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Objective: Senile osteoporosis is one of the most common age-related diseases worldwide. Accumulating evi-
dences have indicated that young blood can reverse age-related impairments. Extracellular vesicles (EVs) exert
therapeutic effects in a variety of diseases by delivering bioactive molecules such as microRNAs (miRNAs). The
aim of the study is to evaluate the therapeutic potential of EVs from human umbilical cord blood plasma
(UCB-EVs) on senile osteoporosis and to preliminarily clarify the underlying mechanism.
Methods: UCB-EVs were injected into the tail vein of aged (16 months old) male C57BL/6 mice. Microcomputed
tomography was performed to evaluate bone mass and microarchitecture of mice. The osteogenic and osteoclas-
tic activities were determined by quantitative real-time PCR (qRT-PCR), histological examination and western
blot analysis. In vitro, qRT-PCR assay was undertaken to explore the enrichment levels of a number of miRNAs
that have positive effects in reducing bone loss. The efficacy of UCB-EVs on osteoblastic differentiation of bone
marrow mesenchymal stromal cells (BMSCs) and osteoclastogenesis of RAW264.7 cells were assessed by cyto-
chemical staining. Gene and protein expression changes were detected by qRT-PCR and western blotting respec-
tively. Meanwhile, the roles of the selected miRNA in the regulatory effects of UCB-EVs on BMSCs and RAW264.7
cells were evaluated by using specific miRNA inhibitor.
Results: The intravenous injection of UCB-EVs for two months attenuated bone loss in old mice, as defined by in-
creased trabecular and cortical bone mass, enhanced osteoblast formation and reduced osteoclast formation com-
pared to the control mice. In vitro, UCB-EVs could promote the osteogenic differentiation of BMSCs and inhibit the
osteoclastogenesis of RAW264.7 cells. Moreover, it was confirmed that miR-3960 was highly enriched in UCB-EV's
and miR-3960 inhibitor reversed the stimulatory effect of UCB-EVs on osteoblastic differentiation of BMSCs.
Conclusion: Our findings indicate that UCB-EVs ameliorate age-related bone loss by stimulating bone formation and
inhibiting bone resorption, and miR-3960 mediated the osteogenic effect of UCB-EVs on BMSCs. Thus, UCB-EVs may
represent a promising agent for prevention of senile osteoporosis.

© 2019 Elsevier Inc. All rights reserved.

Abbreviations: UCB, umbilical cord blood; miRNAs, microRNAs; BMSCs, bone marrow mesenchymal stromal cells; EVs, extracellular vesicles; UCB-EVs, EVs from human umbilical cord
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Runx2, runt-related transcription factor 2; COL1, type I collagen; NFATc1, nuclear factor of activated T cells c1; ATP6V0d2, ATPase H+ transporting VO subunit d2; Ctsk, cathepsin K.

* Corresponding author at: Movement System Injury and Repair Research Center, Xiangya Hospital, Central South University, #87 Xiangya Road, Changsha, Hunan 410008, China.

E-mail address: huixie@csu.edu.cn (H. Xie).

https://doi.org/10.1016/j.metabol.2019.01.009
0026-0495/© 2019 Elsevier Inc. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.metabol.2019.01.009&domain=pdf
https://doi.org/10.1016/j.metabol.2019.01.009
huixie@csu.edu.cn
https://doi.org/10.1016/j.metabol.2019.01.009
http://www.sciencedirect.com/science/journal/00260495
www.metabolismjournal.com

94 Y. Hu et al. / Metabolism Clinical and Experimental 95 (2019) 93-101

1. Introduction

Osteoporosis is one of the most common metabolic bone diseases,
affecting >200 million people throughout the world [1,2]. Old people
living with osteoporosis usually suffer from a fragility fracture which
will greatly affect the life quality of patients and increase the economic
burden [3]. Senile osteoporosis is primarily associated with aging and
caused by impaired bone formation [4,5]. Both bone formation of oste-
oblasts and bone resorption of osteoclasts involve in the physiological
process of bone remodeling [6,7]. Thus, therapies designed to regulate
the balance of bone remodeling hold significant potential for the pre-
vention and treatment of osteoporosis.

Recently, exposure of aged animals to young blood has been widely
studied for reversing age-related impairments. Accumulating evidences
have demonstrated that young blood improves stem cell function of
various tissues in aged animals, which is possibly caused by some ben-
eficial factors from young blood [8-10]. Human umbilical cord blood
(UCB), as one classical form of young blood, is supposed to also be
able to rejuvenate the age-related dysfunction including senile osteopo-
rosis, and has several unique advantages, such as easy accessibility, non-
invasive to donors and no ethical concern [11]. However, the direct use
of UCB for therapeutic purposes has the risks of immune rejection re-
sponse, anaphylaxis and unpredicted cross-infection [12,13].

Extracellular vesicles (EVs), approximately 40-150 nm sized
membrane-enclosed nanovesicles, are secreted by almost all cells for
mediating intercellular communication via transferring bioactive mole-
cules (nucleic acids, proteins and lipids) from source cells to target cells
[14]. EVs possess anti-impairment and pro-regenerative effects in vari-
ous disease models and have no obvious side effects [15]. Studies have
shown that EVs released by mesenchymal stem cells can promote
bone regeneration in critical-sized calvarial defects through enhancing
osteogenesis of bone marrow mesenchymal stromal cells (BMSCs)
[16-18]. Considering that UCB contains plenty of EVs [19], we assumed
that EVs derived from human UCB (UCB-EVs) would have the ability to
ameliorate age-related osteoporosis.

In this study, we firstly explored the effect of UCB-EVs on bone mass
in aged mice. We also assessed the effects of UCB-EVs on osteogenesis
and osteoclast formation in vivo and in vitro, and preliminarily clarified
the underlying mechanism.

2. Materials and methods
2.1. Isolation and characterization of UCB-EVs

The isolation and characterization of UCB-EVs were performed as
described previously [20,21]. Briefly, human UCB (50-60 mL per sam-
ple) was acquired from healthy full-term newborns with informed con-
sent of the mother and permission of the Ethical Review Board at
Xiangya Hospital of Central South University. The whole blood was col-
lected from umbilical veins into the sterile bloodbag (Macopharma,
France) containing anticoagulant of citrate phosphate dextrose with
the first 2-3 mL of blood discarded. Blood samples were processed
within 1 h of collection. The mixture was centrifuged to collect the
plasma at 300 xg for 10 min. Subsequently, the plasma underwent suc-
cessive centrifugations (300 xg for 10 min, 2000 xg for 10 min, and
10,000 xg for 30 min) to discard dead cells and cell debris. The final su-
pernatant was ultracentrifuged for 70 min at 100,000 xg within the
same day and did not undergo freeze-thaw cycle. The pelleted EVs
were washed with a large volume of PBS for twice and centrifuged at
the same high speed, then re-suspended in 15 mL PBS. The EVs suspen-
sion was filtered through a 0.22 um filter sterilizer (Millipore, Billerica,
USA) and centrifuged at 4000 xg to approximately 200 pL by ultra-
filtration in a 15 mL Amicon Ultra-15 Centrifugal Filter Unit (Millipore).
All procedures were performed at 4 °C. EVs were stored at —80 °C or
used for the downstream experiments.

Transmission electron microscope (TEM) (Hitachi, Tokyo, Japan)
and dynamic light scattering (DLS) with a Nanosizer™ instrument
(Malvern Instruments, Malvern, UK) were used to observe the mor-
phologies and measure the size distribution of UCB-EVs respectively.
Flow cytometry was used to analyze the EV-characteristic surface
marker proteins as described previously [20].

2.2. Animals and treatments

All animal experiments were approved by the Ethical Review Board
at Xiangya Hospital of Central South University. 16-month-old male
C57BL/6 mice (weighing 36-42 g) were used as senile osteoporosis
model in this study. Mice were randomly divided into two groups,
which were intravenously injected with UCB-EVs (100 pg dissolved in
100 pL PBS) or an equal volume of PBS through the tail vein for once a
week. At 1, 2 and 8 weeks after the first treatment, the mice were
sacrificed and bone specimens were harvested for further analysis.

2.3. Microcomputed tomography (uCT) analysis

UCT was used to quantitatively evaluate the bone mass. The right
femora were dissected from mice, fixed for 48 h in 4% paraformalde-
hyde (PFA) and analyzed by high-resolution uCT (Skyscan, Aartselaar,
Belgium). Voltage and current of the scanner were set to 50 kV and
400 pA, respectively, with a resolution of 8.88 pum per pixel. Cross-
sectional images of distal femur were used to perform 3-dimensional
histomorphometric analysis of trabecular bone. For trabecular bone,
the region of interest (ROI) was drawn starting from 0.28 mm below
the distal epiphyseal growth plate and extended proximally for
0.45 mm length to measure the trabecular bone volume fraction (Tb.
BV/TV), trabecular thickness (Tb. Th), trabecular number (Tb.
N) and trabecular separation (Tb. Sp). Cross-sectional images of the
mid-diaphysis of femur were used to perform 3-dimensional
histomorphometric analysis of cortical bone. For cortical bone, the ROI
was selected in mid-diaphysis of the femur for a total of 5% of femoral
length to measure the cortical thickness (Ct. Th), periosteal perimeter
(Ps. Pm) and endosteal perimeter (Es. Pm).

2.4. Histochemical and immunohistochemical staining

The dissected femora were fixed in 4% PFA for 48 h, decalcified in
10% EDTA (pH 7.4) (Amresco, Solon, OH, USA) for 21 days and embed-
ded in paraffin. 5-um-thick longitudinally oriented bone sections were
stained for osteocalcin (OCN) and tartrate-resistant acid phosphatase
(TRAP) as previously described [22]. Anti-OCN and the secondary anti-
body were purchased from Takara Bios (Shiga, Japan). TRAP Staining
Kit was purchased from Sigma (St. Louis, MO, USA). Images were
photographed under an optical microscope. Relative staining intensity
or positively stained cell number in distal metaphysis or diaphyseal
endosteum of femora were measured in three random visual fields
per section, three sequential sections per mouse and three mice in
each group.

2.5. Cell culture

BMSCs were isolated from 4-week-old male wild-type mice. Briefly,
bone marrow cells were flushed from the femora and suspended in o-
MEM (Gibco, Grand Island, USA) containing 10% FBS (Gibco),
100 U/mL penicillin and 100 pg/mL streptomycin (Gibco). After 3 d,
non-adherent cells were discarded and adherent cells were cultured,
then passaged after reaching 80% confluence. BMSCs (passage 3-6)
were used in the followed experiments. The mouse macrophage
RAW264.7 was purchased from ATCC (Rockville, MD, USA) and cultured
in high-glucose DMEM supplemented with 10% FBS, 100 U/mL penicil-
lin and 100 pg/mL streptomycin. Cells were maintained at 37 °C with
5% CO, in a humidified environment.
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2.6. EVs uptake assay

EVs were labeled with PKH67 fluorescent dye (Sigma) following the
manufacturer's instruction. BMSCs or RAW264.7 cells were incubated
with labeled EVs at 37 °C for 3 h and washed with PBS. Then, cells
were fixed in 4% PFA for 15 min and washed with PBS for twice. Nuclei
were stained with DAPI (0.5 pg/mL; Invitrogen, Carlsbad, USA). The
green fluorescent signals were detected by a fluorescence microscope
(Leica DMI6000B, Solms, Germany). To determine the uptake of EV-
derived miRNAs, BMSCs or RAW264.7 cells were treated with EVs for
3 hand then collected to analyze the expression of miRNAs by quantita-
tive real-time PCR (qRT-PCR).

2.7. Cell transfection

MiR-3960 inhibitor and negative control inhibitor were purchased
from RiboBio (Guangzhou, China). As previously described [20], the
cells were cultured in 6-well plate until reaching 90% confluency, then
transfected with miR-3960 inhibitor or the negative control inhibitor
using Lipofectamine 2000 (Invitrogen), and incubated with 100 pg/mL
UCB-EVs or an equal volume of PBS. After 24 h, the downstream exper-
iments were performed.

2.8. Osteogenic differentiation assay

BMSCs were plated in 48-well plates at 1.0 x 10° cells per well. After
24 h, the cells were cultured in osteogenesis induction medium (Cyagen
Biosciences Inc., Santa Clara, USA) treated with or without UCB-EVs
(100 pg/mL) and miR-3960 inhibitor. The medium was changed every
three days. After 3 days of induction, the differentiated BMSCs were
washed with PBS, fixed in 4% PFA for 10 min, and then assayed with
an Alkaline Phosphatase (ALP) Staining Kit (Beyotime, Shanghai,
China). After 14 days of induction, the cells were washed with PBS,
fixed in 4% PFA for 10 min, and then stained with 2% Alizarin Red S
(ARS) solution (Solarbio, Beijing, China) at pH 4.2. An inverted micro-
scope (Leica DMIG000B, Solms, Germany) was used for imaging. The ex-
pression of osteogenesis-related genes and proteins was analyzed by
gRT-PCR and western blot respectively.

2.9. Osteoclast differentiation assay

RAW?264.7 cells were plated in 48-well plates at 1.5 x 10* per well. After
24 h, the cells were cultured in high glucose DMEM containing 100 ng/mL
receptor activator for nuclear factor-xB ligand (RANKL; Peprotech, London,
England) treated with or without UCB-EVs (100 pg/mL) and miR-3960 in-
hibitor. The medium was changed every three days. After 8 days of induc-
tion, the cells were washed with PBS and fixed in 4% PFA for 10 min.
Osteoclasts were stained using a commercially TRAP Kit (Sigma) and then
quantified using an inverted microscopy (Leica). The expression of
osteoclastogenesis-related genes and proteins was analyzed by qRT-PCR
and western blot respectively.

2.10. gRT-PCR analysis

Total RNA from cultured cells or femur tissues was extracted using
Trizol Reagent (Invitrogen). For mRNA analysis, cDNA was synthesized
from 1 pg total RNA by using a Revert Aid First-strand cDNA Synthesis
Kit (Fermentas, Life Sciences, Canada). Then, amplification reactions
were performed with FastStart Universal SYBR Premix ExTaq™ II
(Takara Biotechnology, Japan) in an ABI PRISM® 7900HT System (Ap-
plied Biosystems, Foster City, USA). Relative mRNA expression was cal-
culated by the relative standard curve method (2~*4°T) with GAPDH as
the reference. The PCR primers used in this study were as follows: runt-
related transcription factor 2 (Runx2): forward, 5’-GACTGTGGTTACCG
TCATGGC-3’, and reverse, 5'-ACTTGGTTTTTCATAACAGCGGA-3’; Alpl:
forward, 5’-CCAACTCTT TTGTGCCAGAGA-3’, and reverse, 5'-GGCTAC

ATTGGTGTTGAGCTTTT-3’; Bglap: forward, 5'-CTGACCTCACAGATCC
CAAGC-3’, and reverse, 5'-TGGTCTG ATAGCTCGTCACAAG-3’; alpha 1
type I collagen (Collal): forward, 5'-GACATG TTCAGCTTTGTGGACC
TC-3’, and reverse, 5'-GGGACCCTTAGGCCATTGTGT A-3’; Trap: forward,
5’-TGGTCCAGGAGCTTAACTGC-3/, and reverse, 5'-GTCAG GAGTGGGAG
CCATATG-3’; nuclear factor of activated T cells c1 (Nfatc1): forward,
5’-CAGTGTGACCGAAGATACCTGG-3’, and reverse, 5'-TCGAGACTTGA
TAGG GACCCC-3'; ATPase H+ transporting VO subunit d2 (Atp6v0d2):
forward, 5'-AGCA AAGAAGACAGGGAG-3’, and reverse, 5'-CAGCGT
CAAACAAAGG-3’; cathepsin K (Ctsk): forward, 5'-GCGGCATTACCAAC
AT-3’, and reverse, 5'-CTGGAAGCAC CAACGA-3’; Gapdh: forward, 5'-
CACCATGGAGAAGGCCGGGG-3', and reverse, 5'-GACGGACACATTGG
GGGTAG-3'. For miRNA detection, total EV-derived miRNAs were iso-
lated using the SeraMir Exosome RNA Purification Kit (System Biosci-
ences, Mountain View, USA), and cDNA for miRNAs was synthesized
using the Mir-X™ miRNA First-Strand Synthesis Kit (Takara) according
to the manufacturer's protocol. Amplification reactions were performed
using a miRNA SYBR Green qRT-PCR Kit (Takara) with the provided
universal reverse primer and miRNA reference gene U6. The miRNA-
specific forward primers were synthesized by Sangon Biotech (Shang-
hai, China).

2.11. Western blot analysis

Western blotting was carried out as described previously [20]. Total
proteins were extracted from cultured cells or femur tissues using RIPA
lysis buffer supplemented with protease inhibitor cocktail (Sigma).
Extracted proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred
to polyvinylidene fluoride membranes (Millipore). The membranes
were blocked with 5% non-fat milk for 2 h and then probed with pri-
mary antibodies at 4 °C overnight. Subsequently, the membranes were
incubated with horseradish peroxidase (HRP)-conjugated secondary
antibodies at 37 °C for 1 h at room temperature. The antibodies includ-
ing anti-RUNX2, anti-OCN, anti-NFATc1, anti-Ctsk, anti-B-actin, and
HRP-conjugated secondary antibodies were obtained from Santa Cruz
Biotechnology (Dallas, Texas, USA). The immunoreactive bands were vi-
sualized using a chemiluminescence reagent (Thermo Fisher Scientific,
Waltham, USA) and imaged by the ChemiDoc XRS Plus luminescent
image analyser (Bio-Rad).

2.12. Statistical analysis

Data are shown as means 4+ standard deviation (SD). Means be-
tween two groups were compared by 2-tailed Student's t-test. Statistical
analysis was conducted using GraphPad Prism software and P < 0.05
was considered statistically significant.

3. Results
3.1. Characterization of UCB-EVs

TEM, DLS analysis and flow cytometric analysis were used to
characterize the vesicles derived from UCB. The results showed
that the majority of these particles exhibited a characteristic cup-
or sphere-shaped morphology with a diameter ranging from 30 nm
to 100 nm (Fig. 1A-B), similar to previously reported EVs [23]. More-
over, these particles showed the presence of surface markers such as
CD63 and TSG101 (Fig. 1C), which further confirmed their EV
identity.

3.2. UCB-EVs prevent age-associated bone loss in mice
To investigate the roles of UCB-EVs on senile osteoporosis, 16-

month-old mice were injected with UCB-EVs or an equal volume of
EVs diluent (PBS) through the tail vein. pCT scanning showed that
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Fig. 1. Characterization of UCB-EVs. (A) TEM micrograph of UCB-EVs. Scale bar: 50 nm. (B) UCB-EVs size distribution measured by DLS analysis. (C) Flow cytometry analysis of the EV
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trabecular and cortical bone mass were higher in the femur of EVs-
treated mice compared to the PBS-treated control mice after 2 months
of administration (Fig. 2A). Quantitative analysis revealed that the tra-
becular bone volume fraction, thickness and number increased and
the trabecular separation decreased in mice treated with UCB-EVs

Fig. 2. UCB-EVs transplantation attenuates bone loss in age-associated osteoporotic mice. (A) Representative uCT 3D reconstruction images of femora from UCB-EVs- or PBS-treated 18-
month-old mice. Scale bar: 1 mm. (B-H) Quantitative analyses of trabecular and cortical bone microarchitecture in femora. n = 5-6 per group. Tb. BV/TV, trabecular bone fraction; Tb. Th,
trabecular thickness; Tb. N, trabecular number; Tb. Sp, trabecular separation; Ct. Th, cortical thickness; Ps. Pm, periosteal perimeter; Es. Pm, endosteal perimeter. *P < 0.05 compared with

the PBS group.
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cate that UCB-EVs treatment results in the reduction of bone loss in
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3.3. UCB-EVs promote osteogenesis and inhibit osteoclastogenesis in vivo

We then determined whether UCB-EVs exerted bone-sparing effect
by regulating the osteogenic and osteoclastic activities. qRT-PCR analy-
sis showed that the expression of osteogenesis-related genes including
Runx2, Bglap and Collal was up-regulated and the expression of
osteoclastogenesis-related genes including Trap, Nfatc1, Ctsk was
down-regulated in UCB-EVs-treated mice compared with the control
mice after 2 months of administration (Fig. 3A-C, G-I). Inmunostaining
and western blot were also performed to examine the expression levels
of bone related proteins in vivo. As shown in Fig. 3D-E, the intensity of
OCN staining on the trabecular bone surface in EVs-treated mice was
enhanced compared to the control mice. TRAP staining revealed that
the numbers of osteoclast on both trabecular and endosteal bone sur-
faces were markedly decreased after UCB-EVs treatment (Fig. 3]-L).
Consistent with the above findings, the results of western blotting fur-
ther confirmed the increase of osteogenic responses and the decrease
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of osteoclastic activities in bone tissues induced by EVs at 2 months
post-treatment (Fig. 3F). This difference in the protein expression levels
of bone tissues between UCB-EVs-treated mice and the control mice
could also be detected at 2 weeks post-treatment before bone mass in-
creased, but it was not observed at 1 week post-treatment (Supplemen-
tary Fig. 1). Taken together, our in vivo functional studies suggested that
UCB-EVs prevented age-associated bone loss through the regulation of
osteogenesis and osteoclastogenesis.

3.4. Detection of miRNAs in UCB-EVs

To explore the key molecules that mediate the therapeutic potential
of UCB-EVs on age-related osteoporosis, qRT-PCR analysis was used to
detect the levels of a class of miRNAs in UCB-EVs, including miR-3960,
miR-146a, miR-34a, miR-503, miR-218 and miR-26a, which have been
reported to promote osteogenesis and/or inhibit osteoclastogenesis
[24-26]. The data demonstrated that the concentration of miR-3960
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Fig. 3. Aged mice treated with UCB-EVs exhibit increased osteogenic activities and decreased osteoclastic activities. (A-C) The expression levels of osteogenesis-related genes including
Runx2, Bglap and Collal in femur tissues from UCB-EVs- or PBS-treated 18-month-old mice were assessed by qRT-PCR. n = 3 per group. (D) Representative images of OCN
immunohistochemical staining in distal femora from aged mice treated with UCB-EVs or PBS. Scale bar: 20 um. (E) Quantification of the mean intensity of positively stained areas in
(D). n = 9 per group. (F) The protein levels of RUNX2 and NFATc1 measured by western blotting in femur tissues from aged mice after 2 months of administration of UCB-EVs or PBS.
(G-I) The mRNA expression levels of Trap, Nfatc1 and Ctsk were evaluated by qRT-PCR analyses in femur tissues from UCB-EVs-treated mice and the control mice. n = 3 per group.
(J) Representative TRAP staining images of femora from aged mice treated with UCB-EVs or PBS. Scale bars: 250 pm (left), 20 pm (right). (K-L) Quantification of the number of
osteoclasts (N. OCs) on endosteal (Es) bone surface (BS) of diaphysis (K) and trabecular (Tb) bone surface of distal metaphysis (L) in (J). n = 10 per group. *P < 0.05 compared with

the PBS group.
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Fig. 4. UCB-EVs transfer miR-3960 into osteoblasts and osteoclasts. (A) qRT-PCR analysis of the enrichment of the miRNAs in UCB-EVs. n = 3 per group. (B) Representative fluorescence images of
PKH67-labeled UCB-EVs (green) uptake by BMSCs and RAW264.7. Scale bar: 50 um. (C-D) Detection of the level of miR-3960 in BMSCs and RAW264.7 cells incubated with UCB-EVs for 3h.n =3

per group. *P < 0.05 compared with the control group.

was much higher compared with other miRNAs (Fig. 4A). Our previous
studies have indicated that miR-3960 can not only promote osteogene-
sis of mouse ST2 stromal cells [26], but also enhance the osteogenic
transdifferentiation of vascular smooth muscle cells [27]. Thus, we fo-
cused on EV-derived miR-3960 for further investigation.

3.5. UCB-EVs deliver miR-3960 into osteoblasts and osteoclasts

To detect whether UCB-EVs could be taken up by osteoblasts and os-
teoclasts in vitro, UCB-EVs were labeled with the PKH67 dye (green fluo-
rescence) and then incubated with BMSCs and RAW264.7 cells for 3 h. As
shown in Fig. 4B, the PKH67-labeled EVs were found in the cytoplasm of
BMSCs and RAW264.7 cells. We next determined the transfer of miR-
3960 into recipient cells. After treatment with UCB-EVs for 3 h, BMSCs
and RAW264.7 cells were harvested. qRT-PCR analysis demonstrated
that miR-3960 levels in BMSCs and RAW264.7 cells were remarkably in-
creased after incubation with UCB-EVs (Fig. 4C-D). The results suggest
that miR-3960 can be shuttled into target cells by UCB-EVs.

3.6. UCB-EVs promote osteoblast differentiation via transferring miR-3960

To evaluate the effects of UCB-EVs on osteoblasts in vitro, BMISCs were
cultured in osteogenesis induction medium supplemented with UCB-EVs
or an equal volume of PBS. ALP and ARS staining were performed to deter-
mine the osteoblastic differentiation of BMSCs after 3 and 14 days of in-
duction, respectively. As illustrated in Fig. 5A-D, the EV-treated BMSCs
showed enhanced ALP activity and matrix mineralization than the control
group. To verify the role of miR-3960 in the EVs-induced regulation of
BMSCs, a specific inhibitor targeting miR-3960 was used to interfere
with the UCB-EVs-treated BMSCs. The results revealed that the pro-
osteogenic ability of UCB-EVs was attenuated in the UCB-EVs + miR-
3960 inhibitor group. qRT-PCR demonstrated that UCB-EVs treatment
caused a significant increase in the expression of osteogenesis-related
genes including Runx2, Alpl, Bglap and Collal, whereas inhibition of
miR-3960 markedly reduced the effects (Fig. 5E-H). The expression levels
of osteogenesis-related proteins in BMSCs receiving different treatments

were also assessed by western blot. As shown in Fig. 51, the miR-3960 in-
hibitor markedly reversed the UCB-EVs-induced up-regulation of the pro-
tein levels of RUNX2 and OCN in BMSCs. Our results suggest that miR-
3960 mediates the osteogenic effect of UCB-EVs.

3.7. UCB-EVs inhibit osteoclast differentiation

Subsequently, we explored whether UCB-EVs could influence osteo-
clast formation and the role of miR-3960 in this process. TRAP staining
showed that UCB-EVs remarkably inhibited osteoclastic differentiation
of RAW264.7 cells induced by RANKL, while the effect couldn't be im-
paired by co-treatment with the miR-3960 inhibitor (Fig. 6A-B). qRT-
PCR analysis was also performed to assess the mRNA levels of
osteoclastogenesis-related genes including Trap, Nfatc1, Atp6v0d2,
Ctsk. The results revealed that the expression of these genes was mark-
edly down-regulated in the differentiated RAW264.7 cells after UCB-
EVs stimulation compared with the control (Fig. 6C-F). UCB-EVs-
induced down-regulation of these genes was not affected by the miR-
3960 inhibitor (Fig. 6C-F). Western blotting was carried out to detect
the levels of osteoclastogenesis-related proteins. Compared to the con-
trol, incubation with UCB-EVs resulted in a remarkable decrease in the
protein expression levels of NFATc1 and Ctsk in RAW264.7 cells
(Fig. 6G). However, the inhibitory effect of EVs was not impaired after
the RAW264.7 cells were cultured with the miR-3960 inhibitor. All the
data indicate that UCB-EVs can inhibit osteoclast differentiation.

4. Discussion

The balance of bone resorption and bone formation is essential
for maintenance of bone mass [4]. Senile osteoporosis, a common
age-related degenerative disease caused by uncoupling of bone re-
sorption and bone formation, is characterized by a low bone turn-
over state with reduced bone formation [28]. In our present study,
we demonstrated that intravenous injection of UCB-EVs could effec-
tively alleviate age-related bone loss in old mice, as defined by in-
creased trabecular and cortical bone mass, enhanced osteogenic
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Fig. 5. UCB-EVs promote osteogenic differentiation of BMSCs via transferring miR-3960. BMSCs were cultured in osteogenesis induction medium treated with PBS + negative control
inhibitor, UCB-EVs + negative control inhibitor, or UCB-EVs + miR-3960 inhibitor. (A-D) Representative images of alkaline phosphatase staining (A) and alizarin red S staining
(C) and quantification of the staining intensity (B, D). Scale bar: 100 pm. n = 5 per group. (E-H) The expression levels of osteogenesis-related genes including Runx2, Alpl, Bglap and
Collal in BMSCs on day 3. n = 3 per group. (I) The expression levels of osteogenesis-related proteins including RUNX2 and OCN examined by western blotting on day 7. *P < 0.05
compared with the control group, #P < 0.05 compared with the UCB-EVs (100 pg/mL) group.

activities and reduced osteoclast formation. We also showed that
UCB-EVs promoted osteoblast formation and inhibit osteoclast for-
mation in vitro. Moreover, we found that miR-3960 was abundant
in UCB-EVs and mediated the regulatory effect of UCB-EVs on osteo-
blast differentiation.

Over the past years, the application of multipotent stem cells for
bone tissue engineering has received much attention among re-
searchers and clinicians [29-31]. UCB is one of the most plentiful reser-
voir of stem cells and UCB-derived stem cells have therapeutic potential
for many diseases including osteoporosis [11,32,33]. Recent studies
have demonstrated that transplantation of stem cells contributes to tis-
sue repair and regeneration not by the direct differentiation into the pa-
renchymal cells that repairs the damaged tissues, but rather by the
paracrine mechanisms to regulate the activity of resident tissue cells
[34,35]. EVs are crucial paracrine mediators obtained from most cells
and biological fluids including plasma. Stem cells-derived EVs possess
therapeutic effects in various disease models similar to their original
cells [15], suggesting that EVs are critical effectors of stem cells. Qi
et al. indicated that EVs released by human-induced pluripotent stem
cell-derived MSCs promoted bone regeneration of critical-sized

calvarial defects in osteoporosis rat [16]. Furuta et al. reported that
EVs derived from BMSCs could accelerate the process of fracture healing
[36]. These results provided evidences that EVs could be used to stimu-
late bone repair in osteoporosis. UCB contain abundant EVs other than
stem cells [19]. A large number of studies have reported the function
of UCB-derived stem cells on tissue regeneration [11], whereas few
studies have directly utilized UCB to extract EVs for therapeutic uses.
Our previous studies showed that UCB-EVs effectively promoted cuta-
neous wound healing in mice [20]. Herein, we harvested EVs from
human UCB plasma and verified that UCB-EVs could ameliorate bone
loss in trabecular and cortical bone of senile osteoporotic mice, indicat-
ing that UCB-EVs might be utilized as a new agent for prevention or
treatment of osteoporosis.

Decreased bone formation is the principal pathophysiological mech-
anism of senile osteoporosis [5]. BMSCs are the major source of osteo-
blasts that contribute to bone formation [37]. The age-associated
attenuation of osteoblast activity is attributed to the weakened osteo-
genic differentiation potential of BMSCs in elderly subjects [37]. In this
study, we demonstrated that UCB-EVs could be uptaken by BMSCs
and remarkably accelerated osteoblastic differentiation of BMSCs, as
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Fig. 6. UCB-EVs inhibit osteoclast differentiation of RAW264.7 cells. Raw264.7 cells were cultured in RANKL-containing medium supplemented with PBS + negative control inhibitor, UCB-
EVs + negative control inhibitor, or UCB-EVs 4+ miR-3960 inhibitor. (A) Representative images of TRAP staining. Scale bar: 100 pm. (B) Quantification of the number of TRAP positive
multinucleated cells in (A). n = 9 per group. (C-F) The expression levels of Trap, Nfatc1, Atp6v0d2 and Ctsk in Raw264.7 cells. n = 3 per group. (G) The expression levels of
osteoclastogenesis-related proteins including NFATc1 and Ctsk detected by western blotting on day 6. *P < 0.05 compared with the control group.

defined by increased ALP activity and matrix mineralization, as well as
enhanced expression levels of osteogenesis-related genes and proteins,
in consistent with our in vivo data showing increased osteogenic
responses. Other than promotion of osteogenesis, UCB-EVs could also
inhibit osteoclastogenesis, as evidenced by decreased number of osteo-
clasts and reduced expression levels of osteoclastogenesis-related genes
and proteins. Therefore, the beneficial effects of UCB-EVs on senile oste-
oporosis may be ascribed to their function in regulation of endogenous
osteoblasts and osteoclasts.

MiRNAs are a class of small (20-24-nucleotide) non-coding RNAs
that negatively regulate the expression of target gene by inducing deg-
radation of mRNA or repressing its translation [38]. It has been reported
that EVs contain abundant miRNAs and can transfer miRNAs to specific
cells, where the exogenous miRNAs can regulate the gene expression
and biological activity of recipient cells [39]. To clarify the molecular
mechanisms of UCB-EVs on osteoblast and osteoclast formation, we
performed qRT-PCR to detect the key miRNAs that may function. We
previously identified a new miRNA (miR-3960) in osteoblasts, and
found that mir-3960 promoted osteoblast differentiation through
repressing Homeobox A2, an inhibitor of Runx2 expression [26]. Knock-
down of miR-3960 could result in decreased osteoblastogenesis [26].
We also reported that overexpression of miR-3960 induced osteogenic
transdifferentiation of vascular smooth muscle cells, whereas inhibition
of miR-3960 expression caused an opposite effect [27]. In the present
study, we detected high level of miR-3960 in UCB-EVs, and found that
UCB-EVs-induced osteogenesis of BMSCs was partly abolished by miR-
3960 inhibition, suggesting that miR-3960 is one of the critical mole-
cules in UCB-EVs for stimulating bone formation. However, miR-3960
inhibition could not affect the anti-osteoclastic effect of UCB-EVs,
implying other molecules would participate in this process that remain
to be further investigated. Studies have shown that the enrichment of

contaminating molecules in the isolated EVs is still a controversial
issue and high purity isolation methods are required [40,41]. Ultracen-
trifugation usually obtains pelleted EVs along with non-EV-related mol-
ecules [42], and these unspecific substances may influence the real
efficacy of EVs, which is another limitation of our study.

In conclusion, our results demonstrate that UCB-EVs are able to ame-
liorate age-related bone loss in mice. The potential mechanism may be
the regulation of function properties of osteoblasts and osteoclasts, as
UCB-EVs can promote osteogenic differentiation of BMSCs and inhibit
osteoclastic differentiation of osteoclast precursor cells in vitro. Further-
more, miR-3960 plays an important role in the influence of UCB-EVs on
osteoblast differentiation, since suppression of miR-3960 can markedly
reverse the regulatory effects of UCB-EVs. Our data suggest that UCB-
EVs may represent a novel therapeutic tool for osteoporosis.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.metabol.2019.01.009.
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