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ABSTRACT
We previously reported that facilitating the clearance of damaged mitochondria through
macroautophagy/autophagy protects against acute myocardial infarction. Here we characterize the
impact of exercise, a safe strategy against cardiovascular disease, on cardiac autophagy and its
contribution to mitochondrial quality control, bioenergetics and oxidative damage in a post-myocardial
infarction-induced heart failure animal model. We found that failing hearts displayed reduced autophagic
flux depicted by accumulation of autophagy-related markers and loss of responsiveness to chloroquine
treatment at 4 and 12 wk after myocardial infarction. These changes were accompanied by accumulation
of fragmented mitochondria with reduced O2 consumption, elevated H2O2 release and increased Ca2C-
induced mitochondrial permeability transition pore opening. Of interest, disruption of autophagic flux was
sufficient to decrease cardiac mitochondrial function in sham-treated animals and increase cardiomyocyte
toxicity upon mitochondrial stress. Importantly, 8 wk of exercise training, starting 4 wk after myocardial
infarction at a time when autophagy and mitochondrial oxidative capacity were already impaired,
improved cardiac autophagic flux. These changes were followed by reduced mitochondrial number:size
ratio, increased mitochondrial bioenergetics and better cardiac function. Moreover, exercise training
increased cardiac mitochondrial number, size and oxidative capacity without affecting autophagic flux in
sham-treated animals. Further supporting an autophagy mechanism for exercise-induced improvements
of mitochondrial bioenergetics in heart failure, acute in vivo inhibition of autophagic flux was sufficient to
mitigate the increased mitochondrial oxidative capacity triggered by exercise in failing hearts. Collectively,
our findings uncover the potential contribution of exercise in restoring cardiac autophagy flux in heart
failure, which is associated with better mitochondrial quality control, bioenergetics and cardiac function.
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Introduction

Heart failure is a major public health problem worldwide. The
development of pharmacological and nonpharmacological tools
has dramatically improved the clinical outcome of patients with
heart failure.1 However, these interventions generally provide
symptomatic relief, and do not necessarily prevent or reverse
molecular changes that occur in cardiac cells.2 Therefore, the
development and optimization of therapeutic strategies capable
of tackling fundamental mechanisms involving the pathophysi-
ology of heart failure are critical for better survival and quality
of life.

Despite the fact that mechanisms underlying both pathogen-
esis and progression of heart failure are multiple and complex,
recent research provides convincing evidence that defective
mitochondria are a hallmark of cardiomyocyte dysfunction.3,4

The maintenance of mitochondrial bioenergetic efficiency

through a dynamically integrated quality control axis seems to
be crucial to keep cardiomyocytes functionally viable.5-7 Mito-
chondrial fusion-fission and mitophagy are key players of mito-
chondrial quality control in cardiac cells, which allows
functionally impaired mitochondria to be rescued or eliminated
upon metabolic stress.6,8,9 Indeed, disruption of critical mito-
chondrial quality control mechanisms such as sequestration,
sorting and elimination of dysfunctional mitochondria leads to
heart failure.10-12

Exercise is a well-known nonpharmacological intervention
capable of improving cardiovascular fitness in both healthy and
diseased individuals.13,14 Long-term exercise training was dem-
onstrated to confer sustained improvement in quality of life
and reduction in both hospitalization and cardiac death in
heart failure patients.15 Overall, exercise benefits are triggered
by increased energy expenditure having an impact on
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mitochondrial metabolism, with subsequent effects on a wide
range of intracellular signaling processes.16-18 However, the
impact of exercise on mitochondrial quality control mecha-
nisms during either physiological or pathological conditions is
still unknown. In general, it is expected that mitochondrial
quality control has evolved within the same mechanisms that
regulate bioenergetic efficiency, given that disruption of mito-
chondrial quality control mitigates metabolic benefits of
increased energy expenditure.19,20

The question arises as to whether there is any synergy
between cardiac mitochondrial quality control and bioenergetic
efficiency in heart failure and whether this connectivity drives
the improved cardiovascular fitness induced by exercise. In this
study, we explored the impact of exercise on cardiac mitochon-
drial quality control in healthy and failing hearts. The results
indicate that failing hearts present pro-fission mitochondrial
dynamics imbalance along with impaired autophagic flux. As
expected, mitochondrial quality control disruption was associ-
ated with accumulation of dysfunctional mitochondria, but

over a period of 8 wk of exercise this scenario was counterbal-
anced by improved cardiac autophagic flux and the re-estab-
lishment of a pool of healthy mitochondria, which contributed
to improved heart failure prognosis.

Results

Exercise rescues mitochondrial health in failing hearts

To investigate whether heart failure pathophysiology is associ-
ated with changes in cardiac mitochondrial health, we first eval-
uated mitochondrial metabolism, mitochondrial permeability
transition and redox balance in a rat model of myocardial
infarction (Fig. 1A). All measurements were done in the nonin-
farcted (remote) cardiac area 12 wk after coronary artery liga-
tion. At this stage, post-myocardial infarction animals
presented signs of heart failure such as contractile dysfunction,
enlarged left ventricle, wall thinning and fetal gene reprogram-
ming (Fig. 1B-C and Table S1). These changes were

Figure 1. Exercise rescues mitochondrial health and improves cardiac function in heart failure. (A) Schematic panel illustrating the study design: male Wistar rats were
submitted to myocardial infarction (MI) or sham surgery. Four wk later physiological parameters were evaluated and rats were randomly assigned into sedentary sham-
treated (control), sedentary heart failure (HF) and exercised heart failure (HF-Ex) groups. HF-Ex rats were trained on a treadmill over 8 wk. At the end of the protocol,
12 wk after surgery, physiological parameters, cardiac structure, autophagy, mitochondrial dynamics and mitochondrial function were assessed. (B) Cardiac Nppa mRNA
levels and (C) cardiac function, assessed by M-mode echocardiography in control, HF and HF-Ex rats. (D) O2 consumption in cardiac-isolated mitochondria, (E) cardiac ATP
levels in heart lysate and (F) maximal Ca2C uptake in cardiac-isolated mitochondria from control, HF and HF-Ex rats. (G) H2O2 release per O2 consumption (H2O2:O2) in
state 3 and state 4 respiratory rates in cardiac-isolated mitochondria, (H) mitochondrial O2

¡ production and representative confocal images in isolated cardiomyocytes
stained with MitoSOX Red and (I) lipid peroxidation, protein carbonyl and 4-HNE-protein adducts in heart lysate from control, HF and HF-Ex rats. Data are presented as
mean § SEM.�, p < 0.05 vs. control; #, p < 0.05 vs. HF rats, and, p < 0.05 vs. HF rats without cyclosporin A.
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accompanied by a dramatic reduction in cardiac mitochondrial
bioenergetic efficiency, decreased ATP levels, increased sensi-
tivity to Ca2C-induced mitochondrial permeability transition,
excessive release of mitochondrial reactive oxygen species,
exacerbated lipid peroxidation and consequent accumulation
of both 4-hydroxynonenal (4-HNE)-protein adducts and pro-
tein carbonyls in heart failure (Fig. 1D-I).

Next, we determined whether exercise could improve mito-
chondrial health in heart failure. Overall, 8 wk of exercise
improved oxidative phosphorylation efficiency, re-established
cardiac ATP levels, increased tolerance to Ca2C-induced mito-
chondrial permeability transition, reduced mitochondrial reac-
tive oxygen species release and re-established redox
homeostasis (Fig. 1D-I and S1). It is important to mention that
exercise started 4 wk after coronary artery ligation at a time
when heart failure and mitochondrial dysfunction were already
present (Fig. S2A-C and Table S1). Exercise also improved car-
diac mitochondrial metabolism, reduced mitochondrial reac-
tive oxygen species release and increased tolerance to Ca2C-
induced mitochondrial permeability transition in sham-treated
animals (Fig. S3A-F). Exercise had no impact on mitochondrial
membrane potential in both sham-treated and heart failure
groups (Fig. S3J and S4A-B).

Together, these findings reinforce our previous data showing
that better mitochondrial health due to exercise is an important
outcome for improving cardiovascular diseases.16 However,
how exercise improves the overall mitochondrial bioenergetic
efficiency and resistance to stress in failing hearts remains an
open question. One possible explanation for the benefits of
exercise in cardiac cells could be related to the maintenance of
a healthy mitochondrial population through quality control
mechanisms. Therefore, we next characterized the impact of
exercise on mitochondrial quality control in heart failure.

Exercise re-establishes mitochondrial fission-fusion
balance and reduces the accumulation of fragmented
mitochondria in heart failure

First, we assessed mitochondrial morphology due to previous
reports showing that mitochondrial architecture is directly
affected by the disruption of quality control mechanisms in car-
diac diseases.6 We found that failing hearts display a dramatic
increase in mitochondrial number:size ratio, resulting in accu-
mulation of smaller and spherical (fragmented) mitochondria
(Fig. 2A). Despite changes in number and size, mitochondrial
electron density and membrane potential were unaltered in fail-
ing hearts compared with healthy animals (Fig. 2A and S4A-B).

Next, we determined whether exercise affects mitochondrial
morphology in failing hearts. Cardiac mitochondria from exer-
cised heart failure animals decreased in number and increased
in size compared with nonexercised heart failure animals
(Fig. 2A). As expected, exercise increased cardiac mitochon-
drial number in exercised sham-treated animals compared with
the sedentary group (Fig. S3G). It is important to highlight that
exercise increased cardiac mitochondrial electron density and
content in both heart failure and sham-treated animals com-
pared with nonexercised groups (Fig. 2A and S3G). These find-
ings along with improved mitochondrial oxidative capacity

(Fig. 1D-E) demonstrate that exercise is sufficient to re-estab-
lish the pool of healthy mitochondria in failing hearts.

Because mitochondrial number and size are tightly regulated
by mitochondrial dynamics,21 we next measured the expression
and activity profile of the main GTPases involved in mitochon-
drial fusion and fission in the heart (MFN1 [mitofusin 1],
MFN2, and DNM1L [dynamin 1-like]).5 Both MFN1 and
MFN2, large GTPases that mediate mitochondrial fusion and
mitophagy, accumulated in failing hearts (Fig. 2B). Mitofusin
accumulation usually occurs upon proteasomal inactivation.22

Therefore, elevated MFN1 and MFN2 in failing hearts might be
a consequence of impaired proteasomal activity, as we previ-
ously demonstrated using an animal model of heart failure and
failing human hearts.16,23 Cardiac Mfn1, Mfn2 and Dnm1l
mRNA levels were significantly reduced in heart failure com-
pared with sham-treated animals (Fig. S4C).

Despite increased cardiac MFN1 and MFN2 protein levels in
heart failure, their GTPase activities were significantly reduced
compared with the sham-treated group (Fig. 2C), suggesting an
accumulation of dysfunctional mitofusins. A critical role of
mitofusins for cardiac physiology was recently reported, where
genetic disruption of Mfn1 and Mfn2 results in accumulation
of fragmented mitochondria and leads to lethal heart failure in
mice.21,24 In contrast, DNM1L GTPase activity was increased
in failing hearts, as well as its translocation to the mitochon-
drial fraction (Fig. 2B-C). Overall, our findings suggest a mito-
chondrial fission-fusion imbalance in heart failure, favoring a
pro-fission scenario accompanied by impaired mitochondrial
oxidative capacity and excessive oxidative stress.

Next, we determined whether exercise affects mitochon-
drial dynamics in failing hearts. Eight weeks of exercise
decreased accumulation of MFN1 and MFN2 in failing
hearts. These results are explained, at least in part, by the
positive effect of exercise in maintaining proteasomal activ-
ity in failing hearts.16 Moreover, exercise restored MFN1,
MFN2 and DNM1L GTPase activities in failing hearts
(Fig. 2B-C) and reversed the decreased DNM1L transloca-
tion to the mitochondria. These changes occurred in paral-
lel to the re-establishment of the mitochondrial number:size
ratio, bioenergetics efficiency and redox balance (Fig. 1D-I
and Fig. 2A). In sham-treated animals, exercise increased
both DNM1L translocation to the mitochondria and activ-
ity, as well as MFN2 GTPase activity (Fig. S3H-I).

Autophagic flux is impaired in failing hearts

To better understand the overall role of exercise in regulating
mitochondrial quality control in heart failure, we next charac-
terized cardiac autophagy. Basal autophagy is essential for a
proper clearance of damaged/dysfunctional mitochondria.25

First, we measured at the end of the experimental protocol
(Fig. 1A) the expression profile of MAP1LC3A/B (microtubule-
associated protein 1 light chain 3 a/b), a key marker of auto-
phagy. MAP1LC3A/B-II (lipidated form) levels were significantly
increased in failing hearts compared with sham-treated animals
(Fig. 3A). No changes in MAP1LC3A/B-I protein and
Map1lc3a/b mRNA levels were detected among different groups
(Fig. 3A and S5A). Moreover, failing hearts accumulated other
proteins associated with autophagy such as BECN1 (Beclin 1,
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autophagy related), SQSTM1 (sequestosome 1) and PARK2
(Parkinson disease [autosomal recessive, juvenile] 2, parkin)
(Fig. 3A and S5A). We did not find accumulation of either
PARK2 or SQSTM1 in the mitochondrial fraction of failing
hearts (Fig. 3A). Considering that mitochondrial depolarization
is critical for PARK2-dependent mitophagy,26 these results can
be explained, at least in part, by the fact that mitochondrial
membrane potential was unaltered during heart failure compared
with sham-treated rats (Fig. S4A-B). Of interest, accumulation of
autophagy-related markers in failing hearts was accompanied by
a significant increase in the proteolytic activity of CTSL (cathep-
sin L) (Fig. 3B), a lysosomal enzyme expressed in the heart.
Using transmission electron microscopy, we also observed an
accumulation of lysosome-like structures in failing hearts com-
pared with sham-treated hearts (Fig. S5B).

To better understand the meaning of increased levels of auto-
phagy-related markers in heart failure, we performed an autopha-
gic flux assay27 and treated the rats at the end of the experimental
protocol with chloroquine (CHQ; 50mg.kg¡1) for 4 h to block

lysosomal function (Fig. 3C and Fig. 4D). As expected, CHQ treat-
ment increased cardiac autophagy-related markers (MAP1LC3A/
B-II and SQSTM1) in sham-treated animals (Fig. 4F), but not in
those experiencing heart failure (Fig. 3E). These findings provide
evidence that autophagic flux is impaired in failing hearts.

Next, we evaluated whether reduced autophagic flux is
associated with accumulation of damaged mitochondria in
heart failure. First, pharmacological disruption of autophagic
flux was enough to decrease cardiac mitochondrial bioener-
getic efficiency in sham-treated animals (Fig. 4E). In contrast,
4 h of CHQ treatment did not worsen mitochondrial dysfunc-
tion during heart failure (Fig. 3D). Of interest, transmission
electron microscopy images provided evidence of excessive
accumulation of fragmented mitochondria associated with
lysosome-like structures in failing hearts (Fig. S5B). Overall,
these findings suggest that reduced autophagic flux is associ-
ated with impaired cardiac bioenergetics through accumula-
tion of dysfunctional mitochondria in both healthy and failing
hearts.

Figure 2. Exercise re-establishes mitochondrial fission-fusion balance in failing hearts. (A) Representative images of cardiac mitochondrial morphology (S, sarcomere; M,
mitochondria), quantification of mitochondrial number and area, and frequency distribution of mitochondrial area evaluated by transmission electron microscopy, and
protein levels of mitochondrial electron transport chain (ETC) complex I (NDUFA9), complex III (UQCRC1) and complex V (ATP5A1) in heart lysate from sedentary sham-
treated (control), sedentary heart failure (HF) and exercised heart failure (HF-Ex) rat hearts. (B) MFN1, MFN2 and DNM1L protein levels in heart lysate and DNM1L protein
levels in cardiac-isolated mitochondria from control, HF and HF-Ex rats. (C) MFN1, MFN2 and DNM1L GTPase activity in cardiac-isolated mitochondria from control, HF
and HF-Ex rats. Data are presented as mean § SEM. �, p < 0.05 vs. control; #, p < 0.05 vs. HF rats. LC, light chain.
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Exercise re-establishes autophagic flux in failing hearts

Next, we determined whether exercise affects autophagy in fail-
ing hearts. Eight wk of exercise, starting 4 wk after coronary
artery ligation at a time when impaired autophagic flux and
mitochondrial dysfunction were already present (Fig. S2), did
not affect mRNA transcript levels of autophagy related-genes in
failing hearts (Fig. S5A). However, exercise significantly reduced
cardiac MAP1LC3A/B-II, BECN1 and SQSTM1 protein levels
during heart failure (Fig. 3A), suggesting an improvement in the
cardiac autophagic flux. Exercise also decreased cardiac protein
levels of SQSTM1, but not other autophagy-related markers, in

sham-treated animals (Fig. 4B). Of interest, exercise training sig-
nificantly increased CTSL activity in both sham-treated and
heart failure animals (Fig. 3B and Fig. 4C).

To test whether exercise training affects cardiac autophagic
flux we treated at the end of the experimental protocol (Fig. 3C
and Fig. 4D) both exercised heart failure and exercised sham-
treated rats with CHQ for 4 h and measured cardiac levels of
autophagy-related markers. Exercise re-established cardiac
responsiveness to CHQ treatment in heart failure animals dem-
onstrated by a significant CHQ-induced accumulation of
MAP1LC3A/B-II and SQSTM1 in exercised heart failure ani-
mals compared with non-exercised heart failure animals

Figure 3. Exercise re-establishes autophagic flux in failing hearts. (A) Protein levels of BNIP3, PARK2, SQSTM1, BECN1 and MAP1LC3A/B in heart lysate and BNIP3, PARK2
and SQSTM1 in isolated mitochondria from sedentary sham-treated (control), sedentary heart failure (HF) and exercised heart failure (HF-Ex) rat hearts. (B) Cardiac CTSL
activity in control, HF and HF-Ex rats. Data are presented as mean § SEM.�, p < 0.05 vs. control; #, p < 0.05 vs. HF rats. (C) Schematic panel illustrating the study design:
male Wistar rats were submitted to myocardial infarction (MI) surgery. 4 wk later rats were randomly assigned into sedentary heart failure (HF) and exercised heart failure
(HF-Ex) groups. Exercised heart failure rats were trained on a treadmill over 8 wk. At the end of the protocol, 12 wk after surgery, rats were treated with a single intraperi-
toneal injection containing CHQ (50 mg.kg¡1) to inhibit autophagic flux. Four h after injection animals were killed and autophagy-related markers and mitochondrial func-
tion were assessed. (D) O2 consumption in cardiac-isolated mitochondria and (E) protein levels of autophagy-related markers (MAP1LC3A/B and SQSTM1) in heart lysate
from HF and HF-Ex rats treated with saline (¡) or CHQ (C). Data are presented as mean § SEM. #, p < 0.05 vs. HF (¡) rats; $, p < 0.05 vs. HF-Ex (¡) rats.
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(Fig. 3E). Of interest, exercise did not change autophagic flux in
sham-treated animals (Fig. 4F). These findings provide evi-
dence that 8 wk of exercise is sufficient to re-establish cardiac
autophagic flux in a rat model of heart failure.

Next, we evaluated whether increased cardiac mitochondrial
oxidative capacity seen in exercised heart failure animals was
associated with the re-establishment of autophagic flux. Sup-
porting an autophagy mechanism for exercise-induced
improvements in mitochondrial bioenergetics, 4 h of CHQ
treatment was enough to mitigate the increased mitochondrial

oxidative capacity triggered by exercise training in heart-failure
animals (Fig. 3D). Of interest, CHQ also reduced the benefits
of exercise with regard to mitochondrial bioenergetics in sham-
treated animals (Fig. 4E). Finally, the re-establishment of car-
diac mitochondrial quality control in exercised heart failure
was associated with fewer fragmented mitochondria associated
with lysosome-like structures in failing hearts (Fig. S5B).

Because heart failure and exercise affected both mito-
chondrial dynamics and autophagy, we next used differenti-
ated H9c2 cells (a cell line established from rat embryonic

Figure 4. Exercise does not change autophagic flux in healthy hearts. (A) Schematic panel illustrating the study design: male Wistar rats were submitted to physiological
parameters evaluation and were randomly assigned into sedentary sham-treated (control) and exercised sham-treated (Ex) groups. Exercised rats were trained on a tread-
mill over 8 wk. At the end of the protocol, physiological parameters, cardiac structure, autophagy, mitochondrial dynamics and mitochondrial function were assessed. (B)
Protein levels of BNIP3, PARK2, SQSTM1, BECN1 and MAP1LC3A/B in heart lysate and BNIP3, PARK2 and SQSTM1 in isolated mitochondria from sedentary (control) and
exercised (Ex) rat hearts. (C) Cardiac CTSL activity in control and Ex rats. Data are presented as mean § SEM.�, p < 0.05 vs. control. (D) Schematic panel illustrating the
study design: male Wistar rats were randomly assigned into control and Ex groups. Exercised rats were trained on a treadmill over 8 wk. At the end of the protocol, rats
were treated with a single intraperitoneal injection containing CHQ (50 mg.kg¡1) to inhibit autophagic flux. Four h after injection animals were killed and autophagy-
related markers and mitochondrial function were assessed. (E) O2 consumption in cardiac-isolated mitochondria and (F) protein levels of autophagy-related markers
(MAP1LC3A/B and SQSTM1) in heart lysate from control and Ex rats treated with saline (¡) or CHQ (C). Data are presented as mean § SEM.�, p < 0.05 vs. control (¡)
rats. #, p < 0.05 vs. Ex (¡) rats.
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ventricular tissue) (Fig. 5A) to better understand the iso-
lated impact of each system on mitochondrial health and
cellular viability. Differentiation of H9c2 myoblasts into
myotubes was validated by a significant increase of cardio-
myocyte markers such as cardiac sarcomeric proteins
(TNNI3 [troponin I, cardiac 3] and ACTC1 [actin, a car-
diac muscle 1]), calcium transporters (CACNA1A [calcium
channel, voltage-dependent, P/Q type, a 1A subunit]) and
mitochondrial components (COX4I1 [cytochrome c oxidase
subunit IV isoform 1] and PARK2) (Fig. 5B).

Next, we determined whether disruption of either mito-
chondrial fission-fusion or autophagy affects cell viability upon
mitochondrial stress (AAO; antimycin A C oligomycin for 6
h), mimicking our heart failure model. For that, differentiated
H9c2 cells were transfected with small interfering RNA
(siRNA) targeting mitochondrial fission (si-Dnm1l), mitochon-
drial fusion (si-Mfn1 and si-Mfn2) or autophagy-related
(si-Atg7) genes (Fig. 5C). The knockdown of mitochondrial
dynamics-related genes significantly increased cytotoxicity
upon AAO-induced mitochondrial stress compared with con-
trol (nonspecific siRNA [siScr]) cells (Fig. 5C). Of interest,
reduction of autophagic flux by knocking down ATG7 had a
prominent increase in H9c2 cytotoxicity compared with other
groups (Fig. 5C). Supporting an autophagy mechanism for
impaired mitochondrial bioenergetics-induced cytotoxicity,
pharmacological inhibition of autophagy using bafilomycin A1

(50 nM for 2 h) exacerbated H9c2 cytotoxicity in all groups
(Fig. 5C), including those treated with siRNA for mitochondrial
fission-fusion-related genes. These findings reinforce our in
vivo model showing that autophagy is critical for the mainte-
nance of cardiac myocyte viability upon stress. These findings

highlight the benefits of exercise as a strategy to improve auto-
phagy and restore mitochondrial bioenergetics to mitigate the
effects of heart failure (Fig. 3D).

Discussion

Heart failure is a multifactorial syndrome and represents a
major and growing public health problem. Despite advances in
pharmacological and nonpharmacological interventions, the
incidence and prevalence of heart failure continue to increase.1

Consequently, critical mechanisms related to the establishment
and progression of heart failure must be extensively studied.

Considering their critical role in ATP generation, redox bal-
ance, Ca2C homeostasis and cell death, mitochondria have
become an attractive target for novel therapies against heart
failure. The maintenance of mitochondrial bioenergetics relies
on a dynamically integrated quality control axis that allows seg-
regation of damaged mitochondria, which are further seques-
tered and removed by autophagy. Disruption of genes that
regulate mitochondrial quality control mechanisms such as
mitochondrial fusion, fission or mitophagy reduces both myo-
cardial functionality and viability.21,24,25,28-30 We have recently
reported that either inhibition of excessive mitochondrial frag-
mentation or improvement of mitochondrial clearance protects
against acute cardiac ischemia-reperfusion injury.6,8 These
findings demonstrate the pivotal role of mitochondrial quality
control mechanisms in the maintenance of myocardial homeo-
stasis and protection against acute stress.

Here, using an in vivo model of postmyocardial infarction-
induced heart failure, we provided evidence that failing hearts
exhibit disrupted mitochondrial quality control, characterized

Figure 5. Downregulation of mitochondrial dynamics- or autophagy-related genes exacerbates mitochondrial dysfunction-induced cytotoxicity in H9c2 cells. (A) Sche-
matic panel illustrating the study design and representative images of morphological changes after the differentiation protocol in H9c2 cells. H9c2 cells were differenti-
ated from myoblasts by reducing FBS from 10% to 1% for 7 d. To improve cardiac myocyte yield, the media was daily supplemented in the dark with 10 nM retinoic acid.
(B) Protein levels of specific markers of cardiac differentiation TNNI3, ACTC1, CACNA1A, COX4I1 and PARK2 in H9c2 myoblasts (Blast) and H9c2 differentiated (Diff) cells.
Data are presented as mean § SEM. �, p < 0.05 vs. Blast. (C) H9c2 differentiated cells were transfected with siRNA targeting Dnm1l (si-Dnm1l), Mfn1 (si-Mfn1), Mfn2
(si-Mfn2), Atg7 (si-Atg7) or with a nonspecific siRNA control (si-Scr). LDH release was measured after 6-h treatment with antimycin A C oligomycin (AAO; 5 mM each) or 2-
h treatment with bafilomycin A1 (50 nM) followed by 6 h with AAO. Data are presented as mean § SEM. �, p < 0.05 vs. si-Scr; #, p < 0.05 vs. si-Dnm1l, si-Mfn1 and si-
Mfn2; $, p < 0.05 vs. AAO.
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by loss of mitochondrial fusion/fission balance and reduced
autophagic flux. These changes were followed by increased
mitochondrial fragmentation with reduced bioenergetic effi-
ciency and excessive oxidative stress. Moreover, we demon-
strated that 8 wk of exercise training re-established both
autophagic flux and the pool of healthy mitochondria in failing
hearts, characterized by the increased efficiency of mitochon-
drial oxidative phosphorylation. Further supporting an auto-
phagy mechanism for exercise-induced improvements in
mitochondrial bioenergetics, acute inhibition of autophagic
flux using CHQ was sufficient to abrogate the increased mito-
chondrial oxidative capacity triggered by exercise training in a
heart failure model. In sham-treated animals, exercise
improved both mitochondrial content and oxidative capacity
without affecting autophagic flux. These findings suggest that
improved mitochondrial oxidative capacity as well as mito-
chondrial biogenesis observed in exercised sham-treated ani-
mals appears to occur by a mechanism independent of changes
in autophagic function. However, acute CHQ treatment was
sufficient to abolish the increased mitochondrial oxidative
capacity triggered by exercise. Future studies exploring the con-
tribution of autophagy to exercise-induced mitochondrial
changes under physiological conditions are required.

Autophagy is a dynamic process essential for the mainte-
nance of cardiac function. Changes in autophagic activity can
exacerbate or mitigate cardiac pathophysiology. Activation of
autophagy protects the heart against acute ischemia-reperfu-
sion injury.8,31 In contrast, impaired autophagy is associated
with ventricular dysfunction and cardiomyocyte death upon
ischemia-reperfusion injury.32,33 During chronic conditions
(i.e., heart failure), impaired autophagy seems to contribute to
myocardial degeneration. Evidence supporting the detrimental
role of autophagy in heart failure emerged from ultrastructural
analysis of hearts explanted from end-stage heart failure
patients. These studies demonstrated that failing hearts accu-
mulate autophagic vacuoles, which are associated with
increased levels of polyubiquitinated proteins, vacuole-associ-
ated mitochondria and reduced integrity of cardiac myofib-
ers.34,35 However, those findings do not necessarily provide
evidence of increased autophagy during heart failure. Accumu-
lation of autophagic vacuoles could instead be a consequence of
impaired autophagic flux.27

Our study provides evidence that increased protein levels of
autophagy-related markers along with the accumulation of
lysosome-like structures in heart failure are related to impaired
autophagic flux instead of excessive autophagy. In fact, block-
ing autophagic flux using CHQ increased cardiac levels of
MAP1LC3A/B-II, BECN1 and SQSTM1 in sham-treated, but
not in heart failure animals. The loss of responsiveness to CHQ
treatment was previously demonstrated in hearts exposed to
ischemia-reperfusion injury.32 A similar phenotype of accumu-
lation of cardiac autophagic vacuoles has been found in mice
lacking LAMP2 (lysosomal-associated membrane protein 2),
which is an important constituent of the lysosomal mem-
brane30 or CTSL, a lysosomal cysteine protease within the myo-
cardium. Either LAMP2 or CTSL deficiency causes impaired
autophagic flux and cardiomyopathy in rodents and
humans.29,30,36,37 Of interest, we found an increased cardiac
CTSL activity in heart failure animals compared with sham-

treated, suggesting a compensatory mechanism due to impaired
autophagic flux. However, future studies are required to vali-
date this hypothesis.

We also reported that failing hearts accumulated autophagic
vacuole-associated fragmented mitochondria, suggesting a defect
in mitochondria recruitment and uptake by lysosomes. This sce-
nario was accompanied by accumulation of fragmented mito-
chondria with reduced bioenergetic efficiency and oxidative
stress. Of interest, CHQ-induced disruption of autophagic flux
did not exacerbate the already poor mitochondrial function and
oxidative stress seen during heart failure. In contrast, 4 h of
CHQ treatment was sufficient to reduce mitochondrial bioener-
getic efficiency in sham-treated animals. Our findings suggest
that autophagy is critical for the maintenance of cardiac mito-
chondrial bioenergetics. We speculate that disrupted autophagic
flux along with accumulation of dysfunctional mitochondria is
linked to impaired mitophagy—an essential catabolic process
involving elimination of mitochondria by lysosomes.

Together, these data indicate that loss of autophagic flux is
detrimental to the maintenance of a healthy mitochondrial
population, which contributes to the pathophysiology of heart
failure. In fact, recent evidence demonstrates that activation of
autophagy is critical to remove damaged mitochondria and
protect the heart against acute and chronic stresses such as
ischemia-reperfusion injury5 and cardiac proteinopathy,38

respectively. Moreover, knocking out individual genes involved
in the formation of autophagosomes (i.e., Becn1, Atg5 or
Pik3c3/Vps34), fusion with lysosomes (i.e., Lamp2) or lyso-
somal proteolysis (i.e., Ctsl) results in the accumulation of dam-
aged mitochondria and development of cardiac dysfunction in
mice.25,28-30

Finally, we found that 8 wk of exercise, starting 4 wk after
myocardial infarction at a time when impaired autophagic flux
and mitochondrial dysfunction were already present, improved
mitochondrial quality control by re-establishing both mito-
chondrial fission-fusion balance and autophagic flux. Overall,
these changes contributed to the maintenance of a healthy
mitochondrial population, which positively affected cardiac
metabolism, redox balance and contractility properties of fail-
ing hearts. Moreover, exercise improved cardiac CTSL activity
in both sham-treated and heart failure groups; increased
cathepsin activity is associated with protection against patho-
logical cardiac remodeling.39

Different groups recently reported the positive impact of
exercise in activating cardiac autophagy.38,40 Voluntary running
was shown to be sufficient to improve autophagy and increase
survival in mice with cardiac proteinopathy.38 Moreover,
impaired exercise-induced autophagy reduced running perfor-
mance in transgenic mice.40 Our results using a moderate
intensity running exercise provide new evidence that regular
(5 d/wk) exercise re-establishes both autophagic flux and mito-
chondrial dynamics in a heart failure model, which contributes
to the maintenance of cardiac bioenergetic efficiency and heart
failure outcome. We speculate that maintenance of autophagic
efficiency is critical for the exercise-induced metabolic adjust-
ments, mainly triggered by increased energy expenditure hav-
ing an impact on mitochondrial health.

Overall, our study provides insights into the benefits of exer-
cise in regulating mitochondrial quality control to mitigate the
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effects of heart failure. We find an excessive accumulation of
fragmented/dysfunctional mitochondria in failing hearts, most
likely resulting from impaired mitochondrial fusion and defec-
tive autophagy. In addition, exercise re-establishes mitochon-
drial quality control and affects the cardiac pool of healthy
mitochondria. We propose that exercise improves the synergy
between cardiac mitochondrial quality control and bioenergetic
efficiency in heart failure, therefore contributing to better dis-
ease prognosis.

Materials and methods

Study design

1) A cohort of male Wistar rats was submitted to myocardial
infarction surgery or an equal procedure without ligation of the
left anterior descending coronary artery (sham surgery).
Four wk after surgery, physiological parameters (cardiac
function, blood pressure and maximal aerobic capacity) were
evaluated and rats were randomly assigned into sedentary
sham-treated (control), sedentary heart failure (HF) and exer-
cised heart failure (HF-Ex) groups. HF-Ex rats were trained on
a treadmill over 8 wl, 5 d/wk, 60 min/d at 60% of maximal aero-
bic capacity, as described elsewhere.15 At the end of the proto-
col, 12 wk after surgery, measurements of physiological
parameters were repeated, the rats were killed and cardiac
structure, autophagy, mitochondrial dynamics and mitochon-
drial function were assessed. Another set of animals exposed to
the same experimental protocol was treated, at the end of the
protocol, 12 wk after surgery, with a single intraperitoneal
injection containing CHQ (50 mg.kg¡1) to inhibit autophagic
flux. Four h after injection rats were killed and autophagy-
related markers and mitochondrial function were assessed.
2) A cohort of male Wistar rats was submitted to physiological
parameters evaluation (cardiac function, blood pressure and
maximal aerobic capacity) and rats were randomly assigned
into sedentary sham-treated (control) and exercised sham-
treated (Ex) groups. Exercised rats were trained using the same
conditions described above. At the end of the protocol, meas-
urements of physiological parameters were repeated, the rats
were killed and cardiac structure, autophagy, mitochondrial
dynamics and mitochondrial function were assessed. Another
set of animals exposed to the same experimental protocol was
treated, at the end of the protocol, with a single intraperitoneal
injection containing CHQ (50 mg.kg¡1) to inhibit autophagic
flux. Four h after injection rats were killed and autophagy-
related markers and mitochondrial function were assessed.

Animals

A cohort of male Wistar rats (250–300 g) was selected for
the study. Rats were maintained in a 12:12-h light-dark cycle
and temperature-controlled environment (22�C) with free
access to standard laboratory chow (Nuvital Nutrientes,
Nuvilab CR-1) and tap water. This study was conducted in
accordance with the ethical principles in animal research
adopted by the Brazilian College of Animal Experimentation
(www.cobea.org.br). The animal care and protocols in this
study were reviewed and approved by the Ethics Committee of

the School of Physical Education and Sport of the University of
Sao Paulo (2009/56).

Myocardial infarction-induced heart failure model

We have chosen this model because myocardial infarction is
the underlying etiology of heart failure in nearly 70% of
patients.41 Male Wistar rats (12th wk of age), were anesthe-
tized intraperitoneally with ketamine (50 mg.kg¡1) and
xylazine (10 mg.kg¡1), endotracheally intubated, and
mechanically ventilated with room air (respiratory rate of
60–70 breaths/min and tidal volume of 2.5 mL). Left thora-
cotomy between the fourth and fifth ribs was performed
and the left anterior descending coronary artery was perma-
nently ligated.42 After the surgery, animals were monitored
daily and, as previously published,16 heart failure was
observed 4 wk after coronary artery ligation and was
defined when an animal presented pathological cardiac
remodeling accompanied by left ventricle dysfunction and
cardiac dilation (Fig. 1 and Table S1), according to the
Guidelines of American Heart Association.43 Left thoracot-
omy with equal procedure duration to that of the HF
group, but without left anterior descending coronary artery
ligation, was undertaken in the sham-treated group (control,
n D 21). After 4 wk, HF animals were randomly assigned
into sedentary (HF, n D 14) and exercise groups (HF-Ex,
n D 13) (Fig. 1A).

Cardiovascular measurements

Four and 12 wk after surgery, noninvasive cardiac function
evaluation was performed by M-mode echocardiography in
anesthetized (isoflurane 3%) rats. Briefly, rats were positioned
in the supine position with front paws wide open and ultra-
sound transmission gel was applied to the precordium. Trans-
thoracic echocardiography was performed using an Acuson
Sequoia model 512 echocardiographer (SIEMENS) equipped
with a 14-MHz linear transducer. Left ventricle systolic func-
tion was estimated by ejection fraction (EF) and fractional
shortening (FS) as follows: EF (%) D [(LVEDD3 – LVESD3)/
LVEDD3] x 100 and FS (%) D [(LVEDD – LVESD)/LVEDD] x
100, where LVEDD is the left ventricular end-diastolic diame-
ter, and LVESD is the left ventricular end-systolic diameter.

Graded treadmill exercise test and running training
protocol

All animals were submitted to graded exercise testing on a
motor treadmill adapted to experimental models before and
after the experimental period. After being adapted to treadmill
exercises and the test environment for over 1 wk (10 min each
session), rats were placed in the treadmill and allowed to accli-
matize for at least 30 min. Treadmill speed started at
6 m.min¡1 and was increased by 3 m.min¡1 every 3 min at 0%
grade until exhaustion, where rats could no longer maintain a
running speed over 3 min. This test provided the total distance
run, and peak workload was measured at the termination of the
test.44
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Exercised sham-treated (Ex) and exercised heart failure
(HF-Ex) rats performed moderate-intensity running training
on a motor treadmill over 8 wk (from 12th–20th wk of age), 5 d/
w, 60 min/d, as described elsewhere.15 Running speed and
duration of exercise were progressively increased to elicit 60%
of maximal speed (corresponding to the maximal lactate
steady-state workload) at the second wk of training.45 At the
fourth wk of training, run capacity was evaluated to readjust
exercise training intensity. Treadmill running skills were main-
tained in sedentary sham-treated (control) and sedentary heart
failure rats (HF) by treadmill running for 5 min, twice a wk.
This procedure was performed to avoid any interference of
treadmill stress on the variables studied. This latter activity did
not seem to alter maximal exercise capacity.

ATP content

ATP content in the ventricular remote area was determined by
light emission at 560 nm on a spectrofluorometer (Molecular
Devices SPECTRAmax) using a commercial luciferin-luciferase
kit (ATP Determination Kit; Invitrogen, A22066).

Mitochondrial isolation

Heart mitochondria were isolated as described by Cancherini
et al.46 Briefly, cardiac samples from a remote area were minced
and homogenized in isolation buffer (300 mM sucrose
[Amresco, 0335], 10 mM HEPES, 2 mM EGTA, pH 7.2, 4�C)
containing 0.1 mg/mL of type I protease (bovine pancreas;
Sigma, P4630) to release mitochondria from within muscle
fibers and later washed in the same buffer in the presence of
1 mg/mL bovine serum albumin (Amresco, 0332). The suspen-
sion was homogenized in a 40 mL tissue grinder and centri-
fuged at 950 g for 5 min. The resulting supernatant was
centrifuged at 9500 g for 10 min. The mitochondrial pellet was
washed, resuspended in isolation buffer and submitted to a
new centrifugation (9500 g for 10 min). The mitochondrial pel-
let was washed and the final pellet was resuspended in a mini-
mal volume of isolation buffer.

Mitochondrial function

Mitochondrial function was assessed in isolated cardiac mito-
chondria from a remote area as described elsewhere.47 All
experiments with isolated mitochondria (0.125 mg mitochon-
drial protein/mL) were monitored in experimental buffer con-
taining 125 mM sucrose, 65 mM KCl, 10 mM HEPES, 2 mM
inorganic phosphate, 2 mM MgCl2, 100 mM EGTA, 0.01%
BSA, pH 7.2 and were made in the presence of succinate
(Sigma, S3674), malate (Sigma, M1000) and glutamate (Sigma,
G1251) substrates (2 mM of each) with continuous stirring at
37�C.

Mitochondrial O2 consumption was monitored using a
computer-interfaced Clark-type electrode (OROBOROS,
Oxygraph-2k). ADP (1 mM; Amresco, 0160) was added to
induce state 3 respiratory rates. A subsequent addition of
oligomycin (1 mg.mL¡1; Sigma, 4876) was used to deter-
mine state 4 rates. Respiratory control ratios were calculated
by the ratio state 3:state 4. Additionally, 0.1 mM carbonyl

cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP; Enzo,
BML-CM120) was added to evaluate O2 consumption dur-
ing the mitochondrial uncoupling state.47

Mitochondrial Ca2C uptake was measured by monitoring
Calcium Green (100 mM; Molecular Probes, C3010MP) fluo-
rescence with consecutive additions of 50 mM CaCl2 until the
mitochondria failed to reduce extramitochondrial Ca2C. The
fluorescence was monitored using a fluorescence spectropho-
tometer (F-2500, Hitachi) operating at excitation and emission
wavelengths of 506 and 532 nm, respectively, and slit widths of
5.0 nm.48 We therefore plotted a calibration curve that corre-
lates fluorescence and Ca2C concentration.

Mitochondrial H2O2 release was measured using an Amplex
Red (25 mM; Molecular Probes, A12222)-horseradish peroxidase
(0.5 U.mL¡1; Sigma, P8125) system.47 Amplex Red is oxidized
in the presence of extramitochondrial horseradish peroxidase
bound to H2O2, generating resorufin, which can be detected
using a fluorescence spectrophotometer (ʎex D 563/ʎem
D 587 nm) (F-2500, Hitachi). In an attempt to estimate H2O2

release during state 3 and state 4 respiratory rates, and during
the uncoupling state, we added ADP (1 mM), oligomycin
(1 mg.mL¡1) and FCCP (0.1 mM), respectively. Calibration was
conducted by adding H2O2 at known concentrations (A240 D
43.6 M¡1.cm¡1) to the experimental buffer.

Mitochondrial inner membrane potential was estimated
through fluorescence changes of 5 mM safranin O (Amresco,
0574) (ʎex D 485/ʎem D 586 nm) in the presence of oligomycin
using a fluorescence spectrophotometer (F-2500, Hitachi), as
described previously.49 Data obtained were calibrated using a
potassium gradient.

Adult cardiomyocyte isolation

Adult ventricular myocytes were freshly isolated as described
previously.23 Briefly, hearts were removed and perfused via the
Langendorff method with Ca2C-free modified Tyrode solution
(130 mM NaCl, 5.4 mM KCl, 25 mM HEPES, 0.33 mM
NaH2PO4, 1 mM MgCl2, 1 mM lactic acid [Sigma, L6402],
3 mM sodium pyruvate, 22 mM glucose, pH 7.4) supplemented
with 10 U.L¡1 insulin (Sigma, I4011) until the blood was
washed out. Hearts were then perfused with modified Tyrode
solution containing type 2 collagenase (Worthington,
LS004177), removed from the perfusion apparatus, minced
into 1-mm chunks and stirred. Cells were then filtered through
a 200-mm mesh, and extracellular Ca2C concentration was
raised to 1.8 mM through 3 centrifuge cycles. Cells were stored
in Dulbecco’s modified Eagle’s medium; Sigma, D6429) until
they were used for experiments.

Mitochondrial superoxide anion production

Mitochondrial superoxide anion (O2
¡) production was

quantified in isolated cardiomyocytes. Isolated cardiomyo-
cytes were incubated at 37�C for 30 min with 3 mM Mito-
SOX Red (Molecular Probes, M7513). The cells were then
washed, mounted and viewed with a laser scanning confocal
microscope and mitochondrial superoxide production was
estimated through fluorescence changes (ʎex D 510/ʎem
D 580 nm) (n D 3 per group, 15 cells per rat). Experiments
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were performed at room temperature (22–24�C). Images
were obtained using the ZEISS Meta confocal microscope
(Zeiss 510 Meta) from CAPI (Centro de Aquisiç~ao e Proc-
essamento de Imagens ICB/UFMG).

Lipid hydroperoxidation

Lipid hydroperoxides were evaluated in heart lysate from a
remote area using the thiobarbituric acid reactive substances
assay, as described in the Oxi-Tek TBARS Assay Kit (Zeptome-
trix, 22–156–701). Thiobarbituric acid reacts with malondialde-
hyde, an end product of lipid peroxidation, generating a
fluorescent product.

Immunoblotting

Protein levels were measured by immunoblotting in heart
lysate and mitochondrial fraction from the ventricular
remote area, and in the whole lysate of H9c2 cells. Briefly,
samples were subjected to SDS-PAGE in polyacrylamide
gels (6–15%) depending upon protein molecular weight.
After electrophoresis, proteins were electrotransferred onto
nitrocellulose membranes. Equal gel loading and transfer
efficiency were monitored using 0.5% Ponceau S staining of
blot membrane. Blotted membrane was then blocked (5%
nonfat dry milk, 10 mM Tris-HCl, pH 7.6, 150 mM NaCl,
0.1% Tween 20 [Amresco, M147]) for 2 h at room tempera-
ture and then incubated overnight at 4�C with specific anti-
bodies against 4-HNE (4-hydroxy-2-nonenal; Calbiochem
393207), ACTC1 (Santa Cruz Biotechnology, sc-58670),
ATP5A1 (ATP synthase, HC transporting, mitochondrial F1
complex, a subunit 1; Abcam, ab14748), ATG7 (Novus Bio-
logicals, MAB6608), BECN1 (Cell Signaling Technology,
3738S), BNIP3 (Cell Signaling Technology, 3769S), CAC-
NA1A (Boster Biotechnology, PA2292), COX4I1 (Santa
Cruz Biotechnology, sc-58348), DNM1L (Biosciences, BD-
611113), GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase; Advanced Immunochemical, RGM2), MAP1LC3A/B
(Cell Signaling Technology, 4108S), MFN1 (Abnova,
H00055669-M04), MFN2 (Abnova, H00009927-M01),
NDUFA9 (NADH dehydrogenase [ubiquinone] 1 a sub-
complex, 9; Mitosciences, MS111), PARK2 (Santa Cruz Bio-
technology, sc-32282), SQSTM1 (Cell Signaling Technology,
5114S), TNNI3 (Santa Cruz Biotechnology, sc-365446),
UQCRC1 (ubiquinol-cytochrome c reductase core protein 1;
Mitosciences, MS303) and VDAC1 (voltage-dependent
anion channel 1; Santa Cruz Biotechnology, sc-32063).
Binding of the primary antibody was detected with the use
of peroxidase-conjugated secondary antibodies (rabbit,
mouse or goat, depending on the protein, for 2 h at room
temperature; Thermo Fisher Scientific, 31460, 31430 and
A27014) and developed using enhanced chemiluminescence
detected by autoradiography. Oxidized proteins levels were
assessed using an OxyBlot Protein Oxidation Kit (Millipore,
S7150). Quantification analysis of blots was performed with
the use of NIH ImageJ software. Samples were normalized
to relative changes in GAPDH (heart lysate), VDAC1
(mitochondrial fraction) or Ponceau S (H9c2 cells) and
expressed as percentage of the control group.

Transmission electron microscopy

Rat hearts were fixed, embedded and stained as described previ-
ously.50 Small blocks (5 blocks per animal) from a cardiac
remote area were cut and fixed with 2% glutaraldehyde and 4%
paraformaldehyde in sodium cacodylate buffer, pH 7.3 for 1 h
at room temperature and cut into»1-mm3 blocks. After several
buffer washes, samples were post-fixed in 2% osmium tetroxide
and 1% uranyl acetate for 2 h, rinsed in water, dehydrated
through ascending concentrations of ethanol followed by 100%
acetone, and then infiltrated and embedded in Eponate 12 (Ted
Pella, NC0541169). Final blocks were used to evaluate mito-
chondrial and lysosomal number and morphology. Images
were acquired using a JEOL1230 Gatan 967 CCD transmission
electron microscope at 80kV and a Gatan Orius 4k X 4k digital
camera (Gatan). We performed qualitative analysis in at least
10 fields per rat (3 rats per group).

Mitochondrial morphology

Mitochondrial distribution was quantified in adult isolated car-
diomyocytes. Cells were incubated at 37�C for 30 min with
200 nM MitoTracker Green (Molecular Probes, M7514),
washed, mounted and viewed with a laser scanning confocal
microscope. Cardiac mitochondria were visualized through
fluorescence changes (ʎex D 490/ʎem D 516 nm) (n D 3 per
group, 15 cells per rat). Experiments were performed at room
temperature (22–24�C). Images were obtained using the ZEISS
Meta confocal microscope (Zeiss, 510 Meta) from CAPI (Cen-
tro de Aquisiç~ao e Processamento de Imagens ICB/UFMG).

GTPase activity

MFN1, MFN2 and DNM1L were immunoprecipitated from a
mitochondrial fraction of rat hearts. GTPase activity was
assessed using a GTPase Assay Kit (Innova Biosciences, 602).
Briefly, the mitochondrial fraction of rat heart (250 mg protein)
was incubated in 1 mL immunoprecipitation (IP) lysis buffer
(150 mM NaCl, 5 mM EDTA, 10 mM Tris-HCl, 0.1% Triton
X-100 [Sigma, X-100], pH 7.4) with antibodies against MFN1,
MFN2 and DNM1L for 3 h at 4�C, followed by incubation with
protein G PLUS-agarose beads (Santa Cruz Biotechnology, sc-
2002) for 1 h at 4�C. After low speed centrifugation, 2300 g for
3 min at room temperature, the pellet was washed 3 times in
1 mL IP lysis buffer with low speed centrifugation after each
wash. The immunoprecipitate was kept in 10 mL of IP lysis
buffer. GTPase activity was normalized to the immunoprecipi-
tate, measured by immunoblotting.

CTSL activity

CTSL activity was determined in 25 mg of a mitochondria- and
lysosomes-enriched cardiac fraction by fluorescence excitation
at 400 nm and emission at 505 nm on a Molecular Devices
SPECTRAmax spectrofluorometer using a commercially avail-
able kit (Cathepsin L Activity Assay Kit [Fluorometric]; Abcam,
ab65306) following the manufacturer’s instructions. Data are
presented as fold change from the control group.
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Chloroquine treatment

To confirm impaired autophagy during heart failure and to test
whether autophagy contributes to mitochondrial dysfunction
we decided to inhibit the autophagic process in vivo. Four and
12 wk after surgery, 4 h before sacrifice, rats were treated with a
single intraperitoneal injection containing CHQ 50 mg.kg¡1

(Sigma, C6628). CHQ inhibits lysosomal activity and allows
the measurement of autophagic flux in vivo.51

Cell culture

H9c2 cells were maintained in Dulbecco’s modified Eagle’s
medium, supplemented with 10% (v/v) fetal bovine serum
(FBS; Life Technologies, 26140–079) and 1% (v/v) penicillin/
streptomycin (Sigma, P4333) at 37�C in 5% CO2 in 95% air.
H9c2 myoblasts have been constantly used as an alternative for
cardiomyocytes; however, their metabolism relies on glycolysis.
Considering that adult heart maintains a predominantly mito-
chondrial oxidative metabolism,52 and H9c2 cells have the abil-
ity to differentiate toward a cardiac phenotype,53 we
differentiate H9c2 cells by culturing them in low serum
medium (1% FBS) in the presence of retinoic acid (10 nM;
Sigma, R2625) for 7 d. The differentiation of H9c2 cells induced
cell fusion and the formation of larger cells compared with the
common spindle-to-stellate shape exhibited for myoblasts
(Fig. 5A), a morphological indication of H9c2 differentiated
cells.

siRNA transfection

Differentiated H9c2 cells were transfected with small interfer-
ing RNA (siRNA) for Atg7 (Thermo Fisher Scientific, s161900),
Dnm1l (Thermo Fisher Scientific, s220305), Mfn1 (Thermo
Fisher Scientific, s140577) and Mfn2 (Thermo Fisher Scientific,
s134143), or with a nonspecific siRNA control (Silencer Select
Negative Control; Thermo Fisher Scientific, 4390843) using
Effectene Transfection Reagent (Qiagen, B00118) following the
manufacturer’s instructions. The media was replaced after 24 h
incubation with fresh medium, and the cells were maintained
for another 24 h. Subsequently, LDH (lactate dehydrogenase)
release was measured after 6 h treatment with antimycin A
(Sigma, A8674) C oligomycin (Sigma, 04876) (5 mM each) or
2-h treatment with bafilomycin A1 (50 nM; EMD Millipore,
19–148) followed by 6 h with AAO. LDH release was deter-
mined by absorbance at 450 nm on a spectrofluorometer
(Molecular Devices SPECTRAmax) using a commercial LDH
Activity Assay Kit (Sigma, MAK066).

Statistical analysis

Data are presented as means § standard error of the mean
(SEM). Shapiro-Wilk normality test was used to verify data
normal distribution. One-way analysis of variance (ANOVA)
with a post-hoc testing by Duncan was used to analyze data
from Figs. 1, 2, 3A-B and 5C. Two-way ANOVA with a post-
hoc testing by Duncan was used to analyze data from Figs. 3D-
E and 4E-F. An unpaired Student t test was used to analyze

data from Figs. 4B-C and 5B. Statistical significance was consid-
ered achieved when the value of P was < 0.05.

Abbreviations

4-HNE 4-hydroxy-2-nonenal
AAO antimycin A C oligomycin
ACTC1 actin, a cardiac muscle 1
ATG7 autophagy-related 7
ATP5A1 ATP synthase, HC transporting, mitochondrial

F1 complex, a subunit 1
BECN1 Beclin 1, autophagy related
BNIP3 BCL2/adenovirus EiB interacting protein 3
CACNA1A calcium channel, voltage-dependent, P/Q type,

a 1A subunit
CHQ chloroquine
COX4I1 cytochrome c oxidase subunit IV isoform 1
CTSL cathepsin L; DNM1L, dynamin 1-like
Ex exercised rats
FCCP carbonyl cyanide 4-(trifluoromethoxy)

phenylhydrazone
GAPDH glyceraldehyde-3-phosphate dehydrogenase
HF heart failure
IP immunoprecipitation
LAMP2 lysosomal-associated membrane protein 2
LDH lactate dehydrogenase
MAP1LC3A microtubule-associated protein 1 light chain 3

a

MFN1 mitofusin 1
MFN2 mitofusin 2
NDUFA9 NADH dehydrogenase (ubiquinone) 1 a sub-

complex, 9
PARK2 Parkinson disease (autosomal recessive, juve-

nile) 2, parkin
SOD superoxide dismutase
SQSTM1/p62 sequestosome 1
TNNI3 troponin I, cardiac 3
UQCRC1 ubiquinol-cytochrome c reductase core protein

1
VDAC1 voltage-dependent anion channel 1
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