
 289:37-47, 2005. First published Mar 11, 2005;  doi:10.1152/ajpheart.01057.2004 AJP - Heart
Lucchinetti, Marcus C. Schaub, Theo Wallimann and Uwe Schlattner 
Malgorzata Tokarska-Schlattner, Michael Zaugg, Rafaela da Silva, Eliana
heart: response of kinases regulating energy supply 
Acute toxicity of doxorubicin on isolated perfused

 You might find this additional information useful...

54 articles, 25 of which you can access free at: This article cites 
 http://ajpheart.physiology.org/cgi/content/full/289/1/H37#BIBL

including high-resolution figures, can be found at: Updated information and services 
 http://ajpheart.physiology.org/cgi/content/full/289/1/H37

 can be found at: AJP - Heart and Circulatory Physiologyabout Additional material and information 
 http://www.the-aps.org/publications/ajpheart

This information is current as of September 26, 2005 . 
  

 http://www.the-aps.org/.ISSN: 0363-6135, ESSN: 1522-1539. Visit our website at 
Physiological Society, 9650 Rockville Pike, Bethesda MD 20814-3991. Copyright © 2005 by the American Physiological Society. 
intact animal to the cellular, subcellular, and molecular levels. It is published 12 times a year (monthly) by the American
lymphatics, including experimental and theoretical studies of cardiovascular function at all levels of organization ranging from the 

 publishes original investigations on the physiology of the heart, blood vessels, andAJP - Heart and Circulatory Physiology

 on S
eptem

ber 26, 2005 
ajpheart.physiology.org

D
ow

nloaded from
 

http://ajpheart.physiology.org/cgi/content/full/289/1/H37#BIBL
http://ajpheart.physiology.org/cgi/content/full/289/1/H37
http://www.the-aps.org/publications/ajpheart
http://www.the-aps.org/
http://ajpheart.physiology.org


Acute toxicity of doxorubicin on isolated perfused heart:
response of kinases regulating energy supply

Malgorzata Tokarska-Schlattner,1,* Michael Zaugg,2,3,* Rafaela da Silva,2,3

Eliana Lucchinetti,2,3 Marcus C. Schaub,2 Theo Wallimann,1 and Uwe Schlattner1

1Institute of Cell Biology, Swiss Federal Institute of Technology, 2Institute of Pharmacology and Toxicology,
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Submitted 14 October 2004; accepted in final form 5 March 2005

Schlattner, Malgorzata Tokarska, Michael Zaugg, Rafaela da
Silva, Eliana Lucchinetti, Marcus C. Schaub, Theo Wallimann,
and Uwe Schlattner. Acute toxicity of doxorubicin on isolated
perfused heart: response of kinases regulating energy supply. Am J
Physiol Heart Circ Physiol 289: H37–H47, 2005. First published
March 11, 2005; doi:10.1152/ajpheart.01057.2004.—Doxorubicin
(DXR) is a widely used and efficient anticancer drug. However, its
application is limited by the risk of severe cardiotoxicity. Impairment
of cardiac high-energy phosphate homeostasis is an important mani-
festation of both acute and chronic DXR cardiotoxic action. Using the
Langendorff model of the perfused rat heart, we characterized the
acute effects of 1-h perfusion with 2 or 20 �M DXR on two key
kinases in cardiac energy metabolism, creatine kinase (CK) and
AMP-activated protein kinase (AMPK), and related them to func-
tional responses of the perfused heart and structural integrity of the
contractile apparatus as well as drug accumulation in cardiomyocytes.
DXR-induced changes in CK were dependent on the isoenzyme, with
a shift in protein levels of cytosolic isoenzymes from muscle-type CK
to brain-type CK, and a destabilization of octamers of the mitochon-
drial isoenzyme (sarcometric mitochondiral CK) accompanied by
drug accumulation in mitochondria. Interestingly, DXR rapidly re-
duced the protein level and phosphorylation of AMPK as well as
phosphorylation of its target, acetyl-CoA-carboxylase. AMPK was
strongly affected already at 2 �M DXR, even before substantial
cardiac dysfunction occurred. Impairment of CK isoenzymes was
mostly moderate but became significant at 20 �M DXR. Only at 2 �M
DXR did upregulation of brain-type CK compensate for inactivation
of other isoenzymes. These results suggest that an impairment of
kinase systems regulating cellular energy homeostasis is involved in
the development of DXR cardiotoxicity.

creatine kinase; adenosine 5�-monophosphate-activated protein ki-
nase; anthracyclines; cardiac energetics; cardiotoxicity

DOXORUBICIN (DXR) is a widely used and very efficient anti-
cancer drug. However, its administration is limited by the risk
of severe cardiotoxicity (31, 41). An important manifestation
of DXR cardiotoxicity is an impaired cardiac high-energy
phosphate metabolism. Acute and chronic consequences of
DXR administration include compromised mitochondrial func-
tions, such as respiration and generation of high-energy phos-
phates (30) and lowered phosphocreatine-to-creatine (PCr/Cr),
PCr-to-ATP (PCr/ATP), and ATP-to-ADP (ATP/ADP) ratios
as well as compromised calcium homeostasis (8, 29, 31).
However, the involved molecular mechanisms are not yet
entirely understood.

The maintenance of stable concentrations of myocardial
high-energy phosphates, ATP, and PCr is a fundamental prin-
ciple in the vertebrate heart. The PCr/ATP ratio is constant
across species, as well as within a species, over a wide range
of physiological cardiac workloads (12). Different regulatory
systems have evolved to control cellular energy production and
utilization. A key player of this regulatory network is the
concerted action of several kinase systems, in particular, the
energy transfer and buffer system of creatine kinase (CK)
isoenzymes and the energy sensor AMP-activated protein ki-
nase (AMPK) (4, 11, 28).

Cells and tissues with high or fluctuating energy demands
like the heart rely on Cr and CK isoenzymes to cope with high
ATP requirements (46, 49). By catalyzing the reversible trans-
fer of phosphoryl groups between ATP and Cr, CK stores the
free energy of ATP in the form of PCr and, vice versa, uses PCr
to replenish cellular ATP pools. CK isoenzymes are expressed
in vertebrates as tissue-specific as well as compartment-spe-
cific species. Two cytosolic isoenzymes, muscle-type CK
(MCK) and brain-type CK (BCK), as well as two mitochon-
drial isoenzymes (MtCK), sarcomeric MtCK (sMtCK) and
ubiquitous MtCK, are encoded by separate nuclear genes. The
heart expresses both cytosolic CK isoenzymes, with a preva-
lence of MCK. They form two homodimers (MM- and BBCK)
and a heterodimer (MBCK). Heart mitochondria contain con-
siderable amounts of sMtCK, which forms mainly octamers.
The interplay between cytosolic and mitochondrial CK isoen-
zymes, together with high intracellular concentrations of easily
diffusible Cr and PCr, provides a unique cellular energy buffer
and energy transport system, known as the CK/PCr circuit
(38, 46).

AMPK plays a key role as an energy sensor, signaling
system, and regulator of cellular energy substrate utilization (4,
11, 28). AMPK is activated by a fall of the cellular energy
state, in particular, the ATP/AMP and PCr/Cr ratios, and by
phosphorylation via upstream kinases that are possibly linked
to signaling pathways involving radical production (55). Acti-
vated AMPK triggers catabolic pathways that generate ATP,
e.g., fatty acid oxidation and glycolysis, and downregulates
ATP-consuming processes that are not essential for short-term
cell survival, such as the synthesis of lipids, carbohydrates, and
proteins (10). AMPK can induce adaptation of the energy
metabolism through cellular signaling cascades, phosphoryla-
tion of metabolic key enzymes, and transcriptional regulation.
Cross-talk between AMPK and CK has been postulated (34),
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including activation of AMPK by falling PCr/Cr ratios and
inhibition of CK by phosphorylation via AMPK. However, the
molecular details and the relevance in vivo remain controver-
sial (16).

The aim of this study was to assess the role of these two
kinases in the functional response of the heart to DXR, with a
focus on acute DXR effects at relatively low, clinically rele-
vant concentrations. These include 2 �M DXR, which corre-
sponds to an average peak DXR plasma concentration after a
standard bolus DXR injection (9, 31, 42), and 20 �M DXR,
which has been shown to elicit pronounced functional defects
in the perfused heart (27, 33). Such a supraclinical dose can
also give additional clues on chronic effects as occurring
during long-term drug exposure. Toxic effects of DXR on CK
isoenzymes have been previously studied to some extent in
different models (5, 6, 26, 44). Here, we characterize the
response of the entire CK isoenzyme system in situ in a model
of the perfused rat heart, with an emphasis on sMtCK, which
is important for the control of mitochondrial respiration in
oxidative heart muscle (22) and has been recently shown to be
particularly susceptible to anthracyclines in vitro (44). The
AMPK signaling cascade, which is of prime importance for the
cellular energy state, has never been studied in relation to DXR
effects in the heart. However, it has been shown that DXR
rapidly affects glucose uptake and fatty acids oxidation in
cultured cardiomyocytes (2, 14). Because both processes are
also controlled by AMPK (16), these data suggest an interfer-
ence of the drug with AMPK signaling. We took advantage of
the perfused heart model to analyze simultaneously the effects
of DXR on CK isoenzymes and AMPK and to relate these
effects to cardiac functional responses. We show that DXR
compromises myocardial energy metabolism by 1) a gradual
impairment of the CK energy buffering and transport system,
which has, however, a compensatory potential at low DXR
doses; and 2) a rapid and strong downregulation of the AMPK
energy sensing and regulating pathway. These results are not
only relevant for the examined acute DXR effects but also for
chronic DXR cardiotoxicity.

MATERIALS AND METHODS

Chemicals. DXR hydrochloride was a kind gift of Pharmacia
(Milan, Italy) or purchased from Fluka (Buchs, Switzerland). Stock
solutions of DXR at 10 mM were prepared in water, aliquoted, and
kept frozen until use. Further dilutions were made in Krebs-Henseleit
solution directly before heart perfusion. Primary antibodies against
CK isoenzymes have been generated and characterized previously in
our laboratory (39); other primary antibodies were commercial, in-
cluding polyclonal anti-�-AMPK (Cell Signaling), anti-phospho-
(Thr172)-�-AMPK (Cell Signaling), anti-acetyl-CoA carboxylase-�
(ACC-�; Alpha Diagnostics), anti-phospho(Ser79)-ACC-� (Upstate),
anti-active caspase 3 (Cell Signaling), anti-cleaved poly(ADP-ribose)
polymerase (PARP; BD Biosciences Pharmingen), anti-heart myosin
binding protein C (gift of J. C. Perriard, Swiss Federal Institute of
Technology), anti-voltage-dependent anion channel 1 (VDAC1; Santa
Cruz Biotechnology), and anti-GAPDH (Santa Cruz Biotechnology)
as well as monoclonal anti-cytochrome c (BD Biosciences Pharmin-
gen), anti-sarcomeric myosin heavy chain (A41025; DSHB), and
anti-� sarcomeric actinin (Ea-53, Sigma). The disodium salts of ADP
and NADP were obtained from Roche, PCr from Calbiochem, and
P1P5-di(adenosine-5�)-pentaphosphate pentasodium salt from Sigma.
All other chemicals were at least of reagent grade.

Perfusion protocol. Hearts from decapitated and heparinized (500
U ip) male Wistar rats (300 g) were quickly removed and perfused in
a noncirculating Langendorff apparatus with Krebs-Henseleit buffer
containing 155 mM Na�, 5.6 mM K�, 138 mM Cl�, 2.1 mM Ca2�,
1.2 mM PO4

3�, 25 mM HCO3
�, 0.56 mM Mg2�, and 11 mM glucose.

The buffer was saturated with 95% O2-5% CO2 (pH 7.4, 37°C).
Hearts were perfused at a constant pressure of 80 mmHg. A water-
filled balloon-tipped catheter was inserted into the left ventricle
through the left atrium. Left ventricular end-diastolic pressure
(LVEDP) was adjusted to 0 mmHg at the end of the initial equilibra-
tion of 10 min. The volume of the balloon was not changed thereafter.
The distal end of the catheter was connected to a performance
analyzer (Plugsys Modular System, Hugo-Sachs; March-Hugstetten,
Germany) using a pressure transducer. Perfusion pressure, epicardial
electrocardiography, and left ventricular developed pressure (LVDP)
[including the first derivatives of left venricular pressure (�dP/dt)],
and coronary flow (CF; Transit Time Flowmeter type 700, Hugo-
Sachs) were recorded. All data were digitized and processed on a
personal computer using the IsoHeart software (Hugo-Sachs). For
each experimental group, four hearts were prepared, and functional
parameters were recorded. The study was performed in accordance
with the guidelines of the Animal Care and Use Committee of the
University of Zurich.

Cell fractionation and sample preparation. Hearts were homoge-
nized in ice-cold buffer containing 220 mM mannitol, 70 mM sucrose,
10 mM HEPES, 0.1% BSA, and 0.2 mM EDTA (pH 7.4). Aliquots of
the homogenate were immediately frozen in liquid nitrogen and stored
at �80°C; the remaining part was centrifuged at 700 g for 10 min at
4°C. The resulting supernatant was centrifuged at 7,000 g for 10 min
at 4°C. The pellet obtained after the second centrifugation, represent-
ing a crude mitochondrial fraction, was resuspended in hypotonic
phosphate buffer (10 mM sodium phosphate) at pH 9. The supernatant
was kept as the soluble cytosolic fraction. Both were immediately
aliquoted, frozen, and stored �80°C. If not stated otherwise, experi-
ments were performed without the addition of any reducing agent to
the heart samples in order not to counteract any DXR effects. For
determination of total CK activity and sMtCK octamer/dimer analysis
in mitochondrial fractions, samples were incubated with 100 mM
sodium phosphate and 50 mM NaCl (final concentrations) (pH 9) for
1 h on ice. Protein concentrations were determined with the use of a
BCA Protein Assay Reagent Kit (Pierce).

CK enzymatic activity. The reverse CK reaction (ATP production)
was measured in a coupled photometric enzymatic assay as described
by Schlattner et al. (37) with all reagents prepared without addition of
�-mercaptoethanol (�-ME). Values were corrected for other ADP-
consuming reactions (e.g., adenylate kinase) by subtracting activity
measured in parallel in the absence of PCr. 1 U corresponds to 1 �M
of PCr transphosphorylated per min at pH 7.0 and 25°C.

Cellulose polyacetate electrophoresis. CK isoenzymes were sepa-
rated by native cellulose polyacetate electrophoresis (CPAE) for 1 h at
150 V at room temperature (50). Subsequently, the CK bands were
visualized by a color reaction coupled to the CK enzyme activity (47);
the reaction mixture was supplemented with 100 �M P1P5-di(ade-
nosine-5�)-pentaphosphate to inhibit interfering adenylate kinase ac-
tivity. In some experiments, samples were treated for 1 h with
substrates that form a transition state-analog complex (4 mM ADP, 5
mM MgCl2, 20 mM Cr, and 50 mM nitrate) to induce dissociation of
sMtCK octamers into dimers.

SDS-PAGE and immunoblotting. Proteins separated by SDS-PAGE
were semidry blotted onto polyvinylidene difluoride membranes (Im-
mobilon-P, Millipore). In general, 20 �g of protein were loaded on
each lane. After being blocked, blots were immunostained with
specific antibodies for 2 h at room temperature. The standard blocking
buffer consisted of 4% milk, Tris-buffered saline (TBS), and 0.05%
Tween 20 or of 5% milk, TBS, and 0.1% Tween 20 in the case of
phospho-�-AMPK. The primary antibodies were diluted in corre-
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sponding blocking buffer as follows: 1:100 for anti-GAPDH, 1:200
for anti-VDAC1, 1:500 for anti-ACC-� and anti-cytochrome c,
1:2,000 for anti-sarcomeric myosin heavy chain, 1:4,000 for cleaved
PARP, and 1:1,000 for all other antibodies. Alternatively, for analysis
of phospho-�-AMPK, overnight wet blotting at room temperature was
applied; incubation with the primary antibodies was then performed
also overnight at 4°C. Secondary peroxidase-coupled antibodies were
diluted in blocking buffer at 1:2,000, and blots were incubated for 1 h
at room temperature. Blots were developed with a Chemiluminescent
Detection Kit (AppliChem). As a positive control for apoptotic mark-
ers, lysate of camptothecin-treated Jurkat cells (BD Biosciences
Pharmingen) was used.

Immunohistochemistry and fluorescence measurements. In one ex-
perimental series, immunohistochemical analysis of control and an-
thracycline-treated heart tissue was performed. For this, at the end of
the Langendorff protocol, hearts were embedded in OCT medium
(Tissue-Tek, Sakura Finetek) and quickly frozen in liquid nitrogen.
Heart cryosections of 10 �m were fixed in 4% paraformaldehyde for
10 min at room temperature, blocked in 0.1 M glycine in PBS for 5
min, and then permeabilized in 0.2% Triton-PBS for 5 min. After
sections were washed with PBS and blocked with 5% normal goat

serum for 30 min, they were incubated with primary antibodies
overnight at 4°C. Anti-chicken heart myosin binding protein C was
diluted at 1:100, anti-�-sarcomeric actinin was diluted at 1:500. After
sections were washed in PBS for 10 min, secondary antibodies (1:500)
were added for 1 h at room temperature. The specimens were further
washed in PBS and mounted with anti-fading mounting medium
(DAKO). Sections were examined using a Zeiss Axioplan 200 fluo-
rescence microscope (Zeiss; Jena, Germany). DXR fluorescence in
mitochondrial fractions was quantified with a fluorescence microplate
reader (Gemini XS, Molecular Devices).

Statistics. For hemodynamic parameters, two-factor repeated-mea-
sures ANOVA was used to evaluate differences over time between
groups (P � 0.05 was considered statistically significant). Multiple
paired t-tests were used to compare the parameters at each time point
with the respective baseline measurements within groups, and un-
paired t-tests were used to compare these parameters at each time
point between groups. Post hoc Bonferroni tests for multiple compar-
isons were performed to determine statistical significance. Analyses
were performed using SigmaStat (SPSS; Chicago, IL). For analysis of
CK enzyme activity and band intensities in CPAE and immunoblots,
the calculations of means, standard deviations, and statistical proba-

Fig. 1. Effect of doxorubicin (DXR) on
myocardial function in isolated rat hearts.
Isolated rat hearts were perfused with Krebs-
Henseleit solution [control (CTL)] or Krebs-
Henseleit solution containing DXR at con-
centrations of 2 (D2) and 20 �M (D20)
during 60 min according to the Langendorff
method. A: developed pressure (DP); B: end-
diastolic pressure (EDP); C: positive first
derivative of left ventricular pressure (�dP/
dt); D: negative first derivative of left ven-
tricular pressure (�dP/dt); E: heart rate
(HR); F: coronary flow (CF). Data are given
as means � SD of 4 hearts at each time
point. Significant differences from CTR
(*P � 0.05) are indicated.
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bility with Student’s t-test (P � 0.05 was considered statistically
significant) were performed with Excel (Microsoft). Bands on CPAE
and immunoblots were digitized and quantified with a 16-bit charge-
coupled device camera-based Kodak imaging system.

RESULTS

DXR impairs myocardial function in a dose-dependent man-
ner. The effect of DXR on hemodynamic parameters of iso-
lated rat hearts is summarized in Fig. 1 and Table 1. In control
hearts, hemodynamic parameters, including LVDP, LVEDP,
inotropy (�dP/dt), lusitropy (relaxation index, �dP/dt), CF,
and HR were stable throughout the entire perfusion period of
60 min. DXR affected cardiac function in a dose-dependent
manner. At a concentration of 2 �M, the drug did not change
LVDP and only marginally affected �dP/dt, CF, and HR.
However, LVEDP and �dP/dt were significantly altered com-
pared with baseline values. The relaxation index (�dP/dt),
showing a detectable onset of decline already after 30 min of
perfusion with 2 �M DXR, appeared to be the most sensitive
hemodynamic marker of acute DXR cardiotoxicity. In contrast,
20 �M DXR had marked effects on all hemodynamic param-
eters. A 60-min perfusion period resulted in a 36% decrease in
LVDP, a decrease of 53% in �dP/dt and of 56% in �dP/dt, a
49% decrease in CF, and a 21% decrease in HR. In accordance
with the decreased CF, the rate-pressure product was markedly
reduced after only 30 min of DXR perfusion at 20 �M. The
hemodynamic pattern of acute cardiac toxicity as observed at
20 �M DXR is consistent with other reports based on the
perfused heart model (27) as well as with the clinical picture
that is characterized by arrhythmia, reversible hypotension, and
pericarditis (18, 31).

DXR accumulates in nuclei and mitochondria without af-
fecting gross sarcomeric structure. Immunostaining of heart
tissue for �-actinin, identifying Z-discs, and myosin-binding
protein C indicated that the general myofibrillar structure
remained intact under the DXR treatment (Fig. 2). Therefore,
in contrast to what was found by others in DXR-treated
cardiomyocytes (24), our experimental setup did not lead to
microfibrillar disarray. Localization of the drug in cardiac cells
was analyzed by confocal microscopy making use of red DXR
autofluorescence (Fig. 3). Confocal images showed important
DXR accumulation in nuclei already at 2 �M (Fig. 3A) and,

mainly at 20 �M DXR, an additional particulate fluorescence
signal in the cell body that was reminiscent to mitochondria.
Immunostaining for mitochondrial markers like cytochrome c
oxidase or VDAC, however, elicited a red fluorescence endog-
enous to the cardiac tissue that masked the particulate DXR
fluorescence signal (data not shown). Therefore, mitochondrial
subfractions of cardiac tissue were used to determine mito-
chondrial DXR by fluorimetric analysis (Fig. 3B). These results
confirmed a pronounced accumulation of the drug in heart
mitochondria at 20 �M DXR.

DXR causes an isoenzyme shift in the CK protein pattern.
The amount of CK isoenzyme protein was analyzed by immu-
noblotting with isoenzyme-specific antibodies (Fig. 4). The
semiquantitative data showed a differential effect of DXR on
BCK and MCK protein abundance. Whereas BCK protein was
significantly increased at both DXR concentrations, MCK
protein decreased and reached significantly lower levels than
control at 20 �M DXR. This change, which is known as CK
isoenzyme shift, could be observed here after only 1 h of
perfusion and at very low DXR concentrations. The level of
sMtCK protein was not significantly changed by DXR.

Table 1. Percent changes in hemodynamic parameters in response to DXR

LVDP LVEDP �dP/dt �dP/dt CF HR RPP

30 min of DXR exposure (% of baseline)

CTR 113 (10) 100 (0) 111 (12) 106 (17) 113 (19) 101 (5) 106 (15)
DXR

2 �M 99 (5) 125 (50) 100 (10) 76 (8)* 96 (17) 94 (4) 90 (13)
20 �M 95 (5) 100 (0) 102 (8) 62 (15)*‡ 68 (8)*‡ 86 (5)*† 79 (5)*‡

60 min of DXR exposure (% of baseline)

CTR 103 (3) 125 (50) 112 (11) 109 (9) 102 (12) 105 (2) 100 (8)
DXR

2 �M 101 (5) 375 (45)*‡ 105 (17) 73 (11)*‡ 90 (14) 96 (3) 94 (16)
20 �M 64 (5)*† 1,550 (465)*† 47 (5)*† 44 (3)*† 51 (8)*† 79 (5)*† 50 (3)*†

Data are means (SD) and represent percentages of baseline values obtained after 10 min of stabilization; n 	 4 for each group. DXR, doxorubicin; CTR,
control. LVDP, left ventricular (LV) developed pressure; LVEDP, LV end-diastolic pressure; �dP/dt, inotropy; �dP/dt, lusitropy; CF, coronary flow; HR, heart
rate; RPP, rate-pressure product. *P � 0.05 vs baseline (paired t-test); †P � 0.05 vs. time-matched DXR (2 �M) and vs. CTR, respectively (unpaired t-test);
‡P vs. time-matched CTR (unpaired t-test).

Fig. 2. Effect of DXR on myofibrillar structure. Immunofluorescence confocal
microscopy images of typical 10-�m sections from rat hearts perfused without
(CTR) or with 20 �M DXR are shown. Sections were stained for �-actinin
using Alexa 488-conjugated secondary antibody (blue channel) and for myo-
sin-binding protein C using Cy5-conjugated secondary antibody (green chan-
nel). The insets show 4-fold magnification of a typical sector. Bars 	 1 �m.
Note that there are no discernible differences in myofibrillar structure between
CTR and DXR-perfused hearts.
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Differential effects of DXR on CK isoenzyme activity. Total
CK activity of the rat heart was determined with a spectropho-
tometric assay. It remained unchanged after perfusion with 2
�M DXR but decreased by about 20% after perfusion with 20
�M DXR (Fig. 5). To analyze DXR effects on the activity of
individual CK isoenzymes, heart homogenates were separated
by native CPAE (Fig. 6). Total homogenates showed the
typical isoenzyme pattern of the rat heart (46), consisting of
four CK isoenzymes with predominating MMCK and sMtCK
(Fig. 6A). DXR-induced changes could be quantified when
loading and coloration reaction were adjusted for each isoen-
zyme separately (Fig. 6B). BBCK activity was significantly
upregulated at 2 �M DXR but returned to the control level at
20 �M DXR. Because protein levels remain elevated at 20 �M
DXR (Fig. 4), this indicated BBCK inactivation. MBCK ac-
tivity showed a trend to similar changes, which did, however,
not reach significance. In contrast, enzymatic activity of
MMCK decreased significantly at both DXR concentrations, in
correlation with MCK protein levels. The octameric sMtCK
that is detectable in nonreducing CPAE did not show any
significant change in enzymatic activity. The relative contribu-
tions of individual isoenzymes to total CK activity were cal-
culated separately (Fig. 6C). They showed that decreased
MMCK activity at 2 �M DXR is entirely compensated for by
an increase in BBCK activity due to CK isoenzyme shift,

whereas compensation is lost at 20 �M DXR, resulting in a net
decrease of total CK activity.

DXR destabilizes sMtCK octamers. In contrast to dimeric
cytosolic CK isoenzymes, mitochondrial isoenzymes occur as
two interconvertible oligomeric species, dimers and octamers
(38). The latter is predominant in vivo and is considered as the
physiologically active species that binds to mitochondrial
membranes and functions in cellular energy transduction (23).
In both control and DXR-treated samples, sMtCK dimers were
hardly detectable in CPAE performed under standard condi-
tions (Figs. 6, A and B, and 7A, left). Here, any reducing agent
like �-ME was omitted, because it could partially reverse the
oxidative inactivation of sMtCK by DXR (44). However, when
mitochondrial fractions were preincubated for 1 h with 20 mM
�-ME or when recombinant sMtCK stored under reducing
conditions were used, significant amounts of sMtCK dimer
became detectable (Fig. 7A, middle and right). The addition of
substrates forming a transition state-analog complex and
known to trigger MtCK dimerization clearly showed that the
reactivated species is the sMtCK dimer (Fig. 7A) (44). Thus, in
contrast to homologous cytosolic CK, dimeric sMtCK is highly
susceptible to inactivation under nonreducing conditions. The
effect of DXR on the octamer-to-dimer ratio of sMtCK was
therefore reevaluated in mitochondrial extracts pretreated with
�-ME (Fig. 7B). A DXR concentration-dependent decrease of

Fig. 3. Accumulation of DXR in nuclei and mitochondria. A: DXR distribution in cardiac cells analyzed with confocal microscopy. Images of typical 10-�m
sections of rat hearts perfused without (CTR) or with DXR at 2 or 20 �M show DXR autofluorescence (red channel). Bars 	 1 �m. Note that DXR accumulates
in nuclei already at 2 �M; an additional particulate pattern becomes apparent at 20 �M. B: DXR content in mitochondrial fractions of cardiac cells. DXR was
quantified by its autofluorescence at 560 nm (excitation at 480 nm). Arb units, arbitrary units. Data are given as means � SD; n 	 4. Note that DXR accumulation
in mitochondria is apparent at 20 �M DXR.

Fig. 4. Effect of DXR on protein level of creatine kinase (CK) isoenzymes. Left: SDS-PAGE immunoblots of homogenates from rat hearts perfused without
(CTR) or with DXR at 2 or 20 �M . Blots were probed for brain-type CK (BCK), muscle-type CK (MCK), and sarcometric mitochondrial CK (sMtCK). Right:
histograms show a quantification of band intensities relative to CTR and normalized to equal protein loading by probing and quantifying the same blots for
sarcomeric myosin heavy chain (HC). Data are given as means � SD for 3 independent perfusion experiments. Significant differences from CTR (*P � 0.05)
are indicated.
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the sMtCK octamer-to-dimer ratio was observed that was
significant at 20 �M DXR, in parallel with DXR accumulation
in mitochondria (Fig. 3) and consistent with our previous in
vitro study (44).

DXR inhibits binding of sMtCK and cytochrome c to mito-
chondrial membranes. An important property of MtCK is its
high affinity to mitochondrial membranes, in particular to
negatively charged cardiolipin (5, 40). DXR shows a similar
high-affinity interaction with cardiolipin, which destabilizes
mitochondrial membranes in general (e.g., via lipid oxidation)
and competitively inhibits cardiolipin interaction of MtCK and
cytochrome c (5, 43). Moreover, DXR can favor mitochondrial
permeability transition that leads to cytochrome c release, a
major trigger of apoptosis (53). To evaluate such effects in the
DXR-perfused heart, we examined sMtCK and cytochrome c
distribution in crude mitochondrial versus soluble (cytosolic)
fractions (Fig. 8A). Perfusion with 20 �M DXR significantly
increased the amounts of sMtCK and cytochrome c in the
soluble fraction, with solubilized sMtCK mainly consisting of
dimeric species (data not shown). If this occurred in vivo, cyto-
chrome c release should have triggered the apoptotic cascade.
However, no increase of downstream apoptotic markers like
activated caspase 3 and cleaved PARP was detectable in
immunoblots of DXR-perfused heart samples at either 2 or 20
�M DXR (Fig. 8B). Thus we conclude that 1-h perfusion with
DXR had not yet activated the apoptotic cascade but rather
sensitized mitochondrial membranes to rupture and to release
sMtCK and cytochrome c during mitochondrial preparation.

DXR interferes with the AMPK signaling cascade. DXR
impairs ATP production and, as suggested by the partial
inactivation of CK isoenzymes, locally impairs PCr generation
and ATP regeneration. According to Rajagopalan et al. (35),
the production of free radicals should be significant under our
experimental conditions (35). Because both stressors are
known to activate AMPK, we examined the response of this
energy-sensing kinase cascade to DXR. AMPK activation
involves a dual mechanism with allosteric activation by AMP
and covalent activation by phosphorylation at Thr172 within the
�-subunit by specific upstream kinases (4). First, we used
phosphosite-specific antibodies against phospho-Thr172 to de-
tect AMPK activation in control and DXR-treated hearts (Fig.
9). Considerable basal AMPK phosphorylation was observed

in control samples but was almost missing in samples treated
with 2 or 20 �M DXR. This significant decrease in phospho-
AMPK signals was accompanied by a similar decrease in total
AMPK protein except that the latter was less pronounced at 2

Fig. 6. Effect of DXR on the isoenzyme pattern of CK activity. CK isoenzymes
from rat hearts perfused without (CTR) or with DXR at 2 or 20 �M were separated
by native cellulose polyacetate electrophoresis (CPAE) and detected by their
enzymatic activity. Equal amounts of protein were loaded on each lane. A: typical
CK activity patterns of homogenates. Purified rabbit MMCK and BBCK and
recombinant human sMtCK were used as standards. d, sMtCK dimers; o, sMtCK
octamers. B: CPAE separations of heart homogenates with optimized coloration of
CK isoenzyme activities. One of three independent perfusion experiments is
shown (left; see also MATERIALS AND METHODS). Histograms (right) show a
quantification of band intensities relative to CTR. Data are given as means � SD;
n 	 3. Significant differences from CTR (*P � 0.05) are indicated. C: relative
contributions of CK isoenzymes to total CK activity in CTR and DXR-treated
hearts calculated from band intensities assessed in A and B.

Fig. 5. Effect of DXR on total CK activity in isolated rat hearts. Enzymatic CK
activities of rat heart perfused with 2 �M (D2) or 20 �M DXR (D20) relative
to control hearts (CTR). CK activity was measured in total heart homogenates
with a photometric coupled enzymatic assay for the reverse CK reaction (ATP
production). Specific CK activity of control hearts was 2.9 � 0.4 U/mg total
protein. Data are given as mean � SD of 4 hearts. *Significantly different (P �
0.05) from control.
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�M DXR, as revealed by general AMPK �-subunit antibodies.
We further compared this downregulation of AMPK, first
described here, with the phosphorylation and protein level of
ACC-�. The latter is an important downstream target of
AMPK, whose phosphorylation gives a measure for both
allosteric and covalent activation of AMPK and thus reflects
the activity of the AMPK signaling pathway. Downregulation
of AMPK was accompanied by a significant decrease in phos-
phorylated ACC-� at both DXR concentrations, whereas
ACC-� protein remained largely unaffected. Thus the lack of
covalent activation at AMPK-Thr172 was not compensated by
some other activation mechanism but indeed led to a partial
shutdown of AMPK downstream signaling.

DISCUSSION

This study, using a perfused rat heart model, demonstrates
the susceptibility of the CK/PCr system and of the AMPK
signaling pathway to DXR and their potential involvement in
DXR cardiotoxicity. Despite a certain compensatory potential
observed for CK, which involves an isoenzyme shift toward
the more active BCK, the general toxicity limit of DXR is
relatively low and close to clinical drug concentrations. Acute
effects on both kinases were already observed at 2 �M DXR,
which corresponds to peak plasma concentrations in patients
reaching 2–6 �M DXR with a typical value of 1–2 �M (9, 31,
42). At higher DXR concentrations of 10–20 �M DXR, acute
functional changes in the perfused heart become markedly
pronounced as indicated by this and other studies (27, 33).

An important result of our detailed analysis of CK was an
isoenzyme switch with decreased MCK and increased BCK

protein that was already apparent after 1 h and at the low dose
of 2 �M DXR and led to a fetal-like isoenzyme pattern.
Basically, such an isoenzyme shift is known to occur in the
heart under chronic pathological conditions, as, e.g., in hyper-
trophy, characterized by a compromised cellular energy state
(15, 20, 45, 52). First, higher levels of BCK protein led to an
increase in the enzymatic activity of BBCK and MBCK, which
may efficiently compensate for an inhibition of other CK
isoenzymes, mainly MMCK. Second, an additional advantage
of BCK upregulation may be the higher affinity for ADP and
its higher specific activity (46, 49), possibly resulting in more
efficient ATP regeneration. However, at the higher dose of 20
�M DXR, BBCK is also partially inactivated by DXR. It can
no longer compensate for an activity loss of other CK isoen-
zymes, thus leading to a decrease in total CK activity by about
20%. The shift in the CK isoenzyme pattern could be due to
rapid changes in gene expression, either because of specific
susceptibility of CK genes to DXR (17) or because of a general
induction of a fetal expression profile in response to stress (49,
51). Fast changes in gene expression after DXR exposure were
already observed earlier (19). In addition, MMCK may be de-
graded or partially leak from DXR-treated cardiac cells (6, 13).

For sMtCK, no significant acute changes in either protein or
activity level were observed, consistent with the results of
Pelikan et al. (32). However, octamer stability and membrane
binding of sMtCK were impaired, in particular at 20 �M DXR.
Both properties are equally important for the physiological
roles of MtCK in energy channeling between mitochondria and
cytosol (38) or inhibition of mitochondrial permeability tran-
sition (7), and failure of these functions may trigger apoptosis
or necrosis. Similar to BCK inactivation, impairment of
sMtCK at 20 �M DXR occurred together with accumulation of
the drug in cardiac mitochondria and clearly decreased cardiac
function, consistent with an involvement of these isoenzymes
in acute DXR cardiotoxicity. Mechanistically, as observed in
our earlier in vitro study (44), accumulation of DXR at mito-
chondrial membranes rapidly affects sMtCK. DXR interaction
with mitochondrial cardiolipin would competitively inhibit the
binding of MtCK and other cardiolipin-interacting proteins like
cytochrome c. Solubilization of sMtCK would make it a better
substrate for oxidative modifications, which would trigger
octamer dissociation into dimers that are even more susceptible
to oxidative damage, thus entering a vicious cycle with pro-
gressive inactivation of sMtCK. However, such an accumula-
tion of damage is expected to occur under chronic rather than
acute DXR exposure.

Because activation of effector caspase 3 or cleavage of
PARP was not detectable in DXR perfused hearts after 1 h, we
have no evidence for apoptosis at this stage of treatment. This
makes it rather unlikely that considerable amounts of cyto-
chrome c were already released into the cytosol in situ. How-
ever, the presence of cytochrome c (and sMtCK) in the super-
natant of extracts revealed that DXR had already sensitized
mitochondrial membranes to become permeable, most likely
during the isolation procedure. Therefore, in the long term, the
DXR-treated heart could be more susceptible to apoptosis via
mitochondrial permeability transition and cytochrome c re-
lease. This is consistent with a large body of evidence showing
that DXR generates conditions known to trigger permeability
transition in isolated mitochondria, like oxidative stress, lower

Fig. 7. Effect of DXR on the octamer-to-dimer ratio of sMtCK. Oligomeric
species of sMtCK were separated by native CPAE and detected by their
enzymatic activity. Equal amounts of protein were loaded on each lane. A:
inactivation of dimeric sMtCK in mitochondrial fractions and reactivation by
�-mercaptoethanol (�-ME). Left, CTR mitochondrial extract; middle, same
extract preincubated with 20 mM �-ME for 1 h; right, recombinant human
sMtCK kept in �-ME-containing storage buffer (consisting of octameric and
dimeric species). Each sample was, in addition, treated for 1 h with substrates
forming the transition state-analog complex (TSAC; see MATERIALS AND

METHODS) to induce dissociation of sMtCK octamers into dimers. Note that
sMtCK dimers are only visible (enzymatically active) in the presence of �-ME.
B: octameric and dimeric sMtCK species in �-ME-pretreated mitochondrial
extracts from rat hearts perfused without (CTR) or with DXR at 2 or 20 �M
. Representative data from 1 of 3 independent perfusion experiments are shown
(left). The histogram (right) shows changes in the octamer-to-dimer ratio of
sMtCK relative to CTR as calculated from band intensities. Data are given as
means � SD; n 	 3. *Significantly different (P � 0.05) from control.
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ATP and calcium overload in the cytosol, decreased ability of
mitochondria to accumulate calcium, and increased sensitivity
to calcium-dependent mitochondrial membrane depolarization
as well as changes in adenine nucleotide translocator function/
expression (53). Similarly, other consequences of DXR treat-
ment, like reduced membrane binding and dimerization of

sMtCK (7) or inhibition of BCK activity and AMPK signaling
leading to impaired energy state would all be potentially
proapoptotic in the long term.

AMPK was strongly impaired at both DXR concentrations.
DXR rapidly reduced the level of total AMPK protein, accom-
panied by an even stronger decrease in the basic level of Thr172

Fig. 8. Release of sMtCK and cytochrome c (Cyt-c) from mitochondria (A) without activation of the apoptotic cascade in situ (B). A: SDS-PAGE immunoblots
(left) of cytosolic and mitochondrial fractions from rat hearts perfused without (CTR) or with DXR at 2 or 20 �M . Blots were probed for sMtCK and Cyt-c.
Histograms (right) show a quantification of band intensities relative to CTR and normalized to equal protein loading by probing and quantifying the same blots
for GAPDH (cytosolic fraction) or voltage-dependent anion channel 1 (VDAC1; mitochondrial fraction). Data are given as means � SD for 3 independent
perfusion experiments. Significant differences from CTR (*P � 0.05) are indicated. B: immunoblots of total homogenates (20 �g protein) from rat hearts perfused
without (CTR) or with DXR at 2 or 20 �M were probed for activated (act.) caspase 3 and cleaved poly(ADP-ribose) polymerate (PARP); lysate of
camptothecin-treated Jurkat cells (JC; 15 �g protein) was used as positive control. Equal protein loading was verified by probing the same blots for GAPDH.

Fig. 9. Effect of DXR on phosphorylation and protein level of AMP-activated protein kinase (AMPK) and acetyl-CoA carboxylase (ACC). Left: SDS-PAGE
immunoblots of total homogenates or cytosolic fractions from rat hearts perfused without (CTR) or with DXR at 2 or 20 �M . Blots from homogenates were
probed for AMPK phosphorylated at Thr172 (P-AMPK) and �-AMPK subunit protein (AMPK). Blots from cytosolic fractions were probed for phosphorylated
ACC-� (P-ACC) and ACC-� protein (ACC). Right: histograms show a quantification of band intensities relative to CTR and normalized to equal protein loading
by probing and quantifying the same blots for GAPDH. Data are given as means � SD for 3 independent perfusion experiments. Significant differences from
CTR are indicated (*P � 0.05).
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phosphorylation, which is the activating phosphorylation due
to upstream kinases like protein kinase LKB1 (4). These novel
data indicate that indeed both AMPK protein and its basic
activation state were decreased. Furthermore, the loss of active
AMPK led to decreased phosphorylation of ACC-�, an AMPK
downstream target, without affecting ACC-� protein levels.
The latter underlines the susceptibility of AMPK protein to
DXR. More importantly, the low phosphorylation of ACC-�
not only shows the lack of covalent AMPK activation via
phospo-Thr172 but also the absence of any additional allosteric
AMPK activation via a fall in ATP/AMP ratios. Thus in the
DXR perfused heart, AMPK is not activated by some known
AMPK trigger and is basically inactive. This is a rather
unexpected result, because stress in general, and energetic or
oxidative stress in particular, are known to impair cellular
energy status and to rapidly activate AMPK for ATP genera-
tion (54). It seems that DXR generates deleterious conditions,
which normally should activate AMPK (31, 48) but instead
inhibit the beneficial stress response of the kinase, thus enter-
ing a vicious cycle that may be an important factor in drug
toxicity. This failure of AMPK to react properly to oxidative or
energetic stress may be an important mechanism contributing
to drug toxicity, both in the heart and tumors. The mechanisms
underlying inhibition of AMPK are not clear. Not much is
known about the upstream signaling of this pathway in general.
Because DXR does not directly affect the activity of recombi-
nant AMPK in vitro (data not shown), alterations in gene
expression and upstream signaling require further investiga-
tion.

To evaluate the importance of impaired CK and AMPK
activities for anthracycline cardiotoxicity, we related these
changes to structural and functional parameters of the perfused
heart. Only few of the cardiac functional parameters were
altered at 2 �M DXR, whereas all of them were drastically
affected at 20 �M DXR, yet without any histologically visible
damage of the myocardial contractile apparatus. Because
changes in the CK system were moderate at both DXR con-
centrations, they are not likely to be a main factor for the
substantial cardiac dysfunction seen at 20 �M DXR. However,
the lower total CK activity together with solubilized and
dimerized sMtCK could certainly contribute to a diminished
high-energy phosphate level. For example, 1-h perfusion of rat
hearts with 10 �M DXR was estimated to cause an about 20%
decrease in both ATP and PCr levels (33, 40), and a similar
decrease was observed in animals upon single DXR injection
(29). In turn, it seems plausible that decreased AMPK signaling
can be an important factor mediating acute cardiac dysfunc-
tion, especially under hypoxic conditions due to strongly de-
creasing coronary flow, as it was the case at 20 �M DXR.
Recently, Russell and co-workers (36) have shown that trans-
genic mice expressing dominant negative AMPK in muscle
have mildly decreased �dP/dt and �dP/dt under normoxic
conditions and develop more pronounced cardiac dysfunction
than wild-type mice under low-flow ischemia. In our experi-
ments, perfusion with 2 �M DXR, which already downregu-
lated AMPK, also affected �dP/dt and LVEDP, whereas CF
remained unchanged. In contrast, at 20 �M DXR, reduced
AMPK signaling was accompanied by a strong impairment of
all functional parameters, including CF. Inhibition of the
AMPK-regulating energy supply may reduce oxidative capac-

ity and subsequently diminish CF, which could cause a feed-
back potentiating cardiac injury.

Cytotoxic effects of DXR, which are fatal for the heart,
could be important for its anticancer action. Both compromised
CK and AMPK signaling can sensitize cancer cells for ener-
getic or nutrient shortage and thus facilitate their apoptotic
elimination. In fact, a decrease in the AMPK protein level by
antisense RNA was shown to inhibit tumor growth in a mouse
model by reducing the tolerance of cancer cells to nutrient
starvation (21). In contrast, tumors overexpressing the uMtCK
isoenzyme, which is less DXR sensitive than heart sMtCK, are
renowned for their resistance to chemotherapy (1).

Taken together, our results suggest that acute cardiac dys-
function caused by clinically relevant DXR concentrations may
involve impaired energy signaling via AMPK. This would be
consistent with a fast inhibition of fatty acid oxidation and only
transient stimulation of glucose uptake that was observed after
DXR treatment (2, 14). The CK system, despite some defects,
seems to maintain its functionality under acute conditions,
partially because of a compensation between isoenzymes. In
contrast, as suggested by our previous study (44), substantial
direct and radical-mediated molecular damage of CK will
accumulate with time, including inactivation of CK isoen-
zymes and further impairment of sMtCK functions. Such
long-term CK damage could be at the origin of numerous
deleterious processes that promote chronic DXR-induced car-
diac dysfunction (25, 45). Compromised sMtCK functions
would affect energetic coupling between mitochondria and
cytosol (38), destabilize mitochondrial contact sites (3), and
sensitize cells to apoptosis (7). Inhibition of MCK, functionally
coupled to Ca2� pumps of the sarcoplasmic reticulum, would
impair Ca2� handling, which is critical for muscle contraction
and relaxation (46). Microfibrillar disarray and apoptosis, both
suggested as important mechanisms of DXR cardiotoxicity
(24, 25), were not yet detectable in our experimental system,
suggesting that the changes in kinases regulating energy supply
are among the very early effects of DXR in cardiomyocytes.
The accumulation of anthracyclines and their metabolites in
heart tissue, in particular in nuclei and mitochondria, would
lead to sustained impairment of CK and AMPK functions,
which could contribute to chronic cardiotoxicity, the most
serious complication of anthracycline therapy. This hypoth-
esis warrants, however, further verification. If it turned out
to be correct, components of the CK and AMPK systems
may eventually become suitable targets for cardioprotective
therapy.
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