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Abstract

Bisphosphonates are widely clinically used inhibitors of bone resorption. Pre-clinical studies indicate that bisphosphonates also inhibit the
growth of various cancer cells in vitro, but their in vivo anti-cancer activity varies greatly, depending on the tumor type. We compared the various
cellular effects of bisphosphonates in breast cancer and mesothelioma cells, with differences in growth inhibition responses to bisphosphonate-
treatment in vivo. We show that the growth inhibitory effects of nitrogen-containing bisphosphonates are significantly affected by excess Ca2+ in a
cell- and bisphosphonate-specific fashion. Furthermore, excess pyrophosphate-resembling bisphosphonates prevent nitrogen-containing–
bisphosphonate-induced accumulation of unprenylated Rap1A, p38 phosphorylation and growth inhibition in human MDA-MB-231 breast cancer
and mouse AB-12 mesothelioma cells. For some, but not all tested, pyrophosphate-resembling bisphosphonate: nitrogen-containing
bisphosphonate combinations these results may be partially explained by the ability of the excess pyrophosphate-resembling bisphosphonates
to chelate Ca2+. In mice, subcutaneous AB-12 and MDA-MB-231 tumors exhibit positive staining for Ca2+ minerals, as revealed with Von Kossa
stainings. We further show that the AB-12 tumors accumulate significantly more of the bone scanning bisphosphonate, Tc99m-medronate, as
compared with MDA-MB-231 tumors. In conclusion, our results suggest that Ca2+ regulates the growth inhibitory effects of bisphosphonates in a
target cell and drug-specific fashion. These findings may be of physiological relevance since many tumor types are calcified. They further suggest
that bisphosphonates can accumulate in tumors that are growing at the visceral sites and that differences in tumor accumulation of bisphosphonates
may regulate their in vivo sensitivity to these drugs.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Bisphosphonates are synthetic analogs of the naturally oc-
curring pyrophosphate (Coxon et al., 2000; Rogers, 2004). They
inhibit osteoclasts and are therefore widely clinically used in the
treatment of disease conditions that are due to increased bone
resorption, such as osteoporosis, solid tumor bone metastases
and myeloma bone disease (Rodan and Martin, 2000).
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Depending on their molecular structure, bisphosphonates
can be divided into nitrogen-containing and pyrophosphate-
resembling bisphosphonates, with different molecular mechan-
isms of action (Hosfield et al., 2004). Nitrogen-containing
bisphosphonates, such as pamidronate, alendronate, risedronate
and zoledronate inhibit the farnesyl pyrophosphate synthase in
the mevalonate pathway, which results in decreased accumu-
lation of prenyl groups inside the cells (van Beek et al., 1999).
The lack of prenyl groups, such as geranylgeranyl, results in
decreased post-translational prenylation of small GTP-binding
proteins and thereby, impaired cellular functions, such as intra-
cellular vesicular transportation in osteoclasts (Alakangas et al.,
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2002; Rogers, 2004). Pyrophosphate-resembling bisphospho-
nates, such as clodronate and etidronate, do not inhibit the
mevalonate pathway. Instead, they are metabolized in cells into
ATP-like analogs, which mediate their cellular effects, such as
apoptosis in osteoclasts (Lehenkari et al., 2002). Interestingly,
however, it was shown recently that although nitrogen-con-
taining bisphosphonates are not metabolized, they can still
induce the formation of an endogenous, novel ATP analog
(ApppI) in cells (Mönkkönen et al., 2006). Similar to the effects
of the pyrophosphate-resembling bisphosphonate metabolite,
ApppI also inhibits ADP/ATP translocase in isolated mitochon-
dria and induces apoptosis in osteoclasts (Mönkkönen et al.,
2006).

In addition to the effects on bone cells, the nitrogen-con-
taining bisphosphonates especially have been shown to inhibit
the growth of various cancer cells in vitro (Chuah et al., 2005;
Iguchi et al., 2003; Merrell et al., 2003; Riebeling et al., 2002;
Senaratne and Colston, 2002). This inhibition is probably at least
partially mediated via inhibition of the mevalonate pathway,
since in many cells it can be overcome by excess geranylger-
aniol. Nevertheless, additional mechanisms may also exist
(Reinholz et al., 2002). The in vivo anti-cancer efficacy of
bisphosphonates varies greatly. While the efficacy of bispho-
sphonates in various breast cancer models has been shown to be
marginal (Hiraga et al., 2001, 2004; Sasaki et al., 1995),
especially the newer nitrogen-containing bisphosphonates have
been shown to exhibit very strong anti-tumor activities in mouse
models of metastatic osteosarcoma, mesothelioma, small cell
lung and ovarian cancers (Hashimoto et al., 2005; Matsumoto
et al., 2005; Ory et al., 2005; Sawada et al., 2002; Wakchoure
et al., 2006). The reasons for these efficacy differences in the
different cancer models are not understood. Furthermore, it is not
even known whether the clinically used doses of bispho-
sphonates gain access into cancer cells (Powles et al., 2006,
2002; Saarto et al., 2001). Bisphosphonates are quickly, within
minutes, cleared from the circulation and adsorbed to bone
hydroxyapatite where they are retained (Skerjanec et al., 2003).
Accumulation of the bone scanning agent, Tc99m-medronate,
which is structurally a bisphosphonate, into tumors at the vis-
ceral site does, however, suggest that bisphosphonates may also
gain access into tumors outside bones (Barai et al., 2004; Beres
et al., 1991; Fogelman et al., 1978; Swayne et al., 1992; Tanabe
et al., 1979; Vorne and Saukko, 1984). The mechanisms for this
accumulation are not known.

It was shown recently that in osteoclasts and macrophages,
excess pyrophosphate-resembling bisphosphonates can antago-
nize the cellular effects of nitrogen-containing bisphosphonates.
This is possibly due to Ca2+-chelation by the pyrophosphate-
resembling bisphosphonates and thereby decreased Ca2+

availability for the nitrogen-containing bisphosphonates, result-
ing in their decreased cellular uptake (Frith and Rogers, 2003;
Thompson et al., 2006a). Also the gamma delta T-cell receptor
(γδTCR) and connexin-43 hemichannel have been shown to
mediate bisphosphonate effects in various cells (Plotkin et al.,
2005, 2002; Plotkin and Bellido, 2001; Sato et al., 2005;
Thompson et al., 2006b). The aim of this studywas to investigate
whether similar mechanisms can be detected in breast cancer and
mesothelioma cells. Furthermore, because of their different
sensitivities to the anti-cancer effects of bisphosphonates in vivo,
we investigated whether there are differences in tumor ac-
cumulation of Tc99m-medronate between breast cancer and
mesothelioma cells in vivo.

2. Materials and methods

2.1. Chemicals

Bisphosphonates (risedronate, alendronate), were kindly
provided by Leiras, Turku, Finland. Pamidronate (Pamidronate
Disodium, Oncology Therapeutics Network, South San Fran-
sisco, CA), zoledronate (Zometa, Novartis) and clodronate
(Bonefos, Schering) were obtained from pharmacy. Stock
solutions (10−2 or 10−3 M) were prepared into PBS, pH was
adjusted to 7.4 with NaOH and filter-sterilized. Lipopolysac-
charide (LPS) was from Sigma (St. Louis, MO), interleukin-1β
(IL-1β) and tumor necrosis factor-α (TNF-α) were from R and
D Systems (Minneapolis, MN). Geranylgeraniol (cold, all-
trans) was from American Radiochemicals Inc. (St. Louis,
MO), and prepared as a 100 mM stock solution in ethanol. Anti-
Rap1A antibodies (SC-1482 and SC-65 for the detection of
unprenylated Rap1A and total Rap1, respectively) were
obtained from Santa Cruz Technology (San Diego, CA), anti-
phospho p38 and total p38 antibodies were from Cell Signaling
(Beverly, MA). Connexin-43 antibody was purchased from
Zymed (San Fransisco, CA), the FITC-conjugated secondary
antibody was from Chemicon (Melbourne, Australia). Lucifer
yellow was purchased from Sigma and heptanol (prepared as a
3 M stock solution in ethanol) was from Fluka (Buchs,
Switzerland), Tc99m-medronate (MDP-Bracco™) was bought
from pharmacy.

2.2. Cell culture

Human MDA-MB-231 breast cancer and mouse AB-12
mesothelioma cells were maintained in Dulbecco's modified
Eagle's medium (Life Technologies, Inc.) supplemented with
10% fetal calf serum (HyClone Laboratories, Logan, UT), 1%
penicillin/streptomycin and non-essential amino acids (GIBCO
BRL, Gaithersburg, ML). All cell cultures were done in in-
cubators in a 37 °C atmosphere of 5% CO2/95% air.

2.3. Western blot analysis

Cells were cultured on 6-well plates in normal culture me-
dium until near confluency. The cells were then rinsed with
sterile PBS and cultured for further 24 h in serum-free culture
medium, in the presence or absence of the indicated bispho-
sphonates. Some cultures were also treated with 25 μM
geranylgeraniol, 10 μg/ml LPS, 10 ng/ml IL-1β or TNF-α. To
study bisphosphonate effects on connexin-43 expression, the
cells were cultured for 24 h in serum-free culture medium in the
presence of the indicated bisphosphonates or PBS as a vehicle
control. Culture medium was then discarded, the cells were
quickly lysed and prepared into Western blot samples, as



23M.A. Merrell et al. / European Journal of Pharmacology 559 (2007) 21–31
previously described in detail (Merrell et al., 2003). After boiling
the supernatants in reducing sodium docedyl sulfate (SDS)
sample buffer, equal amounts of protein (∼20–50 μg) were
loaded per lane and the samples were electrophoresed on 10%
SDS polyacrylamide gel and transferred to a nitrocellulose
membrane. To detect unprenylated Rap1A, the blots were
incubated overnight at 4 °C with the antibody SC-1482, diluted
1:1000 in Tris-buffered saline, 0.1% (v/v) Tween-20 (TBST),
and then with peroxidase-conjugated anti-goat serum (Pierce,
Rockford, IL), diluted 1:1000 in TBST. Total Rap1 was detected
from stripped blots in a similar fashion, with the antibody SC-65.
The phosphorylation status of p38 was investigated using anti-
phospho-p38 and after stripping of the membrane, with anti-total
p38 antibodies, according to the manufacturer's instructions, as
described before (Merrell et al., 2003). Expression of connexin-
43 was detected with a rabbit anti-connexin-43 antibody
(Zymed), diluted 1:1000 in TBST. The protein bands were
visualized by chemiluminescence using SuperSignal West Pico
ECL kit (Pierce, Rockford, IL).

2.4. Cell viability assays

Cells were plated on 96-well plates at the density of 1×103

cells in 100 μl per well in normal culture medium, with or
without of the indicated concentrations of the various bispho-
sphonate combinations and/or 1 mM CaCl2, 1 mM EGTA or
vehicle and cultured for 48 h. Cell viability was assessed with 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt (MTS)-assays (CellTi-
ter Aqueous One 96, Promega, Madison, WI) according to the
manufacturer's instructions. For each treatment, a PBS-control
group was run simultaneously on the same plate. The results for
each treatment were calculated as % of the corresponding PBS-
group.

2.5. Connexin-43 immunofluorescence staining

MDA-MB-231 cells were fixed with 3% paraformaldehyde
in PBS, permeabilized with 1% TritonX-100 in PBS, blocked
with 2% bovine serum albumin (BSA)-PBS, and then stained
with the anti-connexin-43 antibody (diluted 1:50 in 2% BSA-
PBS) and with the appropriate secondary antibody. The
stainings were visualized using a Zeiss fluorescent microscope
(Thornwood, NY). Omission of the primary antibody served as
a negative control for the staining.

2.6. Lucifer yellow uptake

Nitrogen-containing bisphosphonates have been shown to
induce anti-apoptotic signals in osteocytes and osteoblasts
specifically via the connexin-43 (Plotkin and Bellido, 2001;
Plotkin et al., 2002). To investigate the possibility that bispho-
sphonate-induced hemichannel opening mediates the effects of
these drugs also in breast cancer cells, Lucifer yellow uptake was
studied in MDA-MB-231 cells here. To avoid cell to cell dye
transfer, the cells were seeded at the density of 30000 cells/well,
which resulted in a sparse distribution of the cells. The cells were
first incubated in serum-free conditions with ethanol or heptanol,
a known inhibitor of gap junctions and hemichannels (Plotkin
and Bellido, 2001), for 15 min. After this, the treatments
(vehicle, 5 mMEGTA, 10−6 M alendronate or zoledronate) were
added for further 15 min. Lucifer yellow (10 μg/ml) was added
for the final 1 min after which the cells were washed with serum-
free media to close the hemichannels again and fixed with 3%
PFA-PBS. The cells were then stained with Hoechst (Sigma,
1 mg/ml stock prepared in ethanol and used in 1:800 dilution in
PBS) to visualize nuclei, as previously described (Selander et al.,
1996). Samples were viewed with fluorescent microscope to
examine the uptake of Lucifer yellow (Plotkin and Bellido,
2001).

2.7. Flow cytometric analysis for γδTCR

MDA-231 cells were stained with a phycoerythrin-conjugat-
ed anti-γδ T-cell receptor (anti-γδ TCR) monoclonal antibody
(clone 11F2; Becton Dickinson Biosciences, San Jose, CA). A
phycoerythrin-conjugated, isotype matched irrelevant antibody
served as a negative control. Cultured human blood mononu-
clear cells were used to exhibit positive staining. Analyses were
performed using a FACSCalibur Flow cytometer (Becton
Dickinson Biosciences, San Jose, CA) 7-aminoactinomycin D
(Molecular Probes, Eugene, OR) was used to exclude nonviable
cells. Data analysis was performed using CellQuest software
(Becton Dickinson).

2.8. Tumor uptake of Tc99m-medronate

To investigate accumulation of the bone scanning agent
(Tc99m-medronate) into the subcutaneous tumors, nude mice
were first inoculated subcutaneously with AB-12 or MDA-MB-
231 cells (106 cells in 100 μl of sterile PBS) and the tumors
were allowed to form for 3–4 weeks. Tc99m-medronate was
then injected into the tail veins of the mice (∼800–1000 μCi per
mouse) in 100 μl. High-resolution pinhole SPECT/CT imaging
studies (X-SPECT system, GammaMedica, Inc., Northridge,
CA) and biodistribution analyses were performed in nude mice
with xenografted tumors to measure in vivo tumor retention of
Tc99 medronate following i.v. injection. For SPECT imaging, a
total of 64 projections were acquired with a 30-s acquisition
time per projection, using a pinhole collimator with a 1-mm
tungsten pinhole insert. Images were reconstructed using an
ordered subsets expectation maximization (OSEM) algorithm
with 20 iterations. In the CT system, the X-ray tube was
operated at a voltage of 50 kV and an anode current of 0.6 mA.
256 projections were acquired to obtain the CT images, and
acquisition time per projection was 0.5 s. The reconstructed
images are 3 orientations with 1 mm mouse slices from the CT,
SPECT, and fused SPECT/CT. The mice were terminated after
imaging and tissues were collected and weighed ∼8 h after
injection with the Tc99m-medronate. The dose retention, or %
Injected Dose per gram, (%ID/g) of each tissue was calculated
by measuring the radioactivity in the tissue using a gamma
counter, decay correcting the count rate data to the Tc99m-
medronate injection time and normalizing to the total injected



Fig. 1. Pyrophosphate-resembling bisphosphonates prevent the nitrogen-
containing bisphosphonate-induced accumulation of unprenylated Rap1A in
breast cancer and mesothelioma cells. A) AB-12 and B) MDA-MB-231 cells
were treated for 24 h with PBS as a vehicle control or with the indicated
concentrations of the various bisphosphonates, alone or in combination.
Expression of unprenylated Rap1A (u-Rap1A, upper panels) and after stripping
and re-blotting, total Rap1 (lower panels) were detected in Western blots, using
antibodies that detect different forms of the protein. C) MDA-MB-231 cells
were also treated with 10 ng/ml of LPS, IL-1β, TNF-α alone or with 10−4 M
alendronate in combination with the indicated cytokines or LPS, clodronate (clo,
10−3 M) or geranylgeraniol (GG, 25 μM) for 24 h. Prenylation status of Rap1A
was detected as above.
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dose in the animal as well as the tissue weight. Each animal's
dose was determined by measuring the dosing syringe
(AtomLab 100 dose calibrator) before and after injecting the
mouse. To compare the accumulation of %ID/g between the
breast cancer and mesothelioma-bearing mice, the %ID/g of the
target tissue (subcutaneous tumor, femoral bone, heart muscle)
was normalized against the %ID/g blood for each mouse. All
animal studies were done in accordance with the local IACUC
requirements. Also, the European Community guidelines for the
use of experimental animals were adhered to.

2.9. Von Kossa staining to detect calcium deposits in
mesothelioma and breast cancer tumors

To detect calciumminerals in the subcutaneously formedAB-
12 and MDA-MB-231 tumors, they were first fixed in 10%
neutral buffered formalin for 24 h and prepared into routine
paraffin blocks. Sections of 5 μm in thickness were cut with a
microtome. The sections were deparaffinized and hydrated
through descending series of alcohol. The sections were placed
in 5% silver nitrate solution and exposed to sunlight for 45 min,
followed by 3 changes in deionized water. The sections were
then treated in 2.5% sodium thiosulphate for 1 min, rinsed well
in deionized water, dipped for 3.5 s in 0.5% gold chloride and
rinsed well in deionized water. The sections were counterstained
with Van Gieson's Picro-fuchsin for 5 min, and finally de-
hydrated, cleared and mounted. Chemically cleaned and well
rinsed glassware was used throughout the staining procedure.
With this staining, calcium deposits are seen as dark brown to
black precipitations.

2.10. Statistical analysis

All results are expressed as the mean±S.D., unless otherwise
stated. Data were analyzed by Student's t-test. P values of
b0.05 were considered significant.

3. Results

3.1. Excess pyrophosphate-resembling bisphosphonates antag-
onize nitrogen-containing bisphosphonate-induced accumula-
tion of unprenylated Rap1A

We have shown previously that nitrogen-containing bispho-
sphonates induce a dose-dependent accumulation of unpreny-
lated Rap1A in MDA-MB-231 (Merrell et al. manuscript
submitted) and in AB-12 cells (Wakchoure et al., 2006). This
effect of nitrogen-containing bisphosphonates can be reversed
by excess geranylgeraniol, suggesting that it is mediated via
inhibition of the mevalonate pathway (Wakchoure et al., 2006).
It was recently shown that in macrophages, nitrogen-containing
bisphosphonate-induced accumulation of unprenylated Rap1A
could also be blocked with excess pyrophosphate-resembling
bisphosphonates, which do not affect the mevalonate pathway,
suggesting a presence of a cellular transporter of bispho-
sphonates for which the different classes of bisphosphonate
molecules compete (Frith and Rogers, 2003). To investigate if a
similar phenomenon can also be seen in cancer cells, we cul-
tured MDA-MB-231 breast cancer and AB-12 mesothelioma
cells with various concentrations of nitrogen-containing bispho-
sphonates (risedronate, zoledronate or alendronate) in the
presence or absence of 10–1000 fold excess clodronate or
etidronate for 24 h. The prenylation status of Rap1A in the cell
lysates was studied with Western blots. As expected, clodronate
or etidronate had no effect, but all the studied nitrogen-
containing bisphosphonates induced a dose-dependent accu-
mulation of unprenylated Rap1A. Zoledronate was the strongest
inducer of this effect in both cell lines. In AB-12 cells the
nitrogen-containing bisphosphonate-induced accumulation of
unprenylated Rap1A was completely or partially reversed with
both studied pyrophosphate-resembling bisphosphonates,
depending on the concentration and the actual nitrogen-
containing bisphosphonate that they were competed against
(Fig. 1A). For example, when the pyrophosphate-resembling
bisphosphonate: nitrogen-containing bisphosphonate ratio was
100:1, clodronate and etidronate completely blocked accumu-
lation of unprenylated Rap1A induced by all nitrogen-



Fig. 2. Pyrophosphate-resembling bisphosphonates prevent the nitrogen-
containing bisphosphonate-induced phosphorylation of p38 in cancer cells. A)
AB-12 and B) MDA-MB-231 breast cancer cells were treated for 24 h with PBS
as a vehicle control or with the indicated concentrations of the various
bisphosphonates, alone or in combination with clodronate (clo, 10−3 M) or
etidronate (eti, 10−3 M) for 24 h. The phosphorylation status of p38 was studied
in Western blots, using phospho-p38 (upper panels) and total p38 (lower panels)
specific antibodies.
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containing bisphosphonates. Similar results were seen with
MDA-MB-231 cells (Fig. 1B). For comparison, in addition to
excess clodronate, alendronate-induced accumulation of unpre-
nylated Rap1A in MDA-MB-231 cells was reduced only with
the addition of excess geranylgeraniol (25 μM), but it was not
blocked with TNF-α, IL-1β or LPS which are completely
unrelated molecules to bisphosphonates (Fig. 1C).

3.2. Excess pyrophosphate-resembling bisphosphonates antag-
onize nitrogen-containing bisphosphonate-induced phosphor-
ylation of p38

We have shown previously that treatment with nitrogen-
containing bisphosphonates induces the phosphorylation of the
p38 MAP kinase in macrophages and in breast cancer and
mesothelioma cells (Merrell et al., 2003; Wakchoure et al.,
2006). This effect signals for resistance against the growth
Fig. 3. Pyrophosphate-resembling bisphosphonates prevent the growth inhibitory
effects of nitrogen-containing bisphosphonates in cancer cells. A) The indicated
cells were treated with PBS or 10−3 M clodronate or etidronate, with or without
vehicle, 1 mM CaCl2 or 1 mM EGTA for 72 h and viability was measured with
MTS-assays. Data is expressed as % of PBS-control in the corresponding groups.
Mean±S.D., n=10–15. ⁎ Pb0.05, ⁎⁎ Pb0.01, ⁎⁎⁎ Pb0.001 vs. vehicle-treated
group.B)AB-12,C)MDA-MB-231 orD) J774 cells were treatedwith PBS orwith
the indicated nitrogen-containing bisphosphonates (zoledronate, risedronate,
alendronate), in combination with vehicle, 1 mM CaCl2, 1 mM EGTA, 1 mM
EGTA+1mMCaCl2, or with 10

−3M pyrophosphate-resembling bisphosphonates
(clodronate or etidronate), with or without 1 mM CaCl2. Cell viability was
measured 72 h later with MTS-assays. Data is expressed as % of corresponding
PBS-control for each treatment, mean±S.D., n=15–20, ⁎ Pb0.05, ⁎⁎ Pb0.01,
⁎⁎⁎ Pb0.001 vs. corresponding vehicle-treatment group. # Pb0.05, ## Pb0.01,
### Pb0.001 vs. corresponding treatment containing Ca2+.
inhibitory effects of these drugs and is independent of the
nitrogen-containing bisphosphonate-induced inhibition of the
mevalonate pathway (Merrell et al., 2003; Wakchoure et al.,



Fig. 4. MDA-MB-231 cells express connexin-43 but not γλ-TCR.
A) Immunofluorescent detection of connexin-43 staining on the cell membrane
of MDA-MB-231 cells. B) Western blots to show the effects of 24 h treatment
with the indicated bisphosphonates on the expression of connexin-43 in MDA-
MB-231 cells. The same blots were stripped and reblotted for actin, to show
equal loading. Flow cytometry analysis of γλ-T-cell receptor in C) MDA-MB-
231 and D) in cultured human mononuclear cells as a positive staining control.
PE-conjugated anti-γλ-TCR mAb is shown with solid black line and the PE-
conjugated isotypic control mAb with a dashed line.
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2006). We therefore studied the combined effects of nitrogen-
containing bisphosphonates and pyrophosphate-resembling
bisphosphonates also on p38 activation. Unlike shown earlier
with lower (10−5 M) concentrations (Merrell et al., 2003), the
high (10−3 M) concentrations of pyrophosphate-resembling
bisphosphonates used here did not induce phosphorylation of
p38 in either studied cell line. All studied nitrogen-containing
bisphosphonates (10−4–10−6 M) did, however, induce p38
phosphorylation in AB-12 cells. Addition of excess clodronate
or etidronate simultaneously with the nitrogen-containing
bisphosphonates (risedronate or zoledronate) blocked this effect
(Fig. 2A). Similar results were seen also in MDA-MB-231 cells
where zoledronate-induced (10−4 M) p38 phosphorylation
was blocked with both clodronate and etidronate (10−3 M)
(Fig. 2B).

3.3. Excess pyrophosphate-resembling bisphosphonates antag-
onize the growth inhibitory effects of nitrogen-containing
bisphosphonates

We next studied whether the pyrophosphate-resembling
bisphosphonates affect the growth inhibitory effects of nitro-
gen-containing bisphosphonates. To do this, we first assessed the
effects of the high pyrophosphate-resembling bisphosphonate
doses (10−3 M) alone or in combination with 1 mM EGTA or
Ca2+ on the viability of MDA-MB-23, AB-12 or J774 cells. The
macrophage-like J774 cells were included in these studies,
because it has been previously reported that Ca2+ and EGTA in
the culture medium affect bisphosphonate uptake in these cells
(Mönkkönen et al., 1994; Pennanen et al., 1995; Thompson
et al., 2006a). The high doses of pyrophosphate-resembling
bisphosphonates alone decreased the viability of all studied cells
(Pb0.001 vs. corresponding PBS-control). The J774 macro-
phage-like cells exhibited the highest sensitivity to the growth
inhibitory effects of clodronate, which was reversed by addition
of 1 mM EGTA. Addition of 1 mM CaCl2 did not affect the
growth inhibitory effects of pyrophosphate-resembling bispho-
sphonates in MDA-MB-231 cells, but enhanced those in AB-12
cells. The combination of clodronate and 1 mMCaCl2 was toxic
to J774 cells. Otherwise, addition of EGTA or CaCl2 did not
interfere with pyrophosphate-resembling bisphosphonate effects
on viability in these cell lines (Fig. 3A). We next assessed
whether excess (10−3 M) pyrophosphate-resembling bispho-
sphonates (clodronate or etidronate) affect the cell viability
changes induced by 10−4 M nitrogen-containing bisphospho-
nates (alendronate, risedronate or zoledronate). All nitrogen-
containing bisphosphonates, except for risedronate, induced a
significant decrease in cell viability (Pb0.001) in MDA-MB-
231 and AB-12 cells. In J774 cells, also risedronate significantly
decreased cellular viability. The obvious growth inhibitory
effects of the nitrogen-containing bisphosphonates were re-
versed by pyrophosphate-resembling bisphosphonates. There
were, however, cell- and drug-specific exceptions to these re-
sults. The growth inhibitory effects of zoledronate were not
reversed by clodronate in AB-12 and by etidronate in J774 cells.
There were also differences in cellular responses to the com-
bination of risedronate and pyrophosphate-resembling bispho-
sphonates; Clodronate decreased slightly, but significantly cell
viability when these two drugs were given simultaneously to
AB-12 cells, but it did not interfere with risedronate effects in
MDA-MB-231 cells. In J774 cells, clodronate significantly
reversed the risedronate-induced decrease in viability. When
compared with vehicle+ risedronate-treatment, etidronate+ rise-
dronate-treatment decreased cell viability in AB-12 cells but
increased it in MDA-MB-231 cells. In J774 cells, etidronate
reversed risedronate-induced decrease in viability (Fig. 3B–D).
It was shown recently that cellular up-take of nitrogen-



Fig. 5. Nitrogen-containing bisphosphonates do not mediate Lucifer yellow
uptake inMDA-MB-231 cells. The cells were cultured for 15 min in the presence
of A) vehicle, B) heptanol, C) EGTA, D) heptanol+EGTA, E) alendronate,
F) heptanol+alendronate, G) zoledronate or H) with heptanol+zoledronate. The
effects on Luciferase yellow uptake were followed with a fluorescent
microscope.
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containing bisphosphonates in macrophages is increased by
adding excess Ca2+ to the culture medium and that the
antagonistic effects of pyrophosphate-resembling bisphospho-
nates against nitrogen-containing bisphosphonates are similar to
those of EGTA and due to Ca2+-chelation (Thompson et al.,
2006a). We therefore investigated whether manipulating culture
medium Ca2+ concentrations affects the ability of pyrophos-
phate-resembling bisphosphonates to antagonize the effects of
nitrogen-containing bisphosphonates on cellular viability. The
results again were bisphosphonate- and cell-specific. Addition
of Ca2+ slightly reversed the growth inhibitory effects of
Fig. 6. Mesothelioma tumors exhibit higher Tc99m-medronate uptake than
breast cancer tumors. A) Accumulation of Tc99m-medronate was detected in
bones (long arrows), as well as in the subcutaneous tumors (short arrows) in both
AB-12 and MDA-MB-231 bearing mice. The pictures represent CT-(upper
panel) and SPECT-(lower panel) images of an AB-12 tumor bearing mouse.
(B) The % dose retention in the indicated target tissues of MDA-MB-231 or AB-
12 tumor bearing mice. Mean±S.D., n=10–15 indicating the number of tissues
analyzed. ⁎ Pb0.05 vs. the MDA-MB-231 tumor.



Fig. 7. Mesothelioma and breast tumors exhibit calcification. A) H and E (left panels) and Von Kossa stainings (right panels) of AB-12 and MDA-MB-231 tumors.
Intracellular staining is seen in AB-12 cells in areas of necrosis. In tumors formed byMDA-MB-231 cells, also cells within the vicinity of necrotic cells exhibit positive
staining. B) For comparison, viable tumor is shown, with positive staining in only 2 cells (arrows).
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zoledronate in MDA-MB-231 cells and enhanced the growth
inhibitory effects of risedronate in both cancer cell lines.
Surprisingly, in J774 cells, excess Ca2+ did not augment the
nitrogen-containing bisphosphonate effects on viability. Addi-
tion of EGTA reversed zoledronate- and alendronate-induced
growth inhibition in both cancer cell lines and enhanced the
growth inhibitory effects of risedronate in AB-12 cells. In J774
cells, EGTA reversed the growth inhibitory effects of risedronate
and alendronate. Excess Ca2+ significantly decreased the EGTA
effect in reversing alendronate-induced growth inhibition of all
three cell lines. Although the same was seen in the zoledronate-
group in the cancer cell lines, the effects were not statistically
significant. Excess Ca2+ also reversed the ability of EGTA to
potentiate risedronate-induced growth inhibitory effects in AB-
12 cells. In MDA-MB-231 cells, simultaneous addition of Ca2+

with EGTA increased viability in the risedronate-group, as
compared with the corresponding risedronate+vehicle-treated
control. Addition of 1 mM CaCl2 simultaneously with
clodronate or etidronate decreased the ability of these pyro-
phosphate-resembling bisphosphonates to protect against nitro-
gen-containing bisphosphonate-induced decrease in viability in
MDA-MB-231 cells. The results were the opposite with
clodronate and Ca2+ in AB-12 cells, where Ca2+ potentiated
the protective effects of clodronate against zoledronate and
alendronate. Similar effects were also seen with etidronate and
Ca2+ in the risedronate-group in AB-12 cells. Addition of
excess Ca2+, however, either significantly decreased or did
not interfere with the protective effect of etidronate against
zoledronate or alendronate, respectively, in the AB-12 cells.
In J774 cells, etidronate effects against nitrogen-containing
bisphosphonates were not affected by Ca2+ and the presence
of clodronate with Ca2+ was toxic in all treatment groups
(Fig. 3B – D).

3.4. Treatment with nitrogen-containing bisphosphonates does
not increase hemichannel mediated uptake inMDA-MB-231 cells

Other proteins through which the cellular effects of bispho-
sphonates have been shown to be mediated include the
connexin-43 hemichannel and γλTCR (Plotkin et al., 2005;
Plotkin and Bellido, 2001; Thompson and Rogers, 2004;
Thompson et al., 2006b). More specifically, nitrogen-containing
bisphosphonates were shown to open connexin-43 hemichan-
nels, resulting in the activation of the Scr and ERK kinases and
increased cell survival of osteocytes (Plotkin et al., 2005, 2002;
Plotkin and Bellido, 2001). To investigate the possibility that
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similar mechanisms might operate also in cancer, we first
analyzed the expression of these proteins in MDA-MB-231
cells. γλTCR expression was detected with Flow cytometry in
peripheral blood monocytes, but not in MDA-MB-231 cells.
Connexin-43 expression was seen on the cell membranes of
MDA-MB-231 cells using immunofluorescence. Treatment for
24 h with zoledronate (10−4 M), but not with any other tested
bisphosphonate, slightly decreased the connexin-43 expression
(Fig. 4). Treatment of the MDA-MB-231 cells with EGTA
increased the uptake of Luciferin yellow from the surrounding
culture medium, and this was preventable with heptanol,
suggesting that the connexin-43 mediated uptake is functional
in these cells. Nitrogen-containing bisphosphonates did not,
however, increase the uptake of Luciferin yellow in these cells
(Fig. 5).

3.5. Mesothelioma tumors exhibit higher Tc99m-medronate
uptake than breast cancer tumors

To investigate bisphosphonate uptake into tumors in vivo,
we inoculated MDA-MB-231 and AB-12 cells subcutaneously
into nude mice and allowed tumors to form. The animals were
then injected with the bone scanning agent Tc99m-medronate
and the % dose retention was analyzed in various tissues. As
expected, the highest proportion of the drug accumulated in the
bones. Furthermore, as expected, accumulation of radioactivity
was similar in the hearts and femoral bones in both groups of
mice that were bearing either breast cancer or mesothelioma
tumors. Accumulation of Tc99m-medronate was, however,
significantly higher in the mesothelioma tumors formed by the
AB-12 cells, as compared with breast cancer tumors formed by
the MDA-MB-231 cells (Fig. 6). Finally, to begin to investigate
the mechanisms through which the bone scanning agent is
retained within the tumors, we analyzed them with Von Kossa-
stainings which detect Ca2+-minerals. In both tumor types,
patchy, intracellular positive staining for Ca2+-minerals was
detected. In the mesothelioma tumors, staining was only seen in
areas of tumor necrosis. In breast cancer tumors, cells
surrounding necrotic areas stained positive with Von Kossa.
No positive staining was seen in areas of viable tumors formed
by AB-12 cells and only rarely in individual cells of viable
tumors formed by MDA-MB-231 cells (Fig. 7).

4. Discussion

With increasing clinical evidence suggesting beneficial
effects of bisphosphonate-treatment in cancer, it is likely that
the use of these drugs in oncology will increase (Diel et al.,
1998; Powles et al., 2006, 2002). Some of the main remaining
questions are whether or not bisphosphonates gain access into
tumor cells that are growing at the soft-tissue sites and if so,
what are the direct effects of bisphosphonates in these cells.
Furthermore, it is not known why certain tumors appear to be
more sensitive to the anti-cancer effects of bisphosphonates than
others, as seen in various animal models of cancer (Hashimoto
et al., 2005; Hiraga et al., 2001; Ory et al., 2005; Wakchoure
et al., 2006).
We compared the effects of bisphosphonates in mesothe-
lioma and breast cancer cells, which have been shown to
exhibit different sensitivities to the growth inhibitory effects
of bisphosphonates in vivo (Hiraga et al., 2001; Sasaki et al.,
1995; Wakchoure et al., 2006). We show here for the first time
that accumulation of Tc99m-medronate, a bisphosphonate
that is clinically used in bone scans, is significantly higher in
subcutaneous mesothelioma tumors, as compared with
subcutaneous breast tumors. Although accumulation of
medronate cannot be considered to represent the accumulation
of all bisphosphonates into tumors at the soft tissue sites, these
findings do suggest that the increased sensitivity of mesothe-
lioma cells to the growth inhibitory effects of bisphosphonates
in vivo, may be related to their increased intratumoral accu-
mulation of these drugs (Hiraga et al., 2001, 2004; Wakchoure
et al., 2006).

The mechanisms of intratumoral accumulation of bispho-
sphonates is not understood. It was shown recently that pyro-
phosphate-resembling bisphosphonates block the cell
biological effects of nitrogen-containing bisphosphonates in
osteoclasts and macrophages. This phenomenon was initially
thought to represent a competition of the two groups of
bisphosphonates for a specific up-take mechanisms in cells
(Frith and Rogers, 2003). Recent results by Thompson et al.
(2006a), however, suggest that the antagonistic effects of
pyrophosphate-resembling bisphosphonates against nitrogen-
containing bisphosphonates are due to the calcium-chelating
effects of the excess pyrophosphate-resembling bisphospho-
nates present in the experimental setting, at least in macro-
phages (Thompson et al., 2006a). We show here that
pyrophosphate-containing bisphosphonates can block nitro-
gen-containing bisphosphonate-induced effects also in breast
cancer and mesothelioma cells. We further show that the
effects of bisphosphonates on cellular viability can be regu-
lated by affecting the culture medium Ca2+-concentration.
There are, however, significant cell and drug-specific dif-
ferences in how cells respond to the combination of bispho-
sphonates and Ca2+. For example, our results show that excess
Ca2+ reverses the ability of zoledronate to decrease viability in
MDA-MB-231 breast cancer cells, but not in AB-12 meso-
thelioma cells. Also, addition of Ca2+ augmented the growth
inhibitory effects of clodronate and etidronate in AB-12 cells,
but not in MDA-MB-231 cells. Our results agree with those of
Thompson et al., 2006a, which suggested that the antagonistic
effects of excess pyrophosphate-resembling bisphosphonates
against nitrogen-containing bisphosphonates may be
explained by their ability to chelate calcium, resulting in
decreased cellular up-take of nitrogen-containing bispho-
sphonates, which is Ca2+ dependent. However, this does not
appear to be always the case because for example in AB-12
and J774 cells, we were unable to reverse the protective effects
of etidronate against alendronate with excess Ca2+. Therefore,
our results still leave open the possibility that there is a step or
steps during the intracellular processing of bisphosphonates
for which the various drug molecules compete. Unexpectedly
also, even though increased Ca2+ in the culture medium
was shown to increase J774 uptake of nitrogen-containing
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bisphosphonates (Thompson et al., 2006a), we still did not
observe changes in J774 viability when the cells were cultured
with excess Ca2+ and nitrogen-containing bisphosphonates, as
compared with treatment with nitrogen-containing bispho-
sphonates alone. The only situation where excess Ca2+

augmented the nitrogen-containing bisphosphonate-induced
decrease in cellular viability was seen with risedronate in the
cancer cells studied here. The reason for these discrepancies
are currently not known. Taken together, these observations
suggest that the combination of extracellular Ca2+ and
bisphosphonates may have cell and drug molecule specific
effects on cell viability. These findings may have clinical
relevance because, as shown here with Von Kossa stainings,
and as also seen in clinical specimens, calcification is a well
known feature in breast carcinomas and has also been detected
in malignant mesotheliomas (Morgan et al., 2005; Nichols and
Johnson, 1983; Raizon et al., 1996). Whether or not dif-
ferences in tumor calcification explain differences to in vivo
sensitivity to bisphosphonates requires further study.

At least two additional mechanisms have been shown to
mediate the cellular effects of bisphosphonates. Connexin-43
was shown to mediate the anti-apoptotic effects of alendronate
in MLO-Y4 osteocyte-like cells (Plotkin and Bellido, 2001).
Nitrogen-containing bisphosphonates have also been shown to
affect cells via the γλT-cell receptor (Sato et al., 2005;
Thompson and Rogers, 2004; Thompson et al., 2006b).
MDA-MB-231 breast cancer cells express connexin-43 on
their cell membranes, as shown here and also previously (Shao
et al., 2005). Treatment with a high dose of zoledronate for 24 h
appeared to slightly decrease the expression of connexin-43, but
we did not detect increased hemichannel-mediated cellular
uptake of Lucifer yellow in response to short-term alendronate
or zoledronate-treatment. These results suggests that the
nitrogen-containing bisphosphonate effects on hemichannels
are cell-specific and do not necessarily occur in breast cancer
cells. We did not detect γλT-cell receptor expression in these
breast cancer cells either, suggesting that nitrogen-containing
bisphosphonates do not affect MDA-MB-231 breast cancer cells
via this receptor.

In conclusion, we show here that mesothelioma cells have
a higher capacity to accumulate the bone scanning bispho-
sphonate in vivo. The cellular effects of nitrogen-containing
bisphosphonates can be overcome by excess pyrophosphate-
resembling bisphosphonates in both mesothelioma and breast
cancer cells. Part of this may be explained by Ca2+-chelation
by the pyrophosphate-resembling bisphosphonates, and there-
by, decreased cellular up-take of the nitrogen-containing
bisphosphonates. It is, however, possible that there are ad-
ditional steps in the intracellular processing of these drugs for
which the different molecules compete. Our results further
suggest that the cancer growth inhibiting effects of bispho-
sphonates may be affected by extracellular Ca2+ in a cancer
cell- and bisphosphonate-specific fashion. Since calcifica-
tions are frequently seen in malignant tumors, it is possible
that tumor calcification also affects the outcomes of bispho-
sphonate-treatment in tumors that are growing at visceral
sites.
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