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Abstract

Objective: To determine the role of microRNA 2 (miR-21) on left ventricular remodeling of
rat heart with ischemia-reperfusion (I/R) injury and to investigate the underlying mechanism of
miR-21 mediated myocardium protection.

Methods: Rats were randomly divided into three groups: an I/R model group with Ad-GFP
(Ad-GFP group), an I/R model group with Ad-miR-21 (Ad-miR-21 group) and a sham-surgery
group. Changes in hemodynamic parameters were recorded at | week after I/R. Histological
diagnosis was achieved by hematoxylin and eosin (H&E). Left ventricular (LV) dimensions,
myocardial infarct size, LV/BW, collagen type I, type Il and PCNA positive cells were
measured. Primary cultures of neonatal rat cardiac ventricular myocytes were performed and
cell ischemic injury was induced by hypoxia in a serum- and glucose-free medium, and re-
oxygenation (H/R).MiR-21 inhibitor and pre-miR-21 were respectively added to the culture
medium for the miR-21 knockdown and for the miR-21 up-regulation. qRT-PCR was used to
determine the miR-21 levels in cultured cells. Flow cytometry was performed to examine the
cell apoptosis.

Results: In the Ad-miR-21 group, LV dimensions, myocardial infarct size, LV/BW, collagen
type I, type Il and PCNA positive cells all significantly decreased compared with the
Ad-GFP group. At | week after I/R. the Ad-miR-21 significantly improved LVSP. LV +db/dt.....
LV - dp/dt,;,, and decreased heart rate (HR) and LVEDP compared with the Ad-GFP group.
Compared with the Ad-GFP, the cell apoptotic rate significantly decreased in the Ad-miR-21
group. The miR-21| inhibitor exacerbated cardiac myocyte apoptosis and the pre-miR-2|
decreased hypoxia/reoxygenation- induced cardiac myocyte apoptosis.

Conclusions: Ad-miR-21 improves LV remodeling and decreases the apoptosis of myocar-
dial cells, suggesting the possible mechanism by which Ad-miR-2| functions in protecting
against I/R injury.

Key words: microRNA 21; ischemia-reperfusion; ventricular remodeling; hemodynamic; collagen;
apoptosis; rat.

Introduction

Acute myocardial infarction (MI) due to coro-
nary artery occlusion represents a major cause of
morbidity and mortality in humans [1]. Heart failure
is an unfavorable consequence of myocardial remod-

eling after AMI [2]. Cardiac structural remodeling is
associated with myocardium repair reactions, fol-
lowed by scar formation in the infarcted area as well
as changes in the noninfarcted myocardium, includ-
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ing interstitial fibrosis and collagen remodeling [3].
Myocardial fibrosis, a characteristic of all forms of
cardiac pathology, leads to mechanical stiffness,
which contributes to ventricular contractile dysfunc-
tion [4].

MicroRNAs  (miRNAs) are endogenous,
noncoding, single-stranded RNAs of ~22 nucleotides
and constitute a novel class of gene regulators [5-7].
Currently, about 700 miRNAs have been cloned and
sequenced in humans, and the estimated number of
miRNA genes is as high as 1,000 in the human ge-
nome [8, 9]. Functionally, an individual miRNA is as
important as a transcription factor because it is able to
regulate the expression of its multiple target genes. As
a group, miRNAs are estimated to regulate over 30%
of the genes in a cell [10]. It is thus not surprising that
miRNAs are involved in the regulation of almost all
the major cellular functions, such as apoptosis and
necrosis, which are two key cellular events in cardiac
remodeling after AML

Recent studies have identified signature expres-
sion patterns of miRNAs associated with pathological
cardiac hypertrophy, heart failure, and myocardial
infarction in humans and mouse models of heart dis-
ease [11]. MicroRNA-21(miR-21) that is consistently
induced by cardiac stress, appears to function as a
regulator of cardiac growth and fetal gene activation
in primary cardiomyocytes in vitro [12, 13].
Pre-injected with heat-shock-induced miRNAs in-
cluding miR-21 in the mouse hearts reduces myocar-
dial infarct size after I/R injury [14]. We have also
confirmed the aberrantly expressed miR-21 has a
protective effect on myocardial infarction and protec-
tive effect on I/R by reducing cardiac cell apoptosis
via its target gene PDCD4 and AP-1 pathway [15, 16].

A subset of miRNAs is enriched in cardiac fi-
broblasts compared to cardiomyocytes, including
miR-21 and members of the miR-29 family [17]. It is
well established that miR-21 functions as an oncogene
and has a role in tumorigenesis by promoting cell
proliferation [18]. Thum T et al [17] showed in vivo
silencing of miR-21 by a specific antagomir in a mouse
pressure-overload-induced disease model reduces
cardiac ERK-MAP kinase activity, inhibits interstitial
fibrosis and attenuates cardiac dysfunction. In Eva
van Rooij's study down-regulation of miR-29 with
anti-miRs in vitro and in vivo induces the expression
of collagens, whereas over-expression of miR-29 in
fibroblasts reduces collagen expression [18]. Thum et
al. reported that knockdown of miR-21 through sys-
temic delivery of cholesterol-modified antisense oli-
gonucleotides (antagomirs) prevented cardiac hyper-
trophy and fibrosis in response to pressure overload
induced by transaortic constriction (TAC). In the cur-

rent study, the treatment effects of miR-21 on myo-
cardium remodeling, including cardiac hemodynamic
measurement and collagen remodeling and its
mechanism in an in vivo rat model with I/R injury
were investigated.

Materials and methods

Establishment of the rat I/R model

I/R was induced in 10-week-old male Spra-
gue-Dawley rat hearts (weighting 250-300 g) as de-
scribed in our previous study [15]. In brief, the rats
were anesthetized with ketamine (80 mg/kg i.p.) and
xylazine (5 mg/kg i.p.). Under sterile conditions, the
heart was exposed through a left thoracotomy in the
fourth intercostal space. I/R was induced by 60-min
occlusion of the left anterior descending coronary
artery (LAD) with a silk suture, followed by one-week
reperfusion of LAD. Sham-operated rats served as
controls. Sham operation involved an identical pro-
cedure, except the suture was passed around the
vessel without left anterior descending coronary ar-
tery occlusion. All protocols were approved by the
Animal Ethics Committee of Hebei Medical Univer-
sity.

Construction of the adenovirus expressing
miR-21, or control adenovirus expressing GFP

The adenovirus expressing miR-21 (Ad-miR-21),
or control adenovirus expressing GFP (Ad-GFP) were
generated using the Adeno-XTM Expression Systems
2 kit (Clontech) according to the manufacturer’s pro-
tocols. These adenoviruses were purified by cesium
chloride gradient ultracentrifugation and titrated us-
ing a standard plaque assay.

Adenovirus-mediated miR-21 gene transfer in
vivo

Ad-miR-21 or Ad-GFP were delivered into the
rat hearts 3 days before I/R. Briefly, the rats were
anesthetized with ketamine (80 mg/kg ip.) and
xylazine (5 mg/kg i.p.). The pericardium was opened
via the third intercostal space. The aorta and pulmo-
nary artery were identified. A 23-gauge catheter con-
taining 200pl of adenovirus was advanced from the
apex of the left ventricle to the aortic root. The aorta
and pulmonary arteries were clamped distal to the
site of the catheter and the solution was injected. The
clamp was maintained for 10 s when the heart
pumped against a close system (isovolumically). This
procedure allows the solution that contains the ade-
novirus to circulate down the coronary arteries and
perfuse the heart. After 10 s, clamps on the aorta and
pulmonary artery were released and the chest was
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closed.

Hemodynamic examination

Rats were anesthetized with ketamine (80
mg/kg ip.) and xylazine (5 mg/kg i.p.). Catheters
were inserted into the left ventricle through the right
common carotid artery. Changes in hemodynamic
parameters, including the heart rate (HR), the left
ventricular end-diastolic pressure (LVEDP), the left
ventricular systolic pressure (LVSP), the maximal rate
of rise in blood pressure in the ventricular chamber
(+dP/dt max) and the maximal rate of decline in
blood pressure in the ventricular chamber
(-dP/dtmax) were measured and recorded by an
8-channel polygraph system (RM-6000).

Cardiac histology

Detailed cardiac histology including immuno-
histochemistry was performed on the Ad-GFP and
Ad-miR-21 rats from the first experiment. After he-
modynamic measurements, the hearts were arrested
in diastole with 15% potassium chloride and fixed by
immersion in 10% buffered formalin for 24-48 h. Three
transverse slices from the base, mid-region and apex
were embedded in paraffin. Then each slice was sec-
tioned (6 pm thick) for histology and immunohisto-
chemistry. Sections were stained with hematoxylin
and eosin.

Measurement of infarct size and determina-
tion of infarcted, border, and noninfarcted
areas

At one week after I/R, the rats were anesthetized
and 6 ml of 1% Evans blue dye was injected into the
vena cava to delineate the noninfarcted portion of the
heart. The myocardial ischemic area at risk was iden-
tified as the region lacking blue staining. The ventri-
cles of the hearts were sliced transversely into 2-mm
thick slices. The slices were incubated in 1% tri-
phenyltetrazolium chloride (TTC) at 37 °C for 30 min
to identify the noninfarcted and infarcted areas. In-
farct size was expressed as a percentage of the is-
chemic area at risk. In myocardial slices, noninfarcted
area was defined as the Evans blue-stained area. The
infarcted area was displayed as the TTC unstained
area. The border area was identified as Evans blue
unstained and TTC-stained areas.

Immunohistochemistry

The myocardial slices were fixed in 4% para-
formaldehyde in 0.1mol/L phosphate buffer and
embedded in paraffin, 4-um cross sections were cut
from each slice. The sections were deparaffinized and
incubated for 10 minutes with 3% H>O» in methanol

at room temperature, endogenous peroxidase activity
was quenched and sections were washed in phos-
phate-buffered saline (PBS). They were put into wa-
terbath to repair antigens for 20min at 98°C with citric
acid buffer, then taken out and cooled at room tem-
perature. Add 10% normal goat serum blocking solu-
tion to each slide. The sections were incubated with
diluted primary antibodies against collagen I, colla-
gen IlI[, PCNA and incubated at 4°C overnight. The
sections were then washed with PBS containing 1%
bovine serum albumin three times before incubation
with biotinylated secondary antibody (Santa Cruz
Biotechnology, USA) for 30 minutes at 37°C and la-
beled with peroxidase avidin using diaminobenzidine
as the chromogen. The sections were counterstained
with hematoxylin and then blocked. A rabbit anti-rat
antibody and a rat PCNA monoclonal antibody were
used as primary antibodies. Secondary antibodies
were biotinylated using goat anti-rabbit IgG. A light
microscope was used for qualitative analysis of the
section (x400). Ten sections were obtained from each
group and the expression of collagen I, collagen I
and the number of cells with PCNA positive were
assessed. The area of collagen I or Il in the bor-
der-zone area was counted using light microscopy by
an investigator blind to the identity of the samples in 8
randomly selected areas and subsequently averaged.
The ratio of collagen 1 /Il was calculated.

Measurement of dimensions of the Left ven-
tricles (LV) and LV relative weight

One week after I/R, the anesthetized rat hearts
were arrested in diastole by an intravenous injection
of saturated potassium chloride solution via the left
jugular vein. The heart was excised and LV was sep-
arated and weighed. The dimensions of the LV were
measured in transverse slices at the level of papillary
muscle as described [19, 20]. LV relative weight was
the ratio LV/BW.

Cardiacmyocyte culture and cell ischemia in-
jury model

Primary cultures of neonatal rat cardiac ventric-
ular myocytes were performed as described previ-
ously [15, 21]. In brief, hearts from 1-2-day-old Spra-
gue-Dawley rats were placed in ice-cold 1 X phos-
phate-buffered saline solution. After repeated rinsing,
the atria were cut off, and the ventricles were minced
with scissors. The minced tissue and ventricular cells
were dispersed by digestion with collagenase type IV
(0.45 mg/ml), 0.1% trypsin, and 15ug/ml DNase I
Cardiomyocytes (0.33 x10¢ cells/ml) were cultured in
cardiac myocyte culture medium containing Dulbec-
co’s modified Eagle’s medium/F-12 supplemented
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with 5% horse serum, 4 pg/ml of transferrin, 0.7
ng/ml of sodiumselenite, 2 g/liter of bovine serum
albumin, 3 mmol/liter of pyruvic acid, 15 mmol/liter
of HEPES, 100pmol/liter of ascorbic acid, 100pg/ml
of ampicillin, 5 pg/ml of linoleic acid, 1% penicillin,
1% streptomycin, and 100 pmol/ liter
5-bromo-2’-deoxyuridine and seeded into six-well
plates.

Cell ischemic injury was induced by hypoxia in a
serum- and glucose-free medium, and reoxygenation
(H/R). Hypoxia was achieved by placing the cells in a
hypoxia chamber filled with 5%CO> and 95%N3 at 37
C for 4 h. Following hypoxia exposure, the cells were
reoxygenated with 5% CO, and 95% O. for 3 h in
Dulbecco’s modified Eagle’s medium containing 5%
serum and normal glucose.

Oligo transfection, miR-21 knockdown and
miR-21 overexpression in cultured cardiac
myocytes

Oligo transfection was performed according to
an established protocol [22, 23]. For the miR-21
knockdown, miR-21 inhibitor (LNA-anti-miR-21)
(Exiqgon, Inc.) was added to the culture medium at a
final oligonucleotide concentration of 30 nM. For
miR-21 up-regulation, pre-miR-21 (Ambion, Inc.) was
added directly to the complexes at a final oligonucle-
otide concentration of 30 nM. The transfection me-
dium was replaced 4 h post-transfection by regular
culture medium. Vehicle control, oligo controls for
LNA-anti-miR-21 and pre-miR-21 (Ambion, Inc.), and
adenovirus control (Ad-GFP) were applied.

Quantitative reverse transcriptase-PCR
(qRT-PCR)

qRT-PCR was used to determine the miR-21 lev-
els in cultured cells. qRT-PCR was performed on
cDNA generated from 50 ng of total RNA using the
protocol of the mirVana qRT-PCR miRNA Detection
Kit (Ambion, Inc). Amplification and detection of
specific products were performed with a Roche
Lightcycler 480 Detection System. As an internal con-
trol, U6 was used for template normalization. The
primers used were provided by Ambion, Inc. Fluo-
rescent signals were normalized to an internal refer-
ence, and the threshold cycle (Ct) was set within the
exponential phase of the PCR. The relative gene ex-
pression was calculated by comparing cycle times for
each target PCR. The target PCR Ct values were nor-
malized by subtracting the U6 Ct value, which pro-
vided the A Ct value. The relative expression level
between treatments was then calculated using the

following equation: relative gene expression = 2-(*
Ct,sample-A Ct, control)

Flow cytometry analysis

Cardiac myocyte apoptosis in border areas and
in cultured cells with ischemia injury was measured
by flow cytometry. Annexin V was labeled as de-
scribed previously[24, 25]. The infarcted, border, and
noninfarcted areas were identified as described as
above. Briefly, isolate cardiomyocytes for flow cy-
tometry, then detect cell apoptosis with Annexin
V-FITC/PI Apoptosis Detection Kit (Calbiochem,
Merck) according to the manufacturer’s protocol.
Cells were harvested and adjusted to a confluency of
0.5x10¢ to 1x10° cells/mL. Subsequently, cells were
fixed with 70% pre-chilled alcohol and stained with
propidium iodide (PI). PI-labeled cells were analyzed
using flow cytometry.

Statistical analysis

Statistical analyses were performed using SPSS
10.0 software. Data were presented as mean
tstandard deviation (SD). The difference between two
groups was evaluated by un-paired t test. The differ-
ences among different groups were determined by
Kruskal-Wallis test. A probability (P) - value of < 0.05
was considered statistically significant.

Results

Hemodynamic examination

Hemodynamic index was recorded at 1 week
after I/R. In this experiment, as shown in Fig.l,
Ad-miR-21 significantly improved LVSP,
LV+dp/dtmax, LV — dp/dtmin, and decreased HR,
LVEDP compared with the Ad-GFP group. These
observations suggested that Ad-miR-21 improved the
heart function in rats with I/R injury.

The effect of adenovirus-mediated miR-21
gene transfer on LV/IBW

As shown in Fig2, at 1 week after I/R,
Ad-miR-21 significantly decreased the ratio LV/BW
compared with the Ad-GFP group.

Measurement of myocardial infarct size

In our previous study[15], at 3 days after ad-
ministration, Ad-miR-21 increased miR-21 expression
in rat hearts in a dose-dependent manner. Based on
the dose response of Ad-miR-21, we injected 8108
pfu/rat into the animals using our delivery method at
3 days before I/R. As shown in Fig. 3A, compared
with the control adenovirus (Ad-GFP)-treated rats,
Ad-miR-21 reduced myocardial infarct size by 15.8+
0.90% at 1 week after I/R. Representative TTC-stained
heart slices from the rats treated with Ad-miR-21 or
Ad-GFP are shown in Fig. 3B.
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representative TTC-stained heart slices from rats treated with control adenovirus, Ad-GFP, or Ad-miR-2|. The infarcted area in the
Ad-GFP-treated image was 48.5% and the infarcted area in the Ad-miR-2|-treated image was 32.7%.

Content of collagen type I, type Il and PCNA
positive cells with immunohistochemistry

The effect of Adenovirus-mediated miR-21 Gene
Transfer on collagen type I, type Ill and PCNA pos-
itive cells. As shown in Fig.4 compared with the
Ad-GFP, the collagen type I and type Il content in
both noninfarcted area and infarcted area significantly
decreased in the Ad-mirR-21 group. The ratio of col-
lagen type I /I had the same result. Compared with
the Ad-GFP group, PCNA positive cells in the border
area significantly decreased in the Ad-miR-21 group.

Flow cytometry analysis

Ad-miR-21 suppressed cell apoptosis in the
border area of the rat heart with I/R injury. As shown
in Fig. 5B, compared with the Ad-GFP group, the cell
apoptotic rate significantly decreased in the
Ad-miR-21 group.

The effect of miR-21 on ischemia-related cell
injury in vitro

To determine the potential cellular mechanism
behind miR-21-mediated protective effects during
myocardial infarction, an ischemia-related cell injury
model was applied in which injury to the cultured
cells was induced by hypoxia in a serum- and glu-
cose-free medium, followed by reoxygenation in
normal culture medium. We found that the miR-21
inhibitor, LNA-anti-miR-21 (30nM), decreased, but

pre-miR-21 increased miR-21 expression in cultured
cardiac cells (Fig. 6A). As expected, hypox-
ia/reoxygenation resulted in an increase in apoptosis.
Notably, pre-miR-21 decreased hypox-
ia/reoxygenation-induced cardiacmyocyte apoptosis
(Fig. 6B). In contrast, cardiac myocyte apoptosis was
exacerbated after treatment with LNA-anti-miR-21
(Fig.6B).

The reduced myocardial size and heart cell
apoptosis should have functional results on LV re-
modeling such as changes in LV dimensions. To test
these results, the infarcted hearts from both the
Ad-GFP and Ad-miR-21 pre-treated rats were isolated
at 1 week after I/R. As shown in Fig.7, the LV internal
diastolic diameter in the Ad-miR-21-treated animals
(7.64 £1.01 mm) was significantly smaller than that in
the Ad-GFP-treated animals (9.27 £1.17 mm).

The effect of adenovirus-mediated miR-21
gene transfer on LV dimensions

The reduced myocardial size and heart cell
apoptosis should have functional results on LV re-
modeling such as changes in LV dimensions. To test
these results, the infarcted hearts from both the
Ad-GFP and Ad-miR-21 pre-treated rats were isolated
at 1 week after I/R. As shown in Fig.7, the LV internal
diastolic diameter in the Ad-miR-21-treated animals
(7.64 £1.01 mm) was significantly smaller than that in
the Ad-GFP-treated animals (9.27 £1.17 mm).
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Discussion

Our previous study [15] showed that in the rat
acute myocardial infarction model, ad-miR-21 in-
creases miR-21 expression in rat myocardium, which
reduces myocardial infarct size, left ventricle dimen-
sion and cell apoptosis in both border and infarcted
areas. In recent years, studies about the effect of
miR-21 on ventricular remodeling and myocardial
fibrosis do not get consistent results. Thum et al [26]
reported that in vivo silencing of miR-21 by a specific
antagomir in a mouse pressure-overload-induced
disease model inhibits interstitial fibrosis and attenu-
ates cardiac dysfunction. Patrick et al [27] reported
that treated with antimiR-21 in pressure overload
mice, HW/BW ratio and cardiac function by echo-
cardiography have no significant difference compared
with the untreated animals. In MI mice model in-
duced by LAD occlusion, the extent of scar formation
and remodeling is indistinguishable between mice of
the two genotypes, and quantification of infarct size
revealed no significant differences between WT and
miR21-/- mice. These differences may be explained
by compensatory mechanisms activated in the per-

sistent absence of miR-21 [27].

It is well established that elevated HR increases
myocardial oxygen consumption in normal myocar-
dium. HR reduction has been demonstrated to ame-
liorate atherosclerosis and vascular inflammation,
with an improvement in cardiovascular outcome [28].
This study showed that in rat myocardial with I/R
injury, ad-miR-21 improved LVSP, decreased HR and
LVEDP, improved *dp/dt, and decreased left ven-
tricular relative mass at 1 week after I/R, which im-
proved left ventricular function and hemodynamic
index.

Ventricular remodeling by ischemic myocardial
injury is an important cause affecting heart function
and hemodynamic, which is mainly affected by my-
ocardial infarction size and myocardial collagen re-
modeling in noninfarcted region. Once the ischemic
myocardial injury occurs, the myocardial infarction
size is mainly affected by the myocardial cell apopto-
sis in the border area. Overexpression of miR-21 re-
duced cell apoptosis in the border areas at early stage
of AMI and reduced the myocardial infarct size in the
rat heart [15]. Apoptosis is a major cause for cardiac
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infarction following ischaemic preconditioning (I/P)
[29, 30]. The inhibition of miR-21 has been shown to
suppress cell growth by increasing apoptosis and de-
creasing cell proliferation [31].In contrast, knockdown
of miR-21 in cultured glioblastoma cells triggers acti-
vation of caspases and leads to increased apoptotic
cell death [32]. In the present study, cardiomyocyte
apoptosis rate decreased and myocardial infarction
size reduced in the miR-21 group compared with the
control group at 1 week after myocardial I/R injury.
The attenuation of myocardial infarction with miR-21
may be related to reduce cell apoptosis. Yin C et al [14]
provided evidence for protective effect of miR-21 on
cardiac injury by reducing expression of apoptotic
genes-Bid and Bcl-10,which can bind to Bcl-2 to pro-
mote apoptosis. Our previous study showed that ad-
enoviral transfer of miR-21 in vivo decreases cell
apoptosis in the border and infracted areas through its
target gene, programmed cell death 4(PDCD4), and
activator protein 1 (AP1) pathway [15]. MiR-21 is in-
duced by the AKT pathway and mediates an
antiapoptotic effect via suppression of FasL [33].
Conversely, it activates AKT through suppression of
phosphatase and tensin homolog (PTEN) through a
feed forward loop [33].

Cardiac fibrosis is a remodeling feature in hearts
with ischemic heart disease. The fibrillar collagens,
type I and type Ill, are the major components of the
cardiac extracellular matrix [34]. Type I collagen
mainly provides rigidity, whereas type III collagen
contributes to elasticity. Collagen remodeling occurs
following 1/R cardiac injury. This remodeling is
mainly manifested as reparative fibrosis in infarcted
area, while as reactive fibrosis in both noninfarcted
and border areas. Collagen remodeling in nonin-
farcted area plays a main role in ventricular remod-
eling following I/R cardiac injury. Type I collagen
increases and type Il collagen decreases, which im-
proves myocardial stiffness, decreases myocardial
compliance, as a result of cardiac systolic and diastolic
function decreased. This study showed that overex-
pression of miR-21 decreased collagen content, colla-
gen I /I ratio, which suggested it had improved
myocardial collagen I, Il remodeling. Furthermore,
expression of the proliferation marker PCNA in car-
diac fibroblasts was increased in Ad-GFP group,
whereas PCNA expression significantly reduced in
Ad-miR-21 group. The protective effect of miR-21
against I/R induced heart damages was approved by
the animal experiments [14, 35].Yin et al. found that
myocardial infarct size was significantly reduced by
treatment with heat-shock- or precondition-
ing-induced miRNAs including miR-21 in an in vitro
mouse model. They further demonstrated that up-

regulation of heat-shock protein 70 (HSP70) and of the
endothelial and inducible nitric oxide synthases might
be responsible for these miRNAs-mediated cardiac
protection [14, 35].

MiR-21 is also enriched in the myofibroblasts
and infiltrating cells in the infarct zone relative to the
surrounding myocytes. MiR-21 is significantly up-
regulated in cardiac fibroblasts in the failing heart,
where it represses the expression of sprouty homo-
logl (SPRY1), a negative regulator of the extracellular
signal-regulated kinase/mitogen-activated protein
(ERK-MAP) kinase signaling pathway [26]. Upregu-
lation of miR-21 in response to cardiac stress was
shown to enhance ERK-MAP kinase signaling, lead-
ing to fibroblast proliferation and fibrosis. PTEN has
also been demonstrated to be a direct target of miR-21
in cardiac fibroblasts [36]. Previous reports charac-
terize PTEN as a suppressor of matrix metalloprote-
ase-2 (MMP-2) expression [37]. I/R in the heart in-
duced miR-21 in cardiac fibroblasts in the infracted
region. Thus, I/R-induced miR-21 limits PTEN func-
tion and causes activation of the Akt pathway and
increased MMP-2 expression in cardiac fibroblasts.
This effect indirectly contributes to the increase in
fibrosis seen during cardiac hypertrophy. But a recent
report disputes these results. It shows that global ge-
nomic ablation of miR-21, or knockdown with locked
nucleic acid (LNA)-modified antisense oligonucleo-
tides, has no impact on the development of fulminant
cardiac hypertrophy in response to pressure overload,
angiotensin II, calcineurin, or infarction [27]. How
might these differences be reconciled? It might be
explained by different animal models and different
observation methods.

All the analyses showed that overexpression of
miR-21 following cardiac I/R injury decreased in-
farcted area and reduced cell apoptosis in border area,
which improved myocardial collagen I, III remod-
eling in noninfarcted area, improved heart function
and hemodynamic status, and inhibited left ventricu-
lar remodeling.
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