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Abstract

Vascular calcification is a regulated process of biomineralization resembling osteogenesis. Many bone-related factors, including resorptive
osteoclast-like cells, although in low abundance, have been found in calcified atherosclerotic lesions. The regulatory mechanisms governing
them in the vasculature, however, are not clear. Previously, we found that calcifying vascular cells (CVC), a subpopulation of bovine aortic
smooth muscle cells (BASMC), undergo osteoblastic differentiation and form mineralized nodules. Since osteoblasts and marrow stromal
preosteoblasts regulate osteoclastic differentiation in bone, we hypothesized that vascular cells also regulate differentiation of osteoclastic
precursors in the artery wall. Peripheral blood monocytes, which are osteoclast precursors, were co-cultured with CVC or BASMC. Results
showed that monocytes co-cultured with both of the vascular cells yielded fewer resorption pits than monocytes cultured alone. Furthermore,
monocytes co-cultured with CVC had fewer resorption pits than those co-cultured with BASMC. Conditioned media from the vascular cells
also inhibited resorptive activity of monocytes suggesting that the inhibitory effect was mediated in part by soluble factors. Compared with
BASMC, CVC had lower mRNA expression for osteopontin, which promotes osteoclast attachment, but greater mRNA expression for the
soluble inhibitory cytokine, IL-18. Increased osteoclastic differentiation was observed when neutralizing antibody to IL-18 receptor was
added to the cultures of preosteoclasts with CVC conditioned media. Osteoprotegerin, another osteoclast inhibitory cytokine, was expressed
at similar levels in both cultures. These results suggest that vascular cells inhibit osteoclastic differentiation, and that CVC have greater
inhibitory effects than BASMC.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Smooth muscle cells; Osteoclasts; Vascular calcification; Resorption; RANKL

1. Introduction

Vascular calcification is a significant predictor for cardio-
vascular events and is present in the majority of patients with
clinically significant coronary artery disease [1]. Key func-
tional aspects of bone formation and remodeling are recapitu-
lated in vascular calcification, and many bone-related factors
such as bone matrix proteins and regulatory factors are found
in atherosclerotic lesions [2–4]. Osteoclast-like cells have also
been identified by histopathology in calcified human athero-
sclerotic plaques [5]. Previous studies have provided evi-
dence for a functional role of osteoclast-like cells in regres-

sion of ectopic calcification. Steitz et al. [6] studied ectopic
calcification in cardiac valves transplanted subcutaneously in
mice. They showed osteopontin-dependent local upregula-
tion of carbonic anhydrase II in neighboring osteoclast-like
cells and regression of the ectopic mineral. In addition, Asou
et al. [7] showed resorption of ectopic bone in muscle, which
was inhibited in osteopontin null mice and rescued by topical
application of recombinant osteopontin.

The proliferation, differentiation and survival of osteo-
clasts and their function in bone resorption require support
from osteoblasts and marrow preosteoblasts. These cells
secrete stimulatory cytokines, monocyte-colony stimulating
factor (M-CSF) and receptor activated NF-kB ligand
(RANKL), as well as inhibitory cytokines, such as osteopro-
tegerin (OPG), IL-12 and IL-18 [8]. IL-18 not only inhibits
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osteoclasts but it also regulates atherosclerosis. IL-18 defi-
ciency reduces atherosclerosis in apoE null mice [9], and
IL-18 treatment induces a fourfold increase in atheroscle-
rotic lesions in apoE null mice through an IFN-gamma-
dependent mechanism [10]. Osteoblasts also secrete extracel-
lular matrix proteins such as osteopontin, which promote
osteoclast attachment and activity [11]. The importance of
osteoblasts in regulation of osteoclasts is underscored by the
large number of factors, such as parathyroid hormone and
calcitriol that control osteoclast function only in an indirect
manner through effects on osteoblasts [8].

The artery wall contains preosteoclasts in the form of
monocytes, as well as cells and factors that regulate osteo-
clastic differentiation. Vascular smooth muscle cells express
OPG [12], monocyte-macrophages express IL-18, and endo-
thelial and smooth muscle cells express the receptor for IL-18
[13]. In addition, well-established osteoclast differentiation
factors, M-CSF and RANKL [8], have been detected in cal-
cified atherosclerotic lesions [4,14]. Previously, we isolated
a subpopulation of osteoblast-like cells, calcifying vascular
cells (CVC), from primary cultures of bovine aortic smooth
muscle cells (BASMC) [2]. CVC have some distinct features
from its parent population of BASMC [16]. In particular, they
undergo the distinctive molecular sequence of osteoblastic
differentiation, typical of skeletal and bone marrow-derived
osteoblasts [15]. In bone, marrow-derived osteoblasts regu-
late osteoclastic differentiation. However, in the artery wall,
it is not known whether either or both of these vascular cells
regulate osteoclastic differentiation of osteoclast precursors,
peripheral blood monocytes.

In this study, we hypothesized that vascular cells regulate
osteoclastic differentiation of peripheral blood monocytes.
Results from the co-culture and conditioned media experi-
ments showed that vascular cells inhibit osteoclastic differ-
entiation of monocytes, and that both BASMC and CVC
express osteoclastic inhibitory factors. There was slightly
greater inhibition of osteoclast differentiation by CVC com-
pared with BASMC, possibly explained by the fact that CVC
expressed less osteopontin and more IL-18 than BASMC.

2. Methods

2.1. Materials

Recombinant human M-CSF, human RANKL and neutral-
izing antibody to mouse IL-18 receptor were obtained from
R&D Systems, Inc. Osteologic discs were from BD Bio-
science. Peripheral blood monocytes were from the Athero-
sclerosis Research Unit at UCLA. The monocytes, purified
to 85–95% from peripheral blood mononuclear cells (PBMC)
were collected from healthy volunteers [17]. The Northern
probe for human osteopontin was from American Type Cul-
ture Collection (ATCC). Anti-osteopontin antibody was pur-
chased from NeoMarkers (Freemont, CA).

2.2. Cell culture

CVC, isolated from bovine aortic explants [2], were cul-
tured as previously described [15]. CVC and BASMC were
maintained in DMEM (Cellgro) supplemented with 15% FBS
(Hyclone, Logan, UT), sodium pyruvate (1 mM), penicillin
(100 units/ml), and streptomycin (100 units/ml). Both CVC
and BASMC were used at similar passage number (15–20) in
these experiments. To collect the conditioned media, fresh
media were placed on confluent cell cultures. After 6 days,
the medium was centrifuged to remove cell debris, and stored
in aliquots at –80 °C until used.

2.3. Resorption pit assays in co-cultures

Vascular cells (CVC and BASMC at 17,500 cells per cm2)
were plated in separate 24 well dishes containing osteologic
discs, and at confluence (approximately 2 days), monocytes
(125,000 per cm2) were co-cultured on both cell types along
with hM-CSF (25 ng/ml) and hRANKL (40 ng/ml). Cultures
were fed with fresh media and agents every 3–4 days. Resorp-
tion assays were performed after 7 days in culture as described
previously [17].

2.4. Conditioned media experiment

Monocytes (100,000 cells per well) were cultured in the
conditioned media (collected from either CVC or BASMC
cultures as described above), supplemented with 10% FBS,
hM-CSF and hRANKL (at concentrations above).After 7 days
of culture, resorption pit formation was assessed.

2.5. TRAP stain

Murine RAW264.7 cells (1 K per well: ATCC) were plated
in 10% DMEM containing 100 ng/ml hRANKL. After 4 days
in culture, media was replaced with the conditioned media col-
lected from CVC containing hRANKL and either buffer or neu-
tralizing antibody to mouse IL-18 receptor. TRAP staining was
performed after 8 days in culture as described previously [18].

2.6. Northern analysis

CVC and BASMC were plated at 600,000 cells per plate
in separate 60-mm dishes. At the indicated time points, RNA
was isolated. RNA (10 ug) was run on a gel and probed for
osteopontin, osteoprotegerin and IL-18. OPG and IL-
18 Northern probes were generated by PCR and purified by
gel electrophoresis.

OPG forward primer 5′-GTGTGACAAATGTNCTCCTG-
3′, and

reverse primer 5′-CAGCAAACCTGAAGAANGCCTG-
3′,

IL-18 forward primer 5′-GCTGCCGTCTTCTGTAAG-
GAAAAG-3′ and

reverse primer 5′-GGTCTGGGGTGCATTATCTGAACA-
3′.
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2.7. Western analysis

Cells were lysed in a cold lysis buffer containing protease
inhibitor cocktail (Calbiochem) along with phosphatase
inhibitors. Western analysis was performed as previously
described [16].

2.8. Data analysis

Data were expressed as mean ± S.D., and means were com-
pared using one-way ANOVA, with comparison of different
groups by Fisher’s protected least significant difference test.
A value of P < 0.05 was considered significant.

3. Results

To investigate whether vascular cells affect differentiation
of preosteoclasts in the artery wall, peripheral blood mono-
cytes were cultured alone or co-cultured with either BASMC
or CVC in the presence of hRANKL (40 ng/ml) and hM-CSF
(25 ng/ml), which are required for osteoclastic differentia-
tion. Osteoclastic formation was assessed after 7 days in cul-
ture by formation of resorption pits on osteologic discs.
Results showed that resorption pits were observed in the con-
trol monocyte monoculture treated with hRANKL and
hM-CSF (304 ± 52 pits per well; Fig. 1A). Reduced numbers
of resorption pits were observed in monocytes co-cultured
with BASMC (22.7 ± 11 pits per well; Fig. 1B) and no resorp-
tion pits were observed in the CVC co-culture. (Fig. 1C). In
control cultures when RANKL was not added, no resorption
pits were observed (data not shown).

To investigate whether the observed inhibitory effect of
vascular cells requires cell–cell contact or is mediated by
soluble factors, monocytes were cultured for 7 days with
hM-CSF and hRANKL in conditioned media collected from
CVC and BASMC cultures. Results showed that monocytes
cultured in the conditioned media from CVC produced fewer
resorption pits per well than those cultured with the
conditioned media from BASMC (7.75 ± 2.63 vs.
74.75 ± 14.20 pits per well, P < 0.0001).

Ek-Rylander et al. [19] have previously shown that post-
translational modification of osteopontin is required for adhe-
sion of osteoclasts. Hence, we determined the expression of
osteopontin and its post-translational modification in these
vascular cells.As shown in Fig. 2A, BASMC expressed higher
levels of osteopontin mRNA than CVC at 3 days of culture.
Western analysis from whole-cell lysates, in the presence of
phosphatase inhibitors, showed higher levels of lower molecu-
lar weight (i.e. less modified by phosphorylation or glycosy-
lation) osteopontin in CVC than BASMC (Fig. 2B).

To investigate the IL-18 expression in both CVC and
BASMC, RNA was isolated at 3, 7 and 10 days of culture,
and Northern analysis was performed. Results showed that
IL-18 expression was higher in CVC than in BASMC at all
time points (Fig. 2C). Expression of OPG was similar in both

CVC and BASMC (data not shown). To investigate the inhibi-
tory role of IL-18 in CVC conditioned media, preosteoclasts
(RAW264.7 cells) were cultured in CVC conditioned media
in the presence or absence of neutralizing antibody to mouse
IL-18 receptor. Results showed increased numbers of TRAP
positive cells in the presence of the neutralizing antibody
(4.4 ± 1.6 vs. 2.5 ± 1.2 for control, P < 0.05).

4. Discussion

In the vasculature, multinucleated osteoclast-like cells are
found in close association with calcified atherosclerotic
lesions [5]. The source of osteoclasts is not established, how-

Fig. 1. Mineral resorption by peripheral blood monocytes cocultured with
vascular cells. Resorption pit formation (arrow, 200×) by peripheral blood
monocytes alone (A), co-cultured with BASMC (B) or CVC (C) in the pre-
sence of hM-CSF (25 ng/ml) and hRANKL (40 ng/ml) for 7 days (n = 3).
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ever they are most likely to derive from peripheral blood
monocytes, which migrate abundantly into atherosclerotic
plaque and differentiate into bone resorbing osteoclasts in the
presence of M-CSF and RANKL in vitro. Collin-Osdoby et
al. [20] have shown that osteoclastic differentiation of human
PBMC co-cultured with microvascular endothelial cells is
regulated by inflammatory cytokines. The present results sug-
gest that aortic smooth muscle cells inhibit osteoclastic dif-
ferentiation and resorption of monocyte-derived osteoclasts,
and the inhibition is in part via soluble secreted factors. Uda-
gawa et al. [21] have shown that expression of IL-18, which
inhibits osteoclastic differentiation by 50% even at very low
concentrations (1 ng/ml), was detected in osteoblasts and that
osteoclast non-inductive cells express higher levels of
IL-18 than osteoclast inductive cells. Our present results sug-
gest that CVC have a greater inhibitory effect on osteoclasts
than do their parental cell population, BASMC. In addition,
CVC express more mRNA for the osteoclast inhibitory fac-

tor, IL-18, compared with BASMC. As evidence of its func-
tional relevance, neutralizing antibody to IL-18 receptor
reversed the osteoclast inhibitory effects of CVC condi-
tioned media.

OPG and IL-18, osteoclastic regulatory cytokines, are also
known to regulate atherosclerosis and vascular calcification.
OPG deficient mice develop not only osteoporosis but also
vascular calcification [22]. In the vasculature, IL-18 enhances
atherosclerosis in apoE null mice [10], and double knockout
mice (il-18/apoE) have reduced lesions compared with apoE
null mice [9]. The present results indicate that osteopontin
mRNA expression and the extent of post-translational modi-
fication, which promote osteoclastic function, are lower in
CVC than BASMC.

While it is well-established that bone undergoes continu-
ous turnover, it is not clear whether significant spontaneous
regression or remodeling occurs in calcified mineral deposits
in the artery wall, despite the presence of osteoclastogenic
factors, including M-CSF and RANKL in atherosclerotic
lesions [4,14]. The present findings raise the possibility that
vascular cells restrict osteoclast function through modulating
release of matrix proteins such as osteopontin and soluble
factors such as OPG and IL-18. Teleologically, vascular min-
eralization may serve as a defense mechanism in response to
chronic inflammation, producing a wall of bone to isolate the
noxious process. If so, simultaneous restriction of mineral
resorption would be an additional mechanism for pathologic
progression of vascular calcification.
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