
Aberrant Mitochondrial Fission Is Maladaptive in Desmin
Mutation–Induced Cardiac Proteotoxicity
Shafiul Alam, PhD;* Chowdhury S. Abdullah, PhD;* Richa Aishwarya, BS;* Sumitra Miriyala, PhD; Manikandan Panchatcharam, PhD;
Jonette M. Peretik, BS; A. Wayne Orr, PhD; Jeanne James, MD; Jeffrey Robbins, PhD; Md. Shenuarin Bhuiyan, PhD

Background-—Desmin filament proteins interlink the contractile myofibrillar apparatus with mitochondria, nuclei and the
sarcolemma. Mutations in the human desmin gene cause cardiac disease, remodeling, and heart failure but the pathophysiological
mechanisms remain unknown.

Methods and Results-—Cardiomyocyte-specific overexpression of mutated desmin (a 7 amino acid deletion R172-E178, D7-Des Tg)
causes accumulations of electron-dense aggregates and myofibrillar degeneration associated with cardiac dysfunction. Though
extensive studies demonstrated that these altered ultrastructural changes cause impairment of cardiac contractility, the molecular
mechanism of cardiomyocyte death remains elusive. In the present study, we report that the D7-Des Tg mouse hearts undergo
aberrant mitochondrial fission associated with increased expression of mitochondrial fission regulatory proteins. Mitochondria
isolated from D7-Des Tg hearts showed decreased mitochondrial respiration and increased apoptotic cell death. Overexpression of
mutant desmin by adenoviral infection in cultured cardiomyocytes led to increased mitochondrial fission, inhibition of mitochondrial
respiration, and activation of cellular toxicity. Inhibition ofmitochondrial fission bymitochondrial division inhibitor mdivi-1 significantly
improved mitochondrial respiration and inhibited cellular toxicity associated with D7-Des overexpression in cardiomyocytes.

Conclusions-—Aberrant mitochondrial fission results in mitochondrial respiratory defects and apoptotic cell death in D7-Des Tg
hearts. Inhibition of aberrant mitochondrial fission using mitochondrial division inhibitor significantly preserved mitochondrial
function and decreased apoptotic cell death. Taken together, our study shows that maladaptive aberrant mitochondrial fission
causes desminopathy-associated cellular dysfunction. ( J Am Heart Assoc. 2018;7:e009289. DOI: 10.1161/JAHA.118.
009289.)
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D esmin is the intermediate filament protein that interlinks
neighboring myofibrils at the level of Z-discs, connecting

the entire myofibrillar apparatus to mitochondria and nuclei in
striated muscle cells.1,2 In a healthy heart, desmin maintains
the proper mitochondrial positioning along the sarcomere and
contributes to normal mitochondrial function by preserving
mitochondrial spatial organization.3 Desmin disorganization
can affect mitochondrial positioning, compromise mitochon-
drial function, and lead to cardiomyocyte dysfunction.3 A
pivotal milestone in understanding the necessity of desmin’s
role was the generation of desmin-null mice. Those mice

developed a progressive and generalized myopathy that
mainly affected the myocardium. The striated muscles that
were examined all showed irregular mitochondrial shape and
distribution, including aggregation of sarcolemmal mitochon-
dria, which correlated with weakened muscles and increased
fatigue.4,5

Desmin’s essential role was underscored by showing that
mutations in the desmin gene (DES) (chromosome 2q35)
cause myopathies and cardiomyopathies.6 To date, more than
67 disease-causing DES mutations have been detected
in human myofibrillar diseases.6–8 Desmin-related
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cardiomyopathy (DRC) is a family of genetic disorders caused
by mutations in desmin and other desmin-related proteins
that results in a spectrum of myofibrillar myopathies.
Desminopathies are characterized by accumulations of elec-
tron-dense aggregates and myofibrillar degeneration in the
skeletal muscle and cardiomyocytes.7 Clinically, patients with
DRCs exhibit slowly progressive muscle weakness, conduc-
tion-system disease including cardiac arrhythmias, and
cardiomyopathy.7 Clinical onsets of DRC range from the first
to the eighth decades of life and disease manifestations
comprise pure myopathy, cardiomyopathy, or both.7 The
majority of desminopathies are caused by heterozygous
mutations accounting for autosomal-dominant cases,
although some rare recessive cases and, even more rarely,
cases with complete lack of desmin have been reported.3,7

DRC represents a cardiac proteotoxicity disease that is
prevalent in many forms of human heart failure. The mutant
desmin transgenic mouse (D7-Des Tg) carries a 7 amino acid
deletion R172-E178 in DES and provides a clinically relevant
mouse model of cardiac proteotoxicity.9–12 This model
manifests a collapse of the desmin network, and accumu-
lation of desmin aggregates, which contributes to cardio-
myopathy.10 DRC-causing mutations result in early

perturbations in mitochondrial structure. For example, mito-
chondrial disorganization was observed in the mutant aB-
crystallin Tg (CryABR120G) mouse models of DRC.10,13,14 In
DRC mice expressing either D7-Des or CryABR120G, mito-
chondrial spatial organization was highly perturbed, and the
myofibrils were interspersed with electron-dense aggregates.
Similarly, tissue biopsy samples from patients diagnosed with
myofibrillar myopathies show abnormal mitochondrial enzyme
staining and have reduced mitochondrial complex-I activi-
ties.15 Despite extensive studies, the genetic pathologies for
the DRCs are only partially defined and the pathogenic
sequelae remain obscure.

Previous reports have noted that both mitochondrial
morphology and positioning are altered in the muscles of
DRCs.10,16 It is unknown whether these alterations result in
maladaptive changes in mitochondrial dynamics and directly
contribute to mitochondrial dysfunction, resulting in car-
diomyopathies in DRC. Here, we demonstrate that aberrant
mitochondrial fission and mitochondrial respiratory dysfunc-
tion are associated with cardiac dysfunction and explore the
functional consequences in the D7-Des Tg mouse model of
cardiac proteotoxicity. Using a mitochondrial division chem-
ical inhibitor, we show that aberrant fission inhibition
improved mitochondrial function, reduced aggregate accumu-
lation, and reduced cellular toxicity.

Materials and Methods
The data, analytic methods, and study materials will not be
made available to other researchers for purposes of repro-
ducing the results or replicating the procedure. Other
researchers can contact the corresponding authors about
methodological questions.

Materials
Materials are as follows: AdEasy system (Agilent Technolo-
gies), OptiMEM (Gibco), DMEM (Gibco), fetal bovine serum
(Gibco), Cell Lytic M (Sigma-Aldrich), Protease Inhibitor
Cocktail (Roche), pre-cast 7.5% to 15% Criterion Gels (BioRad),
40-6-diamidino-2-phenylindole (Invitrogen), mdivi-1 (Sigma-
Aldrich), Oligomycin (Sigma-Aldrich), carbonyl cyanide-p-
trifluoromethoxy-phenylhydrazone (FCCP) (Sigma-Aldrich),
Rotenone (Sigma-Aldrich), Antimycin A (Sigma-Aldrich), Pon-
ceau S (Acros Organic), Calcium Green-5N (Invitrogen),
Vectashield Hardset (Vector Labs, H1400), and antimycin A
(Sigma-Aldrich) were used.

Animals
D7-Des Tg mice have been described previously10 and are in
an FVB/N background. All procedures for handling animals

Clinical Perspective

What Is New?

• Desminopathy is a myofibrillar protein aggregation disease
whose proteotoxic sequelae affect regular mitochondrial
positioning and mitochondrial function, which in turn may
lead to cardiomyocyte dysfunction.

• This study shows that a proteotoxic stimulus, D7-Des
expression, leads to aberrant mitochondrial fission and
mitochondrial dysfunction, resulting in apoptotic cell death
in a mouse model of desminopathy.

• Inhibition of aberrant mitochondrial fission using mitochon-
drial division inhibitor significantly preserved mitochondrial
function and decreased cell death.

What Are the Clinical Implications?

• Desminopathies are associated with derangement of the
mitochondrial spatial organization, and accumulation of
electron-dense aggregates, but the pathogenic molecular
sequelae remain obscure.

• Treatment with a small molecule inhibitor of mitochondrial
fission significantly improved mitochondrial respiration and
decreased cell death, suggesting a causal role for aberrant
mitochondrial fission in desminopathy.

• Our study showed that aberrant mitochondrial fission is
maladaptive in desminopathy and sheds light on the
molecular mechanism of desminopathy-associated cell
death.
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complied with the Guide for Care and Use of Laboratory
Animals and were approved by the ACUC Committee of LSU
Health Sciences Center-Shreveport. All animals were cared for
according to the National Institutes of Health guidelines for
the care and use of laboratory animals. Timed pregnant
Sprague-Dawley rats were purchased from Charles River
Laboratories International, Inc (Portage, MI).

Neonatal Rat Cardiomyocyte Isolation and
Culture
Neonatal rat cardiomyocytes (NRCs) were isolated from the
ventricles of 1- to 2-day-old Sprague–Dawley rat pups as
previously described.17 Ventricular tissues of rat pups were
digested with collagenase at 37°C overnight, followed by
further digestion in trypsin. After a preplating step to remove
cardiac fibroblasts, isolated cardiomyocytes were plated at
1.59106 cells per 10-cm2 plate and 1.09105 cells per
chamber in 2-well glass chamber slides in aMEM containing
10% fetal bovine serum (Gibco) and 1% antibiotic-antimycotic
(Gibco). Cells underwent different treatments 24 hours after
plating and were maintained in DMEM (Gibco) containing 2%
fetal bovine serum and 1% antibiotic-antimycotic. All cell
culture treatments were repeated in 3 independent
experiments.

Adenovirus Infection of NRCs
We prepared adenoviral constructs containing D7-Des by
cloning into a pShuttle-CMV vector; replication-deficient
recombinant adenoviruses were generated using the AdEasy
system (Agilent Technologies).17–19 NRCs were infected with
D7-Des adenovirus at different multiplicities of infection
(1–10) for 2 hours and then replaced with fresh medium.
Cells were harvested for 72 hours postinfection. Infection of
parallel plates with adenovirus expressing b-galactosidase
served as controls for all the experiments.

mdivi-1 Treatment
For the measurement of mdivi-1’s effects on mitochondrial
respiration and cellular toxicity, we treated cardiomyocytes
with mdivi-1 72 hours after plating. NRCs were treated with
different concentrations of mdivi-1 (1, 5, and 10 lmol/L) or
the same volume of vehicle (dimethyl sulfoxide) for 24 hours.
To determine the effects of mdivi-1 on D7 Des expression
induced pathogenesis, NRCs were infected with D7-Des
adenovirus (10 multiplicities of infection) 24 hours after
plating the cardiomyocytes. Cardiomyocytes were treated
with 5 lmol/L mdivi-1 at 72 hours postinfection. All bio-
chemical and mitochondrial respiration experiments using an
XF24 Extracellular Flux Analyzer (Seahorse Biosciences, North

Billerica, MA) were performed 24 hours after mdivi-1
treatment.

Echocardiography
Echocardiograms were performed on isoflurane-anesthetized
mice with a VisualSonics Vevo 2100 Imaging System
(Toronto, Ontario, Canada) using a 40-MHz transducer to
assess cardiac functional parameters.20,21 Briefly, 2-dimen-
sional directed M-mode echocardiographic images along the
parasternal short axis were recorded by investigators blinded
to genotype to determine left ventricular (LV) size and systolic
function. M-mode measurements included the LV internal
dimensions in systole and diastole (LVIDs and LVIDd,
respectively) as well as the diastolic thickness of LV posterior
wall and diastolic intraventricular septum thickness (IVSd).
Percent fractional shortening was calculated using [(LVIDd�L-
VIDs)/LVIDd]9100. From these data, LV end-systolic, LV end-
diastolic diameter, LV mass, and percent ejection fraction
were calculated. Systolic shortening of the interventricular
septum and posterior wall was calculated using: [(systolic
thickness�diastolic thickness)/systolic thickness]9100.

Electron Microscopy
For electron microscopic examination, D7 Des Tg and non-
transgenic (Ntg) hearts were perfused with 1% paraformalde-
hyde/2% glutaraldehyde in the cardioplegic buffer, then with
1% paraformaldehyde/2% glutaraldehyde in 0.1 mol/L
cacodylate buffer, pH 7.2, postfixed in 1% OsO4 and
processed for thin sectioning as described previously.20,21

Mitochondria Isolation
Mitochondria in D7 Des Tg and Ntg hearts were isolated as
described previously.22,23 Briefly, hearts were harvested,
homogenized in MS-EGTA buffer (225 mmol/L mannitol,
75 mmol/L sucrose, 5 mmol/L HEPES, and 1 mmol/L EGTA,
pH 7.4) and subjected to differential centrifugation. Finally,
mitochondria were lysed with 1x cell lytic M (Sigma-Aldrich)
containing protease and phosphatase inhibitors.

Mitochondrial Respiration
Mitochondrial oxygen consumption rate was measured with
an XF24 Extracellular Flux Analyzer (Seahorse Biosciences,
North Billerica, MA) by methods as described previously.22–24

Heart mitochondria were isolated using MS-EGTA buffer
(225 mmol/L mannitol, 75 mmol/L sucrose, 5 mmol/L
HEPES, and 1 mmol/L EGTA, pH 7.4) by differential centrifu-
gation as described above. Mitochondria (50 lg/well) were
seeded in XF24 culture plates, and respiration was measured in
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mitochondrial assay buffer (220 mmol/L mannitol, 70 mmol/L
sucrose, 10 mmol/L KH2PO4, 5 mmol/L MgCl2, 2 mmol/L
HEPES, 1 mmol/L EGTA, 0.2% fatty acid-free bovine serum
albumin, pH 7.4) supplemented with 7 mmol/L pyruvate and
1 mmol/L malate. Mitochondrial oxygen consumption rate
(OCR)wasmeasured andplotted at basal conditions followedby
sequential addition of 1 lg/mL oligomycin (ATP-synthase
inhibitor), 4 lmol/L FCCP (a mitochondrial uncoupler), and
0.5 lmol/L rotenone (complex I inhibitor) plus 0.5 lmol/L
antimycin A (complex III inhibitor). The OCR values were
normalized to total protein content in the corresponding wells
and expressed as pmol/min per lg protein.

For intact cardiomyocytes, NRCs were seeded at a density
of 89104 cells/well into gelatin-coated Seahorse Bioscience
XF microplates and were grown in DMEM (Gibco) containing
2% fetal bovine serum (Gibco) and 1% antibiotic-antimycotic
(Gibco). Twenty-four hours after plating the NRCs, cardiomy-
ocytes were infected with D7-Des adenovirus for 2 hours, and
then the media was replaced with DMEM (Gibco) containing
2% fetal bovine serum and 1% antibiotic-antimycotic. Infection
of parallel plates with adenovirus expressing b-galactosidase
served as a control for all experiments. NRCs were incubated
with DMEM (containing no glucose and pyruvate, Gibco)
supplemented with 10 mmol/L glucose and 2 mmol/L pyru-
vate in a CO2-free incubator at 37°C for 1 hour before loading
the plate in the XF24 analyzer. The OCR was measured over a
period of 86 minutes over which time oligomycin (1 lmol/L),
FCCP (4 lmol/L), and rotenone (0.5 lmol/L) plus antimycin
A (0.5 lmol/L) were sequentially added to each well at
specified time points.

Histological Analysis and Immunofluorescence
Microscopy
Hearts were collected, fixed in 10% buffered formalin, and
embedded in paraffin as described previously.20,21 Serial
5-lm heart sections from each group were stained with
Masson’s trichrome21 and Sirius Red.25 Fibrosis and collagen
deposition within sections were quantitated using ImageJ
software (NIH) as described previously. To quantitate fibrosis,
blue-stained areas and nonstained myocyte areas from each
section were determined using color-based thresholding.
Collagen deposition was quantified by red-stained areas and
nonstained myocyte areas from each section using color-
based thresholding. The percentage of total fibrosis area was
calculated as the blue-stained areas divided by total surface
area from each section. The relative amount of collagen
deposition area was calculated as the red-stained areas
divided by total surface area from each section.

Paraffin-embedded heart tissue sections (5 lm) were
stained for immunofluorescent detection of desmin aggre-
gates in D7-Des Tg mice hearts according to the procedures

described previously.10,20 Briefly, heart tissue sections (5 lm)
were deparaffinized through washes in xylene, and graded
alcohol series following rehydration with deionized water and
0.1M phosphate-buffered saline, pH 7.4 (PBS) for 10 minutes
each. Heat-induced antigen retrieval was carried out by
boiling in 10 mmol/L citrate buffer for 30 minutes. Slides
were then cooled down to room temperature (RT), washed
with PBS and blocked with 1% BSA, 0.1% cold water fish skin
gelatin, and 1% Tween 20 in PBS for 1 hour at RT. Then, tissue
sections were immunolabeled by overnight incubation of the
sections with rabbit anti-desmin antibody (Biomeda) diluted at
blocking buffer at 1:100 dilution at 4°C. Next, sections were
washed with PBS and incubated with anti-rabbit secondary
antibody conjugated with Alexa 568 dye (Invitrogen) for
1 hour at RT. Sections were then washed and counterstained
with 40-6-diamidino-2-phenylindole (Invitrogen) following
mounting with Vectashield Hard Set (Vector Laboratories).
Stained tissue sections were assessed by investigators
blinded to genotype for desmin aggregate staining on a Leica
TCS SP5 spectral confocal microscope using a 963 oil
objective (NA=1.4), and images were acquired with Leica LAS
(AF 2.6.3) software.

Immunocytochemistry
Immunocytochemistry was conducted in NRCs infected with
D7-Des adenovirus to evaluate mitochondrial morphology,
staining for the mitochondrial outer membrane protein
Tom20. Briefly, isolated NRCs were plated on Lab-Tek II
chamber slides (Thermo Scientific, 154461) at a density
of 19105 cells/well. Immunocytochemistry was then
performed according to the procedures reported
previously.17,20,21 Plated cells were first washed with
0.1 mol/L PBS followed by fixation and permeabilization in
4% paraformaldehyde with 0.5% Triton-X 100 in PBS for
15 minutes. Antigen retrieval was carried out by incubating
in 0.1 mol/L glycine solution, pH 3.5 for 30 minutes at RT.
The cells were then incubated in blocking solution containing
1% BSA, 0.1% cold water fish skin gelatin, 0.1% Tween-20,
and 0.05% sodium azide in PBS for 1 hour at RT. Following
blocking, cells were incubated with rabbit anti-Tom20
antibody (Santa Cruz) at 1:500 dilution in blocking solution
overnight at 4°C. The next morning, cells were washed and
incubated with anti-rabbit secondary antibody conjugated
with Alexa 568 dye (Invitrogen) for 1 hour at RT. Next, cells
were washed with PBS, counterstained with 40-6-diamidino-
2-phenylindole (Invitrogen), and mounted with Vectashield
Hardest (Vector Laboratories). Stained cells were then
observed on a Leica TCS SP5 spectral confocal microscope
using a 963 oil objective (NA=1.4) and imaged using Leica
LAS (AF 2.6.3) software. All image analyses were performed
in an investigator-blinded manner.
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Mitochondrial Ca2+ Retention Capacity and
Swelling Assay
Mitochondrial Ca2+ retention capacity was measured with
Calcium Green 5N (Molecular Probes) as previously
described.22,23 Cardiac mitochondria (100 lg) were sus-
pended in KCl buffer containing 125 mmol/L KCl, 20 mmol/
L HEPES, 2 mmol/L MgCl2, 2 mmol/L potassium phosphate,
and 40 lmol/L EGTA, pH 7.2, 200 nmol/L Calcium Green-5N
(Molecular Probes), 7 mmol/L pyruvate, and 1 mmol/L
malate. Mitochondria were challenged with additions of CaCl2
and Calcium Green-5N fluorescence was monitored using the
BioTek Synergy IV plate reader (BioTek). Ca2+ pulses of
20 nmol/mg of mitochondrial protein were added every 180 s
using auto-injector. The Ca2+ pulse induced a peak in the
extramitochondrial Ca2+ concentration that returns to near
baseline level as Ca2+ enters the mitochondrial matrix. With
increasing mitochondrial Ca2+ loading, extramitochondrial
Ca2+ starts accumulating until the addition of Ca2+ leads to a
sustained Ca2+ increase indicated by a massive release of
mitochondrial Ca2+ evident by a sustained increase in
fluorescence. Mitochondrial Ca2+ retention capacity was
quantitated as the amount of Ca2+ required to trigger a
massive Ca2+ release by the mitochondria resulting from
mitochondrial permeability transition pore (MPTP) opening.

For mitochondrial swelling assay, mitochondria isolated
from hearts were suspended in swelling buffer containing
120 mmol/L KCl, 10 mmol/L Tris pH 7.4, 5 mmol/L
KH2PO4, 7 mmol/L pyruvate, 1 mmol/L malate, and
10 lmol/L EDTA. Mitochondrial swelling was induced by
challenging the mitochondria with 200 lmol/L CaCl2, and the
absorbance at 540 nm was monitored.22,23

ATP Measurements
Cellular and mitochondrial ATP contents were measured in
freshly prepared whole cell lysates and mitochondrial sus-
pensions from left ventricles (LVs) according to manufac-
turer’s instructions using the ATP Bioluminescence Assay Kit
HS II (Roche).26,27 Freshly excised LVs were chopped and
homogenized using a hand-driven glass/Teflon potter Elve-
hjem homogenizer (Wheaton) in cell lysis reagent provided in
the kit on ice. Fresh mitochondria suspensions were collected
as described above and homogenized in cell lysis reagent
(Roche) using this method on ice. Prepared whole cell and
mitochondria lysates were then left at RT for 5 minutes
following boiling at 100°C for 2 minutes to extract ATP
according to manufacturer’s instructions (Roche). The lysates
were then centrifuged at 10 000g for 1 minute and super-
natants were collected to measure the ATP level. ATP content
was measured immediately after addition of luciferase reagent
(Roche) by automated injection and luciferase-driven biolumi-
nescence was measured on a FLUOstar OPTIMA microplate

reader (BMG Labtech). ATP levels in samples were then
normalized to protein content as measured by Bio-Rad protein
assay reagent.26

mtDNA Quantification
Total DNA was isolated from mouse hearts using the Quick-
gDNA MiniPrep kit (Zymo Research) according to the manu-
facturer’s protocol. The mtDNA content was measured by PCR
of cytochrome B and b-actin as described.28,29 Primer
sequences used for cytochrome B and b-actin were as
follows: 50-CCACTTCATCTTACCATTTATTATCGC-30 (forward
primer) and 50-TTTTATCTGCATCTGAGTTTAA-30 (reverse
primer) for mitochondrial cytochrome B, and 50-CTGCC
TGACGGCCAGG-30 (forward primer) and 50-CTATGGCCTCA
GGAGTTTTGTC-30 (reverse primer) for genomic b-actin.

Lactate Dehydrogenase Release Assay
Lactate dehydrogenase release from NRCs was measured
using the Cytotoxicity Detection Kit (Roche) according to the
manufacturer’s instructions. Color development was mea-
sured using a microplate reader at an absorbance of 492 nm
(Bio-Rad).17

Protein Extraction and Western Blot Analyses
Soluble and insoluble fractions were prepared from hearts
harvested in cold PBS, pH 7.4 containing 1% Triton-X100,
2.5 mmol/L EDTA, 0.5 mmol/L PMSF, and a complete
protease inhibitor mixture, and then vortexed for 30 s as
described previously.21 The heart homogenates were cen-
trifuged at 12 000g for 15 minutes and the supernatants were
collected (soluble fraction). The pellets were dissolved in
DNAase (1 mg/mL in 10 mmol/L Tris, 15 mmol/L MgCl2)
(Roche), sonicated on ice, and the protein was quantitated with
a modified Bradford assay. The insoluble protein was then
diluted in RIPA buffer and 3 lg of resuspended protein used
for subsequent immunoblotting with appropriate antibodies.

Total proteins were prepared from NRCs washed with PBS
and the cells were lysed with Cell Lytic M (Sigma-Aldrich) lysis
buffer, supplemented with Complete Protease Inhibitor Cock-
tail (Roche).17,18 The lysed cells were homogenized by
sonication and centrifuged at 14 000g for 15 minutes to
sediment any insoluble material. The protein content of the
soluble lysates was measured using the modified Bradford
protocol/reagent relative to a BSA standard curve (BioRad).
Protein lysates were separated on SDS-PAGE using pre-cast
7.5% to 15% Criterion Gels (BioRad) and transferred to PVDF
membranes (BioRad). Membranes were blocked for 1 hour in
5% nonfat dried milk and exposed to primary antibodies
overnight. The following primary antibodies were used for
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immunoblotting: Anti-Drp1 (1:1000, Cell Signaling Technol-
ogy), Anti-pDrp-Ser616 (1:1000, Cell Signaling Technology),
Anti-Mfn2 (1:1000, Cell Signaling Technology), anti-OPA1
(1:1000, Cell Signaling Technology), anti-OMA1 (1:200. Santa
Cruz Biotechnology), Anti-Fis1 (1:200, Santa Cruz Biotechnol-
ogy), Anti-mitochondrial fission factor (1:200, Santa Cruz
Biotechnology), Anti-Tom20 (1:200, Santa Cruz Biotechnol-
ogy), Anti-Tim23 (1:200, Santa Cruz Biotechnology), Anti-
PGC1a (1:200, Santa Cruz Biotechnology), Anti-b-Actin
(1:1000, Santa Cruz Biotechnology), Anti-OXPHOS (1:1000,
Abcam), Anti–pyruvate dehydrogenase (1:1000, Abcam), Anti-
Bax (1:1000, Cell Signaling Technology), Anti-COXIV (1:1000,
Cell Signaling Technology), Anti-cleaved PARP1 (1:200, Santa
Cruz Biotechnology), Anti-CHOP (1:1000, Cell Signaling Tech-
nology), Anti-P62 (Progen Biotechnik GmbH), Anti-Desmin
(1:2000, Biomeda), Anti-CryAB (1:10 000, Enzo Life
Sciences), Anti-GRP75 (1:200, Santa Cruz Biotechnology),
Anti-Periostin (1:500, Santa Cruz Biotechnology), and
b-Tubulin (1:500) (Cell Signaling Technology). Membranes
were then washed, incubated with alkaline-phosphatase-
conjugated secondary antibodies (Santa Cruz Biotechnology),
exposed with ECF reagent (Amersham) and finally, detected
on a ChemiDoc Touch Imaging System (BioRad). Ponceau S
protein stain of the transfer membrane was used as a loading
control. Densitometry on scanned membranes was done
using ImageJ software (National Institutes of Health,
Bethesda, MD).

Statistical Analysis
Data are expressed as mean�SEM. All statistical tests were
done with GraphPad Prism software. Data were analyzed
using Student t test (P<0.05) for 2 groups and groups of 4 or
more with 1-way ANOVA, followed by Tukey’s post hoc test.
For certain data sets with smaller sample size (n=3), the
Kruskal–Wallis test was applied (using R software, 64 bit
version 3.4.3), and data were presented in graphs showing
median and interquartile ranges. A value of P<0.05 was
considered statistically significant.

Results

Desmin Aggregation, Hypertrophic Remodeling,
and Cardiac Dysfunction in D7-Des Tg Hearts
Hearts derived from the D7-Des Tg mice showed mutant
protein aggregate formation in the pellet (insoluble) fraction
without alteration of desmin in the soluble fraction (Fig-
ure 1A). CryAB protein levels were also significantly increased
in both pools in the D7-Des Tg hearts (Figure 1A). Immunos-
taining of the D7-Des Tg hearts showed abnormal desmin
arrangements, confirming that the abnormal aggregates were

desmin positive. The aberrant desmin aggregates disrupted
the continuity and overall organization of the desmin network
(Figure 1B). The D7-Des Tg hearts showed significant inter-
stitial fibrosis as quantified by Masson’s trichrome staining
(Figure 2A) and collagen deposition detected using Sirius Red
staining compared with Ntg mice (Figure 2B). The D7-Des Tg
hearts also showed an increased level of periostin expression
that is consistent with the increased fibrosis (Figure 2C).
Heart-to-body-weight ratio confirmed cardiac hypertrophy
(Figure 2D). Consistent with these data, echocardiography
showed a significant increase in LV mass index, septal
(interventricular septum) and posterior wall thicknesses as
well as significant changes in systolic and diastolic LV
chamber dimensions in the D7-Des Tg hearts (Figure 3A
through 3L). Systolic shortening of the interventricular septum
of Ntg mice showed �31% compared with only �18% in D7-
Des mice. Systolic shortening of the posterior wall showed
�32% for Ntg and �20% for D7-Des Tg, suggesting that the
D7-Des Tg hearts were not only thicker at end diastole, but
they also failed to contract to the same degree as Ntg
(thicken up) in systole. Interestingly, the degree of cardiac
dysfunction in the 6-month-old D7-Des Tg mice used in this
study was significantly worse than reported in a previous
study,10 likely because of the older age of our cohorts.
Overall, the D7-Des Tg mice showed desmin aggregate
formation, adverse cardiac hypertrophic remodeling, and
defective cardiac contractile function recapitulating aspects
of human desminopathies.

Aberrant Mitochondrial Fission in D7-Des Tg
Hearts
Ultrastructural analysis by electron microscopy showed that
mitochondria are well organized and in a regular pattern along
the sarcomeres in Ntg hearts. In contrast, D7-Des Tg mice
showed highly perturbed mitochondrial spatial organization
(Figure 4A). Relative mitochondrial DNA (mtDNA) content
measured as a function of total genomic DNA (nDNA) in
hearts of D7-Des Tg was significantly increased compared
with Ntg (Figure 4B). Given the alterations in mitochondrial
morphology and mtDNA copy number, we hypothesized an
impaired balance of fission/fusion and investigated the effect
of D7-Des overexpression on mitochondrial fission (ie, DRP1
and Fis1) and fusion proteins (ie, OPA1, and Mfn2).
Immunoblot analysis revealed that DRP1, Phospho-DRP1,
FIS1, Mff, and MFN2 were significantly increased in whole cell
lysates from D7-Des Tg hearts compared with Ntg (Fig-
ure 4C). There were no significant changes in OPA1 and Tim
23 levels. We also observed significantly increased expression
of DRP1, MFN2, Mff, and Tim 23 in the mitochondrial fraction
in D7-Des Tg hearts compared with Ntg (Figure 4D). There
were no significant changes in OPA1, OMA1, Fis1, and Tom20
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levels in the mitochondrial fraction. Ponceau-S staining of the
Western blots was used to confirm equivalent loading. The
increased number of mitochondria indicated by TOM20 and
mtDNA is likely because of aberrant mitochondrial fission
without any effect on expression of the mitochondrial
biogenesis factor PGC-1a in the D7-Des Tg hearts (Figure 4C).

Mitochondrial Respiratory Dysfunction in the
D7-Des Tg Mouse
The abnormal mitochondrial morphology and distribution in
D7-Des Tg mice pointed to potential mitochondrial dysfunc-
tion. To ascertain this, we isolated mitochondria from both
D7-Des Tg and Ntg mouse hearts and measured mitochondrial
respiration. Real-time OCRs in isolated mitochondria show
that basal respiration, representing the sum of all physiolog-
ical mitochondrial oxygen consumption, was decreased in the
D7-Des Tg samples, indicating lower respiratory function
compared with Ntg hearts (Figure 5A and 5B). The injection of
oligomycin, an ATP synthase inhibitor, leads to a decrease in
basal respiration that is reflective of oxygen consumption
used to generate ATP (Figure 5C). In addition to low basal
respiration, D7-Des Tg mitochondria presented a very low
ATP-linked OCR (Figure 5C), indicating only a small contribu-
tion of mitochondria toward ATP generation in these cells. The
addition of FCCP uncouples respiration from oxidative phos-
phorylation and allows for the measurement of maximal OCR,
which was lower in D7-Des Tg mitochondria (Figure 5D),
indicating lower overall mitochondrial activity. The extent of

nonmitochondrial oxygen-consuming processes was esti-
mated by inhibiting the respiratory chain with rotenone and
antimycin A and therefore, the non-mitochondrial respiration-
was also significantly lower D7-Des Tg mitochondria (Fig-
ure 5E). The respiratory reserve capacity, calculated by
subtracting basal OCR from FCCP-stimulated OCR, was
significantly lower in D7-Des Tg mitochondria (Figure 5F),
and ATP turnover measured by ATP-linked respiration sub-
tracted from the basal OCR was significantly decreased in D7-
Des Tg mitochondria (Figure 5G). The maximum respiration
calculated by nonmitochondrial respiration subtracted from
FCCP-stimulated OCR was also significantly lower in D7-Des
Tg mitochondria (Figure 5H). We conclude that mitochondria
isolated from D7-Des hearts are functionally compromised.

Because the D7-Des Tg hearts showed defective mito-
chondrial respiration, we compared OXPHOS protein levels in
whole cell lysates and the mitochondrial fractions using
6-month-old D7-Des Tg and Ntg mice hearts of mixed sex.
D7-Des Tg hearts showed significantly increased levels of
Complex III and II in the whole cell lysates, and Complex V and
III subunits in mitochondrial fractions (Figure 6A and 6B). No
significant changes were observed in the expression of
pyruvate dehydrogenase complex proteins except E3 bp in
the mitochondrial fractions (Figure 6A and 6B). Actin was
used to confirm the purity of the mitochondrial fraction and
Cox IV was used as a marker for the mitochondrial fraction.
Ponceau S staining of proteins was used to confirm equal
loading (Figure 6A). Measurement of mitochondrial ATP
production and cellular ATP levels demonstrated a

Figure 1. Desmin expression in D7-Des Tg mice hearts. A, Western blot analysis of desmin and aB-
crystallin protein expression in the soluble and insoluble protein fractions derived from 6-month-old D7-Des
Tg and Ntg hearts. n=5 mice per group. B, Confocal microscopy images of immunostaining of desmin (red) in
heart sections showing aberrant desmin aggregates in D7-Des Tg cardiomyocytes (Scale bars: 5 lm). CryAB
indicates aB-Crystallin; D7-Des Tg, mutant desmin transgenic mouse; Ntg, non-transgenic.
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significantly lower ATP pool in the D7-Des Tg hearts
(Figure 6C). Collectively, we find that the defective mitochon-
drial respiration in the D7-Des Tg hearts is associated with
altered expression of OXPHOS proteins.

Activation of Apoptosis in the D7-Des Tg Heart
Previous data showed that mitochondrial dysfunction in mutant
aB-Crystallin mouse models of DRC correlated with opening of
the MPTP and activation of apoptotic cell death.13,30 MPTP

opening results in mitochondrial swelling, eventually rupturing
the outer mitochondrial membrane, releasing potent apopto-
gens into the cytoplasm and triggering apoptotic cell death.
Mitochondrial swelling is classically determined by challenging
isolated mitochondria with calcium and measuring the
decrease in light scattering.31 We isolated mitochondria from
the hearts of D7-Des Tg as well as Ntg mice at 6 months of age,
and examined their ability to undergo calcium-induced swelling.
Mitochondria isolated from D7-Des Tg hearts showed signif-
icantly decreased baseline absorption, indicating increased

Figure 2. D7-Des expression results in cardiac hypertrophy and fibrosis. A, Representative micrographs
of Masson’s trichrome-stained LV myocardium and quantification of the cardiac fibrosis in Ntg and D7-Des
Tg hearts (n=5 mice per group). B, Representative micrographs of Sirius Red–stained LV myocardium and
quantification of the myocardial collagen deposition in Ntg and D7-Des Tg hearts (n=5 mice per group). C,
Representative Western blot and densitometric quantification showing significantly increased expression of
periostin in D7-Des Tg hearts (n=5 mice per group). D, Heart-weight-to-body-weight ratios (HW/BW)
showing LV hypertrophy in the D7-Des Tg hearts (n≥6 or more mice per group). Bars represent mean�SEM.
P values were determined by Tukey’s post hoc test. Scale bars: 50 lm. D7-Des Tg indicates mutant desmin
transgenic mouse; LV, left ventricular; Ntg, non-transgenic.
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swelling under basal conditions. In addition, D7-Des Tg
mitochondria showed a dramatically attenuated response after
addition of calcium compared with Ntg hearts (Figure 7A). We
performed parallel experiments using Calcium Green-5N to
measure mitochondrial calcium retention capacity to test the
calcium threshold needed to trigger MPTP opening.32 Calcium
pulses of 20 nmol/mg of mitochondrial protein resulted in a

rapid increase in Calcium Green-5N fluorescence followed by a
decline in the fluorescence intensity of the calcium sensor, and
this decline in fluorescence corresponded to mitochondrial
calcium uptake (Figure 7B). With increasingmitochondrial Ca2+

loading, extramitochondrial Ca2+ starts accumulating until the
addition of Ca2+ leads to a sustained Ca2+ increase, indicating a
massive release of mitochondrial Ca2+. Mitochondrial Ca2+

Figure 3. M-mode echocardiography indices of cardiac structure and function in 6-month-old D7-Des Tg
mice. A, Heart rate (beats/min), (B) Left ventricular (LV) mass. (C) Percent fractional shortening (%FS). D,
Percent ejection fraction (%EF). E and F, LV interventricular septum diastolic (IVS;d) and systolic (IVS;s)
thickness. G and H, LV posterior wall diastolic (LVPW;d) and systolic (LVPW;s) thickness. I and J, LV diastolic
(LV Vol;d) and systolic volume (LV Vol;s). K and L, LV internal dimension in end-diastole (LVID;d) and end-
systole (LVIDs). Bars represent mean�SEM. n=10 mice per group. P value vs Ntg mice by Tukey’s post hoc
test. D7-Des Tg indicates mutant desmin transgenic mouse; NS, not significant; Ntg, non-transgenic.
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retention capacity was quantitated as the amount of Ca2+

required to trigger a massive Ca2+ release by the mitochondria
resulting from MPTP opening. The D7-Des heart mitochondria
showed significantly lower mitochondrial calcium retention
capacity compared with Ntg mitochondria (Figure 7B). Mito-
chondrial swelling andMPTP opening can result in apoptosis via
the mitochondrial localization of Bax. We measured Bax in both

the whole cell and mitochondrial fractions and observed
increased Bax levels in both fractions in the D7-Des Tg hearts
(Figure 7C). We also observed increased expression of cleaved
PARP1, CHOP, and p62 in the D7-Des Tg hearts compared with
Ntg (Figure 7D). Thus, the cellular toxicity in D7-Des Tg hearts
is associated with mitochondria-mediated activation of apop-
totic pathways.

Figure 4. Aberrant mitochondrial fission and altered expression of fission regulatory proteins in D7-Des
Tg hearts. A, Representative transmission electron micrographs of hearts from D7-Des Tg mice (Scale bars:
2 lm). B, Relative mtDNA content expressed compared with total genomic DNA (nDNA) in hearts of D7-Des
Tg was significantly increased compared with Ntg. Representative Western blot and densitometric
quantification of the (C) whole cell fraction and (D) mitochondrial fraction showing expression of
mitochondrial dynamic regulatory proteins in the D7-Des Tg hearts: Drp1, pDrp1 (Ser 616), Fis 1, OPA1,
OMA1, MFN2, Mff, Tom20, Tim23, and PGC1a. Ponceau S protein staining of the transfer membrane
confirmed approximately equal loading across the gel. Bars represent mean�SEM. n=6 mice per group.
P values were determined by Tukey’s post hoc test. D7-Des Tg indicates mutant desmin transgenic mouse;
mtDNA, mitochondrial DNA; NS, not significant; Ntg, non-transgenic.
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D7-Des Overexpression in Cardiomyocytes
Induces Mitochondrial Fission and Respiratory
Dysfunction

To determine whether D7-Des expression directly results in
altered mitochondrial fission and respiratory dysfunction, we

overexpressed D7-Des in NRCs via adenoviral-mediated
infections (0–10 multiplicities of infection) (Figure 8A and
8B). Similar to D7-Des Tg hearts, adenoviral-mediated D7-Des
overexpression in NRCs increased desmin aggregate forma-
tion (Figure 8C). D7-Des overexpression significantly
increased Drp1 expression (Figure 8D), Bax expression

Figure 5. Suppression of mitochondrial respiration in D7-Des Tg mice hearts. A, Mitochondrial oxygen
consumption rate (OCR) profiles in isolated mitochondria from 6-month-old Ntg and D7-Des Tg hearts. Arrow
indicates the sequential addition of oligomycin (1 lmol/L), FCCP (4 lmol/L), and rotenone (0.5 lmol/L)
plus antimycin A (0.5 lmol/L). OCR profiles are expressed as pmol O2/min per lg of protein. Graph shows
OCR under (B) baseline as well as with the addition of (C) oligomycin, (D) FCCP, and (E) rotenone plus
antimycin A. Key parameters of mitochondrial function, including (F) reserve capacity, (G) ATP turnover, and
(H) maximal respiration were significantly decreased in D7-Des Tg mice. n=3 mice per group. Boxes
represent interquartile ranges, lines represent medians, whiskers represent ranges, and P values were
determined by Kruskal–Wallis test. D7-Des Tg indicates mutant desmin transgenic mouse; FCCP, carbonyl
cyanide-p-trifluoromethoxy-phenylhydrazone; Ntg, non-transgenic.
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Figure 6. Impaired OXPHOS protein expression and ATP content in the D7-Des Tg hearts.
A, Representative Western blot showing expression of Complex I, Complex II, Complex III,
Complex V, and PDH complex protein derived from the mitochondrial fractions isolated
from 6-month-old D7-Des Tg hearts. Ponceau S protein stain of the transfer membrane was
used to confirm approximately equal loading. Actin was used as a whole cell lysate and COX
IV as a mitochondrial marker to indicate the purity of the fractionation. B, Densitometric
quantification of OXPHOS complex and PDH complex protein. C, Mitochondrial and whole
cellular ATP content in the D7-Des Tg hearts. n=3 mice per group. Boxes represent
interquartile ranges, lines represent medians, whiskers represent ranges, and P values were
determined by Kruskal–Wallis test. D7-Des Tg indicates mutant desmin transgenic mouse;
NS, not significant; Ntg, non-transgenic; PDH, pyruvate dehydrogenase.
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Figure 7. Altered mitochondrial swelling and calcium retention capacity in D7-Des Tg hearts. A, Representative images of
calcium-induced mitochondrial swelling isolated from the D7-Des Tg and Ntg hearts at 6 months of age. Mitochondrial swelling was
induced by the addition of 200 lmol/L CaCl2. The assay was performed in 3 independent experiments, and representative tracings are
shown. B, Representative traces and quantification of mitochondrial Ca2+-retention capacity of D7-Des Tg and Ntg hearts at 6 months of
age. Fluorescence reading of Ca2+ measured with Calcium Green-5N indicator in solution with subsequent addition of Ca2+ pulses of
20 nmol/mg of mitochondrial protein. Cumulative Ca2+ additions are shown at each arrowhead (n=5–6 mice per group). C, Representative
Western blot and densitometric quantification shows significantly increased Bax expression and mitochondrial localization in the D7-Des Tg
mice hearts. D, Representative Western blot and densitometric quantification showing increased expression of cleaved PARP1, CHOP, and
p62 protein isolated from the D7-Des Tg mice heart (n=6 mice per group). Bars represent mean�SEM. P values were determined by
Tukey’s post hoc test. D7-Des Tg indicates mutant desmin transgenic mouse; Ntg, non-transgenic.
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(Figure 8E), and lactate dehydrogenase release, a measure of
cell death, in NRCs (Figure 8F). Immunostaining with TOM20
indicated increased fragmented mitochondria in NRCs with
D7-Des overexpression (Figure 8G). These data are consistent
with the in vivo data obtained with the Tg mice.

To ensure that the decreased OCR we observed in D7-Des
hearts (Figure 5A) was not an artifact caused by the
mitochondrial isolation process, we measured OCR in intact
NRCs expressing either D7-Des or b-galactosidase (Fig-
ure 9A). NRCs expressing D7-Des showed a dose-dependent
decrease in OCR at baseline (Figure 9B) as well as with the
addition of oligomycin, FCCP, and rotenone plus antimycin A
(Figure 9C–9E). Critical parameters of mitochondrial function
including reserve capacity, ATP turnover, and maximal respi-
ration (Figure 9F–9H) were also dose-dependently decreased
in D7-Des expressing NRCs. We are thus able to demonstrate
that adenoviral-mediated D7-Des expression in NRCs signif-
icantly increased mitochondrial fission and respiratory dys-
function, recapitulating the D7-Des Tg heart data.

Inhibition of Mitochondrial Fission in
Cardiomyocytes Rescues D7-Des
Overexpression-Induced Mitochondrial
Dysfunction
To test whether aberrant mitochondrial fission in the D7-Des
Tg hearts is responsible for mitochondrial dysfunction and
cellular toxicity, we used the mitochondrial fission inhibitor,
mdivi-133, in NRCs. Earlier studies using mdivi-1 at a
concentration of 10 lmol/L reported no toxic effects in
cultured neurons.34,35 Therefore, we treated the NRCs with
different concentrations of mdivi-1 (1, 5, and 10 lmol/L) or
the same volume of vehicle (dimethyl sulfoxide) to determine
whether mitochondrial fission inhibition by mdivi-1 affects
mitochondrial respiration and cellular toxicity. We did not
detect any toxic effects of midivi-1 in uninfected NRCs on the
mitochondrial respiratory profile (Figure 10A–10H) or cellular
toxicity as measured by lactate dehydrogenase release
(Figure 10I) at doses of 1 to 10 lmol/L. We then treated
the D7-Des expressing NRCs with 5 lmol/L mdivi-1 or
vehicle (dimethyl sulfoxide) for 24 hours. Treatments with
mdivi-1 significantly decreased Drp1 expression, indicating
inhibition of mitochondrial fission (Figure 11A). We also
observed decreased expression of Bax and CHOP (Fig-
ure 11B) as well as lactate dehydrogenase release (Fig-
ure 11C) indicating cellular protection by mdivi-1 treatment.
Desmin protein in the pellet (aggregated protein) fraction was
also significantly decreased by mdivi-1 treatment (Fig-
ure 11D). Desmin expression in the whole cell fraction was
not significantly different with or without mdivi-1 treatment,
suggesting that mdivi-1 did not affect D7-Des adenovirus
infection or the virus ability to drive protein expression, and

Ponceau S protein stain of the transfer membrane was used
to confirm approximately equal loading (Figure 11E).

To test whether inhibition of mitochondrial fission by mdivi-
1 could rescue the mitochondrial respiratory defects in D7-
Des expressing NRCs, we measured mitochondrial respiration
in the presence of 5 lmol/L mdivi-1 or vehicle (dimethyl
sulfoxide) for 24 hours. mdivi-1-mediated inhibition of mito-
chondrial fission significantly increased OCR at baseline
(Figure 12A and 12B) as well as with the addition of
oligomycin, FCCP, and rotenone plus antimycin A (Figure 12C
through 12E). Critical parameters of mitochondrial function
including reserve capacity, ATP turnover, and maximal respi-
ration (Figure 12F–12H) were significantly increased in the
mdivi-1-treated group. Therefore, inhibition of mitochondrial
fission by mdivi-1 treatment rescued D7-Des expression-
induced aberrant mitochondrial fission and respiratory
dysfunction.

Discussion
Desmin is the main intermediate filament protein in car-
diomyocytes, accounting for 2% of total cellular protein,
forming a 3-dimensional scaffold around the myofibrillar
Z-disc, and interconnecting the contractile apparatus with the
subsarcolemmal cytoskeleton, the nuclei, and other orga-
nelles. Desmin mutations can result in various myopathies
that are characterized by desmin network disorganization,
accumulation of insoluble desmin-containing aggregates, and
sarcomere disarray.9,36,37 Expression of the 7 amino acid
deletion (R173–E179) mutation in desmin leads to a
desminopathy characterized by defects in skeletal, cardiac,
and smooth muscle.38,39 These patients are at risk for
cerebrovascular accidents and may develop generalized
muscle weakness, respiratory failure, and intestinal pseudo-
obstruction that can lead to death.38,39 Ultrastructural
analysis of postmortem muscles show characteristic myofib-
rillar disruption and aggregation of desmin filaments in the
myocardium.38,39 In addition, mitochondrial dysfunction
occurs early and acts causally in a wide variety of human
protein aggregate disease pathogenesis affecting the central
nervous system40,41 and striated muscle tissue.16,42 Muscle
biopsy specimens from human desminopathies and myofib-
rillar myopathies showed evidence of mitochondrial
pathology.43,44 Moreover, patients with mutations in desmin,
aB-crystallin, filamin-C, myotilin, ZASP, FHL1, and plectin,
which are all causative of myofibrillar myopathies, showed
mitochondrial dysfunction.36 The functional relationship
between altered mitochondrial dynamics and function caused
by these disease-causing mutations remains mostly unknown
in the majority of these diseases.

The link between mitochondrial dysfunction and
desminopathy is reflected by defects in mitochondrial
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Figure 8. D7-Des overexpression in NRCs. A, Overexpression of D7-Des (indicated by
arrow) in NRCs by adenoviral-mediated infection at 1.0, 2.5, 5.0, and 10.0 MOI. B,
Coomassie staining shows the D7-Des protein (indicated by arrow). C, Pellet (insoluble)
fractionshowsaccumulateddesmin indicatingaggregation.D,Drp1expression intheNRCs
is consistent with increasedmitochondrial fission. E, Expression of Bax and CHOP in NRCs
by D7-Des overexpression. F, LDH release. n=3 replicates per group. Boxes represents
interquartileranges, lines representmedians,whiskers represent ranges,andPvalueswere
determined by Kruskal–Wallis test. G, NRCs were infected with D7-Des adenovirus at 10
MOI and mitochondrial morphology was monitored by staining with mitochondrial marker
Tom 20 (Red). Tom 20 staining shows fragmented mitochondria in the D7-Des adeno-
infected NRCs (scale bar: 25 lm). D7-Des Ade indicatesmutant desmin adenovirus; LDH,
lactate dehydrogenase; MOI, multiplicity of infection; NRCs, neonatal rat cardiomyocytes.
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morphology, positioning, and respiratory enzyme function in
the desmin knockout mouse.45–47 In the present study, we
show that desminopathy is associated with aberrant
mitochondrial fission and increased expression of mito-
chondrial fission regulatory proteins both in vivo and
in vitro using D7-Des expression systems. D7-Des expres-
sion also caused a reduction in mitochondrial respiration in
both isolated mitochondria and intact cardiomyocytes.

Neurodegenerative protein aggregation diseases such as
Alzheimer disease, Huntington disease, amyotrophic lateral
sclerosis, and Parkinson disease also exhibit excessive
mitochondrial fission, producing increased levels of reactive
oxygen species and defective mitochondrial function.48–50

Biochemical studies of the causative mutant proteins
including amyloid b, phosphorylated Tau, mutant Htt,
mutant LRRK2, or mutant DJ1 document interactions with

Figure 9. Suppression of mitochondrial respiration by adenovirus overexpression of D7-Des in NRCs. A,
Mitochondrial OCR profile in NRCs infected with D7-Des adenovirus at 2.5, 5.0, and 10.0 multiplicities of
infection or control adenovirus (b-Gal). Arrows indicate the sequential addition of oligomycin (1 lmol/L),
FCCP (4 lmol/L), and rotenone (0.5 lmol/L) plus antimycin A (0.5 lmol/L). OCR profile is expressed as
pmol O2/min per lg of protein. Graph showing OCR at (B) baseline as well as with the addition of (C)
oligomycin, (D) FCCP, and (E) rotenone plus antimycin A. Key parameters of mitochondrial function include
(F) reserve capacity, (G) ATP turnover, and (H) maximal respiration. Bars represent mean�SEM. n=5 wells
per group. P values were determined by Tukey’s post hoc test. D7-Des Tg indicates mutant desmin
transgenic mouse; FCCP, carbonyl cyanide-p-trifluoromethoxy-phenylhydrazone; NRCs, neonatal rat
cardiomyocytes; NS, not significant; OCR, oxygen consumption rate.
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mitochondria in affected neurons. These interactions are
primarily responsible for increased free-radical levels, ulti-
mately causing an impairment of mitochondrial dynamics,
dysfunction, and neuronal damage. Future studies will be

directed towards understanding whether D7-Des acts in a
similar fashion.

Mitochondrial fission is regulated and maintained by Drp1
GTPase. Drp1 is a cytosolic protein that is translocated to the

Figure 10. Effects of mitochondrial fission inhibitor mdivi-1 on mitochondrial respiration in NRCs. A,
Mitochondrial oxygen consumption rate (OCR) profile in NRCs treated with 1, 5, and 10 lmol/L mdivi-1
treatment for 24 hours in NRCs. Arrows indicate the sequential addition of oligomycin (1 lmol/L), FCCP
(4 lmol/L), and rotenone (0.5 lmol/L) plus antimycin A (0.5 lmol/L). OCR profile is expressed as pmol
O2/min per lg of protein. Graph shows OCR at (B) baseline as well as with the addition of (C) oligomycin,
(D) FCCP, and (E) rotenone plus antimycin A. Key parameters of mitochondrial function including (F) reserve
capacity, (G) ATP turnover, and (H) maximal respiration were not significantly changed by mdivi-1 treatment.
I, LDH release in the medium with increasing dose of mdivi-1. Bars represent mean�SEM. n=5 wells per
group. P values were determined by Tukey’s post hoc test. FCCP indicates carbonyl cyanide-p-
trifluoromethoxy-phenylhydrazone; LDH, lactate dehydrogenase; NRC, neonatal rat cardiomyocyte.
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Figure 11. Mitochondrial fission inhibition by mdivi-1 in D7-Des overexpressed NRCs. A,
Representative Western blot and densitometric quantification showing Drp1, OPA1, and PGC1a
expression after 5 lmol/L mdivi-1 or vehicle for 24 hours in D7-Des overexpressed
cardiomyocytes. B, Expression of Bax and CHOP in the whole cell lysate, and (C) LDH release
in the medium after 5 lmol/L mdivi-1 or vehicle treatment. D, Desmin expression in the pellet
fraction was significantly decreased after mdivi-1 treatment. E, Desmin expression in the whole
cell fraction was not significantly changed after mdivi-1 treatment. Ponceau S protein stain of the
transfer membrane was used to confirm approximately equal loading. n=3 replicates per group.
Boxes represents interquartile ranges, lines represent medians, whiskers represent ranges, and P
values were determined by Kruskal–Wallis test. LDH indicates lactate dehydrogenase; MOI,
multiplicities of infection; NRCs, neonatal rat cardiomyocytes; NS, not significant.
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outer membrane of the mitochondria where it interacts with
multiple proteins, including Fis1 and Mff. We found that DRP1,
phospho-DRP1, FIS1, and Mff were significantly increased in
D7-Des Tg hearts compared with Ntg. Aberrant mitochondrial
fission may involve several possible mechanisms such as
excessive production of reactive oxygen species and activa-
tion of fission regulatory proteins. Studies on Huntington

disease pathogenesis showed altered mitochondrial dynam-
ics, fragmentation of mitochondria, subsequent mitochondrial
dysfunction, and cellular death in Huntington disease–af-
fected neurons. Studies also showed that Huntington disease
interacts with the mitochondrial fission protein Drp1, and
elevates levels of GTPase Drp1, resulting in increased fission
and reduced fusion in Huntington disease–affected neurons.

Figure 12. Mitochondrial fission inhibition by mdivi-1 preserved mitochondrial respiration in D7-Des
overexpressed NRCs. A, Mitochondrial oxygen consumption rate (OCR) profile in NRCs treated with
5 lmol/L mdivi-1 or vehicle for 24 hours in D7-Des overexpressed cardiomyocytes. Arrow indicates the
sequential addition of oligomycin (1 lmol/L), FCCP (4 lmol/L), and rotenone (0.5 lmol/L) plus antimycin
A (0.5 lmol/L). OCR profile is expressed as pmol O2/min per lg of protein. Graph shows OCR under (B)
baseline as well as with the addition of (C) oligomycin, (D) FCCP, and (E) rotenone plus antimycin A. Critical
parameters of mitochondrial function including (F) reserve capacity, (G) ATP turnover, and (H) maximal
respiration were significantly rescued by mdivi-1 treatment in D7-Des overexpressed NRCs. Bars represent
mean�SEM. n=5 wells per group. P values were determined by Tukey’s post hoc test. FCCP indicates
carbonyl cyanide-p-trifluoromethoxy-phenylhydrazone; NRCs, neonatal rat cardiomyocytes; NS, not
significant.
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Future studies are needed to define whether D7-Des directly
interacts with Drp1 and regulates GTPase Drp1 enzymatic
activity, which in turn increases mitochondrial fission and
creates an imbalance in mitochondrial dynamics.

Mitochondrial translocation of Bax is a crucial step for
inducing apoptotic cell death via the intrinsic apoptotic
pathway. We found that D7-Des overexpression is associated
with mitochondrial localization of Bax along with the mito-
chondrial fission protein Drp1. Studies showed that Bax and
Drp1 are binding partners, and Drp1 promotes mitochondrial
translocation of Bax.51 Though both Bax and Drp1 translocate
to discrete foci on the mitochondria, studies showed that
mitochondrial Bax participates in apoptotic fragmentation of
mitochondria by stabilizing Drp1.52–54 Mitochondrial Drp1
promotes Bax oligomerization and leads to cytochrome C
release from mitochondria.55 Therefore, we used the mito-
chondrial division inhibitor mdivi-1, which is known to
selectively inhibit mitochondrial fission by Drp1 (18). Mdivi-1
was reported to inhibit the activity of the mitochondrial fission
regulator Drp1 and also impedes apoptosis early in the
intrinsic pathway by blocking Bax/Bak-dependent mitochon-
drial outer membrane permeabilization.33 Moreover, studies
also showed that mdivi-1 also blocks pro-apoptotic
Bax-dependent cytochrome C release from isolated
mitochondria33 and attenuates neural cell death in vitro and
in vivo.56,57 In the current study, we found that mdivi-1
inhibited Drp1-mediated mitochondrial fission, decreased Bax
expression, and significantly improved mitochondrial respira-
tion, resulting in decreased cell death induced by D7-Des in
cardiomyocytes.

The degree of cardiac dysfunction observed in D7-Des Tg
mice used in this study was significantly worse than reported
in previous study, likely because of the older age of our
cohorts.10 Reduction in mitochondrial OCR in D7-Des heart
mitochondria could result from defects in mitochondrial
substrate uptake, pyruvate dehydrogenase activity, the activ-
ity of the entire TCA cycle, or the flux through the electron
transport chain. Therefore, further studies are needed to
define the role of D7-Des proteotoxicity on cardiac mitochon-
drial substrate preference. A potential technical limitation of
the ATP measurements carried out in this study is that
increased fibrosis in D7-Des hearts may result in differential
shearing forces during the homogenization step, thereby
affecting measured ATP levels. An additional limitation of our
study is that while there has been no report of midivi-1
exerting a direct effect on protein aggregation and disaggre-
gation, our experiments were not able to differentiate the
potential for the protein directly affecting these processes in a
mitochondria-independent way. Similarly, the reduction in
aggregated desmin in mdivi-1-treated cardiomyocytes also
suggests a possible role of Drp1 activity in regulating
aggregate formation. Future studies will be directed towards

understanding the direct role of Drp1 on D7-Des aggregate
formation and the subsequent conservation of cardiac
contractile function.

Taken together, our data suggest that aberrant mitochon-
drial fission is maladaptive in cardiac muscle in protein
aggregation disease. Earlier studies of DRC animal models
showed that the desmin aggregates and sarcomere disarray
accompany and are partially responsible for impairment of
cardiomyocyte contractility,58,59 but these ultrastructural
changes do not lead to cardiomyocyte cell death by them-
selves.58 Our data support the hypothesis that aberrant
mitochondrial fission is likely involved in mitochondrial
dysfunction and the apoptotic cell death associated with
desminopathy. Small molecule inhibition of mitochondrial
fission significantly improved mitochondrial respiration and
decreased cell death, suggesting a causal role for aberrant
mitochondrial fission in desminopathy. Given the critical role
of mitochondria in heart, it is very likely that aberrant
mitochondrial fission may be a common pathway leading to
cellular dysfunction critical to various myofibrillar diseases.
Overall, our data indicate that inhibition of mitochondrial
fission may be a valuable therapeutic target of DRCs.
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