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Abstract

In this study, we investigated the protective role of Mzb1 in atherosclerotic plaque vulnerability. To explore the impact of Mzb1,
we analyzed Mzb1 expression, assessed apoptosis, and evaluated mitochondrial function in atherosclerosis (AS) mouse models
and human vascular smooth muscle cells (HVSMCs). We observed a significant decrease in Mzb1 expression in AS mouse
models and ox-LDL-treated HVSMCs. Downregulation of Mzb1 increased ox-LDL-induced apoptosis and cholesterol levels of
HVSMC s, while Mzb1 overexpression alleviated these effect. Mzb1 was found to enhance mitochondrial function, as evidenced
by restored ATP synthesis, mitochondrial membrane potential, and reduced mtROS production. Moreover, Mzb1 overexpression
attenuated atherosclerotic plaque vulnerability in ApoE~'~ mice. Our findings suggest that Mzb1 overexpression regulates the
AMPK/SIRT1 signaling pathway, leading to the attenuation of atherosclerotic plaque vulnerability. This study provides compel-
ling evidence for the protective effect of Mzb1 on atherosclerotic plaques by alleviating apoptosis and modulating mitochondrial
function in ApoE ™~ mice.
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Abbreviations Introduction

AS Atherosclerosis

HVSMCs Human vascular smooth muscle cells Human atherosclerotic plaques are characterized by fibro-
ox-LDL  Oxidized low-density lipoprotein fatty lesions within arterial walls. These plaques tend to
ROS Reactive oxygen species rupture, leading to their entry into the circulation. Such
ER Endoplasmic reticulum plaque ruptures are widely believed to play a significant
HFD High fat diet role in the development of heart attacks and strokes. Stud-
TEM Transmission electron microscopy ies have shown that ruptured plaques are often character-
UPR Unfolded protein response ized by a thin fibrous cap with high macrophage infiltra-

tion, covering a large necrotic core [1, 2]. The continuous
accumulation of cytotoxic lipids in plaque tissue acti-
vates a malignant process of cell death, inflammation,
and fibrous tissue degradation, ultimately weakening the
fibrous cap and causing plaque rupture [3]. Despite exten-
sive research on the pathological processes and identifi-
Associate Editor Enrique Lara-Pezzi oversaw the review of this article cation of multiple risk factors for atherosclerotic plaque
vulnerability, the mechanisms of plaque rupture remain
poorly understood.

Vascular smooth muscle cells (VSMCs) are the
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of_Zhongshan Ho§pital, Fudan University, 1.158 Parl.< Road, [4]. In the process of disease progression, VSMCs can
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switch to different phenotypes, including phenotypes
similar to foam cells, macrophages, mesenchymal stem
cells and osteochondrocytes, which exert both positive
and negative effects on disease progression [5, 6]. In
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early atherosclerosis, the VSMC uptake of oxidized
low-density lipoprotein (ox-LDL) leads to foam cell
formation and cell apoptosis. Additionally, activated
VSMCs secrete chemokines, contributing to mono-
cyte recruitment. In the late phase of atherosclerosis,
VSMC s play a role in generating fibrous caps and form-
ing necrotic cores, thereby increasing atherosclerotic
plaque vulnerability [3, 6].

Mitochondria, vital cellular organelles responsible
for energy production via oxidative phosphorylation,
play crucial roles in cellular metabolism, calcium
homeostasis, reactive oxygen species (ROS) produc-
tion, and cell signaling. Proper mitochondrial function
is essential for overall cellular health, especially in cells
with high energy demand. Mitochondrial dysfunction
is closely associated with various cardiovascular dis-
eases, including ischemic heart disease, atherosclerosis,
cardiomyopathy, and hypertension [7]. This dysfunc-
tion manifests as reduced ATP production, impaired
mitochondrial regulation, increased generation of ROS
and associated signaling pathways, dysregulated cell
growth and apoptosis, compromised activity of the
mitochondrial electron transport chain, and an inflam-
matory response [8—10]. Mitochondrial dysfunction is a
key factor in foam cell formation and is a characteristic
feature of atherosclerosis. Studies have demonstrated
that ox-LDL, a major contributor to the development
of atherosclerosis, promotes oxidative stress and sub-
sequent mitochondrial dysfunction[11]. Accumulating
studies have revealed that impaired mitochondrial func-
tion leads to increased oxidative stress, inflammation,
and apoptosis within atherosclerotic plaques [12, 13].
However, mitochondrial abnormalities or dysfunctions
can trigger apoptosis, thereby increasing the risk of
plaque rupture [14]. Understanding the intricate rela-
tionship between mitochondrial function and plaque
stability may reveal potential therapeutic targets to
prevent plaque progression and reduce the risk of acute
cardiovascular events.

Mzbl (marginal zone B and B1 cell-specific protein),
also referred to as plasma cell-induced resident endo-
plasmic reticulum protein (pERp1), is an 18 kDa protein
localized within the endoplasmic reticulum (ER) [15,
16]. Many recent studies on Mzb1 have mainly focused
on autoimmune diseases, periodontitis, and cancers
[17-19]. In a study conducted by Wu et al., it was dis-
covered that overexpression of Mzb1 enhanced apoptosis
in rectal adenocarcinoma cells, leading to a higher rate of
cell death [20]. One study reported that Mzb1 improved
mitochondrial function in cardiomyocytes after myocar-
dial infarction [21]. However, the association of Mzbl
with atherosclerotic plaque vulnerability has not yet been

investigated. Therefore, we hypothesized that Mzb1 may
play a role in attenuating atherosclerotic plaque vulner-
ability by regulating mitochondrial function and oxidative
stress.

Methods
Animal Models

The in vivo study protocol was approved by the Ethics Com-
mittee of Chedun Experimental Animal Breeding Farm Co.,
Ltd. and conformed to the Guide for the Care and Use of
Laboratory Animals published by the NIH (NIH publica-
tion, eighth edition, updated 2011). Eight-week-old male
ApoE™~ mice were purchased from Charles River Labo-
ratories (Beijing, China). Mice were randomly assigned to
four groups (n =38 per group): sham, Mzb1-oe (Mzb1 over-
expression), HFD, and HFD +Mzb1-oe groups. The animals
had free access to water during the treatment. Mice in the
sham and Mzbl-oe groups were fed normal chow. Mice
in the HFD and HFD + Mzb1-oe groups were fed an HFD
(D12109C, Research Diets) for 12 weeks. Mzb1-oe lentivi-
rus was intravenously injected into the mice every 3 weeks
(1x107 TU/mL) during the 12 weeks, and then all mice
were sacrificed and aortic tissue was collected for further
analysis.

Evaluation of Atherosclerotic Lesion Development

The circulatory system was rinsed with phosphate buff-
ered saline (PBS) and fixed with 4% paraformaldehyde.
To prepare for further analysis, the heart and ascending
aorta were embedded in an optimal cutting temperature
(OCT) compound and rapidly frozen by placing them
in liquid nitrogen. For the examination of lesion forma-
tion in the aortic roots, consecutive cross-sections with
a thickness of 7 um were collected from the area where
the aortic valve leaflets originated. To detect lipid depo-
sition, sections were stained with Oil Red O. The areas
occupied by atherosclerotic lesions were quantified using
the ImagelJ software.

Histological Examination

Frozen sections of atherosclerotic lesions in the aortic
roots were used for histological examination. The sections
were stained with hematoxylin and eosin to visualize and
assess the size of the necrotic core, and Masson’s staining
was employed to determine the collagen content within the
lesions.
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Immunohistochemistry

For immunohistochemical staining, sections were initially
treated with 3% hydrogen peroxide to neutralize endoge-
nous peroxidase activity. Subsequently, the sections were
incubated overnight at 4 °C with primary antibodies. The
detection of macrophages and VSMCs involved the use of
rabbit anti-mouse CD68 antibody (Proteintech, China) and
rabbit anti-mouse a-SMA antibody (Proteintech, China),
respectively. Microscopic images of the stained sections
were captured using a Leica microscope, and these images
were further analyzed and quantified using Image-Pro Plus
software.

Cell Culture and Treatments

Human vascular smooth muscle cells (HVSMCs) were
sourced from Zhong Qiao Xin Zhou Biotechnology
Co., Ltd. (Shanghai, China), and ox-LDL (20605ES05)
was obtained from Shanghai Yeasen BioTechnologies
Co. Ltd. HVSMCs were cultured in smooth muscle cell
medium (Cat No:1101; ScienCell), supplemented with
2% fetal bovine serum (FBS), 1% penicillin/strepto-
mycin, and smooth muscle cell growth supplement
(Cat No. 1152; ScienCell). Cells were incubated at
37 °C with 5% CO, in a CO, incubator to maintain
the optimal conditions. Upon reaching 70%-80% con-
fluence, HVSMCs were stimulated in smooth muscle
cell medium mixed with 100 pg/mL ox-LDL for 48 h.
Small interfering RNA against Mzbl(si-Mzbl), the
Mzbl-oe, and their negative controls were obtained
from GenePharma (Shanghai, China) and transfected
into cells using Lipofectamine™ 3000 (Invitrogen,
Carlsbad, CA, USA).

Determination of Cholesterol Levels

The levels of total cholesterol (TC), triglyceride (TG) and
low-density lipoprotein cholesterol (LDL-C) in HVSMCs
were detected by total cholesterol assay kit, triglyceride
assay kit and low-density lipoprotein cholesterol assay Kkit,
respectively (Nanjing Jiancheng Bioengineering Institute,
China) according to the manufacturer’s instructions.

Western Blotting Analysis

Aorta samples and HVSMCs were lysed using radioim-
munoprecipitation assay (RIPA) lysis buffer (EpiZyme,
Shanghai, China) for 10 min, supplemented with PSMF
and protein phosphatase inhibitors. The protein concen-
tration was determined using a BCA Protein Assay Kit
(EpiZyme, ZJ101), and protein loading buffer was added
to the lysates at a ratio of 4:1 and thoroughly mixed.

@ Springer

Thereafter, 10 pg of protein was loaded onto 10% or 15%
SDS-PAGE gels for electrophoretic separation. The sepa-
rated proteins were subsequently transferred onto 0.22 pm
polyvinylidene fluoride membranes (Millipore, Billerica,
MA, USA), which were then blocked with Protein Free
Rapid Blocking Buffer (EpiZyme, PS108P) for 10 min.
After blocking, the membranes were incubated overnight
at 4 °C with the designated primary antibodies, followed
by incubation with the appropriate secondary antibody
at 37 °C for 1 h. The immunoblotted membranes were
scanned and detected using a calibrated densitometer (Bio-
Rad). The intensity of the immunoblot bands was nor-
malized to the loading control (B-actin or GAPDH). The
following primary antibodies were employed in this study:
Mzbl (Invitrogen, 1:1000); Bax (Proteintech, 1:2000);
Bcl 2 (Proteintech, 1:2000); Cytochrome c (Proteintech,
1:2000); AMPK (Proteintech, 1:1000); SIRT1 (Abcam,
1:1000); p-actin (Servicebio, 1:1000).

Quantitative RT-PCR

RT-qPCR was performed according to the manufactur-
er's instructions. Initially, total RNA was extracted using
RNAiso Plus (Takara, Tokyo, Japan). Subsequently, 500 ng
of RNA underwent reverse transcription using the Hifair®
IIT 1st Strand cDNA Synthesis SuperMix (Yeasen Biotech
Company, Shanghai, China). For qRT-PCR, the cDNA sam-
ple was used in combination with SYBR Green Master Mix
(Yeasen Biotech Company) and the CFX96 Real-Time PCR
System (Bio-Rad, Hercules, CA, USA).

Detection of Apoptosis using Flow Cytometry

The apoptosis rate was evaluated using an Annexin
V-FITC/PI Cell Apoptosis Detection Kit (Servicebio)
according to the manufacturer’s instructions. The cells
were seeded into 6-well tissue culture plates. Following
treatment, the cells were collected, washed with PBS, and
resuspended in pre-cooled binding buffer, and the cell con-
centration was adjusted to 1 x 10° cells/mL. Subsequently,
5 pL of Annexin V-FITC and 5 pL of PI were added to
100 pL of cell suspension and kept away from light at
room temperature for 10 min. Thereafter, 400 pL of bind-
ing buffer was added, the mixture was gently shaken, and
flow cytometry analysis (BD FACSCanto) was performed
within 1 h.

Transmission Electron Microscopy

The mice were anesthetized and perfused with a 0.9% saline
solution. Aortic tissue blocks measuring 1 X2 X3 mm were
carefully extracted. These fresh tissue blocks were sub-
sequently placed in a fixative for transmission electron
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microscopy (TEM, Servicebio) and kept at 4 °C for 4 h.
Thereafter, they were fixed in a 1% OsO4 solution in
0.1 mol/L PBS for 2 h at room temperature. Tissue blocks
were dehydrated using an alcohol gradient. Afterward, the
sections were embedded by baking in an oven set at 60 °C
for 48 h and subsequently sliced into ultrathin Sects. (60 nm)
using an ultramicrotome. Finally, the mitochondrial ultra-
structure of the aorta was examined using a transmission
electron microscope (HITACHI, HT7700, Japan).

ATP Determination

The intracellular ATP content of the HVSMCs was deter-
mined using an ATP assay kit (Beyotime). HVSMCs
(1x 10°% were lysed and centrifuged at 4 °C. After remov-
ing the cell pellets, the supernatant (20 pL each well) was
transferred to black 96-well plates (Thermo Scientific,
Waltham, MA, USA) containing ATP working solution
(100 pL each well). Luminescence was recorded using a
microplate reader (Thermo Scientific, Lithuania), and the
ATP concentration was further divided by the protein con-
centration of the cells, as detected using the bicinchoninic
acid assay (Beyotime).

JC-1 Measurements

The JC-1 Mitochondrial Membrane Potential Assay Kit
(Servicebio, China) was used for detecting mitochondrial
membrane potential following the manufacturer’s protocol
(Servicebio, China). Fluorescence signals were measured at
514/529 nm (excitation/emission, green) and 585/590 nm
(excitation/emission, red) using a high-resolution confocal
laser-scanning microscope, FV1000 (Olympus, Germany).
JC-1 accumulates in mitochondria, which is dependent on
the mitochondrial membrane potential. In cells with a high
mitochondrial membrane potential, JC-1 forms a complex
emitting red fluorescence. Conversely, in cells with a low
mitochondrial membrane potential, JC-1 remains in its mon-
omeric form, resulting in green fluorescence.

Determination of Mitochondrial ROS Levels

The mitochondrial ROS (mtROS) levels in HVSMCs were
measured using MitoSOX (Invitrogen, Carlsbad, CA, USA).
HVSMCs were collected and incubated in medium contain-
ing 5 pM MitoSOX for 30 min at 37°C in the dark. After
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Fig.1 Mzbl expression levels are decreased in atherosclerotic
plaques in ApoE™~ mice and ox-LDL-induced HVSMCs. Protein
levels (a, b) and mRNA levels (¢) of Mzbl were detected using west-
ern blotting and RT-qPCR, respectively. Representative immunohis-
tochemical images of aortic roots from ApoE.™~ mice (d, e). Scale

bars: 200 pm. The expression of Mzbl in HVSMCs stimulated with
ox-LDL (100 pg/ml) for 48 h was detected using western blot (f,
g) and RT-qPCR (h). Data are presented as the mean+SD (n=3).
*#p<0.01
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incubation, the cells were washed twice with PBS, and the
relative fluorescence intensity of MitoSOX was recorded
using a high-resolution confocal laser scanning microscope
FV1000 (Olympus, Germany). The excitation (EX) and
emission wavelengths (EM) of MitoSOX were 510 nm and
580 nm, respectively.

Data Analysis

All data were presented as the mean + standard devia-
tion. Statistical analyses were conducted using GraphPad
Prism software (version 9.0; GraphPad Software, Inc.). The

significance of the differences between the two groups was
determined using unpaired two-tailed Student's t-tests, with
statistical significance set at p <0.05.

Results

Downregulation of Mzb1 in Atherosclerotic Plaques
and Ox-LDL-Treated HVSMCs

To investigate the role of Mzb1 in atherosclerotic plaques,
we examined its expression in mice with atherosclerotic
plaques. As shown in Fig. la-c, the protein and mRNA
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Fig.2 Mzbl knockdown promoted HVSMC apoptosis. The effi-
ciency of si-Mzbl in HVSMCs was verified using western blot (a,
b). TC, TG and LDL-C were measured in HVSMCs (c-e). The effects
of si-Mzbl in promoting HVSMCs apoptosis were assessed using
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levels of Mzb1 were significantly lower in ApoE™'~ mice
with atherosclerotic plaques than in the sham group.
Immunohistochemical staining for Mzb1 corroborated
these findings (Fig. 1d, e). Similarly, a significant down-
regulation of Mzbl was observed at both the protein
(Fig. 1f, g) and mRNA (Fig. 1h) levels in primary cultured
HVSMCs exposed to 100 pg/mL ox-LDL for 48 h.

Mzb1 Protects Against Ox-LDL-Induced HVSMCs
Cholesterol Deposition and Apoptosis

To understand the impact of Mzbl downregulation in ox-
LDL-induced HVSMCs, we investigated changes in cell
cholesterol deposition and apoptosis following the targeted

suppression of Mzbl using siRNA (si-Mzbl). The effec-
tiveness of si-Mzb1 in silencing Mzb1 was confirmed by
a significant reduction in Mzbl protein levels (Fig. 2a,
b). Ox-LDL increased the concentration of intracellular
TC, TG and LDL-C. These increase was further exac-
erbated by si-Mzbl treatment (Fig. 2c-e). As shown in
Fig. 2f and g, flow cytometric analysis demonstrated a
significant increase in the apoptosis rate 48 h after expo-
sure to ox-LDL, and this increase was further exacerbated
by si-Mzbl treatment. To explore whether the increase
in apoptosis was mediated through the mitochondrial
death pathway, we examined changes in the expression of
mitochondria-related factors, Bax, Bcl-2, and cytochrome
¢ (cyt-c). Western blot analysis revealed that the protein
levels of Bcl-2 decreased, whereas those of Bax increased
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«Fig.5 Mzbl Attenuates Atherosclerotic Plaque Vulnerability in
ApoE.™~ Mice. Aortic roots were subjected to Oil-red O staining,
H&E staining, Masson staining, and immunohistochemical staining
for CD68 and a-SMA in mice (a). Plaque size in the aortic root was
evaluated using Oil-red O staining (b) and the size of the necrotic
core of the aortic root plaque was assessed through H&E staining
(c). Collagen fraction was evaluated using Masson staining (d), and
immunohistochemical staining was performed for CD68 and aSMA
(e, f). The vulnerability index changes in aortic root plaques (g).
Scale bar: 500 pm; *p <0.05; ***%p <0.001; ****p <0.0001

upon si-Mzbl1 treatment. Additionally, cyt-c expression
was upregulated after Mzbl1 silencing (Fig. 2h-k).

Next, we examined the effects of Mzb1-oe on HVSMCs
cholesterol deposition and apoptosis. Western blot analysis
(Fig. 3a, b) revealed that the introduction of a plasmid car-
rying the Mzbl gene significantly enhanced Mzb1 protein
levels. Ox-LDL increased the concentration of intracellu-
lar TC, TG and LDL-C, and Mzb1-oe effectively counter-
acted these detrimental effects (Fig. 3c-e). Mitochondria
are highly sensitive to various cellular environmental cues
and initiate apoptotic pathways upon exposure to oxida-
tive stress [22]. One critical aspect of this pathway is the
abnormal upregulation of Bax and simultaneous down-
regulation of Bcl-2, leading to the subsequent release of
Cyt-c from the mitochondria to the cytoplasm. Our find-
ings indicated that ox-LDL significantly increased the
protein levels of Cyt-c and Bax, indicating the activation
of the mitochondrial death pathway. However, Mzb1-oe
effectively counteracted these detrimental effects (Fig. 3f-
i). Furthermore, flow cytometry results demonstrated that
Mzb1-oe successfully attenuated ox-LDL-induced apop-
tosis of HVSMC:s (Fig. 3j, k).

Mzb1 Improves Mitochondrial Function

Mitochondrial damage, primarily induced by the exces-
sive production of oxygen free radicals, is considered the
main factor contributing to AS. In this study, we examined
the impact of Mzbl on mitochondrial membrane poten-
tial through confocal microscopic analysis of JC-1 stain-
ing (Fig. 4a, b). Exposure to ox-LDL resulted in the depo-
larization of the mitochondrial membrane potential, as
evidenced by intensified JC-1 staining. This depolarizing
effect induced by ox-LDL was further intensified in the pres-
ence of si-Mzbl. Since oxidative phosphorylation governs
ATP production in mitochondria, we examined the potential
influence of Mzbl on ATP levels. Notably, when HVSMCs
were exposed to 100 pg/mL ox-LDL for 48 h, a significant
decrease in mitochondrial ATP levels was observed. Further-
more, the knockdown of Mzbl amplified this detrimental
change (Fig. 4c). We also examined the effect of Mzbl on
mtROS production after stimulation with ox-LDL. Confocal
microscopy revealed a significant increase in mtROS levels
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after 48 h of ox-LDL stimulation, and si-Mzb1 exacerbated
oxidative stress (Fig. 4d, e). Conversely, Mzb1 overexpres-
sion successfully countered the depolarization of the mito-
chondrial membrane potential (Fig. 4f, g). Enhanced Mzbl
function led to an elevation in ATP production even in the
presence of ox-LDL (Fig. 4h). Increased mtROS production
induced by ox-LDL was mitigated by Mzb1 overexpression
(Fig. 44, j).

Mzb1 Attenuates Atherosclerotic
Plaque Vulnerability in ApoE~"Mice

Our investigation focused on examining the impact of
Mzb1 on the stability of atherosclerotic plaques in mice.
To assess plaque vulnerability, we employed histological
and immunohistochemical (IHC) staining techniques to
monitor stability in the aortic roots. Initially, a significant
increase in lesion areas within plaques of ApoE~'~ mice
fed HFD was observed. However, the overexpression
of Mzbl rescued lesion areas (Fig. 5a, b). H&E stain-
ing revealed a significantly reduced necrotic core size in
Mzb1-overexpressing mice compared to ApoE~'~ mice
(Fig. 5a, c). Furthermore, Masson staining demonstrated
increased collagen content within the atherosclerotic
plaques of Mzbl-overexpressing mice compared to those
of ApoE™~ mice (Fig. 5a, d). To assess the impact of
Mzbl overexpression on plaque vulnerability, we exam-
ined the presence of CD68-positive macrophages asso-
ciated with plaque instability using IHC staining. The
findings revealed that Mzb1 overexpression significantly
reduced the area occupied by CD68-positive macrophages
within the plaque (Fig. 5a, e). Considering the crucial role
of extracellular matrix proteins, such as collagen, in the
formation of a stable fibrous cap primarily secreted by
VSMCs, we measured the percentage of VSMCs in the
plaque area. Remarkably, our results demonstrated a sig-
nificant reduction in the area occupied by a-SMA positive
VSMCs within the plaque of Mzbl-overexpressing mice
compared to ApoE~'~ mice (Fig. 5a, f). In addition, we
calculated the vulnerability plaque index for each group,
and our results indicated that the overexpression of Mzbl
substantially decreased the vulnerability index of plaques
(Fig. 5g). These findings provide strong evidence that
Mzbl holds great promise for enhancing the stability of
atherosclerotic plaques.

Mzb1 Suppresses Atherosclerotic Plaque-Induced
Apoptosis and Maintains the Structure and Function
of Mitochondria

Additionally, we observed significantly higher levels of
Bax and Cyt-c expression, and significantly lower levels
of Bcl-2 expression in HFD mice than in mice in the sham
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Fig.6 Mzbl suppresses atherosclerotic plaque-induced apoptosis and
maintains the structure and function of mitochondria. Representa-
tive Western blot bands depicting Bax, Bcl-2 and Cyt-c in different
groups (a-d). Electron microscopic findings of mitochondria ultras-
tructure. The red triangle indicates swollen and disorganized mito-

group. Notably, these differences were nullified by the
overexpression of Mzb1 (Fig. 6a-d), highlighting the role
of Mzbl in suppressing the expression of Bax and Cyt-c.
To further investigate the effects of Mzb1, we examined
the ultrastructure of the aorta using TEM. Electron photo-
micrographs of the aortas from the sham and Mzb1-trans-
fected groups exhibited normal mitochondria. Conversely,
in HFD-induced AS mice transfected with the vector, there
was evidence of mitochondrial aggregation and enlarge-
ment. Detailed analysis of the images revealed swollen and
disorganized mitochondria, along with fragmented struc-
tures indicative of impaired respiratory capacity. Impor-
tantly, overexpression of Mzb1 successfully mitigated the
detrimental effects of AS, preserving the structure and
function of the mitochondria (Fig. 6e). Consistent with
previous studies, our findings demonstrated a downregula-
tion in the expression of SIRT1 and the level of AMPK, an
upstream component of SIRT1, in HFD mice. However,
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chondria and fragmented mitochondria. The yellow pentagram indi-
cates a normal mitochondrial ultrastructure (e). The effect of Mzbl
on the protein levels of AMPK and SIRT1 in different groups (f-h).
Scale bar=2 pm, *p <0.05; **p <0.01; ****p <0.0001

these changes were effectively restored by the overexpres-
sion of Mzb1 (Fig. 6f, g). These results strongly indicate
that Mzb1 influences mitochondrial function by modulat-
ing the AMPK/SIRT1 signaling pathway.

Discussion

In this study, we investigated the protective role of Mzbl1
in attenuating atherosclerotic plaque vulnerability. We
observed a significant decrease in Mzb1 expression in
mouse models of AS and in HVSMCs treated with ox-
LDL in vitro. The reduced Mzbl1 expression correlated
with increased susceptibility to plaques in vivo and height-
ened apoptosis of ox-LDL-treated HVSMCs in vitro. In
contrast, overexpression of Mzb1 improved plaque stabil-
ity and alleviated ox-LDL-induced apoptosis in HVSMCs.
Furthermore, we found that Mzbl plays a crucial role in
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enhancing mitochondrial function in ox-LDL-treated
HVSMC s, as evidenced by the restoration of decreased
mitochondrial ATP synthesis, mitochondrial membrane
potential, and reduced production of mtROS. Moreover,
our findings suggest that Mzb1 overexpression regulates
the AMPK/SIRT1 signaling pathway, leading to the atten-
uation of atherosclerotic plaque vulnerability. Overall, our
study provides compelling evidence that Mzb1 exerts a
protective effect on atherosclerotic plaques by modulating
mitochondrial function in ApoE~~ mice.

Numerous studies have consistently shown that VSMCs
play a crucial role in the development of atherosclerosis,
which involves thickening of the inner layer of the intima
and formation of atheromatous plaques [23, 24]. The loss
of VSMCs has been identified as a contributing factor
to plaque instability and subsequent complications [24].
VSMC apoptosis is believed to be a major contributor to
atherosclerotic plaques [25]. Importantly, studies have
demonstrated that elevated levels of ox-LDL, a key player
in atherogenesis, can significantly induce VSMC apoptosis
[26]. Our results further underscore the significance of this
process by revealing that Mzbl treatment mitigates ox-
LDL-induced VSMC apoptosis. This suggests a potential
therapeutic strategy for preventing plaque instability.

Mzbl, which encodes a B-cell-specific endoplasmic
reticulum (ER)-localized protein, is an important factor
in immune protein synthesis. Acting as a chaperone for
Grp94/gp96 (Hsp90b1l) under ER stress, Mzb1 facilitates
efficient antibody secretion both in vitro and in immunized
mice [27, 28]. Previous studies have mainly focused on
understanding the function of Mzbl in the context of ER
stress. The ER is responsible for vital cellular processes,
such as protein folding and the transport of secretory and
membrane proteins necessary for maintaining cellular
homeostasis [29]. However, accumulation of misfolded
proteins in the ER triggers the unfolded protein response
(UPR), which plays a crucial role in the onset, progres-
sion, and clinical outcomes of atherosclerosis [30-32].
Moreover, ER stress is a key mechanism regulating plaque
vulnerability and acute complications associated with
atherosclerosis [33]. Previous studies have demonstrated
that Mzb1 regulates the expression of GRP94 and GRP78,
which are involved in ER stress and affect the classical ER
stress signaling pathway [21, 28].

The UPR is a cellular mechanism activated in response
to ER stress, leading to a cascade of detrimental effects,
including oxidative stress, vascular cell apoptosis, and the
development of atherosclerosis [32, 34]. Mitochondrial
dysfunction results in an increased production of super-
oxides, which, in turn, causes the oxidation of low-den-
sity lipoproteins [35]. This oxidation promotes vascular
cell apoptosis and increases atherosclerotic lesions [36].
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Recent research has highlighted extensive communica-
tion between the ER and mitochondria, suggesting sig-
nificant crosstalk between these organelles under normal
physiological conditions, as well as in pathophysiological
states [37]. Understanding the key players involved in this
crosstalk is crucial for gaining insight into the underly-
ing mechanisms of ER and mitochondrial dysfunction and
their impact on atherosclerosis.

Mitochondrial dysfunction plays a significant role in
the development of numerous chronic diseases, including
atherosclerosis [38]. Reduced mitochondrial quantity has
been extensively linked to the progression of atherosclero-
sis [39]. In the presence of atherogenic conditions, cellu-
lar increases in reactive oxygen species (ROS) have been
reported to cause damage to the mitochondria, leading to
further production of ROS in a continuous cycle [36]. Dam-
age to mitochondrial DNA (mtDNA) caused by ROS has
been found to correlate not only with the extent of athero-
sclerotic plaques but also with the early stages of lesion for-
mation [40]. Research has demonstrated that reduced ATP
production as a result of these defects is associated with
apoptosis and the inhibition of cell proliferation. Apoptosis
induced by ox-LDL cholesterol involves mitochondrial cal-
cium overload, loss of mitochondrial membrane potential,
and the release of cytochrome c, playing a crucial role in
the initiation and progression of apoptosis [41]. Ultimately,
these processes lead to plaque vulnerability [42]. Our study
showed that Mzb1 increased mitochondrial ATP production
and mitochondrial membrane potential in ox-LDL-induced
HVSMCs. Mzbl also significantly reduced mitochondrial
ROS synthesis.

Previous human pathological examinations demon-
strated that plaque components, rather than their size, play
a more prominent role in the development of atherosclerotic
plaques. Increased plaque vulnerability is a major cause of
plaque disruption [43, 44]. Vulnerable plaques are charac-
terized by higher lipid and macrophage content and reduced
collagen and SMCs [44]. Our study revealed that athero-
sclerotic lesions in ApoE™~ 4+ Mzbl-oe mice displayed a
less vulnerable status compared to ApoE ™~ mice. This was
evidenced by a smaller necrotic core size, increased collagen
content, reduced macrophage infiltration, and an elevated
number of VSMCs within the lesions.

In conclusion, the findings of this study strongly indicate
that Mzbl1 plays a significant role in reducing the vulnerabil-
ity of atherosclerotic plaques by modulating mitochondrial
function and mitigating apoptosis. These results provide
valuable insights into potential targets and interventions for
treating impaired mitochondrial energy metabolism in ath-
erosclerotic plaques. By understanding and targeting these
mechanisms, new approaches could be developed to address
the underlying causes of atherosclerosis.
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