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Drp1 Loss-of-function Reduces Cardiomyocyte Oxygen
Dependence Protecting the Heart From

Ischemia-reperfusion Injury
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Abstract: Mitochondria are key organelles for ATP production in
cardiomyocytes, which is regulated by processes of fission and
fusion. We hypothesized that the mitochondria fusion protein
dynamin-related protein 1 (Drp1) inhibition, attenuates ischemia-
reperfusion (I/R) injury through modifications in mitochondrial
metabolism. Rats were subjected to I/R through coronary artery
ligation, and isolated cardiomyocytes were treated with an ischemia-
mimicking solution. In vivo, cardiac function, myocardial infarction
area, and mitochondrial morphology were determined, whereas
in vitro, viability, mitochondrial membrane potential, intracellular
ATP levels, and oxygen consumption rate (OCR) were assessed. In
both models, an adenovirus expressing Drp1 dominant-negative
K38A (Drp1K38A) was used to induce Drp1 loss-of-function. Our
results showed that I/R stimulated mitochondrial fission. Myocardial
infarction size and cell death induced by I/R were significantly
reduced, whereas cardiac function after I/R was improved in
Drp1K38A-treated rats compared with controls. Drp1K38A-
transduced cardiomyocytes showed lower OCR with no decrease
in intracellular ATP levels, and on I/R, a larger decrease in OCR
with a smaller reduction in intracellular ATP level was observed.
However, proton leak-associated oxygen consumption was compar-
atively higher in Drp1K38A-treated cardiomyocytes, suggesting
a protective mitochondrial uncoupling effect against I/R. Collec-

tively, our results show that Drp1 inhibition triggers cardioprotection
by reducing mitochondrial metabolism during I/R.
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INTRODUCTION
According to the World Health Organization, coronary

heart disease and myocardial infarction are the leading cause
of death worldwide, affecting 3.8 million men and 3.4 million
women every year.1 During myocardial infarction, cardio-
myocyte metabolism is severely altered, because of the
absence of oxygen, nutrients, and cell acidification.2 In this
context, mitochondria have emerged as one of the key organ-
elles in cardiomyocytes because they are the main ATP
source required for cardiac muscle contraction and survival.

Given the high density of mitochondria in cardiomyo-
cytes and the absolute dependence on mitochondrial oxidative
phosphorylation to generate ATP for cardiac contraction, it is
not surprising that pathological alterations in this tissue are
often associated with changes in mitochondrial metabolism or
function.3 Changes in substrate utilization by the mitochondria,
compromise of the electron transport chain, and decreased ATP
synthesis capacity, result in a general deterioration of cardiac
metabolic function.4,5 Furthermore, mutations that decrease
mitochondrial oxidative phosphorylation or alter the activity
of proteins involved in the transport of mitochondrial substrates
(such as adenine nucleotide and fatty acid transporter proteins)
can cause diverse cardiomyopathies.6–8

Mitochondria are highly dynamic organelles that
undergo continuous fusion and fission events.9,10 In mammals,
fusion is mainly controlled by 3 different dynamin-related
GTPase proteins, namely mitofusins 1 and 2 (Mfn1 and
Mfn2) and the optic atrophy 1 protein (Opa1).9,11–13 Mfn1
and Mfn2 are localized in the outer mitochondrial membrane
(OMM), interacting with each other to tether and fuse the
OMM. Opa1 is localized in the intermembrane space, in tight
association with the inner mitochondrial membrane14 and is
essential to the formation and maintenance of mitochondrial
cristae and the coordination of inner mitochondrial membrane
fusion. In parallel, the proteins that regulate mitochondrial fis-
sion are the fission protein 1 (Fis1) and the dynamin-related
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protein 1 (Drp1).10 Although Fis1 is uniformly located in the
OMM, Drp1 is a cytosolic protein that is recruited in a punc-
tuate fashion over the mitochondrial surface, marking the
future sites of mitochondrial fission. The knockdown of either
protein results in the elongation and increased interconnectivity
of mitochondrial tubules.15 Moreover, alterations in both fusion
and fission processes have been associated with several path-
ological heart conditions.16,17 For example, increased mito-
chondrial fission has been documented in models of
ischemia/reperfusion (I/R), and pharmacological inhibition of
the mitochondrial fission protein, Drp1, has been shown to
reduce infarct size in mice subjected to coronary artery occlu-
sion and reperfusion.17

Because the control of mitochondrial fission is the key
for the correct function of mitochondria and the down-
regulation of Drp1 triggers mitochondrial dysfunction, it is
necessary to clarify whether the control of metabolism by
mitochondrial dynamics is important in the I/R injury.

In this study, we show for the first time that inhibition
of Drp1 reduces I/R injury through the decrease in the
metabolic oxygen dependence of cardiomyocytes. Our results
suggest that the manipulation of mitochondrial dynamics to
reduce oxygen consumption during ischemia can be used as
a strategy to preserve myocardial function.

METHODS

Ethics Statements
Rats were bred in the Animal Breeding Facility at the

Faculty of Chemical and Pharmaceutical Sciences, University
of Chile (Santiago, Chile). All animal procedures were
performed following the “Guide for the Care and Use of
Laboratory Animals” published by the US National Institutes
of Health (NIH Publication, 8th Edition, 2011) and were
approved by our Institutional Ethic Committee.

Cardiomyocyte Culture
Cardiomyocytes were prepared from hearts of neonatal

(1- to 3-day old) Sprague–Dawley rats as described previ-
ously.18 Cardiomyocytes were plated at a final density of
1–8 · 103/mm2 on gelatin-coated Petri dishes and were not
cultured for more than 4 days. Cell cultures contained at least
95% cardiomyocytes.

Myocardial and Cardiomyocyte I/R
Male Sprague–Dawley rats (12–16 weeks, 200–250 g)

were anesthetized with a combination of ketamine and xyla-
zine injected intraperitoneally (0.01 mL/g body weight, 10
mg/mL ketamine, and 2 mg/mL xylazine), and body temper-
ature was maintained at 378C. Respiration was maintained at
60 strokes per minute, 220 mL per stroke using a rodent
Minivent (Type 845; Harvard Apparatus, Kent, United King-
dom) with oxygen supplementation (1 L/min). A left anterior
thoracotomy was performed, and a chest retractor was used to
expose the heart. Ligation of the left anterior descending
coronary artery was performed at ;2 mm below the tip of
the left atria using a 8-0 prolene monofilament polypropylene
suture.19 Reperfusion was done by the removal of the suture.

Infarcted and risk regions were measured with the triphenyl-
tetrazolium staining technique.20 After reperfusion, rats were
euthanized by decapitation and hearts were collected. Myo-
cardial infarction size was expressed as a percentage of the
infarcted area normalized by the risk area. The risk area was
expressed as percentage of the total left ventricular volume. In
vitro simulated I/R was performed by incubating cardiomyo-
cytes in an ischemia-mimicking solution containing (in mil-
limolar) HEPES (5), 2-deoxy-D-glucose (5), NaCl (139), KCl
(12), MgCl2 (0.5), CaCl2 (1.3), lactic acid,21 and pH 6.2 under
100% nitrogen (O2 , 1%) at 378C for 8 hours.22 Reperfusion
was initiated by changing cells to DMEM/M199 (4:1) sup-
plemented with 2% (wt/vol) of FBS and continued for 16
hours in 95% air and 5% CO2. Controls were incubated in
control medium containing (in millimolar) HEPES, D-glucose
(10), NaCl (139), KCl (4.7), MgCl2 (0.5), CaCl2 (1.3), and pH
7.4 in 95% air and 5% CO2 and were reperfused as described
in ischemic cells.

Measurement of Myocardial Function
Heart function was determined using Sonosite 180 plus

echocardiograph equipped with an electronic 10-MHz linear
array transducer. The following parameters were measured:
Left ventricular end-systolic diameter (LVESD) and left
ventricular end diastolic diameter (LVEDD). Fractional short-
ening percentage (FS) was calculated according to the formula
FS = [(LVEDD 2 LVESD)/left ventricular end-diastolic com-
pliance] · 100 (%).23

Electron Microscopy
For the in vivo studies, the samples were obtained from

the distal territory to the occlusion site of the anterior
descending artery. In the case of peri-infarct region conditions,
the tissue was collected proximally to artery occlusion. All
samples correspond to the subendocardial muscle of the left
ventricle and were fixed in 2% glutaraldehyde in 0.05 M (pH
7.3) cacodylate buffer, postfixed in 1% of OsO4, dehydrated in
ethanol, and embedded in Epon 812. Ultrathin sections were
stained with aqueous uranyl acetate for 25 minutes and Rey-
nolds lead citrate for 20 minutes and examined under a Philips
Tecnai 12 BT electron microscope at 80 kV.21 In the case of
cells, these were treated similarly but acquired on an FEI Tec-
nai G2 Spirit electron microscope equipped with a LaB6 source
and operating at 120 kV. Measurements of mitochondrial area,
circularity, and mitochondrial cristae–integrated density were
made with the Multi Measure ROI tool of ImageJ.

Adenoviruses
The adenovirus expressing Drp1 dominant-negative

K38A (Drp1K38A) was a gift of Dr Antonio Zorzano (IRB,
Universitat of Barcelona, Spain). Cultured cardiomyocytes
were transduced with Drp1K38A at a multiplicity of infection
(MOI) of 2000 for 48 hours. Adenovirus encoding LacZ or
GFP or empty vector (Mock) was used as a control. In vivo
adenoviral infection of hearts was performed as described by
Hajjar et al24 Because Drp1K38A is not attached to any
directly measurable protein, in vivo adenoviral infection
was measured through the quantification of the associated
fluorescence of hearts infected with an adenovirus of the same
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family of the Drp1, coupled to a GFP protein. We assumed
that the MOI of infection, in the case of a similar adenovirus,
would be comparable.25 After in vivo adenoviral infection,
the fluorescence associated with the GFP adenovirus was
5–6 times higher than in control or sham rats (see Figure 1,
Supplemental Digital Content 1, http://links.lww.com/
JCVP/A138), whereas this same procedure increased Drp1
protein levels in the heart by about 235% for the case of
Drp1K38A (Fig. 4A).

Subcellular Fractionation, Western Blot,
and Immunohistochemistry

Protein extracts were prepared from cardiomyocytes as
described.18 Heart subcellular fractions were obtained as
described by Frezza et al.26 Mitochondrial and cytosolic frac-
tions were obtained by differential centrifugation of heart and
cardiomyocyte homogenates. Tissues and cells were homog-
enized using a homogenizer with a tight-fitting Teflon pestle,
pelleted and resuspended in ice-cold buffer containing 250
mM of sucrose, 1 mM of EGTA, and 10 mM of Hepes, pH
7.4; and the protease inhibitors PMSF, leupeptin, pepstatin A,
and aprotinin. The homogenates were centrifuged (·750g,
10 minutes) to remove nuclei and unbroken cells, and super-
natants were centrifuged (·10,000g, 25 minutes) to obtain
a pellet highly enriched in mitochondria. The protein content
was determined by Bradford’s method. The purity of mito-
chondrial fraction, assessed by mtHsp70 levels, was at least
80% (see Figure 2, Supplemental Digital Content 2, http://
links.lww.com/JCVP/A139).

Samples containing equal amounts of protein were then
resolved by SDS-PAGE and electrotransferred to nitrocellulose
(Bio-Rad Laboratories, Inc). Membranes were blocked in TBS
5% (wt/vol) milk and 0.1% (vol/vol) Tween 20 and probed
with anti-Drp1 (BD Transduction Laboratories, San Jose, CA),
Mfn2 (Abcam, Cambridge, MA), Fis1 and mtHsp70 (Alexis
Biochemicals, San Diego, CA), b-actin and b-tubulin (Sigma
Chemicals Co, St. Louis, MO). After secondary horseradish
peroxidase-linked antibodies (Calbiochem), blots were devel-
oped by chemiluminescence using the ECL system (Perkin
Elmer) and exposed to Kodak films. Bands were analyzed by
scanning densitometry using the NIH software ImageJ. Immu-
nohistochemistry was performed in cardiomyocytes cultured in
gelatin-coated cover slips. Cells were fixed for 10 minutes with
4% of paraformaldehyde, permeabilized with 0.3% of Triton
X-100 in phosphate-buffered saline, blocked for 1 hour with
phosphate-buffered saline 5% bovine serum albumin (BSA),
incubated overnight with anti-Drp1 (mouse 1:500) and Fis1
(rabbit 1:500), and revealed with Alexa 488 IgG rabbit and
Alexa 565 IgG mouse antibodies. Cover slips were mounted
in DakoCytomation fluorescent mounting medium (DakoCy-
tomation). The resulting fluorescence was evaluated in a scan-
ning Zeiss LSM-5, Pascal 5 Axiovert 200 confocal
microscope, using the LSM 5 3.2 image capture and analysis
software and a Plan-Apochromat 63x/1.4 Oil DIC objective.

Mitochondrial Dynamics
Cells were cultured on gelatin-coated cover slips and

incubated with Mitotracker Green FM (400 nM) for 30 minutes

in Krebs solution. Confocal image stacks were captured with
a Zeiss LSM-5, Pascal 5 Axiovert 200 microscope, using LSM
5 3.2 image capture and analysis software and a Plan-
Apochromat 63x/1.4 Oil DIC objective. Images were
deconvolved with the ImageJ software. Z-stacks were
volume-reconstituted using the VolumeJ plug-in, the resulting
images thresholded and changes in object (mitochondria),
number, and volume quantified using the ImageJ-3D Object
Counter plug-in. Each experiment was done at least 4 times,
and 16–25 cells per condition were quantified. Fragmentation
criteria were decrease in the mean individual mitochondrial
volume and increase in total number of mitochondria.18

Immunofluorescence Studies and
Colocalization Analysis of Drp1 and Fis1

These studies were performed as described above. For
the colocalization analysis, only 1 focal plane was analyzed
with a Zeiss LSM-5, Pascal 5 Axiovert 200 microscope.
Images obtained were deconvolved, and background was
subtracted using the ImageJ software. Colocalization between
the proteins was quantified using the Pearson’s and Manders’
algorithm, as previously described.18,27,28

Autophagy and Mitophagy Studies
Cells were cultured on gelatin-coated cover slips and

stained with Mitotracker Orange FM (MTO; 400 nM) for
30 minutes in culture media. After that, the cells were
prepared for immunofluorescence as described above. An
anti-LC3 antibody (1:100) was used as a marker of autoph-
agy. One focal plane was obtained with a Zeiss LSM-5,
Pascal 5 Axiovert 200 microscope. The images obtained were
deconvolved, thresholded, and used for particle analysis with
the ImageJ software. Elements bigger than 10 pixels2 were
considered as autophagosomes, and cells showing more than
3 autophagosomes were counted as autophagic. The percent-
age of cells with autophagic phenotype was determined.
Additionally, a colocalization analysis was performed with
the MTO and LC3 signals to determine changes in mitoph-
agy. The Manders’ coefficient was determined as a measure
of colocalization.18,27,28

Mitochondrial Function
Mitochondrial membrane potential was measured as

described previously.29 Briefly, cells were loaded with 200
nM tetramethylrhodamine methyl ester (Molecular Probes,
used in nonquenching mode) for 30 minutes at 378C. Then,
cells were trypsinized, and cell fluorescence was determined
by flow cytometry (lexcitation = 543 nm; lemission = 560 nm)
using a FAC Scan system (Becton Dickinson, San Jose, CA).
Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) of
50 mM for 30 minutes was used as positive control of mito-
chondrial depolarization.29 Data were expressed as percentage
of fluorescence intensity relative to control fluorescence. Oxy-
gen consumption rate (OCR) was measured in suspended
cells in an isolated chamber at 258C, coupled to a Clark elec-
trode 5331 (Yellow Springs Instruments). Maximal respira-
tion was obtained using CCCP (10 mM), whereas proton leak
was obtained using oligomycin (10 mM). Intracellular ATP
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levels were determined using luciferin/luciferase assay (Cell-
Titer Glo Kit; Promega) as described previously.29 Cell via-
bility was determined by flow cytometry and propidium
iodide as previously described.19

Statistical Analysis
Data are presented either as mean 6 SEM of a number

(n) of independent experiments or as examples of represen-
tative experiments performed on at least 3 separate occasions.
Data were analyzed using analysis of variance; comparisons
between groups were performed using a protected Tukey’s t
test or 2-way analysis of variance. A value of P , 0.05 was
chosen as the limit of statistical significance.

RESULTS

I/R Induces Mitochondrial Remodeling in
the Heart

To evaluate the effects of I/R on the mitochondrial
network in vivo, we studied mitochondrial morphology in rat
hearts subjected to a left anterior descending coronary artery
ligation for 30 minutes, followed by 150 minutes of
reperfusion. We found that I/R impaired cardiac function
(see Figure 2A, Supplemental Digital Content 2, http://
links.lww.com/JCVP/A139 and Table 1) and increased CK-
MB plasma levels (see Figure 2B, Supplemental Digital
Content 2, http://links.lww.com/JCVP/A139) and myocar-
dial infarction size (see Figure 2C, Supplemental Digital
Content 2, http://links.lww.com/JCVP/A139). Figure 1A
shows electronic microscope images for infarcted and sham
rats. The first ones presented an increase in mitochondrial
electrondensity, myofibril disorganization, and abundant peri-
mitochondrial debris compared with sham rats. To determine
whether I/R-induced changes in mitochondrial dynamics-
related proteins, subcellular fractionation was performed.
We obtained cytosolic and mitochondrial fractions with pu-
rities of .85% and .80%, respectively (see Figure 3, Sup-
plemental Digital Content 3, http://links.lww.com/JCVP/
A140). Mfn2 levels were significantly decreased in the
infarcted region as compared with peri-infarcted region (see
Figure 4, Supplemental Digital Content 4, http://links.lww.
com/JCVP/A141). As expected, Mfn2 was not detected in
cytoplasmic fractions. In contrast, Drp1 mitochondrial levels

were not modified by I/R (Fig. 1C). Cytosolic levels of Drp1
were not observed in Figure 1C because of the low exposition
of films. To test whether I/R modifies Drp1 subcellular dis-
tribution, mitochondrial/cytosolic Drp1 ratio was determined
and higher exposition of films were used. I/R increased mito-
chondrial/cytosolic Drp1 ratio in both risk and infarcted re-
gions as compared with ischemic sham rats (17.8 6 4.2 and
19.86 5.1 fold, respectively, P, 0.01) (Fig. 1D). The results
obtained show that I/R stimulate translocation of Drp1 and
decreased of Mnf2 levels suggesting the induction of mito-
chondrial fission.

Drp1 Inhibition Protects Heart Subjected
to I/R

To determinate the role of Drp1 on I/R injury, we
performed a cardiac adenoviral delivery of Drp1K38A,
a dominant-negative form of Drp1. Drp1K38A-treated hearts
showed a significant increase in Drp1 protein levels as
compared with a GFP-encoding adenovirus (Fig. 2A). Myo-
cardial infarct size induced by I/R was significantly smaller in
Drp1K38A than GFP-overexpressing hearts (in percentage)
(28 6 3 vs. 15 6 2, P , 0.05) (Fig. 2B). Drp1K38A-treated
rats also showed improved myocardial function after I/R.
Echocardiography showed that rats transduced with the
Drp1K38A adenovirus had a FS of 46%, which is signifi-
cantly greater than the 30% of adenovirus-GFP–treated rats
(P , 0.05) (Fig. 2C and Table 1). Altogether, these data
suggest a protective role of Drp1 inhibition against I/R injury.

Drp1 Inhibition Exerts Cardioprotection on
Cultured Cardiomyocytes Exposed to
I/R Injury

Exposure of cultured cardiomyocytes to simulated I/R
induced a morphological change from tubular to spherical or
fragmented mitochondria (Fig. 3A). To assess mitochondrial
network integrity, we performed a 3D-reconstitution of the
mitochondrial network. Both the number of mitochondria per
cell and the average volume of each mitochondrion were
determined as described in Methods. As compared with con-
trol cells, cardiomyocytes exposed to I/R showed a significant
increase in the number of mitochondria (from 283 6 40 to
1183 6 469, P , 0.05) with a reduction in mitochondrial
volume (from 1120 6 420 to 180 6 30, P , 0.05). To
examine detailed changes in mitochondrion morphology in
response to I/R, we also performed electron microscopy anal-
ysis. The data showed a significant I/R-dependent decrease in
the number of large mitochondria and the appearance of
active fission sites highlighted with black arrows (Fig. 3B).
In addition, I/R decreased mitochondrion size (233%) and
increased the circularity index (from 0.70 6 0.25 to 0.82 6
0.05). Furthermore, I/R decreased the percentage of cells dis-
playing a dense cristae structure (41%), which was also cor-
roborated by the parameter of integrated density for this
organelle (Fig. 3C).

Furthermore, to assess the involvement of mitochon-
drial fission machinery in the observed fragmentation, we
performed indirect immunofluorescence for Drp1 and Fis1.
Drp1 translocation from the cytosol to mitochondria is the

TABLE 1. Protective Role of Drp1 Loss-of-function on Cardiac
Parameters in I/R Injury

Control

I/R

GFP Drp1K38A

Body weight, g 229 6 7 225 6 30 248 6 35
LVEDD, mm 58 6 3 63 6 2 56 6 8
LVESD, mm 28 6 2 44 6 8 30 6 5*
FS, % 52 6 4 30 6 3 46 6 2*

Data are mean 6 SEM.
*P , 0.05 versus GFP.
GFP, transduced with adenovirus encoding GFP; Drp1K38A, transduced with

adenovirus encoding dominant-negative Drp1K38A.
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first step of mitochondrial fission.9 Accordingly, I/R induced
a significant increase in the Pearson’s and Manders’ colocal-
ization indexes of both proteins (Fig. 3B) (P , 0.05).

To further explore the role of Drp1 loss-of-function,
cultured cardiomyocytes were transduced with Drp1K38A.

These cells showed a 9-fold increase in Drp1 levels over
control (mock adenovirus) (Fig. 4A). Drp1K38A induced
a significant decrease in the number of mitochondria per cell
(from 220 6 25 to 105 6 10, P , 0.05) and increased
mitochondrial volume (from 1850 6 120 to 4060 6 450,

FIGURE 1. Mitochondrial remodel-
ing in heart subjected to I/R. Rats
were subjected to ischemia (I) for
30 minutes, followed by 150 minutes
of reperfusion (R). A, Representative
transmission electron microscopy
images of hearts from sham and I/R
rats. Mitochondrial (Mito) and cyto-
solic (Cyto) fractions were prepared
from peri-infarcted and infarcted re-
gions. B, Drp1 levels were deter-
mined by Western blot. Drp1
mitochondria/cytosol ratio protein
levels of hearts from control rats or
those subjected to I/R. B, Densito-
metric analysis for mitochondrial
Drp1 is shown in the right panel.
Ponceau red (PR) was used as
a loading control. Lower band on
Drp1 blot corresponds to unspecific
band. Values are mean 6 SEM
(n = 5), *P , 0.05 versus ischemia.

FIGURE 2. Drp1 loss-of-function re-
duces myocardial infarction size and
improves cardiac function in hearts
subjected to I/R. Rat hearts were
transduced with an adenovirus en-
coding Drp1K38A (Drp1K38A) and
GFP protein (GFP) as control. A, Total
extracts were prepared from hearts,
and Drp1 levels were determined by
Western blot. Right panel shows the
quantification by densitometric
analysis. Values are given as mean 6
SEM (n = 3). *P , 0.05 versus GFP.
Rats were subjected to ischemia for
30 minutes, followed for 150 mi-
nutes of reperfusion. B, Myocardial
infarct size expressed as the per-
centage of infarct region/risk region.
Values are given as mean 6 SEM
(n = 5). *P , 0.05 versus GFP. C,
Representative echocardiogram.
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FIGURE 3. Simulated I/R induces mitochondrial fission in cultured cardiomyocytes. Cells were exposed to control (Co) or simulated I/R.
A, Multislice imaging reconstitutions of cardiomyocytes loaded with MitoTracker green were obtained by confocal microscopy to show
mitochondrial morphology. The mean mitochondrial volume and the number of mitochondria per cell were determined. The scale bar is
10 mm. Values are given as mean6 SEM (n = 5), *P, 0.05 versus control. B, Cells were stained with Alexa antibodies for Drp1 (green) or
Fis1 (red) to determine colocalization. The mean level of Drp1 and Fis1 colocalization was determined by Pearson’s correlation (top
panel), Manders’ coefficient M1 (Drp1 to Fis1 colocalization) (middle panel), and Manders’ coefficient M2 (Fis1 to Drp 1 colocalization)
(lower panel). The scale bar is 20 mm. Values are given as mean6 SEM (n = 5), *P, 0.05 versus control. C, Representative transmission
electron microscopy images from controls and cells submitted to I/R. Two different magnifications of the same cell are shown. Arrows
indicate fission active sites. Mitochondrial area (upper left), circularity index (lower left), percentage of mitochondria with dense cristae
(upper right), and cristae-integrated density (lower right) were quantified. Data are from 100mitochondria per condition from 3 separate
experiments. Data are mean 6 SEM (n = 3). *P , 0.05 and **P , 0.01 versus control.
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P , 0.05) (Fig. 4B). To assess the protective role of Drp1
inhibition against I/R-induced cell death, we subjected
Drp1K38A-transduced cardiomyocytes to simulated I/R,
and cell viability was determined by propidium iodide incor-
poration and flow cytometry. Drp1K38A induced a 40%
reduction of cell death as compared with mock adenovirus
(Fig. 4C).

Drp1 Loss-of-function Induces Metabolic
Changes in Cultured Neonatal
Cardiomyocytes Subjected to I/R

Given the morphological and functional changes
observed with the Drp1K38A adenovirus and to further
elucidate whether the protective role of mitochondrial fusion
in I/R injury was linked to changes in mitochondrial function,
metabolic parameters including mitochondrial membrane
potential (!Cm), intracellular ATP levels, and OCRs were
measured in cultured cardiomyocytes. Drp1K38A-
transduced cells showed a lower !Cm (from 1.0 to 0.6,
P , 0.05) as compared with those transduced with LacZ.
However, when both LacZ- and Drp1K38A-transduced car-
diomyocytes were submitted to I/R, !Cm was reduced in
both cases (from 1.0 to 0.2, P , 0.05 and from 0.6 to 0.2,
P , 0.05, transduced with LacZ and Drp1K38A, respec-
tively) (Fig. 5A). No reduction in basal ATP levels were
observed in Drp1K38A-overexpressing cells as compared
with LacZ. In fact, Drp1K38A increased ATP levels when
compared with controls. However, on I/R, cardiomyocytes-
overexpressing Drp1K38A showed a less dramatic ATP level
reduction as compared with LacZ cells (0.55 6 0.06 fold
reduction vs. 0.80 6 0.02 fold reduction in LacZ and
Drp1K38A-overexpressing cardiomyocytes, respectively)
(Fig. 5B).

OCR was significantly lower in Drp1K38A cells as
compared with LacZ cells (from 100 to 53 6 3, P , 0.05)
(Fig. 5C). Maximal OCR was also greatly reduced (from
159 6 19 to 73 6 5, P , 0.05), suggesting that oxidative
phosphorylation is compromised in Drp1K38A-transduced car-
diomyocytes (Fig. 5D). I/R reduced both basal and maximal
OCR to a greater extent in Drp1K38 than LacZ-treated cells
(74 6 11 fold reduction vs. 206 4 fold reduction in LacZ and
Drp1K38A-overexpressing cardiomyocytes, respectively) (Fig.
5C). Interestingly, respiration rates in the presence of oligomy-
cin, a direct measure of the proton leak rate across the mito-
chondrial membrane, were consistently higher in cells
transduced with the Drp1K38A adenovirus (from 37 6 5 to
506 3, P, 0.05), a difference that was even greater in the I/R
cardiomyocytes (41 6 5 to 56 6 5, P , 0.05) (Fig. 5E).

In summary, these data show that Drp1K38A-
transduced cardiomyocytes have a decreased OCR with no
reduction in intracellular ATP level and a larger decrease in
OCR with a smaller reduction in intracellular ATP level on
I/R, when compared with controls. These results suggest
that cardioprotection against I/R injury induced by
Drp1K38A could be explained by a reduced oxygen
dependence of ATP production in the transduced cardio-
myocytes. Moreover, given that the state 4 condition
respiration rate (oligomycin-treated cells) is strongly

controlled by proton leak kinetics and partially by substrate
oxidation,30 the protection exerted by the Drp1K38A ade-
novirus could be related to an unexpected mitochondrial
uncoupling process, mainly related to diminished mitochon-
drial ROS production induced by I/R and a metabolic
switch to less oxidative forms of energy production.

DISCUSSION
In this study, we report that Drp1 loss-of-function, by

overexpression of its dominant-negative form Drp1K38A,
leads to cardioprotection in the onset of I/R through
a decreased oxygen-dependent metabolism characterized by
a reduction on OCR and !Cm with no changes in intracellular
levels of ATP related to an increase on mitochondrial fusion.
Several studies reported that cells depleted of Drp1 consume
less oxygen,31,32 thus supporting some of our conclusions.
Recently, Hong et al identified a critical role for Drp1-
mediated mitochondrial fission in the oxygen-induced closure
of ductus arteriosus. Oxygen induces fission through the phos-
phorylation of Drp1 and an increase in OCR, whereas Drp1
inhibition blocks oxygen-mediated ductus arteriosus closure.33

Mitochondrial dynamics has been shown to play
a critical role in determining mitochondrial morphology and
function. Furthermore, we know that a continuous balance
between mitochondrial fission and fusion is critical for
maintaining proper mitochondrial function. However, in
cardiomyocytes, this important issue has only recently begun
to be addressed, possibly because of the general perception
that the highly structured organization of adult ventricular
cardiomyocytes prevents mitochondrial dynamics from play-
ing a relevant role. Interestingly, cardiac tissue contains
higher levels of many of the proteins involved in mitochon-
drial dynamics than other tissues.9,10 We show that overex-
pression of Drp1K38A induces cardioprotection on I/R both
in vitro and in vivo. Cardioprotection observed in
Drp1K38A-transduced cells could be due to a lower depen-
dence on mitochondrial oxidative phosphorylation for ATP
generation and a metabolic switch.

Mitochondrial fission accompanies most forms of cell
death, whereas mitochondrial fusion induces protection from
apoptosis.34 Earlier studies using electron microscopy revealed
that mitochondria become fragmented after induction of cell
death by different stimuli.35,36 Recent studies using time-lapse
microscopy revealed that mitochondrial fission coincided very
closely with the induction of cell death. Fission was observed at
the same time as Bax activation in the mitochondria, but before
mitochondrial outer membrane permeabilization and cyto-
chrome c release.37 Several studies of multiple apoptotic sys-
tems suggest causal links among mitochondrial fission, the
execution of cell death, and both mitochondrial fission factors
Fis1 and Drp1.10 During apoptosis, mitochondria undergo rapid
fragmentation, a process dependent on the translocation of cyto-
solic Drp1 to mitochondria.38 We have found consistently
increased colocalization of Drp1 with Fis1 after I/R injury
and increased Drp1 translocation to the mitochondria. More-
over, we also found that I/R decreases Mfn2 levels in rat hearts,
similar to what others have found in brain and kidney.39,40
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Drp1K38A-transfected cardiomyocytes exhibited an
extensive and elongated mitochondrial network. This pheno-
type persisted even when these cardiomyocytes were exposed
to I/R. This particular configuration was previously associated
with a reduction in sensitivity to apoptosis stimuli.15 In the
kidney, I/R injury has been reported to occur through the
induction of Drp1-dependent mitochondrial fragmentation
and apoptosis, and prevention of this process was found to
be beneficial.41 The beneficial effect of mitochondrial net-
work modification on cardiac I/R injury was first demon-
strated by Ong et al17 This group showed that in vivo
pharmacological treatment with the Drp1 inhibitor mdivi-1

significantly increased the proportion of elongated interfibril-
lar mitochondria in the ischemic adult murine heart and pro-
tected adult cardiomyocytes from I/R by reducing myocardial
infarct size. This cardioprotective effect was elicited by mito-
chondrial elongation first linked to the inhibition of mPTP
opening. Recently, Chanoit et al42 showed that inhibition of
phosphodiesterase prevents MPTP opening by PKA-
dependent mechanisms in H9c2 cells. Other reports have
shown that inhibition of phosphodiesterase III protects from
I/R injury by increasing cAMP levels and activating PKA.43–45

Moreover, the cAMP-PKA pathway induces mitochondrial
elongation through inhibition of Drp1.46 However, the specific

FIGURE 4. Drp1 loss-of-function
protects from I/R-induced cell death
in vitro. Cultured cardiomyocytes
were transduced for 48 hours with
adenovirus encoding Drp1K38A
protein (MOI = 1000) or empty
adenovirus as mock (MOI = 1000) as
control. A, Western blot (left panel)
and densitometric analysis (right
panel) of Drp1. B, Analysis of mito-
chondrial dynamics was performed
as described in Figure 1. Images
were used to evaluate the mito-
chondrial volume (upper right
panel), cells with fused mitochondria
(lower left panel), and mitochondrial
number (lower right panel). The
scale bar is 10 mm. Values are
mean 6 SEM (n = 3). *P , 0.05
versus mock. C, Cell death was
determined in PI permeable cells by
flow cytometry. Cells were trans-
duced with Drp1K38A or mock and
subjected to I/R. Representative his-
togram (left panel) and cell death
quantification (right panel). Values
are given as mean 6 SEM (n = 4).
*P , 0.05 versus mock. #P , 0.05
versus I/R mock.
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mechanism through which the inhibition of Drp1 function
prevents mPTP opening remains unknown.

In our model, we observed a protective effect both
in vivo and in vitro on I/R through the inhibition of Drp1
function by overexpression of its dominant-negative form,
Drp1K38A. Given the critical role of mitochondria in the
citric acid cycle, the electron transport chain, oxidative
phosphorylation, fatty acid oxidation, and amino acid catab-
olism, it is not surprising that alterations of mitochondrial
function could exert a dramatic effect on cell survival. Our
results show that the protective effect of the adenovirus
Drp1K38A is mediated by mitochondrial metabolic changes.
Drp1K38A-transfected cells showed a strong inhibition of
!Cm and OCR without affecting intracellular ATP. After I/R,
Drp1K38A-transfected cells had even lower levels of !Cm
and OCR, but the ATP drop in these cells was partially in-
hibited. These results show that inhibition of Drp1 depressed

mitochondrial respiration, possibly by blocking electron
transport and/or increasing uncoupled respiration, leading to
a metabolic switch that makes cardiomyocytes less dependent
on oxidative phosphorylation for ATP production. This idea
is further reinforced by the OCRs obtained in the presence of
oligomycin, which were higher in Drp1K38A-treated cells
than controls, suggesting an uncoupling of the mitochondrial
network due to changes in the proton leak or !Cm caused by
altered substrate oxidation.30

Blockage of electron transport and partial uncoupling of
respiration are 2 mechanisms known to decrease cardiac
injury after I/R.47 Although protection by inhibition of elec-
tron transport or uncoupling of respiration initially seems
counterintuitive, the continuation of mitochondrial oxidative
phosphorylation in the pathological milieu of ischemia gen-
erates reactive oxygen species, mitochondrial calcium over-
load, and cytochrome c release. Surprisingly, a substantial

FIGURE 5. Drp1 loss-of-function in-
duces metabolic adaptive responses
in cultured cardiomyocytes. Cells
were transduced for 48 hours with
adenovirus encoding the Drp1K38A
protein (MOI = 1000) or empty
adenovirus as mock (MOI = 1000).
Transduced cardiomyocytes were
subjected to ischemia (30 minutes)
and reperfusion (150 minutes) (I/R)
or control (Co). A, Determination of
DCm in tetramethylrhodamine
methyl ester–stained cells. B, Quan-
tification of intracellular ATP levels.
C, Basal, (D) maximal, and (E) oli-
gomycin-dependent oxygen (proton
leak) consumption in cultured car-
diomyocytes. Values are given as
mean 6 SEM (n = 5). *P , 0.05
versus control mock; #P , 0.05 ver-
sus I/R mock.
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portion of the damage to the mitochondrial electron transport
chain and to oxidative phosphorylation occurs during ische-
mia, rather than reperfusion.48 Ischemic mitochondrial dam-
age seems to be a major mechanism of cardiac injury because
reperfusion of myocardium with healthy and preserved mito-
chondria suffers markedly less myocardial injury. During re-
perfusion, ischemia-damaged mitochondria produce even
more oxidative damage, cause calcium-driven cardiomyocyte
injury, and lead to a greater activation of apoptotic pathways.
Paradoxically, transient inhibition of mitochondrial activity
by ischemia, hypoxia, or pharmacological inhibition during
early reperfusion decreases myocardial injury, presumably by
blunting the deleterious consequences of respiration by dam-
aged mitochondria.49 Thus, the restriction of mitochondrial
oxidative metabolism by therapeutic intervention through
the activation of signaling cascades is a key mechanism of
cardiac protection during I/R. Moreover, uncoupling of mito-
chondria, mainly through increases in the uncoupling protein
2, is thought to protect cardiomyocytes against oxidative
stress by dissipating the mitochondrial proton gradient and
!Cm, thereby reducing ROS generation.50,51 However, the
relationship of this process with mitochondrial fission and
the Drp1 protein requires additional study.

CONCLUSIONS
Adenoviral overexpression of a dominant-negative

Drp1K38A in vivo and in vitro induced cardioprotection
against the injury triggered by I/R. The cardioprotective
mechanism involved the decrease in the oxygen-dependent
metabolism characterized by a reduction on OCR and !Cm
with no changes in intracellular levels of ATP. These results
may further add to the evidence that manipulation of mito-
chondrial dynamics during I/R could be used as a procedure
to induce cardioprotection.
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