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Osteoclasts and osteoblasts dictate skeletal mass, structure,
and strength via their respective roles in resorbing and form-
ing bone. Bone remodeling is a spatially coordinated lifelong
process whereby old bone is removed by osteoclasts and re-
placed by bone-forming osteoblasts. The refilling of resorp-
tion cavities is incomplete in many pathological states, which
leads to a net loss of bone mass with each remodeling cycle.
Postmenopausal osteoporosis and other conditions are asso-
ciated with an increased rate of bone remodeling, which leads
to accelerated bone loss and increased risk of fracture. Bone
resorption is dependent on a cytokine known as RANKL (re-
ceptor activator of nuclear factor �B ligand), a TNF family
member that is essential for osteoclast formation, activity,
and survival in normal and pathological states of bone re-
modeling. The catabolic effects of RANKL are prevented by

osteoprotegerin (OPG), a TNF receptor family member that
binds RANKL and thereby prevents activation of its single
cognate receptor called RANK. Osteoclast activity is likely to
depend, at least in part, on the relative balance of RANKL and
OPG. Studies in numerous animal models of bone disease
show that RANKL inhibition leads to marked suppression of
bone resorption and increases in cortical and cancellous bone
volume, density, and strength. RANKL inhibitors also prevent
focal bone loss that occurs in animal models of rheumatoid
arthritis and bone metastasis. Clinical trials are exploring the
effects of denosumab, a fully human anti-RANKL antibody, on
bone loss in patients with osteoporosis, bone metastasis, my-
eloma, and rheumatoid arthritis. (Endocrine Reviews 29:
155–192, 2008)
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I. Introduction

BONE REMODELING IS the lifelong process by which
old bone is replaced by new bone. Bone remodeling

also helps to maintain mineral homeostasis via the liberation
of calcium and phosphorus into the circulation. The remod-
eling process occurs at discrete sites on cortical and cancel-
lous bone surfaces and involves the integrated and sequen-
tial actions of osteoclasts and osteoblasts. The basic
multicellular unit is the term given to this localized collab-
orative cellular team. The remodeling cycle leads to the for-
mation of a new “osteon” via four steps: activation, resorp-
tion, reversal, and formation. A previously quiescent bone
surface is “activated” by unknown signals that attract oste-
oclast precursors from the circulation to the skeleton where
they fuse and form multinucleated cells. These multinucle-
ated preosteoclasts attach to the bone surface, differentiate,
and begin resorbing bone matrix (resorption phase). The
completion of resorption is associated with apoptosis of os-
teoclasts, followed by a reversal phase during which addi-
tional cells including preosteoblasts move to the bone sur-
face. Osteoblasts orchestrate the formation of new bone
matrix and regulate its mineralization. The return of the bone
surface to its quiescent state involves the apoptosis of os-

teoblasts, their incorporation into the bone as osteocytes, or
their transformation into bone surface-lining cells.

In many pathological states, and perhaps in healthy adults,
each bone remodeling cycle leads to a net loss of bone due
to a modest deficiency in the amount of new bone formed
relative to old bone removed (1, 2). This relative deficit in
bone formation could be related at least in part to trabecular
perforations that occur during the resorptive phase, leading
to the loss of bone surface on which osteoblasts could deposit
new bone (3). Acceleration of the bone remodeling rate,
which is common in many metabolic bone diseases including
postmenopausal osteoporosis, thereby leads to a greater rate
of bone loss (1). Inhibition of bone remodeling has therefore
become a major therapeutic strategy for preventing bone
loss. This review will focus on the recent discovery of the
OPG/RANKL/RANK signaling pathway (Fig. 1), its critical
involvement in the cellular regulation of bone remodeling,
and the effects of bone remodeling suppression via RANKL
inhibition.

II. Discovery and Validation of the
OPG/RANKL/RANK Pathway

A. Description of proteins and methods of discovery

The first component identified for a novel pathway reg-
ulating bone resorption and remodeling was osteoprotegerin
(OPG), which was discovered in mice via a genomics-based
approach. Expressed sequence tags were generated by se-
quencing randomly selected clones from a fetal rat intestine
cDNA library. The relevant expressed sequence tag for OPG
encoded an open reading frame with significant homology
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FIG. 1. Mechanisms of action for OPG, RANKL, and RANK. RANKL is produced by osteoblasts, bone marrow stromal cells, and other cells
under the control of various proresorptive growth factors, hormones, and cytokines. Osteoblasts and stromal cells produce OPG, which binds
to and thereby inactivates RANKL. The major binding complex is likely to be a single OPG homodimer interacting with high affinity with a
single RANKL homotrimer (17). In the absence of OPG, RANKL activates its receptor RANK, found on osteoclasts and preosteoclast precursors.
RANK-RANKL interactions lead to preosteoclast recruitment, fusion into multinucleated osteoclasts, osteoclast activation, and osteoclast
survival. Each of these RANK-mediated responses can be fully inhibited by OPG. [Adapted from Women’s Health 2:517–525, 2006 (266), with
permission of Future Medicine Ltd.]
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to TNF receptor 2. Subsequent cloning of the full-length gene
revealed that it encoded a novel member of the TNF receptor
family. The full-length rat OPG gene was overexpressed in
its native soluble form in transgenic mice, under the control
of a human apolipoprotein E promoter. These OPG trans-
genic mice were born with high bone mass, and this phe-
notype progressed as animals aged with no evidence of res-
olution. High bone mass in these animals was associated
with marked reductions in osteoclast numbers and activity
(4). The protein was therefore named “osteoprotegerin”
based on its ability to protect bone. Independent of this effort,
scientists in Japan isolated a protein secreted by cultured
human fibroblasts that proved to be identical to OPG (5, 6).
This molecule was referred to as osteoclastogenesis inhibi-
tory factor (OCIF) based on its ability to suppress osteoclas-
togenesis in vitro (5). OPG/OCIF was shown soon thereafter
to also suppress osteoclast activity (7–9), survival (10, 11),
and adhesion to bone surfaces (12, 13). The name OPG was
officially adopted by the nomenclature committee of the
American Society of Bone and Mineral Research (ASBMR)
(14). The preferred nomenclature and synonyms for the
OPG/RANK/RANKL pathway are described in Table 1.

Structural domains of native OPG are described in Fig. 2
(adapted from Ref. 15). OPG is an atypical member of the
TNF receptor family in that it is a secreted protein with no
transmembrane domain and no direct signaling properties
(4, 6). Secretion of OPG is mediated by a 21-residue signal
peptide (4). OPG has three major structural motifs including
four cysteine-rich TNF receptor domains, a heparin-binding
domain, and two death domain homologous (DDH) regions.
The DDH regions within native OPG have yet to be associ-
ated with any functional role (16), although recent evidence
suggests that this domain contributes to the formation of
homodimers (17). Unlike the intracellular DDH regions
found in apoptosis-inducing proteins such as Fas, the DDH

regions in OPG reside in an extracellular environment be-
cause OPG is secreted.

OPG contains four cysteine-rich TNF receptor homolo-
gous domains that were necessary and sufficient for binding

TABLE 1. Acronyms and synonyms for proteins from the
OPG/RANKL/RANK pathway

Acronym Synonym

Ligand
RANKL RANK ligand
OPGL Osteoprotegerin ligand
ODF Osteoclast differentiation factor
TRANCE TNF-related activation-induced cytokine
SOFA Stromal osteoclast-forming activity
TNFSF-11 TNF superfamily 11

Receptor
RANK Receptor activator of NF-�B
ODAR Osteoclast differentiation and activation

receptor
TNFRSF-11A TNF superfamily receptor 11A

Decoy receptor
OPG Osteoprotegerin
OCIF Osteoclastogenesis inhibitory factor
TR-1 TNF receptor-like molecule 1
FDCR-1 Follicular dendritic receptor 1
TNFRSF-11B TNF superfamily receptor 11B

Acronyms and synonyms in bold are ASBMR-preferred terms for
bone biology applications. References can be found within original
JBMR manuscript. �Adapted from J Bone Miner Res 15:2293–2296,
2000 (14) with permission of the American Society for Bone and
Mineral Research (ASBMR).�
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FIG. 2. Protein structures of RANKL, RANK, OPG, and OPG-Fc. Three
isoforms of RANKL are described (44), each of which possesses similar
C-terminal TNF-homology domains that are required for RANK activation
(39). RANKL1 and RANKL2 isoforms possess a transmembrane (TM) do-
main and a stalk region that contains a proteolytic site that allows for
cleavage of RANKL from cell surfaces (443). RANKL3 contains a truncated
stalk region that possesses a proteolytic cleavage site, the function of which
is unclear because this isoform lacks a transmembrane domain and is
therefore secreted in the absence of proteolysis. RANK is a transmembrane
protein with a large C-terminal cyotoplasmic domain and an amino-termi-
nal extracellular domain. Both RANK and OPG contain amino-terminal
signalpeptidesaswellascysteine-richTNFreceptor-likedomainsthatbind
to RANKL. OPG lacks a transmembrane domain, consistent with its se-
cretion as a soluble protein. OPG also includes two DDH regions, the roles
of which are unknown. A heparin binding domain at the carboxy-terminus
of OPG limits the half-life and distribution of the molecule, and this domain
isalso involvedindimerformation.HumanOPG-Fc isarecombinant fusion
protein that has been used in human clinical trials and in the majority of
preclinical animal studies. This construct includes amino acids 22–194 of
native OPG, comprising the minimal TNF receptor-like domains that me-
diate RANKL inhibition. This fragment lacks the signal peptide, DDH
regions, and heparin binding domain of native OPG. The Fc fragment of
human IgG1 was fused to the carboxy-terminus of this 22–194 fragment to
maintainadimericmoleculewithasustainedcirculatinghalf-life.Numbers
in figure represent amino acids. [Reproduced from S. Theoleyre et al.: Cy-
tokine Growth Factor Rev 15:457–475, 2004 (15) with permission from
Elsevier.]
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to its target RANKL (17) and for osteoclast inhibition in cell
culture studies (4, 16). Native OPG also possesses a heparin
binding domain that might limit its circulating half-life in
mice (18), perhaps via binding to cell surfaces (19). The hep-
arin binding domain is also involved in homodimer forma-
tion (16, 17), but deletion of this region did not reduce the
ability of OPG to inhibit osteoclastogenesis in vitro (16). OPG
exists as monomeric and homodimeric forms, and in one
study these two forms were shown to have similar potency
for inhibiting osteoclastogenesis in vitro (18). However, more
recent analyses using analytical ultracentrifugation to more
accurately identify monomer vs. homodimer forms revealed
that the OPG homodimer had 1000-fold greater affinity for
RANKL than the monomeric form (17). This result suggests
that the dimeric form of OPG is probably a more potent
RANKL inhibitor than the monomeric form.

To enhance the pharmacological activity of native OPG,
numerous constructs have been created wherein the signal
peptide, heparin binding domain, and DDH domains were
removed and the remaining peptide was fused to the Fc
domain of human IgG1 [e.g., Fc-OPG (20–22) and OPG-Fc
(23–26); Fig. 2]. The Fc fusion partner maintains the potent
dimeric nature of OPG while significantly increasing its cir-
culating half-life. The great majority of published studies
describing the use of OPG in animals have relied on these
types of recombinant OPG fusion proteins, whereas a few
early studies demonstrated that native OPG was also capable
of suppressing bone resorption in mice (7).

The major biological sources of OPG that modulate bone
resorption are not well established. Osteoblasts or cells of
that lineage have been shown to produce OPG (27–30). The
physical proximity of osteoblasts and osteoclasts during
bone remodeling creates opportunities for osteoblast-de-
rived regulation of bone resorption. However, the produc-
tion of OPG by cultured osteoblasts was shown to increase
with cell differentiation, suggesting that mature osteoblasts
are not well suited to support osteoclastogenesis (27). OPG
is also produced by endothelial cells (31, 32), vascular smooth
muscle cells (32), and other cells (33). The high concentrations
of OPG extracted from healthy and diseased human blood
vessels suggest that vascular cells might be major contribu-
tors to the circulating pool of OPG. Circulating OPG would
still have significant potential to inhibit bone resorption by
suppressing the differentiation of circulating osteoclast pre-
cursors (34).

The ability of OPG to suppress bone resorption and increase
bone mass is related to its ability to bind via its TNF receptor
domains to TNF domains within its natural ligand (17), now
known as RANKL. RANKL has a storied history in bone bi-
ology that precedes its positive identification by more than a
decade. As early as 1980 it was appreciated by Chambers (35)
that cells of the osteoblastic lineage might be involved in pro-
moting osteoclast recruitment and activity. A more formal hy-
pothesis (36) and experimental confirmation in various model
systems (37, 38) further supported this notion, but the identity
of this “osteoclast activating factor” remained elusive. The
eventual identification of this protein involved the use of OPG
as a probe to recover an OPG binding protein that was initially
referred to as osteoprotegerin ligand (OPGL) (39). An identical
protein [osteoclast differentiation factor (ODF)] was indepen-

dently identified from a cDNA library prepared from ST-2
stromal cells (40). This cell line had been previously shown to
support osteoclast formation in a manner that could be com-
pletely inhibited by OPG (5). Although the essential role of
OPGL/ODF in osteoclast biology was an important finding,
this protein proved to be identical to one previously identified
and referred to as receptor activator of nuclear factor �B ligand
(RANKL) (41). RANKL, also referred to as TNF-related acti-
vation-induced cytokine (TRANCE) (42), was originally iden-
tified as a product of T cells. This TNF family member was able
to promote dendritic cell survival and costimulation. The es-
sential role of RANKL/TRANCE in bone resorption was con-
firmed soon thereafter (43). RANKL is the generally accepted
acronym for this protein (14) (Table 1).

RANKL is a novel member of the TNF family of ligands.
There are at least three forms of RANKL, two of which
possess a transmembrane domain that positions the biolog-
ically active carboxy-terminus to the extracellular domain
(i.e., a type II transmembrane protein) (Fig. 2). One of these
forms, RANKL2, is a shorter alternative splicing variant of
RANKL1 (44). Both of these variants can remain on cell
surfaces or can be proteolytically cleaved into soluble forms
that possess osteoclast-stimulating activities within their
TNF-homology domains (44, 45). RANKL is produced by
numerous cell types including cells of the osteoblast lineage
(46, 47) and activated T cells (42, 48, 49). T Cells express both
soluble and membrane-bound forms of RANKL (49, 50), and
both forms are implicated in focal bone erosions associated
with inflammatory arthritis (26, 49). Cells of the osteoblast
lineage can express RANKL on their surface in a manner that
facilitates osteoclastogenesis in vitro via cell-to-cell contact
with osteoclast precursors (29). Differentiation of cultured
osteoblasts was associated with reduced RANKL expression
and decreased ability to support osteoclastogenesis (27, 51),
suggesting that the mature bone-forming osteoblast might
not be capable of directing osteoclast activity via RANKL.
Membrane RANKL has been suggested to be somewhat
more potent than soluble RANKL in stimulating osteoclas-
togenesis in vitro (45, 52). However, soluble RANKL is mea-
surable in the circulation, and serum RANKL has been
shown in some studies to increase with stimulated bone
resorption (26, 50, 53). Soluble recombinant RANKL is also
capable of causing severe skeletal catabolism in mice (54, 55)
and in rats (56). These results indicate that soluble RANKL
has the potential to be an important physiological and patho-
logical mediator of bone resorption.

RANKL is involved in numerous aspects of osteoclast
differentiation and function. RANKL was implicated in the
fusion of osteoclast precursors into multinucleated cells (39),
their differentiation into mature osteoclasts (39), their attach-
ment to bone surfaces (12), their activation to resorb bone (9,
39), and their continued survival by avoiding apoptosis (11).
In most situations, RANKL probably relies on macrophage
colony-stimulated factor (M-CSF, also known as CSF-1) as a
cofactor for osteoclast differentiation (57, 58). However, it is
interesting to note that unlike RANKL knockout mice, the
osteoclast population recovers over time in mice lacking
functional M-CSF (59). Vascular endothelial growth factor
has been implicated as a compensatory factor that might
maintain osteoclasts in the absence of functional M-CSF (60).
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Recent preliminary evidence also suggests that RANKL can
stimulate osteoclastogenesis and bone resorption in mice that
lack functional M-CSF (47). These results suggest that
RANKL plays a dominant role in the regulation of bone
resorption, and no factor or combination of factors have been
shown to be capable of restoring bone resorption when
RANKL is absent.

The receptor that mediates all known activities for RANKL
is called receptor activator of nuclear factor �B (RANK) (Figs.
1 and 2). RANK is a homotrimeric TNF receptor family
member that was initially discovered from a bone marrow-
derived dendritic cell cDNA library. RANK was identified as
a receptor that mediated the ability of RANKL to promote the
survival of cultured dendritic cells (41). An important role for
RANK in osteoclastogenesis was reported by Nakagawa et al.
(61), who referred to this TNF receptor family member as
osteoclast differentiation factor receptor. The essential role
for RANK in bone resorption was demonstrated soon ther-
after by the high bone mass phenotype of RANK knockout
mice, which were virtually devoid of osteoclasts (62, 63).
RANK and RANKL knockout mice were virtual phenocopies
of each other (62–64), which indicated that RANK and
RANKL had few if any roles beyond their mutual
interactions.

The binding and activation of RANK involve direct inter-
actions between the extracellular receptor binding domain of
trimeric RANKL and the extracellular cysteine-rich domains
of trimeric RANK (17, 65). This interaction is thought to cause
oligomerization of RANK and the subsequent activation of
several signal transduction pathways. A simplified overview
of major signaling pathways is described in Fig. 3. RANKL
binding to RANK results in the recruitment of an adapter
protein known as TRAF 6 (TNF receptor associated factor 6)
to specific sites within the intracellular domain of RANK.
TRAF 6 acts as a second messenger to activate various protein
kinase pathways as well as transcription factors including
nuclear factor-�B (NF-�B). Activated NF-�B translocates to
the nucleus and up-regulates the expression of c-fos, which
then interacts with nuclear factor of activated T cells
(NFAT)-c1 to induce the transcription of osteoclastogenic

genes. RANK signaling is far more complex than what is
described above, and more details of these and other im-
portant pathways were recently described (66–69).

This brief historical summary recaps a remarkable 3-yr
period in bone biology research (1997–1999), during which
time the pieces to a long-sought picture of osteoclast biology
were rapidly described in the scientific literature. The picture
emerged from numerous independent laboratories around
the world, using novel and distinct discovery platforms and
model systems. Most satisfying scientifically was the con-
sistency of observations and conclusions between research
groups regarding the functions and essential roles of OPG,
RANK, and RANKL. The consensus regarding this molec-
ular triad is that OPG functions as a soluble decoy receptor
by binding to RANKL, thereby preventing RANKL from
binding and activating RANK (Fig. 1). OPG inhibition of
RANKL leads to the rapid arrest of osteoclast formation,
attachment to bone, activation, and survival.

B. Expression patterns and hormone/cytokine regulation of
expression

With some notable exceptions, the expression patterns of
OPG, RANK, and RANKL genes would not obviously pre-
dict their biological roles. Expression of each gene product
has been shown in numerous cells and tissues in which no
known role for that gene product has been ascribed. OPG
mRNA, for example, is highly expressed in the lung, heart,
kidney, and placenta (4), and OPG has yet to demonstrate
any physiological or pathological role in those organs. OPG
mRNA is also expressed in liver, stomach, intestine, skin,
bone, and most other human tissue (6) with the exceptions
of brain, skeletal muscle, thymocytes, or peripheral blood
lymphocytes (6, 70). At the cell culture level, OPG is ex-
pressed by bone marrow stromal cells (27), fibroblasts (6),
endothelial cells (31, 71), lymphoid cells (70), smooth muscle
cells (70), and other cell types.

RANK mRNA is expressed in bone, bone marrow, spleen,
skeletal muscle, brain, heart, liver, lung, mammary tissue,
and skin (61, 72, 73) and at the cellular level by osteoclasts,

Osteoclast
precursor

Nucleus

Cytoplasm

Osteoblasts

OPG
RANK

RANKL

c-Fos

NFATc1

Osteoclastogenic
genes

NF-κB

TRAF 6

NF-κB

Osteoblast, Stromal cell, T-cell, etc.
FIG. 3. Essential signaling pathways activated by
RANKL interactions with RANK. RANKL, which is
produced by osteoblasts, stromal cells, T cells, and
other sources, activates RANK on the surface of
osteoclasts and osteoclast precursors. RANK acti-
vation leads to the recruitment of the adaptor pro-
tein TRAF 6, leading to NF-�B activation and
translocation of NF-�B to the nucleus. NF-�B in-
creases c-Fos expression and c-Fos interacts with
NFATc1 to trigger the transcription of osteoclasto-
genic genes. Activation of these pathways is pre-
vented naturally by OPG, which prevents RANKL
from activating RANK in the extracellular envi-
ronment. RANKL-RANK interactions are also pre-
vented by RANK-Fc (a truncated form of RANK
that acts as a nonsignaling decoy receptor) and by
denosumab, a fully human monoclonal antibody
that binds and inhibits RANKL. [Adapted with per-
mission from B. F. Boyce and L. Xing: Arthritis Res
Ther 9:S1–S7, 2007 (66).]
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osteoclast precursors, dendritic cells, chondrocytes, endo-
thelial cells, fibroblasts and macrophages, and other cells (41,
61, 72, 74). RANKL is highly expressed in peripheral lymph
nodes and bone, and also in spleen, thymus, Peyer’s patches,
intestine, brain, heart, skin, skeletal muscle, kidney, liver,
lung, and in mammary tissue of pregnant mice (39, 40, 73, 75).
Cells that express RANKL include osteoblasts, bone marrow
stromal cells, activated T cells, B cells, fibroblasts, endothelial
cells, chondrocytes, and mammary epithelial cells (31, 40, 42,
76, 77). Regulatory elements involved in the transcription of
the OPG gene (78–81) and the RANKL gene (78, 79) have
been recently described but are beyond the scope of this
review.

Numerous growth factors, hormones, cytokines and drugs
have been shown to influence the expression of OPG and
RANKL, and an excellent summary of these regulatory re-
sponses was described recently (15) (Table 2). RANK tends
to be minimally regulated, which is not unexpected because
the modulation of OPG and/or RANKL levels is probably
sufficient to control the signaling output of RANK. Numer-
ous molecules that stimulate bone resorption have been
shown to up-regulate RANKL expression and/or to down-
regulate OPG expression. Reciprocal regulation of RANKL
and OPG is often observed, a phenomenon that might serve
to amplify proresorptive signals (82–84). Evidence in nu-
merous disease models and settings suggests that the ratio of
RANKL:OPG represents an important determinant of bone
resorption (85–96), although exceptions to this concept have
been noted (53, 97).

An illustration of reciprocal regulation of RANKL and
OPG is found with PTH. PTH stimulates bone resorption in
patients with hyperparathyroidism, and resorption is also
stimulated when PTH is injected intermittently or infused
continuously. In one study, PTH (1-34) was infused into
parathyroidectomized rats for 6 h, after which time mRNA
was extracted from bones and evaluated for expression of
RANKL and OPG (88). PTH infusion led to a dose-dependent
increase in RANKL mRNA and a dose-dependent decrease

in OPG mRNA (Fig. 4). Intermittent PTH treatment in hu-
mans was also shown to increase serum RANKL and to
reduce serum OPG (93), suggesting that OPG and RANKL
might mediate the resorptive response to PTH independent
of the mode of PTH administration.

Proresorptive agents that regulate OPG and/or RANKL
include IL-1 (98, 99), IL-7 (100), IL-17 (52), TNF-� (52, 98),
PTH (86, 88), PTHrP (101), and vitamin D (102, 103) (Table
2). Many molecules that suppress osteoclastogenesis and/or
bone resorption have also been shown to regulate OPG
and/or RANKL, including estrogen (46, 76, 84, 104–108),
interferon-� (52), TGF-� (52), IL-4 (109), and IL-13 (52) (Table
2). These studies have provided important molecular in-
sights into the mechanisms by which some of these molecules
might regulate bone resorption. OPG prevents the ability of
proresorptive agents (IL-1, TNF-�, PTH, PTHrP, vitamin D)
to increase bone resorption in mice (21), which is consistent
with the interpretation that those agents increase bone re-
sorption by increasing the RANKL:OPG ratio. This conclu-
sion must be tempered, however, by the fact that OPG and
RANKL also play dominant roles in the regulation of normal
bone remodeling. In the absence of RANK or RANKL, os-
teoclasts cannot form, function, or survive (62–64, 110, 111).
The dominant role of RANKL in osteoclast biology creates
practical limitations in using OPG as a research tool to eval-
uate the extent to which different proresorptive factors work
through the RANK-RANKL pathway. For example, cell cul-
ture studies have shown that proresorptive agents including
IL-1 and TNF-� can stimulate certain aspects of osteoclast
activation or differentiation in a manner that cannot be en-
tirely inhibited by OPG (112–114). Yet the direct injection of
IL-1 and/or TNF-� into RANK knockout mice induced the
appearance of few if any osteoclasts, with no evidence of

TABLE 2. Regulators of OPG, RANKL, and RANK expression

OPG RANKL RANK Refs.

1,25-dihydroxyvitamin D 12 1 1 28, 103, 318
Hormones

Estrogen 1 2/— 46, 76, 84, 104–108
Testosterone 12 — 106, 219
Glucocorticoid 2 1 254, 258, 259
PTH 2 1 86, 88
PTHrP 2 1 101

Cytokines
IL-1 12 1 1 28, 98, 99
IL-4 2/— 109
IL-7 1 100
IL-13 1 2 — 52
IL-17 2 1 — 52
TNF � 1 28, 52, 98
Interferon � 1 1 1 52

Prostaglandin E2 2 1 28, 444
Growth factors

TGF � 1 12 — 52
Bone morphogenetic

protein 2
1 — 28

1, Increased expression; 2, decreased expression; —, no change
observed.
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FIG. 4. PTH regulation of OPG and RANKL mRNA in parathyroid-
ectomized (Px) rats. RNA was isolated from the distal femur of Px rats
immediated after a 6-h infusion with vehicle or with different doses
of human PTH 1-38. Bone mRNA was assessed by Northern blot
analysis for expression of OPG and RANKL, the levels of which were
standardized to the housekeeping gene GAPDH. This graphic pre-
sentation of Northern blot results depicts the relative values of OPG
and RANKL mRNA at different dose levels of PTH. The highest levels
of OPG mRNA were seen at the lowest levels of PTH infusion and
decreased with increasing levels of PTH. In contrast, RANKL mRNA
was lowest in the absence of PTH infusion and increased in a dose-
dependent manner with increasing levels of PTH. These results il-
lustrate the reciprocal regulation of OPG and RANKL in a manner
that would amplify the proresorptive stimulus of PTH infusion. [Re-
produced from Y. L. Ma et al.: Endocrinology 142:4047–4054, 2001
(88) with permission from The Endocrine Society.]
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bone resorption (115) or hypercalcemia that was apparent in
similarly challenged wild-type mice (63). A possible expla-
nation for the apparent discordance between these in vitro vs.
in vivo observations was provided when TNF-� was shown
to require very low “permissive” levels of RANKL to stim-
ulate osteoclasts (116). This low level of signaling might
persist in cell culture studies despite apparent saturation by
OPG, or alternatively culture conditions might include stim-
uli for osteoclast formation and survival that do not exist in
animals. In support of the latter notion, OPG treatment of
mice was able to fully prevent the proresorptive effects of
IL-1 and TNF-� (21). Thus, whereas TNF-�, IL-1, IL-8 (117),
IL-6, IL-11 (118), and other molecules might have indepen-
dent stimulatory effects on osteoclasts, the very existence of
those osteoclasts remains dependent on RANK-RANKL
signaling.

Unexpected sources of regulation for OPG and RANKL
have been suggested by studies of signaling pathways for
osteoblasts and osteocytes. An important signal transduction
node for osteoblasts is �-catenin, a cytoplasmic protein that
mediates signaling by members of the wnt (wingless) family
of ligands. The genetic ablation of �-catenin in mice led to an
osteopenic phenotype that appeared to be driven primarily
by increased bone resorption (119). OPG mRNA expression
was significantly reduced in osteoblasts isolated from these
�-catenin-ablated mice. In contrast, mice with a gain-of-func-
tion mutation in �-catenin had high bone mass, and their
cultured osteoblasts had increased expression of OPG
mRNA. Other studies showed that the conditional knockout
of �-catenin in osteoblasts resulted in increased expression of
RANKL and decreased expression of OPG. Conversely, in-
creased �-catenin activity in osteoblasts was shown to reduce
RANKL and increase OPG expression (120). These observa-
tions raised the interesting possibility that wnt/�-catenin
signaling in osteoblasts regulates bone mass by coordinating
the activity of both osteoblasts and osteoclasts, with oste-
oclast regulation occurring via changes in OPG and RANKL.

The osteocyte is by far the most abundant cell type in bone.
These cells are interconnected by numerous cellular pro-
cesses that permeate bone matrix and are thought to play an
important role in sensing mechanical strain (121). The mech-
anosensory function of osteocytes might ultimately be me-
diated via their connection to bone surfaces, where they have
the potential to regulate osteoblasts and osteoclasts. Al-
though osteocytes do not appear to express RANKL mRNA
(122), a recent study suggests that these cells might regulate
RANKL expression by other bone cells. The conditional ab-
lation of osteoctyes in mice was associated with rapid bone
loss in association with increased bone resorption, increased
skeletal expression of RANKL mRNA, and an increased
RANKL:OPG ratio (123).

C. Role of OPG, RANK, and RANKL in normal
bone turnover

The dominant physiological role of the RANK/RANKL/
OPG pathway in the regulation of bone resorption was dem-
onstrated in animal models wherein these molecules were
genetically ablated or overexpressed or, in some cases, both.
OPG overexpression was shown to result in increased cor-

tical and cancellous bone mass in association with reduced
osteoclast numbers (4). The essential physiological role of
OPG in maintaining bone mass was shown by the severe
osteopenic phenotype of OPG knockout mice (124–126).
These mice exhibit increased bone turnover, cortical poros-
ity, and reductions in cortical and cancellous bone volume
and density. These deleterious changes are accompanied by
spontaneous fragility fractures in the first weeks of life (124).
Biomechanical testing revealed that cortical bone strength
was reduced by 50% in OPG knockout mice compared with
wild-type controls (125). The osteoporotic phenotype of OPG
knockout mice tends to worsen with age, and the loss of even
one OPG allele was associated with significant osteopenia
(124). In addition to a deficit in bone quantity, OPG defi-
ciency is associated with poor bone quality as well. Collagen
within the cortical bone of OPG knockout mice has a woven
rather than lamellar orientation, a phenomenon that is as-
sociated with pathologically elevated bone turnover (127).
Mutations in the OPG gene in humans is associated with
juvenile Paget’s disease, and bone biopsies from such pa-
tients reveal a severe disruption in the normal architecture of
cancellous bone (128).

These genetically based models of OPG deficiency are
influenced by skeletal growth and development, which con-
found attempts to deduce the consequences of OPG defi-
ciency on the mature skeleton. In the absence of conditional
OPG knockout models, investigators have relied on injec-
tions of RANKL into adult rats and mice to create a model
of relative OPG deficiency. RANKL injections led to rapid
skeletal changes that closely resembled those associated with
the lifelong absence of OPG: increased bone turnover, in-
creased cortical porosity, weakened cancellous microarchi-
tecture, and reductions in bone volume, density, and
strength (54–56). Interestingly, the typical age-related bone
loss seen in normal mice was correlated with increased skel-
etal expression of RANKL mRNA and reduced expression of
OPG (89). These studies and others reveal that the adult
mouse skeleton continues to rely on OPG and a positive
OPG:RANKL ratio to maintain bone mass and strength.

Based on the established role of OPG in maintaining bone
mass and the mechanistic basis of that role, the skeletal
phenotypes of RANK and RANKL knockout mice were not
unexpected. Genetic ablation of either RANK or RANKL led
to severe osteopetrosis in association with a near total lack of
osteoclasts (62–64, 110). A few notable skeletal differences
were apparent between RANK and RANKL knockout mice
compared with OPG transgenic mice. OPG transgenic mice
exhibited an osteopetrotic phenotype, with high bone mass
but without significant changes in the external shape of their
long bones or defective tooth eruption (4). In contrast, RANK
and RANKL knockout mice had more classical osteopetrotic
features including high bone mass, shortened club-shaped
long bones, and the failure of teeth to erupt. These differences
suggest that a small residual level of RANK signaling, which
is present in OPG transgenics (but not in RANK or RANKL
knockout animals), was sufficient to establish normal bone
shape and tooth eruption. This notion is supported by the
skeletal phenotype associated with transgenic overexpres-
sion of RANK-Fc, a soluble extracellular portion of RANK
that functions as a RANKL inhibitor (72). Similar to OPG
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transgenic animals, RANK-Fc transgenic animals had high
bone mass, normal bone shape, and normal tooth eruption.
Unlike RANK and RANKL knockouts, RANK-Fc transgenics
were able to maintain a greatly reduced but still present
osteoclast population that may have permitted the establish-
ment of normal bone shape and tooth eruption.

Two interesting hallmarks of recombinant OPG and
RANKL are the rapidity of their effects on bone resorption
and their ability to regulate osteoclast numbers. Soluble
RANKL stimulates bone resorption within 1 h of injection in
mice (9), and soluble OPG suppresses indices of bone re-
sorption within 2 h of its injection (7). These kinetics are
consistent with the demonstrated ability of RANKL and OPG
to regulate the activity of mature active osteoclasts (9). OPG
suppression of osteoclast numbers in mice and rats also
occurs rapidly, with 50–60% reductions in osteoclasts noted
within 12–24 h of treatment with an OPG-Fc fusion protein
(11, 24). Maximal suppression of osteoclast numbers in these
animal studies was greater than 90%. Reduced osteoclast
numbers in mice was attributable to osteoclast apoptosis,
which was apparent histologically within 6 h of OPG-Fc
treatment (11). The prolonged duration of osteoclast sup-
pression with OPG-Fc treatment was probably related to the
long circulating half-life of the drug (24), as well as the time
required to regenerate new osteoclasts from their precursor
population once the drug is cleared (11).

The ability of OPG to cause consistent, rapid, and marked
reductions in osteoclast numbers is relatively unique among
antiresorptive agents. In contrast, bisphosphonates have a
different mechanism of action that can be associated with
normal or even increased osteoclast numbers despite clear
antiresorptive effects (129–138). This phenomenon is consis-
tent with previous observations that bisphosphonates sup-
press bone resorption via injury to osteoclasts when they
solubilize bisphosphonate-contaminated bone (139, 140).
Bisphosphonates do not appear to suppress osteoclastogen-
esis (129, 140, 141) and in some cases can paradoxically stim-
ulate the formation of osteoclasts (133). Although bisphos-
phonates are clearly capable of inducing osteoclast
apoptosis, this apoptotic response does not appear to be an
essential component of their ability to suppress bone resorp-
tion (142). Whether the ability of OPG to suppress osteoclast
formation, function, and survival has any clinical advantages
over agents that act primarily or exclusively through the
suppression of osteoclast function is not known. But the
ability of bisphosphonates to suppress bone resorption with-
out consistent reductions in osteoclast numbers suggests that
bisphosphonates might act through a mechanism that is dis-
tinct from that of OPG.

D. Non-osseous roles for OPG, RANK, and RANKL

1. The vascular system. Although the skeletal phenotypes as-
sociated with genetic knockout of OPG, RANK, and RANKL
were somewhat predictable, a few unexpected phenotypes
were also observed in these animals. OPG knockout animals
developed medial calcification of the aorta and renal arteries,
in association with elevated bone turnover (124). This vas-
cular calcification could be prevented via transgenic over-
expression of soluble OPG, indicating that systemic RANKL

inhibition could prevent the vascular consequences of en-
dogenous OPG deficiency (127). Bone turnover and RANKL
levels are both systemically elevated in OPG knockout mice
(143), and it is unclear whether their vascular calcification is
related to high turnover, or to a relative increase in RANKL
activity within blood vessels, or to other causes. Evidence at
this point seems to favor high bone turnover as an etiological
aspect of vascular calcification, at least in animal models.
Recombinant OPG was shown to prevent vascular calcifica-
tion induced by warfarin and by vitamin D in rats (144), and
in each of these model systems the prevention of vascular
calcification by OPG was associated with strong suppression
of bone turnover. Bisphosphonate treatment of rats also sup-
pressed vascular calcification in this warfarin model, in as-
sociation with bone turnover suppression (145). The ability
of OPG to prevent apoptosis of cultured endothelial cells (71,
146) and arterial smooth muscle cells (143) suggests that bone
turnover suppression might not fully explain the ability of
OPG to prevent vascular calcification. However, although
bisphosphonates suppress vascular calcification (145), these
agents have also been shown to suppress the proliferation,
adhesion, migration, and survival of endothelial cells in vitro
(147, 148) while inducing endothelial cell apoptosis in vivo
(149). Thus, although OPG and bisphosphonates can have
opposite effects on the survival of endothelial cells, both
agents suppress bone turnover and prevent vascular calci-
fication when tested in a similar animal model (144, 145).
These phenomena are consistent with the interpretation that
bone turnover is an important aspect of vascular calcification.

More evidence for a turnover-related mechanism of vas-
cular calcification comes from recent studies using knockout
mice that lack the ApoE gene, which predisposes them to
atherosclerosis and vascular calcification. When these ApoE
knockout mice were cross-bred with OPG knockout mice,
bone turnover increased in association with greater calcifi-
cation and advanced plaque progression. The absence of
OPG had no apparent influence on circulating levels of total
or HDL cholesterol (143). These interventional studies in
preclinical models support the possibility that OPG serves a
protective role in vascular disease. Based on this premise,
osteoprotegerin has also been alternatively described as
“vasculoprotegerin” (150, 151).

Evidence from human studies also suggests a relationship
between bone turnover and vascular disease. Observational
studies in postmenopausal women showed that aortic cal-
cifications were inversely related to bone density and posi-
tively associated with fractures (152). It was therefore sur-
prising that observational studies frequently show positive
correlations between serum OPG levels and vascular disease,
although the correlation between serum OPG levels and
fractures or BMD is inconsistent as discussed in Section IV.A
(151, 153–160). Recent review papers have summarized this
literature more extensively (161–163). Possible interpreta-
tions of this positive relationship include OPG playing an
active role in disease progression (157, 158), or OPG serving
as a compensatory response to minimize disease progression
(151, 154, 156, 164), or OPG representing a noncompensatory
(neutral) response to disease (156, 165). Interventional stud-
ies with RANKL inhibitors will be needed to sort out these
possibilities.
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Although OPG therapy consistently suppresses vascular
calcification in animal models (127, 144, 166), there are min-
imal data on the effects of OPG therapy on atherogenesis or
other aspects of vascular disease. The clinical observational
data described above highlight the need for further preclin-
ical intervention studies on this subject. An ideal animal
model would recapitulate the clinical picture of progressive
atherosclerosis and vascular calcification in association with
systemic increases in endogenous OPG levels. Those very
conditions were recently described in an animal model in-
volving LDL receptor knockout mice on a high-fat diet (167).
Studies have been performed in similar mice to evaluate the
consequences of therapeutic intervention with OPG in the
presence of vascular disease and elevated endogenous OPG
levels. LDL receptor knockout mice were put on a high-fat
diet while being treated for 5 months with OPG. OPG treat-
ment significantly reduced calcified lesion area in the aorta
of these mice, without affecting atherosclerotic lesion size or
number (166). OPG had no effect on concentrations of in-
flammatory cytokines in the aorta or on plasma cholesterol
levels. These results support the hypothesis that OPG might
reduce vascular calcification via suppression of bone turn-
over, with a neutral effect on atherosclerotic changes. Ad-
ditional studies on RANKL inhibition in different athero-
genesis models are warranted to corroborate these
preliminary findings.

2. Immune system development and function. Another unex-
pected phenotype found in RANK and RANKL knockout
mice was the total lack of lymph nodes (62, 64). Several other
knockout mouse models also exhibit lymph node agenesis,
but those models also exhibited a lack of Peyer’s patches and
follicular dendritic cells. Those findings led investigators to
consider that these developmental processes were linked
(168). However, RANK and RANKL knockout mice had
normal Peyer’s patches and intact splenic architecture (49,
62), indicating that the development of lymph nodes and
secondary lymphoid organs can be differentially regulated.
The RANK and RANKL knockout phenotypes prove that
some level of RANK signaling is essential for the develop-
ment of lymph nodes in mice. But beyond this observation,
it has been difficult to ascribe an important role for RANK
signaling in the function of immune systems in genetically
intact mice or rats. It is noteworthy that in contrast to the
effects of total RANKL ablation, prenatal inhibition of
RANKL in OPG transgenic mice and rats did not lead to any
observed changes in lymph node development or architec-
ture (4, 182). Normal lymph node development occurred in
OPG transgenic rats despite evidence that OPG was over-
expressed in embryos by 100-fold during the gestational days
that preceded the typical appearance of early lymphoid nod-
ules. The low level of RANKL activity that persists in the
presence of 100-fold overexpression of OPG was apparently
sufficient to permit lymph node development, suggesting
that total genetic ablation of RANK-RANKL signaling might
be necessary to cause lymph node agenesis. Although
RANKL knockout mice had no lymph nodes, there was no
apparent intrinsic defect in immune cells from those animals,
because T and B cells from RANKL knockout mice were able
to populate the lymph nodes of normal wild-type mice (64).

Examination of mice genetically deficient in RANKL, RANK,
or OPG also revealed no overt dendritic cell defects (62, 64,
170). These observations suggest that the immune phenotype
of RANK and RANKL knockout mice might be largely re-
stricted to lymph node agenesis and the consequences
thereof.

These findings notwithstanding, there is still significant
interest in the potential immunomodulatory effects of
RANKL and RANKL inhibition. Within the developed im-
mune system, RANKL is expressed by T cells (42), RANK is
expressed by dendritic cells (49), and OPG is expressed by B
lymphocytes and dendritic cells (4, 70). In vitro studies show
that binding of RANKL from T cells to RANK on dendritic
cells regulates dendritic cell function and survival (42). While
RANKL has the ability to stimulate dendritic cells, there is
little evidence that RANKL inhibition leads to dendritic cell
suppression. This is probably related to the central role of
CD40L and CD40, found on T cells and dendritic cells, re-
spectively, in mediating cross-talk between T cells and den-
dritic cells. This important pathway is apparently able to
compensate for the total absence of RANK-RANKL signaling
in knockout mouse studies (171, 172).

Several studies have shown that RANKL inhibition had no
significant effects on the in vivo responses to immune chal-
lenges in genetically intact animals (171–174). Short-term (up
to 2-wk) mouse studies have show that RANKL inhibition by
OPG did not impair cell-mediated reactions such as contact
hypersensitivity or granuloma formation, innate immunity,
humoral responses to defined immune challenges (175), or
influenza infection (173). Of greater interest, however, is the
potential consequence of long-term RANKL inhibition on
immune function. This question was addressed using OPG
transgenic mice and rats, in which RANKL is inhibited con-
tinuously throughout life. Analysis of numerous cellular,
innate, or adaptive immune responses in 4- to 6-month-old
transgenic mice and rats showed no differences compared
with normal wild-type controls (169, 174, 176). OPG trans-
genic rats in these studies had marked suppression of bone
turnover and increased BMD, thereby demonstrating that
RANKL inhibition can cause turnover suppression in the
absence of measurable changes in the integrated response of
the immune system (169). Similar findings have been noted
in animal models of inflammatory bone loss, wherein
RANKL inhibition effectively preserved bone while having
no significant effects on the inflammatory component of dis-
ease (26, 110, 136, 177–181). These results suggest that
RANKL likely plays a redundant role in the integrated func-
tion of the postnatal immune system, perhaps due to the
overlapping and predominant role of the CD40-CD40L co-
stimulatory pathway.

3. Mammary gland development during pregnancy. The other
significant extraskeletal manifestation of total RANK/
RANKL ablation in knockout mice was a defect in mammary
gland development during pregnancy and lactation (73).
Neither RANK nor RANKL was required for mammary
gland development in mice before pregnancy, whereas preg-
nant RANK knockout mice failed to lactate and their litters
did not survive. The mammary gland defect in RANK knock-
outs was attributed to the inability of sprouted alveolar buds
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to differentiate and expand into mature lobuloalveolar struc-
tures. In contrast to the effects of total genetic ablation of
RANK-RANKL signaling, the continuous inhibition of
RANK-RANKL signaling does not appear to result in a fail-
ure of lactation. OPG transgenic rat and mouse pups are
viable, show normal suckling behaviors, and survive to
weaning without supplemental feeding (Ref. 4, and P. J.
Kostenuik, unpublished observations). OPG is overex-
pressed in these animals by 100-fold during gestation and
throughout life, and this level of OPG was associated with
marked suppression of bone turnover (169, 182). These ob-
servations suggest that, as with lymph node development, a
small permissive level of RANKL activity is sufficient to
allow for mammary gland development during pregnancy in
mice.

III. Pharmacological Effects of RANKL Inhibition in
Preclinical Models of Bone Disease

A. RANKL and RANKL inhibition in normal healthy
animals

Studies in normal healthy animals have revealed that OPG
and RANKL play important ongoing roles in the mainte-
nance of bone mass and in the regulation of normal bone
remodeling. The purpose of bone remodeling in normal
healthy animals is unclear, but candidate roles include cal-
cium homeostasis (a spatially stochastic catalyst for remod-
eling) and repair of microdamage (a presumably targeted
catalyst) (183). Normal healthy mice and rats do not typically
undergo cortical remodeling, so it is difficult to claim that
cortical remodeling in those systems is related to damage
repair. The existence of targeted remodeling for microdam-
age repair in cancellous bone has not been established (183).
Cancellous bone volume drops precipitously with aging in
normal mice (89), so if cancellous remodeling was intended
to replace microdamage, its effects on bone strength would
be deleterious by virtue of substantial net bone loss. There is
no evidence that suppression of bone remodeling in mice or
rats results in reduced whole bone strength and abundant
evidence (described in Sections III.A, B, and F) that suppres-
sion of bone remodeling increases bone strength in those
species and in nonhuman primates.

The suppression of bone remodeling in normal rats by
OPG leads to increased bone volume and density despite the
significant coupling-related suppression of bone formation
parameters (54–56). Furthermore, stimulation of bone re-
modeling in normal mice or rats by RANKL leads to reduced
bone volume despite the significant coupling-related stim-
ulation of bone formation (54–56). These observations sug-
gest that remodeling-related changes in osteoblast output
did not adequately counter the changes in osteoclast activity
resulting from OPG or RANKL administration. This hypoth-
esis must be tempered by the possibility that OPG and
RANKL also influenced osteoclasts participating in bone
modeling, which is more prevalent in younger growing an-
imals and which is not countered by subsequent bone for-
mation (184). Modeling-dependent bone formation and
growth appear to be spared during RANKL inhibition be-
cause OPG had no influence on longitudinal bone growth in

normal young rats (185), mice (186), piglets (187), or cyno-
molgus monkeys (25).

A brief summary of data from healthy gonad-intact rats
and cynomolgus monkeys provides an illustration of the
consequences of RANKL inhibition on normal bone remod-
eling, density, and strength. In rats, a single injection of
OPG-Fc resulted in a rapid (within 12 h) and profound (up
to 95%) reduction in the percentage of bone surfaces occu-
pied by osteoclasts (24). Osteoclast numbers showed a grad-
ual recovery from d 10 to 30 after injection as the drug was
gradually cleared from the circulation. Osteoblast surface
and biochemical markers of osteoblast activity were more
modestly suppressed relative to osteoclast inhibition. These
changes were associated with a progressive increase in can-
cellous bone volume and a significant increase in bone min-
eral density (BMD) at d 30 compared with vehicle-treated
controls (24).

Assessments of bone strength and bone quality in normal
healthy rodents treated with RANKL inhibitors have been
limited to short treatment periods of less than 1 month. The
marked turnover suppression associated with RANKL inhi-
bition raises questions about the consequences of long-term
therapy to bone strength and bone quality. These questions
are particularly relevant if the repair of skeletal microdamage
is a significant feature of normal bone remodeling. One ap-
proach to address this question involved the use of trans-
genic rats that overexpressed soluble OPG from a prenatal
stage and throughout life (188). The transgene construct in
these rats was the same one used to identify the critical role
of OPG in regulating bone mass in transgenic mice (4). In
transgenic rats, continuous overexpression of OPG for the
first 6 months of life led to a 98% reduction in osteoclast
surface in the lumbar vertebrae. This marked and sustained
suppression was associated with 2-fold increases in extrinsic
strength parameters of the vertebrae relative to age-matched
wild-type (normal) control rats. These strength increases ap-
peared to be primarily related to increases in bone mass.
When strength parameters are standardized to bone mass
parameters, one can indirectly examine the strength of the
bone tissue itself (intrinsic bone strength). Intrinsic strength
parameters in OPG transgenic rats were similar to values
obtained in normal controls (188). These data suggest that
long-term RANKL inhibition improves bone strength in nor-
mal animals primarily by increasing bone mass, while pre-
serving the quality of bone matrix. Similar conclusions were
supported by analyses of bone mass and bone strength in
12-month-old OPG-Tg rats (189).

Although bone mass is clearly a major attribute of bone
strength, there are other components of bone strength that
are not effectively captured by standard bone densitometry
modalities such as dual energy x-ray absorptiometry (DXA)
or peripheral quantitative computed tomography. These
“bone quality” parameters include matrix mineralization
(190), cortical porosity (191), cortical geometry (192), and
trabecular microarchitecture (193, 194). The effects of recom-
binant RANKL on these parameters were recently described.
In normal healthy mice, 10 d of recombinant RANKL injec-
tions led to reduced matrix mineralization, an 85% reduction
in trabecular bone volume, deleterious changes in cortical
geometry, and significantly reduced bone strength (54). In
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normal healthy rats, 4 wk of RANKL infusion led to reduced
matrix mineralization, decreased trabecular and cortical
bone volume, reduced trabecular connectivity, and reduced
bone strength (56).

Based on their mechanisms of action and their important
roles in normal bone turnover, one might expect OPG and
RANKL to have opposite effects on bone quality and strength
parameters in normal animals. This seems to be the case
because OPG treatment of normal rats was shown to increase
matrix mineralization and improve bone strength (185).
While RANKL caused deleterious effects on trabecular mi-
croarchitecture in normal rats (56) and reduced matrix min-
eralization in normal mice (56), OPG treatment was recently
shown to have the opposite effects in normal mice. These
data were presented in abstract form (195), and the lack of
published data on the effects of OPG on trabecular micro-
architecture in normal healthy animals warrants a brief de-
scription of those data. Briefly, 2- to 3-month-old Black
Swiss/129 gonad-intact mice (n � 8 per group) were treated
for 3 wk with either human OPG-Fc (5 mg/kg sc, twice a
week) or with vehicle (saline). Distal right femurs and lum-
bar vertebrae were scanned ex vivo by microcomputed to-
mography (microCT) at 18-�m resolution for analyses of
trabecular bone. OPG treatment was associated with signif-
icantly greater bone volume, volumetric BMD, bone matrix
mineral density, trabecular thickness, number, and connec-
tivity (Table 3). Representative microCT images of trabecular
regions from the distal femur and lumbar vertebra are shown
in Fig. 5. It is important to note that the magnitude of changes
observed in this 3-wk study were greatly influenced by
growth-related modeling that is typical of young mice. The
magnitude and rate of such changes would not be achievable
in adult humans, with or without bone disease. However,
these data suggest that bone mass improvements with OPG
are associated with evidence of improved trabecular
architecture.

Nonhuman primates represent the most appropriate pre-
clinical species for examining the skeletal response to ther-
apeutic intervention. In young gonad-intact cynomolgus
monkeys, 3 months of OPG treatment (25 mg/kg sc injections
once monthly) led to significant reductions in biochemical
markers of bone turnover, including serum alkaline phos-
phatase and urinary N-telopeptide (uNTX) (22). OPG treat-

ment was associated with decreases in serum ionized cal-
cium and phosphorus levels, which was an expected
consequence of suppressed bone resorption and secondary
increase in serum PTH levels. No clinical signs of hypocal-
cemia were noted in this toxicology study, perhaps due to an
observed OPG-related increase in serum PTH that main-
tained serum calcium at an asymptomatic level. OPG treat-
ment increased BMD and bone mineral content (BMC) in the
proximal tibia and distal radius. There were no treatment-
related clinical observations and no treatment-related his-
topathological findings in animals treated for 1 or 3 months
with OPG (22). This study did not evaluate bone strength due
to the relatively short period of treatment, but bone strength
was assessed in another cynomolgus monkey study using
a different RANKL inhibitor known generically as
denosumab.

Denosumab (previously known as AMG 162) is a fully
human monoclonal antibody that inhibits RANKL. Twelve
months of denosumab treatment in gonad-intact cynomol-
gus monkeys was associated with significant increases in
bone strength at the femoral shaft (a purely cortical site) and
at the lumbar spine (a predominantly cancellous site) (196).
At both sites, bone strength was highly correlated with BMC
(R2 � 0.75–0.85), which suggests that the material properties
of bone matrix (bone quality) were maintained during 12
months of denosumab therapy. Increments in bone strength
in denosumab-treated animals were attributed primarily to
increases in bone mass. It is important to confirm these find-
ings in aged animals with high-turnover bone diseases, in-
cluding animal models that are described in the next section.

B. RANKL and RANKL inhibition in ovariectomy models of
bone loss

Ovariectomy (OVX) represents a model of surgical meno-
pause, wherein estrogen levels drop more precipitously com-
pared with the slower decline seen in natural menopause.
OVX is associated with increased bone turnover and reduc-
tions in BMD, volume, and strength in numerous species,
including mice, rats, and cynomolgus monkeys. The thera-
peutic rationale for RANKL inhibition in OVX models was
first suggested in 1997 when OPG was shown to fully prevent
the increased osteoclasts and reduced bone volume associ-
ated with OVX of young rats (4). Those findings sparked
intensive research into the question of whether estrogen
might regulate OPG and RANKL in a manner that could
contribute to the ability of estrogen to preserve bone mass.
Abundant data from cell culture studies demonstrate that
estrogen can increase OPG production (46, 84, 104, 108, 197),
and in some cases estrogen also causes suppression of
RANKL expression (84). The withdrawal of estrogen from
cultures of a stromal cell line that supports osteoclastogenesis
resulted in a dramatic reduction in their expression of OPG
(197). Whether estrogen withdrawal also leads to decreased
OPG levels in humans is currently unknown.

OVX has been shown to increase RANKL levels in various
animal models (50, 198–201). OPG levels have been reported
to increase (199) or decrease (198, 201) in association with
OVX, and this difference in response could relate to varia-
tions in the animal model and/or the tissue source analyzed.

TABLE 3. MicroCT data from young gonad-intact female mice
treated for 3 wk with either human OPG-Fc (5 mg/kg, twice
weekly) or vehicle

MicroCT parameter Distal
femur

Lumbar
vertebra

Trabecular bone volume/total volume �162a �56a

Trabecular volumetric BMD (mg/cm3) �54a �36a

Trabecular bone matrix mineral density
(mg/cm3)

�14a �5a

Trabecular thickness �13 �22a

Trabecular no. �70a �28a

Trabecular spacing �40a �42
Trabecular connectivity �108a �7

Data represent percentage change in OPG-treated animals rela-
tive to vehicle control after 3 wk of treatment.

a Significantly greater than vehicle controls, P � 0.05 by Student’s
t test (n � 8 per group).
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In humans, estrogen deficiency is associated with increased
RANKL expression by bone marrow osteoblastic, T and B
cells, whereas estrogen treatment reversed this increase (76).
These associations are consistent with the interpretation that
OPG and RANKL play important roles in mediating the
effects of estrogen and estrogen withdrawal on bone. Defin-
itive proof of these phenomena will be challenging, however,
because the interventional use of OPG or other RANKL in-
hibitors results in suppression of osteoclasts regardless of the
stimuli that drove their activity. It is possible that estrogen
suppresses osteoclasts in a manner that does not rely entirely
on the regulation of RANKL and/or OPG expression. In
support of this idea, estrogen has been shown to directly
suppress RANKL-induced osteoclast formation in vitro in the
absence of osteoclast-supporting stromal cells (105).

Preclinical data from OVX animal studies highlight the
therapeutic promise of RANKL inhibition for postmeno-
pausal osteoporosis. One OVX study involved the use of very
old rats, which were ovariectomized at 3 months of age and
allowed to lose bone for 15 months before OPG treatment
(202). Substantial osteopenia was evident at several skeletal
sites before the initiation of OPG treatment, which was de-
livered for 24 wk. OPG treatment was associated with
marked reductions in osteoclast surfaces and increased can-
cellous bone volume in the vertebrae and tibiae. OPG treat-
ment also significantly increased lumbar and leg BMD, while
increasing biomechanical strength parameters at the lumbar
vertebrae and femoral shaft. In a separate study, OPG was
shown to preserve bone density in OVX rats while fully
preventing the deleterious OVX-related changes in cancel-
lous microarchitecture (200).

A recent study in young adult OVX mice was the first to
compare OPG with a potent bisphosphonate (alendronate)
(203). Both agents prevented OVX-related decreases in spine
and femur BMD, while increasing vertebral cancellous bone
volume. Both agents also caused significant suppression of
osteoclast and osteoblast numbers, as well as biochemical
markers of bone turnover. In this study OPG, but not alen-
dronate, increased the mechanical strength of the femoral
shaft. OPG also showed significantly greater changes in fe-

mur BMD, vertebral bone volume, and osteoclast numbers
when compared with alendronate (203).

Other OVX mouse studies have corroborated the benefits
of RANKL inhibition in estrogen ablation settings, using less
direct means of targeting RANKL. An adenovirus gene ther-
apy vector was used to deliver OPG at therapeutic levels that
were sufficient to fully prevent bone loss in an acute OVX
model (204). An adenovirus-associated gene therapy vector
was subsequently shown to deliver OPG at levels sufficient
to reverse established OVX-induced bone loss in mice (205).
A peptidomimetic approach has been applied to disrupt
RANK-RANKL interactions. This small molecule mimic of
OPG was delivered continuously by osmotic minipump for
28 d immediately after mice were ovariectomized, and this
approach led to partial prevention of OVX-related bone loss
(206). An anti-RANKL vaccine has been tested in another
acute OVX mouse model, and this approach also led to par-
tial prevention of OVX-related bone loss (207). The safety and
efficacy of these experimental approaches to RANKL inhi-
bition would require rigorous preclinical safety testing in
animals before their consideration for human use.

The only data describing the effects of RANKL inhibition
in OVX primates were recently reported in preliminary form
(208, 209). Adult cynomolgus monkeys were subjected to
OVX or sham surgeries and allowed to recover for 1 month.
OVX cynos were then treated with vehicle or denosumab
once per month for 16 months. Denosumab treatment was
associated with rapid and sustained suppression of biochem-
ical parameters of bone resorption and formation (208).
These changes were accompanied by significant increases in
cortical and trabecular BMC and BMD at multiple skeletal
sites (208). Denosumab treatment was also associated with
significant improvements in biomechanical parameters of
bone strength at the lumbar spine, femur neck, and femur
diaphysis (209). Strong linear correlations were observed
between bone mass parameters and bone strength parame-
ters at all skeletal sites (209). These results suggest that de-
nosumab improved bone strength primarily by increasing
bone mass, and that bone formed during denosumab therapy
has normal material properties.

FIG. 5. Regions of analysis (left panel) and rep-
resentative microCT images (middle and right
panels) of trabecular regions from the lumbar ver-
tebra (bottom) and distal femur (top) of mice
treated for 3 wk with either human OPG-Fc (5
mg/kg, 2/wk) or vehicle. These samples repre-
sented the median value for trabecular bone vol-
ume for the lumbar vertebra (top panels) and the
distal femur (bottom panels) from each group (n �
8 per group).
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C. RANKL and RANKL inhibition in orchiectomy models of
bone loss

Preclinical orchiectomy (ORX) models have utility in ex-
amining the consequences of androgen ablation and andro-
gen deprivation therapy on bone (210–212). An important
distinction between standard ORX rat models and androgen
deprivation therapy in humans is the existence of prostate
cancer in the latter population and the lack thereof in ORX
rats. Normal ORX rat models are appropriate to examine the
isolated effects of androgen ablation on bone. The ORX rat
can also be used as a model of late-onset male hypogonadism
(andropause) (213). Within this context, one limitation of the
ORX rat model is the immediacy of disease onset, which
contrasts with the more gradual decline in androgen levels
in aging men (214).

Androgens have been shown to directly suppress the for-
mation (215) and the bone-resorbing activity of cultured os-
teoclasts (216). Androgens also suppress osteoclastogenesis
in coculture model systems that are dependent on osteoblasts
(217). Whether OPG and/or RANKL mediate the suppres-
sive effects of androgens on osteoclasts in such coculture
systems is not clear. Androgens have been shown to up-
regulate (218) and down-regulate (219) OPG expression in
cultured osteoblasts, whereas RANKL was unregulated by
androgens in both studies. Skeletal mRNA levels of OPG and
RANKL were recently shown to be increased by ORX in rats
(220), but whether RANKL protein levels exceeded OPG
levels after ORX is unknown.

Whether or not ORX causes bone loss via the OPG-RANKL
axis, RANKL inhibition has clear therapeutic benefits in ORX
rats. In a recent study, rats were sham-operated or orchiec-
tomized and then treated with vehicle or with OPG for 6 wk.
MicroCT assessment at wk 6 revealed significant deteriora-
tion of cancellous microarchitecture in vehicle-treated ORX
rats, and OPG fully prevented these changes (221). DXA
analysis at wk 6 revealed that vehicle-treated ORX rats had
significantly decreased BMD, whereas histomorphometry
showed significant ORX-related reductions in periosteal
bone formation rate and cancellous bone volume. OPG treat-
ment fully prevented each of these changes (222). Androgen
replacement therapy has been shown to partially mitigate the
ORX-related deficit in periosteal bone formation in rats (211).
The ability of OPG also to prevent the ORX-related reduction
in periosteal bone formation was an unexpected finding.
OPG was recently shown to stimulate the proliferation and
differentiation of cultured osteoblasts (203), which suggests
a possible mechanism for this periosteal response. An alter-
native explanation is that OPG prevented ORX-related in-
creases in endocortical and/or cancellous resorption, thereby
preserving bone geometry in a manner that obviated the
periosteal response that is typically associated with ORX. The
ability of OPG to prevent bone loss in this study could be
interpreted as evidence that ORX is associated with a func-
tional increase in the RANKL:OPG ratio. This conclusion
might be premature, however, because OPG suppressed os-
teoclast numbers in ORX rats to levels that were well below
ORX or sham control values (222). This phenomenon once
again emphasizes the essential role of RANKL for the exis-
tence of osteoclasts, independent of gonadal hormone status.

D. RANKL and RANKL inhibition in rheumatoid arthritis
models

Abundant research in rheumatoid arthritis (RA) models
has produced perhaps the best evidence for a causal role of
excessive RANKL activity in a bone loss setting. The intense
interest in OPG-RANKL biology in RA is related in part to
the multiple forms of osteoclast-mediated bone loss that are
characteristic of the disease, including focal bone erosions at
the bone-pannus junction of inflamed joints, subchondral
(periarticular) bone loss adjacent to inflamed joints, and gen-
eralized systemic bone loss (223–227). The alignment be-
tween clinical observations and the attributes of preclinical
RA models is close in terms of theoretical mechanism of bone
loss and their manifestations (228).

Animal models of RA consistently show up-regulation of
RANKL in inflamed joints (26, 49, 181, 225, 229, 230), and in
some cases in serum as well (26). There are fewer data on
OPG levels in preclinical RA models, but OPG protein levels
were recently shown to be decreased in the inflamed joints
of two well-characterized arthritic rat models (adjuvant and
collagen-induced arthritis). RANKL protein levels were con-
comitantly increased in inflamed joints, leading to marked
increases in the RANKL:OPG ratio. This ratio was positively
correlated with focal bone erosions and with osteoclast ac-
tivity (231). A detailed time course assessment of inflamed
joints from adjuvant and collagen-induced rat arthritis mod-
els showed that RANKL protein levels were significantly
increased before or simultaneous with the earliest appear-
ance of bone erosions and osteoclast responses (26). These
data suggest that RANKL is well positioned to play a causal
role in the progression of erosive disease in these commonly
used models of RA. Additional support for this notion comes
from numerous animal studies that consistently show that
RANKL inhibition is associated with marked suppression of
bone erosions. Total genetic ablation of RANKL in knockout
mice rendered the animals resistant to arthritis-related joint
destruction, and osteoclasts were essentially absent in their
joints (110). RANKL inhibition via recombinant OPG treat-
ment also results in marked suppression of bone erosions
and osteoclasts in several rodent models, including adjuvant
arthritis (26, 49, 177, 232, 233), collagen-induced arthritis (26,
181, 233), and TNF-mediated arthritis (136, 234). OPG was
also shown to reduce periarticular bone loss in arthritic rats
(235), and OPG also prevented systemic bone loss in arthritic
mice (180, 234, 236) and arthritic rats (26).

Although bone preservation is an important and expected
outcome for OPG therapy, cartilage preservation is a primary
goal of RA therapy. Joint space narrowing is an important
clinical endpoint for evaluating the efficacy of RA treatment,
and maintenance of articular cartilage is a significant com-
ponent of this endpoint. Cartilage damage in RA is thought
to be mediated at least in part by degradative enzymes such
as matrix metalloproteinases, which are released by synovial
fibroblasts. Inadequate synthesis of type II collagen, aggre-
can, and proteoglycans might also contribute to the progres-
sion of cartilage loss (237). OPG, RANK, and RANKL are all
expressed at the protein level in human articular cartilage,
but their functional roles in cartilage have not been clearly
demonstrated (238). Nonetheless, interest in possible roles
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for this pathway in the maintenance of articular cartilage was
fostered by early observations that OPG treatment provided
substantial cartilage preservation in arthritic mice (49). Other
arthritis models have confirmed the ability of OPG or
RANKL ablation to preserve cartilage, as measured histo-
logically by proteoglycan preservation (110, 177, 181). Sub-
sequently, serum RANKL concentrations in RA patients
were shown to correlate positively with urine levels of CTX-
II, a type II collagen degradation product (239). This rela-
tionship is not necessarily a causal one, because serum
RANKL levels are also correlated with overall disease pro-
gression in RA (53, 239). Evidence that RANKL plays a direct
role in maintaining cartilage is currently minimal. Although
human articular cartilage and primary articular chondro-
cytes express RANK protein, exogenous RANKL did not
appear to activate signaling in cultured chondrocytes, sug-
gesting that RANK might be functionally inactive in those
cells (238). A more likely mechanism for chondroprotection
is related to the well-established ability of OPG to preserve
subchondral bone, which helps to preserve the geometry of
the joint while preventing osteoclasts from undermining the
epiphyses from within. This indirect mechanism of chon-
droprotection is consistent with observations that OPG has
no significant impact on the inflammatory components of
arthritis, such as joint swelling (49, 136, 177, 179–181, 235,
236, 240).

E. RANKL and RANKL inhibition in glucocorticoid-
induced bone loss models

Glucocorticoids have antiinflammatory and immunosup-
pressive effects and are used in numerous disorders includ-
ing rheumatoid arthritis, Crohn’s disease, and glomerulo-
nephritis. Glucocorticoids also have remarkably complex
effects on bone, virtually all of which are detrimental, and
these influences have been summarized in recent reviews
(241, 242). This section will focus on the potential roles of
bone resorption and the OPG-RANKL axis in mediating the
effects of glucocorticoids on bone. The most universally de-
scribed skeletal consequence of glucocorticoid therapy is a
reduction in BMD, which can lead to increased fracture risk
(243–245). Mechanisms responsible for glucocorticoid-in-
duced osteoporosis have been extensively studied, but con-
sensus has yet to be achieved. It is widely believed that
suppression of bone formation is a component of bone loss,
whereas increased (or inappropriately “normal”) bone re-
sorption likely also contributes.

At the cellular level, glucocorticoids [mainly prednisolone,
dexamethasone (DEX), and cortisol] have complex effects on
osteoblasts and osteoclasts. Glucocorticoids have been
shown to stimulate the proliferation of cultured osteoblasts
and/or their precursors in some studies (246, 247), whereas
other studies showed that osteoblast proliferation was in-
hibited by glucocorticoids (246, 248). These conflicting re-
sults may be related to differences in the stage of osteoblast
differentiation, and the timing and duration of glucocorti-
coid exposure in different systems (246). Glucocorticoids can
also inhibit osteoblast differentiation (249–251), osteoblast
attachment to bone matrix (252), and osteoblast production
of IGF-I (253). Bone marrow harvested from mice treated

with prednisolone was shown to have markedly reduced
osteoblastogenic capacity (251). In general, these studies
point toward significant osteoblast suppression as a compo-
nent of glucocorticoid-induced bone loss.

The reported effects of glucocorticoids on osteoclasts are
only slightly less complex. In favor of a proosteoclast effect,
DEX was able to directly promote osteoclastogenesis from
bone marrow cells that were exposed in culture to the es-
sential osteoclastogenic cofactors RANKL and M-CSF (254).
Furthermore, conditioned medium from glucocorticoid-
treated osteoblasts had increased ability to support oste-
oclastogenesis (254). However, cortisol has been shown to
inhibit resorption in bone organ cultures (255), and bone
marrow harvested from mice treated with prednisolone
showed reduced osteoclastogenic potential (251). A bone
xenograft model showed that glucocorticoids inhibited os-
teoclast recruitment and bone resorption, whereas delayed
treatment with glucocorticoids resulted in stimulation of os-
teoclast activity and bone resorption (256). DEX was recently
shown to prolong the lifespan of osteoclasts, while decreas-
ing their individual capacity to degrade bone (257). Oste-
oclast responses to glucocorticoids appear to be greatly in-
fluenced by their stage of differentiation as well as the timing
of glucocorticoid exposure.

To the extent that increased (or inappropriately “normal”)
bone resorption contributes to the skeletal effects of glu-
cocorticoids, there is ample molecular evidence that OPG
and RANKL might be involved in the process. Glucocorti-
coids have been shown to suppress OPG mRNA expression
in primary human osteoblasts and in osteoblast cell lines
(254, 258), while up-regulating RANKL expression (254).
Glucocorticoids also suppressed OPG protein production by
human fibroblasts (254). DEX and prednisolone were shown
to inhibit OPG production and increase RANKL production
by human osteoblasts, leading to increased RANKL:OPG
ratio (259). Glucocorticoids also stimulate osteoblasts to pro-
duce M-CSF (260), which is an important cofactor for oste-
oclastogenesis (261).

The lack of concordance regarding the effects of glucocor-
ticoids on bone formation and bone resorption in these model
systems is multifactorial. One important component of glu-
cocorticoid biology that is lacking in most cell culture models
is the marked depletion of osteoblast numbers in animals
treated with glucocorticoids (251). Osteoblasts are an impor-
tant source of both OPG and RANKL, and the effects of
glucocorticoid-mediated osteoblast depletion on the relative
balance of OPG and RANKL have not been well established.
Regardless of net effects of glucocortoids on the RANKL:
OPG ratio in vivo, animal studies account for this variable and
might therefore have greater relevance than cell culture mod-
els. A limitation with animal models of glucocorticoid-in-
duced bone loss is that they typically fail to include under-
lying diseases for which glucocorticoids are typically
prescribed. This can be an advantage as well because the lack
of underlying disease provides an opportunity to examine
the direct consequences of glucocorticoids on bone.

Glucocorticoids decrease BMD in rats (262, 263), mice
(251), and minipigs (264). In mice, BMD loss with pred-
nisolone was associated with decreased osteocalcin and de-
creased bone formation, with no histological or biochemical

168 Endocrine Reviews, April 2008, 29(2):155–192 Kearns et al. • RANKL and OPG Regulation of Bone Remodeling

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/29/2/155/2354996 by guest on 20 August 2022



evidence for increased bone resorption (251). In minipigs,
prednisolone decreased biochemical parameters of bone re-
sorption and bone formation while decreasing bone growth
and bone strength (264). Prednisolone infusion in rats re-
sulted in suppressed bone growth and decreases in cortical
area and cortical strength (263). In another rat study, pred-
nisolone infusion led to reductions in biochemical markers of
bone resorption and bone formation and a paradoxical in-
crease in cancellous bone volume (265). The prednisolone-
related increase in bone volume in rats, confirmed in a study
described immediately below (262), is not consistent with
histological data from patients with glucocorticoid-induced
osteoporosis (194) and is a recognized limitation of the model
(251). That being said, the only data on the effects of OPG on
glucocorticoid-induced bone loss was generated in rats, us-
ing sc implanted prednisolone pellets. Those data were pre-
sented in abstract form (262), and the main findings are
described in Fig. 6 due to the lack of published data on
RANKL inhibition in other glucocorticoid-induced bone loss
models. In this study, 45 d of prednisolone were associated
with significant bone loss and increased osteoclast surface,
and OPG treatment prevented these changes. Despite the
limitations of this model, the skeletal response to pred-
nisolone in these rats shared several similarities to changes
observed in humans, including significantly decreased BMD
(243), histological evidence of increased bone resorption
(194), and biochemical evidence of suppressed bone forma-
tion (244, 267, 268). The ability of OPG to markedly reduce
osteoclasts and to prevent the prednisolone-related loss of
BMD suggests that RANKL inhibition represents a potential
new strategy for the treatment and prevention of glucocor-
ticoid-induced bone loss.

F. RANKL and RANKL inhibition in disuse osteopenia
models

Disuse osteopenia and osteoporosis occurs under circum-
stances such as prolonged bed rest (269), spinal cord injury
(270, 271), and spaceflight (272, 273). Spinal cord injury is
associated with decreased BMD, increased fracture risk, and
deterioration of cortical geometry (270, 271). Astronauts lose
significant cortical and cancellous bone mass within the first

few months of spaceflight (274) and exhibit cortical thinning
in the femoral neck (273). These and other forms of osteo-
porosis (262, 263) represent a significant therapeutic chal-
lenge due to evidence of increased bone resorption and sup-
pression of bone formation. Biochemical markers of bone
resorption and osteoclast numbers are significantly elevated
in spaceflight and bed rest (275, 276), consistent with an
osteoclast-mediated contribution to bone loss. Animal mod-
els also suggest increased bone resorption in response to
skeletal unloading (121, 277). Skeletal unloading also sup-
presses bone formation (277, 278) and increases osteocyte
apoptosis (121). Although anabolic therapy with intermittent
PTH is effective at restoring bone mass in some skeletal
unloading studies (279), skeletal unloading has been shown
to significantly diminish the anabolic potential of PTH (280,
281).

The therapeutic potential of RANKL inhibition in disuse
osteopenia is of interest because bisphosphonate therapy
does not appear to consistently preserve both cortical and
cancellous bone mass in unloading models. Long-term dis-
use osteopenia in dogs was suggested to be less responsive
to bisphosphonate therapy compared with the efficacy of
bisphosphonates in osteoporosis models (282). There was no
evidence of suppression of cortical bone resorption in un-
loaded dogs treated with bisphosphonates, and cortical bone
strength in treated animals remained significantly lower than
the strength of normally loaded control bones (282). Cortical
bone seems to be particularly sensitive to unloading in rats
(283), and bisphosphonates are frequently ineffective at im-
proving cortical bone strength in rat unloading models (284–
286), even when cancellous bone strength was significantly
improved (286). Cortical bone resistance to bisphosphonates
was also suggested in a human bed rest study, wherein
bisphosphonate treatment suppressed osteoclast numbers in
cancellous bone but not in cortical bone (276). The reasons for
the apparent resistance to bisphosphonates in unloaded cor-
tical bone are not clear. One possibility is that the lower
surface area in cortical bone provides lower uptake of
bisphosphonates.

RANKL inhibition for the prevention of disuse osteopenia
is appealing also because there is evidence that RANKL
could be involved in the skeletal response to loading and
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FIG. 6. Effects of RANKL inhibition via OPG on predniso-
lone-induced changes in bone. Slow-release prednisolone
(Pred,1or2mg/kg�d)orplacebopellets (Plac)were implanted
sc in normal young male rats for 45 d, during which time
animals were treated with either vehicle (saline) or OPG-Fc
(1 mg/kg, 3 times/wk by sc injection). A, BMD was measured
by DXA on d 45 at the distal femur and proximal tibia. In
vehicle-treated rats, both doses of prednisolone led to signif-
icant decreases in BMD compared with vehicle-treated rats
with placebo pellets. OPG significantly increased BMD in
animals treated with either dose of predisolone. B, Osteoclast
surface was measured in histological sections of the proximal
tibia and expressed as percentage of cancellous bone surface.
High-dose prednisolone (2 mg/kg) led to a significant increase
in osteoclast surface compared with Plac � vehicle (Veh)
controls, and OPG treatment significantly reduced osteoclast
surface in animals treated with either dose of prednisolone.
Data represent means � SD, n � 6–7 per group. *, Signifi-
cantly different from Plac � Veh; �, significantly different
from respective Pred � Veh control; P � 0.05 by ANOVA.
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unloading. Mechanical loading was shown to suppress os-
teoclast formation by decreasing RANKL expression in bone
marrow stromal cells (287). In a cell culture model of un-
loading, simulated microgravity via vector averaging re-
sulted in increased RANKL expression by a bone marrow-
derived stromal cell line (288). Regardless of whether skeletal
unloading promotes bone resorption and bone loss via in-
creases in the RANKL:OPG ratio, animal studies in numer-
ous unloading models show that RANKL inhibition consis-
tently prevents cortical and cancellous bone loss.

Preclinical models of disuse osteopenia have been recently
and extensively reviewed (289). Common rodent disuse
models include tail suspension, sciatic neurectomy or crush,
and spaceflight. OPG reduced cortical bone resorption and
increased bone density in mouse nerve crush models (290,
291). OPG also prevented decreases in BMD and bone
strength in a rat sciatic neurectomy model. This study
showed strong correlations between femur BMD and fem-
oral neck strength, consistent with the preservation of bone
quality and improvements in bone mass (292). OPG pre-
served bone mass and increased cortical bone strength in
tail-suspended mice (186). Another mouse tail suspension
study showed that OPG preserved BMD in unloaded bones
to a greater extent than was observed with two bisphospho-
nates (293). OPG was also able to prevent bone loss and
improve cortical bone strength under the extreme conditions
of microgravity. In that study, a single injection of OPG
before a 12-d spaceflight caused significant increases in BMD
and improved the strength of the femoral diaphysis of mice
(294, 295). An elegant new mouse model of disuse osteopenia
was recently described, in which botulism toxin was injected
into the hindlimbs to induce temporary muscle paralysis
(296). In this model, OPG treatment was shown to prevent
deficits in cancellous bone volume as well as the unloading-
related decreases in cortical thickness, volume, and strength
(297). Skeletal unloading models in rats also show consistent
bone preservation with OPG. OPG treatment of neurecto-
mized rats improved BMD and bone strength at the femoral
neck (292). OPG significantly increased the density and
strength of cortical bone (298) in a rat unloading model that
was nearly identical in design to one where bisphosphonate
treatment had no such effects (284). More head-to-head stud-
ies, with a robust range of doses, are required before con-
clusions can be made regarding the differential effects of
bisphosphonates vs. RANKL inhibitors in the prevention of
cancellous or cortical bone loss in disuse osteopenia.

G. RANKL and RANKL inhibition in bone metastasis and
multiple myeloma models

Nearly 120 yr ago, British surgeon Stephen Paget observed
that certain cancer cells had a predilection to metastasize to
bone, and he proposed that the bone microenvironment pro-
vided a fertile “soil” for the localization and growth of par-
ticular types of cancer cells (299). Almost 100 yr later, it was
reported that products released from resorbing bone pro-
vided a chemotactic stimulus for directed tumor cell migra-
tion (300). This provided clues as to possible mechanisms for
tumor cell osteotropism, and shortly thereafter it was re-
ported that bone resorption in bone organ cultures stimu-

lated the proliferation of tumor cells that possessed bone
metastasizing properties (301). Consistent with these culture
studies, it was subsequently shown in rats that cancer cells
immediately adjacent to bone surfaces had significantly
greater proliferation rates compared with those that were
distant from bone (302). Stimulation of bone resorption was
shown to specifically increase the proliferation rate of met-
astatic cancer cells in bone, but not in other tissues (303).
These observations, coupled with the ability of tumor cells to
stimulate osteoclastic bone resorption (304), provided a pow-
erful rationale for exploring bone turnover suppression as a
therapeutic strategy for bone metastasis. This rationale is
predicated on the interruption of a “vicious cycle” wherein
bone resorption attracts tumor cells and stimulates their
growth, whereas tumor cells promote osteoclast formation
and activity, the result of which is more bone resorption that
further attracts and stimulates cancer cells.

These seed-and-soil and vicious cycle theories have gained
abundant experimental support, such that adjuvant thera-
pies used today to control bone metastases target bone turn-
over rather than tumor cells. These lesions lead to skeletal-
related clinical events (SREs) that include severe bone pain,
pathological fracture, and spinal cord compression. Multiple
myeloma also has deletrious effects on bone by virtue of
increasing bone resorption while suppressing bone forma-
tion (305). Bisphosphonates are the only class of drugs cur-
rently approved for the reduction of SREs in patients with
bone metastases or multiple myeloma (MM). These agents
act by binding directly to mineralized bone matrix and di-
rectly inhibiting the activity of osteoclasts that attempt to
degrade bisphosphonate-laden bone (140). In 1983 the
bisphosphonate clodronate was shown to reduce hypercal-
cemia, bone pain, and osteolytic progression in breast cancer
patients with bone metastases (306). In 1991, pamidronate
was shown to reduce bone destruction in breast cancer pa-
tients with bone metastases and in myeloma patients (307)
and prostate cancer patients with bone metastases (308). Ten
years later, zoledronic acid (ZOL) was shown to reduce SREs
in patients with bone metastases (309). These trials helped to
establish the utility of bone turnover suppression as a ther-
apeutic strategy for patients with bone metastases or
myeloma.

Based on the dominant roles for OPG and RANKL in the
regulation of bone resorption, numerous investigators have
examined the potential role of this pathway in cancer cell
regulation of osteoclasts. In the mid 1970s, the existence of
“osteoclast stimulating factor” and “osteoclast activating fac-
tor” was theorized by Mundy et al. (310) and by Galasko
(304), respectively. The existence of these factors was pro-
posed to account for the local stimulation of osteoclasts that
is associated with myeloma and other cancer cells in bone.
The exact identity of these factors was not provided by these
early studies, but the activities they described would later
prove to have significant overlap with the biological at-
tributes of RANKL. Some 30 yr later, the possible involve-
ment of the RANK/RANKL/OPG pathway in bone metas-
tasis has been described in numerous forms of cancer,
including myeloma, and in dozens of preclinical bone me-
tastasis models. In-depth review articles on these subjects
have been recently published (311–313).
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Cancer cells have been shown to regulate OPG and/or
RANKL in a variety of ways, some of which are described in
Fig. 7. With few exceptions, regulation of OPG and RANKL
by cancer cells appears to increase the RANKL:OPG ratio in
a manner that favors bone resorption. Moving clockwise
from the cancer cell in Fig. 7, prostate cancer cells (CaP)
(314–316) and MM cells (317–322) have been shown to ex-
press RANKL directly. Although breast cancer cells (CaBr)
do not typically express RANKL directly (101, 323, 324), they
can up-regulate RANKL expression by osteoblasts (OB) (101,
323) and bone marrow stromal cells (BMSC) (323–325). CaP
cells can also up-regulate RANKL expression in osteoblasts
(326). MM cells have been shown to up-regulate RANKL
expression by BMSCs (327, 328), by T cells (48), and by
endothelial cells (329). CaBr cells (101) and MM cells (327,
328, 330) can also down-regulate OPG production by osteo-
blasts and/or BMSCs. MM cells express syndecan on their
surface, which sequesters and degrades heparin-binding
proteins including OPG (331).

The functional consequences of these regulatory influences
have not been exhaustively assessed. But as expected, OPG is
capable of inhibiting the osteoclastogenic responses associated
with direct RANKL production by cancer cells (317, 332) as well
as in coculture systems where cancer cells induce other cells to
express RANKL (316, 324, 329, 333). Furthermore, RANKL ex-
pression by human myeloma cells was shown to correlate with
the propensity of those cells to cause bone destruction in vivo
(317). These results are generally consistent with the ability of
OPG and other RANKL inhibitors to suppress tumor-associ-
ated osteolysis in animal models of bone metastasis, as de-
scribed in Section III.H and I.

H. RANKL and RANKL inhibition in animal models of
breast cancer metastasis to bone

Human MDA-231 breast cancer cells have been widely
used in immunodeficient mice as an experimental bone me-
tastasis model. These cells are capable of stimulating oste-
oclastogenesis and osteoclast activity in vitro (334), and their

direct injection into the left ventricle of nude mice leads to the
establishment of skeletal metastases that induce intense focal
osteolysis (335). MDA-231 cells and other human breast can-
cer cells have been shown to express RANK (101, 336), which
raises the possibility that RANKL and OPG might exert di-
rect effects on RANK-expressing breast cancer cells. RANKL
has been reported to stimulate signaling and invasiveness in
human breast cancer cell lines (337), and RANKL was re-
cently shown to stimulate the directed migration of human
breast cancer cells in a manner that was inhibited by OPG
(337). Although these direct responses to RANKL and OPG
are intriguing, most animal models of breast cancer metas-
tasis support the notion that bone turnover suppression is the
primary mechanism by which RANKL inhibition prevents
bone destruction and reduces skeletal tumor burden.

The MDA-231 tumor model was used to examine the ther-
apeutic potential of RANKL inhibition in the prevention of
bone metastases and the control of skeletal tumor growth.
OPG treatment at the time of tumor cell inoculation was able
to completely prevent the radiographic appearance of lytic
lesions (338). Histological assessment revealed that skeletal
tumor burden was 75% lower in OPG-treated animals com-
pared with vehicle controls. The mechanism for this reduc-
tion in tumor burden was probably related to OPG inhibition
of bone destruction because tumor burden in numerous soft
tissue organs was unaffected by treatment. OPG treatment
virtually eradicated tumor-associated osteoclasts in this and
other studies, which is a somewhat novel observation that
relates to OPG’s mechanism of action. OPG functions sys-
temically as a soluble osteoclast inhibitor, and unlike
bisphosphonates OPG does not require binding to bone sur-
faces for efficacy. This feature allows OPG and other soluble
RANKL inhibitors such as RANK-Fc to eliminate osteoclasts
within tumor foci (314). Consistent with this differential
mechanism of action, two recent studies showed that OPG
caused greater suppression of tumor-associated osteoclasts
compared with bisphosphonate therapy in mice (339, 340).

Although prevention of bone metastases is a laudable ther-
apeutic outcome, it is important that therapies are able to
control the progression of established metastatic lesions in
bone. OPG was tested in an MDA-231 treatment model,
wherein treatment was delayed until osteolytic bone lesions
were already apparent. These results were previously de-
scribed in abstract form (341), and some key data are pre-
sented here. Experimental details are described in the legend
for Fig. 8. Briefly, MDA-231 human breast cancer cells were
injected into the left ventricle of immunodeficient mice,
which were left untreated for 3 wk to allow for the devel-
opment of lytic lesions in bone. One group was killed at wk
3 as a baseline control, and two other groups were treated
with either vehicle or OPG-Fc for 7 d. During those final 7 d,
radiographic lesion area and histological tumor burden in-
creased by 3-fold in vehicle-treated animals, but there was no
radiographic or histological progression in mice treated for
7 d with OPG. OPG treatment was also associated with a
nearly complete elimination of tumor-associated osteoclasts
(Fig. 8). This powerful antiosteoclast effect was a likely ex-
planation for the reduction in skeletal tumor burden, based
on the seed-and-soil hypothesis and the lack of OPG effects
on extraskeletal tumor burden in this MDA-231 model (338).

FIG. 7. Theoretical mechanisms by which cancer cells might promote
bone resorption by regulation of OPG and/or RANKL. An annotated
description is provided in Section III.G. Tumor-mediated increases in
RANKL or decreases in OPG would tend to favor bone resorption.
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The important role of bone resorption in skeletal tumor
growth was suggested by data from a recently reported
study that directly compared OPG and bisphosphonate ther-
apy in an MDA-231 nude mouse model of bone metastasis
(340). Treatment of tumor-bearing mice with OPG or with
ibandronate (IBA) resulted in similar and significant de-
crease in radiographic lesion area. Both drugs caused sig-
nificant reductions in tumor-associated osteoclasts, histolog-
ical tumor area, and tumor cell apopotosis. Although IBA
caused a significant reduction in tumor-associated oste-
oclasts, OPG treatment caused their total elimination. The
total absence of osteoclasts in OPG-treated mice provided an
opportunity to explore the potential for direct bisphospho-
nate-mediated antitumor effects. As monotherapies, OPG
and IBA were each associated with significant and similar
suppression of tumor cell proliferation and induction of tu-
mor cell apoptosis in bone. The combination of OPG � IBA
showed no greater effects on tumor cell proliferation and
apoptosis compared with OPG alone, which argues against
a direct bisphosphonate-mediated antitumor effect. There
are limited data on the concentrations of bisphosphonates
within metastatic tumor foci, but one study in mice with bone
metastases showed that the maximal concentration of one
bisphosphonate (incadronate) within established bone me-
tastases was about 50-fold lower than concentrations that
were required to show in vitro suppression of the same cancer
cells (342). Furthermore, the growth-inhibitory effects of
incadronate on cultured tumor cells occurred at 100-fold
higher concentrations than those needed to suppress oste-
oclasts. The existence of such high levels within bone seems
unlikely, based on animal data showing that the uptake of
radiolabeled bisphosphonate was no greater in bones with
extensive metastatic disease compared with tumor-free
bones (342). Although direct antitumor effects of bisphos-

phonates are scientifically difficult to rule out, the experi-
mental use of OPG in numerous bone metastasis models has
provided substantial evidence that turnover suppression is
the principal means by which bisphosphonates and RANKL
inhibitors reduce skeletal tumor burden (340, 343–345).

I. RANKL and RANKL inhibition in animal models of
prostate cancer metastasis to bone

While bone metastasis lesions in prostate cancer patients
typically have an osteoblastic (osteosclerotic) appearance,
there is evidence that bone resorption is also frequently in-
creased in these lesions (346, 347). In animal models of pros-
tate cancer metastasis, skeletal lesions frequently exhibit in-
creased osteoclast activation and osteolysis (316, 348). OPG
treatment was shown to markedly reduce osteoclast num-
bers in skeletal lesions that resulted from the direct intratibial
injection of human C4–2B prostate cancer cells into immu-
nodeficient mice (316). This therapeutic effect was accom-
panied by significant reductions in skeletal tumor burden
and the prevention of radiographic bone destruction. OPG
treatment had no significant effects on the sc growth of
C4–2B tumors, which is consistent with the interpretation
that OPG reduced skeletal tumor burden via suppression of
bone turnover (316). A different human tumor cell line (LN-
CaP) that produces an osteoblastic response was used to
examine the therapeutic effects of RANKL inhibition in mice.
In this study, OPG significantly decreased the development
of bone tumors and also reduced the progression of estab-
lished tumors (348). These benefits were accompanied by
significant reductions in osteoclast numbers, whereas OPG
did not inhibit LNCaP cells grown sc or in culture. RANK-Fc
was also used as a RANKL inhibitor in a mouse model
wherein human LuCaP prostate cancer cells were injected
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FIG. 8. Radiographic and histological assessment of bone metastases in mice treated with OPG. Human MDA-231 breast cancer cells were
injected into the left ventricle of female Balb/c nu/nu mice. After 3 wk, mice were x-rayed to assess radiographic osteolysis and allocated to three
groups with similar levels of bone destruction. One group was killed at wk 3 as a baseline control (Wk 3 Veh). Other groups were treated with
either vehicle (Veh, saline) or with OPG-Fc (3 mg/kg) every second day for 7 d, then x-rayed and killed (Wk 4). Tibiae and femurs were analyzed
by histomorphometry for skeletal tumor burden and tumor-associated osteoclasts per tumor area. A, Significant radiographic damage was
apparent at wk 3 in vehicle controls, and by wk 4 the total radiographic lesions area increased by 3-fold in vehicle-treated mice. No radiographic
progression was observed in mice treated during wk 4 with OPG. B, Histomorphometric assessment at wk 3 indicated the presence of metastases
in femurs and tibiae, and by wk 4 there was a 3-fold increase in skeletal tumor burden (% tumor area) in vehicle-treated mice. OPG treatment
during wk 4 was associated with no significant change in tumor burden relative to wk 3 controls. C, OPG treatment during wk 4 was associated
with a 90% decrease in osteoclast numbers per square millimeter of tumor compared with either vehicle control group. Data represent means �
SD, n � 13–15 per group. *, Significantly different from Wk 3 Veh group; �, significantly different from Wk 4 Veh group; P � 0.05 by ANOVA.
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into bone. RANK-Fc treatment was associated with a signif-
icant reduction in serum prostate-specific antigen and de-
creased skeletal tumor burden, whereas RANK-Fc did not
suppress the sc growth of LuCaP cells (314). Thus, in these
two models, suppression of skeletal tumor burden was prob-
ably related to the antiresorptive effects associated with
RANKL inhibition.

This notion is supported by recent studies that directly
compared OPG and the bisphosphonate ZOL on the intrati-
bial growth of human C4–2 prostate cancer cells. OPG and
ZOL both suppressed tumor-associated osteolysis and de-
creased osteoclast surfaces in tumor-bearing bones (344).
OPG and ZOL both significantly decreased skeletal tumor
burden when delivered in a preventative manner, whereas
only OPG caused significant suppression of skeletal tumor
burden when treatment was delayed until lytic tumors were
established (344). Although OPG had no significant effects on
the proliferation of cultured C4–2 cells, high doses of ZOL
(10–100 �m) were associated with significant C4–2 growth
suppression. These data suggest that the ability of both OPG
and ZOL to reduce skeletal tumor burden in this prostate
cancer model was related to osteoclast suppression rather
than by direct antitumor effects. Other human prostate can-
cer cell lines have been shown to express RANK and to
respond directly to RANKL stimulation via activation of
signal transduction and increased migration in culture (349).
OPG inhibited RANKL-mediated migration of these RANK-
expressing prostate cancer cells, so it is therefore possible that
some human prostate tumors might respond directly to
RANKL and therefore to RANKL inhibition.

J. RANKL and RANKL inhibition in animal models of
multiple myeloma

MM cells appear to have the broadest array of mechanisms
to up-regulate bone resorption via the OPG-RANKL path-
way. Unlike bone metastasis, MM cells originate in bone
marrow where they clonally expand and spread to cause
widespread osteolysis (350). Bone formation is typically sup-
pressed in MM (351), which creates an additional therapeutic
challenge that is not typically associated with bone metas-
tases. Furthermore, widespread skeletal expansion of my-
eloma cells can lead to significant systemic bone loss (350).
Systemic bone loss was a feature of a murine MM model,
wherein RANKL-expressing 5T2MM myeloma cells were
shown to cause extensive bone lesions in mice with increased
osteoclasts, decreased BMD, and cortical thinning of long
bones. OPG treatment prevented each of these changes (352).
Another murine myeloma cell line (5T33MM), which also
directly expresses RANKL, caused extensive skeletal tumor
burden in mice such that 85% of bone marrow cells were of
myeloma origin (353). OPG treatment of tumor-bearing mice
led to significant reductions in tumor burden, including a
reduction in serum paraprotein levels, and OPG-treated an-
imals showed significantly longer survival than untreated
mice. OPG had no significant effects on the survival or pro-
liferation of cultured 5T33MM cells, and this survival benefit
was therefore attributed to the eradication of tumor-associ-
ated osteoclasts (353). To the extent that myeloma cells might
rely on the presence of osteoclasts for their continued growth

(354), the ability of RANKL inhibitors to eradicate tumor-
associated osteoclasts could provide an indirect antitumor
effect that is independent of their ability to prevent bone
destruction.

RANK-Fc, a RANKL inhibitor with a mechanism of action
that is similar to that of OPG, also has therapeutic effects in
myeloma models. Primary human myeloma cells were in-
jected into immunodeficient mice bearing human bone xeno-
grafts, and these myeloma cells infiltrated the xenografts and
induced osteoclast-mediated lytic lesions (328). RANK-Fc
treatment, initiated after the establishment of skeletal lesions,
prevented radiographic progression of disease and signifi-
cantly reduced osteoclast numbers and tumor cell numbers
in the xenografts. The antitumor effect of RANK-Fc was
probably related to osteoclast suppression because RANK-Fc
did not show direct cytotoxic effects on cultured myeloma
cells (328). A human plasma cell leukemia cell line (ARH-77)
also created extensive osteolytic lesions when injected into
nude mice, leading to hind limb paralysis in 80% of animals.
RANK-Fc prevented osteolysis in these mice and prevented
hind limb paralysis, but without evidence of changes in
skeletal tumor burden (328). ARH-77 cells are less dependent
on the bone marrow microenvironment compared with MM
cells, which may explain the lack of reduced tumor burden
with RANK-Fc. The ability of RANK-Fc to prevent osteolysis
in this model indicates that these plasma cell leukemia cells
still rely on RANKL to cause bone destruction.

A comparison of RANK-Fc and bisphosphonates was re-
cently described in a murine model, wherein primary human
MM cells were injected into human bone xenografts. When
these xenografts were implanted into immunocompromised
mice, myeloma cells stimulated bone resorption and de-
creased BMD of the xenograft. Treatment of mice with
RANK-Fc or with bisphosphonates resulted in decreased
bone resorption and reduced skeletal tumor burden (345).
RANK-Fc had no direct effects on cultured myeloma cells,
which suggests that bone turnover suppression was the pri-
mary mechanism by which tumor burden was inhibited.

In contrast to these in vivo results, cell culture studies have
suggested that OPG might serve as a paracrine survival
factor for human MM cells by inhibiting the proapoptotic
effects of TNF-related apoptosis-inducing ligand (TRAIL)
(330). This is an intriguing observation, particularly in light
of the ability of MM cells to down-regulate OPG production
by osteoblasts or stromal cells (327, 328, 330) and to also
sequester and degrade OPG via syndecan expression (331).
Whether MM cells can promote their survival via this OPG-
depleting mechanism is unclear because evidence suggests
that OPG-TRAIL binding might have relatively low affinity
compared with the affinity of TRAIL for its canonical recep-
tors (355). Furthermore, the resistance of primary human
myeloma cells and other cancer cells to TRAIL-induced ap-
optosis did not correlate with OPG expression by those cells
(356, 357). Evidence for meaningful OPG-TRAIL interactions
in vivo is minimal. If such interactions occurred, one might
expect that TRAIL reduces OPG activity and vice versa.
However, TRAIL-deficient knockout mice had no skeletal
abnormalities, and TRAIL had no cytotoxic effects in OPG-
deficient knockout mice (358).

Although there are few data from human studies on the
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potential for OPG-TRAIL interactions, flow cytometry stud-
ies conducted with bone marrow aspirates from postmeno-
pausal subjects showed that saturating levels of OPG did not
reduce the ability of anti-TRAIL antibodies to recognize
TRAIL-positive cells (76). It is also interesting to note that
RANK-Fc, which has no TRAIL-binding activity, suppresses
myeloma tumor burden in animal models (328, 345) similar
to the effects of OPG (353). Direct lentiviral transfer of the
human OPG gene into human myeloma cells led to their
secretion of therapeutic levels of OPG, which was shown to
prevent bone destruction in immunodeficient mice without
altering their in vitro growth properties (359). Whether en-
dogenous TRAIL was a component of this model or other
myeloma models is not known. But recombinant OPG treat-
ment has not been shown to increase tumor burden in bone
or in other organs in any experimental models of myeloma
or bone metastasis, including the MDA-231 studies described
above. MDA-231 cells have been shown to be TRAIL-sensi-
tive because the injection of recombinant TRAIL into MDA-
231 tumor-bearing mice led to significant antitumor effects
and increased mouse survival (360). Despite this antitumor
effect, 14 d of daily high-dose TRAIL injections in these mice
had no effects on bone parameters. Thus, an interactive role
of OPG-TRAIL with regard to the tumor immunosurveil-
lance, tumor cell growth, or bone turnover in vivo remains
speculative. It is also worth noting that the only recombinant
RANKL inhibitor that is currently being tested in clinical
trials is denosumab, a fully human anti-RANKL antibody
that has no TRAIL-binding properties (361).

K. RANKL and RANKL inhibition in fracture and fracture
repair

Fracture healing is an ordered process that gradually re-
stores the structural integrity of bone, eventually returning
it to approximately its original strength. Normal fracture
repair after immobilization in casts is characterized by callus
formation. The periosteal callus forms from the hematoma at
the fracture site with the production of a collar of fibrous
tissue, fibrocartilage, and hyaline cartilage around the frac-
ture fragments. Subperiosteal new bone formation begins
some distance from the fracture site and, through a process
similar to endochondral ossification, advances toward the
central and peripheral regions of the callus. A similar, less
prolific response occurs at the endosteal surface. Over time,
the callus is remodeled from randomly oriented woven bone
to mature cortical bone.

The involvement of bone remodeling in fracture repair
implicates the OPG/RANKL system in the repair process.
OPG and RANKL mRNA expression was elevated in the
fracture callus of mice during the repair of standard trans-
verse long bone fractures (362). The biological implications
of these changes are difficult to evaluate, but interventional
studies with different RANKL inhibitory strategies suggest
that RANKL plays a role in callus remodeling but not callus
formation. The effects of recombinant OPG were studied in
rats subjected to closed, transverse tibial fractures. In this
study, OPG was delivered at a very high dose (10 mg/kg,
three times per week) at the time of fracture and for 8 wk
thereafter (363). This treatment regimen resulted in serum

OPG levels (up to 35 �g/ml) that were at least 10,000-fold
higher than levels found in normal rat serum. Histological
assessment of fracture calluses at wk 3 and 8 showed greater
than 90% reductions in osteoclast numbers in OPG-treated
rats compared with time-matched vehicle controls. At wk 3,
there were no reported differences in callus dimensions,
BMC, or biomechanical strength of the callus between OPG-
and vehicle-treated controls. These results indicate that con-
tinuous RANKL inhibition did not influence the formation of
a normal facture callus. At wk 8, fracture calluses from OPG-
treated rats were about 20% larger and had 30% greater BMC
compared with vehicle controls. These findings are consis-
tent with a delay in callus remodeling, a phenomenon that
is typically associated with bisphosphonates and other an-
tiresorptive therapies in similar models (364–366).

Biomechanical strength is perhaps the most relevant pre-
clinical endpoint for fracture repair. Destructive mechanical
tests, which are not feasible in humans, provide important
information that integrates various aspects of the repair pro-
cess. Although delayed callus remodeling in humans can
indicate a risk for nonunion, it can also represent a benign
and expected response to antiresorptive therapy. Data from
fracture repair studies using bisphosphonates (364) or with
the RANKL inhibitor RANK-Fc (367) have suggested that the
delay in callus remodeling with antiresorptive therapy has a
neutral or positive effect on biomechanical integrity by virtue
of increasing callus dimensions. Consistent with this notion,
the delayed callus remodeling associated with OPG treat-
ment in rats resulted in larger calluses that were able to
withstand the same amount of biomechanical force as did the
calluses of untreated rats (363). Similar findings were ob-
tained when OPG was delivered via a gene therapy vector in
a similar rat model of fracture repair (368). OPG delivery was
associated with a 3-fold reduction in osteoclast numbers in
the fracture callus and a significant increase in callus BMC
compared with vehicle controls. Despite these changes, the
amount of force required to break the calluses was similar in
OPG and vehicle controls (368).

Fracture repair studies were also performed in normal mice
that were treated with the RANKL inhibitor RANK-Fc. In this
study, RANK-Fc treatment was associated with the elimination
of osteoclasts in long bone fracture calluses, but union occurred
in all animals within 28 d (369). This study also provided the
only available data on the effects of RANKL inhibitory treat-
ment withdrawal on fracture calluses. Osteoclast numbers in
fracture calluses were shown to return to normal levels within
15 d of stopping RANK-Fc treatment, and animals from this
experimental group also achieved union. This finding high-
lights the potent yet reversible nature of osteoclast suppression
with RANKL inhibitors. These preclinical fracture repair stud-
ies have provided experimental evidence to support the pro-
vocative yet supportable hypothesis that osteoclasts do not play
an important role in the biomechanical aspects of fracture repair
in mice or rats.

IV. Role and Regulation of OPG/RANKL in the
Human Skeleton

The pivotal role of the RANKL/RANK/OPG regulatory
system in osteoclast formation and function has been defin-
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itively demonstrated in animal studies and in cellular studies
as discussed earlier. This evidence generates a great deal of
interest in these cytokines as key regulators of skeletal me-
tabolism in health and disease in humans. Investigations in
humans under various conditions and disease states have
largely examined serum levels of OPG and/or RANKL, but
a few have examined tissue/cellular expression of these cy-
tokines. From nonhuman studies, it is apparent that the rel-
ative expression of OPG and RANKL is critical to regulation
of osteoclast activity and, in turn, bone turnover in health and
disease. OPG is a secreted protein and is detectable in the
peripheral circulation where it is found as a monomer, dimer,
or bound to RANKL. The commercially available assays for
OPG detect all these forms, but the importance of each form
and the relative amounts of each present in the circulation in
different conditions is uncertain. Heparin binding by native
OPG is likely to limit its distribution and half-life (18) such
that OPG measured in serum might have limited potential to
influence osteoclasts within bone. Serum RANKL measure-
ments also ignore the membrane-bound form, which could
be an important source of RANKL in normal and/or disease
states. To complicate matters further, OPG can bind to mem-
brane RANKL in a manner that is displaceable by soluble
RANKL (370), and OPG might also bind to cell membrane
glycosaminoglycans in a manner that is displaceable by hep-
arin (19). Additionally, human reference ranges for OPG and
RANKL have not been clearly established. As outlined
above, these proteins are expressed in a wide range of tissues,
and therefore, the tissue source of circulating OPG and
RANKL cannot be determined and may complicate the in-
terpretation of levels in different situations. Many factors
influencing the circulating levels of these cytokines have
been identified (371). Age appears to be a major factor in-
fluencing OPG levels in nearly all studies (372–377).

A. Postmenopausal osteoporosis

The central role of estrogen deficiency in the pathogenesis
of osteoporosis in postmenopausal women has been clearly
established. Estrogen deficiency results in increased bone
resorption over bone formation and net bone loss. Estrogen
has been demonstrated to up-regulate gene expression and
protein synthesis of OPG in human osteoblastic cells (104,
378) in vitro. It is logical from animal and in vitro studies that
the RANKL/OPG system is involved in the pathogenesis of
postmenopausal osteoporosis. However, studies designed to
assess the relation between serum OPG and RANKL levels
and bone metabolism/osteoporosis in postmenopausal
women have yielded conflicting results. There is general
agreement that OPG levels increase after the menopause
(373, 379–381) and with GnRH agonist therapy (382), both
conditions of low estrogen levels. Residual estrogen levels
after the menopause correlate with bone density and fracture
risk, yet the relationship of estrogen levels with serum OPG
levels in postmenopausal women has been inconsistent
across studies, with some supporting a weak relationship
(375) and others no relationship (373, 379) or a negative
correlation (381). No relationship was found between serum
OPG and serum estradiol during GnRH agonist therapy in
premenopausal women in one small study (382). Serum OPG

levels have been found to be positively related to BMD (375,
379), negatively related to BMD (374, 383), or unrelated to
BMD (372, 373) in postmenopausal women. Similarily, the
evidence is conflicting about an association between markers
of bone turnover and circulating OPG because some studies
report an association (154, 372, 375) or an association only
among osteoporotic women (384), and others report no as-
sociation (373, 379). Results of studies examining the rela-
tionship between serum OPG levels and fracture are also
inconsistent. Low OPG levels were reported to be associated
with prevalent vertebral fractures in two studies (379, 384),
and high serum OPG levels were associated with fracture in
another study (383). The risk of subsequent fractures in post-
menopausal women was not associated with OPG levels
(154). Collectively, the data regarding serum OPG levels in
postmenopausal women have been conflicting, and their
potential clinical applicability as a marker of bone disease is
not yet proven.

Serum RANKL levels have also been investigated in post-
menopausal women and reported not to be associated with
menopausal status or BMD (379, 385) but to be associated
with nontraumatic fracture (385). However, in one of the
studies over half of the women (54.9%) had concentrations of
RANKL that were undetectable (379), and in the other study
40% of samples were below the detection limit of the assay
(385). This raises the concern that the current assay for
RANKL may not be ideal for the study of serum levels of this
cytokine in postmenopausal women. Levels of RANKL in the
bone microenvironement may be more relevant, but only a
few studies have attempted to investigate this. The relation-
ship between menopause, estrogen use, and PTH on RANKL
and OPG mRNA in human bone tissue samples was exam-
ined in pre- and postmenopausal women (386). No difference
was found in expression of RANKL, OPG, or the ratio be-
tween premenopausal women, postmenopausal women,
and postmenopausal women taking estrogen. In a separate
study of cadaveric proximal femur bone biopsies, RANKL/
OPG mRNA ratio was strongly associated with histomor-
phometric indices of bone turnover in trabecular bone (87).
Similarly, the RANKL/OPG mRNA ratio in transiliac bone
biopsies of women sustaining a hip fracture was increased
compared with controls with osteoarthritis (387). In addition,
RANKL/OPG mRNA ratio was significantly greater in bone
from the proximal femur of hip fractures than controls with
osteoarthritis (388). These studies suggest that a relative in-
crease in the expression of molecular promoters of osteoclast
formation and activity in the bone microenvironment may
underlie the susceptibility to fracture, but more detailed pro-
spective studies are needed to prove this conclusively. How-
ever, the data on tissue levels, unlike that regarding serum
levels, are consistent with the notion that increased bone
turnover is an important factor in fracture risk.

Few studies have examined the response to osteoporosis
therapy and change in the OPG/RANKL/RANK system in
postmenopausal women. Cell culture studies show a positive
effect of estrogen (104, 378) and raloxifene (30) on OPG pro-
duction by human osteoblastic cells, but correlation in vivo
between estrogen levels and serum OPG levels has been
inconsistent. In postmenopausal women receiving hormone
replacement therapy, OPG levels declined by 3 months and
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positively correlated with changes in bone turnover markers
at 3 months (389). However, no association was seen between
the change in OPG and BMD after 1 yr of estrogen therapy
(389). Eghbali-Fatourechi et al. (76) examined the cell surface
concentrations of RANKL in bone marrow cells (osteoblastic,
T, and B cells) of premenopausal and postmenopausal
women, with and without estrogen treatment. RANKL ex-
pression per cell correlated with bone resorption markers
and inversely with serum estradiol levels (76). The findings
suggested that up-regulation of RANKL on bone marrow
cells is correlated with increased bone resorption induced by
estrogen deficiency. In contrast, a study of oral bisphospho-
nates in postmenopausal women found a positive correlation
between changes in serum OPG levels and BMD response
(390). Serum RANKL levels in this study did not change
during bisphosphonate treatment. The effects of bisphos-
phonates on serum OPG may reflect changes in osteoblast
cell pool or OPG production. Similar effects of bisphospho-
nates on serum OPG levels have been reported in Paget’s
disease of bone (PDB) (see Section IV.D). Treatment with
human PTH (1-34) in women receiving chronic glucocorti-
coid and hormone replacement therapy resulted in rapid
increase in serum RANKL by 1 month and a decrease in
serum OPG levels at 6 and 12 months of therapy (93). The
interpretation of these results is complicated by the concom-
itant use of glucocorticoids and hormone replacement
therapy.

B. Men

There are fewer studies investigating the OPG/RANKL
system in men, but they rely on similar methodology as those
in women: measuring serum concentrations of these cyto-
kines. The limitations to this approach have already been
outlined. As with women, serum OPG levels increase with
age in men (372, 373, 376, 380, 381, 391, 392). OPG levels in
men have been correlated inversely with BMD (373, 392),
borderline positively with BMD (372), or not at all (376). The
relationship of bone turnover and OPG levels is also con-
flicting. An inverse correlation of OPG with osteocalcin has
been reported (372, 380, 392). However, a positive correlation
with bone resorption markers but no correlation with bone
formation markers has been reported (373). Yet another
study reported a negative correlation with bone resorption
markers (376). The relationship of OPG levels and sex ste-
roids in men has also been examined. A positive correlation
with free testosterone index and free estradiol index has been
reported by one group (376). A negative correlation with
bioavailable testosterone and bioavailable estradiol (373) and
also with free testosterone index (391) has been reported.
Testosterone replacement appeared to lower OPG levels in
men made acutely hypogonadal by GnRH agonist and who
also received aromatase inhibitor blockade of estrogen pro-
duction (106). Men with prostate cancer who receive andro-
gen deprivation therapy experience bone loss. However,
studies looking at serum OPG/RANKL have largely inves-
tigated these as a marker of bone metastasis progression and
as such do not shed light on the independent contribution of
androgen deprivation to serum levels. As in postmenopausal

women, the data in men are conflicting regarding the utility
of serum levels of OPG to reflect bone disease states.

C. Glucocorticoid treatment

Glucocorticoids are used as treatment for a variety of con-
ditions because of their modulation of inflammation and the
immune system. The detrimental skeletal effects of glucocor-
ticoid therapy include suppression of bone formation by
increasing osteoblast apoptosis and, to a lesser extent, and
perhaps indirectly, increase in bone resorption. However,
glucocorticoids also reduce intestinal calcium absorption,
increase renal calcium excretion, and disturb vitamin D me-
tabolism. All of these actions have implications to adversely
affect the skeleton. Investigations of glucocorticoid effects on
bone in humans are complicated by the underlying disease
state for which they are given, and drawing common con-
clusions about skeletal effects across disease states for which
glucocorticoids are given can be problematic. Nonetheless,
the effects of glucocorticoids on bone remodeling have been
extensively studied in animal models, and a role of the OPG/
RANKL/RANK system in their effects has been discussed
earlier. As with most of the human studies of the OPG/
RANKL/RANK system, those investigating these cytokines
during glucocorticoid therapy have focused on evaluating
serum levels. In a study of patients with Crohn’s disease,
serum OPG levels decreased, whereas RANKL tended to
increase with glucocorticoid therapy compared with baseline
(244). Similarily, in a group of patients with glomerulone-
phritis, serum OPG levels were decreased with glucocorti-
coids compared with baseline, whereas markers of bone for-
mation were transiently decreased and a marker of bone
resorption was increased (267). There also was a positive
association between OPG and bone density in this group of
patients. A cross-sectional study of cardiac transplant recip-
ients found a positive correlation between serum OPG levels
and BMD, and a lower average serum OPG level was seen
in those with prevalent vertebral fractures (393). In the same
study, serum OPG levels fell after transplant, and bone loss
based on BMD measurement was positively associated with
the decrease in OPG level (393). Transplant recipients re-
ceived not only glucocorticoids but also other immunosup-
pressive agents that may have independent effects on bone
remodeling (especially cyclosporine). Although it is difficult
to draw firm conclusions from the few human studies to date,
there does appear to be some consistency in the effect of
glucocorticoids to lower serum OPG levels in vivo that may
partially explain the adverse skeletal effects of these drugs.

D. Paget’s disease of bone

PDB is a focal disorder of accelerated and disordered bone
remodeling. Osteoclast-mediated bone resorption is in-
creased with a compensatory increase in new bone forma-
tion. However, the resulting bone at affected sites lacks nor-
mal organization and is a mosaic of woven and lamellar
bone. Osteoclasts in pagetic bone are increased in number
and size and have abnormal appearance with substantially
more nuclei than normal and with nuclear and cytoplasmic
inclusions. Osteoblasts in pagetic bone are also numerous
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and active, rapidly synthesizing new bone. The increase in
both bone formation and resorption at pagetic sites can be
detected in the peripheral circulation where increased levels
of both markers of formation and resorption are found. Al-
though the exact etiology of Paget’s disease remains to be
determined, there is abundant evidence of the involvement
of the OPG/RANKL/RANK system and the NF-�B signal-
ing pathway in the pathogenesis of the disorder. RANKL
expression is abundant in cultures of stromal cells or marrow
cells derived from pagetic bone compared with nonaffected
bone of the same individuals (394, 395). Inactivating muta-
tions in the OPG gene have been demonstrated in juvenile
PDB (396–398). Constitutive activation of RANK has been
demonstrated in familial expansile osteolysis, another dis-
order with abnormal bone remodeling, and in familial early
onset PDB (398). Most recently, mutations in the sequesto-
some 1 gene, a scaffold protein in the NF-�B signaling path-
way, have been demonstrated in some cases of familial and
sporadic PDB (399–404).

Complimenting the in vitro cell system and genetic evi-
dence are several studies examining serum levels of OPG and
RANKL in PDB and their response to treatment with
bisphosphonates. OPG levels are consistently increased in
patients with PDB compared with controls (405–407). This
lends support to the concept of increased OPG circulating in
conditions of elevated turnover potentially as a protective
mechanism, although the relationship between OPG levels
and bone turnover in unaffected individuals is less clear as
discussed earlier. RANKL levels are elevated in PDB in some
studies (406) but not in others (407). The response of OPG and
RANKL levels in PDB to treatment with bisphosphonates has
also been investigated. The primary mechanism of action of
bisphosphonates is to inhibit bone resorption by impairing
key metabolic pathways of osteoclasts, although some in vitro
cell studies and animal studies suggest potential effects on
osteoblasts (408–411). OPG levels in PDB have been reported
to increase modestly after treatment with pamidronate (406)
and risedronate (407) and to decrease after treatment with
tiludronate (405). These differing results may be due to dif-
ferences in the mechanism of action of amino bisphospho-
nates compared with non-amino bisphosphonates on oste-
oclasts and osteoblasts, or due to differences in study
populations. The increase in OPG levels after bisphospho-
nate treatment that lowers bone turnover does not support
the general concept that serum OPG levels correlate with
bone turnover in all situations.

E. Rheumatoid arthritis

RA is characterized by chronic inflammation of the syno-
vium, the predominance of proerosive mediators, and sub-
sequent destruction of bone and cartilage. Many investiga-
tions have implicated inflammatory cytokines (IL-1�, IL-1�,
IL-6, IL-11, TNF-�) as important mediators stimulating bone
lysis in RA. However, the critical role of the OPG/RANKL/
RANK system in bone remodeling and osteoclast develop-
ment has led to the concept of “osteoimmunology” to more
accurately encompass the complex interactions between the
immune system and the skeletal system in RA and other
inflammatory arthritis conditions. In vitro cell system models

and animal models discussed earlier support this concept,
and the human in vivo data will be reviewed here.

The production of inflammatory cytokines in the inflamed
joint is likely to up-regulate RANKL and RANK (90, 412),
which promotes osteoclast development and bone destruc-
tion. Synovial cells isolated from rheumatoid joints have
been found to express RANKL, RANK, and OPG (90, 412–
415). Activated T lymphocytes within arthritic joints have
also been shown to express RANKL and therefore might
contribute to the promotion of bone erosions (413, 416).
Higher levels of RANKL expression have been observed in
synovial tissue from active RA patients vs. those with qui-
escent disease (413). Also, in synovial tissue from active RA,
RANKL expression was seen but OPG was not (33), and the
ratio of OPG:RANKL in synovial fluid has been correlated
positively with radiological scores (417). Both T cells and
non-T cells have been observed to be the source of RANKL
in the synovium (413, 418). These results suggest that the
deficient production of OPG or the ratio of RANKL:OPG in
the joint may underlie the development of erosions.

Peripheral measurements of serum or cellular levels of
OPG and RANKL have also been investigated in RA. The
ratio of circulating OPG/RANKL levels was shown to neg-
atively correlate with progression of radiographic joint dam-
age in newly diagnosed active RA patients (419). However,
another group reported that whereas OPG and RANKL se-
rum levels were higher in RA patients compared with con-
trols, the ratio of OPG/RANKL was similar between the two
groups, and no correlation was observed between disease
score and serum levels in RA patients (53). RANKL and OPG
mRNA levels have been found to be elevated in peripheral
blood mononuclear cells in RA patients compared with con-
trols, and the ratio of OPG/RANKL tended to be higher in
the synovium than in the peripheral blood mononuclear cells
in early RA patients (418). The use of serum levels of OPG
or RANKL to understand disease progression requires ad-
ditional study.

In addition to focal bone erosions and periarticular bone loss,
systemic bone loss and increased fracture risk are important
components of RA (224, 239, 420–422). The mechanisms re-
sponsible for bone loss at skeletal sites such as the lumbar spine
and hip, in the absence of obvious inflammation, are not well
understood. Certainly the high circulating levels of TNF-� and
IL-1 that are common in RA have the potential to promote
osteoclastogenesis throughout the skeleton (223, 237, 423–425).
Systemic stimulation of bone resorption in RA patients is sug-
gested by increases in circulating biochemical markers of bone
resorption (426) and increased osteoclastogenic potential of
their bone marrow (426, 427). Recently, serum RANKL levels
were reported to be increased in RA patients, and serum
RANKL was inversely correlated with BMD of the hip and
positively correlated with circulating bone resorption markers
(239). Furthermore, the RANKL:OPG ratio was significantly
elevated in serum of RA patients, and this increase was pre-
dictive of joint destruction (419). These results are consistent
with the notion that RANKL might play a role in systemic bone
loss in RA patients, in addition to its putative role in focal bone
loss.

Several studies have reported that treatment of RA is as-
sociated with changes in OPG and RANKL in the peripheral
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circulation. Ziolkowska et al. (53) reported normalization of
serum OPG and RANKL by 14–22 wk of therapy with in-
fliximab, although the RANKL:OPG ratio did not change
during therapy. Interestingly, higher baseline levels of OPG
or RANKL were associated with larger decreases with ther-
apy. Vis et al. (428) found that infliximab treatment in RA
caused a decline in serum RANKL and the OPG/RANKL
ratio but no change in serum OPG. Infliximab treatment was
also associated with stabilization of BMD at the hip and spine
but continued bone loss in the hand (428). This agrees with
in vitro cell culture studies showing a decrease in RANK
expression in peripheral blood mononuclear cells treated
with infliximab and inhibition of RANKL expression and
increase in OPG secretion in cultured synovial cells treated
with infliximab, methotrexate, sulfasalazine, or hydroxy-
chloroquine (429). Collectively, these investigations suggest
that disease-modifying antirheumatic drugs exert some of
their effects through the OPG/RANKL/RANK system.

V. Clinical Therapeutics Targeting the
RANK/RANKL/OPG System

Clinical studies were conducted to investigate the biolog-
ical activity of two different recombinant OPG constructs,
focusing on osteoporosis and cancer-induced bone disease
settings. The first drug tested clinically was Fc-OPG, which
consisted of the active TNF receptor domains of native OPG
fused at its carboxy-terminus to the Fc fragment of human
IgG1. In a phase 1 sequential dose escalation study in healthy
postmenopausal women, a single sc dose of Fc-OPG led to
dose-dependent reductions in markers of bone resorption,
including uNTX. Suppression of uNTX occurred within 12 h
after dose, reached a maximum of 80% below baseline at the
highest dose tested (3.0 mg/kg), and was maintained for up
to 45 d (20).

The second OPG construct to enter the clinic was OPG-Fc
(also known as AMGN-0007; Fig. 2). With OPG-Fc, the Fc
fragment of IgG1 was fused to the amino terminus of the
active domain of OPG, which conferred a longer half-life
compared with Fc-OPG. OPG-Fc was evaluated in a phase 1,
active-controlled, dose escalation study in patients with MM
or breast cancer-related bone metastases (23). A dose-depen-
dent reduction in uNTX occurred within 1 d of dosing with
OPG-Fc, and uNTX reached a nadir of approximately �60
and �84% in the MM and breast cancer strata, respectively,
at the higher doses (1.0 and 3.0 mg/kg). Suppression of bone
resorption was maintained throughout the duration of the
study (56 d). The pharmacodynamic profile of OPG-Fc was
generally similar to that observed with the open-label active
control, pamidronate.

The results of these clinical trials suggested therapeutic
potential for RANKL inhibition in the treatment of bone loss.
The clinical development of these OPG constructs was
stopped in favor of the development of denosumab, a fully
human monoclonal antibody that inhibited RANKL. An im-
portant practical consideration was that denosumab had a
significantly longer circulating half-life compared with
OPG-Fc (430), which would allow for reduced dosing
frequency.

Another potential advantage of a fully human anti-
RANKL antibody is the low potential for immune responses
(431), a theoretical attribute that has been borne out in clinical
trials with denosumab. Denosumab and numerous other
fully human therapeutic antibodies have been made in trans-
genic mice, wherein their murine Ig genes have been deleted
and replaced with human orthologs (431, 432). Denosumab
was obtained using Abgenix’s transgenic XenoMouse system
(Abgenix, Fremont, CA). These mice were immunized with
human RANKL, leading to an immune response that re-
sulted in antigen-specific fully human IgGs that bind and
inhibit RANKL (433). One such IgG (AMG 162) was cloned
and expressed in Chinese hamster ovary cells and purified
for large-scale production of clinical-grade material.

A. Mechanism of action of denosumab

Denosumab is a fully human monoclonal antibody with a
high affinity (Kd 3 � 10�12 m) and specificity for RANKL and
can thus bind and neutralize the activity of human RANKL
in a similar fashion to the action of OPG. Denosumab does
not cross-react with TNF-�, TNF-�, TRAIL, or CD40 ligand
(361).

Because the activity of denosumab is primate specific, it
cannot be tested in mouse or rat models of bone disease.
However, because OPG and denosumab have similar mech-
anisms of action, OPG has been used as a surrogate for
denosumab to examine the effects of RANKL inhibition in
numerous mouse and rat models of bone disease. Human
OPG-Fc and denosumab were shown to have similar effects
on suppressing bone resorption and increasing BMD in
knockin mice that were genetically engineered to exclusively
express a chimeric (human/murine) form of RANKL that is
recognized by both OPG and denosumab (434). One poten-
tial advantage of denosumab is that it has a significantly
longer half-life compared with human OPG-Fc (430), which
promotes more sustained suppression of bone resorption
and thereby permits infrequent dosing.

Ongoing phase 2 and 3 trials are evaluating denosumab in
the treatment and prevention of postmenopausal osteopo-
rosis, the treatment of bone loss associated with sex hormone
ablative therapy in subjects with cancer, the treatment of
bone erosions associated with RA, the treatment of bone
metastases to delay or prevent skeletal-related events in sub-
jects with advanced cancer, and the prolongation of bone
metastasis-free survival in subjects with hormone-refractory
prostate cancer.

In these studies, denosumab is administered sc, at inter-
vals ranging from every 4 wk to every 6 months, depending
on the therapeutic area being evaluated. This long dosing
interval holds the potential to facilitate treatment compli-
ance, which is increasingly being recognized as a major ob-
stacle in therapy for these conditions.

B. Clinical studies of denosumab in postmenopausal women
with osteoporosis

Denosumab administration in postmenopausal women
with low BMD resulted in gains in BMD at the total hip,
femoral neck, and distal radius at 12 and 24 months (230).
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Those gains in BMD were associated with decreases in bone
resorption. This ongoing phase 2 study is evaluating the
effects of denosumab (6, 14, or 30 mg every 3 months or 14,
60, 100, or 210 mg every 6 months), open-label oral alendro-
nate 70 mg once weekly, and placebo on BMD of the lumbar
spine, total hip, femoral neck, and distal radius at 1, 3, 6, and
12 months. Changes in bone turnover are also being regularly
assessed by measurement of serum and urine telopeptides
and bone-specific alkaline phosphatase.

Treatment with denosumab resulted in a mean increase in
BMD at the lumbar spine of 3.0 to 6.7% (vs. an increase of 4.6%
with alendronate and a loss of 0.8% with placebo), at the total
hip of 1.9 to 3.6% (vs. an increase of 2% with alendronate and
a loss of 0.6% with placebo), and at the distal third of the
radius of 0.4 to 1.3% (vs. decreases of 0.5% with alendronate
and 2.0% with placebo).

In a planned extension of this study, denosumab treatment
for 2 yr resulted in persistent reductions in bone resorption
and continued, significant increases in BMD from baseline in
the 337 women (82%) who completed 2 yr of study (38 pla-
cebo, 259 denosumab, 40 alendronate) (435). Across dose
groups, women treated with denosumab for 2 yr had sig-
nificantly greater improvements in BMD compared with pla-
cebo (P � 0.001) at the lumbar spine, total hip, and distal
radius; these improvements were similar to or greater than
those observed in the open-label alendronate group. During
yr 2, in response to denosumab, serum C-telopeptide (CTx)
and uNTX/creatinine demonstrated continued suppression.
The duration of the suppression of bone turnover appeared
to be dose dependent. Optimal increases in BMD appeared
to occur at denosumab doses of 30 and 60 mg, administered
at 3 and 6 months, respectively.

C. Clinical studies of denosumab in rheumatoid arthritis

Based on the implication of RANKL involvement in the
bone and cartilage changes characteristic of RA and the pos-
itive impact of RANKL inhibition in rat models of RA (26),
the effects of denosumab (60 or 180 mg every 6 months) are
being investigated in subjects with RA (436–438). In addition
to studying BMD and bone turnover marker changes, a study
by Cohen et al. (436) is assessing bone erosions using mag-
netic resonance imaging (MRI). Significant reductions in the
progression of bone erosion were reflected in MRI erosion
scores from this population of 227 patients with mild to
moderately active RA (for at least 6 months) who had re-
ceived a single 180-mg dose of denosumab compared with
placebo (P � 0.019).

Results from a 6-month interim analysis were published
by Dore et al. (437) showing that treatment with denosumab
resulted in significant increases in BMD at the lumbar spine,
total hip, and femoral neck, as well as suppression of bone
turnover markers serum CTx type I (CTx-I) and serum pro-
collagen type I N-propeptide at 3 and 6 months compared
with placebo. In addition, significant suppression of the car-
tilage turnover marker, CTx-II/creatinine, was observed at 3
months. Of particular note, approximately 40% of patients in
each treatment group had baseline CTx-II levels below quan-
tifiable limits. However, at 3 months, this percentage in-
creased to 81 and 89% in the 60- and 180-mg denosumab

groups, respectively, and then returned to approximately
40% in all groups at 6 months, before the next denosumab
dose (438).

In addition, a larger proportion of patients in the placebo
group had an increase in MRI erosion score from baseline to
6 months than either denosumab dose group [53, 42, and 30%
in the placebo, 60-mg, and 180-mg groups, respectively (P �
0.01 for 180-mg group vs. placebo)]. Adjustment for baseline
erosion score did not affect the results (436).

D. Clinical studies of denosumab in patients with advanced
cancer with bone metastases or multiple myeloma

In advanced cancer, bone is a common site of metastasis.
Bone metastases lead to skeletal complications (such as ver-
tebral or nonvertebral bone fractures, spinal cord compres-
sion, surgery, or radiation therapy to bone) that are associ-
ated with increased bone turnover. Studies in patients with
metastatic bone disease (439–441) suggest that denosumab
suppresses bone resorption and normalizes bone turnover,
as measured by serum and urinary telopeptides. Although
these studies provide intriguing results, the relationship be-
tween bone turnover suppression and clinical outcomes of
skeletal metastasis with denosumab therapy remains to be
better defined by data from larger prospective trials with
sufficient statistical power. Large prospective trials compar-
ing the effects of denosumab or bisphosphonates on skeletal-
related events in metastatic cancer are currently under way.

A recent double-blind phase 1 study of denosumab pub-
lished by Body et al. (442) in patients with bone metastases
from breast cancer (n � 29 women) and patients with MM
(n � 25; 14 men and 11 women) showed that denosumab was
well tolerated, with an adverse event profile that was not
significantly different from placebo patients. Denosumab
therapy was associated with sustained decreases (�84 d) in
uNTX and serum NTX after a single sc dose (0.1, 0.3, 1.0, or
3.0 mg/kg). These decreases were similar in magnitude, but
of numerically longer duration, vs. those observed in a com-
parator group receiving an iv dose of pamidronate 90 mg. At
the 3.0 mg/kg dose, denosumab demonstrated mean half-
lives of 46.3 and 33.3 d in patients with breast cancer and MM,
respectively. Population pharmacokinetic (PK) and pharma-
codynamic (PD) analyses reported by Peterson et al. (440)
suggest that denosumab PK and PD in breast cancer patients
with bone metastases are consistent with those observed in
other patient populations, and treatment with denosumab
caused rapid and substantial suppression (	60% from base-
line) of uNTX.

Lipton et al. (439) reported interim (13-wk) data from a
phase 2 study of 255 patients with breast cancer and bone
metastases who had not been previously treated with iv
bisphosphonates (IV BP). Subjects were stratified by chemo-
therapy or hormonal therapy and randomized to receive
either denosumab or IV BP in one of six cohorts [five deno-
sumab (double blind), one IV BP (open label)]. Based on PK
and PD assessments demonstrating decreased uNTX in can-
cer patients in response to treatment with denosumab (442),
the primary endpoint of this study was the percentage
change from baseline to wk 13 in uNTX, corrected for cre-
atinine. The denosumab 120-mg every 4 wk dose resulted in
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the greatest percentage decrease from baseline in uNTX.
Treatment with denosumab (n � 212) resulted in rapid and
sustained suppression of bone turnover and was similar to
IV BP at reducing the risk of skeletal-related events (439).

Suarez et al. (441) compared 49 (of a planned 135) cancer
patients with bone metastases on established IV BP therapy
who were randomized to receive denosumab (33 of 49) or
continue with an established IV BP treatment (16 of 49; most
of these patients received ZOL). Subjects had prostate (n �
24), breast (n � 20), or other (n � 5) cancers (including MM).
The proportion of subjects with uNTX less than 50 nm bone
collagen equivalent/mm creatinine at wk 13 was greater with
denosumab (pooled arms) treatment than with continued IV
BP treatment: 76% (95% confidence interval 60.3–91.2) vs.
38% (95% confidence interval 18.5–61.4; P � 0.015), respec-
tively. Based on this interim assessment, denosumab appears
to normalize uNTX more frequently than IV BP in patients
with elevated uNTX, despite established IV BP therapy,
across tumor types (441). Thus, it appears that these patients
had become refractory to BP treatment, because they showed
elevated uNTX despite receiving their established BP regi-
mens. In contrast, patients who were switched to denosumab
subsequently showed an overall normalization of uNTX lev-
els. This study showed a safety profile similar to what might
be typically observed in patients receiving standard chemo-
therapy regimens for the cancers studied.

E. Evaluation of adverse events profiles in clinical studies
of denosumab

The largest and most recent single-study sample in cancer
patients receiving denosumab is that of the 255 breast cancer
patients reported by Lipton et al. (439) (discussed in Section
IV.D). These authors report a denosumab safety profile sim-
ilar to that seen in advanced breast cancer patients receiving
systemic cancer treatment.

The largest sample size published to date is the 24-month
report by Lewiecki et al. (435) of data from osteopenic or
osteoporotic women comparing denosumab (n � 314) with
alendronate (n � 46) and placebo (n � 46). Few significant
differences were observed between the profiles of adverse
events in the denosumab groups and those in the placebo
group and the alendronate group. Hypertension and urinary
tract infections were reported more often in the denosumab
group than the placebo group (P � 0.01), whereas dyspepsia
and osteoarthritis appeared to occur with significantly
greater frequency in the open-label alendronate group (P �
0.01).

Indeed, the percentages of patients experiencing adverse
events (92.0, 93.5, and 93.5%, respectively) and serious ad-
verse events (13.4, 13.0, and 8.7%, respectively) in the deno-
sumab, alendronate, and placebo groups were similar (435).
The incidence and nature of adverse events continue to be
examined in ongoing studies of denosumab, including as-
sessments for unusual immune responses, infections, and
neoplasms.

VI. Summary

The discovery of the OPG/RANKL/RANK pathway is a
major advance in understanding the molecular orchestration

of bone remodeling. The pivotal role of these cytokines in
bone remodeling has been demonstrated in cell culture sys-
tems and healthy animals as well as animal models of dis-
ease. The data in humans are generally supportive of the
importance of OPG and RANKL in normal bone physiology
as well as in metabolic bone disease. Clinical trials that are
evaluating the therapeutic potential of RANKL inhibition are
under way.
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