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Summary
Introduction: Calcitriol, essential for maintaining calcium and phosphorus homeostasis in the body, may
damage the vascular system in high doses, increasing the risk of calcification.
Objective: To assess the differential expression of proteins in vascular smooth muscle cells subjected to a
supra-physiological dose of calcitriol.
Material and methods: Rat vascular smooth muscle cells (VSMC-R) were cultured in the presence of 10-7 M
calcitriol for 10 days. The change of muscle to bone phenotype was assessed by alkaline phosphatase
activity, immunocytochemistry, quantitative polymerase chain reaction in time (QPCR) and Western blot
analysis. By means of two-dimensional electrophoresis and mass spectrometry was evaluated for the differential protein pattern in presence and absence of 10-7 M calcitriol.
Results: Exposure to a high dose of calcitriol decreased elastin gene expression and the protein and gene
expression of α-actin protein, increased gene expression of osteocalcin and Runx2 and expression of
osteoprotegerin protein. At the proteomic level, 10 differentially expressed proteins were identified, highlighting the increase in mitochondrial superoxide dismutase, cytoskeleton proteins, vesicle formation and
inflammasome. On the contrary, there were 4 proteins that diminished expression, highlighting some of
muscular type.
Conclusions: In a model of vascular smooth muscle cells submitted to a supra-physiological dose of calcitriol an increased expression of cytoskeleton proteins was observed. These proteins form matrix vesicles and participate in clearance of free radicals and in the inflammatory response. The loss of muscle
phenotype was represented by decreased expression of typically muscle proteins.
Key words: vascular calcification, calcitriol, proteomics.

ORIGINALS / Rev Osteoporos Metab Miner. 2017;9(4):130-138

Introduction
Vascular calcification (VC) is a prevalent alteration
in aging, which has been linked to an increase in
vessel stiffness and an increased risk of cardiovascular death1. In the general population, progression and VC rate have been associated with an
increased risk of fractures and osteoporosis2, preceding vascular alterations to bone alterations
observed later3. Different epidemiological studies
have shown the relationship between alterations
in bone metabolism, VC and increased mortality4.
The mechanism by which VC occurs is complex. Initially, it was thought to be a passive process consisting of a simple precipitation of calcium
and phosphorus in an appropriate microenvironment5. However, it is now known that, in addition
to this passive process, there are active mechanisms that run along with the former. During these
active processes, vascular smooth muscle cells
(VSMC), due to certain calcification promoters,
suffer a greater degree of apoptosis, form vesicles
and finally change their phenotype of smooth
muscle cells to osteoblast-like cells, inducing
matrix formation and also attracting local factors
that determine the mineralization process1.
Vitamin D, which exerts its main physiological
effect on calcium and phosphorus homeostasis,
has traditionally been used to treat and prevent
rickets and osteomalacia6. It is hydroxylated in the
kidney by the action of 25-hydroxyvitamin D-1α
hydroxylase giving rise to calcitriol, which is the
most active physiological metabolite of this hormone7. For years, high-dose calcitriol has been
known to induce increased calcification in VSMC8,
alkaline phosphatase activity and reduced regulation of parathyroid hormone-related peptide
(PTHrP)9. Further studies have confirmed the calcification promoting effect of calcitriol by increasing calcium deposition in the aorta of the rat
model with normal renal function10 and by increasing Messenger RNA levels (mRNA) of bone proteins: Runt-related transcription factor 2 (Runx2),
osteocalcin, osteoprotegerin (OPG), activator
receptor for nuclear factor κβ (RANKL) and bone
morphogenetic protein 4 (BMP4) in the aorta of
nephrectomized rats11,12.
Therefore, this study aimed to evaluate the differential expression of proteins produced with the
calcifying effect of supra-physiological doses of
calcitriol in an in vitro model of VSMC.

Material and methods
Induction of calcitriol vascular calcification
The rat aorta vascular smooth muscle cell line, SMACR (primary culture DPK-SMAC-R; Pharmakine), was
cultured at 37°C in a humid atmosphere with 5%
CO2 in Dulbecco's Modified Eagle Medium
(DMEM, Lonza) with 10% fetal bovine serum (FBS,
HyClone® Thermo Scientific), 100 IU/mL penicillin, 100 µg/mL streptomycin and 2 mM glutamine
(Biochrom AG).
Upon reaching the necessary confluence
(approximately 60%), the cells were cultured with
DMEM F-12 culture medium supplemented with

0.1% bovine serum albumin (BSA) in the absence
or presence of calcitriol (10-7 M, Sigma- Aldrich)
for ten days, changing the culture with fresh
medium every 48 hours. All experiments were
carried out in triplicate and each condition in each
experiment was done in triplicate.
Determination of alkaline phosphatase activity
VSMCs cultured in 24-well plates with or without
10-7 M calcitriol for 10 days were collected, and
alkaline phosphatase activity was quantified by
measuring the amount of hydrolyzed para-nitrophenol phosphate following the instructions of the
kit used for its determination (BioAssay Systems).
Immunocytochemistry
To evaluate the vascular phenotype loss, the immunocytochemistry of α-actin was carried out. In
order to do so, the VSMCs were grown on a specific plastic support (Thermanox) and then exposed
to 10-7 M calcitriol for 10 days. The mouse monoclonal antibody against α-actin (CP-47, Calbiochem)
and the Dako Real™ EnVision™ Detection System,
Peroxidase/DAB+, Rabbit/Mouse (Dako) were used
for this purpose.
Analysis of gene expression
For the analysis of gene expression by quantitative real-time PCR (qPCR) RNA was previously
extracted from the cells using Tri Reagent
(Ambion) following a standard protocol. From 2
µg of total RNA, the cDNA was obtained using the
High Capacity cDNA Reverse Transcription kit
(Applied Biosystems) following the manufacturer's
instructions. To quantify the relative genetic
expression, a thermocycler model Stratagene
Mx3005P QPCR System (Agilent Technologies)
and Taqman® reagents (Taqman® Universal PCR
Master Mix, Applied Biosystems) were used. We
used the Applied Biosystems assays corresponding
to the following genes: α-actin (Rn01759928_g1),
elastin (Rn01499782_m1), osteocalcin (Rn01455285_g1)
and Runx2 (Rn01512296_m1). The results were
normalized against 18S endogenous control
(Eukaryotic 18S rRNA endogenous control reagent, Applied Biosystems). The interpretation of
the data was performed using the threshold cycle
comparison method (ΔΔCt)13.
Protein study
Two-dimensional protein electrotrophrosis:
For the study of differential protein expression by
two-dimensional electrophoresis, VSMC was cultured for 10 days in the absence or presence of 10-7
M calcitriol. Total protein extraction was performed by homogenizing the cells in a lysis buffer
composed of 7 M urea, 2 M thiourea and 2%
CHAPS. Proteins were purified and desalted using
the Ready Prep Clean-up kit (Bio-Rad) and quantified by the Bradford assay14.
The isoelectric focusing (separation of the proteins according to their isoelectric point) or first
dimension was carried out in triplicate with 150 µg
of proteins of each condition in strips of 24 cm
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dehydrated polyacrylamide with a non-linear pH
range 3-10 (IPG-Strips, GE Healthcare). At 24
hours prior to isoelectric focusing, the strips were
rehydrated with DeStreak Rehydration Solution
and 0.5% ampholytes (both from GE Healthcare).
The isoelectric focusing was performed on Ettan
IPGphor3 (GE Healthcare), and the strips were
then washed with equilibration buffer (6 M urea,
75 mM Tris-HCL, 30% glycerol and 2% SDS) with
two 15-minute washes, First with dithiothreitol
(DTT) 1% and the second with 2.5% iodoacetamide, for reduction-alkylation of proteins.
The second dimension was performed by SDSPAGE on 12% polyacrylamide gels in a multiple
cuvette (GE Healthcare). After the electrophoresis,
the gels were stained with 0.1% silver nitrate and
digitized with a calibrated densitometer GS-800,
analyzing the different intensity of the spots using
the PDQuest software, both of Bio-Rad.
Analysis of differential protein expression by mass
spectrometry:
Differentially expressed spots in the two culture
conditions (absence or presence of calcitriol) were
cut from the gel, sliced and washed out in incubation for 10 minutes with 30 mM potassium ferrocyanide and 100 mM sodium thiosulfate, and dehydrated in acetonitrile. Finally, they were digested
with 13 ng/µL trypsin in 10 mM ammonium bicarbonate/10% acetonitrile for 24 hours at 37°C.
Peptides obtained from trypsin digestion were
identified by liquid chromatography (nanoHPLC,
Applied Biosystems) and ion trap mass spectrometry (Q-TRAP, Applied Biosystems) (LC-MS/MS).
Mass spectra of differentially expressed proteins
were identified using the UniProtKB/Swissprot
database (www.uniprot.org) and the Mascot
search engine.
Protein analysis by Western blot:
Western blot analysis was used to confirm the
results obtained in two-dimensional electrophoresis. To this end, the total proteins were extracted
from the cultures in RIPA lysis buffer and quantified by the Bradford standard method (Bio-Rad).
The different protein extracts (30 µg) were
electrophoresed on polyacrylamide gels under
denaturing conditions (SDS-PAGE)15. The proteins
were transferred to a PVDF (Hybond™ P, GE
Healthcare) membrane which was incubated with
the corresponding primary antibody at the appropriate dilution: against OPG (sc-8468, Santa Cruz
Biotechnology, 1:1,000); against α-actin (CP-47,
Calbiochem, 1:1,000 dilution) and against GAPDH
(scycealdehyde-3-phosphate
dehydrogenase)
(sc25778, Santa Cruz Biotechnology, 1:5,000).
Peroxidase-linked secondary antibodies were specific for each primary antibody (sc-2023, Santa
Cruz Biotechnology; and 401215, Calbiochem).
Finally, the detection was carried out by the ECL
Western Blotting Detection kit (Amersham
Biosciences). The development was carried out
using the Chemidoc XRS+ kit (Bio-Rad). The
determination of the intensity of the bands obtai-

ned in the Western blot was performed with the
Image Lab software (Bio-Rad).
Statistic analysis
Statistical analysis was carried out using SPSS software for Windows 17.0 (SPSS Inc) and significant
differences were considered with p less than 0.05.
Results were expressed as mean ± standard deviation. Differences in alkaline phosphatase activity
and gene and protein expression between the different culture conditions were assessed using
Student's t test after checking the normality of the
variables. In the case of the identification of proteins with the Mascot search program, the assumption of the variables’ normality has hindered assessing the normality or not of the identified proteins.

Results
Changes in the phenotypic level to the osteoblastlike cell were analyzed in the VSMC after being
maintained in culture in the presence or absence
of 10-7 M calcitriol for 10 days. A significant increase in alkaline phosphatase activity was observed
twice in cells exposed to calcitriol (Figure 1A). In
addition, a decrease in α-actin in cells exposed to
calcitriol was observed by immunocytochemistry,
confirming the loss of muscle phenotype with calcitriol at high doses (Figure 1B).
The qPCR study of muscle and bone genes
showed that exposure to a high dose of calcitriol
significantly decreased α-actin gene expression by
35%, whereas for elastin suppression was almost
total (99%) (Figures 2A and 2B). In the case of
typically osseous genes, exposure to calcitriol significantly increased (13 fold) the gene expression
of osteocalcin, this increase being smaller, but also
significant, in the case of Runx2 (2.5 fold) (Figures
2C and 2D).
In order to compare the spectrum of differentially expressed proteins by VSMC exposure to 10-7
M calcitriol for 10 days (10-7 M CTR group) with
respect to VSMC in the absence of calcitriol (control group), proteomic analysis was carried out.
There were 334 spots located on each of the 6 gels
stained with silver nitrate (3 Control and 3 CTR 10-7
M), of which 22 presented significant differences
in expression (p <0.05). Of these, Mascot 10 spots
were identified by the search engine that are
shown in figure 3.
Of the 10 proteins that were identified (Figure
3 and Table 1), we should highlight the increase
in expression in 6 of them, among which is the
mitochondrial superoxide dismutase, a marker of
oxidative stress, which experienced a greater
increase. The other proteins that increased its
expression were cytoskeletal or related proteins
(glial fibrillary acid and threonine/serine kinase
type Ste20), proteins involved in vessel formation
(dynamins), membrane proteins (ceramide glucosyltransferase) and proteins of the inflammasome
(pyrins). In contrast, we identified 4 proteins that
after their exposure to calcitriol decreased their
expression, with the highest decrease in cytoplasmic actin 2. The other muscle marker whose
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expression was also diminished was α-actin of
aortic smooth muscle. The other two proteins
whose expressions were diminished were prolyl4-hydroxylase, involved in the maturation of collagen fibers, and inactive dipeptidyl peptidase 10
(DPP10), which is part of potassium channels.
To confirm the results obtained by proteomics
the protein expression of α-actin, muscle protein,
and OPG of bone strain was analyzed by Western
blot analysis. Western blot analysis showed that
exposure to calcitriol induced a decrease in αactin protein expression and an increase in OPG
(Figure 4).

Discussion
Research into CV has aroused increasing interest
due to its association with cardiovascular morbidity and mortality16. The effect of vitamin D as a
promoter of CV deserves particular attention, since
high doses of calcitriol have been associated experimentally with an increase in CV9,17. Therefore, the
differential expression profile of VSMC proteins
subjected to a supra-physiological dose of calcitriol has been analyzed in vitro, finding for the
first-time proteins that had not been identified in
this process of calcification mediated by calcitriol.
In the present study and according to previous
studies9,18, an increase in alkaline phosphatase activity and a decrease in α-actin protein were observed in cells exposed to calcitriol. This effect can
be explained by the increased expression of the
transcription factor Runx2, which plays a decisive
role in the phenotypic change associated with
CV19. An increase in the transcription of the osteocalcin bone gene in response to calcitriol and an
increase in the protein expression of OPG, both

typically bone, have also been observed20. In fact,
administration of high doses of calcitriol, similar to
those used in our study9,21, has been associated
with CV in both nephrectomized rats and in rats
with normal renal function10,21. In contrast, low
doses of calcitriol and its analogs do not induce
CV, and may even have a protective effect on its
development22,23.
Parallel to the increase in the expression of
bone factors, not only the decrease in α-actin protein levels, but also a decrease in the gene expression of both α-actin and elastin, both muscle markers, have been observed. Since VCAMs show
high plasticity24, VC promoters can induce a decrease in the expression of muscle genes and lead to
a differentiation into the bone phenotype, accompanied by an increase in factors that promote calcification25.
After mass spectrometric analysis of the protein
extracts obtained, 10 proteins were identified.
Depending on where they exert their function, the
identified proteins were classified as: cytoskeleton
proteins, involved in the formation of vesicles,
membrane proteins, extracellular matrix proteins,
inflammatory proteins and proteins related to oxidative stress. The identified proteins were mostly
distributed in the cytoplasm, but also in other
intracellular organelles such as the endoplasmic
reticulum (ER), Golgi apparatus and mitochondria.
Of the differentially expressed proteins identified by LC-MS/MS, six showed increased expression after treatment with calcitriol compared to the
control. The one with the greatest overexpression
was superoxide dismutase or mitochondrial SOD,
which is an oxide-reductase and one of the most
important antioxidant enzymes. Such increase

Figure 1. A) Alkaline phosphatase activity (ALP), measured as nmol of p-nitrophenol phosphate/µg protein
hydrolyzed per minute, in VCMV exposed to calcitriol for 10 days. B) Immunocytochemistry of α-actin in VSMC
in absence (control) or presence of 10-7 M calcitriol (10-7 M CTR) for 10 days. The red circle is depicted at higher magnification on the right to see the difference in staining. * P<0.05 with respect to the control
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could represent a compensatory mechanism to
counteract the damage induced by the increase of
reactive oxygen species in the calcification process26-28.
Another protein that is observed to be increased
in the VCMVs exposed to calcitriol is the glial fibrillary acidic protein, one of the fibrous proteins that
form the intermediate filaments of the intracellular

cytoskeleton29. This protein is found in certain cells
closely related to filaments of vimentin, desmin and
periferin, which are involved in the structure and
function of the cytoskeleton. There are no data linking the glial fibrillary acidic protein with the CV,
but its increase could also represent a compensatory mechanism to avoid the disorganization of the
cytoskeleton that occurs in the CV process.

Figure 2. Relative levels of mRNA of A) α-actin, B) elastin, C) osteocalcin and D) Runx2 in VSMC in absence
(control) or presence of 10-7 M calcitriol (10-7 M CTR) for 10 days. *P<0.05 vs control
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Figure 3. Two-dimensional gels of VSMC protein extracts cultured in absence (control) or presence of 10-7 M
calcitriol (10-7 M CTR) for 10 days. Those proteins expressed differentially with respect to the control cells are
indicated: in red those that show increase and in green those that descend
Control

CTR 10-7 M
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Table 1. List of proteins identified by the Mascot searcher differentially expressed in VSMC cultured in absence
(control) or presence of 10-7 M calcitriol (10-7 M CTR) for 10 days

Control

CTR
10-7 M

Exchange
rate
CTR/
Control

Value
p

Name of the protein

Nº acc.

Nº
peptides

1: Mitochondrial superoxide dismutase [Mn]

P07895

2

5.5±5.8

15.5±4.2

2.82

0.027

2: Glial fibrillary acidic protein

Q9UFD0

2

5.1±2.2

13.2±0.8

2.59

0.006

3: Protein type dinamine

O00429

2

6.9±3.5

16.2±6.5

2.35

0.024

4: Serine/threonine kinase type Ste20

Q9H2G2

2

23.4±9.3

54.3±9.4

2.32

0.008

5: Ceramide glycosyltransferase

Q16739

3

7.6±1.1

14.9±6.6

1.96

0.029

6: Pyridine

O15553

1

2.8±4.2

4.5±7.3

1.61

0.041

7: α-actin aortic smooth muscle

P62738

1

14.1±1.4

6.2±2.1

0.44

0.004

8: α1 subunit of prolyl-4-hydroxylase

P54001

2

23.2±8.1

9.2±2.7

0.39

0.041

9: Dipeptidyl peptidase 10 inactive

Q8N608

2

33.7±8.1

12.9±8.8

0.38

0.019

10: Cytoplasmic actin 2

P63259

8

763±33

208±11

0.27

0.004

The accession numbers of Swissprot (Nº acc.) And the number of peptides identified by mass spectrometry (Nº
peptides) are shown. The average intensity of the spots ± standard deviation of the 3 control gels, the 3 gels
CTR 10-7 M and the exchange between them (CTR/Control) is represented. P calculated by Student t for independent variables.
Figure 4. Overexpression of osteoprotegerin (OPG) and decrease
In the present study, we also obserof α-actin by Western blot in VSMC exposed to 10-7 M calcitriol for
ved an increase in dynamin, which is a
10 days
GTPase responsible for endocytosis in
eukaryotic cells. Dynamins are mainly
involved in the excision of newly forControl
10 M calcitriol
med vesicles from the membrane of a
cell compartment. This fact could involve them in a common phenomenon
and inducer of CV as is the appearance
OPG
60 kDa
of matrix vesicles, which are formed
from cells where mineralization originates or are the result of the process of
cellular apoptosis (apoptotic bodies)30.
In fact, Kashiwakura et al. have obserα-actin
42 kDa
ved that dynamin is capable of at least
partially regulating apoptosis induced
by oxidized low-density lipoproteins by
regulating its endocytosis31. A recent
article has implicated them as a mediaGAPDH
37 kDa
tor of oxidative stress in cardiomyocytes, helping to slow the production of
reactive oxygen species and apoptosis32.
Another group of proteins that
increased their expression in VSMC by
their exposure to calcitriol was the
Ste20 threonine/serine kinase. These
elderly individuals, suggesting that it promotes the
enzymes are involved in the orientation and orgainstability of microtubules and actin filaments35.
33
nization of spindle microtubules during mitosis .
Glucosylceramide transferase (GlcT-1) also
It is known that this protein is a transcriptional
increased its protein expression. This protein is
regulator of the poloid kinase Plk1 in smooth
integrated in the metabolism of sphingolipids,
muscle34. A recent study has observed an increase
intervening in the transfer of a molecule of glucoin the expression of this protein in aortas of
se for the glycosylation of ceramide (acylsphingo-7
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sine), giving rise to glycolipid compounds called
cerebrosides and which are important components of the cell membrane of muscle tissue.
Although there are no data in the literature that
relate these enzymes to the vascular calcification
process, there is a classic work that finds the accumulation of glycosphingolipids in patients who
died with atherosclerotic plaque, which could suggest a pathogenic mechanism of vascular tissue
alteration36.
It is possible to emphasize the increase of a
protein called pyrin that forms part of the inflammasome. This is a set of cytosolic multi-proteins
that allows the activation of proinflammatory caspases which transform the precursor of interleukin-1β (pro-IL-1 β) to the active form (IL-1 β), leading to a powerful inflammatory response37.
Recently, Wen et al. have described that, for the
calcification of VSMC, the inflammatory response
is required38.
Likewise, in agreement with previous published works carried out in in vitro models of endothelial dysfunction and proteomics39, our results
showed a decrease in the expression of structural
proteins and a deregulation of the cytoskeletal
proteins in the VCLCs exposed to calcitriol at
supraphysiological doses. Aortic smooth muscle
actin and cytoplasmic actin 2 are proteins that play
a key role in cell architecture and motility. This
could be interpreted as a loss of the VSMC muscle
phenotype as a consequence of exposure to high
concentrations of calcitriol.
CV is a regulated pathological process that
resembles osteogenesis. When the VSMC of the
mean are exposed to a calcifying stimulus, they
maintain their ability to differentiate into osteoblast or chondrocyte cells, expressing different
bone proteins, producing matrix vesicles and
components of the extracellular matrix with propensity for mineralization40.
In our experiments, in addition to components
of the extracellular matrix, a decrease in proteins
of the rough endoplasmic reticulum (RER) involved in collagen maturation was detected. Prolyl-4hydroxylase is an enzyme that participates in posttranslational hydroxylation of proline proline and
whose decrease inhibits the formation of the triple
helix. Although there is no data of this enzyme on
CV, the absence of prolyl-3-hydroxylase with
which it shares the hydroxylation mechanism of
proline in the collagen results in hypermineralization of the bone matrix41.
Finally, a protein that has shown a decrease is
inactive dipeptidyl peptidase 10 (DPP10). This
protein, which is an important neuronal component of the potassium channels, can act as a chaperone interacting with other important signaling
molecules, such as hsp90 and associated proteins,
and can modulate apoptosis42. Therefore, the
decrease observed in our study in cells exposed to
calcitriol could be a consequence of the change in
the observed cellular phenotype.
The results of this in vitro experimental study
have the limitations of not being directly applica-

ble to humans, but should warn of the effect that
high doses of calcitriol, used as a treatment of
secondary hyperparathyroidism in chronic kidney
disease, may have on the vascular calcification.
Although in the normal population the kidney
would be able to eliminate excess calcitriol,
mostly derived from treatment with 25-hydroxyvitamin D and its renal and extra-renal conversion
to calcitriol, when deterioration of renal function
is aggravated by aging should alert clinicians to
follow a very strict control, to avoid harmful
effects that could have a high calcitriol, increasing
hypercalcemia and hyper-phosphoremia and its
subsequent deposition in vascular tissue.
Identification of protein spots is limited by the
quantity and quality (low concentration of salts,
nucleic acids, lipids, etc.) of the protein extract
obtained, which depends directly on the efficiency
of the extraction method43. In our work, in addition to the proteins described above identified
with a high reliability, according to the score
obtained in the different databases of protein
identification, other proteins were also identified
with a low score that could be explained considering different reasons44. On the one hand, the concentration of some molecules may be much lower
than others in the cut spots. On the other hand,
some proteins may have undergone post-translational modifications or proteolysis, which may
alter the availability of the peptides for identification. Finally, it should be taken into account that
the characterization of the protein profile of the
cells has been carried out in a calcification model
that lasted up to 10 days. It is possible that, in
models where calcification is established in
periods of up to 3 weeks, the levels of some proteins could be higher and greater differences
observed.
Therefore, and as a summary, we can affirm
that we have objectified a decrease in vascular
phenotype and an increase of bone in VSMC subjected to a supra-physiological dose of calcitriol.
These phenotypic changes give rise to a differential protein profile, with increased expression of
proteins involved in free radical scavenging and
forming part of the cytoskeleton as a possible
compensatory mechanism to the calcification process. It was also observed an increase in proteins
involved in the formation of matrix vesicles, as
well as in an increase in the inflammatory response, both processes inherent to vascular calcification. The loss of muscle phenotype was represented by declines in the expression of typically muscle proteins. These results should be ratified in
animal models with a view to their clinical utility
in the prevention of vascular calcifications in the
general population.
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