UCLA
UCLA Previously Published Works

Title

Spontaneous osteonecrosis of the jaws in the maxilla of mice on antiresorptive treatment: A
novel ONJ mouse model

Permalink
https://escholarship.org/uc/item/3z62d6hf
Authors

de Molon, Rafael Scaf
Cheong, Simon
Bezouglaia, Olga

Publication Date
2014-11-01

DOI
10.1016/j.bone.2014.07.027

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3z62d6hf
https://escholarship.org/uc/item/3z62d6hf#author
https://escholarship.org
http://www.cdlib.org/

1duosnue Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Bone. Author manuscript; available in PMC 2015 November 01.

Published in final edited form as:
Bone. 2014 November ; 68: 11-19. doi:10.1016/j.bone.2014.07.027.

Spontaneous Osteonecrosis of the Jaws in the Maxilla of Mice
on Antiresorptive Treatment: A Novel ONJ Mouse Model

Rafael Scaf de Molon:2*, Simon Cheong?3", Olga Bezouglaial, Sarah M Dry#, Flavia Pirih®,
Joni Augusto Cirelli2, Tara L Aghaloo#, and Sotirios Tetradis!-6#

1Division of Diagnostic and Surgical Sciences, UCLA School of Dentistry, Los Angeles, CA,
90095

2Department of Diagnosis and Surgery, School of Dentistry at Araraquara, Sdo Paulo State
University, Araraquara, 14801-903, Brazil

3Ostrow School of Dentistry, University of Southern California

4Department of Pathology and Laboratory Medicine, David Geffen School of Medicine at UCLA,
Los Angeles, CA, 90095

SDivision of Associated Specialties, UCLA School of Dentistry, Los Angeles, CA, 90095
6Molecular Biology Institute, UCLA, Los Angeles, CA, 90095

Abstract

Although osteonecrosis of the jaws (ONJ), a serious complication of antiresorptive medications,
was reported a decade ago, the exact mechanisms of disease pathophysiology remain elusive.
ONJ-like lesions can be induced in animals after antiresorptive treatment and experimental
interventions such as tooth extraction or periapical or periodontal disease. However, experimental
induction and manipulation of disease progression does not always reflect clinical reality.
Interestingly, naturally occurring maxillofacial abscesses, inducing aggressive inflammation of the
peri-radicular mucosa with significant osteolysis and alveolar bone expansion, have been reported
in mice. Here, we aimed to explore whether osteonecrotic lesions would develop in areas of
maxillary peri-radicular infections, in mice on antiresorptive medications with distinct
pharmacologic action, thus establishing a novel ONJ animal model. Mice were treated with
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RANK-Fc or OPG-Fc that bind to RANKL or with the potent bisphosphonate zoledronic acid
(ZA). Maxillae were assessed radiographically and histologically. uCT imaging of vehicle mice
revealed several maxillae with altered alveolar bone morphology, significant ridge expansion and
large lytic areas. However, in RANK-Fc, OPG-Fc and ZA treated animals the extent of bone loss
was significantly less, but exuberant bone deposition was noted at the ridge periphery. BV and
BV/TV were increased in the diseased site of antiresorptive vs. veh animals. Histologically,
extensive inflammation, bone resorption and marginal gingival epithelium migration were seen in
the diseased site of vehicle animals. Rank-Fc, OPG-Fc and ZA reduced alveolar bone loss,
increased periosteal bone formation, and induced areas of osteonecrosis, and bone exposure that in
many animals covered significant part of the alveolar bone. Collectively, our data demonstrate
ONJ-like lesions at sites of maxillary peri-radicular infection, indistinguishable in mice treated
with RAKL inhibitors vs. zoledronate. This novel mouse model of spontaneous ONJ supports a
central role of osteoclast inhibition and infection/inflammation in ONJ pathogenesis and validates
and complements existing animal models employing experimental interventions.

Keywords
osteonecrosis of the jaw; ONJ; antiresorptives; bisphosphonates; alveolar bone; osteoclasts

1. INTRODUCTION

Osteonecrosis of the jaws (ONJ) is a serious side effect of antiresorptive medications such as
bisphosphonates (BPs) and denosumab that ranges in severity from painless, small areas of
exposed bone to significant bone exposure associated with severe pain, sequestration,
infection, fistula or jaw fracture [1-3]. Although many clinical and animal studies attempt to
characterize features of ONJ, the pathogenetic mechanisms of the disease remain elusive [4—
6].

Osteoclastic inhibition appears central in the disease process since agents that target
osteoclast function, but with distinct pharmacologic properties result in the same clinical
outcome [1, 4-7]. Bisphosphonates and particularly nitrogen-containing ones, such as
zoledronic acid (ZA), pamidronate, and alendronate, inhibit farnesyl diphosphate synthase in
the cholesterol biosynthesis pathyway, which prevents prenylation of small guanosine
triphosphatase (GTPase) signaling proteins [8, 9]. As a result, BPs inhibit functioning
osteoclasts by impairing differentiation, disrupting the cytoskeleton, decreasing intracellular
transport, and inducing apoptosis [9, 10]. In contrast, Denosumab binds directly to the
receptor activator of nuclear factor kappa-B (RANK) ligand (RANKL) to prevent its
interaction with RANK on osteoclasts. This binding inhibits osteoclast formation,
differentiation, and function [11]. Although acting through diverse mechanisms, both BPs
and denosumab show similar prevalence of ONJ in patients with multiple myeloma, breast,
and prostate cancer [12-14].

ONJ occurs mostly after tooth extraction or around teeth with dental disease [15, 16]. Teeth
in adult patients are extracted mainly as a result of unrestorable caries or periodontal disease
[17, 18]. Thus, infection/inflammation due to dental disease appears to be present in most
ONJ cases. Paralleling these clinical observations, animal findings demonstrate ONJ-like
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lesions after experimental interventions such as tooth extraction or periapical or periodontal
disease [19-30]. These interventions are employed to simulate clinical scenaria that
precipitate disease pathogenesis in a controlled and reproducible manner.

Interestingly, naturally occurring maxillofacial abscesses have been described in mice [31].
Hair impaction from grooming enters the oral cavity, and inserts into the gingival sulcus
where bacterial colonization occurs [31-33]. This natural process leads to the development
of reproducible bone disease in C57BL/6 mice, which serves as an interesting contrast to the
experimentally induced dental disease studies in mice and rats [19, 20, 23].

Here capitalizing on the natural occurrence of alveolar lesions, we aimed to explore the
radiographic and histologic changes in the maxillae of mice treated with agents possessing
distinct pharmacologic inhibition of osteoclastic activity. Our data suggest that in this novel
ONJ animal model, naturally occurring peri-radicular infection and antiresorptive treatment
are sufficient to induce osteonecrotic lesions in the mouse maxilla.

2. MATERIALS AND METHODS

2.1 Animal Care

Animals were kept and treated according to guidelines of the UCLA Chancellor’s Animal
Research Committee. Throughout the experimental period, mice were housed in plastic
cages, fed a standard laboratory diet, and given water ad libitum. Seventy-six 4-month old
C57BL/6J male mice (Jackson Laboratories, Bar Harbor, ME, USA) received intraperitoneal
(IP) injections of veh (endotoxin free saline) or 200 pg/kg zoledronic acid (ZA, Z-5744 LKT
laboratories, St. Paul, MN) three times per week or 10 mg/kg mouse RANK-Fc (composed
of the extracellular domain of RANK fused to the Fc portion of 1gG [34], kindly provided by
Amgen, Inc, Thousand Oaks, CA) three times per week, or 10 mg/kg rat OPG-Fc (composed
of the RANKL-binding domains of osteoprotegerin linked to the Fc portion of 1gG [34, 35],
kindly provided by Amgen, Inc, Thousand Oaks, CA) once per week for a total of 12 weeks.
The time and dose of these antiresorptives have been previously shown to induce ONJ-like
lesions in mice with periapical disease [19, 23]. There were 17 veh, 19 ZA, 20 OPG-Fc and
20 RANK-Fc treated animals. At the end of the experiment, animals were sacrificed via
isoflurane overdose, and maxillae were dissected, placed in 4% paraformaldehyde for 48
hours and stored in 70% ethanol.

2.2 uCT Scanning

Dissected maxillae were imaged by uCT scanning (UCT SkyScan 1172; SkyScan, Kontich,
Belgium) utilizing 57 kVp, 184 pA, 0.5 mm aluminum filtration and 10 um resolution. For
linear measurements, volumetric image data were converted to DICOM format and imported
in the Dolphin Imaging software (Chatsworth, CA) to generate 3D and multiplanar
reconstructed images. The periodontal ligament (PDL) space width was measured at the
furcation area of the first molar. The cemento-enamel junction (CEJ) to the alveolar crest
(AC) distance was measured at the distal surface of the first molar. Both measurements were
performed on a sagittal slice through the middle of the furcation area along the mesio-distal
axis of the teeth, as previously described [19]. To assess alveolar bone thickness, axial slices
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were oriented parallel to the occlusal plane and the bone width was measured at the buccal
side of the alveolar ridge at the level of the apical third of the roots.

To measure alveolar bone volume (BV) and tissue volume (TV), a region of interest (ROI)
was delineated from the mesial root of the first molar to the distal root of the third molar,
and from the alveolar crest to the root apices, comprising the entire alveolar bone. The teeth
roots were not included in the ROI. BV and TV were measured utilizing the CtAn software
(CT Analyzer 1.10.1.0 - Skyscan, Kontich, Belgium).

2.3 Histology and TRAP staining

Maxillae were decalcified in 14.5% ethylenediaminetetraacetic acid (EDTA) solution for
three weeks. Samples were paraffin embedded and 5 um-thick cross sections were made
perpendicular to the long axis of the alveolar ridge at the area of maximum radiographic
changes, as assessed by UCT analysis. If no radiographic evidence of disease was present in
either of the sides of the alveolar bone, then sections were made along the distal root of the
first molar. Hematoxylin and eosin (H&E) stained slides were digitally scanned utilizing the
Aperio AT automated slide scanner and the Aperio ImageScope software (Aperio
Technologies, Inc., Vista, CA, USA). The area of the alveolar bone, from the alveolar crest
to the superior border of the alveolar bone and the floor of the nasal cavity was defined as
the region of interest (ROI). All subsequent measurements were made in this area.

Histologic measurements were made as previously described [19]. The distance between the
most apical point of the junctional epithelium to the most coronal point of the alveolar crest
(JE-AC) was measured on the palatal side of the maxilla. Periosteal bone thickness was
assessed by measuring the three greatest areas of palatal or buccal periosteal thickness that
were then averaged. The total number of osteocytic lacunae, the number of empty lacunae,
the surface of total bone area and the surface of osteonecrotic area(s) were quantified. An
area of osteonecrosis was defined as a loss of more than five contiguous osteocytes with
confluent areas of empty lacunae. All histology and digital imaging was performed at the
Translational Pathology Core Laboratory (TPCL) at UCLA.

For enumeration of osteoclasts, tartrate-resistant acid phosphatase (TRAP) staining was
performed from all the groups utilizing the leukocyte acid phosphatase kit (387A-IKT
Sigma Aldrich, St. Louis, MO, USA). Positive cells were identified as multinucleated (=3)
TRAP-positive cells in contact with or very close proximity to the bone surface, in the ROI.

2.4 Statistics

Raw data were analyzed using the GraphPad Prism Software (GraphPad Software, Inc. La
Jolla, CA). Descriptive statistics were used to calculate the mean and the standard error of
the mean (SEM). Data among groups were analyzed using one-way analysis of variance
(ANOVA) followed by the post-hoc Tukey’s test for multiple comparisons. Data between
groups (healthy vs. diseased) were compared using the Student’s t test. Categorical data
(Table 1) were analyzed using the Fisher’s exact test.
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3. RESULTS

UCT imaging of the maxillae revealed many animals with normal alveolar bone architecture,
reflected by a uniform periodontal ligament (PDL) space (Fig 1, thin arrow) and a
continuous thin lamina dura around the roots of the teeth in all treatment groups. However,
several veh treated mice presented altered alveolar bone morphology. Large lytic areas were
noted around the roots and the furcational area of the maxillary molars that in select animals
extended almost to the root apex and surrounded the entire root (Fig 1, arrow). Additionally,
significant superior, buccal and palatal expansion of the alveolar ridge was observed (Fig 1,
arrowheads). Several RANK-Fc, OPG-Fc and ZA treated animals showed similar lytic
lesions to the veh group, although the extent of bone loss was significantly less (Fig 1,
arrows). Substantial periosteal bone apposition was noted at the periphery of the alveolar
ridge that resulted in marked bone expansion (Fig 1, arrowheads). The radiographic
appearance of the alveolar bone was indistinguishable among the RANK-Fc, OPG-Fc or ZA
groups.

To quantify the amount of bone loss in the diseased sites, the distance from the cemento-
enamel junction (CEJ) to the alveolar crest (AC) at the distal surface of the 15t molar was
measured. An increased CEJ-AC distance denotes increased bone loss. Diseased vs. healthy
sites demonstrated statistically significantly increased CEJ-AC distance for all treatment
groups (Fig 2A). Importantly, statistically significantly larger CEJ-AC distance was seen in
the diseased site of veh group compared to the same site in the RANK-Fc, OPG-Fc and ZA
groups (Fig 2A). No difference among the three antiresorptive treated groups was detected.

To evaluate effects on PDL space, the PDL space width was assessed at the furcation of the
first maxillary molars [19, 20, 23]. No differences were seen among the healthy sites in any
of the treatment groups. For all groups, a statistically significant widening of the PDL space
was observed in the diseased vs. healthy sites (Fig. 2B). Diseased sites in veh treated
animals showed a significantly higher increase in PDL space width compared to the
antiresorptive treatment groups (Fig 2B).

To quantify the alveolar bone expansion, the buccal bone thickness at the level of the apical
third of the roots was measured (Fig 2C). A significant expansion of the alveolar bone was
seen at the diseased vs. healthy site in all groups. However, a statistically significantly
greater increase was present in the RANK-Fc, OPG-Fc and ZA vs. veh groups, while no
difference was detected among antiresorptive treated animals (Fig 2C).

To evaluate the overall effects of the maxillary infection and antiresorptive treatment in the
bone architecture, BV, TV and BV/TV of the alveolar ridge were measured (Fig 2D, E, F).
No difference was seen between the healthy vs. diseased sites in veh animals. Healthy
alveolar bone in RANK-Fc, OPG-Fc and ZA showed a similar increase in BV vs. the veh
group. Diseased sites in the antiresorptive treated mice showed an even further increase in
BV, compared to the healthy site of the same animals or the healthy or diseased site of the
veh group (Fig 2, D). TV was similarly increased in the diseased site of all groups (Fig 2E),
reflecting the observed alveolar bone expansion. BV/TV was significantly decreased in the
diseased site of veh group compared to the healthy site of the same animals, but also
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compared to the healthy or diseased site of all antiresorptive treatment groups (Fig 2F). As
expected, antiresorptive vs. veh animals showed increased BV/TV in the healthy sites (Fig
2F). Finally, a small but statistically significant decrease in BV/TV was noted for the
diseased vs. healthy site in each of the RANK-Fc, OPG-Fc and ZA groups (Fig 2F).

After UCT assessment, histologic evaluation of the maxillae was performed (Fig 3). Healthy
sites in all groups showed normal alveolar bone and marginal epithelium (Fig 3, A, B, C, D,
turquoise and red arrows). In vehicle treated animals, an abundant inflammatory infiltrate
(Fig 3E, E’, black arrows) composed of acute (neutrophils) and chronic (lymphocytes)
inflammatory cells was noted. Inflammation was present in both the epithelium and
underlying mucosa. Migration of the marginal epithelium (Fig 3E, E’, red arrows) was
paralleled by marked bone loss (Fig 3E, E’, turquoise arrows) such that the marginal
epithelium distance appeared increased. No histologic evidence of osteonecrosis was seen in
any of the samples. However, new bone formation at the alveolar bone perimeter (Fig 3E, E
’, blue arrows) was present.

Comparable histologic features were present at the diseased site among animals treated with
all three antiresorptive treatments - RANK-Fc (Fig 3F, F’), OPG-Fc (Fig 3G, G’) and ZA
(Fig 3H, H’). Similar to the veh treated animals, abundant mixed (acute and chronic)
inflammatory infiltrate was noted in both the epithelium and soft tissue (Fig 3F, F/, G, G/, H,
H’, black arrows). Bone loss was present compared to healthy sites, but appeared less
compared to the diseased site of the veh treated mice (Fig 3F, F/, G, G/, H, H’, turquoise
arrows). However, marked marginal epithelium migration was noted (Fig 3F, F/, G, G/, H, H
/. red arrows), such that the epithelium to alveolar crest distance was reduced. Areas of
osteonecrosis, with empty osteocytic lacunae, were present in many specimens from the
diseased site of all antiresorptive treated animals (Fig 3F, F/, G, G/, H, H’, yellow arrows).
In several specimens, the necrotic bone was not covered by oral mucosa, but was exposed to
the oral cavity (Fig 3F, F/, G/, green arrows).

Three main patterns of histologic appearance were noted in the diseased site of
antiresorptive treated animals (Fig 4) that were indistinguishable among the antiresorptive
treatment groups (RANK-Fc (Fig 4A, B, C), OPG-Fc (Fig 4D, E, F) or ZA (Fig 4G, H, I).
First, abundant inflammation and periosteal bone formation were present (Fig 4A, D, G,
black and blue arrows). However, no areas of osteonecrosis were detected. Second, in
addition to the inflammatory bone changes, specimens showed areas of osteonecrosis with
empty osteocytic lacunae (Fig 4B, E, H, black, blue and yellow arrows). Epithelial migration
towards the osteonecrotic areas was noted, however, no bone exposure was observed (Fig
4B). The third pattern, in addition to inflammation and osteonecrosis, presented with bone
exposure (Fig 4C, F, 1, black, yellow and green arrows). Significant epithelial migration
along the surface of the necrotic bone to the level of vital bone resulted in significant
exposure of the osteonecrotic areas to the oral cavity (Fig 4C, F, |, red arrows) that included
the palatal alveolar ridge and extended nearly to the midline.

Table 1 summarizes the radiographic and histologic observations of these studies. The
incidence of peri-radicular disease in the various treatment groups ranged from 39.4-58%
with no statistical significant differences detected among the various groups. The diseased
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site of all animals showed alveolar bone expansion, irrelevant of the treatment.
Osteonecrosis and bone exposure were only observed in animals on antiriesorptives.
Interestingly, only 45-71% of the diseased hemimaxillae showed areas of osteonecrosis.
However, from the sites with osteonecrosis, 70-80% presented with bone exposure. No
difference on the incidence of osteonecrosis or bone exposure was detected among RANK-
Fc, OPG-Fc or ZA treated groups.

We then quantified histologic findings and performed comparisons among treatment groups.
A significant increase of the JE-AC distance was noted for the diseased site of the veh
treated group, probably reflecting the significant periradicular bone loss (Fig 5A). In
contrast, antiresorptive treatment reversed the effect on the JE-AC distance that was shorter
in the diseased vs. healthy sites for RANK-Fc, OPG-Fc and ZA treated groups, likely as a
result of junctional epithelium migration, but reduced bone resorption (Fig 5A). Periosteal
thickness significantly increased in the diseased vs. healthy site for all groups. However, this
increase was greater for the RANK-Fc, OPG-Fc or ZA vs. veh treated animals (Fig 5B).

To evaluate the effect of antiresorptives on osteocytes and induction of osteonecrosis, the
number of empty osteocytic lacunae (Fig 5C) and the osteonecrotic surface area (Fig 5D)
were evaluated at the area of the maxillary alveolar ridge. No empty osteocytic lacunae or
areas of osteonecrosis were detected in the healthy or diseased sites of the veh treated mice.
Healthy sites of RANK-Fc, OPG-Fc and ZA treated animals showed a slight increase in the
number of empty osteocytic lacunae that did not reach statistical significance (Fig 5C). In
contrast, significant increase of empty osteocytic lacunae (Fig 5C) and areas of
osteonecrosis (Fig 5D) were present in the diseased site of RANK-Fc, OPG-Fc or ZA treated
mice. A small but significantly higher number of empty osteocytic lacunae was seen in the
diseased site of OPG-Fc vs. ZA treated mice (Fig 5C). However, no difference in
osteonecrotic areas was noted among the three antiresorptive treatments (Fig 5D). The
osteonecrotic areas covered 16.9 %, 22.9 %, and 16.0 % of the ROl and measured 135,479
+/- 31,403, 180,368 +/- 25,106, and 139,440 +/- 39,923 um? for RANK-Fc, OPG-Fc and
ZA groups, respectively.

To evaluate the effect of the antiresorptive treatments on osteoclast numbers, TRAP staining
was performed (Fig 6). Few TRAP+ cells were observed at the healthy site (Fig 6A) and
were significantly increased at the diseased site (Fig 6E) of the veh treated animals. As
expected, RANK-Fc and OPG-Fc treatment nearly abolished osteoclast formation in both
healthy and diseased sites (Fig 6.B, C, F, G) Interestingly, TRAP+ cells that significantly
increased in the diseased site were noted in ZA treated animals (Fig 6D, H). However,
TRAP+ cells in ZA treated animals showed a round shape with pyknotic nuclear
morphology and were detached and at times moved from the bone surface (Fig 61).
Quantification of TRAP staining revealed significant inhibition of osteoclast formation by
RANK-Fc and OPG-Fc treatment compared to control and ZA groups (Fig 6J). No statistical
difference of the TRAP+ cell number between the diseased site of veh vs. ZA treated mice
was found (Fig 61).
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4. DISCUSSION

ONJ occurs mainly after tooth extraction in patients treated with medications that target
osteoclastic function and activity, such as BPs and Denosumab, for the treatment of
neoplastic or metabolic bone disease [2, 36]. Several animal models have utilized tooth
extraction and high-dose BPs to reproduce clinical, radiographic and histologic features of
the human disease [21, 24, 37].

Since the great majority of tooth extractions in adults is due to advanced carious lesions or
periodontal bone loss [17, 18], and given that dental preventive measures reduce the risk for
ONJ [38, 39] and that a significant number of ONJ cases occurs in the absence of tooth
extraction, we have hypothesized that dental disease plays a key role in ONJ pathogenesis
[19, 20, 23]. Indeed, we and others have presented rat and mouse ONJ models in the absence
of tooth extraction but in the presence of aggressive periodontitis or periapical disease in
animals treated with high dose BPs [20, 22, 23, 26] or RANKL inhibitors [19] thus pointing
to a central role of infection/inflammation in ONJ pathophysiology [4-6].

For these ONJ animal models, established models of experimental dental disease were
employed. Advantage of such approaches are the well characterized progression of dental
disease, the localization of dental disease in a split-mouth design providing internal controls,
and the control of onset of dental disease in relation to administration of antiresorptive
medication. However, experimental induction and manipulation of disease progression does
not always reflect clinical reality. To that effect, several ONJ animal models utilize
extraction of healthy teeth [21, 24, 25, 27-30], which are rarely extracted in ONJ patients.
Similarly, ONJ animal models utilizing periodontitis [20, 22, 26] employ experimental
procedures that depict some, but not necessarily all the components of the pathological
process of human periodontal disease [40]. Finally, in ONJ models of antiresorptives and
periapical disease drilling the crown of molars to induce pulpal exposure [22, 26], although
captures the pathophysiologic progression of pulp necrosis and periapical infection does not
reflect the natural pulpal infection through deep carious lesions.

Naturally occurring maxillofacial abscesses have been reported in mice, including the inbred
C57BL/6 strain [31-33]. The mice develop these abscesses from barbering practices
including grooming, plucking, or eating fur or whiskers of cage-mates or oneself [41-43].
C57BL/6 mice are one of the most common rodent strains where barbering, mastication, and
fragmentation of hair, occurs [41, 43]. Here, the foreign body gets into the oral cavity,
pierces the gingival sulcus, and induces dental disease [31]. After hair impaction, bacterial
colonization occurs, and cultures consistently reveal staphylococcus aureus isolated from the
abscesses [31-33]. UCT of these areas demonstrate osteolysis with severe bone loss
surrounding the molar roots and expansion of the alveolar bone [31]. Histologically, severe
inflammatory infiltrate with presence of neutrophils and mononuclear inflammatory cells is
reported [31, 32]. Intrigued by this spontaneous occurrence of peri-radicular infection and
resultant extensive inflammation, we investigated the potential development of ONJ-like
lesions in the maxillae of mice that had been treated with high-dose antiresorptive
medications, thus establishing a novel ONJ animal model. An advantage of this model is the
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natural occurrence or peri-radicular infection/inflammation, without the need of
experimental interventions.

We utilized two classes of antiresorptive agents with distinct pharmacologic actions.
RANK-Fc and OPG-Fc bind and inhibit RANKL function and were used as a surrogate for
Denosumab, since Denosumab recognizes the human but not mouse RANKL [34]. Both
RANK-Fc and OPG-Fc bind RANKL and potently inhibit bone resorption and increase bone
volume in animal models [34, 35]. The second type of antiresorptive was zoledronic acid
(ZA), a potent nitrogen-containing bisphosphonate widely used in the management of bone
malignancy [44]. Utilizing the employed treatment regimens for these antiresorptives, we
have previously reported the successful inhibition of osteoclastic function and development
of ONJ-like lesions in the mandible of mice around mandibular molars with experimental
periapical disease [19, 23].

Similar to published data [31, 32], uCT assessment of the alveolar bone revealed significant
peri-radicular osteolysis and expansion of the buccal and palatal cortices of the alveolar
ridge in several veh treated mice. Antiresorptives attenuated interproximal and furcational
bone loss at and increased overall alveolar bone volume at the diseased sites. These
observations are in agreement with findings around experimental periodontal or periapical
disease in rats or mice [19, 20, 23] and parallel clinical findings that demonstrate diffuse
osteosclerosis with increased trabecular density and thickening of cortical outlines in areas
of ONJ [45].

Histologically, the presence of intense inflammation, significant osteolysis and epithelial
migration was seen in the periodontal tissues of several control (veh treated) mice, similar to
previous reports [31, 32]. Presence of inflammation was also noted on antiresorptive-treated
groups. However, loss of osteocytes and presence of empty osteocytic lacunae consistent
with osteonecrosis were also present in these animals. Presence of osteonecrosis has been
described in animals on antiresorptives after tooth extraction or experimental disease,
emphasizing the resemblance of the spontaneous ONJ-like lesions observed in our studies
with other ONJ-animal models [19-30]. The similar radiographic and histologic disease
presentation between this and other ONJ models [19-30], which parallels findings in ONJ
patients validates such animal models as capturing essential features of disease
pathophysiology that lead to alveolar bone osteonecrosis.

A noteworthy observation in our studies was the great similarity in the radiographic and
histologic findings among the RANK-Fc, OPG-Fc and ZA treated groups, including the
incidence of osteonecrosis and bone exposure. Indeed, to the best of our knowledge, this is
the second report of antiresorptive treatment, other than bisphosphonates, inducing ONJ-like
lesions in an animal model [19] and the first direct comparison of these different
antiresorptive categories. Our findings parallel human data from BP vs. Denosumab treated
patients reporting a similar incidence of ONJ [12-14] and strongly point to a central role of
osteoclastic inhibition in ONJ pathogenesis.

Utilizing this ONJ mouse model, we observed three histologic patterns at sites of disease
that were similar for all three antiresorptives (Fig 4 and Table 1). In the first pattern,
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significant inflammation throughout the alveolar ridge and varying amount of osteolysis
were noted. However, similar to the veh treated group, no osteonecrosis was present. In the
clinical setting, these animals could potentially parallel patients on antiresorptive
medications and jaw inflammation but without any clinical or radiographic signs of ONJ. In
the second pattern, osteonecrotic areas were present within the alveolar bone but were
covered by oral mucosa. This disease appearance appears to parallel Stage 0 ONJ in patients
with bone necrosis, but without clinical bone exposure [2]. Finally, in the third pattern the
necrotic alveolar bone was not covered by oral mucosa but was exposed to the oral
environment. This presentation is in line with the classic manifestation of clinical ONJ with
varying degree of bone exposure and associated infection/inflammation (Stage 1-3 ONJ)
[2]. Our present studies cannot address whether a transition from less towards higher stage
ONJ exists, since we only examined the animals at a single time point. However, clinical
data reporting 50% of patients with stage 0 disease developing clinical ONJ within five
months of initial diagnosis [46], would argue for the progression of the less severe histologic
osteonecrosis without bone exposure to the more severe presentation of bone necrosis and
clinical exposure.

A surprising and interesting finding was the difference on osteonecrosis incidence in this
ONJ mouse model with spontaneous maxillary infection vs. studies utilizing experimental
periapical disease [19, 23], although treatment regimens for various antiresorptives were the
same. In the current study, approximately 50% of the animals with peri-radicular disease
presented with areas of osteonecrosis. In contrast, 88% of ZA [23] or 100% of RANK-Fc or
OPG-Fc [19] treated mice with experimental periapical disease showed osteonecrotic areas
histologically.

A possible explanation for this finding is that maxilla (in the current study) vs. mandible [19,
23] respond different to bone turnover suppression. In contrast to osteoradionecrosis that
almost exclusively localizes to the mandible [47], ONJ appears to affect both jaws with high
frequency. However, even in the case of ONJ the mandible appears to be more frequently
affected, particularly in patients treated with antiresorptives for the treatment of osteoporosis
[2, 48, 49]. The predilection of the mandible for osteonecrosis could be due to the decreased
vascularity, thicker cortical borders and smaller percentage of trabecular bone [50, 51].

A second possible explanation for this observation is the relation of antiresorptive
administration with the disease onset. Maxillary lesions developed spontaneously without
any intervention. Thus, some animals developed maxillary inflammatory lesions prior to,
while others after the commencement of antiresorptives. In contrast, experimental
periodontitis or periapical disease was induced after antiresorptive medications were
administered [19, 20, 23, 26]. Possibly the early stages of infection and resultant
inflammatory response could play a crucial role in the alveolar bone response to turnover
suppression. Such a premise would be significant from a clinical perspective, since it points
to the potential association between antiresorptive administration and time of peri-radicular
infection.

Interesting, although osteonecrosis incidence was lower in the current ONJ model, bone
exposure was mare frequent and extensive compared to published studies [19, 20, 23]. Here,
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nearly 75% of animals with osteonecrosis showed bone exposure that at times involved a
significant part of the maxillary alveolar bone. In contrast, only 28% of animals with
osteonecrosis presented bone exposure that was mostly localized to the marginal
periodontium when experimental periapical disease was induced [19, 23]. The most likely
explanation for these observations is the degree of infection and resultant inflammatory
changes that in the current study extended to the whole alveolus and caused significant
buccal and palatal bone deposition and marked ridge expansion.

Our findings have potentially significant implications for studies on ONJ animal models
utilizing maxillary molar extraction, particularly if the C57BL6 strain of mice were used
[21, 24]. Since in many of these studies animals were pretreated with bisphosphonates prior
to tooth extraction, the possible presence of naturally occurring peri-radicular lesions in
some sites could complicate socket healing and confound ONJ incidence and severity.

In conclusion, our data offer potentially important insights into the mechanisms of ONJ. The
nearly identical radiographic and histologic features of alveolar bone morphology and ONJ-
like appearance between the RANKL inhibitors OPG-Fc and RANK-Fc, and the potent
bisphosphonate ZA parallel clinical findings and strongly indicate a central role of
osteoclasts in ONJ pathophysiology. The reduced incidence of osteonecrosis compared to
previously published reports suggests the significance of the onset of infection/inflammation
in relation to the commencement of antiresorptive treatment, while the increased frequency
and extent of alveolar bone exposure points to the link between the severity of inflammation
and clinical ONJ severity. From a practical point of view, our observations caution the
design and interpretation of experimental findings utilizing interventional approaches, as
they might be compounded by the occurrence of spontaneous ONJ lesions around naturally
occurring maxillary lesions of animals treated with antiresorptives. Finally, this novel model
of spontaneous ONJ validates, compliments and enhances published ONJ models that utilize
tooth extraction or experimental induction of dental disease and strongly supports the central
importance of infection/inflammation in combination with inhibition of osteoclastic function
in ONJ pathogenesis.
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Figure 1.
Radiographic changes of the maxillary alveolar ridge. Representative axial, coronal and

sagittal uCT slices and three-dimensional views of the maxillary molars of healthy (veh) or
diseased site from veh, RANK-Fc, OPG-Fc and ZA treated animals are shown. Thin arrows
point to the lamina dura around the roots of the veh/healthy animals. Thick arrows point to
areas of osteolysis and arrowheads to areas or bone expansion in the diseased site of veh,
RANK-Fc, OPG-Fc and ZA treated mice.
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Quantification of radiographic findings in the healthy and diseased sites of veh, RANK-Fc,
OPG-Fc and ZA treated mice. To quantify amount of bone loss, the distance from the CEJ to
the alveolar bone crest (ABC) was measured at the distal surface of the 15t molar (A) and the
width of the PDL space was measured at the furcation area of the 15t molar (B). To assess
alveolar bone expansion, the thickness of the buccal bone was measured, at the level of the

apical third of the roots (C). To quantify the changes in the b

one architecture, BV (D), TV

(E) and BV/TV (F) was measured at the area of the alveolar ridge. &, statistically

significantly different from healthy veh, diseased RANK-Fc,

diseased OPG-Fc or diseased

ZA, p<0.001. *, statistically significantly different from indicated groups, p < 0.05. #,
statistically significantly different from indicated groups, p < 0.01. $, statistically different
from healthy RANK-Fc, healthy OPG-Fc or healthy ZA, p<0.01. @, statistically
significantly different from diseased RANK-Fc, diseased OPG-Fc or diseased ZA, p<0.01.
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Figure 3.
Histologic examination of the periodontal and alveolar bone area. Healthy site of (A) veh,

(B) RANK-Fc, (C) OPG-Fc, and (D) RANK-Fc treated animals. Diseases site of (E, E) veh,
(F, F) RANK-Fc, (G, G’) OPG-Fc and (H, H’) ZA treated animals. Red arrows point to
marginal gingival epithelium, turquoise arrows to alveolar crest, black arrows to areas of
inflammation, blue arrows to periosteal bone deposition, yellow arrows to osteonecrotic
areas, and green arrows to areas of bone exposure.
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Figure 4.
Three histologic presentations of the diseased site in mice treated with antiresorptives. (A,

B, and C) are RANK-Fc, (D, E, and F) are OPG-Fc and (G, H, and I) are ZA treated
animals. (A, D, G) no osteonecrosis, (B, E, H) presence of osteonecrosis, (C, F, 1) presence
osteonecrosis with bone exposure were noted. Red arrows point to marginal gingival
epithelium, black arrows to areas of inflammation, blue arrows to periosteal bone deposition,
yellow arrows to osteonecrotic areas, and green arrows to areas of bone exposure.
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Figure 5.
Quantification of the histologic findings in the healthy and diseases sites of veh, RANK-Fc,

OPG-Fc and ZA treated animals. (A) The shortest epithelial-crest distance was determined.
If epithelium extended below the level of the alveolar crest, a negative value was assigned to
the measurements. (B) Periosteal thickness, (C) % empty osteocytic lacunae and (D) %
osteonecrotic area. &, statistically significantly different from healthy veh, diseased RANK-
Fc, diseased OPG-Fc or diseased ZA, p<0.001. *, statistically significantly different from
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indicated groups, p < 0.05. #, statistically significantly different from indicated groups, p <
0.01.
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Figure 6.
RAP staining on histologic sections from healthy (A, B, C, and D) and diseased sites (E, F,

G and H) from veh, RANK-Fc, OPG-Fc and ZA treated animals respectively. Select TRAP+
multinucleated cells from veh (1) and ZA (J) treated mice. Quantification TRAP+ cells in the
veh, RANK-Fc, OPG-Fc and ZA treated animals (K). *Statistically significantly different, p
< 0.05.
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