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A B S T R A C T

Doxorubicin (DOX) is a widely used anticancer drug that could be even more effective if its clinical dosage was
not limited because of delayed cardiotoxicity. Beating stem cell-derived cardiomyocytes are a preferred in vitro
model to further uncover the mechanisms of DOX-induced cardiotoxicity. Our objective was to use cultured
induced-pluripotent stem cell(iPSC)-derived mouse cardiomyocytes (Cor.At) to investigate the effects of DOX on
cell and mitochondrial metabolism, as well as on stress responses.

Non-proliferating and beating Cor.At cells were treated with 0.5 or 1 μM DOX for 24 h, and morphological,
functional and biochemical changes associated with mitochondrial bioenergetics, DNA-damage response and
apoptosis were measured. Both DOX concentrations decreased ATP levels and SOD2 protein levels and induced
p53-dependent caspase activation. However, differential effects were observed for the two DOX concentrations.
The highest concentration induced a high degree of apoptosis, with increased nuclear apoptotic morphology,
PARP-1 cleavage and decrease of some OXPHOS protein subunits. At the lowest concentration, DOX increased
the expression of p53 target transcripts associated with mitochondria-dependent apoptosis and decreased
transcripts related with DNA-damage response and glycolysis. Interestingly, cells treated with 0.5 μM DOX
presented an increase in PDK4 transcript levels, accompanied by an increase in phospho-PDH and decreased
PDH activity. This was accompanied by an apparent decrease in basal and maximal oxygen consumption rates
(OCR) and in basal extracellular acidification rate (ECAR). Cells pre-treated with the PDK inhibitor di-
chloroacetate (DCA), with the aim of restoring PDH activity, partially recovered OCR and ECAR.

The results suggest that the higher DOX concentration mainly induces p53-dependent apoptosis, whereas for
the lower DOX concentration the cardiotoxic effects involve bioenergetic failure, unveiling PDH as a possible
therapeutic target to decrease DOX cardiotoxicity.

1. Introduction

Doxorubicin (DOX) is a widely used anticancer drug that causes
DNA damage by intercalating into DNA and by inhibiting topoisome-
rase II, resulting in disruption of gene transcription, inhibition of cancer
cell proliferation, and apoptosis (Minotti et al., 2004). Despite its anti-
neoplastic efficacy, DOX dosages used in the clinic are limited by their
adverse effects including a dose-dependent, cumulative and delayed
cardiotoxicity (Carvalho et al., 2014). Uncovering all molecular me-
chanisms involved in DOX cardiotoxicity may help to design strategies
to prevent these critical side-effects of cancer chemotherapy. The cel-
lular and molecular mechanisms associated with DOX cardiotoxicity

include oxidative stress, resulting from DOX redox cycling mediated by
mitochondrial complex I (Davies and Doroshow, 1986; Oliveira et al.,
2004; Pereira et al., 2012). DOX-induced cardiomyocyte cell death has
been shown to involve mitochondria-dependent apoptosis (Oliveira and
Wallace, 2006; Sardao et al., 2009a; Ascensao et al., 2011; Deus et al.,
2015) that may involve caspase-dependent (Sardao et al., 2009a;
Ascensao et al., 2011; Deus et al., 2015) or -independent mechanisms
mediated by the release of the apoptosis inducing factor (AIF) (Moreira
et al., 2014). DOX treatment in rats also resulted in a decrease in
adenine nucleotide transporter (ANT) protein content in cardiac tissue,
increased susceptibility to mitochondrial permeability transition pore
opening and inhibition of mitochondrial respiration (Solem and
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Wallace, 1993; Zhou et al., 2001), most likely due to loss of cytochrome
c and cardiolipin (Pereira et al., 2016).

DOX treatment increased mitochondrial superoxide dismutase
(SOD2) activity along with decreased activity of mitochondrial chain
complexes I and V and activation of caspases 3 and 9 in cardiac tissue
(Ascensao et al., 2011). In mice, a single DOX injection led to decreased
cardiac function, increased cardiomyocyte apoptosis and decreased
glucose and adenosine triphosphate (ATP) levels (Wei et al., 2015).

Some studies suggested that DOX-induced nuclear DNA damage in
cardiomyocytes may be a primary cause of mitochondrial dysfunction
(Sardao et al., 2009a), through the activation of p53. Up-regulation of
p53 was found in H9c2 cells after treatment with DOX (Sardao et al.,
2009a; Branco et al., 2012; Moreira et al., 2014; Deus et al., 2015).
Active p53 may be located in the nucleus following DNA-damage re-
sponse, but it may also translocate to mitochondria, leading to mtDNA
repair or to outer membrane permeabilization, which culminates in
mitochondrial-mediated apoptosis (Bakhanashvili et al., 2008; Vaseva
and Moll, 2009). These mechanisms may rely on, or be responsible for,
DOX-induced changes in gene expression (Pereira et al., 2016), since
some p53 target genes encode proteins that regulate mitochondrial
outer membrane permeabilization, such as the pro-apoptotic proteins
Bax, Noxa and Puma (Vega-Naredo et al., 2015).

Most of our and others previous studies aimed at elucidating in vitro
mechanisms behind DOX cardiotoxicity relied on the H9c2 cell line as a
biological model (Sardao et al., 2009a,b; Branco et al., 2012; Li et al.,
2013; Moreira et al., 2014; Cheung et al., 2015; Deus et al., 2015;
Gergely et al., 2015; Lou et al., 2015; Coelho et al., 2017). However,
this cell line has several limitations that can be overcome by using stem
cell-derived cardiomyocyte cultures that maintain the capacity to beat
in culture, which is relevant for cardiotoxic studies since cardiomyocyte
contractility is highly dependent on cellular ATP levels (Wu et al.,
2011). In this study, we used Cor.At cells, produced through in vitro
differentiation of mouse iPSC coupled with puromycin selection of
cardiomyocytes (Kolossov et al., 2005). Unlike H9c2 cardiomyoblasts,
Cor.At cells have limited proliferative capacity similar to primary cells,
as determined through BrdU incorporation assays (Kolossov et al.,
2006), and can be transplanted into mouse hearts. These cells express
all relevant cardiac ion channels (K+, Ca2+, Na+) (Abassi et al., 2012)
and the gap junction channel protein connexin-43 (Frank et al., 2014),
the predominant connexin expressed by cardiomyocytes (Severs et al.,
2004). This is an indication of the ability for electric coupling of these
cells, as shown in immunostaining, and enables the cells to beat syn-
chronously in culture. Patch clamp analysis, as well as multi-electrode
array (MEA) recordings, demonstrated the normal electrophysiological
properties of these cells, and DOX treatment in Cor.At cardiomyocytes
significantly decreased overall beating rate and induced an irregular
beating pattern similar to other compounds that induce arrhythmia
(Abassi et al., 2012). Overall, the data obtained so far suggest that these
cells present some advantages to study DOX cardiotoxicity. Still, no
information is available on how mitochondrial stress responses and
metabolism respond to DOX treatment in the Cor.At cardiomyocyte cell
system. This limitation hinders a more complete picture of the me-
chanisms underlying DOX toxicity in beating mouse stem cell-derived
cardiomyocytes. Our objective is thus to investigate mitochondrial
stress responses triggered by DOX on Cor.AT cells, focusing on oxida-
tive phosphorylation, regulation of pyruvate oxidation, and p53 sig-
naling.

2. Material and methods

2.1. Cell culture

Vials of mouse iPSC-derived cardiomyocytes (Cor.At, cat #Ax-C-
MC02) were obtained from Axiogenesis, NCardia (Cologne, Germany).
Frozen Cor.At cardiomyocytes were rapidly thawed by gentle agitation
in a 37 °C water bath and immediately transferred into 50ml centrifuge

tubes filled with 8ml Cor.At Culture Medium (cat #Ax-M-MC250). The
cryotube was rinsed with an additional 1ml of medium to collect re-
maining cells and pipetted into the same centrifuge tube. The cells were
then centrifuged at 200×g for 5min and the pellet was carefully re-
suspended in culture medium containing puromycin. Cells were
counted and seeded on fibronectin-coated culture plates at a density of
1× 105 cells.cm−2 and incubated at 37 °C in 5% CO2/95% air for
1 week before experiments were performed, with the culture medium
being replaced every two days. Cells were then incubated with DOX (0,
0.5 or 1 μM) for 24 h. Choice of DOX concentrations and duration of
exposure was based in previous studies (Sardao et al., 2009a; Branco
et al., 2012; Moreira et al., 2014; Deus et al., 2015). For the pre-in-
cubation experiments, the following compounds were added to cells
prior to DOX treatment: 50 μM z-VAD-fmk for 1 h, 100 μM N-acetyl
cisteine (NAC) for 2 h, 30 μM pifithrin-alpha (Pfα) for 30min, 3mM
dichloroacetate (DCA) for 24 h.

2.2. Microscopy

To evaluate DOX-induced changes on cell morphology and con-
tractile function, cells were visualized in a Nikon Eclipse Ti-S micro-
scope (Nikon Instruments Inc., NY, USA). For analysis of mitochondrial
transmembrane electric potential (Δψm) and nuclear morphology cells
were rinsed with PBS 1× and incubated for 30min in microscopy
medium (120mM NaCl, 3.5 mM KCl, 0.4 mM KH2PO4, 20mM HEPES,
5mM NaHCO3, 1.2mM NaSO4, 1.3 mM MgCl2, 1.3mM CaCl2, 15mM
glucose at pH 7.4) with TMRM+ (100 nM) and Hoechst 33342 (1 μg/
ml), after DOX treatment. After incubation, cells were imaged in a
Nikon Eclipse Ti-S microscope (Nikon Instruments Inc., NY, USA).

2.3. RNA and protein isolation

PureZOL Reagent (Bio-Rad, Hercules, CA, USA) was used to isolate
RNA and protein fractions from the same sample. For this purpose,
Cor.At cells were cultured in 6 multiwell plates. After aspiration of the
culture medium, 1ml of PureZOL was added to each well, the reagent
was mixed by pipetting up and down, and incubated at room tem-
perature (RT) for 5min, to allow the disruption of nucleoprotein
complexes. The content was transferred to a 1.5 ml microtube and
0.2 ml of chloroform was added, followed by vigorous mixing for 15 s.
The samples were incubated for 5min and centrifuged at 12000×g for
15min at 4 °C, to separate the sample into 3 phases: aqueous phase
(RNA), interphase (DNA) and organic phase (protein).

2.3.1. RNA extraction
The aqueous phase was immediately transferred to a new microtube

and 0.5ml of isopropyl alcohol was added and incubated for 5min at
RT, for RNA precipitation. Another centrifugation was performed at
12000×g for 10min at 4 °C and the supernatant was discarded. To
wash the RNA white pellet, 1 ml of 75% ethanol was used, followed by
vortexing and centrifugation at 7500×g for 5min at 4 °C. Supernatant
was again discarded, and the pellet dried for 5min. Lastly the pellet was
resuspended in 20 μl of RNase-free water and stored at −80 °C.

2.3.2. Protein extraction
After the removal of the aqueous phase, 0.3 ml of 100% ethanol was

added to the microtube containing the two other phases. After 3min at
RT, the samples were centrifuged at 2000×g for 5min at 4 °C and the
supernatant transferred for a new Eppendorf tube. To precipitate the
proteins, 1.5 ml of isopropyl alcohol was added and incubated for
10min at RT, followed by centrifugation at 12000×g for 10min at
4 °C. After discarding the supernatant, the pellet was washed with 2ml
of 0.3 M guanidine hydrochloride in 10% ethanol, incubated 20min at
RT, centrifuged at 7500×g for 5min at 4 °C, and the supernatant was
discarded. These steps were performed 3 times. Then, 2ml of ethanol
was added, and the sample was vortexed and centrifuged at 7500×g
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for 5min at 4 °C. After discarding the supernatant, the pellet was dried
for 10min and resuspended in 50 μl of 1% SDS at 50 °C. For the analysis
of PDH levels, and PDH phosphorylation by western blotting, the pro-
tein samples were prepared as described for the PDH activity assay. The
protein was quantified by the BCA method (Pierce, Rockford, IL, USA)
using bovine serum albumin (BSA) as a standard.

2.4. Western blotting

Samples were heated at 55 °C (for OXPHOS) or 95 °C for 5min in a
2× Laemmli sample loading buffer (Bio-Rad, Hercules, CA, USA), and
equivalent amounts of protein were separated in 10% polyacrylamide
gel electrophoresis and electrophoretically transferred to a PVDF
membrane. After membrane blocking with 5% nonfat dry milk (Bio-
Rad) in Tris-Buffered Saline Tween (TBS-T; 50mM Tris-HCl, pH 8;
154mM NaCl and 0.1% Tween 20) for 2 h at RT under continuous
stirring, membranes were incubated overnight at 4 °C, under stirring,
with the antibodies directed against PARP-1 (Santa Cruz, Dallas, TX,
USA, sc-7150, rabbit), OXPHOS subunits (Abcam, Cambridge, UK,
ab110413, mouse), HK2 (Cell Signaling, Danvers, MA, USA, #2867,
rabbit) p53 (Cell Signaling, #2524, mouse), SOD2 (Abcam, ab16956,
mouse), PDH (Cell Signaling, #3205, rabbit) or phospho-PDH Ser293
(Millipore, #ABS204, rabbit). Once incubation was complete, mem-
branes were incubated with horseradish peroxidase (HRP)- conjugated
secondary antibodies for 1 h at RT under continuous agitation.
Membranes were washed again and incubated with ECL (Bio-Rad), for
5min maximum at RT. Band intensity was analyzed in a UVP
Biospectrum 500 Imaging System (UVP, LLC, Cambridge, UK). Before
blocking, the membranes were stained with Ponceau S reagent to
confirm equal protein loading in each membrane. Ponceau S labels a
wide range of proteins independently of drug treatment, being a reli-
able method for protein normalization in western blotting (Romero-
Calvo et al., 2010). Band density was measured using the ImageJ 1.45S
software (NIH, Bethesda, USA).

2.5. Analysis of gene expression by quantitative real-time PCR

Total RNA was extracted with PureZOL Reagent, as described
above, and its concentration and purity were evaluated using a
Nanodrop 2000 (ThermoScientific, Waltham, MA, USA). RNA integrity
was verified using the Experion RNA StdSens kit (Bio-Rad), and RNA
was converted into cDNA using the iScript cDNA synthesis kit (Bio-
Rad), following the manufacturer's instructions. RT-PCR was performed
using the SsoFast EvaGreen Supermix, in a CFX96 real time-PCR system

(Bio-Rad), with the primers defined in Table 1, at 500 nM. Amplifica-
tion of 25 ng cDNA was performed with an initial cycle of 30 s at 95 °C,
followed by 40 cycles of 5 s at 95 °C plus 5 s at the annealing tem-
perature (Ta) referred in Table 1. At the end of each cycle, EvaGreen
fluorescence was recorded to enable determination of Cq. After am-
plification, melting temperature of the PCR products were determined
by performing melting curves, and amplicon length was confirmed by
agarose gel electrophoresis. For each set of primers, amplification ef-
ficiency was assessed. Relative normalized expression was determined
by the CFX96 Manager software (v. 3.0; Bio-Rad), using 18S RNA as
reference.

2.6. Cell mass

The sulforhodamine B (SRB) assay (Vichai and Kirtikara, 2006) was
used to measure cell mass through determination of the total cell pro-
tein. At the end of DOX treatment, the culture medium was removed,
and cells were washed with PBS 1× and fixed in 1% acetic acid in ice-
cold methanol overnight at −20 °C. Cells were then incubated with
0.05% (w/v) SRB for 1 h at 37 °C. Subsequently, SRB was removed and
wells were washed with 1% acetic acid to remove unbound stain. Dye
bound to cellular proteins was extracted with 10mM Tris-base solution,
pH 10, and its absorbance was read at 540 nm in a Victor X3 multiplate
reader (Perkin-Elmer, Waltham, MA, USA).

2.7. ATP levels

Cell viability based on ATP measurement was assessed using
CellTiter Luminescent Cell Viability Assay (Promega, Madison, WI,
USA). Briefly, cells were seeded in a 96-well plate and, at the day of the
assay, the medium was removed from the wells and replaced by 50 μl of
fresh medium. 50 μl of the Cell Titer-Glo® reagent was added and mixed
for 2min on an orbital shaker to promote cell lysis. The plate was in-
cubated for 10min and the luminescent signal was recorded using
Cytation™ 3 microplate reader (BioTek, USA).

2.8. Caspase activity

Caspase-9 and -3/7-like activities were evaluated using the Promega
Caspase-GLO assays (Promega, Madison, WI, USA), Caspase-Glo 9 and
Caspase-Glo 3/7, respectively. Cells were seeded in white 96 multiwell
plates and the assay was performed at the end of DOX treatment, fol-
lowing the instructions provided by the manufacturer.

Table 1
Sequences of primers used for the analysis of gene expression.

Gene Accession number Fwd primer Rev primer Ta (°C)

Ant1 NM_007450 TGACACTGCCAAGGGGATGC GCCAGACTGCATCATCATCCT 63
Atm NM_007499 GAGGCCTAGGATTTCACGAAG TGTTCGATCCTCATCAAGGTG 60
Atr NM_019864 CCTCAAACCGCTTTTTCGCA ATCCGGCCTTTTGTTGAGACT 63
Bax NM_007527 TGCTACAGGGTTTCATCCAGG TCCACGTCAGCAATCATCCT 63
Bcl2 NM_009741 ATAACGGAGGCTGGGATGC GGCAGGTTTGTCGACCTCA 63
Bpgm NM_007563 TACAAAGTGTGCGATGTG CGTCTGAGATACCTTCCA 60
Cdk1 NM_007659 ACACACACGAGGTAGTGACG GTCAATCTCTGAGTCGCCGT 63
Cdk2 NM_183417 CGGAGTGGTGTACAAAGCCA TTCAGTCTCAGTGTCGAGCC 60
Chk1 NM_007691 AAAGGACTGCTTGTCGCTGT TCCATAGGCACCTTCTCCCA 60
Chk2 NM_016681 TTCTTTTCATCTGCCTAAGTGGG CCTCCTCTGTGGTAAGCCGA 62
Hif1a NM_001313919 CCTTAACCTGTCTGCCACTT TAATGTTCCAATTCCTGCTGCTT 60
Hk2 NM_013820 CCTGGTTTCAAAGCGGTCGG TACTGGTCAACCTTCTGCACTTG 63
Mdm2 NM_010786 TGGCGTAAGTGAGCATTC CCGATAGACCTCATCATCCT 60
Noxa NM_021451 GGTGCCAGCAGACTTGAAGG GCATTTCCATCAACCGGCG 63
Pdk4 NM_013743 GTGGACCCCGTTACCAATCA GCACACTCAAAGGCATCTTGG 60
Puma NM_133234 GAGCGGCGGAGACAAGAA AGGAGTCCCATGAAGAGATTGT 60
p53 NM_011640 TTCATTGGGACCATCCTGGC GGCAGTCATCCAGTCTTCGG 63
Vdac1 NM_011694 GTAACACTCGCTTCGGAAT CGTCAGTTTGATACCTGGTTT 60
Rna18S NR_003278 GGACAGGATTGACAGATTGAT CCAGAGTCTCGTTCGTTATC 60
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2.9. PDH activity

PDH activity was measured using a commercial assay kit
(#MAK183, Sigma) according to manufacturer's instructions. Briefly,
9× 105 Cor.At cells were lysed in 100 μl PDH assay buffer and 10 μl of
the cell lysate was used per reaction. After the addition of the reaction
mixture, consisting of assay buffer, PDH substrate and developer, the
absorbance was measured continuously at 450 nm every 1min for
80min total, while the plate was incubated at 37 °C. Only measure-
ments within the linear range of the assay were used for PDH activity
calculation and sample blanks were used for each sample correction.

2.10. Seahorse stress tests

Oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) were determined using a Seahorse XFe96 analyzer (Agilent
Technologies, Santa Clara, CA) and the Seahorse XF Cell Mito Stress
Test. Cor.At were seeded into Seahorse XFe96 well plates at a density of
1.0× 104 cells/well/80 μl. One hour prior the assay the plate was
rinsed twice with PBS, 175 μl of Cor.At culture medium was added and
cells were incubated for 1 h at 37 °C without CO2. Cor.At medium was
used in the assay, including in the preparation of the loaded com-
pounds. A constant volume of 25 μl of each compound was pre-loaded
into the respective ports of the cartridge (Port A: oligomycin, final
concentration: 1 μM; Port B: FCCP, final concentration: 4 μM; Port C: a
mix of rotenone/antimycin A, final concentration: 2 μM).
Measurements were performed in five to six replicates. OCR and ECAR
values were normalized to the cell mass, determined by the SRB assay,
and analyzed using Wave v2.3 software (Agilent Technologies, Santa
Clara, CA).

2.11. Statistical analysis

Data were expressed as mean ± SEM for the number of experi-
ments indicated in the figure legends. Comparisons were performed
using Mann-Whitney U test when comparing 2 conditions, Kruskal-
Wallis H-test followed by Dunn's post hoc analysis was used for multiple
conditions comparison. For parametric analysis, multiple comparisons
were performed using one-way ANOVA followed by Bonferroni post-
hoc test. Significance was accepted with p value < 0.05.

3. Results

3.1. DOX induced dose-dependent morphological and functional changes
associated with mitochondrial depolarization and apoptotic hallmarks

To evaluate DOX cardiotoxicity, cardiomyocytes were incubated
with 0, 0.5 or 1 μM DOX, and cell morphology and mass were evaluated
after 24 h of treatment (Fig. 1). Alterations of cell morphology were
apparent for both DOX concentrations, with the highest concentration
inducing more evident changes (Fig. 1A), accompanied by desynchro-
nization of cardiomyocyte beating, possibly due to lower intercellular
surface contacts due to DOX toxicity (Supplementary Videos 1–3).
Average nuclear area was significantly decreased for 1 μM DOX, being
50% lower in average when compared to control, and 37% lower when
compared to 0.5 μM DOX (Fig. 1B). This mostly resulted from a de-
crease in the number of cells with larger nuclei and a correspondent
increase in cells with smaller ones (Fig. 1C). However, cell protein mass
was not significantly affected by DOX at the concentrations used
(Fig. 1D). The ATP levels, on the other hand, were significantly reduced
after DOX treatment (Fig. 1E).

Morphological changes accompanied alterations in mitochondrial
polarization, assessed by TMRM+ labeling intensity, and by increased
nuclear apoptotic morphology, analyzed after labelling with Hoechst

Fig. 1. Morphological alterations induced by doxorubicin (DOX) in cultured cardiomyocytes. A) Images are representative of cells cultured in control conditions or
treated with DOX (0, 0.5 or 1 μM) for 24 h. Scale bar represents 30 μm. B-C) Nuclear areas were measured using ImageJ software and presented as B) mean ± SEM of
about 100 nuclei per condition, from at least 3 independent experiments, or C) as a histogram to show frequency distribution of nuclear areas. D) Cell mass was
estimated using the sulforhodamine B (SRB) assay. Data are the mean ± SEM of 4 independent experiments. E) Cell viability based on ATP levels was assessed by
CellTiter-Glo® assay. Results represent the mean ± SEM of 4 independent experiments. *p < 0.05, ***p < 0.001 compared to 0 μM DOX, #p < 0.05,
###p < 0.001 compared to 0.5 μM DOX.
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33342 (Fig. 2A). At the lower concentration, DOX treatment resulted in
a small increase in the number of apoptotic nuclei and appeared to
increase perinuclear mitochondrial polarization, which can be an early
feature of apoptosis that precedes caspase activation (Sanchez-Alcazar
et al., 2000; Giovannini et al., 2002; Iijima et al., 2003; Liu et al., 2005;
Cao et al., 2007). In accordance, the activities of caspases −9 and− 3/
7 were also significantly increased under these conditions (Fig. 2B, C).
In comparison with control conditions, caspase-9 activity was increased
by ~2.4 fold in cells treated with 0.5 μM DOX, (Fig. 2B), whereas
caspase-3/7 activity increased by ~4.6 fold (Fig. 2C). In cells treated
with 1 μM DOX, an increase in the number of apoptotic nuclei and a
decrease in mitochondrial polarization was observed, together with
increased activities of caspases −9 (~5 fold) and− 3/7 (~5.3 fold),
and increased protein content of the PARP-1 fragment (Fig. 2D) re-
sulting from caspase-3-mediated PARP-1 cleavage.

3.2. DOX induced p53-associated caspase activation and decreased SOD2
protein content

DOX cardiotoxicity has been described to be mediated by p53 and
oxidative stress (Sardao et al., 2009a; Carvalho et al., 2014). In our cell
model, both drug concentrations increased p53 (Fig. 3A) and decreased

SOD2 (Fig. 3B) protein contents. The levels of p53 were increased by
~4.6 fold in cells treated with 0.5 μM DOX and ~3.6 fold in cells
treated with 1 μM DOX. SOD2 protein levels were decreased by ~30%
for the lower DOX concentration and ~37% for 1 μM DOX. Activation
of caspases by DOX was completely prevented by pre-incubation with
the non-selective caspase inhibitor z-VAD-fmk (Fig. 3C, D). Pre-in-
cubation with Pfα, a p53 inactivator that blocks p53-dependent tran-
scriptional activation and apoptosis (Komarov et al., 1999), partially
prevented caspase-9 activation by DOX at 1 μM (Fig. 3C), and com-
pletely prevented caspase 3/7 activation by DOX at 0.5 and 1 μM
(Fig. 3D). The antioxidant NAC did not present significant protective
effects against DOX-induced caspase activation in this cell model
(Fig. 3C, D). At the concentrations used in this study, Pfα, NAC and z-
VAD-fmk did not induce a significant decrease in cardiomyocyte cell
mass, in the presence or in the absence of DOX (Supplementary Fig. 1).

3.3. DOX dose-dependently affected p53 target transcripts associated with
mitochondria-dependent apoptosis and DNA-damage response

Since DOX-induced cardiomyocyte apoptosis seems to be dependent
on p53, we next evaluated the mRNA levels of p53-target genes as well
as other genes associated with the regulation of the p53 pathway

Fig. 2. Analysis of apoptotic hallmarks in cultured cardiomyocytes exposed to doxorubicin (DOX 0, 0.5 or 1 μM) for 24 h. A) Nuclear morphology, mitochondrial
polarization and mitochondrial network arrangement were analyzed by fluorescence microscopy using Hoechst 33342 and TMRM+. Arrows in the Hoechst panels
correspond to apoptotic nuclei. Arrows in the TMRM+ panel correspond to depolarized mitochondrial network. Scale bar represents 30 μm. B, C) Activities of
caspases −9 and −3/7 were evaluated using Caspase-GLO kits from Promega, as described in Material and Methods. D) PARP cleavage was analyzed by western
blotting. Data are representative from 3 to 4 independent experiments. *p < 0.05 compared to 0 μM DOX, #p < 0.05, compared to 0.5 μM DOX.
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(Fig. 4). DOX effects on gene transcription were dependent on the drug
concentration. The lower DOX concentration induced an increase in
transcripts for the p53 target genes Puma (~4.6 fold) (Fig. 4C), Noxa
(~17.5 fold) (Fig. 4D) and Bax (~2.1 fold) (Fig. 4E), which are pro-
apoptotic, and also Mdm2 (~2.6 fold) (Fig. 4B), a gene directly related
with the regulation of the p53 pathway (Stindt et al., 2011). The levels
of p53 also showed a non-statistically increase (~1.7 fold) for the lower
DOX concentration (Fig. 4A). For the higher DOX concentration, the
levels of all transcripts were similar to the control situation, except for
Noxa, which also showed a non-statistically significant tendency to
increase (~3.5 fold) (Fig. 4D) and Bax, which was significantly de-
creased (−70%) (Fig. 4E). The mRNA levels of the anti-apoptotic gene
Bcl-2 were decreased in cells exposed to both DOX concentrations
(−58% for 0.5 μM DOX and− 88% for 1 μM DOX) (Fig. 4F). Since p53
activation is associated with DNA damage, we also evaluated tran-
scripts associated with p53-related DNA damage response (Fig. 4G–I).
From the genes studied, Atm and Cdk2 transcription was not affected by
any of the DOX concentrations tested (Supplementary Fig. 2). The ex-
pression of Atr (−63%) (Fig. 4G), Chk2 (−42%)(Fig. 4H) and Cdk1
(−80%) (Fig. 4I) was significantly decreased in cells treated with 1 μM
DOX, in comparison with control cells. The expression of Chk1 (Sup-
plementary Fig. 2B) decreased (−50%) for both DOX concentrations,
although the difference was only statistically significant for cells treated

with 0.5 μM DOX.

3.4. DOX altered proteins and transcripts associated with mitochondrial
bioenergetics

Since the results suggested that DOX treatment resulted in mi-
tochondrial dysfunction in our cell model, we next evaluated the pro-
tein content of several OXPHOS subunits, as well as the glycolytic en-
zyme hexokinase-2 (HK2) (Fig. 5). Decreases in protein content of
OXPHOS subunits NDUFB8 (complex I) (Fig. 5A) and ATP5A (ATP
synthase) (Fig. 5E) were only observed in cells treated with 1 μM DOX,
by ~44% and ~26%, respectively. However, HK2 protein content
(Fig. 5F) was decreased by ~60% in cells treated with both DOX con-
centrations. Since DOX may interfere with DNA and affect gene tran-
scription, we measured the abundance of mRNAs encoding genes in-
volved in mitochondrial bioenergetics. We observed a dose-dependent
decrease in Hk2 and Hif1α transcripts (Fig. 6A, B). Interestingly, the
two DOX concentrations used had a different impact on Pdk4 and Bpgm
transcripts, which were only increased after treatment with 0.5 μM DOX
(Fig. 6E, F), by ~5.3 and ~2.3 fold, respectively. Ant1 and Vdac1
transcripts were not significantly affected by any of the DOX con-
centrations used (Fig. 6C, D). These results suggest a selective and dose-
dependent impact of DOX over gene transcription. A clustergram

Fig. 3. Involvement of p53, ROS and caspases in doxorubicin (DOX) toxicity in cultured cardiomyocytes. Cells were incubated with DOX (0, 0.5 or 1 μM) for 24 h, the
protein fraction was extracted with PureZOL (Bio-Rad) and the total levels of A) p53 and B) SOD2 were analyzed by western blotting. Involvement of p53, ROS and
caspases were analyzed in cells pre-exposed to 30 μM pifithrin alfa (Pfα), 100 μMN-acetyl-cysteine (NAC) or the non-selective caspase inhibitor zVAD-fmk (ZVAD)
before treatment with doxorubicin. C) Caspase-9 and D) Caspase-3/7 activities were analyzed using Promega Caspase-GLO assays, as described in Material and
Methods. Data are the mean ± SEM from 4 independent experiments. *p < 0.05, **p < 0.01, compared to control. #p < 0.05, ##p < 0.01, compared to cells
treated only with DOX.
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showing the changes in expression of all the transcripts studied is
presented as Supplementary Fig. 3.

The increase in Pdk4 transcription suggests that DOX may have led
to metabolic alterations through a decrease in PDH activity, which
would result in decreased flux of pyruvate to the TCA cycle and the
OXPHOS (Fig. 7A) (Zhang et al., 2015). Thus, we evaluated the levels of
phospho-PDH and PDH activity (Fig. 7B–D). In agreement with the
increase in Pdk4 transcript levels, treatment with 0.5 μM DOX induced
an increase in phospho-PDH levels (Fig. 7B–C), which seems to result in
decreased PDH activity, although the results did not reach statistical
significance due to a limitation in the number of cells available for this
particular experiment (Fig. 7D).

Next, we measured ATP levels, and evaluated bioenergetic para-
meters by simultaneously following Oxygen Consumption Rate (OCR)
and Extracellular Acidification Rate (ECAR) using the Seahorse
Extracellular Flux Analyzer (Fig. 7F–L). DOX induced decreases in basal
respiration by ~63% for 0.5 μM DOX and by ~47% for 1 μM DOX
(Fig. 8G), in maximal respiration by ~68% for 0.5 μM DOX and by
~74% for 1 μM DOX (Fig. 8H), and in basal acidification by ~74% for

0.5 μM DOX and by ~61% for 1 μM DOX (Fig. 8G). Basal acidification
reflects the activity of several components, including lactic production
by glycolysis and TCA cycle. In an attempt to reverse this effect, cells
were pre-treated with the PDK inhibitor DCA, in order to decrease PDH
phosphorylation by PDKs and improve its activity. DCA (3mM) pre-
treatment partially inhibited the negative effects of DOX on ATP levels,
recovering ~14% of the lost ATP levels for 0.5 μM DOX and ~16% for
1 μM DOX (Fig. 7E). No protection was observed for 1mM DCA (data
not shown). Pre-treatment with 3mM DCA ameliorated the loss of basal
(~17%) and maximal (~12%) respirations in cells incubated with
0.5 μM DOX, but not with 1 μM DOX (Fig. 7G, H), suggesting that the
loss of PDH activity partially contributes to bioenergetic dysfunction
associated with DOX cardiotoxicity and may be reversible for lower
doses of this drug. DCA pre-treatment also decreased the loss of basal
acidification in cells incubated with 0.5 μM DOX (~13%) (Fig. 7I). To
better understand the energetic shifts induced by DOX and DCA treat-
ments, and the impact in the capacity of cells to respond to mi-
tochondrial stress, the Seahorse results are also shown in the form of
energy maps (Fig. 7J–L). In a control situation, Cor.At cells responded

Fig. 4. Effect of doxorubicin (DOX) on the levels of p53-associated transcripts involved in apoptosis and DNA damage response in cultured cardiomyocytes. Cells
were incubated with DOX (0, 0.5 or 1 μM) for 24 h, total RNA was extracted with PureZOL (Bio-Rad), converted into cDNA, and analyzed by qPCR, as described in
Material and Methods. Data are the mean ± SEM from 7 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, compared to control. #p < 0.05,
##p < 0.01, ###p < 0.001 compared to cells treated with 0.5 μM DOX.
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to mitochondrial stress induced by acute FCCP+oligomycin exposure
by adopting a more pseudo-energetic phenotype, with increased OCR
and ECAR (Fig. 7J). DOX-treated cells presented decreased ECAR and
OCR, becoming more energetically quiescent. DCA pre-treatment had
different effects in cells exposed to the two DOX concentrations. To
facilitate the visualization, zoomed energy maps corresponding to
0.5 μM DOX (Fig. 7K), and 1 μM DOX (Fig. 7L) conditions are also
presented. Acute mitochondrial stress by exposure to FCCP+oligo-
mycin induced a transition to a more pseudo-energetic phenotype in
cells exposed to 0.5 μM DOX, but cells exposed to 1 μM DOX became
more energetically quiescent after this acute mitochondrial stress. Pre-
treatment with DCA induced a transition to a more energetic phenotype
in cells exposed to 0.5 μM DOX, whereas cells exposed to 1 μM DOX
seemed to become more aerobic.

The results are summarized in Fig. 8.

4. Discussion

DOX is a widely used anticancer drug whose clinically used dosages
are limited by delayed cardiotoxicity. DOX cardiotoxicity has been
studied in in vivo and in vitro models, including the H9c2 rat cardio-
myoblast cell line (Sardao et al., 2009a; Branco et al., 2012; Moreira
et al., 2014; Deus et al., 2015; Sampaio et al., 2016) However, cardiac
cells that maintain the capacity to beat in culture, such as Cor.At mouse
iPSC-derived cardiomyocytes, may represent a better in vitro model to
further uncover the mechanisms of DOX-induced cardiotoxicity.

Mouse stem cell-derived cardiomyocytes have been a useful tool for
toxicity screening assays of compounds interfering with ion channels
function, contractility and cardiomyocyte metabolism (Himmel, 2013;
Lagerqvist et al., 2015). However, these cells may still present critical

differences compared to their human counterparts, due to species spe-
cificities in cardiomyocyte function (Rajamohan et al., 2013) which
demand caution when extrapolating our results to clinical applications.
Physiological and biochemical differences between mouse and human
cardiomyocyte function include a ~10 times faster beat rate in the
mouse, dissimilar ion channel-mediated repolarization and phospho-
lamban regulatory roles, as well as in the expression and location of
structural proteins (Rajamohan et al., 2013). Nonetheless, the presence
of the contractile component in iPSCs-derived mouse cardiomyocytes
makes these cells more bioenergetically demanding compared to other
commonly used non-contractile models of cardiac cells, including H9c2
cardiomyoblasts, thus allowing a more sensitive detection of mi-
tochondrial drug liabilities.

The objective of this work was to investigate the mechanisms un-
derlying DOX toxicity in beating cardiomyocytes, focusing on mi-
tochondria stress-related and metabolic pathways. For this purpose, we
used Cor.At cardiomyocytes treated with 0.5 or 1 μM DOX, and in-
vestigated the morphological, functional and biochemical changes as-
sociated with mitochondrial bioenergetics, DNA-damage response and
apoptosis. These concentrations fall within the range found in plasma of
patients administered DOX (Greene et al., 1983) and are thus clinically
relevant.

DOX induced dose-dependent alterations in cell morphology and
ATP levels without affecting total cell mass. The higher DOX con-
centration induced a decrease in nuclear area, consistent with apoptotic
nuclear pyknosis, contrary to what was observed in H9c2 cells, in which
DOX induced nuclear hypertrophy (Sardao et al., 2009b). Morpholo-
gical changes accompanied alterations in mitochondrial polarization,
and chromatin condensation and fragmentation. At the lower con-
centration, DOX induced the appearance of a few apoptotic nuclei and

Fig. 5. Effect of doxorubicin (DOX) on the protein content of A-E) OXPHOS subunits and F) hexokinase 2 (HK2) in cultured cardiomyocytes. Cells were incubated
with DOX (0, 0.5 or 1 μM) for 24 h, the protein fraction was extracted with PureZOL, and analyzed by western blotting, as described in Material and Methods. Data
are the mean ± SEM from 4 independent experiments. *p < 0.05 compared to control.
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seemed to increase perinuclear mitochondrial polarization, which can
be an early feature of apoptosis (Sanchez-Alcazar et al., 2000;
Giovannini et al., 2002; Iijima et al., 2003; Liu et al., 2005; Cao et al.,
2007; Silva et al., 2016). Electrophysiologically, DOX has previously
been reported to affect beat period, spike amplitude and corrected field
potential duration in a time and dose-dependent manner (Abassi et al.,
2012; Koci et al., 2017). A 24 h DOX exposure in human iPSC-derived
cardiomyocytes induced arrhythmic beating at 10 μM DOX and caused
a complete arrest of heart beating at 100 μM (Koci et al., 2017). In-
terestingly, DOX showed both acute and chronic electrophysiological
effects with abnormal beating patterns worsening with prolonged time
after treatment (Maillet et al., 2016). In our model, and in line with
these previous studies, DOX (0.5 and 1 μM) did not have a major impact
on cardiomyocytes beating for the 24 h exposure (Supplementary Vi-
deos 1–3), however, the beating stopped completely when cells were
exposed to DOX for 48 h.

Under these conditions, the activities of caspases −9 and− 3/7
were also significantly increased. At the highest DOX concentration, an
increase in apoptotic nuclei and a decrease in mitochondrial polariza-
tion, together with increased activities of caspases −9 and− 3/7, and
increased protein content of the caspase-3 cleavage-resulting PARP-1
fragment were observed. These results suggest the involvement of the
mitochondrial apoptotic pathway and are in accordance with previous
studies from our group in different biological models (Sardao et al.,
2009a; Ascensao et al., 2011; Moreira et al., 2014; Deus et al., 2015).

Both DOX concentrations used in this work induced an increase in
p53 and a decrease in SOD2 protein contents. The transcription factor
p53 is sensitive to redox changes and coordinates multiple cell

responses including the decision between cell survival and cell death,
namely through the blockade of cell cycle progression in response to
DNA damage (Vousden and Ryan, 2009). The levels of p53 protein
increase after exposure to stress signals, and it may act through tran-
scription-dependent and independent mechanisms, namely regulating
mitochondrial apoptotic signaling (Speidel, 2010).

Transcriptional regulation by p53 activates or represses the tran-
scription of target genes (Riley et al., 2008). However, the transcrip-
tional response of p53 is transient, primarily through the induction of
short-lived mRNAs (Melanson et al., 2011). Transcription-mediated
effects involve upregulation of pro-apoptotic genes, such as Puma, Noxa
and Bax, and downregulation of anti-apoptotic genes, such as Bcl-2
(Riley et al., 2008). Transcription-independent effects include direct
interaction with Bax (Chipuk et al., 2004) or with SOD2 (Robbins and
Zhao, 2012; Candas and Li, 2014). The latter interaction leads to a
reduction of superoxide anion scavenging activity, with a subsequent
decrease in mitochondrial membrane potential and activation of
apoptosis (Robbins and Zhao, 2012; Candas and Li, 2014). However,
transcription-mediated effects may also be in place, since it was de-
scribed that p53 represses SOD2 gene expression (Drane et al., 2001).
DOX effects on SOD2 protein amount and activity seem to be dependent
on the experimental model, dose and duration of DOX treatment.
Subchronic DOX exposure decreased SOD2 activity in rat hearts
(Marques-Aleixo et al., 2015), while acute DOX exposure induced an
increase in SOD2 activity (Ascensao et al., 2011). Differential effects of
DOX in SOD2 content observed across different experimental models
may be related with the fact that p53 can both suppress and induce
SOD2 expression, depending on the balance of promoter and enhancer

Fig. 6. Effect of doxorubicin (DOX) on transcripts associated with bioenergetic regulation in cultured cardiomyocytes. Cells were incubated with DOX (0, 0.5 or
1 μM) for 24 h, total RNA was extracted with PureZOL, converted into cDNA, and analyzed by qPCR, as described in Material and Methods. Data are the
mean ± SEM from 5 to 7 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared to control. ##p < 0.01, ###p < 0.001 compared to cells
treated with 0.5 μM DOX.
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Fig. 7. Involvement of PDH in doxorubicin (DOX) toxicity in Cor.At cardiomyocytes. A) PDH is central to metabolic flexibility, linking glycolytic flux to mi-
tochondrial respiration. PDH activity is highly regulated, being inhibited by phosphorylation mediated by PDKs. By inhibiting PDK, DCA is known to restore the
active form of PDH, increasing the conversion of pyruvate into acetyl-CoA. B–C) Exposure to 0.5 μM DOX increased the phosphorylation of PDH and D) seemed to
decrease PDH activity. Data are the mean ± SEM from 4 to 6 independent experiments. E) Pre-incubation with DCA followed by 24 h incubation with DOX (0, 0.5 or
1 μM) partially recovered ATP levels, estimated using the CellTiter-Glo® assay after. Data are the mean ± SEM from 4 independent experiments. F–L) The effect of
3 mM DCA on mitochondrial bioenergetics, based on the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR), was assessed with a Seahorse
XFe96 instrument using the mitochondrial stress test. Pre-treatment with DCA increased PDH activity and enhanced mitochondrial respiration (G-H) Basal and
maximal respirations were calculated based on the responses to oligomycin, FCCP and rotenone/antimycin A. I) Basal acidification corresponds to ECAR under basal
conditions. J-L) Energy maps show the correlation between OCR and ECAR in basal conditions in the absence and presence of DOX, and the shifts induced by
exposure to FCCP (and oligomycin), or by pre-exposure to DCA. Data are the mean ± SEM from 6 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.01
compared to control. #p < 0.05 compared to cells treated only with 0.5 μM DOX.
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binding transcription factors, and SOD2 activity may also affect p53
activation (Dhar et al., 2010).

Activation of caspases by DOX was completely prevented by pre-
incubation with the non-selective caspase inhibitor z-VAD-fmk.
Moreover, pre-exposure to Pfα, a p53 inactivator that blocks p53-de-
pendent transcriptional activation and apoptosis (Komarov et al.,
1999), partially prevented caspase-9 activation by DOX at 1 μM, and
completely prevented caspase 3/7 activation by DOX at 0.5 and 1 μM.
Pfα per se showed a tendency to increase caspase-9 activity, which may
explain why no protection was observed for the lower DOX con-
centration, contrary to what was observed in H9c2 cells (Sardao et al.,
2009a). In addition, the antioxidant NAC did not significantly protect
against DOX-induced caspase activation in this cell model. In our study,
DOX increased p53-associated caspase activity and decreased SOD2
content, although increased ROS generation did not seem to occur
upstream of caspase activation. The present results further reinforce the
role of p53 in DOX-induced activation of caspases-3 and -9 in cardio-
myocytes, as previously measured in H9c2 cardiomyoblasts by our
group (Sardao et al., 2009a), suggesting that DOX-induced p53-medi-
ated cytotoxicity is common for both H9c2 cardiomyoblasts, which
show proliferative activity, and the cells used in the present study,
which do not proliferate in culture.

In accordance with the increase in p53 protein content and apop-
totic hallmarks, DOX dose-dependently affected p53 target transcripts
associated with mitochondria-dependent apoptosis and DNA-damage
response. Nuclear-localized p53 activates genes that arrest cell growth
and repair DNA damage, such as Atm, Atr, Chk1, Chk2, Cdk1 and Cdk2
(Riley et al., 2008; Zannini et al., 2014). At the higher DOX con-
centration, a significant decrease in Cdk1, Atr and Chk2 transcripts was
observed, whereas at the lower concentration there was an increase in
Mdm2, Puma, Noxa and Bax transcripts, and a decrease in Bcl-2 and
Chk1. These results suggest that cells responded to DOX-induced DNA
damage through activation of p53 transcriptional activity, which led to
mitochondrial-mediated apoptosis, in a dose-dependent manner.

In the present work, DOX treatment altered proteins and transcripts
associated with mitochondrial bioenergetics and decreased ATP levels

and basal and maximal oxygen consumption rates. At the higher DOX
concentration, a decrease in protein content of Complex I and ATP
synthase subunits and HK2 was observed, together with a significant
decrease in Hk2 transcripts. Complex I and ATP synthase activity and/
or protein expression were also previously shown to be decreased in
DOX-exposed animals (Ascensao et al., 2011; Marques-Aleixo et al.,
2015). At the lower concentration, there was a decrease in Hk2 and
Hif1-alpha transcripts and an increase in Pdk4 and Bpgm transcripts.
For the higher DOX concentration, there was a significant decrease in
Hk2 and Hif1a transcripts. Increases in transcripts observed with the
lower DOX concentration were generally not seen for the higher DOX
concentration, probably due to the higher rate of apoptosis observed. In
previous studies with mice exposed to a single dose of DOX, genes re-
lated to glucose metabolism, including Hk2, Pdk4, fructose-2,6-bi-
sphosphate 2-phosphatase, and especially Bpgm, were suggested to be
involved in DOX-induced cardiac injury (Wei et al., 2015). HK2, BPGM,
and PDK4 are rate-limiting enzymes that control glucose metabolism
(Stryer, 2015). Since DOX administration has been shown to sig-
nificantly decrease glucose and ATP levels in the heart (Wei et al.,
2015), these metabolic genes may be involved in the regulation of
glucose metabolism and energy generation, contributing to remodel
heart metabolism in the presence of that anthracycline.

In the present study, the decrease in HK2 levels observed after in-
cubation with both DOX concentrations may result in a decrease in the
glycolytic rate, which could contribute to the observed decrease in
basal acidification rate measured by using the Extracellular Flux
Analyzer. HK2 is primarily expressed in skeletal and cardiac muscles
and is regulated by insulin or ischemia (Calmettes et al., 2015). Hex-
okinases regulate the use of glucose for catabolic processes, regulate
reduced-glutathione levels through generation of NADPH, and mod-
ulate cell death by interacting with the voltage-dependent anion
channel (VDAC), which is a regulator of the mitochondrial permeability
transition pore (Calmettes et al., 2015). Modulation of HK2 levels alters
cardiomyocyte energy levels and contractility (Wu et al., 2011). De-
crease in HK2 levels results in decreased cardiac function and altered
remodeling after ischemia/reperfusion injury (Wu et al., 2011) and
HK2 knockdown resulted in exaggerated cardiac hypertrophy through
increased ROS production (Wu et al., 2012). In contrast, overexpression
of HK2 increases both ATP levels and O2 consumption in cardiomyo-
cytes, as well as cellular contractility (Wu et al., 2011).

Hif1a has been shown to be significantly downregulated in hearts of
mice exposed to DOX (Wei et al., 2015). Hypoxia and HIF-1 increase
virtually all the enzymes in the glycolytic pathway, including HK2, as
well as glucose transporters (Ke and Costa, 2006). Thus, the observed
decrease in the levels of Hif1a transcripts is in agreement with the
decrease in HK2 protein and transcript levels, and with the decrease in
basal acidification rate, and our results suggest a concerted cellular
response to decrease glucose consumption after DOX exposure, which
may result from a metabolic remodeling or from lower energetic de-
mands of treated cells.

BPGM is an enzyme known to regulate hemoglobin oxygen affinity
in erythrocytes and placental cells. It participates in glycolysis by
converting 1,3-bisphosphoglycerate (1,3-BPG) to 2,3-bispho-
sphoglycerate (2,3-BPG), which acts as an allosteric effector influencing
oxygen and hemoglobin dissociation curve, especially in erythrocytes
(Cho et al., 2008). This enzyme is expressed in various tissues and cells,
including the heart. BPGM was previously suggested to play a central
role in DOX-induced cardiac injury (Wei et al., 2015). Although the role
of BPGM in cardiovascular diseases including DOX-induced cardio-
toxicity remains unclear, the protein levels of BPGM were found to be
significantly decreased after DOX administration in the heart and in
cultured cardiomyocytes, consistently with our results for the higher
DOX concentration, suggesting that BPGM may play a core role in DOX-
induced cardiomyopathy (Wei et al., 2015).

PDK4 regulates the metabolic flux between glycolysis and mi-
tochondrial OXPHOS by phosphorylating and inactivating pyruvate

Fig. 8. DOX treatment leads to p53-associated caspase activation and apoptosis,
decreased HK2 levels and reduced mitochondrial respiration (red) in Cor.AT
cardiomyocytes. Cells treated with 0.5 μM DOX presented increased PDK4
transcripts, followed by increased PDH phosphorylation and inactivation (red).
DCA, an inhibitor of PDK, ameliorated the impact of DOX treatment by acti-
vating PDH and partially restoring mitochondrial respiration and ATP levels
(blue). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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dehydrogenase (PDH), resulting in decreased conversion of pyruvate
into acetyl-CoA (Patel and Korotchkina, 2006), conserving glucose and
promoting fatty acid oxidation (FAO) (Sugden et al., 2000). DOX was
previously shown to upregulate the expression of FoxO1 in H9c2 cells
(Liu et al., 2016) and FoxO1 and FoxO3 in rat hearts (Kavazis et al.,
2014), which are known to mediate PDK4 upregulation (Puthanveetil
et al., 2010; Piao et al., 2013; Puthanveetil et al., 2013). Since cardi-
omyocytes have high energy demands, failure to oxidize enough car-
bohydrates leads to cardiac inefficiency (Zhang et al., 2014). Trans-
genic mice overexpressing PDK4 in the heart present decreased glucose
catabolism and increased FAO, suggesting that increased cardiac PDK
expression is sufficient to promote a loss in metabolic flexibility and
exacerbate cardiomyopathy (Zhao et al., 2008). A metabolic shift to
FAO would require active complex I, which is known to be compro-
mised by DOX treatment (Davies and Doroshow, 1986; Oliveira et al.,
2004). In addition, for cells in culture to be able to shift their meta-
bolism to increased FAO, fatty acids would have to be available in the
culture medium or in intracellular storages. In our conditions, the in-
crease in PDK4 levels seems to contribute to PDH inactivation. In the
presence of DOX, cells seem to suffer a generalized bioenergetic failure.

Pre-treatment with DCA ameliorated the impact of DOX treatment
on ATP levels and mitochondrial respiration, suggesting that PDH may
be an interesting therapeutic target to avoid DOX cardiotoxic side-ef-
fects. Since tumor cells are mostly reliant on glycolysis for energy, ac-
tivation of PDH may also contribute to improve cancer chemotherapy
(Sutendra and Michelakis, 2013; Zhang et al., 2015). However, other
strategies to overcome PDH deficiency, besides the use of DCA, may
have to be developed, since co-treatment of DOX+DCA may affect the
efficacy of anti-tumor chemotherapy (Heshe et al., 2011).

In conclusion, the DOX concentrations used in the present study
differentially affected several proteins and transcripts associated with
mitochondrial bioenergetics, and induced p53-dependent caspase acti-
vation, affecting the expression of p53 target transcripts associated with
mitochondria-dependent apoptosis and DNA-damage response. The
highest concentration induced a high degree of apoptosis, with in-
creased nuclear apoptotic morphology, PARP-1 cleavage and decrease
of some OXPHOS protein subunits. This may be relevant for more se-
vere DOX treatments. Interestingly, cells treated with the lowest DOX
concentration seem to be more mildly affected, presenting metabolic
remodeling associated with an increase in PDK4 transcript levels,
phosphorylation of PDH and downregulation of PDH activity. This led
to a decrease in basal and maximal oxygen consumption rates (OCR)
and in basal acidification rate, which were partially recovered by pre-
treatment with the PDK inhibitor DCA.

The results suggest that the higher DOX concentration mainly in-
duces p53-dependent apoptosis, whereas for the lower DOX con-
centration the cardiotoxic effects involve the adoption of a quiescent
energetic phenotype that is improved by indirect stimulation of PDH
activity with DCA, unveiling PDH as a possible therapeutic target to
ameliorate the effects of DOX cardiotoxicity.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.taap.2018.04.009.
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