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SCENARIO

Over the past 15 years or so, there has been a
surge in interest about osteoporosis. Evidence
for this can been seen in newspapers, maga-
zines, books, and television talk shows, or heard
on the radio. The scientific community has re-
sponded to this increased awareness. For ex-
ample, a growing number of scientists are at-
tending conferences related to osteoporosis or
other aspects of bone biology. With an aging
population fortified by the ‘‘baby-boomers,’’ there
is a growing citizenry who want to maintain
their skeletal integrity in order to remain ac-
tive. The pharmaceutical industry has also re-
sponded to this scenario and is accelerating
research in this area in order to deliver an
increasing number of safe and effective thera-
pies. The market for osteoporosis related drugs
has grown remarkably from just under $1.0
billion several years ago to over $2.5 billion in
1998. Moreover, this market is projected to
exceed $8.5 billion by $2005 and $12.0 billion
by 2010. Thus, two major driving forces are in
place to fuel the expansion of osteoporosis-
related research in the pharmaceutical indus-
try: a significant unmet medical need and busi-
ness opportunity.

POTENTIAL TARGETS

Bone is in a continuous state of flux. It has
remarkable capacities to respond to both inter-
nal and external signals in order to maintain
its integrity, as well as to react to metabolic
demands like the maintenance of constant se-
rum calcium levels. The simplest way to de-
scribe this process of ‘‘bone remodeling’’ is to
state that the activities of the osteoblast (or
bone-forming cell) and the osteoclast (or bone

resorbing cell) are ‘‘coupled’’ to each other and
therefore kept in balance [Silverberg and Lind-
say, 1987]. We know that bone remodeling is an
ongoing process and results in a continuous
resorption of mineralized matrix with the sub-
sequent replacement of lost bone at numerous
skeletal sites. Under normal physiological con-
ditions, the amount of new calcified matrix that
is produced by the osteoblasts is equal to the
amount of bone that is resorbed by the osteo-
clast. However, at a point after peak bone mass
has been achieved, and this temporal location is
debatable but is thought to occur sometime
during the third or fourth decades of life, forma-
tion begins to lag behind resorption and this
results in a net loss of bone mass. In fact, as an
individual proceeds past middle age, the amount
of bone mass that is lost averages approxi-
mately 0.5–1.0% of the total skeletal mass per
year [Dempster and Lindsay, 1993]. Thus, the
peak bone mass that an individual achieves in
the second or third decade of life is a major
determinant for the subsequent development of
osteopenia and osteoporosis in the sixth or sev-
enth decade of life.

Many factors appear to have an effect on the
attainment of peak bone mass and its subse-
quent maintenance: these include race, family
history, hormonal status, exercise, alcohol con-
sumption, smoking and corticosteroid use [East-
ell, 1998]. Postmenopausal osteopenia and os-
teoporosis have received a great deal of attention
over the past decade, even though it was first
described almost 60 years ago by Fuller Al-
bright in 1941 [Albright et al., 1941]. Unlike
men, whose peak bone mass is higher and whose
overall rate of bone loss is slower, women attain
a lower peak bone mass and lose bone mass at
an accelerated rate—especially during the first
5 years after menopause as a result of estrogen
insufficiency. This reduction in bone mass may
eventually lead to a point where the fracture
threshold at weight-bearing skeletal sites is
exceeded, which results in an increased frac-
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ture risk. Postmenopausal women have become
a focus of the pharmaceutical industry due to
the rising medical costs associated with the
treatment of fractures in this rapidly enlarging
population. This type of osteoporosis (type I) is
associated primarily with ovarian (or testicu-
lar) insufficiency and results in increased bone
resorption. Type I osteoporosis differs from type
II (or senile) osteoporosis, since the later is due
primarily to a reduction in bone formation ca-
pacity as a result of decreased osteoblast num-
ber and/or activity. Type II osteoporosis is a
consequence of the aging process, where a small
but continuous loss of mass occurs over time
and may eventually result in a fracture [Riggs
and Melton, 1986].

The underlying mechanisms associated with
alterations in bone metabolism with age re-
main unknown. Besides the obvious notion that
it is a natural part of the aging process, we do
not fully understand the physiologic process
associated with the change resulting in bone
mass loss. Numerous studies have been per-
formed preclinically and in the clinic in an
effort to begin to understand the etiology of
osteoporosis. From the perspective of the phar-
maceutical industry, the complexity of bone
physiology makes it essentially impossible to
identify a single receptor, enzyme or hormone
as a target to regulate the bone remodeling
process. Instead, this complexity provides an
abundance of potential targets. Without ques-
tion, the selection of safe and efficacious drug
targets is the primary challenge with which the
industry is faced today.

In choosing a potential drug target for osteo-
porosis, a number of questions must be consid-
ered. For example, where in the scheme of bone
remodeling should drug intervention be tar-
geted, and what is the rationale for this deci-
sion? The available information on the regula-
tion of osteoblast and osteoclast function is
massive. Name a hormone, growth factor, or
cytokine and chances are that it most likely has
already been described as playing some func-
tion in bone physiology. Moreover, unlike the
reproductive system, where hormonal changes
result in rapid and dramatic modifications on a
monthly basis, the effects of hormones on the
skeleton are more subtle and require much
longer periods of time. The delicacy of these
responses on the bone remodeling process is
certainly appropriate from a biological point of
view, since extreme fluctuations would gener-

ate unwarranted alterations in skeletal homeo-
stasis. However, these subtleties also create a
difficult problem to surmount when attempting
to select a pharmacologic target to modulate.

WHAT IS NEEDED? WHAT IS KNOWN?
WHAT IS OBVIOUS?

What is needed for the treatment of osteopo-
rosis is not a particularly difficult concept to
understand. Therapies must either prevent the
loss of bone in the case of antiresorbers or, if
this loss has already occurred, they need to be
able to stimulate new bone formation which
occurs with osteogenic or anabolic agents. With
everything that has been learned about the
function of the osteoblast and osteoclast, along
with their bone marrow precursors, this does
not seem like it should be a difficult task. Yet,
with all the therapies that are currently avail-
able, none of them completely solves the prob-
lem. So the question becomes, what is the situa-
tion that requires pharmacologic intervention?
As we age, our bones begin to lose mass, and at
some point, if enough mass is lost, they frac-
ture. Fractures occur most commonly at the
wrist, hip or spine, with the later two resulting
in significant medical costs and, in fact, alarm-
ingly high rates of morbidity and mortality
[Peck et al., 1988]. The type of treatment that is
appropriate, depends upon when a patient en-
ters therapy and, perhaps, the patient’s age. If
fractures have already occurred, then there is a
need to increase bone mass substantially with
an osteogenic agent in order to move above the
fracture threshold line. However, once formed,
this new bone then needs to be maintained with
an antiresorptive agent. The type of antiresorp-
tive agent becomes an issue (ERT vs bisphospho-
nate), and patient-by-patient decisions have to
be made. If a patient is considered to have
normal bone mass, some type of preventive
therapy, such as treatment with an antire-
sorber, would be in order. But another question
that needs to be addressed is whether a patient
with apparently normal skeletal mass should
be treated first with an osteogenic agent for a
brief period and then placed on an antiresorp-
tive therapy. This treatment regimen would
increase the ‘‘comfort zone’’ by distancing a
patient’s bone mass further above the fracture
threshold line.

The roles, or at least the therapeutic effects,
of several hormones have been well character-
ized. Vitamin D, calcitonin, estrogens, andro-
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gens, and parathyroid hormone (PTH) are all
known to affect skeletal metabolism in humans
[Chapuy and Meunier, 1995]. The precise mech-
anism of action in bone for any one of these
agents has not been entirely elucidated. As is
often the case, the basic science (molecular
mechanisms) lags behind the therapy.

It is known that the active metabolite of
vitamin D, 1,25(OH)2D3, affects calcium absorp-
tion in the gut, osteoclast differentiation, and
bone resorption, as well as osteoblast differen-
tiation and bone formation, yet the efficacy of
this as a treatment for osteoporosis is marginal
at best [Ott and Chestnut, 1989; Tilyard et al.,
1992]. However, vitamin D is a proven supple-
ment, especially in the aging population, in
which calcium resorption becomes less effi-
cient. The problem with vitamin D as a therapy
for osteoporosis is the potential hypercalcemic
effect. There is an ongoing effort to identify
vitamin D analogues that may demonstrate
tissue selectivity [Norman et al., 1993]. That is,
analogues that don’t increase calcium absorp-
tion (and perhaps also bone resorption), but do
exhibit a beneficial effect on bone mineral den-
sity (i.e., increase bone formation). The concept
of tissue selectivity is becoming increasingly
accepted in the steroid/thyroid hormone recep-
tor field. For example, some vitamin D ana-
logues are purported to be anabolic towards the
skeleton [Hansen and Maenpaa, 1997], which
would be consistent with their positive effect on
bone alkaline phosphatase and perhaps osteo-
calcin expression as well [Staal et al., 1998;
Ducy et al., 1996].

While vitamin D therapy is not commonly
used as a treatment for osteoporosis, another
calciotropic hormone—calcitonin—is prescribed
for this disease. Like vitamin D, the use of
calcitonin to regulate bone remodeling is obvi-
ous. Calcitonin has been shown to have antire-
sorptive activity, both in vitro on isolated osteo-
clasts [Fenton et al., 1993] and in vivo
[Overgaard et al., 1992]. Calcitonin is available
in either a subcutaneous injectable form or in a
nasal spray. Both are effective in reducing bone
loss, especially in Paget’s disease which shows
an accelerated rate of resorption, however resis-
tance has been reported after relatively short
treatment periods [Singer et al., 1980]. Addition-
ally, a beneficial side benefit of calcitonin use is
its analgesic properties. While the mechanism
for the side effect is unknown, it clearly pro-
vides fracture-associated pain relief and the

onset is rapid. The improvement in bone min-
eral density (BMD) with calcitonin is consid-
ered moderate (1–2% increase in BMD), and
some reports suggest a limited timeframe of
effectiveness. The development of calcitonin mi-
metics or molecules that stimulate calcitonin
synthesis and secretion have not yet been suc-
cessful. An orally active small molecule that
activates calcitonin pathways would most likely
be an attractive pharmaceutical; however, the
development of such molecules, if occurring, is
a well-kept secret.

There is a great deal of ongoing effort in the
characterization of the effects of estrogens and
estrogen mimetics on the skeleton. It is quite
clear that the sudden reduction in circulating
estrogens at menopause results in a correspond-
ing rapid loss of bone mass and a subsequent
increase in fracture incidence. Estrogen replace-
ment therapy (ERT), which includes Premarin
(Wyeth-Ayerst, Radnor, PA), Ogen Estraderm
(Pharmacia-Upjohn, Kalamazoo, MI), and 17b-
estradiol, has been demonstrated to effectively
reduce further loss of skeletal mass and are
considered to be first-line therapies for the treat-
ment of postmenopausal osteoporosis. How-
ever, ERT does not restore bone mass (i.e.,
estrogens are not osteogenic). What they ap-
pear to accomplish is the reestablishment of the
normal balanced relationship between osteo-
blastic bone formation and osteoclastic bone
resorption.

While estrogens certainly protect the skel-
eton, there are associated negative or un-
wanted side effects of unopposed ERT that are
primarily associated with uterine hyperplasia
and bleeding. The hyperplastic response to es-
trogens can be effectively reduced by combining
estrogens with a progestin (hormone replace-
ment therapy [HRT]); however, this does not
entirely eliminate uterine bleeding. Unfortu-
nately, there are additional side effects associ-
ated with progestin use, such as changes in
mood (e.g., anxiety, depression) and water reten-
tion.

Considering the pros and cons of ERT/HRT,
as well as the evolving understanding of estro-
gen receptor (ER) pharmacology, it has become
reasonable to predict that one compound work-
ing through the ER could display tissue selectiv-
ity in its signal transduction to estrogen target
tissues [Katzenellenbogen et al., 1993]. The
concept of tissue selective estrogens has been
exemplified by tamoxifen (first generation gen-
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eration, Nolvadex, Zeneca, Wilmington, DE),
and more recently raloxifene (Evista, second
generation, Eli Lilly, Indianapolis, IN), which
has an improved profile over tamoxifen [Jor-
dan, 1998]. Other compounds in this class have
also begun to emerge: these include droloxifene
(Pfizer, New York), idoxifene (SmithKline
Beecham, Philadelphia, PA), levormeloxifene
(Novo Nordisk, Princeton, NJ), CP-336156
(Pfizer/Ligand, La Jolla, CA), and TSE-424 (Wy-
eth-Ayerst/Ligand, Radnor, PA). As a group,
these compounds are bone sparing with vary-
ing potency and efficacy on the skeleton. Per-
haps equally as important in terms of estrogen-
like effect on the skeleton is the beneficial
impact of these compounds on serum choles-
terol reduction, without the stimulation of the
uterus and the breast. A few years ago, these
compounds would have been classified as anti-
estrogens, because of their ability to antagonize
estrogen action in standard in vitro reporter
gene assays (i.e., estrogen response element-
luciferase constructs). However, this simple clas-
sification no longer holds for more complex in
vitro or in vivo responses, and the precise mo-
lecular mechanism(s) for the tissue-selective
actions of these compounds remains unknown.
Only one tissue selective estrogen, raloxifene,
is approved for the prevention of postmeno-
pausal osteoporosis, and although the clinical
results demonstrated that this compound does
protect the skeleton, it was not as effective as
Premarin. The skeletal response of the other
tissue-selective estrogens remains to be deter-
mined clinically. However, since the precise mo-
lecular target(s) for estrogen/estrogen-mimetic
action remain unclear, improving the efficacy of
these compounds on the skeleton while retain-
ing or reducing side effects will be difficult.
Moreover, improving efficacy on bone as mea-
sured by BMD may not even be necessary. Frac-
ture prevention data with raloxifene are demon-
strating that even with the relatively modest
effect of 60 mg of drug on BMD, there is a
40–50% reduction in fracture risk, which is
close to the 60% reduction associated with Prem-
arin.

Is there room for improvement for the tissue-
selective estrogens? From the point of view of
the skeletal, probably yes. However, it is also
important to maintain additional perspectives
as well. This class of drugs will eventually serve
multiple purposes when used as ERT/HRT, and
bone is only one target. The uterus, breast,

cardiovascular system, and central nervous sys-
tem (CNS) are perhaps equally as important, if
not more so. Improved tissue selectivity is there-
fore one area in which the next generation of
selective estrogens will have to improve upon.
Raloxifene sets the standard upon which future
compounds will be judged, and new drugs will
not only have to spare the skeleton, but they
will also have to be less uterotropic, increase
HDL cholesterol, and either have no effect or
reduce hot flushes. Is this improved profile pos-
sible? A few years ago, it would not have been
thought that one compound could do what ral-
oxifene does. Today, with new in vitro and in
vivo models and greater insight into the mecha-
nism of estrogen action, the development of the
ultimate tissue selective compound may yet be
possible.

Although ERT/HRT is the first-line therapy
for the treatment of osteoporosis, many women
are either not willing or not able to use this
therapy for various reasons. Besides calcitonin
and ERT/HRT, the other major antiresorption
therapy that is available are the bisphospho-
nates. The mechanism of action for bisphospho-
nates appears to be primarily manifested via
the inhibition of osteoclastic activity. The com-
petition in this area is as fierce as it is with the
tissue selective estrogens, even though only a
few bisphosphonates are currently available for
the prevention and treatment of osteoporosis in
the United States (e.g., alendronate, Fosamax,
Merck/Wyeth-Ayerst, West Point, PA) with a
few more also available in Europe. The positive
effect of these compounds on BMD is well docu-
mented. For example, alendronate increases
BMD in up to 7% of postmenopausal women,
which is somewhat higher than what is re-
ported for Premarin or 17b-estradiol [Liber-
man et al., 1995]. The fracture prevention data
for alendronate are also impressive with a 60–
80% reduction in risk. Unlike the tissue-selec-
tive estrogens, the bisphosphonates do not pro-
vide other types of protective effects such as
reduction in LDL cholesterol or the prevention
of breast cancer (preliminary studies suggest
that they do appear to reduce bone metastasis).
On the other hand, no uterine, breast, or CNS
side effects are associated with the bisphospho-
nates. The major pitfalls are low oral bioavail-
ability and gastrointestinal (GI) side effects.
The newer generation bisphosphonates are
more potent, which may reduce GI problems.
Can these compounds be improved? Besides an
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increase in potency, the use of patches as well
as periodic dosing are also being considered as
potential areas for development of this class of
drugs. Since these compounds reside in the
bone matrix and remain there for long periods
of time, it has been postulated that daily dosing
may not be required data. It is also possible
that the bisphosphonates may be used to de-
liver other compounds to bone. So, one might
derive the antiresorptive function not only of
the bisphosphonate, but perhaps of the effects
of another drug as well. For example, one could
envision delivering an osteogenic agent, per-
haps a peptide that may be protected from
metabolic conversion when attached to a bi-
sphosphonate, that is released in the bone mi-
croenvironment to stimulate formation. As with
other antiresorbers, replacing bone that has
already been lost does not occur with bisphos-
phonates, and some means to restore lost bone
is still required.

This does not exhaust the possibilities for
resorption inhibitors. For example, there is on-
going research in the pharmaceutical industry
to identify and develop vitronectin receptor
(VNR) antagonists. It is hypothesized that osteo-
clasts attach themselves to the bone surface via
vitronectin receptors, and that blocking this
interaction should therefore result in a reduc-
tion of bone resorption. In fact, nature has
already provided a positive control to test this
hypothesis: echistatin is a potent snake venom
that interacts with this avb3 (i.e., vitronectin)
receptor; treatment with this peptide inhibits
osteoclastic bone resorption both in vitro [Sato
et al., 1990] and in vivo [Engleman et al., 1997].
Searle/Monsanto has demonstrated a similar
finding for a VNR antagonist, but only at high
doses administered with a continuous fusion
system. This is hardly the mode that one would
envision for administration of a pharmaceuti-
cal. Never-the-less, the concept is sound and if
specific compounds for the avb3 receptor can be
developed that will not cross-react with the
platelet integrin receptor (i.e., a3b2), then these
types of compounds have some potential. Just
like the ER and VDR, there is no reason to
believe that integrin selectivity cannot be engi-
neered into ligands that block osteoclast bind-
ing to the VNR.

Essentially all osteoporosis therapies avail-
able today fall into the class of resorption inhibi-
tors. Consequently, the major unmet need with

which we are faced in this area is the replace-
ment of lost bone.

BONE FORMATION/OSTEOGENESIS

Replacing bone that has been lost, especially
trabecular struts that provide primary support
in critical skeletal regions like the hip and
spine, continues to be a major hurdle that is yet
to be cleared. The list of potential anabolic or
osteogenic agents is long and there are data
demonstrating promise. While treatment with
one such agent, sodium fluoride, has demon-
strated that an increase in bone mass can be
achieved [Pak et al., 1995], the new bone result-
ing from fluoride treatment is abnormal and, in
fact, more prone to fracture. Consequently,
newly developed anabolic bone agents will have
to demonstrate fracture efficacy before ap-
proval, and this will be a serious challenge to
the development of this class of drugs.

Over the past decade, the use of intermittent
PTH has been increasingly applied to clinical
situations of osteoporosis. After numerous dem-
onstrations in rats that intermittent adminis-
tration of PTH through daily injections re-
sulted in significant increases in bone mass, a
resurgence of interest in this hormone as a
potential osteogenic agent has occurred. Recent
data from a study in osteopenic women re-
vealed a profound effect of PTH on increasing
bone mass [Hodsman et al., 1997]. In fact, when
given in combination with an antiresorber such
as estrogen (Premarin, 0.625 mg/day) the re-
sults were even more impressive [Lindsay et
al., 1997].

The pharmaceutical interest in PTH and its
analogues is great. In fact, a number of PTH
analogues are in various phases of preclinical
and clinical development. However, a potential
major drawback with these compounds, which
at this point are all peptides, is that parenteral
administration is required. Will this be a deter-
rent to those seeking treatment for osteoporo-
sis? This question remains to be answered.
Motivation is a powerful impetus, yet osteoporo-
sis is not diabetes. Thus, the industry continues
to strive to provide oral therapeutics. Conse-
quently, a small molecule mimetic of PTH that
is orally active would be the drug of choice.
There are studies under way looking at nasal or
deep lung delivery of PTH, which would be
more attractive than daily subcutaneous injec-
tions, but efficacy and reliability with pulmo-
nary delivery of peptides remain major issues.
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It is envisioned that PTH or an analogue would
be given over a certain prescribed period of
time, perhaps in combination with an antire-
sorber. This would be followed by discontinua-
tion of PTH, but continuation of the antire-
sorber in order to maintain the increases in
skeletal mass. As discussed previously, the goal
is to increase bone mass in order to reduce
fracture liability. This will probably mean that
PTH therapy will not be required on a perma-
nent basis, but will instead be designed to meet
individual need depending upon the level of
BMD and fracture risk when therapy is begun.
Consequently, temporary treatment for per-
haps only 1–2 years with an anabolic peptide
like PTH may lessen the concerns regarding
parenteral administration.

PTH peptide analogues will lead the way for
the next wave in osteoporosis therapy. In addi-
tion, other factors like insulin-like growth fac-
tor-1 (IGF-1), fibroblast growth factors (FGFs),
transforming growth factor-b (TGFb) bone mor-
phogenetic protein-2 (BMP-2), and prostaglan-
din E2 (PGE2) are also capable of stimulating
new bone formation. However, the benefit-to-
risk ratio for some of these factors is a potential
issue. These factors affect several tissues and,
as noted previously, selectivity is a key issue
when treating the skeleton. Nevertheless, we
can learn much from these compounds regard-
ing their mechanism of action on the skeleton,
and future research may lead to the selective
mimics that are required. For example, imag-
ine a PGE2 mimetic that only affects the skel-
eton and stimulates the production of new tra-
becular bone as prostaglandins have been shown
to do in rodents [Jee and Ma, 1997]. The future
targets for these and other mimetics may not be
the receptors themselves, which are often ex-
pressed in many tissues, unless specific ligands
can be developed that only modulate bone cell
activity. Instead, the downstream postreceptor
signaling apparatus may become the focus for
future research in the development of drugs
that regulate either osteoblast or osteoclast
function.

Finding those downstream targets in bone
will certainly not be easy. However, new gene
profiling technologies such as differential dis-
play, DNA/RNA microarrays, and proteomics
will aid in this search. These and additional
new technologies will allow us to more com-
pletely characterize the model systems that we

use to study the skeleton. In doing so, we will
increase the chances of finding the ideal tissue-
selective drug target for osteoporosis.
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