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Background: Ischemic preconditioning-induced serum exosomes (IPC-exo) protected rat heart against myocardial ischemia/reperfu-
sion injury. However, whether IPC-exo regulate replacement fibrosis after myocardial infarction (MI) and the underlying mechanisms
remain unclear. MicroRNAs (miRs) are important cargos of exosomes and play an essential role in cardioprotection. We aim to
investigate whether IPC-exo regulate post-MI replacement fibrosis by transferring cardioprotective miRs and its action mechanism.
Methods: Exosomes obtained from serum of adult rats in control (Con-exo) and IPC groups were identified and analyzed,
subsequently intracardially injected into MI rats following ligation. Their miRs profiles were identified using high-throughput miR
sequencing to identify target miRs for bioinformatics analysis. Luciferase reporter assays confirmed target genes of selected miRs.
IPC-exo transfected with selected miRs antagomir or NC were intracardially administered to MI rats post-ligation. Cardiac function
and degree of replacement fibrosis were detected 4 weeks post-MI.

Results: IPC-exo exerted cardioprotective effects against excessive replacement fibrosis. MiR sequencing and RT-qPCR identified
miR-133a-3p as most significantly different between IPC-exo and Con-exo. MiR-133a-3p directly targeted latent transforming growth
factor beta binding protein 1 (LTBP1) and protein phosphatase 2, catalytic subunit, alpha isozyme (PPP2CA). KEGG analysis showed
that transforming growth factor-p (TGF-B) was one of the most enriched signaling pathways with miR-133a-3p. Comparing to
injection of IPC-exo transfected with miR-133a-3p antagomir NC, injecting IPC-exo transfected with miR-133a-3p antagomir
abolished protective effects of IPC-exo on declining excessive replacement fibrosis and cardiac function enhancement, while
increasing the messenger RNA and protein expression of LTBP1, PPP2CA, and TGF-B1in MI rats.

Conclusion: IPC-exo inhibit excessive replacement fibrosis and improve cardiac function post-MI by transferring miR-133a-3p, the
mechanism is associated with directly targeting LTBP1 and PPP2CA, and indirectly regulating TGF-B pathway in rats. Our finding
provides potential therapeutic effect of IPC-induced exosomal miR-133a-3p for cardiac repair.
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Introduction

Myocardial infarction (MI) refers to the process of cardiomyocyte death and myocardial dysfunction caused by persistent
ischemia and hypoxia in the blood flow to the heart. Cardiac dysfunction following MI is a leading cause of worldwide
mortality and morbidity.! During the early repair phase after MI, the activation and differentiation of replacement
myofibroblasts, as well as excessive deposition of extracellular matrix (ECM) in the cardiac interstitium, are integral to
the repairing process resulting from the loss of cardiomyocytes. Although they maintain the integrity of cardiac structure,
in the pathophysiological context of persistent myocardial infarction, long-term replacement fibrosis gradually becomes
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decompensated fibrosis, which results in increased myocardial stiffness, systolic dysfunction, ventricular remodeling, and
ultimately heart failure.” Inhibiting long-term replacement fibrosis caused by cardiac myofibroblast activation can be
a potential treatment strategy for heart failure post-MI.

Ischemic preconditioning (IPC) has been shown to possess potent cardioprotective effects. Emerging evidence
confirms that the therapeutic effects of IPC on cardiac repair are mediated through their paracrine mechanism,
particularly exosomes, especially in specific pathological conditions.* However, the efficacy of IPC-induced cardio-
protection may be compromised and diminished by postinfarct ventricular remodeling or chronic heart failure.>®
Conversely, a recent study reveals that plasma exosomes induced by IPC can restore the protective effect against
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myocardial ischemia/reperfusion (I/R) injury in post-infarcted failing hearts.®> This finding strengthens the evidence
supporting exosomes as crucial effectors of [PC-mediated cardioprotection. Previous investigations have demonstrated
that plasma exosomes derived from remote ischemic preconditioning (RIPC) exhibit protective effects against I/R injury
in cardiomyocytes.” “Moreover, they may also offer distinct benefits in enhancing cardiac function and angiogenesis in
rats following an infarction.'® More recently, it was demonstrated that serum exosomes obtained from IPC rats possess
protective effects against I/R injury.!' However, the potential therapeutic effects of IPC-induced serum exosomes on
post-MI cardiac repair, such as inhibiting overactive replacement fibrosis and heart failure, have yet to be investigated.

Exosomes are natural, cell-free systems that contain a diverse range of biological molecules, including proteins,
lipids, and nucleic acids. The unique characteristics of exosomes protect their internal contents from degradation by
cellular processes.'>'* Due to their ability to be secreted and taken up by neighboring or distant cells, exosomes have
garnered significant attention as a primary medium for intercellular signal transfer mechanisms.'* Various studies have
demonstrated the potential of exosomes to act as carriers for transferring genetic information, such as messenger RNA
(mRNA) and microRNA (miR), for the treatment of cardiovascular diseases in animal models.”'>"'” For example,
exosomes from the mesenchymal stem cells of adipose tissue have been effective in reducing cardiac fibrosis following
myocardial infarction, aiding in heart repair by delivering miR-205."” Furthermore, exosomes generated by the physical
stimulus of shock wave therapy have shown a decrease in fibrosis during the treatment of ischemic myocardium,
primarily through the transportation of miR-19a-3p."®

MiRs are short, non-encoding RNAs, generally 20-24 nucleotides long, playing pivotal roles in regulating cellular
functions by blocking the translation and facilitating the breakdown of specific mRNAs.'” Previous research has
highlighted miRs’ involvement in the cardioprotective effects derived from morphine and hypoxic
preconditioning.”*' The significance of exosomal miRs in heart repair is well-documented.®'® Yet, the capacity of
miRs within serum exosomes from IPC rats to mediate excessive replacement fibrosis during cardiac repair following MI
remains to be fully understood. This study focuses on investigating the effectiveness of IPC-induced serum exosomes in
inhibiting long-term replacement fibrosis during cardiac repair and uncovering the miR-mediated molecular mechanisms

in rats post-MIL.

Materials and Methods

Animals

Adult male Sprague-Dawley (SD) rats (250-280 g) were sourced from the Experimental Animal Center of Anhui
Medical University (China). These rats had free access to standard rodent food and water, housed in a room where the
temperature was kept at a steady 22-24°C. All research activities adhered to the principles of the Care and Use of
Laboratory Animals and received approval from the Institutional Animal Care and Use Committee at Anhui Medical
University (approval number: LLSC20210983). For the experimental procedures, the rats were sedated with a 3%

pentobarbital solution, administered intraperitoneally at a dose of 50 mg/kg.

Animal Model of IPC

Following the administration of anesthesia, [PC was carried out by occluding the left anterior descending coronary artery
(LAD) approximately 3 mm below the left atrium using a 6-0 nylon thread. This procedure involved three cycles of 5
minutes of ischemia alternated with 5 minutes of reperfusion. The induction of myocardial ischemia was verified by the
pallor of the myocardial tissue beneath the suture and towards the heart’s apex, coupled with S-T segment elevation
observed in electrocardiograms, which were recorded using the BL-420S biological signal acquisition and processing
system (Taimeng, China). After this procedure, blood samples were drawn from the left ventricle using a sterile
intravenous needle attached to a coagulation tube. Rats in the control group did not receive any processing, blood was

taken in the same manner but without the ischemic preconditioning step.
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Isolation of Exosomes and Free-Exosomes Serum

Exosome isolation was performed through a sequence of differential centrifugation steps at 4°C as follows: Initially,
whole blood collected in coagulation tubes underwent a centrifugation at 3000xg for 15 min to separate serum. This
serum was then centrifuged again at 12000xg for 20 min to eliminate cellular debris. Afterward, the serum was passed
through a 0.22 uM pore size filter (Millex®-GP filter, Millipore, catalog number: SLGP0O33RB). This filtration was
followed by two rounds of ultracentrifugation at 110000xg for 70 min each, using a Type 100 Ti rotor (Beckman,
Germany), to precipitate the exosomes. The sediment after this process was identified as isolated exosomes, and the
supernatant from the initial ultracentrifugation step was labeled as serum devoid of exosomes. The exosomes derived
from 3 mL of serum were resuspended in 200 pL of Phosphate-buffered saline (PBS) and then frozen at —80°C for
subsequent analysis. Similarly, the serum without exosomes was preserved at —80°C for additional studies.

|dentification of Exosomes

The morphology and size of the exosomes were examined using a transmission electron microscope (TEM, FEI, Tecnai
G2 Spirit BioTwin) and Nanoparticle Tracking Analysis (NanoFCM, Nottingham, UK). Moreover, the presence of
specific biomarker proteins CD9, CD63, and HSP70, which are indicative of exosomes, was confirmed through Western
blot analysis. The protein concentrations of the exosomes were determined using the BCA protein assay kit (BCA protein
assay kit, Beyotime, catalog number: P0009).

Exosome Labeling and Internalization

To assess the uptake of exosomes in both in vivo and in vitro settings, fluorescent dye PKH26 was used to label the
exosomes. The labeling procedure was performed utilizing the Red Fluorescent Cell Linker Kit (PKH26 Red Fluorescent
Cell Linker Mini Kit, Sigma, catalog number: MINI26). Briefly, 100 pL of exosomes were combined with 200 pL of
Diluent C in a clean centrifuge tube. In a separate centrifuge tube, 200 uL of Diluent C and 4 pL of PKH26 were mixed.
The contents of the latter tube were promptly added to the former tube and thoroughly mixed for 1 min. The resulting
mixture was incubated at room temperature for 10 min.

To halt the reaction, an equal volume of exosome-free serum was added, and the resulting mixture was centrifuged at
110000xg for 70 min to eliminate any residual unbound dye. In the in vitro experiment, H9¢c2 cells were purchased from
the Cell Bank of Chinese Academy of Sciences (Shanghai, China), pre-labeled exosomes were introduced into the H9¢2
cell culture medium and incubated for 1, 6, and 24 h, respectively. Subsequently, the H9¢2 cells were thoroughly washed
five times with PBS, fixed with 4% paraformaldehyde, and stained with 4’,6-diamino-2-phenylindoles (DAPI) (Antifade
Mounting Medium with DAPI, Beyotime, catalog number: PO131) under dark conditions. The samples were then
observed using confocal microscopy (Leica, Germany). For the in vivo experiment, pre-labeled exosomes were
intramyocardially injected, and after 24 h, the heart was processed in a similar manner. The co-localization of exosomes
and cardiomyocyte nuclei was examined using a fluorescence microscope.

MI Model Establishment

Prior to the surgical procedure, male SD rats were anesthetized with an intraperitoneal injection of 3% pentobarbital
sodium (50 mg/kg) and mechanically ventilated. The LAD was ligated 3 mm below the left atrium using a 6—0 nylon
suture. Immediately after the ligation, exosomes (50 pg in 25 pL PBS), free-exosome serum (50 pg in 25 pL PBS), or
25 puL PBS were administered intracardially at three sites surrounding the infarct area. Rats in the sham group
underwent identical procedures without ligation, and 25 pL PBS was injected instead. Serum samples were harvested
from the tail vein of the rats 7 and 28 days after MI to measure relevant cytokines. Transthoracic two-dimensional
M-mode echocardiography at the papillary muscle level was implemented under isoflurane anesthesia to assess cardiac
function 28 days after MI.*® Subsequently, the rats were euthanized for subsequent experiments.
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Enzyme-Linked Immunosorbent Assay (ELISA)

Serum was obtained from blood samples collected from the tail veins of the rats. The levels of interleukin (IL)-1p (Rat
IL-1B ELISA KIT, catalog number: CRE0006-096), tumor necrosis factor (TNF)-a (Rat TNF-a ELISA KIT, catalog
number: CRE0003-048), and IL-6 (Rat IL-6 ELISA KIT, catalog number: CRE0005-096) were measured in each serum
sample using ELISA kits (4A Biotech, Beijing). An ELISA kit (Rat N-Terminal Pro-Brain Natriuretic Peptide (NT-
proBNP) ELISA Kit, Elabscience, catalog number: E-EL-R3023) was employed to assess the levels of NT-proBNP in the
serum samples.

Histopathological Analysis

Following the sacrifice of rats, the heart tissues were collected for further analysis. The tissues were then fixed in
a solution of 4% paraformaldehyde for one day. Following fixation, then dehydrated with gradient alcohol, and thin
sections measuring 5 um were obtained from each segment through paraffin embedding. Subsequently, these sections
were subjected to staining using the Masson trichrome (Masson) and hematoxylin-eosin (HE) stains. This allowed for the
evaluation of fibrosis and collagen area, as well as the analysis of tissue morphology. The stained sections were captured
and observed using a fluorescence microscope (Zeiss, Germany). The fibrosis extent was measured by ImagelJ software,
and the ratio of the fibrosis area to the total cardiac tissue region is defined as the percentage of the fibrosis area.

RNA Isolation and Real-Time Reverse Transcription-PCR (RT-qPCR)

RNA from both heart tissue and exosomes were isolated utilizing Trizol reagent (Invitrogen, catalog number:
15596018CN). This RNA was subsequently converted into cDNA templates via reverse transcription using the miR
First Strand cDNA Synthesis (Tailing Reaction) kit (catalog number: B532451) from Sangon Biotech, Shanghai, with 1
png of RNA as the starting material. The synthesized cDNA served as the template for the following RT-qPCR assays,
conducted using 2X SG Fast qPCR Master Mix (catalog number: B639271) provided by BBI Life Science, Shanghai.
Primers specific to each gene studied are detailed in Supplementary Table 1. Gene expression was quantified utilizing

the 272*“* method, employing GAPDH and U6 as the normalization controls for mRNA and miR analyses,
respectively.

Western Blot Analysis

Proteins were extracted from both exosomes and fresh heart tissue using a lysis buffer (RIPA Lysis Buffer, Beyotime,
catalog number: PO013B) provided by Beyotime, China, and their concentrations were assessed using the BCA protein
assay kit from the same company. Then, 2040 pg of these proteins were subjected to 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (SDS-PAGE Gel Quick Preparation Kit, Beyotime, catalog number:
PO012AC) for separation. The separated proteins were then transferred onto polyvinylidene difluoride (PVDF) mem-
branes (Immobilon-PS? Transfer Membrane, Millipore, catalog number: ISEQ00010).

Blocking of the membranes was performed using Protein Free Rapid Blocking Buffer (Yamei, catalog number:
PS108P) for 30 min, followed by an overnight incubation at 4°C with primary antibodies. Subsequent to three TBST
washes, membranes were exposed to a secondary antibody (1:10,000) (Goat Anti-Rabbit IgG H&L, Abcam, catalog
number: ab205718) for 1 h at ambient temperature. Detection of protein bands was achieved with electrochemilumines-
cence (ECL) reagent (SuperSignal ™ West Femto Maximum sensitive substrate, ThermoFisher, catalog number: 34096),
and their integral optical density was quantified utilizing Image-Pro Plus 6.0 software. The primary antibodies applied in
the Western blot analysis are listed in Supplementary Table 2.

High-Throughput miR Sequencing for Exosomes

Total RNA was extracted from serum exosomes of rats subjected to IPC or control conditions using TRIzol.
Subsequently, the extracted RNA was used to prepare and sequence a miR library utilizing an Illumina HiSeq 2500
platform (Ribobio, China). Bioinformatics analysis, including cluster analysis, was conducted to investigate the differ-
ential expression of miRs between IPC-exo and Con-exo. The miRs were identified based on a p-value < 0.05, with
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established thresholds for up- and downregulated genes. The miR sequencing data can be accessed in the Gene
Expression Omnibus database (https://www.ncbi.nlm.nih.gov/) through the accession number GSE272122. To predict

target genes for rno-miR-133a-3p, TargetScan (http://www.targetscan.org/), miRDB (http://www.mirdb.org/), and

miRWalk (http://www.umm.uni-heidelberg.de/apps/zmf/mirwalk/index.html) databases were utilized. Genes identified

by all three databases were selected for further experimentation.

Dual-Luciferase Reporter Assay

Luciferase reporter vectors (LTBP1-wt/LTBP1-mut and PPP2CA-wt/PPP2CA-mut) were constructed by Asia
Biotechnology (Shanghai, China). HEK293T cells were then seeded in a 24-well plate at a density of 5x10% cells/well
and incubated for 24 h. Following that, the cells were transfected with various vectors along with either miR-133a-3p
mimics or negative control (NC) using Lipofectamine 2000 Reagent (Invitrogen, catalog number: 11668500) when they
reached 70% confluency. After a 72-hour transfection, the cells were harvested and lysed. The miR level was assessed
using chemiluminescence with the Dual-Luciferase Reporter Assay System (Promega) upon introducing detection
reagents into the medium.

Exo-Fect™ Loading of IPC-Exo

[PC-induced serum exosomes were loaded with miR-133a-3p antagomir or antagomir NC (Sangon Biotech, Shanghai)
using Exo-Fect™ (Exo-Fect™ Exosome Transfection Kit, System Biosciences, catalog number: EXFT20A-1).%

To prepare the samples, 10 uL. of Exo-effect Solution was combined with 20 pmol of either miR-133a-3p antagomir
or NC, along with 50 pL of purified exosomes and 70uL of sterile PBS. This mixture was incubated at 37°C for 10 min
before the centrifuge tube was placed on ice. Next, 30 pL of the ExoQuick-TC reagent provided in the kit was added, and
the sample was gently mixed by inverting it 6 times. The transfected exosome sample was then kept on ice for 30 min
and centrifuged at 13,000 rpm for 3 min at 4°C. The transfected exosomes were suspended in 30 uL of PBS for
subsequent in vivo experiments. For in vivo studies, the final samples were composed of 20 pmol of miR-133a-3p
antagomir or NC per 50ug of exosomes in a total volume of 30 pL.

Statistical Analysis

The data are expressed as the mean =+ standard error of the mean (SEM) and percentages. GraphPad 8.0 (GraphPad
Software, USA) was adopted for data analysis. Unpaired two-tailed t-tests were performed to compare between two
groups. For comparisons involving three or more groups, one-way ANOVA followed by a Bonferroni’s post-test was
applied. A p < 0.05 was deemed statistically significant for all comparisons.

Results

Characterization of Serum Exosomes and Exosomal miRs Analysis
The IPC rat model was established following the IPC protocol, as evidenced by S-T segment elevation and pathological
Q waves observed in electrocardiograms (Supplementary Figure S1A), and subsequently, exosomes were isolated from

both IPC and control rats (Figure 1A). The characterization of serum exosomes from control rats (Con-exo) and IPC rats
(IPC-exo0) was performed using TEM and nanoparticle tracking analysis. TEM (Figure 1B) revealed cup-shaped double-
layered particles with diameters ranging from 30 to 150 nm, obtained through ultracentrifugation. Nanoparticle tracking
analysis (Figure 1C) confirmed a single peak in the volume distribution profile for both Con-exo and IPC-exo, with
diameters ranging from 30 to 150 nm. No significant differences were observed in particle distribution between Con-exo
and IPC-exo (Figure 1D). Interestingly, the protein quantification assay showed that IPC induced an increase in the
protein content of serum exosomes (Figure 1E). Western blotting analysis demonstrated the expression of exosome-
specific protein markers HSP70, CD63, and CD9 in these particles (Figure 1F). IPC-exo exhibited higher expression of
these protein markers compared to Con-exo (Figure 1G). Overall, these findings confirm that IPC leads to increased
production of serum exosomes, consistent with previous reports.

9040 e International Journal of Nanomedicine 2024:19
Dove!


https://www.ncbi.nlm.nih.gov/
http://www.targetscan.org/
http://www.mirdb.org/
http://www.umm.uni-heidelberg.de/apps/zmf/mirwalk/index.html
https://www.dovepress.com/get_supplementary_file.php?f=463477.docx
https://www.dovepress.com
https://www.dovepress.com

Dove

Yang et al

To evaluate the impact of IPC on the expression of serum exosomal miRs, we conducted miR sequencing (miR-seq)
to examine the miR profiles of both Con-exo and IPC-exo. Figure 1H demonstrates the supervised clustering of the 40
identified miRs with the most significant differences (P < 0.05) in abundance between IPC-exo and Con-exo. These 40
miRs consist of 23 upregulated and 17 downregulated miRs, as shown in Figure 11. Additionally, Figure 1J presents the
fold changes of these 40 miRs, with miR-133a-3p exhibiting a fold change > 2. According to the results of miR-seq, we
selected five miRs (miR-206-3p, miR-18a-5p, miR-133a-5p, miR-133a-3p, miR-1224) with significant differential
expression based on their fold change and p value. Among these five miRs, further RT-qPCR validation revealed that
miR-133a-3p exhibited the most significant difference in expression between IPC-exo and Con-exo (Figure 1K and

supplementary Figure S1B).
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Figure | Characterization of serum exosomes and miR-133a-3p was upregulated in IPC exosomes. (A) The process flow of how two types of serum exosomes are
obtained. (B) Representative electron micrograph of exosomes. Scale bar: 100 nm. (C) A nanoparticle trafficking system (NTA) was used to analyze the sizes of the IPC-exo
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plot showing log, (fold change) on x-axis and -logo (p value) on y-axis. (J) Specific fold changes of 40 identified miRs with the most significant abundance differences (p <
0.05) between control exosomes and IPC exosomes (n=3). (K) MiR-133a-3p expression level in control and IPC exosomes determined by RT-qPCR (n=6).

Notes: *p<0.05, **p<0.01, ***p<0.0001 and "*p>0.05. Data are presented as the mean + SEM.

Abbreviations: IPC, ischemic preconditioning; IPC-exo, exosomes isolated from IPC rat serum; Con-exo, exosomes isolated from control rat serum; miR, microRNA.

Internalization of Serum Exosomes

To investigate the uptake of serum exosomes by myocardial cells, we performed intramyocardial injection of
a fluorescent dye PKH26-labelled Con-exo and IPC-exo. After 24 h, we observed colocalization of PKH26-labelled Con-
exo and IPC-exo with cardiomyocytes, indicating an efficient absorption of exosomes by heart tissue (Supplementary
Figure S2A). Furthermore, we added PKH26-labelled Con-exo and IPC-exo to the culture medium of H9¢2 cells for 1 h,
6 h, and 24 h. Through confocal microscopy analysis, we observed the presence of small PKH26-labelled Con-exo and
IPC-exo localized around the nucleus within 1 h. The H9¢2 cells displayed effective uptake of Con-exo and IPC-exo after
6 h, with a substantial amount of exosomes being absorbed within 24 h (Supplementary Figure S2B). These findings
suggested that serum exosomes could be internalized by heart tissue in vivo and H9¢2 cells in vitro in a time-dependent

manner.
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IPC-Exo Demonstrated Cardioprotective Effects Against Ml in vivo
To investigate the cardioprotective effects of IPC-exo in vivo, we established a MI rat model with ST segment elevation
observed in electrocardiograms (Supplementary Figure S3A). Subsequently, we intracardially injected 50 pg of Con-exo,

IPC-exo, or free- exosomes serum from control (Con-s) or IPC rats (IPC-s) resuspended in 25 uL of PBS, as well as 25 uLL
of PBS alone after the ligation of the LAD (Figure 2A). After 4 weeks, we assessed cardiac function using echocardio-
graphy. The results revealed a significant decrease in left ventricular ejection fraction (LVEF), left ventricular fractional
shortening (LVFS) (Figure 2B-C), and increase in left ventricular internal diameter at end systole (LVIDs) and left
ventricular internal diameter at end diastole (LVIDd) (Supplementary Figure 3B) in the MI group relative to the sham
group. Treatment with IPC-exo enhanced cardiac function compared to MI rats treated with PBS (LVEF: 65.93+2.05%
versus 40.08+1.52%, p <0.0001; LVFS: 36.94+1.72% versus 20.36+0.83%, p <0.0001) or Con-exo (LVEF: 65.9342.05%
versus 46.00+1.63%, p < 0.0001; LVFS: 36.94+1.72% versus 22.67+1.24%, p < 0.0001) (Figure 2B-C). Furthermore, in
accordance with these findings, rats treated with IPC-exo exhibited an amelioration in the severity of heart failure,

demonstrated by a decrease in NT-proBNP levels in the serum after 28 days of MI (Figure 2D). ELISA was also utilized
to quantify the levels of serum IL-6, IL-1pB, and TNF-a at both 7 and 28 days post-MI. The results uncovered that IPC-exo
reduced the levels of pro-inflammatory indicators on the 7th day post-surgery, and subsequently inhibited the prolonged

inflammatory response (Supplementary Figure S3C). Moreover, the results obtained from HE staining revealed

a disordered arrangement of cardiomyocytes and an enlarged gap between cells in the MI group. In contrast, treatment
with IPC-exo showed an improvement in the morphological alterations observed in MI rats (Figure 2E).

We further assessed myocardial replacement fibrosis in these groups using Masson’s staining. As shown in
Figure 2F-G, rats in the MI group demonstrated significant interstitial collagen deposition. Importantly, IPC-exo
therapy led to a suppression in collagen density (MI+IPC-exo versus MI: 7.74+0.71% versus 17.31+1.87%, p <
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Figure 2 IPC-induced serum exosomes protect against myocardial infarction in vivo. Exosomes, free-exosome serum, or PBS were injected into the ischemia heart tissue after the myocardial
infarction model was established. (A) Schematic diagram and flowchart illustrating the experimental protocols in vivo. (B) Representative echocardiographic images of rats in each group exposed
to myocardial infarction for 28 days. (C) Left ventricular ejection fraction (LVEF) and left ventricular fractional shortening (LVFS) of rats in each group (n=6). (D) ELISA assay of the N-Terminal Pro-
Brain Natriuretic Peptide (NT-proBNP) in rat serum 28 days post-MI (n = 6). (E) The representative images of histology (HE staining) of transverse heart sections and local magnified images of the
selected infarct border zone tissue from different groups rats. Red scale bar: | mm; black scale bar: 50 ym. (F) Representative images of Masson trichrome (Masson staining) of transverse heart
sections and local magnified images of the selected infarct border zone tissue from different groups rats. Red scale bar: | mm; black scale bar: 50 um. (G) The data of fibrosis area in rat transverse
heart sections exposed to different treatments (n=>5). (H) Representative images of fibrosis-related and apoptosis-related proteins in the infarct border zone of heart tissue in response to
different treatments. Relative proteins a-SMA (1), CTGF (J), Bax/Bcl-2 (K) expression measured by Western blot analysis in the infarct border zone of heart tissue in response to different
treatments (n=4).

Notes: *p<0.05, *p<0.01, **p<0.001, ****p<0.0001. Data are presented as the mean + SEM and percentages.

Abbreviations: IPC, ischemic preconditioning; IPC-exo, exosomes isolated from IPC rat serum; Con-exo, exosomes isolated from control rat serum; MI, myocardial
infarction; Con-s, free-exosomes serum from control rats; IPC-s, free-exosomes serum from IPC rats; PBS, phosphate buffered solution; a-SMA, alpha-smooth muscle actin;
CTGF, connective tissue growth factor; Bax, BCL2-associated X; Bcl-2, B-cell lymphoma-2.
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0.05; MI+IPC-exo versus MI+Con-exo: 7.74+0.71% versus 13.84+1.23%, p < 0.05). Additionally, the expression
levels of alpha-smooth muscle actin (a-SMA) and connective tissue growth factor (CTGF) proteins in the infarct
border zone consistently decreased in MI rats treated with IPC-exo. Conversely, neither Con-exo nor free-exosome
serum treatment resulted in a reduction in fibrosis proteins a-SMA and CTGF in MI rats (Figure 2H-J).

Next, we investigated the effect of exosomes on apoptosis in the infarct border zone of the MI rat heart. We evaluated
the expression of the apoptosis-associated proteins B-cell lymphoma-2 (Bcl-2) and BCL2-associated X (Bax) through
Western blot analysis 28 days post-surgery. The Bax/Bcl-2 ratio was significantly declined in MI rats treated with IPC-
exo (Figure 2H and K). In conclusion, these findings provide evidence of the therapeutic potential of serum exosomes
isolated from IPC rats for the treatment of cardiac repair following MI. This potential is achieved through suppression of
persistent inflammatory stimuli and apoptosis, reduction of replacement fibrosis and cardiac remodeling, and the
improvement of cardiac function.

MiR-133a-3p Was Involved in the Myocardial Protection of IPC-Exo
In our in vivo experiments, we observed a noteworthy increase in the expression of miR-133a-3p in the border infarcted
myocardial tissue following the administration of IPC-exo post-MI, as depicted in Figure 3A.

To further confirm the involvement of miR-133a-3p in mediating the cardioprotective effects of IPC-exo and to gain
a deeper understanding of the role of exosomal miR-133a-3p in vivo, we transfected miR-133a-3p antagomir or an NC
into [PC-exo. Subsequently, we performed intracardiac injection of IPC-exo transfected with miR-133a-3p antagomir or
NC in rats post-MI (Figure 3B). The RT-qPCR assay demonstrated that treatment with IPC-exo transfected with miR-
133a-3p antagomir inhibited the elevation of miR-133a-3p expression in the infarct border zone of the rats’ hearts, while
IPC-exo transfected with NC restored the increased expression of miR-133a-3p (Figure 3C). Furthermore, our findings
demonstrated that the introduction of miR-133a-3p antagomir into IPC-exo significantly attenuated the protective effects
of IPC-exo. As depicted in Figure 3D-F, the improvement in cardiac function facilitated by IPC-exo was nullified by the
inhibition of miR-133a-3p in IPC-exo (MI+IPC-exo™® versus MI+IPC-exo ™ €°™";: LVEF, 64.21£2.30% versus 44.65
+2.40%, p < 0.0001; LVFS, 36.26+1.64% versus 23.08+1.36%, p < 0.0001). LVIDs and LVIDd of three groups were
presented in Supplementary Figure S4A. Coincidentally, the reduced serum NT-proBNP index, indicative of heart failure,

observed in MI rats treated with IPC-exo, was significantly blunted by the transfection of miR-133a-3p antagomir into
IPC-exo (Figure 3G). In comparison to the IPC-exo transfected NC group, elevated levels of pro-inflammatory indicators
were observed in the rat serum 7 days post-surgery as a result of miR-133a-3p depletion in IPC-exo (Supplementary
Figure S4B). The repair of damaged heart tissue and cardiomyocytes in rats treated with IPC-exo was diminished by the
administration of miR-133a-3p antagomir (Figure 3H). Additionally, the administration of miR-133a-3p antagomir
resulted in the elimination of reduced fibrosis area observed in MI rats treated with IPC-exo (MI+IPC-exo™¢ versus
MI+IPC-exo” ™ €™ 11.16+0.85% versus 19.23+£1.97%, p < 0.01) (Figure 31 and J). Similarly, consistent alterations in
the expression of both a-SMA and CTGF proteins were observed (Figure 3K and L). Finally, IPC-exo treatment led to
a reduction in myocardial apoptosis, which was reversed by the addition of miR-133a-3p antagomir (Figure 3K and L).
The collective findings from our in vivo results unfold that the depletion of miR-133a-3p diminishes the cardioprotective
effects of IPC-exo following MI. MiR-133a-3p plays an essential role in the cardioprotective effects conferred by IPC-

€XO0.

The Exploration of Potential Signaling Pathways and Target Genes Involved in

Cardioprotection of Exosomal miR-133a-3p

To further elucidate the underlying mechanism responsible for the cardioprotective effect induced by IPC-exo, we
conducted target gene prediction and analysis of the KEGG for the upregulated miR-133a-3p. Figure 4A showed
significant enrichment of signaling pathways as analyzed by KEGG analysis (P<0.001). Among the numerous enriched
signaling pathways, the transforming growth factor-3 (TGF-f) signaling pathway stood out as one of the most prominent.
Through the utilization of three bioinformatics platforms for concurrent prediction, we identified latent transforming
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Figure 3 MiR-133a-3p derived from IPC-exo mediated cardioprotection. (A) MiR-133a-3p expression level in the infarct border zone of rat heart tissues treated with different methods
was detected by RT-qPCR (n=6). (B) Schematic diagram illustrating that miR- | 33a-3p antagomir or negative control (NC) were transfected into IPC exosomes. Engineered exosomes
and PBS were injected into the ischemia myocardium infarct border zone of rat heart tissues after the myocardial infarction model was established. (C) MiR-133a-3p antagomir or NC
transfected into IPC exosomes alerted the miR-133a-3p expression level in heart tissues (n=6). (D) Representative echocardiographic images of rats in each group exposed to
myocardial infarction for 28 days. (E) The improvement of left ventricular ejection fraction (LVEF) by IPC exosomes was blunted when miR- | 33a-3p antagomir was transfected into IPC-
exo (n=6). (F) Left ventricular fractional shortening (LVFS) of rats was decreased in the MI+IPC-exo”"¢™" group compared with the MI+IPC-exo™ group (n=6). (G) ELISA assay of the
N-Terminal Pro-Brain Natriuretic Peptide (NT-proBNP) in rat serum 28 days post-MI (n=6). (H) The representative images of histology (HE staining) and (I) Masson trichrome (Masson
staining) of transverse heart sections and local magnified images of the selected infarct border zone tissue from different groups rats. Red scale bar: | mm; black scale bar: 50 pm. (J) The
data of fibrosis area in rat transverse heart sections exposed to different treatments (n=5). (K) Representative images of fibrosis-related and apoptosis-related proteins in the infarct
border zone of heart tissue in response to different treatments. (L) Relative 0-SMA, CTGF, Bax/Bcl-2 expression measured by Western blot analysis in the infarct border zone of heart
tissue in response to different treatments (n=4).

Notes: *p<0.05, *p<0.01, **p<0.001, ***p<0.0001and "*p>0.05. Data are presented as the mean * SEM and percentages.

Abbreviations: IPC, ischemic preconditioning; IPC-exo, exosomes isolated from IPC rat serum; Con-exo, exosomes isolated from control rat serum; MI, myocardial
infarction; MI+IPC-exo”"™&°™" M| rat injected with miR-133a-3p antagomir transfected IPC-exo; MI+IPC-exo™C, MI rat injected with miR-133a-3p antagomir NC
transfected IPC-exo; miR, microRNA; PBS, phosphate buffered solution; a-SMA, alpha-smooth muscle actin; CTGF, connective tissue growth factor; Bax, BCL2-
Associated X; Bcl-2, B-cell lymphoma-2.
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growth factor beta binding protein 1 (LTBP1) and protein phosphatase 2, catalytic subunit, alpha isozyme (PPP2CA) as
highly enriched genes associated with the TGF- signaling pathway (Figure 4B and C).

According to the prediction results from TargetScan, both LTBP1 and PPP2CA were found to have binding sites
within the 3°’UTR region of miR-133a-3p (Figure 4D). To confirm the interaction between LTBP1 and PPP2CA with
miR-133a-3p, luciferase reporter assays were conducted. Luciferase vectors were generated with either the wild-type or
mutant 3’-UTR sequences of LTBP1 and PPP2CA, as demonstrated in Figure 4E and F. Cells transfected with miR-133a-
3p mimic and LTBP1 3’UTR-wt vectors or PPP2CA 3°’UTR-wt vectors exhibited a significant decrease in luciferase
activity. Conversely, the relative luciferase activity of cells transfected with the mutant vectors was not affected by the
miR-133a-3p mimic, indicating the specificity of the repression. These results indicate that LTBP1 and PPP2CA are
validated as the target mRNA hosts of miR-133a-3p.

Exosomal miR-133a-3p Promoted Post-MI Repair by Targeting LTBPI and PPP2CA,
and Suppressing TGF-f3 Signaling

In our in vivo experiments, we observed a reduction in LTBP1 mRNA and protein expression in the infarct border zone
of myocardial tissue treated with IPC-exo following infarction (Figure 5A-C). Conversely, this treatment resulted in an
accumulation of miR-133a-3p in the heart tissue, as previously mentioned (Figure 3A). Similar changes were observed in
PPP2CA, TGF-B1, and TGF-B2, with decreased levels of mRNA and protein (Figure 5SA-C). Furthermore, comparing to
rats in MI group, rats in MI+IPC-exo™C group had significant decreased mRNA and protein levels of LTBP1, PPP2CA,
and TGF-B1 and also TGF-B2 mRNA; however, comparing with MI+IPC-exo™® group, rats in the MI+IPC-exo”"&omir
group had significant increased mRNA and protein levels of LTBP1, PPP2CA, and TGF-B1, as well as TGF-2 mRNA.
Among three groups, TGF-B2 protein expression level did not reach statistical significance (Figure 5D-F). The

A KEGG analysis
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transforming growth factor-f.

inconsistency observed in TGF-p2 mRNA and protein expression in the MI+IPC-exo™" group may be attributed to
various factors influencing post-transcriptional and translational modifications.

Discussion
Our data demonstrated that IPC-exo suppressed excessive replacement fibrosis to promote cardiac repair post-MI.
Cardioprotective effects of [PC-exo were mediated by transferring miR-133a-3p to ischemic myocardium. The mediation
of IPC-exo’s protective effects by miR-133a-3p is related with direct targeting of LTBP1 and PPP2CA, and indirect
suppression of TGF-B signaling pathway.

The process of cardiac repair following MI involves a complex sequence of events. It begins with intense inflamma-
tion and immune cell infiltration, ultimately leading to cardiac replacement fibrosis.”> However, overactive fibrosis in
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pathway. (A) mRNA expression of LTBPI, PPP2CA, TGF-B| and TGF-B2 in the infarct border zone of heart tissues treated with different exosomes and PBS (n=6). (B)
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representative images of the Western blot in the infarct border zone of heart tissues treated with different exosomes and PBS. (D) Regulation of LTBPI, PPP2CA, TGF-BI
and TGF-B2 mRNA expression levels by transfecting miR-133a-3p antagomir or negative control into IPC-exo (n=6). (E) Representative images of the Western blot in heart
tissues injected with engineered exosomes or PBS. (F) Protein expression of LTBPI, PPP2CA, and TGF-B1 in heart tissue were regulated by exosomal miR-133a-3p (n = 4).
Notes: *p<0.05, *p<0.01, ***p<0.001 and "*p>0.05. Data are presented as the mean + SEM.

Abbreviations: IPC, ischemic preconditioning; IPC-exo, exosomes isolated from IPC rat serum; Con-exo, exosomes isolated from control rat serum; MI, myocardial
infarction; MI+IPC-exo”"™°™", M| rat injected with miR-133a-3p antagomir transfected IPC-exo; MI+IPC-exo™®, MI rat injected with miR-133a-3p antagomir NC
transfected IPC-exo; PBS, phosphate buffered solution; mRNA, message RNA; LTBPI, latent transforming growth factor beta binding protein |; PPP2CA, protein
phosphatase 2, catalytic subunit, alpha isozyme; TGF-p, transforming growth factor-p.

infarcted patients may lead to adverse remodeling, potentially triggering the pathogenesis of heart failure.?® The reason is
that initial activation of replacement myofibroblasts facilitates collagen deposition around dead cardiomyocytes, offering
structural stability to the heart chamber. While chronic excessive collagen accumulation can cause ventricular wall
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stiffening, impair systolic function, and diminish overall cardiac performance.” Therapeutic modulation of replacement
fibrosis could offer potential for averting heart failure post-MI.**

Clinical application of cardioprotective IPC has been hindered due to its invasive nature.>> Exosome therapy, with its
low immunogenicity and minimal tumorigenicity, is a promising avenue for cardiac repair,”® using the bloodstream to
transport cell signaling molecules.”’” Studies demonstrated that exosomes induced by RIPC or IPC exhibited cardiopro-
tective effects against myocardial I/R injury in rats.*”'! In our study, we initially discovered that IPC stimulation caused
changes in miRs within serum exosomes, while serum exosomes could be internalized and taken up by cardiomyocytes,
which also suggests that exosomes may have the potential to deliver protective substances to ischemic myocardium.
Furthermore, our animal experiments demonstrated that IPC-exo promoted cardiac repair by mitigating sustained
inflammatory stimuli, suppressing excessive replacement fibrosis and preserving heart function in rats following MI.

Exosomes transport genetic material to facilitate cell-to-cell communication and various biological processes.”®
Among the cargos carried by exosomes, miRs play a prominent role and are considered crucial in regulating cardiac
function.'® In the present study, miR-133a-3p was identified as one of the most significant upregulated miRs by IPC-exo.
Relevant reports indicated that miR-133a levels were reduced in the myocardial tissue of both humans and animals
afflicted with MI.>°>° Additionally, miR-133a-3p is associated with cardiovascular diseases®’ and involved in modulating

the fibrotic process within the myocardium,?*-"

overexpression of miR-133a-3p curbs keloid fibroblast fibrosis by
inhibiting the TGF-p/Smad2 pathway’> and is encapsulated in exosomes from engineered mesenchymal stem cells,
which facilitate myocardial repair in rats post-acute infarction.*®> Further, we tested the idea if miR-133a-3p mediates
protective effect of IPC-exo, and we observed that miR-133a-3p antagomir transfection of IPC-exo reversed the elevation
of miR-133a-3p expression level in myocardial tissue by IPC-exo injection. Of note, transfection of miR-133a-3p
antagomir into [PC-exo also greatly attenuated the myocardial protective effect of IPC-exo against excessive replacement
fibrosis post-MI. These data suggest that IPC-exo inhibit excessive replacement fibrosis to exert protective effects post-
M1, at least in part, by transferring miR-133a-3p.

KEGG assays results revealed significant enrichment of 30 signaling pathways (P<0.001). We aim to identify the pro-
fibrotic signaling pathway and TGF-f signaling pathway stood out among the highly enriched pathways as a typical pro-
fibrotic signaling route, frequently cited in the literature concerning myocardial fibrosis.>* >’ MiR-133a-3p was also
evidenced to direct target transforming growth factor beta receptor 1 (TGFBR1)*® and have regulatory effect on the TGF-
p/Smad2 pathway.*? In our study, exosomal miR-133a-3p suppressed the mRNA and protein expression levels of TGF-
B1 post-MI. Thus, TGF-B signaling pathway chosen for elucidating the underlying molecular mechanisms. To further
explore the relationship between the anti-fibrotic effects of miR-133-3p and the TGF-f signaling pathway, two high-
confidence mRNA targets of miR-133a-3p, namely LTBP1 and PPP2CA, were selected for further experimentation. Our
data revealed that miR-133a-3p directly targeted LTBP1 and PPP2CA (Figure 4E-F), and IPC-exo did inhibit the
expression levels of LTBP1 and PPP2CA by transferring miR-133a-3p in MI rats.

As a target gene of miR-133a-3p, PPP2CA functions as the catalytic subunit (36-kDa) of protein phosphatase 2A
(PP2A),**° which play an important role in heart disease.*' Within canonical pro-fibrotic TGF-B signaling cascade,
PP2A serves as a downstream effector of TGF-B1 signaling.** Overexpression of PPP2CA has been linked to fibrosis in
cardiomyocytes and detrimental cardiac remodeling in both transgenic and myocardial infarction mouse models,****
indicating that PPP2CA was a pro-fibrotic substance. Accordingly, direct inhibition of PPP2CA by miR-133a-3p may be
correlated with an indirect suppression on TGF-f.

Previous studies illustrated that LTBP1 plays a key role in the TGF- pathway.** Elevated levels of secreted LTBP1
enhance the formation and extracellular deposition of TGF-B complexes.*> Additionally, this increase bolsters matrix
binding post-MI, thereby amplifying the profibrotic effects of TGF-B.*® In natural killer /T-cell lymphoma, inhibition of
LTBPI inactivates the TGF-f/Smad pathway, LTBP1 is recognized as a crucial positive regulator of TGF-B1, and the
LTBP1/TGF-B1 signaling axis has been well-established.*” Therefore, miR-133a-3p may exert its influence on the TGF-p
signaling pathway by repressing LTBP1.

Collectively, our data indicate that IPC-exo mitigate excessive replacement fibrosis, thereby therapeutically modulat-
ing cardiac repair in rats following MI. This effect is potentially achieved by transferring miR-133a-3p to directly target
PPP2CA and LTBPI1, and to indirectly regulate the TGF- signaling pathway. Our study identifies a potent therapeutic
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substance for targeted delivery of engineered extracellular vesicle systems, which has the potential to mitigate the
progression of ventricular remodeling after MI and promote cardiac repair by ensuring its controlled release in the target
myocardium.*® The precise delivery of IPC-exo to cardiac tissue presents a promising therapeutic approach for patients
with chronic MI who have missed the critical period for reperfusion, potentially improving their clinical outcomes.

Our study has several limitations. Firstly, miR-133a-3p within IPC-exo is not necessarily the only miR that influences
post-MI repair in rats. Other miRs contained in IPC-exo potentially synergize to play important roles in promoting
cardiac repair. While the miR-mediated mechanism is known to engage multiple targets and pathways, our investigation
has only identified two candidate molecules so far, other target genes involved in cardioprotection should be explored.
Intriguingly, miR-133, when upregulated in the myocytes of those with heart failure, advances the hyperphosphorylation
of ryanodine receptors by inhibiting the activity of PP2A, consequently elevating the risk of arrhythmias.** Moreover,
miR-133a-3p has been confirmed to induce atrial myocardial repolarization defects and to modulate ventricular electro-
physiology by directly targeting and modulating the expression of PPP2CA.>® However, we have not monitored the
impact of arrhythmia in rats in this study. Future studies should investigate the impact of IPC-induced exosomal miR-
133a-3p on electrophysiological parameters and ventricular arrhythmia. Lastly, our results lack direct evidence of LTBP1
and PPP2CA regulating the TGF-f signaling pathway, experiments would be conducted to provide direct evidence of
LTBP1 and PPP2CA’s regulatory role in the TGF-f signaling pathway in our future study.

Conclusion

In conclusion, IPC-exo transfer miR-133a-3p to ischemic myocardium to promote cardiac repair by inhibiting excessive
replacement fibrosis post-MI, and mechanism may be related to the direct targeting of LTBP1 and PPP2CA, and indirect
regulation of TGF-f signaling pathway.
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