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Vascular calcification is a strong predictor of cardiovascular morbidity and mortality, especially in indi-
viduals with chronic kidney disease or diabetes. The mechanism of vascular calcification has remained
unclear, however, and no effective therapy is currently available. Our study was aimed at identifying
the role of dynamic remodeling of microtubule cytoskeletons in hyperphosphatemia-induced vascular
calcification. Exposure of primary cultures of mouse vascular smooth muscle cells (VSMCs) to inorganic
phosphate (Pi) elicited ectopic calcification that was associated with changes in tubulin dynamics, induc-
tion of osteogenic signaling, and increased release of matrix vesicles. A microtubule depolymerizing
agent enhanced Pi-dependent calcification, whereas microtubule stabilization by paclitaxel suppressed
calcification both in VSMC cultures and in an ex vivo culture system for the mouse aorta. The inhibition
of Pi-stimulated calcification by paclitaxel was associated with down-regulation of osteogenic signal and
attenuation of matrix vesicle release. Our results indicate that microtubule plays a central role in vascular
calcification, and that microtubule stabilization represents a potential new approach to the treatment of
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this condition.
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1. Introduction

Vascular calcification, which refers to the ectopic deposition of
calcium phosphate crystals in the form of hydroxyapatite in car-
diovascular tissue, substantially increases the risk for cardiovascu-
lar morbidity and mortality and is a common complication of
chronic kidney disease, diabetes, aging, and atherosclerosis [1,2].
It is a tightly regulated and cell-mediated active process that is
promoted by stimulatory factors such as inorganic phosphate
(Pi), calcium, oxidative stress, osteogenic gene expression, and
apoptosis as well as attenuated by inhibitory regulators such as
pyrophosphate, fetuin A, and matrix Gla protein [1,3]. The mecha-
nism underlying vascular calcification has remained unclear, how-
ever, and effective therapeutic strategies are not currently
available.

Disturbance of the serum concentration of phosphate can lead
to the development of hypophosphatemia (<0.8 mM) or hyper-
phosphatemia (>2 mM), compared with the normal concentration
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range of 1-1.5 mM in humans [4]. In mice, normal serum phos-
phate levels range from 2 to 2.6 mM, whereas animals with surgi-
cally induced chronic kidney disease manifest levels of ~3.5 mM
[5,6]. The increased concentrations of Pi typically observed in
hyperphosphatemic individuals promote the reprogramming and
transdifferentiation of vascular smooth muscle cells (VSMCs) into
osteoblast-like cells and thereby play a key role in the develop-
ment of vascular calcification [3]. Vascular medial calcification
associated exclusively with VSMCs has been shown to increase
vascular stiffness, resulting in increased pulse wave velocity and
pulse pressure and eventually leading to clinical symptoms such
as hypertension and heart failure [7,8].

Modulation of cytoskeletal dynamics can itself trigger a variety
of cellular signals and thereby regulate diverse cellular processes
such as cell growth and differentiation [9,10]. Cytoskeletal reorga-
nization has thus been found to regulate the activity of serum
response factor as well as the expression of inducible nitric oxide
synthase, the urokinase-type plasminogen activator gene, smooth
muscle differentiation marker genes, and transforming growth fac-
tor-p1 [11-14].

We have now examined the possible role of dynamic changes in
the microtubule cytoskeletons in Pi-induced vascular calcification.
We found that microtubule stabilization by paclitaxel attenuated
extracellular matrix (ECM) mineralization in VSMCs, and this effect
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was examined in the context of osteogenic signaling and matrix
vesicle release.

2. Materials and methods
2.1. Cell and aorta organ culture

Primary VSMCs were isolated from the aorta of 6-week-old
male C57BL/6] mice (Central Lab Animals, Seoul, Korea) by the
explant method as described previously [15]. In brief, the isolated
aorta was cut into small pieces, which were then incubated under a
humidified atmosphere of 5% CO, at 37 °C in DMEM (Hyclone) sup-
plemented with 20% fetal bovine serum (FBS, Hyclone) and antibi-
otics. At confluence, the cells were isolated by exposure to trypsin,
and they were subsequently maintained in DMEM supplemented
with 10% FBS and antibiotics and used for experiments between
passages 4 and 6. For ex vivo organ culture, the entire mouse aorta
was removed and cultured in DMEM supplemented with 10% FBS
and antibiotics. Nocodazole and paclitaxel were purchased from
Invitrogen. Animal experiments were approved by the Institutional
Review Board of Yeungnam University College of Medicine and
were in accordance with the Care and Use of Laboratory Animals.

2.2. Induction and quantification of calcification in vitro and ex vivo

To induce ectopic calcification in vitro, we exposed confluent
VSMCs to calcification medium (DMEM supplemented with 10%
FBS plus an additional 3 mM Pi in the form of NaH,PO,4, pH 7.4)
for 8 days or the indicated times. Calcium deposition in the cul-
tures was visualized by staining with alizarin red S. The cells were
thus fixed with 70% ethanol, and stained with 2% alizarin red S (pH
4.2). For calcium quantification, the deposited calcium was
extracted with 0.6 M HCl and then analyzed colorimetrically with
the use of a QuantiChrome Calcium Assay Kit (BioAssay Systems).
For induction of calcification ex vivo, the entire aorta was incu-
bated with calcification medium for 14 days. The aorta was then
subjected to von Kossa staining for detection of calcium. The tissue
was thus fixed with 3.7% formaldehyde and incubated in 5% silver
nitrate. For quantification of aortic calcium, aortas were dried at
60 °C for 24 h, weighed, and cut into small pieces, from which cal-
cium was extracted by incubation with 0.6 M HCl.

2.3. Assays of actin and tubulin in VSMCs

The relative amounts of F-actin and globular actin (G-actin)
were determined using an F-actin/G-actin in vivo assay kit (Cyto-
skeleton). Cells were homogenized in F-actin stabilization buffer,
after which F-actin was separated by centrifugation at 100,000g
for 1 h at 37 °C. The resulting pellet was suspended in F-actin depo-
lymerization buffer. For analysis of tubulin dynamics, the ratio of
polymerized to free tubulin was determined using a microtubule/
tubulin in vivo assay kit (Cytoskeleton). VSMCs were homogenized
in microtubule stabilization buffer, and the homogenate was cen-
trifuged at 100,000g for 30 min at 37 °C. The pellet containing poly-
merized tubulin was suspended in 200 uM CacCl,. The polymerized
and free tubulin fractions were then subjected to immunoblot
analysis. The polymerized/free tubulin ratio was determined with
the use of densitometric analysis software (Image-Pro Plus version
6.0, Media Cybernetics).

2.4. Fluorescence microscopic detection of the actin and microtubule
cytoskeletons

VSMCs grown to confluency on coverslips were fixed with 3.7%
formaldehyde in PBS, permeabilized with 0.1% Triton X-100. For

detection of the actin cytoskeleton, the cells were incubated with
fluorescein isothiocyanate (FITC)-labeled phalloidin (Sigma). For
immunostaining of microtubules, cells were incubated with anti-
bodies to B-tubulin (Santa Cruz Biotechnology) and then with
tetramethylrhodamine-5-(and-6)-isothiocyanate (TRITC)-labeled
secondary antibodies (Santa Cruz Biotechnology). Images of
mounted slides were obtained with a TCS SP2 SE confocal micro-
scope (Leica).

2.5. Quantitative RT-PCR and immunoblot analyses

Total RNA was extracted from cell cultures with the use of the
TRIzol reagent (Invitrogen). Portions of the RNA (2 pg) were then
subjected to reverse transcription (RT) followed by real-time poly-
merase chain reaction (PCR) analysis as performed with the use of
SYBR Premix Ex Taq (Takara Bio) as well as an Applied Biosystems
7500 Sequence Detection System. Relative changes in gene expres-
sion were determined by the comparative threshold cycle method
with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA.
Primers for PCR were synthesized by Bionics (Seoul, Korea) and are
listed in Supplementary Table 1. For immunoblot analysis, cells
were lysed in a solution containing 20 mM Tris-HCI (pH 7.5),
150 mM Nacl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 1 mM
EDTA, 0.1% SDS, and protease inhibitors (Complete tablets, Roche
Molecular Biochemicals). Total cell lysates were then fractionated
by SDS-polyacrylamide gel electrophoresis, and the separated pro-
teins were transferred to a nitrocellulose membrane and exposed
to primary antibodies including those to Runx2 (Cell Signaling
Technology), or those to Fra-1, to SM22a, to o-smooth muscle
(o-SM) actin, or to B-actin (Santa Cruz Biotechnology). Immune
complexes were detected with horseradish peroxidase-conjugated
secondary antibodies and ECL reagents (Abfrontier).

2.6. Isolation and characterization of matrix vesicles

For isolation of matrix vesicles, VSMC cultures were digested for
3 h at 37 °C with crude collagenase type IA (Sigma) and then cen-
trifuged at 600g for 15 min, at 20,000g for 20 min, and at 100,000g
for 1 h. The content of released matrix vesicles of the resultant pel-
let was evaluated by measurement of matrix vesicle protein con-
tent normalized by total cellular protein. A collagen calcification
assay was performed as described previously [16] but with some
modifications. Matrix vesicles were incubated for 72 h at 37 °C
with calcification medium in culture dishes coated with collagen
type I (Sigma). The deposited calcium was extracted using 0.6 M
HCl and quantitated as described above. The activity of alkaline
phosphatase in matrix vesicles was determined by the addition
of a lysis buffer (10 mM Tris-HCl [pH 7.5], 0.1% Triton X-100, and
0.5 mM MgCl,) and measurement of absorbance at 405 nm during
incubation with the substrate p-nitrophenyl phosphate (Sigma).
For analysis of calcium ion uptake, the matrix vesicles were incu-
bated with synthetic cartilage lymph at 37 °C for 24 h, after which
the vesicles were suspended in 0.6 M HCI and their calcium con-
tent was then analyzed as described above.

2.7. Statistical analysis

Quantitative data are presented as means +SD from at least
three independent experiments and were compared among three
or more groups by analysis of variance (ANOVA) as performed with
the SPSS 18.0 software package. When significant differences were
found, pairwise comparisons were performed with the two-tailed
Student’s t test. A P value of <0.05 was considered statistically
significant.
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3. Results
3.1. Continuous exposure to Pi is essential for VSMC calcification

To study the effect of Pi on vascular calcification, we exposed
mouse VSMCs to Pi at concentrations (1.5-4 mM) equivalent to
those of hyperphosphatemia. Calcium quantification and alizarin
red staining revealed that exposure of the cells to Pi for 8 days
induced calcification in a concentration-dependent manner
(Fig. 1A). Deposited calcium was first detected after treatment with
3 mM Pi for4 days and was increased further at 8 days (Fig. 1B), indi-
cating that the induction of VSMC calcification by Pi is also time
dependent. A Pi concentration of 3 mM was selected for induction
of VSMC calcification in subsequent experiments. Exposure of
VSMCs to 3 mM Pi for 2,4, 6, or 8 days followed by incubation in con-
trol medium for up to a total of 8 days revealed that the amount of
deposited calciumincreased in proportion to the duration of Pi treat-
ment (Fig. 1C), suggesting that Pi is required continuously for pro-
gression of VSMC calcification. Expression of two representative
VSMC lineage markers, SM22ao and o-SM actin, was down-regulated
in Pi-treated VSMCs, whereas that of osteoblast-specific genes,
including those for bone morphogenetic protein 2, Runx2, osterix,
and osteocalcin, was up-regulated (Supplementary Fig. 1). These
results thus indicated that Pi triggers a phenotypic transition of
VSMCs to osteoblast-like cells via osteogenic gene induction.

3.2. Cytoskeletal changes during VSMC calcification

Rearrangement of the cytoskeleton plays a key role in the con-
tractility, proliferation, and differentiation of VSMCs [17]. To inves-
tigate the possible relation between vascular calcification and
cytoskeletal reorganization, we examined the dynamics of actin
and tubulin in VSMCs exposed to Pi by using fluorescence micro-
scopic analysis as well as in vivo cytoskeletal assembly assays.
The ratio of F-actin to G-actin in VSMCs was slightly, but not signif-
icantly, reduced after Pi treatment (Fig. 2A). The ratio of polymer-
ized to free tubulin in VSMCs was increased after Pi treatment for
2 days but was markedly reduced at 4 and 8 days (Fig. 2B), coinci-
dent with the progression of calcification. These data thus
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indicated that microtubules are initially stabilized and subse-
quently disrupted during VSMC calcification, with no significant
changes in actin cytoskeleton.

3.3. Modulation of microtubule cytoskeleton affects vascular
calcification

Various stimuli including mechanical stress induce reorganiza-
tion of the cytoskeleton in VSMCs [ 18], and such cytoskeletal reorga-
nization is thought to regulate cell signaling pathways as well as cell
growth and differentiation [10]. To determine whether changes in
tubulin dynamics might affect vascular calcification, we cultured
VSMCs in the presence of nocodazole, an inhibitor of tubulin poly-
merization, or paclitaxel, a microtubule stabilizer. As shown in
Fig. 3A and B, treatment of VSMCs with nocodazole in the presence
of Pi reduced the ratios of polymerized to free tubulin. In contrast,
treatment with paclitaxel in the presence of Pi increased the ratios
of polymerized to free tubulin. Induction of VSMC calcification by
Pi was enhanced by nocodazole, whereas it was inhibited by the
microtubule-stabilizing agent paclitaxel (Fig. 3C and D). We also
obtained similar results with serum-deprived VSMCs (Supplemen-
tary Fig. 2) as well as with the mouse aorta ex vivo (Fig. 3E and F).
Overall, these findings showed that microtubule disruption pro-
motes Pi-induced VSMC calcification, whereas microtubule stabil-
ization suppresses vascular calcification.

3.4. Paclitaxel attenuates vascular calcification via regulation of
osteogenic signaling and matrix vesicle release

To characterize further the attenuation of Pi-induced VSMC cal-
cification by paclitaxel, we examined the possible effects of this
agent on osteogenic signaling. The up-regulation of osteogenic
marker (Runx2, osteriX, and Fra-1) expression induced by Pi in
VSMCs was prevented by paclitaxel treatment (Fig. 4A and B),
showing that the suppression of calcification associated with
microtubule stabilization is accompanied by inhibition of osteo-
genic signaling. In addition, calcification in VSMCs is thought to
be initiated by the release of matrix vesicles [19]. We thus found
that Pi treatment increased the release of such vesicles in cultured
VSMCs, and paclitaxel inhibited Pi-induced vesicle release (Fig. 4C).
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Fig. 1. Concentration- and time-dependent induction of VSMC calcification by Pi. (A) Primary mouse VSMCs were seeded in a 48-well plate (2 x 10* cells per well) and
cultured for 8 days in control medium (DMEM supplemented with 10% FBS) or medium supplemented with the indicated concentrations of Pi. Calcium deposition was then
visualized by alizarin red S staining, and the calcium content of the cells was quantified and normalized by protein content. Photographs of triplicate stained wells from a
representative experiment are shown. (B) VSMCs were cultured in control medium or calcification medium supplemented with 3 mM Pi for 2, 4, or 8 days, after which
deposited calcium was visualized and quantified as in (A). (C) VSMCs were treated with 3 mM Pi for 2, 4, 6, or 8 days and then cultured in control medium for an additional 6,
4, 2, or 0days, respectively, after which the cells were subjected to calcium quantification. All quantitative data are means * SD from three independent experiments.

*P<0.05, ¥P< 0.005 versus corresponding control.
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Fig. 2. Reorganization of the actin and microtubule cytoskeletons in VSMCs treated with Pi. (A) VSMCs were cultured in control medium or in calcification medium containing
3 mM Pi for the indicated times, after which the cells were either fixed for examination of the actin cytoskeleton by staining with FITC-phalloidin (left panel) or analyzed for
the ratio of F-actin to G-actin (right panels). The F-actin (F) and G-actin (G) fractions were subjected to immunoblot analysis with antibodies to actin (upper right panel)
followed by densitometric analysis (lower right panel). (B) Cells exposed to Pi as in (A) were either subjected to immunofluorescence staining with antibodies to tubulin (left
panel) or analyzed for the ratio of polymerized to free tubulin (right panels). The polymerized (Po) and free (Fr) fractions of tubulin were subjected to immunoblot analysis
with antibodies to tubulin (upper right panel) followed by densitometric analysis (lower right panel). All microscopic images are representative of three independent
experiments; scale bars, 50 um. All densitometric data are means + SD from three independent experiments. *P < 0.05, #P < 0.005 versus corresponding control.
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Fig. 3. Effects of cytoskeletal modulation on Pi-induced vascular calcification. (A-B) VSMCs were cultured for the indicated times with or without Pi and in the absence or
presence of nocodazole (Noco) or paclitaxel (Pac), each at a concentration of 50 nM, after which tubulin polymerization status was assessed as in Fig. 2B. The polymerized (Po)
and free (Fr) fractions of tubulin were subjected to immunoblot analysis with antibodies to tubulin (A) followed by densitometric analysis (B). Quantitative results are
means + SD from three independent experiments. *P < 0.05, #P < 0.005. (C-D) Calcium deposition in VSMCs cultured for 8 days with or without Pi and in the absence or
presence of cytoskeleton-targeted agents. Cells were stained with alizarin red S (C). The calcium content of the cells was quantified and normalized by protein content (D).
Data are means * SD from three independent experiments. *P < 0.05, #P < 0.005. (E-F) Mouse aortas cultured for 14 days with or without Pi and in the absence or presence of
cytoskeleton-targeted agents were subjected to von Kossa staining (E) and calcium quantification (F). Quantitative data are means + SD from three independent experiments.
*P < 0.05.

We further found that the matrix vesicles released from Pi-treated
VSMCs showed increased calcium deposition activity in a collagen
matrix, increased alkaline phosphatase activity, and increased Ca%*
uptake compared with those released from control cells, whereas

4. Discussion

Hyperphosphatemia is highly associated with vascular calcifica-
tion [2,4]. Increased extracellular levels of Pi have previously been

paclitaxel had no effect on these parameters (Fig. 4D-F). These
results indicated that the inhibitory effect of paclitaxel on Pi-
induced calcification is due to attenuation of matrix vesicle release
rather than to a change in the biochemical activities of the released
vesicles. Together, our findings thus suggested that stabilization of
microtubules attenuates Pi-induced VSMC calcification via the
inhibition of osteogenic signaling and matrix vesicle release.

shown to induce transdifferentiation of VSMCs located in the arte-
rial media layer into osteoblast-like cells [3]. Ectopic VSMC calcifi-
cation is an active cell-mediated process [1] that shares similar
features with physiological bone ossification and can be divided
into three distinct stages [20]. In the early stage, proliferating cells
exit the cell cycle and up-regulate both collagen synthesis and
alkaline phosphatase activity; the middle stage is characterized
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Fig. 4. Paclitaxel suppresses osteogenic signaling and matrix vesicle release during VSMC calcification. (A) Quantitative RT-PCR analysis of Runx2 and osterix (Osx) mRNAs in
VSMCs cultured in control or calcification medium with or without paclitaxel (Pac, 50 nM) for the indicated times. Data were normalized by the amount of GAPDH mRNA, are
presented as fold change relative to control, and are means + SD from three independent experiments. *P < 0.05, *P < 0.005. (B) Immunoblot analysis of Runx2 and Fra-1
proteins in total lysates prepared from VSMCs that had been cultured as in (A). Data are representative of three independent experiments. (C) VSMCs were incubated for
8 days with or without Pi and in the absence or presence of paclitaxel (Pac, 50 nM). The release of matrix vesicles (MVs) from the cells was evaluated by measurement of MV
protein content normalized by total cellular protein. Data are means + SD from three independent experiments. *P < 0.05, #P < 0.005. (D-F) MVs released from VSMCs cultured
as in C were assayed for collagen calcification activity (D), alkaline phosphatase (ALP) activity (E), and Ca®* uptake activity (F). All data were normalized by MV protein content

and are means + SD from three independent experiments. *P < 0.05.

by ECM maturation and formation of mineralization-competent
matrix vesicles; and matrix vesicle release and hydroxyapatite
mineral deposition occur in the late stage. We have now shown
that microtubule cytoskeletons undergo dynamic changes during
Pi-induced VSMC calcification. Specifically, microtubule stabiliza-
tion was apparent after exposure of VSMCs to Pi for 2 days, corre-
sponding to the early stage of calcification. Similar cytoskeletal
changes were also observed at 3 h after the onset of Pi treatment
(Supplementary Fig. 3) and Pi directly increased the rate of tubulin
polymerization in vitro (Supplementary Fig. 4). These indicate that
the microtubule stabilization apparent in the early stage of VSMC
calcification is due in part to direct interaction between Pi and
tubulin, and subsequent disruption of microtubule in the middle
and late stages is not related to the direct effect of Pi itself.

Microtubules are essential for the execution of cell division,
changes in cell shape, as well as the transport of vesicles and other
organelles, and they exhibit dynamic instability [21]. Paclitaxel is a
microtubule stabilizer and antineoplastic agent, having proven
effective for the treatment of ovarian, breast, colon, and lung can-
cers [22,23]. Peak plasma levels of paclitaxel during treatment of
human cancer range from 200 nM to 4 UM [24]. Myelosuppression,
the main toxicity of paclitaxel, has been found to develop when
plasma concentrations of the drug are maintained above an appar-
ent threshold of 50-100 nM for >5h [25]. The concentration of
paclitaxel used in the present study (50 nM) is thus substantially
lower than clinically relevant levels (0.1-10 uM) for cancer treat-
ment [26]. In addition, paclitaxel treatment for 14 days at concen-
trations up to 100 nM did not have a cytotoxic effect in ureteral
smooth muscle cells in vitro [27]. The potential efficacy of paclit-
axel for the treatment of hyperphosphatemia-induced vascular cal-
cification thus warrants further investigation in animal models and
possibly eventually in human clinical trials.

Matrix vesicles are small membrane-bound structures that con-
tribute to the initiation of mineral nucleation by calcifying cells
[19]. We found that the release of matrix vesicles from Pi-treated

VSMCs was increased compared with that from control cells. Fur-
thermore, matrix vesicles released from Pi-treated VSMCs showed
increased alkaline phosphatase, Ca%* uptake, and collagen calcifica-
tion activities. Although paclitaxel had no direct effect on these
biochemical activities of matrix vesicles, it inhibited matrix vesicle
release from Pi-treated VSMCs, suggesting that microtubule stabil-
ization attenuates such release. In conclusion, our results suggest
that hyperphosphatemia-induced vascular calcification is medi-
ated by disturbance of microtubule dynamics and osteogenic
induction. Microtubule disruption promoted Pi-induced vascular
calcification, whereas microtubule stabilization inhibited such cal-
cification by attenuating osteogenic signaling and matrix vesicle
release. Our findings thus shed light on the complex process of
hyperphosphatemia-induced vascular calcification, and they may
provide a basis for the development of new therapeutic strategies
to prevent this condition.
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