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Abstract

Doxorubicin and other anthracyclines are among the most potent chemotherapeutic drugs for the treatment of acute leukaemia,
lymphomas and different types of solid tumours such as breast, liver and lung cancers. Their clinical use is, however, limited by
the risk of severe cardiotoxicity, which can lead to irreversible congestive heart failure. There is increasing evidence that essential
components of myocardial energy metabolism are among the highly sensitive and early targets of doxorubicin-induced damage.
Here we review doxorubicin-induced detrimental changes in cardiac energetics, with an emphasis on the emerging importance of
defects in energy-transferring and -signalling systems, like creatine kinase and AMP-activated protein kinase. To cite this article:
M. Tokarska-Schlattner et al., C. R. Biologies 329 (2006).
© 2006 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Altérations du métabolisme énergétique du myocarde par la doxorubicine. La doxorubicine et les autres anthracyclines sont
des agents chimiothérapeutiques très efficaces, largement utilisés pour le traitement de la leucémie, de lymphomes et de différents
types de tumeurs solides, comme les cancers du sein, du foie et des poumons. Cependant, l’utilisation clinique de ces médicaments
est limitée par le risque de cardiotoxicité, qui peut mener à une grave insuffisance cardiaque. Il devient de plus en plus évident
que les éléments essentiels du métabolisme énergétique cardiaque représentent des cibles très sensibles et précoces de la toxicité
cardiaque à la doxorubicine. Nous présentons ici l’ensemble des modifications du métabolisme énergétique des cellules cardiaques
induites par la doxorubicine. L’importance des défauts de fonctionnement des systèmes de transfert d’énergie et de signalisation par
la créatine kinase et par la protéine kinase activée par l’AMP est particulièrement accentuée. Pour citer cet article : M. Tokarska-
Schlattner et al., C. R. Biologies 329 (2006).
© 2006 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Drugs of the anthracycline group, in particular dox-
orubicin (Adriamycin; DXR), are among the most effec-
tive and extensively used anti-cancer agents [1]. Severe
cardiotoxicity, both acute and chronic, presents, how-
ever, an important complication of this therapy [2–4].
Acute effects can occur immediately after treatment and
are characterized by transient arrhythmias, reversible
hypotension and pericarditis [3,5]. Far more serious is
chronic cardiotoxicity that can manifest itself years to
decades after treatment. It is characterized by progres-
sive left ventricular dysfunction leading to irreversible
congestive heart failure. Mortality rate associated with
DXR-induced congestive heart failure is estimated to be
at least 20% [6].

Different hypotheses, accentuating various mecha-
nisms and/or targets, have been proposed to explain
DXR cardiotoxicity (see [2–4]), but no single one of
these is considered fully satisfying. Rather, DXR car-
diotoxicity seems to be a multifactorial process that
leads to cardiomyocyte apoptosis as the terminal down-
stream event [2].

Impairment of cardiac high-energy phosphate meta-
bolism has been recognized as an important feature of
both acute and chronic anthracycline cardiotoxic action.
Recent progress in understanding cardiac bioenerget-
ics and new experimental techniques support the role
of cellular energy deficits in the development of car-
diac myophathies of different origins [7–9], and this
seems to be valid also for cardiomyopathy and conges-
tive heart failure induced by DXR. Energetic deficits
caused by DXR have been for quite some time asso-
ciated with compromised mitochondrial function [10].
Recently, some evidence has suggested that regulatory
and compensatory components of myocardial energy
metabolism, such as the phosphotransfer network of
creatine kinase (CK) or the signalling pathway of AMP-
activated protein kinase (AMPK) are among the highly
sensitive and early targets of anthracycline-induced
damage (see Fig. 1). Here, we will review the defects
in the energy-providing system of the myocardium that
are caused by DXR and discuss their functional conse-
quences. We will first summarize the experimental ev-
idence for DXR-induced changes in high-energy phos-
phate levels (ATP and phosphocreatine, PCr), as well as
in mitochondrial ATP production. We will then briefly
mention accompanying changes in the profile of cardiac
substrate utilization. In a last section, we will empha-
size DXR-induced defects in the CK energy storage
and transport system, as well as the energy sensing and
signalling AMPK pathway. Although we will mainly
focus on data concerning the effects of DXR in heart,
most of the considerations will be valid also for other
anthracyclines. For further information on DXR, includ-
ing general aspects, please refer to numerous excellent
reviews covering DXR chemical structure and related
oxidative chemistry [1,2,4], interaction with iron [11],
intracellular generation of DXR-induced free radicals
[6], generation and action of DXR secondary metabo-
lites [2,3,12] distinction in therapeutic and toxic action
of DXR [2], or clinical and histological characteristics
of DXR-induced heart failure [3–5].

2. Myocardial high-energy phosphates

Heart requires large amounts of energy to sustain its
contractile performance. DXR has been reported to re-
duce cardiac energy reserves, in particular ATP and PCr
levels. This effect has been consistently observed in dif-
ferent animal models for cardiotoxicity, as well as in
patients. A large number of studies have shown that
DXR reduces intracellular ATP and/or PCr concentra-
tions in cultured cardiomyocytes [13–22]. For example,
as shown by Jeyaseelan et al. [17], 1 µM DXR decreased
ATP of cultured cardiomyocytes, calculated per mil-
ligram of protein, by more than 50% during 24 h. Vidal
and colleagues [22] reported markedly decreased nu-
cleotide levels in cytosolic and mitochondrial fractions
of cultured cardiomyocytes already several minutes af-
ter incubation with 800 µM DXR. With this very high
DXR dose, cytosolic ATP dropped to about 10% of
the initial level after 60 min. In a model of isolated
rat heart, Pelikan et al. [23] found that a lower effec-
tive DXR dose, corresponding to a 70-min perfusion
with 10 µM DXR, induced a 20% decline in both ATP
and PCr levels and similar data have been reported by
Ohhara et al. [24]. Cini Neri et al. [25] showed that in
hearts isolated from rats treated for 3 weeks with DXR
(3 mg/kg per week), ATP and GDP concentrations were
reduced by about 50%. Zhou et al. [26] found an about
30% decrease in the ATP content of myocytes isolated
from hearts of rats, which received 6 weekly injections
of DXR (2 mg/kg per week). Using in vivo 31P-NMR
spectroscopy in rats, Nicolay and colleagues [27] eval-
uated acute and longer-term (up to one week) effects of
DXR on cardiac ATP and PCr levels. In this study, a
dose-dependent decline in cardiac PCr content occurred
acutely within 30–60 min after injection of DXR and
reached about 20% at 25 mg/kg DXR, the maximal
dose used. The same authors observed diminished PCr
levels and PCr/ATP ratios several days after a single
higher dose or after multiple lower doses. It is impor-
tant to note that the longer-term effects of accumulated
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Fig. 1. Schematic overview of ATP production, consumption and transfer of high-energy phosphates in cardiac muscle. Mitochondria represent the
main site of myocardial ATP production. Glycolysis in the cytoplasm and fatty acid oxidation in the mitochondrial matrix drive the citric acid cycle
producing NADH and FADH2 that supply electrons to the respiratory chain in the inner mitochondrial membrane. The generated electrochemical
proton gradient across the inner mitochondrial membrane is used by ATP synthase to drive ATP production. Adenine nucleotide translocator (ANT),
associated with sarcomeric mitochondrial creatine kinase (CK) and porin (VDAC), ensures channelling of substrates and products of oxidative
phosphorylation between mitochondrial matrix and cytosol. Newly synthesized ATP channelled by ANT to the intermembrane space is used by CK
to phosphorylate Cr. The thus formed PCr is exported to the cytosol by porin, while ADP is channelled back to the matrix. Similarly ATP produced
during glycolysis is converted to PCr by cytosolic CK isoforms that are coupled to glycolytic enzymes. Rapidly diffusing PCr connects sites of
energy production with sites of energy consumption (CK energy shuttle). The main myocardial ATP consuming sites are actomyosin ATPase in
myofibrils, the Ca2+-ATPase of sarcoplasmic reticulum and the Na+, K+-ATPase in the sarcolemma. At energy consuming sites, CK isoforms
generate ATP from PCr to maintain constant ATP/ADP ratios even during elevated workloads (CK energy buffer). AMPK, activated by a fall in
cellular energy state, in particular by an increase in the AMP/ATP ratio, as well as oxidative stress, plays a role as the key energy sensor, signalling
system and regulator of energy substrate utilization, mainly fatty acids and glucose. All the depicted enzymes, transporters and metabolic pathways
seem to be affected to a different extent by doxorubicin; accumulation of such defects may finally lead to irreversible cardiac failure (for details,
see text).
multiple lower dosages of DXR were more pronounced
than acute effects of an equivalent single dose. Finally,
a study with 31P-NMR demonstrated a similar decrease
in the PCr/ATP ratio in children as late as four years af-
ter completion of the treatment [28]. In some cases, the
PCr/ATP ratio has been diminished even in the absence
of clinical manifestations of cardiomyopathy.

For a critical evaluation of the demonstrated effects
of DXR, it should be kept in mind that the choice of a
correct, clinically relevant DXR concentration depends
on the model system. For isolated mitochondria, such
relevant concentrations were evaluated to be in the range
5–30 µM [12], while for isolated cells they may be less
than 1 µM [29]. For perfused heart, a good indication
can be the peak plasma concentrations of the drug in pa-
tients, which reach up to 2–6 µM after bolus injection,
with a typical value of 1–2 µM [29]. In models with a
short life time and thus short time of drug persistence
like perfused heart or isolated mitochondria, very often
supraclinical DXR concentrations have been applied,
up to several hundred µM. However, such an approach,
which is intended to simulate the effects of lower DXR
doses over longer time, must always be evaluated with
care.

3. Mitochondrial function

3.1. Respiratory chain

More than 90% of the ATP utilized by cardiomy-
ocytes is produced by mitochondrial respiration [9].
Therefore, any alteration of mitochondrial structure and
function are fundamental for cardiomyocyte function.
Progression of DXR cardiotoxicity is associated already
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at an early stage with morphological abnormalities of
mitochondria, including mitochondrial swelling that is
typical for apoptotic cells. Such ultrastructural changes
have been observed in different cardiotoxicity models,
as well as in patients [3,30,31]. In parallel, a decrease
in mitochondrial oxidative capacity has been reported
upon DXR treatment. Incubation of isolated heart mi-
tochondria with DXR rapidly affected mitochondrial
respiration, both through complex I and II substrates
[32–35]. It has been shown that respiratory state 3 (oxy-
gen uptake in presence of ADP) is always inhibited by
DXR, while state 4 (oxygen uptake in the absence of
ADP) is often stimulated [34], possibly due to uncou-
pling [35]. Instantaneous effects on isolated mitochon-
dria require, however, rather high DXR concentrations
of several hundred µM ([34,35] see also [36]), with the
exception of succinate oxidation under phosphorylating
conditions in presence of hexokinase, which is inhib-
ited already at an IC50 of about 5 µM DXR [35]. Here,
hexokinase mimics an ATP utilizing and ADP regener-
ating intracellular system, which can interact with mi-
tochondrial outer membrane porin for local nucleotide
exchange [37]. It remains to be established to which ex-
tend impaired mitochondrial respiration contributes to
decreased cardiac function in situ and how this process
evolves over years in chronic DXR toxicity. In cardiac
preparations, as, e.g., perfused heart, it seems that DXR
can acutely affect cardiac performance without marked
change in mitochondrial function. In mitochondria iso-
lated from rat hearts that were previously perfused for
1 h with 10 µM DXR, which is a slightly supraclinical
concentration, mitochondrial respiration and oxidative
phosphorylation remained unchanged in spite of an im-
portant decline in heart function [38]. It is to note that
this acute setting was sporadically linked to an increase
in respiratory state 4. Similarly, increased state 4 was
observed in mitochondria isolated from rats 24 h after
injection of DXR at 8 mg/kg [39]. On the other hand,
several authors reported inhibition of respiratory state 3
in heart mitochondria isolated from treated animals. Yen
et al. [40] demonstrated that mitochondria from mice
treated with 20 mg/kg of DXR for 5 days display a
20–30% decrease in state-3 respiration rate, both with
pyruvate/malate and succinate as substrate, while there
was no change in state 4. Positron emission tomography
(PET) was used to study DXR effects on heart oxygen
metabolism of patients [41]. In this study, no significant
effect of DXR on blood flow or metabolic flux through
the citric acid cycle was observed, neither acutely, 24 h
after administration of 50 mg/m2 DXR, nor after 3
weeks after cumulative administration of 300 mg/m2

DXR, despite a small but significant decrease in left
ventricular ejection fraction. The authors interpret the
lack of DXR effects on blood flow and citric acid cy-
cle flux as indicative for the absence of changes in the
oxidative phosphorylation, although this conclusion is
fairly indirect.

Besides the analysis of global DXR effects on mito-
chondrial respiration, several studies have tried to iden-
tify the specific respiratory complexes affected by DXR,
using mitochondria, submitochondrial preparations, or
isolated complexes. Nicolay and de Kruijff [42] ana-
lyzed immediate DXR effects on different respiratory
chain activities in mitochondria and inner membrane
ghosts isolated from rat and bovine hearts in presence
of uncoupler CCCP to avoid indirect effects of the drug,
caused, e.g., by drug-induced uncoupling. According
to this study, DXR-sensitive sites were mainly located
in complex III and IV, and to a minor extent in com-
plex I, but were almost absent in complex II. The IC50 of
DXR was 150–200 µM for enzymes of complex III and
IV, such as coenzyme Q-1, duroquinone, or cytochrome
c oxidase, and 425 µM DXR for NADH-duroquinone
oxidoreductase in complex I, while ferricyanide and
coenzyme Q-1 reduction in complex I were essentially
unaffected up to 1 mM DXR. For the combined activi-
ties of complex I–III (NADH-cytochrome c oxidoreduc-
tase activity), II–III (succinate–cytochrome c oxidore-
ductase activity), I–III–IV (NADH oxidase activity), or
II–III–IV (succinate oxidase activity), IC50-values in
the range of 60–200 µM DXR were observed. How-
ever, in another study, inhibition of complex I–III at a
much lower IC50 of about 3 µM has been demonstrated
in bovine heart mitochondria exposed to DXR [43,44].
Using bovine heart submitochondrial preparations that
were incubated with 25–30 µM DXR for 15 min, Mar-
cillat and colleagues [45] showed a 70% decrease in
activity of NADH dehydrogenase, while other respira-
tory enzymes such as succinate dehydrogenase, succi-
nate oxidase, and cytochrome c oxidase required DXR
concentrations of 500 µM or more for a 50% inhibi-
tion. From these studies, it seems that multiple steps in
electron transport through complexes I, III and IV are a
target of DXR toxicity, with a possibly higher suscepti-
bility of NADH dehydrogenase and cytochrome c oxi-
dase. It is important to mention that DXR activated by
horseradish peroxidase and hydrogen peroxide seems
to be a more potent inhibitor of enzymatic activities.
Studies of Muraoka and Miura [46], using pig heart sub-
mitochondrial particles, have shown that mitochondrial
succinate dehydrogenase is inactivated by 50% within
30 min already by about 0.8 µM DXR when the drug is
activated by the horseradish peroxidase/hydrogen per-
oxide system.
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The effect of DXR on respiratory complexes has
been also studied with animal models. Mitochondria
isolated from rats receiving total doses of 15 mg/kg
DXR over 2 weeks showed decreased activity of com-
plex I, as assessed by NADH oxidation. An effect was
seen 3 weeks after the treatment, well before left ven-
tricular ejection fraction and fatty acid metabolism be-
came significantly impaired [47]. In mitochondria from
mice treated with 20 mg/kg of DXR for 5 days, com-
plexes I and II were found inhibited [40]. Finally, 48 h
after a single DXR injection of 40 mg/kg into mice, ac-
tivity of respiratory complexes IV and I–III declined to
about 50% of the initial value, while complex II activity
remained unchanged; similar values were reported for
animals several weeks after a chronic DXR administra-
tion [30].

Discrepancies between the reports cited above can
have numerous reasons in addition to the obvious dif-
ferences in the experimental systems and parameters
analyzed (e.g., overall mitochondrial function or activ-
ity of specific elements of the electron-transport chain).
Apparent activities of respiratory enzymes depend on
the composition of assay media, e.g., the presence of
detergent, which can affect accessibility of sites of in-
terest [42]. In experiments with intact organelles, the
functional state of mitochondria is of prime importance
and a treatment of isolated mitochondria with DXR ap-
pears to be particularly delicate. Isolated mitochondria
are per se very fragile organelles and exhibit regula-
tory properties, which are to some extent different from
mitochondria maintained within the cell. In this experi-
mental system, also the definition of toxicity conditions
in terms of time and dose, as well as the interpreta-
tion of results in regard to other experimental or clin-
ical settings require particular care. It should always
be kept in mind that mitochondria selectively accumu-
late DXR to concentrations much higher than plasma
levels (see [12]). Moreover, similarly as in cultured car-
diomyocytes, any comparison of data has to consider
the effective DXR dose, i.e. drug concentration per mg
protein in the experimental system, which is not always
clear in the literature.

3.2. Oxidative phosphorylation

Besides defects in the electron transport chain, DXR
also impairs the coupled synthesis of ATP. Although
effects of DXR on mitochondrial ATPase activity has
been reported for heart mitochondria [33,35], there is
evidence that other mechanisms are more important.
A major one may be the uncoupling activity of DXR,
which is indicated by the frequently observed stimula-
tion of respiratory state 4 [34,35,38,39].

Other targets of DXR that potentially impair oxida-
tive ATP production are proteolipid complexes involved
in channelling of ATP and phosphocreatine from mi-
tochondria into the cytosol. These multienzyme trans-
membrane complexes, together with the mitochondrial
respiratory chain and the ATP synthase are necessary for
efficient mitochondrial ATP synthesis and export. They
contain adenine nucleotide translocator (ANT) of the
inner mitochondrial membrane and porin (voltage de-
pendent anion channel, VDAC) of the outer membrane.
Another frequent component is mitochondrial creatine
kinase (MtCK), which is situated in the intermembrane
space and functionally and structurally associated with
ANT and VDAC [48–51]. As suggested by several lines
of evidence, DXR compromises the functioning of these
‘channelling complexes’. DXR affects ANT1, the ANT
isoform mainly expressed in heart [17,52] and the in-
organic phosphate carrier, an ANT homologue [53,54],
and inhibits the function of MtCK. The interference of
DXR with MtCK is described in more detail below.

3.3. Involved mechanisms

All available evidence points to pleiotropic effects
of DXR in mitochondria and thus to a multitude of
molecular mechanisms involved in DXR-induced mi-
tochondrial damage. High-affinity binding of DXR to
cardiolipin, an anionic phospholipid specific for the in-
ner mitochondrial membrane, has been suggested as a
possible common cause of inactivation of several en-
zymes involved in respiration and oxidative phospho-
rylation [55,56]. Besides nuclei, mitochondrial mem-
branes have been identified as the most important sites
of doxorubicin accumulation in the cell, where local
concentration of the drug becomes much higher than in
plasma [12,29,57]. Insertion of DXR into membranes
would modify the lipid environment, which in turn
could modify the kinetic properties of membrane as-
sociated enzymes, as, e.g., cytochrome c oxidase [44,
58,59]. Bound DXR would also induce dissociation of
cardiolipin associated proteins from the inner mitochon-
drial membrane, e.g., cytochrome c and MtCK. How-
ever, as it was shown for MtCK, DXR can also directly
modify the enzyme structure through oxidative damage
[60]. Accumulation of DXR in mitochondria would ob-
viously favour multifactorial molecular damage, which
can be mediated by free radicals, iron or doxorubicin
metabolites [3,4,11].

DXR effects in mitochondria can be also mediated
and/or amplified by mitochondrial proteins. Mitochon-
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drial oxidoreductive enzymes, mainly NADH dehydro-
genase, have been identified, together with cytochrome
P-450 reductase, and xanthine oxidase, as the principal
mediators of DXR reduction in the cell [3,61–64]. One-
electron reduction initiates a very dangerous process of
redox cycling of the drug, deviating electrons from the
respiratory chain and leading to the generation of reac-
tive oxygen and nitrogen species and resulting in DXR-
associated oxidative stress.

Moreover, the response of mitochondrial respiration
in situ can be modulated by other parameters related
and sensitive to DXR, such as oxygen and/or substrate
availability, levels of ATP, ADP, or PCr, the degree
of mitochondrial coupling, peroxidation of mitochon-
drial membranes, or calcium homeostasis. The latter
seems especially important, because in myocytes cal-
cium and respiratory control are intrinsically linked.
DXR-induced alterations in calcium handling and their
possible consequences are beyond the scope of this
study, but are described in several original papers and
reviews [3,11,20,26,52,65–67]. It should be added that
besides inducing functional changes, DXR was shown
to downregulate expression of several mitochondrial en-
zymes involved in respiration and oxidative phosphory-
lation, as, e.g., cytochrome c oxidase [31,68], Reiske
iron-sulphur protein, and ANT1 [17,52]. In fact, a coor-
dinated downregulation of mitochondrial enzymes con-
trolling ATP synthesis is typical for different heart
pathologies [8].

4. Myocardial substrate utilization

4.1. Fatty acid oxidation

The heart metabolizes multiple substrates to synthe-
size ATP. Fatty acids are known to be a major car-
diac energy source under aerobic conditions. Using cell
culture and animal cardiotoxicity models, it has been
shown that DXR affects fatty acid metabolism in the
heart [69–71]. Animals show increased serum free fatty
acid level following DXR treatment [72,73], and per-
turbed fatty acid metabolism has also been found in
DXR-treated patients [74]. DXR inhibits the oxida-
tion of palmitate, a long-chain fatty acid, either acutely
within minutes as in isolated cardiomyocytes treated
with up to 2 mM DXR, or in a chronic situation as in car-
diomyocytes isolated from DXR-treated rats (18 mg/kg
divided in 6 doses over 2 weeks). As underlying mech-
anism, impairment of carnitine palmitoyl transferase I
(CPTI) and/or depletion of its substrate L-carnitine was
proposed [69]. External L-carnitine and probucol, a drug
with hypolipidemic and antioxidant action, have been
shown to diminish cardiotoxic side effects in treated an-
imals [75–81]. Such DXR-induced downregulation of
fatty acid oxidation represents a further feature of dis-
turbed mitochondrial function that is characteristic for
heart pathology.

4.2. Glucose transport and glycolysis

During the development of cardiac pathologies, at
least in their early stages, decreased fatty acid oxidation
is accompanied by upregulation of glucose utilization
as a compensatory response. The situation following
DXR treatment seems different. As shown in rat mod-
els, DXR-induced cardiomyopathy is associated with a
decreased utilization of both substrates, fatty acids and
glucose [70]. Similar results were obtained with cul-
tured cardiomyocytes, although here higher DXR con-
centrations were requited for inhibition of glucose ox-
idation as compared to fatty acid oxidation [69]. Di-
minished glycolytic rate may be due to DXR effects on
glucose supply and/or the ability of cells to stimulate
it. In cardiomyocytes, treatment with 1 µM DXR led
to a transient increase in glucose uptake of about 50%
after 1 h, followed by marked decrease [82]. Another
reason for decreased glycolysis can be the impairment
of phosphofructokinase (PFK), the rate-limiting enzyme
of glycolysis. As shown by Jeyaseelan and colleagues
for cardiomyocytes [17], exposure to 1 µM DXR for 2–
3 h decreases the mRNA level for PFK by about 50%.
These findings demonstrate the limitations of DXR-
treated heart to compensate a low cellular energy state
with increased glycolytic ATP generation.

5. High-energy phosphate storage and transfer

DXR not only diminishes general energy produc-
tion, but already very early leads to a more specific
impairment of creatine kinase isoenzymes. In heart, cy-
tosolic and mitochondrial isoenzymes of creatine ki-
nase (CK), together with easily diffusible creatine (Cr)
and phosphocreatine (PCr), provide an important cellu-
lar energy buffer and energy transport system, bridging
sites of energy production and consumption (see Fig. 1;
for reviews see [83,84]). Octameric mitochondrial crea-
tine kinase (MtCK) is functionally coupled to oxidative
phosphorylation, and part of dimeric cytosolic CK iso-
forms (MM-, MB-, BBCK) to glycolysis and to various
ATP consuming pathways, including the main cardiac
ATP utilizing sites such as the actomyosin ATPase in
myofibrils, the Ca2+-ATPase of sarcoplasmic reticulum
and the Na+, K+-ATPase in the sarcolemma.
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Interference of DXR with CK has been found at dif-
ferent levels of complexity, from the purified enzyme in
solution to animals and some involved molecular mech-
anisms have been elucidated.

Our group has shown that DXR impairs structure
and function of purified CK isoforms in vitro, including
MtCK [60] and cytosolic CK isoforms (M. Tokarska-
Schlattner, unpublished data). DXR-induced damage
not only leads to inactivation, which was observed with
all CK isoforms, but also to further, specific injury of
the MtCK isoform, namely dissociation octamers into
dimers and inhibition of MtCK binding to mitochon-
drial membranes, in particular to cardiolipin [60,85,
86]. Most importantly, the cardiac isoform sMtCK oc-
curred to be more sensitive to DXR than the ubiquitous
uMtCK, which could be explained by the slightly dif-
ferent molecular properties and structures of these iso-
forms [87–89]. Such differential sensitivity of s- and
uMtCK to DXR may contribute to the selective toxi-
city of the drug to heart tissue. As shown for purified
enzyme, the DXR effect on MtCK membrane binding
is immediate, probably due to a competitive binding of
the drug to the main MtCK receptor, cardiolipin. In con-
trast, enzymatic inactivation and dissociation of MtCK
octamers into dimers by 5–750 DXR occur in solution
only after hours to days. Inactivation is due to direct ox-
idative modification of the active site cysteine at DXR
concentrations below 100 µM, while generalized dam-
age of different residues, partially mediated by superox-
ide anions, becomes significant at higher DXR doses. It
must be stressed that for in vitro experiments with puri-
fied MtCK, the clinically relevant concentrations should
be higher than for isolated mitochondria, i.e. of the or-
der of a few tens of µM, since MtCK and DXR share
cardiolipin as a common binding partner in the inner
mitochondrial membrane, leading to high local concen-
trations of DXR in the microenvironment of MtCK. In
addition, activation of the drug by peroxidase/H2O2 or
its complexation with iron have been shown to accel-
erate inactivation of purified CK or CK in heart ho-
mogenate [90,91]. In such systems, 10–30 µM DXR
induce CK inactivation within a few tens of minutes.
This mechanism, as well as the more intensive produc-
tion of reactive oxygen and nitrogen species in situ [4,
92,93] can enhance inactivation of CK that is very sen-
sitive to oxidation and nitration, in particular in case of
MtCK situated at the very origin of radical generation.

In situ, acute effects of DXR on the CK system have
been studied in the perfused heart model [94]. Perfusion
was performed during 1 h at two DXR concentrations,
2 and 20 µM, corresponding to the peak plasma con-
centration in patients [29] and to the lowest concentra-
tion that produces substantial functional changes in the
perfused heart, respectively [23,95]. In this acute situa-
tion, dimerization of MtCK and inhibition of cardiolipin
binding were detectable already at 2 µM DXR, and be-
came significant at 20 µM. At the latter concentration,
also a mild decrease in total CK activity by about 20%
was observed. In spite of these defects, which occurred
relatively early, the CK system probably maintained its
functionality under such acute conditions because of a
compensatory shift in the expression between cytoso-
lic CK isoforms, characterized by decreased MCK and
increased BCK protein. This isoform shift was already
apparent after 1 hour of perfusion of the heart at the low
dose of 2 µM DXR. Re-expression of such a foetal CK
isoenzyme pattern, that is characterized by BCK accu-
mulation, is well known for chronic heart pathologies as
cardiac hypertrophy or failure [9,96,97]. At short expo-
sition times and/or lower DXR doses, when inhibition
of specific CK activity is not yet very pronounced, the
isoform shift can indeed have a compensatory function.
Increased BCK may present a functional advantage re-
lated to its higher affinity for ADP/PCr as compared to
MCK, possibly allowing more efficient ATP regenera-
tion [96]. The shift in the CK isoenzyme pattern could
be due to rapid changes in gene expression, either be-
cause of a general induction of a foetal expression pro-
file in response to stress [96,98] or because of specific
susceptibility of CK genes to DXR [99]. The latter is
supported by treatment of cultured cardiac muscle cells
for 24 h with 0.5 µM DXR, which led to a marked re-
duction of MCK mRNA [99]. In addition, MCK may
be degraded upon DXR treatment or may partially leak
from DXR-treated cardiac cells [6,100]. It should be
noted that elevated plasma CK levels, resulting from
cellular leakage, are a clinical marker for different car-
diac pathologies, including DXR toxicity [6].

With prolonged DXR exposure, substantial direct
and radical mediated molecular damage of CK accumu-
lates gradually. In cardiomyocytes cultured with 50 µM
DXR, a pronounced impairment of the CK system was
observed after 24 h of treatment [100]. Interestingly, to-
tal CK activity decreased significantly in detached cells
by about 67%, while it increased in attached cells by
about 40% during 48 h of treatment. Increased specific
CK activity of attached cells, as observed in cardiomy-
ocyte experiments, may also be indicative for a com-
pensatory mechanism within the CK system. The same
report described a significant 50% decrease in total CK
activity in hearts of DXR treated rats after 3 doses of
10 mg/kg given within 7 days, with MCK as the main
affected cytosolic isoform [100]. In another study with
rats, total CK activity decreased significantly between
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1 and 6 weeks following a 13 week DXR treatment
(2 mg/kg per week) [101]. A 15% decrease in activ-
ity of sMtCK has been found in mitochondria from mice
treated with 20 mg/kg of DXR for 5 days [40]. Sarcom-
eric MtCK occurred to be more sensitive to inhibition
as compared to the respiratory chain complexes, which
would make this kinase a prime target of DXR-induced
damage in vivo. Also in mice, 5 days after injection of
DXR (20 mg/kg), Mihm and colleagues [102] observed
a significant nitration of the myofibrillar CK isoform,
MCK, accompanied by an about 30% reduction in its
activity.

Long-term CK damage could be at the origin of
numerous deleterious processes that promote chronic
DXR-induced cardiac dysfunction [2,9]. Compromised
MtCK functions, including inactivation, dimerization
and inhibition of its binding to cardiolipin, would not
only impair the energy channelling between mitochon-
dria and cytosol [83], but would additionally affect mi-
tochondrial respiration. They would also contribute to
destabilization of the so-called mitochondrial contact
sites consisting of ANT, MtCK and VDAC [37]. It is to
note that disappearance of mitochondrial contact sites
has been observed in DXR-treated liver mitochondria
[34]. In the view of a postulated role of MtCK in pre-
vention of mitochondrial permeability transition [103],
MtCK defects would sensitize cardiac cells to apopto-
sis. In the cytosol, where MCK is functionally coupled
to the Ca2+-pump of sarcoplasmic reticulum, inhibition
of this isoenzyme would result in Ca2+ imbalance that
in turn would interfere with muscle contraction and re-
laxation [84] and could lead via chronic Ca2+-overload
to apoptotic and/or necrotic cell death.

6. Energy-state signalling

In a normal physiological setting, perturbations in in-
tracellular nucleotide ratios activate signalling cascades,
which would trigger a coordinated response to protect
the cell from a dangerous fall in energy state. In heart,
AMP-activated protein kinase (AMPK) plays a crucial
role in such emergency signalling. AMPK, a key en-
ergy sensor, signalling system and regulator of cellular
energy substrate utilization [104,105], is activated by a
fall in cellular energy state, in particular the AMP/ATP
ratio, as well as oxidative stress and some other extracel-
lular stimuli. Activated AMPK triggers catabolic path-
ways that generate ATP, e.g., fatty acid oxidation, and
glycolysis, and downregulates anabolic ATP-consuming
processes that are not essential for short-term cell sur-
vival, such as the synthesis of lipids, carbohydrates, and
proteins.
Recent work of our laboratory suggests AMPK as a
new and highly sensitive target of DXR-induced dam-
age in heart [94]. The toxicity limit in term of DXR
dose and time of onset is very low. In the model of iso-
lated rat heart, we have shown that 1-h perfusion with
2 µM DXR, which corresponds to peak plasma concen-
tration of DXR in patients, downregulates AMPK pro-
tein, phosphorylation and activity on its downstream tar-
get acetyl-CoA carboxylase. In addition, compromised
AMPK signalling was observed earlier than changes in
myocardial function. The mechanisms of inhibition are
not yet known, but they may include direct effects on
AMPK, as well as compromised upstream signalling.

DXR induces both, energetic imbalance and gener-
ation of reactive oxygen and nitrogen species [3,93].
Under these conditions, downregulation of the fuel-
sensing AMPK, which would be expected to initiate re-
sponses preventing such energy depletion, seems para-
doxical. On the other hand, AMPK inhibition is con-
sistent with several DXR effects reported earlier. Sup-
pressed AMPK activity could explain a change in the
profile of energy substrate utilization after DXR treat-
ment, first of all a decreased fatty acid oxidation as
observed in different studies [71,73]. Inactivated AMPK
would increase acetyl-CoA carboxylase activity, which
enhances inhibition of carnitine palmitoyl transferase
(CPTI) by malonyl-CoA and thus leads to decreased
mitochondrial fatty acid oxidation. Similarly, impaired
AMPK signalling would decrease glycolytic rate by in-
hibition of PFK and limited stimulation of glucose up-
take. Related to this scenario, it has been shown that
AMPK mutations that possibly affect the AMPK sens-
ing function, are at the basis for some types of famil-
ial hypertrophic cardiomyopathy [106]. In contrast, in
cardiac pathologies other than DXR-induced, acute or
chronic energy depletion trigger AMPK activation, as it
would be expected [8]. Here, activated AMPK increases
glucose uptake both in the case of short and long-term
energy depletion. However, at least in chronic heart
pathologies, active AMPK often fails to enhance fatty
acid oxidation, probably due to a generalized decline in
the capacity of the fatty acid oxidation pathway [8,107].

7. Conclusion

Alterations in myocardial energy metabolism have
been recognized as a hallmark for different cardiac
pathologies. This review summarized the amazing spec-
trum of changes in cardiac energy metabolism caused
by DXR. DXR induces damage at various steps of car-
diac energy metabolism, including a fall of basal high
energy phosphate levels, PCr and ATP, a reduction of



M. Tokarska-Schlattner et al. / C. R. Biologies 329 (2006) 657–668 665
oxidative capacity of mitochondria, changes in the pro-
file of energy substrate utilization with marked reduc-
tion of fatty acid oxidation, a disturbance of energy
transfer between sites of energy production and con-
sumption by the CK reaction, as well as defects in the
AMPK signalling pathway. It appears that such changes
in energy metabolism, typical for cardiac pathologies,
belong to the very early manifestations of the DXR
cardiotoxic action and does not develop secondary to
other alterations, e.g., as a consequence of a failing my-
ocardium. Finally, defects in bioenergetics can also af-
fect the sensitivity of cardiac cells to apoptosis, as has
become evident in studies with DXR-treated cardiomy-
ocytes (see [2]).

It is of interest that in DXR-treated patients, struc-
tural changes in heart tissue appear much earlier than
any clinical manifestation of heart failure. This implies
that compensatory mechanisms are operative that can
maintain cardiac function for a certain period of time,
in spite of increasing myocardial damage. We support
the view that an accumulation of various deficiencies
in high-energy phosphate metabolism, involving also
the failure of regulatory and compensatory mechanisms,
may be a very critical step for the deterioration of car-
diac function and for the onset of chronic clinical car-
diotoxicity.
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