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Overexpression of p53, p21, and caspase-3 promotes apoptosis of vascular smooth muscle cells. However, the
mechanisms that lead to apoptosis of coronary artery smooth muscle cells (CASMCs) is unclear in Kawasaki
disease (KD). This study investigated involvement of p53, p21, and caspase-3 in the apoptosis of CASMCs from
a Kawasaki vasculitis mouse model.

The Kawasaki vasculitis mouse model with coronary artery lesions was generated via administration of
Lactobacillus casei cell wall extract. In 2 groups of mice (healthy control and KD vasculitis mice), the levels of
p53, p21, and caspase-3 protein in the root of the coronary artery were evaluated via immunohistochemistry.
Receiver operating characteristic curves were plotted for determination of area under the curve, 95% confi-
dence interval, sensitivity, specificity, and cutoff values for the ability of p53, p21, and caspase-3 expression to
predict CASMC apoptosis and coronary artery lesion formation in KD vasculitis mice.

Compared with healthy mice, KD vasculitis mice had a significantly higher apoptosis index and upregulated
p53, p21, and caspase-3 expression. Also, the immunoreactive score for caspase-3 was positively correlated
with the immunoreactivity scores for p53 and p21. The optimal cutoff values for p53, p21, and caspase-3 ex-
pression for predicting the presence of coronary artery lesions were 4.15, 4.18, and 4.22, respectively.
Upregulated levels of p53, p21, and caspase-3 promoted apoptosis of CASMCs in KD vasculitis mice. Thus, the
levels of p53, p21, and caspase-3 may serve as valuable predictors of coronary artery lesion formation in KD.

Apoptosis ¢ Coronary Vessels ¢ Mucocutaneous Lymph Node Syndrome

CASMC - coronary artery smooth muscle cell; KD — Kawasaki disease; Cl — confidence interval;
AUC - area under the curve; ROC - receiver operating characteristic; IRS —immunoreactive score;
CAL - coronary artery lesions; AAA — abdominal aortic aneurysm; SMC — smooth muscle cells;
PBS - phosphate-buffered saline; Al — apoptosis index; HRP — horseradish peroxidase;

PARP - poly ADP-ribose polymerase
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Background

Kawasaki disease (KD) is a rare disease but a primary cause of pos-
terior heart disease occurring in preschool children [1]. Clinically,
KD is manifested as inflammation of blood vessels (i.e., vasculi-
tis) throughout the body, and it thus involves a variety of organs
and tissues, including the coronary arteries [2,3]. The most sig-
nificantly affected vascular site is the root near the opening of
the coronary artery [2]. Coronary artery lesions (CALs) are char-
acterized by a narrowing or dilation of the lumen of the coronary
artery due to nonspecific inflammation [4,5]. Some CALs lead to
the rupture of coronary artery aneurysms or cause coronary arte-
rial stenosis and ischemia, all of which may result in unfavorable
outcomes such as myocardial infarction [4-6]. The mechanisms
underlying the pathogenesis of CAL remain unclear. However,
Lopez-Candales et al. [7] showed that the pathological changes
in abdominal aortic aneurysm (AAA) cases include apoptosis of
smooth muscle cells (SMCs), which is related to the overexpres-
sion of p53 in these cells, suggesting that p53 plays an impor-
tant role in SMC apoptosis. In addition, B-cell lymphoma 2 (Bcl2)
is a well-known apoptotic suppressor [8], whereas cysteine as-
partic acid protease 3 (caspase-3) is a pro-apoptotic gene [9].
Previous studies suggested that Bcl-2 and caspase-3 play key
roles in apoptosis in general [8-10]. Hence, it is reasonable to
hypothesize that the pathological changes in CALs of KD may
be the similar to those observed in AAA, both of which are ex-
amples of vascular plasticity characterized by SMC apoptosis
in the artery wall [7]. However, the pathogenesis of apopto-
sis of coronary artery smooth muscle cells (CASMCs) has not
been elucidated, and whether changes in the expression lev-
els of p21, p53, and caspase 3 are correlated with the induc-
tion of CASMC apoptosis in KD remains unclear.

In this study, we generated a KD vasculitis mouse model and
researched the roles of p21, p53, and caspase-3 in the apop-
tosis of CASMCs in KD vasculitis mice and their correlation.
We also assessed the ability of p21, p53, and caspase-3 ex-
pression to predict the presence of CALs in KD vasculitis mice.
Our study provides direct evidence that increased expression lev-
els of p21, p53, and caspase 3 are implicated in the development
of CASMC apoptosis and these factors may be valuable predic-
tors of CAL formation in KD.

Material and Methods

The animal experiments were approved by the Ethics Committee
of Shunde Women and Children’s Hospital of Guangdong
Medical University (Protocol Number: 2016002). All operations
were performed after animals were anesthetized with pento-
barbital to prevent suffering.

Deng M. et al.:
Apoptosis markers in CASMCs in KD
© Med Sci Monit, 2020; 26: €922429

Generation of KD vasculitis mice

Mice were from the Guangdong Medical Laboratory Animal
Center (Guangzhou, China; License number, SCXK (Guangdong)
2013-0034), and housing and feeding were standardized [11].
Twenty-four male BALB/c mice (4-6 weeks old, weighing
20-25 g) were used in the study. These mice were randomly
divided into a KD group (n=12) and a control group (n=12). To
induce KD coronary vasculitis, 500 pg of cell wall extract from
Lactobacillus casei (CICC 6105; The China Center of Industrial
Culture Collection, Beijing, China) was injected into each BALB/c
mouse in the KD group [11,12]. All mice were maintained for
14 days before sacrifice and harvesting of the hearts for analy-
sis. The mice of the control group received a placebo injection.

Specimen collection and apoptosis evaluation

Mice were anesthetized, and sterile thoracotomy was performed
to collect the heart and blood vessels, which were placed in a
precooled D-Hank’s culture dish. The left and right coronary
arteries of the heart were parted using ophthalmic scissors,
and root tissue was cut. Four percent paraformaldehyde was
used to fix the root tissue, which was then dehydrated and
embedded in paraffin. Continuous 6-um cross-sectional slic-
es were produced, with each part of a blood vessel being sec-
tioned 10 times and stained with hematoxylin-eosin (H&E) ac-
cording to the standard H&E staining protocol.

The pathological changes in coronary root tissues were as-
sessed as follows. Five randomly selected non-overlapping
high-power microscopic fields (x40) were randomly selected
for counting and scoring the number of apoptosis-positive nu-
clei and the total number of nuclei. Image-Pro Plus 4.5 (Media
Cybernetics, Silver Spring, MD, USA) was used to calculate the
apoptosis index (Al) of CASMCs (Al=number of apoptotic nu-
clei/total number of nuclei x 100%).

Reagents

The following antibodies were obtained from Beijing Zhongshan
Jingiao Biotechnology, Inc. (Beijing, China): rabbit polyclonal
anti-bcl-2 and anti-caspase-3 antibodies, mouse monoclonal
anti-p53 and anti-p21 antibodies, and horseradish peroxidase
(HRP) — polymer linkage anti-mouse antibody.

Immunohistochemistry

The tissues were fixed in 4% paraformaldehyde, sequentially
dehydrated, paraffin-embedded, and sectioned to generate
4-um-thick slides. For immunostaining, briefly, sections under-
went an antigen high-pressure repair and endogenous perox-
idase treatment and were then incubated with a mouse anti-
monoclonal primary antibody (1: 100 dilution) at 4°C overnight.
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Figure 1. Pathological features of the coronary artery root in KD (A) and control (B) groups. The root of the coronary artery obtained
from the KD vasculitis mice exhibited accumulation of foam cells and inflammatory cell infiltration, which were accompanied
by dissolved and necrotic CASMCs, as arrows pointing to the positions. These pathological phenotypes were not present in

the coronary artery of the control mice.

Next, dry slides were washed with PBS and incubated with an
HRP polymer-bonded secondary antibody for 60 min. The spe-
cific staining was visualized with the substrate chromogen.
Negative controls were performed in the absence of primary
antibody. The slides were sealed with neutral gum.

Immunoreactivity score of CASMCs

Two independent pathologists who were blinded to the patholog-
ical data respectively scored the immunostaining intensity. Any
discrepancy in the scores obtained by the 2 pathologists were
resolved through reassessment. The immunolabeling of CASMCs
was assessed. Five fields were randomly selected, and the num-
ber and the percentage of positively stained cells were comput-
ed. According to the antibody specification, to determine whether
cytoplasmic staining was positive or negative, semiquantitative
scoring based on the intensity of each sample was carried out us-
ing a previously reported method [13, 14]. The staining intensity
was stratified as follows: 0 indicated no staining; 1, mild stain-
ing; 2, moderate staining; and 3, strong staining. The percent-
age scoring of CASMCs was stratified as follows: 0% (score=0),
1-10% (score=1), 11-50% (score=2), 51-75% (score=3), and >75%
(score=4). In order to obtain semiquantitative expression data of
staining intensity of CASMCs and carry out an accurate statistical
analysis, the final immunoreactivity scores (IRS) of each sample
was determined by adding the 2 score values for the immunos-
taining intensity and the immunostaining percentage.

Statistical analyses

The statistical analyses were performed with SPSS version 17.0
statistical software (SPSS Software, Chicago, IL, USA). Graphs

and receiver operating characteristic (ROC) curves were gen-
erated using GraphPad software (GraphPad Software, La Jolla,
CA, USA). The chi-squared test was used for comparisons of
the positive rates of p53 and p21 expression and the CASMC
Als between the KD and the control groups. Student’s t-test
was applied for comparisons of the IRS values for p53, p21,
Bcl2, and caspase-3 between the KD and the control groups.
Pearson’s test was applied for the correlation of p53, p21, and
caspase-3 IRSs with CASMC apoptosis in KD vasculitis mice.
ROC curves were employed to determine the optimal cutoff
values for p53, p21, and caspase-3 expression for predicting
the development of CASMC apoptosis and CAL formation in KD
vasculitis mice, and to determine the values for the ROC area
under the curve (AUC), 95% confidence interval (Cl), sensitiv-
ity, specificity, and positive likelihood ratio. Significance was
established at the level of P<0.05.

Results

Increased apoptosis of CASMCs in KD vasculitis mice

We generated KD vasculitis mice with CALs as previously de-
scribed [11,12]. Between the control and KD groups, we did
not see any significant differences in body weight during the
30-day study period (t=1.02, P>0.05). Histological examina-
tion revealed that the root of the coronary artery obtained
from the KD vasculitis mice exhibited an accumulation of foam
cells and inflammatory cell infiltration, which were accompa-
nied by dissolved and necrotic CASMCs. Meanwhile, the mid-
dle layer of the coronary artery was thickened, with actively
proliferating fibroblasts in the vascular wall and broken elastic
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Figure 2. Comparison of p53 (A, C) and p21 (B, C) IRS values between the KD (n=12) and control groups (n=12). Cytoplasmic staining
of p53 in CASMCs was moderate and strong in the mice of the KD group, whereas only mild or no staining was observed in
mice of the control group (A). Cytoplasmic staining for p21 in CASMCs was moderate and strong in mice of the KD group, but
mild or absent in mice of the control group (B). The IRS values for p53 and p21 were significantly different between the KD

group and control group (C).

fibers (Figure 1A). These pathological phenotypes were not
present in the coronary artery of the control mice (Figure 1B).
These phenotypic characteristics indicated successful establish-
ment of the KD vasculitis mouse model in this study. We next
compared the apoptosis rate in the root of the coronary artery
between the control and KD groups as evaluated by Al values.
The Al of CASMCs in KD vasculitis mice was 35.47+8.62, which
was greater than that of CASMCs in control mice (4.51+1.12;
x?=7.25, P<0.001), suggesting increased apoptosis in the cor-
onary artery of KD vasculitis mice.

Increased expression of apoptotic factors in KD vasculitis
mice

Given the increased apoptosis in the root of the coronary ar-
tery of KD vasculitis mice, we next assessed the expression of
several well-defined apoptotic factors including p53 and p21 by
immunohistochemistry. The percentages of cells stained pos-
itively for p53 and p21 in the coronary artery of KD vasculitis
mice were 60% and 65%, respectively, in the KD group, com-
pared with 25% and 20%, respectively, in the control group
(x=3.56 and x=3.97, all P<0.001). Cytoplasmic staining of p53

in CASMCs was moderate in 75% of mice (n=9) and strong in
25% of mice (n=3) in the KD group compared with mild stain-
ing in 83.33% of mice (n=10) and no staining in 16.67% of
mice (n=2) in the control group. Cytoplasmic staining for p21
in CASMCs was moderate in 66.67% of mice (n=8) and strong
in 33.33% of mice (n=4) in the KD group compared with mild
staining in 75% of mice (n=9) and no staining in 25% of mice
(n=3) in the control group. In the KD group, the IRS values for
p53 and p21 were 5.33+0.90 and 6.37+0.76, respectively, com-
pared with 4.05+1.05 and 4.43+0.51, respectively, in the con-
trol group (t=4.61 and 5.30; P=0.001 and 0.001; Figure 2A-2C;
Table 1). These results show that KD vasculitis mice had in-
creased expression of p53 and p21, uniform with the observed
increase in apoptosis.

In addition, the percentages of cells stained positively for Bcl2
and caspase-3 were 25% and 80%, respectively, in the KD group,
compared with 70% and 20% in the control group (x=3.94 and
x=5.27, all P<0.001). Cytoplasmic staining for Bcl2 in CASMCs
was mild in 66.67% of mice (n=8) and not observed in 33.33%
of mice (n=4) in the KD group compared with strong staining
in 83.33% of cells (n=10) and moderate staining in 16.67% of
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Table 1. Comparison of IRS values for p53, p21, Bcl2, and caspase-3 between the KD and control groups.

Group ] p53 IRS p21 IRS Bcl2 IRS Caspase-3 IRS
KD 12 5.33+£0.90 5.07+0.70 4.43+0.51 5.60+0.50
Control 12 4.05+£1.05 3.21+0.97 6.37+0.76 3.83+0.38
t 4.61 5.30 5.79 5.24
P 0.001 0.001 0.001 0.001

Bl2 Control KD (aspase-3
100 100x
400x 400% |

P<0.01

Bcl-2 immunoreactive score
S
1

Control

P<0.01

(aspase-3 immunoreactive score
~
1

KD Control

Figure 3. Comparison of Bcl2 (A, C) and caspase-3 (B, C) IRS values between the KD (n=12) and control groups (n=12). Comparison of
Bcl2 (A) and caspase-3 (B) IRS values in the KD group and control groups. Cytoplasmic staining of Bcl2 in CASMCs was mild
in mice of the KD group but was strong or moderate in mice of the control group (A). Cytoplasmic staining for caspase-3
in CASMCs was strong and moderate in mice of the KD group but mild or absent in mice of the control group (B). The IRS
values for Bcl2 and caspase-3 were significantly different between the KD group and the control group (C).

cells (n=2) in the control group. Cytoplasmic staining for cas-
pase-3 in CASMCs was strong in 75% of mice (n=9) and moder-
ate in 25% of mice (n=3) in the KD group compared with mild
staining in 33.33% of mice (n=4) and no staining in 66.67%
of mice (n=8) in the control group. The Bcl2 and caspase-3 IRS
values in the KD group were 4.43+0.51 and 5.60+0.50, respec-
tively, compared with 6.37+0.765 and 3.83+0.38 in the con-
trol group, respectively (t=5.79 and 5.24; PAll=0.001; Figure 3,
Table 1). In sum, these findings show that Bcl2 expression was
downregulated in the coronary artery of KD vasculitis mice
compared with control mice, whereas the opposite change in
caspase-3 expression was observed.

We also examined the correlation of the expression of p53 and
p21 with caspase-3 expression. As shown in Figure 4, Pearson
correlation analysis revealed that the IRS for caspase-3 was
positively correlated with the IRSs for p53 and p21 in the KD
group (r=4.67 and 4.83; all P<0.001).

Determination of predictive abilities of p53, p21, and
caspase-3 for the development of CASMC apoptosis

ROC curves were used to determine the values of p21, p53,
and caspase-3 expression for predicting the development of
CASMC apoptosis and CAL formation in KD vasculitis mice. As
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Figure 4. Correlation of p53 and p21 IRS values with the 1-Speificity
caspase-3 IRS in the KD group. Pearson correlation

analysis revealed that the IRS for caspase-3 was
positively correlated with the IRSs for p53 and p21 in
the KD group (r=4.67 and 4.83; all P<0.001).

Figure 5. Comparison of ROC curves for p53, p21, and caspase-3
in all KD vasculitis mice with CALs. The AUC values
and 95% Cls for p53, p21, and caspase-3 expression.
The optimal cutoff values for p53, p21, and caspase-3
expression were 4.15, 4.18, and 4.22, respectively.

Table 2. Determination of predictive abilities of p53, p521 and caspase-3 IRS values for CASMC apoptosis in KD mice.

Parameter p53 IRS p21 IRS Caspase-3 IRS
AUC 0.889 0.997 0.976
Ceswa 07s8-1000 0735-1000 0615-0998
Csenstvity o017 L0 0917
Cspecfity o7so 0017 1000
positive likelihood ratio 16 12 1s
optimal cutoff, score as a8 a2

shown in Figure 5 and Table 2, the AUC values for p53, p521,
and caspase-3 expression were 0.889, 0.997, and 0.976, respec-
tively. Also, the 95% Cls for these factors were 0.758-1.000,
0.735-1.000, and 0.615-0.998, respectively. In addition, p53,
p521 and caspase-3 had sensitivity values of 91.7%, 100%,
and 91.7%, respectively, and specificity values of 75%, 91.7%,
and 100%, respectively. The optimal cutoff values for p53, p21,
and caspase-3 expression were 4.15, 4.18, and 4.22, respec-
tively, with high positive likelihood ratios of 11.6, 12.0, and
11.8, respectively. Collectively, these findings suggest that p53,
p21, and caspase-3 expression may serve as a valid predictor
of CASMC apoptosis and Cal formation in KD vasculitis mice.

Discussion

In this study, we compared the apoptosis observed in the root
of the coronary artery between KD vasculitis mice and control

mice and examined the related molecular basis. We found that
KD vasculitis mice had increased apoptosis in the coronary ar-
tery, which was coincident with the increased expression of
p21, p53, and caspase-3 and decreased expression of Bcl-2.
Also, we found a significant correlation of p53 and p21 expres-
sion with caspase-3 expression. Moreover, we uncovered the
predictive values of p53, p21, and caspase 3 expression for de-
velopment of apoptosis as well as CALs in KD vasculitis mice.

Currently, the pathological mechanisms leading to CASMC apop-
tosis and CAL formation in KD are not completely understood.
Further, the relationship between CASMC apoptosis and p53,
p21, and caspase-3 expression has not been investigated, al-
though some studies examined the apoptosis of vascular SMCs.
For example, Lopez-Candales et al. [7] reported that the main
pathological feature of AAA was SMC apoptosis, which was re-
lated to p53 overexpression. Therefore, it was speculated that
p53 may be a marker of SMC apoptosis [7]. Wang et al. [15]
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showed that p53 induces growth arrest and apoptosis in human
vascular SMCs, with p53 directly regulating the transcription of
p21, and p21 activation leading to cell apoptosis. Conversely, the
expression level of p21 also reflects the activity of p53. When
the expression of the variant p21 is increased, the activity of
p53 is enhanced, which is pro-apoptotic [16]. Although p21 is
a well-documented cell cycle regulator, it is also a regulator of
DNA repair in apoptosis and acts downstream of p53 [16,17].
In line with these findings, in this study, inflammation and ne-
crosis were observed in the coronary artery roots of KD vasculi-
tis mice, and the number of apoptotic CASMCs was significant-
ly increased along with increased expression of p53 and p21.
Our study also showed a close relationship between upregulat-
ed p53 and p21 expression and CASMC apoptosis.

Bcl2 is an apoptosis-inhibiting factor with high expression in
normal cells that is downregulated in some pathological con-
ditions, such as ischemia-reperfusion injury and immune in-
jury [8-10]. The mechanism by which Bcl2 suppresses apop-
tosis is via inhibition of the opening of the mitochondrial
permeability transition pore (MPTP). The current study shows
that Bcl2 was moderately or strongly expressed in the control
group but mildly expressed in the KD group, indicating that
Bcl2 was downregulated in the coronary artery of KD vasculi-
tis mice [8-10]. Thus, decreased expression of Bcl2 is poten-
tially implicated in the increased apoptosis of CASMCs and
CAL formation in KD vasculitis mice.

The caspase family members are also well-recognized pro-
apoptotic factors and have been found to play a role in CASMC
apoptosis and mitochondrial-mediated apoptosis. Caspase-3
is usually present in cells in an inactive form (pro-caspase-3)
that is converted to the active form by p53 and p21, which is
a major marker of irreversible apoptosis [18]. The proapoptotic
effects of p53 are mediated via several mechanisms, including
activation of downstream target genes such as p21 and cas-
pase-3, in which p53- and p21-dependent caspase-3 activation
promotes CASMC apoptosis [18-20]. Mechanistically, activat-
ed caspse-3 interacts with poly ADP-ribose polymerase (PARP)
to form cleaved PARP and induce cell apoptosis [9]. This study
showed that caspase-3 was overexpressed in coronary artery

ANIMAL STUDY

smooth muscle cells in KD vasculitis mice compared with con-
trol mice, in line with the observations of high p53 and p21
expression and elevated CASMC apoptosis. Combining our
findings with previous studies, we believe that caspase-3 ex-
pression is closely associated with p53 and p21 expression.

In the present study, we also used ROC curve analysis to deter-
mine the performance of p53, p21, and caspase-3 expression in
predicting CASMC apoptosis in KD vasculitis mice. We showed
that all 3 factors exhibited high sensitivity and specificity and
a positive likelihood ratio, supporting the notion that p53, p21,
and caspase-3 may serve as valid predictors of CASMC apopto-
sis and CAL formation in KD vasculitis mice. Moreover, we also
determined that the optimal cutoff values for the p53 IRS, p21
IRS, and caspase-3 IRS were 4.15, 4.18, and 4.22, respectively.
Hence, these findings indicate that the expression levels of p21,
p53, and caspase-3 hold diagnostic value for CAL formation in KD.

Conclusions

In conclusion, our study demonstrated that the root of the cor-
onary artery in KD vasculitis mice exhibits increased apopto-
sis, which is accompanied by upregulated expression of p53,
p21, and caspase-3 and downregulated expression of Bcl2.
The ROC curve analysis revealed that p21, p53, and caspase-3
may hold diagnostic value for CAL formation in KD, as upregu-
lated expression of p21, p53, and caspase-3 promotes apop-
tosis of CASMCs.
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