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Introduction: Vitamin D is a sectosteroid that functions through Vitamin D receptor (VDR), a transcription fac-
tor, which controls the transcription of many targets genes. Vitamin D deficiency has been linked with cardio-
vascular diseases, including heart failure and coronary artery disease. Suppressor of cytokine signaling
(SOCS)3 regulates different biological processes such as inflammation and cellular differentiation and is an
endogenous negative regulator of cardiac hypertrophy.
Objective: The purpose of this study was to test the hypothesis that vitamin D deficiency causes cardiomyo-
cyte hypertrophy and increased proinflammatory profile in epicardial adipose tissue (EAT), and this corre-
lates with decreased expression of SOCS3 in cardiomyocytes and EAT.
Methods: Eight female Yucatan miniswine were fed vitamin D-sufficient (900 IU/d) or vitamin D-deficient

hypercholesterolemic diet. Lipid profile, metabolic panel, and serum 25(OH)D levels were regularly mea-
sured. After 12 months animals were euthanized and histological, immunohistochemical and qPCR studies
were performed on myocardium and epicardial fat.
Results: Histological studies showed cardiac hypertrophy, as judged by cardiac myocyte cross sectional area,
in the vitamin D-deficient group. Immunohistochemical and qPCR analyses showed significantly decreased
mRNA and protein expression of VDR and SOCS3 in cardiomyocytes of vitamin D-deficient animals. EAT
from vitamin D-deficient group had significantly higher expression of TNF-α, IL-6, MCP-1, and decreased adi-
ponectin in association with increased inflammatory cellular infiltrate. Interestingly, EAT from vitamin D-
deficient group had significantly decreased expression of SOCS3.
Conclusion: These data suggest that vitamin D deficiency induces hypertrophy in cardiomyocytes which is asso-
ciated with decreased expression of VDR and SOCS3. Vitamin D deficiency is also associated with increased in-
flammatory markers in EAT. Activity of VDR in the body is controlled through regulation of vitamin D
metabolites. Therefore, restoration of VDR function by supplementation of VDR ligands in vitamin D-deficient
population might be helpful in reducing inflammation and cardiovascular risk.
© 2012 Elsevier Inc. All rights reserved.
Introduction

VitaminD is a sectosteroid that functions through VitaminD recep-
tor (VDR), a transcription factor, which regulates various downstream
signaling pathways and controls the transcription of many targets
genes (Fleet, 2008; Nagpal et al., 2005). Prior to binding to VDR, vita-
min D needs to be activated by a tightly regulated process of two
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enzymatic steps. Vitamin D3 is synthesized in the skin, metabolized
in the liver to form 25(OH)D, and then further hydroxylated in the
kidney to form the active hormone, 1,25-dihydroxyvitamin D3 (calci-
triol) (Holick, 2007). The biological actions of calcitriol are mediated
by VDR. Cardiovascular risk factors, including obesity, hypertension,
hyperlipidemia, and diabetes are inversely associated with serum
25(OH)D levels (Martins et al., 2007). Low levels of 25(OH)D and
1,25-dihydroxyvitamin D are associated with increased risk of inci-
dent congestive heart failure, myocardial infarction, and mortality
due to cardiovascular disease (Dobnig et al., 2008; Giovannucci et al.,
2008; Wang et al., 2008; Zittermann, 2006; Zittermann et al., 2003).

Epicardial adipose tissue (EAT) is a metabolically active organ that
can substantially modulate the heart and coronary arteries through
vasocrine or paracrine secretion of various bioactive molecules (Fain
et al., 2010; Iacobellis et al., 2005; Kremen et al., 2006; Mazurek et al.,
2003). The secretion of various epicardial inflammatory adipokines,
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including tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6),
adiponectin, and monocyte chemoattractant protein-1 (MCP-1),
contribute to inflammatory milieu and play a significant role in
the development and progression of atherosclerosis (Iacobellis,
2009; Sacks and Fain, 2007). Subjects with coronary artery disease
(CAD) have elevated inflammatory infiltrates in EAT (Mazurek
et al., 2003).

Tyrosine kinase family JAK activation and subsequent activation of
STAT are key events in signal transduction of different cytokines and
growth factors (Heinrich et al., 2003; Ihle, 2001). These proteins regu-
late different biological processes including inflammation, cellular
differentiation, and the proliferation (Ehlting et al., 2007). Suppressor
of cytokine signaling (SOCS)3, a physiologic inhibitory protein of JAK/
STAT3, attenuates proinflammatory signaling by inhibiting STAT3
phosphorylation (Dominguez et al., 2010; Jo et al., 2005). SOCS3
also acts as an endogenous negative regulator of cardiac hypertrophy
(Terrell et al., 2006; van Empel and De Windt, 2004; Yasukawa et al.,
2001).

Recently, vitamin D deficiency has been identified as a potential
risk factor for cardiovascular diseases (Michos and Melamed, 2008).
However, most of these evidences are based on epidemiological and
observational studies and underlying mechanism is still unclear.
Here, we tested the hypothesis that vitamin D deficiency causes left
ventricular hypertrophy and increase pro-inflammatory profile in
EAT which is associated with decreased expression of SOCS3 in
cardiomyocytes and EAT in atherosclerotic Yucatan miniswine.
Material and methods

Experimental animals

In this study, we used Yucatan miniswine, weighing 30–40 lbs,
and purchased from Lonestar Laboratories (Sioux Center, IA). Al-
though no model completely mimics the human pathology, the
swine model represents a best choice for coronary artery disease be-
cause of similarities in the anatomy and physiology between human
and porcine cardiovascular system. Also, the underlying disease pro-
cess of atherosclerosis in swine develops in a similar manner to
those in humans. The Institutional Animal Care and Use Committee
of Creighton University approved all research protocols and the ani-
mals were housed in the Animal Resource Facility of Creighton Uni-
versity, Omaha, NE and cared for as per National Institute of Health
standards.
Hypercholesterolemic vitamin D-deficient swine model

Yucatan miniswine were randomly divided into 2 groups of 4 an-
imals in each group. Group 1 was fed with 1–1.5 lb/swine/day of a vi-
tamin D-sufficient high cholesterol diet (Harlan, USA) with the
following major ingredients: 37.2.% corn (8.5% protein), 23.5% soy-
bean meal (44% protein), 20% chocolate mix, 5% alfalfa, 4% choleste-
rol, 4% peanut oil, 1.5% sodium cholate, and 1% lard. Animals in
group 2 received vitamin D-deficient high cholesterol swine diet
(Harlan, USA) with the following major ingredients: 19% casein “vita-
min free”, 23.5% sucrose, 23.9% corn starch, 13% maltodextrin, 4% soy-
bean oil, 4% cholesterol, and 10% cellulose. Venous blood (10 ml) from
the ear vein was drawn every 8 weeks to examine complete blood
count (CBC), complete metabolic profile, complete lipid profile, and
serum 25(OH)D levels. Animals were housed in the Creighton animal
facility under controlled conditions, 12:12-h light–dark cycle at
20–24 °C, without exposure to sunlight and fed a controlled diet to
avoid any variation in the 25(OH)D levels due to season or diet.
After 48 weeks, animals were euthanized by administering high
dose of barbiturates (Beuthanasia-D 1.0 ml/10 lb i.v.).
Tissue harvest and processing

Immediately after euthanasia swine hearts were removed and
placed in a medium (RPMI with 10% FBS, 500 U/ml penicillin,
500 μg/ml streptomycin). Epicardial adipose tissue (EAT) surroun-
ding the coronary vessel extending from 10 mm up to 20 mm on
each side of the vessel wall was removed from the heart surface.
Three tissue sections (1×1 cm) from left ventricle (LV) free wall
were also collected. Small portion of EAT and LV tissue were placed
in an eppendorf tube sitting on dry ice and the remaining tissues
were fixed in 4% formalin. Formalin-fixed tissues were embedded in
paraffin and thin sections (5 μm) were obtained using microtome
(Leica, Germany) for histomorphometric and immunohistochemical
evaluation.

mRNA extraction, reverse transcription, and real-time quantitative PCR

Approximately 500 mg of frozen tissuewas used to isolate total RNA
using the Trizol reagent (Sigma, St. Louis, MO). The yield of RNA was
quantified by Nanodrop (GE Healthcare, USA) and subjected to reverse
transcription using the Improm-II reverse transcription kit (Promega,
Madison, WI). Then, c DNA was subjected to qPCR for VDR and SOCS3
genes using SYBR Green PCR kit (Promega, Madison, WI). Quantifi-
cation was done by normalization against GAPDH. The following
primer sequences were used: VDR: forward, 5′-AATGGCGGCCAG-
CACTTCCC; reverse, 5′-CTGGCAGTGGCGTCGGTTGT; SOCS3: forward,
5′-CTTCAGCTCCAAGACTCGAGT; reverse, 5′-AACACCAGGGGGATCTT-
CCT; GAPDH: forward, 5′-ACACTCACTCTTCTACCTTTG; reverse, 5′-
CAAATTCATTGTCGTACCAG.

Histology and measurements of cardiomyocyte area

For histomorphometric examination paraffin-embedded samples
were cut (5 μm), deparaffinized, rehydrated and stainedwith hematoxy-
lin and eosin (H&E) and trichrome stain. The size of the cardiomyocyte
was assessed on H&E-stained sections using NIH Image J software
(http://rsb.info.nih.gov/ij/). Randomly chosen cardiomyocytes (50–100)
from each heart were used to measure the cross-sectional area of the
cardiomyocytes.

Immunohistochemistry

For immunohistochemical studies samples were treated by steam
heating for antigen retrieval (20–30 min) using DAKO antigen re-
trieval solution (DAKO, Carpenteria, CA). Slides were washed twice
5 min each using phosphate buffered saline (PBS). Endogenous per-
oxidase was inhibited by immersing the slides in a 3% hydrogen per-
oxide solution for 20 min. Slides were then washed twice for 5 min in
PBS. After pre-incubation of the tissue sections with 10% serum for 1 h
to avoid non-specific binding (VECTASTAIN Elite ABC system, Vector
Laboratories, Burlingame, CA), the sectionswere incubatedwith prima-
ry antibodies; rabbit anti-SOCS-3 (Ab16030; Abcam), mouse anti-TNF-
α(Ab1793; Abcam), rabbit anti-MCP-1 (Ab7202; Abcam), rabbit anti-
IL-6 (Ab6672; Abcam), mouse anti-adiponectin (Ab22554; Abcam)
overnight at 4 °C. Antibodies were diluted (1:200) with PBS. Slides
were washed twice with PBS and consecutively incubated with biotiny-
lated secondary antibody for 1 h. Slideswerewashed twicewith PBS and
incubatedwith ABC solution (VECTASTAIN Elite ABC system, Vector Lab-
oratories, Burlingame, CA) for 30 min. Slides were washed twice again
with PBS andfinally incubatedwith diaminobenzidine (Vector Laborato-
ries, Burlingame, CA) for 1 min. Immediately after staining, slides
were washed with distilled water for 5 min and counterstained with
hematoxylin for 7 s. Slides were rinsed for 5 min with distilled water
and dehydrated for 3–5 min each with 70–100% isopropanol. Finally,
samples were immersed in xylene for 5 min each and mounted by
using permount (Fisher Scientific, Pittsburg, PA). Sections incubated
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Fig. 1. The effects of vitamin D-deficient high cholesterol and vitamin D-sufficient high cholesterol diet on (A) serum 25-hydroxy vitamin D, (B) total cholesterol, (C) low density
lipoprotein (LDL), and (D) high density lipoprotein (HDL) levels of the female Yucatan miniswine following 12 months of administration of the diet. Data are shown as mean±SEM
(N=8); *Pb0.05, **Pb0.01, ***Pb0.001.
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without the primary antibody served as negative controls. Slides were
examined using an inverted microscope (Olympus).

Immunofluorohistochemistry

After deparaffinization and rehydration, antigen retrieval was per-
formed prior to immunostaining. Sections were incubated for 2 h in
block/permeabilizing solutions containing PBS, 0.25% Triton X-100,
and 5% (v/v) goat serum at room temperature. The slides were subse-
quently incubated with primary antibodies includingmouse anti-VDR
(SantaCruz Biotech; sc-1008), rabbit anti-SOCS-3 (Abcam; Ab16030),
(1:100 antibodies) at 4 °C overnight. After washing with PBS four
Fig. 2. Histological analysis of left ventricular myocytes from vitamin D-deficient hypercho
thin sections were cut, deparaffinized and histological analysis was performed using H&
deficient hypercholesterolemic (A) and vitamin D-sufficient hypercholesterolemic swine (
D-sufficient hypercholesterolemic swine (D). Note the larger size of cardiomyocytes in vitam
cytes (±SEM) in vitamin D-deficient hypercholesterolemic and vitamin D-sufficient hyper
formed to determine statistical relevance; significant P value is shown; *Pb0.05, **Pb0.01,
times for 5 min each, a secondary antibody (affinity purified goat
anti-mouse and goat anti-rabbit cyanine 3 (cy3) antibody, 1:200)
(Jackson ImmunoResearch, Westgrove, PA) was applied to the sec-
tions for 1 h in dark. Negative controls were run in parallel with nor-
mal host IgG including chromPure mouse IgG, and ChromPure rabbit
IgG or complete omission of primary antibody. Sections were washed
with PBS three times for 5 min. Nuclei were counterstained with 4′,6-
diamidino-2-phenylindole (DAPI). A single layer of nail polish was
placed around the edge of slide to prevent escape of mounting
media from the coverslip. Pictures were taken within 1 h of mounting
using Olympus DP71 camera. Total fluorescence measurements were
performed with NIH ImageJ software.
lesterolemic and vitamin D-sufficient hypercholesterolemic swine. Paraffin embedded
E, and Masson's trichrome stains. (A, B): Masson's trichrome staining of vitamin D-
B); (C, D): H&E staining of vitamin D-deficient hypercholesterolemic (C) and vitamin
in D-deficient hypercholesterolemic group; E: Mean cross-sectional area of cardiomyo-
cholesterolemic swine was measured. Two-tailed unpaired Student's t tests were per-
***Pb0.001. Magnification 600×.
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Fig. 3. Expression of VDR in cardiomyocytes of hypercholesterolemic swine following vitamin D deficiency. A: Total RNA was isolated from cardiac tissue and expression of VDR was
detected by quantitative PCR. The fold change in VDR expression between samples was calculated by Fold change=2−ΔΔCt method. The results were normalized against
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (B, C): Immunofluorescence of cardiac VDR expression in vitamin D-deficient hypercholesterolemic (B) and vitamin D-
sufficient hypercholesterolemic (C) swine. Sections were stained using mouse anti-VDR antibody and goat anti-mouse cy3 as secondary antibody. DAPI was used to stain the nuclei.
DAPI overlay is shown with mouse anti-VDR and goat anti-mouse cy3 as secondary antibody; D: mean fluorescent intensity of staining obtained with anti-VDR antibody was mea-
sured in arbitrary units using NIH Image J software. Two-tailed unpaired Student's t tests were performed to determine statistical relevance; significant P values are shown. Data are
shown as mean±SEM (N=8); *Pb0.05, **Pb0.01, ***Pb0.001. Magnifications 200×.
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Statistical analysis

Data was analyzed using GraphPad Prism 5.0 biochemical statis-
tical package (GraphPad Software, Inc., San Diego, CA). Values of all
measurements were expressed as mean±SEM. Statistical analysis
was performed using two-tailed unpaired student t-test or one-
Fig. 4. Expression of SOCS3 in cardiomyocytes of hypercholesterolemic swine following vitam
was detected by quantitative PCR. The fold change in SOCS3 expression between samples w
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Data shown are mean±SEM (N=8
SOCS3 in vitamin D-deficient hypercholesterolemic (C) and vitamin D-sufficient hypercholes
using hematoxylin. Decreased SOCS3 expression was observed in vitamin D-deficient hype
way ANOVA with Bonferroni's multiple comparison test to analyze
statistically significant differences between groups. Differences at
pb0.05 were considered significant. The semi-quantitative scoring
of immunostaining was performed as follows: 0 — undetectable,
1+ — weekly positive, 2+ — moderately positive, 3+ — strongly
positive.
in D deficiency. A: Total RNA was isolated from cardiac tissue and expression of SOCS3
as calculated by Fold change=2−ΔΔCt method. The results were normalized against
). *Pb0.05, **Pb0.01, ***Pb0.001. (C, D): Immunohistochemical expression of cardiac
terolemic (D) swine. Sections were stained with DAB as chromogen and counterstained
rcholesterolemic group. Negative control is shown (B). Magnification 600×.
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Results

Vitamin D and lipid profile

Vitamin D-deficient high cholesterol diet produced significant vi-
tamin D deficiency in swine. At the time of euthanasia, serum levels
of 25(OH)D, the major circulating form of vitamin D, were signifi-
cantly (pb0.01) decreased in swine on vitamin D-deficient diet
(16.67±1.20 ng/ml) compared to swine on vitamin D-sufficient
high cholesterol diet (24.33±2.33 ng/ml) (Fig. 1A). There was no dif-
ference in total serum cholesterol, serum high density lipoprotein
(HDL) and serum low density lipoprotein (LDL) levels between the
two groups. Mean serum cholesterol, LDL and HDL levels at the time
of euthanasia were 417±27, 389±15 and 99.5±13.8 in vitamin D-
deficient hypercholesterolemic group versus 402±30, 402.3±25.9
and 96±7 in the vitamin D-sufficient hypercholesterolemic group,
respectively (Figs. 1B–D).
Vitamin D deficiency is associated with cardiomyocyte hypertrophy in
hypercholesterolemic swine

Morphometric analyses of Masson's trichrome (Figs. 2 A, B) and
H&E (Figs. 2C, D)-stained sections demonstrated that cross-sectional
area of ventricular cardiomyocytes from vitamin D-deficient hypercho-
lesterolemic swine was significantly increased compared to those in vi-
tamin D-sufficient hypercholesterolemic swine (12,552±783 μm2 and
7817±402 μm2, respectively; Pb0.001) (Fig. 2E). Masson trichrome
Fig. 5. Vitamin D-deficiency mediated increased inflammatory infiltrates and decreased SO
sections of EAT from both vitamin D-deficient hypercholesterolemic (A) and vitamin D-suffi
min D-deficient hypercholesterolemic swine showed significantly increased inflammatory c
pression in vitamin D-deficient hypercholesterolemic (C) and vitamin D-sufficient hypercho
goat anti-rabbit cy3 as secondary antibody. DAPI was used to stain the nuclei. DAPI overlay
creased expression of SOCS3 was observed in vitamin D-deficient hypercholesterolemic gro
staining revealed no difference in ventricular collagen deposition be-
tween the groups.

VDR mRNA and protein expression are decreased in cardiomyocytes of
vitamin D-deficient swine

VDR mRNA expression in the cardiomyocytes of vitamin D-
deficient hypercholesterolemic swine was significantly lower (~3
fold) than that in vitamin D-sufficient hypercholesterolemic swine
(Pb0.05; Fig. 3A). Furthermore, VDR protein expression in the left
ventricular cardiomyocytes was significantly reduced in vitamin D-
deficient hypercholesterolemic swine compared to vitamin D-
sufficient hypercholesterolemic swine (Figs. 3B and C). VDR protein
expression was quantified based on immunofluorescence intensity
and the data are expressed as mean±SEM in arbitrary units (AU).
The vitamin D- deficient hypercholesterolemic group showed signifi-
cantly decreased (Pb0.001) VDR protein expression (51,591±1841)
compared to vitamin D-sufficient hypercholesterolemic group
(159,222±3454) (Fig. 3D).

SOSC3 mRNA and protein expression are decreased in cardiomyocytes of
vitamin D-deficient swine

SOCS3 mRNA expression was significantly lower in the cardiomyo-
cytes of vitamin D-deficient hypercholesterolemic swine and was ap-
proximately 4-fold lower than in the cardiomyocytes of vitamin D-
sufficient hypercholesterolemic swine (Pb0.05; Fig. 4A). SOCS3 protein
CS3 expression in EAT of hypercholesterolemic swine. (A, B): H&E staining of paraffin
cient hypercholesterolemic swine (B). Arrows indicate inflammatory cells. EAT of vita-
ellular infiltrate. Magnification (200–600×); (C, D): immunofluorescence of SOCS3 ex-
lesterolemic (D) swine EAT. Sections were stained using rabbit anti-SOCS3 antibody and
is shown with rabbit anti-SOCS3 and goat anti-rabbit cy3 as secondary antibody. De-
up. Magnification (200×).

image of Fig.�5
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expression in the left ventricular cardiomyocytes was significantly re-
duced in vitamin D-deficient hypercholesterolemic swine compared
to vitamin D-sufficient hypercholesterolemic swine (Figs. 4C, D).

Vitamin D deficiency is associatedwith increased inflammatory infiltrates
and decreased SOCS3 expression in epicardial adipose tissue

The EAT samples were examined by H&E staining and immunohis-
tochemistry. Compared to the vitamin D-sufficient high cholesterol
diet group, the EAT from the vitamin D-deficient high cholesterol
group showed higher dense inflammatory cell infiltrate (Figs. 5A, B).
SOCS3 protein expression was significantly decreased in EAT of vita-
min D-deficient hypercholesterolemic swine compared to vitamin
D-sufficient hypercholesterolemic swine (Figs. 5C, D).

Vitamin D deficiency increases adipokine protein expression in epicardial
adipose tissue

Expression of TNF-α, MCP-1, IL-6, and adiponectin was evaluated
by immunohistochemistry. There was a marked increase in TNF-α
(Figs. 6A, B), MCP-1 (Figs. 6C, D), and IL-6 (Figs. 7A, B) expression
in the EAT of vitamin D-deficient hypercholesterolemic animals
Fig. 6. Immunohistochemical detection of adipokines in EAT. Sections were stained with DA
EAT of vitamin D-deficient hypercholesterolemic (A) and vitamin D-sufficient hypercholest
deficient hypercholesterolemic group. (C, D): Expression of MCP-1 in EAT of vitamin D-de
(D). Increased MCP-1 expression (arrows) was observed in vitamin D-deficient hyperchole
compared to that in the vitamin D-sufficient high cholesterol diet
group. However, adiponectin (Figs. 7C, D) expression was significant-
ly greater in vitamin D-sufficient high cholesterol diet group com-
pared to vitamin D-deficient hypercholesterolemic swine.

Discussion

Vitamin D deficiency is associated with the etiology and pathoge-
nesis of heart disease, including congestive heart failure (Park et al.,
1999; Wu-Wong, 2011; Zittermann et al., 2003). Evidence from
recent studies in animal models suggest that vitamin D or vitamin
D receptor deficiency promotes cardiac hypertrophy, which might
be the one of the mechanisms for increased cardiovascular risk
(Simpson et al., 2007; Xiang et al., 2005). Maternal vitamin D defi-
ciency leads to cardiac hypertrophy in rat offspring (Gezmish et al.,
2010). However, all these studies have been done in small animal
models including mice or rat and their significance to humans is
not clear.

In our study, we for the first time report the effect of vitamin D de-
ficiency on cardiomyocytes hypertrophy and EAT inflammation in a
hypercholesterolemic swine model, which is similar to human dis-
ease. Results from our studies confirm that vitamin D deficiency is
B as chromogen and counterstained using hematoxylin. (A, B): Expression of TNF-α in
erolemic swine (B). Increased TNF-α expression (arrows) was observed in vitamin D-
ficient hypercholesterolemic (C) and vitamin D-sufficient hypercholesterolemic swine
sterolemic group. Magnification (200×–600×).
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Fig. 7. Immunohistochemical detection of adipokines in EAT. Sections were stained with DAB as chromogen and counterstained using hematoxylin. (A, B): Expression of IL-6 in EAT of
vitamin D-deficient hypercholesterolemic (A) and vitamin D-sufficient hypercholesterolemic swine (B). Increased IL-6 expression (arrows) was observed in vitamin D-deficient hyper-
cholesterolemic group. (C, D): Expression of adiponectin in EAT of vitamin D-deficient hypercholesterolemic (C) and vitamin D-sufficient hypercholesterolemic swine (D). Adiponectin
expression (arrows) was higher in vitamin D-sufficient hypercholesterolemic group. Magnification (200×–600×).
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associated with cardiomyocyte hypertrophy in hypercholesterolemic
Yucatan miniswine. The heart is believed to be the target organ of vi-
tamin D because VDR is expressed in cardiomyocytes (Fraga et al.,
2002). Results from in vitro studies have also suggested that vitamin
D inhibits cardiomyocyte proliferation and hypertrophy (Chen et al.,
1998; Wu et al., 1996). Most of these biological actions of vitamin D
are exerted through the nuclear VDR-mediated control of target
genes (Kato, 2000). We observed significantly decreased expression
of VDR in ventricular cardiomyocytes of vitamin D-deficient swine.
These findings are in accordance with the previous studies which sug-
gest that vitamin D deficiency is associated with decreased VDR ex-
pression in different tissues (Healy et al., 2003; Zineb et al., 1998).

Negative feedback control of JAK–STAT by SOCS3 provides a criti-
cal key molecular switch for a negative feedback circuit for the hyper-
trophy of cardiomyocytes (Podewski et al., 2003; Yasukawa et al.,
2001). Therefore, we examined the expression of SOCS3 in left ven-
tricular cardiomyocytes. Interestingly, there was a significantly de-
creased expression of SOCS3 in left ventricular cardiomyocytes of
vitamin D-deficient swine compared to the vitamin D-sufficient
group. These observations suggest that the mechanism underlying
cardiomyocyte hypertrophy in vitamin D-deficient swine, at least in
part, might be the consequence of decreased SOCS3 expression in
the cardiomyocytes. However, the potentially causal effect in the
pathogenesis of coronary artery disease and the underlying cellular
and molecular mechanisms on relationship between vitamin D and
SOCS3 warrant further investigation.

EAT is a key source of both pro- (TNF-α, IL-6) and anti- (adiponec-
tin) inflammatory adipokines and chemokines, including monocyte
chemoattractant factor (MCP)-1 (Baker et al., 2006; Mazurek et al.,
2003). The disorders of endocrine factors secreted by EAT can induce
inflammation that contributes to the occurrence of cardiovascular
disease including coronary artery disease (Zhou et al., 2011). Recent
studies have demonstrated that vitamin D, particularly its metabolite
25(OH)D, has immunomodulatory effects and it decreases the risk of
many chronic illnesses, including cancers, infectious diseases, auto-
immune diseases, and cardiovascular disease (Holick, 2007). The
data in our study demonstrate that there was significantly increased
expression of IL-6, TNF-α, and MCP-1 in the EAT of vitamin D-

image of Fig.�7
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deficient hypercholesterolemic swine compared to vitamin D-
sufficient hypercholesterolemic group.

A low-circulating or tissue level of adiponectin is associated with
various cardiovascular diseases, including CAD (Antoniades et al.,
2009; Zhou et al., 2011). We observed significantly decreased expres-
sion of adiponectin in the EAT of vitamin D-deficient swine. These
findings imply vitamin D deficiency as a contributory factor in the ac-
tivation of inflammatory adipokines in EAT, suggesting the immuno-
modulatory role of 25(OH)D in the pathogenesis of CAD. The
production of inflammatory mediators depends on tightly regulated
intracellular signaling. SOCS3 attenuates pro-inflammatory signaling
mediated by the signal transducer and activator of transcription
(STAT) family proteins (Jo et al., 2005). Recent studies have demon-
strated that SOCS3 plays a negative regulatory role in inflammatory
arthritis (Shouda et al., 2001) and intestinal inflammation (Suzuki
et al., 2001). Moreover, it has been shown that reduced SOCS3 ex-
pression is associated with increased leukocytic infiltration (Ortiz-
Munoz et al., 2009; Tomita et al., 2011). In our study, significantly de-
creased SOCS3 expression and increased leukocytic infiltration was
observed in the EAT of vitamin D-deficient hypercholesterolemic
swine. Thus, our current data support the possibility that vitamin D
deficiency may contribute to reduced SOCS3 expression in EAT lead-
ing to a shift in adipokine profile and increased inflammatory cellular
infiltration. However, additional studies on the association between
vitamin D status and SOCS3 are needed for a better understanding
of the regulatory mechanism.

Conclusion

Vitamin D deficiency results in the hypertrophy of left ventricular
cardiomyocytes and increased inflammatory cellular infiltrate and in-
creased pro-inflammatory adipokine expression in EAT. These effects
are associated with decreased SOCS3 expression in both cardiomyo-
cytes and EAT. Taken together, data from this study suggest that vita-
min D regulates cardiovascular functions by various mechanisms
involving both direct effects on the cardiomyocytes hypertrophy
and inflammatory profile in EAT. This could be a potential contribut-
ing factor for increased atherogenesis and altered cardiac function
in vitamin D-deficient population. Combined with the epidemiologic
data demonstrating a protective effect of vitamin D on cardiovascular
health, this study supports the notion that vitamin D sufficiency
might play a vital role in either preventing or decreasing the burden
of cardiovascular diseases.
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