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KEYWORDS Abstract Background and aims: The aim of this study was to investigate possible associations
Plaque calcification; among markers of mineralization, plaque instability and the main risk factors of atherosclerosis.
Atherosclerosis; Methods and results: ATissue MicroArray containing 52 samples of calcified carotid plaques from 52
Mineralization; symptomatic and asymptomatic patients were built. TMA serial sections were used to study the
BMP-2; expression of inflammatory and mineralization markers (BMP-2, BMP-4, VDR, RANKL, Osteopontin,
Risk factors Sclerostin, B-catenin and calmodulin) by immunohistochemistry. Our data clearly demonstrated the

expression of mineralization markers in atheromatic plaques. Indeed, with the exception of RANKL,
all investigated markers were expressed in at least 60% of cases. Specifically, multivariate analysis
displayed significant associations between both the expression of BMP-2 and the presence of unsta-
ble plaques as well as between the expression of f-catenin and the presence of stable plaques. We
also found a significant inverse association between both a) the presence of hypertension and VDR
and b) smoking habits and calmodulin expression. Finally, we noted a higher density of RANKL pos-
itive cells in plaques from diabetic patients as compared to non-diabetic ones and a significant pos-
itive association between hypertriglyceridemia and BMP-4 expression.

Conclusion: Our results support the hypothesis that the process of atherosclerotic plaque calcifica-
tion presents a number of similarities with the physiological processes that occur in bone, involving
both osteoblasts- and osteoclasts-like arterial cells. Finally, the present study suggests that risk fac-
tors, such as hypertension, cigarette smoke and diabetes, can cause the destabilization of the athero-
matic plaque acting on calcification process as well as inflammation.
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Introduction

Plaque calcification is a common complication of athero-
matous disease. Calcification has been long considered a
passive, unregulated, degenerative process occurring at
the end stage of atherosclerotic plaque formation [1].
However, recent evidences suggest that vascular calcifi-
cation is an active, organized and regulated process with
remarkable similarities to bone formation [1].

Plaque calcification resembles endochondral bone for-
mation in long bones; its progression is driven by
osteoblast-like cells and inflammatory factors such as cy-
tokines produced by tissue macrophages and foam cells
[2]. The conditions which predispose to vascular calcifi-
cation are provided by two different mechanisms that
involve apoptotic bodies derived from macrophages, and
vascular smooth cells (VSMCs) trans-differentiation [1].
Apoptotic bodies and necrotic debris serve as nucleating
sites for calcium crystals deposition, mainly hydroxyapa-
tite (HA). It is known that this mechanism results in a
positive feedback that increases calcification and inflam-
mation since the early stages of atheromatous disease [1].
The other mechanism affects pericytes and/or VSMCs,
which can undergo cellular re-programming to
chondrocyte-like and osteoblast-like cells, causing miner-
alization and bone tissue formation [3]. However, it is not
well established if these two processes both lead to
calcification or, conversely, if they occur independently.

The process of ectopic calcification, as previously
demonstrated in some tissues such as breast and prostate,
appears to be orchestrated by molecular mechanisms similar
to those that occur during physiological mineralization [4—7].

In a previous study [8], by using energy dispersive X-ray
microanalysis (EDX) technology we demonstrated the
presence of two different types of calcification in carotid
atheromatous plaques: HA and calcium oxalate (CO). In
particular, we observed an association between HA and
plaque instability, while CO was detected mainly in stable
plaques [8]. However, it is currently not clear if calcifica-
tion occurring in vulnerable plaques is driven by different
mechanisms of mineralization as compared to stable pla-
que. Starting from these considerations, new molecular
imaging analyses have been developed to both study the
mechanisms of plaque calcifications assess cardiovascular
risk associated with the presence of calcifications. Specif-
ically, recent clinical studies proposed that positron
emission tomography (PET) imaging with sodium fluoride
can identify the presence of calcific deposits in early
phases of the formation of plaque calcifications, hence
potentially highlighting high-risk plaques [9,10].

In this context, numerous studies have shown that
some risk factors such as diabetes and hypertensions, were

significantly associated with the presence of arterial
calcification [11—14]. Still no biomechanical evidence has
yet been put forward.

Since plaque calcification is a well-recognized prog-
nostic factor for coronary and cerebrovascular disease
[15—20], the study of in situ expression of biomarkers that
characterize the physiological mineralization and their
association with classical major risk factors could provide
information about the plaque calcification process.

Therefore, the aim of this study was to investigate the
possible associations among markers of mineralization,
plaque instability and main risk factors of atherosclerosis.

Methods
Cases selection

WE employed a Tissue MicroArray (TMA) made with 52
samples of calcified carotid plaques from 52 symptomatic
(major stroke or TIA) and asymptomatic patients submit-
ted to surgical carotid endarterectomy (CEA) at the Hos-
pital of University of Tor Vergata (Rome, Italy) from
January to December 2018. All asymptomatic patients had
a carotid stenosis >60%, assessed by echography or CT
angiography. For symptomatic patients, the time interval
between symptoms onset and CEA was between 1 and 3
months. Patients who underwent by CEA were excluded
from the study if (1) they had a possible source of cardiac
embolization (arrhythmia, stenosis, prolapse or calcifica-
tion of mitral valve, mechanical cardiac valves, endo-
carditis, recent myocardial infarction with left ventricular
thrombus, atrial myxoma, dilated cardiomyopathy, patent
foramen ovale) and (2) the plaque was fragmented. We
only included intact calcified carotid plaques from patients
submitted to CEA, for whom complete clinical and labo-
ratory assessment of major cardiovascular risk factors was
available. The present study includes some cases that have
been used in our previous investigation [8].

As all symptomatic patients showed unstable plaques
and all asymptomatic patients displayed stable plaques,
patients were divided in two subgroups: (a) symptomatic
patients with unstable plaques and (b) asymptomatic pa-
tients with stable plaques.

The study protocol conforms to the ethical guidelines of
the 1975 Declaration of Helsinki as reflected in a priori
approval by the IRBs of our Institution.

TMA construction

For Tissue MicroArray (TMA) construction, we utilized
fragments from the plaque shoulder, identified in
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corresponding hematoxylin—eosin (H & E)-stained sec-
tions and marked on the donor paraffin block. Areas with
calcifications were excluded to allow the correct con-
struction of the recipient master block. Indeed, the pres-
ence of calcifications compromise the stability of the
matrix. A 2 mm-thick core of the donor block was placed
in the recipient master block of the Galileo TMA CK2500
(Brugherio, Milan, Italy). The analysis methods have been
previously reported [21].

Histology

From the TMA 12 serial sections (5 mm thick) were cut.
Two sections were stained with H & E and Movat pen-
tachrome stains. Plaques were classified into stable and
unstable according to the modified American Heart Asso-
ciation atherosclerosis classification [22]. Unstable plaques
included (a) thrombotic plaques associated with rupture or
erosion of the cap and (b) vulnerable plaque or thin-cap
fibro-atheroma (TCFA) characterized by a fibrous cap less
than 165 pm thick heavily infiltrated by macrophages,
CD68 positive (>25 per high magnification field), without
plaque rupture. Plaques not included in this group were
considered as stable. Histopathologic examination was
performed by two different pathologists (AM, LA). Inter-
observer reliability was >98%.

Immunohistochemistry

Ten TMA serial sections were used to characterize the in-
situ expression of the main mineralization markers re-
ported in Table 1 by immunohistochemistry. Also, in-
flammatory infiltrates were evaluated by CD68 and CD3
immunostaining. Immunohistochemical reactions were
evaluated by counting the number of cells/mm?. Briefly,
antigen retrieval was performed on 3-um-thick paraffin
sections using EDTA citrate pH 7.8 buffers for 30 min at

95 °C. Sections were then incubated for 1 h at room
temperature with the primary antibodies reported in Table
1. Reactions were revealed by HRP — DAB Detection Kit
(UCS Diagnostic, Italy). To assess the background of
immuno-staining we included a negative control for each
reaction by incubating the sections with secondary anti-
bodies (HRP) and detection system (DAB). Reactions have
been set-up by using specific control tissues as indicated in
the data sheets. For each mineralization marker, were
considered as positive only plaques with more than 10% of
cells with strongly positive signal.

Risk factors

Categorical, dichotomic Risk factors were defined as fol-
lows: (a) hypertension: systolic BP > 140 mmHg and/or a
diastolic BP > 90 mmHg corresponding to stage 2 of 2017
ACC/AHA guidelines [23] or taking antihypertensive
treatment at the time of carotid endarterectomy; (b) dia-
betes  mellitus:  patients with  fasting  blood
glucose > 126 mg/dL and/or following oral treatment or
insulin therapy; (c) tobacco dependence (patients were
categorized as smokers and former smokers). Former
smokers who had stopped smoking for less than five years
were considered smokers and patients who had not
smoked for >5 years were considered non-smokers; (d)
hypercholesterolemia: patients with total cholesterol
level > 200 mg/d; (e) patients with low HDL-C: < 40 mg/
dL in men or <50 mg/dL in women; (f) hyper-
triglyceridemia: patients with serum triglycerides
levels > 150 mg/dL.

Statistical analysis

Data were analyzed using SPSS version 16.0 (SPSS Inc,
Chicago, 1lI) software. Continuous variables were
expressed as the mean + SD or SE. The Shapiro—Wilk test

Table 1 Immunohistochemical antibodies used in order to characterize the in situ expression of the mineralization markers and inflammation.

Antibody Characteristics Target

RANK-L Rabbit monoclonal clone 12A668; AbCam, Cambridge, Control bone regeneration and remodeling by
UK osteoclast activation

Calmodulin Mouse monoclonal, clone 2D1; ThermoFisher Calcium-binding protein involved in bone

Scientific, Waltham, MA, USA
Osteopontin
Littleton, CO, USA

Mouse monoclonal, clone 1B20; Novus Biologicals,

mineralization
Non-collagenous proteins present in bone matrix and
involved in the assembly of hydroxyapatite

Sclerostin Rabbit monoclonal, clona N/A; AbCam, Cambridge, UK Glycoprotein secreted by osteocyte that inhibit
osteoblastogenesis
B-catenin Mouse monoclonal, clone 14, Ventana, Tucson, AZ, USA Protein involved in both osteoblastogenesis and
osteoclastogenesis
VDR Rabbit polyclonal clone NBP1-19478; Novus vitamin D receptor involved in the uptake of calcium
Biologicals, Littleton, CO, USA
BMP-2 Mouse monoclonal, clone 1A11; Novus Biologicals, Osteoblast induction factor
Littleton, CO, USA
BMP-4 Rabbit polyclonal clone AB39973; AbCam, Cambridge, Osteoblast induction factor
UK
CD68 Rabbit Monoclonal, clone KP-1; Ventana, Tucson, AZ, Anti-human monocytes — macrophages
USA
CD3 Rabbit Monoclonal, clone 2GV6; Ventana, Tucson, AZ, Anti-human T cell

USA
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was used to statistically assess the normal distribution of
the data.

In order to assess the univariate differences in contin-
uous variables when stratifying the cohort according to
plaque stability (stable and unstable) we employed the
Student t-test for independent samples or the Mann
Whitney-U test (if the distribution was not normal). Cat-
egorical data were analyzed using the chi square test. As-
sociation between density (number x mm?) of monocytes/
macrophages cells and that of T-lymphocytes in the carotid
plaques was analyzed by linear regression and the degree
of association was evaluated in terms of R? as well as in
terms of the p-value associated with the regression
coefficient.

Finally, we employed multivariate logistic regression to
identify independent markers which displayed significant
associations with the stability of plaques (stable vs un-
stable). In detail, the model included all immunohisto-
chemical markers as well as age and gender (as nuisance
covariates) as independent variables, and plaque stability/
instability as dependent variable. Similarly, in order to
speculate about the mechanisms by which each risk factor
may influence plaque calcification, we employed separate
general linear models which included each immunohis-
tochemical marker as dependent variable and the presence
or absence of a single risk factor as well as age and gender
(as nuisance covariates) as independent variables. A 2-
tailed p value <0.05 was considered statistically
significant.

Results
Clinical data

The main clinical characteristics of our patient population
are reported in Table 2. The age of the patients included in
the study was 68.69 + 7.59, min 54 max 80 years. In
particular, the average age of patients with stable plaques
was 70.35 + 6.55 y, whereas the average age of patients
with unstable plaques was 66.24 + 7.59 y. No significant
differences in the age (p = 0.06) and gender (p = 0.20)
were found between stable and unstable plaque groups.
Also, 75.0% of patients were hypertensive (39/52) while
53.8% were hypercholesterolemic (28/52). The other risk
factors considered in the study showed an incidence in the
range of 23.7% (hypertriglyceridemia) to 46.2% (smoking
habit). No significant differences were observed between
patients with stable and unstable plaques.

Markers of plaque calcification

In the atheromatic plaques, mineralization markers
showed variable expression. Among these, sclerostin and
osteopontin were expressed in all plaques, with a ratio
sclerostin/osteopontin ~2:1 (30.11 % 2.23 vs 15.83 £ 1.11
positive cells/mm?). Both sclerostin and osteopontin were
expressed by cells with macrophage/osteoblast-like
phenotype.

RANKL (Receptor activator of nuclear factor kappa-B
ligand) expression was observed only in 18 cases (34.6%),
in which it was expressed only by cells showing a
macrophage/osteoblast-like phenotype in less than 10% of
analyzed cells. B-Catenin and Vitamin D Receptor (VDR)
were respectively positive in the 61.5% and 86.5% of all
plaques.

Among positive plaques, the abundance of positive cells
to the different markers analyzed was variable: VDR and
Bone Morphogenetic Protein (BMP) 4 were frequently
expressed in both stable and unstable plaque, whereas a
small number of cells expressed B-catenin (8.38 &+ 1.20
positive cells/mm?) and calmodulin (9.44 + 1.48 positive
cells/mm?).

The results from logistic regression using plaque sta-
bility as a dependent variable are reported in Table 3. This
analysis revealed a significant association between plaque
instability and the expression of BMP-2 and B-catenin. In
detail, higher BMP-2 was positively related with plaque
instability (p = 0.04) whileB-catenin was significantly
more expressed among stable plaques (p = 0.01). In
regression analysis between inflammation markers, a sig-
nificant association was found between density
(number x mm?) of monocytes/macrophage cells and of T-
lymphocytes in carotid plaques (1> = 0.30, p < 0.01). At
univariate analysis, the number of monocytes/macro-
phages and that of lymphocytes was significantly higher in
unstable plaques as compared to stable one (p < 0.01 in
both cases). No other significant results were found at
univariate analysis.

Association between molecular markers and risk factors

We employed separate general linear models which
included each immunohistochemical marker as dependent
variable and the presence or absence of a single risk factor
as well as age and gender (as nuisance covariates) as in-
dependent variables. In detail, the average number of VDR
positive cells was lower in patients affected by hyperten-
sion, irrespective of age and gender (36.15 & 4.19 positive
cellssmm? in patients affected by hypertension vs
57.54 + 9.13 positive cells/mm? in patients without hy-
pertension; p < 0.0001). Also, average RANKL value was
higher in the presence of diabetes, irrespective of age and
gender (5.80 + 6.56 positive cells/mm? in diabetic patients
vs 1,92 + 4.27 positive cells/mm? in non diabetic patients;
p = 0.047). No other significant associations between
biomarkers and risk factors were found.

Discussion

Our study clearly demonstrates the expression of miner-
alization markers in atheromatic plaques. Indeed,
excluding RANKL, all investigated markers were expressed
in at least 60% of cases.

The presence of calcium mineral depositions in the
tissues is frequently associated to degenerative processes
involved in several pathological conditions such as cancer,
chronic inflammation and atherosclerosis [4—6,8]. As



1334

M. Scimeca et al.

Table 2 Clinical characteristics of patients.

All patients (N = 52) Asymptomatic patients with Symptomatic patients with p
stable plaques (N = 31) unstable plaques (N = 21)

Age (mean + SD) 68.69 + 7.59 70.35 £ 6.55 66.24 + 7.59 0.05
Gender

Male 37 (71.2%) 20 (64.5%) 17 (81.0%)

Female 15 (28.8%) 11 (35.5%) 4 (19.0%) 0.20
Risk factors
- Hypertension 39 (75.0%) 22 (71.0%) 17 (81.0%) 0.41
- Diabetes 15 (28.8%) 9 (29.0%) 6 (28.6%) 0.97
- Smoking habit 24 (46.2%) 14 (45.2%) 10 (47.6%) 0.86
- Hypercholesterolemia 28 (53.8%) 16 (51.6%) 12 (57.1%) 0.69
- Low HDL 16 (30.8%) 7 (22.6%) 9 (42.9%) 0.12
- Hypertriglyceridemia 17 (23.7%) 9 (29.0%) 8 (38.1%) 0.49
- Obesity (BMI > 30) 10 (19.2%) 6 (19.4%) 4(19.2%) 0.98
Previous cardiovascular diseases
- Myocardial infarction 11 (21.2%) 6 (19.4%) 5 (23.8%) 0.70
- Obstructive arteriopathy 5(9.6%) 3(9.7%) 2 (9.5%) 0.98
- Abdominal aneurism 2(3.8%) 1 (3.2%) 1 (4.8%) 0.78
Previous therapy
- Statins 26 (50.0%) 15 (48.4%) 11 (52.4%) 0.78
- Anti-hypertensive drugs 35 (67.3%) 20 (64.5%) 15 (71.4%) 0.60

concern the atherosclerosis, calcium crystals are often
detected into atheromatic plaques by radiological investi-
gation due to their presence can predict a higher risk of
cardio and cerebrovascular diseases and death [24]. In this
scenario, the needed to know how plaque structure,
composition, and stability lead to developing cardiovas-
cular events has accelerated the search about the biolog-
ical mechanisms of the formation of plaque calcifications.
Recent studies support the notion that the process of
calcification involves the participation of arterial osteo-
blasts and osteoclasts mimicking the physiological process
of mineralization that occurs in bone.

Interestingly, osteopontin, a protein that actively par-
ticipates in the assembly of HA [25], was detected in 100%
of analyzed plaques. This evidence, as already proposed by
Ling and colleagues [26], underlines the connection be-
tween bone metabolism markers and vessel atheroscle-
rosis disease], providing a scientific rationale for the
comprehension of specific mechanisms involved in the
formation of calcification into the atheroma.

It is interesting to note that multivariate analysis dis-
played significant associations between a) the expression
of BMP-2 and unstable plaques and b) the expression of -

catenin and stable plaques. BMP-2 is a protein belonging to
the TGFB superfamily involved in several biological pro-
cesses such as morphogenesis, cell differentiation, cell
growth, epithelial to mesenchymal transition and
apoptosis [27]. In the bone environment, it is considered to
be one of the most powerful osteoblast differentiation
factors [27]. BMP-2 is able to recruit and to differentiate
the mesenchymal stem cells into mature osteoblasts. In
light of this, we can speculate that plaque instability
related to massive formation of HA crystals could be
induced by the BMP-2 over-expression.

In a previous study, we demonstrated by EDX analysis
that in nodular calcification that both micro and macro
calcifications were made of HA [8]. Nodular calcification is
an unstable plaque characterized by of an eruptive calci-
fied mass protruding into the lumen with an irregular
surface and discontinuity of the thin fibrous cap and an
overlying luminal thrombus [11,22]. Indeed, as reported by
Hutcheson et al., the deposition of calcifications in the
fibrous cap of atherosclerotic plaques lead to considerable
stress accumulation the destabilizing the plaque [28]. The
presence of mineral depositions in the fibrous cap creates
a mismatch in tissue properties and large stress

Table 3 Summary of associations between mineralization markers and plaque stability.

All plaques Positive cases Stable plaques Unstable plaques Multivar. analysis
A B AvsB
p-value
RANK-L 3.03 £ 0.73 18 (34.6%) 3.71 £ 1.02 2.05 + 1.00 0.85
Calmodulin 9.44 + 1.48 33 (63.5%) 9.97 £+ 1.77 8.67 £ 2.63 0.92
Osteopontin 15.83 £ 1.11 52 (100%) 15.38 £+ 1.36 16.48 + 1.91 0.67
Sclerostin 30.11 + 2.23 52 (100%) 29.90 + 3.06 3042 + 3.29 0.21
B-catenin 8.38 + 1.20 32 (61.5%) 10.29 + 1.68 5.67 + 1.48 0.01
VDR 41.50 + 4.05 45 (86.5%) 39.26 + 5.71 44.81 + 5.54 0.27
BMP-2 2227 +2.84 39 (75.0%) 18.61 + 3.21 27.67 £ 5.51 0.04
BMP-4 38.44 + 4.72 42 (80.8%) 34.51 + 5.89 4424 + 7.83 0.30

Results are reported as positive cells/mm? + SE.
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concentrations at the interface between cap and calcifi-
cations, and may lead to sudden rupture of the fibrous cap
[20,29,30].

Conversely, B-catenin has a role in both osteoblasto-
genesis and osteoclastogenesis [31]. Specifically, several
scientific evidences indicated that B-catenin signals in
osteoclast precursors were required for their proliferation
and differentiation, whereas the sustained activation of -
catenin signals inhibited osteoclast formation favoring the
osteoblastogenesis. The higher expression of f-catenin in
stable plaques rather than unstable one could reflect this
double role of B-catenin. Indeed, it is possible to hypoth-
esize that the activation of both osteoblast and osteoclast-
like cells prevents the massive deposition of calcium
minerals into the plaques in a process similar to bone
remodeling. Despite the limited number of analyzed
samples, our study also showed that some mechanisms
involved in plaque calcification can be specific for the
different cardiovascular risk factors analyzed. In this
context, we found several significant associations between
in situ biomarker expression and the presence of the main
cardiovascular risk factors. In detail, we found a significant
negative association between hypertension condition and
the VDR expression in the plaques. VDR is a member of the
nuclear receptor family. Upon activation by activated
vitamin D, the VDR forms a heterodimer with the retinoid-
X receptor and binds to hormone response elements on
DNA, resulting in expression of genes involved in
numerous physiological process mainly calcium uptake
and metabolism [32]. Data about VDR could reflect the
association between high blood pressure and hypo-
vitaminosis D frequently detected in aged patients [33].
Thus, the expression of VDR in atheromatic plaques could
be related to the 25-hydroxyvitamin D serum level rather
than taking part in the plaque calcification process. This
hypothesis is supported by the fact that we found no sig-
nificant differences in VDR expression between stable and
unstable plaques. Interestingly, we found an positive as-
sociation between RANKL expression and the presence of
diabetes. Many studies have already shown that diabetes is
a condition that causes a reduction of bone quality, espe-
cially by increasing the osteoclasts activity [34]. RANKL
represents one of the most important activators of osteo-
clasts therefore the increase of RANKL expression in pla-
ques of diabetic patients may reflect a systemic condition
frequently associated to the occurrence of osteoporosis.

Study limitations

In order to speculate about the mechanisms by which each
risk factor may influence the plaque calcification, we
employed separate general linear models which included
each immunohistochemical marker as dependent variable
and the presence or absence of a single risk factor as well
as age and gender (as nuisance covariates) as independent
variables. We therefore did not examine possible in-
teractions between risk factors. However, the significant
associations that we found between in situ biomarkers
expression and the main cardiovascular risk factors, can

form the basis for explaining how hypertension, diabetes,
hypercholesterolemia as well as other risks factors may
induce plaque calcification. In particular, the associations
between risk factors and in situ biomarkers may help to
better identify differential mechanisms involved in the
formation of plaque -calcifications, which should be
addressed in ad-hoc future studies. Finally, it should be
noted that several significant statistical associations
reached a nominal significant p value that may not survive
adjustment for multiple comparison, and therefore these
results will require further validation and confirmation.

Conclusion

The in situ expression of the main mineralization markers
confirms the hypothesis that the process of atherosclerotic
plaques calcification presents many similarities with the
physiological process that occurs in bone, involving both
osteoblasts- and osteoclasts-like arterial cells. Plaque
calcification has been demonstrated to be a predictor of
future vascular events as it represents an important factor
of plaque destabilization, favoring its rupture and throm-
bosis. Our results suggest that risk factors cause the
destabilization of the atheromatic plaque, favoring not
only the inflammation, but influencing the calcification
process. These scientific evidences can lay the foundation
for the development of new in vivo diagnostic analyses
based on the identification of different calcification type
into atheromatic plaques. In this context, molecular im-
aging investigations, based on the use of radiotracers
incorporated in the structure of HA, could provide essen-
tial information to discriminate calcifications actively
produced by osteoblast-like cells, and linked to plaque
instability, from those related to necrotic degenerative
process.
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