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Abstract

Antiresorptive medications are essential in treating diseases of pathologic osteoclastic bone 

resorption, including bone cancer and osteoporosis. Bisphosphonates (BPs) are the most 

commonly used antiresorptives in clinical practice. Although inhibition of bone resorption is 

important in regulating unwanted malignant and metabolic osteolysis, BP treatment is associated 

with potential side effects, including osteonecrosis of the jaws (ONJ). Recently, non-BP 

antiresorptive medications targeting osteoclastic function and differentiation, such as denosumab, 

have entered the clinical arena. Denosumab treatment results in a similar rate of ONJ as BPs. 

Animal models of ONJ, using high-dose BP treatment in combination with tooth extraction or 

dental disease, provide valuable tools and insight in exploring ONJ pathophysiology. However, 

the ability of other antiresorptives to induce ONJ-like lesions in animal models has not been 

explored. Such studies would be beneficial in providing support for the role of osteoclast 

inhibition in ONJ pathogenesis versus a direct BP effect on oral tissues. Here, we tested the ability 

of the receptor activator of NF-kB ligand (RANKL) inhibitors RANK-Fc (composed of the 

extracellular domain of RANK fused to the fragment crystallizable [Fc] portion of 

immunoglobulin G [IgG]) and OPG-Fc (composed of the RANKL-binding domains of 

osteoprotegerin [OPG] linked to the Fc portion of IgG) to induce ONJ in mice in the presence of 

periapical disease, but in the absence of dental extractions. We demonstrate radiographic evidence 

of ONJ in RANK-Fc–treated and OPG-Fc–treated mice, including inhibition of bone loss, 
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increased bone density, lamina dura thickening, and periosteal bone deposition. These findings 

closely resembled the radiographic appearance of an ONJ patient on denosumab treatment. 

Histologic examination revealed that RANK-Fc treatment and OPG-Fc treatment resulted in 

absence of osteoclasts, periosteal bone formation, empty osteocytic lacunae, osteonecrosis, and 

bone exposure. In conclusion, we have successfully induced ONJ in mice with periapical disease, 

using potent osteoclast inhibitors other than BPs. Our findings, coupled with ONJ animal models 

using high-dose BPs, suggest that osteoclast inhibition is pivotal to the pathogenesis of ONJ.
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Introduction

Antiresorptive medications are an essential treatment for diseases of osteoclastic bone 

resorption, including primary and metastatic bone cancer with associated hypercalcemia, 

benign aggressive bone tumors, metabolic bone disorders, and osteoporosis. These 

medications prevent skeletal-related events, decrease tumor burden, prevent and treat bone 

pain, and significantly improve patients’ quality of life.(1–4)

The most commonly used antiresorptives are bisphosphonates (BPs). BPs attenuate 

osteoclastic function by impairing osteoclastic differentiation, disrupting the cytoskeleton, 

decreasing intracellular transport, and inducing apoptosis.(5–7) BP effects on osteoclasts are 

important to the inhibition of unwanted malignant and benign osteolysis(8); however, 

potential side effects including nephrotoxicity, acute flu-like symptoms, gastroesophageal 

irritation, atypical trochanteric femur fractures, and osteonecrosis of the jaws (ONJ) have 

been reported in patients on BPs.(9–12)

Osteoclasts have become the target of therapeutic strategies owing to their central role in 

bone diseases. Denosumab is a novel and clinically effective agent that inhibits osteoclast 

differentiation, function, and survival by binding to the receptor activator of NF-kB ligand 

(RANKL) and inhibiting its interaction with RANK on osteoclasts.(13) Clinical studies in 

patients with breast cancer, prostate cancer, multiple myeloma, and osteoporosis have 

demonstrated denosumab's ability to suppress bone turnover and skeletal-related events—

similar to zoledronic acid.(14–18) However, large-scale clinical studies have also reported 

similar rates of ONJ in patients on denosumab or on BPs.(19–21)

ONJ is defined as exposed bone in the jaws for at least 8 weeks in patients on BPs without a 

history of radiation to the craniofacial region.(22,23) Although spontaneous cases have been 

reported, the inciting events are usually trauma, including extractions and other surgical 

procedures, and dental disease.(24–26) Indeed, animal tooth extraction models have been able 

to replicate ONJ-like lesions in mice, rats, minipigs, and dogs.(27–36) We, and others, have 

demonstrated that periodontal disease and a potent BP are sufficient to induce ONJ in 

rats.(28,29,37) Moreover, we recently developed an ONJ mouse model using high-dose BP 

treatment in combination with experimentally induced periapical disease (inflammation of 
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the tissues surrounding the apical part of the tooth root),(38) thus emphasizing the 

importance of dental disease in ONJ pathophysiology.

ONJ etiology and pathophysiology are still largely unknown. Several hypotheses, such as 

BP toxicity to the oral epithelium; altered wound healing after tooth extraction; high bone 

turnover of the mandible and maxilla; oral biofilm formation; infection, inflammation, and 

suppression of angiogenesis; and bone turnover have been proposed.(3,39) Although high-

dose BPs have been tested, to the best of our knowledge, no other antiresorptives have been 

used to induce ONJ in animal models. Such studies would be important to provide support 

for the role of osteoclast inhibition in ONJ pathogenesis versus the possibility of a direct BP 

effect on oral tissues.(3,40) Here, we tested the ability of RANKL inhibitors to induce ONJ in 

mice in the presence of periapical disease, but in the absence of dental extractions.

Subjects and Methods

Animal care and experimental induction of periapical disease

Animals and surgical procedures were handled in accordance to guidelines of the UCLA 

Chancellor's Animal Research Committee. Thirty 16-week-old C57BL/6J male mice 

(Jackson Laboratories, Bar Harbor, ME, USA) were randomly divided into three groups of 

10 animals that received intraperitoneal (ip) injections of either vehicle (Veh, sterile saline), 

10 mg/kg mouse RANK-Fc (composed of the extracellular domain of RANK fused to the 

fragment crystallizable [Fc] portion of immunoglobulin G [IgG])(41) three times per week, 

or 10 mg/kg rat OPG-Fc (composed of the RANKL-binding domains of osteoprotegerin 

[OPG] linked to the Fc portion of IgG)(41,42) once per week, for 3 weeks. This injection 

protocol was used to account for the higher potency of OPG-Fc versus RANK-Fc in 

suppressing bone resorption and serum calcium levels in hypercalcemic mice.(43) RANK-Fc 

and OPG-Fc were provided by Amgen, Inc. (Thousand Oaks, CA, USA).

Mice were anesthetized with isoflurane and mounted on a jaw retraction board. The crowns 

of the right first and second mandibular molars were then drilled using a size 1/4 round burr 

avoiding furcal perforation, as described.(38,44,45) The crowns of the left first and second 

mandibular molars were kept intact. Animals continued to be treated with Veh, RANK-Fc, 

or OPG-Fc for an additional 9 weeks. Blood was collected via retro-orbital bleeding at the 

beginning of the experiment, at the time of drilling (after 3 weeks of injection), and at the 

end of the experiment (after 12 weeks of injection). Serum tartrate-resistant acid 

phosphatase 5b (TRACP5b) was measured by enzyme immunoassay (RatTRAP; JDS; 

Fountain Hills, AZ, USA). At the end of the experiment, animals were euthanized, 

mandibles were dissected, placed in 4% paraformaldehyde for 48 hours, and stored in 70% 

ethanol.

Micro–computed tomography scanning

Mouse mandibles were imaged by micro–computed tomography (μCT SkyScan 1172; 

SkyScan, Kontich, Belgium) at 10-μm resolution, and the volumetric data were converted to 

Digital Imaging and Communications in Medicine (DICOM) format and imported in the 

Dolphin Imaging software (Chatsworth, CA, USA) to generate three-dimensional (3D) and 
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multiplanar reconstructed images. Sagittal, coronal, and axial sections through the apical/

periodontal area and 3D models of the mandibular molars were generated to quantify 

changes in alveolar bone structure/architecture and volume. The amount of periapical bone 

loss, width of the periodontal ligament (PDL) space, lamina dura thickness, lingual cortical 

thickness, and bone volume/tissue volume (BV/TV) were quantified as described.(38)

Histology and TRACP staining

After μCT imaging, bones were decalcified in 14.5% ethylenediaminetetraacetic acid 

(EDTA) solution for 3 weeks. Samples were paraffin embedded, sectioned at 5-μm-thick 

coronal slices along the distal root of the first molar, and hematoxylin and eosin (H&E) 

staining was performed. All H&E stained slides were digitally scanned using the Aperio AT 

automated slide scanner and the Aperio ImageScope software (Aperio Technologies, Inc., 

Vista, CA, USA). Using the ruler tool in ImageScope, 1 mm of the bone at the alveolar crest 

was marked. All measurements were performed in that area of the alveolar bone. Histologic 

parameters, including number of empty osteocytic lacunae, osteonecrotic area, periosteal 

thickness, junctional epithelium to alveolar crest distance, were quantified on the digital 

images as described.(38) Necrotic area was defined as loss of more than five contiguous 

osteocytes with confluent areas of empty lacunae. To quantify periosteal thickness, the ruler 

tool was used to measure the three greatest areas of both lingual and buccal periosteal 

thickness, which were then averaged.(38) TRAP-positive cells were identified using the 

leukocyte acid phosphatase kit (Sigma-Aldrich, St. Louis, MO, USA).

All histology and digital imaging was performed at the Translational Pathology Core 

Laboratory (TPCL) at UCLA.

ONJ patient

Panoramic and cone beam CT (CBCT) images of a patient treated with denosumab (120 mg 

every 4 weeks) for 24 months for control of femur giant cell tumor who developed oral bone 

exposure for 16 weeks, were obtained from the archives of the Oral and Maxillofacial 

Surgery clinic and the Oral and Maxillofacial Radiology clinic at the UCLA School of 

Dentistry.

Statistics

Mean and standard error of mean (SEM) were determined using Excel software formulas. 

Data among groups were analyzed using one-way analysis of variance (ANOVA) and 

statistical differences were identified by Student-Newman-Keuls multiple comparison post 

hoc test (GraphPad; GraphPad Software, Inc., La Jolla, CA, USA).

Results

To investigate the ability of RANK-Fc and OPG-Fc to inhibit osteoclastic function, 

TRACP5b serum levels were measured at the start of treatment (t1: immediately prior to the 

first injection), at the time of drilling (t2: after 3 weeks of injections), and at the end of the 

experiment (t3: after 12 weeks of injections; Fig. 1). For Veh-treated animals, serum 

TRACP5b levels remained similar for each time point. As expected, 3 weeks of pretreatment 
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with RANK-Fc or OPG-Fc significantly attenuated TRACP5b levels at the time of drilling. 

The TRACP5b remained at similar low levels for the duration of the experiment. All 

RANK-Fc–treated and OPG-Fc–treated animals showed substantial TRACP5b reduction, 

suggesting the successful inhibition of osteoclastic function and lack of an immunogenic 

response to the reagents which would lead to their rapid clearance.(46)

Sagittal μCT sections of the distal root area of the first mandibular molars (Fig. 2A1) were 

used to evaluate the periapical space (white brackets, Fig. 2A). Increase in the width of the 

periapical space was observed for the drilled site of Veh controls, indicating significant bone 

loss (Fig. 2A). RANK-Fc or OPG-Fc treatments greatly attenuated this periapical bone loss 

(Fig. 2A), which was quantified from the μCT reconstructions (Fig. 2B).

Sagittal μCT sections through the furcation area of mandibular molars in Veh-treated 

animals demonstrated normal lamina dura thickness (thick arrow, Fig. 3A) and PDL space 

width (thin arrow, Fig. 3A). At the drilled site of the same mice, bone loss and widening of 

the PDL space (thin arrows, Fig. 3A) and loss of lamina dura in part of the furcation area 

were noted. In contrast, the RANK-Fc–treated and OPG-Fc–treated mice appeared to show 

preservation of the PDL space (thin arrows, Fig. 3A) with thickening of the lamina dura 

(thick arrows, Fig. 3A) at the furcation area of drilled teeth. Quantification on the μCT 

images confirmed a statistically significant increase in PDL space and decrease in lamina 

dura thickness at the furcation of drilled teeth in Veh-treated animals. Antiresorptive 

treatment caused a significant and dramatic inhibition of PDL space widening. PDL space 

for RANK-Fc was not statistically different, and for OPG-Fc it was mildly increased 

compared to the non-drilled teeth (Fig. 3B). A statistically significant decrease in lamina 

dura thickness was seen at the apex of drilled compared to healthy teeth in Veh-treated mice. 

RANK-Fc and OPG-Fc treatment reversed this effect and resulted in a statistically 

significant increase of lamina dura thickness compared to healthy teeth in all groups (Fig. 

3C). Interestingly, RANK-Fc but not OPG-Fc treatment caused a moderate statistically 

significant increase in lamina dura thickness in the furcation of healthy teeth relative to 

healthy teeth of Veh-treated mice (Fig. 3C).

Axial slices through the alveolar ridge showed significant osteolysis in the drilled versus the 

healthy site of Veh-treated animals (thin arrows, Fig. 4A). In contrast, bone integrity was 

preserved in healthy and drilled sites of both RANK-Fc–treated and OPG-Fc–treated 

animals. Interestingly, new bone deposition on the buccal and lingual periosteal surfaces of 

the alveolar ridge was observed on the drilled side of RANK-Fc–treated and OPG-Fc–

treated mice (thick arrows, Fig. 4A). Periosteal bone deposition was observed on the drilled 

site of all RANK-Fc–treated and OPG-Fc–treated mice (Table 1).

To quantify the effect of periapical disease on alveolar bone structure, the lingual cortical 

thickness was measured. Periapical disease significantly reduced cortical thickness in the 

drilled site of Veh-treated animals. RANK-Fc and OPG-Fc treatment statistically increased 

cortical thickness in the healthy side of the mandible. Periapical disease in the same animals 

caused a further significant increase in cortical thickness (Fig. 4B). Periapical disease in 

control mice caused a significant decrease in BV/TV, suggesting overall alveolar bone loss. 
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In contrast, periapical disease in mice on antiresorptive treatment reversed and even 

significantly increased BV/TV of the alveolar ridge (Fig. 4C).

The radiographic changes observed in mice on antiresorptive treatment closely resembled 

radiographic findings seen in ONJ patients on denosumab (XGEVA; Amgen Inc.) treatment. 

Figure 5 presents the panoramic (Fig. 5A) and select CBCT coronal (Fig. 5B), sagittal (Fig. 

5C), and axial (Fig. 5D) sections of such a patient with bone exposure at the left retromolar 

area. White thick arrows point to periosteal bone deposition, white thin arrows to increased 

lamina dura thickness, black thick arrows to increased trabecular density, black thin arrow to 

widened periapical space, and black-and-white arrow to periodontal bone loss at the distal 

surface of the left second mandibular molar. The patient had no history of tooth extraction 

prior to the clinical bone exposure.

Histologic evaluation indicated that non-drilled teeth in all treatment groups had normal 

alveolar bone and marginal epithelium (yellow and red arrows, respectively; Fig. 6A, A1, C, 

C1, E, E1). Drilled teeth in all groups showed inflammatory infiltrate of gingival tissues 

(white arrows, Fig. 6B, D, F). Reduction of the alveolar crest height and increase of the 

distance between the marginal epithelium and the alveolar crest was observed at the drilled 

teeth of Veh-treated animals (Fig. 6B, B1, yellow and double-headed black arrows). The 

alveolar crest height was preserved around drilled teeth of RANK-Fc–treated and OPG-Fc–

treated mice and this resulted in preservation of the marginal epithelium to alveolar crest 

distance (Fig. 6D, D1, F, F1, yellow and double-headed black arrows). Importantly, areas of 

empty osteocytic lacunae indicating necrotic bone, as well as periosteal bone formation were 

seen in the drilled site of all RANK-Fc and OPG-Fc animals (Fig. 6D, D1, F, F1, black and 

blue arrows; Table 1). In 2 Veh-treated animals, small osteonecrotic areas were present 

(Table 1). In 2 RANK-Fc–treated and 3 OPG-Fc–treated mice, areas of exposed bone were 

also present (Table 1; Fig. 6D, D1, F, F1 green arrows).

To evaluate the ability of RANK-Fc and OPG-Fc to inhibit osteoclast differentiation and 

function within the mandible, TRAP staining was performed (Fig. 7A). Few TRAP+ cells 

were present in the healthy site of Veh-treated animals. Periapical disease resulted in high 

numbers of TRAP+ cells in the same animals. Near complete absence of osteoclasts was 

observed in the healthy or drilled site of RANK-Fc–treated and OPG-Fc–treated sites (Fig. 

7B).

Quantification of histologic findings revealed increased thickness of periosteum on the 

drilled versus healthy site for all treatment groups. RANK-Fc and OPG-Fc versus Veh 

increased periosteal thickness of the alveolar bone around non-drilled teeth. Importantly, 

both RANK-Fc and OPG-Fc treatment induced a significantly increased thickness of 

periosteum on the drilled site compared to Veh treatment (Fig. 8A).

The junctional epithelium to alveolar crest distance also was assessed (Fig. 8B). Drilled teeth 

showed a significantly increased distance compared to healthy teeth in the Veh-treated mice, 

suggesting increased resorption of the alveolar crest. RANK-Fc and OPG-Fc treatment 

significantly inhibited the epithelium to alveolar crest distance in the drilled site. The 
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epithelium to crest distance in the RANK-Fc–treated and OPG-Fc–treated animals was not 

different between healthy versus drilled sites.

The number of empty osteocytic lacunae and the size of osteonecrotic area were evaluated at 

the area of the alveolar ridge in the healthy and drilled sites (Fig. 8C, D). RANK-Fc and 

OPG-Fc caused a statistically significant increase both in empty osteocytic lacunae and in 

the area of osteonecrosis compared to the healthy site of the same animals, as well as 

compared to the healthy and drilled sites of Veh-treated animals. The OPG-Fc treatment 

effect was mildly but statistically lower compared to the RANK-Fc effect. The osteonecrotic 

areas covered on average 25.8% for RANK-Fc and 17.7% for OPG-Fc and measured 

203,543 ± 31,756 μm2 for RANK-Fc and 129,235 ± 17,651 μm2 for OPG-Fc. The 

osteonecrotic areas in the 2 Veh-treated animals covered 6.5% and measured 32,401 ± 2461 

μm2. We also measured the percent osteonecrotic area in a 50-μm zone adjacent to the 

periosteal bone deposition in RANK-Fc–treated and OPG-Fc–treated animals. Indeed, a 

significantly higher osteonecrosis area was observed adjacent to periosteal bone (PB) 

deposits compared to the percent osteonecrotic area for the total alveolar bone (TB) (Fig. 

8E).

Discussion

ONJ is a well-known and difficult to manage complication of antiresorptive therapy, which 

can result in pain, infection, bone sequestration, tooth loss, intraoral and extraoral fistulae, 

and jaw fracture.(25,47) ONJ was first reported a decade ago in patients with bone 

malignancy or osteoporosis. Since then, many studies have attempted to elucidate the 

pathophysiology of ONJ.(1,24,47) Animal models, in which trauma from tooth extraction, 

periodontal disease, vitamin D deficiency, immunosuppression, and chemotherapy have led 

to ONJ-like lesions in mice, rats, and minipigs treated with high-dose BPs have had a 

significant impact in addressing the disease pathogenesis of BPs.(27–35) Potent BPs are the 

common factor in all of these animal models. Whether suppression of bone remodeling is 

the only BP mechanism or whether other cellular or tissue effects of BPs contribute to ONJ 

development remains controversial.(1,40) The availability of other antiresorptive medications 

that have pharmacologic actions distinct from BPs, but that nonetheless are associated with 

ONJ in patients, provide another opportunity to study the effects of bone remodeling 

suppression on the development of ONJ.

In this study, we provide the first radiographic and histologic evidence that treatment with 

RANKL inhibitors in combination with periapical disease induces ONJ-like lesions in mice, 

a finding that supports the theory that suppression of bone remodeling is a critical step for 

ONJ formation. RANK-Fc and OPG-Fc treatment attenuated bone loss associated with 

periapical disease; increased alveolar bone density, lamina dura thickness, and periosteal 

bone deposition; caused osteonecrosis (characterized by the presence of empty osteocytic 

lacunae); and induced bone exposure. Importantly, changes in alveolar bone morphology in 

RANK-Fc–treated and OPG-Fc–treated mice resembled the appearance of alveolar bone in 

an ONJ patient on denosumab treatment. In this ONJ animal model, bone exposure was 

detected histologically at the area of the alveolar crest adjacent to the molar teeth. Because 

we did not perform tooth extractions, no large areas of alveolar bone exposure were created. 
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Although we closely examined the alveolar ridge using a dissecting microscope for obvious 

uncovered bone, we did not explore small areas of exposure under debris, to avoid 

artificially altering tissue relationships.

RANKL is an important protein for osteoclastogenesis that is expressed by many cell types, 

including osteoblasts; stromal, dendritic, synovial, periodontal ligament; B cells; some 

tumor cells; fibroblasts; odontoblasts; cementoblasts; ameloblasts; and activated 

lymphocytes.(48–55) RANKL knockout mice demonstrate decreased osteoclast numbers, 

defective bone remodeling, severe osteopetrosis, and no tooth eruption.(56,57) RANKL 

binding to RANK induces osteoclast differentiation and function.(58–60) RANK activation 

initiates signaling pathways that mediate osteoclastogenesis and induce osteoclast function 

through expression of osteoclastic genes such as cathepsin K, TRAP, and matrix 

metalloproteinases.(61,62)

A central player in the regulation of the RANKL-RANK system is OPG,(42,58,63) a secreted 

glycoprotein produced by osteoblasts, endothelial cells, fibroblasts, dendritic cells, bone 

marrow stromal cells, B-lymphocytes, chondrocytes, and smooth muscle cells.(48,52,58,61) 

OPG functions as a decoy receptor for RANKL, preventing the RANKL-RANK 

interaction.(58,64) The ratio of available RANKL versus OPG is a critical determinant in 

RANK signaling and in osteoclast differentiation and function. Mice and rats overexpressing 

OPG demonstrate increased bone density, decreased marrow spaces, and decreased bone 

resorption.(65,66) Increased RANKL and decreased OPG expression resulting in an 

augmented RANKL/OPG ratio have been reported in periodontal and periapical lesions in 

experimental animal models and patients.(67–70) Attenuation of osteoclastic activity 

decreases bone loss induced by experimental periodontal(71–73) or periapical(74) disease and 

has been considered a possible treatment intervention in patients.(75)

Because of its importance in osteoclastogenesis and bone remodeling, RANKL-RANK-OPG 

signaling has been targeted to manage bone disorders.(76,77) Denosumab is a fully-human 

monoclonal antibody that binds soluble and membrane-bound human RANKL with high 

affinity, and interrupts RANKL-RANK interaction with a resulting decrease in osteoclast 

numbers, decrease in serum markers of bone turnover, increase in bone mass and density, 

and decrease in tumor-induced osteolysis.(41,42,78–80) Denosumab is U.S. Food and Drug 

Administration (FDA)-approved to treat postmenopausal women with osteoporosis, to 

increase bone mass in men with nonmetastatic prostate cancer on high-dose androgen-

deprivation therapy, and in women with breast cancer on aromatase therapy, all of whom are 

at high risk for fracture. Denosumab is also approved for preventing skeletal-related events 

in patients with bone metastases from solid tumors.(42) Further ongoing clinical trials are 

using denosumab to treat men with osteoporosis, to prevent or delay bone metastases in 

breast and prostate cancer, and to treat giant cell tumor.(42,81)

Denosumab recognizes human and monkey, but not mouse or rat RANKL,(37) so other 

recombinant RANKL inhibitors such as RANK-Fc and OPG-Fc have been used to inhibit 

RANKL in animal models.(46,82–86) In this study, RANKL was inhibited by RANK-Fc or 

OPG-Fc, using dosing regimens intended to maximally inhibit osteoclasts throughout the 

12-week treatment period. RANK-Fc binds RANKL and potently inhibits bone resorption in 
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preclinical models.(41) OPG-Fc similarly binds RANKL; increases bone density and bone 

volume in mouse, rat, and monkey models; decreases osteoclast number; and increases 

biomechanical strength after ovariectomy.(41,42) Indeed, in our experiments, RANK-Fc and 

OPG-Fc significantly inhibited TRACP5b in serum, illustrating successful systemic 

osteoclast inhibition. This was achieved at the time of experimental periapical disease 

induction, and was sustained until the end of the experiment.

In our studies, most of the time RANK-Fc and OPG-Fc were equally effective in attenuating 

osteoclastic activity and producing radiographic and histologic ONJ-like changes in mice. 

Comparable effects of RANK-Fc and OPG-Fc have also been reported for attenuation of 

bone resorption during Staphylococcus aureus–induced arthritis.(87) RANK-Fc, like 

denosumab, binds only RANKL, whereas OPG can also recognize the tumor necrosis factor 

(TNF)-related apoptosis-inducing ligand (TRAIL), which shares a 25% amino acid sequence 

homology with RANKL.(88,89) The nearly similar ability of RANK-Fc and OPG-Fc to 

induce ONJ-like lesions in our studies points to the central involvement of the RANKL-

RANK signaling cascade in disease pathophysiology.

Moderate but statistically significant differences in periosteal thickness, empty osteocytic 

lacunae, and osteonecrotic area were seen, in which RANK-Fc induced a higher increase 

compared to OPG-Fc. The treatment protocol of the animals most probably underlies these 

differences. In our experiments, RANK-Fc was injected three times per week, whereas 

OPG-Fc was injected one time per week. Consequently, RANK-Fc could have resulted in a 

more sustained osteoclast inhibition. Alternatively, the effects of OPG-Fc could have been 

modified owing to its activity of recognizing TRAIL.(89) TRAIL-activation of 

transmembrane TRAIL receptors (TRAIL-Rs) induces apoptosis in a variety of cells. 

Osteoclasts express TRAIL-R, and TRAIL-induced osteoclastic apoptosis has been 

reported.(90) Thus, the effectiveness of OPG in inhibiting osteoclast differentiation and 

function could be partially counteracted by inhibition of osteoclast apoptosis through 

attenuation of TRAIL signaling.(89)

The RANK-Fc and OPG-Fc effects in the present study were qualitatively and quantitatively 

similar to each other and to changes we recently reported using high-dose zoledronic acid 

treatment of mice in the presence of periapical disease.(38) An interesting difference between 

the two studies was the near complete absence of TRAP+ cells in the alveolar bone of 

healthy and diseased sites in RANK-Fc–treated and OPG-Fc–treated mice. This is in 

contrast to the increased number of TRAP+ cells with altered morphology in the diseased 

site of BP-treated mice.(38) The difference in osteoclast appearance reflects the distinct 

pharmacologic mode of action to inhibit bone resorption between BPs versus RANK-Fc or 

OPG-Fc. Whereas BPs target mature osteoclasts, actively resorbing bone to induce their 

apoptosis, RANK-Fc and OPG-Fc target osteoclast differentiation, thus significantly 

decreasing the number of osteoclasts.(13) The overall similarities of ONJ-like features 

associated with BPs versus RANKL inhibitors might also indicate that dysfunctional 

osteoclasts which might persist in BP-treated patients are not critical to ONJ etiology.

An additional difference between our previous study using BP treatment(38) and our present 

findings was the presence of a small but statistically significant increase of empty osteocytic 
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lacunae in the healthy mandible of zoledronic acid–treated animals that was not observed 

with RANK-Fc or OPG-Fc treatment. Similar findings of mandible areas lacking viable 

osteocytes and void of patent canaliculi have been reported in dogs treated with oral 

alendronate for 1 to 3 years.(91) The increase of empty osteocytic lacunae with BP treatment 

but not with RANK-Fc or OPG-Fc treatment suggests that in addition to suppression of bone 

remodeling, BPs might have direct toxic effects that induce osteocyte death.

In 2 Veh-treated animals, small areas of osteonecrosis were observed. This finding was 

unexpected; the reason for the development of osteonecrosis in the absence of antiresorptive 

treatment is not clear. In our previous study using the same animal model of periapical 

disease,(38) no osteonecrotic areas were seen in the Veh-treated animals. Furthermore, the 

literature does not report osteonecrosis in control animals when this well-established model 

of experimental periapical disease is used. Potentially, the presence of small osteonecrotic 

areas in the control group could represent an uncommon response of bone to severe 

inflammation, because other researchers have reported necrotic bone as a result of infection 

or mechanical trauma in the jaws of patients not receiving antiresorptives.(92,93)

In conclusion, we present a mouse model of non-BP antiresorptive-induced ONJ with 

radiographic and histologic features similar to human ONJ. To the best of our knowledge, 

this is the first ONJ animal model that used antiresorptive treatment other than BPs. 

Collectively, our results, in combination with investigations of BP-induced ONJ in various 

animal models and settings, and with ONJ patient studies, strongly support the central 

importance of osteoclast inhibition in ONJ pathophysiology.
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Fig. 1. 
TRACP5b serum levels were measured at the beginning (t1), at the time of drilling (t2), and 

at the end of the experiment (t3) for animals treated with Veh, RANK-Fc or OPG-Fc. 

*Statistically significantly different, p < 0.001. TRACP = tartrate-resistant acid phosphatase; 

Veh = vehicle; RANK = receptor activator of NF-kB; Fc = fragment crystallizable; IgG = 

immunoglobulin G; RANK-Fc = extracellular domain of RANK fused to the Fc portion of 

IgG; OPG = osteoprotegerin; RANKL = RANK ligand; OPG-Fc = RANKL-binding 

domains of OPG linked to the Fc portion of IgG.
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Fig. 2. 
Changes in the periapical area of molars from animals treated with Veh, RANK-Fc, or OPG-

Fc. (A) μCT images of the periapical area of the first molar distal root of healthy and drilled 

sites in animals treated with Veh, RANK-Fc, or OPG-Fc. (A1) The periapical area of the 

first molar distal root, as depicted in A. (B) Quantification of periapical space at the distal 

root of the first molar. *Statistically significantly different, p < 0.001. Veh = vehicle; RANK 

= receptor activator of NF-kB; Fc = fragment crystallizable; IgG = immunoglobulin G; 

RANK-Fc = extracellular domain of RANK fused to the Fc portion of IgG; OPG = 

osteoprotegerin; RANKL = RANK ligand; OPG-Fc = RANKL-binding domains of OPG 

linked to the Fc portion of IgG; μCT = micro–computed tomography.
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Fig. 3. 
Changes in the furcational area of molars from mice treated with Veh, RANK-Fc, or OPG-

Fc. (A) μCT images of the furcation area of the first molar of healthy and drilled sites in 

mice treated with Veh, RANK-Fc, or OPG-Fc. Thin arrows point to the PDL space and thick 

arrows point to the lamina dura. (B) The PDL space width and (C) lamina dura thickness at 

the furcation area were quantified for all animal groups. *Statistically significantly different, 

p < 0.001. +Statistically significantly different, p < 0.05. Veh = vehicle; RANK = receptor 

activator of NF-kB; Fc = fragment crystallizable; IgG = immunoglobulin G; RANK-Fc = 

extracellular domain of RANK fused to the Fc portion of IgG; OPG = osteoprotegerin; 

RANKL = RANK ligand; OPG-Fc = RANKL-binding domains of OPG linked to the Fc 

portion of IgG; μCT = micro–computed tomography; PDL = periodontal ligament.
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Fig. 4. 
Changes in alveolar bone architecture in animals treated with Veh, RANK-Fc, or OPG-Fc. 

(A) Axial μCT slices of the alveolar ridge at molar root level are shown. Thin arrows point 

to osteolysis extending to the mandibular cortices seen in the drilled site of the Veh-treated 

animals. Thick arrows point to periosteal bone formation and increased trabecular density 

seen in RANK-Fc–treated or OPG-Fc–treated animals. (B) Lingual cortex thickness at the 

distal root of the first molar and (C) BV/TV of bone at the area of the alveolar ridge were 

measured. *Statistically significantly different, p < 0.001, #Statistically significantly 

different, p < 0.01. Veh = vehicle; RANK = receptor activator of NF-kB; Fc = fragment 

crystallizable; IgG = immunoglobulin G; RANK-Fc = extracellular domain of RANK fused 

to the Fc portion of IgG; OPG = osteoprotegerin; RANKL = RANK ligand; OPG-Fc = 

RANKL-binding domains of OPG linked to the Fc portion of IgG; μCT = micro–computed 

tomography; BV/TV = bone volume/tissue volume.
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Fig. 5. 
Panoramic (A), coronal (B), sagittal (C), and axial (D) CBCT sections through the left 

mandibular alveolar ridge of a patient with ONJ treated with denosumab. Thin white arrows 

point to the thickened lamina dura, thick white arrows to periosteal bone deposition, thin 

black arrow to widened periapical PDL space, thick black arrows to increased bone density, 

and black and white arrow to loss of periodontal bone at the distal surface of the second left 

mandibular molar. CBCT = cone beam computed tomography; ONJ = osteonecrosis of the 

jaws; PDL = periodontal ligament.
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Fig. 6. 
Histology of periodontal and alveolar bone area. (A, A1) Healthy site of a Veh-treated 

animal. (B, B1) Drilled site of a Veh-treated animal. (C, C1) Healthy site of a RANK-Fc–

treated animal. (D, D1) Drilled site of a RANK-Fc–treated animal. (E, E1) Healthy site of an 

OPG-Fc–treated animal. (F, F1) Drilled site of an OPG-Fc–treated animal. A, B, C, D, E, 

and F are at × 4 magnification; A1, B1, C1, D1, E1, and F1 at × 10 magnification. Red 

arrows point to marginal gingival epithelium, yellow arrows to the crestal alveolar bone, 

white arrows to inflammatory infiltrate, black double-headed arrows to the epithelialcrestal 

bone distance, black arrows to areas of osteonecrosis, blue arrows to periosteal bone 

deposition, and green arrows to areas of exposed bone. Veh = vehicle; RANK = receptor 

activator of NF-kB; Fc = fragment crystallizable; IgG = immunoglobulin G; RANK-Fc = 

extracellular domain of RANK fused to the Fc portion of IgG; OPG = osteoprotegerin; 

RANKL = RANK ligand; OPG-Fc = RANKL-binding domains of OPG linked to the Fc 

portion of IgG.
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Fig. 7. 
(A) TRAP staining on histologic sections from the alveolar ridge of healthy and drilled sites 

from Veh-treated, RANK-Fc–treated, and OPG-Fc–treated animals. (B) Number of TRAP+ 

cells in the healthy and drilled site of Veh-treated and BP-treated animals. *Statistically 

significantly different, p < 0.001. TRAP = Tartrate-resistant acid phosphatase; Veh = 

vehicle; RANK = receptor activator of NF-kB; Fc = fragment crystallizable; IgG = 

immunoglobulin G; RANK-Fc = extracellular domain of RANK fused to the Fc portion of 

IgG; OPG = osteoprotegerin; RANKL = RANK ligand; OPG-Fc = RANKL-binding 

domains of OPG linked to the Fc portion of IgG; BP = bisphosphonate.
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Fig. 8. 
Quantification of histologic findings in the healthy and drilled site of Veh-treated, RANK-

Fc–treated and OPG-Fc–treated animals. (A) Periosteal thickness. (B) The shortest 

epithelial-crest distance was determined. If epithelium extended below the level of the 

alveolar crest, a negative value was assigned to the measurement. (C) Percent empty 

osteocytic lacunae. (D) Percent osteonecrotic area. (E) The TB and percent osteonecrotic 

area in a 50-μm-wide band adjacent to PB were measured. *Statistically significantly 

different, p < 0.001. #Statistically significantly different, p < 0.01. Veh = vehicle; RANK = 

receptor activator of NF-kB; Fc = fragment crystallizable; IgG = immunoglobulin G; 

RANK-Fc = extracellular domain of RANK fused to the Fc portion of IgG; OPG = 

osteoprotegerin; RANKL = RANK ligand; OPG-Fc = RANKL-binding domains of OPG 

linked to the Fc portion of IgG; TB = total bone percent osteonecrotic area; PB = periosteal 

bone.
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Table 1

Radiographic and Histologic Findings in Mice Treated With Veh, RANK-Fc, or OPG-Fc

Treatment Mice (n) Periosteal bone formation Histologic osteonecrosis Bone exposure

Veh 10 0 (0) 2 (20) 0 (0)

RANK-Fc 10 10 (100) 10 (100) 2 (20)

OPG-Fc 10 10 (100) 10 (100) 3 (30)

Values are n (%).

Veh = vehicle; RANK = receptor activator of NF-κB; Fc = fragment crystallizable; IgG = immunoglobulin G; RANK-Fc = extracellular domain of 
RANK fused to the Fc portion of IgG; OPG = osteoprotegerin; RANKL = RANK ligand; OPG-Fc = RANKL-binding domains of OPG linked to 
the Fc portion of IgG.
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