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Aims We have reported that either toll-like receptor 4 deficiency (TLR42/2) or TLR2 modulation protects against myo-
cardial ischaemia/reperfusion (I/R) injury. The mechanisms involve attenuation of I/R-induced nuclear factor KappaB
(NF-kB) activation. MicroRNA-146a (miR-146a) has been reported to target interleukin-1 receptor-associated kinase
1 (IRAK1) and tumor necrosis factor (TNF) receptor associated factor 6 (TRAF6), resulting in inhibiting NF-kB
activation. This study examined the role of microRNA-146a in myocardial I/R injury.

Methods
and results

We constructed lentivirus expressing miR-146a (LmiR-146a). LmiR-146a was transfected into mouse hearts through
the right common carotid artery. The lentivirus vector (LmiR-Con) served as vector control. Untransfected mice
served as I/R control. Sham operation served as sham control. Seven days after transfection, the hearts were sub-
jected to ischaemia (60 min) followed by reperfusion (4 h). Myocardial infarct size was analysed by triphenyltetrazo-
lium chloride (TTC) staining. In separate experiments, the hearts were subjected to ischaemia (60 min) followed by
reperfusion for up to 7 days. Cardiac function was measured by echocardiography prior to I/R, 3 and 7 days after
myocardial I/R. LmiR-146a transfection significantly decreased I/R-induced myocardial infarct size by 55% and pre-
vented I/R-induced decreases in ejection fraction (EF%) and fractional shortening (%FS). LmiR-146a transfection atte-
nuated I/R-induced myocardial apoptosis and caspase-3/7 and -8 activities. LmiR-146a transfection suppresses IRAK1
and TRAF6 expression in the myocardium. In addition, transfection of LmiR-146a prevented I/R-induced NF-kB
activation and inflammatory cytokine production.

Conclusions MicroRNA-146a protects the myocardium from I/R injury. The mechanisms may involve attenuation of NF-kB acti-
vation and inflammatory cytokine production by suppressing IRAK1 and TRAF6.
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1. Introduction
MicroRNAs are non-coding 12–23 nucleotide RNA molecules which
regulate post-transcriptional gene expression by binding to target
messenger RNAs (mRNAs). There is evidence that the expression
of miRs affects many biological systems, including the mammalian
immune system1– 3 and the cardiovascular system.4– 6 Several miRs
have been reported to play a role in ischaemic heart disease.4,7,8

For example, miR-21 protects cells from oxidative stress-induced
damage9 and the myocardium from ischaemic injury.9,10 MiR-320 is
involved in I/R-induced cardiac injury and dysfunction via regulation
of Hsp20.11

MicroRNAs have been reported to play a critical role in the nega-
tive regulation of innate immune and inflammatory responses.1 –3

MiR-146 was first identified as a negative regulator in innate
immune and inflammatory responses that are mediated by Toll-like
receptors (TLRs). Taganov et al.12 have reported that stimulation of
human monocytic THP-1 cells with lipopolysaccharides (LPS)
rapidly induces the expression of both miR-146a and miR-146b. Inter-
estingly, miR-146a directly targets IRAK1 and TRAF6, which are the
key adapter molecules in the TLR/nuclear factor KappaB (NF-kB)
pathway. This data suggest that miR-146a plays a negative regulatory
role in the TLR-mediated NF-kB activation pathway.12
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TLR-mediated innate immune and inflammatory responses are
involved in myocardial ischaemia/reperfusion (I/R) injury.13 TLR-
mediated signalling predominately activates nuclear factor KappaB
(NF-kB), which is an important transcription factor controlling innate
immune and inflammatory cytokine gene expression.14 We and other
investigators have reported that modulation of the TLR4-mediated signal-
ling pathway, or TLR4 deficiency, results in protection against myocardial
I/R injury.15–17 TLR4 deficiency significantly decreases NF-kB binding ac-
tivity following myocardial I/R injury.16,17 We have also reported that ad-
ministration of the TLR2 ligands decreased myocardial I/R injury and
attenuated I/R-induced NF-kB binding activity.18 Recently, miR-146a
has been reported to serve as a negative regulator in inhibiting NF-kB ac-
tivation.12 However, it is unclear whether TLR4 deficiency and TLR2
ligand will increase miR-146a expression in the myocardium, leading to
down-regulation of NF-kB binding activity following myocardial I/R. In
addition, the role of miR-146a in myocardial I/R injury has not been
investigated.

In the present study, we examined whether increased expression of
miR-146a will protect against myocardial I/R injury. We have observed
that transfection of lentivirus expressing miR-146a (LmiR-146a) into
the myocardium significantly reduced myocardial infarct size and pre-
vented I/R-induced cardiac dysfunction. The data suggest that
miR-146a could be the target for protection against myocardial I/R
injury.

2. Methods

2.1 Animals
TLR4-deficient (TLR42/2) and wild-type (WT) genetic background
control mice were obtained from Jackson Laboratory as described in
our previous studies.16,19 Mice were maintained in the Division of Labora-
tory Animal Resources, East Tennessee State University (ETSU). The
experiments outlined in this manuscript conform to the Guide for the
Care and Use of Laboratory Animals published by the National Institutes
of Health (NIH Publication, 8th Edition, 2011). The animal care and ex-
perimental protocols were approved by the ETSU Committee on
Animal Care.

2.2 qPCR assay of microRNAs
MicroRNAs were isolated from heart tissues or cultured cells using the
mirVanaTM miR isolation kit (Ambion) in accordance with the manufac-
turer’s protocol.20 Quantitative real-time (qPCR) was conducted using a
4800 Real-time PCR machine (Bio-Rad). MicroRNA levels were quantified
by qPCR using specific Taqman assays for miR (Applied Biosystems, USA)
and Taqman Universal Master Mix (Applied Biosystems). Specific primers
for miR-146a were obtained from Applied Biosystems [primer identifica-
tion numbers: 000468 for hsa-miR-146a and 001973 for U6 small nucle-
olar RNA (snRU6)]. MicroRNA-146a levels were quantified with the
2(-DDct) relative quantification method that was normalized to the
snRU6.

2.3 Construction of miR-146a into lentivirus
expressing system
MicroRNA-146a was constructed into the lentivirus expression vector
using a lentivirus expressing system (Invitrogen corporation) as described
previously.20 Briefly, the oligonucleotides for miR-146a were synthesized
at Integrated DNA Technologies, annealed and ligated into
pcDNATM6.2-GW/ EmGFP-miR. The pcDNATM6.2-GW/EmGFP-miR
cassette was subsequently transferred to pDONR221TM and finally
pLenti6/V5-DEST by two sequential Gateway BP and LR recombinations.

The lentiviral control vector contains a non-sense miR sequence that
allows formation of a pre-miRNA hairpin predicted not to target any
known vertebrate gene (Invitrogen Corporation). The viral particles
were produced by third-generation packaging in 293FT cells and Lentiviral
stocks were concentrated using ultracentrifugation.20

2.4 In vitro experiments
H9C2 cardiomyoblasts were plated in six-well plates at 1 × 105 cells/well.
The cells were transfected with LmiR-146a or lentivirus expressing vector
that served as control (LmiR-Con). Stably transfected cells were selected
using a Blasticidin-resistant marker. The cells were subjected to hypoxia/
reoxygenation as described previously.20 Briefly, the medium was changed
to hypoxia-equilibrated medium (5% CO2 and 0.1% O2) immediately
before the cells were incubated at 378C with 5% CO2 and 0.1% O2 in
a hypoxia chamber (Pro-Ox Model C21, BioSpherix Ltd, Redfield NY)
for 2 h followed by reoxygenation for 24 h in an incubator with 5%
CO2

20. The cells that were not subjected to H/R were incubated at
378C with 5% CO2 for the same time periods and served as control (nor-
moxia). There were six replicates in each group. The cells were harvested
at 24 h for isolation of cellular protein.

2.5 In vivo transfection of lentivirus expressing
miR-146a into mouse hearts
Mice were intubated and anaesthetized with mechanical ventilation using
5% isoflurane. Anaesthesia was maintained by inhalation of 1.5–2% iso-
flurane in 100% oxygen. The adequacy of anaesthesia was monitored by
measuring heart rate and the response to tail stimulation. Body tempera-
ture was maintained at 378C by surface water heating. An incision was
made in the middle of the neck and the right common carotid artery
was carefully exposed. The common carotid artery was isolated by tem-
porary ligation of the proximal common carotid artery and proximal in-
ternal carotid artery. A micro-catheter was introduced into the isolated
common carotid artery and positioned into the aortic root. One
hundred microlitres of LmiR-146a (1 × 108 PFU) or LmiR-Con was
injected through the micro-catheter. The micro-catheter was gently
removed and the common carotid artery was tightened before the skin
was closed. Intramuscular injection of LmiR-146a or LmiR-Con was per-
formed as described previously.21 Briefly, after the left ventricle (LV)
was exposed, a 30-gauge needle was advanced from the apex of LV
along to the left anterior free wall adjacent to the ligated area. There
were four injections with a total volume of 20 mL of LimR-146a or
LmiR-Con. Seven days after transfection, the hearts were harvested for
isolation of microRNAs. The expression of miR-146a in the heart
tissues was examined by qPCR.

2.6 Induction of myocardial I/R injury
Myocardial I/R injury was induced as described previously.15,16,18 Briefly,
TLR42/2 mice or mice that were treated with the TLR2 agonist,
Pam3CSK4 (50 mg/25 g body weight) by ip injection for 1 h18,22 were
anaesthetized by 5.0% isoflurane, intubated, and ventilated with room
air using a rodent ventilator. Anaesthesia was maintained by inhalation
of 1.5–2% isoflurane driven by 100% oxygen flow. The adequacy of anaes-
thesia was monitored by measuring heart rate and the response to tail
stimulation. Body temperature was regulated at 378C by surface water
heating. Following the skin incision, the hearts were exposed through a
left thoracotomy in the fourth intercostal space. The left anterior des-
cending (LAD) coronary artery was ligated with an 8–0 silk ligature
over a 1 mm polyethylene tube (PE-10). After completion of 60 min of oc-
clusion, the coronary artery was reperfused by pulling on the exteriorized
suture to release the knot. The skin was closed, anaesthesia was discon-
tinued, and the animals were allowed to recover in pre-warmed cages.
After reperfusion for indicated time, the mice were euthanized by CO2

inhalation and the hearts were harvested.
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2.7 Determination of myocardial infarct size
Infarct size was evaluated by triphenyltetrazolium chloride (TTC,
Sigma-Aldrich) staining as described previously.15,16,18 Briefly, the hearts
were perfused with saline on a Langendorff system to wash blood from
the coronary vasculature. The LAD was re-ligated at the previous site
of ligation prior to staining with 1% Evans Blue in order to assess area
at risk. Each heart was then sliced horizontally to yield five slices. The
slices were incubated in 1% TTC for 15 min at 378C and fixed by immer-
sion in 10% neutral buffered formalin. The area of infarction on both sides
of each slice was determined by an image analyser, corrected for the
weight of each slice, and summed for each heart. Ratios of risk area
(RA) to LV area and infarct area to RA were calculated and expressed
as a percentage.

2.8 Echocardiography
M-mode tracings were used to measure LV wall thickness, LV end-systolic
diameter, and LV end-diastolic diameter. Per cent fractional shortening
(%FS) and ejection fraction (EF) were calculated as described
previously.18,22

2.9 In situ apoptosis assay
Myocardial apoptosis was examined as described previously15,16,18,23 using
the in situ cell death detection kit, fluorescein (Roche, USA). Briefly, hearts
were harvested and slices cut horizontally. One slice was immersion-fixed
in 4% buffered paraformaldehyde, embedded in paraffin, and cut at a 5 mm
thickness. The sections were incubated at 378C for 1 h with the commer-
cially prepared labelling mixture supplied by the manufacturer. The nuclei
of living and apoptotic cells were counterstained with Hoechst 33342
(Invitrogen). Three slides from each block were evaluated for percentage
of apoptotic cells and four fields on each slide were examined at the
border areas using a defined rectangular field area with ×20 magnifica-
tion. Numbers of apoptotic cardiac myocytes are presented as the per-
centage of total cells counted.

2.10 Accumulation of neutrophils
Neutrophil accumulation in the heart tissues was examined by staining
with anti-neutrophil marker antibody (NIMO-R14, Santa Cruz Biotechnol-
ogy) as described previously.24 Three slides from each block were evalu-
ated and three different areas of each section were evaluated. The results
are expressed as the numbers of macrophages/field (×40).

Figure 1 TLR4 deficiency or TLR2 modulation with Pam3CSK4 increases the levels of miR-146a in the myocardium. (A) TLR42/2 (n ¼ 4) and WT
mice (n ¼ 6) were subjected to myocardial ischaemia (60 min) followed by reperfusion (4 h). Sham surgery served as sham control (n ¼ 4/group). (B)
Mice were treated with and without Pam3CSK4 (50 mg/25 g body weight) 1 h prior to myocardial ischaemia (60 min) followed by reperfusion (4 h)
(n ¼ 6–8/group). Sham surgical-operated mice treated with and without Pam3CSK4 served as sham control (n ¼ 4/group). Hearts were harvested for
qPCR analysis of miR-146a expression. (C ) H9C2 cells were treated with or without Pam3CSK4 (1 mg/mL) 30 min before the cells were subjected to
hypoxia (2 h) followed by reoxygenation (12 h). The cells were harvested for qPCR analysis of miR-146a expression. There were four duplicates.
*P , 0.05 compared with indicated groups.
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2.11 Western blot
Western blot was performed as described previously.15,16,18 Briefly, the
cellular proteins were separated by SDS–polyacrylamide gel electrophor-
esis and transferred onto Hybond ECL membranes (Amersham Pharma-
cia, Piscataway, NJ, USA). The ECL membranes were incubated with the
appropriate primary antibody anti-IRAK1 (sc-7883, Santa Cruz Biotech-
nology) and anti-TRAF6 (sc-7221, Santa Cruz Biotechnology), respective-
ly, followed by incubation with peroxidase-conjugated secondary
antibodies (Cell Signaling Technology, Inc.) and analysis by the ECL
system (Amersham Pharmacia, Piscataway). The signals were quantified
using the G:Box gel imaging system by Syngene (Syngene, USA, Fredrick,
MD, USA).

2.12 Electrophoretic mobility shift assay
Nuclear proteins were isolated from heart samples as previously
described.15,16,18 NF-kB binding activity was measured using a LightShift
Chemiluminescent EMSA kit (Thermo Fisher Scientific, Waltham,
MA, USA).

2.13 Caspase-activity
Caspase-3/7 and -8 activities in heart tissues were measured as described
previously25 using a Caspase-Glo assay kit (Promega).

2.14 ELISA for cytokine assay
The levels of cytokines (TNFa and IL-1b) were measured by ELISA using
OptEIA cytokine kits (BD Biosciences).

2.15 Statistical analysis
The data are expressed as mean+ SE. Comparisons of data between
groups were made using one-way analysis of variance (ANOVA), and
Tukey’s procedure for multiple-range tests was performed. P , 0.05
was considered to be significant.

3. Results

3.1 TLR4 deficiency and the TLR2 ligand,
Pam3CSK4, increased the expression
of miR-146a in the myocardium
We examined the effect of TLR4 deficiency and TLR2 activation with
Pam3CSK4 on miR-146a expression in the myocardium in the pres-
ence and absence of I/R. As shown in Figure 1, the levels of
miR-146a in TLR4-deficient mice (A) and in Pam3CSK4-treated
mice (B) were significantly increased in the presence or absence of
I/R injury. I/R injury had no additional effect on myocardial

Figure 2 Transfection of LmiR-146a attenuated hypoxia/reoxygenation-induced cell injury and apoptosis in H9C2 cardiomyoblasts. H9C2 cardio-
myoblasts were transfected with LmiR-146a or LmiR-Con. Stably transfected cell lines were selected using a Blasticidin-resistant marker. (A) The levels
of miR-146a were significantly increased in LmiR-146a-transfected cells. (B–E) H9C2 cells and stably transfected cells were subjected to hypoxia (2 h)
followed by reoxygenation (24 h) (H/R). Transfection of LmiR-146a attenuated H/R-increased LDH activity (B), decreased cell viability (C), and
increased caspase-3/7 activity (D). There were four to six replicates in each group. *P , 0.05 compared with indicated groups.

MiR-146a attenuates myocardial ischaemic injury 435
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/97/3/432/276654 by guest on 16 August 2022



miR-146a expression in both TLR4-deficient and Pam3CSK4-treated
mice.

We examined whether the effect of Pam3CSK4 on myocardial
miR-146a expression was direct or indirect. H9C2 cardiomyoblasts
were treated with or without Pam3CSK4 (1 mg/mL) 30 min before
the cells were subjected to hypoxia (2 h) followed by reoxygenation
(12 h). The cells were harvested and miR-146a levels were measured
by qPCR. Figure 1C shows that Pam3CSK4 treatment significantly
increased the levels of miR-146a in H9C2 cells in the presence or
absence of H/R, compared with the untreated control groups.

3.2 Transfection of LmiR-146a attenuates
hypoxia/reoxygenation-induced injury
in cardiomyoblasts
We evaluated the effect of increased expression of miR-146a on H/
R-induced cellular injury. H9C2 cells were transfected with
LmiR-146a. The lentivirus vector (LmiR-Con) served as control. A
stably transfected cell line was established using antibiotic selection.
qPCR data showed that the levels of miR-146a in LmiR-146a-
transfected cells were significantly greater compared with miR-Con-
transfected cells (Figure 2A). The cells were subjected to hypoxia
(2 h) followed by reoxygenation (24 h). Untransfected H9C2 cells
served as control. Figure 2B shows that H/R significantly increased
LDH activity 5.1-fold compared with untransfected control (nor-
moxia). H/R also markedly increased LDH activity 1.6-fold in
LmiR-146a-transfected cells. However, LDH activity in LmiR-146a-
transfected cells was significantly lower than in untreated H/R
control cells, indicating that increased expression of miR-146a attenu-
ated H/R-induced LDH activity. Transfection of LmiR-Con did not
alter H/R-induced LDH activity.

H/R also significantly decreased cell viability by (50%) compared
with the normoxic control group (Figure 2C). The cell viability in
miR-146a-transfected cells was also significantly reduced by 25% fol-
lowing H/R compared with miR-126a-transfected non-H/R cells.
However, H/R-induced decreases in cell viability were significantly
attenuated by LmiR-146a transfection. In addition, transfection of
LmiR-146a attenuated H/R-induced caspase-3 activity by 42.5%
(Figure 2D). Transfection of LmiR-Con did not affect H/R-decreased
cell viability and increased caspase-3/7 activity.

3.3 Transfection of LmiR-146a suppresses
the expression of IRAK and TRAF6 in
H9C2 cardiomyoblasts
We examined the effect of increased expression of miR-146a by
transfection of LmiR-146a on IRAK and TRAF6 expression in H9C2
cells. H9C2 cells were transfected with LmiR-146a or LmiR-Con. A
stably transfected cell line was established using antibiotic selection.
Western blot showed that the cells transfected with LmiR-146a
had relatively less IRAK1 and TRAF6 compared with LmiR-Con-
transfected cells (Figure 3).

3.4 Increased miR-146a expression in the
myocardium following LmiR-146a
transfection
To evaluate whether increased expression of miR-146a will protect
against myocardial I/R injury, we transfected mouse hearts with

LmiR-146a through the right common carotid artery or directly
injected into cardiac muscles. LmiR-Con served as transfection
control. Seven days after transfection, we examined the transfection
efficiency. Figure 4A shows that the expression of green fluorescent
protein that was carried by the lentiviral vector appeared in the myo-
cardium following transfection of LmiR-146a or LimR-Con. qPCR data
show that the levels of miR-146a were significantly increased 6.9-fold
in intramuscular injection of LmiR-146a and 4.4-fold in delivery of
LmiR-146a via the right carotid artery compared with LmiR-Con
transfected hearts.

We examined the effect of overexpression of miR-146a on the ex-
pression of IRAK1 and TRAF6 in the myocardium. Figure 4B shows
that the levels of IRAK1 and TRAF6 in LmiR-146a transfected
hearts, either by artery delivery or by direct muscle injection, were
significantly lower than in LmiR-Con-transfected hearts. The data
suggest that transfection of LmiR-146a suppresses the expression of
IRAK1 and TRAF6. The data also suggest that miR-146a transfection
efficiency is sufficient to down-regulate IRAK1 and TRAF6 expression
in the myocardium.

Figure 3 Transfection of LmiR-146a suppresses the expression of
IRAK1 and TRAF6 in H9C2 cardiomyoblasts. Western blot showed
that transfection of LmiR-146a suppresses IRAK1 and TRAF6 in
H9C2 cells. n ¼ 4/group. *P , 0.05 compared with indicated groups.

X. Wang et al.436
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/97/3/432/276654 by guest on 16 August 2022



3.5 Transfection of LmiR-146a into the
myocardium protects against myocardial
I/R injury and cardiac dysfunction
We examined whether increased expression of miR-146a will protect
against myocardial I/R-induced injury. LmiR-146a and LmiR-Con were
transfected into mouse hearts via the right carotid artery. Untrans-
fected hearts served as control. The hearts were subjected to ischae-
mia (60 min) followed by reperfusion (4 h). The hearts were
harvested for evaluation of infarct size. As shown in Figure 5A, I/R
induced significant infarct size in untransfected I/R control hearts.
However, LmiR-146a transfection markedly reduced infarct size by
50% compared with the untransfected I/R control group. LmiR-Con
transfection did not alter I/R-induced myocardial infarct size.

We also examined the effect of transfection of LmiR-146a on cardiac
function following myocardial I/R. Cardiac function was measured by
echocardiography prior to I/R (baseline) as well as 3 and 7 days after
I/R. Figure 5B shows that EF% and %FS in the untransfected I/R control
hearts were significantly reduced by 39.7 and 46.4% on Day 3 and by

28.1 and 34.8% on Day 7 after myocardial I/R compared with baseline.
In contrast, transfection of LmiR-146a prevented I/R-induced cardiac
dysfunction. EF% and %FS values in LmiR-146a-transfected mice were
not significantly decreased at 3 and 7 days after myocardial I/R compared
with the baseline of LmiR-146a-transfected hearts. Transfection of
LmiR-Con did not alter I/R-induced cardiac dysfunction.

3.6 LmiR-146a transfection attenuated
I/R-induced myocardial apoptosis
Cardiac myocyte apoptosis contributes to myocardial I/R injury.26 We
evaluated whether increased expression of miR-146a by transfection
of LmiR-146a would have anti-apoptotic effects during myocardial I/R.
Figure 6A shows that I/R significantly induced myocardial apoptosis
by 24% compared with the untransfected sham control. In
LmiR-146a-transfected mice, the numbers of apoptotic cells in the
myocardium were markedly less (11%) than in the untransfected I/R
group (24%). LmiR-Con transfection did not affect I/R-induced
myocardial apoptosis.

Figure 4 Myocardial transfection of LmiR-146a suppresses IRAK1 and TRAF6 expression. LmiR-146a or LmiR-Con was transfected into mouse
hearts through the right common carotid artery or via direct injection into heart muscle. (A) The expression of GFP carried by the lentiviral
vector appeared in the myocardium (top). The levels of miR-146a were increased following LmiR-146a transfection (bottom). (B) Transfection of
LmiR-146a suppresses IRAK1 and TRAF6 in the myocardium. n ¼ 3/group. *P , 0.05 compared with indicated groups. Scale bar ¼ 100 mm.
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I/R increased caspase-3/7 (31.4%) and caspase-8 (40.5%) activities
in the myocardium compared with sham control (Figure 6B). In con-
trast, transfection of LmiR-146a prevented I/R-induced caspase-3/7
and -8 activities compared with the untransfected I/R control group.
There was no significant difference in caspase-3/7 and -8 activities
between LmiR-Con I/R mice and the untransfected I/R control group.

3.7 Transfection of LmiR-146a suppresses
IRAK and TRAF6 expression and attenuates
NF-kB activation and inflammatory
cytokine production following I/R
I/R induces NF-kB activation, which plays a critical role in myocardial
injury and cardiac dysfunction.27 We examined the effect of
LmiR-146a transfection on NF-kB binding activity following myocar-
dial I/R. Figure 7A shows that I/R significantly increased myocardial
NF-kB binding activity compared with the untransfected sham
control. Transfection of hearts with LmiR-Con did not decrease

I/R-induced NF-kB binding activity. In contrast, transfection of
LmiR-146a blunted I/R-induced NF-kB binding activity.

NF-kB activation regulates inflammatory cytokine production.14

Figure 7B shows that I/R significantly increased TNFa and IL-1b pro-
duction in the serum, which positively correlated with NF-kB
binding activity. In LmiR-146a-transfected mice, I/R-induced increases
in TNFa and IL-1b production were attenuated. In contrast, there
was no significant difference in cytokine production between the
LmiR-Con-transfected I/R mice and the untransfected I/R control
group.

To determine whether the inhibitory effect of transfection of
LmiR-146a on NF-kB activation and cytokine production is due to
suppression of IRAK1 and TRAF6 during myocardial I/R, we analysed
the levels of IRAK1 and TRAF6 in the myocardium after myocardial
I/R. Figure 7C shows that transfection of LmiR-146a significantly sup-
presses myocardial IRAK1 and TRAF6 expression in the presence
and absence of I/R, compared with untransfected sham and I/R
control groups. There is no significant difference in the levels of

Figure 5 Transfection of LmiR-146a protects the myocardium from I/R injury. Mouse hearts were transfected with either LmiR-146a or LmiR-Con.
Seven days after transfection, the hearts were subjected to I/R. (A) Transfection of LmiR-146a reduced myocardial infarct size. The infarct area (white)
and the area at risk (red + white) from each section were measured using an image analyser. Ratios of risk area to left ventricle area (RA/LV) and
infarct area to risk area (IA/RA) were calculated and are presented in the graphs. Photographs of representative heart sections are shown above.
(B) Transfection of LmiR-146a attenuated I/R-induced cardiac dysfunction. Cardiac function was examined by echocardiography before I/R (Baseline)
and at 3 and 7 days after I/R. n ¼ 6–9/group. *P , 0.05 compared with indicated groups. &P , 0.05 compared with untransfected I/R control. EF,
ejection fraction; FS: fractional shortening.
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IRAK1 and TRAF6 between untransfected control mice and
LmiR-Con transfected groups.

3.8 LmiR-146a transfection attenuated
neutrophil infiltration into the myocardium
following myocardial I/R
Neutrophil infiltration into the myocardium plays an important role in
myocardial I/R injury. We examined the effect of LmiR-146a transfec-
tion on I/R-induced neutrophil infiltration into the myocardium.
Figure 8 shows that there was more neutrophil infiltration in the
untransfected I/R control mice than in the untransfected sham
control group. I/R also increased the number of neutrophils in the
LmiR-146a-transfected I/R hearts compared with the LmiR-146a-
transfected sham control. However, the numbers of neutrophils in
the LimiR-146a-transfected I/R hearts were significantly lower than in
the untransfected I/R control group. Transfection of LmiR-Con did

not alter I/R-induced increases in the numbers of neutrophil infiltration
into the myocardium.

4. Discussion
In the present study, we have demonstrated that transfection of
LmiR-146a significantly decreases infarct size and improves cardiac
function following myocardial I/R injury. To the best of our knowl-
edge, this is the first report that miR-146a exerts a protective role
in myocardial I/R injury. The protective mechanisms may involve at-
tenuation of NF-kB activation via suppression of IRAK1 and TRAF6
expression by transfection of LmiR-146a.

Innate immune and inflammatory responses mediated by TLRs have
been demonstrated to participate in the pathophysiological mechan-
isms of myocardial I/R injury.15– 17 With the exception of TLR3,
TLR-mediated signalling directly activates NF-kB28, which plays an

Figure 6 Transfection of LmiR-146a attenuates I/R-induced myocardial apoptosis. Mouse hearts were transfected with either LmiR-146a or
LmiR-Con. Seven days after transfection, the hearts were subjected to myocardial ischaemia (60 min) followed by reperfusion (4 h). Myocardial apop-
tosis was examined by the TUNEL assay in the heart sections. (A) DAPI-stained nuclei are blue and TUNEL-positive cells show green fluorescence.
The bar graph shows the per cent of apoptotic cells. (B) Transfection of LmiR-146a attenuated I/R-induced caspase-3/7 and -8 activities in the myo-
cardium. n ¼ 5–6/group. *P , 0.05 compared with indicated groups. Scale bar ¼ 100 mm.
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important role in myocardial I/R injury.27 We and others have
reported that TLR4 deficiency protects against myocardial I/R
injury15– 17 by attenuation of I/R-induced NF-kB activation.14

However, in addition to TLR4, other TLRs also activate NF-kB path-
ways.28 Why does TLR4 deficiency or TLR2 modulation attenuate
NF-kB activity during myocardial I/R injury? We hypothesized that
TLR4 deficiency or TLR2 modulation induces cardioprotection via
up-regulation of miRs that target the TLR-mediated NF-kB signalling
pathway. Indeed, we have found that the levels of miR-146a are signifi-
cantly greater in the TLR42/2 hearts than in WT hearts. Similarly,
TLR2 modulation by administration of Pam3CSK4 also significantly
increased miR-146a levels in the myocardium. To evaluate the role
of increased expression of miR-146a in the TLR-mediated NF-kB ac-
tivation pathway, we transfected H9C2 cardiomyoblasts with either
LimR-146a or LmiR-Con. We observed that LmiR-146a transfection
significantly suppresses IRAK1 and TRAF6. Similarly, in vivo transfec-
tion of LmiR-146a markedly decreased the levels of IRAK1 and
TRAF6 in the myocardium. The data indicated that increased expres-
sion of miR-146a by transfection of LmiR-146a suppresses IRAK1 and
TRAF6 expression, resulting in attenuation of NF-kB activation during
myocardial I/R.

Our observation is consistent with recent reports showing that
miR-146a targets IRAK1 and TRAF6 expression.12 Taganov et al.12

reported that stimulation of THP-1 cells with LPS and cytokines sig-

Figure 7 Transfection of LmiR-146a attenuated I/R-induced NFkB activation and inflammatory cytokine production. Mouse hearts were transfected
with either LmiR-146a or LmiR-Con. Seven days after transfection, the hearts were subjected to myocardial ischaemia (60 min) followed by reperfu-
sion (4 h). Transfection of LmiR-146a attenuated I/R-induced NF-kB binding activity (A) and TNFa and IL-1b production (B), and suppressed IRAK1
and TRAF6 in the myocardium (C). n ¼ 5–6/group. *P , 0.05 compared with indicated groups.

Figure 8 Transfection of LmiR-146a attenuated I/R-induced neu-
trophil infiltration into the myocardium. Mouse hearts were trans-
fected with either LmiR-146a or LmiR-Con. Seven days after
transfection, the hearts were subjected to myocardial ischaemia
(60 min) followed by reperfusion (4 h). The hearts were harvested
and sectioned for immunohistochemical staining of neutrophils
with anti-neutrophil antibody. The bar graph shows the numbers
of neutrophils in examined fields. n ¼ 3/group. *P , 0.05 compared
with indicated groups.
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nificantly increased the expression of mature miR-146a. These
authors demonstrated that there are several NF-kB binding sites in
the promoter of miR-146a, suggesting that miR-146a expression
induced by LPS and cytokines is NF-kB dependent.12,29 Importantly,
miR-146a suppresses the expression of IRAK1 and TRAF6, resulting
in inhibition of NF-kB binding activity and suppression of inflamma-
tory cytokine production. The data suggest that miR-146a is a negative
regulator in TLR-mediated innate immune and inflammatory
responses via a finely tuned negative feedback regulatory loop.12,29

On the basis of published literature12,29 and our observation in vitro,
we hypothesized that miR-146a plays a protective role in myocardial
I/R injury via targeting the TLR-mediated NF-kB activation pathway.30

Indeed, we have found that transfection of LmiR-146a significantly
decreases myocardial infarct size and improves cardiac function fol-
lowing myocardial I/R. LmiR-146a transfection also significantly atte-
nuated I/R-induced myocardial NF-kB binding activity and serum
levels of TNFa and IL-1b. Importantly, myocardial IRAK1 and
TRAF6 levels were markedly decreased following LmiR-146a transfec-
tion. The data indicate that the suppression of IRAK and TRAF6 may
be the mechanisms by which LmiR-146a transfection protects against
myocardial I/R injury. We have previously reported that myocardial
I/R increases IRAK phosphorylation and activation, which positively
correlates with myocardial I/R injury.15 Thomas et al.31 reported
that LPS administration induces IRAK1 activation in the heart.
Hearts isolated from IRAK1-deficient mice showed a resistance to
LPS-induced contractile dysfunction and attenuation of LPS-induced
activation of NF-kB pathway.31 Collectively, the data suggest that
IRAK1 plays a role in myocardial I/R injury and that it may be a poten-
tial target for the protection against myocardial I/R injury.

TRAF6 plays a crucial role in the induction of inflammatory
responses via activation of IKK, leading to NF-kB activation.14,28

TRAF6 is utilized by TLR/IL-1R to activate NF-kB and MAPK signalling
pathways.14,28 TRAF6 also contains a RING domain that confers E3
ligase activity32 which induces TRAF6 autoubiquitination via catalysa-
tion of lysine-63 (K63) polyubiquitination. K63 polyubiquitination acti-
vates IKK and MAPKs, as well as RIG-1 signal transduction at multiple
points.32 Stimulation of RIG-I signalling also activates IKK, leading to
NF-kB activation.32 Therefore, suppression of TRAF6 will significantly
down-regulate inflammatory responses mediated by NF-kB and
MAPK signalling pathways. We have observed that transfection of
LmiR-146a decreases the levels of TRAF6 in the myocardium, which
could be an important mechanism by which LmiR-146 transfection
protects against myocardial I/R injury.

We have observed that transfection of LmiR-146a significantly atte-
nuated I/R-induced myocardial apoptosis and caspase-3/7 and -8 activ-
ities in the myocardium. The data indicate that increased expression of
miR-146a exerts anti-apoptotic properties. At present, we do not fully
understand the anti-apoptotic mechanisms of miR-146a. However, a
recent study by Suzuki et al.33 reported that diazoxide significantly
improved mesenchymal stem cell survival via NF-kB-dependent
miR-146a expression. Blockade of miR-146a expression by an antisense
miR-146a inhibitor abolished diazoxide-induced cytoprotective effect.
These authors found that overexpression of miR-146a down-regulates
Fas expression via targeting the 3′ untranslated region of Fas mRNA.33

Targeting Fas by miR-146a may be a mechanism for attenuation of myo-
cardial apoptosis during myocardial I/R by transfection of LmiR-146a.

In summary, the present study demonstrated that increased expres-
sion of miR-146a protects the myocardium from I/R injury. The
mechanisms may involve suppression of IRAK1 and TRAF6 as

well as NF-kB activation and cytokine production. MicroRNA-146a
could be a target for protection against acute myocardial I/R injury.
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