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Abstract

Increasing evidence suggests a common physiological process for bone and coronary artery calcification (CAC), implying the role of bone
metabolism markers in subclinical atherosclerosis development. However, the association between bone turnover markers and the development
of CAC has remained controversial, as seen in various studies. Because CAC measurement has both financial burden and radiation exposure
risk in individuals with suspected cardiovascular disease (CVD), applying the diagnostic role of osteogenic markers in predicting abnormal CAC
would improve treatment adherence and reduce the rate of CVD mortality. In this review, we begin by describing the current understanding
of the molecular mechanisms of bone markers in the etiology of CAC. Furthermore, we summarize bone-associated regulatory factors at the
molecular level as novel therapeutic targets for CAC. In addition, we focused on the current results on the prognostic role of novel mediators
of osteogenic activity in determining the risk of CAC as a preclinical factor of atherosclerotic CVD. Accumulating evidence suggests the role of
bone marker-mediated pathways in the progression of CAC, which may lead to early diagnosis of CVD complications and the establishment of
innovative targets for pharmacological therapy. Indeed, miRNAs and IncRNAs, as novel therapeutic interventions, can be a research priority in
regulating bone metabolism at the gene expression level to attenuate high CAC and improve CVD outcomes.
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INTRODUCTION atherosclerosis outcomes. The baseline coronary artery
calcium score is the most robust marker in the subclinical
prediction of calcium in the walls of the heart’s arteries,
which is a significant factor in increasing the risk of CAD.??

Coronary artery calcification (CAC) is a prominent feature of
atherosclerosis and is not the only principal cause of coronary
artery disease (CAD) but also leads to increased mortality and
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Using the coronary artery calcium score, individuals can be
appropriately classified based on CAC categories that predict
atherosclerotic cardiovascular disease in both sexes, ages,
and races with similar magnitude impacts. Hence, preventive
therapy may be beneficial for patients with elevated risk
of CAC.F Accordingly, the potential role of CAC in the early
diagnosis of patients with CAD burden will substantially reduce
mortality and provide suitable care. Clinical studies have
confirmed that artery mineralization is an active, complex
process similar to bone formation, as both appear to share
common signaling pathways, transcription factors, and
extracellular matrix mediators. An emerging body of evidence
suggests that bone markers, including matrix Gla protein (MGP),
osteocalcin (OCN), osteoprotegerin (OPG), receptor activator
of NF-kB ligand (RANKL), osteopontin (OPN), fetuin-A, bone
morphogenetic proteins (BMPs), and alkaline phosphatase
(ALP), could be considered as predictors of CAC prevalence.l:¥
However, the association between bone turnover markers and
the development of CAC has remained controversial, as shown
in various studies.'*'% As the prediction of artery calcification
is related to the concentration of bone metabolism markers
and leads to early diagnosis of individuals at high risk of
developing CAC, this review discusses the potential role of
bone metabolism markers in stratifying the risk of CAC. The
molecular mechanisms of bone turn over markers in the
etiology of CAC and bone-associated regulatory factors at the
molecular level were investigated as novel therapeutic targets
for coronary calcification.

1. Bone Metabolism Markers and Mechanistic Insights into
Coronary Artery Calcification

In the majority of human tissues, including bone (osteoblasts)
and the vasculature (endothelial and vascular smooth muscle
cells, or VSMC), OPG, a soluble glycoprotein, is widely expressed.
71 tumor necrosis factor (TNF)-related apoptosis-inducing
ligand, which is expressed by VSMCand T cells, is bound by OPG,
a member of the TNF family, to counteract its pro-apoptotic
effects.'® RANK receptors, which are found on the surface of
osteoclasts, monocytes, and dendritic cells, are coupled to
RANKL, which is expressed in osteoblastic, stromal, and T-cells.
[ The interaction can initiate intracellular signaling cascades,
including the NF-kB pathway, and initiate the activation of
osteoclast differentiation.?) OPG can compete with RANKL for
binding to the receptor and prevents RANK/RANKL interaction,
thereby inhibiting osteoclast differentiation and bone
resorption is the outcome.l' Since several similarities were
observed between osteoporotic bone loss and arterial mineral
accumulation, OPG and RANKL were suggested as key markers
involved in CAC®'# (Figure 1). Fetuin-A is a glycoprotein that is
synthesized in the liver and mainly found in bone tissue. It plays
an important role in bone mineralization.?>?! This protein is a
carrier of lipids in the blood and can mediate inflammatory
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responses.?>? Fetuin-A binds to TGF-f and BMP, inhibits bone
mineralization, and is considered a calcification inhibitor.
27281 Because the binding ability of fetuin-A to calcium and
phosphorusinthe circulation could enhancetheirsolubilityand,
in turn, inhibit coronary calcification, this protein was noticed
as a candidate marker for assessing the risk of CAC.) The most
prevalent non-collagenous peptide in the mineralized matrix
of bone is OCN. OCN has been shown to be a marker of arterial
calcification, and compared with healthy controls, patients
with coronary atherosclerosis have higher levels of OCN on the
surface of their endothelial progenitor cells (EPC).EY Endothelial
cells, fibroblasts, VSMCs, and chondrocytes express MGP, a 14-
kDa y-carboxylated protein that was first isolated from bone.
This protein contains five glutamine and three serine residues.
To become fully functional, MGP must be phosphorylated and
undergo a glutamate carboxylation process that is dependent
on vitamin K. MGP potentially acts in several ways to
regulate calcium deposition.B” The mechanism for the strong
calcification inhibition activity of MGP was explained by Price
et al.P4, who suggested that further calcium precipitation could
be prevented by binding MGP to the calcium phosphate crystal
nuclei. The other mechanism for the inhibitory effect of MGP
on calcification is the binding of MGP to bone morphogenetic
protein-2 (BMP-2) and its inactivation of this pro-mineralization
factor.’®@ Bone morphogenetic proteins (BMPs) are derived
from the -B like growth factors family. BMPs are secreted by
endothelial cells, smooth muscle cells, and foamy cells in
atherosclerotic vascular areas.P! Because they contribute to
calcification, BMP-2, BMP4, and later BMP 5, 6, and 7 have the
highest correlation with vascular disease among the proteins in
this family. BMP-2 is a crucial molecule that controls vascular
calcification and bone development.P OPN is an extracellular
matrix protein that functions as a proinflammatory cytokine. In
addition to binding to osteoblasts, OPN is also involved in most
systemic inflammatory processes and tissue remodeling.B% It
has been indicated that OPN is a potent calcification inhibitor
because it can potentially increase the speed of calcium and
other mineral dissolution by accelerating the expression of
monocyte’s carbonic anhydrase Il enzyme and acidifying the
extracellular surrounding.BV ALP is a ubiquitous enzyme found
in most tissues. ALP increases the level of phosphate in the
extracellular surroundings.P¥ Binding calcium to these extra
phosphates induces calcification via the formation of calcium
crystals.Bo40l

2. Molecular Factors Involved in Bone Metabolism Regulation
as Therapeutic Targets in CAC

Over the last few years, noncoding RNAs (ncRNAs) have been of
interest as novel therapeutic targets because they contribute to
cellular processes by regulating gene expression "% Although
a number of blood markers have been linked to an elevated
risk of cardiovascular endpoints, few have been demonstrated
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Figure 1: RANKL-RANK interactions initiate intracellular signaling cascades including NF-xB required for osteoclast differentiation
and activity. OPG can compete with RANKL for binding to the receptor and inhibits RANK/RANKL, thereby preventing osteoclast
differentiation and bone resorption. MGP binds to BMP-2 and inactivates this pro-mineralization factor. Among other effects,
BMP-2, a member of the transforming growth factor-beta (TGF-beta) superfamily, promotes osteogenic conversion of VSMCs via
the MSX2 transcription factor. BMP-2 5, 6, and 7 have the highest association with vascular disease due to their contributing role in
calcification. Fetuin-A binds to TGF-f3 and BMP and prevents bone mineralization and calcification. High levels of OCN are located
on the surface of endothelial progenitor cells (EPC) in coronary atherosclerosis. OCN can be undercarboxylated (ucOCN) due to low
activity of the vitamin K-dependent carboxylase enzyme or vitamin K deficiency. ucOCN has less affinity to hydroxyapatite and is
more readily released into circulation than OCN. It was indicated that OPN is a potent inhibitor of calcification as it can potentially
increase the speed of calcium dissolution and other minerals by accelerating the expression of monocyte™s carbonic anhydrase
Il enzyme and acidifying the extracellular surrounding. ENPP1 could hydrolyze extracellular ATP and release PPi, which inhibit
hydroxyapatite crystals by binding to their Pi sites, leading to prevent vascular mineralization. Decorin regulates transforming
growth factor-g activity. During atherosclerosis and restenosis, extracellular decorin associates with SMC and collagen types | and
[Il'in the fibrous cap and with SMC and macrophages in the core region

RANKL: Receptor-activator of NF-kB ligand, OPG: Osteoprotegrin, MGP: Matrix gla protein, OCN: Osteocalcin, ucOCN: Undercarboxylated

osteocalcin, OPN: Osteopontin, BVIP-2: Bone morphogenetic protein-2

to have significant clinical implications or diagnostic value that
would influence patient care.! As a result, novel biomarkers
that can be utilized to evaluate the likelihood of atherosclerosis,
the advancement of CAD, and the effectiveness of treatment are
highly sought for.”# Numerous studies have demonstrated the
tightrelationship between regulatory ncRNAs, such asmicroRNAs
(miRNAs) (miRNA/mIRs), short interfering RNAs (siRNAs), and
long non-coding RNAs (IncRNAs), and the occurrence and
progression of cardiovascular disorders. Recent studies on
IncRNAs and miRNAs in cardiac disease have advanced rapidly.
I MiRNA and IncRNA expression signatures in tissues and blood
may play a role in disease diagnosis, prognosis, and treatment
evaluation. In the cardiovascular system, ncRNAs are critical
for the development of the heart and arteries as well as for
the pathophysiology of cardiac disorders like CAD.'*" Because

of their regulatory function in disease development, ncRNAs-a
class of genetic, epigenetic, and translational regulators-ontain
both short and long transcripts and offer fascinating potential
as biomarkers.[”l Because ncRNAs, particularly miRNAs and
INCRNAs, are persistent in bodily fluids like plasma, they
may be used as disease biomarkers. Numerous studies have
demonstrated the important roles of certain miRNAs and
INCRNAs in the development of the heart and arteries as
well as in the pathophysiology of the heart. To identify novel
targets for the therapy of heart disease, we have compiled the
most recent research findings here, with an emphasis on the
molecular mechanism of miRNAs and IncRNAs in CAD. Small
noncoding ribonucleic acid molecules called miRNAs, which
have a length of 20-22 base pairs, are essential for controlling
posttranscriptional levels of gene expression because they can
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either prevent mRNA translation or cause mRNA destruction. In
rare circumstances, miRNAs may improve a gene’s transcription
or translation of a gene, increasing the amount of the protein
product.!" A growing body of research indicates that miRNAs
play a crucial role in controlling important signaling and lipid
homeostasis pathways that change the ratio of atherosclerotic
plaque advancement to reversal.'” Crucially, miRNAs are
involved in the control of endothelial cell inflammation and
plaque development, in addition to lipoprotein metabolism.
0617 Furthermore, leukocyte recruitment-one of the first
harmful processes in atherosclerosis-is regulated by miRNAs.
07 In accordance with the ncRNA classification, IncRNAs are
defined as ncRNAs longer than 200 base pairs. Despite the fact
that the majority of IncRNAs have an unknown function, it is
now evident that these molecules play crucial roles in many
biological processes. InCRNAs can control gene expression
programs by a number of methods, including alternative
splicing, posttranscriptional gene regulation, epigenetic
alterations of DNA, and mRNA stability and translation.['8]
Considering their well-established functions in transcriptional
control, IncRNAs are essential for many cellular processes, such
as development, migration, apoptosis, and proliferation.[']
Because IncRNAs are now known to modulate the expression
of genes that encode proteins, they can either favorably or
adversely affect the expression of the genes they target.

Recently, the results of an animal study demonstrated that
miR103a could reduce osteogenic trans-differentiation in
VSMCs by inhibiting the expression of Runx2, an osteogenesis
transcription factor that induces calcification. As it was
indicated that Runx2 levels are significantly enhanced in
calcified atherosclerotic plaquest®!, inhibiting the expression of
this transcription factor could be a research priority to identify
promising combinations between related miRs and CAC
incidence. Similar to the results of this study, another in vitro
study showed that inhibiting miR32 could remarkably decrease
the levels of Runx2 as well as the levels of BMP2, OPN, and MGP;
therefore, vascular calcification was attenuated.[*! Interestingly,
the result of an experimental study in 2021 showed that miR-
223-3p could target the interleukin-6 (IL-6)/STAT3 signaling
pathway and inhibit the osteogenic switch in VSMCs, thereby
finding the associated miRs with STAT3 signaling pathway could
potentially target atherosclerotic vascular calcification and can
be considered a novel pharmacological intervention for CAC
treatment.[*’]

Lately, a study by Wicik et al.l’l applied correlation network
analysis of 51 women that 21 of them had high CAC score and
identified four bone metabolism genes, including PTGER3,
FGFR1, ONECUT2, and SGCD, as the most contributed genes
with other regulators of CAC. As demonstrated by the results
of this study, the interaction of miRs and IncRNAs with these
genes and signaling pathways could be considered novel
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therapeutic targets for reducing high CAC scores and improving
cardiovascular disease (CVD) outcomes among patients.[
PTGER3 contributes to the formation of prostaglandin receptors
and the calcium signaling pathway, which can play an important
role in cellular processes related to calcification in the arterial
walls.#48 An emerging body of evidence from an in vivo study
indicated that PTGER3 is less expressed during osteogenic
activity and atherosclerosis, suggesting that manipulation of
this gene expression could be a therapeutic target in altering
the calcium signaling pathway during CAC.# Furthermore,
FGFR1 plays a crucial role in bone calcification by acting as a
receptor for FGF23, a bone-derived hormone that regulates
the level of phosphate. The inhibition of FGFR1 expression
leads to dysfunction in phosphate concentration and elevated
calcification levels. Thus, targeting the expression of FGFR1 as a
modulator factor could lay the foundation for novel therapeutic
interventions against CAC."* The cumulative result of a study in
an animal model demonstrated that SGCD contributes to the
intracellular pathway related to calcification and myocardial
dysfunction by regulating the signaling pathways in the cardiac
muscle membrane.? Moreover, it was shown that ONECUT2
is a key driver in the molecular process of advanced CAD and
aortic valve calcification, and interfering with the expression of
FGFR1 and PTGER3 plays a role as a novel key regulator of CAC
incidence.[651]

3. Prognostic Role of Osteogenic Activity Mediators in
Determining the Risk of CAC

This review identified numerous observational studies
investigating the association between OPG level and CAC risk in
three different populations, including asymptomatic subjects,
patients with type 2 diabetes, and individuals with a history
of CVD.

3.1. Association between OPG and CAC in individuals with
type 2 diabetes

According to a prospective cohort study involving 510 patients
with type 2 diabetes, OPG was found to be an independent
significant marker for predicting the risk of CAC [odds ratio
(OR) = 2.84 (2.2-3.67), P < 0.01].) The cumulative results
from the cross-sectional studies demonstrated the significant
contribution of elevated OPG levels in identifying the enhanced
risk of CAC incidence.’>> On the other hand, a clinical study
with 168 participants reported that OPG was not correlated
with CAC incidence.” However, the causality relationship
between CAC and OPG could not be confirmed by these cross-
sectional studies, and the strong association between OPG and
CAC among patients with type 2 diabetes should be further
evaluated in prospective cohort studies and clinical trials with
larger sample sizes. The characteristics of the included studies
are presented in the Table 1.
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Table 1: Characteristics of the studies evaluating the association between bone turnover markers and CAC

Author (year)

Country

Age
(year)

Population

Study design

Follow-up

Marker

Main finding

Reference
number

Anand
(2006)

UK

52.7

T2DM free of
symptoms of
cardiovascular
disease

Prospective
cohort, n=510

18+5
months

OPG

OPG levels
retained a strong
association with
elevated CAC
scores.

(9]

Berezin
(2013)

Ukraine

58.3419.60

Subjects with
documented
asymptomatic CAD

Prospective
cohort, n=126

OPG
OPN

OPG and OPN
independently
associated with
coronary artery
calcification.

[59]

Ishiyama
(2009)

Japan

60.85

T2DM

Cross-sectional,
n=168

OPG
OPN

OPG was not

a significant
independent
determinant of
CAC.

OPN was a
significant
independent
determinant of
CAC.

[55]

Jung
(2009)

Korea

57.2+11.2

T2DM

Cross-sectional,
n=110

OPG

CACand OPG
were significantly
correlated with
each other.

[52]

Maser
(2015)

USA

62.5

T2DM

Cross-sectional,
n=50

0PG
OCN
ucOCN

OPG is a useful
serum biomarker
for identifying
those at increased
risk of arterial
calcification. OCN
and ucOCN were
not significant
marker for CAC.

[53]

Pesaro
(2018)

Brazil

57.95

Asymptomatic
subjects

Cross-sectional,
n=130

0PG
MGP
RANKL
Fetuin-A

MGP and RANKL
were associated
with CAC.

No association was
found between
OPG or fetuin-A
and CAC burden.

(58]

Diederichsen
(2017)

Denmark

55.39£5.01

Asymptomatic
subjects

Prospective
cohort, n= 1006

5 years

OPG

OPG has no
predictive value
for CACamong
asymptomatic
subjects.

[57]

Mohammadpour
(2012)

Iran

56.52£11.05

CAD

Cross-sectional,
n=50

OPG
RANKL

OPG level and
RANKL/OPG ratio
was correlated
with CAC, but
RANKL was not a
significant marker.

22]

Lieb
(2010)

USA

61

Free of CVD

Prospective
cohort
(Framingham
Study), n=3250

4.6 years

OPG
RANKL

Prevalence of CAC
increased non
significantly with
RANKL quartiles.
OPG quartiles
showed a weak
association with
CAC prevalence.

[54]

95 I



Bone Markers and Coronary Artery Calcification

Int | Cardiovasc Acad 2024;10(4):91-101

Table 1: Continued

and decorin was
observed.

Age . . s Reference
Author (year) Country (year) Population Study design Follow-up | Marker | Main finding number
Fetuin-A is
inversely
associated with
Cohort [Multi- CAC severity, while
IX Free of CVD i . no associations
USA 62410 ethnicstudy OF 1 3 2years | FetuinA | were found [29]
(2012) .
(MESA)], n= 2457 between fetuin-A
and CAC incidence
or
progression.
X Fetuin-A was
USA 70£11 Free of CVD Cohort, n=1375 | 4.6 years Fetuin-A | associated with 12
(2011)
CAC severity.
. OPG is
Abedin Prospective independently
USA 44.75 Free of CVD Cohort (Dallas 2 years 0PG . . [56]
2007 _ associated with
(2007) study) , n= 3386
’ CAC.
Strong and
. independent
(Ezs(t)ﬁ%‘amat Iran 5684112 | CAD ﬁr:(’%';ed'ona" 0PG association [60]
between CCS and
OPG.
BMP-2, BMP-7
Nazemi CAD Cross-sectional BMP-2 were significantly
+ ’ h °
(2018) Iran 57.2£10.2 n=83 BMP-7 associated with [10]
CAC.
ALP was a
Panh Crosssectional, Aoy
+ n=500
2017) France 60.9+10.8 Free of CVD OCN and UCOCN were [65]
ucOCN not associated
with CAC.
CACand
. . ucMGP was not
g(s)gl(;))va—Kaneva Bulgaristan | 62.12£12.00 | CVD ﬁr:o;sg—sectlonal, ucMGP | significantly [68]
associated with
each other.
OPN was
significantly
uz Suspected CAD Cross-sectional OPN correlated with
+ : ' ;
(2009) Turkey 49.5£109 patients n=64 Fetuin-A | CAC, but fetuin-A [14]
was not associated
with CAC.
ENPP1 was
Mohammadpour 57.13£10.7 Cross-sectional, significantly
(2018) Iran (AD n=83 ENPPT associated with (7]
CAC.
Sclerostin was
Kuipers Trinidad n o Case-control, .| asignificant
(2015) and Tobago 62.9+8 Afro-Caribbean men n=191 Sclerostin associated factor [72]
for CAC.
No signiﬁcant
Nazemi 24102 C Cross-sectional, . ESSOC'a“OCn C 0
2018) Iran 57.2410. AD =84 Decorin etween CA [70]
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Table 1: Continued

Age . . s Reference
Author (year) Country (year) Population Study design Follow-up | Marker | Main finding number
The correlation
Mori Recently underwent | - ' oo between CAC
Japan 62.4+10.4 coronary _ ' Fetuin-A | and Fetuin-A [61]
(2010) . n=92 ret
angiography was indicated
significant.
ucOCN and
. . CAC were
Okura Japan 61 Essential . Cr_oss-sectlonal, UCOCN independently [67]
(2010) hypertension n=92 . .
associated with
each other.
- enrt OCN ucOCN was
(Czho(; 5) Korea 51.8+8.2 A;K{Eﬁgfmlc ﬁr:o1szzsect|onal, associated with [66]
P ucoCN CACin men.
. MGP was an
Jono Japan 64111 Suspected CAD Crf)ss-sect|ona|, MGP associated marker | [7]
(2004) patients n=115 .
for CAC severity.
A CAC progression
Krainc ' . 3 18 months . was independently
2019) Slovenia 59+8 T2M Cohort, n=45 Fetuin-A | ~C ciated with [62]
Fetuin-A.
T2DM: Type 2 diabetes, CAC: Coronary artery calcification, CVD: Cardiovascular disease, CCS: Coronary calcium score, CAD: Coronary artery disease, OPG:
Osteoprotegrin, MGP: Matrix gla protein, ucMGP: Undercarboxylated MGP, OPN: Osteopontin, OCN: Osteocalcin, ucOCN: Undercarboxylated osteocalcin,
BMP: Bone morphogenetic protein, ALP: Alkaline phosphatase, RANKL: Receptor-activator of NF-kB ligand

3.2. OPG and CAC risk in asymptomatic patients

The association between CAC and plasma OPG was evaluated
in a Dallas heart study among 3,386 participants, and it was
demonstrated that elevated OPG levelsindependently enhanced
the risk of CAC prevalence by 39%.5% In addition, multivariate
analysis by a prospective cohort study in a population of 3250
asymptotic subjects indicated that OPG quartiles could weakly
increase the prevalence of CAC and suggested serum OPG
concentration as a predictive marker for CVD and mortality in
the clinical health care system." In contrast, the incidence odds
ratio for coronary artery calcium score at baseline and follow-
up was evaluated using the OPG level in 1006 individuals and
revealed that OPG was an insignificant factor for CAC incidence.
571 Likewise, in a cross-sectional study with a population of 130
subjects, no significant association was found between OPG and
CAC among asymptomatic individuals.®® Overall, OPG might
be a potential predictor of the risk of CAC, thereby identifying
subclinical CVD burden.

3.3. Association between OPG and CAC risk in patients with
CAD

Asobserved in studies on patients with CAD, a positive significant
association was demonstrated between OPG and the incidence
of CAC. The cohort study involving 126 patients with CAD
indicated a positive correlation between OPG and CAC, in which
elevated OPG levels could enhance the prevalence of CAC by
45%.5% The study by Esteghamat et al.®! recruited 155 subjects

and demonstrated that OPG could be an independent detector
of CVD mortality by predicting CAC prevalence. On the other
hand, a study by Mohammadpour et al.?? involving 50 patients
with ischemic coronary disease reported a significant negative
association between serum OPG and total CAC (P = 0.03,
Correlation coefficient=—0.468), suggesting a protective effect
of OPG on vascular calcification. They claimed that although
OPG could not be a diagnostic marker for CAC incidence, the
RANKL: OPG ratio might be a diagnostic marker for evaluating
the risk of CAC in patients with a previous history of CAD.?2
Owing to limited and controversial findings, the ability of OPG
to predict coronary artery calcium scores in CVD patients has
yet to be established.

4. Association between RANKL and the Risk of CAC

Several studies have investigated the correlation between
RANKL and CAC and have indicated that RANKL cannot be
recognized as a reliable bone turnover marker for identifying
the risk of CAC. As observed in a study by Lieb et al.>¥ with a
population of 3250 individuals having no symptoms of CVD at
baseline, no significant correlation was confirmed between the
prevalence of CAC and the RANKL quartiles after 4.6 years of
follow-up. Furthermore, a cross-sectional study in 2012 found
no significant association between CAC and RANKL in patients
with ischemic heart disease.” In contrast, in a clinical study
by Pesaro et al.®l investigating osteogenic proteins among
170 participants without known CAD, RANKL was recognized
as a positive significant factor for the detection of CAC after
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fully adjusting for potential CVD confounders. Thus, a high
level of RANKL increased the risk of CAC [OR=1.75 (1.04; 2.94),
P = 0.03] and suggested RANKL as a novel marker for
identifying subclinical CVD burden among individuals. An
additional analysis conducted on 70 participants (40 acute Ml
patients and 30 controls) revealed that RANKL concentration
was not significantly correlated with M1 or 1-2 months post-MlI.
(531 Qverall, the results of the studies identifying the association
of RANKL or RANKL: OPG ratio with CAC were inconsistent and
inclusive. Hence, conducting additional clinical investigations
can benefit the existing gap and provide robust evidence.

5. Fetuin A Level and Elevated Incidence of CAC

The hypothesized relationship between fetuin-A and the severity
of CACand CVD burden has been widely investigated in clinical
settings. Accordingly, a prospective cohort study was conducted
on 1375 participants without known prevalence of clinical CVD,
and the protective effect of fetuin-A on CAC was determined.
Based on our results, 31% of the risk of CAC severity was reduced
by high levels of circulating fetuin-A."! Furthermore, a study
by Mori et al.’"l confirmed the protective effect of fetuin-A on
CAC by reducing the incidence of CAC by up to 46% in patients
who recently underwent coronary angiography. In addition, a
significant negative association between fetuin-A and relative
CAC progression was also verified in type 2 diabetic patients
comparing baseline and 18-month follow-up (coefficient for
the relative change in calcium score=-0.345, P = 0.02). As
demonstrated in a cross-sectional study of 88 non-dialyzed
individuals with diabetic nephropathy, enhanced prevalence
and severity of CAC were observed among individuals with
diabetic nephropathy compared with diabetic controls. Hence,
there was a direct, potent association between fetuin-A levels
and the CAC score (r=0.22, P = 0.038) which is dependent
on the status of nephropathy.® In line with these studies,
inversely independent associations were identified between
plasma fetal fetuin-A concentrations and CAC severity. For
each SD higher fetuin-A level, there was a 12% decline in CAC
severity in fully adjusted models for conventional risk factors
of CVD in addition to kidney function and lifestyle variables.
However, no association was found between fetuin-A and
the incidence or progression of CAC.?? Despite the observed
significant associations between fetuin-A and CAC in previously
described studies, a clinical study with 64 patients with
suspected CVD indicated no significant correlation between
fetuin-A and CAC incidence (r=0.17, P = 0.22). The result of
comparing the baseline data and a 7-year follow-up indicated
that serum fetuin-A concentrations were not associated with
the risk of cardiovascular events among 2647 individuals
recruited from the multi-ethnic study of atherosclerosis cohort
[HR=1.01 (0.84; 1.23)].7 Additionally, in a study by Pesaro et
al.b¥ an association between fetuin-A and abnormal coronary
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artery calcium score was not found in both univariate and
multivariate analyses.

6. OCN Connection to CAC Development

The possible association between carboxylated OCN (ucOCN)
and the incidence of CAC remains controversial. However, total
OCN did not significantly predict CAC development among
the evaluated studies. As observed in a cross-sectional study
recruiting 50 patients with type 2 diabetes, no significant
correlation was reported between CAC and OCN or ucOCN by
logistic regression analysis.’¥l Moreover, the study by Panh
et al.® among 500 asymptomatic participants indicated the
same results: neither OCN nor ucOCN was not associated with
abnormal coronary artery calcium score. However, ucOCN
was a significant indicator of CAC prevalence in two cross-
sectional studies. By investigating the relationship between CAC
incidence and ucOCN levels among 162 asymptomatic healthy
men, 29% of CAC prevalence was associated with ucOCN.[®
Likewise, in a population with essential hypertension, ucOCN
was responsible for 18% of CAC incidence, demonstrating that
ucOCN is a potential marker for predicting CVD outcomes.*”

7. MGP and Risk of CAC Incidence

Few studies have investigated the association between MGP
and carboxylated MGP and CAC development among patients
diagnosed with CVD and those without known CVD. Accordingly,
the multivariate analysis for MGP in 170 patients indicated that
MGP could increase the risk of CAC by more than triple times
(OR= 3.12 (1.20-8.11), P = 0.02). In parallel, the presence
of MGP among 115 patients with suspected coronary artery
disease decreased the severity of CAC (P < 0.001), suggesting a
contributing role of MGP in vascular calcification and reflecting
subclinical CVD diagnosis in clinical settings.”! However, an
increasing trend of ucMGP was observed with a high score of
coronary artery calcium among 99 patients with CVD, which
was not statistically significant in this cross-sectional study.®!
The causality relationship between MGP and CAC could not
be addressed by these cross-sectional studies and should be
investigated by high-quality prospective cohorts and clinical
trials.

8. The Relationship between OPN and CAC Development

OPN reflected a possible association with identifying CAC
burden and providing an opportunity for early diagnosis of
CVD incidence among patients. By comparing the data between
baseline and follow-up using Cox regression analysis, we found
that an elevated level of OPN can increase the risk of CAC by
14% among 126 individuals with a history of CAD.®! Likewise,
a cross-sectional study that recruited 64 patients with CAD
supported the positive association of OPN with CAC incidence.
4 Moreover, using linear regression analyses, the relationship
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between OPN and CAC was evaluated in patients with type 2
diabetes, indicating that OPN was a significant determinant of
coronary artery calcium score and CVD burden (P < 0.0001).55"

9. Association between BMP Levels and Abnormal Coronary
Artery Calcium Score

Because limited studies have evaluated the association
between BMPs and CAC, we obtained relevant cross-sectional
literature. This pilot study included 83 patients with CAD aged
>40 years. The plasma concentrations of BMP-2, BMP-7, and
the Agatston score were measured, and linear regression
analysis demonstrated a positive correlation of BMP-2 and
BMP-7 with total CAC (P < 0.001).' However, this association
should be verified by additional cohort studies that recruit a
large number of individuals.

10. ALP and CAC risk

As observed in a cross-sectional study that evaluated the tertiles
of ALP and calcium scores among 500 individuals without any
signs of CAD, high ALP levels could be considered a potential
risk factor for coronary calcification [OR=3.84 (2.01-7.54),
= 0.001]. In order to identify the risk of high coronary artery
calcium scores among patients under statin therapy and
without a statin, logistic regression analysis showed that ALP
was significantly associated with abnormal coronary artery
calcium scores among patients not administering lipid-
lowering therapy, whereas the association was not significant
in the statin treatment group.l Due to limited data identifying
the role of ALP in determining the patients exposed to high risk
of CAC, further studies are needed to confirm the association.

11. Association between Other Bone Markers and CAC Risk

The prognostic role of novel bone turnover markers,
including decorin, ENPP1, sclerostin, and Gremlin-1 were
also investigated in determining the risk of CAC. Circulating
decorin concentrations were investigated in our laboratory
after recruiting 84 patients with CAD. The results of the study
showed no significant correlation between serum decorin
levels and the Agatston score (r=-0.121, P = 0.28)."¥ Recently,
in our previous study, the association between ENPP1 and CAC
was assessed among 83 patients diagnosed with CAD (80.7%
non-diabetic patients), and a negative correlation was found
between ENPP1 and the prevalence of total CAC. Our findings
indicated that serum ENPP1 concentrations could be useful
markers for identifying subclinical CVD burden in patients
without diabetes.”'! Multivariate analysis showed that elevated
serum sclerostin levels could increase the risk of CAC by 76%
in 191 Afro-Caribbean men.’2 Moreover, the contribution
role of Gremlin-1 as an extracellular antagonist of BMPs was
demonstrated by our previously described study. The high
concentrations of serum Gremlin-1 may consider a predictor of

decreased risk of CAC. Further studies with larger populations
are necessary to verify this association.””!

CONCLUSION

Because CAC measurement is rather expensive and patients
are exposed to radiation, applying the prognostic role of
bone turnover markers in predicting elevated coronary artery
calcium score could improve treatment adherence and reduce
the rate of CVD mortality. Accumulating evidence supports the
role of bone marker-mediated pathways in the progression of
CAC, which facilitates early diagnosis of CVD complications and
the establishment of innovative targets for pharmacological
therapy. Indeed, miRNAs and IncRNAs, as novel therapeutic
interventions, can be a research priority in regulating bone
metabolism at the gene expression level to attenuate high CAC
and improve CVD outcomes.
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