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Abstract

Osteoporosis is the most common type of meta-
bolic bone disease. It is characterized by low bone
mass and deterioration of bone microarchitecture that
leads to bone fragility and increased susceptibility to
fractures. Generally, it increases progressively with
age and decreased gonadal function and is the result
of a negative skeletal balance observed when osteo-
clasts increase in number or activity, osteoblasts
decrease in number or activity, or a combination of
these factors. Most drugs marketed for the treatment
of osteoporosis act by decreasing bone resorption or
by increasing bone formation. The search for effective
treatment strategies for osteoporosis continues, with
special attention focused on the identification of novel
targets for drug development. In the interest of facili-
tating access to information on the major targets for
therapeutic intervention in osteoporosis, this article
presents those targets that are currently under active
investigation.

Introduction

Osteoporosis, the most common type of metabolic
bone disease, is defined as a skeletal disorder character-
ized by low bone mass and deterioration of bone microar-
chitecture, leading to bone fragility and increased sus-
ceptibility to fractures, especially of the hip, spine and
wrist, caused by relatively low impact (1, 2). It can be
classified as a primary disorder (typically postmeno-
pausal or senile osteoporosis) related to aging and
decreased gonadal function, or as a secondary condition
arising in patients taking glucocorticoids or other drugs or
who suffer from hypogonadism, inflammatory bowel dis-
ease, cystic fibrosis, vitamin D deficiency, Cushing's syn-
drome, primary hyperparathyroidism or malignancies,
transplant recipients and others (3, 4).

Bone is a porous, mineralized structure comprised of
cells, vessels and hydroxyapatite crystals in varying pro-
portions depending upon the type and location of the
bone in the body. Throughout the normal human lifetime,
old bone is removed by resorption and new bone is
formed. Osteoclasts, a specialized class of bone-eroding
cells derived from pluripotent hematopoietic cells, invade
the bone's surface and create small cavities. After a peri-
od known as reversal, during which mononuclear cells
appear on the bone surface, the cavitated bone is subse-
quently filled in by osteoblasts, or bone-forming cells. The
entire process can take up to 6 months to be completed
(5, 6). A series of molecular signals, some of which are
only beginning to be understood, direct the processes of
cell replication, differentiation, function, survival and
death (5). When osteoclasts increase in number or activ-
ity, osteoblasts decrease in number or activity, or a com-
bination thereof, the result is a negative skeletal balance.
Although bone mineral density (BMD) is the most impor-
tant and easily assessable factor determining bone
strength and risk of fracture, another cluster of factors,
together known as bone quality, is gaining increasing
recognition for its contribution to bone strength (2). Bone
quality encompasses the following variables: bone
macroarchitecture (shape, geometry), bone microarchi-
tecture (trabecular and cortical bone), matrix and mineral
composition, degree of mineralization, accumulated
microdamage and bone turnover rate.

Osteoporosis is a preventable disease. Furthermore,
it is generally more difficult to restore lost bone in patients
with established osteoporosis than it is to prevent bone
loss. The most important components of prevention
include calcium and vitamin D supplementation, as well
as overall good nutrition, weight-bearing exercise, and
reducing tobacco and alcohol consumption (7). Most
drugs marketed for the treatment of osteoporosis (see
Table 1), e.g., estrogens, bisphosphonates and calcitonin,
act by decreasing bone resorption. Others, such as para-
thyroid hormone, act by increasing bone formation (8).

The search for effective treatment strategies for
osteoporosis continues, with special attention focused on
the identification of novel targets for drug development.
Those targets which are currently under active investiga-
tion are discussed below (see Figure 1). Table | shows a
selection of products under active development for each
target.
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Fig. 1. Osteoporosis targetscape. Diagram showing an overall cellular and molecular landscape or comprehensive network of connec-
tions among the current therapeutic targets for the treatment of osteoporosis and their biological actions. Arrow, positive effect; dash,
negative effect; avf3, integrin o, 8, (vitronectin) receptor; AR, androgen receptor; BLT1, leukotriene B, receptor; CaSR, calcium-sensing
receptor; CTR, calcitonin receptor; CTSK, cathepsin K; EP2, prostanoid EP, receptor; ER, estrogen receptor; FPPS, farnesyl pyrophos-
phate synthetase; FSH, follicle-stimulating hormone receptor; MR, mineralocorticoid receptor; PR, progesterone receptor; PTH1,
parathyroid hormone receptor; RANKL, receptor activator of NF-kB ligand; VDR, vitamin D receptor.

Targets
Androgen receptor

The androgen receptor (AR) is the nuclear receptor
that binds androgens (e.g., testosterone, dihydrotestos-
terone, androstenedione), a class of sex hormones
involved in the development and maintenance of the sec-
ondary male sex characteristics, sperm induction and
sexual differentiation. Binding of these hormones to their
receptor results in increased virility, libido and nitrogen
and water retention, and stimulation of skeletal growth.
When the androgen receptor is inactive, it is bound to
heat shock proteins (HSPs) in the cytoplasm of prostate
cells. After androgen binding, the receptor dissociates
from HSPs and translocates to the nucleus, where it
dimerizes and binds to the androgen response elements
in the DNA, thereby activating genes involved in cell
growth. Expression of ARs has been demonstrated in
nearly all bone cells, including osteoblasts and osteo-
clasts. Stimulation of ARs has been described to exert
proapoptotic effects on osteoclasts, whereas it prevents
apoptosis of osteoblasts, thus modulating their lifespan

and decreasing the number of bone remodeling cycles.
Also, ARs appear to play a relevant role in the growth of
periosteal cortical bone, although androgens stimulate
both longitudinal and radial growth. It is interesting to note
that both AR and estrogen receptor ERo. pathways gen-
erate similar and additive effects on bone. In conclusion,
AR agonists may exert a protective effect against bone
loss, including in osteoporosis (9, 10).

Calcitonin receptors

Calcitonin receptors are G protein-coupled receptors
(GPCRs) for calcitonin that couple to a G,. Calcitonin is a
peptide hormone (32 amino acids) synthesized and
secreted in response to high blood calcium levels by the
parafollicular cells of the thyroid gland in mammals. It
increases calcium and phosphate deposition in bone and
reduces plasma calcium levels. The binding of calcitonin
to calcitonin receptors leads to the activation of adenylyl
cyclase, thereby favoring the production of CAMP in target
cells. In general, elevated levels of cCAMP oppose any cell
stimulation response. Calcitonin receptors are found in
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Table I: Selected targets and products launched or being actively investigated for osteoporosis (from Prous Science Integrity®).
Target Product Source Phase
Androgen receptor LGD-2941 Ligand/TAP |
ACP-105 ACADIA Preclinical
RAD-140 Radius Preclinical
Calcitonin receptor Calcitonin, salmon Menarini/Novartis/Rottapharm Launched
Elcatonin GlaxoSmithKline L-1985
Calcium-sensing receptor JTT-305 Japan Tobacco Il
Ronacaleret HCI GlaxoSmithKline/NPS Pharmaceuticals Il
Cathepsin K Odanacatib Merck & Co. I}
ONO-5534 Ono Il
MIV-701 Medivir |
VEL-0230 Velcura |
Estrogen receptor Raloxifene HCI Lilly L-1998
Bazedoxifene acetate Ligand/Wyeth Pharmaceuticals Prereg.
Lasofoxifene tartrate Pfizer Prereg.
Arzoxifene HCI Lilly I}
Bazedoxifene/conjugated estrogens Ligand/Wyeth Pharmaceuticals I}
Estetrol Pantarhei Bioscience Il
CHF-4227 Chiesi |
RAD-1901 Radius Preclinical
Estrogen receptor/progesterone Estradiol valerate/medroxyprogesterone Orion Pharma L-1984
receptor acetate
Estradiol/dydrogesterone Solvay L-1995
Norethindrone acetate/ethinyl estradiol Warner Chilcott L-2000
Farnesyl pyrophosphate synthetase Risedronate sodium sanofi-aventis L-1999
Follicle-stimulating hormone receptor ADX-68693 Addex Pharmaceuticals Preclinical
Integrin o, 3, (vitronectin) receptor NVX-188 Novelix Preclinical
Leukotriene B, receptor DW-1350 Dong-Wha Il
Mineralocorticoid receptor Drospirenone/estradiol Bayer Schering Pharma L-2003
Parathyroid hormone receptor Teriparatide Lilly L-2002
Recombinant human parathyroid Nycomed L-2006
hormone(1-84)
Teriparatide acetate Asahi Kasei Pharma 1]
BA-058 Radius Il
ZT-031 Zelos Therapeutics Il
PTH-131A GlaxoSmithKline/Unigene |
Prostanoid EP, receptor CP-533536 Pfizer Il
RANKL Denosumab Amgen/Daiichi Sankyo I}
RANKL AutoVac vaccine Pharmexa Preclinical
Sclerostin Sclerostin Ab Amgen/UCB |
Vitamin D receptor Calcitriol Fontus L-1978
Eldecalcitol Chugai I}
BXL-093 Bioxell Preclinical

osteoclasts and their activation by calcitonin is associated
with a decrease in the rate of bone resorption. In more
detail, osteoclasts undergo a loss of the ruffled border,
cessation of motility and pseudopodial and margin retrac-
tion, and inhibition of osteoclast secretion of proteolytic
enzymes and the proton pump. Calcitonin receptor ago-
nists such as calcitonin of different origin have been mar-
keted as effective antiosteoporotic strategies, thus demon-
strating the importance of this therapeutic target (11-13).

Calcium-sensing receptor

The calcium-sensing receptor (CaS, CaSR) is a
7-transmembrane-spanning GPCR that transduces sig-
nals mainly through the G, G, and, to a lesser extent,
G 43 Pathways. Both G, and G, signaling pathways result
in elevated cytosolic calcium levels and activated protein
kinase C (PKC), key elements causing cell responses.
However, the biological effects derived from CaS recep-



806

tors are considerably more complex and cannot be
explained solely by the basic signaling pattern of GPCRs.
Interaction with additional proteins, such as filamin,
receptor activity-modifying proteins and potassium chan-
nels, is believed to better explain their behavior. CaS
receptors are present in chief cells of the parathyroid
gland, although they can be found in many tissues, and
their major role is the regulation of endogenous parathy-
roid hormone (PTH) levels. Elevated concentrations of
extracellular calcium activate CaS receptors and PTH
secretion is inhibited, and subsequently the release of
calcium and phosphorus from bone. CaS receptor antag-
onists may increase BMD and decrease the risk of frac-
tures in osteoporosis (14, 15).

Cathepsin K

A lysosomal cysteine protease (EC 3.4.22.38),
cathepsin K is expressed predominantly on osteoclasts,
cleaves bone matrix proteins and is involved in the
process of bone resorption and bone remodeling. Agents
that stimulate the osteoclast to produce increased
amounts of cathepsin K include receptor activator of
NF-xB ligand (RANKL), tumor necrosis factor (TNF),
retinoic acid, interleukin-1 (IL-1), peroxisome proliferator-
activated receptors PPARS and PPARS, the transcription
factor c-jun, MITF (microphthalmia-associated transcrip-
tion factor) and extracellular matrix proteins. Synthesized
cathepsin K is transported from the endoplasmic reticu-
lum within lysosomes and other secretory vesicles and
then released to the extracellular compartment, where it
digests several components of bone matrix, including
type | collagen, osteopontin and osteonectin. Animal
models for evaluating bone-active compounds were
assayed for this enzyme and potent inhibitors are being
developed, especially newer classes of low-molecular-
weight compounds with a high degree of selectivity for
cathepsin K, as potential therapeutic agents to treat dis-
eases associated with excess bone resorption such as
osteoporosis (16-18).

Estrogen receptor

The estrogen receptor (ER) family includes two struc-
turally similar although not identical receptors, ERa and
ERB, that mediate the effects of estrogens, natural or syn-
thetic substances that have activity (i.e., estrogenic) sim-
ilar to that of the most potent naturally occurring estrogen
17p-estradiol. Estrogens are produced by the ovary,
testis, placenta, adrenal cortex and by certain plants.
Estrogen actions include stimulation of secondary sex
characteristics, growth and maturation of long bones, and
control of the menstrual cycle. Upon ligand binding, ER
dissociates from its inactive binding to HSP90, is activat-
ed, undergoes conformational change, dimerizes and
autophosphorylates. Subsequently, ER dimers translo-
cate to the nucleus, where they bind to estrogen
response elements that regulate promoter regions of var-
ious genes, which, in general, are responsible for cell
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growth, inhibition of apoptosis and promotion of angio-
genesis. Expression of ER has been detected in
osteoblasts and osteocytes. Stimulation of ER has been
described to exert proapoptotic effects in osteoclasts,
whereas it prevents apoptosis of osteoblasts, thus modu-
lating their lifespan and decreasing the number of bone
remodeling cycles. During skeletal remodeling, ERa is
the crucial pathway for longitudinal bone growth, although
both the ERo and AR stimulate periosteal growth. In con-
clusion, ERs can be considered appropriate targets to
prevent bone loss in osteoporosis (9, 19, 20).

Farnesyl pyrophosphate synthetase

Farnesyl pyrophosphate synthetase, or geranyl-
transtransferase, is the enzyme responsible for the syn-
thesis of the linear isoprenoid farnesyl pyrophosphate
(FPP) in the HMG-CoA reductase pathway, a precursor of
steroids, cholesterol, sesquiterpenes, farnesylated pro-
teins, heme and vitamin K. Isoprenoids such as FPP and
geranylgeranyl pyrophosphate (GGPP) are required for
the posttranslational modification of the small GTPases
(e.g., Ras, Rho and Rac), which are essential for the
bone-resorbing activity and survival of osteoclasts. There
are two types of posttranslational modification: farnesyla-
tion and geranylgeranylation, both affecting G protein-
dependent cellular activation and numerous signaling
pathways. Rho protein plays a key role in the organization
of the osteoclast cytoskeleton, which is required for the
configuration of the membrane brush border that allows
osteoclasts to attach to bone and form the sealed resorp-
tion lacuna. Activation of Rho requires the attachment of
geranylgeraniol, necessary for the translocation of inac-
tive Rho from the cytosol to the membrane. Activation of
Rho results in contractile forces and reorganization of the
actin cytoskeleton, osteoclast shape change and forma-
tion of the ruffled border. Farnesyl pyrophosphate syn-
thetase is a therapeutic target for well-known antiosteo-
porotic agents such as N-containing bisphosphonates
(N-BPs). N-BPs interfere with the biosynthetic meval-
onate pathway by inhibiting farnesyl pyrophosphate syn-
thetase, thus blocking an essential step for Rho activa-
tion. Osteoclasts cannot form the tight-sealing zone
required for bone resorption and bone loss is then
stopped (17, 21-23).

Follicle-stimulating hormone receptor

The follicle-stimulating hormone receptor (FSH) is a
member of the glycoprotein hormone receptor family that
binds FSH, which is synthesized and secreted from the
anterior pituitary gland in response to luteinizing hormone-
releasing hormone (LHRH). FSH is a typical member of
the GPCR family. In ovarian cells, FSH has been
described to couple with a G, leading to stimulation of
adenylyl cyclase, production of cyclic AMP (cAMP) and
activation of PKA, which phosphorylates structural pro-
teins, enzymes and transcriptional activators. In women,
during the first half of the menstrual cycle, FSH stimulates
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the production of graafian follicles in the ovary and is
involved in subsequent oocyte maturation and the secre-
tion of estrogen. In men, FSH stimulates the epithelium of
the seminiferous tubules and is involved in the induction
of spermatogenesis. However, recent studies demon-
strate that osteoclasts also express FSH, which couples
with G, instead of G,. G, activation is linked to the stimu-
lation of the MEK/ERK, NF-xB and Akt pathways, result-
ing in enhanced osteoclast formation and function, and in
consequence, increased bone loss. During early
menopause and in hypogonadism, bone loss is observed,
which may result in part from elevated levels of circulating
FSH. All these observations suggest that the modulation
of FSH may be an interesting strategy for the treatment of
postmenopausal and hypogonadal osteoporosis (24-26).

Integrin o, B, (vitronectin) receptor

Integrins are a large family of widely expressed trans-
membrane receptors for extracellular matrix (ECM) and
plasma proteins. Like other integrins, o, 3, is comprised of
two noncovalently linked subunits (c,, and f3,) that span
the plasma membrane and interact with the actin
cytoskeleton and focal adhesion kinase (FAK) complex
through their cytoplasmic domains, which are highly con-
served and provide specificity of interactions and fine tun-
ing of subsequent downstream signaling. A characteristic
feature of all integrins, including o, 3,, is the ability to trans-
mit signals bidirectionally, both inside-out and outside-in,
regulating the processes of cell survival, growth and
motility. Integrin o 3, interacts with various ECM proteins,
including fibronectin, osteoponin, tenascin and vit-
ronectin. When the mature osteoclast adheres to bone, a
tight-sealing zone between the cell and the bone surface,
which is an extracellular compartment called the resorp-
tion lacuna, forms after integrin o 8, binds to ECM pro-
teins. In the resorption lacuna, the collagen bone matrix is
enzymatically digested and calcium hydroxyapatite is dis-
solved under acid conditions, leading to bone resorption.
As a strategy against osteoporosis, antagonizing integrin
o, B, would prevent the attachment of osteoclasts to bone
and thus reduce bone resorption (23, 27).

Leukotriene B, receptor

The leukotriene B, receptor, or BLT,, is a GPCR for
LTB, that signals via the IP, second messenger (phos-
pholipase C [PLC]-activating). It plays a role in inflamma-
tion and immunity. Leukotrienes are physiologically active
substances that mediate inflammation and allergic reac-
tions and have been implicated in inflammation-related
diseases. The leukotrienes are 5-lipoxygenase metabo-
lites of arachidonic acid and differ from prostaglandins and
thromboxanes in that they do not have a central ring. Six
metabolites have been named —LTA-LTF- with the num-
ber of double bonds indicated as a subscript (e.g., LTB,).
They are classified into two subclasses: pepti-
doleukotrienes (e.g., LTC,, LTD,, LTE,) and hydroxy-
leukotrienes (LTB,). LTB, is involved in immune respons-
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es such as stimulation of leukocytes (i.e., chemotaxis,
aggregation, etc.). High levels of LTB, are observed in
rheumatoid arthritis, gout, psoriasis and inflammatory
bowel disease. Curiously, a negative bone remodeling bal-
ance has been observed in patients with inflammation-
related diseases in which LTB, plays a significant role.
Studies have shown LTB, to increase bone resorption both
in vitro and in vivo, probably by stimulating the recruitment,
formation and activation of osteoclasts, as well as by
inhibiting the differentiated function of the osteoblasts.
Thus, inhibition of the BLT, receptor may be an attractive
strategy for the treatment of osteoporosis (28-30).

Mineralocorticoid receptor

The mineralocorticoid receptor (MR) is a nuclear
receptor of the NR3 class also known as the aldosterone
receptor, that exists as a dimer coupled with chaperone
molecules (e.g., HSP90, HSP70). It binds corticosteroid,
cortisol, aldosterone and progesterone with comparable
affinity. Upon binding, the receptor—ligand complex disso-
ciates from HSP and becomes activated, dimerizes and
translocates to the nucleus, where it interacts with hor-
mone response elements in the promoter regions of tar-
get genes involved in the regulation of electrolyte and
water balance, modulating their transcription rate. Hence,
the receptor affects ion transport in epithelial cells and
renal tubules, causing retention of sodium and loss of
potassium. Based on its role in water balance, MR mod-
ulators are being investigated for the treatment of hyper-
tension, heart failure and Cushing's syndrome. Inter-
estingly, it has been observed that osteoporosis is a
characteristic clinical feature in patients with Cushing's
syndrome or in those on glucocorticoid treatment.
Moreover, glucocorticoids have been described to
increase bone resorption, inhibit bone formation and have
an indirect action on bone by decreasing intestinal calci-
um absorption, but also inducing a sustained renal calci-
um excretion. Thus, the MR is an attractive target for the
prevention and treatment of glucocorticoid-induced osteo-
porosis (31, 32).

Parathyroid hormone receptor PTH1

PTH1 is a GPCR for PTH that couples to a G_ . PTH
is a peptide produced by the parathyroid gland that regu-
lates calcium and phosphorus metabolism, with resulting
anabolic effects in bone. PTH1 also binds parathyroid
hormone-related hormone (PTHrH). PTH raises serum
salt levels by dissolving the salts in bone and preventing
their renal excretion. Although excess PTH can be dele-
terious for bone formation, it has been reported that inter-
mittent exposure of bone to PTH can increase bone
mass. PTH1 is expressed in mature osteoblasts and PTH
binding leads to an antiapoptotic signaling that involves
stimulation of adenylyl cyclase, production of cAMP and
activation of PKA, which phosphorylates structural pro-
teins, enzymes and transcriptional activators. Studies in
mice have demonstrated that PTH treatment inhibits
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osteoblast apoptosis, leading to an increase in osteoblast
numbers and a subsequent increase in bone formation.
PTH also seems to increase osteoblast differentiation and
to stimulate osteoclast-released factors that activate
osteoblasts. PTH1 agonists such as recombinant PTH
and PTH analogues are currently under active develop-
ment for the treatment of osteoporosis (33, 34).

Progesterone receptor

A nuclear receptor of the NR3 class that exists as a
dimer coupled with chaperone molecules (e.g., HSP90,
HSP70), the PR exists as two separate isoforms (A and
B) and binds the steroid progesterone (4-pregnene-3,20-
dione), a naturally occurring antiestrogenic steroid pro-
duced by the corpus luteum and placenta. Chaperone
molecules are shed subsequent to ligand binding, PR
undergoes a conformational change, dimerizes and
becomes activated. Subsequently, PR dimers translocate
to the nucleus, where they bind to progesterone response
elements that regulate promoter regions of various genes
associated with the preparation of the uterus for implan-
tation and growth of fertilized ovum, as well as the main-
tenance of pregnancy by inhibiting uterine contractions
during gestation. PRs have been identified in primary cul-
tures of human osteoblasts and osteoclasts and it has
been indicated that progesterone appears to act directly
on bone remodeling, playing a role in the coupling of bone
resorption with bone formation. However, it is not clear
whether these activities can be ascribed to its progesta-
tional or other intrinsic hormonal actions. It is important to
point out that progesterone acts synergistically with estro-
gen on the skeleton. PR modulation, problably with addi-
tional ER modulation, may be an effective treatment for
osteoporosis and postmenopausal syndrome (35, 36).

Prostanoid EP, receptor

The prostanoid EP, receptor is a GPCR that mediates
the actions of prostaglandin E, (PGE,) and is character-
ized by a compact structure when compared to other
prostanoid receptors (EP,, EP, and EP,). EP, receptors
mainly couple to G, and mediate elevations in cAMP con-
centration, although they participate in other pathways as
well. In the skeleton, PGE, effects have been linked to
EP, and/or EP, receptor subtypes. PGE, has been found
to stimulate both bone formation and resorption in vitro
and in vivo. For example, both receptors induce PGE,-
mediated RANKL expression in osteoblasts through
cAMP, thus inducing osteoclast maturation and bone
loss. Conversely, PGE,-stimulated bone formation most
likely results from recruitment of osteoblasts from their
bone marrow stromal precursors. The balance of this dual
action of PGE, seems to be biased towards favoring bone
formation because when PGE, is administered systemi-
cally or locally to the skeleton in a rat model it causes sig-
nificant increases in bone mass and strength. However,
due to its side effects, PGE, administration is not an
appropriate therapy. An alternative therapeutic approach
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that is being considered is the development of EP, recep-
tor agonists able to mimic the effects of PGE, as a treat-
ment for osteoporosis and bone loss (37-39).

RANKL

A member of the TNF family of cytokines that is pro-
duced by cells of osteoblastic lineage, RANKL is a crucial
modulator of bone remodeling and required for the devel-
opment and activation of osteoclasts. RANK is present in
osteoclast progenitors and mature osteoclasts. RANKL
expression on the plasma membrane of osteoblasts is
induced by bone-resorbing factors such as vitamin D,,
PTH, PGE,, IL-1 and -11, TNF-o and glucocorticoids.
RANKL binding to RANK induces receptor trimerization
and activation that results in the recruitment of several
adaptor proteins, which trigger the activation of down-
stream signaling pathways such as p38 MAPK/ MK2, NF-
kB, Jun kinase 1 (JNK1) and c-Src/PI3K/Akt. Signaling
ends with the activation of transcription factors that
translocate to the nucleus and induce the expression of
genes that regulate activation, survival and differentiation
of osteoclasts. Based on its key role as a regulator of
osteoclast development, RANKL is a highly attractive tar-
get for the treatment of osteolytic bone disorders such as
osteoporosis and rheumatoid arthritis (40-42).

Sclerostin

Sclerostin is a bone morphogenetic protein (BMP)
antagonist that inhibits the differentiation of osteoprogen-
itor cells and reduces osteoblast activity. Sclerostin is the
product of the SOST gene that is produced in osteocytes
buried in the bone and is a powerful inhibitor of bone for-
mation. As osteoblasts become embedded in the miner-
alized matrix, they transform into osteocytes and begin
expressing sclerostin, which controls bone formation and
phosphate metabolism. Runt-related transcription factor 2
(RUNX2) controls its expression throughout osteoblast
maturation. Sclerostin inhibits Wnt signaling, a complex
network of proteins that has been described to play a role
in embryogenesis and cell growth and proliferation, and is
also involved in controlling physiological processes such
as osteoblast differentiation. Wnt protein is a ligand for
the frizzled receptor (FZD), whose coreceptor is the low-
density lipoprotein receptor-related protein 5 (LRP5).
Ligand binding induces signal transduction that leads to
stabilization of -catenin, the accumulation of which pro-
motes transcriptional events that increase osteoblast
number and activity, and ultimately bone formation.
Sclerostin antagonizes this signaling by inducing the dis-
sociation of LRP5 from FZD and Wnt. Current therapeu-
tic approaches to treat bone loss include neutralization of
sclerostin by antibodies and drugs (33, 43, 44).

Vitamin D receptor

The vitamin D receptor, or VDR, also known as the
calcitriol receptor, belongs to the superfamily of
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steroid/thyroid hormone nuclear receptors. It is activated
by vitamin D (1,25-dihydroxyvitamin D), a general name
for any steroid with activity similar to vitamin D, or D,.
Upon activation by vitamin D, VDR heterodimerizes with
the retinoid X receptor and binds to hormone response
elements on DNA, resulting in the expression of specific
genes and products that regulate calcium and phospho-
rus absorption from the bowel, promote reabsorption of
calcium in the kidneys and mediate the mineralization of
osteoid tissue. Calcium provides mechanical strength to
the skeleton, and bone is the main reservoir of the body’s
calcium, accounting for over 99%. Hence, the importance
of vitamin D in maintaining blood calcium levels and pre-
venting fractures and bone loss has been widely recog-
nized. Moreover, vitamin D, acting through the VDR, has
been described to suppress bone resorption through a
direct antiosteoclastic action, by interfering with signaling
through RANK receptors on osteoclast precursor cells.
Although vitamin D analogues and VDR agonists have
long been used for the oral treatment of hypocalcemia
and resulting metabolic bone disease, new products tar-
geting VDR are currently under active development for
the treatment of osteoporosis (45, 46).
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