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Introduction: Inflammatory bowel disease is a complex chronic inflammatory condition characterized by dysbiosis of the gut
microbiota and dysregulation of immune system. In recent years, extracellular vesicles (EVs) derived from mesenchymal stem cells
have garnered significant attention for their beneficial potentials in immune modulation and tissue repair. This study aims to evaluate
the therapeutic effects and underlying mechanisms of EVs derived from lipopolysaccharide (LPS)-pretreated periodontal ligament
stem cells (PDLSCs) in mice with colitis.

Methods: A mouse model of colitis was established using 3.0% dextran sulfate sodium (DSS). Following the induction of colitis,
mice were treated via tail vein injection with either conventional PDLSC-derived EVs (P-EVs) or LPS-pretreated PDLSC-derived EVs
(LPS pre-EVs). The EVs were characterized using transmission electron microscopy, nanoparticle tracking analysis, and Western blot
analysis. The therapeutic effects and mechanisms were evaluated through a combination of small animal live imaging, disease activity
index (DAI) scoring, histopathological staining, qRT-PCR, 16S rRNA gene sequencing, and mass spectrometry analysis.

Results: The LPS pre-EVs exhibited typical EVs characteristics in terms of morphology, particle size distribution, and marker protein
expression. Compared to P-EVs, LPS pre-EVs significantly ameliorated weight loss, DAI scores, colon length, and perianal symptoms
in DSS-induced murine colitis. Additionally, LPS pre-EVs up-regulated the expression of Arginase-1, a typical M2 macrophage
marker, and tight junction proteins, including ZO-1, Occludin, and Claudin-1, enhanced gut microbial diversity, and significantly
regulated intestinal protein expression and activation of the PI3K/AKT signaling pathway.

Conclusion: LPS pre-EVs exhibit significant anti-inflammatory and tissue repair effects in a mouse model of colitis. The underlying
mechanisms may involve the regulation of macrophage polarization, maintenance of intestinal barrier function, modulation of the gut
microbiota, and activation of the PI3K/AKT signaling pathway.

Keywords: inflammatory bowel disease, periodontal ligament stem cells, extracellular vesicles, gut microbiota, PI3K/AKT signaling
pathway

Introduction
Inflammatory bowel disease (IBD) is a chronic, recurrent, immune-mediated inflammatory condition of the intestine,
primarily manifesting in two forms: Crohn’s disease and ulcerative colitis, which often affect the ileum, rectum, and
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colon, leading to chronic inflammation and ulcer formation within the gastrointestinal tract. As a result, IBD patients
experience symptoms such as weight loss, abdominal pain, diarrhea, and other gastrointestinal issues.'* The pathogenesis
of IBD remains unclear, but it is widely believed to involve multiple factors, including the immune responses, genetic
predisposition, environmental influences, and the impact of gut microbiota on the body.>* In patients with IBD, profound
microenvironmental changes typically occur at the sites of intestinal mucosa. These changes include local nutrient
depletion, an imbalance between oxygen supply and demand in the tissue, and the production of reactive nitrogen and
oxygen intermediates.>® The resulting oxidative stress, endoplasmic reticulum stress, and hypoxic stress signaling affect
several key features, such as the integrity of the intestinal mucosal barrier, the survival of intestinal cells, immune
regulation, and the diversity of the gut microbiota.* In the IBD microenvironment, cytokine-mediated interactions
between immune cells and other cell types are complex and dynamic, contributing to the worsening severity of the
disease. A variety of immune cells, such as polymorphonuclear neutrophils, macrophages, and monocytes, along with
adaptive immune cells like T cells and B cells, are recruited to sites of active inflammation in response to chemokine
signals produced there, including interleukin (IL)-8, leukotriene B4, platelet-activating factor, complement factor C5a,
and N-formylated peptides.” The incidence of IBD is gradually increasing and affecting younger populations, which has
drawn widespread attention internationally.® ' Researchers are dedicated to gaining a deeper understanding of the
pathogenesis, biomarkers, diagnostic methods, and personalized treatment strategies for IBD. The primary goal of IBD
treatment is to correct immune dysregulation and suppress intestinal mucosal inflammation, with current therapies relying

mainly on anti-inflammatory drugs, immunomodulators, thiopurines, and monoclonal antibodies. However, the
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effectiveness of these treatments remains suboptimal.'''* Therefore, there is an urgent need to explore new therapeutic
approaches for IBD.

In recent years, cell therapy has shown promising effects in the treatment of IBD.'*!'> Mesenchymal stem cells
(MSCs), a type of multipotent stem cell derived from postnatal tissues, possess various biological functions, including
immune modulation, promotion of tissue repair and regeneration, and intercellular communication and regulation.'¢2°
A growing body of studies indicated that the release of extracellular vesicles (EVs) is a key pathway through which
MSCs exert their biological effects. As small membrane-bound structures formed by the inward budding of intraluminal
vesicles within multivesicular endosomes, the EVs carry a variety of bioactive molecules, such as proteins, RNA, and
DNA.?'"?* Given the significant regulatory roles of MSCs and their EVs in various diseases, it is crucial to further
explore their specific therapeutic effects on IBD, as well as the possible mechanisms.** ¢

Periodontal ligament stem cells (PDLSCs) are specific adult stem cells isolated from the periodontal ligament of teeth
and exhibit characteristics similar to MSCs.?”*® Compared to other MSCs, PDLSCs have advantages such as ease of
collection, strong colony-forming ability, and substantial cellular reserves.”’*° In addition, it was shown that when MSCs
are co-cultured with inflammatory cytokines or inflammatory small-molecule chemicals, their abilities of migration to
injury sites, exertion of paracrine effects, and regulation of immune system are significantly enhanced.’'*
Lipopolysaccharide (LPS), a endotoxin found in the outer membrane of Gram-negative bacteria, could activate immune-
related cells, and stimulate them to produce and secrete inflammatory factors, thereby playing a crucial role in the
immune system.*>°

In this study, the EVs of LPS-pretreated PDLSCs (LPS pre-EVs) were collected and characterized, and used to
explore their therapeutic effects on IBD. Moreover, the underlying mechanisms were also investigated. The results
demonstrated that LPS pre-EVs may offer unique efficacious outcome in IBD, thus providing new options and ideas for

treating this disease.

Materials and Methods

The study involving human samples has received ethical approval from the Ethics Committee of Shandong Second
Medical University (Approval No. 2021YX090) and complied with the Declaration of Helsinki. All animal experiments
in this study were approved by the Ethics Committee of the School of Stomatology, Shandong University (Approval
No. 20220708). The study was conducted in strict accordance with the Animal Management Rules of the Ministry of
Health of the People’s Republic of China.

PDLSCs Culture and Extracellular Vesicle Extraction

Periodontal ligament tissues were obtained from healthy teeth without caries and periodontitis of patients extracted their
third molars. The patients were 20-23 years old, and gave their informed consent. The tissues were washed with
phosphate-buffered saline (PBS; Biosharp, Hefei, China) containing 2% antibiotics, and then separated and cultured in
small periodontal ligament tissue explants. Culture medium containing a-MEM (BasalMedia, Shanghai, China), 20%
fetal bovine serum (FBS; Gibco, Carlsbad, USA), 1% penicillin/streptomycin was added to the culture flasks (NEST
Biotechnology, Wuxi, China), and were then placed in an incubator at 37°C in 5% CO,. After 4 hours, the medium was
replaced to initiate primary cell culture. Once the cells had expanded to a sufficient quantity, well-growing P2 to P6
PDLSCs were selected. When the cells reached approximately 60% confluence, the medium was replaced with either
fresh culture medium or medium containing LPS (1 pg/mL; Solarbio, Beijing, China). After 24 hours, when the cells had
reached 70% to 80% confluence, the medium was replaced with culture medium containing 5% EVs-free FBS
(LONSERA, Suzhou Shuangru. China). The cells were then cultured for an additional 48 hours, after which the cell
culture supernatant was collected, centrifuged to remove cells and debris, and stored at —80°C. Once a sufficient amount
of cell culture supernatant has been collected, EVs are extracted (Figure 1A).

Identification of EVs
Transmission Electron Microscopy (TEM) Analysis: The extracted EVs were diluted to a concentration of 10-100 pg/mL.
A 20 pL drop of the EV suspension was placed onto a carbon-coated copper grid and allowed to stand for 5-10 minutes. The
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Figure | Extraction and characterization of EVs (A) The workflow for the extraction of EVs. (B) Transmission electron microscopy images: P-EVs and LPS pre-EVs exhibit
typical vesicular structures. Scale bars: 100 nm. (C) Nanoparticle tracking analysis: the size distribution of P-EVs and LPS pre-EVs is primarily concentrated between 100-200
nm. (D) Western blot analysis: both P-EVs and LPS pre-EVs were positive for TSGI01, CD9, and CD81, while Calnexin is expressed only in PDLSCs and LPS pre-PDLSCs.

grid was then rinsed with distilled water to remove any unabsorbed sample. Afterwards, the grid was stained with 2%
phosphotungstic acid for 1 minute and allowed to dry in the air. After 20 minutes, the dried copper grid was placed on a sample
holder and observed under a TEM, where the morphology of the EVs was visualized and recorded.

Particle Size Analysis: The extracted EVs were diluted to a concentration of 107-10° particles/mL. The sample was
then loaded into a calibrated nanoparticle tracking analyzer. After ensuring that there were no air bubbles in the
sample chamber, particle size analysis was conducted. The size distribution and concentration data of the EVs were
obtained and presented in the form of a size distribution curve, with the peak representing the average particle size of
the EVs.

Western Blot: The extracted EVs were analyzed for the expression of specific markers (Abcam, Cambridge, UK),
including TSG101, CD81, CD9, and Calnexin, using the Western blot procedure as described later in the text.

Animal Model Establishment and Treatment

Female C57BL/6 mice (Pengyue, Jinan, China), aged 7 weeks and weighing between 18-20 g, were housed in the animal
laboratory. The mice were acclimatized to the environment and diet for one week. All mice were in a healthy state and
were randomly divided into four groups, with six mice in each group: the normal control group (Control), dextran sulfate
sodium (DSS)-induced experimental colitis model group (DSS), PDLSC-derived EVs treatment group (P-EVs), and LPS-
pretreated PDLSC-derived EVs treatment group (LPS pre-EVs).

Preliminary experiments determined that a 3% concentration of DSS was appropriate to meet the experimental
requirements. The appropriate amount of DSS powder was weighed and fully dissolved in autoclaved purified water.
Before starting the experiment, mice were fasted and deprived of water for approximately 4 hours. The Control group
was provided with autoclaved purified water, while the DSS, P-EVs, and LPS pre-EVs groups were provided with 3%
DSS solution. The DSS solution or autoclaved purified water was refreshed every 2—3 days. On days 1, 3, and 5, the
Control and DSS groups were injected with 200 pL of PBS via tail vein injection, while the P-EVs group and LPS pre-
EVs group were injected with 200 uL of P-EVs and LPS pre-EVs, respectively. Body weight, stool consistency, and the
presence of fecal blood were monitored daily at the same time. On day 7, all mice were euthanized. During this period,
the disease activity index (DAI) of the mice was assessed, the overall condition of the colon and spleen was observed,
and serum and tissue samples were collected for subsequent analysis.
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Animal Live Imaging Analysis

According to the reagent instructions, DIR dye working solution (Umibio, Shanghai, China) was prepared and used to
label the extracted EVs, resulting in P-EVs-DIR and LPS pre-EVs-DIR complexes. These labeled complexes were then
administered via tail vein injection to the mice in the P-EVs and LPS pre-EVs groups, respectively. After 12 hours, the
mice were placed in a small animal in vivo imaging system to observe and record the fluorescence intensity and
distribution within organs such as the colon and spleen.

Colonic Histological Examination

Approximately 1 cm segments of colon tissue were cut and placed into labeled embedding cassettes, followed by fixation
in 4% paraformaldehyde for 24 hours. After fixation, the tissues were washed with water and dehydrated using a semi-
automatic benchtop tissue processor. The tissues were then cleared and embedded in paraffin. Subsequently, the
embedded tissues were trimmed and sectioned using a microtome. The sections were stored at room temperature until
needed for staining. The sections were de-paraffinized and stained according to the specific requirements of the
experiment, including HE staining, Alcian Blue staining, immunohistochemical staining, and immunofluorescence
staining, following the instructions provided in the reagent kits. After staining, the slides were examined under
a microscope at various magnifications, and images were captured for further analysis.

Western Blot Analysis

The samples were lysed in protein lysis buffer. Then 5x SDS-PAGE loading buffer was added to the samples, and they
were heated in a metal bath at 100°C for 5-10 minutes to denature the proteins. The samples were then cooled and stored
at —20°C until further use. An appropriate amount of each sample was used for Western blot analysis. The separation and
stacking gels were prepared according to standard procedures. The protein samples, along with a molecular weight
marker (EC0019, Shandong Sparkjade Biotechnology Co., Ltd., China), were loaded into the wells of the gel. SDS-
PAGE was performed to separate the proteins, which were then transferred onto a PVDF membrane. After the transfer,
the membrane was blocked with TBST blocking buffer and incubated with the primary antibodies overnight. The
next day, the membrane was washed and then incubated with the secondary antibody. After washing, the membrane was
treated with enhanced chemiluminescence detection reagent for visualization. The results were detected and the band
images were captured and saved using a fluorescence imaging system.

RNA Isolation and qRT-PCR

The collected colon tissue samples were removed from liquid nitrogen and ground into a paste in a mortar. The ground
tissue samples were then mixed with an appropriate amount of Trizol lysis buffer. RNA extraction and precipitation were
carried out according to the instructions provided in the RNA extraction kit (AG, Accurate biotechnology, Changsha,
China). The concentration and purity of the RNA were measured using a Nanodrop spectrophotometer. The instrument
was first cleaned and calibrated with 1 uLL of DEPC water, followed by the measurement of 1 pL of RNA sample to
ensure the RNA quality met the requirements for subsequent experiments. The total RNA was reverse transcribed to
generate cDNA using Evo M-MLV RT Kit with gDNA Clean for qPCR (AG) and qRT-PCR was performed with the Evo
M-MLV One Step RT-gPCR Kit (SYBR) (AG) on a Roche LightCycler® 48011 (Roche Diagnostics GmbH, Mannheim,
Germany) under standard cycling conditions: 42°C for Smin, 95°C for 10s, 40 cycles of 95°C for 5 s, 60°C for 30s. Gene

2*AACT

expression levels were quantified using the method. Primer sequences are detailed in Table 1.

Fecal Microbiome Sequencing and Colonic Proteomics Analysis

Fecal Microbiome Sequencing: The 16S rRNA gene sequencing method was used to extract microbial genomic DNA
from mouse fecal samples. The quality of the DNA was assessed using 0.8% agarose gel electrophoresis. Specific primers
targeting the conserved regions of the V3-V4 region were used to amplify the DNA. The amplified products were then
purified and subjected to fluorescence quantification to prepare the sequencing library. After quality control, the library
was sequenced by a specialized company. Data analysis involved quality control using Trimmomatic (v 0.39) and
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Table | Primer sequences

Primer name Primer sequences

IL-10 FOR: AAGTCCGGAGAGGAGACTTC
REV: TGGATGGTCTTGGTCCTTAG

IL-6 FOR: AAGTCCGGAGAGGAGACTTC
REV: TGGATGGTCTTGGTCCTTAG

TNF-a FOR: AACTCCAGGCGGTGCCTATG
REV: TCCAGCTGCTCCTCCACTTG

f-actin FOR: CTCAGGAGGAGCAATGATCT
REV: GACCTGTACGCCAACACAGT

Note: IL-10: Interleukin-10, IL-6: Interleukin-6, TNF-a: Tumor Necrosis
Factor-alpha.

merging of paired-end sequences using FLASH (v 1.2.11). Operational Taxonomic Unit clustering was performed at 85%
similarity using the QIIME2 pipeline and Closed-reference clustering method. Functional prediction analysis was
conducted using PICRUSt with KEGG pathway analysis.

Colonic Proteomics Analysis: Proteins were extracted from colonic tissue samples using a lysis buffer containing 8
M urea and protease inhibitors. The protein concentration was measured, followed by treatment with dithiothreitol and
iodoacetamide for reduction and alkylation, respectively. Samples were then digested using the FASP (Filter-Aided
Sample Preparation) method, and desalting was performed using ultrafiltration and C18 desalting columns. The samples
were subjected to DIA (Data-Independent Acquisition) mass spectrometry analysis by a professional service provider.
The Uniprot mouse database was used for database searching, and the results were evaluated at both the peptide and
protein levels for qualitative and quantitative protein analysis.

Image and Statistical Analysis

All data are presented as mean = SEM. Statistical analysis was performed using GraphPad Prism 9.0 (GraphPad
Software, La Jolla, CA, United States), with ANOVA used to assess differences between groups. The quantitative
analysis was performed using ImagelJ software. A value of P < 0.05 was considered statistically significant.

Results
LPS Pre-EVs Exhibited Typical Characteristics of EVs

Both P-EVs and LPS pre-EVs exhibited typical extracellular vesicle morphology, presenting as round, oval, and
horseshoe-shaped vesicular structures with intact membrane integrity (Figure 1B). The size distribution of EVs in both
groups was concentrated between 100-200 nm, with the peak size for P-EVs at 148 nm and for LPS pre-EVs at 149 nm,
showing no significant difference in size distribution between the two groups (Figure 1C). Western blot analysis further
confirmed the expression of EVs markers, demonstrating that the markers TSG101, CD9, and CD81 were expressed in
both P-EVs and LPS pre-EVs, while the endoplasmic reticulum protein Calnexin was not detected in the EVs samples
but was present in PDLSC cell lysates (Figure 1D). These results indicate that the extracted EVs samples were of high
purity and exhibited typical EVs characteristics, confirming the successful isolation of standard EVs for subsequent
research.

LPS Pre-EVs Demonstrated Significant Anti-Inflammatory Therapeutic Effects in Mice
with Colitis

The experimental workflow of this study is illustrated in Figure 2A. In the mouse colitis model experiment, the Control
group exhibited normal fecal morphology, with feces appearing as pellets or elongated forms in dark brown or brown
color. Mice in the P-EVs and LPS pre-EVs groups showed higher moisture content in their feces, which appeared on
the second day. By the fourth day bloody stools were in the mice of the P-EVs and LPS pre-EVs groups, whose
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Figure 2 Protective effects of LPS pre-EVs on DSS-induced colitis in mice (A) Schematic of the animal experiment design. (B) Perianal condition of mice. (C) In vivo imaging
showing accumulation of labeled EVs in the colon, with stronger fluorescence in the LPS pre-EVs group. (D) Macroscopic images of the colon, spleen, and mesenteric lymph
nodes: better recovery of colon length in the LPS pre-EVs group, with minimal changes in the spleen and lymph nodes. (E) Body weight changes, with the least weight loss
observed in the LPS pre-EVs group. (F) DAI scores. (G) Statistical analysis of colon length, spleen length, and lymph node area. *P < 0.05, **P < 0.01, ***P < 0.0001, ns: not

significant.

International Journal of Nanomedicine 2024:19

https:

ove!

12003


https://www.dovepress.com
https://www.dovepress.com

Tang et al Dove

symptoms were milder than that in DSS group usually exhibiting bloody stools earlier. Upon euthanasia on the
seventh day, the mice in Control group had clean perianal areas (Figure 2B).

Small animal live imaging results (Figure 2C) indicated that the labeled EVs primarily accumulated in the colonic region,
with the LPS pre-EVs group showing stronger fluorescence signals. After euthanizing the mice, the colon and rectum tissues
were collected, and the length was measured using the terminal end of the cecum as a reference point (Figure 2D). The results
showed that the Control group had the longest colon and rectum lengths, while the DSS group exhibited a significant reduction
in colon length, confirming the successful establishment of the IBD model. Treatment with P-EVs and LPS pre-EVs led to
a partial recovery in colon length, with the LPS pre-EVs group showing the most pronounced recovery. The mice in the
Control group showed a gradual weight increase over time, while those in the DSS, P-EVs, and LPS pre-EVs groups began to
lose weight starting on day 3. Between days 5 and 7, the DSS and P-EVs groups exhibited significant weight loss, with
reductions of 14.16% and 10.60%, respectively. In contrast, the LPS pre-EVs group experienced a smaller decrease in body
weight, with a reduction of 6.65% (Figure 2E). DAI scores were assessed across all groups. In the 1-3 days, no significant
changes in DAI were observed in the DSS, P-EVs, and LPS pre-EVs groups. However, the DSS group showed a sharp
increase in DAI on day 5, which continued to rise. The P-EVs group exhibited an increase in DAI starting on day 3, but the
subsequent rise slowed down. The DAI of LPS pre-EVs group increases more slowly than that of P-EVs group after day 3
(Figure 2F). Measurements of the spleen and mesenteric lymph nodes (Figure 2G) revealed that the spleen was significantly
enlarged in the DSS, P-EVs, and LPS pre-EVs groups compared to the Control group. However, there were no significant
differences in spleen length and mesenteric lymph node diameter among the treated groups.

In the HE staining (Figure 3A), the DSS group showed significant damage to the intestinal wall, accompanied by
marked infiltration of inflammatory cells. After treatment with P-EVs and LPS pre-EVs, the intestinal wall damage in the
IBD model mice was improved, and the infiltration of inflammatory cells was alleviated. In the Alcian blue staining
(Figure 3B), the DSS group exhibited severe disruption of the extracellular structure of the intestinal mucosa, while the
damage to the intestinal cell structure was notably reduced in the LPS pre-EVs treated group. In summary, LPS pre-EVs
significantly alleviated DSS-induced IBD symptoms in mice, as evidenced by reduced weight loss, lower DAI scores,
restored colon length, and improved perianal symptoms, demonstrating strong therapeutic potential.

LPS pre-EVs Modulated Intestinal Macrophage Polarization, Maintained Intestinal

Epithelial Barrier Function, and Improved Inflammatory Status

Immunohistochemical staining (Figure 4A) and Western blot analysis (Figure 4B) were performed. The results showed that
the expression of Arginase-1(Arg-1), a typical M2 macrophage marker, in the intestinal tissue of mice in the LPS pre-EVs
group was significantly higher than that in other groups, while the expression of inducible nitric oxide synthase (iNOS),
a typical M1 macrophage marker, was notably higher in the P-EVs group compared to the LPS pre-EVs group. The levels of
tight junction proteins, including ZO-1, Occludin, and Claudin-1, in the intestinal epithelium were lower in the DSS group,
whereas their expression was significantly enhanced in the LPS pre-EVs group (Figure 5A and B, Supplementary Figure 1-3)

Additionally, qRT-PCR results (Figure 5C) indicated that, compared to the DSS group, the expression of pro-inflammatory
cytokines IL-6 and TNF-a in the colonic tissue of mice in the P-EVs and LPS pre-EVs groups was significantly reduced, while
the expression of the anti-inflammatory cytokine IL-10 was significantly increased.

LPS Pre-EVs Significantly Influenced the Diversity and Composition of the Gut

Microbiota in Mice

Analysis of the 16S rRNA gene sequencing of fecal samples from different treatment groups (Figure 6, Supplementary
Figure 4 and 5) revealed that the microbial abundance distribution in the mouse gut varied across groups, with the LPS
pre-EVs group exhibiting a unique microbial community profile. Lachnospiraceae_ UCG-001 showed relatively high
abundance across all groups, while Clostridia UCG-014 was significantly more abundant in the LPS pre-EVs group
compared to other groups, suggesting that LPS pre-EVs have a regulatory effect on this microbial population.
Additionally, Streptococcus was significantly more abundant in the DSS group than in other groups, but its abundance
was markedly reduced in the LPS pre-EVs group, indicating that LPS pre-EVs treatment may suppress the overgrowth of

12004 "= International Journal of Nanomedicine 2024:19

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=494321.docx
https://www.dovepress.com/get_supplementary_file.php?f=494321.docx
https://www.dovepress.com/get_supplementary_file.php?f=494321.docx
https://www.dovepress.com/get_supplementary_file.php?f=494321.docx
https://www.dovepress.com/get_supplementary_file.php?f=494321.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Tang et al

(A) DSS Control P-EVs LPS pre-EVs

X
v
58
2
as
X
S
Q
(B)
X
v
O
=
M
=
S
E
< x
S
Q

Figure 3 Histological analysis of colonic tissue in different treatment groups (A) H&E staining showed structural changes in colonic tissue. The DSS group exhibits severe
damage and significant inflammatory cell infiltration, while the Control group shows normal structure. Both P-EVs and LPS pre-EVs groups display improved colonic integrity,
with LPS pre-EVs showing more pronounced effects. (B) Alcian Blue staining revealed changes in the colonic mucus layer. The DSS group showed severe mucosal damage
and reduced mucus, while the Control group maintains an intact mucus layer. Both P-EVs and LPS pre-EVs groups demonstrated partial restoration of mucosal structure,
with LPS pre-EVs suggesting better mucus preservation than P-EVs. Scale bars: 4x =500 um, 20x =100 pum.

certain potential pathogens. Statistical significance analysis showed that the microbial community differences between
the LPS pre-EVs group and the DSS group were significant, particularly for taxa like Aeromonas and Clostridia UCG-
014, where the abundance differences reached a P<0.01 level. In the P-EVs group, the abundance of Clostridia UCG-
014 significantly increased, while the abundance of Streptococcus significantly decreased compared to the DSS group,
indicating that P-EVs may alleviate inflammation by modulating specific gut microbiota. In addition, there were
differences in microbial composition between the P-EVs group and the Control group, with reduced abundance of
Shigella and increased abundance of Romboutsia in the P-EVs group. These results suggest that P-EVs and LPS pre-EVs
not only help suppress potential pathogens but may also promote the growth of beneficial bacteria, thereby restoring gut
microbial balance. Furthermore, they can significantly alter the composition of the gut microbiota in mice, particularly in
regulating gut microbiota balance, highlighting their potential therapeutic role.
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Figure 4 Effects of LPS pre-EVs on macrophage polarization (A) Immunohistochemical staining showed the expression of the M| macrophage marker iNOS and the M2
macrophage marker Arg-1 in the colonic tissue of different treatment groups. The LPS pre-EVs group exhibited significantly increased Arg-1 expression, while iNOS
expression was relatively lower. Scale bar: 200 um. (B) Western blot analysis: iNOS expression in the LPS pre-EVs group was significantly lower than in other groups, while
Arg-1 expression was significantly higher. The bar graph on the right quantifies the relative expression levels of iNOS and Arg-| proteins. **P < 0.01, ***P < 0.0001.

LPS pre-EVs Significantly Regulated Protein Expression in the Mouse Gut and
Activated the PI3K/AKT Signaling Pathway

DIA mass spectrometry analysis revealed that LPS pre-EVs had a significant impact on protein expression in the mouse
gut. The volcano plot (Figure 7A) displayed the differentially expressed proteins between the LPS pre-EVs group and the
P-EVs group, with 149 proteins significantly up-regulated and 371 proteins significantly down-regulated (fold change
>1.5, P<0.05). GO functional enrichment analysis of the differentially expressed proteins (Figure 7B) indicated that these
proteins were primarily enriched in biological processes such as small molecule metabolic processes and single-organism
metabolic processes; in cellular components, they were enriched in structures like the cytoplasm and vesicles; and in
molecular functions, they were associated with oxidoreductase activity and coenzyme binding. KEGG pathway enrich-
ment analysis (Figure 7C) further revealed that the differentially expressed proteins were significantly enriched in key
metabolic and signaling pathways, including metabolic pathways, oxidative phosphorylation, glycolysis, and the com-
plement and coagulation cascades. Cluster heatmap analysis of the differential proteins (Figure 7D) demonstrated clear
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Figure 5 Effects of LPS pre-EVs on tight junction proteins and inflammatory factors in intestinal epithelium.(A) Immunofluorescence staining: the expression of tight junction
proteins ZO-1, Occludin, and Claudin-1 in the intestinal epithelium of different treatment groups. Scale bars: 500 pm, and 50 um, respectively. (B) Relative intensity of
immunofluorescence. (C) qRT-PCR analysis: compared to the DSS group, the LPS pre-EVs group had significantly reduced expression of pro-inflammatory factors IL-6, TNF-o,
while the expression of the anti-inflammatory factor IL-10 was significantly increased. P-values indicate statistical significance. *P < 0.05, **P < 0.01, **P < 0.00, ****P < 0.0001, ns:
not significant.
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Figure 6 Regulation of gut microbiota by EVs in mice. The heatmap showed the abundance changes in gut microbiota across different treatment groups ((A) DSS group,
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beneficial bacteria such as Clostridia_UCG-014 while suppressing the overgrowth of potential pathogens like Streptococcus and Aeromonas. The P-values indicate the
significance of differences between groups.
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Figure 7 Effects of LPS pre-EVs on intestinal protein expression and the PI3K/AKT signaling pathway. (A) The volcano plot: differentially expressed proteins between the
LPS pre-EVs group and the P-EVs group. (B) GO functional enrichment analysis. (C) KEGG pathway enrichment analysis. (D) The heatmap of differentially expressed
proteins. (E) Reactome pathway enrichment analysis. The red box indicated that the PI3K/AKT signaling pathway has a high enrichment factor, suggesting its potential role in
LPS pre-EVs-mediated treatment of IBD. (F) Western blot validation results. ****P < 0.0001.
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differences in protein expression patterns between the LPS pre-EVs group and the other treatment groups. Reactome
pathway enrichment analysis (Figure 7E) showed that the differential proteins were predominantly enriched in biological
processes related to metabolism and signal transduction, particularly the mesenchymal-epithelial transition factor-
activated PI3K/AKT signaling pathway, which was significantly enriched in the LPS pre-EVs group. Western blot
validation results (Figure 7F) further confirmed the differential expression of PI3K, p-PI3K, AKT, and p-AKT across the
treatment groups. The relative expression levels of p-PI3K/PI3K and p-AKT/AKT were significantly higher in the LPS
pre-EVs group compared to the other groups, suggesting that LPS pre-EVs may play a crucial role in the treatment of
IBD in mice by activating the PI3K/AKT signaling pathway.

Discussion

In this study, we extracted P-EVs and LPS pre-EVs, and administered them via tail vein injection into a mouse model of colitis,
respectively. With small animal live imaging, we also observed fluorescence in the lungs and spleens of mice, probably because
the injected DiR-labelled EVs are distributed throughout the body through the blood circulation, and high blood flow organs such
as the lungs and spleens can easily capture the EVs. In addition, these organs may be involved in the metabolic clearance of EVs
or may absorb EVs due to the inflammatory response that affects the systemic immune system. Therefore, the discovery of EVs at
these sites may be the result of a combination of their systemic distribution, the clearance function of the organs, and systemic
inflammation.'>'® Further experiments, such as tracking techniques using different markers or studying organ-specific receptor
expression, are needed to better understand the distribution mechanism of EVs in different organs. The results demonstrated that
LPS pre-EVs significantly improved inflammation-related indicators, such as reduced weight loss, improved DAI scores, and
restoration of colon length, indicating strong anti-inflammatory effects. Compared to P-EVs, LPS pre-EVs showed more
pronounced effects in mitigating weight loss and improving DAI scores, suggesting that LPS preconditioning may enhance
the anti-inflammatory efficacy of EVs by modulating their bioactivity or targeting specificity. Previous studies have shown that
MSCs co-cultured with inflammatory cytokines or small-molecule inflammatory agents exhibit significantly enhanced migration
to injury sites, paracrine functions, and immunomodulatory capabilities.*' >* EVs play a crucial role in these paracrine functions
by delivering signaling molecules, regulating the microenvironment, and facilitating targeted communication between cells.*’~*
This study further confirmed that the preconditioning of PDLSCs using inflammatory factors could influence the therapeutic
efficacy of EVs in IBD treatment by affecting their interaction with the host immune system,'®%*

In the LPS pre-EVs group, the expression of the M2 macrophage marker Arg-1 in the intestinal tissue was significantly up-
regulated, while the expression of the M1 macrophage marker iNOS was significantly lower, indicating that LPS pre-EVs may
exert their anti-inflammatory effects by promoting the macrophages toward the anti-inflammatory M2 phenotype. In this
study, the PI3K/AKT signaling pathway likely played a crucial role in the polarization of macrophages, promoting the
secretion of anti-inflammatory cytokines like IL-10, which aids in controlling inflammation and facilitating tissue repair,
thereby skewing intestinal macrophages toward the M2 phenotype.*' However, the role of LPS pre-EVs in M1 polarization is
more complex. Some in vitro studies have shown a tendency for macrophages to polarize toward the M1 phenotype, which
contrasts with the findings of this study and previous research.**** As for the possible causes for the phenomenon, the choice
of preconditioning methods, the differences between in vivo and in vitro models, and different experimental conditions may be
involved and influence functional signaling pathways in macrophages.** Moreover, LPS pre-EVs were shown to significantly
enhance the expression of tight junction proteins in the intestinal epithelium and maintain the integrity of the epithelial barrier,
thereby preventing the further spread of inflammation by strengthening barrier function.

The gut microbiota plays a critical role in the pathogenesis of IBD.*>**® Through 16S rRNA gene sequencing analysis,
this study revealed that LPS pre-EVs significantly altered the gut microbiota composition in IBD mice, notably
increasing the abundance of beneficial bacteria such as Clostridia UCG-014, while suppressing the overgrowth of
potential pathogens like Streptococcus, demonstrating that LPS pre-EVs may exert their anti-inflammatory effects
indirectly by modulating the balance of the gut microbiota. Future research should further investigate the mechanisms
of interaction between EVs and the gut microbiota and explore whether combining EVs with probiotics or specific
dietary interventions could enhance their therapeutic effects.*’

As a crucial signaling pathway in regulating cell proliferation, survival, and inflammatory responses, PI3K/AKT was
found to be activated in this study through which LPS pre-EVs significantly influenced protein expression related to
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inflammation and tissue repair in the mouse gut. In this study, we observed significant activation of the PI3K/AKT pathway,
with distinct biological functions displayed at key phosphorylation sites on AKT. Thr308 and Ser473 are two major
phosphorylation sites, each with unique physiological roles. Phosphorylation at Thr308, primarily mediated by PDKI1, is
essential for the initial activation of AKT’s kinase activity, which regulates cell proliferation and metabolic processes. In
contrast, phosphorylation at Ser473, generally controlled by mTORC2, is crucial for the full activation of AKT, supporting cell
survival and inhibiting apoptosis. Here, we assessed AKT activation by specifically examining phosphorylation at Ser473 to
understand the precise signaling changes. This differential phosphorylation enables AKT to regulate a range of functions,
including inflammatory response modulation and tissue repair, both critical in alleviating colitis and restoring the intestinal
barrier. Based on our findings, LPS-pretreated PDLSC-derived EVs may exert enhanced anti-inflammatory and regenerative
effects by specifically activating AKT at Serd73. Previous studies have also demonstrated the significance of different
signaling pathways responsible for the therapeutic effects of EVs in IBD.'****® Exosomes from hypoxia-preconditioned
hair follicle MSCs may alleviate ulcerative colitis by inhibiting the PI3K/AKT/mTOR signaling pathway through miR-214-
3p, maintaining mitochondrial dynamics stability, reducing mitochondrial dysfunction, and enhancing mitophagy.*
Additionally, exosomes derived from human umbilical cord MSCs has been shown to accelerate intestinal stem cell and
epithelial regeneration through the activation of the Wnt signaling pathway, thereby promoting mucosal healing in experi-
mental colitis."* Moreover, bone marrow MSCs-derived EVs containing miR-539-5p were found to alleviate pyroptosis in
IBD by inhibiting the NLRP3/caspase-1 signaling pathway.?® Similarly, exosomes derived from umbilical cord MSCs were
shown to reduce colitis by regulating macrophage pyroptosis via the miR-378a-5p/NLRP3 axis.*® These studies collectively
highlight the important roles of exosomes in the treatment of IBD through various signaling pathways and molecular
mechanisms. Future in-depth studies could explore how LPS pre-EVs regulate gut proteins and their functions, and evaluate
the involvement of additional key signaling pathways in exosome-mediated IBD therapy.

The DSS-induced mouse model primarily reflects the pathological characteristics of acute colitis, which may not fully
represent the pathophysiological mechanisms of other types of IBD, such as chronic colitis.’>>' Therefore, IBD models
induced by other methods should be used to examine the effects of LPS pre-EVs. While this study explored the role of
LPS pre-EVs in regulating intestinal macrophage polarization, gut barrier function, gut microbiota composition, and
intestinal protein expression, the specific components within the EVs, such as miRNAs, proteins, or lipids, that may
contribute to these regulatory processes remain to be elucidated.'” Further studies are needed to investigate the molecular
mechanisms by which these specific components of the EVs influence the pathways.

Conclusion

Collectively, our study demonstrated that LPS pre-EVs is capable of exhibiting immunomodulatory and anti-inflammatory
functions, maintaining intestinal epithelial barrier function, and regulating gut microbiota composition in vivo, and thus is
a promising and effective method in experimental IBD. These findings not only provide new insights into the immunomo-
dulatory potential of dental stem cell-derived EVs but also offer new avenues for the future clinical treatment of IBD.
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