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Introduction
Temporomandibular joint ankylosis (TMJA) leads to chronic, 
persistent, and progressive mouth-opening inability because the 
condyle is fused with the glenoid fossa (Maki and Al-Assaf 
2008). High-radiodensity ankylosed bone mass is the main fea-
ture of TMJA and results in decreased mouth-opening ability 
(Yan et al. 2011). Although several theories have been proposed 
to explain the formation of ankylosed bone mass (Norman 
1978; Sawhney 1986; Liu et al. 2012; Yan et al. 2012), the 
underlying physiopathologic mechanisms remain unclear.

Bone formation and bone resorption are essential processes 
during bone healing, and they maintain the balance of bone 
remodeling by coupling osteoblasts with osteoclasts. However, 
when the coupling is not satisfactorily performed, bone dis-
eases occur, such as osteoporosis and osteopetrosis (Gruber  
et al. 1986; Sobacchi et al. 2007; Sims and Ng 2014). The radi-
ology and histology of ankylosed bone mass make TMJA simi-
lar to bone fracture–healing processes (Yan et al. 2013). Our 
previous studies showed that the mesenchymal stem cells in 
the radiolucent zone had decreased osteogenic potential and 
that the bone formation–related genes were downregulated in 
temporomandibular joint ankylosed callus (Xiao et al. 2013; 
Yan et al. 2014). Bone marrow ankylosis could also be an 
important source of osteoblasts and osteoclasts. In the present 
study, we hypothesized that aberrant osteoclastogenesis and 
osteogenesis in TMJA bone marrow may be involved in the 
formation of ankylosed bone mass.

In this study, we evaluated the bone density and osteoclasts 
of clinical specimens of TMJA, and we characterized the 

osteogenesis of bone marrow stem cells (BMSCs) and osteo-
clastogenesis of bone marrow myelomonocytes (BMMs) 
derived from the TMJA bone mass.

Materials and Methods

Patients

TMJA patients and control subjects were recruited from the 
Department of Oral and Maxillofacial Surgery, Peking 
University Hospital of Stomatology. This work was approved 
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Abstract
Ankylosed bone mass in temporomandibular joint ankylosis (TMJA) is an important factor affecting mouth-opening limitation. However, 
the mechanism underlying the occurrence of ankylosed bone mass remains unknown. Research has shown that osteoblasts and 
osteoclasts maintain balance in bone remodeling. Thus, we hypothesized that aberrant osteoclastogenesis and osteogenesis may be 
involved in the occurrence of ankylosed bone mass in TMJA. In this study, we characterized the osteogenesis of bone marrow stem 
cells and the osteoclastogenesis of myelomonocyte in clinical specimens of TMJA and normal controls. Results showed that, compared 
with control bone marrow stem cells, TMJA bone marrow stem cells had lower proliferative and osteogenic capacities. The number of 
osteoclasts in the ankylosed bone mass group dramatically decreased, and myelomonocyte osteoclastogenic potential was impaired. The 
RANKL/OPG ratio of the ankylosed bone mass group was lower than that of the control group. Thus, our study suggests that osteoclast 
deficiency may be an important factor affecting bone mass ankylosis.
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by the Ethics Committee of Peking University (IRB00001 
05211002), and all participants gave informed consent. Patient 
information is listed in Appendix Tables 1 and 2.

Bone Parameter Analysis of Normal Condyle 
and TMJA Bone Mass

The bone parameters were analyzed as previously described 
(O’Neill et al. 2012). Computed tomography (CT) data (helix 
with 1.25-mm slice thickness; Bright Speed 16, GE Healthcare, 
Buckinghamshire, UK) were transferred to the Inveon Research 
Workplace (SIEMENS, Munich, Germany). The region of 
interest was depicted, and the CT values were calculated. The 
procedures are described in the Appendix.

Tartrate-resistant Acid Phosphatase Staining

Tartrate-resistant acid phosphatase (TRAP) staining was per-
formed as previously described (Li et al. 2014; Yang et al. 2014) 
on the clinical specimens of resected ankylosed bone masses 
from 14 patients with posttraumatic TMJA, which were classi-
fied according to the Sawhney classification. The control condyle 
was obtained from a patient with mandibular ramus tumor that 
did not involve the condyle. For each sample, 3 sections were 
randomly selected from the anterior, middle, and posterior parts 
of the bone mass and then stained with TRAP (Sigma-Aldrich, 
St. Louis, MO, USA) according to the manufacturer’s instruc-
tions. The detailed procedures are described in the Appendix. The 
osteoclasts were counted within the bone marrow from 3 random 
views per section and averaged by the total length of the circum-
ference of the bone marrow via a BIOQUANT OSTEO Bone 
Biology Research System (BIOQUANT Image Analysis 
Corporation, Nashville, TN, USA). The osteoclast number per 
bone marrow (i.e., per circumference of bone marrow in millime-
ters) was presented for each group.

Isolation of BMSCs and BMMs  
from Bone Tissues

BMSCs and BMMs were isolated from type II or III ankylosed 
bone masses and from the mandibular bone marrow of the con-
trol subjects. The mandibular bone marrow was acquired when 
the control subjects underwent tooth extraction or orthopedic 
surgery. No patient or control subject had an infectious or sys-
temic disease. The BMSCs were isolated from bone tissues as 
previously described (Xiao et al. 2013). The BMSCs and the 
BMMs were collected and cultured at 37 °C in a humidified 
atmosphere of 5% CO

2
 and 95% air. The detailed procedures 

are available in the Appendix.

Colony-forming Unit Assay

Colony-forming unit assays were performed as previously 
described (Cheng et al. 2009). The procedures are described in 
the Appendix.

Flow Cytometry Analysis

Flow cytometry analysis was conducted as previously 
described (Xiao et al. 2013). The detailed information and pro-
cedures are available in the Appendix.

Multidifferentiation Assays

The third-passage cells were cultured in osteogenic, adipo-
genic, and chondrogenic media in vitro. The details are 
described in the Appendix.

Cell Proliferation Assays

The cell proliferation assays were conducted and are described 
in the Appendix.

Osteoclast Differentiation In Vitro

The BMMs were collected and induced for osteoclast precur-
sor cells, which were equally seeded and further cultured in the 
osteoclast differentiation medium to induce the osteoclasts. 
The cells were then stained with TRAP, and the 3-nucleated 
TRAP+ cells identified as the osteoclasts were counted from 5 
wells of a 96-well plate for each sample. The data were pre-
sented as cell number per well. The procedures are described in 
the Appendix.

Alkaline Phosphatase Staining Assay

Alkaline phosphatase (ALP) staining was conducted according 
to the manufacturer’s instructions. Detailed information is 
available in the Appendix.

RNA Isolation and Real-time  
Polymerase Chain Reaction

RNA isolation and real-time polymerase chain reaction were 
conducted as previously described and are detailed in the 
Appendix. The primers used are listed in the Table.

Western Blot Assay

Western blot assay was conducted as previously described (see 
Appendix). Primary antibodies for Runx2 (Biogot Technology 
Co. Ltd., Nanjing, China) and β-actin (Santa Cruz Biotechnology, 
Inc., Santa Cruz, CA, USA) were used to detect the target 
proteins.

Enzyme-linked Immunosorbent Assay

Enzyme-linked immunosorbent assay (ELISA; BD 
Biosciences, San Jose, CA, USA) was conducted according to 
the manufacturer’s instructions. The RANKL and OPG rela-
tive concentrations were determined, and the RANKL/OPG 
ratio was calculated, as described in the Appendix.
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Statistical Analysis

Data are presented as mean ± SD and were analyzed with SPSS 
18.0 software (SPSS Inc., Chicago, IL, USA). The values about 
osteogenesis of BMSCs, osteoclastogenesis of BMMs, and the 
ratio of RANKL/OPG were tested by independent Student’s t 
tests. The values about bone parameters compared among 5 
groups and the values about the relative osteoclast number in 
vivo were tested by Student-Newman-Keuls test. The values 
about bone parameters compared between control condyle and 
TMJA bone mass were tested by paired-sample t test. The 
Kolmogorov-Smirnov test was chosen to test the normal distri-
bution. P < 0.05 was considered statistically significant.

Results

Ankylosed Bone Mass Showed Higher Bone 
Mineral Density Than Normal Condyle

The ankylosed bone mass of TMJA always had a higher bone 
mineral density than the normal condyle, as confirmed by the CT 
images (Fig. 1A). The ankylosed bone mass was obvious in types 
II to IV ankylosis but not in type I ankylosis. The bone volume/
total volume and the trabecular bone thickness of the ankylosed 
bone mass progressively increased with ankylosis severity as 
compared with normal condyle (Fig. 1B–G; P < 0.05). Yet, the 
trabecular space and the bone surface/bone volume of ankylosed 
bone mass progressively decreased with ankylosis severity as 
compared with normal condyle (Fig. 1H–I; P < 0.05).

BMSCs Derived from Ankylosis Bone Mass 
Showed Lower Proliferative Capacity Than 
BMSCs Derived from Mandibular Bone

We first examined the proliferative capacity of BMSCs in the anky-
losed bone mass. As shown in Figure 2C, the colony-forming 

efficiency of BMSCs isolated from the ankylosed bone mass 
was lower than that of BMSCs from the mandibular bone mar-
row (69.67% ± 12.5%; P < 0.05; Fig. 2D), and the proliferation 
rate of BMSCs isolated from the ankylosed bone mass was also 
lower than that of BMSCs from the mandibular bone marrow 
on days 4, 6, 8, 10, and 12 (Fig. 2E). BMSCs isolated from the 
ankylosed bone mass and mandibular bone marrow were con-
firmed to be multipotent cells, which can form mineralized 
matrix and lipid or exhibit chondrogenic capability (Fig. 2F). 
Moreover, both cells expressed surface markers of BMSCs, 
including CD73, CD90, and CD105, but were negative for 
CD34 and CD45 (Fig. 2G).

BMSCs Derived from Ankylosed Bone Mass 
Exhibited Decreased Osteogenic Potential Than 
That Derived from the Mandibular Bone

The alizarin red staining results show that the calcium deposi-
tion of BMSCs from the type II (A2, A4) or type III (A1, A3, 
A5) ankylosed bone mass was less than that from the mandibu-
lar bone marrow on day 21 (Fig. 3A). On day 7, ALP staining 
results revealed that BMSCs from type II or type III ankylosed 
bone mass were also less than that from the mandibular bone 
marrow (Fig. 3B). Correspondingly, the mRNA expressions of 
Runx2, ALP, OPN, and Runx2 proteins in BMSCs from the 
type II or type III ankylosed bone mass were lower than those 
from the mandibular bone during osteoblastic differentiation 
(Fig. 3C, D).

Decreased Osteoclasts and Impairment of 
Osteoclastogenic Potential of BMMs from 
Ankylosed Bone Mass

Explaining ankylosed bone mass based only on BMSCs is dif-
ficult and incomprehensive. Moreover, osteoclasts are essen-
tial cells that contribute to bone dynamic balance. Thus, we 
then analyzed the osteoclastogenesis of the ankylosed bone 
mass. In type I ankylosis, the multinucleated osteoclasts were 
abundant (Fig. 4A, b1–b3). In type II ankylosis, the multinu-
cleated osteoclasts were hardly visible (Fig. 4A, c1–c3). In 
types III and IV ankylosis, the multinucleated osteoclasts were 
deficient in number (Fig. 4A, d1–d3 and e1–e3). To further 
evaluate the osteoclastogenic potential of the BMMs from tem-
poromandibular joint ankylosis ankylosed bone marrow, osteo-
clast differentiation assays and in vitro TRAP staining were 
conducted. After induction of BMMs from the ankylosed bone 
masses of 4 patients, the multinuclear osteoclasts were much 
less than that of BMMs from the mandible bone marrow of 4 
control subjects (Fig. 4B). Correspondingly, the quantitative 
results of the osteoclasts in the clinical samples showed that the 
osteoclasts per bone marrow (i.e., per circumference of bone 
marrow in millimeters) was also abundant in type I ankylosis, 
dramatically decreased in type II ankylosis, and deficient in 
types III and IV ankylosis (Fig. 4C). The quantitative results of 
osteoclast in vitro assay showed that the number of TRAP+ 
multinucleated osteoclasts per well formed from mandibular 

Table. Primers Used in Real-time Polymerase Chain Reaction Gene 
Expression Analysis.

Gene Primer Sequences (5′-3′)

β-actin  
 Forward CATGTACGTTGCTATCCAGGC
 Reverse CTCCTTAATGTCACGCACGAT
Runx2  
 Forward TGGTTACTGTCATGGCGGGTA
 Reverse TCTCAGATCGTTGAACCTTGCTA
ALP  
 Forward GAACGTGGTCACCTCCATCCT
 Reverse TCTCGTGGTCACAATGC
OPN  
 Forward CTCCATTGACTCGAACGACTC
 Reverse CAGGTCTGCGAAACTTCTTAGAT
RANKL  
 Forward ACATATCGTTGGATCACAGCACAT
 Reverse CAAAAGGCTGAGCTTCAAGCTT
OPG  
 Forward GGAACCCCAGAGCGAAATACA
 Reverse CCTGAAGAATGCCTCCTCACA
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Figure 1. Quantitative analysis of ankylotic bone mass and normal condyle. (A) Representative computed tomography images of 4 types of temporo-
mandibular joint ankylosis. The region of interest is shown in the coronal and axial planes, and 5 sequential axial images were analyzed. (B–I) Quantita-
tive results of ankylotic bone mass. BMD, bone mineral density; BV/TV, bone volume/total volume; Tb.Th, trabecula bone thickness; Tb.Sp, trabecula 
space. *P < 0.05 versus normal condyle. Quantification was based on the samples of 35 healthy patients and 35 ankylosis patients, including 4, 6, 18, and 
7 patients with types I–IV ankylosis, respectively. Note: no statistically significant difference was observed in the BMD of type I ankylosis and the control 
condyle in (E).
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BMMs was much higher than that from ankylosed BMMs 
(type II to III; Fig. 4D). To further explore the mechanism of 
osteoclast deficiency in the ankylosed bone mass, the total 
mRNA and protein expression of bone mass were determined 

by real-time polymerase chain reaction and ELISA assays. The 
mRNA ratio of RANKL/OPG of the ankylosed bone mass was 
also lower than that of the mandibular bone (Fig. 4E). 
Moreover, the ELISA result also showed that the ratio of 

Figure 2. Characterization of bone marrow stem cells (BMSCs). (A) Computed tomography shows where the bone mass was excised. (B) Micro-
photograph of the representative section of bone mass. The red line shows the boundary between the bone marrow and the fibrocartilage tissue. (C, 
D) Colony-forming capacity of BMSCs. *P < 0.05 versus M-BMSCs. (E) Proliferative capacity of BMSCs. *P < 0.05 versus M-BMSCs. (F) Multilineage 
differentiation of BMSCs. (G) Identification of BMSCs with different marks. M-BMSCs, BMSCs from the mandibular bone marrow of 5 control subjects; 
A-BMSCs, BMSCs from 5 patients with type II or III ankylosis.
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RANKL/OPG decreased in the tem-
poromandibular joint ankylosis anky-
losed bone mass (Fig. 4F).

Discussion
In this study, we quantitatively com-
pared the bone density of ankylosed 
bone mass of TMJA with normal con-
dyle and found that BMSCs and BMMs 
derived from the ankylosed bone mass 
showed lower osteogenic potential and 
impaired osteoclastogenesis ability, 
respectively.

The ankylosed bone mass of TMJA 
was less likely due to excessive bone 
formation. The bone marrow is believed 
to have important functions during frac-
ture healing by providing niches for 
hematopoietic and mesenchymal stem 
cells (Taguchi et al. 2005; Ueno et al. 
2011). Accordingly, ankylosed bone 
mass of TMJA is believed to be related 
to the high osteogenic potential of 
BMSCs. However, the osteogenic 
potential of BMSCs from the ankylosed 
bone mass unexpectedly decreased 
compared with that of BMSCs from 
normal mandibular bone marrow. The 
decreased osteogenic potential of 
BMSCs meant slow bone formation. 
Since the BMSCs from the ankylosed 
bone mass showed lower osteogenic 
potential than the normal control 
BMSCs, the formation of the ankylosed 
bone mass could not be fully explained 
by the aberrant BMSCs. Bone remodel-
ing is maintained by bone formation 
and bone resorption (Tanaka et al. 
2005). Therefore, ankylosed bone mass 
of TMJA could also be caused by 
impaired bone resorption process, 
which is also the case for particular osteopetrosis diseases or 
bone nonunion (Helfrich 2003; Gerstenfeld et al. 2009). 
Nevertheless, the decreased osteogenic potential of BMSCs in 
the ankylosed bone mass meant that the formation of anky-
losed bone mass would take a longer time, and this phenome-
non perfectly explains the long-term history of TMJA.

Decreased osteoclastogenesis is an important factor that 
contributed to the occurrence of ankylosed bone mass of 
TMJA. Osteoclasts are indispensable and have critical func-
tions during bone fracture healing (Tanaka et al. 2005; Matsuo 
and Irie 2008). When osteoclast formation is impaired and the 
resorptive capacity is deficient, the bone resorption process 
will be impeded and lead to progressively increased bone den-
sity in patients afflicted with particular osteopetrosis diseases 
or bone nonunion (Helfrich 2003; Gerstenfeld et al. 2009). We 

observed that osteoclasts were abundant in type I ankylosis, 
and abundant osteoclasts can efficiently and rapidly resorb 
redundant bone. Thus, patients with type I ankylosis did not 
show obvious ankylosed bone mass. However, in ankylosis 
types II to IV, the number of osteoclasts per bone marrow (i.e., 
circumference of bone marrow in millimeters) dramatically 
decreased. Furthermore, the osteoclastogenic potential of the 
BMMs in ankylosed bone mass was also impaired in vitro 
compared with that of BMMs from the mandible bone marrow 
of control subjects. This in vitro result could explain, to an 
extent, the decrease in osteoclasts in the ankylosed bone mass. 
Studies have noted that a deficiency of osteoclasts causes 
severe osteopetrosis diseases (Li et al. 2000; Sobacchi et al. 
2007). Therefore, our results suggest that ankylosed bone mass 
of TMJA would be mainly due to osteoclast deficiency.

Figure 3. Osteogenic potential of bone marrow stem cells (BMSCs). (A) Alizarin red staining of 
calcium deposition of BMSCs from 5 patients and 5 control subjects. (B) Alkaline phosphatase (ALP) 
staining for ALP activity of BMSCs from 5 patients with type II or III ankylosis and 5 control subjects. 
(C) mRNA expression of genes in BMSCs was quantitatively evaluated via real-time PCR. *P < 0.05 
versus M-BMSCs. (D) Western blot analysis of Runx2 expression in BMSCs after osteogenic induc-
tion. M1-M5, BMSCs from the mandibular bone marrow of 5 control subjects; A1-A5, BMSCs from 
ankylotic bone masses of 5 patients with type II (A2 and A4) or type III (A1, A3, and A5) ankylosis; 
M-BMSCs, BMSCs from the mandibular bone marrow of 5 control subjects; A-BMSCs, BMSCs from 
ankylotic bone masses of 5 patients with type II or III ankylosis.
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Figure 4. Decrease in osteoclasts and osteoclastogensis potential in ankylotic bone mass. (A) TRAP staining of osteoclasts in the ankylotic bone mass 
and control mandibular bone. The larger black boxes in a1-e1 indicate from where a2-e2 were magnified, and the smaller black boxes in a2-e2 indicate 
from where a3-e3 were magnified. The arrowheads indicate TRAP staining-positive osteoclasts. (B) Osteoclastogeneic potential of bone marrow myelo-
monocytes (BMMs). M1-M4, BMMs from the mandibular bone marrow of 4 control subjects; A1-A4, BMMs from the ankylotic bone masses of 4 patients 
with type II or III ankylosis. (C, D) Quantitative analysis of osteoclasts in (A) (*P < 0.05 versus normal condyle) and (B) (*P < 0.05 versus mandibular 
bone). (E) Ratio of RANKL/OPG mRNA expression was evaluated by real-time PCR in 4 ankylotic bone masses and 3 mandibular bones. (F) Ratio of 
RANKL/OPG protein expression was evaluated by ELISA. at Peking University Library on November 20, 2015 For personal use only. No other uses without permission.jdr.sagepub.comDownloaded from 
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A low RANKL/OPG ratio was related to osteoclast defi-
ciency in the TMJA bone mass. The RANKL-RANK-OPG 
system is the most important signaling pathway involved in 
osteoclastogenesis during bone healing (Pivonka et al. 2010). 
Our results showed that the ratio of RANKL/OPG decreased in 
the ankylosed bone mass compared with that of the control 
group. This result could help explain why the osteoclasts and 
osteogenic potential of BMMs in the ankylosed bone mass 
decreased. However, the reason for the decrease in the ratio of 
RANKL/OPG in the ankylosed bone mass remains unclear. 
The mechanism may be related to the inhibition of osteoclasto-
genesis by the BMSCs and osteocytes by decreasing the 
RANKL/OPG ratio at shear stress conditions (Cackowski et al. 
2010; Cui et al. 2012) when complex mechanical stresses exist 
in a TMJA microenvironment.

High bone mineral density is the main characteristic of 
TMJA bone mass. Previous studies identified that quantitative 
bone parameter analysis is an effective method to assess the 
remodeling process of a fractured callus (Nyman et al. 2009). 
Although several studies noted that TMJA bone mass is fea-
tured with high bone mineral density, based on CT images 
(Yan et al. 2012; Li et al. 2014), these studies lacked quantita-
tive results. Our study first quantitatively confirmed that anky-
losed bone mass had higher bone mineral density, trabecular 
bone thickness, and bone volume/total volume than did normal 
control subjects, and these characteristics were also reflected 
in the lower bone surface/bone volume. A previous study indi-
cated that the bone surface/bone volume decreased but the tra-
becular bone thickness and bone volume/total volume increased 
after alendronate treatment in osteoporotic women (Recker  
et al. 2005). These results are consistent with those obtained 
for the osteopetrotic callus (Lee et al. 2006) and suggest the 
imbalance between bone formation and bone resorption in 
TMJA.

In conclusion, our results show that the osteogenic potential 
of BMSCs and the number of osteoclasts and rate of osteoclasto-
genesis of BMMs decreased in the ankylosed bone mass. The 
occurrence of ankylosed bone mass of TMJA could be mainly 
due to the decreased number of osteoclasts in ankylosed bone 
mass.
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