cell subsets (LPM, SPM, DC) illustrating inflammatory
transcriptional states based on Tnf and Il1b expression. F)Mki67 expression in Ly6c2+ and Itgal+ SPMs indicates comparable proliferative capacity across
groups. G) A heatmap representing ligand-receptor interactions between Ly6c2+ SPMs and structural peritoneal cells. ns: no significance by one-way
ANOVA.
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disrupting Ccl2/Ccl7-Ccr2-mediated crosstalk between mesothe-
lial cells and Ly6c2+ SPMs during peritoneal injury.

2.4. MSC-EVs Reverse Glycolytic and Pro-Inflammatory
Reprogramming in Mesothelial Cells

To further characterize the response of parenchymal cells to
MSC-EV treatment, scRNA-seq analysis was performed, fo-
cusing on peritoneal mesothelial cells and fibroblasts. Sub-
clustering revealed two transcriptional states within each popu-
lation (Figure 4A; Figure S6A, Supporting Information). In par-
ticular, the normal mesothelial cell subtype (Mes1) was depleted
in CG-treated mice, whereas an injury-associated mesothelial
cell subtype (Mes2) emerged and predominated. This shift was
markedly reduced in MSC-EV-treated mice (Figure 4B). Tra-
jectory analysis suggested a CG-driven transition from Mes1
to Mes2, which was partially reversed following MSC-EV treat-
ment (Figure 4C). Pathway enrichment of EV-responsive genes
in mesothelial cells revealed significant suppression of glycol-
ysis, chemokine signaling, and extracellular matrix remodeling
(Figure 4D; Figure S6B, Supporting Information). Consistently,
MSC-EV treatment downregulated the expression of genes for
pro-inflammatory chemokines (Ccl2, Ccl7), extracellular matrix
components (Fn1, Col1a1), glycolytic enzymes (Pkm, Hk2), and
lactate dehydrogenase (Ldha), and led to a corresponding reduc-
tion in CCL2, CCL7, FN1, and HK protein levels (Figure 4E–G).
To validate these findings, bulk RNA sequencing was per-

formed on peritoneal tissue samples collected from mice in the
Con, CG, and CG + EV groups. Transcriptomic modularity anal-
ysis identified a CG-upregulated/MSC-EV-downregulated gene
cluster that was enriched in glycolysis-related genes (Hk, Pfk,
Ldha) (Figure S7A–D,F, Supporting Information). Furthermore,
we reanalyzed the metabolomic profiles of mesothelial cells with
or without PD fluid treatment, revealing elevated levels of various
glycolysis-related metabolites, including lactate, in the injured
mesothelial cells stimulated by PD fluid (Figure S7E,F, Support-
ing Information). Functional validation in vitro also confirmed
that MSC-EVs suppressed glycolytic flux and lactate accumula-
tion in injured mesothelial cells (Figure S8A–F, Supporting In-
formation).
These observations highlighted the capacity of MSC-EVs to

reverse injury-induced metabolic and inflammatory reprogram-
ming in mesothelial cells, thereby mitigating fibrosis-promoting
conditions in the peritoneal microenvironment.

2.5. Inhibition of Lactate Production Attenuates Peritoneal
Inflammation and Fibrosis

Our prior work established that hyperglycolysis in mesothelial
cells plays a crucial role in promoting peritoneal fibrosis, and
that inhibiting glycolytic enzymes alleviates the progression of
fibrosis.[17] Here, we confirmed that chronic CG exposure re-
sulted in a markedly increased glycolytic activity and lactate ac-
cumulation in peritoneal tissues and that these effects were sub-
stantially mitigated by MSC-EV administration (Figure S9, Sup-
porting Information). To further examine the functional role of
lactate in CG-induced peritoneal injury, the production of lactate

was abolished using GNE-140, a selective LDHA/B inhibitor. To
this end,mice subjected to CG exposurewere administeredGNE-
140 (5 μg g−1 body weight) intraperitoneally three times a week
for 14 days, starting on day 2 after CG initiation (Figure 5A). It
turned out that GNE-140 significantly improved peritoneal trans-
port parameters, increasing the D/D0 glucose ratio and reduc-
ing the D/P creatinine ratio, thus indicating restored peritoneal
membrane function (Figure 5B,C). Moreover, GNE-140 admin-
istration diminished inflammatory cell infiltration and reduced
peritoneal thickening (Figure 5D,G,H). In addition, GNE-140 ad-
ministration led to a marked decrease in Ly6c+ macrophage in-
filtration (Figure 5E), CCL2 expression (Figure 5F), as well as in
FN1 and 𝛼-SMA expression (Figure 5I,J).
Subsequently, we employed a mouse model treated with PD

fluid to investigate whether lactate regulates the progression of
peritoneal inflammation and fibrosis. The mice received daily in-
traperitoneal injection of PD fluid for six consecutive weeks. Be-
ginning on day 2 post-PD fluid initiation, mice were treated with
either GNE-140 (5 μg g−1 body weight) or saline (Figure S10A,
Supporting Information). As anticipated, chronic PD fluid expo-
sure promoted inflammatory cell infiltration and submesothe-
lial collagen deposition in the peritoneum. Notably, GNE-140
treatment effectively attenuated peritoneal inflammation and col-
lagen formation, as well as suppressed PD fluid-induced up-
regulation of CCL2 and Ly6c expression in peritoneal tissues
(Figure S10B–F, Supporting Information). Furthermore, the im-
paired peritoneal function was also ameliorated by GNE-140
(Figure S10G,H, Supporting Information).
Collectively, these findings underscore the pathogenic role of

lactate in promoting peritoneal inflammation and fibrosis and
demonstrate that pharmacological inhibition of lactate produc-
tion effectively preserves peritoneal structure and function.

2.6. MSC-EVs Attenuate CG-Induced Peritoneal Inflammation
Through Epigenetic Modulation of H3K18 Lactylation-CCL2 Axis

Given that histone lactylation represents a recently characterized
epigeneticmechanism linkingmetabolism to gene regulation,[20]

we sought to determine whether this modification could con-
tribute to CG-induced peritoneal inflammation and fibrosis.
Western blot analysis revealed a marked increase in global lysine
lactylation (Pan-Kla) in peritoneal tissues from mice exposed to
CG, and this effect appeared to be less after the MSC-EV treat-
ment (Figure 6A). To identify specific histone lysine residues
affected by CG exposure, we screened several lactylation sites.
We found that H3K9la, H3K18la, H4K8la, and H4K12la were
all elevated in response to CG, with the most potent induc-
tion observed for H3K18la (Figure 6B,C). Interestingly, MSC-
EVs selectively reduced H3K18la levels without significantly af-
fecting H3K9la (Figure 6D,E), suggesting site-specific epige-
netic regulation. To investigate whether lactate directly drives
H3K18la and chemokine expression in mesothelial cells, we
treated cells in vitro with 20 mm sodium lactate. Lactate treat-
ment markedly increased both H3K18la and CCL2 protein lev-
els. Whereas co-treatment with MSC-EVs abrogated these effects
(Figure S11A–D, Supporting Information). At the transcriptomic
level, treatment with MSC-EVs suppressed the CCL2 expression
in mesothelial cells induced by CG, while its impact on CCL7
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Figure 4. MSC-EVs reverse glycolytic and pro-inflammatory reprogramming inmesothelial cells. A) Sub-clustering of peritoneal parenchymal cells reveals
distinct mesothelial and fibroblast subtypes across the experimental groups. B) Relative abundance of each peritoneal parenchymal cell subtype (Mes1,
Mes2, Fib1, Fib2, Endo) in Con, CG, and CG + EV groups. The dashed red line denotes the Mes2 cell subtype. C) Pseudotime trajectory analysis showing
CG-induced transition from Mes1 to Mes2, which is partially reversed by MSC-EV treatment. D) Dot plot showing enriched pathways in cells from the
CG and CG+ EV groups. The size of the dots reflects gene expression ratios, and their color indicates adjusted p-value. E) Pseudotime trajectory analysis
of Ccl2, Ccl7, Fn1, Col1a1, Pkm, Hk2, and Ldha expression across the experimental groups. F) Representative immunostaining images for CCL2, CCL7,
and FN1 in peritoneal tissue (n = 5). Scale bars, 50 μm. G) Representative immunofluorescence images showing co-staining of HK and Cytokeratin 7
(KRT7) in mesothelial cells (n = 5): scale bars, 100 μm.
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Figure 5. Blocking lactate generation reduces inflammatory and fibrotic responses in CG-induced peritoneal injury. A) Schematic diagram of the exper-
imental design. Mice received intraperitoneal injections of 0.1% CG or saline (0.01 mL g−1 body weight, three times weekly), with or without GNE-140
treatment (5 μg g−1 body weight, three times weekly), starting on day 7. B,C) Modified peritoneal equilibration test showing membrane transport pa-
rameters: (B) D/D0 glucose ratio and (C) D/P creatinine ratio (n = 5 per group). D) Representative images of H&E, CCL2, and Ly6c immunostaining
in peritoneal tissues (n = 5). Scale bars, 100 μm. E,F) Quantification of Ly6c+ (E) and CCL2+ (F) cells in peritoneal sections (n = 5). G) Representative
Masson’s trichrome staining and immunostaining for FN1 and 𝛼-SMA in peritoneal tissues (n = 5). Scale bars, 100 μm. H) Quantification of peritoneal
thickness (n = 5). I,J) Quantification of FN1+ (I) and 𝛼-SMA+ (J) cells in the peritoneum (n = 5). Data are presented as mean ± SD. *p <0.05, **p <0.01,
***p <0.001 by one-way ANOVA.
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Figure 6. MSC-EVs attenuate CG-induced peritoneal inflammation through epigeneticmodulation ofH3K18la-CCL2 axis. A) Representative immunoblot-
ting showing Pan Kla protein expression in the peritoneum of Control, CG, and CG + MSC-EVs groups. B,C) Representative immunoblotting (B) and
quantitative data (C) showing the H3K9la, H3K18la, H4K8la, and H4K12la expressions in the peritoneum of Control and CG groups (n = 6). D,E) The
protein levels of H3K9la and H3K18la in the peritoneum of Control, CG, and CG + MSC-EVs groups were determined by western blot (n = 6). F) The
read count frequency in the selected range around TSS in Control, CG, and CG + MSC-EV groups. G) Heatmaps of H3K18la CUT&Tag signals were
visualized by deepTools in Control, CG, and CG +MSC-EV groups. These findings were ordered by signal strength. H) Genome-wide distribution of the
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expression was not significant (Figure S11E,F, Supporting Infor-
mation).
To elucidate the regulatory role of histone lactylation on gene

expression in mesothelial cells, we performed CUT&Tag se-
quencing using an anti-H3K18la antibody on mesothelial cells
treated with CG orMSC-EVs. The results revealed that, compared
with the control group, the CG group exhibited an enrichment
of H3K18la peaks, with ≈30% of the H3K18la binding peaks lo-
cated within promoter regions (≤3 kb) (Figure 6G,H). Follow-
ing MSC-EV treatment, the enrichment of H3K18la peaks was
reduced compared to the CG group (Figure 6F,G). To investi-
gate the epigenetic regulatory function of H3K18la in injured
mesothelial cells, KEGG pathway analysis was performed on the
target genes associated with H3K18la peak binding sites. The re-
sults indicated that genes associated explicitly with H3K18la in
the CG group were significantly enriched in pathways related to
the chemokine signaling pathway and leukocyte transendothelial
migration, compared with the control. Interestingly, MSC-EVs
treatment suppressed these enrichments (Figure 6I,J). Based on
our previous experimental findings, we focused on chemokines.
Specifically, the H3K18la signal was significantly enriched at
the promoters of CCL2 and CCL5 in the CG group, compared
with the control. This significant enrichment was attenuated in
the MSC-EV-treated group (Figure 6K,L). To confirm whether
H3K18la directly regulates CCL2 transcription, we performed
chromatin immunoprecipitation (ChIP) assays. H3K18la enrich-
ment at the CCL2 promoter was significantly increased after lac-
tate treatment and diminished following MSC-EV administra-
tion, indicating a functional link between metabolic reprogram-
ming, histone modification, and inflammatory gene expression
(Figure 6M).
To investigate the pivotal role of CCL2 in the regulation of

macrophage chemotaxis by MSC-EV-treated mesothelial cells,
we first quantified the expression of CCL2 in the conditioned
medium of these cells. As anticipated, CG stimulation sig-
nificantly enhanced CCL2 secretion by mesothelial cells, an
effect that was markedly suppressed by MSC-EV treatment
(Figure S12A, Supporting Information). Using a non-contact
co-culture system of mesothelial cells and macrophages, we
found that CG-injured mesothelial cells promoted the migra-
tion of macrophages. Notably, neutralization of CCL2 partially
recapitulated the inhibitory effect of MSC-EVs on the chemo-
tactic capacity of injured mesothelial cells toward macrophages
(Figure S12B–D, Supporting Information).
Finally, we evaluated the expression of H3K18la in peritoneal

tissues from a long-term PD patient. Immunohistochemical
staining revealed a significant upregulation of H3K18la expres-
sion in the peritoneal tissues from patients undergoing long-
term PD compared with the control group, which exhibited a
consistent trend with the elevated expression of CCL2. The re-
sults suggest that H3K18la may contribute to the regulation of

PD-induced peritoneal inflammatory processes (Figure S13, Sup-
porting Information).
Taken together, our findings revealed that MSC-EVs alle-

viate CG-induced peritoneal inflammation by disrupting the
lactate/H3K18la/CCL2 axis and established H3K18la as a key
epigenetic mediator of peritoneal fibrogenesis.

3. Discussion

Although PD is a valuable and viable form of renal replace-
ment therapy, its wider dissemination worldwide is hampered
by concerns about the durability of the peritoneum as a dialy-
sis membrane. This is related to the fact that in some patients,
the peritoneummay undergo adverse fibrotic thickening, leading
to peritoneal dysfunction and ultrafiltration failure.[26] The lack
of effective pharmacological intervention to date has prompted
substantial research efforts aimed at preventing or reversing
peritoneal fibrosis. Here, we present data suggesting that extra-
cellular vesicles derived from human bone marrow mesenchy-
mal stem cells could be an effective option for addressing this
problem.
We found that intraperitoneal administration of human MSC-

EVs markedly attenuated inflammation and fibrogenesis in the
mouse model of peritoneal injury. This highlights the transla-
tional potential of MSC-EVs and their favorable immunological
profile, confirming earlier findings that xenogeneic application
of human EVs across multiple disease models retains their ther-
apeutic efficacy without eliciting immune rejection.[27,28]

Fibrotic thickening of the peritoneum is likely to result
from sustained and/or unresolved peritoneal inflammation.[29]

We found that MSC-EVs could disrupt the vicious cycle of
injury-induced inflammation and recovery by downregulating
pro-inflammatory mediators and promoting the restoration of
mesothelial homeostasis. Through scRNA-seq, we revealed that
mesothelial cell-macrophage crosstalk, involving chemokine sig-
naling, plays a central role in the fibrotic remodeling of the peri-
toneum.We observed that injuredmesothelial cells promoted the
recruitment of Ly6c2+ macrophages through upregulation of spe-
cific chemotactic ligands CCL2 and CCL7.
Moreover, consistent with previous studies,[30] we observed

that after CG exposure, mesothelial cells underwent pro-
nounced metabolic reprogramming, characterized by enhanced
glycolytic flux and lactate accumulation. Being not only a
metabolic by-product, lactate can also act as a signaling molecule
that influences inflammatory responses. In line with prior
observations,[31] our data showed that lactate induced CCL2 ex-
pression in mesothelial cells, further exacerbating inflammatory
infiltration. Moreover, we provide mechanistic insight into lac-
tate’s downstream effects through histone lysine lactylation, a re-
cently described epigenetic modification that links metabolism
to gene regulation.[32]

differential H3K18la-binding peaks. I) KEGG enrichment analysis of the upregulated peaks (upregulated in the CG group, compared to the Control) upon
the binding of H3K18la to the candidate genes. J) KEGG enrichment analysis of the downregulated peaks (downregulated in the CG + MSC-EV group,
compared to the CG) upon the binding of H3K18la to the candidate genes. K,L) Genome browser track analysis reveals the H3K18la lactylation levels in
the CCL2 (K) and CCL5 (L) binding regions across the three groups. M) The promoters of the CCL2 genes that bind to H3K18la after the 0 nm and 20
mm sodium lactate, and MSC-EVs treatment for 24 h were detected using ChIP-qPCR assays (n = 4). Data are presented as mean ± SD. *p <0.05, **p
<0.01, and ***p <0.001 by one-way ANOVA or Student’s t-test. ns: no significance.
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Among several histone lactylation sites, H3K18la emerged as
a remarkably responsive and functionally relevant mark during
the development of peritoneal fibrosis. Our results demonstrate
that H3K18la is significantly elevated in CG-treated tissues and
directly enriched at the CCL2 promoter, facilitating transcrip-
tional activation of this key chemokine. Notably, MSC-EV treat-
ment not only reduced lactate levels but also selectively sup-
pressed H3K18la, thereby disrupting this metabolic-epigenetic-
inflammatory axis. These findings extend previous knowledge
from hepatic fibrosis and immune regulation[24,33] by establish-
ing H3K18la as a mediator of inflammation in mesothelial cells.
Interestingly, we found that GNE-140, a pharmacological in-

hibitor of LDHA/B, could recapitulate many anti-inflammatory
and anti-fibrotic effects of MSC-EVs. However, the therapeutic
rationale for using MSC-EVs over small-molecule inhibitors lies
in their multimodal specificity. Unlike GNE-140, which globally
inhibits glycolysis and may carry systemic side effects, MSC-
EVs selectively modulate the local peritoneal microenvironment
through targeted delivery of bioactive cargo. These include miR-
NAs, proteins, and lipids that collectively regulate gene expres-
sion, immune signaling, and metabolic activity without perturb-
ing systemic homeostasis. Thus, MSC-EVs offer a precision-
targeted therapeutic strategy with broader regulatory potential
and reduced risk of off-target effects.
Nevertheless, our study has several limitations. First, our study

primarily focused on mesothelial cells and macrophages, which
constitute the largest cell populations in the peritoneum. How-
ever, MSC-EVs may also act on other cell types, including peri-
toneal fibroblasts, vascular endothelial cells, and lymphocytes.
Future studies employing comprehensive single-cell multi-omics
and lineage tracing will be essential to delineate cell-type-specific
mechanisms of MSC-EV activity. Additionally, the current map-
ping of histone lactylation is likely incomplete. Other unexplored
lysine sites may also contribute to peritoneal pathogenesis and
remain to be functionally validated. Finally, while MSC-EVs de-
liver a rich cargo of regulatory molecules, the precise molec-
ular effectors responsible for modulating the lactate-H3K18la-
CCL2 axis remain unidentified. Multi-omics integration and
high-throughput screening approaches are needed to pinpoint
critical EV components driving therapeutic effects.
In conclusion, our findings identify lactate-driven H3K18 hi-

stone lactylation as a key epigenetic mechanism promoting
peritoneal inflammation and fibrogenesis. We demonstrate that
MSC-EVs alleviate these pathological processes by disrupting
the H3K18la-CCL2 axis and crosstalk between mesothelial cells
and Ly6c2+ macrophages. This observation establishes a novel
metabolic-epigenetic link and a robust mechanistic foundation
for the development of MSC-EV-based therapies in the clinical
management of peritoneal fibrosis during PD.

4. Experimental Section
Cell Culture: Human bone marrow-derived MSCs were obtained from

Lonza (Lonza PT-2501). MSCs were cultured in MEM Alpha medium sup-
plemented with 15% fetal bovine serum (FBS), 1% penicillin/streptomycin
(PS), and 1% glutamine. The THP-1 cell line was purchased from ATCC.
THP-1 was cultured in RPMI-1640 containing 10% FBS and 1% PS.

Flow Cytometry: MSC purity was validated by flow cytometric analy-
sis of surface markers (CD105, CD90, CD34, and CD45), with all anti-

body sources and catalog numbers provided in Table S1 (Supporting In-
formation). Briefly, MSCs were resuspended in Cell Staining Buffer and
centrifuged at 350 × g for 5 min. After discarding the supernatant, MSCs
were pre-incubated with Fc Receptor Blocking Solution for 5 min at room
temperature. Next, MSCs were incubated with the conjugated fluorescent
compound on ice in the dark for 20min. Following washing with Cell Stain-
ing Buffer, cell pellets were resuspended and prepared for flow cytometric
analysis.

EV Isolation and Identification: To generate EV-enriched conditioned
medium, MSCs at passages 4–6 were cultured to 70–80% confluency. Be-
fore supernatant collection, the culture medium was replaced with EV-
depleted FBS-supplemented medium. MSCs were cultured for 48 h before
harvesting supernatants.

EVs were isolated from the cell supernatants via ultracentrifugation as
previously described.[34] Briefly, MSC supernatants were subjected to dif-
ferential centrifugation: 5 min at 300 × g, 20 min at 2000 × g, and 30 min
at 10 000 × g. Clarified supernatants were filtered through 0.22 μm filters
(Merck Millipore, SLGP033RB) and subsequently subjected to ultracen-
trifugation (100 000 × g, 90 min) using an SW 28 Ti rotor (Beckman Coul-
ter, USA). Pelleted EVs were resuspended in cold PBS, re-pelleted under
identical ultracentrifugation conditions, and finally resuspended in 100 μL
PBS. Isolated EVs were then characterized by NTA, TEM, and immunoblot-
ting of canonical EV markers (as detailed in subsequent sections).

Transmission Electron Microscopy (TEM): EV preparations were de-
posited onto copper grids and incubated for 1 min at ambient temper-
ature. Excess liquid was removed before chemical fixation with 2.5% glu-
taraldehyde for 10 min. Staining was performed by applying 2% uranyl
acetate solution onto the grids. Specimens were visualized under a TEM
(Hitachi, Japan) operated at 100 kV, with micrographs systematically cap-
tured at various magnifications across multiple fields.

Nanoparticle Tracking Analysis (NTA): MSC-EV quantification and di-
mensional characteristics were analyzed using the NanoSight NS300 an-
alytical system (Malvern, UK). Following appropriate dilution with PBS
to yield final concentrations between 107 and 108 particles mL−1 in 0.8
mL suspension, specimens were slowly introduced into the measurement
chamber. During analytical procedures, particle diffusion characteristics
and Brownian movement were monitored through integrated video cap-
ture technology. Experimental conditions were maintained at 24 °C± 1 °C,
coupled with optical detection settings at camera sensitivity levels 13–15.
The measurements from triplicate recordings were computationally pro-
cessed, ultimately generating nanoparticle population statistics including
EV diameter (nm) and concentration (particles mL−1) using a detection
threshold of five.

Western Blot: Cellular proteins and peritoneal tissue extracts were
obtained through lysis with RIPA buffer (Biosharp, BL-504-A) supple-
mented with dual protease-phosphatase inhibitors, maintaining constant
ice-cooling. Following complete homogenization, the lysates were cen-
trifuged at 12 000 × g and 4 °C for 10 min to isolate the soluble frac-
tions. Protein quantification was subsequently performed using a bicin-
choninic acid assay system. Lysates were mixed with loading buffer and
heat-denatured at 95 °C for 5 min before electrophoretic analysis. For im-
munoblotting procedures, 15 μg of protein underwent electrophoretic sep-
aration through 10–12.5% SDS-PAGE gels before being transferred onto
PVDF membranes. Membranes were treated with 5% milk or 5% BSA
blocking buffer for 1 h at room temperature, then exposed to primary
antibodies overnight at 4 °C. Following extensive TBST washing, mem-
branes were incubated with HRP-linked species-specific immunoglobulins
(Boster, BA1054 or BA1050), and then underwent enhanced chemilumi-
nescent detection. The primary antibodies used in this study are listed in
Table S1 (Supporting Information).

EV samples were subjected to immediate downstream processing (pro-
tein denaturation and electrophoretic separation) following protein quan-
tification, omitting the conventional protein extraction protocol.

EV Labeling: EVs were labeled by incubation with 10 μm of DiO flu-
orescent dyes (Invitrogen, V-22 886) or PKH26 fluorescent dyes (Sigma-
Aldrich, MINI26) at 37 °C for 30 min. Post-labeling, EV suspensions were
subjected to three PBS washing cycles followed by ultracentrifugation
(100 000 × g, 90 min, 4 °C) to eliminate unbound dyes. Purified EVs
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were reconstituted in 100 μL PBS. Biodistribution analysis was performed
in mice through intraperitoneal injection (100 μg EVs per mouse) and
mesothelial cell uptake assays (30 μg mL−1 EVs).

EV Biodistribution: CG-induced model mice were intraperitoneally in-
jected with Cy5-labeled EVs (100 μg EVs per mouse) or an equivalent vol-
ume of PBS. After 24 h, whole-body scanning was performed using an
IVIS® Lumina III imaging system (PerkinElmer). Subsequently, surgical
dissection was conducted to isolate the heart, liver, spleen, kidneys, lungs,
parietal peritoneum, mesentery, and greater omentum for ex vivo organ
imaging.

Mouse Model and Sample Collection: All experimental animals were
housed in the Specific Pathogen-Free facility at South China Agricultural
University Laboratory Animal Center, with protocols approved by the In-
stitutional Animal Care and Use Committee (2024H035) in strict compli-
ance with ARRIVE guidelines. Peritoneal fibrosis was induced in 8-week-
old male C57BL/6 mice through intraperitoneal administration of 0.1%
CG (Macklin, C832370) (0.01 mL g−1 body weight) three times weekly for
three consecutive weeks. To evaluate the therapeutic potential ofMSC-EVs,
mice were randomized into three experimental cohorts: a saline control,
a CG model, and a CG + MSC-EVs group (5 μg g−1 body weight, admin-
istered intraperitoneally three times weekly starting from week 2). Termi-
nal procedures included plasma collection, harvesting of visceral/parietal
peritoneal tissue (n = 7 per group), and peritoneal equilibration testing.
To induce the PD-associated peritoneal fibrosis, intraperitoneal injection
of 4.25% PD fluid (0.1 mL g−1 body weight, daily) was given for six con-
secutive weeks. To assess the therapeutic efficacy of MSC-EVs on PD-
associated peritoneal fibrosis, mice were randomly allocated into three
groups (n = 5 per group): Control, PD, and PD + MSC-EVs. Starting on
day 14 of the model establishment, MSC-EVs were administered at the
exact dosage, frequency, and route of delivery as described previously. At
the experimental endpoint, specimens were processed according to the
protocol mentioned above. For lactate metabolism studies, age-matched
C57BL/6 mice were allocated into: Saline, CG, CG + GNE-140 (MCE, HY-
100742A) (LDHA inhibitor, 5 μg g−1 body weight, intraperitoneal adminis-
tration, three times weekly from day 2); Saline, PD fluid, PD fluid + GNE-
140 (5 μg g−1 body weight, intraperitoneal administration, three times
weekly from day 2). Tissue specimens (n= 5/group) were processed using
identical protocols as aforementioned.

Modified Peritoneal Equilibration Test: Peritoneal membrane perme-
ability was assessed using an optimized peritoneal equilibrium test. 3
mL of a 4.25% glucose-based peritoneal dialysis solution was adminis-
tered intraperitoneally. Dialysate and paired blood samples were collected
2 h post-injection for quantitative analysis. Key transport parameters were
calculated as follows: the glucose absorption ratio (D/D0 glucose), com-
paring 2-h dialysate concentrations with baseline concentrations, and the
creatinine dialysate-to-plasma ratio (D/P creatinine), derived from 2-h
dialysate and concurrent plasma measurements.

Histology and Immunohistochemical Staining: Histopathological eval-
uation was performed using Masson’s trichrome staining and immuno-
histochemical (IHC) analysis according to established protocols. Peri-
toneal tissue samples were immersion-fixed in 4% paraformaldehyde at
ambient temperature for 24–48 h. Following paraffin embedding, serial
sections (4 μm thickness) were prepared using a rotary microtome for
histological evaluations. For IHC characterization, the following primary
antibodies were employed: anti-FN1, anti-𝛼-SMA, anti-CCL2/MCP-1, anti-
CCL7, anti-Ly6c, and anti-H3K18la.

Immunofluorescence Staining of Frozen Sections: Tissue sections were
equilibrated at ambient temperature for 20 min before permeabilization
with 0.3% Triton X-100 for 10 min. After delineating regions using a hy-
drophobic barrier pen, nonspecific binding was blocked with 5% BSA for
30 min. Following the removal of the blocking buffer, sections were in-
cubated with primary antibodies at 4 °C for 16 h. After incubation, the
slides underwent PBSTwashes before being incubated for 1 hwith species-
matched Alexa Fluor-conjugated secondary antibodies. Nuclear staining
was achieved using a DAPI-containing antifade mounting medium, and
fluorescence signals were captured via confocal microscopy.

CUT&Tag: The CUT&Tag procedure was performed according to the
manufacturer’s protocol using a hyperactive in situ ChIP Library Prep Kit

(pG-Tn5) designed for Illumina. After treatment, cells were harvested and
attached to concanavalin A-coated beads. Subsequently, samples were
treated with a primary antibody targeting H3K18la, then with correspond-
ing secondary antibodies. Processed specimens were combined with pA-
Tn5 transposase. Following activation of Tn5-driven transposition, ge-
nomic DNA was isolated and amplified to generate sequencing libraries.
Purification was carried out with VAHTSDNAClean beads. Library concen-
tration was determined with the VAHTS Library Quantification Kit com-
patible with Illumina, and paired-end sequencing was performed on an
Illumina NovaSeq system. LC-Bio Technology conducted all sequencing
procedures.

Bulk RNA Sequencing for Peritoneal Tissues: Peritoneum samples from
Control, CG, and CG+MSC-EVs (CG+ EV) groups (n= 5 per group) were
collected. Total RNA was isolated, and its quality was evaluated using an
Agilent 2100 Bioanalyser. cDNA libraries were prepared and sequenced on
an Illumina Genome Analyzer platform.

Metabolomics Sequencing Analysis: Metabolomic data were obtained
from our previous study and preprocessed following the analytical pipeline
established therein.[17] Principal component analysis (PCA) was per-
formed using the FactoMineR R package, and data visualization was con-
ducted with the ggplot2 package.

Single-Cell RNA Sequencing Analysis: Single-cell transcriptomic profil-
ing data from three normal mouse peritoneum, CG-treated mouse peri-
toneum, and CG+ EV-treatedmouse peritoneumwere processed with the
Seurat analytical pipeline (version 3.2.3) within the R statistical framework.
Initial quality filtering and normalization procedures were implemented
through Seurat’s standard workflow. Technical batch variations were har-
monized via Harmony integration (R package, version 0.1.0). Cellular sub-
populations were identified through nearest-neighbor graph-based clus-
tering utilizing FindNeighbors and FindClusters algorithms. Dimension-
ality reduction was achieved through Uniform Manifold Approximation
and Projection (UMAP) visualization, with cluster identities determined
through established lineage-specific biomarkers. Differential expression
analysis among peritoneal parenchymal cells from the three groups was
performed using Seurat’s FindAllMarkers function. Cell communication
analysis was conducted using the CellChat R package (version 1.5.0).

Human Sample Collections: Human peritoneal tissues were sourced
from inguinal hernia patients with preserved renal function and individu-
als undergoing PD at The Third Affiliated Hospital of Sun Yat-sen Univer-
sity. The study protocol was approved by the hospital’s Ethics Committee
([2022]02-268-01). Informed consent was acquired from all participants.
Primarymesothelial cells were isolated from omental tissue obtained from
ten donors.

Primary Culture and Treatment of Human Peritoneal Mesothelial Cells:
Human peritoneal mesothelial cells were isolated from omental tissue
specimens (2× 2 cm) through enzymatic digestion. Freshly excised tissues
were rinsed in ice-cold HBSS, minced into 1 mm3 fragments, and sub-
jected to sequential digestion with 0.25% trypsin-EDTA at 37 °C for 20 min
under gentle agitation. The enzymatic reaction was quenched with 10%
FBS, followed by filtration through a 70 μm cell strainer. The filtrate was
centrifuged at 300 × g for 5 min to pellet cellular components. Mesothe-
lial cells were purified via positive selection using an anti-UPK3B antibody
coupled with fluorescence-activated cell sorting. Isolated cells were ex-
panded in Earle’s M199 medium supplemented with 15% FBS, 1% PS,
and 1% insulin-transferrin-selenium. For functional investigations, con-
fluent mesothelial cells were exposed to 20 mm sodium lactate, 0.1% CG,
10 ng mL−1 recombinant human TGF-𝛽1, or 30 μg mL−1 MSC-EVs.

RNA Isolation andQuantitative Real-Time PCR (Real-Time qPCR): Total
RNAwas isolated from samples using the RNAQuick Purification kit (ESs-
cience, RN001). Subsequent reverse transcription was carried out with the
PrimeScript RT reagent kit (Takara, RR047A). qPCR analysis was then per-
formed on a Roche LightCycler 480 system, following the manufacturer’s
standard protocol. The resulting cycle threshold (Ct) values were normal-
ized to the reference gene 𝛽-actin. Relative gene expression levels were
quantified by applying the −ΔΔCt method. Briefly, the ΔCt for each sam-
ple was determined by subtracting the mean 𝛽-actin Ct value from the
target gene Ct value. Next, the ΔΔCt value was calculated by subtracting
the average ΔCt of the control group from the individual sample ΔCt. Fi-
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nally, relative expression was derived as 2ˆ−ΔΔCt. Primer sequences were
detailed in Table S2 (Supporting Information).

Seahorse Analysis: The Seahorse XFe24 sensor cartridges were pre-
hydrated with 200 μL of calibration solution per well and equilibrated in a
non-CO2 incubator at 37 °C for 24 h before assay initiation. On the exper-
imental day, XFe24 cell culture microplates were pre-coated with Cell-Tak
adhesive at ambient temperature for 20 min. Conditioned cells (2 × 105

cells/well) were resuspended in assay-specific medium and seeded into
the pretreated microplates. Following a 30-min incubation in the non-CO2
incubator, the supernatant was aspirated, and the wells were rinsed with
pre-warmed XF assay medium. Cells were then maintained in 180 μL of XF
assay medium for 60 min. Next, pharmacological modulators (Glucose,
Oligomyci, and 2-DG) were loaded into designated ports. The hydrated
sensor cartridge was calibrated and docked to the cell culture plate for
real-time extracellular acidification rate (ECAR) monitoring using the Agi-
lent Seahorse XFe24 Analyzer.

Chromatin Immunoprecipitation (ChIP)-PCR: The ChIP assay was con-
ducted according to established protocols using the SimpleChIP En-
zymatic Chromatin IP Kit (Cell Signaling Technology, 9003). Briefly,
formaldehyde-fixed cells underwent sequential processing involving cross-
link reversal, enzymatic chromatin digestion, and ultrasonic fragmenta-
tion to generate nucleoprotein complexes of 200–500 bp in length. Im-
munoprecipitation was performed by incubating chromatin lysates with
anti-H3K18la antibody (PTM Bio, PTM-1427RM) at 4 °C for 16 h with con-
stant rotation. Protein-DNA complexes were subsequently captured us-
ing magnetic bead conjugation during a 4-h ambient temperature incuba-
tion. The precipitated DNA fragments containing the CCL2 promoter were
quantified by qPCR using the primers described in Table S3 (Supporting
Information).

Enzyme-Linked Immunosorbent Assay (ELISA): The concentration of
CCL2 in the mesothelial cell conditioned medium was measured using a
human CCL2 ELISA kit, strictly following the manufacturer’s instructions.

Macrophage Migration: Cell migration assays were performed using
24-well Transwell plates (Corning, USA) with an eight μm pore size. THP-1
cells (2 × 105 cells/well) were seeded in the upper chamber and differen-
tiated into macrophages following 100 ng mL−1 phorbol 12-myristate 13-
acetate (PMA, Sigma, P1585) treatment for 48 h. Meanwhile, mesothelial
cells (1 × 105 cells/well) were cultured in the lower chamber and treated
for 24 h under one of the following conditions: CG, CG +MSC-EVs, CG +
anti-IgG, or CG + anti-CCL2 antibody (MCE, HY-P99188). After treatment,
the medium in the lower chamber was replaced with fresh complete M199
medium, while the upper chamber received RPMI 1640 medium contain-
ing 1% FBS. The cells were then co-cultured for an additional 24 h. Mi-
grated cells were stained with crystal violet and quantified.

Statistical Analysis: Statistical analyses were performed using Graph-
Pad Prism 9 and RStudio (v3.6.3). Details of individual tests, including
the number of replications performed (n) and the reported error as mean
± S.D., are outlined within each Figure legend. Inter-group comparisons
were conducted through an unpaired Student’s t-test for parametric data
between two cohorts. One-way ANOVA with Bonferroni post hoc correc-
tion was used for multi-group analyses. A value of p <0.05 was considered
statistically significant (*p <0.05, **p <0.01, and ***p <0.001).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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