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Abstract: Periodontitis, a disease leads to the formation of periodontal defect, can result in tooth loss if left un-
treated. The therapies to repair/regenerate periodontal tissues have attracted lots of attention these years. Bone 
marrow-derived cells (BMDCs), a group of cells containing heterogeneous stem/progenitor cells, are capable of 
homing to injured tissues and participating in tissue repair/regeneration. The amplification of autologous BMDCs’ 
potential in homing for self-repair/regeneration, therefore, might be considered as an alternative therapy except 
for traditional cell transplantation. However, the knowledge of the BMDCs’ homing and participation in periodontal 
repair/regeneration is still known little. For the purpose of directly observing BMDCs’ involvement in periodontal re-
pair, chimeric mouse models were established to make their bone marrow cells reconstituted with cells expressing 
green enhanced fluorescence protein (EGFP) in this study. One month after bone marrow transplantation, periodon-
tal defects were made on the mesial side of bilateral maxillary first molars in chimeric mice. The green fluorescence 
protein-positive (GFP+) BMDCS in periodontal defect regions were examined by bioluminescent imaging and im-
munofluorescence staining. GFP+ BMDCs were found to aggregate in the periodontal defect regions and emerge in 
newly-formed bones or fibers. Some of them also co-expressed markers of fibroblasts, osteoblasts or vascular endo-
thelial cells. These results indicated that BMDCs might contribute to the formation of new fibers, bones and blood 
vessels during periodontal repair. In conclusion, we speculated that autologous BMDCs were capable of negotiating 
into the surgical sites created by periodontal operation and participating in tissue repair. 
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Introduction

Periodontitis refer to the inflammatory process-
es that occur in the tissues surrounding the 
teeth in response to bacterial accumulations 
(dental plaque) on the teeth [1]. This disease 
leads to the formation of deep infrabony 
defects and soft-tissue crevices between the 
tooth and its bony socket [2]. Left untreated, 
periodontitis can result in tooth loss with a sig-
nificant impact on oral health [3, 4].

In previous studies, labeled bone marrow mes-
enchymal stem cells (BMMSCs) were trans-
planted into periodontal defects of animal mod-
els [5, 6]. Finally, these labeled BMMSCs were 
observed in newly-formed periodontal tissues 
that included alveolar bone, periodontal liga-

ment and cementum. In addition, these cells 
expressed typical surface markers of osteo-
blasts or fibroblasts. These studies also dem-
onstrated the effectiveness of BMMSCs trans-
plantation for periodontal repair/regeneration. 

The bone marrow is a reservoir of heteroge-
neous stem/progenitor cells, including BM- 
MSCs, hematopoietic stem cells, osteoblast 
precursors, fibroblast precursors and endothe-
lial precursors, et al. [7-12]. Bone marrow-
derived cells (BMDCs) are capable of homing to 
many tissues in response to injury signals, 
where they participate in tissue repair/regener-
ation [13-15]. The homing and expansion of 
autologous BMDCs into the brains of murine 
models with Alzheimer’s disease has been 
hypothesized to contribute to treat Alzheimer’s 
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disease through the elimination of amyloid 
deposits [16]. Osturu et al. implanted bone 
morphogenetic protein-2 (BMP-2)-containing 
collagen pellets on the backs of mice, and 
found that BMP-2 pellets seemed to be able to 
entrap circulating osteoblast precursors of 
bone marrow origin, which finally contributed to 
the formation of ectopic bone [17, 18]. 

These results prompted our thought that the 
usage of autologous BMDCs’ homing for self-
repair/regeneration might be considered as an 
alternative therapy for repairing or regenerating 
periodontal defects. Compared with traditional 
cell transplantation therapies, this method 
might have merits such as weaker immunere-
action from donors and more plentiful resourc-
es of stem/progenitor cells which collaborative-
ly contribute to tissue repair/regeneration. 
However, the knowledge of the BMDCs’ homing 
and participation in periodontal repair/regen-
eration is still known little.

We established chimeric mice models, whose 
bone marrow were reconstituted with bone 
marrow cells from transgenic mice expressing 
green enhanced fluorescence protein (EGFP). 
One month after bone marrow transplantation, 

periodontal defects were prepared on the mesi-
al side of bilateral maxillary first molars in chi-
meric mice. The green fluorescence protein-
positive (GFP+) BMDCs were examined to 
investigate their involvement in periodontal 
repair created by periodontal operation. Our 
study may provide theoretical and experimental 
basis for the clinical application of autologous 
BMDCs to periodontal repair/regeneration by 
taking advantage of their homing chara- 
cteristic.

Materials and methods

Animals

Four-week-old male EGFP transgenic mice 
(C57BL/6 background) were purchased from 
Model Animal Research Center of Nanjing 
University (Nanjing, China). C57BL/6 male mice 
were purchased from SLAC Laboratory Animal 
Co. Ltd. (Shanghai, China). Animals were reared 
in a pathogen-free barrier facility at the Animal 
Center of Tongji University (Shanghai, China). 
All animal studies were approved by the 
Institutional Animal Care and Use Committee of 
Tongji University. The animal experiment 
approval No. of the study is TJmed-013-31.

Figure 1. A. The schematic for the establishment of the chimera mice. B. The periodontal defect was prepared on 
the mesial side of the maxillary first molar (yellow box).
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Chimera establishment

Twenty C57BL/6 recipients were irradiated with 
(5.5+5) Gy over a 4-h interval at a rate of 1 Gy/
min. Bone marrow cells were obtained from 
EGFP transgenic mice by flushing the tibia and 
femur bones with phosphate-buffered saline 
(PBS) (Gibco, NY, USA) that contained 2% fetal 
bovine serum (FBS) (Gibco, NY, USA). Ery- 
throcytes were removed by applying 2 ml eryth-
rocyte lysis buffer (eBioscience, San Diego, CA, 
USA). 5×106 GFP+ positive cells were suspend-
ed in 500 μl PBS and injected into C57BL/6 
recipients via the tail veins (Figure 1A) (Duran-
Struuck et al. 2009; Cui et al. 2002). Five of the 
20 irradiated mice received PBS without GFP+ 
bone marrow cells by tail vein transplantation 
to serve as a control group. These 5 mice ended 
with the death in 2 days after irradiation. The 
success of chimera establishment was con-
firmed by demonstrating that GFP+ bone mar-
row cells in recipients had reconstituted 94% ± 
6% of the hematopoietic niche one month after 
transplantation.

Periodontal defect preparation

One month after bone marrow transplantation, 
chimeric mice received periodontal operation 
after anesthesia with pentobarbital sodium 
(100 mg/kg). Binocular loupes (Heine, Ger- 
many) were worn in order to clearly observe sur-
gical area. The gingival and palate mucosae on 
the mesial sides of bilateral maxillary first 
molars were flapped to expose the alveolar 
bone overlying the mesial root. A three-wall 
defect, approximately 1 mm in diameter and 
depth, was made using a round dental burr 
while being cooled with PBS. The defect was 
then filled with pieces of ceramic bovine bone 
(CBB) (Research and Development Center for 
Tissue Engineering, Fourth Military Medical 
University) as support materials to promote 
periodontal repair, approximately 0.5mg for 
each defect (Figure 1B). CBB, whose major 
compositions are HAP [Ca10(PO4)6(OH)2], 
b-TCP[Ca3(PO4)2], has been shown as an 
attractive natural mineralized scaffold for den-
tin or periodontium regeneration [19-23]. 
Finally, the gingival flaps were repositioned and 
sutured. 

Guided tissue regeneration (GTR), dental ������surgi-
cal procedures that utilize barrier membranes 
to benefit the achievement of complete peri-
odontal regeneration, were not implemented 

because of the confined volumes of periodon-
tal defects in mice [24, 25]. Therefore, peri-
odontal repair rather than regeneration might 
be achieved in our study. The achievement of 
periodontal repair would be enough for the pre-
liminary investigation into the BMDCs’ involve-
ment in periodontal repair/regeneration.

Chimeric mice were sacrificed at 5, 15 and 30 
days after operation. The chimeric mice that 
had not received periodontal surgery were used 
as 0 day group. Each group was composed of 3 
mice. 

Bioluminescent imaging

After mice were sacrificed, the maxillae were 
excised and cleaned with PBS. The maxillae 
were imaged with NightOWL II LB 983 Imaging 
System (Berthold, Germany) under a 488 nm 
excitation light. The intensity of fluorescence in 
the 3 maxillae of each group was measured by 
Indigo software (attached to NightOWL II LB 
983 Imaging System). 

Histology

The maxillae were fixed in 4% paraformalde-
hyde for 48 hours at 4 centi degree and then 
decalcified with ethylene diamine tetraacetic 
acid (EDTA) (sigma, USA) for 10 days at room 
temperature. Frozen sections that were 10 μm 
in thickness were prepared for subsequent 
studies. The sectioning plane is from buccal 
side to palatal side. Sections were stained with 
Masson’s trichrome (Jancheng, Nanjing, China) 
and hematoxylin and eosin (Jancheng, Nanjing, 
China). In Masson’s trichrome, frozen sections 
were stained with Weigert iron hematoxylin 
solution for 10 minutes, Ponceau solution for  
5 minutes, Phosphotungstic-Phosphomolybdic 
Acid for 1 minute and Aniline Blue solution for 5 
minutes [26]. Finally, sections were mounted 
with neutral balsam (Sigma, USA). 

Immunohistochemistry

Sections were incubated in 0.3% triton X-100 
for 10 minutes and then blocked in 5% normal 
goat serum (Gibco, NY, USA) in PBS for 60 min-
utes at room temperature. Primary antibodies 
were diluted in PBS, added to sections and 
incubated overnight at 4°C. Primary antibodies 
included rabbit anti-mouse fibroblast-specific 
protein-1 (FSP-1; 1:200, Abcam, UK), rabbit 
anti-mouse collagen I (COL I; 1:200, Abcam, 
UK), rabbit anti-mouse Osteopontin (OPN; 
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1:200, Abcam, UK), rabbit anti-mouse alkaline 
phosphatase (ALP; 1:250, Abcam, UK), rabbit 
anti-mouse CD31 (1:200, Abcam, UK), rabbit 
anti-mouse CD34 (1:200, Abcam, UK). The fluo-
rescent secondary antibody, goat anti-rabbit 
(1:800, CST, USA), was applied for 60 minutes 
at room temperature. The nuclei were stained 
using DAPI (0.5 ug/ml, CST, USA) in PBS for 10 
min. Negative controls were applied by replac-
ing the secondary antibody with PBS or rabbit 
serum (Gibco, NY, USA). The sections were 
viewed using a laser scanning confocal micro-
scope (Leica TCS SP5, Germany). 

Quantification of immunofluorescent staining

To examine the number of the GFP+ cells in the 
tissue, the images of immunofluorescent stain-
ing were quantified by using the Photoshop 
software (Adobe Systems, San Jose, CA). The 
number of GFP+ cells counterstained with DAPI 
in the periodontal defect area was counted. 
Each group had 6 samples (bilateral sides of 
the 3 chimeric mice). 

Statistical analysis

Statistical analysis was carried out with SPSS 
17.0 software (SPSS. San Rafael, CA, USA) for 

comparison of the BLI values or the number of 
GFP+ cells in the periodontal defect regions. 
The results are presented as means ± SD for 
each group. Means were compared by one-way 
analysis of variance (ANOVA), followed by Turkey 
test. A P value of less than 0.05 was consid-
ered statistically significant. 

Results

Histomorphologic analysis

Normal periodontal tissue, including cemen-
tum, periodontal ligament and alveolar bone, 
could be observed in the 0 day group (Figure 
2A, 2B). On the 5th day, a plentitude of fibers 
and newly-formed mineralizing matrix could be 
observed in the defect area (Figure 2C, 2D). On 
the 15th days, newly-formed bone trabecula 
emerged at the surgical site, with osteocytes 
buried inside (Figure 2E, 2F). Newly-formed 
periodontal ligament-like fibers were found on 
the surface of the damaged roots on the 30th 
day, paralleling the normal periodontal liga-
ment fibers (Figure 2G, 2H). The repair of peri-
odontal tissues approached to be accom-
plished on the 30th day.

Figure 2. A-H. Masson staining of normal control group and experimental groups. C, D. On the 5th day, the surgical 
region was invaded with plenty of fibers. E, F. On the 15th day, new bone trabecula had formed in the defect, with 
osteocytes inside. G, H. On the 30th day, periodontal ligament-like fiber bundles were found to perpendicularly insert 
into new cementum surface on the damaged root, paralleling the normal periodontal ligament fiber bundles (yel-
low line). AB, alveolar bone; CBB, ceramic bovine bone; NB, newly-formed bone; NPDL, newly-formed periodontal 
ligament-like fiber bundles; PDL, periodontal ligament; RT, root of tooth. These images are representative ones. (A, 
C, E, G ×10, scale bar 500 μm; B, D, F, H ×40, scale bar 50 μm). 
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Figure 3. A-D. GFP+ BMDCs migrated into the maxillae. A. The maxillae BLI in normal control group and experimental 
groups were detected. The luminous intensity gradually increased from purple to red. I, incisor. These images are 
representative ones. B. Distribution of GFP+ BMDCs in normal and damaged periodontal tissues after the operation 
was detected. The blue indicates the nucleus of all cells, the green indicates GFP+ BMDCs. On the 15th and 30th 
day, some cells in the bone trabecula and newly-formed periodontal ligament-like fibers were GFP+. AB, alveolar 
bone; CBB, ceramic bovine bone; NB, newly-formed bone; NPDL, newly-formed periodontal ligament-like fiber bun-
dles; PDL, periodontal ligament; RT, root of tooth. These images are representative ones. C. The quantitative results 
for maxillae BLI are shown in the line graph (n=3). Maxillae BLI gradually increased from the 5th to the 30th day 
after the operation (P < 0.05). D. The number of GFP+ cells in the periodontal defect area of all groups are shown in 
the line graph (n=6, bilateral sides of the 3 chimeric mice). The GFP+ BMDCs gradually increased from the 5th day 
until the 30th day after the operation (P < 0.05). (B ×40, scale bar 50 μm).
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Figure 4. A-X. BMDCs might participate in osteogenesis and fibrogenesis during periodontal repair. A, B, G, H, M, 
N, S, T. HE staining of normal control and experimental groups. C-F, I-L, O-R, U-X. The immunofluorescence pictures 
were merged. The blue indicates the nucleus of all cells, the green indicates GFP+ BMDCs, and the red indicates 
cells positive for FSP-1, COL I, OPN or ALP. GFP+ BMDCs co-expressing either of the 4 markers above were yellow 
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BLI analysis

The images of BLI showed that GFP signal 
expressed on the maxillae from the 5th day until 
the 30th day after operation. The GFP signal 
expressed highest at the surgical sites, where 
the strongest luminance was detected (Figure 
3A). The maxillae BLI values were measured by 
Indigo software. Means of each group were 
compared by ANOVA, followed by Turkey test. 
The result that P value was less than 0.05 indi-

cated significant differences. The variation ten-
dency of maxillae BLI values showed that the 
GFP signal gradually increased from the 5th day 
until the 30th day after operation (Figure 3C). 

Distribution of BMDCs in the periodontal tis-
sues 

GFP+ BMDCs were detected in both normal 
and damaged periodontal tissues (Figure 3B). 
GFP+ BMDCs continued aggregating in the 

and partly pointed out by yellow arrows. CBB, ceramic bovine bone; NB, newly-formed bone; NPDL, newly-formed 
periodontal ligament-like fiber bundles; PDL, periodontal ligament; RT, root of tooth. These images are representa-
tive ones. (A, G, M, S ×10, scale bar 500 μm; B-F, H-L, N-R, T-X ×40, scale bar 50 μm). 

Figure 5. A-D. BMDCs might participate in neovascularization during periodontal repair. The immunofluorescence 
pictures were merged. The blue indicates the nucleus of all cells, the green indicates GFP+ BMDCs, and the red 
indicates cells positive for CD31 or CD34. GFP+ BMDCs co-expressing either of the 2 markers were yellow and partly 
pointed out by yellow arrows. Areas framed by dashed line, vessels; CBB, ceramic bovine bone; RT, root of tooth. 
These images are representative ones. (A and C ×10, scale bar 500 μm; B and D ×40, scale bar 50 μm). 
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periodontal defect until 30 days after opera-
tion, mainly locating around CBB powders. 
GFP+ BMDCs emerged in the newly-formed 
bone trabecula on the 15th day and the peri-
odontal ligament-like fibers on the 30th day. The 
number of GFP+ cells in the periodontal defect 
area gradually increased from the 5th day until 
the 30th day after operation (Figure 3D).

Cell phenotype analysis of BMDCs in the peri-
odontal tissues

Fibroblasts were labeled using FSP-1 and COL I; 
osteoblasts were labeled using OPN and ALP; 
vascular endothelial cells were labeled using 
CD31 and CD34.

In the normal periodontal tissues, few GFP+ 
BMDCs co-expressing FSP-1, COL I, OPN, or 
ALP were found (Figure 4A-F). GFP+ BMDCs co-
expressing FSP-1, COL I, OPN or ALP emerged 
in the periodontal defect area (Figure 4G-X). 
Many cells in the newly-formed periodontal lig-
ament-like fibers along the damaged root sur-
face were positive for FSP-1 or COL I on the 30th 
day, and a part of them also expressed GFP. A 
few GFP+/OPN+ and GFP+/ALP+ BMDCs were 
detected in newly-formed bone on the 15th and 
30th day. 

GFP+/CD31+ and GFP+/CD34+ BMDCs were 
found to be constituted of or adjacent to the 
capillaries in the normal periodontal ligament. 
In the experimental groups, newly-formed capil-
laries were detected in the periodontal defect 
area. GFP+ BMDCs co-expressing CD31 or 
CD34 were also found to be constituted of 
some newly-formed capillaries (Figure 5).

Discussion

This study explored the contribution of autolo-
gous BMDCs in periodontal repair by tracing 
the genetically marked BMDCs in chimerical 
mice which had received periodontal operation. 
Our results indicated that autologous BMDCs 
could home to the periodontal defect area and 
participate in periodontal repair. 

The histology analysis showed that the repair of 
periodontal tissues approached to be complet-
ed on the 30th day after operation, with new 
bone and new periodontal ligament-like fibers 
forming. The BLI data revealed that GFP signal 
expressed especially highly at the points of 
periodontal defect regions in the maxillae of 

each experimental group. GFP+ BMDCs were 
found in the newly-formed bone trabecula and 
periodontal ligament-like fibers in the defect 
area. These results confirmed that autologous 
BMDCs were capable of homing to the peri-
odontal defect regions and participating in tis-
sue repair. 

Accompanied with the complement of peri-
odontal repair, both the signal intensity of GFP 
in the maxillae and the number of GFP+ cells in 
the periodontal defect regions gradually 
ascended from the 5th day until the 30th day 
after operation. These results implied that the 
amount of GFP+ BMDCs increasingly mounted 
up during the observation time. There are two 
reasons that might explain this phenomenon. 
First, the continuance of periodontal remodel-
ing requires supplemental stem/progenitor 
cells [27]. A persistent supplemental cell source 
from the bone marrow might meet the needs. 
Second, the stem/progenitor cells of bone mar-
row origin entering into the defect area contin-
ued proliferating with the process of periodon-
tal repair/regeneration. Some of them might 
differentiate into tissue-specific cells [13, 14], 
while others might participate in tissue repair/
regeneration by fusion-dependent mechanism 
[28-30].

BMDCs are capable of homing to many tissues 
in response to injury signals, where they exert 
their effects at multiple levels that include 
immunomodulation, neovascularization and 
tissue repair/regeneration [15, 31-33]. In this 
experiment, we detected the phenotypes of 
BMDCs in periodontal defect area, which 
included fibroblasts, osteoblasts and vascular 
endothelial cells. 

As one of the markers of fibroblasts, FSP-1 
were speculated to have regenerative effects in 
injured myocardium and be responsible for 
keeping periodontal ligament space free of 
mineralization [34, 35]. Type I and type III col-
lagens, the extracellular matrix proteins pro-
duced by periodontal ligament fibroblasts, are 
major extracellular matrix protein components 
of periodontal ligament [36, 37]. An elevated 
ALP level is commensurate with active bone 
remodeling [38]. High level of OPN expression 
emerged in preosteoblastic cells early in bone 
formation and in mature osteoblasts at sites of 
bone remodeling [38]. GFP+ BMDCs co-
expressing FSP-1, COL I, OPN or ALP were 
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detected in the periodontal defect area in all 
experimental groups. GFP+/OPN+ and GFP+/
ALP+ cells emerged in newly-formed bone on 
the 15th and the 30th day. Many cells in the new-
ly-formed periodontal ligament-like fibers along 
the damaged root surface were positive for 
FSP-1 or COL I on the 30th day, some of which 
co-expressed GFP. These results indicated that 
autologous BMDCs might participate in osteo-
genesis and fibrogenesis during periodontal 
repair/regeneration. 

CD31 and CD34 were always used as one of 
the specific markers for vascular endothelial 
cells [39-41]. The strongest expression of CD34 
was found in endothelial cells of capillaries, fol-
lowed by arteries, veins, arterioles, and venules 
[42]. In this study, GFP+/CD31+ and GFP+/
CD34+ BMDCs were found to be constituted of 
or adjacent to the capillaries in normal peri-
odontal ligament tissues. This result corre-
sponds with the previous speculation that bone 
marrow might be origin of periodontal ligament 
stem cells, which are a group of local progenitor 
cells that mainly locate in the perivascular 
region of the periodontal tissues [43, 44]. In 
addition, GFP+ BMDCs co-expressing CD31 or 
CD34 were also detected to be part of some 
newly-formed capillaries in the periodontal 
defect regions. It indicated that BMDCs might 
contribute to new blood vessels formation in 
the injured periodontal tissue. Asahara et al. 
also demonstrated that endothelial progenitor 
cells of bone marrow origin are responsible for 
postnatal vasculogenesis in physiological and 
pathological neovascularization [45].

Some studies have suggested that BMDCs may 
not be limited to directly participate in tissue 
repair/regeneration, and they may also have 
multiple effects on the tissue-resident cells, 
including enhancement of vascularization and 
production of growth factors [46, 47]. Therefore, 
the specific role of autologous BMDCs in peri-
odontal repair/regeneration is worthy of further 
exploration.

In conclusion, autologous BMDCs were capable 
of being recruited to a periodontal defect and 
participating in tissue repair. Acquirement, 
examination and phenotype analysis of the 
BMDCs from the periodontal detect regions in 
the continual study would help further investi-
gate the contribution of BMDCs in periodontal 
repair/regeneration. 
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