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Abstract
Objectives: Stromal cell-derived factor-1α (SDF-1α) plays an important role in tissue 
regeneration in various tissues including the periodontium. A potential limitation for 
its use derives from its sensitivity to cleavage by dipeptidyl peptidase-IV (DPP-IV). 
Parathyroid hormone (PTH) reduces enzymatic activity of DPP-IV and is suggested to 
be a promising agent for periodontal tissue repair. The purpose of this study was to 
provide insight into how SDF-1α and intermittent PTH treatment might affect prolif-
eration, migration and osteogenic differentiation of human periodontal ligament stem 
cells (PDLSCs) in vitro.
Materials and methods: PDLSCs were isolated by the limiting dilution method. Surface 
markers were quantified by flow cytometry. Cell-counting kit-8 (CCK8), cell migration 
assay, alkaline phosphatase (ALP) activity assay, alizarin red staining and RT-PCR were 
used to determine viability, migration and osteogenic differentiation of PDLSCs.
Results: PDLSCs were positive for CD44, CD73, CD90, CD105, CD166 and STRO-1 
and negative for CD14, CD34 and CD45. PTH/SDF-1α cotherapy significantly pro-
moted cell proliferation, chemotactic capability, ALP activity and mineral deposition 
(P<.05). Gene expression level of bone sialoprotein (BSP), runt-related transcription fac-
tor 2 (Runx2) and osteocalcin (OCN) were all up-regulated (P<.05).
Conclusions: PTH/SDF-1α cotherapy promoted proliferation, migration and osteo-
genic differentiation of PDLSCs in vitro. Cotherapy seemed to have potential to 
promote periodontal tissue regeneration by facilitating chemotaxis of PDLSCs to the 
injured site, followed by promoting proliferation and osteogenic differentiation of 
these cells.
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PTH/SDF-1α cotherapy promotes proliferation, migration and 
osteogenic differentiation of human periodontal ligament stem 
cells

Lingqian Du1,2,# | Ruijuan Feng1,2,# | Shaohua Ge1,2

1  | INTRODUCTION

Periodontitis are infectious diseases characterized by destruction of 
periodontium including gingiva, periodontal ligament (PDL), cemen-
tum and alveolar bone. Effective reconstruction of periodontium 
destroyed by periodontal diseases is a major goal of periodontal 
therapy.1 PDL is a fibrous connective tissue embedded between 

the cementum and the inner wall of the alveolar bone socket, which 
contributes to tooth homoeostasis, nutrition and repair of damaged 
tissue.2,3 Seo et al.4 first isolated a population of multipotent stem 
cells within PDL, termed periodontal ligament stem cells (PDLSCs). 
PDLSCs exhibit osteogenic, adipogenic and chondrogenic charac-
teristics under inductive culture conditions in vitro.5,6 Furthermore, 
PDLSCs transplantation therapies have the potential to promote 
the formation of new bone, new cementum and functional PDL in 
damaged periodontium in animal models.7–10 PDLSC may be an #These authors contributed equally.
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ideal cellular source for periodontal tissue repair and regeneration. 
However, all the aforementioned PDLSCs-based therapies required 
tissue biopsies and extensive manipulation of PDLSCs. Apart from 
its limited tissue source, additional time, cost and potential mor-
bidity are associated with harvesting procedures, obtaining enough 
PDLSCs from human autologous PDL tissues for clinical use is a for-
midable challenge. Thus, application of chemokines or cytokines to 
recruit autologous stem cells to defects may provide a potential to 
increase the number of local stem cells and improve periodontal tissue 
regeneration.11,12 Cytokines and chemokines are important factors 
that regulate mobilization, trafficking and homing of stem/progeni-
tor cells.13,14 Among the various cytokines and chemokines, stromal 
cell-derived factor-1α (SDF-1α/CXCL12) is a promising candidate for 
tissue engineering.15–23

SDF-1α, a member of CXC chemokine subfamily, plays important 
roles in survival, growth and migration of different cell types by acti-
vation of a G protein-coupled receptor, CXCR4.15–23 The interaction 
of SDF-1α/CXCR4 may play an essential role in promoting migration 
of CXCR4-expressing MSCs into injured tissues and mediate tissue 
regeneration.17,18,21,22 Previously, we reported that human PDLSCs 
expressed SDF-1α receptor CXCR4, and SDF-1α promoted the pro-
liferation and chemotaxis of human PDLSCs in a dose-dependent 
manner.24 Our previous work suggested that local application of exog-
enous SDF-1α may be a simple and safe technique for periodontal 
tissue regeneration.25 However, a potential limitation for the thera-
peutic use of SDF-1α derives from its sensitivity to cleavage by CD26/
dipeptidyl peptidase-IV (DPP-IV).26

DPP-IV is a membrane-bound extracellular peptidase that is 
ubiquitously expressed.27,28 SDF-1α is N-terminally cleaved at posi-
tion-2 proline by DPP-IV, and the truncated form of SDF-1α is both 
inactive as a chemotactic molecule, and also blocks chemotaxis of 
full-length SDF-1α.26,29 Therefore, stabilization of the active form 
of SDF-1α by the inhibition of DPP-IV may maintain the therapeutic 
activity of SDF-1α and enhance the recruitment of stem/progenitor 
cells to injured tissues. Huber et al.30 reported that parathyroid hor-
mone (PTH) significantly reduced the enzymatic activity of DPP-IV in 
a dose-dependent manner in vitro. PTH was also shown to lead to 
an increased cardiac SDF-1α protein level by inhibiting DPP-IV, thus 
enhancing stem cell migration into the ischaemic heart and improving 
cardiac function in vivo.

Approved by the U.S. Food and Drug Administration (FDA), PTH is 
the unique bone anabolic drug for the treatment of osteoporosis.31,32 
Reports have demonstrated that intermittent administration of PTH 
increases bone strength and prevents bone fractures, while continu-
ous use of PTH may lead to bone loss.32–34 Intermittent administration 
of PTH can play a significant role in periodontal repair via stimulation 
of bone mineral content especially in the alveolar region.35 PTH has 
been suggested as a promising agent for periodontal tissue repair.35,36 
Addition of PTH to SDF-1α may improve the efficiency of SDF-1α on 
PDLSCs, making their application for periodontal regeneration more 
feasible and effective. To date, the effect of the combination of PTH 
and SDF-1α on the biological behaviour of PDLSCs has not been 
elucidated.

Therefore, the aim of this study was to investigate the effects of 
the combination of PTH and SDF-1α on proliferation, migration and 
osteogenic differentiation of human PDLSCs and provide the exper-
imental basis for their cotherapy in periodontal tissue regeneration.

2  | MATERIALS AND METHODS

2.1 | Collection and culture of human PDLSCs

The study protocol was approved by the Medical Ethical Committee 
of School of Stomatology, Shandong University (Protocol Number: 
GR201603) and written informed consent was obtained from each 
individual participant. All the protocols were carried out in accord-
ance with the approved guidelines. Six human premolars, which 
were extracted for orthodontic reasons from six systemically healthy 
patients, were used for tissue biopsy and PDL cell isolation. The age 
of the participants ranged from 12 to 16 years (three males, three 
females). The teeth were stored in Dulbecco’s modified Eagle’s medi-
um (DMEM; Hyclone, Logan, UT, USA) supplemented with 100 U/
mL penicillin G and 100 μg/mL streptomycin (Sigma-Aldrich, St Louis, 
MO, USA). Human PDL tissue was scraped from the middle third of 
the root surface as previously described.37 PDL tissue was cut into 
small pieces and digested with 3 mg/mL collagenase I (Invitrogen, 
Carlsbad, CA, USA) and 4 mg/mL dispase II (Invitrogen) for 2 hours 
at 37°C. The dissociated cell suspension was filtered through a 70 μm 
cell strainer (BD Falcon, BD Biosciences, Bedford, MA, USA). After 
cell counting, single cell suspension was plated at a concentration of 
60 cells/cm2 on non-treated 10 cm Petri dishes for single cell-derived 
colony selection, and was cultured in DMEM with 10% foetal calf 
serum (FCS; Hyclone), 2 mm l-glutamine (Sigma-Aldrich), 100 mm l-
ascorbate-2-phosphate (Wako Pure Chemical Industries, Richmond, 
VA, USA), 1 mm sodium pyruvate (Sigma-Aldrich), 50 U/mL penicillin 
G and 50 mg/mL streptomycin for 10–14 days. Individual colonies 
were isolated with colony rings and expanded into individual vessels 
for further cultivation, as previously described.38 All cell-based experi-
ments were repeated at least three times.

2.2 | Flow cytometric analysis

Surface markers for human PDLSCs were quantified by flow cytome-
try. After reaching confluence, cells were detached by 0.05% trypsin/
ethylenediaminetetraacetic acid (EDTA) and resuspended in blocking 
buffer containing Hanks’ balanced salt solution (Sigma-Aldrich) sup-
plemented with 5% FCS. Approximately, 1 × 105 cells were incubated 
with fluorescein isothiocyanate (FITC)-conjugated mouse monoclo-
nal antibodies (10 μg/mL) specific for CD44, CD73, CD90, CD105, 
CD166 (Becton Dickinson Biosciences, San Jose, CA, USA) and 
STRO-1 (R&D Systems, Inc., Minneapolis, MN, USA), CD14, CD34, 
CD45 (Beckman Coulter, Brea, CA, USA) or isotype-matched control 
IgGs for 1 hour on ice. Isotype-matched controls were then incu-
bated with FITC-conjugated goat anti-mouse IgG (Southern Biotech, 
Birmingham, AL, USA) for 45 minutes on ice. After washing, cells 
were fixed in fluorescence-activated cell sorting fix solution. Then the 
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samples were subjected to flow cytometric analyses using an Epics-
XL/MCL flow cytometer (Beckman Coulter, Fullerton, CA, USA).

2.3 | PTH and SDF-1α administration

In this study, cells were cultured in the presence of 50 ng/mL 
PTH (Sigma-Aldrich) and/or 200 ng/mL SDF-1α (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) as experiment groups accord-
ing to a previous study.24,39 Cells were maintained in PTH for 6 hours 
within a 48-hour incubation cycle. For the remaining time, experi-
mental media were replaced with basic culture media without PTH. 
Cells maintained without PTH and SDF-1α were referred as control 
group. The duration of PTH application and the four groups (a-d) 
were shown in Fig. 1.

2.4 | Cell proliferation assay

Once 80% confluence had been achieved, cells were seeded in 96-
well plates at a density of 7.5 × 104 cells/mL and then treated with 
maintenance medium (DMEM supplemented with 0.5% FCS) or main-
tenance medium with PTH and/or SDF-1α for 2 days. The prolifera-
tion of the cells was determined using the cell-counting kit-8 (CCK8) 
according to the manufacturer’s instructions (Dojindo Laboratories, 
Kumamoto, Japan). Briefly, the culture medium was replaced with 
100 μL DMEM containing 10 μL CCK8 and the plates were incubated 
for 3 hours at 37°C. Absorbance at 450 nm was measured in a multi-
well spectrophotometer.

2.5 | Cell migration assay

The migratory effects of SDF-1α and/or PTH on human PDLSCs were 
evaluated in 24-well plates with an 8 μm pore size polycarbonate 
membrane. In brief, 1×105 cells in 200 μL DMEM containing 0.1% 
FCS were cultured in the upper chamber. The lower wells were sup-
plemented with PTH and/or SDF-1α in 500 μL DMEM containing 
0.1% FCS. Medium without PTH and SDF-1α but 0.1% FCS served 
as a negative control and medium containing 10% FCS served as a 
positive control. The chambers were incubated for 20 hours at 37°C. 
After removal of non-migrated cells on top of the filter, cells that had 
migrated through the membrane were fixed in 4% paraformaldehyde 
(Sigma-Aldrich), stained with 0.1% crystal violet (Sigma-Aldrich). The 
number of cells that had migrated into the lower chamber was count-
ed in six randomly selected high-power microscopic fields (×200) per 
filter by blind evaluation.

2.6 | ALP activity assay

Human PDLSCs were seeded in six-well plates at a density of 
5 × l04 cells/mL in osteogenic inductive medium (DMEM supple-
mented with 10% FCS, 10−8 mol/L dexamethasone, 50 mg/L ascor-
bic acid, and 10 mmol/L β-glycerophosphate) or osteogenic inductive 
medium with the presence of 50 ng/mL PTH and/or 200 ng/mL SDF-
1α. After 7 and 14 days of induction, cells were washed with 0.01 m 
PBS and scraped into 150 μL 1% TritonX-100 (Sigma-Aldrich). Then 
cells were sonicated and cell lysates were centrifuged at 12 000 g for 
5–10 minutes at 4°C. ALP activity in the supernatant was assayed 
according to the instruction of the manufacturer (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China). In brief, 30 μL supernatant, 
50 μL buffer solutions and 50 μL matrix liquid were added to a 96-
well plate and mixed. The plate was incubated for 15 minutes at 37°C. 
Next, 150 μL colouration solution was added to each well and the 
absorbance of the samples was measured at 520 nm wavelength with 
a spectrophotometer. For standard wells and negative control wells, 
the supernatant was replaced with standard phenol solution and 
double distilled water. ALP activity was calculated according to the 
concentration of the phenol in a standard well. Results were adjusted 
according to the protein content detected by bicinchoninic acid stand-
ard (Jiangsu KeyGEN BioTECH Corp., Ltd, Nanjing, China).

2.7 | Alizarin red staining

Human PDLSCs cells were seeded in six-well plates at a density of 
5 × l04 cells/mL and were cultured with osteogenic inductive medium 
or osteogenic inductive medium with the presence of 50 ng/mL PTH 
and/or 200 ng/mL SDF-1α. After 28 days of induction, extracellular 
matrix calcification was estimated by using 2% Alizarin Red S with a 
pH value of 4.3 (Sigma-Aldrich) for 15 minutes. For quantifying the 
relative amount of calcium, 300 μL of 10% (w/v) cetylpyridinium chlo-
ride (Sigma-Aldrich) and 10 mm sodium phosphate (pH 7.0) solution 
were added to the stained dishes and the absorbance of extracted dye 
was determined at 562 nm.

2.8 | RNA isolation and real-time PCR analysis of 
osteogenesis-related gene expression

Human PDLSCs were inoculated in six-well plates at a density of 
5 × l04 cells/mL and cultured with osteogenic inductive medium or 
osteogenic inductive medium with the presence of 50 ng/mL PTH 
and/or 200 ng/mL SDF-1α. After 7, 14, 21 and 28 days of induction, 
total RNA of PDLSCs with different treatments was extracted with 
Trizol® reagent (TaKaRa Bio Inc, Tokyo, Japan), and 1 μg RNA was 
transcribed with reverse transcriptase (TaKaRa Bio Inc) according to 
the manufacturer’s recommendation. Real-time PCR (RT-PCR) was 
performed using 1 μL of cDNA in a 20 μL reaction volume with Roche 
480 in triplicate. The relative expression level of the housekeeping 
gene, GAPDH, was used to normalize gene expression in each sample 
in different groups. PCR conditions were as follows: hot-start enzyme 
activation at 95°C for 30 seconds; 55 cycles of denaturation at 95°C 

F IGURE  1 Schematic diagram of SDF-1α and PTH application 
duration and four groups
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for 5 seconds, annealing at 60°C for 35 seconds and extension at 
72°C for 1 minute; finally at 40°C for 30 seconds. The sequences 
of the primers for amplification of human GAPDH, Runx2, BSP and 
OCN were as follows: GAPDH: 5′-GCACCGTCAAGGCTGAGAAC-3′ 
and 5′-TGGTGAAGACGCCAGTGGA-3′; Runx2: 5′-TCCACACCAT 
TAGGGACCATC-3′ and 5′-TGCTAATGCTTCGTGTTTCCA-3′; 
BSP: 5′-CCCCACCTTTTGGGAAAACCA-3′ and 5′-TCCCCGTTCT 
CACTTTCATAGAT-3′; OCN: 5′-TCACACTCCTCGCCCTATT-3′ 
and 5′-GATGTGGTCAGCCAACTCG-3′. The amount of mRNA was 
calculated for each sample based on the standard curve using the 
LightCycler® Software 4.0 (Roche, Basel, Switzerland).

2.9 | Statistical analysis

Data were expressed as the mean ± standard error of the mean and 
were analysed using SPSS software (SPSS Inc., Chicago, IL, USA) with 
differences between groups assessed by one-way ANOVA. Statistical 
probability of P<.05 was considered significant.

3  | RESULTS

3.1 | Isolation and characteristics of human PDLSCs

Primary cultures of single cell suspensions from human periodontal 
ligament tissues exhibited a spindle-shaped fibroblast-like morphol-
ogy (Fig. 2a), PDLSCs were identified as single cell colonies generated 
from human PDL-derived cells, which exhibited typical spindle shape 
and oval nuclei containing two or three nucleoli (Fig. 2b). All trials 

of single cell-derived colony-forming efficiency were successfully 
performed. Cell clusters were derived from a single colony of PDLSCs 
(Fig. 2c,d). By flow cytometric analysis, PDLSCs were uniformly posi-
tive (>95%) for MSCs markers CD44, CD73, CD90, CD105, CD166 
and the level of STRO-1 expression was 20.40%, while negative for 
hematopoietic stem cells markers CD14, CD34 and CD45 (<5%) 
(Fig. 2e).

3.2 | The combination of PTH and SDF-1α 
enhanced the proliferation of PDLSCs

CCK8 results showed that the proliferation of PDLSCs treated with 
50 ng/mL PTH was higher than that in control group, but there was 
no significant difference between the two groups (P>.05) (Fig. 3). 
However, 200 ng/mL SDF-1α significantly promoted cell prolifera-
tion compared with control group (P<.05). Moreover, cell prolifera-
tion was synergistically promoted by the combination of PTH and 
SDF-1α, which was significantly higher than other three groups 
(P<.05).

3.3 | The combination of PTH and SDF-1α 
enhanced the migration of PDLSCs

We tested the chemotactic capability of PTH and SDF-1α on PDLSCs 
and the numbers of migrated cells were quantified (Fig. 4a,b). SDF-1α 
significantly enhanced the migration capacity of PDLSCs compared 
with negative control group (62.92 ± 7.87 vs 6.28 ± 1.28 cells/field, 
P<.05) and positive control group (62.92 ± 7.87 vs 45.5 ± 2.24 cells/

F IGURE  2 Characterization of PDLSCs. (a) Cultured primary cells derived from human periodontal ligament tissue exhibited typical 
fibroblast-like morphology. Scale bar: 100 μm. (b) Cultured PDLSCs exhibited typical fibroblast-like morphology. Scale bar: 50 μm. (c) Single 
colonies formed after PDLSCs were plated at low density and cultured for 10–14 days. (d) Cell clusters derived from the PDLSCs formed a single 
colony and were stained with 0.1% toluidine blue. Scale bar: 250 μm. (e) Flow cytometric analyses of PDLSCs. They were positive for MSCs 
markers CD44, CD73, CD90, CD105, CD166 and the level of STRO-1 expression was 20.4%, while negative for hematopoietic markers CD14, 
CD34 and CD45 (red line). Isotype controls 1B5 (IgG1) and 1D4.5 (IgG2a) were black line

(a) (b) (e)

(c) (d)
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field, P<.05). About 50 ng/mL PTH also significantly induced cell 
migration compared with negative control group (54.53 ± 5.11 vs 
6.28 ± 1.28 cells/field, P<.05). More importantly, when combined with 
PTH, the chemotactic capability of SDF-1α was further enhanced. The 
migration capacity of PDLSCs cultured in 200 ng/mL SDF-1α plus 
50 ng/mL PTH was significantly higher than that in negative, positive 
controls and PTH group (77.36 ± 7.71 vs 6.28 ± 1.28, 45.5 ± 2.24, 
54.53 ± 5.11 cells/field, P<.05).

3.4 | The combination of PTH and SDF-1α 
significantly increased ALP activity of PDLSCs

ALP activity has been widely used as a marker of the early osteogen-
ic differentiation of stem cells or progenitor cells. In our study, ALP 

activity was measured at day 7 and 14 (Fig. 5). At day 7, 200 ng/mL 
SDF-1α significantly promoted ALP activity compared with PTH and 
control groups (P<.05). Moreover, the combination of PTH and SDF-
1α stimulated significantly higher level of ALP activity compared with 
other three groups (P<.05). At day 14, ALP activity in both SDF-1α 
and PTH+SDF-1α groups dramatically decreased to the level of PTH 
and control groups.

F IGURE  3 PTH combined with SDF-1α promoted the 
proliferation of human PDLSCs. Cell proliferation was measured using 
a CCK-8 kit. Each value was the mean ± SEM of four independent 
experiments. *P<.05 compared with control group; §P<.05 
PTH+SDF-1 group compared with other experimental groups

F IGURE  4 PTH combined with SDF-1α 
promoted the migration of human PDLSCs. 
(a) Crystal violet staining showed the cells 
that migrated to the undersurface of the 
membrane in different groups. (b) All three 
experiment groups had positive effects 
on the migration capacity of PDLSCs in 
transwell assays. The data were presented 
as mean ± SEM. *P<.05 compared with 
negative control; ▲P<.05 experimental 
groups compared with positive control; 
§P<.05 PTH+SDF-1α group compared with 
other experimental groups

(a)

(b)

F IGURE  5 The combination of PTH and SDF-1α enhanced ALP 
activity of human PDLSCs. ALP activity was significantly promoted 
at day 7 in SDF-1α and PTH+SDF-1α groups, while decreased at 
day 14 and there was no significant difference between experiment 
groups and control group. The data were presented as mean ± SEM. 
*P<.05 compared with control group; ▲P<.05 PTH group compared 
with SDF-1α group; §P<.05 PTH+SDF-1α group compared with other 
experimental groups
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3.5 | The combination of PTH and SDF-1α 
significantly promoted the formation of mineral 
deposition of PDLSCs

In our research, extracellular matrix calcification was determined by 
Alizarin Red S staining (Fig. 6a) and the relative amount of calcium 
was quantified (Fig. 6b). The application of both PTH and SDF-1α 
significantly enhanced the mineralization in comparison with control 
group (P<.05) and SDF-1α significantly increased the concentration of 
calcium deposition in comparison with PTH (P<.05). More importantly, 
data indicated cells treated with PTH+SDF-1α significantly increased 
the calcium deposition compared with the other three groups (P<.05).

3.6 | PTH and SDF-1α enhanced the gene 
expression of osteogenic markers

The effect of PTH and SDF-1α on osteogenic differentiation of PDLSCs 
was determined by evaluating the gene expression of BSP, OCN and 
Runx2. At day 7, the expression level of BSP was up-regulated signifi-
cantly by PTH+SDF-1α in comparison with other three groups (P<.05) 
(Fig. 7a). SDF-1α promoted significantly higher level of BSP mRNA 
than PTH and the expression level of BSP mRNA in PTH group was 
higher than that in control group (P<.05). Not surprisingly, BSP expres-
sion level decreased dramatically at day 14 and the difference among 
the four groups kept the same trend as day 7, with the exception that 
there was no significant difference between PTH and SDF-1α groups 
(P>.05). At day 21, BSP expression level continued to decline and 
PTH+SDF-1α up-regulated higher BSP gene level than PTH and con-
trol groups (P<.05). Finally, there was no significant difference among 
four groups at day 28 (P>.05). As a relatively late marker of osteoblas-
tic differentiation related to mineralization, OCN expression increased 

with time in all four groups and PTH+SDF-1α promoted significantly 
higher OCN expression than other three groups at all four time points 
(P<.05) (Fig. 7b). At day 14, 21 and 28, though OCN expression level 
was significantly lower in PTH group in comparison with SDF-1α, both 
SDF-1α and PTH up-regulated higher OCN expression than control 
group (P<.05). As for Runx2, the highest expression level appeared at 
day 14 and both PTH and SDF-1α groups significantly up-regulated 
Runx2 expression in comparison with control group at four time points 
(P<.05) (Fig. 7c). Furthermore, PTH+SDF-1α induced significantly 
higher Runx2 expression than the other three groups at day 7, 21 and 
28 (P<.05).

4  | DISCUSSION

In this study, human PDLSCs were successfully isolated and identi-
fied. For the first time, we demonstrated that intermittent PTH treat-
ment enhanced the proliferative and chemotactic effects of SDF-1α 
on PDLSCs in vitro. Moreover, the combination of intermittent PTH 
and SDF-1α significantly increased ALP activity, promoted the forma-
tion of mineral deposition and increased osteogenesis-related gene 
expression levels of human PDLSCs.

PDLSCs, isolated from periodontal ligament tissues, have the 
capacity of multipotent differentiation in vitro and regeneration 
potential in vivo.4–9 Consequently, they are regarded as candidates for 
periodontal tissue regeneration. In the present study, human PDLSCs 
were successfully isolated from periodontal ligament tissues, dis-
played typical fibroblastic appearance and demonstrated remarkable 
colony-forming capacity. We detected the expression of CD44, CD73, 
CD90, CD105, CD166, STRO-1, CD14, CD34 and CD45 in PDLSCs 
by flow cytometry. The results showed that PDLSCs were positive 

F IGURE  6 The combination of PTH 
and SDF-1α enhanced mineral deposition 
of PDLSCs. (a) Representative photographs 
of Alizarin Red staining in different groups. 
(b) The concentration of calcium deposition 
was quantified by absorbance at 562 nm. 
The data were presented as mean ± SEM. 
*P<.05 compared with control group; 
▲P<.05 PTH group compared with SDF-
1α group; §P<.05 PTH+SDF-1α group 
compared with other experimental groups
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for MSCs markers CD44, CD73, CD90, CD105, CD166 and negative 
for hematopoietic markers CD14, CD34, and CD45, in accord with 
the marker expression profile defined for multipotent stromal cells in 
the International Society for Cellular Therapy position statement.40 
STRO-1 antigen is one of the important early markers of MSCs, and it 
can also be used to isolate a homogeneous stem cell population from 
periodontal ligament.4,6,24,37 As for STRO-1, the expression level in 
our study was 20.4%, which was consistent with previous studies.24,37

In our previous studies, we demonstrated that human PDLSCs 
expressed SDF-1α receptor CXCR4 at mRNA and protein level. 

Moreover, PDLSCs showed a dose-dependent chemotactic response 
to SDF-1α at concentrations of 100–400 ng/mL in vitro and the 
optimal effect appeared at the concentration of 200 ng/mL.24 In this 
study, we first investigated in vitro chemotactic potency of PTH, and 
confirmed that PTH promoted the migration of PDLSCs and slightly 
promoted the proliferation of PDLSCs at the concentration of 50 ng/
mL. About 200 ng/mL SDF-1α and 50 ng/mL PTH were determined to 
be the optimal concentrations for PDLSCs in this study.

To explore the effects of PTH and SDF-1α on the proliferation 
and migration of PDLSCs, we compared in vitro cell proliferation and 
migration capacity among different treatment conditions of SDF-1α 
and PTH. Consistent with the results of our previous studies, SDF-1α 
promoted the proliferation and migration of human PDLSCs. Blocking 
experiment demonstrated a crucial participation of the SDF-1α/
CXCR4 axis in these effects.24 Despite extensive in vivo and in vitro 
studies conducted to investigate the effects of anabolic PTH treat-
ment on bone, other biological effects on MSCs remain unclear. We 
demonstrated that PTH also directly regulated the proliferation and 
migration of human PDLSCs. Not surprisingly, PTH/SDF-1α cotherapy 
synergistically promoted the proliferation and migration of PDLSCs, 
which suggested that PTH enhanced the proliferative and chemo-
tactic effects of SDF-1α on PDLSCs in vitro. The administration of 
PTH resulted in an up-regulation of SDF-1α and improved the hom-
ing capacity via SDF-1α/CXCR4 axis by analyses of osteoblasts in 
bone marrow.41 A recent report demonstrated that PTH significantly 
reduced the enzymatic activity of DPP-IV in a dose-dependent manner 
in vitro.30 PTH enhanced the proliferation and migration of PDLSCs 
might through stabilizing the active form of SDF-1α by inhibition of 
DPP-IV. Activation of chemokine receptor CXCR4 by SDF-1α is asso-
ciated with cell proliferation and migration in many cell types.16–23 
The ability of SDF-1α/CXCR4 axis to promote cell proliferation may 
be regulated by different members of the MAP kinase family.42 SDF-
1α/CXCR4 pathway is a key stimulus for the homing of stem cells to 
sites of damaged tissue, including bone injury.22,23,25 SDF-1α/CXCR4 
axis results in increased phosphorylation of focal adhesion compo-
nents, including the related adhesion focal tyrosine kinase (RAFTK/
Pyk2), Crk, and paxillin, which are important in the adhesion process, 
leading to cell migration.42 Cell migration induced by SDF-1α/CXCR4 
axis involved activation of multiple downstream pathways, including 
activation of phosphoinositide-3 kinase (PI3K), phospholipase C, and 
inactivation of adenylyl cyclase.42,43

While MSCs have been scrutinized and studied for years, 
attention was focused on SDF-1α originally only for its function 
as a chemotaxis regulator in MSCs engraftment and in tissue engi-
neering.18,20,22,25 In this study, we demonstrated that SDF-1α also 
directly played a role in regulating osteogenic differentiation of 
PDLSCs in addition to its chemotactic effects. These results were in 
agreement with previous studies of SDF-1α in osteogenic differen-
tiation of mesenchymal C2C12 cells.44 Hosogane et al.45 reported 
that SDF-1α increased BMP-induced ALP activity and OCN expres-
sion in human and mouse BMSCs. It has also been documented that 
SDF-1α improves ALP activity and mineralized nodule formation 
in human dental pulp cells.46 To explore the effects of SDF-1α on 

F IGURE  7 PTH and SDF-1α up-regulated the gene expression 
levels of BSP, OCN and Runx2. (a) Gene expression levels of BSP 
after 7, 14, 21, 28 days of induction. (b) Gene expression levels of 
OCN after 7, 14, 21, 28 days of induction. (c) Gene expression levels 
of Runx2 after 7, 14, 21, 28 days of induction. Each bar represents 
the mean ± SEM. *P<.05 compared with control group; ▲P<.05 PTH 
group compared with SDF-1α group; §P<.05 PTH+SDF-1α group 
compared with other experimental groups

(a)

(b)

(c)
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the osteogenic differentiation of PDLSCs in vitro, we performed 
differentiation assays as we have previously reported.47 The addi-
tion of SDF-1α in the culture media promoted the mRNA expres-
sion of osteogenic markers of BSP, OCN and Runx2, and resulted 
in enhanced relative amount of calcium deposition, indicating that 
SDF-1α enhanced osteoblastic differentiation of PDLSCs in vitro. 
PTH, as a major regulator of bone remodelling and calcium homoeo-
stasis, stimulated osteoblastic bone formation not only in vitro but 
also in vivo.35,36,39 Tokunaga et al.35 demonstrated that intermittent 
treatment with PTH stimulated osteoblastic differentiation in foetal 
rat calvaria cell cultures, and topical intermittent administration of 
PTH recovered alveolar bone loss in rat experimental periodontitis. 
The anabolic effect of intermittent PTH application on bone var-
ies with different cell types as well as with the concentrations and 
duration of PTH.34 Our results suggested that PTH alone directly 
enhanced osteogenic differentiation of PDLSCs. When combined 
PTH with SDF-1α, osteogenic capability of PDLSCs was marked-
ly enhanced compared with PTH or SDF-1α alone. The process of 
osteogenic differentiation consists of three phases: proliferation 
with matrix formation, maturation and mineralization. During this 
process, orchestrated expression of osteogenic genes takes place. 
ALP, as an important marker for osteogenic differentiation, is 
expressed in the very early stages of differentiation of stem cells or 
progenitors.48 Our results demonstrated that ALP activity increased 
as early as day 7 when cells were treated with PTH and SDF-1α, 
which suggested that combination of PTH and SDF-1α promoted 
osteoblast differentiation at an early stage. Runx2 is an osteoblast-
specific transcription factor, which is implicated as a major regulator 
of osteoblast differentiation and gene expression.45 SDF-1α and/
or PTH increased expression level of Runx2 compared with control 
group. BSP is a component of mineralized tissues, including bone, 
dentin, cementum, and calcified cartilage.47 Our results showed 
that the expression level of BSP was up-regulated significantly by 
PTH+SDF-1α in comparison with other three groups as early as day 
7. OCN, the most abundant non-collagenous protein of the bone 
matrix, serves as a late marker of osteoblast differentiation in sever-
al osteogenic lines.45 SDF-1α/PTH cotherapy significantly increased 
OCN mRNA as early as day 7. The results indicated that combi-
nation of PTH and SDF-1α synergistically promoted ALP activity, 
gene expression of osteogenic markers including Runx2, BSP and 
OCN, and consequently leading to accelerated calcium deposition 
in PDLSCs.

In summary, our results suggested that the combination of PTH 
and SDF-1α enhance the proliferation, chemotaxis and osteogenic 
differentiation of PDLSCs in vitro. Therefore, PTH/SDF-1α cotherapy 
could not only be applied as chemotactic factors to promote stem cell 
recruitment but also as osteogenic inducers in regenerative dentist-
ry. The cooperative effects of PTH and SDF-1α had new implications 
for periodontal tissue regeneration. To confirm the synergistic effect 
of PTH and SDF-1α and explore the underlying mechanisms, we will 
investigate in vivo effects of PTH/SDF-1α cotherapy on periodon-
tal regeneration by a cell-free tissue engineering system in further 
studies.

5  | CONCLUSION

The combination of PTH and SDF-1α promotes the proliferation, 
migration and osteogenic differentiation of PDLSCs in vitro. All these 
findings indicate that application of SDF-1α and PTH holds promise 
for in situ therapies of periodontal tissue regeneration based on guid-
ing PDLSCs to periodontal defects, and encourage further in vivo 
studies.
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