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Abstract. Cell-based tissue engineering is a promising
alternative for periodontal regeneration as current therapies
fail to reconstitute tissue damage caused by periodontitis.
As newly identified postnatal stem cells, gingiva-derived
mesenchymal stem cells (GMSCs) have been focused on
for isolation and expansion in vitro of cells with multi-
differentiation potential and immunomodulatory capacities.
It has been demonstrated that systemically delivered GMSCs
can home to the mandibular bone defect sites and promote
bone regeneration. However, the role of transplanted GMSCs
in the treatment of periodontitis has not been reported. In the
present study, GMSCs were transplanted into C57BL/6J mice
with periodontitis via the tail vein to investigate the contri-
bution of GMSCs to periodontal tissue regeneration. Results
demonstrated that the alveolar bone heights of mice with
transplanted GMSCs were significantly increased compared
with the control groups and GMSCs were detected in newly
formed periodontal ligament and alveolar bone. The results
of the present study implied that systemically transplanted
GMSCs could home to periodontal injury sites and promote
periodontal tissue regeneration.

Introduction

Periodontal diseases are bacteria-induced chronic inflamma-
tory diseases which affect the teeth-supporting tissues and are
highly prevalent worldwide (1). Periodontitis is one of the most
common forms of periodontal disease and is characterized by
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periodontal pocket formation, attachment loss and alveolar
bone resorption. Periodontal therapy aims to achieve peri-
odontal regeneration by reforming gingival connective tissue,
cementum and alveolar bone (2). Unfortunately, due to the
complex and particular etiology of periodontitis and the peri-
odontal microenvironment, traditional treatment strategies fail
to repair damage through periodontal disease completely (3).
With the increasing knowledge of stem cells and tissue engi-
neering, stem cell-based therapy is a promising candidate for
periodontal regeneration and identifying the ideal seed cells
which is an important part (4).

Mesenchymal stem cells (MSCs) emerged as an alternative
cell source for tissue engineering due to their self-renewal
ability and multi-differentiation potential (5). Bone marrow
stromal cells (BMSCs) and several kinds of dental mesen-
chymal stem cells have been proved to promote periodontal
regeneration (6). Dental mesenchymal stem cells are MSCs
that are harvested from a dental body and subsidiary tissue,
including the periodontal ligament (7), dental pulp (8) and
dental follicle (9). However, certain drawbacks and limita-
tions hinder the common application of these MSCs. For
instance, the process of bone marrow isolation is an invasive
procedure for donors and the yield of BMSCs is small. The
proliferative and differentiation potential of BMSCs decrease
during long-term culture and certain specific growth factors
are usually needed to prolong the lifespan and differentiation
ability of BMSCs (10). Dental MSCs are generally obtained
from extracted teeth, but these cells are also not commonly
isolated or cultured. The gingival MSCs (GMSCs) are stem
cells derived from gingival tissue in recent years, which
possess MSC characteristics including self-renewal, clono-
genicity, multi-differentiation and expression of MSCs
associated surface markers (11). GMSCs are easy to isolate and
exhibit a stable phenotype, maintain a normal karyotype and
telomerase activity in long-term cultures. GMSCs have been
confirmed to participate in periodontal defect regeneration in
animal models (12,13). In the previous study, green fluorescent
protein (GFP)-labeled GMSCs transplanted via the tail vein
into mice with mandibular bone defects were demonstrated to
home to the defect sites and promoted bone regeneration (14).
However, the effect of systemically transplanted GMSCs on
periodontitis in mice is still unknown.
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In the present study, GMSCs labeled with GFP were trans-
planted into C57BL/6J mice with periodontitis in the second
maxillary molar induced by silk thread ligation. GFP detection,
morphometric and histopathological analysis were performed
to evaluate the contribution of GMSCs to periodontitis.

Materials and methods

Animals. A total of 36 C57BL/6J mice (weight, 21.08+2.14 g)
were obtained from the Peking University Health Science
Center (Beijing, China) and kept under specific-pathogen-free
conditions with controlled temperature (22+2°C), humidity
(60%) and lighting (12-h light/dark cycle), and access to sterile
food and water. Mice were used for experiments at the age
of 8 weeks. All animal-experiment procedures described in
this study were reviewed and approved by the Institutional
Animal Care and Use Committee of Qingdao University,
(Qingdao, China).

Isolation of GMSCs. Human gingival samples were harvested
from four healthy volunteers (2 males and 2 females; age,
18-25 years) who underwent routine dental procedures at the
Department of Stomatology, Affiliated Hospital of Medical
College, Qingdao University were obtained. All procedures
are approved by the clinical research ethics committee of
Qingdao University and informed consent was provided. The
gingival tissues were washed several times by PBS containing
400 pg/ml streptomycin and 400 U/ml penicillin and the
tissues were incubated overnight with a-minimum essential
medium (MEM; Hyclone, Logan, Utah, USA) containing
2 mg/ml dispase (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) at 4°C. Following the epithelial layer separation,
the connective tissues were minced into fragments and
digested with 2 mg/ml collagenase (Sigma-Aldrich; Merck
KGaA) at 37°C for 40 min. The tissue explants were placed
into a 25 mm? culture flask containing a-MEM medium with
15% fetal bovine serum (FBS; Hyclone) at 37°C in 5% CO,.
The cell medium was changed every 3 days and cells were
subcultured at 80% confluence using 0.25% trypsin/EDTA
solution (Beijing Solarbio Science & Technology Co., Ltd.,
Beijing, China).

Colony-forming unit-fibroblast (CFU-F) assay. Assessing
the colony forming efficiency of GMSCs, a CFU-F assay was
performed. A total of 500 cells of passage 1 were seeded in
a 60 mm petri dish. The culture medium (o-MEM with 10%
FBS) was replaced every 3 days. After 14 days, cells were fixed
with 4% paraformaldehyde at room temperature for 30 min,
and stained with 0.1% crystal violet (Beijing Solarbio Science
& Technology Co., Ltd.) at room temperature for 10 min, then
cells were washed with distilled water and dried. The cells
counted by an inverted light microscope. A cluster of 50 or
more cells was scored as a CFU-F.

Adipogenic differentiation. The forth-passage GMSCs were
seeded in 24-well plates (5x10° cells/well) in the a-MEM
growth medium. Following 24 h, the medium was replaced by
adipogenic medium (a-MEM containing 10% FBS, 0.5 mM
IBMX, 200 uM indomethacin, 10 yM insulin and 10 M
dexamethasone; Sigma-Aldrich; Merck KGaA). Cells which
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cultured in a-MEM containing 10% FBS were as the control
group. Cells were stained with Oil Red O (Beijing Solarbio
Science & Technology Co., Ltd.) at room temperature for
10 min to identify the oil globules under light microscopy after
two weeks.

Osteogenic differentiation. The forth-passage GMSCs were
seeded in 24-well plates (5x10° cells/well) in a-MEM growth
medium. After 24 h the culture medium was replaced with
osteogenic medium (a-MEM containing 5% FBS, 50 uM
ascorbate-2-phosphate, 10 mM [-glycerophosphate and
0.1 uM dexamethasone; Sigma-Aldrich; Merck KGaA). The
cells which cultured in a-MEM containing 5% FBS were as
the control group. Cells were characterized by Alizarin Red S
(Beijing Solarbio Science & Technology Co., Ltd.) to identify
the mineral nodules after 4 weeks.

Flow cytometry. GMSCs (1x10°) at passage 4 were collected
and washed twice by PBS, and then the cells were incubated
with monoclonal fluorescein isothiocyanate-conjugated
anti-human antibodies for CD45 (cat. no. 368507), CD73
(cat. no. 344015), CD90 (cat. no. 328107) and phyco-
erythrin-conjugated anti-human antibodies for CDI105
(cat. no. 323205) (BioLegend, Inc., San Diego, CA, USA) at
4°C for 40 min in the dark. After the incubation, cells were
washed three times and fixed in 1% paraformaldehyde at room
temperature for 30 min. The suspension was analyzed by flow
cytometer (Beckman Coulter, Inc., Brea, CA, USA).

GFP transfection of GMSCs. Tracing the fate of GMSCs in
mice, the lentiviral vectors with GFP (Shanghai Genechem,
Co., Ltd., Shanghai, China) were used to label GMSCs. The
first-passage GMSCs (2x10° cells/well) were seeded in 6-well
plates for 24 h. Then the culture medium was replaced with
virus solution diluted by serum-free a-MEM. The viral solu-
tion was replaced with complete culture medium following
transfection for 8 h. The GFP* GMSCs were expanded and
cells from the third to fifth passage (following ~2 weeks of
culture) were transplanted into animals.

Animal surgery and GMSCs transplantation. After mice
were anesthetized by intraperitoneal injection of 10% chloral
hydrate, a 5-0 silk ligature was placed on the two maxillary
second molars. The ligature was tied firmly with a triple-knot
on the buccal side of the maxillary second molar and left
for 4 weeks. The mice were randomly divided into group
A and B. Silk ligatures were removed after the maxillary
second molars had been tied for 4 weeks and 500 yl a-MEM
containing 1x10° GMSCs were injected into Group A mice
via the tail vein. Group B mice were injected with 500 ul
a-MEM as the control group. At 1, 2 and 4 weeks post-injec-
tion in this study, mice were sacrificed with carbon dioxide
and this was confirmed by mice exhibiting a lack of pulse,
breathing, corneal reflex and response to firm toe pinch. In
addition, peritonitis was not observed in the mice during the
experiment.

Tissue preparation and histopathological analysis. The left
maxillaries were isolated following perfusion-fixation with
4% paraformaldehyde at room temperature for ~20 min. The
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tissues were embedded in paraffin following demineralization
in 10% EDTA (Beijing Solarbio Science & Technology Co.,
Ltd.) for 4 weeks. Tissue sections, 3-pm thick, were cut in the
mesial-distal direction. The nearest segments to the central
area were selected. Two sections were stained with hema-
toxylin and eosin (HE; for 5 min and 30 sec, respectively) and
Masson trichrome (MT; Weigert's hematoxylin, 10 min; acid
ponceau, 5 min; 1% acetic acid, 1 min), respectively, at room
temperature. Images were taken under a light microscope at
x100 magnification.

Fluorescent microscope observation. To trace the fate
of GMSCs in periodontitis mice, fluorescent microscope
observation and immunohistochemical staining were
performed. The rehydrated sections were washed with PBS for
5 min and then stained with DAPI (Beijing Solarbio Science
& Technology Co., Ltd.) at room temperature for 5 min. The
slices were observed under a fluorescent microscope after
washing with PBS.

Immunohistochemical staining for GFP. Immunohisto-
chemical study was performed using a rabbit monoclonal
antibody (1:100; cat. no. AB183734; Abcam, Cambridge, USA)
against GFP. Sections were treated with 3% H,O, for 10 min to
block peroxidase activity following dewaxing and hydrating.
Then the sections were incubated with the primary antibody
at 37°C for 90 min, washed by PBS and incubated with the
horseradish peroxidase-conjugated anti-rabbit secondary
antibody (PV-6001; 1:10; Origene Technologies, Inc., Beijing,
China) at 37°C for 30 min. Nuclear staining was performed
with hematoxylin at room temperature for 5 min.

Morphometric analysis of alveolar bone loss. The right maxil-
laries were boiled for 10 min under 1 bar pressure to remove
the soft tissue and then maxillaries were soaked in hydrogen
peroxide solution for 12 h. Maxillaries were washed by PBS
after staining with methylene blue at room temperature for
10 min. Images of maxillary molar and alveolar were captured
under a stereo microscope and assessed by Image-Pro-Plus
6.0 software (Media Cybernetics, Inc., Rockville, MD, USA).
Alveolar bone losses were measured as the sum of distances
from cementoenamel junction (CEJ) to the alveolar bone
crest (ABC) at 6 sites (mesio-palatal cusp, palatal groove,
disto-palatal cusp, mesio-buccal cusp, buccal groove and
disto-buccal cusp).

Statistical analysis. All data were expressed as the
mean + standard deviation. Statistical analysis was performed
using a statistical package SPSS 19.0, (IBM, Corps., Armonk,
NY, USA). Alveolar bone loss levels of the two groups were
assessed with an independent-samples t-test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Characterization and transfection of GMSCs. The adherent
GMSCs were observed 5-7 d following initiation of the
primary culture and reaching 80% confluence by 14-21 d.
Under an optical microscope, the primary GMSCs demon-
strated a fibroblast-like spindle shape (Fig. 1A). At 72 h
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Table I. Alveolar bone loss levels of the two groups at
1, 2 and 4 weeks post-transplantation (mean + standard
deviation; mm, n=6).

Group I'W 2W 4W
A 2.12+0.59 1.61+0.18 1.11+0.25*
B 2.23+0.33 1.77+0.27 1.41+0.15

“P<0.05 vs. the B group at 4 W. W, weeks.

post-transfection, stable expression of GFP could be observed
under the fluorescence microscope and GMSCs with stable
GFP expression were subcultured (Fig. 1B). A large number
of colonies (19+6%) were identified following crystal violet
staining (Fig. 1C and D). As GMSCs had been cultured
in the adipogenic medium for 2 weeks, lipid-rich globules
were confirmed by Oil Red O staining in the cytoplasm of
differentiated cells (Fig. 1E). Furthermore, no positive cells
were detected in the control group, which was cultured with
standard medium (Fig. 1F). When GMSCs had been cultured
in the osteogenic medium for 4 weeks, mineralized nodules
were observed following Alizarin Red S staining (Fig. 1G).
So, no positive cells were detected in the control group, which
was cultured with standard medium (Fig. 1H). Flow cytom-
etry analysis revealed that GMSCs were positive for MSCs
markers CD73, CD90 and CD105 and expression percentages
were >95% for all. In addition, GMSCs were negative for
hematopoietic cell marker CD45 with an expression percentage
<2% (Fig. 11).

Alveolar bone loss determination. The alveolar bone loss was
measured as the distance from the CEJ to ABC. At week 1
and 2 following cell transplantation, there were non-significant
differences between group A and B. However, alveolar bone
loss in group A was significantly decreased compared with
group B by the 4th week (Table I; P<0.05; Fig. 2), which
indicated promotion of systemically transplanted GMSCs on
alveolar bone regeneration.

Histopathological analysis. Histopathological changes of
root furcation were observed by HE and MT staining. At
the 1st week and 2nd-week post-transplantation, inflamma-
tory cell infiltration, deep periodontal pockets, attachment
loss and severe alveolar bone destruction was detected in the
two groups by HE staining (Fig. 3A). MT staining demon-
strated almost all of alveolar bone was blue stained. At the
4th week post-transplantation, alveolar bone loss of group A
was significantly decreased compared with group B (Table I).
There was more reddish mature stained bone in group A than
group B (Fig. 3B).

Homing properties of GMSCs. GFP-positive cells were
detected by fluorescence microscopy and immunohisto-
chemical staining which demonstrated that GMSCs can home
to periodontal injury sites and promote tissue regeneration.
At 1-week and 2-weeks post-transplantation, GFP* fibro-
blast-like cells could be identified in the gingival tissue and
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Figure 1. Characterization of GMSCs. (A) Morphology of primary GMSCs. (B) Expression of green fluorescent protein in transfected GMSCs. (C) CFU-F
assay at day 14 and colonies were stained with 1% crystal violet. (D) Cell colonies formed in a CFU-F assay. (E) Lipid droplets were observed after cells were
cultured under adipogenic conditions for 2 weeks. (F) Lipid droplets were not detected in the control group following Oil Red O staining. (G) Mineralized
nodules were observed after cells were cultured under osteogenic conditions for 4 weeks following Alizarin Red S staining. (H) Mineralized nodules were
not detected in the control group following Alizarin Red S staining. Scale bars, 200 pgm. (I) Flow cytometry analysis demonstrated GMSCs were positive
for CD73, CD90 and CDI105 and negative for CD45. GMSCs, gingival mesenchymal stem cells; CFU-F, colony forming units-fibroblast; FITC, fluorescein

isothiocyanate; PE, phycoerythrin.

periodontal ligament. Furthermore, GFP* osteoblasts were
identified in the area of newly formed alveolar bone at 4 weeks
post-transplantation (Fig. 4).

Discussion

Gingival tissue is an inherent oral barrier against different
insults, including chemicals and bacteria. The most notable
characteristics of gingival tissue are its fast reconstitution of
tissue and scarless wound healing (15), suggesting that MSCs
exist in gingival tissue. Zhang et al (11) first isolated cells
possessing MSCs properties within the gingival tissue, these
cells displayed a stable phenotype, normal karyotype and
telomerase activity and non-tumorigenic in long-term cultures.
Compared with other sources of MSCs, GMSCs have a clear
advantage, as they are easily obtainable from the discarded
tissue in routine dental procedures. Also, there was no signifi-
cant difference in the characteristics of GMSCs derived from
healthy gingival tissue and hyperplastic or inflamed gingival
tissue (16,17). In the authors' previous study, it was demon-
strated that systemically transplanted GMSCs could home
to mandibular defects as other MSCs and promoted bone
regeneration involved in novel bone formation. Therefore, it
was assumed that systemically transplanted GMSCs could

home to periodontal damage sites induced by periodontitis and
encourage periodontal tissue regeneration.

To verify the present study's hypothesis, GMSCs were
isolated from gingival tissue and the harvested cells displayed
self-renewal capability and multilineage differentiation
potential in vitro. Furthermore, the results of flow cytometric
analysis demonstrated that GMSCs express MSCs markers
CD73, CD90 and CDI105, but lack CD45. All characteristics
above were consistent with the criteria of mesenchymal
stromal cells suggested by the International Society for
Cellular Therapy (18).

To trace the fate of GMSCs in vivo, the GFP gene was
transduced into GMSCs using lentiviral vectors. The lentiviral
vectors can integrate exogenous GFP genes into GMSCs chro-
mosomes, therefore achieving persistent expression (19). Most
importantly, the integration and expression of GFP genes in
mesenchymal stem cells have no significant effect on the char-
acteristics of stem cells. At 72 h following transfection, >90%
transfected cells emitted bright green fluorescence under a
fluorescent microscope and expressed GFP stably with each
passage.

A periodontitis model was established in mice by tying a
ligature at the second maxillary molar, then overt bone loss
and gingival inflammation were detected at 4 weeks following
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Figure 2. Alveolar bone loss levels. (A) The distance from alveolar bone crest to cementoenamel junction at 6 sites (indicated by red lines) were measured and
calculated together as alveolar bone loss levels. (B) The alveolar bone loss level of group B (1.41+0.15 mm) was significantly increased compared with group
A (1.11x0.25 mm) at 4th week post-transplantation. "P<0.05. There was no statistically significant difference between the A and B group at the Ist or 2nd week
post-transplantation.

Figure 3. Histopathological changes at root furcation area. (A) Hematoxylin and eosin staining of the root furcation area sections. At the 1st week and 2nd
week post-transplantation, severe periodontal inflammation and alveolar bone destruction were detected in the two groups. The alveolar bone heights of group
A were significantly increased compared with group B at the 4th week. Magnification: x100. Scale bars, 200 zm. (B) Masson trichrome staining of the root
furcation area sections. Almost all of the alveolar bones were stained blue by the 1st week and 2nd week post-transplantation. At 4th week, more reddish
stained mature bone was detected in group A. Magnification: x100. Scale bars, 200 ym.
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4 weeks

Figure 4. GFP* cells in periodontal tissue. (A) Observation under fluorescence microscopy. Cells contained green cytoplasm and blue stained nuclei were
detected (as yellow arrowheads indicated). Magnification: x400. Scale bars, 50 ym. (B) Anti-GFP immunohistochemical staining. GFP* gingival fibroblasts,
periodontal ligament cells and osteoblasts were detected (as indicated by red arrowheads). Magnification: x400. Scale bars, 50 ym. GFP, green fluorescent

protein.

ligation. A total of 12 sites on alveolar bone were susceptible
to bone loss following ligature-induced periodontitis in
mice (20). In this study, the alveolar bone loss was measured
as the sum of distances from the CEJ to the ABC at 6 sensitive
sites of the second maxillary molars. As a result, alveolar bone
heights in group A were increased compared with group B at
4 weeks post-transplantation. Results of HE and MT staining
demonstrated more newly formed bone and higher alveolar
bone heights in group A at 4 weeks post-transplantation.
These results proved that GMSCs are effective in promoting
bone regeneration. In addition, compared with group B,
reduced inflammatory cell infiltration and more periodontal
attachment were demonstrated in group A at 2 and 4 weeks
post-transplantation. This suggests that GMSCs have an
anti-inflammatory effect on periodontitis, but the specific
anti-inflammatory mechanism should be a key task in future
research.

Fluorescent microscopy and anti-GFP immunohistochem-
ical staining were performed to trace the fate of GFP-labeled
GMSCs in vivo. GFP* gingival fibroblasts and periodontal liga-
ment cells were detected at 1 and 2 weeks post-transplantation.
In addition, GFP* osteoblasts can be detected in the newly
formed bone area by the 4th-week post-transplantation. The
results proved that GMSCs could home to periodontal defect
sites and differentiate into periodontal tissue cells. Previous
studies have demonstrated that the microenvironment of MSCs
can induce the transplanted cells to differentiate into specific
tissues (21-23). At the same time, transplanted stem cells also
produce bioactive molecules which stimulate the precursor
cells to differentiate (24). The question of whether the same
mechanism occurs in GMSCs and periodontitis remains to be
answered. Periodontal disease is a chronic disease developing
with an active stage and resting stage appearing alternately.
The model established in this study simulates an acute episode
of periodontitis. Future studies should put more effort into
clarifying the therapeutic effect and mechanism of GMSCs on
chronic inflammation.

In conclusion, GMSCs have been identified that possess
characteristics of MSCs and GMSCs could home to the
inflammatory periodontium sites and be employed in novel
tissue formation. GMSCs serve an essential anti-inflammation
role, although the exact mechanism is unclear so far.
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