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Abstract 

 

Regeneration of damaged periodontium is challenging due to its multi-tissue 

composition. Mesenchymal stem cell-based approaches using adipose-derived 

stromal cells (ASCs) may contribute to periodontal reconstruction, particularly 

when combined with the use of scaffolds to maintain a space for new tissue growth. 

The aim of this study was to assess the regenerative potential of ASCs derived 

from inbred or outbred rats in combination with novel solid scaffolds composed of 

PLGA (poly d, l-lactic-co-glycolic acid) (PLGA-scaffolds). ASCs, which could show 

adipogenic, chondrogenic and osteogenic differenciation, were seeded onto 

PLGA-scaffolds (ASCs/PLGA). ASCs/PLGA and PLGA alone were transplanted 

into periodontal fenestration defects created in F344 or Sprague Dawley (SD) rats. 

Micro-CT analysis showed a significantly higher percentage of bone growth in the 

ASCs/PLGA groups compared with the PLGA-alone groups at five weeks after 

surgery. Similarly, histomorphometric analysis demonstrated thicker growth of 

periodontal ligament and cementum layers in the ASCs/PLGA-groups compared 

with the PLGA-alone groups. In addition, transplanted DiI-labeled ASCs were 

observed in the periodontal regenerative sites. The present investigation 

demonstrated a significant potential of ASCs/PLGA in repairing periodontal 

defects. 
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Introduction 

 

Periodontitis is a common inflammatory disease of the dental region, 

resulting in loss of periodontium and tooth loss. Various surgical procedures such 

as guided tissue regeneration or use of enamel matrix derivatives have been 

applied to facilitate regeneration of lost or diseased periodontal tissues (12, 13, 31, 

43, 44). However, it is often difficult to achieve a complete reconstruction of the 

affected periodontal tissue since this tissue is composed of different cell types and 

elements (6, 56). A tissue engineering approach to regenerate periodontium may 

have advantages over conventional regenerative procedures because it involves 

the recruitment of stem/progenitor cells, with their necessary signaling 

capabilities, in combination with a prefabricated three-dimensional scaffold (41). 

An extensive study of periodontal tissue regeneration has identified the essential 

factors to be appropriate progenitor/stem cells, necessary signaling molecules, an 

extracellular matrix or scaffold as carrier, and an adequate blood supply (27).  

Mesenchymal stem cells (MSCs) present in a number of postnatal tissues 

appear to be an ideal cell source for tissue engineering because of their simple 

isolation techniques, easy expandability, and multipotency (45, 47, 49, 51, 66). 

Although MSCs are available from various tissues, the problems include a low 

number of harvested cells and limited availability of harvested tissues. Therefore, 

to satisfy efficacy and safety requirements, almost all adult-derived MSCs require 

at least some degree of ex vivo expansion or further manipulation before they can 

be used clinically.  

In recent years, adipose tissue-derived stromal cells (ASCs) have been 

widely studied as potential stem cells in regenerative medicine because 

subcutaneous adipose tissues are easily obtained in large quantities (41). ASCs 

have similar characteristics to bone marrow-derived MSCs (9-11, 16, 23, 28, 40, 46, 

51, 52, 65, 66). In addition, ASCs have several advantages over MSCs, including 

ease of isolation, relative abundance, and rapid expansion capability (65). 

Furthermore, since ASCs secrete several cytokines including vascular endothelial 

growth factor (VEGF), hepatocyte growth factor (HGF), and fibroblast growth 

factor (FGF), all of which function as angiogenic growth factors, ASCs can 

differentiate into endothelial cells (22, 48, 63) and thereby enhance the blood 

supply to transplanted grafts (34). These characteristics suggest that ASCs would 

be useful as autologous transplant cells for tissue regeneration (11). In fact, 

several reports of ASCs transplantation for periodontal tissue engineering 

suggested that these stem cells have the potential to regenerate cementum, 

alveolar bone, and periodontal ligament structures (53-55).  

Three-dimensional (3D) scaffolds are widely recognized as essential for many 

tissue engineering applications. The most extensively used synthetic polymers in 

tissue engineering studies are poly (glycolic acid), poly (lactic acid), and their 

copolymers [e.g., (poly d, l-lactic-co-glycolic acid; PLGA)], which typically offer a 

higher primary stability and are more amenable to macro/micro-structure 
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formation than natural biomaterials. Previous studies in periodontal tissue 

engineering demonstrated the value of transplanting ASCs with platelet-rich 

plasma; however, there is no report of other materials used in combination with 

ASCs in the study of periodontal tissue regeneration (54, 55). A biodegradable 

PLGA-polymer sponge has been used to deliver cementoblasts in a rat periodontal 

fenestration model, with the transplanted cementoblasts showing the potential to 

generate the mineralization (64). A biodegradable scaffold would seem necessary 

for the delivery of stem/progenitor cells to the periodontal defect, both to preserve 

space for the formation of new periodontal tissue and to initially support the 

growing transplanted cells (57). This study thus sought to evaluate the in vivo 
potential for periodontal tissue regeneration with rat-derived ASCs in 

combination with a biodegradable scaffold. An additional aim was to assess the 

potential of allogenic rat-derived ASCs to regenerate periodontal tissues as 

demonstrated in previous studies (14, 54). 



5 

 

Materials and Methods 

 

1. Experimental animals 

     All animal experiments were performed according to the guidelines for 

Animal Research and Care Committee at the Nihon University School of 

Dentistry. The 9-week-old male F344 rats and 8-week-old male Sprague-Dawley 

(SD) normal rats were purchased from CLEA Japan, Inc (Tokyo, Japan). 

2. Isolation and culture of adipose tissue-derived stromal cells 

Adipose tissues obtained from inbred F344 rats (males, 9 weeks) and 

outbred male SD rats (males, 8 weeks) were processed to isolate the ASC 

population, as described previously (14, 54, 65). Briefly, approximately 1 g of rat 

inguinal fat pads was harvested, washed extensively with phosphate-buffered 

saline (PBS), minced for 10 min with fine scissors, and enzymatically digested 

with 0.1% (w/v) collagenase solution (C6885; Sigma-Aldrich, St. Louis, MO) at 

37°C for 1 h. After neutralizing the collagenase activity, the pellet was treated 

with PBS for 10 min to lyse red blood cells. The remaining cells were plated in 

DMEM supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics as a 

growth medium. The cells were referred to as stromal vascular fraction cells 

which were cultured at 37°C in a humidified atmosphere containing 5% CO2. 

Twenty-four hours after plating, all non-adherent cells were removed by washing 

and the plastic adherent cells were named ASCs. The medium was changed every 

3 days. After reaching 80% confluence, the cells were cultured at a ratio of 1:3 in 

the growth medium. All cells were used at the second or third culturing passage. 

3. Differentiation assays 

     Adipogenesis was induced as previously described (35, 36). For adipogenic 

differentiation, cells obtained from F344 and SD rats were plated in 6-well plate 

dishes at a density of 5 × 104 cells and grown to confluency with growth medium. 

The cells were then incubated for 3 weeks in DMEM containing 10% FBS, 1 mM 

dexamethasone (Sigma-Aldrich), 0.5 mM isobutylmethylxanthine (Sigma-Aldrich), 

and 1× insulin-transferrin-selenium-A (ITS; GIBCO-Life Technologies) as an 

adipogenic induction medium. Lipid vacuole formation in the cells was 

determined by Oil red O staining after 21 days in the adipogenic induction 

medium. The cells were fixed for 10 min with 10% neutral buffered 

paraformaldehyde, incubated with 60% isopropanol for 1 min, and stained with 

Oil red O working solution (Wako Pure Chemical Industries) for 15 min. Each test 

was conducted three times. 

   For osteogenic differentiation, cells obtained from both F344 and SD rats 

were plated in 6-well plate dishes at a density of 5 × 104 cells and grown to 

confluency with growth medium. The growth medium was replaced with 

osteogenic induction medium including DMEM containing 10% FBS, 100 nM 

dexamethasone, 10 mM glycerol 2-phosphate disodium salt hydrate 

(Sigma-Aldrich), and 50 mM L-ascorbic acid phosphate magnesium salt 

n-Hydrate (Wako Pure Chemical Industries). The cells were cultured with the 
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osteogenic induction medium for 21 days, fixed for 10 min with 10% neutral 

buffered paraformaldehyde and stained with alkaline phosphatase (ALP) activity 

using NBT/BCIP ready-to-use tablets, pH 9.5 (Roche Diagnostics, Pentzberg, 

Germany) for 45 min. In addition, for the detection of calcium deposition, cells 

were incubated in 1% Alizarin Red S (Sigma-Aldrich) for 3 min. Ca2+ 

accumulation was also determined by measuring Ca2+ uptake at 21 days after 

replacing the osteogenic induction medium. The culture supernatant was removed 

and cells were washed with PBS, 1 M HCl solution was added to each well and 

500 µL of distilled water was added to each well. The amount of Ca2+ was 

determined using the Calcium E-test according to the manufacturer’s instructions 

(Wako Pure Chemical Industries). Each test was conducted three times and 

results were presented as the mean ± standard deviation. 

For chondrogenic differentiation, cell pellets obtained from F344 were 

collected in centrifuge tube (2.5 × 104 cells/tube) with growth medium. After 2 

days in culture, the growth medium was replaced with chondrogenic induction 

medium including DMEM containing 1% FBS, 50 µM L-ascorbic acid phosphate 

magnesium salt n-Hydrate, 40 µg/mL proline (Sigma-Aldrich), 100 µg/mL 

pyruvate (Sigma-Aldrich), 10 ng/mL recombinant human TGF-β3 (R&D Systems, 

Inc., Minneapolis, MN, USA), and 1 × ITS for 21 days. The microscopic structure 

of cells was examined after cell pellets were fixed for 10 min with 10% neutral 

buffered paraformaldehyde, dehydrated in a series of ethanol, embedded in 

paraffin, and cut into 7 µm sections. After deparaffinization of sections they were 

stained with Alcian Blue (0.1 N, pH 1.0). 

4.     Preparation of scaffolds 

PLGA (LA:GA = 75:25, Mw. 25 kDa) sponges were fabricated using a 

previously described solvent casting-particulate leaching technique (26). In this 

process, PLGA particles were dissolved in 1, 4-dioxane (Wako), to yield an 8% 

(w/v) solution. Following solvent evaporation, polymer films with entrapped salt 

particles (thickness 3 mm) were carefully removed from the molds. The salt was 

removed by immersing films in distilled water for 48 h. PLGA sponges were then 

crushed and sieved to yield a range of sizes. The powder was loaded into a 

stainless disk mold (diameter 5 mm; FTC, Chiba, Japan) and heat pressed (70°C, 

5 min) to yield solid scaffold with a thickness of 2 mm. In this process, porosity 

was adjusted in the quantity of the powder to load. Before cell seeding, the disks 

were sterilized by ɤ-ray irradiation. 

The PLGA-based solid scaffolds (PLGA-scaffold), with a porosity of 80~90%, 

were resized to approximately 2 × 3 × 1 mm3 soaked in 70% ethanol for 30 min to 

improve wetting, and then a vacuum pump was used to remove the air bubbles. 

The scaffolds were then washed three times (30 min each) in PBS to remove the 

residual ethanol. Finally, the scaffolds were washed twice with growth medium (2 

h each). 

Morphological analysis of PLGA-scaffold was undertaken using a scanning 

electron microscope (SEM; TM-3000, Hitachi High-Technologies, Tokyo, Japan) to 

determine the pore size (Fig. 1). After rinsing three times with 0.1 M sodium 

cacodylate buffer for 15 min each, scaffolds were dehydrated using a graded series 

of ethanol solutions (35%, 50%, 70%, 80%, 95%, and 100% for 20 min each). After 
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the final wash, hexamethyldisazane was added for 10 min. Each PLGA-scaffold 

was then air dried and mounted on stubs, carbon-coated by sputter deposition, 

and then examined by SEM.  
5. Cell seeding methods 

One hundred-μL aliquots of the cell suspension (1 × 107 cells/mL, 1 × 106 

cells/scaffold) were seeded onto the tops of prewetted PLGA-scaffolds placed on 

water absorption filter paper (30 × 30 × 5 mm) (Bio-RAD, LA, USA). The 

PLGA-scaffolds were left undisturbed in an incubator for 1 h to allow the cells to 

attach. Approximately 5 × 104 cells were seeded onto each PLGA-scaffold. These 

were then placed upside down and cultured in an incubator at 37 °C with 5% CO2 

for approximately 1 h. As a negative control, empty PLGA-scaffolds were prepared 

simultaneously, but without addition of the cell suspension. 

6. Periodontal fenestration defect model and transplantation 

The rat periodontal fenestration defect model was prepared as previously 

described (14, 25, 61). Nine-week-old F344 (n = 4) and 8-week-old SD rats (n = 3) 

were anesthetized by intraperitoneal infusion of sodium pentobarbital (30 mg/kg; 

Somnopentyl; Schering-Plough, Munich, Germany). A skin incision was made 

along the inferior border of the mandible, then the masseter muscle and the 

periosteum covering the buccal surface of the mandible were elevated as a flap. 

The alveolar bone overlying the mandibular 1st and 2nd molar roots was removed 

with a dental inverted bur. The size of periodontal defect was approximately 2 × 3 

× 1 mm in height, width and depth, respectively, with the anterior margin mesial 

to the distal root of the 1st molar and the posterior margin just distal of the 2nd 

molar. The coronal margin was approximately 1.5 mm apical of the crest of the 

alveolar bone and the inferior margin was approximately 2.5 mm apical of the 

alveolar crest (Fig. 2A, 2B and 2C). The exposed roots of the first and second 

molars were denuded of their periodontal ligament and cementum (Fig. 2D). 

PLGA-scaffolds with ASCs (ASCs/PLGA group) were placed in the defects and 

covered with GC membrane (GC Dental Product Co. Ltd). After the masseter 

muscle was repositioned, the skin incision was closed to ensure healing by 

primary intention. Control sites received the PLGA-scaffolds covered with GC 

membrane without ASCs (PLGA group). 

7. In vivo X-ray micro computed tomography (micro-CT) analysis 

This study used in vivo X-ray micro computed tomography (R_mCT; Rigaku 

Corporation, Tokyo, Japan). The exposure parameters were 17 s, 90 kV, and 100 

μA. The voxel size is the isotropic of 30 μm.  

Hard tissue regeneration images were obtained from individual rats 

immediately after surgery (0 week) and at 1, 2 and 5 weeks after surgery with 

time. The images were taken and constructed into three-dimensional images 

using i-View (J. Morita Co., Kyoto, Japan). Bone volume was measured within the 

regions of interest (ROI) from voxel images using bone volume-measuring 

software 3by4viewer2011 (Kitasenjyu Radist Dental Clinic I-View Image Center, 

Tokyo, Japan).  

The ROI size was 4 × 3 × 1.5 mm, which covered the surgically created 

periodontal tissue defect. The bone volume in the ROI was measured on day 0 and 

again each week. The increase in bone volume in individual rats was then 
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calculated by subtracting the bone volume on day 0 from each of the subsequent 

values. The increase in bone was considered to be defect re-ossification. Thus, the 

calculated values indicate re-ossification bone volume immediately at 0, 1, 2, and 

5 weeks after surgery (n = 4 from F344 and n = 3 from SD rats). 

8. Histological observation and histometric analysis 

Five weeks after surgery, the harvested specimens were fixed in 10% neutral 

buffered paraformaldehyde for 24 h, decalcified in 10% EDTA for 5 weeks, 

dehydrated through a graded ethanol series, and then embedded in paraffin. For 

the F344 rat specimens (n = 4), frontal plane sections (thickness 7 µm) were 

prepared with a microtome (Leica RM2165, Nussloch, Germany) and the paraffin 

sections were stained with haematoxylin and eosin (H-E). To observe the 

periodontal ligament fibers and Sharpey’s fibers, the first molar distal root 

sections were stained with Picro Sirius Red. 

For the quantitative analysis, five H-E-stained sections per specimen were 

selected and the thickness of newly formed cementum and periodontium was 

evaluated by light microscope (ECLIPSE LV100POL, Nikon, Tokyo, Japan) in the 

three parts (crown, central, and root apex areas) separated in the created 

periodontal defects.  

For the specimens obtained from SD rats (n = 3), horizontal sections 

(thickness 7 µm) were prepared with a microtome and the paraffin sections were 

stained with H-E. In addition, the sections were stained with Picro Sirius red to 

observe collagen fibers attached to the newly formed cementum-like tissues.  

9. Localization of DiI-labeled adipose-derived stromal cells 

According to the manufacturer’s instructions, harvested cells derived from 

F344 rats with 0.25% Trypsin-EDTA were resuspended at 1 × 106 cells/ml in 

DMEM, and labeled with the fluorescent dye, chloromethylbenzamido 1, 1’ 

-dioctadecyl- 3,3,3’.3’ tetramethylindocarbocyanine (DiI; Molecular Probes, 

Eugene, OR, USA). Fluorescent lipophilic tracer was added at 5 μL/mL in DMEM. 

After incubation for 20 min at 37°C with 5% humidified CO2, the cells were 

centrifuged at 1,200 rpm for 5 min and washed twice with PBS. Fluorescence 

microscopy was used to investigate the survival and localization of transplanted 

cells. 

10. Statistical analysis 

In vitro Ca2+ concentration assay was analyzed by unpaired t-test. In vivo 

analyses were performed by unpaired t-test. A value of P ˂ 0.05 was considered 

statistically significant. 
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Results 

 

1. In vitro characterization of rat adipose-derived stromal cells 

The cells from F344 (n = 4) and SD (n = 3) rats were capable of expanding in 
vitro and formed a heterogeneous population that morphologically resembled 

fibroblast-like cells (Fig. 3A). 

The differentiation potential of each cell population was analyzed by 

culturing the cells under specific culture conditions that were favorable for 

adipogenic, chondrogenic or osteogenic differentiation. The accumulation of lipid 

vacuoles as determined by positive Oil red O staining was observed within the 

cytoplasm in all samples when subjected to adipogenic differentiation (Fig. 3A). 

The osteogenic differentiation potential was determined by ALP and Alizarin Red 

S staining (Fig. 3B). ALP activity increased at day 3 after culture in both cell 

populations with or without differentiation-inducing medium. In addition, 

osteogenic differentiation was demonstrated by the formation of Alizarin 

Red-positive mineralized nodules and measurement of calcium concentration in 

the extracellular matrix (P < 0.05) (Fig. 3C). All samples showed a similar 

potential for osteogenic differentiation. These results indicate that cells obtained 

from both the F344 rats and SD rats have the ability to differentiate into multiple 

mesenchymal cell lineages. Futhermore the newly synthesized glycosaminoglycan 

or proteoglycan as determined by positive Alcian Blue staining was observed in all 

samples when subjected to chondrogenic differentiation (Fig. 4). 

2. Micro-CT analysis 

Four F344 and three SD rats were analyzed using micro-CT at 1, 2, and 5 

weeks after the transplantation procedure, without sacrifice, to determine the 

level of mineralization (Fig. 5). No visible adverse reactions, including root 

exposure, infection, or suppuration, were observed during the time prior to 

sacrifice of the rats, which was five weeks after surgery. In addition, neither 

ankylosis nor root resorption was observed in any of the samples. Consistently 

greater formation of supporting mineralized tissue around the tooth root was 

observed in all ASCs/PLGA groups than in PLGA-alone groups. 

After one week, minor bone formation was observed at the wound margins in 

the ASCs/PLGA groups obtained from F344 and SD rats. After two weeks, minor 

bone formation was finally visible at the defect edges in PLGA groups from both 

F344 and SD rats. Interestingly, the ASCs/PLGA groups showed similar amounts 

of new bone formation and the newly formed bone was visible in the center of the 

defect as well as at the defect edges and covering the surface of the tooth root. The 

bone ingrowth from the residual bone was observed after five weeks in the PLGA 

groups. Micro-CT results showed that full bone formation was achieved in the 

ASCs/PLGA group defects in F344 and SD rats. A transmitted image was 

observed between the denuded root surface and alveolar bone in all groups, as 

demonstrated by frontal plane sectioning (Fig. 5). In addition, after five weeks 

there was a significant difference in the total amount of mineralized tissue 
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formation in the ASCs/PLGA groups from F344 and SD rats compared with the 

PLGA groups (P < 0.05) (Fig. 6). 

3.    Transplantation of ASCs/PLGA enhanced periodontal tissue regeneration 

During creation of the periodontal defect, cementum was completely 

removed together with the supporting bone, which occasionally resulted in a 

penetration into the root dentin (Fig. 2D). At five weeks after surgery, the defect 

sites were easily identifiable in all groups by H-E. These demonstrated a smooth 

demarcation line representing the margin of the wound. At low magnification, 

formation of mineralized tissues and the remnants of the transplanted scaffolds 

were evident in all specimens at five weeks postsurgery (Fig. 7A, 7E, 7I and 7L). 

In addition, no apparent differences were observed in the newly formed 

periodontal tissue structures between F344 and SD rats. Indeed, these structures 

appeared similar in architecture to the original periodontal tissue, although the 

scaffold-alone groups showed less formation of the cementum-like layer, alveolar 

bone-like layer, and connective tissue layer compared with the ASCs/PLGA groups 

(Fig. 7B, 7F, 7J and 7M). 

ASCs/PLGA groups demonstrated greater formation of bone-like structures 

within the defect, which coalesced with surrounding alveolar bone (Fig. 7G and 

7M). The presence of osteoblasts lining the organic matrix and osteocytes trapped 

in the lacunae of newly formed bone structures were detected in the ASCs/PLGA 

group (Fig. 7G). In contrast, the defects in the PLGA groups were shown to have 

minimal formation of new bone-like structures and the newly formed bone was 

not in contact with the surrounding bone (Fig. 7C and 7J). Vascularization was 

seen in all samples.  

Ligament tissue organization was recognized within the 

cementum-ligament- alveolar bone complex in all groups (Fig. 7B, 7F, 7J and 7M). 

The orientation of the ligament resembled the oblique functional orientation of 

the natural periodontal ligament structure. In the ASCs/PLGA groups, densely 

organized collagen fibers that were attached perpendicularly to the cementum 

layer were visualized by Picro Sirius Red staining (Fig. 7H and 7N). In the 

PLGA-alone groups, sparse and disorganized collagen fibers were observed (Fig. 

7D and 7K).  

The results of the histometric analysis from F344 rats are summarized in 

Fig. 8. The newly formed cementum in the ASCs/PLGA group was significantly 

thicker than that of the PLGA group in all areas of the periodontal tissue defects, 

including tooth crown, central, and the root apex (P ˂ 0.01) (Fig. 8A). Furthermore, 

the periodontal ligament score in the ASCs/PLGA group was higher than that of 

the PLGA group in both tooth crown and central area of the periodontal tissue 

defects (P ˂ 0.05) (Fig. 8B). 

4.     Localization of transplanted ASCs in the periodontal tissue defects 

The newly formed acellular cementum layer, alveolar bone, and periodontal 

ligament were observed in periodontal wound site by H-E (Fig. 9A). DiI-labeled 

ASCs were easily visualized in the regenerated periodontal-like tissues in the 

wound site of the ASCs/PLGA groups (Fig. 9B). 
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Disucussion 

 

     The aim of the study was to evaluate the performance of PLGA-based solid 

scaffold seeded with rat ASCs, in enhancing periodontal tissue regeneration in 

surgically created periodontal defects (25). The development of a strategy for the 

regeneration of periodontal tissue is of major importance, as loss of this tissue 

results in tooth loss. Several strategies such as guided tissue/bone regeneration 

and the use of various growth factors have shown promise in promoting the tissue 

regeneration; however the establishment of a strategy for complete periodontal 

tissue regeneration is especially challenging. The major difficulty is in functional 

regeneration of the three tissues: cementum, periodontal ligament, and bone. 

Another difficulty lies in the fact that the healthy periodontal ligament harbors a 

niche for MSCs that plays key roles in the maintenance of regenerative capacity. 

In a diseased periodontal environment, the damaged tissue does not naturally 

repair because of the lack of MSCs. Transplanted MSCs might thus participate in 

the repair of damaged tissue and regulate regeneration via secretion of trophic 

factors or they could directly participate in regeneration of the periodontium (6, 

36). For the functional repair of the cementum-ligament-bone complex, fibrous 

connective tissues are required to insert into the cementum and bone tissues to 

obtain an optimal biomechanical integration. In this study, I specifically observed 

the fibrous connective tissues by using Picro Sirius Red staining as well as H-E 

staining. 

A successful tissue-engineering strategy requires the selection of a suitable 

cell source and a scaffold to maintain the space for cell growth and differentiation. 

MSCs from bone marrow, periodontal ligament, dental follicle, and adipose tissue 

have been described for potential use in periodontal regeneration (3, 15, 17, 30, 39, 

62). Of these, ASCs are more similar to periodontal ligament-derived MSCs and 

demonstrate a better proangiogenic effect than MSCs from bone marrow (23, 24, 

28). The effect is mediated by secretion of trophic factors from the transplanted 

ASCs as well as trans-differentiation into endothelial cells (37). Previous reports 

suggest that ASCs may be a suitable cell source for periodontal tissue 

regeneration because neovascularization is crucial for repair of periodontal tissue. 

In this study, ASCs demonstrated osteogenic differentiation potential in 
vitro that is consistent with previous studies (18, 32, 58). Furthermore, the ASCs 

recently demonstrated the potential to differentiate into cementoblast-lineage 

cells in a cementogenic microenvironment in vitro (59). Cementoblasts show many 

phenotypic similarities to osteoblasts (1, 2, 9), and the present results suggested 

that ASCs may be capable of differentiating along the cementoblast lineage under 

specific microenvironmental conditions.  

A scaffold suitable for periodontal tissue regeneration should be 

biodegradable such that it could be eventually replaced by regenerated tissue (50). 

In addition, the scaffold must be able to maintain a space within the wound site 

for the cells to grow into (5).  Although use of soft scaffolds such as hydro gels or 
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collagen sponge has been the predominant strategy (8, 20, 29, 42, 54, 64), use of 

these soft scaffolds are limited due to their poor mechanical properties. Solid 

scaffolds such as hydroxyapatite/Tricalcium phosphate (HA/TCP) provide 

improved support for periodontal tissue regeneration (7, 33). However, the 

degradation period of HA/TCP may be too prolonged and the remnants of HA/TCP 

may influence the remodeling of the periodontium. 

The in vivo performance of a complex of PLGA-based solid scaffold  

(PLGA-scaffod) and ASCs was examined. PLGA-scaffolds used in this study had 

fully interconnected pores and the larger pore size promoted the most cell 

ingrowth (19). In terms of mechanical properties, the PLGA-scaffolds had 

significantly higher compressive strength than other PLGA-based sponge-like 

scaffolds (data not shown). In this study, the PLGA-scaffolds were able to 

maintain their structural integrity for five weeks when used for in vivo 

transplants. In addition, the attachment of fibrous connective tissues to 

regenerated cementum and bone was observed in the defect. These results 

suggested that the PLGA-scaffolds used in this study have several advantages in 

periodontal tissue regeneration. 

In addition, micro-CT results demonstrated that regeneration of 

tooth-supporting periodontal tissues in a periodontal tissue defect was enhanced 

when ASCs were seeded onto the PLGA-scaffold compared to PLGA-scaffold alone. 

In this study, micro-CT experiments were performed over time for all samples. 

Interestingly, in the PLGA-scaffold-only experiments, the healing pattern in 

terms of bone formation started only from the margins of the defect, and this was 

significantly different from the ASCs/PLGA groups, wherein bone formation was 

observed in the center of the defect as well as the margins. Based on this finding, 

early bone formation appears to occur more reliably in the ASCs/PLGA groups.  

Periodontal tissue regeneration including cementum, periodontal ligament, 

and alveolar bone was observed in both inbred and outbred rats via in vivo studies. 

In all samples, neither rejection nor tissue damage were observed in the 

allogeneic transplantation model. In addition, no marked difference was observed 

between the periodontal regenerative capacity of autologous and allogeneic ASCs. 

This is consistent with previous findings using MSCs derived from periodontal 

ligament (14) and from bone marrow (21, 60). The present result support the 

concept that allogeneic ASCs may be a viable cell source. 

A potential issue may be raised with regard to the promotion of periodontal 

tissue regeneration, as the fate of ASCs remains unclear. To address this issue, 

ASCs were treated with DiI before implantation, for cell tracking purposes. The 

labeling of transplanted cells facilitates assessment of cell migration into the 

healing periodontal wounds. This study was not successful to determine 

specifically whether the labeled ASCs generated the differentiated cementoblasts, 

osteoblasts, and periodontal ligament fibroblasts; however, labeled cells were 

observed mainly in the fibrobrast connective tissue. Further study is needed to 

identify whether ASCs have the potential to differentiate into hard tissue-forming 

cell.  
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Conclusions 

  

The aim of this study was to assess the efficacy of a combination of ASCs and 

PLGA-scaffolds in repairing periodontal tissue defects. The following conclusions 

were obtained.  

1. Cultured ASCs showed adipogenic, osteogenic and chondrogenic 

differentiation.  

2. Transplantaion of PLGA-scaffolds with ASCs enhanced hard tissue 

formation in the periodontal tissue defects.  

3. The regenerated periodontal tissue showed the original architecture, with 

collagen fibers inserted into the cementum and bone layers.  

4. DiI-labeled ASCs were located in the regenerated periodontal-like tissues 

in the wound site.  

These results indicate that transplanted ASCs promoted periodontal tissue 

regeneration, and that the PLGA-scaffolds may prevent gingival invasion by 

securing a space for periodontal tissue regeneration. Collectively, transplantation 

of ASCs in combination with PLGA-scaffold has sufficient potential for 

periodontal tissue reconstruction. 
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Fig. 1   SEM images of the PLGA-based solid scaffold (PLGA-scaffold).  

The mean size of the interconnected pore was approximately 200 µm. 
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Fig. 2  Preparation of the rat periodontal defect model. 

(A)  Example of a rat mandibular bone used to create the periodontal defects. The 

black box indicates the surgically created periodontal defect on the buccal surface of the 

mandible.  

(B) Micro-CT image of a rat periodontal-tissue defect immediately after surgery. 

(C) Macroscopic view of a surgically created periodontal-tissue defect on the buccal 

surface of the mandibular first and second molars. The defect includes the cementum, 

alveolar bone, and periodontal ligament, and the distal root of the mandibular first 

molar is exposed (black arrow). 

(D) H-E staining of the surgically exposed distal root of the first molar in the rat 

mandible showed loss of cementum, alveolar bone, and periodontal ligament (Scale bar: 

1000 μm). 
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Fig. 3 In vitro characterization of adipose-derived stromal cells (ASCs).  

(A)    Microscopic view of primary cultured ASCs harvested from rat inguinal fat pads 

in inbred F344 rats or outbred SD rats. Both ASCs cultures showed clonogenic 

potential for 7 days culture in growth medium (Scale bar: 500 μm). ASCs were further 

cultured 3 weeks in either growth medium or adipogenic induction medium. Oil red O 

staining identified lipid vacuoles in the ASCs in adipogenic differentiation medium 

(Scale bars: 100 μm). 

(B)  After confluence, ASCs from F344 and SD rats were cultured for 3 weeks in 

either growth medium or osteogenic induction medium. Cells were stained with ALP 

and with Alizarin red S. Mineralized nodules were observed in the cells after 21 days of 

culture in osteogenic induction medium. 

(C)  Calcium concentration was determined by quantitative colorimetric assay. Each 

bar represents the mean ± SD (n = 4 in each group); *P ˂ 0.05, compared to the cells in 

growth medium (unpaired t test).  
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Fig. 4  Chondrogenic differentiation of ASCs. 

After ASCs obtained from F344 rats were cultured for 21 days in either growth medium 

or chondrogenic induction medium, ASCs were stained with Alcian Blue to evaluate 

chondrogenic differentiation potential (Scale bar: 100 μm). 
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Fig. 5  Continuous micro-CT analysis at 1, 2, and 5 weeks after cell transplantation. 

Micro-CT images were obtained from same F344 (n = 4) or SD (n = 3) rats immediately 

after surgery, and at 1, 2, and 5 weeks after surgery. 3D images were reconstructed using 

i-View. No ankylosis or root resorption was observed in any of the samples. Regeneration 

of mineralized tissue in the periodontal-tissue defects was observed at 2 weeks after 

surgery. The ASCs/PLGA combination promoted more mineralized tissue regeneration 

than the PLGA alone. At 5 weeks after surgery, newly formed bone covered most of the 

buccal dental root in the ASCs/PLGA groups. 
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Fig. 6  Newly formed mineralized tissue volume by micro-CT analysis. 

 The volume of newly formed mineralized tissue was calculated using 3by4viewer2011. 

At 5 weeks after surgery, a significant difference was observed between ASCs/PLGA and 

PLGA-alone groups in both F344 (n = 4, *P ˂ 0.05) and SD rat experiments (n = 3, *P ˂ 

0.05). 
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Fig. 7  Hematoxylin and eosin-stained frontal plane (A-H) and horizontal (I-N) sections 

of the periodontal-tissue defects at 5 weeks after surgery.  

(A, E) Frontal plane sections show newly bone formation in the periodontal tissue defects. 

Extensive inflammatory cell infiltration can be seen at the outer edge of the newly formed 

bone in the PLGA-alone group (black arrowheads). ASCs/PLGA group shows continuous, 

new alveolar bone in the periodontal-tissue defect (black arrow) and maintenance of the 

space between the dental root and newly formed alveolar bone (Scale bar: 1000 μm).   

(B, F) No bone formation was also observed at this time point in the periodontal-tissue 

defect in the PLGA-alone group (asterisk). The regenerated bone has clearly connected 

with the native alveolar bone in the ASCs/PLGA group. Black arrows indicate remnant of 

the transplanted scaffold in the periodontal-tissue defects (Scale bar: 100 μm).   

(C, G) Higher magnification of the defect shows regenerated connective tissue layer 

oriented perpendicular to the newly formed cementum-like layer. The cementum layer 

was thicker in the ASCs/PLGA group than that in the PLGA-alone group (black 

arrowheads) (Scale bar: 100 μm).   

(D, H) Picro Sirius red staining at higher magnification polarizing microscopy showed a 

non-dense collagen bundle (white asterisk) in the PLGA-alone group. Dense collagen 

bundles (black asterisk) can be seen attaching perpendicularly to the newly formed 

cementum in the ASCs/PLGA group (Scale bar: 10 μm).   

(I, L) Horizontal sections show a periodontal-tissue space between the newly formed bone 

and root dentin in the PLGA-alone and ASCs/PLGA group. The width of regenerated bone 

(asterisk) in the periodontal-tissue defect was similar to that of native alveolar bone 

(Scale bar: 1000 μm).   

(J, M) The newly formed bone (asterisk in J) is thinner in the PLGA-alone group than in 

the ASCs/PLGA group. The width of the space (double asterisk in M) occupied by 

regenerated periodontal ligament is maintained relative to that in the native periodontal 

ligament space in the ASCs/PLGA group (Scale bar: 100 μm).    

(K, N) The regenerated collagen bundles are obliquely oriented to the dental-root surface, 

shown by Picro Sirius Red staining. A thick collagen bundle can be seen between the new 

cementum-like layer and the native cementum in an adjacent tooth in the ASCs/PLGA 

group, compared with a thinner bundle in the PLGA-alone group (Scale bar: 100 μm). 
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Fig. 8  Histometric analysis of the regenerated cementum and periodontal ligament. 

(A)  Histometric analyses of the thickness of new cementum and the regenerated 

periodontal ligament tissue width. Significantly more cementum was formed in the 

ASCs/PLGA group in all areas compared to the PLGA-alone group. Each bar represents 

the mean ± SD (n = 4); **P ˂ 0.01, compared to the PLGA group (unpaired t test). 

(B)  The width of newly formed periodontal ligament in the ASCs/PLGA group was 

significantly greater than in the PLGA-alone group in the tooth crown and central areas, 

whereas no difference was found in the root apex. Each bar represents the mean ± SD (n 

= 4); *P ˂ 0.05, compared to the PLGA-alone group (unpaired t test). 
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Fig. 9  Localization of transplanted ASCs using DiI analysis.  

(A)  A histological overview showed the periodontal tissue regeneration 2 week after 

ransplantation (H-E staining; scale bar: 100 μm).  

(B)  DiI labeled ASCs (white arrows) could be seen in the periodontal-tissue defects 

at 2 weeks after transplantation.  b: newly formed bone, c: newly formed cementum, d: 

root dentin, blue color: DAPI (Scale bar: 100 μm). 


