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ABSTRACT
Dynamin-related protein-1 (DRP-1)-dependent mitochondrial
fission may influence cardiac tolerance to ischemic or oxidative
stress, presenting a potential “cardioprotective” target. Effects
of dynamin inhibitors [mitochondrial division inhibitor 1 (MDIVI-1)
and dynasore] on injury, mitochondrial function, and signaling
proteins were assessed in distinct models: ischemia-reperfusion
(I-R) in mouse hearts and oxidative stress in rat H9c2 cardio-
myoblasts. Hearts exhibited substantial cell death [approx. 40 IU
lactate dehydrogenase (LDH) efflux] and dysfunction (approx. 40
mmHg diastolic pressure, approx. 40% contractile recovery)
following 25 minutes’ ischemia. Pretreatment with 1 mMMDIVI-1
reduced dysfunction (30 mmHg diastolic pressure, approx.
55% recovery) and delayed without reducing overall cell death,
whereas 5 mM MDIVI-1 reduced overall death at the same time
paradoxically exaggerating dysfunction. Postischemic expres-
sion of mitochondrial DRP-1 and phospho-activation of ERK1/2
were reduced byMDIVI-1. Conversely, 1mMdynasore worsened
cell death and reduced nonmitochondrial DRP-1. Postischemic
respiratory fluxeswere unaltered byMDIVI-1, although a 50% fall
in complex-I flux control ratio was reversed. In H9c2 myoblasts
stressed with 400 mM H2O2, treatment with 50 mM MDIVI-1
preserved metabolic (MTT assay) and mitochondrial (basal
respiration) function without influencing survival. This was
associated with differential signaling responses, including re-
duced early versus increased late phospho-activation of ERK1/2,

increased phospho-activation of protein kinase B (AKT), and
differential changes in determinants of autophagy [reduced
microtubule-associated protein 1 light chain 3b (LC3B-II/I) vs.
increased Parkinson juvenile disease protein 2 (Parkin)] and
apoptosis [reduced poly-(ADP-ribose) polymerase (PARP) cleav-
age vs. increased BCL2-associated X (BAX)/B-cell lymphoma 2
(BCL2)]. These data showMDIVI-1 (not dynasore) confers some
benefit during I-R/oxidative stress. However, despite mito-
chondrial and metabolic preservation, MDIVI-1 exerts mixed
effects on cell death versus dysfunction, potentially reflecting
differential changes in survival kinase, autophagy, and apo-
ptosis pathways.

SIGNIFICANCE STATEMENT
Inhibition of mitochondrial fission is a novel approach to still
elusive cardioprotection. Assessing effects of fission inhibitors
on responses to ischemic or oxidative stress in hearts and
cardiomyoblasts reveals mitochondrial division inhibitor 1
(MDIVI-1) and dynasore induce complex effects and limited
cardioprotection. This includes differential impacts on death and
dysfunction, survival kinases, and determinants of autophagy
and apoptosis. Although highlighting the interconnectedness of
fission and these key processes, results suggest MDIVI-1 and
dynasore may be of limited value in the quest for effective
cardioprotection.

Introduction
Mitochondrial phenotype governs cellular to systemic

health and lies at the crossroads of cell survival and death.
Unsurprisingly, adaptive quality control mechanisms have
evolved, including dynamic fusion-mediated elongation versus
fission-mediated fragmentation. This cycle contributes to
maintenance of mitochondrial health in long-lived cardiomyo-
cytes and neurons. Evidence of dysregulation with aging and
disease has focused attention on fusion and fission as potential
therapeutic targets (Ong and Hausenloy, 2010; Biala et al.,
2015; Dorn, 2015). Fission is governed by dynamin-related
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protein (DRP-1) and fission 1 homolog protein (FIS1), and
dynamin GTPase inhibitors such as mitochondrial division
inhibitor 1 (MDIVI-1) and dynasore (dynamin inhibitor 1)
have been tested for benefit (Reddy, 2014). Treatment with
5–50 mM MDIVI-1 reportedly conditions hearts against
ischemia-reperfusion (I-R) injury (Ong et al., 2010, Sharp
et al., 2014), and postischemic protection is evident with
25 mM MDIVI-1 (Sharp et al., 2014). However, important
questions remain regarding the cardioprotective utility, mech-
anisms, and selectivity of fission inhibitors (Preta et al., 2015;
Rosdah et al., 2016; Smith and Gallo 2017).
Despite association of fission and cell death (Frank et al.,

2001; Taguchi et al., 2007), underlying roles of dynamism
proteins require delineation. This is highlighted by several
observations: Increased fission fails to initiate death (Chen
et al., 2005; Papanicolaou et al., 2012; Song et al., 2015; Song
and Dorn, 2015) and improves stress-resistance (Papanico-
laou et al., 2012); DRP-1-dependent fission can be antiapop-
totic (Szabadkai et al., 2004); and DRP-1 inhibition/
downregulation may worsen myocardial infarction (Ikeda
et al., 2015) and postischemic necroptosis (Dong et al., 2016)
and apoptosis (Zhang et al., 2013). Such outcomes may reflect
complex interactions between fission/fission proteins and
autophagy (Dorn and Kitsis, 2015; Marín-Garcia and Akhme-
dov, 2016), survival kinase signaling (Gharanei et al., 2013;
Gan et al., 2014; Lim et al., 2015), and cell death pathways
(Dorn and Kitsis, 2015; Marín-Garcia and Akhmedov, 2016).
Contributions of pleiotropic versus specific dynamism mech-
anisms are yet to be resolved. Indeed, cardiac benefits of fusion
proteins may be largely pleiotropic in nature (Ong et al.,
2017), and there is evidence MDIVI-1 and dynasore induce
DRP-1-independent effects at concentrations employed to
protect cells (Preta et al., 2015; Bordt et al., 2017; Smith and
Gallo 2017). More fundamentally, active mitochondrial dyna-
mism is not a feature of cardiomyocytes, which are dense with
fragmented mitochondria (Song and Dorn, 2015) and may
benefit from further fission (Papanicolaou et al., 2012).
We assessed effects of two distinct cell-permeable dynamin

inhibitors (Fig. 1): MDIVI-1, a quinazolinone reportedly
specific for DRP-1 inhibition at #25 mM (Smith and Gallo,
2017), and dynasore, a semicarbazone that appears selective
for dynamin/DRP-1 GTPase inhibition at #80 mM (Macia
et al., 2006). Given the conflicting effects of DRP-1 inhibition
in different models (Ong and Hausenloy, 2010; Dong et al.,
2016), and potential nonspecific actions (Preta et al., 2015;
Smith andGallo 2017; Bordt et al., 2017), we assessed impacts
on markers of cell injury together with mitochondrial function
and regulatory protein expression in two distinct models: I-R
in mouse hearts and oxidative stress in rat cardiomyoblasts.

Materials and Methods
Mice and Ethics

Experiments were performed using young (9–12 week) male C57Bl/
6J mice. Animals were purchased from the Animal Resources Center
(Canning Vale WA, Australia) at 8 weeks of age and were habituated
to the animal facility for a minimum of 7 days before use. Mice were
housed in groups of four to five, with sawdust bedding and ad lib access
to water and food throughout all studies. Animals were maintained in
an artificial 12-hour day/night lighting cycle (lights on at 07:00) at
a constant temperature of 21°C (40% humidity). A total of 50 mice
were used, with none excluded from analysis. All investigations were

approved, under the guidelines of The Animal Care and Protection Act
2001, section 757, in accordance with Animal Ethics Committee of
Griffith University, which is accredited by the Queensland Govern-
ment, Department of Primary Industries and Fisheries (AEC number
MSC/05/13 licensed to Jason N. Peart).

Reagents

The inhibitors MDIVI-1 (PubChem CID: 3825829) and dynasore
hydrate (PubChem CID: 136239889) were purchased from Sigma-
Aldrich (St. Louis, MO). Drug structures are shown in Fig. 1.
Dulbecco’s modified essential medium (DMEM), fetal bovine serum
(FBS), and other tissue culture reagents were obtained from Life
Technologies Inc. Tetramethylrhodamine methyl ester perchlo-
rate (TMRM) was purchased from Molecular Probes (Thermo-
Fischer Scientific, NJ). All other chemicals were purchased from
Sigma-Aldrich.

Perfused Heart Protocol and Experimental Groups

Langendorff perfused hearts were prepared as detailed previously
(Peart and Headrick, 2003; Reichelt et al., 2009). Briefly, mice were
anesthetized with sodium pentobarbital (60 mg/kg i.p.) and hearts
excised and cannulated for Langendorff-perfusionwithKrebs-Henseleit
buffer (119 mM NaCl, 11 mM glucose, 22 mM NaHCO3, 4.7 mM KCl,
1.2 mM MgCl2, 1.2 mM KH2PO4, 1.2 mM EDTA, and 2.5 mM CaCl2)
bubbled with 95% O2/5% CO2 to maintain pH at 7.4 at 37°C (Peart and
Headrick, 2003; Reichelt et al., 2009). Perfusion fluid was delivered at
a coronary pressure of 80mmHg, with coronary flow rate monitored via
an ultrasonic flow probe proximal to the aortic cannula and left
ventricular isovolumic function assessed via a fluid-filled balloon
inflated to an initial end-diastolic pressure of 5 mmHg (Peart and
Headrick, 2003; Reichelt et al., 2009). Hearts were then stabilized for
a period of 20 minutes. No hearts met previously detailed exclusion
criteria (Reichelt et al., 2009).

After 20 minutes’ stabilization hearts were subjected to 25minutes’
global normothermic ischemia and 45 minutes’ reperfusion. Coronary
effluent was collected for analysis of lactate dehydrogenase (LDH)
release, previously shown to correlate with infarction in this model
(Peart and Headrick, 2003). Hearts were untreated (DMSO vehicle;
n5 6) or received 1 or 5 mMMDIVI-1 or 1mMdynasore hydrate (n5 8,
8, and 6, respectively), with infusion initiated 10–20 minutes prior to
ischemia and maintained throughout reperfusion. These MDIVI-1
concentrations correspond to those that reportedly protected perfused
hearts (Gao et al., 2013; Gharanei et al., 2013; Sharp et al., 2014) and
were predicted to be selective for DRP-1 GTPase/fission inhibition
(Cassidy-Stone et al., 2008; Numadate et al., 2014). The 1 mM
dynasore also mimicked a concentration that mediated protection in
prior heart studies (Gao et al., 2013) and was predicted to be selective
for inhibition of dynamin/DRP-1GTPase activities (Macia et al., 2006).

Mouse Heart Mitochondrial Respiratory Analyses

Mitochondrial O2 consumption was quantified using anOxygraph-2k
instrument (Oroboros Instruments, Innsbruck, Austria) in shredded left

Fig. 1. Chemical structures of the putative DRP-1 inhibitors MDIVI-1
(PubChem CID: 3825829) and dynasore (PubChem CID: 136239889).
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ventricular myocardium from vehicle- and 1 mMMDIVI-1treated hearts
sampled: prior to ischemia (n 5 4 and 6, respectively), at 10 minutes’
reperfusion (n5 8 for both groups), or 45 minutes’ reperfusion (n5 8 for
both groups). Oxygraph chambers were cleaned before each analysis and
stabilized with Mir05 media before addition of shredded myocar-
dium (1 mg/ml in each chamber) and catalase (280 IU/ml). Mito-
chondrial respiration via complex I and complex II (at 37°C) was
interrogated via sequential addition of complex-specific substrates
and inhibitors: complex I substrates (5 mM pyruvate, 2 mMmalate,
10 mM glutamate), complex II substrate (10 mM succinate),
stimulation of oxidative phosphorylation (1 mM ADP), and mito-
chondrial uncoupling (0.5 mM FCCP).

H9c2 Myoblast Studies

To further explore the influences of MDIVI-1 on cardiac stress
responses, we examined effects of MDIVI-1 on viability, mitochondrial
membrane potential, and expression of DRP-1, optic atrophy-1 (OPA-1),
and signaling proteins in H9c2 cardiomyoblasts exposed to H2O2. The
H9c2 cell line was obtained from the American Type Culture Collection
(ATCC). Cells were maintained in high-glucose DMEM supplemented
with 10% FBS, maintained under 95% O2 and 5% CO2 (37°C), and were
passaged no more than 15 times. The H9c2 cells were grown to
70%–80% confluence in 100-mm plates before exposure to 400 mM
H2O2 for 60 minutes. Cells were untreated (DMSO vehicle) or treated
with 50mMMDIVI-1 40minutes prior toH2O2 exposure.A subset of cells
was sampled after only 5 minutes’ H2O2 for analysis of early ERK1/2
signaling. The 50 mM MDIVI-1 replicates a concentration widely
reported as mediating cytoprotection in myocardial cell models (Ong
et al., 2010; (Yu et al., 2011a); Dong et al., 2016; Gao et al., 2016).

For analysis of cell death/cytotoxicity, release of LDH into the
medium (IU/ml) was assayed enzymatically according to manufac-
turer’s directions (Sigma-Aldrich). Assessment of metabolic activity
was undertaken via the colorimetric MTT assay, according to
manufacturer directions (Sigma-Aldrich), with reduction of the tetra-
zolium dye to colored formazan reflecting cellular NADPH-dependent
oxidoreductase activity.

H9c2 Mitochondrial Respiratory Analysis

For respiratory analysis, H9c2 cells were plated 1.0� 104 cells/well in
eight-well XFpmini-plates in DMEM supplemented with 10% FBS and
Penstrep and left to attach overnight in an incubator (37°C 5% CO2/
95% O2). Prior to analysis full media was replaced with XFp assay
modified media (1 mM pyruvate, 2 mM glutamine, 10 mM glucose, pH
7.4) and cells were incubated in a 37°C non-CO2 incubator for
45 minutes. Control and H2O2 (400 mM)–challenged cells were pre-
treated with vehicle or 50 mM MDIVI-1 or 50 mM dynasore for
40 minutes. A Seahorse XFp Extracellular Flux Analyzer (Agilent
Technologies Australia, Mulgrave VIC, Australia) was used to measure
O2 consumption rate (OCR) and extracellular acidification rate (ECAR).
Measurements were performed over 6 minutes in measurement cycles
of four (basal metabolic rate) or three (to assess metabolic rate under
mitochondrial stress conditions). After basal OCR was established,
oligomycin (1 mM), FCCP (2 mM; concentration based on titration
experiments), and rotenone 1 antimycin A (0.5 mM) were injected
sequentially (see Fig. 11), and mitochondrial parameters determined:
basal respiration (OCRBaseline 2OCRAntimycin A1Rotenone), nonmitochon-
drial respiration (OCRRotenone1Antimycin A), ATP production (OCRBaseline

2 OCROligomycin), proton leak (OCROligomycin 2 OCRRotenone1Antimycin A),
peak respiration (OCRFCCP 2 OCRRotenone1Antimycin A), spare capacity
(OCRFCCP2OCRBaseline). Allmeasurementswerenormalized toprotein
content per well. Data were analyzed by Seahorse Wave Software
(Agilent) using report generator.

Protein Analysis

Tissue Extraction. Postischemic protein expressionwas assessed
in ventricular myocardium sampled at 45minutes’ reperfusion (n5 6,

8, and 6 for control, 1 mM MDIVI-1, and 1 mM dynasore groups,
respectively). Tissue was sectioned and homogenized in a glass dounce
with 1.0 ml of ice-cold isolation buffer containing protease and phospha-
tase inhibitors (70 mM sucrose, 190 mMmannitol, 20 mMHEPES, and
0.2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 10 mM leupeptin,
3 mM benzamidine, 5 mM pepstatin A, 1 mMNaO). Whole homogenate
samples were removed and stored in lysis buffer for later analysis.
Tissue homogenates underwent centrifugation at 600g (rcf) for
10 minutes at 4°C. The supernatant was removed and the nuclear
pellet washed, spun at 600g for 10 minutes, before resuspension in
lysis buffer and storage. The supernatant containing mitochondria,
cytosol, and plasma membrane was centrifuged at 10,000g for
30 minutes, and the mitochondria-enriched pellet resuspended
in lysis buffer.

For H9c2 myoblasts, cells were harvested, washed with PBS, and
suspended in 150 ml of ice-cold lysis buffer [0.1% Triton-X; 20 mM
4-morpholinepropanesulfonic acid (MOPS), 2 mM EGTA, 5 mM
EDTA, 30 mM sodium fluoride, 20 mM sodium tetra-pyrophosphate,
10 mM leupeptin, 5 mM pepstatin A, 3 mM benzamidine, 1 mM
phenylmethanesulfonyl fluoride, 1 mM sodium orthovanadate]. Cell
lysates were frozen at 280°C until analysis. Thawed samples were
prepared in required volumes with loading dye and denatured at 95°C
for 5 minutes in a heating block.

Protein concentrations were determined using a BCA assay in
a 96-well microplate (Pierce BCA protein assay kit), with absor-
bance measured at 562 nm (infinite M200 Pro; Tecan, Mannedorf,
Switzerland). Aliquots of 20 mg of protein were prepared with
appropriate volumes of Kinexus buffer and protease inhibitors
(20 mM MOPS, 2 mM EGTA; 5 mM EDTA; 30 mM sodium fluoride;
40 mM b-glycerophosphate; and 20 mM sodium tetra-pyrophosphate)
and stored at 280°C until analysis.

Electrophoresis. Myocardial or cell fractions containing equal
quantities of protein were loaded onto hand-cast 10% acrylamide gels
and separated in a Bio-Rad electrophoresis chamber at 150 V for
80 minutes. Transfer of proteins was achieved using a polyvinylidene
difluoride fluorescence membrane at a 350 mA current for approx.
2 hours and blocked with Odyssey blocking buffer for a further 2 hours
at room temperature. Transferred proteins were incubated with
primary antibody (dilution 1:750 to 1:1000) for 15–18 hours at 4°C
with gentle rocking. The polyvinylidene difluoride fluorescence
membrane was washed in Tris-buffered saline for 5 minutes and
again in Tris-buffered saline/Tween 20 (four cycles of 5 minutes)
before incubation with secondary antibody at room temperature in
the dark. Membranes were subsequently visualized on a Li-Cor
Odyssey Infrared Imaging System (Li-Cor Biosciences, Lincoln, NE)
with protein densitometry normalized to an internal standard and
loading control.

Statistical Analyses

Data are expressed as means 6 S.E.M. Differences between two
or more groups were tested via one- or two-way ANOVA, with
a Newman-Keuls post-hoc test applied when significant effects were
detected. Significant differences were accepted for P , 0.05. All
tests were performed with Prism 6 (GraphPad Software Inc., La
Jolla, CA).

Results
Mouse Heart Model

Effects of DRP-1 Inhibitors on Baseline Function and
Ischemic Contracture. Baseline contractile function and
coronary flow were not significantly modified by either 1 or
5 mM MDIVI-1, or 1 mM dynasore (Table 1). As a gauge of
potential benefit during ischemia itself we assessed rate and
extent of ischemic contracture development. Onset of ischemic
contracture, defined here as an increase of $20 mmHg above
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preischemic pressure, occurred after approx. 270 seconds in
untreated hearts, with a peak pressure of 80 mmHg achieved
at approx. 400 seconds (Fig. 2). Treatment with 1mMMDIVI-1
or dynasore failed to influence contracture, whereas 5 mM
MDIVI-1 was significantly protective (reducing both rate of
and peak contracture).
Effects of DRP-1 Inhibitors on I-R Injury. Left ven-

tricular developed pressure (LVDP) gradually recovered to
approx. 40% of preischemic levels during 45 minutes’ reperfu-
sion in untreated hearts (Fig. 3). Treatment with 1 mM
MDIVI-1 significantly improved final recoveries of left ven-
tricular diastolic, systolic, and developed pressures (Fig. 3).
Paradoxically, 5 mM MDIVI-1 appeared to modestly worsen
recovery of contractile function, and 1 mM dynasore was
without effect (Fig. 3).
Efflux of LDH was employed as a biomarker of cell death.

We assessed total postischemic death and, in the case of 1 mM
MDIVI-1, early damage over the initial 10 minutes of reper-
fusion. Total postischemic LDH efflux was unaltered with
1mMMDIVI-1 (Fig. 4A); however, early LDH efflux during the
first 10 minutes reperfusion was substantially reduced by
.60% (Fig. 4B). A higher 5 mM MDIVI-1 concentration
significantly reduced overall cell death. Conversely, LDH
efflux was increased in hearts treated with 1 mM dynasore
(Fig. 4A).
Effects of DRP-1 Inhibitors on DRP-1 and Survival

Kinases. Data indicate MDIVI-1 reduces mitochondrial DRP-
1 expression without substantially influencing nonmitochon-
drial levels in postischemic myocardium (Fig. 5). In contrast,
dynasore significantly reduced nonmitochondrial DRP-1 with-
out influencingmitochondrial levels. The phosphorylation state
of ERK1/2 at 10 minutes of reperfusion was significantly
reduced in the nonmitochondrial fraction (Fig. 6, B and C).
Postischemic AKT expression and phosphorylation were un-
altered by MDIVI-1 (Fig. 6, D–F).
Effects of DRP-1 Inhibitors on Postischemic Re-

spiratory Function. Substrate-dependent mitochondrial
respiration was assessed in shredded myocardium from
hearts subjected to normoxic perfusion, or 10 or 45 minutes’
postischemic reperfusion (61 mM MDIVI-1) (Fig. 7). Pro-
gressive reductions (up to 50%) in complex I activity, and
the complex I flux control ratio, were evident during
reperfusion (Fig. 7). Other respiratory parameters were
relatively insensitive to I-R (Fig. 7). Treatment with
MDIVI-1 did not significantly alter O2 fluxes under nor-
moxic or postischemic conditions. However, the postische-
mic decline in complex I flux control ratio was countered by
MDIVI-1 (Fig. 7).

Rat H9c2 Model

Effects of MDIVI-1 on Cytotoxicity, Metabolic Activ-
ity, Mitochondrial Membrane Potential, and Morphol-
ogy. Exposure of H9c2 cells to H2O2 for 60 minutes resulted
in a 25% fall in metabolic activity (MTT assay) and signifi-
cant cytotoxicity (100% increase in LDH release) (Fig. 8).

TABLE 1
Function in ex vivo hearts prior to and after infusion of DRP-1 inhibitors
Functional measures were made prior to and after 10 minutes of drug (or vehicle) infusion. Data are means 6 S.E.M. No significant differences
were detected pre- vs. post-treatment.

Treatment Pre-/Postinfusion End Diastolic Pressure Systolic Pressure Developed Pressure Coronary Flow

mmHg mmHg mmHg ml/min

Vehicle (n 5 6) Pre- 5 6 1 134 6 3 128 6 6 3.1 6 0.2
Post- 5 6 1 132 6 4 126 6 6 3.4 6 0.3

1 mM Dynasore (n 5 6) Pre- 4 6 1 135 6 6 131 6 6 2.9 6 0.2
Post- 4 6 1 133 6 7 129 6 7 3.4 6 0.2

1 mM MDIVI-1 (n 5 8) Pre- 5 6 1 122 6 6 117 6 6 2.6 6 0.2
Post- 6 6 1 120 6 6 114 6 7 3.2 6 0.2

5 mM MDIVI-1 (n 5 8) Pre- 7 6 1 144 6 8 124 6 9 2.7 6 0.2
Post- 6 6 1 137 6 8 120 6 10 2.9 6 0.2

Fig. 2. Impacts of MDIVI-1 and dynasore on myocardial ischemic
contracture. Hearts were untreated (CTRL) or pretreated with 1 mM
dynasore (DYN) or 1–5 mM MDIVI-1 10 minutes prior to and throughout
I-R. (A) Time to ischemic contracture, (B) time to peak ischemic
contracture, (C) peak ischemic contracture. Data are means 6 S.E.M.
(n 5 6–8/group). *P , 0.05 vs. CTRL; by one-way ANOVA and Newman-
Keuls post-hoc test.

98 Wendt et al.

 at A
SPE

T
 Journals on A

pril 9, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


Interestingly, treatment with 50 mMMDIVI-1 alone appeared
to induce some cytotoxicity under baseline conditions and
failed to reduce cytotoxicity during H2O2 challenge. However,
MDIVI-1 significantly inhibited H2O2-dependent changes
in metabolic activity. Fluorescent imaging of H9c2 cells
(Supplemental Fig. 1) confirmed substantial mitochondrial
fragmentation with H2O2 that was inhibited by MDIVI-1 and
dynasore. Curiously, imaging suggested some fragmentation
in response to the inhibitors alone. Preliminary flow cytomet-
ric analysis of the mitochondrial membrane potential (Δcm)

using a potentially high quenching 100 mM TMRM concentra-
tion suggested a 20% fall in membrane potential with H2O2, an
effect reversed byMDIVI-1 (Supplemental Fig. 2), whereas flow
cytometric analysis with nonquenching 20 nM TMRM sug-
gested mitochondrial membrane potential might have been
slightly reduced with MDIVI-1 or dynasore treatment, as
shown by increased MitoTracker green mean fluorescence
intensity with MDIVI-1 treatment. (Supplemental Fig. 3).
Effects of MDIVI-1 on Fission, Fusion, Autophagy,

Apoptosis, and Survival Kinase Signaling. Expression of
DRP-1 was reduced by H2O2, an effect attenuated byMDIVI-1
(Fig. 9A). Conversely, the fusion protein OPA1 was increased
with H2O2, an effect also countered by MDIVI-1 (Fig. 9B).
Expression levels for reduced microtubule-associated protein
1 light chain 3b (LC3B-II/I) and Parkinson juvenile disease
protein 2 (Parkin) were increased with H2O2 stress, whereas
the LCB3-II/1 ratio was not significantly altered (Fig. 9, C–E).
Treatment with MDIVI-1 countered the rise in LC3B-II and
reduced the LCB3-II/1 ratio and augmented Parkin expression.
Exposure to H2O2 induced proapoptotic changes, significantly
increasing the BCL2-associated X (BAX)/B-cell lymphoma 2
(BCL2) ratio and poly-(ADP-ribose) polymerase (PARP) cleav-
age (Fig. 9, F–H). MDIVI-1 exaggerated the BAX/BCL2 re-
sponse and countered PARP cleavage.
Exposure to H2O2 triggered phospho-activation of ERK1/2

andAKT,with total ERK1/2 unchanged and total AKT falling by
approx. 50% (Fig. 10). Final phospho-activation of ERK1/2 and
AKT was augmented by MDIVI-1, whereas early activation of
ERK1/2 was reduced (Fig. 10B). Treatment with MDIVI-1
resulted in a small (approx. 10%) decrease inERK1/2 expression
during H2O2 challenge and inhibited early ERK1/2 phospho-

Fig. 3. Effects of MDIVI-1 and dynasore on myocardial dysfunction
postischemia. Postischemic functional recoveries are shown for untreated
(CTRL) hearts and hearts treated with 1 mM dynasore (DYN) or 1–5 mM
MDIVI-1 10 minutes prior to and throughout I-R. (A) Patterns of recovery
for left ventricular developed pressure (LVDP) and final recoveries for (B)
end-diastolic, (C) systolic, and (D) developed pressures. Data are means6
S.E.M. (n 5 6–8/group). *P , 0.05 vs. untreated (CTRL); †P , 0.05 5 vs.
1 mM MDIVI-1; by two-way ANOVA (A) and one-way ANOVA (B and C)
and Newman-Keuls post-hoc test.

Fig. 4. Effects of DRP-1 inhibitors on postischemic LDH efflux. (A) Total
lactate dehydrogenase (LDH) efflux throughout 25 minutes’ ischemia/45
minutes’ reperfusion in untreated hearts (CTRL) and hearts treated with
1 mM dynasore (DYN) or 1–5 mM MDIVI-1 10 minutes prior to and
throughout I-R. (B) Early LDH release over initial 10 minutes’ reperfusion
in hearts untreated or treated with 1 mM MDIVI-1. Efflux is shown in
international units (IU). Means 6 S.E.M. (n 5 6–8/group). *P , 0.05 vs.
untreated (CTRL) or Baseline; †P , 0.05 5 vs. 1 mM MDIVI-1; by one-way
ANOVA and Newman-Keuls post-hoc test.
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activation (5 minutes’ H2O2) but exaggerated late activation
(Fig. 10B). Baseline AKT expression was moderately sup-
pressed by MDIVI-1, with expression during H2O2 unaltered
by the inhibitor (Fig. 10C). Pronounced phospho-activation of
AKT with H2O2 was exaggerated by MDIVI-1 (Fig. 10D).
Effects of MDIVI-1 and Dynasore on Mitochondrial

Respiratory and Glycolytic Function. Mitochondrial
stress analysis using the Seahorse XFp Extracellular Flux
Analyzer demonstrated that H2O2 significantly reduced O2

consumption (basal, maximal, and spare consumption, and
nonmitochondrial) and ATP production without influencing the
proton leak (Fig. 11). Neither agent (at relatively high and
potentially less specific concentrations of 50 mM) modified
respiratory rates or proton leak in nonstressed cells, and both
induced similar effects in H2O2 stressed cells: partially coun-
tering the effects of H2O2 on nonmitochondrial O2 consumption,
selectively increasing proton leak in H2O2 challenged cells, and
eliminating the effects of H2O2 on basal respiration (Fig. 11).
The basal ECAR, a measure of glycolytic lactate production,

was highest in MDIV-1 and lowest in H2O2-treated cells
(Fig. 11). Oxidative stress limited glycolytic activity during
mitochondrial uncoupling, paralleling effects on O2 consump-
tion. Both inhibitors partially countered the effects of H2O2 on
basalECARandpeakglycolytic capacity duringuncoupling. The
OCR/ECAR ratio, reflecting preference for oxidative phosphor-
ylation versus glycolysis in coupledmitochondria, was relatively
insensitive to both H2O2 stress and the DRP-1 inhibitors.

Discussion
The roles of DRP-1 in myocardial-stress resistance, and

mechanisms bywhich inhibitorsmodify injury, remain unclear.

Although reportedly protective in hearts (Ong et al., 2010; Gao
et al., 2013; Gharanei et al., 2013; Sharp et al., 2014), DRP-1
inhibition canalso increase postischemic death in cardiac (Dong
et al., 2016) and neuronal cells (Zhang et al., 2013). Data here
support some benefit with MDIVI-1, but not dynasore, during
myocardial ischemiaandearly reperfusion, includingpreserved
respiratory control and delayed or reduced necrotic death
(Table 2). Studies in cardiomyoblasts also support partial
metabolic and mitochondrial protection, although cell death
was unaltered. Complex effects on survival kinase, autophagy,
and apoptosis signaling (summarized in Table 2) may underpin
these mixed outcomes, and DRP-1 independent mechanisms
cannot be excluded.
DRP-1 Inhibition in Cardioprotection. Although mito-

chondrial dynamism is not a feature of healthy myocardium
(Song and Dorn, 2015) and, despite evidence increased fission
can be protective (Papanicolaou et al., 2012), it is possible
stressors may promote an excessive and injurious fission. Pre-
and postischemic MDIVI-1 reportedly reduces cardiac injury,
mitochondrial dysfunction, and fission when applied at 5
(Sharp et al., 2014) or 50 mM (Ong et al., 2010). We found
1 mM MDIVI-1 limited postischemic dysfunction and delayed
cell death, whereas 5 mMMDIVI-1 reduced necrotic death and
ischemic contracture yet paradoxically worsened dysfunction
(Table 2). A dissociation of functional and survival outcomes
with DRP-1 inhibitors agrees with prior reports (Gharanei
et al., 2013; Sharp et al., 2014). In cardiomyoblasts MDIVI-1
also improvedmetabolic andmitochondrial responses without
altering survival. Curiously, oxidative stress in myoblasts
induced changes predicted to favor fusion (reduced DRP-1 vs.
increased OPA-1), with MDIVI-1 countering these changes.
Benefit with MDIVI-1 during ischemia and early reperfu-

sion is consistent with preconditioning effects of the compound
(Ong et al., 2010; Sharp et al., 2014; Dong et al., 2016) andmay
reflect inhibition of the early fission shown to be rapidly
induced during ischemia in other cell types (Kumar et al.,
2016). Subsequent perturbations of kinase, autophagy, and
death signaling during later reperfusion (Table 2) may induce
additional effects, potentially exaggerating injury (Zhang
et al., 2013; Dong et al., 2016). ContrastingMDIVI-1, dynasore
worsened death in reperfused hearts without influencing
dysfunction. Although speculative, this may reflect other
influences of dynasore, which interferes with dynamin-
dependent endocytosis (Macia et al., 2006) and disrupts
membrane cholesterol and lipid rafts (Preta et al., 2015).
These distinct and paradoxical effects of MDIVI-1 and

dynasore in different models raise questions regarding selec-
tivities and mechanisms. Although mechanisms were not
directly addressing here, both inhibitors promote mitochon-
drial elongation in stressed myoblasts (Supplemental Fig. 1),
and MDIVI-1 reduced mitochondrial DRP-1 in postischemic
myocardium, consistent with prior observations (Ong et al.,
2010; Sharp et al., 2014; Dong et al., 2016). In contrast,
dynasore modified nonmitochondrial DRP-1 in stressed
hearts, suggesting differing specificities. Dynasore inhibits
dynamin 1/2 GTPase activities with an IC50 of 12–15 mM and
exerts similar inhibitory effects on DRP-1 GTPase activity
without influencing other related or unrelated GTPases
(Macia et al., 2006). The 1 mM concentration applied in hearts
is thus considered to be relatively selective for dynamin/DRP-
1 inhibition. Higher concentrations are employed to inhibit
endocytosis, which may participate in either cardiac injury

Fig. 5. Effects of DRP-1 inhibitors on postischemic DRP-1 expression.
Relative expression of DRP-1 in (A) mitochondrial and (B) nonmitochon-
drial fractions from hearts subjected to 25 minutes’ ischemia and 45
minutes’ reperfusion. Perfused hearts were untreated (CTRL), or treated
with 1 mM dynasore (DYN) or MDIVI-1 10 minutes prior to and
throughout I-R. Data are means 6 S.E.M. (n 5 6–8/group). *P , 0.05 vs.
untreated (CTRL); †P,0.05 vs. dynasore (DYN); by one-way ANOVA and
Newman-Keuls post-hoc test.
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(Khaidakov et al., 2014; Yang et al., 2016) or protection (Most
et al., 2003). Yang et al. (2016) found, for example, that 80 mM
dynasore reduced internalization of cardioprotective ATP-
sensitive potassium channels and infarct development during
myocardial I-R. The drug is nonetheless attributed with
dynamin-independent effects, including inhibition of mem-
brane ruffling, destabilization of F-actin, and disruption of
lipid rafts (Preta et al., 2015). The latter rafts are particularly
important to cardiac- and mitochondrial-stress resistance
(Fridolfsson et al., 2014; Schilling et al., 2015).
MDIVI-1 likewise inhibits dynamin-dependent GTPase

activity, with an IC50 of 1–10 mM in yeast (consistent with
that for fission inhibition) (Cassidy-Stone et al., 2008), and
a Ki of 15 mM for mammalian DRP-1 GTPase activity
(Numadate et al., 2014). In contrast, although Bordt et al.
(2017) confirmed similar potency of MDIVI-1 in yeast, they
found negligible inhibitory effects on mammalian activity
(Ki $ 1 mM). There is also evidence MDIVI-1 may inhibit
cardiac K1 currents with an IC50 of approx. 12 mM (So et al.,
2012) and inhibit complex I respiration and reactive oxy-
gen species (ROS) generation independently of DRP-1 at
10–50 mM concentrations (Bordt et al., 2017), although Zhang
et al. (2017) found such effects (together with increased proton

leak) are DRP-1-dependent. We found no evidence for modu-
lation of complex I in pre- or postischemic hearts or unstressed
cells, although MDIVI-1 preserved the complex I flux-control
ratio in reperfused hearts, and both inhibitors augmented
proton leak in stressed cells (Fig. 11). Manczak et al. (2019)
more recently provided support for specific inhibition of DRP-1
and mitochondrial fragmentation with MDIVI-1; however,
they also confirmed differential outcomes with differing
MDIVI-1 concentrations: cytoprotection at 25 mM versus
worsened oxidative stress and ATP depletion with 75 mM.
Smith and Gallo (2017) recently concluded that a weight of
published evidence supports selective activity of #25 mM
MDIVI-1 toward DRP-1 and fission, although they highlight
counter evidence and the importance of publishing negative
results challenging this view. As discussed below, MDIVI-1
induces complex effects on multiple determinants of stress
resistance.
Mitochondrial Function. Bidirectional relationships ex-

ist between mitochondrial respiration and dynamism. Al-
though excessive fission can be detrimental, moderately
increased fission improves cardiac mitochondrial coupling
and function (Papanicolaou et al., 2012), and DRP-1 inhibition
induces respiratory dysfunction (Benard et al., 2007). Such

Fig. 6. Effects of MDIVI-1 on postischemic ERK1/2 and AKT expression and phosphorylation. Mitochondrial and nonmitochondrial fractions from
hearts reperfused for 10 minutes following 25 minutes’ ischemia were assessed for: (A) total ERK1/2, (B) phosphorylated ERK1/2, (C) the ratio of
phosphorylated to total ERK1/2, (D) total AKT, (E) phosphorylated AKT, and (F) the ratio of phosphorylated to total AKT. Hearts were untreated (CTRL)
or treated with 1 mM MDIVI-1 10 minutes prior to and throughout I-R. Lower panel presents immunoblot images for total and phosphoproteins in
mitochondrial and nonmitochondrial fractions. Mitochondrial expression normalized to COX-IV, nonmitochondrial expression to GAPDH. Data are
means 6 S.E.M. (n 5 4–8/group). *P , 0.05 vs. untreated (CTRL); †P , 0.05 mitochondrial vs. cytosolic phospho to total ratio; by one-way ANOVA and
Newman-Keuls post-hoc test.
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dysfunction promotes mitochondrial fission (Benard et al.,
2007; Plecitá-Hlavata et al., 2008; Wang et al., 2012; Toyama
et al., 2016) and inter-related autophagy (Chu et al., 2013;
Kagan et al., 2016). However, Disatnik et al. (2013) reported
improved state 3 (equivalent to complex I) respiratory activity
with the DRP-1 inhibitor P110 in postischemic myocardium,
and Ding et al. (2017) reported improved postischemic

respiratory function in hearts of diabetic mice treated with
MDIVI-1. Thus, whether DRP-1 inhibition improves mito-
chondrial function is equivocal and may depend upon degree
and type of stress. Here normoxic and postischemic respira-
tory fluxes were not significantly modified by selective
concentrations of MDIVI-1, although complex I flux control
was protected, reflecting improved coupling and potentially
limiting ROS generation (Jheng et al., 2012; Sharp et al., 2014;
Wang et al., 2014). Observations in rat cardiomyoblasts
support both mitochondrial benefit and detriment, with
MDIVI-1 preserving basal respiration during H2O2 stress,
whereas MDIVI-1 and dynasore both increased proton leak
and nonmitochondrial O2 consumption. The latter will reduce
respiratory efficiency and promote ROS generation, consistent
with effects of DRP-1 knockdown (Benard et al., 2007),
protection with increased fission (Papanicolaou et al., 2012),
and increased basal respiration and proton leak in DRP-1 and
autophagy-deficient nematodes (Luz et al., 2015). Modulation
of fission and autophagy proteins with MDIVI-1 (Fig. 9;
Table 2) may thus contribute to mixed benefit and dysfunction
in mitochondria.
Survival Kinase Signaling. Since regulatory loops also

exist between DRP-1 and ERK1/2 and AKT, DRP-1 inhibitors
may disrupt reperfusion injury salvage kinase (RISK) path-
ways that normally limit mitochondrial dysfunction, mito-
chondrial permeability transition pore (mPTP) activity, and
cell death (Hausenloy and Yellon, 2007). Both kinases are
linked to fission and DRP-1: ERK1/2 phosphorylates DRP-1
(Kashatus et al., 2015; Serasinghe et al., 2015) and promotes
fission in myocytes (Yu et al., 2011a), neuronal cells (Gan
et al., 2014), and fibroblasts (Prieto et al., 2016); DRP-1 in turn
activates ERK1/2 (Lim et al., 2015); and DRP-1 inhibitors
reportedly impair myocardial ERK1/2 signaling and augment
AKT signaling (Jheng et al., 2012; Gharanei et al., 2013).
There is also some evidence for fusion protein involvement in
protection via ERK1/2 (Pyakurel et al., 2015) and PI3K/AKT

Fig. 7. Effects of I-R and MDIVI-1 on mitochondrial respiration. Hearts were perfused under normoxic conditions or reperfused for 10 or 45 minutes
following 25 minutes’ ischemia. Perfused hearts were untreated (CTRL) or exposed to 1 mM MDIVI-1 10 minutes prior to and throughout I-R. Data are
shown for: complex I leak state (addition of 5 mM pyruvate/2 mM malate/10 mM glutamate), complex I oxidative phosphorylation (OxPhos) capacity
(addition of 5 mM ADP), complex I respiratory flux [electron transfer system (ETS) capacity – Leak), complex I flux control ratio (normalized to
uncoupled respiration upon addition of FCCP), complex I1 complex II OxPhos capacity (10 mM succinate/5 mM ADP), and complex I1 complex II ETS
capacity (addition of 0.5 mM FCCP). Oxygen flux values are normalized to milligrams of ventricular tissue per chamber. Data are means 6 S.E.M. (n 5
4–8/group). *P , 0.05 vs. normoxia; †P , 0.05 vs. untreated (CTRL); by one-way ANOVA and Newman-Keuls post-hoc test.

Fig. 8. Effects of MDIVI-1 on metabolic activity and cell death in H9c2
cardiomyoblasts exposed to H2O2. Cells were pretreated with vehicle
(CTRL) or 50 mM MDIVI-1 prior to 60 minutes’ H2O2 exposure (400 mM).
Data are shown for: (A) cellular metabolic activity (MTT assay, relative to
baseline) and (B) cell death (total LDH efflux). Data are means 6 S.E.M.
(n5 3). *P, 0.05 vs. baseline; †P, 0.05 vs. untreated (CTRL); by one-way
ANOVA and Newman-Keuls post-hoc test.
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(Ong et al., 2015), although these outcomes may be fusion/
fission-independent (Ong et al., 2017). Effects ofMDIVI-1 here
confirm linkages betweenDRP-1 and survival kinases, though
effects are model-specific: MDIVI-1 reduced postischemic
ERK1/2 activation in hearts and early ERK1/2 activation in
stressed myoblasts but augmented late ERK1/2 and AKT
phosphorylation in myoblasts. These differential effects may

be either beneficial or detrimental—although ERK1/2 is
implicated in the protective RISK pathway (Hausenloy and
Yellon, 2007), and inhibition of early ERK1/2 activation may
suppress early fission (Yu et al., 2011a), exaggeration of late
ERK1/2 activation could worsen cell death (Koinzer et al.,
2015). On the other hand, increased AKT phosphorylation
with MDIVI-1 is predicted to be protective and may influence

Fig. 9. Effects of MDIVI-1 on fission/fusion, autophagy, and apoptosis proteins in H9c2 cardiomyoblasts exposed to H2O2. Cells were pretreated with
vehicle (CTRL) or 50 mMMDIVI-1 prior to 60 minutes’H2O2 exposure (400 mM). Cell lysates were assessed for: DRP-1, OPA-1, ratio of LC3B-II/LC3B-I,
Parkin, ratio of BAX/BCL2, and PARP cleavage. Protein levels are normalized to GAPDH expression. Immunoblot images shown at the top of each panel.
Data are means 6 S.E.M. (n 5 3). *P , 0.05 vs. baseline; †P , 0.05 vs. untreated (CTRL); by one-way ANOVA and Newman-Keuls post-hoc test.

Fig. 10. Effects of MDIVI-1 on survival kinase signaling in H9c2 cardiomyoblasts exposed to H2O2. Cells were pretreated with vehicle or 50 mMMDIVI-
1 prior to 60 minutes’ exposure to 400 mM H2O2. Cell lysates were assessed for: (A) total ERK1/2, (B) ratio of phosphorylated to total (P:T) ERK1/2, (C)
total AKT, and (D) ratio of phosphorylated to total (P:T) AKT. A subset was assessed for changes in early activation of ERK1/2 after 5 minutes’ H2O2
challenge. Right panel shows immunoblots for ERK1/2 (5 and 60 minutes’ H2O2) and AKT (60 minutes’ H2O2). Expression normalized to GAPDH. Data
are means 6 S.E.M. (n 5 5/group). *P , 0.05 vs. baseline; †P , 0.05 vs. untreated (CTRL); by one-way ANOVA and Newman-Keuls test.
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fusion proteins (Ong and Hausenloy, 2010; Ong et al., 2015).
Gharanei et al. (2013) reported augmented myocardial AKT
activation with MDIVI-1, inconsistent with insensitivity of
cardiac AKT here (Fig. 6), though consistent with effects in
myoblasts (Fig. 9). Disrupted kinase signaling may contribute
to the mixed impacts of DRP-1 inhibition on stress responses.
The basis of distinct effects in postischemic hearts versus
stressed myoblasts is unknown, though may involve differ-
ences in models, insults, and concentrations of MDIVI-1
employed.
Autophagy Proteins. Elevations in LC3B-II and Parkin

in H2O2 treated myoblasts (Fig. 9) are consistent with stress-
dependent induction of autophagy (Ha et al., 2012). This
process governs mitochondrial function (Gottlieb and Gus-
tafsson, 2011; Dutta et al., 2013), ischemic tolerance, and
cardioprotection (Moyzis et al., 2015). Nonetheless, autophagy
may also promote (Adhami et al., 2006; Wen et al., 2008) or
inhibit I-R injury (Zhang et al., 2013; Yun et al., 2014).
Moreover, although inhibition, deletion, or mutation of DRP-
1 inhibits autophagy (Arnoult et al., 2005; Twig et al., 2008;
Dagda et al., 2009), effects of DRP-1 versus fission on this
process and related cell death paths remain contentious
within and across cell types. For example, fission may inhibit

(Song et al., 2015) or promote (Ikeda et al., 2015) autophagy
and death in cardiac cells, promote autophagywhile inhibiting
death in neuronal cells (Zhang et al., 2013), and conversely
inhibit autophagy while promoting death in renal cells (Lee
et al., 2016). The response of autophagy proteins to H2O2 was
differentially modified by MDIVI-1: Reductions in LC3B-II
and the LC3B-II/-I ratio suggest repressed autophagosome
formation, consistent with reported effects of DRP-1 inhibition
or knockdown (Twig et al., 2008; Zhang et al., 2013; Song et al.,
2015), and an observed decline in PARP (which normally
promotes autophagy; Fig. 9). Conversely, observed Parkin
upregulation may favor autophagy, although elevated Parkin
does not necessarily induce mitophagy (Morán et al., 2014),
and DRP-1 may be more important in Parkin-independent
autophagy (Kageyama et al., 2014). There is also evidence
Parkin can stimulate DRP-1-dependent fission (Yu et al.,
2011(Yu et al., 2011b); Buhlman et al., 2014), thus upregula-
tion may compensate in part for DRP-1 inhibition.
Cell Death Proteins. Since DRP-1 and fission also

influence apoptosis, DRP-1 inhibitors were predicted to
modulate apoptosis proteins. DRP-1 colocalizes with BAX
(Karbowski et al., 2002) and promotes BAX/BAK-induced
cytochrome c release (Clerc et al., 2014), and fragmentation

Fig. 11. Effects of MDIVI-1 and dynasore on mitochondrial respiratory function and cellular acidification in H9c2 cardiomyoblasts exposed to H2O2.
Cells were pretreated with vehicle, 50 mM MDIVI-1, or dynasore prior to control conditions or exposure to 400 mM H2O2. (Left panels) Oxygen
consumption rate and extracellular acidification rate (indicator of glycolytic metabolism) were monitored. (Right panels) The OCR data (picomoles per
minute per microgram protein per well) were used to calculate respiratory parameters as indicated inMaterials and Methods. Data are means6 S.E.M.
(n 5 3–5/group). *P , 0.05 vs. control (Ctrl); †P , 0.05 vs H2O2; by one-way ANOVA and Newman-Keuls post-hoc test.

TABLE 2
Summary of MDIVI-1 effects in mouse hearts subjected to I-R and rat cardiomyoblasts exposed to H2O2

Parameter/Protein Myocardial I-R Myoblast Oxidative Stress

Contractile or metabolic
function

⇓ Contracture (5 mM), ⇑ LVP (1 mM), ⇓ LVP
(5 mM)

⇑ MTT

Necrosis (LDH efflux) Delayed (1 mM), ⇓ (5 mM) ⇔
Mitochondrial function ⇑ CI flux control ⇑ Δcm, ⇑ Basal OCR, ⇑ Non-Mito OCR, ⇑

Proton leak
Fission/fusion ⇓ DRP-1 ⇓DRP-1, ⇑ OPA-1
Survival kinases ⇓ P-ERK ⇑ P-AKT, ⇑ Late P-ERK, ⇓ Early P-ERK
Autophagy — ⇑ Parkin, ⇓ LC3B-II, ⇓ LC3B-II/I
Apoptosis — ⇓ PARP cleavage, ⇑ BAX/BCL2
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during apoptosis is DRP-1-dependent (Frank et al., 2001).
Nonetheless, fission and DRP-1 may be dispensable in
apoptotic death (Parone et al., 2006; Ishihara et al., 2009)
and reportedly inhibit (Szabadkai et al., 2004) and promote
(Lee et al., 2016) apoptosis in different cells. As for kinase
signaling and autophagy, MDIVI-1 differentially modified cell
death determinants, countering PARP cleavage and exagger-
ating BAX/BCL2 responses to H2O2 in cardiomyoblasts. How
these changes influence death versus survival is unclear—
although increased BAX/BCL2 may promote apoptosis, re-
duced downstream PARP cleavage suggests a reduction in
caspase activation. Inhibition of PARP cleavage has also been
shown to induce necrosis (Herceg and Wang, 1999), with
cleavage potentially serving as a switch between necrotic and
apoptotic paths, while inhibiting necroptosis and parthanatos
(Aredia and Scovassi, 2014). Suppression of cleavage by
MDIVI-1 may thus exaggerate necrosis/necroptosis and limit
apoptosis, congruently with observations in stressedmyocytes
(Dong et al., 2016). Reduced cleavage may also favor autoph-
agy and increase NAD consumption (Aredia and Scovassi,
2014), further influencing mitochondrial function and cell
death. The effects of fission or DRP-1 on these processes
warrant further study, as mixed impacts of MDIVI-1 may
reflect opposing shifts in death pathways (Dong et al., 2016).
Evidence of a biphasic pattern of early ischemic fission

followed by a postischemic wave preceding death (Kumar et al.,
2016) is relevant when considering effects of DRP-1 (Zhang
et al., 2013; Dong et al., 2016). Early fissionmay be activated by
rapid mitochondrial depolarization/inhibition (Benard et al.,
2007; Plecitá-Hlavata et al., 2008; Wang et al., 2012; Toyama
et al., 2016) during ischemia and could trigger cell death.
However, whether this or the later postischemic wave of fission
(Kumar et al., 2016) facilitates apoptosis without playing
essential roles (Parone et al., 2006; Ishihara et al., 2009) is also
unclear. Interestingly, analysis of rotenone-dependent complex
I inhibition (Benard et al., 2007) supports a clear transition in
mitochondrial morphology at the threshold to cell death
consistent with fission.

Conclusions
The fission inhibitorMDIVI-1 reducesmitochondrial DRP-1

levels in postischemic myocardium and improves mitochon-
drial control and function in both heart and cardiomyoblasts.
Nonetheless, MDIVI-1 and dynasore produce complex out-
comes in stressed hearts and cells, including differential
changes in cell death versus dysfunction, and survival-
kinase, autophagy, and cell death signaling. These observa-
tions raise important questions regarding the selectivity,
mechanisms of action, and broader cardioprotective utility of
putative DRP-1 inhibitors.
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