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Objective: To explore the involvement of bone marrow cells and angiogenesis in the pathogenesis of antire-
sorptive agent-related osteonecrosis of the jaw (ARON]).

Methods: We performed micro-computed tomography (CT) and histological analyses in an ARON]J mouse
model generated using bisphosphonate (BP) and cyclophosphamide (CY).

Results: Micro-CT analysis showed that BP and CY inhibited osteoneogenesis in the extraction socket.
Histological analysis at 3 days after tooth extraction showed inhibition of vascular endothelial cell and mes-
enchymal stem cell mobilization into the extraction socket. When neovascularization of the extraction fossa
was observed from as early as 1 day after extraction, it occurred predominantly in the area adjacent to the
extraction fossa and close to the bone marrow cavity. In addition, the extraction fossa communicated with
the adjacent bone marrow via the vasculature. Histological evaluation of the alveolar bone marrow around
the extraction socket showed a decrease in bone marrow cells in the BP + CY group.

Conclusion: Both inhibition of angiogenesis and suppression of bone marrow cell mobilization are involved

in the pathogenesis of ARON]J.
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INTRODUCTION

First reported by Marx in 2003, bisphosphonate
(BP)-related osteonecrosis of the jaw, which is now
known as antiresorptive agent-related osteonecrosis
of the jaw (ARON]), is a severe side effect of antire-
sorptive therapy [1-3]. ARON]J is resistant to therapy
and results in marked impairment of activities of daily
living because of oral feeding disorder, pain, and in-
fection [4, 5]. There are several known risk factors for
ARON] that can result in serious infection and bone
necrosis, including periodontitis, poor oral hygiene,
cancer treatment, and tooth extraction [6-8]. Although
conservative treatments have been reported for
ARONY], they are not always effective in the advanced
stages [3]. On the other hand, surgical treatments such
as marginal or segmental resection of the jaw have
been reported as viable options with high success rates
for all stages of the disease [9, 10]. Basic studies regard-
ing treatment of ARON] have reported the potential
efficacy of disturbance of HMGBI1/RAGE signaling
[11], administration of inactive N-BP [12], geranylgera-
niol (GGOH) [13, 14], tetrahedral framework nucleic
acid carrying angiogenic peptide [15], and hyperbaric
oxygen therapy [16], although these treatments have

not yet been shown to be effective in clinical settings.
Although the precise mechanism underlying the patho-
genesis of ARON] is still unclear, the suppression of
bone remodeling caused by disturbance of osteoclast
activation [17] by BPs is thought to be one of the caus-
es of osteonecrosis of the jaw. Recent studies suggest
that ARON] is related to BP-induced activation of M1
macrophages via TLR-4 [18], facilitation of osteoclast
ferroptosis by ubiquitination or degradation of p53 via
FBXO9 [19], and the involvement of chromosome 8 lo-
cus [20], although these findings cannot fully explain
the pathogenesis of the disease [21, 22]. In addition,
the specific mechanism by which healing is impaired
is unknown, and it is not yet clear which cells are
mobilized and involved in healing the scar after tooth
extraction. Neovascularization has been reported to
be an important factor in the pathogenesis of ARON]J
[23, 12]. A recent study reported that osteogenesis
of extraction sockets and osteointegration of dental
implants involve nearby bone marrow-derived cells
expressing Gli-1 [24]. Computed tomography (CT) and
magnetic resonance imaging (MRI) studies of MRON]
patients with decreased jaw bone marrow space and
other changes have suggested that changes in the
bone marrow may be involved in the pathogenesis of
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ARON]J [25, 26], but this issue has not been analyzed
in detail. In this study, we examined the changes in
bone marrow and blood vessels in a mouse model of
ARON] to examine their involvement in the pathogen-
esis of ARON].

MATERIALS AND METHODS

Animals

Sixty CH7BL/6] mice (female, 6 weeks old; CLEA
Japan, Inc., Tokyo, Japan) were randomly assigned to
each treatment group (n=>5 per group) to assess the
effects of subcutaneous (s.c.) administration of the
BP zoledronic acid (Zometa®; Novartis International
AG, Basel, Switzerland) prior to tooth extraction with
or without intraperitoneal (i.p.) administration of
cyclophosphamide (CY) (Shionogi & Co., Ltd., Osaka,
Japan). The treatment groups were as follows: tooth
extraction (Extraction); tooth extraction post-BP ad-
ministration (Extraction + BP); and tooth extraction
post-BP + CY administration (Extraction + BP + CY).
All animal experiments were performed in accordance
with the ethical guidelines of the University of Tokyo
(ethics approval numbers: H19-198). The investiga-
tion conformed to The Guide for the Care and Use of
Laboratory Animals published by the U.S. National
Institutes of Health (NIH Publication No. 85-23, re-
vised 1996).

Induction of the ARON] Mouse Model

The ARON]J mouse model was induced as described
previously [27, 28]. Briefly, BP and/or CY (150 mg/kg
twice a week, i.p.) were administered 3 weeks prior to
tooth extraction. Mice were anesthetized with a mixture
of medetomidine hydrochloride (Domitor; Kyoritsu
Seiyaku Corp., Tokyo, Japan), midazolam (Sandoz
K.K., Tokyo, Japan), and butorphanol (Meiji Animal
Health Co., Kumamoto, Japan) [29], and the maxillary
first molar on the left side was extracted under a
microscope. After extraction, BP (0.05 mg/kg twice a
week, s.c) and/or CY (150 mg/kg once a week, ip.)
were administered. The maxilla was harvested en bloc
at 1, 3, 7, or 14 days after tooth extraction. Untreated
mice who had a tooth extracted (Extraction) were used
as controls.

Macroscopic Photography of Tooth Extraction
Sites

Macroscopic photographs of tooth extraction sites
were taken 0, 1, 3, 7, and 14 days after extraction
using Leica S9D and MC170HD (Leica, Wetzlar,
Germany). Macroscopic images were evaluated with
Image] 1.49 (National Institutes of Health, Bethesda,
MD, USA) to calculate the open wound area [30].

Micro-CT of Tooth Extraction Sites

Harvested maxillae fixed overnight in 4%
paraformaldehyde (Fujifilm Wako Pure Chemical
Corp., Osaka, Japan) were analyzed via micro-CT
imaging before decalcification. Micro-CT analysis
was performed using a scanner at 70 kV and 130
mA (InspeXio; Shimadzu Science East Corp., Tokyo,
Japan). Three-dimensional (3D) images were recon-
structed with TRI/3D-BON (Ratoc Systems, Osaka,
Japan). Total volume (TV), bone volume (BV), and
bone mineral density (BMD) of ectopically mineralized

components in extraction sites were calculated.

Histological Examination of Tooth Extraction Sites
and Bone Marrow Cavities

Harvested maxillae were fixed overnight in 4%
paraformaldehyde, and decalcified for 4 weeks
with 10% EDTA (Dojindo Laboratories Co., Ltd.,
Kumamoto, Japan), which was replaced twice a week.
After decalcification, the samples were embedded
in paraffin and cut into coronal sections at the me-
sial side of the extraction site (5 um thick) using a
microtome (RM2265; Leica). Sections were stained
with hematoxylin & eosin (H&E) (Sakura Finetek
Japan Co., Ltd., Tokyo, Japan), tartrate-resistant acid
phosphatase (TRAP) (Fujifilm Wako Pure Chemical
Corp.), Masson’s trichrome (Muto Pure Chemicals Co.,
Ltd., Tokyo, Japan) and picro-sirius red (Muto Pure
Chemicals). They were also immunostained with anti-
bodies against CD31 (1 : 100; Abcam, Cambridge, MA,
USA), periostin (1 : 100; Abcam), or leptin receptor (1
: 2000; R&D Systems, Minneapolis, MN, USA). Then,
secondary antibodies were applied, and the sections
were washed three times for 2 min each time. The
sections were developed in diaminobenzidine (DAB)
(Vector Laboratories, Burlingame, CA, USA). Images
were taken under an optical microscope (DP 70;
Olympus, Tokyo, Japan). The percentage of empty la-
cunae, vascularization, and the shape of bone marrow
cells in H&E-stained specimens were calculated using
Image] 1.49 (National Institutes of Health).

Statistical analysis

Statistical analyses were performed using EZR
software (Saitama Medical Center, Hidaka, Japan)
[31]. The results are expressed as the mean + standard
deviation (SD). The ¢ test or Mann-Whitney U test were
used for comparison of two variables, and differences
among groups were analyzed by one-way analysis of
variance (ANOVA) followed by a post hoc Tukey test.
In all analyses, P < 0.05 was taken to indicate statistical
significance.

RESULTS

Inhibition of Oral Mucosal Healing in the ARONJ
Model

Figure 1A shows the time course for the creation
of the ARON]J mouse model. We first evaluated the
effects of BP and CY on mucosal healing after tooth
extraction. In the Extraction (control) group, the oral
mucosa of the extraction socket showed bleeding
immediately after extraction, granulation on day
1, epithelial tissue formation on days 3 and 7, and
almost complete bone coverage on day 14 (Fig. 1).
The Extraction + BP and Extraction + BP + CY groups
showed no changes compared to the Extraction control
group immediately after tooth extraction, but food
residue was noticeable on day 1 after extraction, and
obvious alveolar bone exposure was observed from
day 3 after extraction. Epithelialization was gradually
observed on day 7, and on day 14, the extraction
fossa was almost completely covered with epithelium,
as in the Extraction control group. Quantitative
evaluation of the open wound area showed no sig-
nificant differences among the three groups on day
1 after tooth extraction. However, on days 3 and 7,
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BP (0.05 mg/kg twice a week, s.c.) and/or CY (150 mg/kg twice a week, i.p.) were administered for 3 weeks prior

and 2 weeks after tooth extraction.

(B) Representative macroscopic photographs of the experimental site before and after tooth extraction.
Representative macroscopic photographs from three groups (Extraction, Extraction + BP, Extraction + BP + CY)
of the tooth extraction site were taken on days 0, 3, 7, and 14 after tooth extraction. Blue arrowheads show tooth
extraction site. Red arrowheads show exposed bone. Scale, 1 mm.

(C) Open wound area of tooth extraction site on days 1, 3, 7, and 14 days after tooth extraction. *P < 0.01,

P < 0.001.

the Extraction + BP and Extraction + BP + CY groups
showed significantly larger open wound areas than the
Extraction group, indicating delayed healing of the
oral mucosa. The open wound area was larger in the
Extraction + BP + CY group than in the Extraction + BP
group on days 3 and 7, but the differences were not
significant. There were no differences in the area of
exposed bone among the three groups on day 14 after
tooth extraction (Fig. 1C).

Impaired Healing of Extraction Fossa in the
ARON]J Model
Next, we examined the effects of drug adminis-

tration on the alveolar bone after tooth extraction.
In micro-CT of horizontal and coronal sections, the
Extraction and Extraction + BP groups showed opaci-
ties in the extraction fossa suggesting osteoneogenesis
(Fig. 2A), while the Extraction + BP + CY group did
not. In addition, the Extraction group showed spongy
bone permeation in the alveolar bone between the
extraction fossae, while the Extraction + BP and
Extraction + BP + CY groups showed less spongy bone
permeation and osteosclerosis. Quantitative evaluation
showed that there was almost no osteoneogenesis
in the extraction fossa in the Extraction + BP + CY
group. Some osteoneogenesis was observed in the
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(A) Micro-CT imaging at tooth extraction site.

Micro-CT images from three groups (Extraction, Extraction + BP, Extraction + BP + CY) for 3D imaging are shown
in the left column, with horizontal sections in the middle column and coronal sections in the right column. Micro-
CT images were taken on day 7 after tooth extraction. Yellow arrowheads show the new bone in the extraction site,
and red arrowheads show the bone marrow cavity-like lesion.

(B) Quantification of bone volume and bone mineral density at the tooth extraction site.

Ratio of new bone volume (BV)/total volume (TV) and bone mineral density (BMD) of tooth extraction site.
*P < 0.05, **P < 0.001.

(C) Histological examination after tooth extraction.

Histological examination was performed on day 7 after tooth extraction. Immunohistochemical images from three
groups (Extraction, Extraction + BP, Extraction + BP + CY). H&E staining in the first and second column (images
in the left column are higher magnification view of those in the right column), Masson’s trichrome staining in the
third column, and picro-sirius red staining in the fourth column. Dotted lines show the extraction socket area in
alveolar bone. Yellow arrowheads show the new bone in the extraction site. Green arrowheads show the empty la-
cunae. Red arrowheads show the collagen fiber in the tooth extraction site. Black arrowheads show collagen in the
tooth extraction site.

(D) Quantitative evaluation of new bone area and the ratio of empty lacunae.

New bone area (left) and ratio of empty lacunae (right) were quantified in histological sections stained with H&E.
*P < 0.05, **P < 0.001.
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Fig. 3 (A) TRAP staining and immunohistochemistry for CD31, periostin, and leptin receptor at the tooth extraction site.
The maxillae harvested on day 7 after tooth extraction were analyzed by TRAP staining, and other histological
examinations were performed on maxillae harvested on day 3. TRAP staining and immunohistochemical images
from three groups (Extraction, Extraction + BP, Extraction + BP + CY): first column, TRAP staining (X100); sec-
ond column, TRAP staining (X400); third column, CD31 staining; fourth column, periostin staining; and fifth
column, staining for leptin receptor. Black arrowheads show TRAP-positive round multinucleated cells floating

around the surface of new bone.

Extraction + BP groups, but it was significantly reduced
compared to the Extraction control group. There were
no differences in BMD of newly generated bone itself
between the Extraction and Extraction + BP groups,
indicating that the bone quality was comparable in the
two groups (Fig. 2B). The boundary of the extraction
fossa was somewhat unclear in H&E-stained sections
in both the Extraction and Extraction + BP groups (Fig.
2C), and new bone-like tissue was observed within the
extraction fossa. However, in the Extraction + BP + CY
group, the extraction fossa boundaries were clear and
the root morphology remained intact, with no new
bone-like tissue observed. The area of new bone-like
tissue in the extraction socket was quantified, and
as in micro-CT, almost no new bone was observed
in the Extraction + BP + CY group; the levels were
significantly lower in the Extraction + BP group than
in the control group (Fig. 2D). In the alveolar bone
adjacent to the extraction socket, numerous empty
lacunae were observed in the Extraction + BP and
Extraction + BP + CY groups (Fig. 2C). In quantitative
evaluations, the percentage of empty lacunae to all the
lacunae in the alveolar bone around the extraction
socket was significantly higher in the Extraction + BP
and Extraction + BP + CY groups compared to the
Extraction control group, and was also predominantly
higher in the Extraction + BP + CY group than the
Extraction + BP group (Fig. 2D). Masson’s trichrome
staining showed collagen fibers in the extraction fossa
in the Extraction and Extraction + BP groups but not
in the Extraction + BP + CY group (Fig. 2C). Continuity
of the epithelium directly above the extraction fossa
was maintained in all groups. Picro-sirius red staining
revealed collagenous tissue in the extraction fossa in
the Extraction and Extraction + BP groups but not
in the Extraction + BP + CY group. Therefore, it was
possible to create an ARON]J-like condition by tooth

extraction and administration of BP or BP + CY.

Impaired Cell Mobilization and Angiogenesis in the
ARON] Model

The effects of drug administration on osteo-
clasts, osteoblast progenitor cells, and blood vessels
were examined in the ARON]J model. In TRAP
staining, TRAP-positive cells were less obvious in
the Extraction + BP + CY group compared to the
other groups (Fig. 3). In addition, TRAP-positive
cells that did not adhere to the bone surface but
rather were detached from it were often observed
in the Extraction + BP and Extraction + BP + CY
groups (Fig. 3). In immunostaining for CD31, the
Extraction + BP + CY group showed fewer CD31-
positive cells, especially in the deep part of extraction
fossa, although the differences between groups were
not obvious (Fig. 3). Periostin immunostaining also
showed a trend toward fewer positive cells in the
extraction fossa in the Extraction + BP + CY group
compared to the other groups, although the differences
were not obvious (Fig. 3). Leptin receptor immunos-
taining showed a large number of positive cells in the
extraction fossa in the Extraction group, with fewer in
the Extraction + BP and Extraction + BP + CY groups
(Fig. 3). These results suggest that both angiogene-
sis and mobilization of mesenchymal cells (MSCs)
and osteoclast progenitor cells were inhibited in the
Extraction + BP + CY group.

Angiogenesis in Extraction Socket Healing and its
Impairment in the ARON] Model

During the healing process of the extraction sock-
et, sparse tissue was observed on day 1 after tooth
extraction in the Extraction group, but vascular-like
structures were observed from day 3, and new bone-
like tissue was observed along with vascular-like
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(A) Representative images of the tooth extraction site with H&E staining on days 1, 3, and 7 after tooth extraction
in the Extraction group.

Left: H&E staining of extraction site sections from the Extraction group on days 1, 3, and 7. Red arrowheads show
neovasculature and blue arrowhead shows new bone. Right: Quantitative analysis of the blood vessels. *P < 0.01,
P < 0.001.

(B) Vessel formation and localization after tooth extraction in the Extraction control group.

Histological examination was performed on day 3 after tooth extraction. The tooth extraction area was divided into
two regions (“deep” in the bottom of the tooth extraction site and “shallow” in the surface of the tooth extraction
site), and the number of vessels in each region was counted. *P < 0.01.

(C) Serial sections of H&E staining after tooth extraction in the Extraction control group.

Histological examination was performed on day 3 after tooth extraction. The vasculature was traced to the maxil-
lary bone marrow next to the extraction site in serial sections. Yellow arrowheads show neovasculature connected
to the bone marrow.

(D) Representative images of tooth extraction site with H&E staining on day 3 after tooth extraction.

Histological examination was performed on day 3 after tooth extraction. Left: H&E staining of histological section.
Right: Quantification of vasculature. *P < 0.01.
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structures on day 7 (Fig. 4A). The vascular structures
were significantly more localized in the deeper than in
the shallower parts of the extraction socket (Fig. 4B).
The vascular structures were mostly in contact with
the surrounding alveolar bone marrow adjacent to the
extraction fossa (Fig. 4C). There were significantly few-
er such vascular structures in the Extraction + BP + CY
group than in the Extraction group (Fig. 4D). These
results suggest that drug administration impaired neo-
vascularization to the bone marrow, which may be a
reason for the inhibition of cell mobilization suggested
by the observations shown in Fig. 3.

Changes in the Bone Marrow of the ARON] Model

Finally, we examined the number of cells in the ad-
jacent bone marrow, which is assumed to be the source
of cells mobilized after tooth extraction. Fig. 5A shows
the bone marrow cavity and bone marrow cells adja-
cent to the tooth extraction socket. There tended to be
fewer bone marrow cells in the Extraction + BP + CY
group than in the Extraction group. Next, the bone
marrow cavity area and the number of cells were
quantified. We defined round cells as hematopoietic
cells and spindle-shaped cells as MSCs, as described
previously [32], and counted the numbers of these
cells. There were no significant differences in bone
marrow cavity area between groups (Fig. 5B). However,
the round cell/area ratio was significantly lower in
the Extraction + BP + CY group than in the Extraction
group on days 1, 3, and 7 after tooth extraction (Fig.
5C). The spindle cell/area ratio was not significantly
different on day 1 after tooth extraction, but was
significantly lower in the Extraction + BP + CY group
on days 3 and 7 after tooth extraction compared to the
Extraction control group, and the difference tended to
be smaller than that in the round cell/area ratio (Fig.
5C, D). The spindle cell/round cell ratio was signifi-
cantly higher in the Extraction + BP + CY group on day
1 after tooth extraction than in the Extraction group,
but no differences were observed on days 3 and 7 after
tooth extraction (Fig. 5E, F). These results confirmed
that the number of cells was also reduced in the bone
marrow cavity itself.

DISCUSSION

Several mouse models have been used to analyze
the mechanism of ARON]J. BP alone was administered
in some studies [18, 33], while many others used BPs
in combination with steroids [34] or anticancer drugs
[35]. Some protocols adopted various other conditions,
such as using ovariectomy-induced osteoporosis [36],
immunodeficiency [37], and rheumatoid arthritis [38].
In addition, other environmental factors, such as oral
hygiene [39] and the scar healing process [40], are
also important for the development of ARON]J. This
study was performed using protocols involving the
administration of BP alone or in combination with
CY. Pharmacologically, BP inhibits osteoclast function
via the mevalonic acid pathway, leading to apoptosis
[17, 41, 42]. Osteoclasts impaired by BP administration
are round in shape and do not attach to the surface
of the bone [43], which was also observed in our two
experimental groups prepared using BP alone and
BP + CY. However, the extents of impairment in the
healing of mucosa and bone were more severe in the

Extraction + BP + CY group than the Extraction +BP
group. As the Extraction + BP + CY group was treated
with both antiresorptive therapy and an immune
modulator fulfilling the American Association of Oral
and Maxillofacial Surgeons (AAOMS) definition of
medication-related osteonecrosis of the jaw (MRON])
[3], it may be more suitable as a model for ARON]
compared to Extraction + BP. MSCs play a major role
in wound healing and normal wound healing of
extraction fossa, and recovery of ARON]J has been re-
ported following systemic and local administration of
MSCs in a mouse model [44, 45]. In this experiment,
the leptin receptor expression level, an MSC marker in
the skull, tended to be lower in the Extraction + BP and
Extraction + BP + CY groups than in the Extraction
control group, and the amount of new bone in the
extraction fossa was significantly lower in both groups.
These observations suggest an association between
MSCs and wound healing in the extraction fossa. Cells
including MSCs in the wound are generally transport-
ed by neovascular vessels. Although the relationship
between impairment of angiogenesis and ARON]J has
been reported [46], most previous studies regarding
ARON] examined the changes at 2-4 weeks after
extraction when the vasculature has already formed.
We collected the jawbone within a relatively short time
after tooth extraction and examined angiogenesis histo-
logically. In this ARON]J model, histological evaluation
revealed that angiogenesis was inhibited as early as 3
days after extraction. To the best of our knowledge,
there have been no reports regarding the origin of
these new vessels. To determine whether the neovas-
cularization in the extraction fossa originated from
the gingival side (periodontal ligament) or the bone
marrow, we examined the localization and number
of new vessels in the extraction fossa, and found that
the vascular structures were predominantly present in
the deeper part of the extraction fossa. These observa-
tions suggest that there was more neovascularization
from the bone marrow than from the gingival side
(periodontal ligament). Furthermore, according to the
examination of the origin of the neovascularization in
serial sections of the same area, traffic was confirmed
within the bone marrow and the healing area of the
extraction socket in the jawbone. This suggests that
there is a close relationship between the neovascular
vessels and the bone marrow adjacent to the extraction
fossa. Given the suggested relationship between the ex-
traction fossa and the bone marrow, we next evaluated
the jaw bone marrow adjacent to the extraction fossa.
MSCs are resistant to chemotherapeutic agents, such as
methotrexate (MTX) and EN, while hematopoietic cells
are not [47]. Hematopoietic cells are generally round,
while MSCs are spindle-shaped [32]. Population assess-
ment of cells in the bone marrow near the extraction
fossa showed that the Extraction + BP + CY group had
a reduced number of bone marrow hematopoietic cells.
On the other hand, MSCs tended to be less affected
by these drugs than bone marrow hematopoietic cells.
MSCs showed no significant difference on day 1 but
were significantly decreased on days 3 and 7. This may
have been because MSCs are resistant to CY, so their
number decreased relatively slowly compared to hema-
topoietic cells. These results suggest that BP-induced
osteonecrosis is localized to the jawbone because the
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(A) Representative H&E staining images of maxillary bone marrow close to tooth extraction site.

Representative H&E staining images of maxillary bone marrow close to the tooth extraction site were taken on
days 1, 3, and 7 after tooth extraction.

(B) Area of the bone marrow cavity in the extraction site.

Quantification of the area of bone marrow cavities in the Extraction group and Extraction + BP + CY group.

(C) Number of round cells/bone marrow cavity area ratio in the extraction site.

Quantification of the number of round cells bone marrow cavity area ratio for the Extraction group and
Extraction + BP + CY group on days 1, 3, and 7 after tooth extraction. *P < 0.01, and **P < 0.001.

(D) Number of spindle cells/bone marrow cavity area ratio in the extraction site.

Quantification of the number of spindle cells/bone marrow cavity area ratio for the Extraction group and
Extraction + BP + CY group on days 3 and 7 after tooth extraction. *P < 0.05, **P < 0.01.

(E) Number of spindle cells/round cells ratio in the extraction site.

Quantification of the number of spindle cells/round cells ratio for the Extraction group and Extraction + BP + CY
group on days 1, 3, and 7 after tooth extraction. *P < 0.05.

(F) Time course of changes in spindle cells/round cells ratio in the extraction site.

Plot showing the number of spindle cells/round cells ratio.
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wound after tooth extraction is close to the bone mar-
row, and that local bone marrow MSCs are mobilized
into the extraction fossa, whereas circulating bone
marrow cells are mobilized into wounds in other ex-
tremities. During the healing process of the extraction
fossa, angiogenesis occurred in contact with the bone
marrow, which was suppressed by drug administra-
tion. The number of cells in the bone marrow itself
was also reduced by Extraction + BP + CY. Therefore,
inhibition of both bone marrow cell mobilization and
the angiogenesis necessary for their mobilization may
be involved in the pathogenesis of ARON].

This study had some limitations. First, this was an
in vivo study using a mouse model, so further studies
are required to determine whether these changes also
occur in human ARON] patients. Second, the period
of this study was relatively short (up to 14 days), so fur-
ther studies to explore the long-term changes induced
by the combination of extraction plus BP + CY are re-
quired. Third, treatments to induce neovascularization
and bone marrow transplantation in these model mice
are needed to confirm our hypothesis that both inhibi-
tion of angiogenesis and suppression of bone marrow
cell mobilization are involved in the pathogenesis of
ARON].

In conclusion, our results suggest that changes in
the bone marrow as well as impairment of neovas-
cularization connecting the bone marrow underlie
the pathogenesis of ARON]J. Restoration of jawbone
marrow status and vascularization may be useful as a
preventive and therapeutic approach for ARON].
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