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Abstract Rheumatoid arthritis (RA) is an autoimmune
inflammatory disease in which destruction of bone in the
joints causes major morbidity. Recent research has shed
light on the cell and molecular mechanisms that lead to this
osteolysis, all due directly or indirectly to the chronic in-
flammation. The aspects of this research covered in this
review include the alteration of cell proliferation and sur-
vival that results in growth of the RA synovium. This pro-
cess depends upon an increase in angiogenesis and local
blood flow, which is also a feature of increased bone turn-
over. In addition, the inflammatory environment increases
expression of chemokines, which are involved in the recruit-
ment of monocytic osteoclast precursors. Chronic inflam-
mation also promotes an overall catabolic state, with
increased osteoclast differentiation and resorptive activity,
driven by disregulation of receptor activator of NF-kB
ligand (RANKL) and the synergistic activity of inflamma-
tory cytokines such as tumor necrosis factor-oo and
interleukin-1. Osteoclast survival is increased in this envi-
ronment, but osteoblast differentiation and survival are de-
creased, with a consequent reduction in bone formation and
a net loss of bone. Recognition of these processes and the
factors involved will enable more effective and targeted
treatments for RA.
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Introduction

In rheumatoid arthritis (RA), inflammation of the synovial
tissues can result in the destruction of the joint through the
breakdown of bone and cartilage. Although secondary os-
teoporosis is often seen,' the bone erosion seen in RA is
largely localized to the inflamed joints.”® The systemic and
localized bone loss is distinct from systemic hormonally
regulated bone pathologies. Despite RA affecting approxi-
mately 2% of the world’s population, we still have an in-
complete understanding of the processes of this chronic
systemic disease and, until recently, studies were largely
confined to the inflammation that occurs in the soft tissues.
However, recent advances in the understanding of bone
metabolism have enabled investigation of the mechanisms
involved in the bone and cartilage loss in this disease.

Physiological osteoclast formation
The bone remodeling unit (BMU)

In maturity, the integrity of bones is maintained by ongoing
bone removal and replacement, a process termed bone re-
modeling.’ Bone remodeling occurs in the “bone remodel-
ing unit (BRU)” or “basic multicellular unit (BMU),” terms
coined originally by Frost’ to describe the structures in
which bone removal by osteoclasts and its replacement by
osteoblasts occurs in a highly coordinated sequence. The
initiation or “activation” of BMUs requires signals that re-
sult in the recruitment of osteoclast precursors, and their
differentiation and activation, to remove bone matrix.’
Both targeted and nontargeted (stochastic) remodeling are
thought to occur, although the relative extent of either is
not known. However, there is evidence that targeted re-
modeling takes place in response to bone matrix damage
and fatigue loading of bone.”® The reason that this remodel-
ing is targeted to a specific site is thought to be due to local
loss of osteocyte viability.” It has been argued" that at the
origin of each BMU a local “area code” is turned on that
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provides the signals for preosteoclasts, circulating cells of
the monocyte/macrophage lineage to exit the circulation at
the appropriate site. The nature of such signals is not
known, although osteocytic NO'" and osteopontin'® have
been proposed as possible factors. A cascade of events can
be proposed, such that signals elicited by osteocyte death,
for example, might be further amplified by bone lining cells
or vascular endothelial cells into signals that attract osteo-
clast precursors. Consistent with this, several cell-attractant
molecules have been shown in vitro to attract osteoclast
precursors. The chemokine SDF-1 has been reported to
increase the recruitment of CXCR4-positive cells, including
osteoclast progenitor cells, to regenerating bone.” "
Likewise, chemokines that bind the receptor CCR1 (macro-
phage inflammatory protein [MIP]-1a, regulated on activa-
tion of normal T cell expressed [RANTES], monocyte
chemoattractant protein [MCP]-1, and MCP-3) have been
implicated in the recruitment of osteoclast precursors and in
their differentiation (depicted schematically in Fig. 1A)."”"
In diseases such as RA, some of these processes appear to
be overridden, while production of molecular factors that
promote bone turnover are disregulated.

Factors required for osteoclast formation

Once recruited to sites of bone remodeling the monocyte
osteoclast precursors differentiate in response to local sig-
nals. Formation of osteoclasts in vitro was shown to require
contact between cells of the osteoblast lineage and osteo-
clast precursors and the action of pro-resorptive stimuli,
such as parathyroid hormone, interleukin (IL)-1, TL-11,
prostaglandin E, and 1,25(OH), vitamin D, is mediated by
osteoblastic cells.” These factors all increase the production
and cell-surface expression of receptor activator of NF-kB
ligand (RANKL), by osteoblastic cells. RANKL interacts
with its receptor, RANK, located on the surface of osteo-
clast precursor cells and mature osteoclasts.”” Experimen-
tally, osteoclast formation occurs in vitro upon exposure of
osteoclast precursors to soluble RANKL, a process that
also requires the presence of macrophage colony-stimulat-
ing factor (M-CSF).” A secreted RANKL binding protein,
osteoprotegerin (OPG),”* is also produced by osteoblastic
cells and inhibits both the formation and the activity of
osteoclasts by binding to RANKL and blocking its binding
to RANK. There is now a great deal of evidence that the
local RANKL/OPG ratio determines the effective activity
of RANKL to promote osteoclast formation, which sup-
ports the concept that RANKL and OPG occupy a central
place in the regulation of bone turnover.”** Interestingly,
OPG has also been shown to inhibit monocyte migration
towards RANTES and MCP-1.” RANKL promotion of
osteoclast differentiation requires the presence of M-CSF;
however, a large number of other factors have been iden-
tified that can modulate the activity of RANKL. These
include tumor necrosis factor (TNF)-o, molecules
such as DAP12 and FcRy providing ITAM-dependent
costimulatory signals,” IL-3, IL-10, and osteoclast inhibi-
tory lectin (OCIL).” This review focuses on those factors
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chemokines

Inflammatory
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Fig. 1. A Proposed initiation of events in physiological bone resorp-
tion. Structural damage in the bone matrix results in osteocyte-initiated
signals, which stimulate local release of cytokines and chemokines such
as tumor necrosis factor (TNF)-a., interleukin (IL)-1f, and macrophage
inflammatory protein (MIP)-1a. These factors stimulate expression by
osteoblasts and/or lining cells of receptor activator of NF-xB ligand
(RANKL), while suppressing osteoprotegerin (OPG) production. In
addition, chemokines such as regulated on activation of normal T cell
expressed (RANTES) and monocyte chemoattractant protein (MCP)-
1 are produced that recruit monocyte osteoclast precursors to sites of
bone to be repaired, promote their fusion to multinuclear cells, and
bring them into proximity to RANKL-expressing osteoblastic cells for
maturation to functional osteoclasts. B Proposed initiation of events in
pathological bone resorption. In inflammatory conditions, such as
rheumatoid arthritis, there is prolonged production of inflammatory
cytokines and chemokines such as TNF-o, IL-1B, and MIP-1o. The
source of these molecules is the inflammatory cells, involving macroph-
ages and lymphocytes as part of an immune response, rather than
resident bone cells as part of a bone repair mechanism. In addition,
RANKL is produced by the inflammatory cells and OPG is suppressed,
resulting in osteoclast formation in the inflammatory tissues in the
absence of osteoblasts

that regulate inflammatory-mediated osteolysis, in particu-
lar osteolysis in RA. Evidence is presented that
disregulated bone turnover that results in the net loss of
bone can be due to RANKL expression by cells not of the
osteoblastic lineage. In addition, the inflammatory environ-
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ment can upregulate osteoclast formation, activity and sur-
vival while inhibiting osteoblastic bone formation. Since
excellent reviews are available covering a number of aspects
of this topic,” this review describes the intimate relation-
ship between inflammation and osteolysis in RA, with par-
ticular emphasis on some of the more newly recognized
factors that may mediate bone resorption in inflammatory
environments.

Evidence for involvement of RANKL in RA-induced
bone loss

RANKL in animal models of RA

Elegant experiments by Redlich et al.”* showed that bone
erosion, in at least one model of RA, is mediated by osteo-
clasts. These authors crossed transgenic mice that over-
express human TNF (hTNFtg) and that develop a severe
and destructive arthritis, with osteopetrotic, c-fos-deficient
mice (c-fos™") completely lacking osteoclasts. The resulting
mutant mice (c-fos ' /hTNFtg) developed a TNF-dependent
arthritis, with paw swelling and reduction of grip strength,
but were fully protected against bone destruction. Other
animal models of RA provide good evidence for a role for
RANKL in the osteoclast-mediated joint destruction of this
disease. For example, in collagen-induced arthritis (CIA) in
mice, cells expressing RANK increased in abundance with
the progression of arthritis.* In areas of focal bone erosion
where RANK-positive cells were abundant, TRAP-positive
multinucleated osteoclast-like cells are also present suggest-
ing differentiation of RANK-positive osteoclast precursor
cells that are present in the inflamed synovial tissues. In
addition, sites of RANK-expressing cells correlated with
sites of RANKL expression. There is strong evidence that
RANKL is important in the bone destruction in mouse
models of RA. Firstly, RANKL gene knock out mice were
protected from bone erosions in RA in a serum transfer
model of arthritis.” It has been found that RANKL expres-
sion is increased in activated T cells but not in quiescent
cells.® Kong et al.” reported that both soluble and
membrane-spanning forms of RANKL are produced by
activated T cells. Secondly, blocking of RANKL with OPG
treatment at the onset of induced RA in mice prevented
bone and cartilage destruction but had little effect on
inflammation.” Protection of the cartilage was thought to
be secondary to the protection of the subchondral bone.
Thus, although none of the mouse models of RA perfectly
reflect human RA, these data are nevertheless consistent
with a central role for RANKL in the bone erosion side
effect of this disease.

RANKL in human tissues in RA

Examination of human RA tissues also provides evidence
for a key role for RANKL produced in the inflamed syn-
ovial tissues in destructive RA. RANKL appears to be
over-expressed in pannus tissue from active RA.*” This

finding is consistent with the ready proliferation of
macrophage-like cells from these tissues and their rapid
differentiation into multinucleated bone resorbing cells.*
In addition, osteoclasts formed from circulating precursors
from RA patients produced significantly greater bone re-
sorption than cells from controls, which was ascribed to
increased functional activity rather than osteoclast forma-
tion." Importantly, cells other than, or in addition to, osteo-
blasts may be a source of RANKL in inflammatory tissues.
Using antibodies directed against RANKL and OPG, sev-
eral studies have shown “ectopic” production of RANKL
by several cell types in a variety of inflamed tissues adjacent
to sites of bone resorption.”*™* In particular, RANKL pro-
tein was predominant within inflammatory cells in the in-
flamed tissues adjacent to pathological bone loss in RA.¥ It
is important to note that the expression of RANKL in the
tissues adjacent to bone loss was significantly greater than in
the relevant controls in many of these diseases.***** Inves-
tigation of RANKL expression in human RA pannus tissue
showed strong RANKL staining in the inflamed pannus and
dual staining showed expression by both CD3 cells and
macrophages.” These data are consistent with other reports
that CD3-positive lymphocytes in synovial tissue of active
RA patients are the predominant cell type expressing
RANKL protein.”* Moreover, lymphocytes isolated from
inflammatory arthritis pannus produce RANKL"* and
importantly, there is evidence that activated T cells
may regulate osteoclast activity by producing RANKL.”
RANKL was also associated with monocyte/macrophages,
and multinucleated cells expressing CD68 in pannus tissue
from patients with rheumatoid arthritis as well as in inflam-
matory periodontal disease and in peri-prosthetic osteolytic
lesions. In addition, a recent report demonstrated RANKL
mRNA expression in macrophages and multinucleated cells
in diseased tissues in an animal model of periodontitis asso-
ciated with localized bone loss.” Since these cells may also
express RANK it is possible that macrophages can indepen-
dently “auto-stimulate” themselves to become osteoclasts.
RANKL is also reported to be expressed by synovial fibro-
blasts™ and isolated microvascular endothelial cells.” Fibro-
blasts may contribute to the formation of osteoclasts in
inflammation. However, the absence of RANKL protein in
endothelial cells residing in a variety of inflamed tissues
suggest that endothelial cells may not have a role in directly
stimulating osteoclast formation in inflammatory dis-
eases.”™ These studies suggest that most of the RANKL
present in inflamed tissues associated with osteolytic lesions
is produced by activated leucocytes that are recruited to
sites of inflammation.

Although it is established that OPG exists in both mono-
meric and dimeric forms,” the significance of this and the
roles of the different forms are not yet known. Using anti-
bodies that differentiate between these forms, dimeric OPG
was only detected in blood vessels (on factor VIII-positive
endothelial cells), whereas monomeric OPG was predomi-
nantly detected in the synovium (on CD68 positive type A
synoviocytes) in RA and other tissues.” The function of
OPG produced by endothelial cells or type A synoviocytes
is yet to be determined. However, it may be significant that



the expression of OPG was markedly reduced in the blood
vessels and synovium of inflamed RA joint tissues in active
disease compared to the corresponding tissues in disease
remission or the appropriate control tissues. Endothelial
OPG may be important in enhancing endothelial cell sur-
vival™” and may have a role in regulating angiogenesis in
inflammation. OPG also has a potential role in inflamma-
tory disease by providing modulation of the immune
system.”™' While RANKL has been shown to prolong the
survival of dendritic cells and cause proliferation of T cells,”
OPG can abolish these effects. Thus OPG can decrease the
production of cytokines such as IL-6 by RANKL-stimu-
lated dendritic cells and also decrease the generation of
cytokines by proliferating T cells.”’

Factors that stimulate RANKL, or amplify the
effectiveness of RANKL/RANK signaling

Together with RANKL, M-CSF also has a central role in
the bone destruction of RA. M-CSF is expressed abun-
dantly in the RA joint and is a necessary cofactor for
RANKL promotion of osteoclastogenesis. Exogenous addi-
tion of M-CSF to animal models of RA exacerbates the
disease.”® Other cytokines, such as TNF-¢, that stimulate
osteoclast formation in vitro are also present in high levels
in RA tissues™ and this cytokine environment is likely to
augment the RANKL/RANK pathway in the bone of af-
fected joints. Although TNF-q, like other inflammatory
cytokines stimulates both OPG and RANKL expression,””
7 it has also been reported that TNF-a. acts synergistically
with RANKL by sensitizing osteoclast precursors to low
levels of RANKL” and may stimulate osteoclast formation
directly in the absence of RANKL.” Tumor necrosis factor-
o antagonists and antibodies are now an accepted treatment
regime for active rheumatoid arthritis. Inhibition of TNF-o
activity not only reduces the inflammatory response’ but
may also inhibit osteoclast bone resorption by reducing the
activity of RANKL present in inflammatory tissues.
Arachidonate metabolites are important inflammatory
mediators produced during inflammation, and these mol-
ecules are reported to regulate osteoclast formation and
activity. The role of prostaglandin (PG) E2 has been stud-
ied extensively and its effects can vary, possibly depending
on the stage of osteoclast differentiation.” Another inflam-
matory mediator which has been implicated in destructive
arthritis is the T-cell product, IL-17.”° Tinterleukin-17 is
present in abundance in active RA joints and is a potent
inducer of RANKL like TNF-o and IL-1. Interleukin-17 is
likely to be important in inflammatory mediated osteolysis
in those situations characterized by a major contribution by
T cells. The actions of IL-18 seem to depend on the environ-
ment in which it is expressed. In noninflammatory situa-
tions, both in vivo and in vitro, IL-18 inhibits osteoclast
formation by inducing naive T cells to produce inhibitors
such as granulocyte (G)M-CSF and interferon (IFN)-y.*®
However, in inflammatory animal models IL-18 can aug-
ment osteoclast formation. Dai et al.” have examined the
actions of IL-18 in human osteoclast precursors incubated
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with normal peripheral blood T cells or synovial T cells
isolated from RA synovium. In this model, IL-18, IL-1, and
TNF-o all increased both soluble RANKL production
and membrane bound RANKL expression in PHA
prestimulated T cells or RA synovial T cells, but not in
resting control T cells.” Upregulation of RANKL was ac-
companied by increased osteoclastogenesis and increased
bone resorption in vitro.

A number of chemokines are abundant in inflammatory
conditions and are likely to be important in recruitment of
monocyte osteoclast precursors into the inflammatory pan-
nus and eventually to sites of bone resorption. They may
also potentiate the effects of RANKL in osteoclastogenesis.
Monocyte chemotactic protein 1 (MCP-1) is a CC
chemokine commonly found at sites of RA bone degrada-
tion and other inflammation-induced bone loss.”” MCP-1 is
expressed by mature osteoclasts and its expression is
regulated by NF-xB.”* Kim et al.” identified MCP-1 by
microarray as a RANKL-induced molecule during osteo-
clast differentiation. Osteoclasts were not formed when
production of MCP-1 expression was suppressed by GM-
CSF or when RANKL signaling through NFAT-cl was
blocked with cyclosporin A. Furthermore, in the presence
of RANKL MCP-1 increased osteoclast formation whereas
MCP-1 treatment of monocytes in the absence of RANKL
promoted the formation of multinucleated TRAP-positive
cells that could not resorb bone."” These proposed actions of
chemokines are depicted in Fig. 1B.

Role of angiogenic factors in RA

The development of new vasculature is essential to sustain
the growth of the rheumatoid pannus and angiogenesis has
therefore been proposed as a target in RA management.”
Inflammatory mediators that have been shown to induce
angiogenesis at the site of the inflamed synovium include
vascular endothelial growth factor (VEGF), fibroblast
growth factor (FGF), integrin alpha(V)beta(3), TNF-o,
IL-1, IL-8, IL-18, hypoxia and angiopoietin, and prostaglan-
dins.** Significantly, it has also been proposed that
RANKL has angiogenic activity.” The likely role of angio-
genic agents in RA disease progression is suggested by a
study, which showed that serum VEGF levels at presenta-
tion in patients with early RA correlated with the develop-
ment of radiographic damage after one year.* Based on the
likely association between angiogenesis inhibition, and the
reduction of signs and symptoms of RA by antiangiogenic
drugs, these agents have been considered for the treatment
of proliferative synovitis. These include angiostatin,
endostatin, IL-1 receptor antagonist, thalidomide, fumagil-
lin, and others.*

The vasculature is also important in bone metabolism
and bone turnover. The elegant work of Reeve and cowork-
ers persuasively demonstrated a relationship between blood
flow and bone turnover® and indicated that bone can regu-
late its own blood flow. They developed a method of mea-
suring blood flow in bone that depends on the complete
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extraction of "F in a single passage through bone. They
found that skeletal blood flow (SBF) in untreated Paget’s
disease of bone was strikingly increased in proportion to the
biochemical severity of the disease. Treatment with calcito-
nin brought a rapid return to normal,” which was postu-
lated to explain the rapid pain relief often reported on
starting treatment with calcitonin. Likewise, treatment with
sodium etidronate reduced the SBF and the responses of
patients correlated well with the their reductions in serum
alkaline phosphatase.” These data indicate that active bone
resorption may enhance local blood flow to the region and
this could in turn further enhance synovial inflammation.

Regulation of cell survival: relationship to bone
erosion in RA

Agents that alter cell survival can change the balance be-
tween anabolic and catabolic processes in tissues* and can
lead to the unregulated proliferation and overgrowth of
tissues such as the rheumatoid pannus. The proapoptotic
molecules Fas and Fas-ligand have been implicated in RA,"
since expression of these molecules is elevated in synovial
and other cells in active RA disease. The inflammatory
environment in RA is likely to influence a cell’s susceptibil-
ity to Fas/Fas-L and inactivating mutations in these proteins
in autoimmune disease have also been associated with pro-
liferative arthritis.*® It has also been suggested that regula-
tion of apoptosis by TRAIL and TRAIL receptor
expression may also be a factor that maintains inflammation
in arthritis.** Abnormal TRAIL receptor expression, prin-
cipally upregulation of TRAIL decoy receptors, may be an
important factor in determining the activity of TRAIL.
The fact that TRAIL can inhibit the formation of osteo-
clasts in vitro’ suggests that TRAIL receptors on the pre-
cursors of osteoclasts may be important in regulating bone
loss in RA.

In bone, prolonged survival of osteoclasts may be one
mechanism for increased bone resorption, and perhaps a
net loss of bone. Several positive and negative regulators
of osteoclast life span have been identified, including
hormones, cytokines, and growth factors.” RANKL,” M-
CSF,” IL-1,” and TNF-o” all support osteoclast survival in
vitro, and, as discussed above, these factors are all elevated
in the RA joint. The mechanism by which RANKL, TNF-c,
and IL-1% increase osteoclast survival is thought to involve
the activation of Akt and the inactivation of Bad and
caspase 9, thus preventing activation of the apoptosis cas-
cade. M-CSF-mediated osteoclast survival also works
through Akt” in a different way, resulting in increased ex-
pression of the anti-apoptotic genes, Bcl-2, Bel-xL,” and
XIAP.”

Bone loss in RA would be exacerbated if osteoblast
differentiation and survival were reduced in the inflamma-
tory environment. This is not a well-researched area but
there are data on the regulation of osteoblast apoptosis in
relation to this.” The Wnt family of proteins are involved in
cell differentiation and tissue morphogenesis. These mol-

ecules interact with other types of anabolic molecules, such
as BMPs, and have received close attention recently as a
group of agonistic and antagonistic molecules in bone
formation.” Interest was stimulated by the discovery of a
mutation in the low-density lipoprotein receptor-related
protein 5 (LRPS), which was identified as causal for an
autosomal dominant high bone mass trait in a single human
family. The same mutation results in increased transcription
of OPG in response to loading and may also result in a
reduction in osteoclastogenesis. The identification of LRP5/
Whnt signaling in bone mechano-sensing has resulted in a
new paradigm for understanding bone formation. Since
some members of the Wnt (Wntl and Wnt5a) and the func-
tionally related frizzled proteins (Fz5) families have been
found at elevated levels in RA synovium, it has been pro-
posed that these may play a causal role in synovial hyper-
plasia and inflammation.” A number of Wnt antagonists
have also been identified, including the Dickkopf (DKK)
family of proteins. While there is no direct experimental
evidence as yet for these molecules as suppressors of bone
formation in RA, a potential antianabolic role has been
proposed for Dkkl in osteolytic lesions in multiple my-
eloma,” another disease characterized by increased bone
resorption and decreased bone formation.

Inflammatory cytokines may also play an anti-anabolic
role in RA. There is abundant literature on the likely patho-
logical roles of TNF-o. in pathological bone loss and, while
it is recognized that inflammatory cytokines have a role in
physiological bone tissue repair and turnover,” high and/or
sustained levels of these may have a net catabolic and anti-
anabolic effect on bone tissue.” There is also evidence that
TNF-a, for example, might reduce bone formation, by in-
hibiting the differentiation of osteoblasts.'” A possible
mechanism for this is the inhibition by TNF-o of expression
of the transcription factor RUNX?2/Cbfal, a critical regula-
tor of osteoblast differentiation.'” In RA, and in other
states of TNF-o. excess, TNF-o may therefore decrease the
phenotype progression of precursor cells to the osteoblast
pathway. Since TNF also promotes osteoclastogenesis (see
above), TNF-o suppression of RUNX2/Cbfal could de-
crease bone formation while simultaneously increasing
resorption.

Treating bone loss in RA

There are now a large number of different drugs available
to treat RA; however, most of these treatments are aimed at
reducing inflammation and very few treatments target the
debilitating bone loss seen in RA. Now that the key factors
regulating osteoclast resorption in RA are known, new
therapies specifically targeting bone destruction are being
developed. The RANK-RANKL interaction in the forma-
tion of osteoclasts is an ideal target for therapy because it is
a point at which numerous pathways for osteolysis con-
verge. Accordingly, treatments based on the inhibition of
RANKL inhibition by its natural inhibitor, OPG,” or
soluble RANK,'"" have been successful. Combinations of



therapies that target several factors, such as TNF-o, IL-18,
and RANKL inhibitors have also been used in an animal
model of RA'” and may be more successful than single
therapies. Like anti-TNF treatment, methotrexate,
sulfasalazine, and IL-4 have recently been shown to inhibit
human osteoclastogenesis, and can inhibit RANKL mRNA
expression by RA synoviocytes."” Selective blockade of
potassium channels may also reduce osteoclast formation in
T-cell driven osteolysis in inflammatory diseases. These re-
cent animal studies are promising, and preliminary studies
based on selective blockade of RANK-RANKL interaction
demonstrate the importance of RANKL in bone destruc-
tion in RA.'"

Bisphosphonates, a group of drugs currently used to
inhibit osteoclast activity in osteolytic bone tumors and
osteoporosis, have also been used to inhibit osteolysis in
animal models of osteolysis.'” In a recent study,'"®
zoledronic acid was tested as a potential treatment for the
joint destruction in the transgenic mouse RA model pro-
duced by over-expression of human tumor necrosis factor
(hTNFtg). Untreated, these mice developed severe destruc-
tive arthritis as well as osteoporosis. In contrast, bone ero-
sion was retarded by a single dose of zoledronic acid and
was almost completely blocked by repeated administration
of the drug. Although cartilage damage was partly inhib-
ited, synovial inflammation was not affected by zoledronic
acid treatment. These findings are in agreement with
several other studies,'””'™ although the success of bisphos-
phonates in preventing joint damage may depend on the
disease model or on the particular bisphosphonate used.
For example, in adjuvant-induced arthritis in rats, it was
found that while clodronate decreased bone deformation,
alendronate did not."” However, both bisphosphonates pre-
vented systemic bone loss and strength reduction in this
study. In the h'TNFtg model, calcitonin had no effect on
synovial inflammation, bone erosion, cartilage damage, or
systemic bone mass, whereas anti-TNF treatment entirely
blocked synovial inflammation, bone erosion, synovial
osteoclast formation, and cartilage damage, but had only
minor effects on systemic bone mass.'”

As alluded to above, other potentially rewarding ap-
proaches in treating RA may include the use of antiangio-
genic agents, as has been trialed in other diseases of bone
destruction. For example, in multiple myeloma it has been
demonstrated that patients with active disease have an in-
crease in bone marrow angiogenesis that correlates with the
progression of disease and an adverse prognosis. Accord-
ingly, therapeutic approaches to target VEGF, as well as a
range of other angiogenesis-related factors, are being
investigated for this disease.'’ Vascular endothelial growth
factor also shows promise as a target in solid tumors. A
humanized anti-VEGF monoclonal antibody, bevacizumab,
resulted in tumor growth inhibition of human tumor cell
lines implanted into nude mice and changes in vascular
functions were frequently reported, including decreased
vessel diameter, density, and permeability in response to
treatment.'"" Safety studies with bevacizumab in cynomol-
gus monkeys showed that this agent is generally well toler-
ated, supporting similar studies in RA.
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Conclusions

Bone destruction in the joints of RA patients occurs
through similar mechanisms as in other inflammatory dis-
eases. The RANKL/RANK pathway of osteoclast differen-
tiation is central to the formation of osteoclasts at these
sites of inflammation and is therefore an important target
for the pharmaceutical regulation of bone loss in several
common inflammatory diseases. Other inflammatory
cytokines are likely to augment the RANKL/RANK path-
way of osteoclast formation and activity, and some of these
factors may also prolong the survival of osteoclasts and
decrease the differentiation and survival of osteoblasts. In
addition, increased blood flow to the inflamed pannus is
likely to promote bone resorption and also represents a
potential target in this disease.
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