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Abstract. Platelet-rich plasma (PRP) is used in the clinic as 
an autologous blood product to stimulate bone regeneration 
and chondrogenesis. Numerous studies have demonstrated 
that PRP affects bone remodeling by accelerating osteo-
blast formation. With the research perspective focusing on 
osteoclasts, the present study established a mouse model 
of mandibular advancement to examine the effect of PRP 
on osteoclast differentiation induced by modification of 
the dynamics of the temporomandibular joint  (TMJ). The 
lower incisors of the mice were trimmed by 1 mm and the 
resultant change in mandibular position during the process 
of eating induced condylar adaptation to this change. PRP 
significantly increased the bone mass and decreased osteo-
clastic activity, in vitro as well as in vivo. Mechanistically, the 
reduced expression of receptor activator of nuclear factor-κB 
ligand  (RANKL)‑induced differentiation marker genes, 
including nuclear factor of activated T-cells, cytoplasmic 1, 
c-fos and tartrate-resistant acid phosphatase, and that of the 
resorptive activity marker genes such as cathepsin k, carbonic 
anhydrase 2 and matrix metalloproteinase 9, indicated that 
PRP suppresses RANKL-induced osteoclast differentiation. 
A microarray analysis revealed that several genes associated 
with the Wnt pathway were differentially expressed, which 
indicated the involvement of this pathway in osteoclast differ-
entiation. Furthermore, the activation of the Wnt pathway 
was verified by reverse transcription-quantitative polymerase 
chain reaction and immunoblot analysis of Dickkopf-related 

protein  1 and β-catenin. The results of the present study 
indicated that PRP inhibits osteoclast differentiation through 
activation of the Wnt pathway.

Introduction

Angle class II malocclusion is a common condition that pres-
ents most commonly as mandibular retrusion (1). Treatment 
of this condition involves the use of functional appliances 
to stimulate mandibular growth by forward posturing of the 
mandible. During this process, a series of morphological and 
histological changes are observed in the region of the temporo-
mandibular joint (TMJ), which manifest as reconstruction of 
the condyle and glenoid fossa (2). Studies have demonstrated 
that mandibular advancement may induce endochondral bone 
formation in the condyle (3-5). The present study established 
a mouse model of stepwise mandibular advancement to study 
bone homeostasis associated with TMJ modification in the 
absence and presence of platelet-rich plasma (PRP).

The coordination between bone matrix formation by 
osteoblasts and bone resorption by osteoclasts maintains bone 
homeostasis (6). Shifting of the balance either towards bone-
resorbing osteoclasts or bone-forming osteoblasts is implicated 
in the causation of several bone disorders. Osteoclasts are 
multinucleated cells of hematopoietic origin responsible for 
bone resorption and have a critical role in maintaining bone 
remodeling and mineral homeostasis (7,8). Two cytokines, 
the macrophage colony-stimulating factor (M-CSF) and the 
receptor activator of nuclear factor-κB ligand (RANKL) are 
known to regulate osteoclast differentiation (9).

PRP refers to plasma with an enhanced concentration of 
platelets. As a natural source of a variety of growth factors, 
PRP has an important role in bone repair, cell proliferation and 
differentiation during tissue regeneration (10). PRP has been 
demonstrated to stimulate bone regeneration and healing by 
inducing proliferation and differentiation of osteoblasts (11,12). 
However, its effect on RANKL-induced osteoclast differentia-
tion has remained to be fully elucidated.

The aim of the present study was to evaluate the effect of 
PRP on osteoclast differentiation during mandibular condyle 
remodeling, and to determine the underlying molecular 
mechanisms involved in this biological process.
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Materials and methods

Animals and experimental design. A total of 100, 3 week-old 
female BALB/c mice were maintained in a temperature-controlled 
room (24±1˚C) with relative humidity (50±10%) at the animal 
center of Nanjing Medical University (Nanjing, China) with free 
access to mouse chow and water and underwent a 12 h light/dark 
cycle. All animal experimentation was performed according to 
protocols approved by the Experimental Animal Care and Use 
Committee of Nanjing Medical University (Nanjing, China). 
Mice were provided by the Model Animal Research Center of 
Nanjing University (Nanjing, China).

Induction of mandibular forward movement was performed 
as described previously  (13). In brief, in 4-week-old mice, 
both sides of the lower incisors were trimmed by 1 mm at the 
incisal third every 3 days until they were sacrificed. This was 
performed to induce a mandibular protrusion movement that 
occurs when mice are feeding.

Four-week-old female mice were divided into two groups 
(n=5 in each): The negative control group (received normal 
saline) and the PRP group (received PRP treatment). Normal 
saline or PRP were directly injected into the articular cavity of 
the TMJ by a micro syringe once a week. After injection, the 
animals were allowed to recover and were sacrificed at 7, 14 
and 28 days after mandibular forward movement.

Preparation of PRP. Whole blood collected from age-matched 
female BALB/c mice was transferred to sterile tubes and 
mixed with sodium citrate (3.8%) at a ratio of 9:1 to prevent 
coagulation. PRP was enriched by a two-step centrifuga-
tion method as described previously  (14). The tubes were 
centrifuged at 600 x g for 10 min at room temperature and 
the whole blood was separated into three phases: platelet-poor 
plasma (top), buffy coat (middle) and erythrocytes (bottom). 
The top and middle liquid phases were transferred to a fresh 
tube and centrifuged again at 1,200 x g for 15 min. The upper 
half of the supernatant plasma was discarded and the lower 
half was blended thoroughly to yield PRP. PRP was activated 
with 10% calcium chloride solution and 5,000 units of bovine 
thrombin to induce the formation of a gel, which was then 
stored at -20˚C.

Micro-computed tomography (micro-CT) analysis. To assess 
differences in the density of subchondral bone and the degree 
of bone resorption, the condylar bone was cleared of marrow 
and soft tissue and then fixed overnight in 70% ethanol (15). 
The specimens were then scanned at a slice thickness of 18 µm 
using a Skyscan 1176 micro-CT device (Skyscan, Kontich, 
Belgium) at 50 kV and 456 µA. Images were reconstructed and 
analyzed using NRecon version 1.6 and CTAn version 1.31.8.1 
software (Bruker, Billerica, MA, USA). The area of condylar 
cartilage and subchondral bone in the sample was defined as 
the region of interest (ROI). A total of five consecutive images 
from the ROI were used for three-dimensional reconstruction 
and analysis.

The parameters analyzed included the trabecular bone 
volume per total volume (BV/TV), trabecular number (Tb.N), 
trabecular separation (Tb.Sp) and trabecular thickness (Tb.Th). 
The operator who performed the scanning analysis was blinded 
to the group identity of each sample.

Histological analysis. Mandibular condyles from the 
control and experimental animals were resected and fixed in 
10% buffered formalin for 24 h, decalcified in 10% EDTA 
(pH 7.4) for 21 days, embedded in paraffin and cut into 4-µm 
thick sections. The sections were stained for total collagen, 
as well as with tartrate-resistant acid phosphatase (TRAP) 
and Goldner's trichrome as described previously  (16,17). 
The histomorphometric parameters determined included the 
percentage of collagen area, the number of osteoclasts per 
bone perimeter (OcN/BP) and the number of osteoblasts per 
bone perimeter (ObN/BP) (18). Two examiners blinded to the 
group identity analyzed the slides.

Mouse osteoclast culture. Bone marrow cells and hema-
topoietic cells were extracted from the tibias and femurs of 
three-week-old BALB/c female mice under general anesthesia, 
as described previously (19). Cells were cultured in α-minimum 
essential medium (α-MEM) with 15% fetal bovine serum (FBS) 
(both from Gibco; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) and 1% penicillin-streptomycin (PS) at 37˚C and 
5% CO2 for 3 h to remove adherent cells. Non-adherent cells 
were seeded onto new plates and cultured in α-MEM with 
M-CSF (20 ng/ml; Sigma-Aldrich; Merck KGaA, Darmstadt, 
Germany) for 3 days, which resulted in the growth of bone 
marrow-derived macrophages (BMMs).

For osteoclast differentiation and TRAP activity staining, 
BMMs were seeded in 6-well plates and cultured in the 
presence of M-CSF (20  ng/ml) and RANKL (20  ng/ml; 
Sigma‑Aldrich; Merck KGaA) with or without 1% PRP for 
3 days.

TRAP staining. The protocol used for cell TRAP staining 
was in accordance with that of a previous study (20). In brief, 
cells were fixed in 4% paraformaldehyde and stained for 
TRAP activity with 0.1 M acetate solution (pH 5.0) containing 
6.76 mM sodium tartrate, 0.1 mg/ml naphthol AS-MX phos-
phate and 0.5 mg/ml Fast Red Violet at 37˚C for 30 min. 
Multinucleated cells expressing TRAP and with >3 nuclei 
were identified as osteoclasts.

Alizarin Red S (ARS) staining. Bone marrow stromal cells 
(BMSCs) flushed from the femurs and tibias were cultured 
in α-MEM containing 10%  FBS and 1% PS at 37˚C and 
5% CO2 for 3 days, followed by removal of non-adherent 
cells by replacing the medium. For osteogenic differentia-
tion, BMSCs were seeded at a density of 1x105 cells/well in 
12-well plates in a mineralized solution containing α-MEM, 
10% FBS, 10 mM β-glycerolphosphate, 10 nM dexamethasone 
and 50 mg/ml ascorbate phosphate, with and without addi-
tion 1% PRP. After 12 days of ossification induction, mineral 
deposition was assessed by ARS staining. A microplate reader 
was used to capture micrographs of mineralized nodules. ARS 
staining was performed as per the manufacturer's instructions 
(Beyotime Institute of Biotechnology, Haimen, China).

Microarray and gene expression analysis. Total RNA was 
extracted from condyle and glenoid fossa samples of test and 
control mice using TRIzol reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) at 14 days. A NanoDrop ND-1000 was used 
for RNA quantification and quality assessment, while RNA 
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integrity was assessed using standard denaturing agarose gel 
electrophoresis. The Whole Mouse Genome Oligo Microarray 
(4x44K; Agilent Technologies, Santa Clara, CA, USA) was 
used to investigate the transcriptional profiles of the samples; 
the array represented >41,000 transcripts.

RNA labeling and array hybridization were performed 
according to the Agilent One-Color Microarray-Based 
Gene Expression Analysis protocol (Agilent Technologies). 
Data extracted using Agilent Feature Extraction software 
(version 11.0.1.1) were normalized and analyzed using the 
GeneSpring GX v12.1 software package (Agilent Technologies). 
Differentially expressed genes were identified by fold-change 
screening.

Gene ontology  (GO) analysis and Kyoto Encyclopedia 
of Genes and Genomes  (KEGG) pathway enrichment 
analysis was performed to systematically identify the terms 
of differentially expressed genes and to identify the pathways 

associated with osteoclastic differentiation. The microarray 
data were deposited in the NCBI Gene Expression Omnibus 
(www.ncbi.nlm.nih.gov/geo/; accession no. GSE67644) (21). 
The procedure was performed by KangChen Bio-Tech 
(Shanghai, China). P<0.005 was used as a cutoff threshold to 
identify significantly enriched GO terms and pathways.

Reverse transcription-quantitative polymerase chain reaction 
(RT-qPCR) for RNA analysis. Total RNA was isolated from 
osteoclasts which were treated with or without 1% PRP for 
3 days using an RNA extraction kit (Takara Bio, Inc., Otsu, 
Japan) according to the manufacturer's protocol. The RNA was 
converted to complementary DNA using a Takara PrimeScript 
RT reagent kit (Takara Bio, Inc.). The gene expression level 
was assessed by qPCR using the ABI-7300 Real-Time PCR 
system (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
The qPCR mixture contained 2 µl of cDNA, 0.5 µl of each 

Figure 1. PRP alleviates bone loss in a mouse model of mandibular advancement. (A) Four-week-old mice were sacrificed on day 28 after the first mandibular 
forward movement, and radiographs of the transverse sections of the mandibular condyles were obtained using a micro-CT scanner. Scale bar, 100 µm. 
(B) Representative photomicrographs of sections subjected to histochemical staining for total collagen. Scale bar, 100 µm. (C) BV/TV, Tb.N and Tb.Sp 
of the mandibular condyles were determined by analysis of micro-CT data with Xelis software. No significant difference was observed with respect to 
trabecular thickness between the control and experimental groups (P>0.05). (D-F) The proportion of red-stained collagenous area within the total area in the 
entire section, on (D) day 7, (E) day 14 and (F) day 28 in the PRP group was significantly greater than that in the control group. Values are expressed as the 
mean ± standard deviation (n=5). **P<0.01. PRP, platelet-rich plasma; RANKL, receptor activator of nuclear factor-κB ligand; BV/TV, bone volume per total 
volume; Tb.Sp, trabecular separation; Tb.Th, trabecular thickness; CT, computed tomography; Con, control.
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primer and 10 µl of SYBR-Green in a final volume of 20 µl 
(95˚C for 30 sec; 40 cycles of 95˚C for 5 sec, 60˚C for 31 sec, 
95˚C for 15 sec, 60˚C for 1 min and 95˚C for 15 sec).

The following primers were used: Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) forward, 5'-ACCACAGTCCA 
TGCCATCAC-3' and reverse, 5'-TCCACCACCCTGTTGCT 
GTA-3'; nuclear factor of activated T-cells, cytoplasmic 1 
(NFATc1) forward, 5'-CGAGTTCACATCCCACAG-3' and 
reverse, 5'-GACAGCACCATCTTCTTCC-3'; c-fos forward, 
5'-CACTCTGGTCTCCTCCGT-3' and reverse, 5'-ATTCTCC 
GTTTCTCTTCCTC-3'; TRAP forward, 5'-CAGCAGCCAAG 
GAGGACTAC-3' and reverse, 5'-ACATAGCCCACACCGTT 
CTC-3'; cathepsin k (Ctsk) forward, 5'-CCCATCTCTGTG 
TCCATC-3' and reverse, 5'-AGTGCTTGCTTCCCTTCT-3'; 
carbonic anhydrase 2 (CAR2) forward, 5'-ATCCTTGCTCCC 
TTCTTC-3' and reverse, 5'-ATCCAGGTCACACATTCC-3'; 
matrix metalloproteinase 9 (MMP9) forward, 5'-TCACTTTC 

CCTTCACCTTC-3' and reverse, 5'-ATTTGCCGTCCTTAT 
CGT-3'; Dickkopf-related protein 1 (Dkk1) forward, 5'-ATT 
CCAGCGCTGTTACTGTG-3' and reverse, 5'-GAATTGCTG 
GTTTGATGGTG-3'; β-catenin forward, 5'-TTCCTGAGC 
TGACCAAACTG-3' and reverse, 5'-GCACTATGGCAGAC 
ACCATC-3'; cyclin  D1 forward, 5'-CGGATGAGAACA 
AGCAGA-3' and reverse, 5'-CGGTAGCAGGAGAGGAAG-3'. 
The 2-∆∆Cq method was used for quantification (22).

Western blot analysis. Western blot analysis was performed 
according to a previously described method  (23). After 
osteoclasts were treated with or without 1% PRP for 3 days 
and 5 days, total cellular protein was extracted using a TPER 
Protein Extraction reagent kit (Thermo Fisher Scientific, Inc.) 
according to manufacturer's instructions. The protein concen-
trations were determined using a bicinchoninic acid protein 
assay kit (Thermo Fisher Scientific, Inc.). Equal amounts of 

Figure 2. Effects of PRP on bone homeostasis and osteoclastic differentiation. The dissected mandibular condyles of day 7 (A), day 14 (B) and day 28 (C) 
were fixed, decalcified, embedded and sectioned (eft). The sections were stained for TRAP (top) and subjected to Goldner's trichrome staining (bottom). 
Scale bar, 100 µm. The OcN/BP and ObN/BP were determined by histomorphometric analysis (right). Values are expressed as the mean ± standard devia-
tion (n=5). *P<0.05 and **P<0.01. TRAP, tartrate resistant acid phosphatase; OcN, number of osteoclasts; ObN, number of osteoblasts; BP, bone perimeter; 
PRP, platelet‑rich plasma; Con, control.
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protein (50 µg) were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), transferred 
by electro-blotting onto a polyvinylidene difluoride membrane 
(EMD  Millipore Corp., Billerica, MA, USA) and the 
membrane was incubated overnight at 4˚C with the following 
primary antibodies: Mouse Dkk1 antibody (1:1,000 dilution; 
cat. no. AF1765; R&D Systems, Minneapolis, MN, USA), 
rabbit β-catenin antibody (1:1,000 dilution; cat. no. 8480; Cell 
Signaling Technology, Boston, MA, USA), rabbit anti-GAPDH 
(1:5,000 dilution; cat.  no. AP0063; Bioworld, Irving, TX, 
USA), followed by incubation with horseradish peroxidase-
conjugated secondary antibodies (cat. no. ZB-2301; Origene 
Technologies, Beijing, China) at room temperature for 1 h. The 
protein bands were visualized with ECL substrate solution 
(GE Healthcare Life Sciences, Little Chalfont, UK) for 1 min, 
and images were captured using a MicroChemiluminescence 
system 4.2 (DNR, Jerusalem, Israel). Semi-quantitative anal-
yses were performed using ImageJ v.1.45 software (National 
Institutes of Health, Bethesda, NJ, USA).

Statistical analysis. Values are expressed as the mean ± stan-
dard deviation. Experiments were conducted separately at 
least 3 times. SPSS 19.0 (IBM Corp., Armonk, NY, USA was 
used for statistical analysis. Student's t-test was used to assess 
inter-group differences. P<0.05 was considered indicative of a 
statistically significant difference.

Results

Injection of PRP is associated with bone reconstruction. To 
investigate the effect of PRP on bone mass, micro-CT was 
used to characterize the bone phenotype and to quantitatively 
analyze the relevant parameters of condylar subchondral 
bone (Fig. 1). Micro-CT analysis of the mandibular condyle 
from 4-week-old mice indicated significant differences between 
the two groups (Fig. 1A). Mice in the PRP group exhibited a 
higher BV/TV (P<0.01), and increased Tb.N (P<0.01) and a 
reduced Tb.Sp (P<0.01). However, no significant difference 
in Tb.Th was observed between the two groups  (Fig. 1C). 
Together, these results suggested a significant effect of PRP 
on bone formation in vivo under this specific physiological 
conditions of bone remodeling. This was also supported by the 
results of total collagen staining of TMJ sections at 7, 14 and 
28 days (Fig. 1B and D-F).

PRP facilitates osteoblast differentiation but inhibits osteo-
clast formation in condyle subchondral bone. To examine 
the effects of PRP on bone homeostasis and osteoclastic 
differentiation, differences in histological staining were 
compared between the experimental and control samples. 
TRAP staining of TMJ sections from control and PRP mice 
at 7 days (Fig. 2A), 14 days (Fig. 2B) and 28 days (Fig. 2C) 
indicated that the number of mature osteoclasts in the control 
group was higher than that in the PRP group. This indicated 
a significant attenuation of osteoclast activity through treat-
ment with PRP. OcN/BP was determined by TRAP staining to 
quantify reduction in osteoclasts. Goldner's trichrome staining 
indicated an obvious reduction in osteoclasts and an increase 
in osteoblasts quantified as the OcN/BP and ObN/BP (Fig. 2). 
These results indicated that PRP inhibits osteoclast formation 

and promotes osteoblast formation in the TMJ of mice with 
mandibular protrusion.

PRP suppresses RANKL-induced osteoclast differentiation 
but enhances osteogenesis. To further investigate the role of 
PRP in osteoclast differentiation, BMMs were cultured with 
M-CSF (20 ng/ml) and RANKL (20 ng/ml), in the presence 
or absence of 1% PRP. Four days later, cells were fixed and 
subjected to TRAP staining. As expected, the number of 
TRAP-positive multinucleated cells per field was significantly 
lower in the PRP group as compared with that in the control 
group. Alizarin Red S staining of BMSCs cultured with PRP 
for 12  days indicated a higher number of mineralization 
nodules compared with that in the control group (Fig. 3A). 
These results indicated that PRP inhibited RANKL-induced 
osteoclast differentiation and accelerated osteoblastic activity, 
which induced a positive effect on bone regeneration.

PRP inhibits bone resorption by downregulation of osteoclast-
associated genes. The expression levels of RANKL-induced 
differentiation marker genes NFATc1, TRAP and c-fos, as well 
as those of the resorptive activity marker genes Ctsk, CAR2 
and MMP9 were assessed by RT-qPCR in osteoclasts after 

Table I. Downregulated genes according to the gene chip 
analysis.

Gene 	 P-value	 Probe name	 Fold change

Wnt3a	 0.02624592	 A_52_P361534	 3.4888073
Dkk1a	 0.03172296	 A_51_P379069	 9.9720192
Fzd1a	 0.04910161	 A_52_P597634	 2.0385147
Fzd2a	 0.02590137	 A_51_P404077	 7.5377999
Dvl2	 0.00029402	 A_55_P2055869	 3.1892181
Ctbp2	 0.01244548	 A_52_P15212	 3.1172611
Wnt8ba	 0.00420996	 A_55_P2140913	 2.0766898
Wnt3aa	 0.02285019	 A_55_P2067649	 2.9224466
Wnt10aa	 0.03544225	 A_51_P171616	 3.1686486
Vangl2a	 0.03769394	 A_55_P2117984	 2.0264866
Csnk2a2a	 0.03733953	 A_52_P207614	 5.0116083
Adm	 0.04438596	 A_51_P265571	 8.1618855
Shh	 0.03644892	 A_52_P49014	 3.8205879
Ucp1	 5.9393x10-5	 A_51_P426353	 16.0701171
Hnrnpr	 0.01911658	 A_55_P1969625	 6.9950514
Rest	 0.0265632	 A_55_P2143306	 6.1341825
Hmga2	 0.00308199	 A_52_P300730	 5.2488875
Cd44	 0.03947195	 A_55_P2166501	 5.1884358
Areg	 0.00801028	 A_52_P482897	 4.3739025
Vcam1	 0.03508028	 A_52_P520495	 4.4398901
Sema3a	 0.03332904	 A_55_P2054013	 4.4616508

aGenes involved in Wnt pathway. Highly downregulated genes, 
which were reported to be associated with osteoclasts in PRP-treated 
mice, in comparison with those in the control group are presented 
based on microarray data. Dkk1 was the focus of the present study. 
Dkk1, Dickkopf-related protein 1.
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stimulation with PRP for 3 days. At day 3 of PRP treatment, 
the expression of NFATc1, TRAP and c-fos was significantly 
lower than that in the control group (Fig. 3B). Furthermore, 
downregulation of the expression of Ctsk, CAR2 and MMP9 
was observed in the PRP group compared with that in the 
control group  (Fig. 3C). These results indicated that PRP 
inhibited osteoclast differentiation at the gene expression 
level.

Gene chip analysis. Based on the assumption that PRP 
may influence gene expression, gene expression profile chip 
analysis was used to compare the differences in gene expres-
sion between the control and PRP groups. Thousands of 
differentially expressed transcripts were identified, including 
18 genes that exhibited a 100-fold upregulation and 21 genes 

that had been previously reported to be associated with 
osteoclasts exhibiting a downregulation of >2-fold (Table I). 
Furthermore, GO analysis provided terms of enriched 
biological process, cellular component and molecular func-
tion of the differentially expressed genes, the top 9 of which 
are presented in Fig. 4B. These were associated with cell 
adhesion molecules (CAMs), basal cell carcinoma, spliceo-
some, the Hedgehog signaling pathway, the Notch signaling 
pathway, pathways in cancer, tight junction, the Wnt signaling 
pathway and transcriptional misregulation in cancer. The Wnt 
signaling pathway, which is considered important for osteo-
blast differentiation, ranked eighth. The activation of Wnt 
signaling indicates that osteoblast differentiation is enhanced 
by PRP. Results of Alizarin Red S staining were also consis-
tent with this hypothesis. The effect of PRP on osteoblasts is 

Figure 3. PRP suppresses the early stage of RANKL-induced osteoclastogenesis but enhances osteoblast differentiation. (A) Bone marrow-derived macro-
phages were cultured with macrophage colony stimulating factor (20 ng/ml) and RANKL (20 ng/ml) in the presence or absence of 1% PRP for 3 days. The 
cells were fixed, permeabilized and stained for TRAP. Images were captured under a light microscope (top left) and the number of TRAP‑positive osteoclasts 
(>3 nuclei) per field was determined (top right). Scale bar, 200 µm. Bone marrow stromal cells were stained with Alizarin red and examined under a micro-
scope (magnification, x100; bottom left) and the wells of 12-well plates were observed under image scanner (bottom right). (B and C) Effect of PRP on NFATc1, 
c-fos, TRAP, Ctsk, CAR2 and MMP9 mRNA expression in osteoclasts. All values are expressed as the mean ± standard deviation (n=3). *P<0.05 and **P<0.01. 
PRP, platelet-rich plasma; RANKL, receptor activator of nuclear factor-κB ligand; TRAP, tartrate resistant acid phosphatase; Oc, osteoclasts; NFATc1, nuclear 
factor of activated T-cells, cytoplasmic 1; Ctsk, cathepsin k; CAR2, carbonic anhydrase 2; MMP9, matrix metalloproteinase 9.
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well documented in the literature (12,24). Dkk1 is a known 
inhibitor of Wnt signaling, which was demonstrated to impair 
osteoblast activity and potentially stimulate osteoclastogen-
esis  (25). Therefore, among the downregulated genes, the 
present study focused on the Dkk1 gene, which exhibited 
a 9.972-fold change in expression. The Wnt pathway was 
selected for further research.

Wnt signaling pathway is activated during osteoclast differ-
entiation. To further explore the molecular mechanisms of 
the anti-osteoclastic effects of PRP, RNA and protein from 
cells pretreated with PRP was assessed for the expression of 
Wnt-associated signaling molecules by RT-qPCR and western 
blot analysis, respectively. Of note, β-catenin (a component of 
the canonical Wnt pathway) is known to have a critical role 
in bone formation and remodeling (26). Cyclin D1, the down-
stream transcription factor of β-catenin, has a mediatory role 
in the canonical Wnt pathway. Dkk1 is a specific inhibitor of 
the canonical Wnt pathway. PRP was demonstrated to signifi-
cantly reduce RANKL-induced osteoclast differentiation by 
regulating early signaling pathways and increasing the levels 

of β-catenin and cyclin D1 (27). Downregulation of Dkk1 
and upregulation of β-catenin indicated that PRP inhibited 
osteoclast differentiation by activating the β-catenin/Wnt 
pathway (Fig. 5). These results indicated that PRP causes a 
repression of Dkk1, which induces the Wnt signaling pathway. 
This results in inhibition of phosphorylation of β-catenin, 
leading to the accumulation of non-phosphorylated β-catenin 
in the cytoplasm and its translocation to the nucleus. This 
in turn induces upregulation of the downstream target gene 
cyclin D1 (Fig. 6).

Discussion

Various studies have demonstrated condylar cartilage remod-
eling and increases in mandibular length after insertion of 
functional appliances at an early stage of growth and devel-
opment (28,29). In treatment of class II occlusion, functional 
appliances produce an impact on mandibular advancement, 
which in turn alters the biophysical environment in the TMJ 
and induces a series of cellular changes (30). The increase 
in new bone formation in the TMJ as a result of mandibular 

Figure 4. Gene chip analysis. (A) Heat map indicating the hierarchical clustering of differentially expressed genes in the samples treated with PRP in com-
parison with that in the control groups. Each row represents one gene and each column represents one group. The expression levels are represented by the 
following colors: Red indicates high relative expression and green signifies low relative expression. (B) Top 9 downregulated pathways based on Kyoto 
Encyclopedia of Genes and Genomes and Biocarta databases. The enrichment score equals the -Log P-value. PRP, platelet-rich plasma; CAM, cell adhesion 
molecule; Con, control.
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advancement has been reported to cause adaptive remodeling 
of the mandibular condyle. TMJ reconstruction relies on the 
fine balance between ossification and bone resorption.

PRP was first used to enhance bone grafts for the repair of 
mandibular defects (31). Ever since, PRP has found wide appli-
cations in medicine for bone tissue engineering, regeneration 
of damaged joints, oral maxillofacial surgery and oral planting 
due to its self-replicating ability, multi-directional differentia-
tion potential, easy availability, absence of immune rejection 
and minimal ethical concerns (32).

In the present study, PRP was identified as a critical nega-
tive regulator of osteoclastogenesis and bone resorption in vivo 
and in vitro. First, micro-CT and histological techniques were 
used to observe the morphology of the TMJs of the experi-
mental mice. The outcomes of micro-CT and histological 
analyses for the two groups revealed significant differences in 
parameters including bone mass, OcN and ObN. It was thus 
hypothesized that PRP may affect bone formation by inhib-
iting osteoclast differentiation. To confirm this hypothesis, 
RT-qPCR was performed to assess the expression of osteoclast 

Figure 5. The Wnt signaling pathway is activated during osteoclast differentiation. PRP increased the induction of β-catenin and reduced Dkk1 in RANKL‑treated 
osteoclasts. Bone marrow-derived macrophages were incubated with macrophage colony stimulating factor (20 ng/ml), RANKL (20 ng/ml) and 1% PRP for 
the indicated durations. (A) The protein expression levels of Dkk1 and β-catenin were determined by western blot analysis. (B and C) Protein bands of Dkk1 
and β-catenin were quantified by densitometry, revealing that the expression of Dkk1 was declined while β-catenin was increased compared with that in the 
control group at days 3 and 5 (P<0.01). (D) PRP treatment for 3 days increased β-catenin mRNA expression, while it decreased Dkk1 mRNA expression 
in the PRP-treated group during osteoclast differentiation, which was well consistent with the results of the western blot analysis. Values are expressed as 
the mean ± standard deviation (n=3). **P<0.01. PRP, platelet-rich plasma; RANKL, receptor activator of nuclear factor-κB ligand; Dkk1, Dickkopf‑related 
protein 1; Con, control.
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marker genes (NFATc1, c-fos, TRAP, Ctsk, CAR2 and MMP9). 
Downregulation of c-fos and NFATc1 mRNA is indicative of 
the inhibition of osteoclast differentiation (33). As expected, 
PRP repressed the expression of RANKL-induced differentia-
tion marker genes. In addition, gene chip analysis identified 
several differentially expressed genes, among which Dkk1 was 
of particular interest.

The results of the present study provide insight into the link 
between PRP and osteoclast differentiation. The Wnt signaling 
pathway was identified to be involved in PRP-induced inhi-
bition of osteoclast differentiation. To further validate this 
result, RANKL-induced osteoclasts treated with PRP were 
examined for the expression of Dkk1 and β-catenin using 
RT-qPCR and western blot analysis. The results demonstrated 
that PRP affected Dkk1 and β-catenin expression during 
osteoclast differentiation, which confirmed the involvement 
of the Wnt pathway in PRP-mediated inhibition of osteoclast 
differentiation. Several studies have investigated the role of 
PRP in inducing bone formation via promotion of osteoblastic 
differentiation (34). Several lignin-like compounds have been 
reported to repress RANKL-induced osteoclastogenesis and 
inhibit osteoclast-mediated bone resorption activity (35). The 
present study established extensive functions of PRP in mouse 
TMJ remodeling, and it was indicated that local injection of 
PRP in the damaged domain may be effective in inhibiting 
TMJ remodeling, or may at least provide symptom relief.

There are several limitations to the present study. Firstly, 
no sham group was included for comparison. Secondly, 
histologic results in the control and PRP groups were not 
time-dependent (days 7, 14 and 28), which indicates that there 
may be a complicated mechanism at work, which requires 
further research.

PRP has important effects not only on osteoblastic 
differentiation but also on osteoclast differentiation during 
bone formation. However, the present study did not examine 
the interaction between osteoblasts and osteoclasts in bone 
formation. Further study is therefore required to identify 
additional details regarding this potential association. To date, 
no uniform methods and standards for the extraction of PRP 
have been established, which makes it difficult to obtain and 
apply it at production level quantities (36). Further research 
will be performed to identify the precise elements involved in 
the influence of PRP on bone formation.
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Figure 6. Schematic illustration of the WNT signaling pathway activated by PRP. PRP inhibited the expression of Dkk1, which accelerates Wnt ligand 
binding with the Wnt receptor. PRP upregulated the expression of NFATc1, which suppresses phosphorylation of β-catenin. Cyclin D1 is one of the target 
genes of β-catenin, and β-catenin and NFATc1 contribute to osteoclast differentiation by combination of RANKL and RANK. PRP, platelet-rich plasma; 
RANKL, receptor activator of nuclear factor-κB ligand; Dkk1, dickkopf-related protein 1; NFATc1, nuclear factor of activated T-cells, cytoplasmic 1.
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