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Purpose: Lipopolysaccharide (LPS) pretreatment can enhance the therapeutic effect of dental follicle stem cells-derived small
extracellular vesicles (DFC-sEV) for periodontitis, and this study aimed to investigate the underlying mechanisms and clinical
application Of LPS-preconditioned DFC-sEV in periodontitis.

Methods: The protein spectrum of DFC-sEV before and after LPS pretreatment was determined by liquid chromatography-tandem
mass spectrometry and bioinformatic analysis. Their effects on inflammatory periodontal ligament stem cells (PDLSCs) and macro-
phages were investigated for cell proliferation, migration, type 2 macrophage (M2) polarization, and intracellular reactive oxygen
species (ROS) levels separately. In addition, the regulation of ROS/Jun amino-terminal kinases (JNK) and ROS/extracellular signal-
related kinases (ERK) signaling by LPS-preconditioned DFC-sEV was also studied to reveal the antioxidant mechanism. In vivo, two
kinds of DFC-sEV loaded with 0.2% hyaluronic acid (HA) gel were applied for canine periodontitis to evaluate the therapeutic
potential.

Results: The proteomic analysis showed that thirty-eight proteins were differentially expressed in LPS-preconditioned DFC-sEV, and
interestingly, the highly expressed proteins were mainly involved in antioxidant and enzyme-regulating activities. In addition to
promoting PDLSCs and macrophage proliferation, LPS-preconditioned DFC-sEV inhibited intracellular ROS as an antioxidant. It
reduced the RANKL/OPG ratio of PDLSCs by inhibiting ROS/JNK signaling under inflammatory conditions and promoted macro-
phages to polarize toward the M2 phenotype via ROS/ERK signaling. Furthermore, LPS-preconditioned DFC-sEV loaded with the HA
injectable system could sustainably release SEV and enhance the therapeutic efficacy for periodontitis in canines.

Conclusion: LPS-preconditioned DFC-sEV could be effectively used as an auxiliary method for periodontitis treatment via
antioxidant effects in a subgingival environment, and loading it with HA is feasible and effective for clinical applications.
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Introduction

Periodontal disease is the leading cause of adult tooth loss and a worldwide oral infectious disease.! Periodontitis is
closely related to some systemic diseases, such as diabetes,? cardiovascular diseases,” Alzheimer’s disease,” etc. Until
now, clinical therapies have arrested the development of inflammation and achieved partial tissue repair, but the

functional periodontal structure has been hard to rebuild.
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Dental follicle stem cells (DFSCs) have multiple superiorities, including easy accessibility, abundant sources, and
active self-renewal ability.” Furthermore, DFSCs are beneficial for maintaining a favorable microenvironment and show
a strong immunomodulatory ability.® However, stem cell therapy has some concerns in clinical practice, such as immune
rejection of allogeneic cell implantation and survival and viability of stem cells.” Indeed, transplanted cells rapidly
undergo apoptosis, necrosis, or other death mechanisms resulting from physical and active biochemical factors.®
Therefore, it is necessary to find a suitable cell-free therapy.

The periodontium is a highly dynamic microenvironment that constantly undergoes turnover; under normal condi-
tions, tissue formation is in balance with tissue degradation.” During periodontitis, inflammatory cytokines are upregu-
lated and activate tissue degradation.'®'" Even after nonsurgical therapies, inflammatory cytokines in gingival crevicular

fluid from periodontitis patients are still unable to reach a healthy level.'?

Thus, the evaluation of the therapeutic effect of
MSCs or derivatives should be carried out in an inflammatory environment. Recent studies have shown that disease-
related preconditioned MSCs or MSCs-derived extracellular vesicles could exert powerful immunomodulatory effects on

13715 such as interleukin and lipopolysaccharide (LPS). LPS, one of the most common virulence factors of

tissue repair,
the critical periodontal pathogen P. gingivalis, is enriched in the gingiva and peripheral blood of periodontitis and
associated with the severity of periodontium dysfunction.'®'” In our previous study, it was reported that P. gingivalis LPS
enhanced the paracrine activity and immunomodulatory effect of DFSCs.'*

Small extracellular vesicles (SEV) or exosomes can transfer biological molecules such as proteins, DNA, and
miRNAs to exert biological effects and repair damaged tissues.'”?° Exosomes play a role in cell communication and
have been in the spotlight for their clinical applications in various diseases via changed microenvironments.”' Exosomes
have garnered much attention in the past decade due to their abundance in various biological fluids and ability to affect
multiple organ systems.*? It has been reported that the microenvironment related to disease alters the biological function
of exosomes, which further argues that these vesicles can communicate important regulatory signals from one cell to
another.”?

Previous research found that LPS-preconditioned DFSCs -derived sEV is beneficial for repairing lost alveolar bone in
rats,'® while further study should be conducted on human-mimicking periodontitis models, and the main components,
active ingredients and underlying mechanisms remain unclear. Therefore, we first performed a proteomic analysis of the
components of dental follicle stem cells derived small extracellular vesicles (DFC-sEV) before and after LPS pretreat-
ment to screen out essential proteins as a breakthrough to reveal their underlying mechanisms. In addition, the material
properties, biological activity, and safety of the injectable loading system of sEV were determined and applied in the

canine periodontitis model for preclinical application.

Materials and Methods

Animals

Animals were obtained from Dashuo Experimental Animal Co. Ltd. (Chengdu, China). This study was reviewed and
approved by the Ethics Committees of the State Key Laboratory of Oral Diseases, West China School of Stomatology,
Sichuan University. The approval number is WCHSIRB-D-2021-470. The care and use of the laboratory animals
followed the guidelines of the Institutional Animal Care and Use Committee of West China School of Stomatology,
Sichuan University.

Cell Culture

Human dental follicle stem cells (DFSCs) were obtained from mandibular embedded wisdom teeth, and periodontal
ligament stem cells (PDLSCs) were isolated from premolars extracted for orthodontic treatment. All experiments were
conducted by the ethical protocol approved by the Committee of Ethics of Sichuan University, and written informed
consent was obtained from all guardians on behalf of the children and teenagers enrolled in this study. The approval
number is WCHSIRB-D-2021-450. Primary cell culture protocols have been described in detail.**
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Cells Characterization
Human DFSCs and PDLSCs were cultured in osteogenic medium or adipogenic medium, according to a previous
study.” In addition, cells were incubated with FITC-conjugated antibodies against CD31, CD34, and CD90 and PE-
conjugated antibodies against CD73 to determine the expression of cell surface markers. All antibodies were purchased
from BD Biosciences. Flow cytometry was performed using the Beckman Coulter Cytomics FC500 MPL system
(Beckman Coulter, Germany).

Preparation of sEV Isolation

The isolation of the sEV protocol has been described in detail.'® Total exosome isolation reagent (Life, USA) was added
to the concentrated solution, put into a 4 °C refrigerator overnight and centrifuged at 10,000 g for 1 h, and the sEV
precipitate was stored in a —80 °C refrigerator for later use. Two types of sEV were characterized by transmission
electron microscopy (TEM), nanoparticle tracking analysis (NTA), and Western blot. Each batch of sSEV preparations was
ascertained to have a similar size and markers (CD63, Hsp70, and Tsgl01). The protein concentrations of sEV were
assessed by a BCA assay kit (KeyGEN Biotech, Nanjing, China) following the manufacturers’ instructions.

Proteomics Analysis of D-sEV and L-D-sEV

To analyze the proteomic composition of dental follicle stem cells -derived small extracellular vesicles (D-sEV) and LPS-
preconditioned dental follicle stem cells-derived small extracellular vesicles (L-D-sEV), protein extracts of D-sEV and
L-D-sEV were obtained with 3 repeats in each group. Protein concentration was determined via the BCA protein assay
kit (Bio—Rad, USA). MS data were acquired using a data-dependent top 10 method dynamically choosing the most
abundant precursor ions from the survey scan (300-1800 m/z) for HCD fragmentation. The MS raw data for each sample
were combined and searched using MaxQuant 1.5.3.17 software for identification and quantitation analysis. The
screening of the differentially expressed proteins (DEPs) was performed using MapDIA software by setting the fold
change > 1.2 or < 0.83 and p value (P) < 0.05. We completed the bioinformatic analysis of DEPs, including subcellular
localization (http://cello.life.nctu.edu.tw/), domain annotation, Gene Ontology (GO) annotation, Kyoto Encyclopedia of

Genes and Genomes (KEGG) annotation (http://geneontology.org/), and protein—protein interaction (PPI) analysis (http://

www.ebi.ac.uk/intact/).

Cell Proliferation and Migration Assay

Cell proliferation was measured using the cell counting kit-8 (CCK-8) assay (Beyotime, Shanghai, China). Cells were
inoculated into 96-well plates at a concentration of 5x10° cells/well. Then, the cells were maintained in medium
containing D-sEV or L-D-sEV. The optical density (OD) value was detected using a Multiskan Go spectrophotometer
(Thermo Fisher Scientific).

Cell migration was determined by using Transwell chambers (8 mm pore, Corning, USA). PDLSCs were added to the
upper chambers, while 500 pL. medium was added to the bottom wells. After 24 h, cells that migrated to the
submembrane surface were fixed with 4% paraformaldehyde for 20 min. Then, the membranes were stained with
Giemsa staining solution (Solarbio, Beijing, China). After taking pictures under an optical microscope, the cells were
manually counted, and the percentage of migrated cells to the number of inoculated cells was calculated.

Macrophage Culture and Treatment

RAW264.7 cells were obtained from the State Key Laboratory of Oral Diseases, West China School of Stomatology,
Sichuan University, and cultured in RPMI (HyClone, USA) supplemented with 10% FBS at 37°C with 5% CO,. To
observe the uptake of sEV, macrophages were cocultured with DiO-labeled L-D-sEV or D-sEV in confocal dishes for 6 h,
washed with PBS three times, and captured by confocal microscopy after staining with phallotoxins (Life Technologies,
USA) and DAPI (Life Technologies, USA). To observe the effect of sEV on macrophage immunomodulation, macro-
phages were pretreated with SEV before the addition of murine IL-4 (50 ng/mL, 4 h). The CD206 and Arg-1 gene levels
were measured, and CD206 and F4/80 double-positive percentages were measured by flow cytometry (Beckman
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Coulter). To further explore the underlying mechanism, macrophages were treated with sEV, and cells were harvested to
measure target genes and proteins.

ROS Level Assay

According to the manufacturer’s instructions, reactive oxygen species (ROS) levels were determined using an ROS
Assay Kit (Beyotime, Shanghai, China). DCFH-DA diluent was added to the cells followed by 30 min incubation at
37°C, and the cells were analyzed by flow cytometry.

Preparation and Characterization of HA/sEV
sEV was dissolved in PBS, mixed with Gengigel® (RICERFARMA SRL, Italy) containing 0.2% hyaluronic acid gel
(HA) in different volume ratios (0.5, 0.25, 0.125), and stored at 4 °C for later application. In this study, HA was used to
refer to 0.2% hyaluronic acid gel. At 25+2°C, the samples were further tested for viscoelastic and rheological properties
using a theometer (HAAKE Viscotester iQ, Germany). An aliquot of 400 uL of sEV-loaded HA (HA/SsEV) was loaded
into the rheometer. The value of G’ and G” of each sample was recorded.

To assess the release profile, the sEV-loaded HA was incubated in 200 pLL. PBS at 37 °C in an incubator temperature,
supernatant samples were collected on days 1, 2, 3, 5, and 7, and then the concentration of protein in the supernatant was
measured by the BCA protein assay kit (KeyGEN Biotech, Nanjing, China).

In vitro Bioactivity of HA/sEV

PDLSCs were seeded in 96-well plates at a density of 3x10° cells/well and cultured overnight at 37°C. To select the
appropriate percentage of HA in the medium that had no significant effect on cell proliferation, the cells were cocultured
with medium containing 5%, 10%, or 20% HA. To explore the impacts of sEV-loaded HA on cell viability, cells were
cocultured with 5% sEV-loaded HA containing 200 pg/mL sEV. Cell viability was measured by CCK-8 assay (Beyotime,
Shanghai, China).

In situ Evaluation of HA/sEV in vivo

Four 1-year-old healthy beagle dogs (10 kg, male) were used in this experiment. All surgical procedures were performed
under general and local anesthesia according to a previous study.”® Briefly, two walls of intrabony defects (2 mm
(mesiodistal width) X3 mm (depth)x6 mm (height from the cement-enamel junction)) were surgically created on the
mesial side of mandibular third and fourth premolars bilaterally. The cementum was removed by Gracey curettes, and the
notch was made in the root extension of the defect. Subsequently, a bacterial plaque retentive silk ligature (3—0) was
placed in the gingival sulcus for 1 month to induce experimental periodontitis. After the thread silk was removed, dental
plaque and calculus were removed by supragingival and subgingival debridement with hand instruments. Dogs in the
periodontitis (PD) group were treated with dental plaque control. In the PBS group, a 50 uL. PBS-loaded HA system was
administered using a 1 mL syringe. In the D-sEV or L-D-sEV group, a 50 uL. sEV-loaded HA system (including 200 ug
sEV) was injected into the periodontal pocket. The administration frequency was once a week for four consecutive
administrations. After 8§ weeks of administration, mandible specimens were collected. Blood samples from a vein of the
lower limb of dogs were obtained at different time points.

Micro-CT Tomography Evaluation

All samples were measured using micro-CT as previously described.’® A SkyScan 1176 desktop X-ray micro-CT system
(Skyscan, Belgium) was used to scan all the specimens. These data were reconstructed by NRecon (Skyscan, Belgium)
cone-beam reconstruction software and were analyzed by DataViewer. For bone morphometric analysis, bone volume/
total volume (BV/TV) and trabecular separation (Tb. Sp) were measured.

Histology and Immunohistochemistry Analysis
All bone specimens were decalcified, dehydrated in an ascending series of ethanol solutions, and embedded in paraffin.
Serial sections (5 um) were obtained and stained with hematoxylin-eosin (H&E) staining, Masson staining, and
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immunofluorescence analysis according to the manufacturer’s recommended protocol. The width of the new periodontal
ligament (PDL) was the average width at the point of the apical notch, alveolar crest and middle of the apical notch to the
alveolar crest. The number of vessels was defined as the total number of vessels per square millimeter. The average
fluorescence density was measured using ImageJ software. Each assay was run in triplicate.

qRT-PCR

Total RNA was isolated using TRIzol reagent according to the manufacturer’s protocol (TTANMO BIOTECH, Beijing,
China). RNA (1 pg) was converted into cDNA with an iScript cDNA synthesis kit (Vazyme, Nanjing, China). Gene
expression was quantified by the 2—AACt method using GAPDH expression as an internal control. The target gene
primers used are listed in Supplementary Table 1.

Western Blot

Cells were lysed in RIPA buffer (KeyGEN Biotech, Nanjing, China) with 1 mM proteinase inhibitor phenylmethane-
sulfonyl fluoride added for 30 min, and then the protein was extracted. The membranes were blotted with antibodies,
which are listed in Supplementary Table 2. The relative intensity of the tested protein was quantitatively analyzed by the

ratio of the gray value between the target protein and GAPDH in the same sample.

Statistical Analysis

All data are expressed as the mean =+ standard error of the mean (SEM) for three independent experiments and analyzed
using GraphPad Prism 8.0.2. Comparisons between two groups were performed using nonparametric unpaired two-tailed
Student’s ¢ test. P < 0.05 was considered statistically significant.

Results

Identification of Cells and sEV

DFSCs and PDLSCs were successfully extracted from dental follicles and PDL, respectively (Figure 1A a and B a). After
being cultured in conditioned medium for 2 weeks, the calcified nodes and lipid droplets were positively stained in both
cell lines (Figure 1A b-c and B b-c). The extracted cells were identified by flow cytometry (Figure 1C and D). These
results showed that the extracted cells were DFSCs and PDLSCs.

D-sEV and L-D-sEV were isolated by polyethylene glycol (PEG), which can extract sEV whose distribution and
morphology are similar to those of ultracentrifugation, with faster and more convenient procedures. Low concentrations
of LPS (150, 200, and 250 ng/mL) significantly promoted DFSCs proliferation, and 250 ng/mL LPS was chosen as the
stimulatory factor due to its most potent ability to promote cell proliferation (Supplementary Figure 1A). Secretion and

morphological characterization of D-sEV and L-D-sEV were further analyzed: morphological characterization of D-sEV
and L-D-sEV were the same, while L-D-sEV was extracted more after treated by LPS compared with that of D-sEV at
the same number of DFSCs (26.94 + 2.717 pg/10° cells vs 18.16 + 0.7784 ug/lO5 cells) (Supplementary Figure 1B).
D-sEV and L-D-sEV exhibited double-membrane shapes (Figure 1E) and were approximately 120 nm in size (Figure 1F).
Both D-sEV and L-D-sEV expressed CD63, Tsgl01, and Hsp70 (Figure 1G).

Quantitative Proteomic Analysis of D-sEV and L-D-sEV
We analyzed the DEPs between the two groups defined as 1.2-fold for upregulated and 0.83-fold for downregulated
proteins (P < 0.05), and thirty-eight DEPs were identified in L-D-sEV vs D-sEV. These DEPs included 11 upregulated
proteins (Table 1), 12 downregulated proteins (Table 2), and 15 proteins only detected in D-sEV or L-D-sEV (Table 3).
The GO categories of the DEPs were ascertained to characterize them according to biological processes, cellular
components, and molecular functions (Figure 2A). The results indicated that the identified DEPs were involved in
biological processes associated with cellular processes, biological regulation, regulation of biological process,
metabolic processes, response to stimuli, cellular component organization of biogenesis, positive regulation of
biological process, multicellular organism process, signaling, localization, etc. (Figure 2A). The molecular functions
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Figure | Identification of cells and sEV. (A a and B a) DFSCs and PDLSCs morphology under an optical microscope. Scale bar: 200 um. (A b and B b) Representative
pictures after osteogenesis induction for 2 weeks. Scale bar:100 um. (A c and B c) Representative pictures after adipogenesis induction for 2 weeks. Scale bar:100um. (C)
Flow cytometry detection of the cell markers CD90, CD73, CD31, and CD34 in DFSCs. (D) Flow cytometry detection of the cell markers CD90, CD73, CD31, and CD34
in PDLSCs. (E) TEM analysis was performed and verified that D-sEV and L-D-sEV were double-membrane shapes with diameters between 30 and 150 nm. Scale bar: 200 nm.
(F) Size distribution of D-sEV and L-D-sEV as determined by NTA. (G) Western blot for Hsp70, Tsgl01, CDé3, and GAPDH in DFSCs, D-sEV, and L-D-sEV.

of the identified DEPs were specifically associated with binding, catalytic activity, structural molecule activity,
molecular function regulator, molecular transducer activity, antioxidant activity and transcription regulator activity,
which were essential in L-D-sEV.
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Table | List of the Up-Regulated Proteins in L-D-sEV vs D-sEV

Protein Name Gene Molecular Function Cellular L-D-sEV/ t test
Name Component D-sEvV p value
Glutathione reductase GSR Antioxidant activity; oxidoreductase activity; Mitochondrial 1.9767 0.0146

catalytic activity; binding

Protein disulfide-isomerase Aé PDIA6 Catalytic activity; oxidoreductase activity Endoplasmic 1.7533 0.0318
reticulum

Protein S100-Al SI00AI Binding Cytoplasmic 1.690 0.027

Peptidyl-prolyl cis-trans PPIA Catalytic activity; binding Cytoplasmic 1.5994 0.0234

isomerase A

Angiopoietin-related protein 3 | ANGPTL3 Binding; molecular function regulator Nuclear 1.5170 0.0183

Syndecan-4 SDC4 Binding; molecular transducer activity Cytoplasmic; 1.5144 0.0498
Nuclear

Actin-related protein 2/3 ARPC4 Structural molecule activity; binding Cytoplasmic; 1.4568 0.0370

complex subunit 4 Mitochondrial

Follistatin FST Binding; molecular function regulator Extracellular 1.3701 0.0092

Decorin DCN Structural molecule activity; binding Extracellular; 1.3246 0.0026
Nuclear

Thrombospondin-2 THBS2 Binding Extracellular 1.2355 0.02102

NADP-dependent malic MEI Catalytic activity; binding; oxidoreductase activity Cytoplasmic 1.2247 0.0367

enzyme

These proteins were divided into two general categories: molecular functions category and binding proteins category
(Tables 1-3). The following proteins were involved in catalytic activity: Glutathione reductase (GSR), Protein disulfide-
isomerase A6 (PDIA6), Peptidyl-prolyl cis-trans isomerase A (PPIA), NADP-dependent malic enzyme (ME1),
L-xylulose reductase (DCXR), Ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCHL1), Fumarate hydratase (FH),
Lysosomal protective protein (CTSA), Inactive tyrosine-protein kinase 7 (PTK7), Lactotransferrin (LTF), Dual specificity
mitogen-activated protein kinase kinase 1 (MAP2KI1), Prolyl 4-hydroxylase subunit alpha-2 (P4HA2), Superoxide
dismutase [Cu-Zn] (SOD1), Hepatocyte growth factor receptor (MET), Creatine kinase B-type (CKB), 40S ribosomal
protein S3 (RPS3), Palmitoyl-protein thioesterase 1(PPT1), Ephrin type-A receptor 4 (EPHA4), Prostaglandin E synthase
3 (PTGES3), Protein phosphatase 1A (PPM1A) and Eukaryotic translation initiation factor 2 subunit 3B (EIF2S3B).
GSR, PDIA6, ME1, DCXR, P4HA2 and SOD1 were involved in antioxidant and oxidoreductase activity. The interaction
network of the DEPs revealed that GSR, ME1, PDIA6, FH, and SOD1 showed interactions, as shown in Figure 2B.

The KEGG pathway analysis showed that the identified DEPs were enriched in the PI3-AKT signaling pathway, focal
adhesion, ECM-receptor metabolism, mitogen-activated protein kinase (MAPK) signaling pathway, Fc gamma

R-mediated phagocytosis, and regulation of actin cytoskeleton (Figure 2C).

L-D-sEV Inhibited the RANKL/OPG Ratio in PDLSCs by Inhibiting ROS/JNK Signaling
D-sEV or L-D-sEV promoted the proliferation and migration of PDLSCs in vitro (Figure 3A and B). ROS, known as
a trigger or mediator of MAPK family members, have a substantial effect on multiple usual biochemical roles and
pathological progressions.”” We found that ROS levels were significantly reduced in PDLSCs after D-sEV or L-D-sEV
treatment for 4 h under inflammatory conditions, and ROS levels in the L-D-sEV group were lower than those in the
D-sEV group (P<0.01). After 8 h, the ROS levels were not significantly reduced in the D-sEV group compared with the
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Table 2 List of the Down-Regulated Proteins in L-D-sEV vs D-sEV

Protein Name Gene Molecular Function Cellular L-D-sEV/ | ttest
Name Component D-sEvV p value

Neurogenic locus notch NOTCHI Transcription regulator activity; binding; molecular Extracellular 0.8134 0.0170

homolog protein | function regulator; molecular transducer activity

L-xylulose reductase DCXR Catalytic activity; binding; oxidoreductase activity Mitochondrial 0.7964 0.0094

Plexin domain-containing PLXDC2 Not retrieved PlasmaMembrane; 0.7497 0.0320

protein 2 Nuclear

Ubiquitin carboxyl-terminal UCHLI Catalytic activity; binding Cytoplasmic 0.7369 0.0482

hydrolase isozyme LI

Laminin subunit alpha-| LAMAI Structural molecule activity; binding Extracellular 0.7293 0.0298

Fumarate hydratase, FH Catalytic activity; binding Mitochondrial 0.7174 0.0350

mitochondrial

Lysosomal protective protein CTSA Catalytic activity; molecular function regulator Lysosomal 0.7033 0.0350

Collagen alpha-|(XIV) chain COLI4Al Structural molecule activity; binding Cytoplasmic; 0.6954 0.0239
Nuclear

Inactive tyrosine-protein PTK7 Catalytic activity; binding; molecular transducer Cytoplasmic; 0.6896 0.0137

kinase 7 activity Nuclear

Lactotransferrin LTF Catalytic activity; binding; molecular function Extracellular 0.6133 0.0307

regulator

Dual specificity mitogen- MAP2K Catalytic activity; structural molecule activity; Cytoplasmic; 0.5590 0.0412

activated protein kinase binding; molecular function regulator Nuclear

kinase |

Protein sidekick-| SDK I Binding PlasmaMembrane; 0.5110 0.0497
Nuclear

LPS group (Figure 3C), while the ROS levels were significantly decreased in the L-D-sEV group compared with the
D-sEV group or LPS group (Figure 3D). An increased ratio of NF-kB receptor activator (RANKL) and osteogenic
protective protein (OPG) indicates bone resorption.”® Under normal conditions, D-sEV and L-D-sEV did not change the
RANKL/OPG ratio compared with the Con group (Figure 3E and F). Under inflammatory conditions, L-D-sEV and
D-sEV inhibited the RANKL/OPG ratio compared with that of the LPS group, and a more robust decrease in the
RANKL/OPG ratio was observed in the L-D-sEV group (P<0.05) (Figure 3G and H). Meanwhile, MAPK pathways
including extracellular signal-related kinases (ERK) and Jun amino-terminal kinases (JNK) signaling have been proven
to be essential in osteoclast differentiation and activation.”” L-D-sEV or D-sEV treatment significantly decreased the
p-JNK/INK ratio under normal (P<0.01) and inflammatory conditions (P<0.001). However, the ERK pathway was not
affected (Figure 3E-H). A JNK inhibitor (SP600125) significantly reduced the RANKL/OPG ratio (P<0.001), which was
consistent with L-D-sEV in inflammatory PDLSCs (Figure 3I). These results showed that DFC-sEV tended to regulate
the bone homeostasis of inflammatory PDLSCs but did not affect healthy PDLSCs. DFC-sEV exerted antioxidant activity
by inhibiting ROS/JNK signaling (Figure 3J).

L-D-skV Induced Macrophage Polarization by Inhibiting Oxidative Stress
In response to microenvironmental stimuli, macrophages can be activated and polarize to proinflammatory M1 and/or
anti-inflammatory M2.*%! M2 macrophages contribute to bone tissue repair and inflammation reduction.*? First, D-sEV
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Table 3 List of the Detected or Undetected Proteins in L-D-sEV vs D-sEV
Protein Name Gene Molecular Function Cellular L-D-sEvV D-sev
Name Component
Actin-related protein 2/3 ARPCIB Structural molecule activity; binding; Extracellular Detected Undetected
complex subunit I1B
Prolyl 4-hydroxylase subunit P4HA2 Catalytic activity; binding; Endoplasmic reticulum Detected Undetected
alpha-2 oxidoreductase activity
Superoxide dismutase [Cu- SODI Antioxidant activity; catalytic activity; Cytoplasmic Detected Undetected
Zn] binding; oxidoreductase activity
Hepatocyte growth factor MET Catalytic activity; binding; molecular PlasmaMembrane Detected Undetected
receptor transducer activity
Creatine kinase B-type CKB Catalytic activity; binding Cytoplasmic Detected Undetected
Ribonuclease inhibitor RNHI Molecular function regulator Cytoplasmic Detected Undetected
Tenascin-X TNXB Structural molecule activity; binding Nuclear Detected Undetected
Heterogeneous nuclear HNRNPA2BI Binding Nuclear Detected Undetected
ribonucleoproteins A2/BI
40S ribosomal protein S3 RPS3 Catalytic activity; structural molecule Cytoplasmic Detected Undetected
activity; binding
Palmitoyl-protein PPTI Catalytic activity; binding Lysosomal Detected Undetected
thioesterase |
Ephrin type-A receptor 4 EPHA4 Catalytic activity; binding; molecular PlasmaMembrane; Detected Undetected
transducer activity Cytoplasmic
Prostaglandin E synthase 3 PTGES3 Catalytic activity; binding Nuclear Detected Undetected
Neuronal pentraxin-| NPTXI Binding Extracellular; Detected Undetected
Cytoplasmic;
Mitochondrial
Protein phosphatase |A PPMIA Catalytic activity; binding Cytoplasmic Undetected Detected
Eukaryotic translation EIF2S3B Catalytic activity; binding Cytoplasmic; Undetected Detected
initiation factor 2 subunit 3B Mitochondrial

and L-D-sEV could be taken up by RAW264.7 cells and promoted the proliferation of macrophages in a dose-dependent
manner (Figure 4A and B). sEV treatment significantly increased the gene expression of the M2 surface markers Arg-1
and CD206, especially at a dose of 50 pg/mL (Figure 4C). The CD206(+) F4/80(+) percentage was increased after 50 pg/
mL D-sEV or L-D-sEV treatment (Figure 4D). These results showed that D-sEV and L-D-sEV could promote M2
polarization in a proper dose range.

Previous studies found that oxidative stress (OS) or ROS production was involved in macrophage differentiation, and
an increase in the ratio of the reduction of oxidized glutathione (GSSG) to reduced glutathione (GSH) indicates OS.****
Both D-sEV and L-D-sEV exhibited the anti-OS response, and L-D-sEV was more effective in antioxidation and
promotion of M2 polarization due to the significant decrease in ROS levels (Figure 5A). In addition, the ratio of
GSSG to GSH in the D-sEV and L-D-sEV groups was significantly lower than that in the Con group and was the lowest
in the L-D-sEV-treated group (Figure 5B). L-D-sEV, which contained more GSR, had a more potent antioxidant effect
through endocytosis to lower the ratio of GSSG/GSH.

MAPK/ERK signal is proved to be related to 0S.>* Both D-sEV (P<0.01) and L-D-sEV (P<0.05) treatment
upregulated the p-ERK/ERK ratio. After applying ERK inhibitor (u1206), the p-ERK/ERK was reduced, and D-sEV
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KEGG annotation analysis of DEPs in L-D-sEV vs D-sEV.

(P<0.05) or L-D-sEV (P<0.05) treatment could reactive the ERK signaling (with p-ERK/ERK ratio elevation) (Figure 5C
and D). In addition, to explore the effects of ERK signaling on antioxidants, we measured SOD1 and SOD2 expression,
which is essential in defending tissues against OS and inhibiting ROS elevation.>> SOD1 was significantly increased in
the D-sEV and L-D-sEV groups, and SOD1 expression was the highest in the L-D-sEV group. SOD2 expression was not
upregulated considerably after treatment with D-sEV or L-D-sEV (Figure 5C and D). D-sEV and L-D-sEV significantly
reduced ROS levels in macrophages. After the application of ul1206, ROS levels were significantly upregulated (P<0.01),
and D-sEV and L-D-sEV significantly inhibited ROS levels again (P<0.01) (Figure 5E). These data demonstrated that
sEV could exert antioxidant effects through multiple signaling pathways, including the ERK pathway (Figure 5F).

Characteristic of HA/sEV System in vitro

The production process of the sEV injectable system is shown in Figure 6A. With the increase in PBS with sEV, the
material viscosity decreases, and the fluidity increases (Figure 6B and C). The best proper volume ratio of PBS and HA
owing to matchable viscosity and fluidity was 0.125. The release rate of D-sEV by HA was the fastest at 24 h, which was
approximately 48.01% of the total D-sEV, and after 7 days, it reached 83.3%. The percentage of L-D-sEV released by
HA was approximately 46% in 24 h, and the percentage reached 71.71% after 7 days (Figure 6D and E). Only 5% HA
can promote cell proliferation, so 5% was chosen as the ideal concentration for carrying sEV. Moreover, compared with
the HA group, the sEV released by HA significantly promoted the proliferation and migration of PDLSCs. Its effect on
cell migration was not different from that of sEV alone (Figure 6F and G). These results demonstrated that HA was an

appropriate carrier.

HA/sEV Promoted Periodontal Regeneration in vivo

After administration of HA/sEV in dogs for 8 weeks, new alveolar bone and PDL-like structures were regenerated, and
L-D-sEV had the best effect. Micro-CT analysis indicated that BV/TV% was increased in the L-D-EV group compared
with that of the other groups. In addition, the Tb. Sp in the PBS, D-sEV, and L-D-sEV groups were decreased compared
with that of the PD group (Figure 7A and B). In these SsEV groups, the arrangement of the periodontal ligament was
regular, dense, and wider, and more Sharpey’s fibers were attached perpendicularly to the cementum-like tissue layer
(Figure 7C and D). The PDL width and number of vessels in the PDL were significantly increased in the L-D-sEV group
compared with the PD group (P<0.05) (Figure 7E and F). Additionally, the PDL biomarker Periostin expression was
significantly elevated in the D-sEV group (P<0.05) and L-D-sEV group (P<0.01) compared with that in the PD group
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Figure 3 L-D-sEV inhibited the RANKL/OPG ratio in PDLSCs via ROS/JNK signaling under inflammatory conditions. (A) PDLSCs were cocultured with (100 pg/mL) D-sEV
or L-D-sEV, and cell viability was measured by CCK-8 assay. (B) Representative images of the cell migration assay and quantitative analysis. Scale bar: 200 pum. (C)
Intracellular ROS levels were measured by flow cytometry. PDLSCs were pretreated with LPS (I pg/mL, 24 h) and then cocultured with D-sEV or L-D-sEV (100 pg/mL, 4
h or 8 h). (D) Quantitative analysis of intracellular ROS levels. (E) The JNK, p-JNK, ERK, p-ERK, OPG and RANKL protein levels were measured by Western blot. PDLSCs
were cocultured with D-sEV or L-D-sEV (100 pg/mL, 48 h). (F) Quantitative analysis of the protein bands in Figure 3E. (G) The JNK, p-JNK, ERK, p-ERK, OPG and RANKL
protein levels were measured by Western blot. PDLSCs were stimulated with LPS (I pg/mL, 24 h) and then cocultured with D-sEV or L-D-sEV (100 pg/mL, 48 h). (H)
Quantitative analysis of the protein bands in Figure 3G. (I) The OPG, RANKL, JNK, and p-JNK protein levels were measured by Western blot and quantitative analysis.
PDLSCs were incubated with LPS (I pg/mL, 24 h) and then stimulated with SP600125 (5 uM, 10 M) for 24 h. (J) DFSC-sEV inhibited the RANKL/OPG ratio via ROS/NK
signaling. Data are shown as the mean * SEM for three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 4 L-D-sEV promoted macrophage proliferation and M2 polarization. (A) Uptake analysis of D-sEV and L-D-sEV by RAW?264.7 cells (red: phalloidin, green: DiO-
labeled sEV, blue: DAPI-labeled nuclei). Scale bar: 10 um. (B) RAW264.7 cells were cocultured with (20, 50, or 100 pg/mL) D-sEV or L-D-sEV, and cell viability was measured
by CCK-8 assay. (C) The Arg-1 and CD206 gene levels of RAW264.7 cells were measured by qRT-PCR. (D) The percentage of M2 macrophages was measured by flow
cytometry. Double-positive cells (CD206 and F4/80) represented M2 macrophages. Data are shown as the mean + SEM for three independent experiments. *P < 0.05; **P <
0.01; ¥*P < 0.001.
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Figure 5 L-D-sEV promoted M2 polarization via ROS/ERK signaling. (A) The percentage of M2 macrophages was measured by flow cytometry. RAW264.7 cells were
treated with D-sEV or L-D-sEV (50 pg/mL, 6 h) with or without 25 uM H,O, or 10 mM NAC stimulation. (B) The GSSG/GSH ratio of macrophage. RAW264.7 cells were
treated with D-sEV or L-D-sEV (50 pg/mL, 6 h). (C) The SODI, SOD2, ERK and p-ERK protein levels were measured by Western blot. Raw264.7 Cells were first pretreated
with or without ul206 (10 pM, 30 min) and then cocultured with or without D-sEV or L-D-sEV (50 pg/mL, 6 h). (D) Quantitative analysis of the protein bands in Figure 5C.
(E) Intracellular ROS levels were measured by flow cytometry and quantitative analysis. RAW?264.7 cells were first pretreated with or without ul206 (10 pM, 30 min) and
then cocultured with or without D-sEV or L-D-sEV (50 pg/mL, 6 h). (F) lllustration showing that sEV promotes M2 polarization via SOD |/ERK-mediated ROS. Data are
shown as the mean * SEM for three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.

(Figure 7G and H). The above results demonstrated that SEV promoted periodontal tissue regeneration and that L-D-sEV

was more effective.
In the L-D-sEV group, CD206 expression in the new bone zone was significantly increased compared with that in the

PD group or PBS group (P<0.01) (Figure 7I and J). In the D-sEV group, the RANK/OPG ratio was decreased compared
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Figure 6 Physical and biological characterization of HA/sEV. (A) The schematic diagram of material construction. (B) The dynamic viscosity of the mixture of sEV (dissolved
in PBS) and HA with different volume ratios (0.125, 0.25, 0.5). (C) The frequency scanning analysis. (D) Release experiment of the D-sEV-loaded HA. (E) Release experiment
of the L-D-sEV-loaded HA. (F) The effect of (5%, 10%, 20%) HA or 5% HA with D-sEV or L-D-sEV (200 pg/mL) on PDLSCs viability was measured by CCK-8 assay. (G)
Representative images of the cell migration assay and quantitative analysis. Scale bar: 200 pum. Data are shown as the mean + SEM for three independent experiments. *P <
0.05; **P < 0.01; **P < 0.001.

with that in the PD group or the PBS group (P<0.01). Similarly, compared with the PD group (P<0.001) or PBS group
(P<0.01), the RANKL/OPG ratio was significantly reduced in the L-D-sEV group. Compared with that in the D-sEV
group, RANKL/OPG expression was also inhibited in the L-D-sEV group (P<0.05) (Figure 7K-M). These results were
consistent with data in vitro. Decreases in the RANKL/OPG ratio and elevation of M2 both benefited new bone
formation. The serum complement (C3, C4), immunoglobulin (IgA, IgG, IgM), and CRP levels were measured to
evaluate the safety of HA/sEV. As shown in Table 4, serum C3, C4, IgA, 1gG, IgM, and CRP levels fluctuated slightly
around average levels in the following month after surgery, IgG levels were significantly decreased after applying HA/
sEV for 4 weeks and 8 weeks, compared with that of the periodontitis dogs. All data indicated that local implantation of
xenogeneic sEV did not cause obvious immune rejection in dogs.

Discussion
Well-established proteomics information about the interaction between proteins and their biological relevancies was used
to further clarify the effects of LPS on D-sEV protein contents and biological function. DEPs between D-sEV and
L-D-sEV were divided into categories that highlighted the protein functions of cell binding and enzyme regulation or
activity. The biological process analysis showed that most of these proteins are involved in the cellular process,
biological regulation, regulation of biological processes, metabolic processes, and response to stimulus, indicating that
the identified protein expression pattern may reflect the change in the L-D-sEV.

In this proteomics study, the identified DEPs were shown to be involved mainly in binding and catalytic activity
(oxidation activity and oxidoreductase activity). When DFSCs are exposed to an inflammatory microenvironment, they
can mount an adaptive response by releasing cytokines or small extracellular vesicles to the regulated
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Figure 7 HA/sEV promoted periodontal regeneration in vivo. (A) Representative micro-CT images showing new bone formation in the PD, PBS, D-sEV, and L-D-sEV groups
at 8 weeks post-injection. Scale bar: | mm. The red box represents the bone defect size. (B) The BV/TV and Tb. SP comparison. (C) The representative H&E stained
sections. Scale bar: 200 pm. (D) The representative Masson stained sections. The black arrow represents Notch. (E) Quantitative analysis of PDL width. (F) The number of
vessels in the PDL. (G) Representative images of Periostin immunofluorescence staining in PDL. Scale bar:100 pm. (H) Quantitative analysis of Periostin expression in PDL.
(I) Representative images of CD206 immunofluorescence staining in ALB. Scale bar: 100 um. (J) Quantitative analysis of CD206 expression in ALB. (K) Representative
images of RANKL immunofluorescence staining in PDL. Scale bar: 100 um. (L) Representative images of OPG immunofluorescence staining in PDL. Scale bar: 100 um. (M)
Quantitative analysis of RANKL/OPG ratio in PDL. Data are shown as the mean + SEM for three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.
Abbreviations: ALB, alveolar bone; D, dentin; PDL, periodontal ligament; PD, periodontitis group; HA, 0.2% hyaluronic acid gel; PBS, PBS-loaded HA; D-sEV, D-sEV-loaded
HA; L-D-sEV, L-D-sEV-loaded HA.
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Table 4 Serum IgA, IgG, IgM, C3, C4, and CRP Levels in Canine

IgA (g/L) 1gG (g/L) IgM (g/L) C3 (glL) C4 (g/L) CRP(ug/L)
N <0.1 1.92 1.08 <0.1 0.06 290
ow <0.1 2.00 .41 <0.1 0.06 280
4W <0.1 | 44% 1.33 <0.1 0.06 240
8 W <0.1 1.70% 113 <0.1 0.06 230

Notes: Serum immunoglobulins (IgA, IgG, IgM), complements (C3, C4), and CRP fluctuated slightly around normal levels in the following month after surgery. N, normal
condition; 0 W, post-operation (I month after experimental periodontitis induction); 4WV, postoperative for 4 weeks; 8 W, postoperative for 8 weeks. Data are shown as
mean. (4 W vs 0 W) *P < 0.05; (8 W vs 0 W) *P < 0.01.

microenvironment.*®*” We proved that sEV isolated from LPS-preconditioned DFSCs was a better inducer to encourage
PDLSCs to form complete periodontal tissue.

The host immune response affects the rate and severity of periodontitis.*® A novel therapeutic strategy combined with
the host-modulatory effect could increase the possibility of successfully managing periodontitis. OS has been highly
associated with the onset of several inflammatory pathologies, including periodontitis and osteoporosis.>*** Excessive
accumulation of ROS will induce DNA damage, lipid peroxidation, and protein modification, subsequently causing
cellular dysfunction and tissue damage.*'**> Appropriate removal of excess ROS is conducive to osteogenic differentia-
tion and reduces osteoclastogenesis.***** Since OS is one of the leading causes of periodontal tissue inflammation and
damage,** antioxidant therapy has become a new treatment for periodontitis. Potentially novel therapeutic approaches to
managing periodontitis rely on the use of antioxidants (eg, resveratrol, curcumin), thereby arresting the initiation and
progression of periodontal disease.*>*

After LPS pretreatment, GSR and SOD1 were more enriched in DFCs-sEV, which can consume ROS and reduce cell
oxidative damage. GSR catalyzes GSSG to GSH using NADPH as an electron donor (NADPH + H+ + GSSG — NADP+
+2 GSH).*® SODI binds to copper and zinc ions and is one of three SODs responsible for destroying free superoxide
radicals in the body.** GSH can maintain MSCs function by reducing cell senescence and promoting cell migration, as
well as by inhibiting the generation of ROS to maintain stemness and multidirectional differentiation potential.® The
proper redox balance between ROS and antioxidants greatly contributes to the physiological well-being of cells.’! In this
study, D-sEV and L-D-sEV significantly promoted the viability of PDLSCs and macrophages in a dose- and time-
dependent manner.

Studies have proven that the exposure of MSCs to LPS can increase their trophic effects and functional properties to
defend against the inflammatory environment.’>> In this study, we found that D-sEV and L-D-sEV were selective or
targeted, which could improve and guide damaged PDLSCs to restore normal physiological functions and promote tissue
homeostasis, especially after LPS preconditioning. ROS-mediated JNK signaling is related to RANKL-induced
osteoclastogenesis,”* while ERK is crucial for osteoclast survival.’>>® L-D-sEV attenuated the phosphorylation of JNK
without affecting ERK, suggesting that it suppressed osteoclastogenesis but not osteoclast survival. Increasing the level
of ROS in osteoclasts may promote osteoclast formation and activation.’”>® Considering these reasons, it is most likely
because GSR and SOD1 were enriched in L-D-sEV to exert antioxidant activity. The accumulation of intracellular ROS
can affect MAPK/JNK signaling pathways, which can be inhibited by antioxidants to reduce ROS accumulation.”

On the other hand, M2 macrophages play a monitoring role in the process of bone tissue repair and regeneration,
regulating the balance between osteoblasts and osteoclasts. Both D-sEV and L-D-sEV promoted M2 infiltration and
polarization with lower ROS levels and higher SOD1 expression, while L-D-sEV was more effective. N-acetyl
cysteine (NAC) could not impact the total number of macrophages but partly promoted M2 macrophage
polarization.®® The application of ROS scavenging material leads to the efficient polarization of M1 to M2 in the
rheumatoid arthritis model.®' It promotes healing of bacteria-infected diabetic wounds by upregulating M2 phenotype
macrophages,®® highlighting that ROS levels are critical for M2 polarization. Antioxidants or GSH status play
a critical role in regulating monocyte-to-macrophage differentiation and inflammation.®*** L-D-sEV significantly
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decreased the GSSG/GSH ratio in macrophages with an abundant GSR. Therefore, intracellular GSR and SOD1 in
macrophages were significantly increased by engulfing L-D-sEV to strengthen the antioxidant capacity and reduce
intracellular ROS levels. However, the SOD2 levels were not significantly changed. SOD1 is present in the cytoplasm
and mitochondrial intermembrane, and SOD2 localizes to the mitochondrial matrix.®® These results demonstrated that
D-sEV and L-D-sEV play antioxidant roles mainly in the cytoplasm rather than in the mitochondria. In addition, we
found that MAPK/ERK signaling was activated by L-D-sEV and mediated a more effective anti-OS function than
D-sEV. According to the above results, L-D-sEV may act on PDLSCs and macrophages through antioxidant proteins
under inflammatory conditions, reducing intracellular ROS levels and thereby promoting tissue repair and regenera-
tion. Therefore, L-D-sEV could be applied as a local drug to deliver antioxidant properties in periodontitis.

However, if sEV are applied to periodontal pockets alone, the efficiency of sEV is reduced by the flow of saliva and the
unclosed space of periodontal pockets. It is necessary to construct an excellent delivery system to maintain the sustained
therapeutic effect of sEV. Actually, in the process of clinical transformation of stem cells and their derivatives, the
components of biological agents should be as clear as possible, and their safety and effectiveness should be guaranteed.
Gengigel® contains 0.2% hyaluronic acid (HA) gel that provides stability and elasticity to tissues and delays penetration of
viruses and bacteria.°® This experiment confirmed that a mixture of HA and sEV in an appropriate ratio can still maintain the
injectability and release 80% of sEV slowly within one week without affecting the biological functions of sEV. Therefore,
HA is a convenient, safe, and effective scaffold material that is suitable for auxiliary sEV in clinical applications.

In canine critical-sized periodontal defects with periodontitis, we found that xenogeneic DFC-sEV transplantation had
good biological safety and did not cause obvious immune rejection. Furthermore, micro-CT and histological analysis
indicated that D-sEV had therapeutic effects on periodontitis with more new bone and PDL formation via elevation of
M2 infiltration and inhibition of RANKL/OPG, and L-D-sEV further enhanced the effects. Remarkably, antioxidant
activity was provided for the scaffold and positively influenced the bone repaired microenvironment.®” The influence of
sEV on a variety of cells in periodontal tissue makes the microenvironment of periodontal tissue change from “killing and
destroying” to “repairing and healing”, thereby preserving more original periodontium and promoting regeneration of the
damaged periodontium. MSCs-derived sSEV can promote the proliferation, migration, and differentiation of target cells in
a dose-dependent and saturable manner.®® Clarifying the dosage and frequency of SEV application in periodontal tissue
regeneration is crucial for its clinical application. According to the release rate of sEV, the administration frequency was
once a week for four consecutive weeks. In animal models, if a defect area can be completely enclosed, such as a joint
cawity,69 subcutaneous,70 bone defect,”! etc., a single administration will be chosen. However, administration to the
periodontal pocket communicating with the Oral cavity will cause a loss, and multiple administrations are needed to
improve the treatment effect.

Compared with MSCs transplantation, the use of MSC-derived exosomes/microvesicles in human patients has several
potential advantages, such as avoiding the transfer of cells that have mutated or damaged DNA, being small and
circulating readily, and achieving a higher “dose” that circulates.”> Although the periodontal ligament and alveolar bone
were successfully regenerated in canine, several problems remain to be solved. The sEV/HA strategy must be
investigated further in rhesus monkeys and optimize the application project to make it work more effective.
Additionally, standardized operation procedures and a safety evaluation system should be established serially and

systematically to guarantee the feasibility of the clinical application of SEV.

Conclusions

In summary, LPS-preconditioned D-sEV possessed an apparent advantage for alveolar bone loss inhibition and regen-
eration in canines with experimental periodontitis, possibly based on ROS/MAPK-mediated antioxidant effects. The HA/
sEV injectable loading system had the advantages of good injectability, good sustained-release effect, and anti-
inflammatory properties, which were safe and beneficial to clinical application, and it could be effectively used as an
auxiliary method for the treatment of periodontitis.
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Abbreviations

DFSCs, dental follicle stem cells; PDLSCs, periodontal ligament stem cells; LPS, lipopolysaccharide; sEV, small
extracellular vesicles; D-sEV, dental follicle stem cells-derived small extracellular vesicles; L-D-sEV, LPS-
preconditioned dental follicle stem cells-derived small extracellular vesicles; TEM, transmission electron microscopy;
NTA, nanoparticle tracking analysis; HSP70, heat shock protein 70; HA, 0.2% hyaluronic acid gel; CCK-8, cell counting
kit-8; MO, macrophage; M2, type 2 macrophage; OD, optical density; PEG, polyethylene glycol; RANKL, NF-kB
receptor activator; OPG, osteogenic protective protein; ROS, reactive oxygen species; OS, oxidative stress; MAPK,
mitogen-activated protein kinase; JNK, Jun amino-terminal kinases; ERK, extracellular signal-related kinases; GSR,
Glutathione reductase; PDIAG6, Protein disulfide-isomerase A6; PPIA, Peptidyl-prolyl cis-trans isomerase A; MEI,
NADP-dependent malic enzyme; DCXR, L-xylulose reductase; UCHL1, Ubiquitin carboxyl-terminal hydrolase isozyme
L1; FH, Fumarate hydratase; CTSA, Lysosomal protective protein; PTK7, Inactive tyrosine-protein kinase 7; LTF,
Lactotransferrin, MAP2K1, Dual specificity mitogen-activated protein kinase kinase 1; P4AHA2, Prolyl 4-hydroxylase
subunit alpha-2; SODI, Superoxide dismutase [Cu-Zn] 1; MET, Hepatocyte growth factor receptor; CKB, Creatine
kinase B-type; RPS3, 40S ribosomal protein S3; PPT1, Palmitoyl-protein thioesterase 1; EPHA4, Ephrin type-A receptor
4; PTGES3, Prostaglandin E synthase 3; PPM1A, Protein phosphatase 1A; EIF2S3B, Eukaryotic translation initiation
factor 2 subunit 3B; GSSG, reduction of oxidized glutathione; GSH, reduced glutathione; SOD2, Superoxide dismutase
2;GO, Gene ontology; DEPs, differentially expressed proteins; PPI, protein—protein interaction; KEGG, Kyoto
Encyclopedia of Genes and Genomes; CRP, C-reactive protein; PDL, periodontal ligament; BV/TV, bone volume/total
volume; Tb. Sp, trabecular separation; H&E, hematoxylin-eosin.
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