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Abstract
Rationale—Vascular calcification is highly correlated with morbidity and mortality, and is often
associated with inflammation. Vitamin D may regulate vascular calcification, and has been associated
with cardiovascular survival benefits.

Methods and Results—We developed a macrophage/SMC coculture system and examined the
effects of vitamin D receptor activators (VDRAs), calcitriol and paricalcitol, on SMC matrix
calcification. We found that treatment of SMC alone with VDRAs had little effect on phosphate-
induced SMC calcification in vitro. On the other hand, coculture with macrophages promoted SMC
calcification, and this was strikingly inhibited by VDRA treatment. Several VDRA-induced genes,
including BMP2, TNFα, and osteopontin (OPN) were identified as candidate paracrine factors for
VDRA’s protective effect. Of these, OPN was further investigated and found to contribute
significantly to the inhibitory actions of VDRAs on calcification in macrophage/SMC cocultures.

Conclusion—The ability of VDRAs to direct a switch in the paracrine phenotype of macrophages
from procalcific to anticalcific may contribute to their observed cardiovascular survival benefits.
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Introduction
Vascular calcification is a common finding in patients with cardiovascular disease (CVD),
diabetes and end-stage renal disease (ESRD). Vascular calcification has been positively
correlated with coronary atherosclerotic plaque burden 1, 2, increased risk of myocardial
infarction 3, 4 and plaque instability 5, 6. Furthermore, coronary calcium score is a strong
predictor of incident coronary heart disease 7 and stroke 8. In diabetes mellitus, vascular
calcification is strongly correlated with coronary artery disease and future cardiovascular
events including lower extremity amputation 9, 10. In ESRD patients, vascular calcification is
a strong prognostic marker of CVD mortality 11, 12 and is likely to be a major contributor to
the 10–100 fold increase in cardiovascular mortality risk observed in these patients 13.
Underscoring this problem, the American Heart Association has indicated that ESRD patients
should be considered at the highest risk for CVD 14.

Vitamin D is a steroid hormone that plays an essential role in mineral metabolism, skeletal
health and immunity. The active metabolite of Vitamin D, calcitriol (1, 25 (OH)2 Vitamin D),
exerts the majority of its actions via the nuclear Vitamin D receptor (VDR). The complex of
calcitriol and the VDR binds to Vitamin D response elements in the promoters of target genes
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and regulates gene expression. A broad spectrum of Vitamin D-regulated genes have been
identified including those involved in bone and mineral metabolism, cell proliferation and
differentiation, and immunomodulation (reviewed in 15, 16).

The role of Vitamin D in regulating vascular calcification appears to be complex.
Hypervitaminosis D leads to ectopic calcification in people 17. Likewise, in experimental
models, high levels of Vitamin D, either in non-uremic or uremic animals, induce vascular
calcification 18, 19. These effects are in large part due to the stimulatory effect of Vitamin D
on intestinal absorption of calcium and phosphate, thereby leading to elevated serum mineral
levels that predispose to ectopic calcium deposition. On the other hand, clinical studies have
shown that serum levels of calcitriol are inversely correlated with coronary artery calcification
score in the general population, suggesting an inhibitory role of Vitamin D in the development
of vascular calcification 20–22 In addition, Vitamin D deficiency is prevalent in ESRD patients
23–25 and they are routinely treated with VDRAs in order to prevent secondary
hyperparathyroidism. In these patients, VDRA treatment has been shown to have
cardiovascular survival benefits in several large, cross-sectional studies 26–28. Together, these
findings suggest that the effects of Vitamin D on vascular health are complex and highly dose-
dependent. Indeed, a recent clinical study showed a bimodal dose relationship between serum
calcitriol levels and both carotid intimal/medial thickness and calcification score in children
on dialysis 29.

While Vitamin D overload-induced cardiovascular disease is usually secondary to
hypercalcemia, hyperphosphatemia, and vascular calcification, the mechanisms mediating the
cardiovascular survival benefits of Vitamin D remain obscure. The possibility that survival
benefits of VDRAs relate to regulation of vascular calcification was suggested by a recent
study in uremic low density lipoprotein deficient (LDLR−/−) mice. Lower doses of VDRAs
inhibited, while higher doses induced, atherosclerotic plaque calcification 30. In this regard,
accumulating evidence indicates that vascular calcification is an actively regulated process
involving several cell types, including vascular SMCs and macrophages, two key components
of atherosclerotic lesions. Numerous molecules that either promote or inhibit vascular
calcification have been identified, including those with the ability to regulate the
osteochondrogenic transdifferentiation of SMCs 31. Accumulation of macrophages is
associated with vascular calcification in human carotid 22 and coronary arteries 32, and several
in vitro studies have shown that macrophages regulate vascular calcification by promoting an
osteogenic phenotypic transition of SMC 33, 34. Thus, it is possible that the beneficial effects
of VDRAs on vascular calcification may be mediated via direct effects either on SMC,
macrophages or both. Thus, in the present study, we developed a macrophage/SMC coculture
system to examine the effects of VDRA on SMC calcification in vitro.

Materials and Methods
An expanded Materials and Methods section is available in the online Data Supplement
(available at http://atvb.ahahournals.org).

Human SMC were from Clonetics Corporation (Palo Alto, CA). Human THP-1 and mouse
P388D1 macrophages were from ATCC (CCL-46). Macrophage/SMC cocultures were
performed in transwells. P388D1 cells deficient in OPN or vitamin D receptor were generated
using the pSUPER RNA interference system (Oligoengine, Seattle, WA).
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Results
Expression of VDR in THP-1, human SMCs and mouse macrophages

VDR expression profiles were examined in the various cell types used in our study, including
differentiated and undifferentiated human THP-1 cells, human SMC and mouse P388D1
macrophages. As shown in supplementary figure IA, bands at 264 or 208 bp were amplified
from human or mouse cells respectively. These results indicate that VDR is expressed in both
human and mouse macrophages, as well as human SMC.

VDRAs have minimal direct effects on SMC calcification in vitro
Previous studies have provided contradictory results regarding Vitamin D action on SMC
calcification in vitro, 35–37, 16, 38. In order to determine the effect of VDRAs in our system,
human SMCs were incubated with 2.6 mM phosphate containing media (CM) in the presence
of either calcitriol or paricalcitol at concentrations of 0.5, 5, 50 nM for 10 days, and calcium
content of the extracellular matrix was determined. As shown in supplementary figure IB, there
was a small (~20%) reduction in calcium content compared to vehicle-treated control in
VDRA-treated SMCs, but these effects were not dose-dependent, suggesting that they were
not VDR-mediated. Incubation of SMC with media containing 1.24 mM phosphate did not
induce matrix calcification (data not shown), consistent with our previous studies 39–41.

Macrophages promote SMC calcification in cocultures
In order to determine the regulatory roles of macrophages in vascular calcification,
macrophage/SMC cocultures were performed in 6-well transwells. SMCs and macrophages
were cocultured in either GM or CM for 10 days and calcium content in the extracellular matrix
of SMC layer was determined. As shown in Figure 1, macrophage coculture substantially
increased SMC calcification (SMC vs. macrophage/SMC: 18.65 vs. 66.97 µg Ca/mg protein,
p<0.05). However, no mineralization was observed in either SMC culture alone or macrophage/
SMC coculture under normal phosphate conditions. The enhanced calcification observed in
macrophage/SMC cocultures suggested that macrophages might release soluble factors that
modulate the calcification capacity of SMCs.

Inhibition of SMC calcification in macrophage/SMC cocultures by VDRAs
To determine the effect of VDRAs on SMC calcification in macrophage/SMC coculture, the
two cell types were incubated with GM or CM in the presence or absence of various
concentrations of calcitriol or paricalcitol for 10 days. As shown in Figure 2, both calcitriol
and paricalcitol dose-dependently inhibited SMC calcification induced by CM with maximal
~7.5 fold inhibition observed with 50 nM paricalcitol (vehicle vs. 50 nM paricalcitol: 153.74
vs. 30 µg Ca/mg protein). On the other hand, VDRAs had no effect on SMC calcification in
GM. Von Kossa staining confirmed the results of the biochemical calcium assay in the
cocultures, and indicated that the effect of VDRAs was to decrease cell matrix-associated
mineralization (data not shown).

To confirm that the actions of the VDRAs were indeed mediated by the VDR, we performed
knockdown of the VDR in P388D1 macrophages prior to coculture. P388D1 macrophages
treated with VDR specific siRNA had extremely low levels of VDR mRNA compared to cells
treated with a control siRNA indicating robust knockdown efficiency (supplementary figure
IIA). Using these cells, the effect of VDRAs on calcification in macrophage-SMC cocultures
was again examined. As shown in supplementary Figure IIb, P388D1 macrophages deficient
in VDR (VDR siRNA) did not inhibit calcium deposition in response to either calcitriol or
paricalcitol treatment, whereas macrophages that expressed normal levels of VDR (CT siRNA)
showed significant inhibition of calcification in response to VDRA treatment.
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The findings of VDR-dependent inhibition of SMC calcification by macrophages in response
to VDRA treatment were in striking contrast to the minimal effects on calcification observed
with VDRA treatment of SMC alone and the robust induction of SMC calcification observed
following coculture with untreated macrophage. Together, these data suggest that VDRAs,
acting through the VDR, induce a procalcific to anticalcific paracrine switch in macrophages.

Regulation of macrophage gene expression by VDRAs
To characterize the VDRA-induced macrophage phenotype switch, we tested several candidate
Vitamin D responsive genes that were known to generate secreted proteins and that have been
implicated in biomineralization. Thus, macrophages were treated with 50 nM calcitriol or
paricalcitol for 3 or 6 days and the expression levels of BMP2, TNFα, OPN and TGFβ were
determined by QPCR. Figure 3A shows that calcitriol and paricalcitol equivalently inhibited
BMP2 expression, with more than 70% inhibition observed following 6 days of treatment.
TNFα mRNA levels were also reduced by VDRA treatment at day 3 (Figure 3B), though this
effect disappeared by day 6 (data not shown). As shown in Figure 4A, both calcitriol and
paricalcitol increased OPN mRNA levels with a maximal 2 fold increase observed with
calcitriol. Consistent with mRNA results, both calcitriol and paricalcitol increased protein
levels of OPN comparably (Figure 4B). Furthermore, OPN induction by VDRAs was blocked
by VDR siRNA (supplementary figure III), indicating that the effect was mediated by VDR.
VDRA treatment did not alter levels of TGFβ mRNA in macrophages (data not shown).

Downregulation of OPN production in macrophages prevents VDRA-mediated inhibition of
SMC calcification in coculture

To determine whether synthesis of OPN by VDRA-treated macrophages was required for their
inhibitory effect on SMC calcification, we generated OPN deficient macrophages via siRNA
transduction of P388D1 mouse macrophages. An ~80% reduction of OPN mRNA was achieved
in OPN siRNA cells compared to CT siRNA cells as determined by QPCR (supplementary
figure IV, A). To determine knockdown efficiency of siRNA on activated macrophages, CT
siRNA and OPN siRNA macrophages were cultured in the presence of PMA, a known inducer
of OPN 43. Consistent with mRNA data (supplementary figure IV, A), secreted OPN levels
were 88% lower in OPN siRNA compared to CT siRNA cells in the absence of PMA
(supplementary figure IV, B). PMA significantly increased OPN secretion in CT siRNA cells,
and this effect was almost completely blocked in OPN siRNA cells (95% reduction in OPN
siRNA vs. CT siRNA) (supplementary figure IV, B). Thus, OPN siRNA cells were deficient
in both constitutive and inducible OPN expression.

In order to determine the specificity and identify potential off-target effects of OPN siRNA,
mRNA levels of BMP2 and TNFα were examined in both OPN siRNA and CT siRNA cells.
BMP2 mRNA was not detected in either cell type in the presence or absence of VDRA (data
not shown). TNFα expression was similar in OPN siRNA and CT siRNA cells under basal
conditions, and VDRA treatment inhibited TNFα equivalently in the two cell types
(supplementary figure IV, C ).

OPN siRNA and CT siRNA cells were then cocultured with SMC in CM in the presence of 50
nM calcitriol and paricalcitol for 10 days. Calcium content of the extracellular matrix of SMC
layer was measured. As shown in Figure 5, OPN deficiency in macrophages almost completely
abrogated the ability of VDRAs to inhibit SMC calcification in coculture. These results indicate
that OPN upregulation and secretion from cocultured macrophages is a critical factor required
for the observed VDRA-mediated inhibition of SMC calcification.
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Discussion
Vascular calcification occurs in two different patterns in the arterial wall depending on disease
state. In atherosclerosis, calcification occurs predominantly in the arterial intima associated
with inflamed and necrotic regions of the plaque. In arteriosclerosis, calcification occurs
predominantly in the arterial media in the absence of inflammation, Both types of calcification
are observed in ESRD patients and are thought to contribute to the increased cardiovascular
disease risk in these patients 44, 45.

The majority of ESRD patients are Vitamin D deficient and are treated with VDRAs to prevent
secondary hyperparathyroidism. VDRA treatment has cardiovascular survival benefits in these
patients. The mechanisms mediating the cardiovascular survival benefits of VDRAs remain to
be identified. SMCs contain VDRs and have been previously reported to respond to VDRA
treatment with alterations in proliferation and changes in gene expression 17, 18. However, past
studies have provided contradictory results regarding VDRA action on SMC calcification in
vitro. Several studies reported that VDRA treatment induced calcification in bovine and rat
SMC 35–37. In contrast, Wolisi and Wu-Wong failed to observe VDRA effect on mineralization
in either bovine or human vascular SMC 16, 38. Our studies are in agreement with the latter
studies, since we found very little specific effect of VDRA treatment on calcification in human
SMC culture. These disparate results are most likely due to different experimental conditions
and/or cell sources, which are known to affect SMC susceptibility to calcification 39.

Macrophages play a crucial role in the pathogenesis of various diseases and conditions, such
as atherosclerosis, autoimmune diseases and chronic inflammation. Macrophages accumulate
in atherosclerotic lesions and are associated with various stages of calcification in human
carotid arteries 22. In plaques, macrophages colocalize with SMC and may regulate their
function via paracrine factors. Thus, we used macrophage/SMC cocultures to model cell
interactions that exist in atherosclerotic plaques. We found that coculture with macrophages
substantially increased SMC calcification compared to SMC cultured in the absence of
macrophages. The procalcific action of macrophages was most likely mediated by the
production of soluble paracrine factors, since macrophage/SMC cocultures were performed in
transwells without cell-cell contact. Our studies are in agreement with previous studies
demonstrating that monocyte/macrophage coculture enhanced SMC calcification in vitro 33,
34.

Interestingly, we found that treatment of macrophage/SMC cocultures with VDRAs converted
the stimulatory effect of macrophages on SMC calcification to a striking inhibitory effect.
VDRA mediated effects were abolished when VDR deficient macrophages were used in the
macrophage/SMC cocultures. These findings indicate a crucial role of macrophage in
regulation of SMC calcification by VDRA acting through the macrophage VDR. Our studies
also provide a potential mechanism for the recent findings of Mathew et al who showed that
physiological doses of VDRAs inhibited aortic calcification as well as osteogenic gene
expression in uremic, high fat fed LDLR−/− mice 30.

Most of VDRA’s biological actions are mediated by transcriptional regulation of VDRA-
responsive genes. In the present study, we found that BMP2 and TNFα were highly expressed
by macrophages, but that VDRA treatment strikingly inhibited their expression. BMP2 is a
bone morphogenetic protein that promotes bone formation and mineralization in vivo, and SMC
calcification in vitro 46. TNFα is an important inflammatory mediator that is expressed at high
levels in classically activated macrophages that has been implicated in SMC calcification in
vitro and in vivo 34, 47, 48. Thus, VDRA treatment reduces production of procalcifying
molecules by macrophages and this likely contributes to their ability to attenuate SMC
calcification in coculture. In contrast, Wu-Wong et al used DNA microarray covering 22,000
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different human genes to characterize the VDR-mediated gene expression profile in human
SMCs treated with calcitriol and paricalcitol 49. A total of 181 VDRA target genes were
identified. However, BMP2, TNFα and OPN were not among these target genes. Whether
VDRA treatment alters circulating levels of these factors is not known, but would be predicted
from our studies.

In addition to inhibition of procalcifying gene expression, VDRA treatment induced OPN
levels in macrophages. OPN is a secreted protein that has been shown to inhibit SMC
calcification in vitro and in vivo 42, 50–52. Inhibition of calcification by OPN is highly dependent
on its level of phosphorylation, with non-phosphorylated OPN showing little anticalcific
activity 53–55. Vehicle-treated macrophages expressed some OPN constitutively, but both OPN
mRNA and secreted protein levels were increased following VDRA treatment. Interestingly,
we observed that 50 nM paricalcitol was more potent at inhibiting SMC calcification compare
with calcitriol, though paricalcitol had less effect on OPN mRNA and protein than calcitriol.
There may be several explanations for this observation. First, it is possible that paricalcitol
preferentially induced a more highly phosphorylated form of osteopontin. Extent of
phosphorylation is known to dramatically affect the potency of osteopontin as an inhibitor of
calcification 54. Since the ELISA and Western blots do not distinguish between specific
phosphorylated forms or extent of phosphorylation of OPN, we cannot rule out this possibility.
Second, it is possible that paricalcitol inhibited other procalcifying molecules or induced other
anticalcific proteins that contribute to the overall effect. BMP2 and TNFα do not appear to
explain this effect, since both were inhibited equivalently by calcitriol and paricalcitol.

The functional importance of OPN induction was revealed by treatment of macrophages with
OPN siRNA. OPN deficient macrophages no longer suppressed SMC calcification following
VDRA treatment as compared to OPN sufficient macrophages. These results suggest a
potentially important role of macrophage-derived OPN in the regulation of vascular
calcification by VDRAs. While it is likely that a secreted form of OPN that could bind apatite
and inhibit crystal growth was responsible for this inhibitory activity based on previous
mechanistic studies 52–54, we cannot exclude the possibility that an intracellular form of OPN
might also be important since the siRNA strategy employed in our studies would inhibit both
extracellular and intracellular forms of OPN. An intracellular form of OPN arising from an
internal translation initiation site has recently been described that controls dendritic cell
function and interferon-alpha production 56, 57.

In conclusion, our studies are the first to demonstrate an anticalcific effect of VDRAs in
vitro. Our studies suggest that classically activated macrophages promote vascular calcification
by releasing procalcifying factors, such as BMP2 and TNFα and low levels of the anticalcific
molecules OPN. VDRA treatment, on the other hand, induces a procalcific to anticalcific
paracrine switch in macrophages, whereby levels of BMP2 and TNFα are reduced and levels
of OPN are elevated. These findings suggest a novel mechanism for the survival benefit of
VDRAs observed in the general population, ESRD patients, and experimental animal models.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Macrophage coculture promotes SMC calcification in vitro. THP-1 macrophage/SMC
cocultures were treated with GM or CM for 10 days. Calcium content of the SMC cultures was
measured and presented as mean ± S.D. (n = 3). * Significant increase compared with SMC
cultured alone (P <0.05).
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Figure 2.
VDRAs inhibit SMC calcification in macrophage/SMC coculture. THP-1 macrophage/SMC
cocultures were treated with various concentrations of calcitriol or paricalcitol in GM or CM
for 10 days. Calcium content of the SMC cultures was measured and presented as mean ± S.D.
(n = 3). * Significant decrease compared with vehicle (P <0.05).
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Figure 3.
VDRAs inhibit BMP2 and TNFα mRNA levels. Total RNA was obtained from THP-1
macrophages treated with 50 nM calcitriol or paricalcitol for 3 and 6 days for BMP2 (A) and
3 days for TNFα (B) and analyzed by QPCR. Results were normalized to 18s rRNA and are
presented as mean ± S.D. (n = 3). * Significant decrease compared with vehicle (P <0.05).
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Figure 4.
VDRAs induce OPN expression in macrophages. (A) Total RNA was obtained from THP-1
macrophages treated with 50 nM calcitriol or paricalcitol for 3 and 6 days respectively. The
levels of OPN mRNA were determined by QPCR and normalized to 18s rRNA. (B)
Conditioned media were collected from THP-1 macrophages treated with 50 nM of calcitriol
or paricalcitol for 6 days. OPN protein levels were determined by ELISA. Data are presented
as mean ± S.D. (n = 3).
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Figure 5.
Downregulation of OPN production in P388D1 macrophages prevents VDRA-mediated
inhibition of SMC calcification in coculture. Cocultures of SMC with either CT siRNA or OPN
siRNA macrophages were treated with 50 nM calcitriol or paricalcitol in CM for 10 days.
Calcium content of the SMC culture was measured and presented as mean ± S.D. (n = 3). *
Significant decrease compared with vehicle (P <0.05).
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