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The working mechanism of bisphosphonate on bone cells

is unclear despite its powerful inhibitory activity on bone

resorption. The differentiation and activation of osteoclasts

are essential for bone resorption and are controlled by the

stimulatory RANKL and inhibitory OPG molecules. Teeth

exhibit a range of movement patterns during their eruption

to establish their form and function, which inevitably accom-

panies peripheral bone resorption. Hence, the mandible,

which contains the teeth during their eruption processes, is

a good model for revealing the inhibitory mechanism of

bisphosphonate upon bone resorption. In the present study,

RANKL and OPG expression were examined immunohis-

tochemically in the mandible of rats with developing teeth

after alendronate administration (2.5 mg/kg). The pre-

eruptive mandibular first molars at postnatal days 3 to 10

showed the developing stages from bell to crown. No

morphological changes in tooth formation were observed

after alendronate administration. The number of osteoclasts

in the alveolar bone around the developing teeth decreased

markedly at postnatal days 3, 7 and 10 compared with the

control group. RANKL induced strong positive immuno-

histochemical reactions in the dental follicles and stromal

cells around the mandibular first molar. In particular, many

osteoclasts with strongly positive reactions to RANKL

appeared above the developing mandibular first molars at

postnatal days 3 and 10. Immunohistochemical reactions

with RANKL after alendronate administration were weaker

than the control groups. However, the immunohistochemical

reactivity to OPG was stronger after alendronate admini-

stration, at postnatal days 3 and 10. These results suggest

that alendronate may decrease bone resorption by

regulating the RANKL/OPG pathway in the process of

osteoclast formation, resulting in a delay in tooth eruption.
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Introduction

Bisphosphonates are used as effective therapeutic agents by

inhibiting bone resorption, in bone metabolic diseases, such as

osteoporosis or Paget's disease, which were characterized by

increased bone resorption and loss (Papapoulos, 1996; Fleisch,

1997). The mechanisms by which bisphophonate inhibit bone

resroption has been explained principally by the direct action

on osteoclasts, such as a decrease in differentiation to

osteoclasts from an osteoclast precursor, inhibition of mature

osteoclasts activity and increase in osteoclast apoptosis at high

doses (Hughes et al., 1989; Parfitt et al., 1996; Jilka et al.,

1998). However, differentiation or activation of osteoclasts are

basically regulated by a range of factors secreted from

osteoblasts or surrounding stromal cells in vivo. Recently,

evidence suggesting the possibility of indirect regulation of the

osteoclast function indicated that bisphosphonate can inhibit

extracellular matrix formation by osteoblasts and regulate the

expression of a range of growth factors secreted by the

surrounding cells acting on osteoclasts (Sahni et al., 1993; Vitte

et al., 1996; Plotkin et al., 1999). 

Among these growth factors, osteoclast differentiation

factor (ODF), also known as RANKL, is a cell membrane-

associated protein that is expressed from bone marrow stromal

cells and osteoblasts, and functions as an essential molecule

for osteoclastogenesis and activation (Lacey et al., 1998;

Yasuda et al., 1998; Jeong et al., 2005). Osteoclastogenesis
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inhibitory factor (OCIF), also known as osteoprotegrin (OPG),

is a type of secretory glycoprotein, functioning as a decoy

receptor of ODF by conjugating with ODF, thereby blocking

the signaling between cells and causing the failure of

osteoclastogenesis (Simonet et al., 1997). RANKL and OPG

act as potential mediators that promote or inhibit the bone

resorption of many osteotropic agents (Suda et al., 1999;

Hofbauer et al., 2000; Shin et al., 2005). However, it is

unclear if the inhibitory action of bone resorption of

bisphosphonate is due to the competitive roles of RANKL/

OPG.

Bone resorption is essential for the proper eruption pathway

in tooth development. Some reports have suggested that

bisphosphonate affects hard tissue formation and tooth

eruption during tooth development. Kawata et al. (2004)

administered bisphosphate to experimental animals, resulting

in a decrease in the number or size of osteoclasts, which

eventually prevents or delays tooth eruption. A recent in vitro

study reported that RANKL and OPG was detected in the

dental follicle, which is an essential structure for tooth

eruption. There is also experimental evidence suggesting that

inhibition of RANKL and OPG gene expression can affect the

time and aspect of tooth eruption (Wise et al., 2002a, 2002b).

Therefore, delayed tooth eruption by bisphosphonate may be

related to the RANKL/OPG interaction. On the other hand,

most results were obtained from in vitro studies using cell

cultures, and there is little evidence established from

morphologic studies using in vivo animal models. 

This study examined the mechanism behind the effect of

bisphosphonate on hard tissue formation and eruption in tooth

development by observing RANKL and OPG expression

with time after the administration of alendronate in a postnatal

rat mandible including the developing molar.

Material and method

All procedures were performed in accordance with the

ethical standards recommended by the Chonnam National

University Institutional Animal Care and Use Committee.

Subcutaneous injections of 2.5 mg/kg/day alendronate (MK-

217
®
, Merck, USA) diluted in distilled water were performed

on the back of neck of postnatal 1 day Sprague-Dawley rats

(n = 24) for 1, 3, 7 and 10 days. The control groups were

injected daily with a sterile saline solution for 10 days in the

same area.

After drug administration for 3, 7 and 10 days, the mandible

including developing tooth was dissected under anesthesia

with a pentobarbital sodium (50 mg/kg) and the separated jaw

was fixed in a 4% paraformaldehyde (4
o
C, pH 7.4) solution

for 24 hours, and decalcified in a 10% EDTA (4
o
C, pH 7.4)

solution. The specimens were washed in PBS, dehydrated in

ethanol, and embedded in paraffin. 5 µm serial sections were

prepared from paraffin embedded tissues and stained with H-

E. The morphological characteristics of the osteoclasts in the

developing tooth, dental follicle, and alveolar bone

surrounding the erupting tooth were observed by optical

microscopy.

Immunohistochemical staining was performed using a

Vectastain Elite ABC Kit (Vector Laboratories, Burlingame,

CA, USA) according to the manufacturer's protocol. Briefly,

after blocking endogenous peroxidase using 3% H2O2 for 10

min, the sections were reacted with purified monoclonal

mouse anti-RANKL and anti-OPG (Santa Cruz Lab, Santa

Cruz, CA, USA) as the primary antibody overnight at 4
o
C, and

subsequently in biotinylated anti-mouse IgG as the secondary

antibody for 10 min. Normal serum was substituted with the

primary antibodies for the negative control. Finally, the

sections were incubated in avidin and biotinylated horseradish

peroxidase reagent for 10 min. After colorization by AEC for

5 min, the reactants were counterstained with Meyer's

hematoxyline, dehydrated, sealed with Canada balsam, and

observed by optical microscopy.

Results

General histological findings

The pre-eruptive mandibular 1
st
 molar tooth germ of a

postnatal rat took various forms from the bell stage to crown

stage of tooth development. The tooth germ of the mandibular

1
st
 molar at the postnatal 1 day rat showed the configuration of

the bell stage and dental organ, which has four distinctly

isolated layers including the outer dental epithelium, inner

dental epithelium, stellate reticulum and stratum intermedium,

was distinguished from the dental papilla by the acellular zone.

The developing tooth was separated from the adjacent alveolar

bone by the surrounding dental follicle (Fig. 1a). No

morphological changes in tooth formation were observed after

alendronate administration, and crown stage started, forming

dentin and enamel in both control and experimental groups

after postnatal 3 day (Fig. 1b). Several osteoclasts for bone

resorption necessary for tooth migration appeared in the

alveolar bone around the developing tooth at postnatal day 3.

The emergence of osteoclasts appeared to decrease at

postnatal day 7, but increased at postnatal day 10. The number

of osteoclasts was decreased markedly compared to that of the

control group at postnatal days 3, 7 and 10 (Fig. 1c-f).

Immunohistochemiacl findings

Strong immunohistochemical positive reactions for RANKL

were detected in the dental follicular cells and stromal cells

surrounding the mandibular 1
st
 molar. In particular, strong

positive reactions to RANKL with the appearance of many

osteoclasts in the alveolar bone in the upper and lower part of

postnatal 3 and 10 day 1
st
 mandibular molars forming a root

were observed in control groups. The reaction was relatively

weak in the postnatal 7 day tooth germ of the control group

(Fig. 2a, c). In the experimental groups, immunohistochemical

reactions with RANKL in terms of the degree and area of
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overall reactivity were markedly lower than the control

groups (Fig. 2b, d).

Immunohistochemical reactions for OPG were similar to

the distribution patterns of RANKL showing positive

reactivity in the dental follicular cells surrounding the tooth

germ and adjacent stromal cells. The immunoreactivity

depending on time was lower in the cells surrounding the

tooth germ at the postnatal day 3 and 10 when several

osteoclasts appeared (Fig. 2e, g). On the other hand, the

experimental groups showed strong reactivity compared to

the control groups at postnatal days 3 and 10 (Fig. 2f, h).

Discussion

Osteoclasts, derived from the hematopoietic precursors of

monocyte/macrophage lineage, are bone resorbing cells that

play a key role in bone remodeling with osteoblasts in

physiological and pathological conditions (Roodman, 1996;

Suda et al., 1999). Inhibition of osteoclast activation is a major

goal in the treatment of osteolytic diseases because increased

bone resorption is the principal incident in the progression of

disease. Bisphosphonates have a P-C-P motif structure,

replacing the central oxygen atom of inorganic pyrophosphate

in the body with a carbon atom, and effectively inhibiting

bone resorption by osteoclasts (Russel et al., 1970). This

Fig. 1. General histological findings of mandibular 1
st

 molar tooth germ by H-E stain. (a) The tooth germ of the mandibular 1
st

 molar in post-
natal day 1 rats shows the configurations of a bell stage for tooth development. The tooth germ is surrounded by the well developed dental fol-
licle (arrows) and isolated from the alveolar bone. control groups, × 40, (b) The tooth germ of the mandibular 1

st

 molar in postnatal day 3 rats
shows the configurations of crown stage for tooth development. odontoblasts (Od), ameloblast (Am), alendronate group, × 200, (c) Several
osteoclasts (arrows) appear in the alveolar bone above the tooth germ of the mandibular 1

st

 molar in postnatal day 3 rats. enamel(E), den-
tin(D), control group, × 400, (d) Only a few osteoclasts can be observed near the tooth germ of the mandibular 1

st

 molar in postnatal day 7 rats.
control group, × 200, (e) The number of osteoclasts (arrows) increased at postnatal day 10. control group, × 400, (f) Osteoclasts are rarely
observed near the tooth germ of the mandibular 1

st

 molar in postnatal day 3 rats. alendronate group, × 400
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Fig. 2. Immunohistochemical findings of mandibular 1
st

 molar tooth germ, (a) Immunostaining with antiserum to RANKL in the developing
mandibular 1

st

 molar tooth germ at postnatal day 3. Strong immunoreactivity was detected in the dental follicular cells and surrounding stro-
mal cells including osteoclasts. ameloblast (Am) control group,×400, (b) Dental follicles adjacent to the developing mandibular 1

st

 molar
tooth germ postnatal day 3 show weak immunoreactivity for RANKL antiserum. alendronate group, ×400, (c) Immunostaining with antise-
rum to RANKL in the postnatal 10 day developing mandibular 1

st

 molar tooth germ at postnatal day 10. Strong immunoreactivity was also
observed in the lower part of alveolar bone with the developing tooth germ and osteoclasts (arrows). control group, ×400, (d) Immunopositiv-
ity for RANKL antiserum is rarely observed near the tooth germ of the mandibular 1

st

 molar at postnatal day 10. alendronate group, ×400, (e)
Immunopositivity for OPG is very weak compared to that of RANKL at postnatal day 3. control group, ×200, (f) Strong immunoreactivity
with the antiserum to OPG is observed in the dental follicles surrounding the postnatal day 3 tooth germ compared to those in Fig.1e. amelo-
blast (Am), alendronate group, ×400, (g) OPG antiserum is stained very weakly except for some immunopositivity near the postnatal day 10
tooth germ. control group, ×400, (h) Immunoreactivity for OPG in postnatal day 10 tooth germ is stronger than the control groups. ameloblast
(Am) alendronate group, ×400
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structure has high affinity for hydroxyapatite and bone, and

regulates the affinity to bone or inhibitory bone resorption,

based on the P-C-P motif, by replacing several chemical

materials. The alendronate used in this study, nitrogen-

containing bisphosphonate, is used as an effective therapeutic

agent for Paget disease, tumor-associated bone disease, and

osteoporosis (Saag et al., 1999; Orwoll et al., 2000). It also

selectively inhibits the function of osteoclasts, inducing

apoptosis, and decreasing bone loss (Rogers et al., 2000).

The inhibition of bone resorption by bisphosphonates has

been attributed mainly to their direct inhibitory effect on

osteoclasts, but recent studies have focused on their indirect

actions, such as the relation to osteoblasts or surrounding

stromal cells (Klein et al.,1998; Reinholz et al., 2000). Dental

follicles, loose connective tissue that entirely surrounds the

developing tooth germ, are believed to perform the important

role in regulating tooth germ migration including tooth

eruptive movement in the jaw. These cells can synthesize and

secrete a range of molecules concerning the resorption of the

surrounding alveolar bone (Wise and Lin, 1995; Wise et al.,

1999), In this study, RANKL and OPG, the most important

factors regulating the differentiation and activation of

osteoclasts, were spatiotemporally distributed in the dental

follicle and stromal cells, which are similar to the osteoblasts

of the surrounding alveolar bone. In addition, dental follicular

cells appear to play important roles in regulating the

differentiation and activation of osteoclasts for tooth eruption.

In this study, the number of osteoclasts found in the

alveolar crypt including the developing mandibular 1
st

molar was markedly different over time, and appeared to be

related to RANKL and OPG expression regulating the

differentiation and activation of osteoclasts. The RANKL-

immunopositive reaction, which is related to the stimulation

of osteoclastogenesis and osteoclastic activity, was observed

in the dental follicle and surrounding stromal cells at postnatal

day 3 and 10 when many osteoclasts emerged, and the

postnatal day 7 specimens showed fewer RANKL-positive

cells. On the other hand, in the case of OPG expression,

which is related to the inhibition of differentiation and the

activation of osteoclasts, strong staining was observed at

postnatal 7 day, and a relatively weak reaction was noted at

postnatal days 3 and 10. This suggests that the differentiation

and activation of osteoclasts, which results in the resorption

of bone around the developing tooth germ, can be regulated

by the relative RANKL : OPG ratio. Several factors related to

osteoclastogenesis, such as colony stimulating factor-1,

monocyte chemotactic factor-1 and vascular endothelial

growth factor, which were expressed from the dental follicle,

were also similar to those of RANKL (Wise, Yao, 2003).

These results showed that RANKL/OPG expression

observed in the developing tooth germ and appearance of

osteoclasts were changed markedly by alendronate admini-

stration. After alendronate administration, the immuno-

histochemical reactivity for RANKL decreased particularly

in the postnatal 3 and 10 day control groups, which showed

well-defined positive staining with the appearance of many

osteoclasts. In contrast, alendronate increased the immunore-

activity for OPG at postnatal days 3 and 10. Therefore,

alendronate inhibits the secretion of RANKL and increases

the synthesis of OPG by acting on the dental follicle and

stromal cells of the alveolar bone, consequently inhibiting

the differentiation and activation of osteoclasts required for

eruptive tooth movement. Recently, a decrease in RANKL

mRNA expression was observed in UMR-106 osteosarcoma

cells treated with bisphosphonate (Mackie et al., 2001).

However, both RANKL and OPG gene expression were

constant in rodent osteoblasts and bone marrow cells treated

with bisphosphonate, (Kim et al., 2002). These results appear

contradictory when explaining the action mechanism of

bisphosphonate. This discrepancy might be due to the

differences in cell sources e.g. which the species or whether

the cells originated from cancer or not. In addition,

bisphosphonates would change only the protein levels of

RANKL and OPG through post-translational modification

without altering their gene expression levels. 

This study showed that alendronate affects the expression

of RANKL and OPG by acting on the dental follicular cells

and stromal cells of the surrounding alveolar bone, and can

regulate the differentiation and activation of osteoclasts for the

resorption of the surrounding alveolar bone. There is still the

possibility that effects of bisphosphonate on osteoclasto-

genesis arose from other factors besides RANKL and OPG.

Therefore, further studies using molecular biological

methods, such as western blotting, will be needed to analyze

the quantitative differences in RANKL and OPG expression

as a function of time after drug administration.
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