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MicroRNAs (miRNAs) are a class of small noncoding RNAs that mediate posttranscriptional gene silencing. Mitochondrial fis-
sion participates in the induction of apoptosis. It remains largely unknown whether miRNAs can regulate mitochondrial fission.
Reactive oxygen species and doxorubicin could induce mitochondrial fission and apoptosis in cardiomyocytes. Concomitantly,
mitofusin 1 (Mfn1) was downregulated, whereas miRNA 140 (miR-140) was upregulated upon apoptotic stimulation. We inves-
tigated whether Mfn1 and miR-140 play a functional role in mitochondrial fission and apoptosis. Ectopic expression of Mfn1
attenuated mitochondrial fission and apoptosis. Knockdown of miR-140 inhibited mitochondrial fission. Our results further
revealed that knockdown of miR-140 was able to reduce myocardial infarct sizes in an animal model. We observed that miR-140
could suppress the expression of Mfn1, and it exerted its effect on mitochondrial fission and apoptosis through targeting Mfn1.
Our data revealed that mitochondrial fission occurs in cardiomyocytes and can be counteracted by Mfn1. However, the function
of Mfn1 is negatively regulated by miR-140. Our present work suggests that Mfn1 and miR-140 are integrated into the program
of cardiomyocyte apoptosis.

MicroRNAs (miRNAs) are �22 nucleotides long and act as
negative regulators of gene expression by inhibiting mRNA

translation or promoting mRNA degradation (1). The function of
miRNAs is to coordinately regulate target genes encoding proteins
and their functions. Strikingly, a single miRNA is even able to
modulate complex physiological or disease phenotypes by regu-
lating entire functional networks (2–4). miRNAs can regulate car-
diac function, including the conductance of electrical signals,
heart muscle contraction, heart growth, and morphogenesis. In
particular, miRNAs are involved in the pathogenesis of cardiac
diseases, and manipulation of miRNAs can be developed for ther-
apeutic targets (5–7).

Apoptosis can occur in the myocardium under a variety of
pathological conditions (8, 9). For example, myocyte apoptosis is
increased in myocardium from patients with myocardial infarc-
tion and heart failure and from experimental models of hypertro-
phy and heart failure (8, 10–14). Growing evidence has shown that
miRNAs are involved in the regulation of cardiomyocyte apopto-
sis. For example, overexpression of miRNA 320 (miR-320) en-
hances apoptosis in cardiomyocytes, whereas knockdown of miR-
320 can attenuate cell death (15).

A characteristic of cardiomyocytes is that they are enriched in
mitochondria. As an organ supporting the energy needed for
blood flow, the heart has perpetually high energy demands. Due to
the limited ability for substrate storage, heart function stringently
depends on ATP-generating pathways (16). The highly abundant
existence of functional mitochondria in cardiomyocytes is essen-
tial for producing enough ATP for normal cardiac contractile
function (17). However, it has been well documented that mito-
chondria contain a variety of proapoptotic factors that are able to
initiate apoptosis. Mitochondria constantly undergo fusion and
fission, which are necessary for the maintenance of organelle fi-
delity (18–21). Recently, accumulating evidence has shown that
abnormal mitochondrial fusion and fission participate in the reg-
ulation of apoptosis (22–24). Mitochondrial fusion is able to in-
hibit apoptosis, whereas mitochondrial fission is involved in the

initiation of apoptosis (25–28). It remains largely unknown as to
whether miRNAs are involved in the program of mitochondrial
fission.

Mitofusin 1 (Mfn1) is involved in the regulation of mitochon-
drial fusion (29). It can prevent mitochondrial fission in neurons
(30). Our recent work has found that Mfn1 is able to inhibit mi-
tochondrial fission and apoptosis in cardiomyocytes (31). How-
ever, Mfn1 expression is downregulated during apoptosis. It is not
yet clear as to how Mfn1 is downregulated by apoptotic stimula-
tion.

Our present work reveals that miR-140 can regulate mitochon-
drial fission and apoptotic programs. It can suppress Mfn1 expres-
sion and exert its effect through targeting Mfn1. Our data provide
novel evidence demonstrating that the mitochondrial fission pro-
gram can be regulated by miRNA.

MATERIALS AND METHODS
Cell cultures and treatment. Monolayer cultures of neonatal rat cardiac
cells were prepared as we described previously, with modifications (32). In
brief, hearts from 1-day-old Wistar rats were dissected, minced, and
placed into phosphate-buffered saline (PBS). The tissue was digested at
37°C in a HEPES-buffered saline solution (20 mM HEPES-NaOH [pH
7.35], 116 mM NaCl, 5 mM KCl, 1 mM NaH2PO4, 5 mM L-glucose, 0.4
mM MgSO4, 0.14 mg/ml collagenase, and 30 mg/ml pancreatin). After
centrifugation, cells were resuspended in Dulbecco’s modified Eagle me-
dium–F-12 medium (Gibco) containing 5% heat-inactivated horse se-
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rum, 100 �M ascorbate, 1 �g/ml insulin, 1 �g/ml transferrin, 10 ng/ml
selenium, 100 U/ml penicillin, and 100 �g/ml streptomycin. The dissoci-
ated cells were preplated at 37°C for 1 h to eliminate fibroblasts and then
cultured for 48 h in a medium containing 0.1 mmol/liter bromodeoxy-
uridine to prevent proliferation of nonmyocytes. More than 95% of cells
were cardiomyocytes, as detected by immunostaining with the anti-�-
sarcomeric actin antibody.

Cardiomyocytes were treated with 100 �mol/liter hydrogen peroxide
plus 0.1 mM ferrous sulfate for the indicated hours and further cultured in
normal culture medium without hydrogen peroxide and ferrous sulfate,
as we described previously (33). A total of 1.0 �mol/liter doxorubicin
(Sigma, St. Louis, MO) was employed. Neonate rat cardiomyocytes and
cardiac fibroblasts were isolated from 1-day-old Wistar rats as described
previously (34).

Adenoviral infection. The adenoviral �-galactosidase construct was
described previously (35). Viruses were amplified in HEK293 cells and
purified on a CsCl gradient. Cells were infected with the viruses at a mul-
tiplicity of infection (MOI) of 50 for 90 min. After washing with PBS, the
culture medium was added, and cells were cultured until the indicated
times.

Mitochondrial staining and immunofluorescence. Mitochondrial
staining was carried as we and others have described previously, with
modifications (20, 36). Briefly, cells were plated onto coverslips coated
with 0.01% poly-L-lysine. After treatment, they were stained for 20 min
with 0.02 �M MitoTracker red CMXRos (Molecular Probes). Assessment
and quantification of mitochondrial morphology were performed as de-
scribed previously (20, 36). Briefly, the extent of mitochondrial fission was
analyzed on a cell-to-cell basis. A punctiform mitochondrial phenotype
was scored as fragmented mitochondrion when at least 90% of its tubular
mitochondria were disintegrated. At least 200 randomly selected cells in
multiple fields were assessed. Mitochondrial fission (percentage of cells)
was calculated as the percentage of fragmented mitochondria to the total
number of cells, which were randomly selected and scored.

Immunofluorescence was performed as we have described previously
(37). Mitochondria and the samples were imaged by using a laser scanning
confocal microscope (Zeiss LSM 510 Meta).

Fluorescent labeling of mitochondria. For fluorescent labeling of mi-
tochondria, cells were transfected with pAcGFP1-mito, which encodes a
fusion of a mitochondrial targeting sequence derived from the precursor
of subunit VIII of cytochrome c oxidase and the green fluorescent protein
(GFP) (Clontech). Mitochondria were imaged by using a laser scanning
confocal microscope (Zeiss LSM510 Meta).

DNA fragmentation and apoptosis assays. DNA fragmentation was
monitored by using the Cell Death Detection ELISA kit (Roche), as we
described previously (38). Briefly, the antihistone monoclonal antibody
was added to 96-well enzyme-linked immunosorbent assay (ELISA)
plates and incubated overnight at 4°C. After recoating and three rinses, the
cytoplasmic fractions were added and incubated for 90 min at room tem-
perature. After washing three times, bound nucleosomes were detected by
the addition of anti-DNA peroxidase monoclonal antibody and reacted
for 90 min at room temperature. After the addition of the substrate, the
optical density was read with an ELISA reader at 405 nm. For apoptosis
analysis, the terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) kit (Clontech) was used according to the kit’s in-
structions. A total of 150 to 200 cells were counted in 20 to 25 random
fields for each group.

Preparations of subcellular fractions. Subcellular fractions were pre-
pared as described previously, with modifications (39). In brief, cells were
washed twice with PBS, and the pellet was suspended in 0.2 ml of ice-cold
buffer (20 mM potassium-HEPES [pH 7.8], 5 mM potassium acetate, 0.5
mM MgCl2, and 0.5 mM dithiothreitol [DTT]) containing a protease
inhibitor cocktail. The cells were homogenized by 12 strokes in a Dounce
homogenizer. The homogenates were centrifuged at 750 � g for 5 min at
4°C to collect nuclei. The supernatants were centrifuged at 10,000 � g for
15 min at 4°C to collect the heavy membrane (HM) pellet. The resulting

supernatants were centrifuged at 100,000 � g for 1 h at 4°C. The final
supernatants are referred to as cytosolic fractions.

Immunoblot analysis. Immunoblotting was carried out as we de-
scribed previously (35). Cells were lysed for 1 h at 4°C in a lysis buffer (20
mM Tris [pH 7.5], 2 mM EDTA, 3 mM EGTA, 2 mM DTT, 250 mM
sucrose, 0.1 mM phenylmethylsulfonyl fluoride, 1% Triton X-100) con-
taining a protease inhibitor cocktail (Sigma, St. Louis, MO). We harvested
myocardial samples according to procedures described previously (40–
42). In brief, ischemic/reperfused myocardial tissue was homogenized in
ice-cold lysis buffer by using a homogenizer and lysed for 1 h at 4°C. The
homogenates were centrifuged for 5 min at 10,000 � g at 4°C. Superna-
tants were collected. Samples were subjected to 12% SDS-PAGE and
transferred onto nitrocellulose membranes. Equal protein loading was
controlled by Ponceau red (Sigma, St. Louis, MO) staining of membranes.
Blots were probed by using primary antibodies, followed by horseradish
peroxidase-conjugated secondary antibodies. Anti-endonuclease G anti-
body, anti-Mfn1 antibody, anti-Mfn2 antibody, and anti-proliferating
cell nuclear antigen (anti-PCNA) antibody were obtained from Santa
Cruz Biotechnology. The antiactin antibody was obtained from Chemi-
con. The anti-cytochrome oxidase subunit V (anti-COX) antibody was
obtained from Invitrogen. Antibodies to Drp1 and OPA1 were obtained
from BD Biosciences. The anti-platelet-derived growth factor receptor
alpha (anti-PDGF�) antibody was obtained from Cell Signaling Technol-
ogy. Antigen-antibody complexes were visualized by enhanced chemilu-
minescence.

Adenoviral constructions. Adult rat heart mRNA was prepared by
using a Qiagen mRNA Minipreparation kit. First-strand cDNA synthesis
was carried out by using a first-strand cDNA synthesis kit (Amersham
Pharmacia Biotech) followed by PCR. The upstream primer for Mfn1
was 5=-ATGGCAGAAACGGTATCTCC-3=, and the downstream primer
was 5=-TTAGGATTCTCCACTGCTCG-3=. The upstream primer for
PDGFR� was 5=-ATGGGGACCTCCCAGGCCTT-3=, and the down-
stream primer was 5=-TTACAGGAAGCTGTCCTCCA-3=. To produce a
mutated 3= untranslated region (UTR) for Mfn1, the mutations (wild-
type 3=UTR, 5=-AACCACU-3=; mutated 3=UTR, 5=-ATTATGU-3= [mu-
tations are underlined]) were generated by using a QuikChange II XL
site-directed mutagenesis kit (Stratagene). Mfn1 or PDGFR� was finally
cloned in to the Adeno-X expression system (Clontech) according to the
manufacturer’s instructions.

Constructions of adenoviral miR-140. miR-140 was synthesized by
PCR using rat genomic DNA as the template. The upstream primer was
5=-TGAAAGAACCCAGAGCAATG-3=; the downstream primer was 5=-T
CAACTGTCACCCACCCAAC-3=. The PCR fragment was finally cloned
into the Adeno-X expression system (Clontech) according to the manu-
facturer’s instructions.

Lentiviral Mfn1 shRNA. Lentiviral particles expressing small hairpin
RNA (shRNA) for rat Mfn1 were purchased from Santa Cruz (catalog
number sc-270320-V). Control shRNA lentiviral particles (catalog num-
ber sc-108080) were used as a negative control, which encodes a scram-
bled shRNA sequence.

Construction of parkin siRNA. Parkin small interfering RNA
(siRNA) was constructed by using the pSilencer adeno 1.0-CMV vector
(Ambion) according to the manufacturer’s instructions. The parkin
siRNA sense sequence is 5=-TTCCAAACCGGATGAGTGG-3=; the anti-
sense sequence is 5=-CCACTCATCCGGTTTGGAA-3=. The scramble
parkin siRNA sense sequence is 5=-GCTCATCGAGCTAGTAGAG-3=; the
scramble antisense sequence is 5=-CTCTACTAGCTCGATGAGC-3=.

The specificity of siRNA was confirmed by comparison with all other
sequences in GenBank using Nucleotide BLAST. There was no homology
to other known rat DNA sequences.

Preparation of the luciferase construct for the Mfn1 mRNA 3=UTR.
The rat Mfn1 mRNA 3= UTR was amplified by PCR. The forward primer
was 5=-CCTATGCCTTGCGGAGATTG-3=. The reverse primer was 5=-T
TCACATCAGTTTTAATGGG-3=. To produce a mutated 3= UTR, the
mutations (wild-type 3=UTR, 5=-AACCACU-3=; mutated 3=UTR, 5=-AT
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TATGU-3= [mutated residues are underlined]) were generated by using
the QuikChange II XL site-directed mutagenesis kit (Stratagene). The
constructs were sequence verified. Wild-type and mutated 3= UTRs were
subcloned into the pGL3 vector (Promega) immediately downstream of
the stop codon of the luciferase gene.

Luciferase assay. A luciferase assay was performed as we described
previously (43). In brief, cells were cotransfected with the plasmid con-
structs, 150 ng/well of pGL3-Mfn1-3=UTR and 300 ng/well of miR-140, by
using Lipofectamine 2000 (Invitrogen). At 48 h after transfection, cells
were lysed, and luciferase activity was measured by using a dual-luciferase
reporter assay kit (Promega) according to the manufacturer’s instruc-
tions.

Cell transfection. The anti-miR for miR-140 designed to inhibit en-
dogenous miR-140 expression and the anti-miR negative control (anti-
miR-NC) were obtained from Ambion. Cells were transfected with anti-
miR or anti-miR-NC at 50 nM by using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Cardiomyocytes were
transfected with the plasmid construct pAcGFP1-mito, encoding mito-
chondrion-targeted GFP, by using an Effectene transfection kit (Qiagen)
according to the manufacturer’s instructions.

Quantitative real-time PCR. TaqMan microRNA assay kits were em-
ployed to analyze the levels of miR-140, miR-21, and miR-499 according
to the manufacturer’s instructions (Applied Biosystems). The results of
quantitative real-time PCR (qRT-PCR) were normalized to those of U6.

Anoxia. Anoxia was achieved as described previously (35). Briefly,
cells were placed into an anoxic chamber with a water-saturated atmo-
sphere composed of 5% CO2 and 95% N2.

Anti-miR delivery, ischemia-reperfusion, infarct size determina-
tion, and determination of apoptotic cardiomyocytes in the myocar-
dium. All animal experiments were performed according to protocols
approved by the Animal Care Committee, Institute of Zoology, Chinese
Academy of Sciences. We obtained C57BL/6 male mice from the Institute
of Laboratory Animal Science of the Chinese Academy of Medical Sci-
ences. Chemically modified antisense RNA oligonucleotides complemen-
tary to the mature miR-140 were used to inhibit endogenous miR-140
activity in vivo. The anti-miR-140 sequence is 5=-CUACCAUAGGGUAA
AACCACUG-3= (GenePharma Co. Ltd.). The anti-miR-NC sequence is
5=-CAGUACUUUUGUGUAGUACAA-3= (GenePharma Co. Ltd.). All
the bases were 2=-O-methyl modified. Anti-miR-140 and anti-miR-NC
oligonucleotides were injected at 80 mg kg� of body weight day� through
the tail vein for three consecutive days. We harvested the hearts 1 day after
the last injection for measurement of the expression of miR-140. We
exposed the hearts of mice to ischemia-reperfusion (I/R) injury 24 h after
the last injection of anti-miR or anti-miR-NC. To overexpress miR-140 in
the myocardium, we performed intracoronary delivery of adenoviruses as
described previously (44). Mice were anesthetized by intraperitoneal in-
jection of a mixture of ketamine (100 mg/kg) and xylazine (5 mg/kg) and
fixed in the supine position on a warm pad to keep the body temperature
constant. The chest was entered through a small left anterior thoracot-
omy, the pericardial sac was then removed, and adenoviral miR-140 at an
MOI of 2 � 1010 was injected with a catheter from the apex of the left
ventricle into the aortic root while the aorta and pulmonary arteries were
cross-clamped. The clamp was maintained for 20 s when the heart
pumped against a closed system.

We carried out standard cardiac ischemia-reperfusion on mice as we
described previously (45). In brief, we exposed the mice to left chest tho-
racotomy and occluded the left anterior descending coronary artery
(LAD) with a slipknot at the inferior border of the left auricle to induce
cardiac ischemia. We loosened the ligation to reperfuse the heart after
ischemia. The sham group experienced the same procedure except that
the suture around the LAD was left untied.

We measured the myocardial infarct sizes as we described previously
(45), at 24 h of reperfusion. The areas of infarction (INF), area at risk
(AAR), and left ventricular (LV) area were measured by using computer-
assisted planimetry (NIH Image 1.57) in a blind manner.

We detected apoptotic cardiomyocytes with TUNEL staining accord-
ing to the manufacturer’s instructions (Roche). We labeled cardiomyo-
cytes with antibody to �-actinin (catalog number A7811; Sigma) and total
nuclei with 4=,6-diamidino-2-phenylindole (DAPI). We counted the
apoptotic cells according to protocols described previously (46–48). An
investigator blind to the treatment quantified 25 random fields from three
slides of each block. Data are expressed as TUNEL-positive cells as a per-
centage of total cells counted.

To knock down Mfn1 in vivo, we performed intracoronary delivery of
lentiviral particles expressing small hairpin RNA (shRNA) for Mfn1 or
lentiviral control shRNA as described previously (44). We exposed the
mice to 45 min of ischemia and 3 h of reperfusion for immunoblot and
apoptosis analyses and 24 h of reperfusion for myocardial infarction mea-
surements, as described previously (45).

Electron microscopy. We analyzed the myocardium ultrastructure to
quantify mitochondrial fission in vivo, as we and others have described
previously (45, 49).

Statistical analysis. Paired data were evaluated by Student’s t test.
One-way analysis of variance (ANOVA) was used for multiple compari-
sons. A P value of �0.05 was considered significant.

RESULTS
Cardiomyocytes undergo mitochondrial fission upon apoptotic
stimulation. Cardiomyocyte apoptosis is a characteristic of a va-
riety of cardiac diseases. To understand the molecular mechanism
by which apoptosis is initiated in cardiomyocytes, we detected
whether mitochondrial fission is a component of cardiomyocyte
apoptosis. Hydrogen peroxide treatment led to the occurrence of
mitochondrial fission, as revealed by morphological alterations.
The reticular morphology of mitochondria becomes fragmented
upon treatment with hydrogen peroxide (Fig. 1A). A time-depen-
dent increase in the number of cells with mitochondrial fission
was observed (Fig. 1B). Concomitantly, apoptosis was observed
(Fig. 1C). We also detected that doxorubicin induced mitochon-
drial fission (Fig. 1D) and apoptosis (Fig. 1E) in cardiomyocytes.
We also observed similar mitochondrial morphological changes
in cardiomyocytes monitored with pAcGFP1-mito (Fig. 1F).
Thus, it appears that mitochondrial fission occurs upon apoptotic
stimulation in cardiomyocytes.

Mfn1 downregulation and miR-140 upregulation occur si-
multaneously in apoptosis. Mfn1 participates in the regulation of
the mitochondrial network (29). We detected the expression levels
of Mfn1 and observed that it was downregulated upon hydrogen
peroxide treatment (Fig. 2A). Doxorubicin treatment also re-
sulted in a reduction of Mfn1 levels (Fig. 2B). miRNA participates
in apoptosis by suppressing gene expression (7, 50). We detected
miR-140 distribution by separating cardiomyocytes from fibro-
blasts and found that miR-140 is mainly expressed in cardiomyo-
cytes (Fig. 2C). The decrease in Mfn1 expression levels led us to
consider whether it was related to miRNA regulation. We ana-
lyzed the 3= UTR of Mfn1 mRNA by using the bioinformatics
program targetscan and found that Mfn1 is a potential target of
miR-140 (Fig. 2D). Subsequently, we analyzed the expression level
of miR-140 during apoptosis. miR-140 levels were elevated upon
hydrogen peroxide treatment (Fig. 2E) as well as doxorubicin
treatment (Fig. 2F). The effects were attenuated by the adminis-
tration of the antioxidant N-acetylcysteine (NAC) (Fig. 2G and
H). These results suggest that Mfn1 and miR-140 are the targets of
apoptotic stimulation in cardiomyocytes.

miR-140 suppresses Mfn1 expression. We tested whether
miR-140 is related to Mfn1 expression. First, we attempted to
understand whether endogenous miR-140 participates in the reg-
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ulation of Mfn1 expression. To this end, the anti-miR of miR-140
(anti-miR-140) was employed. Administration of anti-miR-140
but not its negative control (anti-miR-NC) reduced miR-140 lev-
els upon hydrogen peroxide treatment (Fig. 3A) and doxorubicin
treatment (Fig. 3B). Concomitantly, anti-miR-140 administra-
tion attenuated the Mfn1 reduction induced by hydrogen perox-
ide (Fig. 3C) and doxorubicin (Fig. 3D). Second, we tested
whether exogenous miR-140 is able to regulate Mfn1 expression.
Ectopic expression of miR-140 led to a reduction of Mfn1 expres-
sion levels (Fig. 3E and F). However, anti-miR-140 administration
had no effects on the levels of Mfn2, OPA1, and Drp1 upon treat-
ment with hydrogen peroxide (Fig. 3G) and doxorubicin (Fig.
3H). Knockdown of parkin did not affect Mfn1 reduction induced
by hydrogen peroxide (Fig. 3I). Taken together, these results show
that Mfn1 can be a target of miR-140.

miR-140 inhibits Mfn1 expression through targeting the 3=
UTR. To understand whether Mfn1 can be directly or indirectly
regulated by miR-140, we tested whether miR-140 regulates Mfn1
dependent on the 3=UTR of Mfn1 mRNA. We constructed the 3=

UTR of Mfn1 mRNA with the luciferase reporter vector (Fig. 4A),
and miR-140 inhibited the translational activity of the wild-type
3= UTR of Mfn1 mRNA. In contrast, the introduction of muta-
tions into the 3= UTR of Mfn1 mRNA resulted in a failure of
miR-140 to influence the translational activity of the Mfn1 3=UTR
mRNA. The effect of miR-140 on the translational activity of the
wild-type 3=UTR of Mfn1 mRNA was inhibited by anti-miR-140
(Fig. 4B). We further analyzed the protein levels of Mfn1 in re-
sponse to miR-140 stimulation. Mfn1 whose mRNA had the wild-
type 3= UTR but not that whose mRNA lacked the 3= UTR was
suppressed by miR-140 (Fig. 4C). The introduction of mutations
into the 3=UTR of Mfn1 mRNA led to the inability of miR-140 to
inhibit Mfn1 expression (Fig. 4D). Thus, miR-140 represses Mfn1
expression dependent on the 3= UTR of Mfn1 mRNA.

Both Mfn1 and miR-140 are able to regulate mitochondrial
fission in cardiomyocytes. We asked whether Mfn1 and miR-140
play a functional role in mitochondrial fission and apoptosis. Ec-
topic expression of Mfn1 prevents cells from undergoing mito-
chondrial fission and apoptosis induced by hydrogen peroxide

FIG 1 Mitochondria undergo fission in cardiomyocytes upon apoptotic stimulation. (A) Representative images of mitochondria in cardiomyocytes without
hydrogen peroxide (control) or with hydrogen peroxide (H2O2). Neonatal rat cardiomyocytes were treated with 100 �mol/liter hydrogen peroxide. Two hours
after H2O2 treatment, cells were stained with 0.02 �M MitoTracker red for 20 min to visualize mitochondrial morphology. Red, MitoTracker red; blue, DAPI.
Bar, 10 �m. (B) Quantification of mitochondrial fission. Cardiomyocytes were treated and stained as described for panel A. �, P � 0.05 compared with 0 h
(control). (C) Apoptotic cardiac myocytes treated as described for panel A were quantified, and at the indicated time points, cells were stained for apoptosis by
a TUNEL assay. �, P � 0.05 compared with 0 h (control). (D and E) Mitochondrial morphology and apoptosis of cardiomyocytes treated with doxorubicin (Dox).
�, P � 0.05 compared with 0 h (control). (F) Mitochondrial morphology in cardiomyocytes transfected with pAcGFP1-mito and then exposed to H2O2. Green,
pAcGFP1-mito; blue, DAPI. Scale bar, 10 �m. Data are expressed as means 	 standard errors of the means of three independent experiments.
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(Fig. 5A). Doxorubicin-induced mitochondrial fission and apop-
tosis were also suppressed by Mfn1 (Fig. 5B). Because miR-140
was upregulated during apoptosis, as shown in Fig. 2, we therefore
tested whether the knockdown of miR-140 was able to influence
mitochondrial fission and apoptosis. Administration of the miR-
140 anti-miR led to a reduction of mitochondrial fission and
apoptosis (Fig. 5C to E). Mfn1 expression was monitored by im-
munofluorescence (Fig. 5F). Treatment of cardiomyocytes with
adenoviral miR-140 at a high titer but not at a low dose led to
mitochondrial fission (Fig. 5G). Ectopic expression of miR-140
sensitized cells to undergo mitochondrial fission and apoptosis
(Fig. 5H). These data suggest that Mfn1 and miR-140 participate
in the programs of mitochondrial fission and apoptosis.

Mfn1 and miR-140 are functionally related in the mitochon-
drial fission program. The ability of miR-140 to regulate Mfn1

expression prompted us to test whether these two factors are func-
tionally related to mitochondrial fission and apoptosis. We first
studied whether Mfn1 function could be regulated by miR-140.
Without the exogenous expression of miR-140, Mfn1 whose
mRNA lacked the 3=UTR or had the wild-type or mutated 3=UTR
antagonized mitochondrial fission and apoptosis (Fig. 6A). Sec-
ond, we tested whether miR-140 exerted its effect dependent on
Mfn1. The inhibitory effects of Mfn1 whose mRNA had the wild-
type 3= UTR on mitochondrial fission and apoptosis (Fig. 6B)
were attenuated in the presence of miR-140. Furthermore, in re-
sponse to treatment with a low dose of hydrogen peroxide, the

FIG 2 Mfn1 downregulation and miR-140 upregulation occur simultane-
ously in apoptosis. (A and B) Immunoblots of Mfn1 proteins from cardiomy-
ocytes exposed to H2O2 (A) or doxorubicin (B). The number of hours after
treatment is indicated. (C) Comparison of expression profiles of miR-140 in
cardiomyocytes and cardiac fibroblasts. (D) Putative miR-140 binding sites
(potential complementary residues are shown in red). (E and F) miR-140 levels
from cardiomyocytes upon H2O2 (E) or doxorubicin (F) treatment. The num-
ber of hours after treatment is indicated. �, P � 0.05 compared with the con-
trol. (G and H) Cells were pretreated with 5 mM NAC and then exposed to 100
�mol/liter H2O2 (G) or 1.0 �mol/liter doxorubicin (H). Cells were harvested
for the analysis of miR-140 by qRT-PCR, and the data were normalized to
those for U6. �, P � 0.05. Data are expressed as the means 	 standard errors of
the means of three independent experiments.

FIG 3 miR-140 suppresses Mfn1 expression. (A and B) miR-140 levels from
cardiomyocytes transfected with miR-140 anti-miR or the anti-miR control
(anti-miR-NC) and then exposed to H2O2 (A) or doxorubicin (B). �, P � 0.05.
(C and D) Immunoblots of Mfn1 proteins from cardiomyocytes treated as
described above for panels A and B. (E and F) Immunoblots of Mfn1 proteins
and miR-140 levels from cardiomyocytes infected with adenoviral miR-140 or
the control (miR-con). �, P � 0.05. Data represent three separate experiments.
(G and H) Immunoblots of Mfn2, Drp1, and OPA1 proteins from cardiomy-
ocytes treated as described above for panels A and B. Results are representative
of three independent experiments. (I) Immunoblot analysis of Mfn1. Cardio-
myocytes were infected with adenoviral small interfering RNA (siRNA) con-
structs targeting parkin or its scrambled form (sc) and then exposed to H2O2.
Data are expressed as means 	 standard errors of the means of three indepen-
dent experiments.
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knockdown of Mfn1 and ectopic expression of miR-140 have a
synergistic effect on mitochondrial fission and apoptosis (Fig.
6C). Mfn1 downregulation reversed the effect of anti-miR-140 on
mitochondrial fission and apoptosis (Fig. 6D). Thus, it appears
that miR-140 exerts its effects through Mfn1. A miRNA may have
multiple targets. To search for other potential downstream targets
of miR-140 involved in apoptosis, we observed that platelet-de-
rived growth factor receptor alpha (PDGFR�) expression was
downregulated in cardiomyocytes upon hydrogen peroxide treat-
ment (Fig. 6E). Knockdown of endogenous miR-140 regulated
PDGFR� expression (Fig. 6F). PDGFR� inhibited cardiomyocyte
apoptosis induced by oxidative stress (Fig. 6G).

Knockdown of miR-140 attenuates myocardial infarction.
To further understand the pathophysiological significance of
miR-140, we explored whether miR-140 is related to the patho-
genesis of myocardial infarction. We employed anti-miR of miR-
140 to test whether the knockdown of miR-140 can influence
myocardial infarction. Ischemia induced an elevation in miR-140
expression levels. The administration of miR-140 anti-miR in-
duced a reduction of miR-140 levels. Concomitantly, apoptosis
was reduced (Fig. 7A), and the infarct sizes were attenuated upon

knockdown of miR-140 (Fig. 7B). Mfn1 levels were reduced in
mice treated with ischemia-reperfusion (I/R). However, knock-
down of miR-140 attenuated the reduction of Mfn1 levels (Fig.
7C). Next, we examined the mitochondrial network in vivo upon
ischemia-reperfusion. Ischemia-reperfusion led to mitochondrial
fission, but this effect was attenuated by anti-miR-140 (Fig. 7D).
Mfn1 downregulation reversed the effect of anti-miR-140 on I/R
injury in vivo (Fig. 7E and Fig. 7F). These data suggest that miR-
140 plays a role in the pathogenesis of myocardial infarction.

miR-140 controls endonuclease G release through Mfn1.
Apoptosis is controlled by a complex interplay of apoptotic fac-
tors. We finally tested whether miR-140 can influence the down-
stream events of Mfn1 in mitochondrial fission and apoptosis.
Apoptosis is characterized by the occurrence of DNA fragmenta-
tion. Mitochondria contain proapoptotic factors, including endo-
nuclease G, which participates in causing DNA fragmentation (51,
52). Our previous work has shown that endonuclease G release
from mitochondria can be controlled by Mfn1 (31). We tested
whether this event is related to miR-140. Hydrogen peroxide in-
duced endonuclease G release from mitochondria. Concomi-
tantly, the levels of endonuclease G in nuclei were elevated. Mfn1
whose mRNA had the mutated 3=UTR inhibited endonuclease G
release from mitochondria more effectively (Fig. 8A). The func-
tion of endonuclease G is to cleave DNA. We thus tested whether
DNA fragmentation can be influenced by miR-140. The Cell
Death Detection ELISA, a method which can specifically detect
histone-associated DNA fragmentation and thus is specific for
apoptosis, was employed to analyze histone-associated DNA frag-
ments. Mfn1 whose mRNA had the mutated 3= UTR inhibited
DNA fragmentation more effectively than that whose mRNA had
the wild-type 3=UTR in the presence of miR-140 (Fig. 8B). Thus,
it appears that miR-140 controls the downstream events of Mfn1.
Finally, knockdown of miR-140 (Fig. 8C and D) or Mfn-1 (Fig. 8E
and F) did not affect the expression levels of miR-21 and miR-499
upon hydrogen peroxide treatment.

DISCUSSION

Cardiomyocytes are enriched in mitochondria. However, growing
evidence has shown that abnormal mitochondrial fission partici-
pates in the initiation of apoptosis. Hitherto, the molecular mech-
anism by which mitochondrial fission machinery is dysregulated
has been poorly understood. More than 800 miRNAs have been
identified in mammalian cells, and a large number of proteins
control the mitochondrial fission program. It is necessary to char-
acterize their relationship. Our present work reveals that Mfn1 is
able to prevent mitochondrial fission. However, it is downregu-
lated by apoptotic stimulation. We observed that miR-140 is up-
regulated and contributes to the suppression of Mfn1 expression
during apoptosis. miR-140 can promote mitochondrial fission
and apoptosis by targeting Mfn1. Our results reveal that miR-140
is able to facilitate the initiation of the mitochondrial fission pro-
gram.

It is estimated that one-third of all mammalian mRNAs are
regulated by miRNAs, indicating that miRNAs play critical roles
in controlling gene expression (53). Apoptosis is essential for nor-
mal development and maintenance of tissue homeostasis. How-
ever, excessive apoptosis can occur in the myocardium and con-
tributes to the pathogenesis of cardiac diseases. A variety of stimuli
can trigger apoptosis in cardiomyocytes, such as reactive oxygen
species (54, 55), hypoxia (56–58), and anthracyclines (59). Apop-

FIG 4 miR-140 inhibits Mfn1 expression through targeting the 3= UTR. (A)
Luciferase constructs of the Mfn1 mRNA 3=UTR. (B) Luciferase activity mea-
sured from HEK293 cells transfected with the wild-type (Mfn1-WT-3=UTR)
or mutated (Mfn1-M-3=UTR) Mfn1 mRNA 3= UTR luciferase constructs,
along with the expression plasmid for miR-140 or miR-con. Luciferase activity
was measured from cardiomyocytes transfected with a luciferase construct
containing the wild-type Mfn1 mRNA 3=UTR, miR-140 anti-miR (AN), or the
negative-control anti-miR (NC), along with the expression plasmid for miR-
140. �, P � 0.05. (C) Immunoblots of Mfn1 proteins from cardiomyocytes
infected with adenoviral Mfn1 whose mRNA had the wild-type 3=UTR (Mfn1-
WT-3=UTR) or lacked the 3= UTR (Mfn1-
3=UTR), along with adenoviral
miR-140 or miR-con. Results are representative of three independent experi-
ments. (D) Immunoblots of Mfn1 proteins from cardiomyocytes infected with
adenoviral Mfn1 whose mRNA had the wild-type 3=UTR (Mfn1-WT-3=UTR)
or the mutated 3= UTR (Mfn1-M-3=UTR), along with adenoviral miR-140 or
miR-con. Results are representative of three independent experiments. Data
are expressed as means 	 standard errors of the means of three independent
experiments.
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tosis is controlled by a complex interplay between pro- and anti-
apoptotic factors. Under physiological conditions, this interplay
remains in equilibrium so that apoptosis is tightly controlled. The
occurrence of apoptosis indicates that equilibrium is lost. Hith-
erto, few miRNAs have been demonstrated to be involved in con-
trolling cardiomyocyte apoptosis. R-320 promotes apoptosis by
targeting heat shock protein 20, which is known as a cardiopro-
tective protein (15). Our recent work reveals that miR-30 family
members are able to inhibit mitochondrial fission and apoptosis
by suppressing the expression of p53 that can upregulate Drp1

(30). Thus, studies of miRNAs in cardiac apoptosis may reveal
new insights into cardiac pathology.

Our present work illustrated for the first time that miR-140
levels are elevated in cardiomyocytes upon apoptotic stimulation
and participate in the initiation of apoptosis. It has been demon-
strated that miR-140 is abundantly expressed in cartilage in mouse
embryos and zebrafish under physiological condition (60, 61),
and it regulates cartilage development and homeostasis (62). In
searching for the targets of miR-140, Adamts-5, a major cartilage
matrix-degrading protease, has been found to be a target of miR-

FIG 5 Mfn1 and miR-140 are able to regulate mitochondrial fission in cardiomyocytes. (A and B) Analysis of mitochondrial fission and apoptosis from
cardiomyocytes infected with adenoviruses harboring the Mfn1 or �-galactosidase (�-gal) construct and then exposed to H2O2 (A) or doxorubicin (B) treatment.
(A) Mitochondrial fission was analyzed 6 h after treatment. Apoptosis was analyzed 12 h after treatment by a TUNEL assay. (B) Mitochondrial fission was
analyzed 5 h after treatment. Apoptosis was analyzed 15 h after treatment by a TUNEL assay. �, P � 0.05. (C) Effect of knockdown miR-140 on anoxia-induced
apoptosis and mitochondrial fission. Cardiomyocytes were transfected with anti-miR-140 or the negative control (anti-miR-NC) and then exposed to anoxia.
Data represent three separate experiments. �, P � 0.05. (D) Mitochondrial morphology in cardiomyocytes transfected with anti-miR of miR-140 or the negative
control (anti-miR-NC) and then treated with H2O2. (E) Counting of cells with mitochondrial fission and apoptosis. Cardiomyocytes were treated as described
for panel D. �, P � 0.05. (F) Analysis of Mfn1 expression by immunofluorescence. Cardiomyocytes were transfected with anti-miR of miR-140 or its negative
control (NC) and then exposed to 100 �mol/liter H2O2. Immunofluorescence and TUNEL assays were performed after H2O2 treatment. Red, Mfn1 expression;
green, TUNEL-positive cell; blue, DAPI staining. Bar, 10 mm. (G) Effect of miR-140 on mitochondria morphology and cell death in cardiomyocytes. Cardio-
myocytes were infected with adenoviral miR-140 or the control (miR-con) at the indicated titers, and the percentage of cells with mitochondrial fission or
undergoing cell death was determined. �, P � 0.05. (H) Counting of cardiomyocytes with mitochondrial fission and apoptotic cardiomyocytes infected with
adenoviral miR-140 or the control (miR-con) and then treated with 20 �M H2O2. Data represent three separate experiments. �, P � 0.05 compared with the
control. Data are expressed as the means 	 standard errors of the means of three independent experiments.
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140 in regulating cartilage development and homeostasis (62).
Histone deacetylases (HDACs) are generally transcriptional core-
pressors that modulate cell growth, differentiation, and apoptosis
(63). HDAC4 has been identified to be a miR-140 target, although
the functional role of this regulation remains to be elucidated (61).
Our present study has elucidated that Mfn1 is regulated by
miR-140 and is a target of miR-140 in the apoptotic cascades of
cardiomyocytes.

Mfn1 and Mfn2 are guanosine triphosphatases (GTPases) that
participate in mitochondrial fusion. It is of note that hearts ex-
press two isoforms of mitofusin, Mfn1 and Mfn2, but Mfn1 is
expressed in the hearts at a higher level than Mfn2 (29). Our pres-

ent study reveals that Mfn1 inhibits mitochondrial fission and
consequent apoptosis. However, Mfn2 has been shown to be able
to initiate apoptosis in cardiomyocytes (64). There have been sev-
eral studies demonstrating that Mfn2 regulates a number of cellu-
lar processes that could not be related to its primary function as a
mitochondrion-shaping protein (65). Our data show that Mfn1 is
downregulated in response to apoptotic stimulation and that
miR-140 contributes to the suppression of Mfn1. It would be in-
teresting to elucidate whether Mfn1 is also regulated by other
miRNAs in the apoptotic program.

Mfn1 regulates mitochondrial apoptotic pathways involved in
a complex molecular mechanism. For example, Bcl-xL/Bax dis-

FIG 6 Mfn1 and miR-140 are functionally related in the mitochondrial fission program. (A) Counting of cardiomyocytes with mitochondrial fission and
apoptosis. Cardiomyocytes were infected with adenoviral Mfn1 whose mRNA lacked the 3= UTR (Mfn1-
3=UTR), had the wild-type 3= UTR (Mfn1-WT-
3=UTR), or had the mutated 3= UTR (Mfn1-M-3=UTR). Twenty-four hours after infection, cells were treated with H2O2. �, P � 0.05 versus H2O2 alone. (B)
Counting of mitochondrial fission and apoptosis. Cardiomyocytes were infected with adenoviral Mfn1 whose mRNA lacked a 3=UTR (Mfn1-
3=UTR), had the
wild-type 3=UTR (Mfn1-WT-3=UTR), or had the mutated 3=UTR (Mfn1-M-3=UTR), along with adenoviral miR-140, and then exposed to H2O2. �, P � 0.05.
(C) Analysis of mitochondrial fission and apoptosis. Cardiomyocytes were infected with adenoviral miR-140, along with lentiviral Mfn1 small hairpin RNA
(Mfn1-shRNA) or lentiviral control shRNA, and then exposed to 20 �mol/liter H2O2. �, P � 0.05. (D) Mfn1 downregulation reverses the effect of miR-140
knockdown on mitochondrial fission and cell death. Cardiomyocytes were infected with lentiviral Mfn1 shRNA or its control (control shRNA) and then
transfected with anti-miR-140 or the negative control (anti-miR-NC). Twenty-four hours after transfection, cells were treated with H2O2. Mitochondrial fission
was analyzed 6 h after treatment. Apoptosis was analyzed 24 h after treatment by a TUNEL assay. �, P � 0.05. (E) PDGFR� expression in cardiomyocytes upon
treatment with H2O2. Cardiomyocytes were treated with 100 �mol/liter H2O2 and harvested at the indicated times for analysis of PDGFR� expression levels by
immunoblotting. (F) Influence of miR-140 on PDGFR� expression. Cardiomyocytes were transfected with anti-miR-140 or anti-miR-NC and then treated with
H2O2. The expression of PDGFR� was determined by immunoblotting. (G) Cardiomyocytes were infected with adenoviruses harboring PDGFR� or the
�-galactosidase construct. Twenty-four hours after infection, cells were treated with H2O2. Apoptosis was analyzed 12 h after treatment by a TUNEL assay. �, P � 0.05.
Data are expressed as means 	 standard errors of the means of three independent experiments.
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turbs mitochondrial morphology by binding and inhibiting Mfn1
(66). Bak interacts with mitofusins, including Mfn1 (67, 68). The
inhibition of Mfn1 by proapoptotic factors may lead to the per-
meabilization of the mitochondrial membranes, thereby causing
the release of apoptotic factors from mitochondria into the cyto-
sol. Indeed, endonuclease G is located to mitochondria under
physiological conditions. However, it can be released from mito-
chondria and subsequently translocated to the nuclei, where it

degrades DNA (51, 52). Our previous work has shown that Mfn1
is able to inhibit endonuclease G release (31). Our present work
demonstrated for the first time that miR-140 can control the dis-
tributions of endonuclease G through targeting Mfn1.

Noticeably, mitochondrial fission and apoptosis can be sepa-
rated (69). Our present work showed that fission is proportional
to apoptosis in cardiomyocytes. One reason accounting for this
phenomenon is that it is cell type and apoptotic stimuli depen-

FIG 7 Knockdown of miR-140 attenuates myocardial infarction. (A) miR-140 levels and apoptosis in ischemic hearts from mice treated with miR-140 anti-miR
or its negative control (NC) and then exposed to ischemia-reperfusion (I/R). Representative images of ventricular myocardium sections are shown (n � 6 to 8).
Green, TUNEL-positive myocyte nuclei; blue, DAPI-stained nuclei; red, cardiomyocytes labeled with antibody to �-actinin. Scale bar, 20 �m. �, P � 0.05
compared with anti-miR-NC plus I/R. (B) Infarct sizes and representative images of midventricular myocardial slices. AAR, area at risk; LV, left ventricular area;
INF, infarct area. The ratios of AAR to LV, INF to AAR, and INF to LV are shown (n � 6 to 8). �, P � 0.05 compared with anti-miR-NC subjected to I/R. Scale
bar, 2 mm. Data are expressed as means 	 standard errors of the means. (C) Immunoblots of Mfn1 proteins. Results are representative of three independent
experiments. (D) Mitochondrial morphology in ischemic hearts from mice treated as described for panel A. Representative electron microscopy images of
mitochondria are shown (n � 6 to 8 mice per group). Scale bar, 2 �m. Arrows indicate fission mitochondria. �, P � 0.05. (E and F) Mfn1 downregulation reverses
the effect of miR-140 knockdown on I/R injury. Mfn1 levels were measured by immunoblotting, and apoptosis was measured by TUNEL staining. Myocardial
infarction was detected by Evans blue and 2,3,5-triphenyltetrazolium chloride (TTC) staining as described in Materials and Methods. AAR, area at risk; LV, left
ventricular area; INF, infarct area. The ratios of AAR to LV, INF to AAR, and INF to LV are shown (n � 6 to 8 per group). �, P � 0.05. Data are expressed as means
	 standard errors of the means.
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dent. We employed hydrogen peroxide and doxorubicin in our
present work to induce apoptosis. Hydrogen peroxide has been
shown to induce mitochondrial fission and apoptosis in cardio-
myocytes (70, 71). Doxorubicin is able to cause the production of
reactive oxygen species (72, 73). Thus, it appears that the mito-
chondrial network plays a functional role in the maintenance of
cardiomyocyte integrity.

Our present work focused on Mfn1. The mitochondrial net-
work is controlled by a variety of proteins. For example, knock-
down of Drp1 can protect cells against doxorubicin-induced cell
death (36). Our most recent study showed that knockdown of
Drp1 can inhibit hydrogen peroxide-induced cell death (74). It
would be interesting to delineate the relationship between Mfn1
and other fusion/fission proteins in the heart.

In summary, Mfn1 is a mitochondrial fusion protein. Our
work reveals that miRNA is integrated into the mitochondrial
network by controlling Mfn1. The axis of miR-140 and Mfn1 can
be a therapeutic target for the development of interventional
treatment of mitochondrion-related cardiac diseases.
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