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Periodontal ligament cells‑derived 
exosomes promote osteoclast 
differentiation via modulating 
macrophage polarization
Xinyi Bai 1,2,7, Yingxue Wang 6,7, Xinyuan Ma 2,3, Yingying Yang 5, Cong Deng 1,2, 
Mengling Sun 2,3, Chen Lin 2,4* & Linkun Zhang 2,4*

Several studies have demonstrated that exosomes (Exos) are involved in the regulation of 
macrophage polarization and osteoclast differentiation. However, the characteristics as well as 
roles of exosomes from human periodontal ligament cells (hPDLCs‑Exos) in M1/M2 macrophage 
polarization and osteoclast differentiation remain unclear. Here, periodontal ligament cells were 
successfully extracted by method of improved Type‑I collagen enzyme digestion. hPDLCs‑Exos were 
extracted by ultracentrifugation. hPDLCs‑Exos were identified by transmission electron microscopy 
(TEM), nanoparticle tracking analysis (NTA) and western blotting (WB). Osteoclast differentiation 
was evaluated by real‑time quantitative polymerase chain reaction (RT‑qPCR), WB and tartrate‑
resistant acid phosphatase (TRAP) staining. M1/M2 macrophage polarization were evaluated by 
RT‑qPCR and WB. The results showed hPDLCs‑Exos promoted osteoclast differentiation and M2 
macrophage polarization, but inhibited M1 macrophage polarization. Moreover, M1 macrophages 
inhibited osteoclast differentiation, whereas M2 macrophages promoted osteoclast differentiation. It 
has shown that hPDLCs‑Exos promoted osteoclast differentiation by inhibiting M1 and promoting M2 
macrophage polarization.

Orthodontic tooth movement (OTM) occurs in the periodontal steady-state microenvironment through bone 
 remodeling1. Periodontal ligament cells (PDLCs) are the most common cells in the periodontal  tissues2,3. The 
periodontal ligament is one of fibrous structures that connects the cementum on the tooth root surface to the 
alveolar bone, aiming anchoring the teeth in the alveolar  socket4. Exosomes (Exos) are nanovesicles derived 
from various types of cells. With diameters ranging from 40 to 200  nm5, Exos play an important role in intercel-
lular  communication6. Exos derived from PDLCs, gingival cells and dental pulp cells can play an important role 
in enhancing the function of recipient cells (proliferation and differentiation, etc.)7. PDLCs, which is exposed 
to OTM for a long time, can perceive mechanical signals and convert them into chemical  signals8,9. Exosomes 
from human periodontal ligament cells (hPDLCs-Exos) can be transported to nearby or distant cells, delivering 
a series of signals that affect the microenvironmental stability of bone  remodeling10.

OTM is widely recognized as a good reflection of bone immunology because it involves both immune 
responses and bone  remodeling11. The interaction between immunity and osteoclasts is of great significance 
during  OTM1,12. Macrophages, derived from  monocytes13, are important members of the immune  system14 and 
play crucial roles in tissue repair and inflammation  suppression15. Macrophages can exhibit different functional 
phenotypes based on local changes in the  microenvironment16, and are generally classified into two types: pro-
inflammatory M1 macrophages and anti-inflammatory M2  macrophages17. Classically activated M1 macrophages 
are induced by cytokines such as interferon-gamma (IFN-γ) or lipopolysaccharide (LPS), and promote inflam-
mation in the context of innate immunity by producing inflammatory cytokines such as tumor necrosis factor-
alpha (TNF-α) and interleukin-6 (IL-6)18. In contrast, alternatively activated M2 macrophages are induced by 
interleukin-4 (IL-4) or interleukin-13 (IL-13), and produce anti-inflammatory  cytokines19. Osteoclasts, which 
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are bone-resorbing multinucleated cells, also orgin from the monocyte  lineage20. Macrophage colony-stimulating 
factor (M-CSF) activation of its receptor c-Fms and receptor activator of the NF-κB ligand (RANKL) activa-
tion of receptor activator of the NF-κB (RANK) are important signaling events that prompt osteoclasts (OC) 
precursors proliferation and  differentiation21. Although macrophages and osteoclasts share the same precursor 
 cells22, the potential impact of macrophages on osteoclastogenesis, particularly the differences between M1 and 
M2 macrophages, is mainly unknown.

In recent years, Exos have been found in periodontal tissues and have been increasingly studied in relation to 
orthodontic tooth movement-related bone  remodeling23. However, there is limited research on the macrophage 
polarization by hPDLCs-Exos, as well as the potential impact of different types of macrophages on osteoclast 
differentiation. Here, we hypothesize that hPDLCs-Exos can influence macrophage polarization, thereby par-
ticipate in osteoclast differentiation.

Result
Uptake of hPDLCs‑Exos by RAW264.7 macrophages
The isolation and identification of hPDLCs-Exos were conducted following the protocols described in previous 
 article24. Ultracentrifugation was employed for exosome isolation, while TEM, NTA and WB were utilized for 
exosome characterization. Confocal microscopy showed that hPDLCs-Exos labeled by PKH-26 were taken up 
by RAW264.7 macrophages (Fig. 1a). The CCK-8 results demonstrated that exosomes of different concentrations 
exhibited the promoting effect on cell proliferation. Meanwhile the most significant promotion was observed at 
a concentration of 25 µg/ml. The differences were found to be statistically significant (Fig. 1b). Therefore, 25 µg/
ml exosomes were selected for induction in subsequent experiments.

hPDLCs‑Exos promote osteoclast differentiation of RAW264.7 macrophages
Osteoclasts were induced successfully using M-CSF and RANKL (Appendix Fig. 1). RAW264.7 macrophages 
treated with hPDLCs-Exos (Exos-OC group) had a significantly higher osteoclast differentiation potential than 
OC group, as demonstrated by TRAP staining (Fig. 2a). The RT-qPCR results showed a statistically significant 
increase in the expression of osteoclast marker genes Acp5, Mmp9, and Ctsk in Exos-OC group, compared with 
OC group (Fig. 2b). The expression of osteoclast marker proteins was significantly higher in Exos-OC group 
compared to OC group, as demonstrated by WB analysis. The difference was statistically significant (Fig. 2c). 

Figure 1.  Uptake of hPDLCs-Exos and Osteoclasts. (a) RAW264.7 macrophages could uptake hPDLCs-Exos. 
(scale bar: 100 μm). DAPI labeled the nucleus (blue, round), Phalloidin labeled RAW264.7 macrophages (green, 
circular), and PKH-26 labeled exosomes (red, punctiform). (b) CCK-8. Osteoclasts were induced by M-CSF and 
RANKL for 6 days. (c) TRAP staining. (scale bar: 100 μm). (d) RT-qPCR showed mRNA expression levels of 
osteoclasts marker genes: Acp5, Mmp9 and Ctsk. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Figure 2.  hPDLCs-Exos promote osteoclast differentiation. OC group was treated with  exosome-free α-MEM 
medium for 1 day and M-CSF and RANKL for 6 days, while the Exos-OC group was treated with exosomes for 
1 day followed by M-CSF and RANKL for 6 days. (a) TRAP staining. (scale bar: 500 μm). (b) RT-qPCR showed 
mRNA expression levels of osteoclasts marker genes: Acp5, Mmp9 and Ctsk. (c) WB analysis was used to detect 
osteoclasts marker proteins: ACP5, MMP9 and CTSK. (**P < 0.01, ***P < 0.001).
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These results indicated that hPDLCs-Exos enhance osteoclast differentiation on RAW264.7 macrophages, com-
pared with the control group.

hPDLCs‑Exos promote osteoclast M2 macrophage polarization, but inhibited M1 macrophage 
polarization
Firstly, M1 macrophages were induced by LPS and IFN-γ, and M2 macrophages were induced by IL-4. Under Ti-S 
inverted microscope (Nikon, Japan), it was observed that M0 macrophages (RAW264.7 macrophages without 
induction) were circular, M1 macrophages had multiple protrusions, and M2 macrophages were spindle-shaped 
with two protrusions (Fig. 3a). The mRNA expression levels of the CD86 and IL-6 genes in M1 group, which are 
markers of M1 macrophages, were significantly increased with a statistically significant difference, compared 
with M0 group (Fig. 3b). Furthermore, the mRNA expression levels of CD206 and Arg-1 in M2 group, which 
are markers of M2 macrophages, were significantly increased with a statistically significant difference, compared 
with M0 group (Fig. 3c).

Treatment of RAW264.7 macrophages with hPDLCs-Exos (Exos-M1 group) showed that the mRNA expres-
sion levels of CD86 and IL-6 were significantly reduced (Fig. 3d), while the mRNA expression levels of CD206 
and Arg-1 in Exos-M2 group were significantly increased compared to M1 or M2 group (Fig. 3f). WB results 
showed that, compared with M1 group, the protein expression levels of CD86 and IL-6 significantly decreased in 
Exos-M1 group (Fig. 3e). Compared to M2 group, the protein expression levels of CD206 and ARG-1 increased 
significantly in Exos-M2 group (Fig. 3g).

Figure 3.  hPDLCs-Exos inhibit M1 macrophage polarization and promote M2 macrophage polarization. (A) 
Morphology of M0, M1 and M2 macrophages. (Scale bar: 100 μm). (B) The mRNA expression levels of M1 
macrophages marker genes were detected by RT-qPCR. (C) The mRNA expression levels of M2 macrophages 
marker genes were detected by RT-qPCR. M1 group was treated with exosome-free α-MEM culture medium 
for 1 day, followed by LPS and IFN-γ for 1 day; Exos-M1 group was treated with hPDLCs-Exos for 1 day, 
followed by LPS and IFN-γ for 1 day. M2 group was treated with  exosome-free α-MEM culture medium for 
1 day, followed by IL-4 for 2 days, Exos-M2 group was treated with hPDLCs-Exos for 1 day, followed by IL-4 for 
2 days. (D) RT-qPCR showed mRNA expression levels of M1 macrophages marker genes. (E) RT-qPCR showed 
mRNA expression levels of M2 macrophages marker genes. (F) WB analysis detected the expression levels of 
M1 macrophages marker proteins. (G) WB showed the expression levels of M2 macrophages marker proteins. 
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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M2 macrophages are more effectively differentiated into osteoclasts than M1 macrophages
To determine the effect of M1 and M2 macrophages on osteoclast differentiation, RAW264.7 macrophages were 
first treated with LPS and IFN-γ or IL-4, followed by stimulation with M-CSF and RANKL. Compared with 
M0-OC group, osteoclast differentiation in M1-OC group was significantly reduced. On the contrary, osteoclast 
differentiation was significantly increased in M2-OC group, with a statistically significant difference (Fig. 4a). 
Compared to M0-OC group, the mRNA expression levels of osteoclasts marker genes Acp5, Mmp9, and Ctsk 

Figure 4.  Compared to M1, M2 macrophages is more prone to differentiate into osteoclasts. M0-OC group 
was treated with exosome-free α-MEM medium for 2 days, followed by M-CSF and RANKL for 6 days. M1-OC 
group was treated with exosome-free α-MEM medium for 1 day, LPS and IFN-γ for 1 day, followed by M-CSF 
and RANKL for 6 days. M2-OC group was treated with IL-4 for 2 days, followed by M-CSF and RANKL for 
6 days. All the aforementioned groups were sampled on the 8th day. (a) TRAP staining. (scale bar: 500 μm). (b) 
RT-qPCR showed mRNA expression levels of osteoclasts marker genes: Acp5, Mmp9 and Ctsk. (c) Western blot 
showed the expression levels of osteoclasts marker proteins: ACP5, MMP9, and CTSK. (*P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001).
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significantly decreased in M1-OC group, while significantly increased in M2-OC group (Fig. 4b). Similarly, there 
were comparable expression outcomes at the protein level (Fig. 4c).

Discussion
The periodontal microenvironment plays a crucial role in OTM and bone  remodeling25. Both PDLCs and osteo-
clasts are key cells in periodontal tissue. Exosomes internalized by periodontal ligament stem cells have an impact 
on bone metabolism via releasing the contents  effectively26. Previous research has shown that periodontal liga-
ment fibroblasts-derived exosomes induced by Prostaglandin  E2 inhibit human periodontal ligament stem cells 
osteogenic  differentiation24. In the pressure zone of OTM in rats, the expression of Interleukin-17 (IL-17) can 
be detected. Simultaneously, by adding exogenous recombinant IL-17, the expression of RANKL is upregulated, 
promoting osteoclast  differentiation27. However, the role of hPDLCs-Exos in osteoclast differentiation and bone 
immunology remains unclear.

In this study, we validated the impact of hPDLCs-Exos on osteoclast differentiation and macrophage polari-
zation, as well as the relationship between them. Under the stimulation of hPDLCs-Exos, Acp5, Mmp9 and 
Ctsk (OC-specific  markers28), along with CD206 and Arg-1 (M2 macrophage-specific  markers29) were highly 
expressed. Conversely, CD86 and IL6 (M1 macrophage-specific  markers29,30) showed low expression, compared 
with control group. Compared to M0 group, osteoclast-specific markers showed low expression in M1 group, 
while high expression was observed in M2 group. To sum up, hPDLCs-Exos promote osteoclast differentiation 
by inhibiting M1 macrophage polarization and boosting M2 macrophage polarization. Exos contain bioactive 
substances, including proteins, RNAs, lipids and cytokine  receptors31, and are present in various body  fluids32. 
Exos are involved in intercellular signaling and regulation, making them a hot research topic in biomedical 
 fields33. Previous studies have shown that Exos play a crucial role in bone immunology and  remodeling33,34. 
Although extensive research has been conducted on the effect of Exos on bone  remodeling35, studies on bone 
immunology and osteoclast differentiation remain limited. Huang Huaming et al. demonstrated that mechanical 
force promotes osteoclast differentiation through the Exos protein ANXA3 secreted by periodontal ligament stem 
 cells36, which is similar to the results of this study showing that hPDLCs-Exos promote osteoclast differentia-
tion. Notably, the results of this study also suggest that the effect of hPDLCs-Exos on osteoclast differentiation 
is partially dependent on changes in M1 and M2 macrophage polarization. Yuki Nakao et al. reported that Exos 
from TNF-α-treated human gingiva-derived MSCs enhance M2 macrophage  polarization17. Wang et al. argued 
that GMSC-derived exosomes may promote M1 macrophage transformation into M2 macrophages. Similarly, 
this study shows that hPDLCs-Exos can inhibit M1 macrophage polarization and promote M2 macrophage 
polarization.

Although the impact of immune responses on bone metabolism is widely acknowledged in bone immunology 
 studies37, the possible influence of macrophage subtypes on osteoclast differentiation has been controversial. 
M1 macrophages are known to secrete a variety of pro-inflammatory cytokines that facilitate osteoclast dif-
ferentiation; conversely, M2 macrophages produce anti-inflammatory cytokines that suppress the formation of 
osteoclasts. Nonetheless, transcriptional regulation within different macrophage subtypes significantly affects 
their ability to become osteoclasts. Specifically, M1-related transcription factors such as IRF5 and IRF8 strongly 
impede osteoclast formation, whereas the M2-related transcription factor IRF4 substantially boosts this  process38. 
Yang et al. demonstrated that, compared to M1 macrophages, M2 macrophages exhibit elevated expression of 
osteoclast differentiation markers, presenting more pronounced sealing zones, and notably larger resorption 
areas on calcium phosphate-coated  plates39. Studies indicate that osteoclasts express certain traits associated 
with M2 macrophages, such as CD163, CD206 and IL-10, suggesting a possible origin from M2 macrophage 
 fusion40,41. Through the secretion of IFN-γ and IL-12, M1 macrophages increase osteoclast apoptosis, thereby 
inhibiting osteoclast differentiation, and can mitigate alveolar bone loss in ligature-induced periodontitis by 
transitioning to M1  macrophages18. Furthermore, rosiglitazone significantly promotes M2 polarization under 
the influence of osteoclast inducers, thereby enhancing osteoclast  differentiation40, further demonstrating the 
greater osteoclastogenic potential of M2 macrophages. This study, utilizing the RAW264.7 macrophage line, 
revealed that M1 macrophages inhibit while M2 macrophages promote osteoclast differentiation, aligning with 
the findings of Tsuguno  Yamaguchi18 and  Yang40.

Dynamic changes in macrophage subtypes are reportedly linked to inflammation and disease resolution. M2 
macrophages treated with LPS can transform into M1  macrophages42. When M1 macrophages are transfected 
with IL-4 and IL-10 expression vectors, they can be re-polarized into M2  macrophages43. Early stages of bacte-
rial and viral infections prompt macrophage polarization towards M1, while chronic inflammation aids in the 
transition from M1 to  M244. Hence, diseases or interventions that induce chronic inflammation and cytokine 
expression changes may influence macrophage subtype transitions, thereby affecting osteoclast differentiation 
capabilities. In the periodontal environment during OTM, monocytes/macrophages from systemic circulation 
infiltrate periodontal tissues and secrete cytokines, exhibiting a typical sterile inflammatory response that is acute 
at first but becomes chronic with the activation of orthodontic appliances, accompanied by the proliferation of 
fibroblasts and  osteoclasts45.

This study demonstrated that hPDLCs-Exos promote osteoclast differentiation, which is attributed to the 
influence of M1 and M2 macrophage polarization. Moreover, these novel findings regarding the ability of 
hPDLCs-Exos to inhibit M1 and promote M2 macrophage polarization could facilitate the development of 
therapeutic strategies for diseases associated with M1 or M2 macrophages. In this study, we did not analyze the 
contents of hPDLCs-Exos. Therefore, the mechanisms by which exosomes regulate macrophage polarization and 
osteoclast differentiation remain to be further studied, which might be due to microRNA, mRNA, and proteins 
contained  within46. Additionally, the specific mechanisms by which macrophage subtypes regulate osteoclast dif-
ferentiation and the influence of macrophages from different sources on osteoclast differentiation require further 
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exploration. Our team will also continue to investigate whether transcription factors from different macrophage 
subtypes affect the osteoclastogenic potential. There are many factors that may affect the release of Exos from 
PDLCs, such as  mechanical36,  inflammatory24, and oxidative  stress47 conditions. It’s crucial to explore methods 
that can accelerate the secretion of Exos from PDLCs. This pursuit will assist in harnessing hPDLCs-Exos to 
enhance osteoclast differentiation.

In conclusion, these findings may have significant implications for reconstructing the favorable immune 
microenvironment in periodontal tissues for osteoclast differentiation. Futhermore, they may also provide 
insights to accelerate OTM.

Material and methods
Cell culture
The acquisition and cultivation of PDLCs, as well as the isolation and identification of hPDLCs-Exos, were con-
ducted following the protocols described in previous  article24. RAW264.7 (CL-0190) macrophages were kindly 
provided by Procell Life Science& Technology Co., Ltd. The cells were cultured in DMEM (Gibco, Invitrogen, 
USA) with 10% fetal bovine serum (FBS) (Tianhang, China) and 1% penicillin/streptomycin (Beyotime, China) 
at 37 °C with 5%  CO2 in a humidified incubator. RAW264.7 macrophages were loosely adherent and passaged 
every three days.

Labeling and uptake of Exosomes
Exosomes were labeled with PKH-26 (Sigma-Aldrich, USA) according to the instructions. The PKH-26-labeled 
exosomes were then co-incubated with RAW264.7 macrophages for 24 h, fixed with 4% paraformaldehyde, and 
stained with DAPI (Beyotime, China) for 1 min. Finally, the uptake of PKH26-Exo in RAW264.7 macrophages 
was observed under an inverted fluorescence microscope (Nikon, Japan).

Reagents and cell treatment
RAW264.7 macrophages were seeded at a density of 1.5 ×  104 cells per well in a 6-well plate and cultured for 
24 h. After cells adhered to the wall, they were washed once with PBS and induced as follows: (a) Osteoclast dif-
ferentiation: cells were induced with 100 ng/mL RANKL (Sino Biological, China) and 30 ng/mL M-CSF (Sino 
Biological, China) for 6 days with medium changed every 2 days; (b) M1 macrophage polarization: cells were 
induced with 100 ng/mL LPS (Solarbio Science & Technology, China) and 20 ng/mL IFN-γ (Sino Biological, 
China) for 24 h; (c) M2 macrophage polarization: cells were induced with 20 ng/mL IL-4 (ACRO Biosystems, 
USA) for 48 h. All treatments were performed in complete medium containing 10% exosome-free FBS. To obtain 
exosome-free FBS, FBS was ultracentrifuged at 130, 000×g for 4 h, at 4 °C in advance.

CCK‑8 assay
RAW264.7 macrophages were seeded at a density of  103 cells per well in a 96-well plate and cultured in exo-
some-free medium for 24 h. After cells adherence, they were washed once with PBS and induced with different 
concentrations of exosomes for 24 h: 0 µg/ml, 5 µg/ml, 10 µg/ml, 25 µg/ml, 50 µg/ml. At 1, 2, 3 and 4 days after 
the intervention, a group of 96-well plates were taken and washed with PBS, 10 µl of CCK-8 reagent (Solarbio, 
China) was added to each well. The plates were then incubated in the dark at 37 °C for 1 h. Thereafter, the optical 
density (OD) obtained from the microplate reader (Tecan, Switzerland) at 450 nm was collected.

Real‑time quantitative PCR (RT‑qPCR) assay
Total RNA was extracted by Takara kit (Takara, Japan) on ice. Concentration and purity were measured by the 
NanoDrop One Microvolume UV–Vis Spectrophotometer (Kaiao, China). The cDNA was synthesized using 
the Prime Script RT Reagent Kit (Takara, Japan). SYBR Premix Ex Taq II kit (Takara, Japan) was used for real-
time PCR analysis by the Roche Light Cycler 480 sequence detection system (Roche Diagnostics, Switzerland). 
GAPDH was used as the reference gene. The primer sequences for the relevant genes are shown in Appendix 
Table 1.

Western blotting (WB) and antibody
Total protein was extracted by lysing cells on ice for 30 min with RIPA buffer (Beyotime, China). Protein con-
centration was measured using the BCA Protein Assay Kit (Beyotime, China). Equal amounts of protein were 
separated by SDS-PAGE gel electrophoresis and transferred onto the polyvinylidene difluoride (PVDF) mem-
brane. After being blocked at room temperature for 1 h, the PVDF membrane was incubated overnight with 
primary antibody at 4 °C. After being washed with TBST and TBS, the PVDF membrane was incubated with 
secondary antibody at room temperature for 1 h. Finally, the protein bands were visualized using an ECL chemi-
luminescence kit (Millipore, USA).

The primary antibodies were listed in the following: ACP5 (ABclonal, #A16338, 1:1000, USA), MMP9 
(ABclonal, #A0289, 1:1000, USA), CTSK (ABclonal, #A5871, 1:1000, USA), CD86 (ABclonal, #A19026, 1:1000, 
USA), IL-6 (ABclonal, #A1570, 1:1000, USA), CD206 (ABclonal, #A11192, 1:1000, USA), ARG-1 (ABclonal, 
#A1847, 1:1000, USA), GAPDH (Beyotime, #AF5009, 1:1000, China).

Tartrate‑resistant acid phosphatase (TRAP) staining
The acid phosphatase assay kit (Sigma-Aldrich) is used for detection, and the specific steps are listed as follows: 
cells were washed twice with PBS, fixed by 4% paraformaldehyde for 5–10 min. Afterwards, cells are incubated 
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with TRAP substrate solution at room temperature for 60 min, and then stained with hematoxylin for 50 s. 
Osteoclasts are identified as TRAP-positive multinucleated cells containing more than three nuclei.

Statistical analysis
Quantitative data were presented as mean ± standard deviation (SD) and experiments were independently 
repeated at least three times. Independent sample t-test and one-way ANOVA were used for statistical analysis, 
with a significance threshold set at P < 0.05. Statistical analysis was performed using SPSS 17.0 (IBM, USA).

Conclusion
Exosomes derived from human periodontal ligament cells can suppress M1 macrophage polarization and pro-
mote M2 macrophage polarization, thereby promoting osteoclast differentiation (Fig. 5).

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 1 November 2023; Accepted: 12 January 2024

References
 1. Gao, Y. et al. Immune system acts on orthodontic tooth movement: Cellular and molecular mechanisms. Biomed. Res. Int. 2022, 

9668610. https:// doi. org/ 10. 1155/ 2022/ 96686 10 (2022).
 2. Yu, X. Y. et al. IL-7-treated periodontal ligament cells regulate local immune homeostasis by modulating Treg/Th17 cell polariza-

tion. Front. Med. (Lausanne). 9, 754341. https:// doi. org/ 10. 3389/ fmed. 2022. 754341 (2022).
 3. Li, Y., Ling, J. & Jiang, Q. Inflammasomes in alveolar bone loss. Front. Immunol. 12, 691013. https:// doi. org/ 10. 3389/ fimmu. 2021. 

691013 (2021).
 4. Liu, J. et al. Periodontal bone-ligament-cementum regeneration via scaffolds and stem cells. Cells. https:// doi. org/ 10. 3390/ cells 

80605 37 (2019).
 5. Huang, D., Rao, D., Xi, X., Zhang, Z. & Zhong, T. Application of extracellular vesicles proteins in cancer diagnosis. Front. Cell Dev. 

Biol. 10, 1007360. https:// doi. org/ 10. 3389/ fcell. 2022. 10073 60 (2022).
 6. Saa, P. et al. First demonstration of transmissible spongiform encephalopathy-associated prion protein (PrPTSE) in extracellular 

vesicles from plasma of mice infected with mouse-adapted variant Creutzfeldt-Jakob disease by in vitro amplification. J. Biol. Chem. 
289, 29247–29260. https:// doi. org/ 10. 1074/ jbc. M114. 589564 (2014).

 7. Hua, S. et al. Periodontal and dental pulp cell-derived small extracellular vesicles: A review of the current status. Nanomaterials 
(Basel). https:// doi. org/ 10. 3390/ nano1 10718 58 (2021).

 8. Zhang, L. et al. Mechanical stress regulates osteogenic differentiation and RANKL/OPG ratio in periodontal ligament stem cells 
by the Wnt/beta-catenin pathway. Biochim. Biophys. Acta 1860, 2211–2219. https:// doi. org/ 10. 1016/j. bbagen. 2016. 05. 003 (2016).

 9. Li, Y., Jacox, L. A., Little, S. H. & Ko, C. C. Orthodontic tooth movement: The biology and clinical implications. Kaohsiung J. Med. 
Sci. 34, 207–214. https:// doi. org/ 10. 1016/j. kjms. 2018. 01. 007 (2018).

 10. Yuan, F. L. et al. Osteoclast-derived extracellular vesicles: novel regulators of osteoclastogenesis and osteoclast-osteoblasts com-
munication in bone remodeling. Front. Physiol. 9, 628. https:// doi. org/ 10. 3389/ fphys. 2018. 00628 (2018).

Figure 5.  Experimental research mechanism diagram. hPDLCs-Exos can suppress M1 macrophage 
polarization and promote M2 macrophage polarization, thereby promoting osteoclast differentiation.

https://doi.org/10.1155/2022/9668610
https://doi.org/10.3389/fmed.2022.754341
https://doi.org/10.3389/fimmu.2021.691013
https://doi.org/10.3389/fimmu.2021.691013
https://doi.org/10.3390/cells8060537
https://doi.org/10.3390/cells8060537
https://doi.org/10.3389/fcell.2022.1007360
https://doi.org/10.1074/jbc.M114.589564
https://doi.org/10.3390/nano11071858
https://doi.org/10.1016/j.bbagen.2016.05.003
https://doi.org/10.1016/j.kjms.2018.01.007
https://doi.org/10.3389/fphys.2018.00628


9

Vol.:(0123456789)

Scientific Reports |         (2024) 14:1465  | https://doi.org/10.1038/s41598-024-52073-9

www.nature.com/scientificreports/

 11. Wu, L. et al. MicroRNA-21 promotes orthodontic tooth movement by modulating the RANKL/OPG balance in T cells. Oral. Dis. 
26, 370–380. https:// doi. org/ 10. 1111/ odi. 13239 (2020).

 12. Li, J. et al. T cells participate in bone remodeling during the rapid palatal expansion. FASEB J. 34, 15327–15337. https:// doi. org/ 
10. 1096/ fj. 20200 1078R (2020).

 13. McCann, F. V., Cole, J. J., Guyre, P. M. & Russell, J. A. Action potentials in macrophages derived from human monocytes. Science 
219, 991–993. https:// doi. org/ 10. 1126/ scien ce. 68235 63 (1983).

 14. Guirado, E., Schlesinger, L. S. & Kaplan, G. Macrophages in tuberculosis: Friend or foe. Semin. Immunopathol. 35, 563–583. https:// 
doi. org/ 10. 1007/ s00281- 013- 0388-2 (2013).

 15. Wynn, T. A. & Vannella, K. M. Macrophages in tissue repair, regeneration, and fibrosis. Immunity 44, 450–462. https:// doi. org/ 10. 
1016/j. immuni. 2016. 02. 015 (2016).

 16. Stout, R. D. et al. Macrophages sequentially change their functional phenotype in response to changes in microenvironmental 
influences. J. Immunol. 175, 342–349. https:// doi. org/ 10. 4049/ jimmu nol. 175.1. 342 (2005).

 17. Nakao, Y. et al. Exosomes from TNF-alpha-treated human gingiva-derived MSCs enhance M2 macrophage polarization and inhibit 
periodontal bone loss. Acta Biomater. 122, 306–324. https:// doi. org/ 10. 1016/j. actbio. 2020. 12. 046 (2021).

 18. Yamaguchi, T. et al. Proinflammatory M1 macrophages inhibit RANKL-induced osteoclastogenesis. Infect. Immun. 84, 2802–2812. 
https:// doi. org/ 10. 1128/ IAI. 00461- 16 (2016).

 19. Benoit, M., Desnues, B. & Mege, J. L. Macrophage polarization in bacterial infections. J. Immunol. 181, 3733–3739. https:// doi. 
org/ 10. 4049/ jimmu nol. 181.6. 3733 (2008).

 20. Quinn, J. M., McGee, J. O. & Athanasou, N. A. Cellular and hormonal factors influencing monocyte differentiation to osteoclastic 
bone-resorbing cells. Endocrinology 134, 2416–2423. https:// doi. org/ 10. 1210/ endo. 134.6. 81944 68 (1994).

 21. Lee, B. et al. RIP140 in monocytes/macrophages regulates osteoclast differentiation and bone homeostasis. JCI Insight 2, e90517. 
https:// doi. org/ 10. 1172/ jci. insig ht. 90517 (2017).

 22. Chambers, T. J. Regulation of the differentiation and function of osteoclasts. J. Pathol. 192, 4–13. https:// doi. org/ 10. 1002/ 1096- 
9896(2000) 9999: 9999% 3c:: AID- PATH6 45% 3e3.0. CO;2-Q (2000).

 23. Rosyida, N. F., Ana, I. D. & Alhasyimi, A. A. The use of polymers to enhance post-orthodontic tooth stability. Polymers (Basel). 
https:// doi. org/ 10. 3390/ polym 15010 103 (2022).

 24. Lin, C. et al. Periodontal ligament fibroblasts-derived exosomes induced by  PGE2 inhibit human periodontal ligament stem cells 
osteogenic differentiation via activating miR-34c-5p/SATB2/ERK. Exp. Cell Res. 419, 113318. https:// doi. org/ 10. 1016/j. yexcr. 2022. 
113318 (2022).

 25. Rangiani, A. et al. Critical roles of periostin in the process of orthodontic tooth movement. Eur. J. Orthod. 38, 373–378. https:// 
doi. org/ 10. 1093/ ejo/ cjv071 (2016).

 26. Liu, T. et al. Human periodontal ligament stem cell-derived exosomes promote bone regeneration by altering microRNA profiles. 
Stem Cells Int. 2020, 8852307. https:// doi. org/ 10. 1155/ 2020/ 88523 07 (2020).

 27. Nakano, Y. et al. Interleukin-17 is involved in orthodontically induced inflammatory root resorption in dental pulp cells. Am. J. 
Orthod. Dentofacial. Orthop. 148(2), 302–309. https:// doi. org/ 10. 1016/j. ajodo. 2015. 03. 023 (2015).

 28. Du, T. et al. QKI deficiency leads to osteoporosis by promoting RANKL-induced osteoclastogenesis and disrupting bone metabo-
lism. Cell Death Dis. 11, 330. https:// doi. org/ 10. 1038/ s41419- 020- 2548-3 (2020).

 29. Lisi, L. et al. Expression of iNOS, CD163 and ARG-1 taken as M1 and M2 markers of microglial polarization in human glioblastoma 
and the surrounding normal parenchyma. Neurosci. Lett. 645, 106–112. https:// doi. org/ 10. 1016/j. neulet. 2017. 02. 076 (2017).

 30. Kawashima, T. et al. STAT5 induces macrophage differentiation of M1 leukemia cells through activation of IL-6 production medi-
ated by NF-kappaB p65. J. Immunol. 167, 3652–3660. https:// doi. org/ 10. 4049/ jimmu nol. 167.7. 3652 (2001).

 31. Oskouie, M. N., Aghili Moghaddam, N. S., Butler, A. E., Zamani, P. & Sahebkar, A. Therapeutic use of curcumin-encapsulated and 
curcumin-primed exosomes. J. Cell Physiol. 234, 8182–8191. https:// doi. org/ 10. 1002/ jcp. 27615 (2019).

 32. Thery, C., Amigorena, S., Raposo, G. & Clayton, A. Isolation and characterization of exosomes from cell culture supernatants and 
biological fluids. Curr. Protoc. Cell Biol. Chapter 3, Unit 3, 22 (2006). https:// doi. org/ 10. 1002/ 04711 43030. cb032 2s30

 33. Wang, Z., Zhao, Z., Gao, B. & Zhang, L. Exosome mediated biological functions within skeletal microenvironment. Front. Bioeng. 
Biotechnol. 10, 953916. https:// doi. org/ 10. 3389/ fbioe. 2022. 953916 (2022).

 34. Li, C. H. et al. Exosomal tumor necrosis factor-alpha from hepatocellular cancer cells (Huh-7) promote osteoclast differentiation. 
J Cell Biochem. 122, 1749–1760. https:// doi. org/ 10. 1002/ jcb. 30127 (2021).

 35. Liu, Y., Ma, Y., Zhang, J., Yuan, Y. & Wang, J. Exosomes: A novel therapeutic agent for cartilage and bone tissue regeneration. Dose 
Response 17, 1559325819892702. https:// doi. org/ 10. 1177/ 15593 25819 892702 (2019).

 36. Huang, H. M. et al. Mechanical force-promoted osteoclastic differentiation via periodontal ligament stem cell exosomal protein 
ANXA3. Stem Cell Rep. 17, 1842–1858. https:// doi. org/ 10. 1016/j. stemcr. 2022. 06. 006 (2022).

 37. Guerrini, M. M. & Takayanagi, H. The immune system, bone and RANKL. Arch Biochem. Biophys. 561, 118–123. https:// doi. org/ 
10. 1016/j. abb. 2014. 06. 003 (2014).

 38. Wang, W., Liu, H., Liu, T., Yang, H. & He, F. Insights into the role of macrophage polarization in the pathogenesis of osteoporosis. 
Oxid. Med. Cell Longev. 2022, 2485959. https:// doi. org/ 10. 1155/ 2022/ 24859 59 (2022).

 39. Yang, J. et al. Modulation of macrophage subtypes by IRF5 determines osteoclastogenic potential. J. Cell Physiol. 234, 23033–23042. 
https:// doi. org/ 10. 1002/ jcp. 28863 (2019).

 40. Wu, H. et al. Regulation of selective PPARgamma modulators in the differentiation of osteoclasts. J. Cell Biochem. 114, 1969–1977. 
https:// doi. org/ 10. 1002/ jcb. 24534 (2013).

 41. Ohashi, R. et al. Osteoclast-like giant cells in invasive breast cancer predominantly possess M2-macrophage phenotype. Pathol. 
Res. Pract. 214, 253–258. https:// doi. org/ 10. 1016/j. prp. 2017. 11. 002 (2018).

 42. Zheng, X. F. et al. Lipopolysaccharide-induced M2 to M1 macrophage transformation for IL-12p70 production is blocked by 
Candida albicans mediated up-regulation of EBI3 expression. PLoS One 8, e63967. https:// doi. org/ 10. 1371/ journ al. pone. 00639 67 
(2013).

 43. Tran, T. H., Rastogi, R., Shelke, J. & Amiji, M. M. Modulation of macrophage functional polarity towards anti-inflammatory phe-
notype with plasmid DNA delivery in CD44 targeting hyaluronic acid nanoparticles. Sci. Rep. 5, 16632. https:// doi. org/ 10. 1038/ 
srep1 6632 (2015).

 44. Mantovani, A., Biswas, S. K., Galdiero, M. R., Sica, A. & Locati, M. Macrophage plasticity and polarization in tissue repair and 
remodelling. J. Pathol. 229, 176–185. https:// doi. org/ 10. 1002/ path. 4133 (2013).

 45. Krishnan, V. & Davidovitch, Z. On a path to unfolding the biological mechanisms of orthodontic tooth movement. J. Dent. Res. 
88, 597–608. https:// doi. org/ 10. 1177/ 00220 34509 338914 (2009).

 46. Ramachandran, S. & Palanisamy, V. Horizontal transfer of RNAs: Exosomes as mediators of intercellular communication. Wiley 
Interdiscip. Rev. RNA 3, 286–293. https:// doi. org/ 10. 1002/ wrna. 115 (2012).

 47. Chen, Z. et al. Oxidative stress state inhibits exosome secretion of hPDLCs through a specific mechanism mediated by PRMT1. J. 
Periodontal. Res. 57, 1101–1115. https:// doi. org/ 10. 1111/ jre. 13040 (2022).

https://doi.org/10.1111/odi.13239
https://doi.org/10.1096/fj.202001078R
https://doi.org/10.1096/fj.202001078R
https://doi.org/10.1126/science.6823563
https://doi.org/10.1007/s00281-013-0388-2
https://doi.org/10.1007/s00281-013-0388-2
https://doi.org/10.1016/j.immuni.2016.02.015
https://doi.org/10.1016/j.immuni.2016.02.015
https://doi.org/10.4049/jimmunol.175.1.342
https://doi.org/10.1016/j.actbio.2020.12.046
https://doi.org/10.1128/IAI.00461-16
https://doi.org/10.4049/jimmunol.181.6.3733
https://doi.org/10.4049/jimmunol.181.6.3733
https://doi.org/10.1210/endo.134.6.8194468
https://doi.org/10.1172/jci.insight.90517
https://doi.org/10.1002/1096-9896(2000)9999:9999%3c::AID-PATH645%3e3.0.CO;2-Q
https://doi.org/10.1002/1096-9896(2000)9999:9999%3c::AID-PATH645%3e3.0.CO;2-Q
https://doi.org/10.3390/polym15010103
https://doi.org/10.1016/j.yexcr.2022.113318
https://doi.org/10.1016/j.yexcr.2022.113318
https://doi.org/10.1093/ejo/cjv071
https://doi.org/10.1093/ejo/cjv071
https://doi.org/10.1155/2020/8852307
https://doi.org/10.1016/j.ajodo.2015.03.023
https://doi.org/10.1038/s41419-020-2548-3
https://doi.org/10.1016/j.neulet.2017.02.076
https://doi.org/10.4049/jimmunol.167.7.3652
https://doi.org/10.1002/jcp.27615
https://doi.org/10.1002/0471143030.cb0322s30
https://doi.org/10.3389/fbioe.2022.953916
https://doi.org/10.1002/jcb.30127
https://doi.org/10.1177/1559325819892702
https://doi.org/10.1016/j.stemcr.2022.06.006
https://doi.org/10.1016/j.abb.2014.06.003
https://doi.org/10.1016/j.abb.2014.06.003
https://doi.org/10.1155/2022/2485959
https://doi.org/10.1002/jcp.28863
https://doi.org/10.1002/jcb.24534
https://doi.org/10.1016/j.prp.2017.11.002
https://doi.org/10.1371/journal.pone.0063967
https://doi.org/10.1038/srep16632
https://doi.org/10.1038/srep16632
https://doi.org/10.1002/path.4133
https://doi.org/10.1177/0022034509338914
https://doi.org/10.1002/wrna.115
https://doi.org/10.1111/jre.13040


10

Vol:.(1234567890)

Scientific Reports |         (2024) 14:1465  | https://doi.org/10.1038/s41598-024-52073-9

www.nature.com/scientificreports/

Acknowledgements
This work was supported by Tianjin Key Medical Discipline (Specialty) Construction Project [TJYXZDXK-024A] 
[ZJZX202202]. We also thank Zhongfang Zhang for providing writing guidance for this article.

Author contributions
X.B.: methodology, software, writing—original draft. Y.W.: validation, writing—review and editing. X.M.: super-
vision, writing—review and editing. Y.Y.: data curation, supervision. C.D.: Writing—review and editing. M.S.: 
project administration, investigation. C.L.: conceptualization, project administration. L.Z.: conceptualization, 
methodology, project administration. All authors gave their final approval and agree to be accountable for all 
aspects of the work.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 52073-9.

Correspondence and requests for materials should be addressed to C.L. or L.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024, corrected publication 2024

https://doi.org/10.1038/s41598-024-52073-9
https://doi.org/10.1038/s41598-024-52073-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Periodontal ligament cells-derived exosomes promote osteoclast differentiation via modulating macrophage polarization
	Result
	Uptake of hPDLCs-Exos by RAW264.7 macrophages
	hPDLCs-Exos promote osteoclast differentiation of RAW264.7 macrophages
	hPDLCs-Exos promote osteoclast M2 macrophage polarization, but inhibited M1 macrophage polarization
	M2 macrophages are more effectively differentiated into osteoclasts than M1 macrophages

	Discussion
	Material and methods
	Cell culture
	Labeling and uptake of Exosomes
	Reagents and cell treatment
	CCK-8 assay
	Real-time quantitative PCR (RT-qPCR) assay
	Western blotting (WB) and antibody
	Tartrate-resistant acid phosphatase (TRAP) staining
	Statistical analysis

	Conclusion
	References
	Acknowledgements


