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Abstract

Rheumatoid arthritis is characterized by the presence of inflamma-
tory synovitis and destruction of joint cartilage and bone. Tissue
proteinases released by synovia, chondrocytes and pannus can
cause cartilage destruction and cytokine-activated osteoclasts have
been implicated in bone erosions. Rheumatoid arthritis synovial
tissues produce a variety of cytokines and growth factors that
induce monocyte differentiation to osteoclasts and their prolifera-
tion, activation and longer survival in tissues. More recently, a
major role in bone erosion has been attributed to the receptor
activator of nuclear factor kappa B ligand (RANKL) released by
activated lymphocytes and osteoblasts. In fact, osteoclasts are
markedly activated after RANKL binding to the cognate RANK
expressed on the surface of these cells. RANKL expression can be
upregulated by bone-resorbing factors such as glucocorticoids,
vitamin D3, interleukin 1 (IL-1), IL-6, IL-11, IL-17, tumor necrosis
factor-α, prostaglandin E2, or parathyroid hormone-related pep-
tide. Supporting this idea, inhibition of RANKL by osteoprotegerin,
a natural soluble RANKL receptor, prevents bone loss in experi-
mental models. Tumor growth factor-ß released from bone during
active bone resorption has been suggested as one feedback mech-
anism for upregulating osteoprotegerin and estrogen can increase
its production on osteoblasts. Modulation of these systems pro-
vides the opportunity to inhibit bone loss and deformity in chronic
arthritis.
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Introduction

Bone remodeling involves the synthesis
of bone matrix by osteoblasts and its resorp-
tion by osteoclast cells. These cells originate
from different lineages and maturation pro-
cesses: the osteoblasts differentiate from
mesenchymal stem cells while the osteo-
clasts arise from hematopoietic monocyte/

macrophage precursors.
The mechanisms of cartilage destruction

in rheumatoid arthritis (RA) have been de-
scribed, but the bone erosion mechanisms
have only recently been studied. In this
respect, there is strong evidence for the role
of osteoclasts in bone erosion in RA (1-3).

Many cytokines and factors such as
macrophage colony-stimulating factor (M-
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CSF), tumor necrosis factor alpha (TNF-α),
interleukin-1 (IL-1), and parathyroid hor-
mone-related peptide are known to induce
monocyte/macrophage differentiation to os-
teoclasts. The major factor responsible for
osteoclast cell differentiation has been cloned
and identified as receptor activator of nuclear
factor kappa B ligand (RANKL) (4-6).

Receptor activator of nuclear factor
kappa B ligand

The rankl gene encodes a TNF super-
family molecule, RANKL of 316 amino acids
(38 kDa) plus three RANKL subunits form
the functional molecule. It is formed as a
membrane-anchored molecule and can then
be released from the cell after proteolytic
cleavage by the metalloprotease desintegrin
TNF-α convertase (7). RANKL is highly
expressed on osteoblast/stromal cells, primi-
tive mesenchymal cells surrounding the car-
tilaginous anlagen and hypertrophying chon-
drocytes (4). In addition to playing a role in
the differentiation of osteoclasts from their
precursor cells, RANKL also promotes in-
creased activity and survival of these cells by
an anti-apoptotic effect (4,7).

There are transgenic animal models in-
cluding knockout of the rankl gene, which
develop severe osteopetrosis (8). These ani-
mals have a complete block in osteoclast
development that can be restored after the
reintroduction of the rankl gene into bone
marrow progenitor cells (9).

Receptor activator of nuclear factor
kappa B

The receptor activator of nuclear factor
kappa B (RANK) is a member of the TNF
receptor superfamily expressed on the sur-
face of hematopoietic osteoclast progeni-
tors, mature osteoclasts, chondrocytes,
mammary gland epithelial cells, and tropho-
blast cells (10,11). It is a transmembrane
heterotrimer containing three molecular in-

tracellular domains (I, II and III). In vitro,
binding of RANK with its cognate RANKL
results in osteoclastogenesis by monocyte/
macrophage progenitor differentiation to
osteoclasts and the activation of mature os-
teoclasts (11).

Activation of the RANK receptor on the
osteoclast surface triggers intracellular sig-
nals mediated by the interaction of intracellu-
lar I, II and III domains and adapter proteins,
TNF receptor-associated factors (TRAF).
These TRAF-binding domains of the RANK
molecule are important for the RANK-de-
pendent induction of nuclear factor kappa B
and c-Jun NH2-terminal kinase activities.
RANKL also activates the anti-apoptotic
serine/threonine kinase Akt/PKB through a
signaling complex involving c-Src and
TRAF6. c-Src and TRAF6 interact with
each other and with RANK after receptor
engagement and deficiency of c-Src or addi-
tion of Src family kinase inhibitors blocks
RANK-mediated Akt/PKB activation in os-
teoclasts (12).

Osteoprotegerin

Osteoprotegerin (OPG) is a protein with
homology to members of the TNF receptor
family and is produced and released by acti-
vated osteoblast cells (13). OPG functions as
a soluble decoy receptor for RANKL and
competes with RANK for RANKL binding.
Consequently, OPG is an effective inhibitor
of osteoclast maturation and osteoclast acti-
vation in vitro and in vivo (8,13).

High systemic levels of OPG in OPG
transgenic mice cause osteopetrosis, as also
observed in rankl knockout mice. As ex-
pected, OPG-deficient mice display severe
osteoporosis associated with a high inci-
dence of fractures, indicating that the level of
bone mass correlates with the levels of OPG
in mice (14).

The balance between RANKL-RANK sig-
naling and the levels of biologically active
OPG regulates development and activation
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of osteoclasts and bone metabolism. All fac-
tors that inhibit or increase bone resorption
via osteoclasts act via regulation of RANKL-
RANK and/or OPG-RANKL interactions
(Figure 1).

RANK/RANKL/OPG and the immune
system

In addition to its role in osteoclast devel-
opment, RANKL was found to be expressed
in activated T-cells, lymph nodes, spleen,
thymus, intestinal lymphoid patches, and
immature CD4/CD8 thymocytes (5,6). RANK
is expressed on the surface of dendritic cells,
mature T-cells and hematopoietic precur-
sors, and its interaction with RANKL can
induce Bcl-XL expression, CD40 expression
and IL-12 production in dendritic cells; more-
over, RANK/RANKL interaction can pro-
duce proliferation of T-cells activated by
dendritic cells (5,6,16). In contrast to the
CD40/CD40L system, RANK/RANKL sig-
naling does not affect the expression of
surface molecules, and maximum levels of
RANKL are attained 48 h after the initial
activation of T-cells (and sustained for 96 h),
while CD40L is rapidly expressed and down-
regulated (17). This suggests that CD40/
CD40L interactions might control the initial
phases of the response, while RANK/RANKL
might act at later time points. RANK and
RANKL are also important factors in lym-
phoid tissue development and in maturation
of T- and B-cell precursors in bone marrow.

Like RANK, OPG can be found on the
surface of dendritic cells. It has been sug-
gested that RANK/RANKL interactions might
regulate dendritic cell functions, T-cell acti-
vation and T-cell/dendritic cell communica-
tion in vitro (5), and it is possible that OPG
modulates these interactions, participating in
the regulation of these phases of the immune
response. OPG decreases the production of
cytokines (IL-6 and IL-11) in response to
dendritic cell stimulation by RANKL, and
decreases the generation of cytokines (IL-12

Figure 1.     Hormonal control of bone resorption. Schematic representation of the mechan-
ism of action of A, pro-resorptive and calcitropic factors and B, anabolic and anti-
osteoclastic factors. Receptor activator of nuclear factor kappa B ligand (RANKL) expres-
sion is induced in osteoblasts, activated T-cells, synovial fibroblasts and bone marrow
stromal cells, and RANKL subsequently binds to its specific membrane-bound receptor
activator of nuclear factor kappa B (RANK), thereby triggering a network of tumor necrosis
factor (TNF) receptor-associated factor-mediated kinase cascades that promote osteoclast
differentiation, activation and survival. Conversely, osteoprotegerin (OPG) expression is
induced by factors that block bone catabolism and promote anabolic effects. OPG binds
and neutralizes RANKL, leading to a block in osteoclastogenesis and decreased survival of
pre-existing osteoclasts. CFU-MG = colony-forming units-granulocyte-macrophage; M-
CSF = macrophage colony-stimulating factor; PTH = parathyroid hormone; PTHrP = PTH-
related peptide; PGE2 = prostaglandin E2; IL = interleukin; LIF = leukemia inhibitor factor;
BMP 2/4 = bone morphogenetic proteins 2 and 4; TGF-ß = transforming growth factor ß;
TPO = thrombopoietin; PDGF = platelet-derived growth factor. (Reproduced, with permis-
sion, from Ref. 15).

Pro-resorptive and 1,25(OH)2 vitamin D3, PTH, PTHrP, PGE2, IL-1, IL-6,
calciotropic factors TNF, prolactin, corticosteroids, oncostatin M, LIF
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and IL-15) by proliferating T-cells (18).
It has been shown that RANKL can

increase the number and persistence of anti-
gen-presenting dendritic cells in vivo (16).
Moreover, RANKL treatment increases anti-
gen-specific primary T-cell responses and
appears to be an important factor in memory
T-cell responses (16), probably by increas-
ing and/or changing the production of cyto-
kines such as IL-12. However, none of these
molecules (RANKL, RANK, OPG) seems to
play an essential role in T-cells or dendritic
cells that cannot be compensated for by
other molecules such as CD40/CD40L, al-
though they can influence some aspects of
lymphocyte and dendritic cell functions (19).
The expression of these molecules can be
influenced by sex hormones (10,20), so it is
possible that they control sex-specific differ-
ences in immunity and could be involved in
the higher incidence of some autoimmune
diseases in women, for example. Surpris-
ingly, in vivo studies have shown T-cells to
be crucial to the mechanism by which estro-
gen deficiency induces bone loss. T-cells
from ovariectomized mice produce increased
amounts of TNF which augments RANKL.
Roggia et al. (21) showed that ovariectomy
induced rapid bone loss in wild-type mice but
failed to do so in TNF-deficient mice. Thus,
the true function of RANK/RANKL/OPG in
the immune system remains to be elucidated.

Several cytokines (TNF-α, IL-1, IL-11,
IL-17, and others) with regulatory effects on
immune function appear to contribute to
bone homeostasis by enhancing bone re-
sorption. These cytokines have already been
identified in the rheumatoid synovium and
may promote osteocartilaginous resorption
by stimulating osteoclastic mediators (22).
Synovial tissue provides a source of RANKL
that could influence osteoclastogenesis. Fur-
thermore, synovial fibroblasts and T-lym-
phocytes (3) from patients with RA produce
mRNA and protein (2) for RANKL. Synovial
tissues may also provide a source of osteo-
clast precursor cells since macrophages iso-

lated from RA differentiate into osteoclasts in
the presence of M-CSF plus RANKL. Cells
digested from RA synovial tissue samples
generate osteoclasts, tartrate-resistant acid
phosphatase (TRAP)-positive multinucleated
cells that form resorption pits on dentin
slices. The formation of these resorption pits
is inhibited by OPG. In addition, the number
of resorption pits strongly correlates with the
ratios of RANKL/OPG mRNA levels. Given
the important role of RANK, RANKL and
OPG in bone metabolism and immune func-
tion, it has been suggested that the RANK/
RANKL/OPG system and these cytokines
may work together in order to cause bone
resorption via regulation of the RANKL/OPG
ratio (23). Several lines of evidence have
shown that some of these cytokines can
influence the expression of RANKL and
OPG. For example, IL-1, IL-11, IL-17, TNF-
α, PTHrP, and prostaglandin E2 can increase
RANKL mRNA expression by T-cells, and
PTHrP and prostaglandin E2 can decrease
OPG mRNA expression in these cells (22,24).
Moreover, IL-6 can induce RANKL mRNA
expression in cultures of stromal cells from
rodents (25), and IL-1 and TNF-α can cause
stromal cells and osteoblasts to produce IL-
7, which induces osteoclastogenesis via the
RANKL system (26).

IL-17 is a crucial cytokine for osteoclas-
tic bone resorption and may participate in the
development of cartilage destruction in RA
patients (27,28). The levels of this cytokine
were significantly higher in RA patients and
anti-IL-17 antibody significantly inhibited
osteoclast formation induced by culture
medium of RA synovial tissues. IL-1 is
another important cytokine involved in syn-
ovial inflammation and bone resorption.
Chabaud and Miossec (29) demonstrated
that the combination of TNF-α, IL-1 and IL-
17 receptors was more effective in inhibiting
bone resorption than each cytokine alone in
RA synovium and bone explants.

It has also been demonstrated that periph-
eral blood mononuclear cells from patients
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with psoriatic arthritis have a marked in-
crease in osteoclast precursors and readily
form osteoclasts in vitro without exogenous
RANKL or M-CSF (30).

However, a counter-regulatory mechan-
ism by which activated T-cells can inhibit the
osteoclastogenesis induced by RANKL has
been recently described (31). This mechan-
ism involves the participation of interferon-γ
(IFN-γ), which interferes with the signal
generated by RANKL. IFN-γ reduces TRAF-
6 expression in a selective manner, causing
an inhibition of the transcription pathways
induced by RANKL and, therefore, decreas-
ing osteoclast formation.

It has already been demonstrated that
production of RANKL by activated T-cells
can directly control osteoclastogenesis and
bone remodeling in vitro and in vivo, and
these effects can be blocked by the adminis-
tration of OPG (16). So, systemic activation
of T-cells can lead to bone loss, indicating
that T-cells are important mediators of bone
loss in vivo. T-cells are probably not re-
quired for normal bone homeostasis, since
mutant mice lacking T-cells still have normal
bone cavities and tooth eruption (32). How-
ever, it seems that chronic activation of T-
cells can affect bone remodeling by RANKL
production and chronic glucocorticoid ad-
ministration can lead to bone loss, probably
by inducing RANKL expression and de-
creasing OPG production (33). These find-
ings provide a framework for local or sys-
temic bone loss associated with diseases that
involve the immune system. Inhibition of
RANKL function via OPG might prevent
bone destruction in these diseases.

RANKL and arthritis

Focal or diffuse bone loss represents a
major unsolved problem in RA. This is a
condition of gradual joint destruction related
to chronic inflammation with T-cell activa-
tion. The skeletal complications of RA con-
sist of focal bone erosions and periarticular

osteoporosis at sites of active inflammation
and generalized bone loss with reduced bone
mass. Local bone loss in the affected joints
frequently results in life-long crippling. In
this disease characterized by both inflamma-
tion and bone destruction, interactions be-
tween the RANKL/RANK/OPG system and
T-cells may partly explain the lesions.

Arthritis in humans and in animal models
is characterized by synovial inflammation,
erosion of bone and cartilage, severe joint
pain, and ultimately life-long crippling. For
example, in Lewis rats, experimental induc-
tion of arthritis by subcutaneous injection of
bacterial products in an adjuvant leads to
severe inflammation of bone marrow and of
the soft tissues surrounding joints, accom-
panied by extensive local bone and cartilage
destruction, loss of bone mineral density,
and crippling (34). In rats, this condition,
called adjuvant-induced arthritis, mimics
many of the clinical and pathologic features
of human RA.

RANKL expressed on activated T-cells
can trigger osteoclast activation and it is
possible that RANKL/RANK might play a
major role in inflammation-induced bone loss
and joint destruction in arthritis (35). In the
adjuvant-induced arthritis model, RANKL
protein is expressed on the surface of syn-
ovial effector T-cells isolated at the clinical
onset of arthritis. Inhibition of RANKL via
OPG had no effect on the severity of inflam-
mation. However, OPG treatment completely
abolished the loss of mineral bone density in
the inflamed joints of these animals in a dose-
dependent manner. Histologically, OPG-
treated arthritic rats exhibited minimal loss of
cortical and trabecular bone, whereas un-
treated arthritic animals developed severe
bone lesions characterized by partial to com-
plete destruction of cortical and trabecular
bone, and erosion of the articular cartilages.
These results showed that RANKL is a key
mediator of joint destruction and bone loss in
adjuvant arthritis. Importantly, whereas un-
treated rats experienced severe crippling, rats
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treated with OPG at the onset of the disease did
not show any signs of clinical crippling.

Recent dosing data obtained for male
Lewis rats showed that OPG preserves ar-
ticular bone in arthritic joints in a dose- and
schedule-dependent manner, halts bone ero-
sion when given at any point during the
course of arthritis, and produces sustained
anti-erosive activity after a short course
(36). Moreover, a single OPG bolus subcu-
taneously injected at the onset of the disease
eliminated osteoclasts, preserved bone min-
eral density for 7 days, and prevented bone
erosions for 4 days. No OPG dosage or
regimen alleviated weight loss, inflamma-
tion, or periosteal osteophyte production.
These data indicate that a single OPG injec-
tion will inhibit joint erosions for several
days, and that OPG treatment is most effec-
tive in protecting joint integrity when initiated
early during the disease (37).

Alteration of cartilage structures leading
to cartilage collapse constitutes a critical step
in arthritic joint destruction. In untreated
arthritic rats, partial or complete erosion of
the cartilage is observed in both the central
and peripheral regions of joint surfaces. In
striking contrast, neither cartilage erosion
nor matrix degeneration in the centers of joint
surfaces occurred in OPG-treated animals
(35,36). OPG could protect the cartilage by
maintaining the overlying cartilage from the
inflammatory cell infiltrates in the bone mar-
row. RANK, RANKL and OPG expression
have been recently observed in normal carti-
lage (38). The functional relevance of
RANKL-RANK expression in chondrocyte
physiology is not known. Thus, in adjuvant-
induced arthritis inhibition of RANKL activ-
ity by OPG can prevent cartilage destruction,
a critical, irreversible step in the pathogenesis
of arthritis.

Arthritis can occur in the absence of T-
cells (39). Using in situ hybridization of
inflamed rat joints and isolation of different
cell populations from these joints, Kong et al.
(35) demonstrated that RANKL is indeed

expressed in lymphocytes, macrophages,
and especially in synoviocytes. Similarly,
genetic ablation of RANKL also does not
prevent inflammation in an antibody-medi-
ated model of arthritis using the K/BxN
serum transfer model (40). Multinucleated
TRAP-positive osteoclast-like cells were
abundant in resorption lacunae in areas of
bone erosion in arthritic control mice, and
were completely absent in arthritic rankl
knockout mice, demonstrating the absolute
requirement for RANKL in osteoclastogen-
esis in this serum transfer model of inflam-
matory arthritis (41). Cartilage damage was
still observed in both arthritic rankl knockout
mice and arthritic control mice but a trend
toward milder cartilage damage in the rankl-/-

mice was noted. Thus, it appears that RANKL
is not required for cartilage destruction but
clearly plays a still unidentified modulatory
role (41).

IL-1 and, to a lesser extent, TNF-α are
critical mediators of antibody-induced ar-
thritis in the serum transfer model (42).
Importantly, inhibition of RANKL via OPG at
the onset of disease prevents bone erosion
and has a beneficial effect on cartilage de-
struction without affecting inflammation in a
TNF-α-induced arthritis model (43,44).
Furthermore, a significant reduction of os-
teoclast numbers was seen in animals treated
with OPG. TNF-α-triggered joint destruc-
tion is critically dependent on RANKL ex-
pression and OPG alone or in combination
with bisphosphonates is an effective thera-
peutic tool for the prevention of TNF-medi-
ated destruction of bone by reducing the
number of bone-resorbing cells in the in-
flamed tissue (44).

Further evidence for the role of osteo-
clasts in bone erosion in arthritis comes from
a recent study using the TNF-α transgenic
mouse model in which mice develop a spon-
taneous, destructive polyarthritis at an early
age (43). Osteoclast-targeted therapies were
used to treat TNF-α transgenic mice, and
inflammation, loss of bone and tissue de-



167

Braz J Med Biol Res 38(2) 2005

RANK/RANKL/OPG in arthritis

struction were evaluated (44-46). Schett et
al. (45) investigated systemic bone changes
in human TNF transgenic mice which spon-
taneously developed severe inflammatory
arthritis and osteoclast blockage with OPG.
Osteodensitometry revealed a decrease in
trabecular bone mineral density (-37%) and
histomorphometry revealed a dramatic loss
of bone volume (-85%) compared with wild-
type controls. OPG completely blocked TNF-
α-mediated bone loss by increasing bone
mineral density (+89%) and bone volume
(+647%). Zwerina et al. (46) investigated the
efficacy of single and combined blockade of
TNF, IL-1 and RANK pathways on synovial
inflammation, bone erosion and cartilage
destruction in a TNF-driven arthritis model.
Synovial inflammation was inhibited by anti-
TNF (-51%), but not by IL-1Ra or OPG
monotherapy. The combination of anti-TNF
with either IL-1Ra (-91%) or OPG (-81%)
was additive and almost completely blocked
inflammation. Bone erosion was effectively
blocked by anti-TNF (-79%) and OPG
(-60%), but not by IL-1Ra monotherapy.
The combination of anti-TNF and IL-1Ra,
however, completely blocked bone erosion
(-98%) and was the most effective double
combination therapy in preventing cartilage
destruction (-80%).

RANKL is also expressed in collagen-
induced arthritis in which focal collections of
osteoclasts are prominent at sites of bone
destruction (47). After induction of col-
lagen-induced arthritis in Dark Agouti rats,
short-term OPG treatment at the onset of the
disease effectively prevented joint destruc-
tion, even though it had no impact on the
inflammatory aspects of collagen-induced
arthritis. In arthritic joints, OPG treatment
depleted osteoclast numbers by over 75%
and diminished bone erosion scores by over
60%. Although cartilage loss was also re-
duced by OPG, the effects on cartilage were
again lower than those on bone (48). Similar
to this rat model, it has been recently sug-
gested that the RANKL-RANK system plays

an important role in osteoclastogenesis in
both local and systemic osteolytic lesions in
autoimmune type II collagen-induced arthri-
tis in mice (49). These studies provide evi-
dence for the role of osteoclasts (and of
RANKL) in the pathogenesis of bone erosion
in arthritis in several animal models of arthri-
tis with distinct pathogenetic mechanisms.

To extend these rodent studies to human
patients with arthritis, inflammatory cells
were collected from the synovial fluids of
patients with adult or juvenile RA and patients
with osteoarthritis and OPG and RANKL
expression were evaluated (35). All RA pa-
tients and patients with advanced osteoar-
thritis tested (N >40) in this study exhibited
RANKL expression in inflammatory cells
while OPG expression was not detectable. In
subsequent studies it has been shown that
activated synovial T-cells, monocytes, and
synovial fibroblasts express both membrane-
bound and soluble forms of RANKL (50) and
activated human T-cells expressing RANKL
can induce osteoclastogenesis from autolog-
ous peripheral monocytes that can be blocked
by dose-dependent inhibition with OPG (50).
RA patients exhibit high serum levels of OPG
and soluble RANKL, which normalize after
anti-TNF-α treatment (51). RANKL mRNA
is present in cells isolated from the pannus
and synovial membrane regions of RA pa-
tients (52). Conversely, RANKL is not pres-
ent in normal synovium, suggesting a link
between the expression of RANKL mRNA
and the development of rheumatoid synovial
lesions (53). Osteoclasts have also been
identified at sites of maximum RANKL ex-
pression, i.e., at the pannus-bone interface
(1,54). Recent data have indicated a major
role for osteoclasts in rheumatoid bone ero-
sions (2,54,55) and have established that
RANKL system components are all present
in the rheumatoid synovium. Thus, it appears
that local alterations rather than systemic
changes of RANKL:OPG ratios are the criti-
cal determinants of bone destruction. These
data confirm the initial findings in rodent
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adjuvant arthritis models and suggest that
RANKL is the principal mediator of bone
destruction in human arthritis.

Perspectives

The association between resorption and
the elevation of the RANKL/OPG ratio sug-
gests that the recombinant OPG may be
beneficial in a number of conditions. A recent
study on postmenopausal women confirmed
that OPG reduced bone resorption in vivo: a
single monthly injection decreased deoxypy-
ridinoline levels by 80% (56). OPG might
help to combat inflammation-induced bone
resorption in patients with RA.

In all experimental animal models studied
thus far, inhibition of RANKL had no appar-
ent effect on inflammation, but completely
prevented bone loss and partially protected
cartilage in all arthritis models studied thus
far. The connections between cytokine pro-

duction by inflammatory cells and subse-
quent activation of the RANKL/RANK sys-
tem point to a unifying paradigm for the
entire spectrum of skeletal pathology in RA.
Thus, whereas inhibition of TNF and IL-1
using soluble receptor antagonists to some
extent prevents inflammation and bone loss
in patients with arthritis (57-59), inhibition of
the downstream RANKL effectors via OPG
or other drugs should prevent bone destruc-
tion and cartilage damage in patients with RA
irrespective of the initial trigger. Whether
inhibition of RANKL will also be beneficial
for other forms of arthritis, in particular
osteoarthritis, remains to be seen. RANKL
inhibition appears to be the most rational and
advisable strategy to prevent bone destruc-
tion in multiple diseases, to possibly eradicate
major human diseases such as osteoporosis,
periodontal disease and rheumatoid arthritis
that affect millions of people (60).
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