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Purpose: Dental pulp stem cell-derived exosomes (DPSC-EXO), which have biological characteristics similar to those of metrocytes, 
have been found to be closely associated with tissue regeneration. Periodontitis is an immune inflammation and tissue destructive 
disease caused by plaque, resulting in alveolar bone loss and periodontal epithelial destruction. It is not clear whether DPSC-EXO can 
be used as an effective therapy for periodontal regeneration. The purpose of this study was not only to verify the effect of DPSC-EXO 
on reducing periodontitis and promoting periodontal tissue regeneration, but also to reveal the possible mechanism.
Methods: DPSC-EXO was isolated by ultracentrifugation. Then it characterized by transmission electron microscope (TEM), 
nanoparticle tracking analysis (NTA) and Western Blot. In vitro, periodontal ligament stem cells (PDLSCs) were treated with DPSC- 
EXO, the abilities of cell proliferation, migration and osteogenic potential were evaluated. Furthermore, we detected the expression of 
IL-1β, TNF-αand key proteins in the IL-6/JAK2/STAT3 signaling pathway after simulating the inflammatory environment by LPS. In 
addition, the effect of DPSC-EXO on the polarization phenotype of macrophages was detected. In vivo, the experimental periodontitis 
in rats was established and treated with DPSC-EXO or PBS. After 4 weeks, the maxillae were collected and detected by micro-CT and 
histological staining.
Results: DPSC-EXO promoted the proliferation, migration and osteogenesis of PDLSCs in vitro. DPSC-EXO also regulated 
inflammation by inhibiting the IL-6/JAK2/STAT3 signaling pathway during acute inflammatory stress. In addition, the results showed 
that DPSC-EXO could polarize macrophages from the M1 phenotype to the M2 phenotype. In vivo, we found that DPSC-EXO could 
effectively reduce alveolar bone loss and promote the healing of the periodontal epithelium in rats with experimental periodontitis.
Conclusion: DPSC-EXO plays an important role in inhibiting periodontitis and promoting tissue regeneration. This study provides 
a promising acellular therapy for periodontitis.
Keywords: exosome, anti-inflammatory, osteogenesis, periodontitis, macrophages, IL-6/JAK2/STAT3 signaling pathway

Introduction
As one of the main causes of tooth loss in adults, periodontitis is a destructive periodontal inflammatory disease caused 
by dental plaque, which affects approximately 90% of the world’s population.1 In clinical practice, current treatments for 
periodontitis are mechanical debridement techniques (removing subgingival biofilm and dental calculus) supplemented 
with antibiotics and other drugs.2,3 However, autogenous bone is not easy to form, and damaged periodontal tissue cannot 
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be completely repaired when periodontitis causes severe bone resorption even after treatment.4,5 Reducing periodontitis 
and reconstructing defective periodontal bone tissue are still ongoing challenges.

In recent years, cell tissue engineering (CTE) has become a promising tissue repair strategy in which stem cells are 
one of the basic elements.6–8 Current studies have shown that the therapeutic effect of stem cells is mainly due to the 
release of paracrine factors.9–11 As one of the most important paracrine mediators, exosomes derived from stem cells play 
a therapeutic role through immune regulation.12 Exosomes, lipid membrane particles (30–150 nm) secreted by all types 
of cells, act as intercellular communicators by transferring cell proteins, nucleic acids, lipids, metabolites and so on,13 

which can be secreted under both normal and pathological conditions.14 Exosomes are released into the extracellular 
matrix after fusion of the polyvesicular outer membrane and cell membrane,14,15 so the biological function of exosomes 
is determined by their source cells. They participate in almost all cell interactions, especially in information transmission, 
antigen presentation, immune and target cell regulation, tissue regeneration and so on.15 Therefore, the use of exosomes 
derived from MSCs in the treatment of periodontitis seems to have great prospects.

Some studies have shown that exosomes derived from bone marrow mesenchymal stem cells (BMSCs) and stem cells 
from human exfoliated deciduous teeth (SHEDs) can promote the repair of alveolar bone defects and periodontal tissue 
regeneration in rats.16–20 However, dental stem cells not only express bone marrow mesenchymal stem cell markers but 
also show multipotential regeneration (osteogenesis, cartilage, nerve) and immunomodulatory ability.21–23 Meanwhile, 
tissue-specific mesenchymal stem cells (MSCs) provide more possibilities for the success of tissue engineering.24,25 

Among all dental stem cells, DPSCs and PDLSCs are the most easily obtained.26 Ma L found that DPSCs and PDLSCs 
had similar abilities in proliferation and osteogenesis, but PDLSCs were more likely to differentiate after repeated 
passage in vitro.27 In general, DPSCs had a higher proliferation rate, lower cell senescence rate and stronger osteogenic 
maintenance and even improved periodontal regeneration after injection in a miniature pig periodontitis model.27 Other 
studies confirmed that DPSC-EXO combined with chitosan hydrogel could reduce periodontal inflammation and regulate 
the immune response.28 Except for this, previous studies on DPSC-EXO have paid more attention to its role in promoting 
dental pulp regeneration, especially angiogenesis.29,30 We noticed that DPSC-EXO has great potential in the treatment of 
periodontitis. In addition to the mechanism of regulating inflammation, the effects of DPSC-EXO on the reconstruction 
of periodontal bone defects are still unclear and need to be further verified.

Generally, DPSCs are prospective candidate stem cells with abundant sources to achieve periodontal regeneration. We 
suspect that its exosomes have a similar function in promoting tissue regeneration and regulating immunity. To verify 
whether DPSC-EXO can be used as a cell replacement therapy for periodontal regeneration, this study will explore the 
effect of DPSC-EXO on reducing periodontitis and promoting periodontal tissue regeneration and further explore its 
possible mechanism of action to provide a reference for the treatment of periodontitis.

Materials and Methods
Cell Culture and Identification
DPSCs and PDLSCs were obtained from exfoliated third molars of healthy donors in the Surgical Outpatient Department 
of Stomatological Hospital affiliated to Chongqing Medical University. We also obtained the informed consent of the 
donor for this study. This study was approved by the Ethics Committee of the affiliated Stomatological Hospital of 
Chongqing Medical University (CQHS-REC-2020 (LSNo.68)). Pulp tissue and periodontal tissue were collected from 
freshly extracted teeth and subjected to enzymatic digestion by collagenase type I(3 mg/mL; Sigma‒Aldrich, St. Louis, 
USA) at 37 °C for 40 minutes. The tissue suspension was inoculated in a 25 cm2 culture flask and cultured with α- 
minimum essential medium (α-MEM, HyClone, Logan, Utah, USA) containing 10% fetal bovine serum (FBS, Lonsera, 
Suzhou, China) and 100 U/mL penicillin‒streptomycin (HyClone, Logan, Utah, USA) to maintain growth at 37 °C and 
5% CO2. Primary cells were induced to undergo osteogenic and adipogenic differentiation at the third or fourth passage. 
Alizarin red and oil red staining were performed on the 21st day of induction, and their multidirectional differentiation 
ability was observed by inverted phase contrast microscopy (Primo vert monitor, Carl Zeiss, Oberkochen, Germany). The 
cell surface antibody markers were identified by sorted flow cytometry (Influx, BD, New Jersey, USA). DPSCs were 
incubated with CD73-APC, CD90-FITC, CD31-FITC, CD45-PE, and Nestin-PE (1:100, Invitrogen, California, USA) 
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antibodies. PDLSCs were incubated with CD90-FITC, CD31-FITC, CD29-FITC, CD45-PE, and CD105-APC (1:100, 
Invitrogen, California, USA) antibodies.

RAW264.7 cells were obtained from the Cell Bank of the Chinese Academy of Sciences (SCSP-5036, Shanghai, 
China), cultured in Dulbecco’s modified Eagle medium (DMEM, HyClone, Logan, Utah, USA) supplemented with 10% 
fetal bovine serum (FBS, Lonsera, Suzhou, China) and 100 U/mL penicillin‒streptomycin (HyClone, Logan, Utah, USA) 
and maintained in 5% CO2 at 37 °C.

Exosomes Isolation and Identification
When the DPSCs reached 60% or 80% confluence, serum-free medium (α-minimum essential medium (α-MEM, 
HyClone, Logan, Utah, USA), 100 U/mL penicillin‒streptomycin (HyClone, Logan, Utah, USA)) was used instead of 
conventional medium and cultured for 48 hours. Then, the conditioned medium was collected and centrifuged at 4 °C: 
centrifuged at 300×g for 10 minutes, 2000×g for 10 minutes and 10,000 × g for 30 minutes by freezing centrifugation 
(Beckman Microfuge22R, Beckman Coulter, California, USA) to remove dead cells and debris; centrifuged at 100,000 × 
g for 70 minutes by ultracentrifugation (Optima™ XPN, Beckman Coulter, California, USA); the supernatant was 
discarded, and the sediment at the bottom of the tube was retained and resuspended in PBS. The previous step was 
repeated to obtain the exosome suspension. The total concentration of exosomes was determined by a bicinchoninic acid 
(BCA) kit (Beyotime, Shanghai, China). DPSC-EXO was stored at −80 °C for follow-up experiments.

The morphology of DPSC-EXO was identified by transmission electron microscopy (H-800, Hitachi, Tokyo, Japan). 
The sizes of these exosomes were analyzed by nanoparticle tracking analysis (Flow NanoAnalyzer, Fuliu Biological, 
Xiamen, China). In addition, surface marker proteins were detected by Western blot using specific antibodies against 
CD9 (1:500, Abcam, Cambridge, UK) and CD63 (1:500, Abcam, Cambridge, UK).

Exosomes Labeling and Uptake
According to the manufacturer’s instructions, the exosomes were labeled with PKH26 (Sigma‒Aldrich, St. Louis, USA) 
and re-extracted by ultracentrifugation. The exosomes labeled with PKH26 in the above steps were added to PDLSCs 
and RAW264.7 cells for 2 hours. Cells were washed with PBS three times, Calcein AM (Beyotime, Shanghai, China, 
1:10) was added to the cells, and the cells were cultured for 20 minutes. Cells were washed with PBS and fixed with 4% 
paraformaldehyde (PFA, Solarbio, Beijing, China) for 15 minutes. DAPI (Solarbio, Beijing, China) was added for 5 
minutes, rinsed with PBS three times, and photographed under a fluorescence inverted microscope (EVOS, Thermo 
Fisher, Massachusetts, USA).

Cell Proliferation and Migration
Exosomes at different concentrations (0, 1, 5, 10 μg/mL) were used to evaluate cell proliferation by Cell Counting Kit-8 
(CCK-8, Baoguang Biotechnology Co. Ltd., Chongqing, China). Specifically, PDLSCs (5000 cells per well) were 
inoculated on a 96-well plate and incubated for 1, 2 and 3 days. 10% (v/v) CCK-8 solution was added to the cell and 
treated in the dark for 1 hour. Then, a filter-type enzyme labeling instrument (Elx800, BioTEK, Vermont, USA) measures 
optical density (OD). The cell viability value was calculated according to the following formula: Cell survival rate = 
[(experimental hole - blank hole) / (control hole - blank hole)] × 100%.

A wound healing assay was used to evaluate the effect of exosomes on cell migration. In the wound healing assay, 
PDLSCs were cultured in a 6-well plate with a fusion degree of 90%, the original culture medium was discarded, and the 
cells were starved overnight in serum-free medium. Each well was scraped with a 200 μL pipette tip to create a linear 
region without cells. The cell fragments were removed by washing with PBS. After that, the cells were incubated in 
medium containing different concentrations of exosomes (0, 1, 5, 10 μg/mL). A digital camera (Olympus, Tokyo, Japan) 
connected to an inverted phase contrast microscope (Primo vert monitor, Carl Zeiss, Oberkochen, Germany) was used to 
take pictures at 0 and 12 hours. Then, the migration of cells to acellular areas was monitored. The area of cells that 
moved into the scratch area was calculated by ImageJ analysis software (NIH, Bethesda, USA) for quantitative analysis. 
The specific formula is: cell migration rate (wound healing rate) = (0 h scratch area - 12 h scratch area)/0 h scratch area. 
We repeated this process three times for each group of samples.
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Osteogenic Differentiation
PDLSCs were cultured in a 6-well plate with growth medium. When the cells reached 80% confluence, the cells were 
cultured in osteogenic induction medium (α-MEM containing 10% FBS, 0.1 μM dexamethasone, 50 μM ascorbate- 
2-phosphate and 10 mM β-glycerophosphate; Sigma‒Aldrich, St. Louis, USA) and replaced every three days. After 7 
days of induction, total RNA was extracted, and quantitative real time-polymerase chain reaction (qRT‒PCR) was 
performed to detect the expression of osteogenesis-related genes. The activity of alkaline phosphatase (ALP) was 
detected by an ALP kit (Jiancheng, Nanjing, China) and stained with a BCIP/NBT Alkaline Phosphatase Color 
Development Kit (Beyotime, Shanghai, China). Then, the sections were scanned, and pictures were taken. After 21 
days of induction, alizarin red S staining was used to evaluate cell mineralization in vitro (Solarbio, Beijing, China). We 
repeated this process three times for each group of samples.

Quantitative Real Time-Polymerase Chain Reaction (qRT‒PCR)
To analyze the expression of osteogenesis-related genes, PDLSCs were cultured in 6-well plates, and the total RNA of 
cells was extracted after 7 days of osteogenesis induction. To analyze the expression of genes related to inflammation and 
macrophage polarization, PDLSCs/RAW 264.7 cells were cultured in 6-well plates, lipopolysaccharide (LPS) was 
prestimulated for 24 hours, and the total RNA of cells was extracted after 24 hours of exocrine treatment. Total RNA 
was extracted using TRIzol reagent (Takara, Tokyo, Japan). After the cells were homogenized in 800 μL of TRIzol 
reagent per well, 160 μL of chloroform was added to the homogenate solution, mixed well, and then centrifuged to 
separate the solution into three layers, the top layer of which was a clear liquid containing RNA. The top liquid layer was 
removed and pipetted into a new tube, followed by precipitation of total RNA by isopropanol. The purity (A260/A280) 
and concentration of RNA were determined using a NanoDrop2000 spectrophotometer (Thermo Scientific, Waltham, 
MA, USA). According to the manufacturer’s instructions, cDNA was reverse transcribed using the PrimeScript TM RT 
kit (Takara, Tokyo, Japan). RT‒qPCR was carried out with a Bio-Rad Applied Biosystems ABI 7500 System (Bio-Rad 
Laboratories, Hercules, CA, USA) using the PrimeScriptTM RT Reagent Kit with gDNA Eraser (Takara, Tokyo, Japan). 
The reaction mixture, 20 μL for each well, contained 10 μL TB Green Premix Ex Taq II (Takara, Tokyo, Japan), 2.0 μL 
template cDNA, 1 μL 10 μM PCR Forward Primer, 1 μL 10 μM PCR Reverse Primer and 6 μL Sterile purified water. 
The recommended protocol was as follows: 95 °C for 30 seconds (s) (initial denaturation), followed by 40 cycles of 95 
°C for 5 s (denaturation), 60 °C for 31s (primer annealing), 95 °C for 15s, 60 °C for 1 minute (min) and 95 °C for 15s 
(dissociation). The PCR primers were amplified (Table 1), with GAPDH as the internal control. All assays were 
performed in triplicate from at least three different experiments.

Western Blot
PDLSCs were cultured in 6-well plates, and 200 μL RIPA lysate (Beyotime, Shanghai, China) was added to each well to 
extract cell protein, which was split on ice for 30 min, 14,000 g was separated for 10 min, and the supernatant was 
collected in a new centrifuge tube. BCA kits (Beyotime, Shanghai, China) were used to detect the protein concentration. 
The protein was boiled with SDS‒PAGE Sample Loading Buffer (Bio-Rad, California, USA) for 10 min and stored at 
−20 °C. The protein sample (20 μg) was electrophoretically separated and transferred to a 0.2 μm PVDF membrane 
(Millipore, Massachusetts, USA). The PVDF membrane was blocked with 5% (w/v) skim milk for 2 hours. The primary 
antibody was then diluted to 1:1000 and incubated with the PVDF membrane overnight at 4 °C. Then, the membranes 
were washed in Tris-buffered saline containing 0.1% Tween 20, pH 7.5, and incubated with goat anti-rabbit secondary 
antibody (Thermo Fisher Scientific, Massachusetts, USA) at room temperature for 2 hours. Protein signals were detected 
with the Immobilon Western Chemiluminescent HRP substrate kit (Beyotime, Shanghai, China), and the signal density 
was determined with ChemiDoc Touch (ChemiDOCTMXRS+ imaging system, BIO-RAD, California, USA). The 
primary antibodies used in this study were as follows: CD9 (Abcam, Cambridge, UK), CD63 (Abcam, Cambridge, 
UK), IL-6 (Abcam, Cambridge, UK), IL-1β (Abcam, Cambridge, UK), TNF-α (Bioworld, Minnesota, USA), STAT3 
(Affinity, San Francisco, USA), p-STAT3 (Affinity, San Francisco, USA), JAK2 (Affinity, San Francisco, USA), p-JAK2 
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(Affinity, San Francisco, USA), and GAPDH (Abcam, Cambridge, UK). ImageJ software was used to analyze the gray 
value of the strip.

Flow Cytometry
Fourth-generation PDLSCs were collected and washed twice with PBS containing 1% FBS. After incubation in the dark 
with anti-CD45, anti-CD31, anti-CD29, anti-CD90 and anti-CD105 antibodies (Invitrogen, California, USA) at 4 °C for 
30 minutes. The cells were centrifuged and washed three times, and the suspension was analyzed by sorted flow 
cytometry (Influx, BD, New Jersey, USA). The detection of DPSC surface antibodies was the same as above, and the 
markers included anti-CD73, anti-CD90, anti-CD45, anti-CD31 and Nestin (Invitrogen, California, USA).

Macrophage polarization markers were detected as follows. After washing with PBS, centrifuged cells with anti-F4 
/80 and anti-CD86 or anti-CD206 (Invitrogen, California, USA) were incubated in the dark at 4 °C for 30 minutes. The 
cells were then washed once, suspended in PBS containing 1% FBS and analyzed by flow cytometry. Flow cytometry 
data were analyzed by FlowJo software v10.2 (BD, New Jersey, USA).

Animal Experiment
Animals used in this study were maintained in accordance with the Guideline for ethical review of animal welfare of 
laboratory animals published by the China National Standardization Management Committee (publication No. GB/T 
35892–2018) and were approved by the Ethics Committee of the Stomatological Hospital Affiliated to Chongqing 
Medical University (CQHS-REC-2020 (LSNo.68)). 24 healthy male Sprague‒Dawley (SD) rats (8 weeks old) were 

Table 1 List of Specific Primers

Gene Sequence

Human

Col 1a1 F: GAGGGCCAAGACGAAGACATC

R: CAGATCACGTCATCGCACAAC
DSPP F: TGGCGATGCAGGTCACAAT

R: CCATTCCCACTAGGACTCCCA
OPN F: CTCCATTGACTCGAACGACTC

R: CAGGTCTGCGAAACTTCTTAGAT

OCN F: GGCGCTACCTGTATCAATGG
R: GTGGTCAGCCAACTCGTCA

IL-6 F: ACTGGTCTTTTGGAGTTTGAGGT

R: ATTTGTGGTTGGGTCAGGGG
TNF-α F: GCAACAAGACCACCACTTCG

R: CCAGAACCAAAGGCTCCCTG

IL-10 F: GCAAAACCAAACCACAAGACAG
R: GACCAGGCAACAGAGCAGT

TGF-β F: CTAATGGTGGAAACCCACAACG

R: TATCGCCAGGAATTGTTGCTG

Mice

CD86 F:TACGGAAGCACCCACGATG

R:TCCTGCCAAAATACTACCAGC

Arg 1 F: TTTCTCAAAAGGACAGCCTCG
R: CCAGCACCACACTGACTCT

IL-1β F: GCGTCCAAAGCAGTTCCCATTAGACAACTGCA

R: CCGGAATTCCCAGCCCATACTTTAGGAAGA
IL-10 F: ATACGCGTGTCCATGCTAGCTGGGTC

R: GTCTCGAGTGGAGCTTTCTGCAAG

Abbreviations: F, forward; R, reverse.
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obtained from the CQMU Animal Experimental Center (G * POWER software to calculate the sample size). In this 
study, all rats weighed approximately 200–250 g. Rats were fed standard food regularly without any disease. All animals 
were housed in the Experimental Animal Center of Chongqing Medical University Stomatology Hospital and maintained 
in a specific-pathogen-free (SPF) environment at 25 °C, 40% humidity, and a 12-h light/dark cycle. The animals had free 
access to food and water and were randomly divided in the follow-up experiment.

We established a rat model of periodontitis based on previous studies.31 Briefly, a rat was placed in a sealed container 
with a 4% (v/v) isoflurane flow until it was completely anesthetized. A stainless-steel wire with a diameter of 0.20 mm 
was fastened around the bilateral maxillary first molars of isoflurane-intoxicated rats. LPS from Porphyromonas 
gingivalis (10 μg/mL) was injected into the periodontal pocket every other day for 5 times. The ligature remained for 
30 days to induce periodontitis. Then, 24 rats were randomly divided into 4 groups (n = 6): healthy group without any 
treatment; periodontitis group, only stainless-steel ligature wire was removed after periodontitis was induced; and in the 
PBS group, PBS was injected into the periodontal pocket every other day after periodontitis was induced; in the EXO 
group, stainless steel ligature wire was removed after periodontitis was induced, and EXO (50 μg/mL) was injected into 
the periodontal pocket every other day.32 Specifically, 1 mL syringes were used to inject PBS/EXO in the buccal mesial, 
buccal distal, palatal proximal, and palatal distal regions of the first molars, approximately 10 μL total per sample. After 
30 days, the experimental rats were sacrificed. The maxillary alveolar bones were dissected and fixed with 4% 
paraformaldehyde.

Microcomputed Tomography (Micro-CT) Analysis
To evaluate bone regeneration, a micro-CT scanner (vivaCT 40, SCANCO Medical AG, Bassersdorf, Zurich, 
Switzerland) was used to scan the maxillary bones with the defects. Dissected rat maxillae were secured in foam plates 
and placed into the machine, and relevant parameters were set: 45 kVp, 177 mA, and 10 μm resolution to start the scan. 
Three-dimensional (3D) pictures were created and analyzed in accordance with the software instructions. Volumetric 
measurement was performed after the selection of a region of interest (ROI), which was defined as an 18×18 pixel2 area 
on the alveolar bone between the first and the second molar, and the height was 50 slices. The ratio of new bone volume 
to tissue volume (BV/TV) was calculated.33 The distance between the cementoenamel junction and the alveolar bone 
crest (ABC-CEJ) was measured and analyzed.

Histological Analysis
After micro-CT analysis, the maxillae were decalcified in 10% disodium ethylenediamine tetraacetate (EDTA), dehy-
drated by a gradient ethanol series, and embedded in paraffin. Then, the samples were cut into 5 μm thick slices by 
a pathological slicer (LEICABM2135, Leica, Weizler, Hessen, Germany) and stored at room temperature.

For histological analysis, the maxillary sections were stained with a hematoxylin and eosin staining kit (Solarbio, 
Beijing, China) and TRAP kit (Solarbio, Beijing, China) according to the manufacturer’s instructions to show periodontal 
tissue defect healing and bone formation. Specifically, for HE staining, paraffin sections were conventionally dewaxed 
in water, stained for 2 min with hematoxylin staining solution and rinsed in distilled water. Then, the cells were 
differentiated for 60s, rinsed in distilled water, placed in eosin stain for 1 min, dehydrated quickly, cleared by xylene 
and sealed with resinene. For details of the TRAP staining scheme, the trap fixative solution was fixed at 2–8 °C for 30– 
60 s, slightly dried, put into the trap incubation solution at 37 °C for 50 minutes, dyed with hematoxylin staining solution 
for 3 minutes, dehydrated quickly, cleared with xylene and sealed with resinene. The TRAP-positive (+) cells, as 
osteoclast cells (clusters of more than three nuclei were counted as one osteoclast), in the alveolar bone between the 
maxillary first molar and the second molar were photographed and counted. After staining, the sections were analyzed by 
a full slide scanning system (VS200, OLYMPUS, Tokyo, Japan). At least four samples were analyzed per group, five 
fields of view per sample (500 × 500μm2 square areas) were randomly picked between the first and second molars, and 
the group mean was calculated using the mean of the individual measurements.

Immunostaining was performed on paraffin sections from each group. Paraffin sections were deparaffinized in water, 
and antigen retrieval was performed (the sections were immersed in citrate buffer (pH 6.0), repairer 80 °C, 20 min; After 
cooling, PBS was washed 3 times for 5 min each); The sections were incubated in 3% H2O2 for 10 min at room 
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temperature; PBS was washed three times for 5 min each to block endogenous peroxidase; Goat serum blocking solution 
was added dropwise for 20 min at room temperature; TNF-α primary antibodies (1:200, BOSTER, Wuhan, China), OCN 
(1:200, Servicebio, Wuhan, China) and iNOS (1:200, Servicebio, Wuhan, China) were added dropwise, respectively, 
overnight at 4 °C; PBS wash 3 times for 5 min each; Goat anti-rabbit secondary antibody (1:100, Servicebio, Wuhan, 
China) was added dropwise for 30 min at 37 °C; PBS wash 3 times for 5 min each; Make up fresh DAB solution 
(Solelybio, Beijing, China) add dropwise onto the tissue at room temperature, control time under microscope until 
positive was brownish yellow, distilled water washed sections; Hematoxylin counterstained nuclei and dehydrated and 
sealed with resinene. The sections were analyzed by a full slide scanning system (VS200, OLYMPUS, Tokyo, Japan). 
Based in the staining intensity, positive area occupancy (area %) was counted by ImageJ. At least three samples were 
analyzed per group, five fields of view per sample (100 × 100μm2 square areas) were randomly picked between the first 
and second molars, and the group mean was calculated using the mean of the individual measurements.

Statistical Analysis
Data are presented as the mean ± standard deviation of three independently repeated experiments. T-test was used to 
compare between the two groups. Comparisons among three or four groups were evaluated by one-way ANOVA 
followed by Tukey’s post hoc test. For all analyses, P < 0.05 was used to specify statistical significance.

Results
Characterization of DPSCs and PDLSCs
Fresh extracted teeth were collected, and DPSCs and PDLSCs were extracted from pulp tissue and periodontal tissue by 
enzyme digestion. Alizarin red and oil red O staining showed that the extracted cells could differentiate into osteogenic and 
adipogenic cells (Figure 1A and B). According to the flow cytometry data, DPSCs exhibited intense expression of 
mesenchymal surface molecular markers (CD73 (97.1%), CD90 (99.9%)), whereas they exhibited weak expression of 
hematopoietic surface markers (CD45 (0.13%), CD31 (0.42%), Nestin (0.14%)). PDLSCs exhibited intense expression 
of mesenchymal surface molecular markers (CD29 (95.9%), CD90 (99.7%), CD105 (94.5%)), whereas they exhibited 
weak expression of hematopoietic surface markers (CD45 (0.3%), CD31 (0.37%)) (Figure 1C and D). These results were 
in line with the definition of mesenchymal stem cells of the International Association for Cell Therapy. The above results 
showed that the characteristics of the cells we extracted were consistent with that of the dental pulp MSCs and periodontal 
ligament MSCs.

Characterization of DPSC-EXO
The exosomes were isolated from DPSC-conditioned medium by ultracentrifugation. Transmission electron microscopy 
images showed that DPSCs exhibited a bilayer membrane and cup-plate-shaped structures with a diameter of approxi-
mately 100–150 nm (Figure 1E). Western blotting demonstrated that the DPSC-EXOs were positive for characteristic 
exosomal markers, such as CD9 and CD63 (Figure 1F). NTA analysis showed that 91.59% of the particles were 
distributed between 30 and 150 nm, and the average particle size was 84.06 nm (Figure 1G). In summary, the above 
results showed that we successfully isolated DPSC-EXOs.

Uptake Assay of DPSC-EXO
To confirm the uptake of exosomes by cells, the uptake assay of DPSC-EXOs was conducted. PKH26 labeled exosomes 
as red fluorescence. Calcein AM labeled the cytoplasm as green fluorescence. DAPI was used to label nuclei as blue 
fluorescence. After coincubating PKH26-labeled exosomes with PDLSCs and RAW264.7 cells, a large number of 
exosomes were scattered (red fluorescence) in the cytoplasm (green fluorescence) around the nucleus (blue fluorescence) 
(Figure 2A), which indicated that exosomes could be taken up by PDLSCs and RAW264.7 cells.
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DPSC-EXO Promoted the Proliferation and Cell Migration of PDLSCs
To evaluate the effect of DPSC-EXO on cell migration, PDLSCs were cultured with DPSC-EXO at different concentrations (0, 1, 
5, and 10 μg/mL). After 12 hours of culture, the wound healing assay showed that DPSC-EXO promoted the migration of 
PDLSCs in a concentration-dependent manner. However, we observed that when the exosome concentration was low (1 μg/mL), 
even if the migration effect was enhanced, the difference was not statistically significant. When the exosome concentrations 

Figure 1 Identification of DPSCs, PDLSCs and DPSC-EXO. (A) Differentiation potential of osteogenesis of DPSCs and PDLSCs was confirmed by Alizarin red staining. (B) 
Differentiation potential of adipogenesis of DPSCs and PDLSCs was confirmed by Oil red O staining. (C) Identification of surface markers of DPSCs indicated that the 
harvested DPSCs were positive for CD73 and CD90 and were negative for CD45, CD31 and Nestin. (D) Identification of surface markers of PDLSCs indicated that the 
harvested PDLSCs were positive for CD29, CD90 and CD105 and negative for CD45 and CD31. (E) The typical saucer-like morphology of DPSC-EXO was captured by 
transmission electron microscopy. (F) DPSC-EXO was positive for the exosomal surface markers CD9 and CD63 by Western Blot. (G) Particle size of DPSC-EXO was 
analyzed by NTA.
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increased (5 and 10 μg/mL), the difference was statistically significant (P<0.01, Figure 2B and C). At the same concentration 
gradient, we evaluated the effect of DPSC-EXO on the proliferation of PDLSCs by CCK8 assay. The group with exosome 
culture (5, 10 μg/mL) showed a significant effect on the proliferation of PDLSCs, and the difference was statistically significant 
(Figure 2D). The above results showed that DPSC-EXOs can effectively promote the migration and proliferation of PDLSCs.

Figure 2 The uptake of exosomes by PDLSCs and RAW264.7 cells and the effects of different concentrations (0, 1, 5, 10 µg/mL) of DPSC-EXO on the proliferation and 
migration of PDLSCs. (A) DPSC-EXO were endocytosed by PDLSCs and RAW264.7 cells. (B) The wound healing assay showed that DPSC-EXO promoted the migration of 
PDLSCs in a concentration-dependent manner. (C) Quantitative analysis of the wound healing assay. (D) CCK8 assay showed that DPSC-EXO promoted cell proliferation. 
(*p<0.05, **p<0.01, ***p<0.001, n=3).
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DPSC-EXO Promoted the Osteogenic Differentiation of PDLSCs
To study the effect of DPSC-EXO on the osteogenesis of PDLSCs, we performed alizarin red staining, ALP staining, 
quantitative analysis and qRT‒PCR. During osteogenic induction, exosomes at different concentrations (0, 10, and 50 μg/ 
mL) were added. Total RNA was extracted, and qRT‒PCR was used to detect the expression of osteogenic genes. The results 
showed that DPSC-EXOs significantly improved the gene expression of Col1a1, DSPP, OCN and OPN with increasing 
exosome concentration, especially at a concentration of 50 μg/mL (Figure 3A). ALP staining showed that the expression of 
alkaline phosphatase improved significantly with increasing exosome concentration (Figure 3B). ALP quantitative analysis 
showed similar results, and the expression of alkaline phosphatase increased more than 2-fold in the exosome group (Figure 3C). 
Alizarin red staining showed that calcium deposition improved significantly with increasing exosome concentration, which 

Figure 3 The effect of DPSC-EXO on the osteogenesis of PDLSCs. (A) qRT‒PCR showed that the expression of Col1a1, DSPP, OCN, and OPN was significantly increased 
with increasing exosome concentration. (B) ALP staining showed that the expression of alkaline phosphatase increased significantly with increasing exosome concentration. 
(C) ALP quantitative analysis. (D) Alizarin red staining showed that calcium deposition increased significantly with increasing exosome concentration. (*p<0.05, **p<0.01, 
***p<0.001, n=3).
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indicated that exosomes promoted PDLSCs mineralization and calcium deposition in a concentration-dependent manner 
(Figure 3D). The above results showed that DPSC-EXO can effectively promote the osteogenic differentiation of PDLSCs.

DPSC-EXO Reduced Inflammation in PDLSCs Induced by LPS
To study the effect of DPSC-EXO on the inflammation of PDLSCs, we first treated PDLSCs with LPS (10 μg/mL) and then 
cocultured them with exosomes at different concentrations (0, 1, 5, 10 μg/mL). Inflammation-related genes and proteins were 
measured by qRT‒PCR and Western Blot. The results of qRT‒PCR showed that under exosome coculture conditions, the gene 
expression of IL-6 and TNF-α was significantly downregulated. Moreover, different concentrations of exosomes showed 
similar effects, while the gene expression of IL-10 and TGF-β was significantly upregulated in a concentration-dependent 
manner (Figure 4A). The Western blot results showed that the protein levels of IL-1β and TNF-α also showed a decreasing 
trend, and the decreasing trend was most obvious when the exosome concentration was 10 μg/mL (Figure 4B and C). These 
results suggested that DPSC-EXO can inhibit PDLSCs inflammation induced by LPS.

DPSC-EXO Promoted the Polarization of Macrophages from the M1 Phenotype to the 
M2 Phenotype
To study the effect of DPSC-EXO on inflammatory macrophages, we used LPS to stimulate RAW264.7 cells M1 
polarization. Then, we analyzed the macrophage polarization markers of M1 (CD86) and M2 (CD206, Arg1) with 
or without EXOs. We chose an exosome concentration of 10 μg/mL to treat RAW264.7 cells. Flow cytometry 

Figure 4 The effect of DPSC-EXO on the inflammation of PDLSCs induced by LPS. (A) qRT‒PCR showed that under exosome coculture conditions, the gene expression of IL- 
6 and TNF-α was significantly downregulated, while the gene expression of IL-10 and TGF-β was significantly upregulated in a concentration-dependent manner. (B) Western 
blot analysis showed that the expression of IL-1β and TNF-α was obviously downregulated by DPSC-EXO treatment. (C) Quantitative analysis of protein expression showed 
that the expression levels of IL-1β and TNF-α were obviously downregulated by DPSC-EXO treatment. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, n=3).
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analysis showed that compared with the control group (59.0%), the number of F4/80+CD86+ cells in the EXO 
group (46.7%) decreased significantly (Figure 5A). After statistical analysis, the difference was statistically 
significant (Figure 5B). However, in the EXO group, F4/80+CD206+ cells (24.6%) were significantly higher than 
those in the control group (0.76%) (Figure 5C). After statistical analysis, the difference was statistically significant 
(Figure 5D). The qRT‒PCR results showed that the mRNA expression of CD86 and IL-1β, polarizing markers of 

Figure 5 The effect of DPSC-EXO on the polarization phenotype of macrophages. (A) Flow cytometry showed that compared with the control group (59.0%), the number 
of F4/80+CD86+ cells (46.7%) in the EXO group decreased significantly. (B) Quantitative analysis of F4/80+CD86+ cells (C) In the EXO group, F4/80+CD206+ cells (24.6%) 
were significantly higher than those in the control group (0.76%). (D) Quantitative analysis of F4/80+CD206+ cells (E) qRT‒PCR showed that the mRNA expression of 
CD86 and IL-1β, polarizing markers of M1 macrophages, decreased with DPSC-EXO treatment. (F) The mRNA expression of Arg1 and IL-10, polarizing markers of M2 
macrophages, were significantly increased with DPSC-EXO treatment. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, n=3).

https://doi.org/10.2147/IJN.S420967                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2023:18 4694

Qiao et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


M1 macrophages, decreased with increasing exosome concentration (Figure 5E). The mRNA expression of Arg1 
and IL-10, polarizing markers of M2 macrophages, significantly increased in a concentration-dependent manner, 
and the differences were statistically significant (Figure 5F). In summary, our results showed that DPSC-EXO could 
regulate the immune microenvironment by promoting the polarization of macrophages from the M1 phenotype to 
the M2 phenotype.

DPSC-EXO Inhibited the IL-6/JAK2/STAT3 Signaling Pathway in PDLSCs Stimulated by 
LPS
Western blot was used to study the effect of exosomes on the IL-6/JAK2/STAT3 signaling pathway. When PDLSCs were 
not stimulated or only EXO were used, the expression levels of IL-6, p-JAK2 and p-STAT3 were low. However, the 
expression of those proteins increased significantly when stimulated by LPS. This indicated that the IL-6/JAK2/STAT3 
signaling pathway was activated by acute inflammation stimulated by LPS. The addition of EXO significantly reduced 
the protein levels of IL-6, p-JAK2 and p-STAT3. The differences were statistically significant (Figure 6A–D). To further 
verify whether DPSC-EXO can inhibit inflammation by regulating the IL-6/JAK2/STAT3 signaling pathway, we used 
a JAK2 inhibitor (TG101348, Beyotime, Shanghai, China) to treat PDLSCs stimulated by LPS. The results showed that 
the protein expression levels of IL-1β and TNF-α were downregulated (Figure 6E–G), which was consistent with the 
results of DPSC-EXO treatment. Therefore, we believe that DPSC-EXO exert their anti-inflammatory effect by inhibiting 
the IL-6/JAK2/STAT3 signaling pathway.

DPSC-EXO Inhibited Periodontitis in Rats and Promoted Alveolar Bone Repair
We studied the therapeutic effect of DPSC-EXO on periodontitis in rats and collected periodontal tissues from 
experimental rats for micro-CT and histological analysis. The main manifestation of periodontitis is alveolar bone 
destruction and resorption. Micro-CT analysis showed that the periodontitis group (PD) had obvious alveolar bone 
resorption on the buccal and lingual surfaces compared with the healthy group. The difference was also confirmed by 
two-dimensional X-ray images. Besides, the BV/TV decreased significantly in the PD group. Especially on buccal side, 
root furcation was obviously exposed, and the distance from alveolar bone crest to cementoenamel junction (ABC-CEJ) 
increased significantly. The results indicated that experimental periodontitis of rats was constructed successfully. 
Compared with that in the PBS group, the BV/TV in the EXO group was significantly higher and slightly lower than 
that in the healthy group. In addition, compared with the PBS group, ABC-CEJ in the EXO group was significantly 
decreased. These results indicated that EXO treatment could significantly reduce alveolar bone loss caused by period-
ontitis in rats (Figure 7A–C).

H&E staining analysis revealed that the DPSC-EXO treatment group had a thicker periodontal epithelial fibrous layer 
and better alveolar bone height and morphology than the PBS treatment group. In addition to the conditions of connective 
tissue attachment and alveolar bone, fewer infiltrating inflammatory cells could be seen in gingival tissues and period-
ontal ligaments between the distal root of the first molar and the mesial root of the second molar. (Figure 7D). Osteoclasts 
participate in bone resorption. Excessive osteoclast cells destroy the balance of bone resorption and affect new bone 
formation. TRAP staining analysis showed that there were fewer osteoclasts in periodontal tissue in the DPSC-EXO 
group than in the PBS group (Figure 7E and F).

To further confirm the therapeutic effect of DPSC-EXO on experimental periodontitis in rats, we performed immuno-
histochemical staining with inflammatory markers (TNF-α) and osteogenic markers (OCN). Semiquantitative analysis 
showed that the EXO group had significantly lower TNF-α and higher OCN expression than the PD group. However, no 
obvious statistical significance was observed in the PBS group compared with the other groups (Figure 8A–D). These 
results suggested that DPSC-EXO can reduce experimental periodontitis and save alveolar bone loss in rats. To verify the 
effect of macrophages on the development of periodontitis, we performed immunohistochemical staining of iNOS (M1 
marker). We observed more iNOS positive cell infiltration in the PD combined PBS group, while fewer in the EXO and 
healthy groups (Figure 8E and F). This indicated that M1 macrophage infiltration affects periodontal healing and alveolar 
bone repair.
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Discussion
DPSCs are Excellent Seed Cell Sources for Periodontal Repair
Mesenchymal stem cells (MSCs) have been widely used in tissue engineering and regenerative medicine, and tissue- 
specific MSCs are superior to MSCs from other sources in repairing specific tissue injuries.24,25 Based on the above 
points, we strongly believe that odontogenic stem cells hold promise in promoting periodontal repair. Of all dental stem 

Figure 6 Inhibition of the IL-6/JAK2/STAT3 signaling pathway by DPSC-EXO. (A) Protein expression levels of IL-6, JAK2, p-JAK2, STAT3 and p-STAT3. (B-E) Quantitative 
analysis of protein expression in (A). (F) The protein expression levels of IL-1β and TNF-α were downregulated after using a JAK2 inhibitor (TG101348) to treat PDLSCs 
stimulated by LPS. (G) Quantitative analysis of protein expression in (F). (*p<0.05, **p<0.01, ***p<0.001, n=3).
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cells, DPSCs and PDLSCs are the most easily obtained.26 Kotova evaluated proteome characteristics of differences 
between DPSCs and PDLSCs in pluripotency, transcription of neuroepithelial markers, morphological and functional 
characteristics, proteome characteristics of osteoblast/odontoblast differentiation and osteoblast differentiation.34 The 

Figure 7 The therapeutic effect of DPSC-EXO on periodontitis in rats. (A) Representative sagittal 3D and 2D views of the maxillary molars from micro-CT scanning. The 
red line corresponds to the distances of ABC-CEJ. (B) and (C) Measurement of the BV/TV and the distance from the ABC to the CEJ in each group. (D) Representative 
H&E-stained sections of periodontal tissues harvested from each group at low and high magnifications. The green box shows the details of gingiva, and the yellow box shows 
the details of alveolar bone crest. (E) The degree of osteoclast infiltration in representative TRAP-stained sections of periodontal tissues. (F) Quantitative analysis of 
osteoclast number between the first and second molars. The yellow arrows show that osteoclasts are stained red. (B) Buccal side; (P) Palatal side; PD: Periodontitis; BV/TV: 
Bone tissue volume/tissue volume (%); ABC-CEJ: Alveolar bone crest and the cementoenamel junction; Results are the mean ± s.d. (*p < 0.05, **p < 0.01, ***p<0.001, 
****p<0.0001, n = 4).
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results showed that DPSCs proliferated more slowly, and their shape was more similar to a polygon. However, compared 
with PDLSCs, DPSCs responded better to osteogenic stimulation.34 In addition, Ma L found that DPSCs and PDLSCs 
had similar abilities in proliferation and osteogenesis, but PDLSCs were more likely to differentiate after repeated 
passage in vitro.27 This result suggested that DPSCs were a good candidate for osteogenesis or odontogenic bone 
substitute cell implantation. However, other studies have shown that compared with DPSCs, PDLSCs have formed more 
new bone in the treatment of periodontal defects in animals.35 Therefore, the differences in the osteogenic potential of the 
two kinds of cells need to be further verified. It is worth noting that PDLSCs are easily affected by the periodontal 
microenvironment,36 while DPSCs are located in a more closed dental pulp cavity and less affected by the external 
environment. In addition, the amount of dental pulp tissue in isolated teeth is usually much higher than that in periodontal 
tissue. Based on the above, DPSCs were chosen as the stem cell source of exosomes in our study.

Figure 8 Immunohistochemical staining of periodontal tissue. (A and B) Inflammatory marker TNF-α staining and semi quantitative analysis. (C and D) Osteogenic marker OCN 
staining and semi quantitative analysis. (E and F) M1 macrophage marker iNOS staining and semi quantitative analysis. Results are the mean ± s.d. (*p < 0.05, **p < 0.01, n = 3).
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The Extraction, Identification and Internalization of Exosomes Based on Their 
Biological Functions
Compared with stem cells, exosome infusion rarely induces an immune response. Exosomes do not contain MHC I or II 
molecules.37,38 As the isolation and identification of exosomes is still a challenge, continuous technological progress will 
help to reveal the heterogeneity and biological function of exosomes and improve the efficacy of exosomes in the 
treatment of periodontitis. It is worth noting that different separation techniques could affect the purity, yield and even 
biological activity of the exosomes.39 Exosome extraction methods usually include ultracentrifugation (UC), ExoQuick, 
and size exclusion chromatography.40–42 In particular, compared with other methods, UC has higher purity and less 
protein contamination.43 In this study, we used UC to extract DPSC-EXO and confirmed the existence of exosomes by 
TEM, NTA and Western blot. The results showed that the isolated particles had the same morphological characteristics as 
exosomes, which were a bilayer membrane vesicle-like structure with a diameter of 30–150 nm. Tang found that the 
exosomes obtained from UC showed high expression of CD9 and CD63, as identified by Western blot,43 which was 
consistent with our results. UC does not deposit all the bioactive factors of DPSCs, so other bioactive factors of DPSCs 
that are helpful to the treatment of periodontitis need to be further studied. Exosomes can directly fuse with the plasma 
membrane of receptor cells, transmit specified information, and internalize through endocytosis or phagocytosis.44 

Obviously, endocytosis of exosomes by cells is fundamental for exosomes to exert biological functions. In this 
experiment, we used exosome tracers and fluorescence microscope to detect exosome uptake by PDLSCs and 
RAW264.7 cells. We confirmed that exosome labeled PKH26 could be taken up by PDLSCs and macrophages.

DPSC-EXO Has Significant Advantages in Promoting the Proliferation, Migration and 
Osteogenesis of PDLSCs
In tissue engineering, tissue repair and regeneration mainly depend on the proliferation and migration of endogenous 
cells, which is called the cell homing effect.45,46 Previous studies on DPSC-EXO have paid more attention to its role in 
promoting dental pulp regeneration, especially angiogenesis. Xian’s study showed that DPSC-EXO promoted human 
umbilical vein endothelial cells (HUVEC) proliferation, proangiogenic factors expression and tube formation, which 
played an important role in the regulation of angiogenesis.30 Swanson also demonstrated that DPSC-EXO promoted the 
migration of dental pulp cells in a dose-dependent manner.29 Our study focused on the effect of DPSC-EXO on PDLSCs. 
The results showed that DPSC-EXO could promote the proliferation, cell migration and osteogenesis of PDLSCs in 
a dose-dependent manner. This further confirmed the great potential value of DPSC-EXO in periodontal regeneration and 
widened the clinical application of DPSC-EXO.

Periodontitis mainly manifests as inflammatory infiltration of periodontal connective tissue and absorption of alveolar 
bone.47 Therefore, it is very important for the treatment of periodontitis to reduce inflammatory bone loss and repair bone 
defects. In this study, we used DPSC-EXO to promote the osteogenic differentiation of PDLSCs. It avoided the 
disturbance of immune regulation and potential risk of tumorigenesis caused by direct application of stem cells. At the 
same time, our results confirmed that DPSC-EXO showed obvious characteristics of promoting osteogenic differentiation 
of PDLSCs in vitro from the aspects of mRNA expression, alkaline phosphatase expression and calcium deposition. In 
vivo experiments also confirmed that DPSC-EXO can significantly reduce alveolar bone loss in experimental period-
ontitis rats. All these results suggest that DPSC-EXO has great prospects in the treatment of periodontitis.

DPSC-EXO Act on Periodontitis by Both Improving the Immune Microenvironment 
and Directly Inhibiting Inflammation in PDLSCs
Bacterial infection is an initial factor in the progression of periodontitis, but what ultimately induces periodontium destruction 
is dysregulation of the host immune-inflammatory response.48,49 Periodontal pathogens can stimulate strong innate immune 
responses, including the mobilization of macrophages, blood cells and lymphocytes into periodontal tissue. This can lead to 
periodontal soft tissue inflammation and alveolar bone resorption.50 Macrophages play a key role in defending periodontal 
pathogens. For different local microenvironments, primordial macrophages (M0) could be polarized into two opposite 
phenotypes: pro-inflammatory (M1) and anti-inflammatory (M2). These two phenotypes could play distinct roles under 
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different physiological or pathological conditions.51 Pro-inflammatory macrophages can elevate local expression of RANKL, 
which promotes osteoclast differentiation in the periodontium.52,53 In contrast, anti-inflammatory macrophages are involved in 
inflammation resolution and tissue regeneration via the secretion of anti-inflammatory mediators.54 In addition, anti- 
inflammatory macrophages contribute to the exocytosis of apoptotic osteoblasts and mediate bone formation.55,56 As the 
imbalance of proinflammatory/anti-inflammatory macrophages is one of the causes of periodontal destruction, the transfor-
mation of the macrophage phenotype from proinflammatory to anti-inflammatory can effectively improve the periodontal 
inflammatory microenvironment. Shen showed that DPSC-EXO combined with chitosan hydrogel promoted the transforma-
tion of macrophages from proinflammatory phenotype to an anti-inflammatory phenotype in periodontitis mice, and the 
mechanism may be related to miR-1246 in DPSC-EXO.28 The results of this study also confirmed that DPSC-EXO could 
independently regulate the transformation of macrophages from the M1 to M2 phenotype without hydrogel material. In 
addition, DPSC-EXO also showed a significant anti-inflammatory effect on LPS-induced PDLSCs at both the mRNA and 
protein levels. These finding suggested that in the inflammatory microenvironment, DPSC-EXO could not only regulate the 
macrophage phenotype to improve the inflammatory microenvironment to further regulate the regression of inflammation but 
also directly inhibit the inflammation of PDLSCs. Considering that PDLSCs in the inflammatory microenvironment are 
different from those in the normal state, the effect of DPSC-EXO on PDLSCs in patients with periodontitis needs to be further 
explored.

DPSC-EXO Inhibit Inflammation via the IL-6/JAK2/STAT3 Signaling Pathway
STAT3 is a member of the signal transducer and activator of transcription (STAT) protein family.57 Recently, it has been 
found that STAT, as a downstream gene activated by transcriptome factors, is involved in the key genes of apoptosis, the 
cell cycle and other pathways.58,59 In the inflammatory state, IL-6 activates the receptor-bound Jak protein, and the 
receptor-bound Stat protein is further phosphorylated by Jak to form a dimer, which is transferred into the nucleus to 
regulate the expression of target genes.58 Hu showed that the STAT3 signaling pathway was activated in the periodontal 
tissue and cortex of periodontitis rats. It is speculated that activation of the STAT3 signaling pathway may play an 
important role by increasing the inflammatory load and promoting neuroinflammation.60 In this study, we found that 
DPSC-EXO simultaneously downregulated the expression of IL-6, p-JAK2 and p-STAT3 proteins in PDLSCs induced by 
LPS. After further use of JAK2 inhibitors, we also observed a downregulation of PDLSCs inflammation-related proteins. 
This result suggests that the mechanism of the role of DPSC-EXO is related to the inhibition of the IL-6/JAK2/STAT3 
signaling pathway. However, the STAT3 protein is regulated by many factors. In addition to the classical and simple 
signal transduction of the receptor-JAK-STAT- downstream pathway, the activation of some receptor tyrosine kinases 
(RTKs) can phosphorylate STAT through Src kinase, including epidermal growth factor receptor (EGFR) and platelet- 
derived growth factor receptor (PDGFR).61,62 It can also activate mitogen-activated protein kinase (MAPK) through 
activation of the RTK/Ras pathway. MAPK can specifically phosphorylate the serine site (Ser727) at the C-terminus of 
STAT to enhance the transcriptional activity of STAT.63 Therefore, the other mechanisms by which DPSC-EXO regulate 
periodontitis and improve the immune microenvironment need to be further clarified.

Prospect and Deficiency of DPSC-EXO in Treating Experimental Periodontitis in Rats
In our study, DPSC-EXO was used to treat experimental periodontitis in rats and achieved satisfactory results. We observed 
less inflammatory cell infiltration, more complete epithelial healing and less alveolar bone loss. This finding is consistent with 
the research results of Shen et al, who demonstrated that DPSC-Exo combined with chitosan hydrogel (DPSC-Exo/CS) can 
accelerate the healing of alveolar bone and periodontal epithelium in periodontitis mice.28 In addition, Huang et al found that 
LPS-preconditioned dental follicle stem cells-derived small extracellular vesicles (DFC-sEV) loaded with hyaluronic acid 
(HA) injectable system could sustainably release sEV and enhance the therapeutic efficacy for periodontitis in canines.64 Wu 
et al also confirmed that SHED-derived exosomes contribute to periodontal bone regeneration by promoting neovasculariza-
tion and new bone formation.20 Lei et al also demonstrated that PDLSC-derived exosomes lead to more bone formation in 
periodontitis rats.65 Therefore, exosomes derived from odontogenic stem cells are a promising new target for the treatment of 
periodontitis. The choice of a more appropriate cell model and optimization of conditions for exosome acquisition resulting in 
better therapeutic outcomes are now primary concerns. As a limitation of experiments in vivo, we did not perform animal 
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experiments with a large sample size, although we observed satisfactory therapeutic outcomes. At the same time, we are 
concerned that most of the current studies, including our research, adopt only one time point for all analyses in animal 
experiments. More detailed information can be obtained by analysis at different time points to facilitate a more accurate 
analysis of the therapeutic effect of exosomes.

Conclusion
This study showed that DPSC-EXO could directly inhibit the gene and protein expression of PDLSCs inflammatory 
factors in vitro. It also showed that DPSC-EXO could promote the proliferation, cell migration and osteogenesis of 
PDLSCs. In addition, DPSC-EXO regulated the phenotype of macrophages and improved the microenvironment of 
periodontitis. It promoted the healing of alveolar bone and periodontal epithelium in periodontitis rats in vivo. Our 
preliminary study found that the mechanism may be related to the inhibition of IL-6/JAK2/STAT3 signaling pathway. 
However, due to the limitations of the study, the in-depth mechanism still needs further study. In short, DPSC-EXO 
played an important role in inhibiting periodontitis and promoting tissue regeneration. Our study provides a promising 
acellular therapy for periodontitis. DPSC-EXO is expected to be a new target for the treatment of periodontitis.
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