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Abstract: Doxorubicin (Dox) is an anthracycline antibiotic widely used in cancer treatment. Although its antitumor 
efficacy appears to be dose dependent, its clinical use is greatly restricted by development of cardiotoxicity. Sirtuin-3 
(Sirt3) is the major deacetylase within the mitochondrial matrix that plays an important role in regulation of cardiac 
function. This study was performed to identify the regulatory role of Sirt3 on Dox-induced cardiac hypertrophy and 
mitochondrial dysfunction in rats in vivo and in vitro. We found that adenovirus-mediated overexpression of Sirt3 
resulted in marked inhibition of Dox-induced cardiac hypertrophy, particularly mitochondrial dysfunction including 
opening of the mitochondrial permeability transition pore (mPTP), loss of mitochondrial membrane potential (ΔΨm), 
respiration dysfunction, and mitochondrial reactive oxygen species (ROS) production. Further study revealed that 
Bcl-2-like 19 kDa-interacting protein 3 (Bnip3) mRNA and protein expression levels were altered in cardiomyocytes 
in vivo and in vitro after Dox treatment, and these increases were significantly inhibited by Sirt3 overexpression. 
Interestingly, the Dox-disrupted mitochondrial Cox1-Ucp3 complexes were preserved by Sirt3 overexpression. Fi-
nally, recombinant adeno-associated virus-mediated overexpression of Bnip3 (AAV-Bnip3) in rat hearts and car-
diomyocytes completely impaired the protective effects of Sirt3 on Dox-induced cardiac toxicity and mitochondrial 
dysfunction. These findings reveal a new molecular mechanism in which Sirt3 restores mitochondrial respiratory 
chain defects, and cell viability of Dox-damaged cardiomyocytes is mutually dependent on and obligatorily linked to 
suppression of Bnip3 gene expression. Interventions that antagonize Bnip3 may contribute to the beneficial effect 
of Sirt3 regarding prevention of mitochondrial injury and heart failure in cancer patients undergoing chemotherapy.
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Introduction

Breast cancer is one of the most common can-
cers among women worldwide and is typically 
treated with the potent anticancer drug doxoru-
bicin (Dox) [1, 2]. However, Dox also induces 
cardiomyopathy, which leads to congestive 
heart failure, thereby limiting its clinical use 
[3-6]. Thus, a major challenge in managing can-
cer patients treated with Dox is minimization of 
cardiotoxic effects without compromising the 
antitumor properties of Dox. The molecular sig-
naling pathways that underlie the cardiotoxic 
effects of Dox remain cryptic. Several theories, 
including mitochondrial dysfunction, increased 
reactive oxygen species (ROS) production, de- 

fects in iron handling, and contractile failure 
have been proposed as plausible underlying 
mechanisms [7-12]. Moreover, some signaling 
involved in the regulation of genes crucial for 
vital processes, including metabolism and cell 
survival, is altered during Dox treatment.

Sirt3 can attenuate Dox-induced oxidative str- 
ess as well as improve mitochondrial respira-
tion in H9c2 cardiomyocytes in vitro [13], pro-
tect against mitochondrial DNA (mtDNA) dam-
age, and block development of Dox-induced 
cardiomyopathy in mice [14]. Sirt3 is the major 
deacetylase within the mitochondrial matrix 
that promotes aerobic metabolism and is an 
instrumental regulator of ROS [15, 16]. Lack of 
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Sirt3 impairs mitochondrial function and may 
result in cardiovascular injury [17-19]. However, 
no explanation unifying these roles of Sirt3 has 
been advanced. Thus, information regarding 
the signaling pathways and molecular effectors 
that underlie the protective effects of Sirt3 on 
Dox-induced cardiomyopathy is limited. 

Bcl-2-like 19 kDa-interacting protein 3 (Bnip3) 
is a critical regulator of mitochondrial function 
and cell death of cardiac myocytes during Dox-
induced cardiomyopathy [12]. Indeed, Bnip3 
gene activation can trigger mitochondrial per-
turbations consistent with mitochondrial per-
meability transition pore (mPTP) opening, loss 
of mitochondrial membrane potential (ΔΨm), 
and cell death with features of necrosis [20, 
21]. Notably, genetic interventions that antago-
nize the expression of Bnip3 or its integration 
into mitochondrial membranes are sufficient to 
suppress mitochondrial defects and cell death 
of ventricular myocytes in vitro and in vivo [22-
24]. Considering the crucial role of mitochon-
drial dysfunction in Dox-induced cardiomyopa-
thy, we reasoned that suppression of Bnip3 
may underlie the cardioprotective effect of 
Sirt3. In the present work, we examined this 
possibility and found new, compelling evidence 
that Bnip3 is a molecular effector of Sirt3 on 
Dox-induced cardiomyopathy in vivo and in 
vitro. We show that mechanistically, Sirt3 inhib-
its Dox-triggered mitochondrial defects and 
impaired respiratory capacity through a mecha-
nism that is mutually dependent on and obliga-
torily linked to Bnip3.

Materials and methods

animals

All experimental procedures were conducted in 
accordance with the Directive 2010/63/EU of 
the European Parliament and were approved by 
the Ethics Committee of Fudan University 
Shanghai Cancer Center. Ninety male 6-week-
old Sprague-Dawley rats were housed in indi-
vidual cages with free access to food and water. 
The temperature was maintained at 20-25°C 
with a 12 h light-dark cycle. All rats were accli-
mated for 7 days prior to any experimental 
procedures.

Cardiomyocyte culture

Primary cultures of cardiac myocytes were pre-
pared from neonatal rat hearts as previously 

reported [25]. Briefly, hearts were removed 
from 1- to 3-day-old pups (Sprague-Dawley 
rats, either sex) and stored in cold Dulbecco’s 
modified Eagle’s medium (DMEM, 12491-015, 
Gibco, California, USA). Ventricles were dissect-
ed into 4-6 approximately equal pieces using 
small scissors and then digested with collage-
nase type II (Thermo Fisher, MA, USA). The 
digested solution was collected with a cannula 
syringe, avoiding large tissue pieces, and 
placed in 10 mL fetal bovine serum (FBS, 
16000044, Gibco, California, USA). Digestion 
and collection was repeated 6-7 times until no 
tissue pieces remained. The tissue digest was 
then centrifuged (in 1000 × g) and the pellet 
dissolved in DMEM with 5% FBS. Cells were 
pre-plated for 1 h to remove fibroblasts, and 
unattached cardiomyocytes in suspension 
were collected and plated on fibronectin-coat-
ed culture plates. Cardiomyocyte cultures were 
used 24 h after plating. 

Cell viability assay

Briefly, cell proliferation analysis was performed 
with resuspended cells incubated for 1 h in 
100 µL Cell Counting Kit-8 (CCK8) solution 
(Dojindo, Kumamoto, Japan). The optical densi-
ty was then measured using a microplate read-
er (Tecan, Safire II, Switzerland).

Cell apoptosis assay

Apoptosis was detected using a standard ass- 
ay. Briefly, cells were resuspended and incubat-
ed in 5 μL annexin V (Ann-V) and 5 μL propidium 
iodide (PI) for 15 min in the dark. Samples were 
analyzed by flow cytometry using a FACScan 
analyzer (Becton-Dickinson, CA, USA). Results 
were processed using FlowJo software. 

Western blot and immunoprecipitation analy-
sis

Cells or freeze-clamped left ventricle (LV) tis-
sues (200-300 mg) were homogenized briefly 
in 10 volumes of lysis buffer containing 20 mM 
Tris-HCl (pH 7.4), 150 mM NaCl, 2.5 mM ethyl-
enediaminetetraacetic acid (EDTA), 50 mM 
NaF, 0.1 mM Na4P2O7, 1 mM Na3VO4, 1 mM 
phenylmethylsulfonyl fluoride (PMSF), 1 mM 
dithiothreitol (DTT), 0.02% (v/v) protease cock-
tail (Sigma-Aldrich, MO, USA), 1% (v/v) Triton 
X-100, and 10% (v/v) glycerol. The homoge-
nates were centrifuged twice at 20,000 × g at 
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4°C for 15 min each, and the supernatants 
saved as total proteins. Protein concentrations 
were determined by the bicinchoninic acid 
method. Equal amounts of protein were sepa-
rated by sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferred 
to a polyvinylidene difluoride (PVDF) membrane 
(Bio-Rad, CA, USA). Western blot analysis was 
performed under standard conditions with spe-
cific antibodies, including anti-acetyl lysine, 
anti-Sirt3, and anti-Bnip3 antibodies (Abcam, 
Cambridge, UK). Ventricular myocyte lysate was 
immunoprecipitated using the Santa Cruz 
Immunoprecipitation Kit (Santa Cruz Biote- 
chnologies, TX, USA) and antibodies to uncou-
pling protein 3 (UCP3) or cyclooxygenase 1 
(COX1) (Abcam). The immunoreaction was visu-
alized using an enhanced chemiluminescent 
detection kit (Amersham, London, UK), expos- 
ed to X-ray film (Kodak, NY, USA), and quantified 
by densitometry with a video documentation 
system (Gel Doc 2000, Bio-Rad).

In vivo gene delivery

The constructs of Sirt3 adenovirus and Bnip3 
adeno-associated virus (AAV) were commercial-
ly prepared with the cytomegalovirus (CMV) 
promoter in 1 × 1011 plaque-forming units (pfu)/
mL and 2 × 1013 viral genomes (vg)/mL respec-
tively (Genelily, Shanghai, China). Surgical pro-
cedures and adenoviral delivery were carried 
out as previously described [26, 27]. Briefly, 
rats were anesthetized with sodium pentobar-
bital (60 mg/kg, intraperitoneal [28] injection) 
and a thoracotomy performed. A 26-gauge nee-
dle containing 20 µL diluted adenovirus (3 × 
1010 pfu/mL) or AAV (1 × 1012 vg/mL) was 
advanced from the apex of the LV to the aortic 
root. The aorta and main pulmonary arteries 
were clamped for 10 s distal to the site of the 
injector, the solution was injected, and the 
chest closed. 

Doxorubicin treatment of rats 

Three days following adenoviral gene delivery, 
Dox reconstituted in 0.85% sterile NaCl was 
administered by IP injection. Control animals 
were also treated simultaneously with an iden-
tical volume of 0.85% sterile NaCl. AdSirt3 rats 
and their respective controls were treated with 
5 mg/kg Dox every 5 days for 30 days. Five 
days after the last dose of Dox was adminis-

tered, cardiac hypertrophy and heart function 
were determined. 

Echocardiography 

The hair was removed from the chests of the 
rats via a topical depilatory agent and then 
transthoracic echocardiography was performed 
under anesthesia (inhaled isoflurane [~1%] 
delivered via a nose cone). Limb leads were 
attached for electrocardiogram gating, and the 
animals were imaged in the left lateral decubi-
tus position with a VisualSonics Vevo 770 
machine (FUJIFILM, Japan), using a 30 MHz 
high-frequency transducer. Body temperature 
was maintained using a heated imaging plat-
form and warming lamps. Two-dimensional 
images were recorded in parasternal long- and 
short-axis projections, with guided M-mode 
recordings at the midventricular level in both 
views. LV cavity size and wall thickness were 
measured in at least three beats from each 
projection and averaged. LV wall thickness 
(interventricular septum [IVS] and posterior 
wall [PW] thickness) and internal dimension 
diastole and systole (LVIDd and LVIDs, respec-
tively) were measured. LV fractional shortening 
([LVIDd-LVIDs]/LVIDd) and relative wall thick-
ness ([IVS thickness + PW thickness]/LVIDd) 
were calculated from the M-mode measure- 
ments.

Histological analysis

Anesthetized rats were sacrificed immediately 
following echocardiography and hemodynamic 
measurements; the hearts were arrested with 
1 M KCl, fixed in 10% formalin, embedded in 
paraffin, and transversely sliced into 5-μm sec-
tions, which were stained with hematoxylin and 
eosin (H&E) for histopathological assessment. 
Myocyte cross-sectional area (CSA) was mea-
sured using a quantitative digital image analy-
sis system (Image-Pro Plus 6.0) from images 
that had been captured from fluorescein iso-
thiocyanate (FITC)-conjugated wheat germ 
agglutinin (WGA) (Invitrogen, Thermo Fisher 
Scientific)-stained sections. More than 100 
myocytes were measured in each group.

Real-time polymerase chain reaction (PCR) 
analysis 

Total RNA was isolated from mouse hearts 
using Trizol Reagent (Invitrogen). The residual 
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genomic DNA was digested by incubating the 
RNA preparation with 0.5 U RNase-free DNase-
1 per µg of RNA in 1 × reaction buffer for 15 
min at room temperature, followed by heat 
inactivation at 90°C for 5 min. The DNase-
treated RNA (2 µg) was then reverse tran-
scribed using the RevertAid First Strand cDNA 
Synthesis Kit (Fermentas, Thermo Fisher 
Scientific). The resultant cDNA was diluted 
10-fold before PCR amplification. A reverse 
transcriptase minus reaction served as a nega-
tive control. The mRNA levels were measured 
by SYBR green real-time PCR. 

Mitochondrial DNa damage assay

Genomic DNA was isolated using Qiagen 
Genomic-tip 20/G and Qiagen DNA Buffer Set 
(Qiagen, MD, USA) as per the manufacturer’s 
instruction. Eluted DNA was incubated with iso-
propanol overnight at -80°C and centrifuged 
(12,000 × g) for 60 min. DNA was washed with 
70% ethanol and dissolved in Tris-EDTA (TE) 
buffer. PCR was performed using Ex Taq 
(Clonetech, CA, USA). Primer sequences for 
long PCR were: forward, 5’-CCCAGCTACTACC- 
ATCATTCAAGTAG-3’ and reverse, 5’-GAGAGA- 
TTTTATGGGTGTAATGCGGTG-3’. Short PCR was 
performed using forward primer sequence 
5’-GCAAATCCATATTCATCCTTCTCAAC-3’ and the 
reverse primer sequence used for the long 
PCR. Resultant PCR products were quantified 
using Picogreen (Life Technologies, Thermo 
Fisher Scientific). Values obtained from the long 
fragments were normalized using values from 
the short fragments. The lesion frequency per 
amplicon was then calculated as λ=-ln (TS/CS), 
where TS/CS is the ratio of the amplification of 
the treated samples (TS) to the amplification of 
the control samples (CS). 

aTP content assay

ATP concentration was analyzed by ATP biolu-
minescent somatic cell assay kit (Sigma-
Aldrich). In brief, 1 × 105 cells or 100 µg LV 
muscle lysate were harvested and added to the 
following mixture: 100 µL ATP assay mix work-
ing solution, 100 µL somatic cell ATP releasing 
reagent, and 50 µL ultrapure water. Lumine- 
scence was detected by SpectraMax M2 
(Molecular Devices, CA, USA). ATP concentra-
tion was calculated using a standard curve with 
known concentrations (0, 10, 100, and 200 
µmol/L) of an ATP standard.

Oxygen consumption rate (OCR) measurement 

A Seahorse Bioscience XF24-3 Extracellular 
Flux Analyzer (Agilent Technologies, CA, USA) 
was used to measure OCR as previously report-
ed [29]. Cardiomyocyte cells (25,000 cells/
well) were seeded in poly-L-lysine-coated XF24 
cell culture plates for 18-24 h. The media was 
replaced with XF assay media (143 mM NaCl, 
5.4 mM KCl, 0.8 mM MgSO4, 1.8 mM CaCl2, 
0.91 mM NaH2PO4, and 15 mg/ml phenol red 
supplemented with 15 mM glucose, 2 mM sodi-
um pyruvate, 1 mM glutamine, and 2% FBS) 
and equilibrated in a non-CO2 incubator for 1 h. 
The Seahorse analyzer uses a cartridge with 24 
optical fluorescent O2 and pH sensors to mea-
sure OCR (pmol/min). Basal OCR was measured 
for 3 min every 10 min for four points, followed 
by sequential injection of oligomycin (3 μM), 
2-deoxy-D-glucose (2-DG, 25 mM), carbonyl 
cyanide 4-(trifluoromethoxy) phenylhydrazone 
(FCCP, 1 μM), and rotenone (1 μM). Each treat-
ment was measured for 3 min every 10 min for 
2 points. After measurement of OCR, media 
was removed carefully and completely, 20 μL 
lysis buffer (20 mM Tris, 0.1% Triton X-100, pro-
tease inhibitor cocktail, pH 7.4) added, and pro-
tein concentration analyzed to normalize OCR. 
For in vivo mitochondrial respiration, mitochon-
dria were isolated from mouse hearts and ana-
lyzed for respiration with the Seahorse analyz-
er. Data are expressed as mean ± SEM % OCR 
from 3-5 replicates.

mPTP opening, mitochondrial ΔΨM, and mito-
chondrial ROS assay

In order to monitor mPTP opening, myocytes 
were incubated with 5 μmol/L calcein-AM 
(Molecular Probes, Thermo Fisher Scientific) in 
the presence of 2-5 µmol/L cobalt chloride. 
Changes in integrated fluorescence intensity 
served as an index of mPTP opening. Cells were 
visualized with a Zeiss Research fluorescence 
microscope (Zeiss, Germany). Mitochondrial 
ΔΨM was assessed by epifluorescence micros-
copy by incubating cells with 50 nM tetra-meth-
ylrhodamine methyl ester perchlorate (TMRM) 
(Molecular Probes). Mitochondrial ROS pro- 
duction was monitored in cells incubated with 5 
μM MitoSOX Red Mitochondrial Superoxide 
Indicator (Thermo Fisher Scientific). Cells were 
visualized by epifluorescence microscopy.
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Figure 1. Sirt3 overexpression protects the heart from Dox-induced cardiac hypertrophy and mitochondrial dysfunc-
tion in rats. A: AdSirt3 delivery is described in Materials and methods. The HW/TL ratio was determined after sac-
rifice. LV FS and EF were measured by echocardiography (n=5-8 mice per experimental group). B: Images of heart 
sections from AdNull- and AdSirt3-injected rats 5 days after Dox treatment stained with H&E or FITC-conjugated 
WGA. C: Statistical results for CSA (n=100 + cells per experimental group). D: Quantitative analyses of BNP gene 
expression in AdNull- and AdSirt3-injected rats 5 days after Dox treatment. E: Serum LDH release from AdNull- 
or AdSirt3-infected rats with or without Dox treatment. F: Representative electron micrograph images of the LV 
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Statistical analysis

Data are expressed as mean ± SEM. Statistical 
significance was determined using analysis of 
variance (ANOVA) or repeated ANOVA for multi-
ple comparisons or repeated measurements. 
Significant differences between two mean val-
ues were estimated using Student’s t-test. A P 
value <0.05 was considered statistically signi- 
ficant.

Results

Sirt3 overexpression protects the heart from 
Dox-induced cardiac hypertrophy and mito-
chondrial dysfunction in rats

Consistent with previous studies [13, 14], Sirt3 
expression decreased markedly after Dox treat-
ment in a dose-dependent manner, which 
resulted in increased corresponding levels of 
acetylated proteins (data not shown). In order 
to investigate the cardioprotective effect of 
Sirt3 in vivo, we established an adenovirus-
mediated Sirt3 overexpression rat model three 
days before Dox administration. Cardiac func-
tion as assessed by relative heart weight and 
echocardiography demonstrated the cardiotox-
icity of Dox and the protective role of Sirt3 
(Figure 1A). Sirt3 overexpression itself did not 
have significant effects on baseline cardiac 
function; however, Dox treatment markedly 
increased the heart weight (HW)/tibia length 
(TL) ratio, and significantly decreased fractional 
shortening (FS%) and ejection fraction (EF%) in 
the AdNull-injected hearts compared with the 
control groups. In contrast, the HW/TL ratio 
and FS% were completely restored, while EF% 
was only partially restored in AdSirt3 groups 
compared with the Dox treatment groups. The 
alteration of these indexes indicate that Dox 
treatment induced myocardial hypertrophy and 
cardiac dysfunction, and decreased myocardial 
systolic capacity. H&E and WGA staining of 
heart sections were consistent with these 
results (Figure 1B). Images of the heart sec-
tions stained with FITC-conjugated WGA were 
used to measure the CSA of cardiac fibroblasts, 

and we found that Dox-induced cardiac hyper-
trophy resulted in an increase of the CSA, which 
was partially mitigated by Sirt3 overexpression 
(Figure 1C). We also evaluated the expression 
of brain natriuretic peptide (BNP) mRNA, the 
recognized prognostic biomarker of cardiac 
hypertrophy (Figure 1D) and found that in 
AdSirt3 groups, Dox-induced relative BNP 
mRNA up-regulation decreased, whereas there 
were no changes in the AdNull groups. 
Furthermore, a significant increase in serum 
lactate dehydrogenase (LDH) release, which is 
indicative of necrotic cell injury, was observed 
in the Dox-treated rats (Figure 1E). However, in 
the AdSirt3 groups, Dox-induced LDH release 
was partially decreased (Figure 1E). Considering 
that mitochondrial dysfunction induced by Dox 
plays a key role in the development of Dox-
induced cardiac dysfunction [12, 13], we inves-
tigated whether mitochondrial function is pre-
served in Sirt3-affected Dox-induced injury. 
Electron microscopy of the heart sections 
revealed mitochondrial deformities with loss of 
structural integrity in Dox-treated rats, while 
AdSirt3 rats exhibited minimal mitochondrial 
damage (Figure 1F). Consistent with these 
data, AdSirt3 rats also showed significantly pre-
served mitochondrial respiration (Figure 1G) 
and reduced mtDNA damage (Figure 1H) com-
pared with AdNull rats. Collectively, these 
results suggest that Sirt3 overexpression could 
protect the heart against Dox-induced hypertro-
phy and mitochondrial dysfunction in vivo.

Sirt3 overexpression protects cardiomyocytes 
from Dox-induced cardiotoxicity and mitochon-
drial dysfunction in vitro

Based upon the Sirt3-repaired Dox-induced 
mitochondrial and cell injury in vivo, we deter-
mined the impact of Sirt3 on Dox-impaired 
mitochondrial function and cell viability in car-
diomyocytes in vitro. Upon elevating the level of 
Sirt3 expression in cardiomyocytes by adenovi-
rus transfection, as expected, the inhibitory 
effect of Dox on viability was blocked (Figure 
2A), and Dox-induced cardiomyocyte apoptosis 
was significantly decreased (from 20.28% to 

muscle derived from AdNull- or AdSirt3-infected rats with or without Dox treatment showing ultrastructural defects 
on mitochondrial ridges. Scale bar, 0.5 µm. G: Basal respiration of cardiac mitochondria derived from vehicle- and 
Dox-treated rat hearts. OCR was measured with a Seahorse metabolic analyzer (Materials and methods). H: Mito-
chondrial mtDNA copy number was quantified by comparing D-loop expression to 16sRNA content using real-time 
PCR. Data are presented as mean ± SEM. *P<0.05, **P<0.01 versus the corresponding vehicle group; #P<0.05, 
##P<0.01 versus the corresponding AdNull group.
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Figure 2. Sirt3 overexpression protects cardiomyocytes from Dox-induced cardiotoxicity and mitochondrial dysfunc-
tion in vitro. (A) Quantification of cell viability by CCK8 assay. (B) Flow cytometry analysis was used to detect the level 
of apoptosis of cardiomyocytes via Ann-V (x axis) and PI (y axis) staining. (C) ATP content of cardiomyocytes under 
the same conditions (mg/g protein). (D) Quantitative PCR analysis was used to assess mtDNA damage. (E) OCR was 
measured with a Seahorse metabolic analyzer. Oligomycin (1 µM), FCCP (1 µM), and rotenone (1 µM) combined with 
antimycin (1 µM) were added sequentially to AdNull or AdSirt3 cardiomyocytes with or without Dox treatment. (F) 
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12.1%, Figure 2B). Moreover, Dox treatment 
significantly reduced ATP content in cardiomyo-
cytes, which was preserved by overexpression 
of Sirt3 (Figure 2C). In order to investigate the 
mitochondrial function in the protective effects 
of Sirt3 on Dox-induced cardiomyocyte toxicity, 
mtDNA damage and mitochondrial respiration 
were analyzed in neonatal rat cardiomyocytes 
following adenovirus infection with or without 
Dox treatment. As shown in Figure 2D, Sirt3 
overexpression reduced Dox-induced mtDNA 
damage. Furthermore, mitochondrial respira-
tion in neonatal cardiomyocytes was also eval-
uated (Figure 2E and 2F), and as expected, Dox 
inhibited basal respiration and ATP production 
in the AdNull groups, with Sirt3 overexpression 
attenuating these effects (Figure 2F). Similarly, 
maximal respiration induced by FCCP interven-
tion, notably suppressed by Dox, was also con-
sistently partially restored with Sirt3 overex-
pression (Figure 2F). Sirt3 overexpression also 
resulted in near-complete restoration of the 
spare respiratory capacity of the mitochondria 
following Dox inhibition (Figure 2F). In addition, 
mitochondrial perturbations consistent with 
mPTP opening, loss of ΔΨm, and increased 
mitochondrial ROS were observed in Dox-
treated cardiac myocytes (Figure 2G), which 
were mitigated by Sirt3 overexpression. Taken 
together, these results indicate that Sirt3 over-
expression protects cardiomyocyte cell viability 
and mitochondrial function from Dox-induced 
cardiotoxicity.

Sirt3 overexpression suppressed Dox-elevated 
Bnip3 expression and disrupted mitochondrial 
Cox1-Ucp3 complexes in vivo and in vitro

In order to further explore the molecular mech-
anism of Sirt3 in cardiac function following Dox 
treatment, we hypothesized that Bnip3 may 
underlie the preservation of mitochondrial 
function because Dox disrupts mitochondrial 
Cox1-Ucp3 complexes and respirations via 
Bnip3 [12]. Therefore, we first assessed wheth-
er Bnip3 mRNA and protein expression levels 
were altered in cardiomyocytes in vivo and in 
vitro following Dox treatment. As demonstrated 
by qPCR and western blot analysis, compared 

with vehicle-treated rats, Dox-treated rats 
exhibited markedly increased Bnip3 mRNA  
and protein expression levels, which were abol-
ished upon Sirt3 overexpression (Figure 3A). 
Furthermore, Sirt3-abrogation of the increase 
in Bnip3 mRNA and protein expression was 
observed in cardiomyocytes treated with Dox in 
vitro (Figure 3B), a finding consistent with our in 
vivo data.

Given that Dox disrupts Cox1-Ucp3 complexes 
and ΔΨm through Bnip3 [12], we reasoned that 
the ΔΨm and respiratory chain activity in Dox-
treated cardiomyocytes by Sirt3 overexpres-
sion may be associated with Bnip3. Notably, 
Cox or complex IV, the terminal complex 
required for reduction of molecular oxygen in 
normal cells, is composed of 13 individual sub-
units, and the catalytic activity of Cox1 is 
required for reduction of molecular oxygen to 
water. Furthermore, previous studies describe 
protein interactions between Cox1 and Ucp3 
[12]. As uncoupling proteins are important reg-
ulators of ΔΨm and ROS, we determined wheth-
er the preserved ΔΨm and respiratory chain 
activity in Dox-treated cells by Sirt3 overexpres-
sion was related to alterations in Cox1-Ucp3 
complexes. Western blot analysis revealed 
that, compared with vehicle-treated control 
cells, Dox-treated hearts or cardiomyocytes 
exhibited markedly reduced interactions bet- 
ween Cox1 and Ucp3 (Figure 3C), and these 
interactions were largely maintained by Sirt3 
overexpression (Figure 3C and 3D). These find-
ings suggest that Sirt3 overexpression sup-
pressed Dox-elevated Bnip3 expression and 
disrupted mitochondrial Cox1-Ucp3 complexes.

adeno-associated virus-mediated overex-
pression of Bnip3 (aaV-Bnip3) abolished the 
cardioprotective effect of Sirt3 on Dox-treated 
hearts in vivo

In order to determine the role of Bnip3 in Sirt3 
inhibition of cardiac hypertrophy and mitochon-
drial defects in Dox-treated rats, we used 
recombinant AAV serotype 9-mediated overex-
pression of Bnip3. Bnip3 overexpression itself 
did not have significant effects on Dox-induced 

Histograms showing basal respiration, ATP production, maximal respiration, spare respiratory capacity, proton leak, 
and non-mitochondrial respiration data for (E). (G) Fluorescence microscopy of AdNull or AdSirt3 cardiomyocytes 
with or without Dox treatment for mPTP opening (left), mitochondrial ΔΨm (center), and ROS (right) (see Materials 
and methods for details). Data are presented as mean ± SEM. *P<0.05, **P<0.01, **P<0.001 versus the corre-
sponding vehicle group; #P<0.05 versus the corresponding AdNull group.
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cardiac dysfunction, however, it nearly abol-
ished the Sirt3 overexpression-induced de- 
crease in the HW/TL ratio and increase of EF% 
compared with the control AAV groups (Figure 
4A). H&E and WGA staining of heart sections 
were consistent with these results (Figure 4B). 
The cross-sectional area of cardiac myocytes 
was measured using the images of heart sec-
tions stained with FITC-conjugated WGA (Fig- 
ure 4C). Sirt3 decreased Dox-induced cardiac 

5B). Furthermore, Bnip3 overexpression mark-
edly abrogated Sirt3-restored mitochondrial 
function, including ATP content (Figure 5C), 
mtDNA integrity (Figure 5D), and respiration 
activity (Figure 5E and 5F). Bnip3 overexpres-
sion also completely blocked the Sirt3-restored 
mitochondrial perturbations, including mPTP 
opening, loss of ΔΨm, and mitochondrial ROS 
production (Figure 5G). These findings are con-
cordant with our in vivo data and strongly sup-

Figure 3. Sirt3 overexpression suppressed Dox-elevated Bnip3 expression 
and disrupted mitochondrial Cox1-Ucp3 complexes in vivo and in vitro. (A)
Representative immunoblots and averaged data of Bnip3 protein expression 
in hearts from AdNull- or AdSirt3-infected rats with or without Dox treatment. 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an in-
ternal control. (B) Representative immunoblots and averaged data of Bnip3 
protein expression in AdNull- or AdSirt3-infected cardiomyocytes with or with-
out Dox treatment. GAPDH was used as an internal control. (C) Immuno-
precipitation analysis of the Cox1-Ucp3 complex. Protein lysate derived from 
hearts from AdNull- or AdSirt3-infected rats with or without Dox treatment 
was probed with an antibody directed against Cox1 (2 μg/mL) and blotted 
with an antibody directed against Ucp3. (D) Immunoprecipitation analysis of 
the Cox1-Ucp3 complex in AdNull- or AdSirt3-infected cardiomyocytes with 
or without Dox treatment analyzed as in (C). Data are presented as mean ± 
SEM. *P<0.05, **P<0.01 versus the corresponding vehicle group; #P<0.05, 
##P<0.01 versus the corresponding AdNull group.

hypertrophy, resulting in a 
decrease of the cross-sec-
tional area, which was abro-
gated by Bnip3 overexpres-
sion. Similarly, in the AAV- 
Bnip3 groups, AdSirt3 did not 
decrease BNP mRNA levels 
(Figure 4D) or LDH release 
(Figure 4E) in Dox-treated 
hearts. Consistent with these 
findings, the mitochondrial 
protection of AdSirt3 on str- 
uctural integrity (Figure 4F), 
respiratory activity (Figure 
4G), and mtDNA integrity 
(Figure 4H) was significantly 
diminished by Bnip3 overex-
pression. Taken together, th- 
ese findings strongly suggest 
that Sirt3 preserved the heart 
from Dox-induced cardiac 
hypertrophy and mitochondri-
al dysfunction through sup-
pressing Bnip3 expression.

aaV-Bnip3 abolished the car-
dioprotective effect of Sirt3 
on Dox-treated cardiomyo-
cytes in vitro

In order to further verify the 
physiological significance of 
our in vivo findings, we deter-
mined the impact of Bnip3 on 
Sirt3-restored mitochondrial 
function and cell viability in 
cardiomyocytes with Dox tre- 
atment in vitro. In line with 
expectations, Bnip3 overex-
pression significantly prevent-
ed the protective effect of 
Sirt3 on Dox-treated cardio-
myocyte cell viability (Figure 
5A) and apoptosis (Figure 
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port our contention that Bnip3 suppression 
underlies the cardiac protective effects of Sirt3 
against Dox-induced cardiac hypertrophy and 
mitochondrial dysfunction.

Discussion

The molecular mechanisms that underlie the 
protective effects of Sirt3 against Dox-induced 
cardiotoxicity remain cryptic. Although several 
paradigms, including decreased ROS produc-
tion, calcium and iron overload, and altered 
gene expression have been advanced as puta-
tive underlying mechanisms [13-17, 19, 26], to 
date, none has provided a unifying explanation 
to account for cellular protection. In this report, 
we provide new, compelling evidence that Sirt3 
prevents mitochondrial dysfunction and cell 
death of cardiomyocytes through a mechanism 
involving Bnip3 suppression. 

As a critical regulator of cardiomyocyte mito-
chondrial function and cell death during Dox 
treatment, Bnip3 triggers mPTP opening and 
loss of mitochondrial ΔΨm [12, 20, 22, 23]. In 
the present study, the finding that Bnip3 gene 
and protein expression were markedly de- 
creased by Sirt3 overexpression is compelling 
and identifies Bnip3 as a functional effector of 
Sirt3 during Dox treatment. This is the first 
report, to our knowledge, that demonstrates 
the link between Bnip3 and Sirt3 cardio protec-
tion against Dox-induced cardiotoxicity. Indeed, 
we have demonstrated that the recovery of 
Bnip3 abrogates Sirt3-restored mitochondrial 
function and cell viability of Dox-treated cardio-
myocytes. Our data strongly support a model in 
which the cardiotoxic effects of Dox are inhibit-
ed by Sirt3 through suppression of Bnip3. 
However, the mechanism by which Sirt3 influ-
ences Bnip3 expression remains unclear, 
necessitating further study.

Furthermore, overexpression of Sirt3 in Dox-
treated cardiomyocytes preserved the integrity 
of the mitochondrial inner membrane, which if 
disrupted, results in ROS production through 
loss of Cox1-Ucp3 complexes, mPTP opening, 
and necrotic cell death. Furthermore, the pres-
ervation of Cox1-Ucp3 complexes and subse-
quent mitochondrial injury are completely abro-
gated by Bnip3 overexpression, which is sup- 
ported by a recent report demonstrating the 
critical role of Bnip3 in Dox-induced mitochon-
drial perturbations [12]. The mechanism by 
which Bnip3 disrupts the Cox1-Ucp3 associa-
tion remains unknown and is an active area of 
investigation in our research.

However, various therapeutic approaches tar-
geting mitochondrial oxidative stress have 
yielded mixed results, and antioxidants may not 
always be safe to use [30]. For example, Sirt3 
possesses tumor suppressive characteristics 
via ROS-related mechanisms, though there is 
controversy as to whether Sirt3 acts as an 
oncogene or a tumor suppressor. Overexpre- 
ssion of Sirt3 may promote tumor cell prolifera-
tion and Sirt3 knockdown could significantly 
inhibit tumorigenesis in vivo [31]. Loss of func-
tion or genetic deletion of Sirt3 is sufficient to 
promote carcinogenesis [28], and growing evi-
dence has recently demonstrated that Sirt3 
may function as either an oncogene or tumor 
suppressor influencing cell death by targeting a 
series of key modulators and their relevant 
pathways in cancer. Thus, these data may pro-
vide clues for exploring Sirt3 as a therapeutic 
target for drug discovery [31]. In order to avoid 
the tragic consequences of secondary tumori-
genesis or tumor advance by applying Sirt3 
overexpression aimed to alleviate Dox-induced 
heart toxicity for better clinical chemotherapeu-
tic outcomes, more studies are necessary.

Figure 4. AAV-Bnip3 completely abolished the cardioprotective effect of Sirt3 on Dox-treated hearts in vivo. A: The 
HW/TL ratio in rats was determined after sacrifice. LV FS and EF were measured by echocardiography (n=5-8 mice 
per experimental group). B: Images of heart sections from AdNull + AAV-Control/Bnip3- and AdSirt3 + AAV-Control/
Bnip3-injected rats 5 days after Dox treatment stained with H&E or FITC-conjugated WGA. C: Statistical results for 
CSA (n=100 + cells per experimental group). D: Quantitative analyses of BNP gene expression in AdNull + AAV-Con-
trol/Bnip3- and AdSirt3 + AAV-Control/Bnip3-infected rats 5 days after Dox treatment. E: Serum LDH release from 
AdNull- or AdSirt3-infected rats after Dox treatment. F: Representative electron micrograph images of the LV muscle 
derived from AdNull + AAV-Control/Bnip3- and AdSirt3 + AAV-Control/Bnip3-infected rats after Dox treatment show-
ing different ultrastructural defects on mitochondrial ridges. Scale bar, 0.5 µm. G: Basal respiration of cardiac 
mitochondria derived from AdNull + AAV-Control/Bnip3- and AdSirt3 + AAV-Control/Bnip3-infected rat hearts after 
Dox treatment. OCR was measured with a Seahorse metabolic analyzer (Materials and methods). H: Mitochondrial 
mtDNA copy number was quantified by comparing D-loop expression to 16sRNA content using real-time PCR. Data 
are presented as mean ± SEM. *P<0.05, **P<0.01 versus the corresponding AdNull group; #P<0.05, ##P<0.01 
versus the corresponding AAV-Control group.
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Figure 5. AAV-Bnip3 completely abolished the cardioprotective effect of Sirt3 on Dox-treated cardiomyocytes in 
vitro. (A) Quantification of cell viability by CCK8 assay. (B) Flow cytometry analysis was used to detect the level of 
apoptosis of cardiomyocytes via Ann-V (x axis) and PI (y axis) staining. (C) ATP content of cardiomyocytes under the 
same conditions (mg/g protein). (D) Quantitative PCR analysis was used to assess mtDNA damage. (E) OCR was 
measured with a Seahorse metabolic analyzer. Oligomycin (1 µM), FCCP (1 µM), and rotenone (1 µM) combined with 
antimycin (1 µM) were added sequentially to AdNull + AAV-Control/Bnip3- and AdSirt3 + AAV-Control/Bnip3-infected 
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In conclusion, the results of our study suggest 
that Sirt3 plays a critical role in attenuation of 
cardiac dysfunction and remodeling after Dox 
treatment by suppressing Bnip3 and subse-
quently restoring mitochondrial integrity and 
respiratory capacity.
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