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Doxorubicin (DOXO) is one of the oldest and most widely used 
anthracyclines, and is often used to treat a broad spectrum of 

solid and hematopoietic tumours (1,2). These drugs, in association 
with innovations in surgical techniques and support measures, have 
led to improved survival in patients with cancer in recent decades 
(3). However, prolonged treatment with DOXO is hampered by 
undesired side effects, most notably the development of cardiotoxicity 
in a dose-dependent manner. This toxicity can present in two ways. 
In some cases, an acute and self-limited form of cardiomyopathy 
develops that can either cause death or resolve spontaneously. 
Alternatively, side effects can have a gradual onset and finally mani-
fest as dilated cardiomyopathy with predominant left ventricular (LV) 
dysfunction. This can ultimately lead to death, despite the effective 
control of the treated cancer (1,2,4). The recommended cumulative 
dose is limited to 550 mg/m2. The dose that induces cardiac failure is 
notably variable (5,6), with some patients being able to tolerate 
higher DOXO doses that result in a better clinical outcome. The 
search for a better anthracycline that retains the same level of antitu-
mour activity with lower cardiotoxicity has been unsuccessful to date. 
Therefore, strategies to improve cancer treatment with DOXO are 
still required.

The mechanism by which DOXO causes cardiac toxicity has yet to 
be fully elucidated and is probably distinct from the antitumour effects 
of DOXO (7,8). Although the latter relies on the blockade of cellular 
repair mechanisms, cardiac toxicity may occur through the generation 
of reactive oxygen species by mitochondrial NADH dehydrogenase 
(9). Oxygen radical generation results in a loss of mitochondrial func-
tion because of decreased complex I functionality. In addition, 

hypoactivity of glutathione peroxidase, the major detoxifying system 
of the heart, can contribute to cardiotoxicity (10). Recent studies have 
reported that decreased rates of state 3 and state 4 respiration in iso-
lated mitochondria obtained from the hearts of animals that were 
treated with DOXO were associated with lower levels of uncoupling 
proteins 2 and 3 (11). Inhibition of components of the electron trans-
port chain such as cytochrome c oxidase (which can be restored with 
the use of the antioxidant MitoQ) are also associated with DOXO-
induced cardiotoxicity (12). The induction of the membrane perme-
ability transition pore also contributes to mitochondrial function 
commitment (13), apoptosis (14) and changes in cardiac calcium 
metabolism (15). Disturbances of protein quality control or specific 
degradation of cardiac transcription factors mediated by the ubiquitin-
proteasome sysem (UPS) have also been implicated (16-20). Therefore, 
understanding the clinically relevant cellular pathways that are 
involved in cardiac dysfunction should provide novel methods of suit-
able intervention.

Cardiomyocytes have high metabolic turnover rates and low lev-
els of regeneration. Even under resting conditions, heart tissue is 
subjected to a stressful workload that can increase enormously in 
conditions that induce systolic or diastolic overload (21). In these 
circumstances, it is essential to maintain a proper balance between 
newly synthesized, correctly folded proteins and degraded proteins. 
These events are essential for cardiomyocyte homeostasis and are 
mediated by a complex system collectively known as protein quality 
control (19). This process is mediated by molecular chaperones and 
by the activity of the UPS. Molecular chaperones are essential for 
correct folding of nascent proteins, protection against protein 

ExpERiMEntal CaRdiology: oRiginal aRtiClE

©2012 Pulsus Group Inc. All rights reserved

MG da Silva, E Mattos, J Camacho-Pereira, et al. Cardiac systolic 
dysfunction in doxorubicin-challenged rats is associated with 
upregulation of MuRF2 and MuRF3 E3 ligases. Exp Clin Cardiol 
2012;17(3):101-109.

Doxorubicin (DOXO) is an efficient and low-cost chemotherapeutic 
agent. The use of DOXO is limited by its side effects, including cardiotox-
icity, that may progress to cardiac failure as a result of multifactorial events 
that have not yet been fully elucidated. In the present study, the effects of 
DOXO at two different doses were analyzed to identify early functional and 
molecular markers of cardiac distress. One group of rats received 7.5 mg/kg 
of DOXO (low-dose group) and was followed for 20 weeks. A subset of 
these animals was then subjected to an additional cycle of DOXO treat-
ment, generating a cumulative dose of 20 mg/kg (high-dose group). 
Physiological and biochemical parameters were assessed in both treatment 
groups and in a control group that received saline. Systolic dysfunction was 

observed only in the high-dose group. Mitochondrial function analysis 
showed a clear reduction in oxidative cellular respiration for animals in 
both DOXO treatment groups, with evidence of complex I damage being 
observed. Transcriptional analysis by quantitative polymerase chain reac-
tion revealed an increase in atrial natriuretic peptide transcript in the 
high-dose group, which is consistent with cardiac failure. Analysis of tran-
scription levels of key components of the cardiac ubiquitin-proteasome 
system found that the ubiquitin E3 ligase muscle ring finger 1 (MuRF1) was 
upregulated in both the low- and high-dose DOXO groups. MuRF2 and 
MuRF3 were also upregulated in the high-dose group but not in the low-
dose group. This molecular profile may be useful as an early physiological 
and energetic cardiac failure indicator for testing therapeutic interventions 
in animal models.
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unfolding and protein repair, whereas the UPS is necessary to ter-
minally remove misfolded and unneeded cellular proteins, thereby 
preventing protein aggregation and cardiomyocyte dysfunction (22). 
This activity is critically important in postmitotic cells, such as neur-
ons and cardiomyocytes, that cannot compensate for this damage 
through cell division (23). The strict regulatory function of the UPS 
is mediated by a biochemical enzyme cascade involving three classes 
of evolutionarily conserved proteins (E1, E2 and E3 enzymes) that 
direct the specific conjugation of ubiquitin moieties to cellular tar-
gets through isopeptide bonds (24). This process is repeated, leading 
to the polyubiquitination of target proteins that are then directed to 
the proteasome complex 26S and degraded into small peptides (24). 
The specificity of this system is determined by E3 ligases that, on 
signal activation, allow the recognition of cellular targets (25). At 
least nine E3 ligases have been described in the heart, including the 
Muscle Ring Finger protein family (MuRF1, MuRF2 and MuRF3) 
and muscle atrophy F-box (MAFbx)/atrogin-1 (26). These proteins 
are not only involved in cardiac development and maintenance of 
metabolism but also have a relevant function in cardiac pathology 
(27). The pathophysiological significance of UPS regulation in heart 
disease as a mediator of damage and/or as a consequence of injury is 
not yet clear, but strong evidence has emerged relating its function to 
cardiac hypertrophy (CH), dilated cardiomyopathy and ischemia 
(28-31). Recently, ubiquitin aggregates have been reported to be 
present in the hearts of patients with dilated cardiomyopathy 
(32,33), and several murine models have indicated that dysfunction 
of the UPS precedes cardiac failure (32). 

Several articles have described UPS modulation by DOXO in 
heart tissue. Kumarapeli et al (17) described increased UPS-mediated 
proteolysis in mouse heart tissue and cultured cardiomyocytes follow-
ing acute DOXO treatment. Liu et al (20) demonstrated an increase in 
proteasome activity when cardiomyocytes were exposed to low doses of 
DOXO. Interestingly, this effect was not reproduced at a higher dose, 
suggesting that the mechanisms underlying toxicity vary with the 
DOXO treatment protocol. In addition, overexpression of atrogin-1 
has been observed after acute exposure to DOXO in rat cardiomyo-
cytes in vitro and in vivo (33). Together, these findings suggest that 
with certain changes, hyperactivation of the UPS may also occur. To 
characterize the functional and molecular changes associated with 
cardiac dysfunction induced by DOXO, we developed a chronic 
model of cardiomyopathy in rats. The present study is, to the best of 
our knowledge, the first to address the subclinical and chronic effects 
of DOXO on mitochondrial function and E3 ligase expression. Our 
analysis of the temporal changes in cardiac function by serial echo-
cardiography and by expression analysis of the E3 ligases of the UPS 
following exposure to different doses of DOXO demonstrates that 
cardiac changes in E3 ligase expression precede obvious LV 
dysfunction. 

MEthodS
Study design
Fifty-two female Wistar rats (Rattus norvegicus), 12 weeks of age, 
weighing approximately 250 g were housed in cages with a 12 h 
light/dark cycle at 25°C with ad libitum access to chow and water. 
All of the animals underwent echocardiographic analysis before 
drug administration. Animals were randomly assigned to receive 
saline at 1 mL/kg intraperitoneally (control group, n=15) or DOXO 
(Adriblastina RD, Pfizer Inc, USA) at 7.5 mg/kg intraperiton-
eally (low-dose group, n=37) that was administered in six doses of 
1.25 mg/kg three times per week over two weeks to reduce local and 
systemic toxicity. The end of the first drug administration period was 
designated as week zero, as illustrated in Figure 1. The animals of each 
group were again subjected to echocardiography at two and four weeks 
following completion of the first cycle of DOXO administration. At 
four weeks, four animals from each group were euthanized, and their 
hearts were used for respirometry measurements and to quantify mes-
senger RNA content. 

At week 10, echocardiography  was performed to assess the LV 
systolic function for 11 control animals and 32 animals from the low-
dose group (one animal from the low-dose group died). Twenty-five 
animals from the low-dose group received an additional DOXO dose of 
12.5 mg/kg (2.5 mg/kg every other day over 10 days) for a total cumu-
lative dose of 20 mg/kg. This new group was designated the high-dose 
group (n=25). At this timepoint, the low-dose group consisted of 
seven animals that received saline during the same period. At week 16, 
only nine animals from the high-dose group were still alive, and 
another functional analysis by echocardiography  was performed for all 
of the groups. Two weeks later, four animals from each group were 
euthanized, and the heart mRNA content and respiratory rate were 
measured. At week 20, the remaining animals were euthanized as 
required by the ethics committee. 

All of the procedures were performed within the guidelines estab-
lished by the Ethics Committee for Caring of Experimental Animals, 
Instituto de Biofísica Carlos Chagas Filho, Universidade Federal do 
Rio de Janeiro. The experimental design, including interventions, is 
summarized in Figure 1.

Serial echocardiography
Echocardiographic analysis was performed before DOXO administra-
tion and at two, four, 10 and 16 weeks following DOXO administra-
tion. The anterior thorax of the animals was shaved following sedation 
with ketamine (50 mg/kg) and xylazine (5 mg/kg). Images were 
acquired using a 10 MHz annular phased-array electronic transducer 
connected to Megas (Esaote, Italy) ultrasonography equipment. The 
images were digitally captured, and the tests were recorded and sub-
jected to posterior revision. Parasternal and apical views were investi-
gated. The aorta-to-left atrial diameter ratio, the end-diastolic diameter 

Figure 1) Timeline of study design. Initially, two experimental groups were established that included a control group that received saline (control; n=15) intra-
peritoneally and a low-dose group (low-dose, n=37) that received 7.5 mg/kg of doxorubicin (DOXO) intraperitoneally over two weeks, the end of which is 
indicated as time zero. Ten weeks after the end of the first cycle of DOXO, a subset of the animals in the low-dose group received an additional dose of 
12.5 mg/kg DOXO (high-dose group, n=25), leaving 12 animals in the low-dose group at this point. The time of evaluation by echocardiogram (Echo), oxygen 
consumption tests (respirometry) and ventricular tissue extraction for messenger RNA expression analysis (RNA) are also indicated.
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of the LV and the end-systolic diameter of the LV, as well as the ejec-
tion fraction (EF) of the LV (LVEF) were measured. LV measurements 
were obtained from the short-axis views at the papillary muscle level. 
The left atrium and aorta diameters were measured at the base of the 
heart according to the Recommendations for Chamber Quantification 
(34). The LVEF was obtained by the Teichholz method (34), and the 
modified Simpson’s rule method (34,35) was used to calculate LV vol-
umes. The stroke volume was obtained by subtracting the end-systolic 
volume from the end-diastolic volume, and cardiac output was esti-
mated by multiplying the stroke volume by the heart rate/min. Only 
the results of the animals that were analyzed in all of the repetitions 
were included in the paired statistical analysis of echocardiographic 
measurements (control n=4, low-dose n=6 and high-dose n=8).

Mitochondrial respiratory activity in cardiac saponin-permeabilized 
fibres
The rate of mitochondrial respiration was assessed at different metabolic 
states in a high-resolution oxygraph (O2k, Oroboros Inc, Austria). The 
preparation of heart fibres was performed as described previously (36). 
The animals were euthanized by decapitation, and a small piece of 
the heart apex that was mainly composed of myofibrils was excised, 
weighed and immersed in ice-cold relaxing/preservation BIOPS solu-
tion (3 mM Ca2+-EGTA, 7 mM K+-EDTA, 6 mM Na+-ATP, 20 mM 
taurine, 15 mM phosphocreatine, 20 mM imidazol, 0.5 mM DTT 
and 50 mM MES, pH 7.1). The connecting tissue was removed, and 
individual fibre bundles were isolated and incubated under agitation in 
ice-cold BIOPS with 5 mg/mL saponin at 4°C for 30 min. The samples 
were subsequently transferred to ice-cold MIR05 mitochondrial respira-
tion medium (0.5 mM EGTA, 3 mM MgCl2, 60 mM K+-lactobionate, 
20 mM taurine, 10 mM KH2PO4, 1 mg/mL BSA and 20 mM HEPES, 
pH 7.1) under gentle agitation in an ice bath for 10 min. Mitochondrial 
respiratory activity was measured using Oxygraph-2k chambers con-
taining air-saturated medium. The oxygen flow was normalized to the 
wet heart weight in all of the collected samples. Oxygen consumption 
was measured in the presence of the oxidizable complex I substrate 
mix of pyruvate/malate/glutamate (PMG) (5 mM, 2 mM and 10 mM, 
respectively) followed by the sequential addition of 1 mM ADP, an 
ATP synthesis substrate; 10 mM succinate, a complex II substrate; 
0.5 μM carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP), 
an uncoupling drug; 1 μM rotenone, an inhibitor of complex I; and 
20 mM Na+-azide. For all of the experiments, the electrode was cali-
brated between 0% and 100% saturation with atmospheric oxygen at 
37°C, and the total reaction volume was 2.0 mL. The variability of the 
samples was low within each group studied (SEM <10%).

mRNA expression quantification
Ventricle fragments were removed from four animals from each experi-
mental group immediately following euthanasia at four and 18 weeks 
after DOXO treatment. Tissues were homogenised with Ultra-Turrax 
(IKA, USA) in Trizol (Invitrogen, USA), and the total RNA was iso-
lated following the manufacturer’s guide. The purified RNA was diluted 
in diethylpyrocarbonate-treated water and quantified spectrophotomet-
rically at 260 nm. The integrity of the samples was confirmed by 

formaldehyde gel electrophoresis. Genomic DNA contamination was 
removed by incubation with RQ1 RNAse-free DNAse followed by 
treatment with RQ1 DNase stop solution (Promega, USA) to terminate 
the reaction. Total RNA (1 μg) from each animal was used to generate 
a pooled RNA template for first-strand synthesis of complementary 
DNA using random primers and Moloney murine leukemia virus reverse 
transcriptase (Promega, USA). Real-time reverse transcriptase-polymer-
ase chain reaction (PCR) was performed on an ABI 7500 Fast Real-time 
PCR system with SYBR Green methodology (Applied Biosystems, 
USA) with 600 nM forward and reverse primers and complementary 
DNA in a 96-well array plate with a 25 μL final volume reaction. The 
primers were designed using Primer Express Software 3.0 (Applied 
Biosystems, USA) or Primer Blast (National Center for Biotechnology 
Information, USA). Melting curves and gel electrophoresis were per-
formed to verify the specificity of all of the PCR products. The assay was 
run with the following cycling parameters: 50°C (2 min), 95°C (10 min) 
followed by 40 cycles at 95°C (15 s) and 60°C (1 min). All of the sample 
runs were normalized to glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH). The samples were analyzed in triplicate and in a minimum 
of two independent experiments to ensure the experimental accuracy of 
the results. The relative gene expression was determined by the 
2^(−∆∆Ct) method (37,38). The specific primer sequences and sizes of 
the PCR products are listed in Table 1. 

Statistical analysis
Comparisons between groups were performed using a two-tailed 
Student’s t test for unpaired samples. Values are plotted as the 
mean ± SEM. Differences were considered to be statistically signifi-
cant at  P<0.05. 

RESULtS 
Reduced survival rate after doXo administration
Stress symptoms and survival were analyzed for 20 weeks to investi-
gate the effects of DOXO on the animals. Animals in the control 
group experienced progressive weight gain and maintained appropri-
ate levels of grooming with no observed deaths. One animal in the 
low-dose group died during the period of observation immediately 
following the first cycle of drug administration. This event could be a 
direct effect of the drug or the combined effects of the serial injection 
protocol that was used. Meanwhile, animals in the high-dose group 
became hypoactive, lost interest in grooming and experienced a high 
mortality rate. The survival curve is displayed in Figure 2A. This 
curve confirmed a clinically relevant effect of drug administration, 
although these deaths cannot be directly attributed to cardiac dam-
age because DOXO is known to be associated with multisystem 
toxicity.

The weight curve was also calculated (Figure 2B). Animals in the 
control group demonstrated gradual weight gain, while those in the 
low-dose group displayed a softened curve after four weeks. The 
high-dose group of animals lost weight after four weeks, and this 
weight loss was intensified after the second cycle of DOXO adminis-
tration. In the weeks following the second DOXO cycle, weight loss 
reversal was observed that could be attributed to pleural 

TablE 1
Primer sequences

Gene
length of PCR 

 product, bp Forward Reverse
GAPDH (NM_017008.3) 85 5’−TGACTCTACCCACGGCAAGT 5’−AGCATCACCCCATTTGATGT
Trim63 (MuRF1, NM_080903.1) 351 5´−GAGCAATTGCATCTCCATGCTGGT 5’−ACAATGCTCTTGATGAGCGGCTTG
Trim55 (MuRF2, NM_01012218.1) 245 5’−ACATAGGGAAACCTGGTGGAA 5’−TGTGTACACGCACCACACCTACA
Trim54 (MuRF3, NM_001013217.1) 185 5’−ACTTCACGGTGGGTTTCAAG 5’−TTGCCACAGAGGGTTAGAGG
Fbxo32 (MAFbx/atrogin1, NM_133521.1) 368 5’−TCTACACTGCGAACAGCAGCTGAA 5’−TCCAGGACAGAATGTGGCAGTGTT
Nppa (ANP, NM_012612.2) 166 5’−TGAAAAGCAAACTGAGGGCT 5’−GGATCTTTTGCGATCTGCTC
ANP Atrial natriuretic peptide; GAPDH Glyceraldehyde-3-phosphate dehydrogenase; MAFbx Muscle atrophy F-box; MuRF Muscle ring finger; PCR Polymerase 
chain reaction
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and peritoneal effusions associated with serositis. The presence of 
serositis that had already been detected in vivo during echocardiog-
raphy in all of the animals of the high-dose group was confirmed at 
heart dissection. These effusions were not present in animals from 
the other two groups.

doXo-induced cardiomyopathy in rats
Serial echocardiograms were performed to analyze the effects of 
chronic DOXO treatment on cardiac function that lead to cardio-
myopathy. The aorta-to-left atrial ratio was analyzed to identify evi-
dence of LV dysfunction, because a reduction in this ratio is an 
indirect indicator of LV systolic dysfunction (Figure 3). Only the 
high-dose group developed a sharp decline compared with the control 
group at 16 weeks (0.85±0.16 versus 1±0, P<0.05; Figure 3). The 
LVEF was measured to survey the inotropic state of the myocardium 
directly (Figure 4A). No difference was observed between the groups 
during the first 10 weeks of treatment. After the second cycle of 

DOXO administration, the high-dose group displayed a significant 
reduction compared with the control group (64±5% versus 73±5%, 
P<0.05), whereas the low-dose group remained similar to the control 
group (76±5%).

All of the groups presented a progressive and similar increase 
in the end-diastolic diameter of the LV during the first four weeks 
(Figure 4B). The end-systolic diameters of the control and low-dose 
groups were notably similar until the end of the observation period 
at 16 weeks (0.41±0.05 cm versus 0.39±0.1 cm). The high-dose 
group developed a remarkable increase in the end-systolic diameter 
16 weeks after the first cycle of administration compared with the 
control group (0.49±0.05 cm, P<0.05, Figure 4C). The high-dose 
group also displayed a striking reduction in cardiac output compared 
with the control group (Figure 5A), which was accompanied by a 
tendency toward a reduction in heart rate (Figure 5B). An M mode 
echocardiogram that is representative of one animal each from the 
control and high-dose groups is shown in Figure 5C. A discrete dia-
stolic diameter change could be detected that was associated with a 
more distinct systolic diameter increase in the LV. In agreement with 
the echocardiographic evidence of LV systolic dysfunction, atrial 

Figure 3) Echocardiographic measurements of the aorta-to-left atrial ratio 
(Ao/LA). The timecourse of left ventricular (LV) functional response to 
doxorubicin (DOXO) administration was indirectly inferred by the relation-
ship between the transverse diameters of the aorta and the left atrium (con-
trol, n=4; low-dose, n=5; high-dose, n=8). A The Ao/LA is displayed over 
time, beginning after the completion of the first cycle of DOXO (7.5 mg/kg). 
There were no significant variations in the ratio between the control and the 
low-dose groups during the study. However, the high-dose group demon-
strated a striking reduction after 16 weeks compared with the control group, 
indicating LV dysfunction. Data are expressed as mean ± SEM. B Individual 
results for each animal from tests performed at 16 weeks. Control, low- and 
high-dose groups are labelled. Control and low-dose groups showed similar 
results, while nearly all of the animals in the high-dose group exhibited a 
reduction in the ratio due to the atrial dilation that accompanies LV overload. 
*P<0.05

Figure 4) Echocardiographic analysis of left ventricle (LV) systolic perform-
ance. A Serial measurements were taken of the ejection fraction (EF) of the 
LV (left panel). Individual data for the animals from the three groups (con-
trol, n=4; low-dose, n=5; and high-dose, n=8) at week 16 is also provided 
(right panel). The EF of the high-dose group was significantly reduced at 
16 weeks compared with the control group. B Serial measurements of the 
end-diastolic diameter (EDD) of the LV (left panel) and individual data at 
week 16 (right panel) are shown. There was no significant difference among 
the three groups. C Serial measurements of the end-systolic diameter (ESD) 
of the LV (left panel) and individual data at week 16 (right panel) are 
shown. The high-dose group displayed a significant increase in ESD com-
pared with the control group at 16 weeks. The reduction of the EF in the 
high-dose group correlated with the increase in ESD in these animals, 
whereas the EDD did not differ from the control group. These results indi-
cate that the high-dose group experienced LV dysfunction. Data are 
expressed as mean ± SEM. *P<0.05

Figure 2) A Survival rate in weeks. Animals were monitored for 20 
weeks immediately following the first cycle of doxorubicin (DOXO) 
administration (7.5 mg/kg). The vertical arrow indicates the second cycle 
of DOXO administration (12.5 mg/kg) to the high-dose group. No deaths 
occurred in the control group. One death occurred in the low-dose group 
shortly after drug administration. In contrast, several deaths occurred 
in the high-dose group after the additional dose of DOXO, indicating a  
dose-dependent pattern of mortality. B Weight measurement. The control 
group experienced gradual weight gain, while the low-dose group displayed a 
softened curve after the first four weeks. In addition to the initial weight loss 
beginning at four weeks, the high-dose group demonstrated intensified weight 
loss after the second DOXO cycle followed by subsequent weight gain that 
could be attributed to serositis (pleural and peritoneal effusions). The pres-
ence of serositis that had been detected in vivo during echocardiography of the 
high-dose animals was confirmed at the time of heart dissection.
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natriuretic peptide mRNA expression increased by approximately 
eight-fold in the high-dose group compared with the control group 
(Figure 5D). 

Molecular markers that could potentially identify subtle LV func-
tion alterations caused by the low DOXO dosages were also examined. 
Two parameters were investigated; mitochondrial activity in the 
experimentally treated rats using permeabilized heart fibres instead of 
isolated mitochondria and transcriptional levels of the E3 ligases of the 
UPS.

the mitochondrial oxygen consumption profile was consistent 
with doXo-induced damage in the mitochondrial complex I 
respiratory system 
The oxygen consumption rates of saponin-permeabilized cardiac fibres 
of experimental animals were measured in an oxygraph using high-
resolution respirometry. Figure 6A presents a representative oxygen 
flux experiment using saponin-permeabilized cardiac tissue from one 
control animal to follow the reaction on the addition of substrates. In 
the oxygraph chamber, PMG was added to the medium as a substrate 
for complex I in the electron transport system (ETS). Next, 1 mM ADP, 
which enhances the respiration rate to produce ATP, was added to the 
reaction medium and was observed to increase the flux of oxygen con-
sumption, as expected in well-coupled mitochondria. Further increases 
in the respiration rate were observed when 10 mM succinate, a sub-
strate of complex II in the ETS, and FCCP, an uncoupler of oxidative 
phosphorylation that enhances the respiration rate, were added to the 
medium in sequence. Following these experiments, 1 µM rotenone 
produced a decrease in the rate of oxygen consumption, due to its 
inhibition of complex I in the ETS. NaN3 was added next, and a fur-
ther decrease in the respiration rate – because of the inhibition of ETS 
complex IV – was observed, as expected. 

Figure 6B shows the mean oxygen consumption rate that was meas-
ured in the cardiac fibres of experimental animals from the control, 
low- and high-dose DOXO treatment groups. Oxygen consumption in 
the presence of PMG was not significantly different between the 
DOXO treatments compared with control animals. The addition of 
ADP enhanced the respiration rate to produce ATP in all three groups 
without statistically significant differences among them. However, in 
low-dose and high-dose groups, this increase in the respiration rate was 
somewhat attenuated compared with the control group. The same 
trend was still observed after the addition of succinate and FCCP. 

Surprisingly, when rotenone was added, the low- and high-dose 
DOXO groups did not respond with reduced oxygen consumption in the 
same range as the control group. This statistically significant difference 
demonstrated that animals from the control group were more sensitive 

to this drug than the low- or high-dose DOXO treatment groups. The 
further addition of NaN3 did not alter the rates of respiration. 

The different sensitivity to rotenone between the control groups 
and the groups treated with DOXO is indicated in Figure 6C. This fig-
ure shows the inhibition of rotenone-sensitive oxygen  consumption in 
animals from the control and DOXO treatment groups, after reaching 
the maximum respiration rate by the addition of the uncoupling drug 
FCCP. Tissue from control animals displayed the expected pattern 
of rotenone inhibition, with a 50% decrease in oxygen consumption 

Figure 5) Functional analysis by echocardiography provides additional evi-
dence for left ventricle dysfunction. Data are expressed as mean ± SEM. 
A The high-dose group exhibited a striking reduction in cardiac output at 
16 weeks (60.95±6.7 mL/min) compared with the control group 
(194.17±35.09 mL/min). B There was no significant difference in heart 
rate between the three groups at 16 weeks (control 227±33 bpm, low-dose 
236±45 bpm, high-dose 204±28 bpm) from baseline (data not shown). 
These results indicate that a reduction in stroke volume accounts for the 
decrease in high-dose cardiac output. C Representative M mode echocardio-
grams (transverse view) of the left ventricle of a rat from the control group 
(left) and from the high-dose group (right). The diastolic diameters are simi-
lar. d The left ventricle dysfunction was confirmed by a significant tran-
scriptional increase in atrial natriuretic peptide in the high-dose group 
compared with the control group, determined by real-time PCR. *P<0.05; 
***P<0.001

Figure 6) Doxorubicin (DOXO) treatment alters the mitochondrial oxygen consumption profile of rat heart tissue. A A representative oxygen flux experiment 
using saponin-permeabilized cardiac tissue from a control animal that was used to generate a normal response curve after administration of the substrates that 
increase the consumption of oxygen (pyruvate/malate/glutamate [PMG], ADP and succinate [Succ] and the uncoupling agent FCCP) followed by inhibitors 
that reduce oxygen consumption (rotenone [rot] and azide [NaN3]). B The bars represent the mean oxygen consumption that was measured in the control, 
low- and high-dose groups after each intervention. Data presented as mean ± SEM of three animals. Compared with controls, the low- and high-dose groups 
displayed a statistically insignificant reduction in the absolute values of oxygen consumption. C The graph depicts the change (Δ) in oxygen consumption at the 
rate of maximal respiration when using FCCP followed by rotenone inhibition of complex I. Both treatments induce a decrease in complex I activity in the 
DOXO groups compared with the control group. Fibres were used at 1 mg/mL to 5 mg/mL in the chamber. **P<0.01; ***P<0.005
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using both complex I and II substrates (Figure 6C). However, tissues 
from both DOXO experimental groups displayed a lower inhibition 
response. The statistically significant difference between control and 
DOXO-treated animals observed after rotenone addition is consistent 
with DOXO-induced damage to the mitochondrial complex I respira-
tory system (Figure 6C). 

doXo cardiotoxicity is correlated with mRNA expression changes 
in the UPS
To determine whether cardiac dysfunction was correlated with chan-
ges in the UPS, gene expression of the major cardiac E3 ligases 
(MuRF1, MuRF2, MuRF3 and MAFbx) was analyzed after low-dose 
(7.5 mg/kg) DOXO administration but before evidence of LV systolic 
dysfunction onset. Gene expression was also analyzed 16 weeks after 
the first cycle of administration, following the development of LV 
systolic dysfunction in the hearts of the high-dose group. This evalua-
tion was an attempt to detect early evidence of heart tissue dysfunc-
tion in the low-dose group and changes associated with chronic 
cardiac toxicity in the high-dose group. 

The expression pattern of the E3 ligases exhibited remarkable 
changes corresponding to the dose of DOXO administration (Figure 7). 
MuRF1 displayed a dose-independent upregulation with a 1.6- to 
1.8-fold change (P<0.001). For MuRF2 and MuRF3, an opposing pat-
tern was observed, with downregulation in animals in the low-dose 
group (MuRF2 0.8-fold change; P<0.001 and MuRF3 0.6-fold change; 
P<0.001) and upregulation in animals in the high-dose group (1.4-fold 
change; P<0.01 for both). MAFbx mRNA levels exhibited a striking 
reduction at both doses (0.2- and 0.1-fold changes for the low- and 
high-dose groups, respectively; P<0.001). 

dISCUSSIoN
Cardiac remodelling after an injury involves a wide range of molecular 
rearrangements that differ from daily regulation in response to varia-
tions in hemodynamic load. These changes include variations in the 
mitochondrial respiration rate and the UPS, the alteration of which 
has been described in animal models and in patients with heart failure 
(HF). 

Our approach used serial echocardiographic analysis of a rat model 
of chronic DOXO exposure that included two groups: a low-dose 
group that received a total cumulative dose of 7.5 mg/kg of DOXO; 
and a high-dose group that received a total cumulative dose of 
20 mg/kg DOXO. Previous studies have also reproduced the cardiac 
injury caused by DOXO in small animals. The vast majority of these 
studies have focused on the EF and/or on fractional shortening (FS) 
measurements as an indicator of HF. This type of analysis has been 
performed to mirror the current assessment of human patients who 
receive DOXO to treat neoplasms. Based on the echocardiographical 
criteria, HF in animal models has been mainly characterized as a statis-
tically significant reduction of EF or FS after DOXO administration. 

The current guidelines indicate a cutoff value of less than 55% for EF 
and less than 28% for FS to distinguish normal heart function from HF 
in humans. This approach, however, is limited by low detection sensi-
tivity to the incipient and progressive worsening of heart function that 
can follow DOXO toxicity. Although it is a reliable indicator of HF, a 
clear reduction in EF/FS is a late-stage indicator of cardiotoxicity (39). 
Therefore, a search for subtle echocardiographic signs of heart damage 
that progress to HF is necessary. 

The measurement of EF and FS were acquired from the systolic and 
diastolic diameters of the LV. Increases in both parameters have been 
described in several publications analyzing cardiac dysfunction follow-
ing DOXO administration in rodents, primarily using doses varying 
from 15 mg/kg to 25 mg/kg (40-44). Only a few of these studies 
described a significant augmentation of the systolic LV diameter pre-
ceding diastolic augmentation (45-48). The results of the present 
study clearly demonstrate that animals in the high-dose group pre-
sented a significant EF reduction after 16 weeks of drug administra-
tion, and the reduction was caused by an isolated increase of the 
systolic diameter of the LV. These systolic diameter changes preceding 
diastolic enlargement were probably not detected in many previous 
studies because the measurements were acquired at later timepoints. 

In contrast to the pattern of LV function findings detected by 
echocardiography, mitochondrial impairment was detected in the 
heart tissues of animals in the low-dose group as well as in the heart 
tissues of the high-dose animals. Moreover, the cardiomyocyte bioen-
ergetics studies that were performed demonstrated noteworthy inhibi-
tion of NADH dehydrogenase complex activity.

Electron transport chain impairment has also been observed in 
previous studies using submitochondrial preparations from bovine 
heart tissue that was subjected to different concentrations of 
DOXO (49). In another group of experiments using rat heart tissue, it 
was observed that treatment with DOXO promoted a reduction in the 
respiratory control ratio, complex IV maximal respiration and cyto-
chrome c oxidase activity (50). The authors suggested that the mito-
chondrial dysfunction induced by DOXO was likely caused by the 
formation of free radicals by the anthracycline in vivo at clinical con-
centrations (50). In fact, the exposure of rats to a cumulative dose of  
15 mg/kg DOXO induced an early decrement in activity and protein 
levels of glutathione peroxidase and manganese superoxide dismutase 
in heart tissue (51). Both antioxidant enzymes are present in the mito-
chondrial matrix and protect mitochondrial components from oxida-
tive damage. This could be related to the respiratory chain derangement 
observed even in the absence of evidence of functional LV damage in 
the low-dose group.

To preserve the stoichiometry of the internal membrane protein 
complexes, we studied respiration in permeabilized fibres instead of in 
isolated mitochondria, as proposed by Picard et al (52). Our experi-
mental data are in agreement with previous observations, including a 
reduction of approximately 70% in rotenone-sensitive respiration in 
heart tissues from animals that were subjected to low and high doses of 
DOXO. 

It has been reported that cardiac dysfunction is accompanied by a 
metabolic shift from fatty acid β-oxidation (FAO) to glucose oxidation 
(53,54). For the DOXO low-dose group that did not display systemic 
or echocardiographical evidence of toxicity, the increase in glycolytic 
flux should be able to compensate for the demand for ATP, as observed 
in the grey or hypoxic area surrounding infarcted heart tissue with 
mild to moderate ischemia that matches the similar rate of ATP pro-
duction levels detected in healthy hearts under aerobic resting condi-
tions (55,56). In this case, glycolysis should be one of the major 
upregulated energy-generating pathways to compensate for the energy 
deficit. 

Another example of glycolytic cardiac adaptation comes from the 
observations of individuals who live in oxygen-deprived environments 
at high altitudes, such as the Quechuas in Peru. Glucose has been 
demonstrated to be the major fuel substrate supplying ATP demand in 
Quechuas’ hearts (57,58).

Figure 7) Messenger RNA expression profile of the E3 ligases in (A) the 
low-dose group, and (B) the high-dose group compared with the control 
group, determined by real-time polymerase chain reaction. The changes in 
muscle ring finger (MuRF)1 and MAFbx messenger RNA expression in the 
low-dose group were also observed in the high-dose group (MuRF1 induction 
and muscle atrophy F-box [MAFbx] repression). In contrast, the expression 
of MuRF2 and MuRF3 was suppressed in the low-dose group and induced 
in the high-dose group. **P<0.01; ***P<0.005
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For animals that received higher doses of DOXO, this adaptation 
leads to a higher myocardial lipid accumulation that ultimately leads 
to cardiomyopathy, myocyte apoptosis and death. These characteris-
tics were also shared by children with deficiencies in the enzymes 
involved in mitochondrial long-chain FAO (59) and also in mouse 
models in which the FAO enzyme very-long-chain acyl-CoA dehydro-
genase has been disrupted (60,61). The authors speculated that the 
phosphocreatine/ATP ratio and absolute ATP levels were likely 
reduced in this situation, as observed in HF (53).

These results suggest that mitochondrial impairment of the heart 
represents the subacute effects of exposure to DOXO that precede the 
LV systolic commitment and may be a useful prognostic parameter. 
Interestingly, the different stages of heart function decline observed 
in the echocardiograms are accurately reflected by a differential 
transcriptional regulation profile for ubiquitin E3 ligases in low- and 
high-dose-treated animals. 

Literature evidence suggests that the interplay between the UPS 
and heart pathophysiology is highly complex and specific to particular 
stress conditions or types of damage. MuRF1, MuRF2, MuRF3 and 
MAFbx interact with proteins of the contractile apparatus of cardio-
myocytes and are clearly involved in cardiac development and remod-
elling. Although several lines of evidence indicate that suppression of  
the UPS and downregulation of E3 ligase expression can prevent car-
diovascular disease progression, other studies suggest that UPS activa-
tion is essential for heart homeostasis (62). An example of this apparent 
paradox is that increased expression of MuRF1 has been associated with 
prevention of cardiac hypertrophy (63), but this increased expression is 
also an important factor that potentiates HF in a hypertrophic model in 
response to transaortic constriction (26). Therefore, the complex 
E3 ligase gene expression profile induced by DOXO, as demonstrated in 
the present study, may be a consequence of the intricate relationship 
between UPS activity and cardiac homeostasis. Moreover, differences 
in the E3 ligase profile observed in the present work may be interpreted 
as a consequence of distinct types of damage to cardiomyocytes that 
were caused by the DOXO treatment regimen. 

The high-dose group, which exhibited clear cardiac functional 
alterations and mitochondrial dysfunction, also displayed upregulation 
of MuRF1, MuRF2 and MuRF3 E3 ligases. This massive activation of 
UPS components is consistent with a recent proteome analysis that was 
conducted using rabbits treated with an equivalent high-dose chronic 
daunorubicin treatment (3 mg/kg weekly for 10 weeks) (64). Differences 
in protein expression in LV cells from control and anthracycline-treated 
animals revealed an upregulation of proteasome subunits. Furthermore, 
UPS activation was confirmed by an increase in protein ubiquitination 
and trypsin-like activity. The same study also described the downregula-
tion of several components of the respiratory pathway and upregulation 
of chaperones and proteins related to oxidative stress detoxification. 
These modifications suggest that the cardiomyocytes are under intense 
oxidative stress and that the UPS is acting with other components of 
protein homeostasis pathways in the degradation of misfolded, oxidized 
proteins (64). Conversely, the downregulation of MuRF2, MuRF3 and 
MAFbx suggests that a different scenario is occurring in the early stages 
of low-dose DOXO toxicity. An indication that low doses can induce a 
different cell response came from a study on mouse hearts that were 
perfused with 2 μM of DOXO for 2 h (65). This represents the lower 
limit of DOXO concentration found in the plasma of patients after 
bolus injection of the drug. The authors observed an overall decrease in 
gene expression, particularly in transcripts involved in cardiac stress 
response and stress signalling. In contrast, this experiment revealed 
upregulation of genes that are controlled by c-Myc, a transcription fac-
tor with activity that has been associated with the hypertrophic 
response in the heart. In this case, the downregulation of E3 ubiquitin 
ligases may be a consequence of this early hypertrophic response. 

Interestingly, MuRF1 binds creatine kinase (CK), which mediates 
regeneration of ATP through the phosphotransferase pathway, thereby 
leading to its ubiquitination and possible degradation (66-69). In fact, 
CK downregulation was consistently reported in experiments involving 

single low-dose (65,70,71) or chronic anthracycline treatments (70), 
both at the transcriptional and protein level (64). Moreover, DOXO 
also perturbed the association of CK with the plasma membrane, 
which suggests that post-translational control is involved and could be 
mediated by ubiquitination (70). 

We report that animals that received the low- or high-dose of 
DOXO exhibited an increase in MuRF1 mRNA expression that may 
result in downregulation of CK activity, consistent with reports that 
MuRF1 Tg+ mouse hearts exhibit a 20% to 25% decrease in total CK 
activity in vitro. These experiments also demonstrated that despite 
decreased CK activity, the level of total ATP did not significantly dif-
fer compared with wild-type animals.

In contrast, we found that animals in the low-dose group exhibited 
a reduction in MuRF2 and MuRF3 gene expression, while the high-
dose group exhibited the inverse response, with an increase in MuRF2 
and MuRF3 mRNA expression being observed. 

We propose that in the low-dose animals, the imbalance in the CK 
shuttle provoked by an increase in MuRF1 is not enough to lower the 
amount of ATP necessary for the heart to work. The increase in 
MuRF2 and MuRF3, as detected in the high-dose DOXO group, could 
cause additional degradation of CK that may lead to a more pro-
nounced decrease in ATP levels, provoking the cardiac damage that 
was observed by functional echocardiography analysis and consistent 
with having insufficient ATP levels for heart function.

 We suggest that the specific profile observed for MuRF2 and 
MuRF3 transcripts could be useful as an early physiological and ener-
getic cardiac failure indicator for testing therapeutic interventions in 
animal models. In the future, we will explore whether this difference 
can also be detected in skeletal muscle, where these proteins are also 
expressed, serving as a mirror of heart tissue regulation. It must be 
considered that DOXO is also able to alter proteasome activity by 
other mechanisms, independent of gene expression modulation. For 
example, direct binding of DOXO to the proteolysis apparatus has 
been demonstrated in mouse lymphocytic leukemia cells (72,73) and 
murine cardiomyocyte cultured cells (20).

The present study contributes to the understanding of how the 
UPS is associated with heart damage caused by DOXO administra-
tion. These changes demonstrate the dynamic aspect of the compo-
nents of the UPS that have essential roles in heart homeostasis and 
are associated with the progression of cardiac dysfunction.
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