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Bisphosphonates (BPs) are synthetic compounds that
have high affinity for calcium crystals, concentrate selec-
tively in the skeleton, and decrease bone resorption. The
first BP was synthesized in the 19th century but their
relevance to medicine was recognized in the 1960s, and
they were first given to patients with osteoporosis in the
early 1970s. Currently, alendronate, ibandronate, risedro-
nate, and zoledronate are approved for the treatment of
osteoporosis worldwide while other BPs are also avail-
able in some countries.

PHARMACOLOGY

BPs are synthetic analogs of inorganic pyrophosphate in
which the oxygen atom that connects the two phos-
phates is replaced by a carbon (Fig. 49.1). This substitu-
tion renders BPs resistant to biological degradation and
suitable for clinical use. BPs have two additional side
chains (R1 and R2) that allow the synthesis of a large
number of analogs with different pharmacological prop-
erties (Fig. 49.1). A hydroxyl substitution at R1 enhances
the affinity of BPs for calcium crystals, while the pres-
ence of a nitrogen atom in R2 enhances their potency and
determines their mechanism of action. The whole mol-
ecule is responsible for the action of BPs on bone resorp-
tion and probably also for their affinity for bone mineral
(1, 2].

The intestinal absorption of BPs is poor (less than 1%)
and decreases further in the presence of food, calcium, or
other minerals that bind them. Oral BPs should be given
in the fasting state 30 to 60 minutes before meals, with
water. BPs are cleared rapidly from the circulation; about
50% of the administered dose concentrates in the skel-
eton, primarily at active remodeling sites, while the rest
is excreted unmetabolized in urine. Skeletal uptake
depends on the rate of bone turnover, renal function, as
well as on the structure of BPs [3]. The capacity of the
skeleton to retain BP is large, and saturation of binding
sites with the doses used in the treatment of osteoporosis
is unlikely even if these are given for a very long time.
At the bone surface, BPs inhibit bone resorption and are
subsequently embedded in bone where they remain for
long and are pharmacologically inactive. The elimination
of BPs from the body is multiexponential; the calculated
terminal half-life of elimination from the skeleton can
be as long as 10 years, and pamidronate has been detected
in urines of patients for up to 8 years after discontinua-
tion of treatment. This slow release of the BP from the
skeleton is probably responsible for the slow speed of
reversal of the effect of BPs on bone following cessation
of treatment, which is different from that of all other
antiosteoporotic treatments. The rate of reversal of the
effect may be different among BPs depending on their
pharmacological properties, particularly their affinity for
bone mineral, but no head-to-head studies have addressed
this issue in humans.
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Fig. 49.1. Left panel: Structure of pyrophosphate and geminal bisphosphonates. Right panel: Structures of clinically used bisphos-

phonates (acid forms are depicted).

The decrease of bone resorption by BPs is followed by
a slower decrease in the rate of bone formation, due to
the coupling of the two processes, so that a new steady
state at a lower rate of bone turnover is reached 3 to 6
months after the start of treatment. This level of bone
turnover remains constant during the whole period of
treatment, demonstrating that the accumulation of BP in
the skeleton is not associated with a cumulative effect on
bone turnover. In addition to decreasing the rate of bone
turnover to premenopausal levels, BPs maintain or may
improve trabecular and cortical architecture, improve the
hypomineralization of osteoporotic bone, increase areal
mineral density and may reduce the rate of osteocyte
apoptosis. The relevant clinical outcome of these actions
is the decrease of the risk of fractures (Fig. 49.2).

At the cellular level BPs inhibit the activity of osteo-
clasts [1, 4]. BPs bound to bone hydroxyapatite are
released in the acidic environment of the resorption
lacunae under the osteoclasts and are taken up by them.
BPs without a nitrogen atom in their molecule (Fig. 49.1)
incorporate into ATP and generate metabolites that
induce osteoclast apoptosis. Nitrogen-containing BPs

(N-BPs) induce changes in the cytoskeleton of osteoclasts
leading to their inactivation and potentially apoptosis.
This action is mainly the result of inhibition of farnesyl
pyrophosphate synthase (FPPS), an enzyme of the meva-
lonate biosynthetic pathway. FPPS is responsible for the
formation of isoprenoid metabolites required for the pre-
nylation of small GTPases that are important for cyto-
skeletal integrity and function of osteoclasts. There is a
close relation between the degree of inhibition of FPPS
and the antiresorptive potencies of N-BPs. In addition,
the inhibition of FPPS by N-BPs leads to accumulation
of IPP, a metabolite immediately upstream of FPPS,
which reacts with adenosine monophosphate (AMP)
leading to the production of a new metabolite which
induces osteoclast apoptosis.

ANTIFRACTURE EFFICACY

All BPs given daily in adequate doses reduce significantly
the risk of vertebral fractures by 35 to 65 % (Fig. 49.3)
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Fig. 49.2. Schematic presentation of effects of bisphosphonates on bone metabolism and strength in osteoporosis.
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Fig. 49.3. Incidence of fractures in patients with osteoporosis
treated with daily oral placebo (open bars) or bisphosphonate
(closed bars) after 3 years. PAM = pamidronate (Ref. 5); RIS
1 = risedronate (VERT multinational study; Ref, 9); CLO = clo-
dronate (Ref. 11); RIS 2 = risedronate (VERT North America
study; Ref. 8); ALN 1 = alendronate (FIT 1 study; Ref. 6);
IBN = ibandronate (BONE study; Ref, 10); ALN 2 = alendronate
(FIT 2 study; Ref. 7).

[5-11]. Also illustrated in Fig. 49.3 are the large differ-
ences in the incidence of fractures among placebo-treated
patients. Results, therefore, of different clinical trials
should not be used to compare efficacy of individual BPs.
For that, head-to-head studies are needed, but these are
not available. The overall efficacy and consistency of
daily BPs in reducing the risk of vertebral fractures has
been demonstrated by meta-analyses of randomized con-
trolled trials (RCTs) for alendronate and risedronate [12—
14]. In studies in which radiographs were taken annually

(e.g., the Vertebral Efficacy with Risedronate Therapy
(VERT) study with risedronate), the effect of the BP in
reducing the risk of vertebral fractures was already
evident after 1 year, demonstrating rapid protection of
skeletal integrity. This was also shown for moderate and
severe vertebral fractures with ibandronate [15] and for
clinical vertebral fractures with alendronate [16]. A post
hoc analysis of risedronate trials reported a significant
reduction in clinical vertebral fractures as early as 6
months after the start of treatment [17].

The efficacy of daily oral BPs in reducing the risk of
nonvertebral fractures was explored in a number of RCTs.
It should be noted that definitions and adjudication pro-
cedures of nonvertebral fractures were different among
clinical trials. A meta-analysis of the Cochrane Collabo-
ration reported an overall reduction of the risk of non-
vertebral fractures in women with osteoporosis of 23%
(RR 0.77; 95% CI 0.74-0.94) with alendronate and 20%
(RR 0.80; 95% CI 0.72-0.90) with risedronate [13, 14].
The corresponding risk reductions for hip fractures were
53% (RR 0.47; 95% CI 0.26-0.85) with alendronate and
26% (RR 0.74; 95% CI 0.59-0.94%) with risedronate.
These estimates are in agreement with earlier published
meta-analyses [18, 19]. With daily ibandronate, a reduc-
tion (69%) in the risk of nonvertebral fractures was
reported in a population at high risk [femoral neck bone
mineral density (BMD) below —-3.0] by post hoc analysis
[10]. As with vertebral fractures, the effect of BPs on
nonvertebral fractures occurs early after the start of
treatment.

Daily administration of BPs, though highly efficacious,
is inconvenient and may also be associated with gastro-
intestinal adverse effects. These reduce adherence to
treatment and can diminish the therapeutic response
[20,21]. To overcome both these problems, once-weekly



formulations, the sum of seven daily doses, have been
developed for alendronate and risedronate, and were
shown to significantly improve patient adherence to
treatment while sustaining the same pharmacodynamic
response as the daily treatment [22, 23]. A once-weekly
slow-release formulation of risedronate that can be
administered after breakfast is also available. Daily and
weekly BPs are pharmacologically equivalent and should
be considered as continuous administration while the
term “intermittent” or “cyclical administration” should
be reserved for treatments with drug-free intervals longer
than 2 weeks [3].

Intermittent administration of BPs

Results of early attempts to give bisphosphonates inter-
mittently to patients with osteoporosis were equivocal
but a meta-analysis of studies with cyclical etidronate
showed a significant reduction in the risk of vertebral, but
not nonvertebral, fractures [24]. The efficacy of intermit-
tent administration of N-BPs was explored in studies
with ibandronate, which indicated that dose and dosing
intervals are important determinants of the response to
intermittent BP therapy, which in turn depends on the
safety and tolerability of the administered dose [25]. An
oral ibandronate preparation given once monthly and
an intravenous preparation given once every 3 months,
providing higher cumulative doses than the daily regimen,
were developed and were shown to significantly increase
BMD and reduce the risk of nonvertebral fractures by
38% compared to the oral daily dose [26, 27]. A once-
monthly oral preparation of risedronate is also available.

The efficacy of intermittent administration of zoledro-
nate, the most potent N-BP, in reducing the risk of osteo-
porotic fractures was examined in the Health Outcomes
and Reduced Incidence with Zoledronic Acid Once
Yearly (HORIZON) trial, in which postmenopausal
women with osteoporosis were randomized to receive
15-minute infusions of zoledronate 5 mg or placebo once-
yearly [28]. Compared to placebo, zoledronate reduced
the incidence of vertebral fractures by 70%, hip fractures
by 41%, and nonvertebral fractures by 25% after 3 years.
The effect of zoledronate on vertebral fractures was
already significant at 1 year. In a second controlled study
[29], zoledronate infusions given within 90 days after
surgical repair of a hip fracture decreased significantly
the rate of new clinical fractures by 35% and improved
patient survival (28% reduction in all-cause mortality).
Epidemiological studies reported also survival benefits in
patients treated with oral BPs [30-32].

LONG-TERM EFFECTS ON BONE FRAGILITY

Skeletal fragility on long-term BP therapy has been exam-
ined in extensions of four clinical trials for 6 to 10 years
[33-36]. None of these extension studies were specifi-
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cally designed to assess antifracture efficacy; rather,
safety and efficacy of surrogate end points, as well as the
consistency of the effect of BPs over longer periods, were
evaluated. In all four studies, the incidence of nonverte-
bral fractures was constant with time. In the extension
of the FIT (Fracture Intervention Trial) (FLEX), patients
who received on average alendronate for 5 years were
randomized to placebo, alendronate 5 mg/day or alendro-
nate 10mg/day, and were followed for another 5 years
[35]. Continuation of alendronate treatment led to further
increases in BMD of the spine and stabilization of that
of the hip, whereas there was a slow progressive decrease
of the total hip BMD in patients who received a placebo
during the extension. At the end of the 10-year observa-
tion period, the incidence of nonvertebral and hip frac-
tures in the ALN/PBO group was similar to that of the
ALN/ALN groups. In addition, the incidence of clinical
vertebral fractures was lower in the ALN/ALN groups
compared to the ALN/PBO group (2% vs 5 %). In a post
hoc analysis, women who entered the extension with a
femoral neck BMD T-score below —2.5 BMD and no ver-
tebral fractures and continued treatment with alendro-
nate showed a significant reduction in the risk of
nonvertebral fractures during the 5-year extension. These
results suggest that alendronate treatment should be con-
tinued in patients at high risk whereas discontinuation
of treatment after 5 years may be considered in patients
with lower fracture risk. Similar BMD and fracture data
were recently reported in the extension of the HORIZON
trial in which patients treated with zoledronate for 3
years were randomized to 3 additional years of zoledro-
nate or placebo [36].

SPECIAL ISSUES RELATED TO TREATMENT
OF OSTEOPOROSIS WITH
BISPHOSPHONATES

Excessive suppression of bone remodeling

There have been concerns that the long-term decrease of
bone remodeling by BPs may compromise bone integrity
leading to increased bone fragility. Numerous studies in
different animal models with N-BPs given at a wide range
of doses and time intervals have consistently shown pres-
ervation or improvement of bone strength. In only one
study with high doses of clodronate given to healthy dogs
an increase in fracture incidence has been reported.
Earlier reports of potential compromise of the biome-
chanical competence of bone due to increases in micro-
damage accumulation in bone biopsies of healthy dogs
treated with high BP doses were not substantiated by
later animal and human studies [37, 38]. In human con-
trolled studies of osteoporosis, the incidence of nonver-
tebral fractures was not increased with long-term therapy.
and bone turnover markers increased after cessation of
treatment, which indicated metabolically active bone. In
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addition, an analysis of the FIT data showed that higher
decreases of bone turnover were associated with larger
decreases in the incidence of nonvertebral and hip frac-
tures [39], a finding supported by the above-mentioned
analysis of the ibandronate studies. Moreover, in studies
of patients treated with BPs followed by treatment with
teriparatide, early significant increases in bone markers
have been reported, indicating that BP-treated bone can
readily respond to stimuli [40]. This conclusion is further
supported by a study of zoledronate treatment of patients
previously treated with alendronate, which showed that
alendronate-treated bone reacted normally to an acute BP
load, as provided by zoledronate, indicating that meta-
bolic activity was preserved [41].

Atypical fractures of the femur

In recent years there has been growing concern about
the potential relationship between unusual low-energy
subtrochanteric/diaphyseal femoral fractures, termed
atypical, and long-term use of BPs. Atypical fractures
of the femur are often preceded by prodromal pain, can
be bilateral and healing may be delayed (Fig. 49.4). Cri-
teria for the identification and diagnosis of atypical
fractures of the femur have been proposed by a Task
Force of the ASBMR [42]. These fractures are rare, about
1% of all femoral fractures, and occur more frequently
in patients treated with BPs than in untreated patients
[43, 44]. However, a causal association between BPs
and atypical fractures has not been established but
appears that the risk rises with increasing duration of

€xposure.

Osteonecrosis of the jaw

Osteonecrosis of the jaw (ONJ) is defined as exposed bone
in the mandible, maxilla, or both that persists for at least
8 weeks in the absence of previous irradiation or metas-
tases in the jaw. It has been reported mainly in patients
with malignant diseases receiving high intravenous doses
of BPs. The background incidence in the population and
its pathogenesis are poorly defined, and a causal relation
with BPs has not been established. In patients with osteo-
porosis treated with BPs, ONJ is rare; an incidence
between 1:10,000 and <1:100,000 patient-years has been
estimated, and appears to increase with duration of treat-
ment [45-47]. In the two clinical trials of yearly infusions
of zoledronate up to 3 years, two adjudicated cases of
ONJ were reported among 9,892 patients with osteopo-
rosis, one in the placebo-treated group and one in the
zoledronate-treated group after 3 years [28, 29].

Adverse effects

BPs are relatively safe compounds, and their benefits
outweigh their potential risks [48]. Specific adverse
effects related to the use of BPs in osteoporosis include
gastrointestinal toxicity associated with the oral, par-
ticularly daily, use of N-BPs and symptoms related to an
acute phase reaction, mainly after first exposure to intra-
venous N-BPs. Gastrointestinal toxicity appears to be
higher with generic preparations of oral BPs, of which
many are currently available, resulting in significantly
poorer adherence and effectiveness [49]. Case reports
have suggested a relationship between oral N-BP treat-

Fig. 49.4. Bilateral atypical fractures of the
femur of a patient with rheumatoid arthritis
on long-term treatment with alendronate
and prednisone. Adapted from Somford MP,
Draijer FW, Thomassen BJ, Chavassieux
PM, Boivin G, Papapoulos SE. 2009. Bilateral
fractures of the femur diaphysis in a patient
with rheumatoid arthritis on long-term
treatment with alendronate: clues to the
mechanism of increased bone fragility.]
Bone Miner Res 24: 1736-40.



ment and esophageal cancer. This was not confirmed in
analyses of large databases, but a reduction in the inci-
dence of gastric and colon cancer was recently reported
in alendronate users [31, 50]. The kidney is the principal
route of BP elimination, and BP use is contraindicated in
patients with severely impaired renal function. Renal
toxicity of intravenous BP is not a concern, provided that
the indications for treatment and instructions for admin-
istration are closely followed. A significant increase in
the incidence of atrial fibrillation, reported as a serious
adverse event, was observed in one [28], but not in
another, study [29] of patients receiving zoledronate com-
pared to those receiving a placebo. A biological explana-
tion for this effect is not apparent and further analyses
of clinical trials with alendronate, ibandronate, and rise-
dronate did not confirm such association.

CONCLUSIONS

BPs, because of their efficacy, safety, and ease of admin-
istration, are generally accepted as first-line therapy for
osteoporosis. Selection of a BP for the treatment of an
individual patient should be based on review of efficacy
data, risk profile of the BP, and values and preferences of
the patient. Despite progress in our understanding of the
anti-fracture action of BPs and their long-term effects on
bone, there are still questions that remain to be addressed.
These include potential, clinically relevant, differences
among BPs, optimal selection of patients for treatment
and duration of use and their use in combination with
bone-forming agents.
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