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Abstract

Purpose Dexrazoxane (DZR), a clinically approved cat-
ion chelator, is effective in reducing doxorubicin (DOX)-
induced heart damage, yet its cardioprotective mechanism
is not fully understood. We aimed to investigate the effects
of DZR on the activation of Akt and Erk 1/2 signals in a rat
model of DOX-induced cardiomyopathy.

Methods Male Sprague-Dawley rats received weekly
DOX injection (2.5 mg/kg) for 6 weeks, with or without
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DZR pretreatment at a dose ratio of 20:1. The ventricular
functions of these animals were monitored at week 6, 9 and
11 by echocardiography. At week 11, their heart morphol-
ogy was studied by light and electron microscopy. Phos-
phorylation of Akt and Erk in heart tissues was measured
by Western blot analysis.

Results DOX caused myocardial damage with compro-
mised left ventricular function, increased myocardium
injury and reduced phosphorylation of Akt and Erk. DZR
exerted a significant cardioprotective effect in terms of
improved fractional shortening, cardiac output and cardio-
myopathy score at one or more time points. We also pro-
vided the first evidence that dexarazoxane-treated animals
had increased levels of Akt and Erk activation, whilst total
Akt and Erk remained unchanged.

Conclusions Our results showed that the cardioprotective
effect of dexarazoxane has been sustained beyond the treat-
ment period. The data also suggested that activation of the
Akt and Erk signaling pathways was regulated in the course
of DOX-induced cardiomyopathy and protection by DZR.

Keywords Dexrazoxane - Doxorubicin -
Cardioprotection - Akt - Erk1/2

Introduction

Doxorubicin (DOX), an anthracycline drug, is one of the
most effective antineoplastic agents developed for the treat-
ment of solid tumors and hematologic malignancies. How-
ever, its clinical use is limited by cardiac damage which can
occur at any stage during or following treatment. DOX-
induced cardiotoxicity is dose-related and essentially irre-
versible. Patients who receive a cumulative dose of more
than 500 mg/m? of DOX have increased risk of developing
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cardiac toxicity, including cardiomyopathy and congestive
heart failure [24]. It has been suggested that the anticancer
effects and cardiotoxicity of DOX do not follow identical
pathways [1, 14, 27]. The mechanism of DOX-induced car-
diotoxicity is multifactorial and involves the induction of
lipid peroxidation and generation of free radicals. The
increase in oxidative stress and depletion of endogenous
antioxidants trigger the intrinsic mitochondria-dependent
apoptotic pathways. The heart is particularly vulnerable to
free radical injury, likely related to low activities of protec-
tive enzymes, such as superoxide dismutase, relative to
other tissues [4, 13, 21].

Dexrazoxane (DZR), belonging to a class of bis(2,6-
dioxopiperazines), has been proven clinically effective in
reducing DOX-induced cardiotoxicity and recently
approved as an antidote for alleviating tissue damage due to
accidental anthracycline extravasation [6]. In a multicenter
randomized phase III trial, DZR significantly reduced the
occurrence and severity of anthracycline-induced cardio-
toxicity in breast cancer patients who were at increased risk
of cardiac dysfunction, without compromising the antitu-
mor efficacy of the chemotherapeutic regimen [20]. The
molecular mechanism underlying DZR-associated cardio-
protection remains unclear. Recent studies have shown that
DZR specifically abolished DNA and mitochondrial dam-
age signals induced by DOX [15, 19]. In vivo, DZR perme-
ates the cell membrane and is rapidly hydrolyzed to its
metal ion-binding metabolite, ADR-925, thus decreasing
anthracycline-iron binding and formation of reactive oxy-
gen species [7]. However, many other iron chelators or free
radical scavengers failed to rescue DOX-induced cardio-
toxicity [19].

Signaling through phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (Akt) and the p42/p44 extracellu-
lar signal-regulated kinases (Erk 1/2) pathways have been
shown to play important roles in heart development and
diseases [26, 28, 29]. The phosphorylation cascades of Akt
and Erk 1/2 are referred to as the Reperfusion Injury Sal-
vage Kinase (RISK) pathways which mediate cell survival
during ischemia heart reperfusion injury [9]. Activation of
RISK pathways result in down-regulation of proapoptotic
proteins and protection of mitochondrial integrity. DOX-
induced damage and apoptosis of cardiomyocytes have
been associated with down-regulation of Akt and Erk 1/2
activation in in vitro and in vivo animal models [3, 17, 18,
22, 25]. In a previous study, we demonstrated that DZR
has protective activity against DOX-induced toxicity in rat
HO9C2 myoblastic cell line and primary neonatal rat cardio-
myocytes in culture [16]. In this study, we established
an in vivo rat model of DOX-induced cardiomyopathy
and further investigated the protective effect of DZR on
cardiac damage and the activation of the Akt and Erk
phosphorylation signals.
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Materials and methods

Male Sprague-Dawley rats (Laboratory Animal Services
Centre, The Chinese University of Hong Kong) were fed a
regular rat chow and housed in a normal night-day rhythm
under standard conditions of temperature and humidity. At
170-180 g of body weight, the rats were divided into three
experimental groups: Control (saline), DOX (Ebewe
Pharma Ges, Austria; 2.5 mg/kg body weight), and
DOX + DZR (2.5 mg/kg DOX + 50 mg/kg DZR). DOX
was given by intravenous injection into the tail vein once
weekly for 6 consecutive weeks. DZR (Chiron, Amster-
dam, The Netherlands) was administered by intraperitoneal
injection 30 min prior to each dose of DOX. The body
weight of the animals was monitored weekly. Eleven weeks
after the first injection, the animals were sacrificed by cervi-
cal dislocation. The study was approved by the Animal
Research Ethics Committee, The Chinese University of
Hong Kong, Hong Kong.

Two-dimensional echocardiography

Transthoracic echocardiography was performed to evaluate
left ventricle (LV) function as described previously [16]. At
2 days before DOX injection (baseline), week 6, 9 and 11,
the rat was anesthetized with ketamine (75 mg/kg) and xyla-
zine (10 mg/kg). The chest was shaved, and two-dimen-
sional echocardiography was performed using the
echocardiographic system (Sonos 7500, Philips Ultrasound,
Bothell, Wash) with a 7.5-12 MHz probe. M-mode echocar-
diography of the LV at the papillary muscle level were pre-
formed, guided by two-dimensional short-axis images. Left
ventricular end-diastolic dimensions (LVEDD) and left ven-
tricular end-systolic dimensions (LVESD) were measured on
the M-mode tracings and were averaged from three cardiac
cycles. The LV fractional shortening (% FS) was automati-
cally calculated as [(LVEDD — LVESD)/LVEDD] x 100.

Cardiomyopathy score and mitochondrial ultrastructure

At week 11 after echocardiography, all rats were killed and
their hearts immediately excised. The heart tissue was fixed
in 4% formaldehyde, and 4 um-thick paraffin sections were
stained with hematoxylin-eosin for histological examina-
tion. The severity of DOX-induced myocardial damage was
evaluated by an investigator in a blinded manner using light
microscopy. The degree of damage was scored from 0 to 3
according to the percentage of vacuolization and myofibrillar
loss in eight randomly assigned areas of each section and two
sections per heart as described [16]. Some cardiac specimens
were immersion-fixed overnight in phosphate-buffered 2.5%
glutaraldehyde (pH 7.4), postfixed for 1 h with 1% osmium
tetroxide, dehydrated through a graded ethanol series, and
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embedded in Epon medium. Ultrathin sections were stained
with uranyl acetate and lead citrate, and observed in an elec-
tron microscope (CM120, Philips, The Netherlands).

Western blot analysis

For protein isolation, frozen heart tissues were powdered in
liquid nitrogen and then suspended in radioimmunoprecipi-
tation assay lysis buffer (Sigma Chemical Co., St Louis,
MO, USA). The samples were homogenized and the lysates
were centrifuged at 14,000 rpm for 15 min, and the superna-
tant was stored at —80°C. The protein concentration was
measured by Bio-Rad DC protein assay (Bio-Rad Laborato-
ries, Hercules, CA, USA), using bovine serum albumin as a
standard. The isolated protein was subjected to SDS-PAGE
and transferred to polyvinylidene difluoride membrane
(Amersham International, Buckinghamshire, England). The
activation of Akt and Erk was assessed by specific antibod-
ies against phospho-Akt, total Akt, phospho-Erk and total
Erk (all from Cell Signaling Technology, Inc., Boston, MA,
USA). The blots were visualized by means of chemilumi-
nescence (ECL, Amersham), and the signals quantified by
densitometry. The membranes were reprobed with a-Tubu-
lin which served as the loading control. Protein levels were
normalized to total Akt or Erk and o-Tubulin.

Statistical analysis

The survival rates of animals were compared by the log rank
test. Effects of DOX and DOX + DZR on body weight were
analyzed using multilevel modeling to compare the longitu-
dinal rate of change between the three groups. The models
were fitted by the method of restricted iterative generalized
least-squares algorithm of MLn for Windows software
package, Version 2.0 (Institute of Education, University of
London, London, UK). The likelihood ratio test was used to
assess the statistical significance of the estimates at 5%
level. Heart function parameters at baseline and various time
points, heart weight and signal expression at week 11 were
analyzed by the Mann—Whitney test. Cardiomyopathy
scores were analyzed by the Kruskal-Wallis ranking test
and Mann—Whitney test. The levels of significance were
adjusted by Bonferroni adjustment of multiple comparisons.
All data are presented as mean =+ standard deviation (SD).

Result
Survival, body weight and heart/body weight
Two rats that received DOX and one rat in the DOX + DZR

group died at week 10, probably due to severe cardiotoxicity
because they had plenty of ascites. There were no statistical

significances in the mortality rates of the three groups of
animals.

There were significant differences in the trend of body
weights of animals in the DOX-treated group compared
with those in the Control groups (P <0.001) or the
DOX + DZR group (P <0.001) (Fig. 1). The differences
were more pronounced from 6 to 9 weeks after the initial
treatment. The heart-to-body ratios at week 11, however,
were similar among the three groups (Control group
2.66 + 0.16 mg/g; DOX 2.8 +0.45 mg/g; DOX + DZR
2.77 £ 0.52 mg/g).

Echocardiographic assessment of cardiac function

All echocardiographic parameters were similar among the
three groups of animals at baseline (Table 1, Fig. 2). At
week 6 after DOX treatment, there were significant differ-
ences in LVEDD (P<0.001), cardiac output (CO;
P <0.001) and LVEDD/BW (P <0.001) in DOX-treated
animals compared to Control animals. Pretreatment with
DZR saw increased CO (P =0.004) compared with the
DOX group. The cardiac output index per unit body weight
appeared to be decreased in the DOX group (Table 1;
P =0.022), compared with that of the Control group. The
DOX + DZR group had slightly higher cardiac output index
(P =0.041) than the DOX group. At week 9 (i.e., 3 weeks
after DOX and DZR treatment were stopped), one batch of
animals (DOX, n =6; DOX + DZR, n =7, Control, n=5)
were also scanned for cardiac function. Results showed sig-
nificant improvement in fractional shortening (FS; DOX
342 +5.7% vs. DOX +DZR 43.3 +3.1%, P =0.008)
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Fig. 1 Effect of DOX and DZR on body weight of animals. Male
Sprague-Dawley rats were injected with DOX once weekly for
6 weeks with or without DZR pretreatment. Control animals (n = 10)
received saline only. DOX-treated animals (n = 14) had compromised
growth rate in terms of body weight (P <0.001), whereas
DOX + DZR-treated animals (n = 13) had improved body weight, par-
ticularly at week 6-9 (P = 0.002)
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Table 1 Cardiac function by serial echocardiography

Time point Group LVEDD LVESD HR FS (%) CO CO/BW LVEDD/BW
(mm) (mm) (beats/min) (mL/min) (mL/min/g) (cm/kg)
Baseline DOX 524+04 2.74+0.2 302 £ 16 489 +2.0 87.4 + 20 0.50 £ 0.1 3.0+0.3
DOX + DZR 53+04 2.7+£0.2 307 + 24 499 £ 1.8 97.8 £ 23 0.56 £0.1 3.0+02
Control 52403 2.6+0.2 310 £ 26 495428 90.1 £ 16 0.52 £0.1 30+0.3
6 weeks DOX 5.5+ 0.4* 3.1+04 255 £ 31* 446 £4.2 83.6 £ 17* 0.32+0.1 2.1 £0.1%*
DOX + DZR 6.0 +0.5% 334+04 265 £23 454 +42 113 & 28% 0.38 £ 0.1 2.0+0.2
Control 64+04 35+04 283 + 25 464 £ 3.8 143 £ 17 037+0 1.7+0.1
11 weeks DOX 6.7 + 0.5% 4.6 + 0.5% 216 £ 32* 31.8 £ 3.6* 98.1 £ 21* 0.41 £0.1 2.8 +0.4*
DOX+DZR  6.0+05% 34+£05" 214452 434 £57% 909 £33 0.36 £+ 0.1 2.5+04"
Control 73+04 4.1+04 268 £ 21 441 £3.5 186 + 28 0.41 £0.1 1.6 £ 0.1

Values are mean £ SD in the DOX (n = 15), DOX + DZR (n = 13) and Control (n = 10) animal groups

LVEDD left ventricular internal dimensions at end-diastole; LVESD left ventricular internal dimensions at end-systole; HR heart rate; F'S fractional

shortening; CO cardiac output

* DOX vs. Control, P < 0.025; ¥ DOX vs. DOX + DZR, P < 0.025 at same time points

Control

ro ' a 3 1 1% =i t ' 2
SO O il R B N T

Fig. 2 Representative M-mode echocardiograms of experimental ani-
mals at week 11. DOX treatment resulted in significant left ventricular
cardiac impairment as indicated by two-dimensional M-mode tracing
of wall motion, compared to Control animals. The DOX + DZR ani-
mals had significantly improved cardiac functions

(Fig.3) and CO (DOX 97.8+ 18.8 mL/min vs.
DOX + DZR 126 =+ 18.5 mL/min, P = 0.02) with DZR pre-
treatment. The FS and CO of DOX + DZR animals were
not significantly different from those of Control animals
(FS=445+33%; CO=1514+21.6 mL/min) at this
stage. At week 11, FS (P <0.001) of the DOX + DZR
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Fig. 3 Fractional shortening levels of experimental animals. Echocar-
diographic analysis of animals at baseline, 6, 9 and 11 weeks post-
treatment with DOX showed significantly impaired FS in DOX-treated
animals compared with the Control group at week 9 and 11 (P < 0.01).
Increased FS was observed in the DOX + DZR group compared with
the DOX group (P <0.01)

group remained to be higher than the DOX group, whereas
there was no longer significant difference of CO between
the two groups. FS of DOX + DZR animals were similar to
those of Control animals but CO levels were lower than the
Controls (P < 0.001). The cardiac output index was similar
among the three groups of animals at week 9 or 11.

Light and electron microscopy of myocardium

There were significant differences in the cardiomyopathy
score among the three groups of animals at week 11
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(Table 2; P < 0.001). The myocardial pathology associated
with DOX treatment included myofibrillar loss and cyto-
plasmic vacuolization (Fig. 4a—c). The DOX-treated group
had more severe lesions compared with the control group
(P=0.001), and the DOX + DZR-treated group had
reduced scores of cardiomyopathy (P = 0.004) compared
with those in the DOX-treated animals. Ultrastructural
changes associated with DOX-induced cardiomyopathy
included swelling and vacuolization of mitochondria, and
damage of the sarcotubular system (Fig.4e). The
DOX + DZR group showed less damage in myofibril
arrangement, sarcotubular system and the mitochondria
(Fig. 4f). There was no significant difference between the
DOX + DZR group and the Control group (P = 0.058).

Activated Akt and Erk phosphorylation in DZR-treated
myocardium

At week 11, protein expressions of total Akt and Erk 1/2 in
the myocardium of Control animals were relatively high
(Fig. 5). The respective phosphorylation kinases were also
fairly active as observed in the p-Akt and p-Erk levels. In
the DOX group, phosphorylation of Akt was reduced to
19% of those in Control animals, whereas a much milder
reduction (91% of Control) was observed in the
DOX + DZR group (DOX vs. DOX + DZR, P <0.001).
The phosphorylation of Erk 1/2 in the DOX-treated myo-
cardium decreased to 28% of the Control, but was
increased to 50% in the DOX + DZR group (P = 0.032).

Discussion

We established a rat model of chronic cardiomyopathy
induced by repeated administration of DOX for 6 weeks.
We also investigated the effects of pretreatment with DZR
on cardioprotection by assessing outcomes at medium to
long term (6-11 weeks). Our data showed that DOX-
treated animals had reduced body weight and compromised

Table 2 Cardiomyopathy scores of experimental animals

Group No. of Cardiomyopathy score
animals
1 1.5 2 2.5 3
DOX* 9 0 0 3 3 1 2
DOX +DZRY 6 13 2 0 0 0
Control 5 4 1 0 0 0 0

The Kruskal-Wallis test showed that there were differences among the
three groups (P < 0.001). There was a significant increase of cardio-
myopathy score in DOX-treated animals compared with control ani-
mals (Mann—Whitney test, *P =0.001) and reduction of score in
DOX + DZR-treated animals (*P = 0.004) compared with the DOX-
treated animals

Control
D T

Fig. 4 Representative images on histopathology of rat myocardium.
Left ventricular heart sections were stained with hematoxylin—eosin
(a—c magnification x200): a Control rat had normal myocardium mor-
phology; b heart tissue damage in DOX-treated animals as indicated by
increased cytoplasmic vacuolization and myofibrillar loss; ¢ heart
myocardial lesions were significantly reduced in animals that received
DZR treatments. The electron-microscopic ultrastructure showed sig-
nificant differences among the three groups (d-f magnification
%x12,000): d Control rat had normal ultrastucture of the myocardium;
e DOX-induced morphological damages, including swelling and vac-
uolization of mitochondria, dilatation of sarcotubular system, were ob-
served; f DOX + DZR animals had regular myofibril arrangement,
sarcotubular system and mitochondria

cardiac functions in terms of heart rate (HR), FS, CO and
LVEDD/BW at one or more time points. The damage
severity appeared to progress with time, even after DOX
and DZR treatment were stopped at week 6. Cardiomyopa-
thy injuries were again observed in the heart morphology in
terms of myofibrillar and mitochondrial structures scored
under light and electron microscopy. Our results are in line
with those reported by us [16] and others [3, 11, 15, 23] on
acute and chronic animal models of DOX-induced cardio-
myopathy. At a dose ratio of 20:1 of DZR:DOX [12], our

@ Springer
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Fig. 5 Western blot analysis of heart tissues for Akt and Erk phos-
phorylation. Protein expressions of total Akt, p-Akt, total ERK1/2, p-
Erk and a-Tubulin from heart tissues were examined at week 11. Val-
ues are presented as the ratio of phospho-specific kinases to total kinases,
relative to proteins in the Control animals. Akt and Erk phosphorylation
were compromised in DOX-treated myocardium and were significantly
recovered in the DOX + DZR-treated animals (P < 0.05). Data are
mean + SD from three hearts

data showed that pretreatment with DZR had a cardiopro-
tective effect against DOX-induced cardiac damage. The
effects were particularly apparent on the FS data (Fig. 3)
which are significant at 9 and 11 weeks when damages in
the DOX-treated groups were most noticeable (Table 2).
The cardioprotective activity of DZR was also demon-
strated in the cardiomyopathy scores (Table 2), morphology
and ultrastructure of heart tissues (Fig. 4). The preservation
of mitochondrial integrity in the DZR-treated animals
(Fig. 4d—f) was in line with reported DOX-induced mito-
chondrial toxicity and protective mechanism of DZR [I,
15]. Published data have shown that DZR-only treatment
on Control animals without subjection to DOX-induced
damage had normal cardiomyopathy score and histological
features [12, 30]. Héon et al. reported that DZR-only treat-
ment did not alter the protein expression of apoptotic and
oxidative markers in heart tissues of young male rats [10].
Mitochondrial membrane integrity has been shown to be
regulated by the interaction of a panel of pro- and antiapo-
ptotic protein signals through heterodimerization and
kinase phosphorylation activities. Akt and Erk activation
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pathways are known to be protective against the progres-
sion of cardiomyocyte apoptosis. Activation of the PI3 K/
Akt signals could phosphorylate the proapoptotic proteins,
such as Bad, Bim and Bax, resulting in their inactivation.
Another action of Akt is the phosphorylation and inhibition
of caspase 9, an initiator caspase of the intrinsic pathway
[2, 8]. On the other hand, phosphorylation of Ras/Mek1/
Erk1/2 could activate protein kinase p90RSK, which phos-
phorylates Bad and other proapoptotic proteins, resulting in
cell survival [26, 28]. In our study, p-Akt and p-Erk levels
were reduced in DOX-treated heart tissues whereas total
Akt and Erk levels were similar when compared to Control
tissues. The in vivo effects of DOX on the Akt and Erk sig-
nal pathways remained not fully understood. The mecha-
nism is possibly related to the severity of heart damage and
timing of post-DOX insult. Our results are in line with
those of Lou et al. [18], who demonstrated that Erk 1/2 was
upregulated at early time points (peaked at 4 h) of DOX
administration, followed by a decline in the heart failure
stage (3 weeks). Li etal. [17] reported in a mouse model
after a single treatment with DOX that Erk phosphorylation
was markedly inhibited, whereas Akt activation remained
unchanged. However, using a female rat model, Gabrielson
et al. [3] observed increased p-Akt in DOX-treated animals
and suggested that injury above a certain threshold level
cannot be rescued by ErbB2 or Akt activation. In human
hypertensive patients with heart failure, Gonzdlez et al. [5]
reported p42/p44 MAPK and P13 K/Akt activation were
decreased when compared with nonheart-failure hyperten-
sive individuals. To our knowledge, this is the first report
showing DZR-regulated phosphorylation of Akt and Erk in
DOX-induced cardiomyopathy. We suggest that these sur-
vival/antiapoptotic pathways are related to the cardiopro-
tective effect of DZR against DOX damage.

In the acute phase of DOX insults (4 days), Child et al.
[1] reported mitochondrial apoptosis occurring as a result
of oxidative stress. However, adaptive responses such as
increases of respiratory P/O ratio and Bcl-2:Bax ratio also
took place in parallel. Together with the observed upregula-
tion of Erk 1/2 at early time points of DOX administration
[18], but compromised Erk and Ark phosphoryation at later
stages of heart damage, the Erk and Akt pathways appear to
play important roles in the pathophysiology of DOX-
induced cardiomyopathy. In our model of chronic DOX-
injury, it is apparent that extensive or even permanent dam-
age has occurred to the mitochondria, leading to inferior
cardiac functions. Since the heart tissues were analyzed
5 weeks after termination of both DOX and DZR treat-
ments, it appeared that the mitochondrial protection activi-
ties of DZR have remained beyond the treatment period.
Considering that the CO and output index were relatively
higher at week 6 compared with those at week 11, it would
be rewarding in future studies to investigate time-related
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kinetics of Akt and Erk activation and whether the exten-
sion of DZR treatment after termination of DOX would
have additional effects on prevention of further deteriora-
tion of the myocardium. In summary, the present study pre-
sented the first evidence that the Akt and Erk signaling
pathways were regulated in the course of DOX-induced
cardiomyopathy and protection by DZR. Better understand-
ing of the mechanism of DZR on cardioprotection would
enhance the rationale of its clinical use and benefit the
development of other cardioprotective agents.

Acknowledgments This research project was support by Li Ka
Shing Institute of Health Sciences Grant, The Chinese University of
Hong Kong (Project ID: 6901985), and Earmarked Grant, Research
Grants Council, Hong Kong Special Administrative Region (Project
No. CUHK4521/05M).

References

1. Childs AC, Phaneuf SL, Dirks AJ, Phillips T, Leeuwenburgh C
(2002) Doxorubicin treatment in vivo causes cytochrome C re-
lease and cardiomyocyte apoptosis, as well as increased mitochon-
drial efficiency, superoxide dismutase activity, and Bcl-2:Bax
ratio. Cancer Res 62:4592-4598

2. Clerk A, Cole SM, Cullingford TE, Harrison JG, Jormakka M,
Valks DM (2003) Regulation of cardiac myocyte cell death. Phar-
macol Ther 97:223-261

3. Gabrielson K, Bedja D, Pin S, Tsao A, Gama L, Yuan B, Muratore
N (2007) Heat shock protein 90 and ErbB2 in the cardiac response
to doxorubicin injury. Cancer Res 67:1436-1441

4. Gewirtz DA (1999) A critical evaluation of the mechanisms of
action proposed for the antitumor effects of the anthracycline
antibiotics adriamycin and daunorubicin. Biochem Pharmacol
57:727-741

5. Gonzalez A, Ravassa S, Loperena I, Lopez B, Beaumont J, Querej-
eta R, Larman M, Diez J (2007) Association of depressed cardiac
gpl30-mediated antiapoptotic pathways with stimulated cardio-
myocyte apoptosis in hypertensive patients with heart failure. J
Hypertens 25:2148-2157

6. Grauslund M, Thougaard AV, Fuchtbauer A, Hofland KF, Hjorth
PH, Jensen PB, Sehested M, Fuchtbauer EM, Jensen LH (2007) A
mouse model for studying the interaction of bisdioxopiperazines
with topoisomerase Ilalpha in vivo. Mol Pharmacol 72:1003-1014

7. Hasinoff BB, Herman EH (2007) Dexrazoxane: how it works in
cardiac and tumor cells. Is it a prodrug or is it a drug? Cardiovasc
Toxicol 7:140-144

8. Hausenloy DJ, Yellon DM (2003) The mitochondrial permeability
transition pore: its fundamental role in mediating cell death during
ischaemia and reperfusion. J Mol Cell Cardiol 35:339-341

9. Hausenloy DJ, Yellon DM (2004) New directions for protecting
the heart against ischaemia-reperfusion injury: targeting the
Reperfusion Injury Salvage Kinase (RISK)-pathway. Cardiovasc
Res 61:448-460

10. Héon S, Bernier M, Servant N, Dostanic S, Wang C, Kirby GM,
Alpert L, Chalifour LE (2003) Dexrazoxane does not pretect
against doxorubicin-induced damage in young rats. Am J Physiol
Heart Circ Physiol 285:H499-H505

11. Hou XW, Son J, Wang Y, Ru YX, Lian Q, Majiti W, Amazouzi A,
Zhou YL, Wang PX, Han ZC (2006) Granulocyte colony-stimulat-
ing factor reduces cardiomyocyte apoptosis and improves cardiac
function in adriamycin-induced cardiomyopathy in rats. Cardio-
vasc Drugs Ther 20:85-91

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Imondi AR, Della Torre P, Mazue G, Sullivan TM, Robbins TL,
Hagerman LM, Podesta A, Pinciroli G (1996) Dose-response rela-
tionship of dexrazoxane for prevention of doxorubicin-induced
cardiotoxicity in mice, rats, and dogs. Cancer Res 56:4200-4204
Keizer HG, Pinedo HM, Schuurhuis GJ, Joenje H (1990) Doxoru-
bicin (adriamycin): a critical review of free radical-dependent
mechanisms of cytotoxicity. Pharmacol Ther 47:219-231

Kluza J, Marchetti P, Gallego MA, Lancel S, Fournier C, Loyens A,
Beauvillain JC, Bailly C (2004) Mitochondrial proliferation during
apoptosis induced by anticancer agents: effects of doxorubicin and
mitoxantrone on cancer and cardiac cells. Oncogene 23:7018-7030
Lebrecht D, Geist A, Ketelsen UP, Haberstroh J, Setzer B, Walker
UA (2007) Dexrazoxane prevents doxorubicin-induced long-term
cardiotoxicity and protects myocardial mitochondria from genetic
and functional lesions in rats. Br J Pharmacol 151:771-778

Li K, Sung RY, Huang WZ, Yang M, Pong NH, Lee SM, Chan
WY, Zhao H, To MY, Fok TF, Li CK, Wong YO, Ng PC (2006)
Thrombopoietin protects against in vitro and in vivo cardiotoxicity
induced by doxorubicin. Circulation 113:2211-2220

Li L, Takemura G, Li Y, Miyata S, Esaki M, Okada H, Kanamori
H, Khai NC, Maruyama R, Ogino A, Minatoguchi S, Fujiwara T,
Fujiwara H (2006) Preventive effect of erythropoietin on cardiac
dysfunction in doxorubicin-induced cardiomyopathy. Circulation
113:535-543

Lou H, Danelisen I, Singal PK (2005) Involvement of mitogen-
activated protein kinases in adriamycin-induced cardiomyopathy.
Am ] Physiol Heart Circ Physiol 288:H1925-H1930

Lyu YL, Kerrigan JE, Lin CP, Azarova AM, Tsai YC, Ban Y, Liu
LF (2007) Topoisomerase IIbeta mediated DNA double-strand
breaks: implications in doxorubicin cardiotoxicity and prevention
by dexrazoxane. Cancer Res 67:8839-8846

Marty M, Espie M, Llombart A, Monnier A, Rapoport BL, Stahal-
ova V (2006) Multicenter randomized phase III study of the car-
dioprotective effect of dexrazoxane (Cardioxane) in advanced/
metastatic breast cancer patients treated with anthracycline-based
chemotherapy. Ann Oncol 17:614-622

Myer C (1998) The role of iron in doxorubicin-induced cardiomy-
opathy. Semin Oncol 25:10-14

Negoro S, Oh H, Tone E, Kunisada K, Fujio Y, Walsh K, Kishim-
oto T, Yamauchi-Takihara K (2001) Glycoprotein 130 regulates
cardiac myocyte survival in doxorubicin-induced apoptosis
through phosphatidylinositol 3-kinase/Akt phosphorylation and
Bcl-xL/caspase-3 interaction. Circulation 103:555-561

Nozaki N, Shishido T, Takeishi Y, Kubota I (2004) Modulation of
doxorubicin-induced cardiac dysfunction in toll-like receptor-2-
knockout mice. Circulation 110:2869-2874

Singal PK, Iliskovic N (1998) Doxorubicin-induced cardiomyop-
athy. N Engl J Med 339:900-905

Su HF, Samsamshariat A, Fu J, Shan YX, Chen YH, Piomelli D,
Wang PH (2006) Oleylethanolamide activates Ras-Erk pathway
and improves myocardial function in doxorubicin-induced heart
failure. Endocrinology 147:827-834

Sugden PH (2003) Ras, Akt, and mechanotransduction in the car-
diac myocyte. Circ Res 93:1179-1192

Wang S, Konorev EA, Kotamraju S, Joseph J, Kalivendi S, Kalyan-
araman B (2004) Doxorubicin induces apoptosis in normal and tu-
mor cells via distinctly different mechanisms. intermediacy of H(2)
O(2)- and p53-dependent pathways. J Biol Chem 279:25535-25543
Wang Y (2007) Mitogen-activated protein kinases in heart devel-
opment and diseases. Circulation 116:1413-1423

Yellon DM, Hausenloy DJ (2007) Myocardial reperfusion injury.
N Engl J Med 357:1121-1135

Zhang J, Clark JR Jr, Herman EH, Ferrans VJ (1996) Doxorubicin-
induced apoptosis in spontaneously hypertensive rats: differential
effects in heart, kidney and intestine, and inhibition by ICRF-187.
J Mol Cell Cardiol 28:1931-1943

@ Springer



	Dexrazoxane protects against doxorubicin-induced cardiomyopathy: upregulation of Akt and Erk phosphorylation in a rat model
	Introduction
	Materials and methods
	Two-dimensional echocardiography
	Cardiomyopathy score and mitochondrial ultrastructure
	Western blot analysis
	Statistical analysis

	Result
	Survival, body weight and heart/body weight
	Echocardiographic assessment of cardiac function
	Light and electron microscopy of myocardium
	Activated Akt and Erk phosphorylation in DZR-treated myocardium

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


