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Abstract: Objectives: Periodontal ligament stem cells (PDLSCs) are characterized by having multipotential differen-
tiation and immunoregulatory properties, which are the main mechanisms of PDLSCs-mediated periodontal regen-
eration. Periodontal or bone regeneration requires coordination of osteoblast and osteoclast, however, very little is
known about the interactions between PDLSCs and osteoblast-like cells or osteoclast precursors. In this study, the
indirect co-culture approach was introduced to preliminarily elucidate the effects of PDLSCs on differentiation of
osteoblast-like cells and osteoclast precursors in vitro. Materials and methods: Human PDLSCs were obtained from
premolars extracted and their stemness was identified in terms of their colony-forming ability, proliferative capacity,
cell surface epitopes and multi-lineage differentiation potentials. A noncontact co-culture system of PDLSCs and
preosteoblastic cell line MC3T3-E1 or osteoclast precursor cell line RAW264.7 was established, and osteoblastic
differentiation of MC3T3-E1 and osteoclastic differentiation of RAW264.7 were evaluated. Results: PDLSCs ex-
hibited features of mesenchymal stem cells. Further investigation through indirect co-culture system showed that
PDLSCs enhanced ALP activity, expressions of ALP, Runx2, BSP, OPN mRNA and BSP, OPN proteins and mineral-
ization matrix deposition in MC3T3-E1. Meanwhile, they improved maturation of osteoclasts and expressions of
TRAP, CSTK, TRAF6 mRNA and TRAP, TRAF6 proteins in RAW264.7. Conclusions: PDLSCs stimulates osteoblastic
differentiation of osteoblast precursors and osteoclastic differentiation of osteoclast precursors, at least partially,
in a paracrine fasion.
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Introduction and multipotential differentiation into multiple
cell lineages, including osteoblasts, adipocytes

Periodontal diseases are highly prevalent and and chondrocytes [3]. Although MSCs are tradi-

characterized by the destruction of tooth-sup-
porting alveolar bone. They are the major cause
of tooth loss in adults as the result of loss of
connective tissue and alveolar bone [1]. The
ideal goal of the periodontal treatment is the
reconstruction of the lost or injured periodont-
al tissue, for which the stem cell-based tissue
engineering method provides a reliable and
promising option [2]. Three basic biological
parts are involved in tissue engineering, which
are seed cells, suitable matrical materials and
effective inducing factors. Mesenchymal stem
cells (MSCs) as the main seed cells in tissue
engineering have been widely studied and dem-
onstrated to have the capacities of self-renewal

tionally isolated from bone marrow, adipose tis-
sue and umbilical cord blood, MSC-like cell po-
pulations can also been isolated from mature
or developing periodontal tissue, dental follicle,
root apical papilla and gingival tissue [4-12].
Periodontal ligament stem cells (PDLSCs) have
long been considered as a promising candidate
for periodontal tissue regeneration [13]. MSCs
are believed to not only directly differentiate
into different cell types including osteoblasts,
adipocytes and chondroblasts, but also secrete
trophic factors that exert chemotactic, mitotic,
and differentiation-modulating effects [14], whi-
ch have been interpreted as the major mecha-
nisms of MSCs in tissue repair [15]. The pro-



PDLSCs enhanced osteoblastic and osteoclastic differentiation

cess of periodontal or bone regeneration in-
volves coordination of osteoblasts and osteo-
clasts, however, very little is known about the
possible effect of PDLSCs on differentiation of
their neighbouring osteoblast-like cells and
osteoclast precursors during periodontal tissue
regeneration. In this study, the indirect co-cul-
ture approach was introduced to preliminarily
elucidate the effects of PDLSCs on mature dif-
ferentiation of osteoblast-like cells and osteo-
clast precursors.

Materials and methods
Culture and characterization of PDLSCs

Human periodontal ligament tissues were ob-
tained from premolars extracted for orthodon-
tic reason from twelve healthy individuals (four
males and eight females, aged 14 to 27 years).
All procedures were approved by the Institu-
tional Review Board of China and performed at
the Department of Stomatology, Qingdao Mu-
nicipal Hospital (Affiliated Hospital of Medical
College, Qingdao University), and written inform-
ed consent was obtained from each partici-
pant. Human periodontal ligament tissues were
scraped from the middle third of the root sur-
faces as previously described [16]. In brief, hu-
man periodontal ligament tissues were minced
into 1 mm? fragments, and then digested with
3 mg/ml collagenase | (Invitrogen, Carlsbad,
CA) and 4 mg/ml dispase Il (Invitrogen, Ca-
risbad, CA) for 40 minutes at 37°C. The reac-
tion solution was centrifugated and 10 ml alp-
ha-minimal essential medium (x-MEM, Hyclone,
Logan, UT) with 10% fetal bovine serum (FBS,
Hyclone, Logan, UT), 100 U/mL penicillin G and
100 mg/mL streptomycin (JRH Biosciences,
Lenexa, KS) was added to produce a cell sus-
pension, which was then passed through a cell
strainer (70-um pore size) (BD Falcon, BD Bi-
osciences, Bedford, MA). After the cells were
counted, the single-cell suspension was plat-
ed at a concentration of 60 cells/cm?in 10 cm
Petri dishes (Falcon Labware; BD, Franklin La-
kes, N.J., USA). Only cells forming single cell-
derived colonies were isolated with colony rings
and passaged (passage 1) as PDLSCs. PDLSCs
of passage < 5 were used for all experiments.

Immunophenotype characterization of PDLSCs

Immunophenotype of PDLSCs was determined
by flow cytometry (Beckman Coulter, Brea, CA,
USA). A total of 1x10° cells at passage 3 were
incubated for 40 min on ice with phycoerythrin
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or fluorescein isothiocyanate-conjugated mou-
se monoclonal antibodies (5 pg/ml) specific
for human CD29, CD90, CD105, Stro-1, CD45,
CD34, CD44 (BioLegend, San Diego, Calif., US-
A). After being washed with phosphate buffer
saline (PBS), cells were fixed in fluorescence-
activated cell sorting fix solution and then ana-
lyzed using flow cytometry.

Colony-forming unit-fibroblast assays of
PDLSCs

To assess colony-forming efficiency of PDLSCs,
colony-forming unit-fibroblast assays were per-
formed as described previously [17]. Briefly,
cells at a density of 103 were plated in 10 cm
Petri dishes. After 14 days, the cells were fixed
with 4% paraformaldehyde, stained with 0.1%
crystal violet, washed with distilled water and
dried. A colony-forming unit was defined as a
cluster of at least 50 cells.

In vitro multipotent differentiation of PDLSCs

For osteogenic differentiation, PDLSCs were
plated in 24-well plates and cultured in osteo-
genic medium (x-MEM containing 5% FBS, 0.1
UM dexamethasone, 10 mM [-glycerophosp-
hate and 50 mg/ml ascorbate-2-phosphate; Si-
gma-Aldrich, St. Louis, Mo., USA). Cells cultured
in a-MEM containing only 5% FBS served as a
control group. The medium was changed twice
a week. The mineralized nodules were charac-
terized by 2% alizarin red S (Sigma-Aldrich, St.
Louis, Mo., USA) staining 4 weeks later.

For adipogenic differentiation, PDLSCs were
incubated in 96-well plates (5x103 cells/cm?)
in a-MEM growth medium (Hyclone, Logan, Ut-
ah, USA). Upon reaching 80% confluence, cells
were cultured in adipogenic medium (a-MEM
containing 10% FBS, 0.1 pM dexamethasone,
60 pM indomethacin and 50 mg/ml ascorba-
te-2-phosphate; Sigma-Aldrich, St. Louis, Mo.,
USA). Cells cultured in a-MEM containing 10%
FBS served as a control group. The medium
was changed twice a week. Oil red O (Sigma-
Aldrich, St. Louis, Mo., USA) staining was per-
formed to identify the oil globules 2 weeks
later.

Cell cultures of MC3T3-E1 and RAW264.7
cells

MC3T3-E1, a preosteoblast cell line was main-
tained in a-MEM supplemented with 5% FBS, 2
mM L-glutamine, 100 U/mL penicillin G and
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Table 1. Primer sequences for osteogenic and osteoclastogenic markers

Gene GenBank number Forward Reverse

ALP NM_007431.3 CTGATGTGGAATACGAACTGGA AGTGGGAATGCTTGTGTCTGG
BSP NM_008318.3 CAGGGAGGCAGTGACTCTTC AGTGTGGAAAGTGTGGAGTT
OPN NM_001204203.1 ACACTTTCACTCCAATCGTC TGCCCTTTCCGTTGTTGTCC
TRAP NM_001102405.1 GGGTCACTGCCTACCTGTGT TCATTTCTTTGGGGCTTATCTC
TRAF6 NM_009424.3 AGCCCACGAAAGCCAGAAGAA CCCTTATGGATTTGATGATGC
Cathepsin K NM_007802.4 CTGAAGATGCTTACCCATATGTGGG GCAGGCGTTGTTCTTATTCCGAGC
GAPDH NM_008084.3 AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA

100 mg/mL streptomycin. RAW264.7, an os-
teoclast precursor cell line was cultured in
a-MEM containing 10% FBS, 100 U/mL penicil-
lin G and 100 mg/mL streptomycin at 37°Cin a
humidified atmosphere of 95% air and 5% CO,
with the medium changed every 2 days.

Co-culture of MC3T3-Elor RAW264.7 cells
with PDLSCs

Transwell cell culture inserts (Corning Costar,
Cambridge, MA) with 0.4-um pore-size filters
were placed in individual wells of six-well pla-
tes. In PDLSCs coculture (PDLSCs CC) group,
MC3T3-E1 (5x10* cells/ml) or RAW264.7 (5%
10% cells/ml) cells were seeded in six-well pl-
ates and PDLSCs (3x10* cells/ml) were grown
on the transwell inserts on top. While in control
group, MC3T3-E1 or RAW264.7 cells were se-
eded in six-well plates with empty transwell
inserts on top. Osteogenic medium and osteo-
clast culture medium with 10 ng/ml macro-
phage colony stimulating factor (M-CSF) and
20 ng/ml receptor activator of nuclear factor-
kappaB ligand (RANKL) were used respectively
to induce osteoblastic and osteoclastic diffe-
rentiation.

After different periods of culture, the transwell
inserts with PDLSCs were discarded and the
osteoblastic differentiation of MC3T3-E1 cells
or osteoclastic differentiation of RAW264.7 ce-
lIs in the six-well plated was analyzed. Alkaline
phosphatase (ALP) activity staining and quanti-
tation, mRNA expressions of ALP, bone sialo-
protein (BSP), osteopontin (OPN) by RT-PCR,
protein expressions of BSP, OPN by Western-
blotting and mineral matrix deposition by aliza-
rin red staining were performed on MC3T3-E1
cells. While tartrate-resistant acid phosphata-
se (TRAP) positive cell counting and quantifica-
tion, mRNA expressions of TRAP, tumor necro-
sis factor receptor-associated factor 6 (TRAFG)
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and Cathepsin K (CTSK) by RT-PCR and protein
expressions of TRAP, TRAFG by Western-blotting
were conducted on RAW264.7 cells.

Alkaline phosphatase activity

After 7 and 14 days of incubation, MC3T3-E1
cells were washed with 0.01 M PBS and scra-
ped into 100 pl 0.2% TritonX-100. Then cells
were sonicated and cell lysates were obtained
after centrifuging at 14,000x g for 10 min at
4°C. ALP activity in the supernatant was as-
sayed according to the instruction of the manu-
facturer (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). In brief, 30 pl super-
natant, 50 pl of buffer solution and 50 ul matrix
liguid were added to each well of a 96-well
plate and mixed. The plate was incubated for
15 min at 37°C. Next, 150 ul coloration solu-
tion was added to each well and the absor-
bance was measured at 520 nm wavelength
with a spectrophotometer. ALP activity can be
calculated according to the concentrations of
the phenol in standard wells, and results were
normalized to the protein concentrations
detected by bicinchoninic acid (BCA) method.

Alizarin red staining

After 21 days of incubation, MC3T3-E1 cells
were rinsed with 1xPBS (pH 7.4) five times,
fixed with 10% formalin, washed with deionized
water and stained with alizarin red (pH 4.2) at
4°C overnight. Stained cells were photograp-
hed.

TRAP staining

After 3 and 7 days of incubation, RAW264.7
cells were fixed and stained for TRAP using a
leukocyte acid phosphatase staining kit (387A,
Sigma, St. Louis, MO, USA) according to the
manufacturer’s instructions. Red and multinu-
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Figure 1. Identification and characters of PDLSCs. (A) Representative images of colony-forming units from PDLSCs
at 14 days. (B, C) Multipotent differentiation of PDLSCs. Osteogenic differentiation of PDLSCs was demonstrated
by the presence of alizarin red S-positive mineralized nodules (B). Adipogenic differentiation PDLSCs was dem-
onstrated by the formation of oil red O-positive lipid globules (C). (D) Flow-cytometric analysis of surface markers

expressed on PDLSCs.

cleated (=3 nuclei) cells were considered as dif-
ferentiated osteoclast-like cells. The number of
TRAP positive cells was counted blindly by two
persons.

Quantitative reverse transcription polymerase
chain reaction (QRT-PCR)

Total RNA was isolated from MC3T3-E1 or
RAW264.7 cells by adding Trizol reagent (Sigma,
St. Louis, MO, USA) after the medium was re-
moved. First strand cDNA was synthesized fr-
om 0.7 ug total RNA using the reverse tran-
script kit (TaKaRa, Dalian, China), and real-time
PCR was performed using Rotor-Gene 6000
(Corbett Life Science) with SYBR Premix Ex Taq
(Takara, Dalian, China) according to manufac-
turer’s instructions. The relative expression lev-
els of ALP, BSP, OPN, TRAP, CTSK and TRAF6
were normalized to the expression of house-
keeping gene glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH). Primers for the selected
genes are listed in Table 1.

Western blot analysis

Total protein was extracted from MC3T3-E1
cells or RAW264.7 cells using RIPA buffer (10
mM Tris-HCI, 1 mM EDTA, 1% sodium dodecyl
sulfate, 1% Nonidet P-40, 1:100 proteinase in-
hibitor cocktail, 50 mM b-glycerophosphate an-
d 50 mM sodium fluoride). Protein concentra-
tions of the lysates were determined using a
protein assay solution (Bio-Rad, Hercules, CA,
USA) based on the absorbance at 595 nm.
Afterwards, 20 to 50 g of protein samples
were separated by 10% SDS-PAGE gel and then
transferred to a polyvinylidene fluoride (PVDF)
membranes (Bio-Rad, Hercules, CA, USA). The
membranes were blocked with 5% milk for 2
hours and then incubated with anti-BSP, OPN,
anti-TRAP, TRAF6 (Abcam, Cambridge, UK) and
anti-GAPDH (Cell Signaling Technology, Beverly,
MA, USA) primary antibodies. The immune com-
plexes were then incubated with horseradish
peroxidase-conjugated anti-rabbit or anti-mo-
use IgG (Boshide, Beijing, China). Immunode-
tection was then performed using the Western-
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Light Chemiluminescent Detection System
(Peiging, Shanghai, China).

Statistical analysis

All data were expressed as means + SD from at
least three replicates for each experiment and
one-way ANOVA with Bonferroni correction was
used to test significance using SPSS 12.0 soft-
ware (SPSS Inc., IL, USA). P values less than
0.05 were considered statistically significant.

Results
Characterization of PDLSCs

To identify the PDLSCs, single-cell colonies
were generated from human periodontal liga-
ment-derived cells which formed adherent clo-
nogenic cell clusters of fibroblast-like cells
(Figure 1A). After 4 weeks of culture, extensive
amounts of mineralized nodules were found in
the experimental group, whereas no mineral-
ized nodules were observed in the control
group (Figure 1B). Moreover, after a 2-week cul-
ture in the adipogenic medium, PDLSCs were
found to differentiate towards adipocytes, as
indicated by the accumulation of lipid droplets.
In contrast, no lipid droplets were detected in
the control group (Figure 1C). Flow-cytometric
analysis revealed that PDLSCs were uniformly
positive for CD29, CD44, CD90, CD105 and
Stro-1, and did not express hematopoietic stem
cell markers CD34 and CD45 (Figure 1D).
These findings indicated that the single colony-
derived PDLSCs had the basic characteristics
of MSCs.

Effects of PDLSCs on osteogenic differentia-
tion of MC3T3-E1 cells

PDLSCs increased ALP activity in MC3T3-E1
cells: ALP activity has been widely used as a
marker of the early differentiation of osteo-
blast-like cells [18]. In our research, ALP activity
of MC3T3-E1 was measured at day 7 and day
14 of incubation with or without PDLSCs CC
and the result showed that ALP activity in-
creased in the presence of PDLSCs (Figure 2A).

Int J Clin Exp Pathol 2015;8(11):14596-14607
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Figure 2. Effects of PDLSCs on the osteogenenesis in MC3T3-E1 cells in the co-culture system. A. ALP activity in
MC3T3-E1 cells co-cultured with PDLSCs. ALP activity increased in the presence of PDLSCs at day 7 and day 14.
B-D. Expressions of ALP, BSP, and OPN genes in MC3T3-E1 cells co-cultured with PDLSCs analyzed by real time-PCR.
B. Gene expression after 7 days of induction. C. Gene expression after 14 days of induction. D. Gene expression
after 21 days of induction. E. Time-related expression of BSP and OPN in MC3T3-E1 cells analyzed by Western blot.
F. Quantitative analysis of the protein expression of BSP. G. Quantitative analysis of the protein expression of OPN.
H. Mineral matrix deposition (Alizarin red staining) when MC3T3-E1 cells were co-cultured with PDLSCs for 21 days
(original magnification 200x%). P < 0.05; **P < 0.01; *"*P < 0.001 vs. control group.

PDLSCs increased the mRNA expressions of
osteogenic parameters in MC3T3-E1 cells: To
further determine the effects of PDLSCs on
osteogenic differentiation of MC3T3-E1, RT-
PCR was performed to measure the gene ex-
pressions in MC3T3-E1 cells after different
time of incubation with or without PDLSCs CC.
It was found that the gene expression levels of
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ALP and BSP were significantly up-regulated
but no significant difference in the gene expres-
sion of OPN was detected when cells were co-
cultured with PDLSCs for 7 days (Figure 2B). At
day 14 and day 21 the gene expression levels
of ALP, BSP and OPN were all significantly high-
er in the co-culture group than those in the con-
trol group (Figure 2C, 2D). In addition, the re-
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Figure 3. Effects of PDLSCs on the osteoclastogenesis in RAW264.7 cells in the co-culture system. The formation
of TRAP-positive, multinuclear cells (arrows) was increased in the presence of PDLSCs vs. control group. A. TRAP-
positive cells were identified with microscope (original magnification 200x). B. The number of TRAP-positive mul-
tinucleated cells was counted in ten 200x fields. C, D. Expressions of TRAP, TRAF6 and CTSK in RAW264.7 cells
co-cultured with PDLSCs analyzed by real time-PCR. C. Gene expression after 3 days of induction. D. Gene expres-
sion after 7 days of induction. E. Time-related protein expressions of TRAP and TRAF6 in RAW264.7 cells analyzed
by Western blot. F. Quantitative analysis of the protein expression of TRACP. G. Quantitative analysis of the protein
expression of TRAFG. "P < 0.05; P < 0.01; “P < 0.001 vs. control group.

sults also indicated that the highest expression
level of ALP was on day 14 while the highest
expression levels of BSP and OPN were on day
21 in the co-culture group.

PDLSCs increased the protein expressions of
BSP & OPN in MC3T3-E1 cells: Western blot-
ting was used to detect the protein expressions
of osteogenic markers in MC3T3-E1 cells after
different time of incubation with or without
PDLSCs. The results demonstrated that the pro-
tein expression of BSP increased at day 7, day
14 and day 21, while that of OPN, an osteogen-
ic marker in the later stage, increased at day 14
and day 21 in co-culture group compared with
the control group (Figure 2E-G).
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PDLSCs increased the mineral deposition in
MC3T3-E1 cells: Some studies indicated miner-
alization by MC3T3-E1 cells occurred in a time-
dependent manner and can be easily obser-
ved after 3 weeks of culture [19]. PDLSCs sig-
nificantly enhanced the mineralization in MC3-
T3-E1 cells when compared with the control
group on day 21. As shown in Figure 2H, the
size of mineralization nodule was increased in
co-culture group by alizarin red staining.

Effects of PDLSCs on osteoclastic differentia-
tion of RAW264.7 cells

PDLSCs improved the osteoclast-like cell for-
mation from RAW264.7 cells: The effect of
PDLSCs on osteoclastic differentiation of RAW-

Int J Clin Exp Pathol 2015;8(11):14596-14607
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264.7 cells in co-culture system was examined
using TRAP staining. We studied whether PDL-
SCs had any effect on multinucleated osteo-
clast-like cell formation in RANKL-stimulated
RAW264.7 cells. Result of TRAP staining reve-
aled that PDLSCs markedly increased the TRAP
positive osteoclast-like cell formation in RANKL-
stimulated RAW264.7 cells (Figure 3A, 3B).

PDLSCs increased the gene expressions of
osteoclastic parameters in RAW264.7 cells: To
further elucidate the role of PDLSCs play in
osteoclastic differentiation, the expressions of
osteoclastic marker genes of RAW264.7 cells
with or without PDLSCs co-culture were detect-
ed. Result showed that expressions of TRAP,
TRAF6 and CTSK were significantly up-regulat-
ed upon co-culture with PDLSCs (Figure 3C,
3D).

PDLSCs increased the protein expressions of
TRAP & TRAF6 in RAW264.7 cells: Western
blotting was used to detect the protein expres-
sions of osteoclastic markers in RAW264.7
cells with or without PDLSCs co-culture. Results
demonstrated that the protein expressions of
TRAP and TRAF6 were increased on day 3 and
day 7 when compared with the control group
(Figure 3E-G).

Discussion

Tissue engineering is a contemporary area of
science that is based on the principles of cell
biology, bioengineering, biomaterials, biochem-
istry and biophysics, and its ultimate goal is to
solve clinical problems related to tissue loss
and organ failure [20, 21]. Specifically, stem
cells-based therapy has been considered as
one of potential treatment strategies for a vari-
ety of chronic, debilitating diseases. This holds
true for periodontal regeneration in inflamma-
tory periodontal diseases [22]. Indeed, previ-
ous data indicate that application of ex vivo-
expanded stem cells in diverse animal models
of periodontal defects can partly restore dis-
eased/destroyed tissues, and PDLSCs have
long been regarded as a promising type of stem
cells for this goal [23, 24]. It is speculated that
transplanted PDLSCs not only participate di-
rectly in bone repair but also recruit host bone
progenitor cells through secretion of trophic
factors [14, 25], which are conceived as their
main mechanisms to promote bone regenera-
tion. However, nowadays prevailing studies on
the paracrine secretion of MSCs are mainly
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concentrated on their recruiting host cells, anti-
inflammatory and immunoregulatory poten-
tials. Few reports have been documented about
the paracrine effects of MSCs on osteoclastic
and osteoblastic differentiations during peri-
odontal and bone tissue regeneration. In this
study, a transwell system was used to explore
the effects of PDLSCs on mature differentiation
of osteoblast-like cells and osteoclast precur-
sors, which permitted diffusion of soluble mol-
ecules between the separated compartments
while blocked cell-cell contact. Thereby, it can
distinguish the paracrine effects from the direct
cell-cell interactions and eliminate the cell con-
tamination from PDLSCs in the subsequent
analyses. Results showed that PDLSCs enhan-
ced ALP activity, expression of ALP, BSP, OPN
mRNA and BSP, OPN protein and mineralization
matrix deposition in MC3T3-E1 preosteoblasts.
Meanwhile, they improved maturation and
expression of TRAP, CSTK, TRAF6 mRNA and
TRAP, TRAF6 protein in osteoclast precursor
RAW264.7 cells. PDLSCs regulate both osteo-
blastic and osteoclastic differentiation, at least
partially, in a paracrine fasion.

Physiologically, bone mass is maintained by the
balance of bone resorption by osteoclasts and
bone matrix formation by osteoblasts. These
activities always exert the influence on the
same bone surface, a process called bone
remodeling. The cell population associated wi-
th bone remodeling is designated as the basic
multi-cellular unit (BMU) [26]. Therefore, the
original concept of BMU contained only osteo-
clasts and osteoblasts. But recently, the im-
mune cells and precursor populations of osteo-
blasts and osteoclasts are found to contribute
to the cell class of BMU [27]. Until now, there
has been a deep insight into the functions and
intercellular regulation and communication of
osteoblasts and osteoclasts. However, little
information about the effects of MSCs as pre-
cursor populations of osteoblasts on osteobl-
astic and osteoclastic differentiation has been
known.

Generally, bone remodeling begins with the
mature differentiation of osteoclast, bone reso-
rption caused by osteoclast, bone matrix for-
mation mediated by osteoblasts and matrix
mineralization. Osteoblasts are related to the
formation, deposition and mineralization of bo-
ne tissue by synthesizing and depositing calci-
um phosphate crystals, and extracellular matrix
[28]. MSCs are considered as main precursor
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cells of osteoblasts [28]. Therefore, osteobl-
asts or MSCs potential to differentiate into
osteoblasts have been introduced into bone
tissue engineering. Indeed, osteoblasts or MS-
Cs including PDLSCs as the seeding cells in tis-
sue engineering have been proved to improve
bone regeneration [29, 30]. The mechanisms
of enhancing bone regeneration by MSCs are
commonly considered to be associated with
direct osteoblastic differentiation [29], immu-
noregulation [30-32] and blood vessel regen-
eration and vascularization [33-35]. It has also
been speculated that MSCs can exert regula-
tion effect on osteoblastic differentiation. The
experimental results conducted by Li et al. [36]
showed that MSCs maintained in osteogenic
medium secreted factors at specific time points
that induced ALP activity in exogenous MSCs
as well as their migration. Osugi et al. [37] fo-
und that the conditioned media from human
bone marrow-derived mesenchymal stem cells
(MSC-CM) promoted the migration, proliferati-
on, and osteoblastic differentiation of rat MSCs
(rMSCs) in vitro and strengthened bone regen-
eration by mobilization of endogenous stem
cells in vivo. In our study, for the first time, we
demonstrated by indirect co-culture system th-
at PDLSCs enhanced the osteogenic differenti-
ation of MC3T3-E1 cells in vitro.

Bone resorption caused by osteoclasts is the
first step of physiological bone remodeling, and
mature differentiation and function of osteo-
clasts play important roles in maintaining bone
mass integrity through osteoblast-osteoclast
coupling. The investigation on osteoclast defi-
cient mice showed that osteoclast deficiency
leaded to matrix disorganization, poor mineral-
ization and decreased number and function of
osteoblasts [38, 39]. Dai et al. [38] found that
transplantation of bone buds derived from
osteoclast deficient fetal mice into normal wild
type mice recovered normal development of
these bone buds. Similarly, osteoclasts also
play an important role in bone tissue engineer-
ing. Walker et al. [40] demonstrated that im-
plantation of hematopoietic cells, osteoclast
precursors, could restore bone resorption in
mice with osteoporosis. Moreover, Sinclair et
al. [41] demonstrated that when cocultured
with osteoclasts on the 3-D scaffold subst-
rates, the proliferation and osteoblastic differ-
entiation of human mesenchymal stem cells
(hMSCs) were improved. The effects of osteo-
clast in bone remodeling and in bone tissue
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engineering are from its potentials to control
the proliferation and differentiation of osteo-
blasts. Paracrine cytokines such as hepatocyte
growth factor (HGF), sclerostin, myeloid pro-
tein-1 (Mim-1) are suggested to be responsible
for this action of osteoclasts [42]. Additionally,
osteoclasts express the nuclear factor of acti-
vated T cells ¢1 (NFATcl) target gene Efnb2
(encoding ephrinB2), while osteoblasts expre-
ss the receptor Ephrin type-B receptor 4 (Eph-
B4) [43]. The forward signaling conducted th-
rough EphB4 into osteoblasts enhances os-
teoblastic differentiation. Therefore, Han and
Zhang [43] pointed out that the absence of
osteoclasts might be the main cause of the
osteoblast abnormalities in bone tissue recon-
struction in vitro, and osteoclast introduction
would become a novel strategy in bone tissue
engineering. Besides, regulation of mature dif-
ferentiation and function of osteoclasts will
also be a reasonable option for bone tissue
engineering. The recent studies indicated that
RANKL and osteoprotegerin (OPG) are both hi-
ghly expressed in the MSCs, and through regu-
lating the ratio of RANKL/OPG, MSCs actively
participate in the regulation of osteoclastogen-
esis [44]. EphB4 and ephrinB2 are also highly
expressed in MSCs, and dysregulated expres-
sions of EphrinB2 and EphB4 in MSCs contrib-
ute, at least in part, to the development of
myelomatous bone lesions [45]. Varin et al.
[46] demonstrated that soluble CD200 expre-
ssed on MSCs inhibited the differentiation
and maturation of osteoclast precursors in
vitro. Moreover, CD200 positive MSCs inhibited
RANKL-dependent osteoclast formation. How-
ever, our results using indirect coculture sys-
tem showed that PDLSCs enhanced RANKL-
induced terminal differentiation and the expres-
sions of TRAP, TRAF6 and CTSK genes and pro-
teins in RAW264.7 cells. These contradictory
results are difficult to explain now, but may be
related to types and differentiation status of
both MSCs and osteoclast precursors. Consi-
dering that the degradation of hydroxyapatite
and organic matrix by osteoclasts plays a key
role in bone remodeling, it is reasonable to pre-
sume that osteoclasts may contribute to the
biological degradation of supporting materials
in bone tissue engineering. Therefore, further
investigation on regulation of MSCs including
PDLSCs on mature differentiation of osteoclast
precursors and function of osteoclasts will help
in more roundly understanding the mechani-
sms of MSCs in bone tissue engineering.
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Conclusion

It is well known that MSCs can exert a thera-
peutic role by paracrine secretion of a variety
of molecules. However, the present prevailing
studies on the paracrine secretion of MSCs are
mainly concentrated on their recruiting host
cells and anti-inflammatory and immunoregula-
tory potentials. Few reports have been docu-
mented about the effects of MSCs on osteo-
clastic and osteoblastic differentiations. Our
study using a indirect coculture system showed
that PDLSCs enhanced ALP activity, expres-
sions of ALP, BSP, OPN mRNA and BSP, OPN
proteins and mineralization matrix deposition
in preosteoblast MC3T3-E1 cells. Meanwhile,
they improved maturation of osteoclasts and
expressions of TRAP, CSTK, TRAF6 mRNA and
TRAP, TRAF6 proteins in osteoclast precursor
RAW264.7 cells. These data suggest that PD-
LSCs regulate both osteoblastic and osteoclas-
tic differentiation, at least partially, in a para-
crine fasion. Further investigation on regulation
mechanisms of MSCs on mature differentiation
and functions of osteoblast and osteoclast pre-
cursors will help in more roundly understanding
the mechanisms of MSCs in bone tissue en-
gineering.
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