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Prevention by dexrazoxane of down-regulation of ryanodine
receptor gene expression in anthracycline cardiomyopathy in the rat
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Anthracyclines can cause cumulative dose-related cardiotoxicity characterized by changes in Ca2+

metabolism, including dysfunction of the sacroplasmic reticulum (SR) and decreased expression of
Ca2+-handling proteins, such as the ryanodine receptor (RyR2). In this study, we examined the
e�ect of dexrazoxane (ICRF-187), an iron chelator which prevents anthracycline cardiotoxicity, on
RyR2 gene expression in rats treated chronically with daunorubicin. Daunorubicin (2.5 mg kg71 i.v.
weekly for 6 weeks) produced cardiotoxicity as demonstrated by histopathologic changes. The
ryanodine receptor/glyceraldehyde phosphate dehydrogenase (GAPDH) mRNA ratio was decreased
by 38+3% (P50.02) compared to values in control rats. Dexrazoxane pre-treatment (50 mg kg71;
1 h prior to each daunorubicin injection) prevented the decrease in RyR2/GAPDH mRNA ratio and
histopathologic lesions in daunorubicin-treated rats. This is the ®rst report that a protective agent
such as dexrazoxane can ameliorate the decreased expression of a speci®c gene involved in
anthracycline-induced cardiotoxicity.
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Introduction Anthracyclines are among the most important

cancer chemotherapeutic agents, owing to their e�cacies
against acute leukaemias, lymphomas, breast cancer, lung
cancer, and soft tissue sarcomas (Young et al., 1981). Chronic
anthracycline therapy, however, results in impairment of

myocardial function, but the cellular mechanisms remain
enigmatic (Olson & Mushlin, 1990). Sacroplasmic reticulum
dysfunction appears to play a signi®cant role in anthracycline

cardiomyopathy (Dodd et al., 1993; Phillips et al., 1998), since
decreases in myocardial contractility are associated with
impaired Ca2+ homeostasis and perturbations of the SR Ca2+

release channel (ryanodine receptor) (Dodd et al., 1993; Arai et
al., 1998; Gambliel et al., 1999). Chronic anthracycline
administration also causes decreased gene expression of the

SR calcium release channel (Dodd et al., 1993; Arai et al.,
1998). This down-regulation is an early event, occurring prior
to perturbations of other SR calcium handling proteins
(Gambliel et al., 1999). Thus, a decrease in ryanodine receptor

mRNA levels may play a signi®cant role in doxorubicin
cardiotoxicity. This hypothesis would predict that prevention
of anthracycline cardiotoxicity would be accompanied by

prevention of down-regulation of RyR2 gene expression. Such
an observation would further implicate the role of down-
regulation of RyR2 in anthracycline cardiomyopathy. To

address this question, we designed studies to determine
whether pre-treatment with dexrazoxane, an established
protectant against anthracycline cardiotoxicity (Villani et al.,
1990; Yeung et al., 1992; Herman et al., 1993) prevents

reduction of gene expression of RyR2 in rats following chronic
daunorubicin treatment.

We report that dexrazoxane pre-treatment prevented down-

regulation of the cardiac SR calcium release channel (RyR2)
mRNA levels normalized to glyceraldehyde phosphate
dehydrogenase (GAPDH) mRNA levels in rats chronically
treated with daunorubicin. Dexrazoxane pre-treatment also

ameliorated the histopathologic lesions in left ventricular
myocardium caused by chronic daunorubicin administration.
Thus, an intervention which reduces anthracycline cardiotoxi-

city also opposes down-regulation of gene expression of RyR2.
This observation supports the idea that down-regulation of
RyR2 may be involved in the pathogenesis of anthracycline

cardiotoxicity.

Methods Adult (4 ± 6 months) male Fisher 344 rats were

randomly allocated into one control and three treatment
groups. Rats treated with daunorubicin received sodium
lactate (dexrazoxane vehicle; 18.7 mg kg71), 1 h prior to
daunorubicin injection (2.5 mg kg71, i.v. bolus, once a week

for 6 weeks). Rats treated with daunorubicin and dexrazoxane
received dexrazoxane (50 mg kg71, i.v.) 1 h prior to daunor-
ubicin injections as in the previous group. The third treatment

group received the daunorubicin vehicle (0.9% saline) 1 h after
the dexrazoxane injection (50 mg kg71, i.v., once a week for 6
weeks). Rats in the vehicle control group received the

dexrazoxane and daunorubicin vehicles. The mean daily food
intake of rats in the other three groups was matched to the
quantity of food consumed by the daunorubicin-treated group.
Two weeks after the last injection, rats were sacri®ced by

decapitation and their hearts immediately excised. Apical
tissue samples were preserved in 10% neutral bu�ered
formalin and used to determine histopathologic scores by a

pathologist blinded to treatment. Alterations in histology were
graded on a scale of 0 to 4, based on the percentage of cells
showing vacuolization and myo®brillar loss (Herman &

Ferrans, 1993). If there was no damage, a score of 0 was
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assigned; less than 10%, 1; 10 ± 24%, 2; 25 ± 49%, 3; and if
greater than 50% of cells showed damage, a score of 4 was
assigned. A minimum of two sections from each heart and ®ve

®elds per section were quantitated per rat.
The rat cardiac SR calcium release channel (RyR2) and

glyceraldehyde phosphate dehydrogenase (GAPDH) partial
cDNAs were obtained from total left ventricular RNA by

RT±PCR using the following primer pairs: RyR2; 5'-
cgcgaattcgtcttccttgacttggtcttg-3' and 5'-cgcgaattcagggaggatggt-
gacacgccg-3'; GAPDH; 5'-cgcgaattcttactccttggaggcatgta-3' and
5'-cgcgaattcatggtgaaggtcggtgtcaac-3'. The PCR products for
RyR2 (247 bp, codons 41 ± 288) and GAPDH (988 bp, codons
35 ± 1018) were subcloned in pCR2.1 (Invitrogen). Immedi-

ately after removing the heart, 50 ± 100 mg of left ventricular
free wall was frozen in liquid nitrogen until needed for
preparation of total RNA. The tissue was homogenized in

Chaosolv reagent (Ultraspec RNA reagent, Biotex, Houston,
TX, U.S.A.) using a Brinkman ploytron homogenizer
(3630 s, setting 7) (Chomczyinski & Sacchi, 1987). Total
RNA was precipitated in ethanol and stored at 7808C until

needed for assay. Prior to RNase protection analysis, RNA
was quantitated spectrophotometrically at 260 nm. The
integrity of the 18 s and 28 s RNA bands, and RNA loads

were also veri®ed by agarose electrophoresis. The plasmids
encoding the RyR2 and GAPDH probes were linearized with
BGl II and Dde 1 (Stratagene) respectively, and cRNA 32P-

uridinyl triphosphate radiolabelled probes synthesized using
the T7 promoter with an in vitro transcription reagent kit
(Stratagene, La Jolla, CA, U.S.A.). After synthesis, the probes

were treated with 1 unit RQ1 DNAse, extracted with phenol
and chloroform, ethanol precipitated, electrophoresed, and
eluted from a non-denaturing 6% polyacrylamide gel
according to standard procedure (Gilman, 1987).

RNase protection assays (RPAs) were performed using kit
reagents from Boehringer Mannheim (Indianapolis, IN,
U.S.A.). 32P-cRNAs (200,000 c.p.m. per probe) were hybri-

dized for 16 h at 458C with 4 mg total ventricular RNA. RNase
digestion conditions were as recommended by the manufac-
turer. Protected RNA fragments were ethanol precipitated,

denatured, and resolved on a 6% polyacrylamide gel contain-
ing 8 M urea. After drying, the gel was subjected to
autoradiography and developed utilizing varying exposures.
Protected cRNA fragments (134-nt, RyR2; 183-nt, GAPDH)

were quantitated by densitometry after evaluation of exposures
to obtain an adequate dynamic range of linear response.
Densitometric scanning of autoradiograms was performed

using Imagequant software on a Molecular Dynamics
(Sunnyvale, CA, U.S.A.) scanning instrument.

Animal care and use in this study were performed in

accordance with NIH guidelines. Densitometric results were
expressed as the ratio of RyR2 to GAPDH mRNA for each
rat. Experiments were performed in duplicate. Comparisons of
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Figure 1 Protective e�ects of dexrazoxane pre-treatment on
daunorubicin-induced decreases in RyR2 gene expression in hearts
from chronically treated rats. Abbreviations are: daunorubicin
treated, dexrazoxane vehicle pre-treated rats, Daun (n=4); dexrazox-
ane pre-treated, daunorubicin treated rats, Daun+ICRF (n=4);
dexrazoxane pre-treated, daunorubicin vehicle treated rats, ICRF
(n=3); daunorubicin and dexrazoxane vehicle treated rats, Vehicle
(n=5). (A) shows that the RyR2 probe is speci®c for the cardiac
isoform only; none was detected in the liver fractions. The probe for
GAPDH binds equally well to mRNA from liver or heart. Lane 5

shows both probes in the same hybridization reaction with cardiac
mRNA. (B) is a representative composite autoradiograph made from
a single gel of a RPA of cardiac tissue GAPDH and RyR2 mRNA.
Daunorubicin treatment produced decreases in RyR2 mRNA (lanes
8 ± 11). Dexrazoxane pre-treatment prevented daunorubicin-induced
reductions in RyR2 mRNA (lanes 12 ± 15). There was no change in
RyR2 mRNA with dexrazoxane treatment alone (lanes 5 ± 7).
GAPDH was not signi®cantly altered by treatment. (C) is a
histogram of data obtained from densitometric scans of autoradio-
graphs from the RPA analysis. Pre-treatment with dexrazoxane
prevented the daunorubicin-induced decrease in RyR2/GAPDH
mRNA ratio. Dexrazoxane alone had no e�ect on the RyR2-
GAPDH mRNA ratio. Values are mean+s.e.mean, for per cent
RyR2/GAPDH mRNA expressed in arbitrary units. Experiments
were run in duplicate. *Di�erent from control values; P50.02.
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mean values were made using one-way ANOVA and Tukey's
Test for All Pairwise Multiple Comparisons (SigmaStat, SPSS,
Inc.), with alpha set at 0.05.

Results Figure 1A demonstrated the tissue speci®city of the
RyR2 probe. GAPDH mRNA was present in approximately
equal amount in liver and cardiac tissue from untreated rats.

RyR2 mRNA was speci®c to cardiac tissue; no observable
amounts were detected in liver. Figure 1B is a representative
composite autoradiograph made from a single gel of RPAs of

GAPDH and RyR2 mRNA obtained from cardiac tissue.
Daunorubicin treatment alone caused a reduction in RyR2
mRNA. Quanitation by densitometric scanning (Figure 1C)

demonstrated that myocardial RyR2/GAPDH mRNA ratios
in daunorubicin-treated animals were decreased by 38+3%
(mean+s.e.mean) compared with vehicle-treated control

values (P50.02). Dexrazoxane pre-treatment prevented the
daunorubicin-induced decrease in RyR2 gene expression.
Dexrazoxane treatment alone had no e�ect on RyR2/GAPDH
mRNA ratios. Histopathologic scoring demonstrated a similar

e�ect by dexrazoxane (Table 1). Histologic lesions in
daunorubicin-treated animals included vacuolization, myo®-
brillar necrosis, and perivascular ®brosis. Dexrazoxane

prevented (P50.01) the histopathologic damage observed in
daunorubicin-treated animals.

Discussion Chronic daunorubicin administration to rats
produced cardiotoxicity as demonstrated by marked changes
in histopathology, including myo®brillar loss, vacuolization,

and perivascular ®brosis, as well as reduced RyR2 gene
expression in ventricular tissue. Dexrazoxane pre-treatment

prevented the histologic damage and the decrease in ryanodine
gene receptor induced by daunorubicin. This ®nding further
supports the role of altered ryanodine receptor gene expression

in anthracycline cardiomyopathy (Dodd et al., 1993; Arai et
al., 1998; Gambliel et al., 1999).

Dexrazoxane is hydrolyzed intracellularly into a bidendate
iron-chelator resembling EDTA (Yeung et al., 1992). It is

hypothesized to exert its cardioprotective action in anthracy-
cline cardiomyopathy through iron chelation (Minotti et al.,
1998). The interaction of dexrazoxane with iron, and our

current ®nding of dexrazoxane's e�ect on an important gene
regulating calcium metabolism suggest a possible interaction
between iron metabolism and gene expression of SR calcium

handling proteins in anthracycline-induced cardiomyopathy.
Low molecular weight iron complexes have been shown to be
cardiotoxic (Anghileri et al., 1995) and to directly bind and

inhibit calcium release from SR (Kim et al., 1995). The present
study suggests that iron also may a�ect calcium metabolism by
regulating expression of the SR calcium release channel.

The C-13 hydroxy metabolite of doxorubicin, doxorubici-

nol, has been shown to delocalize Fe (II) from the iron-sulphur
cluster of cytoplasmic aconitase, and to irreversibly inhibit
aconitase and iron regulatory protein 1 (IRP-1) (Minotti et al.,

1999). Normally, iron-sulphur cluster assembly-reassembly of
aconitase is reversible and serves as a switch to modify
transferrin receptor and ferrin mRNA expression, and regulate

intracellular iron homeostasis. Thus, intramyocardial forma-
tion of doxorubicinol may contribute to oxidant stress through
an iron-dependent mechanism. Several transcription factors

have been observed to be a�ected by intracellular oxidant
stress and iron (Kamata & Hirata, 1999), and such a
mechanism may a�ect gene expression of calcium handling
proteins. Additional studies are required to test the idea that

daunorubicin administration disrupts iron regulation to
decrease gene expression of RyR2. Nevertheless, this is the
®rst report of a protective e�ect by the iron chelator,

dexrazoxane, on expression of a speci®c gene considered to
be important to the pathogenesis of anthracycline-induced
cardiac failure.
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Table 1 Cardiac histopathologic scores in rats treated
chronically with daunorubicin (Daun), daunorubicin+dex-
razoxane (Daun+Dexrazoxane), Dexrazoxane alone, and
vehicle

Treatment N Pathology score

Daun
Daun+Dexrazoxane
Dexrazoxane
Vehicle

4
4
3
5

3.75+0.25*
0.75+0.48
0.67+0.33
0.40+0.24

0=No damage, 4=550% of myocytes damaged. *P50.001
compared to control. Values are mean+s.e.mean.
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