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Abstract: In this study, we explored the direct effect of vascular endothelial growth factor (VEGF) on temporoman-
dibular joint osteoarthritis (TMJ-OA) by analyzing the transformation of mouse condylar cartilage treated in vitro 
with various concentrations of VEGF. Tissue samples from 126 condyles of four-week-old male C57 mice were 
randomly divided into 21 groups and treated with VEGF (0 ng/mL, 100 ng/mL, 500 ng/mL, 1 µg/mL, or 2 µg/mL). 
Furthermore, the samples were treated at different time points (1 d, 2 d, 4 d, and 7 d) and stained with hematoxylin 
and eosin (HE) and Safranin O and Fast Green stains to observe their morphology. The Mankin score was used to 
evaluate changes to the condylar cartilage tissues, and immunohistochemistry was performed to observe the ex-
pressions of VEGF receptor 2 (VEGFR2), matrix metallopeptidase 9 (MMP9), matrix metallopeptidase 13 (MMP13), 
and tumor necrosis factor-related activation-induced cytokine (TRANCE). An HE staining analysis revealed that the 
experimental groups treated with VEGF exhibited the destruction of their condylar cartilage and a proliferation of 
their hypertrophic cells, in comparison to the control group. Safranin O and Fast Green staining showed that the 
experimental groups had decreased levels of proteoglycan and degenerative changes in their condylar cartilage. 
The Mankin score of the samples increased with increasing concentration and treatment time of VEGF, and the dif-
ferences between the groups were statistically significant (P < 0.05). Immunohistochemistry demonstrated that the 
expression levels of VEGFR2, MMP9, MMP13, and TRANCE significantly increased in the experimental groups, in 
comparison to those in the control group, suggesting that VEGF promoted TMJ-OA in mice in vitro.
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Introduction

Temporomandibular joint osteoarthritis (TMJ-
OA) is a common clinical disease of unknown 
etiology; its pathogenesis has been a field of 
interest for many researchers. Vascular endo-
thelial growth factor (VEGF) is a powerful angio-
genic factor expressed during articular carti-
lage growth and re-expressed in osteoarthritis 
in normal, osteoarthritic, and osteoporotic 
osteoblasts [1-3]. Recently, the association of 
VEGF and TMJ-OA has become a focus of 
research. Hamilton et al. [4] determined that 
VEGF levels in the body correlated with osteoar-
thritis. Shen Pei et al. [5] demonstrated that the 
intraarticular injection of VEGF in the TMJ of 
mice induced osteoarthritis. In contrast, Walsh 
et al. [6] studied the relationship between VEGF 
and TMJ-OA by evaluating the effect of VEGF-

induced angiogenesis, but there was minimal 
impact on TMJ-OA. Many scholars have investi-
gated the possible relationship between VEGF 
and TMJ-OA through various animal experi-
ments, but there are no in vivo studies that 
demonstrate a direct effect of VEGF on TMJ-OA. 
Although some groups have conducted studies 
using in vitro cell experiments, many argue that 
this method does not accurately reflect the 
development of TMJ-OA and structural changes 
in cartilage. In previous studies on the mecha-
nism of VEGF on TMJ-OA, most scholars started 
from VEGF’s angiogenesis and studied its rela-
tionship with TMJ-OA. However, there are few 
studies on the direct impact of VEGF on 
TMJ-OA.

On the basis of previous studies, this research 
group believes that it is necessary to find an 
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experimental method that can not only exclude 
the influence of systemic factors, but also eval-
uate the degree of osteoarthritis through 
changes in cartilage structure to study the 
direct influence of VEGF on TMJ-OA. In this 
study, the effect of VEGF on TMJ OA was exclud-
ed by the experimental group through the in 
vitro culture of the mouse condyle. The mor-
phology of mouse condylar articular cartilage is 
observed at different time points with different 
concentrations of VEGF. The expressions of 
VEGF receptor 2 (VEGFR2), matrix metallopepti-
dase 9 (MMP9), matrix metallopeptidase 13 
(MMP13), and tumor necrosis factor-related 
activation-induced cytokine (TRANCE), and car-
tilage degeneration in treated samples were 
analyzed to determine whether VEGF directly 
modulated the pathogenesis of TMJ-OA. In this 
study, we aimed to explore the direct effect of 
VEGF on TMJ-OA, and our findings can provide 
the basis for further study of the molecular 
mechanism of VEGF self-secretion axis induced 
TMJ-OA.

Materials and methods

Mice and other reagents

Samples of condylar articular cartilage were 
obtained from 4-week-old male C57 mice 

(Shanghai Key Laboratory of Stomatology & 
Shanghai Research Institute of Stomatology) 
and cultured in vitro. Recombinant human 
VEGF 165 (Pepro Tech, Rocky Hill, USA) was 
used to treat the cartilage samples. For immu-
nohistochemistry, we used antibodies for 
VEGFR2 (CST #2472, 1:50, Cell Signaling, 
Danvers, USA), MMP9 (ab38898; 1:50, Abcam, 
Cambridge, UK), MMP13 (ab39012, 1:50, 
Abcam, Cambridge, UK), and TRANCE (CST 
#5312, 1:50, Cell Signaling, Danvers, USA). 

Isolation of condylar cartilage

The mice were sacrificed via cervical disloca-
tion in sterile conditions to isolate bilateral con-
dyles, and polybutylene succinate was used to 
prevent condylar adhesion around the soft tis-
sue. Tissue samples from 126 condyles were 
randomly divided into 21 groups, and each 
group contained six condyles. A single group 
was selected as the control group, denoted as 
“Con0”, while the remaining 20 groups were 
transferred to petri dishes (35 mm) and divided 
into five treatment groups of VEGF concentra-
tion (0 ng/mL, 100 ng/mL, 500 ng/mL, 1 μg/
mL, and 2 μg/mL). Each treatment group was 
further subdivided into four different treatment 
time points (1 d, 2 d, 4 d, and 7 d). Therefore, a 
total of six mouse condyle samples represent-
ed each treatment concentration at each time 
point. 

Culturing and sampling of condyles

To study the effect of sex steroid hormones on 
bone growth, Maor et al. [7] established an iso-
lated organ culture system of the mandibular 
condyle, derived from 3.5-to-5.5-week-old 
male and female mice. Following this previously 
published approach, six samples of condyles 
were distributed evenly in a cell culture dish for 
each group. The culture medium was com-
posed of Minimum Essential Medium (MEM) 
containing fetal bovine serum, ascorbic acid, 
and antibiotics. The culture medium was added 
to each dish, and then VEGF was added to the 
remaining culture medium. Additional culture 
medium, containing VEGF, was added to each 
treatment group according to the respective 
treatment concentrations (100 ng/mL, 500 
ng/mL, 1 μg/mL, and 2 μg/mL) via serial dilu-
tion. The cells were incubated at 37°C and 5% 
CO2. The culture medium was changed once 
every two days. The plates were fixed at various 
time points (1 d, 2 d, 4 d, and 7 d), representing 

Table 1. Modified Mankin scoring system to 
evaluate the degree of osteoarthritis in articu-
lar cartilage
Mankin Evaluation Criteria Score
① Peripheral Red O staining
    a. Normal 0
    b. Mild strengthen 1
    c. Severe strengthen 2
② Background Red O staining
    a. Normal 0
    b. Mild increase or decrease 1
    c. Severe increase or decrease 2
    d. Non-staining 3
③ Cartilage cells arranged
    a. Normal 0
    b. Cell aggregation 1
    c. Cells decreased 2
④ Structure of cartilage
    a. Normal 0
    b. Surface of fibrosis 1
    c. Fibrosis over the surface 2
    d. Lack 3
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treatment times per treatment group, with 
paraformaldehyde (4%). The condylar group 
denoted as “Con0” was fixed immediately after 
culturing.

Histological staining

The mouse condylar cartilage samples were 
fixed for 24 h and then rinsed in water over-
night. The samples were decalcified with EDTA 
(10%) at 4°C, and then dehydrated with increas-
ing concentrations of n-butyl alcohol and 
embedded with paraffin. Cross sections of 4 
μm were obtained from each tissue specimen. 
Conventional Red O and Fast Green compound 
staining and HE staining were conducted. The 
morphologies of the mouse condylar cartilage 
samples were observed under a microscope. 
According to the manufacturer’s instructions 
(Sigma 387-A, St Louis, MO), a standard, 3-step, 
avidin-biotin complex immunohistochemical 
staining protocol was used. For immunohisto-
chemistry, we used antibodies for VEGFR2 (CST 
#2472, 1:50, Cell Signaling, Danvers, USA), 
MMP9 (ab38898; 1:50, Abcam, Cambridge, 
UK), MMP13 (ab39012, 1:50, Abcam, Cam- 

Results

Morphology of the mouse condylar articular 
cartilage cultured in vitro

We used HE staining to classify the structure of 
the mouse condylar cartilage into four catego-
ries: the fibrous layer, the hyperplastic layer, the 
layer of mast cells, and the cartilage (Figure 2). 
Over various time points, the condylar cartilage 
samples that were not treated with VEGF exhib-
ited no significant changes in the condylar car-
tilage layer thickness, the number of cells, or 
the cartilage surface, compared with the con-
trol group. This validated that in vitro culturing 
had no influence on condylar cartilage morphol-
ogy. The addition of VEGF to the condylar carti-
lage samples resulted in morphological chang-
es, such as fibrous layer thinning, fat layer 
thickening, and an increased number of mast 
cells (Figure 2). Moreover, the increased con-
centration and treatment time of VEGF resulted 
in increasingly degenerative changes to the 
cartilage.

Red O and Fast Green compound staining 
showed that the condyle’s tinting of the control 

Figure 1. A-D. Mankin scores of condylar articular cartilage at various VEGF 
concentrations and treatment times. (**P < 0.01, *P < 0.05). 

bridge, UK), and TRANCE (CST 
#5312, 1:50, Cell Signaling, 
Danvers, USA). So Immunohis- 
tochemical staining was used 
to visualize the expression of 
VEGFR2, MMP9, MMP13, and 
TRANCE in the samples. 

Mankin scoring system

Red O and Fast Green com-
pound staining was used to 
evaluate the degree and 
severity of osteoarthritis in 
the mouse condylar samples 
according to Mankin’s criteria 
(Table 1).

Statistical analysis

SPSS 23.0 software was used 
for the statistical analysis. The 
Kruskal-Wallis method was 
used for all paired compari-
sons and to inspect the differ-
ences between multiple sets 
of data. For all bilateral analy-
ses, P < 0.05 was considered 
to be statistically significant.
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group is more obvious, especially in the deep 
cartilage, from the enrichment of protein poly-
saccharides (Figure 3). Over the various time 
points, the condylar cartilage samples within 

the treatment time was statistically significant. 
In fact, the treatment time significantly in- 
creased the Mankin scores more than VEGF 
concentration alone. The control group, denot-

Figure 2. A, B. HE staining of mouse condylar articular cartilage.

the control group exhibited no 
significant changes. However, 
increasing VEGF concentra-
tion and treatment time result-
ed in an irregular arrangement 
of cartilage cells and a cell-
free zone that appeared to be 
fibrous hyperplasia (Figure 3). 
These H-E staining and Red O 
and Fast Green compound 
staining results demonstrated 
that VEGF treatment resulted 
in structural abnormalities in 
mouse condylar cartilage cul-
tured in vitro.

Mankin score of osteoarthritis 
in condylar cartilage samples

The Mankin scores of each 
treatment group are illustrat-
ed in Figure 1. We obser- 
ved that overall, the Mankin 
scores of the samples signifi-
cantly increased as the VEGF 
concentration and treatment 
time increased. Multiple pair-
wise comparisons revealed 
that the relationship between 
the Mankin score and the 
VEGF concentration and treat-
ment time was statistically 
significant (P < 0.05).

However, the differences in 
the Mankin scores between 
the treatment groups of 100 
ng/mL and 500 ng/mL and 
the treatment groups of 1 μg/
mL and 2 μg/mL, respectively, 
showed no statistical signifi-
cance. The Mankin scores of 
the samples within the same 
VEGF concentration group in- 
creased as treatment time 
increased, which was deter-
mined to be statistically sig-
nificant (P < 0.05). Multiple 
pairwise comparisons reveal- 
ed that the relationship be- 
tween the Mankin scores and 
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ed as Con0, did not exhibit any statistically sig-
nificant changes in Mankin scores over the vari-
ous time points (P > 0.05). This validated that 
culturing condylar articular cartilage in vitro did 
not affect the Mankin score.

Immunohistochemistry of mouse condylar 
articular cartilage cultured in vitro

We performed an immunohistochemical analy-
sis to examine the expression of VEGFR2, 
MMP9, MMP13, and TRANCE in mouse condy-

TMJ-OA lesions and that can be used for early 
diagnosis. TMJ-OA has vast similarities to 
osteoarthritis, and its pathology is strongly 
connected to abnormal cartilage degeneration 
and regeneration [8]. Histopathologically, fibro-
sis of cartilage surface, loss of matrix proteo-
glycans, destruction of collagen matrix, and 
hyperplasia of synovial tissue comprise the 
early stages of TMJ-OA [9, 10]. Previous stud-
ies confirmed that the abnormal activation of 
estrogen and the Wnt5A signaling pathways 

Figure 3. A, B. Safranin O and Fast Green compound staining of mouse con-
dylar articular cartilage.

lar articular cartilage. The 
expressions of VEGFR2 and 
MMP13 were distributed thr- 
oughout all four structural lay-
ers of cartilage previously 
mentioned (Figures 4, 6). The 
expression of MMP9 was pri-
marily localized in the mast 
cells in condylar cartilage 
(Figure 5). The expression of 
TRANCE was mainly distribut-
ed in the hypertrophic and 
proliferative layers of condylar 
cartilage (Figure 7). The ex- 
pression levels of VEGFR2, 
MMP9, MMP13, and TRANCE 
in the cartilage samples sig-
nificantly increased with VEGF 
treatment compared to the 
control group (Figures 4B, 5B, 
6B, 7B) (P < 0.001).

Discussion

TMJ-OA is a common clinical 
disease with diverse etiolo-
gies, and its pathogenesis is 
still unclear. Research on its 
molecular mechanisms has 
been a hot spot among 
domestic and foreign schol-
ars. At present, the clinical 
diagnosis of TMJ-OA is often 
based on its imaging examina-
tion. When changes can be 
observed from the imaging 
data, the disease has to be 
treated surgically and is diffi-
cult to cure. Therefore, it is 
important and clinically signifi-
cant to improve our under-
standing of the factors that 
influence the diagnosis of 
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induced TMJ-OA occurrence and development 
[11, 12]. Zhang et al. [13] observed in animals 
that synovial tissue increases the expression of 
VEGFR2, as scored by immunohistochemistry, 
following synovial inflammation, which sub-
sides through the regeneration of TMJ-OA. 
Therefore, VEGFR2 may have some effect on 
the induction of TMJ-OA. In recent years, the 
relationship between VEGF and TMJ-OA devel-
opment has become a focus in the field of TMJ-
OA research.

The present study on mouse condylar articular 
cartilage cultured in vitro demonstrated that 
VEGF has a significant effect on TMJ-OA. 
Cultured condylar cartilage samples were 
scored according to the widely used and reli-
able Mankin scoring system for osteoarthritis. 
Our results confirmed that in vitro culturing had 

no significant effect on the degree of condylar 
bone arthritis, as determined by the Mankin 
score, in condylar articular cartilage samples. 
However, we demonstrated that there was a 
relationship between samples treated with 
VEGF and an increased pathology of osteoar-
thritis. A previous study conducted on animal 
models by Tibesku et al. [14] supports the 
results of our current study. Studies have 
reported that VEGF targets synovial articular 
cartilage and causes cartilage degeneration, 
progressive degradation of matrix components, 
and cell apoptosis [15]. In previous studies in 
vivo, an increased expression of matrix metal-
lopeptidases in articular cartilage was ob- 
served, causing cartilage matrix degradation 
and, consequently, promoting the expression of 
VEGF to induce angiogenesis [16-18]. These 
studies demonstrate that an increased expres-

Figure 4. A. Expression of VEGFR2 measured by immunohistochemistry. B. Positive cell number of total layer cell 
number in the different groups (100%). (***P < 0.001).

Figure 5. A. Expression of MMP9 measured by immunohistochemistry. B. Positive cell number of total layer cell 
number in the different groups (100%). (***P < 0.001).
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sion of VEGF and angiogenesis subsequently incre- 
ased the production of matrix metallopeptidas-
es, resulting in a cycle of degradation and 
regeneration of the cartilage matrix. Over time, 
this led to a progressive degeneration of carti-
lage. In this study, we eliminated the effect of 
MMP on VEGF by limiting our experiments to in 
vitro culture. Meanwhile, our in vitro study dem-
onstrated that the expression of MMP9 and 
MMP13 increased. This is consistent with Kim’s 
and Suri’s research [19, 20]. To exclude the 
effects of these inflammatory factors on carti-
lage in our study, we added experimental 
TRANCE dye to culture soft cells with VEGF, 
inducing the apoptosis of chondrocytes in vitro.

In the current study, it was essential to maxi-
mize the advantages of using an in vitro system 
to study the direct effect of VEGF on TMJ-OA. In 
comparison to the experimental methods of 

the in vivo animal studies previously conduct-
ed, our in vitro system effectively eliminated 
the effects of other risk factors of TMJ-OA, 
allowing us to explore VEGF as a single factor of 
the disease. Furthermore, we were able to mon-
itor cartilage structural changes and evaluate 
the severity of osteoarthritis in mouse condylar 
cartilage samples using our in vitro system. We 
determined that increasing VEGF concentration 
and treatment time affected the severity of 
TMJ-OA, as determined by the Mankin score. 
We reported that samples in the following treat-
ment groups, 100 ng/mL for 7 d, 500 ng/mL 
for 7 d, 1 μg/mL for 7 d and 2 μg/mL for 7 d, 
were representative of the positive correlation 
between VEGF treatment and TMJ-OA. We con-
ducted an immunohistochemical analysis using 
these hallmarks as a basis. These results may 
serve to improve the efficiency of future 
experiments.

Figure 6. A. Expression of MMP13 measured by immunohistochemistry. B. Positive cell number of total layer cell 
number in the different groups (100%). (***P < 0.001).

Figure 7. A. Expression of TRANCE measured by immunohistochemistry. B. Positive cell number of total layer cell 
number in the different groups (100%). (***P < 0.001).
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However, this study had a few limitations. The 
sample size we used in the study was sufficient 
for statistical evaluation, but increasing the 
sample size would increase the precision and 
clarity of the results. We only analyzed the 
expression of three different proteins, MMP9, 
MMP13, and TRANCE, as molecular markers of 
TMJ-OA. There are many other proteins related 
to osteoarthritis that should be investigated to 
increase our understanding of the pathology of 
TMJ-OA. In conclusion, our results demonstrat-
ed that VEGF directly affected the development 
and severity of TMJ-OA in mouse condylar artic-
ular cartilage, supporting the existence of a 
relationship between the VEGF autocrine axis 
and TMJ-OA. However, the mechanism of action 
of VEGF and its related signaling pathways in 
the pathogenesis of TMJ-OA needs to be eluci-
dated in future work.
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