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Abstract

Background—Vascular calcification is highly correlated with cardiovascular disease (CVD)

morbidity and mortality, and it is associated with inflammation. Receptor Activator of NF-κB

Ligand (RANKL) inhibition in vivo has been shown to reduce vascular calcification in mouse

atherosclerosis. With this study we tested the hypothesis that RANKL regulates smooth muscle

cell calcification by modulating macrophage production of pro-calcific cytokines.

Methods—We used a bone marrow-derived macrophage (BMDM)/smooth muscle cell (SMC)

co-culture system and examined the effects of RANKL on BMDM activation and SMC matrix

calcification.

Results—Treatment with RANKL alone did not stimulate SMC calcification induced by

elevated phosphate. BMDMs differentiated with macrophage colony-stimulating factor (M-CSF)

and placed in co-culture with SMCs, increased phosphate-induced SMC calcification. RANKL

added to the BMDM/SMC co-cultures further enhanced SMC calcification. Treatment of BMDMs

with RANKL resulted in increased expression of IL-6 and TNF-α. Thus, increased expression of

these pro-calcific cytokines in macrophages may mediate RANKL-induced SMC calcification in a

paracrine fashion. Addition of neutralizing IL-6 and TNF-α antibodies together with RANKL

treatment significantly reduced the RANKL induction of SMC calcification.

Conclusion—RANKL activation of pro-inflammatory and pro-calcific pathways in

macrophages may contribute to vascular calcification and inflammation.
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Introduction

Vascular calcification, a type of ectopic soft tissue mineralization, increases the risk of

cardiovascular mortality. Arterial wall mineralization is estimated to be present in the vast

majority of patients affected by cardiovascular disease[1]. Patients with end stage renal

disease generally have extensive medial and intimal calcification that is associated with a

highly significant increase in cardiovascular mortality as compared to the general

population[2]. It is now estimated that over 15% of the population of the United States have

chronic kidney disease (2010 US Renal Data System Annual Data Report http://

www.usrds.org/). Type II diabetics are an additional population affected by elevated

vascular calcification[3]. Given the dramatic rise in diabetes and metabolic syndrome in the

US, increased frequencies of vascular calcification and CVD is to be expected in the coming

decade.

In the aorta, calcification promotes congestive heart failure by compromising vessel

compliance and elasticity. In coronary arteries, calcium deposits may cause atherosclerotic

plaque instability[1]. In human lesions, the process leading to vascular calcification appears

to follow an osteochondrogenic pathway analogous to endochondral bone formation; in

mouse lesions vascular calcification is often accompanied by the appearance of cartilaginous

metaplasia that subsequently mineralizes[4, 5]. Recent in vitro and in vivo studies on the

mechanisms modulating vascular calcification indicate that it is a highly regulated process

involving vascular SMCs. Inorganic phosphate and bone morphogenetic proteins have

emerged as key regulators of osteochondrogenic transdifferentiation of SMCs. Up-

regulation of the osteochondrogenic transcription factor Runx2 and down-regulation of

SMC lineage markers appear to be key processes in vascular cell dependent

mineralization[6, 7].

Inflammation frequently accompanies atherosclerotic plaque calcification. Macrophages and

T-lymphocytes infiltrating the atherosclerotic lesion produce pro-inflammatory cytokines

and other regulators of calcification that may induce SMC apoptosis as well as

osteochondrogenic differentiation. In vitro, these effects have been shown to be mediated at

least in part by TNF-α, oncostatin M and oxidative stress[8–11].

RANKL signals through its cell surface receptor RANK, a member of the TNF-receptor

super-family. This interaction can be inhibited by the soluble decoy receptor for RANKL,

osteoprotegerin (OPG). RANK is required for osteoclast differentiation and plays additional

roles in modulating adaptive immunity[12, 13]. While others and we have shown that

RANKL and OPG are expressed in atherosclerotic lesions in mice and humans, their roles in

mediating vascular disease are not fully understood[5, 14, 15]. We previously observed that

OPG deficiency in mice led to increased atherosclerosis, vascular calcification, and

osteoporosis that were correlated with elevated circulating RANKL[16]. Further, treatment

of LDLR−/− mice with recombinant OPG reduced vascular calcification[17–19].

Taken together, these data suggest that RANKL/RANK may regulate vascular calcification

and atherosclerosis. With the studies reported here, we show that RANKL regulates the

interaction between macrophages and SMCs. Thus, we tested the hypothesis that RANKL
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regulates SMC calcification indirectly by modulating macrophage production of pro-calcific

cytokines. We report that by using a BMDM/SMC co-culture system RANKL stimulates

BMDM IL-6 and TNF-α secretion that in turn enhances SMC calcification. Collectively,

these data suggest that RANKL acts indirectly on SMC calcification by stimulating

macrophages to produce pro-calcific mediators. Thus, inhibition of the RANKL/RANK

pathway may be beneficial in reducing atherosclerotic lesion-associated mineralization.

Materials and Methods

Cells

Mouse SMCs and BMDMs were generated from C57BL6 mice. Animals were maintained in

a specific pathogen-free environment at the University of Washington. Animals were

sacrificed by CO2 euthanasia. The Institutional Animal Care and Use Committee, University

of Washington approved all protocols. The investigation conforms to the Guide for the Care

and Use of Laboratory Animals published by the US National Institutes of Health (NIH

Publication No. 85-23, revised 1996).

Mouse SMCs were generated from mouse aortas as described by Speer et al.[20]. Briefly,

the media was carefully stripped from the thoracic and abdominal aorta under a dissection

microscope and cut into 1-mm pieces. The pieces were first treated with 1 mg/ml

collagenase for 20 min to remove residual endothelial and adventitial cells and then

dispersed in a mixture of 1 mg/ml collagenase and 0.5 mg/ml elastase in culture medium

containing FBS. After incubation at 37°C for 1 h, medial cells were released. The cell

suspension was centrifuged and re-suspended in DMEM culture medium containing 100

U/ml penicillin, 100mg/ml streptomycin, and 20% FBS. Cells used for the experiments were

primary cultures and subcultures of 3–9 passages. SMC phenotype and purity was

determined by staining for smooth muscle α-actin, SM22α and desmin (anti-smooth muscle

α-actin from Sigma, anti- SM22α from Abcam, anti-desmin from DAKO). BMDMs were

isolated from mouse tibias and differentiated in the presence of M-CSF for 7 days. BMDM

phenotype and purity was determined by FACS analysis for macrophage specific antigen

F4/80 (anti-F4/80 from Abcam). Neutralizing antibodies to mouse TNF-α and mouse IL-6

were obtain from eBioscience (San Diege, CA).

Cell culture and BMDM/SMC co-culture

SMCs were plated at 2x105 cells/well in 6 well plates in DMEM supplemented with 10%

FBS. The cells were cultured for 7 and 14 days in control medium (CM, DMEM with 3%

FBS containing 1.2 mM inorganic phosphate) or in high phosphate medium (HPM, DMEM

with 3% FBS plus 2.6 mM inorganic phosphate). BMDM/SMC co-culture was performed as

described in Li et al[21]. For BMDM/SMC co-culture experiments SMCs were plated at

8x104 cells/well in 12 well plates and BMDMs were plated at 1.5x105 cells/transwell in

separate 12 well plates in RPMI containing 10% FBS and a source of M-CSF. The next day

the transwells were added to the SMC plates and treatments were started. Treatments

continued every other day for 7 days. Transwell inserts with 0.22 μM pore size were used

(Corning Inc., Corning, NY).
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PCR

Total RNA was isolated from cells using RNeasy kit (Qiagen, Chatsworth, CA). cDNA

synthesis was performed using Omniscript Reverse Transcriptase from Qiagen. The PCR

primers for mouse RANK were: Forward 5′-AGATGTGGTCTGCAGCTCTTCCAT-3′
and reverse 5′-ACACACTTCTTGCTGACTGGAGGT-3′, amplifying a 278 bp fragment.

Primers for RANKL were Forward 5′-CGCTCTGTTCCTGTACTTTCGAGCG-3′ and

reverse 5′-TCGTGCTCCCTCCTTTCATCACAGGTT-3′, amplifying a 198 bp fragment.

For quantitative PCR we used TaqMan Gene Expression Assays (A&BI Applied

Biosystems): MGP Mm00441906.m1; Alkaline Phosphatase Mm00475834.m1; Pit-1

Mm00489378.m1; Runx2 Mm00505584.m1; 18S Mm02601777.g1. Quantification of gene

expression was calculated by the standard curve method according to the manufacturer’s

protocol and normalized to 18S rRNA.

Calcium Assay

Cell cultures were rinsed with PBS and decalcified with 0.6 mmol/L HCl at 4°C for 24 h.

Levels of calcium released from cell cultures were determined colorimetrically by the o-

cresolphthalein complexone method as described previously (TECO calcium diagnostic kit)

[22]. Calcium was normalized to cellular protein and expressed as μg calcium/mg protein.

ELISA

Conditioned media from BMDMs receiving various treatments were collected for

measurement of secreted TNF-α and IL-6. ELISA kits from eBioscience were used.

Reactions were performed according to the manufacturer’s instructions.

Statistical Analysis

Data are shown as means ± SD of at least 3 independent experiments. Significance between

groups was analyzed with Student’s t-test or ANOVA followed by Fisher’s PLSD. Data

were considered statistically significant at a p value of <0.05.

Results

SMC and BMDM characterization and expression of RANK, RANKL and OPG in mouse
BMDMs and SMCs

We isolated SMCs from mouse aortas and characterized them for the expression of the SMC

markers smooth muscle α-actin, SM22α, and desmin thus indicating the correct phenotype

and nearly 100% purity (figure 1A). BMDMs were isolated from mouse femur and

differentiated for 7 days in M-CSF. These cells showed expression of the macrophage maker

F4/80 but low expression of CD11c indicating that they are not dendritic cells (Figure 1B

and not shown). We next examined the expression of RANK and RANKL in mouse SMCs

and BMDMs by reverse transcriptase PCR (RT-PCR). We found that both RANK and

RANKL were expressed in SMCs (figure 2A). BMDMs expressed high levels of RANK but

almost undetectable RANKL. Protein analysis of RANKL expression in the conditioned

medium by ELISA showed very low levels in SMCs that were increased by treatment with

TNF-α a known RANKL inducer (2B). It is however important to point out that high level
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of OPG interfere with the detection of RANKL by this method. Indeed, we observe high

level of OPG protein in the conditioned medium of SMCs. TNF-α does not seem to regulate

OPG levels (2B). In contrast, RANKL and OPG proteins could not be detected in BMDM

cultures (not shown).

RANKL does not Have Direct Effect on SMC Calcification In Vitro and does not Induce
Osteoclasts Formation in M-CSF differentiated BMDMs

A previous study implicated RANKL as a pro-calcification agent for SMCs[23]. Therefore,

we asked whether RANKL also induced SMC calcification in our system. We treated SMCs

with control medium (CM), containing low phosphate, and high phosphate medium (HPM)

known to induce SMC calcification[24]. In addition we treated both conditions with

RANKL. As shown in figure 3A SMCs treated for 10 days with HPM and RANKL did not

calcify more that SMCs treated with just HPM. We also asked whether RANKL treatment of

BMDMs differentiated with M-CSF could elicit osteoclasts formation. Thus, we

differentiated BMDMs from bone marrow cells for 7 days and then treated with RANKL for

additional 7 days always in the presence of M-CSF. As shown in figure 3B no TRAP

positive cells, indicative of an osteoclast phenotype, could be observed in the cultures.

Figure 3C shows RAW264.7 cells treated with RANKL for 3 days forming multinucleated

TRAP positive cells (positive control).

Enhancement of SMC calcification in BMDM/SMC co-cultures by RANKL

Several groups have shown that macrophage/SMC co-culture in HPM results in increased

calcium deposition by SMCs, implying that macrophage-derived pro-calcific soluble factors

act to enhance SMC mineralization[9–11, 21]. We hypothesized that addition of RANKL

would further induce macrophage expression of pro-calcific factors and thus performed

BMDM/SMC co-cultures in 12-well transwells with and without addition of RANKL.

BMDM/SMC co-cultures were cultured in either CM or HPM for 7 days. Calcium content in

the extracellular matrix of the SMC layer was then determined. As shown in Figure 4,

treatment of BMDM/SMC co-cultures with RANKL in HPM increased SMC calcification

when compared to vehicle-treated BMDM/SMC co-cultures. However, again RANKL did

not enhance SMC mineralization in single culture of SMCs. In keeping with the previous

reports, SMC matrices in BMDM/SMC co-cultures had increased mineralization when

compared to the single SMC cultures independent of RANKL treatment. There was no

calcification when SMCs were cultured in CM regardless of the treatment or the type of

culture. As hypothesized, the enhanced calcification observed in RANKL-treated

BMDM/SMC co-cultures suggests that RANKL induces macrophages to release additional

soluble factors that further augment SMC matrix calcification.

Regulation of Macrophage Secretion of Pro-inflammatory Cytokines by RANKL

To characterize which factors modulate the RANKL-dependent enhancement of

calcification in SMC/BMDM co-cultures, we next tested whether RANKL induced

macrophage-derived secreted factors known regulate SMC mineralization. We treated

BMDMs differentiated for 7 days with M-CSF, with 100 ng/ml of RANKL for 3 and 6 days

in CM and HPM and measured the levels of IL-6 and TNF-α. As shown in figure 5A and B,

unchallenged BMDMs cultured in CM and HPM secreted very low levels of IL-6 and TNF-
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α. However, addition of RANKL induced strong secretion of IL-6 and TNF-α in both

media. Co-treatment with RANKL and its decoy receptor OPG abrogated cytokines

induction, indicating that the effects are indeed mediated by RANKL (5C and D). In

addition, RANKL synergized with LPS (lipopolysaccaride) to further enhance IL-6 and

TNF-α production (not shown). Both TNF-α and IL-6 are known pro-inflammatory factors

and inducers of mineralization[10, 25].

Regulation of SMC calcification by TNF-α and IL-6

To determine whether TNF-α and IL-6 could indeed induce SMC mineralization in our

system, we performed calcification assays by incubating single culture of SMCs with TNF-

α and, IL-6 alone or in combination in CM and HPM. We found that after 7 days of

treatment TNF-α (at 10 ng/ml), but not IL-6 (at 50 ng/ml), enhanced SMC mineralization.

However, the combination of the two factors further enhanced the mineralization induced by

TNF-α treatment suggesting a synergistic effect (figure 6A). Further, we titrated the

minimum concentration of TNF-α and the minimum concentration of the combination of

TNF-α and IL-6 able to induce SMC calcification. As shown in figure 6B 2 ng/ml of TNF-α
was sufficient to enhance SMC mineralization induced by HPM. The combination of 2ng/ml

of TNF-α with 5 ng/ml of IL-6 was sufficient to further enhance SMC mineralization (figure

6C). These concentrations are about 10 to 15 fold higher than the amount of TNF-α and

IL-6 produced by macrophages in response to RANKL (on a per cell basis). However, It has

to be pointed out the macrophages continuously produce the cytokines, whereas treatments

are added every other day.

In the attempt to elucidate the mechanism(s) behind TNF-α and IL-6 effects we examined

whether these cytokines regulate known calcification genes. We find that TNF-α is more

potent than IL-6 in inducing the pro-calcific genes Pit1, Alkaline Phosphatase and Runx2

and in inhibiting the anti-calcific gene MGP. Treatment with IL-6 and TNF-α either had no

additional effect above TNF-α (Alkaline Phosphatase and MGP) or acted additively with

TNF-α (Pit1 and Runx2) on gene expression (figure 7).

Inhibition of IL-6 and TNF-α in BMDM/SMC Co-culture Prevents RANKL-Mediated
Enhancement of SMC Calcification

To determine whether RANKL induction of IL-6 and TNF-α was required for BMDM

stimulation of SMC calcification, we performed studies with antibodies neutralizing IL-6

and TNF-α activity. BMDM/SMC co-cultures grown in HPM were treated with vehicle or

RANKL and simultaneously with neutralizing IL-6 and TNF-α antibodies, alone or in

combination. After 7 days of treatment the calcium content of the extracellular matrix of

SMC layer was measured. As shown in Figure 8 inhibition of IL-6 or TNF-α activity

abrogated the ability of RANKL to enhance BMDM/SMC co-culture calcification. In

addition, neutralizing both IL-6 and TNF-α appeared to further decrease RANKL induction

of SMC mineralization. In contrast, treatment with IL-6 and TNF-α neutralizing antibodies

did not reduce calcification in vehicle treated BMDM/SMC co-cultures. These results

indicate that RANKL effects are mediated completely by IL-6 and TNF-α.
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Discussion

Vascular calcification, a type of ectopic soft tissue mineralization, increases the risk of

cardiovascular mortality[1]. Increasing clinical evidence suggests that RANKL may play an

important role in CVD[26–28]. In the Bruneck Study of over 900 subjects, baseline serum

RANKL was a highly significant predictor of cardiovascular disease risk (including

ischemic stroke, transient ischemic attack, myocardial infarction, and vascular death)[29].

The Tromso study, a larger more recent study, also provides epidemiological support for a

role of RANKL in vascular disease. The main finding was that baseline levels of soluble

RANKL significantly predicted the risk for CVD over a 15-year follow-up period[30].

Further, Correlation between RANKL levels and increased circulating high phosphate has

been reported in chronic kidney disease patients, a population that is affected by extensive

medial and intimal calcification and significant increase in cardiovascular mortality when

compared to the general population[31]

We have previously reported that OPG deficiency in ApoE−/− mice led to increased

atherosclerosis, vascular calcification, and osteoporosis that also correlated with increased

circulating RANKL. Others and we have also shown that RANKL is expressed in

atherosclerotic lesions in mice and humans. These observations suggest that elevated

RANK/RANKL signaling might be a unique driver of CVD[16]. However, the

mechanism(s) by which RANK/RANKL plays a role in mediating vascular disease are still

not fully understood. Furthermore, it is still not clear which cell types produce and which

respond to RANKL in the atherosclerotic lesion. RANKL was found to be elevated in the

matrix of human advanced calcified lesions in the aorta, while its inhibitor OPG was

increased in normal aorta but decreased in the advanced lesions[14]. RANKL, RANK, and

OPG were all found associated with thrombotic material in ruptured coronary plaques[15].

Further, increased RANKL expression has been reported in T cells and increased RANK

expression in monocytes in the lesions of patients with unstable angina[15]. In ApoE−/−

mouse lesions, we found RANKL expressed in plaque chondrocyte-like cells[5]. In vitro,

SMCs have been reported to express RANKL in response to oxidative stress. In addition,

endothelial cells express RANKL in response to inflammatory cytokines, as do activated T-

cells[32–35]. Other in vitro studies have shown that RANK is expressed on endothelial cells,

SMCs and monocytes-macrophages[36, 37]. Together these data indicate that the RANKL/

RANK/OPG system is likely to affect the local environment of the lesion.

Atherosclerosis is considered to be a chronic inflammatory disease. Immune/inflammatory

cells belonging to both arms of the immune system are always present in the atherosclerotic

lesion. Macrophages are the most abundant, however T cells (especially CD4+) and antigen-

presenting dendritic dells are found in atherosclerotic lesions as well[38–40]. Macrophages

infiltrating the vessel wall are often localized in the vicinity of SMCs and mineralized areas.

Plaque macrophages produce pro-inflammatory cytokines known to induce SMC apoptosis

and osteogenic differentiation. In co-culture systems these effects have been shown to be

mediated at least in part by TNF-α[8–11]. Using BMDMs as a source of macrophages in a

co-culture system, we confirmed that mouse macrophages enhanced mouse SMC

mineralization in a paracrine fashion. Most importantly, using the same assay we found that

RANKL treatment of BMDM/SMC co-cultures greatly increased the extent of
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mineralization when compared to co-cultures treated with vehicle. The observed RANKL

effect on SMC calcification was mediated by the macrophages since RANKL did not affect

SMC mineralization in single culture despite the high level of RANK expression by both the

SMCs and BMDMs. RANKL has been reported by Panizio et al. to induce mineralization in

rat SMCs in a BMP-4-dependent manner[23]. However, in agreement with our data, a recent

report by Byon et al. using mouse SMCs showed no effect of RANKL on SMC

mineralization[34]. The difference in SMC species origin (rat versus mouse) may account

for the discrepancy in the data. In our system, the lack of RANKL effect on SMC

mineralization may also be due to the high expression of OPG by the mouse SMCs.

We hypothesized that in BMDMs RANKL may regulate expression of cytokines or other

factors known to modulate SMC mineralization. In support of this hypothesis, we found that

mouse BMDMs expressed very low levels of TNF-α and IL-6 in resting state while these

pro-atherogenic and pro-calcifying factors were greatly up-regulated by RANKL treatment.

This confirms similar studies performed with human-derived macrophages[41].

The RANKL-mediated enhancement of SMC calcification in the co-culture with BMDMs

was dependent on TNF-α and IL-6. TNF-α was the first macrophage product to be shown to

enhance SMC calcification in vitro and in vivo[3, 10, 11]. Elegant in vivo studies by Al-Aly

et al. have shown that TNF-α induces vascular calcification by mediating the oxidative

stress dependent regulation of osteogenic transcription regulators and pro-mineralization

growth factors[42]. In vitro, macrophages-derived TNF-α has also been shown to mediate

SMC calcification. Finally, genetic studies in mice indicate that TNF-α signaling is also pro-

atherosclerotic[43, 44]. There have been less extensive investigations of the mechanisms

behind IL-6 regulation of calcification. In recent studies, Yao et al. showed that IL-6 inhibits

matrix gla protein (MGP) function via HSP70. Net inhibition of MPG results in higher

activity of BMP-2[25]. Clinically, TNF-α and IL-6 have been shown to be independent

predictors of cardiovascular events in chronic kidney disease patients[45]. Importantly, the

RANKL/OPG system also appears to be highly dysregulated in patients affected by renal

failure[31].

RANKL was first identified as the master regulator of osteoclastogenesis. Osteoclasts are

large multinucleated cells able to resorb bone. Deletion of RANKL or RANK in mice results

in severe osteopetrosis because of markedly reduced numbers of osteoclasts[46]. Osteoclast

precursors, macrophages and dendritic cells share the same myeloid precursor. Indeed,

functional osteoclasts can be derived in vitro from bone marrow cells following

simultaneous incubation with RANKL and M-CSF[47]. In our studies, macrophages were

first differentiated from bone marrow cells with M-CSF and then treated with RANKL.

With this protocol we did not observe any formation of multinucleated cells or TRAP

positive cells, suggesting that that differentiated macrophages cannot be induced to form

multinucleated cells. It is still unclear whether RANKL drives osteoclast formation in

atherosclerotic lesions. Osteoclast-like cells are found, albeit rarely, in human

atherosclerotic lesions and more recently TRAP positive cells have been shown in mouse

lesions[1, 34]. It is thus possible that plaque cell-derived RANKL is able to induce

osteoclast formation outside of the bone, even if in small numbers. Nevertheless, these

putative osteoclast-like cells in the lesions do not seem sufficient to inhibit the progression
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of vascular calcification. We thus favor the hypothesis that lesion RANKL may be

activating pro-calcification pathways in plaques by activating macrophages. We propose that

RANKL produced in the plaque by activated T cells, SMCs and endothelial cells (likely in

response to inflammatory cytokines and oxidation products) acts on macrophages and

induces production of pro-calcific molecules.

In conclusion, these studies support the above hypothesis by showing for the first time that

RANKL enhances macrophage pro-calcific function by up-regulation of the expression and

secretion of pro-mineralization factors. These data mechanistically support our previous

findings that lack of physiological RANKL inhibition in vivo leads to accelerated vascular

calcification and increased lesion size in ApoE−/− mice[16] and suggests that inhibition of

the RANKL/RANK pathway may be a viable therapeutic approach to ameliorate vascular

calcification and CVD.
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Figure 1.
SMCs and BMDMs characterization. Early passage SMCs were plated in chamber slides and stained by immunofluorescence

for SM-α-actin, SM22α, and desmin. As shown in (A) 100% of the cells express these SMC markers at high level. (B) BMDMs

differentiated for 7 days with M-CSF were trypsinized and stained for the F4/80 macrophage specific antibody. Nearly 97% of

the cells are positive for this marker.

Deuell et al. Page 13

J Vasc Res. Author manuscript; available in PMC 2014 April 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. RANK, RANKL and OPG expression
(A) RT-PCR with RNA isolated from SMCs, BMDMs and positive control calvaria cells. RANK was highly expressed in both

SMCs and BMDMs. RANKL was also highly expressed in SMCs but not in BMDMs. Amplification of GAPDH was used to

determine the quality of the RNA. (B) ELISA for RANKL and OPG in conditioned medium collected from SMCs. Cells were

treated with vehicle or TNF-α for 48 hours. Very low RANKL protein was detected, **<0.05. In contrast, very high levels of

OPG were present.
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Figure 3.
RANKL treatment does not enhance SMC calcification. Differentiated BMDMs do not for osteoclasts in response to RANKL.

(A) SMCs were treated with CM or HPM in the presence of 100ng/ml of RANKL or vehicle. (B) and (C) TRAP staining. (B)

BMDM differentiated for 7 days in M-CSF (20ng/ml) and ten treated for 7 more days with M-CSF (20ng/ml) and RANKL

(50ng/ml). (C) RAW264.7 treated for 3 days with RANKL (50 ng/ml) form TRAP positive multinucleated cells.
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Figure 4. RANKL enhances SMC calcification in SMC/BMDM co-cultures
Transwell (0.22mm pore size) co-cultures of SMCs and BMDMs grown in CM or high HPM were treated with RANKL (100

ng/ml) for 7 days or with vehicle. ** p<0.05
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Figure 5. RANKL induces expression of IL-6 and TNF-α inBMDMs
BMDMs differentiated for 7 days with M-CSF were treated with CM or HPM and RANKL at 100 ng/ml or vehicle in absence

of M-CSF for 6 days (A and B). BMDMs were treated with RANKL (100 ng/ml) and RANKL +OPG (200 ng/ml) for 48 hours

in serum free RPMI (C and D). (A) and (B) ELISAs for IL-6 and TNF-α with BMDM supernatants. (C) and (D) ELISAs for

IL-6 and TNF-α with BMDM supernatants.** p<0.01 for RANKL treated versus vehicle A and B, and RANKL versus vehicle

and RANKL+OPG C and D.
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Figure 6. TNF-α and TNF-α/IL-6 combination enhance SMC mineralization
(A) SMCs were cultured in CM or HPM with the addition of IL-6 at 50 ng/ml, TNF-α at 10 ng/ml, or a combination of the two

factors. **p<0.01. (B) SMCs were cultured for 7 days in HPM and treated with increasing concentration of TNF-α (0.5 ng/ml, 2

ng/ml, 5 ng/ml and 10 ng/ml). **p<0.05. (C) SMCs were cultured for 7 days in HPM and treated with 2 ng/ml of TNF-α alone

or in combination with increasing concentration of IL-6 (5 ng/ml, 10 ng/ml and 50 ng/ml). **p<0.05.
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Figure 7. TNF-α and IL-6 regulate calcification genes
SMCs were cultured in DMEM containing 3% FBS and treated with vehicle, TNF-α at 10 ng/ml, IL-6 at 50 ng/ml, or a

combination of TNF-α and IL-6 for 48 hrs. RNA was extracted and analyzed by quantitative PCR for MGP, Runx2, Pit-1, and

Alkaline Phosphatase. Data shown were normalized to 18s ribosomal RNA of the samples and are presented as means ± SD. **

p<0.01 and *p<0.05.
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Figure 8. Inhibition of TNF-α and IL-6 Reduces RANKL-Dependent Stimulation of SMC Calcification
Transwell (0.22um pore size) co-cultures of SMCs and BMDMs in HPM were treated with RANKL at 100 ng/ml with and

without neutralizing antibodies to TNF-α (1 μg/ml) and IL-6 (1μg/ml). Calcium content in the SMC layer was measured after 7

days of culture. ** p<0.05. In the RANKL treated co-cultures, isotype control is statistically different from all the treatments.

RANKL treatment isotype control is statistically different from all the groups in vehicle treatment.
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