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Focal and systemic bone loss contribute to the morbidity
associated with rheumatoid arthritis (RA)1,2. In the joint,
focal erosions occur at 2 principal sites: at the joint margins
and in subchondral bone3. The inflammatory synovial tissue
(pannus) is directly responsible for the development of
marginal bone erosions that are clearly evident on radi-
ographic evaluation. However, the pannus has access to the
bone marrow as well, where inflammatory changes can
enhance osteoclastic resorption at the subchondral bone
surface. As a result, articular cartilage is subject to inflam-
matory attack from below through subchondral bone, as
well as from above, as the pannus moves across the articular
surface. Standard radiographs do not accurately identify the
extent of subchondral bone erosion and subsequent cartilage
destruction from below, but recent evidence provided by
magnetic resonance imaging (MRI) indicates the impor-
tance of this site of attack. It follows that agents capable of
protecting against subchondral bone resorption should also
have chrondroprotective properties.

Two other forms of bone loss are also seen in RA.
Juxtaarticular osteopenia occurs within or juxtaposed to the
inflamed joint. Reduced joint use likely contributes to this

local disturbance in bone remodeling. More importantly,
systemic osteoporosis is seen in the axial and appendicular
skeleton, reflecting the systemic inflammation of RA as well
as the sedentary lifestyle of patients with significant
disability. Moreover, some commonly used medications in
RA, notably corticosteroids and methotrexate, can also
exacerbate bone mineral density (BMD) loss. Even after
correcting for medication usage, patients with RA have
lower BMD than nonarthritic populations2,4-7. This reduc-
tion in BMD is associated with an increased risk of hip and
vertebral fracture6,8,9.

The extent of focal bone erosions generally correlates
with the severity of RA and progresses throughout the
course of disease10-12. They are often used as a marker for
response to therapeutic interventions. Recent studies show
that biologic therapies targeting IL-1 and TNF-α as well as
several disease modifying antirheumatic drugs can alter the
progression of these bone erosions13-16. MRI evaluations
show that focal erosions occur very early in RA, probably
before they can be appreciated on standard radiographs17,18.
Accordingly, therapeutic interventions need to be consid-
ered in early stage disease before the structural elements of
bone have been irreversibly destroyed, thereby creating a
situation where healing of bone erosions may be possible.

Critical to developing rational therapies that block bone
resorption is an understanding of the cellular, biochemical,
and molecular events that are associated with bone loss in
RA. One of the hallmarks of focal bone erosion in the
rheumatoid joint is a reduction in new bone formation. In
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this way, RA is clearly distinguished from osteoarthritis,
where the principal radiographic features of subchondral
sclerosis and osteophyte formation are reflective of exces-
sive bone repair mechanisms.

PHYSIOLOGIC AND PATHOLOGIC BONE
REMODELING
Physiologic bone remodeling involves the coupling of bone
resorption to new bone formation (Figure 1). Signals for
increasing bone resorption are likely initiated by bone lining
cells. This process is believed to involve release of matrix
metalloproteinases, which prepare the bone surface for
recognition by osteoclast precursor cells. These precursors
are derived from the same hematopoietic stem cells that give
rise to the monocyte–macrophage lineage. The osteoclast
precursor cells differentiate into mature, multinucleated
osteoclasts that remove mineral and matrix from bone
during the resorptive phase. After this period of resorption,
osteoblasts or pre-osteoblasts that subsequently differentiate
into mature osteoblasts attach to regions of resorbed bone
and deposit mineral and matrix, leading to formation of new
bone. After completing their tasks, the osteoclasts and
osteoblasts are believed to undergo apoptosis. In the case of
osteoblasts, some cells may be incorporated into the bone
matrix as osteocytes or repopulate the resting bone surfaces
as bone lining cells.

At the end of this cycle, the amount of new bone that is
formed matches exactly the amount of bone that had been
resorbed. However, implicit in the erosive changes charac-
teristic of the rheumatoid lesion is an imbalance between
bone resorption and formation. On the basis of histopatho-
logic and biochemical evidence, it appears that both
increased resorption as well as decreased formation occur in
the rheumatoid joint19.

In order to determine whether osteoclasts also mediate
focal bone erosion in the rheumatoid joint, at least on
morphological grounds, a series of definitive markers are
needed to distinguish osteoclasts from other cells of the
monocyte–macrophage lineage and from other bone cell
types. Osteoclasts can be identified on tissue sections

through characteristic functional and phenotypic markers
(Table 1). Osteoclasts are multinucleated cells with a
specialized ruffled border found at sites of bone attachment.
These cells have biochemical activities, such as carbonic
anhydrase and proton pump ATPase, that permit generation
of an acidic microenvironment for dissolving the mineral
phase of bone. Osteoclasts produce acid proteases, including
tartrate resistant acid phosphatase (TRAP) and cathepsin K,
which degrade the organic bone matrix. Finally, osteoclasts
express receptors involved in attachment, such as the
vitronectin receptor. The osteoclast also expresses the calci-
tonin receptor that mediates cell detachment and apoptosis.
The calcitonin receptor is a particularly useful marker,
because its expression is upregulated at the same time as the
osteoclast is induced to full resorbing capacity.

The phenotype of bone-resorbing cells at the
bone–pannus interface was evaluated by in situ hybridiza-
tion of tissue sections from patients with RA20.
Multinucleated cells expressing mRNA for TRAP and
cathepsin K were found in resorption lacunae in regions
where the pannus invaded into bone. Moreover, these cells
expressed calcitonin mRNA. Cells expressing TRAP and
cathepsin K mRNA were also found in the bone marrow in
regions adjacent to the sites of pannus invasion. Thus, these
phenotypic markers show that cells with features character-
istic of osteoclasts are found at active sites of focal bone
erosion in the rheumatoid joint. However, this analysis does
not address the issue of whether other cell types can also
resorb bone in RA.

REGULATION OF BONE REMODELING
Osteoclast mediated resorption is regulated at 3 different
points21. First, some factors enhance resorption indirectly by
acting on the bone lining cells, which in turn release osteo-
clastogenic differentiation factors that act on osteoclast
precursor cells. Among the factors that act on bone lining
cells are parathyroid hormone (PTH), PTH related peptide,
1,25-OH2-vitamin D3, prostaglandin E2, and several
cytokines, including IL-1, TNF-α, IL-11, and IL-17.
Second, some factors act directly on the osteoclast precursor
cells to stimulate their differentiation into mature osteo-
clasts. These include macrophage-colony stimulating factor
(M-CSF), receptor activator of NF-κB ligand (RANKL),

Figure 1. Schematic of physiologic bone remodeling. 

Table 1. Phenotypic features of osteoclasts.

Multinucleation
Ruffled border at zones of attachment
Carbonic anhydrase activity
Proton pump ATPase activity
Tartrate resistant acid phosphatase activity
Cathepsin K activity
Bone resorbing activity
Vitronectin receptor expression
Calcitonin receptor expression
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TNF-α, IL-6, IL-11, and IL-15. Finally, some factors, such
as IL-1 and RANKL, can act directly on mature osteoclasts
to regulate their bone resorbing activity.

RANKL is a member of the TNF family of ligands,
which is also known as osteoclast differentiating factor,
TNF-related activation-induced cytokine, and osteoprote-
gerin ligand22,23. RANKL was first identified as a factor that
regulates interactions between T cells and dendritic cells. It
induces osteoclast differentiation, but it also acts directly on
mature osteoclasts to regulate their activity. It is both neces-
sary and sufficient for inducing osteoclast differentiation.
RANKL binds to a member of the TNF receptor family
known as receptor activator of NF-κB (RANK), which is
expressed on osteoclast precursors, osteoclasts, dendritic
cells, and certain nonimmune cells, notably chondrocytes.

Factors that indirectly promote bone resorption act on the
bone lining cells to stimulate production of M-CSF, expres-
sion of RANKL on the cell surface, and release of soluble
RANKL (Figure 2). M-CSF induces proliferation and
expansion of early osteoclast precursors, leading to expres-
sion of RANK. RANKL interacts with RANK on these
precursors to stimulate their differentiation along the osteo-
clast pathway, and it also binds to RANK on mature osteo-
clasts to enhance resorptive activity. The activity of RANKL
is regulated by a naturally occurring inhibitor known as
osteoprotegerin (OPG), a soluble protein that is a member of
the TNF receptor family24. Although OPG is structurally
distinct from RANK, it acts like a decoy receptor by binding
to RANKL, thereby preventing the normal RANKL-RANK
interaction, and disrupting osteoclastogenesis.

The importance of RANKL in osteoclast differentiation
is evident from studies of knockout mice. When either
RANKL or RANK genes were deleted, the animals devel-
oped severe osteopetrosis25,26. These mice had an absolute
absence of osteoclasts, and they were unable to resorb bone
or calcify cartilage. In contrast, deletion of OPG, which
suppresses the tonic activity of RANKL, led to development
of progressive and severe osteoporosis27.

BONE RESORPTION IN RHEUMATOID ARTHRITIS
A role for RANKL in focal bone erosions in RA is suggested

by several observations. First, RANKL mRNA was
expressed in synovial tissue from patients with RA, but it
was not seen in normal synovial tissues20. Second, RANKL
mRNA was detected ex vivo in cultured adherent synovial
fibroblasts and activated T cells derived from RA synovial
tissue20. Third, coculture of rheumatoid synovial fibroblasts
with peripheral blood mononuclear cells in the presence of
M-CSF and 1,25-OH2-vitamin D3 led to increased RANKL
expression and subsequent osteoclastogenesis28. Fourth,
mRNA encoding RANKL, RANK, and OPG was expressed
in cells isolated from the pannus and synovial membrane
regions of the rheumatoid joint29. Notably, the ratio of
RANKL mRNA to OPG mRNA was significantly correlated
with the number of resorption lacunae.

Results from animal arthritis models support findings in
the rheumatoid synovium. In rat adjuvant arthritis, RANKL
was expressed by activated T cells isolated from the
inflamed synovium, and RANKL mRNA was identified in
synovial and inflammatory cells by in situ hybridization30.
When OPG was administered at the onset of disease in
order to block RANKL, subsequent bone and cartilage
destruction was prevented even though inflammation was
unaffected. In collagen induced arthritis, multinucleated
cells expressing TRAP and calcitonin receptors were
detected in arthritic lesions with bone destruction31.
RANKL mRNA was expressed at high levels in cells of the
inflamed synovium and by osteoclasts at sites of bone
erosion.

Although RANKL is upregulated in the rheumatoid
lesion, it does not necessarily mean that it is driving bone
resorption in RA. Many other factors that indirectly cause
osteoclast differentiation have been identified in rheumatoid
synovium, including IL-1α, IL-1ß, TNF-α, IL-6, M-CSF,
IL-15, IL-17, and PTH related peptide. For example, IL-1
and TNF-α can synergize with low levels of RANKL, such
that these cytokines may be the key mediators driving the
actual resorptive process. TNF-α acts on early osteoclast
precursors to induce osteoclast differentiation, but it appears
that some RANKL is also required. In contrast, IL-1 acts
principally on the osteoclast itself to increase resorptive
activity. It is important to recognize that both IL-1 and 
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Figure 2. Regulation of bone remodeling. In this schematic, PTH stimulates bone lining cells to produce M-
CSF, express RANKL on its surface, and release soluble RANKL. Factors known to stimulate bone lining cells
and present in the rheumatoid joint include IL-1, TNF-α, IL-17, and PTH related peptide. 
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TNF-α may also contribute to focal erosions by inhibiting
new bone formation through increased osteoblast apoptosis.

Osteoclasts are present at the bone-pannus interface, and
they are clearly capable of causing focal bone erosion in
RA. However, other cell types are also present at the
bone–pannus interface, notably synovial fibroblasts and
macrophages. To show that osteoclasts are the major
resorbing cell, a model of inflammatory arthritis is needed in
which activated macrophages and T cells are present, but the
capacity to form osteoclasts is lost. RANKL knockout mice
cannot form osteoclasts, yet they form normal numbers of
macrophages and can develop inflammatory synovitis.
Using a serum transfer model of inflammatory arthritis that
bypasses the need for T cell activation, RANKL knockouts
developed joint inflammation that was comparable to that
seen in wild-type mice whether measured by clinical signs
or histopathologic criteria32. An intense inflammatory reac-
tion with pannus formation was evident in control animals,
leading to extensive erosion and destruction of the joint
(Figure 3). In control animals, marginal and subchondral
bone erosion was seen, with cartilage being degraded at the
margins as well as from below at the surface of subchondral
bone. In the RANKL knockouts, microcomputed tomo-

graphy showed little evidence of focal bone loss, and
histopathological analysis showed preservation of the bone
surface. TRAP positive cells were abundant in wild-type
animals but absent in the RANKL knockouts. Thus, focal
bone erosion did not develop in the absence of osteoclasts
despite the presence of intense inflammation and pannus.
Cartilage damage was seen in the RANKL knockouts,
although it was reduced somewhat in part due to the absence
of subchondral bone loss.

CONCLUSION
Focal bone erosion in RA is mediated, at least in part, by
osteoclasts. Cells at the bone–pannus interface express
markers for osteoclasts, including TRAP, cathepsin K, and
calcitonin receptor. Moreover, blocking RANKL, the key
mediator of osteoclast differentiation, either by adminis-
tering OPG in adjuvant arthritis or by gene deletion in the
serum transfer model of arthritis, prevented bone erosions.
In the latter model, the protective effect on bone was real-
ized despite the presence of intense inflammation and
pannus. On the basis of these observations, therapies
targeted at osteoclast mediated bone resorption represent a
rational approach for reducing focal bone loss in RA.

Figure 3. Microcomputed tomography (left panels) and histologic analysis (right panels) of joint damage in control (top panels) and RANKL knockouts
(bottom panels) in the serum transfer model of RA. The asterisks designate comparable areas of the joint. From Pettit, et al32, with permission.
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Blockade of synovitis, however, remains the ultimate goal
for reducing the inflammatory aspects of RA as well as
preventing tissue destruction. The advent of biologic
therapy targeting IL-1 and TNF-α provides an important
approach to controlling synovitis, but it provides the added
benefit of blocking the effects of these cytokines on osteo-
clastic bone resorption.
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