
Abstract. Over the past decade there have been major
advances in our understanding of the factors that regulate
osteoclast formation and activity. It is now apparent that
receptor activator NFkB (RANK), its ligand, RANKL (also
known as TRANCE, osteoclast differentiation factor and
osteoprotegerin (OPG) ligand) and the natural RANKL
inhibitor, OPG, are the key factors regulating osteoclast for-
mation in normal bone physiology. The molecular interac-
tions of these molecules regulate osteoclast formation and
subsequent bone loss in disease and there is now strong evi-
dence that the bone loss associated with inflammatory dis-
eases, such as rheumatoid arthritis, periodontal disease and
peri-implant loosening, is regulated by the action of RANK,
RANKL, and OPG. These molecules are targets for the phar-
macological regulation of severe bone loss in several com-
mon inflammatory diseases.

Introduction

Inflammation and bone erosion have been generally consid-
ered distinctly different process. Inflammation is considered
to be mainly a localised disorder that can affect a variety of
tissues where as most previous studies of bone erosion have
been concerned with endocrine effects acting systemically.
However, destructive erosion of bone is a serious complica-
tion of several chronic inflammatory diseases and there
appears to be an intimate relationship between inflammation
and bone lysis. Three examples of diseases where inflamma-
tion and bone lysis are seen closely associated are, rheuma-
toid arthritis, periodontal disease and peri-implant osteolysis. 

In all three diseases bone loss is closely associated with a
local chronic inflammatory reaction. 

Inflammatory diseases with bone loss

Progressive joint destruction is a hallmark of rheumatoid
arthritis, a disease affecting approximately 2% of the world’s
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population. In this disease the inflammatory changes that
occur in the joint appear to be related to the breakdown of
both soft tissue and bone. The bone erosion seen in rheuma-
toid arthritis can be localised to the inflamed joint [1, 2], as
well as being generalised, with secondary osteoporosis often
being associated with rheumatoid arthritis [3]. Despite the
widespread prevalence of rheumatoid arthritis, we still have
an incomplete understanding of the processes of this chronic
systemic disease. Until recently most studies have been con-
cerned with investigating the inflammation that occurs in the
soft tissues, however, our recent advances in the understand-
ing of bone metabolism allow us now to better investigate the
mechanisms of the bone and cartilage loss in this disease.

Periodontal disease is the most common bone loss pathol-
ogy in humans and is widely seen in both developing and
developed countries. Despite its prevalence little is known
about the mechanism by which periodontal bone erosion
occurs. As a result there are few treatments that effectively
stop the aggressive bone erosion other than surgical removal
of the inflamed soft tissues. While this disease appears to be
triggered by the body’s inflammatory response to bacteria
present in the mouth [4] the initiation process remains con-
troversial. Unfortunately, surgical treatment is often unsuc-
cessful and ultimately this disease results in the loss of teeth.

Despite the impressive success of joint replacement
surgery, the premature failure of total hip and other arthro-
plasties is of significant concern. While there have been
ongoing improvements in materials and surgical techniques,
the need for surgical revision remains a significant problem
with up to 10–15% of joints needing to be replaced before
15–20 years [5]. Revision of joint implants is often difficult
due to the loss of bone stock around the prosthesis. It is
important that we understand the cause of implant failure to
develop treatments that will otherwise it will assume epi-
demic proportions. Many studies over the past two decades
have strongly implicated osteoclasts as the major cause of the
bone lysis leading to implant failure.

Rheumatoid arthritis, periodontal disease and prosthetic
joint loosening are different diseases initiated by distinct
causes, however, it is likely that similar pathological process
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importance of RANK, RANKL and OPG in physiologic osteo-
clast formation it is reasonable to propose that they may also
be key regulators of pathological bone resorption.

Osteoclasts in inflammatory tissues

RANKL and OPG have opposing effects on osteoclast for-
mation and it is not surprising that there is a significant cor-
relation between osteoclast formation ex vivo and the ratio of
RANKL to OPG mRNA levels in cells isolated from the RA
tissues [23]. Furthermore, the ratio of RANKL to OPG
mRNA was higher in cells isolated from peri-prosthetic tis-
sues from which osteoclasts readily formed [22]. These
results provide strong evidence that a high ratio of RANKL
to OPG in tissue adjacent to bone may stimulate macropha-
ges to become mature osteoclasts without the need for them
to be in contact with osteoblast cells. It is important to note
that in many cases active osteoclasts formed without adding
additional osteoblast-like/stromal cells to the ex vivo culture
indicating cells other than osteoblasts are supporting osteo-
clast formation.

Researchers have used antibodies directed against 
RANKL and OPG to study a variety of healthy and inflamed
tissues [31–35]. These studies show that several cell types
may be important in the ectopic production of RANKL in the
tissues adjacent to bone. RANKL protein was predominant
within inflammatory cells in the inflamed tissues adjacent to
pathological bone loss in rheumatoid arthritis, periodontal
disease and peri-prosthetic loosening. 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
all diseases [31–33, 36].

In rheumatoid and periodontal diseased tissues lympho-
cytes expressing CD3 were the predominant cell type that
expressed RANKL protein [33, 36]. This is consistent with
reports that isolated lymphocytes produce RANKL in in-
flammatory arthritis [37, 38] and that activated T cells may
regulate osteoclast activity by producing RANKL [39].
RANKL was also associated with monocyte/macrophages
and multinucleated cells expressing CD68 in tissue from
patients with rheumatoid arthritis, periodontal disease and
peri-implant loosening. This finding is consistent with a
recent report demonstrating RANKL mRNA expression in
macrophages and multinucleated cells in periodontal dis-
eased tissues in an animal model of periodontitis [40]. Since
these cells also express RANK it is possible that by produc-
ing both RANKL and RANK macrophages and multinucle-
ated cells can independently ‘auto-stimulate’ themselves to
become osteoclasts. 

RANKL is also reported to be expressed by synovial
fibroblasts [41] and isolated microvascular endothelial cells
[42]. Fibroblasts may contribute to the formation of osteo-
clasts in inflammation. However, the absence of RANKL
protein in endothelial cells residing in a variety of inflamed
tissues suggest endothelial cells may not have a role in direct-
ly stimulating osteoclasts formation in inflammatory dis-
eases [32, 34, 35]. These studies show that most of the 
RANKL present in inflamed tissues near bone lysis is pro-
duced by activated leucocytes that are recruited to sites of
inflammation.

Vol. 53, 2004 Inflammatory bone lysis 597

are involved in the destructive localised bone loss associat-
ed with these diseases. An important common factor is the
excessive destruction of bone by osteoclasts near the site of
inflammation. Osteoclasts are multinucleated, terminally
differentiated cells derived from haemopoietic progenitor
cells of the monocyte/macrophage lineage that degrade min-
eralised bone matrix. Normal bone metabolism is main-
tained by a balance between the bone forming cells,
osteoblasts, and osteoclasts. This is regulated by a complex
signalling network mediated through cell surface receptors
and various cytokines [6]. In normal bone metabolism
osteoblasts regulate the differentiation and function of
osteoclasts [7] and many researchers have described the
complicated signalling between these two cell types. How-
ever, in the types of diseases discussed above it is likely that
other cells and factors are involved in causing elevated
osteoclast activity. 

Regulation of osteoclast formation and activity

Rodan and Martin [7] were the first to recognise that
osteoblasts played a significant role in the regulation of bone
resorption. The early work of Martin et al. [6] proposed the
mechanism by which cells of the osteoblast lineage con-
trolled osteoclast formation and activity and it was estab-
lished that precursors of osteoclasts require co-culture with
osteoblasts for osteoclast differentiation to occur.

A variety of cells of the monocyte/macrophage lineage,
including terminally differentiated macrophage, have been
shown to develop into active osteoclasts [6, 8–14]. These
types of cells are abundant at sites of chronic inflammation
where osteoclast precursors are likely to be monocytes
recruited from the peripheral blood as well as mature tissue
macrophages present in the granulomatous, chronic inflam-
matory tissue. This concept is strongly supported by the fact
that mature osteoclasts, capable of resorbing bone, form
from cells present in rheumatoid and periprosthetic tissues
[15–21]. In addition, the rapid appearance of resorption pits
in cultured cells isolated from the RA and peri-prosthetic tis-
sues suggests that mature functional osteoclasts may already
have been present in several of these tissues [22, 23]. 

It is only in the last 5–10 years that the cell surface mol-
ecules involved in mediating osteoclast differentiation have
been discovered. RANKL (RANK ligand, osteoclast differ-
entiation factor, osteoprotegerin ligand), and its receptor,
RANK, have been identified as the key factors, present on
osteoblasts and precursor osteoclasts respectively, that stim-
ulate osteoclast formation [24, 25]. It is now clear that 
RANKL, together with macrophage-colony stimulating fac-
tor (M-CSF), is required for osteoclast formation from their
precursor monocyte/macrophages[26].

The natural inhibitor of RANK-RANKL interactions is a
soluble TNF ‘receptor-like’ molecule, osteoprotegerin (OPG)
[24, 25, 27]. OPG binds to RANKL and prevents its ligation
to RANK, thus preventing osteoclast differentiation and acti-
vation. The importance of these three molecules in regulating
bone metabolism is demonstrated by transgenic and gene
knock-out studies in mice [28–30]. In vivo the relative levels
of RANKL and OPG are likely to be important in determin-
ing where and when osteoclasts will form. Considering the



598 D. R. Haynes Inflamm. res.

We have used two different antibodies to OPG that detect
different forms of OPG. Mab 8051 detects dimeric and
monomeric OPG while Mab 805 detected only dimeric 
OPG when it is not bound to either of its ligands, TRAIL or
RANKL [32]. Dimeric OPG was only detected in blood ves-
sels (on Factor VIII positive endothelial cells), whereas
monomeric OPG was predominantly detected in the synovi-
um (on CD68 positive type A synoviocytes) in RA and peri-
prosthetic tissues, as well as the epithelium in periodontal tis-
sues. Whether OPG produced by endothelial cells or the type
A synoviocytes is able to block RANKL and inhibit the for-
mation of osteoclasts in these tissues is yet to be determined.
However, it may be significant that the expression OPG was
markedly reduced in the blood vessels and synovium of the
inflamed tissues compared to that of the appropriate control
tissues. The role of OPG production by endothelial cells is
yet to be understood, however, endothelial OPG and endoge-
nous RANKL may be important in enhancing endothelial
cell survival[43, 44] and may have a role in regulating angio-
genesis in inflammation.

Other cytokines, such as TNF-a, that stimulate osteo-
clast formation in vitro are also present in high levels in RA,
peri-prosthetic and periodontitis tissues [45–50] [18, 51–
53]. Importantly TNF-a, like other inflammatory cytokines
stimulates both OPG and RANKL expression [54–57].
Recently it has been shown that TNF-a stimulates osteoclast
formation directly in the absence of RANKL in vitro [58].
However, in vivo it is more likely to work in synergy with
RANKL by making cells far more sensitive to low levels of
RANKL [59]. TNF-a -antagonists and antibodies are now
an accepted treatment regime for active rheumatoid arthritis.
Inhibition of TNF-a activity not only reduces the inflamma-
tory response [60] but it may also inhibit osteoclast bone
resorption by reducing the activity of RANKL present in the
tissues.

Arachidonate metabolites are also important inflammato-
ry mediators produced during inflammation and these mole-
cules are reported to regulate osteoclast formation and activ-
ity. The role of prostaglandin (PG) E2 has been studied exten-
sively and its effects can vary, possibly depending on the
stage of osteoclast differentiation [61]. Leukotriens are
reported to stimulate osteolysis and their inhibition is report-
ed to suppress peri-implant osteolysis in an animal model
[62]. 

Treating bone loss in inflammation

While we now have an extensive range of anti-inflammatory
drugs to control inflammation there are very few treatments
available for inhibiting the debilitating bone loss seen in a
variety of inflammatory diseases. The recent discoveries of
the key factors involved in regulating osteoclast bone lysis
allow us to develop new therapies to treat this problem.
Although RA, peri-implant loosening, and periodontitis ap-
pear to be quite different diseases, the key mediators involved
in pathological bone loss, as a complication of these diseases,
are common. Similar approaches can be used to inhibit oste-
olysis in a variety of bone loss diseases. The RANK-RANKL
interaction in the formation of osteoclasts is an ideal target of
therapy because it is a point at which numerous pathways for

osteolysis converge. Treatments based on the inhibition of
RANKL inhibition by its natural inhibitor OPG in peri-
implant osteolysis [63] and rheumatoid arthritis [37, 64] have
been successful. Soluble RANK has also been used [65]. Sup-
pression of TNF-a has been used to successfully treat peri-
implant osteolysis [66]. Suppression of osteoclast formation
by various combinations of TNF-a, IL-1b and RANKL
inhibitors have also been used in an animal model of RA [67]
and may be more successful than individual therapies. In addi-
tion, selective blockade of potassium channels may also
reduce osteoclast formation in T cell driven osteolysis in
inflammatory diseases. These animal studies are promising
and preliminary studies based on blocking RANK-RANKL
interaction in humans are currently underway [68]. Similar
therapies based on bisphosphonates, a group of drugs cur-
rently used to inhibit osteoclast activity in lytic bone tumours
and osteoporosis, have also been used in models of peri-
implant osteolysis animal studies [69].

Conclusions

Osteolysis in the joints of RA patients, in the alveolar bone
of patients suffering periodontal disease and in the tissues
adjacent to loose orthopaedic implants occurs through simi-
lar mechanisms (summarized in Fig. 1). The RANKL/
RANK pathway of osteoclast differentiation is a key path-
way to the formation of osteoclasts at these sites of inflam-
mation and is, therefore, an important target for the pharma-
ceutical regulation of bone loss in several common inflam-
matory diseases. 
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