Original research

Experimental study on alleviating atherosclerosis
through intervention of mitochondrial calcium
transport and calcium-induced membrane

» Additional supplemental
material is published online
only. To view, please visit
the journal online (http://dx.
doi.org/10.1136/jim-2020-
001765).

"Department of Cardiology,
Renmin Hospital of Wuhan
University, Wuhan, Hubei,
China

“Department of Cardiology,
Renmin Hospital, Hubei
University of Medicine,
Shiyan, Hubei, China
*Department of Cardiology
and Institute of Clinical
Medicine, Renmin Hospital,
Hubei University of
Medicine, Shiyan, Hubei,
China

*Cardiovascular Research
Institute, Wuhan University,
Wuhan, Hubei, China
*Hubei Key Laboratory of
Cardiology, Wuhan, Hubei,
China

Correspondence to

Dr Hao Xia, Department of
Cardiology, Renmin Hospital
of Wuhan University, Wuhan
430060, China;
xiahao1966@163.com

Accepted 31 March 2021
Published Online First
27 April 2021

| '.) Check for updates

© American Federation for
Medical Research 2021.
No commercial re-use. See
rights and permissions.
Published by BMJ.

To cite: Chen S,
Wang J, Zhang L,

et al. ] Investig Med
2021;69:1156-1160.

permeability transition

Sisi Chen,' Jianing Wang,"* Lei Zhang,” Hao Xia

ABSTRACT

To investigate the effort of mitochondrial calcium
transport and calcium-induced membrane
permeability transition in alleviating atherosclerosis.
The experimental mice were divided into three
groups: the control group (C57BL/6 mice

with normal diet), the atherosclerosis group
(apolipoprotein E-deficient (ApoE—/—) mice with
high-fat diet) and the mitochondrial targeting

agent group (ApoE—/— mouse with high-fat diet).
The mean fluorescence intensity of Ca** inthe
atherosclerosis group is significantly higher than
control group and mitochondrial targeting agent
group. But the mean fluorescence intensity of Ca®*-
ATPase is lower than other groups. The macrophage
recruitment (F4/80 positive area) and the expression
of tumor necrosis factor alpha, interleukin-6,

pyrin domain containing protein 3, intercellular

cell adhesion molecule-1, p38 mitogen-activated
protein kinase and Jun kinase 1/2 phosphorylation
in the atherosclerosis group are higher that other
groups. Treatment with mitochondrial targeting
agents reduced the levels of elevated cyt C and
cleaved caspase-3 in atherosclerotic mice (p<0.05).
Mitochondrial targeting agents interfere with
mitochondrial calcium transport and calcium-induced
membrane permeability transition, inhibit MAPK/JNK
pathway activation, inhibit foam cell formation and
alleviate the process of atherosclerosis.

INTRODUCTION

Atherosclerosis is the leading cause of death
and disability worldwide. The endothelium is
the cellophane-like membrane of the circula-
tory system, and its main function is to regulate
the tone and wall permeability of blood vessels.’
Endothelial cell dysfunction is related to the
early stages of many cardiovascular diseases,
which makes the regulation of endothelial cell
function a key therapeutic target. Under normal
circumstances, the function of endothelial cells
depends on changes in intracellular calcium
ion (Ca’*) concentration.” In endothelial cells,
mitochondria account for 25% of cellular Ca®*
storage.” It has long been determined that endo-
thelial cells contain moderate mitochondria
(endothelial mitochondria account for 2%-6%

1,45

Significance of this study

What is already known about this subject?

» Atherosclerosis is the leading cause of
death and disability worldwide.

» Endothelial cell dysfunction is related to
the early stages of many cardiovascular
diseases, which makes the regulation of
endothelial cell function a key therapeutic
target.

» Endothelial cell apoptosis is a key process
in the development of atherosclerosis.

What are the new findings?

» We found that mitochondrial
targeting agents significantly inhibited
atherosclerosis in apolipoprotein E-deficient
(ApoE—/-) mice fed a high-fat diet. In
addition, mitochondrial targeting agents
also inhibited the expression of F4/80 in
ApoE—/— mice.

» ASC and pyrin domain containing
protein 3 (NLRP3) together lead to the
lysis of procaspase-3 and the activation
of caspase-3 in the form of spotted
cytoplasmic aggregation.

» Mitochondrial targeting agents can inhibit
the development of atherosclerosis and
induce the formation of foam cells in
ApoE—/— mice.

» Mitochondrial targeting agent treatment
reduced the levels of elevated cyt C and
cleaved caspase-3 in atherosclerotic mice.

How might these results change the focus

of research or clinical practice?

» Mitochondrial targeting agents inhibit the
activation of the mitogen-activated protein
kinase/Jun kinase pathway by suppressing
mitochondrial calcium transport and
calcium-induced membrane permeability
change, inhibit foam cell formation and
alleviate atherosclerosis.

of cytoplasmic volume), while cardiomyocytes
(occupies 32% of cytoplasmic volume) and
other cell types because endothelial cells have
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relatively high energy requirements and glycolysis is the
main source of ATP production.* Endothelial cell apoptosis
is a key process in the development of atherosclerosis.’ Due
to apoptosis, endothelial cells may lose the ability to regu-
late lipid homeostasis, immunity and inflammation.® Endo-
thelial cell damage can destroy the integrity and barrier
function of the endothelium and promote lipid deposition,
leading to atherosclerosis.” In addition, endothelial cell
apoptosis is the cause of plaque instability because the death
of endothelial cells may lead to arterial thrombosis, leading
to acute coronary occlusion and sudden death.® In the
development of atherosclerosis, macrophages become foam
cells, which initially accumulate in the vascular intima and
participate in the progression of the disease.” Plaques rich
in foam cells are more likely to rupture, leading to throm-
bosis and subsequent cerebrovascular disease events.'® This
article explores how to alleviate the process of atheroscle-
rosis by intervening in mitochondrial calcium transport and
calcium-induced membrane permeability transition.

MATERIALS AND METHODS

Experimental animals

CS57BL/6 and CS57BL/6 background ApoE —/— mice
(8 weeks old) were purchased from the Animal Research
Center. A total of 24 ApoE —/— mice were treated with or
without mitochondrial targeting agent (1 mmol/L) and fed
with a high-fat diet for 8 weeks. C57BL/6 mice were used
as control. The hearts containing the aortic root and aortic
arch were frozen in liquid nitrogen and stored at —80°C for
further analysis.

Methods

Assessment of cytosolic calcium

The cells inoculated on the coverslip were washed three
times with a calcium ion-containing buffer (136 um NaCl,
5.4 umM KCl, 10 um HEPES, 0.33 um NaH,PO,.2H,0,
1 umM MgCI2.6H,0, 1 umM glucose and 1.8 um CaCl,,
pH, 7.4). The cells were incubated with 5 umol/L Fluo-3/
AM (Molecular Probes, Eugene, Oregon, USA) at 37°C for
35-45 min. After washing with calcium buffer, the cells
were observed under a confocal laser scanning microscope
(FV300, Olympus, Japan, excitation wavelength is 495 nm,
and emission wavelength is 525 nm).

Analysis of plaque lesions

The hearts were obtained and fixed in 4% paraformalde-
hyde and dehydrated in sucrose. After embedding with
optimal cutting temperature, the tissue was cut into 10 um
sections for histological analysis. H&E, Oil Red O and
Masson staining was done to quantify the area of the lesion
and staining for lipid and collagen. All experiments were
performed in accordance with the manufacturer’s instruc-
tions (KeyGEN BioTECH, China). Representative images
were analyzed by Image Pro Plus software.

Immunohistological analysis

The sections were incubated with anti-F4/80, tumor
necrosis factor alpha (TNF-0), interleukin 6 (IL-6), pyrin
domain containing protein 3 (NLRP3) and intercellular cell
adhesion molecule-1 (ICAM1) antibodies (Abcam, USA) at
4°C overnight. After washing with phosphate buffer saline

(PBS), the sections were incubated with secondary antibody
for 1hour and counterstained with hematoxylin. Image-Pro
Plus software was used to quantify the expression of F4/80,
TNF-a, IL-6, NLRP3 and ICAM1.

Western blotting assays

Cells were lysed with radio immunoprecipitation assay
buffer containing protease and phosphatase inhibitors.
After centrifugation, the supernatant was collected and
quantified. The proteins were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to nitrocellulose membrane. After blocking with
5% skimmed milk, it was treated with anti-phospho-p38
mitogen-activated protein kinase (MAPK) (Santa Cruz
Biotechnology, Dallas, Texas, USA) and anti-phospho-Jun
kinase 1/2 (JNK1/2) antibodies (Cell Signaling Technology,
Danvers, Massachusetts, USA), followed by incubation with
fluorescently labeled secondary antibodies. The western
blot protein band was scanned using Odyssey Imaging
System (LI-COR, Lincoln, Nebraska, USA). GAPDH
(Zhongshan Golden Bridge, Beijing, China) was used as an
internal control.

Real-time RT-PCR

The mouse aorta was exposed, and the surrounding tissue
was carefully removed. After perfusion with saline, the
aorta was removed and transferred to a Petri dish containing
ice-cold PBS. In order to obtain samples from the prone
and non-prone sites, the aorta was cut into two parts: the
aortic arch (prone site) and the thoracic-abdominal aorta
(prone site). An insulin syringe was used to quickly rinse
the preparation with TRIzol reagent (Invitrogen, Carlsbad,
California, USA), and the eluate was collected in a 1.5 mL
test tube and was prepared for RNA extraction. The
remaining aorta (medium+adventitia) was stored at —80°C
until RNA extraction. According to the manufacturer’s
protocol, total RNA was harvested from tissues and cells
using TRIzol reagent (Invitrogen). The extracted RNA was
reverse transcribed into cDNA using a high-capacity cDNA
reverse transcription kit (Applied Biosystems, Foster City,
California, USA). Real-time PCR was performed using first-
strand ¢cDNA, and B-actin was used as an internal control
to quantify the mRNA expression of phospho-p38 MAPK,
phospho-JNK1/2, cyt C and caspase-3. Online supple-
mental table 1 shows the primer sequences in RT-PCR.

Statistical analysis

Data were expressed as mean=SD and analyzed using
Student’s t-test or analysis of variance test. A two-tailed
p<0.05was considered statistically significant. SPSS V.22.0
(IBM SPSS, New York, USA) was used for analysis.

RESULTS

Mitochondrial targeting agents promote mitochondrial
calcium transport in ApoE—/— mice

Fluorescence intensity detection by laser confocal micros-
copy showed intracellular Ca** concentration. Compared
with the control group, the mean fluorescence intensity of
Ca** in the atherosclerosis group increased and the Ca**-
ATPase decreased (p<0.05). Compared with the athero-
sclerosis group, the mean fluorescence intensity of Ca** was
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Table 1 Mitochondrial targeting agents promote calcium
transport from cytoplasm to mitochondria

Mean fluorescence

Group intensity of Ca?*  Ca’*-ATPase
Control 11.43+1.25 8.89+0.37
Atherosclerosis group 124.32+8.76 1.87+0.14
Mitochondrial targeting agent group ~ 48.37+5.22 3.58+0.34

F value 13.264 12.023

P value 0.017 0.011

decreased and Ca?"-ATPase was increased in the mitochon-
drial targeting group (p<0.05) (table 1).

Mitochondrial targeting agents inhibit the development
of atherosclerosis in ApoE—/— mice

ApoE—/— mice were euthanized with or without mito-
chondrial targeting agents, and aortic root slices were used
to quantify plaque lesions. H&E, Masson and Oil Red O
staining showed that compared with the control group, the
lesion area, collagen and lipid content in the atheroscle-
rosis group were increased (p<0.05), while the lesion area,
collagen and lipid content in the mitochondrial targeting
group were decreased (p<0.05) (table 2).

Mitochondrial targeting agents reduce macrophage
recruitment

Since macrophages play a key role in early atherosclerosis, we
evaluated the recruitment of macrophages in plaque lesions.
Compared with the control group, macrophage recruit-
ment (F4/80 positive area) of the atherosclerosis group was
increased (p<0.05), and compared with the atherosclerosis
group, and the recruitment of macrophages (F4/80 positive
area) was reduced in the mitochondrial targeting agent group
(p<0.05) (online supplemental table 2).

Mitochondrial targeting agents reduce the expression of
proinflammatory cytokines

Atherosclerotic factors such as TNF-o, IL-6, NLRP3 and
ICAM1 are involved in the development of atherosclerosis.
Immunohistochemical staining of the aortic arch showed
that compared with the control group, the expression of
TNF-a, IL-6, NLRP3 and ICAM1 increased in the athero-
sclerosis group (p<0.05); compared with the atheroscle-
rosis group, the expression of TNF-o, IL-6, NLRP3 and
ICAM1 decreased in the mitochondrial targeting agent
group (p<0.05) (figure 1 and online supplemental table 3).

Table 2 Mitochondrial targeting agent inhibits the
development of atherosclerosis in ApoE—/— mice

Area of lesion 0Oil Red O stain
Group (mm?) Collagen (%) (%)
Control 0.010.01 3.43+0.17 6.12+0.35
Atherosclerosis group ~ 0.27+0.04 18.25+1.26 75.43£5.16
Mitochondrial targeting  0.12+0.05 8.47+0.21 26.37+2.18
agent group
F value 12.324 15.324 15.428
P value 0.011 0.012 0.015
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Figure 1  Immunohistochemical staining intensity of TNF-o,
interleukin 6 (IL-6), NLRP3 and ICAM1 expression. *Significant
difference between control and atherosclerosis group,
***n<0.001. #Significant difference between atherosclerosis and
mitochondrial targeting agent group, ###p<0.001.

Mitochondrial targeting agents inhibit MAPK/JNK
expression

The MAPK/JNK pathway is involved in lipid accumulation
in macrophages. Therefore, we carried out western blot-
ting and RT-PCR assays to further clarify the mechanism,
whereby mitochondrial targeting agents inhibit foam cell
formation. Our results showed that compared with the
control group, the expression of p38 MAPK and JNK1/2
phosphorylation was increased in the atherosclerosis group
(p<0.05). Compared with the atherosclerosis group, the
expression of phosphor-p38 MAPK and JNK1/2 decreased
in the treatment group (p<0.05). It indicates that the
MAPK/JNK pathway is involved in the development of
atherosclerosis mediated by mitochondrial targeting agents
(figure 2, online supplemental tables 4 and 5).

Mitochondrial targeting agents inhibit mitochondrial
apoptosis pathway

Since calcium is a key activator of mitochondrial apoptosis
pathway, we explored whether mitochondrial targeting
agents inhibit apoptosis through calcium-activated apop-
tosis pathway. Our results showed that, compared with the
control group, the apoptotic cascade was activated after
triggering calcium overload in the atherosclerosis group,
as evidenced by the release of cyt C and the activation of
caspase-3 (p<0.05). In contrast, treatment with mitochon-
drial targeting agents reduced the levels of elevated cyt C
and cleaved caspase-3 in atherosclerotic mice (p<0.05)
(figure 3 and online supplemental table 6).

DISCUSSION

Atherosclerosis is the root cause of cardiovascular disease,
accounting for about 50% of deaths worldwide. It is tradi-
tionally believed that atherosclerosis is caused by impaired
lipid metabolism, which is mainly manifested by elevated
plasma levels of low-density lipoprotein cholesterol.!!
Inflammation has also become the cause of the formation
of atherosclerotic plaques. According to the latest hypoth-
esis, inflammation and lipid metabolism jointly promote
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Figure 2 Western blot and RT-PCR analysis of p-p38 MAPK and
p-JNK1/2 expression. (A) Protein expression levels of p-p38 MAPK
and p-JNK1/2 detected by western blot. (B) mRNA expression
levels of p-p38 MAPK and p-JNK1/2 detected by RT-PCR.
*Significant difference between control and atherosclerosis group,
***p<0.001. #Significant difference between atherosclerosis and
mitochondrial targeting agent group, ###p<0.001.

the formation of atherosclerotic plaques in the arterial wall.
Mitochondria have a large negative membrane potential of
180mV, which can promote Ca** to enter mitochondria
from the cytoplasmic environment. In the process of evolu-
tion, cells have acquired a complex mitochondrial Ca®*
transport mechanism, which controls the entry of Ca** into
the mitochondrial matrix and the redistribution of Ca®* in
order to maintain cell function.'* The formation of spots
also requires ASC phosphorylation. MAPK and JNK are
two kinases that phosphorylate ASC. Inhibition of MAPK
or JNK will interfere with the formation of ASC spots but
will not affect the combination of ASC and NLRP3." The
formation of ASC spots is necessary for the activation of
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Figure 3 RT-PCR analysis of cyt C and caspase-3 expression.
*Significant difference between control and atherosclerosis group,
***p<0.001. #Significant difference between atherosclerosis and
mitochondrial targeting agent group, ###p<0.001.

Caspase-3

inflammasomes. The necessity of ASC phosphorylation
to form ASC spots indicates the mechanism of formation
of inflammasome complexes: K* efflux, reactive oxygen
species (ROS) formation, Ca’" signaling, endoplasmic
reticulum (ER) stress, mitochondrial dysfunction and lyso-
some rupture.’* These mechanisms are overlapped, and we
interpret them as four mechanisms: (1) K* efflux, (2) ROS
formation, (3) ER stress-induced mitochondrial dysfunc-
tion-Ca®* signaling and (4) lysosomal rupture. There is an
interaction between Ca®* level and ER stress. In this way,
IP2R can be adjusted to regulate the flow of Ca®* out of the
ER, as the fourth sensor of ER stress. In a stress-free cell
state, the appropriate and necessary amount of Ca®* leave
the ER through IP3R. During the initial and adaptation
stage of ER stress, IP3R reduces Ca** outflow. However,
during prolonged ER stress beyond an adjustable level,
IP3R promotes apoptosis by increasing the flow of Ca**
from the ER."” The cytoplasmic Ca®* content increases,
and Ca*" enters the mitochondria and causes ROS produc-
tion. Mitochondrial ROS leads to mtDNA oxidation, which
leads to inflammasome activation. Ca*" can also activate
the tat-related kinase (TAK1)-JNK pathway to activate the
kinase JNK, which is necessary for the formation of ASC
spots. Increased extracellular Ca** can also cause activate
inflammasomes.'® An increase in extracellular Ca** concen-
tration at the site of infection and chronic inflammation
was observed. Necrotic cells seem to be a resource for
increased extracellular Ca?*, which activates the NLRP3
inflammasome through the G protein-coupled calcium-
sensitive receptor in the inositol (1,4,5)-triphosphate (P13)/
Ca** pathway.!” We observed that compared with the
control group, the mean fluorescence intensity of Ca** in
the atherosclerosis group increased, and the Ca**-ATPase
decreased; the lesion area, collagen and lipid content
increased (p<0.05). Compared with the atherosclerosis
group, the mean fluorescence intensity of Ca®' in the
mitochondrial targeting agent group decreased, and the
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Ca**-ATPase increased; the lesion area, collagen and lipid
content decreased (p<0.05).

The differentiation of monocytes into macrophages
and uptake of modified LDL to produce foam cells is also
crucial for the progression of atherosclerosis.'® We found
that mitochondrial targeting agents significantly inhibited
atherosclerosis in ApoE —/— mice fed a high-fat diet. In
addition, mitochondrial targeting agents also inhibited the
expression of F4/80 in ApoE—/— mice. ICAM-1 is essential
for monocyte recruitment. Inflammatory cytokines, such as
TNF-o and IL-6, are thought to promote foam cell forma-
tion. The silencing of NLRP3 inflammatory bodies leads to
the stabilization of atherosclerotic plaques. We observed
that the expression of TNF-q, IL-6, NLRP3 and ICAM1
decreased after treatment with mitochondrial targeting
agent.

Previous studies have shown that the MAPK/JNK
pathway is an important mediator of oxLDL uptake."”” We
found that after the treatment of mitochondrial targeting
agents, phospho-p38 and JNK1/2 decreased in atheroscle-
rotic mice. These data indicate that mitochondrial targeting
agents can inhibit the development of atherosclerosis and
induce the formation of foam cells in ApoE—/— mice. The
inhibition of mitochondrial targeting agents on atheroscle-
rotic progression is at least partially mediated by the MAPK/
JNK pathway.

The inflammasome triggers inflammation by activating
caspase-3 and subsequently maturing inflammatory cyto-
kines and triggering a type of inflammatory cell death called
fever.?’ After NLRP3 is activated, it interacts with ASC.
ASC and NLRP3 together lead to the lysis of procaspase-3
and the activation of caspase-3 in the form of spotted
cytoplasmic aggregation. We observed that mitochondrial
targeting agent treatment reduced the levels of elevated cyt
C and cleaved caspase-3 in atherosclerotic mice.

The study has some limitations. The results cannot be
extended to other pathological stages of atherosclerosis.
It is necessary to further study the role of mitochondrial
targeting agents in the formation of advanced plaques.

In conclusion, mitochondrial targeting agents inhibit
the activation of the MAPK/JNK pathway by suppressing
mitochondrial calcium transport and calcium-induced
membrane permeability change, inhibit foam cell formation
and alleviate atherosclerosis. More studies are needed to
confirm our findings and further explore the role of mito-
chondrial targeting agents in animal models.
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