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Abstract. Functional appliances correct dental malocclu-
sion, partly by exerting an indirect mechanical stimulus on 
the condylar cartilage, initiating novel bone formation in 
the condyle. Angiopoietin is involved in the angiogenesis 
associated with novel bone formation. This study aimed to 
determine the expression of angiopoietin (Ang)‑1 and ‑2 
following forward mandibular positioning (FMP) in the 
condylar chondrocytes of rabbits. Sixty rabbits (age, 8 weeks) 
were randomly allocated to the experimental and control 
groups (n=30 per group). In the experimental group, FMP 
was induced by a functional appliance. Five rabbits from the 
experimental group and the control group were sacrificed 
following 3 days and 1, 2, 4, 8 and 12 weeks, respectively. 
The right temporomandibular joints (TMJs) were collected 
and the expression of Ang‑1 and -2 was evaluated by immuno-
histochemical staining. The expression of Ang-1 increased at 
day 3 and reached a peak at 2 weeks, whereas Ang‑2 reached 
maximal expression 4 weeks after FMP. Subsequently, the 
expression of Ang‑1 and ‑2 gradually decreased. Thus, FMP 
enhanced the expression of Ang‑1 and Ang‑2 in condylar 
cartilage, which is related to angiogenesis in the process of 
endochondral ossification.

Introduction

Functional appliances are extensively applied in the treatment 
of Class II malocclusion by forward mandibular positioning 
(FMP). A large number of functional appliances were 
demonstrated to achieve the correction of Class  II maloc-
clusion by increasing the mandibular length and rotating 
the mandibular angle via functional anterior displacement 

of the mandible (1,2). FMP provokes cellular and molecular 
responses in the temporomandiular joint and initiates novel 
bone formation in the condyle (a growth site) (3). The growth 
of the mandibular is a process of endochondral ossification in 
condylar cartilage. During endochondral bone formation, the 
vascular network in the bone is established by the invasion 
of capillary sprouts into the newly forming vascular osseous 
tissue, through a process termed sprouting angiogenesis (4,5). 
It has been demonstrated that angiopoietin (Ang) is involved 
in vascularization (6). Autocrine Ang‑1/Tie-2 modulates blood 
vessel plasticity and contributes to vascular maintenance. In 
addition, Ang‑1 enhances survival, migration and network 
formation of endothelial cells in  vitro  (7), and induces 
neovascularization in vivo (8). Ang‑2 is a naturally occurring 
antagonist of Ang‑1 that inhibits Ang‑1‑induced activation of 
Tie2 (9). Ang‑1 and ‑2 are located at sites of endochondral bone 
formation in the growing skeleton (10). Moreover, osteoblast-
specific expression of Ang-1 in mice leads to an increase in 
bone mass (11). Since neovascularization is correlated with 
novel bone formation, it is important to quantitatively assess 
and compare the pattern of expression of Ang and the quantity 
of novel bone formation induced by FMP in the condyles with 
their pattern of expression during natural growth (12). Since 
the involvement of Ang‑1 and -2 during the process of FMP 
remains to be elucidated, the aim of the present study was 
to clarify changes in the Ang‑1 and ‑2 expression patterns in 
condylar chondrocytes during FMP.

Materials and methods

Experimental animals. A total of 60 Japanese white rabbits 
(30 male and 30 female; age, 8 weeks; weight, 1.0‑1.5 kg) 
were purchased from Zhejiang Experimental Animal Center 
(Hangzhou, China; Grade II; Certificate SCXK2003-0001). 
The experiment was in accordance with the Guide for the 
Care and Use of Laboratory Animals of Zhejiang University 
(Hangzhou, China) (13). All rabbits were provided with water 
and a standard diet for 1 week prior to the experiment. The 
rabbits were randomly assigned to the experimental or control 
groups (n=30 per group). Food intake and rabbit weight were 
monitored daily. Five rabbits in the experimental group and 
five rabbits in the control group were sacrificed at 3 days and 
1, 2, 4, 8 and 12 weeks following FMP, respectively. The study 
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was approved by the Ethics Committee of Sir Run Run Shaw 
Hospital, Medical College of Zhejiang University. (Hangzhou, 
China).

Experimental FMP. The method of experimental FMP was 
conducted as described previously by Wu et al (13). Briefly, 
functional appliances, made from polymethylmethacrylate 
with 20-25˚ inclined planes, were cemented to the maxillary 
central incisors of the experimental group with dental adhesive 
resin cement [Minnesota Mining and Manufacturing (3M) Co. 
Monrovia, CA, USA]. The appliances were worn for 24 h to 
produce a continuous forward and downward positioning of 
the mandible. The control group was free from the appliance 
in order to retain natural growth.

Sample preparation. The right temporomandibular joint 
(TMJ) samples were fixed in 4% paraformaldehyde for 3 days 
and decalcified in 0.5 mol/l ethylenediaminetetraacetic acid 
(EDTA, pH 7.2) for 4 weeks. Subsequently, the TMJ samples 
were dissected into halves and the connective tissue was 
removed to expose the areas surrounding the mandibular 
condyle. Any excess tissue was removed and specimens 
were embedded in paraffin. Serial sections of 3-5 µm were 
cut through the TMJ at the parasagittal plane using a rotary 
microtome (Leica RM 2155, Leica Mikrosysteme Handelsges 
m.b.H., Vienna, Austria) and hematoxylin and eosin staining 
was applied. The middle section of the former inclined plane 
and posterior inclined plane of the condyle was selected.

Immunohistochemistry. Immunohistochemical analysis was 
performed using the ultrasensitive streptavidin‑peroxidase 
method with a 3'3‑diaminobenzidine peroxidase (DAB‑PO) 
kit (Maixin Biotechnology Development Co., Ltd., Fuzhou, 
China). In brief, for Ang‑2 staining, the specimens were 
treated in 1% citric acid buffer for 5 min at a high tempera-
ture (120˚C) and pressure (150   kPa), then cooled to room 
temperature. Subsequent to this, all specimens, including 
those for Ang-1 and -2 staining,, were treated with 0.3% 
hydrogen peroxide to inhibit the activity of endogenous 
peroxidase. Nonspecific protein staining was blocked by 
1.5% goat serum (Sigma‑Aldrich, St. Louis, MO, USA). The 
tissues were incubated with rat anti‑rabbit Ang‑1 polyclonal 
antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA, 
USA) and rat anti‑rabbit Ang‑2 polyclonal antibody (Santa 
Cruz Biotechnology Inc.) at 4˚C overnight. The working titer 
of Ang-1 and ‑2 was 1:100. Samples were washed with phos-
phate‑buffered saline (PBS) and incubated at room temperature 
with biotinylated secondary antibody for 10 min. The samples 
were then washed extensively with PBS, incubated with the 
streptavidin‑peroxidase complex for 10 min and finally devel-
oped according to the manufacturer's instructions (Maixin 
Biotechnology Development Co., Ltd.). Subsequent to washing 
in PBS, fresh DAB (Maixin Biotechnology Development Co., 
Ltd.) was added and the specimens were counterstained with 
hematoxylin. PBS was used as negative control.

Image and statistical analysis. The immunostained sections 
were examined using an Olympus microscope (Olympus Co., 
Tokyo, Japan; magnification, x400) coupled to a video camera 
(Olympus Co.) and connected to a computer‑aided color 

video image analysis system [High Resolution Pathological 
Image & Word Analysis System (HPIAS-1000); Wuhan 
Qianping Image Technology Co. Ltd., Wuhan, China]. When 
the images had been captured and digitized onto the video 
screen, microscopic images were quantitatively analyzed 
using an image analysis software program (HPIAS‑1000; 
Wuhan Qianping Image Technology Co. Ltd.). Twenty views 
(1 cm2 per view) in a high power field (magnification, x400) 
were selected randomly. To avoid any biased analysis, the 
researchers were blinded to the grouping information during 
the sampling and data analysis. The number of positive cells 
in the condylar cartilage was calculated and gray values of the 
expression intensity were measured to indicate the expression 
of protein. The lower the gray value, the stronger the intensity 
of the immunostaining. The data were processed with SPSS 
for Windows (version 16.0, SPSS Inc., Chicago, IL, USA) 
using the Student's t‑test and analysis of variance. Values are 
presented as the mean ± SD. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Gross examination of animal behavior. The experimental 
rabbits exhibited difficulties in mastication and consumed less 
food during the first 2 days after wearing the functional appli-
ance; however, they recovered 2‑3 days following surgery. All 
animals gained weight during the experimental period, and no 
significant differences in weight were identified between the 
control and experimental groups.

Expression of Ang‑1 and ‑2 proteins in condylar chondrocytes. 
Five zones of condylar cartilage (superficial, proliferative, 
transitive, hypertrophic and mineralized zones) were observed 
in the control condyle and temporal components. These are 
marked with S, P, T, H and M, respectively. In the control 
condyle, positive signals of Ang‑1 and ‑2 protein expression 
were observed in the P, T, H and M zones; however, these were 
not observed in the superficial zone.

Fig. 1 shows the relative expression of Ang‑1 in the experi-
mental and control groups at 12 weeks. A significant decrease 
of Ang-1 expression (indicated by the significant increase of the 
mean grey value from 77 to 85) was detected only between 0.5 
and 1 week. Thereafter, no significant changes were observed 
between each two adjacent points.. Mandibular advancement 
resulted in a gradual increase in the expression of Ang-1 when 
compared with normal growth. Two weeks following FMP, 
the mean gray value of Ang-1 reached the lowest level of 
52.84±0.32 in the experimental group, particularly in the H 
and M zones (Fig. 2). Subsequently, the gray value of Ang-1 
gradually increased. Compared with the control group, the 
experimental group exhibited a significantly increased expres-
sion of Ang‑1 at all time points (P﹤0.05).

The relative expression of Ang-2 over time in the control 
and experimental groups is shown in Fig. 3. In the control 
group, the mean gray value of Ang-2 was significantly 
increased following 1 week. However, in the experimental 
group, a significant decrease in the gray value of Ang‑2 was 
detected from 61.44±0.21 to 56.51±0.57 at 3 days and 1 week, 
respectively, following FMP. Ang-2 was continuously upregu-
lated and the gray value reached the lowest level 4 weeks after 
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Figure 1. Mean gray value of angiopoietin-1 (Ang-1) vs. time in the cartilage 
of the control (n=5) and experimental (n=5) groups. Bar represents standard 
deviation. *P<0.05 compared with the control group and #P<0.05 compared 
with the result for the previous time point in the same group.

Figure 2. Immunohistochemical micrographs of condylar cartilage in the 
(A) control and (B) experimental groups 2 weeks following forward mandib-
ular positioning [stain, 3’3‑diaminobenzidine (DAB); magnification, x200]. 
Angiopoietin-1-positive cells were identified as tissue with brown staining. 

Figure 3. Mean gray value of angiopoietin‑2 (Ang‑2) vs. time in the cartilage 
of the control (n=5) and experimental (n=5) groups. Bar represents standard 
deviation. *P<0.05 compared with the control group and #P<0.05 compared 
with the result for the previous time point in the same group.

Figure 4. Immunohistochemical micrographs of condylar cartilage in the 
(A) control and (B) experimental groups 4 weeks following forward mandib-
ular positioning [stain, 3’3‑diaminobenzidine (DAB); magnification, x200]. 
Angiopoietin-2-positive cells were identified as tissue with brown staining.
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FMP, particularly in the M zone (Fig. 4). Statistical analysis 
demonstrated that the expression of Ang‑2 in the experimental 
group at each time point was stronger than that in the control 
group (P﹤0.05). The expression of Ang‑1 and ‑2 predominantly 
increased in the posterior region of the condyle.

Discussion

Ang-1 and -2, members of the angiopoietin family, were demon-
strated to be associated with angiogenesis in the present study. 
The expression of Ang‑1 and -2 in the control group marginally 
fluctuated due to the natural growth of the rabbits. Condyles 
from the experimental group began to exhibit a progressive 
increase in the expression of Ang-1 and -2 three days following 
FMP. In a previous study, Ang‑1 was constitutively expressed 
at low levels in adult vasculature (14). However, pro‑angiogenic 
stimuli, including nitric oxide, hypoxia, tumor necrosis factor 
and vascular endothelial growth factor (VEGF), led to Ang-1 
upregulation (15‑17). Ang‑2 is a naturally occurring antago-
nist of Ang‑1 and inhibits Ang‑1‑induced activation of Tie2. 
An increase in the expression of Ang‑2 is an early marker of 
angiogenesis, as Ang-2 promotes early vascular degeneration 
and also promotes angiogenesis (18).

The direction of blood supply in the condylar bone 
plate is radial, pointing towards the mineralized layer of 
articular cartilage (19). In the present study, the expression of 
Ang‑1 and -2 increased with the maturation of the chondro-
cytes, particularly in the hypertrophic zone, thus indicating 
that Ang‑1 and -2 may be involved in inducing blood vessel 
growth into the hypertrophic zone of the condylar cartilage. 
This expression pattern of Ang‑1 and -2 suggests that the 
invasion of the vasculature is important in bone growth. The 
expression of Ang‑1 and -2 began to increase from day 3, 
and the expression of Ang‑1 reached a peak at 2  weeks, 
while the expression of Ang‑2 reached the highest level at 
4  weeks. We have previously demonstrated that the peak 
of bone remodeling during FMP occurred at 8 weeks (20). 
The expression of Ang-1 and Ang-2 was much earlier than 
the bone remodeling process. Angiogenesis in bone occurs 
earlier than endochondral ossification due to the length of the 
process, which includes vascular invasion, the aggregation 
and differentiation of mesenchymal cells and endochondral 
ossification (21). The expression of Ang‑2 was stronger and 
exhibited a longer duration than Ang‑1, which may indicate 
that Ang‑2 exhibits a dominant role in the process. Ang-2 was 
expressed predominantly in the mineralized zone, the site of 
proliferation for vascular remodeling, and blocked the blood 
vessel stability effect of Ang‑1. Ang-2 has been shown to result 
in the significant contraction of blood vessels without VEGF; 
however, with a high concentration of VEGF, the antivascular 
stabilization effect of Ang‑2 promoted novel blood vessel 
formation (22,23). Rabie et al (24) observed the high expres-
sion of VEGF in the mandibular condyle following FMP. The 
interaction of Ang‑2 and VEGF promoted coordination for 
the formation of blood vessels. A change in Ang‑2 expression 
resulted in vascular instability. This instability in the blood 
vessels in the presence of VEGF may be involved in promoting 
angiogenesis, inducing cell differentiation for osteogenesis and 
promoting the ossification of condylar cartilage and subchon-
dral bone remodeling.

In the present study, in the experimental group, the expres-
sion of Ang-1 and -2 predominantly increased in the posterior 
region of condyle, but not in the anterior and middle regions, 
which is consistent with the growth direction of novel bone (25). 
Studies using imaging examination, such as CT and MRI, have 
demonstrated that the posterior region of condylar growth was 
markedly greater than the growth in the middle or anterior 
regions following FMP, and the metabolism in the posterior 
condyle increased (26,27). Thus, the change of the stress and 
strain direction in the condyle may have enhanced the expres-
sion of Ang-1 and-2 and other related factors, enhanced active 
osteogenic function and changed the condylar growth direc-
tion (28,29). In conclusion, biomechanical stimulation by FMP 
induced an increase in Ang‑1 and -2 expression in condylar 
chondrocytes. These changes may lead to angiogenesis, which 
may be involved in the remodeling of the condyle during the 
treatment of Class II malocclusion.
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