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Osteoporosis, a major worldwide health problem, affects 4 mil-
lion to 6 million women and 1 million to 2 million men in the United States. 
Even more people have decreased bone mass, which, in addition to other risk 

factors, can be a major therapeutic challenge.1 Fractures, the most important con-
sequence of osteoporosis, are associated with enormous costs and substantial mor-
bidity and mortality. The prevention and treatment of this disease are therefore of 
paramount importance. Since postmenopausal osteoporosis is characterized by bone 
resorption that exceeds bone formation, antiresorptive agents can help to restore 
skeletal balance by reducing bone turnover, primarily at the tissue level.2,3 By means 
of this mechanism, antiresorptive agents reduce the incidence of fracture in osteo-
porosis and thus occupy a central role in the management of this condition. 

Another therapeutic approach is anabolic — namely, to enhance bone formation. 
Anabolic agents differ fundamentally from antiresorptive drugs in their primary 
mechanism of action. The mechanisms by which anabolic agents stimulate bone for-
mation at the cellular, biochemical, and molecular levels are being actively studied. 
In this article, we review the mechanisms of polypeptide anabolic agents and stron-
tium ranelate as potential therapeutic options for osteoporosis. Because of space 
limitations, anabolic steroids and selective androgen-receptor modulators are not 
considered.

Bone R emodel ing a nd Model ing

Bone remodeling is a temporally regulated process resulting in the coordinated re-
sorption and formation of skeletal tissue. This process occurs in microscopical, basic 
multicellular units (see Glossary) in which the cellular components are osteoclasts 
and osteoblasts (Fig. 1).4 Signals that are not yet completely understood attract osteo-
clasts, multinucleated bone-resorbing cells, to sites that become a bone-remodeling 
unit. When resorption of bone by osteoclasts in that remodeling unit is completed, 
a process that takes 3 to 5 weeks, the resorbed surface attracts osteoblasts, mononucle-
ar bone-forming cells that fill the basic multicellular unit with a new matrix. The 
actions of the osteoblasts and the subsequent completion of the remodeling sequence 
by mineralization of the matrix take 3 to 5 months. 

Osteoclasts are derived from pluripotential hematopoietic cells; osteoblasts are 
derived from mesenchymal cells that are present in the skeletal microenvironment.5 
Signals that determine the differentiation, function, and death of these cells and their 
progenitors determine how many units are activated over time, how active and well-
balanced the basic multicellular unit is, and whether, at the end of the cycle, bone 
mass will be gained, lost, or stable. Osteocytes are osteoblasts that have become em-
bedded in lacunae of the calcified bone matrix. With cytoplasmic processes, osteo-
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cytes form a large, communicating network that 
helps to maintain the material and structural 
properties of bone.3 Osteocytes, which are con-
sidered to be mechanosensors, identify sites for 
remodeling when the prevailing physical loads 
are sensed and require adaptation.6 In this way, 
osteocytes might help to direct bone remodeling.3 
In adults, bone remodeling is a mechanism for 
the renewal of bone and the repair of microdam-
age and microcracks (Fig. 1).

The negative skeletal balance in most post-
menopausal women occurs because bone resorp-
tion exceeds bone formation. This imbalance may 
result from an increase in osteoclast number or 
activity, a decrease in osteoblast number or activ-
ity, or a combination of the two. The therapeutic 
challenge is to redress this imbalance so that the 
number of osteoblasts becomes equal to that of 
osteoclasts or so that the osteoblasts become more 
active than the osteoclasts.

Bone modeling, in contrast to bone remodel-
ing, is a process that leads to changes in the size 
and shape of bone. It is driven by mechanical 
forces and is predominantly observed in the devel-
oping and growing human skeleton. Osteoblasts 
and osteoclasts are key cellular components of 
bone modeling, but they are not coupled to each 
other as they are in bone remodeling. Although 
bone modeling in the adult human skeleton is not 
a primary mechanism of skeletal homeostasis, it 
does contribute to bone mass and strength. As is 
the case for bone remodeling, the precise molecu-
lar mechanisms that initiate bone modeling are 
not known, but they may play a role in the actions 
of anabolic therapies for osteoporosis.

Signa l s th at R egul ate  
Bone For m ation

Bone Morphogenetic Proteins, Wnt,  
and Insulin-Like Growth Factor I

Osteoblasts, the cells responsible for bone forma-
tion, are rational therapeutic anabolic targets. Sig-
nals that determine the replication and differen-
tiation of preosteoblastic cells, which determine 
the function of osteoblasts and their survival or 
death, are of critical importance for an anabolic 
effect. Anabolic agents can increase the number 
of osteoblast precursors, stimulate the differentia-
tion of these cells into mature osteoblasts, enhance 
their function or their survival and, as a conse-
quence of any of these effects, lead to a net gain 
of bone tissue.

Two important signals that induce the differ-
entiation of osteoblastic lineage cells into mature 
osteoblasts are bone morphogenetic proteins and 
Wnt, the mammalian homologue of wingless in 
drosophila.7,8 Bone morphogenetic proteins and 
Wnt play a fundamental role in osteoblastogen-
esis and, ultimately, in the gain of bone mass (Fig. 
2).7-9 Another important regulator of osteoblast 
function is insulin-like growth factor I (IGF-I).10 
Bone morphogenetic proteins, Wnt, and IGF-I are 
regulated at the level of their synthesis and their 
receptors and by specific extracellular and intra-
cellular regulatory proteins.11,12 Thus, anabolic 
therapeutic agents might be designed to stimulate 
the actions of these osteoblastic signals directly or 
to target their extracellular and intracellular regu-
lators.

Bone morphogenetic proteins are members of 
the transforming growth factor β superfamily of 
polypeptides, which includes activins and inhib-

Glossary

Basic multicellular unit (BMU): A microscopical unit in which bone remodel-
ing occurs. A BMU is formed by osteoclasts and osteoblasts.

β-Catenin: An intracellular protein used by Wnt to signal.

BMP-3: An inhibitory bone morphogenetic protein.

Bone modeling: A process driven by bone formation that is not linked to 
bone resorption. Mechanical forces in the growing skeleton are stimuli.

Bone morphogenetic proteins: Factors that induce maturation of bone- 
forming cells (osteoblasts).

Bone remodeling: A process in which bone resorption (driven by osteoclasts) 
is linked to bone formation (driven by osteoblasts).

Dickkopf-1 (Dkk-1): A secreted Wnt antagonist that binds LRP5 and LRP6.

Dual-energy x-ray absorptiometry: A widely used method to measure bone 
mineral density.

Frizzled: A Wnt receptor.

Insulin-like growth factor: A systemic and local growth factor that enhances 
osteoblastic function.

Insulin-receptor substrate (IRS): An intracellular molecule used for insulin 
and IGF-I signaling.

Low-density lipoprotein receptor–related proteins 5 and 6 (LRP5 and LRP6): 
Wnt coreceptors.

Parathyroid hormone (PTH)–related peptide (PTHrP): An endogenous pro-
tein related to PTH that binds to the PTH–PTHrP receptor.

Proteasome: A cellular system in which degradation of proteins takes place.

PTH (1–84): Full-length PTH.

Sclerostin: A secreted Wnt antagonist that binds LRP5 and LRP6.

SOST: A gene encoding sclerostin.

Teriparatide: Human PTH (1–34).

Wnt: The mammalian homologue of wingless (a gene in drosophila) that  
induces differentiation of bone-forming cells.
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ins.7 These proteins bind to and activate specific 
receptors to initiate signal transduction and influ-
ence intracellular events leading to osteoblasto-
genesis (Fig. 3).13,14 The effects of bone morpho-

genetic proteins are inhibited by their antagonists, 
a family of extracellular binding proteins.11

The Wnt–β-catenin signaling pathway is cen-
tral to osteogenesis and bone formation. Wnt and 

Figure 1. Bone Remodeling in Basic Multicellular Units and Bone Modeling by Osteoblasts and Osteoclasts.

During growth, chondrocytes mature and direct the formation of new bone trabeculae in the process of endochondral bone formation, 
and osteoblasts form new bone by periosteal appositional growth. These processes determine the length and width of bones. Bone is 
remodeled by osteoclasts (bone-resorbing cells) coupled with osteoblasts (bone-forming cells) in basic multicellular units. Bone remod-
eling is necessary to maintain calcium homeostasis and to renew bone to repair microdamage and microcracks. The shape of bone is 
determined by the modeling conducted by uncoupled osteoblasts and osteoclasts. 
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bone morphogenetic proteins have similar effects, 
but they signal through different pathways (Fig. 3 
and 4). In skeletal cells, Wnt uses the canonical 
Wnt–β-catenin signaling pathway.8 Wnt binds to 
specific receptors, called frizzled, and to low-den-
sity lipoprotein receptor–related proteins 5 and 6 
(LRP5 and LRP6). These interactions lead to the 
stabilization of β-catenin, which translocates to 

the nucleus and regulates gene expression (Fig. 4). 
The importance of Wnt–β-catenin signaling in 
osteogenesis is confirmed by studies of the effects 
of mutations on this pathway. Activating muta-
tions of Wnt coreceptors result in increased bone 
mass, whereas inhibition of this pathway leads to 
reduced bone mass.15,16

Secreted Wnt antagonists can block Wnt signal-
ing and actions by binding to Wnt or by interfering 
with interactions between Wnt and its receptors 
and coreceptors (Fig. 4). For example, sclerostin 
and Dickkopf-1 (Dkk-1), both expressed by osteo-
blasts and osteocytes, prevent Wnt signaling by 
interacting with Wnt coreceptors.12,17 When a bone 
morphogenetic protein or Wnt antagonist is pref-
erentially synthesized in the skeleton, it may be-
come a therapeutic target for inhibition, leading 
to activation of bone morphogenetic proteins or 
Wnt. The removal of an antagonist should be spe-
cific and targeted to skeletal tissue to prevent un-
wanted effects at nonskeletal sites.

IGF-I, which is synthesized in the liver and 
other tissues, including the skeleton, mediates the 
effects of growth hormone on longitudinal bone 
growth.10 IGF-I exerts direct actions in bone and 
is necessary for skeletal development and the 
maintenance of bone mass.10 The physiology of 
IGF-I is complex, since it acts both as a circulat-
ing growth hormone–dependent hormone and as 
a local skeletal growth factor.18 IGF-I synthesis 
in bone cells is primarily dependent on parathy-
roid hormone (PTH) and is required, in turn, for 
the anabolic actions of PTH in rodent bone.19,20 
Six IGF-binding proteins can form a complex with 
IGF-I and modulate the levels of free IGF in plasma 
and peripheral tissues.10 IGF-I primarily influences 
the differentiated function of the osteoblast and 
prevents osteoblast apoptosis. In vivo, two experi-
mental models confirm the anabolic effect of 
IGF-I. Overexpression of IGF-I increases the vol-
ume of cancellous bone by increasing bone for-
mation.21 Targeted deletions of the IGF1 receptor 
gene or deletions of the insulin–IGF-I signaling 
molecules, insulin-receptor substrate (IRS) 1 and 
2, cause osteopenia due to impaired bone forma-
tion.22,23 These observations confirm the role of 
IGF-I as a central regulator of bone mass.

Parathyroid Hormone

The intermittent administration of low-dose PTH 
results in anabolic effects on the skeleton. PTH 

Figure 2. Signals Determining Mesenchymal-Cell  
Differentiation toward Osteoblasts and Signals Acting 
on Mature Osteoblasts to Enhance Bone Formation.

Under the influence of Wnt and bone morphogenetic 
protein, undifferentiated mesenchymal cells differenti-
ate toward cells of the osteoblastic lineage. Parathyroid 
hormone (PTH) enhances cell replication, and PTH 
and growth hormone induce the synthesis of insulin-
like growth factor I, which enhances osteoblastic bone 
formation.
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signals through the PTH-1 receptor, a G protein–
coupled protein, which mediates most of the 
functions of PTH and of its evolutionary relative, 
PTH-related peptide (PTHrP). Also known as the 
PTH–PTHrP receptor, it is activated by peptide se-
quences that include the N-terminal region of ei-
ther molecule. Other peptide sequences of PTH 
that do not contain the N-terminal region may 
serve different functions through another recep-
tor.24 PTH activates the cyclic AMP–dependent pro-
tein kinase A and calcium-dependent protein ki-
nase C signaling pathways to regulate osteoblast 
function.25 PTH also activates the MAP kinase and 
phospholipase A and D pathways. Additional mech
anisms of PTH signal propagation and control 
include the internalization of the PTH receptor, 
its association with importins, and its nuclear 
translocation, where it may regulate gene transcrip-
tion.26 The exact signaling pathway responsible 
for the anabolic effect is not known, but the var-
ious pathways used by PTH may determine wheth-
er it has anabolic or catabolic actions. The Wnt–β-
catenin pathway has generated interest because 
the expression of the Wnt antagonist sclerostin is 
down-regulated by PTH, and this may partially ac-
count for the anabolic actions of PTH.27

The anabolic actions of PTH involve direct ef-
fects on osteoblast lineage cells and indirect ef-
fects through the regulation of selected skeletal 
growth factors (e.g., IGF-I) and growth factor an-
tagonists, such as sclerostin.25 PTH has mitogenic 
properties for osteoblastic cells and decreases os-
teoblastic apoptosis.28 As a consequence, it in-
creases the number of bone-forming cells. PTH 
induces IGF-I synthesis in osteoblasts, and PTH 
and IGF-I are powerful anabolic agents for can-
cellous bone. IGF-I neutralization prevents the 
stimulation of bone matrix by PTH, and the ana-
bolic effect of PTH in vivo is blunted in IGF1– and 
IRS-1–null mice.19,20,29 Although these observations 
provide support for the role of IGF-I in the ana-
bolic actions of PTH, other factors have been in-
voked, and the precise mechanisms accounting for 
the anabolic effects of PTH have not been eluci-
dated.25 It is unclear why the intermittent admin-
istration of low-dose PTH differs in its effect on 
bone cells from long-term, sustained PTH expo-
sure in which catabolic effects at cortical sites 
predominate. Knowledge of the molecular mech-
anisms underlying the actions of PTH is limited, 
and the intracellular mechanisms determining 
whether its actions are anabolic or catabolic are 
poorly understood.

Cl inic a l R ele va nce of A na bol ic 
Signa l ing Molecules

Parathyroid Hormone

The effects of teriparatide [PTH (1–34)] on bone 
metabolism have been studied in postmenopausal 
women and in men with advanced osteoporosis.30 
In a study of postmenopausal women, teriparatide 
administered as a 20-μg daily subcutaneous in-
jection increased vertebral bone mineral density 
(BMD), measured by means of dual-energy x-ray 
absorptiometry, by 8 to 9% and femoral BMD by 
about 3% over a 21-month period. There was an 
associated 65% reduction in the incidence of frac-
ture at vertebral sites and a 54% reduction in the 

Figure 3. Signaling Pathways Used by Bone Morphometric Proteins  
in Osteoblasts.

After bone morphogenetic protein binds to its predimerized type I and II 
receptors (RI and RII), Smad 1 and 5 proteins are phosphorylated (pSmad), 
associate with Smad 4, and translocate to the nucleus to regulate transcrip-
tion. Another pathway used by bone morphogenetic protein involves bind-
ing to its type II receptor, an intrinsic kinase that activates the type I 
receptor; the newly dimerized receptor complex activates the mitogen-acti-
vated protein kinase (MAPK) extracellular regulated kinase (ERK) pathway 
to regulate transcription. Extracellular antagonists bind bone morphogenet-
ic protein and prevent signal transduction.
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fracture incidence at nonvertebral sites. As with 
antiresorptive agents, increments in BMD, at least 
as measured by dual-energy x-ray absorptiometry, 
explain only in part the efficacy of PTH in pre-
venting fractures in women with osteoporosis.31 
When changes in true volumetric density are as-
sessed in grams per cubic centimeter by means of 
quantitative computed tomography, the increase 
in BMD as a result of PTH therapy is much great-
er.32 Teriparatide is available throughout most of 
the world, but full-length PTH (1–84) is available 
only in Europe.

Teriparatide is approved in the United States for 
the treatment of osteoporosis in postmenopausal 
women and in men who are at high risk for frac-
ture. The definition of high risk could be a T score 
on dual-energy x-ray absorptiometry that is very 

low (i.e., less than −3.0), with or without other 
risk factors such as a previous fragility fracture or 
a strong family history of osteoporosis. In many 
countries in Europe, teriparatide cannot be ad-
ministered unless a patient has received a previ-
ous, unsuccessful course of bisphosphonate ther-
apy and has had a previous osteoporotic fracture. 
These restrictive indications are due, in part, to 
the fact that teriparatide is expensive and is ad-
ministered by daily subcutaneous injection. The 
recommended duration of teriparatide therapy 
(2 years in the United States and 18 months in 
Europe) is relatively short because its safety and 
efficacy were not evaluated after 2 years in clini-
cal trials.

Adverse events with teriparatide include mild 
hypercalcemia, which has been reported in 1 to 3% 

Figure 4. The Canonical Wnt–β-Catenin Signaling Pathway Used in Osteoblasts.

Panel A shows that under basal conditions, β-catenin is phosphorylated by glycogen synthase kinase 3β (GSK-3β), axin, and adenoma-
tous polyposis coli (APC) tumor-suppressor protein and degraded in the proteasome. Panel B shows that after Wnt binding to its recep-
tor (frizzled) and coreceptors (low-density lipoprotein receptor–related proteins 5 and 6 [LRP5 and LRP6]), dishevelled, an intracellular 
protein, is induced to degrade GSK-3β. In addition, the cytoplasmic tails of LRP5 and LRP6 bind and anchor axin. These two events lead 
to the stabilization of β-catenin and its translocation to the nucleus, where it binds to T-cell factor 4 (TCF-4) or lymphoid enhancer bind-
ing factor 1 (LEF-1) to regulate transcription. Panel C shows that the extracellular Wnt antagonists prevent Wnt signaling. Dickkopf-1 
(Dkk-1) in association with Kremen and sclerostin bind LRP5 and LRP6. Soluble frizzled-related protein 1 (sFRP-1) binds Wnt and pre-
vents its interaction with frizzled.
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of patients treated.30,33 Hypercalcemia is gener-
ally corrected by reducing calcium or vitamin D 
supplementation. If these measures fail, a dosage 
adjustment of teriparatide from daily to every-
other-day administration is usually effective.  
A higher incidence of hypercalcemia and hyper-
calciuria has been reported with full-length PTH 
(1–84).34 Although it is not specifically recom-
mended, many practitioners check the serum cal-
cium concentration 1 month after initiating ther-
apy. The serum uric acid concentration may rise, 
but gout does not appear to be a clinical concern. 
Other uncommon side effects include dizziness, 
nausea, and leg cramps.

Teriparatide is contraindicated in children and 
in persons with hypercalcemia, active Paget’s dis-
ease of bone, skeletal metastases or skeletal ma-
lignant conditions, or a history of irradiation to 
the skeleton. Some of these contraindications are 
related to concerns about the development of os-
teosarcoma. The disorder develops in rodents 
exposed to prolonged, high-dose teriparatide or 
PTH (1–84).35,36 For this reason, teriparatide label-
ing in the United States carries a black-box warn-
ing. A case of osteosarcoma in a woman who had 
received teriparatide for 1 year was reported re-
cently.37 That single case, reported after more than 
300,000 exposures to teriparatide, has been in-
terpreted as being consistent with epidemiologic 
expectations with respect to cases of osteosarco-
ma in the general population. Thus, the relation-
ship of the reported osteosarcoma in rodents to 
the same condition in patients is uncertain.37

Many patients who are candidates for anabolic 
therapy with teriparatide or with PTH (1–84) have 
been treated previously with bisphosphonates or 
raloxifene. It appears that antiresorptive agents 
that cause a modest decrease in bone turnover do 
not substantially influence the densitometric re-
sponse to PTH, whereas more potent inhibitors 
of bone turnover such as alendronate may sub-
stantially influence the initial response to teripa-
ratide.32,38,39 Because of the possibility of a slug-
gish response to teriparatide after alendronate 
therapy, some practitioners advocate a 6-month 
hiatus between discontinuation of treatment with 
alendronate and initiation of teriparatide therapy. 
Others suggest that teriparatide therapy be initi-
ated immediately after the bisphosphonate has 
been withdrawn because of concerns about the 
lack of therapy for any period in a patient with 
severe osteoporosis.

Although the concomitant use of PTH with an 
antiresorptive agent may be considered to be a 
potentially attractive option because of their dif-
ferent mechanisms of action, initial studies with 
alendronate and teriparatide or PTH (1–84) have 
not shown an obvious benefit of combining the 
two drugs as compared with administering either 
agent alone.32,40 However, the combination of ral-
oxifene and teriparatide was associated with great-
er improvement in hip BMD than was teripara-
tide alone in a 6-month trial.41 

Discontinuation of PTH leads to a rapid de-
cline in BMD.42 Consequently, it is advisable to 
administer an antiresorptive agent such as a 
bisphosphonate after treatment with teriparatide 
in order to maintain the densitometric gains 
achieved with PTH.42 It is not known how long 
the antiresorptive agent should be used after the 
course of PTH therapy, but many experts recom-
mend the continuation of long-term antiresorp-
tive therapy for its own therapeutic benefits as 
well as for maintenance of the therapeutic gains 
achieved with PTH.

Glucocorticoid-induced osteoporosis is a con-
dition for which PTH might be particularly effec-
tive, because impaired bone formation is a pri-
mary pathogenetic feature.43 The results of a trial 
comparing teriparatide with alendronate, over an 
18-month period, in patients with glucocorticoid-
induced osteoporosis showed greater increases in 
vertebral BMD and a greater reduction in new ver-
tebral fractures with teriparatide than with alen-
dronate.44

The anabolic actions of PTH may be consid-
ered with regard to its stimulatory effects on bone 
resorption. Both the anabolic and resorptive ac-
tions can be considered in the context of the ana-
bolic window, a period of time during which PTH 
affects bone formation to a greater extent than 
it stimulates bone resorption (Fig. 5).45 Evidence 
providing support for this concept comes from 
the kinetics of change in bone-turnover markers 
with PTH. Bone-formation markers increase be-
fore bone-resorption markers. During this period, 
PTH is thought to be maximally anabolic. His-
tomorphometric analysis of bone-biopsy speci-
mens from humans and from ovariectomized 
rhesus monkeys has shown the anabolic effects 
of PTH.46-48 Increases were seen in the trabecu-
lar bone volume, connectivity, bone microarchi-
tecture, and biomechanical properties of bone. 
PTH appears to increase bone volume by increas-
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ing the number of bone trabeculae, possibly af-
ter the division of thickened trabeculae.46 In ro-
dent models, PTH increases bone formation to a 
greater extent at periosteal than at endocortical 
sites, suggesting a potential effect on bone mod-
eling that can strengthen bone by increasing the 
periosteal circumference.49 In humans, the ana-
bolic effects of PTH on cortical bone do not appear 
to be as pronounced as the effects on cancellous 
bone.46,47 Although morphometric observations 
confirm the anabolic effect of PTH on bone, the 
specific underlying cellular and molecular mech-
anisms leading to an anabolic response remain to 
be eludicated.

Other delivery systems for PTH besides sub-
cutaneous administration, such as oral, trans-
dermal, and nasal administration, are of inter-
est.50-52 Although they are more convenient than 
subcutaneous injection, these different routes of 
administration must first be shown to have phar-
macokinetic profiles that are consistent with the 
pulsatility characteristics required for the anabolic 
effects of PTH, and they must be shown to be ef-
ficacious. Another approach would be to stimulate 
endogenous PTH secretion by means of an agent 
that interferes with the calcium-sensing receptor 
on the parathyroid cell. When the signal gener-
ated by the calcium receptor is blocked, PTH secre-
tion is stimulated. Oral calcilytic agents stimulate 
endogenous PTH secretion in rodents, and they 

are being studied for their effects in humans.53 
A truncated variant of PTH (PTH 1–34) that main-
tain the N-terminal region of the intact peptide 
is also of interest.54

PTHrP is currently being studied for its poten-
tial anabolic effects in humans. Initial studies in 
postmenopausal women with osteoporosis sug-
gested that PTHrP at a daily dose of approximately 
400 μg for 3 months increases vertebral BMD by 
4.7%.55 Serum osteocalcin was increased, but se-
rum calcium and biochemical markers of bone 
resorption were not affected. Larger and longer 
trials are required to assess the anabolic poten-
tial of PTHrP.

Strontium Ranelate

Strontium ranelate, like calcium, becomes incor-
porated into the crystal structure of bone. The dual 
anabolic and antiresorptive actions of strontium 
ranelate have been reported, particularly in in vi-
tro models.56,57 Bone-biopsy specimens from pa-
tients treated with strontium ranelate show a re-
duction in bone resorption but no evidence of 
increased bone formation.58 Increases in bone-
remodeling markers are small. Vertebral BMD, 
however, is increased, in part because strontium 
introduces a densitometric artifact as it becomes 
incorporated into the bone mineral itself. In a pro-
spective clinical trial, treatment with strontium 
ranelate, at a dose of 2 g given daily for 3 years, 
was associated with a 40% reduction in new ver-
tebral fractures in postmenopausal women with 
osteoporosis.58 Another study showed a modest but 
significant reduction in nonvertebral fractures but 
not in hip fractures.59,60 A reduction in hip frac-
tures was observed only in a subsequent analysis 
of a high-risk subgroup of patients older than 74 
years of age with hip BMD T scores below −3.5. 
Strontium ranelate is approved in Europe, but it 
is not approved in the United States for the treat-
ment of postmenopausal osteoporosis. It is admin-
istered orally and has few side effects, although it 
has been associated with a slight increase in ve-
nous thrombosis of the legs.

Growth Hormone and IGF-I

In patients with growth hormone deficiency, re-
placement of growth hormone increases bone 
mass. Results from a cross-sectional study indi-
cate that patients with growth hormone deficien-
cy who are receiving growth hormone-replacement 
therapy have a reduced risk of vertebral fractures 
as compared with untreated patients.61 Although 
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Figure 5. The Anabolic Window.

Parathyroid hormone (PTH) stimulates the processes 
associated with bone formation before there is a sub-
sequent stimulation of the processes associated with 
bone resorption. The “window” between the effects of 
PTH on these actions is variable, but it is thought to 
represent the period when PTH is maximally anabolic 
for bone. Data are from Rubin and Bilezikian.45
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the beneficial effects of growth hormone on the 
skeleton appear to be clear in patients with growth 
hormone deficiency, this is not the case in the ab-
sence of growth hormone deficiency.62 Growth 
hormone increases BMD in patients with post-
menopausal osteoporosis, but the effects are in-
consistent, and well-designed longitudinal studies 
showing a reduction in the risk of fracture in this 
condition with growth hormone have not been re-
ported. As compared with young adults, older per-
sons have lower serum levels of growth hormone 
and of IGF-I, but growth hormone has not been 
shown to increase bone mass.63 The use of growth 
hormone in osteoporosis also is likely to be lim-
ited by side effects such as weight gain, carpal tun-
nel syndrome, glucose intolerance, and edema.64

Serum levels of IGF-I correlate with BMD, and 
the administration of IGF-I in healthy persons or 
patients affected by growth hormone deficiency 
or IGF-I deficiency causes a skeletal anabolic re-
sponse and an increase in bone remodeling.65,66 
Recombinant human IGF-I is available for the 
treatment of short stature caused by IGF deficiency 
that is due to mutations of the GH receptor or the 
IGF1 gene. Studies of the effects of IGF-I on bone 
turnover in humans have been limited. At high 
doses, IGF-I increases biochemical markers of bone 
remodeling, whereas at low doses, it increases ex-
clusively markers of bone formation, without an 
effect on bone resorption.62,65 IGF-I has been stud-
ied in patients with anorexia nervosa, a disorder 
associated with low serum IGF-I levels.65 In such 
patients, the administration of IGF-I at doses that 
normalize serum IGF-I, in combination with es-
trogen-replacement therapy, increases BMD.67 Not-
withstanding these results, the long-term efficacy 
and safety of IGF-I for the treatment of osteopo-
rosis, including the osteoporosis associated with 
anorexia nervosa, remain to be determined. Po-
tential side effects and the lack of tissue speci-
ficity are concerns with respect to the long-term 
administration of IGF-I.

Sclerostin antagonism 

Sclerostin inhibits osteoblastogenesis and bone 
formation in vitro and in vivo. Mutations in SOST, 
the gene that encodes sclerostin, eliminate the 
expression of sclerostin; this causes skeletal dys-
plasias characterized by increased bone mass 
(sclerosteosis and van Buchem’s syndrome).68-70 
Sclerosteosis is characterized by hyperostosis, syn-
dactyly, facial palsy, deafness, and the absence of 
nails,70,71 whereas van Buchem’s syndrome is char-

acterized by hyperostosis, a protruding chin, a high 
forehead, and facial-nerve palsy.68,69 Patients with 
sclerosteosis, as well as heterozygous carriers, have 
increased BMD.72 It follows from these genetic 
deletion syndromes that the antagonism of scleros-
tin might be associated with anabolic effects on 
bone. Monoclonal antibodies against sclerostin, 
for example, prevent its binding to Wnt corecep-
tors, enhancing Wnt signaling and increasing bone 
mass in rodents and nonhuman primates.73 These 
observations, if confirmed by definitive studies in 
patients, might have clinical applicability. How-
ever, it is possible that enhancement of Wnt sig-
naling through the inhibition of a Wnt antagonist 
will have unwanted effects in nonskeletal tissues. 
This possibility could potentially be minimized 
by blocking sclerostin in specific skeletal cells.

O ther C a ndidate Molecules  
for A na bol ic Ther a py 

Antagonists of Dkk-1

Gain-of-function mutations of LRP5 and LRP6 that 
lead to impaired binding of Dkk-1 to this Wnt 
coreceptor are associated with increased bone 
mass.15 This clinical observation and data from 
rodent models of Dkk-1 misexpression established 
its function as an inhibitor of Wnt signaling and 
bone formation and led to the development and 
testing of Dkk-1 antibodies. Dkk-1 neutralization 
increased BMD, trabecular bone volume, and bone 
formation in rodents, suggesting that Dkk-1 inhib-
itors might have potential as an anabolic approach 
in the treatment of osteoporosis, particularly if they 
are targeted specifically to bone.74

Soluble Activin Receptors

Activin enhances osteoclastogenesis, and its effects 
on bone formation are controversial.75,76 Activin re-
ceptors bind activin and bone morphogenetic pro-
tein 3, an inhibitor of bone formation.77 A soluble 
activin receptor II, which binds activin and pos-
sibly bone morphogenetic protein 3, decreases bone 
resorption and enhances bone formation in ro-
dents.78 However, the exact mechanisms involved 
in the anabolic response are not clear. 

The Osteoblast Proteasome and Its 
Inhibitors

As a major structure for intracellular protein deg-
radation, the proteasome could be targeted for ana-
bolic-drug development. Inhibitors of proteolytic 
processing systems might unmask or enhance ana-
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bolic pathways.79,80 The use of proteasome inhibi-
tors will depend on their skeletal specificity and 
their safety profile, since such inhibitors can in-
duce cellular toxic effects and the intracellular ac-
cumulation of misfolded proteins.79

Conclusions

During the past decade, we have witnessed major 
developments in the diagnosis and management 
of osteoporosis. Important progress in our under-
standing of the cellular events that regulate bone 
modeling and remodeling has occurred. Antire-
sorptive agents have been the most prominent ther-
apeutic advances, but we are now on the verge of 
seeing a new class of agents, the so-called anabol-
ics. Anabolic agents have the potential to rebuild 
skeletal losses by stimulating the processes and 
mechanisms associated with bone formation. PTH 
is the only prototypical anabolic agent available 
at this time. However, other agents may be devel-
oped, based on a new understanding of anabolic 
pathways and intermediate molecules such as bone 

morphogenetic proteins, Wnt, and IGF-I and their 
regulatory molecules. Although the systemic ad-
ministration of anabolic agents constitutes a prom-
ising therapeutic approach, the modification of 
anabolic signals specifically within bone may be-
come another new avenue for the treatment of os-
teoporosis.

Supported by grants from the National Institute of Arthritis 
and Musculoskeletal and Skin Diseases (AR21707, to Dr. Cana-
lis), the National Institute of Diabetes and Digestive and Kid-
ney Diseases (DK42424 and DK45227, to Dr. Canalis; and 
DK32333, to Dr. Bilezikian), and the Italian Ministry for the 
University and Research and Centro di Ricerca sull’Osteoporosi, 
University of Brescia/Ente Universitario Lombardia Orientale 
(to Dr. Giustina).

Dr. Canalis reports receiving support from Servier Pharma-
ceuticals and Acceleron Pharma to conduct preclinical labora-
tory work and consulting or lecture fees from Acceleron Phar-
ma, Eli Lilly, GlaxoSmithKline, Merck, Novartis, Roche, and the 
Alliance for Better Bone Health. Dr. Giustina reports receiving 
consulting or lecture fees from IGEA, Merck, Procter & Gamble, 
and Eli Lilly Italy and serving on advisory boards of Merck and 
Eli Lilly Italy. Dr. Bilezikian reports receiving consulting or lec-
ture fees from Amgen, Merck, the Alliance for Better Bone 
Health, Eli Lilly, Novartis, NPS, and Radius Pharmaceuticals 
and research support from the Alliance for Better Bone Health. 
No other potential conflict of interest relevant to this article 
was reported.

References

Looker AC, Orwoll ES, Johnston CC Jr, 
et al. Prevalence of low femoral bone den-
sity in older U.S. adults from NHANES 
III. J Bone Miner Res 1997;12:1761-8.

Recker R, Lappe J, Davies KM, Heaney 
R. Bone remodeling increases substan-
tially in the years after menopause and 
remains increased in older osteoporosis 
patients. J Bone Miner Res 2004;19:1628-
33.

Seeman E, Delmas PD. Bone quality 
— the material and structural basis of 
bone strength and fragility. N Engl J Med 
2006;354:2250-61.

Parfitt AM. The bone remodeling 
compartment: a circulatory function for 
bone lining cells. J Bone Miner Res 2001; 
16:1583-5.

Canalis E. The fate of circulating os-
teoblasts. N Engl J Med 2005;352:2014-6.

Han Y, Cowin SC, Schaffler MB, 
Weinbaum S. Mechanotransduction and 
strain amplification in osteocyte cell pro-
cesses. Proc Natl Acad Sci U S A 2004; 
101:16689-94.

Canalis E, Economides AN, Gazzerro 
E. Bone morphogenetic proteins, their 
antagonists, and the skeleton. Endocr Rev 
2003;24:218-35.

Krishnan V, Bryant HU, MacDougald 
OA. Regulation of bone mass by Wnt sig-
naling. J Clin Invest 2006;116:1202-9.

Bennett CN, Longo KA, Wright WS, et 
al. Regulation of osteoblastogenesis and 

1.

2.

3.

4.

5.

6.

7.

8.

9.

bone mass by Wnt10b. Proc Natl Acad Sci 
U S A 2005;102:3324-9.

Gazzerro E, Canalis E. Skeletal ac-
tions of insulin-like growth factors. Ex-
pert Rev Endocrinol Metab 2006;1:47-56.

Idem. Bone morphogenetic proteins 
and their antagonists. Rev Endocr Metab 
Disord 2006;7:51-65.

Kawano Y, Kypta R. Secreted antago-
nists of the Wnt signalling pathway. J Cell 
Sci 2003;116:2627-34.

Kawabata M, Imamura T, Miyazono 
K. Signal transduction by bone morpho-
genetic proteins. Cytokine Growth Factor 
Rev 1998;9:49-61.

Nohe A, Keating E, Knaus P, Petersen 
NO. Signal transduction of bone morpho-
genetic protein receptors. Cell Signal 
2004;16:291-9.

Boyden LM, Mao J, Belsky J, et al. 
High bone density due to a mutation in 
LDL-receptor–related protein 5. N Engl J 
Med 2002;346:1513-21.

Gong Y, Slee RB, Fukai N, et al. LDL 
receptor-related protein 5 (LRP5) affects 
bone accrual and eye development. Cell 
2001;107:513-23.

Li X, Zhang Y, Kang H, et al. Scleros-
tin binds to LRP5/6 and antagonizes ca-
nonical Wnt signaling. J Biol Chem 2005; 
280:19883-7.

Giustina A, Veldhuis JD. Pathophysi-
ology of the neuroregulation of growth 
hormone secretion in experimental ani-

10.

11.

12.

13.

14.

15.

16.

17.

18.

mals and the human. Endocr Rev 1998; 
19:717-97.

Canalis E, Centrella M, Burch W, Mc-
Carthy TL. Insulin-like growth factor I me-
diates selective anabolic effects of parathy-
roid hormone in bone cultures. J Clin 
Invest 1989;83:60-5.

Miyakoshi N, Kasukawa Y, Linkhart 
TA, Baylink DJ, Mohan S. Evidence that 
anabolic effects of PTH on bone require 
IGF-I in growing mice. Endocrinology 
2001;142:4349-56.

Zhao G, Monier-Faugere MC, Langub 
MC, et al. Targeted overexpression of insu-
lin-like growth factor I to osteoblasts of 
transgenic mice: increased trabecular bone 
volume without increased osteoblast prolif-
eration. Endocrinology 2000;141:2674-82.

Ogata N, Chikazu D, Kubota N, et al. 
Insulin receptor substrate-1 in osteoblast 
is indispensable for maintaining bone 
turnover. J Clin Invest 2000;105:935-43.

Zhang M, Xuan S, Bouxsein ML, et al. 
Osteoblast-specific knockout of the insu-
lin-like growth factor (IGF) receptor gene 
reveals an essential role of IGF signaling 
in bone matrix mineralization. J Biol 
Chem 2002;277:44005-12.

Murray TM, Rao LG, Divieti P, Bring-
hurst FR. Parathyroid hormone secretion 
and action: evidence for discrete receptors 
for the carboxyl-terminal region and re-
lated biological actions of carboxyl-termi-
nal ligands. Endocr Rev 2005;26:78-113.

19.

20.

21.

22.

23.

24.

Copyright © 2007 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org at KAISER PERMANENTE on August 29, 2007 . 



medical progress

n engl j med 357;9  www.nejm.org  august 30, 2007 915

Dempster DW, Cosman F, Parisien M, 
Shen V, Lindsay R. Anabolic actions of 
parathyroid hormone on bone. Endocr 
Rev 1993;14:690-709.

Pickard BW, Hodsman AB, Fraher LJ, 
Watson PH. Type 1 parathyroid hormone 
receptor (PTH1R) nuclear trafficking: as-
sociation of PTH1R with importin alpha1 
and beta. Endocrinology 2006;147:3326-
32.

Bellido T, Ali AA, Gubrij I, et al. 
Chronic elevation of parathyroid hormone 
in mice reduces expression of sclerostin 
by osteocytes: a novel mechanism for hor-
monal control of osteoblastogenesis. En-
docrinology 2005;146:4577-83.

Jilka RL, Weinstein RS, Bellido T, 
Roberson P, Parfitt AM, Manolagas SC. 
Increased bone formation by prevention 
of osteoblast apoptosis with parathyroid 
hormone. J Clin Invest 1999;104:439-46.

Yamaguchi M, Ogata N, Shinoda Y, et 
al. Insulin receptor substrate-1 is required 
for bone anabolic function of parathyroid 
hormone in mice. Endocrinology 2005; 
146:2620-8.

Neer RM, Arnaud CD, Zanchetta JR, 
et al. Effect of parathyroid hormone (1–34) 
on fractures and bone mineral density in 
postmenopausal women with osteoporo-
sis. N Engl J Med 2001;344:1434-41.

Chen P, Miller PD, Delmas PD, Misur-
ski DA, Krege JH. Change in lumbar spine 
BMD and vertebral fracture risk reduction 
in teriparatide-treated postmenopausal 
women with osteoporosis. J Bone Miner 
Res 2006;21:1785-90.

Black DM, Greenspan SL, Ensrud KE, 
et al. The effects of parathyroid hormone 
and alendronate alone or in combination 
in postmenopausal osteoporosis. N Engl J 
Med 2003;349:1207-15.

Gold DT, Pantos BS, Masica DN, Mis-
urski DA, Marcus R. Initial experience 
with teriparatide in the United States. Curr 
Med Res Opin 2006;22:703-8.

Greenspan SL, Bone HG, Ettinger MP, 
et al. Effect of recombinant human para-
thyroid hormone (1-84) on vertebral frac-
ture and bone mineral density in post-
menopausal women with osteoporosis:  
a randomized trial. Ann Intern Med 2007; 
146:326-39.

Jolette J, Wilker CE, Smith SY, et al. 
Defining a noncarcinogenic dose of re-
combinant human parathyroid hormone 
1-84 in a 2-year study in Fischer 344 rats. 
Toxicol Pathol 2006;34:929-40.

Vahle JL, Long GG, Sandusky G, 
Westmore M, Ma YL, Sato M. Bone neo-
plasms in F344 rats given teriparatide 
[rhPTH(1-34)] are dependent on duration 
of treatment and dose. Toxicol Pathol 
2004;32:426-38.

Harper KD, Krege JH, Marcus R, Mit-
lak BH. Osteosarcoma and teriparatide?  
J Bone Miner Res 2007;22:334.

Ettinger B, San Martin J, Crans G, 

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Pavo I. Differential effects of teriparatide 
on BMD after treatment with raloxifene 
or alendronate. J Bone Miner Res 2004;19: 
745-51.

Cosman F, Nieves J, Zion M, Woelfert 
L, Luckey M, Lindsay R. Daily and cyclic 
parathyroid hormone in women receiving 
alendronate. N Engl J Med 2005;353:566-
75.

Finkelstein JS, Hayes A, Hunzelman 
JL, Wyland JJ, Lee H, Neer RM. The effects 
of parathyroid hormone, alendronate, or 
both in men with osteoporosis. N Engl J 
Med 2003;349:1216-26.

Deal C, Omizo M, Schwartz EN, et al. 
Combination teriparatide and raloxifene 
therapy for postmenopausal osteoporosis: 
results from a 6-month double-blind pla-
cebo-controlled trial. J Bone Miner Res 
2005;20:1905-11.

Black DM, Bilezikian JP, Ensrud KE, et 
al. One year of alendronate after one year 
of parathyroid hormone (1–84) for osteo-
porosis. N Engl J Med 2005;353:555-65.

Mazziotti G, Angeli A, Bilezikian JP, 
Canalis E, Giustina A. Glucocorticoid- 
induced osteoporosis: an update. Trends 
Endocrinol Metab 2006;17:144-9.

Taylor KA, Saag KG, Shane E, et al. Ac-
tive comparator trial of teriparatide versus 
alendronate in the treatment of glucocorti-
coid-induced osteoporosis. J Clin Densi-
tom 2007;10:218. abstract.

Rubin MR, Bilezikian JP. The anabolic 
effects of parathyroid hormone therapy. 
Clin Geriatr Med 2003;19:415-32.

Dempster DW, Cosman F, Kurland ES, 
et al. Effects of daily treatment with para-
thyroid hormone on bone microarchitec-
ture and turnover in patients with osteo-
porosis: a paired biopsy study. J Bone 
Miner Res 2001;16:1846-53.

Hodsman AB, Kisiel M, Adachi JD, 
Fraher LJ, Watson PH. Histomorphomet-
ric evidence for increased bone turnover 
without change in cortical thickness or 
porosity after 2 years of cyclical hPTH(1-
34) therapy in women with severe osteo-
porosis. Bone 2000;27:311-8.

Fox J, Miller MA, Newman MK, Turn-
er CH, Recker RR, Smith SY. Treatment of 
skeletally mature ovariectomized rhesus 
monkeys with PTH(1-84) for 16 months 
increases bone formation and density and 
improves trabecular architecture and bio-
mechanical properties at the lumbar 
spine. J Bone Miner Res 2007;22:260-73.

Iida-Klein A, Lu SS, Cosman F, Lind-
say R, Dempster DW. Effects of cyclic vs. 
daily treatment with human parathyroid 
hormone (1-34) on murine bone structure 
and cellular activity. Bone 2007;40:391-8.

Leone-Bay A, Sato M, Paton D, et al. 
Oral delivery of biologically active para-
thyroid hormone. Pharm Res 2001;18:964-
70.

Gopalakrishnan V, Hwang S, Loughre 
H. Administration of ThPTH to humans 

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

using Macroflux transdermal technology 
results in the rapid delivery of biologically 
active PTH. J Bone Miner Res 2004;19:
Suppl 1:S460. abstract.

Matsumoto T, Shiraki M, Nakamura T, 
Hagino H, Linuma H. Daily nasal spray of 
hPTH(1-34) for 3 months increases bone 
mass in osteoporotic subjects. J Bone Min-
er Res 2004;19:Suppl 1:S44. abstract.

Gowen M, Stroup GB, Dodds RA, et 
al. Antagonizing the parathyroid calcium 
receptor stimulates parathyroid hormone 
secretion and bone formation in osteope-
nic rats. J Clin Invest 2000;105:1595-604.

Fraher LJ, Avram R, Watson PH, et al. 
Comparison of the biochemical responses 
to human parathyroid hormone-(1-31)NH2 
and hPTH-(1-34) in healthy humans. J Clin 
Endocrinol Metab 1999;84:2739-43.

Horwitz MJ, Tedesco MB, Gundberg 
C, Garcia-Ocana A, Stewart AF. Short-
term, high-dose parathyroid hormone-
related protein as a skeletal anabolic agent 
for the treatment of postmenopausal os-
teoporosis. J Clin Endocrinol Metab 2003; 
88:569-75.

Marie PJ. Strontium ranelate: a physi-
ological approach for optimizing bone 
formation and resorption. Bone 2006;38:
Suppl 1:S10-S14.

Canalis E, Hott M, Deloffre P, Tsoude-
ros Y, Marie PJ. The divalent strontium 
salt S12911 enhances bone cell replica-
tion and bone formation in vitro. Bone 
1996;18:517-23.

Meunier PJ, Roux C, Seeman E, et al. 
The effects of strontium ranelate on the 
risk of vertebral fracture in women with 
postmenopausal osteoporosis. N Engl J 
Med 2004;350:459-68.

Reginster JY, Seeman E, De Vernejoul 
MC, et al. Strontium ranelate reduces the 
risk of nonvertebral fractures in postmeno-
pausal women with osteoporosis: Treat-
ment of Peripheral Osteoporosis (TROPOS) 
study. J Clin Endocrinol Metab 2005;90: 
2816-22.

Seeman E, Vellas B, Benhamou C, et 
al. Strontium ranelate reduces the risk of 
vertebral and nonvertebral fractures in 
women eighty years of age and older.  
J Bone Miner Res 2006;21:1113-20.

Mazziotti G, Bianchi A, Bonadonna S, 
et al. Increased prevalence of radiological 
spinal deformities in adult patients with 
GH deficiency: influence of GH replace-
ment therapy. J Bone Miner Res 2006;21: 
520-8.

Ghiron LJ, Thompson JL, Holloway L, 
et al. Effects of recombinant insulin-like 
growth factor-I and growth hormone on 
bone turnover in elderly women. J Bone 
Miner Res 1995;10:1844-52.

Rosen CJ, Friez J, MacLean D, Berg K, 
Kiel DP. The RIGHT Study: a randomized 
placebo controlled trial of recombinant 
human growth hormone in frail elderly: 
dose response effects on bone mass and 

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Copyright © 2007 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org at KAISER PERMANENTE on August 29, 2007 . 



n engl j med 357;9  www.nejm.org  august 30, 2007916

medical progress

bone turnover. J Bone Miner Res 1999;14:
Suppl 1:S208. abstract.

Doga M, Bonadonna S, Gola M, et al. 
Current guidelines for adult GH replace-
ment. Rev Endocr Metab Disord 2005;6: 
63-70.

Grinspoon S, Baum H, Lee K, Ander-
son E, Herzog D, Klibanski A. Effects of 
short-term recombinant human insulin-
like growth factor I administration on 
bone turnover in osteopenic women with 
anorexia nervosa. J Clin Endocrinol Metab 
1996;81:3864-70.

Langlois JA, Rosen CJ, Visser M, et al. 
Association between insulin-like growth 
factor I and bone mineral density in older 
women and men: the Framingham Heart 
Study. J Clin Endocrinol Metab 1998;83: 
4257-62.

Grinspoon S, Thomas L, Miller K, 
Herzog D, Klibanski A. Effects of recom-
binant human IGF-I and oral contracep-
tive administration on bone density in 
anorexia nervosa. J Clin Endocrinol Metab 
2002;87:2883-91.

Van Hul W, Balemans W, Van Hul E, et 
al. Van Buchem disease (hyperostosis cor-
ticalis generalisata) maps to chromosome 
17q12-q21. Am J Hum Genet 1998;62: 
391-9.

64.

65.

66.

67.

68.

Loots GG, Kneissel M, Keller H, et al. 
Genomic deletion of a long-range bone 
enhancer misregulates sclerostin in Van 
Buchem disease. Genome Res 2005;15:928-
35.

Balemans W, Ebeling M, Patel N, et al. 
Increased bone density in sclerosteosis is 
due to the deficiency of a novel secreted 
protein (SOST). Hum Mol Genet 2001;10: 
537-43.

Brunkow ME, Gardner JC, Van Ness J, et 
al. Bone dysplasia sclerosteosis results from 
loss of the SOST gene product, a novel 
cystine knot-containing protein. Am J 
Hum Genet 2001;68:577-89.

Gardner JC, van Bezooijen RL, Mervis 
B, et al. Bone mineral density in scleroste-
osis; affected individuals and gene carri-
ers. J Clin Endocrinol Metab 2005;90: 
6392-5.

Warmington K, Ominsky M, Bolon B, 
et al. Sclerostin monoclonal antibody treat-
ment of osteoporotic rats completely revers-
es one year of ovariectomy-induced systemic 
bone loss. J Bone Miner Res 2005;20:Suppl 
1:S22. abstract.

Grisanti M, Niu QT, Fan W, et al. Dkk-
1 inhibition increases bone mineral den-
sity in rodents. J Bone Miner Res 2006;21:
Suppl 1:S25. abstract.

69.

70.

71.

72.

73.

74.

Centrella M, McCarthy TL, Canalis E. 
Activin-A binding and biochemical effects 
in osteoblast-enriched cultures from fe-
tal-rat parietal bone. Mol Cell Biol 1991; 
11:250-8.

Gaddy-Kurten D, Coker JK, Abe E, Jilka 
RL, Manolagas SC. Inhibin suppresses and 
activin stimulates osteoblastogenesis and 
osteoclastogenesis in murine bone marrow 
cultures. Endocrinology 2002;143:74-83.

Daluiski A, Engstrand T, Bahamonde 
ME, et al. Bone morphogenetic protein-3 
is a negative regulator of bone density. 
Nat Genet 2001;27:84-8.

Pearsall RS, Cornwall-Brady M, Lachey 
J, Glatt V, Bouxsein ML. Treatment with a 
soluble activin type II receptor reverses 
bone loss in ovariectomized mice. J Bone 
Miner Res 2006;21:Suppl 1:S26. abstract.

Kisselev AF, Goldberg AL. Proteasome 
inhibitors: from research tools to drug 
candidates. Chem Biol 2001;8:739-58.

Garrett IR, Chen D, Gutierrez G, et al. 
Selective inhibitors of the osteoblast protea-
some stimulate bone formation in vivo and 
in vitro. J Clin Invest 2003;111:1771-82.
Copyright © 2007 Massachusetts Medical Society.

75.

76.

77.

78.

79.

80.

full text of all journal articles on the world wide web

Access to the complete text of the Journal on the Internet is free to all subscribers. To use this Web site, subscribers should go 
to the Journal’s home page (www.nejm.org) and register by entering their names and subscriber numbers as they appear on 
their mailing labels. After this one-time registration, subscribers can use their passwords to log on for electronic access to the 
entire Journal from any computer that is connected to the Internet. Features include a library of all issues since January 1993 
and abstracts since January 1975, a full-text search capacity, and a personal archive for saving articles and search results of 
interest. All articles can be printed in a format that is virtually identical to that of the typeset pages. Beginning 6 months after 
publication, the full text of all Original Articles and Special Articles is available free to nonsubscribers who have completed a 
brief registration. 

Copyright © 2007 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org at KAISER PERMANENTE on August 29, 2007 . 


