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Abstract

Bisphosphonates are an important class of osteotropic compounds that are effective in treating benign and malignant skeletal
diseases characterized by enhanced osteoclast-mediated bone resorption (i.e., osteoporosis, Paget’s disease, and tumor-induced oste-
olysis). The evolution of bisphosphonates has led to compounds with ever-increasing potency. First-generation bisphosphonates,
including etidronate and clodronate, contained simple side chains and were relatively weak inhibitors of bone resorption. Sec-
ond-generation compounds, including pamidronate, alendronate, and ibandronate, have an aliphatic R? side chain containing a sin-
gle nitrogen atom. These nitrogen-containing bisphosphonates (N-BPs) are up to 100-fold more potent than the first-generation
compounds. Zoledronic acid, a novel N-BP with an imidazole substituent, has demonstrated more potent inhibition of osteo-
clast-mediated bone resorption than all other bisphosphonates in both in vitro and in vivo preclinical models. Recent data suggest
that N-BPs inhibit farnesyl diphosphate (FPP) synthase, an enzyme in the mevalonate biosynthetic pathway that is critical for pro-
tein prenylation and activation of important signaling molecules. Inhibition of FPP synthase also leads to production of triphos-
phoric acid 1-adenosin-5'yl ester 3-[3-methylbut-3-enyl] ester (Apppl), which induces apoptosis of osteoclasts and tumor cells.
Our current knowledge of the pharmacology of N-BPs at the molecular level largely explains their observed effects on bone metab-
olism and tumor growth in animal models and their clinical activity in the treatment of benign and malignant bone diseases.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Bisphosphonates are ideally suited for the treatment of
bone disease because they bind avidly to bone mineral at
sites of active bone metabolism, where they achieve ther-
apeutic concentrations. Fleisch and colleagues showed
that bisphosphonates not only inhibit dissolution of
hydroxyapatite crystals, but also affect osteoclast metab-
olism and function [1-3]. Bone-bound bisphosphonates
are released during bone resorption and are internalized
by osteoclasts, leading to inhibition of osteoclast activity
and induction of osteoclast apoptosis [4-6]. As a result,
bisphosphonates are potent inhibitors of osteoclast-medi-
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ated bone resorption and have demonstrated clinical util-
ity in the treatment of a wide range of benign and
malignant bone diseases, including osteoporosis, Paget’s
disease of bone, and tumor-induced osteolysis [2].
Although these diseases differ in pathophysiology, they
are all associated with increased osteoclast activity and
abnormal bone metabolism. There is also extensive pre-
clinical evidence that bisphosphonates have antitumor
activity, as evidenced by reduced proliferation and viabil-
ity of tumor cell lines in vitro and reduced skeletal tumor
burden and progression of bone lesions in animal models
[7]. This may contribute to the clinical activity of bisphos-
phonates in patients with malignant bone disease. Cur-
rently, a number of bisphosphonates, including
zoledronic acid, pamidronate, ibandronate, and clodro-
nate, are widely used to reduce the incidence of skeletal
complications in patients with bone metastases.
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This review will focus on the pharmacology of bis-
phosphonates, particularly the nitrogen-containing bis-
phosphonates (N-BPs). Preclinical studies have shown
that N-BPs have a unique mechanism of action involv-
ing the inhibition of farnesyl diphosphate (FPP) syn-
thase, a key enzyme in the mevalonate biosynthetic
pathway, and that the inhibition of FPP synthase leads
to production of triphosphoric acid 1-adenosin-5'yl es-
ter 3-[3-methylbut-3-enyl] ester (Apppl), which may
contribute to the induction of osteoclast apoptosis.
These studies have revealed the potential of N-BPs to af-
fect a wide range of cellular processes and help to ex-
plain the observed preclinical and clinical activity of
these important compounds.

2. The bisphosphonate class of compounds
2.1. Historical overview

Bisphosphonates were first synthesized in 1856 and
because of their high affinity for cations, found wide-
spread use as antiscaling agents in various industrial
chemical applications. However, beginning in the mid-
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1960s, they were investigated as pharmaceuticals be-
cause of their avidity for bone and their ability to inhibit
bone resorption. Initially, bisphosphonates were used to
treat Paget’s disease, a focal bone disorder characterized
by enhanced bone turnover and abnormal structure, and
hypercalcemia of malignancy, a potentially life-threaten-
ing complication of advanced cancer caused by uncon-
trolled tumor-induced osteolysis and enhanced calcium
reabsorption by the kidney. Now, after more than 30
years of research and development, bisphosphonates
have become an essential treatment for a wide range
of benign and malignant bone diseases.

Over the past 30 years, several generations of bisphos-
phonates with increasing potency have been developed
(Fig. 1) [8]. First-generation bisphosphonates, such as
etidronate and clodronate, are relatively weak inhibitors
of bone resorption. Once the clinical utility of bisphos-
phonates was realized, however, more potent com-
pounds with improved clinical efficacy and tolerability
were developed. Second-generation compounds, includ-
ing pamidronate, alendronate, and ibandronate, are up
to 100-fold more potent than the first-generation com-
pounds [9,10], and zoledronic acid, a new-generation
compound, has the highest potency in preclinical assays
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Fig. 1. The structures of selected bisphosphonates. Adapted with permission from Green et al. [§].
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[11] and broadest clinical activity in metastatic bone dis-
ease of all the available bisphosphonates [12-15].

2.2. Structure—activity relationship

Bisphosphonates are stable, water-soluble, synthetic
analogues of naturally occurring inorganic pyrophos-
phate (P-O-P) in which the central oxygen atom is re-
placed by a carbon atom (P-C-P), thereby making
bisphosphonates resistant to enzymatic degradation
[16]. In addition, the presence of the tetravalent central
carbon atom facilitates the addition of different side
chains, thus permitting synthesis of a wide variety of
analogues (Fig. 1). The affinity of bisphosphonates for
the bone mineral hydroxyapatite is a property of the
highly charged P-C-P motif of the bisphosphonic acid
structure [17], and this affinity is enhanced if the R! side
chain is a hydroxyl group. In general, bisphosphonates
can chelate cations such as calcium by bidentate coordi-
nation through the oxygen atoms of the phosphonate
groups, but if the R' side chain is a hydroxyl, the affinity
of bisphosphonates for cations is even greater, as this al-
lows tridentate coordination [16].

Given that a hydroxyl group at the R! position ap-
pears to maximize affinity for bone, attempts to increase
antiresorptive potency have focused on the R? side chain
[18]. First-generation bisphosphonates (e.g., etidronate
and clodronate) have simple R? side chains and are rel-
atively weak inhibitors of bone resorption. For example,
clodronate has two chlorine atoms bound to the central
carbon. Second-generation compounds, including
pamidronate, alendronate, and ibandronate, have an ali-
phatic R? side chain containing a single nitrogen atom.
These N-BPs are 10- to 100-fold more potent than the
first-generation compounds [9,10]. Further enhancement
of potency was achieved when the nitrogen atom(s) were
contained within a heterocyclic ring structure (e.g.,
risedronate) [19,20]. The addition of a second critically
placed nitrogen atom to produce a heterocyclic imidaz-
ole substituent resulted in zoledronic acid [11]. This
compound was selected from more than 300 candidates
based on superior activity in a variety of in vitro and in
vivo assays [21]. The presence of the second nitrogen
atom may account for the improved potency and thera-
peutic ratio of zoledronic acid compared with other
bisphosphonates.

Pharmacologically as a compound class, bisphospho-
nates demonstrate low oral bioavailability (~1%), bind
rapidly to bone, and have a very long half-life in bone
[22]. Approximately 40-60% of the administered dose
binds to bone within 24 h and the remaining portion is
rapidly excreted unchanged in the urine [22]. Studies
with radiolabeled zoledronic acid in rats have shown
that it remains readily detectable in bone 1 year after
administration, and detailed modeling of the plasma
pharmacokinetics of zoledronic acid estimated a termi-

nal elimination half-life >6 months, which is similar to
that of pamidronate and alendronate [22]. Bisphospho-
nates are generally administered orally for the treatment
of benign osteoporosis, but because of poor oral bio-
availability and the potential to cause intermittent gas-
trointestinal toxicity, the intravenous (IV) route is an
attractive alternative in cancer patients with bone meta-
stases. Given the long half-life of bisphosphonates in
bone, a single annual infusion may be sufficient to treat
postmenopausal osteoporosis [23], whereas one infusion
every 3-4 weeks has been demonstrated to be a highly
efficacious treatment regimen for bone metastases
[12-15].

3. Mechanism of action

Bisphosphonates accumulate in the mineralized bone
matrix at sites of active bone metabolism, are released
during bone resorption, and are internalized by osteo-
clasts [4-6]. The molecular mechanism by which the
first-generation, non-N-BPs (eg, etidronate and clodro-
nate) affect osteoclasts appears to involve metabolism
of these compounds by osteoclasts and other cells to
non-hydrolyzable, cytotoxic adenosine triphosphate
(ATP) analogues [24-28], which can induce osteoclast
apoptosis [24,29-31]. For example, clodronate is metab-
olized to AppCCl,p, which at high concentrations
inhibits mitochondrial ATP/ADP translocase, thereby
causing loss of the mitochondrial membrane potential
and direct induction of apoptosis [16,32].

In contrast, nitrogen-containing compounds are not
metabolized and must, therefore, affect osteoclasts
through a different mechanism [33]. In fact, the potent
inhibitory effects of N-BPs on bone resorption appear
to be mediated by several different cellular mechanisms
[5,34-37]: they directly inhibit osteoclast activity; they
inhibit the formation of osteoclasts and their recruit-
ment to the bone surface [34,35]; and they can cause
osteoclast apoptosis [30,31]. Current evidence suggests
that N-BPs inhibit osteoclast activity by affecting a vari-
ety of intracellular processes necessary for osteoclast
function, such as organization of the cytoskeleton, mem-
brane transport, and formation of the ruffled border [5].
In vitro studies have shown that N-BPs also directly af-
fect osteoblasts. Pamidronate and zoledronic acid have
been shown to promote the differentiation and mineral-
ization of human fetal osteoblasts [38], and low concen-
trations of these two compounds (107°-107° M) can
increase production of osteoprotegerin (OPG) from pri-
mary human osteoblasts [39]. These effects of N-BPs on
osteoblasts can, in turn, effect osteoclastogenesis (i.c.,
maturation of immature osteoclast progenitors) because
the differentiation state of osteoblasts appears to influ-
ence their production of OPG and expression of recep-
tor activator of nuclear factor-kappaB (RANK) ligand
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(RANKL) [40]. The balance of these molecules is in-
volved in the regulation of osteoclastogenesis. As osteo-
blasts mature they appear to increase OPG expression
and downregulate RANKL, which would inhibit
osteoclastogenesis.

3.1. The mevalonate pathway

An enzyme of the mevalonate pathway of lipid bio-
synthesis has recently been identified as the molecular
target of N-BPs [41-45]. Several independent studies
have now confirmed that FPP synthase is the major
enzymatic target of N-BPs [43,46,47]. Dunford and col-
leagues [46] recently demonstrated that recombinant hu-
man FPP synthase is potently inhibited by N-BPs in a
concentration-dependent manner. Zoledronic acid and
the closely related risedronate were among the most po-
tent bisphosphonates tested in this assay (Fig. 2(a)) [46].
Zoledronic acid demonstrated a 50% inhibitory concen-
tration (ICso) of 3 nM. Interestingly, the potency rank-
ing in this in vitro FPP synthase assay closely matched
the rank order of potency of these compounds with re-
spect to inhibition of bone resorption in mouse calvaria
cultures (Fig. 2(b)) [11]: zoledronic acid > risedro-
nate > ibandronate > alendronate > pamidronate. This
suggests that the ability to inhibit FPP synthase is a ma-
jor determinant of the antiresorptive potency of N-BPs.
Recently, the X-ray crystallographic analysis of risedro-
nate bound to the active site of the bacterial FPP syn-
thase enzyme was reported, showing the molecular
interactions between N-BPs and the enzyme [48]. This
crystallographic analysis demonstrated how N-BPs mi-
mic a carbocation intermediate to inhibit the enzyme.

Inhibition of FPP synthase affects the synthesis of
two isoprenoid lipid intermediates in the mevalonate
pathway, farnesyl diphosphate and geranylgeranyl
diphosphate, which are required for the post-transla-
tional modification (i.e., prenylation) of cellular proteins
(Fig. 3) [5,49]. In particular, several small guanosine tri-
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phosphate (GTP)-binding proteins such as Ras, Rho,
and Rac require prenylation to be localized to the cell
membrane, thus allowing them to interact with key cell
surface receptors and become activated [50]. These
important signaling proteins regulate a variety of cellu-
lar processes important for osteoclast function, includ-
ing cell morphology, integrin signaling, membrane
ruffling, transport of endosomes, and apoptosis
[41,42,45,50-52]. Zoledronic acid and other N-BPs have
been shown to inhibit the mevalonate pathway in puri-
fied rabbit osteoclasts in vitro and to prevent the incor-
poration of ['*C]mevalonate into prenylated proteins
[43.,45].

There is now considerable preclinical evidence that
N-BPs exert their effects on osteoclasts by inhibiting
protein prenylation, thereby short-circuiting intracellu-
lar signaling via small GTPases, such as Ras, which re-
quire membrane localization. As a result of their
biochemical effects on protein prenylation, N-BPs also
induce caspase-dependent apoptosis [29], inhibit matrix
metalloproteinase synthesis and secretion [53,54], down-
regulate ao,B; and o,Bs integrins [55,56], and stimulate
osteoblasts to increase expression of OPG, which antag-
onizes osteoclastogenesis [39]. Moreover, because the
mevalonate pathway is ubiquitous, the effects of bis-
phosphonates on cell function and survival are not re-
stricted to cells of the monocytic lineage such as
osteoclasts and macrophages. Preclinical data indicate
that N-BPs also have direct effects on tumor cells in vi-
tro, and N-BPs have been shown to decrease both the
viability and proliferation of human breast cancer, mul-
tiple myeloma, and prostate cancer cell lines, and to in-
duce apoptosis of tumor cells [57-66].

3.2. Production of Apppl
Recent studies have shown that N-BPs may have

yet another mechanism of action: inducing production
of the endogenous intracellular ATP analogue Apppl,
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Fig. 2. Relative potency of various bisphosphates based on (a) inhibition of farnesyl diphosphonate (FPP) synthase activity and (b) inhibition of
calcium release by osteoclasts in murine calvaria cultures. ICsy, 50% inhibitory concentration; Etd, etidronate; Pam, pamidronate; Aln, alendronate;
Iba, ibandronate; Ris, risedronate; Zol, zoledronic acid; Clo, clodronate. (a) Adapted with permission from Dunford et al. [46]; (b) data from Green

et al. [11].
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Fig. 3. Schematic diagram of the mevalonate pathway showing that inhibition of FFP synthase by nitrogen-containing bisphosphates blocks
synthesis of a isoprenoid lipid intermediate farneysl diphosphate and geranylgeranyl diphosphate, and induces the formation of a cytotoxic IPP-AMP
conjugate. HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; PP, diphosphonate; AMP, adenosine monophosphate; Apppl, triphosphoric acid
1-adenosin-5'yl ester 3-[3-methylbut-3-enyl] ester; N-BPs, nitrogen-containing bisphosphonates. Adapted from Rogers et al. [5], and Monkkonen

et al. [49].

which may directly induce apoptosis similar to
AppCCl,p (i.e., a metabolite of clodronate) [67]. Inhi-
bition of FPP synthase results in accumulation of iso-
pentenyl diphosphate, which can be metabolized to
IPP-AMP or Apppl (Fig. 3) [49]. The ability of vari-
ous bisphosphonates to inhibit FPP synthase activity
in J774 macrophage cell homogenates correlates well
with their ability to induce production of Apppl in
J774 cells [46,49]. In this assay, clodronate served as
a negative control with little or no effect on FPP syn-
thase activity, and it induced no Apppl production. Of
the N-BPs tested, zoledronic acid demonstrated the
highest potency in both inhibition of FPP synthase
activity and production of Apppl. The implication of
this work is that N-BPs can potentially induce apopto-
sis of osteoclasts and tumor cells by at least two dis-
tinct pathways.

3.3. Induction of caspase-dependent osteoclast apoptosis

Zoledronic acid, like other bisphosphonates, can in-
duce apoptosis of osteoclasts in vitro, and the ability

to induce apoptosis may contribute to their overall
antiresorptive potency in vivo. Benford et al. [29] have
shown that zoledronic acid induces apoptosis in purified
rabbit osteoclasts, human osteoclastoma-derived osteo-
clasts, and osteoclast-like cells generated in cultures of
human bone marrow in vitro. Osteoclast apoptosis in-
volved characteristic morphologic changes, loss of mit-
ochondrial membrane potential, and the activation of
caspase-3-like proteases with the ability to cleave Asp-
GluValAsp-containing peptide substrates. Zoledronic
acid at a concentration of 100 uM for 48 h increased cas-
pase-3-like activity in rabbit osteoclasts 8-fold compared
with untreated osteoclasts and was more potent than
other bisphosphonates tested [29]. The induction of
osteoclast apoptosis is also likely due to inhibition of
protein geranylgeranylation and appears to be depend-
ent on caspase activation because suppression of caspase
activity by zVAD-fmk (a broad-range caspase inhibitor)
or by SB-281277 (a specific inhibitor of caspase-3 and
-7) blocked the characteristic morphologic features of
apoptosis after treatment of osteoclasts with zoledronic
acid [29].
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4. Effects of zoledronic acid on bone metabolism

4.1. Effects on osteoclast-mediated bone resorption in
preclinical models

Of the bisphosphonates tested, zoledronic acid has
demonstrated the greatest potency in preclinical models
of osteoclast-mediated bone resorption. In the mouse
calvaria organ culture assay, zoledronic acid inhibited
bone resorption induced by 1,25-dihydroxyvitamin D;
and was more potent than any other bisphosphonate
tested in this assay, with an ICsy value of 2 nM [11].
Regardless of the stimulus used (1,25-dihydroxyvitamin
D3, parathyroid hormone, parathyroid-related protein,
interleukin-1B, or prostaglandin E,) zoledronic acid
was 40- to 100-fold more potent than pamidronate.
The ability of zoledronic acid to inhibit bone resorption
induced by a variety of mediators implies that it should
be effective in a wide range of bone diseases, irrespective
of the pathologic mechanism.

In the thyroparathyroidectomized (TPTX) rat model,
zoledronic acid demonstrated a dose-dependent inhibi-
tion of 1,25-dihydroxyvitamin Ds-induced hypercal-
cemia, with a half-maximal effective dose (EDso) of
0.07 pg/kg and a 100% effective dose (EDjqg) of 1.4
pg/kg. In this assay, zoledronic acid was 850-fold more
potent than pamidronate and was the most potent com-
pound tested. Comparison of the in vivo TPTX rat data
with the in vitro calvaria model data (Table 1) [11]
showed a high correlation for all the bisphosphonates
tested (correlation coefficient of 0.97). This implies that
the hypocalcemic effect of bisphosphonates observed in
vivo in the TPTX rat is predominantly due to direct
inhibition of bone resorption rather than to any indirect
effects on calcium metabolism in the gastrointestinal
tract or kidney.

Because some of the earlier bisphosphonates have
been reported to impair bone mineralization when
administered at high therapeutic doses [67,68], the effect
of zoledronic acid and other bisphosphonates on bone
mineralization was studied in vitro in calvaria cultures
treated with calcium 1,2-glycerophosphate to promote

Table 1

calcium uptake [8]. All of the compounds tested inhib-
ited the incorporation of calcium into calvaria, with
ICsq values in the range of 10-100 uM in marked con-
trast to the 2000-fold range in 1Csq values for the inhibi-
tion of bone resorption in the calvaria assay stimulated
with 1,25-dihydroxyvitamin D3. This large dissociation
between inhibition of bone resorption and bone mineral-
ization indicates that zoledronic acid has a wide thera-
peutic ratio that allows it to inhibit bone resorption
without affecting bone mineralization.

4.2. Inhibition of bone resorption in growing rats

The in vivo effect of zoledronic acid was compared to
that of other bisphosphonates in two short-term experi-
ments with young, growing rats [11]. Treatment for 10
days with zoledronic acid or pamidronate via subcuta-
neous (SC) injection caused a dose-dependent increase
in the radiographic density of the proximal tibial
metaphysis; however, zoledronic acid was 230 times
more potent than pamidronate (EDs, values, 1.7 and
390 pg/kg, respectively) [11]. By contrast, etidronate
was ineffective at a dose of 3.2 mg/kg. In a subsequent
experiment, bisphosphonates were administered SC for
15 days, after which the distal femur was subjected to
chemical analysis. Again, zoledronic acid increased tra-
becular bone mass as measured by calcium content,
hydroxyproline content, and dry weight, and was 87—
150 times more potent than pamidronate [8]. In a de-
tailed histomorphometric analysis of bones from rats
treated for 10 days with zoledronic acid (0.028-2.8
ng/kg SC) or pamidronate (3.7-370 pg/kg SC), both
compounds suppressed cancellous bone turnover and
resorption in a dose-dependent manner [69]. Zoledronic
acid was 100-fold more potent than pamidronate and,
despite its higher antiresorptive potency, resulted in no
evidence of impaired bone mineralization.

4.3. Inhibition of ovariectomy-induced bone loss

Two long-term studies have further shown that zoled-
ronic acid effectively maintains bone mass, strength, and

Inhibition of vitamin D3-induced calcium release from mouse calvaria in vitro and hypercalcemia in the thyroid-parathyroidectomized (TPTX) rat

Compound Mouse calvaria

TPTX rat

Mean ICsy, ptM (no. of experiments)

Mean £ SEM EDs, png/kg (no. of experiments)

Zoledronic acid 0.002 (5)
Risedronate 0.01 (2)
Ibandronate 0.02 (3)
Alendronate 0.05 (2)
Pamidronate 0.2 (6)
Clodronate 0.4 (3)

0.072 +0.018 (7)
1.7+ 03 4)

14 %04 (5)
8.2+ 1.4 (3)

61 +7.5 (15)
1.200 + 300 (5)

1Cs, concentration of bisphosphonates in the culture medium required to inhibit 1,25-(OH), vitamin Ds-induced calcium release by 50%; SEM,
standard error of the mean; EDs, dose of bisphosphonate, given on 4 consecutive days subcutaneously, required to inhibit 1,25-(OH), vitamin Ds-
induced hypercalcemia by 50%. Adapted with permission from Green et al. [11].
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architecture in ovariectomized monkeys and rats [70-
75]. Long-term treatment of ovariectomized rats with
zoledronic acid at doses of 0.3, 1.5, or 7.5 pg/kg/week
for 52 weeks prevented the reduction in bone density
and maintained mechanical integrity of the femur and
lumbar vertebrae in a dose-dependent fashion [74,75].
Zoledronic acid also inhibited the urinary excretion of
deoxypyridinium crosslinks and normalized serum oste-
ocalcin, biochemical markers of bone resorption and
formation, respectively. Moreover, in a recent long-term
study with adult ovariectomized rats, a single IV injec-
tion of zoledronic acid dose-dependently prevented bone
loss and preserved bone strength for up to 8 months
(Fig. 4) [76]. The inhibition of ovariectomy-induced
bone loss by zoledronic acid in these animals has been
examined in more detail using high-resolution micro-
computed tomography [77], a technique that allows
the non-destructive quantitation of the three-dimen-
sional bone structure. In ovariectomized control animals
treated with saline, there was a significant loss of bone
characterized by a diminution of plate-like structures
and a transition to more slender, rod-like structures.
This bone loss was effectively counteracted in all parts
of the vertebral body by weekly low doses of zoledronic
acid (1.5 pg/kg) [74].

When ovariectomized adult rhesus monkeys were
treated with zoledronic acid (0.5, 2.5, or 12.5 ng/kg) by
SC injection weekly for 69 weeks, bone loss (as meas-
ured by dual-energy X-ray absorptiometry) was pre-
vented in a dose-dependent fashion [70]. Biochemical

Proximal tibia
trabecular area, %

Sham OVX 0.3 15 7.5

Dose, yg/kg/wk SC

markers of bone turnover, including serum osteocalcin,
skeletal alkaline phosphatase, and urinary N-telopeptide
and pyridinoline, were all suppressed by zoledronic acid.
Histomorphometric analyses of bone samples from
these animals confirmed the suppression of cancellous
and cortical bone turnover by zoledronic acid [71,72].
Treatment with zoledronic acid also reduced the poros-
ity of cortical bone, thus preserving bone density and
mechanical strength [72,73].

4.4. Inhibition of tumor-induced bone destruction and
antitumor effects

Injection of Walker carcinosarcoma 256 cells into the
rat is a well-characterized animal model of tumor-in-
duced osteolytic bone destruction in which the osteolysis
and associated hypercalcemia are mediated by parathy-
roid hormone-related protein synthesized by tumor cells
[78,79]. Although calcitonin and gallium nitrate were
able to rapidly normalize hypercalcemia, both were inef-
fective in preventing osteolysis [80]. In contrast, treat-
ment of tumor-bearing rats with zoledronic acid,
pamidronate, or ibandronate effectively inhibited tu-
mor-induced osteolysis and delayed hypercalcemia [80—
82]. Zoledronic acid was 1000-fold more potent than
pamidronate in this model.

Zoledronic acid has also been shown to inhibit pro-
gression of established bone metastases and develop-
ment of new bone metastases in two models of
breast cancer [83,84]. In nude mice injected with

Femur 3-point bending
test, maximum load (N)

- ¥

Sham OVX 0.3 1.5 75

Dose, yg/kg/wk SC

Fig. 4. Long-term treatment with zoledronic acid preserved trabecular bone and bone strength in adult ovariectomized (OVX) rats. SC,
subcutaneous. *P < .05; **P < .01; n = 16-20. Adapted with permission from Hornby et al. [75].
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MDA-MB-231 breast cancer cells, which form charac-
teristic osteolytic lesions, treatment with zoledronic
acid (0.2, 1.0, or 5.0 pg/day SC) for 10 consecutive
days beginning on day 23 after tumor cell injection
significantly reduced radiographic bone lesion area by
>80% compared with controls [83]. Ibandronate (1.0
pg/day) and alendronate (10 pg/day) resulted in non-
significant reductions in bone lesion area of 65% and
55%, respectively. These findings were confirmed using
highly sensitive in vivo imaging of MDA-MB-231 cells
genetically engineered to express a photon-emitting
protein. Administration of zoledronic acid from days
18 to 29 after tumor cell injection markedly inhibited
the progression of established osteolytic lesions [84].
In another murine model, treatment with IV zoled-
ronic acid (5 pg/day) for 7 days after injection of
4T1 murine mammary tumor cells (i.e., prevention set-
ting) markedly decreased the formation of new bone
metastases assessed at day 28 [83]. The observed de-
crease in radiographic lesion area was accompanied
by a concomitant increase in the number of apoptotic
osteoclasts and tumor cells in bone lesions. Similar
studies in a murine model of multiple myeloma have
demonstrated that zoledronic acid reduces osteolysis,
tumor burden and angiogenesis, with a concomitant
increase in survival [85]. These and a number of other
animal models of malignant bone disease have consist-
ently demonstrated the local antitumor activity of
N-BPs on bone metastases [7].

5. Conclusions

Bisphosphonates are highly effective inhibitors of
osteoclast-mediated bone resorption. Over the years
it has been demonstrated that changes in the chemical
structure of these compounds can profoundly affect
their potency and mechanism of action. For example,
the addition of a nitrogen atom significantly modifies
the mechanism of action, resulting in greater potency
and therapeutic ratio. An enzyme of the mevalonate
pathway has been identified as the molecular target
of N-BPs. Inhibition of FPP synthase activity inhibits
protein prenylation and can also lead to production of
the ATP analogue Apppl. As a result, N-BPs inhibit
osteoclast activity and induce osteoclast apoptosis.
Moreover, these effects extend to tumor cells growing
in bone, thereby explaining the observed antitumor
activity of bisphosphonates. Preclinical studies provide
a strong rationale for the clinical application of bis-
phosphonates for the treatment of both benign and
malignant bone diseases. In particular, zoledronic acid
is a highly potent, new-generation bisphosphonate that
has broad clinical activity in patients with bone metas-
tasis. Zoledronic acid has been shown to reduce the
incidence and to delay the onset of skeletal complica-

tions in patients with breast cancer, multiple myeloma,
prostate cancer, lung cancer, renal cancer, and other
solid tumors [12-15]. Zoledronic acid has also been
shown to inhibit bone loss associated with estrogen
and androgen suppression for the treatment of breast
or prostate cancer [86,87]. Low doses of zoledronic
acid have also been shown to inhibit bone loss in be-
nign bone diseases such as post-menopausal osteopo-
rosis [23] and Paget’s disease [88]. The evolution of
bisphosphonates has led to tremendous improvements
in their clinical activity, and ongoing studies continue
to investigate their clinical application in a number
of new indications.
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