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Abstract

Cvikl B, Agis H, Stogerer K, Moritz A, Watzek G, Gruber
R. The response of dental pulp-derived cells to zoledronate
depends on the experimental model. International Endodontic
Journal, 44, 33-40, 2011.

Aim To investigate whether zoledronate (ZOL) can
cause a cytotoxic response in dental pulp-derived cells
(DPCs) in vitro.

Methodology Cell activity was assessed utilizing
MTT tests, >[H]|thymidine, and *[H]leucine incorpora-
tion assays in human DPCs in response to ZOL. Cell
activity assays were also preformed on calcium phos-
phate-coated plates. Cell death was analysed with
annexin V/propidium iodide, trypan blue staining and
Western blot analysis.

Results Micromolar concentrations of ZOL were
required to decrease the activity of DPCs. The decreased
activity of DPCs was associated with the occurrence of
apoptosis and necrosis. No adverse effects were
observed when DPCs were cultured on calcium phos-
phate-coated plates with ZOL.

Conclusion High concentrations of soluble ZOL were
required to cause adverse effects in vitro. These adverse
effects are abolished when the bisphosphonate was
bound to a mineralized surface. However, the clinical
relevance of these results remains to be determined.
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Introduction

The intravenous application of zoledronate (ZOL) is an
established therapeutic strategy for the treatment of
tumour-associated bone metastasis and severe hyper-
calcemia (Ibrahim et al. 2003, Michaelson & Smith
2005). ZOL is also approved for the prevention and
therapy of osteoporosis, although at an approximately
10-fold lower dosage (Black et al. 2007). ZOL is
generally well tolerated, and the rate of adverse
effects, such as acute phase reaction, nephrotoxicity
and gastrointestinal erosions, is low (Dunstan et al.
2007). An adverse effect of this therapy is the
development of bisphosphonate-related osteonecrosis
of the jaw (BRON]J), which presents as exposed
necrotic alveolar bone (Khosla et al. 2007, Almazrooa
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& Woo 2009). The incidence of BRONJ is between 1%
and 10% in patients with oncological diseases, while
BRONJ is a rare event in patients with metabolic
osteopathies (Badros et al. 2006, Pazianas et al.
2007).

The pharmacological mechanism that is responsible
for the antiresorptive potential of this drug has been
identified (Roelofs et al. 2006, Russell 2007).
Bisphosphonates bind to the mineralized bone matrix
and are exclusively released by osteoclasts. When
internalized, bisphosphonates inhibit the mevalonate
pathway, which is mandatory for osteoclast activity
(Roelofs et al. 2006, Russell 2007). There are several
hypothesis on the pathogenesis of BRONJ including
suppression of bone remodelling, antiangiogenic effects,
infection and cytotoxicity (Reid et al. 2007, Allen &
Burr 2009). Despite these plausible hypotheses, very
little data regarding the pathogenesis of BRON]J are
available (Allen & Burr 2009).

Dental treatments, including tooth extraction, are
associated with the occurrence of BRONJ and may
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therefore be considered a risk factor in pathogenesis of
BRONJ (Woo et al. 2006, Dunstan et al. 2007). These
observations, however, do not rule out the possibility
that bisphosphonates might have a negative impact on
the viability of the dental pulp. Bisphosphonates may
thereby establish a vicious cycle that contributes to
the development of BRONJ. However, whether bis-
phosphonates are toxic to the dental pulp cells is
unclear.

Bisphosphonates have a high affinity to mineralized
tissue such as dentine (Coxon et al. 2008); thus, ZOL
may accumulate in the dentine adjacent to the dental
pulp chamber. However, the chronic release of bis-
phosphonates from the dentine would require remodel-
ling, which does not regularly occur in the adult. Dental
pulp cells can, however, be exposed to bisphosphonates
immediately after the infusion of ZOL; hence, acute
adverse effects cannot be ruled out. Currently, data is
limited to demonstrating the effects of bisphosphonates
on mineralization during odontogenesis (Ogawa et al.
1989, Fuangtharnthip et al. 2000, Massa et al. 2006)
and local treatment of tooth roots and canals before
replantation (Mori et al. 2007, Komatsu et al. 2008).
Thus, the clinical impact of bisphosphonates on pulp
vitality remains to be determined.

The objective of this study was to determine the
cytotoxic activity of ZOL in an in vitro situation with
dental pulp-derived cells (DPCs). Based on in vitro
models, ZOL and other bisphosphonates have been
evaluated for toxicity including osteogenic cells (Almaz-
rooa & Woo 2009, Simon et al. 2009, Walter et al.
2009), periodontal fibroblasts (Correia Vde et al. 2006,
Simon et al. 2009, Walter et al. 2009, Agis et al. 2010)
and endothelial cells (Hasmim et al. 2007, Walter et al.
2009). In this study, it was hypothesized that DPCs can
also respond to ZOL by a decrease in cell activity and
the occurrence of cell death. Advantage was taken of
an in vitro model, where ZOL can bind to calcium
phosphate (Schindeler & Little 2005, Patntirapong
et al. 2009, Agis et al. 2010).

Material and methods

Experimental settings

Dental pulp-derived cells (DPCs) were isolated from the
extracted third molars of three donors after informed
consent was obtained (Ethics Committee of the Medical
University Vienna, No. 631/2007). Standard access
preparation was performed and pulp tissue removed
(Papaccio et al. 2006). DPCs were obtained from
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explant cultures in minimal essential medium (Invitro-
gen, Carlsbad, CA, USA) supplemented with 10% foetal
calf serum (FCS; PAA Laboratories, Linz, Austria) and
antibiotics (Invitrogen) in a humidified atmosphere at
37 °C.

For all experiments, 30 000 cells cm >

up to passage
five were plated on culture dishes. On the day following
the initial plating, the growth medium was changed
to serum-free medium with or without ZOL (30,
100 pmol L™'; Novartis Pharma GmbH, Vienna,
Austria) or staurosporine (STAU; 100 nmol L™!; Sigma,
St. Louis, MI, USA). Staurosporine is an ATP-competitive
kinase inhibitor, which acted as a positive control for cell
death (Bertrand et al. 1994, Karaman et al. 2008). Cells
were cultured in serum-free condition to exclude inter-
actions between ZOL and serum. To assess the impact of
serum, cells were treated with ZOL in the presence of 10%
FCS. DPCs were incubated for 24, 48 and 72 h before
cells were subjected to analysis.

Where indicated, culture plates were coated with a
layer of calcium phosphate. Calcium phosphate (CaP)
coating was performed in two steps as previously
described (Patntirapong et al. 2009). First, wells of
96-well tissue culture plates were incubated with a 2.5-
fold Kokubo's simulated body fluid (2.5-fold SBF;
6.25 mmol L™ CaCl,, 0.34 mol L' NaCl, 3.75 mmol
L' MgCl,, 2.78 mmol L' Na,HPO,4, 10.5 mmol L™*
NaHCO; in 50 mmol L' Tris pH 7.4) for 3 days.
The 2.5-fold SBF solution was refreshed daily. Sec-
ondly, the wells were changed to a calcium phosphate
solution (CPS; 2.25 mmol L™ Na,HPO,, 4 mmol L™*
CaCl,.2H,0, 0.14 mol L™! NaCl, 50 mmol L™ Tris) for
3 days with daily refreshment. Then the wells were
washed thoroughly with deionized water, dried at
50 °C overnight and sterilized. DPCs were seeded on
calcium phosphate-coated culture dishes as described
and treated with ZOL at 30 and 100 pmol L™ for 48 h
with and without the presence of serum. In another set
of experiments calcium phosphate-coated culture wells
were incubated with and without ZOL at 30 or
100 pmol ™! for 2 h and washed three times with
culture medium (Schindeler & Little 2005). DPCs were
then plated on culture dishes and subjected to analysis
after 48 h.

Cell activity: viability, proliferation
and protein synthesis

For the analysis of cell viability, DPCs were exposed to
MTT (1.25 mg mL™"; Sigma) for 2 h at 37 °C, and the
optical density of solubilized formazan crystals was
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measured. For the analysis of proliferation and protein
synthesis, DPCs were pulse labelled with *[H]thymidine
or ’[H]leucine (Amersham Pharmacia Biotech, Buck-
ingham, UK). Labeled cells were washed with saline
and allowed to dry before adding the scintillation
cocktail. Then plates were subjected to liquid scintilla-
tion counting (Packard, Meriden, CT, USA). Data are
expressed as relative percentage of untreated controls.

Cell death: apoptosis and necrosis

For Western blot analysis of apoptosis, DPCs exposed to
7Z0L for 48 h were applied. Untreated cells served as
control. Both groups, ZOL-treated cells and untreated
cells were lysed with Laemmli sample buffer containing
phosphatase and protease inhibitors. Cell lysates were
separated and transferred onto nitrocellulose mem-
branes (Amersham). Membranes were washed with
TBS-T and blocked in a 5% (w/v) milk powder solution.
Membranes were exposed to antibodies for cleaved poly
(ADP-ribose) polymerase (cleaved PARP; No. 9541;
Cell Signalling Technology, Danvers, MA, USA) and
actin (No. C-11, Santa Cruz Biotechnology, Santa Cruz,
CA, USA) diluted 1 : 1000. Cleavage of PARP facili-
tates cellular disassembly and serves as a marker of
cells undergoing apoptosis (Rao et al. 1996). Western
blots for actin were performed to test for equal loading
of the sample. After washing in TBS-T, membranes
were incubated with the appropriate secondary anti-
body diluted 1 : 2000. For cleaved PARP, an anti-
rabbit (Dako, Glostrup, Denmark) and for actin, an
anti-goat antibody (Dako) was used. To analyse the
levels of apoptosis and necrosis, the Annexin V-FLUOS
Kit (Roche, Mannheim, Germany) was used that
contains Annexin-V-Fluorescein and propidium iodid.
Analysis was performed by fluorescence and light
microscope with a B-2A filter (excitation filter wave-
lengths: 450-490 nm). Furthermore, necrosis was
analysed by trypan blue staining (0.4%). Staining
was evaluated by light microscopy.

Statistical analysis

All experiments were performed at least twice with cells
from three donors. Data were analysed with ANovA and
post hoc Student’s paired t-test when data followed a
normal distribution and standard deviations within the
groups were approximately equal. If data have not been
normal distributed, the Kruskal-Wallis and post hoc
Mann—Whitney U-tests were used. Significant differ-
ence was assigned at the P < 0.05 level.

© 2010 International Endodontic Journal

Results

Soluble ZOL reduces cell activity

Time-course and dose-response studies were performed
to determine the sensitivity of isolated DPCs to ZOL.
Viability was measured by the capacity of the cells to
convert MTT into formazan crystals. Proliferation and
protein synthesis were analysed by their ability to
incorporate *[H]thymidine and ?[H]leucine into DNA
and protein, respectively. ZOL caused a reduction in
viability, proliferation and protein synthesis at a
concentration of 30 pmol L™" after a 24-h incubation
time. This cytotoxic effect became more severe when
the concentration of ZOL was increased to
100 pmol " and the incubation period was pro-
longed for up to 72 h (Fig. 1). Similar effects were
observed in the presence of serum (Figure S1). Stauro-
sporine, an inducer of cell death, revealed similar
results (data not shown).

Soluble ZOL causes cell death by necrosis
and apoptosis

To further elucidate the mechanisms that lead to the
decrease in cell activity in ZOL-treated cells, the two
pathways that lead to cell death including apoptosis
and necrosis were considered. DPCs exposed to ZOL
demonstrated significant changes in cell morphology,
undergoing cell rounding and detachment as a result of
necrosis and apoptosis. Based on these findings, necro-
sis was detected in cultures that were treated for 48 h
with 30 pmol L™ ZOL, as indicated by the permeability
of the cell membrane for trypan blue and propidium
iodide. Cells staining positive for annexin V but not for
propidium iodide were also observed by fluorescence
microscopy, indicating the presence of apoptosis
(Fig. 2a). In line with these findings, the Western blot
revealed a clear band for cleaved PARP, another
characteristic marker for apoptosis (Fig. 2b). Stauro-
sporine, an inducer of cell death, demonstrated similar
results (data not shown). Together, these findings
indicate that the decrease in cell activity induced by
Z0L is the result of necrosis and apoptosis.

Calcium phosphate-bound ZOL has no effect
on cell activity

Previous studies have shown that cell viability is
maintained when cells are cultured on calcium phos-
phate-coated plates that have been pre-treated with
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Figure 1 Soluble zoledronate reduces dental pulp-derived cells
activity. Dental pulp-derived cells (DPCs) were stimulated with
or without zoledronate (ZOL) at 30 and 100 pmol L' for the
indicated time. All experiments were performed twice with
cells from three donors. (a) Cell viability was measured via
formation of formazan crystals. (b, ¢) Proliferation and protein
synthesis were measured via incorporation of *[H]thymidine
and 3[H]leucine, respectively. Bars represent the mean + stan-
dard deviation relative to the untreated control (%).
P < 0.01.

7Z0L (Agis et al. 2010). Therefore, the impact of ZOL on
DPCs in similar in vitro models was determined. DPCs
were cultured on calcium phosphate-coated plates and
treated with ZOL under serum-free conditions and in
the presence of serum (Fig. 3a—c; Figure S2a—c). In
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Figure 2 Soluble zoledronate causes necrosis and apoptosis in
dental pulp-derived cells. Dental pulp-derived cells (DPCs) were
exposed to zoledronate (ZOL) at 30 pmol L™ for 48 h. As
control untreated DPCs were used (CO). (a) The effect of ZOL
on cell morphology, apoptosis and necrosis was evaluated
with light microscopy, annexin V/propidium iodide staining
(annexin V/PI) and trypan blue staining. (b) The effect of ZOL
on the apoptosis marker—cleaved PARP was also examined by
Western blotting. Western blots for actin were performed as a
loading control.

addition, calcium phosphate-coated plates were pre-
treated with ZOL to exclude the effect of soluble ZOL
(Fig. 4a—). As expected, ZOL did not cause any
detectable toxic effects in any of these in vitro models
(Figs 3 and 4 and Figure S2). At these concentrations,
7Z0L effectively inhibited osteoclast activity (data not
shown). These results suggest that once ZOL is bound
to calcium phosphate, it becomes inert for the DPCs.
These findings thus demonstrate that the selection of in
vitro conditions has a significant impact on the cellular
response to ZOL. In vitro models that more closely
resemble the in vivo situation suggest that once ZOL is
adsorbed to the mineralized surface, the cytotoxic
effects are restricted to those cells that can release
ZOL from the mineralized surface, i.e. osteoclasts.

Discussion

The results revealed that ZOL can reduce cell viability
and associated parameters of proliferation and protein
synthesis in vitro. This is in line with studies on
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Figure 3 Zoledronate has no effect on cell activity of DPCs
cultured on calcium phosphate-coated plates. Dental pulp-
derived cells (DPCs) were seeded on calcium phosphate-coated
plates. The next day DPCs were incubated with and without
zoledronate (ZOL) at 30 and 100 pmol L™" for 48 h. Exper-
iments were performed at least twice with cells from three
donors. (a) Cell viability in response to ZOL was measured as
formation of formazan crystals. (b, ¢) Proliferation and protein
synthesis were measured as incorporation of >[H]thymidine
and >[H]leucine, respectively. Bars represent the mean + stan-
dard deviation relative to the untreated control (%).
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Figure 4 Calcium phosphate-bound zoledronate (ZOL) has no
effect on cell activity. Dental pulp-derived cells (DPCs) were
seeded on calcium phosphate-coated plates that were pre-
incubated with and without ZOL at 30 and 100 pmol L™,
Experiments were performed twice with cells from three
donors. (a) Cell viability in response to ZOL was measured as
formation of formazan crystals. (b, ¢) Proliferation and protein
synthesis were measured as incorporation of >[H]thymidine
and 3[H]leucine, respectively. Bars represent the mean + stan-
dard deviation relative to the untreated control (%).
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fibroblasts derived from the periodontium (Reinholz
et al. 2000, Kellinsalmi et al. 2005, Scheper et al.
2009, Walter et al. 2009, Agis et al. 2010) and tumour
cells (Senaratne et al. 2000, Corey et al. 2003, Dumon
et al. 2004). Consistent with these observations, DPCs
undergo necrosis and apoptosis, based on membrane
leakage, annexin V staining and cleaved PARP. How-
ever, cells remained viable when ZOL was allowed to
bind to calcium phosphate. Together, these results
suggest that the selection of the in vitro culture
conditions is critical to evaluate the cytotoxic activity
of ZOL for DPCs.

It thus remains open whether the occurrence of
BRONJ involves cell death in the dental pulp. Pharma-
cokinetic studies have shown that serum levels of ZOL
transiently reach approximately 1 pmol L' (Chen
et al. 2002). These concentrations are below the
threshold level that caused short-term cytotoxic effects
in the in vitro model used in this study. In addition, the
pharmacokinetic of ZOL in the pulp chamber is
unknown. The pharmacological mechanism of ZOL
includes binding to bone (Roelofs et al. 2006, Russell
2007). The similarities of bone and dentine support the
possibility that ZOL can accumulate in dentine. How-
ever, the results reveal that the cytotoxic effects are
diminished when ZOL is bound to calcium phosphate.
In bone tissue, a proportion of ZOL is released by
osteoclasts and surrounding cells might be exposed to
the drug (Coxon et al. 2008). In the dental pulp, it is
likely that ZOL remains bound to the dentine matrix as
the release of ZOL requires resorption by odontoclasts,
which does not occur regularly in the adult (Silva et al.
2004, Harokopakis-Hajishengallis 2007, Coxon et al.
2008). The current state of knowledge does not rule
out this possibility and preclinical studies are demand-
ing. The in vitro study contributes towards evaluating
these theories, as it can distinguish between soluble
and calcium phosphate-bound ZOL and the conse-
quences related to these modifications of the model.
Although the in vitro model suggests that short-term
effects of ZOL bound to calcium phosphate are unlikely,
it cannot rule out long-term effects of the bisphosph-
onate in vivo. It is, however, not clear if ZOL binds to
dentine of the dental pulp at all. Further studies are
required that address this issue.

The data suggest the concept that high concentra-
tions of soluble ZOL are required to cause toxic effects.
The pharmacological mechanism of ZOL involves the
inhibition of the mevalonate pathway in osteoclasts
thereby inducing apoptosis. (Roelofs et al. 2006,
Kimmel 2007, Russell 2007, Weinstein et al. 2009).

International Endodontic Journal, 44, 33-40, 2011

Necrosis is usually a rare event when nontransformed
cells are exposed to ZOL (Kellinsalmi et al. 2005).
However, both apoptosis and necrosis were observed in
other oral cells such as fibroblasts of the periodontal
ligament (Agis et al. 2010). Whether the induction of
apoptosis and necrosis in DPCs is mediated by the
inhibition of the mevalonate pathway requires further
studies. It can also not be ruled out that under
inflammatory conditions or in the presence of chemo-
therapeutic agents, cells become more responsive to
ZOL. This hypothesis will serve as the basis for
subsequent studies aiming to understand the impact
of the microenvironment on cellular response to ZOL.

Conclusion

In conclusion, micromolar concentrations of soluble
7Z0L, approximately an order of magnitude above the
serum level after infusion, decreased the activity of
DPCs and force cells to undergo apoptosis and necrosis
in vitro. When ZOL is bound to calcium phosphate,
DPCs do not exhibit these adverse response to the drug.
The results suggest that it is unlikely that ZOL has a
substantial negative effect on pulp viability. However,
the clinical relevance of these results remains to be
determined.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Soluble zoledronate reduces cell activity
of DPCs under the presence of serum.

Figure S2. Zoledronate has no effect on the cell
activity of DPCs cultured on calcium phosphate-coated
plates in the presence of serum.
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