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Abstract The progression of coronary artery disease
atherosclerosis (CAD) is closely associated with car-
diomyocyte apoptosis and inflammatory responses. This
study focused on investigating the impact of BRCA1 in
exosomes (Exo) derived from M1 macrophages on CAD.
Through the analysis of single-cell RNA-seq datasets,
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significant communication between macrophages and
cardiomyocytes in CAD patients was observed. BRCA1,
identified as a significant apoptosis-related gene, was
pinpointed through the assessment of differential gene
expression and weighted gene co-expression network
analysis (WGCNA). Experimental procedures involved
BRCA1 lentivirus transfection of M1 macrophages,
isolation of Exo for application to cardiomyocytes and
smooth muscle cells, cell viability assessments, and char-
acterization of Exo. The results showed that BRCA1-Exo
from M1 macrophages induced cardiomyocyte apoptosis
and affected smooth muscle cell behavior. In vivo stud-
ies further supported the exacerbating effects of BRCA1-
Exo on CAD progression. Overall, the involvement of
Exo carrying BRCA1 from M1 macrophages is evident
in the induction of cardiomyocyte apoptosis and the reg-
ulation of smooth muscle cell behaviors, thereby contrib-
uting to CAD atherosclerosis progression. These findings
unveil novel molecular targets that could have potential
implications for CAD treatment strategies.

Keywords Coronary artery disease -
Atherosclerosis - BRCA1 - Exosomes -
Cardiomyocyte apoptosis - Smooth muscle
proliferation

Introduction

Coronary atherosclerotic heart disease (coronary
artery disease, CAD) is caused by an imbalance

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10565-025-09996-4&domain=pdf
https://doi.org/10.1007/s10565-025-09996-4
https://doi.org/10.1007/s10565-025-09996-4

59 Page 2 of 31

Cell Biol Toxicol (2025) 41:59

between coronary blood supply and myocardial
demand due to functional or structural changes in
the coronary arteries, also known as ischemic heart
disease (Libby 2006; Fioranelli et al. 2018). CAD
is one of the most common cardiovascular diseases
globally, with a complex pathogenesis involving
multiple cell types and molecular pathways (Duggan
et al. 2022; Goldsborough et al. 2022; Medina-Leyte
et al. 2021). Chemokines regulate signals related to
both traditional and emerging risk factors for athero-
sclerosis. Once blood leukocytes, mainly monocytes/
macrophages and T lymphocytes, enter the arterial
intima, they establish communication with endothe-
lial cells and smooth muscle cells (SMC), the resi-
dent cells within the arterial wall (Libby and Ther-
oux 2005, Malakar et al. 2019). The Klotho/FGF23
axis is instrumental in the pathogenesis of CAD,
which is a primary cause of mortality on a global
scale. Research findings reveal the involvement of
the Klotho/FGF23 axis in modulating myocardial
apoptosis and the release of cytokines by activating
the ERK/MAPK pathway, contributing to CAD pro-
gression (Jia et al. 2023). Single-cell genomics has
revealed new cellular states during the phenotypic
transition of SMC as potential therapeutic targets for
atherosclerosis in both mice and humans (Pan et al.
2020). Furthermore, a significant proportion of CAD
loci can regulate gene expression in vascular smooth
muscle cells (VSMCs), affecting their behavior (Solo-
mon et al. 2022). This study focuses on cardiomyo-
cytes and SMC to explore the regulatory mechanisms
of coronary atherosclerosis. These processes not only
lead to myocardial dysfunction but also further pro-
mote the development of atherosclerosis (Del Buono
et al. 2022; Jiang et al. 2021; Nakamura et al. 2022).
With deepening research, it is increasingly recog-
nized that in-depth knowledge of the molecular path-
ways responsible for the pathophysiology of CAD is
vital for the enhancement of more efficient treatments
and preventative measures (Doenst et al. 2022; Réber
et al. 2022; Dawson et al. 2022). Among the many
molecules involved, communication between cells,
particularly through Exo, has recently gained signifi-
cant attention (Chang et al. 2021, Janakiraman et al.
2023). Recent advancements in omics technologies
have enabled deeper insights into CAD pathogen-
esis, especially by integrating exosome and epige-
netic analyses. For example, novel multi-omics plat-
forms can elucidate CAD progression by identifying
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cellular and molecular mechanisms across cell types,
aiding in the understanding of CAD heterogeneity
and potential therapeutic targets (Benincasa et al.
2023). Integrating these approaches, particularly epi-
genomic and exosomal studies, could reveal complex
intercellular interactions and regulatory mechanisms
relevant to CAD treatment strategies. As key carri-
ers of intercellular communication, Exo can transport
a variety of biomolecules, including proteins, RNA,
and DNA, mediating information exchange between
cells and influencing cellular behavior and function
(Kluszczynska and Czyz 2023; Thakur et al. 2022;
Piperigkou et al. 2022). Understanding the specific
role of Exo in CAD holds significant implications for
identifying new therapeutic targets for the disease.

In cardiovascular diseases, macrophages play a
complex role (Yap et al. 2023; Cai et al. 2023; Wei
et al. 2023). Macrophages, an essential element of the
immune system, have the capacity to transition into
pro-inflammatory (M1) or anti-inflammatory (M2)
states based on external stimuli (Li et al. 2021a, b;
Yekhtin et al. 2022; Li et al. 2023). M1 macrophages
are key in promoting inflammatory responses and
accelerating atherosclerosis progression (Cheng et al.
2021; Wu et al. 2021a, b; Wu et al. 2021a, b). Athero-
sclerosis (AS) serves as the underlying pathology for
numerous cardiovascular disorders, including myo-
cardial infarction, stroke, and cardiovascular mortal-
ity. Macrophages are pivotal cellular mediators in
the advancement of AS and participate in all phases
of disease evolution. A crucial factor impacting ath-
erosclerotic plaque formation and durability is the
polarization of macrophages. M1 macrophages pre-
dominantly localize in unstable plaques or near the
lipid core of advanced plaques, where they facilitate
plaque infarction and rupture, in opposition to M2
macrophages, which demonstrate a converse pat-
tern. Pro-inflammatory stimuli present in the plaque
microenvironment induce M1 polarization, disrupt-
ing the balance between M1 and M2 macrophages
(Chen et al. 2024). They not only participate directly
in inflammatory responses but also influence the
functions of other cells, including cardiomyocytes
and VSMCs, through the secretion of Exo, thereby
impacting CAD pathogenesis (Zhang et al. 2022).
When contrasted with endothelial cells, SMCs may
have more direct interactions with macrophages or
Exo (Zhang et al. 2021; Zhai et al. 2022; Yan et al.
2020; Pan et al. 2020). The signaling molecules
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carried by these Exo can regulate the behavior of
target cells, such as promoting apoptosis, enhancing
or inhibiting cell proliferation, and controlling cell
migration and differentiation (Wu et al. 2022a, b;
Melamed et al. 2023). Therefore, in-depth research
into the role of macrophages and their Exo in CAD
is vital in elucidating the molecular processes under-
lying the disease and pinpointing fresh therapeutic
markers.

The BRCA1 gene and its protein are essential
for maintaining genomic stability and controlling
the cell cycle (Tutt et al. 2021; Crossley et al. 2022;
Vazquez-Garcia et al. 2022). While its role in DNA
damage repair, particularly in homologous recombi-
nation (HR), is well-studied (Kong et al. 2022; Yuhas
et al. 2021), recent research has begun to uncover its
importance in cardiovascular health (Alsiary et al.
2018). BRCA1 influences cardiomyocyte survival
and apoptosis, playing a role in heart disease patho-
genesis (Lu et al. 2022; Incorvaia et al. 2024). Abnor-
mal expression or mutations in BRCA1 may also be
associated with atherosclerosis progression (Yalcin-
kaya et al. 2023; Lin et al. 2022). Thus, investigating
BRCAT1’s role in cardiovascular diseases, especially
its role in macrophage-cardiomyocyte communica-
tion, holds the potential for identifying new therapeu-
tic targets.

Although BRCAL1’s role in biological processes
has been extensively studied, its specific function in
M1 macrophage-derived Exo, particularly in coro-
nary artery atherosclerosis, remains unclear (Batulan
et al. 2018). Understanding how macrophages influ-
ence cardiomyocyte apoptosis and CAD progression
through Exo is still limited (Pal et al. 2021; Samstein
et al. 2020; Mehta et al. 2020). Specifically, there is
a gap in understanding how BRCA1 regulates target
cell behavior through Exo. This knowledge gap limits
our comprehensive understanding of CAD and hin-
ders new therapeutic strategies.

The primary objective of this study is to inves-
tigate the function of BRCA1 in M1 macrophage-
derived Exo and its impact on cardiomyocyte apop-
tosis and coronary artery atherosclerosis. Through
a combination of single-cell RNA sequencing
(scRNA-seq), transcriptomics, in vitro cell experi-
ments, and animal models, this study seeks to
uncover the mechanisms of BRCA1 in macrophage-
cardiomyocyte = communication and identify
new therapeutic targets for CAD prevention and

treatment. Our discoveries might offer fresh per-
spectives on the pathophysiology of CAD and con-
tribute to developing novel therapies, particularly
by modulating BRCA1 in macrophage-derived Exo
to slow or reverse atherosclerosis. This research
holds scientific significance and offers potential
clinical strategies to enhance the quality of life and
survival rates among individuals with CAD.

Materials and methods
scRNA-seq data download and processing

The dataset GSE234077, available through the Gene
Expression Omnibus (GEO) platform (http://www.
ncbi.nlm.nih.gov/geo/), provided single-cell tran-
scriptomic profiles from carotid atheroma of patients
undergoing carotid endarterectomy. Included in this
dataset are samples GSM7445264, GSM7445269,
and GSM7445271. Thorough analysis and inte-
gration of the data were performed employing R’s
"Seurat" package. The assurance of quality involved
the identification of cells with 200 <nFeature_
RNA <5000 and percent.mt <20, and the top 2000
highly variable genes were identified for further anal-
ysis (Hao et al. 2021). The scRNA-seq dataset under-
went dimensionality reduction by utilizing principal
component analysis (PCA) with a focus on the highly
variable genes. The Elbowplot function within the
Seurat package guided the selection of the first 20
principal components (PCs) for subsequent analy-
sis. The FindClusters function was utilized to iden-
tify cell subgroups at the default resolution (res=1),
followed by nonlinear dimensionality reduction car-
ried out by applying the t-SNE algorithm. Through
the application of the Seurat package, marker genes
were employed to distinguish between different cell
subtypes, while the "SingleR" package was utilized
for cell annotation (Ma et al. 2019a, b). Investiga-
tion into cell communication was accomplished by
employing the "CellChat" package in R. Pseudo-time
analysis was conducted with the "monocle" package,
employing DDRTree for dimensionality reduction
and establishing cellular trajectories grounded on the
expression patterns of ordering genes (Butler et al.
2018; Trapnell et al. 2014).
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High-throughput transcriptome sequencing data
download and processing

The GEO database (http://www.ncbi.nlm.nih.gov/
geo/) was the source for the GSE187701 data-
set, which contains transcriptomic information
about CAD macrophages. This dataset comprises
the Control group (GSM5669322, GSM5669323,
GSM5669324) and the Model group (GSM5669330,
GSM5669331, GSM5669332). Through the "limma"
package in R software, an analysis was performed to
pinpoint the differentially expressed genes (DEGs).
The criteria for selecting DEGs between the Control
and Model groups were set to llog2FCI>0 and P.
adjust<0.01. The "pheatmap" package in R software
facilitated the generation of a volcano plot to illus-
trate the DEGs (Ritchie et al. 2015).

Weighted gene co-expression network analysis
(WGCNA)

Calculation of the median absolute deviation (MAD)
was carried out first for each gene in the differen-
tial gene expression profile, leading to the exclusion
of genes with the lowest 50% MAD values. Subse-
quently, the removal of outliers among genes and
samples was conducted by employing the goodSam-
plesGenes function provided by the WGCNA R pack-
age. The creation of a scale-free co-expression net-
work involved the application of WGCNA, setting the
minimum module size to 40 and the soft-thresholding
power to 3. Additionally, five co-expression modules
were identified through the merging of modules with
a distance lower than 0.4. The collection of genes in
the grey module was deemed unclassifiable within
other modules. The correlation between modules and
groups was assessed using Pearson correlation tests
(P<0.05), identifying genes significantly associated
with CAD within the most relevant module for fur-
ther analysis (Pan et al. 2021).

Venn analysis

Upon searching for "pyroptosis" in the GeneCards
database (https://www.genecards.org/), a gene set
related to cell death was retrieved. Venn analysis
was conducted to intersect the DEGs, the WGCNA
gene set, and the "pyroptosis" gene set to identify
key candidate genes.

@ Springer

Cell culture

Mouse cardiomyocyte-like cells HL-1
(BFN60804428), mouse carotid artery smooth
muscle cells SMC (BFN60870116), and mouse
macrophages Ana-1 (BFN608006336) were all pur-
chased from BLUEFBIO. The HL-1 and SMC cells
were maintained in high-glucose Dulbecco’s Modi-
fied Eagle Medium (DMEM, 11965118, Gibco)
with the addition of 10% FBS (10270106, Gibco)
and 1% penicillin—streptomycin (15070063, Gibco)
under the conditions of 5% CO, and 37 °C in a
humidified incubator.

The maintenance of Ana-1 cells involved the use
of RPMI 1640 medium (11,875,093, Gibco) enriched
with 10% FBS (10,270,106, Gibco) and 1% penicil-
lin—streptomycin (15,070,063, Gibco), under the
same incubation conditions. Upon reaching approxi-
mately 80% confluency, cultures were passaged using
0.25% trypsin/EDTA (T4049, Sigma-Aldrich) (Sil-
vestro et al. 2021). Macrophages Ana-1 were then
stimulated with 50 ng/mL. LPS (HY-D105, MCE)
and 40 ng/mL IFN-y (HY-P7071, MCE) for 24 h to
induce an M1 phenotype (Yin et al. 2021). Co-culture
setups involved MO or M1 macrophages in the upper
chamber and HL-1 cells in the lower chamber. Prior
to co-culturing, M1 macrophages were treated with
10 pM GW4869 (HY-19363, MCE) for 8 h to inhibit
the release of Exo (Wang et al. 2019). The experiment
groups were designated as MO+HL-1, M1+HL-1,
and M1 +HL-1+GW4869.

For fluorescent labeling of HL-1 cells, Cell-
Tracker™ Deep Red Dye (C34565, Invitrogen) was
used adhering to the instructions as recommended
by the manufacturer. Concisely put, HL-1 cells num-
bering 1.5 10° were suspended in a medium devoid
of serum and treated with a dye solution at 500 nM
concentration. Post a 30-min incubation, the cells
were cleansed with PBS, seeded onto 8-well chamber
slides, and supplemented with PKH67-labeled Exo
(at a ratio of 5x 10* Exo per seeded cell) the follow-
ing day. Representative images were captured using
fluorescence microscopy 12 h after the addition of
PKH67-Exo (Ragni et al. 2020).

Cell grouping and transfection

Lentiviral transfection was used to construct over-
expression cell lines and corresponding control
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cell lines, including BRCA1-overexpressing Ana-1
(0oe-BRCA1) and its control cell line (oe-BRCAL1).
The siRNA sequences for knockdown were selected
(Table 1), and siBRCA1 was directly introduced
into Exo in vitro. The primary method used was
electroporation to load exogenous siRNA into the
Exo, which was then directly added to the cells for
treatment (Muskan et al. 2024).

The process of lentivirus-mediated cell trans-
fection included seeding 1x10° cells into 6-well
plates. Transfection was carried out by introducing
the medium containing the proper dosage of pack-
aging lentivirus (MOI=10, having a working titer
of about 1x10° TU/mL) and 5 pg/mL polybrene
(TR-1003, Sigma-Aldrich) to the cells upon reach-
ing 70-90% confluency. An equivalent amount
of medium was added to dilute polybrene follow-
ing a 4-h transfection period. The medium refresh
occurred at the 24-h interval post-transfection,
and following this, 48 h post-transfection, cells
underwent selection using 1 pg/mL puromycin
(A1113803, Thermo Fisher) in order to secure sta-
ble transfectants (Zhi et al. 2021; Gao et al. 2022).

CCK-8 assay

Ell viability was measured using the CCK-8 assay
kit (CKO04, Dojindo Laboratories). Cells were
seeded in 96-well plates at a density of 1x 10° cells.
Every 24 h, 10 pL of CCK-8 solution and 100 pL of
serum-free medium were added to each well. After
a 2-h incubation at 37 °C, optical density (OD) was
measured at 450 nm. Cell survival rate % = [(Exper-
imental well—Blank well) / (Control well—Blank
well)] X 100% (Ma et al. 2019a, b).

Scratch healing assay

For the scratch healing assay, cells were cultured
to full density (100%) in 6-well plates employing a

Table 1 lentiviral transfection sequence

Name Sequence (5°-3’)

sh-NC TTCTCCGAACGTGTCACGT
sh-BRCA1-1(Mouse) CCTCACTTTAACTGACGCAAT
sh-BRCA1-2(Mouse) GCTCAGTGTATGACTCAGTTT

serum-free medium. A scratch was created across
the cell layer using a 200 pL pipette tip, followed
by three times washes with PBS to remove detached
cells. M1 macrophage-derived Exo was then added.
Twenty-four hours post-scratch, the scratch width
was observed under a microscope, photographed
and recorded. The distance of the wound area was
measured with O h as the control, and the relative
migration rate was analyzed using ImageJ software
(Chen et al. 2021).

ELISA assays

Levels of interleukins IL-18 (CSB-E04609m, CUS-
ABIO), IL-1p (CSB-E08054m, CUSABIO), and
IL-6 (ab222503, Abcam) in cell supernatants and
peripheral blood were measured using ELISA Kkits.
Antigens were diluted to optimal concentrations
with coating buffer, added to an ELISA plate, and
followed by the addition of enzyme-linked anti-
bodies and substrate solution. The reaction was
stopped with 50 pL of stop solution per well, and
absorbance was measured at 450 nm using a Bio-
Rad microplate reader (1,681,135, Bio-Rad, USA)
within 20 min. Standard curves were plotted, and
data were analyzed according to the manufacturer’s
instructions (Yun et al. 2021).

Exosome phagocytosis assay

Exo collected from the culture medium was labeled
with PKH67 through the PKH67 Fluorescent Cell
Linker Mini Kit (MINI67, Sigma-Aldrich) accord-
ing to the manufacturer’s instructions. After a 12-h
co-cultivation with HL-1 cells, the labeled Exo was
fixed in 4% paraformaldehyde and mounted with
an antifade medium containing DAPI (4083, CST).
Imaging and observation were conducted using
a laser scanning confocal microscope (LSM 980,
ZEISS). This experiment was repeated three times
for consistency (Shu et al. 2022).

Exosome collection and characterization
Exo was isolated from Ana-1 macrophages using

a Total Exosome Isolation Kit (4,478,359, Thermo
Fisher). Briefly, Ana-1 cells were cultured in plates
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until reaching 70% confluency. PBS was utilized
for cell washing, followed by culturing the cells in
DMEM with 10% FBS for a 24-h incubation. Col-
lection of the cell culture medium was succeeded
by sequential centrifugation steps: first at 500x g
for 10 min to get rid of cells, then at 10,000x g
for 20 min to eliminate cell debris, and finally at
100,000 x g for 2 h to pellet the Exo. Resuspension of
the exosome pellet in PBS was conducted for the pur-
pose of subsequent transmission electron microscopy
(TEM) and nanoparticle tracking analysis (NTA) (Bu
et al. 2021; Shu et al. 2022). For flow cytometry anal-
ysis, Exo was diluted 1:10,000 in PBS and stained for
30 min at 4 °C with antibodies against CD63-APC
(143,905, Biolegend), CD81-APC (104,909, Bioleg-
end), and GM130 Alexa Fluor® 488 (560,257, BD).
After staining, samples were diluted to 1,000 pL with
PBS for analysis by flow cytometry. A gating strat-
egy was established by comparing PKH67-Exo with
PBS + CFSE samples in the FITC channel to selec-
tively identify stained Exo. The presence of PKH67-
Exo positive cells was then assessed by flow cytom-
etry (Ragni et al. 2020).

TEM and NTA

Exo (Exo) were fixed in 4% paraformaldehyde,
dropped onto formvar-coated electron microscopy
grids to air-dry, and stained with 12% phosphotung-
stic acid (P9761, Soleibao) for 5 min. Detailed obser-
vations and analyses of Exo morphology were then
performed using a JEOL 1010 transmission electron
microscope (JEOL) (Bu et al. 2021).

Prepared Exo samples were analyzed using the
Nanosight LM10-HS system (Malvern Panalytical).
For each Exo sample, 30-s videos were recorded to
capture the movement trajectories of Exo particles
in PBS, with the process repeated three times (Ragni
et al. 2020).

Immunofluorescence staining

Cells were fixed in 4% paraformaldehyde (P0099,
Beyotime) for 15 min, followed by three PBS
washes. Mouse carotid artery and heart tissue sec-
tions, each 8 pm thick, were prepared and adhered
to slides by fixing with 4% paraformaldehyde for
10 min, followed by three PBS washes. Permeabili-
zation was achieved with 0.3% Triton X (BL935B,
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Biosharp), and blocking was performed with 1%
bovine serum albumin (V900933, Sigma-Aldrich)
and 10% goat serum (C0265, Beyotime) for 30 min.
The cells or tissues were then incubated overnight
at 4 °C with primary antibodies: BRCA1 (MAI-
23,164, 1/100, ThermoFisher), CD86 (PA5-114,995,
1/100, ThermoFisher), CD80 (PA5-114,992, 1/100,
ThermoFisher), Ki67 (MA5-14,520, 1/100, Ther-
moFisher), and aSMA (MA1-06110, 1/100, Ther-
moFisher). After three PBS washes, fluorescent
secondary antibodies—goat anti-mouse IgG(H+L)
Alexa Fluor® 488 (ab150113, 1/200, Abcam) and
goat anti-rabbit IgG(H+L) Alexa Fluor® 647
(ab150083, 1/200, Abcam)—were applied and incu-
bated for 2 h in the dark at room temperature. Fol-
lowing PBS washes, slides were mounted with an
antifade medium containing DAPI (4083, CST).
Apoptosis was assessed using the Image-iT LIVE
Red and Green Caspase Detection Kit (135106, Inv-
itrogen), following the manufacturer’s guidelines.
Imaging was performed with a laser scanning confo-
cal microscope (LSM 980, ZEISS). Each experimen-
tal group included tissue sections from five animals,
with one section per animal and one field of view for
imaging. The experiment was conducted three times,
and positive cell density was quantified using ImageJ
software (National Institutes of Health, USA) (Yang
et al. 2022; Takeda et al. 2021).

RT-qPCR

The Trizol Reagent Kit (T9424, Sigma-Aldrich)
was employed for extracting total RNA from vari-
ous cell groups. Assessment of RNA quality and
concentration was carried out with a UV-Vis
spectrophotometer (ND-1000, Nanodrop, USA).
mRNA levels were quantified following reverse
transcription by applying the PrimeScript™ RT
Reagent Kit (RR014B, TaKaRa, Japan). Perform-
ing quantitative real-time PCR (RT-qPCR) on the
ABI 7500 PCR System (Applied Biosystems, USA)
was accomplished using the TB Green® Premix Ex
Taq™ Kit (RR420A, TaKaRa, Japan). The primer
sequences for BRCA1 were: Forward: 5°-CGG
AGAGCGCGGGAATTTTA-3’, Reverse: 5’-GAG
AAGCCCCAAGAGAGGTG-3’; and for GAPDH:
Forward: 5’-AAGAGGGATGCTGCCCTTAC-3’,
Reverse:  5’-GTTCACACCGACCTTCACCA-3’.
GAPDH functioned as the internal control in this
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context. Utilizing the 2744 technique, we com-

puted the relative gene expression levels, where
AACT quantifies the fold change in gene expres-
sion between the control and experimental groups;
ACt was obtained by subtracting the Ct value of
the target gene from that of the internal reference
gene (Yang et al. 2023).

Western blot

The Protein Extraction Kit (BC3710, Solarbio,
China) was utilized to extract total protein from
cells or tissues, followed by centrifugation at
13,000 rpm for 15 min at 4 °C, and the protein con-
centration of the supernatant was quantified utiliz-
ing the BCA Protein Assay Kit (P0010, Beyotime,
China). Separation of proteins was carried out
utilizing SDS-PAGE, following which they were
transferred onto PVDF membranes. Subsequent
steps included blocking of the membranes with 5%
non-fat milk for 1 h at room temperature and then
incubation with diluted primary antibodies against
BRCA1 (MA1-23,164, 1/1000, ThermoFisher),
GSDMD (20,770-1-AP, 1/2000, Proteintech), Cas-
pase-1 (ab138483, 1/1000, Abcam), Caspase-4
(ab25898, 1/1000, Abcam), and f-actin (#4967,
1/1000, CST). A secondary antibody, Anti-Rabbit
IgG (7074, 1/1000, CST), was used for incubation
following this step, lasting for 1 h at room tem-
perature, and then the sample was washed thrice
with TBST (3Xx5 min). After removing TBST,
the application of ECL Prime Western Blotting
Detection Reagent (WBULS0500, EMD Millipore,
USA) led to the formation of membranes, which
underwent a one-minute incubation period. Sub-
sequently, any excess reagent was eliminated, and
the membranes were sealed with plastic wrap. The
membranes were then exposed to X-ray film in a
dark box for 5-10 min for development and fixa-
tion. Image J software was utilized to quantify the
band intensity, where pB-actin was employed as the
loading control (Wang et al. 2021a, b).

Flow cytometry analysis
The analysis of M1 and M2 macrophages in mouse

peripheral blood from all experimental groups was
conducted employing flow cytometry. Initially,

collected blood samples were digested with 10 U/
mL collagenase I (17,018,029, Gibco) and 30 U/
mL DNase I (18,047,019, Invitrogen) in RPMI 1640
medium (11,875,119, Gibco) at 37 °C lasting 60 min.
Subsequent filtration through a 40 pm nylon filter
yielded a single-cell suspension. Post red blood cell
lysis, cells were washed twice with complete RPMI
1640 medium and stained at 4 °C with specific anti-
bodies: anti-CD80-APC (560,016), anti-CD86-PE
(553,692), anti-CD206-PE (568,273), and anti-F4/80-
PE (565,410), all purchased from BD Biosciences.
Upon undergoing double PBS washes, the cells were
sorted via a flow cytometer (Beckman Coulter, USA),
and FlowJo software was utilized for the execution of
data analysis (Liu et al. 2020a, b).

Additionally, the Vybrant FAM Caspase Assay Kit
(V35118, Invitrogen) was used in conjunction with
flow cytometry to detect cell apoptosis. Late apop-
totic cells were identified in the upper right quadrant
(FLICA*PI™), early apoptotic cells in the lower right
quadrant (FLICA™PI"), necrotic cells in the upper left
quadrant (FLICA™PI*), and viable cells in the lower
left quadrant (FLICA™PI™). The experimental proto-
col was executed as per the guidelines specified by
the manufacturer (Wang et al. 2021a, b).

The investigation into cell proliferation was per-
formed by applying the Click-iT Plus EdU Kit
(Thermo Fisher, Cat# C10418). Cells were first
labeled with the dye provided in the kit and incubated
with the labeled dye. The percentage of positive-
labeled cells was then analyzed using flow cytometry.

Establishment of mouse models

Homozygous Apoe knockout mice lack the APOE
protein, develop normally, but exhibit significantly
elevated total plasma cholesterol levels and spontane-
ous atherosclerotic lesions. This model can be used
to study the role of APOE in lipid metabolism, ath-
erosclerosis, and neural injury, as well as to explore
potential interventions that may alter the progres-
sion of atherosclerosis. The male mice utilized in this
study were of the C57BL/6 J strain, aged 6—8 weeks,
and weighing 23+2 g, sourced from Jackson Labo-
ratory. To investigate the mechanisms underlying
CAD atherosclerosis, ApoE_/ ~ male mice (C001507,
C57BL/6 background) were procured from Cyagen.
The mice were accommodated in SPF-grade animal
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facilities that ensured humidity levels of 60%—65%
and temperatures ranging from 22 °C to 25 °C, allow-
ing them ad libitum access to food and water. Upon
ensuring the mice’s health status following a week
of acclimatization, the experiments were initiated.
Approval for the experimental procedures and animal
use was granted by the Institutional Animal Ethics
Committee.

Establishment of the atherosclerosis mouse model:
ApoE ™"~ mice (8 weeks old) in each group were fed
a high-fat diet (40% fat, 0.15% cholesterol, Western
diet) (10,141, Sino Biological Inc.) for 12 weeks to
induce the atherosclerosis model. The mice were
injected with 200 pg Exo through the tail vein twice
a week, starting two weeks prior to the conclusion of
the experiment. The control group was administered
the equivalent volume of PBS. Initial untreated tis-
sues (NC in ApoE™") were collected for subsequent
experiments. After the final experiment, carotid
artery and heart tissues from the ApoE~~ group
(high-fat diet+PBS treatment), Exo.NC group (high-
fat diet+Exo.NC treatment), and Exo.shBRCAI
group (high-fat diet+Exo.shBRCA1 treatment) were
collected, with 6 mice per group. These tissues were
stored at —80 °C for subsequent analysis (Qiao et al.
2021, Bu et al. 2021). The Exo.NC group comprises
Exo derived from epithelial cells.

The carotid artery injury model was established
as described in the literature (Liu et al. 2020a, b).
Anesthesia was administered to C57BL/6 J mice in
the Sham group (control group) and Surgery group
via intraperitoneal injection of 50 mg/kg sodium
pentobarbital (P3761, Sigma Aldrich), with 6 mice
allocated to each group. The surgery was performed
under a dissecting microscope, where a 0.38 mm
diameter wire was inserted into the left common
carotid artery and slid three times. The right common
carotid artery served as an untreated control. After
the procedure, the incision was sutured with surgical
thread in the surgery group, while the Sham group
received no treatment. Following a wire-induced
injury to the carotid artery, 10 pg of Exo dissolved
in PBS was perfused into the ligated segment of the
injured carotid artery for 30 min. Then, 50 pg of Exo
was loaded into a 50 pl solution of 20% polyethyl-
ene glycol F-127 (ST501, Beyotime) gel at 4 °C and
applied locally to the external membrane surrounding
the injured artery segment. After 28 days post-sur-
gery, histological and immunohistochemical analyses
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were performed on both the left and right carotid
arteries obtained from every group of mice (Wang
etal. 2019).

Exosome biodistribution

To assess exosome biodistribution post-treatment in
the in vivo animal model, Exo was labeled with Dil
(Celltracker CM-Dil, Invitrogen) before administration
(Liang et al. 2020). Simultaneously, 40 pm-thick fro-
zen sections of the heart, liver, spleen, and lungs were
counterstained with 4',6-diamidino-2-phenylindole
(DAPI) and analyzed for biodistribution via immuno-
fluorescence staining 24 h later. To characterize the
cell types containing administered Exo, Dil-labeled
Exo was co-stained with VEGF (1:500, Millipore),
GSDMD (ab219800, 1/100, Abcam), CD86 (#20,018,
1/100, CST), and aSMA (MA1-06110, 1/100, Ther-
moFisher), followed by goat anti-mouse and anti-
rabbit Alexa Fluor 488 antibodies (1:750, Invitrogen).
Images were acquired using a Leica TCS-SPE confo-
cal microscope with maximum projection settings and
a 40xobjective. The number of double-positive cells
was counted in at least 10 different fields using Image-
Pro Plus 4.1 software (Otero-Ortega et al. 2017).

H&E staining

The collected neck arterial tissues were fixed in
freshly prepared 4% neutral buffered formaldehyde
for 24 h. The fixed tissues then underwent a series of
gradient alcohol dehydration steps, clearing, and rou-
tine paraffin embedding. Using a microtome, continu-
ous sections were cut at a thickness of 5 um, followed
by baking at 60 °C for 1 h and dewaxing in xylene.
After hydration, H&E staining (C0105S, Beyotime)
was performed. Sections were initially stained with
hematoxylin for 3 min, briefly rinsed in distilled
water for 10 s, and then differentiated in 1% hydro-
chloric acid ethanol for 10 s. After a 1-min rinse in
distilled water, the sections were stained with eosin
for 1 min. Following another 10-s rinse in distilled
water, the sections were dehydrated through an alco-
hol gradient, cleared in xylene, and finally sealed with
neutral resin (Park et al. 2022; Xie et al. 2020). The
sealed slides were examined for pathological changes
using an optical microscope (Olympus CK2).
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Oil red O staining for observing mouse aortic
lesions

After 12 weeks of HDF feeding, mice were eutha-
nized. The collected aortas from each group were
rinsed in cold phosphate-buffered saline to remove
fat tissues and opened at the thoracic aorta and aor-
tic arch. Rapid freezing in liquid nitrogen was used to
preserve the aortic tissues after they were cleaned and
embedded in the OCT compound. Tissues were sliced
into 7 pm thick sections using a cryostat. These sec-
tions underwent staining with 0.5% Oil Red O solu-
tion at ambient temperature for 30 min, followed by a
brief rinse in 70% ethanol to remove excess dye, and
then washed with PBS. The utilization of an optical
microscope (Olympus, Japan-manufactured, model
CX43) facilitated the activities of observation and
photography. Semi-quantitative evaluation of the
results was conducted with the aid of Image Pro Plus
software (Feng et al. 2023, Qiao et al. 2021).

Measurement of TG, TC, and LDL-C levels

After the final experiment, peripheral blood samples
were retrieved from each group of mice. Triglyceride
(TG) concentrations in serum were quantified utiliz-
ing a triglyceride assay kit (BC0625, Solarbio), serum
total cholesterol (TC) levels were gauged employ-
ing a cholesterol assay kit (BC1985, Solarbio), and
the measurement of serum low-density lipoprotein
cholesterol (LDL-C) levels was carried out with an
LDL-C assay kit (BC5335, Solarbio), all in accord-
ance with the prescribed manufacturer’s guidelines
(Liang et al. 2021).

Immunohistochemical staining

Paraffin embedding was used to section the collected
neck arterial and cardiac tissues. The sections were
baked at 60 °C for 20 min, followed by two sequen-
tial immersions in xylene, each lasting 15 min. After
dehydration in graded alcohol, the sections were fur-
ther immersed in absolute alcohol for 5 min, then in
95%, 90%, 80%, and 70% alcohol for 10 min each.

Endogenous peroxidase activity was inhibited on
each slide by treating with 3% H,0O, at room tem-
perature for 10 min. Antigen retrieval was performed
by microwaving the slides in citrate buffer for 3 min,
followed by a 10-min incubation at room temperature
in the antigen retrieval solution, and three washes in
PBS. Slides were then incubated in goat serum block-
ing solution (SLO38, Solarbio) at room temperature
for 20 min. Primary antibodies against GSDMD
(ab219800, 1/100, Abcam), CD86 (#20,018, 1/100,
CST), CD80 (PA5-114,992, 1/100, ThermoFisher),
and aSMA (MA1-06110, 1/100, ThermoFisher) were
applied and incubated overnight at 4 °C. After three
washes with PBS, slides were incubated with sec-
ondary antibodies—goat anti-rabbit IgG (ab6721,
1:5000, Abcam) or goat anti-mouse IgG (ab205719,
1:5000, Abcam)—for 30 min. DAB chromogen solu-
tion (P0203, Beyotime) was used for color develop-
ment, and staining was visualized under an optical
microscope. Image capture followed staining comple-
tion. Each group included five animals, with one slide
per animal and one field chosen for imaging. ImageJ
software (NIH) was used to calculate the positive area
percentage (Yang et al. 2023).

Statistical analysis

Our research was facilitated by the use of R version
4.2.1 together with the RStudio integrated devel-
opment environment, with the RStudio version
employed identified as 2022.12.0-353. Processing
of the data was carried out utilizing GraphPad Prism
8.0, where the results were exhibited in the form of
mean + standard deviation (Mean +SD). Two groups
were compared through unpaired t-tests, while com-
parisons among multiple groups were conducted
using one-way analysis of variance (ANOVA). The
homogeneity of variances was examined through the
application of Levene’s test. In situations where vari-
ances demonstrated equality, pairwise comparisons
were conducted utilizing Dunnett’s T3 and LSD-t
tests. Conversely, if variances were deemed unequal,
the Dunnett’s T3 test was performed. Intergroup com-
parisons were considered statistically significant at a
level of P<0.05 (Zhang et al. 2020).
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Results

Single-Cell sequencing reveals key role of M1
macrophages in CAD atherosclerosis

To analyze key genes in CAD atherosclerosis,
we downloaded scRNA-seq data associated with
CAD atherosclerosis from the GEO database
(GSM7445264, GSM7445269, GSM7445271)
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Fig.1 Cell Clustering and Annotation from scRNA-seq Data.
Note: (A) The foundational framework for studying cell hetero-
geneity and the progression of CAD atherosclerosis; (B) Anal-
ysis based on GSM7445264, GSM7445269, and GSM7445271
datasets downloaded from the GEO database, utilizing UMAP
algorithm for dimensionality reduction and clustering visu-
alization, showcasing cell populations isolated from carotid
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(Fig. 1A) and processed and integrated this data
employing the Seurat package. Gene counts (nFea-
ture_RNA), mRNA molecules (nCount_RNA), and
the percentage of mitochondrial genes (percent.
mt) were evaluated for all cells in the scRNA-seq
data. The majority of cells exhibited nFeature_
RNA <5000, nCount_RNA <20,000, and percent.
mt<20% (Figure S1A). The criteria of 200 <nFea-
ture_RNA <5000 and percent.mt<25% were set
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color representing a unique cell cluster; (C) Visualization of
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indicates a cell population; (D) Network analysis of cell com-
munication based on the R package "CellChat"; (E) Analysis
of macrophage communication networks with other cells using
the R package "CellChat."
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up for eliminating low-quality cells. As a result, an
expression matrix comprising 16,153 genes and
18,253 cells was obtained.

Subsequently, we conducted sequencing depth cor-
relation analysis, revealing a correlation coefficient of
r=-0.1 between nCount_RNA and percent.mt, and
r=0.87 between nCount_ RNA and nFeature_RNA
(Figure S1B), indicating high data quality suitable for
subsequent analyses.

Extended scrutiny of filtered cells included the
identification of highly variable genes based on gene
expression variance, whereby the top 2000 vari-
able genes were singled out for further investigation
(Figure S1C). Assessment of cell cycle scoring was
accomplished through the use of the CellCycleScor-
ing function, with data being preliminarily normal-
ized. PCA was employed for linear dimensionality
reduction (Figure S1D). We presented the main corre-
lated gene expression heatmap for PC_1-PC_6 (Fig-
ure S1E) and the cell distribution in PC_1 and PC_2
(Figure S1F), indicating variations in batch effects
among the samples.

Correcting data with the Harmony algorithm was
carried out to tackle batch effects and enhance the
precision of cell clustering (Figure S1G). Moreo-
ver, the ranking of PCs’ standard deviations was
accomplished through the ElbowPlot analysis, dem-
onstrating that PC_1-PC_20 adequately encapsu-
lated the data from genes with high variability and
therefore possessed notable analytical significance
(Figure S1H). Furthermore, we performed nonlin-
ear dimensionality reduction using the UMAP algo-
rithm on the top 20 PCs. UMAP clustering yielded
25 cell clusters (Fig. 1B), which were automatically
annotated using the "SingleR" package, identifying 8
distinct cell types (Fig. 1C), including T cells, Treg
cells, Macrophages, Eosinophils, Mast cells, Car-
diomyocytes, Endothelial cells, and Smooth muscle
cells.

Finally, to gain deeper insights into intercellular
functional differences, the analysis of communica-
tion networks between distinct cell types was per-
formed utilizing the "CellChat" package in R. Nota-
bly, in CAD atherosclerosis samples, we observed
strong interactions between macrophages and car-
diomyocytes (Fig. 1D-E), underscoring the poten-
tial significance of macrophages in the development
of cardiovascular diseases associated with CAD
atherosclerosis.

Integrated study reveals the prominent role of M1
macrophages in the advancement of CAD

To enhance the visual observation of dynamic
changes in cellular states, we utilized a trajectory
backbone graph based on Seurat clustering IDs to
unveil the temporal ordering variations of individual
cells in the pseudo-time analysis (Figure S2). This
approach provides a more intuitive observation of
dynamic cellular states and their potential transi-
tions at different time points. For instance, it allows
tracking of how cell populations transition gradu-
ally from one state to another, which is crucial for
understanding cell fate determination and differen-
tiation pathways. Leveraging scRNA-seq data, we
performed pseudotime analysis using the R package
monocle2. Visualization of ordering genes is depicted
in Figure S2A, and data dimensionality reduction
was achieved using DDRTree, providing a basis for
subsequent cell ordering and trajectory construction
(Figure S2B). The State-based display revealed cell
evolution divided into 5 stages, including 2 critical
branching nodes (Figure S2C).

Pseudotime, calculated by monocle2 based on
cell gene expression information, represents the tem-
poral sequence of cell development, where the root
of the tree represents the starting point of time, and
branches denote different cell fate paths. In the trajec-
tory skeleton plot, the variation in color depth intui-
tively reflects cell ordering in pseudotime, revealing
the developmental trajectory of cells from immature
to mature states (Figure S2D). As shown in Fig. 2A,
macrophages are in a relatively mature state, concen-
trating on the "origin" of differentiation. Pseudotime
analysis further revealed the expression patterns of
several key genes across different cell clusters. These
gene expression levels exhibit significant differences
among diverse cell types (e.g., T cells, macrophages),
which is crucial for understanding the functional roles
and state transitions of diverse cells in biological pro-
cesses (Figure S2E). For instance, the expression pat-
terns of C1QA, C1QB, and C1QC may be associated
with cellular phagocytosis and immune responses,
while ENO1 and RUNX3 expression may relate to
cellular metabolic status and differentiation potential.

Additionally, pseudotime analysis revealed the
differentiation patterns of the M1 macrophage mark-
ers CD86 and CD80, showing that CD86 and CD80
are specifically expressed in the early stages of cell
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the Progression of CAD. Note: (A) Trajectory skeleton map,
mapping cells to pseudotime ordering based on Seurat’s cluster
ID; (B) Pseudotime analysis showing expression of M1 mac-
rophage markers CD86 and CD80; (C) IHC analysis of CD86
expression in cardiac tissues of Control and ApoE™'~ groups;
(D) IHC analysis of CD86 expression in carotid tissues of Con-

differentiation (Fig. 2B). This finding further con-
firms the close association between M1 macrophage
activation and the progression of various inflam-
matory diseases, providing strong evidence for the
dynamic changes of macrophage subgroups under
different conditions. Furthermore, a mouse model
of coronary artery atherosclerosis was induced in
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ApoE™~ mice through the administration of a high-
fat diet for a duration of 12 weeks in vivo experi-
ments. Sections were taken from the aortic arch of the
mice’s hearts, and Oil Red O staining revealed thick-
ened intima with reddish-brown lipid plaque deposits.
Additionally, in contrast with the Control group, the
ApoE ™"~ group exhibited a notable augmentation in
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the lesion area of the entire aorta and its root (Fig-
ure S3A-B). Moreover, the successful establishment
of the model was evidenced by the elevated lev-
els of TG, TC, and LDL-C in the ApoE™~ group’s
peripheral blood as opposed to the Control group
(Figure S3C-E). Subsequently, immunohistochemi-
cal analysis verified the differential expression of
CD86 in heart tissue and carotid artery tissue, reveal-
ing increased CD86 expression in the ApoE™~ group
contrasted with the Control group in these tissue sam-
ples (Fig. 2C-D). Flow cytometry results also demon-
strated an upregulation in the proportion of M1-type
(CD80*CD86™) macrophages in the peripheral blood
of the ApoE™'~ group contrasted against the Con-
trol group, alongside a reduction in the presence of
M2-type (F4/80*CD206") macrophages (Fig. 2E-F),
further confirming the close association between M1
macrophage activation and the development of CAD.

In summary, we have constructed a comprehensive
view of cellular state changes that is mutually sup-
portive and provides essential details for deciphering
the function of macrophages in disease models.

Exo from M1 macrophages promote cardiomyocyte
apoptosis

CAD, induced by coronary artery atherosclerosis,
primarily manifests as cardiac blood supply insuf-
ficiency. This limitation hampers blood flow to the
myocardium, resulting in myocardial ischemia and
hypoxia, which may ultimately lead to cardiomyo-
cyte damage or death (Dalen et al. 2014). During this
process, cardiomyocyte apoptosis—a programmed
cell death mechanism—significantly contributes to
the pathological development of CAD (Sheng et al.
2023). M1 macrophages, integral to the immune sys-
tem, secrete Exo containing various inflammatory
factors and molecules that can enhance inflamma-
tory reactions and potentially induce cardiomyocyte
apoptosis (Tan et al. 2023). Given these findings, the
crucial involvement of M1 macrophages in the initia-
tion and progression of CAD atherosclerosis has been
highlighted. Consequently, exploring how Exo pro-
duced by M1 macrophages affects cardiomyocytes,
especially their role in cardiomyocyte apoptosis,
is crucial for understanding the molecular mecha-
nisms of myocardial inflammation and for developing
potential therapeutic strategies.

Although HL-1 cardiomyocyte-like cells are a
transformed cell line, they can still undergo continu-
ous passaging while retaining the ability to contract
and maintain the cardiac morphology, biochemical,
and electrophysiological characteristics of differen-
tiated cardiomyocytes. Therefore, they are suitable
for the purposes of this study. The influence of mac-
rophages on cardiomyocytes was examined by con-
ducting an in vitro co-culture with HL-1 cardiomy-
ocyte-like cells (Fig. 3A). Flow cytometry assessed
the apoptosis ratio among HL-1 cells, revealing a sig-
nificant increase in apoptosis in the M1 +HL-1 group
compared to the MO+ HL-1 group (Fig. 3B). Synthe-
sis of Exo occurs through the production of intralu-
minal vesicles within multivesicular bodies (MVBs),
which are then released upon fusion of MVBs with
the plasma membrane. Cargo sorting into intralumi-
nal vesicles is facilitated by tetraspanin protein CD63,
the Endosomal Sorting Complex Required for Trans-
port complex, or by its affinity for ceramide-rich lipid
microdomains dependent on neutral sphingomyeli-
nase. Ceramide is a product formed when sphingo-
myelin (SM) is hydrolyzed by sphingomyelinase to
remove phosphocholine. The addition of exogenous
sphingomyelinase inhibitors or C6-ceramide can lead
to the formation of vesicles (Arya et al. 2022).

GW4869, a non-competitive inhibitor of neu-
tral sphingomyelinase C, employed to explore exo-
some production and secretion mechanisms (Habibi
et al. 2022), was found to inhibit HL-1 cell apopto-
sis when added to the M1+HL-1 group (Fig. 3B).
Concurrently, immunofluorescence results showed
a marked increase in apoptosis among HL-1 cells in
the M1+HL-1 group compared to the MO+ HL-1
group, an effect mitigated by GW4869, aligning with
flow cytometry findings and suggesting that Exo from
M1 macrophages promote cardiomyocyte apoptosis
(Fig. 30).

To delve further into the molecular basis of cell
apoptosis under co-culture conditions, the quantifi-
cation of GSDMD, Caspase-1, and Caspase-4 pro-
tein expression was carried out using Western blot
analysis in diverse groups. When juxtaposed with the
MO+HL-1 group, the M1+HL-1 group exhibited
upregulated expression of these proteins, an effect
suppressed by GW4869, thereby indicating a link
between the apoptotic pathway and signaling through
Exo from M1 macrophages (Fig. 3D).
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In conclusion, this segment of the study reveals
that in a simulated inflammatory environment, the
direct interaction between cardiomyocyte-like cells
and macrophages, particularly through Exo pro-
duced by M1 macrophages, significantly accelerates
cardiomyocyte-like cell apoptosis.
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rescence staining to detect apoptosis in HL-1 cells post-co-
culture, with white arrows indicating apoptotic cells, Scale
bar=50 pm; (D) Western blot analysis of GSDMD, Caspase-1,
and Caspase-4 expression in various cell groups post-co-cul-
ture. ***P <0.001, cell experiment repeated 3 times

Transcriptome sequencing analysis identifies BRCA1
as a key molecule in promoting cardiomyocyte
apoptosis

Building on previous findings that Exo from Ml
macrophages facilitates cardiomyocyte apoptosis,
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this study employed high-throughput transcriptome
sequencing analysis to elucidate the molecular mech-
anisms by which macrophages promote cardiomyo-
cyte apoptosis in CAD.

First, using the GEO database, we downloaded
transcriptomic sequencing data related to CAD mac-
rophages (GSM5669322, GSM5669323, GSM5669324,
GSM5669330, GSM5669331, GSM5669332). Con-
ducted differential expression analysis based on the

criteria of 10g2FCI>0 and P<0.01, leading to the dis-
covery of 8,208 differentially expressed genes (DEGs),
comprising 3,593 genes upregulated and 4,615 genes
downregulated (Fig. 4A, Table S1). Subsequently, a
gene co-expression network was built through the appli-
cation of the WGCNA algorithm, with an appropri-
ate threshold selected to enhance gene interconnectiv-
ity, ensuring the network adhered to scale-free network
properties. The analysis determined an optimal threshold
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correlation with CAD and correlation analysis; (G) Intersec-
tion of "pyroptosis" related genes downloaded from Gene-
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sion of intersected genes Brcal, Cdkl, Melk, Rbbp7 in heart
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**P<0.01, *P<0.05
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of 19, indicating a well-structured scale-free network
(Fig. 4B). Using this threshold, genes within the CAD
cohort were hierarchically clustered, and a dendro-
gram was constructed (Fig. 4C-D). Network modules
were defined to contain at least 40 genes, and different
gene modules were identified using dynamic tree cut-
ting, with highly similar modules merged, resulting in
ten distinct gene modules. The inter-module relation-
ships were then analyzed (Fig. 4E-F), revealing that the
MEgreenyellow module was significantly correlated with
the progression of CAD, exhibiting the highest correla-
tion. An intersection analysis of differentially expressed
genes, CAD progression-related genes (MEgreenyellow
module), and autophagy-related genes yielded four key
genes (Fig. 4G): Brcal, Cdkl1, Melk, and Rbbp7. Among
these, Brcal showed a marked upregulation in the Model
group in relation to the Normal mice, marking the most
notable difference (P<0.001) (Fig. 4H). Significance
was also observed in alterations of Rbbp7, as depicted
in Fig. 4H. Rbbp7, a nuclear protein expressed widely,
falls under the category of WD repeat proteins that are
highly conserved. It is present in complexes related to
chromatin assembly. Furthermore, it has the capabil-
ity to engage with the tumor suppressor gene BRCAI,
suggesting its potential involvement in the modulation
of cellular proliferation and differentiation (Yarden and
Brody 1999; Yang et al. 2024; Chen et al. 2001). Given
the low expression levels of Rbbp7 in normal mac-
rophage tissues, Brcal was chosen as the key molecule
in this study. Through these comprehensive analyses,
we not only uncovered critical transcriptomic changes
in macrophages during CAD progression but also iden-
tified potential therapeutic targets for future treatment
strategies.

Macrophage-Derived exo mediate cardiomyocyte
apoptosis through BRCA1 delivery

Building upon preliminary research, this experiment
posits that macrophages may promote cardiomyocyte
apoptosis by transmitting the BRCA1 molecule. Con-
sequently, this study aims to delve into the expression
patterns of the BRCA1 gene within macrophages and
their derived Exo and further analyze its potential
impacts on cardiomyocytes. To achieve this objective,
a series of experimental procedures were designed to
investigate whether macrophage-derived Exo influ-
ences the biological characteristics of cardiomyocytes
by delivering BRCAL.
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Initially, analysis with NanoSight particle tracking
revealed the size distribution of the Exo, which was
found to be uniformly distributed within the nanom-
eter size range of 100-130 nm, exhibiting typical
characteristics of nanoscale vesicles (Fig. 5SA). Sub-
sequently, transmission electron microscopy provided
visual evidence of the Exo morphology, displaying
their typical spherical membrane structures (Fig. 5B).
Furthermore, flow cytometry confirmed the identity
of the Exo by detecting surface marker proteins CD81
and CD63 and the negative control protein GM130,
establishing their high purity (Fig. 5C).

In quantifying the expression levels of BRCAI,
this study utilized RT-qPCR and Western blot anal-
yses. The results demonstrated a significant upregu-
lation of BRCA1 mRNA levels in M1 macrophages
compared to the MO group (inactive macrophages),
as well as in M1-Exo compared to M0-Exo, indicat-
ing an increase in BRCA1 mRNA levels within the
Exo (Figure S4A). Western blot results aligned with
RT-gqPCR findings, further validating the elevation of
BRCAI1 protein levels in M1 macrophages and their
derived Exo (Figure S4B).

To investigate the role of BRCAL1 in intercellular
communication, this experiment involved using M1
macrophages with either silenced or overexpressed
BRCAI1. The Exo released by these macrophages
were collected and used to treat HL-1 cells (Fig. 5SD).
Evaluation through RT-qPCR was carried out to
determine the efficiency of BRCA1 knockdown and
overexpression in macrophages and the expression of
BRCA1 mRNA in Exo (Figure S4C-D).

Exo, as a category of minuscule membrane-
enclosed structures, facilitates communication
between cells by carrying biomolecules, playing a
significant role in immune responses and cell signal-
ing (Rangel-Ramirez et al. 2022). Particularly, in the
interactions between macrophages and other cell pop-
ulations, Exo serves as a crucial mediator (Kishore
and Petrek 2021). Immunofluorescence staining
revealed CFSE-Exo positive particles in the cyto-
plasm of HL-1 cells (Fig. SE), providing more direct
evidence of potential physical contact between Exo
and target cells.

Subsequent CCK-8 assays evaluated the impact of
Exo derived from M1 macrophages on the viability of
HL-1 cells. It was observed from the results that the cell
viability was higher in the Exo.shBRCA1 group than in
the Exo.NC (negative control) group; conversely, cell
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viability decreased in the Exo.0eBRCA1 (overexpress-
ing BRCAL1) group relative to the Exo.Vehicle group,
suggesting that the delivery of BRCAL1 via Exo signifi-
cantly affects HL-1 cell viability (Fig. SF). Flow cytom-
etry results further supported this hypothesis, showing
a decrease in apoptosis rates in HL-1 cells in the Exo.
shBRCAL1 group in contrast with the Exo.NC group,
and an increase in apoptosis rates in the Exo.o0eBRCA1
group contrasted against the Exo.Vehicle group
(Fig. 5G). Additionally, according to the ELISA results,
the levels of IL-18 and IL-1f in the Exo.shBRCAl
group were markedly lower than those in the Exo.NC
group, whereas they were substantially higher in the
Ex0.0eBRCA1 group when juxtaposed with the Exo.
Vehicle group (Fig. 5H), reflecting the activation of
inflammatory signaling pathways due to BRCA1 deliv-
ery. Western blot analysis further confirmed the expres-
sion levels of apoptosis-related proteins GSDMD, Cas-
pase-1, and Caspase-4. When contrasted with the Exo.
NC group, considerable drops in protein expression
were observed in the Exo.shBRCA1 group, while note-
worthy surges were noted in the Exo.0eBRCA1 group
of HL-1 cells (Fig. 5I). A paradigm shift has occurred
in the treatment of BRCA1/2-mutated human malig-
nancies, as PARP1 is now recognized as a viable thera-
peutic target in BRCA1/2-deficient cells. However,
studies have shown that PARP inhibitors induce inflam-
matory pyroptosis mediated by the caspase-3-depend-
ent cleavage of GSDME (Kim et al. 2023). Addition-
ally, research has demonstrated that BRCA1 protects
VSMC:s from oxidative stress (Lovren et al. 2014). Our
experimental results (now shown in Fig. 5) also indi-
cate changes in the aforementioned cytokines and pro-
teins in the non-canonical pyroptosis pathway. There-
fore, these experimental findings suggest that BRCA1
may influence cell viability and regulation through the
non-canonical pyroptosis pathway, thereby promoting
cardiomyocyte pyroptosis.

In summary, Exo derived from macrophages sig-
nificantly promotes cardiomyocyte apoptosis by
delivering the BRCA1 molecule.

Macrophage-Derived exo facilitate SMC cell
proliferation and migration via BRCAI delivery

This study delves into the impact of macrophage-
derived Exo delivering BRCAI protein on the func-
tionality of VSMCs, particularly their role in vas-
cular remodeling processes. CAD, especially the
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progression of atherosclerosis, involves complex vas-
cular remodeling mechanisms following endothelial
injury, where the migration, proliferation, and neoin-
tima formation by SMCs are central (Indolfi et al.
2019). Under healthy conditions, SMCs remain rela-
tively quiescent within the vascular wall, maintain-
ing vascular structure and function. However, in the
atherosclerotic milieu, influenced by inflammatory
cytokines, oxidative stress, and mechanical stress,
SMCs transition from a contractile to a synthetic
phenotype, characterized by enhanced migratory and
proliferative capabilities, leading to intimal thick-
ening and luminal narrowing, thereby exacerbating
CAD progression (Meng et al. 2022).

First, using Exo with silenced or overexpressed
BRCALI to treat SMC cells, a scratch assay was exe-
cuted to assess the migratory potential of SMC cells.
The outcomes displayed that, in comparison with the
Exo.NC group, the Exo.shBRCA1 group inhibited
SMC cell migration, while contrasted against the Exo.
Vehicle group, the Exo.0eBRCA1 group promoted
SMC cell migration (Figure S5A). Additionally, the
CCKS8 assay results indicated that when juxtaposed
with the Exo.NC group, the Exo.shBRCA1 group
inhibited SMC cell viability, whereas contrasted
against the Exo.Vehicle group, the Exo.0eBRCAl
group promoted SMC cell viability (Figure S5B). The
Edu proliferation assay exhibited that relative to the
Exo0.NC group, the Exo.shBRCA1 group significantly
inhibited SMC proliferation, with a drop in the num-
ber of positive cells, while the Exo.0eBRCA1 group
increased the proportion of positive SMC cells con-
trasted with the Exo.Vehicle group (Figure S5C).

To delve deeper into the key phenomena of how
macrophage-derived Exo delivering BRCA1 protein
affects VSMCs function, we established an in vitro
co-culture system. The macrophage cell line Ana-1
was stimulated with 50 ng/mL. LPS and 40 ng/mL
IFN-y for 24 h to obtain M1 macrophages. These
macrophages were then co-cultured with SMCs, with
MO or M1 macrophages in the upper chamber and
SMC:s in the lower chamber. Prior to co-culture, M1
macrophages were pre-treated with 10 pM GW4869
for 8 h to inhibit exosome release. BRCA1 protein
expression and cell proliferation were then assessed
in the M0O+SMC group, M1+SMC group, and
M1+ SMC+GW4869 group. The M1+SMC group
demonstrated the highest ratio of positive SMC cells
in the study findings (Figure S5D). Additionally,
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BRCALI protein expression in the M1+SMC group
was substantially higher than in the control group,
and this expression was markedly inhibited after
the addition of the GW4869 inhibitor (Figure S5E).
These findings provide evidence of direct BRCALl
transfer from M1 macrophage-derived Exo to target
cells.

In our previous studies, we confirmed an increased
level of BRCA1 protein in M1 macrophages and their
derived Exo. To validate the in vivo transmission of
activated M1 macrophages to target cells within an
animal model, we injected BRCAI-modified Dil-
labeled Exo into a carotid artery injury mouse model
and subsequently conducted various analyses on the
treated tissue samples. Observations of exosome
distribution across various organs revealed a pre-
dominant concentration within the heart (Fig. 6A).
Furthermore, immunofluorescence analysis of spe-
cific cell types showed notable colocalization in both
vascular endothelium and vascular smooth muscle
cells (Fig. 6B). These findings indicate that M1 mac-
rophage-derived Exo primarily localizes within car-
diac cells post-injection and exhibits colocalization
with smooth muscle cells in the heart, demonstrating
the in vivo exosome delivery process.

Subsequently, H&E staining was performed on
carotid artery tissues to observe pathological changes,
specifically the formation of neointima, directly illus-
trating the thickening effect mediated by BRCALl
delivered through MIl-derived Exo. Compared to
the Surgery group, the Exo.NC group exhibited sig-
nificant intimal thickening. In contrast, the Exo.
shBRCA1 group suppressed neointima formation rel-
ative to the Exo.NC group, while the Exo.0eBRCA1
group promoted it compared to the Exo.vehicle group
(Fig. 6C). The IHC staining results demonstrated
that contrasted against the Surgery group, aSMA
(SMC marker) expression increased in the Exo.NC
group; as opposed to the Exo.NC group, the aSMA
expression indicated a decline in the Exo.shBRCAL1
group. When contrasted with the Exo.Vehicle group,
oSMA expression was upregulated in the Exo.
0eBRCA1 group (Fig. 6D-E). Immunofluorescence
staining revealed SMC proliferation, showing that
contrasted against the Surgery group, the expression
of aSMA +Ki67+co-located cells increased in the
Exo0.NC group; contrasted with the Exo.NC group,
the expression of aSMA +Ki67+co-located cells
decreased in the Exo.shBRCA1 group (Fig. 6F-G).

The importance of BRCAL1 in controlling the prolif-
eration of SMCs is prominently emphasized.

In summary, the experimental results from this
section demonstrate the critical role of Exo derived
from M1 macrophages in delivering BRCA1 during
the cardiovascular system remodeling process, espe-
cially in aspects such as neointima formation and the
proliferation and migration of SMC.

Exo0.siBRCA1 mitigates coronary artery
atherosclerosis

Subsequently, we conducted an in vivo therapeutic
study targeting CAD (CAD) atherosclerosis to examine
the potential regulatory impact of BRCA1-modified
Exo in the pathological progression of affected patients.
Using a high-fat diet-induced ApoE™~ mouse model,
we tracked the dynamic expression pattern of BRCA1
during the development of coronary lesions. Western
blot analysis exhibited substantial variations in BRCA1
expression levels in the carotid artery and heart tis-
sues at various time points of the model establishment,
showing a gradual increase over time (Figure S6A-B).
Immunofluorescence staining further demonstrated the
expression of BRCA1TCD86"CD80 cells in the endo-
cardial tissues and carotid arteries of ApoE~'~ mice at
early (12 weeks) and late (20 weeks) stages. A remark-
able elevation in the amount of BRCA1*CD86YCD80*
positive cells was observed in the late stage versus the
early stage (Figure S6C-D). The fluorescence intensity
in early and late stages progressively increased, com-
pared to the weaker background fluorescence levels
(Figure S6C-D).

Results indicate that as atherosclerosis worsens,
BRCAI1 expression gradually increases, along with
the proportion of M1 macrophages. This validates
our previous hypothesis, confirming the close link
between BRCAL1 delivery by M1 macrophage-derived
Exo and the progression of CAD atherosclerosis.

Next, to evaluate the therapeutic effect of BRCA1-
silenced Exo, we loaded BRCA1-inhibited siRNA
into Exo in vitro and administered them to the
ApoE ™"~ atherosclerosis mouse model for interven-
tion (Fig. 7A). Initially, the experiment observed
the pathological condition of the entire aorta and its
branches in each group of ApoE~~ mice. Compared
with the ApoE™~ group, there was no significant
change in the atherosclerotic plaque in the Exo.NC
group. However, compared with the Exo.NC group,
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the Exo.siBRCA1 group significantly reduced athero- with the ApoE™~ group and the Exo.NC group, the
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Oil Red O staining results also showed that, compared cantly reduced (Figs. 7D-E). Meanwhile, the levels of
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«Fig. 6 Exo from Macrophages Delivering BRCA1 Influence
SMC Cell Function. Note: (A) Immunofluorescence analysis
of the distribution in the heart, liver, spleen, and lungs after
exosome injection in an animal model, scale bar=25 pm;
(B) Immunofluorescence analysis of cell types with exosome
distribution, scale bar=25 pm; (C) H&E staining of carotid
artery tissues from various mouse groups, scale bar=200 pm;
(D-E) IHC staining for aSMA expression, a smooth mus-
cle cell marker, in carotid artery tissues of mouse groups,
Scale bar=100 pm; (F-G) Immunofluorescence staining to
assess smooth muscle cell proliferation in carotid artery tis-
sues, aSMA indicates smooth muscle cells, Ki67 indicates
proliferating cells, DAPI indicates nuclei, white arrows point
to aSMA +Ki67 +double-positive cells, scale bar=25 pm.
%P <(0.001, **P<0.01, *P <0.05, "™ P>0.05, animal exper-
iment n=6

TC, TG, and LDL-C in peripheral blood were meas-
ured in each group of CAD mice. The results indi-
cated that, compared with the ApoE™~ group and
the Exo.NC group, the Exo.siBRCA1 group signifi-
cantly reduced the expression of TC, TG, and LDL-C
(Figures S7A-C).

In addition, the SNP near the ILRUN gene, which
has a ubiquitin-associated domain and an NBR1-like
domain adjacent to the BRCA1 gene, has been shown
to be significantly associated with plasma lipid pro-
files and CAD. Studies have identified ILRUN as a
novel lipid metabolism regulator that promotes liver
lipoprotein production (Bi et al. 2020). Additional
studies indicate a connection between BRCA1 and
acetyl-CoA carboxylase alpha (ACCA) via its tandem
BRCT domains, influencing lipid synthesis by inhib-
iting the dephosphorylation of P-ACCA (Moreau
et al. 2006). Therefore, we speculate that the interac-
tion between BRCA1 and ACCA may have an impact
on lipid metabolism. In summary, M1 macrophage-
derived Exo likely influences atherosclerotic progres-
sion by delivering BRCAI.

Using IHC staining, the experiment further ana-
lyzed the expression levels of the pyroptosis-related
protein GSDMD. The results showed that, compared
with the ApoE™~ and Exo.NC groups, the expression
level of GSDMD was significantly reduced in the Exo.
siBRCAI1 group (Fig. 7F). The pyroptosis levels in
cardiomyocytes also showed a similar trend (Fig. 7G),
with a significantly lower proportion of pyroptotic
cells in the Exo.siBRCA1 group compared to the
ApoE™~ and Exo.NC groups. Western blot results
demonstrated that the expression levels of GSDMD,
Caspase-1, and Caspase-4 in the Exo.siBRCAI

group were markedly reduced compared with the
ApoE™~ and Exo.NC groups (Fig. 7H). gRT-PCR
was used to detect BRCA1 mRNA expression levels
in M1 macrophages before and after the intervention,
showing that the intervention significantly inhibited
BRCA1 mRNA expression in M1 macrophages com-
pared to the negative control group (Fig. 7I).

The experiment further assessed the inflamma-
tory response levels by measuring the expression of
inflammatory cytokines IL-1f, IL-6, and IL-18 in the
peripheral blood of each mouse group. Results indi-
cated that the Exo.siBRCA1 group had significantly
lower levels of these cytokines compared to both the
ApoE™~ and Exo.NC groups (Figures S7D-F), sug-
gesting that BRCAIl-silenced Exo can effectively
reduce inflammatory responses in cardiovascular dis-
ease. We hypothesize that the protective mechanism
of si-Exo treatment mainly involves exosome delivery
of siRNA targeting BRCAI silencing. This approach
subsequently influences the non-canonical pyroptosis
pathway in cardiomyocytes activated by the inflam-
matory response.

In summary, this segment of the research found
that Exo derived from M1 macrophages delivering
BRCAI1 can promote the progression of atherosclero-
sis, providing significant scientific evidence for devel-
oping therapeutic strategies against coronary artery
atherosclerosis.

Discussion

CAD, a leading cause of cardiovascular mortal-
ity globally, has always been a focal point in medi-
cal research due to its complex pathogenesis (Olsen
et al. 2022, Makover et al. 2022; Velusamy et al.
2023). Cardiomyocyte apoptosis and inflammatory
responses play pivotal roles in the progression of
CAD (Wu et al. 2022a, b, Mosquera et al. 2023, Fan
et al. 2022). Recent advancements in molecular biol-
ogy have shifted research attention towards immune
cells, particularly M1 macrophages and their secreted
Exo, and their roles in cardiovascular diseases (Mohd
Idrus et al. 2021; Li et al. 2021a, b). These Exo, criti-
cal for intercellular communication, carry various
biomolecules, including proteins and RNA, influenc-
ing the behavior and function of recipient cells (Mao
et al. 2021; Kalluri and McAndrews 2023; Lai et al.
2022). Investigating specific molecules within M1
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Fig. 7 Mechanistic Study of BRCA1-Modified Exo in Coro-
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sclerosis model in 8-week-old ApoE ™"~ mice fed a high-fat diet
for 12 weeks and treated with BRCA1-modified Exo; (B) Rep-
resentative images of atherosclerotic plaques (yellow arrows)
in the aorta and its branches of mouse groups; (C) Repre-
sentative images and quantification of Oil red O staining in the
entire aorta lesion area of mouse groups; (D) Representative
images and cross-sectional plaque area statistics of aortic root
H&E staining in mouse groups, Scale bar=200 pm; (E) Repre-
sentative images and analysis of Oil red O staining in the aortic

macrophage-derived Exo, such as BRCA1, and their
impact on cardiomyocyte apoptosis and the CAD
process can deepen our understanding of CAD patho-
physiology and potentially guide the development of
new therapeutic strategies.
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bar=50 pm; (G) Flow cytometry analysis of the proportion
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statistical bar graphs displayed; (H) Western blot analysis of
the expression of GSDMD, Caspase-1, and Caspase-4 in the
heart tissues of each group of mice; (I) gRT-PCR analysis of
BRCA1 mRNA expression levels in M1 macrophages before
and after interference treatment. **P<0.01, *P <0.05, animal
experiment n=6

Previous research has predominantly concentrated
on examining the functions of cardiomyocyte apop-
tosis and inflammation in CAD, with relatively less
attention given to M1 macrophages and their Exo
(Jiang et al. 2021; Xiang et al. 2024; Xiao et al. 2022).
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Although existing literature highlights the signifi-
cant role of macrophages in cardiovascular diseases,
these studies often lack single-cell resolution and
clarity on the functions of specific molecules within
their Exo. This study innovates by utilizing single-
cell multi-omics techniques to precisely identify the
role of BRCA1 in M1 macrophage-derived Exo in
promoting cardiomyocyte apoptosis, offering new
molecular mechanisms for the interaction between
M1 macrophages and cardiomyocytes. Moreover, this
research provides more direct evidence of BRCA1’s
influence on CAD advancement through an integrated
application of bioinformatics and molecular biology
techniques, surpassing previous research in depth and
specificity.

A highlight of this study is the application of sin-
gle-cell multi-omics analysis techniques, allowing for
the observation of complex interactions between mac-
rophages and cardiomyocytes at the single-cell level.
The application of scRNA-seq enabled the characteri-
zation of both M1 macrophages and cardiomyocytes
at the cellular level, unveiling the pivotal function of
BRCAL in this context. Compared to traditional bulk
data, single-cell analysis offers unprecedented preci-
sion and detail, capturing subtle changes in intercel-
lular communication and providing the research with
an unparalleled level of detail. By comprehensively
utilizing advanced bioinformatics techniques such as
pseudotime analysis and WGCNA (Dai et al. 2021;
Chen et al. 2023), the identification of key genes and
signaling pathways closely associated with cardio-
myocyte pyroptosis was a significant achievement in
this research. The application of these techniques not
only enhanced the precision of the research but also
provided powerful tools for understanding the molec-
ular mechanisms of complex diseases. In particular,
WGCNA, by analyzing patterns in gene expression
data, helped us pinpoint gene networks highly related
to cardiomyocyte pyroptosis, guiding subsequent
experimental research.

The existing research indicates a co-occurrence of
hypercholesterolemia and TET2 deficiency in the acti-
vation pathway of the NLRP3 inflammasome. This
pathway is influenced by the activation of JNK1 and
the NLRP3 deubiquitination facilitated by BRCC3,
holding significance for potential therapeutic inter-
ventions to deter cardiovascular disease in individu-
als with TET2 CH. JNKI1 signaling augmentation
leads to NLRP3 deubiquitination and activation by the

deubiquitinase BRCC3 (BRCA1/BRCA2-containing
complex subunit 3) (Yalcinkaya et al. 2023). This
provides evidence that BRCA family proteins may be
related to cardiovascular disease. Our research primar-
ily focused on elucidating the role of BRCA1 in ath-
erosclerosis and cardiomyocyte pyroptosis, revealing
that BRCAT1 in M1 macrophage-derived Exo promotes
cardiomyocyte pyroptosis through specific signaling
pathways. Two key pathways have been identified in
pyroptosis research: the classical and non-classical
pathways (Liu et al. 2021). GSDMD cleavage is
the key molecular mechanism of pyroptosis, where
GSDMD acts as the direct effector of pyroptosis
induced by inflammatory caspases. The classical
pyroptosis pathway relies on caspase-1, whereas the
non-classical pyroptosis pathway is triggered by cas-
pase-4/5/11 upon recognition of cytosolic lipopoly-
saccharide. In this pathway, the cleavage of IL-1f and
IL-18 precursors is dependent on caspase-1 (Frank and
Vince 2018). Our results showed a significant increase
in IL-18, IL-1p, GSDMD, Caspase-1, and Caspase-4
levels in the BRCAl-overexpressing group, suggest-
ing that BRCALI influences cell activity through the
non-classical pyroptosis pathway. Further experiments
confirmed the key role of BRCA1 in cardiomyocyte
pyroptosis, with BRCA1-modified Exo exacerbating
the inflammatory response. Studies have shown that
BRCALI can regulate the PI3K-Akt signaling pathway
(Kim et al. 2021). In cardiomyocytes, activated Akt
inhibits glycogen synthase kinase-3 (GSK-3p), and
this inhibition promotes cell survival and proliferation.
Akt also regulates the mTOR (mammalian target of
rapamycin) pathway, which is a key regulator of cell
growth and proliferation, promoting protein synthesis
to support cardiomyocyte growth and proliferation.
BRCALI interacts with PI3K and affects PI3K activ-
ity. Akt, as a downstream molecule of PI3K, interacts
with GSK-3B and mTOR. For example, Akt’s phos-
phorylation of GSK-3 alters its activity, and there is a
feedback regulation between Akt and mTOR. Akt can
activate mTOR, and mTOR can influence upstream
regulators of the PI3K-Akt pathway, thereby modu-
lating Akt activity (Kim et al. 2021; Gao et al. 2017).
Further exploration of these signaling pathways will
be conducted in subsequent research.

The findings of this study not only provide new sci-
entific insights but also have important clinical impli-
cations. Current drugs targeting BRCA1 primarily
focus on the DNA repair defects caused by BRCA1/2
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mutations, which have led to the development of cyto-
toxic drugs targeting DNA, such as cisplatin and car-
boplatin. In addition, poly(ADP-ribose) polymerase
(PARP) inhibitors, which also hinder DNA repair,
should be more sensitive (Nie et al. 2023). The find-
ings in this study not only enrich our understanding of
BRCAT’s biological functions but also provide a new
perspective on the role of cardiomyocyte pyroptosis in
CAD. At the same time, we identify potential thera-
peutic targets, laying a theoretical foundation for the
development of new drugs. Therefore, theoretically,
targeting BRCAL or its related signaling pathways may
help reduce cardiomyocyte pyroptosis, thereby slow-
ing or halting the progression of CAD. In the future,
gene therapy could be designed to target the positive
correlation between BRCA1 and the inflammatory
response. Furthermore, the development of small mol-
ecule inhibitors or immunotherapies targeting BRCA1
and related pathways may also be helpful. Regarding
the long-term effects of BRCA1 on CAD progression,
further longitudinal studies are required to assess the
chronic impact of BRCAI1 regulation.

However, due to the widespread effects of BRCAI,
potential side effects and nonspecific actions still
need to be explored and validated. Since BRCAL1 is
a well-known tumor suppressor gene, its mutation or
dysfunction significantly increases the risk of breast
cancer, ovarian cancer, and other cancers (Takaoka
and Miki 2017; Sanchez-Lorenzo et al. 2022; Oubad-
dou et al. 2023). For CAD patients, if BRCA1-related
cancer risks are present, CAD treatments (such as
certain drugs or heart interventions) may interfere
with cancer therapies. For instance, radiotherapy or
chemotherapy may impose additional toxic effects
on the heart, exacerbating the cardiac burden in CAD
patients (Chen et al. 2006). Additionally, cancer-
induced physical wasting and inflammation could
interact with CAD, worsening the patient’s condition.
Considering BRCA1’s potential role in CAD progres-
sion, gene therapy targeting BRCA1 might emerge in
the future. However, gene therapy itself has numer-
ous potential risks. For example, correcting BRCA1
gene expression abnormalities may provoke immune
responses against the gene delivery vectors, leading
to inflammation, allergic reactions, and other adverse
events. Moreover, gene therapy’s targeting and effi-
cacy still face many challenges. If BRCA1 expression
cannot be precisely regulated, it could cause other cel-
lular dysfunctions or even lead to new cardiovascular
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problems and nonspecific effects. These challenges
need to be considered in future research.

This study also explored the therapeutic effects of
exosome-mediated delivery of shBRCA1 and con-
firmed that BRCAI1 silencing inhibited pyroptosis
in cardiomyocytes. In the future, exosome-mediated
gene delivery therapies could be widely applied, com-
bined with current lifestyle modifications (such as
smoking cessation, reduced alcohol intake, low-fat,
low-salt diet, regular exercise, weight control, etc.)
and pharmacological treatments to improve athero-
sclerosis therapy. The successful implementation of
this strategy may have a significant impact on the
treatment of CAD patients. In conclusion, we found
that M1 macrophage-derived Exo exacerbates cardio-
myocyte pyroptosis through the transfer of BRCAI,
thereby promoting the development of coronary
artery atherosclerosis. This discovery provides new
molecular targets for CAD treatment and offers the
potential for developing new therapeutic strategies.

Despite the important findings of this study, some
limitations exist. For example, the experiments were
mainly based on animal models, and the cell lines
used were murine-derived cardiac and macrophage
cells, which may introduce species-specific bias. Our
conclusions and specific experimental results need to
be further validated in human samples by replacing
them with humanized cell lines and conducting tar-
geted discussions and in-depth studies using patient
samples from relevant diseases. Additionally, this
study mainly focused on M1 macrophage-derived Exo,
neglecting the potential roles of Exo from other cell
types such as endothelial cells, vascular smooth mus-
cle cells, or stem cells, which represents a limitation
of the study. Future research will extend the explora-
tion of Exo from other cell types. Furthermore, stud-
ies have shown that AS mice on a high-fat diet receiv-
ing 12 weeks of intravenous injection of Exo derived
from mesenchymal stem cells significantly reduced
plaque area and macrophage infiltration, and further
confirmed that mesenchymal stem cell-derived Exo
promotes M2 macrophage polarization in plaques via
the miR-let7 pathway (Li et al. 2019). Therefore, this
study primarily discusses M1 macrophage-derived
Exo while overlooking the role of Exo from other cell
types in CAD and lacks an evaluation of the long-term
therapeutic effects of BRCA1 in CAD. Additionally,
the MI intervention in the dataset may introduce limi-
tations on the scope of this study. The mechanism of
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BRCALI in CAD is not yet fully elucidated, and more
research is needed to explore its specific functions in
different cell types. Exo is known to carry numerous
signaling molecules; however, we did not examine
cytokine levels in the Exo (such as IL6, TNFa, IL1f).
We plan to explore these factors in future studies and
eliminate any interference from background cytokine
levels. Future studies could deepen our understand-
ing of CAD pathology by increasing sample sizes,
using human samples for validation, and exploring the
downstream signaling pathways of BRCA1, thus pro-
viding more targets for clinical treatment.
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