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Abstract 

Background: Periodontitis is characterized by progressive inflammation and alveolar bone loss resulting in tooth 
loss finally. Macrophages including pro-inflammatory M1-like macrophages and reparative M2-like macrophages play 
a vital role in inflammation and tissue homeostasis in periodontitis. Among them, reparative M2-like macrophages 
have been shown to promote tissue repair and prevent bone loss. However, the mechanism of reparative M2 mac-
rophages-induced osteoprotective effect remains elusive.

Results: Exosomes from reparative M2-like macrophages (M2-Exos) were isolated and identified successfully. 
M2-Exos could promote bone marrow stromal cells (BMSCs) osteogenic differentiation while suppressing bone mar-
row derived macrophage (BMDM) osteoclast formation, and prohibit pathological alveolar bone resorption because 
of the intercellular communication via exosomes. High expression level of IL-10 mRNA was detected not only in 
reparative M2-like macrophages but also in M2-Exos. Meanwhile, IL-10 expression level in BMSCs or BMDM was also 
upregulated significantly after co-culturing with M2-Exos in a concentration-dependent manner. In vitro, recombinant 
IL-10 proteins had the ability to selectively promote osteogenic differentiation of BMSCs and hinder osteoclast differ-
entiation of BMDM. Moreover, after treatment with M2-Exos and IL-10R antibody together, the capacity of promoting 
osteogenesis and suppressing osteoclastogenesis of M2-Exos was significantly reversed. In vivo experiments further 
showed that M2-Exos reduced alveolar bone resorption in mice with periodontitis via IL-10/IL-10R pathway.

Conclusion: In conclusion, our results demonstrate that the reparative M2-like macrophages could promote 
osteogenesis while inhibiting osteoclastogenesis in vitro as well as protect alveolar bone against resorption in vivo 
significantly. M2-Exos could upregulate the IL-10 cytokines expression of BMSCs and BMDM via delivering exosomal 
IL-10 mRNA to cells directly, leading to activation of the cellular IL-10/IL-10R pathway to regulate cells differentiation 
and bone metabolism. These results might partly account for the mechanism of osteoprotective effect of reparative 
M2-like macrophages and provide a novel perspective and a potential therapeutic approach on improving alveolar 
resorption by M2-Exos.
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Background
Periodontitis, a high-incidence oral disease, is a signifi-
cant public health concern affecting a vast majority of the 
population. Periodontitis is characterized by progressive 
local inflammation and loss of the alveolar bone resulting 
in masticatory ability insufficiency eventually. The loss of 
alveolar bone is closely related to the disruption of bone 
homeostasis regulated by osteogenesis and osteoclas-
togenesis. Therefore, it is very critical for periodontists 
to figure out the disorders of bone homeostasis to inhibit 
bone resorption and promote alveolar bone regenera-
tion. As is well known, the immune system has a great 
effect on bone homeostasis. In the course of periodontitis 
development, massive immune cells infiltrate the peri-
odontium, containing macrophages [1] which encounter 
immunostimulatory compounds derived from invading 
pathogens in the early phase of inflammation and partici-
pate in bone metabolism balance in periodontitis.

Macrophages as dynamic cells participating in induc-
tion and resolution of inflammation [2] exhibit a sig-
nificant degree of plasticity and heterogeneity through 
the function and biology, such as pro-inflammatory 
M1-like macrophages at one extreme and reparative 
M2-like macrophages at the other extreme [3, 4]. Pro-
inflammatory M1-like macrophages strongly express 
pro-inflammatory cytokines including IL-1β, IL-6 and 
TNF-α, which initiate the upregulation of destruction 
mediators in primary tissue and lead to bone resorption 
[5, 6]. Conversely, reparative M2-like macrophages secret 

anti-inflammatory cytokines such as TGF-β and IL-10 
to suppress inflammation and maintain immunologic 
homeostasis [7, 8]. It is well documented that, reparative 
M2-like macrophages are involved in tissue repair [9] and 
play a pivotal role in osseous remodeling as mediators of 
inflammatory and immune responses [10]. The upregu-
lated TGF-β, IL-4 and IL-10 of reparative M2-like mac-
rophages have been supposed as major factors for bone 
remodeling [10–12]. Bone remodeling is a dynamic bal-
ance between osteogenesis and osteoclastogenesis. Accu-
mulating evidence has shown that reparative M2-like 
macrophages can promote osteogenesis in MSCs while 
suppressing the early formation of osteoclasts via jux-
tacrine and paracrine signaling. Yet the exact mechanism 
of osteoprotective effects induced by reparative M2-like 
macrophages remains to be elucidated.

Recent studies have demonstrated that macrophages 
can regulate the vital biological processes of neighbor-
ing or distant cells by secreting exosomes [13]. Exosomes, 
a type of extracellular vesicle with diameters from 30 
to 150 nm [14], are secreted by almost all types of cells 
under physiological and pathological conditions. Until 
1980s, exosomes were found and reported for involving 
in cell activity, and then much attention has been paid 
[12, 15]. Now, they have been verified to participate in 
cell-to-cell communication by intercellular exchange 
of signal and nutrition, such as protein, nucleic acids 
and lipid, which hence is associated with mediating the 
function of targeted cells [16, 17]. Because of the signals 
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and nutrients delivered by exosomes, macrophages are 
broadly involved in a number of physiological processes 
and pathological diseases such as cancer [18], inflamma-
tion [19] and tissue repair [20]. In addition, macrophages 
exosomes also participate in bone remodeling [21]. How-
ever, the exosomes derived from different types of mac-
rophages have been shown to exert different functional 
effects on osteogenesis [22, 23]. Among them, exosomes 
from reparative M2-like macrophages (M2-Exos) are 
gradually regarded as a positive mediator on osteogenesis 
[24].

Current standard treatment includes basic periodon-
tal therapy and surgical periodontal treatment with sys-
temic or local concomitant antibiotherapy [25], whereas 
the treatment for periodontitis was far from satisfac-
tory. Many studies have shown that promoting mac-
rophage polarization to the reparative M2 phenotype 
significantly inhibits bone resorption due to periodontitis 
[26]. Accordingly, we aim to investigate the osteoprotec-
tive mechanism of reparative M2-like macrophages and 
develop a novel method for promoting bone formation 
and decreasing bone resorption during periodontitis. Our 
recent study demonstrated that M2-Exos could promote 
osteogenesis and suppressed osteoclastogenesis. Moreo-
ver, IL-10 expression was upregulated remarkably in 
both bone marrow stromal cells (BMSCs) and bone mar-
row derived macrophage (BMDM) after incubating with 
M2-Exos. IL-10 is highly expressed in reparative M2-like 
macrophages and described as a cytokine synthesis inhib-
itory factor, which has been extensively shown to lower 
the synthesis of pro-inflammatory cytokines. Further-
more, IL-10 is also considered to be a crucial regulator 
for bone homeostasis and inflammatory conditions [27], 
playing a prominent role in regulating osteoblast/osteo-
clast differentiation and function. Therefore, we hypoth-
esized that reparative M2-like macrophages may exert its 
osteoprotective effect through up-regulating the IL-10 
expression in both BMSCs and BMDM via transporting 
exosomal IL-10 mRNA. Here, we demonstrate the effect 
of M2-Exos on inducing BMSCs toward the osteoblasts 
and inhibiting BMDM toward the osteoclasts via exoso-
mal IL-10 mRNA, as well as inhibiting bone resorption 
during periodontitis.

Results
Isolation and characterization of M2‑exos
To determine the feature of exosomes from the reparative 
M2-like macrophages, we purified the exosomes from the 
serum-free culture supernatants of reparative M2-like 
macrophages by ultracentrifugation. M2-Exos were 
measured to be 30–150 nm in diameter, as demonstrated 
by both TEM and NLS analysis (Fig.  1b, c). As shown 
in Fig. 1b, the morphology of M2-Exos under TEM was 

round or round-like vesicle with a bilayer lipid mem-
brane. Western blot further showed the isolated vesicles 
expressed the exosomal markers of CD9 and TSG101 
without the cell-specific marker GM130 (Fig.  1a). Sub-
sequently, our findings revealed that the M2-Exos can 
be endocytosed by BMSCs and BMDM, respectively. 
The M2-Exos labeled with the fluorescent dye DiI were 
incubated with BMSCs (Additional file  1: Fig. S1a, b) 
or BMDM (Additional file  1: Fig. S2) for 3  h, and then 
images showed DiI-labeled M2-Exos were localized in 
the cytosol (Fig. 1d, e). Collectively, exosomes were suc-
cessfully extracted from reparative M2-like macrophages 
and efficiently taken up by BMSCs or BMDM.

M2‑Exos regulate the differentiation of BMSCs and BMDM
We next investigated how M2-Exos exerted osteopro-
tective effect by modulating differentiation of BMSCs 
and BMDM in  vitro. BMSCs were treated with an 
equal volume of PBS, 50  μg/ml M2-Exos, or 100  μg/ml 
M2-Exos released into osteoinductive medium respec-
tively. Expression of Alp, Col1a, Runx2 and Ocn were 
then ascertained by RT-qPCR 3 d post incubation. As 
compared with the control group, the expression lev-
els of these genes were significantly upregulated in the 
M2D-Exos group in a concentration-dependent man-
ner (Fig. 2a). To further explore the impact of M2-Exos 
on osteogenesis, BMSCs were continuously cultured for 
21 d. Subsequently, the ALP staining and alizarin red 
staining were assessed on day 14 and 21, respectively, 
which revealing enhanced osteogenic capability and min-
eral deposition in M2-Exos-treated BMSCs (Fig.  2b–e). 
Meanwhile, we co-cultured M2-Exos with BMDM in the 
same conditions as BMSCs with osteoclastic medium for 
7 d. The multiple osteoclastogenic-related genes expres-
sion, including Acp, Nfatc1, c-Fos and Mmp-9, were 
negatively correlated with the concentration of M2-Exos 
(Fig. 2f ), and the differentiation of osteoclasts was found 
to be markedly suppressed (Fig. 2g–i).

M2‑Exos decrease alveolar bone resorption in mice 
with periodontitis
To assess the impact of M2-Exos in periodontitis mice, we 
used molar ligation with P. gingivalis to induce periodonti-
tis. The ligature was tied around the maxillary left second 
molar for 10 d and then the mice with periodontitis were 
locally injected a total of 30 μl samples with PBS, 50 μg/ml 
M2-Exos, or 100 μg/ml M2-Exos respectively in the max-
illary left buccal mucosa on days 1, 4, and 7 after ligature 
removal (Fig.  3a). Micro-CT examinations were used to 
assay the alveolar bone-resorption process of periodon-
titis healing. Compared with control group, the alveolar 
bone-resorption in M2-Exos treated mice was reduced 
significantly and exhibited greater osteoprotective effect in 
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the buccal side than palatal side of alveolar bone (Fig. 3b, e 
and f). In addition, the samples of maxilla were harvested 
for H&E staining post M2-Exos treatment. H&E staining 
results revealed similar results as micro-CT examinations 
(Fig. 3c). Moreover, immunofluorescence further revealed 
that TRAP expression in maxillary tissue of M2-Exos 
group was substantially reduced compared with control 

mice, which demonstrated lessened osteoclastic lineage 
(Fig. 3d, g).

IL‑10 is involved in osteoblastic differentiation 
and osteoclastic inhibition
Previous studies demonstrated that IL-10 was generated 
highly by reparative M2-like macrophages and regarded 

Fig. 1 Characterization of isolated exosomes. a Western blotting analysis revealed the proteins of TSG101 and CD9 were enriched in exosomes. 
b Scanning electron microscopy was used to identify the vesicles isolated from reparative M2-like macrophages. c Particle size distribution of 
the exosomes secreted by reparative M2-like macrophages were investigated by dynamic light scattering (DLS) analysis. Exosomes derived from 
reparative M2-like macrophages was labeled with red fluorescence DiI and co-cultured with BMSCs (d) and BMDM (e) respectively, red fluorescence 
represents exosomes in BMSCs or BMDM

(See figure on next page.)
Fig. 2 M2-Exos promote osteogenesis and suppress osteoclastogenesis in vitro. a Osteogenesis-related genes were upregulated in 
M2-Exos-treated BMSCs quantified by RT-PCR analysis. b ALP staining in BMSCs following treated by an equal volume of PBS, 50 μg/ml M2-Exos, or 
100 μg/ml M2-Exos for 14 d. c ALP activity was examined via an ALP assay kit. d Alizarin red-mediated calcium staining in BMSCs following treated 
by an equal volume of PBS, 50 μg/ml M2-Exos, or 100 μg/ml M2-Exos for 21 d. e Alizarin red staining was extracted by cetylpyridinium chloride 
and quantified by spectrophotometer. f Osteoclastogenesis-related genes were inhibited in BMDM induced osteoclasts treated with M2-Exos by 
RT-PCR analysis. g TRAP staining was performed in osteoclasts induced by BMDM treated by an equal volume of PBS, 50 μg/ml M2-Exos, or 100 μg/
ml M2-Exos for 7 d. Thse number (h) and area (i) of TRAP-positive cells was calculated. Data are mean ± SEM of triplicate experiments. *p < 0.05, 
**p < 0.01, ***p < 0.001
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as one of markers to reparative M2-like macrophages. 
Next, we explored the ability of IL-10 to directly 
affect BMSCs or BMDM by treating cells with IL-10 

recombinant proteins respectively. After incubated with 
IL-10 recombinant proteins, cells were harvested and the 
results indicated that osteogenic-related genes, including 

Fig. 2 (See legend on previous page.)
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Alp, Col1a, Runx2 and Ocn, were then measured by RT-
qPCR analysis, showing a marked improvement of these 
genes in the IL-10 group (Fig.  4a). Furthermore, the 
detection of alizarin red staining and extracellular matrix 
mineralization on day 14 and 21, respectively, revealed a 

clearly increased capacity of osteogenic differentiation of 
BMSCs in IL-10 group (Fig. 4b–e). Simultaneously, after 
co-culturing with IL-10 recombinant proteins, the capac-
ity of BMDM differentiating into osteoclasts was signifi-
cantly inhibited (Fig. 4f–i). Taken together, these results 

Fig. 3 M2-Exos attenuate alveolar bone resorption in periodontitis mice. a Schematic diagram showing the process of construction of the 
periodontitis animal model and exosomes injection into mice. b 3D-reconstructed images produced by micro-CT were performed on maxillae of 
PBS, 50 μg/ml M2-Exos, or 100 μg/ml M2-Exos treated groups. The average distance from alveolar bone crest (ABC) to cement-enamel junction 
(CEJ) on (e) three palatal sides (mesial, central, and distal sites) and (f) three buccal sides (mesial, central, and distal sites) of left maxillary second 
molar was measured. Data are shown as means ± SEM. c H&E staining images showing the alveolar bone resorption of the periodontium from each 
group. d Confocal analysis showing TRAP-stained osteoclasts (arrows) in the sections of periodontium from each group. Blue, nuclei; red, osteoclasts. 
g The number of TRAP-stained osteoclasts was counted via microscope in each group. Data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. 2nd 
M, second molar; CEJ, cementum-enamel junction; B, bone
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thus confirmed the ability of IL-10 to directly result in 
osteoblastic differentiation and osteoclastic inhibition.

M2‑Exos promote IL‑10 cytokines expression of BMDM 
and BMSCs via delivering exosomal IL‑10 mRNA to cells 
directly
Considering that exosome can act as a delivery vehi-
cle carrying signaling molecules in a paracrine manner 
and the high expression of IL-10 in reparative M2-like 
macrophages, we isolated the exosomes from M0 and 
reparative M2-like macrophages culture supernatants 
and then IL-10 mRNA was detected and found to be 
expressed higher in M2-Exos compared with M0-Exos 
(Fig. 5a). Next, cells were harvested at 6 h by co-culturing 
different concentrations of M2-Exos with BMSCs and 
BMDM, respectively. The results showed that the expres-
sion level of IL-10 mRNA was elevated significantly in 
both BMSCs and BMDM in a concentration-dependent 

manner (Fig.  5d). Moreover, with fresh medium for an 
additional 24  h after incubating cells and M2-Exo as 
above, the IL-10 cytokines in supernatants were measure 
via ELISA analysis. As Fig. 5e shown, IL-10 cytokines in 
supernatants of in BMSCs and BMDM were also remark-
ably increased in a concentration-dependent manner. 
Subsequently, further experiment confirmed that IL-10R 
was expressed on the membranes of BMSCs or BMDM 
by flow cytometry analysis (Fig. 5b, c). Thus, these results 
suggested that M2-Exos may deliver IL-10 mRNA to 
BMSCs and BMDM to promote IL-10 cytokines expres-
sion and exert the effect via IL-10/IL-10R pathway.

M2‑Exos modulate cells differentiation via IL‑10/IL‑10R 
pathway
To further verify M2-Exos could regulate the differ-
entiation of BMSCs and BMDM via IL-10, we incu-
bated BMSCs or BMDM with an equal volume of PBS, 

Fig. 4 IL-10 activates osteoblast differentiation and inhibited osteoclast differentiation. a Osteogenesis-related genes were upregulated in 
BMSCs treated with IL-10 recombinant proteins quantified by RT-PCR analysis. b ALP staining in BMSCs following treated by IL-10 recombinant 
proteins for 14 d. c ALP activity was examined via an ALP assay kit. d Alizarin red-mediated calcium staining in BMSCs following treated by 
IL-10 recombinant proteins for 21 d. e Alizarin red staining was extracted by cetylpyridinium chloride and quantified by spectrophotometer. 
f Osteoclastogenesis-related genes were inhibited in BMDM induced osteoclasts treated with IL-10 by RT-PCR analysis. g TRAP staining was 
performed in osteoclasts induced by BMDM treated with IL-10 for 7 d. The number (h) and area (i) of TRAP-positive cells was calculated. Data are 
mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001
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M2-Exos and M2-Exos with anti-IL-10R antibody 
released into osteoinductive medium respectively. 
Expression of Alp, Col1a, Runx2 and Ocn were then 
quantified by RT-qPCR 3 d post incubation. As com-
pared with the M2-Exos group, the mRNA expression 
levels of these genes were significantly down-regulated 
in the anti-IL-10R antibody group (Fig.  6a) and the 
capacity of osteogenic differentiation of BMSCs in 

anti-IL-10R antibody group was restrained (Fig.  6b–
e). Instead, after co-cultured with PBS, M2-Exos and 
M2-Exos with anti-IL-10R antibody released into oste-
oclastic medium respectively for 7 d, suppressed osteo-
clastogenic-related genes including Acp, Nfatc1, c-Fos 
and Mmp-9 of BMDM in M2-Exos group were upregu-
lated in anti-IL-10R antibody group (Fig. 6f ). Moreover, 
the osteoclastic differentiation of BMDM was mainly 
reversed (Fig.  6g–i). The results above revealed that 

Fig. 5 M2-Exos elevate IL-10 cytokines expression of BMDM and BMSCs via delivering exosomal IL-10 mRNA to the cells directly. a Total RNA 
was extracted from exosomes and quantified by RT-PCR analysis. Surface IL-10R expression of BMSCs (b) and BMDM (c) was monitored by flow 
cytometry. d The expression of IL-10 was measured in BMSCs or BMDM treated by PBS, 50 μg/ml M2-Exos, or 100 μg/ml M2-Exos by RT-PCR analysis. 
e IL-10 cytokines in culture supernatant of BMSCs or BMDM were measured by ELISA analysis

(See figure on next page.)
Fig. 6 M2-Exos promote osteogenesis and suppress osteoclastogenesis via IL-10/IL-10R pathway. a Osteogenesis-related genes were quantified in 
BMSCs treated by PBS, M2-Exos, or M2-Exos with anti-IL-10R antibody by RT-PCR analysis. b ALP staining in BMSCs following treated by PBS, M2-Exos, 
or M2-Exos with anti-IL-10R antibody for 14 d. c ALP activity was examined via an ALP assay kit. d Alizarin red-mediated calcium staining in BMSCs 
following treated by PBS, M2-Exos, or M2-Exos with anti-IL-10R antibody for 21 d. e Alizarin red staining was extracted by cetylpyridinium chloride 
and quantified by spectrophotometer. f Osteoclastogenesis-related genes were measured in BMDM induced osteoclasts treated by PBS, M2-Exos, 
or M2-Exos with anti-IL-10R antibody by RT-PCR analysis. g TRAP staining was performed in osteoclasts induced by BMDM treated by PBS, M2-Exos, 
or M2-Exos with anti-IL-10R antibody for 7 d. The number (h) and area (i) of TRAP-positive cells was calculated. Data are mean ± SEM. *p < 0.05, 
**p < 0.01, ***p < 0.001
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M2-Exos could regulate osteogenic differentiation of 
BMSCs and osteoclastic differentiation of BMDM via 
IL-10/IL-10R pathway.

M2‑Exos derived IL‑10 reduce alveolar bone resorption 
in mice with periodontitis
To investigate how M2-Exos decreased bone resorption 

Fig. 6 (See legend on previous page.)
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caused by periodontitis, we administered PBS, M2-Exos, 
or M2-Exos with anti-IL-10R antibody respectively to 
the site of maxillary left buccal mucosa in murine mod-
els on days 1, 4, and 7 after ligature removal. Maxillary 
samples were harvested and then monitored by micro-
CT, the results showed a significantly absorption of 
alveolar bone in PBS groups and on day 7 post ligature 
removal, the M2-Exos-treated mice no longer increased 
bone resorption suggesting bone remodeling had clearly 
taken place. However, when blocking the IL-10/IL-10R 
pathway via anti-IL-10R antibody, skeletogenesis was 
substantially reduced in maxillary tissue compared with 
M2-Exos group which suggested the positive effect of 
M2-Exos was significantly reversed (Fig.  7a, d and e). 
In addition, H&E staining further indicated reduced 
alveolar bone resorption for mice treated with M2-Exos 
group and blocked the IL-10/IL-10R pathway can impair 

this positive bone remodeling effect (Fig.  7b). Moreo-
ver, immunofluorescence revealed that the number of 
osteoclasts was decreased in M2-Exos group compared 
with control group. And the number of osteoclasts was 
increased after blocking the IL-10/IL-10R pathway with 
anti-IL-10R antibody (Fig. 7c, f ). The results above sug-
gested that M2-Exos could positively regulate bone 
remodeling via IL-10/IL-10R pathway in periodontitis.

Discussion
The inflammatory microenvironment of periodonti-
tis could activate osteoclast differentiation by RANKL/
RANK/OPG system. In parallel, the immune cells and 
activated osteoclasts can secrete chemokines, such as 
CXCL12, to facilitate BMSCs recruitment and migra-
tion. Induction and activation of BMSCs or periodon-
tal ligament stem cells into osteoblasts is the key for the 

Fig. 7 M2-Exos reduce alveolar bone resorption in periodontitis mice via IL-10/IL-10R pathway. a 3D-reconstructed images produced by micro-CT 
were performed on maxillae of PBS, M2-Exos, or M2-Exos with anti-IL-10R antibody treated groups. The average distance from alveolar bone crest 
(ABC) to cement-enamel junction (CEJ) on (d) three palatal sides (mesial, central, and distal sites) and (e) three buccal sides (mesial, central, and 
distal sites) of left maxillary second molar was measured. Data are shown as means ± SEM. b H&E staining images showing the alveolar bone 
resorption of the periodontium from each group. c Confocal analysis showing TRAP-stained osteoclasts (arrows) in the sections of periodontium 
from each group. Blue, nuclei; red, osteoclasts. f The number of TRAP-stained osteoclasts was counted via microscope in each group. Data are 
mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. 2nd M, second molar; CEJ, cementum-enamel junction; B, bone
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regeneration of alveolar bone [28]. Bone homeostasis 
requires a balance between osteogenesis (bone forma-
tion) and osteoclastogenesis (bone resorption) [29]. 
However, periodontitis was reported that can suppress 
the alveolar bone healing via disturbing osteogenic and 
osteoclastic balance resulting in the loss of teeth [30]. 
Macrophages have been reported to be phenotypically 
plastic and can be activated into reparative M2-like 
macrophages [31], which can promote osteoblast differ-
entiation while inhibiting osteoclast formation [32, 33]. 
Therefore, gaining further insights into the mechanisms 
of reparative M2 macrophages-induced osteoprotective 
effect will be of great significance for the treatment of 
periodontitis.

Exosomes from donor cells can modulate intercellular 
communication by transporting biomolecules including 
RNAs, proteins and lipids, and thus induce characteris-
tics to recipient cells so that they will be moderated in the 
changing microenvironment [34]. Therefore, exosomes 
were important for maintaining normal physiological 
activity and impacting pathological processes. Accumu-
lating evidence suggests that exosomes could play an 
essential role in the progression of bone remodeling. It 
was reported that MSCs-derived exosomes could induce 
the formation of osteogenic lineages from naive stem 
cells [35] and the mineralizing osteoblast could estab-
lish a positive feedback via exosomes itself thereby pro-
moting MSCs osteogenic differentiation [36]. Moreover, 
studies have demonstrated that the exosomes derived 
from monocyte cell [37] and dendritic cell are also able 
to promote MSCs osteogenic differentiation signifi-
cantly in vitro, which further suggest the importance of 
exosomes in bone metabolism.

In this study, we found that the osteogenic differen-
tiation capacity of BMSCs was significantly enhanced 
after exposure to M2-Exos. Simultaneously, the osteo-
clast formation of BMDM was suppressed remarkably 
in the presence of M2-Exos in vitro. In the mouse model 
of periodontitis, bone tissue defects were reduced by 
local injection of M2-Exos in inflammatory gingival tis-
sue around teeth and the number of TRAP-positive 
osteoclasts was dramatically decreased. These results 
were consistent with the results of experiments in  vitro 
described above and suggested that M2-Exos could reg-
ulate the balance of bone metabolism by directly affect-
ing both osteoblasts and osteoclasts to reduce bone loss 
in periodontitis. However, the mechanisms by which 
M2-Exos confer bone remodeling via osteoclast and oste-
oblast remains unclear. Previous studies have shown that 
reparative M2-like macrophages express IL-10 highly 
which is associated with alveolar bone homeostasis and 
participate in regulation of the inflammatory responses 
[27]. Marcela et al. [38] demonstrated that in the absence 

of IL-10, alveolar bone loss was closely related with 
reduced expression of osteoblastic and osteoclastic mark-
ers, independent of the effects of microbial, inflammatory 
or bone resorption pathways. Hence, IL-10 is considered 
to be a potential mediator of bone homeostasis for peri-
odontitis. In this study, by adding recombinant protein 
IL-10 to the medium of BMSCs and BMDM respectively, 
we found osteogenesis was enhanced in BMSCs while 
osteoclast formation is restrained in BMDM. The results 
were in agreement with the previous results, which sug-
gested that M2-Exos may exert its effects by IL-10/IL-
10R pathway.

Exosomes are lipid bilayer nanovesicles that contain 
nucleic acids, lipids and proteins. However, exosomes 
have a limited capacity to deliver macromolecules, such 
as messenger RNAs, leading to low yields of mRNA or 
proteins by exosomes. For this reason, the function of 
mRNA in exosomes is limited. Interestingly, Chen et al. 
[39] showed that IL-10 was concentration-dependent in 
osteogenesis of BMSCs and have a dual role in osteo-
genesis. Low physiological concentrations of IL-10, such 
as 0.01 ng/ml, can promote osteogenesis in BMSCs, but 
with higher doses of IL-10, the ability of osteogenesis is 
inhibited. Hence, low delivery of exosomal IL-10 mRNA 
may positively regulate the bone metabolic balance. The 
results we found that the concentration of IL-10 cytokine 
in the supernatant of BMSCs after incubated with 
M2-Exos ranging from 0.01 to 0.1  ng/ml, which were 
consistent with the results mentioned above.

In the course of the present study concerning mecha-
nisms of M2-Exos-induced osteoprotective effect, a sig-
nificant increase in IL-10 mRNA expression in exosomes 
was detected during the polarization of M0 macrophages 
to reparative M2-like macrophages in this study. By co-
culturing M2-Exos with BMSCs and BMDM respectively, 
the results indicated that IL-10 expression was elevated 
in BMSCs and BMDM in a concentration-dependent 
manner. Subsequently, we used anti–IL-10R to block 
IL-10/IL-10R pathway and the capacity of osteogenesis 
promotion and osteoclastogenesis suppression caused by 
M2-Exos were limited in vitro and in vivo. These results 
suggested that the osteoprotective effect of reparative 
M2-like macrophages may be mediated by exosomal 
delivery of IL-10 mRNA to cells, which in turn increases 
cellular IL-10 expression and activates IL-10/IL-10R 
pathway.

Although we identified exosomal IL-10 mRNA as a 
potential target of M2-Exos to regulate bone metabolism, 
there are several limitations of our study. First, the stimu-
latory effect of M2-Exos on osteoblasts and osteoclasts 
cannot be completely inhibited by blocking IL-10 sign-
aling. Given the characteristics of exosomes delivering 
cargo, other biomolecules such as miRNA and proteins 
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may be also involved in the regulation of bone remod-
eling, which require further research for validation. Sec-
ond, in animal study, the function of M2-Exos to reduce 
the loss of the palatal side of the alveolar bone is limited 
compared with buccal side. This may be due to the thin-
ner buccal bone and more M2-Exos enrichment because 
of the buccal injection site, which lead to a better thera-
peutic effect. In further studies, we plan to introduce 
slow-release carriers or bone grafting materials to further 
enhance the ability of M2-Exos to promote osteogenesis. 
Third, the ability of macrophages to yield exosomes is 
insufficient as required for clinical translation. Therefore, 
further studies about yield promotion and increasing 
drug loading capability of exosomes are still needed.

Conclusion
Overall, the results presented in this study indicate that 
M2-Exos may exert osteoprotective effect via transport-
ing IL-10 mRNA to BMSCs and BMDM respectively to 
upregulate the expression of IL-10 cytokines, which sig-
nificantly results in osteogenesis promotion and osteo-
clastogenesis suppression in vitro and in vivo. Our results 
provide a new insight into the mechanism by which 
M2-Exos regulate the bone metabolism and the bone 
repair process, revealing a novel therapeutic strategy for 
periodontitis.

Methods
Cell isolation and culture
BMSCs and BMDM were harvested from long bones 
of sacrificed C57BL/6 (6–8  weeks of age) mice. After 
removing both ends of the tibiae and femur bone, the 
medullary cavity was rinsed with the aid of syringe under 
sterile conditions. Cells were harvested and resuspended 
into the culture flask. The culture medium consisted of 
α-modified Eagle’s medium-α (α-MEM, Gibco, USA), 
10% fetal bovine serum (FBS, Gibco, USA) and 1% Peni-
cillin–streptomycin (100  IU/mL penicillin and 100  µg/
mL streptomycin) (Life Technologies) in a humidified 5% 
 CO2 incubator. The culture medium was replaced every 
48 h and the cells were passaged at 80–90% confluency. 
The BMSCs of 3rd generation were prepared for follow-
up experiments. For BMDM culture, bone marrow cells 
were gathered and plated at 10-cm dish with Dulbecco’s 
modified Eagle’s medium (DMEM, Gibco, USA) sup-
plemented with 10% fetal bovine serum, 1% Penicillin–
streptomycin and 25  ng/ml M-CSF (Biolegend, USA). 
Cells were cultured for 6 d with the medium changed 
every 48  h. Then, 20  ng/ml IL-4 (Biolegend, USA) was 
administered as reparative M2-like macrophages stimu-
lators for 24 h and used in subsequent experiments.

Isolation of exosomes
After 24 h incubation with 20 ng/ml IL-4, induced repar-
ative M2-like macrophages were washed with phosphate-
buffered saline (PBS) for 3 times and then were cultured 
in exosome-free medium. After 48 h culturing, dead cells 
and debris from cellular supernatants were discarded by 
centrifuging at 3000×g for 15 min, followed by filtration 
with a 0.45  μm filter. The supernatants were harvested 
and underwent ultracentrifugation for 90 min at 120,000g 
at 4 °C. The precipitate was resuspended by PBS and spun 
for an additional 90 min at 120,000g. The final precipitate 
(exosomes) was dissolved in 500 μL of 1 × PBS and stored 
at − 80 °C.

Characterization of exosomes
Transmission electron microscopy (JEM-2000EX TEM, 
Japan) was used to assess the morphology of purified 
reparative M2-like macrophages derived exosomes. Ade-
quate exosomes solution was placed onto 200 mesh cop-
per grids for 5 min at 37 °C and then 2% phosphotungstic 
acid was used to stain the copper grids. When the grids 
are dry, the exosomes were viewed and photographed 
under TEM. Collected M2-Exos were diluted to 500 ng/
ml and to avoid inter-particle interaction. The size distri-
bution of extracted exosomes was investigated by Nano-
plus (Beckman Coulter, USA).

Internalization of DiI‑labeled exosomes in vitro
To determine whether M2-Exos can be uptake by BMSCs 
and BMDM, the exosomes were labeled by 1 μM DiI lipo-
philic dye (Invitrogen, USA). After incubated with DiI 
for 30  min, exosomes were collected via centrifugation 
at 120,000g for 90  min, followed by adding to the cul-
ture medium of BMSCs and BMDM for 6 h, respectively. 
Then phalloidin was added to stain F-actin in BMSCs 
and BMDM staining was performed using anti-F4/80. 
Afterward, the nuclei of treated cells were incubated with 
Hoechst (Invitrogen, USA) for 10 min at room tempera-
ture. The images were viewed via a fluorescence micro-
scope (Olympus, Japan).

Alizarin red staining
BMSCs were plated onto 12-well plates. When reaching 
80–90% confluence, the osteogenic induction medium 
containing 10  mM b-glycerophosphate, 100  nM dexa-
methasone and 50  mM ascorbic acid was used to pro-
mote osteogenesis. The osteogenic induction medium 
was changed every 3 d. After 21 d induction, BMSCs were 
washed by PBS for twice. With 4% paraformaldehyde was 
then added to fix the cells for 15 min at room tempera-
ture. Alizarin Red S staining was performed by staining 
the cells with Alizarin Red S solution (Sigma-Aldrich, 
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USA) for 20  min. Subsequently, the distilled water was 
used to rinse twice and the red mineralized nodules were 
observed and captured using an inverted microscope 
(Olympus, Japan). Absorbance was then measured at 
562 nm.

ALP staining and activity assay
14 d after osteogenic induction of BMSCs, a BCIP/NBT 
alkaline phosphatase color development kit (Beyotime, 
China) was utilized in accordance with the manufac-
turer’s instructions. Briefly, cells were washed by PBS 
for twice. The 4% paraformaldehyde was used to fix the 
cells for 15  min and then rinsed with distilled water 
for twice. After discarding the distilled water, BCIP/
NBT substrate was incubated with cells for 40  min 
under a dark condition. The images were pictured 
and observed using an inverted microscope. Experi-
ments were repeated in triplicate. An ALP assay kit 
(Beyotime, China) was used for the ALP activity assay. 
Briefly, RIPA lysis buffer containing phenylmethylsulfo-
nyl fluoride (PMSF) was utilized to lyse BMSCs. Lysates 
were harvested from supernatants by centrifuging at 
12,000  rpm for 10  min. The samples were incubated 
with reaction buffer for 15  min at 37  °C. After termi-
nating the reaction, absorbance was detected at 520 nm 
and the concentration of protein was quantified via the 
BCA kit (Thermo Fisher Scientific, USA). Total pro-
tein concentration was used for normalization of ALP 
activity.

Osteoclast differentiation and TRAP staining
BMDM were obtained from long bones of sacrificed 
C57BL/6 (6–8 weeks of age) mice. Cells were responded 
with the α-MEM containing 25 ng/ml M-CSF, 10% fetal 
bovine serum, 1% Penicillin–streptomycin for 24 h. Non-
adherent cells in supernatants were harvested and cul-
tured on 6-well plates with the medium supplemented 
with 50 ng/ml RANKL (R&D Systems, USA) and 25 ng/
ml M-CSF (ρ = 2.0 ×  105 cells/cm2). The medium was 
changed every 2 d until mature osteoclasts had formed. 
TRAP staining kit (Sigma-Aldrich, USA) was utilized to 
stain the TRAP of osteoclasts via the following the manu-
facturers’ instructions. TRAP-positive cells with three 
or more nuclei were regarded as mature osteoclasts. The 
size and number of mature osteoclasts were observed 
and scored by an inverted microscope.

cDNA synthesis and quantitative PCR analysis
RT-qPCR was used to quantify the gene expression lev-
els. RNA was harvested through Trizol reagent (Invitro-
gen, USA) and converted into cDNA using PrimeScript 

RT Reagent kit (Takara, Janpan). And then RT-qPCR was 
performed using SYBR green (Takara, Janpan) by Bio-
Rad CFX96 Real-Time PCR Detection System (Roche, 
Germany) with specific primers. β-actin was selected as 
loading control and the  2−ΔΔCt method was performed to 
calculate relative gene expression. The experiment was 
repeated three times. Primer sequences used are listed in 
Additional file 1: Table S1.

Western blot
The protein of cells or exosomes was isolated by RIPA 
lysis buffer, followed by centrifuging at 12,000  rpm for 
10  min. After quantifying the concentration of pro-
tein via BCA kit, 40 μg proteins were separated on 10% 
SDS PAGE. After that, proteins were transferred onto a 
0.5  μm pore size nitrocellulose membrane at 180  mA. 
Subsequently, the membranes were blocked by 5% skim 
milk in tris-buffered saline with Tween-20 (TBST) for 1 h 
and then incubated with primary antibodies for probing 
target protein at 4 ℃ overnight. The following day, the 
membranes were incubated with corresponding with 
secondary antibodies at room temperature for 1  h. The 
blots were detected by Odyssey Infrared Imager system 
(LI‐COR Bioscience, USA) according to the instructions. 
Antibodies covering GM130 (CST, USA), CD9 (Abcam, 
USA), TSG101 (Abcam, USA), and GAPDH (CST, USA) 
were prepared by TBST (1:1000). Secondary antibodies 
were prepared by TBST (1:2000).

ELISA
The BMSCs or BMDM were co-cultured with M2-Exos 
for 24  h and then the medium was discarded and cells 
were rinsed with PBS for twice. Subsequently, fresh 
medium was added for an additional 24 h. Next, medium 
was harvested and centrifuged to remove the precipitate 
at 300 g for 10 min. ELISA kits (Lianke, China) were used 
to detect the expression of IL-10 from BMSCs or BMDM.

Flow cytometric analysis
IL-10R on membranes was evaluated by Flow cytometry 
analysis. BMSCs or BMDM were collected and incu-
bated with 1 μl of anti-IL-10R antibody (Biolegend, USA) 
in the dark for 30  min. Wash the samples sequentially 
with 1 ml wash solution for 3 times. The precipitate was 
obtained via centrifugation at 800 rpm and resuspended 
in 1 × PBS. Next, FITC-labeled secondary antibodies 
(Yeasen, China) was added for 30 min and the precipitate 
was collected via centrifugation at 800  rpm. Next, pre-
cipitate was resuspended in 300 µL PBS. Measurements 
were performed with Novocyte flow cytometer (ACEA) 
and data were analyzed with NovoExpress software.
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Murine periodontal disease model
All C57BL/6 (6–8  weeks of age) mice were obtained 
from the animal center of the Fourth Military Medical 
University and performed under protocols approved by 
the Animal Care and Use Committee. The mice under-
went anesthesia by intraperitoneal injection. A 5–0 silk 
ligature was immersed in P. gingivalis bacterial solution 
(1 ×  109/CFU) for 1 h and then fixed to the maxillary left 
second molar of mice for 10 d throughout the duration of 
experiment to induce periodontitis. For exosomes treat-
ment, 30  μl PBS or M2-Exos was injected locally when 
the ligature was removed. For antagomir treatment, 
the mixture of M2-Exos with anti-IL-10R antibody was 
injected locally after removing ligature.

Micro‑CT scanning and reconstruction
After intraperitoneal injection with overdose of pento-
barbital sodium, maxillary alveolar bones were harvested 
from euthanized mice. The collected alveolar bones were 
fixed into 4% PFA before transferred into 75% ethanol. 
The further imaging examination was performed via the 
high-resolution micro-CT scanner (Yxlon, Germany). 
Three-dimensional reconstruction of each scan was done 
and reoriented to the same position for bone loss analysis 
with anatomic landmarks. The distance of six predeter-
mined sites on both the buccal and palatal sides between 
the cementoenamel junction and the alveolar bone 
crest (CEJ-ABC distance) was measured as previously 
described [40].

Histology and immunostaining analysis
Maxillae samples harvested from mice were fixed into 
4% PFA for histological analysis. After that, the samples 
were demineralized and embedded in paraffin. Later on, 
the wax blocks were cut into 5-μm-thick sagittal sections 
which were stained with hematoxylin and eosin (H&E). 
An inverted microscope was used to captured histologi-
cal images. For immunostaining analysis, the sections 
were blocked with 0.5% FBS at room temperature for 
1 h. The sections were incubated with primary antibody 
of TRAP (Sevicepio, China) at 4  °C for 12  h, followed 
by secondary antibody at 37 °C for 1 h. Next, DAPI was 
used to satin sections at 37 °C for 10 min. Immunofluo-
rescence signal was observed and captured by confocal 
microscope (Zeiss, Germany).

Statistical analysis
The results were reported as mean ± SEM for at least 
three independent experiments. Data analyses in this 
experiment were performed by Student’s t-test between 
2 groups, while one-way ANOVAs was used to exam-
ine differences among 3 groups by SPSS version 20.0 

software. P < 0.05 was regarded as significance threshold 
(*, p < 0.05. **, p < 0.01. ***, p < 0.001).

Abbreviations
M2-Exos: Exosomes from reparative M2-like macrophages; BMSCs: Bone mar-
row stromal cells; BMDM: Bone marrow derived macrophage; OC: Osteoclast; 
IL-10: Interleukin-10; TRAP: Tartrate-resistant acid phosphatase; ALP: Alkaline 
phosphatase; Col1a: Type 1 collagen; Runx2: Runt-related transcription factor 
2; Ocn: Osteocalcin; Acp: Acid phosphatase; Nfatc1: Nuclear factor of activated 
T-cells; c-Fos: Cellular oncogene; Mmp-9: Matrix metalloprotein 9.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12951- 022- 01314-y.

Additional file 1: Fig. S1. Identification of BMSCs. a Flow cytometry 
analysis of third‐generation BMSCs with antibodies including CD29-APC, 
CD45-PE and CD90-APC. b The adipogenic and osteogenic differentiation 
capability of BMSCs was detected by Oil Red o staining and Alizarin Red S 
Staining respectively. Fig. S2. Identification of BMDM. After 7 d of incuba-
tion with M-CSF, mature BMDM were defined as F4/80+CD11b+ cells by 
flow cytometry analysis. Table S1. Primer used in RT-qPCR.

Acknowledgements
We thank Yusi Zhang and Yun Song for their excellent technical assistance.

Authors’ contributions
XC and ZW executed the experiment and analyzed data. LY, SS and ZF were 
responsible for data collection and assembly. KT provided valuable advice and 
technical support. XC drafted the manuscript. ZW revised the manuscript. LC 
and YS conceived and designed the study. All authors read and approved the 
final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
(No. 82170991 granted to Yingliang Song, No. 82071848 granted to Lihua 
Chen, No. 81971752 granted to Qianli Ma.)

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article.

Declarations

Ethics approval and consent to participate
All animal experiments were performed under protocols approved by the 
Animal Experimentation and Ethics Committee of Fourth Military Medical 
University.

Consent for publication
Not applicable.

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

Author details
1 Department of Implant Dentistry, School of Stomatology, Fourth Military 
Medical University, Xi’an 710032, Shaanxi, China. 2 Department of Hematology, 
Tangdu Hospital, Fourth Military Medical University, Xi’an 710038, Shaanxi, 
China. 3 Department of Immunology, Fourth Military Medical University, 
Xi’an 710032, Shaanxi, China. 4 Department of Implant Dentistry, College 
of Stomatology, Xi’an Jiaotong University, Xi’an 710004, Shaanxi, China. 

Received: 22 December 2021   Accepted: 17 February 2022

https://doi.org/10.1186/s12951-022-01314-y
https://doi.org/10.1186/s12951-022-01314-y


Page 15 of 15Chen et al. Journal of Nanobiotechnology          (2022) 20:110  

References
 1. Moskow BS, Polson AM. Histologic studies on the extension of the 

inflammatory infiltrate in human periodontitis. J Clin Periodontol. 
1991;18(7):534–42.

 2. Ross EA, Devitt A, Johnson JR. Macrophages: the good, the bad, and the 
gluttony. Front Immunol. 2021;12:708186.

 3. Tang PM, Nikolic-Paterson DJ, Lan HY. Macrophages: versatile players in 
renal inflammation and fibrosis. Nat Rev Nephrol. 2019;15(3):144–58.

 4. Li Y, Dong M, Wang Q, Kumar S, Zhang R, Cheng W, Xiang J, Wang G, 
Ouyang K, Zhou R, et al. HIMF deletion ameliorates acute myocardial 
ischemic injury by promoting macrophage transformation to reparative 
subtype. Basic Res Cardiol. 2021;116(1):30.

 5. Zhuang Z, Yoshizawa-Smith S, Glowacki A, Maltos K, Pacheco C, Sheha-
beldin M, Mulkeen M, Myers N, Chong R, Verdelis K, et al. Induction of M2 
macrophages prevents bone loss in murine periodontitis models. J Dent 
Res. 2019;98(2):200–8.

 6. Adamopoulos IE, Mellins ED. Alternative pathways of osteoclastogenesis 
in inflammatory arthritis. Nat Rev Rheumatol. 2015;11(3):189–94.

 7. Pålsson-McDermott EM, O’Neill LA. Signal transduction by the 
lipopolysaccharide receptor, Toll-like receptor-4. Immunology. 
2004;113(2):153–62.

 8. Schwandner R, Dziarski R, Wesche H, Rothe M, Kirschning CJ. Peptidogly-
can- and lipoteichoic acid-induced cell activation is mediated by toll-like 
receptor 2. J Biol Chem. 1999;274(25):17406–9.

 9. Brazil JC, Quiros M, Nusrat A, Parkos CA. Innate immune cell-epithelial 
crosstalk during wound repair. J Clin Investig. 2019;129(8):2983–93.

 10. Pajarinen J, Lin T, Gibon E, Kohno Y, Maruyama M, Nathan K, Lu L, Yao Z, 
Goodman SB. Mesenchymal stem cell-macrophage crosstalk and bone 
healing. Biomaterials. 2019;196:80–9.

 11. Gong L, Zhao Y, Zhang Y, Ruan Z. The macrophage polarization regulates 
MSC osteoblast differentiation in vitro. Ann Clin Lab Sci. 2016;46(1):65–71.

 12. Pan BT, Teng K, Wu C, Adam M, Johnstone RM. Electron microscopic 
evidence for externalization of the transferrin receptor in vesicular form in 
sheep reticulocytes. J Cell Biol. 1985;101(3):942–8.

 13. Lan J, Sun L, Xu F, Liu L, Hu F, Song D, Hou Z, Wu W, Luo X, Wang J, et al. 
M2 macrophage-derived exosomes promote cell migration and invasion 
in colon cancer. Can Res. 2019;79(1):146–58.

 14. Liu J, Ren L, Li S, Li W, Zheng X, Yang Y, Fu W, Yi J, Wang J, Du G. The biol-
ogy, function, and applications of exosomes in cancer. Acta Pharmaceu-
tica Sinica B. 2021;11(9):2783–97.

 15. Pan BT, Johnstone RM. Fate of the transferrin receptor during maturation 
of sheep reticulocytes in vitro: selective externalization of the receptor. 
Cell. 1983;33(3):967–78.

 16. Zhang L, Yu D. Exosomes in cancer development, metastasis, and immu-
nity. Biochim Biophys Acta. 2019;1871(2):455–68.

 17. Wortzel I, Dror S, Kenific CM, Lyden D. Exosome-mediated metastasis: 
communication from a distance. Dev Cell. 2019;49(3):347–60.

 18. Wei K, Ma Z, Yang F, Zhao X, Jiang W, Pan C, Li Z, Pan X, He Z, Xu J, et al. 
M2 macrophage-derived exosomes promote lung adenocarcinoma 
progression by delivering miR-942. Cancer Lett. 2021;526:205–16.

 19. Bouchareychas L, Duong P, Covarrubias S, Alsop E, Phu TA, Chung A, 
Gomes M, Wong D, Meechoovet B, Capili A, et al. Macrophage exosomes 
resolve atherosclerosis by regulating hematopoiesis and inflammation 
via MicroRNA Cargo. Cell Rep. 2020;32(2):107881.

 20. Yan W, Li T, Yin T, Hou Z, Qu K, Wang N, Durkan C, Dong L, Qiu J, Gregersen 
H, et al. M2 macrophage-derived exosomes promote the c-KIT pheno-
type of vascular smooth muscle cells during vascular tissue repair after 
intravascular stent implantation. Theranostics. 2020;10(23):10712–28.

 21. Cao Z, Wu Y, Yu L, Zou L, Yang L, Lin S, Wang J, Yuan Z, Dai J. Exosomal 
miR-335 derived from mature dendritic cells enhanced mesenchymal 
stem cell-mediated bone regeneration of bone defects in athymic rats. 
Mol Med. 2021;27(1):20.

 22. Kang M, Huang CC, Lu Y, Shirazi S, Gajendrareddy P, Ravindran S, Cooper 
LF. Bone regeneration is mediated by macrophage extracellular vesicles. 
Bone. 2020;141:115627.

 23. Xia Y, He XT, Xu XY, Tian BM, An Y, Chen FM. Exosomes derived from M0, 
M1 and M2 macrophages exert distinct influences on the proliferation 
and differentiation of mesenchymal stem cells. PeerJ. 2020;8:e8970.

 24. Xiong Y, Chen L, Yan C, Zhou W, Yu T, Sun Y, Cao F, Xue H, Hu Y, Chen D, 
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.

 25. Smiley CJ, Tracy SL, Abt E, Michalowicz BS, John MT, Gunsolley J, Cobb 
CM, Rossmann J, Harrel SK, Forrest JL, et al. Systematic review and meta-
analysis on the nonsurgical treatment of chronic periodontitis by means 
of scaling and root planing with or without adjuncts. J Am Dental Assoc. 
2015;146(7):508-524.e505.

 26. Chen MH, Wang YH, Sun BJ, Yu LM, Chen QQ, Han XX, Liu YH. HIF-1α 
activator DMOG inhibits alveolar bone resorption in murine periodon-
titis by regulating macrophage polarization. Int Immunopharmacol. 
2021;99:107901.

 27. Zhang Q, Chen B, Yan F, Guo J, Zhu X, Ma S, Yang W. Interleukin-10 inhibits 
bone resorption: a potential therapeutic strategy in periodontitis and 
other bone loss diseases. BioMed Res Int. 2014;2014:284836.

 28. Yoshikawa K, Saito A, Tomita S. Periodontal regenerative therapy with 
enamel matrix derivative and autogenous bone graft in patient with 
chronic periodontitis: an 18-month follow-up report. Bull Tokyo Dent Coll. 
2020;61(1):43–51.

 29. Baek D, Park KH, Lee KM, Jung S, Joung S, Kim J, Lee JW. Ubiquitin-
specific protease 53 promotes osteogenic differentiation of human bone 
marrow-derived mesenchymal stem cells. Cell Death Dis. 2021;12(3):238.

 30. Zhou R, Shen L, Yang C, Wang L, Guo H, Yang P, Song A. Periodontitis 
may restrain the mandibular bone healing via disturbing osteogenic and 
osteoclastic balance. Inflammation. 2018;41(3):972–83.

 31. Ge YW, Liu XL, Yu DG, Zhu ZA, Ke QF, Mao YQ, Guo YP, Zhang JW. Gra-
phene-modified CePO4 nanorods effectively treat breast cancer-induced 
bone metastases and regulate macrophage polarization to improve 
osteo-inductive ability. J Nanobiotechnol. 2021;19(1):11.

 32. Hotchkiss KM, Reddy GB, Hyzy SL, Schwartz Z, Boyan BD, Olivares-
Navarrete R. Titanium surface characteristics, including topography and 
wettability, alter macrophage activation. Acta Biomater. 2016;31:425–34.

 33. Yang D, Wan Y. Molecular determinants for the polarization of mac-
rophage and osteoclast. Seminars Immunopathol. 2019;41(5):551–63.

 34. Schillaci O, Fontana S, Monteleone F, Taverna S, Di Bella MA, Di Vizio D, 
Alessandro R. Exosomes from metastatic cancer cells transfer amoeboid 
phenotype to non-metastatic cells and increase endothelial permeability: 
their emerging role in tumor heterogeneity. Sci Rep. 2017;7(1):4711.

 35. Narayanan R, Huang CC, Ravindran S. Hijacking the cellular mail: exosome 
mediated differentiation of mesenchymal stem cells. Stem Cells Int. 
2016;2016:3808674.

 36. Cui Y, Luan J, Li H, Zhou X, Han J. Exosomes derived from mineralizing 
osteoblasts promote ST2 cell osteogenic differentiation by alteration of 
microRNA expression. FEBS Lett. 2016;590(1):185–92.

 37. Ekström K, Omar O, Granéli C, Wang X, Vazirisani F, Thomsen P. Monocyte 
exosomes stimulate the osteogenic gene expression of mesenchymal 
stem cells. PLoS ONE. 2013;8(9):e75227.

 38. Claudino M, Garlet TP, Cardoso CR, de Assis GF, Taga R, Cunha FQ, 
Silva JS, Garlet GP. Down-regulation of expression of osteoblast and 
osteocyte markers in periodontal tissues associated with the spontane-
ous alveolar bone loss of interleukin-10 knockout mice. Eur J Oral Sci. 
2010;118(1):19–28.

 39. Chen E, Liu G, Zhou X, Zhang W, Wang C, Hu D, Xue D, Pan Z. 
Concentration-dependent, dual roles of IL-10 in the osteogenesis of 
human BMSCs via P38/MAPK and NF-κB signaling pathways. FASEB J. 
2018;32(9):4917–29.

 40. Tsukasaki M, Komatsu N, Nagashima K, Nitta T, Pluemsakunthai W, 
Shukunami C, Iwakura Y, Nakashima T, Okamoto K, Takayanagi H. Host 
defense against oral microbiota by bone-damaging T cells. Nat Commun. 
2018;9(1):701.

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


	Exosomes derived from reparative M2-like macrophages prevent bone loss in murine periodontitis models via IL-10 mRNA
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	Isolation and characterization of M2-exos
	M2-Exos regulate the differentiation of BMSCs and BMDM
	M2-Exos decrease alveolar bone resorption in mice with periodontitis
	IL-10 is involved in osteoblastic differentiation and osteoclastic inhibition
	M2-Exos promote IL-10 cytokines expression of BMDM and BMSCs via delivering exosomal IL-10 mRNA to cells directly
	M2-Exos modulate cells differentiation via IL-10IL-10R pathway
	M2-Exos derived IL-10 reduce alveolar bone resorption in mice with periodontitis

	Discussion
	Conclusion
	Methods
	Cell isolation and culture
	Isolation of exosomes
	Characterization of exosomes
	Internalization of DiI-labeled exosomes in vitro
	Alizarin red staining
	ALP staining and activity assay
	Osteoclast differentiation and TRAP staining
	cDNA synthesis and quantitative PCR analysis
	Western blot
	ELISA
	Flow cytometric analysis
	Murine periodontal disease model
	Micro-CT scanning and reconstruction
	Histology and immunostaining analysis
	Statistical analysis

	Acknowledgements
	References




