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             Introduction 

 Bone is commonly remodelled through resorption of old 
bone by osteoclasts and new bone formation by osteoblasts. 
The amount of bone tissue is determined by the balance 
between the rates of bone formation and bone resorption 
during physiological growth and skeletal remodelling. 
Mechanical stress such as orthodontic force also infl uences 
bone remodelling. Orthodontic tooth movement is achieved 
by the process of repeated alveolar bone resorption by 
osteoclasts on the pressure side and new bone formation by 
osteoblasts on the tension side ( Storey, 1973 ). 

 Osteoclasts that are responsible for bone resorption in 
bone metabolism are multinucleated cells that originate 
from haematopoietic mononuclear precursor cells of the 
monocyte/macrophage lineage. Receptor activator of 
nuclear factor- k B ligand (RANKL;  Anderson  et al. , 1997 ; 
 Udagawa  et al. , 1999 ;  Teitelbaum, 2000 ), also known as 
osteoclast differentiation factor ( Yasuda  et al. , 1998 ), 
tumour necrosis factor (TNF)-related activation-induced 
cytokine ( Wong  et al. , 1997 ;  Wani  et al. , 1999 ), and 
osteoprotegerin ligand ( Lacey  et al. , 1998 ), a member of 
the TNF receptor family, are crucial differentiation factors 
for osteoclasts. This has been demonstrated in RANKL-
defi cient mice, which have osteopetrosis caused by mature 
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 SUMMARY      Mechanical stress such as orthodontic tooth movement induces osteoclastogenesis. 
Sometimes, excessive mechanical stress results in root resorption during orthodontic tooth movement. It 
has been reported that bisphosphonate inhibits osteoclastogenesis. Recently, there have been concerns 
for orthodontic patients receiving bisphosphonates. Thus, the aim of this study was to investigate the 
effect of bisphosphonates on orthodontic tooth movement and root resorption in mice. 

 A nickel-titanium (Ni-Ti) closed coil spring delivering a force of 10 g was inserted between the upper 
anterior alveolar bone and the fi rst molar in 8-week-old male C57BL/6 mice. Bisphosphonate (2  m g/20  m l) was 
injected daily into a local site adjacent to the upper molar. After 12 days, the distance the tooth had moved 
was measured. The number of tartrate-resistant acid phosphatase (TRAP)-positive cells was counted as 
osteoclasts in histological sections. Root resorption was assessed by scanning electron microscopy. The 
data were analysed with a Student ’ s  t -test. 

 The orthodontic appliance increased the number of osteoclasts on the pressure side and mesial 
movement of the fi rst molar. Bisphosphonates reduced the amount of tooth movement and the number 
of osteoclasts. In addition, they also reduced root resorption on the pressure side. 

 Bisphosphonates inhibit orthodontic tooth movement and prevent root resorption during orthodontic 
tooth movement in mice. These results suggest that bisphosphonates might have an inhibiting effect 
on root resorption during orthodontic tooth movement in humans and that they may interrupt tooth 
movement in orthodontic patients undergoing treatment, thus altering the outcome of treatment.   

osteoclast defi ciency ( Kong  et al. , 1999 ). It has been 
reported that TNF- a  is able to induce the formation of 
osteoclastic cells  in vitro  and  in vivo  ( Kitaura  et al. , 2004 , 
 2005 ). In rat tooth movement experiments, excessive 
orthodontic force induces the expression of TNF- a  in 
periodontal tissues ( Ogasawara  et al. , 2004 ). In addition, 
orthodontic tooth movement increases the levels of TNF- a  
in the gingival sulcus in humans ( Lowney  et al. , 1995 ; 
 Uematsu  et al. , 1996 ). Recently, it has been reported that 
TNF- a  plays an important role in mechanical loading-
induced osteoclastogenesis and bone remodelling during 
orthodontic tooth movement ( Yoshimatsu  et al. , 2006 ; 
 Kitaura  et al. , 2008 ). 

 Bisphosphonates are used to treat bone metabolism 
disorders such as osteoporosis, Paget’s disease, and bone 
metastasis. Bisphosphonates bind strongly to the bone mineral 
hydroxyapatite ( Jung  et al. , 1973 ) and inhibit bone resorption. 
They target calcifi ed tissues, in which they are internalized 
selectively by bone-resorbing osteoclasts ( Sato  et al. , 1991 ; 
 Frith  et al. , 2001 ). Once internalized, bisphosphonates inhibit 
the ability of osteoclasts to resorb bone by mechanisms that 
interfere with cytoskeletal organization and formation of the 
ruffl ed border, and this leads to cell death by apoptosis 
( Rogers, 2003 ;  Roelofs  et al. , 2006 ). 
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 Several studies have investigated the infl uence of 
bisphosphonates in rat models of orthodontic tooth 
movement ( Adachi  et al. , 1994 ;  Igarashi  et al. , 1994 ;  Kim 
 et al. , 1999 ;  Liu  et al. , 2004 ). Recent advances in molecular 
biology techniques have provided opportunities for the use 
of various gene-mutated mice, including those with genes 
that regulate bone metabolism. The use of these mice in tooth 
movement experiments can be advantageous for exploring 
the molecular mechanisms that underlie tooth movement and 
mechanical loading-induced bone changes. However, mouse 
models for orthodontic tooth movement have been lacking. 
For this reason, no study has investigated the effect of 
bisphosphonates in mice during orthodontic tooth movement. 
In order to resolve this problem, a mouse model of orthodontic 
tooth movement was established using a nickel-titanium 
(Ni-Ti) closed coil spring inserted between the upper incisor 
and upper fi rst molar ( Yoshimatsu  et al. , 2006 ). 

 Root resorption is often observed as an undesirable 
side-effect of orthodontic treatment. It is a serious 
problem for most clinicians, but it is still not resolved. At 
present, root resorption is thought to be caused by 
odontoclasts, similar to bone resorption by osteoclasts. 
Root resorption, which is dependent on odontoclast 
activity, may be prevented by bisphosphonates. Thus, in 
the present study, the effect of bisphosphonates on 
orthodontic tooth movement and root resorption in a 
mouse model was investigated.  

  Materials and methods 

 All experiments were undertaken in accordance with the 
1989 Guidelines for Animal Experimentation of Nagasaki 
University. 

  Animals 

 Eight-week-old male C57BL/6 mice were obtained from 
Japan SLC, Inc., Shizuoka, Japan. The animals were fed a 
granular diet (Oriental Yeast, Tokyo, Japan) to prevent them 
from exerting an excessive chewing force. During the 
experiment, the mice were kept in cages in a room 
maintained at 25°C with a 12- to 24-hour light/dark cycle 
and their body weight and health were checked daily.  

  Experimental tooth movement 

 The mice were anaesthetized with an intraperitoneal injection 
of pentobarbital sodium (50 mg/kg) during setting and 
adjusting of the orthodontic appliance ( Yoshimatsu  et al. , 
2006 ). The appliance comprised a Ni-Ti closed coil spring. 
The diameter of the Ni-Ti wire was 0.15 mm and of the coil 
0.9 mm. The appliance was inserted between the upper 
anterior alveolar bone and the upper left fi rst molar and was 
fi xed with a 0.1 mm stainless steel wire. According to the 
manufacturers, the force level of the coil spring after activation 
is approximately 10 g. A bisphosphonate solution (2  m g/20 

 m l) was injected daily into a local site adjacent to an upper 
molar during the experimental period. Phosphate-buffered 
saline (PBS) was used as the control. The left maxillary molar 
in each mouse served as the experimental tooth movement 
and the right maxillary molar as the control.  

  Measurement of tooth movement 

 The amount of tooth movement after application of the 
appliance was measured on alternate days until day 12. The 
mice were then killed with a perfusion of 10 mM PBS 
to remove their blood and then perfused and immersed in 
4 per cent paraformaldehyde for fi xation. After removing 
the maxillae, an individual tray was placed on the maxillary 
teeth to obtain impressions using an injection type dental 
hydrophilic vinyl polysiloxane impression material (Exafi ne, 
GC Co., Tokyo, Japan). The amount of tooth movement was 
evaluated by measuring the distance between the fi rst and 
second molars in the impression under a stereoscopic 
microscope (VH-7000; Keyence, Osaka, Japan).  

  Histological preparation 

 After fi xation, the maxillae were demineralized in 10 per 
cent ethylenediaminetetraacetic acid for 10 days at 4°C. 
Paraffi n-embedded samples were sectioned at 4  m m. Vertical 
and horizontal sections of the fi rst molar region were 
prepared. The vertical sections were used for general 
histological examination after staining with haematoxylin 
and eosin. The root length between the bifurcation surface 
and the apical end of a mouse fi rst molar approximately 600 
 m m. This suggests that approximately 300  m m of the root 
from the bifurcation surface at the mesial side is 
the pressure side during tooth movement. In addition, the 
alveolar crest is about 80  m m away from the bifurcation 
surface. Thus, horizontal sections from fi ve levels of the 
root: 100, 140, 180, 220, and 260  m m away from the 
bifurcation surface were prepared. These sections were 
used to count the number of osteoclasts after staining for 
tartrate-resistant acid phosphatase (TRAP) activity. For 
TRAP staining, the sections were incubated in acetate buffer 
(pH 5.0) containing naphthol AS-MX phosphate (Sigma, St 
Louis, Missouri, USA), Fast Red Violet LB salt (Sigma), 
and 50 mM sodium tartrate. The sections were counterstained 
with haematoxylin. The number of TRAP-positive 
osteoclasts was expressed as the mean from the fi ve sections 
obtained from the fi ve levels of the root in each mouse.  

  Measurement of root resorption 

 After the experimental period, measurement of root 
resorption was performed according to previously described 
methods ( Gonzales  et al. , 2008 ). Briefl y, the upper fi rst 
molar, including its surrounding bone, was cut as a whole 
block, followed by careful removal of the alveolar bone to 
avoid any root surface damage. The resected molar was 



Y. FUJIMURA ET AL.574 

submerged in 1 per cent sodium hypochlorite for 10 minutes 
to eliminate periodontal ligament remnants. The mesial side 
of the distobuccal root was observed by scanning electron 
microscopy (TM-1000; Hitachi, Tokyo, Japan). The ratio of 
the root resorption area was calculated.  

  Statistical analysis 

 Statistical analysis of the data was performed using a 
Student ’ s  t -test.   

  Results 

  Bisphosphonates inhibited orthodontic tooth movement 

  Figure 1  shows the amount of tooth displacement. After 12 
days of tooth movement, the fi rst and the second molar 
distances were increased to about 126  ±  60  m m. The distance 
was signifi cantly reduced to 61  ±  18  m m by injection of 
bisphosphonates (2  m g). This effect was dose dependent 
( Figure 1B ).      

  Bisphosphonates decreased osteoclast formation during 
orthodontic tooth movement 

 To identify osteoclasts histologically, TRAP staining was 
performed on transverse histological sections of the distobuccal 

root.  Figure 2  summarizes the histology of TRAP staining 
before and after orthodontic tooth movement, with or without 
bisphosphonate administration. Before tooth movement, TRAP 
activity was observed on the alveolar bone surface at the distal 
region of the periodontium, while no activity was noted in the 
mesial region. In contrast, after tooth movement, the mesial 
region of the periodontium was compressed and strong TRAP 
activity was observed. However, in the bisphosphonate-treated 
group, TRAP activity was weak at the mesial region of the 
periodontium ( Figure 2A ). The number of TRAP-positive 
osteoclasts was also reduced in the bisphosphonate-treated 
group, compared with that after tooth movement without 
bisphosphonate ( Figure 2B ).      

  Bisphosphonates decreased root resorption during ortho-
dontic tooth movement 

  Figure 3A  shows scanning electron micrographs of the 
mesial side of the distobuccal root of the upper fi rst molars. 
Before tooth movement, most of the roots exhibited areas 
covered by undamaged cementum with a characteristic 
smooth surface. In contrast, after tooth movement, root 
resorption was observed. The ratio of the root resorption 
area reached approximately 13 per cent. However, in the 
bisphosphonate-treated group, most root resorption was 
prevented ( Figure 3C ).       

  
 Figure 1      (A) Photograph showing tooth movement in mice with daily administration of phosphate-
buffered saline (PBS) or bisphosphonates and in the controls. (B) The fi rst and the second molar 
distances during orthodontic tooth movement. Dose-dependent inhibition of tooth movement by 
bisphosphonates. Four mice were used in each group. * P  < 0.05 versus bisphosphonate 0 group.    
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  Discussion 

 There have been a limited number of studies on animal 
models of tooth movement with administration of 
bisphosphonates. It has previously been reported that 
bisphosphonates cause a reduction in orthodontic tooth 
movement ( Adachi  et al. , 1994 ;  Igarashi  et al. , 1994 ;  Kim 
 et al. , 1999 ;  Liu  et al. , 2004 ). The present results were 
similar to those of the earlier studies. However, all previous 
research was carried out on rats. This is believed to be 
the fi rst study using mice to investigate the effect of 
bisphosphonates on orthodontic tooth movement. 

 Bisphosphonates bind strongly to hydroxyapatite in bone 
( Jung  et al. , 1973 ) and are selectively internalized into 
mature osteoclasts ( Sato  et al. , 1991 ;  Frith  et al. , 2001 ). 
Osteoclasts then lose their bone-resorbing activity and are 
induced to apoptosis. The present results demonstrate that 
local administration of bisphosphonates causes a signifi cant 
reduction in orthodontic tooth movement and osteoclast 
formation. Tooth movement resulted from resorption of 
alveolar bone by osteoclasts that were induced on the 
pressure side by mechanical stress. These results suggest 

that tooth movement was prevented by reduced bone 
resorption by apoptotic osteoclasts. 

 Recently,  Chung  et al.  (2008)  showed that, during application 
of a force of 10 g to teeth using a Ni-Ti closed coil spring in 
mice, root-resorbing osteoclasts and root resorption were 
observed at the pressure side during orthodontic tooth 
movement. Root-resorbing osteoclasts and root resorption at 
the pressure side was also observed in the present study in 
histological preparations and scanning electron micrographs. 
Excessive orthodontic force might be the cause of root 
resorption during orthodontic tooth movement ( Harris  et al. , 
2006 ). These results suggest that the orthodontic force used in 
these studies was excessive. The mouse experimental model 
might be able to be applied as a model of root resorption caused 
by orthodontic tooth movement. In a rat orthodontic tooth 
movement model, bisphosphonates inhibited root resorption 
caused by orthodontic tooth movement ( Alatli  et al. , 1996 ; 
 Igarashi  et al. , 1996 ;  Liu  et al. , 2004 ). In the present study, 
bisphosphonates also inhibited root resorption in mice. The 
results indicate that bisphosphonates induce apoptosis of 
odontoclasts in the same way as in osteoclasts. This suggests 
that localized bisphosphonate might be useful for the prevention 

  
 Figure 2      (A) Tartrate-resistant acid phosphatase (TRAP)-stained horizontal section. The black 
arrows indicates the direction of orthodontic force and the black arrowheads TRAP-positive cells: 
mesial side (M), distal side (D), alveolar bone (a), periodontal space (p), and root (r). Scale bar = 
100  m m. (B) Number of TRAP-positive cells on the pressure side of the distobuccal root of the fi rst 
molar during orthodontic tooth movement. Four mice were used in each group. ** P  < 0.01 versus 
tooth movement + phosphate-buffered saline (PBS) group.    
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of root resorption during orthodontic tooth movement. 
However, bisphosphonate inhibits orthodontic tooth movement 
at the same time. Further studies are necessary in this area. 

 Bisphosphonates are widely used to treat bone metabolic 
disorders. Recently, there have been reports of jaw 
osteonecrosis in dental patients receiving intravenous 
bisphosphonate ( Marx, 2003 ;  Migliorati, 2003 ;  Ruggiero  
et al. , 2004 ). Dental surgical procedures are regarded as one 
of the risk factors associated with the development of 
osteonecrosis. In the present study, where bisphosphonate 
was applied locally, no osteonecrosis was observed. 
However, a causal relationship between bisphosphonate 
therapy and osteonecrosis of the jaws has not been 
established and further studies are necessary. In a recent 
investigation of orthodontic treatment of two patients who 
were taking bisphosphonates, both showed impeded tooth 
movement ( Rinchuse  et al. , 2007 ). The present results 
support the possibility of inhibition of orthodontic tooth 
movement in patients taking bisphosphonates.  

  Conclusion 

 Bisphosphonates decreased osteoclast formation induced 
by orthodontic force, which inhibited tooth movement in 
mice. Bisphosphonates also prevented root resorption 
associated with orthodontic tooth movement. These results 

suggest that bisphosphonate might be useful for control of 
orthodontic tooth movement and as a candidate inhibitor of 
root resorption during orthodontic tooth movement. On the 
other hand, it is possible that orthodontic tooth movement 
in patients taking bisphosphonates might be arrested.  
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 Figure 3      (A) Effects of bisphosphonates on root resorption caused by orthodontic tooth movement. Scale bar = 100  m m. 
(B) Evaluation of root resorption area by scanning electron microscopy on the pressure side of the mesial side of the 
distobuccal root of the fi rst molar during orthodontic tooth movement. White area, non-resorption; grey area, resorption; root 
resorption area; percentage of grey area/(grey area + white area). (C) Ratio of root resorption area. Four mice were used in 
each group. * P  < 0.05, ** P  < 0.01 versus tooth movement + phosphate-buffered saline (PBS) group.    
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