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A B S T R A C T   

Extensive macrophage inflammatory responses and osteoclast formation are predominant during inflammatory 
or infective osteolysis. Mesenchymal stem cell (MSC)-derived small extracellular vesicles (MSC-sEV) have been 
shown to exert therapeutic effects on bone defects. However, cultured MSCs are typically exposed to normoxia 
(21% O2) in vitro, which differs largely from the oxygen concentration in vivo under hypoxic conditions. It is 
largely unknown whether sEV derived from dental pulp stem cells (DPSCs) cultured under hypoxic conditions 
(Hypo-sEV) exert better therapeutic effects on lipopolysaccharide (LPS)-induced inflammatory osteolysis than 
those cultured under normoxic conditions (Nor-sEV) by simultaneously inhibiting the macrophage inflammatory 
response and osteoclastogenesis. In this study, we show that hypoxia significantly induces the release of sEV from 
DPSCs. Moreover, Hypo-sEV exhibit significantly improved efficacy in promoting M2 macrophage polarization 
and suppressing osteoclast formation to alleviate LPS-induced inflammatory calvarial bone loss compared with 
Nor-sEV. Mechanistically, hypoxia preconditioning markedly alters the miRNA profiles of DPSC-sEV. MiR-210-3p 
is enriched in Hypo-sEV, and can simultaneously induce M2 macrophage generation and inhibit osteoclasto-
genesis by targeting NF-κB1 p105, which attenuates osteolysis. Our study suggests a promising potential for 
hypoxia-induced DPSC-sEV to treat inflammatory or infective osteolysis and identifies a novel role of miR-210-3p 
in concurrently hindering osteoclastogenesis and macrophage inflammatory response by inhibiting NF-kB1 
expression.   

1. Introduction 

A healthy microenvironment around bone tissue is critical for 
maintaining bone homeostasis. In bone-related inflammatory diseases, 
including osteomyelitis, periodontitis, peri-implantitis, rheumatoid 
arthritis (RA) and septic arthritis, key innate immune cells, such as 
macrophages, are recruited and polarized to the M1 proinflammatory 
phenotype [1,2]. These M1 macrophages with prolonged activity sub-
sequently produce high levels of nitric oxide (NO), reactive oxygen 
species and proinflammatory cytokines, such as IL-1β, IL-6 and TNF-α, 

leading to a sustained inflammatory response. Proinflammatory cyto-
kines can promote receptor activator of NF kappa B ligand (RANKL) 
production in osteoblasts or other resident cells, such as periodontal 
ligament cells, leading to excessive osteoclast formation and activity, 
bone resorption and the disequilibrium of bone homeostasis [3]. Given 
the critical role of proinflammatory M1 macrophages and excessive 
osteoclastogenesis in bone destruction, inhibiting macrophage inflam-
matory responses or inducing macrophages to differentiate into the 
anti-inflammatory M2 phenotype, as well as inhibiting osteoclast for-
mation, have been considered promising strategies to treat 
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inflammatory bone resorption [4]. Current antiresorptive drugs, 
including bisphosphonate, cathepsin K inhibitors and RANKL inhibitors 
(such as denosumab), can effectively inhibit bone resorption, but these 
agents have numerous side effects, including renal toxicity, high-allergic 
reactions and osteonecrosis of the jaw [5]. Furthermore, these drugs do 
not exert immunomodulatory effects to induce M2 macrophage gener-
ation and ameliorate the inflammatory response. Thus, it is crucial to 
exploit novel therapeutic methods for the remedy and prophylaxis of 
inflammatory osteolysis. 

Mesenchymal stem cells (MSCs) are adult fibroblast-like pluripotent 
cells with the capacity for self-renewal and multipotent differentiation. 
Due to their powerful immunomodulatory capacities, MSCs have been 
widely used to treat diverse inflammatory diseases, including bone- 
related inflammatory diseases such as RA and periodontitis [6–8]. 
Increasing evidence has demonstrated that the therapeutic effects of 
MSCs are primarily attributed to their secretory paracrine factors, the 
most crucial of which are extracellular vesicles (EVs), including exo-
somes. Small extracellular vesicles (sEV), which range from 30 nm to 
200 nm in size, are lipid EVs produced by the fusion of multivesicular 
bodies with the cellular membrane and contain RNA, DNA, lipids and 
proteins. By transmitting extrinsic miRNAs and other molecular signals, 
sEV play an important role in intercellular communication. MSC-sEV 
show therapeutic effects, including immunoregulation and the induc-
tion of tissue repair or regeneration, similar to those of their parent 
MSCs. Furthermore, sEV derived from MSCs have advantages over MSC 
therapy regarding efficacy, safety, storage and administration [9–12]. 
Numerous studies have revealed that MSC-sEV induce M2 macrophage 
polarization to facilitate bone repair in bone defect and inflammatory 
osteolysis models, such as RA and periodontitis [13–16]. Moreover, 
several recent studies reported that MSC-sEV directly inhibited osteo-
clast differentiation to ameliorate bone resorption in ovariectomy (OVX) 
and hindlimb unloading-induced osteoporosis [11,17]. Therefore, the 
administration of MSC-sEV is considered as a highly promising cell-free 
approach to treat bone-related inflammatory diseases. 

Dental pulp stem cells (DPSCs) are MSCs isolated from adult dental 
pulp. DPSCs can be easily obtained from extracted teeth with minimal 
invasiveness, raising no ethical concerns [18]. Compared with classic 
bone marrow MSCs (BMSCs), DPSCs exhibit a higher proliferation rate 
[19]. In addition, DPSC-sEV were reported to show stronger immuno-
regulatory effects than BMSC-sEV [20]. Therefore, DPSC-sEV may be 
acquired more conveniently with higher production and bioactivities 
than BMSC-sEV. DPSC-sEV have also been documented to exert thera-
peutic effects on skin wounds, spinal cord injury, and mandible and 
calvarial bone defects [18,21–24]. However, it is largely unknown 
whether DPSC-sEV can simultaneously directly suppress the macro-
phage inflammatory response and osteoclastogenesis to induce bone 
repair in inflammatory osteolysis. 

The compositions of MSC-sEV control their therapeutic effects but 
vary profoundly depending on the cellular microenvironment. Hypoxia 
helps maintain MSC properties, including proliferation, differentiation, 
and self-renewal, while enhancing the biological activities of sEV 
derived from MSCs [25]. However, MSCs that are cultured or expanded 
in vitro are typically exposed to normoxia (21% O2), which is different 
from the oxygen concentration found in the body under natural physi-
ological conditions. In fact, a large proportion of MSCs in vivo exist in a 
hypoxic environment with oxygen concentrations ranging from 2% to 
8% or even lower [24]. Our previous study indicated that the proteomics 
of hypoxia-preconditioned DPSC-derived sEV were significantly 
different from those of control DPSC-sEV. More importantly, 
hypoxia-preconditioned DPSC-derived sEV showed increased angio-
genic potential [26]. However, whether DPSC-sEV produced under 
hypoxic conditions exert better therapeutic effects on inflammatory 
osteolysis by inhibiting the macrophage inflammatory response and 
osteoclastogenesis remains largely unknown. In this study, we show that 
hypoxic DPSC-sEV alleviate lipopolysaccharide (LPS)-induced inflam-
matory bone loss by transferring miR-210-3p, which directly targets 

NF-κB1 to inhibit both the macrophage inflammatory response and 
osteoclast formation. 

2. Materials and methods 

2.1. Animals 

Five-week-old Sprague‒Dawley (SD) rats and eight-to ten-week-old 
C57/BL6 male mice were obtained from the Laboratory Animal Center 
of Sun Yat-Sen University. All animal experiments were approved by the 
Institutional Animal Care and Use Committee of Sun Yat-Sen University 
(No. SYSU-IACUC-2022-000089). 

2.2. Isolation and culture of DPSCs 

DPSCs were isolated from pulpal tissues in the maxillary central in-
cisors of SD rats. After extracting the maxillary central incisors of SD rats 
with surgical scissors and removing partial enamel and dentin with 
forceps, pulp tissues were isolated and rinsed in α-minimum essential 
medium (α-MEM, Gibco; Thermo Fisher Scientific, MA, USA) and sliced 
by ophthalmic scissors. Minced pulp tissues were cultured in α-MEM 
supplemented with 20% fetal bovine serum (FBS, Gibco, USA), 100 U/ 
mL penicillin and 100 μg/mL streptomycin (Invitrogen, CA, USA) at 
37 ◦C in a humidified chamber with 5% CO2. The medium was changed 
every three days. DPSCs at passages 3–5 were used in the following 
experiments. 

2.3. Characterization of DPSCs 

2.3.1. Flow cytometric analysis of surface markers 
The mesenchymal phenotype of DPSCs was determined by flow 

cytometric analysis. DPSCs in suspension were collected and stained 
with CD29-APC, CD44/CD90-PE, CD34-FITC, and CD45-PE (BD 
Bioscience, San Jose, CA, USA) monoclonal antibodies for 30 min at 
4 ◦C. The expression profiles were analyzed with a flow cytometer (BD 
Bioscience, USA). 

2.3.2. Identification of osteogenic and adipogenic capabilities of DPSCs 
DPSCs were seeded in 6-well plates (Corning, USA) at 3 × 105 cells/ 

well. To induce osteogenic or adipogenic differentiation of DPSCs, the 
culture medium was changed to osteogenic medium (OM) containing 2 
mM β-glycerophosphate (Sigma‒Aldrich, MO, USA), 100 μM L-ascorbic 
acid 2-phosphate (Sigma‒Aldrich), and 10 nM dexamethasone (Sigma‒ 
Aldrich, USA) or commercial adipogenic medium (Cyagen Biosciences, 
Guangzhou, China), respectively. After 14 days of induction, the cells 
were washed with PBS, fixed in 4% paraformaldehyde (Biosharp, Hefei, 
China) for 30 min at room temperature, and subsequently subjected to 
Alizarin Red staining (ARS, Cyagen Biosciences, China) or Oil Red O 
staining (Cyagen Biosciences, China). Mineralized nodules and lipid 
droplets were observed and photographed. 

2.3.3. Immunofluorescence staining of vimentin and cytokeratin 
DPSCs were seeded in 24-well plates (Corning, NY, USA) at 5 × 104 

cells/well. After 24 h, the cells were fixed with 4% paraformaldehyde 
(Biosharp, China) for 15 min, permeabilized with 0.1% Triton X-100 
(Sigma‒Aldrich, USA) for 15 min, and then blocked with 5% bovine 
serum albumin (BSA) for 30 min at room temperature. The cells were 
subsequently incubated with vimentin antibodies (Abcam, Cambridge, 
UK) at a 1:200 dilution and cytokeratin-14 antibodies (Affinity, 
Changzhou, China) at a 1:100 dilution overnight at 4 ◦C and then 
incubated with Alexa Fluor 488- and/or Alexa Fluor 594-conjugated 
secondary antibodies. To visualize the nuclei, the cells were stained 
with 4′,6-diamidino-2-phenylindole (DAPI; Abcam, UK). 
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2.4. Isolation, characterization and quantitation of sEV 

The isolation of DPSC-sEV was performed according to the guidelines 
from the International Society for Extracellular Vesicles (MISEV2018). 
Briefly, 80–90% confluent DPSCs were rinsed with PBS and then 
cultured in serum-free medium for 48 h with 21% O2 (normoxia) or 1% 
O2 (hypoxia). The conditioned medium was collected and centrifuged 
sequentially at 800×g for 10 min and 3000×g for 10 min to remove cell 
debris and large vesicles and then ultracentrifuged at 100,000×g for 60 
min at 4 ◦C (Beckman Coulter, Germany). After the supernatant was 
discarded, purified sEV derived from DPSCs under normoxic (Nor-sEV) 
or hypoxic (Hypo-sEV) conditions were resuspended in PBS and stored 
at − 80 ◦C. The sEV proteins were quantified using the Pierce BCA Pro-
tein Assay (Thermo Fisher Scientific, MA, USA). The size distribution 
and ultrastructure of purified Nor-sEV and Hypo-sEV were determined 
using a NanoSight and transmission electron microscopy (TEM). 
Furthermore, the sEV-specific protein markers CD9, CD63 and TSG101 
were analyzed by western blotting, and β-actin was used to quantify the 
amount of loaded protein. 

2.5. Transmission electron microscopy (TEM) 

A total of 10 μL of purified Nor-sEV or Hypo-sEV was placed on 
copper mesh and incubated at room temperature for 1 min. After being 
washed with sterile distilled water, the sEV-enriched fraction was con-
trasted by a uranyl acetate solution for 1 min. The sample was then dried 
for 2 min under incandescent light. The copper mesh was observed and 
photographed under a JEM-1400 electron microscope (JEOL Ltd., 
Japan). 

2.6. Nanoparticle tracking analysis (NTA) 

The size distribution and particle concentration of purified Nor-sEV 
and Hypo-sEV were determined using a NanoSight LM10 (NanoSight 
Ltd., Malvern, England) with constant flow injection. Particle movement 
(detection time: 5 × 30 s) was analyzed using NTA software (NTA 3.1). 

2.7. Western blotting 

Total protein was extracted from RAW264.7 cells, purified Nor-sEV 
and Hypo-sEV using RIPA lysis buffer with protease and phosphatase 
inhibitors (Thermo Fisher Scientific, USA). The protein concentration 
was quantified using a bicinchoninic acid protein assay kit (Thermo 
Fisher Scientific, USA). For Western blot analysis of cell lysates, 30 μg of 
protein was separated by SDS-polyacrylamide gel electrophoresis (SDS‒ 
PAGE; Invitrogen, USA) and transferred to PVDF membranes (Millipore, 
MA, USA). The membranes were blocked with 5% BSA (Sigma, USA) for 
1 h at room temperature, followed by overnight incubation at 4 ◦C with 
the primary antibodies diluted in blocking solution according to the 
manufacturer’s instructions. The following primary antibodies were 
used: mouse anti-CD9/63, mouse anti-TSG101 (Santa Cruz Biotech-
nology, CA, USA), rabbit anti-iNOS (Abcam, Cambridge, UK), rabbit 
anti-Arg1 (Cell Signaling Technology, MA, USA), mouse anti-NF-κB 
p105 and anti-p50 (Zen BioScience, Chengdu, China), and mouse anti- 
β-actin (Sigma‒Aldrich, USA). The membranes were then incubated for 
1 h at room temperature in species-related horseradish peroxidase 
(HRP)-conjugated secondary antibodies (1:10,000; Cell Signaling 
Technology, USA). The immunoreactive proteins were detected using a 
chemiluminescence kit (Millipore, USA). 

2.8. LPS-induced in vivo calvarial osteolysis mouse model 

The mouse calvarial osteolysis model induced by LPS (derived from 
Escherichia coli O111:B4; Sigma‒Aldrich, MO, USA) was established as 
previously described [27]. Briefly, the mice received a subcutaneous 
injection of 25 mg/kg LPS over the sagittal midline suture of the 

calvarium under anesthesia. To evaluate the therapeutic effects of 
Nor-sEV and Hypo-sEV on LPS-induced calvarial osteolysis, 100 μg of 
Nor-sEV or Hypo-sEV per mouse was simultaneously injected with LPS. 
After 7 days, all mice were sacrificed. Then, the calvarial bones were 
collected and fixed in 4% paraformaldehyde for 24 h for further 
micro-CT and histological analysis. 

2.9. Microcomputed tomography (micro-CT) 

The calvaria bones were scanned using high-resolution micro-CT 
(μCT-50, SCANCO Medical AG). The scanning parameters were as fol-
lows: 70 kV, 114 μA, and 7 μm. The μCT Evaluation Program V6.6 
(SCANCO, Switzerland) was used to generate three-dimensional (3D) 
images and analyze the bone volume/tissue volume (BV/TV). 

2.10. Calvaria bone histological analysis and immunofluorescence 
staining 

After micro-CT scanning, the calvarial bones were decalcified in 10% 
EDTA (pH = 7.4) for 2 weeks, dehydrated, embedded in paraffin, and 
sectioned at a thickness of 5 μm for hematoxylin and eosin (H&E) 
staining and TRAP staining (Servicebio, Wuhan, China). The percentage 
of the bone erosion area and the number of TRAP-positive osteoclasts 
were quantified. For immunofluorescence staining, the collected 
calvaria bones were embedded in optimal cutting temperature (OCT) 
compound (Sakura Finetek, CA, USA). Serial 5 μm thick sections were 
cut and permeabilized with 0.1% Triton X-100. After being blocked with 
serum-based blocking buffer for 60 min, the slides were incubated with 
primary antibodies against CD86 (Novus Biologicals, CO, USA), iNOS 
(Abcam, Cambridge, UK) or Arg1 (Cell Signaling Technology, MA, USA) 
overnight at 4 ◦C. After the slides were incubated with secondary anti-
bodies for 60 min at room temperature, the slides were mounted with 
FluoroShield mounting medium containing DAPI (Abcam, Cambridge, 
UK). CD68+iNOS+ and CD68+Arg1+ macrophages were observed using 
a laser-scanning confocal microscope (Zeiss LSM 900, Zeiss, Germany). 

2.11. Real-time polymerase chain reaction (RT‒PCR) 

Total RNA was isolated from LPS- or RANKL-treated RAW264.7 cells 
using an RNA-Quick Purification Kit (ESscience, Beijing, China) ac-
cording to the manufacturer’s instructions. Small RNA was isolated from 
Nor-sEV and Hypo-sEV using the Exosome RNA Purification Kit (ESs-
cience, Beijing, China) according to the manufacturer’s instructions. For 
real-time PCR analysis of mRNA, complementary DNA (cDNA) was 
synthesized using the PrimeScriptTM RT Reagent Kit (TaKaRa Co., Kyoto, 
Japan). Real-time PCR was performed using Fast SYBR Green Master 
Mix (Thermo Fisher, Waltham, MA, USA) and gene-specific primers. The 
primers used are listed in Supplementary Table S1. The relative mRNA 
expression levels were normalized to that of β-actin following the 
2–ΔΔCT comparative method. For real-time PCR analysis of mature 
miRNAs, cDNA synthesis of miRNA and subsequent real-time PCR were 
performed using the All-in-One™ miRNA qRT‒PCR Detection Kit 
(Genecopoeia, Guangzhou, China). Rnu6 small nuclear RNA (snRNA) 
was used as an endogenous control. The relative expression levels of 
miRNAs were normalized to Rnu6 following the 2–ΔΔCT comparative 
method. The primers for miRNA analysis were purchased from Gene-
Copoeia (Guangzhou, China). 

2.12. Flow cytometric analysis of macrophage surface markers 

RAW264.7 macrophages were stimulated with 500 ng/mL LPS 
(Sigma‒Aldrich, MO, USA) in the presence and absence of 30 μg/mL 
Nor-sEV and Hypo-sEV for 12 h. Then, RAW264.7 cells were washed 
with PBS, treated with TrypLE (Gibco, USA) and resuspended in 0.5 mL 
of PBS supplemented with 5% FBS. Macrophage surface marker 
expression was analyzed by flow cytometry (BD Bioscience, San Jose, 
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CA, USA) after the samples were stained with CD86-PerCP, CD163-APC 
and CD206-FITC monoclonal antibodies (eBioscience, San Diego, CA, 
USA) for 30 min in the dark at 4 ◦C. 

2.13. Osteoclast differentiation in vitro 

To investigate the effects of Nor-sEV or Hypo-sEV on osteoclast dif-
ferentiation, RAW264.7 cells (passages 5–15; ATCC, Manassas, VA) 
were stimulated with 50 ng/mL soluble recombinant RANKL (R&D 
Systems, Minneapolis, MN, USA) for 4 days in the presence or absence of 
30 μg/mL Nor-sEV or Hypo-sEV. Then, the cells were subjected to TRAP 
staining (Servicebio, China) according to the manufacturer’s protocol. 
In brief, the cells were fixed with 4% paraformaldehyde for 15 min, 
permeabilized with 0.1% Triton X-100 for 20 min, incubated with TRAP 
staining solution in the dark at 37 ◦C for 1 h, and then stained with DAPI 
solution (KeyGen Biotech, Nanjing, China) in the dark at 37 ◦C for 15 
min. TRAP-positive multinucleated cells with more than three nuclei 
were considered as osteoclasts, which were imaged by an optical fluo-
rescence microscope (Olympus, Japan). 

2.14. sEV uptake by RAW264.7 cells 

PKH67 (Sigma, USA) was used to label Nor-sEV and Hypo-sEV with 
green fluorescence according to the manufacturer’s instructions. For 
investigation of whether RAW264.7 cells could uptake the two types of 
sEV, PKH67-labeled Nor-sEV and Hypo-sEV were incubated with 
RAW264.7 cells. After 24 h of coculture, RAW264.7 cells were fixed with 
4% paraformaldehyde for 20 min, permeabilized with 0.1% Triton X- 
100 in PBS for 10 min, and incubated with ActinRed™ 555 

ReadyProbes™ (Invitrogen, USA) for 30 min and DAPI for 5 min. The 
cellular uptake of sEV was observed with a fluorescence microscope 
(Zeiss, Germany). 

2.15. MicroRNA sequencing 

Small RNAs were extracted from Nor-sEV and Hypo-sEV and used for 
miRNA sequencing. Three biological replicates derived from three in-
dependent rats for each sEV were used. MiRNA libraries were con-
structed and then subjected to deep sequencing via an Illumina Hi-Seq 
2500 platform at RiboBio Co. Ltd. (Guangzhou, China). Differentially 
expressed miRNAs with a 1.5-fold change in expression (p < 0.05) were 
analyzed. Then, Kyoto Encyclopedia of Genes (KEGG) pathway analysis 
and Gene Ontology (GO) analysis of the target mRNA genes of the 
differentially expressed miRNAs were performed. 

2.16. Small-interfering RNA (siRNA)-mediated knockdown and 
microRNA mimic and inhibitor transfection 

RAW264.7 cells (3 × 105) were seeded on a 6-well culture plate and 
transfected with miR-210-3p mimics (50 μM; RiboBio, China), inhibitors 
(100 μM; RiboBio, China) or NF-κB1 siRNA (20 μM; RiboBio, China) 
using Lipofectamine RNAiMAX transfection reagent (Life Technologies, 
CA, USA) in Opti-MEM (Life Technologies) according to the manufac-
turer’s instructions. Nontargeting control siRNAs (RiboBio, China) were 
used as negative controls. After 48 h of transfection, the level of miR- 
210-3p was determined by RT‒PCR, and NF-κB1 knockdown was 
confirmed by western blotting and RT‒PCR. 

Fig. 1. Characterization of DPSCs-sEV under normoxic (Nor-sEV) or hypoxic (Hypo-sEV) conditions. (A) The ultrastructures of Nor-sEV and Hypo-sEV were observed 
using transmission electron microscopy (TEM). (B) The size distribution of purified Nor-sEV and Hypo-sEV was assessed using nanoparticle tracking analysis (NTA). 
(C) NTA showing the concentrations of Nor-sEV and Hypo-sEV (n = 3). (D) The protein concentrations of Nor-sEV and Hypo-sEV were determined using a BCA assay. 
(E) The expression of the sEV-associated protein markers CD63, TSG101 and CD9 in purified Nor-sEV and Hypo-sEV, and DPSCs cultured under normoxic or hypoxic 
conditions were determined by western blotting. Error bars represent the mean ± s.d. **P < 0.01; *P < 0.05. 
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2.17. Dual-luciferase reporter assay 

Luciferase reporter constructs encoding the wild-type 3′UTR of NF- 
κB1 (NF-κB1-WT) or mutant 3′UTR of NF-κB1 (NF-κB1-MUT) were 
synthesized. Then, 293T cells were transfected with the 3′UTR luciferase 
vector and miR-210-3p mimics using Lipo 6000 (Beyotime Biotech-
nology, Shanghai, China) for 24 h. Luciferase activities were analyzed 
with a Dual-Glo® Luciferase Assay System (Promega, WI, USA) ac-
cording to the manufacturer’s protocol. 

2.18. Statistical analysis 

All results are expressed as the mean ± standard deviation (SD). 
Statistical analysis was performed using Student’s t-test or one-way 
analysis of variance (ANOVA). P values less than 0.05 were considered 
statistically significant. 

Fig. 2. Hypo-sEV inhibit LPS-induced inflammatory calvarial bone loss in vivo. (A) Schematic representations showing Nor-sEV and Hypo-sEV injection in mice with 
LPS-induced calvarial bone loss. (B) Micro-CT scanning and subsequent 3D reconstruction of the calvarial bone after treatment with LPS and Nor-sEV or Hypo-sEV (n 
= 5). (C) BV/TV (bone volume/total volume) was recorded. (D) H&E staining showing calvarial destruction and inflammatory cell infiltration. (E) The percentage of 
the bone erosion area in the calvarial bone matrix was determined. Error bars represent the mean ± s.d. ***P < 0.005; **P < 0.01; *P < 0.05. 
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Fig. 3. Hypo-sEV show increased potential to induce M2 macrophage generation compared with Nor-sEV in vivo and in vitro. (A) CD68+iNOS+ macrophages in 
calvarial bone matrix after treatment with LPS with Nor-sEV or Hypo-sEV were observed using laser-scanning confocal microscope (white arrow) (n = 5). (B) 
Statistical analysis of the number of CD68+iNOS+ macrophages. (C) CD68+Arg1+ macrophages in the calvarial bone matrix were observed using a laser-scanning 
confocal microscope (white arrow). (D) Statistical analysis of the number of CD68+Arg1+ macrophages. (E) qPCR analysis of the relative mRNA levels of the 
macrophage polarization-related factors IL-1β, IL-6, TNF-α, IL-10 and Arg1 in Nor-sEV- or Hypo-sEV-treated RAW264.7 cells in the presence of LPS. (F) LPS-treated 
RAW264.7 cells were stimulated with Nor-sEV or Hypo-sEV for 24 h. The expression of iNOS and Arg1 was determined by western blotting. (G-I) The expression or 
fluorescence intensity of the macrophage polarization markers CD86, CD163 and CD206 on the surface of LPS-treated RAW264.7 cells was assessed using flow 
cytometry. Error bars represent the mean ± s.d. ***P < 0.005; **P < 0.01; *P < 0.05. 
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3. Results 

3.1. Characterization of DPSCs, Nor-sEV and Hypo-sEV 

As shown in Fig. S1A, flow cytometry demonstrated that the isolated 

DPSCs were positive for the expression of MSC surface markers, 
including CD29, CD44 and CD90, with frequencies up to 96.9%, but 
were negative for the expression of the hematopoietic markers CD34 and 
CD45, with a frequency less than 3.2%. Immunofluorescence analysis 
showed that DPSCs were positive for the MSC marker vimentin but 

Fig. 4. Hypo-sEV exhibited better efficacy in inhibiting osteoclast formation than Nor-sEV in vivo and in vitro. (A) Osteoclasts in the calvarial bone matrix after 
treatment with LPS with Nor-sEV or Hypo-sEV were visualized using TRAP staining (dark arrow) (n = 5). (B) The histogram shows the number of TRAP+ osteoclasts 
in the calvarial bone matrix. (C) RAW264.7 cells were stimulated for 4 days with 50 ng/mL RANKL to induce osteoclast formation in the presence of Nor-sEV or 
Hypo-sEV, and then subjected to TRAP staining. (D) TRAP+ multinucleated cells containing 3 or more nuclei were counted as osteoclasts. (E) qPCR analysis showed 
the relative mRNA levels of the osteoclastogenesis-associated genes Acp5, CTSK, c-FOS, DC-STAMP and Atp6v0d2 in RANKL-treated RAW264.7 cells in the presence of 
Nor-sEV or Hypo-sEV. Error bars represent the mean ± s.d. ***P < 0.005; **P < 0.01; *P < 0.05. 
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Fig. 5. Hypoxia significantly changes the miRNA profiles of DPSC-sEV. (A) Heatmap showing the 45 upregulated and 64 downregulated miRNAs with a ≥1.5-fold 
difference between Nor-sEV and Hypo-sEV (n = 3). (B) Volcano plot showing significantly upregulated (red dots) and downregulated (green dots) miRNAs in Hypo- 
sEV, compared with Nor-sEV. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis and (D) Gene Ontology (GO) analysis of the target 
mRNAs of the differentially expressed miRNAs. (E) The histogram shows the upregulated miRNAs in Hypo-sEV. (F) qPCR analysis showed the levels of miR-1249, 
miR-7578, miR-203a-3p, miR-187-3p, miR-221-5p and miR-210-3p in Nor-sEV and Hypo-sEV. Error bars represent the mean ± s.d. **P < 0.01. 
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negative for the epithelial marker cytokeratin (Fig. S1B). Furthermore, 
DPSCs formed mineralized matrix that were visualized by alizarin red 
staining after osteogenic induction for 14 days. Lipid droplet formation, 
as visualized by Oil Red O staining, was also observed in DPSCs after 
adipogenic induction for 14 days (Figs. S1C and D). These results indi-
cated that cultured DPSCs possessed the mesenchymal phenotype of 
MSCs with multipotent differentiation capacity. 

Nor-sEV and Hypo-sEV were isolated from the supernatant of DPSCs 
and hypoxia-preconditioned DPSCs, respectively, using ultracentrifu-
gation. Using TEM, we observed that both sEV exhibited classic cup- 
shaped morphology (Fig. 1A). NTA showed that the peak diameters of 
Nor-sEV and Hypo-sEV were 133 nm and 124 nm, respectively (Fig. 1B). 
Moreover, we found that Hypo-sEV exhibited increased concentrations 
or particles compared with that of Nor-sEV (Fig. 1C). The protein con-
centration of Hypo-sEV was also significantly higher than that of Nor- 
sEV (Fig. 1D). We used Western blot analysis to confirm that the two 
types of purified sEV expressed the sEV-associated protein markers 
CD63, TSG101 and CD9. Furthermore, the expression levels of TSG101 
and CD9 in Hypo-sEV were higher than those in Nor-sEV (Fig. 1E). 
Interestingly, hypoxia significantly decreased the expression of CD63 
and CD9 in DPSCs (Fig. 1E), indicating that hypoxia induced the release 
of sEV from DPSCs rather than affecting sEV generation in DPSCs. 

3.2. Hypo-sEV ameliorate LPS-induced inflammatory bone loss in vivo 

To investigate the therapeutic effect of Nor-sEV and Hypo-sEV on 
inflammatory osteolysis in vivo, we used an LPS-induced inflammatory 
bone loss model (Fig. 2A). Micro-CT scanning and 3D reconstruction of 
calvarial bones showed that mice in the LPS group exhibited excessive 
bone loss with a significant decrease in the BV/TV compared with those 
in the control group (Fig. 2B and C). Histological analysis also indicated 
increased bone erosion areas with rampant inflammatory cell infiltra-
tion after LPS injection (Fig. 2D and E). Nor-sEV failed to show signifi-
cant therapeutic effects on LPS-induced osteolysis, as assessed by micro- 
CT scanning and histological examination, although a slight increase in 
the BV/TV and decreased bone erosion areas were observed in the Nor- 
sEV group (Fig. 2B–E). In contrast, Hypo-sEV rescued LPS-induced in-
flammatory osteolysis in the calvarial bone matrix in terms of increasing 
the BV/TV and decreasing bone erosion areas, as demonstrated by 
micro-CT scanning and H&E staining analysis (Fig. 2B–E). These results 
indicate that Hypo-sEV significantly ameliorated LPS-induced inflam-
matory bone loss in vivo. 

3.3. Hypo-sEV induce macrophage M2 polarization in vivo and in vitro 

M2 macrophages play an essential role in tissue inflammation reso-
lution and facilitate osteogenesis, angiogenesis and bone repair through 
the release of anti-inflammatory cytokines and growth factors [28–30]. 
Since the shift of proinflammatory macrophages toward an anti--
inflammatory M2 phenotype promotes bone repair, we next examined 
whether Hypo-sEV could induce macrophage M2 polarization in vivo. 
Immunofluorescence analysis indicated that LPS significantly increased 
the number of CD68+iNOS+ macrophages (M1 macrophages), which 
was suppressed by Nor- and Hypo-sEV. (Fig. 3A and B, Fig. S2A). The 
LPS + Hypo-sEV group and LPS + Nor-sEV group showed more 
CD68+Arg1+ macrophages (M2 macrophages) in the calvarial bone 
matrix than the LPS group (Fig. 3C, D, Fig. S2B). In addition, fewer 
CD68+iNOS+ macrophages and more CD68+Arg1+ macrophages were 
present in the LPS+Hypo-sEV group than in the LPS + Nor-sEV group 
(Fig. 3A–D). To further determine the effects of the two types of sEV on 
macrophage inflammatory responses and phenotypic conversion in vitro, 
we incubated LPS-treated RAW264.7 cells with Nor-sEV or Hypo-sEV. 
LPS treatment resulted in a striking increase in the mRNA expression 
of the proinflammatory cytokines IL-1β, IL-6 and TNF-α and a decrease 
in the mRNA expression of the anti-inflammatory cytokine IL-10. 
Nor-sEV inhibited the expression of IL-6 and TNF-α without an obvious 

effect on IL-1β or IL-10 expression. Hypo-sEV treatment not only 
inhibited the expression of IL-1β, IL-6 and TNF-α, but also upregulated 
the expression of IL-10, as well as Arg1, which is a key effector and 
marker of M2 macrophages. Moreover, compared with Nor-sEV, 
Hypo-sEV significantly suppressed the expression of IL-1β and pro-
moted the expression of IL-10 and Arg1 (Fig. 3E). Using western blotting 
and flow cytometry, we found that Nor-sEV upregulated the expression 
of the M2 macrophage markers Arg1, CD163 and CD206 in 
LPS-stimulated RAW264.7 cells (Fig. 3F, H, I). However, no obvious 
change in the expression of the M1 macrophage markers iNOS and CD86 
was observed (Fig. 3F and G). In contrast, Hypo-sEV showed superior 
efficacy in inducing the expression of Arg1, CD163 and CD206 relative 
to Nor-sEV (Fig. 3F, H, I). Furthermore, Hypo-sEV evidently inhibited 
the expression of iNOS and CD86 (Fig. 3F and G). These results indicate 
that Hypo-sEV can inhibit the LPS-induced macrophage inflammatory 
response and induce M2 macrophage polarization. 

3.4. Hypo-sEV inhibit osteoclastogenesis in vivo and in vitro 

Inflammatory bone resorption was caused by excessive osteoclast 
formation [31,32]. Therefore, we next examined whether Hypo-sEV 
inhibited osteoclastogenesis in vivo. TRAP staining analysis demon-
strated that LPS treatment resulted in a marked increase in the number 
of TRAP+ osteoclasts in calvarial bones, which was consistent with 
enhanced osteolysis. Both Nor-sEV and Hypo-sEV decreased the number 
of TRAP-positive osteoclasts induced by LPS (Fig. 4A and B). Further-
more, the number of TRAP-positive osteoclasts in the Hypo-sEV group 
was lower than that in the Nor-sEV group (Fig. 4B). To further investi-
gate whether the two types of sEV could directly inhibit osteoclast dif-
ferentiation, we incubated RANKL-treated RAW264.7 cells with 
Nor-sEV or Hypo-sEV in vitro. RAW264.7 cells cultured in the presence of 
RANKL matured into numerous, TRAP+ multinucleated osteoclasts 
(Fig. 4C). In contrast, Nor-sEV and Hypo-sEV suppressed osteoclast 
differentiation induced by RANKL, as shown by the decreased number of 
osteoclasts. Moreover, the inhibitory effect on osteoclastogenesis in the 
Hypo-sEV treatment group was superior to that in the Nor-sEV treatment 
group (Fig. 4C and D). The effects of the two types of sEV on the levels of 
specific osteoclastogenesis-related genes were also determined in 
RAW264.7 cells stimulated with RANKL. We found that under RANKL 
stimulation, there was an appreciable increase in the mRNA expression 
of tartrate-resistant acid phosphatase 5 (Acp5), cathepsin K (CTSK), 
c-FOS, dendritic cell-specific transmembrane protein (DC-STAMP) and 
ATPase H+ Transporting V0 Subunit D2 (Atp6v0d2). Nor-sEV only 
significantly inhibited the expression of Acp5, although the expression of 
CTSK, c-FOS and DC-STAMP showed a tendency toward declines after 
Nor-sEV treatment. Notably, Hypo-sEV significantly inhibited the 
expression levels of Acp5, CTSK, c-FOS, DC-STAMP and Atp6v0d2 
induced by RANKL. RANKL-treated RAW264.7 cells exposed to 
Hypo-sEV also exhibited lower expression levels of Acp5, CTSK, 
DC-STAMP and Atp6v0d2 than those exposed to Nor-sEV (Fig. 4E). These 
data indicate that Hypo-sEV directly inhibit osteoclastogenesis in vivo 
and in vitro. 

3.5. Hypoxia significantly alters the miRNA profiles of DPSC-sEV 

Our above findings prompted us to further identify the components 
within Hypo-sEV that exert regulatory effects on the macrophage in-
flammatory response and osteoclastogenesis. As an important compo-
nent of sEV, miRNAs have been demonstrated to play critical roles in 
sEV-mediated biological functions [10]. Therefore, we analyzed the 
miRNA profiles of Nor-sEV and Hypo-sEV using next-generation 
sequencing. Compared with those in Nor-sEV, 45 miRNAs were upre-
gulated and 64 miRNAs were downregulated in Hypo-sEV (Fig. 5A and 
B). Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling 
pathway enrichment analysis showed that the target mRNAs of the 
differentially expressed miRNAs were enriched in the NF-κB signaling 
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pathway, cell adhesion molecules, chemokine signaling pathway, oste-
oclast differentiation, regulation of actin cytoskeleton and endocytosis 
pathways that could regulate inflammatory response and osteoclast 
formation (Fig. 5C). Furthermore, Gene Ontology (GO) analysis revealed 
that the analyzed target mRNAs could well modulate cell behaviors by 
affecting biological processes (including negative regulation of NF-κB 
transcription factor activity, regulation of NF-κB signaling, regenera-
tion, osteoclast differentiation, tissue remodeling, response to hypoxia, 
establishment of cell polarity as well as regulation of DNA-binding 
transcription factor activity), regulating cellular component in RNA 
polymerase II transcription factor complex, site of polarized growth and 
transcription factor complex, and adjusting molecular function in 
miRNA binding, acting on DNA, mRNA 3′UTR binding, cytokine re-
ceptor activity, ATPase activity, and phosphatase activity (Fig. 5D). 
Next, we validated the expression of miRNAs that have been shown to be 
associated with the macrophage inflammatory response or osteoclast 
differentiation among the top 20 significantly upregulated miRNAs in 
Hypo-sEV, including miR-1249 [33], miR-7578 [34], miR-203a-3p [35], 
miR-187-3p [36], miR-221-5p [37] and miR-210-3p [38] (Fig. 5E). The 
PCR results indicated that Hypo-sEV showed increased levels of 
miR-7578, miR-187-3p and miR-210-3p compared with Nor-sEV 
(Fig. 5F). 

3.6. Hypo-sEV induce M2 macrophage polarization and inhibit 
osteoclastogenesis by upregulating miR-210-3p expression in vitro 

We then examined the potential of miR-7578, miR-187-3p and miR- 
210-3p to inhibit the macrophage inflammatory response using corre-
sponding miRNA mimics. We found that miR-7578 mimic treatment 
induced the expression of IL-1β, IL-6 and TNFα (Figs. S3A and B). MiR- 
187-3p mimic treatment significantly inhibited IL-6 and TNF-α expres-
sion but increased IL-1β expression (Figs. S3C and D). Interestingly, the 
miR-210-3p mimic inhibited the expression of IL-1β and IL-6 while 
inducing the expression of IL-10 in RAW264.7 cells regardless of the 
presence or absence of LPS (Figs. S4A and B). The miR-210-3p mimic 
also downregulated TNF-α and iNOS expression but upregulated Arg-1 
expression in LPS-treated RAW264.7 cells (Figs. S4B and C). These 
data suggest the key role of miR-210-3p in mediating the therapeutic 
effects of Hypo-sEV. 

To further confirm whether enriched miR-210-3p within Nor-sEV or 
Hypo-sEV could be delivered to macrophages and osteoclasts and 
contribute to the suppressive effects of Nor-sEV and Hypo-sEV on the 
macrophage inflammatory response and osteoclastogenesis, we next 
cocultured RAW264.7 cells with PHK-67-labeled Nor-sEV or Hypo-sEV. 
Immunofluorescence analysis confirmed that Nor-sEV and Hypo-sEV 
were endocytosed by RAW264.7 cells (Fig. 6A). In addition, after 
treatment with Nor-sEV or Hypo-sEV, miR-210-3p levels significantly 
increased in the LPS- or RANKL-treated RAW264.7 cells. Notably, 
compared with the LPS- or RANKL-treated RAW264.7 cells cocultured 
with Nor-sEV, the cells cocultured with Hypo-sEV showed upregulated 
miR-210-3p expression (Fig. 6B and C). These data suggest that Hypo- 
sEV can deliver miR-210-3p into macrophages and osteoclasts. To 
confirm the functional role of miR-210-3p, we reduced miR-210-3p 
levels with a miR-210-3p inhibitor (Fig. 6D), which significantly pro-
moted the expression of IL-1β, IL-6, TNF-α and iNOS while decreasing 

the expression of IL-10 and Arg1 in LPS-treated RAW264.7 cells (Fig. 6E 
and F). More importantly, the miR-210-3p inhibitor attenuated the ca-
pacities of Hypo-sEV to induce M2 macrophage polarization in terms of 
decreasing IL-1β, IL-6, TNF-α and iNOS expression, as well as upregu-
lating IL-10 and Arg1 expression (Fig. 6E and F). 

Furthermore, RANKL-treated RAW264.7 cells incubated with the 
miR-210-3p inhibitor resulted in an increased number of TRAP+

multinucleated osteoclasts, as well as increased expression of Acp5, 
CTSK, c-FOS, DC-STAMP and Atp6v0d2 (Fig. 6G–I). The miR-210-3p 
inhibitor also partially decreased the ability of Hypo-sEV to inhibit the 
formation of TRAP+ osteoclasts and the expression of the 
osteoclastogenesis-related genes Acp5, CTSK, c-FOS, DC-STAMP and 
Atp6v0d2 (Fig. 6G–I). Conversely, the miR-210-3p mimic inhibited the 
formation of TRAP+ multinucleated osteoclasts, as well as the expres-
sion of Acp5, CTSK, c-FOS, and DC-STAMP, in RANKL-treated 
RAW264.7 cells (Figs. S4D–F). Collectively, these results suggest that 
Hypo-sEV induce M2 macrophage polarization and inhibit osteoclasto-
genesis by upregulating miR-210-3p expression. 

3.7. MiR-210-3p within Hypo-sEV ameliorates LPS-induced 
inflammatory bone loss in vivo 

To further confirm whether miR-210-3p mediates the observed 
therapeutic effects of Hypo-sEV in vivo, we used antagomir-210-3p in an 
LPS-induced inflammatory bone loss model. Micro-CT scanning and 
histological analysis revealed that antagomir-210-3p markedly abro-
gated the therapeutic effects of Hypo-sEV on LPS-induced inflammatory 
bone loss, as indicated by the decreased BV/TV and enhanced inflam-
matory cell infiltration and bone erosion areas (Fig. 7A–D). Further-
more, immunofluorescence analysis indicated that compared with those 
in the LPS + Antagomir-NC + Hypo-sEV group, more CD68+iNOS+

macrophages and fewer CD68+Arg+ macrophages were present in the 
calvarial bone matrix in the LPS + Antagomir-210-3p + Hypo-sEV group 
(Fig. 7E–H, Figs. S5A and B). Likewise, TRAP staining showed that the 
number of TRAP+ osteoclasts in calvarial bones in the LPS+Antagomir- 
210-3p + Hypo-sEV group was higher than that in the LPS + Antagomir- 
NC + Hypo-sEV group (Fig. 7I and J). These results indicate that miR- 
210-3p within Hypo-sEV significantly ameliorated LPS-induced in-
flammatory osteolysis in vivo by inducing M2 macrophage polarization 
and inhibiting osteoclast formation. 

3.8. MiR-210-3p within Hypo-sEV targets NF-κB1 

Since activation of the NF-κB pathway is critical for M1 macrophage 
polarization and osteoclastogenesis [39,40], we investigated the effects 
of Hypo-sEV on the NF-κB pathway in LPS- or RANKL-treated 
RAW264.7 cells. Treatment with LPS or RANKL increased the expres-
sion of NF-κB1 (also known as p105, the precursor of p50) and p50 at the 
protein and mRNA levels in RAW264.7 cells, and this effect was 
downregulated by Hypo-sEV (Fig. 8A and B). With regard to the key role 
of miR-210-3p in Hypo-sEV-mediated therapeutic effects, we next asked 
whether miR-210-3p modulated the macrophage inflammatory response 
and osteoclast formation by inhibiting NF-κB1. The Western blot and 
PCR results showed that miR-210-3p inhibitor treatment significantly 
upregulated the expression of p105 and p50 in LPS- or RANKL-treated 

Fig. 6. Hypo-sEV induce M2 macrophage polarization and inhibit osteoclastogenesis by delivering miR-210-3p in vitro. (A) RAW264.7 cells were treated with 
PKH67-labeled Nor-sEV or Hypo-sEV for 24 h in vitro. The uptake of Nor-sEV or Hypo-sEV was observed by ActinGreen™ 555 ReadyProbes™ Reagent staining of F- 
actin in the cytoplasm of RAW264.7 cells (white arrow). (B, C) qPCR analysis showing the levels of miR-210-3p in LPS- or RANKL-treated RAW264.7 cells exposed to 
Nor-sEV or Hypo-sEV. (D) qPCR analysis showing the expression level of miR-210-3p in RAW264.7 cells treated with the miR-210-3p inhibitor. (E) qPCR analysis 
showing the relative mRNA levels of the macrophage polarization-related factors IL-1β, IL-6, TNF-α, IL-10 and Arg1 in LPS-treated RAW264.7 cells that were cultured 
with Hypo-sEV and the miR-210-3p inhibitor. (F) The expression of iNOS and Arg1 in LPS-treated RAW264.7 cells that were cultured with Hypo-sEV and the miR- 
210-3p inhibitor was determined using western blotting. (G) TRAP staining in RANKL-treated RAW264.7 cells in the presence of Hypo-sEV and the miR-210-3p 
inhibitor. (H) The histogram shows the number of TRAP+ osteoclasts. (I) qPCR analysis showing the relative mRNA levels of the osteoclastogenesis-associated 
genes Acp5, CTSK, c-FOS, DC-STAMP and Atp6v0d2 in RANKL-treated RAW264.7 cells exposed to Hypo-sEV and the miR-210-3p inhibitor. Error bars represent 
the mean ± s.d. ***P < 0.005; **P < 0.01; *P < 0.05. 
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RAW264.7 cells. Moreover, miR-210-3p inhibitor treatment abrogated 
the inhibitory effects of Hypo-sEV on p105 and p50 expression (Fig. 8C 
and D). Conversely, the miR-210-3p mimic downregulated the expres-
sion of p105 and p50 in LPS- or RANKL-treated RAW264.7 cells at the 
protein and mRNA levels (Fig. 8E and F). These experimental data 
indicate that miR-210-3p within Hypo-sEV inhibited the expression of 
NF-κB1 p105. Since a putative miR-210-3p binding site was predicted in 
the 3′UTR region of NF-κB1 (Fig. 8G), we next verified whether 
miR-210-3p directly targeted the NF-κB1 3′UTR. Both the wild-type 
(WT) and mutated (MUT) 3′UTR sequences of NF-κB1 were structured 
based on potential binding sites (Fig. 8G) and cloned into luciferase 
reporter vectors. The transfection of the miR-210 mimic significantly 
reduced NF-κB1-WT luciferase activity but had no obvious effect on 
luciferase activity in the NF-κB1-MUT group (Fig. 8H), indicating that 
miR-210-3p directly targets the NF-κB1 3′UTR. 

We next also verified the potential of NF-κB1 p105 to regulate 
macrophage polarization and osteoclastogenesis in the present study. 
The results showed that NF-κB1 siRNA treatment decreased the 
expression of IL-1β, IL-6 and TNF-α and upregulated the expression of IL- 
10 and Arg1 in LPS-treated RAW264.7 cells (Figs. S6A–C). Moreover, 
NF-κB1 siRNA treatment suppressed osteoclast formation and the 
expression of Acp5, CTSK, c-FOS, DC-STAMP and Atp6v0d2 in RANKL- 
treated RAW264.7 cells (Figs. S6D–F). Taken together, these results 
indicate that miR-210-3p within Hypo-sEV induced M2 macrophage 
generation and inhibited osteoclast differentiation by targeting NF-kB1 
(Fig. 9). 

4. Discussion and conclusion 

In the present study, we used LPS to induce inflammatory bone loss in 
the calvarial bone matrix. LPS is a critical constituent of the cell wall of 
gram-negative bacteria and has been identified as a critical pathogen or 
participant in infective or inflammatory bone destruction diseases, 
including periodontitis, osteomyelitis, RA and septic arthritis [3,41]. 
LPS initiates the recruitment and activation of immune cells such as 
macrophages and further induces the production of various proin-
flammatory cytokines. These proinflammatory cytokines directly pro-
mote osteoclastogenesis and bone resorption. Moreover, the 
inflammatory microenvironment facilitates osteoclast formation by 
inducing RANKL secretion [1,2]. In our study, LPS injection significantly 
increased the formation of M1 macrophages and TRAP+ osteoclasts in 
the calvarial bone matrix, thereby providing a reliable model to inves-
tigate the therapeutic potential of DPSC-sEV under normoxic or hypoxic 
conditions in inflammatory or infective osteolysis. 

Recent studies have verified that hypoxic stimulation promotes the 
therapeutic effects of sEV derived from BMSCs, umbilical cord MSCs, 
and adipose stem cells on a variety of diseases, such as skin wounds, 
bone fractures, insufficient vessel growth, myocardial infarction, Alz-
heimer’s disease and spinal cord injury [4,25,42–46]. As an easily ob-
tained dental MSC, DPSCs with higher proliferation rates are considered 
great alternatives to BMSCs. However, the effects of hypoxia on the 
therapeutic potential of DPSC-sEV remain largely unknown. Our recent 
study revealed that hypoxia-induced DPSC-sEV have enhanced angio-
genic potential through the enrichment of LOXL2 compared with control 
DPSC-sEV [26]. Here, we showed that hypoxia promotes the release of 
sEV from DPSCs, which is in line with recent studies about the effects of 
hypoxia on the release of exosomes in tumor cells and umbilical cord 

MSCs [42,47]. The hypoxia-inducible factor 1-alpha (HIF-1α) activation 
induced by hypoxia was reported to enhance sEV release by upregu-
lating the expression of Rab27a, which controls the secretion of exo-
somes [48]. Thus, hypoxia-induced release of DPSC-sEV may be 
associated with HIF-1α activation. Moreover, hypoxia-induced 
DPSC-sEV exhibited improved efficacy in promoting M2 macrophage 
polarization compared with Nor-sEV, which was consistent with previ-
ous studies focusing on MSC-sEV derived from other tissues. More 
importantly, our study identifies a previously unknown role of hypoxia 
in increasing the capacities of DPSC-sEV or MSC-sEV to suppress oste-
oclast formation and alleviate LPS-induced inflammatory osteolysis. The 
formation of mature functional osteoclasts comprises multiple steps 
including the differentiation of osteoclast precursors into mononuclear 
preosteoclasts, the fusion of mononuclear preosteoclasts to form multi-
nucleated osteoclasts, and the activation or maturation of osteoclasts 
capable of bone resorption [49]. TRAP (also called Acp5) is regarded as 
an osteoclast differentiation marker and DC-STAMP is a critical protein 
responsible for the cell-cell fusion of osteoclasts [50]. CTSK is the 
principal protease mediating matrix degradation, and Atp6v0d2 is a key 
component of the osteoclast-specific proton pump mediating extracel-
lular acidification during bone resorption [51]. Since Hypo-sEV signif-
icantly downregulated the expression levels of Acp5, DC-STAMP, CTSK 
and Atp6v0d2 in osteoclasts, Hypo-sEV may inhibit the formation of 
mature functional osteoclasts from multiple stages, including osteoclast 
differentiation, fusion, and bone resorption. Therefore, our results sug-
gest that hypoxia-elicited DPSC-sEV may be a new promising candidate 
to treat inflammatory or infective osteolysis since they can simulta-
neously target proinflammatory macrophages and osteoclasts. Further 
investigations are required to determine whether hypoxia promotes the 
therapeutic effects of MSC-sEV derived from other tissues on inflam-
matory bone loss. 

MSC-sEV generally contain intravesicular miRNAs, which are 
responsible for MSC-mediated biological functions by altering the gene 
expression and functions of recipient cells [52,53]. With regard to how 
hypoxia promotes the therapeutic efficacy of MSC-sEV, recent studies 
demonstrated that large numbers of specific miRNAs that mediate the 
treatment of diseases, including miR-21-3p, miR-31-5p, miR-125b, 
miR-126, miR-216a-5p and miR-486-5p, were enriched in 
hypoxia-induced MSC-sEV [25,42,44,45,54,55]. In the present study, 
our results revealed the altered miRNA profiles of hypoxia-elicited 
DPSC-sEV. The miR-7578 and miR-187-3p were found to be signifi-
cantly enriched in Hypo-sEV. The miR-7578 was reported to inhibit the 
release of the proinflammatory cytokines TNF-α and IL-6 by targeting 
early growth response 1 (Egr1) in LPS-treated macrophages [34]. 
However, our results showed that miR-7578 mimic treatment induced 
the expression of IL-1β, IL-6 and TNF-α. The reason for the contrasting 
findings remains unclear but may be due to different experimental 
conditions. A previous study showed that miR-187 could negatively 
regulate TNF-α and IL-6 expression in LPS-stimulated monocytes [56], 
which is almost consistent with our results. Nevertheless, our study 
showed that miR-187-3p mimics increased IL-1β expression. The level of 
miR-210-3p within DPSC-sEV was also significantly increased by hyp-
oxic preconditioning, which was consistent with a previous report about 
BMSC-sEV [57]. Furthermore, antagomir-210-3p attenuated the pro-
tective effects of Hypo-sEV against LPS-induced inflammatory bone loss, 
indicating the crucial role of miR-210-3p in hypoxia-elicited 
DPSC-sEV-mediated therapeutic effects. 

Fig. 7. Antagomir-210-3p abrogates the therapeutic effects of Hypo-sEV on LPS-induced inflammatory calvarial bone loss in vivo. (A) Micro-CT scanning and 
subsequent 3D reconstruction of the calvarial bone after the injection of LPS with Hypo-sEV and antagomir-210-3p (n = 5). (B) The BV/TV (bone volume/total 
volume) was analyzed. (C) H&E staining showing calvarial destruction and inflammatory cell infiltration. (D) The percentage of the bone erosion area in the calvarial 
bone matrix was determined. (E) CD68+iNOS+ macrophages in the calvarial bone matrix were observed using a laser-scanning confocal microscope (white arrow). 
(F) Statistical analysis of the number of CD68+iNOS+ macrophages. (G) CD68+Arg1+ macrophages in the calvarial bone matrix were observed using a laser-scanning 
confocal microscope (white arrow). (H) Statistical analysis of the number of CD68+Arg1+ macrophages. (I) Osteoclasts in the calvarial bone matrix after treatment 
with LPS and Hypo-sEV and antagomir-210-3p were visualized using TRAP staining (dark arrow). (J) The histogram shows the number of TRAP+ osteoclasts in the 
calvarial bone matrix. Error bars represent the mean ± s.d. ***P < 0.005; **P < 0.01; *P < 0.05. 

J. Tian et al.                                                                                                                                                                                                                                     



Bioactive Materials 22 (2023) 326–342

339

Fig. 8. MiR-210-3p within Hypo-sEV targets NF-kB1. (A) The expression of NF-κB1 (p105) and p50 in LPS- or RANKL-treated RAW264.7 cells that were cultured with 
Hypo-sEV was determined using western blotting. (B) qPCR analysis showing the relative mRNA levels of NF-κB1 in LPS- or RANKL-treated RAW264.7 cells that were 
cultured with Hypo-sEV. (C) The expression of p105 and p50 in LPS- or RANKL-treated RAW264.7 cells that were cultured with Hypo-sEV and the miR-210-3p 
inhibitor was determined using western blotting. (D) qPCR analysis showing the relative mRNA levels of NF-κB1 in LPS- or RANKL-treated RAW264.7 cells that 
were cultured with Hypo-sEV and the miR-210-3p inhibitor. (E) The expression of p105 and p50 in LPS- or RANKL-treated RAW264.7 cells that were cultured with 
miR-210-3p mimics was determined using western blotting. (F) qPCR analysis showing the relative mRNA levels of NF-κB1 in LPS- or RANKL-treated RAW264.7 cells 
that were cultured with miR-210-3p mimics. (G) The binding site between miR-210-3p and NF-κB1. (H) A luciferase reporter assay was performed to confirm 
whether NF-κB1 was the target gene of miR-210-3p. Error bars represent the mean ± s.d. ***P < 0.005; *P < 0.05. 
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MiR-210 is evolutionarily conserved and ubiquitously expressed in 
hypoxic cells [58]. Thus, miR-210 is a signature of hypoxia and is known 
as “a unique and pleiotropic hypoxamir” [59]. The biological effects of 
miR-210 on immune cells have received extensive attention. It has been 
reported that hypoxia-inducible factor 1-alpha (HIF-1α) is activated by 
hypoxia and can directly induce the expression of miR-210, which in 
turn targets HIF-1α to inhibit the Th17-cell-mediated inflammatory 
response in experimental colitis [60]. MiR-210 can also be induced by 
the LPS/TLR4 signaling pathway and functions as a negative regulator of 
LPS-induced expression of proinflammatory cytokines by targeting 
NF-κB in macrophages [38]. In addition, miR-210-3p attenuated lipid 
uptake and inflammatory cytokine production in oxidized low-density 
lipoprotein (ox-LDL)-exposed macrophages, resulting in protective ef-
fects against atherosclerosis [61]. Similarly, we found that 
Hypo-sEV-stimulated RAW264.7 cells treated with LPS exhibited upre-
gulated levels of miR-210-3p, which plays a critical role in inducing 
macrophages to acquire an anti-inflammatory phenotype and inhibiting 
LPS-induced osteolysis. Upon blockage of miR-210-3p, Hypo--
sEV-mediated induction of M2 macrophage polarization declined. 
Conversely, miR-210-3p mimic-treated macrophages showed decreased 
M1 marker expression and elevated M2 marker expression. Therefore, 
our study and previous studies suggest that miR-210 may be an impor-
tant regulator that limits proinflammatory cytokine production and 
immunopathology. However, previous findings on the effects of 
miR-210 on inflammatory responses seem controversial. Recent studies 
have shown that miR-210 induction in activated macrophages supports 
a switch toward a proinflammatory state by reducing mitochondrial 
oxidative phosphorylation in favor of glycolysis. Knockout of miR-210 in 
macrophages protected against sepsis [62]. Furthermore, miR-210-3p 
expression in plasma EVs were elevated in sepsis and targeted ATG7 
to promote sepsis-induced acute lung injury by inhibiting autophagy and 
activating inflammation in THP-1 macrophages [63]. The reason for 
these contrasting findings may lie in the different cells or 
contexts/diseases. 

In addition to its immunomodulatory effects, miR-210-3p has also 
been shown to exert beneficial functions to alleviate cardiovascular 

disease and promote osteogenesis. MiR-210 could induce neo-
vascularization by regulating SOCS1-STAT3-VEGF-C signaling in mice 
with cerebral ischemia/reperfusion [64]. MiR-210 in hypoxia-elicited 
BMSC-sEV inhibited cardiomyocyte apoptosis induced by hypoxia, 
leading to improved heart function in mice with myocardial infarction 
[57]. Moreover, miR-210 promoted osteoblastic differentiation of um-
bilical cord MSCs and bone marrow-derived ST2 stromal cells [65,66]. 
Since the induction of angiogenesis and osteogenic differentiation in 
BMSCs is critical for bone repair, it may be worth investigating whether 
Hypo-sEV can induce angiogenesis and osteogenesis by transferring 
miR-210-3p during inflammatory osteolysis. Here, we observed that the 
level of miR-210-3p was increased in RANKL-stimulated RAW264.7 cells 
after Hypo-sEV treatment. Using the miR-210-3p inhibitor or 
antagomir-210-3p abrogated the inhibitory effects on osteoclast for-
mation and LPS-induced osteolysis. Conversely, the miR-210-3p mimic 
inhibited osteoclast differentiation in RANKL-treated RAW264.7 cells. 
Thus, we identified a novel role of miR-210-3p in inhibiting osteoclas-
togenesis and bone resorption. 

The transcription factor NF-κB plays a crucial role in the inflamma-
tory response and osteoclast formation [67,68]. LPS and RANKL can 
activate NF-κB signaling by binding with TLR4 or RANK on mono-
cytes/macrophages, respectively, leading to the transcription of large 
numbers of proinflammatory and osteoclast-related genes, thus inducing 
M1 macrophage polarization or bone-resorbing osteoclast formation 
[32,40,69]. Inhibiting NF-κB therefore has been considered an effective 
approach to inhibit proinflammatory cytokine production in macro-
phages, as well as osteoclast formation and bone resorptive activity [70, 
71]. In our study, Hypo-sEV suppressed the expression of NF-κB1/p105, 
a key functional subunit of NF-κB, to induce M2 macrophage polariza-
tion and inhibit osteoclastogenesis. p105, a precursor of p50, can be 
processed into mature p50, which forms dimers with p65 (also named 
RelA). The p65/p50 heterodimer is the most common form of the NF-κB 
dimer and can bind to the DNA consensus sequences of various target 
genes after translocation to the nucleus [72,73]. Our results demon-
strated that the transfection of miR-210-3p inhibitors into LPS- or 
RANKL-treated RAW264.7 cells partially interfered with the ability of 

Fig. 9. Schematic diagram showing how miR-210-3p in hypoxia-elicited DPSC-sEV inhibits LPS-induced inflammatory bone loss by targeting NF-kB1 in macrophages 
and osteoclasts. 
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Hypo-sEV to inhibit p105/p50 expression, suggesting that Hypo-sEV 
attenuated the expression of p105/p50 by transferring miR-210-3p. In 
contrast, miR-210-3p mimics significantly inhibited p105/p50 protein 
expression induced by LPS or RANKL in RAW264.7 cells. More impor-
tantly, transfection of the miR-210-3p mimics markedly suppressed the 
activation of the luciferase reporter with the NF-κB1 3′UTR. Thus, our 
data identified the dual roles of miR-210-3p in simultaneously inducing 
M2 macrophage polarization and inhibiting osteoclastogenesis by tar-
geting NF-κB1. 

In summary, our results reveal that hypoxia preconditioning not only 
induced the secretion of DPSC-sEV, but also enhanced the DPSC-sEV- 
mediated therapeutic effect on LPS-induced osteolysis. The enrichment 
of miR-210-3p in Hypo-sEV contributes to protecting bone by simulta-
neously inducing M2 macrophage polarization and inhibiting osteo-
clastogenesis by targeting NF-κB1. This “two birds, one stone” (two 
target cells, one sEV or miRNA) effect of hypoxia-induced DPSC-sEV or 
miR-210-3p may present a promising approach for developing strategies 
to treat inflammatory or infective osteolysis (Fig. 9). Since osteomyelitis, 
periodontitis, peri-implantitis, RA and septic arthritis are common 
conditions associated with inflammatory or infective osteolysis, further 
investigations are required to verify the therapeutic effects of hypoxia- 
induced DPSC-sEV in these diseases. 
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