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IntroductIon

Malocclusion is a developmental condition. In most instances, maloc-
clusion and dentofacial deformity arise from variations in the normal 
development, and so it must be evaluated against a perspective of 
natural growth. For mandible, the deficiency or excess will lead to the 
skeletal problems three-dimensionally. Thus, it is important to under-
stand the growth discipline and the regulatory mechanism.

The mandibular condylar cartilage, which covers the surface of the 
mandibular condyle at the temporomandibular joint (TMJ), has long 
been considered as a critical growth site.[1] It is unique in terms of 
several morphological, physiological and functional properties differ-
ent from the articular cartilage of the long bones. However, compared 
to the well-studied developmental process in the growth plate of long 
bone, less has been explored on the regulatory mechanism of the 
mandibular condyle growth.

the characterIstIcs of mandIbular condylar cartIlage

Mandibular condylar cartilage was previously thought to be in the same 
category as the growth plate. However, it was later found that the 
condylar cartilage also posesses properties of epiphyseal cartilage.[2]

As a hybrid of hyaline and fibrocartilage, it has been categorized as 
chondroid bone, a tissue intermediate between bone and cartilage. 
Therefore, it functions as a growth site rather than a growth center.

Another characterization of condylar cartilage is that it is secondary 
cartilage which forms after the fetal period and responds to the me-
chanical forces acting on it. It is different from the primary cartilage 
that stems from the primary cartilaginous skeleton of the organism. 
Since the growth of primary cartilage is subject to general factors, 
mechanical devices can alternate its direction but not the amount of 
growth. On the contrary, the growth of condylar cartilage, the second-
ary cartilage, is subject to not only general factors such as growth hor-
mones but also local factors, thus may be modulated by appropriate 
mechanical devices in both direction and amount of growth.[3]
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the hIstologIcal structure of the condylar artIcular cartIlage

The condylar articular cartilage can be histologically stratified into four layers: articular zone, proliferative 
zone, fibrocartilage zone, ossification zone.[4]

The outermost layer of condylar articular cartilage is the articular zone or fibrous layer. The articular zone 
consists of fibroblasts, which is surrounded by a dense and avascular layer of Type I collagen. It has been 
found that fibroblasts in the deeper area of the articular zone in rat’s condylar articular cartilage show prolif-
erative activity.[5] The articular zone is thought to possess self-contained and self-replicating characteristics. 

The proliferative zone locates beneath the articular zone. This layer involves in the formation of the condy-
lar cartilage by contributing cells to the fibrocartilage layer below rather than the articular zone above. As 
maturing, the cells in this layer ceases proliferation, yet persist and may resume proliferative activity in case 
of certain circumstances.[5]

Deeper adjacent to the proliferative zone lies the fibrocartilage zone, consisting of maturing chondroblasts 
stemming from the progenitor cells from the proliferative zone. These chondroblasts generate an extra-
cellular matrix which is composed of proteoglycans and type II collagen. As these cells progress towards 
hypertrophy, they finally get surrounded by mineralized cartilage matrix in the ossification zone.[5]

As the fibrocartilage develops, endochondral ossification takes place. This process involves mineralization 
of the cartilage, invasion of blood vessels, apoptosis of the chondrocytes, differentiation of osteoblasts and 
bone deposition on the mineralized cartilage matrix.

The development of condyle cartilage share some common traits with that of the epiphyseal cartilage in long 
bones, yet differs in its absence of chondrocytes in ordered columns, thus facilitating multidirectional growth 
in response to developmental changes in other components of the craniofacial complex.[5]

chondrocyte dIfferentIatIon and endochondral ossIfIcatIon

Wild interests have been triggered on the regulatory mechanism and matrix nature of cellular differentiation 
and cartilage ossification during condylar growth. With the development of the skeletal genetics and molec-
ular biology, it has been found that, like the ossification process in the long bone, several factors endoge-
nously expressed in the condyles have demonstrated significant effects on endochondral ossification.[6-12]

The transcription factor, Sex-determining Region on the Y chromosome (SRY)-related high-mobility group 
(HMG) Box 9 (Sox9) is recognized to play a pivotal role in chondrocyte differentiation. The role of Sox9 in 
chondrogenesis is not recognized until it is discovered that mutations in Sox9 can lead to campomelic dys-
plasia (CD), a rare human genetic disease, characterized by the hypoplasia of most skeletal components 
generating from endochondral ossification.[13,14] Sox9 plays a critical role in chondrogenesis in two aspects. 
On one hand, it is essential to the differentiation of mesenchymal cells into chondrocytes. It has been shown 
that, in mouse embryos, the Sox9 gene is expressed in all chondroprogenitor cells and at higher level in 
chondrocytes.[15] It was also found that misexpression of Sox9 in dermomyotomal cells can result in the 
deviation of these cells from their normal development into the axial musculature and dermis towards the 
cartilage differentiation programme.[16] On the other hand, Sox9 regulates condylar cartilage formation by 
modulating the expression of type II collagen, the most abundant structural collagen component of carti-
lage, and other elements of cartilage-specific extracellular matrix (collagens IX, XI, the large proteoglycan 
aggrecan, etc.).[17,18]

Chondrocytes mature after cartilage matrix has been formed. Secreted by hypertrophic chondrocytes, type 
X collagen is recognized as a marker for endochondral ossification and bone replacement of the cartilage 
matrix based on a series of research findings.[19-23] On one hand, it is detected that type X collagen initially 
appears when chondrocytes mature throughout the hypertrophic zone, whereas it is missing from the prolif-
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erative zone.[20] It is suggested that type X collagen is a unique component of the matrix of the hypertrophic 
cartilage andan important factor for endochondral bone formation.[7,21] On the other hand, the expression of 
the type X collagen gene precedes the onset of endochondral ossification.[22] In vitro studies show that its 
expression precedes mineral deposition by cultured chondrocytes.[23] Furthermore, type X collagen is easier 
to be resorbed in comparison with type II collagen, facilitating the replacement of the hypertrophic cartilage 
with bone.[20] Therefore, in the study of mandibular condylar growth, the spatial-temporal expression of type 
X collagen should be correlated with the amount of bone formation.

Although type X is the marker of the chondrocyte hypertrophy, it alone cannot explain the triggering of oste-
ogenesis. Osteogenesis (bone formation) is closely associated with angiogenesis (blood vessels invasion).
[24] The invading blood vessels bring osteogenic progenitor mesenchymal cells into the mineralization front. 
These cells later differentiate into osteoblasts and engage in osteogenesis. Vascular endothelial growth fac-
tor (VEGF) is known to be a potent regulator of neovascularization.[25] Both in vivo and in vitro studies have 
demonstrated that VEGF receptor 2 can co-localize with the factor in hypertrophic cartilage, suggesting that 
there may be an autocrine loop in chondrocytes as they mature and hypertrophy. Antibodies against VEGF 
or VEGF receptor 2 inhibit endothelial cell migration.[8] This finding indicates that VEGF plays a critical role 
in neovascularization of hypertrophic cartilage through a paracrine release targeting at invading endothelial 
cells by chondrocytes.[8] When VEGF was inactivated by a soluble receptor chimeric protein systematically 
administered in mice, blood vessel invasion was almost completely suppressed. Meanwhile, trabecular 
bone formation is hampered accompanied by expansion of hypertrophic chondrocyte zone.[26] Therefore, it 
is suggested that VEGF may also play an important role in regulating endochondral ossification in condyles 
by controlling neovascularization.

Osteoblasts, which carry out the function of osteogenesis, differentiate from progenitor mesenchymal cells 
brought by invading blood vessels. It has been disclosed that Core binding factor alpha 1 (Cbfa1) serves as 
a significant regulator of both osteoblast differentiation and bone matrix deposition.[9,27-29] It is targeted to 
the promoters of several bone proteins, including osteocalcin, alkaline phosphatase, bone sialoprotein and 
type I collagen.[28] Besides, Cbfa1 is an indispensable regulator in chondrocyte maturation and hypertrophy 
during endochondral ossification. Cbfa1 is also responsible for the expression of VEGF and angiogenesis. 
Overall, Cbfa1 couples the process of chondrocytes maturation, bone matrix mineralization as well as ose-
toblasts differentiation during endochondral ossification.

Above all, the process of endochondral ossification involves a series of events which take place at a con-
stantly moving interface between cartilage, invading blood vessels and bone with the coordination of many 
regulatory factors.

regulatIon of mandIbular condylar growth

Since the condylar cartilage is different from the growth plate of long bone, researches on the regulatory 
mechanism of mandibular condylar growth are undoubtedly essential.Besides the condyle, the remodeling 
of glenoid fossa also plays an important role in the growth of mandible. Chondroid bone in the glenoid fossa 
possesses unique morphological and structural properties which intermediate between those of cartilage 
and bone.[30] The cells in the chondroid bone may have the characteristics of osteocytes, rather than os-
teoblasts. They may differentiate from the hypertrophic chondrocytes that are derived from the adjacent 
secondary cartilage.

On this background, a series of researches have been carried out on the regulation mechanism of mandib-
ular condylar growth and osteogenesis in the glenoid fossa.[19,31-38]It has been found that a sequence of tran 
sitory events is engaged in condylar growth which is uniquely defined by endogenous factors synthesized 
by cells in the condyle. Sox9 which is expressed by chondroprogenitor cells and chondrocytes regulates
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chondrocyte differentiation and cartilage matrix formation. After the maturation of chondrocytes, Type X is 
generated uniquely by hypertrophic chondrocytes prior to the onset of endochondral ossification. During 
endochondral ossification, hypertrophic chondrocytes secrete VEGF, whose level peak before the maximum 
bone formation. Localized in the osteoblasts and chondrocytes, Cbfa1 couples the process of chondrocytes 
maturation, bone matrix deposition, as well as osteoblasts differentiation. Thus, a complex and detailed 
evolving model of mandibular condyle has been presented with the participation of various key molecular 
factors. It is claimed that mandibular condylar growth can be modulated by bite-jumping appliances which 
bring mandibular position forward through stimulating the expression of Sox9, type II collagen, type X col-
lagen, VEGF, Parathyroid hormone-related protein (PTHrP) and Indian hedgehog (Ihh).[32,34-37,39,40] These 
findings not only provide information for the effect of functional appliances at molecular level but also inspire 
further research on the regulation mechanism of mandibular condyle growth.
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