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Effects of zoledronic acid on osteoblasts
in three-dimensional culture
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Abstract Background/purpose: Bisphosphonates (BPs) are synthetic drugs with antitumor
and bone antiresorptive activities. The use of BPs is suspected to favor the emergence of os-
teonecrosis of the jaw (ONJ), a putative side effect whose pathogenesis remains unclear. Thus,
we aimed to get insights about the impact of BPs on osteoblasts functions, using a three-
dimensional (3D) culture model, which is suggested to be more similar to the in vivo tissues
than monolayers.
Materials and methods: Effects of low (0.1 mM) and high (10 mM) concentrations of zoledronic
acid were investigated on osteoblasts (hFOB 1.19), cultured as multicellular spheroids (MCS).
Proliferation, apoptosis, spheroid growth kinetics, and morphology were studied using the 3-
(4,5-dimethyl-thiazoyl-2yl) 2,5-diphenyl-tetrazolium bromide (MTT) and acid phosphatase
(APH) assays, caspase 3 Western-blotting, phase contrast imaging and scanning electron micro-
scopy (SEM).
Results: Proliferation, apoptosis, and spheroid morphology showed that 10 mM zoledronic acid
(ZA) induced a significant reduction in the relative viable cell number, correlated with morpho-
logical alterations of spheroids, and induction of apoptosis. A lower ZA concentration (0.1 mM)
promoted cell proliferation without affecting growth kinetics or spheroid morphology.
Conclusion: ZA sensitivity of osteoblasts depends on concentration and experimental models.
The dual dose-dependent effects of ZA on osteoblasts cultured as spheroids, thereby promot-
ing or inhibiting cell proliferation, may provide opportunities in tissue engineering. At last, the
hFOB spheroid culture system represents a valuable model for the exploration of the molecular
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basis of BPs action on osteoblasts and for the development and evaluation of implantable bio-
materials in bone sites.
Copyright ª 2014, Association for Dental Sciences of the Republic of China. Published by Else-
vier Taiwan LLC. All rights reserved.

Introduction

Bisphosphonates (BPs) are synthetic compounds, both
metabolically stable and structurally similar to inorganic
pyrophosphate. They bind strongly to hydroxyapatite crys-
tals and inhibit bone resorption by reducing physicochem-
ical bone mineral dissolution and decreasing osteoclast
activity. Due to their antiresorptive properties, these drugs
are widely used in the clinical treatment of bone diseases
with increased bone resorption, such as postmenopausal
osteoporosis, Paget’s disease, or lytic bone metastasis.1 BPs
can be divided into two groups depending on their molec-
ular mechanism of action at the cellular level.2 Simple BPs,
such as clodronate and etidronate, are metabolized intra-
cellularly to nonhydrolyzable analogues of ATP. The accu-
mulation of these metabolites in the cytosol of osteoclasts
induces cell death, probably by inhibiting ATP-dependent
intracellular enzymes.3,4 The more potent amino-BPs
[e.g., zoledronic acid (ZA), alendronate, and ibandro-
nate], which are not metabolized, alter osteoclast function
by inhibiting enzymes of the mevalonate biosynthetic
pathway, notably the farnesyl diphosphate synthase (FPPS).
Inhibition of FPPS leads to depletion of the metabolites FPP
and geranylgeranyl diphosphate, necessary for the post-
translational modification (prenylation) of small GTPases,
thereby affecting subcellular localization and function of
these signaling proteins essential for osteoclast survival and
activity.5

The use of BPs has been linked to osteonecrosis of the
jaw (ONJ), particularly in patients after intravenous ther-
apy in the setting of malignancy. BPs-related ONJ (BRONJ)
can be caused by oral trauma or dental extraction, but it
can also occur spontaneously.6,7 Although causality be-
tween BPs exposure and ONJ is still controversial, a clinical
staging system of BRONJ has been developed to more
appropriately diagnose and clinically manage patients,
ranging from Stage 0 (no clinical evidence of necrotic bone,
but nonspecific clinical findings and symptoms) to Stage 3
(exposed necrotic bone with pain, infection, pathologic
fracture, extra oral fistula, oral antral/oral nasal commu-
nication, etc.).8 Various hypotheses have been put forward
to explain BRONJ pathophysiology, which is likely to be
multifactorial. It is postulated that BRONJ localizes on the
jaws because of the heavy bone turnover in this area,
causing BPs to accumulate preferentially in jaws at cyto-
toxic concentrations. Pathophysiology may also involve
suppression of bone turnover and angiogenesis, altered
function of oral mucosal cells, microbial flora, antiin-
flammatory effects, and genetic predispositions.9 Beyond
well-described direct effects of BPs on osteoclastic activity,
significant clinical and experimental evidence indicates
that BPs also influence osteoblast functions.10,11 In vitro

and in vivo studies demonstrated dose-dependent effects
of BPs on cell proliferation, cell differentiation, apoptosis,
and matrix mineralization. High concentrations (>10 mM)
generally produce adverse effects on these processes that
may account for the occurrence of BRONJ.12e17 Lower BP
concentrations act positively on osteoblastic function by
promoting survival, proliferation, and differentiation of
bone-forming cells.17e20 While this dual effect of BPs on
osteoblasts is now well established, uncertainty remains
concerning the threshold of cytotoxic and clinically rele-
vant concentrations of BPs, probably because of multiple
experimental models used for investigations.

The objective of this in vitro study was to evaluate the
effects of ZA � a commonly prescribed amino-BP e on os-
teoblasts in a three-dimensional (3D) culture system,
namely multicellular spheroids (MCS).21 The MCS model is
based on the cell’s propensity to self-aggregate when
cultured in nonadhesive conditions. By restoring cell-cell
and cell-matrix interactions, this 3D system more closely
mimics living tissue than monolayer cultures do,22,23 making
MCS-based assays more predictive of in vivo response to
drugs. By examination of cell proliferation, cellular
apoptosis, and spheroid morphology after ZA treatment, we
demonstrated that the dual dose-dependent effect of ZA
already observed in monolayer cultures is conserved in
these osteoblastic microtissue-like cultures.

Materials and methods

Cell culture

The human fetal osteoblast cell line hFOB 1.19 (hFOB) was
purchased from ATCC. hFOB cells were maintained in a 1:1
mixture of phenol red-free Dulbecco’s Modified Eagle’s
medium/Ham’s F-12 medium, supplemented with 10% fetal
bovine serum, 100 IU/mL penicillin, 100 mg/mL strepto-
mycin, 20 mM N-2-hydroxyethylpiperazine-N-2-ethane sul-
fonic acid buffer, 2 mM L-glutamine, and 300 mg/mL G418.
For cell expansion, hFOB cells were incubated at 33.5�C and
5% CO2 and fed twice a week. On reaching 80% confluency,
they were passaged using 0.05% trypsin-0.02% Ethyl-
enediaminetetraacetic acid.

Generation and culture of MCS

Formation of hFOB spheroids was achieved using agarose-
coated 96-well tissue culture plates (50 mL of 1.5% agarose
in phosphate-buffered saline (PBS). The seeding density
was 2 � 103 cells/well. After 96 hours of incubation,
spheroid cultures were treated by replacing 50% (Z 100 mL)
of supernatant with normal medium or medium
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