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Abstract
Objectives Site-specific suppression of bone remodelling has
been implicated in bisphosphonate-(BP)-related osteonecrosis
of the jaws (BRONJ). Due to the origin of jaw bone from
cranial neural crest, osseous differentiation is regulated specif-
ically by the antagonizing BMP-2-downstream-transcription
factors Msx-1 and Dlx-5. Osteopontin has been implicated in
bone remodelling and angiogenesis. The osteoblast and osteo-
clast progenitor proliferation mediating Msx-1 has been dem-
onstrated to be suppressed in BRONJ. In vitro BPs were shown
to increase Dlx-5 and to suppress osteopontin expression. This
study targeted Dlx-5 and osteopontin in BRONJ-related and
BP-exposed jaw bone compared with healthy jaw bone sam-
ples at protein- and messenger RNA (mRNA) level, since
increased Dlx-5 and suppressed osteopontin might account
for impaired bone turnover in BRONJ.
Materials and methods Fifteen BRONJ-exposed, 15 BP-
exposed and 20 healthy jaw bone samples were processed
for real-time reverse transcription polymerase chain reaction
(RT-PCR) and for immunohistochemistry. Targeting Dlx-5,
osteopontin and glyceraldehyde 3-phosphate dehydrogenase
mRNA was extracted, quantified by the LabChip-method,
followed by quantitative RT-PCR. For immunohistochemis-
try, an autostaining-based alkaline phosphatase antialkaline

phosphatase (APAPP) staining kit was used. Semiquantitative
assessment was performed measuring the ratio of stained cells/
total number of cells (labelling index, Bonferroni adjustment).
Results The labelling index was significant decreased for
osteopontin (p<0.017) and significantly increased for Dlx-5
(p<0.021) in BRONJ samples. In BRONJ specimens, a sig-
nificant fivefold decrease in gene expression for osteopontin
(p<0.015) and a significant eightfold increase in Dlx-5 ex-
pression (p<0.012) were found.
Conclusions BRONJ-related suppression of bone turnover is
consistent with increased Dlx-5 expression and with suppres-
sion of osteopontin. The BP-related impaired BMP-2–Msx-1–
Dlx-5 axis might explain the jaw bone specific alteration by
BP.
Clinical relevance The findings of this study help to explain
the restriction of RONJ to craniofacial bones. BRONJ might
serve as a model of disease elucidating the specific signal
transduction of neural crest cell-derived bone structures in
health and disease.
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Introduction

In 2003, a previously not known disease occuring exclusively
in the jaws was described for the first time: nitrogen contain-
ing bisphophonate (BP)-related osteonecrosis of the jaw
(BRONJ) [26]. The clinical presentation of BRONJ includes
non-healing osseous defects in the jaw bone and delayed
reepithelisation and impaired intraoral soft tissue regeneration,
accompanied by inflammation [35]. There is increasing evi-
dence that BRONJ is caused by BP-related impairment of
bone remodelling, by depletion of osteoclasts and by suppres-
sion of angiogenesis [25, 27, 28, 44, 48]. As BRONJ is
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restricted to jaw bone, a differential proliferation and osseous
differentiation response to BP was described comparing oste-
oblasts and osteoclasts from jaw bone and extracranial bone.
Due to their embryonic origin from the cranial neural crest
derived tissue, a craniofacial-bone-restricted expression of the
cell proliferation- and tissue regeneration-related BMP-2
downstream signalling intermediate Msx-1 has been de-
scribed [7, 8]. The balanced expression of Msx-1 and the
antagonistic actingDlx-5 has been implicated in the regulation
of alveolar bone remodelling [6, 37]. Msx-1 stimulates prolif-
eration of osteoblasts but inhibits terminal differentiation and
represses Dlx-5 [54]. Dlx-5 activates Runx-2 expression,
followed by terminal differentiation of osteocytes [36]. Sup-
pression of Msx-1 in BP-exposed and BRONJ-related jaw
bone has been demonstrated [44, 46]. The site-specific sup-
pression of jaw bone following BP exposition could be related
to a relative overexpression of Dlx-5 caused by the BP-
induced lack of Msx-1.

The cytokine osteopontin (OPN) is expressed in osteo-
blasts and osteoclasts and controls cell attachment, bone re-
sorption and angiogenesis [14, 24, 43]. Absence of OPN has
been described to be related to decreased angiogenesis and to
impaired endothelial cell proliferation in vivo [4, 38]. Vascular
OPN expression has been described to be increased during
new bone formation in fracture healing [9]. Osteoclast accu-
mulation and bone resorption is known to be deficient in
OPN-lacking bone [4]. Experimentally topical administered
zoledronic acid was shown to decrease OPN expression with-
in the mineralised matrix of rat long bones [52]. OPN-
activating Rank (L) was shown to be suppressed in BP- and
BRONJ-related jaw bone [43, 44, 47]. Angiogenesis and
expression of mucoperiosteal cell proliferation-related
transforming growth factor beta in BRONJ- and BP-affected
tissue were found to be diminished [46, 48].

Considering the recent findings in BRONJ of site-specific
actions of BP, local osteopetrotic bone morphology changes,
impaired bone remodelling, interaction with the BMP-2 sig-
nalling downstream and diminished neoangiogenesis, altered
expression of Dlx-5 and OPN could contribute to the expla-
nation of the BRONJ- pathology.

The aim of this immunohistochemical and molecular study
was to investigate if the expressions of Dlx-5 and OPN in jaw
bone are influenced by intravenous BP therapy and if there is a
differential impairment of expression between BP-exposed
and BRONJ-related jaw bone.

Material and methods

Patients and material harvesting

Jaw bone specimens from 50 patients have been included in
this study. The specimens used in this study measured on

average 8×5×5 mm and were immediately separated into
two equal parts. One part was immediately shock frozen at
−80 °C, the other part was fixed in 4 % formalin.

The ethical aspects of the study were approved by the
ethical committee of the University of Erlangen-Nuremberg
(Ref. No. 4272). Fifteen bone specimens have been obtained
from clinically and histologically evident BRONJ of 15 pa-
tients undergoing radical sequestrotomy. The specimens were
harvested in 15 consecutively treated patients. The specimens
used in this study were part of the tissue samples provided for
routine histopathological diagnostics. Each specimen includ-
ed in this investigation was confirmed to present the histo-
pathological aspects of BRONJ. Besides histopathological
characteristics of BRONJ, criteria for including the specimen
in this investigation were (i) intravenous application of either
pamidronate or zoledronate for at least 12 months and (ii)
clinical evidence of exposed jaw bone for at least 8 weeks.
Any former radiotherapy was excluded. The clinical data and
the description of treatment procedures for the patients includ-
ed in this study were documented previously [40]. Fifteen
specimens of jaw bone were taken during dental extraction
procedures from patients undergoing intravenous therapy of
zoledronate in the absence of exposed jaw bone. The controls
comprised 20 alveolar bone specimens that were collected
during intraoral surgery procedures in patients with no BP
history and no clinical signs of intraoral inflammation or
periodontitis. Of the 20 control samples, 13 specimens were
from the alveolar crest after a tooth extraction that required the
removal of sharp bone ridges and adaptation of soft tissues, 4
specimens were obtained during orthognatic surgery in the
lower jaw, and 3 specimens were from bone tissue that cov-
ered wisdom teeth that required removal from the lower jaw.
Gender and age of the patients were matched in the BRONJ
and control groups, except the four samples from the
orthognatic surgery procedure. The average age of the patients
in the BRONJ group was significantly higher than that in the
four normal patients that underwent orthognatic surgery.

Immunohistochemical staining

Four per cent formalin fixed, decalcified (10 % EDTA,
pH 7.4) paraffin-embedded tissue samples were prepared for
immunohistochemical staining as consecutive sections using a
microtome (Leica, Nussloch, Germany) and dewaxed in grad-
ed alcohol. Immunohistochemical staining was performed
with the alkaline phosphatase–anti-alkaline phosphatase
method and an automated staining device (Autostainer plus,
DakoCytomation, Hamburg, Germany). We used the standard
protocol recommended for the staining kit (Dako Real, Cat.
No. K5005, DakoCytomation). Proteins were detected by
incubating tissues in the autostainer (20 °C, 1 h) with specific
antibodies. OPN was detected with a monoclonal mouse-IgG
anti-human OPN antibody (anti-OPN; sc-73631, Santa-Cruz,
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Santa Cruz, USA; dilution 1:150). Dlx-5 was detected with a
polyclonal goat-IgG (anti-human Dlx-5; sc-18152, Santa
Cruz, USA; dilution, 1:100). The secondary antibodies were
included in the staining kit; biotinylated polyclonal goat-anti-
mouse was used for OPN; rabbit anti-goat IgG was used for
Dlx-5 (E 0466, DAKO; dilutions, 1:100). Stains were
visualised with the Fast Red Solution, localised by biotin-
associated activation of the secondary antibodies (K5005,
ChemMate-Kit, Dako). This was followed by incubation in
haematoxylin for counterstaining the nucleus. Two consecu-
tive tissue samples were processed per immunohistochemical
stain; one served as a negative control in each case (identical
treatment, but replacement of the primary antibody with an
IgG-istotype of the primary antibody). A positive control
sample that was known to stain positive for a given antibody
was included in each series.

Semiquantitative immunohistochemical analysis

The sections were examined qualitatively under a bright-field
microscope (Axioskop, Zeiss, Jena, Germany) at ×100–400
magnification for changes in the number and localisation of
stained cells (osteocytes, osteoblasts, osteoblast progenitor) in
samples of BRONJ-related, BP-exposed and healthy bone.
Subperiosteal bone tissue was observed, including bone tra-
becular and endosteal structures. In BRONJ samples, bone
tissue attached to the necrotic zone was located for observa-
tion. Within these areas, three visual fields per section for each
sample were digitized at ×200 magnification using a charge-
coupled device camera (Axiocam 5, Zeiss, Jena, Germany)
and the program Axiovision (Axiovison, Zeiss, Jena, Germa-
ny). For this purpose, randomised systematic subsampling
was performed according to the method described by Weibel
and in accordance with own pre-research [50]. Semiquantita-
tive analysis of cytoplasmic expression of OPN and Dlx-5 was
performed determining the labelling index as the ratio of
positively stained cells to the total number of cells per visual
field.

Quantitative mRNA analysis and real-time reverse
transcriptase polymerase chain reaction

Frozen tissues were agitated (Mixer Mill, Quiagen, Hilden,
Germany) in lysis buffer (RNeasy Kit, QIAGEN, Hilden,
Germany), and total RNA from tissues was extracted using
RNeasy Kit according to the manufacturer’s protocol. Quan-
titative measurement of messenger RNA (mRNA) in each
sample was performed using a commercial microfluid Lab-
on-a-Chip technology (Agilent RNA 6000 Pico Kit and the
Agilent 2100 Bioanalyzer, Agilent, Waldbronn, Germany).
Complementary DNAs (cDNAs) from total RNA were syn-
thesised using the High Capacity cDNAArchive Kit (Cat. No.
4322171; Applied Biosystem, CA, USA) according to the

manufacturer’s protocol. Real-time RT quantitative PCR anal-
yses were done using QuantiTect Primer Assays
[Hs_SPP1_1_SGQuantiTect Primer Assay (200) (Cat. No.
QT01008798) for OPN and Hs_DLX51_SG QuantiTect
Primer Assay (200) (Cat. No. GT00016898) for DLX-5. For
normalisation, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used [Hs_GAPDH_1_SG QuantiTect Primer
Assay (200) (Cat. No. QT00079247), QIAGEN)] on the ABI
Prism 7300 Sequence Detection System (Applied
Biosystems). The QuantiTect TM SYBR® green PCR kit
(Cat. No. 204143; QIAGEN) was used for PCR amplification.
In total, 40 ng of cDNAwas used for each PCR reaction in a
total volume of 25 μl. Each PCR run included a 15-min
activation time at 95 °C. The three-step cycle was run as
follows: denaturing at 94 °C for 15 s, annealing at 55 °C
for 30 s and extension at 72 °C for 34 s. Formation of
undesired side products during PCR that contribute to
fluorescence was assessed by melting curve analysis after
PCR. The relative quantification (RQ) of mRNA was
performed by the ΔΔCT method. OPN and DLX-5 mRNA
quantities were analysed in duplicate and normalised
against GAPDH as endoneous control. GAPDH has been
shown to represent stable expressions in differentiated
mesenchymal cells [22]. The expression of the target
genes was determined in relation to mRNA isolated from
healthy jaw bone of healthy volunteer as control.

Statistical analysis

In order to analyse the immunohistochemical cytoplasmic
staining and the spatial pattern of expression, the labelling
index of positively stained cells per visual field was taken.
Comparing the relative gene expressions, addressed by the
real-time RT-PCR, the mean gene expression for OPN and
Dlx-5 in the pool of healthy oral periosteumwas set as 1. Gene
expressions in both groups of investigation were stated as
relative expressions compared to healthy periosteum expres-
sion. Multiple measurements per group of investigation were
aggregated prior to analysis. Descriptive analysis of labelling
index and relative gene expression data was performed using
the median (ME) and the interquartile range (IQR). Graphical
description was performed on diagrams representing the me-
dian, the interquartile range, minimum (Min) and maximum
(Max). Confirmatory comparisons were made between treat-
ment and control groups using generalised estimating equa-
tions (GEE) with “treatment modality” and “subject id” as
independent factors for appropriate analysis of repeated mea-
surements 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 of p≤0.05 were considered to be
significant. All calculations were made using SPSS 17.0 for
Windows (SPSS Inc., Chicago, USA).
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Results

Numbers of Dlx-5 expressing cells and Dlx-5 mRNA are
increased in BRONJ-related and BP-exposed jaw bone

Dlx-5 expression was found in osteoblasts and osteocytes
of healthy jaw bone (Fig. 1a), of BP-exposed jaw bone
(Fig. 1b) and the BRONJ samples (Fig. 1c). Dlx-5-
expressing osteocytes showed a higher cellular density in
the BP-exposed bone and the BRONJ group than in normal
jaw bone. The median labelling index of Dlx-5-expressing
osteoblasts and osteocytes was significantly increased in
the BP-exposed (ME, 46; IQR, 6.5) and in the BRONJ-

related bone (p<0.02; ME, 51; IQR, 7) compared to control
jaw bone (ME, 19; IQR, 4; Fig. 2a, Table 1). There was no
significant difference of labelling index of Dlx-5 expres-
sion between the BP-exposed and the BRONJ-affected jaw
bone (Fig. 2a). The Dlx-5 mRNA was found to be signifi-
cantly elevated in the BP-exposed jaw bone (ME, 8.14;
IQR, 0.99) and BRONJ bone (p<0.012; ME, 8.49; IQR,
1.39) compared to the control jaw bone (ME, 1; IQR, 0.22;
Fig. 3a). No significant difference of mRNA expression for
Dlx-5 was seen between BP-exposed and BRONJ-related
jaw bone (Fig. 3a) In BRONJ- and BP-exposed bone, Dlx-5
mRNAwas found to be expressed approximately eightfold
higher than in normal jaw bone.

a d

b e

c f

Fig. 1 Immunohistochemistry presents increased cellular staining of
Dlx-5 (a–c) and reduced osteopontin (d–f) in BP- and BRONJ-related
jaw bone. Scale bars represent 100 μm. Original magnification is ×200
immunohistochemistry shows Dlx-5 staining preferentially in bone ad-
hering endosteal cells of control jaw bone samples (black arrows) (a).
Dlx-5 expression lacking endosteal regions are present in control jaw
bone (white arrows). In BP-exposed jaw bone cellular Dlx-5 staining is
visible in the endosteal parts andwithin themineralized bone tissue (black
arrows) (b). In BRONJ-related bone, endosteal and periosteal tissue

presented high intensity staining for Dlx-5 accompanied by cellular
Dlx-5 staining of bone embedded cells (black arrows) (c). Osteopontin
staining is pronounced at the endosteal bone margins and in endosteal
cells (black arrows) (d) in control jaw bone. In BP-exposed jaw bone the
endosteal expression of osteopontin is nearly absent (white arrows). Only
scattered single cells express osteopontin within endosteal or periosteal
tissue (black arrows) (e). In BRONJ-related tissue, osteopontin was
expressed in single cells only within the bone matrix (black arrow) (f)
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Fig. 2 Relative cellular staining
(labelling index) is significantly
increased for Dlx-5 (a) and
significantly decreased for
osteopontin (b) in BP-exposed
and BRONJ-related jaw bone.
The boxplots represent the
median, the maximum and
minimum values as well as the
25th and the 75th percentile.
Compared with control jaw bone
the relative cellular staining
(labelling index) of Dlx-5 in BP-
exposed and in BRONJ-related
jaw bone is significantly
increased (p<0.021) (a). There is
no significant difference of
expression for Dlx-5 between BP-
exposed and BRONJ-related jaw
bone (a). The labelling index of
the osteopontin expression is
significantly decreased in BP-
exposed and BRONJ-related jaw
bone compared with control bone
(p<0.017) (b). No significant
difference of labelling index for
osteopontin is seen between BP-
exposed and BRONJ-related jaw
bone (b)

Table 1 Labelling indices of immunohistochemistry staining for Dlx-5

Dlx-5-labelling index in % Median (%) Min (%) Max (%) IQR (%) SD (%)

Control bone 19 17 24 4 2.32

BP-exposed bone 46 41 54 6.5 4.03

BRONJ-related bone 51 42 57 7 3.92

The values represent the median labelling index, the minimum and maximum values, the interquartiles range (IQR) and the standard deviation (SD)

Labelling index ratio stained cells/ total number of cells×100, Min minimum value of labelling index, Max maximum value of labelling index, IQR
interquartile range (75th percentile (Q2)–25th percentile (Q1)), SD standard deviation
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Number of OPN-expressing cells is reduced
in the BP-affected and the BRONJ-related jaw bone, and OPN
mRNA in BRONJ- and BP-exposed bone is suppressed

The pattern of OPN expression differed between the speci-
mens of normal jaw bone (Fig. 1d), the BP-exposed (Fig. 1e)
and the BRONJ-related jaw bone (Fig. 1f). Expression of
OPN was present throughout the entire bone sections in
normal jaw bone, pronounced at endosteal and periosteal bone
margins (Fig. 1d). In the BP-exposed jaw bone, OPN was
expressed only sparely in endosteal cells and cells along the
bone–periosteal transitional zone (Fig. 1e). Only single cells

expressed OPN in BRONJ-related bone samples (Fig. 1f).
Endosteal expression of BRONJ was absent in BRONJ-
associated jaw bone (Fig. 1f). The number of OPN-
expressing cells was significantly reduced in BP-affected
jaw bone, as reflected by the significantly reduced labelling
index for OPN staining in BP-exposed bone samples
(p<0.017; ME, 11; IQR, 4) and in BRONJ-related jaw bone
samples (p<0.017; ME, 11; IQR, 3) compared to jaw bone
(ME, 42.5; IQR, 6.5; Fig. 2b, Table 2). Measuring relative,
normalised mRNA ratios for OPN in BP-exposed jaw bone,
BRONJ-samples and healthy jaw bone, OPN mRNA expres-
sion was significantly suppressed (p<0.015) in BP-exposed
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Fig. 3 Increased gene expression
of Dlx-5 in BP- and BRONJ-
related bone (a) and suppression
of osteopontin mRNA (b). The
mRNA analysis is quantitatively
normalized to GAPDH relative
gene expression for Dlx-5 is
eightfold increased at mRNA
level in BP-exposed and BRONJ-
related jaw bone samples
(p<0.012) (a). There is no
significant difference in gene
expression of Dlx-5 between BP-
exposed and BRONJ-related
bone tissue (a). Relative
osteopontin mRNAwas fivefold
suppressed in BP-exposed and
BRONJ-related jaw bone
(p<0.015) (b). No significant
difference was seen between BP-
exposed and BRONJ-related jaw
bone describing the relative
mRNA expression of osteopontin
(b)
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bone (p<0.015; ME, 0.21; IQR, 0.05) and BRONJ-related
jaw bone (Table 3; ME, 0.1; IQR, 0.02) compared to healthy
jaw bone (ME, 1; IQR, 0.25; Fig. 3b, Table 4). These data
indicated a fivefold suppression of OPN mRNA expression in
BP-exposed and BRONJ-related bone compared to jaw bone.
There was no significant difference of OPN mRNA expres-
sion between BP-exposed and BRONJ-affected jaw bone
(Fig. 3b).

Discussion

The present study showed a significantly increased expression
of the osseous differentiation mediating transcription factor
Dlx-5 in cells of BP-exposed and BRONJ-related jaw bone
in vivo for the first time. The cytokine osteopontin, related to
bone formation, bone resorption and bone remodelling, was
found to be suppressed in BP-exposed and BRONJ-related
jaw bone. The immunohistochemical and molecular biology
results of this study are consistent with the findings of other
groups, describing BRONJ as local osteopetrotic alteration of

the jaw bone [16, 27]. The data of this study substantiate the
histopathological description of BRONJ as drug-induced non-
inflammatory oversuppression of bone renewal in jaw bones
[28].

Dlx-5 expression is known to be increased following BP
exposition of osteoblasts in vitro [23]. The significantly in-
creased labelling index of Dlx-5 (p<0.021) and the signifi-
cantly increased mRNA level (p<0.017) in BP-exposed and
in BRONJ-related jaw bone of our in vivo study is in accor-
dance to these in vitro findings. Dlx-5 has been implicated in
differentiation and remodelling processes of mineralised tis-
sues [36]. Overexpression of Dlx-5 in craniofacial osteoblast
precursors has ben demonstrated to accelerate osteoblastic
differentiation [2, 29, 41]. Furthermore, Dlx-5 was demon-
strated to induce osteoblastic differentiation of craniofacial
periosteal cells in vitro [41]. Lack of Dlx-5 has been identified
to be related to impaired alveolar bone formation [13]. Indeed,
lack of Dlx-5 has been demonstrated to affect the development
and differentiation of craniofacial bone structures, whereas
extracranial bone structures were shown to be unaffected by
the lack of Dlx-5 [2, 13, 19, 55]. The known characteristic
histomorphological changes of BRONJ-related jaw bone are
consistent with the findings of elevated Dlx-5 expression
within the affected jaw bone in our study [28].

Osteopontin, which was found to be suppressed within the
BRONJ-related jaw bone in our study, has been described to
be critically involved in the regulation of bone turnover and
angiogenesis in bone repair [3, 15]. Deficency of osteopontin
in animal models of bone regeneration was shown to be
related to similar impairment of tissue repair processes as
BRONJ-affected tissue [15]. Specifically, the reduction of
callus volume in early fracture repair of OPN-lacking mice
corresponds to the known non-healing extraction sockets fol-
lowing dental extraction in BP-exposed jaw bone [1, 15].
Furthermore, OPN-deficient mice presented a higher mineral
content within their bone tissue consistent with the
hypermineralisation and sclerosis of jaw bone following BP
treatment [1, 10, 21]. The reduction of neovascularisation

Table 3 Relative mRNA expression for Dlx-5

Dlx-5 mRNA ratio Median
(%)

Min (%) Max (%) IQR (%) SD
(%)

Control bone 1 0.73 1.29 0.22 0.15

BP-exposed bone 8.14 7.25 9.38 0.99 0.69

BRONJ-related bone 8.49 5.88 10.03 1.39 1.03

The values represent the median mRNA-expression, the minimum and
maximum values, the interquartiles range (IQR) and the standard devia-
tion (SD)

Labelling index ratio stained cells/total number of cells×100, Min mini-
mum value of labelling index, Max maximum value of labelling index,
IQR interquartile range (75th percentile (Q2)–25th percentile (Q1)), SD
standard deviation

Table 2 Labelling indices of immunohistochemistry staining for
osteopontin

Osteopontin-
labelling
index in %

Median
(%)

Min
(%)

Max
(%)

IQR
(%)

SD
(%)

Control bone 42.5 37 48 6.50 3.54

BP-exposed bone 11 7 16 4 2.62

BRONJ-related bone 11 7 14 3 2.21

The values represent the median labelling index, the minimum and
maximum values, the interquartiles range (IQR) and the standard devia-
tion (SD)

Labelling index ratio stained cells/total number of cells×100, Min mini-
mum value of labelling index, Max maximum value of labelling index,
IQR interquartile range (75th percentile (Q2)–25th percentile (Q1)), SD
standard deviation

Table 4 Relative mRNA expression for osteopontin

Osteopontin–mRNA ratio Median
(%)

Min
(%)

Max
(%)

IQR
(%)

SD
(%)

Control bone 1 0.64 1.38 0.25 0.19

BP-exposed bone 0.21 0.18 0.29 0.05 0.03

BRONJ-related bone 0.1 0.08 0.13 0.02 0.01

The values represent the median mRNA expression, the minimum and
maximum values, the interquartiles range (IQR) and the standard devia-
tion (SD)

Labelling index ratio stained cells/total number of cells×100, Min mini-
mum value of labelling index, Max maximum value of labelling index,
IQR interquartile range (75th percentile (Q2)–25th percentile (Q1)), SD
standard deviation
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within the first week of fracture repair in OPN-deficient mice
remarkab ly cor responds to the suppress ion of
neoangiogenesis in BRONJ-affected tissue, whereas density
of mature vessels is not impaired in BRONJ- or BP-related
tissue [15, 49]. Since OPN has been described to be critically
involved in bone resorption, the lack of OPN expression in
BP-exposed and BRONJ-affected bone is in accordance with
action of BP [4].

Both Dlx-5 and OPN have been implicated in the regula-
tion of balanced bone formation and resorption by mediating
the process of osteoblast–osteoclast coupling [4, 18, 37]. This
lack of OPN in BP- and BRONJ-related jaw bone in our study
is consistent with the histomorphological and cell biology
alterations following BP exposition. Since the expression of
osteoblast–osteoclast coupling-related genes has been de-
scribed to be site specific, a possible explanation of the re-
striction of BRONJ to the jaws could be resembled by the jaw-
specific oversuppression of the bone turnover and remodel-
ling. The site-specific, more profound impact of zoledronic
acid on bone remodelling in the mandibula compared to the
tibia in an experimental model of fracture repair substantiates
this suggestion [53]. Even single systemic doses of zoledronic
acid were shown to differentially affect bone remodelling and
inflammation in craniofacial bone compared to tibia bone,
resulting in a suppression of osteogenic and bone
remodelling-related genes in jaw bone [11]. Indeed, the dif-
ferential expression of the BMP-2–Msx-1/Msx-2–Dlx-5 sig-
nalling downstream axis in jaw bone compared with extracra-
nial bones has been described [5, 7, 29, 31, 32]. In particular,
due to the origin of jaw bone from cranial neural crest drived
tissue, the expression of the Dlx-5 antagonising transcription
factorMsx-1 and the essentially osteoclast activating Rank (L)
have been described to be higher in jaw bone compared with
extracranial bone [33, 34]. Overexpression of Msx-1 and
Rank (L) has been implicated in the pathology of jaw-bone-
restricted giant cell granuloma, characterised by local inflam-
mation and hyperproliferation of premature bone tissue [20].
BothMsx-1 and Rank (L) were demonstrated to be suppressed
in BP-exposed jaw bone and in BRONJ-affected
mucoperiosteal tissue and jaw bone [44, 47]. Therefore, a
relative increase in Dlx-5 expression in jaw bone following
BP exposition, induced by a loss ofMsx-1, could contribute to
the explanation of the specific oversuppression of BP-related
jaw bone. The suggestion of reciprocal impairment of Dlx-5
and Msx-1 due to BP exposition in jaw bone is supported by
the finding of our studies presenting an eightfold increase in
Dlx-5 expression accompanied by an eightfold decrease in
Msx-1 in BP-affected jaw bone [45, 47].

The results of this study help to understand the alteration of
osteoblast–osteoclast signal transduction in BRONJ since
in vivo data, corresponding to the clinicopathological features
of BRONJ, are presented. The analysis of in vivo data is of
specific importance, since the expression of bisphosphonate-

sensitive genes in osteoblasts and osteoclasts has been de-
scribed to differ between in vitro cell culture conditions and
bone tissue. For example, Rank (L) has been reported to be
differentially induced in vitro, depending on the BP concen-
tration [39]. Despite this in vitro finding, suppression of Rank
(L) is known to be an important antiresorptive mechanism of
BP in the clinical in vivo use [51].

Furthermore, the expression of housekeeping genes
itself, used for normalisation of mRNA measurement,
was shown to be differentially regulated by BP in vitro
and in vivo [42]. Wheras the use of GAPDH as appro-
priate housekeeping gene is widely accepted for in vivo
analysis of BP-related bone metabolism and turnover,
primary cell cultures of osteoblast progenitor cells and
cell lines were shown to regulate GAPDH expression
sensitive to BP exposition [12, 17, 42] [22, 30]. There-
fore, the selection of appropriate housekeeping genes
should be performed carefully according to the targeted
cell type and according to the experimental setting.

Thus, from our study and the literature, it appears that the
localised suppression of bone remodelling and the
osteopetrotic histomorphological changes of jaw bone due to
BRONJ and BP treatment could be explained by the BP-
related impairment of the site-specific regulated BMP-2–
Msx-1/Dlx-5 downstream and by suppression of the bone
regeneration and angiogenesis-related OPN. The data of our
study described an identic alteration of expression of Dlx-5
and OPN in BRONJ and BP-related jaw bone. This observa-
tion indicates a primary affection of the BMP-2 downstream
by BP treatment, independently from secondary inflammation
seen in BRONJ. Further research is needed to address a
potential interaction of Dlx-5 and OPN in osteoblast–osteo-
clast coupling. Understanding the differences of regulation of
bone turnover in cranial and extracranial bone due to their
different embryonic origin might elucidate the formal pathol-
ogy of BRONJ, explaining the impaired jaw bone
remodelling.
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