
Summary. Vascular calcification, a degenerative process
considered in the past to be a passive procedure, has now
been suggested to be related to ossification. Many
proteins responsible for bone formation have been
identified on the arterial wall. The OPG/RANKL/RANK
axis, responsible for ossification and bone
mineralization, seems to play a major role in vasculature
and atherosclerosis. Mice lacking OPG gene present
osteoporosis and arterial calcification, while
overexpression of OPG gene leads to osteopetrosis. In
the present review the latest knowledge related to the
effects of the OPG/RANKL/RANK axis on vasculature,
including atherosclerosis, will be analyzed. The clinical
significance of circulating OPG and RANKL levels in
vascular diseases will also be referred.
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Introduction 

It is now accepted that vascular calcification
resembles embryonic osteogenesis. However, even some
years ago, calcification was considered to be a passive,
unregulated, degenerative process that normally occurs
in an advanced stage of atherosclerotic plaque formation.
Only during the last decade it has been suggested that
vascular calcification is the result of regulated
ossification (Demer et al., 1994; Otto et al., 1994).
Ossification occurs in the restenotic aortic valve tissue
after valvuloplasty (Feldman et al., 1993) and in some of
the carotid atherosclerotic plaques (Hunt et al., 2002).
Vascular calcification includes mostly osteogenic and, to

a lesser extent chondrogenic differentiation of
osteoblasts. It has been shown that many of the
regulators of bone formation and some bone structural
proteins, such as Bone Morphogenic Protein-2 (BMP-2)
(Bostrom et al., 1993), Osteopontin (OPN) (Giachelli et
al., 1993; Hirota et al., 1993; Ikeda et al., 1993), Matrix
γ-Carboxyglutamic Acid Protein (MGP) (Shanahan et
al., 1994), Osteoprotegerin (OPG) (Dhore et al., 2001)
and Receptor Activator of Nuclear Factor κLigand
(RANKL) (Dhore et al., 2001) are also expressed in
atherosclerotic plaque. OPG, a protein homologue to
Receptor Activator of Nuclear Factor κß (RANK) can
bind to RANKL, blocking the binding of RANKL to
RANK, resulting in inhibition of differentiation of
preosteoclasts to mature osteoclasts (Lacey et al., 1998).

The first sign that calcification is subjected to
regulatory mechanisms was observed by Anderson and
Parker, who noticed elements of endochondral
ossification in human calcified aorta specimens
(Anderson and Parker, 1966; Tanimura et al., 1983).
Later on, the idea was strengthened by the results of in
vitro studies using cells of the medium tunic of human
vessels. In a specific population of vascular smooth
muscle cells (VSMCs), called “Calcifying Vascular
Cells” (VSMCs that have been re-differentiated into
osteoblast resembling cells), expression of osteoid
(Giachelli et al., 1991) and osteogenic factors such as
BMP and MGP (Bostrom et al., 1993; Shanahan et al.,
1994) has been observed.

In regard to histological structure, the bone
resembling formations of atherosclerotic lesions have
sculpted features similar to resorptive sites in bone,
called Howship’s sulci. In bone, mineral resorption
occurs by osteoclasts, large cells with multiple nuclei
and abundant cytoplasm, deriving from monocytes of
hematopoietic lineage and from differentiated
macrophages exposed to inorganic minerals (Merkel et
al., 1999). Atherosclerotic plaque, being rich in
monocytes and macrophages (Gerrity and Naito, 1980)
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allocates an inexhaustible source of preosteoclasts.
Maturation of these cells in osteoclasts requires the
presence of two cytokines: the Monocytes Colony-
Stimulating Factor (M-CSF) and the RANKL
(Matsuzaki et al., 1998), being also detected in the
atherosclerotic lesions (Clinton et al., 1992; Rosenfeld et
al., 1992). Along with their presence in deconstruction
of bone formations, macrophages might indirectly
contribute to vascular calcification by producing
cytokines and lipid oxidation products.

The precise mechanism of vascular calcification still
remains unknown. However, in vivo and in vitro studies
have shown that the OPG/RANKL/RANK axis
participates in that process, but it has not been
determined whether its contribution is beneficial or
harmful. In the present review the latest knowledge
regarding OPG/RANKL/RANK axis participation on
vascular disease, including atherosclerosis, will be
indicated.

Pathophysiology, structure and function of OPG and
RANKL

OPG was isolated simultaneously by two different
laboratories, and three synonyms, such as
Osteoclastogenesis Inhibitory Factor (OCIF) (Yasuda et
al., 1998), TNF-receptor Related Molecule-1 (TR1)
(Kwon et al., 1998) and Follicular Dendritic Cell-
derived Receptor-1 (FDCR) (Yun et al., 1998), have
been eventually suggested. According to the American
Society of Bone and Mineral Research Committee
(ASBMRC), the use of the term OPG has been decided,
as it implies its bone protective characteristics. 

The human gene of OPG has been mapped and
cloned, being located on chromosome 8q 23-24 and
consisting of five exons (Hilton et al., 2001). Its
activation begins between the 8th and 9th day of
embryogenesis (Mizuno et al., 1998). OPG, member of
the TNF-R superfamily, is a soluble glycoprotein
consisting of 380 amino acids. It exists in two forms: as
a monomeric of 60 KDa, and as homodimeric form
linked with disulfide bond of 120 KDa, which is the
active one (Yamaguchi et al., 1998). OPG consists of
seven structural regions. (Fig. 1) Regions 1-4 of amino-
terminal cystein rich domain resemble the extracellular
structural regions of other members of the TNF-R family
(Baker and Reddy, 1998). These regions are considered
to be responsible for the downregulation of
osteoclastogenesis. Regions 5 and 6 of carboxy-terminal
(COOH) domain contain structures similar to those
found in the cytoplasmic region of apoptosis mediators
such as TNF-R1, DR3, CD95/Fas and TNF-related
Apoptosis Inducing Ligand (TRAIL) receptors
(Chinnaiyan et al., 1996; Itoh and Nagata, 1993;
Walczak et al., 1997). Indeed, OPG regions 5 and 6
appear to transmit an apoptotic message when expressed
in the protein complex of OPG/Fas, in which the
transmembrane region of Fas enters between regions 4
and 5 of OPG (Yamaguchi et al., 1998). However, the

members of TNF superfamily, which contain in their
molecule regions that are related to apoptosis, have the
ability to stimulate alternative signaling pathways, thus
anticipating rather than promoting apoptosis (Lee et al.,
1998). Finally, OPG region 7 includes a heparin-binding
segment, a common feature of peptide growth factors
(Leung et al., 1989; Eriksson et al., 1991; Zhang et al.,
1991) and a cystein residue essential for disulfide bond
formation and dimerization (Yamaguchi et al., 1998).
(Fig. 1)

OPG is produced by an abundance of tissues,
including the cardiovascular system, lungs, kidneys,
bone, small and large intestine as well as by
hematopoietic and immune cells (Simonet et al., 1997;
Tan et al., 1997; Yun et al., 1998). In bone tissue, OPG is
produced by osteoblasts, while in vessels by endothelial
cells and VSMCs. Molecules that upregulate the
excretion of OPG by osteoblasts are: cytokines IL-1α,
IL-6, IL-11, IL-17, IL-18, TNF-α, TNF-ß, BMP-2,
estrogens, calcium, vitamin D3, angiotensin II and
platelet derived growth factor (PDGF) (Takai et al.,
1998; Vidal et al., 1998; Hofbauer et al., 1999;
Brandstrom et al., 2001; Collin-Osdoby et al., 2001;
Makiishi et al., 2001; Saika et al., 2001; Wan et al.,
2001). On the other hand, parathyroid hormone,
glucocorticoids, prostaglandin E2, immunosuppressant
medicines, peroxisome proliferators activated receptor
(PPAR-γ) and basic fibroblast growth factor (bFGF)
downregulate OPG production (Vidal et al., 1998;
Nakagawa et al., 1999; Onyia et al., 2000; Brandstrom et
al., 2001; Hofbauer et al., 2001). 

RANKL also belongs to the TNF superfamily. It is a
transmembrane glycoprotein of 316 amino acids with a
molecular mass of 38 KDa, and its extracellular region
forms a trimer (Hofbauer and Heufelder, 2001; Schoppet
et al., 2002; Walsh and Choi, 2003; Hofbauer and
Schoppet, 2004; Sattler et al., 2004). RANKL also exists
in a soluble form, which is either excreted by T-
lymphocytes or is extracted proteolytically (through
metalloproteinases action). RANKL was initially
recognized as a cytokine with the ability to stimulate T-
lymphocytes and dendritic cells, and for this reason the
term TNF-Related Activation-Induced Cytokine
(TRANCE) was suggested (Wong et al., 1997). RANKL
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Fig 1. Functional structure of OPG: The regions 1-4 of amino-terminal
cystein rich domain are responsible for the inhibit ion of
osteoclastogenesis. The regions 5-6 of carboxy-terminal domain
resembles cytoplasmic region of apoptosis mediators and region 7
includes a heparin-binding segment.



was cloned simultaneously by two different research
groups, and due to its ability to promote differentiation,
function and survival of osteoclasts, was named
Osteoclasts Differentiation Factor (ODF) (Yasuda et al.,
1998) and Osteoprotegerin Ligand (OPGL) (Lacey et al.,
1998). The gene responsible for OPGL is located on
chromosome 13q 14. The TNF family mediates an
abundance of biological phenomena; it participates in
the process of inflammation, in organogenesis, in the
response of the immune system to exogenous and
endogenous antigens and in the apoptotic process.
RANKL is also involved in the development and the
function of the bony tissue, the immune and, potentially,
the cardiovascular system.

RANKL is produced by stromal cells, osteoblasts of
the reticular bony tissue, cells of the cardiovascular
system and activated T-lymphocytes (Hofbauer and
Heufelder, 2001; Schoppet et al., 2002; Walsh and Choi,
2003; Hofbauer and Schoppet, 2004; Sattler et al., 2004).
RANKL is upregulated in osteoblasts and stromal cells
by cytokines IL-1_, IL-6, IL-11, IL-17, TNF-α, calcium,
vitamin D3, parathyroid hormone, glucocorticoids,
prostaglandin E2, and immunosuppressive drugs and is
downregulated by TGF-ß (Kong et al., 2000). 

Actions of OPG and RANKL

Role of OPG and RANKL in skeletal and immune system 

RANKL acts via its binding to RANK, a
transmembrane receptor on the surface of
monocytes/macrophages including dendritic cells,
osteoclasts and their precursor cells. Post binding,
RANKL induces intracellular signals that regulate cell
differentiation, function and survival (Hofbauer and
Heufelder, 2001; Schoppet et al., 2002; Walsh and Choi,
2003; Hofbauer and Schoppet, 2004; Sattler et al., 2004).
RANKL actions are suspended by OPG, which acts as a
soluble decoy receptor to prevent RANKL/RANK
binding (Hofbauer and Heufelder, 2001; Schoppet et al.,
2002; Walsh and Choi, 2003; Hofbauer and Schoppet,
2004; Sattler et al., 2004). Apart from RANKL, OPG
binds and neutralizes the actions of pro-apoptotic factor
TRAIL. In bone marrow, RANKL is produced by
osteoblasts and osteoblastic fibroblastic stromal cells.
Osteoclast precursor cells exposed to M-CSF and
RANKL are able to differentiate into mature osteoclasts
within a week (Lacey et al., 2000). The presence of M-
CSF and RANKL is necessary and sufficient for this
process (Lacey et al., 1998; Yasuda et al., 1998; Suda et
al., 1999), while only RANKL is required to activate
mature osteoclasts and bone resorption (Burgess et al.,
1999). The RANKL/OPG ratio determines bone
remodeling and bone mass. Mechanistically, most
osteotropic signals act through changing the expression
of RANKL and OPG (Hofbauer and Heufelder, 2001;
Schoppet et al., 2002; Walsh and Choi, 2003; Hofbauer
and Schoppet, 2004; Sattler et al., 2004). It has been
shown by in vivo studies that injecting RANKL into

normal adult mice can increase the size of osteoclasts
and their bone-absorbent ability, resulting in systemic
hypocalcaemia (Lacey et al., 1998). Disruption of the
actions of RANKL inhibits osteoclast formation and
function and results in extensive osteopetrotic phenotype
(Kong et al., 1999). On the other hand, transgenic
expression of OPG in mice causes osteopetrosis, while
mice expressing OPG-/- genotype present extensive
osteoporosis and catabolism of the bony tissue due to the
unhindered action of RANKL to stimulate osteoclast
formation, activity and survival (Bucay et al., 1998). The
observation that these mice also present calcification of
the medium tunic of aorta and renal arteries appeared
interesting (Bucay et al., 1998). OPG administration in
animals prevents bone loss due to lack of estrogens or
tumor-induced osteolysis (Hofbauer and Schoppet,
2004).

Apart from regulating bone density, RANKL and
OPG are essential for dendritic cell functions, lymph
node and T-lymphocytes development (Dougall et al.,
1999; Kong et al., 1999; Walsh and Choi, 2003). Binding
of T-cells’ RANKL to dendritic cells’ RANK promotes
dendritic cell survival and their ability to produce
cytokines, and stimulates T-cells’ activation,
proliferation and survival (Walsh and Choi, 2003).
RANKL is involved in antigen surveillance, T-cell
memory formation, immunogenic tolerance and
autoimmune disease prevention. Increased RANKL
production by activated T-lymphocytes is related to bone
and joint destruction in an experimental model of
adjuvant arthritis in mice (Kong et al., 1999). OPG
deficient mice presented disturbance in B-cell
maturation and antibody response (Yun et al., 2001). In
addition, mice lacking RANKL or RANK have had
defective maturation of T- and B-cells and appearance of
lymph node development (Bucay et al., 1998; Kong et
al., 1999; Dougall et al., 1999). 

The OPG/RANKL/RANK axis is undoubtedly of
central importance in regulating immune and skeletal
tissue. Recent data revealed that the vascular system is
also involved in this axis. Vascular endothelial cells are
leading coordinators of inflammatory response, and
immune-mediated mechanisms are involved in an
abundance of vascular diseases, including vascular
calcification. Moreover, vascular calcification may
involve differentiation of osteogenic cells from VSMC
or calcifying vascular cells, expression of multiple
ossification-related molecules, formation of calcified
structures resembling bone, and attendance of T-cells,
macrophages and endothelial cells, which may constitute
the source or target of OPG/RANKL/RANK actions. It
seems possible that the OPG/RANKL/RANK axis exerts
an important role in the vascular system through
immunobiologic and osteogenetic mechanisms.

Cross-correlation of vascular calcif ication with
ossification and osteoporosis

The idea that vascular calcification is related to
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ossification was presumed to be due to the interactions
of vascular and bone cells during the embryonic
development of the skeletal system. Bone formation
depends on an underlying vascular architecture. During
embryonic development, endochondrial ossification is
followed by invasion of neoangiogenic vessels into
calcified cartilage parenchyma. At a later stage,
preosteoblasts, emanating from vasculature pericytes or
mesenchymal blood cells, initiate the mineralization of
osteoid (Gerber and Gerrara, 2000). Neoangiogenesis is
essential for fracture healing along with embryogenesis.

Vascular calcification appears to be closely related to
chronic inflammatory atherosclerosis. The mechanism of
ectopic ossification and chronic inflammation is not
completely clarified. It is likely that activated immune
cells migrate to sites of inflammation and release
cytokines and generates free radicals, both participating
in increased lipid oxidation in the arterial wall (Fiore and
Serhan, 1990). In a later stage these factors may modify
osteogenic regulatory genes, influencing the
differentiation of mesenchymal cells. For example,
cytokines and oxidized lipids promote the osteoblastic
differentiation of calcifying vascular cells (CVCs)
(Tintut et al., 2000, 2003; Romanov et al., 2003) (Fig. 2).

Vascular calcification and osteoporosis usually occur
at the same time, presenting similar risk factors, such as
age, chronic renal failure, inflammatory diseases, use of
glucocorticoids and estrogen deficiency (Parhami et al.,
1997; Min et al., 2000; Glass and Witztum, 2001;

Hofbauer and Schoppet, 2001, 2004; Kiel et al., 2001;
Sattler et al., 2004). Osteoporotic patients present more
often with vascular calcification and, in plain
radiographs, calcium deposits in the aortic wall can be
noted in the presence of osteopenic vertebrae (Parhami
et al., 1997; Min et al., 2000; Glass and Witztum, 2001;
Hofbauer and Schoppet, 2001; Kiel et al., 2001).
Epidemiologic studies confirmed an increased rate of
osteoporosis in individuals presenting atherosclerosis,
cardiovascular diseases or calcified aorta. In fact, the
degree of atherosclerotic plaque calcification approaches
bone loss, leading to the transport of resorbed bone
calcium into the arterial wall (Hak et al., 2000; Hofbauer
and Schoppet, 2001). This process seems to involve
OPG as a basic ligand between bone tissue and the
vascular system (Hofbauer and Heufelder, 2001;
Hofbauer and Schoppet, 2001).

In vivo observations

Experimental animal studies 

Besides osteoporosis, two thirds of OPG-/- mice also
presented medial calcification of renal and aortic arteries
in sites where endogenous OPG is normally expressed
(Bucay et al., 1998; Min et al., 2000). This implies that
OPG exerts a certain protective role in vivo and
represents the link between osteoporosis and vascular
calcification (Bucay et al., 1998; Hofbauer and
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Fig 2. Hypothetic cross-correlation of
ossif ication and osteoporosis with
vascular calcification. OPG deficiency
results in osteoporosis and arterial
calcification. Induction of OPG expression
prevents vascular calcif ication and
osteoporosis. RANKL is necessary for
osteoclast differentiation and activation
and probably mediates or even induces
calcium intraposition on arterial wall.



Heufelder, 2001; Hofbauer and Schoppet, 2001).
Calcified arteries of OPG-/- mice express RANKL and
RANK, proteins that were not detectible in normal
vasculature, whereas close to calcifying vascular cells
that produce RANKL, multinucleated RANK+
osteoclast-like cells were noted (Min et al., 2000).

Retrospective studies have shown that transgenic
administration of OPG to OPG-/- mice from
midgestation through adulthood prevents vascular
calcification, while postnatal administration of OPG
cannot reverse it once it has occurred (Min et al., 2000).
However, both treatments were sufficient in reversing
osteoporosis (Min et al., 2000).

It has been reported that parenteral administration of
OPG prevents vascular calcification caused by warfarin
or high doses of vitamin D treatment, without reducing
serum calcium or phosphate levels (Price et al., 2001).
Vascular calcification was also observed in the matrix
GLA protein (MGP) knockout mice. MGP is a protein
produced by VSMCs and chondrocytes and is found in
vessel and cartilage extracellular matrix. It has been
suggested that MGP may protect the arterial wall by
inhibiting BMP-2 (Price et al., 2000; Wallin et al., 2000;
Rutsch and Terkeltaub, 2003).

Additionally, mice with mutation in gene klotho,
responsible for glycolipid breakdown, developed arterial
medial calcification and osteopenia, presenting increased
serum OPG levels (Yamashita et al., 2002). Endogenous
klotho protein provides cardiovascular protection
mediated by nitric oxide (Saito et al., 1998).

Clinical studies 

Endothelial cells and VSMCs normally produce
OPG, whereas its levels are particularly increased in
aorta and renal arteries. On the other hand, RANKL and
RANK are not detected in normal vasculature (Min et

al., 2000; Saika et al., 2001; Schoppet et al., 2002, 2004;
Kaden et al., 2004). Small quantities of RANKL have
been detected in initial stages of atherosclerosis, whereas
in advanced lesions and calcified vessels and valves
OPG remained constant, or decreased slightly, while the
expression of RANKL and RANK was simultaneously
increased. In atherosclerotic lesions, OPG was located
around calcified bone-like structures, and RANKL was
associated with the adjoining matrix (Dhore et al., 2001)
(Table 1).

Blood serum OPG levels are supposed to increase in
individuals with vascular calcification and coronary
disease (Schoppet et al., 2003), myocardial infraction
(Ueland et al., 2004), diabetic microangiopathy
(Browner et al., 2001; Knudsen et al., 2003; Schoppet et
al., 2003; Anand et al., 2006), peripheral arterial disease
(PAD) (Ziegler et al., 2005; Moran et al., 2005) and
postmenopausal women with osteoporosis. In
individuals undergoing myocardial infarction, serum
OPG levels were increased in the acute phase, whereas
in the follow-up a progressive reduction of these OPG
levels was reported. On the contrary, OPG levels
remained increased even after the acute phase in those
who passed away (Jono et al., 2002; Ueland et al., 2004;
Avignon et al., 2005). Higher serum OPG levels were
also detected in symptomatic carotid artery stenosis
patients compared to asymptomatic ones (Golledge et
al., 2004; Kiechl et al., 2004; Vik et al., 2007). In
patients with complications of diabetic microangiopathy
significantly increased plasma OPG concentrations have
been referred (Browner et al., 2001; Knudsen et al.,
2003; Schoppet et al., 2003; Anand et al., 2006). Patients
with clinical stage III or IV PAD present increased OPG
plasma concentrations in comparison to those without
ischemic ulcerations (Moran et al., 2005; Ziegler et al.,
2005). Statistical analysis of serum OPG levels in vivo,
proved serum OPG as an independent prognostic factor
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Table 1. Clinical data regarding OPG and RANKL in vascular diseases.

OPG: osteoprtegerin, CAD: carotid artery disease, AMI: acute myocardial infarction, OPN: osteopontin, RANKL: receptor activator of nuclear factor κB
ligand, PAD: peripheral arterial disease.

Disease states Results References

Diabetic microangiopathy
• increased plasma OPG levels in diabetic type II patients
• more intense increased plasma OPG levels in patients with microvascular

complications

Knudsen et al., 2003; Schoppet
et al., 2003; Anand et al., 2006;
Browner et al., 2001

CAD and AMI • the increased plasma OPG values were higher in the CAD than in the non-CAD
group of patients with persistently higher plasma OPG levels in non-survivors

Ueland et al., 2004; Avignon et
al., 2005; Jono et al., 2002

Mönckeberg sclerosis • OPG mRNA was evident in the vicinity of calcified areas in the medial layer 
• RANKL protein and mRNA were barely or not detectable

Schoppet et al., 2004

Carotid stenosis
• increased OPG and OPN expression levels on endarterectomy specimens

removed from symptomatic patients
• no difference in RANKL expression in relation with patients’ symptoms

Kiechl et al., 2004; Golledge et
al., 2004; Vik, 2007

PAD • increased plasma OPG levels in patients with PAD with clinical stages III–IV
compared to those noted in patients without ischemic ulcerations

Ziegler et al., 2005; 
Moran et al., 2005



for cardiovascular disease (Schoppet et al., 2003). 
As has been mentioned above, individuals with

cardiovascular diseases present elevated serum OPG
levels, and this is a predictor of lesion advance.
Elevation of OPG is in contrast to its protective role
upon the arterial wall by inhibiting osteoclast and
endothelial cell apoptosis. Is the increase of serum OPG
levels the cause or the result of vascular calcification?

Serum OPG levels’ elevation may be the result of
the human organism’s effort to protect the vascular
tissue after the initiation of the atherosclerotic process -
measurements in experimental studies concern total
serum OPG level and not the free one, therefore this
increase is probably due to the binding of OPG to
RANKL and TRAIL. OPG levels may also be increased
secondarily, due to the inflammatory cytokines produced
in atherosclerosis (Fig. 3). The simultaneous
determination of OPG and RANKL levels in both
atherosclerotic lesions and serum should help to
delineate the participation of these molecules in
atherosclerotic process.

Conclusions

The TNF superfamily members OPG/RANKL/
RANK are undoubtedly mediators of bone
mineralization. In the vasculature, OPG is normally
produced by ECs and VSMCs, and RANKL is only
present at calcified vessels, at high concentrations. 
OPG-/- mice present arterial medial calcification and

osteoporosis, while transgenic administration of OPG to
them reverses this process. In addition, administration of
OPG prevents experimentally induced vascular
calcification. It becomes evident that the mechanisms
related to osteoporosis resemble those of arterial
calcification, both presenting a common participation of
the axis OPG/RANKL/RANK. 

In most osteoporotic patients with vascular
calcification, radiographs reveal that calcium deposits in
the aortic wall are observed exactly in front of
osteoporotic and degenerated vertebrae. 

In vascular diseases, serum OPG levels are increased
and seem to correlate to symptoms and advance of
lesions. Additionally, after acute myocardial infraction,
in symptomatic carotid artery stenosis and degenerative
aortic aneurysm an increased level of OPG has been
noted. OPG concentrations on arterial atherosclerotic
plaque are proportional to histological lesion advance.
Serum OPG levels seem to be an independent prognostic
factor for cardiovascular diseases. 

Moreover, OPG effects may differ depending on the
stage of atherosclerotic lesion. In early stages OPG may
be increased in order to protect vessels, by activating
inflammatory pathways, in the effort to compensate
vasculature damage. As the lesion progresses, OPG may
become injurious to the vessels or is just unable to
reverse the procedure of calcification. The role of OPG
in plaque stability remains still unknown. Localized
calcification process results in areas of different stiffness
across the plaque that renders it more fragile. 
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Fig. 3. RANKL and OPG include production and excretion of
cytokines and lipids oxidation, which constitutes the beginning
of atherosclerosis. Furthermore OPG inhibits apoptotic actions
of TRAIL resulting in medial hyperplasia in arteries.



The anti-apoptotic functions of OPG also seem to be
contradictory. Factors that contribute to the process of
atherosclerosis are apoptotic elements that constitute the
nucleus around which inorganic minerals are deposited.
Binding of OPG to the anti-apoptotic factor TRAIL
inhibits the above mechanism. On the other hand,
supression of apoptosis in VSMCs can reinforce the
arterial medial calcification. 

Existing data suggest the beneficial effects of the
OPG on the arterial wall. However, there are still
numerous queries that need to be solved. Why do serum
OPG levels increase in vascular calcification? Are they
the result or the cause of the process? How can that
affect clinical assessment, treatment or even prevention?
Further studies and experimental models are required to
clarify the participation of each molecule of the
OPG/RANK/RANKL axis in vascular atherosclerotic
calcification, especially the measurement of free OPG
serum levels. 

References

Anand D., Lahiri A., Lim E., Hopkins D. and Corder R. (2006). The
relationship between plasma osteoprotegerin levels and coronary
artery calcification in uncomplicated type 2 diabetic subjects. J. Am.
Coll Cardiol. 47, 1850-1875.

Anderson C.E. and Parker J. (1966). Invasion and resorption in
endochondrial ossification. An electron microscopic study. J. Bone
Joint Surg. 48, 899-914.

Avignon A., Sultan A., Piot C., Elaerts S., Cristol J. and Dupuy A.
(2005). Osteoprotegerin is associated with silent coronary artery
disease in high-risk but asymptomatic type 2 diabetic patients.
Diabetes Care 28, 2176-2180.

Baker S.J. and Reddy E.P. (1998). Modulation of life and death by the
TNF receptor superfamily. Oncogene 17, 3261-3270.

Bostrom K., Watson K.E., Horn S., Wortham C., Herman I.M. and
Demer L.L. (1993). Bone morphogenetic protein expression in
human atherosclerotic lesions. J. Clin. Invest. 91, 1800-1809.

Brandstrom H., Bjorkmann T. and Ljunggren O. (2001). Regulation of
osteoprotegerin secretion from primary cultures of human bone
marrow stromal cells. Biochem. Biophys. Res. Commun. 280, 831-
835.

Browner W., Lui L. and Cumming S. (2001). Associations of serum
osteoprotegerin levels with diabetes, stroke, bone density, fractures
and mortality in elderly women. J. Clin. Endocrinol. Metab. 86, 631-
637.

Bucay N., Sarosi I., Dunstan C., Morony S., Tarpley J., Capparelli C.,
Scully S., Tan H., Xu W., Lacey D., Boyle W. and Simonet W.
(1998). Osteoprotegerin-deficient mice develop early onset
osteoporosis and arterial calcification. Genes Dev. 12, 1260-1268

Burgess T.L., Qian Y., Kaufman S., Ring B.D., Van G., Capparelli C.,
Kelley M., Hsu H., Boyle W., Dunstan C., Hu S. and Lacey D.
(1999). The ligand for osteoprotegerin (OPGL) directly activates
mature osteoclasts. J. Cell Biol. 145, 527-538.

Chinnaiyan A.M., O’Rourke K., Yu G.L., Lyons R.H., Garg M., Duan
D.L., Xing L., Gentz R., Ni J. and Dixit V.M. (1996). Signal
transduction by DR3, a death domain–containing receptor related to
TNFR-1 and CD95. Science 274, 990-992.

Clinton S.K., Underwood R., Hayes L., Sherman M.L., Kufe D.W. and

Libby P. (1992). Macrophage colony-stimulating factor gene
expression in vascular cells and in experimental and human
atherosclerosis. Am. J. Pathol. 140, 301-316.

Collin-Osdoby P., Rothe L., Anderson F., Nelson M., Maloney W. and
Osdoby P. (2001). Receptor activator of NF-κB and osteoprotegerin
expression by human microvascular cells, regulation by
inflammatory cytokines, and role in human osteoclastogenesis. J.
Biol. Chem. 276, 20659-20672.

Demer L.L., Watson K.E. and Bostrom K. (1994). Mechanism of
calcification in atherosclerosis. Trends Cardiovasc. Med. 4, 45-49.

Dhore C.R., Cleutjens J.P., Lutgens E., Cleutjens K.B., Geusens P.P.,
Kitslaar P.J., Tordoir J.H., Spronk H.M., Vermeer C. and Daemen
M.J. (2001). Differential expression of bone matrix regulatory
proteins in human atherosclerotic plaques. Arterioscler. Thromb.
Vasc. Biol. 21, 1998-2003.

Dougall W., Glaccum M., Charrier K., Rohrbach K., Brasel K., De Smedt
T., Daro E., Smith J., Tometsko M., Maliszewski C., Armstrong A.,
Shen V., Bain S., Cosman D., Anderson D., Morrissey P., Peschon
J. and Schuh J. (1999). RANK is essential for osteoclast and lymph
node development. Genes Dev. 13, 2414 -2424.

Eriksson A.E., Cousens L.S., Weaver L.H. and Matthews B.W. (1991).
Three dimensional structure of human basic fibroblast growth factor.
Proc. Natl. Acad. Sci. USA 88, 3441-3445.

Feldman T., Glagov S. and Carroll J.D. (1993). Restenosis following
successful balloon valvuloplasty: bone formation in aortic valve
leaflets. Cathet. Cardiovasc. Diagn. 29, 1-7.

Fiore S. and Serhan C.N. (1990). Formation of lipoxins and leukotrienes
during receptor-mediated interactions of human platelets and
recombinant human granulocyte/macrophage colony-stimulating
factor-primed neutrophils. J. Exp. Med. 172, 1451-1457 

Gerber H.P. and Ferrara N. (2000). Angiogenesis and bone growth.
Trends Cardiovasc. Med. 10, 223-228.

Gerrity R.G. and Naito H.K. (1980). Ultrastructural identification of
monocytederived foam cells in fatty streak lesions. Artery 8, 208-
214.

Giachelli C., Bae N., Lombardi D., Majesky M. and Schwartz S. (1991).
Molecular cloning and characterization of 2B7, a rat mRNA which
distinguishes smooth muscle cell phenotypes in vitro and is identical
to osteopontin (secreted phosphoprotein I, 2aR). Biochem. Biophys.
Res. Commun. 177, 867-873.

Giachelli C.M, Bae N., Almeida M., Denhardt D.T., Alpers C.E. and
Schwart S.M. (1993). Osteopontin is elevated during neointima
formation in rat arteries and is a novel component of human
atherosclerotic plaques. J. Clin. Invest. 92, 1686-1696.

Glass C. and Witztum J. (2001). Atherosclerosis: The road ahead. Cell
104, 503-516.

Golledge J., McCann M., Mangan S., Lam A. and Karan M. (2004).
Osteoprotegerin and osteopontin are expressed at high
concentrations within symptomatic carotid atherosclerosis. Stroke
35, 1636-1641.

Hak A., Pols H., van Hemert A., Hofman A. and Witteman J. (2000).
Progression of aortic calcification is associated with metacarpal
bone loss during menopause: a population-based longitudinal study.
Arterioscler. Thromb. Vasc. Biol. 20, 1926 -1931.

Hilton M.J., Gutierrez L., Zhang L., Moreno P.A., Reddy M., Brown N.,
Tan Y., Hill A. and Wells D.E. (2001). An integrated physical map of
8q22-q24: use in positional cloning and deletion analysis of Langer-
Giedion syndrome. Genomics 71, 192-199.

Hirota S., Imakita M., Kohri K., Ito A., Morii E., Adachi S., Kim H.M.,

503

OPG/RANKL/RANK



Kitamura Y.,Yutani C. and Nomura S. (1993). Expression of
osteopontin messenger RNA by macrophages in atherosclerotic
plaques. A possible association with calcification. Am. J. Pathol.
143, 1003-1008.

Hofbauer L. and Heufelder A. (2001). Role of receptor activator of
nuclear factor-κB ligand and osteoprotegerin in bone cell biology. J.
Mol. Med. 79, 243-253.

Hofbauer L. and Schoppet M. (2001). Osteoprotegerin: a link between
osteoporosis and arterial calcification? Lancet 358, 257-259.

Hofbauer L. and Schoppet M. (2004). Clinical implications of the
osteoprotegerin/RANKL/RANK system for bone and vascular
disease. JAMA 292, 490-495 

Hofbauer L.C., Khosla S., Dunstan C.R., Lacey D.L., Spelsberg T.C.
and Riggs B.L. (1999). Estrogen stimulates gene expression and
protein production of osteoprotegerin in human osteoblastic cells.
Endocrinology 140, 4367-4370.

Hofbauer L.C., Shui C., Riggs B.L., Dunstan C.R., Spelsberg T.C.,
O’Brien T. and Khosla S. (2001). Effects of immunosuppressants on
receptor activator of NF-κB ligand and osteoprotegerin production by
human osteoblastic and coronary smooth muscle cells. Biochem.
Biophys. Res. Commun. 280, 334–339.

Hunt J.L., Fairman R., Mitchell M.E., Carpenter J.P., Golden M.,
Khalapyan T., Wolfe M., Neschis D., Milner R., Scoll B,. Cusack A.
and Mohler E.R. 3rd. (2002). Bone formation in carotid plaques: a
clinicopathological study. Stroke 33, 1214-1219.

Ikeda T., Shirasawa T., Esaki Y., Yoshiki S. and Hirokawa K. (1993).
Osteopontin mRNA is expressed by smooth muscle-derived foam
cells in human atherosclerotic lesions of the aorta. J. Clin. Invest.
92, 2814-2820.

Itoh N. and Nagata S. (1993). A novel protein domain required for
apoptosis: mutational analysis of human Fas antigen. J. Biol. Chem.
268, 10932-10937.

Jono S., Ikari Y., Shioi A., Mori K., Miki T., Hara K. and Nishizawa Y.
(2002). Serum osteoprotegerin levels are associated with the
presence and severity of coronary artery disease. Circulation 106,
1192-1194.

Kaden J., Bickelhaupt S., Grobholz R., Haase K., Sarikoc A., Kilie R.,
Brueckmann M., Lang S., Zahn I., Vahl C., Hagl S., Dempfle C. and
Borggrefe M. (2004). Receptor activator of nuclear factor kappaB
ligand and osteoprotegerin regulate aortic valve calcification. J. Mol.
Cell Cardiol. 36, 57-66.

Kiel D., Kauppila L., Cupples L., Hannan M., O’Donnell C. and Wilson P.
(2001). Bone loss and the progression of abdominal aortic
calcification over a 25 year period: the Framingham Heart Study.
Calcif. Tissue Int. 68, 271-276.

Kiechl S., Schett G., Wenning G., Redlich K., Oberhollenzer M., Mayr
A., Santer P., Smolen J., Poewe W. and Willeit J. (2004).
Osteoprotegerin is a risk factor for progressive atherosclerosis and
cardiovascular disease. Circulation 109, 2175-2180.

Knudsen S., Foss C., Poulsen P., Andersen N., Mogensen C. and
Rasmussen L. (2003). Increased plasma concentrations of
osteoprotegerin in type 2 diabetic patients with microvascular
complications. Eur. J. Endocrinol. 149, 39-42.

Kong Y., Yoshida H., Sarosi I., Tan H., Timms E., Capparelli C., Morony
S., Oliveira-dos Santos A., Van G., Itie A., Khoo W., Wakeham A.,
Dunstan C., Lacey D., Mak T., Boyle W. and Penninger J. (1999).
OPG is a key regulator of osteoclastogenesis, lymphocyte
development and lymph node organogenesis. Nature 397, 315-323

Kong Y.Y., Boyle W.J. and Penninger J.M. (2000). Osteoprotegerin

ligand: a regulator of immune responses and bone physiology.
Immunol. Today 21, 495-502.

Kwon B.S., Wang S., Udagawa N., Haridas V., Lee Z.H., Kim K.K., Oh
K.O., Greene J., Li Y., Su J., Gentz R., Aggarwal B.B. and Ni J.
(1998). TR1, a new member of the tumor necrosis factor receptor
family, induces fibroblast proliferation and inhibits
osteoclastogenesis and bone resorption. FASEB J. 12, 845-854.

Lacey D., Timms E., Tan H., Kelley M., Dunstan C., Burgess T., Elliott
R., Colombero A., Elliott G., Scully S., Hsu H., Sullivan J., Hawkins
N., Davy E., Capparelli C., Eli A., Qian Y., Kaufman S., Sarosi I.,
Shalhoub V., Senaldi G., Guo J., Delaney J. and Boyle W. (1998).
Osteoprotegerin ligand is a cytokine that regulates osteoclast
differentiation and activation. Cell 93, 165-176. 

Lacey D.L., Tan H.L., Lu J., Kaufman S., Van G. and Qiu W. et al.
(2000). Osteoprotegerin ligand modulates murine osteoclast survival
in vitro and in vivo. Am. J. Pathol. 157, 435-448. 

Lee S.Y., Kaufmann D.R., Mora A.L., Santana A., Boothby M. and Choi
Y. (1998). Stimulus-dependent synergism of the antiapoptotic tumor
necrosis factor receptor-associated factor 2 (TRAF2) and nuclear
factor-kB pathways. J. Exp. Med. 188, 1381-1384.

Leung D.W., Cachianes G., Kuang W.J., Goeddel D.V. and Ferrara N.
(1989). Vascular endothelial growth factor is a secreted angiogenic
mitogen. Science 246, 1306–1309.

Makiishi-Shimobayashi C., Tsujimura T., Iwasaki T., Yamada N.,
Sugihar A., Okamura H., Hayashi S. and Terada N. (2001).
Interleukin-18 up-regulates osteoprotegerin expression in
stromal/osteoblastic cells. Biochem. Biophys. Res. Commun. 281,
361-366.

Matsuzaki K., Udagawa N., Takahashi N., Yamaguchi K., Yasuda H.,
Shima N., Morinaga T., Toyama Y., Yabe Y., Higashio K. and Suda
T. (1998). Osteoclast differentiation factor (ODF) induces osteoclast-
like cell formation in human peripheral blood mononuclear cell
cultures. Biochem. Biophys. Res. Commun. 246, 199-204.

Merkel K.D., Erdmann J.M., McHugh K.P., Abu-Amer Y., Ross F.P. and
Teitelbaum S.L. (1999). Tumor necrosis factor-a mediates
orthopedic implant osteolysis. Am. J. Pathol. 154, 203-210.

Min H., Morony S., Sarosi I., Dunstan C., Capparelli C., Scully S., Van
G., Kaufman S., Kostenuik P., Lacey D., Boyle W. and Simonet W.
(2000). Osteoprotegerin reverses osteoporosis by inhibiting
endosteal osteoclasts and prevents vascular calcification by
blocking a process resembing osteoclastogenesis. J. Exp. Med. 192,
463- 474.

Mizuno A., Murakami A., Nakagawa N., Yasuda H., Tsuda E., Morinaga
T. and Higashio K. (1998). Structure of the mouse osteoclasto-
genesis inhibitory factor (OCIF) gene and its expression in
embryogenesis. Gene 215, 339-343.

Moran C., McCann M., Karan M. and Norman P. (2005). Association of
osteoprotegerin with human abdominal aortic aneurysm
progression. Circulation 111, 3119-3125

Nakagawa N., Yasuda H., Yano K., Mochizuki S., Kobayashi N.,
Fujimoto H., Shima N., Morinaga T., Chikazu D., Kawaguchi H. and
Higashio K. (1999). Basic fibroblast growth factor induces osteoclast
formation by reciprocally regulating the production of osteoclast
differentiation factor and osteoclastogenesis inhibitory factor in
mouse osteoblastic cells. Biochem. Biophys. Res. Commun. 265,
158-163. 

Onyia J.E., Miles R.R., Yang X., Halladay D.L., Hale J., Glasebrook A.,
McClure D., Seno G., Churgay L., Chandrasekhar S. and Martin T.J.
(2000). In vivo demonstration that human parathyroid hormone 1-38

504

OPG/RANKL/RANK



inhibits the expression of osteoprotegerin in bone with the kinetics of
an immediate early gene. J. Bone Miner. Res. 15, 863-871.

Otto C.M., Kuusisto J., Reichenbach D.D., Gown A.M. and O’Brien K.D.
(1994). Characterization of the early lesion of ’degenerative’ valvular
aortic stenosis. Histological and immunohistochemical studies.
Circulation 90, 844-853.

Parhami F., Morrow A., Balucan J., Leitinger N., Watson A., Tintut Y.,
Berliner J. and Demer L. (1997). Lipid oxidation products have
opposite effects on calcifying vascular cells and bone cell
differentiation. A possible explanation for the paradox of arterial
calcification in osteoporotic patients. Arterioscler. Thromb. Vasc.
Biol. 17, 680-687.

Price P., Faus S. and Williamson M. (2000). Warfarin-induced artery
calcification is accelerated by growth and vitamin D. Arterioscler.
Thromb. Vasc. Biol. 20, 317-327

Price P., June H., Buckley J. and Williamson M. (2001). Osteoprotegerin
inhibits artery calcification induced by warfarin and by vitamin D.
Arterioscler. Thromb. Vasc. Biol. 21, 1610 -1616.

Romanov Y.A., Svintsitskaya V.A. and Smirnov V.N. (2003).Searching
for alternative sources of postnatal human mesenchymal stem cells:
candidate MSC-like cells from umbilical cord. Stem Cells 21, 105-
110.

Rosenfeld M.E., Yla-Herttuala S., Lipton B.A., Ord V.A., Witztum J.L.
and Steinberg D. (1992). Macrophage colony-stimulating factor
mRNA and protein in atherosclerotic lesions of rabbits and humans.
Am. J. Pathol. 140, 291-300.

Rutsch F. and Terkeltaub R. (2003). Parallels between arterial and
cartilage calcification: what understanding artery calcification can
teach us about chondrocalcinosis. Curr. Opin. Rheumatol. 15, 302-
310. 

Saika M., Inoue D., Kido S. and Matsumoto T. (2001). 17ß-estradiol
stimulates expression of osteoprotegerin by a mouse stromal cell
line, ST-2, via estrogen receptor-α. Endocrinology 142, 2205–2212.

Saito Y., Yamagishi T., Nakamura T., Ohyama Y., Aizawa H., Suga T.,
Matsumura Y., Masuda H., Kurabayashi M., Kuro-o M., Nabashima
Y. and Nagai R. (1998). Klotho protein protects against endothelial
dysfunction. Biochem. Biophys. Res. Commun. 248, 324-329.

Sattler A., Schoppet M., Schaefer J. and Hofbauer L (2004). Novel
aspects on RANKL ligand and osteoprotegerin in osteoporosis and
vascular disease. Cacif. Tissue Int. 74, 103-106.

Schoppet M., Preissner K. and Hofbauer L. (2002). RANKL ligand and
osteoprotegerin. Paracrine regulators of bone metabolism and
vascular function. Arterioscler. Thromb. Vasc. Biol. 22, 549-553

Schoppet M., Sattler A., Schaefer J., Herzum M., Maisch B. and
Hofbauer L. (2003). Increased osteoprotegerin serum leveles in men
with coronary artery disease. J. Clin. Endocrinol. Metab. 88, 1024-
1028.

Schoppet M., Al-Fakhri N., Franke F., Katz N., Barth P., Maisch B.,
Preissner K. and Hofbauer L. (2004). Localization of
osteoprotegerin, tumor necrosis factor related apoptosis-inducing
ligand, and receptor activator of nuclear factor-κB in Monckeberg’s
sclerosis and atherosclerosis. J. Clin. Endocrinol. Metab. 89, 4104-
4112.

Shanahan C.M., Cary N.R., Metcalfe J.C. and Weissberg P.L. (1994).
High expression of genes for calcification-regulating proteins in
human atherosclerotic plaques. J. Clin. Invest. 93, 2393-2402.

Simonet W.S., Lacey D.L., Dunstan C.R., Kelley M., Chang M-S., Lüthy
R., Nguyen H.Q., Wooden S., Bennett L., Boone T., Shimamoto G.,
DeRose M., Eliott R., Colombero A., Tan H-L., Trail G., Sullivan J.,

Davy E., Bucay N., Renshaw-Gegg L., Hughes T.M., Hill D., Pattison
W., Campbell P., Sander S., Van G., Tarpley J., Derby P., Lee R.,
Amgen E.S.T. Program and Boyle W.J. (1997). Osteoprotegerin: a
novel secreted protein involved in the regulation of bone density.
Cell 89,159-161.

Suda T., Takahashi N., Udagawa N., Jimi E., Gillespie M.T. and Martin
T.J. (1999). Modulation of osteoclast differentiation and function by
the new members of the tumor necrosis factor receptor and ligand
families. Endocr. Rev. 20, 345-357.

Takai H., Kanematsu M., Yano K., Tsuda E., Higashio K., Ikeda K.,
Watanabe K. and Yamada Y. (1998). Transforming growth factor-ß
stimulates the production of osteoprotegerin/osteoclastogenesis
inhibitory factor by bone marrow stromal cells. J. Biol. Chem. 273,
27091-27096.

Tan K.B., Harrop J., Reddy M., Young P., Terrett J., Emery J., Moore G.
and Truneh A. (1997). Characterization of a novel TNF-like ligand
and recently described TNF ligand and TNF receptor superfamily
genes and their constitutive and inducible expression in
hematopoietic and nonhematopoieticcells. Gene 204, 35-46.

Tanimura A., McGregor D.H. and Anderson H.C. (1983). Matrix vesicles
in atherosclerotic calcification. Proc. Soc. Exp. Biol. Med. 172,
173–177.

Tintut Y., Patel J., Parhami F. and Demer L.L. (2000). Tumor necrosis
factor-α promotes in vitro calcification of vascular cells via the cAMP
pathway. Circulation 102, 2636-2642

Tintut Y., Alfonso Z., Saini T., Radcliff K., Watson K., Bostrom K. and
Demer L.L. (2003). Multilineage potential of cells from the artery
wall. Circulation 108, 2505-2510.

Ueland T., Jemtland R., Godang K., Kjekshus J., Hognestad A., Omland
T., Squire I., Gullestad L., Bollerslev J., Dickstein K. and Aukrust P.
(2004). Prognostic value of osteoprotegerin in heart failure after
acute myocardial infarction. JACC 44, 1970-1976. 

Vidal O.N., Sjogren K., Eriksson B.I., Ljunggren O. and Ohlsson C.
(1998). Osteoprotegerin mRNA is increased by interleukin-1α in the
human osteosarcoma cell line MG-63 and in human osteoblast-like
cells. Biochem. Biophys. Res. Commun. 248, 696-700.

Vik A., Mathiesen E., Noto A., Sveinbjornsson B., Brox J. and Hansen J.
(2007). Serum osteoprotegerin is inversely associated with carotid
plaque echogenicity in humans. Atherosclerosis 191, 128-134.

Walczak H., Degli-Esposti M.A., Johnson R.S., Smolak P.J., Waugh
J.Y., Boiani N., Timour M.S., Gerhart M.J., Schooley K.A., Smith
C.A., Goodwin R.G. and Rauch C.T. (1997). TRAIL-R2: a novel
apoptosis-mediating receptor for TRAIL. EMBO J. 16, 5386-5397.

Wallin R., Cain D., Hutson S., Sane D. and Loeser R. (2000).
Modulation of the binding of matrix Gla protein (MGP) to bone
morphogenic protein-2 (BMP-2). Thromb. Haemost. 84, 1039-1044.

Walsh M. and Choi Y. (2003). Biology of the TRANCE axis. Cytokine
Growth Factor Rev. 14, 251-263.

Wan M., Shi X., Feng X. and Cao X. (2001). Transcriptional
mechanisms of bone morphogenetic protein-induced
osteoprotegerin gene expression. J. Biol. Chem. 276, 10119–10125.

Wong B.R., Rho J., Arron J., Robbinson E., Orlinik J., Chao M.,
Kalachikov S., Cayani E., Bartlett F.III, Frankel W., Lee S. and Choi
Y. (1997). TRANCE is a novel ligand of the tumor necrosis factor
receptor family that activates c-Jun N-terminal kinase in T cells. J.
Biol. Chem. 272, 25190-25194.

Yamaguchi K., Kinosaki M., Goto M., Kobayashi F., Tsuda E., Morinaga
T. and Higashio K. (1998). Characterization of structural domains of
human Osteoclastogenesis inhibitory factor. J. Biol. Chem. 273,

505

OPG/RANKL/RANK



5117-5123.
Yamashita T., Okada S., Higashio K., Nabeshima Y. and Noda M.

(2002). Double mutations in klotho and osteoprotegerin gene loci
rescued osteopetrotic phenotype. Endocrinology 143, 4711-4717.

Yasuda H., Shima N., Nakagawa N., Mochizuki S.I., Yano K., Fujise N.,
Sato Y., Goto M., Yamaguchi K., Kuriyama M., Kanno T., Murakami
A., Tsuda E., Morinaga T. and Higashio K. (1998a). Identity of
osteoclastogenesis inhibitory factor (OCIF) and osteoprotegerin
(OPG): a mechanism by which OPG/OCIF inhibits
osteoclastogenesis in vitro. Endocrinology 139, 1329-1337.

Yasuda H., Shima N., Nakagawa N., Yamaguchi K., Kinosaki M.,
Mochizuki S., Tomayasu A., Yano K., Goto M., Murakami A., Tsuda
E., Morinaga T., Higashio K., Udagawa N., Takahashi N. and Suda
T. (1998b). Osteoclast differentiation factor is a l igand for
osteoprotegerin/osteoclastogenesis- inhibitory factor and is identical
to TRANCE/RANKL. Proc. Natl. Acad. Sci USA 95, 3597-3602.

Yun T.J., Chaudhary P.M., Shu G.L., Frazer J.K., Ewings M.K.,

Schwartz S.M., Pascual V., Hood L.E. and Clark E.A. (1998).
OPG/FDCR-1, a TNF receptor family member, is expressed in
lymphoid cells and is up-regulated by ligating CD40. J. Immunol.
161, 6113–6121.

Yun T., Tallquist M., Aicher A., Rafferty K., Marshall A., Moon J., Ewings
M., Mohaupt M., Herring S. and Clark E. (2001). Osteoprotegerin, a
crucial regulator of bone metabolism, also regulates B cell
development and function. J. Immunol. 166, 1482–1491.

Zhang J.D., Cousens L.S., Barr P.J. and Sprang S.R. (1991). Three-
dimensional structure ofhuman basic fibroblast growth factor, a
structural homolog of interleukin-1. Proc. Natl. Acad. Sci. USA 88,
3446–3450.

Ziegler S., Kudlacek S., Luger A. and Minar E. (2005). Osteoprotegerin
plasma concentrations correlate with severity of peripheral artery
disease. Atherosclerosis 182, 175-180.

Accepted September 28, 2007

506

OPG/RANKL/RANK


