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Oral administration of Momordica charantia-
derived extracellular vesicles alleviates
ulcerative colitis through comprehensive
renovation of the intestinal microenvironment
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Abstract

Background Ulcerative colitis (UC) is an inflammatory bowel disease (IBD), accompanied by intense inflammation,
oxidative stress, and intestinal microbiota dysbiosis. Current treatments using chemotherapeutic drugs or
immunosuppressants have limited effectiveness and side effects. Therefore, the development of safe, effective, and
multi-targeting therapies for IBD is of great importance. Momordica charantia exhibits antioxidant, anti-inflammatory,
and intestinal microbiota-regulating properties, suggesting that Momordica charantia-derived extracellular vesicles
(MCEVs) have the potential for UC management.

Results We extracted MCEVs using differential centrifugation and density gradient centrifugation. The results
showed that MCEVs possessed high purity, even particle size, and excellent stability. In vitro, MCEVs were shown

to inhibit macrophage inflammatory responses, scavenge reactive oxygen species (ROS), and protect cells from
oxidative damage. Transcriptomics analysis revealed that MCEVs may alleviate mitochondria-dependent apoptosis by
safeguarding the integrity of the mitochondrial structure and regulating the expression of apoptosis-related proteins.
Furthermore, all components of MCEVs contributed to their pharmacological activity. In vivo, MCEVs had better
retention in the inflamed colon and significantly alleviated UC through a comprehensive renovation of the intestinal
microenvironment.

Conclusion These findings suggested that MCEVs own considerable potential as natural nanotherapeutics for UC
treatment.
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Introduction

Inflammatory bowel disease (IBD) is a chronic, non-
specific inflammatory condition affecting the intestinal
tract, encompassing ulcerative colitis (UC) and Crohn’s
disease (CD) [1]. Presently, over 10 million individu-
als globally are afflicted with IBD, with a notable rise
in incidence observed in Asia [2]. UC is characterized
by mucosal inflammation of the colon and can result in
ulceration, bleeding, abdominal pain, diarrhea, and other
symptoms [3, 4]. Pathologically, mitochondria experience
the production and accumulation of ROS. Meanwhile, a
reduction system keeps the cells in redox homeostasis
[5]. However, the inflammatory response typically pro-
motes the generation of ROS, which in turn amplifies the
inflammatory response and triggers the release of inflam-
matory mediators such as IL-1p, IL-6, TNF-«, and IFN-
Y, leading to a self-perpetuating cycle. Elevated levels of
ROS and inflammatory factors contribute to the degra-
dation of proteins, lipids, and DNA, ultimately contribut-
ing to the pathogenesis of UC [6]. Hence, the regulation
of the immune response and the scavenging of exces-
sive ROS are crucial strategies for mitigating UC. The
intestinal microbiota is essential for modulating colon
immune responses and enhancing intestinal barrier func-
tion by producing short-chain fatty acids, bile acids, and
multiple bioactive molecules. Therefore, the manipula-
tion of intestinal microbiota also represents a promising

treatment option for UC management [7]. Clinically,
treatment options for IBD encompass non-targeted
therapies, such as aminosalicylic acid, glucocorticoids,
and immunomodulators, as well as targeted therapies,
like anti-TNF, anti-IL-12/IL-23, and anti-a4f7 integrins.
These options are associated with more pronounced side
effects, and up to 50% of patients may lose the treatment’s
effectiveness over time. The emergence of nanomedicines
has sparked increased interest in their potential applica-
tion for treating IBD. Nevertheless, numerous nanomedi-
cines face challenges, including restricted degradation,
insufficient biocompatibility, and inefficiencies in loading
and releasing external molecules [8]. Consequently, the
imperative development of safe and efficacious multi-tar-
geted therapeutic nanomedicines tailored to the patho-
logical features of UC holds significant importance in the
prevention and management of UC.

Extracellular vesicles (EVs) are diverse phospho-
lipid bilayer-enclosed entities that modulate intercel-
lular communication by transporting molecular cargo
and engaging in surface signaling. EVs are ubiquitously
released by various cell types, including plant cells, and
are important to facilitate the horizontal transfer of bio-
active components such as proteins and nucleic acids
(DNA, mRNA, and microRNA), along with other mol-
ecules like carbohydrates and secondary metabolites [9,
10]. Recent research has demonstrated the therapeutic
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efficacy of plant-derived extracellular vesicles (PDEVs)
in treating various diseases, highlighting their safety and
yield advantages over mammalian-derived extracellular
vesicles and synthetic nanotherapeutics [11]. PDEVs can
be readily isolated from a variety of freshly squeezed fruit
and vegetable juices, exhibiting pharmacological proper-
ties akin to those of the parent plant [12]. Unexpectedly,
PDEVs exhibit remarkable stability and resilience in the
challenging gastrointestinal milieu, enabling their suc-
cessful transit to the colon following oral administra-
tion. This suggests that PDEVs hold significant promise
as effective oral drug delivery vehicles for managing UC.

Momordica charantia, a plant of the genus Momordica
in the family Cucurbitaceae, is an annual climber known
for its rich content of vitamins, protein polypeptides,
saponins, polysaccharides, and other bioactive com-
pounds, earning it the title of “medicinal vegetable”
Research has demonstrated that Momordica charan-
tia contains quinine and various alkaloids that exhibit
diuretic, anti-inflammatory, antipyretic, and ocular
benefits [13]. Momordica charantia has been shown
to enhance the body’s immune defense mechanisms.
Extracts of Momordica charantia exhibit antibacterial
and anti-inflammatory properties, particularly against
bacteria with notable inhibitory effects. Furthermore, it
has been demonstrated that Momordica charantia con-
tains antioxidants, intestinal flora regulating, analgesic,
and antitumor activities [14]. The extracellular vesicles
derived from Momordica charantia, known as MCEVs,
have been shown to possess the pharmacological prop-
erties of the original plant. These properties include the
ability to inhibit the growth and spread of brain gliomas
[15], prevent cerebral ischemic stroke [16], provide thera-
peutic benefits in breast and oral cancer cases [17, 18],
and protect cardiac myocytes from radiation-induced
damage [19]. However, the pharmacological substance
basis of MCEVs, the biological mechanism of the anti-
oxidant effects of MCEVs, and the therapeutic effects and
biological mechanism of MCEVs on acute UC have still
not been revealed.

In this study, high-purity MCEVs with good disper-
sion were extracted using differential centrifugation
and density gradient centrifugation and were compre-
hensively characterized (Fig. 1). In vitro, we evaluated
their anti-inflammatory and antioxidant effects and
explored the material basis of their function. In addi-
tion, transcriptomics analysis was used to investigate
the mechanisms underlying their antioxidant effects. In
vivo, we evaluated the biodistribution, the therapeutic
and protective effects, and the biological mechanism of
orally administered MCEVs in dextran sulfate sodium
(DSS) - induced colitis. The study demonstrated that
MCEVs had excellent therapeutic effects on UC, signifi-
cantly restoring the physical and mucosal barriers of the

Page 3 of 24

intestinal tract. Mechanistically, this was achieved by
reducing intestinal inflammatory cell infiltration, inflam-
matory factor release, and ROS production. Meanwhile,
MCEVs enhance the diversity of the gut microbiota and
may restore the intestinal barrier by modulating intesti-
nal indole-related metabolites. Furthermore, proteins,
RNA, and other substances in MCEVs contribute to their
pharmacological activity. Better retention of MCEVs in
the inflamed colon helped them fulfill their therapeutic
effects. Our study introduced a novel intervention strat-
egy for ulcerative colitis and investigated the biological
mechanisms and material basis of MCEVs in anti-inflam-
mation and antioxidant effects in depth.

Materials and methods

Materials

Lipopolysaccharide (LPS) (from Escherichia coliO55:B5)
was purchased from Sigma-Aldrich Corporation (St.
Louis, MO, USA). ABScript III RT master mix for qPCR
(RK20428), 2X universal SYBR green fast qPCR Mix
(RK21203), Bcl-2 Rabbit mAb (A19693), Bax Rabbit mAb
(A19684), and B-Actin Rabbit mAb (AC038) were pur-
chased from ABclonal Biotech Co., Ltd (Wuhan, China).
The Annexin V-FITC/PI apoptosis assay kit was pur-
chased from Yeasen Biotechnology Co., Ltd (Shanghai,
China). DSS was purchased from MP Biomedicals (Santa
Ana, CA, USA). Claudin 1 Polyclonal antibody (13050-1-
AP), ZO-1 Polyclonal antibody (CL488-21773), Occludin
Polyclonal antibody (CL594-13409), CD86 (13395-1-AP),
Protein Quantification Kit (BCA Assay) was purchased
from Abbkine Scientific Co., Ltd (Wuhan, China).

Isolation and characterization of MCEVs

Momordica charantia L. (family: Cucurbitaceae, genus
Momordica, species Momordica charantia L.) was pur-
chased from a local supermarket. Momordica charantia
was rinsed with tap water. The pith was removed, and
pulps were cut and juiced. The juice was centrifuged at
3000 g for 30 min and at 10,000 g for 40 min to remove
fibers and cellular debris. The post-supernatant was cen-
trifuged at 150,000 g for 90 min, and the precipitated
pellet was suspended in PBS. To purify the MCEVs, the
suspension was transferred to a discontinuous sucrose
gradient (8%, 30%, and 45%) and ultracentrifuged for
2 h at 150,000 g with Optima XE-90 (Indianapolis, U.S.).
Bands between 30 and 45% were harvested for MCEVs.
The bands were added with PBS and centrifuged at
150,000 g for 2 h to wash away excess sucrose. Finally,
the centrifugal precipitate was resuspended in PBS to
obtain the final pure product. The protein concentration
of MCEVs was assayed using the BCA protein quantifica-
tion kit. The quantified MCEVs were stored at -80 °C for
backup.
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Fig. 1 Schematic illustration of oral administration of MCEVs to alleviate UC by comprehensive renovation of the intestinal microenvironment. (A) Prepa-
ration of MCEVs by differential centrifugation and density gradient centrifugation. (B) Oral administration of MCEVs to comprehensively recover the in-
testinal damage by inhibiting oxidative damage, relieving inflammation, restoring intestinal barrier function, and regulating intestinal flora to alleviate UC

For TEM imaging, a drop of sample was deposited on
the surface of formvar-coated copper grids, followed by
the addition of 2% phosphotungstic acid negative stain-
ing solution for 2 min, and then the sample was dried at
room temperature for subsequent imaging. The size and
zeta potential of MCEVs were analyzed with the Malvern
Zetasizer Nano ZS90 instrument (WorcesterShire, UK).

Component analysis of MCEVs

MCEVs were submitted to the Hangzhou Lianchuan
Biology Institute (Hangzhou, China) for lipidomic, pro-
teomic, and microRNA sequencing analysis. Lipidomics
and metabolites are extracted using the organic reagent
precipitation metabolite method. The samples were
detected by mass spectrum scanning. MetaX software
was used for metabolite identification, and the identified
metabolites were annotated in the database of common
functions, and then the metabolites were quantitatively
analyzed. Proteomic: the proteins were extracted and
assessed, and the quality-checked protein samples were

subjected to Trypsin degradation separately. Each sample
was subjected to nano-HPLC reversed-phase chromato-
graphic separation and mass spectrometric detection,
respectively. Protein identification and LFQ quantifica-
tion were carried out using PD/MaxQuant library soft-
ware. MicroRNA sequencing: The sRNA sequencing
library preparation was performed first. The constructed
libraries were sequenced using Illumina HiSeq 2000/2500
with a single-end 50 bp read length (SE50). MCEVs were
submitted to Suzhou PANOMIX Biomedical Tech Com-
pany for untargeted metabolomics analysis. In brief, thaw
the experimental sample at 4°C and mix it evenly after
thawing. Filter the supernatant through a 0.22 pum mem-
brane following centrifugation, then transfer it to a detec-
tion bottle for LC-MS analysis.

In vitro antioxidant ability of MCEVs

ABTS assay: ABTS+radicals were first prepared by
mixing ABTS- (7 mM) with potassium persulfate
(K25208, 2.45 mM) at room temperature for 12 h. The
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corresponding concentrations (1, 2.5, 5, 10, and 20 pg/
mL) of MCEVs were taken and incubated with ABTS+,
and the absorbance at 734 nm was recorded by zymogra-
phy (TECAN, Switzerland).

DPPH assay: 75 uM DPPH was mixed with an equal
volume of ethanol. Then 10 uL. MCEVs were added for
30 min making the final concentration of MCEVs 25,
50, 100, 150, and 300 pg/mL. The absorbance was mea-
sured at 517 nm by zymography (TECAN, Switzerland).
UV absorption at 490-580 was detected by a UV-Vis
spectrophotometer.

TMB assay: 10 pL FeSO4 (100 uM), 10 uL H,O, (500
pM), 10 pL. TMB (3mM) and 60 pL H,O were added
together. Then 10 uL. MCEVs were added, making the
final concentration of MCEVs 10, 20, 40, 60, and 80 pg/
mL. The absorbance was measured at 645 nm by zymog-
raphy (TECAN, Switzerland). UV absorption at 530-760
was detected by a UV-Vis spectrophotometer.

EPR assay: Electron paramagnetic resonance (EPR)
spectrometer was used to characterize radicals in the
reaction system. EPR spectra were measured on CIQTEK
EPR200M manufactured by CIQTEK Co., Ltd. (Hefei,
China).

Cell culture

RAW 264.7 macrophage cells and normal human fetal
colonic epithelial cells (HFC) were obtained from the
American Type Culture Collection (ATCC, USA), cul-
tured in DMEM high glucose medium.

Cellular uptake and biodistribution assays

Synthesis of DiL/DiR-MCEVs: MCEVs were labeled with
the lipophilic fluorescent dye DiL or DiR by incubating
a 10 mM solution of the dye with 1 mg of MCEVs. The
labeled MCEVs were subsequently purified by passing
them through a 100 kDa ultrafiltration device to remove
any unbound dye molecules.

DiL-labeled MCEVs were added to RAW 264.7 cells to
co-incubate for 4, 8, and 12 h. Then, cells were washed
3 times with PBS to clear spared DiL-labeled MCEVs.
Flow cytometry was used to detect the DiL-positive cells.
A fluorescence microscope was used to capture the real
cellular uptake pictures. Before that, cells should be fixed
with 4% paraformaldehyde. After washing cells 3 times,
the F-actin of cells was stained with green FITC-Phalloi-
din, and the nuclei of cells were stained with blue DAPIL.
Then, cells could be imaged by Carl Zeiss Microscopy
Axioscope 5 (Oberkochen, Germany).

After 12 h of fasting, mice were gavaged with 100 pL
DiR-labeled MCEVs and imaged in vivo at 1, 6, 12, and
24 h. At each time point, the hearts, livers, spleens, lungs,
kidneys, and gastrointestinal tracts of the mice were col-
lected and imaged using the VISQUE Invivo Smart-LF
system (Montreal, Canada).
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Cellular antioxidant effects of MCEVs

MCEVs (5 pg/mL and 10 pg/mL) were co-incubated with
RAW 264.7 macrophage cells for 12 h. Then, H,O, (400
uM) was co-incubated for another 4 h to induce ROS
production. After that, the DCFH-DA probe was diluted
to 10 pM by PBS and stained cells for 1 h. DCF-positive
cells were detected by flow cytometry.

RAW 264.7 macrophage cells were plated in 96-well
plates at a density of 50-60% and co-incubated with
MCEVs (5 pg/mL and 10 pug/mL) for 12 h. Then, 5 pL
H,0, was added for 6 h, making the H,0, final concen-
tration 0.5 mM, 0.8 mM, and 1.0 mM. Cell viability was
then assessed using the MTT assay.

RNA sequencing of cells

MCEVs (10 pg/mL) were applied to RAW 264.7 macro-
phage cells for incubation. Subsequently, H202 (800 M)
was co-incubated for an additional 6 h. Cells were col-
lected using RNA protect reagents. The collected samples
were sent to LC-Bio Technologies Co., Ltd (Hangzhou,
China) for RNA sequencing analysis. The experimental
steps are as follows:

Total RNA was isolated using TRIzol reagent, with
purity and integrity verified by NanoDrop (RIN >7.0) and
Bioanalyzer. Poly(A) RNA was enriched using magnetic
beads, fragmented, and reverse-transcribed into double-
stranded cDNA. After A-tailing and ligation to indexed
adapters, library fragments were size-selected with
AMPureXP beads. UDG enzyme treatment removed
U-labeled second-strand DNA, followed by PCR ampli-
fication to construct libraries (average insert size:
300+ 50 bp). Sequencing was performed on the Illumina
NovaSeq 6000 platform (PE150). Raw data were qual-
ity-filtered using Fastp, aligned to the human genome
(GRCh38) via HISAT?2, and assembled with StringTie to
calculate FPKM values. Differentially expressed mRNAs
were identified using edgeR (p <0.05).

Cellular anti-inflammatory effects of MCEVs

MCEVs (10 pg/mL) were applied to RAW 264.7 macro-
phage cells for incubation. Then, LPS (500 ng/mL) was
co-incubated for another 12 h to induce inflammatory
factor expression. Then, total RNA was extracted by a
total RNA extraction kit. Ultimately, qRT-PCR assay was
used to assess inflammatory factor expression.

Cellular mitochondrial damage and apoptosis

MCEVs (10 pg/mL) were applied to RAW 264.7 mac-
rophage cells for incubation. Then, H,0O, (600 uM) was
co-incubated for another 5 h, and H,0O, (800 uM) was
co-incubated for another 6 h to induce cell mitochondrial
damage and cell apoptosis separately. After co-incubation
with a JC-1 probe for 1 h, flow cytometry and a micro-
scope were used to detect mitochondrial damage. After
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co-incubation with Annexin V-FITC/PI dye, flow cytom-
etry was used to detect cell apoptosis.

Western blotting analysis

MCEVs (10 pg/mL) were added to RAW 264.7 macro-
phage cells seeded in 6-well plates and incubated for
12 h. H,O, (800 pM) was co-incubated for another 6 h
to induce cell apoptosis. Cells were lysed by mixing RIPA
cell lysate and protease inhibitor. BCA protein quantifi-
cation kit measured protein concentration. 50 pug protein
was mixed in the loading buffer and then heated at 95C
for 10 min, making protein denaturation. After loading
20 pL of protein samples, a 5% stacking gel was run at
80V, and a 10% separating gel was run at 110 V using the
Mini-PROTEAN® Tetra Vertical Electrophoresis system
(California, USA). Next, proteins on the gel were trans-
ferred to the PVDF membrane. The primary antibody
was diluted 1:1000. The P-actin was diluted 1:10000.
After washing with TBST buffer, the membrane was co-
incubated with the primary antibody for 12 h at 4°C. The
membrane was washed 3 times with TBST and was incu-
bated with HRP-conjugated goat anti-rabbit IgG. Finally,
the protein bands were exposed using a gel imaging sys-
tem after reacting with ECL solution.

Quantitative real-time PCR (qRT-PCR)

1 pg RNA was mixed with 4 pL ABScript III RT master
mix and DEPC water to a final volume of 20 pL. RNA was
transcribed to cDNA following the manufacturer’s rec-
ommended procedure. The cDNA template was diluted
tenfold and mixed with 10 uL 2X universal SYBR Green
Fast qPCR Mix, 2 pL primer, and 3 pL DEPC water.
According to the instructions, inflammatory factor
expression was measured using the Real-time fluorescent
quantitative PCR System (Hangzhou, China). The primer
sequences are shown in Table S2.

Immunofluorescence analysis

Colonic tissues were cryosectioned to analyze the expres-
sion of tight junction proteins. Sections were flushed
three times with PBS and then were incubated with 0.2%
Triton X-100 for 8 min. Then the sections were flushed
with PBS. Block non-specific proteins with 1% BSA. Incu-
bate overnight with primary antibody (dilution 1:100) at
4 °C. After washing, slides were blocked with DAPI and
visualized by fluorescence microscopy.

Animals

C57BL/6 mice (6—8 weeks old) were purchased from the
Medical Laboratory Animal Center of Xi’an Jiaotong Uni-
versity, Shaanxi Province, China. All animal experiments
were performed and approved by the Xi’an Jiaotong Uni-
versity Laboratory Animal Care Committee, according to
the Principles of Laboratory Animal Care and Guidelines.
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Biocompatibility and biosafety evaluation

RAW 264.7 macrophage cells were co-incubated with
different concentrations of MCEVs (0.5, 1, 5, 10, 20, 30,
40, and 50 pg/mL) for 12 and 24 h. The relative survival
of RAW 264.7 cells was determined using the standard
MTT assay.

Mice were gavaged 30 mg/kg MCEVs for 7 consecutive
days, and after waiting for one day, the mice were sacri-
ficed, and blood was taken from the eyeballs. A part of
the blood was used for routine blood tests, and another
part was centrifuged to collect serum for blood biochem-
istry analysis using Hemo 3600 V hematology analyzer
(Shanghai, China). Meanwhile, internal organs were
isolated and fixed with 4% PFA for over 24 h for H&E
staining.

HE staining and Alcian blue staining

Colon tissue was gradient dehydrated and then paraffin-
embedded. Colon paraffin blocks were cut into 7 pm
slices. Slices were immersed in xylene for 20 min to
remove waxes, followed by immersion in 95%, 85%, 75%,
and 50% graded alcohols to wash away xylene, and hema-
toxylin staining for cell nuclei for 4 min continuously.
Then, the slices were soaked in distilled water for 10 min,
immersed in 50%, 70%, and 85% graded alcohol for 3 min,
and stained with eosin solution for 30 s. Thereafter, anhy-
drous ethanol was used to wash off the excess dye, and
slices were immersed in xylene for 20 min. Meanwhile,
mucin was stained according to Alcian Blue staining kit
instructions. Finally, microscopic observation was car-
ried out after resin sealing.

Analysis of intestinal contents flora and metabolomics

The intestinal contents of therapeutic modeling mice
were collected. Liquid nitrogen is treated and stored at
-80°C. The samples were then sent to LC-Bio Technolo-
gies Co., Ltd (Hangzhou, China) for bacterial 16srtDNA
sequence sequencing and non-targeted metabolomics
analysis. The experimental steps are as follows:

Fecal microbial DNA was extracted, and the V3-V4
regions were amplified using universal primers
341 F/805R. Purified PCR products were sequenced on
the Ilumina NovaSeq 6000 platform (PE250). Raw data
underwent adapter removal, quality filtering, and chi-
mera elimination. ASVs were generated using DADA2,
followed by taxonomic annotation against the SILVA/
NT-16 S databases. Alpha/beta diversity analyses were
performed with QIIME2. Differentially abundant genera
were identified via the Wilcoxon rank-sum test (P<0.05)
and LEfSe (LDA > 3.0, P<0.05), with visualizations gener-
ated using R packages.
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Statistical analysis primarily within the 30-45% range. Transmission elec-
All results were statistically analyzed using Student’s tron microscopy (TEM) results revealed that the MCEVs
t-test and shown as meanzstandard deviation (SD). displayed a spherical morphology of approximately
*P<0.05, **P<0.01, ***P<0.001 indicate statistical differ- 200 nm, had an intact membrane structure, and were

ences, and ns is not statistically significant. consistent with the structural features of the extracellu-

lar vesicle (Fig. 2A) [20]. Dynamic light scattering (DLS)
Results results indicated that the hydrodynamic particle size
Extraction and characterization of MCEVs of the MCEVs was 164.3+68.16 nm, with a polydisper-

The crude extract product was acquired through dif- sity index (PDI) averaging approximately 0.212 (Fig. 2B).
ferential centrifugation following the extraction of Additionally, MCEVs within this size range exhibited
Momordica charantia juice. Subsequently, it was purified a zeta potential of -28.1+3.78 mV (Fig. 2C). To further
via density gradient centrifugation, resulting in MCEVs  assess the stability of MCEVs, we incubated them with
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NaCl, culture medium and serum at 37 °C for 30 min.
The particle size of MCEVs in NaCl and culture medium
did not change significantly (Fig. S1A and B), and the
MCEVs in serum remained intact under TEM (Fig. S1C).
Agarose gel electrophoresis results showed the presence
of nucleic acids in the MCEVs (Fig. 2D). Sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
results revealed a broad distribution of protein molecular
weights within the range of 15-100 kDa (Fig. 2E). These
results demonstrated that we successfully extracted
MCEVs with uniform particle size, good dispersion,
enriched contents and high purity.

Since Momordica charantia is generally considered
to have antioxidant effects, a comprehensive evaluation
of its antioxidant capacity and effectiveness in scaveng-
ing reactive nitrogen species was initially conducted in
vitro. The evaluation included assays for ABTS radical,
DPPH radical, and reactive oxygen species (ROS), such
as hydroxyl radicals (¢«OH) and superoxide anions (O,"").
The ABTS radical scavenging assay, a method used to
indirectly measure the antioxidant capacity of a sub-
stance, indicated that lower concentrations of MCEVs
were able to neutralize more than 80% of free radicals
(Fig. 2F). The DPPH free radical scavenging experiment,
which assesses the ability to neutralize nitrogen-cen-
tered radicals, showed that MCEVs at a concentration
of 300 ug/mL exhibited a scavenging capability of more
than 60% for the DPPH radical (Fig. 2G). Additionally,
the oxidation of TMB (3,3}5,5'-tetramethylbenzidine) to
oxTMB by hydroxyl radicals (+«OH) was used as an indi-
cator of oxidative reactions. Experimental data revealed
that a lower concentration of MCEVs (10 pg/mL) could
inhibit over 60% of TMB oxidation (Fig. 2H). These
results were further confirmed using UV spectropho-
tometry (Fig. S1D and E). A bench-top Electron Para-
magnetic Resonance (EPR) Spectrometer was employed
to quantify free radicals by analyzing the EPR spectra of
adducts formed following the interaction of free radicals
with a trapping agent. The findings demonstrated that
MCEVs (20 pg/mL) exhibited notable scavenging activity
against «+OH and resulted in a marked decrease in O,
in the incubation group upon the introduction of MCEVs
(Fig. 2L, J). Taken together, these investigations suggested
that MCEVs possessed remarkable antioxidative capacity
and have potential for use in treating or preventing dis-
eases associated with oxidative stress.

The intracellular uptake and anti-inflammatory effects of
MCEVs

The internalization of PDEVs facilitates the transporta-
tion of enclosed compounds, thereby enabling PDEVs to
perform a function within cellular environments [21]. To
further explore the cellular internalization and impact of
MCEVs, we used the RAW 264.7 macrophage cell line
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as a model to assess their anti-inflammatory potential.
RAW 264.7 cells were cultured with DiL-labeled MCEVs
for varying durations, and cellular uptake was assessed by
fluorescence microscopy and flow cytometry. It was dem-
onstrated that the uptake of MCEVs was time-dependent,
with the uptake rate increasing as incubation time pro-
gressed. After 12 h of incubation, the uptake rate reached
58.4%. (Figs. 3A, B, and S2). Macrophages, when stimu-
lated by pathogen-associated molecular patterns, typi-
cally differentiate into M1 pro-inflammatory subtypes.
These cells release pro-inflammatory cytokines, induce
ROS production, and recruit other inflammatory cells,
thereby accelerating intestinal barrier damage and exac-
erbating the UC process [22]. LPS stimulation of RAW
264.7 macrophages can be used to model inflammatory
responses in vitro. The levels of inflammatory cytokines
(IL-6, IL-1p, and TNF-a) were notably heightened follow-
ing LPS stimulation. However, when cells were pre-incu-
bated with MCEVs for 12 h before LPS stimulation, this
increase was significantly attenuated (Fig. 3C-E). Immu-
nofluorescence staining revealed that pre-incubation
with MCEVs significantly suppressed LPS-induced over-
expression of the M1 subtypes marker CD86 (Fig. 3F).
Moreover, ROS probe (DCFH-DA) and flow cytometry
assays showed that LPS-induced inflammatory response
was accompanied by an increase in ROS levels, which
were remarkably inhibited by MCEVs (Fig. 3G, H). These
results indicated that MCEVs could not only inhibit the
inflammatory response but also alleviate the oxidative
stress caused by the inflammatory response.

The intracellular antioxidant effects and biological
mechanisms of MCEVs

Due to the notable ROS clearance capabilities of MCEVs
observed in vitro, cellular stimulation with H,O, was
employed to model oxidative stress. Flow cytometry
analysis revealed that the group stimulated with H,O,
alone exhibited 58.6% DCEF +cells. Conversely, there
was a notable decrease in ROS production in cells pre-
incubated with 5 pg/mL and 10 pg/mL MCEVs for 12 h
before H,O, stimulation (Fig. 4A, B). The overproduc-
tion of ROS is known to result in cellular oxidative dam-
age and, ultimately, cell death [23]. MTT assays showed
a marked reduction in cell viability as the H,O, con-
centration increased. Conversely, pre-incubation with
varying concentrations of MCEVs for 12 h significantly
inhibited H,O,-induced cell death, with higher con-
centrations of MCEVs proving to be more effective in
this regard (Fig. 4C). To further elucidate the biologi-
cal mechanisms underlying the antioxidant activity of
MCEVs, transcriptomic analysis was conducted on cells
subjected to various treatments, including an untreated
negative control group (Control), a group stimulated with
H,0, alone (H,0,), and a group treated with 10 ug/mL
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for 12 h before H,O, stimulation (H,O,+ MCEVs). The
transcriptomic differential gene enrichment heatmap
revealed a substantial number of differentially expressed
genes (Fig. 4D). Volcano plot analysis revealed that the
H,0,+MCEVs group exhibited significant up-regulation
of 528 genes and down-regulation of 360 genes compared

with the H,O, group (Fig. 4E). Additionally, the differen-
tial genes in these two groups were found to be enriched
in cellular components such as the mitochondrial mem-
brane and mitochondrial respiratory chain (Fig. 4F). Sub-
sequently, the genes associated with mitochondria and
apoptosis were notably altered following stimulation with
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H,0O,. Unexpectedly, treatment with MCEVs was found
to attenuate this observed trend. Furthermore, there was
a considerable increase in the transcription of anti-apop-
totic proteins, such as Bcl2alb and Bcl2ald (Fig. 4G).

ROS activate multiple pathways of apoptosis, includ-
ing those involving mitochondria, death receptors, and
the endoplasmic reticulum. Mitochondria-dependent
apoptosis is a well-known mechanism of programmed
cell death, wherein cellular stress or apoptotic signals can
result in the release of cytochrome ¢ from the mitochon-
dria. This released cytochrome c acts as an apoptosis
inducer by forming a complex with Apaf-1, the precur-
sor of caspase-9, and ATP/dATP, ultimately activating
caspase-3. The Bcl-2 protein family is vital in control-
ling apoptosis by influencing mitochondrial permeabil-
ity [24-26]. Combined with the transcriptomic results, it
was hypothesized that MCEVs alleviated mitochondrial
oxidative damage by scavenging ROS, protecting mito-
chondrial structures and functions, regulating apoptosis-
related proteins, and inhibiting mitochondria-dependent
apoptosis.

To confirm this hypothesis, a JC-1 probe was employed
to evaluate alterations in mitochondrial membrane
potential (MMP). Consistent with expectations, the pres-
ence of intracellular JC-1 monomers markedly increased
following H,O, stimulation, while pre-incubation with
MCEVs led to a reduction in JC-1 monomers (Fig. 4H).
Additionally, fluorescence microscopy images supported
these findings, indicating that MCEVs effectively attenu-
ated the H,O,-induced alterations in MMP (Fig. 4I).
Western blotting analysis revealed that MCEVs signifi-
cantly reversed the overexpression of the pro-apoptotic
protein Bax, along with the reduced expression of the
anti-apoptotic protein Bcl-2 induced by H,O, (Fig. 4J).
The utilization of Annexin V in conjunction with a FITC
fluorescent probe enabled the identification of early
apoptotic cells, while the use of PI staining solution facili-
tated the detection of late apoptotic and necrotic cells.
Through the integration of flow cytometry, we confirmed
that MCEVs effectively suppressed H,0,-induced apop-
tosis, as shown in Fig. 4K. Overall, our findings support
the hypothesis that MCEVs may mitigate mitochondria-
dependent apoptosis by preserving the integrity of mito-
chondrial membranes and regulating apoptosis-related
proteins.

The material basis for the role of MCEVs

The plant-derived EVs were found to harbor a broad
range of proteins, nucleic acids, and small molecule
compounds originating from the parent cells [27]. To
explore the material basis for the functioning of MCEVs,
a comprehensive analysis of their chemical composition
was conducted. Specific protein species were identified
using liquid chromatography-tandem mass spectrometry
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(LC-MS/MS). The total ion chromatogram revealed the
identification of 418 proteins (Table S2). Bioinformatics
analysis indicated that over 80% of these proteins were
associated with metabolic processes, such as amino acid
and carbohydrate metabolism (Fig. 5A). Additionally,
226 miRNAs ranging in length from 18 to 25 nucleotides
were detected in MCEVs (Fig. 5B and Table S3). Non-
targeted metabolomics and lipidomics analyses identi-
fied 320 metabolites and 667 lipids, respectively (Tables
S4 and S5). Among the metabolites, the predominant
compound classes included organic oxygenates (43.81%),
carboxylic acids and their derivatives (19.97%), and
fatty acids (8.96%) (Fig. 5C). MCEVs exhibited enrich-
ment in diglycerides (DG, 24.32%), phosphatidylcholine
(PC, 10.46%), and acylhexosyl stigmasterol (AHexSTS,
10.35%) (Fig. 5D). Compounds such as [-carotene, lyco-
pene, astaxanthin, and phosphatidylcholine, which are
known for their antioxidant properties [28-30], were
also identified. Additionally, phosphatidylcholine (PC),
known for its anti-inflammatory effects, holds poten-
tial for treating inflammatory bowel disease [31]. These
results suggested that MCEVs possess good pharmaco-
logical activities and have great potential for application
in the field of disease treatment.

The above results suggested that MCEVs are abundant
in nucleic acids, proteins, lipids, and small molecules.
Therefore, it is necessary to explore which categories
of molecules are responsible for the pharmacological
activity of MCEVs. Based on the previous study [32],
RNase or protease was used to remove RNA or protein,
respectively, followed by ultrafiltration to remove excess
enzyme or enzyme digestion products (Fig. 5E). Aga-
rose gel electrophoresis and polyacrylamide gel electro-
phoresis confirmed that RNase A successfully digested
RNA, and after treatment with Proteinase K, the protein
was digested into small peptides below 12 kDa (Fig. 5F,
G). TEM images reflected that the structure of MCEVs
remained intact after enzyme incubation (Fig. S3). The
digestion of RNA or proteins compromised the anti-
inflammatory effects of MCEVs, with protein digestion
having a greater impact on the inhibitory effects of IL-6
and TNF-a. Although simultaneous removal of pro-
tein and RNA had the most significant influence on the
anti-inflammatory effects of MCEVs, proteins and RNA
digestion MCEVs still retained the ability to inhibit the
secretion of inflammatory factors (Fig. 5H). These results
suggested that proteins, RNAs, and other materials in
MCEVs collectively contributed to their pharmacological
activity.

In vivo biocompatibility of MCEVs

High-quality biosafety is crucial for the clinical trans-
lation of MCEVs in the medical field. Consequently, a
comprehensive assessment of the biosafety of MCEVs
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was conducted at both the cellular and animal levels. Cell
viability was evaluated using the MTT assay after co-
incubation with MCEVs at concentrations ranging from 0
to 10 pg/mL for 12 and 24 h in RAW264.7 and FHC cells.
Additionally, apoptosis was assessed using flow cytome-
try following a 24-hour co-incubation in RAW264.7 cells.
The findings consistently demonstrated that over 90%
of cells remained viable across various treatment condi-
tions, suggesting the biocompatibility of MCEVs with cel-
lular systems (Fig. 6A, B, and D). The biosafety of MCEVs
in mice was further assessed through a study in which
mice in the MCEVs group were administered 30 mg/kg of
MCEVs for 7 consecutive days. Daily monitoring of body
weight changes was conducted, and on the 9th day, the
mice were euthanized to extract vital organs and blood
for analysis. Results indicated no notable difference in
body weight between the MCEVs group and the control
group (Fig. 6C). Histological assessment of organs was
conducted using H&E staining, revealing the absence of
histological lesions and cellular damage following treat-
ment with MCEVs (Fig. 6E). Furthermore, analysis of
blood routine and biochemical indexes indicated no
statistical significance between the MCEVs group and
the healthy control group (Fig. 6F, G). These results sup-
ported the conclusion that MCEVs exhibited favorable
safety profiles following oral administration, warranting
further in vivo investigation.

The stability and colonic retention effects of MCEVs

Considering the remarkable anti-inflammatory and anti-
oxidant effects of MCEVs demonstrated in vitro, as well
as their good biosafety profile in vivo, we were prompted
to explore the biodistribution of MCEVs after oral
administration to assess their potential for application in
the prevention and treatment of UC. To evaluate the sta-
bility of MCEVs after oral administration, MCEVs were
incubated in simulated intestinal fluid at 37 °C for 4 h,
followed by simulated gastric fluid at 37 °C for another
4 h. TEM images showed that the morphology of MCEVs
remained intact (Fig. 7A). Next, we used in vivo imaging
technology to examine the distribution of DiR-labeled
MCEVs in healthy and DSS-induced UC mice after
equal gavage. The findings indicated that DiR-labeled
MCEVs were metabolized more rapidly in healthy mice,
whereas they were retained longer in UC mice, with resi-
dues still present at 24 h (Fig. 7B, E). Fluorescence could
be observed in the colon after 1 h of oral administra-
tion of DiR-labeled MCEVs, with the strongest fluores-
cence in the colon at 6 h. The fluorescence intensity then
decreased over time and disappeared completely at 24 h
in the healthy (Control) group. In contrast, DiR-labeled
MCEVs reached the colons of UC mice after 1 h, with
the greatest colonic enrichment at 6 h, and remained in
the colons of UC mice at 24 h (Fig. 7D, G). During this
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process, fluorescence was observed only in the gastro-
intestinal tract and not in any of the organs (heart, liver,
spleen, lungs, kidneys) (Fig. 7C, F). These results sug-
gested that MCEVs could cross the gastrointestinal tract
to reach the colon and remain in the colon of UC mice for
a longer time. This phenomenon reinforced the potential
application of MCEVs for UC treatment.

The therapeutic effect of MCEVs on UC

Given the promising anti-inflammation effects observed
in vitro and the biocompatibility demonstrated in vivo,
our studies aimed to determine whether MCEVs main-
tain the therapeutic efficacy of Momordica charan-
tia in a DSS-induced UC model. Initially, four groups
were established: a blank control group, a DSS group, a
group receiving 15 mg/kg MCEVs, and a group receiv-
ing 30 mg/kg MCEVs. After the induction of UC, the
treated groups were orally administered varying con-
centrations of MCEVs for 5 days starting on day 6, while
the control and DSS groups received an equal volume
of PBS. The body weight, activity levels, and fecal sta-
tus of mice were monitored daily, with colon and fecal
samples collected on day 11 (Fig. 8A). The control group
mice’s body weights remained stable over the 11 days,
while those in other groups decreased during the mod-
eling process. Following 5 days of MCEVs administra-
tion, the 15 mg/kg MCEVs group did not show a notable
variance in comparison to the DSS group. However, the
body weights of the mice in the 30 mg/kg MCEVs group
began to increase on the third day after MCEVs admin-
istration, and by day 11, their body weight was notably
higher than that of the DSS group (Fig. 8B). Shortening
of the colon is a crucial factor in assessing the disease
severity [33]. Measurements of mean colon lengths in the
four groups revealed lengths of 7.1 cm (control), 5.4 cm
(DSS), 6.25 cm (15 mg/kg MCEVs), and 6.73 cm (30 mg/
kg MCEVs). The colon length of the DSS group was
reduced by 23.9% in comparison to the control group,
indicating successful modeling of UC. Additionally, mice
treated with both concentrations of MCEVs exhibited
significantly longer colons than those in the DSS group
(Fig. 8C, D). Endoscopic observation was conducted fol-
lowing a 12-hour fasting period on day 11. The control
group mice possessed healthy and smooth colonic tissues
characterized by intact and clear capillaries and more
transparent mucus in the intestinal lumen. In contrast,
the DSS group displayed colonic tissues with numer-
ous ulcerative lesions and blurred capillaries. However,
the colonic tissues in the groups receiving 15 mg/kg and
30 mg/kg MCEVs treatment showed structural integrity,
clear capillaries, and fewer or no ulcers, with the 30 mg/
kg MCEVs group resulting in a healthier intestinal lumen
(Fig. SE).
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Fig. 8 Evaluation of the therapeutic effect of MCEVs on UC. (A) Schematic illustration of the establishment of a DSS-induced UC model and therapeutic
strategies of MCEVs. (B) Body weight change chart of control, DSS, DSS+MCEVs 15 mg/kg, and DSS+MCEVs 30 mg/kg four groups of mice during 11
days (n=6). (C, D) Comparison of colon length of four groups on day 11. (=6, I: DSS+MCEVs 15 mg/kg Il: DSS+MCEVs 30 mg/kg). (E) Representative
endoscopic images of four groups of mice on day 11. (F) Histological assessment of the mid-colon sections using H&E staining. (G) Alcian Blue staining
of the mid-colon sections to evaluate mucin secretion. (H) Immunofluorescence photographs of tight junction protein to assess colon epithelial layer
integrity. Data were shown as mean +SD. *: P<0.05, **: P<0.01, ***: P<0.001, ns: P> 0.05, indicating no significance

Intestinal barriers consist of biological, mucosal,
mechanical, and immune components. The mucus layer
exhibits adhesive and lubricating properties that impede
the adherence of bacteria and other deleterious agents
to the mucosa, thereby aiding in their expulsion. Intesti-
nal epithelial cells act as a formidable barrier against the
infiltration of bacteria, viruses, and endotoxins through
tightly arranged intercellular junctions [34, 35]. We
employed histological techniques, including H&E stain-
ing, Alcian blue staining, and immunofluorescence stain-
ing, to examine the restoration of the intestinal mucosa
and physical barrier following intervention with MCEVs.
H&E staining analysis revealed that control mice exhib-
ited an intact colon structure without any abnormali-
ties, while mice in the DSS group displayed pronounced
inflammatory lesions characterized by the infiltration
of inflammatory cells, crypt cysts, and disruption of the
epithelial cell layer. Conversely, these inflammatory man-
ifestations were notably ameliorated following interven-
tion with MCEVs (Fig. 8F). Alcian blue staining results
showed a significant decrease in mucin secretion in the
DSS group, with a marked increase observed following
MCEVs administration, suggesting enhanced goblet cell
number and function within the crypts and substantial
restoration of the mucosal barrier (Fig. 8G). Immunoflu-
orescence staining results indicated a significant reduc-
tion in the expression of tight junction proteins Occludin,
Claudin-1, and ZO-1 in the DSS group, with an increase
observed following the administration of MCEVs. Addi-
tionally, the group receiving 30 mg/kg MCEVs exhibited
restoration of tight junction protein expression closest
to that of the control group, suggesting the potential of
MCEVs to effectively promote structural integrity in the
colon (Fig. 8H). These findings offered compelling evi-
dence for the therapeutic efficacy of MCEVs in vivo.

The effects of mitigating inflammation of MCEVs in vivo

During the active phase of UC, a complex inflammatory
environment characterized by immune cell infiltration is
present in the lamina propria of the colon, leading to ele-
vated levels of inflammation factors within the affected
area [36]. To examine the extent of immune cell infil-
tration, colon tissue immune cells were extracted. The
findings revealed a notable rise in the proportion of leu-
kocytes in the DSS group, whereas a marked reduction
was observed in the group treated with MCEVs (Fig. 9A,
B). Neutrophils are the initial cells recruited during the

flare-up phase of the disease and constitute the primary
component of the inflammatory infiltrate in UC colon
tissue. Flow cytometry findings indicated a statistically
significant elevation in the leukocyte neutrophil percent-
age within the DSS group in comparison to the control
group. Following MCEVs administration, there was a
decrease in neutrophil percentage, with a more pro-
nounced reduction observed at higher concentrations of
MCEVs (Fig. 9C, D).

Inflammatory factors and ROS have the potential to
disturb the integrity of the colonic epithelial barrier.
Maintaining inflammation and redox balance is essen-
tial for the successful recovery from UC [37]. High lev-
els of myeloperoxidase (MPO) are a remarkable marker
of neutrophil infiltration, which aggravates UC. Mice in
the DSS group exhibited notably elevated MPO activity
compared to the control group, which was subsequently
reduced following treatment with MCEVs (Fig. 9E). This
result was consistent with the findings shown in Figs. 8C
and D. qRT-PCR was performed to analyze the levels
of inflammatory factors in colon tissues. The findings
indicated a notable rise in the transcription level of pro-
inflammatory factors IL-6, IL-1p, and TNF-« in the DSS
group. Subsequent administration of MCEVs via gavage
suppressed the secretion of these pro-inflammatory fac-
tors, with a more pronounced effect observed at the
higher concentration of 30 mg/kg compared to the lower
concentration of 15 mg/kg. Additionally, a significant
decrease in the transcription level of the anti-inflamma-
tory factor IL-10 was observed in the DSS group, while
MCEV administration elevated its transcription level
(Fig. 9F). Therefore, MCEVs have the potential to act as
anti-inflammatory agents by suppressing pro-inflamma-
tory factor secretion. Ultimately, MCEVs may offer relief
for UC by mitigating inflammatory and oxidative stress
responses.

The effect of MCEVs on mice gut microbiota and
metabolites

Mice with UC typically exhibit dysbiosis in their intes-
tinal microbiota, marked by decreased biodiversity, an
imbalance between beneficial and pathogenic micro-
organisms, and changes in spatial distribution [38]. To
delve deeper into the regulatory impacts of MCEVs on
the intestinal microbiota, we extracted intestinal contents
from the therapeutic model mice and analyzed the intes-
tinal microbiota utilizing 16 S rRNA gene sequences.
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Fig. 9 The effects of mitigating inflammation of MCEVs in vivo. (A, B) Representative scatterplot and statistical chart of the percentage of leucocytes in
the colon after oral administrated with MCEVs by Flow cytometry. (C, D) Representative scatterplot and statistical chart of the percentage of neutrophils
in leucocytes after oral administrated with MCEVs by Flow cytometry. (E) Assessment of peroxidase activity in colonic tissues to evaluate inflammatory
cell infiltration indirectly. (F) gRT-PCR to evaluate the transcription level of inflammatory cytokines in four groups. Data were shown as mean+SD.n>3,*:
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Venn diagram analysis revealed significant disparities in
species number across the three groups (Fig. 10A). Anal-
ysis of a-diversity, as measured by Chaol and Shannon’s
diversity index, showed decreased bacterial diversity in
the DSS group after modeling, with a notable increase in
bacterial diversity in the MCEVs-treated group (Fig. 10B,
C). Primary coordinate analysis (PCoA) demonstrated
significant variations in gut microbial profiles among the
three groups (Fig. 10D). Figure 10E displayed a bar graph
illustrating the distribution of gut microbiota at the phy-
lum level among various groups. The percentage of Ver-
rucomicrobia was elevated in the DSS group, whereas the
MCEVs group exhibited a significantly lower percent-
age than the DSS group. During IBD, an increased Fir-
micutes/Bacteroidota ratio is often observed, which may
indicate the therapeutic efficacy [39]. Statistical results
showed a significant rise in the Firmicutes/Bacteroidota
ratio in the DSS group, whereas a decrease was observed
in the MCEVs group, suggesting a beneficial therapeutic
effect of MCEVs on UC (Fig. 10F). Subsequently, genus-
level abundance analysis was conducted, revealing a

significant increase in the potentially pathogenic genus
Escherichia-Shigella in the DSS group. Following treat-
ment with MCEVs, this abundance was significantly
reduced. Conversely, the beneficial bacterial genera
Muribaculum and Alistipes exhibited significant reduc-
tions in the DSS group but showed significant increases
post-MCEVs administration (Fig. 10G).

The gut microbiota is recognized as a metabolic entity
that plays a crucial role in extracting nutrients and
energy from consumed food, as well as in generating
various metabolites that interact with specific receptors
to influence host metabolism [40]. One example is the
ability of intestinal flora to metabolize tryptophan into
indole derivatives, which contributes to the maintenance
of intestinal homeostasis by supporting epithelial cell
regeneration, enhancing intestinal barrier integrity, and
modulating immune system homeostasis [41]. Untar-
geted metabolomics techniques were employed to
analyze the intestinal contents, revealing a significant
increase in products associated with the indole meta-
bolic pathway following MCEVs administration. These
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products included Indole-3-methanol, Indole, and
Indoleacetic acid (Fig. 10H-J). Indoxyl sulfate (IS) is a
protein-bound toxin commonly metabolized by intestinal
microorganisms. It leads to the inhibition of gene expres-
sion associated with transmembrane resistance and tight
junctions in intestinal epithelial cells (IECs). This inhibi-
tion also impairs mitochondrial autophagy through the
suppression of mitochondrial dynamin-related protein
1 (DRP1) expression, ultimately causing damage to the
IECs [42]. Our experimental findings indicated a sig-
nificant increase in IS levels in the DSS group, with an
average relative content exceeding 10%. Following the
administration of MCEVs, there was a notable decrease
in IS content (Fig. 10K). In conclusion, these results sug-
gested that MCEVs may alter intestinal metabolites by
modulating the intestinal flora. These intestinal metabo-
lites could be absorbed by epithelial cells to regulate cel-
lular tight junction protein expression and enhance the

intestinal physical barrier function, as well as regulate the
intestinal immune system to maintain intestinal immune
homeostasis.

The protective effect of MCEVs on UC

To enhance the credibility of the therapeutic effective-
ness of MCEVs, four groups of mice were administered
various intervention regimens during oral DSS induc-
tion (Fig. 11A). The experimental findings indicated that
the group administered DSS exhibited a rapid decline in
body weight and a sustained increase in disease activ-
ity index (DAI) throughout the experimental period.
Treatment with a low dose (15 mg/kg) of MCEVs via
gavage on alternate days did not result in significant dif-
ferences in body weight changes compared to the DSS
group. Conversely, mice receiving a high dose (30 mg/
kg) of MCEVs demonstrated notable mitigation of the
downward trend in body weight and elevation in DAI
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during DSS modeling (Fig. 11B, C). Colon length analysis
revealed that the DSS group exhibited a marked reduc-
tion in average colon length after modeling. However,
the group receiving MCEVs at 30 mg/kg exhibited a sig-
nificantly greater colon length than the DSS group, sug-
gesting that the higher dosage of MCEVs had a notable
protective effect against DSS-induced ulcerative colitis
(Fig. 11D, E). Following DSS modeling, the mice exhib-
ited splenomegaly and reduced body weight, leading to
a notable elevation in the splenic index. However, both
low-dose and high-dose administrations of MCEVs
effectively suppressed the DSS-induced increase in the
splenic index (Fig. 11F). Endoscopy, H&E staining, and
Alcian blue staining revealed that mice in the DSS group
exhibited numerous hemorrhagic spots, submucosal
edema, extensive infiltration of inflammatory cells into
the intrinsic layer, disappearance of crypt structures,
and epithelial cell layer rupture in the colon. Following
oral administration of MCEVs, colonic hemorrhage was
mitigated, inflammatory cell infiltration decreased, crypt
structure was restored, goblet cell structure and func-
tion were normalized, and mucin secretion was markedly
enhanced. The efficacy of gavage treatment with a high
dosage of MCEVs was notably pronounced (Fig. 11G-
I). Further, qRT-PCR results showed that MCEVs treat-
ment reduced the secretion of pro-inflammatory factors
induced by DSS modeling and promoted the secretion of
anti-inflammatory factors, with a more significant effect
observed at the higher 30 mg/kg concentration (Fig. 11J).
Additionally, cells were extracted from mouse colon tis-
sues for immunofluorescence flow cytometry analysis.
The results showed that colon tissues exhibited severe
immune cell infiltration after modeling, with more than
40% of leukocytes, more than half of which were neutro-
phils. Treatment with different doses of MCEVs signifi-
cantly alleviated the inflammatory cell infiltration (Fig.
S4). The aforementioned findings provide additional
evidence supporting the favorable protective impact of
MCEVs on the acute colitis mouse model induced by
DSS.

Discussion

Plants serve as a valuable repository of natural medi-
cines, and the current use of natural plants primarily
involves extracting compounds from them. In recent
years, numerous studies have shown that plant-derived
extracellular vesicles (PDEVs) contain a large number of
active substances that inherit the original pharmacologi-
cal activities of plants [43], providing a new form for the
development of natural plant-based therapies.

The utilization of PDEVs as therapeutic agents offers
numerous advantages. These include the absence of
detectable toxicity or immunogenicity in most edible
plant cells, environmental friendliness due to their
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sustainable plant sources, ease and cost-effectiveness of
cultivation and acquisition compared to human cell cul-
tures, and freedom from human disease-causing patho-
gens [44]. Recent research has demonstrated that PDEVs
exhibit promising therapeutic properties for various
diseases, including IBD. For instance, lemon-derived
extracellular vesicle nanomedicines have been shown to
combat multidrug resistance in cancer cells by inducing
endocytosis-mediated energy dissipation and inhibit-
ing energy production [45]. Exosome-like nanovesicles
derived from Brucea javanica have been found to deliver
microRNAs for cancer treatment [46]. ‘Green’ nanothera-
peutics extracted from plants such as tea leaves, ginger,
mulberry bark, and turmeric show promise for manag-
ing colon diseases, including IBD and colitis-associated
cancer, through targeted oral delivery and modulation of
specific pathways. These studies have also verified that
PDEVs exhibit remarkable stability, can withstand the
challenging conditions of the gastrointestinal tract, and
successfully reach the colon upon oral administration.
They also demonstrate effective targeting and retention
in models of IBD [47-50]. In this study, we confirmed the
stability of MCEVs, remaining intact after 8 h of treat-
ment with simulated gastric and simulated intestinal
fluids. MCEVs also exhibited good retention in the UC
colon, with the drug still present after 24 h rather than
being rapidly metabolized following oral administration.
These findings were consistent with those of previous
related studies.

Various components from Momordica charantia have
been demonstrated to exhibit anti-inflammatory and
antioxidant effects. However, a single component from
Momordica charantia has limited effects on the dis-
ease, and high concentrations of a single component
may have side effects. Additionally, consuming large
amounts of Momordica charantia to prevent IBD is
impractical, which limits its clinical translation. MCEVs
have emerged as novel nanotherapeutics for investigat-
ing the Momordica charantia medicinal style, expanding
its potential therapeutic applications in disease man-
agement. Surprisingly, recent studies have shown that
MCEVs exhibit significant efficacy in treating various
diseases, suggesting their potential as therapeutic agents
for clinical translation [15—19]. Our investigation further
confirms the therapeutic effectiveness of MCEVs in a
mouse model of DSS-induced acute UC. In addition, our
findings suggest that MCEVs may improve intestinal epi-
thelial barrier function by enhancing tight junctions and
promoting mucus secretion. The potential mechanisms
include ROS clearance, suppression of intestinal inflam-
matory cytokine expression and inflammatory cell infil-
tration, and maintenance of microbiome diversity.

Numerous studies have shown that the active small
molecules in PDEVs play an essential role in disease
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management. For example, curcumin in turmeric and
ginsenosides in ginger have demonstrated therapeu-
tic effects on UC [51, 52]. Similarly, extracellular vesi-
cles derived from turmeric and ginger have also shown
significant alleviating effects on colitis. Identification
studies revealed that turmeric-derived vesicles contain
curcumin, while ginseng-derived vesicles contain gin-
senosides [48, 50]. In addition, it has been found that
miRNAs in CHMEVs also have pharmacological activi-
ties. For instance, groundnut-derived extracellular ves-
icles carrying miR-7972 were shown to be the active
ingredient for the anti-inflammatory activity of fresh
groundnut, rather than catalpol and mullein, which are
well-known active ingredients of groundnut [53]. More-
over, rowberry-derived extracellular vesicles delivered
10 functional miRNAs to 4T1 cells, promoting ROS/
Caspase-mediated apoptosis through regulation of the
Akt/mTOR signaling pathway. This significantly delayed
the growth and metastasis of 4T1 cells [46]. Our results
showed that RNA or protein digestion attenuated the
inhibitory effect of MCEVs on inflammatory factor secre-
tion, suggesting that proteins, RNA, and other classes of
substances in MCEVs all contribute to their anti-inflam-
matory effect. Moving forward, we will continue to study
to determine which specific proteins or RNA are phar-
macologically active, thereby laying the theoretical foun-
dation for advancing the clinical application of MCEVs.

Conclusion

In summary, a combination of differential centrifuga-
tion and density gradient centrifugation was utilized to
isolate MCEVs. Our results revealed that MCEVs exhib-
ited robust anti-inflammatory and antioxidant effects and
could inhibit macrophage polarization and the secretion
of inflammatory factors. Moreover, MCEVs were rich
in bioactive contents, with proteins, RNA, and other
compounds all contributing to their anti-inflammatory
effects. Our findings suggested that MCEVs have the
potential to mitigate mitochondrial oxidative stress
induced by ROS in RAW 264.7 macrophage cells. They
can preserve mitochondrial integrity and functionality,
regulate the expression of apoptosis-related proteins,
and consequently suppress mitochondria-mediated
apoptosis. In vivo, orally administered MCEVs dem-
onstrated good biosafety and colonic retention. Fur-
ther, MCEVs showed efficacy in ameliorating symptoms
associated with DSS-induced UC by suppressing ROS
levels, reducing the secretion of inflammatory media-
tors, and restraining the inflammatory cell infiltration
in colonic tissues. Additionally, our findings suggested
that the therapeutic effects of MCEVs on UC also may
be mediated by regulating the gut microbiota and its
indole-related metabolites. Taken together, MCEVs pre-
served the inherent anti-inflammatory, antioxidant, and
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gut microbiota-regulating properties of Momordica
charantia. This highlights their potential as a multi-tar-
get therapeutic approach for UC, which warrants fur-
ther investigation to facilitate clinical implementation.
Meanwhile, the extraction of extracellular vesicles that
retain the pharmacological activity of the original plant
provides a new strategy for the development of medicinal
plants.
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