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Abstract Bisphosphonate-associated osteonecrosis of the
jaws (BP-ONJ) is a side effect primarily in patients receiving
highly potent nitrogen-containing bisphosphonates. The exact
etiopathology is unknown. In addition to reduced bone
remodeling, there may also be an impact on soft tissues. The
impact of nitrogen- (ibandronate, pamidronate, zoledronate)
and non-nitrogen-containing bisphosphonates (clodronate) on
human umbilicord vein endothelial cells (HUVEC), fibroblasts
and osteogenic cells was analyzed employing cell viability
testing and a scratch wound assay. The impact on the cell
morphology of vital-stained osteogenic cells was investigated
by cell visualization (confocal laser scanning microscopy).
Pamidronate and zoledronate had the greatest negative impact
on all cell lines, whereas the impact of ibandronate and
clodronate was less distinct. The effect of clodronate on
HUVEC and fibroblasts was particularly marginal. BP-ONJ
could be a multifactorial event with multicellular impairments.
This might result in altered wound healing. The increased
impact of the highly potent bisphosphonates, particularly on
non-bone cells, may explain the higher occurrence of BP-ONJ.
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Introduction

Bisphosphonates are the most important antiresorptive
agents in metabolic bone diseases and bone metastases;
they are frequently used in patients with multiple myeloma
or bone metastases due to breast or prostate cancer and in
patients with Paget’s disease or osteoporosis. Bisphospho-
nates reduce skeletal-related events such as fractures and
the need for radiation or stabilizing operations; they prevent
hypercalcemic episodes, reduce pain, and, therefore, in-
crease the quality of life in affected patients.

The side effects of bisphosphonates can be grouped
into three main categories: acute phase reactions,
gastrointestinal effects, and renal side effects [1]. In
2003, a new side effect, bisphosphonate-associated osteo-
necrosis of the jaws (BP-ONJ), was described for the first
time [2] and has since increased in frequency [3]. A
universally agreed-upon definition for BP-ONJ has not
been established to date. According to the American
Association of Oral and Maxillofacial Surgeons, BP-ONJ
is defined as exposed necrotic bone in the maxillofacial
region for a period of at least 8 weeks in connection with
current or previous bisphosphonate therapy and a lack of
head and neck radiation in the patient’s history [4]. The
bisphosphonates most often associated with BP-ONIJ are
zoledronate and pamidronate, which contain nitrogen and
are administered intravenously. Ibandronate is less often
associated with the condition, and the non-nitrogen-
containing preparations such as clodronate are rarely
implicated.

Described incidences for BP-ONJ range from 1.2% [5]
to 11.4% [6] in breast cancer patients, 3.1% [5] to 17.2%
[7] in multiple myeloma patients, and 2.9% [8] to 18.6%
[9] in prostate cancer patients. The risk of developing BP-
ONIJ in osteoporosis patients treated with bisphosphonates
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is lower and is estimated at one event per 20,000 to 110,000
patient-years [10].

In most patients’ case history, a previous tooth extrac-
tion, a pressure denture sore, periodontal disease, or a
previous dental surgical procedure is given. Some patients
lack such a trigger factor. In these cases, the osteonecrosis
usually occurs at the mylohyoid ridge, a region with a very
thin mucosal layer protecting the mandible [11]. To date,
the etiopathology of BP-ONIJ and the reason it solely affects
the jaws is not definitively known.

The most common theory attributes the condition to
reduced bone remodeling due to bisphosphonate-induced
osteoclast inhibition and the subsequent accumulation of
microfractures [12]. In addition, bisphosphonates have an
antiangiogenetic effect [13], resulting in an avascular
necrosis. This is supported by the fact that bisphosphonates
influence the number of circulating endothelial progenitor
cells [14] that contribute to an increase in angiogenesis:
paracrine effects, differentiation to mature endothelial cells
[15]. Furthermore, bisphosphonates influence the viability
of oral keratinocytes [16]. All these influences modulate
the wound healing and could contribute to BP-ONJ
development [10].

The aim of the present study was to analyze the
responses of three different cell types involved in jaw bone
remodeling and defect healing to bisphosphonates of
different potencies at varying concentrations. The effects
of clodronate, ibandronate, pamidronate, and zolodronate
on human umbilical vein endothelial cell (HUVEC),
fibroblast, and osteogenic cell viability were analyzed by
employing a 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) test [17]. In addition, scratch
wound assays were performed to examine the effects of
bisphosphonates on the ability of the three cell lines to
migrate and proliferate in a monolayer cell culture. Finally,
since several studies have shown that osteogenic cell
attributes such as adhesion and differentiation are closely
associated with characteristic cell morphologies [18-20],
osteogenic cells were vital-stained to show the potential
influence of bisphosphonates at different concentrations on
the cell morphology.

Materials and methods

Commercially available HUVEC (Lonza, Basel, Switzer-
land: No. CC-2517), human gingival fibroblasts (Lonza,
Basel, Switzerland: No. CC-7049), and human osteogenic
cells (PromoCell, Heidelberg, Germany: No. C-12720)
were cultured in an incubator with 5% CO, and 95% air
at 37°C. Cells were passaged at regular intervals depending
on their growth characteristics using 0.25% trypsin
(Seromed Biochrom, Berlin, Germany).
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HUVEC were cultured in an endothelial basal medium
supplemented with 1 pg/ml hydrocortisone, 12 pg/ml
bovine brain extract, 50 pg/ml gentamicin, 50 ng/ml
amphotericin-B, 10 ng/ml epidermal growth factor, and
10% fetal calf serum (FCS) until the third passage.

Fibroblasts were grown in Stroma Cell Growth Medium
(Lonza, Basel, Switzerland) with 1% penicillin—streptomy-
cin—neomycin antibiotic mixture (PSN), 10% FCS, and
500 ng basic fibroblast growth factor per 500 ml medium.

Osteogenic cells were cultivated in a solution composed
of Dulbecco’s modified Eagle’s medium with 1% PSN, 1%
L-glutamine, and 10% FCS. Before the experiments, the
osteogenic cells were positively characterized by immuno-
histochemical expression of alkaline phosphatase and osteo-
calcin (labeled streptavidin—biotin/horseradish peroxidase).

For the MTT test, cells of the respective cell line were
transferred into six-well plates (HUVEC 100,000 cells/well;
fibroblasts 180,000 cells/well; osteogenic cells 280,000
cells/well); after 24 h, all cell lines were incubated with
bisphosphonates (clodronate, ibandronate, pamidronate,
and zoledronate) in increasing amounts (0, 5, 50, 100,
200, and 500 pmol). Due to their lower cell metabolism,
osteoblasts were incubated for 72 h, while HUVEC and
fibroblasts were incubated for 24 h.

The cell viability of all three cell lines was evaluated
with the MTT colorimetric assay (Sigma, Miinchen,
Germany: M5655). Viable cells ferment tetrazolium bro-
mide to formazan that can be measured after cell lysis
photometrically at 550 nm. The experiments were per-
formed in triplicate.

For the scratch wound assay, the cells were seeded on
tissue culture plastic in Petri dishes (Nunc, Langenselbold,
Germany); at 80% cell confluence, a scratch wound using a
sterile pipette tip was performed and the size of the gap was
measured and set to 100%. All cells were incubated with
100 umol of the previously mentioned bisphosphonates and
the closing of the scratch wound was measured for 72 h or
until the wounds were closed. The experiment was
performed six times for each cell line and bisphosphonate.

Vital staining of the osteogenic cells was performed with
green cell tracker (Molecular Probes, Invitrogen, Karlsruhe,
Germany), according to the manufacturer's staining proto-
col. Fifteen microliters of the stock solution was added to
100,000 cells suspended in 5 ml basal medium. After
30 min of incubation at room temperature, cells were
centrifuged and further processed. Preliminary studies
revealed a stable fluorescence activity over at least 72 h.
All four bisphosphonates were used at 50 and 100 pmol
and compared to a control. The osteogenic cells cultivated
on tissue culture plastic were visualized for 72 h after
adding the respective bisphosphonates by using confocal
laser scanning microscopy (CLSM, Leica TCS SP2 Xl1,
Wetzlar, Germany) in upright arrangement. A tenfold
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dipping lens and a 40-fold dipping lens (HCX APO L 40x/
0.8 W) allowed cell visualization without removal of the
culture medium; this protected the cells against dehydration
and ensured homeostasis over the whole observation
period. The detection range for green fluorescence was
500 to 550 nm after blue excitation (argon laser, 488 nm).
The CLSM color filter was fitted with an acousto-optical
beamsplitter in a detection channel at Langpass >500 nm to
optimize fluorescence detection. Synchronized CLSM
reflection mode images (helium—neon laser, 594 nm)
enabled simultaneous visualization of unstained cell
compartments.

Statistical analysis Continuous variables are expressed as
mean+SEM (standard error of mean). Comparisons be-
tween groups were analyzed by analysis of variance
(ANOVA, post hoc test: Tukey) for experiments with more
than two subgroups or #-test (two-sided). The software
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SPSS 16.0 for Windows was used for calculations. The p-
values<0.05 were considered as statistically significant.

Results
MTT HUVEC

Compared to the control (0 pumol of the respective
bisphosphonate), aminobisphosphonates pamidronate,
zoledronate, and ibandronate particularly decreased the cell
viability of HUVEC (Fig. 1). Clodronate significantly
decreased the viability only at 500 pumol (p=0.035).
Pamidronate had the greatest negative influence, followed
by zoledronate and ibandronate. A significant difference
was visible for zoledronate (p=0.007) and for pamidronate
(»p=0.004) at 50 pmol compared to the control (100%). The
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Fig. 1 a—f Viability results are shown on the lefi-hand side (a, ¢, e), scratch wound assays (50 pmol bisphosphonate) on the right-hand side (b, d,
f). Results for HUVEC are shown in the first line (a, b), fibroblasts in the second line (¢, d) and osteogenic cells in the last line (e, f)
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Fig. 2 Green fluorescence mode CLSM visualization of vital-stained (green cell tracker) osteogenic cells cultivated for 72 h in the presence of
different bisphosphonates at 100 umol. Original magnification: tenfold (a control, b clodronate, ¢ ibandronate, d pamidronate, e zoledronate)

difference between zoledronate and pamidronate became
significant at 100 pmol (p=0.038), likewise for zoledronate
and ibandronate at 200 pmol (p=0.001).

Scratch wound assay HUVEC

The scratch wound assay showed significant differences
between bisphosphonates and the control after 18 h (p=
0.006) for zoledronate only (p=0.043). A low p-value was
seen for pamidronate vs. control after 18 h (p=0.08), which
became significant after 24 h (p<0.001). After 24 h, both
pamidronate and zoledronate showed a significant differ-
ence compared to the control, clodronate, and pamidronate
(»<0.001). No further significant differences between the
bisphosphonates and the control for HUVEC could be
shown (Fig. 1).

MTT fibroblasts

The aminobisphosphonates pamidronate, zoledronate, and
ibandronate showed the greatest inhibition of fibroblast
viability. The influence of clodronate on fibroblasts could
be proved at 200 pmol (p=0.001) and higher. The
aminobisphosphonates revealed differences on cell viability
in lower concentrations. The cell viability was most
affected by pamidronate and showed significant inhibition
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at 5 umol as compared to the control, zoledronate, and
ibandronate (p<0.001). Zoledronate had a greater negative
impact on the viability of fibroblasts as compared to
ibandronate at 50 pmol (p=0.01).

Scratch wound assay fibroblasts

A similar effect can be seen in the fibroblast wound healing
assay; the influence of all aminobisphosphonates in this test
became statistically significant after 2 days (p<0.001).
Clodronate did not yield significant results at any time point.

MTT osteogenic cells

The viability of osteogenic cells was reduced by all
bisphosphonates in a dose-dependent manner. Zoledronate
was the only bisphosphonate that showed a significant
difference at 5 umol compared to the control (p<0.001). At
50 pmol, all aminobisphosphonates significantly inhibited
osteogenic cell viability compared to clodronate. This
difference remained significant up to 200 pmol. At
500 pmol, only zoledronate showed a statistically signifi-
cant difference compared to clodronate (p=0.038). At 50
and 100 umol, the difference between the other aminobi-
sphosphonates ibandroante and pamidroante compared to
clodronate was significant (p<0.003).
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Fig. 3 CLSM visualization of vital-stained (green cell tracker)
osteogenic cells cultivated for 72 h in the presence of different
bisphosphonates. Merged images of green fluorescence mode and
CLSM reflection mode. Original magnification: 40-fold (a control, b

Scratch wound assay osteogenic cells

Pamidronate had the greatest impact on the scratch wound in
an osteogenic cell monolayer culture, followed by zoledro-
nate and ibandronate. There was no significant impact of
clodronate on the migration and proliferation of the cells at
any point in time. The one-way ANOVA showed signifi-
cance on day 2. With the #-test, a significant effect at day 1
(»=0.04) for pamidronate was shown, compared to the
control. On day 2, pamidronate and zoledronate showed a
significant delay of wound closure compared to the control
(»<0.001) and clodronate (p=0.001, respectively, 0.036),
whereas the difference for ibandronate compared to the

clodronate 50 umol, ¢ clodronate 100 pmol, d ibandronate 50 pmol, e
ibandronate 100 pmol, f pamidronate 50 pmol, g pamidronate
100 pmol, h zoledronate 50 umol, i zoledronate 100 pmol)

control became significant on day 3 (»p<0.001). On day 3,
the difference between the impact of ibandronate compared
to clodronate became significant (p=0.002).

Cell visualization: vital staining of osteogenic cells

Visualization of vital-stained osteogenic cells is shown in
Figs. 2 and 3. Figure 2a—e provides an overview at a lower
magnification (tenfold) of the untreated control (Fig 2a) vs.
the investigated bisphosphonates at 100 pmol (Fig. 2b—e).
The normal cell population shows a sub-confluent cell layer
with well-spread cells (Fig 2a). The addition of 100 pmol
clodronate resulted in a similar overview (Fig. 2b). The
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addition of 100 pmol ibandronate resulted in clearly
reduced cell density with rather spindle-shaped and round-
ish cell morphologies (Fig. 2c). The addition of 100 umol
pamidronate (Fig. 2d) or 100 pmol zoledronate (Fig. 2e) led
to further reduction of cell density and deprivation of cell
morphologies.

Figure 3a—i provides a more detailed analysis of cellular
phenotypes at higher magnification (40-fold). Figure 3a—i
shows representative osteogenic cell morphologies after
72 h for the investigated bisphosphonates. Normal cellular
morphologies consisting of fully spread cells with devel-
opment of lamellipodias and filopodias can exclusively be
identified for the control group (Fig. 3a), as well as after the
addition of 50 pumol clodronate (Fig. 3b). The addition of
100 pmol clodronate resulted in a markedly smaller cellular
phenotype with deprivation of filopodia (Fig. 3c). The
addition of ibandronate resulted for 50 and 100 pmol in
small cells with only few lamellipodia. The cells exhibit
simple geometric shapes (roundish, spindle-shaped, and
triangular), clear indicators for restricted cellular homeo-
stasis (Fig. 3d, e). The addition of pamidronate resulted in
similar cellular phenotypes. Furthermore, the stained
cellular area seems to be restricted to the central, perinu-
clear region (Fig. 3f, g). Compared to the other substrates,
the addition of zoledronate resulted in the most atrophied
cellular phenotype with small, spindle-shaped, and triangu-
lar cells (Fig. 3h, i).

Discussion

Several theories on the development of bisphosphonate-
associated osteonecrosis of the jaws are being discussed in
the literature. Next to the cell death of osteoclasts and an
impact on osteogenic cells with a consecutive altered bone
remodeling [21, 22], important factors seem to be the
bisphosphonate’s antiangiogenetic potential and the devel-
opment of avascular bone necrosis [23]. Another theory is
the adverse impact of bisphosphonates on the integrity of
the mucosal layer, due to the proapoptotic effect on
keratinocytes of the gastrointestinal tract [16, 24] and the
oral cavity [25]. This study’s data could support a
multifactorial genesis of bisphosphonate-associated osteo-
necrosis of the jaws.

The bioavailability of an oral dose is between 1% and
10%. Twenty percent to 80% of the absorbed bisphosph-
onates is taken up quickly by bone, with a higher
percentage at sites of bone formation [26] and an even
higher percentage at sites of bone resorption [27]. It has
been described that the bone turnover in the jaws,
especially at the alveolar crest, is higher compared to other
parts of the skeleton [28], resulting in a higher accumula-
tion of bisphosphonates in this region. The ability of the
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different bisphosphonates to chelate with Ca®" is decreased
at lower pH levels due to protonation of the bisphospho-
nate’s phosphate groups. Therefore, bisphosphonates may be
released faster from bone surfaces in the acid environment of
an osteoclast resorption lacuna, resulting in locally high
concentrations of bisphosphonates. These higher concen-
trations might be prevalent especially after a dental surgical
procedure. The high bisphosphonate concentration could
influence the cells in the immediate microenvironment such
as osteoblasts, vessel cells, fibroblasts, and keratinocytes.
The combined impact of bisphosphonates on the different
cell types might contribute to disturbed wound healing after
injury, resulting in clinically manifest BP-ONJ.

The bisphosphonates most often associated with BP-
ONIJ are the aminobisphosphonates, most notably pamidr-
onate and zoledronate [2, 29], followed by ibandronate [3]
or alendronate [30]. Only single cases of BP-ONJ have
been published in patients taking non-nitrogen-containing
bisphosphonates [31].

A reason for this distribution might be the different impact
of these bisphosphonates on the different cell populations of
the oral cavity as shown in these experiments. In all assays,
the aminobisphosphonates ibandronate, pamidronate, and
zoledronate had a distinct negative effect on all tested cell
lines compared to the non-nitrogen-containing clodronate. In
the comparison of the aminobisphosphonates, zoledronate
and pamidronate had the biggest effect on the cell lines. Only
in the fibroblast scratch wound assay did ibandronate have a
greater, but not significant, impact on the migration and
proliferation as compared to zoledronate.

In the cell visualization assay, zoledronate and pamidronate
had the greatest effect, whereas the effect of ibandronate and
especially clodronate was not as high. Since cell attributes
such as adhesion and differentiation are closely associated
with characteristic cell morphologies, these findings support
the greater impact of pamidronate and zoledronate on
osteogenic cell homeostasis.

The results presented may explain the higher occurrence
of BP-ONIJ in patients receiving aminobisphosphonates as
compared to patients receiving non-nitrogen-containing
bisphosphonates. Although it is difficult to compare an in
vitro situation with an in vivo situation, these results show
that it may be prudent to interrupt bisphosphonate treatment
if oral surgery is necessary in order to protect the soft tissues
and promote better wound healing. A better understanding of
the effects of bisphosphonates on a cellular level might help
to adjust therapeutic regimes in order to maintain clinical
success while reducing the side effects.
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