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Abstract

Coronary microembolization (CME) is an intractable complication results from acute coronary syndrome. CME-induced
myocardial apoptosis was associated with progressive cardiac contractile dysfunction. miR-29b-3p has been reported impli-
cated in variety cardiovascular diseases, but its function in CME-induced myocardial injury is yet unknown. Herein, a rat
model of CME was established by injecting microspheres into the left ventricle and found that the expression level of miR-
29b-3p was markedly decreased in the CME rat heart tissues. By using echocardiography, CD31 immunohistochemistry
staining, hematoxylin basic fuchsin picric acid (HBFP) staining, TUNEL staining, and western blotting analysis after CME,
it was found that upregulating miR-29b-3p improved cardiac dysfunction, promoted angiogenesis, decreased myocardial
microinfarct area, and inhibited myocardial apoptosis. Additionally, miR-29b-3p inhibition can reverse the protective benefits
of miR-29b-3p overexpression. Mechanistically, the target genes of miR-29b-3p were identified as glycogen synthase kinase
3 (GSK-3p) and Bcl-2 modifying factor (BMF) by bioinformatics analysis and luciferase reporter experiment. Overall, our
findings imply that induction of miR-29b-3p, which negatively regulates GSK-3p and BMF expression, attenuates CME-

induced myocardial injury, suggesting a novel potential therapeutic target for cardioprotective after CME.
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Introduction

Coronary microembolization (CME), which is caused by
the spontaneous erosion or rupture of an epicardial coro-
nary atherosclerotic plaque, has emerged as a serious clinical
issue with the increased use of elective and primary per-
cutaneous coronary intervention (PCI) [1, 2]. As a predic-
tor of acute coronary syndrome (ACS) patient prognosis
independent of and in addition to infarct area size, CME
was linked with coronary no-reflow and slow-flow phenom-
ena [3-5]. According to studies, CME frequently results in
an inflammatory response and myocardial apoptosis, both
of which advance myocardial contractile dysfunction [6,
7]. Therefore, understanding the mechanism underlying
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CME-induced myocardial damage is essential to both treat-
ing and preventing CME.

Recently, research on cardiovascular disease has increas-
ingly focus on non-coding RNAs and their effects in regulat-
ing gene expression at the transcriptional and post-transcrip-
tional levels. MicroRNAs (miRNAs) are small non-coding
endogenous RNAs and about 18-24 nucleotides in length
that bind to the target sites in the 3'-untranslated region (3'-
UTR) of messenger RNA to regulate posttranscriptional
gene expression [8]. miRNAs have conserved interactions
with most human mRNAs and abnormal expression of miR-
NAs is implicated in many human diseases, particularly
cardiovascular disease (CVD) [9, 10]. The miR-29 family
are highly conserved and consists of miR-29a, miR-29b and
miR-29c. Several studies have demonstrated that miR-29 s
largely involves in the pathogenesis of CVD, including cell
proliferation, atherosclerosis, myocardial ischemia/reperfu-
sion injury, heart failure, etc. [11]. By using miRNA specific
probes van Rooij reported that all three isoforms of miR-29
were significantly down-regulated in the areas bordering the
infarcted myocardium in mice and miR-29b in human hearts
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[12]. miR-29b-3p was highly expression in heart tissue, and
it is striking decrease in the plasma of congestive heart fail-
ure patients, indicating a high chance of participation of
miR-29b-3p in cardiac dysfunction [13]. Cai showed that
overexpression of miR-29b-3p inhibits hypoxia-induced car-
diomyocytes apoptosis via suppressing TRAFS5 expression
[14]. However, whether miR-29b-3p expression is related to
CME-induced myocardial injury and how it affected myo-
cardial apoptosis remains largely unknown.

In this study, we established a rat model of CME by
injecting polyethylene microspheres into the left ventri-
cle. Our results showed that miR-29b-3p was remarkably
down-regulated post-CME, overexpression of miR-29b-3p
by transfecting miRNNA mimics before CME modeling inhib-
ited CME-induced myocardial apoptosis, promoted angio-
genesis and improved cardiac function, while transfecting
with miRNA inhibitor had opposite effects. Additionally,
we confirmed GSK-3f and BMF as direct target genes of
miR-29b-3p. Collectively, we identified miR-29b-3p as an
antiapoptotic miRNA that is down-regulated in the myo-
cardium after CME. Overexpression of miR-29b-3p could
be a protective strategy to inhibit myocardial apoptosis and
improve cardiac function following CME.

Materials and methods
Animal model establishment

SD rats were purchased from the Experimental Animal
Center of Guangxi Medical University. The animals received
normal rat chow and water under a 12-h light/dark cycle at
23 +2 °C. The study protocol rats CME model was estab-
lished as previous described [7]. Briefly, pentobarbitone
sodium (40 mg/kg) was administered intraperitoneally to
anesthetize the rats. An animal ventilator (70 breaths per
minute, 20 ml tidal volume) was then connected to help
the animals breathe. Following shaving of the rat's chest
skin, routine disinfection, and installation of sterile surgi-
cal cloths, the second to fourth intercostal gaps were cut
open until the heart was clearly visible. Next, the pericar-
dium was removed, the ascending aorta was separated, and
an appropriate animal hemostatic clip was used to clamp
the ascending aorta for 12 s while a total of 4500 poly-
ethylene microspheres (Polybead Microspheres, diameter
45 pm; Polysciences Inc., USA) were injected into the left
ventricle. Rats in the Sham group received 0.15 ml normal
saline along with similar treatment. All animal experiments
were approved by the Animal Research Ethics Committee
of Guangxi Medical University and in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Adeno-associated virus transfection
and experimental animal grouping

To uncover the relation between miR-29b-3p expression
level and CME, twenty rats were randomized divided
into sham and CME group (n=10 per group). For miR-
29b-3p regulation study, we transfected rats with recom-
binant adeno-associated virus serotype 9 (AAV, 1x 10
[12] vector genomes (vg)/per rat) through tail vain injec-
tion 28 days before operation. Briefly, fifty rats were ran-
domly divided into five groups (n=10 per group): sham,
CME, CME + AAV-miR-29b-3p negative control (miR-
NC), CME + AAV-miR-29b-3p mimics (miR-mimic) and
CME + AAV-miR-29b-3p inhibitors (miR-inhibitor). AAV
used in this study was designed and constructed by Shanghai
Genechem Co.,Ltd. (Shanghai, China).

Echocardiography

Our previous study discovered that rat cardiac function reach
the poorest level at 12 h after CME operation [15]. There-
fore, we detected rats cardiac function at 12 h post-CME
in the present study. Briefly, rats received pentobarbitone
sodium (30-40 mg/kg) intraperitoneally for anesthetic, and
then left ventricular end-diastolic diameter (LVEDA), left
ventricular fractional shortening (LVFS), left ventricular
end-systolic diameter (LVEDs), and left ventricular ejection
fraction (LVEF) were assessed by using an animal specific
ultrasound instrument (Esaote, MyLabSix, Italy) according
to the manufacturer’s instruction. The results were average
from three cardiac cycle, and measurement was performed
by specialist blinded to the study.

Tissue sampling and treatment

After cardiac function examination, rats received pentobar-
bitone sodium (60 mg/kg) intraperitoneally. Blood sample
were collect from abdominal aorta for ELISA essay detec-
tion. After that, heart tissue was extracted and rinsed with
cool normal saline, and then cut into apex and bottom part.
The apex part was put into liquid nitrogen immediately for
Western blot and quantitative real-time polymerase chain
reaction (QRT-PCR) analysis. The bottom part was fixed in
4% paraformaldehyde, embedded into paraffin, and serially
sliced into 4 pm sections for histological analysis.

Myocardial injury and oxidative stress measurement
Rats serum c-troponin I (cTnl) and creatine kinase MB iso-

enzyme (CK-MB) were detected by using a rat cTnl ELISA
kit (Bio-Swamp RA20107, Wuhan, China) and CK-MB
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ELISA kit (Bio-Swamp RA20038, Wuhan, China) accord-
ing to the manufacturer’s instructions. For myocardium oxi-
dative stress analyses, we measured serum SOD, CAT and
MDA concentrations by using SOD assay kit, MDA assay
kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) and CAT assay kit (Solarbio, Beijing, China) accord-
ing to the manufacturer’s instruction.

Histological analysis

The size of the myocardial microinfarct and changes in the
morphology of the tissues were identified using HE staining
and HBFP staining, respectively. Hematoxylin basic fuchsin
picric acid (HBFP) staining, which stains normal cardio-
myocyte cytoplasm yellow and nuclei blue while staining
ischemic myocardium and erythrocytes red, can detect early
myocardial ischemia. Five randomly fields of each section
were observed and microinfarct size calculated as: infarct
area/ total observed area [7]. Myocardial apoptosis was
detected by TUNEL staining, apoptotic cells nuclei were
stained red and blue nuclei represents normal. Apoptosis
index was calculated as: apoptotic cells/ total cells. The
rabbit detection kit for anti-rat CD31 (1:1000; ab182981,
abcam) was applied to evaluate myocardial neovasculariza-
tion. To calculate microvessels density, entire slices were
scanned carefully with a lower magnification (X 40) opti-
cal microscope to find the areas of high vessel density as
"hot spots" and vessels in the hot spot area stained brown
by anti-CD31 antibody was counted under a light micro-
scope (X 200). Three hot spot areas were selected for fur-
ther evaluation and single endothelial cell or cluster of cells
stained brown that were separated from adjacent vessels was
considered an individual vessel [16]. All above study were
performed according to the manufacturer’s instruction and
experiment data were analyzed via Image-Pro Plus 6.0 soft-
ware (Media Cybernetics, Sliver Springs, MD, USA).

Target gene prediction and dual-luciferase reporter
assay

The target of miR-29b-3p was predicted by using Tar-
getScan version 7.2 (www.targetscan.org/vert_72/) and
miRBD (http://mirdb.org/). BMF and GSK-3p associ-
ated with apoptosis and angiogenesis were identified to
contain putative binding sites of miR-29b-3p. To con-
firm miR-29b-3p can direct regulate BMF and GSK-3f
expression, we performed luciferase reporter assay.
BMF and GSK-3p 3'UTR containing the wild type bind-
ing sequences of miR-29b-3p (BMF 3’ UTR-wt, GSK-3f
3"UTR-wt, respectively) and corresponding mutant con-
structs (BMF 3'UTR-mut, GSK-3p 3'UTR-mut, respec-
tively) were design and synthesized by Hanbio Biotech-
nology Shanghai, China. Briefly, these fragments were
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amplified into pSI-Check2 vector (Hanbio Biotech-
nology) and then co-transfected into HEK-293 T cells
together with miR-29b-3p mimics or miR-29b-3p negative
control using Lipofectamine 2000 (Invitrogen). After 48 h
transfection, the luciferase activity was examined with
a Dual Luciferase System (Promega) and normalized to
Renilla luciferase activity.

Quantitative real-time PCR

Total RNA was extracted from heart tissues by the TRI-
ZOL method (Invitrogen) and concentration quantified by
NanoDrop 2000 (Thermo Fisher Scientific Inc., USA). After
that, mRNA and miRNA reverse transcribed was conducted
using a PrimeScript RT Reagent kit and Mir-X™ miRNA
First-Strand Synthesis Kit (Takara, Dalian, China), respec-
tively. qPCR was performed using a TB Green Premix Ex
Taq IT kit on ABI PRISM 7500 Fast Real-time PCR instru-
ment (Applied BioSystems, USA). Forward primer sequence
for miR-29b-3p: 5'-CGCCCATTTGAAATCAGTGTTA-3';
and optimized miRNA reverse primer and U6 primer from
Takara were used. Gene expression levels were normalized
to U6 expression by using 2724 method.

Western blot analysis

Cardiac proteins were extracted using RIPA lysis (Beyotime,
China) buffer and quantified by using BCA assay kit (Beyo-
time, China) according to the manufacturer's manual. After
quantification, 25 pg of protein was separated by 10~12%
sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE), and transferred onto PVDF membranes
(Millipore). Subsequently, the membranes were block with
5% skim milk 1 h at room temperature, and then incu-
bated into primary antibodies against BMF (GTX59683,
GeneTex), GSK-3p(D5C5Z, CST), Bcl-2(sc-7382, Santa
Cruz), Cleaved-caspase-3 (9661S, CST), Bax (ab32503,
abcam),Cleaved-caspase-9 (9508S, CST), GST (2625 T,
CST), NQO1(ab80588, abcam) and GAPDH (ab181602,
abcam) at 4 “C overnight, followed by probed with indicated
secondary antibody conjugated with horseradish peroxidase
for 1 h at room temperature. All Western blots were detected
by enhanced chemiluminescence reagents (Pierce, Rockford,
IL, USA) and the gray value of protein bands were analyzed
using Image J software.

Statistical analysis

All results were analyzed with SPSS 17.0 software and pre-
sented as the mean + standard deviation (SD). Two groups
comparison were made by Student’s t-test. One-way analysis
of variance (ANOVA) followed by Bonferroni post hoc test
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«Fig. 1 miR-29b-3p is down-regulated 12 h after CME and induces
myocardial apoptosis. a Representative pictures of HE staining in
Sham and CME group. n=6 per group, scale bar=100 pm. The black
arrow indicates microspheres. b Cardiac function analyzed by echo-
cardiography 12 h after CME or Sham surgery. ¢ and d Quantita-
tive analysis of LVEF, LVFS, LVEDd and LVEDs. n=8 per group;
*p<0.05 versus Sham. e Representative images of HBFP-stained of
heart sections. n=3 per group, scale bar=100 pm. The red arrow indi-
cates micro-infarct focus, and black arrow indicates microspheres. f
Quantitative analysis of the micro-infarct areas in heart sections. n=3
per group; *p <0.05 versus Sham. g Representative images of TUNEL
staining in Sham and CME group. n=3 per group, scale bar=100 pm.
h Quantification of percentage of TUNEL-positive cardiomyocytes in
g. n=3 per group; *p <0.05 versus Sham. i gPCR of miR-29b-3p on
RNA extracted from myocardium 12 h after Sham or CME operation.
n=28 per group; *p<0.05 versus Sham. j The correlation between
miR-29b-3p level and LVEF. n=8, R.2=0.7544, p <0.0001

was performed to compare differences between multi-groups.
A value of P <0.05 was considered statistically significant.

Results

CME induces myocardial injury and downregulates
miR-29b-3p inrats

In an effort to identify whether miR-29b-3p dysregulated within
12 h after CME and investigate the relation between miR-29b-3p
expression level and CME-induced cardiac injury, a rat model
of CME was established by injecting polyethylene micro-
spheres into the left ventricle. We found that cardiac function
were significantly decreased in CME group compared to the
sham group (Fig. 1 b through 1d). HE staining results showed
that CME model was successful built, and myocardial morphol-
ogy was severely damage as indicates in myocardium degen-
eration, necrosis, and inflammatory cell infiltration (Fig. 1a).
HPFB staining revealed that there was significant microinfarc-
tion foci in the CME group, and no infarct sign in the sham
group (Fig. le, f). TUNEL staining showed that a great number
of TUNEL-positive nuclei were observed in the CME group
compared to the sham group (Fig. 1g, h). PCR data revealed
that miR-29b-3p expression level was significantly decreased
post-CME compared to the sham group (Fig. 1i). What’s more,
the correlation analysis between miR-29b-3p expression level
and LVEF showed a positive correlation result (Fig. 1j). These
preliminary results suggested that miR-29b-3p might play a key
role in CME-induced myocardial injury and apoptosis.

miR-29b-3p suppresses myocardial apoptosis
and improves cardiac function

Apoptotic signals are activated in response to microcir-

culation dysfunction in the heart. Therefore, we guessed
that myocardial apoptosis post-CME may be related to the
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decreased expression levels of miR-29b-3p. Subsequently,
we injected miR-29b-3p mimics to overexpression miR-
29b-3p through tail vein in rats by using a Lipofectamine-
mediated transfection method. qPCR and immunofluores-
cence staining were performed to validate the transfection
efficiency. As shown in Fig. 2a and b, strong green fluores-
cence and high expression levels of miR-29b-3p in the heart
altogether revealed miR-29b-3p mimics efficient uptake.

To validate whether upregulation miR-29b-3p can suppress
myocardial apoptosis in vivo, we performed TUNEL stain-
ing, and Western blot analysis of apoptosis-related protein
expression levels. The percentage of TUNEL-positive car-
diomyocytes was significantly lower in the miR-mimic group
than CME and miR-NC group (Fig. 2¢, d). Moreover, miR-
29b-3p mimic treatment markedly suppressed pro-apoptotic
protein Bax, Cleaved-caspase3 and Cleaved-caspase9 expres-
sion, while increased anti-apoptosis protein Bcl-2 expression
(Fig. 2j, k). We speculated that a reduction of cardiomyocytes
apoptosis by miR-29b-3p would translate into reduced cardiac
dysfunction. Echocardiography results revealed that treatment
with miR-29b-3p mimic significantly improved heart func-
tion, as LVEF and LVFS were remarkably elevated, while
LVEDd and LVEDs were decreased, compared to the CME
and miR-NC groups (Fig. 2g and Table 1). Consistent with
the improvement of heart function, myocardial microinfarct
sizes and serum cTnl and CK-MB concentrations were signifi-
cantly decreased in miR-29b-3p recipient rats (Fig. 2e, f and
h, 1). These results suggested that miR-29b-3p mimic exert
cardioprotective role against CME-induced myocardial injury
partially through inhibits myocardial apoptosis.

miR-29b-3p improved myocardial antioxidative
ability following CME

After CME, an imbalance between oxidants and antioxidants
can result in a buildup of oxidants in the myocardium, which
causes cardiomyocytes to undergo apoptosis and results in oxi-
dative stress. To determine whether overexpression of miR-
29b-3p could inhibit the degree of CME-induced oxidative
stress, we detected serum superoxide dismutase (SOD), malon-
dialdehyde (MDA) and catalase (CAT) contents. As shown in
Fig. 3a through 3c, SOD and CAT were significantly decreased
together with MDA content increased in the CME and miR-
NC groups compared with the sham group. Interestingly, rat
treated with miR-29b-3p had an elevation in SOD and CAT
activity, while MDA content was remarkably decreased. In
addition, Western blotting results demonstrated that the main
detoxification system protein for cells to resist oxidative dam-
age NQOI1 and GST were significant elevated in miR-mimic
group compared to the miR-NC and CME groups (Fig. 3d,
e). These results demonstrated that miR-29b-3p upregulation
promoted myocardial antioxidant ability after CME.
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Fig.2 In vivo delivery of
miR-29b-3p inhibits myocardial
apoptosis and improves cardiac
function. a GFP/DAPI double-
staining in hearts 28 days after
injection of AAV9-miR-29b-3p
or PBS. n=3 per group, scale
bar=100 um. Blue indicates
nucleus stained, and green
fluorescence represents GFP-
AAV-9-miR-29b-3p. b Relative
miR29b-3p expression level
was increased in myocardium
after AAV9-miR-29b-3p
transfection. n=10 per group,
*#%p <0.05 versus miR-NC.

¢ TUNEL staining of heart
Sects. 12 h after surgery. DAPI
was used for nuclear staining,
and TUNEL-positive nuclei
were red stained. n=>5 per
group, scale bar=100 pm. d
Percentage of TUNEL positive
cardiomyocytes of hearts. n=5
per group; *p <0.05 vs Sham,
#p <0.05 vs CME, &p <0.05
vs miR-NC. e HBFP stain-

ing on heart section of Sham,
CME, miR-NC and miR-mimic
groups. n=5 per group, scale
bar=100 pm. The black arrow
indicates microspheres, red
arrow shows microinfarct

foci. f Quantitative analysis

of the microinfarct areas in
heart sections. n=5 per group;
*p <0.05 vs Sham, #p <0.05 vs
CME, &p <0.05 vs miR-NC.

g Cardiac function analyzed

by echocardiography. n=8 per
group. h and i Quantification
of serum cTnl and CK-MB,
respectively. n= 10 per group;
*p <0.05 vs Sham, #p <0.05 vs
CME, &p <0.05 vs miR-NC. j
Western blots for Bax, Cleaved-
caspase9, Cleaved-caspase3,
Bcl-2 and GAPDH in protein
extracted from Sham, CME,
miR-NC, miR-mimic group rat
hearts. n=4 per group. k Rela-
tive quantification of Western-
blots in j. n=4 per group;
*p<0.05 vs Sham, #p <0.05

vs CME, &p <0.05 vs miR-NC
(colour figure online)
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Table 1 Cardiac function
measure by echocardiography

Fig. 3 In vivo delivery of miR-
29b-3p improved myocardial
antioxidative ability after CME
and promotes neovasculariza-
tion. a through ¢ ELISA essays
detecting the concentration or
activity of serum CAT, SOD
and MDA. n=10 per group;

*p <0.05 vs Sham, #p <0.05 vs
CME, &p <0.05 vs miR-NC. d
Western blots for antioxidative
protein NQO1 and GST. n=5
per group. e Quantification of
expression levels of NQO1 and
GST, and GAPDH served as an
internal control. n=35 per group;
*p <0.05 vs Sham, #p <0.05 vs
CME, &p <0.05 vs miR-NC.

f Capillaries densities evalu-
ated by immunohistochemistry
analysis of CD31 in the heart
section of Sham, CME, miR-NC
and miR-mimic groups. n=6
per group, scale bar=100 pm. g
Quantitative analysis of CD31%
vessel density in Sham, CME,
miR-NC and miR-mimic heart
sections. n=18 fields pooled
from the analysis of 6 rat.

*p <0.05 vs Sham, #p <0.05 vs
CME, &p <0.05 vs miR-NC

Group n LVEF(%) LVEDd LVEDs LVFS
Sham 8 89.96+2.33 4.80+0.72 2.14+0.33 55.85+3.48
CME 8 50.86+11.91% 6.44+0.58* 4.98+0.83* 22.81 +6.69*
miR-NC 8 55.05+12.63* 6.64+0.71% 4.96+0.93* 25.35+7.30%
miR-mimic 8 83.36+2.94"& 5.70+0.26™& 2.93+0.42"#& 47.13+£3.25™&
miR-inhibitor 8 53.29+1.96 7.03+£0.33 5.33+0.30° 24+ 1.24*

LVEF left ventricular ejection fraction, LVEDd left ventricular end-diastolic diameter, LVEDs left ventricu-
lar end-systolic diameter, LVF'S left ventricular fractional shortening

#p <0.05 versus Sham, #p <0.05 versus CME, ¢p <0.05 versus miR-NC, %p <0.05 versus miR-mimic

a 1500 b w C_1s
= = E
E . £ 3 X
3 1000 . . # 39 i EW
2 2 @
2 > 40 € H#&
5 500 3 % s
g 8 2 * k;
) ol Nl :
H
o T T 0 r 0
‘}\,06‘ 0@@ & _\,C: R @" e‘& o‘xg; & x\° R @\o & & o“g, & ’\\o R &\o
& & & <€ &
& & &
d e § 157 Bl Sham @@ miR-NC .
g ® 3 CME [ miR-mimic
@] $ ]
S £
Q . K
& S & § £ 1.0- .
' ’ o #&
NQO1 S s s 31KDa £
[5) * *
= . *
o
o
GAPDH . 0
D
 0.0- J
N A
(8) ()
(<]
e
£ CME
e £ o 1004
9 ° *
T 8o
“‘ ” g- %
,J A . 1060 m - g 60
PEL4 | 7R 5
o & 40 T
miR-mimic ©
. X :‘; 20
a
O o . .
v’é\ 0@@ .Qﬁo &\é\o
& &
ol &
- \ v(' \.
3 Y { i

Pre-treatment with miR-29b-3p mimic promotes

myocardial angiogenesis

It was reported that miR-29b-3p is necessary for normal
endothelial function in human and rat vessels, miR-29b-3p
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mimic treatment can restore normal endothelium-dependent
vasodilation [17]. In addition, several studies have revealed
that miR-29b-3p can improve recovery in animal models
of femoral fracture and spinal cord injury, and the under-
lying mechanism was related to miR-29b-3p promoting
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angiogenesis. [18, 19]. Thus, we speculated that pre-treat-
ment with miR-29b-3p mimic alleviates myocardial injury
may be related to the property of miR-29b-3p promote neo-
vascularization. To determine whether miR-29b-3p mimic
pre-treatment could promote angiogenesis in rat myocardial,
we performed myocardium CD31 immunohistochemistry
staining to assess neovascularization. We found a markedly
increased CD31" stained vessel density in rats pretreated
with miR-29b-3p mimic compared with the sham, CME,
and miR-NC groups (Fig. 3f, g). This result suggested that
increased angiogenesis during miR-29b-3p upregulation,
inducing myocardial protective effect.

miR-29b-3p directly targets BMF and GSK-33
for repression

Because miR-29b-3p inhibited myocardial apoptosis and
promote angiogenesis, we looked for direct downstream

Fig. 4 miR-29b-3p directly
targets the 3'UTR of BMF and
GSK-3p for repression. a The
predicted binding site of miR-
29b-3p with BMF and GSK-3p.
Base pairs highlighted in colors
are seed sequences that are
complimentary between miRNA
and targets (miR-29b-3p in
green and target genes 3'UTR in
red). Mutations in miR-29b3p
binding sites for luciferase
assay in 3'UTR are indicated

in blue. b and ¢ miR-29b3p
regulated the luciferase activity
of plasmids that carried BMF
3'UTR-wt and GSK3p 3'UTR-
wt rather than BMF 3'UTR-mut
and GSK-3p 3'UTR-mut (wt,
wild type; mut, mutant type)

in HEK-293 T cells. n=3 per
group; ***p <0.05 vs miR-NC.
d and e. Western blot compar-
ing protein expression levels

of BMF and GSK-3f among
Sham, CME, miR-NC, miR-
mimic groups. n=6 per group;
*p <0.05 vs Sham, #p <0.05

vs CME, &p <0.05 vs miR-NC
(colour figure online)
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effector by which miR-29b-3p exerts its function. Based
on the predicted score of binding site, we found that BMF
and GSK-3f was correlated to apoptosis and angiogenesis
respectively, and both of which are strong candidates target
of miR-29b-3p. As shown in Fig. 4a, the predicted target
BMF and GSK-3p contains a putative miR-29b-3p binding
site in their 3'UTR. Additionally, dual luciferase reporter
assay results revealed that miR-29b-3p mimic significantly
suppressed the relative luciferase activity in the HEK-
293 T cells transfected with the BMF 3’ UTR-wt or GSK-3f
3'UTR-wt, while the luciferase activity in the 293 T cells
transfection with BMF 3’UTR-mut or GSK-3f 3'UTR-mut
was unchanged (Fig. 4b, ¢). What’s more, the direct target
genes BMF and GSK-3p protein expression level were sig-
nificantly inhibited by miR-29b-3p mimic transfection com-
pared with the CME and miR-NC groups (Fig. 4d, e). These
results demonstrated that miR-29b-3p directly target BMF
and GSK-3 for repression.
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miR-29b-3p inhibition aggravates CME-induced
myocardial apoptosis and injury

To further investigate the regulatory relationship among
miR-29b-3p, BMF and GSK-3p, we perform loss of function
experiments of miR-29b-3p through inhibiting endogenous
miR-29b-3p expression via tail vein injection of AAV9-
miR-29b-3p inhibitor complex with lipofectamine medi-
ated 28 days ahead of CME modeling in rat. As shown in
the Fig. 5a, miR-29b-3p expression level was significantly
declined after miR-inhibitor transfection. Meanwhile, inhi-
bition of miR-29b-3p resulted in declined cardiac function
(Fig. 5b and Table 1), reduced neovascularization (Fig. 5c,
d), increased myocardial apoptosis (Fig. Se, f), increased
myocardial microinfarct sizes (Fig. 5g, h), increased expres-
sion of target genes BMF and GSK-3p, and increased pro-
apoptotic protein expression compared with miR-mimic
(Fig. 5i, j). The aforementioned findings further showed
that in vivo overexpression of miR-29b-3p in a rat CME
model reduced myocardial microinfarct size, reduced cardiac
dysfunction, and enhanced myocardial angiogenesis. Sup-
pression of BMF and GSK-3 was partially responsible for
these protective effects.

Discussion

In the current study, we discovered a new role for miR-
29b-3p in the regulation of myocardial apoptosis and car-
diac angiogenesis. We demonstrated that miR-29b-3p down-
regulated 12 h after CME modeling, pre-treatment with
AAV9-miR-29b-3p mimics 28 days before CME surgery
can significant increase myocardium miR-29b-3p expres-
sion level, which inhibits cardiomyocytes apoptosis, reduces
myocardial microinfarct size, attenuates cardiac dysfunction
and promotes myocardial neovascularization. In addition,
we identified BMF and GSK-3p as the direct targets of miR-
29b-3p, in which BMF is positive correlate with apoptosis,
while GSK-3 is negatively regulates angiogenesis. Finally,
we transfected rat with AAV9-miR-29b-3p inhibitors, and
found that reduction of miR-29b-3p enhanced myocardial
apoptosis and impaired heart function post-CME. Thus, our
results reveals an important function of the miR-29b-3p in
CME-induced myocardial injury.

CME can lead to progressive cardiac contractile dysfunc-
tion, myocardium microinfarcts, cardimyocytes apoptosis
and reduced coronary blood flow reserve [1]. The incidence
of CME is a strong predictor of worse prognosis in patients
with CAD, which independence to myocardial infarct size
[20]. In clinical CME treatment, no matter protection devices
or antiplatelet drugs it is, the effect is modest of best. There-
fore, develop novel therapeutic strategies is urgently needed.
Studies has revealed that after myocardial injury, changes in
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the non-coding RNA transcriptome implicate in the patho-
physiology process of cardiovascular disease [21-23]. The
dynamic expression of non-coding RNA plays a vital role in
adjusting the occurrence and development of diseases. By
detecting miR-29b-3p expression level in myocardium 12 h
after CME modeling, we discovered that miR-29b-3p was
remarkably reduced in CME rat heart tissues, which was
positive correlated with the impair cardiac function, larger
microinfarct areas and elevated TUNEL-positive cardiomyo-
cytes. Interestingly, when miR-29b-3p was upregulated in
rat heart tissues, we found a decreased myocardial apop-
tosis, reduced microinfarct size, improved cardiac function
and promoted angiogenesis. In contrast, the down-regulated
of miR-29b-3p in the myocardium exert reversely effects.
Accordingly, our findings indicate that the upregulation
of miR-29b-3p play a myocardial protective role in reduce
CME-induced myocardial injury.

To further study the underlying mechanism by which
miR-29b-3p reduce myocardial apoptosis and promote neo-
vascularization, we search for target genes which was related
to apoptosis and angiogenesis regulation. By using bioinfor-
matics analysis and literatures review, we find that BMF and
GSK-3p were the targets of miR-29b-3p with high possibil-
ity. BMF, a pro-apoptotic BCL-2 homology 3 (BH3)-only
member of the B-cell lymphoma 2 (Bcl-2) family, which
contains a short BH3 domain and its BH3 domain is required
both for binding to prosurvival Bcl-2 proteins and for trig-
gering intrinsic apoptosis [24]. Apoptosis is necessary for
mammals to maintain physiological equilibrium. However,
calamity can result when the tissue apoptosis process goes
wrong. Studies have demonstrated that the imbalance of
Bcl-2 family proteins are the key factor to induce overwhelm
apoptosis and result in disease [25]. When damage signals
continuous stimulate, BMF secret increase and bind to pro-
survival Bcl-2 family proteins, which induce antiapoptotic
protein degradation and cause excessive apoptosis [26]. Con-
sistence with this, we found BMF expression level was sig-
nificantly increased in the CME and miR-NC group, together
with Cleaved-caspase3, Cleaved-caspase9 and Bax elevated,
while Bcl-2 was remarkably decreased. Additionally, heart
tissue sections TUNEL staining also show obviously car-
diomyocytes apoptosis in this two group. Nevertheless, the
expression level of proapoptotic protein and TUNEL-posi-
tive cardiomyocytes were significantly decreased in the miR-
mimic group. In contrast, pretreatment rat with miR-inhib-
itor exert reversely effects compared with the miR-mimic
group. GSK-38, belonging to the highly conserved glycogen
synthase kinase subfamily, implicating in numerous cellular
processes including cell proliferation, apoptosis and angio-
genesis. Previous studies have demonstrated the helpful role
of inhibiting GSK-3p for neovascularization and improves
angio-architecture. Reduction of GSK-33 promotes myo-
cardial neovascularization in rat myocardial infarction (MI)
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model [27]. In a chronic myocardial ischemia pig model, Senger et al. showed that inhibition of GSK-3f improved
inhibition of GSK-3 significant promote angiogenesis and  vascular cord formation and promoted neovessel forma-
blood flow reserve in ischemia myocardium [28]. Similarly, tion both in vitro and in vivo [29]. What’s more, a recent
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«Fig.5 In vivo delivery of miR-29b-3p inhibitor exert inversely effects
compared with the miR-mimic group. a Relative miR-29b-3p expres-
sion level was decreased in miR-inhibitor treated rats. n==8 per group;
*##%p <0.05 vs miR-NC. b M-mode echocardiography of representa-
tive hearts 12 h after CME in miR-inhibitor and miRmimic treated
rat. n=38 per group. ¢. Immunohistochemistry analysis of CD31" for
detecting angiogenesis in miR-inhibitor and miR-mimic transfected
heart sections. n=6 per group, scale bar=100 pm. d Quantification
of the capillaries density in miR-inhibitor and miR-mimic transfected
heart sections. n=18 fields per group; *p <0.05 vs miR-inhibitor. e
Myocardial apoptosis evaluated by TUNEL staining in miR-inhibi-
tor and miR-mimic transfected heart sections. n=6 per group, scale
bar=100 pm. f Quantitative analysis of TUNEL-positive cardiomyo-
cytes in miR-inhibitor and miR-mimic treated rat heart sections. n=6
per group; *p<0.05 vs miR-inhibitor. g Myocardial microinfarct
foci evaluated by HBFP staining in miR-inhibitor and miR-mimic
transfected heart sections. The black arrow indicates microspheres,
red arrow shows myocardial microinfarct foci. n=>5 per group, scale
bar=100 pm. h Quantitative analysis of microinfarct areas in miR-
inhibitor and miR-mimic treated rat heart sections. n=35 per group;
*p<0.05 vs miR-inhibitor. i Western blots analysis of target genes
and apoptosis related protein expression level in miR-inhibitor and
miR-mimic treated rat myocardium. n=6 per group. j Relative quan-
tification of BMF, GSK-3p, Cleavedcaspase3, Cleaved-caspase9, Bax
and Bcl-2 expression level. GAPDH was used as an internal control.
n=6 per group; *p <0.05 vs miR-inhibitor (colour figure online)

work found that circNfix downregulation increased miR-214
expression level, which promoted myocardial angiogenesis
via inhibiting GSK-3p in a mice MI model [30]. Consistent
with this, we found the expression of GSK-3 was decreased
in CME rat with miR-29b-3p mimics transfected, and myo-
cardial capillary density remarkably increased. However, the
expression level of GSK-3f and vessel density were no sig-
nificant difference among sham, CME and miR-NC groups.
For bioinformatics analysis, we query through the miRNAs
database, and validate the analysis results via dual lucif-
erase reporter assay. As our expected, transfected with miR-
29b-3p mimics significantly decreased the relative luciferase
activity of the BMF 3'UTR-wt and GSK-3f 3'UTR-wt, but
did not change the luciferase activity of the vector contain-
ing BMF 3’UTR-mut and GSK-3f 3'UTR-mut. These data
suggest miR-29b-3p directly target BMF and GSK-3f for
repression, inhibiting myocardial apoptosis and promote
myocardium neovascularization.

The mature miR-29 s member are highly conserved
among humans, mice, and rats, sharing the same seed
sequences region [31]. Increasing studies shows that miR-
29b-3p has distinct expression profiles and play different
roles in various cardiovascular disease. In a mouse MI
model, researchers discovered that upregulation of miR-
29b-3p can significant alleviated MI-induced cardiac fibro-
sis and attenuated myocardial remodeling post-MI [12].
Peng found that upregulation of miR-29b-3p significant
reduced cardiomyocytes apoptosis and myocardial inflam-
mation in endotoxin-induced cardiac injury [32]. Numer-
ous growth factors have been shown to be associated
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with neovascularization and angio-architecture, but little
is understood about the complex mechanisms govern-
ing upstream control of gene translation and expression.
Endothelial cells have a high concentration of miR-29 s,
which suggests that miR-29 s are crucial for maintaining
vascular integrity, according to a miRNAs array [33-35].
Our study data suggest that transfected with miR-29b-3p
28 days before CME operation can significant promotes
myocardium angiogenesis, mechanistic analysis revealed
this effect may be obtain by inhibiting GSK-3p. It is
important to highlight that mounting data suggests that
miR-29b-3p operates differently under diverse pathologi-
cal conditions. Upregulating miR-29b-3p is a successful
strategy to reduce myocardial fibrosis in a mouse model
of MI caused by a blocked left coronary artery [12]. How-
ever, in a mouse model of ventricular pressure overload,
miR-29b global genetic deletion or antimiR-29 infusion
reduce cardiac hypertrophy and fibrosis and improve car-
diac function [36]. Depending on the experimental setup
and the time points analyzed the endogenous expression
levels of miR-29b-3p appear to differ. To identify the spe-
cific roles of miR-29b-3p, a more thorough analysis of
miR-29 expression in various cell types, organs, and dis-
ease models may be fruitful.

There are two limitations to this study. First, we estab-
lished that the chronic upregulation of miR-29b-3p facili-
tated myocardial angiogenesis; nevertheless, the mechanisms
between high levels of miR-29b-3p and neovascularization
in the adult rat heart requires more investigation. Second,
considering that miR-29b-3p has numerous targets, while we
only mentioned two of them. Given the pleiotropic effects of
miRNAs, prospective treatment approaches based on miR-
29b-3p overexpression demand careful thought.

In conclusion, the current findings showed that miR-
29b-3p is decreased in CME-induced myocardial injury. By
inhibiting the synthesis of BMF and GSK-3f, miR-29b-3p
upregulation enhances cardiac function and prevents myo-
cardial apoptosis. Therefore, miR-29b-3p overexpression
may be helpful in treating cardiac problems brought on by
CME.
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