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SUMMARY
Rat cardiac membrane vesicles enriched in biochemical markers
of the junctional region of sarcoplasmic reticulum (SR) and
exhibiting ruthenium red-sensitive rapid Ca2� release have been
prepared. Doxorubicin and seven congeners are shown to en-
hance the binding of [3H]ryanodine to the ryanodine receptor
with a strong structural requirement. Doxorubicin enhances the
binding of [3H]ryanodine to SR membranes and soluble receptor
preparations and induces Ca2� release from SR vesicles in a
highly Ca2�-dependent manner, suggesting that anthraquinones
promote the open state of the junctional Ca2� release channel
by increasing the affinity of the Ca2� activator site for Ca2�.
Doxorubicin reduces the Kd of [3H]ryanodine binding solely by
enhancing the rate of association. Caffeine competes for the
same site with anthraquinones, because the caffeine-activated
binding of [3H]ryanodine is inhibited by doxorubicin and vice

versa. The acute effect of doxorubicin on the cardiac Ca2�
release channel is fully reversible; however, long term treatment
(up to 24 hr) with doxorubicin increases the sensitivity of the
preparation to subsequent acute challenge with doxorubicin. The
thiol-reductive agent dithiothreitol enhances, whereas the reac-
tive disulfide 4,4’-dithiodipyridine reduces, the doxorubicin-en-
hanced binding of [3H]ryanodine. These results demonstrate that
the acute and chronic cardiotoxicity of anthraquinones may be
accounted for by a receptor-mediated mechanism. Our findings
suggest that the chronic effects observed with the clinical use of
anthraquinones may be the result of a receptor-mediated shift in
the redox equilibrium of allostenc thiols at the ryanodine receptor
complex, which in turn leads to long term sensitization of the
Ca2� release channel.

SR of cardiac and skeletal muscle makes an essential contri-

bution to EC coupling by regulating the free Ca2� levels in the

myoplasm. Recent cloning and heterologous expression of the

ryanodine receptor in hamster ovary cells (1) further supports

the biochemical, electrophysiological (2-13), and electron mi-

croscopic (14-17) evidence that the [3H]ryanodine receptor and

the Ca2� release channel are synonymous.

Because the ryanodine receptor is likely to be a critical

component of EC coupling, its role as a proximal target in the

etiology of genetic and drug-induced myopathies has begun to

be actively addressed (18, 19). Anthraquinones such as DXR

and daunorubicin are among the most widely used antineoplas-

tic drugs (20, 21), but their clinical application is severely

limited by a cumulative cardiotoxicity associated with their
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chronic use (22, 23). Anthraquinone-induced cardiomyopathy

has been described by morphological (24) and biochemical (25)

investigations, which show loss of myofibrils, vacuolization of

SR, and swelling of mitochondria. One hypothesis describing

the molecular mechanism of DXR cardiotoxicity involves qui-

none/semiquinone redox cycling with concomitant generation

of superoxide and hydroxyl free radicals, which may cause

peroxidation of cardiac membrane lipids and loss of permeabil-

ity barriers to cations, especially Ca2� (26-28).

Recent recognition that DXR and its metabolite doxorubi-

cinol can directly alter the Ca2� transport properties of skeletal

(19, 29) and cardiac (30, 31) muscle SR raises the possibility of

a receptor-mediated lesion that may occur early in the etiology

of anthraquinone-induced cardiomyopathies. Olson et al. (31)

have reported potent inhibition of several cation pumps, in-

cluding the Ca2�-dependent ATPase of canine cardiac SR, by

doxorubicinol but not DXR, leading to the suggestion that the

metabohite doxorubicinol is responsible for cardiotoxicity. More

ABBREVIATIONS: SR, sarcoplasmic reticulum; B�, maximum number of binding sites; OTT, dithiothreitol; DXR, doxorubicin; CHAPS, 3-[(3-
cholamidopropyl)dimethylammonioj-1 -propanesulfonate; ED�, concentration of compound resulting in 50% of the maximal activation; EGTA,
[ethylene-bis-(oxyethylenenitrilo)]tetraacetic acid; EC, excitation-contraction; HEPES, N-2-hydroxyethyl-piperazine-N’-2-ethanesulfonic acid; K,,,
dissociation constant; k+1, association rate constant; k_1, dissociation rate constant; nH, Hill constant; PMSF, phenylmethylsulfonyl fluoride; SOS,
sodium dodecyl sulfate; MOPS, 3-[N-morpholinojpropanesulfonic acid; PIPES, piperazine-N,N’-bis-[2-ethanesulfonic acid].
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recently, however, Abramson and co-workers (19) demon-

strated that the potent effect of DXR and a number of analogs

on the skeletal muscle SR Ca2� release channel is mediated by

a highly specific interaction with the ryanodine receptor. Mi-

cromolar anthraquinone appears to cause Ca2� release from

junctional SR by sensitizing the release channel to activation

by Ca2�, in a manner similar to that previously reported for

caffeine (13).

The present work introduces an in vitro rat ventricle model

for investigating the molecular mechanism by which DXR,

doxorubicinol, and six congeners influence SR Ca2� transport

by directly correlating their kinetic interaction with the high

affinity [3H]ryanodine receptor and rapid Ca2� release from SR

vesicles. Two potent and distinct lesions at the ryanodine

receptor are recognized; 1) binding of anthraquinone to sites

competitive with caffeine, but distinct from the ryanodine

binding sites, increases the affinity of the channel activator

site for Ca2� and, hence, enhances activation of the channel by

low Ca2� and 2) interaction of anthraquinones at their binding

site influences the oxidation state of thiols at an allosteric site,

which appears to be critical to normal channel protein function,

and results in long term sensitization of the channel to subse-

quent anthraquinone exposure. The results presented strongly

support an alternative, receptor-mediated hypothesis in the

etiology of both short term and long term cardiotoxic lesions

produced by anthraquinones.

Materials and Methods

Preparation of SR vesicles. Male and female Sprague-Dawley

rats (200-250 g) were decapitated. The heart ventricles were quickly

removed, trimmed of fat and connective tissue, and placed in ice-cold
0.3 M sucrose. Purified SR vesicles for binding studies were prepared

by homogenizing 20-40 g of finely minced tissue in 7 volumes of ice-

cold sucrose-HEPES buffer (0.3 M sucrose, 10 ig/ml leupeptin, 20 mM

HEPES, 100 �M PMSF, pH 7.4) with a Waring blender at maximum

speed for 1 mm. The supernatant from an initial 20-mm centrifugation
at 8000 x g was filtered through cheesecloth and centrifuged at 61,400

x g for 90 mm in a TFA 20.250 rotor (DuPont Instruments, Wilming-

ton, DE). The second pellet was resuspended by Dounce homogenizer
in 60 ml of sucrose-PIPES buffer (0.3 M sucrose, 0.4 M KC1, 0.1 mM

MgCl2, 150 � CaC12, 100 �sM EGTA, 5 mM PIPES, 10 �zg/ml leupeptin,

pH 6.8), equally distributed atop six discontinuous sucrose gradients

(5 ml each of 27% and 32% and 6 ml each of 34%, 38%, and 45%, w/
w, sucrose in PIPES buffer), and spun at 55,000 x g (20,000 rpm) in a

SW 28 rotor (Beckman Instruments, Palo Alto, CA) for 3 hr. Two
fractions having highly enriched ryanodine receptor binding capacity
were collected individually from the 32-34% and 34-38% sucrose

interfaces, diluted in 10 volumes of PIPES buffer lacking sucrose, and

pelleted at 120,000 x g in a Beckman Ti 50.2 rotor for 60 mm. The

final pellets were resuspended in sucrose-HEPES buffer (20 mM
HEPES, 0.3 M sucrose, pH 7.1) at approximately 4 mg/ml protein and

aliquots were rapidly frozen in liquid N2.

SR vesicles for transport assays were prepared as described by Harris

and Doroshow (32), whereas purified junctional SR membranes from

skeletal muscle were prepared by the method of Saito et al. (33). Protein

concentrations were determined by the method of Lowry et a!. . (34),

after removal of HEPES buffer by precipitating protein with 2%
perchloric acid, centrifuging at 30,000 x g and dissolving the pellet in
1 M NaOH.

SDS-polyacrylamide gel electrophoresis. Polyacrylamide gel

electrophoresis was performed in 3-17% linear gradient polyacrylamide

gels having a 3% stacking gel, in a Bio-Rad Mini-Protean Dual Slab
Cell (Bio-Rad, Richmond, CA), with the buffer system of Laemmli
(35). Gels were stained with Coomassie blue.

Solubilization of the ryanodine receptor. SR vesicles were re-

suspended at 5 mg of protein/ml of solubilization buffer, which con-
sisted of 5 mg of CHAPS/mg of protein, 1 M NaCl, 10 �M PMSF, 10

.tg/ml leupeptin, and 40 mM Tris maleate, pH 7.1, as previously

described (4). Solubilization was achieved by shaking for 30 mm at 5”,

followed by centrifugation at 110,000 x g for 60 mm to recover the

soluble fraction.

Measurement of [3H]ryanodine binding. Specific high affinity

binding of [3H]ryanodine was measured by the procedure developed by

Pessah et al. (2). Briefly, SR vesicles (30 .tg) were incubated in duplicate

or triplicate at 37” for 2 hr with 0.5-5 nM [3H]ryanodine, in the absence

or presence of anthraquinones, in a final volume of 1 ml of 250 mM

KC1, 15 mM NaCl, 140 �M CaC12, 1 mM MgC12, 0.05-0.24 mM EGTA

as indicated, and 20 mM HEPES, pH 7.1. Mg�� (1 mM) was present in

all experiments (unless otherwise indicated) to mimic the physiologic

intracellular concentration. The assays were terminated by addition of

2.5 ml of ice-cold wash medium, consisting of 20 mM Tris-HC1, 250

mM KC1, 15 mM NaCl, and 50 �tM CaCl2, pH 7.1, followed by rapid
filtration through GF/B glass-fiber filters in a cell harvester (Brandel,

Gaithersburg, MD); one additional 2.5-ml wash was used to rinse the

filters. Radioactivity was measured by scintillation counting, with an

efficiency of approximately 43%. Binding to soluble receptor was per-

formed as for the membrane-bound receptor, with two exceptions.
First, the assay buffer consisted of 1 M NaCl, 0.1% CHAPS, and 40

mM Tris maleate, pH 7.1. Second, binding was determined by filtration

with filters presoaked in 5% polyethyleneimine for 15 mm.

In all cases, nonspecific binding of [3Hjryanodine was defined by the

addition of a 100-fold excess of unlabeled ryanodine. The average value

for nonspecific binding to the high affinity site amounted to 11% of

the total binding of 1 nM [3H]ryanodine. Filter binding of [3H]ryano-

dine in the absence of vesicular preparation was negligible.

Free Ca2� was adjusted with EGTA, based on stability constants
published by Fabiato (36) and calculated using the SPECS computer
program. The influence of caffeine on the ability of anthraquinone to

activate [3H]ryanodine binding and vice versa was measured under

competitive conditions.

Measurement of the reversibility of the effect of DXR. SR
vesicles were preincubated without and with 10 or 30 �sM DXR, in 100

volumes of assay buffer containing 1 �zM free Ca2� (30 �g of SR protein/

ml), for 0.5, 2, 5, and 24 hr at 0”, in the presence of 10 �zg/ml aprotinin,

50 �tg/ml pepstatin, and 50 .tg/ml leupeptin. After the preincubation,

samples were centrifuged at 30,000 x g for 15 mm and each pellet was

sequentially washed three times with assay buffer under identical

conditions. The final pellet was resuspended in assay buffer and 30 �
ofprotein were assayed for [3H]ryanodine (1 nM) binding, as described

above.

Measurement of association/dissociation kinetics. The effect

of DXR on the association kinetics of [3H]ryanodine (1 nM) binding

was measured by quenching the reaction by rapid filtration at times
ranging from 10 to 360 mm after the addition of SR vesicles. Dissocia-

tion of [3H]ryanodine from the receptor equilibrium complex was

determined by equilibrating 1 nM [3H]ryanodine with membranes for

2 hr at 37”, adding 100-fold excess of assay buffer to the incubation

mixture, and determining residual specific binding at subsequent times

ranging from 10 mm to 5 hr.

Spectrophotometric determination of Ca2� release. Rapid Ca2�

release from SR vesicles was determined by the method of Palade (37).

Briefly, 75 �sg of SR protein were stirred at 35” in buffer solution,

consisting of 95 mM KC1, 20 mM K-MOPS, 7.5 mM Na-pyrophosphate,

250 �tM antipyrylazo III, 1 mM MgATP, 20 �sg/ml creatine phosphoki-

nase, and 5 mM phosphocreatine, pH 7.0, in a 1-ml final volume. Free

Ca2� concentration changes were monitored by measuring the absorb-
ance at 710 nm and subtracting the absorbance at 790 nm, at 1-sec

intervals, using a diode array spectrophotometer (Model 8452A; Hew-

lett Packard, Palo Alto, CA). The vesicles were actively filled with

Ca2�; preloading was complete after eight 10 �M CaCl2 additions (unless

stated otherwise). Ca2�-activated Ca2� release was induced by addition
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of 20 j�M CaCl2 and was allowed to proceed for 3 mm. Because the rate

of CasF release is dependent on the extravesicular Ca2� concentration
and the experimental circumstances used to trigger Ca2’ release, drug-

induced releases were always initiated at the same level of free Ca2�
within one set of experiments, including the corresponding control.

The ability of anthraquinone to further trigger rapid Ca2� release was

assessed exactly 3 mm after initiation of Ca2�-induced release of

intravesicular Ca2’. In other experiments, anthraquinone-induced re-
lease of accumulated Ca2’ was assessed only after the final preloading
spike of CaCl2 was fully taken up into the vesicles and the antipyrylazo

III signal returned to the original baseline. The absorbance signals

were calibrated by adding known amounts of CaCl2 from a National
Bureau of Standards standard to the complete transport mixture in the

presence of 2 �g/ml A23187 to prevent Ca2� accumulation.
Measurement of Ca2� (+Mg�)-ATPase activity. Ca2� (+Mg�i-

ATPase activity was measured spectrophotometrically by enzymati-

cally coupling ADP production to the oxidation of NADH with phos-

phoenolpyruvate, pyruvate kinase, and lactate dehydrogenase (38, 39).

The influence of anthraquinones on the Ca2�-dependent ATPase corn-
ponent was assessed by initially blanking the spectrophotorneter in the

presence of anthraquinone before sequential addition of SR, ATP (total

activity), and EGTA (Ca2�-independent activity at 0.1 MM free Ca21.

Analysis of binding data. The effect of Ca2� concentration on

[3H]ryanodine binding in the presence and absence of test compounds
was analyzed by the method of Hill (40). A plot of log(B/B,,. - B)

(where B is specific binding and B,... is receptor occupancy at the near-

saturating concentration of [3Hjryanodine at the high affinity site,

approximately 80% of the Bmax) versus log [Ca21, with values from
10% to 90% of maximum receptor occupancy at B,,,, results in a straight

line whose intercept with the abscissa is the measure of the apparent

affinity of the activator site for Ca2� (K,,,�,+) and whose slope (flH)

reflects the degree of cooperativity for calcium activation of ryanodine

binding sites. At least eight different concentrations of test compounds
were used to assess their potency on the binding of [3H]ryanodine. The
ED� values were computed by the ENZFITTER program. Equilibrium

binding data from saturation analysis with varying concentrations of
calcium and DXR were fitted to a one-site model, and the dissociation
constant (Kd) and the maximal binding capacity (Bmax) were deter-

mined by nonlinear regression analysis with the LIGAND program.
The first-order association rate constant (k,.1) was calculated as de-

scribed by Bennett (41) based on the dissociation rate constant (k_,),

which was calculated by least-squares linear regression analysis from

ln(SB/SB,,) = k_, t, where SB is specific binding at time t and SB0 is

specific binding at time zero.

Chemicals. [3H]Ryanodine (60 Ci/mmol) was obtained from New
England Nuclear (Wilmington, DE). DXR and daunorubicin were
purchased from Sigma (St. Louis, MO). Esorubicin, 3’-epiisodaunorub-
icin, 4-demethyl-6-deoxydaunorubicin, and 4-demethoxydoxorubicin
were obtained from Farmitalia Carlo Erba (Milano, Italy), whereas
doxorubicinol and 5-iminodaunorubicin were a generous gift from Dr.
Michael Tracy of the Stanford Research Institute. All other chemicals
were of the highest quality commercially available.

Results

Characterization of [3Hjryanodine binding to rat car-

diac SR vesicles. SDS-polyacrylamide gel electrophoresis of

the SR microsomes and purified rat ventricle SR membranes

is compared with skeletal muscle junctional SR vesicles in Fig.

1. Ventricle preparations exhibit biochemical markers of junc-

tional SR, including the high molecular weight spanning pro-

tein of M. 320,000, the Ca2� pump protein of M. 106,000, and

calsequestrin of M. 55,000 (Fig. 1). The 320,000 molecular

weight for the rat cardiac ryanodine receptor is consistent with

results obtained with canine ventricles under similar conditions

(7). The cruder microsomal preparation (Fig. 1, lane 3) is richer

in ATPase, whereas the sucrose gradient-purified preparation

205

�116

� 91.5

� 66

Fig. 1. Coomassie blue-stained SDS-polyacrylamide linear gradient (3-
17%) gel electrophoresis of skeletal SR (lane 2, 10 �zg), cardiac SR
microsomes (lane 3, 40 ;ig), and purified cardiac SR (lane 4, 40 pg). A,
Ryanodine receptor-complex; b, Ca2� pump protein; c, calsequestnn.
Standards shown in kDa are a-macroglobulin 340 (lane 1) and carbonic
anhydrate (29), ovalbumin (45), bovine serum albumin (66), phosphoryl-
ase b (97.5), fl-galactosidase (1 16), and myosin (205) (lane 5).

(Fig. 1, lane 4) is richer in the high molecular weight spanning

protein, which constitutes the putative Ca2� release channel.

Although both preparations exhibit multiple classes of [3H]

ryanodine receptor sites, a specific marker of the ligand-gated

calcium release channel, the sucrose gradient-purified mem-

branes have 4-fold higher capacity to bind [3H]ryanodine than

the microsomal preparation (Bma. 7.5 versus 1.8 pmol/mg of

protein, respectively) under saturating conditions for high and

low affinity sites. For the purposes of this study, only interac-

tions with the high affinity [‘H]ryanodine binding site are

addressed.

Similar to properties exhibited by the skeletal muscle recep-

tor previously reported (2, 3, 13), the binding of ryanodine to

purified SR from rat ventricle is highly calcium dependent,

with the Kd�,+ �fl the presence of 1 mM Mg�� of 36.5 ± 9.2 �zM

(Fig. 2). At 50 �tM Ca2�, the Scatchard plots of [3H]ryanodine

binding isotherms are linear in the concentration range of 0.5-

16 nM ryanodine, indicating a single class of high affinity

receptor sites for ryanodine with a Kd of 1.79 ± 0.4 nM and a

B,nax of 1.94 ± 0.4 pmol/mg of protein. These values are the

mean of several experiments done on preparations that ex-

pressed the highest density of ryanodine binding sites. The

first-order rate constant for association (k+,) of [‘H]ryanodine

(1.3 nM) with its binding site in assay medium containing 50

pM Ca2� in the absence of MW� is 0.0048 nM’ min’ (t,� = 48.7

mm). The dissociation rate constant (k_,) is 0.0080 min’

(t� = 86.6 mm) when determined by dilution in 100-fold excess

assay buffer. The calculated Kd value based on the kinetic rate

constants is 1.67 nM, which is not significantly different from

the Kd of equilibrium experiments. The equilibrium and kinetic

data at 30 �M Ca2� are presented in Fig. 3. Solubihization of the

ryanodine receptor with 5 mg of the zwitterionic detergent
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Fig. 2. Effect of DXR on the Ca2�-
dependent binding of [3H]ryano-
dine. Binding of5 nM [3H]ryanodine
was measured as described in Ma-
tenals and Methods. Calcium con-
centrations were titrated with
EGTA, based on the apparent af-
finity constant of 4.39 x 1 O� M1
for Ca2�-EGTA complex. Data
shown are average of two inde-
pendent experiments performed in
duplicate. #{149},Control; 0, 5 �z�; A,
30 ; 0, 100 �M DXR. Kd�+ in
the absence and in the presence
of 5, 30, and 100 �M DXR was
36.0 ± 9.0, 20.8 ± 3.8, 2.1 ± 0.01,
and 1 .8 ± 0.04 �tM, respectively.

Fig. 3. Effect of 10 �zM DXR on
the kinetic and equilibrium con-
stants of [3H}ryanodine binding.
Binding of 0.5-1 6 (A) and 1 (B
and C) n� [3H]-ryanodine was
measured in the presence of 30
�sM Ca2� and 1 mM Mg2�. Scat-
chard curves in the absence (0)
and in the presence (#{149})of 10
MM DXR are shown in A. The K,,
values are 3.7 and 2.0 nr�i, and
the Bmax values are 0.92 and
0.90 pmol/mg of protein in the
absence and in the presence of
DXR, respectively. B/F, Bound/
Free. B, Time course of asso-
ciation of [3H]ryanodine to its
binding site in the absence (0)
and in the presence (S) of 10
�zM DXR; � values are
0.00932 and 0.013 min1, re-
spectively. BM, Maximal number
ofbinding sites; B, specific bind-
ing at time t. C, Time course of
dissociation of 1 nM [3H]ryano-
dine induced by 100-fold dilu-
tion of the assay medium in the
absence (0) and in the presence
(#{149})of 10 sM DXR; k1 values
are 0.00703 and 0.0077 min1,
respectively. SB0, Specific bind-
ing at time 0; SB, specific bind-
ing at time t. The calculated as-
sociation rate constants are
0.0023 and 0.0053 nM1 min1
in the absence and in the pres-
ence of DXR. The calculated K,,
values based on the association
and dissociation constants are
3.05 and 1 .45 flM in the ab-
sence and presence of DXR,
which are not significantly dif-
ferent from the K,, values of
equilibrium experiments. Data
shown are from single experi-
ments performed in triplicate,
which were replicated twice.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 4, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


‘�[DXR] (,uM)

Anthraquinone-Sensitized Ca2� Release Channel 507

100

CHAPS/mg of protein does not significantly alter the activa-

tion of the [3H]ryanodine binding site by Ca2�. For example,

the binding of [3H]ryanodine at 20 and 300 �zM Ca2� increases

from 0.98 to 1.57 pmol/mg of protein. At 50 jsM Ca2�, the Kd is

1.23 nM and the Bmax �S 1.16 pmol/mg of soluble protein, which

is similar to that of SR vesicles. The sucrose gradient-purified

cardiac vesicles exhibit negligible ATP-stimulated Ca2� uptake

and, hence, are not suitable for rapid calcium release studies,

most likely because of the high channel/ATPase ratio, which

renders the vesicles too leaky to accumulate Ca2�. Cardiac SR

vesicles prepared according to the method of Harris and Do-

roshow (32) exhibit similar [3H]ryanodine binding affinity (Kd

= 3.3 nM) but reduced channel density (Bma. 0.51 pmol/mg

of protein) and have significantly higher Ca2�-dependent

ATPase activity than sucrose gradient-purified membranes

(2.06 ± 0.25 versus 0.79 ± 0.13 �smol of P1/mg of protein/mm,

respectively), in agreement with the relative staining intensity

of these proteins on SDS-polyacrylamide gels (Fig. 1). The

cruder SR preparations accumulate Ca2� to a maximum capac-

ity ranging from 1.0 to 1.5 �zmol/mg of protein (range of five

experiments), which can be rapidly released via a ruthenium

red-sensitive channel by a number of ligands including Ca2�,

anthraquinones, and caffeine (see below).

Mode of action of DXR at the high affinity [3Hjryano-

dine receptor. DXR, a powerful antineoplastic agent with

serious cardiotoxic side effects, has been found to enhance the

specific high affinity binding of [3H]ryanodine to the Ca2�

release channel of rat cardiac SR, with an ED50 of 31.7 ± 4.0

�sM (mean ± SE, five experiments) and a Hill coefficient of 1.49

± 0.12 when assayed at 1 �tM Ca2� (Fig. 4). DXR-enhanced

binding of [3H]ryanodine to the CHAPS/NaCl-solubilized re-

ceptor exhibits an ED50 of 8 �zM at 20 �tM Ca2� (Fig. 4, inset),

strongly suggesting that DXR interacts directly with the chan-

nel protein rather than with membrane lipids. Ca2� concentra-

tions for these experiments were chosen based on the observa-

tion that the activation of ryanodine binding by anthraquinones

exhibits a sharp dependence on submicromolar Ca2�. Optimal

Ca2� for ryanodine binding was 50 and 300 �tM for the sucrose

gradient preparation and for the solubilized receptor, respec-

0.5

C

0

0.

E
%- 0.3
0

E
0.

0 0.2z
0

� 0.1

0

tively. Scatchard analysis of the binding of [3Hjryanodine in

the absence and presence of DXR shows a marked increase of

the binding affinity and a negligible influence on the Bma. (Fig.

3 and Table 1). DXR (10 �M) reduces the K,, nearly 2-fold at

30 �zM Ca2� (Fig. 3A). Fig. 3, B and C, demonstrates that

enhancement of the binding affinity of ryanodine is due exclu-

sively to an increase in the rate of association, because DXR

has no influence on the dissociation rate of [3H]ryanodine.

In the presence of 1 mM � DXR causes a dose-dependent

decrease in the apparent dissociation constant of Ca2� (Fig. 2),

thereby increasing the affinity of Ca2� for its binding site and

enhancing Ca2�-activated binding of [3H]ryanodine. The Kd

and Bma. values of [3Hjryanodine binding in the absence and

presence of DXR at several calcium concentrations are sum-

marized in Table 1. The lower the calcium concentration, the

more pronounced is the effect of DXR on the Kd of ryanodine

binding (Fig. 5).

Structure-activity relationships of DXR congeners.

The potency with which eight anthraquinone analogs enhance

Ca2� activation of the [3H]ryanodine binding site has been

examined and their affinities are expressed relative to that of

DXR (Table 2). DXR is the most potent compound. Changing

the keto group on R1 to an OH- (doxorubicinol) negligibly

diminishes potency. Changing the OH- group to H- on R1

(daunorubicin) or demethylation of R4 with concomitant de-

hydroxylation of R�, (4-demethyl-6-deoxydaunorubicin) reduces

the potency by 33 and 38%, respectively. An epimer of dauno-

rubicin, 3 ‘ -epiisodaunorubicin, has somewhat greater potency

than daunorubicin itself. Substituting OH- to H- on R3

(esorubicin) reduces potency by 44%. Changing the reactive 5-

keto group to an imino group (5-iminodaunorubicin) or elimi-

nation of the 4-methoxy group (4-demethoxydoxorubicin; ida-

rubicin) dramatically reduced the potency of these anthraqui-

nones on the calcium release channel. All the anthraquinones

tested have a Hill number greater than 1 for the binding of

[3H]ryanodine at 5 nM concentration (Table 2).

Daunorubicin enhances Ca2�-induced release of Ca2�

from cardiac SR vesicles. SR from rat ventricles were pre-

loaded with eight incremental additions of 10 MM CaCl2 by

Fig. 4. Effect of DXR on the binding of [3H]
ryanodine. Binding of 5 n� [3H]ryanodine was
measured in the presence of several concentra-
tions of DXR at 1 jzM Ca2� and in the presence of
1 mM Mg2t Data shown are averages of three
independent experiments performed in duplicate.

,s� Inset, effect of DXR on the binding of 1 nr�i [3H]
ryanodine to solubilized receptors, which was
performed at 20 �sM Ca2� in the presence of 1 m�
Mg2�. Data shown are from a single experiment
performed in duplicate, which was repeated once.
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TABLE 1
Effect of DXR on the equilibrium constants of [3H]ryanodine binding
at several calcium concentrations
Binding of 0.5 flM [3Hjryanodine was measured as described before in the presence
of 1 mM Mg2’. Calcium concentrations were titrated with EGTA. Data shown are
average of two experiments performed in triplicate ± range.

lCa2�l EDXRI K5 B,� Hill coefficient, �H

MM MM OM pmol/mg of protein

12 0 7.4 ± 0.7 0.78 ± 0.06 0.94
12 1 6.3 ± 0.7 0.65 ± 0.04 0.97
12 10 3.4 ± 0.5 0.95 ± 0.05 0.86
12 30 2.2 ± 0.2 1.27 ± 0.08 0.91
30 0 4.2 ± 0.5 0.92 ± 0.05 0.93
30 1 3.8 ± 0.2 0.78 ± 0.05 0.94
30 10 2.3 ± 0.1 0.89 ± 0.07 0.93
30 30 1 .7 ± 0.3 1 .07 ± 0.06 0.85
50 0 3.1 ± 0.4 0.95 ± 0.04 0.84
50 1 2.2 ± 0.1 0.90 ± 0.03 1.01
50 10 1.9 ± 0.2 1.13 ± 0.04 0.93
50 30 1.5 ± 0.2 1.13 ± 0.07 0.87

-. .� II � . . �(xii�)2 4
[CALCI UM] (,.�.tM)1

Fig. 5. Interaction of calcium and DXR; effect of DXR on the Kd of [3H]-
ryanodine binding at several Ca2� concentrations. Experiments were
performed as described in the legend to Table 2 at 0 (#{149}),1 (0), 10 (#{149}),
and 30 (0) DXR.

allowing the Ca2 to be fully accumulated by the vesicles

between additions. Ca2� release is induced by a 20 �sM bolus of

CaCl2 to initiate Ca2-activated Ca2� release (Fig. GA) having

an initial rate of 0.232 nmol/mg of protein/sec (±10%, 12

experiments). Ca2� release studies were undertaken with dau-

norubicin, a potent congener of DXR, to reduce costs. Dauno-

rubicin (30 .sM) enhances the rate of Ca2�-activated release of

Ca2� by 14-fold, to 3.3 nmol/mg of protein/sec (Fig. 6A).

Daunorubicin-enhanced release is concentration dependent up

to 100 �zM and has an ED50 of 51 �M (Fig. 6C), which is in good

agreement with its potency in the binding of [3H]ryanodine

(Table 2). Enhanced release of Ca2� at 100 and 300 �zM dauno-

rubicin is completely inhibited by 1 �sM ruthenium red, although

the accumulated calcium can still be released by the ionophore

A23187 (Fig. 6B). Daunorubicin-enhanced rates of Ca2� release

are extremely dependent on the free Ca2� in the medium.

Addition of daunorubicin (30 �zM) at a Ca2� concentration of

approximately 30 �tM (i.e., after Ca2�-induced Ca2� release is

initiated) causes 5.8-fold higher release rates than those ob-

served when the drug is added after the extravesicular Ca2�

concentration is allowed to drop to <5 iM (3.3 versus 0.58

nmol/mg of protein/sec, respectively) (see Fig. 9A).

DXR at 30 and 100 �zM has no influence on the Ca2�-

dependent ATPase activity of SR membranes, whereas signif-

icant inhibition of this Ca2� transporter by doxorubicinol is

observed only at higher concentrations of 100 �tM (Table 3),

indicating that the effects of micromolar anthraquinone on the

transport of Ca2� across rat cardiac SR vesicles are primarily

mediated by their channel activity, rather than by alteration of

Ca2�(+Mg��-ATPase function.

Interaction of anthraquinones and caffeine on the car-

diac Ca2’ release channel. With skeletal SR, caffeine is

known to allosterically sensitize the activation of [3H]ryano-

dine binding sites by Ca2�, which reflects an enhancement of

channel activation by Ca2� (13, 19). In cardiac SR, we find that

the ED50 of caffeine for sensitization of the ryanodine binding

site to activation by Ca2 is 7.8 ± 0.8 mM (three experiments),

which is approximately 240 times higher than that observed

with DXR. This observation raises the question of whether

caffeine and the anthraquinones are acting on the same site.

To address this question, the activation of [3H]ryanodine bind-

ing was measured with varying concentrations of one drug in

the presence of fixed concentration of the other drug, and vice

versa. Fig. 7A shows the activation of the [3H]ryanodmne bind-

ing site by caffeine in the absence and presence of three

concentrations of DXR. Binding is elevated in the presence of

DXR (the more potent activator) at low concentrations of

caffeine; however, the ED50 concentration of caffeine is negli-

gibly shifted from 6 mM in the absence of DXR to 10 mM in

the presence of 60 �zM DXR. Fig. 7B demonstrates that occu-

pancy of [3H]ryanodine sites at low concentrations of DXR is

further enhanced by caffeine (up to 8 mM) but attains a

maximum level of [3H]ryanodine occupancy near 100 �tM DXR.

The ED50 concentrations of DXR in the absence and presence

of 2.5 mM caffeine are 25 and 40 �M, respectively.

DXR (30 �tM) or caffeine (12 mM), in the presence of 30 �sM

Ca2� and 1 mM � decreases the Kd for [3H]ryanodine

binding from 3.98 to 1.11 and 1.37 nM, respectively. The si-

multaneous presence of 30 .sM DXR and 12 mM caffeine results

in a Kd of 1.19 nM, indicating that the effects of DXR and

caffeine are not additive on the enhancement of the binding

affinity of ryanodine for its site. Neither drug alone nor their

combination has significant effect on the maximal binding

capacity (Fig. 8). Consistent with [3H}ryanodine binding data,

caffeine (1.5 mM) inhibits daunorubicin-enhanced Ca2� release

rates from SR vesicles by 20% (from 3.3 to 2.7 nmol/mg of

protein/sec) (Fig. 9B). This is not surprising, because 30 �sM

daunorubicin and 1.5 mM caffeine alone enhance the release

rate by 14-fold (Fig. 6C) and 15% (data not shown), respec-

tively. Applied together with daunorubicin, caffeine (1.5 mM)

occupies a fraction of the daunorubicin sites. Hence, the fewer

sites occupied by micromolar daunorubicin express less effect

on the release rate of Ca2� than in the absence of caffeine.

DXR exhibits cumulative lesions on the SR release

channel. The activating effect of DXR on the binding of [3H]-

ryanodine to cardiac SR receptors is readily reversible, because

preincubation of membranes with DXR (30 j.sM) for 2 hr fol-

lowed by elimination of free DXR by repetitive washing and

centrifugation does not change significantly the binding of

[3H}-ryanodine, compared with controls treated in the same

manner but lacking DXR (0.88 and 0.78 pmol/mg of protein,

respectively). SR membranes preincubated in the absence and

presence of DXR (30 .tM) for 5 and 24 hr on ice, in the presence

ofprotease inhibitors, are assayed for their response to a second
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TABLE 2
Structure-activity relationships of anthraquinones in the activation of the binding of [3H�ryanodine
Binding of 5 nM [3H]ryanodine was measured at 1 MM Ca2� concentration in the presence of 1 m� Mg2�, as described in Materials and Methods. values are average of
three independent experiments assayed in duplicate ± standard error. Relative potency was calculated from the ED� values by setting the value for doxorubicin to 1.
DAu, daunorubicin.

Compound R, A2 A3 A, R, A5

1 DXR -COCH2OH -NH2 -OH -OCH3 =0 -OH
2 3’-Epiiso-DAU -COCH3 -OH -NH2 -OCH3 =0 -OH
3 Doxorubicinol -COHCH2OH -NH2 -OH -OCH3 =0 -OH
4 Daunorubicin -COCH3 -NH2 -OH -OCH3 =0 -OH
5 4-Demethyl-6-deoxy-DAU -COCH3 -NH2 -OH -OH =0 -H
6 Esorubicin -COCH2OH -NH2 -H -OCH3 =0 -OH
7 5-Imino-DAU -COCH3 -NH2 -OH -OCH3 -NH -OH
8 4-Demethoxy-DXR -COCH2OH -NH2 -OH -H =0 -OH

Compound EDn Hill tO�ftlt1i�flt, n5 Relative potency

MM

1 32±4 1.5±0.1 1.0

2 37±6 1.6±0.2 0.86

3 39±8 1.6±0.2 0.82

4 48±6 1.6±0.1 0.67

5 52±3 1.5±0.1 0.62

6 57±6 1.8±0.1 0.56

7 >100 <0.3

8 >300 <0.1

‘I

Fig. 6. Effect of daunorubicin on
Ca2�-activated Ca2� release from
rat cardiac SR microsomes. Ca2�
uptake and Ca2�-activated Ca2�

z release was performed as de-
� scribed in Materials and Methods.
;;� Additions in A, 1,eight consecutive
-� additions of 1 0 MM CaCI2; 2, 20 MM

3 CaCl2; 3, 30 MM daunorubicin. Ad-
� ditions in B, 1, eight consecutive
- additions of 10 MM CaCl2; 2, 20 MM

2 CaCl2; 3, 100 pM daunorubicin plus
:� i MM ruthenium red; 4, 300 MM

i. daunorubicin; 5, 2 �g of A231 87.
� C, Dose dependence of daunorub-

0� icin-enhanced rates of Ca2�-acti-
� vated Ca2� release. Concentra-
-� tions of daunorubicin were added

after the release of calcium was
triggered by 20 MM Ca2� (at the
level of 25 MM Ca2�). Data shown
are representative experiments,
which were repeated once with
similar results.

exposure of DXR following washout of the first DXR treat-

ment, as described above. [3H]Ryanodine binding subsequently

assayed in the absence or presence of DXR (15 and 30 �tM)

with control and DXR-pretreated membrane vesicles shows

that the DXR-pretreated membranes are significantly more

sensitive to repeated exposure to DXR (i.e., are sensitized) and

that the degree of sensitization depends on the initial length of

exposure to the drug (Table 4). For example, SR membranes

pretreated for 24 hr show a 7.7-fold enhancement of [3HJ-

ryanodine binding upon repeated exposure to DXR (30 MM),

when compared with pretreated membranes not re-exposed to

the drug, whereas membranes not pretreated with the drug only

exhibit a 2.7-fold enhancement upon exposure to the drug

(Table 4). This represents a 2.9-fold sensitization. Membranes

pretreated for shorter amounts of time (e.g., 5 hr) with DXR

(30 MM) exhibit only a 1.7-fold sensitization (2.6- versus 4.5-

fold enhancement with control and pretreated membranes,

respectively (Table 4). In accordance with these findings, re-

peated exposure of SR vesicles pretreated for 5 hr with DXR

(10 MM) sensitizes subsequent rates of Ca2� release induced by
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[CAFFEINE) (mM) [DXR] (,�M)

TABLE 3

Effect of DXR and doxorubicinol on the activity of Ca2� (+Mg2�)-
ATPase
ATPase activity of 3.8 �g of cardiac SR microsomes was determined as described
in Materials and Methods. DXR was added initially to the assay medium, which
was blanked before measurements were made. Values are average ± standard

error.

lAnthra�uinonel n Activity

MM �rnoI ofP,/mg of protein/mm

DXR
0 5 2.07 ± 0.25

30 3 2.78±0.12
100 3 2.12±0.13

Doxorubicinol
0 4 1.79±0.11

30 3 1.61±0.31
100 3 1.28±0.05

a Significant difference (p < 0.05) from th e control.

20 MM DXR by over 5-fold, compared with controls not pre-

treated with the drug (15.6- versus 3.1-fold enhancement with

pretreated and control membranes, respectively). In contrast,

only a slight (10%) enhancement is seen with a 0.5-hr pretreat-

ment with DXR (20 MM) (Table 4). These findings demonstrate

the time-dependent cumulative sensitization of the cardiac SR

release channel by repeated exposures to DXR, in consonance

with the etiology of cardiomyopathy.

Role of receptor thiols in anthraquinone-mediated SR

lesions. The readily reversible nature of anthraquinone-in-

duced changes at the ryanodine receptor cannot account for

the long term, cumulative sensitization just described. Because

direct covalent modification of the receptor protein by anthra-

quinone is unlikely, we have explored the possibility that DXR

binding alters the redox state of receptor sulfhydryl groups,

which appear to make a critical contribution to the normal

gating of the Ca2� release channel. To test this hypothesis, we

examined the effect of DTT, and effective SH group-reducing

agent, on the DXR-enhanced binding of [3H}ryanodine. DTT

(1 mM) has no significant effect on the binding of [3H]ryanodine

at 1 MM Ca2�; however, it significantly potentiates the effect of

10, 20, 50, and 100 MM DXR (Fig. 10). DTT (1 mM) also

increases the release rate of Ca2� induced by 60 MM daunorub-

icin, from 1.65 to 2.44 nmol/mg of protein/sec (Fig. 11). Addi-

tion of 1 mM DTT after the DTT/daunorubicin-enhanced

release reaches completion (i.e., near steady state) only slightly

increases the ability of the vesicles to reaccumulate Ca2� (Fig.

hA), whereas reaccumulation is significantly more apparent

when DTT (2 mM) is added after the daunorubicin-induced

(i.e., without DTT pretreatment) release reaches steady state.

The influence of sulfhydryl oxidation by 4,4 ‘ -dithiodipyridine

on the daunorubicin-enhanced binding of [3H]ryanodmne was

assessed at 0.1, 0.6, and 2 MM concentrations (Fig. 12). Treat-

ment reduces the maximal effect of daunorubicin on the acti-

vation of [3H]ryanodine binding without changing the ED50

concentrations (ED50 values are 92.2, 103.8, 91.7, and 95.5 MM

in the absence and in the presence of 0.1, 0.6, and 2 MM 4,4’-

dithiodipyridine, respectively). In contrast to DTT, 4,4’-di-

thiodipyridine added once the daunomycin-induced Ca2� re-

lease reaches steady state stimulates additional release of intra-

vesicular Ca2� (Fig. 11B).

Discussion

Rat cardiac SR, a model for studying anthraquinone-

induced cardiomyopathies. Anthraquinones such as DXR

are one of the most important groups of antineoplastic agents

currently being investigated. Clinical use of DXR results in a

dose- and time-related cardiotoxicity in patients if the cumu-

lative dose exceeds 500 mg/m2 (22, 42). The principle mecha-

nism responsible for initiating the cumulative cardiac dysfunc-

tion associated with anthraquinone chemotherapy remains un-

known. The present work establishes the first rodent cardiac

model for investigating anthraquinone-mediated mechanisms

altering the integrity of EC coupling at the level of the Ca2�

release channel of SR to ascertain their possible role in the

etiology of cardiomyopathy. The rat cardiac preparations de-

scribed here exhibit enrichment in [3H]ryanodine receptor (7-
8 pmol/mg of protein), which is comparable to SR preparations

Fig. 7. A, Effect of DXR at 0(#{149}),10
(0), 30 (0), and 60 (0) MM concen-
trations on the caffeine-activated
binding of [3H]ryanodine. Binding of
1 nM [3H]ryanodine was measured
at 1 MM Ca2� and 1 mM Mg2t B,
Effect of caffeine at 0 (#{149}),2.5 (0),
and 8 (0) mM concentrations on the
DXR-activated binding of[3H]ryano-
dine. Data shown are from single
experiments performed in duplicate,
which were replicated once with
similar results.
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BOUND (pmol/mg protein)
Fig. 8. Effect of DXR and caffeine on the K,, and B� of [3H]ryanodine
binding alone and in combination. 0, Control; #{149},30 MM DXR; #{149},12 mt�i
caffeine; 0, 30 MM DXR and 12 mM caffeine. The K,, values are in the
text and the B,,,.�, values are 1 .54, 1 .16, 1 .43, and 1 .33 pmol/mg of
protein, respectively. Data shown are from single experiments performed
in triplicate. B/F, Bound/free.

from canine ventricles (5, 43, 44), and rapid Ca2� release rates

on the order of 5 nmol/mg of protein/sec, which are similar to

those previously described with SR vesicles from canine yen-

tricles (45). SR preparations from canine ventricles currently

used to study Ca2� transport properties and the ryanodine

receptor have obvious limitations, especially for performing in

vivo toxicological studies to assess the relevance of receptor-

mediated mechanisms of anthraquinone-induced cardiomyop-

athy, whereas the rodent model circumvents these limitations.

Anthraquinones alter cardiac SR function by direct

interaction with the ryanodine receptor. The ability of

DXR to induce release of Ca2 from skeletal muscle SR has

been reported by Zorzato and co-workers (29). Subsequent

experiments with skeletal SR have demonstrated that these

effects are the result of direct and reversible interaction of

anthraquinones with the ryanodine receptor complex of junc-

tional SR (19). Similar to the mechanism proposed for caffeine-

induced release of Ca2� (13), micromolar anthraquinone in-

creases the apparent affinity by which Ca2� activates the [3Hj-

ryanodine binding site and enhances the rapid release of Ca2�

from SR vesicles, suggesting an allosteric site for anthraqui-

nones on the ryanodine receptor complex that can modify

channel gating (19).

In cardiac SR we find that DXR and daunorubicin enhance

the release of intravesicular Ca2� in a dose-dependent fashion

(Fig. 6 and Table 4) by binding to an allosteric effector site on

Fig. 9. Interaction of Ca2�, daunorubicin, and caffeine on the Ca2�-

activated Ca2� release of cardiac SR vesicles. Additions in A, 1,eight
consecutive additions of 10 MM CaCl2; 2, 20 MM CaCI2; 3, 30 MM dauno-
rubicin. The addition of daunorubicin presented by solid and dashed lines
occurred at 5 and 25 MM Ca2�, respectively. Additions in B, 1,eight
consecutive additions of 10 pM CaCl2; 2, 20 pM CaCl2; 3, 30 MM dauno-
rubicin (dashed line); 4, 30 MM daunorubicin plus 1 .5 m� caffeine (solid
line). For rate values see text. Data shown are representative experi-
ments, which were repeated once with similar results.

TABLE 4

Sensitization of the effect of DXR on the binding of [3Hjryanodine
and on the release rate of Ca2� with DXR-pretreated membranes
Membranes (SR microsomes for Ca2� transport, purified for binding experiments)
were preincubated with and without 30 MM (for binding) or 10 MM (for release) DXR
on ice for 0.5, 5, and 24 hr. in the presence of 10 �g/ml aprotinin, 50 Mg/mI
pepstatin. and 50 Mg/mI leupeptin, and then centrifuged at 30,000 x g for 30 mm.
The pellet was washed twice and the final pellet was resuspended in assay buffer
containing 1 MM Ca2� and 1 mM Mg�� for binding and in 0.3 M sucrose, 10 mM

imidazole buffer for transport studies and assayed for ryanodine binding and Ca2�
transport in the absence and in the presence of 15, 20. or 30 pM DXR. Vesicles
were loaded actively with 4 x 10 pM CaCI2 and DXR was added after calcium
release was triggered by addition of 40 pM Ca2�

Premncubation time [DXRJ
l�HlrYano�ne bindeg#{149}

Contrc� 30 MM OXA pretreatment

hr MM pad/mg enhancement pmol/mg enhancement

5 0 0.32 0.35
5 15 0.76 2.4 1.20 3.4
5 0 0.35 0.40
5 30 0.90 2.6 1 .81 4.5

24 0 0.68 0.48
24 1 5 0.87 1 .3 1 .44 3.0
24 0 0.16 0.11
24 30 0.43 2.7 0.81 7.7

Preincubation time IDXRI
Rate of Ca2’ release5

Contra 10 MM DXR pretreatment

hr MM nmo!/mg/sec enhancement nmol/mg/sec enhancement

0.5 0 0.083 0.075
0.5 20 0.323 3.89 0.318 4.24
5.0 0 0.105 0.127
5.0 20 0.323 3.07 1.985 15.62

a Single experiments in triplicate.
a Average of two determinations.
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Fig. 10. Effect of DTT on the DXR-enhanced binding of
[3H]ryanodine. Binding of 1 nr�i [3H]ryanodine was meas-
ured at 1 MM Ca2� and 1 mM Mg2� in the absence and
presence of 1 0, 20, 50, and 1 00 MM DXR alone (0) and in
combination with 1 m�i DTT (a). The experiments were
performed in triplicate and repeated once.

Fig. 11. Effect of DTT or 4,4’-dithiodipyridine on the daunorubicin-
enhanced release rate of Ca2� from SR microsomes. Seventy-five Mg of
SR microsomes were actively loaded by five consecutive additions of 10
MM CaCl2 (addition 1). Additions in A, 2, 1 mr�i DTT; 3, 60 MM daunorubicin
(Ca2� release rate is 2.44 nmol/mg of protein/sec); 4, 1 m� DTT.
Additions in B, 2, 60 MM daunorubicin [Ca2� release rate is 1 .65 (± 10%)
nmol/mg of protein/sec]; 3, 3 MM 4,4’-dithiodipyridine. In a separate
experiment (dashed line), 2 m� DTT was added (addition 3 ‘) after
daunorubicin (60 MM)-induced Ca2� release reached steady state. Data
shown were representative experiments, which were repeated once with
similar results.

the [3H]ryanodine receptor that influences the sensitivity of

the [3H]ryanodine binding site to activation by Ca2� (Fig. 2).

Because the rate of binding of [3H]ryanodine to its receptor is

regulated by the free Ca2� and Mg�� concentrations in the assay

medium, anthraquinones would be expected to dramatically

enhance the rates of association of [3H]ryanodine with its

binding site, especially at suboptimal Ca2� and in the presence

of a physiological level of � As is shown in Fig. 3, the effect

of DXR is to increase the association rate of ryanodine, which

fully accounts for the increase in affinity of ryanodine for its

site. Anthraquinone-stimulated rates of Ca2 release are mark-

edly influenced by the free Ca2� concentration (Fig. 9A), coin-

cident with their effects on the equilibrium binding of [3H]-

ryanodine, which are pronounced at suboptimal Ca2� (Fig. 5).

The possibility that anthraquinones induce Ca2� release from

SR by interacting with a specific site on the ryanodine receptor

complex of cardiac SR is further supported by 1) the enhance-

ment of [3H]ryanodine binding to the solubilized receptor (Fig.

4, inset), 2) the rapidly reversible nature of the interaction on

short term exposure (Table 4), and 3) a strong structural

requirement of anthraquinones for the activation of ryanodine

binding (Table 2). For example, substitutions at C4 are espe-

cially important for activity, because 4-demethoxy-doxorubicin

has less than one tenth the activity of doxorubicin. 5-Imino-

daunorubicin has an imino group instead of the reactive keto

group at C5, which dramatically reduces its potency at the

receptor, demonstrating the importance of the quinone moiety.

Interestingly, this analog is 4 times less cardiotoxic than dau-

norubicin (46), which is consonant with its potency at the

receptor. These results support the hypothesis that anthraqui-

nones directly sensitize the SR release channel to activation by

Ca2�, a physiologically relevant transmitter involved with EC

coupling in cardiac muscle.

Olson and co-workers (31) have suggested that doxorubicinol,

a primary metabolite of DXR, is responsible for cardiotoxicity,

based on its potency in inhibiting a number of ion transporters

(including the Ca2�-dependent ATPase) in canine SR and
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Fig. 12. Effect of 4,4’-dithiodipyridine on the daunorubicin-
enhanced binding of [3H]ryanodine. Binding of 1 n� [3H]
ryanodine was measured at 1 MM Ca2� and 1 m�i Mg2�, in
the absence (0) and presence of 0.1 (#{149}),0.6 (h),and 2 (A)

MM 4,4’-dithiodipyridine. Data shown are from single exper-
iment performed in duplicate, which was repeated once
with similar results.
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plasma membrane fractions and on its ability to alter cardiac

contractility. Our results with rat SR show that DXR has no

significant influence on the Ca2�-dependent ATPase of SR at

concentrations that saturate effects mediated by the ryanodine

receptor (100 ILM) (Table 3). Furthermore, high concentrations

of doxorubicinol are required to cause marginal inhibition of

Ca2�-dependent ATPase (30% inhibition at 100 MM). Because

doxorubicinol is one of the most potent structures at the

ryanodine receptor (ED� = 39 MM) and attains tissue levels of

2 to 11% of DXR in the heart (31), the Ca2� release channel

may be the more plausible target for the observed changes in

cardiac function.

Caffeine and DXR act at competitive sites. In contrast

to the conclusion reached with skeletal SR concerning the

noncompetitive mechanism by which caffeine inhibits anthra-

quinone-stimulated release of Ca2’ (19), more detailed studies

of this interaction in cardiac SR strongly suggest that caffeine

and DXR indeed compete for the same binding site on the

ryanodine receptor complex, because these drugs in combina-

tion influence the Kd of [3H]ryanodine to its binding site to the

same extent seen with each drug alone (i.e., a nonadditive

effect) (Fig. 8). DXR-activated binding of [3H]ryanodine is

inhibited by caffeine, and the ED50 concentration of the caf-

feine-activated binding of ryanodine is shifted to the right (Fig.

7), which can account for the inhibition of anthraquinone-

stimulated Ca2� release by caffeine (Fig. 9B). A common site

for DXR and caffeine is also supported by Zorzato et al. (47),

who have demonstrated that photolabeling of a Mr 170,000

protein from skeletal junctional SR with DXR is inhibited by

caffeine.

DXR causes time- and dose-dependent cumulative le-
sions at the ryanodine receptor. Anthraquinones exhibit

both acute and chronic cardiotoxicity. Chronic exposure to

anthraquinones results in cumulative dose-dependent lesions,

which are irreversible and progressive despite withdrawal of

the drug (21-23, 32) and may be the result of accumulation of

toxic metabolites such as doxorubicinol in cardiac tissues (31,

48).

We have demonstrated that a single acute (0.5- to 2-hr)

exposure of cardiac SR membranes to DXR enhances the

binding of [3H]ryanodine and the release of Ca2� from actively

loaded vesicles in a fully reversible manner. However long term

(5- to 24-hr) treatment of SR with DXR and subsequent

elimination of the drug by repeated washes dramatically sen-

sitizes the Ca2� release channel and the binding of [‘H]ryano-

dine to repeated exposure to the drug (Table 4). Repeated

anthraquinone exposure appears to increase the potency of

subsequent challenges with DXR. This mechanism may be

significant in the etiology of cardiomyopathy observed with

current clinical strategies to control neoplasms with anthra-

quinones, because 1) cyclic fluctuations in DXR levels in the

blood (and heart) with repeated doses may progressively sen-

sitize the Ca2� release channel, with subsequent (low) doses

having greater effects on Ca24 leakage from SR, and 2) the

accumulation of the primary metabolite doxorubicinol in car-

diac tissue (48) is itself very potent at the ryanodine receptor.

Finally, we address one possible molecular mechanism that

may be involved in long term sensitization of the ryanodine

receptor to repeated anthraquinone exposure. Aryldisulfides

(e.g., 4,4’-dithiodipyridine) specifically oxidize protein thiols to

form mixed disulfides and exhibit a potent biphasic effect on

the binding of [3H]ryanodine, stimulating occupancy at �1 MM

while fully inhibiting it at 10 MM (49). Oxidation of critical

thiols on the ryanodine receptor has been correlated with the

functional state of the channel (49, 50). Our results clearly

demonstrate that expression of anthraquinone-induced sensi-

tization of the SR Ca2� release channel is markedly influenced

by the oxidation state of thiols that are functionally important

to the ryanodine receptor complex (Figs. 10-12). Treatment of

SR with DTT to promote the reduction of receptor thiols does

not itself induce Ca2� release but enhances both the initial rates

of Ca2� release and [‘H]ryanodine binding induced by dauno-

rubicin (Figs. 10 and 11), supporting the idea that anthraqui-

nones promote the oxidation of thiols critical to the gating of

this channel and that these thiols may be allosteric with respect

to the anthraquinone (caffeine) effector site.

Detailed study of this aspect of the effect of anthraquinones

on a receptor-mediated shift in the redox equilibrium of critical

thiols at the ryanodine receptor complex, which in turn may

lead to long term sensitization of the Ca2� release channel to

activation by endogenous signal molecules (Ca2�, ATP), is in

progress in our laboratory. Further investigations of the molec-

ular mechanism of anthraquinones in vivo is required for com-

plete understanding of the cardiotoxicity and could make pos-
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sible the bio-rational treatment of the serious side effect of

these valuable anticancer agents.
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