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Abstract

Molecular mechanisms underlying myocardial ischemia/reperfusion (MI/R) injury and effective strategies to treat MI/R injury
are both in shortage. Although pyroptosis of cardiomyocytes and the protective role of cardiac fibroblasts (CFs) have been
well recognized as targets to reduce MI/R injury and sudden cardiac death (SCD), the connection has not yet been estab-
lished. Here, we showed that CFs protected cardiomyocytes against MI/R-induced injury through suppression of pyroptosis.
A novel molecular mechanism underpinning this effect was further identified. Under hypoxia/reoxygenation condition, CFs
were found to secrete exosomes, which contain increased level of microRNA-133a (miR-133a). These exosomes then deliv-
ered miR-133a into cardiomyocytes to target ELAVL1 and repressed cardiomyocyte pyroptosis. Based on this finding, we
successfully developed a new strategy that used exosomes derived from CFs with overexpressed miR-133a to enhance the
therapeutic outcomes for the MI/R injury. Overall, our results provide a novel molecular basis for understanding and treating
MI/R injury, and our study also provides novel insight for the postmortem diagnosis of MI/R injury induced SCD by using
exosome biomarker in forensic.
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Introduction

Myocardial ischemia/reperfusion (MI/R) injury is now a
well-known pathological incident, which can lead to acute
myocardial infarction, heart failure and even sudden cardiac
death (SCD) [1]. It is worth mentioning that acute myocar-
dial infarction is one of the common causes which increase
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the morbidity and mortality in the population worldwide [2].
In case of acute myocardial infarction, unexpected occlusion
of coronary artery which leads to cardiomyocyte damage is
supposed to occur at the first stage [3]. Therefore, reperfu-
sion is critical to save myocardium, however restoration of
blood flow to the ischemic myocardium paradoxically causes
injury at the second stage. The whole process is deemed as
MI/R injury, which becomes a hot topic in the field of treat-
ment of ischemia heart diseases. The molecular mechanisms
underlying MI/R injury include oxidative stress, inflam-
mation, mitochondrial dysfunction, and cell death [4, 5].
Several strategies for battling MI/R injury and reducing
myocardial infarction size, such as ischemic conditioning,
pharmacological treatment and physical intervention, have
also been developed [6]. However, the molecular mecha-
nisms of MI/R injury are still elusive and the translation of
above mentioned cardioprotective strategies is also far from
satisfactory. Therefore, further exploration of molecular
events during MI/R injury to advance therapeutic develop-
ment is avidly required.

It has become clear that cardiomyocyte death has deter-
minant roles in both MI/R injury, heart failure and SCD [7].
Different forms of cell death, such as necrosis, apoptosis
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and pyroptosis, are involved in MI/R injury. Pyroptosis is a
form of programmed necrosis but different from other pro-
grammed cell deaths, is found to be extensively implicated in
MI/R injury [8]. Pyroptotic cells are characterized by bubbling
and swelling of the cell membrane until the cell ruptures [9].
Specifically, the activation of caspase-1 cleaves gasdermin D
(GSDMD) to generate N-terminal fragment oligomers in the
cell membrane, which leads to pyroptotic cell death through
the formation of large pore [9, 10]. It has been discovered that,
during cardiomyocyte pyroptosis in MI/R injury, NOD-like
receptor protein 3 (NLRP3) inflammasome is activated in car-
diomyocyte, eventually leading to the activation of caspase-1
and release of inflammasome-related cytokines interleukin-1f
(IL-1P) and interleukin-18 (IL-18) [11]. Moreover, pyroptosis
mediated by NLRP3 activation is also able to further aggra-
vate MI/R injury [12, 13]. Hence, targeting pyroptosis sign-
aling pathways to reverse this process has been considered
as a promising therapeutic approach against MI/R injury [8,
14]. Detailed elucidation of the molecular events underlying
cardiomyocyte pyroptosis in MI/R injury to guide therapeutic
intervention thus deserves exploration.

In myocardium, there exist multiple cell types, which can
execute cardioprotective function. As the largest population
of cells in myocardium, cardiac fibroblasts (CFs) are known
to play pivotal roles in cardiac development and maintaining
cardiac function [15]. It is worth noting that the protective
roles of CFs in MI/R injury have recently been demonstrated,
showing that CFs can significantly increase the viability of
cardiomyocytes and decrease myocardial infarct size [16].
Molecular mechanisms underpinning the cardioprotective
function of CFs have been attributed to intercellular commu-
nication between them and cardiomyocytes [17]. Furthermore,
extracellular vesicles including exosomes and microvesicles
have been identified as key intermediates for the intercellu-
lar communication [16, 18]. Extracellular vesicles secreted
by donor cells can carry diverse functional biomolecules
and deliver them into recipient cells, resulting in execution
of function of carried biomolecules in recipient cells [16].
For example, it has been found that CFs derived exosomes
carrying functional microRNAs (miRNAs) or proteins into
cardiomyocytes increase cardiomyocyte survival and protect
against MI/R injury [17, 18]. Nevertheless, studies regarding
to whether and how CFs derived exosomes to avert cardiomyo-
cyte pyroptosis and thus exert cardioprotective function have
largely lagged behind.

The present study aimed to explore whether CFs derived
exosomes protect cardiomyocytes against MI/R injury
through suppressing cardiomyocyte pyroptosis, and to
further investigate the potential molecular mechanisms in
MI/R-induced injury in order to provide a novel approach
for effective treatment of MI/R injury.
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Materials and methods

Cell culture and establishment of hypoxia/
reoxygenation (H/R) injury model

Rat myocardial cell line H9C2 and 293 T cells were pur-
chased from Cell Resource Center of Shanghai Academy
of Sciences, and myocardial fibroblasts were isolated from
neonatal mice as described previously [19]. HOC2 cells,
293 T cells, and CFs were cultured in DMEM (Gibco,
Grand island, NY, USA) with 10% (v/v) fetal bovine serum
(Gibco), and 1% (v/v) antibiotics (100 units/ml penicil-
lin and 100 pg/ml streptomycin (MP Biomedicals, Santa
Ana, CA, USA). The cells were maintained in a humidi-
fied incubator containing 5% CO, at 37°C. When H9C2
cells reached 60-70% confluency, DMEM medium was
replaced with a serum-free and sugar-free medium, and
then the cells were exposed to hypoxia conditions with 1%
0,, 94% N,, and 5% CO, for 6 h. Then, the medium was
replaced by fresh medium and nursery was refilled with air
containing 5% CO, for the indicated time to establish the
cardiomyocyte model of H/R injury. Lipopolysaccharide
(LPS, Sigma-Aldrich) was dissolved in culture medium
and used at concentration of 0.1 pg/ml or 1 ug/ml, and
HI9C2 cells were exposed to culture medium along with
LPS as a positive control.

Cell co-culture

Transwell chambers (Corning Inc., Corning, NY, USA)
containing 6.5 mm-diameter polycarbonate filter (1 pm
pore) were used to co-culture of CFs and H9C2 cells, CFs
were seeded in the upper compartments of cell culture
transwell, while H9C2 cells were cultured on the lower
compartments. H9C2 cells were collected 2 days after co-
culture. Before the co-culture experiments, H9C2 cells
were treated by hypoxia-reoxygenation. Exosome inhibitor
GW4869 (Sigma-Aldrich) was used to treat cultured CFs
in the upper compartments.

Exosome isolation

When cells reached 70-80% confluency, culture medium
was replaced with that containing 5% exosome-depleted
fetal bovine serum (System Biosciences, Palo Alto, CA,
USA) and cultured for 48 h. Exosomes were isolated using
differential centrifugation as reported before [20]. Briefly,
cell culture supernatant was collected after 48 h with exo-
some-depleted medium, and centrifuged twice at 500xg
for 10 min at 4 °C, and then centrifuged once at 2000xg
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for 20 min and 10,000xg for 30 min at 4 °C to remove
debris. The supernatant was centrifuged at 100,000xg for
90 min to pellet exosomes. Further, exosomes were then
washed and resuspended in phosphate buffer saline (PBS,
Gibco) and centrifuged at 10,000xg for 90 min, and puri-
fied by sucrose-gradient centrifugation.

Transmission electron microscope (TEM)

After isolation, the exosome samples were diluted with PBS
(Gibco) and then applied to 200-mesh nickel grids for fixa-
tion. Samples were stained with 2% phosphotungstic acid
(Sigma-Aldrich) for 5 min at room temperature, and air-
dried. Exosomes were detected through the transmission
electron microscope (Hitachi, Tokyo, Japan) at 80 kV.

Dynamic light scattering (DLS)

The detection of exosomes was performed as previously
reported [21]. Briefly, 10 pl aliquot from purified and resus-
pended exosome was diluted in 990 pl PBS (Gibco), mixed
well and loaded into cuvettes. Exosome sample volume of
1 ml was measured and three independent readings were
performed. High Performance Particle Sizer (Malvern,
Worcestershire, UK) was used in this series of experiments,
and data acquisition and analysis were performed using Dis-
persion Technology Software configured for HPPS analysis.

Exosome transfer and co-culture

Exosomes from CFs were stained by green fluorescent linker
PKH67 (Sigma-Aldrich, St. Louis, MO, USA) in accordance
with manufacture’s protocols. H9C2 cells were inoculated
into 24-well plates at the density of 5x 10° cells per well.
Cells were incubated by culture medium containing PKH67
labeled exosomes (20 pg/ml) for 24 h. Then, the samples
were observed and photographed under the fluorescence
microscope (Carl Zeiss, Jena, Germany).

Cell viability assay

Cell viability was determined using Cell Counting Kit-8
(CCK-8, Synthgene, Nanjing, Jiangsu, China). In brief, cells
were plated in 96-well plates (1x 10* cells per well) and
cultured overnight. The cells were then treated with 10 ul of
CCK-8 reagent and cultured at 37 °C for 2 h. Absorbance at
450 nm of each sample was recorded.

RNA isolation and real-time quantitative PCR
(RT-qPCR)

Total RNA was isolated from cultured cells and purified
exosome using TRIzol® reagent (Thermo Fisher Scientific,

Waltham, MA, USA) and RNA was reverse transcribed to
cDNA by using PrimeScript RT reagent Kit with gDNA
Eraser (Takara Bio, Kusatsu, Japan) according to the manu-
facturer’s protocol. RT-qPCR was performed by using SYBR
Premix Ex Taq (Takara Bio) according to the manufacturer’s
protocol on an Applied Biosystems 7300 sequence detection
system (Thermo Fisher Scientific). U6 levels were used to
normalize the relative abundance of miRNAs, and GAPDH
was used to normalize the expression of ELAVL1, NLRP3,
and caspase-1.

Western blot

HO9C?2 cells or rat myocardial tissues were harvested, and
protein was extracted using RIPA lysis buffer (Thermo
Fisher Scientific) that includes protease inhibitors (Roche
Diagnostic, Indianapolis, IN, USA). The protein extrac-
tion process was kept on ice. The quantity of total pro-
tein was determined by BCA assay (Thermo Scientific).
Protein samples (20 ug) were loaded and fractionated by
10% SDS-PAGE and then transferred to polyvinylidene dif-
luoride membrane (Millipore, Billerica, MA, USA). Subse-
quently, membranes were incubated with 5% non-fat milk
containing 0.1% PBST to block nonspecific binding for 2 h
at room temperature and treated with primary antibodies
against ELAVL1 (1:1000, Abcam, Cambridge, MA, USA),
NLRP3 (1:1000, Abcam), cleaved caspase-1 (1:1000, Cell
Signaling Technology, Danvers, MA, USA), and GAPDH
(1:1000, Abcam) at 4°C overnight, respectively, followed by
incubation with the relevant horseradish peroxidase (HRP)
conjugated secondary antibody (1:5000, Abcam) at room
temperature for 2 h. The protein bands were visualized using
an enhanced chemiluminescence kit (Synthgene) and quanti-
fied by analysis using the ImageJ software.

Exosome marker proteins CD9, CD63, and TSG101 were
identified by western blot, the protocol being similar to that
used for cell and tissue protein detection.

Enzyme linked immunosorbent assay (ELISA)

Rat blood and cell culture medium were collected, respec-
tively, and then serum or cell culture supernatant was
obtained through stand procedure with 825Xg centrifuge for
10 min at 4 °C. The activities of specific markers including
IL-1p and IL-18 were determined according to the manufac-
turer's instructions (R&D Systems, Santa Clara, CA, USA).

Cell transfection
The CFs or HOC2 cells were seeded in 6-well plates. MiR-

133a mimic, mimic control, miR-133a inhibitor or inhibitor
negative control (Synthgene) were transfected into H9C2
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cells. MiR-133a mimic or mimic control were transfected
into CFs. When the confluence of cells was up to 60%,
the transfection was performed using Lipofectamine 2000
(Thermo Fisher Scientific) according to the manufacturer's
instructions.

Luciferase reporter assay

The entire 3'-UTR of ELAVLI containing the predicted
binding sites for miR-133a and the binding sequences
mutant ELAVL1 3'-UTR was amplified and inserted into a
luciferase reporter plasmid (Promega, Madison, WI, USA).
For the luciferase reporter assay, cells were plated in 24-well
plates, and each well was transfected with 1 pg of luciferase
reporter plasmid, 1 pg of p-galactosidase plasmid (internal
control), and 100 pmol of miR-133a mimic or control mimic
using Lipofectamine 2000 (Thermo Fisher Scientific). After
48 h, luciferase signals were measured using a luciferase
assay kit according to the manufacture’s protocol (Promega).

Animals model

Male Sprague—Dawley rats (8—10 w and ca. 220 g weight)
were obtained from Nanjing Biomedical Research Institute
of Nanjing University. All animals were raised according to
the standard procedure, and experiments were performed in
an ethical manner, being approved by the ethics committee
of Nanjing Medical University. Following acclimatization
at least 1 week, the rats were randomly divided into four
groups before the operation: sham, I/R, I/R added exosomes,
I/R added exosomes from overexpressed miR-133a CFs. The
methods of myocardial I/R model building refer to previ-
ous articles [22]. Rats were anesthetized by use of sodium
pentobarbital (45 mg/kg, ip), and subsequently, the left coro-
nary artery (LCA) was exposed using left thoracotomy at
the fifth intercostal space. Following LCA ligation with 7-0
silk sutures, a smooth catheter was introduced and advanced
down the artery to achieve ischemia for 30 min, and then
rats were sacrificed after reperfusion for 120 min. The sham
group rats underwent similar surgery, but without the LCA
I/R, and were treated with saline. In other groups, rats were
injected with PBS or same volume PBS that containing
200 pg exosome into myocardium after I/R injury.

Hematoxylin and eosin (HE) staining

After we excised the myocardial tissues from the animals,
tissues were fixed with 4% paraformaldehyde (Thermo
Fisher Scientific) for 24 h and then paraffin-embedded. Sec-
tions of 4 um were cut and staining was carried out accord-
ing to the protocol of HE staining (Beyotime Biotechnology,
Beijing, China).
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Tunel detection

The hearts of rats were isolated and fixed in 4% paraform-
aldehyde (Thermo Fisher Scientific) and were then embed-
ded in paraffin, and TUNEL staining was processed using a
Colorimetric TUNEL Apoptosis Assay Kit (Beyotime Bio-
technology) according to the manufacturer's instructions.
All nuclei were stained by DAPI. TUNEL-positive staining
patterns were acquired using optical microscope (Olympus,
Tokyo, Japan) with a 10X or 40X objective.

Statistical analysis

All data were expressed as the mean + standard deviation
(SD) of three independent experiments. Student’s t-test
was used for comparison between two groups, and one-way
ANOVA was performed to test the mean difference between
multiple groups. All analysis was carried out by GraphPad
Prism 5.0 (GraphPad Software Inc., La Jolla, CA, USA) and
p value < 0.05 was considered statistically significant.

Results

Pyroptosis of cardiomyocytes is involved in H/R
injury

Cell pyroptosis was induced in cardiomyocytes treated
with hypoxia followed by reoxygenation with oxygenated
solution to mimic MI/R-induced injury. LPS was used as a
positive control. As shown in Fig. 1A, in comparison with
control group without treatment, a significant cardiomyocyte
death was observed in H/R group and LPS group. We next
measured expression levels of prominent makers for H/R
injury and pyroptosis, including ELAV-like RNA-binding
protein 1 (ELAVLI) [23], NLRP3, and caspase-1 in cardio-
myocytes. As shown in Fig. 1B-D, the mRNA and protein
levels of NLRP3 and caspase-1 were upregulated in H/R
and LPS groups. The mRNA level of ELAVL1 remained
unchanged, but its protein level was significantly increased
in H/R and LPS groups. We also measured inflammatory
cytokines IL-1p and IL-18 secreted by cardiomyocytes. As
expected, the expression levels of IL-1f and IL-18 in the
culture medium were obviously increased in H/R and LPS
groups (Fig. 1E, F). These data suggest that pyroptosis of
cardiomyocytes is exerted in H/R injury.

CFs avert pyroptosis of cardiomyocytes

Next, we investigated whether CFs can avert pyroptosis,
a well-recognized phenomenon of MI/R injury which
can further aggravate MI/R injury. Excitingly, upon
incubation with CFs, cardiomyocytes treated with H/R
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Fig. 1 Pyroptosis of cardiomyocytes is involved in H/R injury. A Cell
viability in H/R cardiomyocytes was measured by CCKS kit, the time
points indicate the reoxygenation time course after 6 h hypoxia. B
RT-qPCR assayed ELAVL1, NLRP3, caspase-]1 mRNA expression
levels in H/R cardiomyocytes with 6 h hypoxia/lh reoxygenation. C

underwent significantly lowered cell death (Fig. 2A). We
then checked the expression levels of pyroptosis markers
in cardiomyocytes and inflammatory cytokines released by
cardiomyocytes. As shown in Fig. 2B and C, co-incubation
of CFs obviously decreased protein levels of ELAVLI,
NLRP3, and caspase-1 in cardiomyocytes treated with
H/R. Similarly, IL-1p and IL-18 levels were decreased
by CFs (Fig. 2D, E). Since previous reports have indi-
cated that CFs can exert cardioprotective function through
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and D Western blot detected the protein levels of ELAVLI1, NLRP3,
and cleaved caspase-1 in H/R cardiomyocytes. E and F The IL-1p
and IL-18 expression levels were determined by ELISA kit. LPS
was used as a positive control. n=3, data are shown as mean+ SD.
*p <0.05, *¥p <0.01 vs. the control group

secreting exosomes [24], we used GW4869 to inhibit the
secretion of exosomes by CFs. As shown in Fig. 2A, the
treatment of GW4869 diminished the suppressive effect
of CFs on pyroptosis in cardiomyocytes. Consistently, the
suppression of the expression levels of pyroptosis markers
and inflammatory cytokines were reversed by treatment
with GW4869 (Fig. 2B-E). Taken together, CFs can avert
pyroptosis of cardiomyocytes induced by H/R and this
protective effect depends on exosomes secreted by CFs.
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Fig.2 CFs avert pyroptosis of cardiomyocytes. H/R cardiomyocytes
co-culture with CFs, GW4869 (10 uM) was used to inhibit the exo-
some secretion from CFs. A CCKS kit was used to measure the cell
viability. B and C Protein levels of ELAVL1, NLRP3, and cleaved

Exosomes secreted by CFs reduce pyroptosis

of cardiomyocytes

To further probe the roles of exosomes in suppressing
pyroptosis of cardiomyocytes, we first isolated exosomes
secreted by CFs. Positive expression of exosome markers,

Fig.3 Characterization of CF-
derived exosomes. A Western
blot detected the exosome
protein biomarkers CD9, CD81,
TSG101. B and C Exosome
morphological characteristics
and size were determined by
transmission electron micro-
scope and dynamic light
scattering. D Fluorescence
microscope was used to trace
the CFs exosome location in
H/R cardiomyocytes
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caspase-1 were detected by western blot and quantitative analy-
sis of the protein expression. D and E IL-1p and IL-18 expression
was determined by ELISA kit. n=3, data are shown as mean+SD.

including CD9, CD81, and TSG101, confirmed the suc-
cessful isolation of exosomes (Fig. 3A). The morphology
and size of exosomes were also verified by transmission
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electron microscope (TEM) and dynamic light scattering
analysis (DLS) analysis (Fig. 3B, C). We then fluorescently
labeled the isolated exosomes and co-incubated them with
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cardiomyocytes. As shown Fig. 3D, significant uptake of
exosomes in cardiomyocytes was observed (Fig. 3D), sug-
gesting that exosomes secreted by CFs may have biological
function in cardiomyocytes.

We then treated cardiomyocytes with H/R or simultane-
ously with exosomes from CFs. Cell death was first exam-
ined. As shown in Fig. 4A, exosomes from CFs remarkably
suppressed cardiomyocyte death rates elicited by H/R. We
also measured expression levels of pyroptosis markers in
treated cardiomyocytes and inflammatory cytokines secreted
by cardiomyocytes. Consistent results were obtained, show-
ing that exosomes remarkably decreased the expression of
these biomolecules (Fig. 4B-E). Taken together, exosomes
secreted by CFs can reduce cardiomyocyte pyroptosis in H/R
injury, supporting that cardioprotective function of CFs in
MI/R injury is executed through reducing pyroptosis of car-
diomyocytes by exosomes.

Exosome miR-133a targets ELAVL1
in cardiomyocytes

To further reveal the underlying molecular mechanism,
we then analyzed the contents in exosomes secreted by
CFs. As a class of gene regulators, miRNASs can suppress
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Fig.4 CFs reduce pyroptosis of cardiomyocytes through exosomes.
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gene expression at the post-transcriptional level [25]. It
has been demonstrated that the intercellular communica-
tion of CFs with cardiomyocytes can be elicited by exo-
some miRNAs [18]. However, whether exosome miRNAs
can suppress pyroptosis of cardiomyocytes remains under-
explored. We focused on the functional consequences of
miRNAs in exosomes secreted by CFs. Moreover, since
ELAVLI is a RNA-binding protein that exhibits a pro-
inflammatory function [26] and knockdown of ELAVL1
inhibits pyroptosis of cardiomyocytes [23], we continued
further investigation with a focus of miRNA-mediated
silencing of ELAVLI. It is also worth mentioning that
exosomes of CFs indeed down-regulated ELAVL1 pro-
tein levels in cardiomyocytes (Fig. 4B, C). We then used
computational methods, including TargetScan, miRWalk,
and miRDB, to predict miRNAs that can target ELAVLI.
As shown in Fig. 5A, we found 6 miRNAs that could be
simultaneously predicted by these three methods. We then
measured levels of these miRNAs in exosomes secreted
by CFs and found that miR-133a was significantly abun-
dant (Fig. 5B). To validate whether miR-133a targets the
3'-untranslated region (3’-UTR) of ELAVLI1, we inserted
the predicted binding site of miR-133a in ELAVLI into
3'-UTR of luciferase (Fig. 5C). As a control, we mutated
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that co-cultured with exosome. n=23, data are shown as mean+ SD.
*p<0.05, ¥*p<0.01, ***p <0.001 vs. the control group
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the binding site and constructed a mutant luciferase
reporter gene using the same method. Luciferase signals
in cardiomyocytes that were co-transfected with lucif-
erase reporter gene and miR-133a or scramble control
(NC) were measured, confirming that miR-133a regu-
lated ELAVL1 through binding to its 3’-UTR (Fig. 5D).
We further explored the function of miR-133a through
transfecting cardiomyocytes with miR-133a mimic or
antisense miR-133a. Expression levels of ELAVL1 and
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other pyroptosis markers were then checked, showing
that miR-133a significantly decreased protein levels of
ELAVLI1, NLPR3, and caspase-1 (Fig. 5SE, F). In con-
trast, knockdown of miR-133a with antisense miR-133a
had opposite effects (Fig. SE, F). Meanwhile, cell death
rates were also decreased by miR-133a and increased by
antisense miR-133a (Fig. 5G). Taken together, miR-133a
in exosomes secreted by CFs can reduce pyroptosis of
cardiomyocytes through suppressing ELAVLI.
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Finally, based on these findings, we explored the possi-
bility by using exosome miR-133a to protect MI/R injury
in vivo. We developed the MI/R injury rat models and
treated them with exosomes secreted from CFs or CFs
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with miR-133a overexpression. Heart tissues were then
collected and expression levels of pyroptosis markers
were investigated. As expected, I/R treatment signifi-
cantly increased ELAVL1, NLRP3, and caspase-1 pro-
tein levels (Fig. 6A, B). In comparison, exosomes derived
from CFs down-regulated the expression levels of these
pyroptosis markers. Notably, exosome with miR-133a
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overexpression remarkably decreased expressions of these
markers. Moreover, the expression levels of inflamma-
tory cytokines in heart tissues were also modulated in a
similar pattern (Fig. 6C, D). Cardiomyocyte deaths were
aggravated by I/R treatment and significantly reduced by
exosomes or exosomes with miR-133a overexpression
(Fig. 6E). Taken together, exosomes derived from CFs can
reduce pyroptosis of cardiomyocytes and protect MI/R
injury in vivo. This effect can be further strengthened by
using exosomes from CFs with miR-133a overexpression.

Discussion

MI/R injury is a life-threatening event that can lead to
acute myocardial infarction, heart failure and SCD. Explo-
ration of molecular mechanisms involved in MI/R injury
and development of therapeutic strategies to reduce MI/R
injury are thus actively pursued. While plenty of efforts
have been made, the underlying molecular mechanisms
are still not well elucidated and strategies to protect MI/R
injury have not shown enough effectiveness in therapeu-
tic treatment [5, 6]. Related studies are thus still highly
demanded. In this paper, we reported a novel molecular
event during MI/R injury. We found that cardioprotective
function of CFs on MI/R injury resulted from suppression
of cardiomyocytes pyroptosis.

It has been well demonstrated that cardiomyocytes
death, including pyroptosis, is vital and can be a target
to protect MI/R injury [7, 8, 13]. Moreover, while CFs
have long been known to have protective roles in MI/R
injury [16], connection between CFs and cardiomyo-
cytes pyroptosis have not been unveiled. In this paper, we
revealed that suppression of cardiomyocyte pyroptosis is a
key process for CFs to protect MI/R injury. This phenom-
enon then drove us to explore the underlying molecular
events. For this goal, we focused on exosomes and bio-
molecules packaged inside that were known to mediate
the intercellular communication between CFs and cardio-
myocytes [17, 27]. For instance, previous reports indicate
that exosomes derived from CFs increase cardiomyocytes
survival through delivering tissue inhibitor of metallopro-
teinases-1 [16, 27]. In our findings, we also discovered that
exosomes derived from CFs could suppress pyroptosis and
reduce MI/R injury. Delineating the key biomolecules in
exosomes of CFs that are involved in this process is thus
of great importance to advance both understanding and
therapeutic development of MI/R injury.

As endogenous gene silencers, miRNAs have gained
much attention, due to their extensive involvement in
both physiology and pathology [28]. Previous reports
have indicated the important roles of miRNAs in cardi-
omyocytes and CFs. For instance, during pyroptosis of
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cardiomyocytes, miRNA-9 that can regulate ELAVLI1 to
reduce pyroptosis is decreased [23]. For controlling prolif-
eration and migration of CFs, miRNA-19b is found to play
pivotal roles through targeting Pten [29]. These pieces of
evidence suggest that miRNAs may be involved in suppres-
sion of pyroptosis and reducing MI/R injury by exosomes
of CFs. Notably, miRNAs are also found to be enriched in
exosomes of CFs and exert cardioprotective function [18,
30]. According to our results, we found that miR-133a was
enriched in exosomes of CFs and delivered into cardiomy-
ocytes to repress pyroptosis through regulating ELAVLI.
This novel mechanism thus provided us a strategy that
used exosomes with overexpression of miR-133a to further
enhance the therapeutic outcomes of exosomes from CFs.
Both caspase-1 and caspase-11 have been shown to be
involved in the pyroptosis of cardiomyocytes under H/R
condition. Our study showed that caspase-1 is activated by
H/R in cardiomyocytes while decreased with the co-incu-
bation of CFs, suggesting caspase-1 activation is impor-
tant to pyroptosis of cardiomyocytes. In consistence to our
data, Zhen Qiu et al also showed the exacerbated MI/R
injury in diabetic rats is associate with the upregulated
levels of both procaspase-1 and active caspase-1 (Oxid
Med Cell Longev. 2017;2017:9743280.). However, a most
recent study showed that H/R specifically activates inflam-
masome through caspase-11 but not caspase-1 in cardio-
myocytes. (Circ Res. 2021 Jul 23;129(3):383-396.). The
mechanisms underlying the selective action of caspase-1
or caspase-11 is largely unknown but deserve future inves-
tigation. Moreover, while we focused on miRNAs encap-
sulated in exosomes in our study, systematic analysis of
exosomes of CFs deserves exploration in the future, since
many biomolecules are key orchestrators in MI/R injury
[14, 31, 32].

Most of the current studies focused on mesenchymal
stem cell (MSC)-exosome that attenuated myocardial
injury [33]. However, the relationship between CFs exo-
some and myocardial injury is largely unknown. In this
study, we focused on the CFs exosome effect myocardial
cell pyroptosis through miRNAs. Pyroptosis is a form of
cardiac cell death that affects MI/R injury. Autophagy and
apoptosis are both vital and they can be targets to protect
against MI/R injury [34-36]. So whether CFs ameliorate
MI/R injury through myocardial autophagy and apoptosis
needs to be further explored. Exosome contains a vari-
ety of functional molecules, including mRNAs, miRNAs,
IncRNAs, and proteins, which is involved in intercellular
communication through transferring their genetic contents
[37]. We confirmed that exosome from CFs delivers miR-
133a into cardiomyocytes to repress pyroptosis. However,
whether exosome from CFs delivers other components to
participate in MI/R injury needs additional studies. MI/R
is a therapeutic approach for reducing disease injury, but
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also leads to cell death and additional cell dysfunction
[38]. Our research showed that CFs suppress myocardial
pyroptosis and reduce MI/R injury through exosome miR-
133a by suppressing the expression of ELAVLI in myo-
cardial cells. The results provide a theoretical basis and
treatment targets for the protection of MI/R injury. It sug-
gested that using exosomes with overexpression of miR-
133a or knockdown of ELAVLI expression could further
enhance the therapeutic outcomes of MI/R injury.

In summary, we have revealed a novel mechanism
regarding to the cardioprotective roles of CFs in suppress-
ing cardiomyocytes pyroptosis and ameliorating MI/R
injury. The discovery of this new signaling pathway may
pave a way to facilitate both understanding and therapeutic
treatment of MI/R injury.
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