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Abstract
Background

Periodontal disease is characterized by chronic inflammation and destruction of supporting periodontal
tissues, ultimately leading to tooth loss. In recent years, “cell-free treatment” without stem cell
transplantation has attracted considerable attention for tissue regeneration. This study investigated the
effects of extracts of mesenchymal stem cells (MSC-extract) and their protein components (MSC-protein)
on the proliferation and migration of periodontal ligament (PDL) cells and whether MSC-protein can
induce periodontal regeneration.

Methods

MSC-extract and MSC-protein were obtained by subjecting mesenchymal stem cells (MSCs) to freeze–
thaw cycles and acetone precipitation. Cell proliferation was examined using a WST-8 assay and Ki67
immunostaining, and cell migration was examined using Boyden chambers. The MSC-protein content
was analyzed using liquid chromatography-mass spectrometry, protein arrays, and enzyme-linked
immunosorbent assays (ELISAs). Gene expression in MSC-protein-treated PDL cells was examined using
RNA-sequencing and Gene Ontology analyses. The regenerative potential of MSC-protein was examined
using micro-computer tomography (CT) and histological analyses after transplantation into a rat
periodontal defect model.

Results

MSC-extract and MSC-protein promoted the proliferation and migration of PDL cells. Protein array and
ELISA revealed that MSC-protein contained high concentrations of basic fibroblast growth factor (bFGF)
and hepatocyte growth factor (HGF). Exogenous bFGF promoted the proliferation and migration of PDL
cells. Furthermore, the transplantation of MSC-protein enhanced periodontal tissue regeneration with the
formation of new alveolar bone and PDLs.

Conclusions

These results indicate that the MSC-protein promotes the proliferation and migration of PDL cells and
induces significant periodontal tissue regeneration, suggesting that the MSC-protein could be used as a
new cell-free treatment for periodontal disease.

Significance Statement
This study provides novel evidence that MSC protein extracts promote key phenomena of periodontal
tissue regeneration, including PDL cell proliferation and migration, and induce periodontal tissue
regeneration. As periodontal tissue regeneration restores the supporting tissues of teeth destroyed by
periodontal disease and extends the life of teeth, MSC-protein transplantation, as discovered in this study,
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may offer a new cell-free approach to regenerative therapies for periodontal disease that avoids the
safety and cost concerns associated with conventional stem cell transplantation methods.

Introduction
Periodontal disease is a destructive disease of periodontal tissues caused by pathogenic factors derived
mainly from gram-negative bacteria.1, 2 The prevalence of periodontal disease is high and it is a major
oral problem globally.3 As periodontal disease progresses, chronic inflammation destroys the periodontal
tissues that support the teeth (the gums, alveolar bone, periodontal ligament (PDL), and cementum),
eventually leading to tooth extraction.4 Various attempts have been made to regenerate periodontal
tissues, and several regenerative therapies have been applied in clinical practice. However, the extent of
tissue regeneration and the indications for these treatment methods are limited, and there is still a strong
need for the development of new periodontal regenerative therapies. The PDL is a thin, soft tissue located
between the tooth and bone that plays important roles in wound healing and homeostasis of periodontal
tissues by supplying stem/progenitor cells to surrounding tissues and buffering occlusal forces on the
tooth. The wound healing of periodontal tissue is dictated by the type of cells that migrate to and
proliferate in the area of wound healing.5, 6 It has been shown that periodontal tissue regeneration occurs
only when PDL-derived cells migrate and proliferate to the site of wound healing, suggesting that
proliferation/migration of the PDL is the key to regenerating new periodontal tissues.

Mesenchymal stem cells (MSCs) were originally isolated from bone marrow fluid as colony-forming
plastic adherent fibroblastic cells.7 They have been shown to differentiate into adipocytes, osteoblasts,
and chondrocytes in vitro and ectopically form bone and cartilage in vivo, and are currently considered to
be stem cells of mesenchymal tissues.8 In addition to their differentiation potential, MSCs possess
immunomodulatory, anti-apoptotic, angiogenic, and anti-inflammatory properties, and are currently being
widely studied for use in regenerative therapies for various diseases.9, 10 Although the regeneration
mechanisms of MSCs are not fully understood, it has been shown that the humoral factors released by
MSCs are responsible for a large part of the therapeutic effect of MSC transplantation.11–13 Regenerative
therapy by stem cell transplantation has disadvantages, such as potential tumorigenicity, cell source
security, cell batch-dependent heterogeneity of its effect and treatment cost.14–17 However, treatment
using humoral factors avoids these problems and has recently gained attention as a “cell-free
treatment”.18, 19 MSC paracrine factors are generally recovered from culture supernatants; however,
released humoral factors are diluted in the culture medium, resulting in low concentrations. Proteins,
microvesicles, and other MSC paracrine factors are formed intracellularly and are temporarily stored in
cells; therefore, these molecules can be recovered as cell extracts by disrupting the cell membrane.

We have previously reported that a cellular extract of MSCs (MSC-extract) promotes the proliferation of
PDL cells.20 Furthermore, we determined that heat treatment of the MSC-extract significantly diminished
cell proliferative activity, suggesting the contribution of the protein component contained in the MSC-
extract. We hypothesized that protein extracts recovered from bone marrow MSCs (MSC-protein) might
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have the ability to regenerate periodontal tissues. This study aimed to investigate the periodontal tissue
regenerative potential of MSC protein extracts by examining the effects of MSC-protein on PDL cells,
which play an important role in periodontal regeneration, in a rat periodontal defect model.

Materials and methods

Cell culture
Human PDL fibroblasts and the bone marrow-derived MSC line UE7T-13 were obtained from Lonza
(Basel, Switzerland) and the Riken BioResource Research Center (Tsukuba, Japan), respectively. The cells
were cultured in α-minimum essential medium (α-MEM, Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 15% fetal bovine serum (FBS, HyClone, Logan, UT, USA), GlutaMax and antibiotic-
antimycotic solution (Thermo Fisher Scientific). The UE7T-13 line is an immortalized clone of bone
marrow-derived MSCs generated by transduction with the papillomavirus type 16 protein E7 and human
telomerase reverse transcriptase.21 We selected this cell line because of its greater potential for
differentiation into osteoblasts, adipocytes, and chondrocytes than two other clonal cell lines (UBE6T-7
and UE6E7T-12) in our pilot study. For adipocyte differentiation, hMSC adipogenic differentiation medium
(Lonza) was used according to the manufacturer’s instructions, and adipocytes were stained with Oil Red
O solution (Sigma-Aldrich, St. Louis, MO, USA) after 4 weeks of differentiation. For osteoblast
differentiation, UE7T-13 cells were cultured in α-MEM containing L-ascorbic acid 2-phosphate (50 µg/mL,
Sigma-Aldrich), dexamethasone (10− 8 M, Sigma-Aldrich), and β-glycerophosphate (10 mM, Sigma-
Aldrich) for 3 weeks and von Kossa staining was performed to visualize the mineral deposits using a
commercially available kit (Polysciences, Warrington, PA, USA). For chondrocyte differentiation, pellet
culture of UE7T-13 cells was performed using chondrogenic induction medium (Lonza) containing TGF-
β3 for 4 weeks. Frozen sections of UE7T-13 spheroids were prepared and stained with Alcian blue
(Nacalai Tesque, Kyoto, Japan).

Flow cytometry
UE7T-13 cells were harvested by trypsinization, fixed in 4% paraformaldehyde (PFA) (Nacalai Tesque,
Kyoto, Japan) for 15 min, and then blocked with 5× Blocking One solution (Nacalai Tesque) for 15 min on
ice. Thereafter, the cells (2 × 105) were incubated with the following antibodies on ice for 30 min: PE-
conjugated anti-human CD29, CD44, CD45, and CD105 (1:20; BioLegend, San Diego, CA, USA); PE-
conjugated normal mouse IgG1k (1:20; BioLegend); PE-conjugated anti-human CD19 (1:10; BD
Bioscience, Franklin Lakes, NJ, USA); FITC-conjugated anti-human CD73 (1:20; Invitrogen); FITC-
conjugated anti-human CD34 (1:10; BD Bioscience); FITC-conjugated anti-human CD90 (1:25; Abcam,
Cambridge, UK); FITC-conjugated normal mouse IgG1k (1:20; BioLegend); APC-conjugated human CD14
(1:20; BioLegend); and APC-conjugated normal mouse IgG2a (1:20; ExBio, Vestec, Czech Republic). After
the cells were washed with phosphate-buffered saline (PBS) containing 2% FBS, flow cytometric analysis
was performed using a FACS Verse flow cytometer (BD Bioscience). All flow cytometry data were
analyzed using Flow Jo software (BD Bioscience).
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MSC-extract and protein collection

A schematic diagram of the MSC-extract and MSC-protein isolation process is shown in Fig. 2A. Briefly,
UE7T-13 cells were harvested using 0.05% trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA; Thermo
Fisher Scientific), washed with α-MEM, and then suspended in PBS at a density of 106 cells/100 µL of
PBS. The cell suspension was alternately placed in a liquid nitrogen and water bath at 37°C to disrupt the
cell membranes through three cycles of freezing and thawing. Next, the cells were centrifuged at 15000
rpm at 4°C for 30 min, after which the cell membranes and other debris were deposited at the bottom of
the tube. Cellular extracts were then obtained by filtration through a 0.22-µm pore size filter (Kurabo,
Osaka, Japan). For MSC-protein isolation, the MSC-extract samples were mixed with four volumes of cold
acetone (Nacalai Tesque). After vigorous vortex mixing, the mixture was stored at -20°C for 1 h to
precipitate the protein. Following centrifugation at 15000 rpm for 15 min, the supernatant was removed,
and the protein pellet was dissolved in PBS or saline using an ultrasonic shaker. The protein
concentrations of the samples were measured using a bicinchoninic acid (BCA) protein assay kit
(Toyobo). The MSC-extract and protein were stored at -20°C until further use.

Electrophoresis of MSC-extract and protein
To examine the protein contents of MSC-extract and MSC-protein, 7.5 µg of total protein was mixed with
an equal volume of sample buffer (ExApply, ATTO Corporation, Tokyo, Japan) plus dithiothreitol (DTT)
and boiled for 5 min. Thereafter, the samples were subjected to 10% acrylamide gel electrophoresis, and
the proteins were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis. After
electrophoresis, the acrylamide gels were stained with Coomassie Brilliant Blue (Nacalai Tesque), and gel
images were obtained using a gel documentation system (ChemiDoc XRS Plus, Bio-Rad, Hercules, CA,
USA).

WST-8 proliferation assay
PDL cells were seeded in 96-well plates (3000 cells/well) in α-MEM supplemented with different
concentrations of MSC-extract, MSC-protein, recombinant human basic fibroblast growth factor (bFGF)
(Pepro-Tech, Cranbury, NJ, USA), or recombinant human hepatocyte growth factor (HGF) (BioLegend, San
Diego, CA, USA). After 3 days, the proliferation of PDL cells was examined using WST-8 assay reagent
(Dojindo, Kumamoto, Japan) according to the manufacturer’s protocol. The cell proliferation rate was
expressed as the absorbance at 450 nm.

Ki67 immunostaining
Ki67 immunocytochemistry was used to examine proliferating cells. PDL cells were fixed with 4% PFA
(Nacalai Tesque) for 20 min at room temperature, and the cells were permeabilized with 0.25% Triton X-
100 in PBS for 15 min. Blocking of the cells was performed in 10% goat serum-PBS for 1 h. Primary
antibody (mouse anti-human Ki67 antibody (DAKO, Tokyo, Japan)) and secondary antibody (goat anti-
mouse IgG Alexa 488 (Thermo Fisher Scientific)) were applied to the PDL cells. After nuclear staining with
Hoechst 33342 (Dojindo), the cells were observed under a fluorescence microscope (BZ-9000, Keyence,
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Osaka, Japan). The percentage of Ki67-positive PDL cells was calculated from the total nuclear counts
and the number of Ki67-positive cells in 15 randomly selected microscopic field images.

Cell migration assay using a Boyden chamber
PDL cell migration was examined using a Boyden chamber. Chambers (Kurabo) with 8 µm pore
membranes were placed in 24 well plates. PDL cells (105 cells in α-MEM without serum) were added to
the upper chamber, and α-MEM containing MSC-extract, MSC-protein, bFGF, or HGF was added to the
lower well. After 8 h of incubation, the chambers were washed, and the membranes were fixed in 4% PFA.
The migrated cells were stained with 0.05% crystal violet (Nacalai Tesque), and images of the migrated
cells were captured using a BZ-9000 microscope (Keyence).

Growth factor array and enzyme-linked immunosorbent
assay (ELISA)
To investigate the wide range of growth factors in MSC-extract and MSC-protein, a dot-blot-based
antibody array kit (Hunan growth factor array C1) (Ray Biotech, Norcross, GA, USA) was used, following
the manufacturer’s protocol. A total of 500 µg of MSC-extract or MSC-protein sample was applied to the
dot-blot membrane. After the membrane was exposed to the chemiluminescent solution, dots
representing the concentration of each growth factor in the sample were photographed using a ChemiDoc
XRS Plus (Bio-Rad). The intensity of each dot was measured using ImageJ software and calculated as a
percentage of the intensity of the positive control. To assess the amounts of bFGF and HGF in the MSC-
extract and MSC-protein, the Human Fibroblast Growth Factor Basic ELISA MAX Deluxe Set (BioLegend)
and Human Hepatocyte Growth Factor Sandwich ELISA Kit (Proteintech, Rosemont, IL, USA) were used
according to the protocols provided.

Liquid chromatography-mass spectrometry (LC-MS/MS)
The protein content of the MSC-extract was analyzed using LC-MS/MS at Kazusa Genome Technologies
Inc. (Chiba, Japan). Proteins were isolated from the MSC-extract through acetone precipitation and
reduced with 10 mM DTT at 50°C for 30 min. The reduced protein samples were digested using Lys-C and
trypsin at 37°C overnight. After desalinization and extraction, the peptides were dissolved in 3%
acetonitrile-0.1% formic acid. Nano LC-MS/MS analysis was performed using a linear acetonitrile
gradient (3 to 65%) on an UltiMate 3000 RSLC nano LC system (Thermo Fisher Scientific) coupled to a Q
Exactive HF-X mass spectrometer (Thermo Fisher Scientific) in ESI positive mode for 40 min. The
obtained MS data were further analyzed for the identification and quantification of peptides and proteins
using Scaffold DIA (Matrix Science, Tokyo, Japan). Peptides and proteins with a false discovery rate
(FDR) less than 1% were identified and quantified.

RNA-sequencing (RNA-seq) and Gene Ontology (GO)
analysis
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Twenty-four hours after MSC-protein treatment, total RNA was extracted from PDL cells using NucleoSpin
RNA (Macherey-Nagel, Düren, Germany). Following DNase treatment of the RNA samples, the RNA
concentration and OD260/280 values were measured using a Nanodrop 1000 spectrophotometer
(Thermo Fisher Scientific) and were 0.142 and 0.15 µg/µL and 2.12 and 2.09 for RNA from PDL cells and
MSC-protein treated PDL cells, respectively. Thirty microliters of each RNA sample was sent to Veritas
International (Madrid, Spain) for RNA-seq analysis. After poly(A) enrichment of the RNA samples, libraries
were constructed using the NEBNext Ultra II RNA Library Prep Kit for Illumina (New England Biolabs,
Ipswich, MA, USA) and sequenced using a NovaSeq 6000 system (Illumina Inc., San Diego, CA, USA).
Quality testing of the sequencing data was performed using FastQC (version 0.11.8), and low-quality
reads were depleted using Trim Galore (version 0.6.4). After filtering the sequencing data, each read was
mapped to the reference genome, GTCh38, using STAR software (version 2.7.4a). FeatureCounts (version
1.6.4) was used to count the reads mapped to each gene symbol, and gene expression comparisons were
performed on TMM-normalized count data using edgeR (version 3.22.3). Genes with fold changes greater
than 3 and less than 0.3333333 were defined as upregulated and downregulated genes, respectively. GO
analysis of the upregulated genes was performed using gprofiler2 (version 0.2.1). Fisher's exact
probability test was performed for terms registered in GO (biological process [BP], molecular function
[MF], and cellular component [CC]) and Reactome, and a statistical analysis was performed to determine
which terms were related to genes with variable expression. The results of GO analysis are depicted as a
Manhattan plot with terms on the horizontal axis and log p-values on the vertical axis.

Rat periodontal defect models and MSC-protein
transplantation
The animal experiments in this study were approved by the Osaka Dental University Institutional Animal
Care and Use Committee (approved #21-07004 and 22-02025) before the initiation of the experiments. All
animal experiments were conducted in accordance with the approved guidelines of the Science Council
of Japan for proper animal experiments and the ARRIVE guidelines (https://arriveguidelines.org/). The
ARRIVE checklist is included in Additional File 6. All animal experiments were performed between March
and April 2022 at the Osaka Dental University Animal Facility. The experimental animals were housed in a
specific pathogen-free (SPF) environment with free access to food and water. The periodontal defect
model was created according to the procedure described in a previous study, with certain modifications.22

Twelve male Sprague-Dawley (SD) rats (8–10 weeks of age) (Shimizu Laboratory Supplies, Kyoto,
Japan) were anesthetized through intraperitoneal injection of medetomidine (Zenoaq, Fukushima,
Japan), midazolam (Astellas Pharma Inc.,Tokyo, Japan), and butorphanol (Meiji Seika Pharma Co., Ltd.,
Tokyo, Japan). The gingival flap on the mesial side of the maxillary first molar was elevated and
periodontal defects were created with a dental bur using a stereoscopic microscope. Thereafter, a
hydrogel scaffold (2×2×2 mm) (MedGel, Nitta Gelatin Inc., Osaka, Japan) with MSC-protein (780 µg/mL)
(experimental group) or saline (control group) was transplanted, and the gingival flap was closed using a
7 − 0 silk suture (Johnson & Johnson, New Brunswick, NJ, USA). One periodontal tissue defect was
created in each animal. The gingival incision was minimized to reduce invasiveness toward the animal,
and careful attention was given to invasion of the surrounding tissues. Fifty microliters of MSC-protein
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(approximately 400 µg/mL) or saline was injected into the gingival tissues around the maxillary first
molar 5 days after surgery. The sample size was determined from similar periodontal tissue defect
models conducted previously to minimize the number of rats used in the experiment.23 When
postoperative observation revealed symptoms of anguish or rapid weight loss (> 20% of body weight), the
animal was excluded from the experiment. In such instances, humane endpoints were applied, and the
experiment was terminated by euthanasia with an intraperitoneal overdose of barbiturate. These criteria
were established prior to the experiment; however, no animals were excluded from the experiment. Six rats
were assigned to the experimental and control groups, all of which were used in subsequent analyses (12
rats in total). The assignment of experimental groups was made by a blinded third individual to minimize
bias in the experiments and analyses and K.I. was aware of the group allocation in this study.

Histological analysis
Four weeks after the transplantation surgery, the rats were sacrificed with an overdose of barbiturate
(Kyoritsu Seiyaku, Tokyo, Japan), and tissue blocks of the maxillae were collected. Following fixation of
the blocks in 4% PFA (Nacalai Tesque) for 2 d, decalcification was performed in 2× K-CX solution (FALMA,
Tokyo, Japan) for 3 d at 4°C. Paraffin-embedded sections were prepared and stained with hematoxylin
and eosin (H&E) for histological analysis. For picrosirius red staining, after deparaffinization, the sections
were stained with 0.1% picrosirius red in saturated picric acid (Muto Pure Chemicals, Tokyo, Japan) for 10
min at 37°C. Images were captured using a BZ9000 microscope (Keyence). The primary outcome
measure in this study was the extent of periodontal regeneration. For this purpose, the lengths between
the cementoenamel junction (CEJ) and the bottom of the periodontal defect and between the bone crest
and the bottom of the defect were measured. Using these two length measurements, the bone height ratio
was calculated and compared.

Microcomputed tomography (micro-CT) analysis
Periodontal tissue healing was evaluated using micro-CT (Skyscan 1275, Burka, Antwerp, Belgium). Rat
maxillary samples were scanned after PFA fixation (1 mm copper filter, 360° rotation, 0.2° rotation step,
high-resolution mode, voltage 100 kV, and current 60 µA). The scanned images were reconstructed using
InstaRecon software (Burka). To compare periodontal tissue regeneration, ImageJ software was used to
measure the exposed root surface area perpendicular to the maxillary proximal root on the reconstructed
images.

Images
For cells and histological sections, images were obtained using X20 Plan Fluor ELWD DM and X10 Plan
Apo objective lenses (Nikon, Tokyo, Japan) in a BX-9000 system (Keyence). The fluorescent samples
were observed using GFP-B and DAPI-B filters (Keyence). Images of the migration assay filters were
captured using a digital camera (EOS40D, Canon, Tokyo, Japan). All images were first placed in
PowerPoint for Windows (Microsoft Corporation, Redmond, WA, USA), cropped as needed, and positioned
for the layout. Each figure was then exported as a TIFF file, and the resolution was changed to 350 dpi or
higher using image analysis software (GIMP for Windows, https://www.gimp.org/) and saved as a TIFF
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or PDF file. The resolution of the acquired micrographs is shown in the figure legends. Adjustments of
each color channel, threshold manipulation, signal range expansion/contraction, alteration of high-signal
intensity, and averaging were not performed. The original gel and membrane images are included in
Supplementary Figs. 6 and 7 in Additional File 5.

Statistical analysis
The data are expressed as the mean ± standard deviation (SD). To confirm the reproducibility of the
experiment, at least three independent similar experiments were conducted, and representative data from
the confirmed reproducible data are shown in the figures. All the data are plotted on a bar graph to show
their variability. For the comparison of two groups, the variance between the two groups was tested and
Student’s t test was used for comparisons between two groups. For comparison of more than three
experimental groups, one-way analysis of variance (ANOVA) followed by Tukey’s test was performed. All
the statistical analyses were performed using GraphPad Prism 9.0.0 for Windows (San Diego, CA, USA).
Differences with p < 0.05 were considered significant in this study.

Results
MSC characteristics of UE7T-13 cells

To determine the MSC characteristics of UE7T-13 cells, we examined the expression of cell surface MSC
markers and the ability of the cells to differentiate into osteoblasts, adipocytes, and chondrocytes in vitro.
Figure 1A shows the results of flow cytometry analysis of the relevant markers. UE7T-13 cells were
positive for CD44 (hyaluronic acid receptor), CD105 (endoglin), CD73 (5’-nucleotidase), CD90 (Thy-1), and
CD29 (integrin-β1) and negative for CD19 (B lymphocyte surface antigen B4), CD45 (protein tyrosine
phosphatase receptor type C/leukocyte common antigen), CD14 (lipopolysaccharide receptor,
monocyte/macrophage antigen), and CD34 (hematopoietic stem cell marker). When differentiation into
adipocytes was induced in UE7T-13 cells, numerous cells containing Oil Red O-positive lipid droplets were
observed, and large amounts of von Kossa stain-positive mineral deposits were observed under
conditions of differentiation into osteoblasts (Fig. 1B). Pellet culture of UE7T-13 cells in chondrocyte
differentiation induction medium resulted in the formation of cartilage-like masses that were positive for
Alcian blue staining (Fig. 1B). These results are consistent with the minimal criteria proposed by the
Mesenchymal and Tissue Stem Cell Committee of the International Society for Cellular Therapy24 and
indicate that UE7T-13 cells possess MSC properties.

Effect of MSC-extract on PDL cell proliferation
MSC-extract and MSC-protein were obtained from UE7T-13 cells using the method depicted in Fig. 2A.
Considering the effect of MSC-extract on the proliferation of PDL cells, which are important for
periodontal tissue regeneration, MSC-extract increased the proliferation of PDL cells and the percentage
of Ki67-positive cells. (Fig. 2B and C). These effects were significantly suppressed by heat treatment of
MSC-extract. Since the proliferative effect of the MSC-extract on the PDL was considered to be largely
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dependent on its protein component, we next extracted the protein component (MSC-protein) of the MSC-
extract and examined its effect on the proliferation of PDL cells. As shown in Fig. 2D, the MSC-protein
enhanced the proliferation of PDL cells in a concentration-dependent manner. Additionally, the MSC-
protein enhanced the ratio of Ki67-positive PDL cells, indicating the cell growth activity of the MSC-
protein (Figure E).

Protein contents of the MSC-extract and MSC-protein
Next, the protein fractions in the MSC-extract and MSC-protein were examined using sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE images of both the MSC-extract and
MSC-protein samples showed a large number of bands for proteins ranging in size from a few to several
hundred kDa (Fig. 2F), confirming that both contain a wide variety of protein components. For further
comprehensive analysis of the proteins in the MSC-extract, we used shotgun proteomic techniques. This
analysis detected 4388 protein components in the MSC-extract (Additional File 1). The top 20 proteins
detected in the MSC-extract are shown in Fig. 2G and are dominated by enzymes, cytoskeletal proteins,
and matrix proteins, which are quantitatively required for cellular homeostasis.

MSC-extract and MSC-protein promote the migration of PDL cells

Migration is another important property of PDL-derived cells that, along with cell proliferation, is
associated with periodontal regeneration5.6. The effect of MSC-extract and MSC-protein on the migration
of PDL cells was examined using the Boyden chamber assay. We treated the MSC-extract for 30 min at
65°C to induce protein denaturation and examined the effect of the protein fraction contained in the MSC-
extract on PDL cell migration along with MSC-extract and MSC-protein. MSC-extract, heat-treated MSC-
extract, and MSC-protein were applied to the lower wells, and PDL cells were applied to the upper
chambers, which had an 8-µm pore membrane at the bottom (Fig. 3A). As demonstrated in Figs. 3B and
C, MSC-extract and MSC-protein enhanced the migration of PDL cells to the lower well, and this effect
was reduced by heat treatment of the MSC-extract. These results indicate that the MSC-extract can
promote the proliferation and migration of PDL cells through the MSC protein component.

RNA-seq analysis of PDL cells after MSC-protein treatment
To examine the effects of MSC-protein treatment on PDL cells, changes in gene expression in cells
treated with MSC-protein were comprehensively examined by next-generation RNA-sequencing. Overall,
884 genes were upregulated and 514 genes were downregulated by MSC-protein treatment in PDL cells
(Additional Files 2 and 3). Enrichment analysis using g:Profiler was performed to characterize the genes
with variable expression in PDL cells. GO terms that increased significantly included “mitotic cell cycle
process,” “cell division,” "nuclear division,” and “microtubule cytoskeleton organization involved in
mitosis” (Fig. 4A). Furthermore, pathway analysis revealed a number of pathways closely related to cell
division and proliferation, such as “nuclear division,” “mitotic nuclear division,” “DNA replication,” and
“regulation of mitotic cell cycle phase transition,” as shown in Fig. 4B. The list of genes included in each
term in the GO analysis is shown in Additional File 4. These results suggest that the cell cycle and mitotic
activity are increased in MSC-protein-treated PDL cells.
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Growth factors in MSC-extract and MSC-protein
These observations suggest that growth factors in MSC-extract/MSC-protein may be important
functional components. Next, we examined growth factors in the MSC-extract and MSC-protein using dot
blot-based growth factor protein array analysis. The growth factor array simultaneously detected 41
growth factors and growth factor receptors (Supplementary Fig. 1, Additional File 5). Figure 5A and B
show the results of this analysis. Various dots were observed on the membrane to which the extract was
applied. Notably, bFGF and HGF were strongly expressed (Fig. 5A). Similarly, high expression levels of
bFGF and HGF were observed in MSC-protein (Fig. 5B). To confirm the results of the growth factor array,
bFGF and HGF levels in the MSC-extract and MSC-protein were determined using ELISA. MSC-extract and
MSC-protein contained bFGF (MSC-extract: 27.02 ± 17.4 ng/106 cells, MSC-protein: 7.93 ± 4.49 ng/106

cells) and HGF (MSC-extract: 0.68 ± 0.53 ng/106 cells, MSC-protein: 0.40 ± 0.20 ng/106 cells). To further
investigate the involvement of bFGF and HGF in MSC-protein-induced PDL proliferation, we examined the
effects of neutralizing antibodies against bFGF and HGF and gene knockdown of bFGF and HGF by
siRNA on PDL proliferation and found that none of the neutralizing antibodies or siRNAs affected MSC-
protein-induced PDL proliferation (Supplementary Figs. 2A to 2D in Additional File 5). We then examined
PDL proliferation when MSC-extract/protein equivalent amounts of recombinant bFGF and HGF were
added exogenously and observed that HGF had no effect, whereas bFGF significantly enhanced PDL
proliferation (Fig. 5C). When the effects of various concentrations of bFGF and HGF on PDL proliferation
were examined, bFGF enhanced PDL proliferation in a concentration-dependent manner, whereas HGF did
not affect PDL proliferation (Supplementary Figs. 2E and 2F in Additional File 5). However, the effect of
bFGF was far greater than the plateau observed at approximately 270 ng/mL in the MSC-extract/protein.
These results suggest that the failure of bFGF neutralizing antibodies and siRNAs to affect PDL
proliferation may be due to the high concentrations of bFGF in the MSC-protein. Furthermore, when PDL
migration was examined using bFGF and HGF at concentrations equivalent to those of the MSC-
extract/protein, bFGF significantly enhanced PDL migration, whereas HGF had no effect (Fig. 5D). These
results indicate that bFGF plays a major role in enhancing MSC-protein-induced PDL cell proliferation and
migration.

MSC-protein induced periodontal tissue regeneration

The observation that MSC-protein contain large amounts of bFGF and HGF and enhance the proliferation
and migration of PDL cells indicates that MSC-protein may induce periodontal regeneration. Next, we
examined the periodontal regenerative potential of MSC-protein using a surgical periodontal defect model
in rats. Figures 6A–C and Supplementary Fig. 3 (Additional File 5) show the method of surgical
periodontal defect creation and MSC-protein application. The alveolar bone, PDL, dentin, and cementum
of the proximal root of the maxillary first molars of the rats were removed to create a fenestration-type
periodontal defect. MSC-protein or saline was applied to the defects using a hydrogel as the carrier.
Figure 6D and Supplementary Fig. 4 (Additional File 5) show the micro-CT images 4 weeks after hydrogel
transplantation, and Fig. 6E shows the quantitative data of the exposed root area for the control and
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MSC-protein groups. Compared with those in the control group, the defects in the MSC-protein treatment
group resulted in a smaller exposed root area after 4 weeks (control, 12033 ± 1807 vs MSC-protein, 9682 
± 1386; p value, 0.03; effect size, 1.46; confidence interval [CI], 0.09–2.6). In this animal model, some
degree of spontaneous healing occurred, and the exposed root area was reduced; however, the exposed
area was smaller in defects implanted with MSC-protein.

Tissue sections were prepared and histological analysis was performed to examine the detailed
conditions of the regenerated tissues. Figure 7 and Supplementary Fig. 5 (Additional File 5) show the
histological images at low (A) and high (BC) magnification in the control and MSC-protein groups. The
proximal surface of the maxillary first molar near the bottom of the defect in the control group showed
mainly connective tissue consisting of fibers and cellular components, whereas new PDL tissue rich in
collagen fibers and blood vessels was observed between the new bone and cementum in the MSC-protein
group (Fig. 7B). Collagen fibers in the new PDL space were stained with picrosirius red, as shown in
Fig. 7B. Further magnification of the root surface revealed fibers running parallel to the root surface in the
control group, whereas multiple bundles of fibers running obliquely from the cementum surface were
observed in the MSC-protein group, with prominent Sharpey’s fiber-like structures (Fig. 7C). Figure 7D
shows a schematic diagram of the measurement of the amount of regenerated tissue in the histological
sections. The bone healing ratios in the control and MSC-protein groups were 24.99 ± 6.57% and 40.8 ± 
14.35%, respectively, with significantly greater bone formation rates in defects treated with MSC-protein (p
value, 0.0339; effect size, 1.42; CI, 0.06–2.56) (Fig. 7E). These results indicate that the application of
MSC-protein to periodontal defects enhances periodontal regeneration.

Discussion
PDL cells are considered the key cell type for the regeneration of periodontal tissues. The healing of
periodontal tissue is dictated by the type of cells that migrate and proliferate to the site of wound healing,
and the proliferation and migration of PDL-derived cells are essential for periodontal tissue regeneration.5,

6 Therefore, we investigated the effects of MSC-extract and MSC-protein on PDL cell proliferation and
migration and showed that MSC-extract treatment increased the proliferation and migration of PDL cells
mainly through their protein components. These results indicate the potential of MSC-protein for the
regeneration of periodontal tissues. Furthermore, we demonstrated that MSC-protein application could
induce periodontal regeneration in vivo. MSC-extract, as well as the MSC-protein, are composed of diverse
components, as shown by SDS-PAGE and LC-MS/MS, and their biological effects are the sum of the
effects of these various factors. Although we were unable to identify all the factors responsible for
periodontal regeneration in this study, our growth factor array and ELISA results revealed that the MSC-
extract and MSC-protein were rich in bFGF and HGF. In particular, bFGF significantly enhanced PDL
proliferation and migration in experiments in which recombinant protein was added exogenously and
may contribute to a large part of the function of the MSC-protein. bFGF is known to be a growth factor
with diverse functions, such as cell proliferation, angiogenesis, and cell migration.25 It has also been
shown to induce periodontal tissue regeneration when transplanted into periodontal defects, and is used
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clinically in periodontal regenerative therapy.26, 27 HGF is another multifunctional growth factor with c-
MET as a receptor, and is known to affect processes such as stem cell homing, angiogenesis, cell
proliferation and migration, cancer invasion, and organ regeneration.28, 29 Cao et al. reported that
transplantation of dental pulp stem cells with forced HGF expression into periodontal defects in minipigs
enhanced alveolar bone.30 These findings are consistent with our experimental data and support the
notion that MSC-protein enhances the proliferation and migration of PDL cells and periodontal
regeneration.

We observed that MSC-extract enhanced the proliferation and migration of PDL cells through its protein
component, MSC-protein. Several studies have reported the effects of MSC-extracts on tissue
regeneration. Mishra et al. created skin defects on the backs of immunocompromised mice, administered
MSC-lysate locally, and observed rapid wound closure.31 MSC lysate promoted re-epithelialization of skin
defects, and MSC lysate promoted wound healing. In addition, Tak et al. conducted a double-blind clinical
study on patients with androgenetic alopecia (AGA) and showed that hair regrowth was induced when an
extract derived from adipose tissue stem cells was applied to the scalps of AGA patients, indicating the
tissue regenerative ability of the extract.32 MSC-extract obtained by freeze-thawing is a mixture of various
cell-derived components such as DNA, RNA, lipids, intracellular organelles, and cell-derived vesicles in
addition to protein components. Cell-derived DNA, RNA, and some protein components, such as danger-
associated molecular patterns (DAMPs), are known to induce inflammation and other tissue reactions,
and MSC extract transplantation may cause inflammatory reactions.33 To the best of our knowledge, this
is the first report of periodontal tissue regeneration using proteins extracted from MSCs. In this study,
since the effect of MSC-extract on PDL cell proliferation and migration was mainly due to its protein
components and because the exogenous addition of MSC-protein significantly induced PDL cell
migration and proliferation, we investigated the effect of MSC-protein on periodontal regeneration in vivo.
Whether MSC-extract or MSC-protein are more suitable for periodontal tissue regeneration should be
investigated in the future.

In this study, we investigated the ability of MSC-protein to induce tissue regeneration in a periodontal
defect rat model. However, the model has several limitations. First, periodontal defects were surgically
created, and the effects of the chronic inflammatory microenvironment may not exist in this model.
Second, the animals used in this study were relatively young and their ages differed from those of most
periodontal patients. These limitations may result in differences in wound healing between animal
studies and periodontal patients. Therefore, future studies with conditions similar to those observed in
patients with periodontitis are needed.

Many preclinical studies have shown that MSC transplantation can induce periodontal regeneration.34–36

Several clinical trials have shown that the transplantation of MSCs regenerates periodontal tissues in
human37, 38 and that MSC transplantation is a powerful tool for periodontal regeneration. However,
although MSC transplantation has these advantages, it has several drawbacks. These include the
potential for tumor formation, limitations of suitable cell sources for transplantation, cell batch-
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dependent heterogeneity of therapeutic effects, and the high cost of treatment.17 Regenerative therapy
with MSC-proteins does not require cells to be transplanted; therefore, no possibility of tumorigenicity
exists. Additionally, UE7T-13 is an immortalized cell line that can be easily and inexpensively cultured as a
cell source. Moreover, UE7T-13 cells are free of batch heterogeneity and are minimally susceptible to
cellular senescence during cell culture. This approach has the advantage of utilizing qualitatively uniform
and large amounts of MSC-protein. Therefore, the MSC protein-based periodontal regeneration
demonstrated in this study can serve as a novel treatment method without abovementioned
disadvantages of MSC transplantation for periodontal regeneration.

Conclusion
To the best of our knowledge, this is the first study to report the regenerative potential of MSC protein
extracts. This study showed that MSC-protein promote the proliferation and migration of PDL cells, an
important phenomenon associated with periodontal regeneration, and that MSC-protein contain large
amounts of bFGF and HGF. Furthermore, we determined that the application of MSC-protein to
periodontal defects induced periodontal regeneration. The regenerative properties of MSC-protein may
promote and improve regeneration of a wide range tissues and wound healing beyond periodontal
tissues. Additionally, MSC-proteins have the potential to be a promising regenerative therapeutic strategy
because they do not have problems associated with MSC transplantation. However, further studies are
needed to investigate the therapeutic and tissue regenerative effects of MSC-protein in various diseases
and tissue defect models. In conclusion, our results indicate that MSC-protein transplantation may be a
novel cell-free treatment for periodontal regeneration and represents a new therapeutic approach for
tissue regeneration.
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Figure 1

Characteristics of UE7T-13 cells as mesenchymal stem cells

(A) Cell surface marker expression profile of UE7T-13 cells. UE7T-13 cells were positive for MSC markers
including CD44, CD105, CD73, CD90, and CD29 and negative for CD19 (B-cell marker), CD45 (leukocyte
marker), CD14 (monocyte/macrophage marker) and CD34 (hematopoietic stem cell marker) in flow
cytometry analysis. Red populations represent the experimental group, blue represents the respective
isotype control, and the positivity rate for each marker is shown in each figure.

(B) Differentiation potential of UE7T-13 cells into adipocytes, osteoblasts, and chondrocytes. Oil red O
staining (adipocyte, left), von Kossa staining (osteoblast, center), and Alcian blue staining (chondrocyte,
right) were performed after the induction of UE7T-13 cell differentiation into adipocytes, osteoblasts, and
chondrocytes. After adipocyte differentiation, many Oil Red O-positive (red) lipid droplets were observed
at 4 weeks of induction of differentiation. After 21 days of differentiation, osteoblasts exhibited large
amounts of von Kossa-stained mineral deposition (black). After 4 weeks of chondrocyte differentiation,
the cartilage-like mass contained glucosaminoglycans which were stained with Alcian blue. Bar = 300
mm
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Figure 2

MSC-extract/protein enhanced PDL proliferation and contained various protein components

(A) Isolation of MSC-extract and MSC-protein from UE7T-13 cells. The cultured UE7T-13 cells were
collected by trypsin treatment and washed, and the cell membrane was disrupted by three freeze-thaw
cycles using liquid nitrogen and a water bath. The debris was then removed by centrifugation, and the
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MSC-extract was filtered through a 0.22 mm pore size filter. Following acetone precipitation, the MSC-
protein was dissolved in PBS or saline and stored.

(B) Enhancement of PDL cell proliferation by the MSC-extract and the effect of heating the MSC-extract
on proliferation. The results of the WST-8 assay are shown after 72 hours of MSC-extract application to
PDL cells. MSC-extract enhanced PDL cell proliferation dependent on its protein concentration. Heat
treatment of MSC-extract diminished the enhanced proliferation of PDL cells induced by MSC-extract.

(C) Ki67 immunostaining in PDL cells. Fluorescence microscopy images of the control, MSC-extract and
MSC-extract + heat groups are shown (left). The results of quantification of the Ki67-positive cell ratio are
shown on the right. There were more Ki67-positive PDL cells in the MSC-extract group than in the control
group, and heat of the MSC-extract reduced these cells. Bar=100 mm

(D) Enhancement of PDL cell proliferation by MSC-protein. The results of the WST-8 assay are shown
after 72 hours of MSC-protein/extract application to PDL cells. MSC-protein increased PDL cell
proliferation dependent on its protein concentration. MSC-extract served as a positive control.

(E) Ki67 immunostaining in PDL cells. Fluorescence microscopy images are shown for the control and
MSC-protein groups (left). The quantification of Ki67-positive PDL cells is shown on the right. The
percentage of Ki67-positive cells was determined from the number of Ki67-positeive cells and the nuclear
count. The ratio of Ki67-positive PDL cells in the MSC-protein group was significantly greater than that in
the control group.

(F) SDS-PAGE of the MSC-extract and MSC-protein. Images of SDS-PAGE gels of MSC-extract and MSC-
protein are shown. Both the MSC-extract and MSC-protein showed many bands from low to high
molecular weights.

(F) The top 20 protein components detected from MSC-protein by LC-MS/MS analysis. A list of the top 20
proteins with the highest number of hits in the LC-MS/MS analysis is shown. Enzymes and cytoskeletal
proteins are frequently observed.

*p < 0.05; one-way ANOVA (Tukey test)
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Figure 3

MSC-extract and MSC-protein promoted PDL cell migration

(A) Schematic diagram of the Boyden chamber assay. PDL cells in the chamber were separated from the
MSC-extract/MSC-protein by a membrane with 8 mm pores. Cells that migrated to the underside of the
membrane were examined.
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(B) PDL cells migrating to the lower surface of the membrane. Crystal violet-stained images of the
underside of the membrane are shown. Lower and higher magnified images are shown in the upper and
lower panels, respectively. Many crystal violet-positive cells were found in the MSC-extract and MSC-
protein groups, and fewer were found in the control and heat-treated groups. The original micrographs
were taken at 72 dpi (upper panels) and 96 dpi (lower panels) and the resolution was enhanced using the
methods described in the Materials and Methods. Bar = 1 mm (upper panels) or 500 mm (lower panels).

(C) Quantitative results of the Boyden chamber assay. The number of cells that migrated to the underside
of the membrane was quantified. The number of migrated cells significantly increased in the MSC-extract
and MSC-protein groups and decreased with heat treatment of MSC-extract. *p < 0.05; one-way ANOVA
(Tukey test)
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Figure 4

Results of GO analysis and pathway analysis of PDL cells after MSC-protein treatment

(A) Manhattan plot and the top 20 GO terms in the enrichment analysis using the RNA-seq data are
shown. Many terms related to cell division and proliferation, such as "mitotic cell cycle process" and "cell
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division," were frequently found. BP: biological process, MF: molecular function, CC: cellular component,
REAC: Reactome

(B) Baloon plot created from the results of pathway analysis using the RNA-seq data is shown. Many of
the enriched pathways were associated with cell proliferation and division.

Figure 5
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Growth factor array analysis of MSC-extract and MSC-protein, and the effect of exogenous bFGF and
HGF on PDL cell proliferation and migration.

(A, B) Membrane images of growth factor arrays with MSC-extract (A) and MSC-protein (B) and the
results of their quantification are shown. Both the MSC-extract and MSC-protein had the strongest
expression of bFGF, followed by high expression of HGF.

(C) Effect of exogenous bFGF and HGF on PDL cell proliferation. Recombinant bFGF and HGF equivalent
to MSC-extract (bFGF = 270 ng/mL, HGF = 7 ng/mL) were added to PDL cells and the results of the WST8
assay after 72 hours are shown. bFGF increased PDL cell proliferation while HGF had no effect on it. *p <
0.05; one-way ANOVA (Tukey test)

(D) Effect of bFGF and HGF on PDL cell migration. Recombinant bFGF and HGF equivalent to MSC-
extract (bFGF = 270 ng/mL, HGF = 7 ng/mL) were applied to the lower chamber to examine PDL cell
migration. Migrated PDL cell number/membrane was quantified and is shown. bFGF increased PDL cell
proliferation, while HGF inhibited PDL cell proliferation when combined with bFGF. *p < 0.05; one-way
ANOVA (Tukey test)



Page 28/31

Figure 6

MSC-protein enhanced periodontal regeneration in a rat periodontal defect model

(A) Schema of periodontal defect creation and MSC-protein transplantation. The periodontal tissues on
the proximal surface of the first molar were surgically removed to create a defect, and the MSC-protein
was implanted using a hydrogel as a carrier. This schema was created by the authors.
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(B) Micro-CT images before and after surgical defect creation. A defect 2.5 mm deep from the CEJ was
created on the proximal surface of the first molar. The 3D constructed images are shown perpendicular to
the first molar proximal root. Bar = 1 mm

C) Sagittal micro-CT images before and after defect creation. Periodontal defects were created by the
removal of alveolar bone, periodontal ligament, cementum, and dentin. Yellow arrows: Periodontal defect

(D) Micro-CT images of the control and MSC-protein groups at 4 weeks after transplantation. 3D
constructed images of the proximal root of the first molar in the control and MSC-protein groups are
shown. The images are shown perpendicular to the proximal root. In the MSC-protein group, the exposed
root surface area, shown in yellow, was reduced. Yellow: Exposed root surface area, Bar = 1 mm

(E) Exposed root surface area in the control and MSC-protein groups. The results of the quantification
and comparison of the root surface area on 3D constructed micro-CT images from the control and MSC-
protein groups are shown. In the MSC-protein group, the exposed root surface area was significantly
smaller than that in the control group. *p < 0.05; Student’s t test
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Figure 7

Histological analysis of regenerated periodontal tissues after MSC-protein transplantation

(A) Histology of the control and MSC-protein groups 4 weeks after transplantation. Lower magnified
histological images of the control and MSC-protein groups are shown. The alveolar bone height around
the proximal first molar was greater in the MSC-protein group than in the control group. The black boxes
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are the fields of view shown in (B). The original micrographs were taken at 96 dpi and the resolution was
enhanced using the methods described in Materials and Methods. Bar = 500 mm

(B) Histological images of the bottom of the bony defect. The higher magnified images in the frame
shown in (a) are shown. The left panels show HE staining, and the right panels show picrosirius red
staining of the control (upper) and MSC-protein (lower) groups. In the control group, connective tissue
composed of fibers and cells was observed within the defect, while in the MSC-protein group, new
alveolar bone and periodontal ligament with blood vessels were observed. The original micrographs were
taken at 96 dpi, and the resolution was enhanced using the methods described in the Materials and
Methods. Arrows: blood vessels in the PDL space; scale bar = 100 mm.

(C) Higher magnification images of the root surface. High-magnification images of the root surfaces in
the control and MSC-protein groups are shown. In the control group, layers of fiber bundles running
parallel to the cementum surface were observed. On the other hand, many bundles of fibers running
obliquely from the cementum surface were observed in the MSC-protein group. The original micrographs
were taken at 96 dpi, and the resolution was enhanced using the methods described in the Materials and
Methods.Arrows: Fiber bundles from the cementum surface. Bar = 50 mm

(D) Quantification of bone formation on tissue specimens. The schema indicates measurements taken to
compare the bone healing ratio in the tissue section. We measured the distance from the bottom of the
defect to the CEJ (A) and the distance to the bone crest (B) based on the first molar proximal root tooth
axis. This schema was created by the authors to illustrate the quantification method.

(E) Comparison of the percentage of healing by new bone formation. The percentage of healing by new
bone in the control and MSC-protein groups was calculated and compared on histological images at 4
weeks. Bone healing rates were significantly greater in the MSC-protein group than in the control group.
*p < 0.05; Student’s t test
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