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Abstract 

Background:  The role of periodontal ligament stem cells (PDLSCs) and macrophage polarization in periodontal 
tissue regeneration and bone remodeling during orthodontic tooth movement (OTM) has been well documented. 
Nevertheless, the interactions between macrophages and PDLSCs in OTM remain to be investigated. Consequently, 
the present study was proposed to explore the effect of different polarization states of macrophages on the osteo‑
genic differentiation of PDLSCs.

Methods:  After M0, M1 and M2 macrophage-derived exosomes (M0-exo, M1-exo and M2-exo) treatment of primary 
cultured human PDLSCs, respectively, mineralized nodules were observed by Alizarin red S staining, and the expres‑
sion of ALP and OCN mRNA and protein were detected by RT-qPCR and Western blotting, correspondingly. Identifica‑
tion of differentially expressed microRNAs (DE-miRNA) in M0-exo and M2-exo by miRNA microarray, and GO and KEGG 
enrichment analysis of DE-miRNA targets, and construction of protein–protein interaction networks.

Results:  M2-exo augmented mineralized nodule formation and upregulated ALP and OCN expression in PDLSCs, 
while M0-exo had no significant effect. Compared to M0-exo, a total of 52 DE-miRNAs were identified in M2-exo. The 
expression of hsa-miR-6507-3p, hsa-miR-4731-3p, hsa-miR-4728-3p, hsa-miR-3614-5p and hsa-miR-6785-3p was signif‑
icantly down-regulated, and the expression of hsa-miR-6085, hsa-miR-4800-5p, hsa-miR-4778-5p, hsa-miR-6780b-5p 
and hsa-miR-1227-5p was significantly up-regulated in M2-exo compared to M0-exo. GO and KEGG enrichment analy‑
sis revealed that the downstream targets of DE-miRNAs were mainly involved in the differentiation and migration of 
multiple cells.

Conclusions:  In summary, we have indicated for the first time that M2-exo can promote osteogenic differentiation 
of human PDLSCs, and have revealed the functions and pathways involved in the DE-miRNAs of M0-exo and M2-exo 
and their downstream targets.

Keywords:  Orthodontic tooth movement, Periodontal ligament stem cells, Macrophage polarization, Exosome, 
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Introduction
Orthodontic tooth movement (OTM) is a process of bone 
remodeling occurring in periodontal tissues through a 
series of physiological reactions, with bone remodeling 
on the tension side of the bone and bone resorption on 
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the pressure side, ultimately achieving tooth movement 
[1, 2]. The periodontium connects the cementum to the 
alveolar bone through the type I fibers, which main-
tain the nutritional supply of the orthodontic teeth, and 
transmit and absorb mechanical stresses [3]. Periodontal 
ligament stem cells (PDLSCs), a critical cell in periodon-
tal tissue engineering, were first identified by Seo et  al. 
[4] when isolated and cultured from periodontal tissue of 
third molars. PDLSCs have been shown to have a positive 
effect on OTM through their multipotential differentia-
tion capacity towards osteogenic, lipogenic and chondro-
genic lineages similar to other mesenchymal stem cells, 
forming new periodontal support tissues to reconstruct 
the attachment relationship between cementum and 
alveolar bone [4, 5]. Consequently, maintaining and pro-
moting the properties of PDLSCs is essential for OTM.

Exosomes are nanoscale vesicles that can be secreted 
by most cells, with a diameter of about 30–150 nm, and 
are widely present in various body fluids in the human 
body. Exosomes carry a variety of biologically active 
substances, such as proteins, lipids, DNA and RNA, 
which play an important role in intercellular communi-
cation and signal transduction, and are involved in the 
regulation of biological processes, including the immune 
response, cell proliferation and differentiation. [6, 7]. Pre-
vious studies have demonstrated that human exfoliated 
deciduous teeth (SHED)-derived exosomes can promote 
osteogenic differentiation of PDLSCs through activa-
tion of Wnt and BMP signaling pathways [8]. Bone mar-
row mesenchymal stem cells (BMSCs)-derived exosomes 
enhance migration, proliferation and differentiation 
of PDLSCs to promote periodontal regeneration [9]. 
Mechanical strain-induced osteocyte-derived exosomes 
inhibit PTEN/AKT signaling pathway via miR-181b-5p 
to promote proliferation and osteogenic differentiation 
of human PDLSCs (hPDLSCs) by BMP2/Runx2 [10]. It is 
indicated that multiple sources of exosomes contribute to 
the osteogenic differentiation of PDLSCs, and it is posi-
tive to deeply explore the effect of exosomes on PDLSCs 
for OTM treatment.

Macrophages, as one of the main immune cells in 
the periodontal microenvironment, are involved in 
OTM. Macrophage polarization exists mainly in the 
state of classically activated macrophages (M1 mac-
rophages) and alternatively activated macrophages 
(M2 macrophages) [11, 12]. Osteoclasts, which play a 
major role on the pressure side of the OTM process, 
are derived from monocytes/macrophages. Earlier 
studies have shown the presence of M1 macrophages 
on the stress side of OTM and that the proportion is 
significantly increased [13, 14]. Notably, the interac-
tion between macrophages and PDLSCs via exosomes 
may be indispensable for repair and regeneration of 

periodontal tissue and OTM. Previous studies have 
revealed that PDLSCs induce macrophages towards the 
M2 phenotype, and contribute to the enhancement of 
periodontal regeneration during the early stages of tis-
sue repair [15]. Liu et al. [16] also showed that PDLSCs 
promote M2 polarization in macrophages via the JNK 
pathway. LPS-stimulated PDLSCs induce M1 polariza-
tion of macrophages via extracellular vesicles, which is 
detrimental to osteogenic differentiation [17]. He et al. 
[18] indicated that PDLSCs produce H2S in response 
to mechanical stimulation to promote macrophage 
polarization to the M1 phenotype, which contributes 
to bone remodeling and OTM. It is suggested that the 
regulation of macrophage polarization by PDLSCs is 
an important pathway for periodontal tissue regenera-
tion and OTM. However, it remains to be investigated 
whether exosomes derived from different polarization 
states of macrophages have an effect on the osteogenic 
differentiation of PDLSCs.

Based on the above studies, we hypothesized that 
exosomes derived from different polarization states 
of macrophages are involved in regulating the osteo-
genic differentiation process of PDLSCs. Furthermore, 
we analyzed the differentially expressed microRNAs 
(DE-miRNA) in M0 macrophage-derived exosomes 
(M0-exo) and M2 macrophage-derived exosomes 
(M2-exo) by miRNA microarray. It aimed to elucidate 
the interaction mechanism between macrophages and 
PDLSCs in OTM, and to disclose the key factors.

Materials and method
Induction and identification of macrophage polarization
THP-1 cells and complete medium were purchased 
from National Collection of Authenticated Cell Cul-
tures (China; Cat. No.: TCHu 57). THP-1 cells were 
inoculated in complete medium and cultured in incu-
bator conditions of 37  °C, 5% CO2, and 90% humid-
ity. THP-1 cells (1 × 106 cells /mL) were inoculated in 
6-well plates and M0 macrophages were induced by 
stimulation with 100  ng/ml PMA (Solarbio, China) 
for 6  h. M0 macrophages were incubated with 20  ng/
ml IFN-γ and 100  ng/ml LPS (Solarbio) for 48  h to 
induce M1 macrophages. M0 macrophages were incu-
bated with 20  ng/ml IL-4 and 20  ng/ml IL-13 (Solar-
bio) for 48 h to induce M2 macrophages. Macrophages 
were collected, and CD68 and CD80, CD16 and CD86, 
CD163 and CD206 (BD Biosciences, San Jose, CA, 
USA) were detected using a BD-FACSAria™ Fusion 
flow cytometer (BD Biosciences, San Jose, CA, USA) 
to identify M0, M1 and M2 macrophages as described 
previously, respectively [19, 20].
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Isolation and identification of macrophage‑derived 
exosomes
Briefly, after induction of THP-1 cells (1 × 106 cells /mL) 
into M0, M1 and M2 macrophages, RPMI-1640 com-
plete medium was continued for 24 h and then replaced 
with serum-free RPMI-1640 medium for 24 h. M0 mac-
rophage-derived exosomes (M0-exo), M1 macrophage-
derived exosomes (M1-exo) and M2 macrophage-derived 
exosomes (M2-exo) were prepared by differential cen-
trifugation. Briefly, the supernatants of M0, M1 and M2 
macrophages were collected and centrifuged at 300 g for 
10 min to remove cells, at 2000 g for 10 min to remove 
dead cells and at 10,000 g for 30 min with 4℃ to remove 
cell debris. Subsequently, the supernatant was transferred 
to an ultracentrifuge tube and centrifuged at 100,000  g 
for 90 min with 4℃ to precipitate exosomes. Finally, the 
exosomes were resuspended in pre-cooled PBS and cen-
trifuged again at 100,000 g for 90 min with 4℃ to obtain 
exosomes. Moreover, M0-exo, M1-exo and M2-exo were 
quantified using a spectrophotometer at 405 nm by refer-
ring to instructions of EXOCET Exosome Quantitation 
Assay Kit (System Biosciences, San Francisco, CA, USA). 
The concentrations of M0-exo, M1-exo and M2-exo 
were 5.32 (OD405nm = 0.09821), 5.96 (OD405nm = 0.1059) 
and 4.36 (OD405nm = 0.0867) μg/μl, respectively. Accord-
ing to the standard curve (y = 0.0012x + 0.0176) conver-
sion, 1 × 106 THP-1 cells can be separated approximately 
6.718 × 108 M0-exo, 7.358 × 108 M1-exo and 5.758 × 108 
M2-exo, respectively. The morphological features of 
M0-exo, M1-exo and M2-exo were observed by Talos 
F200X G2 TEM transmission electron microscopy 
(TEM; Thermo Fisher Scientific, Waltham, MA, USA) as 
previously described [21]. Expression of exosome mark-
ers CD9, TSG101 and ALIX were detected by Western 
blotting for M0-exo, M1-exo and M2-exo and the cor-
responding supernatants. After identification, the lipid 
dyes PKH67 (Sigma-Aldrich) were used to label M0-exo, 
M1-exo and M2-exo by referring to the instructions.

Isolation and identification of primary hPDLSCs
The hPDLSCs were separated from premolar teeth (15–
30 years of age), which required extraction for orthodon-
tic treatment. Inclusion criteria: (1) no systemic disease; 
(2) no history of smoking; (3) no history of long-term 
medication use; (4) healthy periodontal tissues. Exclusion 
criteria: (1) dental tissues with dental disease or inflam-
mation; (2) patients refused to sign the informed consent 
form. All patient or guardian has signed an informed 
consent form, and the study has been approved by the 
Ethics Committee of Hospital of Stomatology, Kun-
ming Medical University/Yunnan Stomatology Hospi-
tal (Approval Number: KYKQ2022MEC005). Primary 

culture of hPDLSCs was performed as described previ-
ously [22], and 3–5 generations of hPDLSCs were used 
for subsequent studies. CD4, CD90, CD34 and CD45 
were detected by flow cytometry (BD Biosciences) as 
previously described [23, 24] to identify hPDLSCs. Lipo-
genic and osteogenic differentiation of hPDLSCs were 
induced as previously described [24], and were identi-
fied using oil red O staining and Alizarin red S staining, 
respectively.

After identification, osteogenic inducers (10–8  mol/L 
dexamethasone, 50  μg/ml vitamin C and 10  mmol/L 
sodium β-glycerophosphate) induced osteogenic differ-
entiation of hPDLSCs, and hPDLSCs were treated with 
10, 25, 50 and 100 μg/ml of M0-exo, M1-exo and M2-exo, 
respectively, for subsequent assays.

Alizarin red S staining (ARS)
On day 21 of osteogenesis induction and exosome treat-
ment, each group of hPDLSCs was fixed with 4% para-
formaldehyde at room temperature for 30  min and 
incubated with 1% alizarin red staining solution (Solar-
bio) at 37 ℃ for 30  min. Mineralized nodules were 
observed and photographed under an inverted micro-
scope. The calcified nodules were lysed in alizarin red-
stained cells by adding 500 μl of 1% cetylpyridine chloride 
solution for 1 h. Subsequently, 200 μl of this solution was 
used to measure the absorbance of the calcified nodules 
by spectrophotometry at 562 nm.

Western blotting assay
RIPA buffer (Beyotime, China) and ProteoPrep® Total 
Extraction Sample Kit (Sigma-Aldrich, St. Louis, MO, 
USA) were used to lyse hPDLSCs (osteogenesis induc-
tion and exosome treatment at d 7 and 21) and exosomes, 
respectively, to obtain total protein. The concentration 
of hPDLSCs and total exosomal proteins was measured 
using BCA Protein Assay Kit (Beyotime). Equal amounts 
of proteins were added on SDS-PAGE and electrophore-
sis was performed, followed by transfer to PVDF mem-
brane. The membrane was blocked with 5% BSA for 2 h at 
room temperature and the exosome-loaded membranes 
were incubated overnight at 4  °C with rabbit monoclo-
nal antibodies CD9 (1:1000; ab236630), TSG101 (1:3000; 
ab125011) and ALIX (1:1000; ab275377). The hPDLSCs 
samples were incubated overnight with rabbit polyclonal 
antibodies to ALP (1:1000; ab229126) and OCN (1:2000; 
ab93876). The membrane was washed 3 times with PBST 
and incubated with Goat Anti-Rabbit IgG H&L (HRP) 
(1:5000; abcam; ab205718) for 1 h at 37  °C. β-actin was 
used as an internal reference. The ECL kit (Beyotime) 
was used for development and the bands on the mem-
brane were scanned and imaged by E-Gel Imager gel 
imaging system (Thermo Fisher Scientific). All the above 
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antibodies were purchased from Abcam plc (Cambridge, 
MA, USA). The results were quantified using Image J 
software.

RNA extraction and RT‑PCR assay
Total RNA in hPDLSCs was extracted using Trizol rea-
gent (Thermo Fisher Scientific). Extraction of miRNA 
from exosomes by Qiagen miRNeasy Mini Kit (QIA-
GEN, Duesseldorf, Germany). Total RNA was reverse-
transcribed to cDNA according to the instructions of 
SuperScript First-Strand Synthesis System (Thermo 
Fisher Scientific), and RT-qPCR was performed by SYBR 
GreenMaster Mix (Thermo Fisher Scientific) to detect 
the expression of mRNA and miRNA. The primers for 
mRNA and miRNA are shown in Table 1. β-actin and U6 
were used as internal references for mRNA and miRNA, 
respectively. The 2−ΔΔCt method was used to calculate the 
relative expression levels of mRNA and miRNA.

MiRNA Microarray and bioinformatics analysis
MiRNA microarray was performed using Agilent Human 
miRNA Microarray Kit, Release 21.0, 8 × 60  K (Agilent, 
Santa Clara, CA, USA) by oebiotech (Shanghai, China). 
Briefly, total RNA in M0-exo and M2-exo was isolated 
using mirVana™ PARIS™ Kit (Invitrogen, Carlsbad, CA, 
USA). G2505C GeneChip Scanner (Agilent) for gene 
chip scanning. After scanning, the data was extracted by 
Feature Extraction software and the raw data were nor-
malized by Genespring for subsequent data analysis. Bio-
informatics analysis was also carried out by oebiotech. 
The screening threshold for DE-miRNA was absolute 
log2 FC ≥ 1 and P < 0.05. Downstream targeting of DE-
miRNA was predicted through miRWalk and miRNADB 

databases. The threshold for GO [25] and KEGG [26] 
enrichment analysis of DE-miRNA targets was P < 0.05.

Statistical analysis
All experiments were repeated at least three times, 
and data represent as mean ± standard deviation (SD). 
GraphPad Prism software (8.3.0 versions; GraphPad, San 
Diego, CA, USA) was used for statistical analysis and 
visualization. Student T test and One-Way ANOVA were 
used for comparison between two and multiple groups, 
respectively. P < 0.05 represents statistical significance.

Results
Isolation and identification of M0‑exo, M1‑exo and M2‑exo
The flow chart of this study is shown in Fig. 1. As shown 
in Fig. 2a, after the induction of THP-1 by PMA, the cell 
morphology appeared to be polygonal with sub-circu-
lar shape and transformed into anchorage-dependent 
cell. After IFN-γ and LPS induction, M1 macrophages 
long shuttle-shaped cells with elongated pseudopods. 
After induction of M0 macrophages by IL-4 and IL-13, 
the morphology of M2 macrophages was similar to 
that of M0 macrophages and had a shorter pseudo-
pod. Flow cytometry results displayed that the percent-
age of induced M0 macrophages positive for CD68, 
CD80 CD16, CD86, CD163 and CD206 were 95.98%, 
92.47%, 4.28%, 8.68%, 4.59%, and 7.41%, the percent-
age of induced M1 macrophages positive for CD16 and 
CD86 were 89.48% and 94.80%, and the percentage of 
induced M2 macrophages positive for CD163 and CD206 
were > 90%, respectively (Fig. 2b). Therefore, the polariza-
tion rates were 85.20% and 86.12% for CD16- and CD86-
positive M1 macrophages, and 86.96% and 86.89% for 

Table 1  Primers used in RT-qPCR

Target Forward primer (5′–3′) Reverse primer (5′–3′)

ALP CTG​AAG​CCT​CCG​TGG​AAC​AT TGA​CCA​CAA​AGA​CTC​AGC​TC

OCN CCC​TTT​CTC​CTG​TCC​GGA​TG GCT​GAG​CTC​TAG​GGG​AGT​CT

β-actin GGC​TCT​TTT​CCA​GCC​TTC​CT AAT​GCC​AGG​GTA​CAT​GGT​GG

hsa-miR-6785-3p GGA​GGG​CGT​GGA​TGA​TGG​ GGA​AGG​TGG​GGC​GAT​GTG​

hsa-miR-6507-3p GCC​GAG​CAA​AGU​CCU​UCC​ GUG​UGG​UCA​GUA​CCA​UGC​

hsa-miR-4731-3p GGT​ACA​AGG​TGC​CTG​TTG​GA CCT​CAG​GGT​GAG​GGA​TCT​GA

hsa-miR-4728-3p AGG​ATG​ATG​CAC​TGT​TGG​GG CTT​GAC​TCC​CCA​GTG​AAC​CC

hsa-miR-3614-5p GTT​CTG​TCT​TGG​GCC​ACT​TG ACA​CCA​AGA​TCT​GAA​GGC​TAC​

hsa-miR-6780b-5p CAG​CCT​GGG​GAA​GGC​TTG​ AAA​GGA​GAC​AAG​GGA​GAG​GC

hsa-miR-6085 TGG​GCC​CAG​CTT​TAC​ATA​GT CCT​TCA​GCA​CCT​TTT​GCA​ACC​

hsa-miR-4800-5p GGA​GTG​GCC​AGG​AAG​GAA​G CTG​ACA​GGT​AGG​TGG​ACA​GACG​

hsa-miR-4778-5p TCG​GCA​GGC​UGU​AAAGG​ CAG​TGC​AGG​GTC​CGA​GGT​A

hsa-miR-1227-5p GTG​GTG​GGC​ACT​GCTGG​ CTG​GGG​AAA​AGG​GTG​GCA​

U6 CCC​TTC​GGG​GAC​ATC​CGA​TA TTT​GTG​CGT​GTC​ATC​CTT​GC
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CD163- and 206-positive M1 macrophages. The above 
results indicate that we successfully induced M0, M1 and 
M2 macrophages.

Further, we separated M0-exo, M1-exo and M2-exo 
respectively. TEM revealed that the vesicles isolated from 
M0, M1 and M2 macrophages were all bilayer struc-
tures and ranged in size from 50–150 nm (Fig. 2c). Fur-
thermore, western blotting results demonstrated that 
M0-exo, M1-exo and M2-exo expressed exosome mark-
ers ALIX, CD9 and TSG101, and that ALIX, CD9 and 
TSG101 were not or less expressed in the cell superna-
tant (Fig.  2d). The above results illustrate that we have 
successfully separated M0-exo, M1-exo and M2-exo.

Identification of hPDLSCs
We cultured hPDLSCs in primary culture and identified 
the levels of isolated hPDLSCs markers by flow cytom-
etry. The results showed that hPDLSCs were positive for 
CD44 and CD90 (positive percentage > 90%) and negative 
for CD34 and CD45 (positive percentage < 5%) (Fig. 3a). 
Moreover, we assessed the differentiation ability of pri-
mary cultured hPDLSCs. As displayed in Fig.  3b-c, pri-
mary cultured hPDLSCs had osteogenic and lipogenic 

differentiation abilities. The above results indicate that 
we successfully isolated CD34−CD45−CD44+CD90+ 
hPDLSCs.

Effects of M0‑exo, M1‑exo and M2‑exo on osteogenic 
differentiation of hPDLSCs
The effects of M0-exo, M1-exo and M2-exo on the oste-
ogenic differentiation of hPDLSCs are not well under-
stood by the available studies. At first, we used PKH67 
to label M0-exo, M1-exo, and M2-exo to verify whether 
hPDLSCs were capable of uptake. The results displayed 
that M0-exo, M1-exo and M2-exo were all able to enter 
into hPDLSCs (Fig.  4a). Then, we treated activated 
macrophages with different concentrations of M0-exo, 
M1-exo and M2-exo to explore the effects of M0-exo, 
M1-exo and M2-exo on osteogenic differentiation of 
hPDLSCs. ARS results exhibited that, under conditions 
of osteogenic induction, M0-exo had no significant effect 
on the formation of mineralized nodules, while M1-exo 
significantly limited the formation of mineralized nodules 
in hPDLSCs, and M2-exo did the opposite (Fig. 4b-c).

RT-qPCR results showed that M0-exo had no signifi-
cant effect on ALP mRNA expression in hPDLSCs either 

Fig. 1  Flow chart of this study
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at day 7 or 21 after osteogenic induction (Fig.  5a–b). 
Interestingly, M1-exo significantly restrained ALP mRNA 
expression in hPDLSCs at either the 7th or 21st day, with 
the most significant effect after 100 μg/ml treatment for 
the 21st day (Fig. 5a–b). In contrast, M2-exo was able to 
significantly upregulate ALP mRNA expression, and the 
effect was most pronounced after 50 μg/ml treatment for 

21 d (Fig. 5a–b). OCN mRNA expression was similar to 
that of ALP (Fig.  5c–d). Furthermore, we explored the 
effects of M0-exo, M1-exo and M2-exo on the expres-
sion of ALP and OCN proteins in hPDLSCs. The results 
revealed that neither M0-exo nor M1-exo had a signifi-
cant effect on the expression of ALP and OCN proteins 
in hPDLSCs at 7 d, but M2-exo at 25 μg/ml, 50 μg/ml and 

Fig. 2  Identification of M0, M1 and M2 macrophage-derived exosomes. A Morphology of M0, M1 and M2 macrophages under inverted 
microscope. Original magnification: 100 × . B Flow cytometry identification of the proportion of positive M0, M1 and M2 macrophage markers. C 
Morphology and size of M0-exo, M1-exo and M2-exo under TEM. D Western blotting was used to detect the expression of exosomal markers ALIX, 
CD9 and TSG101 in macrophage supernatants and M0-exo, M1-exo and M2-exo
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100 μg/ml upregulated the expression of ALP and OCN 
proteins in hPDLSCs compared to the Induced group 
(Fig. 5e). At 21 d of osteogenesis induction, all concentra-
tions of M1-exo reduced ALP and OCN protein expres-
sion, while M2-exo did the opposite (Fig. 5f ).

The above results demonstrate that M2-exo promotes 
the osteogenic differentiation of hPDLSCs, while M1-exo 
facilitates the opposite.

Identification of DE‑miRNA in M0‑exo and M2‑exo
As M2-exo can promote osteogenic differentiation of 
hPDLSCs, while M0-exo has no effect. Consequently, 
we used miRNA microarray to identify DE-miRNAs in 
M0-exo and M2-exo. Analysis revealed that a total of 
52 DE-miRNAs were present in M2-exo compared to 
M0-exo, including 22 downregulated and 30 upregu-
lated DE-miRNAs (Fig.  6a). TOP5 of downregulated 
and upregulated DE-miRNAs are shown in Table  2. To 
verify this result, we performed RT-qPCR. The results 
displayed that, compared to M0-exo, the expression of 

hsa-miR-6507-3p, hsa-miR-4731-3p, hsa-miR-4728-3p, 
hsa-miR-3614-5p and hsa-miR-6785-3p was significantly 
downregulated in M2-exo (Fig.  6b), and hsa-miR- 6085, 
hsa-miR-4800-5p, hsa-miR-4778-5p, hsa-miR-6780b-5p, 
and hsa-miR-1227-5p were significantly upregulated 
(Fig.  6c). This result is consistent with the microarray 
data. In further, we predicted the downstream targets 
of DE-miRNAs by miRWalk and miRDB databases. The 
Venn diagram exhibited that all DE-miRNAs had 1643 
common targets in both databases, of which downregu-
lated DE-miRNAs had 357 and upregulated DE-miRNAs 
had 1286 (Fig. 6d).

GO and KEGG enrichment analysis of DE‑miRNA targets
GO enrichment analysis revealed that DE-miRNA 
downstream targets were enriched for terms including 
“cell junction”, “neuron migration”, “positive regulation 
of macrophage differentiation”, “negative regulation of 
fat cell differentiation”, “negative regulation of osteo-
blast differentiation”, “osteoclast differentiation”, “neuron 

Fig. 3  Identification of hPDLSCs. A Proportion of positive hPDLSCs markers identified by flow cytometry. B ARS and C Oil red O staining were 
performed to assess the osteogenic differentiation and lipogenic differentiation of hPDLSCs, respectively. The four representative images of ARS and 
Oil red O staining indicate the four replicates of PDLSCs induced osteogenic and lipogenic differentiation, respectively
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differentiation”, which are mainly involved in cell migra-
tion and differentiation processes of a variety of cells 
(Fig.  7a–c and Additional files 1, 2, 3). The results of 
KEGG enrichment analysis showed that the main 
enriched pathways of DE-miRNA downstream targets 
included "Ras signaling pathway", "MAPK signaling path-
way", "Osteoclast differentiation", "Th17 cell differen-
tiation", "Th1 and Th2 cell differentiation", " Long-term 
potentiation" etc. (Fig. 7d–f and Additional files 4, 5, 6). 
The above results suggest that DE-miRNAs in M2-exo 
are most likely involved in regulating osteogenic differen-
tiation of hPDLSCs through these targets.

PPI network construction for DE‑miRNA targets
As displayed in Fig.  8a, the network is a PPI network 
of all DE-miRNA targets, in which the genes with high 
linkage include MAPK1/3/8/14, CERB1, ESR1, STAT1, 
VEGFA, etc. (Additional file 7). The hub gene in the PPI 
network of downregulated DE-miRNA targets includes 
MECP2, GNB4, NTRK2, SIN3A, RAP1A, etc. (Fig.  8b 
and Additional file 8). The PPI network of upregulated 
DE-miRNA targets was similar to that of all DE-miRNA 
targets (Fig. 8c and Additional file 9). It is implied that 
these genes may be key targets of M2-exo involved 

Fig. 4  Effect of M0-exo, M1-exo and M2-exo on osteogenic differentiation of hPDLSCs. A Fluorescence microscopic observation of exosome uptake 
by hPDLSCs after PKH67 labeling of M0-exo, M1-exo and M2-exo. Scale bar: 20 μm. B The effect of M0-exo, M1-exo and M2-exo on the formation of 
mineralized nodules was observed by ARS after 21 days of osteogenic induction. Original magnification: 100 × . C Spectrophotometric detection of 
absorbance of mineralized nodules using a spectrophotometer. Values are mean ± SD (n = 3 for each group). Compared to Induced group, *P < 0.05, 
**P < 0.01, ***P < 0.001, and ns means no significant difference
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in regulating osteogenic differentiation of hPDLSCs 
through the transport of DE-miRNAs.

Discussion
With the improvement of living standards and the pop-
ularization of oral health knowledge, more and more 
patients are requesting orthodontic treatment to improve 
facial aesthetics and oral function. However, many 
patients are often discouraged by the 2–3-year ortho-
dontic cycle and choose to abandon orthodontic treat-
ment or opt for other treatment options. The search for 
efficient and safe methods to accelerate tooth movement 
during orthodontic treatment has been one of the hot-
spot and difficulties in orthodontic research in recent 
years. To solve this difficulty, the focus is to clarify the 
biological mechanisms that regulate periodontal tissue 
remodeling and bone remodeling during OTM. In the 
present study, we explored for the first time the effects 
of M0-exo, M1-exo and M2-exo on osteogenic differen-
tiation of hPDLSCs, which provides new insights into the 
involvement of macrophage polarization in the OTM.

OTM is dependent on the periodontal membrane and 
the modification of bone tissue, which is a continuous 
and balanced process [2, 3]. When this process is inade-
quate or incomplete, it often leads to relapse after ortho-
dontic treatment, which is often encountered in clinical 
practice. Therefore, the role of the periodontium in sup-
porting the teeth and maintaining periodontal homeo-
stasis is very important for OTM. In the current study, 
we found that M0-exo, M1-exo, and M2-exo were all 
taken up by hPDLSCs, and that M2-exo favored osteo-
genic differentiation of hPDLSCs, while M1-exo showed 
the opposite, and M0-exo had no significant effect. 
In fact, there is a lack of studies on the effect of mac-
rophage polarization on the osteogenic differentiation of 
hPDLSCs. However, the role of macrophage polarization 
in bone homeostasis of OTM is well documented, with 
M2 macrophages contributing to the periodontal tis-
sue remodeling process [27–29] and M1 macrophages 
favoring osteoclastogenesis, periodontal tissue inflam-
mation and bone loss [30–32]. Notably, previous stud-
ies have demonstrated that, under normal conditions, 
PDLSCs promote macrophage polarization toward M2, 

Fig. 5  Effect of M0-exo, M1-exo and M2-exo on ALP and OCN expression in hPDLSCs. The expression of (A–B) ALP and (C–D) OCN mRNAs were 
detected by RT-qPCR at day 7 and of osteogenesis induction, respectively. The expression of ALP and OCN protein in hPDLSCs was detected by 
Western blotting at (E) day 7 and (F) 21 after osteogenic induction. Values are mean ± SD (n = 3 for each group). Compared to Induced group, 
*P < 0.05, **P < 0.01, ***P < 0.001; #P < 0.05, ##P < 0.01, ###P < 0.001, and ns means no significant difference
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which facilitates the regeneration of periodontal tis-
sue [15, 33]; In response to lipopolysaccharide or force 
induction, PDLSCs then increase the ratio of M1/M2 
macrophages, which contributes to inflammatory bone 
remodeling and OTM processes [18, 34]. Obviously, our 
results complement the interaction between PDLSCs and 
macrophage polarization, and these findings well com-
pensate for the regulation of osteogenic differentiation 
of hPDLSCs by macrophage-derived exosomes with dif-
ferent polarization states, and also exposed the intercel-
lular communication between macrophage polarization 
and hPDLSCs via exosomes during the OTM process. 
Nevertheless, the mechanisms of M0-exo, M1-exo and 
M2-exo on osteogenic differentiation of PDLSCs are still 

Fig. 6  Identification of DE-miRNAs in M0-exo and M2-exo. A Differential expression analysis of miRNAs in M0-exo and M2-exo. From left to right 
are heat map, scatterplot and volcanoplot. Threshold: absolute log2 FC ≥ 1 and P < 0.05. RT-qPCR was applied to examine the expression of (B) 
TOP5 down-regulated DE-miRNA and C TOP5 up-regulated DE-miRNA in M0-exo and M2-exo. C Prediction of target genes for (left) All DE-miRNA, 
(middle) down DE-miRNA and (right) up DE-miRNA using miRWalk and miRNADB databases. Values are mean ± SD (n = 3 for each group). 
Compared to M0-exo group, **P < 0.01, ***P < 0.001

Table 2  TOP5 of downregulated and upregulated DE-miRNA

ProbeID P value Log2 Fold 
change (FC)

Regulation

hsa-miR-4731-3p 0.0252 − 3.5911 Down

hsa-miR-6785-3p 0.0009 − 3.3081 Down

hsa-miR-6507-3p 0.0220 − 3.2727 Down

hsa-miR-4728-3p 0.0074 − 3.1674 Down

hsa-miR-3614-5p 0.0052 − 2.8212 Down

hsa-miR-6780b-5p 0.0000 5.5106 Up

hsa-miR-4800-5p 0.0000 5.4463 Up

hsa-miR-6085 0.0001 5.2149 Up

hsa-miR-4778-5p 0.0000 5.1013 Up

hsa-miR-1227-5p 0.0000 4.9560 Up
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Fig. 7  GO and KEGG enrichment analysis of DE-miRNA targets. GO [25] enrichment analysis of (A) All DE-miRNA, B down-regulated DE-miRNA 
and C up-regulated DE-miRNA target genes were obtained for TOP30 term (P < 0.05). The TOP30 pathway was obtained by KEGG [26] pathway 
enrichment analysis of (D) All DE-miRNA, E down-regulated DE-miRNA and F up-regulated DE-miRNA target genes (P < 0.05)
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unclear. Increasingly, miRNAs have been found to play a 
role in intercellular signaling through exosomal transport 
and to be involved in periodontal tissue regeneration and 
bone remodeling processes. Such as, osteoblast-derived 
exosome miR-23a-5p can effectively inhibit osteogenic 
differentiation by targeting Runx2 and promoting YAP1 
[35]. M2 macrophage-derived exosome-carried miRNA-
26a-5p induces osteogenic differentiation of BMSC 
[29]. Based on this, we hypothesized that the effect of 
macrophage-derived exosomes with different polariza-
tion states on the osteogenic differentiation of hPDLSCs 
might be achieved by miRNAs. We found that a total of 
52 DE-miRNAs were present in M2-exo macrophages 
compared to M0-exo, and we verified the expression of 
TOP5 of downregulated and upregulated DE-miRNAs 
by RT-qPCR. Remarkably, 52 downstream targets of DE-
miRNAs are involved in the differentiation process of 
multiple cells. Interestingly, a small number of the 52 DE-
miRNAs have been shown to have important regulatory 
roles in osteogenic differentiation. For example, let-7c-5p 
inhibits the activation of PI3K/Akt signaling pathway 
by targeting HMGA2, thereby promoting DPSC osteo-
genic differentiation [36]. Linc02349 as ceRNA activates 
SMAD5/Dlx5/OSX pathway via sponging miR-25-3p 
to promote osteogenic differentiation of human umbili-
cal cord-derived stem cells [37]. Emphatically, miR-29 
in 52 DE-miRNAs has been shown in OTM to serve as a 
potential biomarker for periodontal remodeling [38–40]. 
Notably, the effects of the downstream targets of these 
DE-miRNAs in the regulation of osteogenic differentia-
tion were also demonstrated, including FOXP1, MAPK14 
CSF1, etc. For instance, FOXP1 facilitates osteogenic dif-
ferentiation of adipose-derived mesenchymal stem cells 
and bone regeneration in osteoporosis [41]. Phosphoryla-
tion of MAPK14 benefits the osteogenic differentiation 

of human mesenchymal stem cells [42], and inhibits the 
osteolytic differentiation of bone marrow macrophages 
[43]. It is strongly indicated that M0-exo, M1-exo and 
M2-exo are most likely involved in the OTM process by 
transporting these DE-miRNAs to achieve regulation of 
osteogenic differentiation of hPDLSCs.

Although the results we obtained are positive, our 
study still has many flaws. Although we have explored 
the effect of macrophage-derived exosomes with differ-
ent polarization states on the osteogenic differentiation 
of hPDLSCs in vitro, in vivo experiments are lacking for 
validation. We identified only DE-miRNAs, but their bio-
logical functions in the regulation of OTM processes in 
in  vivo and in  vitro models remain to be validated. The 
mechanism of action of DE-miRNA downstream targets 
is also to be further explored and validated. Moreover, we 
could also assay the RANKL/OPG ratio in hPDLSCs to 
further reflect the effect of M0, M1 and M2 macrophages 
on osteogenesis / osteoclastogenesis. Nevertheless, we 
elucidated for the first time that differentially polarized 
macrophage-derived exosomes are regulatory for osteo-
genic differentiation of hPDLSCs, and provided some 
potential DE-miRNAs whose functions are also the focus 
of our subsequent studies.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12903-​022-​02682-5.

Additional file 1. GO enrichment results for all DE-miRNA targets.

Additional file 2. GO enrichment results for down-regulated DE-miRNA 
targets.

Additional file 3. GO enrichment results for up-regulated DE-miRNA 
targets.

Additional file 4. KEGG pathway enrichment results for all DE-miRNA 
targets.

Fig. 8  Construction of PPI network for DE-miRNA targets. PPI network of (A) All DE-miRNA, B down-regulated DE-miRNA and C up-regulated 
DE-miRNA target genes. The top 25 nodes (genes) in terms of connectivity are selected for the graph, and the size of the circle represents the level 
of connectivity, with larger circles indicating higher connectivity

https://doi.org/10.1186/s12903-022-02682-5
https://doi.org/10.1186/s12903-022-02682-5


Page 13 of 14Liao et al. BMC Oral Health          (2022) 22:647 	

Additional file 5. KEGG pathway enrichment results for down-regulated 
DE-miRNA targets.

Additional file 6. KEGG pathway enrichment results for up-regulated 
DE-miRNA targets.

Additional file 7. Details of the PPI network for all DE-miRNA targets.

Additional file 8. Details of the PPI network for down-regulated DE-
miRNA targets.

Additional file 9. Details of the PPI network for up-regulated DE-miRNA 
targets.

Acknowledgements
Not applicable.

Author contributions
Conceptualization, X.L. and J.H.; Performed the experiments, X.L., Z.G., Z.Y., and 
L.M.; Analyzed the data, X.L., Y.D. and C.L.; resources, J.H.; Data Curation, X.L. 
and J.H.; Writing-original draft preparation, X.L., Z.G. and Z.Y.; Writing-review 
and editing, L.M., Y.D., C.L. and J.H.. All authors have read and agreed to the 
published version of the manuscript.

Funding
National Natural Science Foundation of China (NSFC; Grant No. 81860200). 
Applied Basic Research Joint Special Project of Yunnan Provincial Science 
and Technology Department and Kunming Medical University [Grant No. 
2019FE001(-008)]. Yunnan Provincial Science and technology Innovation Team 
project (Grant No. 202105AE160004).

Availability of data and materials
The datasets generated and/or analysed during the current study are available 
in the GEO repository (https://​www.​ncbi.​nlm.​nih.​gov/​geo/​query/​acc.​cgi?​acc=​
GSE20​9957).

Declarations

Ethics approval and consent to participate
This study was approved by the Ethics Committee of the Ethics Committee of 
Hospital of Stomatology, Kunming Medical University/Yunnan Stomatology 
Hospital (Approval Number: KYKQ2022MEC005). The research has been carried 
out in accordance with the World Medical Association Declaration of Helsinki. 
The patient or guardian has signed an informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Orthodontics, Hospital of Stomatology, Kunming Medical 
University/Yunnan Stomatology Hospital, Building C, Hecheng International, 
No. 1088 Middle Haiyuan Road, Kunming 650106, Yunnan Province, China. 
2 Stomatology Center, the First People’s Hospital of Yunnan, Kunming, China. 
3 Biomedical Research Center, Affiliated Calmette Hospital of Kunming Medical 
University/the First Hospital of Kunming, Kunming, China. 

Received: 22 July 2022   Accepted: 20 December 2022

References
	1.	 Antoun JS, Mei L, Gibbs K, et al. Effect of orthodontic treatment on the 

periodontal tissues. Periodontol. 2017;74(1):140–57.
	2.	 Li Y, Jacox LA, Little SH, et al. Orthodontic tooth movement: the biology 

and clinical implications. Kaohsiung J Med Sci. 2018;34(4):207–14.

	3.	 Li Y, Zhan Q, Bao M, et al. Biomechanical and biological responses of peri‑
odontium in orthodontic tooth movement: up-date in a new decade. Int 
J Oral Sci. 2021;13(1):20.

	4.	 Tomokiyo A, Wada N, Maeda H. Periodontal ligament stem cells: regen‑
erative potency in periodontium. Stem Cells Dev. 2019;28(15):974–85.

	5.	 Zhang Z, Deng M, Hao M, et al. Periodontal ligament stem cells in the 
periodontitis niche: inseparable interactions and mechanisms. J Leukoc 
Biol. 2021;110(3):565–76.

	6.	 Zhang Y, Bi J, Huang J, et al. Exosome: a review of its classification, isola‑
tion techniques, storage, diagnostic and targeted therapy applications. 
Int J Nanomedicine. 2020;15:6917–34.

	7.	 Gurung S, Perocheau D, Touramanidou L, et al. The exosome journey: 
from biogenesis to uptake and intracellular signalling. Cell Commun 
Signal. 2021;19(1):47.

	8.	 Wang M, Li J, Ye Y, et al. SHED-derived conditioned exosomes enhance 
the osteogenic differentiation of PDLSCs via Wnt and BMP signaling 
in vitro. Differentiation. 2020;111:1–11.

	9.	 Liu L, Guo S, Shi W, et al. Bone marrow mesenchymal stem cell-derived 
small extracellular vesicles promote periodontal regeneration. Tissue Eng 
Part A. 2021;27(13–14):962–76.

	10.	 Lv PY, Gao PF, Tian GJ, et al. Osteocyte-derived exosomes induced by 
mechanical strain promote human periodontal ligament stem cell pro‑
liferation and osteogenic differentiation via the miR-181b-5p/PTEN/AKT 
signaling pathway. Stem Cell Res Ther. 2020;11(1):295.

	11.	 Sun X, Gao J, Meng X, et al. Polarized macrophages in periodontitis: 
characteristics, function, and molecular signaling. Front Immunol. 
2021;12:763334.

	12.	 Hienz SA, Paliwal S, Ivanovski S. Mechanisms of bone resorption in peri‑
odontitis. J Immunol Res. 2015;2015:615486.

	13.	 Klein Y, Fleissig O, Polak D, et al. Immunorthodontics: in vivo gene expres‑
sion of orthodontic tooth movement. Sci Rep. 2020;10(1):8172.

	14.	 Vandevska-Radunovic V, Kvinnsland IH, Kvinnsland S, et al. Immunocom‑
petent cells in rat periodontal ligament and their recruitment incident to 
experimental orthodontic tooth movement. Science. 1997;105(1):36–44.

	15.	 Liu J, Chen B, Bao J, et al. Macrophage polarization in periodontal liga‑
ment stem cells enhanced periodontal regeneration. Stem Cell Res Ther. 
2019;10(1):320.

	16.	 Liu J, Wang H, Zhang L, et al. Periodontal ligament stem cells promote 
polarization of M2 macrophages. J Leukoc Biol. 2022;5:99.

	17.	 Kang H, Lee MJ, Park SJ, et al. Lipopolysaccharide-preconditioned peri‑
odontal ligament stem cells induce M1 polarization of macrophages 
through extracellular vesicles. Int J Mol Sci. 2018;19(12):985.

	18.	 He D, Liu F, Cui S, et al. Mechanical load-induced H(2)S production by 
periodontal ligament stem cells activates M1 macrophages to promote 
bone remodeling and tooth movement via STAT1. Stem Cell Res Ther. 
2020;11(1):112.

	19.	 Murray PJ, Allen JE, Biswas SK, et al. Macrophage activation and 
polarization: nomenclature and experimental guidelines. Immunity. 
2014;41(1):14–20.

	20.	 Chen J, Zhou R, Liang Y, et al. Blockade of lncRNA-ASLNCS5088-enriched 
exosome generation in M2 macrophages by GW4869 dampens the 
effect of M2 macrophages on orchestrating fibroblast activation. Faseb J. 
2019;33(11):12200–12.

	21.	 Bouchareychas L, Duong P, Covarrubias S, et al. Macrophage exosomes 
resolve atherosclerosis by regulating hematopoiesis and inflammation 
via MicroRNA cargo. Cell Rep. 2020;32(2):107881.

	22.	 Kim K, Yi T, Yun JH. Maintained stemness of human periodontal ligament 
stem cells isolated after prolonged storage of extracted teeth. J Periodon‑
tol. 2016;87(7):e148–58.

	23.	 Dominici M, Le Blanc K, Mueller I, et al. Minimal criteria for defining multi‑
potent mesenchymal stromal cells. The International Society for Cellular 
Therapy position statement. Cytotherapy. 2006;8(4):315–7.

	24.	 Liu Y, Liu C, Zhang A, et al. Down-regulation of long non-coding RNA 
MEG3 suppresses osteogenic differentiation of periodontal ligament 
stem cells (PDLSCs) through miR-27a-3p/IGF1 axis in periodontitis. Aging 
(Albany NY). 2019;11(15):5334–50.

	25.	 Mi H, Muruganujan A, Ebert D, et al. PANTHER version 14: more genomes, 
a new PANTHER GO-slim and improvements in enrichment analysis tools. 
Nucleic Acids Res. 2019;47(D1):D419-d426.

	26.	 Kanehisa M. Toward understanding the origin and evolution of cellular 
organisms. Protein Sci. 2019;28(11):1947–51.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE209957
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE209957


Page 14 of 14Liao et al. BMC Oral Health          (2022) 22:647 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	27.	 Xiong Y, Chen L, Yan C, et al. M2 Macrophagy-derived exosomal miRNA-
5106 induces bone mesenchymal stem cells towards osteoblastic fate by 
targeting salt-inducible kinase 2 and 3. J Nanobiotechnol. 2020;18(1):66.

	28.	 Xu J, Li D, Cai Z, et al. Exosomal lncRNAs NONMMUT000375.2 and NONM‑
MUT071578.2 derived from titanium particle treated RAW264.7 cells 
regulate osteogenic differentiation of MC3T3-E1 cells. J Biomed Mater 
Res A. 2020;108(11):2251–62.

	29.	 Bin-Bin Z, Da-Wa ZX, Chao L, et al. M2 macrophagy-derived exosomal 
miRNA-26a-5p induces osteogenic differentiation of bone mesenchymal 
stem cells. J Orthop Surg Res. 2022;17(1):137.

	30.	 Yu L, Hu M, Cui X, et al. M1 macrophage-derived exosomes aggravate 
bone loss in postmenopausal osteoporosis via a microRNA-98/DUSP1/
JNK axis. Cell Biol Int. 2021;45(12):2452–63.

	31.	 Liang B, Wang H, Wu D, et al. Macrophage M1/M2 polarization 
dynamically adapts to changes in microenvironment and modulates 
alveolar bone remodeling after dental implantation. J Leukoc Biol. 
2021;110(3):433–47.

	32.	 Van Raemdonck K, Umar S, Palasiewicz K, et al. CCL21/CCR7 signal‑
ing in macrophages promotes joint inflammation and Th17-medi‑
ated osteoclast formation in rheumatoid arthritis. Cell Mol Life Sci. 
2020;77(7):1387–99.

	33.	 Liu J, Wang H, Zhang L, et al. Periodontal ligament stem cells promote 
polarization of M2 macrophages. J Leukoc Biol. 2022;111(6):1185–97.

	34.	 Jiang N, He D, Ma Y, et al. Force-induced autophagy in periodontal liga‑
ment stem cells modulates M1 macrophage polarization via AKT signal‑
ing. Front Cell Dev Biol. 2021;9:666631.

	35.	 Yang JX, Xie P, Li YS, et al. Osteoclast-derived miR-23a-5p-containing 
exosomes inhibit osteogenic differentiation by regulating Runx2. Cell 
Signal. 2020;70:109504.

	36.	 Yuan H, Zhao H, Wang J, et al. MicroRNA let-7c-5p promotes osteogenic 
differentiation of dental pulp stem cells by inhibiting lipopolysaccharide-
induced inflammation via HMGA2/PI3K/Akt signal blockade. Clin Exp 
Pharmacol Physiol. 2019;46(4):389–97.

	37.	 Cao L, Liu W, Zhong Y, et al. Linc02349 promotes osteogenesis of human 
umbilical cord-derived stem cells by acting as a competing endogenous 
RNA for miR-25-3p and miR-33b-5p. Cell Prolif. 2020;53(5):e12814.

	38.	 Chen Y, Mohammed A, Oubaidin M, et al. Cyclic stretch and compression 
forces alter microRNA-29 expression of human periodontal ligament 
cells. Gene. 2015;566(1):13–7.

	39.	 Atsawasuwan P, Lazari P, Chen Y, et al. Secretory microRNA-29 expression 
in gingival crevicular fluid during orthodontic tooth movement. PLoS 
ONE. 2018;13(3):e0194238.

	40.	 Kapoor P, Chowdhry A, Bagga DK, et al. MicroRNAs in oral fluids (saliva 
and gingival crevicular fluid) as biomarkers in orthodontics: systematic 
review and integrated bioinformatic analysis. Prog Orthod. 2021;22(1):31.

	41.	 Shen W, Sun B, Zhou C, et al. CircFOXP1/FOXP1 promotes osteogenic 
differentiation in adipose-derived mesenchymal stem cells and 
bone regeneration in osteoporosis via miR-33a-5p. J Cell Mol Med. 
2020;24(21):12513–24.

	42.	 Aenlle KK, Curtis KM, Roos BA, et al. Hepatocyte growth factor and p38 
promote osteogenic differentiation of human mesenchymal stem cells. 
Mol Endocrinol. 2014;28(5):722–30.

	43.	 Deng W, Huang Y, Li H, et al. Dehydromiltirone inhibits osteoclast dif‑
ferentiation in RAW264.7 and bone marrow macrophages by modulating 
MAPK and NF-κB activity. Front Pharmacol. 2022;13:1015693.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Comprehensive analysis of M2 macrophage-derived exosomes facilitating osteogenic differentiation of human periodontal ligament stem cells
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and method
	Induction and identification of macrophage polarization
	Isolation and identification of macrophage-derived exosomes
	Isolation and identification of primary hPDLSCs
	Alizarin red S staining (ARS)
	Western blotting assay
	RNA extraction and RT-PCR assay
	MiRNA Microarray and bioinformatics analysis
	Statistical analysis

	Results
	Isolation and identification of M0-exo, M1-exo and M2-exo
	Identification of hPDLSCs
	Effects of M0-exo, M1-exo and M2-exo on osteogenic differentiation of hPDLSCs
	Identification of DE-miRNA in M0-exo and M2-exo
	GO and KEGG enrichment analysis of DE-miRNA targets
	PPI network construction for DE-miRNA targets

	Discussion
	Acknowledgements
	References


