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Abstract

Nowadays, extracellular vesicles (EVs) such as exosomes participate in cell-cell communication and gain atten-

tion as a new approach for cell-free therapies. Recently, various studies have demonstrated the therapeutic ability

of exosomes, while the biological effect of human endometrial stem cell (hnEnSC)-derived small EVs such as exosomes
is still unclear. Herein, we obtained small EVs from hEnSC and indicated that these small EVs activate the vital cell
signaling pathway and progress neurite outgrowth in PC-12 cell lines. For this purpose, hEnSC-derived small EVs were
extracted by ultracentrifuge and characterized by DLS, SEM, TEM, and western blot. Also, dil-staining of hEnSC-derived
small EVs was done to determine the penetration of hEnSC-derived small EVs into PC12 cells. The MTT assay, scratch
assay, and western blot assay were applied to PC12 cells that were exposed to different concentrations of small

EVs (0, 50, 100, and 150 pg/ml). Our results demonstrated that small EVs significantly increased neurite outgrowth,
proliferation, and migration in PC12 cells in a dose-dependent manner. Moreover, the analysis of western blots
showed increased expression of the PI3k/AKT signaling pathway in PC12 cells exposed to hEnSC-derived small EVs

in a dose-dependent manner. Also, the results of this study indicated that hEnSC-derived small EVs can enhance cell
proliferation and migration and promote neural outgrowth by activating the PI3k/AKT signaling pathway. Accordingly,
hEnSC-derived small EVs became an effective strategy for cell-free therapies. Altogether, these positive effects make
hEnSC-derived small EVs a new efficient approach in regenerative medicine, especially for the cure of neural injury.
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Introduction

The nervous tissue, as a vital tissue for living, is capable
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of appropriate strategies for neurodegenerative diseases
to enhance nerve regeneration post-injury, especially the
strategy that accelerates axonal nerve regeneration, is
precious for researchers [3]. Up until now, some strate-
gies have been used to manage the symptoms, but none
of these strategies are definitive treatments for neurode-
generative disorders [4, 5].

In several studies, researchers have demonstrated that
mesenchymal stromal cells (MSCs) promote the regen-
eration of nerve injury and improvement of function [6],
due to releasing paracrine factors with anti-inflammatory
effects and modulating immune reactions [7-9]. MSCs
were widely used in a variety of clinical trials, while con-
cern about some side effects of systemic application, like
poor cell survival, genetic alterations, and tumor growth,
remains [10, 11]. Based on previous studies, researchers
have illustrated that the main therapeutic roles of MSCs
are divided into two categories: cell-mediated effects
related to MSC differentiation and paracrine-mediated
effects [12, 13] that the beneficial roles of them in tissue
regeneration are mediated mostly by paracrine roles [14].
Paracrine secretion of MSCs includes growth factors,
miRNAs, and extracellular vesicles (EVs) [13].

Small EVs such as exosomes are phospholipid bilayer
vesicles with an approximately diameter of 30-150 nm
that have bioactive substances like lipid, protein, and
nucleic acids (DNA, microRNAs, circRNA, IncRNA, and
other noncoding RNAs) that effect and mediate the sign-
aling pathway of cells [15-17]. Exosomes can connect
with the cell membrane of surrounding cells and selec-
tively transfer bioactive substances into target cells [18].
Exosomal RNA as a primary messenger that reflects cell
conditions is a combination of coding and non-coding
[19]. Coding RNAs (mRNA) are functionally translated
in recipient cells, and non-coding RNAs (microRNAs
(miRNA)) mediate cell-cell communication by regulat-
ing gene expression [20, 21]. Therefore, RNA molecules
within exosomes can modulate the microenvironment
[22]. Previous studies have reported that the exosomes
provided by MSC can enhance nerve regeneration and
functional recovery post-nerve injury [23, 24]. Also, it
was indicated that these exosomes have a wide variety of
MSC effects [25, 26].

Indeed, exosomes extracted from MSCs have been
demonstrated to have great potential for regenerating
neurodegenerative diseases due to the neuroprotec-
tive and neuroregenerative properties of MSC-derived
exosomes [27, 28]. Moreover, the long half-life of
exosomes in body circulation, less immunogenicity, off-
the-shelf employment, easy storage conditions, and their
potency to cross the brain-blood barrier (BBB) make
MSC-derived exosomes a precious substrate for thera-
peutic strategies [29] to replace MSCs as a safe cell-free
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clinical therapy approach compared to MSC-based thera-
pies (Fig. 1) .

On the other hand, the source of extracted tissue and
the microenvironmental surroundings of the donor
cells affect the contents of the exosome [30]; therefore, a
proper cell source should be applied for a particular clini-
cal target. This study was designed to indicate the effects
of human endometrial stem cell (hEnSC)-derived small
EVs on neurite outgrowth, survival, proliferation and
migration of cells, and cell signaling activation, and also
find optimal concentrations of hEnSC-derived small EVs
in neural therapy. Recalling that hEnSCs are a new source
of adult MSCs that have been isolated from endometrium
tissue, it should be noted that they have an immunomod-
ulatory effect, possessing the ability for self-renewal and
differentiation into osteoblasts, chondrocytes, adipo-
cytes, and nerve cells [31]. Hence, due to these proper-
ties, hEnSC-derived small EVs are a novel approach for
cell-free therapies as well as a proper choice for regenera-
tive medicine.

Rat pheochromocytoma cell lines (PC12) are used as
a classical model in in vitro situations for neuroscience
investigation [32, 33]. In the current study, we aimed to
extract small EVs from the supernatant of hEnSCs and
indicate the dose effect of these small EVs on PC12 cells.
Also, we wanted to investigate the role of hREnSC-derived
small EVs on the survival, proliferation, and migration of
cells by activating the PI3K/AKT signaling pathway.

Materials and methods

Isolation and characterization of hEnSCs

HEnSCs were isolated by our previous study method
[34]. Briefly, human endometrium species tissue was
obtained after hysterectomy at Imam Khomeini Hospi-
tal in Tehran, Iran. The specimens of endometrium tis-
sue were maintained in a pre-warmed Hanks’ balanced
salt solution (HBSS; Invitrogen, Carlsbad, CA) with
1% (v/v) penicillin/streptomycin (P/S; Sigma-Aldrich)
and amphotericin B (1 pg/mL), then the samples were
placed in the cell culture dishes and washed with phos-
phate buffered saline (PBS) containing 1% penicillin/
streptomycin. The specimens of tissue were dissolved by
collagenase type I (2 mg/mL, Sigma-Aldrich) in an incu-
bator at 37 °C and 5% CO, for at least 30 min. After that,
Dulbecco’s modified Eagle’s medium F12 (DMEM/F12;
Sigma) containing 5% fetal bovine serum (FBS) (Biosera)
was added to the obtained suspension, and then the yield
suspension was passed through cell strainers (70 pum).
Finally, the obtained cell pellet was re-suspended in
DMEM/F12 media with 20% serum and 1% P/S and incu-
bated at 37 °C in an incubator. The cultural media were
changed twice a week.
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Fig. 1 Applications of MSc-derived exosomes for neuronal regenerative medicine, which have wide neuroprotective effects

Flow cytometry analysis was performed to verify the
isolated hEnSCs with BD FACS Calibur (BD Biosciences,
USA) and cells were expanded up to passage 3. The inves-
tigated surface markers were as follows: mesenchymal
stem cell markers (CD90, CD105, and CD146), hemat-
opoietic stem cell markers (CD34), and endothelial stem
cell markers (CD31) [35]. The hEnSCs were washed sev-
eral times with pre-warmed HBSS and 2% bovine serum
albumin (BSA; Sigma, A7030), then incubated with a
specific monoclonal antibody mentioned at specific rec-
ommended concentrations for 60 min. Flow cytometry
result outcomes were analyzed by FlowJo (version 7.00)
software.

Isolation of hEnSC-derived small EVs and concentration
determination

HEnSCs were isolated from endometrium tissues as
described by the previous method and cultured in com-
plete DMEM/F12 media (supplemented with 10% FBS
and 1% penicillin/streptomycin) and grown in 5% CO, at
37 °C [36]. When the confluence of cells was higher than
75% in a T175 culture flask, hEnSCs were washed with
pre-warmed PBS and DMEM/F12 media supplemented
with 5% exosome-free FBS were added. After 48 h, the

hEnSCs culture supernatant was maintained and used
for purification by differential centrifugation. To remove
cells and debris, three accelerative centrifugations (Beck-
man Coulter X-14R centrifuge) were applied (500xg for
10 min at 4 °C, 2000xg for 20 min at 4 °C, and 10000xg
for 45 min at 4 °C, respectively, and at each step the pel-
let was thrown away). The clear culture supernatant was
placed in an ultracentrifuge device and centrifuged at
120,000xg for 60 min at 4 °C (Beckman Coulter XL90
ultracentrifuge). Subsequently, the obtained pellet was
resuspended in filtered PBS and centrifuged again at
120,000xg for 60 min at 4 °C (Beckman Coulter XL90
ultracentrifuge) to omit protein contamination. At the
end, the obtained hEnSC-derived small EVs were resus-
pended in cold PBS and maintained at —80 °C. Also in
this study, the protein concentration of hEnSC-derived
small EVs was identified by Bradford Protein Assay Kit
(DNAbiotech, Iran).

Characterization of hEnSC-derived small EVs

Size distribution

Dynamic light scattering (DLS) analysis on DelsaMax Pro
(Beckman, CA, USA) was done to determine the size dis-
tribution of isolated hEnSC-derived small EVs.
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The extracted hEnSC-derived small EVs were diluted to
500 pg/ml using PBS and then transferred into a cuvette.
After the laser and temperature equilibrium of the device
(S§Z-100 Dinamic Light Scatter, Horiba Jobin Jyovin) were
stabilized, EVs samples were analyzed using the follow-
ing parameters: Laser Wavelength (nm): 663.87, Refrac-
tive index: 1.37, Set temperature(C): 25, Peak Radius Low
Cutoff(nm): 0.5, Peak Radius High Cutoff(nm): 5000, and
Auto-attenuation Time Limit: 60s. The size of hEnSC-
derived small EVs was measured through the % Intensity.

Electron microscopy

Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) were applied to investigate
extracted exosome morphology and particle sizes. For
SEM, 10-pl of extracted small EVs dilution was fixed by
4% glutaraldehyde and then dehydrated by an accelerat-
ing percent of ethanol. After dehydration and drying, a
thin layer of gold was used to cover the exosome samples.
Finally, the extracted small EVs were observed by SEM
(QUANTA SEM system; FEI Company, Hillsboro, OR,
USA).

To visualize extracts of small EVs, TEM was utilized.
For this purpose, 20 pL of freshly extracted diluted
small EVs was mixed with 4% glutaraldehyde; after
that, 10 pL of it was loaded onto a carbon-coated grid,
and then the sample was stained with 2% phosphotung-
stic. After staining and washing with PBS, the small EVs
were observed with TEM (Zeiss, EM10C). In the current
study, the approximate size of the extracted small EVs
was estimated by Image | software.

Tracking uptake of hEnSC-derived small EVs

To verify the entry of the small EVs into cells, hEnSC-
derived small EVs were labeled with 1,1"-dioctadecyl-
3,3,3",3 -tetramethylindocarbocyanine perchlorate (Dil
dye) and incubated for 12 h in an incubator (37 C and
5% CO,) with PC12 cells. To label hEnSC-derived small
EVs, 1 pL of diluted Dil stock solution was dissolved in 1
mL of extracted hEnSC-derived small EVs and incubated
for 45 min in a dark place at room temperature. Ultracen-
trifugation (100000 Xxg for 60 min at 4 °C) was utilized to
omit excess unincorporated Dil dye. Finally, four concen-
trations of Dil-labeled small EVs (0, 50, 100, and 150 pg
per ml) were incubated with PC12 cells at 80% concen-
tration in a 24-well plate for 12 h. In this study, PC12
cells were incubated with diluted Dil at a concentration
of 0 pg/ml. Subsequently, the nuclei of cells were stained
with DAPI, and then the cells were washed with PBS to
eliminate extra dye. Internalization of Dil-labeled hEnSC-
derived small EVs by PC12 cells was visualized by a fluo-
rescence microscope (Olympus, BX51, Japan).
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PC12 cell culture and hEnSC-derived small EVs

PC12 cell lines were cultured in complete RPMI media
(supplemented with 10% FBS and 1% P/S). For small EVs
treatment, PC12 cells were cultured in RPMI media with
5% FBS and 1% of P/S at a low density (2 x 10% cells/cm?)
on a tissue-culture plate and treated with four different
concentrations of hEnSC-derived small EVs (0 as a con-
trol, 50, 100, and 150 ug per ml) that were added to the
culture media for two consecutive days. In the current
study, control cells were also cultured only in complete
RPMI media under the same conditions.

Neurite outgrowth assay

After 24 h and 48 h post-treatment of PC12 cells with
four different concentrations of hEnSC-derived small EVs
(0, 50, 100, and 150 pg per ml), PC12 cells were fixed by
4% glutaraldehyde. In this experiment, each concentra-
tion was divided into one separate group, and each group
was investigated in triplicate. The percentage of neurite
outgrowth in each group was quantified, and the average
neurite length of each neuron was estimated by Image |
software. In this assay, a total of about 50 neurons were
considered from each group.

Cell proliferation assay

To determine the effect of different doses of hEnSC-
derived small EVs on PC12 cell proliferation, a MTT
assay was performed. As a brief, 1x10* cells per well
were seeded in a 48-well culture plate with complete
RPMI media. After 24 h, PC12 cells were treated in
triplicate with 0, 50, 100, and 150 pg/mL of hEnSC-
derived small EVs to indicate the viability and prolif-
eration of PC12 cells. MTT assays were applied after
1-, 3-, and 5-days post-exosome treatment. To do this,
media was thrown out, and then PC12 cells were thor-
oughly washed with PBS and exposed to 5 mg/mL of
3-(4,5-dimethylthiazolyl2)—2,5-diphenyltetrazolium bro-
mide (MTT, Sigma, USA). After 4 h of incubation in an
incubator, DMSO solution was added to dissolve purple
MTT formazan crystals and incubated for 15 min. The
Eliza reader at 570 nm was used to read the absorbance
of the plate.

Cell migration assay

The cell migration assay was investigated by scratch test-
ing. As a brief, 1x 10° cells per well density were cultured
in complete RPMI media (supplemented with 10% of
FBS and 1% of P/S) in a 12-well plate. After 48 h, a deep
and straight scratch was created in each well of the cul-
ture plate by using a sterile pipette tip. Subsequently,
the PC12 cells were washed several times with PBS
and treated in triplicate with 0, 50, 100, and 150 pug/mL
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hEnSC-derived small EVs for two consecutive days. In
this step, PC12 cells were cultured in RPMI media with-
out FBS for inhibition of cell proliferation. The surround-
ing area of PC12 cell migration was imaged post-24 and
48 h by an inverted microscope (Olympus IX 71, 100x
magnification, Olympus, Japan). Also, the nucleus of cells
was stained by DAPI staining, and PC12 cell migration
was determined by a fluorescent microscope.

Western blot analysis

Western blot analyses were done to characterize hEnSCs-
derived small EVs and these small EVs’ effect on activa-
tion of the PI3k/AKT signaling pathway. Lysis of cells
and hEnSCs-derived small EVs were done in RIPA buffer.
Equal amounts of protein (25 pg) were taken by using a
BCA kit (DNA Biotech, Iran) and denatured at 100 °C for
15 min. Electrophoresis on a 12% SDS-polyacrylamide
gel was done to separate proteins. After that, the pro-
teins were transferred onto a PVDF membrane, and 5%
blocking buffer containing BSA was used (Sigma, Ger-
many). Then, blots were incubated with diluted (1:1000)
primary antibodies against CD9 (sc-13118, Santa Cruz
Biotechnologies, USA), CD63 (sc-5275, Santa Cruz
Biotechnologies, USA), CD81 (sc-166029, Santa Cruz
Biotechnologies, USA), PI3 (sc-67306, Santa Cruz Bio-
technologies, USA), AKT (E-AB-30471, Elabscience®,
USA), and B-Actin (sc-47778, Santa Cruz Biotechnolo-
gies, USA) at 4 °C overnight, followed by several washes
in 1X Tris-buffered saline with 0.1% Tween-20 (TBST)
buffer, and then incubated with horseradish peroxidase
(HRP)-conjugated diluted (1:1000) secondary antibod-
ies (sc-516102, Santa Cruz Biotechnologies, USA) (sc-
2357,Santa Cruz Biotechnologies, USA). The unbound
antibodies were omitted by several washings with 1X
TBST buffer (3X-10 min). Finally, the expression of pro-
teins was illustrated by a chemiluminescence gel imaging
analysis device (Tanon, China).

Statistical analysis

A one-way analysis of variance (ANOVA) was applied
with a significance threshold of P<0.05 to assess the sta-
tistical differences between the groups under an unequal
variance assumption. For all statistical analyses, Graph-
Pad Prism Version 9.0.0 (121) was applied.

Results

Characterization of isolated hEnSCs

The spindle-shaped hEnSCs were positive for MSC mark-
ers CD90 (98.5%), CD105 (98%), and CD146 (89.2%).
hEnSCs were also negative for hematopoietic CD34
(1.2%) and endothelial CD31 (0.01%) markers, as shown
in Fig. 2.
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Characterization of hEnSC-derived small EVs

The hEnSC-derived small EVs were assessed by Brad-
ford analysis, DLS, western blot, SEM, and TEM.
Obtained images from SEM and TEM indicated that
the isolated small EVs were round and 60-120 nm in
diameter (Fig. 3a and b). The Bradford assay illus-
trated that the concentration yield of extracted hEnSC-
derived small EVs was nearly 1000 pg/ml (Fig. 3c).
Also, DLS illustrated that the size distribution of these
derived small EVs almost ranged from 60 to 120 nm
(Fig. 3d) and verified the SEM and TEM outcomes.
Finally, western blot analysis demonstrated positive
small EVs-specific surface marker expression of CD81,
CD63, and CD9 (Fig. 3e).

The hEnSC-derived small EVs uptake by PC12

Researchers have illustrated that MSCs-derived
exosomes can be taken up by target cells, thereby regu-
lating their biological behavior [29]. As such, we indi-
cated the penetration of hEnSC-derived small EVs into
PC12 cells. In our tracking experiment, different con-
centrations of Dil-labeled small EVs were incubated
with PC12 cells for 12 h, and fluorescence microscopy
was used for detection of the cellular uptake of hEnSC-
derived small EVs (Fig. 4a). Also, the intensity of the Dil
stain was measured (Fig. 4b). As shown in this Figure,
hEnSC-derived small EVs can enter the cytoplasm of
PC12 cells, mainly localizing to the perinuclear region,
and small EVs uptake is also increased with increasing
small EVs concentration. Furthermore, no significant
difference of intensity was detected between 100 and
150 pg/ml concentrations of small EVs.

hEnSC-derived small EVs induce axonal growth in PC12
cells

In this study, the PC12 cell line has been selected as an
in vitro model for studying the effects of hEnSC-derived
small EVs on inducing axonal outgrowth in neurons.
The influence of 0, 50, 100, and 150 pg/ml small EVs
on the PC12 cell morphology was investigated after 24
and 48 h post-treatment (Fig. 5a). Exposure of PC12
cells to various concentrations of hEnSC-derived small
EVs resulted in concentration-dependent increases
in neurite length. As shown in Fig. 5b, in the attend-
ance of 50, 100, and 150 pg/ml concentrations of
small EVs, axonal outgrowth significantly increased by
136%, 274% and 308% in axons, compared to control,
respectively. After 48 h, the neurite length in the group
with 100 and 150 pg/ml small EVs was significantly
increased, which demonstrated the greatest neurite
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Fig. 2 Characterization of hEnSCs. a Morphological characteristics of hEnSCs at passage 3 (scale bar =100 um); b Flow cytometry analysis of hEnSCs
surface markers demonstrated positive expression of CD90, CD44, and CD105 (mesenchymal stromal cell markers) and negative expression of CD31

(endothelial cell marker) and CD34 (hematopoietic cell markers) in hEnSCs

length (Fig. 5). As a result, the differentiation and neur-
ite outgrowth of PC12 cells are induced by the presence
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of hEnSC-derived small EVs and the extended neurites
can connect to each other to create synapse structures.

The hEnSC-derived small EVs promote PC12 cell
proliferation

To investigate the effect of hEnSC-derived small EVs
on PC12 cell viability and proliferation, PC12 cells were
exposed to various concentrations of hEnSC-derived
small EVs, and MTT assays were applied after 1-, 3-, and
5-days post-treatment (Fig. 6a). In this study, increasing
concentrations of small EVs can lead to increased PC12
cell viability and proliferation. Furthermore, no cyto-
toxic symptoms of hEnSC-derived small EVs, were deter-
mined. Also, a significant increase in proliferation of the
cells treated with 100 and 150 pg/mL compared to the
untreated cell groups 5 days later was observed (Fig. 6b
and c).

hEnSC-derived small EVs enhance cellular migration

Next, the migratory and proliferative effects of hEnSC-
derived small EVs on PC12 cells were evaluated. The
result of the scratch assay is depicted in Fig. 7a and b. As
shown in these Figures, the cell-covered area at 0, 50, 100,
and 150 pg/mL of hEnSC-derived small EVs was depicted
and analyzed after 24 and 48 h post-wounding. Scratch
closure assay results demonstrated that the migration
of treated PC12 cells was obviously increased in the
presence of hEnSC-derived small EVs as compared to
untreated cells (Fig. 7a and b). After 48 h, the scratch area
was obviously filled with cells that were treated with 100
and 150 ug/mL of these small EVs, and there was no sig-
nificant difference between these groups. But untreated
cells as well as cells treated with 50 pg/mL small EVs were
not completely filled after 48 h of scratching (Fig. 7c).
Hence, it can be concluded that 100 and 150 pug/mL of
hEnSC-derived small EVs greatly enhance cell migra-
tion and there was no significant difference was detected
between them (Fig. 7c).

hEnSC-derived small EVs activate the PI3K/Akt signaling
pathway in PC12 cells

The PI3K/Akt pathway is one of the substantial intracel-
lular signaling pathways that plays a key role in promot-
ing proliferation and inhibiting the apoptosis process
[37]. In this study, western blot experiments were applied

(See figure on next page.)
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to identify the downstream signaling pathway involved
in hEnSC-derived small EVs induced in PC12 cells. The
results of this section revealed that PC12 cells treated
with hEnSC-derived small EVs obviously increased pro-
tein levels of PI3K and AKT in PC12 cells in a dose-
dependent manner compared to control cells (Fig. 8).
Furthermore, the highest expression level of PI3k and
AKT proteins was observed in PC12 cells treated with
150 pg/mL small EVs (Fig. 8). Accordingly, it can be con-
cluded that the promoter effect of hEnSC-derived small
EVs on cell survival, proliferation, migration, and anti-
apoptosis happens through the PI3K/AKT signaling
pathway [38].

Discussions

Nerve injury is one of the main challenges research-
ers face due to the limited self-repair capacity of nerves.
Accordingly, the achievement of a perfect functional
recovery from a nerve injury is not easy. Cells typically
communicate together by interaction directly and/or by
releasing growth factors, cytokines, and exosomes [39].
In recent years, small EVs, such as exosomes, have been
known as an extracellular vehicle of intercellular commu-
nication that is released by all kinds of cells and can be
isolated from conditioned media. All secreted small EVs
not only share a similar evolutionary conserved protein
but also share cell type-specific proteins that relate to
their cellular origin [40].

Recently, MSCs have been the subject of a wide vari-
ety of clinical trial studies due to their anti-inflammatory,
anti-apoptosis, immune-regulating, and vascular regen-
eration properties [41, 42]. Also, several studies have
revealed that MSCs have significant therapeutic effects
through their secreted small EVs such as exosomes.
Currently, the use of MSC-derived small EVs such as
exosomes to regenerate nerve injury is in its early stages,
and only a few documents have demonstrated the effect
of exosomes on nerve cells in detail. Also, in previous
studies, it was not specifically investigated the hEnSC-
derived exosomes effect on nerve cells. Due to that, we
decided to evaluate the effect of hEnSC-derived small
EVs on nerve cells and determine the optimal dose of
these small EVs for nerve repair. According to our last
research on hEnSC-derived exosomes, encapsulating
small EVs in polymeric nerve guide conduit promoted

Fig. 3 Characterization of hEnSC-derived small EVs. a lllustration of size distribution of the isolated hEnSC-derived small EVs by SEM (scale

bar 1 um); b TEM photomicrographs of hEnSC-derived small EVs (scale bar = 100 nm); ¢ Size distribution of hEnSC-derived small EVs by DLS;

d Determination of small EVs concentration based on the mass concentration of BSA (small EVs concentration and 1000 pug/ml concentration
of BSA was no significant difference). e The expression of small EVs marker proteins CD9, CD63, CD81 and cytochrome C (as a negative marker)

by western blot assay. Each experiment was investigated in triplicate (n=3)
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inside the cells by increasing small EVs concentration. Also as shown in figure stained small EVs (red spots) was completely penetrate

in cells and concentrated around the nuclei (blue core) (scale bar =100 um); b Also, the intensity of Dil stain was measured by image j. ns
not significant/****P < 0.0001. Each experiment was investigated in triplicate (n=3)
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Fig. 5 Neurite length of PC12 cells induced with different concentrations of hEnSC-derived small EVs (scale bar =100 um); a The effects of 0, 50,
100, and 150 pg/ml small EVs on the PC12 cell morphology was observed in the four groups on day 0, 1, and 2 (magnification, x400). b Comparison
of the neurite length of PC12 cells between the four groups on day 0, 1, and 2. Data are presented as mean +standard error of the mean. * P<0.05 /

***P<0.001. Each experiment was investigated in triplicate (n=3)

the repair of sciatic nerve injury by influencing Schwann
cells in the sciatic nerve injury of rat model [24].

Similar to our research, Xie et al. [43] demonstrated
that adipose mesenchymal stromal cells (ADSCs)-
derived exosomes promoted proliferation and migration
of PC12. Also, they investigated different concentra-
tions of ADSCs-derived exosomes on PC12 cell function
and concluded that 100 pg/ml is an optimal concentra-
tion to use therapeutically for nerve damage. Authors

investigated the proliferation, migration and apoptosis
of PC12 cells when exposed to different concentration of
ADSCs-derived exosomes (0, 10, 50 and 100 pg/ml) [43].

In comparison to their study, we also indicated the
effect of various concentrations of hEnSC-derived
small EVs (0, 50, 100, and 150 pg/ml) on viability, pro-
liferation, and migration on PC12 cell lines. How-
ever, we investigated neurite outgrowth and also stain
hEnSC-derived small EVs to demonstrate small EVs
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Fig. 6 hEnSC-derived small EVs enhance PC12 cell proliferation. a PC12 cells were treated with different concentration of small EVs and MTT
assay was carried out after 1, 3,and 5 days after treatment. Absorbance was measured at 570 nm. MTT data demonstrated increased proliferation
of treated cells by increasing small EVs concentration; b DAPI staining of PC12 cells were treated by different concentration of small EVs (0,

50, 100, and 150 pg/ml) (scale bar =100 um) ¢ Also, post 5 days the intensity of DAPI staining was calculated by image J. The 100 and 150 pg/

ml concentration of small EVs have the most effect in cell proliferation. [ns. not significant / *P < 0.05 / ****P < 0.0001]. Each experiment

was investigated in triplicate (n=3)

penetration in PC12 cells. Furthermore, we assessed a
higher concentration of 100 pg/ml small EVs to demon-
strate a more precisely optimal concentration.

Also, in another study, Shariati et al. [44]. demon-
strated that human ADSCs-derived exosomes have a
promotive effect on cell viability, neuronal differentia-
tion, and neural marker expression in PC12 cells [44].
Although their study investigated only one concen-
tration (40 pg/ml) effect of human ADSCs-derived
exosomes in PC12 cells, they also compared the effect
of human ADSCs-derived exosomes and nerve growth
factor (NGF) on PC12 cells.

In another study, Hsu et al. [23]. demonstrated the neu-
rotrophic and neuroprotective effects of human umbili-
cal cord MSC (UCMSC)-derived exosomes. They used
locally UCMSC-derived exosomes with appropriate scaf-
folds to reduce nerve injury-induced pain in rat mod-
els. They showed that implantation of UCMSC-derived
exosomes with scaffolds promoted IL-10 and the expres-
sion of myelin basic protein (MBP) after 21 days. Hence,
they reported that UCMSC-derived exosomes could be
a promising therapeutic for nerve injury-induced pain.
However, they did not investigate various concentrations
of the UCMSC-derived exosomes effect in in vitro condi-
tions [23].

In the current study, the effects of hREnSC-derived small
EVs on nerve regeneration were explored in PC12 cells as
an in vitro model. Here, hEnSC-derived small EVs were
extracted from hEnSCs supernatant and explained and
characterized. The total yield of small EVs extracted from
the ultracentrifuge method was nearly 1000 pg/ml. Also,
as depicted in Fig. 3a, b, and ¢, hEnSC-derived small EVs
were homogeneous in size distribution, with an approxi-
mately 60 nm diameter.

Western blot results revealed that the extracted small
EVs were positive for CD81, CD63, and CD9 as an exo-
somal surface marker protein (Fig. 3e). Then the effects
of hEnSC-derived small Vs on cell viability and prolifera-
tion in PC12 cells were investigated. As shown in Fig. 4,
hEnSC-derived small EVs could be incorporated into the
cytoplasm of PC12 cells, causing neurite outgrowth, pro-
liferation, and migration, as well as promoting the pro-
liferative signaling pathway of PC12 cells (Figs. 5 and 6,
and 7).

The florescent microscopic image analysis of small
EVs uptake illustrated that almost most of the small EVs
were seen near the nucleus of PC12 cells by increasing
the concentration of hEnSC-derived small EVs. On the
other hand, it was demonstrated that the highest cellu-
lar uptake of hEnSC-derived small EVs led to most cell
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Fig. 7 hEnSC-derived small EVs enhance PC12 cell migration. a Migration rates of PC12 cells following co-culture with 0, 50, 100, and 150 pg/

mL hEnSC-derived small EVs for 24 h and 48 h. Scratches incubated with 0 and 50 pg/mL exosomes were not filled 48 h post scratching; b DAPI
staining of PC12 cells following co-culture with 0, 50, 100, and 150 pg/mL hEnSC-derived small EVs after scratching test (scale bar =100 um); ¢ Also,
the percentage of wound closure after 48 h was drawn in graph. [ns. not significant / ***P <0.001]. Each experiment was investigated in triplicate

(n=3)

proliferation and also higher upregulation of PI3k/AKT
pathways. The results of this section demonstrated that
PC12 cells treated with 100 and 150 pg/mL hEnSC-
derived small EVs revealed approximately equal neurite
outgrowth and cell proliferation and also upregulated
PI3k/AKT pathways because of high cell confluence and
contact inhibition of PC12 cells.

Furthermore, the MTT assay and scratch wound
healing results revealed that 100 and 150 pg/mL of

small EVs increased PC12 cell survival, proliferation,
and migration much more than 50 pg/mL, and the cre-
ated scratch areas were totally filled after 48 h of treat-
ment by 100 and 150 pug/mL concentrations of small
EVs exposure (Figs. 6 and 7). The expression levels of
proliferative signaling pathways (PI3k/AKT) were pro-
moted in PC12 cells that were treated with hEnSC-
derived small EVs compared to untreated PC12 cells
(Fig. 8). Also, with the increased concentration of small
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Fig. 8 hEnSC-derived small EVs activates the PI3k/Akt signaling pathway in PC12 cells. a Western blot data demonstrated increased expression
of PI3k/Akt in treated PC12 cells by increasing small EVs concentration; b Bar graph of western blot densitometry. Analysis was done by image J. ns.
not significant/***P < 0.001/****P <0.0001. Each experiment was investigated in triplicate (n=3)

EVs, the expression levels of these proteins in PC12
cells are increased.

As mentioned, the small EV components and their
effects on recipient cells depend on the source of tis-
sue extracted and the environmental context of the sur-
rounding cells. On the other hand, small EVs, such as
exosomes, carry various agents and exert their biological
effects by transporting them to recipient cells. Previous
studies also confirmed that neural progenitor cell migra-
tion and neurogenesis could be impressed by various

factors, including channels and signaling pathways [45].
Also, recalling the progressive trend in numerous engi-
neering [46], biomaterials [47], and biotechnology fields
[48], utilizing the small EVs in treating multiple disor-
ders and diseases in the future works is anticipated [49].
Accordingly, based on our results, we can conclude that
hEnSC-derived small EVs significantly enhance cell sur-
vival, proliferation, and migration and also decrease cell



Namini et al. Journal of Translational Medicine

(2025) 23:6

Human EnSCs
derived exosome

Culture human
EnSCs

Page 13 of 15

Human EnSCs
derived exosome on
PC12cells

Human EnSCs derived Human EnSCs derived
exosome promote cell exosome enhance the
Human EnSCs derived proliferation and cell neurite outgrowth
exosome activate P13/ migration
AKT signalling pathway

Fig. 9 hEnSC-derived exosomes promote neurite outgrowth, cell proliferation, and migration due to activating the PI3k/AKT signaling pathway

apoptosis in PC12 cells through PI3K/Akt signaling path-
way activation (Fig. 9).

All of the outcomes of the current study illustrate new
insights into the therapeutic effect of hEnSC-derived
small EVs on nerve regeneration. Indeed, our outcomes
demonstrated the enhancement role of hEnSC-derived
small EVs through activation of the PI3K/Akt signaling
pathway in the regeneration of nerve injury, while this
signaling pathway play pivotal role in other human tis-
sue functions [50]. However, this study has some limi-
tations, such as investigating downstream molecular
data like real-time PCR to indicate the PI3k/AKT sign-
aling pathway activation. Also, future studies require
investigating the duration of hEnSC-derived small EVs
effects to provide a more comprehensive understanding
of their therapeutic window. In addition, further stud-
ies should be designed in association with the PI3K/
Akt signaling pathway, hEnSC-derived small EVs, and
regeneration of nerve tissue injury in an in vivo model.

Conclusions

Due to the limited capacity of nerve tissue regenera-
tion post-injury and the lack of appropriate strategies,
MSC-derived small EVs could be a suitable candidate
for the cure of nervous tissue injuries without the cell
therapy side effects. The MTT assay and scratch wound
healing results revealed that 100 and 150 pg/mL of
small EVs increased PC12 cell survival, proliferation,
and migration much more than 50 pg/mL, and the cre-
ated scratch areas were totally filled after 48 h of treat-
ment by 100 and 150 pg/mL concentrations of small EVs
exposure. The expression levels of proliferative signaling
pathways (PI3k/AKT) were promoted in PC12 cells that
were treated with hEnSC-derived small EVs compared to
untreated PC12 cells. Also, with the increased concentra-
tion of small EVs, the expression levels of these proteins
in PC12 cells are increased. Hence, the outcomes of the
current study illustrated that hEnSC-derived small EVs
penetrate the PC12 cells and enhance viability, prolif-
eration, and cell growth in a dose-dependent manner by
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activating PI3k/AKT signaling pathways. Accordingly,
hEnSC-derived small EVs can be a promising strategy for
nervous tissue regeneration.

Acknowledgements
The authors thank Tehran University of Medical Sciences for supporting this
research with Grant No. 1400-3-148-55919.

Author contributions

MS did so and collected all the data. SE designed and supervised the study. NB
wrote the draft and revised it. JA verified the research protocol and obtained
results. All the authors read the submitted and revised versions and approved
them.

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent of publication
Not applicable.

Competing interests
The authors declare that they have no competing interests with respect to the
research, authorship, and/or publication of this article.

Received: 2 August 2024 Accepted: 25 December 2024
Published online: 03 January 2025

References

1. MengL, et al. Metal-Organic frameworks for nerve repair and neural
stem cell therapy. Adv Funct Mater. 2024;34(3):2309974.

2. Lan Z et al. Curcumin-primed olfactory mucosa-derived mesenchymal
stem cells mitigate cerebral ischemia/reperfusion injury-induced neu-
ronal PANoptosis by modulating microglial polarization. Phytomedicine.
2024;129:155635.

3. Lowrey TR, Sarode VR. Rapid on-site evaluation of a solitary lung nodule
in a patient with remote history of hysterectomy: cytologic findings and
diagnostic challenges. Cytojournal. 2023;20:15.

4. Blundell R, Shah M. Neurodegenerative diseases and stem cell transplan-
tation. J Stem Cell Res Ther. 2015;5(277):1000277.

5. Mohammadi M, et al. Conductive multichannel PCL/gelatin conduit
with tunable mechanical and structural properties for peripheral nerve
regeneration. J Appl Polymer Sci. 2020;137(40):49219.

6. Bingham JR, et al. Stem cell therapy to promote limb function recovery in
peripheral nerve damage in a rat model — experimental research. Annals
Med Surg. 2019;41:20-8.

7. Caplan Al. Mesenchymal stem cells in regenerative medicine, in Principles of
regenerative medicine. Amsterdam: Elsevier; 2019. p. 219-27.

8. Mishra J, et al. Prevalence of human papillomavirus infection in abnormal
pap smears. Cytojournal. 2023;20:21.

9. LiYY, etal scimmOmics: a manually curated resource of single-cell multi-
omics immune data. Nucleic Acids Res. 2024. https://doi.org/10.1093/
nar/gkae98s.

10. Yin M, et al. sc2GWAS: a comprehensive platform linking single cell and
GWAS traits of human. Nucleic Acids Res. 2024. https://doi.org/10.1093/
nar/gkae1008.

11. Lyu Z et al. Cause and consequence of heterogeneity in human mes-
enchymal stem cells: challenges in clinical application. Pathol Res Pract.
2024,;260:155354.

12. Lin S-S, et al. Bone marrow mesenchymal stem cell-derived
microvesicles protect rat pheochromocytoma PC12 cells from

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

Page 14 of 15

glutamate-induced injury via a PI3K/Akt dependent pathway. Neuro-
chem Res. 2014,39:922-31.

Zhao J, et al. Dose-effect relationship and molecular mechanism by
which BMSC-derived exosomes promote peripheral nerve regenera-
tion after crush injury. Stem Cell Res Ther. 2020;11(1):1-17.

Kou M, et al. Mesenchymal stem cell-derived extracellular vesicles for
immunomodulation and regeneration: a next generation therapeutic
tool? Cell Death Dis. 2022;13(7):580.

Palomar-Alonso N, et al. Exosomes: membrane-associated pro-

teins, challenges and perspectives. Biochem Biophys Reports.
2024;37:101599.

Li MR, et al. HMGB1 regulates autophagy of placental trophoblast
through ERK signaling pathwayt. Biol Reprod. 2024;111(2):414-26.
ShiY, et al. Junctophilin-2 is a double-stranded RNA-binding protein
that regulates cardiomyocyte-autonomous innate immune response.
Biochem Biophys Res Commun. 2024;733:150725.

Huang J, et al. Cell-free exosome-laden scaffolds for tissue repair.
Nanoscale. 2021;13(19):8740-50.

Mead B, Tomarev S. Bone marrow-derived mesenchymal stem
cells-derived exosomes promote survival of retinal ganglion cells
through miRNA-dependent mechanisms. Stem Cells Transl Med.
2017,6(4):1273-85.

Makarova J, et al. Extracellular miRNAs and cell-cell communication:
problems and prospects. Trends Biochem Sci. 2021;46(8):640-51.
Estrada-Meza C, et al. Recent insights into the microRNA and long non-
coding RNA-mediated regulation of stem cell populations. 3 Biotech.
2022;12(10):270.

WuY, et al. Exosomes rewire the cartilage microenvironment in osteo-
arthritis: from intercellular communication to therapeutic strategies. Int
J Oral Sci. 2022;14(1):40.

Hsu J-M, et al. Locally applied stem cell exosome-scaffold attenuates
nerve injury-induced pain in rats. J Pain Res. 2020;13:3257-68.

Namini MS, et al. Tissue-Engineered Core-Shell Silk-Fibroin/Poly-I-Lac-
tic acid nerve guidance conduit containing encapsulated exosomes of
human endometrial stem cells promotes peripheral nerve regenera-
tion. ACS Biomater Sci Eng. 2023;9:3496.

BucanV, et al. Effect of exosomes from rat adipose-derived mesenchy-
mal stem cells on neurite outgrowth and sciatic nerve regeneration
after crush injury. Mol Neurobiol. 2019;56:1812-24.

Koplay TG, et al. The effects of adipose-derived mesenchymal stem
cells and adipose-derived mesenchymal stem cell-originating
exosomes on nerve allograft regeneration: an experimental study in
rats. Ann Plastic Surg. 2023;90(3):261-6.

Tang H et al. Human umbilical cord mesenchymal stem cell-derived
exosomes loaded into a composite conduit promote functional recov-
ery after peripheral nerve injury in rats. 2023.

Li C, et al. Sustained release of exosomes loaded into polydopamine-
modified chitin conduits promotes peripheral nerve regeneration in
rats. Neural Regener Res. 2022;17(9):2050-7.

Marote A, et al. MSCs-derived exosomes: cell-secreted nanovesicles
with regenerative potential. Front Pharmacol. 2016;7:231.

Wiklander OP, et al. Extracellular vesicle in vivo biodistribution is deter-
mined by cell source. Route Adm Target. 2015;4(1):26316.
Somasundaram I. Endometrial stem cells and its potential applications.
Berlin: Springer; 2016.

Katerji M, et al. Chemosensitivity of U251 cells to the co-treatment of
D-penicillamine and copper: possible implications on Wilson disease
patients. Front Mol Neurosci. 2017;10:10.

Valente F, et al. Evaluation of toxicity of glycerol monooleate nanoparti-
cles on PC12 cell line. Int J Pharm. 2018;539(1-2):23-30.

Namini MS, et al. A comparison study on the behavior of human endo-
metrial stem cell-derived osteoblast cells on PLGA/HA nanocomposite
scaffolds fabricated by electrospinning and freeze-drying methods. J
Orthopaedic Surg Res. 2018;13(1):1-11.

Xu A, et al. NF-kB pathway activation during endothelial-to-mesen-
chymal transition in a rat model of doxorubicin-induced cardiotoxicity.
Biomed Pharmacother. 2020;130:110525.

Yu G, et al. Evaluating the pro-survival potential of apoptotic bodies
derived from 2D- and 3D- cultured adipose stem cells in ischaemic
flaps. J Nanobiotechnol. 2024;22(1):333.


https://doi.org/10.1093/nar/gkae985
https://doi.org/10.1093/nar/gkae985
https://doi.org/10.1093/nar/gkae1008
https://doi.org/10.1093/nar/gkae1008

Namini et al. Journal of Translational Medicine (2025) 23:6

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Dai B, et al. The effect of Liuwei Dihuang decoction on PI3K/Akt signaling
pathway in liver of type 2 diabetes mellitus (T2DM) rats with insulin
resistance. J Ethnopharmacol. 2016;192:382-9.

Jiang C, et al. Xanthohumol inhibits TGF-B31-Induced Cardiac fibroblasts
activation via mediating PTEN/Akt/mTOR signaling pathway. Drug Des
Devel Ther. 2020;14:5431-9.

Gurung S, et al. The exosome journey: from biogenesis to uptake and
intracellular signalling. Cell Commun Signal. 2021;19(1):47.

Chen H-X, et al. Exosomes derived from mesenchymal stem cells repair
a Parkinson’s disease model by inducing autophagy. Cell Death Dis.
2020;11(4):288.

Lee BC, Kang |, Yu KR. Therapeutic features and updated clinical tri-

als of mesenchymal stem cell (MSC)-derived exosomes. J Clin Med.
2021;10(4):711.

Xie X, et al. Clinical safety and efficacy of allogenic human adipose
mesenchymal stromal cells-derived exosomes in patients with mild to
moderate Alzheimer's disease: a phase I/Il clinical trial. Gen Psychiatr.
2023;36(5):e101143.

Xie Y, et al. Adipose mesenchymal stem cell-derived exosomes enhance
PC12 cell function through the activation of the PI3K/AKT pathway. Stem
Cells Int. 2021;2021(1):2229477.

Shariati Najafabadi S, et al. Human adipose derived stem cell exosomes
enhance the neural differentiation of PC12 cells. Mol Biol Reports.
2021,48(6):5033-43.

Chu H, et al. MC-LR aggravates liver lipid metabolism disorders in obese
mice fed a high-fat diet via PI3K/AKT/mTOR/SREBP1 signaling pathway.
Toxins. 2022. https://doi.org/10.3390/toxins14120833.

LuY, et al. Engineering exosomes and biomaterial-assisted exosomes

as therapeutic carriers for bone regeneration. Stem Cell Res Ther.
2023;14(1):55.

Das R, et al. Nanocellulose preparation from diverse plant feedstocks,
processes, and chemical treatments: a review emphasizing non-woods.
BioResources. 2023. https://doi.org/10.15376/biores.19.1.Das.

Yi-Wen Z, et al. Effects of Oridonin on hepatic cytochrome P450
expression and activities in PXR-Humanized mice. Biol Pharm Bull.
2018;41(5):707-12.

Cheng X, et al. Quercetin: a promising therapy for diabetic encepha-
lopathy through inhibition of hippocampal ferroptosis. Phytomedicine.
2024;126:154887.

Tong G, et al. Effects of GLP-1 receptor agonists on Biological Behavior of
Colorectal Cancer cells by regulating PI3K/AKT/mTOR signaling pathway.
Front Pharmacol. 2022;13:901559.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 15 of 15


https://doi.org/10.3390/toxins14120833
https://doi.org/10.15376/biores.19.1.Das

	Human endometrial stem cell-derived small extracellular vesicles enhance neurite outgrowth and peripheral nerve regeneration through activating the PI3KAKT signaling pathway
	Abstract 
	Introduction
	Materials and methods
	Isolation and characterization of hEnSCs
	Isolation of hEnSC-derived small EVs and concentration determination
	Characterization of hEnSC-derived small EVs
	Size distribution
	Electron microscopy
	Tracking uptake of hEnSC-derived small EVs

	PC12 cell culture and hEnSC-derived small EVs
	Neurite outgrowth assay
	Cell proliferation assay
	Cell migration assay
	Western blot analysis
	Statistical analysis

	Results
	Characterization of isolated hEnSCs
	Characterization of hEnSC-derived small EVs
	The hEnSC-derived small EVs uptake by PC12
	hEnSC-derived small EVs induce axonal growth in PC12 cells
	The hEnSC-derived small EVs promote PC12 cell proliferation
	hEnSC-derived small EVs enhance cellular migration
	hEnSC-derived small EVs activate the PI3KAkt signaling pathway in PC12 cells

	Discussions
	Conclusions
	Acknowledgements
	References


