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1. ABSTRACT 
 

Increasing experimental evidence suggests that 
both tumor necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL) and its soluble decoy receptor 
osteoprotegerin (OPG) are involved in vascular biology. In 
particular, emerging data indicate that recombinant soluble 
TRAIL may act as a molecule with potential anti-
inflammatory activity in vascular physiopathology. 
Conversely, the presence of leukocytes expressing 
membrane-bound TRAIL in atherosclerotic lesions might 
be involved in the destabilization of atherosclerotic plaques 
by inducing apoptotic cell death of vascular smooth muscle 
cells in an inflammatory milieu. Also OPG seems to be 
involved in vascular homeostasis, by acting in a paracrine 
or autocrine manner as a survival factor for endothelial 
cells. However, an increased production of OPG may have 
a role in the development of vascular dysfunction likely by 
multiple potential mechanisms, not only related to its 
ability to neutralize TRAIL-activity but also mediated by 
its heparin-binding domain. In this review we have 
summarized and discussed both in vitro and in vivo data 
that suggest potential roles of TRAIL and OPG in vascular 
physiopathology. Further studies are needed to address how 
the TRAIL/OPG interaction, their reciprocal balance and/or 
interplay affect vascular biology in order to design 
innovative therapeutic strategies in vascular diseases. 

 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

The vascular endothelium is a thin monocellular 
layer that covers all the inner surface of the blood vessels, 
separating the circulating blood from the tissues. It is not an 
inactive organ, but plays a key role in the maintenance of 
vascular homeostasis. Under normal conditions, the 
endothelium secretes a variety of vasoactive substances, 
including nitric oxide (NO) and prostacyclins, which 
protect the vascular wall against vasoconstriction, 
inflammatory and proliferative changes, and thrombus 
formation (1-2). Among the plethora of intracellular 
signaling pathways involved in endothelial cell biology, the 
mitogen-activated protein kinase (MAPK)/ extracellular 
signal-regulated kinase (ERK) pathway is a central element 
in transducing mitogenic signals in endothelial cells, while 
phosphatidylinositol 3-kinase (PI3K/Akt) pathway is of 
central importance in conferring survival to endothelial 
cells in response to angiogenic cytokine stimulation, fluid 
shear stress, and matrix attachment signals (3). 

 
Angiogenesis, the formation of capillaries from 

preexistent blood vessels, is an essential process in 
development, reproduction, and tissue repair, which 
however also occurs in the adult under pathological 
conditions such as ischemic disease, arthritis and tumor 
growth. Angiogenesis is stimulated by a number of well-
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Figure 1. Schematic representation of the structure of TRAIL and OPG. Main domains and their biochemical and/or functional 
properties are indicated. NH2 indicates amino-terminus; COOH, carboxy-terminus. 
 
characterized pro-angiogenic cytokines, such as vascular 
endothelial growth factor (VEGF), basic fibroblast growth 
factor (bFGF), platelet-derived growth factor (PDGF), as 
well as by pleiotropic cytokines, such as transforming 
growth factor-beta (TGF-beta) or chemokines, such as 
macrophage inflammatory protein (MIP) (3-7). It is 
increasingly clear that angiogenesis is a tightly regulated 
process, in which endogenous inhibitors of 
revascularization, such as thrombospondin (TSP-1), 
interferon-gamma (IFN-gamma), interleukin-10 (IL-10), 
and tissue inhibitors of metalloproteinases (TIMPs), play a 
role as important as that of pro-angiogenic cytokines (4). In 
addition, two recently recognized inhibitors of 
angiogenesis, angiostatin and endostatin, have been 
identified (3,7,8). A well-characterized effect of pro-
angiogenic cytokines is the promotion of endothelial cell 
survival by inhibiting apoptosis (9-12). In this respect, it 
should be noticed that, upon endothelial injury, loss of the 
anti-thrombotic properties of the vessel wall occurs, and the 
concomitant enhancement of the number of damaged 
circulating endothelial cells acts as a critical initial step in 
the development of atherosclerotic plaques (13-14). Fast 
and complete regeneration of injured endothelium is of 
central importance in the biology of vascular system. The 
endothelial repair may occur by migration and proliferation 
of surrounding mature endothelial cells, processes involved 
also in adult angiogenesis (15). Another important process 
in endothelial physiopathology is inflammation, which is 
mediated by endothelial activation. Long-term exposure of 
endothelial cells to pro-inflammatory cytokines accelerates 
oxidative stress and apoptosis, and promotes leukocyte 
extravasation and thrombosis. Interestingly, anti-
inflammatory cytokines exerting inhibitory effects on 

vascular cells include TGF-beta and IL-10 (16), which 
exert opposite effects on angiogenesis, clearly 
demonstrating that the effects on angiogenesis are 
uncoupled from those on inflammation. However, 
endothelial cells should not be considered passive targets of 
exogenous cytokines, since contribute themselves to 
cytokine secretion (17-19). In fact, it has been clearly 
established that human endothelium is capable of 
expressing a broad spectrum of pro- and anti-inflammatory 
cytokines, including interleukin-1 (IL-1), interleukin-6 (IL-
6), interleukin-8 (IL-8), monocyte chemotactic protein-1 
(MCP-1), granulocyte/macrophage colony stimulating 
factor (GM-CSF), granulocyte CSF (G-CSF), macrophage 
CSF (M-CSF), PDGF, VEGF and FGF (19). Moreover, 
exposure of endothelium to the prototypical pro-
inflammatory cytokine TNF-alpha, results in the rapid 
activation of nuclear factor-kB (NF-kB), which in turn 
modulates the endothelial synthesis of proinflammatory 
cytokines and chemokines (6). In the context of the 
physiopathology of the endothelium, recent findings imply 
a role for TRAIL and OPG, two members of the TNF 
superfamily of cytokines and receptors, respectively. 
 
3. TRAIL AND THE VASCULAR SYSTEM 
 
3.1. TRAIL structure and expression 

TRAIL was originally identified by two 
independent groups and characterized as a member of the 
TNF family of death-inducing ligands (20-21). TRAIL is a 
type II membrane protein of about 33-35 kD, which can be 
cleaved from the cell surface to form a soluble ligand that 
retains biological activity (Figure 1) (22). The extra-cellular 
domain of TRAIL forms a bell shaped homo-trimer, much 
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like other ligands of the TNF family. However, there is a 
unique insertion loop of about 16-20 amino acids in soluble 
TRAIL near its amino-terminal end (Figure 1) (23-25). 
Unlike other members of the TNF ligand family, TRAIL 
carries a zinc ion at the trimer interface, coordinated by the 
single unpaired cysteine residue (Cys 230) of each 
monomer (Figure 1); this zinc ion is essential for structural 
integrity of TRAIL and to maintain its capacity to induce 
apoptosis (23-25). In this respect, in the last years TRAIL 
received particular attention because both full-length 
membrane expressed TRAIL and the soluble ligand can 
rapidly induce apoptosis in a wide variety of human cancer 
cell lines and primary tumors, showing minimal or absent 
toxicity on normal cells (20); thus TRAIL was identified as 
a potential tumor-specific cancer therapeutic. 

 
TRAIL is expressed on the surface of activated 

immune cells, such as natural killer (NK) cells, T cells, 
macrophages and dendritic cells, where it apparently 
functions as an immune effector molecule, mediating 
antitumor cytotoxicity and immune surveillance (26-30). 
Importantly, this biological role of TRAIL is consistent 
with its tumor selective properties, since it implies that 
normal tissues are constitutively protected from circulating 
immune cells bearing TRAIL. Besides, a significant level 
of TRAIL transcript has been detected in many human 
tissues and is expressed constitutively in some cell lines 
(30). Such widespread distribution of TRAIL transcripts 
differs from that of other members of TNF family, which 
suggests that TRAIL may not only be an anti-tumoral 
mediator in vivo. 

 
3.2. TRAIL receptors  

TRAIL can bind to five different receptors found 
on a variety of cell types: four membrane-bound and one 
soluble receptor (31-32). Two of these membrane 
receptors, TRAIL-R1/death receptor 4 (DR4) and TRAIL-
R2/death receptor 5 (DR5), act as agonistic receptors, 
containing a cytoplasmic death domain through which 
TRAIL can transmit an apoptotic signal. The other two 
membrane receptors, TRAIL-R3/decoy receptor 1 (DcR1) 
and TRAIL-R4/decoy receptor 2 (DcR2), can also bind 
TRAIL, but may act as antagonistic receptors, lacking the 
death domain. In addition to these four transmembrane 
receptors, a fifth soluble antagonistic receptor, 
osteoprotegerin (OPG), has been identified. 

 
Among the various receptor-ligand interactions 

described within the TNF-superfamily, the TRAIL/TRAIL-
receptors system is considered to be the most complex (30). 
Like most TNF family members, TRAIL forms a 
homotrimer that binds to the high affinity TRAIL-R1/DR4 
and TRAIL-R2/DR5, inducing the trimerisation of these 
receptors. This leads to the assembly of a death-inducing 
signaling complex (DISC) and the subsequent recruitment 
of the adaptor protein Fas associated death domain (FADD) 
that acts as a bridge between the death receptor complex 
and the pro-domain of the initiator caspase 8. Dimerisation 
of caspase 8 molecules at the DISC leads to the formation 
of mature caspase 8 that is capable of activating 
downstream effector caspases, such as caspases 3, 6 and 7, 
which execute apoptosis (33). This apoptosis pathway is 

referred to as the extrinsic apoptosis pathway. However, in 
certain cell types the activation of initiator caspases must 
be amplified by involvement of the so-called intrinsic 
mitochondrial pathway of apoptosis (34-35). In both cases, 
activated executioner caspases induce apoptosis of TRAIL-
sensitive cells. Concerning the two decoy receptors, 
TRAIL-R3/DcR1, attached to the cell membrane via a GPI 
linker (36-40), lacks the cytoplasmatic region and TRAIL-
R4/DcR2 possesses a truncated death domain (38,41). Thus 
both are unable to confer a pro-apoptotic signal. These 
antagonistic decoy receptors are able to compete with the 
agonistic TRAIL-receptors for binding of the ligand, and 
might thus protect normal cells from apoptotic cell death. 
Of note, following stimulation of TRAIL-R1/DR4 or 
TRAIL-R2/DR5, TRAIL is also able to up-regulate the 
transcription factor NF-kB and c-Jun-N-terminal kinase 
(JNK) (42-45). The delineation of the actual role of NF-kB 
in modulating TRAIL-mediated signaling is complicated by 
the pleiotropic effects induced by NF-kB (46). However, a 
recent paper has shed light on the interplay between TRAIL 
and NF-kB demonstrating that the ability of TRAIL to 
activate NF-kB is ineffective in protecting TRAIL-sensitive 
cells to TRAIL-mediated apoptosis. On the other hand, pre-
activation of NF-kB confers resistance to TRAIL-mediated 
apoptosis (47). Similarly, it is incompletely understood to 
what extent activation of the JNK pathway contributes to 
the pro-apoptotic activity of TRAIL (45,48,49). 

 
Although the expression pattern of the various 

pro- and anti-apoptotic receptors may influence the balance 
between sensitivity and resistance towards TRAIL, the 
assessment of the relative levels of the transmembrane 
receptors alone does not reliably predict the response of the 
respective cell (50-51). In fact, our and other groups of 
investigators have clearly shown that TRAIL is able to 
activate simultaneously pro-apoptotic pathways as well as 
anti-apoptotic (Akt/eNOS) and proliferative (MAPK/ERK) 
pathways (51-57). Of note, the activation of pro-apoptotic 
and anti-apoptotic intracellular pathways by TRAIL seems 
to be cell-type specific. 

 
In addition to the TRAIL-membrane receptors 

already discussed, a fifth receptor for TRAIL, the soluble 
decoy OPG, has been described (58). This soluble member 
of the TNF receptor family, initially characterized for its 
ability to block RANKL-stimulated osteoclast formation, 
also interacts with TRAIL (58). Although one study has 
claimed that binding of TRAIL to OPG is weak at 
physiological temperature (37°C) as compared to the 
binding of TRAIL to trans-membrane TRAIL receptors 
(59), more recent studies have underlined the biological 
relevance of OPG/TRAIL interactions in different in vitro 
cell models (60-61). 
 
3.3. Effects of soluble TRAIL on endothelial cells  

In considering the potential physiopathological 
role of TRAIL on vascular biology, it is noteworthy that 
TRAIL protein is expressed in the medial smooth cell layer 
of aorta and pulmonary artery (62). Whereas cleavage of 
other member of the TNF super-family from the cell 
surface usually requires the action of zinc-dependent 
metalloproteases, generation of soluble TRAIL involves the
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Table 1. Biological effects and expression of TRAIL in the vascular system 
Biological effects on endothelial cells References 
• No induction of apoptosis 52, 54, 68-71 
• Induction of apoptosis in serum- and/or extracellular matrix-deprivation 52, 71-73 
• Induction of prostanoid and nitric oxide release 54 
• Induction of endothelial cell survival/proliferation and promotion of endothelial tube-like organization 52, 69, 75 
• Down-modulation of TNF-alpha-induced leukocyte adhesion 78 
Expression/effects in vascular diseases  
• Expressed in atherosclerotic lesions 83-86 
• Reduction of atherosclerotic lesion in diabetic ApoE-null mice treated with human recombinant TRAIL 88 
• Reduced serum levels in patients with acute coronary sindrome and neagative correlation with the levels of C-reactive 

protein 
84, 89 

 
action of cysteine proteases (63). Notably, the vessel wall is 
a rich source of cysteine proteases (64). TRAIL is also 
detectable in the plasma and/or serum of normal individuals 
(65-67). The possibility that circulating TRAIL may be 
involved in regulation of endothelial cell function is 
underscored by the observation that human endothelial 
cells obtained from different vascular districts express 
detectable amounts of all transmembrane TRAIL receptors 
(TRAIL-R1-R4). 

 
In spite of the presence of death receptors, most 

of the studies performed on endothelial cells reported no 
apoptosis induction by the addition in culture of 
recombinant soluble TRAIL (Table 1) (52,54,68-71). 
Although a couple of studies have reported that endothelial 
cells may be sensitized to TRAIL-induced apoptosis (72-
73), it should be pointed out that particular conditions, 
however, were required to disclose the ability of TRAIL to 
induce apoptosis, such as serum- and extracellular matrix-
deprivation, or inhibition of pro-survival pathways (i.e., 
Akt/PI3K) (Table 1) (52,71-73). On the other hand, we 
have demonstrated that TRAIL induces a moderate but 
significant upregulation of prostanoid production/release 
(PGE2, PGI2, TXA2) in endothelial cell cultures and 
upregulates eNOS activity and NO synthesis/release (54). 
Of note, the NOS pathway is essential also for endothelial 
cell differentiation and migration (3). Among the members 
of the MAPK family, TRAIL rapidly activates the ERK1/2 
pathway (52), which is a central element in transducing 
mitogenic signals in endothelial cells (74). 

 
The ability of TRAIL to induce prostanoid 

production and nitric oxide release (54), as well as to 
activate the Akt and ERK1/2 pathways (52) lead us to 
hypothesize potential vasoprotective functions of TRAIL, 
since PGE2 and PGI2, together with NO, regulate the 
vascular tone and permeability, calm down activated 
platelets and leukocytes, prevent the occurrence of parietal 
thrombotic events, promote thrombolysis, maintain tissue 
perfusion and protect vascular wall against acute damage 
and chronic remodeling. These effects together with the 
ability of TRAIL to promote the survival/proliferation, 
actin reorganization and migration of endothelial cells 
(Table 1) (52,54,75) strongly suggest that the 
TRAIL/TRAIL-R system may play important roles in 
endothelial cell biology. In this contest however, the role of 
TRAIL on angiogenesis is subtler than expected and likely 
depends on the basal endothelial cell conditions. In fact, 
Cantarella et al. (76) has recently demonstrated that in

 
different human glioblastoma cell lines recombinant 
TRAIL inhibited the orchestra of factors contributing to 
glioblastoma biological aggressiveness, by down-
modulating mRNA expression of VEGF, along with those 
of matrix metalloproteinase-2 (MMP-2), and of the tissue 
inhibitor of matrix metalloproteinases-2 (TIMP-2). In line 
with a potential role of TRAIL in counteracting tumor 
angiogenesis, Carlo-Stella et al. (77) have recently 
demonstrated that membrane-bound TRAIL, over-
expressed by CD34+ cells, is very effective in inducing 
apoptosis and necrosis of tumor endothelial cells associated 
to hematopoietic malignancies. 

 
Another important aspect of TRAIL in 

endothelial cell biology is its ability to counteract leukocyte 
adhesion induced by inflammatory cytokines (Table 1) 
(78). At variance to TNF-alpha, TRAIL doesn’t activate the 
NF-kB pathway in primary endothelial cells and 
consequently it doesn’t upregulate the surface level of 
adhesion molecules, like ICAM-1, VCAM-1, and E-
selectin (52,78), key molecules for the endothelium-
leukocyte interaction in inflammation. Of note, an 
abnormal increase of the leukocyte adhesion is considered 
an early step in endothelial cell dysfunction (2,79,80). It is 
particularly interesting that TRAIL, by selectively 
counteracting the up-regulation of CCL8/MCP-2 and 
CXCL10/IP-10 chemokines, significantly reduces the 
potent pro-adhesive activity of canonical inflammatory 
cytokines, such as TNF-alpha or IL-1beta (78). Thus, in 
analogy to TGF-beta1 (81), also TRAIL, by promoting 
endothelial cell survival and proliferation, might have a 
role in the later phases of inflammation when repair and 
tissue regeneration start to occur (52,82).  
 
3.4. TRAIL and vascular diseases  

The presence of TRAIL-expressing leukocytes 
has been documented in both mouse and human 
atherosclerotic plaques (Table 1) (83-86) and a potential 
pathogenetic role of these TRAIL-expressing leukocytes in 
inducing the destabilization of atherosclerotic plaques has 
been proposed mainly through the induction of apoptosis in 
vascular smooth muscle cells (85-86). However, it should 
be noticed that soluble TRAIL promotes the survival and 
growth of vascular smooth muscle cells of both human and 
rat origin (55). Whether this reflects a differential ability of 
membrane-bound versus soluble TRAIL in inducing 
apoptosis of vascular smooth muscle cells it is not known. 
In this respect, it is noteworthy, however, that membrane-
bound TRAIL is able to trigger apoptosis via both TRAIL-
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R1 and TRAIL-R2, while soluble TRAIL is much less 
effective in inducing apoptosis through TRAIL-R2 (87), 
whose expression is widespread in normal tissues. 

 
Recently, the potential role of soluble 

recombinant TRAIL in the pathogenesis and/or treatment 
of atherosclerosis has been investigated in vivo, in an 
animal model represented by apolipoprotein E (apoE)-null 
mice, in which diabetes mellitus was induced by 
destruction of islet cells with streptozotocin (88). Diabetes 
mellitus in apoE-null mice was associated with a significant 
increase in atherosclerotic plaque area and complexity in 
the aorta, as assessed by a marked increase in interstitial 
collagen, cellular proliferation, macrophage-infiltration and 
by a focal loss of endothelial coverage. Repeated 
intraperitoneal injections of recombinant human TRAIL 
significantly attenuated the total extension of the plaques 
development, and contributed to stabilize atherosclerotic 
plaques by selectively decreasing the number of infiltrating 
macrophages and increasing the vascular smooth muscle 
cell in the atherosclerotic lesions (Table 1) (88). 

 
The potential clinical relevance of the results 

obtained in the apoE-null mice is corroborated by two 
studies carried out in patients with acute coronary 
syndrome, that revealed significantly lower soluble TRAIL 
serum levels compared to patients with stable angina or 
normal coronary arteries (Table 1) (84,89). In particular, it 
has been shown that TRAIL serum levels negatively 
correlated with the level of C-reactive protein (84), a 
nonspecific “acute-phase” protein, which represents a 
known marker of acute vascular events (90). Since C-
reactive protein serum levels are closely associated with 
plaque instability and oxidative stress (91), these data 
further support a protective role of TRAIL against 
atherosclerosis development and plaque instability and 
indicate TRAIL as a promising therapeutic agent, not only 
for anti-tumor therapy but also for its anti-atherosclerotic 
activity.  
 
4. OPG AND THE VASCULAR SYSTEM  
 
4.1. OPG structure and expression 

OPG is a member of the TNF-receptor 
superfamily, which was isolated independently by two 
laboratories (92-93). Unlike all other receptors of the 
family, OPG lacks a transmembrane and cytoplasmic 
domains and is secreted as a soluble protein. It is a 
secretory basic glycoprotein that exists in a 60-kd 
monomeric form and a disulfide-linked homodimeric form 
of 120 kd (94). It has also been detected in a cell surface–
associated form with some cell types (95), although 
sequence analysis failed to detect a classical hydrophobic 
transmembrane domain, which is typical for all other 
members of the TNFR superfamily (94). OPG consists of 7 
structural domains, of which the amino-terminal cysteine-
rich domains 1 to 4 share some features with the 
extracellular domains of other members of the TNFR 
family (Figure 1) (96). The carboxy-terminal portion of the 
protein with domains 5 and 6 contains two putative death 
domain homologous regions, motifs that are found in the 
cytoplasmic region of transmembrane receptors mediating 

apoptotic signals, such as TNFR1, CD95/Fas, or TRAIL-
R1 and TRAIL-R2 (Figure 1) (97-99). Finally, domain 7 
harbors a heparin-binding region, a common feature of 
peptide growth factors and signal molecules (100-102), as 
well as an unpaired cysteine residue required for disulfide 
bond formation and dimerization (Figure 1) (94,103). 

 
OPG is produced by a variety of tissues including 

the cardiovascular system (heart, arteries, veins), lung, 
kidney, intestine, stomach, and bone, as well as 
hematopoietic and immune cells (B cells and dendritic 
cells) (92,95,104). The major biologic action of OPG 
described to date is the inhibition of osteoclast 
differentiation and activity (92,105), but the potential role 
of OPG in the other tissues is still under investigation and 
remains to be established. 

 
OPG has two known TNF family ligands: 

receptor activator of NF-kB ligand (RANKL) (106) and 
TRAIL (58). RANKL normally binds to its membrane 
receptor RANK inducing differentiation, activation, and 
survival of osteoclasts. By binding to RANKL, OPG acts as 
a soluble inhibitor that prevents RANKL/RANK interaction 
and subsequent osteoclastogenesis (106). However, it has 
been reported that also OPG binding to TRAIL inhibits 
TRAIL/TRAIL-receptors interaction, as revealed by the 
inhibition of TRAIL-induced apoptosis (58). Vice-versa, 
TRAIL can block the inhibitory activity of OPG on 
osteoclastogenesis (58). Therefore, potential cross-
regulatory mechanisms involving the balance among 
RANKL, OPG and TRAIL has to be considered. Initially, 
the physiological roles of OPG have been revealed by 
studies in OPG deficient mice, produced by targeted 
disruption of the gene (107-108). OPG (-/-) mice were 
viable and fertile, but they exhibited severe osteoporosis 
caused by enhanced osteoclast formation and function. 
These results have indicated that OPG is a physiological 
regulator of osteoclast-mediated bone resorption during 
postnatal bone growth. In vivo administration of OPG 
resulted in an increase in bone mineral density and bone 
volume associated with a decrease of active osteoclast 
number in normal and ovariectomized rats (92). OPG has 
also been shown to regulate B-cell development and 
function and dendritic cell function (95,109), making OPG 
a paracrine mediator of both bone metabolism and immune 
functions. Consistently, OPG has been clearly implicated in 
various skeletal and immune disorders and diseases at the 
interface between bone metabolism and the immune 
system, such as rheumatoid arthritis (110). 
 
4.2. Endothelium as cellular source and target of 
vascular OPG production  

Beside the expected localization of OPG in bone 
tissues, OPG expression has been documented at high 
levels also in human arterial walls (111-113), and it is 
easily detectable in the serum and/or plasma of healthy 
subjects (67,84,89,114-116). Compared with the 
concentration of OPG in plasma, it has been reported that 
the content in aorta is approximately 500 times higher 
(116), assuming a water content of arterial tissue of 80% 
(117), and is at a level similar to that reported for bone 
(118). It has been found that the most efficient extraction
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Table 2. Biological effects and expression of OPG in the vascular system. 
Biological effects on endothelial cells References 
• Released in responsed to inflammatory cytokines by endothelial cells 67, 123  
• Induction of endothelial cell survival 73, 129, 130 
• Induction of endothelial cell growth and promotion of endothelial cord-like structures 113 
Expression/effects in vascular diseases  
• Elevated expression in endothelial cells in malignant tumors 113 
• Elevated plasma levels in subjects with vascular damage 67, 84, 89 
• Elevated plasma levels in patients affected by coronary artery disease 114, 115 
• Elevated plasma levels in diabetic patients with vascular complications 116 

 
procedure was seen with solutions containing GnHCl; this 
could indicate that OPG is associated with anionic low-
solubility components of the vascular wall, for example 
proteoglycans, which is consistent with the fact that OPG 
contains a heparin-binding domain (94). In this respect, 
heparan sulfate proteoglycans are important participants in 
cell-surface signaling and have been involved in actin 
cytoskeleton regulation, cell adhesion and migration, and 
modulation of specific receptor interactions (119-120). Of 
note, the affinity of OPG for cell surface heparan sulfates is 
strong enough to block infection of various continuous cell 
lines by the human T lymphotropic virus-type 1 (HTLV-1), 
which uses heparan sulfates to enter cells (121).  An 
increased concentration of OPG in tunica media has 
observed in samples from diabetic individuals compared 
with non-diabetic individuals. This was the case under both 
normal-appearing intima and plaques; on the other hand, no 
differences between diabetic and non-diabetic subjects 
were observed when intimal tissue was compared (112). 
Altered arterial OPG content may be a consequent 
modification of the effects of hormones and cytokines, like 
insulin and TNF-alpha. Thus, it can be hypothesized that 
increased levels of serum OPG documented in diabetes 
(67,114,116) may reflect increments of arterial expression 
of the molecule. 

 
In vitro, both vascular smooth muscle cells (122) 

and endothelial cells (73) have been shown to produce 
OPG, with vascular aortic smooth muscle cells producing 
20-30 times more OPG than human endothelial cells. 
Moreover, it has been reported that exposure of both micro- 
and macro-vascular endothelial cells to the inflammatory 
cytokines TNF-alpha and IL-1beta elevates OPG 
expression and release by 5 to 40-fold (Table 2) (67,123). 
Recent studies on the intracellular localization of OPG 
(124) have indicated that OPG protein is found in the 
Weibel-Palade Bodies (WPB) of these cells, in physical 
association with von Willebrand Factor. Upon 
thrombogenic and inflammatory challenge, the contents of 
WPB are rapidly translocated to the plasma membrane or 
extracellular space, where they serve to facilitate the 
emigration of leukocytes and platelets into sites of 
inflammation and thrombus formation (125,126). These 
observations strongly support a modulatory role of OPG in 
hemostasis, vascular injury and inflammation. Consistently, 
in pathological conditions with prolonged exposure to 
inflammatory molecules (i.e., TNF-alpha and IL-1beta) 
such as rheumatoid arthritis, multiple myeloma, diabetes, or 
hyperlipidemia, OPG synthesis and storage in endothelial 
cells has been shown to be low, or completely absent 
(114,127,128), may be due to the chronic release of OPG,

 
which may result in the exhaustion of OPG production over 
extended periods of time. 

 
Based on the aforementioned evidences, it has 

been suggested an involvement of OPG in the 
inflammatory functions of endothelial cells, with 
endothelium acting as both cellular source and target of 
vascular OPG production (73). In this respect, there are 
accumulating data indicating a role for OPG in the 
regulation of endothelial cell survival in vitro (129-130). In 
particular, recombinant OPG promotes the survival of 
endothelial cells under conditions of serum deprivation 
(Table 2). Although it has been proposed that the pro-
survival activity of OPG on endothelial cells may be due to 
inhibition of TRAIL-induced apoptosis, as also underlined 
in the previous sections, several reports have shown that 
endothelial cells are resistant to TRAIL-induced apoptosis 
and only under certain conditions endothelial cells may be 
sensitized to death induced by TRAIL (52,130). 
Consistently, it has been reported that endothelial cells 
plated on the extracellular matrix protein osteopontin, 
which is able to promote endothelial cell survival, had 
increased OPG RNA and protein secretion into the media 
(73). Moreover, Asou et al. (131), by using a bone disc 
implantation model, observed that in an osteopontin null 
background, angiogenesis was stimulated and resorption 
was inhibited. These results, in concert with the data on the 
possible role of OPG in endothelial cell survival, have 
suggested that molecules known to regulate bone cells 
might also regulate angiogenesis in the bone environment. 
More recently, Cross et al. (113) have shown that OPG 
stimulates endothelial cell growth, as well as the formation 
of cord-like structures on a matrigel substrate, providing 
the evidence that OPG may modulate also endothelial cell 
differentiation (Table 2). In addition, they reported that 
although endothelial cells in various normal tissues or 
benign tumors do not express high levels of OPG, it is 
highly expressed by endothelial cells in the majority of 
malignant tumors examined (Table 2). In particular, in 
breast cancers endothelial expression of OPG seems to be 
associated with increasing tumor grade (113). Taken 
together, these results have suggested that the increased 
levels of OPG expression may be associated with tumor 
development and/or progression. 
 
4.3. OPG and vascular diseases  

OPG knockout mice do not display a phenotype 
implicating disrupted vascular function, suggesting that 
OPG is not essential for the development and maintenance 
of the normal vasculature. However, OPG-deficient mice, 
behind a decrease in total bone density with a high
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Figure 2. Schematic diagram of potential functions of TRAIL and OPG in the vascular contest. EC: endothelial cells; VSMC: 
vascular smooth muscle cells. 
 
incidence of bone fractures (107-108), did show 
calcification of the aorta and renal arteries (111), 
suggesting that OPG might play a role in preserving from 
vascular calcification. In this respect, the study by Min and 
coworkers (132) reported multinucleated osteoclast-like 
cells in the calcified vascular lesions of OPG-deficient 
mice. The hypothesis that the RANKL/OPG system could 
link osteoporosis and arterial calcification is further 
underlined by the high clinical prevalence and coincidence 
of arterial calcification and cardiovascular disease in 
postmenopausal women and elderly people with 
osteoporosis (133-135). Interestingly, a study in elderly 
women found a significant correlation of elevated OPG 
serum levels and cardiovascular mortality and similarly, an 
earlier study detected increased serum concentrations of 
OPG in osteoporotic and postmenopausal women as 
compared with age-matched women without osteoporosis, 
and OPG levels were highest in those with the highest bone 
turnover and the most severe osteoporosis (136-137). The 
potential links between OPG and vascular disease in 
humans have been further suggested by the detection of a 
single nucleotide polymorphism in the promoter region of 
the human gene for OPG related to vascular morphology 
and function (138) and several independent studies have 
reported elevated serum and/or plasma OPG levels in 
subjects with vascular damage (Table 2) (67,84,89,114-
116). In particular, a strong association between plasma 
levels of OPG and the presence and severity of coronary 
artery disease was observed in non-diabetic subjects (Table 
2) (114-115). In a prospective study of almost 500 women, 

high OPG values were associated with an increased 
cardiovascular mortality (114) and in another investigation, 
the authors found an association between OPG levels and 
the presence and severity of coronary artery disease in 
subjects undergoing coronary arteriography (115). 
Moreover, in a large observational study, serum 
concentrations of OPG were higher in diabetic than in non-
diabetic subjects (114), in particular in diabetic patients 
with vascular complications (116), suggesting that elevated 
plasma levels of OPG may reflect vascular damage among 
patients with diabetes rather than the diabetic state per se. 
Although Hofbauer and Schoppet (139) have proposed that 
increased OPG levels may represent a defense mechanism 
against other factors that promote vascular pathologies, the 
increased levels of OPG in plasma from patients with 
vascular complications supports the growing concept that 
OPG acts as an important regulatory molecule in the 
vasculature and, particularly, that an abnormal and 
prolonged elevation of OPG levels might be involved in the 
development of vascular dysfunction. 
 
5. PERSPECTIVE 
 

In this review, we have delineated possible 
vascular physiopathological functions of the TRAIL and 
OPG molecules (summarized in Figure 2). In particular, 
although conclusive evidence is still lacking, both in vitro 
and in vivo data indicate that TRAIL may acts as a 
molecule with potential anti-inflammatory activity in 
vascular physiopathology. Although the scenario is very 
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complex, since the presence of leukocytes expressing 
membrane-bound TRAIL has been documented in 
atherosclerotic plaques and a potential pathogenetic role of 
these TRAIL-expressing leukocytes in inducing the 
destabilization of atherosclerotic plaques has been 
proposed, the ability of soluble recombinant TRAIL to 
induce Akt/eNOS pathway in endothelial cells, to inhibit 
leukocyte adhesion to endothelial cells, is suggestive of a 
potential anti-atherosclerotic activity of TRAIL (Figure 2). 
This hypothesis has been supported by our recent findings 
obtained in animal models of atherosclerosis, treated with 
recombinant TRAIL. Emerging evidence indicates that also 
OPG, besides its well-characterized anti-osteoclast activity, 
is involved in vascular homeostasis by acting in a paracrine 
or autocrine manner. However, controversial roles for OPG 
have been proposed. In one hand, OPG has been proposed 
as a protective factor for vascular diseases and it has been 
hypothesized that the increased serum OPG levels in 
patients with vascular pathologies are a compensatory self-
defensive response to the progression of atherosclerosis. On 
the other hand, several emerging in vitro and in vivo 
evidences supports the concept that an increased production 
of OPG may be involved in the development of vascular 
dysfunction (Figure 2) by multiple potential mechanisms, 
some of which through its heparin-binding domain that is 
distinct from the domain interacting with RANKL 
and/or TRAIL. Nevertheless, although the ability of 
OPG to counteract the biological activity of TRAIL in 
vivo needs to be elucidated, it is clear that the relative 
concentrations and the expression patterns of TRAIL 
and OPG in the local microenvironment are key 
determinant in the TRAIL/OPG interactions and their 
reciprocal balance and interplay have to be considered. 
Overall, these studies shed light on new properties of 
TRAIL and OPG that should be considered from 
therapeutic perspectives of vascular diseases. 
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