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Abstract  

Objectives: 

Bone-destructive disease treatments include bisphosphonates and antibodies against RANKL 

(aRANKL). Osteonecrosis of the jaw (ONJ) is a side-effect. Etiopathology models failed to explain 

their restriction to the jaw. The osteoproliferative transcription factor Msx-1 is expressed 

constitutively only in mature jaw bone. Msx-1 expression might be impaired in bisphosphonate-

related ONJ. This study compared the expression of Msx-1, BMP-2 and RANKL, in ONJ-affected 

and healthy jaw bone. 

Material and Methods: 

An automated immunohistochemistry-based alkaline phosphatase-anti-alkaline phosphatase method 

was used on ONJ-affected and healthy jaw bone samples (n=20 each): cell-number ratio (labelling 

index, Bonferroni adjustment). Real-time RT-PCR was performed to quantitatively compare Msx-

1, BMP-2, RANKL, and GAPDH mRNA levels.  

Results: 

Labeling indices were significantly lower for Msx-1 (p<0.03) and RANKL (p<0.003), and 

significantly higher (p<0.02) for BMP-2 in ONJ compared to healthy bone. Expression was 7-fold 

lower (p<0.03) for Msx-1, 22-fold lower (p<0.001) for RANKL, and 8-fold higher (p<0.02) for 

BMP-2 in ONJ bone. 

Conclusions: 

Msx-1, RANKL suppression and BMP-2 induction were consistent with the bisphosphonate-

associated osteopetrosis and impaired bone remodelling in BP- and aRANKL-induced ONJ. Msx-1 

suppression suggested a possible explaination of the exclusivity of ONJ in jaw bone. Functional 

analyzes of Msx-1- RANKL interaction during bone remodeling should be performed in the future.  
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 Introduction  

Bisphosphonates (BP) ameliorate bone-destructive disorders by inhibiting bone resorption. During 

the past decade, amino-BP treatments have increased by more than 100-fold, due to their excellent 

efficacy in preventing pain and skeletal events due to bone-invading malignancies (Schwabe U, 

2005). In 2003, the first case of BP-associated osteonecrosis of the jaw (ONJ) was described. That 

report has been substantiated by an increasing number of case reports and studies that described 

ONJ as a critical complication associated with long-term intravenous amino-BP treatments (Marx, 

2003). Thus, the incidence of ONJ appears to be increasing in proportion to the increasing 

application of BP treatment (Abu-Id et al., 2008). A related therapy is based on inhibiting the 

receptor activator for nuclear factor κB ligand (RANKL), an osteoclast differentiation factor that 

stimulates bone resorption, with the humanized antibody, anti-RANKL (aRANKL). Recent clinical 

studies have shown that the occurrence of ONJ was also associated with aRANKL treatment; thus, 

both amino-BP and aRANKL treatments are associated with the development of ONJ (Taylor et al., 

2009).   

Numerous studies have attempted to describe the pathology that might explain the restriction of 

ONJ to the jaws, but currently, no generally accepted etiology of ONJ is available (Reid, 2009). 

Early descriptions of ONJ as an avascular necrosis have been revised due to recent demonstrations 

of patent vascularisation in ONJ (Hansen et al., 2006b). Indeed, amino-BP treatment was found to 

improve vascularisation of avascular bone in cases of femur head necrosis and to accelerate fracture 

repair in extracranial skeletal bone (Agarwala et al., 2002, Matos et al., 2007, Amanat et al., 2007). 

Several authors have reported an association between ONJ and local inflammation and infection; 

moreover, ubiquitous, intraoral actinomyces are commonly found in ONJ (Hansen et al., 2006a, 

Bisdas et al., 2008, Reid, 2009). However, there is no evidence of any specific flora associated with 
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the development of ONJ, even though ONJ progression and superinfection are promoted by gram-

negative bacteria (Reid, 2009, Belibasakis et al., 2007). 

Another assumption was that low bone turnover following BP therapy was associated with the 

clinical appearance of ONJ (Marx et al., 2005). Histomorphological changes similar to 

osteopetrosis were found to be restricted to the jaw bone following BP-therapy consistent to the 

first description of ONJ as local osteopetrosis of the jaw bone (Favia et al., 2009). Moreover, BP 

therapy-related generalised osteopetrosis of the axial skeleton has only been found in pre-adolescent 

patients (Whyte et al., 2008).  

Previous research that assumed ONJ was restricted to the jaws had not considered a potential 

differential interaction between amino-BP and extracranial skeletal and maxillofacial  bone. In vitro 

studies have shown that jaw-derived and extracranial osteoblasts responded differentially to 

pamidronate (Stefanik et al., 2008) and presented different patterns of proliferation and osseous 

differentiation marker expression (Matsubara et al., 2005). The jaw bone is derived from cranial 

neural crest cells (CNC); in contrast, extracranial bone is derived from mesenchymal stem cells 

(MsC); thus, the biologically unique features of CNC-derived bone should be considered in the 

etiopathology of ONJ (Chung et al., 2009). Msx-1 is a transcription factor that induces proliferation 

and inhibits terminal differentiation of osteoblasts (Roybal et al.). Related to their embryonic origin 

in CNC, osteoblasts derived from the first branchial arch (jaw bone) express Msx-1 throughout 

adolescence; in contrast, Msx-1 is downregulated in MsC-derived bone after maturation (Blin-

Wakkach et al., 2001, Orestes-Cardoso et al., 2002). In jaw bone, Msx-1 was shown to be expressed 

permanently, with the highest concentration in the periodontal ligament; however, in long 

extracranial bones, Msx-1 was shown to be only transiently reactivated during fracture repair 

(Orestes-Cardoso et al., 2002, Chung et al., 2009, Babajko et al., 2009) (Ruhin-Poncet et al., 2009). 

Several studies have shown that Msx-1 regulation plays roles in both tooth development and adult 
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alveolar bone regeneration (Babajko et al., 2009, Maxson & Ishii, 2008). In CNC-derived bone 

Msx-1 was also coexpressed with RANKL in CNC-derived osteoblasts and chondroblast 

progenitors (Houpis et al., Idowu et al., 2008, Miah et al., 2004). Overexpression of Msx-1 has been 

postulated to cause cherubism, characterised by hyperproliferation and a honeycomb-like, cystic 

bone structure, which occurs exclusively in jaw bone (Hyckel et al., 2005, Ueki et al., 2001). In 

giant cell granuloma of the jaw bone, presenting identical patho-histologic appearance to cherubism 

overexpression of Msx-1 has been demonstrated (Houpis et al.). Considering the restriction of ONJ 

to the jaw bone, we hypothesised that the etiology of ONJ might be related to a BP-induced 

impairment of Msx-1 expression. Moreover, Msx-1 was shown to play a pivotal role in the 

modulation of bone morphogenetic protein-2 (BMP-2)-related bone homeostasis. This data has 

spurred interest in investigating the role of Msx-1 in other homeostatic disorders involving bone 

structures that express Msx-1, such as alveolar bone (Ruhin-Poncet et al., 2009, Gersch et al., 

2005).  

In this study, based on the facts that BP suppresses RANKL expression and BMP-2/4 and Msx-1 

interact during bone homeostasis, we performed a comparative analysis of Msx-1, BMP-2/4, and 

RANKL gene and protein expression in samples of BP-induced ONJ and healthy jaw bones 

(Viereck et al., 2002, Nishida et al., 2003, Nishida et al., 2005, Tsubaki et al., 2008). We 

hypothesized that Msx-1 expression would be diminished in the ONJ-affected jaw bones.  

 

Material and Methods: 

Patients and material sampling 

Jaw bone specimens from 40 patients were included in this study. Twenty were obtained from 

consecutive patients undergoing radical sequestrotomy for clinically and histologically evident 

ONJ. The ethical aspects of this study have been approved by the local ethical comitee of the 
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University Erlangen-Nuremberg (Ref.-Nr. 4272). The surgical procedure and the patient data were 

documented previously (Stockmann et al., 2009). The specimens used in this study were part of the 

tissue samples provided for routine histopathological diagnostics, and each displayed the 

histopathological characteristics of ONJ. In addition, our criteria for including the specimen in this 

investigation were: prior intravenous application of either pamidronate or zoledronate for at least 12 

months and clinical evidence of exposed jaw bone for at least 8 weeks. Any specimens from 

patients with former radiotherapy were excluded. All specimens were obtained during clinically 

routine procedures and harvested from the same tissues needed for standard diagnostics; therefore, 

no surgical procedure specific to this study was performed and no additional material was harvested 

from the patients. In the ONJ group bone tissue, adjacent to the necrotic, exposed jaw bone surface 

was used. The bone specimens were part of the material which was resected. The necrotic tissue 

itself was excluded from the analysis, only solid bone pieces were included in the investigation. 

Attached gingiva tissue was removed from the specimens.  

 The controls comprised 20 alveolar bone specimens, harvested during intraoral surgery procedures, 

from patients that did not have any BP-history and did not present any clinical signs of intraoral 

inflammatory processes or periodontitis. In the group of healthy jaw bone samples were harvested 

from bone material which was removed when bone surface was smoothened after dental extraction.  

The average size of the 40 specimens used in this study was 5 × 3 × 3 mm. Each group of 20 

specimens was divided into 2 equal parts. One part was immediately shock frozen at -80°C, and the 

other was immersed in RNA preserving reagent (RNALater, Quiagen, Hilden, Germany) for 24 h at 

4°C, and then frozen and stored at -80°C. 

  

Immunohistochemical staining 

In preparation for immunohistochemical staining, tissue samples were fixed in 4% formalin; then, 

samples were decalcified (10% EDTA, pH 7.4), paraffin-embedded, cut into serial sections with a 
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microtome (Leica, Nussloch, Germany), and dewaxed in graded alcohol. Immunohistochemical 

staining was performed with the alkaline phosphatase-anti-alkaline phosphatase (APAAP) method 

and an automated staining device (Autostainer plus, DakoCytomation, Hamburg, Germany), 

according to the manufacturer’s instructions (Dako Real, Cat. K5005, DakoCytomation). Msx-1 

was targeted with a polyclonal, rabbit-IgG, anti-human Msx-1 antibody (anti-Msx-1; M0944-100G, 

Sigma-Aldrich, Taufkirchen, Germany; dilution 1:100). BMP-2/4 was detected by a polyclonal, 

rabbit-IgG, anti-human BMP antibody (anti-human BMP 2/4, sc-9003, Santa Cruz, Santa Cruz, 

USA; dilution: 1:100). RANKL was targeted with a polyclonal, rabbit-anti-human RANKL 

antibody (sc-9073, Santa Cruz, dilution 1:100). Antibodies were incubated with tissue sections in 

the autostainer (20°C, 1h). The secondary antibody used for all primary antibodies, a biotinylated 

polyclonal, goat-anti-rabbit IgG (E 0466, DAKO, dilution 1:100), was applied according to the 

staining kit instructions. Visualisation of stained sections was performed with Fast Red solution, 

localised with biotin-associated activation (ChemMate-Kit, Dako), followed by incubation in 

hematoxylin for nuclear counterstaining. Two consecutive tissue samples were processed per 

immunohistochemical staining. One served as a negative control in each case (identical treatment, 

but replacement of the primary antibody with an istotype-IgG of the primary antibody). A known 

positive staining sample was also included in each series as a positive control. 

 

Semiquantitative immunohistochemical analysis 

Bone tissue sections were qualitatively evaluated under a bright-field microscope (Axioskop, Zeiss, 

Jena, Germany) at 100-400× magnification. We compared the numbers and localisations of stained 

osteocytes, osteoblasts, osteoblast progenitors, and fibroblasts in samples of ONJ-affected and 

healthy bone. In healthy bone, we observed bone trabecular, periosteal, and endosteal structures. In 

ONJ samples, we examined bone tissue attached to the necrotic bone defect. Within these areas, 3 

visual fields per section for each sample were digitized at 200 × magnification with a CCD camera 
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(Axiocam 5, Zeiss, Jena, Germany) and Axiovision software (Axiovison, Zeiss, Jena, Germany). 

Randomised systematic subsampling was performed according to the method described by Weibel 

(Weibel, 1989). We performed semiquantitative analyses of the cytoplasmic expression of Msx-1, 

BMP-2/4, and RANKL to determine the labelling index; i.e., the ratio of positively stained cells to 

the total number of cells per visual field, multiplied by 100. 

 

Quantitative mRNA analysis and real-time, reverse transcription, polymerase chain reaction 

Frozen tissues were agitated (Mixer Mill, Quiagen, Hilden, Germany) in lysis buffer (RNeasy Kit, 

QIAGEN, Hilden, Germany), and total RNA was extracted from tissues with the RNeasy Kit 

according to the manufacturer’s protocol. The mRNA detected with each probe was quantitatively 

measured with a commercial microfluid Lab-on-a-Chip kit (Agilent RNA 6000 Pico Kit Agilent, 

Waldbronn, Germany) and the Agilent 2100 Bioanalyzer (Agilent, Waldbronn, Germany). We 

synthesised cDNAs from total RNA with the High Capacity cDNA Archive Kit (Cat. 4322171; 

Applied Biosystems, CA, USA) according to the manufacturer’s protocol. Real-time reverse 

transcription (RT) quantitative polymerase chain reaction (qPCR) analyses were performed with the 

QIAGEN kits: Hs_BMP2_1_SG QuantiTect Primer Assay (200) (Cat. GT00012544) to amplify 

BMP-2, Hs_MSX1_SG QuantiTect Primer Assay (200) (Cat. GT00224350) to amplify Msx-1, and 

Hs_TNFSF11_va.1_SG QuantiTect Primer Assay (200) (Cat. QT01011381) to amplify RANKL; 

for normalisation, we used the Hs_GAPDH_1_SG QuantiTect Primer Assay (200) (Cat. 

QT00079247), to amplify GAPDH. We performed relative quantifications of mRNA with the ABI 

Prism 7300 Sequence Detection System (Applied Biosystems). We performed PCR amplification 

with the QuantiTect TM SYBR® green PCR kit (Cat. 204143; QIAGEN). In total, 40 ng of cDNA 

was used for each PCR reaction in a total volume of 25 µl. Each PCR run included a 15 min 

activation time at 95°C, followed by 40 cycles of: denaturing at 94°C for 15 s, annealing at 55°C 

for 30 s, and extension at 72°C for 34 s. Undesired PCR side-products that might contribute to the 
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fluorescence signal were assessed by melting curve analysis after PCR. The quantities of MSX-1, 

BMP-2, and RANKL mRNA were analysed in duplicate, and normalised against GAPDH as an 

internal control gene. The mRNA from BP-affected tissue was expressed relative to the mRNA 

isolated from tissues from normal patients without ONJ. Relative gene expression was determined 

with the ∆∆Ct method. In order to exclude influences from other disorders that might be associated 

with the normal group of patients, RNA was isolated from healthy oral periosteum (pool of 15 

patients) for  calibration. 

 

Statistical analysis 

The labelling index per visual field of positively stained cells was used to analyse the 

immunohistochemical cytoplasmic staining and the spatial pattern of expression. To assess the 

relative gene expressions from the real- time RT-PCR products, we set the median gene expression 

levels of Msx-1, BMP-2, and RANKL observed in the pool of healthy oral periosteum as a 

calibrator. Then, the gene expressions in both the ONJ-affected and unaffected groups were 

expressed relative to the calibrator. Multiple measurements per study group were aggregated prior 

to analysis. The labelling indices and relative gene expression data were expressed as the median 

(ME) and the interquartile range (IQR). Graphical diagrams represented the median, the 

interquartile range, minimum (Min), and maximum (Max) values. Confirmatory comparisons 

between treatment and control groups were performed with generalised estimating equations (GEE) 

that used the “treatment modality”, and the “subject id” as independent factors for appropriate 

analysis of repeated measurements per individual. Multiple p values were adjusted according to 

Bonferroni by multiplying each p value obtained by the number of confirmatory tests performed 

(n=10). Two-sided adjusted p-values ≤0.05 were considered significant. All calculations were 

performed with SPSS 17.0 for Windows (SPSS Inc, Chicago, USA). 
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Results 

Histochemical assessments revealed that all examined ONJ-affected samples displayed necrotic 

bone, represented by empty osteocyte lacunae, and vital bone zones. (Figs. 1C, 2C, 3C). The 

necrotic lesions consistently showed partial confluency, as described by other authors (6, 36). 

Inflammatory infiltrates, including multinucleated cells, were present in all ONJ-affected samples. 

Capillaries were observed in both ONJ-affected and normal bone samples. 

 

Osteoblast Msx-1 expression and Msx-1-mRNA were reduced in ONJ-affected jaw bone 

In the ONJ-affected bone, the  density of cells that expressed Msx-1 was reduced compared to that 

observed in normal jaw bone (Fig. 1). However, the fact that Msx-1 protein was detected in both 

ONJ-affected and normal osteoblasts indicated that Msx-1 expression persisted in the jaw bone 

during adulthood, as described by other groups (Orestes-Cardoso et al., 2001, Babajko et al., 2009). 

In normal jaw bone, the Msx-1 staining density was higher in periosteal and endosteal cells 

compared to trabecular cells. Also, the fibrous tissue surrounding the bone trabeculae displayed 

nuclear and cytoplasmic Msx-1 staining. In the ONJ group, Msx-1 staining was rare in endosteal 

cells, and the fibroblasts in the fibrous and inflammatory tissue surrounding the bone trabeculae 

displayed reduced Msx-1 expression. Next, we assessed the number of osteoblasts, osteocytes, and 

endosteal cells that expressed Msx-1 compared to the total number of bone-related cells. This 

labeling index (ratio of Msx-1 expressing cells:total number of bone related cells) showed that the 

relative cellular Msx-1 expression in the ONJ group was significantly diminished (p <0.03; ME: 

19.01; IQR: 16.2) compared to that of normal bone (ME: 74.21; IQR: 32.0) (Fig. 1E). Next, we 

evaluated the relative levels of gene expression for Msx-1 (Fig. 1F). We used the mRNA of 15 

healthy oral mucoperiosteal specimens as a calibrator, because Msx-1, BMP-2/4, and RANKL are 

constitutively expressed in oral mucoperiosteum (Babajko et al., 2009, Teot et al., 1996, Spencer et 

al., 2006, Leucht et al., 2008, Gersch et al., 2005). We found that Msx-1 mRNA-expression was 
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significantly reduced in ONJ-affected bone samples (p<0.03; ME: 1.81; range: 3.82) compared to 

normal jaw bone (ME: 12.39, range: 3.15). When the Msx-1-mRNA expression level in oral 

mucoperiosteum was set to unity (ME: 1.00, IQR: 1.72), we found that the mean Msx-1 mRNA 

level was 7-fold lower in ONJ-affected than in healthy jaw bone.   

 

BMP-2/4 expression and the density of connective tissue-related cells that expressed BMP-2/4 were 

increased in ONJ-affected bone 

BMP-2/4 expression was detected in osteoblasts from both the healthy (Fig. 2A) and the 

ONJ-affected samples (Fig. 2C). The ONJ-affected jaw bone displayed a higher density of 

osteocytes that expressed BMP-2/4 compared to normal jaw bone. In addition, in ONJ-affected jaw 

bone, the periosteum and connective tissue adjacent to the bone margins displayed a higher density 

of cellular BMP-2/4 staining than samples of the extracellular matrix that covered the normal jaw 

bone. The median labeling index of osteoblasts and osteocytes that expressed BMP-2/4 was 

significantly higher in the  ONJ-affected bone (p<0.02; ME: 60.43; IQR: 24.0) than in the control 

jaw bone (ME: 26.32; IQR: 16.0) (Fig. 2E). Moreover, BMP-2/4 mRNA expression was 

significantly elevated in the ONJ-bone (p<0.02; ME: 8.9; IQR: 6.1) compared to the control jaw 

bone (ME: 1.14; IQR: 1.07) (Fig. 2F). The BMP-2/4  mRNA expression was not significantly 

different between the control mucoperiosteum calibrator (ME: 0.84; IQR: 0.78) and normal jaw 

bone. The level of BMP-2 mRNA expression in ONJ-affected jaw bone was approximately 8-fold 

higher than in normal jaw bone.  

 

Number of cells that expressed RANKL and RANKL-mRNA levels was dramatically reduced in the 

ONJ-affected bone  

In normal jaw bone, RANKL expression was detected in the bone sections, including the periosteal 

soft tissue (Fig. 3A). However, in ONJ-affected jaw bone, RANKL was only sparsely expressed in 
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endosteal and periosteal cells (Fig. 3C). In the soft tissues of ONJ-affected samples, the spatial 

distribution of RANKL expressing cells was inhomogeneous compared to that observed in the 

normal jaw bone. Local concentrations of multinucleated cells that expressed RANKL were 

detected only at zones of osseous resorption in ONJ samples (Fig. 3C, D). The overall density of 

cells that expressed RANKL was significantly lower in the ONJ-affected compared to normal jaw 

bone. This was reflected in the significantly reduced labeling index for cytoplasmic RANKL in 

ONJ-affected (p<0.003; ME: 22.63; IQR: 14) compared to normal jaw bone (ME: 53.45; IQR: 26) 

(Fig. 3E). RANKL mRNA expression was significantly lower (p<0.001) in ONJ-affected samples 

(ME: 69.8; IQR: 135.3) than that detected in healthy jaw bone (ME: 1538.80; IQR: 1322.34) and 

mucoperiosteal tissue samples (ME: 1.00; IQR: 147.33) (Fig. 3F). The levels of RANKL mRNA 

were 22-fold lower in the ONJ-affected jaw bone compared to normal jaw bone.  

 

 

Discussion 

This study was the first to investigate the influence of BP on jaw bone specific osseous 

differentiation in ONJ. The results showed that expression of the osteoproliferative transcription 

factor Msx-1 was significantly diminished in ONJ-affected jaw bone at both the protein (p<0.03) 

and mRNA (p<0.03) levels. Furthermore, we found that the expression of RANKL was 

significantly reduced in the bone surrounding the ONJ lesion, and the expression of BMP-2/4 was 

significantly elevated. These results indicated that the remodeling is suppressed in BP-compromised 

jaw bone. The immunohistochemical and molecularbiological findings in this study were consistent 

with those found in osteopetrotic bone (Cohen, 2006). ONJ has previously been described to 

present histomorphology of local osteopetrosis (Favia et al., 2009, Marx et al., 2005) (Lesclous, 

2009). The reduction of osteoclastic activity and overwhelming mineralization without adequate 

increase of blood supply was suggested to predispose to ischemic bone necrosis resulting in 
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secondary inflammation and bacterial superinfection as seen in ONJ (Favia et al., 2009) (Barry & 

Ryan, 2003). Indeed, osteopetrosis is a known endogenous disorder associated with exposed bone 

and osteomyelitis of the jaw bone (Barry & Ryan, 2003, Reid, 2009). Osteopetrosis-like lesions 

have been reported following oral application of white phosphorus (Abu-Id et al., 2008). 

It has been suggested that a BP-related loss of Msx-1, especially in the periodontal ligament, might 

be associated with some ONJ characteristics, including a sclerotic, non-healing extraction socket 

and periapical hypermineralised thin lines around dental roots (Chung et al., 2009, Babajko et al., 

2009). The peridontal ligament has been found to harbour the highest endogenous concentration of 

Msx-1 in the jaw bone (Ishii et al., 2005)(Orestes-Cardoso et al., 2002, Orestes-Cardoso et al., 

2001). In rat periodontal ligamentum cells, BP treatment caused recruitment of bone forming cells, 

induction of osseous differentiation markers osteopontin and bone sialoprotein, and reduction of 

periodontal ligamentum cell numbers (Lekic et al., 1997). Msx-1 has been reported to be critically 

involved in preventing terminal differentiation and stimulating proliferation of osteoblast 

progenitors; thus, the loss of Msx-1 is likely to be associated with poor osteoblast proliferation and 

overwhelming mineralisation in jaw bone (Newberry et al., 1997, Dodig et al., 1996). Msx-1 and 

Msx-2 functions have been shown to overlap in the developing jaw, but only Msx-1 expression 

continues into adulthood (Berdal et al., 2009). Msx-1 represses transcription of the terminal 

differentiation mediator osteocalcin by inhibiting  the osteogenesis regulator, DLX5 (Hoffmann et 

al., 1994). Msx-1 has been shown to be overexpressed in giant cell granuloma (Houpis et al.). Msx-

1 has been postulated to be causative involved in the development and progression of cherubism. 

Cherubism and giant cellular granuloma share both the histologic phenotype of hyperproliferation 

of non-mineralized bone tissue and their restriction to jaw bone (Hyckel et al., 2005, Ueki et al., 

2001). BP-induced sclerotic changes and hypermineralisation of exposed alveolar bone are 

consistent with the loss of Msx-1 dependent osteocalcin repression (Favia et al., 2009) (Shirakabe 

et al., 2001). Furthermore, systemic osteopetrosis following Amino-BP therapy has only been 
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described in the premature, growing skeleton, consistent with the downregulation of Msx-1 in the 

extracranial skeleton after the maturation of bones (Whyte et al., 2008, Whyte et al., 2003).  

BMP-2 is an essential osteoinductor and inducer of bone mineralisation. Our finding that BMP-2 

expression was significantly higher at both the protein (p<0.02) and mRNA (p<0.02) levels in 

ONJ-affected bone is consistent with the clinical and radiologic observations that ONJ-affected jaw 

bone appears osteopetrotic (Marx et al., 2005). Experimental and clinical findings have shown that 

BMP-2 and Msx-1 expression are partially antagonistic during jaw bone and dental development 

(Dodig et al., 1996, Newberry et al., 1997). BMP-2 is a morphogen that inhibits proliferation and 

mediates osseous differentiation and mineralisation. Msx-1 has been found to modulate signalling 

downstream of BMP-2 by antagonising the expression of the osteogenesis regulator, DLX5 (Cohen, 

2006) (Ryoo et al., 1997). Msx knockout animals showed unaltered BMP-2 expression (Aioub et 

al., 2007). 

BP treatment has been shown to prevent osteoclast activation and bone resorption in malignancies 

and osteoporosis (Nishida et al., 2005, Viereck et al., 2002) primarily by suppressing RANKL 

activity. Thus, we were not surprised to find that the expression of RANKL was significantly 

reduced in ONJ-affected bone at both the protein (p<0.003) and mRNA (p<0.001) levels  

Clinically, BP was also shown to enhance fracture repair of extracranial skeletal bone; this 

suggested that BP could differentially impact RANKL-mediated bone remodelling in jaw and 

extracranial bone structures, even though the RANK/RANKL-OPG system regulates both 

CNC-derived bone and MsC-derived osteoblasts (Agarwala et al., 2002, Amanat et al., 2007, Matos 

et al., 2007). Experimentally application of zoledronic acid induced inflammation of the jaw bone, 

but did not affect the axial skeleton (Senel et al.). The disparate effects of BP could be due to the 

parallel regulation of RANKL and Msx-1 expression in CNC-derived Msx-1 progenitors (Houpis et 

al., Idowu et al., 2008, Miah et al., 2004). Experimental disruption of Msx resulted in significantly 

reduced RANKL expression and osteopetrosis in the jaw bone of a mouse model (Aioub et al., 
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2007). Despite our finding that RANKL expression was reduced throughout the ONJ-affected jaw 

bone, we observed histological evidence of osteoclast activity in the ONJ zone; this might be due to 

direct RANKL activation in osteoclasts by intraoral gram-negative bacteria, consistent with the 

findings from other groups (Bisdas et al., 2008, Reid, 2009, Belibasakis et al., 2007). The notion 

that local intraoral gram-negative bacteria might have induced bone resorption by the local 

activation of RANKL is supported by the clinical findings that periodontitis was reduced with 

application of the BP, alendronate (Menezes et al., 2005, Reddy et al., 2005). 

The findings of this study may contribute to elucidate the differential impact of BP on CNC-

derived jaw bone remodelling compared to mesoderm-derived extracranial bone. ONJ development 

is associated with impaired jaw bone turnover and local osteopetrosis; both these processes have 

been linked to the loss of Msx-1 in alveolar bone (Favia et al., 2009, Aioub et al., 2007). To our 

knowledge, this is the first study to investigate unique features of CNC-derived bone in connection 

with BP treatment. Msx-1 is also known to be a key regulator of the Vitamin D receptor. Therefore, 

understanding the clinical impact of Msx-1 could be of therapeutic relevance in other diseases 

associated with impaired bone homeostasis (Lezot et al., 2004). The association of ONJ with 

aRANKL therapy supports the suggestion that the mechanism underlying the restriction of ONJ to 

the jaws may be CNC-specific cell signalling alterations (Taylor et al., 2009, Stopeck et al., 2009, 

Henry et al., 2009). In agreement with leading international experts in the field of ONJ, we 

concluded that targeting the unique features of the jaw bone is a promising approach to elucidate 

the underlying pathologic mechanisms of ONJ (Khosla et al., 2007). Of note, BP and aRANKL had 

differential impacts on proliferation, vascularisation, and surface marker expression jaw bone 

compared to extracranial bone derived structures (Stefanik et al., 2008, Matsubara et al., 2005). 

This suggests that BP effects on Msx- and RANKL-related interactions in CNC- and MsC-derived 

osteoblasts, osteoclasts, and bone structures should be investigated in more detail in the future.  
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Figure legends 

Figure 1 

Suppression of Msx-1 expression in ONJ-affected jaw bone.  

Representative immunohistochemically stained (APAAP) tissue sections show cytoplasmic Msx-1 

staining at x 200 magnificion (A-D). Scale bars mark 100 µm.  

Figures 1A and 1B (detail of 1A in black rectangle)  demonstrate Msx-1, accentuated at the 

transition zone between mineralized and non mineralized healthy jaw bone. Figures 1C and 1D 

(detail of 1C in black rectangle) show reduced expression of Msx-1 in ONJ-affected jaw bone. 

Figure 1E shows the relative number of cells that expressed the Msx-1 protein. Labeling index was 

significantly reduced (p<0.03) in ONJ-affected bone compared to normal bone (measured by 

immunohistochemistry).   

The relative level of Msx-1 mRNA in ONJ-affected bone was 7-fold lower than that observed in 

normal bone samples (p<0.03) (Fig. 1F).  All samples were normalized to GAPDH expression, and 

the relative expression was calibrated to the Msx-1 mRNA concentrations found in healthy oral 

mucoperiostal tissue samples.   

 

Figure 2 

Stimulation of BMP-2/4 expression in ONJ-affected jaw bone 

Representative immunohistochemically stained (APAAP) tissue sections show BMP-2/4-staining  

at x 200 magnificion (A-D). Scale bars mark 100 µm. 

Figures 2A and 2B (detail of 2A in black rectangle) show pronounced BMP-2/4 staining of 

periostal and endosteal cells in healthy jaw bone. Figures 2C and 2D (detail of 2C in black 

rectangle) show  more intense and more dense  cellular staining for BMP-2/4 in ONJ-affected jaw 

bone deived periosteum and endosteum  (p < 0.02).  

Page 21 of 28

Oral Diseases - Manuscript Copy

Oral Diseases - Manuscript Copy

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



O
ral Diseases - M

anuscript Copy
    
 

 
 

22 

Figure 2E shows the relative number of cells that expressed the BMP-2/4 protein. The labeling 

index was significantly reduced (p<0.03) in ONJ-affected bone compared to normal bone 

(measured by immunohistochemistry).  

In Fig. 2F the relative level of BMP-2 mRNA expression in ONJ-affected samples was 8-fold 

higher than that observed in controls (p<0.02); this substantiated the observation of overwhelming 

mineralisation. All samples were normalized to GAPDH expression, and the relative expression 

was calibrated to the BMP-2 mRNA concentrations found in healthy oral mucoperiostal tissue 

samples. 

 

Figure 3 

RANKL is dramatically suppressed in ONJ-affected jaw bone. 

Representative immunohistochemically stained (APAAP) tissue sections show RANKL- staining at 

200 x magnificion. Scale bars mark 100 µm (A-D). 

Figures 3A and 3B (detail of 3A in black rectangle) represent cytoplasmic RANKL-staining at the 

endosteal surface in healthy jaw bone.  Figures 3C and 3D (detail of 3C in black rectangle) show  a 

dramatically reduced number of RANKL-positive staining cells in ONJ-affected bone.  

 The relative level of cellular RANKL expression (labeling index) was significantly diminished in 

ONJ-affected samples compared to controls (p< 0.003) (Fig. 3E).  

The mean RANKL mRNA level detected in ONJ-affected bone samples were nearly 22-fold lower 

than that of control bone (p < 0.001) (Fig. 3F). All samples were normalized to GAPDH expression, 

and the relative expression was calibrated to the RANKL mRNA concentrations found in healthy 

oral mucoperiostal tissue samples. 
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Figure 2 
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