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Zoledronic acid delays wound healing of the tooth extraction
socket, inhibits oral epithelial cell migration, and promotes
proliferation and adhesion to hydroxyapatite of oral bacteria,
without causing osteonecrosis of the jaw, in mice
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Abstract Nitrogen-containing bisphosphonates such as
zoledronic acid (ZOL) and pamidronate have been widely
and successfully used for the treatment of cancer patients
with bone metastases and/or hypercalcemia. Accumulating
recent reports have shown that cancer patients who have
received these bisphosphonates occasionally manifest bis-
phosphonate-related osteonecrosis of the jaw (BRONIJ)
following dental treatments, including tooth extraction.
However, little is known about the pathogenesis of BRONJ
to date. Here, to understand the underlying pathogenesis of
BRONIJ, we examined the effects of ZOL on wound
healing of the tooth extraction socket using a mouse tooth
extraction model. Histomorphometrical analysis revealed
that the amount of new bone and the numbers of blood
vessels in the socket were significantly decreased in ZOL-
treated mice compared to control mice. Consistent with
these results, ZOL significantly inhibited angiogenesis
induced by vascular endothelial growth factor in vivo and
the proliferation of endothelial cells in culture in a dose-
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dependent manner. In contrast, etidronate, a non-nitrogen-
containing bisphosphonate, showed no effects on osteo-
genesis and angiogenesis in the socket. ZOL also sup-
pressed the migration of oral epithelial cells, which is a
crucial step for tooth socket closure. In addition, ZOL
promoted the adherence of Streptococcus mutans to
hydroxyapatite and the proliferation of oral bacteria
obtained from healthy individuals, suggesting that ZOL
may increase the bacterial infection. In conclusion, our data
suggest that ZOL delays wound healing of the tooth
extraction socket by inhibiting osteogenesis and angio-
genesis. Our data also suggest that ZOL alters oral bacterial
behaviors. These actions of ZOL may be relevant to the
pathogenesis of BRONJ.

Keywords Osteogenesis - Osteoclasts -
Bacterial adhesion - Angiogenesis

Introduction

Bisphosphonates are stable analogues of naturally occur-
ring pyrophosphate-containing compounds and have high
affinity for bone minerals [1]. Bisphosphonates are selec-
tively uptaken by osteoclasts and strongly inhibit bone
resorption by inducing apoptosis in osteoclasts [2, 3].
Consequently, bisphosphonates have been widely and
successfully used in a variety of bone diseases associated
with excessive osteoclast activity, including osteoporosis,
Paget’s disease, and fibrous dysplasia [4-6]. Another
clinical application of bisphosphonates is for metastatic
and osteolytic bone disease. Hortobagyi et al. first reported
the usefulness of bisphosphonates in the treatment of
osteolytic bone metastases of breast cancer [7]. Bisphos-
phonates are now established as an effective therapeutic
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intervention for bone metastases of breast, lung, and
prostate cancers [8—16].

Bisphosphonates contain two phosphonate groups
attached to a single carbon atom, forming a P-C-P struc-
ture that is important for inhibition of bone resorption [17].
Bisphosphonates can be divided into two groups based on
the presence or absence of a nitrogen atom [17]. Nitrogen
atom-containing bisphosphonates exhibit more powerful
inhibition of bone resorption, and they strongly induce
apoptosis of osteoclasts by inhibiting the mevalonate
pathway and the prenylation of small G-proteins [18]. Of
note, bisphosphonates including alendronate, risedronate,
and zoledronic acid (ZOL), which contain nitrogen atoms,
were found to be more potent than bisphosphonates that did
not have a nitrogen atom [19].

As bisphosphonates are selectively adsorbed to mineral
surfaces in bone, only inflammation and ulceration of the
upper gastrointestinal tract have been reported as adverse
effects [13]. However, Marx et al. first reported in 2003 that
cancer patients who received bisphosphonates occasionally
showed osteonecrosis of the jaw (BRONJ) following dental
treatments [20], and Ruggiero et al. subsequently reported
63 cases that were identified as having BRONJ [21]. The
major manifestation of BRONJ is exposed necrotic bones
associated with infection, which is accompanied by pain,
swelling, paresthesia, suppuration, soft tissue ulceration, and
intra- or extraoral sinus tracts [22]. BRONIJ usually occurs
more frequently in patients receiving nitrogen-containing
bisphosphonates via parenteral route than oral administra-
tion [23-28]. Although the reported frequency of BRONJ is
not high [29], it causes complicated problems in the dental
treatment of patients receiving bisphosphonates. Therefore,
the establishment of appropriate mechanism-based man-
agement of BRONIJ has been awaited. However, little is
known about the pathogenesis of BRONIJ to date.

It is proposed that BRONIJ occurs by a combination of
multiple factors. The multiple and diverse pharmacological
actions of bisphosphonates and the unique biological
characteristics of the oral cavity are likely to be involved in
the development of BRONJ. ZOL has been reported to
inhibit angiogenesis, which is an essential event for wound
healing of the extraction socket [30, 31]. Accordingly,
bisphosphonates may possibly delay wound healing of the
tooth socket by inhibiting angiogenesis, leading to BRONJ.
In addition, BRONJ may be associated with changes in oral
bacterial behaviors, because the jaw bones are the only site
in which BRONJ is developed. In support of this notion,
biofilm formation and the extensive growth of oral bacteria
such as Actinomyces were observed at the site of BRONJ
[32, 33], raising the possibility that bisphosphonates affect
the growth and infectious activity of oral bacteria.

To understand the underlying mechanism of BRONJ, we
investigated the effects of ZOL on wound healing of the
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tooth extraction socket using the mouse tooth extraction
model. We also examined whether bisphosphonates mod-
ulate the behaviors of oral bacteria.

Materials and methods
Reagents

Zoledronic acid (ZOL) (2-(imidazol-1-yl)-1-hydroxyethy-
lidene-1,1-bisphosphonate) and etidronate (ETI) (disodium
(1-hydroxyethylidene) diphosphonate) were provided by
Novartis Pharma (Basel, Switzerland) and Dainippon
Sumitomo Pharma (Osaka, Japan), respectively.

Animal model of tooth extraction

Male C57BL/6J mice 6 weeks of age were obtained from
SLC Japan (Hamamatsu, Japan). The right upper first molar
was extracted using an iridectome under anesthesia with
pentobarbital (0.05 mg/g body weight; Dainippon Sumi-
tomo Pharma). ZOL (250 pg/kg/day) and ETI (250 pg/kg/
day) were injected subcutaneously from 7 days before the
tooth extraction to 4 days after the extraction. Animals
were maintained in an animal room with free access to
drinking water and basic diet under controlled conditions
and a 12 h:12 h light/dark cycle.

All animal experiments were approved by the Institu-
tional Animal Care and Use Committee of Osaka Univer-
sity Graduate School of Dentistry.

Histological analysis

Five days after tooth extraction, animals were anesthetized
with pentobarbital (50 mg/kg BW) and perfused with 4%
paraformaldehyde in 0.1 M phosphate buffer through the
left cardiac ventricle. The maxilla of the mice was removed,
postfixed in the same fixative for 24 h, and decalcified in
10% ethylenediaminetetraacetic acid (EDTA) at room
temperature for 2 weeks. Paraffin sections (4 pm thick)
were cut using conventional methods and stained with
hematoxylin and eosin. The new bone formation area (mm?)
and total tooth extraction socket area (mm?) were measured
using Image Pro-Plus software (Media Cybermetics, Silver
Spring, MD, USA). Data are expressed as the percentage of
new bone formation area/total tooth extraction area.

Immunohistochemistry

Paraffin sections were deparaffinized, microwaved for
5 min in 0.01 M citrate buffer, and blocked with 1% bovine
serum albumin (BSA) for 30 min. After treatment with 0.3%
H,0, for 30 min, sections were blocked with 1% BSA in
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phosphate-buffered saline (PBS) for 1 h and incubated
overnight at 4°C with rabbit anti-CD31 pAb (1:100;
Pharmingen, San Diego, CA, USA). All sections were then
treated with biotinylated antirabbit IgG Ab (1:200; Vector
Laboratories, Burlingame, CA, USA) for 30 min, followed
by reaction with the Vectastain Elite ABC reagent for
30 min. After rinsing in PBS, 3,3’-diaminobenzidine tetra-
hydrochloride (Vector) was used as a substrate for visuali-
zation of the immunocomplex, and the sections were
counterstained with hematoxylin. Six sections were chosen
from each sample, and the number of CD31-positive vessels
was counted under a light microscope. The data were
expressed as the number of CD31-positive vessels/mouse.

Cell culture

The murine bone marrow sinus-derived endothelial cell
line (BMEC; generously provided by Dr. Hawley, Uni-
versity of Toronto, Toronto, Canada) and human endo-
thelial cell line ECV304 (a generous gift from Dr. Nariaki
Matsuura, University of Osaka, Osaka, Japan) were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
(pH 7.4, Sigma) supplemented with 10% fetal bovine
serum and 100 pg/ml kanamycin sulfate (Meiji Seika,
Tokyo, Japan). Human umbilical vein endothelial cells
(HUVEC) were maintained in DMEM (pH 7.4, Sigma)
supplemented with 10% fetal bovine serum and 100 pg/ml
kanamycin sulfate. The mouse oral epithelium cell line
foec-6 was kindly provided by Dr. Yasuhiro Tomo-oka
(Tokyo University of Science, Chiba, Japan). Cells were
cultured in a humidified atmosphere of 5% CO, in air.

Dorsal air sac assay

The dorsal air sac assay was performed according to the
procedure of Oikawa et al. [34]. Briefly, both sides of a
Millipore ring (Millipore, Billerica, MA, USA) were cov-
ered with Millipore filters of 0.45-um pore size using MF
cement. Millipore chambers containing PBS, recombinant
human vascular endothelial growth factor (rhVEGF)
(10 ng/ml), and thVEGF with 10 uM ZOL were implanted
into the preformed air sac in the dorsum of anesthetized
female BALB/cA mice (Charles River, Yokohama, Japan).
On day 5, the implanted chambers were removed from
mice, and newly formed blood vessels were counted under
a light microscope in each group. The data were expressed
as the number of vessels/mouse.

Cell proliferation assay
The cell proliferation assay was performed using cell

proliferation reagent WST-1 (Roche), as described previ-
ously [35]. Briefly, bone marrow endothelial -cells

(BMECs) and ECV-304 cells were plated into 96-well
plates (2000/well) and incubated at 37°C in a 5% CO,
atmosphere with or without ZOL and ETI. On day 3, 10 pl
cell proliferation reagent WST-1 was added to each well
and incubated for 1 h. The cell number was determined by
absorption at 450 nm using a microplate reader (Bio-Rad).

Three-dimensional culture of BMECs in collagen gel

Three-dimensional culture of BMECs was performed
according to the procedure of Yang and Nandi [36].
Briefly, a mixture of collagen (Cellmatrix type IA; Nitta
Gelatin, Tokyo, Japan) and fivefold-condensed DMEM
containing ZOL (0.1, 1, or 10 uM) was poured into a 12-
well plate and incubated until collagen had gelled, forming
a base. Then, 1 ml of the collagen mixture including
BMECs (5000 cells/ml) was added to the base as the sec-
ond gel. These gels were overlaid with DMEM containing
10% FBS. The cells were cultured for 2 weeks with ZOL
(0.1, 1, or 10 uM), and the overlaid DMEM was changed
every 3 days. BMECs cultured in collagen gel were fixed
with 10% formalin in PBS and photographed at the same
scale under a light transmission inverted photomicroscope.

Matrigel network formation assay

The effect of bisphosphonates on tubule formation was
assessed using the matrigel network formation assay
described by Kubota et al. [37]. Briefly, 100 pl Matrigel
(Becton—Dickinson, Sparks, MD, USA) was plated into 96-
well plates and incubated at 37°C. HUVECs were cultured
for 48 h with or without ZOL and ETI, and then were plated
on top of the Matrigel. After 20 h, the total length of tubule
formation was measured under an inverted microscope.

Caspase assay

The caspase-3/7 activity in cell extracts and culture
supernatants was determined using Caspase-Glo 3/7 Assay
(Promega) according to the manufacturer’s protocol.
Briefly, cells were cultured in 96-well plates and treated
with bisphosphonates for 24 h. Cell lysis and substrate
addition were performed using Caspase-3/7 Glo reagents.
The luminescence emitted by each sample was measured
with a luminometer.

In vitro wound healing assay

NIH3TS3 cells and foe-6 cells were plated in 12-well plates
and cultured in DMEM containing 10% fetal calf serum
(FCS) until the cells became 80% confluent. The monolayer
was wounded by scraping a line across the well using a
sterile 1-ml blue pipette tip, which then was rinsed several
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times with medium to remove dislodged cells. Cells were
then cultured for 15 h with or without ZOL, and the wound
monolayer was photographed. Migratory activity of the cells
was determined by measuring the width of the monolayer
wounds, and data were quantified as the percent of control.

Hydroxyapatite adhesion assay

The adhesion of oral bacteria to hydroxyapatite was deter-
mined by a saliva-coated hydroxyapatite (SHA) adhesion
assay, as described previously [38]. The SHA suspension was
added to an individual cup of a vacuum filtration device con-
taining a mixed cellulose-ester membrane (0.45 pM pore size;
Toyo Roshi Kaishya, Osaka, Japan), and vacuum was applied.
The membrane was washed three times in buffered KCl to
remove the loosely bound SHA. Then, PBS alone or 100 uM
ZOL in PBS was added to the cup and incubated at room
temperature for 30 min. Then, radiolabeled Streptococcus (S.)
mutans bacteria were added to the cup and incubated at room
temperature for 30 min. Unbound cells were decanted, and the
SHA-binding membrane was washed four times with buffered
KCI. The radioactivity of the SHA-binding membrane was
measured using a liquid scintillation spectrometer.

Colony formation assay for oral bacteria

Dental plaque samples were obtained from healthy subjects
and resuspended in PBS using ultrasonic applications.
Resuspended oral plaque bacteria were incubated for 24 h
at 37°C with ZOL (10 nM—10 mM). These samples were
then spread on a Todd Hewitt broth containing 0.3% yeast
extract (THY) agarose plate, and the number of white
colonies was counted after 24 h of incubation.

Statistical analysis

All data were expressed as the mean & SD. The data were
analyzed by one-way analysis of variance (ANOVA) fol-
lowed by Fisher’s protected least squares difference (PLSD)
post hoc test (StatView; SAS Institute, Cary, NC, USA) for
determination of differences between groups. Student’s 7 test
or Welch’s ¢ test was conducted when the two groups were
compared. P values < 0.05 were considered significant.

Results

ZOL delayed wound healing of the tooth extraction
socket by inhibiting osteogenesis and angiogenesis

To examine the effect of ZOL on wound healing of the

tooth extraction socket, ZOL was subcutaneously injected
daily for 7 days before extraction of the right first molar
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Fig. 1 The tooth extraction protocol. a Photograph of tooth extrac-
tion in a C57BL/6 mouse. The upper right first molars (dotted circular
line) were extracted under anesthesia using an iridectome. b
Experimental protocol of zoledronic acid (ZOL) administration.
ZOL (5 pg/mouse/day) was injected subcutaneously from 7 days
before the tooth extraction to 4 days after the extraction. All mice
were killed at day 5, and organs were harvested and processed for
histological examination

(Fig. 1). New bone formation in the tooth extraction socket
was clearly suppressed in mice treated with ZOL (Fig. 2a).
Histomorphometric measurements revealed that ZOL sig-
nificantly decreased the area of new bone (Fig. 2b).
Because angiogenesis is the essential step in wound heal-
ing, ZOL possibly inhibited microvessel development
during tooth socket healing. Using immunohistochemical
examination, we observed that the formation of CD31-
positive (CD31(+)) blood vessels was significantly
reduced in mice treated with ZOL (Fig. 2¢). These data
suggest that ZOL delayed the tooth socket healing process
by inhibiting new bone formation and angiogenesis.

Antiangiogenic effect of ZOL in vivo and in vitro

To further evaluate the antiangiogenic effect of ZOL, we
performed a dorsal air sac assay, which allowed us to monitor
angiogenesis in vivo. Treatment with thVEGF dramatically
induced new vessel formation, which was characterized by a
red zigzag line (Fig. 3a, b). ZOL reduced the number of
newly formed blood vessels induced by thVEGF (Fig. 3c, d).
We next examined the effect of ZOL on the proliferation of
endothelial cells in culture. Treatment with ZOL inhibited
the proliferation of bone marrow endothelial cells (BMECs)
and human endothelial-like cells (ECV304) in monolayers
and collagen gel cultures in a dose-dependent manner,
respectively (Fig. 4). Moreover, the matrigel network for-
mation assay revealed that ZOL suppressed tubule formation
by HUVEC:s (Fig. 5). Taken together, these data indicate that
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Fig. 2 Histological analysis of
the tooth extraction socket in
mice treated with phosphate-
buffered saline (PBS) and
zoledronic acid (ZOL). a
Representative histological
view of tooth extraction socket
in mice treated with PBS and
ZOL. PBS-treated mice (left)
showed new active bone
formation. In contrast, ZOL-
treated mice (right) showed
decreased new bone formation.
Hematoxylin and eosin (H&E)
stain: x 100. b Quantitative
analysis of new bone formation
in the tooth extraction socket.
The new bone formation area (o

was determined as described in

“Materials and methods”. 40
Quantitative data are shown as
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ZOL suppressed angiogenesis by inhibiting endothelial cell
proliferation and migration.

Non-nitrogen-containing BPs had no effect on tooth
socket healing and angiogenesis

Several clinical studies have reported that the incidence of
BRONI in patients receiving non-nitrogen-containing bis-
phosphonates such as etidronate (ETI) is significantly less
than in patients receiving ZOL. Therefore, we next exam-
ined whether ETI affected wound healing of the tooth
extraction socket or angiogenesis. We observed no marked
histological differences in wound healing of the tooth
extraction sockets between PBS- and ETI-treated groups
(Fig. 6a). Histomorphometrical analysis also showed that
ETI had no effect on new bone formation or angiogenesis
in the tooth extraction socket (Fig. 6b, c¢). Moreover, ETI
did not suppress the proliferation of BMECs (Fig. 6d) or
tubule formation by HUVECs (Fig. 6e).

ZOL increased the caspase activity in endothelial cells
and oral epithelial cells

ZOL strongly inhibit bone resorption by inducing apoptosis
in osteoclasts. These data raise the possibility that ZOL

Z0L

delayed the wound healing of tooth extraction socket
through inducing apoptosis of osteoblasts, endothelial cells,
and oral epithelial cells. Therefore, we next examined the
caspase activity in response to ZOL and ETI. Neither ZOL
nor ETI had any effect on caspase3/7 activity in osteo-
blastic MC3T3-E1 cells (Fig. 7). Interestingly, we found
that ZOL increased caspase 3/7 activity in HUVECs and
oral epithelial cells (foec-6), whereas ETI had no effect on
casapase 3/7 activity (Fig. 7). These data suggest that the
apoptosis triggered by ZOL in endothelial cells and oral
epithelial cells would contribute to the delay of wound
healing in the tooth extraction socket.

Inhibition of migratory activity of oral epithelial cells
by ZOL

A detailed analysis revealed that there was a delay in closure
of the tooth extraction socket in ZOL-treated mice, whereas
complete closure of the surgical extraction site was observed
in all control mice. These observations suggest that ZOL
inhibits migration of oral epithelial cells from the socket
margin, resulting in an open socket. In support of this notion,
the wound healing assay demonstrated that ZOL inhibited
the migration of oral epithelial cells (foec-6) but not mouse
NIH-3T3 fibroblasts (Fig. 8a, b).
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Fig. 3 Inhibitory effects of
zoledronic acid on angiogenesis
in vivo assessed by the dorsal
air sac assay. a—¢
Representative view of
angiogenesis (dotted ovals).
Millipore chambers containing
PBS, human recombinant

D No. of vessels

vascular endothelial growth
factor (thVEGF) (VEGF, 10 ng/
ml), and rhVEGF with 10 uM
zoledronic acid (VEGF + ZOL)
were implanted into mice and
photographed at day 5. ZOL
inhibited new vessel formation
induced by VEGF. d
Quantitative analysis of new
vessel formation. Data are C
expressed as the number of
vessels/mouse. Values are the
mean + SD (n = 5/group).
*P < 0.01 versus VEGF

VEGF
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Fig. 4 Effects of zoledronic acid on endothelial cell proliferation in
monolayer culture (a) and three-dimensional culture (b). ECV304
cells (a) and bone marrow endothelial cells (BMEC) (b) were cultured
for 72 h with the indicated concentrations of zoledronic acid (ZOL).
Viable cells were measured with the WST-1 assay as described in
“Materials and methods”. Values are the mean & SD (n = 8/group).
*P < 0.05 versus control (Cont). ¢ Representative images of BMECs
in the three-dimensional culture system. BMECs were cultured in
collagen gels for 14 days with the indicated concentrations of ZOL.
ZOL inhibited the proliferation of BMECs with a lower concentration
(1 pM) than in monolayer culture. O.D. optical density

Effect of ZOL on oral bacteria adhesion and growth

Because occurrence of BRONJ is restricted to the maxilla
and mandible, bisphosphonates may influence the biolog-
ical behavior of oral bacteria that were observed in
BRONI. The hydroxyapatite adhesion assay demonstrated
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Fig. 5 Effects of zoledronic acid on tubule formation by HUVECs. a
Representative micrographs of HUVECs grown in the absence
(control, Cont) or presence of zoledronic acid (ZOL) (10 uM). Tubule
formation was decreased in HUVECs treated with ZOL. b Tubule
formation was quantified by estimating the total length of tubule
formation (mm) under an inverted microscope. Values are the
mean + SD (n = 6/group). *P < 0.01 versus control (Cont)

that ZOL increased the adhesive activity of S. mutans on
hydroxyapatite (Fig. 9a). Moreover, ZOL increased the
growth of oral plaque bacteria (Fig. 9b). These data indi-
cate that ZOL increases oral bacterial activity, triggering
oral bacterial infection.

Discussion
In this study, we first examined the effects of ZOL on tooth

socket healing using an animal model of tooth extraction to
gain insights into the pathogenesis of BRONJ. ZOL is
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Fig. 6 Effect of etidronate (E77) on wound healing of the tooth
extraction socket and angiogenesis. a Representative histological
view of the tooth extraction socket in mice treated with PBS and ETI.
ETI had no effect on wound healing of the tooth extraction socket.
H&E staining: x100. b Effects of ETI on new bone formation in the
tooth extraction socket. The new bone formation area was determined
as described in “Materials and methods”. Quantitative data are shown
as bone area/total area (%). Values are the mean = SD (n = 10/
group). *P < 0.05 versus PBS. ¢ Effects of ETI on angiogenesis in

reported to be associated with the highest incidence of
BRONI. Histological and immunohistochemical examina-
tions showed that ZOL markedly delayed wound healing of
the tooth extraction socket with an inhibition of new bone
formation. Moreover, we also found that ZOL reduced the
number of blood vessels in the extraction socket and the
proliferation and migration of endothelial cells in culture,
suggesting that ZOL inhibits angiogenesis critical to the
healing of the tooth extraction socket. Consistent with this
notion, recent studies have reported that ZOL is a potent
inhibitor of angiogenesis [39—41]. Of note, ZOL also
decreased oral epithelial cell migration, suggesting that
epithelial closure of the tooth extraction socket is disturbed
by ZOL. After tooth extraction, ZOL deposited in the
alveolar bone may be released into the tooth socket cavity
and affect oral epithelial cells that migrate from the socket
edge to cover the extraction wound [42]. Coverage by oral
epithelial cells is critical not only to successful wound
healing but also for protection of the socket from oral
bacterial infection. In addition, the delay in wound healing
of tooth socket likely causes prolonged exposure of alve-
olar bone to oral bacteria. These results collectively

the tooth extraction socket. The number of CD31(+) vessels was
counted in the tooth extraction socket. Values are the mean &+ SD
(n = 10/group). *P < 0.05 versus PBS. d BMECs were cultured for
72 h with the indicated concentrations of etidronate (ETI). Viable
cells were measured using the WST-1 assay as described in
“Materials and methods”. Values are the mean £ SD (n = 8/group).
Cont control, OD optical density. e Representative micrographs of
HUVECs grown in the absence (PBS) or presence of ETI (10 uM).
ETI had no effect on tubule formation by HUVECs

suggest that ZOL delays the wound healing of the tooth
extraction socket.

Although ZOL significantly delayed wound healing of
the tooth extraction socket in our experimental model,
these mice did not manifest representative symptoms of
BRONI such as necrotic bone exposure with accumulated
oral bacterial colonies as seen in patients. Thus, it is still
unclear whether ZOL is directly involved in the patho-
genesis of BRONIJ. In preliminary experiments, we treated
mice with ZOL combined with doxorubicin (100 pg/
mouse, i.p.) and/or dexamethasone (400 pg/mouse, i.p.) in
clinically relevant settings. In contrast to our expectation,
however, even combined administration of these agents did
not induce any discernible symptoms of BRONJ (data not
shown).

One possible explanation for the failure of inducing
distinctive BRONIJ in our study could be the absence of
bacteria in the oral cavity of mice used here. There were
probably very few bacteria in the oral cavity of these mice
because they were maintained in germ-free conditions. Our
in vitro data showed that ZOL promoted proliferation of
oral bacteria from healthy individuals and attachment of S.
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width of the wound. b B
Quantitative analysis of the
migratory activity. Data are
expressed as the percentage of
wound closure quantified by
measuring the average width of
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means = SD (n = 4).
*Significantly different from
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Fig. 9 a Effects of zoledronic acid on the adhesion of Streptococcus
(S.) mutans to hydroxyapatite. [*H]-Labeled S. mutans were reacted
with PBS- or ZOL-treated hydroxyapatite for 30 min, and adherent S.
mutans were quantitated by measuring radioactivity. Values are the
mean + SD (n = 4/group). *P < 0.05 versus PBS. b Effects of
zoledronic acid on the proliferation of oral plaque bacteria.

mutans to hydroxyapatite, suggesting that ZOL can change
the oral environment to conditions that facilitate the
induction of BRONIJ so long as bacteria are present.
Alternatively, it is also possible that age, periodontal dis-
eases, impaired immunosurveillance, and underlying
malignant diseases or osteoporosis may have contributed to
the induction of BRONIJ in patients. Allen and Burr
reported that treatment with alendronate in beagle dogs
caused matrix necrosis in the mandible [43]. More recently,
Sonis et al. also showed that combined administration of
ZOL and dexamethasone resulted in ONJ in rats with no
inflammation and oral bacterial infection [44]. These
models should be useful for the study of the mechanism of
BRONJ and the development of appropriate therapeutic
interventions for BRONJ. Unfortunately, however, these
animal models do not represent BRONJ seen in patients in
terms of the absence of bacterial colonies. A critical role of
oral bacteria in the pathogenesis of BRONJ is supported by
the accumulating clinical observations that elimination of
dental plaque that substantially consists of oral bacteria or
administration of antibiotics before dental surgery signifi-
cantly reduces the frequency of BRONJ in patients [45-
47]. Further modifications of the experimental protocol and
techniques may be necessary for the development of rep-
resentative BRONIJ in rodents.

In the present study, we showed that ZOL inhibited the
proliferation of endothelial cells and migratory activity of
oral epithelial cells. Interestingly, ZOL has also been
reported to show antitumor activity by inhibiting cancer
cell proliferation [48, 49]. One of the possible mechanisms
by which ZOL exhibited antiproliferative effects is the
disruption of the mavalonate pathway. ZOL inhibits the
formation of farnesyl diphosphate (FPP) and geranylgera-
nyl diphosphate (GGPP) by suppressing FPP synthase and
GGPP synthase [18]. As FFP and GGPP are important for

No. colonies / dish

Toallnn

0
Cont 10n 100n 1pu

10 100 1m 10m
ZOL (M)

Resuspended oral plaque bacteria were incubated for 24 h at 37°C
with the indicated concentrations of ZOL and then spread on Todd
Hewitt broth containing 0.3% yeast extract (THY) agarose plates. The
number of white colonies was counted after 24 h incubation. Values
are the mean £ SD (n = 5/group). *P < 0.05 versus control (Cont).
n, nM; u, uM

the posttranslational prenylation of small signaling
GTPase, the disruption of mevalonate pathway by ZOL is
likely to account for the antiproliferative activity in endo-
thelial cells. However, further studies are needed to explain
how ZOL inhibited oral epithelial cell migration.

In this context, it is notable that ZOL increased bacterial
adhesion to hydroxyapatite and the proliferation of oral
bacteria. These data suggest that ZOL may cause increased
bacterial biofilm formation on tooth surfaces, which could
be a major cause of BRONIJ. Previous studies reported
that nitrogen-containing bisphosphonates (alendronate,
pamidronate, and risedronate) inhibited Trypanosoma cruzi
farnesyl pyrophosphate synthase [50]. Similarly, it was also
shown that nitrogen-containing bisphosphonates at low
micromolar concentrations reduced the growth of several
types of bacteria [S1]. In contrast to our results, these
reports suggest that nitrogen-containing bisphosphonates
are inhibitory but not stimulatory for oral bacteria. The
reasons for the discrepancies between previous and our
results are unknown. ZOL may have actions distinct from
those of other nitrogen-containing bisphosphonates. Dif-
ferences in bisphosphonate concentrations or oral bacteria
examined may be also attributable. Whatever the actions
are, the results of our study suggest that bisphosphonates
modulate oral bacterial behaviors.

ETI, a bisphosphonate without a nitrogen atom, had no
effects on wound healing of the tooth extraction socket and
failed to show antiangiogenic effects in our study. These
findings may be relevant to clinical reports that BRONJ
was rarely seen in patients receiving ETI. The reasons for
the rare occurrence of BRONIJ in ETI-treated patients
are unknown at the moment but might be partly lack of
antiangiogenic action. Moreover, differences in affinity to
bone minerals, uptake into cells, pharmacological potency,
drug metabolism, and mechanism of actions in causing
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apoptosis [18, 52] may be involved. Further studies are
needed to dissect the contrasting effects between ZOL and
ETI in the pathogenesis of BRONIJ.

In conclusion, our results suggest that treatment with
ZOL delayed wound healing of the tooth extraction socket
by inhibiting osteogenesis and angiogenesis. It is also
suggested that ZOL inhibits epithelial closure of the tooth
extraction socket by inhibiting oral epithelial cell prolif-
eration and motility. Moreover, ZOL may increase the
opportunity of oral bacterial infection by promoting pro-
liferation and attachment to tooth surfaces. However, the
role of ZOL in the pathogenesis of BRONJ remains still
unclear and to be elucidated because we failed to cause
representative BRONJ in this study.
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