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Abstract

Background: Endometrial injury, often resulting from iatrogenic procedures or infections, can lead to fibrosis, adhesions, and infer-
tility. Current therapies are inadequate for reversing fibrosis or restoring normal function. Mesenchymal stem cell-derived exosomes
(MSC-exos) present therapeutic potential; however, their rapid clearance poses a challenge. The purpose of this study was to develop a
thermosensitive Pluronic F-127 (PF-127) hydrogel for sustained intrauterine delivery of human umbilical cord MSC-derived exosomes
(PF-127-hUCMSC-exo0s) and to evaluate its efficacy and underlying mechanisms in a rat model of ethanol-induced endometrial injury.
Methods: A thermosensitive PF-127 hydrogel loaded with hUCMSC-exos was developed. Its retention and therapeutic effects were
evaluated in a rat model of ethanol-induced endometrial injury. Comparisons were made among control, model, hydrogel treatment
alone, and PF-127-hUCMSC-exos treatment. Mechanistic assessments included histological analysis, collagen deposition measurement,
fertility testing, expression analysis of epithelial-mesenchymal transition (EMT) markers (E-cadherin, vimentin, B-catenin), transcrip-
tomic analysis of exosome-treated primary rat endometrial stromal cells, and measurement of early growth response 2 (EGR2) mRNA
and protein levels. Results: PF-127-hUCMSC-exos were detectable in the uterine cavity up to day 12, and this treatment significantly
improved endometrial morphology, increased thickness and gland number, reduced collagen deposition, and partially restored fertil-
ity. Mechanistically, exosomes inhibited EMT by upregulating E-cadherin and downregulating vimentin and B-catenin. RNA-seq of
exosome-treated rESCs identified 1173 differentially expressed genes, with enrichment in EMT-related pathways. EGR2, a pro-fibrotic
transcription factor, was significantly downregulated at both mRNA and protein levels. EGR2 overexpression promoted cell migra-
tion, which was reversed by exosome treatment. Conclusions: PF-127-hUCMSC-exos hydrogel effectively repairs endometrial injury
and restores fertility by inhibiting EMT, potentially via EGR2 downregulation. This cell-free strategy offers a promising approach for
endometrial regeneration.
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1. Introduction In recent years, cell therapy, particularly mesenchy-
mal stem cell (MSC) transplantation, has emerged as a
prominent area of research. MSCs can be isolated from
various tissues and administered via tail vein or intrauter-
ine injection to promote endometrial thickening and gland
and blood vessel formation and to enhance embryo recep-
tivity [4,5]. However, the use of live cells carries risks
of immune rejection and embolism. Moreover, large-scale
cultivation may even diminish the therapeutic properties
of MSCs [6]. The exosomes secreted from MSCs (MSC-
exos), which mimic paracrine effects by transporting miR-
NAs and proteins to promote angiogenesis and suppress in-
flammatory fibrosis, have been validated in rat models of
ethanol-induced or mechanical endometrial injury [7,8,9].
Nevertheless, exosomes are rapidly cleared after intrauter-
ine administration, resulting in low delivery efficiency.
Pluronic F-127 (PF-127) thermosensitive hydrogel, known

The integrity of the endometrial basal layer is a physi-
ological prerequisite for the regulation of the menstrual cy-
cle and for embryo implantation. However, various iatro-
genic procedures, including repeated intrauterine surgeries,
as well as infections and inflammatory diseases, can dam-
age the endometrial basal layer. This damage leads to im-
paired endometrial regeneration, abnormal fibrosis, and in-
trauterine adhesions. These conditions are significant con-
tributors to female infertility, recurrent implantation failure,
and pregnancy loss. Current treatments, such as hystero-
scopic adhesiolysis combined with hormonal therapy, only
partially restore the anatomical structure and do not effec-
tively reverse fibrosis or recover functionality, resulting in
high recurrence rates [1,2,3]. Therefore, novel regenerative
strategies that can inhibit fibrosis and restore endometrial
homeostasis are urgently needed.
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for its biocompatibility and injectability, can slowly release
nanovesicles after gelation, thereby prolonging retention
and providing a viable carrier for cell-free repair [10,11].
Current research is focused on PF-127 hydrogel loaded with
stem cells or exosomes to promote wound healing [12,13],
while studies on its application in the noninvasive treatment
of endometrial injury using MSC-exos are limited.

A key mechanism through which MSCs and MSC-
exos facilitate tissue repair is the alleviation of fibrosis in
damaged tissues [14]. Epithelial-mesenchymal transition
(EMT) is often activated during inflammatory responses,
wound healing, and fibrotic processes. In instances of mild
injury, EMT promotes the transformation of epithelial cells
into myofibroblasts, thereby enhancing tissue repair. How-
ever, under chronic inflammatory conditions, the abnormal
and sustained activation of EMT results in excessive ac-
cumulation of myofibroblasts and extracellular matrix de-
position, ultimately disrupting the structure and function
of parenchymal organs [15]. The regulation of EMT in-
volves multiple signaling pathways, with the transforming
growth factor-p (TGF-B) family serving as the primary in-
ducer [16,17]. Additionally, the Notch signaling pathway
[18,19], the canonical Wnt pathway, and various inflamma-
tory cytokines collectively contribute to the initiation and
maintenance of EMT [20,21]. Studies have demonstrated
that MSCs can inhibit the EMT process and alleviate fi-
brosis by modulating signaling pathways such as Wnt/p-
catenin and TGF-f/Smad [22]. Furthermore, the reversal
effect of MSC-exos on EMT is linked to miRNA deliv-
ery and transcriptional regulation. Specifically, miR-23a-
3p and miR-182-5p carried by MSC-exos can inhibit Ikbkb,
thereby downregulating the NF-xB and Hedgehog signal-
ing pathways and thus mitigating LPS-induced pulmonary
fibrosis [23]. Similarly, miR-466f-3p derived from mouse
MSC-exos can target c-MET and inhibit the AKT/GSK3
pathway, thereby reversing the EMT process in radiation-
induced lung injury [24]. These findings indicate that
MSCs and their exosomes play crucial roles in suppress-
ing fibrosis and promoting tissue regeneration by regulating
EMT through multiple pathways and targets.

In this study, we prepared a PF-127 hydrogel for the
sustained release of human umbilical cord MSC-derived ex-
osomes (PF-127-hUCMSC-exos) and investigated its ther-
apeutic potential for endometrial injury, its effects on fer-
tility function, and its underlying mechanisms. We found
that hUCMSC-exos improved endometrial fibrosis in in-
jured rats by inhibiting EMT, potentially through the down-
regulation of the EMT-related molecule EGR2, thereby pro-
viding a translatable new approach for the clinical repair of
moderate to severe endometrial damage.

2. Materials and Methods
2.1 Isolation of hUCMSC-Exosomes

hUCMSC-exos used in the experiment were isolated
by ultracentrifugation from the cell culture supernatant pro-

vided by Hunan Shengbao Biotechnology Co., Ltd. The su-
pernatant from hUCMSC:s cultured through passages 3 to 5
was collected. Following the removal of cells and debris by
differential centrifugation at 300, 2000, and 10,000 xg, the
exosomes were pelleted by ultracentrifugation at 110,000
xg for 70 minutes at 4 °C. The resulting exosome pellet
was then resuspended in sterile PBS, aliquoted, and stored
at —80 °C.

2.2 Preparation of PF-127 Hydrogel

PF-127 powder (P2443-250G, Sigma, Missouri,
USA) was added to pre-cooled PBS buffer at 4 °C under
sterile conditions to achieve the desired concentration (e.g.,
30%, w/v). The mixture was placed on a magnetic stirrer at
4 °C and stirred at low speed overnight until the powder was
completely dissolved, resulting in a clear, transparent pre-
gel solution. This solution remains liquid at low tempera-
tures but transitions rapidly to a gel state at body tempera-
ture. The final concentration of the hydrogel used for injec-
tion was 25%, and the loading concentration of hUCMSC-
exos in the PF-127 hydrogel was 20 pg/mL, which corre-
sponds to 2 pg of exosomes per rat in a 100 pL injection
volume.

2.3 Cell Culture

Rat renal epithelial cells (NRK-52E) were purchased
from the American Type Culture Collection (CRL-1571)
and maintained in Dulbecco’s modified Eagle’s medium
(30030, Gibco, Massachusetts, USA) supplemented with
10% fetal bovine serum (A5669701, Gibco) and 100 U
penicillin/streptomycin (15140122, Gibco) at 37 °C ina 5%
CO; incubator. All cell lines were validated by STR profil-
ing and tested negative for mycoplasma.

To generate primary rat endometrial stromal cells
(rESCs), female SD rats were subcutaneously injected with
17B-estradiol (3.5 mg/kg) for 3 consecutive days to syn-
chronize their estrus. After euthanasia, uteri were excised,
washed three times with HBSS, and minced into 0.5—-1 mm?
pieces. The tissues were digested with 0.8 mg/mL collage-
nase I at 37 °C for 60 min, terminated with DMEM/F12
(11320033, Gibco) supplemented with 10% FBS, filtered
through a 400-mesh sieve, and centrifuged to collect the
cells, and cultured at 37 °C in a 5% CO, incubator. Primary
culture was performed until passage 3, with identification
based on morphology and vimentin expression.

2.4 EMT induction and Transwell Assay

The test cells, such as NRK-52E cells or rESCs, were
seeded into 6-well plates and divided into three groups.
Upon reaching 90% confluence, the model group was
treated with 50 ng/mL TGF-f, while the treatment group re-
ceived the same concentration of TGF-f (50 ng/mL) along
with 1 pg/mL exosomes. Cells were harvested for pro-
tein or RNA extraction 24 hours post-treatment. For tran-
swell assay, cells were resuspended in serum-free medium
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and seeded in the upper chamber of the Transwell insert.
The model group was treated with 50 ng/mL TGF-f, while
thetreatment group received the same dose of TGF-f along
with 1 pg/mL exosomes. Complete medium containing
10% FBS was added to the lower chamber as a chemoat-
tractant. The culture plate was placed in a 37 °C incubator
with 5% CO; for 24 hours. The chamber was subsequently
removed, and the cells that migrated to the membrane of the
lower chamber were fixed with 4% paraformaldehyde and
stained with 0.1% crystal violet. Multiple random fields
of view were then photographed and counted under a mi-
croscope (Carl Zeiss AG, Baden-Wiirttemberg, Germany),
followed by statistical analysis of the cell migration count.

2.5 In Vivo Experimental Design

All animal protocols were approved by the Ethics
Committee of Hunan Normal University (permit number:
2022431; approval date: October 2022). The study was car-
ried out in accordance with the ARRIVE guidelines. Eight-
week-old female SD rats (Beijing Vital River) were syn-
chronized using vaginal smears, and surgery was performed
during estrus. Animals with body weight of 180-220 g
and normal estrous cycles were included, excluding those
with preoperative illness, intraoperative complications, or
>20% postoperative weight loss. Following intraperitoneal
(i.p.) injection of 1.5% sodium pentobarbital at 70 mg/kg,
a midline laparotomy was conducted to expose both uter-
ine horns. A microsyringe (1 mL) was used to infuse ab-
solute ethanol (100 pL) into each lumen upward from the
Y-shaped bifurcation of the rat uterus for five minutes to in-
duce endometrial injury, followed by three saline washes.
The sham operation group without ethanol injury served as
the control group (n = 8). The injured animals (n = 24) were
then randomly assigned to one of three groups: (1) injury-
only (Model), (2) PF-127 hydrogel vehicle (100 pL), or (3)
PF-127-hUCMSC-exos (100 uL). After in situ gelation, the
uterus was repositioned, and the abdomen was closed. Stan-
dard postoperative care was provided. At the third estrus
postinjury (about 14 days), the rats were sacrificed by CO,
euthanasia (10 L progressive chamber, 5 L/min for 7 min,
with an additional 1 min after respiratory arrest), and the
uteri were fixed in 4% paraformaldehyde for hematoxylin
and eosin (H&E) and Masson’s trichrome staining. For fer-
tility assessment, only the left uterine horn was injured us-
ing the same procedure, while the right horn remained un-
treated as an internal control (n = 5 per group). On day
14 post-intervention, rats in the fertility assessment groups
were paired 1:1 with proven fertile males. The presence
of a vaginal plug and a sperm-positive smear the following
morning was designated as gestation day 0. On day 18 of
pregnancy, the dams were euthanized using the same CO,
method, the uterine horns were opened, and implantation
sites were counted to evaluate reproductive recovery.
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2.6 Exosome Labeling and In Vivo Tracking

hUCMSC-exosomes were labeled with PKH26 red
fluorescent dye (123452207, Sigma, MINI26-1KT, USA)
following the manufacturer’s instructions. After a rat en-
dometrial injury model was established, a PF-127 hydrogel
loaded with PKH26-1labeled exosomes was injected into the
uterine cavity. The animals were sacrificed at 0, 4, 6, 8,
10, and 12 days postinjection, after which the uterine tis-
sues were collected. The overall fluorescence signals from
the uterine tissues were captured using a small-animal in
vivo imaging system (PerkinElmer, Massachusetts, USA)
to semiquantitatively analyze the retention time of the exo-
somes at the injury site. Moreover, portions of fresh uter-
ine tissue were embedded in optimal cutting temperature
(OCT) compound and rapidly frozen in liquid nitrogen.
Frozen sections were prepared, and after Hoechst 33342
nuclear staining was performed, the distribution and local-
ization of the exosomes in the uterine tissue sections were
observed using a laser confocal microscope (Leica, Hesse,
Germany).

2.7 Histological Staining

Uterine tissues were fixed in 4% paraformaldehyde,
dehydrated through a graded series of ethanol, cleared
in xylene, embedded in paraffin, and sectioned at 4 um.
For H&E staining, the sections were sequentially dewaxed
in xylene, hydrated through graded ethanol, stained with
hematoxylin, differentiated in hydrochloric acid-alcohol,
blued in running water, counterstained with eosin, dehy-
drated, cleared, and mounted with neutral resin. For Mas-
son’s trichrome staining, dewaxed and hydrated sections
were sequentially stained with Weigert’s iron hematoxylin
for nuclei and Ponceau-acid fuchsin for cytoplasm and mus-
cle fibers, differentiated in a phosphomolybdic acid solu-
tion, stained with aniline blue for collagen fibers, and sub-
sequently treated with a weak acid solution, dehydrated,
cleared, and mounted. All stained sections were observed
under an optical microscope, and images were captured.
Quantitative analysis of endometrial thickness relative to
total uterine wall thickness, gland number, and collagen
fiber area percentage was performed using ImagelJ software
(Image] 1.54p).

2.8 Immunofluorescence

Frozen sections of OCT-embedded uterine tissues
were rewarmed to room temperature and rinsed with PBS
to eliminate the embedding medium. The sections were
then fixed in 4% paraformaldehyde (Biosharp, Beijing,
China) for 10 minutes, followed by three washes with PBS.
The sections were subsequently blocked using a solution
containing 5% bovine serumalbumin (ST023, Beyotime,
Shanghai, China) and 0.3% Triton X-100 (ST1723, Bey-
otime) at room temperature for 1 hour. After the block-
ing solution was removed, a diluted primary antibody in-
cluding anti-vimentin (A19607, Abclonal, Wuhan, China,
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1:200), anti-E-cadherin (14472T, Cell Signaling Technol-
ogy, USA, 1:100) was added, and the samples were incu-
bated overnight at 4 °C. The following day, the primary
antibody was removed by washing with PBS, and species-
specific fluorescently labeled secondary antibodies, FITC
(ASO11, Abclonal, 1:100), Cy3 (AS008, Abclonal, 1:100)
were added, followed by incubation at room temperature in
the dark for 1 hour. After an additional PBS wash, the nu-
clei were counterstained with Hoechst 33342 (C1053, Be-
yotime). Finally, anti-fade mounting medium was applied
to seal the sections. Fluorescence images of specific target
proteins were observed and captured using a laser confocal
microscope (Leica).

2.9 RTqPCR

Total RNA was extracted from cells or ground uter-
ine tissues using TRIzol reagent (Invitrogen), and its con-
centration and purity were measured with a microspec-
trophotometer (Thermo Fisher NanoDROP One, Mas-
sachusetts, USA). An equal amount of total RNA was
used to synthesize first-strand cDNA according to the
instructions provided with the reverse transcription kit
(RRO36A, TAKARA, Shiga, Japan). qPCR was per-
formed on a real-time fluorescence quantitative PCR in-
strument using a SYBR Green premix system (RR4230A,
TAKARA). The reaction program consisted of predenat-
uration at 95 °C for 30 seconds, followed by 40 cy-
cles of denaturation at 95 °C for 5 seconds and anneal-
ing/extension at 60 °C for 30 seconds. All samples were
run in triplicate, with glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) used as the reference gene. The relative
expression levels of target genes were calculated using the
2-8ACt method.

2.10 Western Blot

Total protein was extracted from cells or tissues using
RIPA lysis buffer supplemented with protease inhibitors,
and the protein concentration was determined via the BCA
method. Equal amounts of protein samples were separated
using SDS-PAGE, after which the proteins were transferred
to PVDF membranes by the wet transfer method. After
blocking with 5% skim milk in TBST at room temperature
for 1 hour, the membranes were incubated overnight at 4 °C
with diluted primary antibodies, including CD63 (25682-
1-AP, Proteintech, Wuhan, China), TSG101 (28283-1-AP,
Proteintech), calnexin (10427-2-AP, Proteintech), vimentin
(A19607, ABclonal, Wuhan, China), B-catenin (A20221,
ABclonal), B-actin(AF5003, Beyotime Shanghai, China),
and EGR2 (A3219, ABclonal). Following three washes
with TBST, the membranes were incubated with the cor-
responding horseradish peroxidase-conjugated secondary
antibodies at room temperature for 1 hour. After thor-
ough washing, the membranes were treated with enhanced
chemiluminescence (ECL) detection reagents, and signals
were captured using a chemiluminescence imaging system
(Tanon, Shanghai, China).

2.11 RNA Sequencing

The rESCs were treated with exosomes (with PBS as
the control) at a final concentration of 0.5 pg/mL for 24
hours. Subsequently, total RNA was isolated using TRIzol
reagent, and mRNA was enriched using oligo(dT) magnetic
beads and fragmented. The cDNA library was amplified
by PCR with appropriate cycling parameters, quality con-
trolled, and sequenced on the DNBSEQ platform (BGI).
Raw sequencing data were processed using SOAPnuke
(v2.2.1, Shenzhen, China) for quality filtering. Subsequent
bioinformatics analysis, visualization, and multiomics data
mining were performed using the Dr. Tom integrated anal-
ysis platform. The differentially expressed genes (DEGs)
were defined as those whose |log, fold change| was >1.0 and
whose FDR was <0.05.

2.12 Statistical Analyses

Data from three independent experiments were ana-
lyzed using GraphPad Prism 10.0 software (San Diego, Cal-
ifornia, USA) and are shown as the mean + SEM. Statisti-
cal multigroup comparisons were performed by ANOVA,
followed by a Student-Newman—Keuls post hoc test. Two-
tailed unpaired Student’s t tests were used to compare two
groups. p values less than 0.05 were considered to indicate
statistical significance.

3. Results
3.1 Characterization of PF-127-hUCMSC-Exos

Exosomes were isolated using ultracentrifugation, and
transmission electron microscopy revealed that the exo-
somes exhibited a round vesicle-like structure (Fig. 1A).
Dynamic light scattering analysis revealed that the particle
size distribution ranged from 100 to 1000 nm (Fig. 1B).
Western blot analysis of exosomal surface protein markers
revealed that both human umbilical cord mesenchymal stem
cells and exosomes expressed CD63 and TSG101 (Fig.
1C), whereas calnexin was expressed only in human um-
bilical cord mesenchymal stem cells and not in exosomes.
The quantified exosomes were incorporated into the PF-127
hydrogel, which remained in a liquid state at 4 °C and trans-
formed into a solid state at 37 °C (Fig. 1D). This hydrogel
exhibits temperature sensitivity, injectability, and minimal
flow after solidification.

3.2 In Vivo and In Vitro Tracing of PF-127-hUCMSC-Exos

We labeled exosomes with the red fluorescent PKH26
dye and traced them to renal tubular epithelial cells. Red
exosome fluorescence signals were detected in the cells 6
hours after the direct addition of exosomes, with the fluores-
cence signals gradually intensifying over time. However,
almost no exosome fluorescence signals were observed in
the PF-127-loaded exosome group at the 6-hour time point
(Fig. 2A). These findings suggest that exosomes can be
taken up by cells and that PF-127 hydrogel-loaded exo-
somes can achieve sustained release.
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Fig. 1. Characterisation of hUCMSC-Exo and preparation of thermosensitive Pluronic F-127(PF-127) hydrogel. (A) Representa-
tive transmission electron microscopy (TEM) image of isolated exosomes. Scale bar =500 nm. (B) Size distribution profile of exosomes

as determined by dynamic light scattering (DLS). (C) Western blot analysis of exosomal and cellular markers, including TSG101, CD63
and Calnexin. (D) Photographs of the PF-127 hydrogel at 4°C and 37 °C, demonstrating the sol-gel phase transition (liquid at 4 °C, gel

at 37 °C).

We subsequently conducted in vivo exosome tracing in
rats. The results demonstrated that exosome fluorescence
signals were detected in the uterine cavity on day 0 post-
injection and persisted until day 12 (Fig. 2B,C). This indi-
cates that PF-127 hydrogel-loaded exosomes can be slowly
released and preserved long term in the rat uterine cavity.
Additionally, we obtained frozen sections of rat uterine tis-
sue and collected fluorescence images using confocal laser
scanning microscopy. Weak exosome fluorescence signals
were observed in the uterine tissue on day 0; these sig-
nals initially increased but then decreased over time, which
is consistent with previous results (Fig. 2D). These find-
ings demonstrate that PF-127 loaded exosomes achieve sus-
tained release, and can be taken up by uterine tissue to exert
sustained therapeutic effects.

3.3 PF-127-hUCMSC-Exos Can Improve the Function of
Damaged Uterus

To investigate the effects of exosomes on endometrial
injury, we established an endometrial injury model by in-
jecting absolute ethanol into the uterine cavity of rats dur-
ing the estrus phase, followed by treatment with PF-127-
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hUCMSC-exos. After three estrus cycles (about 14 days) of
treatment, uterine tissues were collected for analysis (Fig.
3A). H&E staining revealed a significant reduction in en-
dometrial thickness and a decrease in the number of glands
in both the model group and the PF-127 hydrogel group.
In contrast, the PF-127-hUCMSC-exos group exhibited a
marked increase in endometrial thickness and restoration
of gland numbers (Fig. 3B,C,D). Masson staining further
revealed that the fibrotic area of the endometrium and col-
lagen fiber deposition significantly increased in both the
model and PF-127 hydrogel groups, whereas the exosome-
treated group demonstrated a significant reduction in colla-
gen fiber area and alleviation of fibrosis (Fig. 3B,E).

We subsequently evaluated the fertility of the rats.
Uterine injury modeling and PF-127 hydrogel exosome
therapy were conducted during the estrus phase. After 14
days of treatment, female rats were co-housed with male
rats. Vaginal secretions were collected the following morn-
ing, and the presence of sperm observed under microscopy
was recorded as gestational day 0. Uteri were harvested
on gestational day 18, and the number of implantation sites
was counted (Fig. 4A). The results indicated that rats with
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Fig. 2. In vitro and in vivo tracking of PKH26-labelled exosomes (PKH26-Exo). (A) Representative immunofluorescence images
show PKH26 (red) signal in cells treated with PKH26-Exo with or without PF-127 hydrogel encapsulation. Nuclei were stained with

Hoechst 33342 (blue). Scale bar = 25 um. (B) The fluorescence imaging of the rat uterine cavity following intrauterine injection of

PF-127-PKH26-Exo hydrogel. Images were acquired at the indicated time points (days 0, 4, 6, 8, 10, and 12) using a small animal in

vivo imaging system. (C) Quantification of the fluorescence intensity in the uterine cavity (n = 3) from the images shown in (B) over

the 12-day period. (D) Representative fluorescence images of uterine tissues harvested at the indicated time points, demonstrating the
retention and distribution of PKH26-Exo. Nuclei were stained with Hoechst 33342 (blue). Scale bar = 50 um.

left uterine injuries induced by absolute ethanol and treated
with PF-127 hydrogel failed to achieve successful preg-
nancy, whereas those treated with exosomes successfully
conceived (Fig. 4B,C).

3.4 hUCMSC-Exos Inhibit the EMT Process

To elucidate the potential mechanisms through which
hUCMSC-exos promote endometrial injury repair, we ex-
amined its effects on cell migration. First, Transwell as-

says were conducted to assess the effects of exosomes on
the migration capabilities of rat renal epithelial cells (NRK-
52E) and primary ESCs. The findings revealed a signifi-
cant decrease in the number of migrating cells in both cell
types after exosome intervention (Fig. 5A,B). Based on
these observations, we speculate that the reparative effect
of hUCMSC-exos on the endometrium may be linked to the
regulation of the EMT process.
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Fig. 3. Therapeutic efficacy of PF-127-hUCMSC-Exo in a rat model of absolute ethanol-induced uterine injury. (A) Schematic
diagram of the experimental timeline for establishing the uterine injury model and subsequent PF-127-Exo treatment. (B) Representative
images of H&E staining showing uterine tissue histoarchitecture and Masson’s trichrome staining indicating collagen deposition (blue) in
fibrotic areas. Scale bars = 500 and 250 pm. (C-E) Quantitative analysis of histological parameters. (C) Endometrial thickness relative
to total uterine wall thickness. (D) Gland count per uterine cross-section. (E) Fibrotic area percentage relative to total tissue area. Data
are presented as mean £ SEM. *p < 0.05, **p <0.01, ***p <0.001, ****p < 0.0001, ns: no significance.
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mating. Embryos are visible in the control and PF-127-hUCMSC-Exo-treated groups, but absent in the model and PF-127-only groups.

(C) Statistical comparison of the number of implanted sites per uterus across different groups (n = 5/group). Data are presented as mean

+ SEM. ***p <(0.001, ns: no significance.

To validate this hypothesis, Western blot and qPCR
were used to detect changes in the expression of core EMT
markers. The results demonstrated that, at the mRNA lev-
els, the expression of N-cadherin and B-catenin was signif-
icantly downregulated, while E-cadherin was markedly up-
regulated in the exosome intervention group. At the pro-
tein level, the expression of vimentin and B-catenin was
also significantly decreased. These results suggest that ex-
osomes can inhibit the EMT process (Fig. 5C,D). Addi-
tionally, the expression of EMT marker proteins was eval-
uated by immunofluorescence staining of frozen sections.
Compared with that in the sham surgery group, the fluo-
rescence intensity of endometrial E-cadherin was signifi-
cantly lower in both the model group and the PF-127 group,
whereas vimentin expression was higher. After treatment
with PF-127-hUCMSC-exos, E-cadherin expression was
significantly restored, and the vimentin fluorescence signal
was markedly diminished (Fig. 5E). Collectively, these re-
sults indicate that hUCMSC-exos promote structural repair
of the endometrium following injury by inhibiting the EMT
process and maintaining the epithelial phenotype.

3.5 Transcriptomic Analysis of Differentially Expressed
Genes in ESCs Cocultured With hUCMSC-Exos

To investigate the transcriptomic characteristics of pri-
mary ESCs following hUCMSC-exos intervention, we em-
ployed high-throughput RNA sequencing. The results re-
vealed 1173 transcripts whose expression was significantly
altered, including 527 upregulated genes and 646 down-
regulated genes. Gene Ontology (GO) analysis revealed
significant enrichment in biological processes related to
“cell migration”, “endothelial cell migration”, and “epithe-
lial to mesenchymal transition (EMT)” (Fig. 6A). KEGG
pathway classification further revealed that the DEGs were
enriched primarily in categories such as “TGF-p signal-
ing pathway”, “Wnt signaling pathway”, and “Notch sig-
naling pathway”, which are closely related to EMT (Fig.
6B). Based on expression magnitude and functional rele-
vance, we identified key candidate genes, such as NOG,
NPR3, MAP3K7C1, and EGR2. The results of quantita-
tive real-time PCR (qPCR) validation were highly consis-
tent with the sequencing data: NOG and NPR3 mRNA ex-

pression was significantly upregulated (p < 0.05), whereas
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MAP3K7C1 and EGR2 mRNA expression was signifi- 3.6 hUCMSC-Exos Inhibit Cell Migration by
cantly downregulated (p < 0.01) (Fig. 6C,D). Downregulating EGR2

To further eclucidate the downstream targets of
hUCMSC-exos, we performed Western blot analysis to as-

@B IMR Press 9


https://www.imrpress.com

= Control
Go Biological Process Qualue 5 == Exo *
S 4
0 ?
extracellular matrix organization - . £
cell cycle O 0.005 s 34
cell migration - ] z
S 0.01 2 * .
cell division - @] . «
cell adhesion-| (@) 0.015 g ]
wound healing Q & |-Y-| |-Y-| ﬂ |l|
endodermal cell differentiation [s) 0.02 T T T )
apoptotic process -| . 0.025 Npr3 Nog Tnfrsf25 Clqtnf3
transforming growth factor beta receptor.. (o)
positive regulation of ERK1 and ERk2 cas... [%) Gene Number D
endothelial cell migration (= ®5 = (E:ontrol
Schwann cell differentiation - e O 2 18 - B
positive regulation of MAP kinase activi... [ J ® 36 §
epithelial to mesenchymal transition - [ ] 8
I i . ® 51 5 104
epithelial cell differentiation [ H
o Xa sy @ :
Q" oY 7 o & o .
@ = *
B Rich Ratio g o N
Q
KEGG Pathway Qualue = [ |
0.
PI3K-Akt signaling pathwayi; . 0 WMP1O  EGR2 MAPSKTC1 ARG WXD3
HIF-1 signaling pathway-{ @ 0.2

p53 signaling pathway | [ ]

Rap1 signaling pathway |

@] ) *k
Hippo signaling pathway ‘ @ 2.0
TGF-beta signaling pathway W @ 0.6 k 15
MAPK signaling pathway-| E .
TNF signaling pathway J‘ Q 038 1.0
Hippo signaling pathway - @ 1 1 0.5
Whnt signaling pathway i
NF-kappa B signaling pathway J Gene Number 0.0

*
MAPK signaling pathway e 3 Control Exo

o
~
m

Relative protein
expression

NOD-like receptor signaling pathway 1 ) ® 15 : ’
Notch signaling pathwayj ° EGR2 | '—
mTOR signaling pathway ‘ [ ] ® 26
JAK-STAT signaling pathway-{ @ ® s
Toll-like receptor signaling pathway J; ° . @4 B-actin | AE—  ——
0 » N 0 O
Y O N0
Rich Ratio
F G
** Control Exo
20
c * %Kk
£ _ _ _
£c 15 S 200 en
5 € | [T
o8 10 o}
28 o w150
o8 s : z
4 Y 3 *kk
0 () © 100 —
Control MOCK EGR2 % 3 Mkl
o
S k=
EGR2 | —— mmm— : 2 5
o
& 0-
B-actin — e - w &‘o‘ S & & & &£
N &

\“0 &

Fig. 6. Transcriptomic Analysis and Functional Validation of EGR2 in hUCMSC- Exo-Mediated Therapy. (A,B) Enrichment
analysis of differentially expressed genes in primary rat endometrial cells after exosome treatment. (A) Gene Ontology (GO) terms
and (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were significantly enriched. (C,D) The mRNA expression
of upregulated genes (C) and downregulated genes (D) in primary rat endometrial cells after exosome treatment. (E) EGR2 protein
expression in NRK-52E cells after exosome treatment was detected by Western blot. (F) EGR2 protein expression in NRK-52E cells
transfected with an EGR2 plasmid versus an empty vector was detected by Western blot. (G) (Left) Transwell migration assay (crystal
violet staining) of NRK-52E cells overexpressing EGR2 or empty vector, with or without exosome treatment. (Right) Quantification of
migrated cells. Scale bar = 100 um. Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

sess the protein levels of EGR2. The results revealed a  confirming that hUCMSC-exos exert a negative regulatory
significant decrease in EGR2 protein expression, which effect on EGR2 expression (Fig. 6E). To investigate the
aligned with the transcriptome sequencing data, further  role of EGR2 in cell migration, we overexpressed EGR2 in
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rat renal epithelial cells using plasmid transfection technol-
ogy. The Western blot results demonstrated a notable in-
crease in EGR2 protein levels in the overexpression group
(Fig. 6F). Transwell migration assays revealed a marked
increase in the number of infiltrating cells in the EGR2-
overexpressing group, indicating that EGR2 promotes cell
migration. However, following exosome treatment, these
pro-migration phenotypes were reversed. In conclusion,
the findings of this study confirm that hUCMSC-exos can
inhibit cell migration by downregulating EGR2 expression
(Fig. 6G).

4. Discussion

This study demonstrated that a PF-127 thermosensi-
tive hydrogel loaded with hUCMSC-exos effectively deliv-
ered and prolonged exosome retention in the injured uterus.
By inhibiting the EMT process, the hydrogel significantly
improved ethanol-induced endometrial damage in rats, pro-
moted tissue morphological repair, reduced fibrosis, and
partially restored fertility. The underlying molecular mech-
anism may be associated with the downregulation of the key
transcription factor EGR2 by exosomes.

First, our results confirm the superiority of PF-127 hy-
drogel as an exosome delivery vehicle. The hydrogel un-
dergoes rapid gelation at body temperature, achieving both
localization and sustained exosome release (up to 12 days)
at the injury site, while demonstrating excellent biocompat-
ibility without eliciting significant foreign body reactions.
These findings provide a viable strategy to overcome the ap-
plication bottlenecks of the short in vivo half-life and poor
targeting of exosomes, aligning with recent research trends
that utilize biomaterials to enhance the delivery of cytokines
or exosomes for improved tissue regeneration effects [25].
Previous studies have employed PF-127-loaded mesenchy-
mal stem cells for intrauterine injection therapy in rat en-
dometrial injury models [26,27]. Other studies have uti-
lized collagen scaffolds or hyaluronic acid hydrogel (HA
gel)-loaded MSC-exos to promote endometrial regenera-
tion [28,29]. To our knowledge, this is the first study to
adopt PF-127-loaded MSC-exos for intrauterine injection,
achieving a notable sustained release effect. This prolonged
retention is likely attributable to the in sifu gelation admin-
istration route (liquid at room temperature, gelling at body
temperature) and the precise injection directly into the en-
dometrial injury site, which enhance local anchoring and
reduce clearance.

In terms of therapeutic effects, PF-127-hUCMSC-exo
treatment significantly increased endometrial thickness and
the number of glands, reduced collagen deposition, and ulti-
mately improved the embryo implantation rate in damaged
uteri. These findings align with those of previous reports
indicating that various sources of MSCs, including bone
marrow MSCs (BMMSCs) [30], menstrual blood-derived
MSCs (MenSCs) [31], umbilical cord-derived MSCs (UC-
MSCs) [32], and adipose tissue-derived MSCs (AD-MSCs)
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[33], have potential efficacy in endometrial regeneration
therapy. Furthermore, exosomes derived from BMM-
SCs can significantly increase the number of endometrial
glands and markedly reduce the area of endometrial fibro-
sis. The underlying mechanism may involve the suppres-
sion of EMT through the activation of the Wnt/p-catenin
signaling pathway [34,35]. A collagen scaffold struc-
ture loaded with UCMSC-exos promotes endometrial re-
generation and restores fertility by inducing CD163+ M2
macrophage polarization [28]. These therapeutic actions
are consistent with the emerging body of evidence high-
lighting the anti-inflammatory and antioxidant capacities of
MSC-conditioned products [36]. In summary, MSCs and
their exosomes primarily facilitate the repair of endome-
trial damage through mechanisms as promoting endome-
trial cell proliferation and regeneration, suppressing inflam-
mation and fibrosis, and modulating immune responses.

This study further investigated the repair mechanism
through the regulation of EMT. We found that hUCMSC-
exos can upregulate the expression of the epithelial marker
E-cadherin while downregulating the expression of the
mesenchymal markers vimentin and B-catenin both in vivo
and in vitro, thereby inhibiting the migration ability of
endometrial cells. These findings strongly suggest that
exosomes exert their antifibrotic effects by reversing or
suppressing the abnormal EMT induced by injury. Tran-
scriptomic analysis revealed that differentially expressed
genes were significantly enriched in EMT- and related-
pathway genes after exosome intervention. Studies have
demonstrated that exosomal miR-466f-3p derived from
mouse MSCs reverses the EMT process by inhibiting the
AKT/GSK3p pathway via c-MET in radiation-induced lung
injury [24]. Additionally, the delivery of IncRNA GASS by
hUCMSC-exos alleviates EMT through competitive bind-
ing to miR-21, thereby restoring PTEN expression [37]. In
an epithelial-mesenchymal transition cell model of the hu-
man peritoneal mesothelial cell line (HMrSV5), Inc-CDHR
contained in hUCMSC-exos modulates the inhibition of the
target gene PTEN by competitively binding to miR-3149,
thus attenuating EMT in HMrSVS5 through the AKT/FOXO
pathway [38]. Therefore, we believe that the repair of en-
dometrial injury by hUCMSC-exos is primarily associated
with the inhibition of EMT progression. To this end, we fur-
ther identified the enriched differentially expressed genes
and validated EGR2 (early growth response 2) as a key
downstream target of the effects of hUCMSC-exos.

EGR2 is a zinc finger transcription factor that belongs
to the early growth response protein family. It is typically
rapidly induced by growth factors, stress signals, or differ-
entiation signals and participates in the regulation of vari-
ous pathological processes, including inflammation, fibro-
sis, and cell migration [39,40]. EGR2 is significantly up-
regulated in fibrotic skin and lung tissues from systemic
sclerosis patients. As a direct transcriptional target of TGF-
B, its overexpression enhances collagen synthesis and my-
ofibroblast differentiation [41]. The study on liver fibro-
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sis revealed that reduced EGR2 expression could inhibit
the transition from benign hepatic steatosis to liver fibro-
sis [42]. In renal fibrosis patient samples, EGR2 expres-
sion was increased. Overexpression of EGR2 promoted
renal fibrosis in unilateral ureteral obstruction mice, while
EGR?2 gene deletion alleviated obstructive nephropathy and
reduced the occurrence of EMT, which was associated with
the p-STAT3-EGR2-p-Smad3 axis [43]. Studies have re-
vealed that EGR2 can form a transcriptional complex with
the histone acetyltransferase p300/CBP, increasing chro-
matin accessibility and activating the transcription of down-
stream target genes (such as SNAI2) [44]. This epigenetic
regulatory mechanism is particularly critical during EMT,
as SNAI2, a core EMT transcription factor, can directly
suppress E-cadherin expression and activate mesenchymal
markers such as vimentin [45]. Therefore, under patholog-
ical conditions such as chronic inflammation and cancer,
EGR?2 is often abnormally induced and acts as a driver of
EMT, promoting invasion and fibrosis.

In this study, we demonstrated that MSC-derived exo-
somes effectively suppressed EGR2 expression in endome-
trial stromal cells. However, the specific exosomal cargo
responsible for this regulation remained to be elucidated.
Considering the well-established role of exosomal miRNAs
in mediating post-transcriptional gene regulation, we per-
formed a computational prediction using TargetScan (v8.0)
to identify potential miRNAs that may target EGR2. This
analysis revealed several high-confidence candidates, in-
cluding miR-150-5p, miR-17-5p, miR-20a-5p, and miR-
106b-5p. Notably, miR-150-5p and miR-17-5p have been
previously reported to be enriched in MSC-derived exo-
somes and associated with anti-fibrotic functions [46,47].
Nevertheless, the precise mechanisms by which these miR-
NAs may regulate EGR2 in our model require further ex-
perimental validation, and this represents an important di-
rection for future investigation.

5. Limitations

This study first shows that hUCMSC-exos suppress
EGR?2 expression, thereby inhibiting EMT and fibrosis and
revealing new mechanistic insights into MSC-exos medi-
ated endometrial epithelial homeostasis. However, this
study has certain limitations. First, while PF-127 hydrogel
enhances retention time, its specific in vivo degradation ki-
netics and long-term effects on the uterine cavity microen-
vironment require further detailed evaluation. In addition,
our study did not include a direct head-to-head compari-
son between PF-127 loaded and free exosomes, and thus
we are unable to quantify the exact fold-improvement over
free exosomes. Second, the specific active components in
exosomes (such as the particular miRNA or protein) respon-
sible for downregulating EGR2 have not yet been identi-
fied, which represents a key direction for future functional
research. Future research should focus on identifying the
key functional molecules in exosomes responsible for ther-
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apeutic effects and optimizing the physicochemical proper-
ties of the hydrogel to advance this strategy toward clini-
cal application. Moreover, our RNA-seq identified multi-
ple candidate genes, but only EGR2 was functionally val-
idated in the present study, and thorough characterization
of the remaining DEGs is an important direction for future
investigation. Finally, although the rat endometrial injury
and repair model can simulate some pathological features of
humans, there are differences in etiology and pathological
progression compared with the complex intrauterine adhe-
sions observed in humans. Therefore, clinical translation of
the research findings should be approached with caution,
the complementary models would be valuable for further
validation.

6. Conclusions

This study demonstrates that a PF-127 thermosensi-
tive hydrogel loaded with hUCMSC-exos serves as an ef-
fective delivery system, significantly prolonging exosome
retention in the injured uterus. Intrauterine injection of PF-
127-hUCMSC-exos markedly improved ethanol-induced
endometrial damage in rats, as evidenced by increased
endometrial thickness and gland number, reduced colla-
gen deposition and fibrosis, and partially restored fertil-
ity. Mechanistically, the therapeutic effects are primar-
ily attributed to inhibition of the EMT process, mediated
by downregulation of the key transcription factor EGR2.
To the best of our knowledge, we first identify EGR2 as
a functional downstream target through which hUCMSC-
exos drive endometrial repair following injury. While the
PF-127 hydrogel offers excellent biocompatibility and sus-
tained release, further evaluation of its long-term degrada-
tion kinetics and uterine microenvironment effects is war-
ranted. Despite limitations inherent to the rat model, these
findings provide a promising biomaterial-assisted exosome
therapy for endometrial injury and offer new molecular in-
sights into EMT-based antifibrotic mechanisms.
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