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Abstract
Background: The oral cavity is a complex environment in which periodontal tissue is constantly
stimulated by external microorganisms and mechanical forces. Proper mechanical force helps maintain
periodontal tissue homeostasis and improper in�ammatory response can break the balance. Periodontal
ligament (PDL) cells plays crucial roles in responding these challenges and maintaining the homeostasis
of periodontal tissue. However, the mechanisms underlying PDL cell property changes induced by
in�ammatory and mechanical force microenvironments are still unclear. Recent studies have shown that
exosomes function as a mean of cell-cell and cell-matrix communication in biological processes.

Methods: Human periodontal ligament stem cells (HPDLSCs) were tested by the CCK8 assay, EdU,
alizarin red and ALP staining to evaluate the functions of exosomes induced by mechanical strain.
MicroRNA sequencing was used to �nd the discrepancy miRNA in exosomes. In addition, RT-PCR, FISH,
luciferase reporter assay and western blotting assay were used to investigated the mechanism of miR-
181b-5p regulating proliferation and osteogenic differentiation through the PTEN/AKT pathway.

Results: In this study, the exosomes secreted by MLO-Y4 cells exposed to mechanical strain (Exosome-
MS) contributed to human periodontal ligament stem cell (HPDLSC) proliferation and osteogenic
differentiation. High-throughput miRNA sequencing showed that miR181b-5p was upregulated in
Exosome-MS compared to the exosomes derived from MLO-Y4 cells lacking MS. The luciferase reporter
assay demonstrated that miR-181b-5p may target Phosphatase tension homolog deletion (PTEN). In
addition, PTEN was negatively regulated by overexpressing miR-181b-5p. PCR and western blot analyses
veri�ed that miR‐181b-5p enhanced the protein kinase B (AKT) activity and improved downstream factor
transcription. Furthermore, miR-181b-5p effectively ameliorated the inhibition of HPDLSC proliferation
and osteogenesis induced by in�ammation.

Conclusions: This study concluded that exosomes induced by mechanical strain promote HPDLSC
proliferation and osteogenic differentiation via the miR-181b-5p/PTEN/AKT signaling pathway,
suggesting a potential mechanism for maintaining periodontal homeostasis.

Introduction
The periodontium consists of the gingiva, periodontal ligament (PDL), root cementum and alveolar bone.
The PDL plays a crucial role in periodontium homeostasis, repair, and nutrition [1, 2]. PDL �bers distribute
the force to alveolar bone during the chewing movement, and PDL cells turn mechanical signals into
biochemical signals that regulate various osteogenic-related pathways for periodontal tissue remodeling
[3]. 

PDLSCs are adult stem cells and were �rst isolated from human PDL tissue [4]. These cells exhibit
potential for self-renewal and multidirectional differentiation, which may be associated with mechanical
loading from mastication or occlusion. PDLSCs subjected to static mechanical strain (SMS) show an
increased proliferation rate and differentiation ability [5].
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PDLSCs require a speci�c microenvironment to maintain their own undifferentiated and self-renewing
state. This microenvironment is also known as the stem cell niche, and its activity depends on the
interaction between cells[6]. Exosomes have been shown to function as a mean of intercellular
communication in the body. Exosomes from PDLSCs promote bone regeneration and revascularization
[7], and exosomes released in mechanical environments contribute to the maintenance of periodontal
immune/in�ammatory homeostasis [8]. Osteocytes are also mechanically sensitive cells and can secrete
multiple biologically active factors to regulate bone remodeling. A previous study suggested that bone
cells produce exosomes containing selective miRNAs that may be transferred to other organs [9].

Periodontitis is a bacteria-initiated in�ammatory disease that causes periodontal soft and hard tissue
loss and is the main cause of tooth loss in adults. The presence of a chronic in�ammatory environment
for a long duration changes the epigenetic characteristics of cells and reduces the regeneration capacity
of periodontal tissue [5]. PDLSCs are important for the restoration of periodontal tissues as they are the
main source of cells that form new attachments between periodontal tissues and root surfaces after
periodontitis treatment [10-12]. Enhancing the regeneration capacity of HPDLSCs during an in�ammatory
challenge is one of the goals of treating periodontitis.

In this study, we present in vitro results demonstrating that exposure of MLO-Y4 cells to MS-derived
exosomes could promote HPDLSC proliferation in an in�ammatory environment. Moreover, we show that
miR-181b-5p-mediated activation of the PTEN/PI3K/AKT axis is the key factor for this effect.

Materials And Methods
Cell culture

Human PDLSCs were isolated from extracted premolars and impacted third molars where obtained from
systemically healthy adults for orthodontic purpose (18-25 years of age) with written informed consent
and, and was under approved guidelines set by the Ethics Committee of Tianjin Medical University
Stomatological Hospital. Primary cells were cultured as previously reported [13]. All HPDLSCs used in this
study were at passage 3-5.

Murine osteocyte-like (MLO-Y4) cells were cultured in α-MEM containing 5% fetal bovine serum and 5%
calf serum with  penicillin-strepomycin in �asks  precoated with rat tail collagen type I.

Colony-forming unit (CFU) assay

HPDLSCs (P4, 1×103 cells/plate) were seeded onto 100mm culture dishes and cultured for 12days. Next,
the cells were �xed by 4% formaldehyde and then stained with 0.1% crystal violet (Sigma).

Osteogenic differentiation assay

HPDLSCs (2 × 105 cells/well) were cultured in 6-well plates containing osteogenic differentiation medium
(Cyagen, Suzhou, China). The medium was refreshed every 3 days until the 21st day. Cells were �xed with
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4% paraformaldehyde. Mineralized nodules were observed by staining with the 1% Alizarin red solution
(Cyagen, Suzhou, China). The activity of alkaline phosphatase (ALP) was analyzed using an Alkaline
Phosphatase Staining Kit (MKbio, Shanghai, China). Staining images were acquired using an inverted
microscope, and ImageJ was used to analyze the images.

Adipogenic differentiation assay

HPDLSCs (2 × 105 cells/well) were cultured in 6-well plates containing adipogenic differentiation medium
(Cyagen, Suzhou, China) for 21 days. Next, cells were �xed with 4% paraformaldehyde. Oil droplets were
observed by staining with the Oil Red O solution (Cyagen, Suzhou, China).

Flow cytometric analysis

HPDLSC surface markers were analyzed by �ow cytometry. HPDLSCs (P4) were trypsinized and adjusted
to 5 × 106 cells/mL, and 1 µg of antibody (CD45, CD146, CD90 and CD73; eBioscience, San Jose, CA,
USA) was added to 200 µl of cell suspension. The samples were incubated at 4°C in the dark for 2 h and
centrifuged at 800 r/min for 5 min. The supernatant was discarded, and the cell pellet was washed twice
with PBS and resuspended in 200 µl of PBS for �ow cytometry analysis (Beckman Coulter, CA, USA).

Mechanical strain loading on MLO-Y4 cells

FBS was centrifuged at 4000×g for 15 min and then at 100,000×g for 70 min to sediment and
concentrate EVs followed by �ltration through a 0.22 µm �lter membrane for exosome-depleted FBS
preparation. Cells were exposed to mechanical strain (MS) by the Flexcell Tension Plus system (FX-
4000T, Flexcell International, Burlington, NC). MLO-Y4 cells were seeded into 6-well Bio�ex plates (Flexcell
International, Burlington, NC) at a density of 1 × 105 cells/well and incubated for 24 h. The cells were then
replaced with culture medium containing 10% exosome-depleted FBS. The experimental group was
subjected to cyclic stretch with 8% shape variable at a frequency of 0.1 Hz for 30 min and the cell culture
supernatant was collected after 24 h. The same operation was performed again in the next 3 days. The
supernatant from the control groups was collected every 24 h for 3 days.

Exosomes isolation, puri�cation and identi�cation from MLO-Y4 cell culture supernatants

Brie�y, cell culture supernatants were centrifuged at 300×g for 15 min to remove cells, �ltered through a
0.22 µm �lter membrane to remove cellular debris, and ultracentrifuged at 100,000×g for 70 min. The
isolated pure exosomes were collected and stored at −80°C for future use.

Nanoparticle tracking analysis (NTA), transmission electron microscopy (TEM), and western blotting
assay were used to identify the collected particles. Absolute size distribution of exosomes was directly
tracked by the NanoSight NS 300 system (NanoSight Technology, Malvern, UK). The collected exosomes
were adjusted to 106/ml. Under 450 nm laser irradiation, the camera recorded for 1 min at 25
frames/second, and this process was repeated 3 times. According to the Brownian motion of exosomes,
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the Einstein equation was used to calculate the concentration and hydrodynamic diameter of the
exosomes.

The morphology and diameter of exosomes were investigated using TEM (Hitachi HT7700 TEM, Tokyo,
Japan). The exosome sample (10 μl) was placed on a copper net with a pore size of 2 nm followed by
incubation at room temperature for 2 min. Filter paper was used to drain the liquid from the side of the
�lter. The sample was then negatively stained with 2% phosphotungstic acid solution (pH 7.0) for 1 min
and then submitted to TEM for observations.

In addition, the exosomal surface-speci�c proteins CD63, CD81 and Alix were detected by western blotting
assay.

Cell viability and proliferation assay

Cell proliferation was measured using the Cell Counting Kit-8 (Dojindo, Japan) according to the
manufacturer instruction.  HPDLSCs were cultured in a 96-well plate (2×104 cells/well) and subjected to
the following treatments: PBS, Porphyromonasgingivalis lipopolysaccharide (Pg.LPS) (San Diego, CA,
USA) (1 μg/mL), LPS + exosomes from normally cultured cells (Exosome); exosomes from MS-treated
cells (Exosome-MS), and combination of LPS+Exo-MS. The OD value was recorded from day 0 to day 4
of culture. The absorbance was measured using a microplate reader (Bio-Tek, USA) at a wavelength of
450 nm.

5-Ethynyl-2'-deoxyuridine (EdU) staining

DNA replication activity was evaluated by EdU apollo 567 in vitro kit (Solarbio, Beijing, China) to further
con�rm the HPDLSC proliferation rate according to the manufacturer’s instructions. HPDLSCs were
plated into a glass-bottom plate at a density of 1×105 cells and treated by working solution for 24 h. Cell
culture medium of all groups was replaced with the mixture and incubated at 37°C for 2 h. After
incubation, cells were �xed with 4% paraformaldehyde at 4°C for 30 min and then washed three times
with PBS. Cells were permeabilized with 0.1% Triton X-100 for 2 min on ice and washed twice with PBS.
Nuclei were stained with DAPI (Sigma, USA). Images were captured with a confocal �uorescence
microscope.

High-throughput miRNA sequencing

The high-throughput sequencing service and subsequent bioinformatics analysis were provided by BGI
Biotech (Shenzhen, China). Brie�y, miRNA was puri�ed from exosome total RNA using the TaqMan ABC
miRNA Puri�cation Kit (Thermo Scienti�c, USA) following the manufacturer's instructions. RNA libraries
were generated and sequencing was performed using BGISEQ-500. The differential expressed miRNA
was identi�ed by BGI with the value of log2-Ratio>1 and Q value<0.001. Gene ontology and KEGG
pathway analyses were based on NCBI.

miRNA �uorescence in situ hybridization (FISH)
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The subcellular localization of miRNA was determined by FISH, which was conducted as previously
reported [14]. The FAM-5’-CCCACCGACAGCAATGAATGT-3’ probe was synthesized from the sequence of
miR-181b-5p. In situ hybridization was conducted according to the instructions of the FISH Detection Kit
(QIAGEN, Germany) followed by counterstain with DAPI. Images were acquired with a confocal
�uorescence microscope.

Transient transfection

HPDLSCs were seeded into 6-well plates (5×105 per well) and incubated for 24 h. Cells were either left
untreated or transiently transfected with miR‐181b‐5p mimics, mimics NC, inhibitors and inhibitors NC
(Ribobio, Guangzhou, China) using Lipofectamine 2000 (Invitrogen, USA) according to the manufacturer’s
instructions. Brie�y, miR‐181b‐5p mimics (50 nM), mimics NC (50 nM), inhibitors (100 nM), and inhibitors
NC (100 nM) were separately mixed with diluted Lipofectamine 2000 at room temperature for 20 min.
The mixtures were then cultured with cells for 48 h. The following sequences were used: miR‐181b‐5p
mimics NC sense 5’-UUC UCC GAA CGU GUC ACG UTT-3’ and antisense 5’-ACG UGA CAC GUU CGG AGA
ATT-3’’ miR‐181b‐5p inhibitor 5’-ACCCACCGACAGCAAUGAAUGUU-3’; and miR-181b-5p inhibitor NC 5’-CAG
UAC UUU UGU GUA GUA CAA-3’.

Luciferase reporter assay

TargetScan, microT, PITA and miRanda were used to predict the potential miR-181b-5p-binding site in the
3' untranslated region (3'-UTR) of the wild and mutant PTEN gene. HPDLSCs were seeded into 24-well
plates (1×105 per well) for the luciferase reporter assays, and cells in each well were cotransfected with a
pmir-GLO Dual-Luciferase miRNA Target Expression Vector (containing a wild-type or mutant PTEN
3'UTR; Promega, USA) and miR-181b-5p mimics, mimics-NC, inhibitor or inhibitor-NC using the Attractene
Transfection Reagent Kit (Invitrogen, USA). The luciferase activity was assayed using a Dual Luciferase
Reporter Assay Kit (Promega, USA) 24 h posttransfection according to the manufacturer's instructions.

Biotin-coupled miRNA capture

Because PTEN plays an important role in regulating cell proliferation and is one of the miR-181b-5p target
genes, a pull-down assay was performed to investigate whether miR-181b-5p directly binds to PTEN.
Brie�y, HPDLSCs were transfected with biotinylated miRNA mimics or nonsense control (NC)
(GenePharma, Shanghai, China), and cells were collected at 48 h after transfection. The biotin-conjugated
RNA complex was pulled down using streptavidin-coated magnetic beads (Pierce Biotechnology, USA).
The bound mRNA was puri�ed using a RNeasy Mini Kit (QIAGEN, Germany). The enrichment of PTEN
mRNA was evaluated by real time-PCR analysis.

Western blotting assay and antibodies

Cells were lysed using RIPA buffer to obtain total protein, and exosomal protein was extracted using a
ProteoPrep® Total Extraction Sample Kit (Sigma-Aldrich, USA) following the manufacturer’s protocol.
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Protein concentration was measured using a BCA Protein Assay Kit (Thermo Fisher Scienti�c, USA).
Equivalent amounts of proteins were then electrophoresed on SDS-PAGE and transferred onto PVDF
membranes. Membranes were blocked using 5% BCA for 2 h at room temperature and incubated with
primary antibodies at 4°C overnight. After three PBST washes, membranes were incubated with
secondary antibodies at 37°C for 1 h. ECL solution was then prepared, and the bands on the membranes
were scanned and imaged in a dark room. The results were quanti�ed using ImageJ. GAPDH was used as
an internal control.

Real time-PCR

Total RNA was extracted from the cells using TRIzol reagent (Invitrogen, USA). The concentration and
purity of the RNA were measured using a NanoDrop One Microvolume UV-Vis Spectrophotometer
(Thermo Fisher Scienti�c, USA) according to the manufacturer's instruction. The Prime Script RT Reagent
Kit (TaKaRa, Japan) was used for reverse transcription according to the manufacturer's instructions. The
SYBR Premix Ex Taq II Kit (TaKaRa, Japan) was used for real time-PCR analysis using the Roche Light
Cycler 480 sequence detection system (Roche Diagnostics, Switzerland). GAPDH or U6+miR16 was used
as an internal control.

Statistical analysis

All data were presented as the means ± standard deviation (SD). The data of each group were tested for
homogeneity, and the results were analyzed by one-way analysis of variance and minimum signi�cant
difference test (Fisher’s least signi�cant difference [LSD]). P<0.05 was considered as statistically
signi�cant, P<0.01 and P<0.001 were considered as highly signi�cant. All statistical analyses were
performed using SPSS 23.0 (IBM Corp., USA).

Results
Characterization of HPDLSCs

HPDLSCs exhibited typical long spindle-shaped morphology and were arranged in a vortex observed by
inverted microscope (Sup. Fig.1A). CFU-F assay con�rmed that HPDLSCs were able to form cell clusters
(Sup. Fig.1B). For osteogenic and adipogenic differentiation assay, mineralized nodules and lipid droplets
were detected after induction(Sup. Fig.1C-D). Flow cytometry analyses showed that these cells were
highly positive for the mesenchymal stem cell-positive markers CD73, CD146 and CD90, but were
negative for CD45 (Sup. Fig.1E). These �ndings indicated that HPDLSCs had basic characteristics of
mesenchymal stem cells.

Characterization of exosomes derived from MLO-Y4 culture supernatants

NTA, TEM, and western blotting assay were used to identify the puri�ed exosomes. TEM showed that
MLO-Y4-Exos exhibited a round morphology with a size ranging from 30 to 100 nm (Fig. 1A). Western
blotting assay showed that MLO-Y4-Exos were positive for the characteristic exosomal surface markers
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including CD63, CD81 and Alix (Fig. 1B). The NTA measurements revealed that the size of these particles
varied from 30 to 100 nm (Fig. 1C). The exosome particle size distribution intensity is shown in Fig. 1D.
Therefore, these analyses con�rmed that the MLO-Y4-derived particles collected in our experiments are
exosomes.

Effects of Exosome-MS on the proliferation of HPDLSCs

To investigate the functional roles of exosomes derived from MLO-Y4 cells subjected to mechanical
strain (Exosome-MS) on cell proliferation under normal or in�ammatory conditions, HPDLSCs were
treated with Pg.LPS or normal media for 12 h followed by coculture with Exosome or Exosome-MS
treatments for a series of functional assays. From day 2, the CCK-8 results revealed that the cell
proliferation rate in the Exosome-MS group increased compared to that in the control group (P<0.05) and
that the LPS treatment markedly reduced the proliferative capability of cells (P<0.05) (Fig. 2B). In
addition, the LPS-induced downregulation of proliferation was rescued by Exosome-MS, whereas
Exosome did not signi�cantly differ from the control group. To con�rm the ability of Exosome-MS to
promote proliferation, an EdU assay was performed (Fig. 2C). The EdU assay result was the similar as
that of the CCK-8 assay (Fig. 2D). These results indicated that exosomes produced by mechanically
stimulated cells promote proliferation, even in an in�ammatory environment, and reduce the inhibitory
effects of in�ammation but that exosomes produced from unstimulated cells do not have these effects.

Effects of Exosome-MS on osteogenic differentiation of HPDLSCs

HPDLSCs were cultured in osteogenic differentiation medium, and Alizarin red staining was used to
evaluate the calcium nodule-forming ability. The ALP staining results showed that the staining areas in
the Exosome-MS group were signi�cantly larger than that in the control group, and the staining in the
Exosome-MS group was also more intense than that in the control group (Fig.3A). There were less
staining areas in the LPS and LPS+Exosome groups, and the staining areas in these groups were
signi�cantly different from that in the LPS+Exosome-MS group. The Alizarin red staining results were the
similar as the ALP staining results (Fig.3B). The expression of BMP2 and Runx2 was upregulated in
Exosome-MS group. Among the three groups of cells treated with LPS, the gene expression level of the
LPS+Exosome-MS group was higher than that in the LPS group. However, there was no signi�cant
statistical difference between the LPS+Exosome group and the LPS group (Fig.3E-3F). Thus, these
�ndings suggested that Exosome-MS not only promotes proliferation but also promotes osteogenic
differentiation of HPDLSCs even in an in�ammatory environment.

Analysis of functional attributes connected to Exosome-MS changes in gene sets and signaling
pathways

We explored the molecular biological mechanisms of Exosome-MS in promoting cell proliferation and
osteogenic differentiation. miRNA-seq was performed to detect differential gene expression between
Exosome-MS and Exosome. A total of 121 targets were upregulated and 85 targets were downregulated
in Exosome-MS compared with Exosome, and the results were illustrated using a heat map (Fig. 4A and
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4B). GO enrichment analysis suggested that the miRNAs in Exosome-MS play a key role in metabolic
processes (Fig. 4C and 4D). KEGG pathway enrichment analysis was performed to evaluate the
characteristics of exosome-mediated gene expression (Fig. 4E). Related genes were more abundant in
environmental signal transduction and infectious diseases.

miR-181b-5p targets to PTEN

Among the differentially expressed microRNAs, miR-181b-5p was selected for further research
(Sup.Fig.3). Recent studies have shown that miR-181b-5p plays an important role in regulating cell
proliferation, apoptosis [15] and the immune in�ammatory response [16]. miR-181b-5p expression was
upregulated in Exosome-MS (Fig. 5A). FISH assays showed that miR-181b-5p was mainly located in the
cytoplasm of HPDLSCs treated with exosomes and that the Exosome-MS group had a higher
�uorescence intensity than the Exosome group (Fig. 5B).

We screened the PITA (http://genie.weizmann.ac.il) [17], DIANA microT (http://diana.imis.athena-
innovation.gr/DianaTools/index.php?r=microT_CDS/index) [18], TargetScan (http://www.targetscan.org)
[19] and miRnada (http://www.microrna.org) [20] databases to predict the target genes of miR-181b-5p.
We obtained 157 crossover genes. Phosphatase tensin homolog deletion (PTEN) is closely related to cell
growth and apoptosis [21]. The results showed that miR-181b-5p is predicted to interact with wild-type
and mutant PTEN (Fig. 5D), and the luciferase assay also revealed that miR-181b-5p interacted with
PTEN (Fig. 5G). real time-PCR showed that overexpression of miR-181b-5p inhibited PTEN expression
(Fig. 5E) and that suppression of miR-181b-5p upregulated PTEN expression (Fig. 5F). To detect whether
miR-181b-5p directly binds to PTEN, miR-181b-5p was labeled with biotin, and the enrichment observed in
the Biotin-miR-181b-5p group was 4.7-fold greater than that in the control group (Fig. 5H).

Exosomal miR-181b-5p regulates HPDLSC proliferation through the PTEN/AKT signaling pathway

The PI3K/Akt signaling pathway is one of the most important pathways for cell survival, cell growth,
glucose metabolism and protein synthesis in host cells [22], and PTEN negatively regulates the PI3K/Akt
pathway. To verify the mechanisms of exosomal miR-181b-5p promoting HPDLSC proliferation, real time-
PCR was performed to investigate the related genes including PTEN, cyclin D1 (CCDN1),
phosphoinositide-3-kinase regulatory subunit 1 (PI3KR1), phosphatidylinositol-4,5-bisphosphate 3-kinase
catalytic subunit alpha (PI3KCA) in the PTEN/PI3K/Akt signaling pathway. The results showed that
CCDN1, PI3KR1, and PIK3CA were upregulated in the miR181b-5p mimics group but downregulated in the
miR181b-5p inhibitor group (Fig.6A-6C). PTEN showed the opposite trend (Fig.6D). In addition, western
blotting assay was performed to further verify the AKT phosphorylation level (Fig.6E-6G). In the miR181b-
5p mimics group, PTEN expression was down-regulated, while pAKT expression was up-regulated.
miR181b-5p inhibitor group showed the opposite trend. In addition, after adding PTEN inhibitor
BPV(PHEN) (Biovision, USA), pAKT expression was signi�cantly upregulated in the miR181b-5p mimic
group, while pAKT expression was downregulated in the miR181b-5p inhibitor group compared to the
control group (Fig.6H-6I). The results showed that miR181b-5p inhibited PTEN, thereby phosphorylating
AKT and regulating its downstream factors.

http://genie.weizmann.ac.il/pubs/mir07/mir07_data.html
http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=microT_CDS/index
http://www.targetscan.org%29/
http://www.microrna.org/
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Exosomal-MS regulates HPDLSC osteogenic differentiation via miR-181b-5p

To verify the mechanisms of Exosome-MS in promoting HPDLSC osteogenic differentiation under
in�ammatory conditions, real time-PCR was performed to investigate related genes including bone
morphogenetic protein-2 (BMP2) and RUNX family transcription factor 2 (Runx2). In addition, ALP and
Alizarin red staining assays were performed after 21 days of induction (Fig.7A-7C). The results showed
that addition of miR-181b-5p mimics to the LPS+Exosome group changed LPS inhibition of BMP2,
Runx2, AKT1 and PI3KCA expression, but the miR-181b-5p inhibitor downregulated gene expression in the
LPS+Exosome-MS group (Fig.7D-7G). These results demonstrated that Exosome-MS regulates
osteogenic differentiation through miR-181b-5p.

Discussion
Mechanical stimulation plays an essential role in regulating bone remodeling and maintaining bone
homeostasis [23], and PDLSCs are indispensable in this process [24]. Therefore, exploring the cell niche
changes of PDLSCs in a mechanical environment is bene�cial to further understand the role of occlusal
force in the reconstruction of periodontal tissues. In our study, MLO-Y4-Exos induced by MS promoted
proliferation and osteogenic differentiation of HPDLSCs and rescued the inhibitory effects of LPS-
induced in�ammation, which were mediated by the miR-181b-5p/PTEN/AKT axis.

Previous studies have focused on the regulation of osteogenesis by periodontal ligament cells under
mechanical force. It was reported that PDLSCs maintain bone homeostasis during tooth movement by
regulating the balance between osteoblastic and osteoclastic process via the Wnt/β-catenin pathway
[24]. Osteocytes are the most abundant cells in alveolar bone, but less attention has been paid to the
response of bone

cells exposed to mechanical forces and their effects on surrounding cells.

In our study, exosomes derived from osteocytes stimulated by MS altered the PDLSC survival
environment. Thus, the mechanical force promoted PDLSC proliferation and differentiation through
indirect pathways mediated by exosomes. In addition, we investigated the mechanisms of exosomes in
promoting proliferation and osteogenic differentiation. The present study showed that activation of the
miR-181b-5p/PTEN/AKT pathway is vital to explain the above phenomena.

Firstly, to further determine the optimal mechanical loading parameters in this experiment, we conducted
a preliminary experiment. MLO-Y4 cells were stimulated by cyclic stress of 2%, 4%, 6%, 8%, and 10%
shape variables. HPDLSCs were cultured with supernatants from MLO-Y4 cells subjected to different
mechanical strengths, and HPDLSCs proliferation was detected by CCK8. The results are shown in( Sup.
Fig. 2). The proliferation promoting effect of the 8% group was the highest. Therefore, we considered that
8% shape variable and 0.1 Hz for 30 min could obtain signi�cant experimental effects. Follow-up
experiments proved that exosomes derived from osteocytes stimulated by MS improved PDLSC
functions.
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In order to explore the mechanism of Exosome-MS working, miRNA sequencing was done. Consistent
with previously reported [25-28], the results showed that exosome miRNAs are involved in metabolism
and cancer processes, endoplasmic reticulum protein processing, focal adhesion protein formation,
participating in signaling pathways such as forkhead box O (FoxO) and transforming growth factor-β
(TGF-β) (Fig. 4D), which related to cell migration and proliferation. Moreover, miRNAs also involved in a
number of growth and apoptosis pathways, affecting cell survival. In addition, miRNAs also involved in
cancer, viral and bacteria-related infectious diseases and immune regulation processes. These results
showed that miRNAs could participate in the regulation of cell growth and metabolism, and could also
participate in the immune system response process caused by bacteria.

These functions are similar to Adipose-derived stem cells (ASCs) that has proven to favor tumor
progression in several experimental cancer. ASCs have immune-modulating proprieties mediated by TGF-
β1 impairing immune-mediated response to tumor. Moreover, ASCs can induce epithelial to mesenchymal
transition in breast cancer cells by acting on multiple pathways, especially through PI3K/AKT signaling.

Recent studies revealed that the Adipocyte-secreted exosomal microRNA (A-SE-MiR)  might play
important role in tumor progression. They regulated the processes of cell proliferation and apoptosis[29],
which were highly similar to the exosomal miRNAs in this study. In present study, miR181b-5p can up-
regulate AKT signal by inhibiting PTEN, and promote cell proliferation and inhibited apoptosis, but
whether it will cause abnormal proliferation of cells remains to be further explored. However, the results of
this study still suggest that proper mechanical stimulation can become a new way to increase the
production of therapeutic exosomes.

In addition to the researches in the �eld of oncology, the proliferation effect of exosomes on periodontal
tissues has also been demonstrated in previous studies. MSC exosomes increase PDL cell migration and
proliferation through CD73-mediated adenosine receptor activation of pro-survival AKT and ERK
signaling. Inhibition of AKT or ERK phosphorylation suppresses PDL cell migration and proliferation [30].
Recent studies have also reported that miRNAs are involved in the development of periodontal disease,
especially the process of alveolar bone destruction [31-33]. In addition, mechanically sensitive miRNAs
have been found in osteoblasts and have been shown regulate cell differentiation [34]. During bone
formation, miRNA molecules are highly enriched in exosomes, and miRNAs play an important role as a
"matrix" in bone development through the transfer of exosomes between cells.

In the present study, miR-181b-5p was identi�ed in Exosome-MS (Fig. 5A) and localized in the cytoplasm
(Fig. 5B). Previous studies have shown that miR‐181 is mainly involved in the progression of cancer [35-
37]. In nonsmall cell lung cancer, miR-181 regulated vascular cell adhesion molecule-1(VCAM-1)
expression and attenuated tumor cell proliferation and migration[35]. In contrast, there are other reports
demonstrating that miR-181 can act as a tumor promoter and contribute to tumor cell malignancy. In
acute myeloid leukemia, miR-181 inhibited granulocytic and macrophage-like differentiation of HL-60
cells and CD34+ hematopoietic stem/progenitor cells[38]. It shows that miR181 family has diversity in
the regulation of cell behavior. In the present research, luciferase assay and biotin labeling demonstrated
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that miR-181b‐5p interacts with PTEN (Fig. 5G and 5H). Overexpression of miR-181b‐5p inhibited PTEN
and activated the AKT pathway and downstream factors (Fig.6). Akt can be activated by small-
magnitude mechanical stress [39], and it promotes cell survival by inhibiting apoptosis through
inactivating apoptotic proteins [40]. Our results demonstrated that MS upregulates miR-181b-5p in
exosomes and activates the AKT pathway by silencing PTEN.

In our experiments, Fig.3 showed that MS promoted HPDLSCs osteogenic differentiation may be related
to the upregulation of 181 level in the cytoplasm caused by MS. Other studies have also suggested that
miR-181 may be involved in establishing the differentiated phenotype[41]. In addition, MS may also
improve the inhibitory effect of in�ammation on osteogenic differentiation. Combined Fig. 7, BMP2 and
Runx2 expression in PDLSCs was downregulated in the LPS+Exo group, overexpression of miR-181b-5p
improved osteogenesis in HPDLSCs under in�ammatory conditions, as well as improved BMP2 and
Runx2 mRNA expression. MS promoted osteogenic differentiation of HPDLSCs originally, but the ALP
and Alizarin Red S staining level, BMP2 and Runx2 expression were down-regulated after transfection
with miR181b-5p inhibitor.

It suggested that miR181b-5p not only participated in the cell differentiation process, but also may
regulate the immune in�ammatory response. Up till now, several studies had provided evidence that miR‐
181a /b participated in the regulation of in�ammatory reactions. For example, a research on pulmonary
arterial hypertension (PAH) suggested that miR‐181a/b was a protective factor of PAH by targeting
endocan to negatively regulate in�ammatory states[42]. In experimental model of periapical
in�ammation induced by TNF-α, miR-181b-5p inhibited the activation of the NF-κB pathway by targeting
IL-6, thus inhibited the in�ammatory response and promoted the healing of periapical lesion [16].

The results of osteogenic induction experiment prove that the application of Exosome-MS may have a
potential role in promoting bone tissue repair. The e�cacy of growth factors in bone regeneration surgery
has been proven in clinical studies. For example, platelet-rich plasma (PRP) contains multiple growth
factors that can induce the migration, proliferation, and differentiation of stem cells[43], which is
conducive to the regeneration of soft and hard tissues [44] . The combined application of PRP, ASC and
collagen scaffolds can achieve satis�ed bone regeneration effect and accelerate wound healing[45].
Unlike the mechanism of growth factors, exosomes internalize into cells, then miRNA silences the target
gene mRNA and regulates cell function.

Conclusions
In conclusion, proper mechanical stimulation is bene�cial to maintain stem cell properties in an
in�ammatory environment. The present results not only indicated that the miR-181b-5p/PTEN/AKT
signaling pathway functions as a potentially novel mechanism for physiological mechanical force
contributing to periodontal homeostasis through the intercellular communication of exosomes in
periodontal tissue, but also suggested the potential role of exosomes induced by mechanical force as
therapeutic tools for periodontitis and periodontal regeneration.
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PDL       Periodontal ligament

HPDLSC        Human periodontal ligment stem cell

ASCs      Adipose-derived stem cells

A-SE-MiR  Adipocyte-secreted exosomal microRNA

P.g              Porphyromonasgingivalis   

PI3K       Phosphatidylinositol-4,5-bisphosphate 3-kinase

Akt             Protein kinase B                    

Runx2    Runt-related transcription factor 2

BMP2     Bone morphogenetic protein-2

PTEN     Phosphate and tension homology deleted on chromsome

NTA       Nanoparticle Tracking Analysis

FISH      Fluorescence in situ hybridization

EdU        5-ethynyl-2’-deoxyuridine  

LPS            Lipopolysaccharide

TEM       Transmission Electron Microscope

miRNA              MicroRNA                

CCDN1   Cyclin D1

PI3KR1   Phosphoinositide-3-kinase regulatory subunit 1

PI3KCA   Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha

SD       Standard Deviation

FoxO     forkhead box O

TGF-β    transforming growth factor-β

PAH      pulmonary arterial hypertension

TNF-α    tumor necrosis factor α
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VCAM-1  vascular cell adhesion molecule-1

ERK      extracellular regulated protein kinases

PRP      platelet-rich plasma
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Supplemental Figures
Sup.Fig. 1. Characterization of HPDLSCs.

(A) Morphology of HPDLSCs under an inverted microscope (scale bar=50μm).
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(B) CFU-F assay result (scale bar:1mm). (C) Alizarin Red staining after osteogenic induction (scale bar:
200 μm). (D) Oil red O staining after adipogenic induction (scale bar: 100 μm). (E) Flow cytometry
analyses of the positive surface biomarkers CD73, CD90 and CD146, negative biomarker CD45.

Sup. Fig. 2 The effects of supernatants from MLO-Y4 cells stimulated by different mechanical forces on
HPDLSC proliferation (*P < 0.05 and **P < 0.01).

Sup. Fig. 3 Upregulated miRNA levels in Exosome and Exosome-MS were analyzed using real time-PCR.
(*P < 0.05 and **P < 0.01)

Figures

Figure 1

Characterization of exosomes derived from MLO-Y4 culture supernatants. (A) Morphology of MLO-Y4-
Exosomes identi�ed by TEM, bar=100nm. (B) Western blotting assay of the surface biomarkers CD63,
CD81 and Alix. (C) Particle size and concentration of MLO-Y4-Exos measured by NTA. (D) Particle size
distribution intensity.
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Figure 2

Effects of Exosome-MS on proliferation of HPDLSCs. The cell proliferation ability of HPDLSCs treated
with Exosome or Exosome-MS together with or without Pg.LPS. (A) The cell proliferation curve of
HPDLSCs from day 0 to day 4. (B) The OD values are shown for each group. EdU staining was used to
re�ect DNA replication activity of HPDLSCs, as observed by (C) Confocal �uorescence microscopy
images (scale bar:100 μm).. (D) EdU-positive percentage was calculated by ImageJ in different treatment
groups (*P < 0.05, **P < 0.01, and ***P < 0.001).
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Figure 3

Effects of Exosome-MS on osteogenic differentiation of HPDLSCs. ALP and Alizarin red staining were
used to evaluate the osteogenic differentiation of HPDLSCs in different treatment groups. (A) ALP
staining (scale bar:100 μm). (B) Alizarin red staining (scale bar:200 μm). (C) Relative ALP-positive area as
calculated by ImageJ. (D) Relative Alizarin red-positive area as calculated by ImageJ. (E and F) The
expression levels of BMP2 and Runx2 in different groups were veri�ed using real time-PCR (*P < 0.05, **P
< 0.01, and ***P < 0.001).
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Figure 4

Analysis of functional attributes connected to Exosome-MS changes in gene sets and signaling
pathways. miRNA-seq comparison between the Exosome and Exosome-MS groups. (A) Heat map
showing differentially expressed miRNAs. (B) Upregulated and downregulated miRNAs. (C) GO biological
process classi�cation of the genes. (D) Signi�cantly enriched gene ontology terms are shown in the plot.
(E) KEGG functional enrichment analysis.
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Figure 5

PTEN is a target gene of miR-181b-5p. (A) The levels of miR-181b-5p in Exosome and Exosome-MS were
detected using real time-PCR. (B) Cell localization of miR-181b-5p in HPDLSCs treated with exosomes
according to FISH (scale bar:100 μm).. (C) The number of target genes of miR-181b-5p predicted by the
PITA, microT, TargetScan and miRnada databases. In total, 157 crossover genes were obtained. (D) The
binding site between miR-181b-5p and PTEN. (E) real time-PCR showed PTEN level when HPDLSCs were
transfected with miR-181b-5p mimics. (F) real time-PCR showed PTEN level when HPDLSCs were
transfected with miR-181b-5p inhibitor. (G) Fluorescence intensity was calculated by ImageJ. (H)
Enrichment information for biotin-labeled miR-181b-5p binding to PTEN (*P < 0.05, **P < 0.01, and ***P <
0.001).
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Figure 6

Exosomal miR-181b-5p regulates HPDLSC proliferation through the PTEN/AKT signaling pathway. (A-D)
The expression levels of genes in the PTEN/AKT signaling pathway including CCND1, PIK3CA, PIK3R1
and PTEN after inhibition or overexpression of miR-181b-5p were veri�ed using real time-PCR. (E) Western
blotting assay was performed to evaluate the expression of PTEN and p-AKT. (F and G) Quantitative
analysis of western blotting assay using ImageJ. (H) Western blotting assay showed the effect of PTEN
inhibitor and miR-181b-5p on expression of pAKT. (I) Quantitative analysis of western blotting assay
using ImageJ (*P < 0.05, **P < 0.01, and ***P < 0.001).



Page 26/27

Figure 7

Exosome-MS regulates HPDLSC osteogenic differentiation by miR-181b-5p. Inhibiting or overexpressing
miR-181b-5p changes the osteoblast differentiation ability of HPDLSCs with LPS stimulation between the
Exosome and Exosome-MS group. (A) ALP staining (scale bar: 100 μm) and Alizarin red staining (scale
bar:200 μm). (B and C) Quantitative analysis of staining using ImageJ. (D-G) The expression of genes
including PIK3CA, AKT1, Runx2 and BMP2.
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