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Introduction: Osteoporosis is a result of an imbalance in bone remodeling. Mesenchymal stem
cell-derived extracellular vesicles (MSC-EVs) have been considered as a potentially promising
treatment for osteoporosis. However, the therapeutic effect, genetic alterations, and in vivo
behavior of exogenous EVs for osteoporosis in mice models remain poorly understood.
Methods: A multiplexed molecular imaging strategy was constructed by micro-positron
emission tomography (LPET)/computed tomography (CT), uCT, and optical imaging mod-
ality which reflected the osteoblastic activity, microstructure, and in vivo behavior of EVs,
respectively. RNA sequencing was used to analyze the cargo of EVs, and the bone tissues of
ovariectomized (OVX) mice post EV treatment.

Results: The result of ['®F]NaF pPET showed an increase in osteoblastic activity in the distal
femur of EV-treated mice, and the bone structural parameters derived from pCT were also
improved. In terms of in vivo behavior of exogenous EVs, fluorescent dye-labeled EVs could
target the distal femur of mice, whereas the uptakes of bone tissues were not significantly different
between OVX mice and healthy mice. RNA sequencing demonstrated upregulation of ECM-
related genes, which might associate with the PI3K/AKT signaling pathway, in line with the results
of microRNA analysis showing that mir-21, mir-29, mir-221, and let-7a were enriched in
Wharton’s jelly-MSC-EVs and correlated to the BMP and PI3K/AKT signaling pathways.
Conclusion: The therapeutic effect of exogenous WJ-MSC-EVs in the treatment of osteo-
porosis was successfully assessed by a multiplexed molecular imaging strategy. The RNA
sequencing demonstrated the possible molecular targets in the regulation of bone remodeling.
The results highlight the novelty of diagnostic and therapeutic strategies of EV-based
treatment for osteoporosis.

Keywords: Wharton’s jelly mesenchymal stem cells, extracellular vesicles, osteoporosis,
['®F]NaF, RNA sequencing

Introduction

Osteoporosis is an age-related condition characterized by decreasing bone mass and
mineral density, eventually leading to pathologic fracture." In osteoporosis, the
balance of bone remodeling is disturbed through enhanced bone resorption and/or
decreasing bone formation. Various growth factors and signaling pathways are
involved in osteoporosis, such as the receptor activator of nuclear factor-xB ligand

Received: 27 August 2021
Accepted: 5 November 2021
Published: 30 November 2021

International Journal of Nanomedicine 2021:16 7813-7830 7813
© 2021 Lu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
v No

and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-8428-1417
http://orcid.org/0000-0002-8002-6256
http://orcid.org/0000-0002-9360-5476
http://orcid.org/0000-0003-2082-9345
http://orcid.org/0000-0003-4596-4682
mailto:ccke@kmu.edu.tw
mailto:rsliuvgh@gmail.com
http://www.dovepress.com/permissions.php
https://www.dovepress.com

Lu et al

Dove

Graphical Abstract

WJ-MSCs

&

B "

['*F] NaF imaging Micro-CT analysis

Optical imaging

-
]

—g

(L)
(Y X ) RNA sequencing
e/
@
L)
WJ-MSC-EVs 090100
P X )

WJ-MSC-EVs labeled with DIR

(RANKL)/RANK/osteoprotegerin  (OPG) system, bone
morphogenetic protein (BMP), PI3K/AKT, TGF-B/BMP,
and Wnt/pB-Catenin signaling pathways.>> Several strate-
gies have been applied for the treatment of osteoporosis,
including hormone therapy, selective estrogen receptor
(SERM),
However, with the limited effects and obvious side effects,

modulator calcitonin, and bisphosphonate.
these therapies are still not satisfactory.®”® Therefore, seek-
ing an alternative therapeutic agent with low adverse
effects is worthy of pursuit.

Extracellular vesicles (EVs) are cell-secreted vesicles
of nanoscale size formed upon fusion of late endosomes
with the cell membrane.'*'! EVs, structurally enclosed by
lipid bilayer-membrane, encapsulate numerous types of
molecules including integrins, adhesion molecules, lipids,
and receptors. A plethora of molecules inside the EVs like
DNA, messenger RNA (mRNA), microRNA (miRNA),
non-coding RNA, enzymes, and cytokines are involved
in cell—cell communication.'* '* In particular, EVs derived
from mesenchymal stem cells (MSC-EVs), with the prop-
erties of low toxicity, high biocompatibility, and biological
permeability, exhibit a high potential in the development

of drug delivery strategies. In contrast to MSC-based
treatment, MSC-EVs could mediate immune-privileged
status, and emerge as a cell-free immunomodulatory
system.lsf17

Recently, the use of EVs, especially EVs derived from
stem cells, in the treatment of bone diseases is at its peak,
which reflects molecular and biological functions of their
parental cells.'® Autologous EVs isolated from human
urine have been reported to retard the progression of
osteoporosis by transferring collagen triple-helix repeat-
containing 1 and OPG."” EVs derived from human umbi-
lical cord blood with an age-induced mice model revealed
that EV-carrying microRNA (miR)-3960 might mediate
bone loss.”® Exogenous human umbilical cord MSC-EVs
were found to be able to mediate the bone metabolism by
transferring the C-type lectin domain containing 11A in
a mice model.?' Besides, the therapeutic effects of
Wharton’s jelly-MSC-EVs (WJ-MSC-EVs) on osteonecro-
sis by the methylprednisolone-induced rat model verified
the regulating effect of the miR-21—phosphatase and tensin
homolog (PTEN)—protein kinase B (AKT) signaling path-
way on bone remodeling.”> Although the reports above
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have shown the promising therapeutic ability of MSC-EVs
in bone diseases, studies have rarely focused on the treat-
ment of osteoporosis by MSC-EVs. In this study, we
aimed to investigate the therapeutic effect and the possible
mechanism of action of WJ-MSC-EVs in the treatment of
osteoporotic mice.

Dual-energy X-ray absorptiometry, to measure the
bone mineral density (BMD), is majorly performed in
clinical use. In the animal studies of osteoporosis, micro-
computed tomography (LCT) has long been the most use-
ful tool for monitoring the change of bone quality in terms
of anatomical structure.”®> However, pCT images merely
provide anatomical information and various factors that
may affect the measurement of osteoporosis, including
image reconstruction by software, algorithms of para-
meters as well as the limit of fractal dimension.**
Complementary to the structural information, fluorine-18-
sodium fluoride (['®*F]NaF) positron emission tomography
(PET) imaging provides information of locations and
levels of in vivo osteoblastic activity. ['*F]NaF is an FDA-
approved bone PET imaging agent to define the altered
osteogenic activity of bone and is currently widely used in
clinical and preclinical studies.”” ' Once administered,
the '"8F ion infiltrates into the bone matrix, exchanges
with hydroxyl groups and forms fluorapatite, which
reflects the activity of osteoblasts. Combined ['*F]NaF
WPET imaging and pCT analysis have been successfully
used for monitoring bone regeneration in vivo.”> With
different strengths, these two imaging tools provide
a more comprehensive evaluation of both anatomical
(bone structure) and functional (osteoblast activity) thera-
peutic effects and therefore were performed in this study.
In addition to ['*F]NaF/uPET and puCT imaging for ther-
apeutic effect evaluation, a lipophilic fluorescent dye DIR
(DiR DilCyg(7); 1,1'-dioctadecyl-3,3,3",3'-
tetramethylindotricarbocyanine iodide dye), was used to
track MSC-EVs in the animal, as imaged by an in vivo
imaging system (IVIS).*?

Administration of exogenous MSC-EVs has been
shown to be of great benefit in the treatment of bone
disease including osteoporosis. The underlying mechan-
isms of therapeutic effect have been discussed in some
studies and more are under examination. In this study, with
the aid of next- generation sequencing (NGS), the miRNA
profile in MSC-EVs, as well as the alteration of the mRNA
expression profile of bone tissues in ovariectomized
(OVX) mice with or without MSC-EV treatment, were
dissected. Sequencing of this miRNA/mRNA profile

helped identify the key factors carried by MSC-EVs and
the signaling pathways in the osteoporotic tissues involved
in the therapeutic effect of MSC-EVs. miRNAs are small
non-coding RNAs, serving as an intricate functional net-
work in which each miRNA potentially controls a variety
of different target genes.’*”> MicroRNAs regulate gene
expression by either mRNA degradation or inhibition of
protein translation of target mRNAs depending on cellular
conditions, microenvironment, inorganic ions, and
coenzymes.’® Certain EV-carried miRNAs (EV-miRNAs)
such as miR-3960 have been found to be involved in the
therapeutic regulation of osteoporosis.”’>’ However, the
entire picture of the involvement of MSC-EV-miRNAs in
the therapeutic effect and associated mechanism or signal-
ing regulated in the osteoporotic tissues remains largely
elusive. This study aimed to investigate the therapeutic
effect and mechanism of MSC-EVs in the treatment of
osteoporosis by multi-perspective approaches including
integrated multiplexed imaging modalities and miRNA/
mRNA profiling in MSC-EVs and osteoporotic tissues.

Materials and Methods

Experimental Materials

Preparation of Conditioned Medium and Cell
Culture

WIJ-MSCs were purchased from Bioresource Collection
and Research Center, Taiwan. For EV collection, the
cells were cultured in o-Minimum Essential Medium
(MEM) supplemented with 10% fetal bovine serum
(FBS), 1% vr-glutamine, 1% penicillin—streptomycin, and
4 ng/mL basic fibroblast growth factor (bFGF). Until the
confluence reached 60~70%, the medium was replaced
with a-MEM containing 10% EV-depleted FBS, and cells
were further cultured for 36~48 h. To eliminate the EVs
derived from FBS, the medium supplemented with 20%
FBS was ultracentrifuged (UC) overnight at 100,000 g at 4
°C followed by filtration with 0.2 pum filter, and further
mixed with medium without FBS to obtain the 10% EV-
depleted FBS. The conditioned medium was filtered with
a 0.45 ym and a 0.22 pum filter to remove cell debris. Bone
marrow mesenchymal stem cells (BM-MSCs; RIKEN,
Japan) were cultured in DMEM supplemented with 10%
FBS, 1% penicillin—streptomycin, and 1% r-glutamine.

Preparation of EVs

MSC-derived EVs were extracted with Exo-Prep (Lonza,
Switzerland) following the manufacturer’s protocol.
Briefly, 100 kDa Amicon®™ Ultra-15 Centrifugal Filter
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Units (Merck, Germany) was used to concentrate the con-
ditioned medium. An equal volume of reagent was mixed
with concentrated medium for 60 min at 4 °C. Then, the
mixture was centrifuged at 10,000 g for 60 min. After
removing the supernatant, the residual was centrifuged at
10,000 g for 5 min and aspirated. The remaining poly-
meric materials attached to EVs were removed using
Sephadex G-25 (GE
Healthcare, USA).*® Two milliliters of EVs were concen-

in PD-10 desalting columns

trated to appropriate volume with 100 kDa Amicon®
Ultra-15 Centrifugal Filter Units (Merck, Germany).
Then, approximately 100 puL purified EVs were collected
and stored at —80 °C. The EVs isolated by UC were
prepared with sequential centrifugation, and conditioned
medium was filtrated and then centrifuged at 10,000 g for
30 min at 4 °C using an SW 28 rotor (Beckman Coulter,
USA) followed by UC with 100,000 g for 70 min at 4 °C.
The pellets were further resuspended in 5 mL PBS fol-
lowed by UC at 100,000 g for 70 min at 4 °C.*’

Animals

Eight-week-old female ovariectomized (OVX) BALB/c (25—
30 g) mice were purchased from BioLASCO Taiwan Co., Ltd.
The mice were subjected individually to bilateral OVX, and the
surgery was carried out by BioLASCO according to a previous
study.*® In brief, mice were anesthetized with the mixture of
Zoletil®50 (Virbac Laboratories, France) and xylazine
(Health-Tech Pharmaceutical Co., Taiwan) through intramus-
cular injection (0.25 mL/kg). The incisions of mice were cov-
ered with 1% lidocaine to reduce the pain. The bilateral ovaries
were carefully removed and ligated with catgut. Finally, the
skin with fascia was sutured. In the sham group (mice without
OVX), sham surgery without ovary removal were performed
in mice. After surgery, the mice with stapled skin were deliv-
ered to our lab within 2 days. Upon receiving, the OVX mice
were immediately moved to the cages to adapt to the environ-
ment for 2 days. Mice were housed (3 animals per cage) in
individually ventilated cages (IVC) systems and a 12 h light/
dark regular light cycle. The ambient temperature was kept at
20-21 °C with a relative humidity of 50-70%. Environmental
enrichment was provided as a standard that included wood
shavings and paper shred bedding. The wood shavings with
paper shred bedding were provided to enrich the environment.
Before conducting animal studies, the skin staple on the mice
was removed. The first authors were trained and qualified to
perform anesthesia, animal handling, intravenous injection,
and sacrificing. All the experiments were carried out in strict
accordance with the recommendations in the Guide for the

Care and Use of Laboratory Animals of the National Institutes
of Health. The protocol was approved by the Committee on the
Ethics of Animal Experiments of the National Yang Ming
Chiao Tung University (IACUC number: 1081007r, permis-
sion date: 18 October 2019). The schedules of treatment and
experiments were as follows (Supplemental Figure S1): OVX-

100 pg EVs, mice were intravenously injected with 100 pg
EVs/week; OVX-200 pg EVs, mice were intravenously
injected with 200 pg EVs/week; OVX-200 pg UC EVs, mice
were intravenously injected with 200 pg EVs isolated by
ultracentrifugation/week; OVX-PBS, mice were intravenously
injected with PBS as control/week. The sham included mice
without OVX. Eight-week-old female BALB/c mice were
categorized into several groups for imaging and sequencing
analyses as follows: for micro-CT (uCT) analysis: OVX-100
pg EVs (N=6); OVX-200 pg EVs (N=6); OVX-200 ng UC
EVs (N=6); OVX-PBS (N=6); Sham (N=6). For ['*F]NaF
WPET/CT imaging: OVX-200 pg EVs (N=3); OVX-PBS
(N=3), Sham (N=3). For DIR fluorescent imaging: OVX-200
pg EVs (N=3); healthy mice treated with 200 pg EVs (N=3).
For RNA sequencing: OVX-EVs (N=2); OVX-PBS (N=2).

Immunoblotting

WIJ-MSCs (N=3) or WJ-MSC-EVs (N=3) were lysed with
RIPA buffer, and the lysates were used for immunoblot-
ting. After measurement of protein concentrations using
a protein assay kit (Bio-Rad, USA), samples (50 ug pro-
teins obtained from WJ-MSCs and WJ-MSC-EVs) were
with  10%  SDS-
polyacrylamide gels and transferred to polyvinylidene
difluoride membranes (Bio-Rad, USA). After blocking
with 5% bovine serum albumin (BSA) at room tempera-

separated by electrophoresis

ture for 1 h, membranes were probed with primary anti-
bodies against CD9 (1:500; Merck Millipore, Germany),
CD63 (1:1000; system biosciences, USA), HSP70 (1:500;
system biosciences, USA), or Calnexin (1:1000; Merck
Millipore, Germany) overnight at 4 °C and incubated
with horseradish peroxidase (HRP)-conjugated goat anti-
mouse IgG (1:1000; Abcam, UK) or HRP-conjugated goat
anti-rabbit IgG (1:2000; Abcam, UK). Chemiluminescent
HRP substrate was used to quantify protein expression,
and images were detected and analyzed by UVP Imaging
system BioSpectrum 600 (Fisher Scientific, USA).

Transmission Electron Microscopy

Entire 20 pg EVs diluted in 20 plL PBS (1 pg/ul) were
dropped on a parafilm and then gently covered by
a formvar carbon-coated nickel grid for 60 min with

7816

Dove!

International Journal of Nanomedicine 2021:16


https://www.dovepress.com/get_supplementary_file.php?f=335757.pdf
https://www.dovepress.com
https://www.dovepress.com

Dove

Lu et al

forceps. EVs were fixed with 2% paraformaldehyde for 10
min, and washed with PBS. To verify the expression of
CD63, samples were incubated with anti-CD63 primary
antibody (1:100; Merck Millipore, Germany) for at least
60 min followed by conjugation with 10-nm gold-labeled
secondary antibody (1:50; Abcam, UK) for 40 min. To
stabilize surface and intracellular structures, the samples
were then immersed with a droplet of 2.5% glutaraldehyde
for 10 min and washed with distilled water. The sample
was incubated with a droplet of 2% uranyl acetate for 15
min to enhance the contrast. Finally, samples were soaked
by 0.13% methyl cellulose and 0.4% uranyl acetate.*!
After washing with distilled water and removing excess
liquid, the samples were dried in air for 15 min. The
samples (N=5) were examined by a transmission electron
microscope (JEM-2000EXII; JEOL, Japan).

Nanoparticle Tracking Analysis

The size distributions of EVs were measured by the
NanoSight LM10-HS (Malvern Panalytical, UK). In
Brief, 1 pg/mL EVs (1 pg EVs in 1000 pL PBS) was
resuspended in PBS for detection. Samples were loaded
using an automated syringe pump, the laser beam of the
system focused through the prepared sample with suspen-
sion of EVs. Video captions of 60 s were recorded in
triplicate for each sample with a camera level setting at
12 and a detection threshold at 6 by NTA 3.1 software
(Malvern Panalytical, UK). The parameters were as fol-
lows: temperature=19.7 °C; viscosity=1.0cP; frames
per second=25, number of frames=1124. The Brownian
motion of each particle was monitored between frames,
then calculated the size through the application of the
Stokes—Einstein equation. The samples were prepared
with 3 replicates and each sample was measured 3 times

by the NanoSight LM10-HS.

Osteogenic Differentiation and Quantification of the
Mineralization

For osteogenic differentiation, the BM-MSCs were cul-
tured at a density of 3.1x10*/cm” in 12-well culture plates
(Thermo Fisher, USA). When cells reached 60% conflu-
ence, osteogenic induction medium (OIM) was added into
the culture to induce osteogenic differentiation of the cells
(N=4). OIM was prepared by 10 mM glycerophosphate,
0.2 mM ascorbate, 100 nM dexamethasone, and 10% FBS.
The induction lasted for 2 weeks, OIM with 100 or 200 ug
WIJ-MSC-EVs was changed twice a week. The cells,
which were cultured in DMEM containing 10% FBS,

were used as negative control. Osteogenic differentiation
was confirmed by the Alizarin Red S (Merck, Germany).
In brief, the cells were fixed with 10% formalin (Merck,
Germany) for at least 30 min at room temperature, and
stained with 2% Alizarin Red S for 40 min. The staining
solution was carefully aspirated and the cell monolayer
was washed four times with 1 mL distilled water.** For
quantification, the monolayer was covered with 10% (w/v)
cetylpyridinium chloride (Merck, Germany) for 20 min at
room temperature, and the absorbance of ARS level was
measured at 525 nm with 4 replicates.

In vivo Imaging of Exogenous WJ-MSC-
EVs

Preparation and Detection of DIR Fluorescent
Cyanine Dye

WIJ-MSC-EVs were labeled with DIR (Perkin Elma, UK)
dye followed by image acquisition with the IVIS 50
Imaging System (Perkin Elma, UK). Briefly, 0.8 mg EVs
were incubated with 320 pg/mL DIR dye. After 30
min incubation, samples were loaded into PD-10 column
with Sephadex G-25 and concentrated the volume with
100 kDa Amicon® Ultra-15 Centrifugal Filter Units
(Merck, Germany); the final concentration was approxi-
mately 2 pg/ul. Subsequently, 200 pg EVs labeled with
DIR were systemically administrated into mice, and the
image was acquired by IVIS 50. The mice were placed at
the center of the imaging field with 1.5% isoflurane at 1 L/
min O, anesthetization, and images were acquired at 24
h after EV injection. Images were obtained by ICG band-
pass filter channel for 5 min acquisition. For quantification
analysis, the selected regions of interest (ROI) were quan-
tified and analyzed by living image software 3.2 (Perkin
Elma, UK). Quantification of efficiency was measured
using the formula as follows:

Percentage of efficiency(%)
_ Total efficiency of distal femur
 Total efficiency of whole body

x 100%

Preparation and Imaging Analysis of ['®F]NaF PET

['®F]NaF was synthesized following the method described in
the literature with slight modification.”** In brief, the no-
carrier-added '®F-fluoride was produced by the '*O(p,n)-
"F nuclear reaction by the bombardment of 95%
80-enriched water with a 17-MeV proton beam at 18 mA
for 30 min. After irradiation, the solution containing
BF_fluoride was eluted with a QMA cartridge (Waters,
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USA) by helium gas pressure, and '*F ion was trapped in the
QMA cartridge, and subsequently washed by distilled water
(20 mL). One milliliter of 0.9% sodium chloride was passed
through the QMA cartridge, and ['*F]NaF was collected by
atube with 185+£25.9 MBq. In uPET/CT imaging studies, each
mouse examined at 1, 3, 7, and 15 weeks after ovariectomy
was intravenously injected with 16.7+1.9 MBq/0.1 mL of
["®F]NaF. Anesthesia was induced and maintained using 1-
1.5% isoflurane and 100% O, inhalation through a nose cone.
For the dynamic study, the field of view was set from lower
lumbar spine to ankle, and the imaging was performed for 90
min using a 20-frame protocol (5 frames of 60 s, 5 frames of
180 s, 6 frames of 300 s, and 4 frames of 600 s). For the static
study, data were acquired for 600 s at 80 min after injection.
Triumph PET/SPECT/CT imaging scanner (Gamma Medica-
Ideas, USA) was used to acquire images, and the raw data
were then reconstructed by the ordered-subset expectation-
maximization algorithm with 2D maximum likelihood expec-
tation maximization. Subsequently, ROIs were selected on the
distal femora of each animal, and the values obtained from the
ROIs were reported as the percent injected dose per cubic
centimeter (%ID/cc) and standardized uptake values (SUV).
In SUV analysis, the mean activity values for each distal femur
were normalized to the injected dose per body weight of each
mouse (SUVmean).

Micro-CT Analysis

For in vivo and ex vivo bone microstructure analysis, mice
or bone tissues (right femur bone) were scanned by
a Skyscan 1176 ultrahigh-resolution nCT scanner (X-ray
intensity, 50 keV, 500 pA; exposure time, 69 ms). Images
were constructed from 300 slices (each slice with an iso-
tropic 12 pmx12 pmx12 pm voxel size) using
SKYSCAN® CT-Analyzer software (Bruker, USA), and
bone mineral density (BMD, g/cm?®), trabecular bone
mineral density (tBMD, g/cm®), trabecular bone volume
(BV/TV, %), trabecular thickness (Tb.Th, mm), trabecular
number (Tb.N, 1/mm), trabecular separation (Tb.Sp, mm),
the total volume of pore space (Po.V(tot), mm?), and total
porosity (percent) (Po(tot), %) were calculated automati-
cally (N=6 per group).

Assessment of Genetic Change Induced
by Exogenous EV-miRNAs in Mice

Histochemical Stain and Histomorphometry of
Skeleton Tissues

For trabecular bone histology, femur tissue sections
embedded with methylacrylate

were subjected to

hematoxylin and eosin, and tartrate-resistant acid phospha-
tase (TRAP) staining. Eighteen sections from six mice
were randomly selected for histomorphometry, trabecular
bone area (BV, mm?), adiposity (%), and osteoclast area
(%) were analyzed by Photoshop 2020 (Adobe, USA) and

Image J.*

Reverse Transcription and Quantitative Real-Time
Polymerase Chain Reaction (qRT-PCR)

Total RNA from cultured cells (N=3) or bone tissues
(N=4) of mice were extracted using Trizol reagent
(Invitrogen, USA). These RNA samples were used for
cDNA synthesis by HiScript II Q RT SuperMix
(Vazyme, China) and subsequent PCR amplification
using SYBR Green PCR Master Mix (Invitrogen, USA).
Then, these cDNAs were amplified in an ABI Prism 7700
sequence Detection System (Applied Biosystems, USA).
Relative mRNA expression was evaluated by the relative
standard curve method (27**“T) using GAPDH as control.

The specific primers are listed in Supplemental Table S2.

Preparation for RNA Sequencing

The mice were sacrificed 2 months after the termination
of MSC-EVs treatment (4 months post OVX), the right
femur bones were used for ex vivo pCT imaging and
analysis, and left femur bone tissues were used for RNA
extraction. The left bone tissues were removed, immedi-
ately moved to a 1.5 mL tube, and frozen with liquid
nitrogen. Before extracting RNA, the bone was ground
with mortar and pestle in liquid nitrogen until it turned
into powder and RNA was extracted. The process was
carried out in liquid nitrogen to prevent RNA from
degrading. After extraction using Trizol reagent
(Invitrogen, USA), the concentration of RNA was deter-
mined using NanoDrop (Thermo Scientific). Samples
were sent to Biotools Co., Ltd, Taiwan for the RNA
sequencing at once. The analysis was carried on by
NovaSeq 6000, paired-end 150 bp, and the depth of
sequencing was set as 6 G (20 M reads). The reference

genome was mapped using HISAT2, Mus musculus.

Next-Generation Sequencing (NGS) Analysis

For small RNA sequence screening, RNA concentration
was measured using a NanoDrop instrument (Thermo
Scientific) and sent to Genomics (Taipei, Taiwan) for
small-RNA sequencing. Briefly, EV RNA integrity was
detected by Agilent Technologies 2100 Bioanalyzer.
Small-RNA libraries were prepared by adapter ligation,
RT-PCR amplification, and pooled-gel purification. The

7818

Dove!

International Journal of Nanomedicine 2021:16


https://www.dovepress.com/get_supplementary_file.php?f=335757.pdf
https://www.dovepress.com
https://www.dovepress.com

Dove

Lu et al

prepared libraries were quantified using qPCR according
to the Illumina qPCR quantification protocol guide.
Sample preparation was without duplicates.*®

Pathway and Functional Annotation Analysis

The list of miRNA targets was analyzed with Ingenuity
pathway analysis using default settings. The connection
between EV-miRNAs and osteoporosis regulator, or BMP,
or PI3K/AKT signaling pathways were analyzed focusing
on Biological Functions, only considering “Skeletal and
muscular disorders.”

Statistics

All statistical analyses were performed using GraphPad
Prism 8.0.2 (SigmaPlot 13, USA). Student’s #-test was
used to analyze statistical differences between the two
groups. Differences among multiple groups were analyzed
using ANOVA. Data are presented as meantstandard
deviation. A P-value less than 0.05 was defined as statis-
tically significant.

Results
Characterization of WJ-MSC-EVs

EVs were collected from WJ-MSCs conditioned medium,
and were characterized based on minimal information for
studies of extracellular vesicles 2018 (MISEV2018).*’
Three positive protein markers and one negative protein
marker were examined, and characterized in single vesi-
cles performed with two different but complementary
techniques. The vesicles expressed the canonical EV mar-
kers CD9, CD63, and HSP70, but calnexin, the cell con-
tamination marker, was absent in EVs as confirmed by
Western blot (Figure 1A). The majority of the size in
vesicles was measured by nanoparticle tracking analysis
and the peak size was about 185 nm (Figure 1B). The
spherical structure of a single EV was observed by trans-
mission electron microscopy, and the expression of CD63
detected with anti-CD63-
antibody-conjugated 10  nm

on the EV membrane was
gold  nanoparticle
(Figure 1C-E). These results indicated that these vesicles

were in line with the characterization of EVs.

Promotion of Osteogenic Differentiation
by Treating WJ-MSC-EVs in BM-MSCs

To assess the promotion of osteogenic differentiation
in vitro, BM-MSCs were treated with WJ-MSC-EVs and
mRNA expression was analyzed 7 days after induction.
Analysis by qRT-PCR revealed the increased levels of

ALP and OPG with a decreased level of DKK1 in BM-
MSCs OIM containing WJ-MSC-EVs.
However, the expression of RUNX2 did not significantly
increase (Figure 2A). Further, Alizarin Red S (ARS) staining
was utilized to estimate the promotion of osteogenic differ-
entiation in BM-MSCs treated with WJ-MSC-EVs. The
formation of calcium nodules could be obviously detected
in the 200 pg/mL. WJ-MSC-EVs group after 14 days of
osteogenic differentiation induction (Figure 2B). For quan-

induced by

tification of mineralization, the calcium deposits formed
were dissolved in 10% (w/v) cetylpyridinium chloride, and
the absorbance was measured. A significant increase in the
accumulation of ARS was observed in BM-MSCs treated
with 200 pg/mL WJ-MSC-EVs, but not in those treated with
100 pg/mL. WJ-MSC-EVs in comparison with the OIM
group on days 7 and 14 (Figure 2C). Collectively, the results
indicated that the WJ-MSC-EVs have the potential to pro-
mote osteogenic differentiation of BM-MSCs.

In vivo Tracking WJ-MSC-EVs Using DIR

Fluorescent Cyanine Dye

To collect images, the 5-min acquisition was carried out at
1, 3, 6, 24, and 48 h after systemic administration of DIR-
labeled EVs (DIR-EVs). The uptakes in bone tissues were
gradually increased at 3 h, with the highest at 24 h, and
decreased after 48 h (Supplemental Figure S2). The appro-

priate times of acquiring were determined, both healthy
mice and OVX mice were intravenously injected with 200
pg DIR-EVs and imaged at 24 h post injection (Figure 3A
and B). However, the results of DIR imaging and analysis
did not show a significant target to the distal femur in the
EV-treated group, in comparison with the healthy mice
group at 2, 4, and 8 weeks post OVX. Nevertheless, EVs
still appeared to target bone tissues (Figure 3C).

Evaluation of Osteoblastic Activity of
Bone Matrix by ['®F]NaF PET

To determine the appropriate acquisition time after injection
of ['®F]NaF, 90 min dynamic scan was performed by pPET/
CT. After 2 min, the onset of radiotracer accumulated in the
kidneys and bladder, and subsequently the bone uptake
could be observed at 5 min post injection. The accumulation
of non-excreted ['*F]NaF was gradually increased in the
bone until the end of acquisition at 90 min (Supplemental
Figure S3A-C). Hence, further analysis was started at 80
min post injection, and continued for 10 min static scans.
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Abbreviations: EV, extracellular vesicle; W]-MSC-EVs, Wharton’s jelly-mesenchymal stem cell-derived extracellular vesicles; TEM, transmission electron microscopy.

Micro-PET images showed homogeneous accumulation of
["®F]NaF in the distal femur in all groups (Figure 4A). For the
quantitative analysis, ROIs were extracted from the distal
femur of mice and were quantified to obtain the %ID/cc and
SUVs, and both methods were widely used in quantitative
analysis of ROIs. The %ID/cc from the ROIs in the OVX-200
ng EVs mice group was significantly higher than in the OVX-
PBS group at 3 and 7 weeks post OVX (Figure 4B and
Supplemental Table S1). The effect was not sustained at 15

weeks post OVX, which might be due to the discontinuation of
therapy. In contrast, the quantitative results of the sham group
were significantly higher than that of the OVX-PBS group
until 15 weeks post OVX. SUVmean, which normalized body
weight, also showed higher levels at distal femur in OVX-200
pg EVs and sham groups (Figure 4C).

Assessment of Therapeutic Effect by
Micro-CT Analysis

After continuous treatment with exogenous WJ-MCS-EVs or
PBS for 2 months, the mice were examined by in vivo pCT,

and the parameters of osteoporosis were analyzed. 3D puCT
images of the distal femur showed that OVX mice treated with
PBS had thinner cortical and trabecular bone with decreased
interconnectivity in comparison with the control and EV-
treated group (Figure 5A). Moreover, there was a significant
improvement of BV/TV, Tb.Th, Tb.N, and Tb.Sp in the mice
treated with 100 pg or 200 ug EVs. In addition, the value of
trabecular BMD (tBMD) also increased in WJ-MCS-EVs
treatment groups, whereas BMD value had no significant
changes in all groups. Furthermore, mice treated with both
100 pg or 200 pg WI-MSC-EVs had much Po(tot) and Po.
V(tot) compared to those in the OVX-PBS group (Figure 5C).

The mice were sacrificed 4 months after ovariectomy sur-
gery and the ipsilateral femurs were imaged by uCT and the
parameters of osteoporosis were analyzed. The characteriza-
tion of microstructure obtained by pCT images was similar to
those at 2 months post OVX (Figure 5B). The results of ex vivo
pCT imaging showed that the value of BMD, tBMD, BV/TV,
Tb. Th, Tb. N, Po.V(tot), and Po(tot) still improved by exo-
genous treatment of 200 pg EVs, whereas 100 pg EVs did not
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Figure 2 Effect of exogenous Wharton'’s jelly-mesenchymal stem cell-derived extracellular vesicles (WJ-MSC-EVs) in osteogenic differentiation of bone marrow stem cells. (A)
The mRNA expression levels of ALP, RUNX2, OPG, and DKK| were measured by qRT-PCR at 7 days after osteogenic induction. (B) The calcium deposit formations were
identified after ARS staining. (C) Quantification of the ARS level was measured by the absorbance at 525 nm. Data are expressed as meanSD (¥p<0.05, *p<0.01, **p<0.005).
Abbreviations: ARS, Alizarin Red S; OVX, ovariectomy; WJ-MSC-EVs, Wharton’s jelly-mesenchymal stem cell-derived extracellular vesicles.

maintain the equivalent therapeutic effect (Figure SD).
Additionally, significant improvements in those parameters
were also observed in the OVX-200 pg UC EVs group in
comparison with the OVX-PBS group, suggesting that the
therapeutic potential was not altered when the MSC-EVs
were isolated from different techniques. (Supplemental
Figure S4A and B). Collectively, exogenous WJ-MSCs-EVs
significantly retarded the progression of osteoporosis in the
OVX mice model. However, the therapeutic capacity of 100 pg
of WI-MSCs-EVs was not as effective as that of 200 ug of WJ-
MSCs-EVs according to the uCT results.

Examination of the Changes of Bone
Formation After Exogenous W|-MSC-EVs

Treatment
Tissue architecture of distal femur was observed by staining
with hematoxylin and ecosin, and the histological images

showed a greater number of osteoclasts and lipids, but
fewer osteoblasts in the PBS-treated group (OVX-PBS),
compared to EV-treated or sham groups (Figure 6A).
TRAP staining revealed that the amounts of osteoclast were
much more than the EV-treated or sham group (Figure 6C).
For quantitative analysis, the value of BV, BV/TV, adiposity
as well as the area of the osteoclast were calculated. In the
EV treated group, the value of BV and BV/TV were signifi-
cantly increased (Figure 6B), whereas adiposity and the area
of the osteoclast were diminished (Figure 6B and D). To
evaluate the canonical osteoblastic gene expression of mice
bone tissues after treatment, the expression of ALP, OCN,
DKK1, p-catenin, Osx, and RUNX2 were assessed by qRT-
PCR. In line with the result obtained from in vitro assay, the
expression of ALP, OCN, and f-catenin expression increased
1-2 folds after treatment with 100 pg and 200 pg EVs with
the downregulation of DKKI, however, Osx and RUNX?
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Abbreviations: NS, not significant; OVX, ovariectomy; WJ-MSC-EVs, Wharton’s jelly-mesenchymal stem cell-derived extracellular vesicles.

were not significantly elevated. Collectively, treatment with
exogenous WJ-MSC-EVs improved the bone loss of mice
and improved ALP, OCN, DKKI, and p-catenin genes
expressions. (Supplemental Figure S5).

MicroRNA/mRNA Sequencing in EVs
Cargo and Mice Bone Tissues
The top 10 most enriched microRNAs in the WJ-MSC-

46 (Supplemental
Figure S6A), for further investigation, the connection of

EVs were examined in our previous study

these miRNAs with potential signaling pathways in osteo-
porosis was investigated by ingenuity pathway analysis
(IPA). The accepted regulators of osteoporosis including
RUNX2, ALPL (ALP), DKKI, BGLAP (Osteocalcin),
TNFSF11 (RANKL), TNFRSF11B (Osteoprotegerin), and
SP7  (Osterix)
(Supplemental Figure S7A). Besides, the molecules that

were clustered in the networks

were involved in BMP and PI3K/AKT signaling pathway,
were considered in the analysis (Supplemental Figure S7B
and C). The results further showed that mir-29, mir-21,
mir-221, and let-7a may potentially regulate BMP and the

PI3K/AKT signaling pathway for treating osteoporosis.

At 2 months post treatment by WJ-MSC-EVs or PBS
(4 months post OVX), the bone tissues of mice femur were
and their RNA
sequences were assessed. Heatmap and volcano plot of

extracted, systematically compared,
screened differentially expressed genes (DEGs) demon-
strated that the collagen type X alpha 1 chain (Coll0al),
collagen type II alpha 1 chain (Col2al), immunoglobulin
heavy constant gamma 1 (Ighgl), immunoglobulin kappa
variable 6-13 (Igkv6-13), and Immunoglobulin kappa
chain variable 3-5 (/gkv3-5) were upregulated by the
treatment of WJ-MSC-EVs (Figure 7 and Supplemental
Figure S8). Both Coll0al and Col2al were upregulated
during endochondral ossification. Furthermore, the enrich-
ment of gene ontology (GO) terms, which classify the
function of screened genes, was analyzed. The top 30
enrichment of GO terms were represented with the bar
plot, showing the upregulated or downregulated genes of
OVX mice after treatment (Figure 8A). The network plot
highlighted the
(adjusted p<0.005), most of them were found associated

significantly upregulated GO terms

with extracellular matrix (ECM) (Figure 8B). Interestingly,
the PI3K/AKT signaling pathway was highlighted by the
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Figure 4 Micro-PET/CT imaging and quantitative analysis of ['®F]NaF. (A) Axial, coronal, sagittal, and volume rendering view of ['®F]NaF tracer activity at the 1, 3, 7, and 15
weeks post OVX in OVX-200 pg EVs, OVX-PBS, and Sham groups. (B and C) Quantification of ['®F]NaF uptake in distal femur using %ID/cc or SUVmean methods. Data are
expressed as meanSD (¥p<0.05, #P<0.05 and *P<0.01). *Indicate a significant difference between OVX-200 pg EVs and OVX-PBS. “Indicate significant differences from

Sham and OVX-PBS groups.

Abbreviations: OVX, ovariectomy; PBS, phosphate buffered saline; PET, positron emission tomography; CT, computed tomography; SUV, standardized uptake values.

Kyoto Encyclopedia of Genes and Genomes pathway ana-
lysis due to its significant increase in expression in the
ECM (Supplemental Figure S9), indicating that EV-
miRNAs might target the PI3K/AKT signaling pathway
by upregulating the expression of ECM-related genes.

Discussion

The present study complemented the recent studies of
using MSC-EVs for the treatment of osteoporosis. The
combination of ['®F]NaF PET, uCT, and DIR dye provided

investigators with a novel in vivo imaging strategy to
effectively assess the therapeutic effect of EV-based ther-
apy for osteoporosis. Integration of the imaging strategy
with mRNA/microRNA sequencing could be served as
a regular methodology in EV-based research to accelerate
the individualized treatment of osteoporosis.

With the immune-privileged status and no risk of can-
cer formation, MSC-EVs have become an alternative ther-
apeutic strategy in the treatment of various diseases.*** In
general, MSC-EVs exert a similar therapeutic effect in
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Figure 5 In vivo and ex vivo of uCT imaging and quantitative analysis. (A and B) 3D-pCT in vivo and ex vivo images of trabecular and cortical bone microstructure in OVX-
PBS, OVX-100 ug EVs, OVX-200 pg EVs, and Sham groups. (C and D) Images were further quantitatively analyzed by pCT. The parameters including BMD, tBMD, BV/TV, Tb.
N, Tb.Th, Tb.Sp, Po.V(tot), and Po(tot) were acquired. Data are expressed as mean+SD (*p<0.05, **p<0.01, **¥p<0.005).

Abbreviations: BMD, bone marrow density; pCT, micro-CT; OVX, ovariectomized; EV: extracellular vesicles.

disease treatment with their parental cells.’® “Homing”,
one of the actions that MSCs exert their therapeutic
effects, describes that the injured tissues secrete certain
factors which attract MSCs in their vicinity. Whether
MSC-EVs have similar homing activity during the treat-

51 In

ment of osteoporosis was an interesting question.
a previous study, the researchers observed that unless
combined with alendronate, the mouse MSC-EVs did not
target bone tissues.’> This result was in line with that
observed in this study, which showed that the exogenous
WIJ-MSC-EVs after systemic injection failed to target the
femurs or other bond regions in OVX mice or the healthy
mice group. This result was performed by IVIS fluorescent
imaging after mice were systemically injected with DIR-

labeled MSC-EVs. IVIS offers a simple, rapid, and non-

radiation method for in vivo tracking of MSC-EVs.
However, the issue of concern was the signal from free
DIR dye in undesired regions. In the previous study, we
found that free DIR dye might cause false positive signals
in the liver and spleen. Nevertheless, the regions such as
femurs monitored in this study were distant from those
organs and were not affected.”

The injected 'F ion binds to hydroxyapatite crystals, and
forms fluorapatite, reflecting the bone perfusion and bone
turnover as imaging by '*F/uPET/CT images.’* After acquir-
ing the images, quantitative analysis of bone turnover is
necessary for the assessment of diseases with diffuse altera-
tion to bone remodeling.> The correlation of '*F-NaF uptake
and therapeutic outcomes in osteoporosis was observed.
Bisphosphonate (alendronate) treatment showed decreased
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Figure 6 Histomorphometric analyses of skeletal tissues. (A) The images of H&E staining in OVX-PBS, OVX-100 ng EVs, OVX-200 g EVs, and Sham groups. Yellow arrow,
osteoclasts; dotted yellow arrow, osteoblasts; yellow arrowhead; lipids. (B) The value of BV and BV/TV, and adiposity were measured. (C) Staining of TRAP in OVX-PBS,
OVX-100 pg EVs, OVX-200 pg EVs, and Sham groups. Red arrowhead, osteoclasts. (D) Quantification of osteoclasts area were analyzed. Data are expressed as mean+SD

(*p<0.05, ¥p<0.01, ***p<0.005). Scale bar: 50 um.

Abbreviations: BV/TC, bone volume fraction; EV, extracellular vesicles; H&E, hematoxylin and eosin; OVX, ovariectomized; EV, extracellular vesicles; TRAP, tartrate-

resistant acid phosphatase.

accumulation of '®F-NaF through the concomitant inhibition
of the bone formation and bone resorption, while relatively
lower restriction of osteoblast activity led to the improve-
ment of osteoporosis.’®>” According to our findings, pPET/
CT imaging showed significantly increased uptake of ['°F]
NaF in MSC-EV-treated mice, indicating that the curative
effects might attribute to the direct or indirect promotion of
the osteoblastic activity in osteoporotic mice. Considering
quantitative analysis, the results were significantly affected
by different quantitative methods for the measurement of
selected ROIs. In preclinical PET, %ID/cc and SUV are
generally used to calculate tracer uptakes from the ROIs.
The SUV obtained as the %ID/cc multiplied by the weight

is considered as a reliable measurement of radiotracer
uptake.”® Maximum SUV (SUVmax) is commonly used in
oncology, but the accumulation in bone is a uniform distribu-
tion, elucidating that SUVmean is feasible for calculating the
uptake of ["®F]NaF in osteoporotic mice.”’ Although the
thorough analysis of blood flow, metabolic rate, bone turn-
over, the pharmacokinetics of ['*F]NaF provides more infor-
mation in the assessment of osteoporosis, the quantitative
analysis of ROIs by SUVmean is a more simple and con-
venient way to obtain valuable results.*’

In the present study, RNA sequencing results showed
that the expression of CollOal and Col2al genes were
upregulated in the bone tissues of the mice treated with

International Journal of Nanomedicine 2021:16

7825

Dove:


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

Lu et al

Dove

DESeq2 Log Normalized Counts samples heatmap (Z-score scales)

l group
Cmyas A Wovx res
Neb Bovx v

Xist 1

imoxt DEGsign

okt 0 | w0 & signcant
Hspag down & signfcant
ighgt 1 [l von-signifcant

c !
e - ————

ubis30 NN

A XA
ZAIXAO

2
Gmaz427
i

Micpt
I 2010016118Rk
Fndc5
N2
Xirpt
2310002L09RK

502
4932422M17RK
Gmd7798
FB30016808RK

mtTe
4931422A03RK
700109H08RK

B
3
®

I im45059

ma2664
1

yep
magar2
arlos
8030451A03RK
Gmigiad

1"sad XA,
Z°s8d XM0

Figure 7 RNA sequencing heatmap. Hierarchical clustering of upregulated (red) and downregulated (blue) genes induced by exogenous WJ-MSC-EVs in OVX mice were

analyzed. Screened genes were displayed based on Z-scored by the DESeq2 method.

Abbreviations: OVX, ovariectomized; WJ-MSC-EVs, Wharton’s jelly-mesenchymal stem cell-derived extracellular vesicles.

WIJ-MSC-EVs,
entochondrostosis.®!

and both genes have key roles in
During chondrocyte maturation,
Coll0al is specifically expressed by hypertrophic chon-
drocytes in the hypertrophic zone of the growth plate,
whereas the mutation of CollOal might cause growth
plate defects and skeletal disorders.®* Col2al is a type of
ECM-specific gene, which is synthesized by chondrocytes
and is highly expressed in the fetal growth plate; the
mutation of Col2al can lead not only to spondyloepiphy-
seal dysplasia but also to bone loss.®*** In the GO terms
analysis, the GO terms related to ECM production and
organization abounded in EV-treated mice; major func-
tions of the ECM are to serve as a support for deposition
of minerals and provide structural flexibility for tissues.®®

Collagen is a member of ECM families, which promotes

bone formation and affects the binding of osteoclasts; in
this study, the collagen-related ontology was also high-
lighted in GO analysis. However, the results of RNA
sequencing of mice did not reveal the direct interaction
between screened genes and osteoblast-related or osteo-
clast-related genes. This might be caused by the complex-
ity of signaling pathways, or depth of sequencing, or
limitation of samples size. Combining the results of
WPET/CT images and RNA sequencing, we speculate that
exogenous WJ-MSC-EVs retard osteoporosis by targeting
ECM-related genes and indirectly promote osteoblastic
activity.

According to our results of NGS and IPA, the miRNAs
enriched in WJ-MSC-EVs, including mir-21, mir-29, and mir-
221, are associated with PTEN and AKT molecules in the
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Figure 8 Bar plot and network plot of enriched GO terms. (A) Top 30 enrichment of GO terms for differentially expressed intersection in OVX mice after EVs treatment.
(B) The network plot extra demonstrated the connection of each GO term. Padjust scale bar was illustrated.

Abbreviations: GO, gene ontology; OVX, ovariectomized; EV, extracellular vesicles.

PI3K/AKT signaling pathway. Among these three potential
candidates, the mir-29 expression was approximately 3-fold
higher than the others, suggesting that mir-29 might be pre-
dominantly involved in the curative effect. However, the sam-
ple without duplicates might cause misleading results, so for
further confirmation, the samples were analyzed and the top
three enriched miRNAs obtained from NGS were detected by
gPCR (Supplemental Figure S6B). Combining results of
miRNA/mRNA sequencing, exogenous WJ-MSC-EVs might

exert their therapeutic effect by carrying potential EV-miRNAs
including mir-21, mir-29, and mir-221 to upregulate the
expression of ECM-related genes, and activate the PI3K/
AKT signaling pathway to treat osteoporosis. However, further
exploration of the detailed mechanism is needed.

Utilization of PET/CT/IVIS in the diagnosis of osteoporo-
sis allows researchers not only to obtain anatomical informa-
tion but also to acquire the osteoblastic activity and in vivo
behavior of exogenous EVs. Integrating imaging strategy with
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small/mRNA sequencing further clarified the information of
gene-level differential expression in EVs and mice. However,
the strategy might be restricted by accessibility, as the labora-
tories are not equipped with these imaging modalities.
Fortunately, the affordable small-animal PET systems and the
availability of mini cyclotrons that regularly produce radio-
pharmaceuticals is becoming possible for providing the ser-
vices for most of the imaging research centers.®® Thus, more
imaging cores/research centers can provide the service for
investigators. In terms of RNA sequencing, although different
powers of libraries for downstream analysis might affect the
outcomes of sequencing, it still generates vast bioinformation
with much smaller costs in comparison to microarrays.®” With
the continuous decrease in the cost of analysis, RNA sequen-
cing is widely used in research.®® Taken together, our work
provided a prominent and valuable methodology in the diag-
nosis of osteoporosis by integrating an imaging strategy with
RNA sequencing.

Conclusions

In conclusion, this study highlighted a methodology of
integrating multiplexed molecular imaging with miRNA/
mRNA sequencing for the development of EV-based med-
ication for osteoporosis. This work also reveals that MSC-
EV-miRNAs, including mir-21, mir-29, and mir-221,
potentially mediate the curative effect of osteoporosis by
targeting the PI3K/AKT signaling pathway. Collectively,
MSC-EVs serve as a promising agent for osteoporosis
treatment. This study provides an integrated solution for
a more comprehensive evaluation of the therapeutic effect
of WJ-MSC-EVs in the treatment of osteoporosis.
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