
RESEARCH Open Access

MicroRNA-133 overexpression promotes
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Abstract

Background: Our study aim was to evaluate the therapeutic efficacy and mechanisms of miR-133-overexpressing
mesenchymal stem cells (MSCs) on acute myocardial infarction.

Methods: Rat MSCs were isolated and purified by whole bone marrow adherent culturing. After transfection
with the agomir or antagomir of miR-133, MSCs were collected for assay of cell vitality, apoptosis, and cell
cycle progression. At the same time, exosomes were isolated from the supernatant to analyze the paracrine
miR-133. For in-vivo studies, constitutive activation of miR-133 in MSCs was achieved by lentivirus-mediated
miR-133 overexpression. A rat myocardial infarction model was created by ligating the left anterior
descending coronary artery, while control MSCs (vector-MSCs) or miR-133-overexpressed MSCs (miR-133-MSCs)
were injected into the zone around the myocardial infarction. Subsequently, myocardial function was
evaluated by echocardiography on days 7 and 28 post infarction. Finally the infarcted hearts were collected
on days 7 and 28 for myocardial infarct size measurement and detection of snail 1 expression.

Results: Hypoxia-induced apoptosis of MSCs obviously reduced, along with enhanced expression of total poly
ADP-ribose polymerase protein, after miR-133 agomir transfection, while the apoptosis rate increased in MSCs
transfected with miR-133 antagomir. However, no change in cell viability and cell-cycle distribution was
observed in control, miR-133-overexpressed, and miR-133-interfered MSCs. Importantly, rats transplanted with
miR-133-MSCs displayed more improved cardiac function after acute myocardial infarction, compared with
those that received vector-MSC injection. Further studies indicated that cardiac expression of snail 1 was
significantly repressed by adjacent miR-133-overexpressing MSCs, and both the inflammatory level and the
infarct size decreased in miR-133-MSC-injected rat hearts.

Conclusions: miR-133-MSCs obviously improved cardiac function in a rat model of myocardial infarction.
Transplantation of miR-133-overexpressing MSCs provides an effective strategy for cardiac repair and
modulation of cardiac-related diseases.

Keywords: miR-133, Mesenchymal stem cells, Myocardial infarction

* Correspondence: leiwei@suda.edu.cn; uuzyshen@aliyun.com
†Equal contributors
1Institute for Cardiovascular Science & Department of Cardiovascular Surgery
of The First Affiliated Hospital, Soochow University, 215007, 708 Renmin Rd,
Bldg 1, Suzhou, China
Full list of author information is available at the end of the article

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Chen et al. Stem Cell Research & Therapy  (2017) 8:268 
DOI 10.1186/s13287-017-0722-z

http://crossmark.crossref.org/dialog/?doi=10.1186/s13287-017-0722-z&domain=pdf
mailto:leiwei@suda.edu.cn
mailto:uuzyshen@aliyun.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/


Background
Myocardial infarction (MI), arising from myocardial is-
chemia, is the leading cause of morbidity and mortality
in the world [1]. In the process of MI and subsequent
heart failure, the myocardium undergoes structural alter-
ations, such as apoptosis of myocardial cells, increase of
extracellular matrix protein, fibrosis, and hypertrophy of
cardiac myocytes [2].
Given their multipotency, low immunogenicity, avail-

ability, and capacity for expansion, mesenchymal stem
cells (MSCs) are being considered as a potential cell
source for tissue repair and have been used in clinical
trials to cure intractable diseases [3, 4]. In patients with
severe ischemic heart failure, MSC transplantation could
reduce the left ventricular end-systolic volume (LVESV)
and improve the left ventricular ejection fraction (LVEF),
stroke volume, and myocardial mass. What is more im-
portant is that no side effect was found in these clinical
trials [4, 5]. To gain more therapeutic effect, continued
efforts are emerging to improve cardioprotective effects
of MSCs, using the methods of exogenous stimulation
or endogenous genetic engineering. Overexpression of
CXCR4 can enhance the mobilization and engraftment
capacity of MSCs to the ischemic area, promote the se-
cretion of paracrine factors, and enhance neovasculariza-
tion [6–9]. Except for their multilineage differentiation
ability and paracrine effects, MSCs have been shown to
ameliorate lipopolysaccharide (LPS)-induced inflamma-
tion in a rat model of acute lung injury (ALI) [10].
MicroRNAs (miRNAs) are 19–22-nucleotide nonprotein-

coding RNAs (ncRNAs) which are expressed ubiquitously
and induce mRNA degradation or inhibit translation by dir-
ect binding to the 3′ untranslated region (3′UTR) of their
target mRNAs [11, 12]. miRNAs have been reported to
modulate cardiac proliferation, differentiation, survival, au-
tophagy, pyroptosis, and reprogramming [13–15]. Prabhu et
al. [16] demonstrated a crucial influence of miRNAs in the
inflammation and regeneration phases of cardiac repair after
MI. miR-21 reduced the H2O2-induced apoptosis of BMSCs
through downregulating the PTEN gene and PI3K/Akt path-
way. miR-133 was recently shown to be involved in the
process of apoptosis, vascular smooth muscle cell differenti-
ation, angiogenesis, and regeneration of cardiomyocytes [17].
The abundance of miR-133 is higher in healthy adult hearts
when compared with that in fetal hearts. However, cardiac
expression of miR-133 significantly decreased in patients suf-
fering from MI [18]. Elevation of miR-133 reduced hypoxia-
induced, oxidative stress-induced, and endoplasmic
reticulum stress-induced cardiac apoptosis in vitro [19–21].
What is more, miR-133 was reported to affect β-adrenergic
receptor signaling and inhibit cardiac hypotrophy in the
process of heart failure [22, 23]. Regulatory exercise can pre-
vent cardiac cell apoptosis through accelerating the expres-
sion of miR-133 and Bcl-2 [24].

The aim of this study was to elucidate the effects of miR-
133 on the function of MSCs in treating ischemic myocar-
dial diseases. We undertook both overexpression and
knockdown approaches to demonstrate the anti-apoptotic
role of miR-133 on MSC survival and the cardioprotective
role of miR-133-MSCs in infarcted hearts. The study
provides a novel therapeutic approach showing a better
therapeutic effect on MI.

Methods
Animals
All animal experiments were approved by the Ethic
Committee of Soochow University (reference number:
SZUM2008031233) and were conducted according to in-
stitutional animal ethics guidelines for the Care and Use
of Research Animals established by Soochow University,
Suzhou, China. Forty rats were purchased from the
Laboratory Animal Center of Nanjing University
(Nanjing, China) and maintained under specific patho-
gen free conditions.

Isolation, culture, and characterization of bone marrow
MSCs
Bone marrow-derived mesenchymal stem cells (BM-
MSCs) were isolated and cultured as described previously
[25]. Briefly, bone marrow was flushed from femora of SD
rats. Cells were collected by centrifugation, seeded onto a
culture dish, and cultured in DMEM/F12 supplemented
with 10% fetal bovine serum (FBS). The culture medium
was refreshed every 48 h and the colonies of MSCs should
appear in 8–10 days. The phenotype of MSCs was identi-
fied by flow cytometry at passage 4, using antibodies
against rat CD90-APC, CD11b/c-FITC, and CD45-PEcy7.

Hypoxia conditioning of MSCs in vitro
For hypoxic culture, MSCs were cultured in a tri-gas in-
cubator (Thermo Fisher Scientific, Marietta, OH, USA)
composed of 94% N2, 5% CO2, and 1% O2. To determine
the optimal duration of hypoxic treatment, cells were
cultured for 6, 12, 24, and 48 h under hypoxic and nor-
moxic conditions. MSCs were then harvested for flow
cytometric analysis of apoptosis and proliferation.

Transient transfection
MSCs (3 × 105 cells) were seeded onto the 12 wells of a
12-well plate, incubated overnight, and then transfected
with miR-133a agomir, miR-133a antagomir, or negative
control using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instructions as described previ-
ously [3].

Quantitative RT-PCR assay
Total RNA was isolated from MSCs or left ventricular tis-
sues using Trizol reagent (Invitrogen, USA) as described
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previously [3]. Subsequently, RNAs were reverse-transcribed
to cDNAs with the microRNA reverse transcription system
(GenePharma, Shanghai, China) or the primescript RT re-
agent kit (TAKARA, Japan). The expression level of miR-
133a was analyzed by quantitative RT-PCR (Q-PCR) using
the miRNAs Quantitation Kit (GenePharma, China). For
snail 1, Q-PCR was performed using SYBR PCR master mix
in the ABI Step One-Plus Detection system (Applied
Biosystems, USA) according to the manufacturer’s
introductions. The primers used for snail 1 are as follows:
sense, 5′-TTCTCCCGAATGTCCTTGCT-3′; and antisense,
5′-CTGCCTTCCATCAGCCATCT-3′. Relative gene ex-
pression quantifications were calculated according to the
comparative Ct method using U6 as an internal standard.
Each assay was performed in triplicate.

Viability and proliferation assay
Cell viability was evaluated by CCK-8 assay (Dojindo
Laboratories, Japan) as described previously [26]. Briefly,
MSCs in 96-well plates were transfected with miR-133
agomir/antagomir and cultured for 6, 12, 24, and 48 h.
The culture supernatants were then changed to fresh
medium with 10% CCK-8 (Dojindo Laboratories, Japan).
The absorbance at 450 nm indicating cell viability was
measured in the Multi-Mode Microplate Reader
(BIOTEK, USA), taking into account the background
readings. The proliferation of MSCs was assessed with
carboxyfluorescein diacetate succinimide ester (CFSE)
(Invitrogen). MSCs were stained with CFSE at a concen-
tration of 25 mM for 10 min, washed with PBS three
times, and transfected with miRNAs in 12 h. MSCs were
then collected at 6, 12, 24, and 48 h and analyzed by
flow cytometry (Guava).

Flow cytometry
Cell cycle and apoptosis were analyzed by flow cytome-
try as reported previously [3]. MSCs at passage 5 were
placed in a 12-well plate at a confluence of 80% and then
transfected with miR-133 agomir/antagomir or negative
controls. At corresponding time points, cells were col-
lected and stained with Annexin-V (eBioscience, USA)
and propidium iodide (for apoptosis assay) or only pro-
pidium iodide (Sigma, for cell cycle assay) for 30 min.
The cells were detected by flow cytometry, and data
were analyzed by FlowJo software.

Reconstruction of plasmids and preparation of lentivirus
The vector pCDH-CMV-MCS-EF1-copGFP was used as
a backbone plasmid to reconstruct lentiviral vector
containing miR-133a. The vector and pre-miR-133a fragments
amplified from rat genomic DNA were digested with XbaI
and EcoRI (NEB, USA) and ligated with T4 ligase (TAKARA).
The primers used for amplification of pre-miR-133a are as fol-
lows: sense, 5′-ATGTCTAGACCCTCTAATACTCGTCAT-

3′; and antisense, 5′-GAATTCGACCGTTGTTAGTTGT
TT-3′. The reconstruct plasmid was verified by Sanger se-
quencing. For lentiviral production, HEK293NT cells were
cotransfected with control vector or lentiviral plasmid carrying
pre-miR-133 fragments, along with lentiviral packaging mix.
The culture medium was collected at 24 and 48 h after trans-
fection, filtered through a 0.45-μm filter, and incubated over-
night with polyethylene glycol 8000 (PEG 8000) before being
concentrated by centrifugation (4000× g for 20 min at 4 °C;
Thermo). Lentivirus was titrated using a titer kit, and virus
particles were stored at –80 °C until use. The ratio of
lentivirus-infected MSCs was observed under an inverted
fluorescence microscope (Olympus, Tokyo, Japan).

Rat model of acute MI and assessment of heart functions
Acute MI was induced as described previously [27, 28].
Briefly, young Sprague–Dawley rats (~250 g) were anes-
thetized with 10% chloral hydrate (w/v; Acros, Japan) by
intraperitoneal injection. The left anterior descending ar-
tery was ligated between the pulmonary artery outflow
tract and the left atrium. While sham-ligated rats were
used as control, these rats under MI surgeries were di-
vided into four groups receiving intramyocardial injec-
tion of PBS, normal MSCs, MSCs infected with empty
lentivirus (vector-MSCs), or MSCs infected with miR-
133-overexpressed lentivirus (miR-133-MSCs), respect-
ively. A total of 1 × 106 MSCs in 20 μl of phosphate buf-
fer (PBS) were transplanted by myocardial injection near
the ligation site in the free wall of the left ventricle. Rats
were anesthetized for echocardiography detection on
days 0, 7, and 28 after MI, using the Vevo 2100 system
(VisualSonics Inc., Toronto, ON, Canada) with an 80-
MHz probe. Rats were finally sacrificed to harvest the
heart tissue for Q-PCR analysis, hematoxylin and eosin
(H&E) staining, and Masson staining.
To evaluate the effect of miR-133 on cell survival in vivo,

normal MSCs, MSCs infected with empty lentivirus
(vector-MSCs), or miR-133-overexpressed lentivirus (miR-
133-MSCs) were dyed with chloromethylbenzamido (Cell-
TrackerTM CM-Dil 11372053; Invitrogen) according to the
manufacturer’s instructions, followed by cell transplant-
ation. Rats were anesthetized for MSC survival detection
on day 3 after MI, and CM-Dil+ MSCs were observed via
fluorescence microscopy (Olympus, Japan).

Histological examination
Freshly isolated hearts were fixed in 4% paraformalde-
hyde (PFA, pH 7.4) and sectioned. H&E and Masson
trichrome staining were performed to demonstrate
myocardial fibrosis as described previously [3]. For
Masson trichrome staining, heart slices were pro-
duced perpendicular to the axis of the left anterior
descending coronary artery. The severity of myocar-
dial fibrosis was indicated by the average ratio of the
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fibrotic area to the entire LV cross-sectional area and
the average ratio of fibrosis length to entire internal
LV circumference, which was analyzed by ImageJ soft-
ware (National Institutes of Health, USA).

Exosome isolation
MSCs were transfected with miR-133 agomir, miR-133
antagomir, or negative control, and subsequently cultured in
DMEM/F12 with exosome-free FBS. Exosomes from culture
supernatants were isolated by differential centrifugation. In
brief, supernatants were centrifuged at 200 × g for 30 min to
remove cell debris (991; Thermo). Subsequently, the super-
natants were mixed with total exosome isolation reagent
(Invitrogen, USA) overnight at 4 °C. After centrifuging at
10,000 × g for 1 h, the pellet was resuspended in PBS.
miRNA in the exosome was isolated using a mirVana
miRNA isolation kit (Invitrogen, USA) according to the
manufacturer’s instructions. Subsequently, the expression
level of miR-133a was analyzed by Q-PCR as already de-
scribed. The protein level in the exosome was analyzed by
BCA assay kit (Beyotime, China) and the secreted level of
CD63 was detected by western blot analysis as described in
the following.

Coculture of MSCs with cardiomyocytes
Cardiomyocytes were isolated from neonatal rat with
1 mg/ml collagenase II (Invitrogen, USA). Forty-eight
hours later, the isolated cardiomyocytes were cocul-
tured with MSCs transfected with miR-133 agomir/
miR-133 antagomir or negative control at a 10:1 ratio.
After 48 h of coculture, the cardiomyocytes were col-
lected for RNA isolation and Q-PCR analysis.

Western blot analysis
Western blot analysis was performed according to previ-
ous description [27]. Total protein (30 μg protein per
lane) from MSCs transfected with different miRNAs was
subjected to SDS-PAGE and immunoblotting with the
antibody against poly ADP-ribose polymerase (PARP)
(46D11; CST), CD63 (ab108950; Abcam), Collagen I
(14695; Proteintech), α-SMA (ab5694; Abcam), and
GAPDH (KM9002T; Sungene Biotech).

Statistical analysis
Data were expressed as mean ± SEM. Statistical analysis
was performed using one-way ANOVA to compare data
among three or more groups and Student’s unpaired t test
to compare data between two groups. p < 0.05 was consid-
ered statistically significant. Statistical analysis was carried
out using GraphPad Prism software (version 5.01; San
Diego, CA, USA).

Results
Characterization of rat MSCs
MSCs were isolated from bone marrow of SD rats. MSCs
were typically spindle-shaped and adherent to the plastic
dishes (Fig. 1a). The surface markers of MSCs were further
identified by flow cytometry. Results showed that BM-MSCs
were positive for CD90, and negative for CD45 and CD11b/c
(Fig. 1b).
In order to determine whether miR-133 affected MSCs,

we transfected MSCs with miR-133 agomir/antagomir.
The transfection efficiency was evaluated with FAM-
labeled nucleic acid controls (Fig. 1a, c) and 94.56% of
MSCs were positive for FAM signal by flow cytometry
analysis. Q-PCR revealed that transfection of miR-133
agomir elevated miR-133 expression in MSCs by 800-fold
when compared with the negative control, and miR-133
antagomir reduced miR-133 expression by 80% (Fig. 1d).
These data confirmed that MSCs were successfully iso-
lated and modulated with miR-133 agomir/antagomir.

miR-133 enhanced survival of MSCs under hypoxic
conditions
To investigate the role of miR-133 in the survival of
MSCs, we evaluated apoptosis, cell vitality, and cell cycle
in miR-133 agomir/antagomir-transfected MSCs under
hypoxic conditions.
We first performed Annexin V/PI staining, followed

by flow cytometry, to detect the effect of hypoxic condi-
tions on cell survival. When cultured under low oxygen
conditions, the rate of MSC apoptosis increased in a
time-dependent manner, and reached the maximum
ratio at 24 h (Additional file 1: Figure S1A). Thus, we
chose 24-h treatment to further study the influence of
miR-133 on hypoxia-induced MSC apoptosis. Our study
demonstrated that both early and late apoptosis were
obviously decreased in MSCs transfected with miR-133a
agomir. On the contrary, miR-133a antagomir signifi-
cantly facilitated hypoxia-induced MSC apoptosis
(Fig. 2a, b). PARP is a typical apoptosis related protein
cleaved by caspase 3. We found that the full-length pro-
tein level of PARP was elevated in the miR-133 agomir
group and downregulated in the miR-133 antagomir
group (Fig. 2c), indicating that miR-133 decreased cas-
pase 3 activity in MSCs.
However, no obvious change in cell-cycle distribution

(Fig. 2d), cell viability (Fig. 2f and Additional file 1: Figure
S1B), and cell proliferation (Fig. 2g and Additional file 1:
Figure S1c) was detected in MSCs transfected with control
miRNA, miR-133 agomir, or miR-133 antagomir.

MSC infection with miR-133a lentivirus
We extracted the miR-133a and pre-miR133 sequences
of rats in miRBase (http://www.mirbase.org/). Fragments
of rat pre-miR-133 (281 bp) were amplified by PCR from
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rat genomic DNA (Fig. 3a). The amplified fragments
were cloned into the multiple cloning site (MCS) of
pCDH-CMV-MCS-EF1-copGFP. The fusion plasmid
was then cotransfected into 293NT cells along with a
lentivirus package mix (Fig. 3b). An empty backbone
vector was used as a control.
After lentiviral infection, most MSCs expressed green

fluorescent protein (GFP), suggesting successful lenti-
viral packaging and cell infection (Fig. 3c). As shown in
Fig. 3d, the miR-133 level was increased by 700-fold in
MSCs infected by miR-133-overexpressing lentivirus,
when compared with that in both uninfected and vector-
lentivirus-infected MSCs.

miR-133-MSCs effectively preserve cardiac function in a
rat MI model
We assessed the in-vivo therapeutic effects of miR-133-
MSCs on a rat MI model. Echocardiography was per-
formed at baseline and 7 and 28 days after MI. The left
ventricular ejection fraction (LVEF) and fractional short-
ening (FS) were used as the major in-vivo index for heart
function. There was no significant difference among the
groups before MI (data not shown). At 7 and 28 days
post MI, the LVEF and FS of infarcted rat hearts signifi-
cantly decreased in the PBS group compared with the
sham group, while both normal and miR-133-
overexpressing MSCs could partially rescue MI-induced
decrease of LVEF and FS as shown in Fig. 4. More im-
portantly, the LVEF was significantly increased in the
miR-133-MSC group compared with the vector-MSC
group (p < 0.05). Besides, LV mass and LV volume were
also improved by miR-133-MSCs.

miR-133-MSCs effectively reduce inflammation and
fibrosis in the MI model
To determine the level of severity, we examined path-
ology of heart sections 7 and 28 days after MI. Histo-
logical assessment of heart slices revealed that cell
apoptosis and inflammatory cell infiltration were amelio-
rated in miR-133-MSC-treated hearts (Fig. 5a).
Following inflammatory cell infiltration, the infarcted

heart undergoes fibrosis and remolding to replace
necrotic myocardial cells, which leads to further
reduction of cardiac function. To evaluate the size of fi-
brosis, Masson trichrome staining was performed on
heart sections 7 and 28 days after MI and MSC intra-
myocardial injection, respectively. As illustrated in
Fig. 5b, normal myocardium was stained red, while the
blue color represented fibrosis tissue. Analysis with
ImageJ software demonstrated that the fibrosis area in
the miR-133-MSC group is significantly reduced com-
pared to both PBS and vector-MSC groups, indicating a
better therapeutic effect of miR-133-MSCs on MI
(Fig. 5c). Western blot analysis of collagen I and α-SMA
further confirmed the fibrosis level in the different
groups already described (Fig. 5d).

miR-133 enhances the survival of MSCs in vivo and
reduces the cardiac expression of Snail 1 in vitro and in
vivo
One of the most important barriers to MSC therapy in
MI is that many of the MSCs injected into the heart die
in the hypoxic environment or are washed away with
heart beating. We therefore assessed the survival and re-
tention of MSCs in the heart 3 days after cell injection.

Fig. 1 Characterization of bone marrow-derived mesenchymal stem cells (MSCs) transfected with miR-133. a Morphology of MSCs observed
under inverted fluorescence microscope (upper panel, bright field; lower panel, fluorescence field). b Phenotypic analysis of cell surface antigens
of MSCs by flow cytometry. c Transfection efficiency detected by flow cytometry. d miR-133 expression level determined by Q-PCR. **p < 0.01,
***p < 0.001. Data representative of three independent experiments. CON control, NC negative control
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While all cells in the LV were stained by DAPI, CM-
Dil+ cells indicated only the viable exogenous MSCs.
The results showed that the miR-133-MSC group
possesses more survival MSCs after MI compared
with the other two groups (Fig. 6a).
Exosomes derived from MSCs were proved to influ-

ence cell apoptosis and angiogenesis potency [28]. To
study whether exosomes mediate the roles of miR-133-
MSCs in the heart function after MI, the abundance of
miR-133 was accessed in exosomes secreted by miR-
133-overexpressing or interfering MSCs. Our results
demonstrated that the miR-133 level was elevated by
200-fold compared with the negative control (Fig. 6b).

Thus, miR-133 secreted from MSCs might influence the
biological functions of other cells. Western blot analysis
showed that, on the same amount, the exosome isolated
from the miR-133 agomir group expressed a high level
of CD63, a protein marker in the exosomes (Fig. 6c). We
then searched for a potential direct mRNA target of miR-
133 by a target prediction program, and identified two
conserved miR-133 binding sites in the 3′UTR of the snail
1 gene (Fig. 6d). Snail 1 is a master regulator of epithelial-
to-mesenchymal transition (EMT), and induces fibrogen-
esis during developmental and disease processes. By in-vi-
tro coculture assay, we found that miR-133-MSCs
significantly repressed the cardiac expression of snail 1

Fig. 2 miR-133 enhanced the survival of MSCs under hypoxic conditions. Apoptosis analyzed by Annexin V/PI staining and flow cytometry. a
Scatter diagram of apoptosis in MSCs transfected with miR-133 agomir, antagomir, or their corresponding negative control (NC). b Histogram of
apoptosis in different groups. c Western blot analysis of PARP protein in MSCs transfected with different miRNAs. d Cell cycle analyzed by PI
staining and flow cytometry. e Histogram of western blot data from (c). f Cell viability detected by CCK8 assay (n = 5). g Cell proliferation detected
using CFSE at 24 h after transfection with miRNAs. *p < 0.05, **p < 0.01, ***p < 0.001. CFSE carboxyfluorescein diacetate succinimide ester, CON
control, NS not significant, PARP poly ADP-ribose polymerase, PI propidium iodide
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Fig. 3 Construction of miR-133 lentivirus. a Electrophoretogram of pre-miR-133 fragments. b Fluorescence image of GFP+ 293NT infected with
lentivirus carrying pre-miR-133. c Morphology of MSCs transfected with miR-133 lentivirus (upper panel, bright field; lower panel, fluorescence
field). d miR-133 expression level detected by Q-PCR after lentiviral transfection of miR-133. ***p < 0.001. MSC mesenchymal stem cell

Fig. 4 miR-133-MSCs preserve cardiac function. a Echocardiogram of rat heart in different groups at 7 and 28 days after MI. b Index of heart
function in different groups. *p < 0.05 compared with vector-MSC group. EF ejection fraction, FS fractional shortening, LV left ventricular, MSC
mesenchymal stem cell, PBS phosphate-buffered saline
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mRNA (Fig. 6e). Coincidently, while the expression level of
snail 1 was obviously increased in the left ventricle of the in-
farcted heart at both 7 and 28 days post MI, miR-133-
overexpressing MSCs revealed more effective suppression of
MI-induced snail expression than control-MSC or vector-
MSC injection (Fig. 6f).
These results suggested that miR-133 might enhance

the survival of MSCs injected into the heart and influ-
ence the paracrine function of MSCs including miR-133
and other protein levels, and that miR-133 secreted from
MSCs might suppress the expression of snail 1 in cardi-
omyocytes in vitro and in vivo and then influence the fi-
brosis of LV after MI.

Discussion
Acute myocardial infarction is characterized by ische-
mic injury and cardiomyocyte cell death, which leads
to cardiac dysfunction and eventually causes heart
failure. Apoptotic cell death of cardiomyocytes is one

of the main types of cardiac death during the process
of MI. Although MSC transplantation was considered
a potential strategy for MI, most transplanted MSCs
undergo cell apoptosis in the ischemic myocardium
microenvironment. A large number of studies have
revealed important roles of miRNAs in regulating cell
proliferation, differentiation, apoptosis, pyroptosis, and
inflammatory responses [14, 29–31]. In this study, we
revealed a protective function of miR-133 against hypoxia-
induced MSC apoptosis, as well as more effectively
improved cardiac function in the infarcted heart following
transplantation of miR-133-overexpressing MSCs.
Previous studies reported an inconsistent modulatory

effect of miR-133 on cell proliferation and differentiation
through different signaling pathways [32, 33]. In this
study, we found miR-133 had little influence on prolifer-
ation of MSCs. We thus explored whether miR-133
could protect MSCs against apoptosis. By the method of
hypoxia, a widely used in-vitro model to mimic the

Fig. 5 Histological analysis of inflammation and fibrosis in each group. MI was constructed through ligating the left anterior descending artery
and then injecting 1 × 106 different MSCs in 20 μl PBS into the peri-infarcted zones. Heart samples harvested 7 or 28 days after cell injection. a
H&E staining of rat heart sections collected at 7 and 28 days post MI. b Masson trichrome staining of heart slides at 7 and 28 days after MI: red,
myocardium; blue, scarred fibrosis. c Percentage of fibrotic area calculated and averaged by ImageJ software (n = 5). d Western blot analysis of
collagen I and α-SMA protein detected in LV. *p < 0.05 compared with vector-MSC group. MSC mesenchymal stem cell, PBS
phosphate-buffered saline
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ischemic myocardium microenvironment, we first re-
vealed that miR-133 agomir could significantly reduce
hypoxia-induced MSC apoptosis at both early (14.89%
versus 25.14% in miR-133 agomir NC) and late
(2.54% versus 6.15% in miR-133 agomir NC) stages.
Consistently, miR-133 antagomir accelerated cell
apoptosis of MSCs under hypoxic conditions. Previous
data and our data illustrate that miR-133 could be an
effective target to promote MSC survival in the ische-
mic myocardium microenvironment.
Since the survival rate and activity are the two most

important determinants of cell function, we assumed
that miR-133 overexpression may improve the effect
of MSCs on cardiac protection in the injured heart.
In this study, we proved that, compared with PBS,
MSC, and vector-MSC groups, miR-133-MSCs could
ameliorate the symptoms of MI, such as increasing
the LVEF and FS, reducing the inflammatory cell in-
filtration in the heart at 7 and 28 days post MI, and
decreasing fibrosis. The improved cardiac function in
the miR-133-MSC group was partially caused by

increased survival of transplanted MSCs, as indicated
by CM-Dil staining.
It is generally believed that the function of MSCs is

mediated mostly by paracrine action through soluble
factors including miRNAs and proteins [28].
Consistently, our results indicated an increased expres-
sion of exosome biomarker CD63 in the miR-133 over-
expression group. Compared to the negative control, we
further found a significant increase of the miR-133 level
in exosomes secreted by miR-133-overexpressing MSCs.
These data indicated that, in addition to promoting
MSC survival, the improvement of cardiac function in
the infarcted heart could be also mediated by miR-133
secreted from miR-133-MSCs. In this regard, miR-133
has been reported to be deregulated in human MI [18]
and cardiac hypertrophy, while its overexpression was
able to antagonize cardiac apoptosis [34] and protected
the heart from ischemic injury in a mouse model of
cardiac hypertrophy [23]. Besides, recent studies
revealed the ability of miR-133, along with other tran-
scription factors or miRNAs, to induce myocardial

Fig. 6 miR-133 enhanced survival of MSCs in vivo and downregulated expression of snail 1. Survival of MSCs indicated by CM-
Dil (chloromethylbenzamido) and expression level of snail 1 analyzed by Q-PCR. a Fluorescent photographs of surviving MSCs with red
fluorescence. b miR-133 level in exosome isolated from MSC culture supernatant. c Western blot analysis of CD63 in exosome. d Snail 1
3′UTR contains predicted miR-133 binding sites, which are conserved among species. e Relative expression of snail 1 in cardiomyocytes
cocultured with different MSCs. f Relative expression of snail 1 in left ventricular tissue at 7 and 28 days after MI. *p < 0.05, **p < 0.01,
***p < 0.001. CON control, LV left ventricle, MSC mesenchymal stem cell, NC negative control, PBS phosphate-buffered saline
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transdifferentiation of cardiac fibroblasts through inhi-
biting the expression of TGF-β signaling or factors which
promote fibrosis, such as snail 1 [35, 36]. Previous studies
have proved that miRNAs in MSC-secreted exosome have a
therapeutic effect on inflammatory disease, such as sepsis
and spinal cord injury [37, 38]. Correspondingly, we
demonstrated in this study that miR-133 overexpression
ameliorated inflammation and fibrosis in the infarcted heart.
In this regard, two fibrosis-related genes Col1a1 and snail 1
were predicted targets of miR-133 by TargetScan (http://
www.targetscan.org/vert_71/). Our Q-PCR results further
verified that overexpression of miR-133 in MSCs significantly
repressed cardiac expression of the snail 1 gene. Thus, miR-
133 secreted by miR-133-MSCs may enhance the function
of the infarcted heart through reducing inflammation and
fibrosis.

Conclusions
In summary, this study demonstrated that miR-133 en-
hanced the therapeutic effect of MSCs in an acute MI
model, by suppressing the apoptosis of MSCs under hyp-
oxic conditions and mediating their paracrine effects.

Additional file

Additional file 1: Is Figure S1 showing influence of miR-133 on
apoptosis, viability, and proliferation at different times on MSCs. (A)
Time-dependent change of early and late apoptosis under hypoxic
conditions. (B) Cell viability of MSCs transfected with miR-133 agomir and
antagomir for 6, 12, and 48 h. (C) Cell proliferation of MSCs transfected
with miR-133 agomir and antagomir for 6, 12, and 48 h (TIF 3763 kb)
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