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Adipose-derived stromal cells (ADSCs) have been considered as
an attractive therapeutic tool. Accumulating evidence indicates
that the healing effects of ADSCs are mainly related to para-
crine action rather than transdifferentiation. Data show that
the expression of miR-93-5p has a cardio-protective effect after
acute myocardial infarction (AMI). To identify whether miR-
93-5p-encapsulating exosomes that form ADSCs have a better
cardio-protective effect, we investigated the inflammatory fac-
tors and miR-30d-5p expression in clinical levels. A rat model
of AMI and an in vitromodel of hypoxic H9c2 cells were estab-
lished to study the protective mechanism of miR-93-5p in
ischemia-induced cardiac injury. The results show that the
expression of inflammatory cytokines and miR-93-5p were
increased following AMI in both patients and animal models.
Moreover, treatment with ADSC-derived miR-93-5p-contain-
ing exosomes has a greater protective effect on infarction-
induced myocardial damage than simple exosome processing.
Furthermore, in vitro experiments confirmed that the expres-
sion of miR-93-5p can significantly suppress hypoxia-induced
autophagy and inflammatory cytokine expression by targeting
Atg7 and Toll-like receptor 4 (TLR4), respectively, and was
confirmed with Atg7 or TLR4 overexpression. The results
also show that autophagy activation can promote inflammatory
cytokine expression indirectly. Taken together, these results
suggest that the miR-93-5p-enhanced ADSC-derived exosomes
prevent cardiac injury by inhibiting autophagy and the inflam-
matory response.
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INTRODUCTION
Acute myocardial infarction (AMI) is one of the most serious cardio-
vascular diseases.1 An early and accurate diagnosis can guarantee
immediate initiation of reperfusion therapy to potentially reduce
the mortality rate. Recently, many attempts have been made to
improve the outcome of AMI using stem cells in preclinical and
clinical studies.2–5 Among the various sources of stem cells, mesen-
chymal stem cells (MSCs), particularly adipose-derived MSCs, have
been used to treat AMI.6,7 The earliest preclinical studies suggested
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that MSCs have the potential to differentiate into multiple cardiac
cell types including cardiomyocytes, vascular endothelial cells, and
vascular smooth muscle cells.2,7,8 However, subsequent studies were
not able to reproduce this remarkable differentiation capacity of
MSCs. Rather, it was reported that most intravenously injected cells
are trapped in the lung rather than engrafted in the heart.9,10 Even
when MSCs are administered to a swine heart via the coronary artery
following AMI induction, only 6% of the injected cells remained in
the infarct zones 14 days after AMI induction.9 Furthermore, the
supernatant of MSC cultures reportedly improves cardiac func-
tion.9,11,12 These results suggest that MSCs improve cardiac function
via the secretion of paracrine factors rather than via direct differenti-
ation of MSCs into cardiac cell types. Furthermore, MSC transplanta-
tion entails several problems such as low survival rate and stem cell
tumorigenesis.13 Consequently, we suspect that secreted paracrine
factors from MSCs may play an important role in the repair and
regeneration of cardiac tissues.

Exosomes are a type of secreted vesicle (also referred to as extracel-
lular vesicles or EVs) that are 30–100 nm in diameter and contain a
variety of biologically active molecules, such as proteins, mRNAs,
and microRNAs (miRNAs).14 miRNAs are short non-coding RNAs
that regulate gene expression post-transcriptionally through transla-
tional repression or mRNA degradation, and play roles in the patho-
genesis of various human diseases including chronic AMI.15,16 One
study showed that miR-93 elevation has a cardio-protective effect
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Table 1. Demographic Characteristics of AMI Cases and Controls

Characteristics AMI Cases (n = 60) Controls (n = 30) p Value

Age, mean ± SD (years) 63.58 ± 13.45 61.55 ± 11.24 0.161

Gender, n (%)

Men 32 (53.3) 17 (56.7) 0.113

Women 28 (46.7) 13 (43.3) 0.123

Diabetes, n (%) 12 (20.0) 6 (20.0) 0.773

Current smoker, n (%) 24 (40.0) 11 (36.7) 0.329

Current drinker, n (%) 15 (25.0) 7 (23.3) 0.198

Hypertension, n (%) 31 (51.7) 6 (20.0) 0.168

TC, mean ± SD (mg/dL) 4.29 ± 1.03 4.01 ± 0.84 0.101

BG on admission,
mean ± SD (mg/dL)

6.44 ± 2.28 5.24 ± 1.32 0.004

BNP, mean ± SD (pg/mL) 2,036.24 ± 659.33 628.39 ± 543.56 0.024

Serum triglycerides,
mean ± SD (mmol/L)

1.59 ± 1.02 1.39 ± 0.63 0.009

Serum HDL cholesterol,
mean ± SD (mmol/L)

0.98 ± 0.22 1.11 ± 0.36 0.512

Serum LDL cholesterol,
mean ± SD (mmol/L)

2.99 ± 0.88 2.61 ± 0.71 0.198

p < 0.05 means that the difference between two groups is significant. AMI, acute
myocardial infarction; BG, blood glucose; BNP, brain natriuretic peptide; HDL, high-
density lipoprotein; LDL, low-density lipoprotein; TC, total cholesterol.
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after MI,17 but the specific regulatory mechanism is not clear. A num-
ber of studies have demonstrated that miRNA-mediated autophagy
and modulation of inflammation play an important part in disease
progression.18–20 Bioinformatics analysis (http://www.targetscan.
org/) found that miR-93-5p targets Toll-like receptor 4 (TLR4) and
Atg7, suggesting that the expression of miR-93-5p plays an important
role in the regulation of autophagy and inflammation.

Autophagy and the inflammatory response can be activated after
AMI.21–23 Autophagy is a homeostatic process that can prevent
damage to healthy cells. However, sustained autophagy can lead to
cell death in an emergency situation. Increasing evidence shows
that there are potential interactions between autophagy and inflam-
mation. It has been reported that inflammation can be inhibited via
enhancement of autophagy.24 In contrast, other data show that
suppression of autophagy can attenuate inflammation.25 Thus, we
predicted that the protective effect of miR-93-5p on the heart after
AMI may be due to regulation of autophagy and the inflammatory
response.

To elucidate the potential role of miR-93-5p in the therapeutic effect
of adipose-derived stromal cell (ADSC)-derived exosomes, we inves-
tigated the expression of miR-93-5p after AMI both in patients and in
animal models. We analyzed the target genes of miR-93-5p and the
relationship among miR-93-5p, apoptosis, inflammation, and auto-
phagy both in vivo and in vitro. These data may provide new evidence
that exosomes derived from miR-93-5p-overexpressing ADSCs have
better therapeutic effects on AMI.
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RESULTS
The Expression of Both miR-93-5p and Inflammatory Factor in

Serum Was Increased in AMI Patients

Previous study found that the expression miR-93 is elevated both in
ventricle tissue and blood in a mouse MI model, and miR-93 is
secreted from cardiomyocytes cultured under hypoxia. The results
also show that the expression of miR-93 inhibits apoptosis and pro-
tects cardiomyocytes from ischemia/reperfusion injury.17 To identify
whether the expression of miR-93 increased after AMI and to shed
light on the related mechanism, we collected serum from 60 AMI
patients and 30 healthy controls. The data demonstrated that AMI
did not alter serum levels of total cholesterol (TC), brain natriuretic
peptide (BNP), high-density lipoprotein (HDL) cholesterol, or low-
density lipoprotein (LDL) cholesterol, but did increase blood glucose
(BG), BNP, and serum triglycerides (Table 1). RT-PCR analyses
found that, compared with the control group, the expression of
miR-93-5p in serum was significantly increased after AMI (Fig-
ure 1A). ELISA detection also showed that the inflammatory factors
interleukin-6 (IL-6), IL-1b, and tumor necrosis factor alpha
(TNF-a) were all significantly increased in the serum of AMI patients
(Figures 1B–1D).
Treatment with ADSC-Derived miR-93-5p-Containing

Exosomes Can Significantly Attenuate Myocardial Damage

after AMI

Increasing evidence shows that exosomes from ADSCs have thera-
peutic effects on different diseases, including liver fibrosis, erectile
dysfunction, and ischemia/reperfusion injury.26–28 Primary ADSCs
from Sprague-Dawley rats were isolated, and ADSCs with a typical
cobblestone-like morphology were obtained to identify whether
exosomes from ADSCs have a protective effect on myocardial cells
after AMI (Figure 2A). The result also showed that isolated ADSCs
were positive for the MSC markers CD29, CD90, CD44, and
CD105, and negative for the endothelial markers CD34 and von
Willebrand factor (vWF) (Figures 2B–2H). Exosomes were then pu-
rified from ADSCs, and transmission electron microscopy was used
to identify exosomes from the ADSC culture medium. Ultrastructural
analysis of ADSC-derived exosomes revealed they had a diameter of
around 100 nm (Figure 3A), while the size distribution was deter-
mined to be slightly below 100 nm by dynamic light scattering (Fig-
ure 3B). The expression of the exosome markers CD9, CD63, and
TSG101 was then confirmed by western blotting (Figure 3C).

To identify whether the expression of miR-93-5p is responsible for
the protective effect of exosomes on myocardial cells after AMI, we
transfected ADSCs with miR-93-5p overexpression mimic and
cultured them for 48 hr, then harvested for RT-PCR detection. The
results showed that the expression of miR-93-5p in exosomes was
increased after transfection with miR-93-5p mimic (Figure 3D).

To assess the role of miR-93-5p-containing exosomes in myocardial
injury in a rat model, we harvested serum for ELISA and used
myocardial tissue for immunohistochemical analysis 4 weeks after
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Figure 1. miR-93-5p and Inflammatory Factors

Expression in AMI Patients

(A) RT-PCR analyses of miR-93-5p expression in the

serum of AMI patients. The results show that expression of

miR-93-5p in AMI patients was significantly increased

compared with controls. Data are presented as means ±

SD. (B–D) ELISA shows the expression of the inflamma-

tory factors IL-6 (B), IL-1b (C), and TNF-a (D) in the serum

of AMI patients. Data are presented as means ± SD.

***p < 0.001 versus control.
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coronary artery ligation. Infarct volume was measured using 2,3,5-tri-
phenyl-tetrazolium-chloride (TTC) (Figure 4A) andH&E (Figure 4B)
staining, respectively. The results showed that infarct volume was
significantly increased after AMI, but exosome treatment significantly
decreased infarct volume and treatment with miR-93-5p-containing
exosomes was especially effective (Figure 4C). Terminal deoxynucleo-
tidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL)
showed that treatment with miR-93-5p-containing exosomes exerted
a stronger suppressive effect on ischemia-induced myocardial
apoptosis (Figures 4D and 4E).

Treatment with ADSC-Derived miR-93-5p-Containing

Exosomes Significantly Suppressed Autophagy and

Inflammation after AMI

To identify whether the protective effect of miR-93-5p-containing
exosomes is related to autophagy and inflammation, we collected
myocardial tissue samples for western blot analysis. The results
showed that autophagy increased after AMI. Treatment with miR-
93-5p-containing exosomes had a greater effect than simple exosomes
in mediating autophagy inhibition. Western blot detection shows that
miR-93-5p-containing exosomes have more effect on suppressed P62
expression, but increased LC3-II/I and Atg7 levels in myocardial
tissue (Figures 5A–5D). Further results showed that the TLR4/NF-
kB (nuclear factor-kB) signal pathway was involved in AMI-induced
myocardial damage regulation. miR-93-5p-containing exosome treat-
ment significantly suppressed infarction-induced TLR4 expression
and NF-kB p65 phosphorylation (Figures 5E–5G). ELISA showed
that expression of the inflammatory factors IL-6, IL-1b, and TNF-a
in serum of AMI patients was decreased after treatment with exo-
somes, especially with miR-93-5p-containing exosomes (Figures
5H–5J).
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miR-93-5p Expression in H9c2 Cells

Inhibited Hypoxia-Induced Myocardial Cell

Injury by Suppressing Atg7-Mediated

Autophagy

To investigate the protective effect of miR-93-5p
on hypoxia-induced myocardial cell injury
and Atg7-mediated autophagy, we constructed
miR-93-5p-overexpressing H9c2 cells (Fig-
ure 6A). To further identify the effect of Atg7
expression in autophagy, we constructed an
Atg7 overexpression vector and transfected it
into H9c2 cells for 48 hr before detection by western blot (Figure 6B)
and RT-PCR (Figure 6C). The results showed that after transfection
with the Atg7 overexpression vector, the expression level of Atg7 in
H9c2 cells increased at both the protein and the mRNA level. Then
H9c2 cells were exposed to hypoxic conditions for up to 24 hr to
simulate a hypoxic environment. Apoptosis of H9c2 cells was assessed
using flow cytometry with annexin V (AV)-fluorescein isothiocyanate
(FITC) staining. The results showed that the apoptosis rate of H9c2
cells was significantly increased after exposure to hypoxic conditions.
miR-93-5p overexpression significantly suppressed hypoxia-induced
apoptosis, but Atg7 overexpression reversed the protective effect of
miR-93-5p. These data suggest that miR-93-5p can target the
30 UTR of Atg7 at the mRNA level, but cannot reduce the transfected
Atg7 mRNA because the transfected Atg7 overexpression vector does
not transcribe the 30 UTR of the mRNA of Atg7 (Figures 6D and 6E).
Immunofluorescence analysis showed that hypoxia treatment signif-
icantly promoted the generation of autophagy plaques in H9c2 cells,
but this was inhibited by miR-93-5p overexpression. Meanwhile,
Atg7 overexpression reversed this inhibitory effect of miR-93-5p
(Figures 6F and 6G). LC3 and P62 expression in H9c2 cells were
measured with western blotting. The result also showed that miR-
93-5p overexpression inhibited hypoxia-induced expression of LC3
and inhibition of P62 expression. Atg7 overexpression reversed the
inhibitory effect of miR-93-5p (Figures 6H–6J).

miR-93-5p Expression in H9c2 Cells Inhibited Hypoxia-Induced

Myocardial Cell Injury by Suppressing the TLR4/NF-kB-

Mediated Inflammatory Response

A TLR4 overexpression vector was constructed and transfected
into H9c2 cells for 48 hr before detection by western blot (Figure 7A)
and RT-PCR (Figure 7B) to analyze the protective effect of
herapy: Nucleic Acids Vol. 11 June 2018 105
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Figure 2. Characteristics of Adipose-Derived Stem Cells

(A) Typical cobblestone-like morphology. (B–H) Determination of cell surface markers by immunofluorescence staining. The antibodies were labeled with either fluorescein

isothiocyanate (FITC; green color) or phycoerythrin (PE; red color). The results showed positive staining for CD29 (B), CD44 (C), CD90 (D), and CD105 (E) and negative staining

for CD34 (F) and von Willebrand factor (vWF) (G). Negative IgG isotype controls (H) are shown. Scale bars, 20 mm.
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miR-93-5p in hypoxia-induced myocardial cell injury and TLR4/NF-
kB-mediated inflammation. The results showed that after transfection
with the TLR4 overexpression vector, TLR4 expression in H9c2 cells
was increased at both the protein and themRNA level. ThenH9c2 cells
were exposed tohypoxic conditions for up to 24hr to simulate a hypoxic
environment. Apoptosis of H9c2 cells was assessed using flow cytome-
try withAV-FITC staining. The results showed thatmiR-93-5p overex-
pression significantly suppressed hypoxia-induced apoptosis, but that
TLR4 overexpression reversed the protective effect of miR-93-5p (Fig-
ures 7C and 7D).Western blotting showed thatmiR-93-5p overexpres-
sion suppressed hypoxia-induced phosphorylation of NF-kB p65, but
TLR4 overexpression reversed the inhibitory effect of miR-93-5p (Fig-
ures 7E and 7F). ELISA also showed that miR-93-5p overexpression
suppressed hypoxia-induced IL-6, IL-1b, and TNF-a expression, but
this effect was reversed by TLR4 overexpression (Figures 7G–7I).

Both Atg7 and TLR4 Are Direct Targets of miR-93-5p

To identify possible interactions between miR-93-5p and Atg7 or
TLR4, we used bioinformatics analysis to predict possible targets
106 Molecular Therapy: Nucleic Acids Vol. 11 June 2018
(http://www.targetscan.org/). Overlap analyses showed that miR-
93-5p had a broadly conserved binding site with Atg7 (Figure 8A).
A mutated version of the Atg7 30 UTR was constructed in which
five complementary nucleotides in the binding site were altered.
This mutated construct was fused to the luciferase coding region
(PYr-Atg7 30 UTR) and co-transfected into HEK293T cells along
with miR-93-5p mimic. The relative luciferase activity showed that
when the wild-type Atg7 30 UTR was co-transfected with the miR-
93-5p mimic, Atg7 expression was significantly decreased compared
with co-transfection with the control miRNA. However, this effect
was not observed after transfection of the mutant 30 UTR of Atg7,
indicating that miR-93-5p can specifically target and suppress the
30 UTR of Atg7 (Figure 8B). Western blotting (Figure 8C) and
RT-PCR (Figure 8D) analyses further confirmed that miR-93-5p
overexpression significantly inhibited Atg7 expression at both the
protein and the mRNA level in vitro. These data suggest that miR-
93-5p-abundant Exos have a greater effect in suppressing autophagy.
Further study also identified that miR-93-5p can specifically target
and suppress the 30 UTR of TLR4 (Figures 8E–8H).

http://www.targetscan.org/


Figure 3. Exosome Characterization

(A) Electron microscopic image of exosomes. (B) Results

of nanoparticle tracking analysis of exosomes. Scale bars,

500 nm. (C)Western blots using TSG101, CD9, and CD63

as markers of exosomes from ADSCs. (D) RT-PCR shows

miR-93-5p expression in exosomes from ADSCs after

transfection with miR-93-5p mimic for 48 hr. The data are

presented as mean ± SD (n = 3). ***p < 0.001 versus

control group.
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DISCUSSION
Ischemic heart disease is the leading cause of human mortality and
morbidity in the world, underscoring the need for innovative new
therapies.29 Exosomes are small nanometer-sized vesicles of endo-
cytic origin. They essentially function as intercellular shuttles loaded
with a cargo of protein and RNA by effector cells for off-loading in
target cells.30–32 Accumulating evidence has shown that exosomes
from MSCs play a role in their therapeutic effect in many diseases
including AMI.33–35 Follow-up studies have confirmed that MSC-
derived exosomes can be used as a vehicle for delivery of therapeutic
miRNA.36,37

In the present study, we report that the levels of circulatingmiR-93-5p
in human AMI are increased in comparison with healthy adults. To
identify whether miR-93-5p has a therapeutic effect in AMI, we
constructed an AMI model using Sprague-Dawley rats. Our study re-
vealed that miR-93-5p-modified ADSCs effectively packaged miR-
93-5p into secreted exosomes, which delivered their miR-93-5p
content into AMI rats, significantly suppressing infarction-induced
myocardial damage by inhibiting autophagy and inflammation.

In this study, we observed increased expression of autophagy markers
in myocardial tissues after AMI. The function of autophagy is to
ensure the delivery of metabolic substrates to cells so as to fulfill their
energy demand during stress especially in an inflammatory environ-
ment, thus supporting cell survival.38,39 However, hyperactivation of
autophagy will result in cell death designated as “autophagic cell
death.” Our in vitro experiments show that miR-93-5p suppressed
hypoxia-induced autophagy by targeting Atg7, and this was
Molecular T
confirmed by a bifluorescein reporter experi-
ment, suggesting that the protective effect
of miR-93-5p is associated with autophagy
inhibition.

Our bioinformatics analysis also found that
miR-93-5p expression results in targeting the
30 UTR of TLR4, which plays an important
role in mediating the inflammatory response
during hypoxia or under ischemic condi-
tions.40,41 There is increasing evidence that
downregulation of TLR4 expression can signifi-
cantly suppress ischemia-induced cardiomyo-
cyte apoptosis after AMI.42 Our in vitro experi-
ments also showed that miR-93-5p suppressed hypoxia-induced
apoptosis and inflammatory factor expression by targeting TLR4,
which was confirmed by bifluorescein reporter experiments. These
data suggest that the protective effect of miR-93-5p is associated
with TLR4 inhibition.

In summary, our study found that miR-93-5p-containing exosomes
have a greater protective effect on AMI-induced myocardial damage.
For the first time, our in vitro and in vivo results confirmed that
exosomal miR-93-5p prevents myocardial injury by targeting
Atg7-mediated autophagy and TLR4-mediated inflammatory re-
sponses. These results provide novel insights into the molecular
and therapeutic mechanism of why ADSC-derived miR-93-5p-con-
taining exosomes can attenuate myocardial damage.

MATERIALS AND METHODS
Patients and Clinical Characteristics

SixtyAMIpatients (28 females and 32males; average age 63.58± 13.45
years) were recruited between May 1, 2017, and October 31, 2017, at
the Pudong New Area Gongli Hospital, Shanghai, China. All patients
were diagnosed as having AMI according to the electronic computer-
ized hospitalization records. Age- and sex-matched healthy individ-
uals were also selected from the Pudong New Area Gongli Hospital
(17 males and 13 females; average age 61.55 ± 11.24 years). Twelve
patients had a history of diabetes. Thirty-one patients were diagnosed
with hypertension, whereas 24 and 15 patients had histories of smok-
ing and drinking alcohol, respectively. All serum samples were frozen
in liquid nitrogen immediately after taken from the cubital vein within
24 hr of symptom onset and were used for further analysis.
herapy: Nucleic Acids Vol. 11 June 2018 107
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Figure 4. miR-93-5p Abundant Exosomes Have a

Greater Protective Effect on Suppressing AMI-

Induced Myocardial Damage

(A) Photographs showing representative TTC staining

30 days after acute myocardial infarction treatment with or

without exosomes. The slices were incubated with 2,3,5-

triphenyl-tetrazolium-chloride (TTC) for 10 min. Non-

infarcted myocardium, which contained dehydrogenase,

was stained brick red by reacting with TTC, whereas

necrotic (infarcted) tissue was unstained because of the

lack of enzyme. (B) H&E staining of heart sections 30 days

after myocardial infarction. (C) The infarct size was

measured and calculated as a percentage of the total

area. The data are presented asmean ± SD (n = 3). (D) The

myocardial apoptosis of infarction areas wasmeasured by

TUNEL. Scale bars, 100 mm. (E) The relative percentages

of apoptotic cells were calculated. The data are presented

as mean ± SD (n = 3). ***p < 0.001 versus control group;
###p < 0.001 versus AMI group; $$$p < 0.001 versus

exosome group.
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The study was approved by the ethics committee of the Pudong New
Area Gongli Hospital. All participants or their relatives were informed
of the study and signed the consent forms before inclusion in the study.

Animals and Ethics Statement

Male Sprague-Dawley rats (180–230 g)were purchased fromShanghai
Sippr Bk Laboratory Animals (Shanghai, China). All rats were allowed
free access to food and water under controlled conditions (12/12 hr
light/dark cycle with humidity of 60% ± 5% and a temperature of
22�C ± 3�C). All animals were treated in accordance with the Guide
for the Care and Use of Laboratory Animals, and all experiments
were approved andperformed according to the guidelines of the Ethics
Committee of Pudong New Area Gongli Hospital, Shanghai, China.
All surgical procedures were performed under anesthesia, and every
effort was made to minimize suffering. Rats were anesthetized by
intraperitoneal injection of sodium pentobarbital (30 mg/kg).

Preparation, Culture, and Identification of ADSCs

Isolation and culture of ADSCs were conducted as previously
described.43 In brief, male Sprague-Dawley rats (80–120 g) were
euthanized and adipose tissue was obtained from the inguinal
depots and washed with PBS to remove any residual blood. The
tissues were cut into 1 � 1 mm sized pieces and digested with
collagenase I. After centrifugation at 4,000� g for 5min, the cell pellet
was suspended in DMEM containing 10% fetal bovine serum
(FBS)/1% penicillin-streptomycin/2 mM L-glutamine and incubated
in a humidified atmosphere with 5% CO2 at 37�C for 48 hr. The
medium containing non-adherent cells was then removed and fresh
108 Molecular Therapy: Nucleic Acids Vol. 11 June 2018
culture medium was added. The medium was
changed every 3 days. Cells were passaged
when they were �90% confluent and were
used at passage three. To confirm the identity
of the cells, we incubated ADSCs with conju-
gated monoclonal antibodies against CD29,
CD90, CD45, CD105, or vWF and CD34. Isotype-identical
antibodies served as controls (PharMingen, San Diego, CA, USA).
For the analyses of CD29, CD90, CD45, CD105, vWF, and CD34, cells
were further incubated with a biotinylated horse anti-mouse IgG
(H1L) antibody and FITC-conjugated streptavidin (Caltag, San
Francisco, CA, USA). After treatment, the cells were fixed in 1%
paraformaldehyde. Quantitative analyses were performed with a
FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA)
and FlowJo software (FlowJo, Ashland, OR, USA). The logarithmic
fluorescence intensities were recorded for 10,000–20,000 cells per
sample.

Isolation and Identification of Exosomes from Conditioned

Medium

The miR-93-5p mimics and the negative control (NC) were synthe-
sized by GenePharma (Shanghai, China) and transfected into the
ADSCs to a final oligonucleotide concentration of 20 nmol/L. The
transfections were introduced by Lipofectamine 3000 (Invitrogen
Life Technologies, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. After transfection for 48 hr, ADSCs were
collected formiR-93-5p expression identification. Successful transfec-
tion cells are used for subsequent experiments.

At 80%–90% confluence, ADSCs (control, NC, or miR-93-5p overex-
pression group) were rinsed with PBS and cultured in microvascular
endothelial cell growth medium-2 (EGM-2MV) media deprived of
FBS and then supplemented with 1� serum replacement solution
(PeproTech, Rocky Hill, NJ, USA) for an additional 24 hr. ADSCs



Figure 5. miR-93-5p-Exosome Treatment Suppressed Autophagy and the Inflammatory Response

(A) Western blot detection showed expression of the autophagy-related proteins Atg7, P62, and LC3. (B–D) Quantification of protein Atg7 (B), LC3 (C), and P62 (D)

expression. The data are presented asmeans ±SD. *p < 0.05; **p < 0.01; ***p < 0.001 versus control; ###p < 0.001 versus AMI group; $$$p < 0.001 versus exosome group. (E)

Western blot detection showing expression of TLR4 and NF-kB p65. (F and G) Quantification of protein TLR4 (F) and NFkB (G) expression. The data are presented as

means ± SD. **p < 0.01; ***p < 0.001 versus control; ###p < 0.001 versus AMI group; $$$p < 0.001 versus exosome group. (H–J) ELISA showed the expression of the

inflammatory factors IL-6 (H), IL-1b (I), and TNF-a (J) in serum of AMI patients. Data are presented asmeans ±SD. ***p < 0.001 versus control; ###p < 0.001 versus AMI group;
$$$p < 0.001 versus exosome group.
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in conditioned media were centrifuged at 300 � g for 10 min and
2,000 � g for 10 min to remove dead cells and cellular debris. Then
approximately 10 mL of supernatant was mixed with 5 mL of
ExoQuick-TC reagent (System Biosciences, Palo Alto, CA, USA)
and incubated at 4�C for 12 hr. The ExoQuick/supernatant mixture
was centrifuged at 1,500 � g for 30 min to obtain a pellet containing
exosomes, which was then resuspended in 250 mL of nuclease-free
water. Total RNA and protein from exosomes were extracted using
TRIzol-LS (Invitrogen, Carlsbad, CA, USA) and an Exosomal Protein
Extraction kit (Invitrogen), following themanufacturer’s instructions,
respectively. Exosomes were stored at�80�C or used for downstream
experiments. To determine the sizes of the purified vesicles, we
performed nanoparticle tracking analysis (NTA) on a NanoSight
LM10 (Malvern Instruments, Malvern, UK), and results were
analyzed with NTA 3.0 software (Malvern Instruments).

The protein levels of CD63, CD9, and TSG101 (representative
markers of exosomes) were detected with western blotting. The con-
centration of exosome proteins was assessed using a bicinchoninic
acid assay kit (Beyotime, Suzhou, China). The ultrastructure of the
exosomes was analyzed using a Libra 120 transmission electron
microscope (Zeiss, Oberkochen, Germany).

Cell Lines and Cell Culture

The cardiomyoblast cell line H9c2 was purchased from the American
Type Culture Collection (ATCC, Manassas, VA, USA) and cultured
in DMEM supplemented with 10% FBS. To investigate whether
miR-93-5p plays an important role in exosome-mediated myocardial
protection and to clarify its mechanism, we transfected H9c2 cells
with the miR-93-5p mimic, TLR4, or Atg7 overexpression vector
for 48 hr before exposure to hypoxia (93% N2, 2% O2, and 5%
CO2) for 24 hr. Then, the H9c2 cells were harvested for biological
analyses.

Flow Cytometry

Flow cytometry was used to determine the rate of apoptosis of H9c2
cells. Apoptotic cells were differentiated from viable or necrotic cells
by the combined application of AV-FITC and propidium iodide (PI).
Cells were washed twice and adjusted to a concentration of 1 �
106 cells/mL with cold D-Hanks buffer. Then, AV-FITC (10 mL)
and PI (10 mL) were added to 100 mL of cell suspension and incubated
for 15min at room temperature in the dark. Finally, 400 mL of binding
buffer was added to each sample without washing and analyzed using
flow cytometry. Each experiment was performed in triplicate.

mRNA Extraction and Real-Time PCR

RNA was isolated from serum, H9c2 cells, ADSCs, exosomes, or
myocardial tissue using TRIzol (Invitrogen). cDNA was synthesized
from 1 mg of total RNA, using oligo dT18 primers and SuperScript
reverse transcriptase in a final volume of 21 mL. For standard PCR,
1 mL of the first-strand cDNA product was then used as a template
for PCR amplification with Taq DNA polymerase (TaKaRa Bio,
Shiga, Japan). PCR amplification was performed as follows: 30 ther-
mocycles of 94�C for 30 s, 55�C for 30 s, and 72�C for 30 s, using oligo
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nucleotides specific for miR-93-5p, TLR4, and ATG7 (Genechem,
Shanghai, China). U6 small nuclear RNA was used as an internal
reference for normalization.

Vector Construction and Transfection

For miR-93-5p overexpression, the miR-93-5p mimic or correspond-
ing NC (miR-NC) was purchased from GenePharma (Shanghai,
China). Human umbilical vein endothelial cells (HUVECs) were
transfected with either the miR-93-5p mimic or miR-NC at a final
concentration of 50 nM using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. The cells were then used
for miR-93-5p expression analyses or for other experiments after
48 hr of transfection.

For the overexpression of TLR4 and Atg7, TLR4 and Atg7 cDNA
with the 30 UTR were cloned into the pMSCV-hygro vector. The
primers corresponded to the National Center for Biotechnology
Information reference sequence and were as follows: TLR4 (forward,
50-CAGAGCTCGGAGTACAAAACTC-30 and reverse, 50-GGTCTA
GAAAAGTGCTTTTTGCAAG-30); Atg7 (forward, 50-CAGAGCTC
GTGCCTCATTGGGTC-30 and reverse, 50-GGTCTAGACAGTAA
TAAAGTGC-30). The TLR4 or Atg7 cDNA was inserted into the
pMD18-T Simple Vector (Takara, Otsu, Japan) to form the
pMD18-T-TLR4 and pMD18-T-Atg7 vectors, respectively. Following
sequencing, the recombinant segment of the correct clone was incised
by BamHI and XbaI (Takara). The recombinant segment was inserted
into pMSCV-hygro, which was incised by the same two restriction
endonucleases. The clones were sequenced, and the correct clones
were amplified and identified before transfection into H9c2 cells.

ELISA for Soluble Inflammatory Cytokines

The expression levels of inflammatory factors IL-6, IL-1b, and TNF-a
in cell supernatants or serum were measured using commercially
available ELISA kits (Elabscience Biotechnology, Wuhan, China).
In accordance with the manufacturer’s instructions, supernatants
were stored at �80�C before measurements, and both standards
and samples were run in triplicate. The optical density (OD)450 was
calculated by subtracting the background, and standard curves were
plotted.

MI Model

MI was produced by surgical ligation of the left anterior descending
coronary artery (LAD). After animals were anesthetized with keta-
Figure 6. miR-93-5p Expression in H9c2 Cells Showed that Hypoxia Induced M

H9c2 cells were transfected with miR-93-5p mimic and/or Atg7 overexpression vector fo

subsequent experiments. (A) RT-PCR shows the expression of miR-93-5p in H9c2 cells

SD (n = 3). ***p < 0.001 versus control group. (B and C) Western blotting (B) and RT-

overexpression vector for 48 hr. The data are presented as mean ± SD (n = 3). ***p <

cytometry with AV-FITC staining. (E) The relative apoptosis ratio was analyzed at least fi

group; ###p < 0.001 versus hypoxia group. (F) Immunofluorescence showed autophag

Scale bars, 20 mm. (G) The number of GFP-LC3 dots was counted in 10 independent vis

group; ###p < 0.001 versus hypoxia group. (H) The expression of LC3 and P62 in H9c2 ce

data are presented as means ± SD. n = 3. ***p < 0.001 versus control; ###p < 0.001 v
mine hydrochloride (50 mg/kg) and diazepam (5 mg/kg), the chest
was opened at the left fourth intercostal space, and the LAD was
ligated with a 6-0 silk suture 1 mm below the tip of the left atrial
appendage. Successful ligation was verified by color change. To
analyze the effect of exosomes on myocardial tissue, we suspended
exosomes (400 mg of protein) from different groups in 200 mL of
PBS and administered them by intravenous injection immediately
after the ligation operation. Animals were then followed for 1 addi-
tional month and then euthanized. Cardiac muscle tissues were
collected for histochemical analyses.

Measurement of Infarct Volume

Measurement of infarct volumes was performed as previously
described.44 In brief, the heart was harvested and rinsed with normal
saline. The excised left ventricle was frozen at �20�C for 30 min and
then sectioned from apex to base into �2-mm slices. The slices were
incubated in a solution of 1% TTC in PBS (pH 7.4) at 37�C for 15 min
in darkness and then fixed in 10% formaldehyde. The slices were
photographed the next day using a digital camera. The infarcted
(non-TTC-stained) area was isolated from the rest of the cardiac
tissue, which was stained red by TTC. The infarct size was expressed
as a percentage of the mass of the left ventricle.

Immunohistochemistry

To measure apoptosis, we fixed and labeled cardiomyocytes or
myocardial tissues using TUNEL using a commercially available kit
(In Situ Cell Death Detection Kit; Roche Diagnostics, Basel,
Switzerland) to label the apoptotic cell nuclei. To identify myocardial
tissue damage, we stainedmyocardial tissues with H&E. Sections were
examined with an Axiophot light microscope (Zeiss, Oberkochen,
Germany) and photographed with a digital camera.

Luciferase Reporter Assay

To investigate whether miR-93-5p directly regulated TLR4 and Agt7
expression, we inserted the sequences of the 30 UTR of TLR4 and Agt7
downstream of a Renilla luciferase open reading frame in the pGL3-
CMV vector (Promega, Madison, WI, USA). HEK293T cells were
transfected with the pGL3-basic construct along with either the
miR-93-5p mimic or a scrambled control using Lipofectamine 2000
(Invitrogen). After 48 hr, the cells were harvested, and luciferase
activity was measured. Results are presented as the ratio of Renilla
luciferase activity to firefly luciferase activity. All of these experiments
were performed at Yingbai Corporation (Shanghai, China).
yocardial Cell Injury by Suppressing Atg7-Mediated Autophagy

r 48 hr before exposure to hypoxic conditions for 24 hr; then cells were collected for

after transfection with miR-93-5p mimic for 48 hr. The data are presented as mean ±

PCR (C) showed the expression of Atg7 in H9c2 cells after transfection with Atg7

0.001 versus control group. (D) Apoptosis of H9c2 cells was assessed using flow

ve times. Data are presented as the mean ± SD. n = 5. ***p < 0.001 versus control

y plaques in H9c2 cells transiently expressing GFP-LC3 after different treatments.

ual fields. Data are presented as the mean ± SD. n = 10. ***p < 0.001 versus control

lls wasmeasured with western blotting. (I) Protein expression was quantified. (J) The

ersus hypoxia group.
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Figure 7. The Expression of miR-93-5p in H9c2 Cells Inhibited Hypoxia-Induced Myocardial Cell Injury by Suppressing the TLR4/NF-kB-Mediated

Inflammatory Response

H9c2 cells transfectedwithmiR-93-5pmimic and/or TLR4 overexpression vector for 48 hr before exposure to hypoxic conditions for 24 hr. Then H9c2 cells were collected for

subsequent experiments. (A and B) Western blotting (A) and RT-PCR (B) showed the expression of TLR4 in H9c2 cells after transfection with TLR4 overexpression vector for

48 hr. The data are presented as mean ± SD (n = 3). ***p < 0.001 versus control group. (C) Apoptosis of H9c2 cells was assessed using flow cytometry with Annexin V-FITC

staining. (D) The relative apoptosis ratio was analyzed at least five times. Data are presented as the mean ± SD. n = 5. ***p < 0.001 versus normal group; ###p < 0.001 versus

hypoxia group. (E) Western blotting showed the expression of NF-kB. (F) Protein expression was quantified. The data are presented as means ± SD. ***p < 0.001 versus

control; ###p < 0.001 versus hypoxia group. (G–I) ELISA showed the expression of the inflammatory factors IL-6 (G), IL-1b (H), and TNF-a (I) in cellular supernatant. Data are

presented as means ± SD. ***p < 0.001 versus control; ###p < 0.001 versus hypoxia group.
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Figure 8. Both Atg7 and TLR4 Were Direct Targets of miR-93-5p

(A) Complementary sequences between miR-93-5p and the 30 UTR of Atg7mRNAwere obtained using publicly available algorithms. Themutated version of the Atg7 30 UTR
is also shown. (B) The 30 UTR of Atg7 was fused to the luciferase coding region (PYr-Atg7 30 UTR) and co-transfected into HEK293T cells with miR-93-5p mimic to confirm

that Atg7 is the target of miR-93-5p. The PYr-RGS-17 30 UTR andmiR-93-5p mimic constructs were co-transfected into HEK293T cells with a control vector, and the relative

luciferase activity was determined 48 hr after transfection. Data are expressed as themean ±SD. (C and D)Western blotting (C) and RT-PCR (D) analysis of Atg7 expression in

H9c2 cells after transfection with miR-93-5p mimic (n = 3). GAPDH expression levels were measured as an endogenous control. The data are expressed as the mean ± SD.

(E) Complementary sequences between miR-93-5p and the 30 UTR of TLR4. The mutated version of the TLR4 30 UTR is also shown. (F) The 30 UTR of TLR4 was fused to the

luciferase coding region (PYr-TLR4 30 UTR) and co-transfected into HEK293T cells with miR-93-5p mimic to confirm that TLR4 is the target of miR-93-5p. The PYr-RGS-17

30 UTR and miR-93-5p mimic constructs were co-transfected into HEK293T cells with a control vector, and the relative luciferase activity was determined 48 hr after

transfection. The data are expressed as mean ± SD. (G and H) Western blotting (G) and RT-PCR (H) analysis of TLR4 expression in H9c2 cells after transfection with miR-93-

5p mimic (n = 3). GAPDH expression levels were measured as an endogenous control. The data are expressed as mean ± SD. ***p < 0.001 versus control.
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Western Blot Analysis

Western blotting was performed as previously described.45 After
nonspecific binding was blocked, the membranes were incubated
with primary antibodies against P65 (1:200), p-P65 (1:500), P62
(1:500), LC3 (1:200), Atg7 (1:200), TLR4 (1:500), and GAPDH
(1:1,000) (Sigma-Aldrich, St. Louis, MO, USA). Immunoreactive pro-
teins were visualized using enhanced chemiluminescence detection
(Bioworld Technology, Nanjing, China). Immunoreactive labeling
was analyzed with ImageJ 1.44 and normalized to GAPDH protein
levels.

Statistical Analysis

Results are expressed as the mean ± SD. Statistical significance was
evaluated by ANOVA followed by Tukey-Kramer multiple compar-
ison test and by Student’s t test. p < 0.05 denotes statistical
significance.
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