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TRANSLATIONAL SCIENCES

Vitamin D Receptor From VSMCs Regulates 
Vascular Calcification During CKD: A Potential 
Role for miR-145a
Maite Caus , Cristina Alonso-Montes, Jose Luis Fernandez-Martin, Manuel Marti-Antonio , Milica Bozic ,*  Jose M. Valdivielso * 

BACKGROUND: Vascular calcification (VC) is a highly prevalent complication of chronic kidney disease (CKD) and is associated 
with the higher morbidity-mortality of patients with CKD. VDR (vitamin D receptor) has been proposed to play a role in the 
osteoblastic differentiation of vascular smooth muscle cells (VSMCs), but the involvement of vitamin D in VC associated to 
CKD is controversial. Our aim was to determine the role of local vitamin D signaling in VSMCs during CKD-induced VC.

METHODS: We used epigastric arteries from CKD-affected patients and individuals with normal renal function, alongside an 
experimental model of CKD-induced VC in mice with conditional deletion of VDR in VSMC. In vitro, experiments in VSMC 
with or without VDR incubated in calcification media were also used.

RESULTS: CKD-affected patients and mice with CKD showed an increase in VC, together with increased arterial expression of VDR 
compared with controls with normal renal function. Conditional gene silencing of VDR in VSMCs led to a significant decrease 
of VC in the mouse model of CKD, despite similar levels of renal impairment and serum calcium and phosphate levels. This was 
accompanied by lower arterial expression of OPN (osteopontin) and lamin A and higher expression of SOST (sclerostin). Furthermore, 
CKD-affected mice showed a reduction of miR-145a expression in calcified arteries, which was significantly recovered in animals 
with deletion of VDR in VSMC. In vitro, the absence of VDR prevented VC, inhibited the increase of OPN, and reestablished the 
expression of miR-145a. Forced expression of miR-145a in vitro in VDRwt VSMCs blunted VC and decreased OPN levels.

CONCLUSIONS: Our study provides evidence proving that inhibition of local VDR signaling in VSMCs could prevent VC in CKD 
and indicates a possible role for miR-145a in this process.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: microRNAs ◼ osteopontin ◼ receptors, calcitriol ◼ renal insufficiency, chronic ◼ vascular calcification

Vascular calcification (VC) is characterized by the 
abnormal deposition of calcium (Ca) phosphate salts 
in the tunica media of blood vessels. VC is highly 

prevalent in patients with chronic kidney disease (CKD),1,2 
and it is a strong predictor of cardiovascular mortality 
in CKD population.3–5 The major form of VC in CKD is 
medial VC, where vascular smooth muscle cells (VSMCs) 
play an essential role. VSMCs are the predominant cells 
of the vascular wall with a contractile phenotype and an 

important role in maintaining vessel function. During VC, 
VSMCs undergo a nonreversible phenotypic transforma-
tion consisting in the loss of their smooth muscle pheno-
typic markers, acquisition of the osteogenic phenotype 
with upregulation of bone-specific genes such as Runx2 
(runt-related transcription factor 2), BMP-2, alkaline 
phosphatase, OPN (osteopontin), osteocalcin, and lamin 
A6–10 and downregulation of VC inhibitors such as SOST 
(sclerostin), fetuin-A, and MGP (matrix Gla protein).7,8,11,12 
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Despite many studies being undertaken, the molecular 
mechanisms implicated in VC are not entirely understood.

Vitamin D is a steroid hormone that acts as a tran-
scription factor by binding to its receptor (VDR [vitamin 
D receptor]), with the ability to regulate different osteo-
genic genes through vitamin D response elements13,14 in 
the promoter regions of target genes. It has been demon-
strated that VSMCs have functional VDR15 and that the 
active vitamin D compound 1α-25-dihydroxyvitamin D3 
(1,25D) directly increases VSMC calcification in vitro.13 
In the last 2 decades, active vitamin D compounds have 
been used in patients with CKD to control secondary 
hyperparathyroidism, but the effect of vitamin D on VC 
is not entirely clear.16 Thus, Shroff et al17 demonstrated 
that either high or low levels of vitamin D are associated 
with increased VC18 in pediatric patients, while Lomash-
vili et al19 pointed to a systemic action rather than a direct 
vascular effect of vitamin D on an experimental model 
of VC. Interestingly, Han et al20 reported that VDR defi-
ciency protected against VC, as aortas from total VDRko 
mice presented complete inhibition of VC induced by 
high vitamin D. Although the existence of physiologically 
active VDR and its actions in VSMCs have been widely 
described,21 details on the role of local VDR signaling in 
VC are still lacking.

Accumulating evidence points to microRNAs (miR-
NAs) as important players in the process of VC. A diver-
sity of miRNAs has been demonstrated to promote VC, 
while others seem to have a protective role.22,23 miRNAs 
are small endogenous, noncoding, single-stranded RNA 
molecules able to regulate gene expression through 
posttranscriptional processing of mRNAs.24 Recent 
studies show that miR-145 expression decreases in 

transdifferentiated VSMCs of rats with CKD,25 as well 
as in human cultured VSMCs exposed to high levels of 
phosphate.26 In addition, VDR has been considered as a 
potent regulator of these small molecules, and miR-145 
was identified as a target for 1,25D.27

In the present study, we combine experimental studies 
using VSMC cultures in vitro and conditional knockout 
mice with the specific deletion of VDR in VSMCs, with 
human samples of patients with CKD to study the role of 
local VDR signaling in medial VC during CKD.

MATERIALS AND METHODS
Data Availability
The data that support the findings of this study are available 
from the corresponding author upon reasonable request and in 
the Supplemental Material.

Human Epigastric Artery Samples
Human arterial samples were obtained from consecutive CKD 
patients who underwent a renal transplantation procedure in 
Hospital Universitario Central de Asturias between 2011 and 
2012 (n=15) and from healthy kidney donors (n=17) with nor-
mal renal function, nonsmokers, and free from diabetes and 
cardiovascular disease. Studies involving human samples were 
performed in agreement with the Declaration of Helsinki and 
with local and national laws. The Human Ethics Committee of 
the Hospital Universitario Central de Asturias approved the 
study procedures (CEImPA: 2022.240). All participants signed 
an informed consent before inclusion in the study providing 
permission for their medical data to be anonymously used for 
the research.

Animal Study
All animal studies were approved by the local Ethics Committee 
of the University of Lleida (2014-0046) and complied with all 
relevant ethical regulations and guidelines of the European 
Research Council for the Care and Use of Laboratory Animals.

Mice were housed and maintained in a barrier facility, and 
pathogen-free procedures were used in all mouse rooms. 
Animals were kept in a 12-hour light/dark cycle at 22 °C with 
ad libitum access to food and water. Animals were weaned 
at 21 days. After weaning, they were maintained on a regular 
mouse chow (Harlan Teklad, Madison, WI).

VDRko mice on a B6CBA genetic background were back-
crossed for >8× to C57BL/6J mice and have been maintained 

Nonstandard Abbreviations and Acronyms

1,25D	 1α-25-dihydroxyvitamin D3

Ca	 calcium
CKD	 chronic kidney disease
CM	 calcification medium
MGP	 matrix Gla protein
miRNA	 microRNA
NM	 normal medium
OPN	 osteopontin
P	 phosphorus
PCR	 polymerase chain reaction
RT	 room temperature
SOST	 sclerostin
Tx	 tamoxifen
VC	 vascular calcification
VDR	 vitamin D receptor
VSMC	 vascular smooth muscle cell
WT	 wild type

Highlights

•	 VDR (vitamin D receptor) is one of the main charac-
ters for vascular calcification progression.

•	 OPN (osteopontin) mediates calcification regulated 
by VDR.

•	 miR-145a is involved in calcification and protects 
against it.

•	 VDR inhibition protects from vascular calcification.
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in our colony for >12 years. VDRko mice were fed a high-Ca, 
high-phosphate diet (rescue diet; TD-96348, 20% lactose, 2% 
Ca, 1,25% phosphorus [P]; Harlan Teklad) to prevent hypocal-
cemia. Two-month-old VDRwt and VDRko male mice were used 
for all in vitro experiments. Mice were genotyped by tail biopsy 
polymerase chain reaction (PCR) using VDRwt- and VDRko-
specific primers as described previously28 (genotyping details 
are available in the Supplemental Material).

Generation of the Conditional VSMC-Specific VDR Null 
Mice
To generate conditional VSMC-specific VDR null mice, VDRlox 
mice on a Swis 129 background (kindly provided by Dr Geert 
Carmeliet from the Leuven University)29 were bred with Myh11 
(myosin heavy chain 11)-CreERT2 transgenic mice (Cre recom-
binase under the control of the smooth muscle myosin heavy 
chain promoter) on a C57BL/6J background (kindly provided by 
Dr Juan Miguel Redondo Moya from CNIC (Centro Nacional de 
Investigaciones Cardiovasculares) after being generated by Dr 
Stefan Offermanns)30 to yield Myh11-CreERT2+ VDRwt/lox prog-
eny. Myh11-CreERT2+ VDRwt/lox mice were intercrossed to obtain 
the breeders that will produce experimental genotypes Myh11-
CreERT2+ VDRwt/wt (control group) and Myh11-CreERT2+ VDRlox/

lox (arterial VSMC-specific deletion of VDR; further called Cre+ 
VDRwt/wt and Cre+ VDRlox/lox). Mice were genotyped by tail biopsy 
PCR using Cre transgene and VDRloxP-specific primers, as 
explained in the Supplemental Material. VDR was deleted from 
the arterial VSMCs using the CRE-loxP recombination system 
induced by tamoxifen (Tx). Eight-week-old male Cre+ VDRwt/wt 
and Cre+ VDRlox/lox mice were injected with Tx dissolved in corn 
oil (1.5 mg/day during 5 days). Male mice of each genotype with-
out Tx injection served as corresponding controls. Only males 
could be used for the experiment because the Myh11-CreERT2 
BAC transgene was inserted in the Y chromosome.

To assess the specificity of Cre recombinase expres-
sion, Myh11-CreERT2 mice were crossed with reporter mT/
mG (B6.129[Cg]-Gt[ROSA]26Sortm4(ACTB-tdTomato-EGFP)Luo/J) mice, 
obtained from The Jackson Laboratory (Bar Harbor, ME). The 
mT/mG ROSA reporter mice express red fluorescence before 
and green fluorescence following Cre-mediated recombination.

Mouse Model of VC in CKD
Subtotal nephrectomy was performed under general anesthe-
sia in 8-week-old Cre+ VDRwt/wt and Cre+ VDRlox/lox male mice, 
as described previously.31 Briefly, 1 week after Tx injection, mice 
were subjected to 2-step surgical procedure for 75% nephron 
reduction. In the first step, the parenchyma of the left kidney 
was reduced by 50%. The kidney was exposed, decapsulated, 
and carefully cauterized, reducing the parenchyma of the upper 
and the lower pole. In the sham-operated mice of both geno-
types, left flank incision was performed, kidney was manipu-
lated, and the flank incision was closed. One week after the 
recovery, right-sided total nephrectomy was performed and a 
second simulated operation was performed in the sham group. 
Isoflurane was used as an anesthetic during the surgery, and 
buprenorphine (0.05 mg/kg, sc) was used as an analgesic 
following both surgeries. One week after the right-sided total 
nephrectomy, mice were switched to a high-phosphate diet 
(0.9% P and 0.6% Ca, C1031; Altromin) and treatments with 
1,25D (500 ng/kg; Kern Pharma) 3× per week during 2 months 
started. At the end of the experiment, 24-hour urine was col-
lected and mice were euthanized by cardiac exsanguination. 

Blood was collected by cardiac puncture, and animals were 
then perfused with ice-cold PBS through a puncture in the left 
ventricle. Aorta and kidney samples were collected for histo-
logic examination and molecular analysis. One part of the artery 
and kidney was fixed in 4% paraformaldehyde/PBS for histo-
logic examinations after embedding in paraffin or Bright Cryo-
M-Bed compound (Bright Instrument Co). The remaining aortic 
and kidney tissue was snap-frozen in liquid nitrogen and kept 
at −80 °C for protein and mRNA extractions.

Serum and Urine Biochemical Analysis
Serum P and Ca were determined by standard clinical meth-
ods using a multichannel Hitachi Modular analyzer (Roche 
Diagnostics, Indianapolis, IN) of the Biochemistry service of the 
University Hospital Arnau de Vilanova. Inorganic phosphate was 
determined by the ammonium molybdate method and Ca with 
the o-cresolphtalein complexone method. Blood urea nitrogen 
was determined by colorimetric assay using the Urea 37 kit 
(Spinreact, Girona, Spain).

Histologic Examination and Immunohistochemistry
Immunostaining for VDR (sc-1008; Santa Cruz Biotechnology, 
Inc, CA), Runx2 (NBP1-01004; Novus Biological, Littleton, 
CO), SOST (No. AF1589), and OPN (No. AF808) from R&D 
Systems was performed on 5-μm-thick tissue sections of 
human epigastric arteries or mouse aortas. Tissue sections were 
deparaffinised through xylene and rehydrated through graded 
ethanol concentrations into distilled water, as described previ-
ously.32 Briefly, antigen retrieval was done by boiling the slides 
in 10 mM citrate buffer (pH 6) for 15 minutes. Endogenous 
peroxidase quenching (30-minute incubation in 0.66% [vol/
vol] H2O2/PBS) was followed by blocking of nonspecific bind-
ing with 3% BSA/PBS (for VDR immunostaining) or horse 
serum (PK-6200; Vector Laboratories, Burlingame, CA) for 
other proteins, 30 minutes at room temperature (RT). Primary 
anti-VDR (1/100), anti-Runx2 (1/50), anti-SOST (1/50), and 
anti-OPN (1/50) were incubated overnight at 4 °C. After wash-
ing with PBS, slides were treated with corresponding biotinyl-
ated secondary antibody (30 minutes, RT), which was followed 
by the avidin-biotin-peroxidase complex (30 minutes, RT) and 
3,3ʹ-diaminobenzidine as a chromogen (10 minutes, RT; Vector 
Laboratories). Sections were counterstained with Mayer hema-
toxylin to visualize the nuclei. Negative controls were performed 
by incubation with nonimmune serum or 3% BSA/PBS instead 
of the specific primary antibody, which resulted in a complete 
absence of staining. Finally, samples were dehydrated and 
mounted with DPX medium. Stained tissue sections were 
examined using an Olympus BX50 microscope with an Olympus 
automatic camera system. Immunohistochemical results of 
VDR staining were evaluated following the uniform preestab-
lished criteria. Staining intensity and percentage of positive 
cells were graded semiquantitatively. Histological scores were 
obtained from each sample as follows: histoscore=1×(%light 
staining)+2×(%moderate staining)+3×(%strong staining), 
which ranged from 0 (no immunoreaction) to 300 (maximum 
immunoreactivity). The reliability of such scores for interpreta-
tion of immunohistochemical staining of tissue sections has 
already been demonstrated previously.33

Ca deposits in mouse aortic paraffin sections (5 µm) 
were stained using Alizarin red. Samples were deparaffinized, 
rehydrated, and stained in 50 mM Alizarin red solution at 
pH between 4.1 and 4.3 for 5 minutes at RT. After staining, 
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samples were dehydrated with acetone, acetone-xylene (1:1), 
and mounted in synthetic mounting medium (DPX, Vitro-Clud). 
Ca deposits from human epigastric arteries were visualized by 
Von Kossa staining as described previously.34 Briefly, depar-
affinized, hydrated artery sections were incubated in 5% sil-
ver nitrate before the revealing solution. Slides placed in 2% 
sodium thiosulfate were counterstained with nuclear fast red.

Arteries and kidneys from reporter mice embedded in 
Bright Cryo-M-Bed compound were cut in 8-µm-thick tis-
sue sections and were used to determine mT/mG expression 
switch. Fluorescence was analyzed using an Olympus FluoView 
FV1000 confocal laser-scanning microscope with a digital 
camera system.

Aortic Ca Quantification
Aortic tissue was homogenized in hydrochloric acid 1 N, using 
TissueLyser LT (8 cycles of 1 minute), and incubated in the 
same solution on vortex shaker to enable decalcification for 
16 hours at 4 °C. After centrifugation, the supernatant was col-
lected and Ca content was determined colorimetrically using 
the cresolphtalein complexone method. Protein content from 
the pellet was determined by DC protein assay kit (Bio-Rad, 
Hercules, CA). Aortic Ca content was normalized to protein 
amount and expressed as micrograms of Ca per milligrams of 
protein.

In Vitro Study
Primary Mouse VSMC Cultures and Induction of 
Calcification
Primary mouse aortic smooth muscle cells (VSMCs) from 
8-week-old male VDRwt and VDRko mice were obtained by 
explant culture as described previously.35,36 VSMCs were 
maintained in DMEM (41966-029; Gibco, ThermoFisher 
Scientific, Waltham, MA) containing 20% of fetal bovine 
serum, 100 U/mL penicillin, and 100 μg/mL streptomycin. 
The media was replaced every 2 to 3 days. For calcification 
experiments, cells were seeded in 6-well plates (70 000 cells 
per well) and treated during 6 days with calcification medium 
(CM) composed of DMEM (41966-029), sodium pyruvate 
(10 mM), 10 mM β-glycerophosphate (Sigma-Aldrich), and 
5% of normal rat serum, with a final concentration of Ca 
adjusted to 6 mM. Control cells were treated with normal 
medium (NM) composed of DMEM (41966-029; Gibco) 
containing 5% fetal bovine serum. Fresh treatment media 
with supplements was replaced every 3 days. At the sixth day 
of the treatment, cells were serum deprived overnight and 
subsequently harvested for RNA extraction or Ca determi-
nation. VSMCs between passages 2 and 6 were used in all 
experiments.

Determination of VSMC Calcification In Vitro
At the end of the experiments, total Ca content was quanti-
fied using the o-cresolphtalein complexone method as reported 
previously.37 Briefly, cells were collected with PBS and centri-
fuged. Pellet was resuspended with 25 μL of hydrochloric acid 
0.6 N and mixed by vortexing at 4 °C overnight. After centrifu-
gation, supernatant was collected for Ca quantification and the 
remaining pellet was used to quantify protein content.

For the Alizarin red staining, VSMCs incubated in NM 
or CM were washed with PBS 2× and then fixed with 10% 
formaldehyde at RT for 15 minutes. After fixation, cells were 

washed with H2O and incubated with 40 mM Alizarin red solu-
tion (Sigma A3757; Sigma-Aldrich, St. Louis, MO), pH 4.1 to 
4.3, for 20 minutes at RT. Alizarin red staining was examined 
using an Olympus BX50 microscope with an Olympus auto-
matic camera system.

Primary Human VSMC Culture
Human aortic VSMCs (CRL-1999; ATCC [American Type 
Culture Collection], Manassas, VA) were cultured in DMEM 
containing 20% fetal bovine serum, 100 U/mL penicillin, and 
100 μg/mL streptomycin. Cells were used between passages 
3 and 8, incubated in 37 °C humid atmosphere with 5% CO2. 
Medium was replaced every 2 to 3 days. For experiments, cells 
were seeded in 6-well plates (75 000 cells per well) and treated 
during 6 days with 1,25D (D1530-10UG; Sigma-Aldrich).

Vitamin D Incubation
Human and mouse VSMCs were treated with 1,25D, which was 
dissolved in 95% ethanol and added to the culture medium 
to a final concentration of 1, 10, or 100 nM for 6 days. Fresh 
medium with 1,25D was replaced at day 3 of the experiment.

Transfection of VSMCs With miR-145a Mimic or miR-145a 
Inhibitor
Mouse VDRwt VSMCs were transfected with mmu-miR-
145a-5p mimic (mirVana mRNA mimic; Applied Biosystems), 
mmu-miR-145a-5p inhibitor (mirVana miRNA inhibitor; 
Applied Biosystems), or the corresponding mirVana miRNA 
negative control, at final concentration of 50 nM each, using 
Lipofectamine RNAiMAX (Invitrogen) and following manu-
facturer’s instructions. After 24 hours, transfection medium 
was replaced with fresh medium (NM or CM, depending on 
the experiment). At the third day of the treatment, cells were 
retransfected with miR-145a-5p mimic, miR-145a-5p inhibitor, 
or negative control. VSMCs were kept in NM or CM for the fol-
lowing 3 days.

Quantitative Real-Time PCR
Total RNA was extracted from aorta using RNA isolation kit 
(Macherey-Nagel) and from cultured cells using TRIzol reagent 
(Molecular Research Center, Inc), following manufacturer’s 
instructions. Reverse transcription was performed with First 
Strand cDNA Synthesis Kit (Applied Biosystems) according to 
manufacturer’s instructions. Real-time PCR with gene-specific 
TaqMan probes for mouse VDR (Mm.PT.58.8581722), lamin 
A (Mm.PT.58.12742897; Integrated DNA Tech, Inc, Madrid, 
Spain), OPN (Mm00436767_m1), Runx2 (Mm00501584_
m1), SOST (Mm04208528_m1), and TBP (TATA box binding 
protein; Mm00446971_m1; Applied Biosystems) was per-
formed with a QuantStudio 7 Real-Time PCR detection system 
(Applied Biosystems), using TaqMan Universal PCR Master 
Mix, No AmpErase UNG. Forty cycles at 95 °C for 17 s and 
60 °C for 1 minute were performed. Duplicate readings were 
taken, and the average was calculated.

miR-145a (002278), miR-155 (002571), miR-30c 
(000419), miR-146a (000468), miR-29b (000413), and U6 
(001973) reverse transcription was performed using TaqMan 
miRNA Reverse Transcription Kit (Applied Biosystems) accord-
ing to the manufacturer’s protocol. The expression of different 
miRNAs and U6 were measured using TaqMan miRNA assays 
and TaqMan Universal PCR Master Mix II no AmpErase UNG 
(Applied Biosystems).
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Relative mRNA and miRNA levels were calculated by stan-
dard formulae (ΔΔCt method) using TBP or U6 as endoge-
nous controls, respectively. The results referred to a randomly 
selected basal sample considered as value 1.0.

Western Blot Analysis
Aortic tissue was homogenized in NP-40 buffer (20 mM Tris 
[pH 7.4], 140 mM NaCl, 10% glycerol, 1% Ca-630, 2 mM 
PMSF [phenylmethylsulfonyl fluoride], 1 mM Na3VO4, and 
protease inhibitor cocktail) using the TissueLyser LT (Qiagen, 
Hilden, Germany). Four cycles of homogenization were per-
formed (50 Hz, 1 minute for each cycle), followed by 3 cycles 
in liquid nitrogen and thawing at 37 °C. The supernatant was 
collected and centrifuged for 10 minutes at 1100g, at 4 °C.

Total cell lysates were obtained by washing the cell mono-
layer with cold PBS, scraping and suspending in SDS buffer 
(50 mM Tris–hydrochloric acid, pH 7.5; 150 mM NaCl; 1% 
Triton X-100; 2% SDS; 1% Na-deoxycholate; 1% Igepal; and 
0.5 μM EDTA).

Protein concentrations were determined using a DC protein 
assay kit (Bio-Rad, Manassas, VA). The samples were elec-
trophoresed on 8% or 10% SDS-PAGE gels and transferred 
to PVDF (polyvinylidene difluoride) membranes (Immobilon-P; 
Milipore, Billerica, MA). Membranes were blocked for 1 hour 
with 5% skim milk in Tris-buffer saline solution containing 0.1% 
Tween-20 and subsequently probed with primary antibodies 
against VDR (1:000; Santa Cruz, CA), OPN (1:1000; R&D 
Systems, Bio-Techne), Runx2 (1:1000; Novus Biological), and 
GAPDH (1:10 000; Abcam), overnight, at 4 °C. Horseradish 
peroxidase-conjugated secondary antibodies (anti-rabbit [Cell 
Signaling], anti-goat [Santa Cruz], or anti-mouse [Jackson 
Immunoresearch]) were used at 1/10 000 for 1 hour at RT. 
The immunoreaction was visualized using chemiluminescent 
kits EZ ECL (Biological Industries, Kibbutz Beit Haemek, Israel) 
or ECL Advanced (Amersham Biosciences, Little Chalfont, 
United Kingdom). Images were digitally acquired by ChemiDoc 
MP Imaging system (Bio-Rad). Positive immunoreactivity bands 
were quantified by densitometry and compared with the expres-
sion of adequate loading control.

Statistical Analysis
Statistical analysis was performed using SPSS V27 (IBM Corp, 
Armonk, NY) and R Statistical Software (v4.1.2; R Core Team 
2021) with the package bestNormalize. All data examined are 
expressed as mean±SEM. The normality of the distributions 
was assessed by the Shapiro-Wilk test and the homogeneity 
of variance by the Levene test. Transformation of the data was 
performed when needed to achieve normality and homosce-
dasticity. Untransformed data are presented in the graphs. 
Comparisons between 2 groups was performed by Student t 
test with or without Welch correction, depending on the homo-
geneity of variances and by Mann-Whitney U test for non-nor-
mal distributions presenting homoscedasticity. Comparisons 
between >2 homoscedastic groups were performed by 1-way 
ANOVA or with the Kruskal-Wallis test, depending upon nor-
mality of the distribution, with a post hoc pairwise comparison 
with the Bonferroni test. When 2 groups and 2 treatments were 
tested, a 2-way ANOVA was used with a post hoc pairwise 
comparison with the Tukey HSD test. P<0.05 was considered 
statistically significant.

RESULTS
VDR Expression Is Induced in Calcified Arteries 
of Patients and Mice Affected by CKD
To investigate the potential role of VDR in VC dur-
ing CKD, we analyzed epigastric arteries from patients 
with CKD subjected to kidney transplantation and non-
CKD donors (see patients’ characteristics in Table S1). 
Arteries from patients with CKD showed a significant 
increase in Ca levels compared with non-CKD donors 
(Figure 1A). Results were corroborated by arterial Von 
Kossa staining (Figure 1C). Of note, immunostaining for 
VDR was also significantly higher in calcified arteries of 
patients with CKD than in arteries obtained from control 
non-CKD donors (Figure 1B and 1C), which was con-
firmed by Western blot results (Figure S1).

Next, we assessed the expression of arterial VDR in our 
experimental mouse model of VC in CKD. Mice subjected 
to 5/6 nephrectomy, a widely used model of CKD, showed 
higher levels of Ca content in their arteries compared with 
control mice (Figure 2A). CKD significantly increased the 
expression of VDR mRNA (Figure 2B) and protein levels 
in arteries from CKD animals (Figure 2C through 2F).

Altogether, our results demonstrate that arterial VDR 
is induced in mouse model of VC in CKD, as well as in 
patients affected by CKD who also show increased VC.

VSMC-Specific VDR Gene Deletion in Mice
To assess the role of VSMC’s VDR in the development of 
VC during CKD, we generated mice with a specific dele-
tion of VDR in VSMCs by crossing homozygous VDRlox 
mice with Myh11-CreERT2 transgenic mice. PCR analysis 
of tail DNA confirmed the genotypes of VSMC-specific 
VDR null mice (Cre+ VDRlox/lox) and the control WT (wild 
type) mice (Cre+ VDRwt/wt; Figure S2A and S2B). Bands 
of WT or floxed VDR alleles were observed at ≈368 and 
250 bp, respectively. The expression of Cre transgene 
(Myh11-CreERT2) was visualized by the detection of 2 
bands at 200 and 300 bp. Confirmation of the VDR exon 
2 deletion from the artery was done by performing a PCR 
analysis of the arterial DNA, which generated a fragment 
of 300 bp (Figure S2C).

To confirm specific Cre recombinase activity, we 
crossed Myh11-CreERT2+ mice with reporter mT/mG 
(B6.129[Cg]-Gt[ROSA]26Sortm4(ACTB-tdTomato-EGFP)Luo/J) 
mice. Figure S2E demonstrates arterial EGFP (enhanced 
green fluorescent protein) reporter immunofluorescence 
expression representative of Cre recombinase activity 
in Myh11-CreERT2+ mT/mG+/− mice injected with Tx. 
Only arterial VSMCs switched from red to green fluo-
rescence, indicating that Myh11-Cre was only active in 
VSMCs. Arteries from mice without Tx injection showed 
red fluorescence, indicating absence of Cre recombinase 
activity. No fluorescence change was detected in other 
organs such as the kidney (Figure S2E).
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Additionally, real-time PCR analysis demonstrated 
a significant decrease of VDR mRNA levels in aortas 
of Cre+ VDRlox/lox mice compared with Cre+ VDRwt/wt 
counterparts (Figure S2D). Immunohistochemistry and 
Western blot analysis confirmed qPCR results showing 
a marked decrease of VDR expression in Cre+ VDRlox/lox 
aortas (Figure S3A through S3C).

VDR Deletion in VSMCs Prevents VC in CKD-
Affected Mice Independently of Serum Ca and 
Phosphate Levels
To study the effect of VSMC’s VDR on VC in CKD, Cre+ 
VDRwt/wt and Cre+ VDRlox/lox mice were subjected to NX 
and treated with high-phosphate diet plus 1,25D. As 
expected, both Cre+ VDRwt/wt and Cre+ VDRlox/lox mice 
showed a marked increase of serum blood urea nitrogen 
(Figure 3A), suggesting a comparable degree of renal 
impairment. Serum Ca and P levels increased in both 
groups of mice affected by CKD, compared with cor-
responding controls (Figure 3B and 3C). Cre+ VDRwt/wt  

mice affected by CKD showed significantly higher lev-
els of vascular Ca content (Figure 3D) and Alizarin red 
staining (Figure  3E through 3G) than Cre+ VDRlox/lox 
mice that underwent the same conditions (Figure 3D, 
3F through 3H), indicating an evident inhibition of VC in 
mice with targeted deletion of VDR in VSMCs. Figure 4 
shows the expression of mRNA for various markers of 
VC in the mouse artery. Cre+ VDRwt/wt mice affected 
by CKD showed an increased expression of OPN (Fig-
ure 4A) and lamin A (Figure 4B) mRNA in their calci-
fied artery, which was significantly diminished in Cre+ 
VDRlox/lox counterparts. Importantly, SOST, described as 
a VC inhibitor, showed a marked decrease of mRNA 
expression in calcified arteries of Cre+ VDRwt/wt mice 
affected by CKD, while its expression recovered in 
Cre+ VDRlox/lox mice counterparts reaching almost simi-
lar levels as in the control group (Figure  4C). Runx2 
mRNA increased in arteries of both Cre+ VDRwt/wt and 
Cre+ VDRlox/lox mice affected by CKD but without sta-
tistical difference between these 2 groups (Figure 4D). 
Consistent with the data from qPCR analysis, Western 

Figure 1. Increased arterial 
expression of VDR (vitamin D 
receptor) in patients with chronic 
kidney disease (CKD) with vascular 
calcification.
Vascular calcium content (A) and Von 
Kossa staining (C) in epigastric arteries 
obtained from non-CKD kidney donors 
and patients with CKD undergoing a 
renal transplant. C, Immunohistochemistry 
for VDR in arteries from patients without 
and with CKD. B, Quantification of the 
VDR immunostaining by histoscore. Data 
are presented as mean±SEM (n=16 
[non-CKD] or 11–13 [CKD] patients 
per group). P values were determined 
by Mann-Whitney U test. Scale bar 
represents 100 μm.
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blot showed an increased expression of OPN in calci-
fied arteries of Cre+ VDRwt/wt mice affected by CKD, 
which was alleviated in Cre+ VDRlox/lox counterparts that 
underwent the same conditions (Figure  4F and 4H). 
Runx2 showed the same pattern of expression as seen 
in qPCR analysis, with increased levels in arteries of 
both CKD-affected groups of mice regardless of the 
arterial Ca content (Figure 4E and 4G). Immunohisto-
chemistry corroborated Western blot and qPCR results 
showing higher immunoreactivity for Runx2 protein in 
both CKD groups. Of note, calcified arteries of Cre+ 
VDRwt/wt mice affected by CKD showed higher immu-
noreactivity for OPN and weaker immunostaining for 
SOST compared with arteries of Cre+ VDRlox/lox litter-
mates (Figure 4I).

VDR Deletion From VSMCs Prevents VC of 
VSMCs In Vitro
To examine the effect of VDR in vitro, VSMCs were isolated 
from arteries of VDRwt and VDRko mice, and the purity of 
isolated cultures was analyzed after immunofluorescence 
staining for αSMA (alpha smooth muscle actin), a well-
known marker of VSMCs (Figure  5A). CM significantly 
increased Ca deposition in VDRwt VSMCs compared with 
control cells incubated in NM (Figure  5C). Interestingly, 
VDRko VSMCs incubated in the CM showed significantly 
lower levels of Ca deposition compared with VDRwt VSMCs 
under the same conditions (Figure 5C). The results were 
confirmed by Alizarin red staining (Figure 5B). Furthermore, 
CM led to a marked increase of OPN mRNA in VDRwt 

Figure 2. VDR (vitamin D receptor) increases in the experimental mouse model of vascular calcification (VC) in chronic kidney 
disease (CKD).
C57BL/6J mice crossed with Swis129 were used to generate a mouse model of VC in CKD, as explained in Materials and Methods. A, Aortic 
calcium content from sham-operated (non-CKD) and CKD mice was determined using an o-cresolphtalein complexone method. Data are 
presented as mean±SEM (n=19 [non-CKD] or 27 [CKD] mice per group). B, Total mRNA was extracted from arteries, and mRNA level of VDR 
was determined by quantitative real-time polymerase chain reaction. Relative mRNA levels were calculated and expressed as fold change over non-
CKD mice (value, 1.0) after normalizing for TBP (TATA box binding protein). Data are presented as mean±SEM (n=10 [non-CKD] or 22 [CKD] 
mice per group). C, Representative Western blot analysis of VDR in arteries of both groups of mice. F, Quantitative analysis by densitometry. Data 
are presented as mean±SEM (n=5 [non-CKD] or 7 [CKD] mice per group). Representative micrographs illustrate the expression of VDR in mouse 
arteries of (D) non-CKD and (E) CKD mice. P values were determined by the Mann-Whitney U test or Student t test. Scale bar represents 50 μm.
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Figure 3. Deletion of VDR (vitamin D receptor) from vascular smooth muscle cells (VSMCs) of the artery prevents vascular 
calcification (VC) in chronic kidney disease (CKD).
Eight-week-old Cre+ VDRwt/wt and Cre+ VDRlox/lox male mice were subjected to subtotal nephrectomy and subsequently treated with high-
phosphate diet (HPD) and 1α-25-dihydroxyvitamin D3 (1,25D) for 2 months to induce VC, as explained in Materials and Methods. Serum 
levels of (A) blood urea nitrogen (BUN), (B) calcium, and (C) phosphorus. Data are presented as mean±SEM (n=7–16 [Sham control] or 
19–27 [CKD] mice per group). D, Quantification of arterial calcium content by the o-cresolphtalein complexone method. Data are presented 
as mean±SEM (n=15–19 [Sham control] or 26–27 [CKD] mice per group). Representative images of Alizarin red staining of arteries from (E) 
Sham control Cre+ VDRwt/wt, (F) Sham control Cre+ VDRlox/lox, (G) CKD Cre+ VDRwt/wt, and (H) CKD Cre+ VDRlox/lox mice. Scale bar represents 
100 or 50 μm. P values were determined by post hoc pairwise comparisons after 2-way ANOVA. A through D, P=nonsignificant.
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Figure 4. Deletion of VDR (vitamin D receptor) from vascular smooth muscle cells (VSMCs) of the artery modulates the 
expression of key osteogenic markers in a mouse model of vascular calcification (VC) in chronic kidney disease (CKD).
Eight-week-old Cre+ VDRwt/wt and Cre+ VDRlox/lox male mice were subjected to subtotal nephrectomy (Nx) and subsequently treated with high-
phosphate diet (HPD) and 1α-25-dihydroxyvitamin D3 (1,25D) for 2 months to induce VC, as explained in Materials and Methods. Total mRNA 
was extracted from arteries, and mRNA levels of OPN (osteopontin; A), lamin A (B), SOST (sclerostin; C), and Runx2 (runt-related transcription 
factor 2; D) were determined by quantitative real-time polymerase chain reaction. Relative mRNA levels were calculated and expressed as 
fold change over Sham controls (value, 1.0) after normalizing for TBP (TATA box binding protein). Data are presented as mean±SEM (n=8–16 
[Sham] or 11–27 [CKD] mice per group). E through H, Whole kidney lysates from the sham control and CKD kidneys were processed for 
protein analysis and were immunoblotted with antibodies against Runx2 and OPN. Representative Western blot analysis of Runx2 (E) and 
OPN (F) from the arteries of Cre+ VDRwt/wt and Cre+ VDRlox/lox mice subjected to Nx. G and H, Quantitative analysis by densitometry. Data 
were normalized to GAPDH and presented as mean±SEM (n=6–9 [Sham] or 9–11 [CKD] mice per group; fold change over sham control 
Cre+ VDRwt/wt). I, Representative images of immunohistochemistry for Runx2, OPN, and SOST in arteries of sham control and CKD mice of 
both genotypes. Scale bar represents 50 μm. P values were determined by post hoc pairwise comparisons after 2-way ANOVA. P=0.034 (A), 
P=0.021 (B), P=nonsignificant (C and D).
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Figure 5. Depletion of VDR (vitamin D receptor) prevents calcification of vascular smooth muscle cells (VSMCs) in vitro.
VSMCs were isolated from arteries of VDRwt and VDRko mice and subsequently incubated in calcification (CM) or normal medium (NM) for 
6 days, as explained in Materials and Methods. A, Immunofluorescence staining for αSMA (alpha smooth muscle actin) in VDRwt and VDRko 
VSMCs in basal state. B, Alizarin red staining in VDRwt and VDRko VSMC culture treated with NM or CM for 6 days. C, Quantification of cellular 
calcium content using the o-cresolphtalein complexone method. D and E, Total mRNA was extracted from VSMCs, and mRNA levels of OPN 
(osteopontin; D) and Runx2 (runt-related transcription factor 2; E) were determined by quantitative real-time polymerase chain reaction. Relative 
mRNA levels were calculated and expressed as fold change over control (value, 1.0) after normalizing for TBP (TATA box binding protein). Data 
are presented as mean±SEM of at least 3 to 4 independent experiments. Representative Western blot (F) shows an increase of OPN in VDRwt 
VSMCs treated with CM for 6 days and a decrease in VDRko VSMCs treated with the same conditions. G, Quantitative analysis by densitometry. 
Data were normalized to GAPDH and presented as mean±SEM of 2 independent experiments. P values were determined by post hoc pairwise 
comparisons after 2-way ANOVA. P≤0.001 (C), P=nonsignificant (D and E), P=0.002 (G). Scale bar represents 50 and 100 μm.
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VSMCs compared with control cells, whereas the absence 
of VDR from VSMCs blunted the increase of OPN mRNA 
expression in VDRko VSMCs incubated in CM (Figure 5D). 
Protein levels of OPN were strongly increased in VDRwt 
VSMCs incubated in CM, whereas this increase was much 
lower in VDRko VSMCs (Figure 5F and 5G). As seen in our 
in vivo study, Runx2 showed a tendency to increase in both 
VDRwt and VDRko VSMCs treated with CM, regardless of 
the levels of calcification (Figure 5E).

Altogether, our results imply that the absence of VDR 
from VSMCs protects against the development of VC in 
vitro.

VDR From VSMCs Modulates the Expression of 
miR-145a In Vivo and In Vitro
Taking into consideration the fact that VDR has an influ-
ence to a widespread miRNA expression, as well as the 
fact that a myriad of miRNAs are present in VSMCs, we 
wished to evaluate the possible involvement of certain 
miRNAs in VDR-mediated VC. Using the qPCR analysis, 
we evaluated the arterial expression of various miRNAs 
reported to be involved in VC and being regulated by 
VDR. As seen from Figure 6A, the expression of miR-
145a showed a marked reduction in the calcified arter-
ies of Cre+ VDRwt/wt mice affected by CKD, which was 
successfully recovered in the arteries of Cre+ VDRlox/lox  
littermates, reaching almost similar levels as in the con-
trol group (Figure  6A). miR-155 showed tendency to 
increase in both CKD groups of mice compared with 
their corresponding controls (Figure  6A); however, we 
did not detect significant differences between CKD-
affected Cre+ VDRwt/wt and Cre+ VDRlox/lox mice. VC had 
no effects on the levels of miR-29b, miR-30c, and miR-
146 in our experimental model of VC in CKD (Figure 6A).

Consistent with in vivo findings, the expression of 
miR-145a markedly decreased in VDRwt VSMCs treated 
with CM in vitro (Figure 6B), while its expression recov-
ered in VDRko VSMCs treated with the same conditions, 
reaching almost similar levels as in the control group 
(Figure 6B).

With the aim to confirm the role of VDR in the regula-
tion of miR-145a expression, human and mouse VDRwt 
VSMCs were treated with 1,25D. Both mice and human 
normal VSMCs treated with 1.10 and 100 nM 1,25D dur-
ing 6 days showed a significant decrease of miR-145a 
expression (Figure 6C), confirming the direct regulation 
of miR-145a by VDR.

miR-145a Protects Against VC by Modulating 
the Expression of OPN in VSMCs
To assess the role of miR-145a in the regulation of 
VSMC’s calcification in our study, we overexpressed 
this miRNA in VDRwt VSMCs. A marked increase of Ca 
deposition was observed in VSMCs treated with CM, 

compared with control cells treated with NM (Figure 7B). 
However, in transfected VDRwt VSMCs with the forced 
expression of miR-145a (Figure 7A), the increase of Ca 
content was significantly decreased after 6 days in CM 
(Figure 7B). Consistently, we have detected a clear effect 
of miR-145a on the expression of the target gene OPN, 
showing a significant decrease in VDRwt VSMCs trans-
fected with miR-145a mimic and treated with CM (Fig-
ure 7C). Furthermore, a predicted miR-145a–binding site 
was detected in 3ʹUTR of OPN mRNA transcript, through 
the extended seed region of the miRNA. miRBase38 and 
UCSC (University of California Santa Cruz) Genome 
Browser Home39 were used for the analysis (Figure S4).

Next, we wished to confirm that the modulation of 
OPN expression goes directly through miR-145a. In the 
gain-of-function and loss-of-function experiments, we 
transfected mouse VDRwt VSMCs with miR-145a mimic 
or miR-145a inhibitor and subsequently treated them 
with 10 nM 1,25D in NM, as explained in Materials and 
Methods. Treatment with 1,25D upregulated OPN; how-
ever, the forced expression of miR-145a suppressed the 
expression levels of OPN induced by the VDR agonist 
(Figure 7D). Furthermore, when miR-145a was inhibited, 
OPN raised more than in cells treated only with 1,25D. 
The results obtained here corroborate the fact that miR-
145a levels play a crucial role in OPN regulation, pre-
venting its rise (Figure 7F). Finally, we confirmed that this 
OPN regulation by miR-145a was independent of 1,25D 
effect on Runx2. There were no significant differences 
in Runx2 levels in 1,25D-treated cells after transfection 
with mir-145a mimic or inhibitor (Figure 7E and 7G).

DISCUSSION
In the present study, we demonstrate the role for VSMC’s 
VDR in the regulation of medial VC during CKD and pro-
pose a potential functional implication of miR-145a in 
this process.

VC is a highly frequent complication of CKD and a 
pivotal risk factor for cardiovascular events and mortal-
ity in humans.40,41 Being controlled by multiple factors, 
pathogenesis of VC during CKD is not entirely under-
stood. Here, we show that patients with CKD presented 
increased expression of VDR in their calcified arteries 
compared with control non-CKD donors. Furthermore, in 
our experimental model of VC in CKD, mice subjected 
to 5/6 nephrectomy showed a marked elevation of VDR 
in arteries affected by calcification. The role of VDR in 
regulating VC has been previously studied, but conflic-
tive results have been published.19,20,42 Of note, Han et 
al20 demonstrated that VDRko mice showed reduced 
VC compared with VDRwt mice in a mouse model of VC 
induced by high dose of vitamin D. However, Lomash-
vili et al showed that, in a model of CKD, high doses of 
vitamin D similarly promoted calcification in transplanted 
aortic segments from VDRko into WT animals or vice 
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versa. Thus, while the presence of physiologically active 
VDRs in VSMCs is well described, details on its role in 
regulating medial calcification in CKD are still lacking.

To directly assess the potential role of VSMC’s VDR 
in VC during CKD, we used conditional gene targeting 
and selectively deleted VDR in mouse arterial VSMCs. 
We found that Cre+ VDRlox/lox mice affected by CKD 

showed an evident inhibition of VC compared with Cre+ 
VDRwt/wt littermates that underwent the same conditions. 
Thus, levels of Ca deposition in the artery were markedly 
alleviated in CKD-affected Cre+ VDRlox/lox mice even 
though both Cre+ VDRwt/wt and Cre+ VDRlox/lox mice 
had a comparable degree of renal impairment alongside 
similar levels of serum P and Ca. The protective effect of 

Figure 6. VDR (vitamin D receptor) regulates arterial and vascular smooth muscle cell (VSMC) miR-145a levels during vascular 
calcification in vivo and in vitro.
Eight-week-old Cre+ VDRwt/wt and Cre+ VDRlox/lox male mice were subjected to subtotal nephrectomy and subsequently treated with high-
phosphate diet (HPD) and 1α-25-dihydroxyvitamin D3 (1,25D) for 2 months to induce vascular calcification (VC), as explained in Materials and 
Methods. A, Total mRNA was extracted from arteries, and levels of miR-29b, miR-30c, miR-145a, miR-146a, and miR-155 were determined 
by quantitative real-time polymerase chain reaction (PCR). Relative microRNA (miRNA) levels were calculated and expressed as fold change 
over Sham controls (value, 1.0) after normalizing for U6. Data are presented as mean±SEM (n=4–11 [Sham] or 13–17 [chronic kidney 
disease (CKD)] mice per group). P values were determined by Welch test. B, VSMCs were isolated from arteries of VDRwt and VDRko mice and 
subsequently incubated in calcification medium (CM) or normal medium (NM) for 6 days, as explained in Materials and Methods. Total mRNA 
was extracted from VSMCs, and levels of miR-145a were determined by quantitative real-time PCR. C, miR-145a expression in mouse and 
human VDRwt VSMCs treated with increasing 1,25D concentrations (1, 10, and 100 nM) in normal medium with 5% fetal bovine serum (FBS) 
during 6 days and after. Relative miRNA levels were calculated and expressed as fold change over controls (value, 1.0) after normalizing for U6. 
Data are presented as mean±SEM of at least 3 to 4 independent experiments. P values were determined by post hoc pairwise comparisons 
after 2-way ANOVA (A and B) and Kruskal-wallis test (C). Mir29b, Mir146a, and Mi1155: P=nonsignificant (n.s.); Mir30c: P=0.005; Mir145a: 
P=0.007 (A); P=n.s. (B).
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Figure 7. miR-145a inhibits vascular calcification and blunts vitamin d-induced osteopontin increases.  
A through C, VDRwt vascular smooth muscle cells (VSMCs) were transfected, with mmu-miR-145a-5p mimic or the corresponding scrambled control 
and subsequently treated with calcification medium (CM), as explained in Materials and Methods. B, Quantification of cellular calcium content using 
the o-cresolphtalein complexone method. Total mRNA was extracted from VSMCs, and mRNAs for miR-145a (A) and OPN (osteopontin; C) were 
determined by quantitative real-time polymerase chain reaction (PCR) and normalized to U6 or TBP  (TATA box binding protein), respectively. Data are 
presented as mean±SEM of at least 3 to 4 independent experiments. VDRwt VSMCs treated during 6 days with 10 nM 1α-25-dihydroxyvitamin D3 

(1,25D) together with mmu-miR-145a-5p mimic or mmu-miR-145a-5p inhibitor in normal medium. mRNA levels of OPN (D and F) and Runx2 (runt-
related transcription factor 2; E and G) were determined by quantitative real-time PCR and normalized to TBP. Data are presented as mean±SEM of 3 
independent experiments. P values were determined by the Kruskal-Wallis test (A–C) and post hoc pairwise comparisons after 2-way ANOVA (D–G). 
P=nonsignificant (D, F, and G), P=0.002 (E). NM indicates normal medium; VC, vascular calcification; and VDR, vitamin D receptor.
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VSMC’s VDR deletion against VC seems to engage the 
modulation of promoters and inhibitors of the calcifica-
tion process. Indeed, we observed a significant decrease 
of OPN and lamin A, as well as an increase of SOST 
in the arteries of CKD-affected Cre+ VDRlox/lox mice, 
compared with Cre+ VDRwt/wt littermates. The increase 
of OPN has already been reported in arteries of CKD 
mice fed a high-phosphate diet and treated with VDR 
agonists.43 Indeed, OPN has a vitamin D response ele-
ment; therefore, VDR can have a direct effect on OPN 
expression,13 and some reports have suggested that 
OPN is an inductor of VC.13,44,45 Lau et al43 detected an 
increase of secreted OPN in VSMCs after treatment 
with an active vitamin D compound, suggesting that the 
increase of OPN was mediated by VDR agonist. Results 
of our study show that the deletion of VDR from VSMCs 
led to a significant alleviation of VC accompanied with 
the marked decrease of OPN in mouse arteries. Another 
protein involved in VC, lamin A, showed a marked upreg-
ulation in calcified arteries of Cre+ VDRwt/wt mice, which 
was successfully alleviated in arteries of Cre+ VDRlox/lox  
counterparts. Quirós-González et al9 demonstrated an 
increase of lamin A during calcification of VMSCs in vitro 
and in vivo, whereas Almofti et al10 detected an upregula-
tion of lamin A in rat aortas treated with vitamin D. Finally, 
SOST, described as a VC inhibitor, markedly decreased in 
calcified arteries of Cre+ VDRwt/wt mice affected by CKD 
in our study, while its expression recovered in arteries of 
Cre+ VDRlox/lox littermates. Indeed, several studies dem-
onstrated the protective role of SOST against VC,11,12,46 
showing its capacity to diminish Ca deposition in vitro,46 
modulate VSMC transdifferentiation to osteoblastic cells, 
as well as to regulate the expression of OPN in mouse 
arteries.11 Interestingly, Runx2—a major pro-osteoblastic 
transcription factor—was increased in arteries of both 
Cre+ VDRwt/wt and Cre+ VDRlox/lox mice affected by CKD, 
independently of the level of calcification. This result 
indicates that Runx2 is necessary, but not sufficient, to 
promote VC in vivo.

Our results are in disagreement with those of 
Lomashvili et al,19 in which transplantation of arteries 
from VDRwt animals into VDRko and vice versa did not 
show differences in calcification. However, in those 
experiments, all the cellular types in the transplanted 
segment (namely, endothelial, smooth muscle, and peri-
cyte cells) preserved the original genotype, which could 
lead to different results. In our case, the specific role 
of VSMC VDR is assessed, clearly showing that lack 
of vitamin D signaling in this cell type leads to lower 
VC. There is also an apparent discrepancy between 
our results and those of Carrillo-Lopez et al.47 In their 
study, the authors showed that treatment of CKD mice 
with vitamin D induced an increase in miR-145 in the 
arteries. However, in their study, they administered the 
synthetic VDRA (vitamin D receptor agonist) paricalcitol 
(19-nor 1,25[OH]2D2), whereas we use the animal form 

of active vitamin D (1,25D). Indeed, we and others have 
shown that both compounds have a significant differ-
ence in VC, being paricalcitol significantly less procal-
cificant than 1,25D.

42,48 Thus, we believe that the results 
are not contradictory but might even partly explain the 
differences in calcification exerted by both compounds.

The effect of impaired VDR signaling on VSMC’s cal-
cification was corroborated in our in vitro study using 
primary mouse VSMCs from VDRwt and VDRko mice. 
Thus, the absence of VDR prevented calcification of 
VSMCs, which was accompanied by a marked decrease 
of OPN. Runx2 showed tendency to increase in both 
VDRwt and VDRko VSMCs treated with CM, but without 
significant differences, as seen in our in vivo study. Of 
note, Han et al20 demonstrated the existence of the 
functional cooperation between VDR and Runx2 in 
osteoblastic differentiation of VSMCs, in addition to their 
described physical interaction. The fact that Runx2 can 
interact with VSMC’s VDR and thus promote calcifica-
tion could partially explain why the arteries of our Cre+ 
VDRlox/lox mice in vivo, as well as VDRko VSMCs in vitro 
do not present high Ca deposition, even though they 
have increased expression of Runx2. Additionally, the 
potential of Runx2 to regulate OPN transcription, which 
can be increased with the synergic interaction between 
Runx2 and VDR,49 indicates that the observed differ-
ences in calcification in our in vitro and in vivo studies 
could be mediated by OPN.

VDR has been proposed to regulate a widespread 
miRNA expression in different cells and tissues. Fur-
thermore, miRNAs have been described to be present 
in VSMCs and actively involved in the VC process.22,23 In 
our study, we assessed the expression of certain miRNAs 
associated with VC and known to be regulated by VDR. 
miR-145a showed to be significantly decreased in cal-
cified arteries of Cre+ VDRwt/wt mice affected by CKD, 
while VDR deletion from VSMCs restored its expression 
in Cre+ VDRlox/lox littermates. The results were corrobo-
rated in our in vitro study where lower expression of miR-
145a was detected in VSMCs treated with CM, as well 
as in mice with VC.26 In those mice, miR-155 showed 
a tendency to increase in both groups of CKD mice, 
while the levels of miR-29b, miR-30c, and miR-146 did 
not substantially change. It has been reported that VDR 
could regulate miR-145a27 and that this miRNA has an 
important role in the phenotypic change of VSMCs.50,51 
We confirmed this direct effect of VDR signaling on miR-
145a expression through our in vitro experiments with 
both human and mice VSMCs, in which incubation with 
1,25D induced a reduction of the miR-145a levels. To 
assess the role of miR-145a in the regulation of VSMC’s 
calcification in our in vitro study, we overexpressed this 
miRNA in VDRwt VSMCs. Forced expression of miR-145a 
in VSMCs in vitro led to a significant reduction of Ca 
deposition alongside lower OPN expression, pointing to 
OPN as a possible target of mir-145a during VC in CKD.
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Importantly, gain-of-function and loss-of-function exper-
iments confirmed that the modulation of OPN expression 
goes directly through miR-145a. On one side, 1,25D treat-
ment upregulated OPN, and the forced expression of 
miR-145a suppressed the levels of OPN induced by this 
agonist. On the other side, the inhibition of miR-145a led 
to a significant increase in OPN levels, even higher than in 
cells treated solely with 1,25D. The results obtained here 
corroborate the fact that miR-145a levels play a crucial 
role in OPN regulation, preventing its increase.

We conclude that VDR is induced in calcified VSMCs 
during CKD where it can modulate the expression of 
promoters and inhibitors of VSMC transdifferentiation, 
as well as small noncoding RNA molecules such as 
miR-145a that contribute to VC. The regulation of these 
pathways by VDR seems to be essential for the settings 
of CKD-induced VC as deletion of VDR from VSMCs 
prevented it. Development of a possible therapeutic 
approach to inhibit VSMC’s VDR to prevent VC during 
CKD warrants further investigation.
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