VU Research Portal

Bone-site-specific responses to bisphosphonates
Vermeer, A.F.

2014

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Vermeer, A. F. (2014). Bone-site-specific responses to bisphosphonates: Long bone and jaw compared. [PhDThesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
E-mail address:
vuresearchportal.ub@vu.nl

Download date: 09. Jan. 2023

Chapter 2.
Jaw bone marrow-derived
osteoclast precursors internalize
more bisphosphonate than longbone marrow precursors

Jenny A.F. Vermeer
Ineke D.C. Jansen
Matangi Marthi
Fraser P. Coxon
Charles E. McKenna
Shuting Sun
Teun J. de Vries
Vincent Everts

Published in: Bone. 2013 Nov;57(1):242-51

Chapter 2

Abstract
Bisphosphonates (BPs) are widely used in the treatment of several bone diseases, such as
osteoporosis and cancers that have metastasized to bone, by virtue of their ability to inhibit
osteoclastic bone resorption. Previously, it was shown that osteoclasts present at different
bone sites have different characteristics. We hypothesized that BPs could have distinct
effects on different populations of osteoclasts and their precursors, for example as a result
of a different capacity to endocytose the drugs. To investigate this, bone marrow cells were
isolated from jaw and long bone from mice and the cells were primed to differentiate into
osteoclasts with the cytokines M-CSF and RANKL. Before fusion occurred, cells were
incubated with fluorescein-risedronate (FAM-RIS) for 4 or 24 h and uptake was determined
by flow cytometry. We found that cultures obtained from the jaw internalized 1.7 to 2.5
times more FAM-RIS than long bone cultures, both after 4 and 24 h, and accordingly jaw
osteoclasts were more susceptible to inhibition of prenylation of Rap1a after treatment with
BPs for 24 h. Surprisingly, differences in BP uptake did not differentially affect
osteoclastogenesis. This suggests that jaw osteoclast precursors are less sensitive to
bisphosphonates after internalization. This was supported by the finding that gene
expression of the anti-apoptotic genes Bcl-2 and Bcl-xL was higher in jaw cells than long
bone cells, suggesting that the jaw cells might be more resistant to BP-induced apoptosis.
Our findings suggest that bisphosphonates have distinct effects on both populations of
osteoclast precursors and support previous findings that osteoclasts and precursors are
bone-site specific. This study may help to provide more insights into bone-site-specific
responses to bisphosphonates.
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Introduction
During the process of bone remodeling, bone is resorbed by osteoclasts. These
multinucleated, tartrate-resistant acid phosphatase (TRACP)-expressing cells are formed by
the fusion of mononuclear precursors present in the bone marrow. In diseases associated
with excessive bone resorption, such as osteoporosis and cancers that have metastasized to
the bone, bisphosphonates (BPs) are widely used as a treatment to reduce bone resorption
by osteoclasts, thereby improving bone quality and reducing fracture risk.
Two different classes of BPs can be distinguished by the presence or absence of an
amino group. Each class acts by a distinct mechanism to inhibit osteoclast function. After
uptake, non-N-BPs, such as clodronate are transformed into non-hydrolysable forms of ATP,
resulting in apoptosis [1,2]. Nitrogen-containing BPs (N-BPs) such as zoledronic acid,
pamidronate, and risedronate, inhibit farnesyl pyrophosphate synthase (FPPS), thereby
preventing prenylation of small GTPases [3,4]. Prenylation is a post-translational lipid
modification important for cellular localization and function of small GTPases. Disruption of
this process and inhibition of small GTPase function are therefore thought to be the
mechanism by which N-BPs lead to dysfunctional osteoclasts [5]. Besides their effect on
prenylation, N-BPs can induce apoptosis directly through accumulation of the substrate of
FPPS, IPP, which can be converted to the toxic ATP analogue triphosphoric acid 1-adenosin5-yl ester 3-(3-methylbut-3-enyl) ester (ApppI) [6]. In vitro, BPs exert effects on numerous
different cell types [7-9]. In vivo, however, BPs bind rapidly and avidly to bone mineral, and
as a result are thought to selectively affect osteoclasts, which release and take up the BP
during resorption. Nonetheless, uptake of BPs by monocytes in vivo has also been reported
[10]. A side-effect associated with bisphosphonates is osteonecrosis of the jaw (ONJ), which
is defined as persistence of exposed bone in the maxilla or mandible for at least 8 weeks
[11]. The prevalence is very low in patients receiving oral BPs for the treatment of
osteoporosis, however it is estimated to range between 1 and 15% in cancer patients who
receive high intravenous doses of the N-BPs pamidronate or zoledronic acid [12]. Several
hypotheses regarding the etiology of BP-related ONJ have been proposed [12]. First,
suppression of bone turnover and subsequent increase in bone mass could lead to
avascularization followed by necrosis. Since bone turnover in the jaw is taken to be higher
than in other bones [13], this effect might be more pronounced in the jaw. Next, high bone
turnover and thus high local osteoclast activity could also lead to excessive release of BP
from the bone and BP exposure and subsequent uptake by neighboring cells [8]. This might
lead to death of cells other than osteoclasts such as other bone cells, endothelial cells, and
bone marrow cells. Since osteoclasts are more active at a low pH [14], this effect could be
even more pronounced in an acidic environment created by an infection or by the BP itself
[12,15].
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A potential explanation for ONJ could lie in the sensitivity of jaw osteoclasts and
their precursors to bisphosphonates. Previously, it was shown that osteoclasts derived from
various bone sites have different characteristics (reviewed in [16,17]). We hypothesize that
precursors and osteoclasts from the jaw are more sensitive to bisphosphonates than those
from long bone, resulting in excessive suppression of bone turnover in the jaw compared to
other skeletal sites.
To investigate the effect of BPs on different osteoclast populations, we isolated jaw
and

long-bone

marrow

from

mice

and

studied

the

effect

of

pamidronate

on

osteoclastogenesis in vitro. We also quantitatively and qualitatively assessed internalization
of the fluorescently labeled N-BP risedronate (FAM-RIS) by jaw and long-bone marrow cells.
This study will provide more insight into the differences between bone-site-specific
osteoclasts and precursors, and may lead to a better understanding of the association
between certain BPs and osteonecrosis of the jaw.
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Materials and methods
Synthesis of FAM-RIS
FAM-RIS was synthesized from a commercially available mixture of 5- and 6carboxyfluorescein (5(6)-carboxyfluorescein) according to the published procedure [18]. The
sample was purified by TLC on silica gel then by preparative gradient HPLC (RP, A: 10%
MeOH, 0.1 M TEAC, pH 7.0; B: 75% MeOH in 0.1 M TEAC, pH 7.5; A to 40% of B in 12 min
then to 70% B in 100 min). After rotary evaporation to remove the solvent, the residue was
dissolved in water and the concentration determined by UV-VIS (λmax = 492 nm, ε = 72000
M-1cm-1). The sample was then divided into 0.5 mL aliquots (glass vials) which were then
lyophilized and stored at -20 °C. The compound was characterized by 1H and
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P NMR

+

(single peak); high resolution MS (M ), calcd 715.1089 m/z; found 715.1055; and UV-VIS
and fluorescent emission spectroscopy (λmax, = 518 nm).

Bone marrow isolation
Bone marrow cells from long bones and mandibles of six-week-old male C57BL/6J mice
(Harlan, Horst, The Netherlands) were isolated and used for osteoclastogenesis
experiments. Mice were injected intraperitoneally with a lethal dose of sodium pentobarbital
(0.1 mL Euthestate, Ceva Sante Animale, Naaldwijk, The Netherlands). Tibiae, femurs, and
mandibles were removed and were kept in α-minimal essential medium (α-MEM; GIBCO,
Paisley, UK) supplemented with 5% fetal calf serum (FCS; Hyclone, Logan, UT, USA), 1%
antibiotics (100 U/mL penicillin, 100 µg/mL streptomycin, and 250 ng/mL amphotericin B;
antibiotic antimycotic solution; Sigma, St. Louis, MO, USA), and heparin (170 IE/mL; Leo
Pharmaceutical Products B.V., Weesp, The Netherlands). Soft tissue, condyles and the
incisors were removed from the mandibles, leaving the jaw bone containing the molars and
adjacent bone marrow space [19]. Bones were crushed in mortars and flushed with medium
without heparin through a 21-gauge needle and filtered with a 70-µm pore-size cell strainer
(Falcon/Becton Dickinson, Franklin Lakes, NJ, USA). Animal experiments were approved by
the Animal Welfare Committee of the VU University (Amsterdam, The Netherlands).

Osteoclastogenesis
Freshly isolated bone marrow cells were seeded in 96-well plates (Cellstar, Greiner Bio-One,
Monroe, NC, USA) at a density of 1 x 105 cells per well. Cells were seeded on plastic or on
bovine cortical-long-bone slices. Osteoclastogenesis was induced with 150 µL medium
containing 30 ng/mL recombinant mouse macrophage-colony stimulating factor (rmM-CSF;
R&D Systems, Minneapolis, MN, USA) and 20 ng/mL recombinant mouse receptor activator
of nuclear factor κB ligand (rmRANKL; R&D Systems). Stock solutions of 100 mM
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pamidronate (Sigma) in deionized water, 100 mM risedronate (LKT Laboratories, Inc., St.
Paul, MN, USA) in PBS, 10 mM risedronate conjugated with 5(6)-carboxyfluorescein (FAMRIS) in PBS (as described in 2.1) [18], and 10 mg/mL FITC-dextran (Mw: 10000; Life
Technologies, Molecular Probes, Carlsbad, CA, USA) in PBS were prepared, filter sterilized
and stored at -20ºC until use. Pamidronate (1-100 µM) was added to the culture medium
during an early (days 0-3) or a later (days 3-6) stage of differentiation. For some
experiments, bone slices were incubated with pamidronate (10-100 µM) for 20 h and PAM
was washed away before seeding of the bone marrow. Culture medium with M-CSF and
RANKL, but without BPs was used as a control. Cultures were maintained in a humidified
atmosphere at 37ºC and 5% CO2. The culture medium was replaced every three days. At
the end of the culture period, cells were rinsed with PBS and fixed in 4% PBS-buffered
formaldehyde (used for TRACP staining and confocal microscopy). Bone slices were stored
in distilled water at 4ºC (used for Resorption Assay).

TRACP staining
Fixed cells on plastic or on bone slices were stained for TRACP using the leukocyte acid
phosphatase kit (Sigma). Nuclei were visualized with 4’6-diamidino-2-phenylindole
dihydrochloride (DAPI). The number of TRACP-positive cells with three or more nuclei was
assessed and expressed per cm2.

RNA isolation and real time quantitative PCR
RNA was isolated from cells cultured on bone slices using the RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to manufacturer’s instructions. cDNA was synthesized using the
MBI Fermentas cDNA synthesis kit (Fermentas, Vilnius, Lithuania). Real time qPCR was
performed on an ABI Prism 7000 using SYBR Green mastermix (Applied Biosystems, Foster
City, CA, USA) and primers are listed in Table 1. Gene expression was divided by expression
of the housekeeping gene porphobilinogen deaminase (PBGD) for normalization.

Caspase 3/7-Glo Assay
Caspase-3/7 activity was measured 5 h after addition of 50 µM PAM at day 3 of culture in
the presence of M-CSF and RANKL. The Caspase 3/7-Glo Assay (Promega, Madison, WI,
USA) was performed according to manufacturer’s instructions and normalized for the
amount of DNA. DNA content was measured using the CyQUANT Cell Proliferation Assay
(Molecular Probes).
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Table 1. Primer sequences used for real time quantitative PCR.

Gene

Primer sequence 5’3’

PBGD

FW: AgTgATgAAAgATgggCAACt
RV: TCTggACCATCTTCTTgCTgA

TRACP

FW: gACAAgAggTTCCAggAgACC
RV: gggCTggggAAgTTCCAg

DC-STAMP

FW: TgTATCggCTCATCTCCTCCAT
RV: gACTCCTTgggTTCCTTgCTT

Bcl-2

FW: ggCATCTgCACACCTggAT
RV: AgACAgCCAggAgAAATCAAACA

Bcl-xL

FW: CggCTgggACACTTTTgTg
RV: CAgTCATgCCCgTCAggAA

Bax

FW: TggCAgCTgACATgTTTgCT
RV: TTTAgTgCACAgggCCTTgAg

Atp6v0d2

FW: CATTCCTTggAgCCCCTgAg
RV: TCTCTgTgAAACggCCCAgT

Cathepsin K

FW: ACAgCAggATgTgggTgTTCA
RV: gCCgAgAgATTTCATCCACCT

F4/80

FW: gCACCAATgTACCAggCTCCTA
RV: gATCCTTTTgCAgTTgAAgTTTCC

MafB

FW: AACgCgTCCAgCAgAAACAT
RV: CTCAggAgAggAggggCTgT

Irf8

FW: TgTCCCCgAggAAgAACAAA
RV: gCCACACTCCATCTCAggAACT

ALP

FW: CTCATggAggCCTTTgTCTT
RV: CTCATgATgTCCgTggTCAA

Resorption Assay
To assess osteoclast activity, cells cultured on bone slices were lysed with deionized water
and 10% ammonia. Resorption pits were visualized with Coomassie Brilliant Blue as
described previously [20]. Micrographs were taken of pre-defined areas on each bone slice,
and four fields per bone slice were analyzed. Micrographs covered approximately one fifth of
each bone slice. The resorbed area was measured using Image Pro-Plus Software (Media
Cybernetics, Silver Spring, MD, USA) and expressed as percentage of the total surface area.
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Flow cytometry
Uptake of FAM-RIS (10 µM) or FITC-dextran (500 µg/mL) by osteoclast precursors (bone
marrow cells treated with M-CSF and RANKL for 3 days) was studied after 4 and 24 h of
incubation of the cells with the labeled bisphosphonates or after 4 h with dextran.
Incubation was performed at 4ºC (only 4 h) or 37ºC. After the incubation cells were rinsed
with PBS and removed from the surface using 0.05% trypsin-EDTA (Gibco) followed by
scraping the cells off the bottom of the wells. Washing and fixation were performed as
described in paragraph 2.3. Fluorescence was measured using flow cytometry (C6 Flow
Cytometer, Accuri, Cambs, UK). Cells treated with PBS were used to set background
fluorescence.

Immunostaining and confocal microscopy
To visualize BP uptake, bone marrow cells were cultured in the presence of FAM-RIS for 4 h
on glass chamber slides (Lab-Tek; Nunc, Naperville, IL, USA) and fixed with formaldehyde
at day 5 as described above. The plasma membrane of the cells was visualized with antiCD44. Cells were kept in the dark during the staining procedure. First, non-specific
background staining was blocked with 20% normal goat serum (Vector Laboratories,
Burlingame, CA, USA) for 30 min. Chamber slides were incubated overnight at 4°C with rat
anti-mouse CD44 antibody IM7.8.1 (2 µg/mL, Cedarlane Laboratories Ltd., Burlington, ON,
Canada) dissolved in PBS/BSA 1% (bovine serum albumin; Sigma). After washing 3 times
with PBS, wells were incubated for 1 h at room temperature with Alexa Fluor 647-labeled
goat anti-rat antibody (1:400, Life Technologies, Molecular Probes). Finally, nuclei were
visualized with propidium iodide (Sigma). Slides were stored at 4ºC in PBS until they were
analyzed by confocal laser scanning microscopy (Leica Microsystems GmbH, Wetzlar,
Germany).
To determine the activity per osteoclast, mouse bone marrow cells were cultured
on bovine cortical bone slices and fixed with formaldehyde after eight days as described
above. Resorption pits were visualized by staining collagen type I and the plasma
membranes of the cells were visualized with anti-CD44. First, non-specific background
staining was blocked with 20% normal goat serum (Vector Laboratories, Burlingame, CA,
USA) for 30 min. Bone slices were washed three times with PBS, followed by a one hour
incubation with rat anti-mouse CD44 antibody IM7.8.1 (see above) and rabbit anti-human
collagen I antibody (2 µg/ml, Abcam, Cambridge, UK). After another washing step, bone
slices were incubated for 1 h in the dark with Alexa Fluor 647-labelled goat anti-rat antibody
(1:400) and Alexa Fluor 488-labelled goat anti-rabbit antibody (1:400, both Invitrogen,
Molecular Probes, Carlsbad, CA, USA). Finally, nuclei were visualized with propidium iodide
(Sigma). All incubations were performed at an ambient temperature. Bone slices were
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stored at 4ºC in PBS until they were analyzed by confocal laser scanning microscopy (Leica
Microsystems GmbH, Wetzlar, Germany). A representative area per bone slice was analyzed
for resorption and divided by the number of multinucleated cells as a measure for activity
per osteoclast.

Western blotting
Cells were lysed using radioimmunoassay precipitation buffer (RIPA; Enzo Life Sciences,
Stressgen, Ann Arbor, MI, USA) containing protease inhibitors (Roche Diagnostics,
Mannheim, Germany). Protein content was measured with the BCA Protein Assay (Thermo
Scientific, Pierce, Rockford, IL, USA). Equal amounts of protein were denatured and
separated on a NuPAGE 10% Bis-Tris gel (Life Technologies, Novex) under reducing
conditions. Proteins were transferred to a nitrocellulose membrane using the iBlot system
(Life Technologies, Novex). Background was blocked overnight at 4°C with PBS/BSA 1%
containing 0.1% Tween 20 (blocking buffer). Incubation with a polyclonal antibody
specifically binding to the unprenylated form of Rap1a (sc-1482, 1:200; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) was done at ambient temperature for 3 h.
Subsequently, the blots were rinsed 3 times with blocking buffer followed by a 1 h
incubation step with HRP-labeled rabbit anti-goat antibody (Pierce). Chemiluminescent
signal was detected using SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientific) and the Biospectrum AC Imaging System and VisionWorksLS software (UVP,
Cambridge, UK). Gamma settings were optimized for clarity of the bands. After
chemiluminescent detection, blots were washed with blocking buffer and incubated for 1 h
at room temperature with mouse anti-β-actin antibody (1:5000, Sigma). Antibodies were
washed away by rinsing 3 times with blocking buffer. An alkaline phosphatase labeled
secondary antibody (Pierce) was incubated for 1 h and stained with NBT/BCIP according to
manufacturer’s instructions (Roche Diagnostics). Density of the bands was measured using
ImageJ software (National Institutes of Health, Bethesda, MD, USA)

Statistical analyses
The effect of BP treatment on long bone and jaw osteoclastogenesis was analyzed by
separate Friedman tests for long bone and jaw, followed by Dunn’s Multiple comparison
tests to compare the medians of BP treatment to controls. Gene expression after BP
treatment was analyzed with a Repeated Measures ANOVA test and post-hoc analyses were
done with Dunnett’s Multiple Comparison Tests. A one-sample t-test was used to analyze
caspase 3/7 activity. Differences between long-bone marrow cells and jaw cells regarding
caspase 3/7 activity and FAM-RIS and dextran uptake were analyzed with a paired t-test
(two-tailed). A paired t-test was also used to compare gene expression of Bcl-XL, Bcl-2, and
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Bax. Data are expressed as means of at least three measurements and SD. Differences were
considered significant when p<0.05.
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Results
Jaw osteoclast precursors internalize more FAM-RIS than long bone osteoclast precursors
To gain insights into the effect of bisphosphonates on different subpopulations of osteoclast
precursors, we first assessed uptake of fluorescently labeled risedronate (FAM-RIS) by jaw
and long-bone marrow cultures by flow cytometry. FAM-RIS was added after 3 days of
culture in the presence of M-CSF and RANKL. At this time point the cultures were primed to
become osteoclasts but they contained mainly mononuclear osteoclast precursors and
expressed at least 40 times more TRACP mRNA than at day 1 of culture. Two cell
populations were identified based on their size (Figure 1A). The median fluorescence
intensity (MFI) of the small population was lower than the MFI of large cells. Jaw cultures
contained significantly more small cells than long bone cultures, both in the absence and in
the presence of FAM-RIS (Figure 1B). Internalization of bisphosphonates was seen in the
entire population in both small and large long bone and jaw cultures (not shown). Uptake
per cell, 4 and 24 h after addition of FAM-RIS, was assessed and expressed as a ratio of
fluorescence of FAM-RIS treated cells divided by the MFI of untreated controls. Examples of
the histograms of large long bone and jaw cells and how the ratios were calculated are
shown (Figure 1C). Jaw cells internalized significantly more FAM-RIS than long bone cells
(Figure 1D). This was observed for both small and large cells. This difference persisted over
a longer period; similar results were found after 24 h (Figure 1D, right panel).
FAM-RIS uptake at 4°C was investigated to assess passive passage through and
adsorption to the plasma membrane. Uptake at 4°C ranged from 3 to 16% of uptake at
37°C (not shown) and was similar for jaw cells and long bone cells. This suggests that the
higher BP uptake by jaw cells than by long bone cells was the result of mainly active
endocytosis. Uptake was further confirmed with confocal microscopy, where FAM-RIS was
found mainly intracellularly (Figure 1E).

Jaw and long bone osteoclast precursors internalize similar levels of dextran
Previously, Thompson et al. have shown in J774 cells that the most likely mechanism of BP
uptake is fluid-phase endocytosis [21]. To get more insight into the mechanism of uptake in
primary long bone and jaw bone marrow cells, internalization of the fluid-phase endocytosis
marker dextran was assessed. In contrast to uptake of BPs, jaw cells did not internalize
more dextran than long bone cells (Figure 2). This implies that the rate of fluid-phase
endocytosis is similar in those two types of osteoclast precursors and that increased
accumulation of BPs in jaw cells (Figure 1D) is therefore not the result of differences in
fluid-phase endocytosis.
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Figure 1. BP uptake by marrow cells of long bone and jaw cultured for 3 days in the presence of MCSF and RANKL. (A) Gates set on living cells to distinguish between small (P2) and big (P4) cells. (B)
The percentage of small cells is higher in jaw bone marrow cell cultures than in long-bone marrow cell
cultures. (C) Examples of histograms of large long bone (left) and jaw (right) cells. (D) Uptake was
higher by jaw cells than by long bone cells, both 4 (left) and 24 (right) h after addition at day 3 of
culture. (E) Micrograph of FAM-RIS (green, asterisks) uptake by long-bone marrow cells, stained for the
membrane marker CD44 (red, arrows), demonstrating mainly intracellular BP. For clarity, the nuclear
staining was not shown. Results (D) are expressed as median fluorescence intensity of the treatment
divided by untreated controls. Means of at least six marrow isolates from mice and standard deviations
are shown. *p<0.05, **p<0.01, ***p<0.001
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Figure 2. FITC-dextran uptake by bone marrow cells (day 3 of culture with M-CSF and RANKL). Four h
after addition of 0.5 mg/mL of dextran at day 3, uptake by small and large long bone and jaw
osteoclast precursors is not significantly different. Means and standard deviations of six measurements
performed in two independent experiments are shown.

RIS more strongly inhibits Rap1a prenylation in jaw cells than in long bone cells
Using western blotting, we investigated whether the higher RIS uptake by jaw osteoclast
precursors resulted in greater inhibition of protein prenylation. Risedronate (RIS) was added
at day 3 of culture and total cell lysates were collected 24 h later. Unprenylated Rap1a
(uRap1a) was detected in both long bone and jaw cell lysates treated with 10 µM RIS, but
with a lower concentration of RIS, 1 µM, uRap1a accumulation was two-fold higher in jaw
cells (Figure 3). Our results show that the differences in uptake of FAM-RIS are reflected by
differences in the accumulation of uRap1a in jaw and long bone osteoclast precursors.

Figure 3. Western blot analysis of unprenylated Rap1a (uRap1a) in bone marrow cells (day 3 of
culture) after 24 h of RIS treatment. uRap1a accumulates in long bone cells and in jaw cells when they
are treated with 10 µM RIS. With 1 µM RIS, uRap1a is only seen in extracts of jaw cells and hardly in
those of long bone cells. Values represent fold induction of the uRap1a band intensity of long bone cells
treated with 1 µM RIS. Gamma settings were adjusted for clarity of the bands. One representative blot
is shown as an example of 5 independent experiments. Quantification was possible for two independent
experiments.
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Osteoclastogenesis of long bone and jaw precursors on plastic is similarly affected by BPs
We investigated whether differences in internalization and inhibition of Rap1a prenylation
resulted in different effects on osteoclastogenesis of long bone and jaw bone marrow
precursors. Various concentrations of pamidronate (PAM, an N-BP) were added after 3 days
of culture. After another 3 days of culture in the presence of PAM, the number of TRACPpositive, multinucleated cells (>2 nuclei, Figure 4A) was assessed. The formation of
osteoclasts from both populations of precursors was inhibited by the bisphosphonate. This
inhibitory effect was only seen in the presence of 100 µM PAM (Figure 4B). Lower
concentrations (1 and 10 µM) did not affect the number of osteoclasts formed from both
bone marrow populations. PAM similarly affected long bone and jaw osteoclastogenesis.
Similar results were obtained when PAM was added during early osteoclastogenesis (t=0-3),
followed by 3 days without BP (Figure 4B, right panel). Again, the number of long bone and
jaw osteoclasts was inhibited with 100 µM PAM, whereas lower concentrations had no
effect. These results show that PAM did not differentially affect osteoclastogenesis of longbone marrow cells versus jaw bone marrow cells on plastic, and that the effect of PAM is
independent of the differentiation stage at which it is added. To mimic in vivo conditions
more closely, osteoclastogenesis was induced on bovine cortical-bone slices. Comparable to
the effect on plastic, 100 µM PAM added at day 3 significantly inhibited the number of both
long bone and jaw osteoclasts to a similar extent (Figure 4C), whereas 1 and 10 µM PAM did
not affect osteoclastogenesis. Similar results were obtained when the BP was added during
early stages of osteoclastogenesis, from the start of culture until day 3 (Figure 4C, right
panel).
Consistent with the decreased osteoclastogenesis on bone, gene expression of
both TRACP and dendritic cell-specific transmembrane protein (DC-STAMP; Figure 4D) was
significantly lower with 100 µM PAM in both long bone and jaw cultures. Lower
concentrations of PAM did not affect the expression of TRACP and DC-STAMP by long bone
or jaw osteoclast cultures. These data show that PAM similarly affects the gene expression
of the analyzed osteoclast marker genes by long bone and jaw osteoclast cultures.

BPs induce caspase 3/7 activity in long bone cells
We investigated whether BPs induce apoptosis in bone marrow cells cultured on plastic.
PAM was added after 3 days of culture in the presence of M-CSF and RANKL. Five hours
after addition, PAM (50 µM) significantly induced caspase 3/7 activity in long bone cultures
(Figure 5A). Jaw osteoclast cultures treated with PAM did not show higher caspase 3/7
activity than controls. Caspase 3/7 activity was significantly higher in long bone cells than in
jaw cells (Figure 5A).
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Figure 4. Osteoclastogenesis of long bone and jaw precursors incubated for 6 days with M-CSF and
RANKL on plastic (B) and bone (A,C,D). (A) Examples of TRACP-positive, multinucleated cells (arrows)
on cortical bone slices. PAM was added from day 0-3 (B,C, right panels) or day 3-6 (B,C, left panels).
(B,C) No significant differences were observed between the effect of PAM on long bone and jaw
osteoclastogenesis on plastic (B) or bone (C). (D) Gene expression of TRACP (left panel) and DC-STAMP
(right panel) in long bone and jaw osteoclasts was similarly affected. Data represent means and SD
(n>4). *p<0.05, **p<0.01, ***p<0.001 represent significant differences from controls. There were no
significant differences between the number of long bone and jaw osteoclasts.
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Hence, despite more BP uptake and concomitant accumulation of uRap1a in the
jaw cells (Figure 1D, Figure 3), BPs do not seem to induce more caspase 3/7 activity in
those cells. Perhaps, this was the result of differential expression of anti-apoptotic
mechanisms by both cell types. Therefore, we investigated whether jaw osteoclast
precursors more potently expressed the anti-apoptotic genes Bcl-xL and Bcl-2. After 3 days
of culture with M-CSF and RANKL, both Bcl-xL (Figure 5B) and Bcl-2 (Figure 5C) gene
expression were significantly higher in jaw cells than in long bone cells. The expression of
the pro-apoptotic gene Bax was similarly expressed by both cell types (Figure 5D). These
results indicate that indeed, jaw osteoclast precursors intrinsically express more of the
measured anti-apoptotic genes than long bone osteoclast precursors.

Figure 5. Caspase 3/7 activity and apoptotic gene expression by long bone and jaw osteoclast
precursors. (A) Caspase 3/7 activity was induced by PAM in long bone cells (**p<0.01 compared to the
control set at100%) and was significantly higher in long bone cells than in jaw cells (n=6, # p<0.05).
(B) Gene expression of Bcl-xL and (C) Bcl-2 at day 3 of culture in the presence of M-CSF and RANKL is
higher in jaw cells than in long bone cells. (D) Bax is similarly expressed in long bone and jaw cells.
Gene expression data represent means and SD (n=5) **p<0.01, ***p<0.001, n.s. not significant.
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Resorption by long bone and jaw osteoclasts is similarly affected by BPs
We investigated the effect of bisphosphonates on osteoclast activity by assessing the
resorption pit area (Figure 6A) after 10 days of culture. When added from day 3, 100 µM of
PAM significantly inhibited osteoclast activity of long bone and jaw osteoclasts (Figure 6B).
Long bone osteoclast activity was also inhibited by 10 µM PAM. Since 10 µM PAM did not
affect the number of osteoclasts on bone slices (see Figure 4C), the inhibitory effect of BPs
on osteoclast activity was more pronounced than its effect on the generation of these cells
and this effect was stronger in long bone cells than in jaw cells. Jaw and long bone
osteoclast activity was not affected by 1 µM PAM.
We also studied the mRNA expression of Atp6v0d2, encoding a subunit of the
vacuolar H+-ATPase, and cathepsin K, that are both essential for osteoclastic bone
resorption. Expression of Atp6v0d2 and cathepsin K in long bone osteoclasts was
significantly inhibited by 10 and 100 µM PAM (Figure 6C). Jaw osteoclasts, however,
expressed significantly less Atp6v0d2 and cathepsin K only when 100 µm PAM was added
(Figure 6C). Therefore, the effect of PAM treatment on the expression of genes needed for
bone resorption was slightly stronger in long bone osteoclasts than in jaw osteoclasts.

Figure 6. Resorptive activity of osteoclasts after 10 days of culture in the presence of M-CSF and
RANKL. (A) Examples of resorption pits (arrows), stained with Coomassie Brilliant Blue. (B) 10 and 100
µM of PAM inhibited bone resorption by osteoclasts. (C) 100 µM PAM significantly inhibited Atp6v0d2
(left) and cathepsin K (right) gene expression. Results represent means (n=4-6) and SD. *p<0.05,
**p<0.01, ***p<0.001 represent significant differences from controls.
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BPs similarly inhibit mature long bone and jaw osteoclasts
To investigate their effect on more mature osteoclasts BPs were added after 5 days of
culture. Cells and resorption pits on the same bone slice were stained and analyzed by
confocal microscopy (Figure 7A). One µM PAM did not affect mature osteoclasts, however
after treatment with 10 µM PAM, the number of both long bone and jaw osteoclasts was 3
times lower than in the controls (Figure 7B). This difference was significant for long bone
cells. Resorption by those long bone cells was also significantly inhibited (12-fold, Figure
7C). Bone resorption by jaw osteoclasts after 10 µM PAM was 5 times lower than in the
control, however this was not significant. These results confirm that BPs have a stronger
inhibiting effect on osteoclast activity than on osteoclast numbers.
The resorbed area per field was divided by the number of multinucleated cells as a
measure for activity per osteoclast. Long bone osteoclast activity was inhibited by 10 µM
pamidronate, however this was not significant (Figure 7D). This implies that BPs have a
stronger effect on mature long bone osteoclast activity than on mature jaw osteoclast
activity. This effect was also seen when BPs were added during an earlier stage of
differentiation and confirms the findings shown in Figure 6 and described above.
To represent the in vivo situation more closely, bone slices were pre-incubated with
BPs (10-100 µM) for 20 h, BPs were washed away and bone marrow cells were seeded on
top of the pre-incubated bone slices. Therefore, BPs can only be taken up during bone
resorption and affect mainly mature osteoclasts. Mature osteoclast death was induced by 50
and 100 µM PAM; however, this was only significant for jaw osteoclasts (Figure 7E). A lower
concentration, 10 µM, did not affect the number of osteoclasts or the resorption by those
cells (Figure 7E,F). Resorption by both types of osteoclasts was significantly inhibited by 50
and 100 µM PAM (Figure 7F), indicating that BPs similarly inhibit mature long bone and jaw
osteoclasts. Taken together, our results indicate that BPs similarly affect mature long bone
and jaw osteoclasts and that the inhibiting effect of BPs is stronger on their activity than on
the osteoclast numbers.

Gene expression of non-osteoclastic genes
Gene expression of all tested osteoclast markers was significantly inhibited after treatment
with 100 µM PAM (Figure 4D, 6C). To investigate whether this inhibition was also seen for
non-osteoclast markers, we analyzed the expression of the macrophage marker F4/80 and
the osteoblast marker tissue non-specific alkaline phosphatase (ALP). Also, we investigated
the expression of the transcription factors V-maf musculoaponeurotic fibrosarcoma
oncogene homolog B (MafB) and interferon regulatory factor 8 (Irf8), which are highly
expressed in macrophages and inhibit osteoclastogenesis. Interestingly, expression of ALP,
F4/80, and MafB was higher after treatment with 100 µM PAM from day 3-8 (Figure 8A,B).
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This effect was not significant for MafB expression by jaw cells though. These results
indicate that PAM specifically inhibits the analyzed osteoclast marker gene expression and
not ALP, F4/80 and MafB gene expression. This could also imply that the potent inhibition of
osteoclastogenesis by PAM alters the cellular balance in the cultures from predominantly the
osteoclast lineage towards macrophages and osteoblasts.

Figure 7. The effect of BPs on mature osteoclasts on bone. (A) confocal microscopic image of
multinucleated cells (arrow heads) and resorption pits (arrows). 10 µM PAM slightly decreased the
number of multinucleated cells (B) and inhibited bone resorption (C) when added from day 5 until the
end (day 8) of culture. (D) Resorption per long bone osteoclast was slightly inhibited by 10 µM PAM. (E)
PAM-incubated bone slices (50 and 100 µM) decreased the number of osteoclasts, however this was
only significant for jaw osteoclasts. (F) Long bone and jaw osteoclast resorption was significantly
inhibited by 50 and 100 µM PAM. Results represent means (n=3-4 (B-D) or n=6 (E-F)) and SD.
*p<0.05, **p<0.01, ***p<0.001 represent significant differences from controls.
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Surprisingly, gene expression of Irf8 was also inhibited by 100 µM PAM in both jaw
and long bone cells. Possibly the macrophages that were present at the measured time
point, i.e. after 8 days of culture in the presence of M-CSF and RANKL, were mature. Since
Irf8 induces early macrophage differentiation [22], expression at day 8 may already be
decreased and similar to osteoclastic Irf8 expression. Therefore, a changed balance towards
a more macrophage-like phenotype would not lead to higher Irf8 expression.

Figure 8. Expression of non-osteoclastic genes in bone marrow cells cultured with M-CSF and RANKL.
(A) ALP, (B) F4/80, and (C) MafB gene expression at day 8 in bone marrow cultures were increased
with 100 µM PAM. (D) Irf8 expression was inhibited by 100 µM PAM. Results represent means (n=3-6)
and SD. *p<0.05, ***p<0.001 represent differences from controls.
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Discussion
We hypothesized that long bone and jaw bone marrow-derived osteoclasts and/or their
precursors are differentially affected by bisphosphonates. By directly comparing the effect of
nitrogen-containing bisphosphonates on bone marrow cells isolated from these sources, we
showed for the first time that indeed, N-BP treatment affected long bone and jaw osteoclast
precursors in different ways.
Jaw osteoclast precursors internalized more fluorescently labeled N-BP than
precursors from long-bone marrow. This was mainly due to active uptake, since little BP
passively passed the membrane when cells were cultured at 4°C. This suggests that the
higher BP uptake by jaw cells was primarily the result of active endocytosis by these cells.
Yet, we observed more BP uptake at 4°C than previously shown by Thompson et al. [21].
This could be attributed to the totally different cell types used, since Thompson et al. used
the mouse macrophage cell line J774 rather than primary bone marrow cultures.
To investigate whether jaw osteoclast precursors have a higher endocytic capacity,
we analyzed uptake of dextran, a marker for fluid-phase endocytosis [21]. Since jaw
osteoclast precursors did not internalize more dextran, our results suggest that jaw bone
marrow cells do not have higher fluid-phase endocytic activity than long-bone marrow cells,
but accumulate more BPs intracellularly. Therefore, jaw osteoclast precursors might use
another mechanism of endocytosis to internalize BP. Another explanation could be that BP is
actively removed from the cells, and that differences in this process account for the higher
intracellular BP concentration in osteoclast precursors from jaw than in those from long
bone. Taken together, these findings support other studies that have shown differences
between osteoclasts at different bone sites [23-25] and the bone marrow cells derived from
those sites [19,26].
It is not known whether jaw bone marrow cells can also take up more BP in vivo. It
is accepted that in vivo, BPs are taken up from the bone in significant amounts only during
bone resorption, explaining why they primarily affect osteoclasts. However, cells other than
osteoclasts in the bone microenvironment, can internalize BPs that are released from the
bone, in particular macrophages, as a result of their high endocytic activity [8,10]. Since
bone turnover is high in the jaw, one might expect a considerable amount of BP to be
released from this bone site [27]. Also, the distribution of a fluorescently labeled
zoledronate (fluorescein-zoledronate, FAM-ZOL) to the alveolar bone was recently
documented in a rat model [28]. Together with our finding that jaw osteoclast precursors
actively internalized more BP than long bone osteoclast precursors in vitro, we expect that
cellular uptake of BPs by bone marrow cells in vivo is also higher in the jaw than in long
bones. This implies that cells other than bone cells, e.g. macrophages, could also play a role
in the pathogenesis of ONJ and supports a previously proposed hypothesis [29].

41

Chapter 2

Surprisingly, despite the higher degree of N-BP internalization in osteoclast
precursors from the jaw, and accumulation of uRap1a with a lower BP concentration in jaw
cells, the subsequent formation of osteoclasts derived from long-bone and jaw marrow
precursors was similarly affected. This finding strongly suggests that jaw osteoclast
precursors are less sensitive to bisphosphonates after internalization. Support for this
assumption is provided by the differential expression of the osteoclast activity genes,
Atp6v0d2 and cathepsin K. In jaw osteoclasts, their expression was less affected by BP
treatment than their expression in long bone osteoclasts. Furthermore, we showed that jaw
cells express more of the anti-apoptotic genes Bcl-xL and Bcl-2 than long bone cells and that
BPs induced higher caspase 3/7 activity in long bone cells than in jaw cells. These results
support our hypothesis and show that indeed long bone and jaw osteoclasts or precursors
respond differently to bisphosphonates.
Despite the accumulation of unprenylated Rap1a with 1 and 10 µM RIS,
osteoclastogenesis was not affected by those concentrations and we saw an effect on
osteoclast activity only with 10 µM PAM. This discrepancy might be caused by a different
response of osteoclasts to the different bisphosphonates. Alternatively, it is possible that a
partial inhibition of protein prenylation (as with 1 µM) is insufficient to compromise the
function of the small GTPases necessary for osteoclast function. The fact that inhibition is
stronger on activity than on the number of osteoclasts is not surprising, since in addition to
their effect on apoptosis, N-BPs also affect osteoclast activity by disturbing actin ring and
ruffled border formation, which are highly dependent on prenylated small GTPases.
We showed that per long bone osteoclast the activity was inhibited. This was
supported by our findings that the effect of PAM treatment on the expression of genes
needed for bone resorption was stronger in long bone osteoclasts than in jaw osteoclasts.
These data also indicate that, contrary to our initial hypothesis, jaw osteoclasts may be less
sensitive to BPs than long bone osteoclasts and suggest that it is worthy to further
investigate the effect of BPs on bone cells and bone marrow cells in the jaw and in long
bones. This may help to gain more insight into the etiology of BP-related ONJ.
In our cultures, gene expression of the macrophage markers F4/80 and MafB and
the osteoblast marker ALP was higher after BP treatment. Although we cultured the bone
marrow cells with an excess of M-CSF and RANKL and therefore strongly stimulated the cells
towards the osteoclast lineage, stromal cells are still present in the culture. Increased ALP
expression after BP treatment may result from the impaired osteoclastogenesis, changing
the balance in these cultures towards the osteoblastic phenotype. Inhibition of
osteoclastogenesis also may have resulted in the maintenance of the macrophage
phenotype, resulting in higher F4/80 and MafB expression in cultures treated with a high
dose of BPs. Surprisingly, gene expression of Irf8 was also inhibited by 100 µM PAM in both
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jaw and long bone cells. This might be related to the differentiation stage of the
macrophages and further studies are needed to explore these findings in more detail.
In conclusion, our findings are the first to demonstrate different responses of bonesite-specific osteoclast precursors to bisphosphonates. More FAM-RIS accumulated in
osteoclast precursors from jaw than from long bones, indicating that there may be
differences in the ability of the cells to endocytose BPs, or to expel them following uptake.
This strongly supports previous findings that osteoclasts and precursors are bone-site
specific.

43

Chapter 2

Acknowledgments
The authors would like to thank Manon Ketting, Emine Özokcu, Sophie Kroon, Lieneke
Bakker, Mei-Ling Tsui, and Jolanda Hogervorst for technical assistance. For support and
advice regarding flow cytometry we thank Kamran Nazmi and Dr. Anke Roelofs, and for
advice regarding Western blotting we thank Dr. Behrouz Zandieh Doulabi.

44

The effect of BPs on long bone and jaw osteoclasts and their precursors

References
1.

Frith JC, Monkkonen J, Auriola S, Monkkonen H, Rogers MJ. The molecular mechanism of
action of the antiresorptive and antiinflammatory drug clodronate: evidence for the formation
in vivo of a metabolite that inhibits bone resorption and causes osteoclast and macrophage
apoptosis. Arthritis Rheum. 2001;44(9):2201-10.

2.

Frith JC, Monkkonen J, Blackburn GM, Russell RG, Rogers MJ. Clodronate and liposomeencapsulated clodronate are metabolized to a toxic ATP analog, adenosine 5'-(beta, gammadichloromethylene) triphosphate, by mammalian cells in vitro. J Bone Miner Res.
1997;12(9):1358-67.

3.

Luckman SP, Hughes DE, Coxon FP, Graham R, Russell G, Rogers MJ. Nitrogen-containing
bisphosphonates inhibit the mevalonate pathway and prevent post-translational prenylation of
GTP-binding proteins, including Ras. J Bone Miner Res. 1998;13(4):581-9.

4.

van Beek E, Pieterman E, Cohen L, Lowik C, Papapoulos S. Farnesyl pyrophosphate synthase
is the molecular target of nitrogen-containing bisphosphonates. Biochem Biophys Res
Commun. 1999;264(1):108-11.

5.

Russell RG, Watts NB, Ebetino FH, Rogers MJ. Mechanisms of action of bisphosphonates:
similarities and differences and their potential influence on clinical efficacy. Osteoporos Int.
2008;19(6):733-59.

6.

Monkkonen H, Auriola S, Lehenkari P, Kellinsalmi M, Hassinen IE, Vepsalainen J, et al. A new
endogenous ATP analog (ApppI) inhibits the mitochondrial adenine nucleotide translocase
(ANT) and is responsible for the apoptosis induced by nitrogen-containing bisphosphonates.
Br J Pharmacol. 2006;147(4):437-45.

7.

Cornish J, Bava U, Callon KE, Bai J, Naot D, Reid IR. Bone-bound bisphosphonate inhibits
growth of adjacent non-bone cells. Bone. 2011;49(4):710-6.

8.

Coxon FP, Thompson K, Roelofs AJ, Ebetino FH, Rogers MJ. Visualizing mineral binding and
uptake of bisphosphonate by osteoclasts and non-resorbing cells. Bone. 2008;42(5):848-60.

9.

Idris AI, Rojas J, Greig IR, Van't Hof RJ, Ralston SH. Aminobisphosphonates cause osteoblast
apoptosis and inhibit bone nodule formation in vitro. Calcif Tissue Int. 2008;82(3):191-201.

10.

Roelofs AJ, Coxon FP, Ebetino FH, Lundy MW, Henneman ZJ, Nancollas GH, et al. Fluorescent
risedronate analogues reveal bisphosphonate uptake by bone marrow monocytes and
localization around osteocytes in vivo. J Bone Miner Res. 2010;25(3):606-16.

11.

Khosla S, Burr D, Cauley J, Dempster DW, Ebeling PR, Felsenberg D, et al. Bisphosphonateassociated osteonecrosis of the jaw: report of a task force of the American Society for Bone
and Mineral Research. J Bone Miner Res. 2007;22(10):1479-91.

12.

Reid IR, Cornish J. Epidemiology and pathogenesis of osteonecrosis of the jaw. Nat Rev
Rheumatol. 2012;8(2):90-6.

13.

Allen MR, Burr DB. Mandible matrix necrosis in beagle dogs after 3 years of daily oral
bisphosphonate treatment. J Oral Maxillofac Surg. 2008;66(5):987-94.

14.

Arnett T. Regulation of bone cell function by acid-base balance. Proc Nutr Soc.
2003;62(2):511-20.

45

Chapter 2

15.

Helsloot RSJ, van den Berg T, Frank MH, Everts V. Bisphosphonate-related osteonecrosis of
the jaw; a literature review and a new hypothesis. International Journal of Oral Research.
2011;2.

16.

Everts V, de Vries TJ, Helfrich MH. Osteoclast heterogeneity: lessons from osteopetrosis and
inflammatory conditions. Biochim Biophys Acta. 2009;1792(8):757-65.

17.

Henriksen K, Bollerslev J, Everts V, Karsdal MA. Osteoclast activity and subtypes as a function
of physiology and pathology--implications for future treatments of osteoporosis. Endocr Rev.
2011;32(1):31-63.

18.

Kashemirov BA, Bala JL, Chen X, Ebetino FH, Xia Z, Russell RG, et al. Fluorescently labeled
risedronate

and

related

analogues:

"magic

linker"

synthesis.

Bioconjug

Chem.

2008;19(12):2308-10.
19.

de Souza Faloni AP, Schoenmaker T, Azari A, Katchburian E, Cerri PS, de Vries TJ, et al. Jaw
and long bone marrows have a different osteoclastogenic potential. Calcif Tissue Int.
2011;88(1):63-74.

20.

de Vries TJ, Schoenmaker T, Beertsen W, van der Neut R, Everts V. Effect of CD44 deficiency
on in vitro and in vivo osteoclast formation. J Cell Biochem. 2005;94(5):954-66.

21.

Thompson K, Rogers MJ, Coxon FP, Crockett JC. Cytosolic entry of bisphosphonate drugs
requires

acidification

of

vesicles

after

fluid-phase

endocytosis.

Mol

Pharmacol.

2006;69(5):1624-32.
22.

Yang J, Hu X, Zimmerman M, Torres CM, Yang D, Smith SB, et al. Cutting edge: IRF8
regulates Bax transcription in vivo in primary myeloid cells. J Immunol. 2011;187(9):4426-30.

23.

Everts V, Korper W, Hoeben KA, Jansen ID, Bromme D, Cleutjens KB, et al. Osteoclastic bone
degradation and the role of different cysteine proteinases and matrix metalloproteinases:
differences between calvaria and long bone. J Bone Miner Res. 2006;21(9):1399-408.

24.

Jansen ID, Mardones P, Lecanda F, de Vries TJ, Recalde S, Hoeben KA, et al. Ae2(a,b)deficient mice exhibit osteopetrosis of long bones but not of calvaria. FASEB J.
2009;23(10):3470-81.

25.

Zenger S, Ek-Rylander B, Andersson G. Long bone osteoclasts display an augmented
osteoclast phenotype compared to calvarial osteoclasts. Biochem Biophys Res Commun.
2010;394(3):743-9.

26.

Azari A, Schoenmaker T, de Souza Faloni AP, Everts V, de Vries TJ. Jaw and long bone
marrow derived osteoclasts differ in shape and their response to bone and dentin. Biochem
Biophys Res Commun. 2011;409(2):205-10.

27.

Kozloff KM, Volakis LI, Marini JC, Caird MS. Near-infrared fluorescent probe traces
bisphosphonate delivery and retention in vivo. J Bone Miner Res. 2010;25(8):1748-58.

28.

Hokugo A, Sun S, Park S, McKenna CE, Nishimura I. Equilibrium-dependent bisphosphonate
interaction with crystalline bone mineral explains anti-resorptive pharmacokinetics and
prevalence of osteonecrosis of the jaw in rats. Bone. 2013;53(1):59-68.

29.

Pazianas M. Osteonecrosis of the jaw and the role of macrophages. J Natl Cancer Inst.
2011;103(3):232-40.

46

