
Vitamin D Deficiency and Exogenous Vitamin D Excess
Similarly Increase Diffuse Atherosclerotic Calcification in
Apolipoprotein E Knockout Mice
Timothy Ellam1,2*, Abdul Hameed1, Risat ul Haque3, Munitta Muthana3, Martin Wilkie2, Sheila E. Francis1,

Timothy J. A. Chico1

1Department of Cardiovascular Science, University of Sheffield, Sheffield, United Kingdom, 2 Sheffield Kidney Institute, Northern General Hospital, Sheffield, United

Kingdom, 3Department of Infection and Immunity, University of Sheffield, Sheffield, United Kingdom

Abstract

Background: Observational data associate lower levels of serum vitamin D with coronary artery calcification, cardiovascular
events and mortality. However, there is little interventional evidence demonstrating that moderate vitamin D deficiency
plays a causative role in cardiovascular disease. This study examined the cardiovascular effects of dietary vitamin D
deficiency and of vitamin D receptor agonist (paricalcitol) administration in apolipoprotein E knockout mice.

Methods: Mice were fed atherogenic diets with normal vitamin D content (1.5IU/kg) or without vitamin D. Paricalcitol, or
matched vehicle, was administered 36 weekly by intraperitoneal injection. Following 20 weeks of these interventions
cardiovascular phenotype was characterized by histological assessment of aortic sinus atheroma, soluble markers, blood
pressure and echocardiography. To place the cardiovascular assessments in the context of intervention effects on bone,
structural changes at the tibia were assessed by microtomography.

Results: Vitamin D deficient diet induced significant reductions in plasma vitamin D (p,0.001), trabecular bone volume (p,
0.01) and bone mineral density (p,0.005). These changes were accompanied by an increase in calcification density (number
of calcifications per mm2) of von Kossa-stained aortic sinus atheroma (461 versus 200, p,0.01). Paricalcitol administration
suppressed parathyroid hormone (p,0.001), elevated plasma calcium phosphate product (p,0.005) and induced an
increase in calcification density (472 versus 200, p,0.005) similar to that seen with vitamin D deficiency. Atheroma burden,
blood pressure, metabolic profile and measures of left ventricular hypertrophy were unaffected by the interventions.

Conclusion: Vitamin D deficiency, as well as excess, increases atherosclerotic calcification. This phenotype is induced before
other measures of cardiovascular pathology associated clinically with vitamin D deficiency. Thus, maintenance of an optimal
range of vitamin D signalling may be important for prevention of atherosclerotic calcification.
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Introduction

Lower levels of circulating active vitamin D (calcitriol) or its

precursor, 25-hydroxy vitamin D (25(OH)D), predict increased

risk of myocardial infarction [1,2], stroke [3,4] and cardiovascular

death [5,6]. Measures of cardiovascular disease associated with

lower vitamin D levels in cross sectional analyses include

endothelial dysfunction [7], coronary calcification [8] and arterial

stiffness [9]. Cardiovascular risk factors such as hypertension [10],

diabetes [11,12], obesity [12] and dyslipidemia [13] are also

associated with lower vitamin D levels. These observations are

reported across strata of vitamin D concentration in community

populations, giving rise to debate regarding definitions of vitamin

D deficiency or ‘insufficiency’ [14]. However, it remains unclear

whether the reported associations reflect residual confounding

from nutrition and lifestyle [13,14]. Interventional data demon-

strating benefits of vitamin D supplementation on clinical

cardiovascular endpoints are awaited [15,16].

The conversion of 25(OH)D to calcitriol is performed by the

enzyme one-alpha hydroxylase and occurs primarily in the kidney,

regulated by parathyroid hormone, phosphate and fibroblast

growth factor-23. Calcitriol acts on the nuclear vitamin D receptor

(VDR) to stimulate increased intestinal calcium and phosphate

uptake and promote bone mineralization. However, the VDR is

also expressed in vascular smooth muscle cells [17], endothelial

cells [18], macrophages [19] and cardiomyocytes [20]. Concurrent

expression of one-alpha hydroxylase in these cell types suggests a

possible paracrine role for vitamin D signalling in the cardiovas-

cular system [21].

Vitamin D receptor knockout (VDR2/2) mice manifest

increased renin secretion, hypertension and left ventricular
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hypertrophy [22]. Accelerated atherogenesis has also been

reported to accompany VDR knockout in atheroma-prone LDL

cholesterol receptor deficient mice [23]. However, the VDR2/2

phenotype includes growth retardation, marked hyperparathy-

roidism, alopecia, and severe bone disease [24]. Cardiovascular

findings in this genetic model thus may not be relevant to the

above clinical observations (described in populations without

osteomalacia). We therefore examined the cardiovascular effects of

manipulating vitamin D signalling using vitamin D deficient diets

and a VDR agonist in atheroma-prone apolipoprotein E knockout

(ApoE2/2) mice. Specifically, we hypothesized that: 1) dietary

vitamin D deficiency increases aortic sinus atheroma burden,

atheroma calcification and left ventricular hypertrophy (LVH),

and 2) administration of active vitamin D suppresses atheroma

formation and LVH.

Materials and Methods

Animals and Interventions
ApoE2/2 mice on a C57BL/6 background were obtained from

a breeding colony maintained in our unit (original source JAX

Labs; JAX2052). Eight week-old males were randomly assigned to

vitamin D replete (1.5IU/kg) or deficient (no vitamin D)

atherogenic diets (20% cocoa butter, 0.2% cholesterol, 0.03%

cholate) with standard calcium (1%) and phosphate (0.6%) content

(Harlan Teklad, USA). Between weaning and commencement of

test diets, a vitamin D replete diet (1.5IU/kg) was used (Special

Diet Services, UK). Animals were housed in a controlled 22uC
environment with 12h fluorescent light/dark cycle and free access

to food and water.

In an initial experiment the effects of 12 weeks of vitamin D

deficient versus replete diet on plasma 25(OH)D levels and bone

structure were determined (n = 4 animals per group). Following

confirmation of meaningful effects of the dietary intervention, a

second experiment examined the cardiovascular consequences of

dietary vitamin D deficiency induced by a 20 week intervention

period.

From each dietary group (vitamin D replete and vitamin D

deficient) animals were further randomized to receive the active

vitamin D analogue paricalcitol (Abbott) 400 ng/kg or matched

vehicle (20% v/v ethanol, 30% v/v propylene glycol, 50% water)

by intraperitoneal injection 36weekly over the same intervention

period (giving 4 groups of n= 7–8 per group). This paricalcitol

dose has previously been shown to be well tolerated and to correct

secondary hyperparathyroidism in partial renal ablation models

[25,26]. After 20 weeks of intervention animals were euthanized

under pentobarbitone anaesthesia. All experiments were approved

by the University of Sheffield Project Review Committee and

conformed to UK Home Office Regulations (Animal Scientific

Procedures Act 1986; Project Licence PPL40/3307).

Blood Pressure Measurements
Tail cuff blood pressure measurements were performed at 2-

weekly intervals on 4 animals per intervention group (Visitech

2000, Visitech Systems, USA). Measurements were taken at the

same time of day on each occasion at a controlled temperature of

30uC. An initial set of 10 acclimatization readings were performed

prior to the collection of measurements for analysis. Results were

based on readings from 20 subsequent cuff inflations per animal,

with a mean number of 12 successful readings per session. Mean

arterial pressure was calculated from each pair of systolic and

diastolic readings.

Plasma Biochemistry
Plasma calcium, phosphate, urea and lipid fractions were

measured by automated bioanalyzer (Beckman Coulter DxC).

Whole blood fasting glucose concentration was measured using a

portable glucometer (Optium Xceed, Medisense, UK) and

commercial ELISAs were used to quantify plasma parathyroid

hormone (Immutopics, USA), 25(OH)D (Immunodiagnostic Sys-

tems, UK), soluble vascular cell adhesion molecule-1 (sVCAM-1)

(R and D Systems, USA) and insulin (Crystalchem, USA). Insulin

resistance was measured by homeostatic model assessment

(HOMA-IR), calculated as fasting plasma insulin (ng/mL)6fasting

plasma glucose (mg/dL)/405. The total plasma nitric oxide

oxidation product concentration was measured by Sievers analyser

(GE Analytical Instruments, UK).

Bone Microtomography
The effects of dietary manipulation and paricalcitol on bone

structure were assessed by high resolution microtomography

(Skyscan, Belgium) analysis of the right tibia. Trabecular bone

volume and density were determined using image analysis software

with images obtained from a 1 mm length of bone extending

distally from 0.2 mm beyond the proximal growth plate.

Tissue Collection and Preparation
Following aspiration of blood by cardiac puncture the

vasculature was flushed with phosphate-buffered saline (PBS)

and perfusion-fixed by ventricular injection of 10% v/v formalin.

Thoracic aortae were dissected free of connecting tissue from the

heart to the level of the diaphragm and fixed in 4% w/v

paraformaldehyde for 24h, then stored in PBS prior to staining.

After fixation in 10% formalin hearts and brachiocephalic arteries

were dehydrated and embedded in paraffin wax for section

cutting.

Assessment of Atheroma Burden/Character
Atheroma burden was quantified in 5 evenly spaced 7 mm cross-

sections through the aortic sinus at the level of the aortic valves.

Sections were stained with alcian blue/Miller’s elastin van Gieson

for atheroma quantification, which was expressed as the mean

percentage cross sectional area occupied by atheroma; lumen area

was calculated from perimeter measurements. Based on our

previous results using similar dietary interventions in ApoE2/2

mice [27], the group sizes gave 80% power to detect a mean

difference of 30% in aortic sinus cross sectional atheroma burden

at alpha= 0.05. Additional assessment of atheroma burden was

performed in en face preparations of the thoracic aorta stained for

lipid with oil red-O. Determination of the percentage acellular

atheroma lesion area was performed on sections stained with

haematoxylin/eosin. Morphometric analysis software (NIS-ele-

ments Br 3.0, Nikon Instruments, USA) was used for all analyses of

atheroma burden and character, by a single assessor blinded to the

intervention group.

Assessment of Atheroma Calcification
For quantification of atheroma calcification, aortic sinus

sections were stained by von Kossa’s method with 2% w/v silver

nitrate and a nuclear fast red counterstain. Number and area of

calcifications were measured using automated software (NIS-

elements Br 3.0, Nikon Instruments, USA) with a light wavelength

threshold set to identify the black positive (silver salt) von Kossa

stain. Since a small number of large calcifications dominated the

total calcified lesion area measurements, meaningful statistical

comparisons of percentage calcified area between groups were not
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possible. Similarly, comparing the number of plaques classified as

globally calcified (such as applied to human post-mortem studies

[28]) was not statistically feasible because there were few lesions

with large calcifications. Therefore, diffuse atheromatous calcifi-

cation was examined with the approach adopted by Schmidt et al.

of quantifying the number of distinct calcifications (subanalyzed by

size $/,100 mm2) [29], indexed to atherosclerotic lesion area.

The total number of calcifications per mm2 atheroma area was

considered a measure of diffuse calcification density. Percentage

calcified area attributable to calcifications ,100 mm2 was also

compared across intervention groups. The large number of

calcifications ,100 mm2, distributed diffusely in all plaques,

allowed a more robust statistical comparison of calcification

character by these measures.

Immunohistochemical Analysis of Aortic Roots
For immunohistochemistry of aortic sinus sections endogenous

peroxidases were blocked by immersion in 3% v/v hydrogen

peroxide in PBS for 10 min. Antigen retrieval was performed with

10% v/v pH6 citrate buffer (Dako, Germany) in water at 95uC for

20 min and sections were then permeabilized with 0.5% v/v triton

X-100 (Sigma) for 5 min at room temperature. Incubation in milk

buffer for 30 min was used to block nonspecific antibody binding.

Following washing in PBS, sections were incubated with primary

antibodies to osteopontin (ab8488, Abcam, UK) at 1:150 dilution

overnight at 4uC, then incubated with horseradish peroxidase-

conjugated goat anti-rabbit secondary antibody (P0448, Dako,

Denmark) at 1:200 dilution for 30 min. After repeated washing in

PBS, complexes were visualized with diaminobenzidine and

sections counterstained with Carazzi’s haematoxylin. Staining

was quantified by image analysis software (NIS-elements Br 3.0,

Nikon Instruments, USA).

Echocardiography and Left Ventricular Morphology
Transthoracic echocardiography was performed under isofluor-

ane anaesthesia at week 18–19 (n= 5–6 per group) by a single

operator blinded to the experimental status of the mice. Short axis

views of the left ventricle (LV) were obtained at the mid papillary

muscle level (Vevo 770 ultrasound, Visual Sonics, Canada) and

fractional area change determined by manual tracing of the LV

wall end diastolic and end systolic areas. Ventricular wall and

cavity dimensions were assessed with M-mode measurements;

ejection fraction was determined from these measurements by

automated software (Visual Sonics). Pulse wave doppler at the

aortic annulus was used to measure the velocity timed integral of

aortic flow, which was multiplied by the LV outflow tract area to

calculate stroke volume and cardiac output. Cardiac output was

indexed to body weight for each mouse.

Histological analyses of LV morphology and cardiomyocyte size

were performed on haematoxylin/eosin-stained 7 mm sections

through the left ventricle 500 mm below the inferior edge of the

mitral valve. Mean cardiomyocyte area and diameter were

determined from measurements on 50 cells in transverse and

longitudinal cross section respectively per mouse (image analysis

software as above).

Statistical Analysis
Data are presented as mean 6standard error. Analyses were

performed using GraphPad Prism software version 5 (GraphPad,

USA). Groups were compared by one-way ANOVA with

Bonferroni correction for multiple comparisons.

Results

The Effects of Vitamin D Deficient Diet and Paricalcitol on
Plasma Biochemistry and Bone Structure
Feeding a vitamin D deficient diet induced significant reduc-

tions in plasma 25(OH)D levels, trabecular bone volume and bone

mineral density (Figure 1). These changes were apparent by 12

weeks of dietary intervention (Figure S1), confirming that the 20

week intervention gave a meaningful period of exposure to vitamin

D deficiency. Vitamin D deficient diet did not change plasma

calcium or phosphate levels (Table 1). However, administration of

paricalcitol caused a significant increase in plasma calcium

concentration and calcium x phosphate product, accompanied

by suppression of parathyroid hormone. When given to mice on a

vitamin D replete diet paricalcitol also reduced plasma 25(OH)D

levels, consistent with negative feedback induction of 25(OH)D

catabolism [30]. Despite the increase in plasma calcium induced

by administration of paricalcitol to animals with dietary vitamin D

deficiency, trabecular bone changes were not reversed.

Vitamin D Manipulation does not Affect Blood Pressure,
Nitric Oxide Metabolites or Metabolic Profile
Manipulation of vitamin D status by feeding a vitamin D

deficient diet or the administration of paricalcitol resulted in

significantly lower average chow consumption, but did not

significantly change the lipid profile, fasting glucose, insulin

resistance or body mass index (Table 2). Total plasma nitric oxide

metabolites were not suppressed by dietary vitamin D deficiency

nor significantly increased by paricalcitol administration. Soluble

VCAM-1 levels were also not significantly different between

groups. Tail cuff systolic, diastolic and mean blood pressure did

not differ significantly by intervention at any stage (Figure 2).

Atheroma Calcification is Increased by Dietary Vitamin D
Deficiency but Atheroma Burden is Not
Atheroma burden measured in cross sections at the aortic sinus

or in en face preparations of the thoracic aorta was not

significantly different between groups (Figure 3A,B and Figure

S2). Atheroma cellularity and the percentage area occupied by

lipid clefts were also unaffected by vitamin D manipulation

(Figure 3C,D).

There was a significant increase in the diffuse calcification of

aortic sinus atherosclerosis assessed by von Kossa staining in mice

fed a vitamin D deficient diet or administered paricalcitol

(Figures 4 and 5). Small calcifications (,100 mm2) were present

diffusely throughout the atherosclerotic lesions (Figure 4A–D); a

small number of much larger calcifications were also present in

association with necrotic regions in all groups (Figure 4E–G). The

total number of calcifications per mm2 lesion area was more than

doubled in mice fed a vitamin D deficient diet or administered

paricalcitol compared to mice fed a vitamin D replete diet. Total

percentage calcified lesion area was also greater in vitamin D-

deficient mice and mice administered paricalcitol, but this was not

statistically significant, reflecting the small number of very large

calcifications dominating the total calcified area measurement.

The number of large calcifications ($100 mm2) was also nonsig-

nificantly greater in atheroma from vitamin D deficient and

paricalcitol-treated mice versus D-replete diet vehicle-treated

mice. When the percentage calcified lesion area attributable to

the diffuse small lesions (,100 mm2) was considered, this was

significantly greater for vitamin D deficient mice (p,0.05 vs. mice

on vitamin D replete diet) and paricalcitol-administered mice (p,

0.01 vs. mice on a vitamin D replete diet). The percentage calcified

Vitamin D Manipulation in ApoE2/2 Mice

PLOS ONE | www.plosone.org 3 February 2014 | Volume 9 | Issue 2 | e88767



Figure 1. Effects of 20 weeks of vitamin D deficient diet and paricalcitol on 25(OH)D and bone structure. A, plasma 25(OH)D by
intervention. B, trabecular bone volume by intervention. C, trabecular bone mineral density relative to that of mice fed a vitamin D replete diet. D,
representative microCT images of trabecular bone after 20 weeks of interventions. Groups are labelled according to dietary vitamin D content. Mice
that did not receive paricalcitol received matched vehicle. D+, vitamin D replete diet; D-, vitamin D deficient diet; D+/P, vitamin D replete diet with
paricalcitol, D2/P, vitamin D deficient diet with paricalcitol. n = 7–8 per group, data presented as mean (SEM). *p,0.05, **p,0.01, ***p,0.005,
****p,0.001. BMD, bone mineral density; TB, trabecular bone.
doi:10.1371/journal.pone.0088767.g001

Table 1. Effects of vitamin D deficient diet and paricalcitol on calcium, phosphate and parathyroid hormone.

Vit D replete plus
vehicle

Vit D deficient plus
vehicle

Vit D replete plus
paricalcitol

Vit D deficient plus
paricalcitol

Calcium (Ca), mmol/L 2.33 (0.02) 2.31 (0.03) 2.72 (0.10)* 2.53 (0.05)*

Phosphate (Pi), mmol/L 2.37 (0.16) 2.32 (0.12) 2.67 (0.13) 2.86 (0.15)

Ca x Pi product, mmol2/L2 4.91 (0.70) 5.36 (0.31) 7.30 (0.57)* 7.25 (0.45)*

PTH, ng/L 165 (17) 194 (16) 77 (7){ 68 (3){

n= 7–8 per group, data are given as mean (SEM).
*p,0.005 vs. D replete vehicle, {p,0.001 vs. D replete vehicle. PTH, parathyroid hormone.
doi:10.1371/journal.pone.0088767.t001
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aortic valve area and number of valve calcifications per mm2 did

not differ significantly between groups (not shown). Immunostain-

ing did not show any significant differences in atheroma or valve

osteopontin expression. As previously reported [31], intense

staining for osteopontin was evident at sites of dystrophic

calcification (Figure 4E–G).

Left Ventricular Hypertrophy is not Induced by Dietary
Vitamin D Deficiency in ApoE2/2 Mice
Cardiac weights did not differ between the intervention groups

(Figure 6). Histological assessment of LV morphology including

mean LV wall thickness, LV wall cross sectional area, cardiomy-

ocyte transverse area and cardiomyocyte diameter also did not

show any differences between groups. Echocardiographic func-

tional parameters of ejection fraction, fractional area change and

cardiac index were similarly unchanged.

Discussion

Despite the large body of observational data linking lower

vitamin D levels to cardiovascular disease, interventional evidence

for a causative role of lower vitamin D levels in cardiovascular

pathology is relatively scarce. We report the novel finding that

dietary vitamin D deficiency induces a substantial increase in

diffuse atherosclerotic calcification. The extent of this increase is

similar to that induced by the administration of a VDR agonist

dose sufficient to raise the plasma calcium phosphate product, a

recognised stimulus to arterial calcification in nonatheromatous

animal models [32]. The increase in diffuse atherosclerotic

calcification induced by vitamin D deficiency occurred at a degree

of deficiency where no increases in atheroma burden, metabolic

derangement or left ventricular hypertrophy were evident.

These results with regard to calcification are consistent with

clinical observational data. Lower 25(OH) vitamin D levels were

an independent predictor of coronary artery calcification in an

asymptomatic population [33] and polymorphisms in the vitamin

D regulatory gene CYP24A1 have been associated with coronary

calcification in a cross-sectional analysis [34]. However, standard

clinical assessments do not distinguish between calcification

Figure 2. Vitamin D manipulation does not affect blood
pressure in ApoE2/2 mice. A, mean tail cuff blood pressure by
week. B, time-averaged mean blood pressures. n = 4 per group, data
presented as mean (SEM). D+, vitamin D replete diet; D-, vitamin D
deficient diet; D+/P, vitamin D replete diet with paricalcitol, D2/P,
vitamin D deficient diet with paricalcitol.
doi:10.1371/journal.pone.0088767.g002

Table 2. Effects of vitamin D deficient diet and paricalcitol on metabolic profile.

Vit D replete plus
vehicle

Vit D deficient plus
vehicle

Vit D replete plus
paricalcitol

Vit D deficient plus
paricalcitol

Cholesterol, mmol/L 23.5 (1.8) 20.7 (0.9) 27.2 (1.6) 24.9 (3.0)

HDL cholesterol, mmol/L 7.0 (0.4) 6. 9 (0.4) 7.9 (0.8) 7.5 (0.9)

LDL cholesterol, mmol/L 15.5 (1.5) 13.2 (0.5) 18.9 (1.3) 16.8 (2.6)

Triglyceride, mmol/L 1.0 (0.2) 1.2 (0.2) 1.1 (0.1) 1.0 (0.1)

Urea, mmol/L 8.8 (0.5) 9.9 (0.4) 9.4 (0.8) 8.6 (0.4)

Chow consumption, g/day 3.0 (0.0) 2.6 (0.0){ 2.6 (0.0){ 2.7 (0.0)#

Fasting glucose, mmol/L 11.9 (0.5) 12.7 (0.8) 11.8 (0.8) 11.6 (0.8)

HOMA-IR 0.18 (0.03) 0.24 (0.03) 0.25 (0.06) 0.24 (0.05)

NOx metabolites, nmol/ml 6.5 (1.7) 6.6 (1.4) 6.3 (0.9) 10.8 (3.3)

sVCAM, ng/ml 17.9 (0.6) 19.3 (0.9) 20.3 (0.6) 19.4 (0.5)

Final weight, g 31.8 (1.3) 30.0 (1.0) 32.3 (0.7) 29.5 (0.8)

Body length, mm 177.8 (1.4) 178.3 (2.2) 182.0 (0.8) 176.8 (1.2)

Final BMI, kg/m2 0.94 (0.04) 0.90 (0.03) 0.90 (0.02) 0.90 (0.01)

n = 7–8 per group, data are given as mean (SEM).
#p,0.01 vs. D replete vehicle, {p,0.001 vs. D replete vehicle. NOx, nitric oxide; sVCAM, soluble vascular cell adhesion molecule.
doi:10.1371/journal.pone.0088767.t002
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Figure 3. Vitamin Dmanipulation does not affect atheroma burden, cellularity or lipid cleft area. A, aortic sinus cross sectional atheroma
burden. B, thoracic aorta en face atheroma burden. C, percentage of acellular atherosclerosis. D, percentage atheroma cross sectional area occupied
by lipid clefts. n = 7–8 per group, data presented as mean (SEM).
doi:10.1371/journal.pone.0088767.g003

Figure 4. Patterns of atheromatous calcification in ApoE2/2 mice. A–D, representative atherosclerotic lesions demonstrating diffuse
calcification (stained black by von Kossa method, arrows) from mice fed vitamin D replete and vitamin D deficient diets and coadministered vehicle (A
and B respectively) or paricalcitol (C and D respectively). E–G, sequential sections stained with Miller’s elastin Van Gieson, von Kossa method and
osteopontin-specific antibody respectively, demonstrating a necrotic area of lesion (E) containing a large calcification (F) with associated osteopontin
staining (G) (arrows), taken from a vitamin D replete mouse administered paricalcitol.
doi:10.1371/journal.pone.0088767.g004
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differences due to changes in atheroma character, atheroma

burden and nonatherosclerotic medial calcification. To our

knowledge, whether vitamin D status predicts atheroma calcifica-

tion on intravascular ultrasound has not been reported.

Our findings support and extend those of a recent study

reporting that a low vitamin D diet increased the calcified area of

aortic sinus sections in LDL receptor knockout (LDLR2/2) mice

[29]. That report did not, however, determine whether the

location of the increased calcification was in atheroma or the

aortic valves. Also consistent with our findings, Mathew et al.

reported suppression of aortic atherosclerotic calcification by low

doses of active vitamin D in partially nephrectomised LDLR2/2

mice, suggesting restoration of a calcification-inhibitory effect of

VDR signalling [26]. High doses of paricalcitol increased aortic

calcium content in their model, as in our study, consistent with

there being an optimum range of VDR signalling for calcification

prevention.

Our findings are also consistent with some evidence for a

beneficial effect of VDR signalling in the prevention of arterial

medial calcification (as occurs in kidney disease). Vitamin D

receptor agonists (at non-hypercalcemic/hyperphosphatemic dos-

es) have been shown to suppress medial calcification in a high-

phosphate diet partial renal ablation mouse model [35]. Whether

dietary vitamin D deficiency accelerates arterial medial calcifica-

tion is unknown; nonatherosclerotic medial calcification was not

prominent in our model and requires induction by precipitating

factors in animal models (such as renal ablation combined with

high phosphate intake [35]). However, some evidence of a bi-

modal relationship between vitamin D status and vascular

calcification score has been reported in pediatric dialysis patients

[36].

Addition of paricalcitol or calcitriol to vascular smooth muscle

cell-macrophage cocultures has previously been demonstrated to

inhibit phosphate-induced smooth muscle cell calcification via a

mechanism involving stimulation of macrophage osteopontin

Figure 5. Vitamin D deficiency and excess similarly increase atherosclerotic calcification. A, number of calcifications normalized to lesion
area. B, percentage calcified lesion area due to calcifications ,100 mm2. C, number of very large calcifications ($100 mm2). D, total calcified area due
to diffuse and large calcifications. n = 7–8 per group, data presented as mean (SEM). *p,0.05, **p,0.01, ***p,0.005.
doi:10.1371/journal.pone.0088767.g005

Vitamin D Manipulation in ApoE2/2 Mice
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expression [37]. We did not find any difference in atherosclerotic

lesion osteopontin expression accompanying vitamin D manipu-

lation in our model. However this does not mean that osteopontin

is not responsible for mediating anticalcific effects of vitamin D;

osteopontin is expressed at sites of vascular calcification so may be

both a marker and inhibitor of calcification processes [31].

Schmidt et al. reported increased osteopontin expression accom-

panying the increased calcification induced by vitamin D

deficiency [29].

Figure 6. Vitamin D deficiency does not induce left ventricular hypertrophy in ApoE2/2 mice. A, heart weights by intervention. B and C,
mean LV wall thickness and LV cross sectional area measured histologically. D and E, cardiomyocyte cross sectional area and transverse diameter. F,
left ventricular ejection fraction. G, left ventricular fractional area change. H, cardiac index. n = 7–8 per group for histological analyses and weights,
n = 5–6 per group for echocardiography. Data presented as mean (SEM).
doi:10.1371/journal.pone.0088767.g006
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The type of vitamin D therapy as well as the dose could be

clinically important for calcification prevention. Activated vitamin

D (calcitriol) or analogues (such as paricalcitol) act systemically to

increase intestinal calcium and phosphate uptake, bypassing the

regulatory control of renal vitamin D activation. As seen in our

model and others [26,32], the resulting increase in plasma calcium

and phosphate levels may be accompanied by an increase in

vascular calcification. Replenishing instead the precursor,

25(OH)D, could restore paracrine vitamin D signalling in

cardiovascular tissue without necessarily raising plasma calcium

phosphate product. This is of particular clinical relevance in the

setting of chronic kidney disease, where a deficiency of renal

vitamin D activation is commonly accompanied by nutritional

vitamin D deficiency [38]. Our findings suggest that correcting

25(OH) vitamin D deficiency might be beneficial for the

prevention of vascular calcification in these patients. Treating

with an active vitamin D analogue without replenishing 25(OH)D

theoretically risks combining the adverse consequences of

increased calcium phosphate product with persisting deficiency

of paracrine vitamin D signalling. In our model, combining

paricalcitol administration with 25(OH)D deficiency did not result

in a greater degree of atherosclerotic calcification than either

intervention alone. However, although the dose of paricalcitol we

employed was sufficient to raise calcium phosphate product, it did

not restore structural bone changes resulting from 25(OH)D

deficiency. Bone marrow stromal cells express 1-alpha hydroxylase

[39] so our findings may reflect an important role for local

25(OH)D activation in maintaining bone structure. To our

knowledge there are no clinical studies examining differential

effects on bone structure of 25(OH)D replacement versus active

vitamin D administration in the setting of 25(OH)D deficiency.

As in the LDLR2/2 model of Schmidt et al. [29], we found no

significant increase in aortic atherosclerosis burden in ApoE2/2

mice fed a vitamin D-deficient diet. This is in contrast to the

previously reported acceleration of atherogenesis in LDLR2/2

mice crossed with VDR2/2 mice [23], perhaps reflecting a lesser

degree of attenuation of vitamin D signalling by our dietary

manipulation. The severe phenotype of VDR2/2 mice makes it

difficult to translate accompanying cardiovascular findings to

clinical associations of mild vitamin D deficiency/insufficiency.

However, Weng et al. recently reported an increase in atheroma

burden induced by dietary vitamin D deficiency in LDLR2/2 and

ApoE2/2 models [40]. Again, the contrast with our findings may

be a consequence of the degree of vitamin D manipulation; Weng

et al. commenced vitamin D deficient diets at weaning whereas we

commenced the D-deficient diet at 8 weeks and Schmidt et al.

used a diet that was not completely D-deficient. Nevertheless, both

our intervention and that of Schmidt et al. achieved relative

reductions in 25(OH)D greater than those associated with adverse

cardiovascular outcomes clinically.

Conflicting results have also been reported regarding the effects

of VDR agonists on atherosclerosis burden. Takeda et al. found a

significant reduction in aortic sinus atheroma with the adminis-

tration of oral calcitriol to ApoE2/2 mice [41]. In contrast, Becker

et al. found no benefit of intraperitoneal calcitriol or paricalcitol

administration in ApoE2/2 mice, but an attenuation of unine-

phrectomy-accelerated atherogenesis with paricalcitol [42]. We

used a greater paricalcitol dose than Becker et al., but also found

no suppression of atherogenesis in a non-nephrectomised model. It

is possible that too high a dose of VDR agonist nullifies potential

atherosuppressive benefits of increased VDR signalling. Unlike

our regime, the calcitriol dose administered by Takeda et al. had

no effect on plasma phosphorus and calcium concentrations. We

and others have previously demonstrated that greater dietary

phosphorus exposure accelerates atherogenesis in ApoE2/2 mice

[27,43]. Increased intestinal phosphorus uptake accompanying

excessive VDR agonist use may thus counteract atheroprotective

benefits.

The absence of left ventricular histological or echocardiographic

changes induced by vitamin D deficiency in this study contrasts

with findings from global and cardiomyocyte-specific VDR2/2

mice [20,24]. As with the conflicting atherosclerosis data, this may

reflect differences in the degree of attenuation of VDR signalling.

A strength of our study is the simultaneous characterisation of

the effects of dietary vitamin D deficiency on bone and the

cardiovascular system. Observational clinical data associate

cardiovascular outcomes with lower 25(OH)D levels across a

range that is also associated with significant but small reductions in

bone mineral density [1,5,44]. In our model dietary vitamin D

deficiency induced relative changes in bone mineral density by 12

weeks (i.e. 8 weeks before the cardiovascular assessments) greater

than those associated with variation in vitamin D levels in

community populations [44]. This suggests that the degree of

vitamin D deficiency attained by our intervention approach was

sufficiently severe to be physiologically relevant. Consequently,

cardiovascular pathology induced in more severe models of

vitamin D deficiency may not relate to clinical observations,

though there may of course be species differences in tissue-specific

susceptibility to vitamin D deficiency.

Our model suggests that increased diffuse atherosclerotic

calcification is an earlier sequel of vitamin D-deficiency than

adverse metabolic profile, hypertension and lower nitric oxide

levels. The relevance of this increase to the association of lower

vitamin D levels with cardiovascular outcomes is unclear. Further

work is needed to determine the underlying mechanism(s) and

consequences of this phenomenon. Importantly, cardiovascular

benefits of vitamin D supplementation are currently being

investigated in a large clinical trial [45].

Supporting Information

Figure S1 Effects of 12 weeks vitamin D deficient diet
on plasma 25(OH)D and bone structure. A, plasma

25(OH)D by intervention. B, trabecular bone volume by

intervention. C, trabecular bone mineral density relative to that

of mice fed a vitamin D replete diet. D, representative microCT

images of trabecular bone after 12 weeks of dietary intervention.

n = 4 per group for, data presented as mean (SEM). *p,0.05,

**p,0.01, ****p,0.001. BMD, bone mineral density; TB,

trabecular bone.

(TIF)

Figure S2 Sample images of atheroma characterisation.
A, aortic sinus atheroma stained with Miller’s elastin-van Gieson.

B, thoracic aorta stained for lipid with oil red O. C, Millers’ elastin

van Gieson-stained section with example lipid clefts indicated by

arrows. D, haematoxylin and eosin-stained lesion with some areas

of acellularity marked.

(TIF)

Author Contributions

Conceived and designed the experiments: TE TJAC SEF AH MW.

Performed the experiments: TE AH RuHMM. Analyzed the data: TE AH

SEF TJAC. Contributed reagents/materials/analysis tools: TE AH RuH.

Wrote the paper: TE SEF TJAC AH MW.

Vitamin D Manipulation in ApoE2/2 Mice

PLOS ONE | www.plosone.org 9 February 2014 | Volume 9 | Issue 2 | e88767



References

1. Giovannucci E, Liu Y, Hollis BW, Rimm EB (2008) 25-hydroxyvitamin D and

risk of myocardial infarction in men: a prospective study. Arch Intern Med 168:

1174–1180.

2. Karakas M, Thorand B, Zierer A, Huth C, Meisinger C, et al. (2013) Low levels

of serum 25-hydroxyvitamin D are associated with increased risk of myocardial

infarction, especially in women: results from the MONICA/KORA Augsburg

case-cohort study. J Clin Endocrinol Metab 98: 272–280.

3. Pilz S, Dobnig H, Fischer JE, Wellnitz B, Seelhorst U, et al. (2008) Low vitamin

d levels predict stroke in patients referred to coronary angiography. Stroke 39:

2611–2613.

4. Brondum-Jacobsen P, Nordestgaard BG, Schnohr P, Benn M (2013) 25-

hydroxyvitamin D and symptomatic ischemic stroke: an original study and meta-

analysis. Ann Neurol 73: 38–47.

5. Dobnig H, Pilz S, Scharnagl H, Renner W, Seelhorst U, et al. (2008)

Independent association of low serum 25-hydroxyvitamin d and 1,25-

dihydroxyvitamin d levels with all-cause and cardiovascular mortality. Arch

Intern Med 168: 1340–1349.

6. Fiscella K, Franks P (2010) Vitamin D, race, and cardiovascular mortality:

findings from a national US sample. Ann Fam Med 8: 11–18.

7. Jablonski KL, Chonchol M, Pierce GL, Walker AE, Seals DR (2011) 25-

Hydroxyvitamin D deficiency is associated with inflammation-linked vascular

endothelial dysfunction in middle-aged and older adults. Hypertension 57: 63–

69.

8. Watson KE, Abrolat ML, Malone LL, Hoeg JM, Doherty T, et al. (1997) Active

serum vitamin D levels are inversely correlated with coronary calcification.

Circulation 96: 1755–1760.

9. Giallauria F, Milaneschi Y, Tanaka T, Maggio M, Canepa M, et al. (2012)

Arterial Stiffness and Vitamin D Levels: the Baltimore Longitudinal Study of

Aging. J Clin Endocrinol Metab.

10. Pilz S, Tomaschitz A, Ritz E, Pieber TR (2009) Vitamin D status and arterial

hypertension: a systematic review. Nat Rev Cardiol 6: 621–630.

11. Pittas AG, Lau J, Hu FB, Dawson-Hughes B (2007) The role of vitamin D and

calcium in type 2 diabetes. A systematic review and meta-analysis. J Clin

Endocrinol Metab 92: 2017–2029.

12. Martins D, Wolf M, Pan D, Zadshir A, Tareen N, et al. (2007) Prevalence of

cardiovascular risk factors and the serum levels of 25-hydroxyvitamin D in the

United States: data from the Third National Health and Nutrition Examination

Survey. Arch Intern Med 167: 1159–1165.

13. Jorde R, Grimnes G (2012) Vitamin D and lipids: do we really need more

studies? Circulation 126: 252–254.

14. Rosen CJ (2011) Clinical practice. Vitamin D insufficiency. N Engl J Med 364:

248–254.

15. Elamin MB, Abu Elnour NO, Elamin KB, Fatourechi MM, Alkatib AA, et al.

(2011) Vitamin D and cardiovascular outcomes: a systematic review and meta-

analysis. J Clin Endocrinol Metab 96: 1931–1942.

16. Bouillon R, Van Schoor NM, Gielen E, Boonen S, Mathieu C, et al. (2013)

Optimal vitamin d status: a critical analysis on the basis of evidence-based

medicine. J Clin Endocrinol Metab 98: E1283–1304.

17. Chen S, Law CS, Grigsby CL, Olsen K, Gardner DG (2010) A role for the cell

cycle phosphatase Cdc25a in vitamin D-dependent inhibition of adult rat

vascular smooth muscle cell proliferation. J Steroid Biochem Mol Biol 122: 326–

332.

18. Talmor Y, Golan E, Benchetrit S, Bernheim J, Klein O, et al. (2008) Calcitriol

blunts the deleterious impact of advanced glycation end products on endothelial

cells. Am J Physiol Renal Physiol 294: F1059–1064.

19. Nelson CD, Reinhardt TA, Beitz DC, Lippolis JD (2010) In vivo activation of

the intracrine vitamin D pathway in innate immune cells and mammary tissue

during a bacterial infection. PLoS One 5: e15469.

20. Chen S, Law CS, Grigsby CL, Olsen K, Hong TT, et al. (2011) Cardiomyocyte-

specific deletion of the vitamin D receptor gene results in cardiac hypertrophy.

Circulation 124: 1838–1847.

21. Verstuyf A, Carmeliet G, Bouillon R, Mathieu C (2010) Vitamin D: a pleiotropic

hormone. Kidney Int 78: 140–145.

22. Xiang W, Kong J, Chen S, Cao LP, Qiao G, et al. (2005) Cardiac hypertrophy

in vitamin D receptor knockout mice: role of the systemic and cardiac renin-

angiotensin systems. Am J Physiol Endocrinol Metab 288: E125–132.

23. Szeto FL, Reardon CA, Yoon D, Wang Y, Wong KE, et al. (2012) Vitamin D

receptor signaling inhibits atherosclerosis in mice. Mol Endocrinol 26: 1091–
1101.

24. Bouillon R, Carmeliet G, Verlinden L, van Etten E, Verstuyf A, et al. (2008)
Vitamin D and human health: lessons from vitamin D receptor null mice.

Endocr Rev 29: 726–776.

25. Deb DK, Sun T, Wong KE, Zhang Z, Ning G, et al. (2010) Combined vitamin
D analog and AT1 receptor antagonist synergistically block the development of

kidney disease in a model of type 2 diabetes. Kidney Int 77: 1000–1009.
26. Mathew S, Lund RJ, Chaudhary LR, Geurs T, Hruska KA (2008) Vitamin D

receptor activators can protect against vascular calcification. J Am Soc Nephrol

19: 1509–1519.
27. Ellam T, Wilkie M, Chamberlain J, Crossman D, Eastell R, et al. (2011) Dietary

phosphate modulates atherogenesis and insulin resistance in apolipoprotein e
knockout mice–brief report. Arterioscler Thromb Vasc Biol 31: 1988–1990.

28. Gross ML, Meyer HP, Ziebart H, Rieger P, Wenzel U, et al. (2007) Calcification
of coronary intima and media: immunohistochemistry, backscatter imaging, and

x-ray analysis in renal and nonrenal patients. Clin J Am Soc Nephrol 2: 121–

134.
29. Schmidt N, Brandsch C, Kuhne H, Thiele A, Hirche F, et al. (2012) Vitamin D

receptor deficiency and low vitamin D diet stimulate aortic calcification and
osteogenic key factor expression in mice. PLoS One 7: e35316.

30. Omdahl JL, Morris HA, May BK (2002) Hydroxylase enzymes of the vitamin D

pathway: expression, function, and regulation. Annu Rev Nutr 22: 139–166.
31. Scatena M, Liaw L, Giachelli CM (2007) Osteopontin: a multifunctional

molecule regulating chronic inflammation and vascular disease. Arterioscler
Thromb Vasc Biol 27: 2302–2309.

32. Bas A, Lopez I, Perez J, Rodriguez M, Aguilera-Tejero E (2006) Reversibility of
calcitriol-induced medial artery calcification in rats with intact renal function.

J Bone Miner Res 21: 484–490.

33. de Boer IH, Kestenbaum B, Shoben AB, Michos ED, Sarnak MJ, et al. (2009)
25-hydroxyvitamin D levels inversely associate with risk for developing coronary

artery calcification. J Am Soc Nephrol 20: 1805–1812.
34. Shen H, Bielak LF, Ferguson JF, Streeten EA, Yerges-Armstrong LM, et al.

(2010) Association of the vitamin D metabolism gene CYP24A1 with coronary

artery calcification. Arterioscler Thromb Vasc Biol 30: 2648–2654.
35. Lau WL, Leaf EM, Hu MC, Takeno MM, Kuro-o M, et al. (2012) Vitamin D

receptor agonists increase klotho and osteopontin while decreasing aortic
calcification in mice with chronic kidney disease fed a high phosphate diet.

Kidney Int 82: 1261–1270.
36. Shroff R, Egerton M, Bridel M, Shah V, Donald AE, et al. (2008) A bimodal

association of vitamin D levels and vascular disease in children on dialysis. J Am

Soc Nephrol 19: 1239–1246.
37. Li X, Speer MY, Yang H, Bergen J, Giachelli CM (2010) Vitamin D receptor

activators induce an anticalcific paracrine program in macrophages: require-
ment of osteopontin. Arterioscler Thromb Vasc Biol 30: 321–326.

38. LaClair RE, Hellman RN, Karp SL, Kraus M, Ofner S, et al. (2005) Prevalence

of calcidiol deficiency in CKD: a cross-sectional study across latitudes in the
United States. Am J Kidney Dis 45: 1026–1033.

39. Zhou S, LeBoff MS, Glowacki J (2010) Vitamin D metabolism and action in
human bone marrow stromal cells. Endocrinology 151: 14–22.

40. Weng S, Sprague JE, Oh J, Riek AE, Chin K, et al. (2013) Vitamin D deficiency
induces high blood pressure and accelerates atherosclerosis in mice. PLoS One

8: e54625.

41. Takeda M, Yamashita T, Sasaki N, Nakajima K, Kita T, et al. (2010) Oral
administration of an active form of vitamin D3 (calcitriol) decreases

atherosclerosis in mice by inducing regulatory T cells and immature dendritic
cells with tolerogenic functions. Arterioscler Thromb Vasc Biol 30: 2495–2503.

42. Becker LE, Koleganova N, Piecha G, Noronha IL, Zeier M, et al. (2011) Effect

of paricalcitol and calcitriol on aortic wall remodeling in uninephrectomized
ApoE knockout mice. Am J Physiol Renal Physiol 300: F772–782.

43. Ellam TJ, Chico TJ (2012) Phosphate: the new cholesterol? The role of the
phosphate axis in non-uremic vascular disease. Atherosclerosis 220: 310–318.

44. Bischoff-Ferrari HA, Dietrich T, Orav EJ, Dawson-Hughes B (2004) Positive

association between 25-hydroxy vitamin D levels and bone mineral density: a
population-based study of younger and older adults. Am J Med 116: 634–639.

45. The VITAL Study. Available: http://clinicaltrials.gov/show/NCT01169259
Accessed 2013 Aug 8.

Vitamin D Manipulation in ApoE2/2 Mice

PLOS ONE | www.plosone.org 10 February 2014 | Volume 9 | Issue 2 | e88767


