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Abstract

Osteonecrosis of the femoral head (ONFH) represents a debilitating complication following
glucocorticoid (GC)-based therapy. Synovial-derived mesenchymal stem cells (SMSCs) can exert
protective effect in the animal model of GC-induced ONFH by inducing cell proliferation and
preventing cell apoptosis. Recent studies indicate the transplanted cells exert therapeutic effects
primarily via a paracrine mechanism and exosomes are an important paracrine factor that can be
directly used as therapeutic agents for tissue engineering. Herein, we provided the first
demonstration that the early treatment of exosomes secreted by human synovial-derived
mesenchymal stem cells (SMSC-Exos) could prevent GC-induced ONFH in the rat model. Using a
series of in vitro functional assays, we found that SMSC-Exos could be internalized into bone
marrow derived stromal cells (BMSCs) and enhance their proliferation and have anti-apoptotic
abilities. Finally, SMSC-Exos may be promising for preventing GC-induced ONFH.

Key words: osteonecrosis of the femoral head; glucocorticoid; synovial-derived mesenchymal stem cells;
apoptosis.

1. Introduction

Osteonecrosis of the femoral head (ONFH) is a
disabling and progressive disease commonly induced
by high-dose and (or) long-term administration of
steroid hormones [1-3]. Promotion of apoptosis of
bone marrow cells is thought to be an important
reason for causing ONFH, as it plays a crucial role in
destructing the formation of bone tissues [4-10]. Thus,
strategies to prevent apoptosis and promote
proliferation of bone marrow cells at the early phase
may dramatically trigger the repairing process and
halt the progression of GC-associated ONFH.

In recent years, cell-based therapy has emerged
as a promising strategy for bone tissue regenerative
treatments [11, 12]. Mesenchymal stem cells (MSCs)
have been isolated from a variety of tissues including

adipose tissue [13], bone marrow (BM) [14], and
synovium  membrane [15].  Synovial-derived
mesenchymal stem cells (SMSCs) possessed high
self-renewal ability over at least 10 passages without
obvious senescence and can be induced to
differentiate toward chondrogenesis, osteogenesis,
myogenesis and adipogenesis, independently of
donor age [15]. However, the direct use of stem cells
remains limited by issues of potential chromosomal
variation, immunological rejection, thrombosis, etc
[16-18]. Hence, it is necessary to develop a novel
strategy that can fully exert the therapeutic effects of
stem cells and avoid the risks associated with the
direct use of them.

Exosomes are 40-150 nm-sized nanoparticles
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originating from multivesicular bodies (MVBs) and
function as important paracrine effectors in
intercellular communication by transferring proteins
and genetic materials to target cells [19]. It has been
shown that exosomes exhibit similar functional
properties to the cells from which they are derived
and direct treatment with these nanoparticles has no
apparent adverse effects such as vascular obstructive
risks, immunogenicity, and tumorigenicity [20, 21].
Currently, there are no reports regarding application
of exosomes in GC-induced ONFH. In consideration
of the self-renewal ability and multi-differential
potentialities of SMSCs, we hypothesized that their
released exosomes (SMSC-Exos) could exert
protective effects on GC-induced ONFH.

In the present study, we used the human
synovial-derived mesenchymal stem cells (SMSCs) as
a “factory” to generate exosomes and investigated
whether the early administration of these exosomes
was able to prevent GC-induced ONFH in the rat
model. The results showed that SMSC-Exos
effectively attenuated a series of GC-induced
ONFH-related responses, such as the suppression of
cell proliferation and cell apoptosis, bone mineral loss,
and fat tissue accumulation. We evaluated the effects
of SMSC-Exos on the behavior of bone marrow
derived stromal cells (BMSCs) in vitro and found that
SMSC-Exos could be internalized into BMSCs and
enhance BMSCs’ proliferation, and resistance to
serum deprivation-induced apoptosis. These data
suggest that SMSC-Exos may enhance the
proliferation and anti-apoptotic responses of bone
marrow cells, then facilitate tissue regeneration and
prevent GC-induced ONFH.

2. Materials and Methods

2.1. Isolation of human synovial-derived
mesenchymal stem cells

Human synovial membrane samples (wet
weight 20-50 mg) were obtained aseptically from
arthroscopically assisted treatment with permission
from the patients and the Institutional Review Board
at Shanghai Sixth People’s Hospital. Synovial
membrane samples were rinsed three times with
Dulbecco's Phosphate Buffered Saline (DPBS,
Corning) supplemented with penicillin-streptomycin
solution (PS; 100 units/ml penicillin, 100 pg/ml
streptomycin, Gibco), minced carefully, and digested
with 0.2% type I collagenase (Life Technologies) in
high-glucose Dulbecco’s modified Eagle’s medium
(high-glucose DMEM; Hyclone) with 10% fetal bovine
serum (FBS; Gibco). Cells were incubation at 37°C
overnight, before cells were collected by
centrifugation, washed three times, resuspended in

high-glucose DMEM supplemented with 10% FBS
and PS (100 wunits/ml penicillin, 100 pg/ml
streptomycin). Resuspended cells were plated in a T25
culture flask and incubated to attach for 4 days. After
changing the medium to remove non-adherent cells,
the medium was replaced every 3 days. Cells were
cultured in monolayer in high-glucose DMEM
supplemented with 10% FBS and PS (100 units/ml
penicillin, 100 pg/ml streptomycin) at 37 C in
humidified atmosphere of 5% CO2.

2.2. Characterization of human
synovial-derived mesenchymal stem cells

Cells were blocked with 3% BSA for 30 min and
then incubated with the following primary antibodies
(BD Biosciences, San Jose, CA, USA) for one hour at
room temperature: phycoerythrin (PE)-conjugated
anti-CD44, PE-conjugated anti-CD73, allophy-
cocyanin (APC)-conjugated anti-CD34, fluorescein

isothiocyanate (FITC)-conjugated anti-CD45.
Nonspecific fluorescence was determined by
incubation of similar cell aliquots with

isotype-matched mouse monoclonal antibodies (BD
Biosciences). Cells were analyzed by the Guava
easyCyte™ Flow Cytometer (Millipore, Billerica,
MA).

The differentiative capacity of SMSCs into
osteogenic, adipogenic and chondrogenic lineages
was tested using specific differentiation medium

(Cyagen).

2.3. Isolation and identification of exosomes
derived from human synovial-derived
mesenchymal stem cells

After reaching about 80% confluency, SMSCs
were rinsed with PBS and cultured in MesenGro
hMSC Medium (StemRD) deprived of FBS for 48
hours. The conditioned media (CM) of SMSCs was
obtained and centrifuged at 300 x g for 10 min and
2000 x g for 10 min to remove dead cells and cellular
debris. The supernatant was filtered using a 0.22 pm
filter (Millipore) and centrifuged at 4000 x g to about
200 pL by ultra-filtration in a 15 mL Amicon Ultra-15
Centrifugal Filter Unit (Millipore). The ultrafiltration
liquid was washed twice with PBS and
re-ultrafiltrated at 4000 x g to 200 pL. For exosomes
purification, the liquid was overlaid onto 30%
sucrose-D;O cushion in a sterile Ultra-Clear™ tube
(Beckman Coulter, Brea, CA) and ultracentrifuged at
100 000 x g for 1 hour. The pelleted exosomes were
resuspended in PBS and centrifuged at 4000 x g to
about 200 pL. All procedures were performed at 4 °C.
Exosomes were stored at -80 °C or used for
downstream experiments.

Dynamic light scattering

(DLS) analysis,
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transmission electron microscopy (TEM), and western
blotting were used to identify the collected exosomes.
The size distribution of exosomes was measured by
DLS analysis using Nanosizer™ technology
(Malvern). Samples were diluted 1000-fold with
filtered DPBS. Data processing and analysis were
carried out on the Zetasizer software (Malvern). The
morphology of exosomes was observed by TEM.
Exosomes were loaded on a continuous carbon grid
and visualized by a Hitachi H-7650 transmission
electron microscope (Hitachi, Tokyo, Japan). The
exosomal surface markers including CD9, CD63,
CD81, and tumor susceptibility gene TSG101, and
were analyzed by western blotting. The procedures
were detailed in Section 2.6. The MesenGro hMSC
Medium was ultrafiltrated as mentioned above and
the ultrafiltration liquid was used as negative control
(NC) in western blot.

2.4. In vivo effects of SMSC-Exos on
GC-induced ONFH rats

2.4.1. Animal model and grouping

All experimental and animal care procedures
were approved by Animal Research Ethics Committee
of Shanghai Sixth People's Hospital and performed in
accordance with the guidelines of the National
Institutes of Health Guidelines for the Care and Use of
Laboratory Animals. Sixty 8-week-old healthy female
Sprague-Dawley (SD) rats weighing 200-210 gram
were used in this study. The rats were randomly and
averagely divided into three groups: (1) normal group
(served as controls and did not receive any treatment)
(n=20); (2) model group (rats with GC-induced
ONFH) (n=20); (3) SMSC-Exos group (rats with
GC-induced ONFH treated with SMSC-Exos) (n=20).
Each group was divided into two subgroups,
short-term subgroup (n=5) and long-term subgroup
(n=15). In long-term subgroup, to induce ONFH of the
rats, methylprednisolone (MPS; Pfizer, USA) (20
mg/kg/d) was intramuscularly injected into rats, on
the first three days of every week, for three weeks. In
short-term subgroup, MPS was only injected on the
first three days. Every time after MPS injection, rats in
the SMSC-Exos group and model group were
respectively administered 1 x 10" particles of
exosomes (dissolved in 200 pL of PBS) or an equal
volume of PBS via the vein of tail. In short-term
subgroup, after three-day injection, the five rats in
each group were anesthetized by an intraperitoneal
injection of 400 mg/kg chloral hydrate and the
femoral heads were collected for TUNEL assay and
ki67 immunostaining. Six weeks later, the rats in
long-term subgroup were anesthetized and the
femoral heads were assessed by micro-CT,
immunohistochemical and histological analyses. In all

1264
groups, none of the rats died before these
assessments. No antibiotic agents were used
throughout the study.

2.4.2. Micro-CT analysis

The femoral heads were dissected from rats,
fixed overnight in formalin and analyzed by
SkyScan1178 (Bruker MicroCT, Kontich, Belgium).
The scanner was set at a resolution of 9 pm per pixel.
The trabecular bone was segmented from bone
marrow and analyzed to determine trabecular
thickness (Tb.Th), trabecular separation (Tb.Sp), bone
volume per tissue volume (BV/TV), and trabecular
number (ITb.N). Three planes (coronal section, sagittal
section and transverse section) of representative
samples of each group were generated using
DataViewer (Bruker MicroCT).

2.4.3 Histological and immunohistochemical analyses

The femoral heads were excised and fixed in 10%
buffered formalin solution for 24 hours, decalcified in
10% EDTA for 28 days, and embedded in paraffin.
Samples were cut into 5-pm sections, deparaffinized
in xylene, rehydrated in a graded series of ethanol,
and rinsed in distilled water. Hematoxylin and eosin
(H&E) staining was performed for histological
observations. The extent of osteogenesis was assessed
by immunohistochemical (IHC) analysis of
osteocalcin  (OCN), respectively. Images were
acquired with a fluorescence microscope (IX81;
Olympus, Hamburg, Germany). Antibodies were
obtained from Abcam (Cambridge, Cambs, Britain).

2.4.4 TUNEL assay and ki67 immunostaining

The femoral heads were dissected and fixed
overnight in 4% paraformaldehyde, decalcified in 10%
EDTA for 28 days, and embedded in paraffin.
Samples were cut into 5-pm sections, deparaffinised
in xylene, and rehydrated with a graded ethanol
series. TUNEL staining kit (Roche, Nutley, NJ) were
used to detect DNA strand breaks according to the
manufacturer’ instructions. The proliferation of cells
was immunostained with Ki67 antibody (Abcam,
Cambridge, Cambs, Britain). Nuclei was stained with
DAPIL. Images were acquired with a LSM-880
confocal-microscopes (Carl Zeiss; Germany). The
number of TUNEL-positive cells (apoptotic cells) and
Ki67-positive cells (proliferative cells) per field was
evaluated in five fields per section and five sections
per femoral head.

2.5. In vitro effects of SMSC-Exos on bone
marrow derived stromal cells

2.5.1. Cells culture and treatments
BMSCs were isolated from healthy donors (age,
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30-50 years old) who underwent amputation due to
severe trauma with permission from the patients and
the Institutional Review Board at Shanghai Sixth
People’s Hospital. Briefly, cancellous bone was
obtained during the operation and was first flushed
with a-MEM (Hyclone) with 10% FBS (Gibco) and
then transferred to a T75 culture flasks. BMSCs were
isolated by adherence and were cultured in a-MEM
media containing 10% FBS. BMSCs were maintained
at 37 °Cin a moist atmosphere of 21% Oz, 5% CO,, and
74% N». For assessing the effects of SMSC-Exos on
BMSCs’ function, the cells were cultured in a-MEM
media and divided into four groups: (1) control group
(no treatment); (2) DEX group (treated with 50 pM
dexamethasone (Sigma)); (3) SMSC-Exos group
(treated with 1 x 101! particles/mL of exosomes); (4)
DEX+SMSC-Exos group (treated with 50 pM DEX and
1 x 10" particles/mL of exosomes). Twenty-four
hours later, a series of in vitro assays were performed
on BMSCs.

2.5.2. Exosomes uptake by BMSCs

SMSCs were labeled with DiLL dye (Molecular
Probes, Eugene, OR) according to the manufacturer's
protocol. Briefly, cells were trypsinized and
resuspended in 1 mL of serum-free a-MEM media. 5
uL of cell-labeling solution was added to the cells’
medium and incubated with cells at 37°C for 15 min.
The cell-labeled suspension was centrifuged at 300 x g
for 15 min and the supernatant was discarded. Cells
were washed with PBS and cultured in MesenGro
hMSC Medium (StemRD) for 24 hours. Exosomes
were harvested and incubated with BMSCs at 37 °C
for 2 hours. BMSCs were fixed with 4%
paraformaldehyde for 15 min and stained with DAPI
for 5 min. Cells were analyzed with a fluorescence
microscope (Leica DMI6000B).

2.5.3. Cells proliferation assay

Cells proliferation was evaluated by cell
counting kit-8 assay (CCK-8; Dojindo, Kumamoto,
Japan). Cells (5 x 103 cells per well) were seeded onto
96-well plates. A group without cells served as the
blank. At day 0,1, 3 and 7, CCK-8 solution (10 pL per
well) was added to cells, followed by incubation at
37°C for 1 hours. The absorbance was measured at 450
nm by a microplate reader and the optical density
values represented the survival/ proliferation of cells.

2.5.4. Cells apoptosis assay

Apoptosis of cells was measured using the
annexin V-FITC early apoptosis detection kit (Cell
Signaling Technology, Danvers, MA). Briefly, after 24
hours of culture in serum-free a-MEM media, cells
were harvested, washed with DPBS, and resuspended
in 96 pL of annexin V binding buffer, followed by

incubation with 1 pL of annexin V-FITC and 12.5 pL
of propidium iodide (PI) for 10 min on ice in the dark.
Next, the cell suspension was diluted to a final
volume of 250 pL. with annexin V binding buffer and
analyzed by flow cytometry.

2.6. Western blotting analysis

Protein samples were diluted 1:5 with protein
loading buffer (6 x; Transgen Biotech, Beijing, China)
and heated at 95 °C for 5 min. Protein extracts were
separated on a 10%  sodium  dodecyl
sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gel, blotted onto polyvinylidene fluoride
membranes, and blocked with 5% non-fat dried milk
in TBST. The membranes were incubated with
primary antibodies at 4°C overnight and with the
horseradish peroxidase (HRP)-conjugated secondary
antibodies at 37 °C for 2 hours. The primary
antibodies (anti-CD9, anti-CD63, anti-TSG101, and
anti-CD81) were obtained from SBI (System
Biosciences; Palo Alto, CA, USA) and the secondary
antibodies were obtained from Cell Signaling
Technology (Danvers, MA, USA). Protein bands were
visualized by enhanced chemiluminescence reagent
(Thermo Fisher Scientific, Waltham, MA) and imaged
by a FluorChem E gel documentation system
(ProteinSimple, San Jose, CA).

2.7. Statistical analysis

All of these experiments were repeated for three
times. The data were shown as means + standard
deviation (SD). Means of multiple groups were
compared with one-way analysis of variance
(ANOVA). Independent-sample ¢ test was used to
compare means between two different groups.
Fisher's exact test was used to compare incidence of
disease between two different groups. Statistical
analysis was conducted using SPSS 20.0 (IBM,
Armonk, NY). P values < 0.05 were considered
statistically significant.

3. Results

3.1. Characterization of human
synovial-derived mesenchymal stem cells and
their released exosomes (SMSC-Exos)

SMSC colonies appeared between 7 and 21 days
of culture. As viewed under the microscopy, SMSCs
exhibited typical spindle-shaped morphology (Fig.
1A). Immunostaining and flow cytometry analyses
showed these cells were highly positive for CD73
(mesenchymal stem cells positive markers) and CD44
(synovium-derived MSCs positive markers), but were
negative for CD45 and CD34 (Fig. 1B). The potential
of adipogenic differentiation was studied by
measuring the formation of small cytoplasmic lipid
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granule by Oil Red O staining after 2 weeks of
differentiation. =~ The potential of osteogenic
differentiation was studied by measuring the
formation of calcium mineral deposits by Alizarin
Red staining after 21 days of differentiation. And the
potential of chondrogenic differentiation was studied
by Alcian blue staining after 4 weeks of differentiation
in alginate beads (Fig. 1C). These results suggest that
the SMSCs possessed MSC properties and
pluripotency. All these data unequivocally confirmed
that SMSCs were successfully isolated from human
synovial membrane.

Next, SMSC-Exos were isolated from the
conditioned media of SMSCs by differential

centrifugation. DLS analysis, TEM, and western
blotting were used to identify the purified exosomes.
The results of DLS measurement revealed that the size
of these particles ranged approximately 53.60 + 22.99
nm (Fig. 2A), which was concordant with the
previously reported distributions [19]. TEM showed
that SMSC-Exos exhibited a round-shaped
morphology, with a size ranging from 30 to 100 nm
(Fig. 2B), which was consistent with the data of DLS
analysis. Moreover, western blotting (Fig. 2C) showed
SMSC-Exos were positive for the characteristic
exosomal surface markers including CD9, CD63,
CD81 and TSG101.
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Figure 1. Isolation of human synovial-derived mesenchymal stem cells (SMSCs) from human synovial membrane. (A) SMSCs exhibited a typical spindle-shaped
morphology. Scale bar: 100um. (B) Flow cytometry analysis of the cell surface markers on SMSCs. The isotype controls were illustrated as blank curves and the test samples were
illustrated as solid gray curves. (C) SMSCs displayed ability of adipogenic differentiation (Yellow scale bar: 20 pm), osteogenic differentiation (Green scale bar: 100 um) and
chondrogenic differentiation ((white scale bar: 100 um).
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Figure 2. Characterization of exosomes released by human synovial-derived mesenchymal stem cells (SMSC-Exos). (A) Particle size distribution of SMSC-Exos
measured by DLS. (B) Morphology of SMSC-Exos under a transmission electron microscopy. Scale bar: 100nm. (€) Western blotting analysis of exosomal surface markers
(including CD9, CD63, CD81, and TSG101). Exosomes from SMSCs of six patients were used. The ultrafiltration liquid of MesenGro hMSC Medium was used as negative control
(NC).
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Figure 3. SMSC-Exos transplantation induces bone tissue-protective effects in GC-treated rats. (A) Reconstruction of coronal, transverse, and sagittal images of
bones within the femoral heads in normal, methylprednisolone (MPS)-treated, and MPS+SMSC-Exos co-treated rats. (B) Quantitative analyses of the trabecular thickness
(Tb.Th), trabecular separation (Tb.Sp), bone volume per tissue volume (BV/TV), and trabecular number (Tb.N) in different treatment groups. (C) H&E staining of the femoral
heads in rats receiving different treatments. Scale bar: 100pum. (D) Immunohistochemical staining of OCN of the specimen in different treatment groups. Scale bar: 100um.

3.2. Protective effects of SMSC-Exos in the rat
model of GC-induced ONFH

To investigate the effects of SMSC-Exos on
GC-induced ONFH, the rat model of ONFH was
induced by intramuscularly injection of MPS,
followed by intravenously administration of
SMSC-Exos or an equal volume PBS. Six weeks after
corresponding treatment, micro-CT scanning was
carried out to quantitatively and qualitatively

evaluate the bone tissues within the femoral head
(Fig. 3A). The results showed 80% rats treated by
multiple high-dose MPS exhibited significant
trabecular changes, such as bone mineral loss and
cystic degeneration in subchondral area of the femoral
heads, as compared with the normal rats. On the
contrary, the subchondral trabeculae of the femoral
heads appeared intact and well distributed in rats
after SMSC-Exos treatment, and only 20% rats were
found with very mild osteonecrotic changes.
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Quantitative analyses of all the micro-CT parameters
then further confirmed the preventive efficacy of
SMSC-Exos on GC-induced ONFH in rats. As shown
in Fig. 3B, the microstructural parameters including
Tb.Th, BV/TV, and Tb.N in MPS group (0.075+0.015,
16.21+11.38%, and 2.46+1.34, respectively) were
markedly reduced compared with the normal group
(0.117+0.015, 58.12+10.61%, and 6.17£0.66,
respectively) (P < 0.05), but an additional treatment
with SMSC-Exos (0.121+0.010, 62.19+3.89%, and
6.31+0.68, respectively; P < 0.05 vs. MPS group) could
remarkably reverse the MPS-induced reduction of
these parameters. Moreover, the parameter Tb.Sp was
significantly increased in MPS group than that in the
normal group (0.483+0.122 vs. 0.119£0.017; P < 0.05),
and this increase could be profoundly inhibited by
SMSC-Exos (0.118+0.006; P < 0.05 vs. MPS group).

In consistent with the above findings,
histological evidence based on H&E staining (Fig. 3C)
revealed that osteonecrosis in MPS group (model
group) was obvious. In these MPS-treated rats, the
trabecular bone of the femoral head became sparser
and even disappeared, which were replaced by
abnormal morphology. In contrast, the trabecular
bone in the rats additionally treated with SMSC-Exos
was well organized, and few trabecular structures and
bone marrow were replaced by necrotic tissues. The
incidence of histological ONFH in SMSC-Exos group
(20%, 3/15) was remarkably lower than that in MPS
group (80%, 12/15) (P < 0.05), and no osteonecrosis
A
MPS

Normal

TUNEL

Normal MPS

Ki67

was observed in normal group (0%, 0/15). OCN is an
osteogenesis-related molecule expressed during
osteogenic differentiation and mineralization [22, 23].
Immunohistochemical staining for OCN revealed that
the osteogenic response of femoral heads was
decreased after MPS injection, but this effect was
markedly inhibited by SMSC-Exos (Fig. 3D).

The effects of SMSC-Exos on cellular apoptosis
and proliferation in the femoral heads of GC-induced
ONFH rats at the early phase were evaluated by
TUNEL assay and ki67 immunostaining, respectively.
The TUNEL assay showed that the number of
apoptotic cells in MPS group was markedly enhanced
compared to the normal group (37.956 £ 3.913 vs.
5420 + 3.212; P < 0.05 vs. MPS group), whereas the
MPS-induced apoptotic effect was inhibited in rats
co-treatment with SMSC-Exos (7.607 + 2.622; P < 0.05
vs. MPS group) (Fig. 4A). Ki67 staining indicated that
the proliferation of cells in MPS group was reduced
compared to the normal group (16.739 * 6.982 vs.
287.91 t 34571, P < 0.05), but SMSC-Exos
treatment (264.682 + 27.362; P < 0.05 vs. MPS group)
reversed the MPS-induced anti-proliferative effect
(Fig. 4B).

These data indicated that SMSC-Exos could
promote bone tissue maintenance and regeneration,
enhance cellular proliferation and resistance to
apoptosis, and thereby protect the femoral head
against necrosis.
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Figure 4. SMSC-Exos transplantation induces bone marrow cell-protective effects in GC-treated rats. (A) Cellular apoptosis in different treatment groups was
analyzed by TUNEL assay. Scale bar: 50pum. Quantitative analysis of the number of total apoptotic cells in (A). (B) The proliferation of cells in different treatment groups was
analyzed ki67 immunostaining. Scale bar: 50pm. Quantitative analysis of the number of total proliferative cells in (B). (*P < 0.05 compared with the normal rats (control), #P < 0.05

compared with the MPS-treated rats (model group).)
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3.3. The uptake of SMSC-Exos by BMSCs

We assessed the in vitro effects of SMSC-Exos on
anti-apoptotic activities of BMSCs. Firstly, we
determined  whether =~ SMSC-Exos  could be
internalized into BMSCs. We used a red fluorescent
lipophilic dye (DiL) to label SMSCs and harvested
their secreted exosomes, which were labeled by DiL
upon the fusion of multivesicular body with the cell
plasma membrane. After incubation with BMSCs for
two hours, the Dil-labeled exosomes were transferred
to the perinuclear region of BMSCs (Fig. 5A),
indicating that SMSC-Exos were incorporated into
BMSCs.

3.4. promotion of cell proliferation and
anti-apoptotic effects of SMSC-Exos on BMSCs

To explore the functional roles of SMSC-Exos in
cell proliferation and apoptosis under normal or high
GC level conditions, BMSCs were cultured in a-MEM
media supplemented with exosomes or/and DEX for
a series of functional assays. The proliferation of
BMSCs was examined by CCK-8 analysis (Fig. 5B).
The results revealed that DEX treatment markedly
reduced the proliferative capability of BMSCs,
whereas incubation with SMSC-Exos resulted in a
remarkable increase in BMSCs’ proliferation.
Moreover, the DEX-induced down-regulation of
BMSCs’ proliferation could be significantly inhibited

by co-treatment with SMSC-Exos.

The apoptosis of BMSCs was assessed by flow
cytometry with annexin V-FITC/PI double staining
and the early apoptosis rate of BMSCs was measured
(Fig. 5C-D). The results showed that BMSCs’
apoptosis in DEX group was dramatically enhanced
than that in the controls (22.32+1.88% vs. 7.85+0.78%;
P < 0.05), whereas SMSC-Exos treatment (1.93+0.52%;
P < 0.05 vs. control group) markedly reduced the
apoptosis of BMSCs and inhibited the DEX-induced
apoptotic effect on BMSCs (9.56£1.87% vs.
22.32+1.88%; P < 0.05).

4. Discussion

GC-associated ONFH is one of the most serious
complications in patients who have received
corticosteroids [12]. Although numerous therapeutic
attempts have been made to halt the progression of
GC-induced ONFH, the optimal treatment strategies
are still being developed. In this study, we provided
the first demonstration that early treatment with
SMSC-Exos, the biomolecules released from SMSCs,
could enhance bone marrow cells proliferation and
prevent GC-induced ONFH in the rat model. We also
found SMSC-Exos could enhance the proliferation
and anti-apoptotic activities of BMSCs. Further,
GC-induced suppression of cell proliferation and
cellular apoptosis, was rescued by SMSC-Exos in vitro.
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Figure 5. Uptake of SMSC-Exos by BMSCs and their proliferative and anti-apoptotic effects on endothelial cells. (A) Fluorescent microscopy analysis of
DiL-labeled SMSC-Exos uptake by BMSCs. The red-labeled exosomes were visible in the perinuclear region of BMSCs. Scale bar: 50um. (B) The proliferation of BMSCs was
analyzed by Cell Counting Kit-8 assay. (C) The apoptosis of BMSCs was assessed by flow cytometry with annexin V-FITC/propidium iodide (Pl) double staining. Cells only stained
with annexin V-FITC represent the early apoptotic cells. (D) Quantitative analysis of the early apoptosis rate of BMSCs. (*P < 0.05 compared with the control group, #P < 0.05

compared with the dexamethasone (DEX)-treated group).
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In the last decades, more and more studies have
focused on the exosomes. Interestingly, it was
reported that exosomes could promote proliferation
and inhibit apoptosis by promoting p-catenin nuclear
translocation, which would be inhibited by GC [24,
25], through carried proteins [26]. In addition,
mRNAs [27], microRNAs [28, 29] and long
non-coding RNAs [30] were recently found playing
important roles in exosomes. The components of
SMSC-Exos and the function of each component need
to deepen in further research.

Autologous or allogenic osteogenic progenitor
cells were generally used in cytotherapy researches.
The injection of autologous MSCs combined with
standard core decompression was firstly described in
1993[31]. Two main functions of MSCs were
distinguished, the secretory  function and
participation in functional tissue restoration [32]. The
clinical results are satisfactory in hip score, collapse,
the need for THA and reduction of painful joint
symptoms [31, 33-38].

However, the core decompression was a kind of
invasive surgery for early stage of ONFH. And
autologous MSCs injection can result in treatment
failure attributed to GC-induced decreased activity of
MSCs [39]. Exosomes can be used as intravenous
injecting preventive medicine or even orally
administered drugs [40, 41], before, during and after
using high-dose glucocorticoid. Since exosomes has
no obviously adverse effect caused by
immunogenicity [20, 21], the application of allogeneic
or even cross-species [41] exosomes could overcome
difficulties caused by the decreased activity of
autologous cells or the lack of cell resources.

MSCs were firstly described in human bone
marrow [42, 43], called BMSCs which are promising
for regenerative medicine. Later studies indicated that
MSCs could be isolated from many various sources
including adipose tissue, synovial membrane and
umbilical cord besides bone marrow.

MSCs from older donors usually showed less
proliferative ability and osteogenic potency [44-46].
The common sources of human BMSCs were patients
received THA, amputation or surgery for obtaining
autogenous cancellous bone. Patients received THA
are usually in old age and isolated BMSCs showed
low proliferative ability as expected. Young healthy
males, getting amputation surgery caused by severe
trauma, are ideal sources to obtain BMSCs of high
quality. However, with improvements in healthcare
and rising living standards, the number of young
patients needed amputation will become scarce.
BMSCs from autogenous cancellous bone is likely to
be influenced by GC treatment. But SMSCs are easy to
obtain from relatively young males in arthroscopic

surgery for sports injuries.

SMSCs are pluripotent cells that can promote
tissue repair. However, the direct application of
culture-expanded cells is still hampered by many
adverse effects [16-18]. Currently, a number of studies
have indicated that the long-term functional benefits
of transplanted cells on tissue repair are mainly
mediated by a paracrine mechanism [47-49] and
exosomes strongly contribute to the transplanted
cells’ paracrine effects [19]. There are multiple benefits
in transplanting exosomes for therapeutic use [19-21].
As compared with the exogenously administrated
cells, exosomes have no risk of donor-derived tumor
development, as they lack machinery for replication.
These nanoparticles are easily to reach the wound
sites and have no vascular obstructive concern,
because of their small size. Moreover, exosomes have
a role in the suppression of allograft rejection. These
features make exosomes an ideal candidate for tissue
regenerative medicine.

Previous studies have shown that the
administration of exosomes alone is sufficient to
trigger the repairing process in various disease
models, including limb ischemia [50], myocardial
infarction [51], muscle injury [52], etc. However, so
far, it remains unclear whether exosomes can exert
beneficial effects on GC-induced ONFH. Herein, we
demonstrated that SMSC-Exos transplantation could
effectively prevent the GC-induced ONFH in rat
models. Based on the histological results, we found
that the infusion of SMSC-Exos decreased the
GC-induced trabecular bones loss, bone marrow
necrosis, and fatty cells accumulation. Results of
TUNEL assay and ki67 staining showed that
SMSC-Exos  could reverse the GC-induced
pro-apoptotic and anti-proliferative effects at the early
phase. By using micro-CT analyses, we found that
SMSC-Exos could improve bone mineral density, and
the microstructures of trabecular bones in
GC-induced ONFH rats. OCN staining further
confirmed that SMSC-Exos enhanced the number of
osteogenic cells in the femoral heads. We then
evaluated the effects of SMSC-Exos on the behavior of
BMSCs in vitro and found that SMSC-Exos could
reverse the GC-induced anti-proliferation effect. We
also determined whether SMSC-Exos could protect
the BMSCs from the GC-induced apoptosis. Results
showed that SMSC-Exos markedly inhibited the
apoptosis of BMSCs induced by GC and serum
deprivation.

5. Conclusion

In summary, we firstly demonstrated that
SMSC-Exos could promote cell proliferation and
prevent GC-induced ONFH in the rat model. We also
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found that SMSC-Exos could enhance the
proliferation and anti-apoptotic responses of BMSCs
in vitro, suggesting that the underlying mechanism by
which SMSC-Exos enhance proliferation and
anti-apoptosis effect of bone marrow cells may be the
activation of BMSCs function. Further studies are
required to assess the exact mechanism.
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