
Abstract. Bone metastases commonly occur in the course
of malignant tumor disease. For many years, attempts have
been made to identify factors for the management of cancer-
induced skeletal complications. Nowadays, synthetic
antiresorptive agents are considered to be indispensable for
the treatment of cancer-related skeletal events, such as bone
metastasis. The most common of these drugs are the
bisphosphonates, which represent one of the most significant
advances over the last 10 years in the field of supportive care
and cancer. They are used for the treatment of cancer-
induced hypercalcemia, for the prevention and treatment of
postmenopausal osteoporosis, for patients with bone
metastases secondary to breast cancer and multiple myeloma.
A third-generation bisphosphonate, zolendronate, has been
shown to minimize the destructive consequences of bone
metastases and to exert a profound effect on tumor-induced
osteolysis and tumor growth in bone. Zoledronate is already
used for the treatment of hypercalcemia of malignancy,
multiple myeloma-related osteolytic events and for patients
with documented bone metastases from solid tumors in
conjunction with standard antineoplastic therapy. The
structure-function activity of the three generations of
bisphosphonates developed to date, the in vitro models used
for studying their effects on osteoclasts and osteoblasts, as
well as the results of clinical trials obtained by the third
generation bisphosphonate, zoledronic acid, are presented. 

Bone constitutes the third most common site of distant

metastases, following lungs and liver, in patients with

different solid tumors, particularly breast (ca. 73%),

prostate (ca. 68%) and lung (ca. 36%) cancers, and often

is the only metastatic site (1). The resulting skeletal

events, including bone pain, pathologic fractures,

myelosuppression and spinal cord compression,

undermine the patients’ quality of life. Metastasis is the

process by which tumor cells travel from the primary

tumor to a distant site via the circulatory system and

establish a secondary tumor. The process of metastasis is

a complex cascade of organized, sequential and

interrelated steps, including angiogenesis, local invasion,

intravasation and extravasation and degradation of the

extracellular matrix by proteolytic enzymes such as

metalloproteinases. The bone mineral matrix contains

numerous growth factors and cytokines that are released

during the bone remodeling cycle, providing a fertile

microenvironment for tumor cell colonization and

proliferation (2). Tumor cells then release a variety of

growth factors that promote bone resorption or

formation and increase the risk of skeletal complications

of malignancy. The metastatic lesions can be either

osteolytic, when resorption by osteoclasts exceeds

formation and leads to bone loss, as in the case of

osseous metastases by breast cancer, or osteoblastic,

where the increased activity of osteoblasts leads to the

stimulation of osteoclasts, as in the case of metastatic

prostate cancer (3). 

Many therapeutic strategies have been developed for the

management of cancer-induced skeletal complications.

These trials include either antineoplastic intervention, such

as hormonal therapies, chemotherapy, radiotherapy and

even topical surgeries or bone supportive treatment such as

analgesics, calcium and vitamin D supplements. Currently,

synthetic antiresorptive agents are considered to be

indispensable for the treatment of malignant bone metastasis

(4, 5). Bisphosphonates (BPs) are the most potent of these

drugs. BPs have an established role as palliative therapy in

patients with skeletal metastases, since they increase the

inhibition of cancer cell invasion and adhesion to the bone

matrix and induce apoptosis of osteoclasts (6).
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Bisphosphonates: structure and mechanisms of
action

BPs are compounds with a chemical structure similar to that

of inorganic pyrophosphate (PPi). Although PPi is

comprised of two phosphate groups linked by

phosphoanhydride bonds (a P-O-P structure), which are

extremely unstable, BPs are comprised of two phosphonate

groups linked by highly hydrolysis-resistant phosphoether

bonds to a central (geminal) carbon atom (a P-C-P

structure). Two additional covalent bonds to the geminal

carbon atom of BPs can be formed with carbon, oxygen,

halogen, sulfur, or nitrogen atoms, giving rise to an

enormous range of possible structures. The two covalently

bonded groups (side chains) attached to the geminal carbon

are usually referred to as R1 and R2 (7, 8). When the R1

side chain is a hydroxyl group, such compounds are able to

chelate calcium ions more effectively, by tridentate rather
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Figure 1. The chemical structure of the best known bisphosphonates. First generation: etidronate and clodronate, second generation: pamidronate,
alendronate and ibandronate, third generation: zoledronate.



than bidentate binding. When the length of the R2 side

chain is increased from a simple methyl group to longer

alkyl chains, significantly more potent compounds were

obtained (9).

Three generations of BPs have been developed during

the last three decades (Figure 1). Etidronate and clodronate

were the earliest products used clinically. They continue to

be marketed for malignant and nonmalignant bone

disorders, which are characterized by increased bone

resorption. In recent years, several new BPs, each with a

unique side chain, have been developed. Each new

generation of BPs has increased bone antiresorptive activity

as compared to the previous one (10). Etidronate and

clodronate have the lowest potency, while the second-

generation BPs, such as pamidronate and alendronate, are

of median potency. A new compound, i.e., zoledronate

(CGP 42446), has shown to be the most potent in vitro and

in vivo bone antiresorptive agent as compared to currently

available BPs (10, 11). 

BPs represent one of the most significant advances in the

field of supportive care and cancer. They are used for the

treatment of cancer hypercalcemia and reduce bone pain in

at least 50% of patients (11). They are well established as

successful agents for the prevention and treatment of

postmenopausal osteoporosis (12, 13) and they are also

utilized in corticosteroid-induced bone loss (14). BPs have
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Figure 2. The apoptotic effect of bisphosphonates on osteoclasts depends on their chemical structure. (A) Non-amino BPs act through the production
of non-hydrolyzable, cytotoxic ATP-analogs. (B) Amino-BPs induce cell death through the inhibition of the mevalonate pathway. 



a widely recognized role for patients with multiple myeloma

and bone metastases secondary to breast cancer (15-17).

Intravenous or oral administration of BPs can reduce the

overall amount of skeletal events in patients with myeloma

and breast cancer by ~50% (18). It should be noticed that,

although all of the BPs can be administered either

intravenously or orally, the oral bioavailability of any

bisphosphonate is extremely limited. Generally, only a small

percentage of an oral dose is absorbed from the

gastrointestinal tract and the intake of any food or beverage

further diminishes absorption to negligible levels (19, 20).

Although all BPs selectively target bone mineral and

inhibit osteoclast-mediated bone resorption, the molecular

mechanism of their action can be grouped into two classes.

The nitrogen-containing BPs inhibit farnesyl diphosphate

(FPP) synthase, a key enzyme in the mevalonate pathway in

osteoclasts, thereby reducing the prenylation of small

guanosine triphosphate (GTP)-binding proteins that are

essential for osteoclast function (Figure 2). On the other

hand, BPs that lack a nitrogen atom in the chemical

structure do not inhibit protein prenylation. They have a

different mode of action that may involve the formation of

cytotoxic metabolites in osteoclasts or inhibition of protein

tyrosine phosphatases (Figure 2). These agents are

incorporated into nonhydrolyzable analogs of adenosine

triphosphate (ATP) and accumulate intracellularly in

osteoclasts, thus interfering with osteoclast function through

inhibition of ATP-dependent enzymes (21-23).

Zolendronate or zoledronic acid (ZA) [(1-hydroxyl-2-

imidazole-1-yl-phosphonoethyl) phosphonic acid monohydrate,

C5H10N2O7P2ñH2O, molecular weight 290.11 g/mol] is a new

third-generation bisphosphonate used for the treatment of

cancer-induced hypercalcemia. It has the usual P-C-P

bisphosphonate structure with a hydroxyl group and a

heterocyclic imidazole ring as additive groups appropriate for

its effectiveness. ZA has been shown to be at least 100-fold

more potent than pamidronate with respect to bone resorption

and exerts no effect on bone mineralization (24-26). It has a

direct effect on osteoclasts and is considered to be a potent

inhibitor of bone resorption. The mechanisms by which ZA

interferes with osteoclastic activity involve: i) the inhibition of

osteoclast formation and osteoclast bone resorptive activities,

and ii) the induction of osteoclast apoptotic cell death (27-29).

Furthermore, ZA has a high affinity for hydroxyapatite, binds

directly to mineralized bone and enables the bone to be

resistant to endogenous phosphatases (30). On osteoclast

stimulation of bone resorption, the bisphosphonate is released

and internalized by the osteoclasts, interfering with osteoclast

formation, function and survival. ZA and the other nitrogen-

containing agents (i.e. alendronate, ibandronate, pamidronate,

risedronate) are more potent inhibitors of bone resorption as

compared to those agents that lack a nitrogen group (i.e.
clodronate, etidronate). ZA can have a profound effect on

tumor-induced osteolysis and on tumor growth in bone,

thereby minimizing the destructive consequences of bone

metastases (31). The US Food and Drug Administration

approved ZA (Zometaì, Novartis Pharma AG, Basel,

Switzerland) for the treatment of hypercalcemia of malignancy

(HCM), multiple myeloma-related osteolytic events and for

patients with documented bone metastases from solid tumors

in conjunction with standard antineoplastic therapy. 

In vitro models for studying the action of
bisphosphonates

The in vitro study of osteoclasts is a quite difficult issue,

because of difficulty in isolating and culturing large numbers

of pure osteoclasts. For this reason, many studies

characterizing the pharmacologic properties of BPs in vitro
have been performed with osteoclast surrogates, in particular

macrophages. Osteoclasts are derived from monocyte

macrophage cell lineage (32) and, like osteoclasts, they are

highly endocytic and capable of demineralizing bone

particles. The origin of these cells is from the same

haematopoietic colony-forming unit–granulocyte

macrophage lineage as osteoclasts and the effect of BPs on

macrophages in vitro matches their effect on osteoclasts.

Rogers et al. (7) reported that BPs can be internalized by

cells, despite their negative charge. The particular sensitivity

of macrophages and osteoclasts to BPs most probably is a

reflection of the high endocytic capacity and the enhanced

ability of these cells to internalize the drugs. The structure-

activity relationship of BPs for inhibiting macrophage

proliferation (33) and causing apoptosis of macrophages-like

cells J774 (34) matches that for inhibiting bone resorption.

This could suggest that macrophage apoptosis is caused by

the interaction of BPs with the same molecular target that

affects osteoclasts. It is likely that BPs interact with

intracellular protein targets that are common to most, if not

all, eukaryotic cells, and the ability of these drugs to affect

cells is determined by the degree of cellular uptake (7).

Even though the action of BPs has been widely studied

on osteoclastic models, many studies refer to the impact of

BPs on osteoblastic-like cells (osteosarcoma). In vitro, BPs

can both inhibit and stimulate the proliferation of

osteoblast-like cells and other connective tissue cells (35,

36). Although, the antiproliferative effect of BPs has been

observed with a variety of other cell types in vitro, this effect

is not of physiologic significance, since BPs do not inhibit

bone formation. BPs cause the release of a factor from

osteoblasts that subsequently inhibits osteoclast activity or

osteoclast formation. Thus, when osteoclasts were cultured

with conditioned medium taken from the bisphosphonate-

treated osteoblast-like cells bone resorption was inhibited,

suggesting that the osteoblasts released a soluble factor that

inhibits bone resorption. Since BPs act intracellularly, it is
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remarkable that concentrations of BPs as low as 10-11 M

had an effect on osteoblasts (7).

Cellular uptake of BPs

During the bone resorption process, osteoclasts appear

highly endocytic. For this reason, bisphosphonate

present in the resorption lacuna are likely to be

internalized by osteoclasts into endocytic vacuoles. BPs

affect osteoclast-mediated bone resorption in a variety

of ways, which include effects on osteoclast formation,

resorptive activity and viability (37-39). Osteoclasts are

the bone cells most likely to be exposed to high

concentrations of drug; experimental studies support the

hypothesis that they are able to internalize BPs by

endocytosis (40). In vivo administration of radiolabelled

bisphosphonate into vacuoles, other organelles and the

cytoplasm of rats, visualized the BPs within resorbing

osteoclasts (41). In other studies where the influence of

bone mineral on the ability of BPs to inhibit osteoclast

activity was also examined, it was shown that BPs are just

as potent or even more effective when bound to bone

mineral (42, 43), because this concentrates the drug and

allows it to be released during resorption and be taken

up selectively by osteoclasts. Selander et al. (44) also

observed that the inhibitory effect of BPs on osteoclasts

occurred once resorption had begun. The ability of

osteoclasts to internalize BPs suggests that the

mechanism of action may be intracellular. Felix et al.
(45) used radiolabelled BPs to study uptake by calvarial

cells in vitro and confirmed that the BPs could enter the

cytoplasm as well as mitochondria and other organelles.

After cellular uptake, bisphosphonate-treated osteoclasts

show important changes in morphology, both in vitro (39,

46) and in vivo (47-49).

BPs have been shown to inhibit tumor cell proliferation

and to induce apoptosis in vitro (50-52). ZA has an

antiproliferative effect on cells accumulating in the G0-, G1-

and S- phases. An extensive study with three breast cancer

cell lines (MCF-7, T47D and MDA-MB-231) incubated for

various time periods with four BPs revealed several

differences in growth inhibition according to the cell line

and the bisphosphonate used (53). Tumor cell invasion

requires digestion of the basement membrane by various

proteases. Matrix metalloproteinases are the main enzymes

in this process. BPs inhibit the activity of several matrix

metalloproteinase enzymes (MMP-1, -2, -3, -7, -8, -9, -12, -

13, -14) in vitro with IC50 values in the range of 50-150 ÌM

(54, 55). The mechanism appears to be chelation of divalent

cations from the enzyme active site, since it has been shown

that addition of excess zinc reverses the inhibition (56).

Clinical trials in cancer patients under zoledronic
acid treatment

Numerous clinical studies have proved the efficacy of ZA in

the management of cancer patients with skeletal-related

events (Table I). Preclinical models of osteoclast-mediated

bone resorption demonstrated the improved potency of ZA

compared to pamidronate, clodronate and other BPs (57-59).

For the follow-up of patients, the most commonly used

biochemical tools are markers that reflect either bone

formation or resorption (60, 61). These are products that are

released into the circulation or excreted in urine during the

bone metabolism cycle and can be detected and determined

quantitatively in biological samples. Berenson et al. (62, 63)

evaluated the dose range of ZA in clinical phase I studies

with patients with bone metastases from a variety of primary

malignancies. These studies primarily assessed the effect of

ZA across a range of doses from 1 to 16 mg (single infusion)

or from 0.1 to 8 mg (multiple infusions). The results

demonstrated a dose-response relationship for doses up to 8

mg; doses > 0.8 mg effectively reduced markers of bone

resorption, such as type I collagen N-telopeptide (NTx) and

urinary deoxypyridoline (Dpd), whereas doses < 0.8 mg were

less effective. A large, randomized, double-blind, phase II

trial was subsequently conducted to evaluate several doses

(0.4, 2.0, or 4.0 mg) of ZA as compared to the standard 90

mg pamidronate dose for the treatment of osteolytic bone

lesions in patients (n=280) with breast cancer and multiple

myeloma (6). This study confirmed the dose-response

relationship originally observed in the phase I trials. Based

on the observed clinical activity and the apparent dose-

response data for ZA in these phase I and phase II studies,

the 4 and 8 mg doses were chosen for further clinical

development. ZA seems not to be potent enough in reducing

the need for radiation therapy or reducing the frequency of

other skeletal complications. Over 3000 patients with bone
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Table I. Phase I, II and III clinical trials with cancer patients under
zoledronic acid treatment.

Number of Primary Reference

patients malignancy

Phase I trials 59 Osteolytic bone lesions Berenson et al.
from several tumors (62)

Phase II trials 280 Breast cancer and Berenson et al.
multiple myeloma (63)

Phase III trials 1648 Breast cancer and Rosen et al.
multiple myeloma (64)

643 Prostate cancer Saad et al. (65)

773 Lung cancer and Rosen et al.
other solid tumors (68)



metastases were enrolled in three randomized, double-blind,

phase III trials. Each trial was designed to estimate the

efficacy and safety of 4 and 8 mg ZA (via 5-min intravenous

infusion) compared with the current standard bisphosphonate

treatment (90 mg pamidronate via 2-h infusion) in patients

with breast cancer and multiple myeloma, or placebo for the

other cancer types. However, the infusion time was increased

to 15 minutes to ensure safety of renal function. The first trial

enrolled 1648 patients with either stage III multiple myeloma

or stage IV breast cancer (64). At the end of the 13-month

study, analysis of individual skeletal-related events showed

that 4 mg ZA seemed to significantly reduce the need for

radiation therapy to bone compared with pamidronate (15%

for ZA vs 20% for pamidronate; p=0.031), and that this

difference was more obvious among patients with breast

cancer receiving hormonal therapy (16% for ZA vs 25% for

pamidronate; p=0.022). This study also confirmed that ZA

effectively inhibited bone resorption. NTx, pyridinoline and

Dpd/creatinine ratios and serum levels of bone-specific

alkaline phosphatase, a bone formation marker, were all

significantly reduced from baseline. 

Two placebo-controlled trials were conducted in patients

with prostate cancer and patients with other solid tumors,

who had newly diagnosed radiologic evidence of bone

metastasis. In the prostate cancer trial by Saad et al. (65), 643

men were randomized to either 4 or 8 mg ZA or placebo

every 3 weeks for 15 months. The results demonstrated that 4

mg ZA significantly reduced the proportion of patients with a

skeletal-related event (33% for ZA vs 44% with placebo;

p=0.021) and extended the time to the first skeletal-related

event. Additionally, there was a significant reduction in pain

scores for patients treated with 4 mg ZA compared with

placebo at all measured time points. In contrast, clodronate,

whether given orally or intravenously, as well as pamidronate

(90 mg) failed to establish a significant clinical profit in trials

in patients with prostate cancer (66, 67). In the other trial

involving patients with other solid tumors, approximately

45% had non-small cell lung cancer, while the remaining

patients had renal cancer, bladder cancer, or a variety of

other cancers. In total, 773 patients were randomized to

either 4 mg or 8 mg/4 mg ZA or placebo every 3 weeks for 9

months (68). The time to the first pathologic fracture was

delayed. Multiple event analysis also concluded that patients

who received 4 mg ZA had a 30% reduction in the risk of

skeletal events compared with placebo (p=0.006). Similar

benefits were observed in the approximately 50% of patients

in the study who had lung cancer. 

Conclusion

Bisphoshonates are synthetic compounds that are able to

inhibit osteoclast-induced bone destruction. BPs have been

used successfully for many years in the treatment of

osteoporosis, hypercalcemia and to reduce the skeletal

complications of malignancy. Zoledronic acid, a third-

generation nitrogen-containing BP, has been recognized as

one of the most potent BPs. In vitro studies showed that BPs

inhibit proliferation and differentiation of osteoclasts and

induce apoptosis of these bone cells. Clinical trials proved

the efficacy of ZA in cancer patients with bone metastases,

since it decreases bone pain and osteoclasts’ activity and,

therefore, increases the survival of patients. 
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