UCLA
UCLA Previously Published Works

Title

Rheumatoid Arthritis Exacerbates the Severity of Osteonecrosis of the Jaws (ONJ) in Mice. A
Randomized, Prospective, Controlled Animal Study

Permalink
https://escholarship.org/uc/item/33g0v9m\
Journal

Journal of Bone and Mineral Research, 31(8)

ISSN
0884-0431

Authors

de Molon, Rafael Scaf
Hsu, Chingyun
Bezouglaia, Olga

Publication Date
2016-08-01

DOI
10.1002/jbmr.2827

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/33g0v9mv
https://escholarship.org/uc/item/33g0v9mv#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Bone Miner Res. Author manuscript; available in PMC 2017 August 01.

-, HHS Public Access
«

Published in final edited form as:
J Bone Miner Res. 2016 August ; 31(8): 1596-1607. doi:10.1002/jbmr.2827.
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animal study
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Abstract

Rheumatoid arthritis (RA), an autoimmune inflammatory disorder, results in persistent synovitis
with severe bone and cartilage destruction. Bisphosphonates (BPs) are often utilized in RA
patients to reduce bone destruction and manage osteoporosis. However, BPs, especially at high
doses, are associated with osteonecrosis of the jaw (ONJ). Here, utilizing previously published
ONJ animal models, we are exploring interactions between RA and ONJ incidence and severity.
DBA1/J-mice were divided in 4 groups: control, zoledronic acid (ZA), collagen induced arthritis
(CIA), and CIA-ZA. Animals were pre-treated with vehicle or ZA. Bovine collagen Il emulsified
in Freund’s adjuvant was injected to induce arthritis (CIA) and the mandibular molar crowns were
drilled to induce periapical disease. Vehicle or ZA treatment continued for 8-weeks. ONJ indices
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were measured by micro-CT and histological examination of maxillae and mandibles. Arthritis
development was assessed by visual scoring of paw swelling, and by micro-CT and histology of
interphalangeal and knee joints. Maxillae and mandibles of control and CIA mice showed bone
loss, PDL space widening, lamina dura loss and cortex thinning. ZA prevented theses changes in
both ZA and CIA-ZA groups. Epithelial to alveolar crest distance was increased in the control and
CIA mice. This distance was preserved in ZA and CIA-ZA animals. Empty osteocytic lacunae and
areas of osteonecrosis were present in ZA and CIA-ZA but more extensively in CIA-ZA animals,
indicating more severe ONJ. CIA and CIA-ZA groups developed severe arthritis in the paws and
knees. Interphalangeal and knee joints of CIA mice showed advanced bone destruction with
cortical erosions and trabecular bone loss, and ZA treatment reduced these effects. Importantly, no
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osteonecrosis was noted adjacent to areas of articular inflammation in CIA-ZA mice. Our data
suggest that ONJ burden was more pronounced in ZA treated CIA mice and that RA could be a
risk factor for ONJ development.

Keywords

Collagen-induced arthritis; rheumatoid arthritis; osteonecrosis of the jaws; bisphosphonates; ONJ;
osteoclasts; antiresorptive

INTRODUCTION

Rheumatoid arthritis (RA), an immunologically driven long-term disorder is characterized
by persistent synovitis, systemic inflammation, and presence of autoantibodies (particularly
to rheumatoid factor and citrullinated peptide), leading to long-term joint damage, chronic
pain, loss of function and disability.(1:2) An exacerbated immune response from the
activation of immune, inflammatory and resident cells is responsible for most of the tissue
damage observed in RA, while osteoclastic activation plays major role in joint
destruction.(34) Several treatments for RA have been developed and include nonsteroidal
anti-inflammatory drugs (NSAIDs), corticosteroids, disease-modifying antirheumatic drugs
(DMARD:Ss), biologic agents (tumor necrosis factor or interleukin inhibitors) and JAK
inhibitors.(1:®) All treatment strategies aim to reduce periarticular inflammation and limit
joint destruction.

A major comorbidity in RA patients is a generalized skeletal BMD reduction and micro
architectural deterioration.(6-8) RA vs. non-RA patients, show a 22.1 % increased incidence
of osteoporosis and 11.4 % BMD reduction, while the overall frequency of osteoporosis and
BMD below the expected age range in RA vs. non-RA subjects was 1.9 and 7.8 times
higher, respectively.©)

Nitrogen-containing bisphosphonates (BPs) strong inhibitors of osteoclastic bone resorption,
are widely used to manage bone diseases, such as osteoporosis® or bone malignancy.(})
Many patients with RA are treated with bisphosphonates for managing their osteoporaosis.
Furthermore, the beneficial effects of BPs in the RA mediated focal osteolysis have been
shown.(12-14) Indeed, BPs are among the most frequent prescribed drugs in rheumatologic
practice.(15.16)
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An infrequent but serious adverse effect of BPs is osteonecrosis of the jaw (ONJ) especially
during intravenous high dose administration.(1”) ONJ is defined as an area of exposed bone
or bone that can be probed through an intraoral fistula in the maxillofacial region that does
not heal within 8 weeks in patients exposed to antiresorptive medications and without
history of radiation therapy to the jaws.(18:19) ONJ is most frequently observed after dental
interventions such as tooth extraction, periodontal disease and in patients receiving
corticosteroid treatment.(18.20.21) Recently, the term medication-related ONJ (MRONJ) was
proposed@d) to include ONJ cases related to antiangiogenic therapies.

Despite described in 2004, pathophysiology of ONJ remains largely unknown.(22)
Parameters that increase the risk for ONJ include dose and duration of antiresorptives,
dentoalveolar surgery, concomitant dental disease, corticosteroid and anti-angiogenic
treatment, and diabetes.(23-26) |nterestingly, clinical studies point to an increased incidence
of ONJ in RA patients and suggest that RA may represent a significant risk factor for the
development of ONJ when BPs are administered to manage 0sseous
complications.(8:20.27-29) However, the validity of this conclusion has been questioned, since
almost all patients were receiving steroids, DMARDSs, or a combination of these
immunosuppressive agents that could alone increase ONJ risk.(28) Experimental data that
directly explore the incidence and severity of ONJ in the absence or presence of RA are
lacking.

Here, we employed two previously published ONJ mouse models utilizing either
experimental periapical disease of mandibular teeth or naturally occurring periradicular
inflammation of maxillary teeth (30-33) with a well-established model of collagen-induced
arthritis (CIA) to explore the interplay between RA and ONJ. Our findings indicate that, jaw
osteonecrosis was more extensive in ZA treated CIA mice in both maxilla and mandible,
suggesting that systemic inflammation in RA compounds ONJ severity. ZA reduced bone
resorption and cartilage destruction but not synovial inflammation in the hind paws and knee
joints. Importantly, no osteonecrosis was noted adjacent to areas of articular inflammation in
ZA treated mice with CIA.

MATERIALS AND METHODS

Animal care

Mice and surgical procedures were handled according to the guidelines of the Institutional
Animal Care and Use Committee of UCLA. 10-week old DBA1/J male mice (Jackson
Laboratories, Bar Harbor, ME, USA) were randomly divided into four experimental groups
of 6 animals each: control (vehicle), ZA, CIA and CIA-ZA. Animals were pre-treated with
£.p. injections of endotoxin free saline (vehicle) or 200 ug/kg zoledronic acid (ZA, Z-5744
LKT laboratories, St. Paul, MN) two times per week, for 1 week prior to periapical disease
and CIA induction. The rationale for this 1-week pre-treatment was to induce bone turnover
suppression at the time of dental intervention. Vehicle or ZA treatment continued for 8
additional weeks for a total duration of nine weeks for the experiment. Also, at week 4 of the
experiment, and three weeks after the original injection to induce CIA, a booster injection of
type-I1 collagen in IFA was performed (see bellow). ZA dose was used to increase the
incidence of ONJ-like lesions in mice, as described previously.(39 The protocol followed all
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recommendations of the ARRIVE (Animal Research: Reporting in Vivo Experiments)
guidelines for execution and submission of studies in animals.(34)

Induction of periapical disease

We have established an ONJ mouse model employing experimental periapical disease.(30:33)
To induce periapical disease, the pulp chamber of the right 15t and 2"d mandibular molars
were accessed utilizing a stainless-steel ¥4 size round bur in a high speed handpiece,
avoiding furcal perforation, and the root canals were left exposed to the oral environment for
lesion induction. The crowns of the left 15t and 2"d molars were kept intact.

Spontaneous naturally occurring peri-radicular disease

Naturally and spontaneously occurring peri-radicular disease have been reported in
mice.(35-37) We have observed ONJ like lesions around such lesions in mice treated with
high doses of antiresorptives (1) Such diseased maxillary sites, identified by periradicular
osteolysis and/or periosteal bone formation by uCT imaging, were compared to sites with
healthy dento-alveolar structures, as previously described.(31)

Induction of collagen-induced arthritis (CIA)

CIA was established following precisely previous published protocol.(38) Briefly, bovine
type-I1 collagen (Chondrex 20021; BD Biosciences, San Jose, CA, USA) was dissolved at 4
mg/mL in 0.1 M acetic acid at 4°C. Complete Freund’s adjuvant (CFA) was composed of
incomplete Freund’s adjuvant (IFA) (Sigma Aldrich — F5506) and freshly ground heat-killed
Mycobacterium tuberculosis strain H37Ra (BD Biosciences, San Jose, CA, USA). A 1:1
(v/v) emulsion consisting of collagen (100 pg) and CFA (100 pg of M. tuberculosis) was
prepared. DBA1/J male mice were immunized via intradermal injection with 50 pL of the
emulsion about 1.5 cm distal from the base of the tail, being careful to choose a tissue site
and not a vessel. Three weeks after the primary immunization, a booster injection with 100
ug bovine type-11 collagen in IFA was given in the tail at a site proximal to the first injection,
about 1 cm distal from the tail base.

Clinical assessment of RA

Mice were scored for arthritis every other day from day 21 after the first immunization until
the time of sacrifice using the following criteria: 0 = no joint swelling, 1 = swelling of one
finger joint, 2 = mild swelling of the wrist or ankle, or 3 = severe swelling of the wrist or
ankle, as described.(3%) The scores for all fingers of forepaws and hind paws, wrists and
ankles were totaled for each mouse (with a maximum possible score of 12 for each mouse).

Animal sacrifice and analyses

After 9 weeks of treatment, six animals from the control and experimental groups were
sacrificed via isoflurane overdose. The mandibles, maxillae, tibias, femurs and hind paws
were carefully harvested, and the block samples were fixed in 4% paraformaldehyde for 48
hours and stored in 70% ethanol at room temperature until they were scanned using a uCT
system.
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Micro-computed tomography scanning (LCT scanning)

Maxillae, mandibles, femurs, tibiae and hind paws were scanned using a pCT imaging
system (UCT Skyscan 1172; Skyscan, Kontich, Belgium) as described.(30-33) For linear
measurements, volumetric image data were converted to Digital Imaging and
Communications in Medicine (DICOM) format and imported in the Dolphin Imaging
software (Chatsworth, CA) to generate 3D and multiplanar reconstructed images.

In the mandible, periapical bone loss (the distance from the root apex to the periapical
alveolar bone) was measured at the distal root of the first and the mesial root of the second
molars in a sagittal slice. The lamina dura thickness and the width of the periodontal
ligament (PDL) space were quantified through the middle of the furcation area of the first
molar along the mesial-distal axis of the tooth, in a sagittal slice. The lingual and buccal
bone thickness was measured in an axial slice at the level of the apical third or the root for
the first and second molar comprising the shortest distance from the lingual surface of the
root to the outline of the alveolar ridge. In the maxilla, the cement-enamel junction (CEJ) to
the alveolar bone crest (ABC) distance was measured at the distal surface of the first molar.
The lamina dura thickness, width of the PDL space and lingual bone thickness were measure
in the same manner as in the mandible. All measurements were performed according to
previous studies.(30-33)

Alveolar bone volume (BV), tissue volume (TV) and BV/TV analysis were assessed using
the CTAn software (Skyscan, Kontich, Belgium). A region of interest (ROI) was delimitated
from the root apices to the alveolar crest, and from the mesial root of the first molar to the
distal root of the third molar. Teeth roots and periodontal ligament were excluded from the
ROI.

Analysis in the femurs and tibiae was performed using CTAn on transaxial datasets for the
proximal epiphyseal bone. ROIs of distal femur metaphysis and proximal tibia metaphysis
included the trabecular but excluded the cortical bone. Greyscale thresholds for quantitation
of structural parameters were determined using the thresholding algorithm within CTAn
software. BV, TV, BV/TV, trabecular number (Th.N), trabecular thickness (Th.Th), and
trabecular separation (Th.Sp) were determined.

Histologic analyses

Mandible, maxilla, femur, tibia and hind paws were decalcified in 14.5% EDTA. Samples
were paraffin embedded, 4 um thick serial sections were obtained and stained with
hematoxylin and eosin (H&E). All H&E stained slides were digitally scanned at 20x
magnification using the Aperio AT automated slide scanner. An operator blinded to the
specimen identity performed the histological measurements. Using the ruler tool in Aperio
ImageScope software (Aperio Technologies, Inc., Vista, CA, USA), 1-mm of the alveolar
bone starting from the alveolar crest was identified. This height extended to near the floor of
the maxillary sinus in the maxilla and the mandibular canal in the mandible. For the maxilla,
the region of interest (ROI) from the buccal cortex to the mid-palatal suture, while from the
mandible, the ROI extended from the buccal to the lingual cortices.

J Bone Miner Res. Author manuscript; available in PMC 2017 August 01.
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Epithelium to alveolar crest distance was measured in the palatal side of the maxilla and in
the lingual side of the mandible. To quantify periosteal bone thickness, the ruler tool was
used to measure the three greatest areas of the buccal periosteal thickness that were then
averaged. All the measurements were performed according to published studies.(30:31.33)

Within the ROI, the total number of empty osteocytic lacunae and the osteonecrotic area(s),
defined as a loss of more than five contiguous osteocytes were measured. Lacunae housing
necrotic, karyolitic osteocytes, indicated by eosinophilic stained nuclei, were counted as
empty osteocytes. Lacunae, both empty and containing osteocytes, were counted manually
and the ratio of empty to total lacunae in the ROI was calculated. The Aperio ImageScope
software (Aperio, Vista, CA, USA) has an automated tool, the surface area tool, which was
used to measure the area of osteonecrosis and the total bone area. The % osteonecrotic area
was determined by dividing the surface area of osteonecrosis, as calculated by the software,
by the total bone area, as calculated by the software, and multiplying by 100.

For standard histologic assessment in the knees and paws, sagittal sections (4 um) were
stained with H&E to study synovial inflammation, and to determine cartilage and bone
destruction. Histopathologic changes were scored as described.(49-42) Briefly, infiltration of
cells was scored in a scale of 0-3, depending on the amount of inflammatory cells in the
synovial cavity and synovial tissues (0 = no cells, 1 = mild cellularity, 2 = moderate
cellularity, and 3 = maximal cellularity). Cartilage destruction was distinctly graded on a
scale of 0-3, ranging from the non-appearance of dead chondrocytes (empty lacunae) to a
complete loss of chondrocytes in the cartilage. Bone erosion was scored on a scale of 0 to 5
ranging from no damage to complete bone loss.(49) Histopathologic changes in the knee
joints were scored in the femur/tibia region. For the ankle joint, we scored the calcaneus and
ankle region. Scoring was done in a blinded manner.

To assess osteoclast numbers, sections were stained using the Leukocyte Acid Phosphatase
387-A kit (Sigma-Aldrich, St. Louis, MO, USA). TRAP-positive multinucleated cells
containing 2 or more nuclei were counted in the mandible, maxilla, ankle and knee in a total
of 6 mice per group.

Histology and digital imaging was done at the UCLA Translational Pathology Core
Laboratory.

Analyses were performed on GraphPad Prism Software (GraphPad Software, Inc., La Jolla,
CA). Group measures were expressed as mean and the standard error of the mean (SEM).
Statistical significance was assessed using two-way analysis of variance (ANOVA) followed
by the Bonferroni post-hoc test for multiple comparisons among groups. Data between
groups (healthy vs. diseased) were compared using the Student's t test. Dental disease,
osteonecrosis and bone exposure were also recorded as present or absent. These categorical
data (Table 1) were analyzed using the Fisher's exact test.

J Bone Miner Res. Author manuscript; available in PMC 2017 August 01.
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RESULTS

Radiographic features of ONJ in the maxilla and mandible

UCT of healthy maxillae in all groups showed normal alveolar crest extending just inferior of
the CEJ, around the molar roots with absence of bone expansion and bone loss (Figure 1, A—
D). On the other hand, diseased vehicle and CIA mice demonstrated substantial bone
destruction and loss of crest height increasing the distance between the CEJ to the alveolar
bone, extending almost to the root apex of the 15t molar. Substantial palatal and buccal bone
expansion of the alveolar ridge were also observed (Figure 1, Al and C1). Bone loss was
also present for the ZA and CIA-ZA mice, however the extent of bone loss was significantly
reduced and was associated with extensive areas of new periosteal bone apposition, which
resulted in substantial expansion of the palatal and buccal thickness of the maxillary alveolar
ridge (Figure 1, B1 and D1). Similar findings were observed for the mandible in non-drilled
and drilled sites of all groups (Supplemental Figure 1).

To quantitate bone loss, the CEJ to ABC distance were measured. In the healthy side of all
animals a short CEJ to ABC distance was observed (Figure 2, A-D and E). Significantly
increased distance was observed for vehicle and CIA mice with dental disease, indicating
significant bone loss (Figure 2, A1, C1 and E; white arrows). As expected, in ZA and CIA-
ZA mice this distance was reduced, although CIA-ZA animals showed significantly more
bone loss compared to ZA treated mice (Figure 2, B1, D1 and E). Similar findings were seen
in the mandibles with periapical disease (Supplemental Figure 2, A-D1 and E).

We then quantified the changes in the lamina dura thickness and PDL space width in sagittal
slices, at the furcation area of the 15t molar. In the healthy side of all animals, a uniform
lamina dura thickness and PDL space were observed albeit in mice with antiresorptive
treatment, increased lamina dura thickness was noted (Figure 2, A-D and F-G). In the
diseased site of vehicle and CIA mice, there was significant loss of lamina dura thickness
and significant increase of PDL space width (Figure 2, Al, C1, F and G). ZA and CIA-ZA
treated mice demonstrated increased lamina dura thickness and PDL space preserved.
Statistically significant inhibition of PDL widening was observed for ZA treated mice
compared to other groups (Figure 2, B1, D1, F and G). Comparable results were also noted
in mandibular teeth (Supplemental Figure 2, A-D1, F and G).

Then, the palatal and buccal bone thickness at the apical third of the molar roots was
measured on axial slices. Healthy site of all mice showed normal palatal and buccal bone
thickness without bone expansion (Figure 2, H and I-L). As previously reported,(31:32)
significant expansion of the alveolar bone with exuberant osteolysis was noted for dental
diseased vehicle and CIA treated mice (Figure 2, H and 11, K1). In contrast, ZA and CIA-
ZA treated mice exhibited increased bone thickness (Figure 2, H and J1, L1). Importantly, in
CIA-ZA treated mice a statistically significant difference in bone thickness was noted
compared to all other groups (Figure 2, H, 11-L1; white arrowheads). Similar features were
observed at the mandibular alveolar ridge (Supplemental Figure 2, H-K1, L; yellow arrows).

To assess the overall effects in bone structure, BV, TV and BV/TV of the alveolar bone were
measured. Dental disease in vehicle and CIA mice decreased BV, and BV/TV, while
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antiresorptive treatment substantially increased all of these measurements compared to the
vehicle and CIA mice (Supplemental Figure 3, A, Al, D, D1 and E-G; white arrows).
Interestingly, CIA-ZA mice showed slightly higher BV compared to the ZA animals
probably due to increased periosteal bone deposition in the buccal side (Supplemental Figure
3, D1; arrowheads and Supplemental Figure 4).

Increased severity of ONJ in CIA mice treated with ZA

To evaluate histologic features of ONJ, coronal sections were obtained between the 15t and
2"d molars. All healthy groups showed normal alveolar bone (Figure 3, A, C, E, G; turquoise
arrow), marginal epithelium (Figure 3, A, C, E, G; red arrows), PDL and absence of
inflammatory infiltrate. In diseased vehicle and CIA mice, abundant inflammatory infiltrate
(Figure 3, B-B1, F-F1), periosteal bone deposition and bone resorption were noted (Figure
3, B-B1). The reduction of the alveolar crest height in the diseased site of vehicle and CIA
treated mice resulted in an increase of the distance between the marginal epithelium to the
ABC (Figure 3, B-B1, F-F1; turquoise and red arrows). No histologic evidence of
osteonecrosis was observed in any of the samples.

Infiltrate of inflammatory cells was also noted in the diseased site of ZA and CIA-ZA mice
appearing more intense in the CIA-ZA mice (Figure 3, D, D1, H, H1; Supplemental Figure
5). Reduced alveolar bone loss resulted in reduction of the epithelial to the ABC distance
(Figure 3, D, H; turquoise and red arrows; Supplemental Figure 5). Empty osteocytic
lacunae, areas of osteonecrosis (Figure 3, D-D1, H-H1; yellow arrows; Supplemental
Figure 5) and periosteal new bone formation (Figure 3, D-D1, H-H1; Supplemental Figure
5) were observed for both ZA and CIA-ZA treated mice. Interestingly, necrotic bone was not
covered by epithelium and was exposed to the oral environment in 7 mice for CIA-ZA
treated mice compared with 3 mice for ZA treated mice (Figure 3, D, —-D1, H-H1; green
arrows, Table 1). Importantly, areas of osteonecrosis were significantly more extensive in
CIA-ZA compared to ZA treated animals (Figure 3, D-D1, H-H1; yellow arrows;
Supplemental Figure 5). Similar observations were seen in healthy and drilled sites of the
mandible (Supplemental Figure 5).

Quantification of histologic findings demonstrated a statistically significant increase in the
distance between the marginal epithelium to the ABC in diseased sites of vehicle and CIA
mice. This distance was decreased in ZA and CIA-ZA mice (Figure 3, I). Importantly, the
marginal epithelium to the ABC distance was significantly smaller in the CIA-ZA mice
compared to all other groups. Number of empty osteocytic lacunae and area of osteonecrosis
were measured at the area of the alveolar ridge for healthy and diseased treatment groups.
No areas of osteonecrosis were seen in the healthy or diseased sites of the vehicle and CIA
treated mice. Presence of empty osteocytic lacunae was not statistically significant between
vehicle and CIA treated mice (Figure 3, J and K). Significant increase in empty osteocytic
lacunae and areas of osteonecrosis were observed in diseased sites of ZA and CIA-ZA
treated mice (Figure 3, J and K). Importantly, statistically significant increase in areas of
osteonecrosis and empty osteocytic lacunae were present in CIA-ZA compared to ZA treated
animals (Figure 3, J and K; Supplemental Figure 5). Osteonecraotic areas in ZA treated mice
without or with CIA extended in significant part of the alveolar ridge and close to the buccal
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or lingual mandibular cortex in the mandible or the buccal and palatal cortex or the
maxillary sinus floor in the maxilla (Supplemental Figure 6).

Few TRAP + cells were noted at the healthy site of all treatment groups. In contrast,
diseased sites of all groups showed statistically increase number of TRAP+ cells. TRAP+
cells in controls and CIA animals showed close attachment to the bone with extended bone
contact surface. However, in ZA and CIA-ZA mice osteoclasts presented round morphology,
with pyknotic nuclei, and occasionally were separated from the bone surface (Figure 4, A—
H1 and I). Similar results were found for the healthy and drilled sites of the mandible
(Supplemental Figure 7, A-I).

Table 1 summarizes radiographic and histologic features in maxillae and mandibles. Disease
incidence such as peri-radicular and periapical disease ranged from 50-62.5% without
statistical differences among groups. Areas of osteonecrosis and bone exposure were present
only in the ZA and CIA-ZA treated mice. Osteonecrotic areas ranged, in the diseased sites of
ZA and CIA-ZA, from 64.3-86.7%, respectively. Interestingly, in CIA-ZA group bone
exposure was 2.3-fold higher than ZA treated animals ranging from 21.4-46.7% of the
diseased mice.

Changes in clinical course and severity of rheumatoid arthritis

The clinical course of arthritis in DBA-1J mice injected with collagen is shown in Figure 5,
A-D3. The rate of clinical CIA progression after onset was not statistically significant
altered by ZA treatment. ZA-treated CIA mice showed a slightly reduced severity of clinical
arthritis, which was not significant compared to the CIA group (Figure 5, E). Paw thickness
and paw swelling were also not significant between veh vs. ZA groups.

To further elucidate bone changes in the hind paws and knee joints, UCT assessment was
performed. CIA treated mice demonstrated loss of bone integrity and extensive areas of
erosions in the interphalangeal, ankle and calcaneus regions as well as in the knee joints
with areas of periosteal new bone formation. Treatment with ZA completely abolished bone
erosions but not periosteal formation (data not shown).

Histological analysis of the hind paws and knee joints (Figure 6, A-D1 and E-F) revealed
absence of synovitis or inflammatory bone changes in vehicle and ZA treated mice (Figure
6, A-B1 and E). In contrast, CIA and CIA-ZA treated mice showed inflammatory infiltrate
in the ankle, calcaneus and knee (Figure 6, C-D1 and E; black arrows). CIA treated mice
presented with cartilage and bone resorption (Figure 6, C-C1, F), while ZA treatment
protected and maintained cartilage and bone architecture of the ankle, calcaneus and knee
joints (Figure 6, D-D1, F). No osteonecrosis was seen adjacent to the inflammatory areas in
CIA or CIA-ZA groups.

Finally, to investigate the overall effects of ZA in osteoclast numbers TRAP staining was
performed. As expected, significant increase in TRAP + cells were noted for the CIA treated
mice. ZA treated CIA mice showed increased number of positive TRAP cells compared to
the vehicle and ZA treated mice, but this difference was not significant (Figure 6, G).
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DISCUSSION

Clinical studies suggest an increased incidence of ONJ in patients with RA.(8:20.28,29.43) The
potential link between RA and ONJ could be due to common etiologic factors of the two
diseases.(43) Indeed, RA is a chronic systemic immunologic disease that features persistent
high level of proinflammatory cytokines and inflammatory cells very much like other
inflammatory diseases in the mouth such as periodontitis and periapical disease.(41)
Periodontal and periapical disease are infectious processes mediated and modulated by the
host immune system(*4=47) and have been considered ONJ risk factors.(29) Furthermore, an
increased inflammatory response that might implicate a role of gamma-delta T-cells, release
of pro-inflammatory cytokines, increased oxidative stress, and intensified tissue destruction
are common denominators in both RA and ONJ.(1543) Additionally, increased bacterial
infection in RA patients could increase the risk and complicate the course of ONJ.(1543)

Biologic agents, DMARDSs and immunosuppressive agents such as methotrexate, NSAIDs,
steroids and bisphosphonates have led to substantial long-term improvements in patients
with RA.(48-50) However, biologics agents increase the risk of opportunistic infections, (51
corticosteroids have been shown to impair bone and wound healing,(®2) methotrexate may
affect bone healing through inhibition of osteoblastic proliferation and bone turnover
suppression,®3) steroids reduce bone remodeling,®4 suppress bone turnover and
angiogenesis, result in osteoblast and osteocyte apoptosis,®® increasing the risk for
infection and necrosis.(5®) Furthermore, these common medications for RA including
steroids and methotrexate have been associated with ONJ.(8:15.27.57,58)

Whether RA itself or medications used for RA management potentially exacerbate ONJ
occurrence and severity is not known.843) Given the low incidence of ONJ, particularly in
patients treated with low dose BPs, clinical studies can be limited in providing accurate
causal association between the two diseases, particularly in the presence of confounding
variables.(1821) Animal studies can complement clinical findings, since they can be designed
in a controlled environment, where experimental variables are more predictable and
adjustable. Several animal models of ONJ have been reported that provide powerful tools in
assessing disease pathophysiology.(30-33:59.60) |n the studies presented herein, we employed
two mouse ONJ models in animals treated with high levels ZA in the absence of tooth
extractions, but in the presence of either experimental periapical disease or naturally
occurring periradicular infection.(3%-32) We have reported that these animals develop ONJ-
like lesions with clinical bone exposure, and radiographic and histologic features, such as
periosteal bone formation, bone sclerosis, thickening of lamina dura, empty presence of
osteocytic lacunae, and osteonecrosis resembling the human disease.(30-3359)

We also utilized the well-established CIA mouse model to induce aggressive arthritis with
RA features such as paw swelling, synovial inflammation and focal erosions at the joints.(6)
Similar to our previous observations,(3%-33) dental disease resulted in periradicular
inflammation and bone loss reflected by increased CEJ to ABC distance and PDL space
width, decreased BV, BV/TV, lamina dura and lingual bone thickness, increased
inflammatory infiltrate and marginal epithelium to the ABC distance. No statistical
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differences in quantitative indices of alveolar bone loss between control and CIA mice were
noted, suggesting that CIA did not complicate periapical or periradicular disease.

Radiographic assessment demonstrated that ZA treatment prevented bone changes and
increased the overall alveolar bone volume in the diseased sites even in the presence of CIA.
Interestingly, CIA-ZA group demonstrated increased bone thickness for both palatal/lingual
and buccal sides probably due to increased periosteal bone formation compared to all the
other groups. Histologically, successful induction of ONJ-like lesions was observed in both
ZA and CIA-ZA treated mice, including presence of empty osteocytic lacunae and areas of
osteonecrosis. Importantly, in ZA treated CIA mice significant differences in empty
osteocytic lacunae number and osteonecraotic area, as well as in areas of exposed bone were
observed, characterizing a more severe incidence and development of ONJ. Notably, in these
experiments, mice were not treated with agents utilized for the management of RA, and any
increased burden of ONJ in CIA-ZA mice should be attributed to the effects of heightened
systemic effects induced by collagen injection in these animals. In our experiments, although
the number of animals with osteonecrosis in the CIA-ZA group was higher than that in the
ZA group, the results did not reach statistical significance. This was most probably due to
the number of animals. Collectively, our findings suggest that RA complicates ONJ severity
and possibly incidence in the mouse models employed, and suggest that RA might be a risk
factor for ONJ.

Clinical features of RA, including paw swelling, redness, and sometimes ankylosis of the
hind paws were observed in both CIA and CIA-ZA treated mice. As expected, (50.61-63)
cartilage destruction, bone erosions and periosteal bone formation in animals with CIA was
present. Similar to previously published data,®® inhibition of bone destruction, but presence
of periosteal bone formation was seen in CIA-ZA mice. These results parallel observations
with the osteoclastogenesis inhibitor osteoprotegerin (OPG), emphasizing the preeminence
of osteoclastic activity in mediating bone destruction.(61.63)

Although, extensive osteonecrosis was seen in the maxilla and mandible around areas of
periapical or periradicular inflammation, no areas of osteonecrosis were observed in the
interphalangeal and knee joints in CIA-ZA mice, despite the robust synovial and
periarticular inflammation. This disparate response of the jaws vs. other bones to
inflammation could be due to basic differences in the inflammatory conditions around the
jaws vs. long bone joints. Both periapical or periradicular inflammation are caused by
bacterial infection(18:64) while the collagen-induced periarticular inflammation develops in
sterile conditions. Alternatively, the presence of osteonecrosis in the maxilla and mandible
could be due to a unique response of the jaws vs. other bones to the harmful inflammatory
environment. Such a heightened sensitivity could explain the near exclusive presentation of
ONJ in the jaws compared to the remaining skeleton.(18.64)

As our data are translated in the clinical setting, three considerations should be made. First,
the ZA doses administered to the animals parallel those for oncologic patients.(65:66) We
utilized these higher doses to increase the incidence of ONJ in mice without or with CIA,
such that we could derive statistically significant conclusions. Given the fact that most RA
patients receive much lower BP doses for the management of osteoporosis,(1:8:28) the ONJ
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incidence in these patients is expected to be lower that observed in the CIA-ZA animals.
Nevertheless, despite the anticipated lower disease incidence with lower BP doses, our data
suggest a relative increase in ONJ burden in patients with RA.

A second consideration is that our models utilized dental disease as the initiating factor for
ONJ. Although dental disease is associated with ONJ occurrence(®) and is considered a
local risk factor for the disease(18:21), the major local precipitating factor associated with
ONJ is dentoalveolar surgery and particularly tooth extraction.(67-89) We elected not to
utilize tooth extraction in our models, as we intended to explore the impact of RA in the
early phases of ONJ development prior to surgical intervention.

A final consideration is that our studies did not address the potential effect of RA treatment
modalities as risk factors for ONJ. It would be expected that such pharmacologic agents
would have a detrimental effect in the response of the alveolar bone to osteonecrosis
development. However, these treatments would reduce the systemic inflammatory response
of CIA and would attenuate its negative consequences in ONJ development. Clearly, further
studies utilizing appropriate animal models are required to assess the association of specific
RA treatment regimens and ONJ pathogenesis.

In summary, using two different ONJ mouse models, we report at radiographic and
histologic level, that ZA treated CIA mice caused more extensive ONJ changes in the
maxilla and mandible. Osteonecrosis in long bones or in the ankle was not observed even in
the presence of abundant inflammatory cells infiltration in the synovium. Moreover, ZA
treatment completely abolished cartilage and bone destruction but not synovitis.
Accordingly, high-dose administration of BPs, combined with dental disease and RA, might
increase the risk for ONJ development and severity. Indeed, to the best of our knowledge,
this is the first animal study to show that RA might be a risk factor for ONJ.
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Figure 1. 3D UCT reconstructed images of maxilla
(A-D) 3D reformatted views of healthy site in vehicle, ZA, CIA and CIA-ZA, respectively.

(A1-D1) 3D reformatted views of diseased site in all the groups. Blue arrows point to
normal alveolar bone crest. Red arrow point to periodontal bone loss and areas of osteolysis
in the diseased site of vehicle and RA treated mice. Yellow arrows point to increased bone
deposition.
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Figure 2. Sagittal and axial uCT sections through the maxillary alveolar ridge and quantification
of the puCT findings

(A-D) Sagittal and (I-L) axial sections of healthy maxillae of vehicle, ZA, CIA and CIA-ZA
mice, respectively. (A1-D1) Sagittal and (11-L1) axial sections of diseased maxillae in all
groups. White arrows point to areas of bone resorption and/or osteolysis. White arrowheads
point to bone deposition and areas of bone expansion. (E-H) Quantification of CEJ to ABC
distance, lamina dura thickness, PDL space width and palatal bone thickness in all mice,
respectively. (n = 6 mice per group). & Statistically significant different compared to
diseased mice, p < 0.0001. +Statistically significant different from indicated groups, p <
0.0001. **Statistically significant different from indicated groups, p < 0.001. *Statistically
significant different from indicated groups, p < 0.05. Differences among groups were
calculated by two-way ANOVA and between groups by Student’s t test. Data represent the
mean + SEM.
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Figure 3. Representative H&E-stained images from maxilla of all groups and quantification of
the histologic findings
(A, C, E and G) Healthy and (B, D, F and H) diseased site of vehicle, ZA, CIA and CIA-ZA

mice. Original magnification, x5. (B1, D1, F1 and H1) Histologic appearance of periodontal
and alveolar crest area of maxillae in magnified views of the diseased site. Original
magnification, x10. Red arrows point to marginal gingival epithelium, turquoise arrows to
alveolar crest, yellow arrows to osteonecrotic areas, and green arrows to areas of bone
exposure. (I-K) Quantification of the histologic findings: The shortest epithelial-crest
distance, percentage of osteocytic lacunae and percentage of areas of osteonecrosis were
measure, respectively. + Statistically significant different from indicated groups, p < 0.0001.
** Statistically significant different from indicated groups, p < 0.001. * Statistically
significant different from indicated groups, p < 0.05. Differences among groups were
calculated by two-way ANOVA and between groups by Student’s t test. Data represent the
mean + SEM.
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Figure 4. Representative sections of the maxilla stained for TRAP+ cells
(A, C, E and G) Healthy site of vehicle, ZA, CIA and CIA-ZA, respectively. Original

magnification, x5. Insets are magnified views of individual TRAP+ cells. Original
Magnification, x20. (B, D, F and H) Diseased site at the end of the treatment. (B1, D1, F1
and H1) Magnified views of the diseased site in vehicle, ZA, CIA and CIA-ZA, respectively.
Original magnification, x10. (1) Quantification of TRAP + cell number in all mice and
groups. (n = 6 mice per group). + Statistically significant different from indicated groups, p
< 0.0001. ** Statistically significant different from indicated groups, p < 0.001. *
Statistically significant different from indicated groups, p < 0.05. Differences among groups
were calculated by two-way ANOVA and between groups by Student’s t test. Data represent
the mean £ SEM.
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Figure 5. Clinical course of RA
Clinical evaluation of the paws were performed and scored for arthritis every other day from

day 21 after the first immunization until the time of euthanasia. (A, Al, B, B1) Frontal and
lateral views of vehicle and ZA treated mice. (C, C1, C2, C3, D, D1, D2, D3) Frontal and
lateral views of CIA and CIA-ZA treated mice. All fingers of forepaws, hind paws, wrists
and ankles were totaled for each mouse (maximum possible score of 12 for each mouse). (E)
Mean and standard deviation of the clinical assessment until day 35 after second
immunization.
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Figure 6. Histopathologic effects of ZA treatment in the hind paws and TRAP + cells staining
Total ankle joints were isolated for histopathologic analysis (n = 6 mice per group). (A-D)

Sagittal sections of the vehicle, ZA, CIA and CIA-ZA, respectively. Original magnification,
x5. (A1-D1) Magnified views of the area represented by the black squares. Original
magnification, x10. Black arrows point to inflammatory infiltration. Yellow arrows point to
periosteal bone formation. (E-F) Quantification of the histopathologic findings in the ankle:
Synovial inflammation, and bone erosions were measured in all groups at the end of the
treatment. (G) Quantification of the TRAP+ cells number in all mice and groups. #
Statistically significant different compared to all the other groups, p < 0.0001. + Statistically
significant different from indicated groups, p < 0.0001. Differences among groups were
calculated by two-way ANOVA and between groups by Student’s t test. Data represent the
mean + SEM.
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