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Abstract

Background: Diabetes mellitus (DM) is one of the leading causes of chronic vascular disease, which can
accelerate the development of cardiovascular and renal disorders. Vascular smooth muscle cells (VSMC) are
involved in the occurrence of vascular atherosclerosis and arteriosclerosis. Calcitriol might inhibit endothelial
proliferation, blunt angiogenesis, and serve as a cardioprotective agent. We evaluated the impact of a diabetic-like
environment and calcitriol on VSMC gene and protein expression.

Methods: VSMC were treated for 24 hours using 200 pg/ml AGE-HSA, 250 mg/dI glucose and 10 or 10-'° mol/I
calcitriol. Microarray gene chip analysis, real time PCR, western blot and ELISA techniques were used to determine
gene and protein expression.

Results: A total of 2,693 genes were differentially expressed in a diabetic-like environment compared to control,
with 1796 up-regulated and 897 down-regulated. These genes are responsible for functions involved in the regulation
of metabolic processes, apoptosis and cell adhesion. Addition of calcitriol at physiological concentrations (101
mol/l) revealed 1,157 differentially expressed genes, with 673 up-regulated and 484 down-regulated. These genes
significantly enriched functions such as regulation of small GTPase and RAS protein signal transduction, cell growth
and extracellular matrix part. TXNIP, OPG, RANKL, KLF4, RANK and NFkB p50/p65 mRNA and protein expressions
were further investigated.

Conclusion: High throughput approach might lead to a better understanding of the pathways involved in the
biological adaptation of VSMC exposed to diabetic-like conditions and eventually the possible beneficial effects of

calcitriol treatment, which might delay the development of DM-related vascular complications.

Keywords: Vascular smooth muscle cells (VSMC); Diabetes;
Calcitriol; Microarray; Gene expression; Protein expression

Introduction

High concentrations of advanced glycation end products (AGEs)
and glucose, which are found in the blood of patients with diabetes
mellitus (DM), are considered to accelerate the development of diabetic
vascular complications such as abnormal growth, proliferation,
migration and hypertrophy of vascular smooth muscle cells (VSMC)
and endothelial cell (EC) dysfunction [1-3]. Vascular calcification is
a feature of advanced atherosclerosis and results in reduced elasticity
and compliance of the vessel [4]. VSMC play an integral role in the
development of atherosclerotic lesions through increased migration,
proliferation and secretion of matrix components, osteogenic
differentiation and the associated calcification that ensues [4]. AGEs,
which are produced by non-enzymatic glycation and oxidation
reactions of sugars with proteins, lipids, and nucleotides, are a
hallmark of DM, chronic kidney disease and aging. They are pivotal
in the processes leading to the accelerated atherosclerosis observed
in these patients [5,6]. Hattori et al. [7] demonstrated that glycated
serum albumin (GSA) activates VSMC by stimulating NFkB, MAPKs,
extracellular signal-regulated kinase and p38 MAPK activity, leading to
induction of an inflammatory response, resulting in cell proliferation
and migration.

It has been demonstrated that high glucose concentrations (22
and 25 mmol/l equivalent to 400 and 450 mg/dl) activate VSMC signal
transduction networks such as protein kinase C, mitogen-activated
protein kinases (MAPKs), nuclear factor kappa-light-chain-enhancer
of activated B cells (NFkB), and Janus-family of activated kinases [8-11].

An increase in the expression of inducible nitric oxide synthase (iNOS)
[11] isalso observed and in an oxidative environment, higher production
of NO can react with superoxide and increase peroxynitrite formation.
In a previous study [12] using a high throughput microarray approach,
we showed that diabetic-like conditions (250 mg/dl glucose and AGE-
HSA at a concentration similar to that found in the blood of diabetic
patients) induced a significantly elevated expression of endothelial
inflammatory-related genes through the NFxB pathway and also
stimulated the production of thioredoxin interacting protein (TXNIP).
TXNIP, an inhibitor of the redox regulator thioredoxin, has multiple
functions in EC, including regulating cell metabolism, growth, and
inflammation [13,14]. Adding calcitriol (1a,25(OH)D3), the active
form of vitamin D, to this in vitro system significantly down-regulated
the inflammatory response of gene and protein expression involved
in the NFkB signal transduction pathway [15]. Calcitriol, a key factor
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in regulating calcium and phosphorus homeostasis via vitamin D
receptors, was also found to inhibit endothelial proliferation and blunt
angiogenesis [16,17]. In addition, it serves as a renoprotective agent
[18-21]. In cultured VSMC, the presence of high amounts of calcitriol
(107 mol/l) can up-regulate the production of proteins involved with
calcium deposition by depressing endogenous parathyroid hormone-
related peptide expression, leading to vascular calcification associated
with up-regulation of osteoblast-associated proteins [22,23].

Following the results observed in EC regarding the general
impact of DM and vitamin D on vasculature and the involvement
of VSMC in the development of vasculopathies with calcification
[12,15], we used microarray technology to detect gene expression
profiles in VSMC exposed to diabetic-like conditions, both with and
without physiological concentrations of calcitriol. In previous studies
[24,25], primary human umbilical artery SMC were used as a model
for investigating the effects of high glucose on VSMC function. To
the best of our knowledge, there are no previous studies dealing with
the effects of mildly elevated extracellular glucose concentrations in
the presence of AGEs (mimicking the cellular environment seen in
patients with diabetes) and physiological calcitriol concentrations on
VSMC function.

Materials and Methods

Cell culture and incubation

VSMC were isolated from human umbilical cord arteries obtained
from the maternity unit at Meir Medical Center, Kfar Saba, Israel as
previously described [26]. The Ethical Review Committee approved the
study and the parturient was requested to provide written informed
consent. In brief, umbilical cords were collected shortly after delivery;
arteries were dissected, cleaned of blood and adventitia, and cut into tiny
slices. The segments were kept in culture M-199 medium, supplemented
with 20% FCS, 100 U/ml penicillin and 100 p/ml streptomycin
(Biological Industries, Bet Haemek, Israel). Cell culture purity was
confirmed by positive SMC a-actin staining. After passage 3-5, cells
were treated for 24 h with 200 pg/ml human serum albumin (HSA) and
100 mg/dl glucose (control group) or 200 pg/ml AGE-HSA [27] and
250 mg/dl glucose (diabetic-like environment). D-Mannitol (Sigma-
Aldrich, St. Louis, MO, USA) (equivalent concentrations of glucose)
was used as an osmotic control. Calcitriol 10? or 10*° mol/l (American
Reagent Inc., Shirley, NY, USA) (corresponding to supraphysiological
and physiological blood concentrations, respectively) [15,28] was
added to cells 1 h after stimulation for an additional 23 h.

RNA extraction and Reverse Transcription (RT) PCR

Total RNA was extracted from VSMC using RNeasy Mini Kit,
including DNase digestion with RNase-free DNase set (Qiagen,
Valencia, CA, USA) according to manufacturer’s instructions. RNA
integrity was assessed using NanoDrop (Thermo Fisher Scientific, Inc,
Wilmington, DE, USA). RNA (1 ug) was then reverse transcribed into
single-strand DNA using High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems Inc, Foster City, CA, USA), according to the
manufacturer’s instructions. Total RNA from the treatment of HSA,
AGE-HSA plus glucose (250 mg/dl) and calcitriol 10"° mol/l was
further investigated with microarray GeneChip technology.

Microarray experiment: Affymetrix GeneChip® Human Gene
1.0 ST arrays were used for gene expression analysis according to the
instruction manual, as described in URL 1 (Affymetrix, Santa Clara,
CA, USA).

(http://www.affymetrix.com/support/technical/datasheets/
human_datasheet.pdf). Two biological repeats were used for each
treatment.

Microarray bioinformatics analysis: Microarray analysis was
performed using Partek® Genomics SuiteTM (Partek GS, Partek Inc.,
MO, USA). Quantile normalization was performed by the robust
multi-average method (RMA). Batch effect removal was applied
for the different samples to remove individual variations, followed
by one-way analysis of variance (ANOVA). Genes of interest that
were differentially expressed (p<0.05; fold-change cutoff 1.25) were
obtained. The David and WebGestalt databases (http://david.abcc.
nciferf.gov and http://bioinfo.vanderbilt.edu/webgestalt, respectively)
were used for functional annotations of gene lists.

Real-Time PCR: Selected genes that were found to be up-regulated,
down-regulated or unchanged in the microarray analysis were chosen
to be validated by real time PCR using mRNA samples from 3 additional
biological repeats (total of 5 repeats). Real time PCR was also performed
on a calcitriol concentration of 10® mol/l to compare the effects of
supraphysiological (10° mol/l) and physiological concentrations
(10 mol/l) of calcitriol. TagMan real-time PCR amplification was
used with gene specific primer for tumor necrosis factor (ligand)
superfamily (TNFSF11, also known as receptor activator of nuclear
factor-kB ligand (RANKL), tumor necrosis factor receptor superfamily
member 11B (TNFRSF11B, also known as osteoprotegerin (OPG)
and Kruppel-like factor (KLF) 4 (Applied Biosystems Inc, Foster City,
CA, USA), using hypoxanthine phosphoribosyltransferase 1 (HPRT1)
and glucuronidase, beta (GUSB) as control genes. For TXNIP mRNA
validation, we used Syber Green I reaction mix (Applied Biosystems
Inc, Foster City, CA, USA). GUSB and HPRT1 were used as a reference
gene. Data were analyzed using the 22*“ method. Individual primers
were used as described below:

TXNIP primers: forward primer 5-AGATCAGGTCTAAGCAGCAGAACA-3’;
reverse primer 5- CCATATAGCAGGGAGGAGCTTC-3".

GUSB primers: forward primer 5-CAATACCTGACTGACACCTCCAGTA-3’;
reverse primer 5- TGGTGGGTGTCGTGTACAGAAGT-3’.

HPRT1 primers: forward primer 5 - CCTCATGGACTAATTATGGACAGGA-3’;
reverse primer 5- GCACACAGAGGGCTACAATGTG-3’.

Western blot: Protein expressions of TXNIP, RANK, KLF4,
NFkB p50/p65 and a-tubulin, were studied by a standard western blot
technique as described previously [13], using monoclonal antibodies
against TXNIP (1:1000; MBL International, Woburn, MA, USA),
RANK (1:1000; Cell Signaling Technology Danvers, MA, USA), KLF4
(1:1000; Cell Signaling Technology Danvers, MA,USA), NFkB p65
(1:4500; Lab Vision, Fremont, CA, USA), NF«B p50 (1:500; Santa
Cruz, CA, USA) and a-tubulin (1:10,000; Sigma-Aldrich, St. Louis,
MO, USA) as the loading control. The second antibody was goat anti-
rabbit IgG with horseradish peroxidase (Jackson ImmunoResearch
Laboratories, West Grove, PA, USA) for RANKL, KLF4 and NFxB
p65. Sheep anti-mouse IgG with horseradish peroxidase (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) was used
for NFkB p50, TXNIP and a-tubulin. The nitrocellulose membranes
were stripped and reprobed with the above antibodies. The bound
antibodies were visualized with the enhanced chemiluminescent
reporter system (ECL, Santa Cruz, CA, USA). LAS-3500 (Fuji, Japan)
was used for quantification. Quantification of the protein expressions
were normalized against the quantification of a-tubulin expression.

ELISA: RANKL and OPG levels were determined in culture media
supernatants from control cells and from cells exposed to a diabetic-
like environment and calcitriol, according to the manufacturer’s
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instructions (Biomedica, Vienna, Austria and R and D Systems, Inc.
Minneapolis, MN, USA).

Statistical analysis

All data are expressed as mean + SD (standard deviation). One way
ANOVA, Kruskal-Wallis Test and Student’s paired ¢-test were used for
data analysis of real time PCR and western blot. P values of 0.05 or less
were considered significant.

Results

Microarray analysis

Gene expression in cultured VSMC exposed to a diabetic-like
environment revealed 2,693 annotated genes that were significantly
changed (p<0.05, fold change cut-off 1.25) when compared to control
cells. Of these, 1,796 genes (66%) were up-regulated, with functional
annotations as cellular metabolic processes, cell death, mitotic cell cycle
(Figure 1A) as well as cellular catabolic processes (KLF4, KLF10, KLF11,

TXNIP), cytokine receptor interaction (CCL3) or apoptosis (BCL10,
BTGI1) (Table 1). A total of 897genes (34%) were down-regulated with
enriched functions such as biological and cell adhesion (EGF1, BMP1,
ICAM]1), receptor protein signaling pathway (PDGFRB, TGFBIII,
SMAD?3), and osteoclast differentiation (RANKL) (Figure 1A; Table 1).

A total of 1,157 annotated genes were affected by calcitriol
treatment (107° mol/l) to cells in the diabetic-like environment
(p<0.05 and fold-change cut-off 1.25). Of these, 673 genes (58%)
were up-regulated, corresponding to functions such as regulation of
small GTPase mediated signal transduction, regulation of Ras protein
signal transduction (Figure 1B) as well as biological and cell adhesion
(BMP1, ICAM), extracellular matrix part (COL4A2), and osteoclast
differentiation (OPG) (Table 1). The remaining 484 genes (42%) were
down-regulated, corresponding to functions such as negative regulation
of cell growth, cellular carbohydrate catabolic process (Figure 1B), as
well as apoptosis (BCL10, BTG1), cellular metabolic process (KLF4,
CYP51A1), and oxidoreductase activity (TXNDC17) (Table 1).

A
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Figure 1: Cluster analysis on microarray data. Hierarchical clustering was performed on differentially expressed genes for the following treatments: (A) diabetic-
like environment (200 pg/ml AGE-HSA and 250 mg/dI glucose) vs. control (100 pg/ml HSA and 100 mg/dl glucose), (B) Diabetic environment and 10-"® mol/l calcitriol
treatment vs. diabetic environment only (200 pg/ml AGE-HSA and 250 mg/dl glucose). Enriched biological pathways represented by the differentially expressed
genes are suggested. (C) Venn diagram representing common and unique differentially expressed genes regulated by a diabetic-like environment (AGE+G) and

diabetic-like environment plus 10-"® mol/I calcitriol (AGE+G+C).
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Accession Gene description Gene Symbol Enriched functional and pathway annotations Diabetic environment Diabetic environment and
number (NCBI) (David and Webgestalt) (Fold change, p<0.05) calcitriol (Fold change p<0.05)
NM_004235 Kruppel-like factor 4 |KLF4 Cellular metabolic process , ubiquitin-dependent |+1.48 -1.28
protein catabolic process, intracellular organelle
part, transcription repressor activity
NM_000786 Cytochrome P450, CYP51A1 Cellular metabolic process, cytoplasmic and +1.44 -1.72
family 51, subfamily A organelle part, metabolic process, steroid
biosynthesis, metabolic processes
NM_002983 Chemokine (C-C CCL3 Chemokine signaling pathway, Toll-like receptor |+1.48 -1.37
motif) ligand 3 signaling pathway, Cytokine-cytokine receptor
interaction
NM_004064 Cyclin-dependent CDKN1B cellular metabolic process, cell cycle process, +1.26 -1.48
kinase inhibitor 1B regulation of cell proliferation, pathways in
cancer,
NM_032731 Thioredoxin domain |\ TXNDC17 Oxidoreductase activity, intracellular part, +1.39 -1.26
containing 17 cytoplasm, nitrogen compound metabolic
process, protein binding
NM_003921 B-cell CLL/lymphoma BCL10 Apoptosis, cellular process, negative regulation +1.46 -1.33
10 of cell growth, positive regulation of biological
process
NM_001731 B-cell translocation BTG1 Endothelial cell differentiation, endothelium +1.59 -1.39
gene 1, anti- development, negative regulation of cell growth,
proliferative transcription regulator activity
NM_002609 Platelet-derived PDGFRB Multicellular organismal development, enzyme  |-1.65 +1.35
growth factor linked receptor protein signaling pathway,
receptor, beta system development, regulation of protein
polypeptide maodification process, cell motion
NM_005902 SMAD family member SMAD3 Transcriptional modulator activated by TGF-beta -1.24 +1.2 (p=0.08)
3 (transforming growth factor) and activin type 1
receptor kinase. SMAD3 is a receptor-regulated
SMAD (R-SMAD)
NM_005228 Epidermal growth EGFR Biological adhesion, multicellular organismal -1.39 +1.4
factor receptor development, developmental process, positive
regulation of molecular, cellular and biological
process, cell cycle process
NM_006129 Bone morphogenetic |[BMP1 Cell and biological adhesion, skeletal system -1.26 +1.32
protein 1 development, metabolism of lipids and
lipoproteins, calcium ion binding
NM_001846 Collagen, type IV, COL4A2 Extracellular matrix part, ECM-receptor -1.59 +1.32
alpha 2 interaction, collagen, multicellular organismal
development, anatomical structure
morphogenesis
NM_000201 Intercellular adhesion ICAM1 Cell and biological adhesion, positive regulation -1.27 +1.33
molecule 1 of molecular, cellular and biological process, cell
motion
NM_006472 Thioredoxin TXNIP Cellular metabolic process, intracellular +10.02 -1.4 (p=0.6)
interacting protein organelle part, cellular biosynthetic process,
regulation of metabolic process
NM_005655 Kruppel-like factor 10 KLF10 Cellular metabolic process, mitotic cell cycle, +1.65 -1.8 (p=0.2)
nitrogen compound metabolic process, negative
regulation of macromolecule metabolic process,
negative regulation of cellular metabolic process
NM_003597 Kruppel-like factor 11 |[KLF11 Cellular metabolic process, negative regulation  +1.69 -1.2 (p=0.39)
of macromolecule metabolic process, negative
regulation of cellular metabolic process
NM_001042454 Transforming growth ' TGFB111 Focal adhesion, enzyme linked receptor protein |-1.41 +1.09 (p=0.54)
factor beta 1 induced signaling pathway, protein kinase activity,
multicellular organismal development
NM_003701 Tumor necrosis factor TNFSF11 Cytokine-cytokine receptor interaction, -1.21 -1.02 (p=0.7)
(ligand superfamily) | RANKL osteoclast differentiation rheumatoid arthritis
NM_002546 Tumor necrosis factor TNFRSF11B | Cytokine-cytokine receptor interaction, +1.11 (p=0.26) +1.19 (p=0.07)

receptor superfamily | OPG osteoclast differentiation

Table 1: Genes differentially regulated by a diabetic environment (200 pg/ml AGE-HSA and 250 mg/dl glucose) and 10-'*mol/l calcitriol.

When comparing the differentially expressed gene lists mentioned
above, 419 genes were shared in a diabetic-like environment and
calcitriol treatment (Figure 1C). One hundred eighty-five genes were
up-regulated in a diabetic-like environment and down-regulated
after calcitriol treatment, corresponding to functions such as cell
cycle processes, cellular protein catabolic processes, and regulation of

protein ubiquitination (Figure 1C). Two hundred thirteen genes were
down-regulated following exposure to a diabetic-like environment
and up-regulated following calcitriol treatments, corresponding to
functions such as extracellular matrix, skeletal system development,
cell and biological adhesion (Figure 1C). The Venn diagram presents
the unique gene expression patterns for each treatment. From the gene
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list presented in table 1 and in the corresponding Venn diagram (Figure =~ was also examined in a set of experiments using a supraphysiological
1C), we chose several interesting genes that focus on the inflammatory calcitriol concentration of 10° mol/l (Figure 2).

athways for further validation and investigation.
P ¥ & The expression patterns determined by real time PCR analysis

Validation of gene microarray results by real time RT-PCR confirmed those identified by the microarray analysis, including KLF4,
OPG and TXNIP (Table 1). RANKL mRNA expression was modified
in the real time PCR. RANKL levels were significantly elevated
following exposure to diabetic conditions (2.06 + 0.581, p=0.016). The
addition of calcitriol 10° mol/l to the stimulated cells down-regulated

To validate the gene expression changes detected by the microarray
analyses, real time RT-PCR was performed on selected differentially
expressed genes. This gene set included KLF4, OPG, RANKL and
TXNIP (Figures 2A-2C). The expression pattern of these selected genes
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Figure 2: Effect of calcitriol on KLF4, TXNIP, OPG and RANKL mRNA expression in VSMC stimulated with diabetic environment. VSMC were incubated for
24 h with HSA (200 pg/ml), AGE-HSA (200 pg/ml) and glucose (250 mg/dl). In addition, 10-° mol/l and 10-'° mol/I calcitriol were given to the cells 1 h after stimulation
for an additional 23 h. (A) KLF4, (B) OPG, and RANKL (C) TXNIP mRNA expression were analyzed by real-time PCR and normalized to the GUSB and HPRT1.
For each gene, an inset with a dot plot figure reflects the microarray gene chip results. Data are expressed as mean + SD of 4-5 independent experiments. ‘p<0. 05
compared to control group-HSA, #p<0. 05 compared with AGE-Glucose.
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RANKL mRNA expression (1.082 + 0.235, p=0.05) (not seen in the
microarray analysis). The RANKL/OPG mRNA ratio was significantly
elevated after exposure to a diabetic-like environment (2.65 + 0.491,
p=0.00001), while the addition of calcitriol (10® and 10° mol/l)
significantly down-regulated the RANKL/OPG mRNA ratio (1.622
+ 0.501 and 1.102 + 0.282, respectively, p=0.00001). TXNIP mRNA
expression was significantly elevated under diabetic conditions (4.36 +
1.01, p=0.004), and was decreased (not seen in the microarray analysis)
after the addition of 10'° mol/l calcitriol (1.9 + 0.7, p=0.03).

The majority of microarray data were consistent with the real time
PCR validation, with the exception of RANKL and TXNIP expressions.
This was probably due to the low number of biological repeats in the
microarray analysis. Since the other validations of genes in the real-
time PCR were consistent with the microarray results we continued to
analyze the real time PCR results as the accurate ones.

RANK, KLF4, NFkB p65/p50 and TXNIP protein expression

To further study the effects of a diabetic-like environment and
calcitriol on the inflammatory response, we examined the protein
levels of RANK, KLF4, NFkB p50/p65 and TXNIP using western blot
analysis. Results demonstrated that the protein levels of NFkB p50/p65,
RANK, KLF4 and TXNIP were significantly increased upon exposure
to a diabetic-like environment compared to the control (HSA) (fold
change: NFkB p65: 1.75 + 0.6, p=0.04; NFkB p50: 1.46 + 0.4, p=0.05;
RANK: 1.79 + 0.04, p=0.008, KLF4: 2.78 + 0.7, p=0.048; TXNIP:
1.57 + 0.24, p=0.04 vs. control) (Figures 3A-3C). The addition of
physiological concentrations of calcitriol (10'° mol/l) to the stimulated
cells significantly decreased the expression of all proteins (fold change:
RANK: 0.59 + 0.36, p=0.017; TXNIP: 0.79 + 0.18, p=0.004; NFkB p50:
0.66 + 0.22, p=0.02; NFxB p65: 0.66 * 0.32, p=0.04; and KLF4: 0.66 +
0.14, p=0.002. vs. diabetic environment). We also tested the protein
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Figure 3: Effect of calcitriol on KLF4, RANK, TXNIP NFkB (p50/p65) protein expression in VSMC stimulated with diabetic environment. Western blots (A)
and their densitometric analysis (B,C) of KLF4, RANK, NFkB (p50/p65), and TXNIP measured in VSMC after incubation for 24 h with HSA (200 ug/ml), AGE-HSA
(200 pg/ml), glucose (250 mg/dl) and calcitriol (10-° mol/l and 10-"® mol/l). The membrane was stripped and reprobed with a-tubulin which is shown as the loading
control. Data are expressed as mean * SD of 4-5 independent experiments. ‘p<0. 05 compared to control group-HSA; #p<0. 05 compared with AGE-Glucose.
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Figure 4: RANKL/OPG/RANK-NFkB pathway following stimulation
of diabetic environment and calcitriol (10"° mol/l). (A) In a diabetic
environment RANKL/OPG ratio is high, RANKL binds to its receptors
(RANK) on VSMCs to activate NFkB (p50/p65). (B) The addition of calcitriol
(10'° mol/l) to the stimulated cells caused downregulation of the RANKL/
OPG ratio and RANK expression followed by a decrease of NFkB (p50/p65).

expression with supra-physiological concentrations of calcitriol (10°
mol/l) vs. cells stimulated by a diabetic-like environment and observed
significant decreases in TXNIP (1.07 £ 0.17, p=0.014), NFxB p50 (0.82
+ 0.23 p=0.02) and NFkB p65 (0.62 £ 0.5, p=0.02) (Figures 3A-3C).
Figures 4A and 4B summarize the modifications of RANKL/OPG/
RANK and NFkB upon the different stimuli.

RANK and KLF4 decreased, but not significantly. Despite the non-
significant decrease following supra-physiological concentrations of
calcitriol, the trend is similar to that observed following physiological
concentrations. One of the possible reasons could be the therapeutic
window of the calcitriol which is affected differently in supra-
physiological conditions.

VSMC that were treated with D-Mannitol for 24 hours did not
show induction of the proteins (data not shown).

RANKL and OPG protein secretion

To determine whether a diabetic-like environment with or without
calcitriol triggered the activation of OPG and RANKL proteins, we
measured the expression of these proteins in the supernatants that
had been collected from the experiments. There were no significant
changes in OPG and RANKL protein secretion following exposure to a
diabetic-like environment with or without calcitriol (data not shown).

Discussion

In this study, we used high-throughput microarray technology on
VSMC as a primary method of detecting differential gene expression
and various annotated pathways involved in the inflammatory state that
exists in a diabetic-like environment. We also compared the differential
gene expression after the addition of physiological or supraphysiological
concentrations of calcitriol. The same approach using microarray
technology was used previously by our laboratory to detect differentially
expressed genes in EC after exposure to a diabetic-like environment
[12]. We showed that mildly elevated glucose concentrations (250
mg/dl) and AGEs activated endothelial inflammatory processes [12],
while adding physiological concentrations of calcitriol (10° mol/l)
to cultured EC had a beneficial effect on the endothelial expression
of pro-inflammatory parameters, probably through the NF«B signal
transduction pathway [15].

The current research demonstrated that exposing VSMC to a
diabetic-like environment stimulates a long panel of genes that are
involved in cellular and metabolic processes, cellular and biological

adhesion, skeletal system development, and apoptosis. The changes in
gene expressions in the VSMC culture stimulated with high glucose
concentrations, could be considered the result of the glucose and not
increased osmolarity of the milieu, as has been established in this study,
as well as in other publications [29,30]. The addition of physiological
concentrations of calcitriol to the stimulated cells had a beneficial effect
on most of the differentially expressed genes. We found 419 shared
genes of which 185 were up-regulated in the diabetic-like environment,
were related to cellular catabolic processes and apoptosis and down-
regulated after stimulation with calcitriol. Two hundred thirteen
genes down-regulated in the diabetic-like environment were related
to cell and biological adhesion, skeletal system, positive regulation of
molecular, cellular and biological process; they were up regulated after
stimulation with calcitriol. Unique, expressed genes for both treatments
were demonstrated and might be considered for further investigation.

The microarray observations were generally consistent with the
results of real time PCR studies or protein expression that examined
the selected genes RANKL, OPG, KLF4, and TXNIP that were altered
following stimulation by calcitriol.

RANKL exists in two biologically active soluble forms. In one form,
itis secreted by T cells, endothelial cells, or osteoblasts; and in the other,
it is proteolytically cleaved from cell surfaces [31,32]. RANKL binds
to its target receptor RANK on the surface of VSMC and generates
multiple intracellular signals that regulate cell differentiation, function,
and survival through activation of the NFkB signal transduction
pathway [33]. Tseng et al. [34] established that SMC induce the
expression of RANKL after stimulation with protein kinase A, which
stimulates vascular calcification. OPG is a decoy receptor of RANKL,
which inhibits osteoclast formation by competing with RANK [31,32].
OPG is produced by endothelial and smooth muscle cells in vitro and
acts as a survival factor for endothelial cells [32]. The ratio RANKL/
OPG is critical to osteoclastic bone resorption. Ndip et al. recently
reported that abnormal RANKL/RANK/OPG signaling was observed
in vivo in diabetic patients with medial arterial calcification or Charcot
neuroarthropathy [35].

In this study, the expression patterns of OPG, RANKL, and RANK
were tested at the level of cellular mRNA and cell protein expression,
as well as at OPG and RANKL protein secretion levels. We found
that RANKL and the ratio RANKL/OPG mRNA, as well as RANK
protein expression were elevated following exposure to a diabetic-like
environment, while calcitriol down-regulated RANKL/OPG mRNA
and RANK expression. Investigation of the expression pattern of the
NF«B signal pathway revealed that NF«kB p65/p50 was significantly up-
regulated when exposed to a diabetic-like environment. The addition
of calcitriol to the stimulated cells down-regulated expression of both
these proteins significantly. No RANKL or OPG protein secretion
was noted. Based on these findings, we might assume that VSMC in a
diabetic-like environment activates RANKL at the cellular level only.
When the RANKL/OPG ratio is high, RANKL binds to its receptor
(RANK), to activate the NFkB signal transduction pathway, resulting in
an increased inflammatory response. The addition of calcitriol caused
a decrease in the RANKL/OPG mRNA expression ratio and in RANK
expression, as well as in NFkB p50/p65 protein expression, an outcome
that might improve the inflammatory response.

The microarray results showed that three members from the
Kruppel-like factor (KLF) family (KLF4, KLF10, KLF11) were up-
regulated following exposure to a diabetic-like environment. Only
KLF4 was significantly down-regulated after the addition of calcitriol,
while KLF10 and KLF11 were down-regulated, but not significantly.
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The KLF family is a sub-class of the zinc finger family of transcriptional
regulators in cell growth and differentiation, inflammation and
metabolism [36,37]. KLF4 is known to be involved in many cellular
processes, cell growth, differentiation, proliferation and apoptosis [38-
42]. In macrophages, KLF4 has an important pro-inflammatory role.
It regulates signaling pathways that control macrophage regulation
through activation of NFkB p65, which induces iNOS promoter [38].
Conversely, KLF4 inhibits the expression and function of TGF-f and
SMAD?3 function, resulting in inhibition of anti-inflammatory gene
expression [38]. In EC, KLF4 exerts a protective anti-inflammatory
effect by inhibition of NFkB p65, resulting in inhibited secretion
of cytokines such as IL6 and IL8 [40]. In VSMC, over-expression of
KLF4 is associated with growth arrest, reduced cell cycle progression
and regulation of potent growth factors, such as platelet-derived
growth factor receptor (PDGFRB) and transforming growth factor
beta 1 induced (TGF1) [41,42]. Our microarray results showed that a
diabetic-like environment stimulated KLF4 expression in VSMC, while
the expression of PDGFRB, TGFp1 and SMAD3 were down-regulated,
a situation that probably caused changes in cell differentiation and
proliferation. NFkB p50/p65 protein expressions were significantly
up-regulated following exposure to a diabetic-like environment, a
condition that might strengthen KLF4 activation on the NFkB pathway.
Yet, the significance of high expression of KLF4 in VSMC exposed to
a diabetic-like environment as a proinflammatory mediator needs to
be further investigated. When physiological concentrations of calcitriol
were added to the stimulated VSMC, KLF4, PDGFRB and SMAD3
expression (p=0.08) demonstrated the opposite changes. NFkB p50/
p65 expression was also down-regulated. Further analysis is needed
to determine the beneficial effect of calcitriol as an anti-inflammatory
agent on the physiological and pathological roles of KLF4 in VSMC.

TXNIP, which is stimulated by hyperglycemia, is considered to
have a deleterious effect on the cardiovascular system due to its pro-
apoptotic effect in suppressing thioredoxin activity [14]. It has been well
demonstrated that it promotes oxidative stress and apoptosis in several
types of cells, such as endothelial and smooth muscle cells [12,13],
islet cells [43], and mesangial cells [44]. We previously showed that in
cultured EC, TXNIP mRNA and protein expression were up-regulated
following exposure to a diabetic-like environment, while no significant
changes were observed after the addition of supraphysiological and
physiological concentrations of calcitriol to the stimulated cells [12,15].
In this study, we found that TXNIP expression was up-regulated at
both mRNA and protein levels in VSMC exposed to a diabetic-like
environment as we found with EC. In addition, a positive effect of
calcitriol was noted, which significantly decreased mRNA and protein
expression, unlike our observations with EC [15].

The findings presented here provide additional insight regarding
mechanisms that may be involved in regulating vitamin D levels in
VSMC exposed to a diabetic-like environment. We focused on selected
genes and proteins that were thought to participate in the inflammatory
response in these cells after exposure to different stimuli and on the
roles of vitamin D in the expression of biological and cellular pathways
that might be involved in protecting VSMC. Additional in vivo studies
should be considered to further understand the beneficial effects of
vitamin D on a diabetic-like environment, as observed in our in vitro
model.
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