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Abstract: The antitumor effect of bisphosphonates (BPs) is under increasing scrutiny.
Preclinical and clinical evidence has shown that BPs might sensitize breast tumors to
chemotherapy. Here, we present a review of current preclinical and clinical evidence for
antitumor effects of BPs, and evaluate how BPs might play a role in neoadjuvant treatment
of women with breast cancer.
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1. Introduction
Neoadjuvant chemotherapy (NCT) is a generally accepted and worldwide standardized treatment
for patients with locally advanced or large operable (stage II–III) breast cancer [1]. NCT is as effective
as adjuvant chemotherapy following local treatment in terms of (recurrence-free) survival [2]. Besides
the opportunity to study changes in tumor biology and response, NCT has the capability of downstaging
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breast tumors, facilitating in breast conserving surgery. The antitumor effect of adding bisphosphonates
(BPs) to (neo)adjuvant chemotherapy for breast cancer is still under debate. There is emerging preclinical
evidence for a synergistic effect of the most potent BP, zoledronic acid, in combination with chemotherapy,
when administered after chemotherapy [3]. Clinical results suggest that BPs might improve treatment
efficacy in patients with breast cancer [4,5]. Clinically, menopausal and/or hormonal status seem to play
a role. The neoadjuvant model is ideal for gaining insight into the biological antitumor mechanisms of
BPs in combination with NCT and can aid in defining predictors of response for this treatment strategy.
Here, we provide a comprehensive review of preclinical and clinical evidence for the antitumor effects
of BPs and a rationale for possible efficacy of BPs in the neoadjuvant setting.
2. Bisphosphonates
BPs are pyrophosphates and can be divided into two subgroups based on the structure of the R2 side
chain: non-nitrogen containing BPs (e.g., clodronate), and the more potent nitrogen-containing BPs
(e.g., zolendronic acid, alendronate, ibandronate, risedronate), which are widely used in the clinical
setting [6]. Zoledronic acid is currently the most potent available BP containing two nitrogen atoms [7–9].
As all pyrophosphates, BPs easily bind to the bone mineral with the P–C–P chain at locations
showing a high level of bone resorption. BPs inhibit the breakdown of hydroxyapatite, thereby suppressing
bone resorption and promoting osteoclast apoptosis [10]. Nitrogen-containing BPs bind to and inhibit
farnesyl pyrophosphate synthase (FPPS), which is an important regulatory enzyme of the mevalonate
pathway (Figure 1), and which is responsible for the production of lipids needed for the posttranslational
modification (prenylation) of proteins and activation of intracellular signaling proteins [11–13]. These
signaling proteins are essential for cell functioning and survival, and osteoclast apoptosis is induced
by inhibiting the posttranslational modification of proteins with isoprenyl [13]. Furthermore,
nitrogen-containing BPs induce the production of an adenosine triphosphate analogue (Apppi) that can
directly induce apoptosis [14]. In addition, bisphosphonates have been found to inhibit both osteoblast
and osteocyte apoptosis [15].
BPs have a well-established role in the prevention and treatment of osteoporosis and in the
treatment of bone metastases, causing a reduction in pain, hypercalcemia of malignancy and skeletal
related events (SRE), such as pain, pathological fractures, and spinal cord compression. These SREs
are a major cause of morbidity and a reduced quality of life [7]. In addition to their use in treating
osteoporosis and bone metastases, bisphosphonates are gaining recognition for the management of
breast cancer through various mechanisms, and their use has grown rapidly in recent years. Needless to
say, the mechanisms by which BPs prevent and decrease tumor burden in bone is currently still speculative
and under investigation.
3. Hypotheses for BP Anti-Tumor Mechanism
There is ample evidence to suggest that the mechanism of bone metastases is multifaceted, comprising
both bone resorption and bone formation aided by osteoblast and osteoclast activity [16]. In breast cancer,
bone metastases are generally characterized by a predominantly osteoclastic activity, with osteolysis
the result of osteoclast stimulation. In response, there is some degree of bone formation or bone repair,
caused by osteoblasts [16].
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Figure 1. Mevalonate pathway and inhibition of farnesyl diphosphate synthase by bisphosphonates.

Cancer cells produce a range of growth factors and cytokines that increase osteoclast activity [17].
Tumor production of factors including parathyroid hormone (PTH), PTH-related peptide (PTHrP) and
interleukins (IL)-1, IL-6 and IL-11 stimulate the production of the cytokine, receptor activator of
nuclear factor-KB ligand (RANKL), by osteoblasts and stromal cells. Following stimulation by PTHrP,
RANKL induces osteoclast activity. PTHrP also causes a decrease in the production of osteoprotegrin
(OPG), a receptor that prevents RANKL from binding to its receptor (RANK) on osteoclast progenitor
cells, thereby blocking bone resorption [16].
During bone resorption, other potentially tumor-stimulating growth factors such as transforming
growth factorbeta (TGF-beta) and insulin-like growth-factor-1 are released by osteoblasts, facilitating
tumor cell growth and proliferation, and attracting other tumor cells [17]. BPs may reduce tumor
burden and growth by inhibiting this bone turnover. BPs do this, both directly, through the apoptosis of
osteoclasts and tumor cells, and indirectly, through alterations in the bone microenvironment (Figure 2).
Direct effects include the metabolism of non-nitrogen-containing BPs to an adenosine triphosphate analog
that is toxic for macrophages and osteoclasts [14]. Nitrogen-containing BPs also work through several
indirect mechanisms. For example, BPs may render the bone microenvironment less favorable for tumor
cell growth. Namely, in case of skeletal metastases, a balanced coupling of osteoblastic bone formation and
osteoclastic bone resorption is lost [18]. BPs can interrupt this vicious cycle of osteolytic bone loss.
In addition, BPs inhibit angiogenesis, as demonstrated in one study, where zoledronic acid was found to
reduce circulating levels of vascular endothelial growth factor (VEGF) after the first infusion in patients
with metastatic bone disease [19,20]. Lastly, and most importantly in the neoadjuvant setting, BPs may
reduce tumor burden by indirectly modulating the immune system. For example, BPs enhance cellular
antitumor toxicity by attracting and triggering expression of γ/δ T-cells, which could be an important factor
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in antigen specificity and the ability to recognize and kill tumor cells [21–23]. Furthermore,
bisphosphonates are suggested to differentiate monocytes into tumoricidal M1 macrophages [24].
Figure 2. Schematic diagram of the interaction between the bone microenvironment and
tumor cells.

Tumor cells produce cytokines and growth factors which stimulate osteoclastogenesis, inducing an
increase in bone resorption and the release of growth factors from the bone matrix. These factors
stimulate proliferation, migration and angiogenesis of tumor cells. Bisphosphonates can break this
vicious circle by inhibiting osteoclastogenesis and bone resorption. PTHrp = parathormone-related
protein; PGE = prostaglandin E; RANKL = receptor activator of nuclear factor κβ ligand;
OPG = osteoprotegerin; PDGF = platelet derived growth factor; IGF = insulin-like growth factor;
IL = interleukin.

Needless to say, there is still a need for more translational research giving insight into the alleged
anti-tumor effect of bisphosphonates, and further investigations on the role of BPs are most certainly
warranted. The neoadjuvant setting provides a suitable platform for this kind of research.
4. Preclinical Treatment Efficacy Data
Of particular interest is the potential for BPs to enhance the anti-tumor activity of cytotoxic
agents in the context of (neo)adjuvant chemotherapy. In vitro data have shown that clinically relevant
concentrations of doxorubicin followed by zoledronic acid consistently induced sequence-dependent
synergistic apoptosis of cancer cells across several malignant cell lines [25]. However, the drugs alone,
in the reverse sequence, and even given synchronously, had little or no effect on apoptosis [21]. In a
mouse model, sequence-dependent synergy between doxorubicin and zoledronic acid was observed
with complete inhibition of tumor growth associated with enhanced apoptosis and reduced proliferation
and angiogenesis. These effects were statistically more pronounced when the zoledronic acid was
administered 24 h after chemotherapy, suggesting that an initial priming of tumor cells by doxorubicin
renders them more sensitive to subsequent exposure to zoledronic acid [26]. Possible molecular pathways
by which sequential treatment with zoledronic acid and doxorubicin induce tumor cell apoptosis and
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inhibit proliferation were also shown in an in vivo model of breast tumor growth in the bone [27].
Interestingly, zoledronic acid specifically inhibited the development of bone metastases in an
ovariectomy-induced/postmenopausal mouse model [28].
5. Clinical Evidence
Following previous discordant data with the less potent bisphosphonate, clodronate, in the adjuvant
setting [29–32], the Austrian Breast Cancer Study Group-12 trial was the first adjuvant clinical trial to
notice an improvement in disease-free survival (DFS), a reduction in distant (non-bone) metastases,
locoregional and contralateral relapses, as well as a trend to reduced risk of death, with zoledronic acid
(4 mg intraveneously every 6 months for 3 years) added to endocrine treatment with ovarian
suppression in premenopausal breast cancer patients [33,34]. The protective effect of zoledronic acid
persisted even after a median follow-up of 76 months, with zoledronic-acid-treated patients having a
significant reduction in the risk of DFS events (27%) and a significant reduction in the risk of death
(41%) when compared with controls [35]. Of note, all patients received goserelin, and were therefore
postmenopausal, from an endocrionlogical viewpoint. This has probably contributed largely to the
significant benefit of zoledronic acid in these patients.
Three other similarly designed trials investigated the effect of delayed vs. upfront zoledronic acid
on bone mineral density in postmenopausal breast cancer patients, with disease recurrence as a
secondary endpoint (Z-FAST, E-ZO-FAST and ZO-FAST) [36–38]. Fewer DFS events with upfront
zoledronic acid were only observed in the ZO-FAST study (37% RR, p = 0.05). Based on exploratory
analyses, initiating zoledronic acid may have significant DFS benefits. In the AZURE trial, patients
were randomized to standard therapy (any (neo)adjuvant chemotherapy and/or endocrine therapy),
with or without zoledronic acid during 3 years. At a median follow-up of 59 months, no significant
differences in DFS were found in the complete study population [39]. However, when concentrating
on the subset of postmenopausal women, a statistically significant difference in DFS was found
between the treatment groups (HR 0.74, p = 0.04). These results in postmenopausal women are
consistent with the findings in premenopausal women in ABSCG-12 trial, suggesting that efficacy of
zoledronic acid treatment is dependent on menopausal status and/or hormonal levels. Recently, this
was confirmed in a meta-analysis of phase III studies by Yan et al. in which treatment with zoledronic
acid did not improve DFS in breast cancer patients [5]. However, in the postmenopausal group, a
significant benefit in terms of DFS (RR 0.75) distant (RR 0.74) and locoregional recurrence (RR 0.51),
was found. Different results were found in a meta-analysis by Valachis et al. in which phase II studies
were also included [4]. In this study, in which no specific analyses for postmenopausal women were
done, zoledronic acid use resulted in a significantly better OS (HR 0.81) in patients with early-stage
breast cancer, strengthening the argument for an antitumor effect of zoledronic acid.
6. The Future of Bisphosphonates and Neoadjuvant Therapy
In a retrospective subset evaluation of patients in the AZURE trial, adding the BP, zoledronic acid,
to neoadjuvant chemotherapy resulted in better tumor shrinkage and a doubling of the pathological
complete response rate [40]. Patients who were treated with neoadjuvant chemotherapy received
zoledronic acid 6 times every 3 or 4 weeks, depending on their chemotherapeutic schedule. Zoledronic
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acid also seemed to sensitize the tumor to the effects of neoadjuvant chemotherapy, as the pathological
complete response rate was nearly doubled. The preliminary results of the AZURE trial have motivated
investigators to investigate the possible benefit of zoledronic acid in the neoadjuvant setting. For
example, our study group aimed to determine the pathological response of neoadjuvant chemotherapy,
with and without zoledronic acid, in the NEOZOTAC trial. Here, HER2-receptor negative patients
with stage II or III breast cancer are treated with 6 three weekly cycles TAC (docetaxel, doxorubicin,
cyclophosphamide with pegfilgrastim), with or without zoledronic acid 4 mg intravenously
administered within 24 h of the start of each cycle. The toxicity data of this study, showing that there is
no significant difference in toxicity between the treatment arms, has recently been presented [41].
Biomarker data from biopsies and surgical specimens, as well as blood sera are currently being
collected for translational research. Response results from several other neoadjuvant chemotherapy
trials are expected soon (Table 1). In a study by Chavez-Macgregor et al. in which patients who were
treated with neoadjuvant chemotherapy were retrospectively identified for pCR rate evaluation,
39 patients received bisphosphonates [42]. The pCR rate was higher in the bisphosphonate group than
in the non-bisphosponate group, although not statistically significant (25.4% vs. 16%, p = 0.11).
Furthermore, the JONIE-1 group recently presented data of their phase III trial comparing neoadjuvant
chemotherapy with and without zoledronic acid [43,44]. Interestingly these results not only suggested
that postmenopausal women benefit more from zoledronic acid therapy (18.4% vs. 5.1%, p = 0.07), but
also that triple-negative bisphosphonate-treated patients respond better than their chemotherapy-only
counterpart (35.3% vs. 11.8%, p = 0.06). Aft et al. reported a study in which 120 patients were
allocated to a neoadjuvant/adjuvant chemotherapy schedule (with four cycles of neoadjuvant
epirubicin plus docetaxel and two cycles of adjuvant epirubicin and docetaxel) with no zoledronic acid
or zoledronic acid (4 mg i.v.) every 3 weeks, for 1 year [45]. The primary endpoint was the number of
patients with detectable disseminated tumor cells (DTCs) at 3 months. Less DTCs were detected in the
zoledronic acid group, suggesting that neoadjuvant treatment with zoledronic acid might affect
long-term outcome by preventing metastasis. However no significant difference in pathologic
complete response was found (22% in the zoledronic acid arm vs. 16% in the control arm,
p = 0.63), although more pathologic complete response was observed in estrogen receptor
(ER)-negative/HER2-negative patients (29% in the zoledronic acid arm vs. 11% in the control arm).
Interestingly, at 5-year follow up, significantly less death and recurrence events occurred among
patients with estrogen receptor-negative tumours, which was not observed in the total study group.
Neoadjuvant treatment might therefore indeed have a beneficial effect on long-term outcome [45].
As previously mentioned, neoadjuvant studies are valuable for translational research. An example
of this in the context of zoledronic acid treatment is the ANZAC study [46]. In this study 40 patients
were randomized to neoadjuvant chemotherapy with or without a single infusion of zoledronic acid
after the first cycle. This way, short therm biologic effect induced by zoledronic acid could be
investigated. The authors found that a greater reduction in serum vascular endothelial growth factor
(VEGF) occurred in the zoledronic acid group at day 5 than in the control group, although this effect
could not be observed after day 21. Furthermore, the authors investigated serum reproductive
hormones within the TGF-beta family (e.g., activin, TGF-beta-1, inhibin and follistatin) and observed
that follistatin levels dropped more from baseline in postmenopausal zoledronic acid treated patients,
which is interesting considering the still puzzling benefit of zoledronic acid in postmenopausal women.
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Table 1. Summary of neoadjuvant studies with chemotherapy in combination with zoledronic acid *.

Study

NEOZOL

Intervention

Inclusion criteria

Primary endpoint

Secondary endpoints

8 cycles CT only (first 4 cycles doxorubicin +

Breast cancer (TNM IIB, IIIa) 3 cm

Decrease in serum VEGF

1.

cyclophosphamide, last 4 cycles docetaxel)

and largers in maximal diameter

concentration treatment

cells in the bone marrow
2.

8 cycles CT with zoledronic acid (4 mg i.v.)

Change in disseminated tumor

(Estimated)

Estimated completed

enrollment

enrollment

76

November 2013

56

November 2014

120

Completed

Change in serum markers of
apoptosis

3.

Change in tumor markers of
apoptosis and proliferation

4.

Assessment tumor response

5.

Change in circulating
gamma-delta-T-cell activation

Cyclophosphamide, adriamycin (every
21 days for 4 cycles)
ZoNantax

Trastuzumab 8 mg/kg loading dose, then

Stage IIA to IIIB HER-2 positive

3 times every 21 days for 3 cycles plus

breast cancer

Residual cancer burden

1.

Toxicity

2.

Difference in gene expression

docetaxel
8 cycles with zoledronic acid (4 mg i.v.)

according to treatment response
Studies with completed accrual
Neoadjuvant/adjuvant CT only (with four
Aft et al.

cycles of neoadjuvant epirubicin plus
docetaxel and two cycles of adjuvant

Clinical stage II–III breast cancer

Number of patients with

1.

detectable DTCs at 3 months

Impact of zoledronic acid on
relapse

epirubicin and docetaxel)
Neoadjuvant/adjuvant CT in combination with
zoledronic acid (4 mg i.v.) 3-weekly for 1 year

2.

Effect of treatment on quality of
life in
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NEOZOTAC

6 cycles CT only (docetaxel, adryamycin,

T2 (≥2 cm and positive lymph nodes),
1.

Clinical response

6 cycles CT only with zoledronic

2.

Tolerability

acid (4 mg i.v.)

3.

Disease-free and overall survival

4.

Heterogeneity of ER/PR and HER2

cyclophosphamide)

T2 (≥3 cm), ≥ T3, T4, any N, M0

Pathologic complete response

250

Completed

188

Completed

40

Completed

breast cancer

measurement in core biopsy and
surgical specimen
5.

Long-term outcome (disease free
survival and overall survival)

Stage IIA, IIB, HER2-negative

JONIE-1

breast cancer

Pathologic complete response

Increase in apoptotic index
ANZAC

6 cycles CT only

T2 breast tumor or above

1.

Clinical response

2.

Disease free survival

1.

Reduction in Ki67 between

between diagnostic core

preoperative biopsy and operative

biopsy and repeat core biopsy

specimen

6 cycles CT with zoledronic acid (4 mg i.v.)

2.

after first cycle chemotherapy only

Changes in serum angiogenesis
markers

3.

Changes in bone biochemical
markers

4.

Detection of and changes in
circulating tumor cells in peripheral
blood

5.

Prediction of pathological response
by MRI calculated from the
sequence of apparent diffusion
coefficient

* Data obtained from [47].
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7. Conclusions
In summary, there are several features of bisphosphonates which can contribute to an anti-tumor
effect and can inhibit tumor growth. This given in combination with still sparse preclinical and clinical
evidence for a benefit of neoadjuvant treatment, helps warranting clinical and translational research
into this field. In the next few years response results and long-term outcome results of several neoadjuvant
chemotherapy trials are expected. Translational research is represented in most of these trials. Hopefully,
clinical and translational results will provide more answers to the question whether zoledronic acid in
combination with chemotherapy can enhance tumor response.
Conflicts of Interest
The authors declare no conflict of interest.
References
1.

Mauri, D.; Pavlidis, N.; Ioannidis, J.P. Neoadjuvant vs. adjuvant systemic treatment in breast
cancer: A meta-analysis. J. Natl. Cancer Inst. 2005, 97, 188–194.
2. Mieog, J.S.; van der Hage, J.A.; van de Velde, C.J. Neoadjuvant chemotherapy for operable breast
cancer. Br. J. Surg. 2007, 94, 1189–1200.
3. Ottewell, P.D.; Monkkonen, H.; Jones, M.; Lefley, D.V.; Coleman, R.E.; Holen, I. Antitumor
effects of doxorubicin followed by zoledronic acid in a mouse model of breast cancer. J. Natl.
Cancer Inst. 2008, 100, 1167–1178.
4. Valachis, A.; Polyzos, N.P.; Coleman, R.E.; Gnant, M.; Eidtmann, H.; Brufsky, A.M.; Aft, R.;
Tevaarwerk, A.J.; Swenson, K.; Lind, P.; et al. Adjuvant therapy with zoledronic acid in patients
with breast cancer: A systematic review and meta-analysis. Oncologist 2013, 18, 353–361.
5. Yan, T.; Yin, W.; Zhou, Q.; Jiang, Y.; Du, Y.; Shao, Z.; Lu, J. The efficacy of zoledronic acid in
breast cancer adjuvant therapy: A meta-analysis of randomised controlled trials. Eur. J. Cancer
2012, 48, 187–195.
6. Winter, M.C.; Holen, I.; Coleman, R.E. Exploring the anti-tumour activity of bisphosphonates in
early breast cancer. Cancer Treat. Rev. 2008, 34, 453–475.
7. Aapro, M.; Abrahamsson, P.A.; Body, J.J.; Coleman, R.E.; Colomer, R.; Costa, L.; Crino, L.;
Dirix, L.; Gnant, M.; Gralow, J.; et al. Guidance on the use of bisphosphonates in solid tumours:
Recommendations of an international expert panel. Ann. Oncol. 2008, 19, 420–432.
8. Pavlakis, N.; Schmidt, R.; Stockler, M. Bisphosphonates for breast cancer. Cochrane Database
Syst. Rev. 2005, 3, doi:10.1002/14651858.CD003474.pub2.
9. Van Beek, E.R.; Lowik, C.W.; Ebetino, F.H.; Papapoulos, S.E. Binding and antiresorptive
properties of heterocycle-containing bisphosphonate analogs: Structure-activity relationships.
Bone 1998, 23, 437–442.
10. Russell, R.G.; Muhlbauer, R.C.; Bisaz, S.; Williams, D.A.; Fleisch, H. The influence of
pyrophosphate, condensed phosphates, phosphonates and other phosphate compounds on the
dissolution of hydroxyapatite in vitro and on bone resorption induced by parathyroid hormone in
tissue culture and in thyroparathyroidectomised rats. Calcif. Tissue Res. 1970, 6, 183–196.

J. Clin. Med. 2013, 2

197

11. Dunford, J.E.; Thompson, K.; Coxon, F.P.; Luckman, S.P.; Hahn, F.M.; Poulter, C.D.;
Ebetino, F.H.; Rogers, M.J. Structure-activity relationships for inhibition of farnesyl diphosphate
synthase in vitro and inhibition of bone resorption in vivo by nitrogen-containing bisphosphonates.
J. Pharmacol. Exp. Ther. 2001, 296, 235–242.
12. Kavanagh, K.L.; Guo, K.; Dunford, J.E.; Wu, X.; Knapp, S.; Ebetino, F.H.; Rogers, M.J.;
Russel, R.G.; Opperman, U. The molecular mechanism of nitrogen-containing bisphosphonates as
antiosteoporosis drugs. Proc. Natl. Acad. Sci. USA 2006, 103, 7829–7834.
13. Luckman, S.P.; Hughes, D.E.; Coxon, F.P.; Graham, R.; Russel, G.; Rogers, M.J.
Nitrogen-containing bisphosphonates inhibit the mevalonate pathway and prevent
post-translational prenylation of GTP-binding proteins, including Ras. J. Bone Miner Res. 1998,
13, 581–589.
14. Green, J.R. Bisphosphonates: Preclinical review. Oncologist 2004, 9, 3–13.
15. Plotkin, L.I.; Weinstein, R.S.; Parfitt, A.M.; Roberson, P.K.; Manolagas, S.C.; Bellido, T.
Prevention of osteocyte and osteoblast apoptosis by bisphosphonates and calcitonin. J. Clin.
Invest. 1999, 104, 1363–1374.
16. Mundy, G.R. Metastasis to bone: Causes, consequences and therapeutic opportunities. Nat. Rev.
Cancer 2002, 2, 584–593.
17. Roodman, G.D. Biology of osteoclast activation in cancer. J. Clin. Oncol. 2001, 19, 3562–3571.
18. Coleman, R.E. Adjuvant bisphosphonates in breast cancer: Are we witnessing the emergence of a
new therapeutic strategy? Eur. J. Cancer 2009, 45, 1909–1915.
19. Fournier, P.; Boissier, S.; Filleur, S.; Guglielmi, J.; Cabon, F.; Colombel, M.; Clezardin, P.
Bisphosphonates inhibit angiogenesis in vitro and testosterone-stimulated vascular regrowth in the
ventral prostate in castrated rats. Cancer Res. 2002, 62, 6538–6544.
20. Santini, D.; Vincenzi, B.; Galluzzo, S.; Battistoni, F.; Rocci, L.; Venditti, O.; Schiavon, G.;
Angeletti, S.; Uzzali, F.; Caraglia, M.; et al. Repeated intermittent low-dose therapy with zoledronic
acid induces an early, sustained, and long-lasting decrease of peripheral vascular endothelial
growth factor levels in cancer patients. Clin. Cancer Res. 2007, 13, 4482–4486.
21. Gober, H.J.; Kistowska, M.; Angman, L.; Jeno, P.; Mori, L.; de Libero, G. Human T cell receptor
gammadelta cells recognize endogenous mevalonate metabolites in tumor cells. J. Exp. Med.
2003, 197, 163–168.
22. Benzaid, I.; Monkkonen, H.; Stresing, V.; Bonnelye, E.; Green, J.; Monkkonen, J.; Touraine, J.L.;
Clezardin, P. High phosphoantigen levels in bisphosphonate-treated human breast tumors promote
Vgamma9Vdelta2 T-cell chemotaxis and cytotoxicity in vivo. Cancer Res. 2011, 71, 4562–4572.
23. Benzaid, I.; Monkkonen, H.; Bonnelye, E.; Monkkonen, J.; Clezardin, P. In vivo phosphoantigen
levels in bisphosphonate-treated human breast tumors trigger Vgamma9Vdelta2 T-cell antitumor
cytotoxicity through ICAM-1 engagement. Clin. Cancer Res. 2012, 18, 6249–6259.
24. Rogers, T.L.; Holen, I. Tumour macrophages as potential targets of bisphosphonates. J. Transl.
Med. 2011, 9, 177.
25. Neville-Webbe, H.L.; Rostami-Hodjegan, A.; Evans, C.A.; Coleman, R.E.; Holen, I. Sequence- and
schedule-dependent enhancement of zoledronic acid induced apoptosis by doxorubicin in breast
and prostate cancer cells. Int. J. Cancer 2005, 113, 364–371.

J. Clin. Med. 2013, 2

198

26. Ottewell, P.D.; Woodward, J.K.; Lefley, D.V.; Evans, C.E.; Coleman, R.E.; Holen, I. Anticancer
mechanisms of doxorubicin and zoledronic acid in breast cancer tumor growth in bone.
Mol. Cancer Ther. 2009, 8, 2821–2832.
27. Ottewell, P.D.; Deux, B.; Monkkonen, H.; Cross, S.; Coleman, R.E.; Clezardin, P.; Holen, I.
Differential effect of doxorubicin and zoledronic acid on intraosseous vs. extraosseous breast
tumor growth in vivo. Clin. Cancer Res. 2008, 14, 4658–4666.
28. Holen, I.; Wang, N.; Reeves, K.J.; Fowles, A.M.; Croucher, P.I.; Eaton, C.L.; Ottewell, P.D.
Zoledronic acid specifically inhibits development of bone metastases in the postmenopausal
setting—Evidence from an in vivo breast cancer model. Cancer Res. 2012, 72,
doi:10.1158/0008-5472.SABCS12-PD07-08.
29. Diel, I.J.; Solomayer, E.F.; Costa, S.D.; Gollan, C.; Goerner, R.; Wallwiener, R.; Kaufmann, M.;
Bastert, G. Reduction in new metastases in breast cancer with adjuvant clodronate treatment.
N. Engl. J. Med. 1998, 339, 357–363.
30. Diel, I.J.; Jaschke, A.; Solomayer, E.F.; Gollan, C.; Bastert, C.; Sohn, C.; Schuetz, F. Adjuvant
oral clodronate improves the overall survival of primary breast cancer patients with
micrometastases to the bone marrow: A long-term follow-up. Ann. Oncol. 2008, 19, 2007–2011.
31. Powles, T.; Paterson, A.; McCloskey, E.; Schein, P.; Scheffler, B.; Tidy, A.; Ashley, S.; Smith, I.;
Ottestad, L.; Kanis, J. Reduction in bone relapse and improved survival with oral clodronate for
adjuvant treatment of operable breast cancer (ISRCTN83688026). Breast Cancer Res. 2006,
8, 13.
32. Saarto, T.; Blomqvist, C.; Virkkunen, P.; Elomaa, I. Adjuvant clodronate treatment does not
reduce the frequency of skeletal metastases in node-positive breast cancer patients: 5-Year results
of a randomized controlled trial. J. Clin. Oncol. 2001, 19, 10–17.
33. Gnant, M.; Mlineritsch, B.; Stoeger, H.; Luschin-Ebengreuth, H.; Heck, D.; Menzel, C.;
Jakesz, R.; Seifert, M.; Hubalek, M.; Pristauz, G.; et al. Adjuvant endocrine therapy plus
zoledronic acid in premenopausal women with early-stage breast cancer: 62-Month follow-up
from the ABCSG-12 randomised trial. Lancet Oncol. 2011, 12, 631–641.
34. Gnant, M.; Mlineritsch, B.; Schippinger, W.; Luschin-Ebengreuth, H.; Postlberger, S.;
Menzel, C.; Jakesz, R.; Seifert, M.; Hubalek, M.; Bjelic-Radisic, V.; et al. Endocrine therapy plus
zoledronic acid in premenopausal breast cancer. N. Engl. J. Med. 2009, 360, 679–691.
35. Gnant, M.; Mlineritsch, B.; Luschin-Ebengreuth, G.; Stoeger, H.; Dubsky, P.; Jakesz, R.;
Singer, C.; Eidtmann, H.; Fesl, C.; Eiermann, W.; et al. Long-term follow-up in ABCSG-12:
Significantly improved overall survival with adjuvant zoledronic acid in premenopausal
patients with endocrine-receptor-positive early breast cancer. Cancer Res. 2011, 71,
doi:10.1158/0008-5472.SABCS11-S1-2.
36. Brufsky, A.M.; Harker, W.G.; Beck, J.T.; Bosserman, L.; Vogel, C.; Seidler, C.; Jin, L.;
Warsi, G.; Argonza-Aviles, E.; Hohneker, J.; et al. Final 5-year results of Z-FAST trial: Adjuvant
zoledronic acid maintains bone mass in postmenopausal breast cancer patients receiving letrozole.
Cancer 2012, 118, 1192–1201.

J. Clin. Med. 2013, 2

199

37. Coleman, R.; de Boer, R.; Eidtmann, H.; Llombart, A.; Davidson, N.; Neven, P.;
von Minckwitz, G.; Sleeboom, H.P.; Forbes, J.; Barrios, C.; et al. Zoledronic acid (zoledronate)
for postmenopausal women with early breast cancer receiving adjuvant letrozole (ZO-FAST
study): Final 60-month results. Ann. Oncol. 2013, 24, 398–405.
38. Llombart, A.; Frassoldati, A.; Paija, O.; Sleeboom, H.P.; Jerusalem, G.; Mebis, J.; Deleu, I.;
Miller, J.; Schenk, N.; Neven, P. Immediate administration of zoledronic acid reduces aromatase
inhibitor-associated bone loss in postmenopausal women with early breast cancer:
12-Month analysis of the E-ZO-FAST trial. Clin. Breast Cancer 2012, 12, 40–48.
39. Coleman, R.E.; Marshall, H.; Cameron, D.; Dodwell, D.; Burkinshaw, R.; Keane, M.; Gil, M.;
Houston, S.J.; Grieve, R.J.; Barrett-Lee, P.J.; et al. Breast-cancer adjuvant therapy with zoledronic
acid. N. Engl. J. Med. 2011, 365, 1396–1405.
40. Coleman, R.E.; Winter, M.C.; Cameron, D.; Bell, R.; Dodwell, D.; Keane, M.M.; Gil, M.;
Ritchie, D.; Passos-Coelho, J.L.; Wheatley, D.; et al. The effects of adding zoledronic acid to
neoadjuvant chemotherapy on tumour response: Exploratory evidence for direct anti-tumour
activity in breast cancer. Br. J. Cancer 2010, 102, 1099–1105.
41. Van de Ven, S.; Liefers, G.J.; Putter, H.; van Warmerdam, L.J.; Kessels, L.W.; Dercksen, W.;
Pepels, M.J.; Maartense, E.; van Laarhoven, H.W.M.; Vriens, B.; et al. Toxicity data of a phase III
randomized trial with NEOadjuvant chemotherapy (TAC) with or without zoledronic acid (ZA)
for patients with HER2-negative large resectable or locally advanced breast cancer (BC). Cancer
Res. 2012, 72, doi:10.1158/0008-5472.SABCS12-PD07-06.
42. Chavez-MacGregor, M.; Brown, E.; Lei, X.; Litton, J.; Meric-Bernstram, F.; Mettendorf, E.;
Hernandez, L.; Valero, V.; Hortobagyi, G.N.; Gonzalez-Angulo, A.M. Bisphosphonates and
pathologic complete response to taxane- and anthracycline-based neoadjuvant chemotherapy in
patients with breast cancer. Cancer 2012, 118, 326–332.
43. Hasegawa, Y.; Kohno, N.; Horiguchi, J.; Miura, D.; Ishikawa, T.; Hayashi, M.; Takao, S.;
Kim, S.J.; Tanino, H.; Miyashita, M.; et al. A randomized controlled trial comparing zoledronic
acid plus chemotherapy with chemotherapy alone as a neoadjuvant treatment in patients with
HER2-negative primary breast cancer. Cancer Res. 2012, 72, doi:10.1158/0008-5472.SABCS12PD07-05.
44. Horiguchi, J.; Hasegawa, Y.; Miura, D.; Ishikawa, T.; Hayashi, M.; Takao, S.; Kim, S.J.;
Tanino, H.; Miyashita, M.; Konishi, M.; et al. A randomized controlled trial comparing zoledronic
acid plus chemothearpy with chemotherapy alone as a neoadjuvant treatment in patients with
HER2-negative primary breast cancer. J. Clin. Oncol. 2013, 31, 1029.
45. Aft, R.; Naughton, M.; Trinkaus, K.; Watson, M.; Ylagan, L.; Chavez-MacGregor, M.; Zhai, J.;
Kuo, S.; Shannon, W.; Diemer, K.; et al. Effect of zoledronic acid on disseminated tumour cells in
women with locally advanced breast cancer: An open label, randomised, phase 2 trial. Lancet
Oncol. 2010, 11, 421–428.
46. Winter, M.C.; Wilson, C.; Syddall, S.P.; Cross, S.S.; Evans, A.; Ingram, C.E.; Jolley, I.J.;
Hatton, M.Q.; Freeman, J.V.; Mori, S.; et al. Neoadjuvant chemotherapy with or without
zoledronic acid in early breast cancer—A randomized biomarker pilot study. Clin. Cancer Res.
2013, 19, 2755–2765.

J. Clin. Med. 2013, 2

200

47. ClinicalTrials. Available online: http://www.clinicaltrials.gov (accessed on 3 September 2013).
© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

