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Introduction

Progressive accumulation of mitochondrially-generated reactive 
oxygen species (ROS) has been proposed to be a major player 
in the pathogenesis of many chronic degenerative diseases, such 
as cardiovascular disease.1,2 Experimental evidence indicates that 
in cardiac cells, damaged and dysfunctional mitochondria can 
produce up to 10-fold more hydrogen peroxide (H

2
O

2
) than 

intact organelles.3 Although ROS is constantly being gener-
ated by several enzymatic reactions, such as those catalyzed by 
the nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase, cyclooxygenases and xanthine oxidases, the majority 
of ROS is produced as a byproduct of mitochondrial oxidative 

Autophagy is a cellular self-digestion process that mediates protein quality control and serves to protect against 
neurodegenerative disorders, infections, inflammatory diseases and cancer. Current evidence suggests that autophagy 
can selectively remove damaged organelles such as the mitochondria. Mitochondria-induced oxidative stress has 
been shown to play a major role in a wide range of pathologies in several organs, including the heart. Few studies 
have investigated whether enhanced autophagy can offer protection against mitochondrially-generated oxidative 
stress. We induced mitochondrial stress in cardiomyocytes using antimycin A (AMA), which increased mitochondrial 
superoxide generation, decreased mitochondrial membrane potential and depressed cellular respiration. In addition, 
AMA augmented nuclear DNA oxidation and cell death in cardiomyocytes. Interestingly, although oxidative stress has 
been proposed to induce autophagy, treatment with AMA did not result in stimulation of autophagy or mitophagy in 
cardiomyocytes. Our results showed that the MTOR inhibitor rapamycin induced autophagy, promoted mitochondrial 
clearance and protected cardiomyocytes from the cytotoxic effects of AMA, as assessed by apoptotic marker activation 
and viability assays in both mouse atrial HL-1 cardiomyocytes and human ventricular AC16 cells. Importantly, rapamycin 
improved mitochondrial function, as determined by cellular respiration, mitochondrial membrane potential and 
morphology analysis. Furthermore, autophagy induction by rapamycin suppressed the accumulation of ubiquitinylated 
proteins induced by AMA. Inhibition of rapamycin-induced autophagy by pharmacological or genetic interventions 
attenuated the cytoprotective effects of rapamycin against AMA. We propose that rapamycin offers cytoprotection 
against oxidative stress by a combined approach of removing dysfunctional mitochondria as well as by degrading 
damaged, ubiquitinated proteins. We conclude that autophagy induction by rapamycin could be utilized as a potential 
therapeutic strategy against oxidative stress-mediated damage in cardiomyocytes.

Upregulated autophagy protects cardiomyocytes 
from oxidative stress-induced toxicity

Debapriya Dutta,1,2 Jinze Xu,1 Jae-Sung Kim,2 William A. Dunn, Jr.3 and Christiaan Leeuwenburgh1,*

1Department of Aging and Geriatric Research; University of Florida; Gainesville, FL USA; 2Department of Surgery; University of Florida; Gainesville, FL USA;  
3Department of Anatomy and Cell Biology; University of Florida; Gainesville, FL USA

Keywords: oxidative stress, mitochondrial dysfunction, autophagy, cardiomyocytes, rapamycin, MTOR

Abbreviations: 3-MA, 3-methyladenine; 8-oxo-dGuo, 8-oxo-7,8-dihydro-2'-deoxyguanosine; 8-oxo-Guo, 8-oxo-7,8-
dihydroguanosine; Δψ

m
, mitochondrial membrane potential; AMA, antimycin A; ETC, electron transport chain; BafA1, 

bafilomycin A
1
; cytc, cytochrome c; LC3, microtubule-associated protein 1 light chain 3; MTOR, mechanistic target of rapamycin; 

MTT, 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliu.m bromide; PARP1, poly (ADP-ribose) polymerase–1; ROS, reactive 
oxygen species; TMRM, tetramethylrhodamine methyl ester; TUBB, β-tubulin; VDAC 1, voltage-dependent anion channel; 

mCAT, catalase targeted to the mitochondria

phosphorylation.4 It is believed that under physiological condi-
tions, about 0.2 to 2% of the oxygen consumed by the cell is 
converted to superoxide anions (O

2
•−) by the mitochondria, 

with complex I and III of the electron transport chain (ETC) 
being the major sites of such ROS production.5 Oxidants, in low 
amounts, can function as essential signaling molecules.6 In con-
trast, excessive ROS generation is detrimental, negatively affect-
ing the function and integrity of not only the mitochondria, but 
also of proteins, lipids and other organelles in the cytoplasm and 
potentially leading to impaired cellular homeostasis and organ 
functioning.7,8 Importantly, mitochondrial DNA is particularly 
susceptible to such oxidative damage, primarily due to its close 
proximity to the site of ROS production, the lack of protective 
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rapamycin have been demonstrated in animal models of isch-
emia/reperfusion as well as in cardiac hypertrophy.23,24 In addi-
tion, rapamycin also protects against neurodegeneration by 
mediating the removal of aggregated proteins through autophagy 
induction.25

In this study, we investigated whether autophagy induction by 
rapamycin can be beneficial against mitochondrially-generated 
oxidative stress in mouse atrial (HL-1 cells) and human ven-
tricular (AC16 cells) cardiomyocytes. Mitochondrial stress has 
been induced by antimycin A (AMA), a fungicide isolated from 
Streptomyces kitazawensis26 and known to specifically inhibit 
complex III of ETC by binding to the Qi site of cytochrome c 
reductase.27 The binding inhibits the flow of electrons through 
the ETC, generating O

2
•− in the mitochondria28 and inducing 

apoptosis.29,30 Our study showed that autophagy induction by 
rapamycin offers cytoprotective effects and improves mitochon-
drial function in AMA-treated cells and that inhibition of auto-
phagy blocks the beneficial effects of rapamycin. We propose that 
autophagy enhancement may represent a potential therapeutic 
strategy against pathological conditions involving mitochondri-
ally-generated oxidative stress.

Results

AMA increases mitochondrial O
2

•− generation and decreases 
mitochondrial membrane potential (Δψ

m
). First, we established 

the concentration of AMA needed to increase ROS generation 
in the mitochondria. Cells were pre-labeled with MitoSOX Red, 
a fluorogenic dye highly selective for the detection of O

2
•− in the 

mitochondria,31 followed by treatment with increasing concen-
trations of AMA or vehicle control. The fluorescence intensity 
was subsequently analyzed using flow cytometry. In contrast 
to vehicle-treated cells, which showed minimal MitoSOX Red 
fluorescence, treatment with AMA resulted in a dose-dependent 
increase in fluorescence intensity, with 50 μM being the lowest 
concentration required to reach statistical significance (Fig. 1A;  
p < 0.05). To confirm flow cytometry results, we performed 
confocal imaging on cells pre-labeled with MitoSOX Red and 
treated with 50 μM AMA. In contrast to vehicle-treated cells, 
which showed minimal fluorescence, treatment with 50 μM 
AMA resulted in a strong MitoSOX Red fluorescence originating 
from the mitochondria (Fig. 1B).

Next, we determined the effects of AMA on Δψ
m
. HL-1 

cells were pre-labeled with tetramethylrhodamine methyl ester 
(TMRM), a cationic, fluorogenic dye which specifically migrates 
to bioenergetically active mitochondria and fluoresces red.32 
TMRM-loaded cells were treated with increasing concentra-
tions of AMA or vehicle control and the fluorescence intensity 
of TMRM using flow cytometry. Vehicle-treated cells showed a 
strong red fluorescence, indicative of normal Δψ

m
, whereas AMA 

treatment resulted in a dose-dependent decrease in TMRM 
fluorescence (Fig. 1C). We observed that 50 μM is the lowest 
concentration of AMA required to reach statistically significant 
decreases in Δψ

m
 (p < 0.05). Confocal imaging further confirmed 

that 50 μM AMA resulted in a drastic decrease in TMRM fluo-
rescence, compared with vehicle-treated cells (Fig. 1D).

histones, a somewhat less efficient DNA repair system as com-
pared with the nucleus and a lack of introns in the mitochondrial 
genome.9 Damaged mitochondria in turn generate more ROS, 
contributing to further oxidative burden and affecting cellular 
homeostasis.

Enhanced oxidative damage to mitochondrial proteins and 
lipids has been documented in the myocardium of old rodents.10,11 
Mitochondrial dysfunction and oxidative stress are postulated 
to play a major role in the pathogenesis of cardiac left ventricu-
lar hypertrophy as well as in the progression from compensated 
left ventricular hypertrophy to heart failure.12 Mitochondria-
generated oxidative stress also plays a critical role in the patho-
genesis of myocardial damage during ischemia/reperfusion, 
which eventually progresses to cardiac dysfunction.13 Further 
evidence for the involvement of mitochondrially-generated oxi-
dative stress in mammalian heart senescence is provided by the 
observation that overexpressing the antioxidant enzyme catalase 
targeted to the mitochondria (mCAT) delays the development 
of cardiac pathology in mice.14 The rate of H

2
O

2
 generation and 

mitochondrial oxidative damage are significantly decreased in 
the heart of old mCAT mice compared with age-matched wild-
type controls.14

Apart from the intramitochondrialproteolytic system selec-
tively removing damaged proteins, the only known mechanism 
by which mitochondria can be cleared from a cell is through 
autophagy. Autophagy is a self-digestion process whereby the 
cell degrades long-lived proteins and organelles, generating 
amino acids and fatty acids that can be reutilized by the cell.15 
Autophagy begins with the formation of a double-layered phago-
phore membrane around the components to be degraded. The 
phagophore expands, eventually completely engulfing the com-
ponents and forming the autophagosome. The autophagosome 
then fuses with the lysosome, forming the autolysosome wherein 
the cargo is degraded and the digested components transported 
back to the cytoplasm by vacuolar efflux transporters.16 Growing 
evidence suggests that autophagy could specifically target dam-
aged and dysfunctional mitochondria for removal, which might 
otherwise lead to apoptotic induction.17 Additionally, autophagy 
can also remove oxidatively modified and dysfunctional pro-
teins as a bulk digestion process, thereby maintaining a “cleaner” 
cell and avoiding potential proteotoxicity arising from their 
unwanted accumulation.18 It is also worth noting that oxida-
tive stress has been proposed to induce autophagy by specifically 
regulating autophagy protein ATG4;19 however, recent studies 
also show that the type of oxidant generated and its site of origin 
are crucial factors in determining whether it would lead to auto-
phagic stimulation.20

Rapamycin is an immunosuppressant antibiotic widely used as 
an inducer of autophagy, acting through its inhibitory effect on 
the mechanistic target of rapamycin (MTOR).21 In the presence 
of nutrients and growth factors, MTOR is active, hyperphos-
phorylating and inhibiting the unc-51-like kinase 1-ATG13-RB1 
inducible coiled-coil protein (ULK1-ATG13-RB1CC1) complex 
required for the induction of autophagy.22 Rapamycin there-
fore primarily acts to remove the inhibitory effect of MTOR, 
thereby inducing autophagy. The cardioprotective properties of 
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Figure 1. For figure legend, see page 331.
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cells were incubated with BafA1 for a shorter period of time to 
avoid additional toxicity in stressed HL-1 cells. Immunoblot 
analysis showed no significant autophagic stimulation at either 
time points with any of the concentrations of AMA used  
(Figs. 2A and B; Fig. S1A and S1B). Autophagic flux was also 
not enhanced with AMA treatment (Fig. 1C). Similar results 
were obtained in human ventricular AC16 cells (Fig. S2A–C) 
and in HL-1 cells treated with lower concentrations of AMA 
(Fig. S1C and S1D).Immunoblotting results were also confirmed 
by epifluorescence imaging in GFP-LC3 expressing HL-1 cells, 
which showed no significant increases in autophagic puncta with 
AMA treatment (Fig. 2D and E). We also assessed the levels of 
autophagy proteins BECN1, ATG7 and ATG12–ATG5 con-
jugate and observed no differences in their expression levels in 
AMA-treated cells (Fig. S1E).

Since AMA treatment led to ROS generation in the mitochon-
dria, we further investigated whether it can lead to the specific 
degradation of mitochondria by mitophagy. We observed that the 
abundance of mitochondrial outer membrane protein VDAC1 
(voltage-dependent anion channel 1) was unchanged in cells 
treated with AMA, indicating no significant clearance of mito-
chondria (Fig. 2F).

Treatment with rapamycin induces autophagy in HL-1 
cells. For autophagy induction by rapamycin, cells were incu-
bated with rapamycin or vehicle control for 16 h, in the absence 
or presence of BafA1 added during the final 4 h of incubation. 
Incubation of HL-1 cardiomyocytes with rapamycin caused an 
inhibition of MTOR signaling, as shown by the disappearance of 
phospho-RPS6, one of the downstream targets of MTOR kinase  
(Fig. S3A). Rapamycin caused significant autophagic stimulation 
at a concentration of 1 μM (p < 0.01), with lower concentrations 
than 1 μM not reaching statistical significance (Fig. 3A and B). 
Autophagic stimulation by rapamycin was also observed in AC16 
cells (Figs. S3C and S3D). Importantly, autophagic flux was also 
enhanced in rapamycin-treated cells in both HL-1 and AC16 cells 
(Fig. 3C; Fig. S3E). As a further confirmation of our immunob-
lotting data, we performed epifluorescence imaging on GFP-LC3 
expressing HL-1 cells (Fig. 3D). Quantification of GFP-LC3 
puncta further confirmed induction of autophagy by rapamycin 
(Fig. 3E; p < 0.001). Furthermore, treatment with rapamycin 
decreased the abundance of both cytosolic and mitochondrial 
substrates of autophagy, assessed by SQSTM1 and VDAC1 lev-
els, respectively (Fig. 3F). To rule out the possibility that the 
decrease in VDAC1 levels was due to proteasomal degradation of 
mitochondrial outer membrane proteins, we also assessed mito-
chondrial inter-membrane space protein, cytochrome c (cytc). 

AMA treatment induces DNA oxidation and decreases cell 
viability. We next investigated whether AMA-induced ROS 
can leak out of the mitochondria and have damaging effects on 
extra-mitochondrial components. To test this, we measured the 
levels of 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxo-dGuo) 
and 8-oxo-7,8-dihydroguanosine (8-oxo-Guo) as an indicator 
of DNA and RNA oxidation, respectively.33 AMA significantly 
increased the level of DNA oxidation (Fig. 1E; p < 0.05) in 
HL-1 cells at a concentration of 50 μM. RNA oxidation tended 
to increase with all concentrations, but changes were not sta-
tistically significant (Fig. 1F; p < 0.10). Finally, the survival of 
HL-1 cells treated with increasing concentrations of AMA, as 
determined by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphen-
yltetrazolium bromide) assay at different time points, showed 
a dose- and time-dependent decrease in viability (Fig. 1G). In 
addition to being used as a viability marker, the MTT assay is 
also indicative of mitochondrial activity, as most of the dehy-
drogenases required for the reduction of MTT reside in the 
mitochondria.

Treatment with AMA does not induce autophagy. Since 
recent studies have reported a potential role of oxidative stress 
as an inducer of autophagy,19,34 we investigated whether treat-
ment with AMA can also lead to autophagic induction. All auto-
phagy assessments were conducted in the absence (steady-state) 
or presence of lysosomal inhibitor bafilomycin A

1
 (BafA1). To 

specifically measure autophagic stimulation, we arrested auto-
phagic degradation at the lysosomal-fusion step and determined 
time-dependent accumulation of autophagic vacuoles. In other 
words, to determine whether a particular intervention led to 
autophagic stimulation, we compared LC3-II/LC3-I ratios (or 
GFP-LC3 puncta) between control and the intervention group 
under +BafA1 conditions. A statistically significant increase in 
the LC3-II/LC3-I ratio under +BafA1 conditions in an interven-
tion group compared with vehicle-treated controls was indicative 
of autophagic stimulation. This method of assessing autophagic 
stimulation has been used before.35-37 To make sure that the auto-
phagosomes were being degraded in the lysosomes, we also mea-
sured autophagic flux by comparing relative increases in LC3-II/
LC3-I ratio under +BafA1 conditions in comparison to steady-
state conditions. A larger difference in the LC3-II/LC3-I ratios 
under the two conditions indicated active clearance of auto-
phagosomes by the lysosomes.

To determine whether AMA induces autophagy, HL-1 cells 
were treated with increasing concentrations of the drug for either 
4 h or 24 h in the absence or presence of BafA1 during the final 
4 h or 2 h of incubation, respectively. At the 24 h time point, 

Figure 1 (See opposite page). AMA causes cytotoxicity in HL-1 cardiomyocytes. (A) Cells were trypsinized and resuspended in fresh media followed 
by staining with 3 μM MitoSOX Red. Cells were subsequently incubated with increasing concentrations of AMA or vehicle control for 30 min followed 
by flow cytometric analysis of MitoSOX Red fluorescence. (B) Cells were incubated with 1 μg/μl Hoechst 33342 and 3 μM MitoSOX Red and subse-
quently treated with 50 μM AMA or vehicle control for 30 min, followed by confocal imaging. (C) Cells were trypsinized and resuspended in fresh media 
followed by staining with 50 nM TMRM and were subsequently incubated with increasing concentrations of AMA or vehicle control for 2 h followed by 
flow cytometric analysis of TMRM fluorescence. (D) Cells were incubated with 1 μg/ul Hoechst 33342 and 50 nM TMRM and subsequently treated with 
50 μM AMA or vehicle control for 2 h, followed by confocal imaging. (E) Cells were incubated with increasing concentrations of AMA for 2 h, and were 
trypsinized and processed for HPLC analysis of DNA (E) and RNA (F) oxidation 24 h later. Data have been normalized to vehicle-treated control. (G) Cells 
were incubated with increasing concentrations of AMA and cell viability determined using MTT assay after the indicated time points. Data have been 
normalized to vehicle-treated control. *p < 0.05; **p < 0.01, ***p < 0.001 vs. control. Data are derived from three independent experiments.
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of ubiquitinated proteins through the autophagic pathway. In 
the process, SQSTM1 is degraded through autophagy; accord-
ingly, a decrease in SQSTM1 is considered indicative of 
enhanced autophagic flux.38,39 We observed that treatment with 
AMA led to an increase in SQSTM1 levels in HL-1 cells and 
that coincubation with rapamycin decreased its accumulation  
(Fig. 4B). Finally, the results of live cell confocal imaging in HL-1 
cardiomyocytes showed colocalization of mitochondria (labeled 
with TMRM) with autophagosomes (labeled with GFP-LC3) in 

We observed that rapamycin treatment for 48 h decreased cytc 
levels in HL-1 cells (Fig. S3B).

The induction of autophagy by rapamycin was also observed 
in the presence of AMA as determined by LC3B immunoblot-
ting (Fig. 4A) in HL-1 cells. As an additional measure of auto-
phagic activity, we investigated SQSTM1/p62 abundance in 
AMA alone or AMA and rapamycin cotreated cells. SQSTM1 
binds to ubiquitinated proteins and also interacts with LC3 
through its LC3 binding motif, thereby directing the degradation 

Figure 2. Treatment with AMA does not induce autophagy in HL-1 cardiomyocytes. (A) Cells were incubated with increasing concentrations of AMA 
for 4 h, in the presence of DMSO (vehicle) or 75 nM BafA1. Cells were subsequently lysed and immunoblotted for LC3B. GAPDH is used as a loading 
control. (B) LC3-II/LC3-I ratios were calculated from three independent experiments as in (A). (C) Autophagic flux in HL-1 cells treated with AMA as in 
(A) was calculated by subtracting LC3-II/LC3-I ratios under steady-state conditions from that obtained under +BafA1 conditions. Data represents three 
independent experiments. (D) Cells were transfected with GFP-LC3 plasmid and 24 h after transfection, treated with 50 μM AMA for 4 h, in the pres-
ence of DMSO (vehicle) or 75 nM BafA1. Cells were subsequently fixed in 4% paraformaldehyde, stained with DAPI and images taken using epifluores-
ence microscope. Representative images are shown. (E) The number of GFP-LC3 puncta in each cell for (D) was counted to determine the percentage 
of cells with stimulated autophagy. (F) Cells were treated with vehicle control or 50 μM AMA for 32 h and were subsequently lysed and immunoblot-
ted for VDAC1. GAPDH is used as a loading control.
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Figure 3. Treatment with rapamycin induces autophagy in HL-1 cardiomyocytes. (A) Cells were incubated with increasing concentrations of rapamycin 
for 16 h, in the presence of DMSO (vehicle) or 75 nM BafA1, added during the final 4 h of incubation. Cells were subsequently lysed and immunoblotted 
for LC3B. TUBB is used as a loading control. (B) LC3-II/LC3-I ratios were calculated from three independent experiments as in (A). (C) Autophagic flux in 
rapamycin-treated cells were calculated by subtracting LC3-II/LC3-I ratios under steady-state conditions from that obtained under +BafA1 conditions. 
(D) Cells were transfected with GFP-LC3 plasmid and 24 h after transfection, treated with 1 μM rapamycin for 16 h, in the presence of DMSO (vehicle) 
or 75 nM BafA1, added during the final 4 h of incubation. Cells were subsequently fixed in 4% paraformaldehyde, stained with DAPI and images taken 
using epifluoresence microscope. Representative images are shown. (E) The number of GFP-LC3 puncta in each cell for (D) was counted to determine 
the percentage of cells with stimulated autophagy. (F) Cells were treated with vehicle control or 1 μM rapamycin for 48 h. Cell lysates were collected 
and immunoblotted for SQSTM1 or VDAC1. GAPDH is used as a loading control. Rapa, rapamycin. *p < 0.05, ***p < 0.001 vs. control. Data are derived 
from two to three independent experiments.
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of ubiquitinated proteins in the detergent-insoluble fraction of 
HL-1 cells and that treatment with rapamycin drastically pre-
vented such an accumulation (Fig. S5). Also, in comparison to 
vehicle-treated control cells, we observed a decreased accumula-
tion of ubiquitinated proteins in cells treated with rapamycin, 
which could be attributed to the autophagic clearance of basal 
levels of uniquitinated proteins by rapamycin.

Rapamycin protects against AMA-induced mitochondrial 
dysfunction. Since mitochondrial clearance was promoted by 

rapamycin cotreated cells, indicating mitophagy 
(Fig. 4C, right panel). Such colocalization was  
not observed in cells treated with AMA alone 
(Fig. 4C, left panel).

Rapamycin plays a protective role against 
AMA-induced toxicity. We next investigated 
whether rapamycin can protect against AMA-
induced toxicity in both HL-1 and AC16 cells. For 
experiments with HL-1 cells, cells were pretreated 
with rapamycin for 16 h, followed by addition of 
AMA in fresh media in the presence of rapamycin 
for 32 h. Viability analyses by trypan blue exclu-
sion (Fig. 5A) and MTT assay (Fig. S4A) revealed 
a drastic decrease (p < 0.01) in cell viability with 
AMA treatment, which was significantly attenu-
ated by treatment with rapamycin (p < 0.05). MTT 
assay revealed a slight decrease in cell viability due 
to rapamycin treatment alone (Fig. S4A), although 
changes were not statistically significant, and we 
believe this is due to the antiproliferative effect of 
the MTOR inhibitor per se, which led to a slightly 
decreased cell number (as opposed to cell death) in 
comparison to vehicle-treated controls. This was fur-
ther supported by the observation that there was no 
difference in the number of live cells in control and 
rapamycin-treated cells, when viability was assessed 
by trypan blue exclusion assay (Fig. 5A). For experi-
ments with AC16 cells, cells were either treated with 
AMA alone or coincubated with rapamycin, and 
viability was assessed by trypan blue assay at the 
end of 48 h. Viability assay showed a similar pro-
tective effect of rapamycin against AMA-mediated 
cytotoxicity in AC16 cells (Fig. 5D).

AMA-induced cell death in HL-1 cells was 
characterized by poly (ADP-ribose) polymerase-1 
(PARP1) cleavage and CASP3 activation. We 
observed that rapamycin treatment attenuated 
such proteolytic processing (Fig. 5B; Fig. S4B). 
Similar results were obtained in AC16 cells  
(Fig. 5E). Additionally, AMA-treated HL-1 cells 
showed intense vacuolization in the cytoplasm 
(Fig. 5C), a phenomenon often observed with 
injury, toxicity and cell death.40 Treatment with 
rapamycin drastically decreased the appearance 
of such vacuoles (Fig. 5C). AMA-treated AC16 
cells showed a swollen, rounded morphology and 
this was prevented by cotreatment with rapamycin 
(Fig. 5F).

Rapamycin prevents AMA-induced accumulation of 
ubiquitinated proteins. The accumulation of high molecular 
weight ubiquitinated proteins has been observed in conditions 
of increased oxidative stress and can originate from an inef-
ficient clearance of damaged proteins through the proteasomal 
system.41,42 Under these conditions, autophagy induction can 
mediate the removal of accumulated proteins, averting potential 
proteotoxicity. We found that AMA induced the accumulation 

Figure 4. Rapamycin induces autophagy in the presence of AMA in HL-1 cardiomyo-
cytes. (A) Cells were treated with AMA alone or rapamycin plus AMA for 16 h in the 
presence of DMSO (vehicle) or 75 nM BafA1, added during the final 4 h of incubation. 
Cells were subsequently lysed and immunoblotted for LC3B. GAPDH is used as a loading 
control. (B) Cells were treated with vehicle control, AMA or AMA plus rapamycin for 32 h 
and were subsequently lysed and immunoblotted for SQSTM1. GAPDH is used as a load-
ing control. (C) Cells were transfected with GFP-LC3 plasmid and 24 h after transfection, 
treated with 1 μM rapamycin or vehicle control for 16 h. Cells were then incubated with 
50 nM TMRM for 30 min, followed by treatment with 50 μM AMA. Cells were subse-
quently imaged using confocal microscopy. Higher magnification images of the boxed 
areas are shown in the bottom-panels. Arrow indicates mitochondria surrounded by a 
growing autophagic vacuole. Rapa, rapamycin.
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Inhibition of autophagy blocks the cytoprotective effects of 
rapamycin against AMA. To determine whether the cytoprotec-
tive effect of rapamycin against AMA toxicity is mediated through 
autophagy, we inhibited autophagy by both pharmacological and 
shRNA approaches. Autophagy was inhibited in HL-1 cells by 
coincubating cells with the PtdIns3K inhibitor 3-Methyladenine 
(3-MA), a widely used inhibitor of autophagy.44,45 LC3-II/LC3-I 
ratios confirmed that 3-MA inhibited rapamycin-induced auto-
phagy (Fig. S6A and S6B). Furthermore, treatment with 3-MA 
decreased rapamycin-induced colocalization of mitochondrial 
and autophagic markers in AMA-treated cells (Fig. S6C). We 
subsequently performed MTT assay to determine the viability 
of AMA-treated cells coincubated with rapamycin alone or with 
rapamycin in the presence of 3-MA (Fig. 7A). Viability assay 
revealed that 3-MA attenuated the cytoprotective effects of 
rapamycin against AMA toxicity (Fig. 7A). In addition, 3-MA 
inhibited rapamycin-induced attenuation of PARP1 and CASP3 
cleavage in AMA-treated cells (Fig. 7B; Fig. S6D). For inhibi-
tion of autophagy in AC16 cells, we employed shRNA approach 

rapamycin in the presence of AMA, we further investigated 
whether rapamycin offered protection against mitochondrial 
dysfunction in AMA-treated cells. A major function of the mito-
chondria is oxidative phosphorylation, which requires the con-
sumption of O

2
. Assessing O

2
 consumption (cellular respiration) 

in nonpermeabilized cells using polarographic oxygen sensors 
accurately measures mitochondrial function.43 We found that 
AMA-treated cells significantly decreased routine respiration 
even 24 h after treatment (Fig. 6A; p < 0.01). This decline in 
respiration was ameliorated by rapamycin treatment (p < 0.05).

We also measured Δψ
m
 as an additional indicator of mitochon-

drial function. In comparison to control or rapamycin-treated 
cells, AMA-treated mitochondria had little or no Δψ

m
 even 24 h 

after treatment (Fig. 6B, arrows). The few cells that maintained 
Δψ

m
 showed drastically altered mitochondrial morphology, most 

of them being highly swollen and relatively larger in size (Fig. 6B, 
arrowheads, lower panel). Incubation with rapamycin restored 
Δψ

m
 in AMA-treated cells, as well as maintained normal mito-

chondrial morphology (Fig. 6B).

Figure 5A–C. Rapamycin protects against the cytotoxic effects of AMA in HL-1 and AC16 cardiomyocytes. (A and B) HL-1 cells were pre-treated with 
vehicle control or 1 μM rapamycin for 16 h, followed by incubation with 50 μM AMA for an additional 32 h, in the absence or presence of rapamycin. 
Cell viability was subsequently assessed using trypan blue exclusion assay (A) or cell lysates were collected and immunoblotted for PARP1 (B). GAPDH 
is used as a loading control. (C).  HL-1 cells were pretreated with vehicle control or 1 μM rapamycin for 16 h, followed by incubation with 50 μM AMA for 
an additional 24 h, in the absence or presence of rapamycin. Phase contrast images of cells were subsequently taken. Representative images are shown.
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signaling pathways involved in myocardial remodeling, affect-
ing cardiomyocyte structure and function.47 Our study showed 
that the mitochondrial stressor AMA can mimic several features 
observed under mitochondrial dysfunction-associated pathologi-
cal conditions. For instance, AMA treatment generated O

2
•− in 

the mitochondria and decreased Δψ
m
 in HL-1 cardiomyocytes. A 

decreased Δψ
m
 is indicative of defective oxidative phosphorylation 

and a lower capacity of generating ATP,48 and is used as a marker 
of cellular and mitochondrial viability.49 It is however worthwhile 
to note that, to counteract oxidative stress, the mitochondria 
and the cytoplasm are equipped with detoxifying enzymes and 
non-enzymatic antioxidants.50 Therefore, although oxidants are 
constantly being generated by the mitochondria, the antioxidant 
defense system is capable of detoxifying them, preventing damage 
to cytoplasmic components.50 Nevertheless, under conditions of 
stress and disease pathology, damaged mitochondria can generate 
excessive amounts of ROS, which can overwhelm the defenses 

to knock down the autophagy gene, BECN1. Protein expres-
sion analysis confirmed drastic decreases in BECN1 levels in 
cells treated with BECN1shRNA in comparison to scrambled-
treated control (Fig. 7C). Decreased BECN1 levels attenuated 
rapamycin-induced autophagy (Fig. S7A and S7B) and inhibited 
rapamycin-mediated protection against AMA toxicity, as assessed 
by trypan blue exclusion assay (Fig. 7D) and PARP1 proteolytic 
processing (Fig. 7E).

Discussion

Pathological conditions can cause the mitochondria to generate 
elevated amounts of ROS, inflicting macromolecular damage 
and affecting cellular homeostasis and function in several organs, 
including the heart.1,46 Mitochondria from heart failure models 
generate larger amounts of O

2
•− in the presence of NADH com-

pared with normal mitochondria.47 Oxidative stress can activate 

Figure 5D–F. (D and E) AC16 cells were treated with rapamycin or AMA alone or were coincubated with AMA and rapamycin for 48 h. Cell viability 
was subsequently assessed using trypan blue exclusion assay (D) or cell lysates were collected and immunoblotted for PARP1 (E). (F) AC16 cells were 
treated with rapamycin or AMA alone or were coincubated with AMA and rapamycin for 36 h. Phase contrast images of cells were subsequently taken. 
Representative images are shown. Rapa, rapamycin. *p < 0.05; **p < 0.01 vs. control (for A, previous page, and D). Data represent three independent 
experiments.
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aged rodents55 and in other models of mitochondrial injury,56 and 
is considered a marker of mitochondrial toxicity.57,58 Furthermore, 
AMA decreased cell viability and activated apoptotic markers, as 
well as inhibited cellular respiration in cardiomyocytes, further 
increasing cytotoxicity (Fig. 8).

Since oxidative stress is postulated to be a major player in the 
pathogenesis of cardiovascular diseases, one might argue that 
the administration of antioxidants will offer protection against 
oxidant-mediated damage. However, clinical studies have been 
controversial, with limited or no cardiac benefit reported with 

and oxidatively modify extramitochondrial components, such as 
DNA and RNA. We confirmed that ROS generated by AMA can 
increase DNA oxidation, as determined by the levels of guanine 
base oxidation product, 8-oxo-dGuo. 8-oxo-dGuo is potentially 
mutagenic51,52 and is widely used for the estimation of oxidative 
stress in tissues and urine.53,54 We further observed that most cells 
treated with AMA had little or no Δψ

m
 and the mitochondria 

were highly swollen. Such aberrant mitochondria, often also char-
acterized by loss of cristae and matrix derangements, has been 
observed through ultrastructural analysis of the myocardium of 

Figure 6. Rapamycin protects against AMA-induced mitochondrial depolarization and respiration dysfunction in HL-1 cardiomyocytes. (A) Cells were 
pretreated with vehicle control or 1 μM rapamycin for 16 h, followed by treatment with 50 μM AMA for an additional 24 h, in the absence or presence 
of rapamycin. Cells were subsequently trypsinized, resuspended in Claycomb media and routine respiration analyzed. Data are derived from three 
independent experiments. *p < 0.05; **p < 0.01. (B) Cells were pretreated with vehicle control or 1 μM rapamycin for 16 h, followed by incubation with 
50 μM AMA for an additional 24 h, in the absence or presence of rapamycin. Cells were subsequently stained with 50 nM TMRM and imaged using 
epifluorescence microscope. Representative images are shown. Arrows represent cells with no Δψm. Arrowheads represent swollen mitochondria. 
Rapa; rapamycin.
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rapamycin stimulated autophagy in HL-1 and AC16 cardiomyocytes  
(Fig. 3; Fig. S3). Importantly, some findings suggest that mito-
chondrial stress and ROS per se can act as inducers of auto-
phagy.19,34,62 Such autophagic induction could be thought of 

chronic administration of antioxidants such as vitamin A, vita-
min E or β-carotene.59-61 Therefore approaches to remove oxi-
datively modified macromolecules through autophagy induction 
represent an appealing alternative. In our study, we observed that 

Figure 7. Inhibition of autophagy attenuates rapamycin-mediated protection against AMA toxicity in HL-1 and AC16 cardiomyocytes. (A) HL-1 cells 
were pre-treated with vehicle control or 1 μM rapamycin in the absence or presence of 5 mM 3-MA for 16 h, followed by treatment with 50 μM AMA 
for an additional 32 h, in the presence of rapamycin and 5mM 3-MA. Cell viability was subsequently assessed using MTT assay. *p < 0.05; **p < 0.01. 
Data represent three independent experiments. (B) HL-1 cells were treated as in (B), cell lysates collected and immunoblotted for PARP1. GAPDH is 
used as a loading control. (C) AC16 cells were transduced with a lentiviral vector expressing scrambled or BECN1shRNA. Cells were subsequently lysed 
and immunoblotted for BECN1 protein expression. GAPDH is used as a loading control. (D) Scrambled or BECN1shRNA-expressing cells were treated 
with AMA alone or were coincubated with rapamycin for 48 h. Cell viability was subsequently assessed using trypan blue exclusion assay.  *p < 0.05; 
**p < 0.01.Data represent three independent experiments. (E) AC16 cells were treated as in (D), cell lysates collected and immunoblotted for PARP1. 
GAPDH is used as a loading control.
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survival of HL-1 and AC16 cardiomyocytes  
(Figs. 5 and 8). Rapamycin treatment also  
inhibited the decrease in Δψ

m
 as well as the appear-

ance of swollen morphology of the mitochondria 
in HL-1 cells (Figs. 6 and 8). Additionally, res-
piration analysis in nonpermeabilized HL-1 cells 
showed that autophagy induction by rapamy-
cin attenuated the decline in cellular respiration 
induced by AMA (Figs. 6 and 8). These protec-
tive effects of rapamycin could be partly due to 
the result of autophagy-mediated removal of dys-
functional mitochondria, which if not removed, 
can produce greater amounts of ROS and/or 
induce apoptosis through the release of proapop-
totic factors usually sequestered in the intermem-
brane space.17 The encapsulation and degradation 
of dysfunctional mitochondria by rapamycin-
induced autophagy has been previously reported 
in numerous studies.65,66 Consistent with these 
studies, we have observed colocalization of mito-
chondrial and autophagic markers in rapamy-
cin-treated cells (Fig. 4C). The occurrence of 
mitophagy in rapamycin-treated cells (in the 
absence or presence of AMA) was however mod-
est, with colocalization being detected at a rate of 
mostly 2 to 4 per cell. The apparently low level 
of mitophagy could be attributed to the fact that 
such experiments were conducted under steady-
state conditions, rather than under conditions of 
inhibited downstream degradation. However, in 

comparison to the mitophagy observed in cells treated with AMA 
and rapamycin, treatment with AMA alone showed no colocaliza-
tion of mitochondrial and autophagosomal markers, confirming 
that rapamycin enhanced mitophagy. In addition to colocaliza-
tion experiments, mitochondrial clearance in rapamycin-treated 
cells was also confirmed by assessing VDAC1 (mitochondrial outer 
membrane protein) and cytc (mitochondrial inter membrane space 
protein) levels (Fig. 2G; Fig. S3C). However, it is worth noting 
that although colocalization of mitochondrial and autophagosomal 
markers was observed in rapamycin-treated cells, we cannot con-
clude that the autophagic cargo was mitochondria-specific. Given 
the fact that rapamycin is a general inducer of autophagy, it is pos-
sible that the mitochondria were cleared along with other auto-
phagic cargo, such as aggregated ubiquitinated proteins, in the same 
autophagic vesicle. Nevertheless, the clearance of damaged and 
dysfunctional mitochondria was supported by respiration analysis 
(Fig. 6A). We observed that respiration was inhibited to the same 
extent in AMA and AMA plus rapamycin treated cells 2 h after 
treatment (data not shown). However, after 24 h, respiration was 
significantly increased in AMA-treated cells additionally exposed to 
rapamycin, suggesting that some of the dysfunctional mitochondria 
might have been removed by autophagy during this time period. 
Furthermore, Δψ

m
 imaging analysis showed that the accumulation 

of dysfunctional (lacking Δψ
m
) and swollen mitochondria was seen 

only in AMA-treated cells; such damaged mitochondria could not 
be detected in cells additionally treated with rapamycin. Finally, in 

as an adaptive response of the cell to mediate the clearance of 
oxidatively damaged components. However, other studies have 
shown that mitochondrial dysfunction and depolarization might 
not be sufficient to induce autophagy.63 In our studies, we could 
not detect any induction of autophagy by treatment with AMA, 
in both HL-1 and AC16 cardiomyocytes, as assessed by LC3B 
immunoblotting, GFP-LC3 puncta formation and SQSTM1 
protein levels. Rapamycin was able to induce autophagy and 
mitophagy HL-1 cells (Fig. 4A and C) and mediate the clear-
ance of SQSTM1 in AMA-treated cells (Fig. 4B), suggesting that 
the autophagic machinery may not have been impaired by the 
oxidants generated in AMA-treated cells. It is possible that addi-
tional triggers might be necessary for the induction of autophagy, 
but missing in AMA-treated cells.63 Furthermore, it has been 
proposed that the inhibition of ETC complex III can actually 
have an inhibitory effect on autophagy induction, although the 
molecular mechanisms are as of yet, unknown.64 We also can-
not rule out the possibility that the inability to induce autophagy 
could be cardiomyocyte specific. Nevertheless, stimulating auto-
phagy under oxidative stress conditions could be hypothesized 
to potentially remove oxidized macromolecules. We tested this 
hypothesis by additionally incubating AMA-treated cells with 
the autophagy inducer, rapamycin.

Indeed, we observed that rapamycin-stimulated autophagy had 
a beneficial effect against AMA-induced toxicity, as assessed by the 
attenuation of apoptotic signaling molecules, as well as by an improved 

Figure 8. Schematic representation of the protective effects of rapamycin against AMA tox-
icity. AMA induces PARP1 cleavage and CASP3 activation, decreases respiration, mitochon-
drial membrane potential as well as mediates the accumulation of ubiquitinated proteins, 
all of which culminates in apoptotic induction. Rapamycin treatment induces autophagy by 
removing the inhibitory effect of MTOR on autophagy induction. Stimulation of autophagy 
suppresses cytotoxic markers induced by AMA. On the other hand, inhibition of rapamycin-
induced autophagy by pharmacological (3-MA) or genetic (shRNA) interventions blocks the 
cytoprotective effects of rapamycin.
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during its life span of several decades cannot be diluted by cell pro-
liferation. Furthermore, the heart is highly metabolic and hence 
challenged with a considerable amount of oxidative stress during 
its lifetime. Given the host of cardiac pathologies that can result 
from the accumulation of damaged mitochondria (or from the 
oxidants generated thereof), the maintenance of a functional pool 
of mitochondria, coupled with the removal of potentially toxic, 
oxidatively modified cellular components, are vital for the pres-
ervation of cardiomyocyte homeostasis. It therefore stands rea-
sonable to assume that the housekeeping property of autophagy 
will play a protective role. However, although oxidative stress and 
damaged mitochondria have been proposed as inducers of auto-
phagy and mitophagy, it is possible that the disease pathology pre-
vents sufficient induction of the autophagic process. We showed 
that under such circumstances, inducing autophagy by rapamycin 
can mediate the removal of dysfunctional mitochondria as well as 
aggregated,ubiquitinated proteins in cardiomyocytes, leading to 
an overall protective effect of autophagy induction against oxida-
tive stress (Fig. 8). We therefore propose rapamycin as a potential 
therapeutic strategy against cardiovascular disorders associated 
with chronic generation of oxidation stress.

Materials and Methods

Cell culture conditions. HL-1 mouse atrial cardiomyocytes 
were a kind gift of Dr. W. Claycomb (Louisiana State University 
Health Science Center) and were cultured in Claycomb Media 
(JRH Biosciences, 51800C) supplemented with 10% fetal bovine 
serum (Sigma, F2442), 2 mM L-glutamine (Life Technologies, 
25030-081), 0.1 mM norepinephrine (Sigma, A0937), 100 U/ml 
penicillin and 100 mg/ml streptomycin (Life Technologies, 15140-
122), on fibronectin-gelatin coated plates. Human ventricular 
AC16 cells were obtained from ATCC (Designation No. PTA-
1500) and were cultured in DMEM media (MediatechCellgro, 
10-090-CV) with 12.5% FBS (Hyclone, SH30910-03), 100 U/
ml penicillin and 100 mg/ml streptomycin (Life Technologies, 
15140-122). Both cell lines were cultured at 37°C in a humidified 
atmosphere, with 5% CO

2
.

Chemical reagents. AMA (Sigma, A8674) was dissolved in 
ethanol at a concentration of 15 mM; Rapamycin (Calbiochem, 
553211) was made up in ethanol at 5 mM; BafA1 (Sigma,  
B1793) was dissolved in dimethyl sulfoxide (DMSO) at a con-
centration of 25 μM and 3-MA (Sigma, M9281) was dissolved 
in deionized water at 180 mM.

Flow cytometric determination of mitochondrial O
2

•− gener-
ation. O

2
•− generation in the mitochondria was analyzed using the 

fluorescence dye MitoSOX Red (Invitrogen, M36008). It is spe-
cifically targeted to bioenergetically active mitochondria where 
it is rapidly and selectively oxidized by O

2
•− molecules. The oxi-

dized product binds to mitochondrial DNA and fluoresces red.31 
HL-1 cells were trypsinized and resuspended in fresh media at a 
density of 2 × 106 cells/ml and MitoSOX Red was added to a final 
concentration of 3 μM. Cells were allowed to load MitoSOX Red 
for a period of 30 min at 37°C, washed twice with Dulbecco’s 
Phosphate Buffered Saline (DPBS) and the media replaced with 
fresh media. Cells were subsequently incubated with increasing 

order to establish that the protective effects of rapamycin against 
AMA toxicity are autophagy specific, we used both pharmacologi-
cal (3-MA) and genetic (shRNA) approaches to inhibit autophagy. 
Treatment of HL-1 cells with 3-MA, known to inhibit class III 
PtdIns3K,44,45 not only inhibited rapamycin-induced autophagy 
and mitophagy (Fig. S6A–C), but also attenuated the benefi-
cial effects of rapamycin against AMA toxicity (Fig. 7A and B;  
Fig. S6D). Knockdown of autophagy protein BECN1 using 
shRNA approach in AC16 cells also attenuated rapamycin-induced 
autophagy (Fig. S7A and S7B) and ameliorated the protective 
effects of rapamycin against AMA toxicity (Fig. 7D and E).

Similar to the mitochondria, an increase in the ‘dwell time’ of 
oxidatively modified cytoplasmic proteins enhances their prob-
ability of being post-translationally modified, which could fur-
ther increase cellular toxicity.67,68 Damaged cellular components 
are marked by ubiquitination, to be subsequently removed by the 
ubiquitin-proteasome system (UPS).41 Growing evidence suggests 
that under conditions of increased oxidative burden, accumula-
tion of high molecular weight ubiquitinated proteins is frequently 
observed, owing to their inefficient removal through the UPS 
system.41,42,69 Autophagy induction under these circumstances 
has been shown to mediate the removal of such accumulated pro-
teins. In our studies, rapamycin-induced autophagy attenuated 
the accumulation of ubiquitinated proteins that resulted from 
AMA-induced exposure. Such an accumulation was specifically 
detected in the insoluble fraction, suggesting that they might be 
aggregated in nature. Notably, our observation is consistent with 
studies showing that autophagy induction alleviates toxicity in 
cells expressing mutant aggregate-prone proteins such as SNCA21 
and HTT.21,70

Our data using BECN1 knockdown in AC16 cells suggested 
that rapamycin-induced protection from AMA was mediated 
by autophagy. However, it is possible that prolonged periods 
of incubation with rapamycin activated the phosphatidylinosi-
tol 3-kinase (PtdIns3K) pathway, resulting in an antiapoptotic 
effect against AMA, independent of autophagy. Inhibiting auto-
phagic degradation by siRNA-mediated knockdown of ATG5 or 
ATG7 (PtdIns3K-independent) in AMA-treated cells would best 
address this possibility. However, our observations of enhanced 
mitochondrial clearance, improved Δψ

m
 and respiration in 

rapamycin-treated cells suggested that the beneficial effects were 
likely mediated through autophagy. Consistent with our obser-
vations on the beneficial role of autophagy, other studies have 
shown that autophagy plays a protective role against anoxia-
regeneration in isolated cardiomyocytes,71 as well as required for 
the preconditioning effect of adenosine.72 On the other hand, 
inhibition of autophagy through cardiac specific deletion of the 
gene encoding ATG5 results in mitochondrial misalignment and 
cardiac hypertrophy in response to pressure overload induced by 
transverse aortic constriction. This eventually progresses into 
left ventricular hypertrophy, contractile dysfunction and cardiac 
dilatation.73 Inhibition of the autophagic clearance pathway has 
also been implicated in the pathogenesis of Danon disease, which 
is characterized by cardiomyopathy and heart failure.74

In summary, it is worthwhile to note that cardiomyocytes are 
terminally differentiated; therefore any damages accumulated 
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and the number of live (bright) or dead (dark) cells counted using 
a hemocytometer.

Determination of DNA/RNA oxidation. 8-oxo-dGuo (DNA 
oxidation) and 8-oxo-Guo (RNA oxidation) concentrations were 
measured in cells using HPLC coupled to electrochemical detec-
tion (HPLC-ECD) analysis (ESA Coulochem III electrochemi-
cal detector) according to protocol described before.33 Briefly, 
HL-1 cells were treated with AMA or vehicle control for 2 h, 
and were trypsinized 24 h later. Cells were subsequently homog-
enized in 3 M guanidiumthiocyanatelysis buffer (GTC, 0.2% 
w/v N-lauroylsarcosinate, 20 mMTris, pH 7.5) in the presence 
of the metal chelator deferoxaminemesylate (DFOM; Sigma, 
D9533) to prevent environmental oxidation during processing. 
Cellular DNA/RNA were isolated using phenol-chloroform 
method and precipitated in isopropanol. The nucleic acid pellet 
was subsequently washed with ethanol, air-dried and dissolved 
in 10 mM DFOM followed by hydrolysis in 10 ul Nuclease P1 
(stock of 0.4 U/μl in 300 mM sodium acetate, 0.2 mM ZnCl

2
, 

pH 5.3; MP Biomedicals, N8630) and 5 ul alkaline phosphatase  
(1 U/μl; Sigma, P6774-10KU) for a period of 60 min at 50°C. 
The hydrolysate was filtered to remove enzymes and subsequently 
loaded for HPLC-ECD analysis. For quantification, HPLC 
peaks were compared with calibration curves of 8-oxo-dGuo and 
dGuo standards (Sigma, D7154). The amount of 8-oxo-Guo and 
8-oxo-dGuo present was normalized to the total amount of non-
oxidized DNA and RNA, respectively.

Induction and assessment of autophagy by immunoblotting. 
Autophagic stimulation converts the cytosolic and unconjugated 
form of LC3 (LC3-I) to the carboxy terminal-cleaved, phosphati-
dylethanolamine (PE) conjugated form (LC3-II) and this causes 
a change in the molecular weight of the protein, allowing both 
forms to be resolved in an SDS-PAGE gel. The LC3-II/LC3-I 
ratio is therefore indicative of the amount of ongoing autophagy. 
However, an increase in the LC3-II/LC3-I ratio could be due to 
increased autophagic stimulation or due to a decreased clearance 
of autophagic vacuoles in the lysosomes. Hence all autophagic 
responses were monitored in the absence or presence of the lyso-
somal inhibitor BafA1. We measured the rate of autophagosome 
formation (autophagic stimulation) by comparing LC3-II/LC3-I 
ratios under +BafA1 conditions. This method has been exten-
sively used previously for measuring autophagic stimulation.35-37 
In addition, we measured autophagic flux by subtracting LC3-II/
LC3-I ratio under –BafA1 conditions from than of +BafA1 
conditions.

We used rapamycin to induce autophagy in HL-1 and AC16 
cells. To determine the optimal concentration of rapamycin for 
inducing autophagy in HL-1 cardiomyocytes, cells were treated 
with increasing concentrations of the drug for a period of 16 h in 
the presence or absence of 75 nM BafA1, added during the final 
4 h of incubation. For subsequent experiments involving rapamy-
cin-mediated induction of autophagy in HL-1 cells, a concentra-
tion of 1 μM was used. For AC16 cells, a concentration of 1 μM 
rapamycin was used for all experiments.

Assessment of autophagy by epifluorescence imaging. For 
assessment of autophagic activity using epifluorescence imag-
ing, cells plated on coverslips in 24-well plates were transfected 

concentrations of AMA or vehicle control for 30 min at 37°C, fol-
lowed by flow cytometric analysis of MitoSOX Red fluorescence 
using FACSCalibur flow cytometer (BD Biosciences). MitoSOX 
Red was excited by laser at 488 nm and the data collected using 
forward scatter (FSC) and side scatter (SSC) and FL2 (575 ± 12.5 
nm) channels. Cell debris is represented by distinct low FSC and 
SSC and was gated out for analysis. The data shown represents 
mean MitoSOX Red fluorescence intensity of 10,000 HL-1 cells 
treated with the indicated concentrations of AMA.

Confocal imaging of mitochondrial O
2

•− generation. HL-1 
cells were plated on No. 1.5 coverslip-glass bottom dishes 
(MatTek Corporation, Ashland, MA) and were incubated with 
3 μM MitoSOX Red and 1 μg/ml Hoechst 33342 (Invitrogen, 
H3570) for a period of 30 min at 37°C, washed twice with 
DPBS and the media replaced with fresh media. Cells were 
subsequently treated with 50 μM AMA or vehicle control for  
30 min and imaged for MitoSOX Red fluorescence using 
Leica TCS SP2 Laser Scanning Confocal Microscope (Leica 
Microsystems GmbH) using an excitation of 514 nm and emis-
sion of 560 to 600 nm. Hoechst 33342 was visualized using 
405 nm excitation and 440 to 470 nm emission. The pictures 
were merged using Leica LCS software (Leica Microsystems 
GmbH).

Flow cytometric determination of mitochondrial membrane 
potential (Δψ

m
). Δψ

m
 was analyzed using the cationic fluorescent 

dye, TMRM (Invitrogen, T668), which is specifically targeted to 
and accumulates in bioenergetically active mitochondria.32 HL-1 
cells were trypsinized and resuspended in fresh media at a den-
sity of 2 × 106 cells/ml, after which TMRM was added to a final 
concentration of 50 nM. Cells were allowed to load TMRM for 
a period of 30 min at 37°C, washed twice with DPBS and the 
media replaced with fresh media. Cells were subsequently incu-
bated with increasing concentrations of AMA or vehicle control 
for 2 h at 37°C, followed by flow cytometric analysis of TMRM 
fluorescence using the same excitation-emission and gating pro-
tocol as that of MitoSOX Red.

Confocal imaging of Δψ
m
. HL-1 cells were incubated with  

50 nM TMRM and 1 μg/ml Hoechst 33342 at 37°C for a period 
of 30 min, washed twice with DPBS and the media replaced with 
fresh media. Cells were subsequently treated with 50 μM AMA 
or vehicle control for 2 h and imaged for TMRM fluorescence 
using Leica TCS SP2 Laser Scanning Confocal Microscope with 
an excitation of 543 nm and emission of 560 to 600 nm. The 
pictures were merged using Leica LCS software.

Determination of cell viability. Cell viability was determined 
by MTT (Sigma, M5655) and trypan blue dye exclusion assay 
(Sigma, T8154). To determine cell viability by MTT assay, cells 
in 24-well plates were incubated with 0.5 mg/ml MTT for a 
period of 30 min at 37°C. The purple formazan crystals formed 
were dissolved in DMSO at 37°C for 10 min and the absor-
bance of the resulting solution measured at 540 nm using Biotek 
Synergy plate reader (Biotek). The background absorbance was 
subtracted at 630 nm. The values represented are normalized to 
control vehicle-treated group. To determine cell viability by try-
pan blue assay, cells were trypsinized and resuspended in fresh 
media containing equal volume of 0.4% trypan blue for 5 min 
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Assessment of cellular respiration. HL-1 cells were pre-
treated with 1 μM rapamycin for 16 h, followed by incubation 
with 50 μM AMA or vehicle control for an additional 24 h, in 
the presence of rapamycin. They were subsequently trypsinized 
and resuspended in complete Claycomb media. The O

2
 flux, 

as a measure of routine respiration was subsequently measured 
in unpermeabilized cells using OROBOROS Oxygraph-2K 
(Oroboros Instruments GmbH) at 37°C in a constantly stirred 
chamber. The rates of consumption are expressed as pmol/
sec/106 cells.

shRNA knockdown. Stable knockdown of BECN1 protein 
in AC16 cells were performed using lentivirus-mediated delivery 
of short hairpin RNA (shRNA). Lentiviral constructs contain-
ing BECN1shRNA clones were obtained from Open Biosystems 
(Accession number: RHS4533-NM-003766, clone IDs: 
TRCN0000033549, TRCN0000033550, TRCN0000033551, 
TRCN0000033552, TRCN0000033553). Scrambled RNA-
coding lentiviral vector was obtained from Addgene (Plasmid 
ID 1864, shRNA coding DNA sequence: CCT AAG GTT 
AAG TCG CCC TCG CTC GAG CGA GGG CGA CTT AAC 
CTT AGG). Scrambled or BECN1shRNA-encoding lentiviral 
vectors were transfected into 293T cells together with pack-
aging plasmids psPAX2 and pMD2.G, using Lipofectamine 
2000 (Invitrogen, 11668-027), following the manufacturer’s 
instructions. Culture supernatant containing pseudovirus was 
collected and mixed with polybrene, filtered through 0.45 μm 
filter and used to transduce AC16 cells. Twenty-four hours after 
transduction, media was removed and the cells were cultured 
in the presence of 2 μg/μl puromycin to select lentivirus-trans-
duced cells.

Statistics. All statistical analyses were performed using 
GraphPad Prism 4 (GraphPad Software, Inc.). For statistical 
analysis, Student’s t-test and one-way ANOVA were performed, 
wherever applicable. Statistical significance was set to p < 0.05 
and the data are represented as mean ± SE.
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with GFP-LC3 plasmid (kind gift of Dr T. Yoshimori, National 
Institute of Genetics)75 using Lipofectamine 2000 (Invitrogen, 
11668-027) following manufacturer’s instructions. To prevent the 
potential problem of GFP-LC3 aggregate formation,76 transfec-
tion was optimized with a low concentration of GFP-LC3 plasmid  
(0.5 μg for each well of a 24-well plate). Twenty-four hours after 
transfection, cells were incubated with 1 μM rapamycin for 16 h, 
in the absence or presence of 75 nM BafA1 added during the final 
4 h of incubation. Cells were subsequently fixed in 4% paraformal-
dehyde and mounted on slides with DAPI (Vector Laboratories, 
H-1200). Epifluorescence images were taken using Leica DM 
IRBE epifluorescence microscope (Leica Microsystems) and 
images were processed using ImageJ software (NIH, Bethesda, 
Maryland). Conversion of diffuse cytosolic GFP-LC3-I to punctate 
autophagic membrane-associated GFP-LC3-II was monitored and 
considered indicative of autophagic activity in cells. Specifically, 
the number of puncta in each cell was counted and cells with 30 or 
more puncta were considered to have induced autophagy.

Western blotting. Cells were lysed using RIPA buffer (Sigma, 
R0278) and protein concentration determined using Dc assay 
(Biorad, 500-0113).77 Equal amounts of proteins were then 
loaded in pre-cast Tris-HCl polyacrylamide gels (Biorad). After 
electrophoretic separation, proteins were transferred to poly-
vinylidenedifluoride (PVDF) membrane (Biorad, 162-0177) 
and subsequently blocked for 1h in Starting Block (Thermo 
Scientific, 37543), followed by overnight incubation with pri-
mary antibodies. Membranes were subsequently washed with 
Tris buffered saline with 0.1% Tween 20 (TBST) and incubated 
with the appropriate secondary antibodies for 1 h. Membranes 
were washed again with TBST and chemiluminescent signals 
developed using ECL Plus reagent (Amersham Biosciences). The 
signals were captured using ChemiDoc XRS System (Biorad) 
and digital images analyzed using ImageLab software (Biorad). 
The primary antibodies used are as follows: rabbit anti-LC3B 
(Cell Signaling, 2775), rabbit anti-BECN1 (Cell Signaling, 
3738), rabbit anti-PARP1 (Cell Signaling, 9542), rabbit anti-
CASP3 (Cell Signaling, 9662), rabbit anti-phospho-RPS6 (Cell 
Signaling, 2211), mouse anti-RPS6 (Cell Signaling, 2317), rabbit 
anti-ubiquitin (Cell Signaling, 3936), rabbit anti-SQSTM1 (Cell 
Signaling, 5114), rabbit anti-cytc (Cell Signaling, 4272), mouse 
anti-ATG5 (Sigma, A2859), mouse anti-VDAC1 (Mitoscences, 
MSA03), rabbit anti-TUBB/β-tubulin (Sigma, T2200) and 
GAPDH-HRP (Sigma, G9295). HRP conjugated secondary 
antibodies were anti-rabbit (GE-Amersham, NA934V) or anti-
mouse (GE-Amersham, NA931V).

For detection of ubiquitinated proteins, cells were lysed and 
detergent soluble and insoluble fractions separated by centrifu-
gation at 8000 g. The resulting pellets (insoluble fraction) were 
resuspended in 2× SDS buffer and heated at 100°C for 10 min. 
Equal volumes of sample lysates were then loaded in each lane. 
The supernatant (soluble fraction) was processed for immunob-
lotting as mentioned above.
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