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Doxorubicin-induced 
cardiomyopathy associated 
with inhibition of autophagic 
degradation process and defects  
in mitochondrial respiration
Chowdhury S. Abdullah  1, Shafiul Alam1, Richa Aishwarya2, Sumitra Miriyala3, 

Mohammad Alfrad Nobel Bhuiyan4, Manikandan Panchatcharam3, Christopher B. Pattillo2, 

A. Wayne Orr1,2,3, Junichi Sadoshima5, Joseph A. Hill6,7 & Md. Shenuarin Bhuiyan1,2

Doxorubicin (Dox) is a highly effective anticancer drug but cause acute ventricular dysfunction, and 
also induce late-onset cardiomyopathy and heart failure. Despite extensive studies, the pathogenic 
sequelae leading to the progression of Dox-associated cardiomyopathy remains unknown. We 

assessed temporal changes in autophagy, mitochondrial dynamics, and bioenergetics in mouse 

models of acute and chronic Dox-cardiomyopathy. Time course study of acute Dox-treatment showed 

accumulation of LC3B II in heart lysates. Autophagy flux assays confirmed that the Dox-induced 
accumulation of autophagosomes occurs due to blockage of the lysosomal degradation process. Dox-

induced autophagosomes and autolysosome accumulation were confirmed in vivo by using GFP-LC3 
and mRFP-GFP-LC3 transgenic (Tg) mice. Mitochondria isolated from acute Dox-treated hearts 
showed significant suppression of oxygen consumption rate (OCR). Chronic Dox-cardiotoxicity also 
exhibited time-dependent accumulation of LC3B II levels and increased accumulation of green puncta 
in GFP-LC3 Tg hearts. Mitochondria isolated from chronic Dox-treated hearts also showed significant 
suppression of mitochondrial OCR. The in vivo impairment of autophagic degradation process and 

mitochondrial dysfunction data were confirmed in vitro using cultured neonatal cardiomyocytes. Both 

acute and chronic Dox-associated cardiomyopathy involves a multifocal disease process resulting from 
autophagosomes and autolysosomes accumulation, altered expression of mitochondrial dynamics and 

oxidative phosphorylation regulatory proteins, and mitochondrial respiratory dysfunction.

Since their discovery more than 50 years ago, anthracyclines (e.g. Doxorubicin) have become the mainstay 
for the treatment of many childhood and adult malignancies1. Dose-dependent anthracycline-induced cardi-
omyopathy including aberrant arrhythmias, ventricular dysfunction, and heart failure are the most notorious 
and well-studied cardiovascular toxicities. �is toxicity was �rst described in 1971 in 67 patients treated with 
Doxorubicin (Dox) for a variety of tumors1–3. Despite extensive studies during the past half-century, the molec-
ular signaling pathways that underlie the cardiotoxic e�ects of Dox remain obscure. Several theories have been 
proposed as plausible underlying mechanisms including mitochondrial dysfunction, increased reactive oxygen 
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species production, defects in iron handling, and contractile failure4–6. Despite these �ndings, the signaling 
pathways and molecular e�ectors that drive the cellular defects associated with Dox-associated cardiomyopathy 
remain obscure.

Although the majority of prior research has implicated nuclear and mitochondrial events as an important 
etiological aspect of Dox cardiomyopathy, recent discoveries in autophagy have highlighted the renewed interest 
into these mechanisms4–6. However, all these studies to de�ne the role of autophagy in the progression and devel-
opment of Dox-cardiomyopathy resulted in contradictory conclusion7,8. In recent years, several studies demon-
strated that Dox impairs the completion of the autophagic process and thereby, suppress myocardial autophagic 
�ux in cardiomyocytes9–12. On the contrary, several studies also showed an increased level of autophagy contrib-
uting Dox-induced detrimental e�ects and cell death13–15. All of these studies together suggest a potential regula-
tory and functional role of Dox-induced inhibition/activation of autophagy �ux directly contributing to impaired 
mitochondrial dysfunction. Despite these cellular events, a common hallmark of all Dox-induced cardiotoxic 
e�ect is an accumulation of dysfunctional mitochondria, generation of reactive oxygen species (ROS), initiation 
of mitochondrial oxidative stress and mitochondrial injury4–6. All these studies demonstrate that the pathogenesis 
of Dox-associated cardiomyopathy is a multifocal disease process whose pathological sequelae remains unknown.

In the present study, we aim to de�ne the time point of the onset of impairment in autophagy, mitochon-
drial dynamics and mitochondrial function that ultimately contribute to the Dox-associated cardiomyopathy. 
We performed a temporal study using both acute as well as chronic Dox-cardiotoxicity models. To determine 
the onset of autophagy impairment, we used a combination of biochemical experiments and, reporter GFP-LC3 
and mRFP-GFP-LC3 transgenic mice to monitor autophagy in vivo. We recapitulated the in vivo autophagy and 
mitochondrial dysfunction data in vitro using cultured neonatal cardiomyocytes.

Results
Accumulation of autophagosomes and autolysosomes in the acute Dox-associated cardiomy-
opathy. To study the potential clinical relevance of acute Dox-associated cardiomyopathy, we used the estab-
lished preclinical model that mimics the response observed clinically by treating the mice with a single injection 
of Dox (20 mg/kg, i.p)7,16. FVB/N mice of 8 to 10-weeks of age comprising both male and female of the same litter 
were blindly assigned to groups and treated with either a single dose of Dox (20 mg/kg) or vehicle by i.p. injections 
(Fig. 1A). Acute Dox treatment at this high dose is toxic as the Kaplan Meier survival curves showed signi�cant 
mortality (56%) in the Dox-treated mice (n = 22) at 7 days compared to vehicle-treated mice (n = 10) (Fig. 1B). 
�e remaining surviving mouse gradually develops cardiac dysfunction as indicated by echocardiographic meas-
urement (Fig. 1C–K). Before Dox-administration, M-mode echocardiographic measurements showed le� ven-
tricular function was similar in the randomly allocated vehicle and Dox group mice with similar values for LV 
internal dimensions in systole and diastole (LVID;s and LVID;d), LV fractional shortening (%FS), volumes in 
systole and diastole (LV Vol;s and LV Vol;d, respectively), and LV ejection fraction (%EF) (Fig. 1C–K). �e Dox-
treated mice developed progressive systolic dysfunction, evidenced by decreased %FS and %EF compared with 
vehicle group (Fig. 1E,H). At three days a�er the initiation of Dox-treatment, %FS and %EF were markedly 
reduced in the Dox-treated mice. LV posterior wall thickness (LVPW;d), diastolic thickness of the interventricu-
lar septum (IVS;d) and LV mass (Fig. 1I–K) were not changed in the Dox-treated mice. �erefore, acute Dox-
associated cardiomyopathy progressively develops systolic cardiac dysfunction.

Extensive studies on Dox-cardiomyopathy shows activation/inhibition of autophagy contributes to the pro-
gression and development of cardiomyopathy7,8. We performed a temporal study to determine the time point 
associated with the onset of impaired autophagy following acute Dox-treatment to study the potential clinical rel-
evance of autophagy in acute Dox-associated cardiomyopathy14,17. Western blot analysis showed time-dependent 
accumulation of LC3B II at both 3 and 5 days post injection (Fig. 2A). LC3B II is present on isolation membranes, 
autophagosomes, and much less on autolysosomes18. �erefore, the increase in LC3B II indicates the accumu-
lation of autophagosomes and autolysosomes resulting from either activation of autophagosome synthesis or 
blockade of a downstream autophagic degradation process. To distinguish between these two possibilities, we 
administered either chloroquine (CQ) (50 mg/kg, i.p. once daily for 5 days) or saline to inhibit lysosomal degra-
dation and determine LC3B II levels by Western blot analysis in the Dox-treated animals19,20. Treatment of control 
animals with CQ resulted in a signi�cant increase in LC3B II levels, re�ecting cardiac autophagic �ux under basal 
conditions. However, Dox-treated animals manifested no increase in LC3B II levels with CQ treatment suggest-
ing that autophagosomes/autolysosomes accumulation occurred due to inhibition of autophagic degradation 
(Fig. 2B).

Next, we used cardiomyocyte-specific GFP-LC3 transgenic (Tg) autophagy reporter mouse to monitor 
Dox-induced autophagosomes accumulation in vivo selectively19,21. During the process of autophagy, autopha-
gosomes undergo a maturation process consisting of multiple fusions with endosomes and lysosomes, which 
provide an acidic environment and digestive function to the interior of the autophagosome. �e GFP-LC3 is sen-
sitive to acidic pH and ceases to �uoresce once autophagosomes fuse with the lysosome, resulting in the inability 
to detect autolysosomes22. Acute Dox-treatment showed accumulation of GFP-labelled green puncta indicating 
autophagosomes accumulation at 5 days a�er Dox-administration (Fig. 2C).

Next, we used the tandem �uorescent mRFP-GFP-LC3 (tf-LC3) Tg reporter mice to quantitate the Dox-induced 
relative changes in autophagosomes versus autolysosomes accumulation19,23. �ese tf-LC3 Tg mice can monitor 
both autophagosome and autolysosome formation simultaneously, as LC3 puncta labeled with both GFP and mRFP 
(yellow puncta) represent autophagosomes. In the lysosome, the �uorescence of GFP is quenched due to its low 
pH whereas that of mRFP (red puncta) is stable representing autolysosomes. Formation of autophagosomes causes 
an increase in the number of GFP-positive/mRFP-positive (yellow) puncta, and the puncta become GFP-negative/
mRFP-positive (red) upon fusion with lysosomes. Autophagy induction or inhibition of autophagic degradation 
results in the increase in both yellow and red puncta19,23. In acute Dox-treated tf-LC3 Tg mice, we observed a 
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signi�cant accumulation of autophagosomes (yellow puncta, LC3 puncta labeled with both GFP and mRFP) and 
autolysosomes (red puncta, mRFP labeled) (Fig. 2D). Next, we treated a group of Dox and vehicle-treated mice 
with CQ (50 mg/kg, i.p.) to con�rm the accumulation of autophagosomes and autolysosomes resulting from the 
inhibition of autophagic degradation process. �e yellow and red puncta counts with or without Dox-treatment 
at 5 days (as in Fig. 2D) were used as a control group for the autophagy �ux data in Fig. 3. Treatment of tf-LC3 
Tg animals with CQ resulted in a signi�cant increase in yellow puncta and a slight decrease in red puncta counts, 
re�ecting cardiac autophagic �ux under basal conditions (Fig. 3A,B). However, CQ treatment to Dox-administered 
tf-LC3 Tg mice manifested no increase in yellow/red puncta counts suggesting that autophagosomes and autopha-
gosomes accumulation occurred due to inhibition of autophagic degradation process (Fig. 3A,B).

Interestingly, some of the yellow puncta in Dox-treated tf-LC3 mice showed distinct characteristics compared 
to the saline-treated mice24. In the Dox-treated hearts, the yellow puncta appear in the middle or adjacent to 
the red puncta suggesting either defects in autophagosome/lysosome fusion or inability to the quenching of the 
GFP signal in autolysosome which is sensitive to the pH of the lysosome (Fig. 3A, indicated by white arrow). 
�ough CQ treatment is known to induce lysosomal pH inhibiting autophagosomes fusion with lysosomes, the 
CQ-treated tf-LC3 Tg mice (without Dox) appears as the clear yellow puncta. All these autophagy �ux data 

Figure 1. Cardiac function and survival in acute Dox cardiomyopathy mice. (A) Schematic of acute Dox 
administration protocol. FVB/N mice of 8 to 10-weeks of age were treated with a single dose of Dox (20 mg/kg) 
and vehicle by i.p. injections. (B) Kaplan Meier survival curve showing signi�cant mortality in mice a�er acute 
Dox (n = 22) treatment compared to Vehicle (n = 10) treated mice. M mode echocardiography was used to 
examine cardiac function before as well as 3 and 5 days a�er Dox- and vehicle-injection. (C) LV systolic internal 
dimension (LVID; s). (D) LV diastolic internal dimension (LVID; d). (E) Percentage fractional shortening 
(%FS). (F) LV systolic volume (LV Vol; s). (G) LV diastolic volume (LV Vol; d). (H) Percentage ejection fraction 
(%EF). (I) LV diastolic posterior wall thickness (LVPW; d). (J) LV diastolic interventricular septum thickness 
(IVS; d). (K) LV mass. Data represent mean ± SEM. n = 9 mice for Dox-treatment group and n = 5 mice for 
vehicle treatment group. P value versus vehicle-treated mice by Tukey’s post hoc test. NS, not signi�cant.
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Figure 2. Accumulation of autophagosomes and autolysosomes in the hearts of acute Dox-cardiomyopathy 
mice. (A) Representative Western blot and densitometric quanti�cation showing temporal changes in LC3B 
II protein levels in the heart a�er acute Dox (20 mg/kg, i.p.) and vehicle-treatment. β-Actin was used as a 
loading control. n = 4 mice per group on each time point. (B) Autophagic �ux assay showed accumulation of 
autophagosomes resulting from impaired autophagic degradation in acute Dox hearts. GRP75 was used as a 
loading control. n = 4–6 mice per group. Bars represent mean ± SEM. P value versus vehicle-treated mice by 
Tukey’s post hoc test. NS = not signi�cant. (C) Representative �uorescence images of heart tissue sections from 
GFP-LC3 Tg mice 1 and 5 days a�er acute Dox- and vehicle treatment. Quanti�cation of GFP-LC3 puncta/
microscopic �eld in hearts from male GFP-LC3 Tg mouse showing accumulation of autophagosomes in the 
acute Dox-cardiomyopathy heart at 5 days a�er Dox-treatment. n = 4–5 hearts per group with 10 microscopic 
�elds (2.2 × 105 µm2) per heart section analyzed. Scale bar, 20 µm. (D) Representative �uorescence images of 
heart tissue sections from tf-LC3 Tg mice 1 and 5 days a�er acute Dox- and vehicle treatment. Quanti�cation of 
puncta numbers in the heart showing accumulation of autophagosomes (yellow puncta) and autolysosome (red 
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suggest that Dox-treatment impairs autophagy �ux resulting in the accumulation of autophagosomes and autol-
ysosomes as well as defective autophagosome/autolysosome fusion.

Changes in mitochondrial dynamics and OXPHOS regulatory protein expression in acute 
Dox-associated cardiomyopathy. Along with impaired autophagy, Dox-cardiotoxicity has been shown 
to be associated with accumulation of dysfunctional mitochondria which may ultimately result in impaired 
mitochondrial dynamics. �erefore, we investigated the e�ect of Dox-treatment on mitochondrial �ssion (i.e., 
DRP1) and fusion proteins (i.e., OPA1, and Mfn2). Immunoblot analysis showed no signi�cant changes in DRP1 
protein expression in whole cell lysates from Dox-treated hearts compared with the vehicle group (Fig. 4A,C). 
We observed signi�cantly increased expression of OPA1 12 h and 24 h post-Dox-treatment. MFN2 levels were 
also signi�cantly increased 3 d and 5 d following Dox-treatment compared with the vehicle group (Fig. 4A,C). 
Ponceau-S staining of the Western blots was used to con�rm equivalent loading. During mitochondrial �ssion, 
Drp1 translocate from the cytosol to prospective �ssion sites on the mitochondrial surface. Western blot and 
densitometric quanti�cation showed a similar level of Drp1, OPA1 and MFN2 expression in the mitochondrial 
fraction of Dox-treated hearts at 5 days compared to vehicle-treated hearts (Fig. S1A,B). �e purity of the mito-
chondrial fractionation con�rmed by the absence of GAPDH in the mitochondrial fraction, and we used GAPDH 
protein expression in the cytosolic fraction as a positive control. Western blots for COXIV were used to con�rm 
the mitochondrial extracts using the same membrane. Ponceau S protein staining of the transfer membrane 
were used to con�rm approximately equal loading and transfer across the gel. �erefore, acute Dox-treatment 
has minimal e�ects on the expression of mitochondrial fusion regulatory proteins in the mitochondrial fraction 
suggesting minimal e�ect in mitochondrial dynamics.

Next, we examined OXPHOS protein levels in whole cell lysates prepared from Dox- and vehicle-treated mice 
hearts. Dox hearts showed signi�cantly decreased levels of Complex V and III in the whole cell lysates at 5d. In 
contrast, Complex II and Complex I expression was signi�cantly increased at 12 and 24 h post-Dox-treatment 
(Fig. 4B,D). Expression of the E2 protein of the pyruvate dehydrogenase (PDH) complex was significantly 
increased starting from the 24 h following Dox-treatment. In contrast, the expression of E3bp and E1α/β pro-
tein levels were significantly decreased in the whole cell lysate of the Dox-treated hearts at 3d and 5d after 
Dox-treatment. Ponceau S staining of proteins was used to con�rm equal loading (Fig. 4B,D). Collectively, we 
found that the acute Dox-treated hearts showed altered expression of mitochondrial oxidative phosphorylation 
regulatory protein.

Suppression of mitochondrial respiration in acute Dox-associated cardiomyopathy. To 
ascertain if the mitochondria in the Dox-treated hearts shows defective mitochondrial bioenergetics, we iso-
lated mitochondria from both Dox- and vehicle-treated mouse hearts at 3 days after treatment and meas-
ured mitochondrial respiration. Real-time oxygen consumption rates (OCRs) in isolated mitochondria show 
that basal respiration, representing the sum of all physiological mitochondrial oxygen consumption, was 
decreased in the mitochondria from Dox-treated heart, indicating lower respiratory function compared with 
vehicle hearts (Fig. 5A,B). �e injection of oligomycin, an ATP synthase inhibitor, leads to a decrease in basal 
respiration that is re�ective of oxygen consumption used to generate ATP (Fig. 5C). �e addition of carbonyl 
cyanide-p-tri�uoromethoxy-phenylhydrazone (FCCP) uncouples respiration from oxidative phosphorylation 
and allows for the measurement of maximal OCR, which was lower in Dox-heart mitochondria (Fig. 5D), indi-
cating lower overall mitochondrial activity. �e extent of non-mitochondrial oxygen-consuming processes was 
estimated by inhibiting the respiratory chain with rotenone and antimycin A; there was no signi�cant change 
in Dox-heart mitochondria (Fig. 5E). �e ATP turnover measured by ATP-linked respiration subtracted from 
the basal OCR, was signi�cantly decreased in Dox mitochondria (Fig. 5F). �e maximum respiration calcu-
lated by non-mitochondrial respiration subtracted from FCCP-stimulated OCR was also signi�cantly lower in 
Dox-heart mitochondria (Fig. 5G). Stateapparent was calculated to determine the apparent respiratory rate that 
provides an estimate of the relative mitochondrial work being used by the cells under basal conditions. Stateapparent 
was calculated as follows: Stateapparent = 4-(Basal OCR-Oligomycin OCR)/(FCCP OCR–Oligomycin OCR)25,26. 
Mitochondria isolated from Dox-hearts showed similar level of Stateapparent (Fig. 5H)26. Coupling e�ciency was 
calculated as the fraction of basal mitochondrial OCR used for ATP synthesis (ATP-linked OCR/basal OCR)25,27. 
Mitochondria isolated from Dox-hearts also showed lower coupling e�ciency indicating a lower proportion of 
oxygen consumed to drive ATP synthesis compared with that driving proton leak (Fig. 5I).

Similarly, mitochondria isolated at 5 days after Dox-and vehicle treatment also showed similar changes 
in mitochondrial respiration (Supplement Fig. S2A–I). Interestingly, mitochondria isolated at 5 days after 
Dox-treatment showed lower Stateapparent indicating a decrease in overall �ux through the respiratory chain 
(Supplement Fig. S2H)26. �erefore, mitochondria isolated from hearts at 3d and 5d a�er Dox-treatment are 
functionally compromised.

Accumulation of autophagosomes and autolysosomes in chronic Dox-associated cardiomy-
opathy. To induce the chronic Dox-associated cardiomyopathy, we treated mice with 4 once-per-week 
low-dose doxorubicin injections (5 mg/kg; i.p.) (Fig. 6A). �is dose was selected because the pharmacokinetics 
of plasma doxorubicin a�er 1 dose of 5 to 6 mg/kg in mice is comparable to that seen in patients a�er a standard 
dose of Dox-treatment (60 mg/m2)12,28–30. FVB/N mice of 8 to 10-weeks of age comprising both male and female 

puncta) in the acute Dox-cardiomyopathy heart at 5 days a�er Dox-treatment. n = 4–5 hearts per group with 10 
microscopic �elds (2.2 × 105 µm2) per heart section analyzed. Scale bar, 20 µm. Bars represent mean ± SEM.  
P value versus vehicle-treated mice by Tukey’s post hoc test. NS = not signi�cant.
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of the same litter were randomly assigned and treated with Dox- and vehicle treatments (Fig. 6A). A Kaplan 
Meier survival curve showed signi�cant mortality (64%) in Dox-treated mice (n = 13) at 12 weeks compared to 
vehicle-treated mice (n = 10) (Fig. 6B). Before Dox-administration, M-mode echocardiographic measurements 

Figure 3. Inhibition of autophagic degradation process in the hearts of acute Dox-cardiomyopathy mice. 
(A) Representative �uorescence images of heart tissue sections from tf-LC3 Tg mice 5 days a�er acute Dox as 
well as saline administered heart treated with chloroquine (CQ) or vehicle. Autophagic �ux assay showed an 
accumulation of autophagosomes (yellow puncta), autolysosomes (red puncta) and defective autophagosome/
autolysosome fusion (red and yellow pucta coming together) in acute Dox-treated hearts (indicated by white 
arrow). (B) Quanti�cation of puncta numbers in the heart showing accumulation of autophagosomes and 
autolysosome in the acute Dox-cardiomyopathy heart at 5 days a�er Dox-treatment with or without CQ treatment. 
n = 4–5 hearts per group with 10 microscopic �elds (2.2 × 105 µm2) per heart section analyzed. Scale bar, 10 µm. 
Bars represent mean ± SEM. P value versus vehicle-treated mice by Tukey’s post hoc test. NS = not signi�cant.
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Figure 4. Expression of mitochondrial dynamics and OXPHOS regulatory protein in the hearts of acute 
Dox-cardiomyopathy mice. (A) Representative Western blot of the whole cell fraction showing expression 
of mitochondrial dynamic regulatory proteins in the acute Dox-treated hearts: Drp1, OPA1, and MFN2. 
Ponceau S protein staining of the transfer membrane con�rmed approximately equal loading across the gel. (B) 
Representative Western blot showing expression of Complex I, Complex II, Complex III, Complex V and PDH 
complex protein derived from the whole cell fraction isolated from acute Dox-treated hearts at di�erent time 
points. Ponceau S protein stain of the transfer membrane was used to con�rm approximately equal loading. 
(C) Densitometric quanti�cation of the temporal changes in Drp1, OPA1, and MFN2 protein expression in 
Dox-treated hearts. (D) Densitometric quanti�cation of OXPHOS complex and PDH complex protein. Bars 
represent mean ± SEM. n = 4 mice per group at each time point. P values were determined by Tukey’s post-hoc 
test. NS = not signi�cant.
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showed le� ventricular systolic function was similar in these mice (Fig. 6C–K). �e Dox-treated mice developed 
progressive systolic dysfunction at 8–12 weeks a�er the initiation of Dox-treatment, evidenced by decreased %FS 
and %EF compared with vehicle group (Fig. 6E,H). LV posterior wall thickness (LVPW;d), the diastolic thickness 
of the interventricular septum (IVS;d) and LV mass (Fig. 6I–K) were not changed in the chronic Dox-treated 
mice. �erefore, chronic Dox-associated cardiomyopathy progressively develops systolic cardiac dysfunction.

Similar to acute Dox-e�ects, Western blot analysis showed time-dependent accumulation of autophago-
somes as indicated by LC3B II level starting at 4 weeks following Dox-injection (Fig. 7A); mice still have normal 
heart function at the time point. We also found time-dependent accumulation of lysosomal protein Lamp2a 
and Cathepsin D starting from 4 weeks a�er Dox-treatment (Fig. 7A). We con�rmed the accumulation of auto-
phagosomes in vivo by using the GFP-LC3 Tg mice with chronic Dox- and vehicle treatment. Quanti�cation of 
GFP-labelled green puncta also con�rmed time-dependent autophagosomes accumulation starting from 4 weeks 
a�er Dox-treatment, indicating inhibition of the autophagic degradation process (Fig. 7B).

Figure 5. Suppression of mitochondrial respiration in the hearts of acute Dox-cardiomyopathy mice. (A) 
Mitochondrial oxygen consumption rate (OCR) pro�les in isolated mitochondria from 3 days a�er acute 
Dox-treated hearts. Arrow indicates the sequential addition of oligomycin (1 µM), FCCP (4 µM), and rotenone 
(0.5 µM) plus antimycin A (0.5 µM). OCR pro�le is expressed as pMolesO2/min/µg of protein. Graph showing 
OCR under (B) baseline as well as with the addition of (C) oligomycin, (D) FCCP, and (E) rotenone plus 
antimycin A. Key parameters of mitochondrial function, including (F) ATP turnover, (G) maximal respiration, 
(H) state apparent and (I) coupling e�ciency were signi�cantly decreased in Dox mice. Bars represent 
mean ± SEM. n = 4–6 mice per group. P values were determined by Tukey’s post-hoc test.
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Changes in mitochondrial dynamics and OXPHOS regulatory protein expression in chronic 
Dox-associated cardiomyopathy. Next, we investigated the e�ect of Dox-treatment on mitochondrial �s-
sion (i.e., DRP1) and fusion protein (i.e., OPA1, and Mfn2) expression. Immunoblot analysis showed signi�cantly 
increased levels DRP1 protein expression in whole cell lysates from Dox-treated hearts compared with vehicle 
group starting at the �rst week of Dox-treatment (Fig. 8A,C). We observed signi�cantly increased expression of 
OPA1 starting from 4 weeks a�er Dox-treatment. In contrast, MFN2 expression levels were also signi�cantly 
decreased starting a�er 1 week of Dox-treatment compared with the vehicle group (Fig. 8A,C). Ponceau-S stain-
ing of the Western blots was used to con�rm equivalent loading. We also quantitated the level of Drp1, OPA1 and 
MFN2 expression in the mitochondrial fraction of Dox-treated hearts at 12 weeks a�er Dox and vehicle-treated 
hearts (Fig. S3A,B). Similar to the whole cell lysate, the Drp1 expression remains similar and OPA1 expression 
level signi�cantly increased in the mitochondrial fraction. In contrast to the whole cell lysate, MFN2 expres-
sion signi�cantly increased in the mitochondrial fraction (Fig. S3A,B). GAPDH protein expression in the cyto-
solic fraction was used as a positive control and the purity of the mitochondrial fractionation was con�rmed by 
the absence of GAPDH in the mitochondrial fraction purity. Western blots for COXIV were used to con�rm 
the mitochondrial extracts using the same membrane. Ponceau S protein staining of the transfer membrane 

Figure 6. Cardiac function and survival in chronic Dox-associated cardiomyopathy mice. (A) Schematic of 
chronic Dox administration protocol. FVB/N mice of 8 to 10-weeks of age were subjected to four serial Dox 
(5 mg/kg) injections weekly by i.p. (B) Kaplan Meier survival curve showing mortality in mice a�er chronic Dox 
(n = 13) treatment compared to Vehicle (n = 10) treated mice. M mode echocardiography was used to examine 
cardiac functions before as well as 4, 8 and 12 weeks a�er Dox and vehicle-injection. (C) LV systolic internal 
dimension (LVID; s). (D) LV diastolic internal dimension (LVID; d). (E) Percentage fractional shortening 
(%FS). (F) LV systolic volume (LV Vol; s). (G) LV diastolic volume (LV Vol; d). (H) Percentage ejection fraction 
(%EF). (I) LV diastolic posterior wall thickness (LVPW; d). (J) LV diastolic interventricular septum thickness 
(IVS; d). (K) LV mass. n = 15 mice for Dox-treatment group and n = 5 mice for vehicle treatment group. Bars 
represent mean ± SEM. P value versus vehicle-treated mice by Tukey’s post hoc test. NS, not signi�cant.
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Figure 7. Accumulation of autophagosomes and autolysosomes in the hearts of chronic Dox-cardiomyopathy 
mice. (A) Representative Western blot and densitometric quanti�cation showing temporal changes in LC3B, 
Cathepsin D and Lamp 2a protein levels in the heart of 4, 6, 8 and 12 weeks a�er Dox- and vehicle-treatment. 
Ponceau S protein stain of the transfer membrane was used to con�rm approximately equal loading. n = 4 hearts 
per group on each time point. Bars represent mean ± SEM. (B) Representative �uorescence images of heart 
tissue sections from GFP-LC3 Tg mice 1, 4, 8, and 12 weeks a�er Dox- and vehicle treatment. Quanti�cation 
of GFP-LC3 puncta/microscopic �eld in hearts from male GFP-LC3 Tg mouse showing accumulation of 
autophagosomes in the chronic Dox-cardiomyopathy heart a�er Dox-treatment. n = 4–5 hearts per group with 
10 microscopic �elds (2.2 × 105 µm2) per heart section analyzed. Scale bar, 20 µm. Bars represent mean ± SEM. 
P value versus vehicle-treated mice by Tukey’s post hoc test. NS = not signi�cant.
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Figure 8. Altered expression of mitochondrial dynamics and OXPHOS regulatory protein in the hearts 
of chronic Dox-cardiomyopathy mice. (A) Representative Western blot of the whole cell fraction showing 
expression of mitochondrial dynamic regulatory proteins in the acute Dox-treated hearts: Drp1, OPA1, and 
MFN2. Ponceau S protein staining of the transfer membrane con�rmed approximately equal loading across 
the gel. (B) Representative Western blot showing expression of Complex I, Complex II, Complex III, Complex 
V and PDH complex protein derived from the whole cell fraction isolated from acute Dox-treated hearts at 
di�erent time points. Ponceau S protein stain of the transfer membrane was used to con�rm approximately 
equal loading. (C) Densitometric quanti�cation of the temporal changes in Drp1, OPA1, and MFN2 protein 
expression in Dox-treated hearts. (D) Densitometric quanti�cation of OXPHOS complex and PDH complex 
protein. Bars represent mean ± SEM. n = 4 mice per group at each time point. P values were determined by 
Tukey’s post-hoc test. NS = not signi�cant.
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con�rmed approximately equal loading and transfer across the gel. �erefore, chronic Dox-treatment causes 
signi�cant alterations in the mitochondrial dynamics of protein expression.

Because the Dox-treated mouse hearts showed defective mitochondrial dynamics, we compared OXPHOS 
protein levels in whole cell lysates prepared from Dox- and vehicle-treated mouse hearts of mixed gender. Western 
blot analysis showed signi�cantly decreased levels of Complex V and III in the whole cell lysates starting at 6–12 
weeks a�er Dox-treatment (Fig. 8B,D). In contrast, Complex II and Complex I protein expression was signi�-
cantly increased at 4 weeks a�er Dox-treatment (Fig. 8B,D). Expression of the E2 protein of the PDH complex was 
signi�cantly increased beginning at 4 weeks a�er Dox-treatment. In contrast, the expression of E3bp and E1α/β 
protein level was signi�cantly decreased in the whole cell lysate of the Dox-treated hearts (Fig. 8B,D). Ponceau S 
staining of proteins was used to con�rm equal loading. Collectively, we found that the chronic Dox-treated hearts 
showed altered mitochondrial dynamics and oxidative phosphorylation regulatory protein expression starting 
before the onset of cardiac functional decline.

Suppression of mitochondrial respiration in chronic Dox-associated cardiomyopathy. �e 
chronic Dox-treated hearts showed altered expression of oxidative phosphorylation regulatory proteins, so next, 
we isolated the mitochondrial 12 weeks a�er the Dox-treatment and evaluated mitochondrial respiratory pro-
�le using the XF Extracellular Flux Analyzer (Seahorse Bioscience). Real-time OCRs in isolated mitochondria 
show that basal respiration, representing the sum of all physiological mitochondrial oxygen consumption, was 
decreased in the Dox-hearts, indicating lower respiratory function compared with vehicle hearts (Fig. 9A,B). 
In addition to low basal respiration, Dox-heart mitochondria did not show any difference in ATP-linked 
OCR (Fig. 9C). �e measurement of maximal OCR a�er addition of FCCP was lower in Dox mitochondria 
(Fig. 9D), indicating lower overall mitochondrial activity. �e extent of non-mitochondrial oxygen-consuming 
processes was not signi�cantly di�erent in Dox-heart mitochondria (Fig. 9E). �e ATP turnover measured 
by ATP-linked respiration subtracted from the basal OCR, was signi�cantly decreased in Dox mitochondria 
(Fig. 9F). Mitochondria isolated from Dox-hearts also showed lower Stateapparent indicating a decrease in overall 
�ux through the respiratory chain (Fig. 9G)26. Respiratory control ratio (RCR) was calculated as (maximal OCR/
oligomycin-insensitive OCR) which indicates the tightness of the coupling between respiration and oxidative 
phosphorylation. RCR value is sensitive to changes in substrate oxidation and proton leak, but not ATP turno-
ver27. RCR was signi�cantly lower in the mitochondria from Dox-hearts indicating a lower potential for substrate 
oxidation and ATP turnover. Dox-hearts also showed lower coupling e�ciency indicating lower proportion of 
the oxygen consumed to drive ATP synthesis compared with that driving proton leak (Fig. 9I). We conclude that 
mitochondria isolated from chronic Dox cardiomyopathy mice hearts are functionally compromised.

Inhibition of autophagic flux and suppression of mitochondrial respiration by Dox-treatment in 
cultured cardiomyocytes. To determine if Dox-treatment directly results in altered autophagy and mito-
chondrial respiratory dysfunction, we treated neonatal rat cardiomyocytes (NRCs) with Dox- and vehicle. We 
then performed Western blot quanti�cation to observe the LC3B II expression level at di�erent doses of Dox (1, 
5, 10 and 25 µM, 24 hours) in NRCs. In contrast to the in vivo Dox-e�ects, lower doses of Dox showed decreased 
levels of LC3B II expression but higher doses of Dox (25 µM) showed increased LC3B II accumulation (Fig. 10A). 
To con�rm that this decreased level of LC3B II was due to impaired autophagy, we performed an autophagic �ux 
assay by using 10 µM Dox (24 hours) treatment in NRC. Ba�lomycin A1 (50 nmol/L) was added for 4 hours to 
block lysosomal degradation, and GAPDH was used as a loading control (Fig. 10B). �e autophagy �ux assay 
showed inhibition of autophagic activity in Dox-treated NRCs.

To ensure that the decreased OCR we observed in isolated mitochondria from acute and chronic Dox-treated 
mouse hearts was not an artifact due to the mitochondrial isolation process, we measured OCR in intact NRCs 
treated with either Dox or vehicle (Fig. 10C). NRCs exposed to Dox (1, 5 and 10 µM, 24 hours) showed a 
dose-dependently decreased in OCR at baseline as well as with the addition of oligomycin (1 µM), FCCP (4 µM), 
and rotenone (0.5 µM) plus antimycin A (0.5 µM) (Fig. 10C). Key parameters of the mitochondrial function, 
including basal and maximal respiration, were dose-dependently decreased in Dox-treated NRCs.

To visualize the e�ect of Dox-treatment on mitochondrial morphology, NRCs were treated with Dox (1 µM 
and 10 µM) and vehicle for 24 hours. Confocal �uorescence studies of Dox-treated cardiomyocytes stained with 
MitoTracker Green showed increased mitochondrial hyperfusion (Fig. 11A) with increased mitochondrial length 
(Fig. 11B), mitochondrial length frequency distribution showing an increased number of large size mitochondria 
(Fig. 11C) and, increased mitochondrial organelle aspect ratio (Fig. 11D). We were able to demonstrate that 
Dox-treatment in NRCs signi�cantly impaired autophagy activity, induced mitochondrial respiratory dysfunc-
tion, and altered mitochondrial dynamics recapitulating the in vivo Dox-cardiomyopathy data.

Discussion
Dox-cardiotoxicity can manifest acutely as well as years a�er discontinuation of treatment leading to ventricular 
dysfunction, dilated cardiomyopathy and heart failure31–33. Our preclinical mouse model of acute and chronic 
Dox-treatment showed a gradual development of cardiomyopathy resulting in increased mortality. Both acute 
and chronic Dox-cardiomyopathy models showed increased accumulation of autophagosomes, altered expression 
of mitochondrial dynamics and oxidative respiration regulatory protein expression, and development of defects 
in mitochondrial respiration. We were able to recapitulate the in vivo autophagy and mitochondrial dysfunction 
data in vitro using cultured neonatal cardiomyocytes. Overall, our in vivo acute and chronic temporal study 
showed a direct association between autophagosomes accumulation and defects in mitochondrial respiration to 
the development of Dox-associated cardiomyopathy.

Autophagy is a dynamic cellular homeostasis process comprising of multiple steps including autophagosome 
biogenesis, autophagosome maturation, autophagosome fusion/docking with lysosome to form autolysosome 
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and autolysosomal degradation34–36. Alterations of any of these steps cause impairment of cellular autophagy 
�ux. Several studies have addressed the possible involvement of autophagy on the progression and develop-
ment of Dox cardiomyopathy, but their �ndings were con�icting7,8. Both in vivo and in vitro analyses showed 
Dox-cardiotoxicity results in either increased13–15 or decreased9–12 autophagy activity. To resolve these discrepan-
cies, we used biochemical LC3BII turn over assay, genetic reporter GFP-LC3 Tg mouse (monitor autophagosome) 
and tf-LC3 Tg mouse (monitor both autophagosome and autolysosome) to examine Dox-mediated alterations 
in di�erent stages of autophagy process. Our temporal study using both acute and chronic Dox-cardiomyopathy 
models showed a gradual accumulation of autophagosomes resulting from impairment of the autophagic deg-
radation process. We con�rmed the biochemical data of Dox-induced autophagosomes accumulation in vivo by 
using GFP-LC3 and tf-LC3 reporter Tg mice. Recently, an elegant study also showed that chronic Dox-treatment 
blocks cardiomyocyte autophagic �ux in vivo and in cultured cardiomyocytes which was accompanied by robust 
accumulation of undegraded autolysosomes12. We found the accumulation of LC3B II starts a�er 3d following 

Figure 9. Suppression of mitochondrial respiration in the hearts of chronic Dox-cardiomyopathy mice. (A) 
Mitochondrial oxygen consumption rate (OCR) pro�les in isolated mitochondria from 12 weeks a�er Dox- 
and vehicle-treated hearts. Arrow indicates the sequential addition of oligomycin (1 µM), FCCP (4 µM), and 
rotenone (0.5 µM) plus antimycin A (0.5 µM). OCR pro�le are expressed as pMolesO2/min/µg of protein. Graph 
showing OCR under (B) baseline as well as with the addition of (C) oligomycin, (D) FCCP, and (E) rotenone 
plus antimycin A. Key parameters of mitochondrial function, including (F) ATP turnover, (G) state apparent, 
(H) respiratory control ratio and, (I) coupling e�ciency were signi�cantly decreased in Dox mice. Bars 
represent mean ± SEM. n = 6 mice per group. P values were determined by Tukey’s post-hoc test.
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acute Dox-treatment and 4 weeks in the chronic Dox-cardiomyopathy model. In contrast, Dox-treatment in neo-
natal cardiomyocytes showed a decreased level of LC3B II expression but at high doses of Dox- results in LC3B II 
accumulation. Despite the di�erences in steady-state LC3B ΙΙ expression levels in di�erent Dox-treatment models 
(both in vivo and in vitro), our autophagy �ux data suggest that Dox-treatment impairs autophagy �ux resulting 
in the accumulation of autophagosomes and autolysosomes as well as defective autophagosome/autolysosome 
fusion. At present, we do not know whether suppression of either upstream or downstream steps of the autophagy 
process contributing to these impairment of autophagy �ux. Our future studies are aimed to activate both the 
upstream and downstream autophagy signaling pathway to dissect the mechanism of Dox-mediated inhibition 
of autophagy �ux.

Figure 10. Inhibition of autophagic �ux and suppression of mitochondrial respiration by Dox-treatment in 
cultured cardiomyocytes. (A) Representative Western blot and densitometric quanti�cation showing LC3B II 
expression at di�erent doses of Dox (1–25 µM, 24 hours) in NRCs. GAPDH was used as a loading control. n = 6 
independent experiments. (B) Inhibition of autophagic �ux by 10 µM Dox (24 hours) in NRC examined by 
immunoblotting of LC3B II. Ba�lomycin A1 (50 µg/mL) was added for 4 hours to block lysosomal degradation, 
and GAPDH was used as a loading control. n = 6 independent experiments. Bars represent mean ± SEM. (C) 
Dox treatment (1–10 µM Dox, 24 hours) dose-dependently suppress mitochondrial oxygen consumption rate 
(OCR) pro�les in NRCs. Arrow indicates the sequential addition of oligomycin (1 µM), FCCP (4 µM), and 
rotenone (0.5 µM) plus antimycin A (0.5 µM). OCR pro�le are expressed as pMolesO2/min/µg of protein. Graph 
showing OCR under baseline as well as with the addition of oligomycin, FCCP, and rotenone plus antimycin A. 
Key parameters of the mitochondrial function, including basal and maximal respiration were dose-dependently 
decreased in Dox-treated NRCs. Bars represent mean ± SEM. n = 5 wells per group. P values were determined 
by Tukey’s post-hoc test.
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We found a positive correlation with autophagosomes/autolysosomes accumulation and the development of 
systolic cardiac dysfunction, but we still do not know if autophagy is bene�cial or detrimental in Dox-associated 
cardiotoxicity. Several studies have reported a bene�cial e�ect of autophagy activation during Dox-cardiotoxicity; 
increasing autophagy in mice by either rapamycin or pre-fasting blunts Dox-induced cardiac dysfunction10,11. 
Similarly, treatment with 3-methyladenine was reported to preserve cardiac function a�er exposure to Dox37. 
Surprisingly, enhanced initiation of autophagy by over-expressing Beclin 1 Tg mice manifested an ampli�ed cardi-
otoxic response, and Beclin 1 heterozygous deletion mice (Beclin 1+/−) showed protection from myocardial struc-
tural and functional changes in the chronic Dox cardiomyopathy model12. �e conventional belief of autophagy 
activation by Beclin 1 overexpression was challenged by a study showing increased levels of Beclin 1 suppresses 
autophagosomes maturation leading to impaired, rather than increased autophagy �ux38,39. Beclin 1 haploinsuf-
�ciency (as in Beclin 1+/) also increased autophagosome processing, i.e., increased autophagic �ux38. Moreover, 
Beclin1 acts as a key sca�old for the assembly of distinct signaling complexes and performs important functions 
in multiple cellular processes including apoptosis, autophagy, endocytosis, phagocytosis, and cytokinesis40,41 and 
acts as tumor suppressor protein42,43. �e possibility that Beclin 1 has additional autophagy-independent func-
tions in cells is also supported by the embryonic lethal phenotype observed in Beclin 1−/− mice43. In contrast, 
deletion of autophagy genes, Atg5 or Atg7, does not result in lethality during embryogenesis44,45. All these discrep-
ancies between studies on the role of autophagy in cardiac injury results from the use of non-speci�c autophagy 
activators and animal models. �erefore, our future studies with speci�c autophagy activation will allow us to 
resolve the discrepancies among these various studies and help us to de�ne the consequences of autophagy acti-
vation (acute and chronic) in Dox-associated cardiomyopathy.

Figure 11. Altered mitochondrial morphology by Dox-treatment in cultured cardiomyocytes. (A) 
Representative images showing MitoTracker Green staining of mitochondria in NRCs treated with 1 µM and 
10 µM Dox for 24 hours. Scale bar, 10 µm. Quantitative data for (B) mitochondrial length, (C) mitochondrial 
size distribution frequency and (D) mitochondrial aspect ratio. Bars represent mean ± SEM. P values were 
determined by Tukey’s post-hoc test.
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Mitochondrial dynamics are tightly regulated and are indispensable to maintain the normal morphology of the 
mitochondrial network to meet the metabolic needs of the cell. Mitochondrial �ssion is regulated and maintained by 
the dynamin-related GTPase Drp1. We found that only chronic Dox-treatment signi�cantly increased DRP1 expres-
sion levels starting 4 weeks a�er Dox-exposure. Conversely, mitochondrial fusion is regulated by OPA1 and MFN2 
proteins46. We also observed increased expression of OPA1 in both acute and chronic Dox-treated hearts. Chronic 
Dox-treatment showed decreased MFN2 expression; however expression was increased in the acute Dox-treated 
hearts. Overall, both acute and chronic Dox-treatment results in altered expression of mitochondrial dynamics reg-
ulatory protein expression. Mitochondrial morphology showed Dox-treatment induces mitochondrial hyperfusion 
with increased mitochondrial length and organelle aspect ratio. Alterations in mitochondrial dynamics by deletion 
of the fusion proteins Mfn1/Mfn2 or loss of OPA1 showed reduced activity of all respiratory complexes resulting 
in severe cellular defects47,48. Both acute and chronic-Dox cardiomyopathy models are associated with changes in 
OXPHOS and PDH protein expression. Mitochondria isolated from both acute and chronic Dox-treated hearts as 
well as intact neonatal cardiomyocytes showed suppression of mitochondrial bioenergetics. �e Dox-treated hearts 
showed the imbalance of mitochondrial dynamics and impairment of mitochondrial bioenergetics. Reduction in 
mitochondrial OCR in Dox heart mitochondria could result from defects in mitochondrial substrate uptake, the 
�ux through the electron transport chain, PDH activity, or the activity of the entire TCA cycle. �erefore, further 
studies are needed to de�ne the role of Dox-cardiotoxicity on cardiac mitochondrial substrate preference.

Taken together, our data suggest that Dox-cardiomyopathy results from autophagosomes and autolysosomes 
accumulation, altered expression of mitochondrial dynamics and oxidative phosphorylation regulatory proteins 
and mitochondrial respiratory dysfunction. Previous studies of Dox-cardiotoxicity in animal models have main-
tained a narrow focus on either autophagy or mitochondria dysfunction to determine the causality of impairment 
in cardiomyocyte contractility. Our data show that increased autophagosomes accumulation due to inhibition of 
the autophagic degradation process and defects in mitochondrial respiration contribute to Dox-associated cardi-
omyopathy. More recent studies have shown that autophagy is essential in cellular metabolic and mitochondrial 
homeostasis49 and defects in autophagy result in mitochondrial dysfunction50,51. Future studies are needed to 
de�ne whether impaired autophagic activity creates an imbalance in mitochondrial dynamics and defects in mito-
chondrial respiration resulting in Dox-cardiomyopathy. Moreover, given the critical role of mitochondria in the 
heart, it is very likely that altered mitochondrial dynamics and function may be a common pathway leading to cel-
lular dysfunction critical to various cardiac diseases. Overall, our data indicate that activation of autophagy deg-
radation process and restoration of mitochondrial function may be a valuable therapeutic target of Dox-toxicity.

Materials and Methods
Materials. Materials are as follows: DMEM (Gibco), FBS (Gibco), Cell Lytic M (Sigma-Aldrich), Protease 
Inhibitor Cocktail (Roche), pre-cast 7.5–15% Criterion Gels (BioRad), DAPI (Invitrogen), Doxorubicin (TSZ 
Chem, Biotang Inc.), Chloroquine (Sigma-Aldrich), Oligomycin (Sigma-Aldrich), FCCP (Sigma-Aldrich), 
Rotenone (Sigma-Aldrich), Antimycin A (Sigma-Aldrich), Ponceau S (Acros Organic), Vectashield Hardset 
(Vector Labs, H1400), and antimycin A (Sigma-Aldrich) were used.

Animals. FVB/N mice of 8 to 10-weeks of age comprising both male and female of same litter were randomly 
assigned to study group. For the acute Dox-model, FVB/N mice were treated with a single intraperitoneal injec-
tion (i.p.) of Dox (20 mg/kg) or vehicle (saline) (Fig. 1A). For the chronic Dox-model FVB/N mice were subjected 
to four serial Dox (5 mg/kg) or vehicle injections weekly (Fig. 5A). Autophagy reporter mice GFP-LC3 Tg19,21 and 
mRFP-GFP-LC3 (tf-LC3)19,23 Tg mice are on the FVB/N genetic background. Mice used in the present studies 
were handled and cared according to the ‘Guide for the Care and Use of Laboratory Animals’ (National Institutes 
of Health, Bethesda, MD). All procedures involving research animals were approved by the ACUC Committee of 
LSU Health Sciences Center-Shreveport. Timed pregnant Sprague-Dawley rats were acquired from Charles River 
Laboratories International, Inc. (Portage, MI) for isolation of neonatal cardiomyocytes from newborn rat pups.

Neonatal rat cardiomyocyte (NRC) isolation and culture. NRCs were isolated from the ventricles of 
1–2-day old Sprague-Dawley rat pups as previously described52,53. Ventricular tissues collected from rat pups were 
digested with collagenase at 37 °C overnight and further digested in trypsin. A�er a preplating step to remove car-
diac �broblasts, isolated cardiomyocytes were plated at 1.5 × 106 cells per 10-cm2 plate in αMEM containing 10% 
FBS (Gibco) and 1% antibiotic-antimycotic (Gibco). Cells underwent di�erent treatments 24 h a�er plating and 
were maintained in DMEM (Gibco) containing 2% FBS and 1% antibiotic-antimycotic. All cell culture treatments 
were repeated in six independent experiments.

Echocardiography. Echocardiograms were performed on iso�urane-anesthetized mice with a VisualSonics 
Vevo 3100 Imaging System (Toronto, Ontario, Canada) using a 40-MHz transducer to assess cardiac functional 
parameters19,52,54. Brie�y, 2D directed M-mode echocardiographic images along the parasternal short axis were 
recorded by investigators blinded to genotype to determine LV size and systolic function. M-mode measure-
ments included the LV internal dimensions in systole and diastole (LVIDs and LVIDd, respectively) as well as 
the diastolic thickness of LV posterior wall (LVPWd) and diastolic intraventricular septum thickness (IVSd). 
Percent fractional shortening (%FS) was calculated using: [(LVIDd − LVIDs)/LVIDd] × 100. From these data, LV 
end-systolic, LV end-diastolic diameter, LV mass and percent ejection fraction (%EF) were calculated.

Mitochondria isolation. Mitochondria from Dox- and vehicle-treated hearts were isolated as described 
previously52,55–57. Briefly, hearts were harvested, and homogenized in MS-EGTA buffer (225 mM mannitol, 
75 mM sucrose, 5 mM Hepes, and 1 mM EGTA, pH 7.4) and subjected to di�erential centrifugation. Finally, 
mitochondria were lysed with 1x Cell Lytic M (Sigma-Aldrich) containing protease and phosphatase inhibitors.
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Mitochondrial respiration. Mitochondrial oxygen consumption rate was measured with an XF24 
Extracellular Flux Analyzer (Seahorse Biosciences, North Billerica MA) by methods as described previ-
ously52,55–58. Heart mitochondria were isolated using MS-EGTA bu�er (225 mM mannitol, 75 mM sucrose, 5 mM 
Hepes, and 1 mM EGTA, pH 7.4) by di�erential centrifugation as described above. Mitochondria (50 µg/well) 
were seeded in XF24 culture plates, and respiration was measured in mitochondrial assay bu�er (220 mM manni-
tol, 70 mM sucrose, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1 mM EGTA, 0.2% fatty acid-free bovine serum 
albumin, pH 7.4) supplemented with 7 mM pyruvate and 1 mM malate. Mitochondrial oxygen consumption 
rate (OCR) was measured and plotted at basal conditions followed by sequential addition of 1 µg/ml oligomycin 
(ATP-synthase inhibitor), 4 µM FCCP (a mitochondrial uncoupler), and 0.5 µM rotenone (complex I inhibitor) 
plus 0.5 µM antimycin A (complex III inhibitor). �e OCR values were normalized to total protein content in the 
corresponding wells and expressed as pmol/min/µg protein52.

For neonatal cardiomyocytes, NRCs were seeded at a density of 8 × 104 cells/well into gelatin-coated 
Seahorse Bioscience XF microplates and were grown in DMEM (Gibco) containing 2% FBS (Gibco) and 1% 
antibiotic-antimycotic (Gibco)52. 48 h a�er plating the NRCs, cardiomyocytes were treated with di�erent doses 
of Dox (1–25) for 6 hours and then measured the mitochondrial respiration. NRCs were incubated with DMEM 
(containing no glucose and pyruvate, Gibco) supplemented with 10 mM glucose and 2 mM pyruvate in a CO2-free 
incubator at 37 °C for 1 h before loading the plate in the XF24 analyzer. �e OCR was measured over a period of 
86 min over which time oligomycin (1 µM), FCCP (4 µM), and rotenone (0.5 µM) plus antimycin A (0.5 µM) were 
sequentially added to each well at speci�ed time points.

Autophagic flux. For the assessment of autophagic �ux in the heart, mice were subjected to intraperitoneal 
injection with chloroquine diphosphate (50 mg/kg body weight; Sigma-Aldrich) as described previously19. Hearts 
were harvested, and LC3B II protein levels were determined by Western blot analysis. For in vivo determination 
of autophagic �ux, GFP-LC3 Tg and tf-LC3 Tg mice were treated with Dox- and vehicle as mentioned in the 
acute (Fig. 1A) and chronic (Fig. 4A) Dox-treatment protocol and hearts were collected as di�erent time points. 
To avoid autophagic induction during sample collection, hearts were perfused with 4% paraformaldehyde in 
cardioplegic bu�er (0.1 M PBS, pH 7.4, 50–100 mM KCl, and 5% dextrose). Tissues were harvested and further 
�xed with 4% paraformaldehyde in PBS overnight (7–12 hours), followed by treatment with 15% sucrose in PBS 
for 4 hours and then with 30% sucrose solution overnight19. Tissue samples were embedded in Tissue-Tek OCT 
(Sakura Finetechnical Co. Ltd.) and stored at −80 °C. Frozen tissue samples were then sectioned at 5 µm thick-
ness, air dried for 30 minutes, rehydrated in PBS for 5 minutes, mounted using a reagent containing DAPI, and 
viewed under a �uorescence microscope. Total numbers of GFP-LC3 and mRFP-LC3 dots in heart tissue sections 
were counted in individual green and red color channel confocal images in 10 high magni�cation �elds for each 
heart sections in NIS Elements so�ware (v4.13.04) and dots per cell were analyzed for each group of hearts as 
reported earlier19.

Western blot analyses. Heart tissue lysates were prepared from hearts harvested in ice-cold PBS, pH 
7.4 containing 1% Triton-X100, 2.5 mM EDTA, 0.5 mM PMSF, and a complete protease inhibitor mixture as 
described previously52. �e heart homogenates were centrifuged at 12,000 × g for 15 min to sediment insolu-
ble materials and the supernatants were collected for subsequent western blot experiments with appropriate 
antibodies.

Total proteins were extracted from NRCs washed with phosphate-bu�ered saline (PBS) and lysed with Cell 
Lytic M (Sigma-Aldrich) lysis bu�er, supplemented with Complete Protease Inhibitor Cocktail (Roche)1,52,53. 
�e lysed cells were homogenized by sonication and centrifuged at 14,000 × g for 15 min to sediment any insol-
uble material. �e protein content of the soluble heart tissue and cardiomyocytes lysates were measured using 
the modi�ed Bradford protocol/reagent relative to a BSA standard curve (BioRad). Protein lysates were sep-
arated on SDS-PAGE using pre-cast 7.5–15% Criterion Gels (BioRad) and transferred to PVDF membranes 
(BioRad). Membranes were blocked for 1 hr in 5% non-fat dried milk and exposed to primary antibodies 
overnight. �e following primary antibodies were used for immunoblotting: Anti-Drp1 (1:1000, 14647, Cell 
Signaling Technology), Anti-Mfn2 (1:1000, 9482, Cell Signaling Technology), anti-OPA1 (1:1000, 80471, Cell 
Signaling Technology), Anti-β-Actin(1:1000, sc-47778, Santa Cruz Biotechnology), Anti-OXPHOS (1:1000, 
ab110413, Abcam), Anti-PDH (1:1000, ab110416, Abcam), Anti-LC3B (1:1000, 2775, Cell Signaling Technology), 
Anti-LAMP2 (1:1000, PA1–655, Invitrogen) and Anti-Cathepsin D (1:1000, sc-6487, Santa Cruz Biotechnology). 
Membranes were then washed, incubated with alkaline-phosphatase-conjugated secondary antibodies (Santa 
Cruz Biotechnology), developed with ECF reagent (Amersham) and imaged by using ChemiDoc™ Touch 
Imaging System (BioRad). Ponceau S protein staining on the transfer membrane was used as a loading control. 
Protein bands densitometry analysis on scanned membrane images was carried out using ImageJ so�ware (NIH, 
Bethesda, MD).

Mitochondria staining. To visualize mitochondria in cardiomyocytes, NRCs were plated on Lab-Tek II 
chamber slides (�ermo Scienti�c, 154461) at a density of 1 × 105 cells/well as reported earlier52,53. Next, NRCs 
were treated with Doxorubicin (dissolved in DMSO) at 1 µM and 10 µM for 24 hours. NRCs treated with only 
DMSO served as experimental control cardiomyocytes. A�er 24 hours, NRCs were loaded with mitochondrial 
membrane potential independent MitoTracker Green FM (M7514, Molecular Probes, Invitrogen) at concentra-
tion of 200 nM dissolved in NRCs culture medium (2% FBS, 1% antibiotic in DMEM) for 40 minutes following 
immediate �xation with 3.7% paraformaldehyde in 1x PBS for 10 minutes as per manufacturer’s instructions 
(Molecular Probes, Invitrogen). A�er �xation, cells were washed with 1x PBS twice for 5 minutes each fol-
lowed by mounting with Vectashield HardSet antifade mounting media for �uorescence (Vector Laboratories). 
Cardiomyocytes were subsequently observed on a Nikon A1R high-speed confocal microscope using an x60 
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oil objective (NA = 1.4) and imaged using Nikon NIS-Elements C so�ware. To measure mitochondrial length 
(µm) and width (µm), mitochondria (>550 mitochondria for each treatment groups) from two independent 
experiments were analyzed on >15 high magni�cation �eld images in ≥50 cardiomyocytes by using NIH ImageJ 
(v1.6.0) so�ware as described earlier59,60. Mitochondrial aspect ratio was calculated from the ratio of length and 
width as described59,60. All image analyses were performed in an investigator-blinded manner.

Statistics. Data are expressed as mean ± SEM. All statistical tests were analyzed with GraphPad Prism so�-
ware. Data were analyzed using Student’s t-test (P < 0.05) for two groups and groups of four or more with one-way 
ANOVA, followed by Tukey’s post hoc test.

Data Availability
All Western Blot raw data generated or analyzed during this study are included in this published article. Other 
datasets generated during and/or analyzed during the current study are available from the corresponding author 
on reasonable request.
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