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Abstrct
Background Apoptotic vesicles (ApoVs), which are extracellular vesicles released by apoptotic cells, have been 
reported to exhibit substantial therapeutic potential for inflammatory diseases and tissue regeneration. While 
extensive research has been dedicated to mesenchymal stem cells (MSCs), the investigation into immune cell-derived 
ApoVs remains limited, particularly regarding the function and fate of macrophage-derived ApoVs in the context of 
periodontitis (PD).

Results Our study corroborates the occurrence and contribution of resident macrophage apoptosis in 
Porphyromonas gingivalis (Pg)-associated PD. The findings unveil the pivotal role played by apoptotic macrophages 
and their derived ApoVs in orchestrating periodontal bone remodeling. The enrichments of diverse functional 
miRNAs within these ApoVs are discerned through sequencing techniques. Moreover, our study elucidates that the 
macrophage-derived ApoVs predominantly deliver miR-143-3p, targeting insulin-like growth factor-binding protein 5 
(IGFBP5), thereby disrupting periodontal bone homeostasis.

Conclusions Our study reveals that macrophages in Pg-associated PD undergo apoptosis and generate miR-143-3p-
enriched ApoVs to silence IGFBP5, resulting in the perturbation of osteogenic-osteoclastic balance and the ensuing 
periodontal bone destruction. Accordingly, interventions targeting miR-143-3p in macrophages or employment of 
apoptosis inhibitor Z-VAD hold promise as effective therapeutic strategies for the management of PD.
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Introduction
Periodontitis (PD), the main cause of tooth loss in adults, 
is a chronic and inflammatory disease characterized by 
the collapse of periodontal supporting tissues especially 
the alveolar bone [1]. The initiation and progression of 
PD is closely associated with periodontal pathogens, 
among which, porphyromonas gingivalis (Pg) is acknowl-
edged as the ‘keystone’ one [2]. The disturbance of 
periodontal microecology by dental plaque and accompa-
nying overactivation of host immune system is the fun-
damental pathological mechanism responsible for PD [3]. 
Though several strategies like plaque removal, antimicro-
bial and immunomodulatory drugs, bone regeneration 
surgery have been utilized to prevent or treat periodontal 
bone resorption, their effectiveness is still limited due to 
various reasons [4, 5]. Therefore, it is essential to uncover 
new pathological mechanism in PD to provide new 
insights and strategies for PD treatment.

Macrophages are major cells of the innate immunity 
that serve as the first line of defense against infection, 
with the role of antigen presentation, immune responses 
and homeostasis maintenance [6]. The permeability of 
periodontal epithelium contributes to the interaction 
between macrophages and host tissues in PD [7]. One 
hallmark of macrophages is their plasticity to polarize 
into the most representative pro-inflammatory M1 phe-
notype and anti-inflammatory M2 phenotype [8]. Gen-
erally, enhanced M1/M2 ratio is confirmed to be related 
with periodontal bone resorption [3, 9]. So, more and 
more studies are developing strategies and biomaterials 
for PD by focusing on the transformation of macrophage 
phenotype from M1 to M2 [10]. However, in a state of 
severe, enduring and chronic inflammation, the resident 
M1 macrophages are usually hard to be reshaped; and 
M1 polarization is not the only mechanism of action of 
macrophages in PD, treatments based on the above prin-
ciple have limited outcome.

Apoptosis, a type of programmed cell death, is a physi-
ological and autonomously regulated end-of-life pro-
cess of cells, which is initially considered to be a passive 
phenomenon [11]. 10–100  billion of cells in the human 
body undergo apoptosis daily to maintain physiologi-
cal homeostasis [12]. In PD, nearly all periodontal cells 
are demonstrated to undergo apoptosis. For example, 
increased proportion of apoptotic cells was observed in 
human gingival fibroblasts (HGFs) isolated from patients 
with PD [13]. Also, the outer membrane vesicles derived 
from Pg were reported to be internalized by human peri-
odontal ligament cells (hPDLCs) to induce apoptosis and 
inflammation [14]. Besides, increased apoptosis rate and 
decreased mineralization level in cementoblasts were 
detected after stimulating with tumor necrosis factor-α 
(TNF-α), a crucial pro-inflammatory cytokine in PD [15]. 
Moreover, in an experimental PD model in rats, higher 

apoptotic cells in alveolar bone from PD group was also 
confirmed [16]. However, studies on the apoptotic role of 
periodontal immune cells such as macrophages in PD are 
still lacking.

Apoptotic vesicles (ApoVs) are extracellular vesicles 
secreted by apoptotic cells, containing various biologi-
cal molecules like nucleic acids, proteins and metabo-
lites. Initially, studies related to ApoVs mainly focused on 
apoptotic bodies (ApoBDs) with a diameter of 1–5  μm. 
With the deepening of research, it is demonstrated 
that apoptotic cells also secrete vesicles with smaller 
diameters, namely apoptotic microvesicles (ApoMVs) 
(0.1–1  μm in diameter) and apoptotic exosomes (Apo-
Exos) (< 150 nm in diameter) [17]. Thus, ApoVs includes 
ApoBDs, ApoMVs and ApoExos [17, 18]. Currently, more 
and more studies have elucidated the beneficial roles of 
mesenchymal stem cell (MSC)-derived ApoVs in myocar-
dial infarction, osteoporosis, graft-versus-host disease, 
colitis and tissue regeneration [19–21]. However, little 
research has been done on immune cell-derived ApoVs. 
The function and fate of ApoVs derived from macro-
phages in PD remain largely unclear.

In this study, we confirmed the occurrence and con-
tribution of resident macrophage apoptosis in Pg-asso-
ciated PD. We showed that apoptotic macrophages and 
their derived ApoVs are crucial players responsible for 
periodontal bone resorption. By means of sequencing, 
enrichment of various functional miRNAs was uncov-
ered. In terms of mechanism, we demonstrated that 
ApoVs of macrophages mainly delivered miR-143-3p 
targeting insulin-like growth factor-binding protein 5 
(IGFBP5) to compromise the periodontal bone homeo-
stasis. Taken together, our study reveals that macrophages 
in Pg-associated PD undergo apoptosis and generate 
miR-143-3p-enriched ApoVs to silence IGFBP5, result-
ing in osteogenic-osteoclastic imbalance and periodontal 
bone destruction. Targeting miR-143-3p in macrophages 
or application of apoptosis inhibitors appropriately may 
be effective strategies for PD treatment.

Materials and methods
Cell culture
RAW264.7 macrophage cell line was purchased from 
Procell (CL-0190, China) and cultured in high-glucose 
Dulbecco’s modified Eagle medium (DMEM; Hyclone) 
supplemented with 10% fetal bovine serum (FBS; Every 
Green) in a humidified atmosphere with 5% CO2 at 37 °C.

Primary mouse bone marrow mesenchymal stem cells 
(BMSCs) were isolated from the bone marrow of femurs 
and tibias of 6w male C57BL/6J. Primary BMSCs were 
cultured in alpha minimum essential medium (a-MEM; 
Hyclone) with 10% FBS and 1% penicillin/streptomycin 
(Hyclone). Osteogenic induction medium (OIM) con-
taining 10% FBS, 10 mM sodium β-glycerophosphate 
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(Sigma), 10 nM dexamethasone (Sigma), and 50  µg/mL 
ascorbic acid (Sigma) was switched to induce osteogenic 
differentiation.

Bacteria culture
P. gingivalis (standard strain ATCC 33277) was nourished 
by trypticase soy broth (TSB) with 0.1% yeast extracts, 
1  µg/mL vitamin K1, and 5  µg/mL hemin (Sigma) and 
cultured in anaerobic incubators (80% N2, 10% H2, and 
10% CO2) at 37 °C. The concentration of bacterial resus-
pension was determined by measuring the optical density 
(OD) at 600 nm (OD 1 equals to a concentration of 109P. 
gingivalis/mL).

Animal experiments
All the animal experiments were approved by the Ethics 
Committee of the School and Hospital of Stomatology, 
Wuhan University (S07922090H). C57BL/6 mice (male; 
6-week-old; 22 ± 1.5 g; n = 6/group; 12 h light/dark cycle; 
55 ± 5% humidity; 22 ± 2  °C) were treated according to a 
modified ligature-induced PD model. Briefly, mice were 
subjected to ligation and P. gingivalis infection of the sec-
ond molar, with repeated P. gingivalis infection on days 2, 
4, and 6. Mice were then sacrificed on day 7 and subse-
quent experiments were performed.

Clinical gingiva collection
The Medical Ethics Committee of Wuhan University 
School of Stomatology (authorized B16/2021) approved 
the collection of clinical specimens. Written consents 
were obtained from all participants.

Antibodies and reagents
The antibody against OCN (sc-390877) was purchased 
from Santa Cruz. The antibody against BSP (5468) and 
H3 (17168-1-AP) were purchased from Cell Signaling 
Technology. The antibody against β-actin (66009-1-AP) 
was purchased from Proteintech. The antibodies against 
TSG101 (ab125011), OSX (ab209484) and RUNX2 
(ab23981) were purchased from Abcam. The antibody 
against IGFBP5 (A12451) and β-tubulin (AC008) were 
purchased from Abclonal. The antibody against caspase3 
(T40044F) was purchased from Abmart. Recombined 
IGFBP5 (HY-P70408), NBI-31,772 (HY-110135) and 
Z-VAD(OMe)-FMK (HY-16658) were purchased from 
MedChemExpress.

Isolation and identification of ApoVs
When macrophages reached 80–90% confluence, serum-
free medium containing 500 nM staurosporine (STS; 
MedChemExpress) was replaced and the supernatant 
was collected 12  h later. The supernatant was centri-
fuged at 800  g for 10  min and the precipitate was dis-
carded, then, at 16,000 g for 30 min and the precipitate 

was collected and washed twice with filtered PBS. The 
BCA Protein Assay Kit (Beyotime) was used to assess 
ApoV concentration. The morphology of the ApoVs was 
observed by scanning electron microscopy (SEM; Zeiss) 
and transmission electron microscopy (TEM; JEOL). The 
size of the ApoVs was determined using dynamic light 
scattering by Zetasizer Nano ZSP (Malvern Panalytical). 
The expression of TSG101, caspase3, cleaved caspase3 
and H3 were detected by Western blotting.

ApoVs uptake by BMSCs
ApoVs were labeled with Dil (Beyotime) at 37  °C for 
30  min. After incubation with ApoVs at 37  °C for 12  h, 
BMSCs were rinsed twice with PBS, fixed with 4% para-
formaldehyde for 15  min and treated with 0.1% Triton 
X-100 for 10 min. The cell cytoskeleton and nuclei were 
labelled with phalloidin-FITC (Yeasen) and DAPI (Beyo-
time), respectively. The images were obtained using a flu-
orescence microscope (Olympus).

Alkaline phosphatase (ALP) staining, ALP activity and 
Alizarin red staining (ARS)
After osteogenic induction for 7 days, ALP staining and 
activity assays of BMSCs were performed. BCIP/NBT 
staining kit (Beyotime) was used for ALP staining. ALP 
activity was quantified using an ALP Assay Kit (Nanjing 
Jiancheng) and the absorbance at 520 nm was measured. 
ALP activity (King’s unit/gprot) per gram of protein was 
calculated. ARS staining and quantification were per-
formed 7 days after osteogenic induction. Cells were 
stained by Alizarin Red S Solution (OriCell).

Micro-CT
The fixed mandibles were scanned by Skyscan 1276 
(Bruker), with the scan parameters of tube voltage 70 kV, 
tube current 114 µA, and pixel size 20  μm. Data were 
visualized and analyzed by CTAn software (Bruker).

Histology and immunofluorescence analysis
The animal specimens for histological analysis were 
fixed in 4% paraformaldehyde, demineralized in 10% 
EDTA for 30 days and embedded in paraffin wax, and 
then sectioned into 5  μm thicknesses. The histological 
analysis included hematoxylin and eosin (H&E) stain-
ing, trap staining and immunofluorescence staining. For 
immunofluorescence staining, sections were incuba-
tion with CD68, Caspase3, OCN, RUNX2 and IGFBP5 
primary antibodies at a 1:200 dilution overnight at 4 °C. 
After that, primary antibodies were removed, and anti-
rabbit Cy3 and anti-rabbit FITC secondary antibodies 
were added (Beyotime) at a 1:200 dilution. Nuclei were 
counterstained with DAPI (ZhongShan Jinqiao Bio-
technology). The immunofluorescence staining images 
were observed and captured under the fluorescence 
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microscope (Olympus). Relative fluorescence intensity is 
used for quantitative detection of immunofluorescence 
images, and images were analyzed by ImageJ (National 
Institutes of Health).

Flow cytometry analysis
According to the kit instruction, flow cytometry used 
an annexin V-fluorescein isothiocyanate (FITC)/prop-
idium iodide (PI) double staining apoptosis detection 
kit (Yeasen) to determine cell apoptosis. The cells were 
digested by trypsin without EDTA. After washed with 
PBS, the cells were stained with annexin V-FITC for 
15 min and PI for 5 min, avoiding from light. Then, they 
were analyzed by flow cytometry (Beckman Coulter).

Cell proliferation assay
The influence of ApoVs on BMSC proliferation was tested 
by the Cell Counting Kit (CCK)-8 (Biosharp). The cells 
were seeded into 96-well plates at a density of 5 × 103/ 
well. After ApoV treatment for 24, 48, 72, 96 and 120 h, 
the medium was replaced by 90 µL culture medium plus 
10 µl CCK-8 reagent. After incubation for 1.5 h at 37 °C, 
the absorbance at 450 nm was measured by a microplate 
reader (Bio-Rad).

Real-time quantitative polymerase chain reaction (RT‐
qPCR)
Total RNA was isolated from cells using TRIzol Reagent 
(Servicebio). Then, reverse transcription was performed 
with PrimeScript RT Reagent (TaKaRa). Quantitative 
real-time polymerase chain reaction (RT-qPCR) was 
performed by BioRad with SYBR qPCR Master Mix 
(Vazyme) and primers for the detected genes. The 
sequences are listed in Supplementary Table 1. The 
amplification condition was set as 30 s at: 95 °C, 10 s at 
95  °C for 40 cycles, and 34  s at 62  °C. The results were 
analyzed using the 2−𝛥𝛥Ct method.

Western blot
Proteins were extracted by M-PER mammalian protein 
extraction reagent (Thermo Scientific). Protein concen-
trations were determined by BCA protein assay (Beyo-
time). 20 mg protein of each group were electrophoresed 
with 10% SDS-PAGE and transferred onto polyvinylidene 
difluoride (PVDF) membranes (Millipore). After block-
ing with 5% nonfat milk at room temperature (RT) for 
1  h, membranes were incubated with the following pri-
mary antibodies at 4  °C overnight: anti-OCN (1:500), 
anti-OSX (1:1000), anti-RUNX2 (1:1000), anti-BSP 
(1:1000), anti-TSG101 (1:1000), anti-caspase3 (1:1000), 
anti-H3(1:1000), anti-β-actin (1:15000), anti-β-actin 
(1:15000), anti-IGFBP5 (1:1000). Membranes were then 
incubated with horseradish peroxidase (HRP)-conjugated 
goat anti-rabbit (1:8000; Proteintech) or goat anti-mouse 

(1:10000; Proteintech) secondary antibody at RT for 1 h. 
Bands were visualized with the SuperSignal™ West Femto 
Reagent (Thermo Scientific) by the Odyssey LI-COR 
scanner.

miRNA transient infection
Mimics-miR-143-3p (mimic), mimics-negative con-
trol (mimic-NC), inhibitor-miR-143-3p (inhibitor), and 
inhibitor-negative control (inhibitor-NC) were designed 
and purchased from Ribobio Biotech (MQPS0003665-
1-100; MQPS0000002-1-100). When BMSCs reached 
60–70% density, miRNAs were transfected into BMSCs 
by Transfection Kit(C10511-05). After osteogenic induc-
tion, cells were collected for RNA and protein analysis 
and mineralization staining. Also, inhibitor and inhibi-
tor-NC were transfected into RAW264.7 and ApoVs were 
obtained as described above.

Dual luciferase reporter assay
A dual luciferase reporter assay was performed to dem-
onstrate that miR-143-3p targets IGFBP5. To construct 
the luciferase reporter, a fragment located at position 
87 to 94 of the IGFBP5 mRNA 3′-UTR was cloned into 
plasmids that contained miR-143-3p targeting sites or 
mutant sites. The reporter plasmids and mimic-NC or 
mimic-miR-143-3p were cotransfected into BMSCs with 
TurboFect (Fermentas) for 24 h. We used a dual lucifer-
ase reporter assay system kit (Vazyme) to determine the 
activities of firefly and Renilla luciferase. Renilla lucifer-
ase activity was normalized to that of firefly luciferase.

Statistical analysis
All statistical analysis were processed by GraphPad 
Prism 8. One-way ANOVA and Student’s t-test and 
were applied to evaluate the significance. All data were 
expressed as mean ± SD; P < 0.05 was considered statis-
tically significant, *p < 0.05, ** p < 0.01, *** p < 0.001, **** 
p < 0.0001.

Results
Macrophages underwent apoptosis in PD
We established the mouse model of PD to detect the 
occurrence of apoptosis in periodontal tissues. The 
mouse model of PD was established using silk ligature 
method combined with the infection of periodonto-
pathogen Pg (Fig. 1A, Fig. S1A) [22]. As shown in Fig. 1B, 
three-dimensional reconstruction and micro-CT images 
from different orientations revealed significant resorp-
tion of periodontal bone tissues in the PD group. Quan-
titative analysis of the parameters such as the distance 
from the cementoenamel junction to the alveolar bone 
crest (CEJ-ABC), bone volume fraction (BV/TV), num-
ber of trabeculae (Tb.N), thickness of trabeculae (Tb.
Th), and separation of trabeculae (Tb.Sp) all confirmed 
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Fig. 1 Macrophages underwent apoptosis in PD. (A) Schematic of the mouse model of periodontitis. (B) Reconstruction and Micro-CT images. (C-G) 
Quantitative analysis based on Micro-CT data (n = 6): the distance from the alveolar crest to the cementoenamel junction (CEJ-ABC), relative bone tissue 
volume (BV/TV), number of trabeculae (Tb.N), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp). Trap staining images (H) and proportion of 
Trap-positive cells (I). (G) Immunofluorescence images of macrophages and apoptotic cells in mouse periodontal tissues. (K) Immunofluorescence im-
ages of macrophages and apoptotic cells in gingival tissues of patients with periodontitis. *** p < 0.001
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the destruction of bone tissue in mice with PD (Fig. 1C-
G). Histological analysis using H&E staining (Fig. S1B) 
and Trap staining (Fig. 1H, I) showed significant inflam-
matory cell infiltration in the gingival region of mice 
with PD and more Trap+ cells in bone tissues, indicating 
extensive inflammatory cell infiltration and osteoclast 
activation in the mouse model of PD, leading to inflam-
matory responses and bone tissue destruction.

Through immunofluorescence staining, we observed 
the co-localization of gingival fibroblasts (the most abun-
dant cell component in gingival tissues) (Fig. S2A) or 
macrophages (Fig.  1J) with the apoptotic protein Cas-
pase-3 in mouse periodontal tissues. We found that in 
mice with PD, a considerable proportion of both gingival 
fibroblasts and macrophages underwent apoptosis, but 
the proportion of apoptosis in macrophages was signifi-
cantly higher than that in gingival fibroblasts (Fig. S2B). 
To further validate our results, we also collected gingival 
tissue samples from clinical PD patients and performed 
immunofluorescence staining on both types of cells and 
apoptotic markers (Fig. 1K, Fig. S2C). We found that in 
human gingival samples, macrophages also had a higher 
proportion of apoptosis (Fig. S2D). Therefore, we specu-
late that in periodontal tissues, apoptosis of macrophages 
may play a major regulatory role in the development of 
PD. For ethical reasons, we used cells derived from mice 
and mouse animal models for experimental verification 
in subsequent experiments. However, we found the same 
phenomenon in human periodontal tissues, suggesting 
that our experimental results are also of guiding signifi-
cance for the understanding and treatment of clinical PD 
in humans.

Pg-induced macrophage apoptosis inhibited the 
osteogenic differentiation of BMSCs
Pg is recognized as a “keystone pathogen” for PD [2]. It 
is well documented that Pg can produce various viru-
lence factors that induce autophagy [22], apoptosis [23], 
pyroptosis [24], and other processes in cells. We co-
cultured different MOIs of Pg with mouse macrophages 
RAW264.7 cells to explore the effect of the whole bacte-
ria, rather than a single virulence factor, on macrophage 
apoptosis. Flow cytometry detected that the proportion 
of macrophage apoptosis increased with the MOI value 
(Fig. 2A, B, Fig. S3A). Previous studies have reported that 
Pg secreted extracellular vesicles that transport lipopoly-
saccharide (LPS) [25], miRNA [14], and other substances 
to other periodontal tissue cells [26]. To exclude the 
effects of bacterial extracellular vesicles and the bacteria 
themselves, we selected the classical apoptosis-inducing 
drug staurosporine (STS) to induce macrophage apopto-
sis. It was found that 0.5 µM STS stimulation for 12 h had 
a similar effect to Pg stimulation at a MOI of 50 for 12 h 
in inducing macrophage apoptosis (Fig. 2C, D, Fig. S3B). 

Therefore, subsequent experiments used 0.5 µM STS to 
induce macrophage apoptosis.

As shown in Fig.  2E, RAW264.7 cells were seeded in 
the upper chamber of a co-culture plate. After inducing 
apoptosis with STS, the upper chamber was transferred 
to co-culture with the mouse primary bone mesen-
chymal stem cells (BMSCs) in the lower chamber. The 
control group was macrophages not stimulated with 
STS. After 3 days of osteogenic induction, the protein 
and mRNA expression of osteogenic-related mark-
ers (Fig. 2F, H), ALP activity (Fig. 2G) of BMSCs all sig-
nificantly decreased after co-culturing with apoptotic 
macrophages, suggesting that apoptotic macrophages 
inhibited BMSC osteogenic differentiation. To fur-
ther clarify whether apoptotic macrophages affect the 
osteogenic differentiation of BMSCs through ApoVs, as 
shown in Fig. 2I, we isolated the ApoVs of macrophages 
and identified them. We successfully detected the mark-
ers of ApoVs (Fig.  2J), including TSG101, caspase-3, 
cleaved-caspase-3, and H3 [27]. Typical spherical mor-
phologies were also observed under scanning electron 
microscopy (SEM) and transmission electron microscopy 
(TEM) (Fig. 2K), as well as the particle size distribution 
(Fig. 2L), with the peak size of 657.3 nm. This part of the 
data revealed the basic characteristics of ApoVs derived 
from macrophages, which was generally consistent with 
previous reports [28]. Previous studies suggested that the 
average diameter of ApoVs derived from macrophages 
was around 1  μm, but there were ApoVs of 1–2  μm in 
existence. In our analysis, there were almost no vesicle 
larger than 1 μm, which might be related to the different 
procedures for isolating ApoVs. We used a centrifugation 
procedure of 800 g instead of 300 g to remove cell debris, 
which might lead to the removal of larger vesicles (or cell 
fragments) together with cell sediments. The isolation 
procedure we adopted was a more widely used vesicle 
isolation method, which can avoid interference from cell 
debris to a greater extent [29, 30].

Subsequently, we added ApoVs at different concentra-
tions to the BMSC culture medium and detected their 
cytotoxic effects through the CCK-8 proliferation assay. 
As shown in Fig. 2M, ApoVs at 10 µg/mL showed a slight 
inhibitory effect on proliferation, while concentrations 
of 1  µg/mL and below did not show inhibitory effects. 
Therefore, we chose 1  µg/mL of ApoVs for subsequent 
experiments. Previous experiments have reported that 
extracellular vesicles such as exosomes can be ingested by 
surrounding tissue cells to exert their effects [29, 31, 32]. 
We labeled the lipid membrane of isolated ApoVs with 
Dil and co-cultured them with BMSCs for 24 h. We found 
that Dil-labeled ApoVs could be taken up by co-cultured 
BMSCs (Fig. 2N). After co-culturing ApoVs with BMSCs, 
it was found that the protein and mRNA expression of 
osteogenic-related markers (Fig.  2O, R), ALP activity 
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Fig. 2 Pg-induced macrophage apoptosis inhibited the osteogenic differentiation of BMSCs. (A-B) Pg-induced apoptosis in macrophages. (C-D) STS and 
Pg have similar abilities to induce apoptosis in macrophages. (E) Schematic of co-culture of apoptotic macrophages and BMSCs. Mineralization indicators 
(F), ALP activity (G), and mineralization-related mRNA levels (H) after co-culturing BMSCs with apoptotic macrophages. (I) Schematic of the apoptotic 
vesicle isolation process. (J) Identification of apoptotic vesicles. (K) Typical scanning electron microscopy and transmission electron microscopy images of 
apoptotic vesicles. (L) Particle size analysis of apoptotic vesicles. (M) Effect of apoptotic vesicles on BMSC proliferation. (N) BMSCs internalize exogenous 
apoptotic vesicles. Protein levels of mineralization markers (O), ALP activity (P), ARS and ALP staining (Q), and mRNA levels of mineralization markers (R) 
after BMSC treatment with apoptotic vesicles. n = 3 per group. *P < 0.05, **P < 0.01, ***P < 0.001
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(Fig. 2P) of BMSCs all significantly decreased. Also, ALP 
staining and ARS showed a decrease in ALP-positive 
areas and the number of mineralized nodules (Fig. 2Q). 
These results were consistent with the co-culture results 
(Fig. 2F-H), suggesting that apoptotic macrophages could 
inhibit the osteogenic differentiation of BMSCs through 
the secretion of ApoVs.

ApoVs from macrophages exacerbated PD
Based on the mouse PD model, we locally injected 
ApoVs on the buccal-lingual side of the second molar 
(Fig.  3A, B). Micro-CT analysis performed 7 days later 
showed that local injection of ApoVs further aggra-
vated the destruction of periodontal tissues, with more 
severe resorption of alveolar bone between the roots of 

Fig. 3 ApoVs from macrophages exacerbated PD. (A) Schematic of the mouse model of periodontitis, (B) blue dots indicate local injection sites. (C) 
Reconstruction and Micro-CT images. Scale bar: 1  mm. (D-H) Quantitative analysis based on Micro-CT data: the distance from the alveolar crest to 
the cementoenamel junction (CEJ-ABC), relative bone tissue volume (BV/TV), number of trabeculae (Tb.N), trabecular thickness (Tb.Th), and trabecular 
separation (Tb.Sp). H&E staining (I), Trap staining (J), and immunofluorescence images of mineralization markers (K), scale bar: 200 μm. n = 8 per group. 
*P < 0.05, **P < 0.01, ****P < 0.0001

 



Page 9 of 18Xiao et al. Journal of Nanobiotechnology          (2024) 22:658 

the second molar, and a further reduction in the height 
of the alveolar bone on the buccal-lingual side (Fig. 3C). 
Quantitative analysis of micro-CT data also indicated 
that ApoVs further exacerbated the tissue destruction in 
mice with PD (Fig. 3D-H). H&E and Trap staining results 
showed more inflammatory cell infiltration (Fig.  3I) 
and more Trap-positive osteoclasts in the bone tissues 
(Fig.  3J). Besides, through immunofluorescence stain-
ing, decreased expression of osteogenic-related markers 
OCN and Runx2 within the periodontal bone tissues in 
the PD group were also observed (Fig. 3K). In consistent 
with the results of in vitro experiments, ApoVs injection 
based on PD further exacerbated the above indicators 
(Fig. 3I-K), resulting in periodontal bone destruction.

To explore whether ApoVs could independently induce 
mouse periodontal tissue destruction without Pg, we 
locally injected ApoV or PBS only into the second molar 
of mice (Fig. S4A). It was found that the alveolar bone 
near the second molar did not show significant bone loss 
(Fig. S4B). The analysis of micro-CT data also found that 
most bone tissue parameters changed little or had no 
statistical difference (Fig. S4D), indicating that the use of 
ApoV alone, although it caused slight bone loss, could not 
lead to significant periodontal bone destruction. Interest-
ingly, in H&E staining, we found more inflammatory cell 
infiltration in the periodontal tissue of mice in the ApoV 
group, and Trap staining observed more osteoclasts on 
the surface of the alveolar bone in the ApoV group (Fig. 
S4C).

Macrophage-derived ApoVs enriched with miR-143-3p 
inhibited the osteogenic differentiation of BMSCs
There is abundant literature suggesting that ApoVs 
could serve as shuttles for intercellular communication, 
and ApoVs from different cell sources often played dif-
ferent regulatory roles [30, 33]. To explore how ApoVs 
from macrophages affect the osteogenic differentia-
tion of BMSCs, we performed miRNA sequencing and 
identified several miRNAs that significantly enriched in 
ApoVs when compared with macrophages (Fig. 4A). The 
sequencing results showed that there were 192 miRNAs 
upregulated in ApoVs, 57 miRNAs downregulated in 
ApoVs, and 964 miRNAs with no statistical difference 
(Fig.  4B). We screened for miRNAs enriched in ApoVs, 
and selected miR-143-3p, which may be associated with 
osteogenic differentiation of BMSCs, for subsequent 
study. GO and KEGG enrichment analysis of miR-143-3p 
target genes (Fig.  4C, D) found that the targets of miR-
143-3p were related to multiple biological processes and 
signaling pathways, including cell differentiation [34], 
senescence [35], migration [36], and the cell cycle [37]. 
MiR-143-3p was ever detected in both periodontal liga-
ment cells and dental pulp stem cells in association with 
osteogenic differentiation [38, 39]. Then, the effect of 

miR-143-3p on BMSC osteogenic differentiation was 
verified. We first co-cultured ApoVs with BMSCs, and 
detected that the expression of miR-143-3p in BMSCs 
was significantly higher than that in the control (CON) 
group, which confirmed that ApoVs could be ingested by 
target cells to exert intercellular communication func-
tions by delivering vesicle contents (Fig.  4E). Next, we 
designed mimics and inhibitors of miR-143-3p, as well 
as their control sequences, and transfected them into 
BMSCs. The effects of the mimics and inhibitors of miR-
143-3p were verified (Fig.  4F). Then, the transfected 
BMSCs were induced for different days, results of RT-
qPCR (Fig. 4G), western blot (Fig. 4H), ALP activity assay 
(Fig.  4I), ALP staining and ARS (Fig.  4J) all indicated 
that miR-143-3p inhibited BMSC osteogenic differentia-
tion, while the inhibitor of miR-143-3p promoted BMSC 
osteogenic differentiation. The above findings suggested 
that macrophage-derived ApoVs could compromise 
the osteogenic differentiation of BMSCs via delivering 
miR-143-3p.

MiR-143-3p inhibited the osteogenic differentiation of 
BMSCs through targeting Igfbp5
To further explore the underlying mechanism in miR-
143-3p-inhibited BMSC osteogenic differentiation, 
we predicted the target genes of miR-143-3p using the 
miRWalk and miRTarbase databases (Fig.  5A). Through 
literature search, we speculated that IGFBP5 might be 
involved in the regulation of BMSC osteogenic differ-
entiation [40, 41]. IGFBP5 is one of the six binding pro-
teins of insulin-like growth factor (IGF) [42], and plays an 
important role in cell growth [43], proliferation [44], and 
differentiation processes of osteoblasts [45]. We designed 
wild-type and mutant plasmids of Igfbp5 (Fig.  5B) and 
transfected them into BMSCs. Dual-luciferase reporter 
assay confirmed that miR-143-3p could bind to Igfbp5 
and inhibit its expression (Fig. 5C). Besides, it was found 
that the expression of IGFBP5 in ApoV-stimulated 
BMSCs was significantly decreased (Fig.  5D). Detec-
tion of BMSCs transfected with miR-143-3p mimic or 
inhibitor also found that the mimic reduced the mRNA 
and protein expression of IGFBP5 in BMSCs, while the 
inhibitor showed the opposite effect (Fig. 5E, F). Through 
immunofluorescence staining, we found that the expres-
sion of IGFBP5 in mice with PD was significantly lower 
than that in the CON group, and the level of IGFBP5 in 
the ApoV group was even lower, which verified in vivo 
that miR-143-3p enriched in ApoVs inhibited the expres-
sion of IGFBP5 (Fig. 5G).

Since there are currently no reports on the impact of 
IGFBP5 on BMSC osteogenic differentiation [40, 41], 
we next used exogenous recombinant IGFBP5 protein 
or IGFBP inhibitor NBI-31,772 to explore the effect of 
IGFBP5 on BMSC osteogenic differentiation. The results 
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Fig. 4 Macrophage-derived ApoVs enriched with miR-143-3p inhibited the osteogenic differentiation of BMSCs. (A) Differentially expressed miRNAs in 
apoptotic vesicles. (B) Volcano plot of differentially expressed miRNAs. (C-D) GO and KEGG enrichment analysis. (E) miR-143-5p levels in BMSCs. Levels of 
miR-143-5p (F), mRNA levels of mineralization markers (G), protein levels of mineralization markers (H), ALP activity (I), and ARS and ALP staining images 
(J) after transfecting BMSCs with miR-143-5p mimic or inhibitor. n = 3 per group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Fig. 5 MiR-143-3p inhibited the osteogenic differentiation of BMSCs through targeting Igfbp5. (A) Prediction of miR-143-5p target genes by databases. 
(B) Gene sequences for the dual-luciferase reporter assay. (C) Fluorescence intensity of the dual-luciferase reporter assay. (D) IGFBP5 expression levels 
in BMSCs. Effects of mimic and inhibitor on IGFBP5 mRNA (E) and protein (F) levels. (G) Immunofluorescence images of IGFBP5 in periodontal tissues of 
mice with periodontitis. Scale bar: 200 μm. (H) Relative fluorescence intensity of IGFBP5 in bone tissue. Effects of IGFBP5 and its inhibitor on mRNA levels 
of BMSC mineralization markers (I), ALP activity (J), ARS and ALP staining (K), and protein levels of mineralization markers (L). n = 3 per group. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001
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of RT-qPCR (Fig. 5H), western blot (Fig. 5K), ALP activ-
ity assay (Fig. 5I), ALP staining and ARS (Fig. 5J) showed 
that adding exogenous IGFBP5 protein significantly pro-
moted BMSC osteogenic differentiation, while using the 
inhibitor NBI-31,772 inhibited BMSC osteogenic differ-
entiation. Therefore, ApoV-derived miR-143-3p inhibited 
BMSC osteogenic differentiation via targeting and silenc-
ing Igfbp5.

Inhibition of miR-143-3p rescued the osteogenic 
differentiation of BMSCs suppressed by macrophage-
derived ApoVs
To further verify the inhibitory effect of ApoV-derived 
miR-143-3p on BMSC osteogenic differentiation, we 
transfected RAW264.7 cells with the inhibitor, and 
then induced apoptosis with STS for ApoVs collection 
(Fig.  6A). We detected the expression of miR-143-3p 
in transfected RAW264.7 cells, extracted ApoVs, and 
BMSCs co-cultured with ApoVs, and found that the 
expression of miR-143-3p was reduced in all cases, indi-
cating that the inhibitor successfully suppressed the 
expression of miR-143-3p (Fig. 6B). We induced BMSCs 
with both types of ApoVs (ApoV-NC, ApoV-inhibitor). 
The results of RT-qPCR (Fig. 6D), western blot (Fig. 6C), 
ALP activity assay (Fig.  6F), ALP staining and ARS 
(Fig.  6E) all indicated that the inhibitory effect of mac-
rophage-derived ApoVs on BMSC osteogenic differen-
tiation was indeed achieved through miR-143-3p/Igfbp5 
signaling axis.

Inhibition of macrophage apoptosis alleviated PD and 
ApoV-suppressed osteogenic differentiation of BMSCs
After clarifying the mechanism of action of macrophage-
derived ApoVs, we attempted to find an effective thera-
peutic approach to inhibit macrophage apoptosis and 
thereby reduce the release of ApoVs [46]. We prioritized 
caspase inhibitors because their clinical applications 
have been approved as effective and safe [47]. Z-VAD is 
a broad-spectrum caspase inhibitor commonly used to 
inhibit caspase-induced cell apoptosis. Recent studies 
have reported that Z-VAD could reduce the apoptosis of 
gingival fibroblasts [48], and inhibited M1 macrophage 
polarization to alleviate periodontal inflammation [49]. 
However, there are currently no applications of Z-VAD 
to reduce the production of ApoVs in PD. As shown in 
Fig.  7A, we administered Z-VAD (to inhibit apopto-
sis), Z-VAD combined with ApoVs (to inhibit apopto-
sis while providing exogenous ApoVs), or DMSO in the 
mouse model of PD. Micro-CT detection a week later 
found that Z-VAD alleviated mouse periodontal bone 
destruction after inhibiting apoptosis. However, when 
exogenous ApoV was additionally provided, the res-
cue effect of Z-VAD disappeared. This indicated that 
inhibiting macrophage apoptosis reduced PD damage, 

and this protective effect was achieved by reducing the 
release of ApoVs (Fig. 7B). H&E staining results showed 
that Z-VAD did not have a significant effect in reduc-
ing inflammatory cell infiltration in periodontal tissues 
(Fig. 7C), but Trap staining showed that Z-VAD reduced 
the number of Trap-positive osteoclasts, while exog-
enous ApoVs led to a significant increase in the number 
of osteoclasts (Fig.  7D). Immunofluorescence staining 
revealed that the expression of osteogenic-related mark-
ers in the Z-VAD group were higher than those in the 
PD group, indicating that inhibiting the release of ApoVs 
was beneficial to restoring the periodontal bone tissues. 
However, after adding exogenous ApoVs, the expression 
of OCN and Runx2 decreased again (Fig.  7E). Analysis 
of micro-CT data also reached the same conclusion, that 
inhibiting macrophage apoptosis with Z-VAD reduced 
alveolar bone destruction in PD, and this protective 
effect was canceled by the addition of exogenous ApoVs 
(Fig. 7F-J).

We pre-treated RAW264.7 cells with Z-VAD, and then 
induced apoptosis with STS. The results of flow cytom-
etry showed that Z-VAD significantly reduced macro-
phage apoptosis (Fig. S5). We treated the same number 
of macrophages with Z-VAD or DMSO as a control, 
induced apoptosis according to the previous process, 
and obtained ApoVs. After co-culturing the two types of 
vesicles with BMSCs, we detected the mRNA (Fig.  7K) 
and protein expression (Fig.  7N) of osteogenic-related 
markers, ALP staining and ARS (Fig. 7L), and ALP activ-
ity (Fig. 7M). These results all showed that after inhibit-
ing apoptosis with Z-VAD, the osteogenic differentiation 
ability of BMSCs was rescued. We speculated that Z-VAD 
inhibited macrophage apoptosis and thereby reduced the 
production of ApoVs, or it might due to the reason that 
Z-VAD pre-treatment changed the internal components 
of ApoVs. The mechanism involved in it needs further 
study, but our results show that applying Z-VAD both in 
vivo and in vitro alleviated periodontal tissue destruc-
tion and rescued the osteogenic differentiation ability of 
BMSCs.

Discussion
Our study unveils a novel mechanism of action for 
macrophage-derived ApoVs in periodontitis induced by 
Pg, particularly in inhibiting osteoblast mineralization. 
In brief, Pg induced apoptosis in macrophages under 
periodontitis conditions, leading to the production of 
ApoVs. These ApoVs were internalized by osteoblasts, 
thereby delivering miR-143-3p into the osteoblasts. 
IGFBP5 played a crucial role in the proliferation and 
differentiation of osteoblasts, and miR-143-3p inhib-
ited the mineralization of osteoblasts in periodontal tis-
sues by suppressing the expression of IGFBP5, hindered 
the bone regeneration of damaged periodontal tissues. 
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Fig. 6 Inhibition of miR-143-3p rescued the osteogenic differentiation of BMSCs suppressed by macrophage-derived ApoVs. (A) Schematic of the process 
for extracting apoptotic vesicles from macrophages transfected with miR-143-5p inhibitor. (B) Levels of miR-143-5p in macrophages transfected with 
miR-143-5p inhibitor, apoptotic vesicles, and BMSCs after treatment with apoptotic vesicles. Protein levels of mineralization markers (C), mRNA levels of 
mineralization markers (D), ARS and ALP staining images (E), and ALP activity (F) after BMSC treatment with apoptotic vesicles transfected with different 
reagents. n = 3 per group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Fig. 7 Inhibition of macrophage apoptosis by Z-VAD alleviated PD and ApoV-suppressed osteogenic differentiation of BMSCs. (A) Schematic of the 
mouse model of periodontitis. (B) Reconstruction and Micro-CT images. Scale bar: 1 mm. H&E staining (C), Trap staining (D), and immunofluorescence 
images of mineralization markers (E), scale bar: 200 μm. (F-J) Quantitative analysis based on Micro-CT data (n = 8): the distance from the alveolar crest to 
the cementoenamel junction (CEJ-ABC), relative bone tissue volume (BV/TV), number of trabeculae (Tb.N), trabecular thickness (Tb.Th), and trabecular 
separation (Tb.Sp). Effects of apoptotic vesicles treated after Z-VAD on mRNA levels of BMSC mineralization markers (K), ARS and ALP staining images (L), 
ALP activity (M), and protein levels of mineralization markers (N) (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Blocking the delivery of miR-143-3p or reducing macro-
phage apoptosis held promise in alleviating the inhibitory 
effect of ApoVs on bone regeneration. Local injection of 
Z-VAD had been shown to mitigate bone destruction in 
the mouse model of periodontitis (Fig. 8).

Immune cells accumulating in the periodontitis envi-
ronment play a crucial role in regulating the periodon-
tal microenvironment. Previous studies have shown that 
inflammatory cytokines under periodontitis conditions 
inhibit the mineralization of osteoblasts/cementoblasts 
[50, 51]. Our study similarly demonstrated that ApoVs 
induce an elevated inflammatory response in osteoblasts 
and a decrease in mineralization levels. Our sequenc-
ing results showed that miR-143-3p, enriched in ApoVs, 
plays a major role, whereas research by Liu et al. suggests 
that miR-483-5p inhibits osteoblast mineralization [28]. 
However, our analysis did not find differential expression 
of miR-483-5p. We speculated that this may be due to 
the adoption of different isolation procedures. Liu et al. 
focused on apoptotic bodies with a diameter of 1–2 μm, 

while our experiment primarily isolated apoptotic ves-
icles with diameters below 1  μm (Fig.  2L). Different 
vesicle types might vary in their enriched contents [52]. 
Although both led to a reduction in the mineralization 
capability of osteoblasts, the downstream mechanisms 
might differ, warranting further detailed research.

We although found that, compared to the combination 
of Pg and ApoVs, the application of ApoVs alone did not 
lead to severe bone tissue destruction (Fig. 3&S4). These 
findings suggested that ApoVs although not directly caus-
ing severe bone tissue destruction, might induce more 
macrophage infiltration in a positive feedback manner, 
leading to periodontal homeostasis imbalance, osteoclast 
activation and bone tissue destruction. Another specula-
tion is that AopVs amplified the effects of virulence fac-
tors like Pg. While virulence factors induced periodontal 
tissue damage, the contents of ApoVs exacerbated the 
inflammatory response and hinder tissue repair, thereby 
aggravating the periodontal tissue destruction induced 
by Pg. When ApoVs were applied alone, the lack of initial 

Fig. 8 Schematic representation of macrophage-derived ApoVs inhibiting BMSC differentiation and exacerbate periodontal resorption via miR-143-3p/
Igfbp5 signaling axis
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virulence factor activity allowed the body to control the 
inflammatory response, and thus not exhibited more 
severe periodontitis. However, these speculations need 
further verification.

A recent study had indicated that apoptotic cells from 
different origins can induce varying cellular responses 
in macrophages [53]. In an IL-4 rich environment, the 
engulfment of apoptotic hepatocytes could promote a 
tolerogenic phenotype, whereas the phagocytosis of T 
cells had little effect on the gene expression induced by 
IL-4. In our experiments, we observed that both macro-
phages and fibroblasts underwent apoptosis to a certain 
extent (Fig.  1&S2). Therefore, we considered that the 
apoptosis of fibroblasts might affect the differentiation 
of osteoblasts. Currently, most research focuses on apop-
totic vesicles derived from stem cells [30], with less atten-
tion given to the apoptosis of terminally differentiated 
cells, even though these cells often comprise the major-
ity of tissue components. In future studies, we will delve 
deeper into whether the apoptosis of fibroblasts also 
participates in the progression of periodontitis, whether 
there is an interconnection between the apoptosis of 
macrophages and fibroblasts, and what role the apoptotic 
vesicles from both play in the destruction and regenera-
tion of periodontal tissues. In addition, we are also con-
cerned that Z-VAD inhibition of macrophage apoptosis 
may also act concomitantly on peripheral fibroblasts, 
and we will also further explore ways to target delivery of 
drugs to macrophages to reduce the occurrence of mac-
rophage apoptosis.

Conclusions
In this study, we identified the characteristics of ApoVs 
from macrophages and differentially expressed miRNAs. 
We found that ApoVs from macrophages could exacer-
bate tissue destruction in PD stimulated by Pg and inhibit 
the osteogenic differentiation of BMSCs by transferring 
miR-143-3p to target Igfbp5. This revealed a new mech-
anism by which ApoVs regulated BMSC osteogenic dif-
ferentiation. Inhibiting macrophage apoptosis to reduce 
the release of ApoVs is a promising treatment method 
to alleviate PD damage and promote the osteogenesis of 
BMSCs.
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