
14  |  	 wileyonlinelibrary.com/journal/OSI� Oral Sci Int. 2021;18:14–27.© 2020 Japanese Stomatological Society

1  | INTRODUC TION

The skeletal system consists of over 200 bones to create a frame-
work to support the body, and each bone displays a unique shape 
and size depending on their anatomical locations. Bones require to 
be constantly remodeled: old bone is removed and replaced with 
new bone. Recent studies have suggested that bone cells at differ-
ent skeletal sites display distinct function to maintain skeletal ho-
meostasis.1-4 Particularly, the jawbone differs from other skeletal 
bones in several aspects. The jawbone is originated from migrating 
cranial neural crest cells and formed through primarily intramem-
branous ossification, which differs from the axial and appendicular 
skeletons that are derived from mesoderm and undergo endochon-
dral ossification. Since the alveolar bone houses teeth, the jawbone 
is constantly subjected to mechanical loading during mastication. 
Additionally, some skeletal diseases such as cherubism are only pres-
ent in the jawbones. Therefore, therapeutic methods used to treat 
most skeletal diseases may not apply to jawbone diseases.

Bone resorption by osteoclasts is an essential physiological process 
to maintain bone mass and integrity. However, pathological activation 

of osteoclast activity leads to serious health conditions such as post-
menopausal osteoporosis. Bisphosphonates and denosumab, which 
target osteoclast and its bone resorption activity, are widely used to 
treat osteoporosis. One of the adverse side effects of these medica-
tions is the development of osteonecrosis, which occurs only in the 
jawbone. Although the mechanisms of medication-associated osteo-
necrosis of the jaw (ONJ) remain unknown, it is possible to speculate 
that osteoclasts in the jawbone respond differently to those media-
tions or growth factor signals, resulting in the jawbone-specific disease. 
Therefore, this review aims to understand the distinctive features of 
the jawbone with a specific focus on the function of osteoclasts, and 
explore the potential therapeutic strategies for jawbone diseases.

2  | BIOLOGY OF BONE TISSUE

2.1 | Bone remodeling

Bone remodeling is a finely coordinated process and is necessary to 
repair damaged bone and to maintain mineral homeostasis. There 
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Abstract
The jawbone is a unique structure as it serves multiple functions in mastication. Given 
the fact that the jawbone is remodeled faster than other skeletal bones, bone cells in the 
jawbone may respond differently to local and systemic cues to regulate bone remodeling 
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essential role in bone remodeling. Although bone resorption by osteoclasts is required 
for dental tissue development, homeostasis and repair, excessive osteoclast activity is 
associated with oral skeletal diseases such as periodontitis. In addition, antiresorptive 
medications used to prevent bone homeostasis of tumors can cause osteonecrosis of 
the jaws that is a major concern to the dentist. Therefore, understanding of the role of 
osteoclasts in oral homeostasis under physiological and pathological conditions leads 
to better targeted therapeutic options for skeletal diseases to maintain patients’ oral 
health. Here, we highlight the unique features of the jawbone compared to the long bone 
and the involvement of osteoclasts in the jawbone-specific diseases.
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are three types of cells that are responsible for proper bone remod-
eling: (a) the osteoclasts, which degrade bone matrix by secreting 
hydrochloric acid and proteases; (b) the osteoblasts, which deposit 
bone matrix and are responsible for its mineralization; and (c) the os-
teocytes, which are embedded in the bone matrix and act as mecha-
nosensors that respond to changes in mechanical stress of bone. In 
the adult healthy skeleton, bone resorption is always followed by 
bone formation to maintain bone mass referred to as coupling.5 
Imbalance between bone formation and bone resorption leads to 
skeletal diseases such as osteoporosis. The activity of bone cells is 
regulated by a variety of mechanisms such as systemic hormones, 
local factors, and mechanical stimuli.

2.2 | Bone development

Bones arise from three distinct embryonic lineages. The somites de-
veloped from the paraxial mesoderm generate the axial skeleton and 
the posterior cranial bones, the lateral plate mesoderm generates 
the limb skeleton, and the cranial neural crest generates the anterior 
craniofacial bones including mandibular bones.6-8 Bones are formed 
through two distinct processes during embryonic development: in-
tramembranous ossification and endochondral ossification.9,10 In 
the intramembranous ossification, mesenchymal cells directly dif-
ferentiate into osteoblasts and secrete bone matrix. The flat bones 
of the skull and face are formed via intramembranous ossification. 
In the endochondral ossification, mesenchymal cells condense and 
differentiate into chondrocytes, and form cartilage primordia, which 
is subsequently replaced by bones. Bones at the base of the skull and 
long bones of the axial and the appendicular skeleton form via endo-
chondral ossification. The replacement of cartilage with mineralized 
bone is a complex process. The growth plate, also known as the epi-
physeal plate, is the area of growth in the long bone.11 Initially, chon-
drocytes undergo rapid proliferation that drives the linear growth of 
the skeletal elements. These proliferating cells in the center of the 
growth plate eventually exit the cell cycle and differentiate into hy-
pertrophic chondrocytes. Vascular invasion promotes the invasion 
of osteoblast progenitors, osteoclasts and blood vessel endothelial 
cells from the inner perichondrium into the hypertrophic cartilage, 
which leads to degradation of the matrix and cartilage resorption.12

2.3 | Mandibular development

The mandible is formed through both intramembranous and endo-
chondral ossification (Figure 1). The cranial neural crest cells migrate 
to the first branchial arch and condense to form Meckel's cartilage 
which transiently supports the growth of mandible and disappears 
during development.13,14 The body of the mandible formed lateral 
to Meckel's cartilage undergoes intramembranous ossification. In 
contrast, the condylar process and a part of the coronoid process, 
the mental protuberance, and the mandibular angle are formed 
via endochondral ossification. These processes are formed after 

development of the primary cartilage forms, and therefore classi-
fied as secondary cartilage.15 The condylar cartilage acts as a growth 
center of the mandible and greatly contributes to the postnatal man-
dibular growth. The temporomandibular joint (TMJ) formed between 
mandibular condyle and the mandibular fossa of the temporal bone 
plays a pivotal role in jaw movements, which are one of the most 
complicated movements in the body. Disorders of the TMJ affect 
numerous individuals, and lead to difficulty in chewing function and 
chronic facial pain.16

3  | OSTEOCL A ST

3.1 | Osteoclast function

Osteoclasts are multinucleated cells that form through fusion of 
mononuclear precursors of hematopoietic origin. Activation and 
differentiation of osteoclasts are controlled by osteoblast-lineage 
cells through two essential cytokines: macrophage colony stimulat-
ing factor (M-CSF) and receptor activator of nuclear factor-κB ligand 
(RANKL). M-CSF binds to its receptor, c-Fms, on early osteoclast 
precursors and provides signals required for their survival and prolif-
eration.17,18 Binding of RANKL to its receptor, receptor activator of 
nuclear factor-κB (RANK), which is expressed on the cell surface of 

F I G U R E  1   Mandibular development. A, The body of the 
mandible (white) formed lateral to Meckel's cartilage (blue) 
undergoes intramembranous ossification. The center of ossification 
(orange) is lateral to Meckel's cartilage at the bifurcation of the 
inferior alveolar nerve (yellow). B, The condylar process and a 
part of the coronoid process, the mental protuberance, and the 
mandibular angle are formed via endochondral ossification (green). 
These cartilages are called secondary cartilage
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osteoclasts, induces the recruitment of tumor necrosis factor recep-
tor-associated factors (TRAFs). TRAF2, -5, and -6 have been shown 
to bind to RANK, yet only TRAF6 mutations lead to osteopetrosis 
due to a loss of osteoclast activity.19,20 TRAF6 binding to RANK acti-
vates transcription factors such as nuclear factor-κB (NF-κB), activa-
tor protein 1 (AP-1), and nuclear factor-activated T cells c1 (NFATc1), 
which are required for osteoclast differentiation.21-23 Activation of 
these transcriptional factors, in turn, regulates osteoclast-specific 
genes including dendric cell-specific transmembrane protein (DC-
STAMP), tartrate-resistant acid phosphatase (TRAP), osteoclast-
associated receptor (OSCAR), and cathepsin K, which are critical for 
exerting osteoclast function.

3.2 | Bone resorption

Bone matrix consists of the organic component, type I collagen 
(>90%), and the inorganic component, primarily hydroxyapatite. 
Bone resorption by osteoclasts occurs through demineralization 
of bone matrix by local acidic environment, and then through deg-
radation of the collagen I-rich matrix by secretion of proteases.24 
Osteoclasts form unique cytoskeletal structures called the seal-
ing zone and the ruffled border to resorb bone matrix efficiently 
(Figure 2). When osteoclasts resorb bone matrix, they polarize and 
form the sealing zone, where the cell attached to the mineralized 
matrix, and thus bone matrix underneath of the ruffled border local-
ized within the sealing zone is degraded. Osteoclasts demineralize 

bone matrix by secretion of protons, and degrade the collagen 
I-rich matrix by secretion of proteases through the ruffled border 
membrane. Vacuolar H+-adenosine triphosphatase (H+-ATPase) lo-
cated in the ruffled border membrane secretes protons to acidify 
the resorption lacuna.25,26 Chloride ions are also transported into 
the resorption lacuna through a chloride channel, CLCN7, located in 
the ruffled border membrane to maintain electroneutrality.27-29 The 
degradation of the organic component of bone is accomplished by 
a lysosomal protease, cathepsin K.30,31 Patients with mutations in 
the cathepsin K gene develop pycnodystosis owing to dysfunctional 
osteoclast activity.32 Pycnodystosis is characterized by dense and 
brittle bones which are prone to fracture, especially in long bones, 
jawbones, and clavicle. Moreover, cathepsin K-deficient mice display 
an osteopetrotic phenotype due to a defect in matrix degradation 
but not in demineralization.33 The degraded collagen and other pro-
tein fragments, calcium and phosphate within the resorption lacuna 
are then endocytosed and released from the functional secretory 
domain at the basolateral membrane of the osteoclast.34,35 After 
completion of resorption, osteoclasts either undergo apoptosis or 
perform another round of bone resorption.

Bone resorption is controlled by systemic hormones including 
calcitonin, parathyroid hormone (PTH), vitamin D3 (1α,25(OH)2D3), 
and estrogen. Calcitonin secreted by the parafollicular cells of the 
thyroid gland suppresses bone resorption by inhibiting the activ-
ity of osteoclasts. The production and secretion of calcitonin is 
stimulated by an elevated calcium level and results in a reduction 
in the serum calcium concentration.36 PTH is a peptide hormone 
which is synthesized in the parathyroid glands. Its main function is 
to increase the concentration of calcium in the blood plasma. PTH 
increases osteoclast formation and bone resorption through the 
regulation of RANKL/OPG expression in osteoblasts.37 Vitamin D3 
promotes bone resorption by increasing the number and activity of 
osteoclasts, at least in part, through increased RANKL expression 
in osteoblasts.38,39 Estrogen is crucial in the control of osteoclast 
differentiation and induces osteoclast apoptosis. Therefore, loss of 
estrogen in women after the menopause results in increased osteo-
clast formation and survival.40

3.3 | Anabolic effects: coupling

Bone resorption is always followed by an equal amount of new 
bone formation so that bone mass does not change. It has been long 
of interest to understand how these two distinct events could be 
balanced at the same bone surface but at different times. Recent 
advances in osteoclast studies have suggested that osteoclasts func-
tion not only to resorb bone matrix but also to regulate osteoblast-
mediated bone formation, thereby maintaining bone mass.5 There 
are several mechanisms implicated in the coupling process: (a) factors 
released from the bone matrix during bone resorption, (b) factors 
secreted from osteoclasts, and (c) direct interaction between osteo-
clasts and osteoblasts (Figure 3). Due to such critical function of os-
teoclasts, current antiresorptive therapies such as bisphosphonate 

F I G U R E  2   Bone resorption by osteoclasts. Bone-resorbing 
osteoclasts form ruffled borders and sealing zones to make the 
resorption lacuna acidic. Vacuolar H+-ATPase localized to the 
ruffled border transports protons into the resorption lacuna, while 
the chloride channel balances the ionic charge by transporting 
chloride simultaneously. Enzymes such as cathepsin K (CatK) and 
TRAP are secreted into the resorption lacuna to degrade bone 
matrix. Matrix degradation products are endocytosed from the 
ruffled border and released from the functional secretory domain
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have limitations in the treatment of osteoporosis. A critical pharma-
cological feature of bisphosphonates is to have a high affinity for 
bone relative to other tissues because they bind to hydroxyapatite 
crystals, and to inhibit bone resorption either by reducing osteoclast 
activity or by inducing osteoclast apoptosis.41,42 As such, reduction 
of osteoclast number at the bone remodeling site leads to reduction 
of osteoblast activity, and therefore antiresorptive therapies cannot 
promote bone formation. In contrast to traditional antiresorptive 
agents, odanacatib, a small-molecule inhibitor of cathepsin K, inhib-
its bone resorption without reducing osteoclast numbers. Both clini-
cal trials and animal studies of odanacatib showed that it reduces 
bone resorption with a minimal decrease in bone formation rate,43,44 
but unfortunately, further development of odanacatib as a potential 
treatment to prevent bone loss was stopped by the increased in-
cidence of cardiovascular diseases.45 However, these trials provide 
new perspectives on drug development: inhibition of osteoclast ac-
tivity without reducing osteoclast numbers is an effective approach 
for patients with osteoporosis.

4  | OSTEOCL A STS IN THE JAWBONE

4.1 | Bone remodeling in the jaw

It is well recognized that the jawbone is remodeled faster than the 
other skeletal bones. For example, the bone formation rate in the 
alveolar process of the mandible is sixfold higher than the femur.46 
Additionally, the jawbone displays smaller mean values of bone min-
eralization density distribution than the tibia reflecting its higher 
bone turnover.47 Interestingly, the jawbone exhibits a greater amount 
of collagen, the lower rate of cross-link maturation, and the lower ex-
tent of lysyl hydroxylation that is necessary for the stabilization of 

collagen.48 These characteristics of extracellular matrix (ECM) sug-
gest a higher bone turnover rate and greater bone flexibility of the 
jawbone.

Ovariectomized (OVX) animal is the most commonly used ex-
perimental animal model for postmenopausal osteoporosis due to 
estrogen deficiency in women. It is well described that OVX surgery 
in animals decreases bone mass and alters the microarchitecture at 
various skeletal sites. Interestingly, alveolar bone in the jaw is less 
sensitive to estrogen-deficiency-induced osteoporosis than the 
proximal tibia of the long bone in rats.49-52 These data suggest that 
each bone exhibits the differential response to estrogen deprivation. 
Low protein intake has been also associated with decreased bone 
mass and strength.53,54 Protein undernutrition leads to significant 
changes in both the proximal tibia and mandibular alveolar process 
associated with increased bone resorption, but these changes are 
significantly greater in the case of the tibia,51 suggesting that the 
mandibular alveolar bone seems to resist more than the long bone to 
both protein and estrogen deprivation.

One of the most important features of the jawbone that facilitate 
bone remodeling may be mechanical stimulus during mastication. 
Animal experimental studies have shown a functional relationship be-
tween the masticatory forces and alveolar bone remodeling.55,56 For 
example, reducing masticatory forces by a soft diet leads to decreased 
bone mineral density and alveolar bone volume.57 Importantly, the 
OVX animals fed a soft diet display significant decreases in alveolar 
bone volume and bone mineral density, while those fed a normal diet 
preserve their mandibular alveolar bone architecture.56,58 These data 
suggest that mechanical loading during mastication may protect the 
alveolar bone from the detrimental effects observed in other skeletal 
sites. In the long bone, lack of mechanical stress reduces trabecular 
bone formation and accelerates bone resorption. Similarly, mice fed a 
soft diet exhibit a decrease in bone volume associated with increased 

F I G U R E  3   Coupling mechanism between osteoclasts and osteoblasts. Osteoblasts express RANK ligand (RANKL) and osteoprotegerin 
(OPG). RANKL binds to the RANK receptor, which is expressed on the surface of osteoclast precursors. RANKL binding to RANK receptor 
leads to differentiation and activation of osteoclasts. OPG acts as a decoy receptor for RANKL, thus preventing the RANK and RANKL 
interactions. Osteoclasts regulate migration and activity of osteoblasts through several mechanisms: (a) factors released from the bone 
matrix during bone resorption (yellow), (b) factors secreted from osteoclasts (red), and (c) direct interaction between osteoclasts and 
osteoblasts (blue)
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osteoclast number in the alveolar bone compared to those fed a hard 
diet.59 Osteocytes, the most abundant cells in bone, are believed to 
play a key role in regulating adaptive response to mechanical loading. 
It is reported that sclerostin secreted from the osteocytes inhibits 
osteoblast differentiation and stimulates osteoclastogenesis in a 
RANKL-dependent manner.60,61 Experimentally, increased loading 
reduces sclerostin production in the long bone while reduced loading 
significantly increases sclerostin production.62 Similarly, increased 
mechanical loading by a hard diet suppresses sclerostin expression in 
the mandibular bone.63 These data suggest that constant mechanical 
loading during mastication inhibits sclerostin production from osteo-
cytes, which may inhibit bone resorption and accelerate new bone 
formation in the jawbone (Figure 4).

4.2 | Osteoclast function in the jaw

Several reports support the idea that bone cells in the jawbone be-
have differently from those in the long bone. For example, bone mar-
row stromal cells (BMSCs) derived from the jawbone exhibit higher 
osteogenic potential compared to those derived from other skeletal 
bones but less ability to differentiate into adipocytes and chondro-
cytes.1-3 Additionally, bone marrow in the jawbone exhibits a low 
bone marrow adipose tissue content compared to the long bone.52,64 
Furthermore, BMSCs from the jawbone display higher expression of 
alkaline phosphatase in response to rhBMP-2 compared to those 
from long bones.65 These findings suggest that BMSCs in the jaw-
bone are more osteogenic and more responsive to osteogenic signals 
than other skeletal BMSCs.

It is generally accepted that all osteoclasts are alike, but recent 
studies suggest the heterogeneity of osteoclasts at different bone 
sites. For example, osteoclasts from the long bone differentiate 
faster than those from the jawbone in vitro, although there are no 
difference at the later time point.66 In addition, osteoclasts from 
the jawbone and the long bone exhibit distinctive cell morphology 
and response to substrates.67 For example, bone marrow cells from 
the long bone generate more osteoclasts than those from the jaw-
bone when cultured on the bone slice, while bone marrow cells from 
the jawbone generate more osteoclasts than those from the long 
bone when cultured on the dentin slice.67 Since composition of ECM 

differs between the jawbone and the long bone,48 such differences 
in ECM can provide an explanation for the differences in osteoclasts 
and their activity at different skeletal sites. It is reported that TRAP 
activity is approximately 30-fold higher in calvarial osteoclasts com-
pared to long bone osteoclasts.68 Additionally, osteoclasts from the 
long bone cultured on plastic express a higher level of TRAP activity 
than osteoclasts cultured on collagen- or CaP-coated substrates or 
on bone slices.68 These data further support the idea that character-
istic of ECM may influence osteoclast function.

It has been demonstrated that bone marrow cells from the jaw-
bone display increased osteoclast formation and resorption activity 
comparted to those from the long bone in vitro, while more osteoclasts 
are observed in the trabecular region of tibia compared to alveolar 
bone region of the mandible in vivo.4 Given the report that BMSCs 
from the long bone exhibit higher RANKL/OPG ratio responsive to 
PTH and Vitamin D3 treatment than those from the jawbone, result-
ing in increased osteoclastogenesis,4 it is likely that osteoclast activity 
in the long bone is accelerated by hormonal signals in vivo, while the 
high activity of osteoclasts in the jawbone may be suppressed by local, 
systemic, or environmental factors. The distinct characteristics of the 
jawbone relative to the long bone are summarized in Table 1.

In addition, recent studies suggested that osteoclasts of eryth-
romyeloid progenitor (EMP) origin are required for normal bone de-
velopment and postnatal bone remodeling in both physiological and 
pathological settings.69,70 While it remains unknown whether hemato-
poietic stem cell-derived and EMP-derived osteoclasts display distinct 
function, it would be possible that distinct origin of osteoclasts may 
affect the functional difference in osteoclasts at different bony sites.

4.3 | Osteoclast function in tooth eruption

It is interesting that tooth eruption is always affected in diseases such 
as osteopetrosis known to associate with a lack of osteoclast forma-
tion or function.71-73 In contrast, in diseases where osteoclast forma-
tion or activity is increased such as osteolysis and Paget's disease, 
premature tooth loss or root resorption happens,74 suggesting that 
bone resorption is required for successful tooth eruption. The alveo-
lar bone develops from the dental follicle during eruption of teeth 
and its formation is dependent on dental primordia formation.75 In 

F I G U R E  4   Mechanical loading and 
bone remodeling. Increased mechanical 
loading reduces sclerostin production 
from osteocytes. Sclerostin inhibits 
osteoblast differentiation and stimulates 
osteoclastogenesis at least in part by 
upregulation of RANKL/OPG expression. 
The constant mechanical loading during 
mastication inhibits sclerostin production 
from osteocytes, which may decrease 
bone resorption and accelerate new bone 
formation in the jawbone
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order for the developing tooth to erupt, a gubernacular canal is wid-
ened by osteoclast-mediated bone resorption to create the eruption 
pathway (Figure 5A).76

RANKL/OPG system is also required for tooth eruption as 
RANKL knockout mice display impaired tooth eruption.71 Rescue 
of RANKL knockout mice by transgenically expressed RANKL in T 
and B lymphocytes promotes osteoclast formation in long bones; 
however, the teeth still did not erupt in the rescued mice.77 These 
findings suggest that osteoclasts at the different skeletal sites may 
receive RANKL from the different types of cells. At the molecular 
level, a major burst of osteoclast formation seen on postnatal day 3 
in the rat mandibular first molar as the result of a decrease in OPG 
expression in the dental follicle.78 At this time, M-CSF is maximally 
expressed in the dental follicle.79 Although RANKL is expressed in 
the follicle at day 3, its gene expression is not upregulated at this 
time,80 suggesting that changes in the levels of OPG and M-CSF in 
the dental follicle may be critical for alveolar bone resorption and 
subsequent tooth eruption. In the op/op mice that show an osteo-
petrotic phenotype due to absence of M-CSF gene, the phenotype 
in femur resolves with age, but tooth eruption never spontaneously 
occurs.81,82 Systemic administration of M-CSF can rescue tooth 
eruption, but only if given at a critical time window between after 
birth to postnatal day 10,83 suggesting that tooth eruption requires 
time-limited recruitment of osteoclast precursors and subsequent 
activation.

In addition to alveolar bone resorption, new bone formation at the 
base of the bony crypt is important for producing an outward eruption 
force directed against the erupting tooth. It has been experimentally 
demonstrated that removal of the coronal half of the dental follicle 
inhibits alveolar bone resorption, while removal of the basal half of 
the dental follicle inhibits alveolar bone formation at the base of the 
crypt, and both cases result in impaired tooth eruption.84 Although 
RANKL is considered to be a key regulator for tooth eruption, the 
growing mice that received denosumab, an anti-RANKL antibody, dis-
play an osteopetrotic phenotype with normal tooth eruption.85 These 
mice exhibit a reduced number of osteoclasts with normal number of 
osteoblasts in the alveolar bone at 8 weeks of age.85 In contrast, bis-
phosphonate-treated mice display delayed tooth root formation and 
tooth eruption with a significant reduction in the interradicular sep-
tum length. These mice exhibit increased osteoclasts and a significant 
reduction in osteoblast numbers in the alveolar bone.85 These data 
suggest that both bone resorption and bone formation are critical for 
tooth eruption as well as root formation.

4.4 | Tooth movement

Force application to teeth such as mastication and orthodontic 
treatment induces tooth movement through extensive local remod-
eling of alveolar bone. During orthodontic tooth movement, bone 

Jawbone Long bone
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Cranial neural crest cell Mesoderm
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Endochondral ossification

Bone turnover Fast Slow

ECM Greater collagen content Higher amount of mature crosslinks
Higher extent of lysyl hydroxylation

Estrogen 
deficiency

Slight decrease in BMD Significant decrease in BV/TV, BMD

Protein 
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More responsive to 
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Abbreviations: BMD, bone mineral density; BMSC, bone marrow stromal cells; BV/TV, bone 
volume/tissue volume; ECM, extracellular matrix; PDL, periodontal ligament; RANKL, receptor 
activator of nuclear factor-κB ligand.
aThe condylar process and a part of the coronoid process, the mental protuberance and the 
mandibular angle are formed via endochondral ossification. 

TA B L E  1   Distinct characteristics of the 
jawbone relative to the long bone
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resorption occurs at the compressed side where osteoclasts oc-
cupy lacunae on the periodontal ligament (PDL) side of the alveolar 
bone, and new bone formation occurs at the tension side where ac-
tive osteoblasts secrete matrix at the surface of PDL, resulting in 
changes of tooth position 86 (Figure 5B). Therefore, cells that form 
PDL are supposed to play a pivotal role in alveolar bone remodeling 
during orthodontic tooth movement by producing local factors that 
regulate osteoclast activity. Of these factors, RANKL produced from 
the PDL cells at the compressed side during orthodontic treatment 
plays an essential role in tooth movement.87,88 While HVJ-envelope-
vector mediated transfer of Rankl gene to the periodontal tissue ac-
tivates osteoclastogenesis and accelerates tooth movement in rats, 
transfer of Opg gene suppresses osteoclastogenesis and thus inhib-
its tooth movement.89,90 Inhibition of RANKL by a neutralizing anti-
body also reduces orthodontic tooth movement,91 suggesting that 
the RANKL/RANK/OPG system is a key regulator of orthodontic 
force-induced osteoclastogenesis and tooth movement. In addition 
to the cells in PDL, osteocytes in the alveolar bone are involved in 
tooth movement in response to orthodontic force. For example, os-
teocyte ablation in mice suppresses osteoclastogenesis in response 
to mechanical stimuli and inhibits tooth movement.92 Furthermore, 
osteocyte-specific Rankl knockout mice are resistant to orthodontic 
tooth movement due to the inhibition of osteoclastogenesis in peri-
odontal tissues.91 Interestingly, osteoblast numbers at the tension 
side are also reduced in the Rankl knockout mice, suggesting that 
osteoclast–osteoblast coupling may play a role in orthodontic tooth 
movement.

Prostaglandin (PG)E2 is considered to be one of the important 
chemical mediators of bone remodeling and is synthesized by PDL 
cells in response to mechanical stress.93,94 Clinical studies showed 

that administration of PGE2 accelerates orthodontic tooth move-
ment without any obvious side effects.95 In addition, local adminis-
tration of Vitamin D3 or PTH to the experimental tooth movement 
model increases osteoclastogenesis and accelerates tooth move-
ment.96,97 These studies have shown promise to shorten orthodontic 
treatment time by increasing osteoclast activity.

5  | JAWBONE OSTEOCL A STS IN 
PATHOLOGIC AL SITUATIONS

5.1 | Periodontal disease

Periodontal disease is one of the most common inflammatory dis-
eases affecting the oral health and possibly affecting other tissues 
in the body as a risk factor for complication of chronic conditions.98 
Aberrant activation of osteoclasts induced by the bacterial prod-
ucts such as lipopolysaccharide (LPS) leads to a pathological bone 
loss around teeth (Figure 6). RANKL plays a critical role in alveolar 
bone resorption in periodontal disease. It is reported that upregu-
lation of RANKL expression in gingival tissues is positively corre-
lated with the number of Porphyromonas gingivalis in periodontitis 
patients.99 In addition, inhibition of RANKL/RANK signal by sys-
temic delivery of OPG reduces alveolar bone loss in the experi-
mental periodontitis animals.100 In chronic periodontal disease, 
the LPS released from Gram-negative bacteria such as P gingivalis 
activates Toll-like receptors (TLRs) on monocytes, dendric cells, 
and macrophages, and promotes proinflammatory cytokine secre-
tion such as tumor necrosis factor α (TNF-α), Interleukin-1 (IL-1), 
and IL-6.101 These cytokines, in turn, activate RANKL expression 

F I G U R E  5   Tooth eruption and tooth movement. A, The levels of RANKL/OPG and M-CSF in the dental follicle are critical for tooth 
eruption. Bone resorption by osteoclasts at the coronal half of the dental follicle is required to widen a gubernacular canal to create the 
eruption pathway. New bone formation by osteoblasts at the base of the bony crypt is important for producing an outward eruption force 
directed against the erupting tooth. B, During orthodontic tooth movement, osteoclasts resorb bone matrix at the compressed side to create 
space for tooth movement, while new bone formation occurs at the tension side. RANKL, OPG, and prostaglandin (PG)E2 secreted from 
periodontal ligament (PDL) cells or osteocytes in response to mechanical stimuli control bone resorption
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in T cells, B cells, and osteoblasts.102,103 LPS also directly interacts 
with osteoblasts via TLR4 and induces RANKL expression.104,105 
RANKL expression in osteoblasts through TLRs is mediated by 
the extracellular signal-regulated kinase (ERK) and the c-Jun 
N-terminal kinase.104,105 Similarly, P gingivalis infection induces 
RANKL expression through activator protein 1 (AP-1) transcrip-
tion factor in osteoblasts.106 On the other hand, LPS-stimulated 
human PDL cells or gingival fibroblasts inhibit osteoclast differ-
entiation by producing OPG.107,108 These findings suggest that 
LPS exerts different biological activities based on the cell types. 
Interestingly, LPS has a bidirectional role in osteoclastogenesis. 
For example, when bone marrow cells are stimulated with LPS in 
the presence of M-CSF and RANKL, LPS inhibits osteoclast for-
mation, whereas LPS stimulates osteoclast formation from those 
pretreated with RANKL,109 suggesting that RANKL-mediated line-
age commitment is required for LPS-induced osteoclastogenesis. 
However, it has been demonstrated that while OPG does not in-
hibit LPS-stimulated osteoclastogenesis, inhibition of TNF-α sign-
aling is able to block the enhancing effects of LPS.110 Furthermore, 
inhibiting IL-1/TNF signaling in experimental periodontitis in the 
crab-eating macaque, Macaca fascicularis, reduces both inflam-
matory cell recruitment and osteoclast formation, leading to a 
decrease in bone loss.111,112 These data suggest that RANKL is re-
quired to initiate LPS-induced osteoclastogenesis but enhancing 
activity of LPS is likely mediated through inflammatory cytokines 
such as TNF-α but not through RANKL signaling.

5.2 | Osteonecrosis of the jaw

Osteonecrosis of the jaw is defined as exposed bone in the maxillofa-
cial region for more than 8 weeks in patients receiving an antiresorp-
tive medication without history of radiation therapy to the jaws.113 
Antiresorptive agents such as bisphosphonates and denosumab, as 
well as angiogenesis inhibitors, induce medication-related osteone-
crosis of the jaw (MRONJ). Since pathophysiology of ONJ has not 
been fully understood, definitive treatment strategies have not yet 
been established. Administration of bisphosphonate or denosumab 
affects bone turnover by inhibiting osteoclast activity through the 
whole skeletal system; however, MRONJ occurs only in the jawbone. 
Dental-related bacterial infection and associated inflammation are 
recognized as contributing risk factors for ONJ as it typically occurs 
after tooth extraction with severe periodontal or periapical infec-
tions.114,115 Soudia et al investigated alveolar bone healing after ex-
traction of healthy teeth and teeth with experimental periodontitis 
in rats receiving antiresorptive agents such as zoledronate.116 The 
zoledronate-treated animals with extractions of healthy teeth ex-
hibited normal mucosal healing and woven bone formation in the 
sockets, while those had extractions of teeth with periodontitis ex-
hibited impaired healing with visible mucosal defects and inflamma-
tory cell infiltration adjacent to osteonecrotic bone.116 Therefore, 
timely dental evaluations and subsequent management of patients 
who are scheduled to receive antiresorptive medications are neces-
sary to reduce the risk of development of ONJ.

F I G U R E  6   Regulation of bone resorption in periodontal disease. Lipopolysaccharide (LPS) originates from bacteria in the oral biofilm. 
LPS initiates osteoclastogenesis upon binding toll-like receptor (TLR) that is expressed on dendritic cells, macrophages, monocytes, 
osteoblasts, PDL cells, and gingival fibroblasts. Osteoblasts produce RANKL in response to LPS stimulation. RANKL and TNF-α secretion by 
B cells and T cells are induced by TNF-α produced by dendritic cells, macrophages and monocytes. Osteoclast differentiation is enhanced 
either by continuous exposure to RANKL, TNF-α, or both, while OPG secreted form gingival fibroblasts and PDL cells inhibit osteoclast 
differentiation. The direct interaction of LPS with preosteoclasts through TLR also promotes osteoclast differentiation
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As described above, osteoclasts exhibit different characteristic 
depending on their anatomical location. It has been shown in cul-
ture that osteoclast precursors in the jawbone internalize more bis-
phosphonates than those in the long bone, although the difference 
in bisphosphonate uptake does not differentially affect osteoclast 
formation or activity.117 Indeed, the day after administration of zole-
dronate, the bisphosphonate content in the jawbone is much higher 
than the ilium, and become more pronounced at subsequent time 
points.118 Interestingly, expression of the anti-apoptotic genes such 
as Bcl-2 and Bcl-xL is higher in jawbone osteoclasts than long bone 
osteoclasts,117 suggesting that osteoclasts in the jawbone might be 
more resistant to bisphosphonate-induced apoptosis. This marked 
local difference in the distribution of bisphosphonates may explain 
why ONJ occurs frequently in the jaw; however, this does not ex-
plain why ONJ occurs by other types of medications such as denos-
umab or angiogenic inhibitors.

5.3 | TMJ osteoarthritis

Osteoarthritis (OA) is a chronic degenerative disease of synovial 
joints characterized by progressive articular cartilage deterioration, 
abnormal subchondral bone remodeling, and synovial inflamma-
tion.119 It is reported that inhibitors of osteoclastic bone resorption 
such as bisphosphonates are able to protect articular cartilage de-
terioration in the rat OA model,120,121 suggesting that aberrant os-
teoclast activity in the subchondral bone is one of the pathological 
reasons for OA development. Temporomandibular joint osteoarthri-
tis (TMJOA) is one of the most common forms of temporomandibu-
lar disorder, which frequently associates with pain during functional 
activities.16 The upregulation of genes involved in osteoclast activ-
ity and an increased RANKL/OPG ratio in subchondral bone likely 
contribute to the increased subchondral bone turnover during the 
early stage of TMJOA. Particularly, higher levels of inflammatory 
mediators such as TNF-α, IL-1β, IL-6, and metalloproteinases have 
been detected in synovial fluid from TMJOA patients.122,123 VEGF 
has enhancing effects on osteoclast survival and bone resorptive 
activity,124 and its expression level is upregulated in the synovial 
tissues and the discs in the patients.125,126 These data suggest that 
increased osteoclast activity stimulated by inflammatory cytokines, 
enzymes, or VEGF may be responsible for the progression and regu-
lation of the degenerative changes in the TMJ.

Mechanical overloading of the TMJ is implicated in TMJOA de-
velopment.127 Several non-invasive models mimic the functional 
overloading of the TMJ by steady mouth opening, creating OA-like 
lesions including degradation of the articular cartilage and upreg-
ulation of inflammatory cytokines production in the TMJ.128,129 
Interestingly, reducing dietary loading suppresses the progression 
of TMJ degradation in association with an increase in OPG/RANKL 
ratio in the cartilage and subchondral bone, resulting in a decrease 
in osteoclast activity.130 These findings suggest that although mod-
erate loadings are beneficial for joint cartilage, excessive mechanical 
loading is likely to influence the onset and progression of TMJOA.

5.4 | Rare genetic disease: cherubism

Cherubism is a skeletal dysplasia characterized by excessive bone 
resorption and accumulation of fibro-osseous lesions limited to 
the jawbone.131 These lesions show TRAP-positive multinucleated 
osteoclast-like giant cells in a background of oval to spindle-shaped 
mononuclear cells. Cherubism is a rare autosomal dominant disor-
der caused by mutation of the SH3BP2 gene.132 Animal studies have 
shown a possibility that cherubism is characterized as an inflamma-
tory bone disease. Although the fact that SH3BP2 is required for 
antigen receptor-mediated activation of B cells,133 Ueki et al demon-
strated that cherubism lesions develop independently of B- or T-cell 
involvement in mice.134 Indeed, cherubism is associated with a high 
level of TNF-α that is likely responsible for the lesion: hyperactive 
macrophages secrete a high level of TNF-α that drives systemic in-
flammation and stimulates secretion of RANKL and M-CSF from stro-
mal cells, resulting in enhanced osteoclastic bone resorption.134 Giant 
cell lesions, previously referred to as giant cell granulomas, are benign 
tumors of the jaws. Similar to cherubism, multinucleated osteoclast-
like giant cells have been identified in the central giant cell lesion 
(CGCL).135 However, studies have, for the most part, failed to identify 
cherubism-associated SH3BP2 mutations in sporadic CGCL cases.136

Calcitonin has been reported to be beneficial in the treatment 
of CGCL and cherubism by inhibiting osteoclast formation and bone 
resorption137,138; however, several clinical cases have shown that cal-
citonin treatment is less effective in rapidly growing lesions.139,140 
Based on findings in the cherubism mice, TNF-α plays a critical role 
in disease pathogenesis, and removal of TNF-α prevents the devel-
opment of fibro-osseous lesions.134 However, children with cheru-
bism who received TNF-α blocking therapy showed no significant 
improvement.141,142 Recently, denosumab appears to be effective 
in reducing bone turnover and bone pain in patients with CGCL and 
cherubism.143,144 The effect of denosumab on bone turnover is rapidly 
reversible after discontinuation of the drug, representing a key differ-
ence from bisphosphonates that have a long half-life. There are case 
reports of increased lesion growth after denosumab discontinuation in 
patients with giant cell tumor, suggesting that long-term therapy may 
be required to maintain therapeutic efficacy of denosumab.

Previous report suggests that cherubism may be associated 
with impaired osteoblast function.145 Thus, pharmacologic inter-
vention to suppress osteoclastic bone resorption and at the same 
time to enhance new bone formation may improve outcomes in 
those patients. As of yet, a key question remains unanswered: 
why these fibro-osseous lesions only appear in the jawbone. 
Addressing this question may help better understand the patho-
physiology of jawbone diseases and ultimately lead to new thera-
peutic strategies.

6  | SUMMARY

Each bone exhibits differential ability of the marrow environment 
to support osteoclastogenesis and the differential response to local, 
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systemic, or environmental factors. The jawbone seems to be more 
resistant to estrogen depletion, at least in part, due to constant me-
chanical loading by mastication. Although RANKL/RANK/OPG sys-
tem is required for osteoclastogenesis in each skeletal bone under 
physiological and pathological conditions, it remains unclear why 
some bone diseases appear only in the jawbone. The differences in 
developmental origin, bone formation process, mechanical stimuli, 
oral/periodontal infection, and inflammation are likely contributing 
to the development of jawbone-specific diseases. It is also unknown 
whether osteoporosis treatments have the same beneficial effect on 
oral health as they do on other bones in the skeleton. Most research 
regarding bone remodeling to date has been carried out in the ap-
pendicular or axial skeleton, and thus investigating multiple skel-
etal sites including the jawbone is necessary to develop a variable 
treatment and maintain oral health for patients with various skeletal 
diseases.
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