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MicroRNA-451 protects against cardiomyocyte
anoxia/reoxygenation injury by inhibiting
high mobility group box 1 expression
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Abstract. High mobility group box 1 (HMGBI1) protein
serves an important role in myocardial ischemia/reperfusion
(I/R) injury. MicroRNAs (miRNAs) are a group of small
non-coding RNAs that regulate numerous signaling pathways
involved in myocardial I/R injury. The present study aimed to
investigate whether miR-451 protects against cardiomyocyte
anoxia/reoxygenation (A/R) injury by attenuating HMGBI1
expression. Neonatal rat ventricular cardiomyocytes were
prepared and then subjected to A/R injury. The effect
of upregulation or downregulation of miR-451 on cell
viability, apoptosis, superoxide dismutase (SOD) activity,
and the expression of cleaved-caspase-3 and HMGBI1 were
measured accordingly. A luciferase assay was performed to
further confirm whether miR-451 can directly recognize
the 3'-untranslated region of HMGBI1 in HEK293 cells. The
expression of miR-451 was significantly decreased in the
cardiomyocytes during A/R, and upregulation of miR-451
led to increased miR-451 expression (P<0.05). Upregulation
of miR-451 significantly attenuated the loss of cardiomyocyte
viability (P<0.05) and increased the intracellular levels of SOD
during A/R (P<0.05). Furthermore, upregulation of miR-451
significantly decreased the apoptosis of cardiomyocytes
during A/R (P<0.05). The HMGB1 mRNA and protein
expression levels were significantly downregulated in the
Ad-miR-451 group compared with those in the A/R group
(P<0.05). In addition, upregulation of miR-451 reduced its
translocation from the nucleus to the cytoplasm. The luciferase
assay confirmed that HMGB1 mRNA is a direct target of
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miR-451 in cardiomyocytes. In conclusion, the present study
suggested that upregulation of miR-451 could protect against
A/R-induced cardiomyocyte injury by inhibiting HMGBI1
expression.

Introduction

Myocardial infarction results in the ischemic death of
cardiomyocytes, and is a major cause of mortality (1).
Reperfusion therapy, the process of restoring the blood
flow to the ischemic tissue, has been demonstrated to be an
effective approach for preserving the region of the heart that
was ischemic (2). However, reperfusion therapy may result in
additional cellular injury. Myocardial ischemia and reperfusion
(I/R) has been shown to induce local myocardial inflammation,
the generation of reactive oxygen species (ROS) and apoptosis,
which resulted in myocardial cell damage (3,4). Previous studies
revealed that high mobility group box 1 (HMGBI) protein,
a novel pro-inflammatory factor that is passively released
from necrotic and apoptotic cells, or secreted by activated
immune cells, serves an important role in the pathogenesis
of inflammatory diseases, including acute hepatic necrosis,
atrial fibrillation, myocardial infarction and myocardial I/R
injury (5-8). Furthermore, inhibition of HMGBI1 has been
demonstrated to attenuate myocardial I/R injury (5,8).

MicroRNAs (miRNAs) are a group of small non-coding
RNAs that negatively regulate gene expression via
RNA-induced silencing complexes (RISC), leading to
translational repression or mRNA degradation of their target
genes (9-11). One miRNA could regulate the expression
of hundreds of proteins. miRNAs regulate the expression
of key proteins in different signaling pathways involved in
physiological processes, such as myocardial I/R (12-14).
Previous studies demonstrated that miR-1, miR-21, miR-133,
miR-320, miR-29 and miR-451 act as regulators in the
myocardial I/R process (13,15-18). However, the association
between miRNAs and HMGBI remains unclear. Our previous
study demonstrated an association between miR-451 and
HMGBI using the Target-Scan software (19). The present
study investigated the hypothesis that miR-451 may induce
cardioprotection in anoxia/reoxygenation (A/R) injury by
attenuating HMGBI expression in vitro.
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Materials and methods

Construction of adenoviral vectors. miR-451, antisense
miR-451 and empty plasmid adenovirus (containing green
fluorescent protein; GFP), termed Ad-miR-451, Ad-asmiR-451
and Ad-GFP, respectively, were generated by Shanghai
Genechem (Shanghai Genechem Co., Ltd., Shanghai, China)
by cloning miR-451 or antisense miR-451 primary DNA, or
the empty plasmid in the reverse orientation relative to the
CMYV promoter. The recombinant viruses were then amplified
in HEK?293 cells (Shanghai Genechem Co., Ltd.) and purified
using the Adeno-X Purification kit (Microbix Biosystems,
Inc., Mississauga, ON, Canada) in order to reach the titer
of 1,011 pfu/ml.

Cell culture and treatment. The experimental protocol
conformed to the Guideline for the Care and Use of Laboratory
Animals (US National Institutes of Health publication, revised
2010) (20) and approved by the Institutional Animal Care
and Use Committee of Wuhan University (Hubei, China).
Sprague-Dawley rats (1-3 days old, n=96) were purchased
from the Center of Experimental Animal (Wuhan University,
Hubei, China). Rats were kept under identical housing
conditions (temperature: 18-22°C, humidity: 50-60%) with a
12 h light-dark cycle and access to water and food ad libitum.
Rats were sacrificed under etherization and the hearts were
removed under sterile conditions. Neonatal rat ventricular
myocytes were prepared by enzymatic dissociation as
previously described (21). Briefly, the hearts were harvested,
finely minced with scissors, and then dissociated with 0.125%
(w/v) trypsin (HyClone Laboratories; GE Healthcare Life
Sciences, Logan, UT, USA) and 0.08% collagenase I (HyClone
Laboratories; GE Healthcare Life Sciences) for 40 min at 37°C.
Cardiomyocytes were seeded at a density of 1x10° cells/ml
and cultured in Dulbecco's modified Eagle's medium nutrient
mixture F-12 (DMEM/F12; HyClone Laboratories; GE
Healthcare Life Sciences) supplemented with 15% fetal bovine
serum (FBS; Shanghai Weike Biochemical Reagent Co., Ltd.,
Shanghai, China), 1% penicillin (100 U/ml; North China
Pharmaceutical Huasheng Co., Ltd., Shijiazhuang, China) and
1% streptomycin (100 pg/ml; North China Pharmaceutical
Huasheng Co., Ltd.) at 37°C, with 5% CO, for 4 days. Cells
were then randomly allocated into five groups and treated as
follows: 1) Control group, DMEM/F12 with 15% FBS; ii) A/R
group, DMEM/F12 for 4 h anoxia followed by 2 h reoxygenation
with DMEM/F12 with 15% FBS; and iii) A/R + Ad-GFP;
iv) A/R + Ad-miR-451; and v) A/R + Ad-asmiR-451 groups
were subjected to Ad-GFP, Ad-miR-451 and Ad-asmiR-451
(final MOI=100, infection time=2 h), respectively, 24 h prior to
A/R as described for group ii.

Flow cytometric analysis of transfection ratio and apoptosis
rate. GFP expression was considered the marker of successful
transfection of adenovirus, and the percentage of positive GFP
fluorescence was considered the transfection ratio. Apoptosis
was assessed by flow cytometric analysis of propidium
iodide (PI) and Annexin V double staining (Multi Sciences
(Lianke) Biotech Co., Ltd., Hangzhou, China). Briefly,
cardiomyocytes were harvested following treatment, rinsed
with phosphate-buffered saline (PBS) and suspended in 500 p1
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binding buffer (Multi Sciences (Lianke) Biotech Co., Ltd.).
Cells were then incubated with 5 ul Annexin V and 5 1 PI, and
the stained cells were analyzed using the BD LSRFORTESSA
flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

Reverse transcription-quantitative polymerase chain reaction
(RT-qgPCR) analysis. Total RNA was extracted from cells with
TRIzol reagent according to the manufacturer's instructions
(Roche Diagnostics, Indianapolis, IN, USA) and reverse
transcribed to produce cDNA from total RNA with oligo-dT
primers (Generay Biotech Co, Ltd., Shanghai, China). The
cDNA synthesis reaction was performed using 2 ug of total
RNA and a Transcriptor First Strand cDNA Synthesis kit
(Roche Diagnostics). The assessment of RNA integrity was
conducted with an optical density (OD) measurement via
a NanoDrop ND-1000 spectrophotometer (Thermo Fisher
Scientific, Inc., Waltham, MA, USA) and an OD 260/280
ratio >2 was considered an acceptable indicator of subsequent
cDNA synthesis. RT-qPCR reactions were performed in 20 pl
volumes using the LightCycler 480 SYBR Green I Master Mix
(Roche Diagnostics) and the LightCycler 480 Real-time PCR
system (Roche Diagnostics) according to the manufacturer's
instructions. The reaction conditions were as follows: 1 cycle
of 95°C for 10 min, followed by 40 cycles of 95°C for 10 sec,
60°C for 10 sec, 72°C for 20 sec, 1 cycle for 95°C for 5 sec and
65°C for 1 min. The samples were quantified by normalizing
the gene expression levels of HMGBI to that of the standard
housekeeping B-actin gene, and the gene expression levels of
miR-451 to that of U6 gene, and were expressed as relative
mRNA levels compared with the internal controls using the
2-4AC normalization method (22).

Cell viability assay. Cell viability was determined using
the cell counting kit (CCK)-8 assay (Dojindo Molecular
Technologies, Inc., Tokyo, Japan) according to the
manufacturer's instructions. Briefly, the cardiomyocytes
were seeded and incubated for 4 days in 96-well plates
at 1x10° cells/well prior to group separation as mentioned. The
absorbance (optical density, OD) of each well was measured
at 4990 nm with an iMark microplate absorbance reader
(Bio-Rad Laboratories, Hercules, CA, USA). The percentage
cell viability (CV) was calculated using the following formula:
% CV = (mean OD of test wells)/(mean OD of control
well) x 100.

SOD activity assay. The oxidative stress injury was measured
by the indexes of oxygen free radical in myocytes. SOD activity
was measured using the SOD assay kit (Nanjing JianCheng
Bioengineering Institute, Nanjing, China; cat. no. A0O1-1)
according to the manufacturer's instructions.

Western blotting. Equal quantities of proteins (15 ul) were
separated on 10% SDS-polyacrylamide gels (run on 160 V
for 70 min) and then electro-transferred to a polyvinylidene
difluoride membrane. The membranes were blocked with 5%
non-fat milk for 1 h at room temperature, and rinsed twice
for 2 min in Tris-buffered saline and Tween 20. Membranes
were incubated with mouse monoclonal anti-HMGBI (1:1,000;
Sigma-Aldrich, St. Louis, MO, USA; cat. no. H9537), and
rabbit polyclonal anti-caspase-3 and anti-GAPDH (1:1,000 and
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1:5,000; Cell Signaling Technology, Inc., Danvers, MA, USA,;
cat. nos. 9662 and 5174, respectively) primary antibodies as
previously described (23), with an overnight incubation at 4°C.
The membranes were then incubated with the corresponding
polyclonal goat anti-mouse or anti-rabbit horseradish
peroxidase-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, USA;
cat. nos. 115-035-003 and 111-035-003, respectively) for 1 h at
room temperature. The proteins were visualized with the Pierce
ECL kit (Thermo Fisher Scientific, Inc.; cat. no. NCI4106).
The expression of proteins of interest were normalized to the
GAPDH expression.

Luciferase assay. To confirm whether miR-451 was able to
directly recognize the 3'-untranslated region of HMGBI and
inhibit its expression, a luciferase assay was performed using the
Dual-Luciferase Reporter Assay System (Promega Corporation,
Madison, WI,USA) according to the manufacturer's instructions.
Briefly, construct in which a fragment of the 3-UTR of HMGBI1
mRNA (containing either putative miR-451 binding sequence
or mutant putative miR-451 binding sequence) was cloned
into a firefly luciferase reporter construct and transfected
into HEK293 cells with an empty plasmid (pDNR-CMV)
or a plasmid expressing miR-451 (pmiR-451). The luciferase
activity was normalized to the Renilla luciferase signal in
HEK?293 cells. Results were determined as the firefly to Renilla
luciferase activity ratio (Fluc/Rluc).

Statistical analysis. Data are expressed as the mean + standard
deviation. Statistical analysis was performed using one-way
analysis of variance followed by the Student-Newman-Keuls
test. SPSS software, version 17.0 (SPSS, Inc., Chicago, IL, USA)
was used for analysis. P<0.05 was considered to indicate a
statistically significant difference.

Results

Determining miR-451 expressionintreated cardiomyocytes.The
transfection ratio was determined by the GFP expression in the
cells, and the ideal MOI was measured at 100 (transfection ratio,
87.6%). Gain- and loss-of-function approaches were utilized to
regulate miR-451 expression in the cultured cardiomyocytes. As
demonstrated in Fig. 1A, miR-451 expression was significantly
increased in the Ad-miR-451 group compared with the
control group (P<0.05). In the Ad-asmiR-451 group, miR-451
expression was decreased compared with the Ad-miR-451
group (Fig. 1A). Treatment with 4 h anoxia followed by 2 h
reoxygenation decreased the expression of miR-451 in the A/R
alone group compared with the control group (P<0.05; Fig. 1B).
A/R treatment significantly increased miR-451 expression in
the Ad-miR-451 group compared with the A/R alone group
(P<0.05; Fig. 1B). miR-451 expression was markedly decreased
in the Ad-asmiR-451 group compared with the Ad-miR-451
group (Fig. 1B). Furthermore, Ad-GFP alone had no significant
effect on the expression of miR-451 in the A/R cardiomyocytes
(P>0.05; Fig. 1).

Cell viability and SOD activity assays. As demonstrated
in Fig. 2, the viability of cardiomyocytes was significantly
decreased in the A/R alone group compared with the control
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Figure 1. Determining miR-451 expression in treated cardiomyocytes
by reverse transcription-quantitative polymerase chain reaction analysis.
miR-451 expression was normalized to U6 expression. Relative miR-451
expression in (A) control, Ad-GFP, Ad-miR-451 and Ad-asmiR-451 groups,
and (B) control and A/R treated groups. “P<0.05 vs. the control group and
“P<0.05 vs. the A/R group. Con, control; GFP, green fluorescent protein; A/R,
anoxia/reoxygenation; miR, microRNA.
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Figure 2. Effect of miR-451 on cell viability in control and A/R-treated
cardiomyocytes. “P<0.05 vs. the control group and “P<0.05 vs. the A/R group.
Con, control; GFP, green fluorescent protein; A/R, anoxia/reoxygenation;
miR, microRNA.

group (P<0.05). Ad-miR-451 significantly attenuated cell
viability during A/R compared with the A/R alone group
(P<0.05; Fig. 2). In addition, Ad-asmiR-451 and Ad-GFP
alone had no significant effect on the cell viability compared
with the A/R alone group (P>0.05; Fig. 2).

SOD activity was significantly decreased in the A/R
alone group compared with the control group (P<0.05;
Fig. 3). Ad-miR-451 significantly inhibited the increase of
SOD during A/R compared with the control group (P<0.05;
Fig. 3), and significantly increased SOD activity compared
with the A/R group (P<0.05; Fig. 3). Ad-asmiR-451 could
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Figure 3. Effect of miR-451 on the SOD activity in control and A/R treated cardiomyocytes. “P<0.05 vs. the control group and ‘P<0.05 vs. the A/R group. SOD,
superoxide dismutase; con, control; GFP, green fluorescent protein; A/R, anoxia/reoxygenation; miR, microRNA.
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Figure 4. Effect of miR-451 on cell apoptosis in control and A/R treated cardiomyocytes. Cells were stained with Annexin V and propidium iodide to analyze
apoptotic cell rate using flow cytometry in the (A) control, (B) A/R, (C) A/R + Ad-GFP, (D) A/R + Ad-miR-451 and (E) A/R + Ad-asmiR-451 groups.
(F) Quantification of apoptosis in the treated groups. QI indicates the necrotic cells due to mechanical damage, Q2 indicates late apoptotic cells, Q3 indicates
live cells and Q4 indicates early apoptotic cells. “P<0.05 vs. the control group and "P<0.05 vs. the A/R group. Con, control; A/R, anoxia/reoxygenation; GFP,

green fluorescent protein; miR, microRNA.

slightly aggravate the increase of SOD during A/R compare
with the Ad-miR-451 group (P>0.05; Fig. 3). Ad-GFP alone
had no significant effect on SOD activity during A/R (P>0.05;
Fig. 3).

Effect of miR-451 on A/R-induced cardiomyocyte apoptosis.
The apoptosis rate of cardiomyocytes was significantly increased
in the A/R alone group compared with control group (P<0.05;
Fig. 4). Ad-miR-451 significantly suppressed the apoptosis of
cardiomyocytes during A/R compared with the A/R alone
group (P<0.05; Fig. 4). Ad-asmiR-451 and Ad-GFP alone had
no significant effect on the apoptosis of cardiomyocytes during
A/R (P>0.05; Fig. 4).

Relative HM GBI expression in cardiomyocytes. RT-qPCR
revealed that HMGB1 mRNA expression was significantly

decreased in the Ad-miR-451 group during A/R compared
with the A/R alone group (P<0.05; Fig. 5). The mRNA
expression of HMGBI1 was not significantly changed in
the Ad-asmiR-451 group compared with that in the A/R
group (P>0.05; Fig. 5).

HMGBI relative protein expression was significantly
increased during A/R compared with the control group
(P<0.05; Fig. 6A and B). In the Ad-miR-451 group, HMGBI
relative protein expression was significantly decreased
compared with the A/R alone group (P<0.05; Fig. 6A and B).
The HMGBI relative protein expression was not significantly
changed in the Ad-asmiR-451 group compared with the A/R
alone group (P>0.05; Fig. 6A and B).

Cleaved-caspase-3 relative protein expression in
cardiomyocytes. The cleaved caspase-3 relative expression was
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Figure 5. Effect of miR-451 on HMGBI relative mRNA expression in cardiomyocytes by reverse transcription-quantitative polymerase chain reaction analysis.
HMGBI expression was normalized to 3-actin expression. Relative HMGBI expression in control and A/R-treated groups. “P<0.05 vs. the control group and
“P<0.05 vs. the A/R group. HMGBI, high mobility group box 1; con, control; GFP, green fluorescent protein; A/R, anoxia/reoxygenation; miR, microRNA.
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Figure 6. Effect of miR-451 on HMGBI and cleaved-caspase-3 relative protein expression in cardiomyocytes. (A) Western blot analysis, levels of HMGBI1
and cleaved-caspase-3 expression were normalized to GAPDH expression. Quantification of (B) HMGBI expression and (C) cleaved-caspase-3 in control and
A/R treated groups. “P<0.05 vs. the control group and "P<0.05 vs. the A/R group. HMGBI, high mobility group box 1; A/R, anoxia/reoxygenation; GFP, green
fluorescent protein; con, control; miR, microRNA; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

significantly increased during A/R compared with the control
group (P<0.05; Fig. 6A and C), and significantly decreased in the
Ad-miR-451 group compared with the A/R alone group (P<0.05;
Fig. 6A and C). In the Ad-asmiR-451 no significant change was
observed in the protein levels of cleaved caspase-3 compared
with that in the A/R alone group (P>0.05; Fig. 6A and C).

HMGBI mRNA as a target of miR-451 in cardiomyocytes. The
luciferase assay was performed to verify HMGBI as one of
the target genes of miR-451 in cardiomyocytes. A construct in
which a fragment of the 3'-UTR of HMGBI1 mRNA containing
the putative or mutant-putative miR-451 binding sequence,
was cloned into a firefly luciferase reporter and cotransfected
into HEK293 cells with the plasmid expressing miR-451. The
luciferase assay was conducted to further confirm that HMGBI1
was a direct target of miR-451 in the HEK-293T cells. The
results demonstrated that miR-451 transfection significantly
inhibited the luciferase activity of wild type HMGBI1 3' UTR
and not the mutant HMGBI1 3' UTR with the mutant binding site
of miR-451 (Fig. 7). These results demonstrated that HMGBI is
a direct target of miR-451 in HEK-293T. The results suggested
that miR-451 binds to HMGBI1 mRNA directly and inhibits its
expression.

Discussion

Previous studies have demonstrated that miR-451 serves
an important role in the cell death/survival process in
the pathogenesis of breast cancer, leukemia and oxidant
stress (24-26). The present study demonstrated that miR-451
inhibited cell apoptosis and oxidative stress injury, and
increased cell viability during A/R injury. Ren et al (13)
indicated that the expression levels of miR-451 were
significantly decreased in rat I/R models. Previous studies
have demonstrated that ectopic expression of miR-144 and
miR-451 individually augmented cardiomyocyte survival, that
was further improved by overexpression of miR-144/451 in
response to simulated I/R, compared with the control group.
The results from these studies indicated that the miR-144/451
cluster protected against simulated I/R-induced cardiomyocyte
death via targeting the CUG triplet repeat-binding protein
2-cyclooxygenase-2 pathway. These studies suggested that
overexpression of miR-451 may protect against the simulated
I/R injury in cardiomyocytes (18,27). Ischemic preconditioning
is a classic and effective method for protecting against I/R
injury. However, Wang et al (27) demonstrated that it fails to
protect against I/R injury in miR-144/451-knockout mice.
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Figure 7. Association of miR-451 and HMGBI. (A) Computationally predicted interactions between miR-451 and the 3'-UTR HMGBI, as identified by the
TargetScan software. (B) miR-451 targets and inhibits HMGBI in HEK293 cells. “P<0.05 vs. the miR-451 + NC group. HMGBI, high mobility group box I;
UTR, untranslated region; fluc/rluc, firefly to Renilla luciferase activity ratio; NC, normal control; mu-HMGBI, mutant HMGBI1; miR, microRNA.

HMGBI serves an important role in the process of I/R
injury in liver, brain, lung and heart tissues (28-30). Once
released from necrotic or activated immune cells, HMGB1
triggers the downstream inflammatory process and promotes
the release of pro-inflammatory cytokines, such as tumor
necrosis factor-a (TNF-a), interleukin-6 (IL-6) and C-reactive
protein (CRP), leading to cell apoptosis (28,31-33). In addition,
Andrassy et al (5) demonstrated that HMGBI functions as an
early mediator of inflammation and cell injury during myocar-
dial I/R, whereas HMGBI1 A box peptide (a specific HMGBI1
antagonist) reduces myocardial I/R injury and inhibits the
release of TNF-a and IL-6. These results indicated that inhibi-
tion of HMGBI may have a significant impact on improving
cardiomyocyte survival during myocardial I/R injury. It has
been identified by computational analysis that HMGBI is a
potential target gene of miR-451 (19). HMGB1 mRNA and
protein levels were significantly changed following upregula-
tion of miR-451 expression. The consistency between mRNA
and protein levels suggested that miR-451 may downregulate
HMGBI expression by degrading its mRNA and obstructing
the translation process. The binding site between miR-451 and
HMGBI was confirmed using a construct with a fragment
of the 3'-UTR of HMGBI mRNA containing the putative
miR-451 binding sequence. The results of the present study
demonstrated that upregulation of miR-451 may protect
against A/R-induced injury in cardiomyocytes via inhibition
of HMGBI.

In conclusion, the present study suggested that
upregulation of miR-451 could protect against A/R-induced
cardiomyocyte injury by inhibiting HMGBI1 expression.
Potential targets regulated by miR-451 have been predicted
by TargetScan software (new 19), however, additional target
validation experiments are required. In addition, further
research is required to determine the molecular mechanisms
of miR-451-regulated HMGBI expression in cardiomyocytes.
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