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Abstract: Exosomal miRNAs are used as novel non-invasive biomarkers for detection strategies of human disease.
Here, we aimed to investigate the potential clinical value of exosomal miRNAs for myocardial infarction (Ml) diagno-
sis and treatment. Differentially expressed miRNAs were obtained from normal cardiomyocytes, M| cardiomyocytes
and adjacent normal cardiomyocytes using miRNA microarray analysis. Exosomes were isolated by centrifugation
and identified by transmission electron microscopy (TEM) and western blot. The expression of miR-328-3p in exo-
somes was then verified by gRT-PCR. Cell apoptosis was measured using flow cytometry and TUNEL analysis. The
MI severity was confirmed by masson’s trichrome staining and echocardiography. MiR-328-3p was significantly
increased in the MI cardiomyocytes and adjacent normal cardiomyocytes. We further confirmed miR-328-3p in-
creasing in the exosomes from MI cardiomyocytes, which can be taken into normal cardiomyocytes. Furthermore,
exogenous exosomal miR-328-3p increased apoptosis of cardiomyocytes and promoted MI. Genes regulated by
miR-328-3p are mainly enriched in Caspase signaling, which is an important apoptosis regulating signaling path-
way. Additionally, Caspase-3 inhibitor, Z-DEVD-FMK, reversed apoptosis and MI promoting function of miR-328-3p.
Exosomal miR-328-3p is a potential novel diagnostic biomarker and therapeutic target for MI, and Z-DEVD-FMK

could reverse the apoptosis progression induced by miR-328-3p.
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Introduction

Although the mortality rate of myocardial in-
farction (MIl) has much improved since rapid
revascularization of occluded coronary arteries
became common practice, M| remains to be
one of the leading causes of death and chronic
heart failure [1]. Small molecule therapy has
been recognized as a promising treatment
option to restore damaged myocardium after
MI [2]. Although there are treatments to miti-
gate the initial cardiac damage during an acute
M, there is a need for novel treatments to mini-
mize subsequent cardiac remodeling that can
adversely affect heart function. In this context,
identifying new targets to improve tissue repair,
including preservation of the cardiac microvas-
culature, clearance of apoptotic cells, and tis-
sue regeneration, are of great interest [3, 4]. So
far, various types of small molecule including
exosomes and microRNAs (miRNAs) have been
reported to reduce infarct size and improve
myocardial function after MI; however, mecha-

nisms underlying the effects of stem cell thera-
pies remain unclear [5, 6].

Exosomes are small vesicles ranging from 30 to
100 nm in size that contain proteins, lipids, as
well as various types of nucleic acids, including
DNA, RNA, and miRNAs [7]. Reports have sug-
gested that the myocardial tissue secretes exo-
somes, and which could be an important mech-
anism involved in heterocellular communication
in the adult heart, especially exosomes emerg-
ing in the border zone of MI [8]. In addition, it
needs to be mentioned that the type and quan-
tity of exosomes derived from the border zone
and normal myocardium were different. Kanada
reported that exosomes from the same source
did not deliver functional nucleic acids, sug-
gesting the selectivity and importance of exo-
somal miRNA transfer [9]. In a human study,
miR-1 and miR-133a are increased in serum of
patients with acute coronary syndrome. Fur-
thermore, using a mouse Ml model, the authors
have shown that miR-133a is released in exo-


http://www.ajtr.org

Exosomal miR-328-3p promote apoptosis

somes from cardiamyocytes under ischemia
[10]. MiR-214 has been shown to be upregulat-
ed in the heart after ischemia; it has also been
shown to be secreted in exosomes from human
endothelial cells [11, 12]. All the above results
suggest that exosomes transport miRNA in-
formation, and different cell-derived exosomes
induced selective miRNA profile expression,
which may protect cell from death in the
ischemia.

mMiRNAs are small non-coding RNAs that bind to
complementary sequences on mRNAs and reg-
ulate many biological processes [13]. Many
mMiRNAs are known to be involved in the patho-
physiology of various cardiac diseases and the
repair and regeneration of cardiac tissues [14].
In recent studies, miRNAs, including miRNA-
15b, miRNA-34a, miRNA-92a, and miRNA-320
have been reported to be involved in the regula-
tion of cardiomyocyte apoptosis after Ml [15].
Given that paracrine factors exert anti-apoptot-
ic effects, there may be a link between the
actions of paracrine factors from transplanted
stem cells and the roles of miRNAs in stem cell
therapies for MI. In addition, even though a few
potential mechanisms have been proposed for
beneficial effects of stem cell therapies, there
have been no reports related to the role of miR-
NAs in paracrine effect of transplanted MSC.
miR-34a has been reported to activate Ca-
spase, which initiated apoptosis. Caspases,
the interleukin-1B-converting enzyme family
proteases, are highly homologous to Caenor-
habditis elegans cell death gene CED-3 (IRE1x
cleaves select microRNAs during ER stress to
derepress translation of proapoptotic Caspase-
2) [186].

In the present study, our data revealed miR-
328-3p was observably increased in the Ml car-
diomyocytes tissues and exosomes. A range of
molecular biological methods were performed
to detect the effect of miR-328-3p in the devel-
opment and occurrence of M, and to clarify the
underlying molecular mechanisms. Our study
showed that miR-328-3p might act as an apop-
tosis promoter in Ml and provided a theoretical
basis for optimizing treatment strategies.

Materials and methods
Ethical approval and mouse model of Ml

All experimental procedures were performed
in accordance with the ARRIVE guidelines for
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research [17], and the Fudan University In-
stitutional Animal Care and Use Committee
approved all protocols (2018-0054A). The
recipient male BALB/C nude mice (weight 20 g
to 22 g, Slaccas Animal Laboratory, Shanghai,
China) were intraperitoneally anesthetized with
45 mg/kg of pentobarbital, intubated, and then
ventilated at 110 breaths per min. In the sham
group, mice were subjected to sham surgery
followed by medium injection. In the surgery
group, the left anterior descending (LAD) coro-
nary artery was proximally ligated with an 8-0
silk suture via a left thoracotomy incision. The
animals were maintained in the Fudan Uni-
versity Animal Experiment Center and were
kept in a specific pathogen-free facility at a con-
trolled temperature (23 + 2°C) and humidity
(55 *+ 5%) with a 12 h artificial light-dark cycle.

Masson’s trichrome staining and TdT-UTP nick
end labeling (TUNEL) assays

For histopathology, fixed heart tissues were
embedded in paraffin, and cut into 4 ym sec-
tions. Collagen in myocardium sections was
stained using the Masson’s trichrome method.
The infarct area was measured as the percent
ratio (%) of the injured area, divided by the
whole myocardium area in each rat. TUNEL
were performed according to the manufactur-
er's instructions for the one-step TUNEL kit
(C1091, Beyotime, Shanghai, China). HOC2 ce-
lls were fixed onto poly-(L-lysine)-coated slides
with 4% paraformaldehyde. After being rinsed
by PBS, cells were permeabilized with 0.1%
Triton X-100. After three times of washes by
PBS, cells were incubated in 50 ml of TUNEL
reaction mixture for 1 hour at 37°C in dark-
ness. Then cells were incubated with 50 ml of
DAPI for 2 min at room temperature. Fluo-
rescence microscopy (488 nm excitation; 530
nm emissions) captured the images; green
fluorescence represented TUNEL positive,
apoptotic cells.

Exosome isolation and quantification

Exosomes were isolated from plasma of Ml car-
diomyocytes, adjacent normal cardiomyocytes
and normal cardiomyocytes. After centrifuged
at 3000 g for 15 min at 4°C, the supernatant
was collected. A total of 250 uL of plasma was
mixed with ExoQuick exosome precipitation
solution (EXOQ5A-1, System Biosciences, USA)
and exosome isolation was performed ac-
cording to the manufacturer’'s instructions.
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Exosomal protein was measured by the BCA™
Protein Assay Kit (23225, Pierce, USA). CD34
(1/10000, ab81289, Abcam, Uk), CD81 (1/
1000, ab109201, Abcam), CD44 (1/2000,
ab157107, Abcam), CD200 (1/100, ab203887,
Abcam) and CD105 (1/1000, ab169545, Ab-
cam) were used as exosomal markers for exo-
somes. The exosomes were used for following
experiments immediately or stored at -80°C.

Transmission electron microscopy (TEM)

The exosomes were observed by TEM. Exo-
somes were isolated and fixed in 1% glutaralde-
hyde for 10 min, washed with deionized water.
Approximately 10 yL of exosome suspension
was placed on formvar carboncoated 300-
mesh copper electron microscopy grids (CB8-
2090836, SIGMA, Switzerland), and incubated
for 5 min at room temperature. Then exosomes
were negatively stained with 2% uranyl oxalate
for 1 min at room temperature. The grids were
washed with three times of PBS and air dried
for 5 min. Images were obtained by TEM (JEM-
2100, Jeol, Japan).

Western blot

Treated cells were collected, and lysates were
prepared in lysis buffer (50 mM EDTA, 50 mM
NaCl, 1% Triton X-100) containing a protease
inhibitor cocktail (P1030, Beyotime, China). The
protein determination method is BCA. An equal
amount of total cell lysate (30 pg) was sepa-
rated on 12% SDS-PAGE gels and transferred
to PVDF membranes. Following antigen block-
ing with QuickBlock™ Blocking Buffer for west-
ern blot analysis (P0252; Beyotime Institute of
Biotechnology), the membranes were incubat-
ed with primary antibodies against cleaved-
Caspase 3 (1 yg/ml; ab2302, Abcam), cleaved-
Caspase 3 (1/10000; ab32499, Abcam) and
B-actin (1/200, ab115777, Abcam) overnight.
Then, the membranes, which were rinsed with
TBST, were incubated with goat anti-rabbit sec-
ondary antibody (1:1,000; A0208; Beyotime)
and visualized with chemiluminescence (New
England Nuclear, Boston, MA, USA) by Image
Lab software (Bio-Rad Laboratories, Hercules,
CA, USA). The experiments were performed in
triplicate.

miRNA microarray of exosomes

Exosomes from mice MI cardiomyocytes, adja-
cent normal cardiomyocytes and normal car-

2367

diomyocytes were collected for microarray
analysis. Agilent mouse mMIiRNA microarray
(v19.0; Agilent Technologies Inc., Santa Clara,
CA, USA) was used in the analysis. miRNAs
were labeled and hybridized with miRNA
Complete Labeling and Hybridization kit (Agilent
Technologies) according to the manufacturer’s
protocol. The original data files were processed
by Feature Extraction software. Signals were
normalized using Gene Spring GX software
11.0 (Agilent Technologies). ANOVA was used
to compare the different miRNA expressions.

Exosome treatment

Exosomes were isolated from 5x10° Ml cardio-
myocytes, Cells were planted into 6-well plates
one day before treatment. When the cells grew
at about 70% of confluent, 200 pg of exosomes
were directly added into cells. PBS was added
as control. Forty-eight hours after treatment,
cells were collected for the following experi-
ments.

Quantitative real-time PCR

Total RNA was isolated from cells or exosomes
using Trizol reagent (15596018, Invitrogen,
USA). cDNA was synthesized from total RNA
using the RevertAid First Strand cDNA Synthesis
Kit (K1622, Thermo Scientific, USA) and miDE-
TECT A TrackTM miRNA gRT-PCR starter Kit
(AM1558, Invitrogen). U6 snRNA was used as
an endogenous control to normalize miRNA
expression in cells, and cel-miR-39 was used to
normalize miRNA expression in exosomes be-
tween the samples. The primers of U6 (mi-
RAN0002-1-200) and cel-miR-39 (MQPS000-
0072-1-200) were purchased from RiboBio,
China. Relative miRNA expression levels were
calculated by the 222¢t method. All samples
were tested thrice.

Echocardiography

5 weeks after MI operation, Echocardiogra-
phy was performed with a 14-Hz ultrasound
probe (Hewlett Packard Sonos 5500, CA, USA).
Data of left ventricular end-diastolic dimension
(LVEDD), heart rate and left ventricular end-
systolic diameter (LVESD) were collected. In the
parasternal short-axis view, the heart was first-
ly imaged in two-dimensional (2D) mode. From
this view, an M-mode cursor was positioned
perpendicular to the interventricular septum
and posterior wall of the left ventricle (LV) in the
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direction of the chordae tendineae. From this
position, M-mode images were obtained to
measure chamber dimensions and wall thick-
ness according to the leading-edge convention
adapted by the American Society of Echocar-
diography.

Annexin V staining

Apoptotic cells were quantified using the Flu-
orescin isothiocyanate (FITC) annexin V apo-
ptosis detection kit 1 (BD Biosciences Phar-
mingen, San Diego, CA, USA), according to the
manufacturer’s instructions. The trypsinized
cells were stained with FITC annexin V and
propidium iodide (PI) and then analyzed by flow
cytometry using a BD FACS Canto (BD
Biosciences, San Jose, CA, USA). The total area
of annexin V positive cardiomyocytes was
determined by computerized morphometry (BD
FACS Diva software).

Statistical analysis

All statistical analyses were performed using
the SPSS 21.0 software, and the graphs we-
re generated using GraphPad Prism 6.0
(GraphPad Software, San Diego, CA, USA). All
data are presented as the mean + SD and were
analyzed by the means of two-tailed indepen-
dent sample one-way ANOVA, chi-square test
and Student’s t-test. The p-values were two-
sided, and the value of 0.05 was defined as sta-
tistically significant.

Results

Identifying exosomal miRNAs secreted from
cardiomyocytes during Ml

We first determined the effects of LAD coronary
artery ligation in mice model establishment.
The mice that received LAD coronary artery
ligation surgery developed larger necrosis area
compared to control group alone (Figure 1A).
The result indicates that Ml mice model were
established successfully. We next examined
the miRNA profile of normal cardiomyocytes
and Ml cardiomyocytes. miRNA expression pro-
filing revealed that 54 miRNAs were significant-
ly increased and 98 miRNAs were significantly
decreased in the MI cardiomyocytes compar-
ed to normal cardiomyocytes. Some exoso-
mal miRNAs including miR-328-3p, miR-326-
3p, MiR-210-3p, MiR-574-3p, MiR-5100, miR-

2368

193a-3p, miR-146a-5p, miR-573-5p, miR-632-
3p, MiR-8101-3p and miR-1904-3p were in-
creased, while others such as miR-110-
5p, MiR-653-3p, miR-27a-3p, MiR-25-3p, MiR-
6418-5p, MmiR-6003, miR-4119, miR-3102-5p
and miR-5113 were decreased by more than
2-fold in Ml tissues compared to normal cardio-
myocytes (Figure 1B). We also examined the
miRNA profile of normal cardiomyocytes and
adjacent cardiomyocytes to Ml tissues. miRNA
expression profiling revealed that 63 miRNAs
were significantly increased and 76 miRNAs
were significantly decreased in the adjacent
cardiomyocytes compared to normal cardiomy-
ocytes. Some exosomal miRNAs including miR-
328-3p, miR-7d-3p, miR-468-5p, miR-1893-5p,
miR-324-3p, miR-324-3p, miR-468-3p, mMiR-
335-3p, miR-681, miR-17-3p, miR-1947 and
miR-193a-3p were increased, while others
such as miR-1893-3p, miR-1187, miR-31a-3p,
miR-191a-3p, miR-1231-5p, miR-210-3p, miR-
335-5p, miR-31a-5p and miR-6004 were
decreased by more than 2-fold in MI tissues
compared to normal cardiomyocytes (Figure
1C). It is interesting that miR-328-3p signifi-
cantly increased in both Ml cardiomyocytes and
adjacent cardiomyocytes compared to normal
cardiomyocytes. Considering that the MI car-
diomyocytes and normal cardiomyocytes can-
not direct contact entirely, we hypothesized the
reason for this phenomenon is exosomes trans-
fer miR-328-3p from MI cardiomyocytes to nor-
mal cardiomyocytes. To explore the reason, we
collected and isolated exosomes from the MI
tissues and normal cardiomyocytes. The exo-
somes were observed by transmission electron
microscopy (Figure 1D). The exosomes were
positive for exosomal proteins CD34, CD81,
CD44, CD200 and CD105 (Figure 1E). We then
examined exosomal miRNA expression profile.
Total RNAs were extracted and subjected to
miRNA microarray. Some exosomal miRNAs
including miR-124a-5p, miR-564-3p, miR-438-
3p, miR-328-3p, MiR-153a-3p, MmiR-4100 and
miR-320-3p were increased, while others such
as miR-5404, miR-3455-3p, MiR-1226 were
decreased by more than 2-fold in MI cardiom-
yocytes compared to normal cardiomyocytes
(Figure 1F). MiR-328-3p is the intersection of
these three miRNA microarray sets (Figure 1G).
We selected miR-328-3p, which showed similar
expression pattern in vitro and in vivo for fur-
ther investigation.
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Figure 1. Exosomal miRNAs secreted from cardiomyocytes during MI. (A) Representative images of Masson’s tri-
chrome staining of whole heart tissue at 4 weeks after LAD coronary artery ligation surgery. (B) Representative
upregulated or downregulated microRNAs from normal heart tissues in contrast to Ml heart tissues. (C) Representa-
tive upregulated or downregulated microRNAs from normal heart tissues in contrast to Ml adjacent normal tissues.
(D) Transmission electron microscopy of exosomes derived from heart tissues. Scale bar represents 200 nm. (E)
Western blotting analysis of CD34, CD81, CD44, CD200 and CD105 in exosomes from normal heart tissues and Mi
tissues and lysate of Ml cells. Each lane was loaded with 10 ug exosomal protein. (F) RNAseq revealed a different
miRNA expression profile of exosomes isolated from Ml tissues compared to control exosomes. (G) Intersection of
differential miRNA between differential miRNAs of result (B, C and F).

Effect of Ml cardiomyocytes-derived exosomes
on cardiac apoptosis and morphology

It has long been known that apoptosis is the
main feature of MI. Cardiomyocytes apoptosis
contributes to Ml progression. To explore whe-
ther MI cardiomyocytes-derived exosomes pro-
mote apoptosis, we analyzed apoptotic level of
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cardiomyocytes by FACS after treated with
increasing concentrations of exosomes form Ml
cardiomyocytes for 24 hours. The number of
apoptotic cells increases after treated with car-
diomyocytes-derived exosomes (Figure 2A).
Cardiomyocytes treaded with exosomes were
observed by microscope. Hochest stanning
assay showed that the nuclear fragmentation
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Figure 2. Exosomes from MI cardiomyocytes enhances apoptosis in cardiomyocytes. HOC2 cells were treated with
different concentration (1*108/ml for normal concentration and 1*107/mifor high concentration) of exosomes from
MI cardiomyocytes for 24 hours. A. Cells were stained with Annexin V-FITC/PI, and apoptosis was analyzed by flow
cytometry (****P < 0.001.). B. The Hochest stanning assay was performed. Images were captured by fluorescence
microscopy. The blue color marks the nucleus of all cells. The percentage of nuclear fragmentation cells is reported
(****P < 0.001.). C. Representative Masson'’s trichrome-stained histological sections to measure infarct size 10
days after coronary ligation. D. Echocardiographic measurements were performed 10 days after coronary ligation.
Representative M-mode images at the papillary muscle level were recorded for various groups. E. Representative
H&E-stained histological sections (magnification of x200) of left ventricle from rats subjected to treatment for 10
consecutive days with MI cardiomyocytes-derived exosomes. Mean + SEM.

were increased in cells undergoing apoptosis diomyocytes. Based on the Masson’s trichrome
after treated with MI cardiomyocytes-derived staining (Figure 2C), the exosomes treated
exosomes, respectively (Figure 2B). This finding group had a remarkably reduced infarct size in
shows that MI cardiomyocytes-derived exo- the left ventricle compared with the control
somes treatment enhances apoptosis in car- group at 10 days following exosomes transplan-
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Figure 3. The exosomal miR-328-3p was transferred from M| cardiomyocytes to the normal cardiomyocytes. A. Fluo-
rescently labeled exosomes entered into cardiomyocytes. Representative images were filmed after cells were fixed
and stained (magnification, 400x). B. The expression of miR-328-3p, in cardiomyocytes after treatment measured
by Quantitative real-time PCR. Normal cardiomyocytes were treated with MI cardiomyocytes-secreted exosomes.
Experiments were performed in triplicate. (****P < 0.001.). C. Fluorescently labeled exosomes entered into car-
diomyocytes. Representative images were filmed after cells were fixed and stained (magnification, 400x%). D. The
expression of exosomal miR-328-3p measured by Quantitative real-time PCR (****P < 0.001.). Experiments were

performed in triplicate. Mean + SEM.

tation. Cardiac function was evaluated at 10
days following exosomes delivery according to
echocardiography assays. The LVIDd and LVIDs
in the exosomes treated group were significant-
ly lower than that in the control group (Figure
2D). To confirm these results, H&E-stained his-
tological sections of left ventricle from rats
were captured after 10 days following exo-
somes delivery. Morphometric analysis revea-
led that treatment with exosomes increased
the space between muscle fibers (Figure 2E).
These results showed that MI cardiomyocytes-
derived exosomes aggravate apoptosis of car-
diomyocytes and accelerate M.

Cardiomyocytes uptake MI cardiomyocytes-
derived exosomes

To examine whether exosomes secreted by Ml

cardiomyocytes translocated into normal car-
diomyocytes. The MI cardiomyocytes-derived
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exosomes were labeled with CD81 and were
incubated with normal cardiomyocytes. The
fluorescent exosomes entered the cardiomyo-
cytes (Figure 3A). MiR-328-3p, carried by exo-
somes, was increased in the normal cardiomy-
ocytes after treated with Ml cardiomyocytes-
derived exosomes (Figure 3B). The treatment
with MI cardiomyocytes medium also resulted
in the fluorescent exosomes entered the car-
diomyocytes (Figure 3C) and upregulated
expression of miR-328a-3p (Figure 3D). These
results showed that normal cardiomyocytes
can uptake exosomes derived from MI car-
diomyocytes.

Effect of exosomal miR-328-3p on cardiac
apoptosis and morphology

To explore whether exosomal miR-328-3p pro-

motes apoptosis, we analyzed apoptotic level
of cardiomyocytes by FACS after treated with

Am J Transl Res 2021;13(4):2365-2378
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exosomes form MI cardiomyocytes and/or miR-
328-3p inhibitor for 24 hours. The number of
apoptotic cells increases after treated with exo-
somes form MI cardiomyocytes and miR-328-
3p inhibitor reversed this phenomenon (Figure
4A). Cardiomyocytes apoptosis were observed
by microscope. Hochest stanning assay showed
that the nuclear fragmentation were increased
in cardiomyocytes after treated with Ml car-
diomyocytes-derived exosomes and miR-328-
3p inhibitor suppresses apoptosis promoting
effect of Ml cardiomyocytes-derived exosomes
(Figure 4B). This finding shows that miR-328-3p
inhibitor inhibited apoptosis promoting effect
of MI cardiomyocytes-derived exosomes. Ba-
sed on the Masson'’s trichrome staining (Figure
4C), the exosomes treated group had a remark-
ably reduced infarct size in the left ventricle
compared with the control group at 10 days fol-
lowing exosomes transplantation and miR-328-
3p inhibitor treatment delayed MI progression
(Figure 4C). 10 days following exosomes and/or
miR-328-3p inhibitor treatment, cardiac func-
tion was evaluated according to echocardiogra-
phy assays. The LVIDd and LVIDs in the exo-
somes treated group were significantly lower
than that in the control group and miR-328-3p
inhibitor treatment retained cardiac function
(Figure 4D). To confirm these results, we cap-
tured H&E-stained histological sections of left
ventricle after 10 days following exosomes
and/or miR-328-3p inhibitor treatment. Mor-
phometric analysis revealed that treatment
with exosomes increased the space between
muscle fibers and miR-328-3p inhibitor re-
versed this phenomenon (Figure 4E). These
results showed that miR-328-3p inhibitor
reversed the apoptosis promoting and Ml accel-
eration effect of MI cardiomyocytes-derived
exosomes. It indicated that miR-328-3p is main
MI promoting effector of Ml cardiomyocytes-
derived exosomes.

MiR-328-3p promotes MI by caspase signaling

To uncover the mechanism driving the miR-
328-3p pro-apoptosis effect on cardiomyo-
cytes, we analyzed transcriptomic profiles in
HIC2 cells treated with MI cardiomyocytes-
derived exosomes (Figure 5A). We transferred
GFP labeled miR-328-3p overexpression lenti-
virus into cardiomyocytes. The green fluores-
cent positive cardiomyocytes were collected by
flow cytometry cell sorting and subjected to
RNA sequencing analysis (Figure 5B). Gene
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expression profiling was performed on cardio-
myocytes collected from 3 samples for each
group. Compared to cardiomyocytes treated
with medium without exosomes, cardiomyo-
cytes treated with Ml cardiomyocytes-derived
exosomes had 59 upregulated and 126 down-
regulated genes (Figure 5A, left). The upregu-
lated genes were enriched in the Caspase path-
way (Figure 5A, right). We further found that the
miR-328-3p overexpressed cardiomyocytes
had 61 upregulated and 49 downregulated
genes compared to control group (Figure 5B,
left). These upregulated genes were also
enriched in the Caspase pathway (Figure 5B,
right). Z-DEVD-FMK is a specific and irreversible
Caspase-3 inhibitor. We treated cardiomyo-
cytes with miR-328-3p overexpression lentivi-
rus and/or Z-DEVD-FMK. We then examined
whether miR-328-3p regulate the Caspase
pathway. Western blot assays showed that
miR-328-3p overexpression lentivirus active
Caspase pathway by increasing cleaved-Cas-
pase 3 and Z-DEVD-FMK treatment effectively
reversed it (Figure 5C). The apoptotic level of
cardiomyocytes by FACS increased with miR-
328-3p overexpression lentivirus treatment
and Z-DEVD-FMK reversed this phenomenon
(Figure 5D, 5E). To confirm these results, we
captured H&E-stained histological sections of
left ventricle after 10 days following miR-328-
3p overexpression lentivirus and/or Z-DEVD-
FMK treatment. Morphometric analysis re-
vealed that treatment with miR-328-3p overex-
pression lentivirus increased the space be-
tween muscle fibers and Z-DEVD-FMK reversed
this phenomenon (Figure 5F). These results
showed that the Z-DEVD-FMK could reverse the
apoptosis progression induced by miR-328-3p,
indicating that the activation of Caspase path-
way by miR-328-3p was important mechanism
of cardiomyocytes and MI.

Discussion

Exosomes are the major mediators of cell-cell
communication because they can be captured
by neighboring cells [18]. The direct transfer of
exosomal miR-193a-3p, miR210-3p and miR-
5100 from MI cardiomyocytes to neighboring
cardiomyocytes enhances apoptosis. Emerging
evidence has demonstrated the feasibility of
circulating miRNAs as robust, non-invasive bio-
markers for the diagnosis of diseases, such as
cancer [19]. Due to their presence in the bodily
fluids, exosomes are considered candidate bio-
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Figure 4. MiR-328-3p enhances apoptosis in cardiomyocytes and M| promoting effect. HOC2 cells were treated with MI cardiomyocytes-derived exosomes and/or
miR-328-3p inhibitor for 24 hours. A. Cells were stained with Annexin V-FITC/PI, and apoptosis was analyzed by flow cytometry (****P < 0.001.). B. The Hochest
stanning assay was performed. Images were captured by fluorescence microscopy. The blue color marks the nucleus of all cells. The percentage of nuclear frag-
mentation cells is reported. C. Representative Masson’s trichrome-stained histological sections to measure infarct size 10 days after coronary ligation. D. Echocar-
diographic measurements were performed 10 days after coronary ligation. Representative M-mode images at the papillary muscle level were recorded for various
groups. E. Representative H&E-stained histological sections (magnification of x200) of left ventricle from rats subjected to treatment for 10 consecutive days with
MI cardiomyocytes-derived exosomes. Mean + SEM.
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Figure 5. miR-328-3p promotes apoptosis through Caspase signaling pathway. A. HO9C2 cells were treated with Ml
cardiomyocytes-derived exosomes. Gene expression profiling was performed (left) and gene enrichment were ana-
lyzed (right). B. Gene expression profiling of miR-328-3p overexpressed cardiomyocytes (left) and upregulated genes
enrichment (right). C. Protein expression of cleaved-Caspase 3 and pro-Caspase 3 were measured by Western blot
analysis. Cells were treated with miR-328-3p overexpression lentivirus and/or Z-DEVD-FMK. B-actin was used as the
internal control. D. Cell apoptosis was measured by flow cytometry. The increased apoptosis induced by miR-328-
3p overexpression lentivirus was reversed by Z-DEVD-FMK. E. Apoptosis proportion of cardiomyocytes was counted.
Cells were treated with miR-328-3p overexpression lentivirus and/or Z-DEVD-FMK. Experiments were performed in
triplicate. ****P < 0.001. F. Space between muscle fibers measured by morphometric analysis. The Z-DEVD-FMK
could reverse the enhanced space between muscle fibers induced by miR-328-3p overexpression lentivirus.

markers [20]. The use of exosomal miRNAs as 328-3p significantly increase in Ml cardiomyo-
biomarkers, instead of one unique miRNA, has cytes derived exosomes, which indicated that
been considered to be a more powerful tool miR-328-3p is the important regulator of car-
[24]. In this study, we found that MI cardiomyo- diomyocytes apoptosis.

cytes secreted exosomes, which can be taken

into normal cardiomyocytes and accelerated miR-328-3p has been reported to be involved
apoptosis. Further analyze showed that miR- in proliferation, apoptosis, and motility [22].
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The current study provides evidences that miR-
328-3p in osteosarcoma cells can inhibited
proliferation and promoted apoptosis by down-
regulating H2AX [23]. And overexpression of
miR-328-3p inhibited the cell growth and prolif-
eration of bladder cancer cells [24]. Additio-
nal analysis showed that miR-328-3p could
decrease the migration and tumor formation,
but promote the apoptosis of hepatocellular
carcinoma cells [25]. More importantly, knock-
down of miR-328-3p exhibited the opposite
effects compared with overexpression of miR-
328-3p. In the presents study, we first studied
miR-328-3p expression in the MI, and found
miR-328-3p might be a vital target in treating
MI. Functional study demonstrated that overex-
pression of miR-328-3p promoted the develop-
ment of MI.

miRNA can be transferred between MI cardio-
myocytes and normal cardiomyocytes, which
results in efficient silencing of mMRNAs to repro-
gram the target cell transcriptome [26]. For
instance, exosomal miR-1247-3p derived from
hepatocellular carcinoma cells can be deliv-
ered to cancer-associated fibroblast and prime
cancer-associated fibroblast activation, conse-
quently promotes hepatocellular carcinoma
metastasis [27]. Exosome-mediated miR-19a
transferred from astrocytes to tumor cells ham-
pered PTEN expression and aggressive out-
growth in the brain. In summary, these studies
suggest that exosomes-mediated transfer of
mMiRNA between cancer cells and stromal cells
is essential for cancer progression [28]. Our
results of Gene chip showed that miR-328-3p
levels in MI cardiomyocytes and adjacent nor-
mal cardiomyocytes were positively correlated,
based on which we raised the hypothesis that
miR-328-3p can be transferred from MI cardio-
myocyte to adjacent normal cardiomyocytes
via exosomes. In addition, we observed flu-
orescence in normal cardiomyocytes incubated
with exosomes from MI cardiomyocytes that
were transfected with CD81-labeled exosomes.
These results showed that Ml cardiomyocytes-
secreted exosomal miR-328-3p can be trans-
ferred to cardiomyocytes.

In this study, we found miR-328-3p promotes
the activation of the Caspase pathway. Ca-
spases are found inside the cell as inactive pre-
forms, upon which cleavage of an active Ca-
spase becomes the enzymatically-active pro-
tein [29]. Caspase-3, a hallmark of apoptosis,
has been detected in inflammatory diseases,
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including rheumatoid arthritis [30]. In the peri-
odontium, the expression of apoptosis-associ-
ated genes has been shown to increase when
healthy gingival tissue is exposed to pathogen-
ic periodontal bacteria [31]. Therefore, the
present study was performed to estimate and
correlate the GCF and serum levels of
Caspase-3 to assess the apoptotic activity in
periodontal health and disease, and to explore
Caspase-3 as a biomarker of periodontal dis-
ease and its progression [32]. Our study accu-
mulated genes regulated by miR-328-3p and
evaluate the role of Caspase-3 in MI. The differ-
ence in levels of Caspase-3 was regulated by
miR-328-3p. The results of our study showed
that activation of Caspase-3 by miR-328-3p
plays a critical role in cardiomyocytes apopto-
sis. Z-DEVD-FMK, Caspase-3 inhibitor, could
reverse the apoptosis progression induced by
miR-328-3p, indicating that the activation of
Caspase pathway by miR-328-3p was impor-
tant mechanism of cardiomyocytes and MI.
Thus, considering the effect of Z-DEVD-FMK as
Ml treatment, a systemic clinical trial is urgently
needed.

Conclusions

In summary, cardiomyocytes-derived exosomal
miR-328-3p was upregulated during MI.
Exosome-mediated transfer of miR-328-3p
could promote apoptosis of cardiomyocytes by
activating Caspase-3 signaling. These exosom-
al miR-328-3p may be promising noninvasive
biomarker and potential therapeutic target for
M.
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