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Fibronectin Enhances In Vitro Vascular Calcification
by Promoting Osteoblastic Differentiation of Vascular
Smooth Muscle Cells Via ERK Pathway
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Abstract The process of vascular calcification presents several features similar to osteogenesis in which fibronectin
(FN) acts as a regulator of osteoblastic differentiation and the ERK signal pathway is involved. In order to find whether FN
promotes the osteoblastic differentiation of vascular smooth muscle cells (VSMCs) through the ERK signal pathway, we
investigated the effect of FN on the calcification of VSMCs by using an in vitro cell model. VSMCs cultured in plates with
FN (0–20 mg/cm2) coating were induced to calcify by 10 mM sodium b-glycerophosphate (b-GP). FN exacerbated VSMC
calcification in a dose- and time-dependent manner, as indicated by the number of calcifying nodules per slide and the
amount of calcium in the deposition. Data from RT-PCR and immunoblotting assay revealed that FN also enhanced the
expression of several phenotypic markers of osteoblasts, including alkaline phosphatase (ALP) activity, osteocalcin (OC),
and Osf2/Cbfa1, a key transcription factor in osteoblastic differentiation. Furthermore, a specific inhibitor for ERK,
PD98059 (10 mM), significantly suppressed the effect of FN on calcification and phenotypic marker expression. These
findings seem to suggest that FN enhanced vascular calcification by promoting the osteoblastic differentiation of VSMCs
via ERK signal pathway. J. Cell. Biochem. 99: 1343–1352, 2006. � 2006 Wiley-Liss, Inc.
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Vascular calcification is a common pathologi-
cal feature of advanced atherosclerotic lesions
[Blumenthal et al., 1944], which is associated

with clinical complications such as myocardial
infarction, impaired vascular tone, dissection in
angioplasty, and poor surgical outcome [Umeda
et al., 2003]. Previously, vascular calcification
was considered as a passive chemical process
involving spontaneous deposition of calcium
phosphate crystals in necrotic tissue. More
recently, however, the involvement of cellular
activities has been recognized. Several markers
for osteoblastic lineage were detected in athero-
sclerotic plaques, including collagen I and the
non-collagenous matrix proteins, that is, osteo-
calcin (OC), osteopontin (OPN), matrix GLA
protein (MGP), and osteoglycin [Hirota et al.,
1993; Ikeda et al., 1993; Rekhter et al., 1993;
Shanahan et al., 1994, 1997]. A lot of factors,
such as bioactive peptides, oxidized lipids,
cytokines, and leptin, were also involved in the
regulation of vascular calcification [Parhami
et al., 1997; Hsu et al., 2000; Parhami et al.,
2001a; Shioi et al., 2002]. In addition, matrix
vesicles were characterized as the initiation
sites for mineralization [Tanimura et al., 1983].
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Vascular smooth muscle cells (VSMCs) have
beenfoundcontributingsignificantly to theregu-
lation of vascular calcification [Giachelli, 2001].

The osteoblast-like transformation of VSMCs
and expression of genes and proteins of the
transformed cells are important in vascular
calcification [Watson et al., 1994; Topouzis and
Majesky, 1996; Gadson et al., 1997]. Physiolo-
gically, the proteins expressed by normal
VSMCs, for example, MGP [Luo et al., 1997]
and OPN [Giachelli and Steitz, 2000] inhibit
calcification actively. However, in response to
pro-calcification factors, the process is compli-
cated by the osteoblast-like transformation of
VSMCs [Steitz et al., 2001], and the trans-
formed VSMCs express ossification-associated
genes and proteins which finally lead to forma-
tion ofmineralizednodules [Mohler et al., 2001].
Besides, these transformed cells respond to
factors associated with vascular calcification,
resulting in increased mineralization in vitro
[Parhami et al., 2001b].

In the development of the atherosclerotic
lesion, the role of fibronectin (FN) has rarely
been addressed in the re-differentiation of
VSMCs into osteoblast-like cells when the
relevant stimuli exist. FN presents in the early
stages of osteogenesis. The localization of FN in
the periosteum of rat calvaria and in the osteoid
surrounding implants indicates that FN is
synthesized and deposited in the areas of bone
tissue where recruitment and commitment of
osteoblast precursors occur [Weiss and Reddi,
1980; Moursi et al., 1996]. FN is involved in
cell adhesion, proliferation, migration, and
differentiation [Katow and Hayashi, 1985]. In
arteries, the destroyed integrity of the base-
ment membrane of the injured vessel wall may
cause the exposure of VSMCs to an FN-riched
extracellular matrix, in which FN is originated
from infiltrating plasma and later from the cells
within the vascular wall [Morla et al., 2000].
And FN was reported to promote the transition
of isolated rat aortic smooth muscle cells from a
contractile to a synthetic phenotype [Hedin
et al., 1988]. Based on the effect of FN on the
matrix composition, calcified nodule formation
and alkaline phosphatase (ALP) of calcifying
bovine aortic cells,Watson et al. [1998] hypothe-
sized that the development of arterial calcifica-
tion might be regulated by FN via integrin-
based signal pathway.

In the presentwork, we have investigated the
effect of human plasma FN on the calcification

of VSMCs by using an in vitro cell model.
Calciumdeposition, the expression of osteoblas-
tic phenotypicmarkers, and the changes caused
by an inhibitor to ERK have been detected,
trying to find whether FN promotes the osteo-
blastic differentiation of VSMCs through the
ERK signal pathway.

MATERIALS AND METHODS

Purification of Human Plasma FN

Fresh human plasma was obtained from Red
CrossBloodBank ofBeijing. Plasma (50ml)was
centrifuged (30 min, 4,000g) and filtered (3 mm
Sartorius filter). FN was extracted from the
plasma by gelatin-agarose affinity chromato-
graphy and further purified by heparin-agarose
affinity chromatography as described by
Poulouin et al. [1999]. The concentration of FN
was determined with Lowry method [Lowry
et al., 1951].

Fibronectin Coating of the Culture Plates

The FN solution (1.0 mg/ml) was applied to
60 mm culture plates and incubated at 378C
overnight to yield surface densities of 5�30 mg
FN/cm2. The FN-coated plates were then
blocked in 1% bovine serum albumin (BSA)
for 2 h. The dishes were rinsed twice with
phosphate-buffered saline (PBS) prior to the
following experiments [Chen et al., 1994].

Cell Culture and In Vitro Calcification

VSMCs were isolated from rat aortic media
and identified as previously described [Smith
and Brock, 1983]. The culture media was
DMEM (high glucose, 4.5 g/L, GIBCO BRL)
containing 15% fetal bovine serum (FBS,
Hyclone) and 1 mM sodium pyruvate. The cells
betweenpassages three and sevenwere used for
all experiments. The cells were plated at a
density of 5� 105 cells in 60 mm tissue culture
dishes either coated with purified FN or
uncoated. VSMCs calcification was induced
with the procedure described by Shioi et al.
[1995]. Briefly, after confluence, the cells
were inoculated in DMEM calcifying medium
containing 15% FBS and 10 mM sodium
pyruvate in the presence of 10 mM sodium
b-glycerophosphate (b-GP), 1.0�10�7 M insu-
lin, and 50 mg/ml ascorbic acid (approximately
284 mM) for 12 days. The media were replaced
with fresh one every 2 or 3 days. The transfor-
mation to calcifying cells was characterized by
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the appearance of multilayer nodules under-
going calcification detected by Alizarin Red S
staining. The cells at this stage were used
as calcifying VSMCs for the following
experiments.

Quantification of Calcium Deposition

Quantification of calcium deposition in
extracellular matrix was performed according
to Wada et al. [1999]. Briefly, the culture of
calcifying VSMCs was decalcified with 0.60 M
HCl for 24 h. The calcium content of HCl
supernatant was determined by atomic absorp-
tion spectroscopy. After decalcification, the cells
were washed three times with PBS and solubi-
lized with 0.10 M NaOH/0.10% SDS, and the
total protein content was determined with
Lowrymethod [Lowry et al., 1951]. The calcium
content of the cell layer was normalized to
protein content.

Characterization of Calcifying Nodules
by Alizarin Red S Staining

Cells grown in 60 mm plates were washed
with PBS three times, and then fixed in 10%
formaldehyde inPBS for 45minat 48C.The cells
were washed with distilled water and then
exposed to 2.0%aqueousAlizarinRedS solution
(Sigma) for 5 min.

Alkaline Phosphatase Activity Assay

Calcifying VSMCs were washed three times
with PBS, and the cellular proteins were
solubilized with 1.0% Triton X-100 in 0.90%
NaCl and centrifuged. ALP activity in super-
natants was assayed with the ALP assay kit
(Sigma) as described previously [Parhami et al.,
1997]. One unit was defined as the activity
producing 1.0 nmol of r-nitrophenol per 30min.
ALP activity was normalized to total protein
content of the cell layer.

Semiquantitative RT-PCR Analysis

Total cellularRNAwas extracted usingTrizol
reagent according to the manufacturer’s
instruction (Invitrogen). RT-PCR was per-
formed with the SuperScript one-Step RT-PCR
system and gene-specific primers according
to the condition recommended by the manufac-
turer (Invitrogen). Reaction mixtures, contain-
ing total RNA (500 ng of each), 0.20mMdNTPs,
0.80 mM of each primer, 2.0 units of enzyme
mixture containing SuperScript II RT, Plati-
num Taq DNA polymerase, and buffer with

1.2 mM MgSO4, were kept at 508C for 30 min,
then at 948C for 2 min. PCR was performed as
follows: the PCRprofile was 30 cycles of 948C for
1 min, 608C for 1 min, and 728C for 1 min. The
primers for RT-PCRwere designed based on rat
sequences in Genebank. These sequences are
listed in the supplementary table.

Immunoblotting

Cells were lysed with 200 ml of ice-cold buffer
containing 10 mM Tris, pH 7.9, 10 mM KCl,
2.0 mM MgCl2, 0.10 mM EDTA, 0.70% Nonidet
P-40 on ice for 10 min and centrifuged at 500g
for 5min. The cytosolic extracts were harvested
to measure ERK activation and the expression
of SM-a-actin and SM22a. The nuclear pellets
were further lysed with buffer containing
40 mM Tris, pH 7.9, 350 mM NaCl, 2.0 mM
MgCl2, 1.0 mM EDTA, 0.20 mM EGTA, 20%
glycerol, 1% Nonidet P-40, 1.0 mM phenyl-
methylsulfonyl fluoride, 2.0 mM dithiothreitol,
2 mg/ml leupeptin, and 1.0 mg/ml aprotinin on ice
for 20 min, and then harvested to determine
Cbfa-1 activation by centrifugation at 12,000g,
48C, for 10 min. Protein concentrations in
cytosolic and nuclear extracts were determined
by Lowry method. Aliquots (80 mg in total
protein) were subjects to SDS–PAGE and then
transferred to nitrocellulose membrane by
electrophoresis. The membrane was blocked
with 10% defatted milk powder solution in
TBS (Tris balanced saline, 50 mM Tris-HCl,
150 mMNaCl, pH 7.5) for 2 h, then blotted with
appropriate antibodies (Santa Cruz Biotechnol-
ogy) in 5% BSA/TTBS (0.02% Tween 20 in TBS)
at 48C overnight and incubated with an IgG in
5% BSA/TTBS for 1 h. The bound antibody was
detected in situ using the protocols provided by
the manufacturer (Vigorous Biotechnology,
Beijing). The optical densities of bands were
quantified by a Scion Image software.

Signaling Pathway in the FN Promoted
VSMCs Osteoblastic Differentiation

To find out the downstream intracellular
signaling pathways, we explored the relation-
ship between ERK phosphorylation of VSMCs
and the FN treatment investigated. VSMCs
were treated with 15 mg/cm2 FN for 12, 24, or
36 h and the cell lysates were subjected to
immunoblotting with anti-phosphorylated
ERK1/2 antibody. To further confirm the rela-
tionship between FN and ERK, we used
PD98059, which inhibits MEK, an upstream
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molecule of the ERK phosphorylation cascade,
to see whether the cell differentiation is inhib-
ited. VSMCs were cotreated with FN and
PD98059. Nodule formation, Ca deposition,
and ALP activity were assessed after 12 days.
Cbfa-1 activation and OC RNA level were
assessed after 2 days.

Statistical Analysis

Data are the mean�SD of independent
experiments (n¼ 3). Means were compared by
one-way ANOVA, with comparison of different
groups by Fisher’s protected least significant
different test. A value of P< 0.05 is considered
significant.

RESULTS

FN Enhanced VSMC Calcification

VSMC calcification was induced by b-GP, and
was enhanced by FN. After 10 days, calcifying
nodules appeared in FN-treated VSMCs
(Fig. 1B), but not in the control (Fig. 1A). Two
more days were needed for the observation of
calcifying nodules inVSMCs cultured in normal
plates. Both the number of the calcifying
nodules per slide (Fig. 1C, after 12 days) and
the amount of calcium deposition in extracel-
lular matrix (Fig. 2A, FN 15 mg/cm2; Fig. 2B,
after 12 days) were significantly increased in
FN-treated VSMCs.

FN Increased ALP Activity and the Expression
of Osteoblastic Differentiation Markers in CVCs

Alkaline phosphatase was well established to
be one of the phenotypic markers of osteoblastic
differentiation and a critical enzyme in calcifi-
cation. The effect of FN onALP activity in CVCs
was found in parallel with calcium deposition.
Both the dose dependence (Fig. 2D, after
12 days) of ALP activity on the FN content and
the time dependence (Fig. 2C, FN 15 mg/cm2)
were observed. Furthermore, the expression of
the ALP mRNA was upregulated in CVCs after
culture in FN-coated plates (Fig. 3A, 15 mg FN/
cm2) for 48 h. Similar results were also observed
for the mRNA expression of other phenotypic
markers, such as OC and Cbfa-1 (Fig. 3). In
addition, data from the immunoblotting experi-
ments revealed an increase in the level of Cbfa-1
and a decrease in the SMC contractile pheno-
type markers, SM-a-actin and SM22a, with
increasing FN concentration after 5 days
(Fig. 4). Here b-actin was a loading control.

Fig. 1. Effect of FN on calcifying nodule formation by VSMCs.
VSMCs were treated with coating FN (B, 15 mg/cm2) or without
FN (A, control) for 10 days (phase contrast images, original
magnification 40�). Typical CVCs were evident in both the
groups. Alizarin Red S staining demonstrated mineralized
nodules in the FN-treated CVCs, but no nodules were observed
in the control. C: Cells seeded in glass slides were cultured in
calcifying medium and medium containing FN (15 mg/cm2) after
12 days. Calcifying nodules were counted after stained by
Alizarin Red S method (mean� SD, n¼ 3). *P< 0.05 compared
with calcifying control group.
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ERK Pathway Was Involved in FN-Promoted
VSMCs Osteoblastic Differentiation

Immunoblotting analyses showed that FN
activated ERK1/2 (Fig. 5A). And the ERK
phosphorylation was dependent on the FN
concentration (Fig. 5B). The inhibitor of ERK
inhibited both VSMC calcification (Fig. 5C–E)
and these osteoblastic differentiation markers
(Fig. 5F–G).

DISCUSSION

Vascular calcification is a pathological condi-
tion that occurs in many diseases, including
atherosclerosis. Atherosclerotic calcification

resembles osteogenesis [Bostrom, 2001].
Several studies aiming to verify this hypothesis
and exploring the regulating mechanism have
been reported [Gadeau et al., 1993; Luo et al.,
1997]. Accumulated evidence indicates that
the vascular calcification is associated with
the osteoblastic differentiation of VSMCs.
And the osteoblasic differentiation may be
induced via different signaling pathway. The
role of extracellular matrix in this aspect is
increasingly recognized. As an important
extracellular matrix protein, FN has been
known to associate with the osteoblast differ-
entiation in bone formation [Glimcher, 1985;
Winnard et al., 1995]. Until recently, however,

Fig. 2. Effects of FN on VSMC Ca deposition and ALP activity.
A: Time-dependent effect of FN. Cells were cultured in
calcification medium for the indicated time periods in the
presence of 15 mg FN/cm2 as described in Methods. Calcium
contents of the cell layers were measured by atomic absorption
spectroscopy method, normalized to cellular protein content,
and are presented as mean� SD (n¼ 3). Differences compared
with calcified controls at each time point were statistically
significant (*P< 0.05, Fisher’s protected least significant differ-
ence test[PLSD]). B: Dose-dependent effect of FN. Calcium
contents of the cell layers were assessed as described above and
are presented as mean� SD (n¼3). Difference compared with

calcified control were statistically significant (*P<0.05, Fisher’s
PLSD). C: Time-dependent effects of FN. Cells were cultured in
calcification medium for the indicated time periods in the
presence of 15 mg/cm2 as described in Methods. ALP activity
were measured, normalized to cellular protein contents, and are
presented as mean� SD (n¼ 3). Differences compared with
calcified controls at each time point were statistically significant
(*P< 0.05, Fisher’s PLSD). D: Dose-dependent effect of FN. ALP
activity were measured, normalized to cellular protein contents,
and are presented as mean� SD (n¼3). Differences compared
with calcified controls at each time point were statistically
significant (*P<0.05, Fisher’s PLSD).

In Vitro Vascular Calcification 1347



little was known about the mechanism of FN-
regulating vascular calcification. Since the
calcified vascular cells with osteoblast-like cell
phenotype traits are the cellular basis of
vascular calcification [Bostrom, 2001], FN in
the blood streammay contribute to the calcifica-
tion by promoting the osteoblastic differentia-
tion of vascular cells. In this process, the
signaling pathway may be different than those
induced by cytokines and cellular factors. FN
may mediate the osteoblast differentiation and
subsequent calcification at least partially by
extracellular matrix signaling pathway. To
verify the hypothesis, we have studied the
effect of FN on vascular calcification and
osteoblast differentiation with cultured rat
VSMCs treated with b-GP as an in vitro model.

Our data indicate thatFNexposure enhanced
in vitro vascular calcification by promoting

Fig. 3. Effect of FN on CVC differentiation markers. Semiquan-
titative RT-PCR was performed using specific primers for Cbfa-1
(375 bp), ALP (418 bp), OC (416 bp). A: Total RNA was isolated
from cells after treatment with 5 mg, 10 mg, and 15 mg FN after
2 days. GAPDH (646 bp) expression was used as an internal
control. B: Relative expression of OC, ALP, and Cbfa-1,
normalized to GAPDH. C: RT-PCR of Cbfa-1 levels from cells
treated with fibronectin (15 mg/cm2) at 3 days, 6 days, 9 days, and
12 days. GAPDH expression was used as an internal control. D:
Relative expression of Cbfa-1, normalized to GAPDH. Data
represent results typical of those from three separate experi-
ments.

Fig. 4. Effect of FN on CVC differentiation markers. Immuno-
blotting was performed using specific antibodies for Cbfa-1, SM-
a-actin, and SM22a after 5 days. A: CVCs were treated with FN at
different concentration and the cells lysates were subjected to
immunoblotting. B: Relative expression of Cbfa-1, SM-a-actin,
and SM22a normalized to b-actin.
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osteoblastic differentiation of VSMCs. The
supporting evidence included (1) the character-
istic morphological change indicating VSMCs
differentiating into osteoblastic cells; (2) the

upregulated osteoblastic differentiation mar-
kers, including ALP and osteocalcin; and (3) the
upregulated Cbfa-1 expression and reduced
contractile phenotype markers SM-a-actin

Fig. 5. Effect of FN on ERK phosphorylation. A: Western
analyses of phosphorylated ERK in CVCs cultures treated with FN
(15 mg/cm2) for the indicated time (n¼ 3). B: Western analyses of
phosphorylated ERK and total ERK in CVC cultures treated with
different FN concentration for 48 h. C: Addition of PD98059
suppressed FN-promoted calcified nodule formation as deter-
mined by Aliza Red S method (mean� SD, n¼3). *P< 0.05
compared with calcifying control group after 12 days. D: Ca
deposition of CVC cultures treated with FN, PD98059 (10 mM) as
indicated after 12 days (n¼3). Differences compared with
controls at each concentration point were statistically significant

(*P< 0.05, Fisher’s PLSD). E: ALP activity of CVC cultures treated
with FN, PD98059 (10 mM) as indicated (n¼ 3). Differences
compared with controls at each concentration point were
statistically significant (*P< 0.05, Fisher’s PLSD). F: addition of
PD98059 (10 mM) blocked FN-induced Cbfa-1 activation. Top
lane showed that total Cbfa-1 protein level from CVCs with FN
treatment on a Western blot. Bottom lane showed that reciprocal
Cbfa-1 activation by tyrosine-phosphorylated Cbfa-1 (p-Cbfa-1).
G: RT-PCR analyses of OC level treated with FN, PD98059
(10 mmol/L) as indicated.
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and SM22a. In addition, the activated ERK1/2
phosphorylation suggests that the FN-
promoted differentiation is mediated by ERK
pathway. This notion is further supported by
the fact that the inhibition of the ERK pathway
suppressed FN’s effects on nodule formation,
ALP activity, Ca deposition,OC expression, and
Cbfa-1 activation.

Both calcium deposition in extracellular
matrix and ALP activity were increased by
FN exposure. These results indicate that
FN promoted calcification is associated with
increased ALP activity, since ALP can degrade
b-GP and raise the local concentration of
phosphorus [Gronowicz et al., 1989]. The results
are consistent with Watson’s finding [1998].

Beside the enhanced expression of OC and
ALP, the expression of Cbfa-1, a key regulatory
transcription factor in osteoblastic differentia-
tion, was also upregulated. Osf2/Cbfa-1 is
important for modulating the expression of
osteoblast-specific genes such as OC and ALP
[Banerjee et al., 1997; Nakashima et al., 2002].
It plays the role of ‘‘master gene,’’ as well as a
molecular marker for osteoblastic differentia-
tion. Jono et al. [2000] found that phosphate
induced Cbfa-1 upregulation of bovine artery
SMCs. Considering these previous findings and
the present results, one can deduce that FN
promotes cell differentiation by increasing
Cbfa-1 expression. Therefore, it is likely that
FN promotes osteoblastic differentiation of
VSMCs by increasing the expression of the
Osf2/Cbfa1 gene and consequently, the level of
its downstream transcriptional targets, such as
ALPandOC. It is not yet clearwhetherCbfa-1 is
a solely transcriptional regulator and exerts a
direct effect on ALP and OC expression or not.

Moreover, there is a dramatic loss of the
contractile markers, SM-a-actin and SM22a, in
FN-treated VSMCs. This indicates that under
normal conditions, VSMCs express SM-a-actin
and SM22a representing the contractile pheno-
type, while exposure to elevated FN induces
VSMCs phenotypic transition. It seems that FN
has the capacity to induce SMC differentiation
from a contractile to an osteoblastic phenotypic
state.

As to the possible signal transduction path-
way of FN onVSMCdifferentiation, the present
results showed that FN activated ERK, the
specific extracellular signal-regulated kinase
of MAPK (mitogen-activated protein kinase)
pathway. The MAPK pathway is a major point

of convergence for a variety of intracellular
signals initiated by ECM–integrin interaction
[Xiao et al., 2000]. Previously, some evidence
suggested that the differentiation of mesench-
ymal stem cells to the osteogenic lineage might
be regulated by activation via ERK pathway
[Jaiswa et al., 2000]. In addition, MAPK path-
way may be involved in osteoblast differentia-
tion, of which ERK is essential in the early
stages [Lai et al., 2001]. It stimulates the
osteoblast-related gene expression by extracel-
lular matrix–integrin receptor interaction,
BMP-2, growth factors aswell asmechanostres-
sing [Lai et al., 2001; Wang et al., 2002; Xiao
et al., 2002; Ziros et al., 2002]. However, how is
FN involved in the MAPK pathway as the
extracelluar matrix protein? It has been
reported that FN activates MAPK pathway
through integrin-mediated cell adhesion [Chen
et al., 1994]. Integrins are known to activate
signaling pathways including the activation of
RAS/ERK. Therefore, we hypothesize that FN
induces the VSMC differentiation via the
MAPK pathway by activating ERK phosphor-
ylation. This is supported by the suppressing
effect of ERK-specific inhibitor (PD98059) on
nodule formation, ALP activity, Ca deposition,
OC expression, and Cbfa-1 activation.

As to the relation between MAPK pathway
and Cbfa-1 expression, Xiao et al. [2000]
provides the evidence that Cbfa-1 is controlled
by MAPK for osteoblastic differentiation.
Stimulation of MAPK enhances the expression
of OC, whereas the inhibitor PD98059 inhibits
the expression. Our data suggest that Cbfa-1
activity could be regulatedbyMAPK-dependent
phosphorylation in CVCs.

In conclusion, our findings and previously
reported facts support the hypothesis that FN
enhances in vitro calcification by promoting
osteoblastic differentiation in rat VSMCs, and
this effect might be mediated by the MAPK
pathway, in which the increased ERK phos-
phorylation induces Cbfa-1 expression and
the consequent differentiation-associated gene
expression, leading to the enhancement ofCVCs
calcification.
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