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CA, 90095, USA

Abstract

Osteonecrosis of the Jaw (ONJ), a rare, but potentially severe side effect of anti-resorptive
medications, presents as exposed bone in the maxillofacial region lasting for at least 8 weeks.
While clinical experience and animal models concur in finding that systemic antiresorptive
treatment in conjunction with local risk factors, such as tooth extraction or dental disease may lead
to ONJ development, the subclinical molecular changes that precede bone exposure remain poorly
understood. The identification of these changes is not only important in understanding disease
pathophysiology, but could provide potential for treatment development. Here, we evaluated the
early stages of ONJ utilizing a model of experimental periodontitis (EP) in mice treated with two
different types of antiresorptives, targeting potential changes in vasculature, hypoxia, oxidative
stress, and apoptosis. Antiresorptive treatment in animals with EP increased levels of empty
osteocytic lacunae and increased ONJ prevalence compared to Veh animals. The arteriole and
venule network seen around EP areas was diminished in animals treated with antiresorptives.
Higher levels of vascular endothelial growth factor A (VEGF -A) and vascular cell adhesion
protein-1 (VCAM-1) were observed 1-week following EP in treated animals. Finally, levels of
hypoxia, oxidative stress, and apoptosis remained high in antiresorptive treated animals with EP
through the duration of the experiment. Together, our data point to subclinical vasculature
organizational disturbances that subsequently affect levels of hypoxia, oxidative stress, and
apoptosis in the area of developing ONJ.

1. INTRODUCTION

Osteonecrosis of the jaws (ONJ), a potentially severe side effect of anti-resorptive and anti-
angiogenic medications, presents as exposed bone in the maxillofacial region that lasts for
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825-7232, taghaloo@dentistry.ucla.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gkouveris et al.

Page 2

more than eight weeks, in the absence of head and neck radiation therapy [1, 2].
Antiresorptive agents, such as bisphosphonates (BPs) and denosumab (Dmab) are
commonly used for the management of osteoporosis, multiple myeloma, bone metastasis,
and other bone diseases characterized by excessive bone resorption [3, 4]. Although initially
described in 2003, ONJ pathophysiology has not been fully delineated; several hypotheses
implicate suppression of bone resorption, trauma, immune dysfunction, infection/
inflammation or blood supply inhibition [5]. However, the extent of involvement for each
factor remains controversial and none are adequate to explain the full spectrum of ONJ
presentation. While these controversies remain, it is now well-accepted that systemic
antiresorptive therapy combined with local dental risk factors, such as tooth extraction, can
lead to ONJ development [6].

Interestingly, ONJ presentation in patients treated with both BPs and Dmab is similar in
appearance with comparable prevalence rates [1, 7], despite the distinct molecular
mechanisms of action of BPs and Dmab. Thus, inhibition of osteoclastic function appears to
play a central role in ONJ pathogenesis. Nevertheless, how inhibition of bone resorption
leads to defective soft tissue and osseous healing and results in clinical bone exposure
remains unclear [8]. Dental or gingival/periodontal disease increase ONJ risk, while
infection and trauma are also reported as causes for disease initiation [9].

As a result, several reports focus on the role of soft tissue in disease pathophysiology.
Indeed, chronic alendronate therapy affects terminal differentiation, proliferation and
epithelial adhesion of epithelial cells in clinically healthy human oral mucosa [10].
Similarly, BP treatment induces apoptosis of human periodontal fibroblasts and keratinocyte
cell lines with enhanced expression of apoptotic markers [11, 12]. While in-vitro studies
may provide insight on pathogenesis, these cells are removed from their natural
environment, and thus do not mimic physiologic disease states. However, observations have
also been made in the oral mucosa of patients with ONJ lesions. The reduction of vascular
endothelial growth factor type A and angiogenin-1, known regulators of angiogenesis, is a
common observation in patients with ONJ. [13, 14]. In the osseous environment, BPs
suppress angiogenesis following tooth extraction [15]. In addition, microvasculature defects
have been described at the margins of well-established ONJ lesions [16]. Nevertheless, it is
not clear if these changes are the result or the cause of ONJ development.

The sequence of subclinical events and changes that lead to clinical bone exposure is poorly
understood, and has yet to be investigated. While previous studies provide significant insight
on disease pathophysiology, they are observed after established ONJ occurs. Importantly, no
causative association can be made, nor can chronologic changes be assessed. Here, we
hypothesize that vascular changes in the mucosal and osseous environment precede the
development of ONJ in association with antiresorptive treatment.

Our previous studies have shown that combined periodontal or periapical disease and
antiresorptives are sufficient to induce ONJ-like lesions in the absence of tooth extraction
[17, 18]. Taking advantage of this established ONJ animal model, now we studied early
vascular changes in the submucosa around areas of developing ONJ.
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2. MATERIALS AND METHODS

2.1 Animal Care

This experimental protocol was approved by the UCLA institutional animal care and use
committee (IACUC). Animals were kept and treated according to IACUC guidelines.
Throughout the experimental period, mice were housed in plastic cages, fed a soft diet
(Bacon Softies, BioServe, Flemington, NJ, USA), and given water ad libitum. One hundred-
eight 2-month old C57BL/6J male mice (Jackson Laboratories, Bar Harbor, ME, USA) were
randomly assigned, by bodyweight, to receive intraperitoneal (IP) injections of Veh
(endotoxin free saline), 200 ug/kg zoledronic acid (ZA, Z-5744 LKT Laboratories, St. Paul,
MN, USA) twice a week, or 10 mg/kg OPG-Fc (Amgen, Inc, Thousand Oaks, CA, USA)
twice per week. OPG-Fc, an inhibitor of the receptor activator of N F -xB ligand (RANKL),
mimics Dmab function in rodents, and has been effectively and extensively used in animal
studies at this dose [19].

Mice were pre-treated with Veh, ZA, or OPG-Fc for a week. Then, 6-0 silk ligatures were
placed around the right maxillary second molar of all animals to induce Experimental
Periodontitis (EP) of the right maxilla. No ligature was placed around the left maxillary
molarsof any mouse, enabling all left maxillary second molars to establish the left maxillary
periodontium as a non-EP control. Twelve mice per treatment group (12 \eh, 12 ZA, 12
OPG-Fc for a total of 36 mice per time-point) were sacrificed at the first, second and fourth
week following ligation. Treatment continued through the duration of the experiment.
Animals were euthanized via isoflurane overdose, and maxillae containing the right
maxillary molars with EP and the left maxillary molars without EP were dissected, placed in
4% paraformaldehyde for 48 hours and stored in 70% ethanol.

2.2 pCT scanning

Dissected maxillae were imaged by specimen ,CT (11um) utilizing the SkyScan 1172 uCT
scanner (SkyScan, Kontich, Belgium), as described [20, 21]. Volumetric data were converted
to DICOM format and imported in the Dolphin Imaging (Chatsworth, CA, USA) software to
generate 3D images. Multiplanar reconstructed images were obtained, where measures were
made in the sagittal and coronal cross sections. Alveolar bone height (ABH) was assessed by
measuring the distance from the alveolar crest to the Cemento-Enamel Junction (CEJ) at the
mesial and distal aspect of the second molar, as described [17, 21]. All scans were de-
identified and evaluated in random order with investigators being blinded to treatment.

2.3 Histology

Tissues from all time-points were processed simultaneously. Maxillae were decalcified in
14% EDTA for 3 weeks. Samples were paraffin embedded and 5 um-thick cross sections
were at the coronal plane, perpendicular to the mid-palatal suture. Each sample was trimmed
to a standardized location, defined by the presence of the mesial and palatal roots. The first
section was stained with hematoxylin and eosin (H&E), and subsequent sections were used
for immunofluorescence staining, described below. H&E stained slides were digitally
scanned utilizing the Aperio AT automated slide scanner and automated image analysis was
performed using the Aperio Image Scope software (Aperio Technologies, Inc., Vista, CA,
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USA). The area of the alveolar bone, from the alveolar crest to the floor of the nasal cavity
was defined as the region of interest (ROI). The total number of osteocytic lacunae and the
number of empty lacunae were quantified. The number of lacunae evaluated ranged from
100-250. Osteocytes that appeared to have undergone pyknosis, karyorrhexis, or karyolysis,
and those with eosinophilic cytoplasm [22] were counted as empty lacunae. The shortest
distance from the inferior part of the epithelium to the most coronal point of the alveolar
crest was measured on both buccal and palatal sides of the maxilla and was averaged for
each mouse. For prevalence assessment, ONJ was defined as exposed bone, in conjunction
with the clinical definition by the American Association of Oral and Maxillofacial Surgeons
(AAOMS) [2]. All histology and digital imaging was performed at the Translational
Pathology Core Laboratory (TPCL) at the David Geffen School of Medicine at UCLA.

2.4 Immunofluorescence staining analysis

Immunofluorescence staining of tissue sections were probed with rabbit polyclonal
antibodies against a-SMA(ab5694, Abcam, 1:200), 4-HNE (ab46545, Abcam, 1:200),
cleaved caspase-3 (#9661, Cell Signaling, CA, USA, 1:250), rabbit monoclonal antibody
against VEGFA (ab52917, Abcam, 1:200), rat monoclonal antibody against VCAM-1
(FITC-conjugated, ab24853, Abcam, 1:200), mouse monoclonal HIF-1a antibody (Alexa
Fluor® 488-conjugated, sc-13515, Santa Cruz Biotechnology, USA, 1:250) and goat-
polyclonal Endomucin antibody (Santa Cruz Biotechnology, USA, 1:250). a-SMA is an
element of the contractile apparatus in smooth muscle cells, highly expressed in arteries
[23], while expression of the sialoglycoprotein endomucin is localized to venules and
capillaries [24].

After incubation with primary antibody overnight and three washes with PBS/T, the slides
were incubated with the appropriate secondary antibody (AlexaFluor 488 donkey anti-goat
or AlexaFluor 568 goat anti-rabbit, Invitrogen) at room temperature for 1 h. After three
washes with PBS/T, slides were mounted using UltraCruz® Mounting Medium with DAPI
staining to detect nuclei (Santa Cruz Biotechnology, Santa Cruz, CA, USA, sc-24941). As a
negative control to ensure specificity of staining, the omission of the primary antibodies
from the staining procedure was carried out on some samples. Photomicrographs were
obtained using a fluorescence optical microscopy (Mantra, PerkinElmer, USA).

Standardized computer-assisted immunofluorescence quantification was performed using
Image J (NIH). The total area was defined as the area from the ridge of the alveolar crest to
the basal membrane of keratinized epithelium under the ligature and was measured
manually. For total venule and arterial area, the area of each vessel was measured manually
using Image J. For assessment of vessels, positively stained tubular (either a-SMA or
EMCN) formations were selected. The total area was then summed. For the remaining
molecules, the region of interest was selected, a minimal and maximal threshold were set
and total expression was calculated. The autofluorescence of erythrocytes was manually
removed from all quantification. The threshold for positive expression was adjusted for each
antibody and was kept the same for all samples in all groups. All investigators performing
measurements were blinded to the treatment groups and time-points.

Bone. Author manuscript; available in PMC 2020 June 01.
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2.5 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). Statistical differences among Veh, OPG-Fc, and ZA groups at each time
point were analyzed using a one-way ANOVA with Tukey’s post-hoc test. Comparison of
the three time points within each treatment group was performed using a one-way ANOVA
with Tukey’s post-hoc test. A Fisher exact test was used for categorical data.

3. RESULTS

The average initial body weight of all 108 mice was 19.1g + 2.3 (mean * SD). The average
body weight for all mice necropsied at the 1w, 2w, and 4w time points were 20.5g + 1.7,
22.3g + 2.4, and 25.49g + 2.8, respectively. A statistically significant increase in bodyweight
was noted between the initial body weight and 4w time point. However, no differences in
weight were observed among Veh, ZA, or OPG-Fc groups at any time point. For all
measurements reported below, the periodontium around the left maxillary molars, without
EP, were used as controls. No differences in any of the measurements for the left maxillary
periodontium were noted among the Veh, ZA, or OPG-Fc groups; additionally, no changes
were observed in any measurement through the duration of the experiment (Sup. Fig. 1).

3.1 Clinical, uCT and histologic assessment

Clinical photomicrographs showed the presence of the ligature around M2 in all groups.
(Fig. 1B). UCT examination was conducted at the one, two, and four-week necropsy time
points to investigate the effects of EP in Veh, ZA and OPG-Fc treated molars (Four-week
time point is shown on Fig. 1C). In the periodontium around Veh treated EP molars, the
CEJ-Alveolar Crest Distance was significantly increased compared to both ZA and OPG-Fc
treated EP molars. This was observed at all time points (Fig. 1D). ABH increased
significantly in the Veh treated EP periodontium from 1-4 weeks of treatment, while it
remained unchanged in the OPG-Fc and ZA treated EP periodontium (Fig. 1D).

In the ligated areas of Veh treated animals, abundant inflammatory infiltrate and bone
resorption were noted (Fig. 1E). In the ZA and OPG-Fc treated groups, the alveolar crest
retained its height, while extensive inflammatory infiltrate was noted in close proximity to
the alveolar bone (Fig. 1E). In both ZA and OPG-Fc treated EP sites, the epithelium-alveolar
crest distance was decreased significantly, compared to the Veh group (Fig. 1F). Importantly,
a statistically significant increase in the percent of empty osteocytic lacunae around the ZA
and OPG-Fc treated EP molars was observed (Fig. 1G). The total number of osteocytic
lacunae decreased in the Veh, compared to the ZA or OPG-Fc groups (Sup. Fig. 1).
Interestingly, the empty osteocytic lacunae were mostly visible in the coronal portion of the
alveolar bone adjacent to the ligature in the OPG-Fc and ZA groups. In the \eh animals, the
empty lacunae were sparse, distributed through the coronal and apical regions of the alveolar
bone. No empty lacunae were seen in non-EP tissues. A progressive increase in ONJ
prevalence was observed in OPG-Fc or ZA treated animals with EP that was maximal by 4
weeks of treatment (Fig. 1H).

Bone. Author manuscript; available in PMC 2020 June 01.
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3.2 Immunofluorescence analysis of vasculature changes

Investigation of alterations in the vasculature network revealed that in the ZA and OPG-Fc
EP groups, a statistically significant decrease in total arterial area was observed at the 1-
week, 2-week, and 4-week time points. (Fig. 2A-A2, B-B2, C-C2, D). Quantification of
EMCN IF staining revealed that the total venus area was similar in all treatment groups at 1
and 2 weeks; however, at the 4-week time point, the total venous area in the OPG-Fc or ZA
groups was significantly less then Veh treated group of the same time point of the OPG-Fc
or ZA groups of earlier time points (Fig. 3A-2, B-B2, C-C2, D).

To dissect the changes in EMCN and a-SMA, IF analysis of VEGF-A (Fig. 4), a growth
factor with pivotal role in angiogenesis, and VCAM-1 (Fig. 5), a cellular adhesion molecule,
was conducted. Quantification of VEGF-A revealed an increase in VEGF in all treatment
groups at 1-week of treatment, compared to non-EP sites (Fig. 4G). At the 1-week time
point, a statistically significant increase was noted in the ZA and OPG-Fc treated EP
alveolar tissue, in comparison to Veh (Fig. 4A-Al, B-B1, C-C1). By 4-weeks of treatment,
levels in Veh treated EP sites remained similar to the 1 week timepoint; in comparison, ZA
and OPG-Fc EP sites declined significantly, compared to their 1-week and 2-week levels
(Fig. 4AD-D1, E-E1, F-F1, G). Additionally, at the 4 week timepoint, the OPG-Fc and ZA
groups were significantly lower than \eh group (Fig. 4G). A similar trend was observed in
the IF evaluation of VCAM-1. At 1-week following EP, IF levels of VCAM-1 were
increased in all treatment groups, compared to non-EP. A statistically significant increase in
OPG-Fc and ZA EP alveolar tissue was noted compared to Veh EP sites(Fig. 5A-Al, B-B1,
C-C1, G). At 4-weeks of treatment, VCAM-1 levels in veh animals did not change;
however, in the ZA or OPG-Fc treated groups, VCAM-1 esxpression decreased significantly
compared to the Veh group at 4-weeks of treatment, or to the 1 and 2-week time points (Fig.
5D-D1, E-E1, FF1, G).

3.3 Immunofluorescence analysis of oxidative stress, hypoxia, and apoptosis

HIF-1a, a regulator of cellular responses to hypoxia, and 4HNE, a marker of oxidative
stress, were assessed using IF (Fig. 6 and 7, respectively). HIF-1a expression was increased
in all groups compared to healthy, non-EP alveolar tissue. A statistically significant increase
in HIF-1a expression was seen in the ZA and OPG-Fc group, compared to the Veh group, at
1 week of treatment (Fig. 6D). This trend, with high levels of HIF-1a at ZA and OPG-Fc,
continued through the duration of the experiment (Fig. 6D). A similar trend was seen in the
marker, 4HNE, with generally increased levels compared to healthy, non-EP values in all
groups (Fig. 7D). Again, a statistically significant increase was seen in the sites around ZA
and OPG-Fc ligated molars at 1-week, when compared tissue around Veh ligated molars,
which continued through the experiment (Fig. 7D).

Cleaved Caspase-3, a marker of apoptosis, increased in all treatment groups with EP, when
compared to non-EP (Fig. 8D). However, a significant increase was observed in the alveolar
tissue ZA and OPG-Fc molars with EP, when compared to sites around Veh molars with EP,
at 1-week. By 4-weeks of treatment, cleaned caspase-3 had increased, and reached peak
levels in ZA and OPG-Fc treated groups, while remaining steady in the Veh group (Fig. 8D).

Bone. Author manuscript; available in PMC 2020 June 01.
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4. DISCUSSION

ONJ is a significant complication of antiresorptive medications that are used to treat bone
diseases characterized by excessive bone resorption. Since its initial appearance in literature,
significant strides have been made in disease understanding. Systemic and local risk factors
known to exacerbate ONJ development have been identified [1, 25, 26]. Indeed, tooth
extraction is the most common instigating factor in ONJ development in humans taking anti-
resorptives [1, 27]. Animal models have used tooth extraction to capture several of the
characteristics of ONJ in various experimental settings [15, 28-30]. In addition to tooth
extraction, we and others, have used experimental periodontal or periapical disease as a local
instigating factor for ONJ development [17, 18, 31].

These animal models, combined with clinical observations, point to the pathogenic role of
dental disease in ONJ pathophysiology. Not utilizing tooth extraction, avoids disruption of
soft tissue integrity that complicates the environment of mucosal and osseous healing, thus
allowing the investigation of subclinical events in the process of ONJ development. With this
in mind, here, we used an established animal model of experimental periodontitis (EP) in
combination with high dose antiresorptives to study early cellular and molecular responses
of periodontal tissues in control vs. treated animals. We utilized the bisphosphonate ZA and
the RANKL inhibitor OPG-Fc, as two different classes of antiresorptives with distinct
molecular mechanisms, to detect changes due to inhibition of resorption rather than a
specific response to either of the two agents.

To confirm the presence of developing ONJ, we performed histologic analysis to evaluate
the presence of empty osteocytic lacunae. In the absence of EP, ABH remained similar in
Veh, OPG-Fc, and ZA groups. In addition, the absence of inflammatory infiltrate or empty
osteocytic lacunae in all groups was observed (data not shown). In the Veh group with EP, an
inflammatory infiltrate was observed around the ligated area with a loss of ABH with very
few empty osteocytic lacunae and fewer total lacunae than in OPG-Fc and ZA groups. This
is in strong contrast to the OPG-Fc and ZA treated animals, where empty osteocytic lacunae
were observed in the coronal portions of the retained alveolar bone. These findings indicate
that antiresorptives did not cause diffuse osteonecrosis throughout the alveolar bone, but
raises the possibility that inflammation or infection caused necrosis of bone tissue that could
then not be resorbed due to action of the anti-resorptive agent. This confirms our previous
findings, where necrotic areas were localized at the alveolar crest in mice with experimental
periapical disease [18].

We then explored changes in the vasculature network by identifying arteries (a-SMA) and
veins (EMCN) around areas of EP. Indeed, as early as one week following disease initiation
and extending for the duration of the experiment, a significant decrease in total arterial area
in both ZA and OPG-Fc treated animals was observed. This decrease in arterial area was
accompanied by a decrease in total venous area that became apparent by 4 weeks of
treatment. These observations show a vascular disparity in the EP sites with an overall
decrease in vascularity during antiresorptive treatment. Interestingly, similar observations
have been made in patients with ONJ, where narrow, hypo-vascularized spaces are observed
around mucosal margins of ONJ lesions [16]. The fact that these patient findings are

Bone. Author manuscript; available in PMC 2020 June 01.
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observed in established ONJ lesions, while our studies were done at early time points
suggests that vascular changes could be a constant feature of ONJ lesions from the initial
stages to the final clinical presentation.

Following these findings, we wanted to explore potential responses of the periodontal tissues
to the reduced vasculature. We first assessed levels of hypoxia-inducible factor 1-alpha
(HIF-1a) expression. HIF-1a is an inducible transcription factor and the master regulator of
cellular responses to hypoxia [32]. Veh treated animals with EP showed a modest increase of
HIF-1a expression. Similar findings have been observed in clinical studies, where higher
levels of HIF-1a expression were noted in periodontitis compared to gingivitis or patients
with healthy gingiva [33]. In ZA or OPG-Fc treated animals with EP, a marked increase in
HIF-1a was noted, as early as 1 week after disease initiation and remained at high levels for
the duration of the experiment. Interestingly, high levels of HIF-1a are observed in the
femoral head of rats during experimentally induced avascular necrosis, suggesting an
involvement of the HIF-1a signaling cascade in the pathophysiological process of ischemic
osteonecrosis [34].

A direct result of HIF-1a induction is the expression vascular endothelial growth factor
(VEGF-A), a growth factor secreted by a variety of cells including PDL fibroblasts [35] and
osteoblasts [36]. VEGF-A in return plays a significant role in multiple endothelial cell
functions including survival, proliferation, migration and tubulogenesis [37]. VEGF-A levels
increased in EP sites compared to healthy, non-EP sites. At 1-week VEGF-A was higher in
OPG-Fc and ZA animals, compared to Veh animals. Interestingly, while VEGF-A levels in
Veh animals remained relatively stable for the duration of the experiment, they declined in
animals on ZA or OPG-Fc, such that they were similar with \eh animals at 2 weeks and
significantly attenuated at 4 weeks of treatment. In agreement with our findings at the early
time point, induction of both HIF-1a and VEGF expression is noted in cartilage cells in rat
and pig models of ischemic femoral head osteonecrosis [34, 38]. The attenuation of VEGF-
A induction at later time points in our experiments, despite the high levels of HIF-1a could
represent a specific response of the alveolar tissues during ONJ progression and reflect a
desensitization of the periodontal tissues to HIF-1a signaling.

VCAM-1 is a cell surface sialoglycoprotein originally identified to be expressed in activated
endothelial cells and mediating adhesion of leukocytes during the inflammation process
[39]. VCAM-1 is expressed in a variety of human tissues and organs, including dendritic
cells, macrophages, cardiac fibroblasts, synoviocytes, as well as in several types of
malignant cells and its expression has been associated with pathophysiological conditions
such as autoimmune disorders, cardiovascular disease, and infections [39-41]. Because
VEGF-A signaling mediates VCAM-1 expression [42, 43], we investigated VCAM-1 levels
in periodontal tissues during EP in animals treated with antiresorptives. VCAM-1 was
induced in control, ZA or OPG-Fc treated animals during the first two time points, with
levels above those seen in healthy, non-EP sites. However, at four weeks, VCAM-1 levels in
animals treated with antiresorptives were significantly lower. This decrease in VCAM-1
expression paralleled the attenuation of VEGF-A expression at the same experimental time
point, and suggested an altered response of the periodontal tissues in the inflammatory
environment of EP during inhibition of bone resorption.

Bone. Author manuscript; available in PMC 2020 June 01.
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Our results indicated the early onset of altered vascularity and hypoxia, and the subsequent
attenuation of signalling cascades associated with neo-angiogenesis and inflammatory
response. To examine potential ramifications of the above responses, we then tested the level
of oxidative stress in the periodontal tissues, by assessing expression levels of 4
hydroxynonenal (4HNE). 4HNE is a byproduct of lipid peroxidation, with known expression
during oxidative stress and implication in oxidative stress induced cell death [44]. We also
tested cell apoptosis by evaluating levels of cleaved-caspase-3 expression. Both 4HNE and
cleaved-caspase-3 were increased in EP vs. healthy sites. However, high levels of 4HNE and
cleaved-caspase-3 expression were noted at all experimental time points in EP sites in
animals treated with both antiresorptives. Interestingly, increased oxidative stress levels
around areas of established ONJ in patients treated with high-dose BPs have been reported
[45, 46]. Our findings are in agreement with these observations and further support that
increased oxidative stress is an early event in the process of ONJ pathogenesis. Additionally,
ZA treatment of gingival fibroblasts and keratinocyte cell lines is followed by induction of
apoptosis and expression of cleaved caspase 3 and 9 [12]. In our studies, both ZA and OPG-
Fc treated animals demonstrated increased cleaved caspase 3 expression, suggesting that
these changes probably are not only due to a potential direct effect of ZA in the epithelial
tissues.

Importantly, throughout our study, changes in marker expression were remarkably similar
between animals treated with ZA or OPG-Fc, despite the distinct molecular mechanism of
action, pharmacokinetics and clearance of these medications. These observations parallel
human and animal studies that report a similar burden of ONJ between bisphosphonates and
RANKL inhibitors [9, 21] and indicate that a central parameter in the distinct response of
the periodontal tissues during ONJ development is inhibition of osteoclastic differentiation
and function.

Our study has certain limitations that need to be considered. The doses of ZA used here
exceed the pharmacologic ZA doses used for control of malignancy. We utilized these higher
ZA doses in an attempt to ensure efficient development of ONJ lesions in the great majority
of the animals. The possibility of an off-target effect of ZA at these supra-pharmacologic
doses cannot be excluded. However, the similarity of our findings with two different
antiresorptive agents with distinct molecular mechanism of action makes this possibility
unlikely. In addition, animals euthanized at early time points were exposed to lower
cumulative amounts of ZA or OPG-Fc. However, the expression levels of various
biomarkers tested in sites of healthy molars remained similar at all time points. If a toxic
effect of the antiresorptives was present, it would be expected that the healthy control sites in
each treatment group would demonstrate variable expression with prolonged treatment.
Nevertheless, studies evaluating lower and clinically relevant doses should be used to
confirm our findings. The use of an anti-angiogenic agent could have provided a positive
control on assessing effects in angiogenesis. Finally, the exact nature of cells expressing the
various biomarkers and their subcellular localization need further exploration.

In conclusion, our data point to the disruption in the vasculature of the periodontal tissues at
sites of EP in antiresorptive-treated animals. These structural changes are accompanied by
altered responses to hypoxia, cell adhesion, oxidative stress and ultimately cell apoptosis.
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Further experimental exploration is required to characterize how these cellular responses at
early stages of disease development evolve to subsequent tissue alterations and ultimately
lead to clinical bone exposure, the hallmark presentation of established ONJ.
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Figure 1: Radiographic and Histologic M easurement of Veh, OPG-Fc, and ZA treated animals.
A) Experimental Timeline. B) Clinical photomicrographs of Veh, OPG-Fc or ZA treated

animals. C) Parasagittal and coronal cross sections and 3-dimensional pCT reconstructions
of Veh, OPGFc or ZA animals at the 4-week time point D) Quantification of the CEJ-
Alveolar Crest Distance for Veh, OPG-Fc, and ZA treated animals, at the 1-week, 2-week,
and 4-week time points. E) Representative coronal H&E images of Veh, OPG-Fc, and ZA
treated animals at the 4 weeks after ligature placement. F) Quantification of the epithelium
to crest distance. G) Quantification of the percent empty osteocytic lacunae. H) ONJ
Prevalence at the 4-week time point. The yellow bar denotes the Epithelium to Alveolar
Crest Distance. Data represents mean value + SEM. **** = statistical significance p<0.0001,
*** = statistical significance p<0.001, ** = statistical significance p<0.01, * = statistical
significance p<0.05. % statistical significance p<0.05 vs 1w. & = statistical significance
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p<0.05 vs 1w and 2w. # = statistical significant vs. 1w. M1= First Molar, M2= Second
Molar, M3= Third Molar. B= Buccal; P=Palatal.
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Figure 2: Alpha-Smooth Muscle Actin lmmunofluorescence Staining of Veh, OPG-Fc, and ZA
treated animals 1 week following Ligature Placement.

A-A2) 20x, 40x, and 100x magnification of alpha-SMA immunofluorescence staining of
Veh treated animals. B-B2) 20x, 40x, and 100x magnification of alpha-SMA
immunofluorescence staining of OPG-Fc treated animals. C-C2) 20x, 40x, and 100x
magnification of alpha-SMA immunofluorescence staining of ZA treated animals. D)
Quantification of the Total Arterial Area/Total area. The white dotted lines outline the bone
and the blue dotted line outlines the ligature. Data represents mean value £ SEM. **** =
statistical significance p<0.0001, *** = statistical significance p<0.001, ** = statistical
significance p<0.01, * = statistical significance p<0.05.
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Figure 3: Endomucin Immunofluorescence Staining of Veh, OPG-Fc, and ZA treated animals4
weeks following Ligature Placement.

A-A2) 20x, 40x, and 100x magnification of EMCN immunofluorescence staining of Veh
treated animals. B-B2) 20x, 40x, and 100x magnification of EMCN immunofluorescence
staining of OPG-Fc treated animals. C-C2) 20x, 40x, and 100x magnification of EMCN
immunofluorescence staining of ZA treated animals. D) Quantification of the Total Venule
Area/Total area. The white dotted lines outline the bone and the blue dotted line outlines the
ligature. Data represents mean value = SEM. **** = statistical significance p<0.0001, *** =
statistical significance p<0.001, ** = statistical significance p<0.01, * = statistical
significance p<0.05. % statistical significance p<0.05 vs 1w. & = statistical significance
p<0.05 vs 1w and 2w. # = statistical significant vs. 1w.
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Figure 4: VEGF I mmunofluorescence Staining of Veh, OPG-Fc, and ZA treated animals1 and 4
weeks following Ligature Placement.
A-A1l) 40x and 100x magnification of VEGF immunofluorescence staining of \eh treated

animals 1 following ligature placement. B-B1) 40x and 100x magnification of VEGF
immunofluorescence staining of OPG-Fc treated animals at the 1 week timepoint. C-C1) 40x
and 100x magnification of VEGF immunofluorescence staining of ZA treated animals after
1 week of experimental periodontitis. D-D1) 40x and 100x magnification of VEGF
immunofluorescence staining of Veh treated animals 4 weeks after ligature placement. E-E1)
40x and 100x magnification of VEGF immunofluorescence staining of OPG-Fc treated
animals at the 4 week timepoint. F-F1) 40x and 100x magnification of VEGF
immunofluorescence staining of ZA treated animals after 4 weeks of experimental
periodontitis. G) Quantification of the VEGF expression. The dotted line represents
expression in the healthy periodontium. The white dotted lines outline the bone and the blue
dotted line outlines the ligature. Data represents mean value + SEM. **** = statistical
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significance p<0.0001, *** = statistical significance p<0.001, ** = statistical significance
p<0.01, * = statistical significance p<0.05. % statistical significance p<0.05 vs 1w. & =
statistical significance p<0.05 vs 1w and 2w. # = statistical significant vs. 1w.
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Figure5: VCAM-1 I mmunofluorescence Staining of Veh, OPG-Fc, and ZA treated animals 1 and
4 weeks following Ligature Placement.
A-A1) 40x and 100x magnification of VCAM-1 immunofluorescence staining of \eh treated

animals 1 week following ligature placement. B-B1) 40x and 100x magnification of
VCAM-1 immunofluorescence staining of OPG-Fc treated animals 1 week following
experimental periodontitis. C-C1) 40x and 100x magnification of VCAM-1
immunofluorescence staining of ZA treated animals at the 1-week time-point. D-D1) 40x
and 100x magnification of VCAM-1 immunofluorescence staining of Veh treated animals 4
weeks after ligature placement. E-E1) 40x and 100x magnification of VCAM-1
immunofluorescence staining of OPG-Fc treated animals 4 weeks following experimental
periodontitis. F-F1) 40x and 100x magnification of VCAM-1 immunofluorescence staining
of ZA treated animals at the 4-week time-point. G) Quantification of the VCAM-1
expression. The dotted line represents expression in the healthy periodontium. The white
dotted lines outline the bone and the blue dotted line outlines the ligature. Data represents
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mean value £ SEM. **** = statistical significance p<0.0001, *** = statistical significance
p<0.001, ** = statistical significance p<0.01, * = statistical significance p<0.05. % statistical
significance p<0.05 vs 1w. & = statistical significance p<0.05 vs 1w and 2w. # = statistical
significant vs. 1w.
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Figure 6: HIF-1a Immunofluorescence Staining of Veh, OPG-Fc, and ZA treated animals 2
weeks following Ligature Placement.

A-A1l) 40x and 100x magnification of HIF-1a staining in \eh treated animals. A2) HIF-1a
and DAPI immunofluorescence stains merged at 100x magnification of Veh treated animals.
B-B1) 40x and 100x magnification of HIF-1a staining in OPG-Fc treated animals. B2)
HIF-1a and DAPI immunofluorescence stains merged at 100x magnification of OPG-Fc
treated animals. C-C1) 40x and 100x magnification of HIF-1a staining in ZA treated
animals. C2) HIF-1a and DAPI immunofluorescence stains merged at 100x magnification of
ZA treated animals. D) Quantification of the HIF-1a expression at all 3 time points. The
dotted line represents expression in the healthy periodontium. The white dotted lines outline
the bone and the blue dotted line outlines the ligature. Data represents mean value £ SEM.
**** — statistical significance p<0.0001, *** = statistical significance p<0.001, ** =
statistical significance p<0.01, * = statistical significance p<0.05. % statistical significance
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p<0.05 vs 1w. & = statistical significance p<0.05 vs 1w and 2w. # = statistical significant vs.
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Figure 7: 4AHNE I mmunofluorescence Staining of Veh, OPG-Fc, and ZA treated animals 1 week
following Ligature Placement.

A-A1) 40x and 100x magnification of 4HNE staining in Veh treated animals. A2) 4HNE and
DAPI immunofluorescence stains merged at 100x magnification of \eh treated animals. B-
B1) 40x and 100x magnification of 4HNE staining in OPG-Fc treated animals. B2) 4HNE
and DAPI immunofluorescence stains merged at 100x magnification of OPG-Fc treated
animals. C-C1) 40x and 100x magnification of 4HNE staining in ZA treated animals. C2)
4HNE and DAPI immunofluorescence stains merged at 100x magnification of ZA treated
animals. D) Quantification of the 4HNE expression at all 3 time points. The dotted line
represents expression in the healthy periodontium. The white dotted lines outline the bone
and the blue dotted line outlines the ligature. Data represents mean value £ SEM. **** =
statistical significance p<0.0001, *** = statistical significance p<0.001, ** = statistical
significance p<0.01, * = statistical significance p<0.05. % statistical significance p<0.05 vs
1w. & = statistical significance p<0.05 vs 1w and 2w. # = statistical significant vs. 1w.
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Figure 8: Caspase-3 |mmunofluorescence Staining of Veh, OPG-Fc, and ZA treated animals 4
weeks following Ligature Placement.

A-A2) 20x, 40x, and 100x magnification, respectively, of caspase-3 immunofluorescence
staining of Veh treated animals. B-B2) 20x, 40x, and 100x magnification, respectively, of
caspase-3 immunofluorescence staining of OPG-Fc treated animals. C-C2) 20x, 40x, and
100x magnification, respectively, of caspase-3 immunofluorescence staining of ZA treated
animals. D) Quantification of the caspase-3 expression at all 3 time points. The dotted line
represents expression in the healthy periodontium. The white dotted lines outline the bone
and the blue dotted line outlines the ligature. Data represents mean value = SEM. **** =
statistical significance p<0.0001, *** = statistical significance p<0.001, ** = statistical
significance p<0.01, * = statistical significance p<0.05. % statistical significance p<0.05 vs
1w. & = statistical significance p<0.05 vs 1w and 2w. # = statistical significant vs. 1w.
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