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ARTICLE INFO ABSTRACT

Keywords: Background: Carotid arterial atherosclerotic stenosis is a well-recognized pathological basis of

Ca_mtid artery atherosclerosis ischemic stroke; however, its underlying molecular mechanisms remain unknown. Vascular

gnmar;lrlvascular smooth muscle cells smooth muscle cells (VSMCs) play fundamental roles in the initiation and progression of
rganelles

atherosclerosis. Organelle dynamics have been reported to affect atherosclerosis development.
However, the association between organelle dynamics and various cellular stresses in athero-
sclerotic progression remain ambiguous.

Methods: In this study, we conducted transcriptomics and bioinformatics analyses of stable and
vulnerable carotid plaques. Primary VSMCs were isolated from carotid plaques and subjected to
histopathological staining to determine their expression profiles. Endoplasmic reticulum (ER),
mitochondria, and lysosome dynamics were observed in primary VSMCs and VSMC cell lines
using live-cell imaging. Moreover, the mechanisms underlying disordered organelle dynamics
were investigated using comprehensive biological approaches.

Results: ER whorls, a representative structural change under ER stress, are prominent dynamic
reconstructions of VSMCs between vulnerable and stable plaques, followed by fragmented
mitochondria and enlarged lysosomes, suggesting mitochondrial stress and lysosomal defects,
respectively. Induction of mitochondrial stress alleviated ER stress and autophagy in an
eukaryotic translation initiation factor (eIF)-2a-dependent manner. Furthermore, the effects of
elF20 on ER stress, mitochondrial stress, and lysosomal defects were validated using clinical
samples.

Plaque vulnerability
Translation initiation factor 2«
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Conclusion: Our results indicate that morphological and functional changes in VSMC organelles,
especially in ER whorls, can be used as reliable biomarkers for atherosclerotic progression.
Moreover, elF2a plays an important role in integrating multiple stress-signaling pathways to
determine the behavior and fate of VSMCs.

Abbreviations and acronyms

VSMCs Vascular Smooth Muscle Cells

PVSMC(S) Primary Vascular Smooth Muscle Cells Derived From Stable Plaques
PVSMC(V) Primary Vascular Smooth Muscle Cells Derived From Vulnerable Plaques
HA-VSMC Human Aortic Vascular Smooth Muscle Cell

HC-VSMC Human Carotid Vascular Smooth Muscle Cell

HG High Glucose

ox-LDL  Oxidative Low-Density Lipoprotein

UPR Unfolded Protein Response

ROS Reactive Oxygen Species

ER Endoplasmic Reticulum

PERK Protein Kinase RNA-Like Endoplasmic Reticulum Kinase
XBP1 X-Box Binding Protein 1

DRP1 Dynamin-Related Protein 1

p-DRP1 (S616) Phospho-Dynamin-Related Protein 1(Ser 616)
Tom 20 Translocase Of Outer Membrane 20

LAMP1 Lysosomal-Associated Membrane Protein 1

LC3 Light Chain 3

a-SMA  Alpha-Smooth Muscle Actin

MMP2  Matrix Metallopeptidase 2

GFP Green Fluorescent Protein

DTT Dithiothreitol

elF2a Eukaryotic Translation Initiation Factor 2u

ALDH2 Enzyme Aldehyde Dehydrogenase 2

GRP 78 Glucose-Regulated Protein 78

ISR Integrated Stress Responses

1. Background

Carotid arterial atherosclerotic stenosis is a major cause of ischemic stroke, accounting for approximately 15% of all strokes
worldwide recently [2]. Plaque vulnerability is the main factor in the pathogenesis of carotid artery stenosis, which results in plaque
rupture and rapid thrombosis [3,4]. Plaque vulnerability is determined by the thickness of the fibrous cap and the size of atheroma
contents, and vascular smooth muscle cells (VSMCs) play an essential role in this process [5,6]. Therefore, altered behaviors of VSMCs,
such as decreased migration and proliferation and excessive apoptosis, may increase plaque vulnerability.

Organelles, such as the endoplasmic reticulum (ER), mitochondria, and lysosomes, are vital for metabolic homeostasis involving
the synthesis and modification of proteins, energy metabolism, and cellular degradation [7-9]. Morphological changes in organelles,
such as ER whorls, fragmented mitochondria, and enlarged lysosomes, are regulated by complicated molecular signaling pathways and
associated with multiple cellular stresses, including ER stress, mitochondrial stress, and lysosomal defects [10-13]. Accumulating
evidence has demonstrated that cellular stress is closely related to metabolic disorders and inflammatory reactions in atherosclerosis,
which may be the underlying cause of plaque vulnerability [14]. However, the specific association between the organelle dynamics of
VSMCs and multiple cellular stresses and atherosclerosis progression as well as the underlying mechanisms remain unclear.

Eukaryotic translation initiation factor (eIF)-2a is phosphorylated by protein kinase RNA-like ER kinase (PERK) under ER stress and
is involved in the initiation and development of atherosclerosis by regulating translation and protein synthesis [15]. Elevated elF2a
expression is a protective mechanism for relieving atherosclerosis progression [16]. elF2a is also suggested to mediate the integrated
stress response (ISR). Its phosphorylation is controlled by multiple stress-related pathways, such as ER stress, reactive oxygen species,
nitric oxide, and amino acid deficiency, and it contributes to protein and energy homeostasis [17]. Regardless of the pathogenetic
significance of multiple cellular stresses in atherosclerosis, the role of eIF2a in atherosclerosis from the perspective of ISR remains
unknown.

In this study, we aimed to explore the association between organelle dynamics and various cellular stresses in atherosclerotic
procession, and clarify the potential mechanism of eIF2« for regulating the behavior and cell fate of VSMCs during atherosclerosis.
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2. Materials and methods
2.1. Ethics statement

This study was approved by the Ethics Committee of Xuanwu Hospital, Capital Medical University (KS2021124-1). The human
research conducted in this study adhered to the principles outlined in the Declaration of Helsinki (revision 6, 2008) and was executed
in accordance with institutional guidelines. Informed consent was obtained from all patients who underwent carotid endarterectomy
and provided specimens for this study.

2.1.1. Specimen collection

A total of 40 carotid plaques were obtained from patients with asymptomatic or symptomatic high-grade carotid artery stenosis
(>50% for symptomatic and >70% for asymptomatic patients according to the North American Symptomatic Carotid Endarterectomy
Trial criteria for carotid stenosis) [18] at Xuanwu Hospital, Capital Medical University between July 2020 and December 2021. Only
the diseased portion was removed during surgery. Patients with re-stenotic lesions following carotid endarterectomy were excluded
from the study. The plaque was divided longitudinally along the vessel axis; half was used for the culture of primary VSMCs and the
other half was fixed in 4% Zn-formaldehyde and processed for histopathology. Plaques were classified into stable and vulnerable types
based on ultrasound and histopathological findings. Vulnerable plaques are characterized by intraplaque hemorrhage, mural
thrombus, thin fibrous caps, or an incomplete fibrous cap, otherwise they are known as stable plaques [19]. Thirty plaques were used
to isolate and culture primary VSMCs for histological examination. Ten plaques, five of which were stable and five were unstable, were
processed for the transcriptomic assay.

2.2. Isolation and culture of primary VSMCs

Plaques separated from patients were immediately stored in sterile phosphate-buffered saline (PBS, 0.01 mol/L, pH 7.4) on ice and
transferred to the laboratory within 3 h. They were isolated, divided into several pieces of 2-3 mm?, washed with PBS (0.01 mol/L, pH
7.4), and plated on culture dishes coated with 0.1% gelatin in an SmGM2 human smooth muscle growth medium (Lonza; medium
containing 5% serum, epidermal growth factor, fibroblast growth factor-2, insulin, and antibiotics). The medium was changed seven
days after planting and every three days thereafter. After 2-3 weeks, the cells were observed on the plate. As the cells became dense,
the pieces were removed, and the cells were passed at a 1:2 ratio. Primary VSMCs from plaques were cultured in the SmGM2 human
smooth muscle growth medium (Lonza) and investigated between the second and fourth passages.

2.3. Plaque histopathology, immunohistochemistry (IHC), and immunofluorescence (IF) staining

IHC and IF microscopy for VSMCs were performed, as previously described [20]. Representative specimens of stable and vulnerable
plaques were fixed in 4% buffered formalin and embedded in paraffin. Sections, each 5 pm thick, were stained with hematoxylin and
eosin and Masson’s trichrome stain. Immunoreactivity was enhanced via microwave treatment (750 W, 16 min) in citrate buffer (10
mmol/L, pH 6.0). IF for anti-a-smooth muscle actin (a-SMA; 1A4, mouse, 1:200; Cell Signaling Technology) and antimatrix metal-
loproteinase 2 (MMP2; rabbit, 1:400; D4M2N) was conducted on adjacent sections of plaques. IHC for a-SMA (1A4, mouse, 1:300; Cell
Signaling Technology), anti-PERK (D11A8; Cell Signaling Technology), X-box-binding protein 1 (XBP1; 102256-T34; Sino Biological
Inc.), anti-cytochrome C (ab133504; Abcam), anti-lysosomal-associated membrane protein 1 (LAMP1; 21997-1-AP; Proteintech), and
anti-eIF2a (11170-1-AP; Proteintech) was also performed on adjacent plaque sections. All assays were performed according to the
protocol of the Immunostimer LabVision Autostainer 720 (Thermo Scientific) with the UltraVision Quanto HRP DAB [21]. The stained
images were captured at x 200 and x 400. In each slice, all fields of view of the plaque were examined and five different random
positions were selected for expression scores.

IF staining of primary VSMCs was performed using the same antibodies. Briefly, the cells were fixed with 4% paraformaldehyde for
20 min and permeabilized with PBS containing 1% Triton X-100 (PBST). After washing thrice with PBST, cells were incubated with
anti-SMA and anti-MMP2 at room temperature (20 °C) for 4 h. Alexa 488-conjugated goat anti-rabbit IgM and Rhodamine-conjugated
goat anti-mouse IgM were used as the secondary antibodies. Nuclei were stained with Hoechst 33258 (94403; Sigma-Aldrich).

2.4. Establishment of the VSMC culture

Established VSMCs, including human aortic VSMCs (HA-VSMCs) and human carotid VSMCs (HC-VSMCs), were purchased from
Bluefbio (www.bluefcell.com) and cultured in high-glucose (HG)-containing Dulbecco’s modified Eagle’s medium (normal glucose:
5.5 mM; SH30022.01; Hyclone) supplemented with 10% fetal bovine serum (FBS; 10099-141; Gibco-Invitrogen) at 37 °C in 5% COs.
Cells were passaged at a ratio of 1:3 to 1:6, and the culture medium was changed every three days.

2.4.1. Fluorescent labeling

Both primary and established VSMCs were labeled using the same protocol. To fluorescently label the ER, cells were infected with
GFP-sec61p lentivirus supplied with 8-10 pg/mL polybrene. Viruses were removed 24-36 h after infection. To label the mitochondria
and lysosomes, cells were incubated with 50 nM MitoTracker Deep Red FM (M2242; ThermoFisher Scientific) and 0.5 mg/mL Dextran
Alexa Fluor 647 (D22914; ThermoFisher Scientific) solution, respectively. After 15-45 min, the staining solution was replaced with
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Fig. 1. Cultivation of primary vascular smooth muscle cells (VSMCs) from stable and vulnerable plaques. (A) Hematoxylin and eosin (H&E),
Masson’s trichome, and immunofluorescence staining of a-smooth muscle actin (a-SMA) and matrix metalloproteinase 2 (MMP2) for histopathology
of stable and vulnerable plaques. (B) Isolation and cultivation of primary VSMCs from human carotid plaques. (C) Morphology of primary VSMCs
from stable and vulnerable plaques. (D) Quantitative analysis of cell proportions of fusiform and polygonal VSMCs derived from stable and
vulnerable plaques (n = 15 patients in each group). (E) Immunofluorescence staining of primary VSMCs from stable and vulnerable plaques with
a-SMA and MMP2. (F) Quantitative analysis of the fluorescence intensities of a-SMA and MMP2 in primary VSMCs from stable and vulnerable
plaques (n = 30 cells in each group). *p < 0.05 and **p < 0.01 vs. PVSMC(S). *p < 0.05 and **p < 0.01.
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fresh prewarmed media and live-cell imaging was performed.

2.4.2. Pharmacological treatments

Established VSMCs were treated with 3 mM dithiothreitol (DTT; HY-15917; MedChemExpress), 1 pM oligomycin A (HY-16589;
MedChemExpress), 1 pM bafilomycin A; (HY-100558; MedChemExpress) for 24 h to evaluate the morphological changes in the ER,
mitochondria, and lysosomes, respectively. Additionally, established VSMCs were treated with maximal concentrations of high glucose
(20 mM; G7021; Sigma) and oxidized low-density lipoprotein (ox-LDL; 50 pg/mL; YB-002; Yiyuan Biotechnology) for 24h to mimic the
atherosclerotic environment, as previously described [22,23]. Furthermore, in the verification test, 5 pM thapsigargin (Tg; HY-13433;
MedChemExpress) was used to induce ER stress, and 100 nM ISRIB (HY-12495; MedChemExpress) was used to inhibit the phos-
phorylation of elF2a in VSMCs. When multiple drugs are required to be treated together, we mixed the same concentration of drugs
together to treat the established VSMCs for 24h.

2.4.3. Western blotting

Western blotting was performed to confirm the induction of ER stress, mitochondrial stress, and lysosomal defects. Cell proteins
(20 pg) were loaded onto a 4-12% polyacrylamide gel and separated via electrophoresis. Proteins were transferred to polyvinylidene
fluoride membranes, blocked in 5% skin milk for 0.5 h, and incubated with the following primary antibodies: anti-PERK(D11AS8; Cell
Signaling Technology), anti-actin (BE0021-100; Easybio), anti-XBP1 (102256-T34; Sino Biological Inc.), anti-DRP1 (D6C7; Cell
Signaling Technology), anti-phospho-DRP1 (Ser616) (pDrpl (S616)) (D9A1; Cell Signaling Technology), anti-Tom 20 (D8T4N; Cell
Signaling Technology), anti-light chain 3 (LC3; 14322-T44; Sino Biological Inc.), anti-LAMP1 (21997-1-AP; Proteintech), anti-GRP78
(HG12063-UT; Sino Biological Inc.), and anti-eIF2a (11170-1-AP; Proteintech) antibodies. For the quantitative analysis of western
blotting, we used Fuji software to measure the average gray value of the strips and obtained a homogenized ratio compared with the
gray value of the strips in the internal reference, and then performed statistical analysis by the magnitude of the ratio.

2.4.4. Fluorescence microscopy

Cells were grown on cover-glass MatTek dishes at 60% confluency. After incubation in the imaging dish for more than 24 h, images
were taken using a TI2-E inverted microscope (NIKON) equipped with a 100 x 1.45-N. A. oil objective, 405/488/561/647 nm lines of a
laser system (Oxxis), a CSUW1 Spinning Disk scan head (Yokogawa), and a 95BSI sCMOS camera (PRIME). The hardware was driven
by Nikon Elements (Nikon). During imaging, the cells were kept in an incubator at 37 °C and 5% CO3 (Tokai heat) for time-lapse
imaging.

2.5. Quantification and statistical analysis

Image quantification was performed using the Fiji (https://imagej.net/software/fiji/). Plugins of “Mitochondria Analyzer” and “3D
object counter” were used to quantify the shape and number of mitochondria and lysosomes, respectively. We used analysis of variance
(ANOVA) to compare more than two groups. Student’s t-test or Mann-Whitney U test was used to examine statistical differences
between two groups. Categorical data was analyzed using y2 tests and Fisher’s exact tests. The analysis was conducted using GraphPad
Prism version 9.00 (GraphPad, La Jolla, CA, USA). Statistics were considered significant when P-values <0.05 were involved.

3. Results
3.1. Cultivation of primary VSMCs from stable and vulnerable plaques

The content and phenotype of VSMCs is an important factor for determining plaque stability. Plaques with thin fibrous caps,
intraplaque hemorrhage, and plaque rupture were selected as representative vulnerable plaques, whereas those with thick fibrous caps
were taken as representative stable plaques [24]. Molecular markers of a-SMA, a marker of contractile VSMCs, and MMP2, a marker of
synthetic VSMCs, are specific to the VSMC subtype. We performed in situ immunofluorescent staining of these molecular markers
between stable and vulnerable human plaques obtained by carotid endarterectomy in patients with atherosclerotic carotid artery
stenosis, which showed that in situ VSMCs had higher expression of a-SMA and lower levels of MMP 2 (contractile VSMCs) in stable
plaques, and vice versa in vulnerable plaques (synthetic VSMCs) (Fig. 1A). To explore the corresponding shifts during alterations of
VSMC phenotype, primary VSMCs were isolated and cultured from human plaques, which were visible 2 weeks after explant (Fig. 1B).
Primary VSMCs derived from stable and vulnerable plaques showed morphological differences (Fig. 1C). VSMCs derived from stable
plaques are referred to as PVSMC(S), whereas those derived from vulnerable plaques are referred to as PVSMC(V). Approximately 80%
of the PVSMC(S) exhibited fusiform shapes, whereas 60% of the PVSMC(V) presented polygonal shapes with long tentacles (Fig. 1C
and D). In addition, immunofluorescence staining showed a significant difference between PVSMC(V) and PVSMC(S) with respect to
the expression levels of a-SMA and MMP2, in which PVSMC(S) exhibited high expression of a-SMA and low expression of MMP2,
whereas PVSMC(V) exhibited the opposite expression pattern (Fig. 1E and F) (p < 0.01). The results from primary VSMCs confirmed
that plaque vulnerability is associated with the phenotypic properties of VSMCs.

Characterizing cellular organelle changes in human VSMCs that play a key roles in plaque vulnerability.

To explore the corresponding shifts of gene expression regulation in VSMC phenotype switch. We collected five representative
stable and five representative vulnerable plaques to conduct a RNA-seq assay, which reveals the changes in the transcriptome of stable
and vulnerable plaques. Using gene expression data from the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/
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Fig. 2. Increased endoplasmic reticulum (ER) whorls, fragmented mitochondria, and enlarged lysosomes in VSMCs derived from vulnerable plaques
(PVSMC(V)) than in those derived from stable plaques (PVSMC(S)). (A) Bioinformatics analysis to identify differentially expressed genes between
stable and vulnerable plaques. (B) Representative image of endoplasmic reticulum (ER) labeled with GFP-Sec61p in PVSMC(S) and PVSMC(V). (C)
Quantitative analysis of the percentage of cells with ER whorls in the two groups (n = 30 cells in each group). (D) Representative image of
mitochondria stained with deep red Mitotracker in PVSMC(S) and PVSMC(V). (E) Quantitative analysis of the aspect ratio in the two groups (n = 30
cells in each group). (F) Representative image of lysosomes stained with dextran in PVSMC(S) and PVSMC(V). (G) Quantitative analysis of the
average number of lysosomes in the two groups (n = 30 cells each). **p < 0.01 and ***p < 0.001. Scale bar = 10 pm. P1, P11, P21, P5, P18, P28
refer to the corresponding patient plaque numbers. (For interpretation of the references to colour in this figure legend, the reader is referred to the
!Veb version of this article.)

), we found differences in the intracellular membrane-bounded organelles, endomembrane systems, and membrane-bound organelles
between stable and vulnerable plaques (Fig. 2A). 1112 and 640 of the total 17131 genes were significantly upregulated and down-
regulated in (fold change >1.5 and adjusted P < 0.05) in vulnerable plaque, compared with stable one, respectively. Genes with
upregulated were highly enriched in the term ‘in cellularmembrane bounded organelles’(-log10p = 25.18, count = 673). Additio-
nally,’endomembrane_system’ (-logl0p = 26.72, count = 270) and ‘membrane bounded organelle’ (-logl0p = 32.32,count = 728)
related genes were also significantly upregulated. Similarly, ‘endomembrane_system’(-logOp = 20.54,count = 176) and ‘membrane-
bounded organelle’ (-logOp = 50.28,count = 508) related genes were down-regulated in vulnerable plaques compared with stable
plaques (Fig. 2A).

Due to the pivotal role of VSMCs in plaque stability, we decided to investigate whether organelle dynamics are altered in primary
VSMCs from various types of plaques. Multiple organelles, including the ER, mitochondria, lysosomes, and nucleus, were simulta-
neously illuminated and their dynamic morphological changes were monitored (Supplementary Fig. 1A and 1B). ER networks, labeled
with GFP-fused ER membrane-located Sec61 transposon complex subunit p (Sec61 p), constantly change their shape. Mitochondria
undergo a fusion-fission cycle, lysosomes undergo rapid movement, and their size changes continuously. Abnormal organelle
morphology has also been observed in PVSMCs. ER whorls, characterized by multiple layers of concentric layers, show a ring-shaped
pattern and contribute to translational inhibition and compartmentalization of unfolded proteins to counterbalance ER stress [25-27].
We observed that the percentage of cells with ER whorls in PVSMC(V) was higher than that in PVSMC(S) (p < 0.001) (Fig. 2B and C),
and the increased ER whorl percentage in PVSMC(V) indicated elevated levels of ER stress during plaque progression. The shape and
size of the mitochondria are characterized by alternating cycles of fission and fusion of organelles. Fragmented mitochondria indicate
increased mitochondrial fission in response to mitochondrial stress during atherosclerosis [28]. Mitochondrial fission decreased the
mitochondrial aspect ratio, area, perimeter, and branch length, which coincided with the mitochondrial features in PVSMC(V)
compared with PVSMC(S) with a reduced aspect ratio (1.74 vs. 2.3; p < 0.01) (Fig. 2D and E), as well as the average area (0.35 vs. 0.62
prnz; p < 0.01), perimeter (2.41 vs. 3.78 pm; p < 0.01), and branch length (0.71 vs. 1.03 pm; p < 0.01) (Supplementary Figure 1).
Lysosomes are organelles that can degrade endogenous and exogenous substrates [29]. In atherosclerosis, lysosomes play a significant
role in handling lipoproteins, processing autophagy, and regulating multiple signaling pathways, such as mTOR [30,31]. Lysosomes
were stained with dextran and imaged using spinning disk confocal microscopy. There were significant differences in the average
number of lysosomes (222.1 vs. 99.4/cell; p < 0.01) between the PVSMC(V) and PVSMC(S) (Fig. 2F and G). As the increased size and
number of lysosomes represent lysosomal dysfunction, enlarged lysosomes in PVSMC(V) may imply lysosomal defects during
atherosclerotic progression [32]. All these data suggest that the impaired biological process in VSMCs involves multiple cellular or-
ganelles, which is distinguishable cellular changes between vulnerable plaques compared with the stable one.

3.2. Morphological changes in organelles and corresponding cellular stress responses caused by atherosclerotic stimulation in cultured
VSMCs

High blood glucose and ox-LDL cholesterol levels were assessed as independent risk factors for plaque vulnerability [33,34]. We
analyzed the clinical information of the patients used for culturing primary VSMCs. We found that ox-LDL and blood glucose levels
were higher in patients with vulnerable plaques than in those with stable plaques (p < 0.0001) (Supplementary Table 1). To mimic the
physiological conditions of hyperglycemia and hyperlipidemia, established HA-VSMCs and HC-VSMCs were treated with the
atherosclerotic stimulators HG and ox-LDL. Typical cellular stress-related components, such as DTT (ER stress inducer), oligomycin A
(mitochondrial stress inducer), and bafilomycin A; (degradation inhibitor), were also used as positive controls. Compared to primary
VSMCs, atherosclerotic stimulation resulted in a similar organelle phenotype. HG and ox-LDL treatment led to a higher percentage of
ER whorl formation in HA-VSMCs than in the control treatment as well as in HC-VSMCs (both p < 0.001) (Fig. 3A and B). Western
blotting results revealed that ER whorl formation was accompanied by activation of the unfolded protein response (UPR) signaling
pathway. The expression levels of PERK (Protein Kinase RNA-like Endoplasmic Reticulum Kinase), a branch pathway of UPR, were
increased in HG and ox-LDL treatment, and enhanced splicing of XBP1 (IREla branch of UPR) was also detected in HA-VSMCs and
HC-VSMCs treated with HG and ox-LDL (Fig. 3C; Supplementary Figure 2A). All findings caused by HG and ox-LDL were similar to the
results induced by DTT (dithiothreitol), which triggers protein misfolding and aggregation by disrupting disulfide bonds (Fig. 3A, B,
3C). Thus, HG and ox-LDL trigger the ER stress and cause ER whorl deformation.

Mitochondria are energy-producing organelles that utilize glucose and lipid for energy production, and their dynamic shape is
sensitive to the environmental glucose and lipid concentration [22,23]. We observed that HG and ox-LDL induced mitochondrial
fission in both HA-VSMCs and HC-VSMCs with less aspect ratio (1.73 vs. 1.61 and 1.81 vs. 1.61, respectively; p < 0.05), area (0.47 vs.
0.39 ym? and 0.51 vs. 0.39 pm?, respectively; p < 0.05), perimeter (2.75 vs. 2.21 um and 2.86 vs. 2.21 um, respectively; p < 0.01), and
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Fig. 3. Morphological changes in organelles under atherosclerotic stimulations with high glucose (HG) and oxidized low-density lipoprotein (ox-
LDL) are associated with cellular stress responses. (A) Representative image of ER labeled with GFP-Sec61p in human aortic VSMCs (HA-VSMCs) and
human carotid VSMCs (HC-VSMCs) treated with dimethyl sulfoxide (DMSO; control group, Ctrl.), dithiothreitol (DTT; 3 mM), HG (20 mM), and ox-
LDL (50 pg/mL) for 24 h. (B) Quantitative analysis of the percentage of cells with ER whorls in HA-VSMCs and HC-VSMCs treated with DMSO, DTT,
HG, and ox-LDL (n = 30 cells in each group). (C) Western blotting analysis of PERK, spliced X-box-binding protein 1 (XBP1-s) and unspliced XBP1
(XBP1-u) in HA-VSMCs and HC-VSMCs treated with DMSO, DTT, HG, and ox-LDL (n = 3 times each group). (D) Representative image of mito-
chondria stained with deep red Mitotracker in HA-VSMCs and HC-VSMCs treated with DMSO (Ctrl.), oligomycin Al (Oligo, 1 pM), HG (20 mM), and
ox-LDL (50 pg/mL) for 24 h. (E) Quantitative analysis of the aspect ratio in HA-VSMCs and HC-VSMCs treated with DMSO, Oligo, HG, and ox-LDL
(n = 30 cells in each group). (F) Western blotting analysis of p-DRP1(S616), DRP1, and Tom 20 proteins in HA-VSMCs and HC-VSMCs treated with
DMSO, Oligo, HG, and ox-LDL (n = 3 times each group). (G) Representative image of lysosomes stained with dextran in HA-VSMCs and HC-VSMCs
treated with DMSO (Ctrl.), bafilomycin Al (BafA;, 1 uM), HG (20 mM), and ox-LDL (50 pg/mL) for 24 h. (H) Quantitative analysis of the changes in
the number and fluorescence intensity of lysosomes in HA-VSMCs and HC-VSMCs treated with DMSO, BafA;, HG, and ox-LDL (n = 30 cells in each
group). (I) Western blotting analysis of lysosomal-associated membrane protein 1 (LAMP1), light chain 3 (LC3)-1, and LC3-II in HA-VSMCs and HC-
VSMCs treated with DMSO, BafA;, HG, and ox-LDL (n = 3 times each group). *p < 0.05, **p < 0.01, and ***p < 0.001. Scale bar = 10 pm. (For
i‘nterpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

branch length (0.58 vs. 0.43 pm and 0.65 vs. 0.43 pm, respectively; p < 0.05) (Fig. 3D and E; Supplementary Figure 2B). We inves-
tigated whether fragmented mitochondria in VSMCs were a consequence of the activation of mitochondrial fission-related signaling.
Using Western blot analysis, we determined that mitochondrial fission-related proteins, such as DRP1, p-DRP1(S616), and Tom20,
were all expressed in HA-VSMCs and HV-VSMCs. Consistent with elevated mitochondrial fission, Tom 20 and p-DRP1(S616) were
upregulated when cells were treated with HG and ox-LDL (Fig. 3F; Supplementary Figure 2B). Both imaging and western blotting
assays revealed that enhanced mitochondrial fission caused by HG and ox-LDL was similar to the results induced by oligomycin A, an
inhibitor of H-ATP synthase promoting mitochondrial fission and mitochondrial stress [35] (Fig. 3D, E, 3F). Similar to oligomycin A,
HG and ox-LDL induce upregulated mitochondrial fission mediated by the phosphorylated DRP1 machinery.

Lastly, it has been demonstrated that HG and ox-LDL alkalize lysosomal pH, impair the degradation capacity of lysosomal hy-
drolases, and cause damage to the lysosomal membrane [36]. We also tested the behavior of lysosomes in VSMCs during the devel-
opment of atherosclerosis. We found that both HG and ox-LDL treatment increased the average number of lysosomes per cell (180.1 vs.
88.7 and 196.6 vs. 88.7, respectively; p < 0.01) in HA-VSMCs and HC-VSMCs (Fig. 3G and H). To determine whether lysosomal
membrane integrity and autophagy signaling were associated with morphological changes in lysosomes, markers, such as LAMP1,
LC3I, and LC3II proteins, were detected by western blotting. Expression levels of LAMP-1, LC3I, and LC3II increased after treatment,
suggesting that the membrane integrity and autophagy function of lysosomes were impaired (Fig. 3I; Supplementary Figure 2C).
Moreover, all the findings caused by HG and ox-LDL were similar to those induced by bafilomycin A; (BafA;), a degradation and
autophagy inhibitor [37] (Fig. 3G, H, 3I), indicating that both HG and Ox-LDL cause lysosomal defects by damaging membrane
integrity and inhibiting autophagy function. Therefore, atherosclerotic stimulations such as HG and Ox-LDL, critical factors for plaque
vulnerability, lead to cellular stress responses and morphological changes of organelles.

3.3. Multiple cellular stress responses are associated with plaque vulnerability

Given that the multiple cellular stress responses are observed in VSMCs, we have validated whether they function in plaque
vulnerability using clinical samples. Thirty carotid atherosclerotic plaques from 30 patients who underwent carotid endarterectomy
were used in this study. There were 15 patients each in the stable and vulnerable plaque groups. IHC was performed for a-SMA (VSMC
viability), PERK, XBP1, GRP 78 (ER stress), cytochrome C (mitochondrial stress), LAMP1 (lysosome membrane integrity), and elF2u
(ISR) on adjacent sections of plaques in each case. The low expression of a-SMA indicated a low content of VSMCs, representing
vulnerable plaques, which was verified by the findings of HE (Fig. 4A and B). Consistent with the transcriptome data and primary
VSMC observations, the expression of ER stress-related genes, XBP1 and GRP78, was more prominent in the vulnerable plaque group
than in the stable plaque group (n = 30, p < 0.001), while the mitochondrial stress marker, cytochrome C, and lysosomal marker,
LAMP1, were differentially expressed with small differences (n = 30, p < 0.05), and no differences in PERK expression were observed
between the stable and unstable plaque groups (Fig. 4A and B). Notably, eIlF2a levels were dramatically elevated in the vulnerable
group independent of PERK (p < 0.01), implying the important role of elF2a mediated ISR but not ER stress only in plaque
vulnerability.

3.4. elF2a-mediated ISR is involved in the regulation of atherosclerotic plaque progression

To explore the potential mechanisms underlying multiple stressors co-exist and contribute to plaque vulnerability, cultured HC-
VSMCs were stimulated either/both with Tg (ER stress inducer) and oligo (mitochondrial stress inducer) to mimic the multiple
stress enviroument during atherosclerotic plaque progression. Perticularly, morphological markers including ER whorls, fragmented
mitochondria, and enlarged lysosomes together with Western blot assay are used for quantifying cell stress levels. Tg and/or oligo
treatment caused similar fragmented mitochondrial phenotypes (Fig. 5A and B), but showed different activity in ER whorl regulation.
Oligomycin A supplementation rescued the ER whorl phenotype caused by Tg, although oligomycin A alone did not induce ER whorl
formation (Fig. 5A and B). Western blotting also revealed that the ER stress-induced expression of eIF2a was inhibited by oligomycin A-
induced mitochondrial stress (Fig. 5E; Supplementary Figure 2D). The same tendency was also found for other ER stress markers GRP
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Fig. 4. elF2a-mediated integrated stress responses verified in carotid stable and vulnerable plaques. (A) Representative specimens of stable and
vulnerable plaques stained with H&E, and immunohistochemistry (IHC) of VSMCs with organelle markers, including a-SMA, PERK, XBP1, GRP78,
cytochrome C (Cyt C), LAMP1, and elF2a. (B) Quantitative analysis of the expression levels of a-SMA, PERK, XBP1, GRP78, Cyt C, LAMP1, and elF2a
(n = 15 cases in each group). *p < 0.05, **p < 0.01, and ***p < 0.001. Scale bar = 200 pm, 1 cm, 2 cm, respectively.

78 and spliced XBP1 (Fig. 5E; Supplementary Figure 2D). Interestingly, although both ER stress and mitochondrial stress triggered

autophagy, as indicated by the LC3I level, double treatment completely blocked autophagy (Fig. 5E; Supplementary Figure 2D). These

findings imply that mitochondrial stress could relieve ER stress, and their balance is crucial for determining the fate of VSMCs.
Previous studies have reported that elF2a, a critical protein that catalyzes the initiation of protein synthesis, is involved in ISR [41].
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Fig. 5. Eukaryotic translation initiation factor (eIF)-2u integrates the stress responses of multiple organelles to regulate atherosclerotic plaque
progression. (A) Representative image of ER labeled with GFP-Sec61p and mitochondria stained with deep red Mitotracker in HC-VSMCs treated
with DMSO (Ctrl.), thapsigargin (Tg; 5 pM), Oligo (1 uM), and combined Tg and oligo for 24 h. (B) Quantitative analysis of the percentage of cells
with ER whorls and the aspect ratio in HC-VSMCs treated with DMSO (Ctrl.), Tg, Oligo, and combined Tg and Oligo (n = 30 cells per group). (C)
Representative image of ER labeled with GFP-Sec61p and mitochondria stained with deep red Mitotracker in HC-VSMCs treated with DMSO (Ctrl.),
Tg (5 pM), ISRIB (100 nM), Oligo (1 pM), and their combination for 24 h. (D) Quantitative analysis of the percentage of cells with ER whorls and the
aspect ratio in HC-VSMCs treated with DMSO, DTT, ISRIB, Oligo, and their combination (n = 30 cells per group). (E) Western blotting analysis of
GRP78, XBP1-u, XBP1-s, p-DRP1(5616), LC3-1, and eIF2a in HC-VSMCs treated with DMSO (Cntrl.), Tg, Oligo, and combined Tg and Oligo (n = 3 in
each group). (F) Western blotting analysis of GRP78, XBP1-u, XBP1-s, p-DRP1(S616), LC3-1, and eIF2« in HC-VSMCs treated with DMSO, Tg, ISRIB,
Oligo, and their combination (n = 3 times each group). *p < 0.05, **p < 0.01, and ***p < 0.001. Scale bar = 10 pm. (For interpretation of the
I;eferences to colour in this figure legend, the reader is referred to the Web version of this article.)

We explored whether eIlF20 mediated ISR functions in atherosclerosis. Firstly,the expression of elF2a was dramatically upregulated
and downregulated under ER stress and mitochondrial stress, respectively, implying the diversed role of ER stress and mitochondria
stress targeting elF2a (Fig. S5E; Supplementary Figure 2D). Next, we used ISRIB, an elF2a phosphorylation inhibitor, to further confirm
the role of elF2a in regulating ISR. Similar to oligomycin A, ISRIB also blocked the formation of ER whorls induced by Tg, and
concomitant treatment with oligomycin A and ISRIB did not cause further ER whorl reduction, implying that mitochondrial stress may
function through elF2« to alleviate ER stress (Fig. 5C and D). Consistently, western blotting showed reduced XBP-1 splicing and
autophagy after a combination of Tg and ISRIB (Fig. 5F; Supplementary Figure 2E). As ISRIB is a specific phosphorylation inhibitor of
elF2aq, elF2a did not change at the protein expression level (Fig. 5F; Supplementary Figure 2E). However, both eIF2a phosphorylation
inhibition (ISRIB) and expression suppression (mitochondrial stress induced by oligomycin A) are active in rescuing the ER whorl
phenomenon, UPR activation, and autophagy, implying that both phosphorylation and abundance of elF2a are important for ISR.
These findings verify the core role of elF2a in ER and mitochondrial stress. Elevated elF2aq is a critical factor for reducing ER and
mitochondrial stress, which eventually regulates lysosome-mediated autophagy.

4. Discussion

In this study, we observed differences between various cellular organelles derived from stable and vulnerable human carotid
plaques. Primary VSMCs derived from vulnerable plaques exhibit more severe morphological alterations in ER whorls, fragmented
mitochondria, and enlarged lysosomes than primary VSMCs derived from stable plaques. In terms of the mechanism, we found that
changes in organelles caused by atherosclerotic stimulation were accompanied by a change in the expression of elF2a, which suggests
that elF2a may be a common regulator for integrating these organelle stresses (Fig. 6).

It has become increasingly apparent that VSMCs are crucial for initiating, developing, and stabilizing atherosclerosis [38]. Primary
cells are receiving increasing recognition in cell biology, particularly in fields such as oncology and cardiovascular research [39]. We
found that primary VSMCs derived from vulnerable plaques exhibit more morphological and functional alterations in ER stress,
mitochondrial stress, and lysosomal defects than those derived from stable plaques. Based on these results, we mimicked the
atherosclerotic environment with high glucose and ox-LDL in VSMCs cell lines. In contrast, the results of the quantitative analysis
revealed that established VSMCs treated with atherosclerotic stimulation could not perfectly reproduce the organelle changes detected
in primary VSMCs derived from stable and vulnerable plaques. These results indicated the superiority of primary VSMCs for exploring
the molecular mechanisms of atherosclerosis as well as the complexity of atherosclerosis. Thus, primary VSMCs derived from human
plaques may be a reliable tool for reflecting the complexity of atherosclerosis. However, the identification and monitoring of VSMC
differentiation remain challenging. Thus, future research is required to define the phenotype during the isolation of VSMCs is still
needed.

elF2a is an essential translation-initiating regulatory protein that determines the expression of multiple protein synthesis [40]. The
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Fig. 6. Schematic representation of the changes in organelles associated with ER stress, mitochondrial stress, and lysosomal defects between stable
and vulnerable plaques, and the eIlF2a-mediated those integrated stress responses.
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phosphorylation of elF2a is a response to various stress stimuli, which locks eIF2 in its inactive form, thereby reducing protein syn-
thesis and favoring the metabolic dormancy required for cell survival under stress. Conversely, non-phosphorylated elF2u increased
protein synthesis and promoted cell proliferation. Increasing evidence has shown that elF2a is an important translation hub that
participates in cell proliferation and survival, malignant transformation, tumor initiation, progression, and metastasis [41]. In our
study, we found that elF2a participates in a variety of organelle stresses, such as ER stress, mitochondrial stress, and lysosomal defects.
Previous studies have demonstrated that the PERK-eIF2a signaling pathway regulates ER stress, followed by an altered degree of
autophagy or apoptosis [42]. In addition, several studies have reported that eIF2a phosphorylation is essential for inducing reactive
oxygen species generation from dysfunctional mitochondria [43]. However, only a few studies have reported the integrated role of
elF20 in ISR. Interestingly, we discovered the integrated role of eI[F2« in organelle stress in VSMCs and carotid plaques, which may be a
potential target for regulating cellular stress, thereby alleviating atherosclerotic progression. However, the detailed interaction be-
tween elF2u and organelle stress merits further investigation.

5. Conclusion
In this study, we found that dysregulated organelle dynamics in primary VSMCs may serve as a practical clue to the pathological

mechanisms of atherosclerosis. We also found that elF2a-mediated ISR is a crucial regulator of atherosclerosis development at the
subcellular level, indicating its potential as a novel therapeutic target for the treatment of atherosclerotic carotid stenosis.
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