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Abstract

Extracellular vesicles (EVs) derived from mouse bone marrow mesenchymal stem cells (mBMSCs) convey the CAV1 pro-
tein, influencing the TGF-B1/SMAD2/c-JUN pathway and thus the molecular mechanisms underlying myocardial fibrosis
(MF) post-myocardial infarction (MI). Through various experimental methods, including transmission electron microscopy,
Nanosight analysis, Western blot, ELISA, and qRT-PCR, we isolated, purified, and identified EVs originating from mBMSCs.
Bioinformatics and experimental findings show a reduced expression of CAV 1 in myocardial fibrosis tissue. Furthermore, our
findings suggest that mBMSC-EVs can deliver CAV 1 to cardiac fibroblasts (CFs) and that silencing CAV1 in mBMSC-EVs
promotes CF fibrosis. In vivo studies further corroborated these findings. In conclusion, mBMSC-EVs mitigate myocardial

fibrosis in MI mice by delivering the CAV1 protein, inhibiting the TGF-f1/SMAD2/c-JUN pathway.
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Introduction

Myocardial infarction (MI) is a disorder with high morbid-
ity and mortality worldwide, which occurs when part or all
of the blood supply to the heart is interrupted [1]. Ml is a
consequence of the blockade of the coronary artery, which
results in oxygen deficit in the myocardium, thus inducing
the death of cardiomyocytes and non-cardiomyocytes as
well as the remodeling of maladaptive left ventricular [2].
The degree of cell death (infarct size) mainly depends on
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the duration of ischemia, the size of the ischemic or danger
zone, and the extent of coronary collateral blood flow and
coronary microvascular impairment [3]. Cardiac fibroblasts
(CFs) are crucial in the myocardium and MI wound healing
[4]. Fibroblasts participate in the excessive production of
collagen, thus causing myocardial fibrosis (MF) [5]. Hyper-
active MF may contribute to adverse remodeling in patients
with MI, triggering the pathogenesis of heart failure [6].
Therefore, delineating the molecular mechanism underlying
MF in MI will enable the development of potential targets to
curb the consequences of MI.

It has been proposed that BMSCs facilitate the repair
of cardiomyocytes following MI due to their anti-fibrotic
activity and differentiation into cardiomyocyte-like cells
and endothelial cells [7]. Of note, almost every type of cell
can release extracellular vesicles (EVs) [8]. Moreover, prior
research elucidated that BMSC-derived EVs (BMSC-EVs)
could facilitate blood flow recovery, decrease infarct size,
and maintain cardiac systolic and diastolic performance
in MI rats [9]. EVs mainly originate from endosomes and
encase many microRNA, mRNA, and proteins transmit-
ted from donor cells to recipient cells [10]. For instance,
castration-resistant prostate cancer—derived EVs contain-
ing caveolin-1 (CAV1) could accelerate radio- and chemo-
resistance of recipient cells [11]. Based on this, the role of
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CAV1 in Ml is significant for exploring the mechanism of
BMSC-EVs in MI.

Notably, the anti-fibrotic potential of CAV1, an integral
membrane protein, has been documented [12]. A prior work
reported that CAV1 knockout fostered cardiac interstitial
fibrosis by inducing M2 macrophage activation in MI mice
[13]. More importantly, another research revealed that CAV1
functioned as a repressor of the TGF-f1/SMAD2 pathway to
attenuate mouse liver fibrosis [14]. TGF-B1/SMAD?2 path-
way activation caused the elevation of c-JUN to exacerbate
MF and heart failure in rats [15]. Interestingly, the research
of Qiu et al. illustrated that the blocked TGF-f1/SMAD2
pathway alleviated atrial interstitial fibrosis in post-MI rats
[16].

In this context, we speculated that BMSC-EVs might
deliver CAV1 to reduce MF following MI via the TGF-
p1/SMAD2/c-JUN axis. Therefore, we treated CFs with
mouse BMSC-derived EVs (mBMSC-EV5s) to observe the
impact of BMSC-EVs on MF in MI. The role of BMSC-EV-
enclosed CAV1 in the TGF-f1/SMAD?2/c-JUN axis of CFs
was also researched.

Materials and Methods
Ethics Statement

Animal experimentations were authorized by the Animal
Ethics Committee of Guangdong Provincial People’s Hospi-
tal (Guangdong Academy of Medical Sciences; Guangdong
Cardiovascular Institute) (No. KY-7.-2022-2317-01). Appro-
priate measures had been taken to avoid any unnecessary
distress to the animals. This study was approved by the Eth-
ics Committee of Guangdong Provincial People’s Hospital
(Guangdong Academy of Medical Sciences; Guangdong
Cardiovascular Institute), and the approved guidelines car-
ried out the methods. All the patients have been informed
and signed informed consent before the experiments.

In Silico Analysis

MI-related array-based dataset GSE24519 was downloaded
from the Gene Expression Omnibus database based on the
GPL2895 platform, which contains whole blood samples
from 17 patients with MI and two healthy individuals. After
two replicates for each patient, 34 AMI samples and four
control samples were yielded for analysis. GEO2R tool [17]
was applied for differential analysis of the GSE24519 dataset
to identify the differentially expressed genes with [log2FCl
> 1 and p value < 0.05 as the threshold. The genes con-
tained in MSC-EVs were obtained from the ExoCarta data-
base [18]. Next, the association between genes and disease
was analyzed by the Phenolyzer tool [19]. Protein-protein
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interaction (PPI) of critical factors was analyzed, and the
network was constructed using the STRING database [20],
followed by visualization using Cytoscape 3.5.1 software
[21]. The network nodes and edges were analyzed using the
built-in tool Network Analyzer, and the number of edges for
each gene (Degree value) was sorted. KEGG enrichment
analysis of related genes was conducted using the Network
Analyst tool [22].

Construction of Left Anterior Descending Artery
Acute MI (LAD AMI) Mouse Model

Thirty-two specific pathogen-free (SPF)—grade C57BL/6
male mice aged 6-8 weeks, weighing 18-25 g, were pro-
cured from Beijing Biotech-HD Co. Ltd. (Beijing, China)
and bred in an SPF-grade animal room. Mice were anes-
thetized through intraperitoneal injection of phenobarbital
sodium (60 mg/kg) and ventilated by inserting endotracheal
intubation connected to a rodent ventilator. The left anterior
descending artery was ligated utilizing 8—0 nylon suture.
The success of MI modeling was determined by observ-
ing the whitening of the myocardium at the damaged site.
Mice were randomized into the sham group (mice were
only sutured by thoracotomy without ligation), the phos-
phate buffer saline (PBS) group (injection of 25-pL PBS),
the EVs-overexpression (oe)-negative control (NC) group
(injection of 25-pL. EVs-oe-NC derived from mBMSCs) and
the EVs-oe-CAV1 group (injection of 25-pL. EVs-oe-CAV1
derived from mBMSCs), with eight mice in each group. EV
injection was performed 30 min after ligation, and EVs
were injected into multiple sites around MI [23]. Every 20-g
mouse was injected with 200-pg EVs [24]. After 28 days of
modeling, the mice were euthanized for a follow-up study.

Isolation, Culture, and Identification of mBMSCs

Isolation and Culture of mBMSCs C57BL/6 mice (aged 6-8
weeks) were executed by cervical dislocation. The hind
limbs of mice were disinfected with 70% ethanol, followed
by skin and muscle tissue removal utilizing tweezers. Then,
the bone marrow was taken out and subjected to filtration
employing a 70-mm filter screen for discarding the muscle
and cell mass. The harvested cells were cultured in DMEM
(11965092, Gibco-Life Technologies, Grand Island, NY)
replenishing 10% fast calcification solution penicillin (100
IU/mL) and streptomycin (100 pg/mL) in a 5% CO, incuba-
tor at 37 °C, followed by removal of non-adherent cells after
3 h of culturing. The culture medium was renewed every
3-4 days. Upon 80% cell density, 0.25% trypsin was used
for subculture. The surface markers were identified when
mBMSCs were subcultured to the third generation.
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Identification of mBMSCs mBMSCs (1 x 10*) were probed
with primary antibodies to anti-CD44 (1/100, ab51037,
Abcam, Cambridge, UK), anti-CD151 (1/100, 750814,
BD Biosciences, Franklin Lakes, NJ), anti-CD73 (1/100,
561544, BD Biosciences), anti-CD34 (1/100, ab81289,
Abcam), and anti-CD133 (1/100, MAB11332, R&D Sys-
tems, Minneapolis, MN) at 4 °C for 30 min, respectively.
After that, surface marker expression was analyzed using a
FACSCalibur flow cytometer (BD Biosciences).

Isolation and Culture of CFs in Neonatal Mice

Isolation and culture of CFs in Neonatal Mice The heart tis-
sue of newborn C57BL/6 mice within 24 h was cut into
small pieces of 0.5-1 mm? utilizing surgical scissors. The
tissue was detached with 0.25% type IV collagenase-trypsin-
EDTA (T4049, Sigma-Aldrich, St Louis, MO) solution pre-
heated to 37 °C. After that, the tissue solution was filtered
through 150-pm and 74-pm stainless steel cell filters (Gon-
glLu Co. Ltd., Hangzhou, Zhejiang, China) to obtain cells.
Then, the cells were placed in DMEM complete medium
replenishing 10% FBS and incubated in a 37 °C, 5% CO,
incubator. The attained adherent cells after 72 h of culture
were identified by trypan blue staining. The expression of
vimentin was quantified utilizing immunohistochemistry to
identify the purity of cardiac fibroblasts (CFs). CFs needed
to maintain 70-80% density culture to prevent its sponta-
neous trans-differentiation. CFs were treated with TGF-f1
(ZY124Bo011, HZbscience, varying concentration: 0, 1, 5,
10, or 20 ng/mL) or TGF-p1 4+ TGF-f1 inhibitor SB431542
(84317, 2.5 pM, Sigma-Aldrich).

The shRNA (purchased from Hanheng Biotechnology)
was transfected into logarithmic growth phase CFs using
Lipofectamine 2000 (11668-019, Invitrogen, New York, Cal-
ifornia, USA) according to the manufacturer’s instructions.
After transfection, the cells were incubated in a CO, incu-
bator at 37 °C. After 6 h, the transfection reagent medium
was replaced, and the cells were further cultured. After 48
h, the CFs were collected for subsequent experiments. CFs
were divided into the sh-NC group, sh-c-JUN group, sh-NC
group, sh-NC + TGF-f1 group, and sh-c-JUN + TGF-f1
group. The sequence of sh-c-JUN was 5'-CGGCTACAG
TAACCCTAAGAT-3".

Construction of MF Cell Models In Vitro

CFs were cultured under normoxia and hypoxia conditions,
respectively. CFs were cultured under hypoxia conditions
to construct an in vitro MF cell model to simulate myocar-
dial injury. Primary CFs under normoxia conditions were
cultured in a 5% CO, incubator, while those under hypoxia
conditions were in an incubator with 1% O, and 5% CO,

at 37 °C. The cells were grouped into the normoxia condi-
tions, normoxia conditions + TGF-p1, hypoxia conditions,
and hypoxia conditions + TGF-$1 groups.

Cell Culture, Transfection, and Transduction

HEK-293T cell (CRL-11268G-1, American Type Culture
Collection, VA) was cultured in DMEM complete medium
replenishing 10% FBS and 1% penicillin-streptomycin. The
plasmid (Hanbio Biotechnology Co., Ltd) was transfected
into logarithmically growing 293T cells using the Lipo-
fectamin 2000’s manual (11668-019, Invitrogen). After 6 h
of culturing, the medium replenishing transfection medium
was discarded, and the medium was changed to continue
the culture. The fresh virus solution was collected after 48
h. The 293T cells were grouped into the sh-NC, sh-CAV1,
0e-NC, and oe-CAV1 groups.

mBMSCs (1 x 10%) were seeded in 6-well plates with
2-mL medium per well. Under 50% confluence, cell trans-
duction was implemented with a mixture of 800-pL fresh
virus solution, 800-pL complete culture medium, and Poly-
brene (6 pg/mL, TR-1003-G, Sigma-Aldrich). Afterward,
the cells were cultured in the incubator under 5% CO, and
37 °C. After 48 h of transduction, the cells were cultured
in DMEM replenishing puromycin (1 pg/mL, A1113803,
Thermo Fisher Scientific Inc., Waltham, Massachusetts)
for identifying stably transfected cell lines. The cells were
harvested when they no longer died in the puromycin-con-
taining medium.

mBMSCs were cultured until 80% confluency and then
treated with the exosome secretion inhibitor GW4869
(D1692, Sigma-Aldrich Corporation, St. Louis, MO, USA)
at a final concentration of 10 pM. After 24 h, the medium
was changed to a serum-free culture medium containing 10
pM GW4869, and the cells were further cultured for 24 h
before isolating exosomes. The control group received 1%
DMSO (D2650, Sigma-Aldrich Corporation, St. Louis, MO,
USA), and exosomes were isolated after 48 h for subsequent
analysis. In the following in vitro cell experiments, the exo-
some concentration was 20 pM [25]. mBMSCs were divided
into the following groups: DMSO, GW4869; control, sh-NC,
sh-CAV1, sh-NC + TGF-f1, sh-c-JUN + TGF-p1, oe-NC,
0e-CAV 1. The sequence for sh-NC was 5'-GCTTTGTGA
TTCAATCTGTAA-3', sh-CAV1 was 5'-GACGTGGTC
AAGATTGACTTT-3', and sh-c-JUN was 5-GGTGCCTAC
GGCTACAGTAAC-3' [26].

Isolation, Culture, and Identification of EVs
of mBMSCs

Isolation of EVs was implemented employing a differen-
tial ultracentrifugation method with the L-80XP ultracen-
trifuge (Beckman Coulter Life Sciences, Brea, CA) [27].
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The concentration of EVs was assessed by Pierce™ bicin-
choninic acid (BCA) kit (23225, Thermo Fisher Scientific).

Identification of mBMSC-EVs

The EV protein markers CD9, CD81, CD63, Calnexin, and
Tsgl01 were analyzed by Western blot. Additionally, EVs
were photographed by a H7650 transmission electron micro-
scope (TEM, Hitachi Ltd., Tokyo, Japan). Then, the particle
size distribution of EVs was checked utilizing a NanoSight
nanoparticle tracking analyzer (Malvern Instruments, Ltd.,
Malvern, UK).

EV Uptake by CFs

EVs secreted by mBMSCs were labeled with PKH67 green
fluorescence (HR8569, Beijing Biolab Technology Co.,
Ltd., Beijing, China). Firstly, 4-pL PKH67 was added to
the 10 pg/mL EVs for incubation for 15 min. Then, 1 mL
of 5% BSA was supplemented for reaction termination.
Subsequently, the EVs were ultracentrifuged at 4 °C with
110,000xg for 1 h. The EVs were resuspended with pre-
cooled PBS. The labeled EVs were treated with CFs for 24
h and fixed with 4% paraformaldehyde. The nuclei were
stained with 10 pg/mL of DAPI staining solution for 10 min.
The uptake of labeled EVs by CFs was observed with the
help of a Nikon Eclipse fluorescence microscope (Nikon,
Tokyo, Japan).

RT-qPCR

Total RNA was extracted from cells and mouse cardiac
tissue using the Trizol reagent kit (15596018, Invitrogen,
Thermo Fisher, USA). The quality and concentration of
RNA were assessed using ultraviolet-visible spectrophotom-
etry (ND-1000, Nanodrop, USA). Reverse transcription was
performed using the PrimeScript™ qRT-PCR kit (RR047A,
TaKaRa, Japan). Sample preparation was carried out using
SYBR (RR820A, TaKaRa, Japan), and real-time quantita-
tive reverse transcription polymerase chain reaction (qRT-
PCR) was performed on a LightCycler 480 system (Roche
Diagnostics, Pleasanton, CA, USA). The housekeeping gene
GAPDH was used as an internal control for mRNA analy-
sis. The primer sequences for amplification were designed
and provided by Shanghai Universal Biotech Co., Ltd. The
primer sequences can be found in Table S1. The fold change
in target gene expression between the experimental group
and the control group was determined using the 2—AACt
method, where AACt = ACt experimental group — ACt
control group, and ACt was calculated by subtracting the
cycle threshold (Ct) of the housekeeping gene from the Ct
of the target gene.
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Immunoblotting

Immunoblotting of the target protein was implemented with
diluted primary antibodies from Cell Signaling Technology
(CST, Beverly, MA) to a-SMA (rabbit monoclonal antibody,
19245, 1/1000), Collagen I (rabbit monoclonal antibody,
91144, 1/1000), CAV1 (rabbit polyclonal antibody, 3238,
1/1000), c-JUN (rabbit monoclonal antibody, 9165, 1/1000),
total-SMAD?2 (rabbit monoclonal antibody, 5339, 1/1000),
and p-SMAD?2 (rabbit monoclonal antibody, 18338) and
antibodies from Abcam to TGF-p1 (rabbit monoclonal anti-
body, ab215715, 1/1000), CD9 (rabbit polyclonal antibody,
1/1000, ab223052), CD81 (rabbit monoclonal antibody,
1/1000, ab109201), CD63 (rabbit monoclonal antibody,
1/1000, ab134045), Tsg101 (mouse monoclonal antibody,
1/1000, ab83), Calnexin (rabbit polyclonal antibody, 1/1000,
ab22595), and GAPDH (mouse monoclonal antibody,
ab8245, 1/10,000) as well as HRP-labeled goat anti-mouse
secondary antibodies (ab6808, 1/2000, Abcam) and goat
anti-rabbit secondary antibodies (ab6721, 1/2000, Abcam)
[28]. Afterward, an enhanced chemiluminescence reagent
(42029053, EMD Millipore Inc., Billerica, Mass) was
employed for result visualization. The grayscale of bands in
Western blot images was quantified utilizing ImagelJ analysis
software.

Flow Cytometry

The cells were digested with pancreatin, collected in FACS
tubes, centrifuged, and the supernatant was discarded. The
cells were then washed three times with cold PBS, fol-
lowed by centrifugation and removal of the supernatant.
FITC Annexin V Apoptosis Detection Kit I (Catalog num-
ber: 556547, BD Biosciences) was used according to the
manufacturer’s instructions, and Annexin-V-FITC, PI, and
HEPES buffer were mixed in a ratio of 1:2:50 to prepare
the Annexin-V-FITC/PI staining solution. Each 1 x 10° cell
was resuspended, mixed with 100-pL staining solution, incu-
bated at room temperature for 15 min, then 1-mL HEPES
buffer and gentle shaking. Cell apoptosis was detected using
the FACSCalibur System (BD Biosciences, San Jose, CA,
USA) equipped with FACScan flow cytometry.

ChipP

ChIP assay was performed with a ChIP kit (17-295, Sigma-
Aldrich). In short, the cells were fixed with 4% paraformal-
dehyde and incubated with glycine to a final concentration
of 0.125M for 5 min. Then, the cells were resuspended in 1
mL sodium dodecyl sulfate lysis buffer, sonicated 30 times
at an interval of 30 s with 30 s each time (output H), and
centrifuged at 14,000 xXg and 4 °C. Next, the lysate was
immunoprecipitated with magnetic protein A beads bound
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with antibodies. The cells in the NC group were probed
with rabbit IgG (ab171870, Abcam). The cells in the Anti-
SMAD? group were probed with SMAD?2 antibodies (5339,
1/1000, CST). Finally, the precipitated DNA was quantified
employing RT-qPCR. The primer sequence of a-SMA was
F: 5'-GCTGTCGTCTTATCTCCA CCA-3',R: 5-GCAGGA
GTCTAGCAGAAGTTC-3'. The primer sequence of Col-
lagen I was F: 5""-TCAGGACCTCTAGAAGAGCAG-3', R:
5'-CTTCCTTCCTTCCTTCCTTCC-3'.

Echocardiography

After 28 days of modeling, the echocardiography system
evaluated the left ventricular (LV) systolic function (Sie-
mens Sequoia 512, Mountain View, CA). The mice were
kept in the supine position after anesthesia. The transducer
frequency was set at 10 MHz. Left ventricular internal dias-
tolic diameter (LVIDd), left ventricular end-systolic inter-
nal dimension (LVIDs), ejection fraction (EF), end-systolic
chamber volume (ESCV), and left ventricular internal diam-
eter (LVID) were recorded. Left ventricular end-systolic
volume (LVESYV) and left ventricular end-diastolic volume
(LVEDV) were measured according to 7.0 x LVIDs*/(2.4
+ LVIDs) and 7.0 x LVIDd*/(2.4 + LVIDd). Fractional
shortening (FS, %) = (Left ventricular end-systolic internal
dimension (LVEDD) — left ventricular end-systolic diameter
(LVESD))/ LVEDD x 100. Left ventricular ejection fraction
(LVEF) was calculated utilizing the Teich method.

ELISA

Mouse serum or cell culture supernatant was harvested
and centrifuged at 3000 r/min at 4 °C for 15 min with the
supernatant harvested. Total protein was quantified utilizing
Pierce™ BCA Kit. The culture supernatant was harvested
after 48 h. The expression of the corresponding protein was
detected using ELISA kit TGF-f1 (MB100B, R&D Sys-
tems), TNF-a (ab208348, Abcam), and IL-1p (ab197742,
Abcam), respectively.

Immunohistochemistry

Paraffin sections of myocardial tissue were placed in an incu-
bator and stored at 60 °C for 2 h. The sections were dewaxed
with xylene, hydrated with gradient ethanol (100%, 95%,
85%, 70%), soaked in citric acid buffer (0.01 mol/L, pH 6.0),
and subjected to antigen retrieval. Then, the sections were
treated utilizing 0.5% TritonX 100 (30 min) and probed with
rabbit anti-CAV1 (3238, 1/250, CST) at 4 °C overnight.

CF identification The sterilized and dried cell slides were
coated with polylysine for 30 min. After drying, the slide
was placed into 6-well culture plates. The cells were treated

with trypsin and counted again. After that, 2-mL cell sus-
pension was added to each well. After 48 h, the slides were
fixed with 4% paraformaldehyde (30 min) and cleared with
0.5% TritonX 100 (30 min) at ambient temperature. Then,
the slides were blocked with a 5% BSA blocking solution
and probed with rabbit anti-Vimentin (5741, 1/100, CST).

Afterward, the slides were re-probed with HRP-labeled
goat anti-rabbit IgG secondary antibodies (1/500, Life
Technologies, Carlsbad, CA) for 1 h at ambient tempera-
ture. Then, the slides were treated with diaminobenzidine
(DAB) solution for 3—-5 min, re-stained in hematoxylin for
1-3 min, dehydrated, and sealed with neutral balm. Brown
staining indicated a positive immune response. The images
were visualized utilizing the Nikon ECLIPSE Ti microscope
system (Fukasawa, Japan). The CAV1 and vimentin-positive
cells were counted in randomly selected five fields of view
from each section, with three sections randomly selected
from each mouse.

Masson’s Trichrome Staining

In this assay, 8—12 cross-sections were taken to measure
the left ventricular infarct size (one section per 200 pm tis-
sue). The sections (4 pum thick) were dewaxed, hydrated,
stained with hematoxylin (5—10 min), and hydrolyzed with
acid ethanol (5-15 s). The sections were blued in Masson
blue solution (DC0032, Leagene Biotechnology Co. Ltd.,
Beijing, China) (3—5 min), stained with ponceau-acid fuch-
sin solution (5-10 min), washed with phosphomolybdic acid
solution (1-2 min), and stained in aniline blue solution (1-2
min). Next, the sections were dehydrated, cleared, and sealed
for observation. Images were captured at 200 times mag-
nification under an Olympus BX51 microscope (Olympus,
Tokyo, Japan). Images were analyzed employing the Image-
Pro Plus 6.0 image analysis system. Three sections were ran-
domly taken from each mouse from the apex to the bottom
of the heart, and five fields of view were randomly selected
from each section and observed under a high-power micro-
scope. Analysis was performed in a single-masked manner.
The collagen volume fraction was evaluated by measuring
the ratio of the blue staining area to the total atrial area.

Sirius Red Staining

The myocardial tissue of mice was cut into sections (6 pm
thick), which were dewaxed, stained with hematoxylin
(10-20 min), hydrolyzed with acidic differentiation solu-
tion (10 s), and stained with Sirius red (365548-5G, Sigma-
Aldrich) (1 h). The sections were dehydrated, cleared, and
finally sealed before observation. Three sections were ran-
domly taken from each mouse, and five fields of view were
randomly selected from each section and observed under a
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high-power microscope. Image-Pro Plus 6.0 software was
employed to analyze the positive area for semi-quantitative
analysis.

TUNEL Assay for Cell Apoptosis

Mouse myocardial tissues were fixed in 4% paraformalde-
hyde (15 min) and permeabilized with 0.1% Triton-X 100 in
PBS for 3 min. Cardiomyocytes were stained with a TUNEL
staining kit (C1091, Beyotime, Shanghai, China) [29]. The
apoptosis ratio was calculated utilizing Image-Pro Plus 6.0
software.

Statistical Analysis

All data were processed using SPSS 21.0 statistical soft-
ware (IBM Corp. Armonk, NY). Measurement data were
described as mean =+ standard deviation. Before conduct-
ing any statistical tests, all data were assessed for normal-
ity using the Shapiro-Wilk test. The experimental results
demonstrated that the data followed a normal distribution.
Independent-sample ¢ test was adopted for data comparison
between two groups; one-way analysis of variance for data
comparison among groups, followed by Tukey’s post hoc
test. p < 0.05 depicted statistically significant.

Results

mBMSC-EVs Limited the Expression
of Fibrosis-Related Factors in Hypoxia-Exposed CFs

CFs were isolated from mice for analysis. After a 3-day cul-
ture, the isolated cells were swirled or radial-shaped under
the optical microscope (Figure S1A). Immunohistochemistry
depicted that more than 95% of the cells were positive for
vimentin (Figure S1B).

Subsequently, CFs were induced by hypoxia conditions
to simulate MF in vitro. Flow cytometry showed that CF
apoptosis increased under hypoxia conditions (Fig. 1A). As
reflected by ELISA results, the expression of inflammatory
factors (TNF-a and IL-1f) elevated in the supernatant of
CFs under hypoxia conditions (Fig. 1B). Additionally, the
expression of MF markers (a-SMA and Collagen I) was
enhanced in CFs cultured under hypoxic conditions, as
detected using Western blot (Fig. 1C). Hypoxia conditions
could substantially promote the expression of markers linked
to CF fibrosis and induce their apoptosis.

MSC-EVs effectively treat myocardial diseases and
reduce oxidative stress and fibrosis in animal models
[30-32]. Next, to verify whether MSC-EVs affect the
fibrosis of hypoxia-exposed CFs, mBMSCs were extracted
from the bone marrow of C57BL/6 mice. It was noted that
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mBMSCs were spindle-like fibroblasts under an optical
microscope (Figure S2A). In addition, the mBMSC sur-
faces positive markers CD151 (100.0%), CD3 (99.1%),
and CD44 (100%) and negative markers CD34 (0.78%) and
CD133 (1%) were measured in mBMSCs at passage 3 by
flow cytometry (Figure S2B), which suggested the success-
ful isolation of mBMSCs.

Furthermore, the morphology of mBMSC-EVs was cir-
cular or oval membranous vesicles (Figure S2C) with the
diameter of EVs in the range of 50-150 nm (Figure S2D).
Western blot analysis documented that the expression of
CD9, CD63, CD81, and TGS101 was elevated in mBMSC-
EVs, while Calnexin was not expressed compared with cell
lysate (Figure S2E), indicating the successful extraction of
mBMSC-EVs. mBMSC-EVs were labeled with PKH-67
(green) and cultured with CFs for 24 h. Furthermore, the
changes in extracellular vesicle concentration were deter-
mined using NTA after treatment of BMSCs with GW4869.
The results showed a significant decrease in extracellular
vesicle concentration per unit volume secreted by BMSCs
after treatment with GW4869 compared to the control group
(Figure S2F). The observation under the confocal micros-
copy depicted green fluorescence in CFs, which illustrated
that mBMSC-EVs could be internalized by CFs (Fig. 1D).

To ascertain whether EVs functioned in MI, CFs were
incubated with the conditioned medium (CM) of mBM-
SCs in the presence or absence of GW4869 (mBMSC-
CM or mBMSCs + GW4869-CM). As manifested by the
results of flow cytometry, ELISA, and Western blot analy-
sis, treatment with mBMSC-CM decreased the apoptosis
and TNF-a, IL-1f, a-SMA, and Collagen I expression in
hypoxia-exposed. In contrast to treatment with mBMSC-
CM, treatment with mBMSCs + GW4869-CM enhanced
a-SMA, Collagen I, TNF-a, and IL-1f expression and the
apoptosis in hypoxia-exposed CFs (Fig. 1E-G).

Conclusively, hypoxia conditions promoted the expres-
sion of fibrosis-related factors in hypoxia-exposed CFs,
whereas mBMSC-EVs could repress those expressions.

mBMSC-EVs Carrying CAV1 Reduced the Expression
of Fibrosis-Related Factors in Hypoxia-Exposed CFs

To investigate the specific molecular mechanism of MSC-
EV involvement in myocardial infarction (MI), we per-
formed differential gene expression analysis using the
MI-related microarray dataset GSE24519. As a result, we
identified 2102 genes that were upregulated and 734 genes
that showed downregulation (Fig. 2A). Next, we compared
these genes with the 938 genes present in the ExoCarta
database of MSC-EVs and identified 22 candidate genes
(KRT2, IGHA2, HSPA6, CCL7, SRI, SCAMP3, ATP2B1,
IQGAPI1, IGHAL, BPIFA1, AHSG, HSPD1, MARCKSLI1,
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Fig.1 mBMSC-EVs restrain the expression of fibrosis-related fac-
tors in hypoxia-exposed CFs. A Flow cytometry detected the apop-
tosis rate of CFs under normoxia and hypoxia conditions. B The
expression of TNF-a and IL-1p in the supernatant of CFs assessed
by ELISA. C The expression of a-SMA and Collagen I in CFs under
normoxia and hypoxia conditions measured by Western blot analy-
sis. *p < 0.05 vs. normoxic CFs. D The internalization of PKH-67
(green)-labeled mBMSC-EVs by CFs detected by immunofluores-
cence (X 400). E The apoptosis rate of CFs treated for 24 h with the

CM of mBMSCs in the presence or absence of GW4869 evaluated by
flow cytometry. F The expression of TNF-a and IL-1f in the superna-
tant of CFs treated for 24 h with the CM of mBMSCs in the presence
or absence of GW4869 estimated by ELISA. G The expression of
a-SMA and Collagen I in CFs treated for 24 h with the CM of mBM-
SCs in the presence or absence of GW4869 detected by using West-
ern blot. In A—C: *p < 0.05 vs. normoxic CFs; in E-G *p < 0.05 vs.
control CFs. #p < 0.05 vs. CFs treated with mBMSC-CM. All cell
experiments were repeated three times
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Fig.2 CAV1 expression was poor in myocardial tissues. A Vol-
cano map of differentially expressed genes in MI-related dataset
GSE24519. B Venn map of the intersection of MSC-EVs gene in the
GSE24519 and the ExoCarta database. C Correlation between 22
candidate factors and MI, abscissa is correlation score; ordinate is

DSP, SEN, CAV1, RPL18, CD59, FLT1, QSOX1, RAB14,
EHD4) (Fig. 2B).

Twenty out of the 22 candidate factors were found to be
significantly correlated with MI using the Phenolyzer tool.
Among them, Caveolin-1 (CAV1) demonstrated the highest
correlation score with MI (Fig. 2C). Analysis results of the
GSE24519 dataset indicated that CAV1 was significantly
poorly expressed in MI tissues (Fig. 2D). Additionally, the
expression of CAV1 was validated through Western blot and
RT-gqPCR. The results indicated a high expression of CAV1
in mBMSC-EVs, whereas the mRNA levels of CAV1 were
significantly reduced in mBMSC-EV. This suggests that
EVs primarily deliver CAV1 protein to target cells (Fig. 2E).
Therefore, CAV 1 might be a critical factor in MI.

To further determine whether mBMSC-EVs inhibited
fibrosis by delivering CAV1 into CFs, we first detected
the expression of CAV1 by RT-qPCR, which displayed the
downregulated CAV1 in hypoxia-exposed CFs (Fig. 3A).
In addition, mBMSC-EVs could depress hypoxia-exposed
CF fibrosis. Therefore, mBMSC-EVs could transfer CAV1
into CFs to curtail fibrosis. Next, mBMSCs were treated
with GW4869 and then treated with hypoxia-exposed
CFs. As expected, CAV1 expression reduced evidently
in hypoxia-exposed CFs treated with GW4869-treated

@ Springer

0.0

gene name. D The expression of CAV1 in control and MI samples
in the GSE24519 dataset (control, n = 4, MI (myocardial infarction),
n = 34). E RT-gPCR and Western blot detection of CAV1 protein
expression in mBMSCs and EVs derived from mBMSCs. *#*%p <
0.001

mBMSCs (Fig. 3B), suggesting that the inhibition of the
secretion of EVs by mBMSCs could lower CAV1 expres-
sion in hypoxia-exposed CFs.

We then commenced to study the impacts of mBMSC-
EVs-enclosed CAV1 on the expression of fibrosis-related
factors in hypoxia-exposed CFs; CAV1 was knocked
down in mBMSCs. A decline of CAV1 protein expres-
sion was witnessed in mBMSCs with sh-CAV1 transduc-
tion (Fig. 3C), indicating the successful construction of
the CAV1 knockdown cell model. EVs derived from sh-
CAVI-treated mBMSCs (mBMSC-sh-CAV1-EVs) were
treated with hypoxia-exposed CFs. Flow cytometry results
depicted that apoptosis of hypoxia-exposed CFs dimin-
ished following treatment with mBMSC-sh-NC-EVs,
which was the opposite after treatment with mBMSC-
sh-CAV1-EVs (Fig. 3D). In addition, augmented CAV 1
expression and decreased TNF-a, IL-1f, a-SMA, and Col-
lagen I expressions were witnessed in hypoxia-exposed
CFs treated with mBMSC-sh-NC-EVs, while contrary
results were observed after treatment with mBMSC-sh-
CAV1-EVs (Fig. 3E, F).

Together, mBMSC-EVs could deliver CAV1 into
hypoxia-exposed CFs, thereby limiting the expression of
fibrosis-related factors in hypoxia-exposed CFs.
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Fig.3 mBMSC-EV-shuttled CAV1 represses the expression of fibro-
sis-related factors in hypoxia-exposed CFs. A Expression of CAV1 in
CFs under normoxia and hypoxia conditions detected by RT-qPCR.
*p < 0.05 vs. normoxic CFs. B The protein expression of CAV1 in
hypoxia-exposed CFs treated with mBMSCs treated or with DMSO
or GW4869 detected by using Western blot. *p < 0.05 vs. CFs
treated with DMSO-treated mBMSCs. C The protein expression of
CAV1 after sh-CAV1 transfection in mBMSCs detected by using
Western blot. *p < 0.05 vs. mBMSCs treated with sh-NC. Hypoxia-

CAV1 Transferred by mBMSC-EVs Blocked
the TGF-B1/SMAD2 Pathway in Hypoxia-Exposed CFs

For further predicting the downstream pathway of CAV 1, the
PPI relationship of key factor CAV1 was analyzed through
the STRING database. The results showed higher degree
values of EGF, EGFR, SRC, AKTI1, INS, NOS3, FYN,
HSP90AAL1, TNF, and TGFB1 (Fig. 4A). KEGG enrichment
analysis exhibited that these genes were mainly involved in
FoxO signaling pathway, Insulin signaling pathway, EGFR
tyrosine kinase inhibitor resistance, HIF-1 signaling path-
way, MAPK signaling pathway, and TGF-f signaling path-
way (Fig. 4B), in which TGF-f1, SMAD?2, and TNF were
critical factors of TGF-beta pathway.

exposed CFs were treated or not treated with mBMSC-sh-NC-EVs or
mBMSC-sh-CAV1-EVs for 24 h. D The apoptosis rate of hypoxia-
exposed CFs assessed by flow cytometry. E The expression of
TNF-a and IL-1f in the supernatant of hypoxia-exposed CFs meas-
ured by ELISA. F The protein expression of a-SMA and Collagen I
in hypoxia-exposed CFs detected by using Western blot. In D-F, *p
< 0.05 vs. control (hypoxia-exposed CFs). #p < 0.05 vs. hypoxia-
exposed CFs treated with mBMSC-sh-NC-EVs. All cell experiments
were repeated three times

Our next focus was the correlation of CAV1 with the
TGF-p1/SMAD?2 pathway. CAV1 was overexpressed in
mBMSCs, from which EVs were isolated (mBMSC-oe-
CAV1-EVs) and treated with hypoxia-exposed CFs, fol-
lowed by supplementation of TGF-1. Western blot analy-
sis depicted that mBMSC-0e-CAV1-EVs increased CAV1
expression and decreased TGF-P1 protein expression and
SMAD?2 phosphorylation extent in hypoxia-exposed CFs,
while the addition of TGF-f1 did not affect CAV1 expres-
sion but facilitated TGF-p1 protein expression and SMAD2
phosphorylation extent in hypoxia-exposed CFs treated with
mBMSC-oe-CAV1-EVs (Fig. 4C).

Moreover, reduced TNF-a, IL-1f, a-SMA, and Col-
lagen I expression was detected in hypoxia-exposed CFs
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Fig.4 mBMSC-EV-packaged CAV1 curtails the expression of fibro-
sis-related factors in hypoxia-exposed CFs by inactivating the TGF-
B1/SMAD2 pathway. A PPI network diagram of CAV1. The degree
value of the gene from small to large is indicated by the color scale
orange to blue. B KEGG enrichment analysis diagram. The abscissa
represents —log10 (p value), and the ordinate represents the pathway
name. Hypoxia-exposed CFs were treated with mBMSC-oe-NC-EVs,
mBMSC-0e-CAV1-EVs, or mBMSC-oe-CAV1-EVs + TGF-f1. C
The expression of TGF-p1 protein and p-SMAD2/SMAD2 protein

after treatment with mBMSC-o0e-CAV1-EVs, which was
abolished by further TGF-f1 treatment (Fig. 4D, E). Flow
cytometric data depicted that hypoxia-exposed CF apop-
tosis decreased following treatment with mBMSC-oe-
CAV1-EVs, which was neutralized by additional TGF-f1
treatment (Fig. 4F).

In a word, CAV1 in mBMSC-EVs could repress the
expression of fibrosis-related factors in hypoxia-exposed
CFs by disrupting the TGF-f1/SMAD?2 pathway.
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TGF-B1 Elevated SMAD2 Expression to Upregulate
c-JUN in Hypoxia-Exposed CFs

TGF-p1/SMAD?2 pathway can upregulate AP-1 transcrip-
tion factor subunit c-JUN [15]. To investigate the specific
mechanism of TGF-f1/SMAD2/c-JUN axis involved in
fibrosis of hypoxia-exposed CFs, CFs were cultured under
hypoxic conditions and stimulated with TGF-f1 of varying
concentrations for 24 h. As reflected, TGF-p1 stimulation
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Fig.5 TGF-p1 activates SMAD2/c-JUN axis in hypoxia-exposed
CFs. A RT-qPCR was used to measure the effect of different con-
centrations of TGF-f1 on the mRNA expression of c-JUN. **p <
0.01; ***p < 0.001 vs. hypoxia-exposed CFs treated with TGF-f1
(0 ng/mL). B Western blot analysis was used to determine the effect
of different concentrations of TGF-p1 on the protein expression of
c-JUN. *¥p < 0.01; **¥p < 0.001 vs. hypoxia-exposed CFs treated
with TGF-p1 (0 ng/mL). C Detection of the effects of TGF-p1 on the
mRNA expression of c-JUN under normoxic or hypoxic conditions
by RT-qPCR. D Western blot analysis was used to detect the effect

boosted c-JUN expression (concentration-dependently), and
there was a remarkable difference when TGF-f1 concentra-
tion was 10 ng/mL (Fig. 5A, B). Under hypoxia conditions,
TGF-B1 enhanced c-JUN expression and SMAD?2 phospho-
rylation extent (Fig. 5C, D).

To evaluate the impacts of the TGF-f1/SMAD?2 pathway
on the c-JUN axis, TGF-p1 inhibitor SB431542 was sup-
plemented to treat hypoxia-exposed CFs, followed by 48 h
of TGF-B1 stimulation. We found that c-JUN expression and
SMAD?2 phosphorylation extent were diminished in TGF-
B1-stimulated hypoxia-exposed CFs following treatment
with SB431542 (Fig. 5E, F).

In brief, TGF-B1 could activate SMAD?2 phosphorylation
and upregulate c-JUN in hypoxia-exposed CFs.

TGF-B1/SMAD2 Pathway Activated Downstream
a-SMA and Collagen | Transcription Dependent
on c-JUN

It has been documented that c-JUN, as a co-transcriptional
activator of SMAD?2, forms a complex after binding to
SMAD?2, which can promote downstream gene transcription

of TGF-f1 stimulation on the c-JUN protein expression and SMAD2
phosphorylation extent in CFs under normoxia or hypoxia conditions.
*p < 0.05 vs. normoxic CFs; #p < 0.05 vs. hypoxia-exposed CFs.
TGF-p1-stimulated hypoxia-exposed CFs were treated or not treated
with SB431542. E RT-qgPCR was used to assess the mRNA expres-
sion of ¢c-JUN in hypoxia-exposed CFs. F c-JUN protein expression
and SMAD?2 phosphorylation extent in hypoxia-exposed CFs detected
by using Western blot. *p < 0.05 vs. CFs treated with TGF-B1. All
cell experiments were repeated three times

[33]. Consequently, we further elucidated the orchestrating
influence of the TGF-p1/SMAD2/c-JUN axis on a-SMA and
Collagen I in CFs.

First, c-JUN was silenced in CFs, and transfection
efficiency was validated utilizing western blot analysis
(Fig. 6A). In addition, Western blot analysis exhibited that
TGF-p1 augmented SMAD2 phosphorylation extent and
c-JUN, a-SMA, and Collagen I expression, which was coun-
terweighed by silencing c-JUN without affecting SMAD2
phosphorylation extent (Fig. 6B, C).

Finally, ChIP experiments displayed that the enrichment
of SMAD?2 protein in a-SMA and Collagen I promoters
enhanced under the stimulation of TGF-p1, which was coun-
teracted after silencing of c-JUN (Fig. 6D).

Collectively, TGF-p1-activated a-SMA and Collagen I
transcription were dependent on the SMAD?2/c-JUN axis.

mBMSC-EVs Carrying CAV1 Improved MF in MI Mice
To further ascertain whether mBMSC-EV-CAV1 affected

MF in mice, an MI animal model was established and
injected with mBMSC-EVs at the myocardium (Fig. 7A).
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Fig.6 TGF-p1/SMAD2 pathway facilitates a-SMA and Collagen I
transcription in CFs via c-JUN. A The effect of sh-c-JUN sequence
on the expression of c-JUN protein in CFs detected by using Western
blot. *p < 0.05 vs. CFs treated with sh-NC. CFs were treated with
sh-NC, sh-NC + TGF-B1, or sh-c-JUN + TGF-p1. B The protein
expression of c-JUN, a-SMA, and Collagen I in CFs under hypoxia
conditions measured by Western blot analysis. C SMAD2 phospho-

We discerned that TNF-a and IL-1p levels were enhanced
in the serum of mice after MI modeling. Moreover, EVs-
0e-NC resulted in a decline in those levels in the serum of
MI mice versus PBS treatment, which was subsequently
promoted to injection with EVs-oe-CAV1 (Fig. 7B).

Immunohistochemistry manifested that the proportion
of CAV1-positive cells diminished in mice after MI mod-
eling. Additionally, the proportion of CAV 1-positive cells
was higher in EVs-oe-NC-treated MI mice than in PBS-
treated MI mice, which was further facilitated in MI mice
injected with EVs-oe-CAV1 (Fig. 7C, Figure S3A). It was
found by Sirius red staining and Masson’s trichrome stain-
ing that the fibrotic deposition area was enlarged in mice
following MI modeling. However, the fibrotic deposition
area was reduced in MI mice after EVs-oe-NC treatment
in contrast to PBS treatment and was further diminished in
MI mice injected with EVs-oe-CAV1 (Fig. 7D, E, Figure
S3B, C).

Additionally, MI mice exhibited lower EF and FS yet
higher ESCV and LVID than the sham-operated mice.
However, EVs-oe-NC treatment led to the opposite results.
EF and FS were further augmented, and ESCV and LVID
further narrowed in MI mice treated with EVs-oe-CAV1
(Fig. 7F), indicating that EVs-oe-CAV1 reduced left ven-
tricular injury and improved cardiac systolic function.
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rylation extent in CFs under hypoxia conditions assessed by Western
blot analysis. D ChIP experiment was used to detect the enrichment
of SMAD2 in the a-SMA and Collagen I promoter regions in CFs
under hypoxia conditions. *p < 0.05 vs. CFs treated with sh-NC; #p
< 0.05 vs. CFs treated with sh-NC + TGF-p1. All cell experiments
were repeated three times

As for TUNEL staining, cardiomyocyte apoptosis accel-
erated in MI mice but restricted in MI mice by EVs-oe-NC
treatment versus PBS treatment, which was further facili-
tated in MI mice treated with EVs-oe-CAV1 (Fig. 7G, Fig-
ure S3D). Concerning Western blot analysis, TGF-f1 and
c-JUN expression and SMAD2 phosphorylation extent in
mice were augmented by MI modeling, and EVs-oe-NC
triggered conflicting trends in MI mice compared to PBS.
Besides, TGF-p1 and c-JUN expression and SMAD2 phos-
phorylation extent were further reduced in MI mice by EVs-
oe-CAV1 (Fig. 7H).

Conclusively, mBMSC-EV-encapsulated CAV1 blocked
the TGF-B1/SMAD2/c-JUN axis to improve MF in MI mice.

Discussion

Despite decades of therapeutic advances, MI remains one
of the significant causes of death on a global scale [34].
Moreover, MSC-derived EVs have improved the infarcted
cardiac function [35]. EVs carry different macromolecules,
including proteins and non-coding RNAs and exert cardio-
protective effects in MI [36, 37]. Returning to the initial
speculation, we provided evidence in the current research
that mBMSC-EV-shuttled CAV1 disrupted the TGF-p1/
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SMAD?2 pathway, thus repressing c-JUN transcription and
finally attenuating MF in MI mice.

While our study reveals the critical role of CAV1 car-
ried by BMSC EVs in CF target cells, it should be empha-
sized that EVs solely serve as carriers for regulating pro-
teins [38, 39]. Previous studies have also shown the direct
involvement of CAV-1 protein in cardiac fibroblasts [40,
41], suggesting that CAV1 protein may exert its influence
on myocardial fibrosis after myocardial infarction through
the TGF-B1/SMAD2/c-JUN pathway. The initial find-
ing in our research was that CAV1 was downregulated in
myocardial tissues with MI. A corroborating earlier report
elaborated that CAV1 expression was lower in AMI mice
than in sham-operated mice [42]. Furthermore, we also
observed that mBMSC-derived EVs delivered CAV1 into
hypoxia-exposed CFs to repress fibrosis and apoptosis of
CFs, accompanied by downregulated a-SMA, Collagen I,
TNF-a, and IL-1p. Besides, such results were reproduced
in MI mice. a-SMA and Collagen I have been widely rec-
ognized as fibrosis-related biomarkers [43]. Additionally,
the etiology of fibrosis is primarily featured with inflam-
matory and fibro-proliferative changes by secreting TNF-a
and IL-1p [44]. Of note, a-SMA, Collagen I, TNF-a, and
IL-1p expression were previously documented to be upreg-
ulated in rats with isoproterenol hydrochloride-induced MI

| g° 46\"
| mBMSCs-EVs

9
235

CAV1

Fig.8 Molecular mechanism of mBMSC-EVs-CAV 1-mediated TGF-
B1/SMAD?2/c-JUN axis in inhibiting cardiac fibroblast differentiation
to improve MF after MI. mBMSC-EVs deliver CAV1 protein to CFs
where the protein expression of CAV1 is upregulated upon hypoxia
conditions. The TGF-B1/SMAD2 signaling pathway downstream
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[45, 46]. Concordant with our finding, prior research illus-
trated that BMSCs diminished fibrosis and apoptotic car-
diomyocytes and preserved the function of infarcted hearts
[47]. Another research unveiled that myocardial injec-
tion of BMSC-released EVs improved cardiac function
and restrained MF in MI rats [48]. It has generally been
accepted that BMSC-secreted EVs are protected against
MI by carrying proteins [49]. Our research showed that
BMSC-derived EVs containing CAV1 restricted MF in MI.
More importantly, it was observed that CAV1 knockout
facilitated cardiac dysfunction in mice with MI, which was
concurrent with the results in our animal experiments [50].
Also, CAV1 downregulation triggered fibrosis of CFs fol-
lowing MI [51].

The functionality of BMSC-EVs was directly validated
through the inhibition of GW4869. This is consistent with
previous research that indicates no separate GW4869 con-
trol group had an impact [52]. However, we acknowledge
that the absence of a separate GW4869 control group in
our experiment prevents us from directly determining the
effect of GW4869 residues in the culture medium and iso-
lated exosomes on CF cells. This limitation is also one of
the shortcomings of our study. And in previous studies
on exosomes, Calnexin has often been used as an endo-
plasmic reticulum marker, but its presence in exosomes is

Cardiac fibroblast

Deactivation

of CAV1 is consequently inactivated, the transcription of c-JUN is
inhibited, and transcription of SMAD2/c-JUN transcription complex
target genes a-SMA and Collagen I is reduced. This mechanism sup-
presses CF fibrosis and apoptosis in vitro, and MF is ameliorated in
MI mice
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considered as contamination [53, 54]. This coincides with
the latest MISEV guidelines [55], which classify calnexin
as a contaminant. In our study, Calnexin was also used as
one of the indicators of contamination, as its presence in
exosomes indicates minimal cytoplasmic contamination,
which is often observed alongside exosomes.

Another critical result in our research was that CAV1
delivered by mBMSC-EVs disrupted the TGF-p1/
SMAD?2 pathway to downregulate c-JUN, thus attenuat-
ing MF and cell apoptosis after MI. Similarly, a previous
report manifested that CAV1 downregulation contrib-
uted to atrial fibrosis by activating the TGF-f1/SMAD?2
pathway [56]. Notably, CAV1 inactivates the TGF-p1/
SMAD?2 signaling pathway [57]. Specifically, blocking
the expression of TGF-p1/SMAD?2 signaling pathway and
its related molecules can inhibit cardiomyocyte fibrosis
[58]. Also, another work documented the high TGF-f1
and SMAD?2 expression in the infarction border zone of
MI rats [59]. Furthermore, the inactivation of the TGF-
B1/SMAD?2 pathway alleviated MF and cell apoptosis in
MI mice [60]. Of note, a study reports that the TGF-p1/
SMAD?2 pathway accelerates MF in rats by upregulating
c-JUN [15]. The apoptotic signaling system JNK/c-Jun
could indicate ischemic damage, while the repression of
JNK/c-Jun exerted cardioprotective effects in MI [61].
Specifically, our findings further revealed that under
TGF-p1 stimulation, the enrichment of SMAD?2 protein
was augmented in the promoters of a-SMA and Collagen
I, which was nullified by c-JUN silencing. Consistently,
TGF-p1 enhanced a-SMA and Collagen I expression in
equine endometrial fibroblasts [62]. Similarly, TGF-p1/
SMAD?2 pathway activation caused elevation of a-SMA
and Collagen I during fibroblast-myofibroblast transition
[63]. Besides, c-JUN inhibition noticeably lowered TGF-
p1-induced a-SMA and Collagen I expression in hepatic
stellate cells [60], which consented to our finding.

Conclusions

In conclusion, mBMSC-EV-packaged CAV1 protein
assumes a critical role in the treatment of MI due to its pro-
tective effects against MF following MI (Fig. 8). Investiga-
tion of mBMSC-EVs carrying CAV 1 protein yields a better
understanding of the mechanisms of MI and the potential of
serving as a target for MI treatments in the future.
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