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ABSTRACT
The aim of this study was to compare the functional characteristics of mesenchymal stromal cells
(MSCs) from a sheep model of traumatic temporomandibular joint (TMJ) fibrous and bony
ankylosis. A sheep model of bilateral TMJ trauma-induced fibrous ankylosis on one side and
bony ankylosis on the contralateral side was used. MSCs from fibrous ankylosed callus (FA-
MSCs) or bony ankylosed callus (BA-MSCs) at weeks 1, 2, 4, and 8 after surgery were isolated
and cultured. MSCs derived from the bone marrow of the mandibular condyle (BM-MSCs) were
used as controls. The MSCs from the different sources were characterized morphologically,
phenotypically, and functionally. Adherence and trilineage differentiation potential were
presented in the ovine MSCs. These cell populations highly positively expressed MSC-associated
specific markers, namely CD29, CD44, and CD166, but lacked CD31 and CD45 expressions. The
BA-MSCs had higher clonogenic and proliferative potentials than the FA-MSCs. The BA-MSCs
also showed higher osteogenic and chondrogenic potentials, but lower adipogenic capacity
than the FA-MSCs. In addition, the BA-MSCs demonstrated higher chondrogenic, but lower
osteogenic capacity than the BM-MSCs. Our study suggests that inhibition of the osteogenic
and chondrogenic differentiations of MSCs might be a promising strategy for preventing bony
ankylosis in the future.
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1. Introduction

As one of the severe complications secondary to tem-
poromandibular joint (TMJ) trauma (Yan et al. 2014b;
Cho et al. 2016), TMJ ankylosis can be histologically
classified into fibrous, fibro-osseous, and bony ankylosis
(Chidzonga 1999). Considering the relatively mild clinical
presentations and relatively good prognosis of patients
with fibrous ankylosis (Sawhney 1986; Zhang and He
2006), one promising approach to prevent TMJ bony
ankylosis might be the conversion of bony ankylosis
into fibrous ankylosis, which largely depends on
advanced understanding of the cellular and molecular
mechanisms involved in the two types of TMJ ankylosis.

Animal models are considered essential components
of research on TMJ ankylosis because of the difficulties in
acquiring clinical specimens (Xiao et al. 2013; He et al.
2015). Sheep is the primary experimental large animal
model used in research studies on TMJ diseases
because of its physiological similarities to humans, the
low cost relative to other large animals, the ethical
acceptability, and the convenience of keeping and hand-
ling it. In our previous studies, a reliable sheep model
was established in which the TMJ received either
severe trauma to induce bony ankylosis or minor
trauma to induce fibrous ankylosis (Yan et al. 2013;
Liang et al. 2019). How the traumatic microenvironment
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influenced the outcomes, either fibrous or bony ankylo-
sis, is interesting but remains unclear.

During bone healing, mesenchymal stromal cells
(MSCs) participate in the restoration of bone anatomy
continuity and functional integrity by differentiating
into osteoblasts, chondrocytes, and secreting bone
matrix and growth factors (Andrzejewska et al. 2019).
Changes in the function of MSCs may lead to abnormal
bone repair (Giai Via et al. 2018). Recently, Xiao et al.
(2013) isolated and identified MSCs from human TMJ
ankylosed callus and observed that their proliferation
and osteogenic differentiation capacities were lower
than those of MSCs from mandibular bone marrow
(BM). However, Xiao et al. (2013) only studied samples
from patients with bony ankylosis. Thus, whether the
ankylosed callus from fibrous ankylosis also contained
MSCs could not be determined. Moreover, whether func-
tional differences exist between the MSCs from the
patients with fibrous ankylosis and those from the
patients with bony ankylosis remain to be elucidated.
We hypothesized that traumatic microenvironments
might change the functions of MSCs, thus resulting in
different types of ankylosis.

The aim of this study was to compare the functional
characteristics of MSCs from our previously established
ovine model of fibrous and bony ankylosis. To facilitate
the comparison of different studies, MSCs from normal
condylar BM were also included in the study.

2. Materials and methods

2.1. Animals, surgical procedure and tissue
harvesting

Twelve 3-month-old male sheep of the local strain
Xiaowei-Han, with a mean preoperative weight of 26 ±
2.1 kg, received bilateral TMJ surgery, as described pre-
viously (Yan et al. 2013; Liang et al. 2019) for the induc-
tion of fibrous ankylosis on one side and bony ankylosis
on the other side. This study was approved by the ethics
committees of Tianjin Stomatological Hospital
(Tjskq2013001). All the animal experiments were con-
ducted following national regulations for the care and
use of laboratory animals as previously described
(Wang et al. 2018).

Newly generated fibrous or bony ankylosed callus in
the bilateral joint spaces were harvested (Figure 1(A))
on days 7, 14, 28, and 56 postoperatively after the
animals were sacrificed through euthanasia. To obtain
MSCs from the BM of the mandibular condyle as con-
trols, another three male sheep (3 months old) were
sacrificed, and the cancellous bone at the center area
of the condyle was collected (Figure 1(A)).

2.2. Isolation of MSCs and cell culture

The ankylosed callus was repeatedly rinsed with phos-
phate-buffer saline (PBS; Solaibao) containing 100 U/ml
penicillin (Gibco) and 100 μg/ml streptomycin (Gibco), cut
into 0.5–1.0-mm3 pieces, and digested with 0.2% pronase
E and collagenase I (Solaibao) for 45 min up to 1 h until
the tissue was viscous. Then, the digestion was terminated
by adding growth medium (α-MEM [Hyclone] sup-
plemented with 10% fetal bovine serum [FBS; Gibco], 100
U/ml penicillin [Gibco], 100 μg/ml streptomycin [Gibco],
and 1% L-glutamine [Gibco]) fivefold the volume of the
digestive solution. Next, the digestive liquid was filtered
through a 70-μm cell strainer (BD Falcon), thereby obtain-
ing a single-cell suspension. After centrifugation for 5 min
at 1000 rpm, the precipitated pellets were collected as
ankylosed callus-derived cells. A similar method was per-
formed to obtain BM-derived cells, except that the diges-
tion time was shortened to 30–45 min.

All the collected pellets were resuspended in the
growth medium, and the cells were incubated at 37°C,
with 5% CO2. When the cell confluence reached approxi-
mately 80% (Figure 1(B)), the adherent cells were
detached using trypsin (0.25% trypsin; 1mM EDTA,
Gibco) and plated at a seeding density of 1 × 105 cells/
100-mm dish. After at least three passages, the MSCs
were collected and used for subsequent experiments.

The MSCs from the BM of the mandibular condyle
were designated as the BM-MSCs group (n = 3). The
MSCs from the fibrous ankylosed callus were collectively
called FA-MSCs, and the FA-MSCs collected from 1, 2, 4,
and 8 weeks after surgery (n = 3) were designated as the
FA-MSCs-1W, FA-MSCs-2W, FA-MSCs-4W, and FA-MSCs-
8W groups, respectively. Similar nomenclature was also
applied for the BA-MSCs, the BA-MSCs-1W, BA-MSCs-
2W, BA-MSCs-4W, and BA-MSCs-8W groups.

2.3. Flow cytometry

The third-passage cells were digested with 0.25% trypsin
to collect a single-cell suspension. After centrifugation,
the cells were resuspended with PBS containing 1%
FBS. With the corresponding commercial monoclonal
antibody, 1 × 106 cells were incubated for 30 min at 4°
C in the dark (Table S1), and then measured with FACS-
Canto (BD Biosciences). The data were analyzed with the
FACSDiva (BD Biosciences) and FlowJo software (TreeS-
tarInc, Ashland, OR).

2.4. Immunofluorescence staining

The third-passage cells were seeded at a density of 1 ×
104/ml in a confocal dish (Nest). After the cells were
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completely attached on the next day, they were fixed
with 4% paraformaldehyde for 10 min and blocked
with 1% bovine serum albumin (BSA, Sigma) for 30
min at room temperature. Then the cells were incubated
for 45 min at 4°C in the dark with phycoerythrin (PE)-con-
jugated anti-human CD29 monoclonal antibody (clone:
TS2/16, BioLegend BD, ref. 303003; Table S1) and fluor-
escein isothiocyanate (FITC)-conjugated anti-sheep
CD44 antibody (clone: 25.32, AbD Serotec, ref.
MCA2219F; Table S1). The corresponding isotype
control IgG was simultaneously incubated as a negative
control (Table S1). Finally, the cells were counterstained
with 4′,6-diamidino-2-phenylindole (DAPI; 1 μg/ml;
Solarbio) for 15 min. The fluorescently labeled cells
were visualized and photographed using an inverted
fluorescence microscope (Nikon Ti-S).

2.5. Colony-forming unit assay

The third-passage cells were seeded at a density of 200
cells in a 100-mm culture dish (Corning). On day 11, the
cells were fixed with 4% paraformaldehyde and stained
with 0.5% crystal violet (Solarbio). Colonies containing >
50 cells under microscopy were counted. The percen-
tage of colony-forming efficiency was expressed as the
total number of colonies divided by the initial number
of cells that were seeded and multiplied by 100
(Huang et al. 2009).

2.6. Cell proliferation assay

The third-passage cells were seeded at a density of 2 ×
104/ml in a 96-well plate (Corning). After culturing for

Figure 1. Tissue harvesting, cell culture, and morphological characterization. (A) The site of tissue harvesting for ankylosed callus or
cancellous bone of the condyle. (B) FA-MSCs, BA-MSCs, and BM-MSCs showing similar morphologies on days 2 and 9. Scale bar, 200
μm. FA, fibrous ankylosis; BA, bony ankylosis; BM, bone marrow; MSCs, mesenchymal stromal cells.
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24, 48, 72, 96, 120, 144, 168, or 192 h, 10μl of cell count-
ing kit-8 (CCK-8) solution (Dojindo, Japan) was added to
each well of the plate, and the cells were incubated away
from light for 4 h at 37°C. The absorbance of each well at
450 nm was measured using an enzyme labeling instru-
ment (Multiskan Ascent, Thermo), and the growth curves
were drawn for 8 days.

2.7. In vitro trilineage differentiation assays

At the third passage, the MSCs were differentiated
towards three mesenchymal lineages, namely osteo-
blast, adipocyte and chondrocyte.

2.7.1. Osteogenic differentiation
The third-passage cells were seeded at a density of 1 ×
105/ml in a 35-mm culture dish (Corning). When the
cell confluence reached 60–70%, the medium was
replaced with an osteogenic differentiation medium
(α-MEM medium supplemented with 10% FBS, 100-U/
ml penicillin, 100-μg/ml streptomycin, 1% L-glutamine,
10-nM dexamethasone, 50-μg/ml L-ascorbic acid, and
10-mM β-glycerophosphate [Sigma-Aldrich]). After
induction for 14 days, the cells were stained with 1% Ali-
zarin Red (pH = 4.3, Solarbio). The mRNA expression
levels of alkaline phosphatase (ALP), Runt-related tran-
scription factor 2 (Runx2), Osterix/zinc finger protein
Osterix (OSX), and osteocalcin (OCN) were measured
with real-time polymerase chain reaction (PCR) after
induction for 1 or 2 weeks.

2.7.2. Adipogenic differentiation
The third-passage cells were seeded at a density of 1 ×
105/ml in a 35-mm culture dish (Corning). When the
cell confluence reached approximately 90%, the
medium was replaced with an adipogenic medium (α-
MEM medium supplemented with 10% FBS, 100-U/ml
penicillin, 100-μg/ml streptomycin, 1% L-glutamine, 1
μM dexamethasone, 0.2 mM indomethacin, 0.5 mM 3-
isobutyl-methylxanthine, 10-µg/ml insulin [Sigma-
Aldrich]). After induction for 21 days, the cells were
stained with Oil Red O (Solarbio). The mRNA expression
level of peroxisome proliferator-activated receptor
gamma (PPAR-γ) was measured with real-time PCR.

2.7.3. Chondrogenic differentiation
The third-passage cells were seeded at a density of 5 ×
105/ml in a 15-mL polypropylene tube (Corning) and
centrifuged at 1500 rpm for 5 min to form cell pellets,
which were cultured in an MSC chondrogenic differen-
tiation medium (Cyagen, China, ref. HUXMA-9004) for
28 days and then embedded in paraffin wax blocks.
The blocks were cut into 4-μm-thick sections and

stained with 1% Alcian blue (Sigma) to reveal the muco-
polysaccharide matrix. Immunohistochemistry for type II
collagen (Solarbio) was performed in accordance with
the manufacturer’s instructions. The mRNA expression
levels of type 2, alpha 1 (Col2A1), and SRY (sex-determin-
ing region Y)-box 9 (SOX9) were measured with real-time
PCR.

2.8. Total RNA extraction and real-time PCR

Total RNA was isolated from the cells using the Trizol
reagent (Invitrogen, Carlsbad, USA) in accordance with
the manufacturer’s instructions, and cDNA was extracted
using reverse transcription with a synthesis kit (Promega,
USA). Quantitative real-time PCR was performed with
FastStart Universal SYBR Green Master (Roche, ref.
04913850001) using the LightCycler 480 II Instrument
(Roche, Switzerland). The primers are listed in Table S2.
The reaction system and PCR cycle parameters were
the same as previously described (Liang et al. 2019).
The housekeeping glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) gene was used for normalization
of the target gene expression. The relative mRNA
expression level of the target gene was calculated as
previously described (Liang et al. 2019).

2.9. Statistical analysis

First, the Kolmogorov-Smirnov test was performed to
judge the normality of the data. For data with a Gaussian
distribution, one-way analysis of variance was performed
using SPSS17.0. Post hoc multiple comparisons between
groups were performed using the SNK test when equal
variances were assumed or using the Dunnett T3 test
when equal variances were not assumed. For data with
a non-Gaussian distribution, the Kruskal-Wallis test was
applied using the GraphPad Prism 7 software, and mul-
tiple comparisons between the groups were performed
using the Dunn post hoc test. Statistical significance
was defined as P < .05.

3. Results

3.1. Cell isolation and morphologic
characterization

Characteristic spindle-shaped or fibroblast-like adherent
cell cultures were established from normal condylar BM
and ankylosed callus. The cells completely adhered to
plastic and stretched after 1–2 days, reaching approxi-
mately 90% confluence after 9 days (Figure 1(B)).
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3.2. Immunophenotypic characterization of FA-
MSCs, BA-MSCs, and BM-MSCs

We found that anti-human CD29 (clone MAR4), CD44
(clone G44-26), and CD90, and anti-mouse CD73 and
CD105, which reacted to the MSCs of the corresponding
species, did not show reactivity to the sheep MSCs
(Figure 2(A)).

Anti-human CD29 (clone TS2/16) showed positivity
rates of 99.98% ± 0.04% for FA-MSCs, 100% ± 0% for
BA-MSCs, and 100% ± 0% for BM-MSCs (Figure 2(B,C)).
Anti-human CD166 showed positivity rates of 58.2% ±
11.2% for FA-MSCs, 71.85% ± 12.45% for BA-MSCs, and
99.85% ± 0.05% for BM-MSCs (Figure 2(B,C)). Anti-
sheep CD44 showed positivity rates of 99.9% ± 0.17%
for FA-MSCs, 99.83% ± 0.25% for BA-MSCs, and 99.95%
± 0.05% for BM-MSCs (Figure 2(B,C)). In addition, the
co-expressions of CD29 (clone TS2/16) and CD44
(clone 25.32) at the single-cell level for FA-MSCs, BA-
MSCs, and BM-MSCs were confirmed by immunofluores-
cence analysis (Figure 3).

The FA-MSCs, BA-MSCs, and BM-MSCs were negative
for anti-sheep CD31 and CD45 expressions, indicating
no contamination with cells of hematopoietic origin
(Figure 2(B,D)).

3.3. BA-MSCs have higher clonogenic and
proliferative potential than FA-MSCs

The colonies from the nine groups of MSCs were hetero-
geneous in size and cell density, reflecting differences in
cell proliferation rates (Figure 4(A,B)). The mean colony-
forming efficiencies were as follows: 16.00 ± 2.00 (FA-
MSCs-1W), 46.00 ± 3.61 (BA-MSCs-1W), 24.00 ± 5.20 (FA-
MSCs-2W), 44.70 ± 2.00 (BA-MSCs-2W), 28.17 ± 2.75 (FA-
MSCs-4W), 48.67 ± 3.46 (BA-MSCs-4W), 19.83 ± 9.38 (FA-
MSCs-8W), 46.50 ± 1.47 (BA-MSCs-8W), and 65.50 ± 4.02
(BM-MSCs).

The BM-MSCs showed significantly higher colony-
forming efficiency than the FA-MSCs and BA-MSCs
(except for the BA-MSCs-2W; P < .05; Figure 4(C)). The
BA-MSCs had significantly higher colony-forming
efficiency than the FA-MSCs at 4 and 8 weeks postopera-
tively (P < .05; Figure 4(C)).

The cell proliferation curves showed that the BM-
MSCs had significantly higher viability than the FA-
MSCs and BA-MSCs from days 2 to 8 (P < .05; Figure 4
(D)). Regarding the proliferative differences between
the FA-MSCs and BA-MSCs, the BA-MSCs-1W group
showed significantly higher viability than the FA-MSCs-
1W group from days 3 to 8 (P < .05; Figure 4(D)). The
BA-MSCs-2W group showed significantly higher viability
than the FA-MSCs-2W group on day 5 (P < .05; Figure 4

(D)). The BA-MSCs-8W group showed significantly
higher viability than the FA-MSCs-8W group on day 8
(P < .05; Figure 4(D)).

3.4. BA-MSCs have higher osteogenesis potential
than FA-MSCs

The 14-day-stimulated MSCs populations in each group
showed an extracellular calcium deposition in compari-
son with the negativity of alizarin red staining for cells
in the control medium (Figure 5(A,B)). The area ratio of
calcium deposition for the 14-day-stimulated MSCs in
the BA-MSCs group was significantly greater than that
in the FA-MSCs group, but significantly lower than that
in the BM-MSCs group (P < .05, Figure 5(C)), which indi-
cated that the osteogenesis potential was BM-MSCs >
BA-MSCs > FA-MSCs.

After 7 days of osteogenic induction, the expression
levels of Runx2 and OSX in both the BA-MSCs and FA-
MSCs groups were significantly lower than those in the
BM-MSCs groups (except for Runx2 in the BA-MSCs-8W
group; P < .05, Figure 6(A)). The expression levels of
ALP and OCN in both the BA-MSC and FA-MSC groups
tended to be lower than those in the BM-MSC group,
but the differences were not statistically significant
(Figure 6(A)). Comparing the expression levels of the
four genes between the BA-MSC and FA-MSC groups,
we found that the expression level of ALP in the BA-
MSCs-2W group was significantly higher (9.7-fold) than
that in the FA-MSCs-2W group (P < .05; Figure 6(A)). Simi-
larly, the expression level of OCN in the BA-MSCs-4W
group was significantly higher (4.5-fold) than that in
the FA-MSCs-4W group (P < .05; Figure 6(A)). The
expression levels of Runx2, OCN, and OSX in the BA-
MSCs-8W group were significantly higher (by 3.4-, 7.0-,
and 4.2-fold, respectively) than those in the FA-MSCs-
8W group (P < .05; Figure 6(A)).

After 14 days of osteogenic induction, the expression
levels of ALP, Runx2, and OCN in the BA-MSCs-8W were
significantly higher (by 10.5-, 3.3-, and 12.3-fold, respect-
ively) than those in the FA-MSCs-8W (P < .05; Figure 6
(B)). The expression level of ALP in the BM-MSCs group
was significantly higher than those in the BA-MSCs-1W
(by 8.3-fold) and BA-MSCs-2W groups (by 9.8-fold; P
< .05; Figure 6(B)). The expression level of Runx2 was sig-
nificantly higher (by 2.2-fold) in the BM-MSC group than
in the FA-MSC-2W group (P < .05; Figure 6(B)).

3.5. BA-MSCs have higher chondrogenesis
potential than FA-MSCs

After 4 weeks of induction, the pellets were positive for
Alcian blue staining in the chondrogenic medium
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Figure 2. Phenotypic characterization of FA-MSCs, BA-MSCs, and BM-MSCs by flow cytometry. The green curve signifies the specific
antibody, while the orange curve represents the isotype control. (A) Several commercial monoclonal antibodies that react with human
or mouse MSCs but show no reactivity to ovine MSCs. (B) Markers characteristic of MSCs and hematopoietic cells that react with sheep.
(C) and (D) Bar graph representing the percentage mean values (mean ± standard deviation) of the positivity of the following markers
analyzed from three samples: characteristic markers of MSCs (CD29, CD44, and CD166) and hematopoietic cells (CD31 and CD45). FA,
fibrous ankylosis; BA, bony ankylosis; BM, bone marrow; MSCs, mesenchymal stromal cells.
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Figure 3. Immunofluorescence staining of FA-MSCs, BA-MSCs, and BM-MSCs. All nuclei are stained with DAPI (blue). Co-expressions of
CD29 (clone TS2/16) and CD44 (clone 25.32) by different groups of MSCs are confirmed. Scale bar: 100 μm. FA, fibrous ankylosis; BA,
bony ankylosis; BM, bone marrow; MSCs, mesenchymal stromal cells.
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Figure 4. Clonogenic abilities and cell proliferation analysis. (A) and (B) The colony-forming unit assay showing different clonogenic
potentials in the nine groups of MSCs stained with violet crystal. (C) Bar graph representing the mean colony-forming efficiency
(mean ± standard deviation) analyzed from three samples. *P < .05. (D) Cell proliferation analysis using the CCK-8 assay. Data are
displayed as mean ± standard deviation analyzed from the three samples. *P < .05 (FA-MSCs vs. BM-MSCs), #P < .05 (BA-MSCs vs.
BM-MSCs), and $P < .05 (BA-MSCs vs. FA-MSCs). FA, fibrous ankylosis; BA, bony ankylosis; BM, bone marrow; MSCs, mesenchymal
stromal cells.
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(Figure 7(A,C)), indicating the presence of glycosamino-
glycans in the extracellular matrix, but negative for
Alcian blue staining in the control medium (Figure 7(A,
C)). Immunostaining for type II collagen was more pro-
minent in the pellets under the chondrogenic conditions
than under the control conditions (Figure 7(B,D)).

The expression level of Col2a1 in the BA-MSCs-1W
group was significantly higher than those in the FA-

MSCs-1W and BM-MSCs groups (P < .05; Figure 7(E)).
Similarly, the expression level of Col2a1 in the BA-
MSCs-4W group was significantly higher than those in
the FA-MSCs-4W and BM-MSCs groups (P < .05; Figure
7(E)). The cells in the BA-MSCs-2W group expressed elev-
ated levels of Col2a1 compared with those in the BM-
MSCs group (P < .05; Figure 7(E)). Regarding the
expression levels of Sox9, we found significantly higher

Figure 5. Osteogenic differentiation assay for the detection of calcium deposits using alizarin red (AR) stain. (A) and (B) Mineralized
calcium nodules in an osteogenic differentiation medium (+) after culture for 14 days compared with the negative AR staining in the
control medium (−) for each group of MSCs. Scale bar: 100 μm. (C) Bar graph representing the percentage of area with positive stain-
ing for AR, expressed as mean ± standard deviation. Calcium deposits were measured in three independent samples for each group (n
= 3). *P < .05. FA, fibrous ankylosis; BA, bony ankylosis; BM, bone marrow; MSCs, mesenchymal stromal cells.
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Figure 6. Osteogenic differentiation potential confirmed by the detection of the expressions of the osteoblast marker genes by using
quantitative real-time polymerase chain reaction. (A) Analysis of the expressions of the osteogenic-specific genes for the 7-day stimu-
lated MSC populations. (B) Analysis of the expressions of the osteogenic-specific genes for the 14-day stimulated MSCs populations.
mRNA levels were measured in three independent samples (n = 3). Data are expressed as mean ± standard deviation. *P < .05. FA,
fibrous ankylosis; BA, bony ankylosis; BM, bone marrow; MSCs, mesenchymal stromal cells.
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Figure 7. Chondrogenic differentiation capabilities of the nine groups of MSCs. (A)–(D) MSCs in a 21-day micromass culture with non-
differentiation control (−) and chondrogenic differentiation media (+). (A) and (C) Micromasses stained with Alcian blue. (B) and (D)
Immunodetection of type II collagen assessed in micromasses. Scale bar: 100 μm. (E) Quantitative real-time polymerase chain reaction
measurements of the expression levels of the chondrogenic markers Sox9 and Col2a1. mRNA levels were measured in three indepen-
dent samples (n = 3). Data are expressed as mean ± standard deviation. *P < .05. FA, fibrous ankylosis; BA, bony ankylosis; BM, bone
marrow; MSCs, mesenchymal stromal cells.
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expression levels in the BA-MSCs-1W group than in the
FA-MSCs-1W group and in the BA-MSCs-4W group
than in the FA-MSCs-4W group (P < .05; Figure 7(E)).

3.6. FA-MSCs have higher adipogenic potential
than BA-MSCs

After 21 days of adipogenic induction, the MSCs stained
positive for Oil Red O stain, indicating the presence of
adipocytic multivacuolar cells secreting lipid droplets
(Figure 8(A,B)). However, the 21-day non-stimulated
MSCs showed no or much weaker staining for lipids
than stimulated MSCs (Figure 8(A,B)).

The expression level of PPARγ in the FA-MSCs-1W
group was significantly higher than those in the BA-
MSCs-1W and BM-MSC groups (P < .05; Figure 8(C)). Simi-
larly, the expression level of PPARγ in the FA-MSCs-8W
group was significantly higher than those in the BA-
MSCs-8W and BM-MSC groups (P < .05; Figure 8(C)).

4. Discussion

Previous studies have reported the isolation of ovine
MSCs from BM (Godoy et al. 2014; Sanjurjo-Rodriguez
et al. 2017; Ghaneialvar et al. 2018; Vivas et al. 2018; Had-
douti et al. 2020), cartilage (Caminal et al. 2016), adipose
tissue (Heidari et al. 2013; Godoy et al. 2014), liver
(Godoy et al. 2014), endometrium (Letouzey et al.
2015), olfactory mucosa (Veron et al. 2018), umbilical
cord blood (Zhao et al. 2019), peripheral blood
(Gronthos et al. 2009), amniotic fluid (Colosimo et al.
2013; Tian et al. 2016), dermis (Cui et al. 2014; Jahroo-
mishirazi et al. 2014), hair follicles (Koobatian et al.
2015), synovial membrane (Godoy et al. 2014), dental
pulp (Mrozik et al. 2010), and periodontal ligament
(Gronthos et al. 2006). However, ovine MSCs are still
not well characterized and remain unstandardized com-
pared with human MSCs in regard to their isolation,
expansion, media formulation, cell surface expression,
and differentiation (Haddouti et al. 2020). Accordingly,
the primary aim of this study was to perform extensive
morphological, immunophenotypical, and functional
characterizations of ovine MSCs from TMJ ankylosed
callus and the BM of the mandibular condyle.

We found that sheep MSCs could adhere to plastic.
They showed typical fusiform morphological character-
istics, and formed colonies efficiently. They could differ-
entiate into osteoblasts, chondrocytes, and adipocytes
under appropriate inductions. However, we had
difficulty selecting suitable markers to identify sheep
MSCs because of the limited availability of commercial
antibodies specific for sheep. In addition, sheep MSCs
might not consistently express the same classic

markers (e.g. CD73, CD90, and CD105) as human MSCs
(Mrugala et al. 2008; McCarty et al. 2009; Rozemuller
et al. 2010; Desantis et al. 2015; Letouzey et al. 2015;
Soltani et al. 2016; Sanjurjo-Rodriguez et al. 2017; Gha-
neialvar et al. 2018; Music et al. 2018). However, other
studies reported high expression levels of CD73, CD90,
and CD105 in sheep MSCs (Khan et al. 2016; Vivas
et al. 2018; Haddouti et al. 2020), thereby yielding
numerous conflicting reports. Besides CD73, CD90 and
CD105 as specific markers of mesenchymal cell lineages,
CD29, CD44, and CD166 were also found to be expressed
in human MSCs (Ghaneialvar et al. 2018).

In the present study, eight MSCs-associated positive
markers were used to identify sheep MSCs. We found
that CD73, CD90, CD105, anti-human CD29 (clone
MAR4), and anti-human CD44 did not react positively
with the ovine MSCs, partly because of the lack of anti-
body cross-reactivity or a differing cell surface marker
profile between the two species. However, we also
observed that ovine MSCs highly expressed anti-
human CD29 (clone TS2/16), anti-sheep CD44 and anti-
human CD166, which was in accordance with the
findings of other researchers (Zannettino et al. 2010;
Sanjurjo-Rodriguez et al. 2017; Ghaneialvar et al. 2018).
In addition, sheep MSCs highly expressed anti-human
CD29 (clone TS2/16), but did not express anti-human
CD29 (clone MAR4), which suggests that the clones of
antibodies might also be an important factor affecting
their expressions. Considering that most of the previous
studies related to sheep MSCs did not provide the anti-
body clones, further studies should identify the appro-
priate antibody clones for characterizing ovine MSCs.

Xiao et al. (2013) observed a decreased osteogenesis
in human MSCs from TMJ bony ankylosis compared with
MSCs from the BM of the mandibular body. Owing to
ethical restrictions, normal human condyle is not avail-
able. However, using the BM of the condyle as a
normal control is obviously more reasonable because
TMJ ankylosis is involved in the condyle, not the mandib-
ular body. In the present study, using MSCs from the BM
of the condyle (BM-MSCs) as normal controls, we found
that the MSCs from bony ankylosis (BA-MSCs) showed
significantly lower osteogenesis potential than the BM-
MSCs on the basis of the area ratio of calcium deposition.
Similar results were also observed between the two
groups of MSCs when the osteogenic lineage-specific
genes ALP, Runx2, OCN, and OSX were examined using
real-time PCR. The consistency between our study and
the study of Xiao et al.(2013) indicated that the sheep
model mimicked the human disease well. In addition,
we found that the BA-MSCs showed increased
expression levels of the chondrogenic lineage-specific
gene Col2a1 compared with the BM-MSCs, indicating
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higher chondrogenic potential in the former. This result
was in accordance with the histological course of bony
ankylosis because endochondral ossification was its
main pattern of new bone formation in the joint space
(Li et al. 2014; Liang et al. 2019).

Unlike TMJ bony ankylosis, the typical histological
features of fibrous ankylosis included plenty of avascular

fibrous tissue, and a lack of cartilage formation (Yan et al.
2012; Liang et al. 2019). In the present study, we exam-
ined how traumatic microenvironments influenced the
type of ankylosis in a sheep model from the perspective
of MSCs. For the first time, we isolated and identified
MSCs from sheep with fibrous ankylosis. The functional
characteristics of FA-MSCs were then compared with

Figure 8. Adipogenic differentiation capabilities of the nine groups of MSCs. (A) and (B) MSCs are cultured for 21 days in non-differ-
entiation control (−) and adipogenic differentiation media (+). The presence of adipocytes was assessed by detection of lipid drops
using Oil Red O stain. Scale bar: 100 μm. (C) Quantitative real-time polymerase chain reaction measurements of the expression levels
of the adipogenic marker PPARγ. mRNA levels were measured in three independent samples (n = 3). Data are expressed as mean ±
standard deviation. *P < .05. FA, fibrous ankylosis; BA, bony ankylosis; BM, bone marrow; MSCs, mesenchymal stromal cells.
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those of BA-MSCs. We found that the FA-MSCs showed
higher adipogenic potential but lower osteogenic and
chondrogenic potentials than the BA-MSCs. Our results
suggest that the increased osteogenic and chondro-
genic potentials of the BA-MSCs are important factors
for promoting new bone formation in the joint space.

The mechanism thereby the traumatic microenviron-
ment exerted its influence on the MSCs was not clear.
However, several factors such as hypoxia, mechanics,
and growth factors might play important roles in this
course. By using the same sheep model, our previous
study demonstrated that in the initial stage of ankylosis,
the hypoxia in the hematomas of bony ankylosis was
more severe because of the lower expression level of
hypoxia-inducing factor 1α (HIF-1α) in fibrous ankylosis
(Liang et al. 2019). HIF-1α can induce MSCs to differen-
tiate into chondrocytes (Robins et al. 2005). In addition,
HIF-1α can promote osteogenesis but suppresses the
adipogenesis of MSCs (Wagegg et al. 2012). Therefore,
the degree of hypoxia in the traumatic microenviron-
ment might determine the fate of MSCs, ultimately
leading to different types of ankylosis.

Mechanical forces can dictate the fate of MSCs. For
example, tensile forces can induce osteogenic differen-
tiation; compression forces can induce chondrogenic
differentiation, and high-frequency mechanical signals
can inhibit the adipogenesis (Hao et al. 2015). However,
the mechanics in the ankylosed joints is intricate and
unclear. In the sheep model, bilateral TMJ surgery was
performed. We inferred that the animals might have
limited the motion of their bony ankylosis-induced
joints because these received more severe trauma. There-
fore, the mechanical environment might be more
unstable on the fibrous ankylosis-induced side. Adipose
and fibrous tissues were simultaneously observed at the
nonunion site in a mechanically unstable animal model
(Choi et al. 2004), indicating that the unstable mechanics
favored MSCs to differentiate into adipocytes, which was
in accordance with our results.

Growth factors are important morphogenetic pro-
teins that are capable of regulating cellular function,
including the induction of MSC differentiation (Halim
et al. 2020). For example, the vascular endothelial
growth factor (VEGF), as a crucial angiogenic and bone
regeneration factor, was confirmed to promote MSCs
differentiation towards osteoblast (Murakami et al.
2017). Bone morphogenetic protein 7 (BMP7), which
plays important roles in promoting bone formation
and bone fracture healing, was verified to enhance the
osteogenic and chondrogenic differentiations of MSCs
(Yan et al. 2018; Peng et al. 2019). In our previous
studies that used the same sheep model, higher mRNA
expression levels of VEGF and BMP7 were found in

bony ankylosis than in fibrous ankylosis (Yan et al.
2014a; Liang et al. 2019). Therefore, in the traumatic
microenvironment, the expression abundance of some
key growth factors might have influenced the type of
TMJ ankylosis by regulating MSC differentiation.

In the present study, tissue harvesting was performed
at four time points, namely at 1, 2, 4, and 8 weeks, for
ankylosed callus. Fibrous and bony ankylosis were com-
pared at each time point to identify the time point at
which intervention to efficiently convert bony ankylosis
into fibrous ankylosis was relatively suitable. We found
that the BA-MSCs-1W group showed higher expression
levels of Sox9 and Col2a1 and lower expression levels
of PPARγ than the FA-MSCs-1W group. The BA-MSCs-
1W group also demonstrated higher osteogenic poten-
tial than the FA-MSCs-1W group on the basis of the
calcium deposition. These results indicate that the func-
tion differences between the FA-MSCs and BA-MSCs
occurred as early as 1 week after surgery. Therefore, on
the basis of our experimental data, we suggest that to
prevent bony ankylosis, the intervention should be
initiated not later than 1 week after TMJ trauma.

5. Conclusion

For the first time, our study demonstrated that MSCs
showed functional differences between fibrous and
bony ankylosis in a sheep model of TMJ trauma. This
study provides evidence that support our hypothesis
that the traumatic microenvironment influences the
type of TMJ ankylosis by changing the functions of
MSCs. Furthermore, because the increased osteogenic
and chondrogenic potentials of MSCs promote the
development of bony ankylosis after severe TMJ
trauma, inhibition of the osteogenic and chondrogenic
differentiations of MSCs might be a promising strategy
for preventing bony ankylosis in the future.
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