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Introduction

Stem cell-based bone tissue engineering is currently the 
most common method for repairing maxillofacial bone 
defects.1 Human adipose-derived stem cells (hADSCs) 
harvested from liposuction procedures have been found to 
be an alternative cell source for clinical application 
because of their abundance and availability, and the low 
morbidity and discomfort during liposuction.2 The osteo-
genic potential of hADSCs has been demonstrated in ani-
mal models and clinical trials.3 However, challenges still 
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remain in the use of mesenchymal stem cells (MSCs) 
alone to repair bone tissues. The specialized differentia-
tion of MSCs requires induction by the surrounding 
microenvironment, such as specific growth factors and 
extracellular matrix.4 Certain growth factors are also 
required for the differentiation of hADSCs.5 Reliable and 
predictable induction of specific differentiation of MSCs 
is key in bone tissue engineering applications.

Cytokines regulating cell differentiation alter cell fate 
and can be used to positively influence cell therapy out-
comes.6 Cell co-culture systems take advantage of this 
ability to promote tissue regeneration and repair.7 MSCs 
themselves secrete large amounts of cytokines, including 
growth factors and chemokines.8 Human dental pulp 
stem cells (hDPSCs) are thought to derive from the neu-
ral crest.9 hDPSCs secrete multiple growth factors, which 
have been reported to be involved in the osteogenic dif-
ferentiation of MSCs.4 Therefore, this study investigated 
whether hDPSCs could be used to create an osteo-induc-
tive niche that enhances the osteogenesis of hADSCs in 
co-culture.

Recently, extracellular vesicles (EVs) have been 
demonstrated to be the primary paracrine executor of 
stem cells.10 EVs are micro-vesicles that are secreted by 
cells and facilitate intercellular communication.11 EVs 
can travel between cells and deliver functional cargoes, 
such as proteins and RNAs, thereby regulating the dif-
ferentiation, commitment, function, and proliferation of 
targeted cells.12 Consequently, we speculated that hDP-
SCs might play an important role in regulating the oste-
ogenic differentiation of hADSCs by secreting EVs. 
Mitogen-activated protein kinase (MAPK) signaling 
plays a complex and important regulatory role in osteo-
genesis.13 The MAPK family includes three distinctly 
regulated groups: p38, extracellular signal-regulated 
kinase (ERK 1/2), and c-Jun N-terminal kinase (JNK).14 
Several in vitro studies have suggested that ERK 1/2 
and JNK signaling pathways play an important role in 
cell osteogenic differentiation. Treatment with a ERK 
1/2 or JNK inhibitor blocks osteoblast differentiation of 
ADSCs.15,16

In this study, hDPSCs were co-cultured with hADSCs 
to investigate whether hDPSCs could provide a microen-
vironment to facilitate hADSC differentiation. Next, 
hDPSCs were preincubated with GW4869, an inhibitor 
of EVs formation, to test whether hDPSC-derived EVs 
(hDPSC-EVs) might influence the osteogenic differenti-
ation of hADSCs. In addition, hDPSC-EVs were extracted 
by ultracentrifugation, and the roles of hDPSC-EVs and 
their mechanisms in regulating the osteogenic differenti-
ation ability of hADSCs were investigated in vitro. 
Furthermore, the extracted hDPSC-EVs were applied to a 
mandibular defect in rats to examine their effects on 
maxillofacial bone regeneration.

Materials and methods

Isolation and co-culture of hDPSCs and hADSCs

Impacted third molars were collected from six healthy 
patients. Subcutaneous adipose tissues were harvested 
from the abdomen of five healthy female patients who 
underwent liposuction. This study was approved by the 
Ethics Committee of Shanghai Ninth People’s Hospital 
affiliated with Shanghai Jiao Tong University, School of 
Medicine China (Document No. 201769). All patients 
agreed to participate in the study and provided signed 
informed consent forms. To obtain stem cells, we followed 
the methods described previously.17,18 For in vitro co-cul-
tures, a mixture hDPSCs and hADSCs were cultured in 
osteoblast-inducing medium (OM) (Cyagen, Santa Clara, 
CA, USA) at ratios of 1:0, 1:1, and 0:1.

Osteogenic differentiation

To compare the osteogenic differentiation ability of co-cul-
tured hDPSCs and hADSCs, we conducted alkaline phos-
phate (ALP) staining, ALP activity assays, and calcium 
deposition assays (Alizarin Red S staining, AL/ARS), as pre-
viously described.19 For ALP staining, the cells were treated 
with OM for 1 week to induce osteogenesis, then fixed and 
stained with an ALP kit (Beyotime, Shanghai, China) accord-
ing to the manufacturer’s instructions. For ALP activity 
assays, after treatment with OM for 1 week, cells were incu-
bated with p-nitrophenyl phosphate (Sigma-Aldrich, St. 
Louis, MO, USA), and activity was detected by measure-
ment of optical density (OD) at 405 nm. The total protein 
content of the cells was also measured with a BCA (bicin-
choninic acid) Protein Assay Kit (Pierce Biotechnology, 
Thermo Fisher Scientific, Waltham, MA, USA), and the 
ALP activity was expressed as OD per milligram of total 
protein. To measure mineralization, we cultured the cells in 
OM for 3 weeks to induce osteogenesis, then fixed them in 
4% paraformaldehyde for 30 min and stained them with 2% 
Alizarin Red S (Sigma-Aldrich).

Quantitative real-time polymerase chain 
reaction (qRT-PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA), and cDNA was synthesized from 
total RNA using a PrimeScript RT reagent kit (Takara Bio, 
Inc. Shiga, Japan) as described previously.19 Expression of 
mineralization markers: bone morphogenetic proteins 
(BMP2), runt-related transcription factor 2 (RUNX2) was 
assessed using SYBR Premix Ex Taq II (Takara Bio, Inc.), 
and gene expression was analyzed using a LightCycler 480 
II (Roche, Mannheim, Germany). The primers are listed in 
Online Appendix1. Relative gene expression level was 
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analyzed according to the comparative Cq method20 and 
normalized to GAPDH. All PCR amplifications were per-
formed in triplicate.

Isolation and identification of hDPSC-EVs

After reaching 80% confluence in 10 cm2 cell culture 
dishes, hDPSCs were rinsed three times with phosphate-
buffered saline (PBS) and cultured with serum-free 
medium for 48 h. The culture supernatant was collected for 
further isolation and purification of EVs. HDPSC-EVs 
were collected from the supernatant by ultracentrifugation, 
as previously described.21 Briefly, culture supernatants of 
hDPSCs were centrifuged at 4°C for 15 min at 300×g and 
at 4°C for another 15 min at 2000×g to eliminate cell 
debris. The supernatant was centrifuged at 4°C for 30 min 
at 10,000×g to remove dead cells and condensed with an 
ultra-filtration conical tube (Amicon Ultra-15, Millipore, 
Burlington, MA), then centrifuged at 4°C for 70 min at 
100,000×g. Isolated EVs were rinsed with PBS and ultra-
centrifuged at 100,000×g for 70 min at 4°C. The suspen-
sions were normalized to the hDPSC number from the 
culture plate from which they were isolated, then diluted 
so that 100 µL of suspension contained EVs isolated from 
10 million hDPSCs. The hDPSC-EV concentration was 
detected with a BCA Protein Assay Kit (Thermo Fisher 
Scientific, Rockford, USA). The morphology of hDPSC-
EVs was observed by transmission electron microscopy 
(TEM), as previously described.22 TEM was used to iden-
tify the presence of hDPSC-EVs; 50 µL of a 1 in 100 dilu-
tion of exosome suspension (equivalent to EVs isolated 
from 50,000 cells) was placed on TEM grids and incubated 
for 30 min. The grids were then washed, dried, and imaged 
with a Hitachi H7500 transmission electron microscope 
(HITACHI, Japan) to identify the morphology of EVs. The 
size and concentration of hDPSC-EVs were determined by 
nanoparticle tracking analysis (NTA), and the results were 
analyzed with NTA analytical software (Zeta View, ver-
sion 8.04.02) according to the manufacturer’s instruc-
tions.23,24 Through NTA, the particles were automatically 
tracked and sized according to their Brownian motion and 
the diffusion coefficient. HDPSC-EVs were diluted 1000-
fold with PBS (equivalent to EVs isolated from 10,000 
cells), then added into the nanopore instrument for meas-
urement. Markers of EVs—CD9, CD63, CD81 and 
TSG101—were detected by western blotting to character-
ize hDPSC-EVs.

Cell migration assay

HADSC migration assays were performed as previously 
described.25 The migration ability of hADSCs was assessed 
with Transwell inserts, which were 6.5 mm in diameter, 
with a pore size of 8 µm (Corning Inc. Corning, NY, USA), 
according to the manufacturer’s protocol. hADSCs were 

seeded at a density of 2 × 104 cells/well into the upper 
chambers, with 200 µL serum-free DMEM, whereas 
800 µL growth medium (GM) with 10% FBS containing 
hDPSC-EVs at different concentrations (0 µg/mL, 10 µg/
mL, 20 µg/mL, and 40 µg/mL) was added to the lower 
chambers. After culture for 24 h, the chamber was gently 
washed by PBS. For removal of the non-migrated cells, the 
upper side of the membrane was wiped with a cotton swab. 
Then, the membranes were fixed with 4% paraformalde-
hyde and stained with 0.5% crystal violet for 10 min. The 
number of migrated cells was counted in five randomly 
selected microscopic fields per filter.

Exosome-mediated stem cell differentiation in 
vitro

To evaluate the effect of hDPSC-EVs on osteogenic dif-
ferentiation of hADSCs, we performed ALP staining, ALP 
activity assays, qRT-PCR and immunofluorescence assays 
(IFAs) of RUNX2 and osteocalcin (OCN), as previously 
described.26,27 The following four groups were assessed: (1) 
hADSCs cultured in osteoblast-inducing medium (OM) 
(Cyagen, Santa Clara, CA, USA) alone (0 µg/mL); (2) 
hADSCs cultured in OM supplemented with 10 µg/mL 
hDPSC-EVs (10 µg/mL); (3) hADSCs cultured in OM sup-
plemented with 20 µg/mL hDPSC-EVs (20 µg/mL); and (4) 
hADSCs cultured in OM supplemented with 40 µg/mL 
hDPSC-EVs (40 µg/mL). The medium was renewed every 
3 days. The experimental procedures of ALP staining, ALP 
activity assays, and qRT-PCR were performed as described 
above (“Osteogenic differentiation”; “Quantitative real-
time polymerase chain reaction (qRT-PCR)”). For IFAs, the 
cytoskeleton was stained with fluorescein isothiocyanate 
(FITC)-phalloidin (Yeasen, China), and cellular nuclei 
were counterstained with 4′,6-diamidino-2-phenylindole 
(DAPI) (Sigma, USA). For the detection of RUNX2 and 
OCN expression, cells were fixed after 7 days of culture in 
OM with or without hDPSC-EVs (40 µg/mL). HADSCs 
were fixed were sequentially incubated with primary anti-
bodies against RUNX2 (1:1600, Cell Signaling Technology) 
and OCN (1:1600, Cell Signaling Technology) overnight at 
4°C. The next day, cells were incubated with the secondary 
antibody DyLight 549-conjugated anti-rabbit IgG antibody 
(Invitrogen, Carlsbad, CA, USA).

MAPK signaling pathway detection

Selective inhibitors of MAPK—SB203580 (SB, inhibitor 
of P38), PD98059 (PD, inhibitor of ERK 1/2), and 
SP600125 (SP, inhibitor of JNK) (all from Abcam, 
Cambridge, MA, USA)—were used to assess the partici-
pation of the MAPK signaling pathway in the hDPSC-EV-
mediated effects on hADSCs.28 The following five groups 
were assessed: (1) hADSCs cultured in OM alone (con-
trol); (2) hADSCs cultured in OM supplemented with 
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40 µg/mL hDPSC-EVs (EV); (3) hADSCs cultured in OM 
supplemented with 40 µg/mL hDPSC-EVs and 20 µg/µL 
SB203580 (SB); (4) hADSCs cultured in OM supple-
mented with 40 µg/mL hDPSC-EVs and 5 µg/µL PD98059 
(PD); and (5) hADSCs cultured in OM supplemented with 
40 µg/mL hDPSC-EVs and 5 µg/µL SP600125 (SP). The 
medium was renewed every 3 days. After hADSCs were 
incubated for 7 days, the osteogenic differentiation ability 
of hADSCs among different groups was evaluated by ALP 
staining. To detect the activation state of the MAPK sign-
aling pathway, we first serum-starved hADSCs for 12 h 
and then treated them with 40 µg/mL hDPSC-EVs for 0, 
10, 20, 30, or 60 min before they were harvested for west-
ern blot analysis.

Western blotting

Western blotting was conducted to analyze the expression 
of EV-related markers and the expression of phosphoryl-
ated P38, ERK1/2, and JNK proteins, as previously 
described.29 The following primary antibodies were used: 
anti-CD9, anti-CD63, anti-CD81, anti-TSG101 (all from 
Abcam), rabbit anti-P38 MAPK (P38), anti-phospho-P38 
(p-P38), anti-P44/42 MAPK (ERK1/2), anti-phospho-
P44/42 MAPK (p-ERK 1/2), anti-JNK, anti-phospho-
SAPK/JNK (p-JNK), and mouse anti-GAPDH. The 
secondary antibodies were HRP-conjugated goat anti-rab-
bit IgG and HRP-conjugated goat anti-mouse IgG (all 
from Cell Signaling Technology, Danvers, MA, USA).

HDPSC-EV proteomics

For proteomic analysis of hDPSC-EVs, we digested pro-
teins with the filter-aided sample preparation protocol.30 
Briefly, protein samples were dissolved in 50 mM DTT, 
50 mM Tris-HCl (pH 8.5), and 4% SDS, and centrifuged 
(10 min, 14,000×g). Approximately 100 µg of protein was 
diluted in 8 M urea in 0.1 M Tris-HCl, pH 8.5 (UA), then 
loaded onto 30 k filtration units (Microcon; Millipore). 
The denaturation buffer was replaced by washing three 
times with UA. The proteins were then alkylated with 
50 mM iodoacetamide in UA (20 min, room temperature, 
in darkness), and the excess alkylation reagents were elim-
inated by washing three times with UA and three addi-
tional times with 50 mM NH4HCO3. Proteins were digested 
overnight with trypsin (V5111; Promega, Madison, WI, 
USA) in 50 mM NH4HCO3 at 37°C. The resulting peptides 
were eluted by centrifugation with 50 mM NH4HCO3 
(twice) and 0.5 M NaCl. Trifluoroacetic acid was added to 
a concentration of 1%, and the peptides were finally 
desalted and dried down for further analysis. Subsequently, 
peptides were loaded onto the LC-MS/MS system. LC-MS/
MS analysis was performed with an Ultimate 3000 
RSLCnano system coupled online to a QExactive mass 
spectrometer (both from Thermo Scientific, Bremen, 

Germany). Approximately 500 ng of peptides was loaded 
onto the column, eluted for 75 min, and preconcentrated on 
a trap column (Acclaim PepMap 100, C18, 3 µm, 100 A, 
150 µm × 20 mm). Next, the peptides were separated on an 
analytical column (Acclaim PepMap RSLC, C18, 1.9 µm, 
100 A, 150 µm × 50 mm) with a gradient from 5% to 100% 
solvent B over 75 min (solvent A: 0.1% FA, solvent B: 
0.1% FA, 80% ACN; flow rate 600 nL/min). Label-free 
quantification of proteins was performed via the iBAQ31 
method in Scaffold Viewer (Proteome Software). Briefly, 
precursor ion intensities of peptides matching those for 
each particular protein were divided by the theoretical 
number of peptides that could be derived from each par-
ticular protein by trypsin digestion. Gene Ontology (GO) 
enrichment analysis was evaluated with the GO Consortium 
website (http://www.geneontology.org/), and the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
database was used to annotate and classify the pathways of 
differentially expressed proteins. A p-value < 0.05 was 
chosen to select only significant categories.32

In vivo experiments in a rat mandible defect 
model

A prospective randomized controlled animal model design 
was adopted according to all recommendations of the 
ARRIVE guidelines (Animal Research: Reporting In Vivo 
Experiments). Procedures for rat mandibular bone defect 
models were performed as described previously.33 All ani-
mal experiments were approved by the Animal Experimental 
Ethical Inspection committee of the Shanghai Ninth 
People’s Hospital affiliated with Shanghai Jiao Tong 
University, School of Medicine, and were conducted 
according to the institutional animal guidelines. The opera-
tion was performed under general anesthesia with an intra-
peritoneal ketamine (10% 100 mg/kg) injection. Articaine 
(Ultracaine DS, 3M ESPE; 0.5 mL) was additionally 
injected subcutaneously and into the masseter muscle for 
local anesthesia and control of bleeding. The animals were 
maintained under anesthesia during the entire surgical pro-
cedure. After local disinfection (Betadine 10%, Egis, 
Hungary), an incision in the skin was made, and masseter 
muscle dissection was performed. Mandibular defects were 
created (2 mm diameter) with a 2-mm burr (Hager & 
Meisinger GmbH, Neuss, Germany) in the area of man-
dibular angle. Emerging studies suggest that the self-
assembling peptide hydrogel PuraMatrixTM may facilitate 
bone regeneration in bone defects.34,35 Here, we used 
PuraMatrix as a scaffold material to carry hDPSC-EVs. 
The sites were divided into three groups: (1) 50 µL 1% 
PuraMatrixTM (3-D Matrix, Ltd., Tokyo, Japan) alone (con-
trol); (2) 50 µL 1% PuraMatrixTM/40 µg/mL hDPSC-EV 
complex; and (3) 50 µL 1% PuraMatrixTM/4000 µg/mL 
hDPSC-EV complex. After the defect was made, the hydro-
gel scaffold material was injected and sutured. The rats 

http://www.geneontology.org/


Jin et al. 5

were intraperitoneally administered Alizarin Red S (AL), 
tetracycline hydrochloride (TE), and calcein (CA) (all from 
Sigma-Aldrich) at 1 week, 3 weeks, and 5 weeks after the 
operation, respectively. All animals were sacrificed at week 
6, and the paraformaldehyde-fixed tissue specimens were 
scanned with a micro-computed tomography instrument 
(Micro-CT, SkyScan 1176; BrukerOptik GmbH, Belgium). 
The bone volume/total volume (BV/TV), mean trabecular 
separation (Tb.Sp), mean trabecular number (Tb.N), and 
mean trabecular thickness (Tb.Th) were calculated as pre-
viously described.36 Thereafter, the polymethylmeth-
acrylate-embedded specimens were sectioned into 50 μm 
thick slices with a saw microtome (Leica, Nussloch, 
Germany). Sequential fluorescence labeling of the speci-
mens was observed under a confocal laser scanning micro-
scope (CLSM 700; Carl Zeiss, Oberkochen, Germany).27 
Van Gieson’s picro-fuchsin staining was used for histologi-
cal analysis, and the measurements on the specimens were 
performed with a personal computer-based image analysis 
system (image-Pro PlusTM, Media Cybernetics, Silver 
Spring, MD, USA).37 A schematic images of animal experi-
ments in the Online Appendix 1.

Statistical analysis

All data are presented as the mean ± standard deviation of 
at least three independent repeated experiments. Data were 

evaluated with Student’s t tests and one-way analysis of 
variance followed by Tukey’s multiple comparisons test 
(Prism 6.0). p < 0.05 was considered to indicate a statisti-
cally significant difference.

Results

HDPSCs mediate osteogenic differentiation of 
hADSCs via EVs

The results of ALP staining and activity assay showed that 
co-cultures of hDPSCs and hADSCs displayed stronger 
ALP activity (Figure 1(a) and (b)) than hDPSCs or hAD-
SCs cultured alone. In addition, the results of Alizarin Red 
staining were consistent with the ALP activity. More cal-
cium nodules were observed in the co-cultures (white 
arrow, Figure 1(c)) than in either the hDPSCs or hADSCs 
cultured alone. qRT-PCR indicated that co-cultures of 
hDPSCs and hADSCs expressed higher levels of BMP2 
and RUNX2 than hDPSCs or hADSCs cultured alone 
(Figure 1(d) and (e)). Together, these results suggested that 
osteoblastic phenotypes were enhanced in co-cultures 
compared with monocultures of hDPSCs or hADSCs. To 
examine whether EVs were involved in promoting osteo-
genic differentiation of hADSCs in the co-culture system, 
we added GW4869 to the co-culture system.38 The addi-
tion of GW4869 significantly decreased the ALP activity 

Figure 1. HDPSCs improved the osteogenic differentiation of hADSCs, probably via EVs. HDPSCs and hADSCs were co-cultured 
in the presence of GW4869 or DMSO. (a) ALP staining of the co-cultured hDPSCs and hADSCs. (b) Quantitative analysis of ALP 
activity in the co-cultured hDPSCs and hADSCs. (c) Alizarin Red S staining of the co-cultured hDPSCs and hADSCs. Calcium 
nodules are indicated by white arrows. (d, e) PCR detection of BMP2 and RUNX2 expression involved in osteogenic differentiation 
of co-cultured hDPSCs and hADSCs. Data are presented as the mean ± standard deviation of the mean (n = 3), * represents 
p < 0.05, ** represents p < 0.01.
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and calcium nodule formation in the co-culture group 
(Figure 1(a)–(c)). Meanwhile, blocking exosome secretion 
also diminished the expression of osteogenic genes (BMP2 
and RUNX2) in the co-culture group (Figure 1(d) and (e)).

Characterization of hDPSC-EVs

To directly investigate the roles of hDPSC-EVs, we 
extracted and identified hDPSC-EVs. TEM revealed the 
cup-shaped appearance of hDPSC-EVs, with a diameter of 
approximately 100 nm (Figure 2(a)). NTA analysis revealed 
that the main peak of nanoparticles, which covered 80% of 
isolated EVs, ranged mainly from 76.5 to 202.5 nm. The 
mean size ± SD of exosomes was 138.7 ± 68 nm (Figure 
1(c)), corresponding to the size distribution of EVs reported 
previously39,40 (Figure 2(b)). Western blotting analysis 
demonstrated that hDPSC-EVs expressed several EV pro-
teins: CD9, CD63, CD81, and TSG101 (Figure 2(c)).

HDPSC-EVs promote the migration and 
osteogenic differentiation of hADSCs

To explore the effects of hDPSC-EVs on hADSCs, we 
treated hADSCs with different concentrations of hDPSC-
EVs, and observed the migration and differentiation of 
hADSCs. Previous studies have assessed the role of ADSCs 
in bone regeneration and tissue repair by examining their 
migration ability.26 First, we found that the migration abil-
ity of hADSCs markedly improved after the addition of 
hDPSC-EVs, as compared with that of negative controls 
(p < 0.05 or p < 0.01, Figure 3(a) and (b)). For osteogenic 
differentiation of hADSCs, ALP staining and quantification 
revealed that when the loading of hDPSC-EVs was 10–
40 µg/mL, ALP expression in the hADSCs was signifi-
cantly upregulated (p < 0.05 or p < 0.01, Figure 3(c) and 
(d)). The optimal concentration of EVs to promote osteo-
genic differentiation of hADSCs was 40 µg/mL. Meanwhile, 
the mRNA levels of osteoblastic marker genes (BMP2 and 
RUNX2) were also significantly up-regulated (p < 0.05 or 

p < 0.01, Figure 3(e) and (f)). The RUNX2 and OCN 
immunofluorescence detection results further confirmed 
the osteogenic induction potential of hDPSC-EV on hAD-
SCs in vitro (Figure 3(g) and (h)).

HDPSC-EVs activate the MAPK pathway 
in hADSC, thus, promoting osteogenic 
differentiation

MAPK signaling pathway inhibition assays and western 
blotting were performed to analyze the activation state of the 
MAPK signaling pathway. As to the evaluation of MAPK 
pathway, hDPSC-EVs supplemented with the p38 MAPK 
inhibitor SB203580 (SB), the ERK MAPK inhibitor 
PD98059 (PD), and the JNK MAPK inhibitor SP600125 
(SP). As shown in Figure 4(a) and (b), after the addition of 
PD or SP, the osteogenic differentiation ability of hADSCs 
induced by hDPSC-EVs was clearly weaker than that in the 
EV group (p < 0.01). In contrast, no significant difference in 
the osteogenic ability of hADSCs was observed between the 
SB group and the EV group (Figure 4(a) and (b)). To further 
explore the role of the MAPK pathway in EV-mediated oste-
ogenic differentiation of hADSCs, we conducted western 
blot assays to evaluate the protein levels of p-p38, and p38, 
p-ERK 1/2, ERK 1/2 1/2, p-JNK, and JNK in the MAPK 
pathway (Figure 4(c)–(e)). According to the ratio of intensi-
ties, p-P38/P38 decreased dramatically at 10 min (p < 0.01), 
whereas the ratios of p-ERK 1/2/ERK 1/2 and p-JNK/JNK 
increased dramatically at 10 min (p < 0.01, Figure 4(f)–(h)).

Proteomics of the hDPSC-EVs

Proteomics analysis of the hDPSC-EVs identified 3565 pro-
teins implicated in three global functions such as cellular 
components, biological processes, or molecular functions 
(GO terms). GO analysis tests whether a particular set of 
genes is enriched in certain GO terms. The top 30 GO enrich-
ment terms identified are shown in Figure 5(a). hDPSC-EVs 
were enriched in glycolysis pathways, cytoskeletal GTPases, 

Figure 2. Characteristics of hDPSC-EVs. (a) TEM observation of hDPSC-EVs; (b) particle size identification of hDPSC-EVs 
detected by NTA; (c) western blotting analysis of CD9, CD63, CD81, and TSG101 in EVs.
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Figure 3. The effects of hDPSC-EVs on the migration and osteogenic differentiation of hADSCs. (a) Transwell migration assay 
to detect the effect of hDPSC-EVs on the migration of hADSCs. (b) Quantitative analysis of the effects of hDPSC-EVs on the 
migration of hADSCs. (c) ALP staining to detect the effect of hDPSC-EVs on osteogenic differentiation of hADSCs. (d) Quantitative 
detection of ALP activity to detect the effects of hDPSC-EVs on osteogenic differentiation of hADSCs. (e, f) The effects of hDPSC-
EVs on the expression of the osteogenic-related genes RUNX2 and BMP2 in hADSCs. (g, h) Immunofluorescence detection 
of RUNX2 and OCN expression in hADSCs after 7 days incubation with 40 µg/mL hDPSC-EVs. Data are presented as the 
mean ± standard deviation of the mean (n = 3), * represents p < 0.05, ** represents p < 0.01.
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and signal recognition (Figure 5(a)), which were characteris-
tic of EVs (mesenchymal stem cell exosome: a novel stem 
cell-based therapy for cardiovascular disease; mesenchymal 
stem cell exosome ameliorates reperfusion injury through 
proteomic complementation). To determine which signaling 
pathways might contribute to the osteogenic differentiation of 
hADSCs regulated by exogenous proteins, we performed 
KEGG pathway analysis and listed the top 30 KEGG enrich-
ment pathways (Figure 5(b)). Interestingly, in addition to the 
term “protein processing in endoplasmic reticulum” (p 
value = 7.958e−11), the number of genes enriched in the insu-
lin signaling pathway (p value = 2.289e−06) was largest. 
Moreover, proteins associated with the MAPK pathway—
MAPK1 (ERK2), MAPK3 (ERK1), MAPK8 (JNK1), 
MAPK9 (JNK2), and MAPK10 (JNK3)—were also enriched 
in the insulin signaling pathway.

HDPSC-EVs mediate bone regeneration in vivo

As shown in Figure 6(a), the micro-CT images revealed 
that both the high-dose and low-dose groups had much 

greater quantities of new bone than the control group 
(Figure 6(a)). According to quantitative evaluation of the 
newly formed bone within each region of interest (Figure 
6(b)–(e)), the BV/TV, Tb.N, and Tb.Sp were all signifi-
cantly higher in both the high and low-dose group than in 
the control group. Furthermore, according to sequential 
fluorescence labeling, visible new bone formation and 
mineralization occurred in the high-dose group as early as 
the first week after implantation, whereas the low-dose 
group exhibited clear new bone formation in the third 
week. Only weak calcium deposition was observed in the 
control group. During the fifth week, bone formation 
increased slightly in the control group, but was still signifi-
cantly slower than that in the high-dose or the low-dose 
group (Figure 6(f) and (g)). However, no significant differ-
ence was observed in the amount of new bone formation 
between the high-dose group and the low-dose group at 
week 3 or 5. Histological sections of regions of interest are 
presented in Figure 6(h). The apposition of new bone in 
the high-dose and low-dose groups was greater than that in 
the control group, in which only a small amount of new 

Figure 4. Effects of hDPSC-EVs on the MAPK pathway in hADSCs. (a) ALP staining of hADSCs after treatment with hDPSC-EVs 
and/or inhibitors. (b) Quantitative detection of ALP activity of hADSCs treated with hDPSCEVs and/or inhibitors. (c–e) Protein 
expression of p-P38/P38, p-ERK 1/2 1/2/ERK 1/2, and p-JNK/JNK, determined by western blotting. (f–h) The ratios of p-P38/P38, 
p-ERK 1/2 1/2/p-ERK 1/2, and p-JNK/JNK intensity. SB: SB203580, inhibitor of P38; PD: PD98059, inhibitor of ERK 1/2; and SP: 
SP600125, inhibitor of JNK. Data are presented as the mean ± standard deviation of the mean (n = 3), ** represents p < 0.01.
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bone was formed (Figure 6(h)). Quantitative histomorpho-
metric analysis revealed significant differences between 
the experimental group and the control group (p < 0.05 or 
p < 0.01, Figure 6(i)).

Discussion

HADSCs have been shown to be a promising and appeal-
ing source of MSCs for BTE due to their abundance, the 
fact that they are less invasive to harvest, and their effi-
cient growth in culture.41 Accumulating research have 
proven that hADSCs are highly sensitive to the culture 
environment, which may affect their osteogenic differen-
tiation.42 Previous in vitro studies verified the superior 
osteogenesis of BMSCs compared to ADSCs43; however, 
controversy remains over which cells exhibit better osteo-
genic differentiation potential in vivo.44 Therefore, we 
speculated that environmental factors may be important 
for osteogenic differentiation of ADSCs. The co-culture 
system has recently gained particular attention in bone tis-
sue engineering, and inspiring outcomes have been 
observed.45 This novel approach is considered to be a less 
costly strategy than adding particular growth factors into 
the culture medium. Previous reports have revealed the 
importance of cell–cell interactions in inducing their spe-
cific differentiation.26,46 Studies have shown that in the 
absence of exogenous growth factors, paracrine factors 
released by helper cells in the co-culture system can 

regulate the pluripotent differentiation of target cells to 
promote tissue metabolism, homeostasis and repair.47 
Therefore, a co-culture system may construct a suitable 
microenvironment for hADSCs.

HDPSCs are usually originate from the neural crest, 
which have great potential ability of multi-directional dif-
ferentiation, and studies have shown that stem cells can 
perform their biological functions by secreting a variety of 
growth factors.48 However, it is important to note that 
when compared to hADSCs, the source of hDPSCs can’ t 
be guaranteed, since not all clinical patients can provide 
healthy, caries-free wisdom teeth. In this study, hADSCs 
were co-cultured with hDPSCs to investigate whether 
hDPSCs could enhance the osteogenic potential of hAD-
SCs by regulating the intercellular communication. This 
study produced the encouraging results that hDPSCs could 
provide an osteo-inductive microenvironment to promote 
the osteogenic capacity of hADSCs. This result may indi-
cate that different cell types can take advantage of the 
naturally-occurring cross-talk in a co-culture environment. 
Previous studies have proved that EVs are the primary 
mediator that regulate intercellular communication,11 
therefore this study examined whether hDPSCs might 
regulate hADSCs via EVs. The results further verified the 
hypothesis by applying an inhibitor of EVs (GW4869). 
The results showed that EVs derived from hDPSCs regu-
lated the osteogenic differentiation ability of hADSCs to a 
certain extent. However, the precise regulatory effects of 

Figure 5. Analysis of the protein profile of hDPSC-EVs. (a) Top 30 Gene Ontology functional pathway enrichment terms. (b) Top 
30 KEGG pathway enrichment terms of proteins derived from hDPSC-EVs.
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Figure 6. The effects of hDPSC-EVs on osteogenic ability were analyzed by micro-CT, confocal laser scanning microscopy, and 
histological staining. (a) Micro-CT images taken at 6 weeks after implantation. (b) Bone volume/total volume (BV/TV), (c) trabecular 
number (Tb.N), (d) trabecular thickness (Tb.Th), and (e) trabecular separation (Tb.Sp), analyzed by micro-CT for each group at 
6 weeks after implantation. (f) Alizarin Red S (AL), tetracycline hydrochloride (TE), and calcein (CA) were used for sequential 
fluorescence labeling at 1, 3, and 5 weeks after implantation. (g) The percentage of TE, AL, and CA fluorescence labeling in each 
group, assessed at week 6 after implantation. (h) Histological staining of the sample stained with Van Gieson’s picro-fuchsin. (i) The 
percentage of new bone area, assessed at 6 weeks after implantation by histomorphometric analysis. Data are presented as the 
mean ± standard deviation of the mean (n = 3), * represents p < 0.05, ** represents p < 0.01.
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hDPSC-EVs on hADSCs remains unclear. Given this, a 
series of in vitro experiments were conducted to investi-
gate whether hDPSC-EVs could be used as a biomolecule 
to regulate hADSCs. In vitro studies revealed that the 
hDPSC-EVs could markedly improve the migration capac-
ity of hADSCs. Previous studies have assessed the roles of 
ADSCs in bone regeneration and tissue repair by examin-
ing their migration ability.49,50 Here, we found that the 
osteogenic ability of hADSCs significantly increased in 
the presence of hDPSC-EVs. These findings illustrated 
that hDPSC-EVs strongly affect hADSCs and may accel-
erate their osteogenic ability. Thus, the combination of 
hDPSC-EVs and hADSCs may serve as an alternative 
effective treatment for maxillofacial bone defects.

MAPKs are key players in bone development and skel-
etal homeostasis, particularly in osteoblast differentiation. 
EVs have been found to increase the proliferation of osteo-
blasts and MSCs through the MAPK pathway.51 The role 
of P38-MAPK signaling in TGF-β1-mediated osteogene-
sis has been described in rat ADSCs,52 and osteo-induction 
of hADSCs has been associated with ERK 1/2/JNK signal-
ing.53 In view of the characteristics of hDPSC-EVs and the 
important role of the MAPK signaling pathway in osteo-
genic differentiation of stem cells, we conducted a series 
of studies to explore the links among hDPSC-EVs, the 
promotion of osteogenic differentiation of hADSCs, and 
MAPK signaling. After the addition of selective inhibitors 
of ERK 1/2 and JNK pathways, the effect of hDPSC-EVs 
in promoting osteogenic differentiation of hADSCs sig-
nificantly decreased. However, selective inhibitors of the 
P38 pathway did not influence the EV effects. After hAD-
SCs were treated with hDPSC-EVs, the expression of pro-
teins in the ERK 1/2 and JNK pathway increased in 
hADSCs. However, compared with that in the control 
group, the expression of the phosphorylated P38 protein in 
hADSCs was significantly inhibited after the addition of 
hDPSC-EVs. These results indicated that the effects of 
hDPSC-EVs on hADSC osteogenesis of are partly medi-
ated through the ERK 1/2 and JNK MAPK signaling path-
ways. ERK 1/2 has been associated with cell growth and 
osteogenic-related gene expression, whereas JNK is asso-
ciated with cell growth arrest, apoptosis, and differentia-
tion.54,55 Although P38 is critical for different cellular 
functions, the influence of P38 pathways on osteogenic 
differentiation has been a matter of controversy.56–58 
However, little disagreement appears to exist regarding the 
effects of the ERK 1/2 or JNK pathway on stem cell 
differentiation.59

EVs have been studied comprehensively in disease 
therapy and tissue regeneration because of their roles in 
cell-to-cell signaling communication.11 EVs can transfer 
bioactive molecules such as proteins, miRNAs and lipids, 
and play a pluripotent role in target cells.60 Moreover, EVs 
exhibit low immunogenicity because they do not contain 
MHC molecules.61,62 Mardpour et al.63 found that chem-
oattractant proteins in the MSC-EV proteome—such as 

CXCL2, CXCL8, CXCL16, HERC5, IFITM2, and 
DEFA1, which recruits immune cells to injury sites—may 
enhance the immune response and inhibit the progression 
of infectious diseases. Liao et al.64 have found that BMSC-
EVs carrying microRNA-122-5p promote proliferation of 
osteoblasts via RTK/Ras/MAPK signaling pathway. 
Astrocyte-derived EV-transported miR-34c has been 
found to promote the proliferation of neuroblastoma cells 
by downregulating the NF-κB/MAPK axis.65 Moreover, Li 
et al.66 have found that human keratinocyte-derived EV 
miRNA-21 significantly promotes the healing of skin 
wounds by activating the ERK signaling pathway. Oral 
mesenchymal cell derived-EVs have attracted attention 
because of their good performance in the treatment of mul-
tiple diseases, such as in stimulating angiogenesis,21 alle-
viating lung inflammatory reactions,67 and promoting skin 
wound healing.68 The GO results showed that hDPSC-EVs 
are enriched in glycolytic pathways, and studies have 
shown that glycolysis-related enzymes in MSC-EV can be 
used to mitigate reperfusion injury in an animal model of 
myocardial ischemia/reperfusion injury.62 To study the 
specific proteins in hDPSC-EVs that may influence the 
osteogenic differentiation of hADSCs, we performed a 
KEGG analysis of hDPSC-EVs proteomics. Most hDPSC-
EV proteins are involved in protein synthesis, protein pro-
cessing, and the insulin signaling pathway. In the past, the 
insulin signaling pathway was primarily associated with 
glucose metabolism. However, in recent years, studies 
increasingly indicate roles of this signaling pathway in 
angiogenesis and osteogenesis.69,70 The MAPK pathway is 
a canonical downstream pathway in insulin signaling.71 In 
KEGG analysis, the MAPK pathway-related proteins 
enriched in the insulin signaling pathway included ERK1/2 
and JNK, in agreement with the results of our study on the 
pathways of osteogenic differentiation from hDPSC-EVs 
to hADSCs in vitro. Moreover, the IGF/MAPK axis has 
been reported previously to promote the differentiation of 
human dental pulp stem cells.72 However, the effects of the 
insulin-MAPK signaling axis in osteogenesis requires fur-
ther research, and the hDPSC-EV derived proteins that 
play a role in osteogenesis require experimental detection 
and verification. Furthermore, this study investigated 
whether hDPSC-EVs, as cell-free biomaterials, might pro-
mote bone regeneration in the absence of exogenous stem 
cells. The results of animal experiments demonstrated that 
the hDPSC-EVs alone promoted the repair of mandibular 
defects in rats, probably by mobilizing the endogenous 
stem cells to bone defect sites.

In summary, this study demonstrated that hDPSCs 
enhance the osteogenic differentiation of hADSCs during 
co-culture. HDPSC-EVs improved the migration ability of 
hADSCs. In addition, the MAPK pathway may be involved 
in promoting osteogenic differentiation of hADSCs by 
hDPSC-EVs. Protein profile results suggest that the insu-
lin-MAPK signaling axis may play a role in the regulation 
of hDPSC-EVs. Such study lays a foundation for further 
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research of the key proteins derived from hDPSC-EVs. 
Further investigation is required to characterize the mecha-
nisms by which EVs mediate their therapeutic effects and 
the key proteins that contribute to this process. Moreover, 
our investigations provide important insights into the osteo-
inductive ability of hDPSC-EVs. These data solidify the 
paracrine effects of MSCs on bone repair, and suggest the 
importance of hDPSC-EVs in both endogenous bone 
regeneration as well as in maxillofacial tissue engineering.
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