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Abstract
Background Periodontitis is a dental disease characterized by inflammation of periodontal tissues and loss of the 
periodontal ligaments and alveolar bone. Exosomes are a class of extracellular vesicles that are involved in a variety of 
diseases by releasing active substances. In this study, we aimed to investigate the effect and mechanism of exosomes 
from M2 polarized macrophages (M2-exos) on osteogenic differentiation in human periodontal ligament stem cells 
(hPDLSCs).

Methods M2-exos were isolated from IL-4-induced RAW264.7 cells (M2 macrophages) and then treated on 
hPDLSCs. Osteogenic differentiation was assessed by alkaline phosphatase (ALP) staining, alizarin red S (ARS) 
staining, measurement of osteogenic differentiation-related genes and proteins, and inflammation was evaluated by 
measuring the levels of inflammatory factors. The mechanism of M2-exo was confirmed through qPCR, western blot, 
ALP and ARS staining.

Results Results suggested that M2-exo improved osteogenic differentiation and inhibited inflammation in LPS-
induced hPDLSCs. CXCL12 expression was elevated in M2 macrophages, but decreased in LPS-induced hPDLSCs. 
Moreover, the effect of M2-exo on osteogenic differentiation and inflammation in LPS-induced hPDLSCs was reversed 
by CXCL12 knockdown.

Conclusion We demonstrated that M2-exo facilitated osteogenic differentiation and suppressed inflammation in 
LPS-induced hPDLSCs through promotion of CXCL12 expression. These results suggested the potential of M2-exo in 
the treatment of periodontitis, which may provide a new theoretical basis for M2-exo treatment of periodontitis.

Keywords Periodontitis, Macrophage, Exosome, CXCL12, Osteogenic differentiation

M2 macrophage-derived exosomes enable 
osteogenic differentiation and inhibit 
inflammation in human periodontal ligament 
stem cells through promotion of CXCL12 
expression
Jie Gao1 and Zhigang Wu2*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12903-024-04831-4&domain=pdf&date_stamp=2024-9-7


Page 2 of 10Gao and Wu BMC Oral Health         (2024) 24:1070 

Introduction
Periodontitis is a common dental disease, which mainly 
results from the destruction of periodontal tissue by bac-
teria in dental plaque. Periodontitis is characterized by 
inflammation of the periodontal soft tissues and progres-
sive loss of the periodontal ligaments and alveolar bone, 
which in severe cases can affect chewing and digestion 
[1]. Conventional treatment of periodontitis focuses on 
suppressing inflammation but can not regenerate peri-
odontal tissue. Therefore, tissue regeneration and bone 
reconstruction have become the new directions of peri-
odontitis treatment. Human periodontal ligament stem 
cells (hPDLSCs) have multidirectional differentiation 
potential and are considered a potentially applicable 
cell source for periodontal regenerative therapy [2, 3]. 
Numerous studies have explored the role of hPDLSCs in 
periodontal restoration, and demonstrated that it may 
enable periodontal tissue regeneration and repair by pro-
moting osteogenic differentiation [4, 5]. These studies 
demonstrate the potential of hPDLSCs and lay the foun-
dation for regenerative treatments for periodontitis.

Exosomes are extracellular vesicles with diameters 
in the range of 40–160  nm that can be secreted by 
almost all types of cells [6, 7]. Exosomes exist naturally 
in body fluids and contain proteins, mRNA, microRNA 
and other substances, which mediate long-range sig-
nal transduction through cell-to-cell communication 
[8]. Furthermore, exosomes play a role as intercellular 
communication mediators due to the release of a vari-
ety of active substances, and are involved in regulating 
the pathological and physiological processes of many 
diseases, including periodontitis [9]. Nakao et al. [10]. 
reported that xosomes from TNF-α-treated human 
gingiva-derived mesenchymal stem cells inhibits 
inflammation in periodontitis, and exhibited anti-osteo-
clastogenic activity because of exosomal miR-1260b tar-
gets to Wnt5a-mediated RANKL pathway. Dental pulp 
stem cell-derived exosomes promotes the proliferation, 
migration and osteogenesis of PDLSCs in in vitro simu-
lated periodontitis environment and reduces inflamma-
tion by inhibiting IL-6/JAK2/STAT3 signaling pathway 
[11]. Notably, these studies suggest the potential of exo-
somes on promoting formation of periodontal tissue and 
inhibiting inflammation, and demonstrated that exo-
somes polarize macrophages from the M1 phenotype 
to the M2 phenotype. Macrophages are immune cells 
that play an important role in the regulation of chronic 
inflammation and various diseases, which can be divided 
into two subpopulations, classically activated or M1 mac-
rophages and substitutively activated or M2 macrophages 
[12]. M1 macrophages are proinflammatory cells that can 
be polarized by LPS and release proinflammatory fac-
tors. Inversely, M2 macrophages have anti-inflammatory 
and immunomodulatory effects and can be polarized by 

Th2 cytokines and release anti-inflammatory factors [13]. 
Interestingly, a recent study revealed that exosomes from 
M2 polarized macrophages (M2-exos) reduces alveolar 
bone resorption in mice with periodontitis by activating 
IL-10/IL-10R pathway [14]. Moreover, Chen et al. [15]. 
constructed engineered M2-exos loading with melato-
nin, and demonstrated it improves the osteogenic and 
cementogenic differentiation capacity in inflammatory 
hPDLSCs by reducing excessive endoplasmic reticulum 
stress and unfolded protein response. These evidences 
suggest that M2-exo is effective on promoting bone for-
mation and suppressing inflammation in periodonti-
tis. However, studies about M2-exo on improvement of 
periodontitis are insufficient, the underlying mechanism 
through which M2-exo treats periodontitis remains to be 
elucidated.

CXCL12 is considered to be a homeostatic chemo-
kine, which is involved in embryogenesis, neurogenesis, 
hematopoietic, angiogenesis and other physiological pro-
cesses by inducing migration and activation of hemato-
poietic stem cells, endothelial cells and white blood cells 
[16]. CXCL12 has been observed to be upregulated in 
multiple inflammatory diseases [17]. In periodontal dis-
ease, CXCL12 was found to be upregulated in a previ-
ous study, which may be involved in the immune defense 
pathway activated during periodontal disease [18]. More-
over, Hosokawa et al. [19]. proposed that CXCL12 may 
be associated with cell infiltration and angiogenesis in 
normal periodontal tissue and periodontal lesion tis-
sue. Notably, several recent studies demonstrated that 
CXCL12 promotes proliferation, migration and osteo-
genic differentiation and enhances the potential of angio-
genesis of hPDLSCs [20, 21]. Therefore, we speculate that 
CXCL12 may play a key role in the pathogenesis of peri-
odontitis. However, whether M2-exo mediates CXCL12 
in hPDLSCs remains unclear.

In this study, hPDLSCs were treated with lipopolysac-
charide (LPS) to simulate periodontitis conditions, and 
we aimed to investigate the effect and mechanism of exo-
somes isolated from M2 macrophages on osteogenic dif-
ferentiation and inflammatory in LPS-induced hPDLSCs 
to provide a theoretical guide for the treatment of peri-
odontitis. This study will provide a new theoretical basis 
for the treatment of periodontitis.

Method
Cell culture and treatment
RAW264.7 macrophages and hPDLSCs were applied in 
this study. RAW264.7 macrophages were provided from 
American Type Culture Collection (ATCC; Manassas, 
VA, USA) and cultured in Dulbecco’s modified Eagle’s 
medium (DMEM; Grand Island, NY, USA) containing 
10% fetal bovine serum (FBS; Gibco) and 1% penicillin/
streptomycin and incubated at 37℃ and 5% CO2. To 
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induce RAW264.7 macrophages M2 polarization, the 
cells were treated with 20 ng/ml IL-4 for 24 h. hPDLSCs 
were isolated according to previous protocols [15]. The 
experiments were approved by the Clinical Ethics Com-
mittee of The First Affiliated Hospital of Bengbu Medi-
cal University. Informed consent was obtained from all 
individual participants or their legal guardians included 
in the study. hPDLSCs were isolated from periodon-
tally healthy third molars and premolars of systemically 
healthy patients aged between 12 and 25 years at the hos-
pital. PDL tissues were washed with PBS (Gibco) contain-
ing 5% penicillin/streptomycin, cut into small pieces and 
cultured in DMEM containing 10% FBS and 1% penicil-
lin/streptomycin at 37℃ and 5% CO2. To simulate the 
periodontitis environment, hPDLSCs were treated with 
20  µg/ml LPS. To induce hPDLSCs osteogenic differen-
tiation, cells were treated with 50 µg/mL β-ascorbic acid, 
20 nM dexamethasone, and 8 mM β‐glycerol phosphate 
for subsequent experiments.To induce hPDLSCs adipo-
genic differentiation, cells were treated with 0.5 mmol/L 
dexamethasone, 10 mmol/L insulin and 0.5 mmol/L 
3-isobutyl−1-methylxanthine.

Flow cytometry
Evaluation of M2 polarization of RAW264.7 macro-
phages and identification of hPDLSCs were performed 
by flow cytometry. M2 macrophages were incubated with 
anti-CD163 and anti-CD206, and hPDLSCs were incu-
bated with CD11b, CD45 and CD90 for 30 min protected 
from light and detected by flow cytometry (BD Biosci-
ences, Franklin Lakes, NJ, USA).

Isolation of exosomes
M2-exo was isolated from M2 macrophages by ultra-
centrifugation according to previous experiments [22]. 
Supernatant of medium was centrifuged at 300×g for 
15  min, 3000×g for 15  min and 20,000×g for 70  min, 
respectively. Finally, the exosomes were purified and the 
supernatant was centrifuged at 120,000×g for 70 min, and 
the exosomes was suspended in PBS and stored at−80℃ 
for use.

Identification of M2-exo
M2-exos were identified by transmission electron 
microscopy (TEM) and nanoparticle tracking analysis 
(NTA). For TEM, exosomes were loaded into a copper 
mesh for 3–5 min, stained with 2% (w/v) phosphotung-
stic acid for 2–3 min and then identified by (TEM JEOL, 
Tokyo, Japan). NTA was performed using a NanoSight 
NS300 instrument (Malvern, Worcestershire, UK) to 
measure the size of exosomes.

PKH67 staining
Hieff® exosome tracker kit (Yeasen, Shanghai, China) was 
applied to stain exosomes. Briefly, PKH6 storage buffer 
was diluted 10 times with dilution buffer and the work-
ing solution was configured at a concentration of 100 
µM. The working solution was added to exosomes at 
the recommended dose according to the manufacturer’s 
protocol. The mixture was well-mixed and incubated for 
10 min. Next, 10 ml PBS was added to mixture, and the 
excess dye was removed and the PKH67-labelled exo-
somes were incubated with hPDLSCs for 1 h. Cells were 
incubated with 4’,6-diamidino−2-phenylindole (DAPI; 
Beyotime, Shanghai, China) to stain nucleus. The images 
were captured using a fluorescence microscope.

Cell transfection
Short hairpin RNA targeting CXCL12 (shCXCL12) 
and its negative control (shNC) were purchased from 
GenePharma (Shanghai, China). hPDLSCs were seeded 
in 24-well plate (4 × 104 cells/well) and transfected with 
these shCXCL12 or shNC using Lipofectamine 2000 
(Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s protocol. The cells were harvested after 48 h of 
transfection.

Western blot
Total protein from hPDLSCs was isolated using RIPA 
lysis buffer (Beyotime). M2-exo protein was isolated 
using an exosome protein extraction kit (Proteintech 
Group, Chicago, IL, USA). Protein samples were loaded 
on 10% SDS-PAGE and transferred to PVDF mem-
branes. The membranes were blocked with 5% milk for 
1 h and incubated with primary antibodies overnight at 
4℃. Next, samples were incubated with secondary anti-
bodies (1/10000, ab6721, Abcam, Cambridge, UK) for 
2  h at room temperature. The membranes were wash 
with 1×TBST for three times and visualized using the 
ECL reagent (Thermo Scientific, Waltham, MA, USA). 
The primary antibodies used in this study were as fol-
lows: anti-TSG101 (1/1000, ab125011, Abcam), anti-
CD9 (1/1000, ab236630, Abcam), anti-CD36 (1/1000, 
ab133625, Abcam), anti-Arg-1 (1/1000, ab133543, 
Abcam), anti-CD206 (1/1000, ab64693, Abcam), anti-
ALP (1/1000, ab229126, Abcam), anti-OCN (1/1000, 
ab133612, Abcam), anti-Runx2 (1/1000, ab236639, 
Abcam) and anti-β-actin (1/2500, ab8227, Abcam).

Quantitative real-time PCR (qPCR)
TRIzol reagent (Invitrogen) was performed to extract 
total RNA from RAW264.7 macrophages and hPDLSCs. 
RNA isolation of M2-exo was conducted using an exo-
some RNA isolation kit (Thermo Scientific). Reverse 
transcription was performed using a PrimeScript RT 
reagent kit (Takara, Tokyo, Japan). qPCR was conducted 
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on ABI 7500 system using SYBR green (Invitrogen). Rela-
tive mRNA expression was calculated using the 2−ΔΔCt 
method as normalized to β-actin. The primers for qPCR 
were as follows: ALP, 5’- A C C A C C A C G A G A G T G A A C 
C A-3’ (forward primer) and 5’- C G T T G T C T G A G T A C C 
A G T C C C-3’ (reverse primer); OCN, 5’- C A C T C C T C G 
C C C T A T T G G C-3’ (forward primer) and 5’- C C C T C C T 
G C T T G G A C A C A A A G-3’ (reverse primer); Runx2, 5’- T 
G G T T A C T G T C A T G G C G G G T A-3’ (forward primer) 
and 5’- T C T C A G A T C G T T G A A C C T T G C T A-3’ (reverse 
primer); CXCL12, 5’- A T T C T C A A C A C T C C A A A C T G T 
G C-3’ (forward primer) and 5’- A C T T T A G C T T C G G G T 
C A A T G C-3’ (reverse primer).

Alkaline phosphatase (ALP) staining and ALP activity
ALP staining was conducted after 7 d of osteogenic dif-
ferentiation induction using an ALP staining kit (Beyo-
time). hPDLSCs were stained with staining solution for 
30  min protected from light at room temperature. ALP 
activity was measured using an ALP assay kit (Beyotime). 
The experiments were carried out following the manu-
facturer’s protocol, and the absorbance was measured at 
405 nm.

Alizarin Red S (ARS) staining
ARS staining was conducted using an ARS staining 
kit (Beyotime) after 14 d of osteogenic differentiation 
induction to measure osteogenic mineralized nodules. 
hPDLSCs were washed with PBS and fixed for 20  min. 
Then, cells were stained with staining solution for 30 min 
at room temperature and observed under the micro-
scope. ARS staining was extracted by cetylpyridinium 
chloride and the absorbance was measured at 562 nm.

Oil Red O staining
Oil Red O staining was performed using an Oil Red O 
staining kit (Beyotime) 14 d after induction of adipogenic 
differentiation. Cells were stained with Oil red O staining 
solution for 20 min and observed using a microscope.

ELISA assay
The levels of IL-1β, IL-6 and TNF-α in hPDLSCs were 
measured using ELISA kits (Beyotime). The experiments 
were conducted according to the manufacturer’s proto-
col, and the absorbance was measured at 450 nm.

Statistical analysis
All statistical analysis was performed using SPSS 22.0. 
Results were expressed as mean ± standard deviation of 
at least three replicates. The comparison between two or 
more groups was performed by student’s t-test or one-
way analysis of variance (ANOVA). P < 0.05 was recog-
nized as statistically significant.

Results
Identification of M2 macrophages, M2-exo and hPDLSCs
To identify M2 polarization of RAW264.7 cells, we 
detected several markers of M2 macrophages. Results 
showed that expression of CD163 and CD206 and the 
upregulation of Arg1 and CD206 in M2 macrophages 
(Fig. 1A and B). M2-exos were isolated from M2 macro-
phages through ultracentrifugation and was identified by 
TEM. As shown in Fig. 1C, TEM suggested that M2-exos 
are spherical vesicles with a double membrane. NTA 
analysis revealed that the diameter of M2-exos mainly 
concentrated at 100–200  nm (Fig.  1D). PKH67 stain-
ing suggested that M2-exos were taken up by hPDLSCs 
(Fig. 1E). Moreover, we measured the levels of exosome 
labeled protein through western blot. Results suggested 
that the levels of TSG101, CD9 and CD63 in M2-exos 
were increased (Fig.  1F). These results demonstrated 
that the particles isolated from M2 macrophages were 
exosomes. Subsequently, we identified the isolated cells 
from PDL tissues. ALP, ARS and Oil red O staining sug-
gested the multidirectional differentiation potential of 
the cells (Fig. 1G-H). Moreover, flow cytometry showed 
that CD11b and CD45 were negatively expressed, while 
CD90 was positive expressed (Fig. 1J), indicating the iso-
lated cells from PDL tissues were PDLCs.

M2-exo restores osteogenic differentiation in hPDLSCs 
inhibited by LPS
Next, we assessed the effect of M2-exo on osteogenic 
differentiation in hPDLSCs. Results suggested that LPS 
inhibited the ALP staining density and osteogenic min-
eralization nodules in hPDLSCs, which was partially 
restored by M2-exo, indicating that osteogenic dif-
ferentiation inhibited by LPS was reversed by M2-exo 
(Fig. 2A-C). Then, we measured the expression of several 
osteogenic differentiation-related genes, ALP, OCN and 
Runx2 in hPDLSCs. Results showed that LPS inhibited 
the expression of ALP, OCN and Runx2, while this effect 
was partially reversed by M2-exo (Fig. 2D-F). Moreover, 
The protein levels of ALP, OCN and Runx2 downregu-
lated by LPS was reversed by M2-exo (Fig.  2G). Addi-
tionally, LPS increased the levels of inflammatory factors 
IL-1β, IL-6 and TNF-α, which was significantly inhib-
ited by M2-exo (Fig.  2H-J). Moreover, we identified the 
effect of M2-exo derived from THP-1 on hPDLSCs and 
found that its effect was similar to those of M2-exo from 
RAW264.7 (Figure S1A-J). In conclusion, these results 
revealed that M2-exo partially restored osteogenic differ-
entiation in hPDLSCs inhibited by LPS.

Osteogenic differentiation restored by M2-exo in LPS-
induced hPDLSCs is suppressed by CXCL12 knockdown
A previous study revealed that CXCL12 promotes pro-
liferation, migration and osteogenic differentiation of 
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Fig. 1 Identification of M2 macrophages, M2-exo and hPDLSCs (A) Markers of M2 macrophage CD163 and CD206 was identified by flow cytometry. (B) 
The protein levels of Arg1 and CD206 were detected by western blot. (C) The characteristic of M2-exos was identified by TEM. (D) The size of M2-exos was 
measured by NTA. (E) The PKH67 labeled ADSC-exos taken up by the hPDLSCs was identified by PKH67 staining. (F) Western blot was performed to detect 
the exosome labeled protein of M2-exos. (G-H) ALP staining, ARS staining and Oil red O staining were performed to identify hPDLSCs
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hPDLSCs in vitro [20]. To identify whether M2-exo 
mediates CXCL12 in hPDLSCs, we first measured the 
expression of CXCL12 in M2 macrophage and hPDLSCs. 
Results showed that CXCL12 expression was signifi-
cantly increased in M2 macrophages, and CXC12 expres-
sion in M2-exo was higher than that in M2 macrophages 

without exosomes (Fig.  3A). On the contrary, CXCL12 
was decreased in LPS-induced hPDLSCs (Fig.  3B). Fur-
thermore, we detected the expression of CXCL12 in 
hPDLSCs after co-culture of M2-exo with hPDLSCs 
induced by LPS or not. Results showed that M2-exo 
increased CXCL12 expression in hPDLSCs without LPS 

Fig. 2 M2-exo restored osteogenic differentiation in hPDLSCs inhibited by LPS. (A) Osteogenic differentiation was assessed by ALP and ARS staining. (B) 
ALP activity in hPDLSCs was measured using an ALP activity kit. (C) The absorbance of ARS staining was measured at 562 nm. (D-F) The expression of 
osteogenic differentiation-related genes ALP, OCN and Runx2 was measured by qPCR. (G) The protein levels of ALP, OCN and Runx2 were identified by 
western blot. (H-J) The levels of inflammatory factors IL-1β, IL-6 and TNF-α were measured by ELISA assay
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treatment, while the expression was significantly inhib-
ited by LPS and exosome inhibitor and exosome inhibi-
tor GW4896 (Fig. 3C), indicating that increased CXCL12 
expression in hPDLSCs mainly from M2-exo. Then, the 
role of CXCL12 was identified through rescue experi-
ments. CXCL12 expression was decreased in hPDLSCs 
by CXCL12 knockdown (Fig.  4A). ALP and ARS stain-
ing suggested that CXCL12 knockdown inhibited the 
ALP staining density and activity and osteogenic min-
eralization nodules in LPS-induced hPDLSCs restored 
by M2-exo (Fig.  4B-D). To assess the osteogenic dif-
ferentiation potential of hPDLSCs, we measured the 
expression and protein levels of ALP, OCN and Runx2 
through qPCR and western blot. Results suggested that 
the expression of ALP, OCN and Runx2 in LPS-induced 
hPDLSCs increased by M2-exo was reversed by CXCL12 
knockdown (Figure E-H). Moreover, the levels of inflam-
matory factors IL-1β, IL-6 and TNF-α inhibited by 
M2-exo in LPS-treated hPDLSCs was partially restored 
by CXCL12 knockdown, indicating that CXCL12 knock-
down promoted inflammation in hPDLSCs (Figure 4I-K).

Discussion
Periodontitis not only damages the integrity of the peri-
odontal tissues, but also increases the risk of diseases 
such as cancer and autoimmune diseases [23]. Periodon-
titis is primarily triggered by dysbiosis of the periodontal 

flora leading to host inflammation, the mechanism of 
which has not yet been fully elucidated [24]. Notably, ele-
vated levels of inflammation exacerbate osteoclastic bone 
resorption while inhibiting osteoblastic bone formation, 
resulting in net bone loss [25]. Therefore, the promotion 
of periodontal tissue regeneration through the improve-
ment of osteogenic differentiation has become a new 
direction in the treatment of periodontitis. It is reported 
that modulation of macrophage polarization adjusts the 
level of inflammation in periodontal tissues and enhances 
osteogenic differentiation of hPDLSCs, suggesting the 
potential of hPDLSCs on periodontal repair [10, 26]. 
M2-exo exhibits anti-inflammatory effects in several dis-
eases induced by obesity [27]. Moreover, M2-exo plays 
an important role in bone formation. Zhou et al. [28]. 
demonstrated that the pre-treatment of M2-exo with 
hydrogen sulfide significantly enhances its ability to 
promote bone regeneration in cranial bone defects and 
facilitates osteogenic differentiation of mesenchymal 
stem cells. Hou et al. [29]. revealed that M2-exos tar-
get OLFML1 through miR-365-2-5p to facilitate osteo-
genesis. Recently, several studies reported that M2-exo 
improves the progression of periodontitis by regulating 
bone formation. Several studies revealed that M2-exo 
promotes osteogenic differentiation of human periodon-
tal ligament stem cells (hPDLSCs) and enhances miner-
alization of cementoblast [30, 31]. Moreover, Chen et al. 

Fig. 3 Expression of CXCL12 in macrophages and hPDLSCs (A-C) qPCR was performed to measure the expression of CXCL12 in macrophages and 
hPDLSCs
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[14]. reported that M2-exo facilitates osteogenic differen-
tiation of bone marrow stromal cells while inhibiting the 
formation of bone marrow-derived macrophage osteo-
clast, and prevent pathological alveolar bone resorp-
tion through intercellular communication via exosomes. 
In this study, we isolated exosomes from IL-4-induced 
RAW264.7 cells, and assessed the effect of M2-exo on 
hPDLSCs. Similarly to previous studies, our results dem-
onstrated that M2-exo promoted osteogenic differen-
tiation and suppressed levels of inflammatory factors in 
LPS-induced hPDLSCs, indicating that M2-exo may be a 
potential treatment for periodontitis.

CXCL12 is a key chemokine in many homeostatic 
processes including embryonic development and angio-
genesis, and has been shown to play a role in the regu-
lation of inflammatory responses. Moreover, CXCL12 
has also been reported to be involved in the regulation 
of bone homeostasis. The mechanism of CXCL12 regu-
lating bone homeostasis is complex. Ponte et al. [32]. 
demonstrated that CXCL12 restrains bone turnover 
by suppressing osteoblastogenesis and the osteoclas-
togenesis support provided by cells of the osteoblast 
lineage rather than altering the balance between resorp-
tion and formation. Tzeng et al. [33]. revealed that dele-
tion of CXCL12 in mesenchymal stem/progenitor cells 

Fig. 4 M2-exo restored osteogenic differentiation in LPS-induced hPDLSCs is suppressed by CXCL12 knockdown (A) The expression of CXCL12 was 
measured by qPCR. (B) Osteogenic differentiation was assessed by ALP and ARS staining. (C) ALP activity in hPDLSCs was measured using an ALP activity 
kit. (D) The absorbance of ARS staining was measured at 562 nm. (E-G) The expression of osteogenic differentiation-related genes ALP, OCN and Runx2 
was measured by qPCR. (H) The protein levels of ALP, OCN and Runx2 were identified by western blot. (I-K) The levels of inflammatory factors IL-1β, IL-6 
and TNF-α were measured by ELISA assay
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(MSPCs) reduces trabecular bone content and pro-
motes MSPCs differentiation into adipocytes. Due to 
the potential of CXCL12 in regulating osteogenic dif-
ferentiation, the mechanism of CXCL12 mediating peri-
odontitis by regulating bone homeostasis has also been 
explored. For instance, Liang et al. [20]. confirmed that 
SDF-1/EX-4 cotherapy synergistically regulates PDLSCs 
activities, promotes periodontal bone formation, which 
may be a new strategy for periodontal bone regen-
eration. However, the mechanism of CXCL12 mediat-
ing the development of periodontitis is not been fully 
explored, and whether CXCL12 is regulated by M2-exo 
in hPDLSCs remains unclear. In our current study, we 
demonstrated that CXCL12 was highly expressed in M2 
macrophages, and LPS inhibited CXCL12 expression in 
hPDLSCs. Additionally, promoted osteogenic differentia-
tion and suppressed inflammation levels in LPS-induced 
hPDLSCs were reversed by CXCL12 knockdown. These 
results suggested that CXCL12 may promote osteogenic 
differentiation in hPDLSCs. Zhang et al. [21]. demon-
strated that CXCL12 overexpression promotes the angio-
genesis of PDLSCs. Moreover, Du et al. [34]. confirmed 
that PTH and CXCL12 cotherapy facilitates proliferation, 
migration and osteogenic differentiation of PDLSCs. 
These results indicated that CXCL12 may be a promoter 
of periodontal tissue regeneration. Collectively, this study 
demonstrated that M2-exo may promote osteogenic dif-
ferentiation and suppress inflammation in LPS-induced 
hPDLSCs by enhancing CXCL12 expression.

However, limitations still exist in this study. Although 
we found that THP-1-derived M2-exo and RAW264.7 
cell-derived M2-exo presented close inhibitory effects 
at osteogenic differentiation and inflammation level, 
whether it also exert these effects by targeting CXCL12 
remains unclear, which may be investigated in the future 
work. Moreover, animal study will be conducted in the 
future work to provide the theoretical and experimental 
foundation for the clinical treatment of periodontitis.

In conclusion, we confirmed that M2-exo promoted 
osteogenic differentiation and suppressed inflammation 
in LPS-induced hPDLSCs through promoting CXCL12 
expression. This study may provide a new theory for the 
treatment of periodontitis.
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