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Abstract

Objectives: To investigate the relationship between coronary artery calcification and calcium
deposition in cardiomyocytes.

Methods: Patients who underwent valve replacement plus surgical ablation for atrial fibrillation,
together with left atrial appendage resection, were included. Coronary artery calcification (CAC)
score was evaluated prior to surgery using dual-source computed tomography. Samples of left
atrial appendage tissue were collected to analyse the following indicators: calcium deposition,
alkaline phosphatase activity, calcium content, protein levels of runt-related transcription factor 2
(Runx2), osteopontin and f3-catenin, and mRNA levels of osteopontin, endothelin and ghrelin.
Relationships between CAC score and various indicators were analysed by univariate logistic or
linear regression.

Results: Out of tissue from eight patients, CAC score was not correlated with cardiomyocyte
calcification (odds ratio [OR] 0.984 and OR 0.983; von Kossa or alizarin red staining, respec-
tively). CAC score showed an inverse linear correlation with Runx2 protein (f =—0.75), but was
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not correlated with osteopontin (§ =-0.52) or f-catenin protein (f =-0.56), mRNA levels of
osteopontin, endothelin and ghrelin (f =0.13, 0.02, and 0.02, respectively), alkaline phosphatase
activity (f =0.56), or calcium content (ff =-0.22).

Conclusions: Coronary artery calcification was not correlated with calcium deposition in

cardiomyocytes.
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Introduction

Calcification was formerly regarded as a
passive process of calcium deposition in
cells and extracellular matrix. Research
has since revealed calcification to be more
of an active and regulated process, similar
to that of bone formation, comprising a
series of changes that include alkaline phos-
phatase activation, and increased expres-
sion of the genes that encode various
osteogenesis-related proteins, such as runt-
related transcription factor 2 (Runx2; also
known as core protein binding factor),
osteopontin, osteonectin, and osteocal-
cin."™ In the cardiovascular system, calcifi-
cation can occur in coronary arteries, aorta,
myocardium and cardiac valves, and is
associated with increased cardiovascular
events and mortality.” Of note, although
calcium deposition or calcification in coro-
nary arteries is commonly observed in sec-
tions where an atherosclerosis plaque is
present, there is no clear association
between the quantification of coronary
artery calcification and the severity of
vessel stenosis. This suggests that adverse
outcomes in patients with cardiovascular
calcification may not be solely attributed
to myocardial ischaemia, but other mecha-
nisms might also be involved. In fact, a pre-
vious study found that myocardial calcium

deposition, either within the myocytes or in
the extracellular matrix, could induce injury
to the ultrastructure of the cells® and subse-
quently to the mechanical and electrophysio-
logical function of the heart.®® Theoretically,
as long as the calcium deposition process is
initiated, it should develop and progress in
parallel in different organs. The aim of the
present study was to explore whether coro-
nary artery calcification could reflect the
presence and severity of calcium deposition
in the myocardium.

Patients and methods

Study population

Patients with atrial fibrillation (AF) who
underwent cardiac valve replacement plus
surgical AF ablation and left atrial append-
age excision at Beijing Anzhen Hospital
between January 2017 and July 2017 were
screened for inclusion into the study. All
patients received a dual-source computed
tomography (DSCT) scan before the surgi-
cal procedure, to obtain the coronary artery
calcification (CAC) score and to assess
whether coronary angiography and con-
comitant coronary artery bypass grafting
were required. Patients aged >18 years
and who consented to participate were
included into the study. Patients with
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severe renal insufficiency and known calci-
um and phosphorus metabolic disorders
were excluded. Demographic and clinical
data were collected from medical records
for all study participants.

This study was approved by the
Beijing Anzhen Hospital Medical Ethics
Committee and all participants provided
written informed consent, with agreement
that the removed Ileft atrial appendage
tissue could be used for subsequent scientif-
ic study.

Cardiac DSCT scan

All patients underwent DSCT scans
(Siemens SOMATOM Definition flash;
Siemens Healthcare GmbH, Erlangen,
Germany) following a standard hospital
protocol that included: (1) a chest image
from the tracheal carina to 1 cm below the
diaphragm; (2) a complete non-enhanced
coronary artery calcification scan; and (3)
tomographic imaging that was electrocar-
diographically gated. Scanning parameters
were as follows: tube voltage 120 kV, tube
current 35 mA, and slice thickness 0.6 mm.
All  images were de-noised  with
artefacts removed. Coronary artery calcifi-
cation score was calculated using the
Agatston method.’

Calcified plaques were defined as lesions
with a CT value >130 HU, and an area
>0.5mm?. During image processing,
blood vessels of interest included the left
main coronary artery, left anterior descend-
ing branch, left circumflex branch and right
coronary artery.

Histopathology of myocardial tissue

Myocardial tissue was assessed for calcifica-
tion using von Kossa and alizarin red stain-
ing as follows. Segments of left atrial
appendage myocardium were fixed in 10%
formalin immediately following excision.
Fixed tissue samples were then dehydrated

in graded ethanol solutions and embedded
in paraffin using a standard technique, then
cut into 6-pum sections and transferred onto
slides. Prior to staining, the slides were
deparaffinized using xylene, rehydrated
using decreasing ethanol concentrations,
and allowed to dry at room temperature
for 30 min.

For von Kossa staining, slides were incu-
bated in 5% silver nitrate solution under
strong light exposure for 30-60 min, and
then washed with a solution of 5%
sodium thiosulfate for 2 min. For alizarin
red staining, slides were incubated in 0.1%
alizarin red-Tris-HCL dye solution (pH 8.3)
for 30 min at 37°C, and then washed with a
solution of 5% sodium thiosulfate for
2 min. All slides were counterstained with
safranine (red staining) and examined
under a light microscope by two individuals
(DC and YW) who were blinded to the
treatment conditions. The calcified regions
were identified by black staining on slides
treated with von Kossa stain, and by
orange-red staining on slides treated with
Alizarin red stain.

Biochemical examination

Measurement  of calcium content in the
myocardium. A 20-mg segment of left atrial
appendage myocardium was dissolved in
HNOg;, thoroughly dried, and then diluted
with a blank solution (27 nmol/l KCI and
27 umol/l LaCls). The calcium content was
determined using an atomic absorption
spectrophotometer (Model No. 722;
Tianpu Co., Shanghai, China) at 422.7 nm.

Measurement of alkaline phosphatase activity in
the myocardium. A homogenate of left atrial
appendage myocardium was prepared using
a Polytron tissue homogenizer (Model 79-1;
Guohua Co., Changzhou, China) with
homogenizing buffer (20 mmol/l HEPES
[pPH 7.4] containing 0.2% NP-40, and
20mmol/l MgCl,). The supernatant was
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collected following centrifugation at
8000xg for 10 min. Alkaline phosphatase
activity was determined by mixing 200 mg
of the protein sample (in 200 ml) with 1 ml
reaction mixture (alkaline buffer, stock sub-
strate solution 1:1) and incubated at 37°C
for 30 min. The stock substrate solution
was prepared by dissolving the contents of
a 100 mg capsule of Sigma 104 phosphatase
substrate in 25 ml of ddH,O. The reaction
was stopped by addition of 20 ml of I mol/
1 NaOH, and the absorbance at 405 nm was
determined. Alkaline phosphatase activity
was calculated using p-nitrophenol as a
standard. One unit was defined as the activ-
ity produced by 1 nmol of p-nitrophenol
within 30 min.

Osteogenesis marker examination

Reverse transcription  (RT)-polymerase chain
reaction (PCR) for osteopontin, endothelin and
ghrelin mRNA. Total RNA from 50mg of
myocardial tissue was extracted with a
TRIzol reagent kit (Thermo Fisher Scientific,
Beijing, China) according to the manufac-
turer’s instructions. Reverse transcription
was then performed using TIANScript RT
Kit (Tian Gen Biotech, Beijing, China), also
according to the manufacturer’s instruc-
tions. Subsequent PCR of the cDNA was
performed with the following oligonucleo-
tide primer sequences (synthesized by Sai
Baisheng Biotechnology; Beijing, China):
ghrelin-S, 5-TTGAGCCCAGAGCACCA
GAAA-3; ghrelin-A, 5-AGT TGCAGA
GGAGGCAGAAGCT-3'; osteopontin-S,
5-CTCGCGGT GAAAGTGGCTGA-3;
osteopontin-A, 3'-GACCTCAGAAGATG
AACTCT-5; endothelin-S, 5-GGTCTTG
ATGCTGTTGCTGA-3'; endothelin-A, 5'-
G AGCTGAGAAGGAAGTGCAGA-3;
p-actin-S, 5-ATCTGGCACCACACCTT
C-3’; and f-actin-A, 5-AGCCAGGTCCA
GACGCA-3 (as internal control sample
loading). Each PCR tube contained SYBR
FAST qPCR Kit Master Mix (2x)

Universal (KAPA Biosystems, Sigma-
Aldrich Corp., St. Louis, MO, USA) in a
reaction volume of 25 ul, and PCR was per-
formed wusing a Leopard Scientific
Instruments (Beijing, China) model L9600B
thermocycler. The PCR products were sepa-
rated on a 1.5% agarose gel, and stained
with ethidium bromide. The ratio of optical
densities of osteopontin, ET and ghrelin
mRNA to f-actin were measured using the
Gel Documentation System (Bio-Rad,
Hercules, CA).

Western blot for Runx2, osteopontin and J3
catenin. Total  protein  samples  were
extracted from the excised myocardial
tissue using a protein extraction kit (Cat
No. WBO0003; Tiande Yue Co., Beijing,
China), according to the manufacturer’s
instructions. Protein concentration was
then determined using a BCA protein
assay kit (Cat No. WB0028; Tiande Yue
Co.), according to the manufacturer’s
instructions. Protein samples were boiled
for 5 min, then fractionated by SDS-
PAGE (10-15% polyacrylamide gels) and
transferred to a nitrocellulose membrane
(Whatman; Sigma-Aldrich Corp., St.
Louis, MO, USA). The samples were
blocked with milk powder for 2 h at room
temperature and then incubated with pri-
mary antibodies against Runx2 (YM4192;
ImmunoWay  Biotechnology,  Beijing,
China), osteopontin (YM3467,
ImmunoWay Biotechnology) and f catenin
(YM3403; ImmunoWay Biotechnology) at
4°C overnight. After washing five times
with TBST (Cat No. WB0043; Tiande Yue
Co.), the membranes were incubated with a
secondary goat anti-rabbit polyclonal anti-
body (S004; Tiande Yue Co.) for 1 h at
room temperature. Membranes were then
washed six times with TBST. Western blot
bands were quantified using Total Lab
Quant software, version 1.0 (Nature Gene
Corp, Beijing, China) by measuring the
band intensity for each group and
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normalizing to  f-tubulin  (YM3030;
ImmunoWay Biotechnology) as an internal
control.

Statistical analyses

Statistical analyses were performed with
SPSS software, version 17.0 (IBM, Armonk,
NY, USA). Data are presented as individual
results for each patient. The correlation
between CAC score and continuous variables
was analysed using univariate linear regres-
sion, and logistic regression was used to ana-
lyse the relationship between CAC score and
categorical variables. A P value <0.05 was
considered statistically significant.

Results

Baseline characteristics and coronary
artery calcification score

Eight patients were enrolled for the final
analyses, and baseline patient characteris-
tics are shown in Table 1. All of the patients
enrolled had an advanced valvular disease.
The CAC score for each patient (No. 1-8)
was determined to be 0, 0, 0, 6, 31, 50, 112
and 417, respectively. The measured param-
eters shown were all within expected ranges
for this type of patient.

Histopathological results

Von Kossa and alizarin red staining were
used to detect the presence of calcification
in myocardial tissue from eight patients.
Von Kossa staining revealed calcification
in patients 1, 3 and 6, and no signs of cal-
cification in patients 2, 4, 5, 7 and
8 (Figure 1). Alizarin red staining showed
calcification in patients 1, 2, 3, 4, 5 and 7,
but did not show calcification in patients 6
and 8 (Figure 2). Univariate logistic regres-
sion analysis showed that there was no cor-
relation  between CAC score and
myocardial ~ tissue  calcification,  as
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Figure |. Representative photomicrographs showing von Kossa staining of myocardial tissue: Patients |, 3
and 6 showed cardiac tissue calcification, while patients 2, 4, 5, 7 and 8 did not show cardiac tissue calci-
fication (arrows indicate positive staining; original magnification x 400).

determined by each of the staining methods
(von Kossa staining, odds ratio [OR]=
0.984, P=0.479; and alizarin red staining,
OR =0.983; P=0.356).

Biochemical results

The calcium content and alkaline phospha-
tase activity in myocardial tissue were

measured (shown in Table 2). There was
no linear correlation between the CAC
score and the calcium content of myocardi-
al tissue or the alkaline phosphatase activity
(calcium content, standardized regression
coefficient [f]=-0.22, P=0.595; alkaline
phosphatase activity, standardized regres-
sion coefficient [f]=0.56, P=0.154;
Table 3).
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patient5

Figure 2. Representative photomicrographs showing alizarin red staining of myocardial tissue: Patients I, 2,
3,4, 5 and 7 showed cardiac tissue calcification, while patients 6 and 8 showed no cardiac tissue calcification
(arrows indicate positive staining; original magnification x 100).

Table 2. Calcium content and alkaline phosphatase activity in myocardial tissue from eight patients who
underwent valve replacement plus surgical ablation for atrial fibrillation, together with left atrial append-
age resection.

Patient number

Parameter | 2 3 4 5 6 7 8

Calcium content, mmol/g of protein  0.219 0.344 0.401 0250 0.231 0355 0.204 0.261
Alkaline phosphatase activity, 591 7.74 6.17 445 6.13 5.34 5.92 7.95
k unit/g of protein
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Table 3. Univariate linear regression analyses of the relationship between coronary artery calcification
score and indicators of calcium deposition in myocardial tissue from eight patients.

Standardized regression Statistical
Parameter coefficient (f) significance
Alkaline phosphatase activity 0.56 P=0.154
Calcium content of myocardial tissue -0.22 P=0.595
Runx2 protein —0.75 P=0.032
Osteopontin protein -0.52 P=0.186
[f-catenin protein -0.56 P=0.154
Osteopontin mRNA 0.13 P=0.751
Endothelin mRNA 0.02 P=0.971
Ghrelin mRNA 0.02 P=0.956

Runx2, runt-related transcription factor 2.

Protein measured by Western blot; mRNA measured by reverse-transcription polymerase chain reaction.

Table 4. Levels of osteogenesis-related proteins in myocardial tissue from eight patients who underwent
valve replacement plus surgical ablation for atrial fibrillation, together with left atrial appendage resection.

Parameter (absorbance ratio)

Patient number Runx2 Osteopontin f-catenin
| 0.29531083 0.05362223 0.29507618
2 0.55553661 0.26199688 0.48698020
3 0.57407115 0.98732796 0.57347264
4 0.37999860 0.69960266 0.64820138
5 0.42609846 0.61211962 0.87801410
6 0.44603720 0.60978195 0.61249010
7 0 0 0.29293491
8 0 0 0.21679297
Runx2, runt-related transcription factor 2.
Protein measured by Western blot.

regression coefficient [1=-0.75,

Osteogenesis marker results

Western blots were used to evaluate
the expression of osteogenesis-related
genes in myocardial tissue, via measure-
ment of the following protein levels:
Runx2, osteopontin and  f-catenin
(Table 4). Univariate linear regression
analysis was performed to assess the corre-
lation between CAC score and levels of
Runx2, osteopontin and f catenin proteins.
CAC score was shown to have an inverse
linear correlation with Runx2 (standardized

P=0.032), and no correlation with osteo-
pontin and f-catenin (standardized regres-
sion coefficients [f]=-0.52 and -0.56,

P=0.186 and P=0.154, respectively;
Table 3).

Levels of osteopontin, endothelin,
and ghrelin mRNA were evaluated

using RT-PCR (Table 5). No correlation
was found between CAC score and
mRNA levels of osteopontin, endothelin
or ghrelin (standardized regression coeffi-
cients [f]=0.13, 0.02, and 0.02; P=0.751,
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Table 5. Levels of osteogenesis-related mMRNA in myocardial tissue from eight patients who underwent
valve replacement plus surgical ablation for atrial fibrillation, together with left atrial appendage resection.

Parameter (absorbance ratio)

Patient number Osteopontin Endothelin Ghrelin

I 1.00000000 1.00000000 1.00000000
2 1.47426922 0.59460356 1.58008262
3 2.69446715 0.47963206 1.31950791
4 0.78458410 0.46009383 0.57434918
5 1.50524675 0.56644194 1.59107297
6 2.60268371 1.81503831 1.24833055
7 4.60542192 1.20024867 3.68926477
8 1.75726690 0.68460006 1.00231316

mRNA measured by reverse-transcription polymerase chain reaction.

P=0971 and P=0.956, respectively;
Table 4).
Discussion

In the present patient population, who had
undergone valve replacement plus surgical
ablation for atrial fibrillation, together with
left atrial appendage resection, higher CAC
scores were not associated with increased
myocardial tissue calcium content or more
significant  calcification. Higher CAC
scores were also not associated with higher
alkaline phosphatase activity or increased
levels osteogenesis-related proteins and
mRNA. These results suggest that calcifica-
tion of the coronary artery does not
reflect the presence and severity of calcium
deposition in the myocardium of this
patient population.

As part of a systemic calcium metabolic
disorder, one may expect that ectopic calci-
um deposition would develop and progress
equally in different organs or tissues,
including the coronary artery and myocar-
dium. With enriched foam cells in coronary
atherosclerosis  plaques, saponification
becomes more predominant in the coronary
artery, making coronary artery calcification
more apparent.'” However, this does not
necessarily mean that calcium deposition

only occurs in these vessels. In fact, studies
have found that myocardial calcium depo-
sition or calcification may develop under
many cardiac or non-cardiac conditions
and be associated with adverse cardiovascu-
lar events.''™!* Nonetheless, the CAC score
is the only non-invasive technique available
for quantitative evaluation of cardiovascu-
lar calcification. The calcium content in the
myocardium, either in free ionic or in che-
lated form, will be transmitted into myo-
cytes from the extracellular matrix to
achieve calcium homeostasis.'*!” Studies
have revealed that the expression of calcium
binding sites on cardiac myocyte membrane
increased in patients with hypertrophic car-
diomyopathy and in a hamster model of
cardiomyopathy.'®!” Furthermore, in an
ischemia-reperfusion model, calcium depos-
its were mainly found surrounding the
mitochondria.'*  Calcium  homeostasis
depends on an intact mitochondrial func-
tion.?° In the case of calcium overload, the
process of cell damage will be initiated,
which will eventually impair mitochondrial
function. As Borgers and colleagues
reported,'® when cell damage progresses to
an irreversible stage, injured mitochondria
(with Jennings particle) lose the ability to
chelate calcium and to maintain calcium
homeostasis. This mechanism may partially
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explain the results of the present study. All
of the patients enrolled had an advanced
valvular disecase and their myocardium
may have been very unhealthy. In such
severely damaged myocytes or extracellular
tissue, the absence of calcium content
does not necessarily mean that there was
no calcium deposition in the early
stages of disease. In the coronary artery,
the situation may be different, as
saponified calcium will stay in place, lead-
ing to the observations of the present
study of discordant calcification/calcium
deposition between the coronary artery
and the myocardium.

The present results may be limited by
several factors. First, this was a single-
centre study with a small sample size, and
the results may not apply to patients with
cardiovascular conditions at a different
stage to those included in the present
study. Secondly, electron microscopy was
not performed, so the localization of calci-
um deposition in cardiomyocytes could not
be defined. Thirdly, a control group with
normal heart tissue may have provided
more comparative information, but the
inclusion of such a group was ecthical-
ly unfeasible.

In conclusion, in patients with severe
structural heart disease, such as those
included in the present study, calcium depo-
sition may not develop simultaneously or
progress equally in the coronary arteries
and the myocardium. Thus, coronary
artery calcification may not represent the
presence and severity of calcium deposition
in the myocardium in patients such as those
studied here. Further studies are needed to
clarify the present results.
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