CURRENT DRUG THERAPY

DONALD G. VIDT, MD, A N D A L A N BAKST, PHARMD, EDITORS

From bathtub ring to osteoporosis:
a clinical review of the bisphosphonates
A N G E L O A. LICATA, MD, PHD

T

HE

BACKGROUND Etidronate and pamidronate are bisphosphonates, a class of chemical compounds originally used to soften
hard water and prevent soap scum. Etidronate was serendipitously
found to abate calcification in a child with myositis ossificans
progressiva.
OBJECTIVE Review the basic pharmacology of these compounds, as well as clinical uses of the approved and nonapproved
forms.
DISCUSSION Etidronate is approved for the treatment of hypercalcemia, Paget's disease of bone, and ectopic calcification,
and has been used to treat hyperparathyroidism and
nephrolithiasis with limited success. Recently it has been used to
treat osteoporosis. Pamidronate is approved to treat hypercalcemia. These two drugs are the only bisphosphonates available in
the United States.
CONCLUSIONS Clinical trials with etidronate have aroused
widespread interest in the application of bisphosphonates to treat
osteoporosis. Many trials are underway to evaluate these new
drugs. More information will be available within the next 5 years.
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BISPHOSPHONATES

play a significant role in
the treatment of calcium
and skeletal disorders:
etidronate for hypercalcemia, ectopic calcification, and Paget's disease of bone, and pamidronate for
hypercalcemia. The greatest attention is now focused on the use of
these drugs to treat osteoporosis.
Clinical trials with etidronate
have aroused widespread interest
in the application of bisphosphonates to treat this common and
costly disorder. In this review, 1 discuss the basic pharmacology of
these compounds and use etidronate as the model for most of the
discussion. I then discuss some of
the clinical uses of the approved
and nonapproved forms. Extensive
reviews of the topic can be found
elsewhere.1,2
INTRODUCTION

Etidronate and pamidronate are
the only bisphosphonate drugs
marketed in the United States.
These are a class of chemical compounds that were originally
developed for the commercial sector as detergent additives to soften
hard water and to prevent soap
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scum.3'4 It was serendipitous that the original compound, etidronate, was used in a clinical setting
many years ago. The first patient was a child with
the life-threatening disease myositis ossificans
progressiva that was slowly impairing the respiratory
musculature because of ectopic calcification.1,3 After
treatment with etidronate, the calcification process
abated and muscle function became normal. Since
then, etidronate has been studied in a variety of
calcium disorders and finally approved for the treatment of hypercalcemia, Paget's disease of bone, and
ectopic calcification. It has also been used to treat
hyperparathyroidism and nephrolithiasis with
limited success, and recently it has been used to
treat osteoporosis. Pamidronate is approved to treat
hypercalcemia. Although only these two drugs are
available in the United States, many other analogs
are under study worldwide (Figure).
CHEMISTRY

The bisphosphonates are synthetic analogs of
pyrophosphate (Figure). Like pyrophosphate, they
have a high affinity for calcium phosphate crystal
(hydroxyapatite) of bone. A central carbon atom of
the bisphosphonate substitutes for the oxygen atom
of pyrophosphate. This minor change prevents rapid
hydrolysis of the drug by endogenous pyrophosphatase and thereby prolongs the pharmacological
activity. Substituents on this carbon atom produce
the unique compounds. The Ri groups (Figure) control the affinity of the molecule for hydroxyapatite,
whereas the R2 groups impart most of the pharmacological activity but can also affect adsorption
to bone due to stearic considerations.''3'4
PHARMACOLOGY

These drugs alter the rate of bone turnover. It was
originally thought that this activity arose from the
high affinity of the chemical compound for bone
mineral.5 It soon became apparent, however, that the
amount of drug adsorbed in vivo was too small to
accomplish this by mere adsorption to mineral binding sites. It is now accepted that alterations in the
number and activity of osteoclasts, or their precursors, account for the pharmacological activity. A
variety of effects are noted on cellular biochemistry
(Table 1). Stimulation and inhibition of critical cell
functions is seen when the drugs are studied in vitro.
Contradictory effects arise from differences in the in
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F I G U R E . Chemical structures of the clinical bisphosphonates.

vitro models, the doses used, and the idiosyncrasies
of the individual bisphosphonates.
Physicochemical interaction between these compounds and hydroxyapatite crystal was the original
explanation for their inhibition of bone resorption.5
In vivo, data have necessitated a réévaluation and
forced consideration of other explanations of activity. Most studies concentrate on impairment of
osteoclast function. Some studies emphasize effects
on immature precursors of osteoclasts, since these
require less drug to impair activity than the adult
cell.6 In tissue culture, bisphosphonates impair
resorption cavities in bone by altering the cytoskeleton of osteoclasts and inhibiting changes in
osteoclastic cell membrane required for bone resorption.7,8 Experiments with etidronate and clodronate
show an inhibition of osteoclastic development
from hematopoietic precursors.9 On the other hand,
pamidronate impairs in vitro bone formation.10
New avenues of investigation indicate that these
drugs may alter intracellular biochemical messengers. There is an emerging interest in the role
these drugs play in the production of macrophage
cytokines that control skeletal function. One important regulator is interleukin-1. This protein stimulates bone turnover and connective tissue metabolism, in addition to other actions.1'11 Some studies,
but not all, show that bisphosphonates impair the
production of interleukin-1 by macrophages.12,13

CLEVELAND CLINIC JOURNAL OF MEDICINE

285

BISPHOSPHONATES • LICATA

TABLE 1
CELLULAR EFFECTS OF BISPHOSPHONATES*
Cellular activity

Bisphosphonate effects

Glycogen synthesis
Fatty acid oxidation

+
+

Cartilage synthesis
Alkaline phosphatase production
Cell replication

+
+—
+—

Lactic acid production
Proteoglycan synthesis
Mitochondrial release of calcium
lnterleukin-1 effect
Lysosomal enzymes
Prostaglandin synthesis
Cyclic adenosine monophosphate production

+—
+—
+—
—
—
—
H—

* Adapted from reference 4
+, stimulated; - , inhibited

In summary, no single explanation fully describes
the mechanism of action of these drugs in vivo.
Contradictory results occur because each drug has
unique actions in different experimental systems.

Paget's disease with etidronate if the dose and duration are excessive. Daily doses of 20 mg/kg body
weight for only 4 weeks induce a mineralization
defect that persists up to 10 weeks after discontinuing the drug.16 Uninterrupted use for 18 to 30
months causes fractures in normal bone.17 Lower
doses of 5 to 8 mg/kg body weight daily for 6 months
cause scattered areas of osteomalacia.18 Partial
amelioration of this effect occurs with the concomitant use of analogs of vitamin D.19 In experimental studies in dogs, parenteral administration of etidronate in doses of 2 mg/kg body weight
inhibits mineralization of tissue ingrowth into cementless skeletal prostheses.20 This inhibition of
skeletal growth formation is of much greater concern with etidronate than with the second-generation bisphosphonates. For example, pamidronate
causes a 50% reduction in bone mineral growth at a
dose that is 50 times greater than the one used to
inhibit bone resorption.2 Thus, the second-generation bisphosphonates are less likely to impair bone
mineralization at therapeutic doses.

HUMAN PHARMACOLOGY

MEDICAL THERAPY

A consistent finding with all bisphosphonates is
their poor absorption from the gastrointestinal tract.
Under optimal conditions, the average absorption
of pamidronate, etidronate, and clodronate is 0.2%
to 1.0% in the rat, 1% to 9% in the dog, and 1% to
2% in humans.1,2,14 The presence of food or calcium
in the intestine further impairs absorption. The circulating half-life is short because skeletal uptake is
rapid.1 Urinary excretion ranges from one third to
one half of an absorbed dose.1 Retention in the
skeleton is very long.
Effects on serum calcium and phosphorus occur
as well. Some of these drugs can cause hypocalcemia, but the magnitude is a function of the individual drug. This effect is exploited to treat malignant hypercalcemia (see below). The drugs enhance
renal tubular reabsorption of phosphorus and secondarily increase serum phosphorus.15 The duration
and magnitude of this effect vary with the degree of
secondary hyperparathyroidism generated by the individual drug.15
The long residence time of bisphosphonates in
bone is a concern, since prolonged inhibition of
osteoclast function eventually turns off bone formation and causes a mineralization defect (ie, osteomalacia). This effect is seen in the treatment of

Both pamidronate and etidronate are approved
to treat hypercalcemia. Etidronate is also approved
to treat Paget's disease of bone. The nonapproved
uses of bisphosphonates are extensive. The most
promising application of these agents is to treat
osteoporosis. The following sections cover the application of these drugs in the treatment of hyperparathyroidism, nephrolithiasis, ectopic calcification, and osteoporosis as well as Paget's disease of
bone and hypercalcemia.
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Paget's disease of bone
Paget's disease is the most common problem for
which the bisphosphonates are used. Almost all the
agents listed have been used to treat Paget's disease
in a variety of clinical studies around the world.
Etidronate was originally prescribed in oral doses
from 5 to 20 mg/kg body weight daily for a 6-month
period alternating with a 6-month drug-free
period.21"23 Up to 60% of patients respond to this
treatment. Forty percent have a prolonged response
to a single treatment cycle. About 15% may be
resistant. Resistant patients require maximal doses
of drugs. Characteristically, these patients have
serum alkaline phosphatase levels six times normal
and urinary hydroxyproline levels 10 times normal.
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Doses greater than 10 mg/kg body weight daily impair bone mineralization and cause fractures and
bone pain.23 The other bisphosphonates have also
been studied in this disorder. A total dose of 50 mg
of alendronate given as five daily infusions suppresses serum alkaline phosphate 75% and urinary
hydroxyproline 45% within 4 weeks of the initial
dose and maintains a serum alkaline phosphatase
level of about 50% of pretreatment values for up to
6 months.24 Oral doses of pamidronate (500 mg
daily) for 4 to 12 months and intravenous doses (20
mg daily) for 10 days produce clinical remission in
about 91% of patients.25'26 A single intravenous
dose of 60 mg has sustained effects on disease activity for about a year, and lower doses of 15 to 45
mg daily induce varying degrees of remission.26,27
Pamidronate may be useful to treat cases of Paget's
disease resistant to other therapies.28 Clodronate
also shows efficacy in controlling the disease at oral
doses of 1600 mg daily.29
Hyperparathyroidism
Since these drugs impair bone resorption and
skeletal turnover, it was logical to investigate their
efficacy in treatment of hypercalcemia caused by
hyperparathyroidism. The results, however, have
been disappointing.
Etidronate and clodronate decrease urinary
hydroxyproline and calcium in hyperparathyroid
patients, but the drugs don't affect serum calcium or
parathyroid hormone secretion.29,30 The lack of effect on serum calcium implied that renal tubular
reabsorption of calcium promoted by parathyroid
hormone was the major cause of hypercalcemia and
not skeletal resorption. Bisphosphonates do not affect renal tubular handling of calcium and therefore
would have little effect on the serum calcium level
in this circumstance. Although not proven, it is a
rational expectation that these agents might control
skeletal pain in cases where bone pain may exist.
Hypercalcemia
All bisphosphonates are theoretically capable of
controlling acute hypercalcemia caused by malignancy, since this disorder generally arises from rapid
skeletal destruction. However, there may be a component of hypercalcemia related to renal tubular
reabsorption for which bisphosphonates are not effective.31 Intravenous infusions of etidronate for 1 to
4 days at a dose of 7.5 mg/kg body weight control
hypercalcemia within a week of administration.
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Response rates are 63% to 73%.32,33 A single 60-mg
dose of pamidronate achieves a similar effect.34 Oral
and intravenous doses of clodronate have also been
used.29'35 Clodronate and etidronate produce normocalcemia within 10 days. Clodronate produced a
more rapid rate of fall in serum calcium at 3 days
than etidronate.35 A study comparing pamidronate
and etidronate showed similar reductions in serum
calcium, but a larger number of patients responded
to pamidronate (70%) than to etidronate (41%).36
Some studies, but not all, indicate that oral
etidronate can maintain normocalcemia after the
acute hypercalcemia is controlled.37"39
Nephrolithiasis
Bisphosphonates inhibit the in vitro crystallization of calcium phosphate and calcium hexalate,
constituents of renal stones.40,41 Daily etidronate
doses of 5 to 20 mg/kg body weight inhibit calcium
phosphate crystalluria in patients.42 Other studies
show that administration of etidronate decreases the
size of urinary calcium oxalate crystals but increases
the total urinary concentration of oxalate.43
Placebo-controlled studies show a decrease in stone
events from 2.4 to 0.2 per year.44 Doses of 10 to 20
mg/kg body weight were used for 1 to 12 months.
Abnormalities in skeletal mineralization were noted
in a study.45 This adverse effect limits the use of
etidronate in the treatment of stone disease. There
are no data regarding the efficacy or side effects of
the other bisphosphonates.
Ectopic calcification
Myositis ossificans progressiva is a rare, dominantly inherited disorder which involves skeletal malformation, calcification of muscle, tendons, connective
tissue, ligaments, and joint capsules.46,47 Ectopic calcification may arise spontaneously or from traumatic
events. Etidronate has been used in a limited number
of patients with this problem, but these observations
are from anecdotal, uncontrolled studies.48"50
Generally, a large dose is employed (ie, up to 20
mg/kg body weight daily) but evidence of mineralization defect is seen.51,52 This finding limits the use of
etidronate. The second-generation drugs may be less
toxic to bone, but this would involve another
mechanism which has not been elaborated.
Osteoporosis
Treating osteoporosis is the latest therapeutic application of the bisphosphonates. Two major studies,
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TABLE 2
EFFECT OF BISPHOSPHONATES ON SPINAL BONE MINERAL DENSITY (BMD)
IN POSTMENOPAUSAL OSTEOPOROTIC WOMEN
Patients
enrolled
in study

Study
design

Treatment
duration
(years)

Percent
change in B M D
at end of study

Percent change
in B M D
per year

Reference

Drug

53

Etidronate

66

Placebo-controlled,
blinded, randomized,
two groups

2.8

5.3
(at end of study
n = 20)

1.9

54

Etidronate

423

Placebo-controlled,
randomized, blinded,
four groups

2

4.2 to 5.2

2.1 to 2.6

55

Pamidronate

24

Not randomized,
no controls

1.4 to 6.2

6.8 ± 1 . 7

3.0

58

Pamidronate

35

1.5

7.5 ± 1.4

5.0

59

Pamidronate

18

Not randomized,
not blinded,
no controls
Not randomized,
not blinded,
no controls

3 to 5

2.4
(at end of 2 years)

1.2

60

Etidronate

47

2

15.7 ± 1 . 7

7.8

Not blinded,
not randomized

one in Europe and the other in the United States,
have shown a beneficial effect of etidronate in the
treatment of osteoporosis.53,54 In the European
protocol, etidronate was given for 14 days every 15
weeks.53 In the United States protocol, etidronate
was given with or without a stimulator of bone metabolism.54 Etidronate was superior to placebo in
decreasing fractures53 and increasing bone density.53,54
A number of scientific concerns about these
studies have been expressed, but the greatest concern from a clinical point of view is the long-term
effect of the drug on bone formation and fracture
rate. However, bone biopsy studies of patients
treated with cyclic etidronate for 5 to 7 years
showed no significant effect of the drug on bone
formation.56 Pharmacokinetic studies show that the
amount of etidronate that is theoretically retained
in the skeleton of human subjects or experimental
animals with this cyclical therapy would be distributed to a small fraction of the active remodeling
surface of the bone and, therefore, would not totally
suppress bone formation.57
A comparison of the effects of several bisphosphonates on mineral density of osteoporotic
patients is noted in Table 2. Increased mineral density is achieved with all bisphosphonates studied.
The increases range from 1.2% to 7.8% per year.
Study designs are variable. The number of par-
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ticipants in each study, except for one protocol, is
small. Not all studies assess fracture reduction,
which makes it difficult to compare efficacy.
Another use of these agents is to prevent osteoporosis. Experimental studies with alendronate,
etidronate, and risedronate show suppression of
bone loss in ovariectomized animals.61"63 Alendronate was used every 2 weeks for a year and
risedronate was used for 1 of every 4 weeks for about
a year.
In postmenopausal women, tiludronate prevents
bone loss. A 6-month, double-blinded, randomized
trial with 100 mg per day preserves skeletal lumbar
mass. This effect persisted for an additional 6
months after treatment was stopped.64 Women
treated for arteritis with prednisone had no spinal
bone loss when given cyclical etidronate concurrently with the steroid.65 Pamidronate (150 mg
daily) and calcium (1 g daily) prevented steroid-induced cortical bone loss.66 Hence, these drugs may
well become ancillary therapy in the long-term use
of glucocorticoids.
ADVERSE EFFECTS

It is difficult to make a generic statement about
the toxicity of this drug class because the uniqueness
of each compound brings forth idiosyncratic side
effects.67 Etidronate has been generally well
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tolerated. The major complaints have been
gastrointestinal—dyspepsia, diarrhea, bloating, and
spasm. Renal dysfunction is a concern when these
drugs are given intravenously for the treatment of
hypercalcemia. Administration over 2 or more
hours avoids this concern. Efficacy is not a function
of the duration of administration. For example,
pamidronate is equally effective whether given over
2 or 24 hours.68 The long-term use of etidronate
causes mineralization defects (see sections on pharmacology and therapy). The second-generation
agents do not lead to this problem because the
therapeutic doses used to treat high bone turnover
are much smaller than the doses causing mineralization changes. A peculiar side effect is hyperpyrexia.
It develops only after the first dose of one of the
amino-R2-group compounds and disappears with
subsequent usage. The release of mononuclear
cytokines may account for this.67
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SUMMARY

The bisphosphonates enjoy a significant place in
the treatment of calcium and skeletal disorders. Use
of etidronate in the management of hypercalcemia,
ectopic calcification, and Paget's disease of bone is
well established. Pamidronate is approved to treat
hypercalcemia and undoubtedly will be evaluated
and approved to treat Paget's disease. The greatest
attention is now focused on the use of these drugs to
treat osteoporosis. The clinical trials with etidronate
are a historical milestone in the field of osteoporosis.
They have aroused widespread interest in the application of bisphosphonates to treat this common
and costly disorder. The etidronate trials are a model
for all studies with the second- generation agents.
Accordingly, many trials are underway to evaluate
these new drugs. More information will be available
within the next 5 years.
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