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Abstract Background and aims: Cardiovascular disease is the main cause of death worldwide,
but the collective efforts to prevent this pathological condition are directed exclusively to indi-
viduals at higher risk due to hypercholesterolemia, hypertension, obesity, diabetes. Recently,
vitamin D deficiency was identified as a risk factor for cardiovascular disease in healthy people,
as it predisposes to different vascular dysfunctions that can result in plaque development and
fragility. In this scenario, the fundamental aim of the study was to reproduce a disease model
inducing vitamin D deficiency and atheromatosis in ApoE�/- mice and then to evaluate the
impact of this vitamin D status on the onset/progression of atheromatosis, focusing on plaque
formation and instability.
Methods and results: In our murine disease model, vitamin D deficiency was achieved by 3 weeks
of vitamin D deficient diet along with intraperitoneal paricalcitol injections, while atheromatosis
by western-type diet administration. Under these experimental conditions, vitamin D deficient
mice developed more unstable atheromatous plaques with reduced or absent fibrotic cap. Since
calcium and phosphorus metabolism and also cholesterol and triglycerides systemic concentra-
tion were not affected by vitamin D level, our results highlighted the role of vitamin D deficiency
in the formation/instability of atheromatous plaque and, although further studies are needed,
suggested a possible intervention with vitamin D to prevent or delay the atheromatous disease.
Conclusions: The data obtained open the question about the potential role of the vitamins in the
pharmacological treatments of cardiovascular disorders as coadjutant of the primary drugs used
for these pathologies.

ª 2020 The Italian Diabetes Society, the Italian Society for the Study of Atherosclerosis, the
Italian Society of Human Nutrition and the Department of Clinical Medicine and Surgery, Fed-
erico II University. Published by Elsevier B.V. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Cardiovascular disease (CVD) is the leading cause of death
worldwide [1] and in chronic kidney disease patients the
risk of mortality from CVD is 15 times higher than in the
general population [2].
nife.it (A. Marcuzzi).

y, the Italian Society for the Study of Ath
ublished by Elsevier B.V. This is an open a
Atheromatosis, a chronic inflammation of the arterial
wall that begins with endothelial damage, is caused by
several classic risk factors such as smoking, hypertension,
dyslipidemia and diabetes but also by anemia and sec-
ondary hyperparathyroidism in patients with chronic renal
failure [2]. In particular, in recent literature, vitamin D (VD)
deficiency [25-hydroxy vitamin D (25(OH)D) serum level
<15 ng/ml] is recognized as a risk factor for CV lesions in
healthy people [3e7] and a predictor of CV mortality in the
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chronic kidney disease patients [8,9]. VD deficiency, both
in the population with normal kidney function or in pa-
tients with chronic kidney disease, promotes the increase
of the arterial adventitial vasa vasorum, as well as systemic
inflammation, inflammatory vascular infiltration and foam
cell formation that lead to plaque development and
instability [10e12]. Therefore, correction of VD deficiency
in health and nutritional/active VD restoring in chronic
kidney disease could prevent the onset or slow the pro-
gression of atheromatous disease. Indeed, not only VD
deficiency increases vascular calcification through the
elevation of serum PTH [8] and PTH-driven mineral/skel-
etal abnormalities, causing ectopic calcium deposition [9],
but more significantly it is associated to atheromatous
disease [10e13]. During the atheromatous process, the
increase in adventitial vasa vasorum promotes endothelial
dysfunction (early stage) [14,15] and plaque instability
(advanced stage) [16e18]. It is important to note that the
active form of VD was reported to suppress neo-
angiogenesis and endothelial cell proliferation [19] and
to counteract the increase/activation of the TNF-a Con-
verting Enzyme [20]. In this context, by using a murine
model of atheromatosis (ApoE�/� mice), the main goal of
this study was to delineate the cause/effect link between
systemic VD status, arterial wall thickening and plaque
formation/instability in the mouse model. We hypothesize
that low VD levels could negatively work in our dyslipi-
demic model, worsening the atheromatous disease's evo-
lution. These studies could also contribute to identifying
key therapeutic targets and optimal VD balance to prevent
the onset and progression of atheromatosis.

Currently, an association has been established between
VD deficiency, along with other comorbidities such as CVD,
and risk of severe COVID-19 events [21], making even
more important and imperative to clarify the real
involvement of VD in atheromatous disease.

Methods

Animals and experimental design

Murine model of atheromatosis, endogenous murine
Apolipoprotein E knockout (ApoE�/-) mice (Envigo RMS
Srl., Italy), aged 5e7 weeks, with normal kidney function
and weight of 20e27 g at the beginning of the study were
used. The mice underwent one-week acclimatization to
the animal facility before the induction of VD deficiency.
The mice had free access to tap water and pellet food and
were housed in standard cages with a 12 h light/dark cycle.
Environmental temperature was constantly maintained at
21 �C and the mice were kept under pathogen-free con-
ditions. All experiments were carried out according to
Italians laws (Ministry of Health registration n 637/2016-
PR, March 24, 2016) and complied with the Guidelines
for Care and Use of Laboratory Animals at the University of
Ferrara. From day one of the experiment, the mice were
divided into two groups of 40 animals each: control mice
and VD-deficient mice. VD deficiency was achieved by
accelerating the impact of a VD deficient diet (3 weeks) by
enhancing endogenous 25(OH)D degradation through
intraperitoneal injections of paricalcitol (32 ng twice
weekly for 2 weeks), an inducer of 25(OH)D catabolism.
Calcium (2%) was supplied to attenuate secondary hyper-
parathyroidism [20,22]. Upon reaching VD deficiency, both
control mice group and VD-deficient mice group were fed
with a western-type diet (1.25% cholesterol, 16.5% fat) with
water ad libitum. Only the control mice group's diet was
supplemented with VD (360 ng/week) for the entire
duration of the experiment. Ten mice of each group were
sacrificed at 4, 8, 15 and 20 weeks to assess plaque for-
mation, increase and composition. At sacrifice, blood was
drawn, and serum was collected to perform biochemical
analysis and assess systemic metabolic markers.

Serum biochemical analysis

For the biochemical analysis, blood was collected and
centrifuged at 700 g for 10 min at 4 �C to obtain serum.
Sera were then stored at 80 �C until analysis. Calcium
(Ca2þ) and phosphorus (PO4

3�) levels were evaluated by
standard colorimetric analysis using the QuantiChrom�
Calcium assay kit and the QuantiChrom� Phosphate assay
kit (both from Bioassay Systems, Hayward, CA) respec-
tively. A specific enzyme immunoassay (EIA, Immunodi-
agnostic Systems, The Boldons, UK) was used to determine
the 25(OH)D levels. PTH serum levels were evaluated
using the MicroVue Mouse PTH 1e84 ELISA kit (Quidel
Corporation, Athens, USA). PTH values were expressed in
pg/ml. All the kits were used according to the manu-
facturer's instructions.

Determination of the systemic metabolic markers:
cholesterol and triglycerides levels

The amount of cholesterol (both high-density lipoprotein,
HDL and low-density lipoprotein, LDL) and the tri-
glycerides' levels were determined using specific quanti-
tation kits (all from SigmaeAldrich, St. Louis, MO),
performing the experimental procedures according to the
manufacturer's instructions. The amount of cholesterol
were expressed in ng/mL while triglycerides in mg/dL.

Histological analysis

For the histological analyses, sampleswerefixed in formalin
10% for 24 h at 4�C and subsequently rinsed in several
changes of cold 70% ethanol. The tissues were dehydrated
through an alcohol series and then paraffin-embedded
using a Shandon Citadel 2000 Tissue Processor (Thermo
Fisher Scientific, Waltham, MA). After blocking out, 5 mm
thick sections were cut and stained with Azan trichrome
(Bio Optica Milano Spa, Milan, Italy) and used for the
immunohistochemistry analysis after staining with the
anti-a-Smooth Muscle Actin (a-SMA) antibody (Sigma-
eAldrich) and the anti-mouse HRP-DAB tissue staining kit
(R&D Systems, Minneapolis, MN). A negative control was
obtained in each slide by carrying out the immunohisto-
chemistry staining procedure without using the primary
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antibody. The images were acquired with an Aperio
ScanScope� slide scanner by using the Aperio ImageScope
v11.1.2.760 software (Leica Biosystems,Nussloch,Germany).
Quantification was determined with the ImageJ software.

Statistical analysis

Data will be expressed as means � standard deviation
(SD). Statistical significance was calculated using one-way
analysis of variance (ANOVA) and Bonferroni post-test or
the unpaired t-test, followed by the ManneWhitney
correction. Statistical significance was set at p < 0.05,
p < 0.01, and p < 0.001. Data analyses were performed
using GraphPadPrism and Stata IC 11 softwares.
Results

Impact of VD deficiency on body weight

In order to make correct observations, free from any con-
founding factors derived from the potential heterogeneity
of the study groups, the weights of all animals in this study
were analyzed before the sacrifice, assuming that the
initial weight of all the subjects at the beginning of the
experiments was comparable and showed no significant
statistical differences (Fig. 1S, Supplementary Material).

The weights of the mice in the control group compared
to VD deficient group showed the same trend in both
conditions and of all time points (4, 8, 15 and 20 weeks), as
presented in Fig. 1S (Supplementary Material), and, as
indicated in Table 1, did not reveal any statistically signif-
icant difference for each time point that was analyzed.

Induction of VD deficiency in ApoE�/� mice

In order to establish the 25(OH)D serum level in the mouse
model, this parameter was measured at sacrifice at all time
points: 4, 8, 15 and 20 weeks.

In all experimental conditions, as illustrated in Fig. 1, the
comparison between controls and VD deficient (Vit. D-)
mouse samples showed a statistically significant difference.

25(OH)VD serum levels in VD deficient mice were very
close to the lower detection threshold and were indicative
of a clear VD deficient status. Therefore, these data
demonstrated that the experimental mouse model could
Table 1 Weights of animal model in the two groups: control (a)
and VD deficient (b) mice.

Animal weight (g)

GROUPS
WEEKS

Controls (a)a Vit. D- (b)a p value (a) vs (b)

4 weeks 19.49 � 2.15 20.75 � 1.14 Ns
8 weeks 33.70 � 1.26 31.68 � 1.92 Ns
15 weeks 36.23 � 2.92 33.65 � 1.12 Ns
20 weeks 40.38 � 3.00 38.43 � 5.94 Ns
a Data are reported as mean � standard deviation of the weights

of the ten animals of each group. Ns: not significant.
reproduce an effective VD deficiency at all time points
analyzed in the study.

Development of atheromas in VD deficient mice

The morphological analysis achieved using the Azan tri-
chrome staining revealed the presence of lipid plaques
along the aorta arteries. As shown in Fig. 2, lesions at
various stages of development could be observed in both
groups of mice, but in VD deficient animals the presence of
plaques might be detectable as early as 8 weeks after
ingesting high fat diet.

Of note, although plaques was observed in both groups
at 15 and 20 weeks, only animals with normal levels of
25(OH)VD showed more stable plaques associated with
the formation of a fibrotic cap (Figs. 2 and 3). On the
contrary, the plaques in aortas of VD deficient mice pre-
sented larger lipid-rich cores, increased collagen content
and, when present, a reduced cap thickness. The same
results were also obtained by analyzing carotid arteries;
indeed the animals with normal levels of 25(OH)D showed
a fibrotic cap that indicates a more stability of the plaque
(Fig. 3). Besides, a first analysis of the carotid arteries
revealed that plaques had a chondrocytic-like phenotype
in VD deficient animals (Fig. 3), which is known to pro-
mote plaque calcification.

In order to evaluate the role of the fibrogenesis in
atheromatosis, the levels of a-SMA, the predominant actin
of vascular smooth muscle cells (SMC), were detected by
immunochemical staining.

As shown in Fig. 4A, lesional SMC content, measured as
SMC positive areas, was significantly reduced in the
fibrous cap of VD deficient mice leading to vulnerability
and instability of the plaque, also confirmed by the pres-
ence of plaque rupture (Fig. 4B).

These results supported the involvement of VD in the
plaque composition and stability (schematically repre-
sented in Fig. 5).

Impact of calcium and phosphorus balance on plaques
formation

As serum 25(OH)D levels showed an homogeneous trend
in the experimental design, suggesting their direct
involvement in the plaque development process, it was
necessary to verify if other biochemical parameters could
affect the atheroma formation.

First of all, the main metabolic bone parameters,
particularly the calcium (Ca2þ) and the phosphorus (PO4

3�)
serum levels, were measured in control and in VD deficient
mice groups.

As shown in Fig. 2S (Supplementary Materials), the VD
deficiency in the mouse model was not correlated with
dysregulated calcium (Fig. 2S-A, Supplementary Materials)
or phosphorus (Fig. 2S-B, Supplementary Materials) levels
in comparison to physiological condition.

In particular, it was relevant to highlight that no sta-
tistically significant increase of phosphorus level was
detected in both conditions and in all time points,



Figure 1 Evaluation of serum 25(OH)D levels in the control group (CTRL) and in the VD deficient mice group (Vit. D-). The data are reported as
mean � standard deviation of the 25(OH)D levels measured in duplicate. Statistical significance was evaluated using the unpaired t-test, followed by
the ManneWhitney correction. ))p < 0.01 and )))p < 0.001.
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although literature data showed a role of the phosphorus
in the atheroma formation [23].

Evaluation of cholesterol, triglyceride and PTH serum
levels in VD deficient mice

After excluding that the calcium-phosphorus balance
could play a role in the atheroma formation, it was crucial
to ascertain the possible involvement of the serum lipidic
component (in particular triglyceride and cholesterol) in
the plaque development.

According to the literature data, no difference in tri-
glyceride (Fig. 6) and cholesterol serum levels (Fig. 7) was
observed in this animal model in control mice with respect
to VD deficient group. This result was in contrast to the
only article that associates low VD levels with high tri-
glyceride levels in a Spanish population of children be-
tween 8 and 13 years old [24].
Similarly, the evaluation of PTH serum levels revealed
no significant difference between the control group and
the VD deficient one. As shown in Fig. 8, this result was
obtained both at 8 weeks after ingestion of fat diet, when
was already possible to detect the plaque formation in
aortas of VD deficient mice, and at 20 weeks, indicating
that also at the end of the study VD deficient group did not
incur in secondary hyperparathyroidism.

Discussion and conclusions

The pleiotropic role of VD in the pathogenesis of cardio-
vascular diseases has helped to consider the level of this
vitamin crucial for the development of atheromatosis. The
main systemic manifestation of cardiovascular disease,
indeed, is represented by the atheroma (or atherosclerotic
plaque) that is a thickening of the innermost layer (inti-
mate component) of the arteries, due to the accumulation



Figure 2 Temporal dynamics of aorta plaques. Representative dynamic profiles of atherosclerotic plaques in Control and VD deficient (Vit. D-) mice
(10� magnification). The circled regions and the arrows indicate atherosclerotic plaques.
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of different components, as lipid material, calcium and
connective tissue [25,26].

In this context, it was of fundamental importance to
reproduce in ApoE�/- mice a model of VD deficiency dis-
ease that leads to the development of atheromatosis and
therefore allow us to investigate the impact of VD
Figure 3 Effect of VD deficiency on aortic and carotid plaques morpholog
deficient (Vit. D-) groups (20� magnification). Samples were collected 15 w
deficiency on the onset/progression of the disease, trying
to outline and characterize the relationship between VD
and atheromatosis. The adequacy of the mouse model was
demonstrated by the deeply low 25(OH)D serum levels in
the VD deficient mice group compared to the control an-
imals, accelerated, in addition to the appropriate fat diet,
y. Representative images of atherosclerotic plaques in Control and VD
eeks after ingestion of fat diet. ))indicates fibrotic cap.



Figure 4 Representative positive a-SMA immunostaining in aortic lesions. (A) a-SMA immunochemical staining of aortic tissue in Control and VD
deficient (Vit. D-) groups. a-SMA positive areas indicate smooth muscle cells (10� magnification). (B) Quantification of a-SMA positive cells in aortic
plaques (n Z 13 per group; )))p < 0.001).

Figure 5 Schematic representation of Vitamin D deficiency effects on the plaque formation and instability.
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by the treatment with paricalcitol, which improves
endogenous VD degradation through the induction of 25-
hydroxyvitamin D-24-hydroxylase (CYP24A1) [25e28].

As expected, as a consequence of the fat diet,
morphological analyses of the aorta sections revealed the
presence of lipid plaques in various development stages in
both groups of mice, but in the VD deficient group the
onset of plaques has already started from 8 weeks after
ingestion of fat diet. Furthermore, the observation of the
plaques found both in the aorta and in the carotid arteries
showed different stability, correlated to the association
with a fibrotic cap.

As described by Naghavi M. et al. [29] the instability of
atheromatous plaques is defined by some criteria such as
the presence of a large lipid core and a thin fibrous cap.
The histological analysis revealed a marked difference of
atherosclerotic plaques morphology between controls and
VD deficient groups, showing that in VD deficient group
the presence of a rich lipid core was associated with a thin
fibrous cap. Moreover, the quantitative analyses of a-SMA,
the predominant actin of vascular smooth muscle cells,
indicated that the number of smooth muscle cells was
significantly decreased in the fibrous cap of the VD defi-
cient group compared to the control group. This observa-
tion was very interesting because, as reported, smooth
muscle cells are fundamental constituents of the plaques
involved in their stability [30]. Therefore, our results sug-
gested that low levels of 25(OH)D are involved in an early
formation of atherosclerotic lesions and in an increased
plaque instability and vulnerability.

Of note, in our VD deficiency disease model, metabolism
of calcium and phosphorus, which are known to increase



Figure 6 Evaluation of serum triglyceride levels in the control group (CTRL) and in the VD deficient mice group (Vit. D-) at the different indicated
time points. The data are reported as mean � standard deviation of the serum triglyceride levels measured in duplicate. Statistical significance was
evaluated using the unpaired t-test, followed by the ManneWhitney correction.
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the kinetics of atheromatosis formation, was not dysregu-
lated compared to the physiological condition, excluding
their role in the pathogenesis of plaques. It was also sig-
nificant to confirm that, at the systemic level, cholesterol
and triglycerides concentrations were not affected by the
VD deficiency condition. The exclusion of the involvement
of the main systemic metabolic markers, as calcium,
phosphorus and lipid components, from the plaque devel-
opment process was crucial to highlight the importance of
the role played by 25(OH)D levels in this mechanism and
then in the progression of the cardiovascular diseases.

The results obtained in this study agreed with other
studies carried out on other animal models which under-
lined the fundamental role of other vitamins such as
vitamin C and K in the stabilization of plaque: these vita-
mins help stabilize atherosclerotic plaque after angioplasty
and favor vascular remodeling by increasing collagen
content modulating the cholesterol levels [31,32]. This
evidence in different cardiovascular disease models open
questions about the potential role of the vitamins in the
pharmacological treatments of cardiovascular disorders as
coadjutant of the main drugs, such as statins, used for
these pathologies for their well-known ability to modulate
cholesterol levels.

Libby P. et al. described the statin's lipid-independent
effect that contributes to the plaque stability positively
altering the vascular biology [33]. The central hypothesis
about this evidence is that the statins induced alterations
in the function of small G proteins, contributing to an anti-
inflammatory and antithrombotic effect [34]. Moreover,
recent studies highlighted the importance of statins in
concurring to reduce the cardiovascular events just for
their ability to considerably reduce the plaque lipid-rich
core and to promote the fibrous cap thickening [35,36].

A clear view and a more in-depth knowledge of the
mechanism and features involved in the morphogenesis of



Figure 7 Evaluation of serum cholesterol levels in the control group (CTRL) and in the VD deficient mice group (Vit. D-) at the different indicated
time points. The figure shows the two components of the cholesterol: in A, HDL levels are shown; in B, LDL levels are shown. The data are reported as
mean � standard deviation of the serum cholesterol levels measured in duplicate. Statistical significance was evaluated using the unpaired t-test,
followed by the ManneWhitney correction.

Figure 8 Evaluation of PTH levels in the control group (CTRL) and in the VD deficient mice group (Vit. D-) at 8 and 20 weeks. The data are reported
as mean � standard deviation of the PTH levels measured in duplicate. Statistical significance was evaluated using the unpaired t-test, followed by
the ManneWhitney correction.
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the atheromatosis [37,38] is necessary for preclinical and
clinical testing of new agents or combination of treatments
expected to facilitate atherosclerosis regression and to
guide the design of new therapeutic strategies aiming to
modulate the plaque progression and regression by tar-
geting its molecular mechanism.

Literature data show several evidences that chronic
diseases, as cardiovascular diseases, high blood pressure
and diabetes are closely related to low plasmatic level of
vitamin D [25,26]. It is well known that the dominant
function of VD is the elevation of plasma level of calcium
and phosphate, playing a fundamental role associated to
mineral homeostasis. The VD receptor is present in several
cell types, thus the knowledge of the mechanism of action
of the active VD, mediated by its receptor as transcription
factor, could explain the multiple actions on different
tissues. Indeed, vitamin D plays a role in the regulation of
the innate and adaptive immune systems, shows preven-
tive effects on cardiovascular and neurodegenerative dis-
eases and even anti-aging effects [39].

In this scenario, our results suggest a novel potential
role played by VD as a therapeutic treatment in association
to the specific drugs or as an effective tool for the pre-
vention of cardiovascular pathologies acting as a coad-
jutant of vascular homeostasis [40,41].

This research could be of considerable importance in a
perspective of prevention and potential reduction of the
cardiovascular events onset with a direct reduction in
health assistance costs and with an improvement in
quality of life not only for patients, as in the chronic kidney
failure, but for the general population. In this respect our
study could be of interest also in light of recent evidence
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supporting the hypothesis that VD deficiency, together
with the manifestation of the comorbidities as cardiovas-
cular disease, diabetes, metabolic syndrome, could in-
crease the risk to develop severe COVID-19 events [42].
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