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Abstract
Purpose Combination treatment using the chemotherapy
drug doxorubicin and the anti-resorptive agent zoledronic acid
has shown to be very eVective in inducing apoptosis in breast
cancer cells, and also to eradicate breast tumour growth in
vivo. Here, we investigated whether apoptotic cell death is
increased when zoledronic acid and doxorubicin are given in
sequence or in combination in prostate cancer cells in vitro.
Methods PC3, DU145 and LNCaP prostate cancer cells
were treated with zoledronic acid or doxorubicin alone, in
sequence or in combination, and apoptosis was measured by
evaluation of nuclear morphology following staining with
Hoechst and PI. The involvement of the mevalonate pathway
in the induction of apoptosis was assessed through the addi-
tion of the mevalonate pathway intermediate geranylgeraniol.
Results Both agents induced PC3 cell death, with 5 �M
zoledronic acid inducing 1.73% apoptosis and 50 nM doxo-
rubicin 3.60% apoptosis following 24 h of exposure. In
contrast, sequential exposure (doxorubicin followed by
zoledronic acid) caused 8.87% apoptosis. Doxorubicin fol-
lowed by zoledronic acid induced 4.77% apoptosis in LNCaP
cells, compared to 1.53% caused by zol alone, 2.23% by dox
alone and 2.5% following the reverse sequence (P < 0.001 in

all cases). In DU145 cells doxorubicin followed by zoled-
ronic acid induced 5.73% apoptosis, compared to 1.8%
following zol alone, 2.93% by dox alone, and 3.20% follow-
ing the reverse sequence (P < 0.001 in all cases).
Conclusions This is the Wrst detailed study to show that
an increased anti-tumour eVect is generated when doxo-
rubicin and zoledronic acid are given in sequence in both
hormone-sensitive and insensitive prostate cancer cells in
vitro. Our results suggest that combined treatment with
these agents is superior to single agent therapy, and should
be explored in a tumour model of prostate cancer.
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Abbreviations
BPs Bisphosphonates
FPP Farnesyl diphosphate
GGPP Geranylgeranyl diphosphate
N-BPs Nitrogen-containing bisphosphonates

Introduction

Prostate cancer is the most common cancer in men in the
UK, with approximately 35,500 men diagnosed annually.
Localised prostate cancer can be successfully treated with a
combination of surgery, androgen ablation and radiother-
apy, but 20–30% of patients will present with metastatic
disease. Prostate cancer frequently spreads to the skeleton,
resulting in considerable morbidity and mortality, and at
this stage only palliative treatment is available [1]. As sin-
gle agent therapy has proven inadequate in the treatment of
cancer, there is increasing use of combination therapy
where one agent targets the tumour cells and the other agent
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modiWes the tumour microenvironment, thereby mounting a
two-pronged attack on developing tumours. This may also
be a treatment option for prostate cancer patients with
metastatic bone disease. Zoledronic acid is a potent third-
generation nitrogen-containing bisphosphonate, approved
for use in patients with cancer-induced bone disease from
prostate cancer. Although shown to reduce skeletal-related
events and improve quality of life, zoledronic acid does not
increase survival of patients with advanced cancer [2].
Recent studies using in vivo models of breast cancer have
shown that sequential treatment with doxorubicin followed
by zoledronic acid reduces tumour growth both in periphe-
ral sites [3] and in bone [4], leading to increased survival.
We therefore investigated the potential for increased anti-
tumour eVect of combination treatment in prostate cancer
cells in vitro, to establish whether a similar treatment regi-
men may also potentially be beneWcial in prostate cancer.

Bisphosphonates are a group of stable synthetic ana-
logues of pyrophosphate that possess a strong aYnity for
bone. Based on their molecular mechanism of action, they
can be separated into two groups, the non-nitrogen contain-
ing bisphosphonates (BPs) and the nitrogen-containing
bisphosphonates (N-BPs). N-BPs reduce osteoclastic bone
resorption through inhibition of the mevalonate pathway,
which is an important and diverse metabolic pathway in
eukaryotic cells, which is principally involved in the
synthesis of cholesterol [5]. N-BPs like zoledronic acid
have been shown to inhibit the enzyme farnesyl diphos-
phate synthase [6], leading to the decreased production of
the isoprenoid lipids farnesyl diphosphate (FPP) and gera-
nylgeranyl diphosphate (GGPP) which are required for the
prenylation of small GTP-ases [7]. Loss of prenylation
impairs membrane localisation of a number of these GTP-
ases required for osteoclast function, eventually leading to
osteoclast apoptosis [2]. There is increasing preclinical data
suggesting that in addition to their well-documented eVect
on osteoclasts, N-BPs may have a direct inhibitory eVect on
a range of cancer cell types [reviewed in 8]. These anti-
tumour eVects include the induction of apoptosis and
inhibition of cellular proliferation [9–11], the inhibition of
cellular adhesion, invasion and migration [12–14] and the
inhibition of angiogenesis [15–17]. Zoledronic acid has
been shown by numerous studies to be the most potent
inhibitor of bone resorption among N-BPs [18], and this
potency is reXected in its anti-tumour eVects.

Zoledronic acid is increasingly given to patients with
bone metastases to prevent skeletal related events that
occur as a consequence of cancer-induced bone disease.
These patients may also be treated with chemotherapy
agents to target the tumour cells. The eVect of combining
zoledronic acid with anti-cancer agents has been investi-
gated in a number of cancer cell lines. Zoledronic acid has
been shown to have an anti-tumour eVect, including

increased tumour cell death and inhibition of cell prolifera-
tion, when given with numerous chemotherapy agents
[reviewed in 19], including doxorubicin in breast cancer
cells [20], docetaxel in prostate cancer cells [21] and dexa-
methasone in myeloma cells [22] in vitro. Zoledronic acid
has been shown to enhance the eVects of docetaxel on pros-
tate cancer cell growth in bone in vivo, causing signiWcant
reduced tumour growth compared to that achieved with
single agent therapy [23].

Doxorubicin belongs to the anthracycline group of che-
motherapeutic drugs that is commonly used to treat early
and metastatic breast cancers [24]. The mechanism of
action of doxorubicin is complex, but involves DNA
damage occurring predominantly in the G2 phase [25, 26].
Proposed mechanisms of cytotoxicity include the induction
of DNA double strand breaks, interference with topoimer-
ase II [27], interference with DNA unwinding [28], induc-
tion of diVerentiation [29] and the generation of free
radicals [30]. Doxorubicin has been used in the treatment of
hormone-refractory prostate cancer [31], but owing to poor
response rate and problems with adverse events, this is cur-
rently not the standard therapy [32]. There is a persistent
need to improve the therapeutic options for prostate cancer,
and anthracyclins are considered as possible options as part
or combinations with other anti-cancer agents.

As both breast and prostate cancer have a preference for
metastasising to bone, it is logical to transfer positive Wnd-
ings from the studies of advanced breast cancer to the pros-
tate cancer setting. Patients with metastatic breast cancer to
bone may receive both zoledronic acid and doxorubicin as
part of therapy. Early in vitro studies revealed that adminis-
tration of doxorubicin, followed by zoledronic acid,
induced a synergistic anti-tumour eVect in breast cancer
cell lines at doses where the individual agents had no sig-
niWcant eVect [20]. The sequence in which the drugs were
given was found to be very important, as giving the two
drugs together, or in reverse sequence (zoledronic acid fol-
lowed by doxorubicin), did not cause increased levels of
tumour cell apoptosis. In this original study, PC3 prostate
cancer cells were reported to be more sensitive to the
sequential therapy than the breast cancer cell lines. Subse-
quent studies showed that treatment with doxorubicin fol-
lowed 24 h later by zoledronic acid eliminated breast
tumour growth in vivo [3], supporting that sequential ther-
apy elicits superior anti-tumour eVects compared to either
combined therapy or administration of  the single agents.

The purpose of this study was therefore to carry out a
detailed investigation of the eVects of zoledronic acid and
doxorubicin, given alone, in combination and in sequence,
on apoptosis in diVerent prostate cancer cells in vitro. The
possible mechanism of action of zoledronic acid’s anti-
tumour eVect when given with doxorubicin was also inves-
tigated.
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Materials and methods

Cell lines

The hormone-dependent LNCaP and hormone-independent
Du145 and PC3 prostate cancer cell lines were obtained
from the European Collection of Animal Cell Cultures
(Salisbury, UK). PC3 cells were cultured in RPMI-1640
media, supplemented with 10% Foetal Calf Serum (FCS).
LNCaP and Du145 cells were cultured in DMEM media,
supplemented with 10% FCS (Gibco, Invitrogen Corpora-
tion, Paisley, UK). Cells were harvested using trypsin
(PAA laboratories).

Drugs and chemicals

Zoledronic acid ([1-hydroxy-2-(1H-imidazol-1-yl) ethyli-
dene] bisphosphonic acid) was supplied as the hydrated
di-sodium salt by Novartis Pharma AG, Basel, Switzerland.
A stock solution of 10 mM was prepared in PBS (Invitro-
gen Life Technologies). Doxorubicin (adriamycin hydro-
chloride) was supplied by Sigma-Aldrich, Poole, UK as a
dry powder. A stock solution of 10 mM was made up with
sterile water. Geranylgeraniol (all trans-3,7,11-15-tetra-
methyl-2,6,10,14-hexadecatetraen-1-ol) (GGOH) was sup-
plied by Sigma-Aldrich. All drugs and chemicals used in
experiments were diluted in culture medium and sterile
Wltered (using a 0.13-mm Wlter) prior to use.

Treatment of cells

PC3, Du145 and LNCaP cells were seeded at a density of
20,000 cells/ml per well into 24-well plates and allowed to
adhere to the bottom of the wells for 24 h before the begin-
ning of treatment. For the single agent experiments, cells
were exposed to increasing doses of zoledronic acid or
doxorubicin for 24, 48 or 72 h. DMEM medium (+10%
FCS) was used as a control for the Du145 and LNCaP cell
lines and RPMI medium (+10% FCS) for the PC3 cell line.
For the short exposure period experiments, cells were
exposed to 25 �M zoledronic acid for 2, 4 or 8 h. Following
completion of treatment, the cells were incubated with fresh
medium for the remainder of the 72-h incubation period. In
the sequence experiments, Wve diVerent treatment regimes
were used: (1) 5 �M zoledronic acid for 4 h, which was
removed and replaced with fresh medium for 24 h; (2)
50 nM doxorubicin for 24 h, followed by fresh medium for
4 h; (3) 5 �M zoledronic acid for 4 h, followed by 50 nM
doxorubicin for 24 h; (4) 50 nM doxorubicin for 24 h, fol-
lowed by 5 �M zoledronic acid for 4 h; (5) 5 �M zoledronic
acid and 50 nM doxorubicin in combination for 28 h.
Medium alone was used as a control. Following completion
of treatment, drug solutions were removed from the wells,

and the cells were incubated with fresh medium for 44 h, to
give a total incubation time of 72 h. For the sequence
experiments in which GGOH was added, Wve diVerent
treatment regimes were used: (1) 5 �M zoledronic acid for
24 h, which was removed and replaced with RPMI medium
(+10% FCS) for 24 h; (2) 50 nM doxorubicin for 24 h, fol-
lowed by RPMI medium (+10% FCS) for 24 h; (3) 50 nM
doxorubicin for 24 h, followed by 5 �M zoledronic acid for
24 h; (4) 50 nM doxorubicin for 24 h, followed by 5 �M
zoledronic acid and 10 �M GGOH in combination for 24 h;
(5) RPMI medium (+10% FCS) for 24 h, followed by
10 �M GGOH for 24 h. RPMI (+10% FCS) was used as
control. Following completion of treatment, drug solutions
were removed from the wells, and the cells were incubated
with fresh RPMI medium (+10% FCS) for 24 h, to give a
total incubation time of 72 h.

Apoptosis assay

Following completion of the treatment with the drug(s) as
indicated, 1 ml of RPMI culture medium (+10% FCS)
with Hoechst 33342 (Sigma-Aldrich, Poole, UK) and pro-
pidium iodide (Molecular Probes, Cambridge, UK) (Wnal
concentration of 1 �M) was added to each well followed
by incubation for 15 min at 37°C. Cells were then exam-
ined using a Xuorescent-inverted Leica DMIRB micro-
scope and a UV Wlter (355-nm excitation and 465-nm
emission), and PI negative cells determined to be apopto-
tic based on their characteristic nuclear morphology and
presence of apoptotic bodies. PI positive cells were con-
sidered to be necrotic, but other forms of cell death lead-
ing to loss of membrane integrity are included in this
category. The number of viable, apoptotic, necrotic and
mitotic cells was determined by counting using a Whipple
graticule in Wve diVerent locations in each of the three
wells for each treatment, containing between 250 and 300
cells. Each experiment was then repeated a minimum of
three times ensuring that a minimum of 750 cells were
counted in each treatment group. Regular assessment by a
second operator ensured consistency of scoring, and the
counting was carried out in a blinded fashion with respect
to the treatment.

Statistical analysis

Statistical analysis was performed using Graph pad Prism
software, version 5. For comparison between means with
multiple time points, two-way analysis of variance
(ANOVA) was used with a Bonferroni post-test. For com-
parison between means, one-way analysis of variance
(ANOVA) was used with post-hoc analysis using Tukey’s
multiple comparison tests. In all the cases, a P-value of
<0.05 was considered signiWcant.
123



972 Cancer Chemother Pharmacol (2010) 65:969–978
Results

EVect of zoledronic acid on PC3 cells 
after 24, 48 or 72 h of exposure

Zoledronic acid has been shown in previous studies to
induce apoptosis in PC3 cells at high doses of 100 �M after
exposure periods of 24 h or greater [10, 33]. Before investi-
gating the eVect of doxorubicin and zoledronic acid given
in sequence/combination, the eVect of zoledronic acid alone
on prostate cancer cells was determined. PC3 cells were
treated with zoledronic acid (0–5 �M) for 24, 48 or 72 h,
and the percentage of apoptotic and necrotic cells was
assessed by evaluation of nuclear morphology as described
in the materials/methods section. Treatment of PC3 cells
with 2.5 �M zoledronic acid for 24 h induced a signiW-
cantly raised percentage of both apoptotic cells (1.93% vs.
0.53%, P < 0.05, Fig. 1) and necrotic cells after 24 h (4.2%
vs. 0.47%, P < 0.05, Fig. 1) compared to control. The
2.5 �M zoledronic acid also induced signiWcant levels of
apoptosis, but not necrosis, after 48 and 72 h (2.1% and
2.67% vs. 0.47%, P < 0.05 and 0.001). There was no sig-
niWcant diVerence in the levels of apoptosis induced at the
diVerent time points. These results show that 2.5 �M zoled-
ronic acid is able to induce signiWcant levels of apoptosis in
PC3 cells within 24 h of exposure and that incubation
beyond this time does not lead to further induction of apop-
tosis. The eVect of zoledronic acid on DU145 and LNCaP
cells was determined in separate experiments, which
showed that 5 �M for 24 h induced around 4.5% apoptosis
in DU145 and 3% apoptosis in LNCaP cells (data not
shown). Based on these results, 5 �M zoledronic acid was
chosen as the standard dose for the combination experi-
ments with doxorubicin.

EVect of short-term exposure to zoledronic acid 
in PC3 cells

As the half-life of zoledronic acid in the circulation is 1–2 h
following intravenous infusion, tumour cells outside of
bone will not be exposed to the drug for long periods of
time. In order to determine whether zoledronic acid also
had an eVect following shorter exposure times, the levels of
apoptosis and necrosis in PC3 cells after 2, 4 and 8 h of
exposure to 25 �M zoledronic acid was investigated.
25 �M zoledronic acid was found to induce a signiWcantly
raised level of apoptosis in PC3 cells after 2 h (1.9% vs.
0.67%, P < 005, Fig. 2), which did not increase further after
4 h of exposure. The levels of necrosis were not signiW-
cantly elevated compared to control at any of the time
points (data not shown). These results show that 25 �M
zoledronic acid is able to induce apoptosis in PC3 cells
after short exposure periods.

EVect of doxorubicin on PC3 cell death

The eVect of doxorubicin on PC3 cells has not been investi-
gated in previous studies. In order to establish the eVect of
doxorubicin alone on prostate cancer cells, PC3 cells were
treated with increasing concentrations of doxorubicin
(0–100 nM) for 24, 48 or 72 h. Following completion of
treatment, the nuclear morphology of the cells was assessed
to calculate the number of apoptotic and necrotic cells.
Doxorubicin induced a dose-dependent increase in apopto-
sis after 24, 48 and 72 h of exposure (Fig. 3). A signiWcant
increase in apoptotic PC3 cells occurred after 24 h of expo-
sure to 50 nM doxorubicin (1.96% vs. 0.63%, P < 0.05).
The highest level of apoptosis was induced by 100 nM

Fig. 1 EVect of zoledronic acid on PC3 cells after 24, 48 or 72 h of
exposure. PC3 cells were treated with zoledronic acid (0–5 �M) for
either 24, 48 or 72 h, and the percentage of apoptotic (a) and necrotic
cells (b) was determined by evaluation of nuclear morphology follow-
ing staining with hoechst 33342 and propidium iodide. Results are the
mean § SEM of three experiments in triplicate. *P < 0.05, **P < 0.01,
***P < 0.001 compared to control
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doxorubicin after 72 h of exposure (4.03% vs. 0.2%,
P < 0.001). There was no signiWcant diVerence in the levels
of apoptosis induced by 50 nM doxorubicin at each time
point. Doxorubicin did not induce an increase in necrosis
(data not shown). These results show that 50 nM doxorubi-
cin induces moderate levels of apoptosis in PC3 cells after
24 h of exposure, and subsequent experiments showed that
50 nM doxorubicin induced a maximum level of 7% apop-
tosis in DU145 and LNCaP cells (data not shown). Subse-
quent combination experiments were therefore performed
using this dose and exposure period for all the three cell
lines.

EVect of doxorubicin and zoledronic acid 
in sequence and in combination

We next determined the eVect of combination treatment
using doxorubicin and zoledronic acid. A dose of 5 �M
zoledronic acid was chosen as it had been shown by our
previous experiments to induce signiWcant but moderate
levels of apoptosis in PC3 cells after 24 h (Fig. 1a). This
was combined with 50 nM doxorubicin, which in our pilot
experiments induced low levels of apoptosis in prostate
cancer cells. PC3 cells were treated with 5 �M zoledronic
acid for 4 h, or 50 nM doxorubicin for 24 h, alone. The
cells were also exposed to the agents in sequence and in
combination, as described in the materials and methods sec-
tion. When the agents were given in sequence (doxorubicin
followed by zoledronic acid), we saw a signiWcantly raised
level of apoptosis compared to the agents given alone
(8.87% vs. 3.6% (dox) and 1.73% (zol), P < 0.001, Fig. 4a).
This sequence also induced a signiWcantly raised level of
apoptosis compared to the level when the drugs were given
in the reverse sequence (zol followed by dox) or in combi-
nation (8.87% vs. 5.47% and 6.3%, P < 0.05). Giving the
agents in the reverse sequence (zol followed by dox), or in
combination (dox and zol together), did not induce a sig-
niWcantly raised level of apoptosis compared to doxorubi-
cin alone (5.47% and 6.3% vs. 3.6%, P > 0.05). There was
no signiWcant diVerence in the levels of apoptosis between
the agents given in reverse sequence (zol followed by dox)
and those in combination (5.47% vs. 6.3%, P > 0.05). Fur-
ther, 50 nM doxorubicin given alone induced a signiWcantly
raised level of apoptosis compared to control (3.6% vs.
0.5%, P < 0.01), but 5 �M zoledronic acid did not (1.73%
vs. 0.5%, P > 0.05).

The experiments were repeated using DU145 and
LNCaP cells to determine whether the increased levels of
apoptosis caused by sequential treatment could be repli-
cated in diVerent types of prostate cancer cells. The data
in Fig. 4b and c show that there is a sequence-speciWc
increase in apoptosis in both DU145 and LNCaP cells,
again showing that the highest levels of apoptosis are
generated when doxorubicin is given Wrst, followed by
zoledronic acid. In LNCaP cells (Fig. 4b), doxorubicin
followed by zoledronic acid induced 4.77% apoptosis,
which was signiWcantly diVerent from that caused by
either single agent (1.53% zol alone, P < 0.001 and 2.23%
dox alone, P < 0.001) or the reverse sequence (zol then
dox 2.5%, P < 0.001). When the cells were treated with
both drugs in combination, intermediate levels of apopto-
sis were observed, and these were not signiWcantly lower
than those when doxorubicin was given prior to zoled-
ronic acid (3.5 and 4.77%, respectively, P > 0.05). In
DU145 cells (Fig. 4c), doxorubicin followed by zoled-
ronic acid induced 5.73% apoptosis, which was signiW-

Fig. 2 EVect of short-term exposure to zoledronic acid in PC3 cells.
PC3 cells were treated with zoledronic acid (25 �M) for either 2, 4 or
8 h, followed by incubation with fresh medium for the remainder of the
72-h treatment period. The percentage of apoptotic cells were
determined following completion of treatment. Results are the
mean § SEM of three experiments in triplicate. *P < 0.05, **P < 0.01
compared to control
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cantly diVerent from that caused by either single agent
(1.8% zol alone, P < 0.001 and 2.93% dox alone,
P < 0.001) or the reverse sequence (zol then dox 3.2%,
P < 0.001). When cells were treated with both drugs in

combination, intermediate levels of apoptosis were
observed, signiWcantly lower than those when doxorubi-
cin was given prior to zoledronic acid (4.47 and 5.73%,
respectively, P < 0.001).

Fig. 4 EVect of doxorubicin 
and zoledronic acid in sequence 
and in combination on prostate 
cancer cells. PC3 (a), LNCaP (b) 
and Du145 (c) cells were treated 
with doxorubicin alone (50 nM 
for 24 h followed by fresh medi-
um for 4 h), zoledronic acid 
alone (5 �M for 4 h followed by 
fresh medium for 24 h), the 
drugs in sequence and in combi-
nation. Following completion of 
the treatment, cells were main-
tained in fresh medium for the 
remaining period of the total 
incubation time of 72 h, and the 
% of apoptotic cells was deter-
mined. Results are the 
mean § SEM of three experi-
ments in triplicate. *P < 0.05, 
**P < 0.01, ***P < 0.001
123
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The reversal of the apoptotic eVect of doxorubicin 
and zoledronic acid by geranylgeraniol

N-BPs, such as zoledronic acid, exert their anti-resorptive
eVect by inducing apoptosis in osteoclasts through inhibi-
tion of the mevalonate pathway. This mechanism is
reported also to be responsible for the induction of apopto-
sis in prostate cancer cells [33]. In order to investigate what
proportion of the increased levels of apoptosis caused by
combining doxorubicin and zoledronic acid is achieved
through inhibition of the mevalonate pathway, PC3 cells
were treated with doxorubicin for 24 h, followed by zoled-
ronic acid in the presence or absence of the mevalonate
pathway intermediate geranylgeraniol (GGOH) for 24 h.
GGOH has previously been shown to reverse the apoptotic
eVect caused by doxorubicin and zoledronic acid in
sequence in breast cancer cells [20]. Doxorubicin followed
by zoledronic acid induced a signiWcantly raised level of
apoptosis compared to the agents given alone to a level
(9.77% vs. 3.67% (doxorubicin) and 1.73% (zoledronic
acid), Fig. 5), comparable to the data shown in Fig. 4. The
addition of GGOH along with zoledronic acid completely
reversed the increased levels of apoptosis to that caused
by doxorubicin alone (Fig. 5). These results show that
addition of GGOH is able to reverse the increased levels of
apoptosis induced by doxorubicin and zoledronic acid in
sequence, and that approximately 60% of the additive
apoptotic eVect generated by sequential treatment (doxoru-
bicin followed by zoledronic acid) is caused by inhibition
of the mevalonate pathway.

Discussion

Bone metastases is a common feature of advanced prostate
cancer, and the moment  the cancer has spread to the skele-
ton, the disease is considered up to now as incurable. The

levels of bone markers in prostate cancer patients with skel-
etal metastases reXect increased bone resorption, also in the
cases where the bone lesions appear to be predominantly
osteosclerotic, and high levels of N-telopeptide is associ-
ated with poor prognosis [34]. In vivo studies investigating
the eVects of zoledronic acid treatment in advanced prostate
cancer models have reported a clear reduction of the fre-
quency and severity of bone lesions, whereas tumour bur-
den is unaVected [35, 36]. We have found that in a breast
cancer model, zoledronic acid does inhibit lytic bone dis-
ease, but not intra-osseous tumour growth [4]. Taken
together, these reports show that simply preventing the
development of cancer-induced bone disease is not suY-
cient to inhibit the progression of bone metastases from
solid tumours.

As single agent therapy has proven ineVective, there is a
clear need for a multi-dimensional approach to the treat-
ment of prostate cancer bone metastases [37]. One option is
to combine therapies that directly target tumour cells with
agents that aVect the bone microenvironment. Zoledronic
acid modiWes the local tumour microenvironment in bone
by reducing tumour cell-stimulated bone resorption,
thereby reducing the release of cytokines and growth
factors that are known to stimulate tumour cell growth [38].
A potential further beneWt of the use of zoledronic acid is
that it may be able to enhance the anti-tumour eVects of
chemotherapy agents such as doxorubicin and docetaxel.
This potential has been clearly demonstrated using in vivo
models of prostate cancer growth in bone, where a combi-
nation of docetaxel and zoledronic acid caused the highest
degree of inhibition of tumour growth [23]. Combining
zoledronic acid with imatinib mesylate and paclitaxel has
also been shown to cause a signiWcant reduction in prostate
tumour growth in bone, compared to administration of the
single agents [39]. Similar data have been reported from mod-
els of breast tumour growth in bone, using combinations of
zoledronic acid and doxorubicin [4], or ibandronate and

Fig. 5 The reversal of the apoptotic eVect of doxorubicin and zoled-
ronic acid by geranylgeraniol. PC3 cells were treated with 50 nM
doxorubicin alone, 5 �M zoledronic acid alone, 10 �M GGOH alone or
50 nM doxorubicin and 5 �M zoledronic acid (alone and combined

with 10 �M) in sequence. Following completion of the treatment, cells
were maintained in fresh medium for 24 h, and the % of apoptotic PC3
cells was determined. Results are the mean § SEM of three experi-
ments in triplicate. ***P < 0.001
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paclitaxel [40]. There have been no reports of investiga-
tions of the potential beneWcial eVects of combined anti-
resorptive agents and doxorubicin in in vivo models of
prostate cancer, possibly because anthracyclin therapy has
not been successful in the treatment of prostate cancer
patients [31, 32]. The data in this report indicate that a
better outcome may be achieved if doxorubicin is combined
with zoledronic acid, as this clearly leads to increased
tumour cell death compared to single agent therapy.

Zoledronic acid has been shown to induce raised levels
of apoptosis in prostate cancer cells [10], breast cancer
[41], renal cancer [42] and lung cancer [43], among others,
in vitro. On the whole, these results have required the expo-
sure of cells to high concentrations of zoledronic acid for
long periods of time (up to 96 h). Following a clinical infu-
sion, zoledronic acid reaches a peak plasma concentration
of around 1 �M that lasts for 1–2 h. We found zoledronic
acid alone was able to induce apoptosis in PC3 prostate
cancer cells at 2.5 �M after 24 h of exposure, and also that
high a dose of zoledronic acid (25 �M) induces signiW-
cantly increased apoptosis after 2 h of exposure. It remains
to be determined whether clinically achievable doses of
zoledronic acid cause apoptosis following these exposure
periods.

In an early study, Neville-Webbe et al. reported that the
administration of doxorubicin, followed by zoledronic acid,
generates a synergistic anti-tumour eVect in PC3 prostate
cancer cells in vitro, but the reverse sequence or giving the
drugs in combination was not tested [13]. In this study, the
administration of doxorubicin followed by zoledronic acid
also induced a signiWcantly raised level of apoptosis, which
appeared to be additive when compared to the single
agents. In agreement with reports using MCF7 breast
cancer cells [20], we show here that treating PC3, Du145 or
LNCaP cells with the reverse drug sequence (zoledronic
acid followed by doxorubicin) did not induce a signiWcant
increase in apoptosis compared to the agents given alone.
Combining the two drugs together induced elevated levels
of apoptosis compared to the single agents in all the three
prostate cancer cell lines, but not to the same extent as that
was induced due to sequential administration of doxorubi-
cin followed by zoledronic acid. The eVect was indepen-
dent of the hormone responsiveness of the prostate cancer
cells, as apoptosis was induced to a similar extent in both
androgen sensitive LNCaP and androgen-independent
(DU145 and PC3) cells.

The eVects on LNCaP cells are in contrast to those
reported by Budman and Calabro [44] who compared the
eVects of combined treatment with epirubicin and zoled-
ronic acid on the rate of proliferation of the same three
prostate cancer cell lines. They found that whereas treating
PC3 and DU145 cells with a combination of both agents for
72 h caused a synergistic inhibition of proliferation, the

same schedule caused an antagonistic eVect on LNCaP
cells. The reasons for this discrepancy between the reported
eVects could partly be explained by the diVerent methodol-
ogy, doses and incubation periods used. The clinical rele-
vance of our results remains to be established, but data
from breast cancer models have shown that initial positive
Wndings from similar in vitro studies of sequential treat-
ment with doxorubicin and zoledronic acid [20] were sub-
sequently conWrmed in several in vivo models [3, 4]. As a
result there is now an ongoing clinical trial exploring this
treatment schedule in breast cancer patients who require
neoadjuvant chemotherapy (ANZAC trial—EUDRACT
number 2007-001526-27).

The results of this study suggest that doxorubicin may
in some way prime or sensitise the cells to zoledronic acid,
increasing its apoptotic eVect. We have detected increased
uptake of a Xuorescently labelled bisphosphonate follow-
ing treatment of breast cancer cells with doxorubicin (PD
Ottewell, unpublished data). Another possibility is that
doxorubicin has an eVect on some of the genes involved in
zoledronic acid-induced apoptosis, increasing its apoptotic
eVect, or that doxorubicin leads to a synchronisation of the
cells in a particular phase of the cell cycle, leaving them
more prone to a second insult (provided by zoledronic
acid). Although the exact molecular mechanism underlying
the sequence-speciWc induction of cancer cell apoptosis
observed in this study remains to be identiWed, the reversal
experiments using GGOH clearly show that the increased
levels of apoptosis depend on zoledronic acid inhibition of
the mevalonate pathway. Our data suggest that the major-
ity of the increased eVect (approx. 60%) was reversed by
the addition of GGOH and is therefore due to zoledronic
acid.

In conclusion, sequential treatment with doxorubicin
followed by zoledronic acid induces signiWcantly elevated
levels of apoptosis in both androgen-sensitive and -insensi-
tive prostate cancer cells, compared to that caused by the
single agents or the reverse drug sequence. While doxorubi-
cin is not commonly used in treatment of prostate cancer,
this study suggests that the combination of zoledronic acid
with doxorubicin may have a beneWcial eVect in the clinical
management of advanced prostate cancer and should be
investigated further using in vivo model systems.

Acknowledgments R.D. Clyburn was sponsored by bursary by
Yorkshire Cancer Research, UK. P. Reid is funded by a grant from
Weston Park Hospital Cancer Charity, SheYeld, UK.

References

1. Ye L, Kynaston HG, Jiang WG (2007) Bone metastasis in prostate
cancer: molecular and cellular mechanisms. Int J Mol Med
20(1):103–111
123



Cancer Chemother Pharmacol (2010) 65:969–978 977
2. Saad F, Karakiewicz P, Perrotte P (2005) The role of bisphospho-
nates in hormone-refractory prostate cancer. World J Urol
23(1):14–18

3. Ottewell PD, Mönkkönen H, Jones M, LeXey DV, Coleman RE,
Holen I (2008) Antitumor eVects of doxorubicin followed by
zoledronic acid in a mouse model of breast cancer. J Natl Cancer
Inst 100:1167–1178

4. Ottewell PD, Deux B, Mönkkönen H, Coleman RE, Clezardin P,
Holen I (2008) DiVerential eVect of doxorubicin and zoledronic
acid on intraosseous versus extraosseous breast tumor growth in
vivo. Clin Cancer Res 14:4658–4666

5. Rogers MJ (2003) New insights into the molecular mechanisms of
action of bisphosphonates. Curr Pharm Des 9(32):2643–2658

6. Van Beek E, Pieterman E, Cohen L, Lowik C, Papapoulos S
(1999) Farnesyl pyrophosphate synthase is the molecular target of
nitrogen-bisphosphonates. Biochem Biophys Res Commun
264:108–111

7. Luckman SP, Hughes DE, Coxon FP, Graham R, Russell G,
Rogers MJ (1998) Nitrogen-containing bisphosphonates inhibit
the mevalonate pathway and prevent post-translational prenylation
of GTP-binding proteins, including Ras. J Bone Miner Res
13(4):581–589

8. Stresing V, Daubiné F, Benzaid I, Mönkkönen H, Clézardin P
(2007) Bisphosphonates in cancer therapy. Cancer Lett 257(1):16–
35

9. Senartne SG, Pirianov G, Mansi JL, Arnett TR, Colston KW
(2000) Bisphosphonates induce apoptosis in human breast cancer
cell lines. Br J Cancer 82(8):1459–1468

10. Coxon JP, Oades GM, Kirby RS, Colston KW (2004) Zoledronic
acid induces apoptosis and inhibits adhesion to mineralised matrix
in prostate cancer cells via inhibition of protein prenylation. BJU
Int 94:164–170

11. Shipman CM, Rogers MJ, Apperley JF, Russell RG, Croucher PI
(1997) Bisphosphonates induce apoptosis in human myeloma cell
lines: a novel anti-tumour activity. Br J Haematol 98:665–672

12. van der Pluijm G, Vloedgraven H, van Beek E, van der Wee-Pals
L, Lowik C, Papapoulos S (1996) Bisphosphonates inhibit the
adhesion of breast cancer cells to bone matrices in vitro. J Clin
Invest 98(3):698–705

13. Boissier S, Ferreras M, Peyruchaud O, Magnetto S, Ebetino FH,
Colombel M, Delmas P, Delaisse JM, Clezardin P (2000) Bisphos-
phonates inhibit breast and prostate carcinoma cell invasion, an
early event in the formation of bone metastases. Cancer Res
60:2949–2954

14. Virtanen SS, Vaananen HK, Harkonen PL, Lakkakorpi PT (2002)
Alendronate inhibits invasion of PC3 prostate cancer cells by
aVecting the mevalonate pathway. Cancer Res 62:2708–2714

15. Fournier P, Boissier S, Filleur S, Guglielmi J, Cabon F, Colombel
M, Clezardin P (2002) Bisphophonates inhibit angiogenesis in vit-
ro and testosterone-stimulated vascular regrowth in the ventral
prostate in castrated rats. Cancer Res 62:6238–6544

16. Croucher PI, De Hendrik R, Perry MJ, Hijzen A, Shipman CM,
Lippitt J, Green J, van Marck E, van Camp B (2003) Zoledronic
acid treatment of 5T2MM-bearing mice inhibits the development
of myeloma bone disease: evidence for decreased osteolysis,
tumour burden and angiogenesis, and increased survival. J Bone
Miner Res 18(3):482–492

17. Giraudo E, Inoue M, Hanahan D (2004) An amino-bisphosphonate
targets MMP-9 expressing macrophages and angiogenesis to
impair cervical carcinogenesis. J Clin Invest 114:623–633

18. Green JR (2004) Bisphosphonates: preclinical review. Oncologist
9(Suppl 4):3–13

19. Santini D, Caraglia M, Vincenzi B, Holen I, Scarpa S, Budillon A,
Tonini G (2006) Mechanisms of disease: preclinical reports of
antineoplastic synergistic action of bisphosphonates. Nat Clin
Pract Oncol 3(6):325–338

20. Neville-Webbe HL, Rostami-Hodjegan A, Evans CA, Coleman
RE, Holen I (2005) Sequence and schedule-dependent enhance-
ment of zoledronic acid induced apoptosis by doxorubicin in
breast and prostate cancer cells. Int J Cancer 113:364–371

21. Ullen A, Lennartsson L, Harmenberg U, Hjelm-Eriksson M, Kalk-
ner KM, Lennernas B (2005) Additive/synergistic anti-tumoral
eVects on prostate cancer cells in vitro following treatment with a
combination of docetaxel and zoledronic acid. Acta Oncol
44(6):644–650

22. Tassone P, Forciniti S, Galea E, Morrone G, Turco MC, Martinelli
V, Venuta S (2000) Growth inhibition and synergistic induction of
apoptosis by zoledronate and dexamethasone in human myeloma
cell lines. Leukaemia 14:841–844

23. Brubaker KD, Brown LG, Vessella RL, Corey E (2006) Administra-
tion of zoledronic acid enhances the eVects of docetaxel on growth
of prostate cancer in the bone environment. BMC Cancer 6:15

24. Kroger N, Achterrath W, Hegewisch-Becker S, Mross K, Zander
AR (1999) Current options in treatment of anthracycline-resistant
breast cancer. Cancer Treat Rev 25:279–291

25. Fornari FA Jr, Jarvis DW, Grant S, Orr MS, Randolph JK, White
FK, Gewirtz DA (1996) Growth arrest and non-apoptotic cell
death associated with the suppression of c-myc expression in
MCF-7 breast tumor cells following acute exposure to doxorubi-
cin. Biochem Pharmacol 51(7):931–940

26. Potter AJ, Gollahon KA, Palanca BJ, Harbert MJ, Choi YM,
Moskovitz AH, Potter JD, Rabinovitch PS (2002) Flow cytometric
analysis of the cell cycle phase speciWcity of DNA damage
induced by radiation, hydrogen peroxide and doxorubicin. Carci-
nogenesis 23:389–401

27. Tewey KM, Rowe TC, Yang L, Halligan BD, Liu LF (1984) Adri-
amycin-induced DNA damage mediated by mammalian DNA
topoisomerase II. Science 226:466–468

28. Fornari FA, Randolph JK, Yalowich JC, Ritke MK, Gewirtz DA
(1994) Interference by doxorubicin with DNA unwinding in MCF-
7 breast tumour cells. Mol Pharmacol 45:649–656

29. Fornari FA Jr, Jarvis WD, Grant S, Orr MS, Randolph JK, White
FK, Mumaw VR, Lovings ET, Freeman RH, Gewirtz DA (1994)
Induction of diVerentiation and growth arrest associated with
nascent (nonoligosomal) DNA fragmentation and reduced c-myc
expression in MCF-7 human breast tumour cells after continuous
exposure to a sublethal concentration of doxorubicin. Cell Growth
DiVer 5:723–733

30. Goldenberg GJ, Wang H, Blair GW (1986) Resistance to adriamycin:
relationship of cytotoxicity to drug uptake and DNA single-and
double-strand breakage in cloned cell lines of adriamycin-sensitive
and-resistant P388 leukaemia. Cancer Res 46:2978–2983

31. Petrioli R, Fiaschi AI, Francini E, Pascucci A, Francini G (2008)
The role of doxorubicin and epirubicin in the treatment of patients
with metastatic hormone-refractory prostate cancer. Cancer Treat
Rev 34(8):710–718

32. Mike S, Harrison C, Coles B, StaVurth J, Wilt TJ, Mason MD
(2006) Chemotherapy for hormone-refractory prostate cancer.
Cochrane Database Syst Rev 18(4):CD005247

33. Oades GM, Senaratne SG, Clarke IA, Kirby RS, Colston KW
(2003) Nitrogen containing bisphosphonates induce apoptosis and
inhibit the mevalonate pathway, impairing RAS membrane locali-
zation in prostate cancer cells. The J Urol 170:246–252

34. Brown JE, Cook RJ, Major P et al (2005) Bone turnover markers
as predictors of skeletal complications in prostate cancer, lung
cancer, and other solid tumors. J Natl Cancer Inst 97:59–69

35. Thudi NK, Martin CK, Nadella MV, Fernandez SA, Werbeck JL,
Pinzone JJ, Rosol TJ (2008) Zoledronic acid decreased osteolysis
but not bone metastasis in a nude mouse model of canine prostate
cancer with mixed bone lesions. Prostate 68(10):1116–1125

36. Corey E, Brown LG, Quinn JE, Poot M, Roudier MP, Higano CS,
Vessella RL (2003) Zoledronic acid exhibits inhibitory eVects on
123



978 Cancer Chemother Pharmacol (2010) 65:969–978
osteoblastic and osteolytic metastases of prostate cancer. Clin
Cancer Res 9(1):295–306

37. Chung LW, Baseman A, Assikis V, Zhau HE (2005) Molecular
insights into prostate cancer progression: the missing link of tumor
microenvironment. J Urol 173(1):10–20

38. Clines GA, Guise TA (2008) Molecular mechanisms and treat-
ment of bone metastasis. Expert Rev Mol Med 6(10):e7

39. Sun-Jin K, Hisanori U, Sertac Y, Junqin H, Robert RL, Paul M,
Dominic F, Isaiah J (2005) Fidler modulation of bone microenvi-
ronment with zoledronate enhances the therapeutic eVects of
STI571 and paclitaxel against experimental bone metastasis of
human prostate cancer. Cancer Res 65:3707–3715

40. van Beek ER, Lowik CW, van Wijngaarden J, Ebetino FH,
Papapoulos SE (2008) Synergistic eVect of bisphosphonate and
docetaxel on the growth of bone metastasis in an animal model of
established metastatic bone disease. Breast Cancer Res Treat
[Epub ahead of print]

41. Jagdev SP, Coleman RE, Shipman CM, Rostami HA, Croucher PI
(2001) The bisphosphonate, zoledronic acid, induces apoptosis
of breast cancer cells: evidence for synergy with Paclitaxel. Br
J Cancer 84(8):1126–1134

42. Pandha H, Birchall L, Meyer B, Wilson N, Relph K, Anderson C,
Harrington K (2006) Antitumor eVects of aminobisphosphonates
on renal cell carcinoma cell lines. J Urol 176:2255–2261

43. Matsumoto S, Kimura S, Segawa H, Kuroda J, Yuasa T, Sato K,
Nogawa M, Tanaka F, Maekawa T, Wada H (2005) EYcacy of the
third-generation bisphosphonate, zoledronic acid alone and com-
bined with anti-cancer agents against small cell lung cancer cell
lines. Lung Cancer 47:31–39

44. Budman DR, Calabro A (2006) Zoledronic acid (Zometa) enhanc-
es the cytotoxic eVect of gemcitabine and Xuvastatin: in vitro
isobologram studies with conventional and nonconventional cyto-
toxic agents. Oncology 70(2):147–153
123


	Increased anti-tumour eVects of doxorubicin and zoledronic acid in prostate cancer cells in vitro: supporting the beneWts of combination therapy
	Introduction
	Materials and methods
	Cell lines
	Drugs and chemicals
	Treatment of cells
	Apoptosis assay
	Statistical analysis

	Results
	EVect of zoledronic acid on PC3 cells after 24, 48 or 72 h of exposure
	EVect of short-term exposure to zoledronic acid in PC3 cells
	EVect of doxorubicin on PC3 cell death
	EVect of doxorubicin and zoledronic acid in sequence and in combination
	The reversal of the apoptotic eVect of doxorubicin and zoledronic acid by geranylgeraniol

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


