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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 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 chemo-
therapy, 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 comprehensi-
ve 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 nitro-
gen-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, the-
reby suppressing bone resorption and promoting osteoclast apoptosis.(10)  Nitrogen-contai-
ning 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 signalling proteins.(11-13) These signalling proteins are essen-
tial for cell functioning and survival, and osteoclast apoptosis is induced by inhibiting the 
posttranslational modification of proteins with isoprenyl.(14) Furthermore, nitrogen-con-
taining BPs induce the production of an adenosine triphosphate analogue (Apppi) that can 
directly induce apoptosis.(15) In addition, bisphosphonates have been found to inhibit both 
osteoblast and osteocyte apoptosis.(16)
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 compressi-
on. These SREs are a major cause of morbidity and a reduced quality of life.(7) In addition to 
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their use in treating osteoporosis and bone metastases, bisphosphonates are gaining recog-
nition 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 are currently still speculative and under study.

Figure 1. Mevalonate pathway and inhibition of farnesyl diphosphate synthase by bisphosphonates.
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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 ac-
tivity.(17) 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.(17)
Cancer cells produce a range of growth factors and cytokines that increase osteoclast 
activity.(18) Tumor production of factors including parathyroid hormone (PTH), PTH-re-
lated 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 bloc-
king bone resorption.(17)
During bone resorption, other potentially tumor-stimulating growth factors such as 
TGF-beta and IGF-1 are released by osteoblasts, facilitating tumor cell growth and prolife-
ration, and attracting other tumor cells.(18) 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.(15) 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 metasta-
ses, a balanced coupling of osteoblastic bone formation and osteoclastic bone resorption is 
lost.(19) 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.(20;21) Lastly, and most impor-
tantly 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 in antigen specifici-
ty and the ability to recognize and kill tumor cells.(22-24) Furthermore, bisphosphonates are 
suggested to differentiate monocytes into tumoricidal M1 macrophages.(25)
Needless to say, there is still a still a 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.
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Figure 2. Schematic diagram of the interaction between the bone microenvironment and tumor cells

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 clinical-
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sequence-dependent synergistic apoptosis of cancer cells across several malignant cell lines.
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sociated with enhanced apoptosis and reduced proliferation and angiogenesis. These effects 
were statistically more pronounced when the zoledronic acid was administered 24 hours 
after chemotherapy, suggesting that an initial priming of tumor cells by doxorubicin renders 
them more sensitive to subsequent exposure to zoledronic acid.(27) Possible molecular 
pathways by which sequential treatment with zoledronic acid and doxorubicin induce tumor 
cell apoptosis and inhibit proliferation were also shown in an in vivo model of breast tumor 
growth in the bone.(28) Interestingly, zoledronic acid specifically inhibited the development 
of bone metastases in an ovariectomy-induced/postmenopausal mouse model.(29)

5. Clinical evidence

Following previous discordant data with the less potent bisphosphonate, clodronate, in the 
adjuvant setting (30-33), the ABCSG-12 trial was the first adjuvant clinical trial to notice 
an improvement in disease-free survival (DFS), a reduction in distant (non-bone) metasta-
ses, locoregional and contralateral relapses, as well as a trend to reduced risk of death, with 
zoledronic acid (4mg i.v. every 6 months for 3years) added to endocrine treatment with 
ovarian suppression in premenopausal breast cancer patients.(34;35) The protective effect 
of zoledronic acid persisted even after a median follow-up of 76 months, with zoledro-
nic-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.(36) Of note, 
all patients received goserelin, and were therefore postmenopausal, from an endocrionlogi-
cal 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 versus upfront zole-
dronic 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).(37-39) 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 
survival benefit.                           
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 com-
plete study population.(40) 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 tre-
atment is dependent on menopausal status and/or hormonal levels. Recently, this was con-
firmed in a meta-analysis of phase III studies by Yan et al. in which treatment with zoledro-
nic acid did not improve DFS in breast cancer patients.(5) However, in the postmenopausal 
group, a significant benefit in terms of DFS (HR 0.75) distant (HR 0.74) and locoregional 
recurrence (HR 0.51), was found. Different results were found in a meta-analysis by Valachis 
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et al, in which phase II studies were also included. 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.(4)

6. The future of bisphosphonates and neoadjuvant therapy

In a retrospective subset evaluation of patients in the AZURE trial, adding the BP, zoledro-
nic acid, to neoadjuvant chemotherapy resulted in better tumor shrinkage and a doubling 
of the pathological complete response rate.(41) Patients who were treated with neoadjuvant 
chemotherapy received zoledronic acid 6 times every 3 or 4 weeks, depending on their che-
motherapeutic schedule. Zoledronic 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 NEO-ZOTAC trial. Here, HER2-negative patients with 
stage II or III breast cancer are treated with 6 cycles q 3 weeks TAC (docetaxel, doxorubicin, 
cyclophosphamide with pegfilgrastim), with or without zoledronic acid 4 mg intravenous-
ly administered within 24 hours 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.(42) 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 chemothe-
rapy were retrospectively identified for pCR rate evaluation, 39 patients received bisphosp-
honates.(43) The pCR rate was higher in the bisphosphonate group than in the non-bispho-
sponate 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.(44)(45) 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 bet-
ter 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 sche-
dule (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. The primary endpoint was the number of patients with detectable disse-
minated 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), 
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although more pathologic complete response was observed in 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 
ER-negative tumours, which was not observed in the total study group. Neoadjuvant treat-
ment might therefore indeed have a beneficial effect on long-term outcome.(46)
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.(47) 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 indu-
ced by zoledronic acid could be investigated. The authors found that a greater reduction in 
serum VEGF occurred in the zoledronic acid group at day 5 than in the control group, alt-
hough 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 postmen-
opausal zoledronic acid treated patients, which is interesting considering the still puzzling 
benefit of zoledronic acid in postmenopausal women. 

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. Trans-
lational 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.
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