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Summary. Experimental evidence indicates that the an- 
thracycline antibiotic doxorubicin (adriamycin) localizes 
mainly in cell nuclei of cardiac cells and has a high affinity 
to several cellular constituents in addition to DNA. In the 
present study the cellular kinetics of doxorubicin in cul- 
tured rat myocardial cells were determined by measuring 
its uptake, its binding pattern over a concentration range 
of 0,1 m M t o  80 IxM, and the cellular release by means of 
[14-14C]doxorubicin. The binding kinetics of doxorubicin 
were compared with the doxorubicin-induced inhibition of 
[methyl-3H]thymidine incorporation into DNA. It is de- 
monstrated that at micromolar concentrations doxorubicin 
is readily taken up by myocardial cells and that myocard- 
ial cells have the ability to bind doxorubicin at two specif- 
ic binding sites and that a noncooperative high-affinity/ 
low-capacity type and a positive cooperative type of bind- 
ing are involved, as indicated by the positive slope in the 
initial region of the binding isotherm (Scatchard plot). A 
dose-dependent inhibition of [methyl-3H]thymidine incor- 
poration into DNA is demonstrated. It is suggested that 
this is associated with the positive cooperative binding of 
doxorubicin. The cellular release of doxorubicin appeared 
to be biphasic, with estimated half-lives of about 5 -6  h for 
the initial phase and 50-60 h for the terminal phase. The 
results of this study indicate that doxorubicin preferably 
binds to sites within myocardial cells and that the positive 
cooperative binding pattern is due to DNA as one of the 
binding sites. A relationship between the noncooperative 
high-affinity/low capacity binding and the pharmacologi- 
cal activity has yet to be determined. 

Introduction 

The anthracycline antibiotic doxorubicin (adriamycin) 
(DX) plays a prominent role in the treatment of a wide 
range of human malignant neoplasm [29]. However, the 
clinical administration of DX is limited by a dose-depend- 
ent development of irreversible congestive cardiomyopa- 
thy [1, 30]. 

The tissue distribution of DX has been studied in 
several animal species, showing a clear difference in drug 
concentration among tissues. Although it has been report- 
ed previously that DX is localized in the nuclei, DX is also 
able to bind to several tissue constituents in addition to 
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DNA [12, 14, 18, 26]. The ability of cardiac cells to incor- 
porate DX has led to studies of ultrastructural arrange- 
ments and biochemical interactions. It has been demon- 
strated that DX induces structural changes, inhibition of 
DNA synthesis, and biochemical alterations of contractile 
proteins in cardiac cells both in vivo and in vitro [2, 8, 12, 
22, 271. 

The availability of cultured cells from a wide range of 
normal and malignant tissues has made it possible to study 
the subcellular localization and effects of DX. Evidence 
exists concerning the interaction of DX with phospholip- 
ids of cardiac cell membranes and its affinity for actin, 
heavy meromyosin, mucopolysacchirdes, and nucleic ac- 
ids [7, 9, 15, 25]. Although DX has been extensively inves- 
tigated, the cellular kinetics of DX have not been elucidat- 
ed in cardiac cells. 

The present study is concerned with the cellular up- 
take, binding kinetics, and cellular release of DX in pri- 
mary cultures of neonatal rat myocardial cells. In addi- 
tions, the binding kinetics of DX are compared with the 
DX-induced inhibition of [3H]thymidine incorporation in- 
to DNA as a specific target of action within the myocard- 
ial cells. It is revealed that myocardial cells have the ability 
to bind DX at two binding sites. An apparently high-affin- 
ity/low-capacity binding is followed by a positive cooper- 
ative binding process, which is presumably due to a coop- 
erative binding of DX to DNA as a specific binding site 
within the cells. 

Materials and methods 

Materials  

Neonatal Wistar rats (0-2 days old) were used. Hank's 
calcium- and magnesium-free balanced salt solution buf- 
fered with 10 m M Hepes (Gibco Bio-Cult) was used for 
washing during the cell separation procedures. Crude col- 
lagenase, 0.05% (Boehringer, Mannheim) was added dur- 
ing enzyme digestion. 

The culture medium was Medium 199 (Gibco BioCult) 
with Hank's salts, 25 mM Hepes, and heat-inactivated 
newborn calf serum, 10%. 

Hank's solution and Medium 199 were supplemented 
with penicillin (75 units/ml) and streptomycin (75 p~g/ml); 
all solutions were sterile. 

[14-14C]Doxorubicin hydrochloride ([14C]DX) with a 
specific radioactivity of 53.5 Ci/mol and doxorubicin hy- 
drochloride (DX) were kindly supplied by Farmitalia Car- 
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lo Erba, Milan, Italy. DX was dissolved in sterile water 
and further diluted in Medium 199 to the required concen- 
trations. 

[Methyl-3H]Thymidine (3H]TdR) with a specific 
radioactivity of 78.1 Ci /mmol  (New England Nuclear) 
was diluted in Medium 199 to give a final activity of  
0.250 ~tci/ml incubation medium. 

Methods 

Cardiac cell cultures. All dissections and preparation 
procedures were carried out in a laminar-flow hood at 
37 °C, and primary cultures of cardiac cells were esta- 
blished. 

The myocardial cells were isolated by step-wise en- 
zyme digestion as previously described by Wassermann et 
al. [28J, with minor modifications. In brief, heart ventricles 
were isolated from 0.2-day-old rats, and the tissue was cut 
into small pieces and washed twice. The tissue was placed 
in enzyme solution and gently agitated for five cycles of 
15 min each. The harvest of  the first cycle was discarded to 
avoid mesenchymal cells and debris. 

The supernatant containing myocardial cells was cen- 
trifuged at 1000 rpm for 5 rain in culture medium at 4 °C. 
After resuspension in Hank's solution the new suspension 
was centrifuged. 

The cell pellets were resuspended in culture medium 
and transferred to a petri dish for cell cultures for 90 min. 
After gentle agitation the cells were transferred to a flask. 
The viable cells were counted in a hemacytometer after 
trypan blue staining. 

The cells were plated in multidishes (Nunclon, Nunc, 
Denmark) coated with 0.01% gelatin, at 1.0 million cells/ 
ml with 0.26 million cells/cm 2. The cultures were kept in a 
water-saturated (90%) incubator at 37 °C (Hotpack, model 
351820, Philadelphia, Pa, USA) for 20 h and then washed 
twice with Hank's  solution and incubated for 2 h in this 
solution. Hereafter Hank's  solution was discarded and the 
cells were reincubated in Medium 199 for the assays re- 
quired. The preincubation for 90 rain in Medium 199 and 
the washing procedure with Hank's  solution were per- 
formed to separate fibroblasts and endothelial cells from 
the myocardial cells [19]. 

To distinguish fibroblasts and endothelial cells from 
myocardial cells in the culture, PAS staining was per- 
formed according to Polinger [21]. The purity of the cul- 
tures with regard to muscle ceils was 90%-95%. 

Uptake experiments. After 48 h in culture, myocardial cells 
were incubated with [14C]DX to determine the time to in- 
tracellular steady state. The uptake of DX was determined 
at two concentrations: 0.01 ~tM (0.54 nCi/ml) and 0.1 ~tM 
(5.40 nCi/ml). At the start of  each experiment the approp- 
riate amount of DX was added to duplicate cell chambers 
containing 0.5 million cells each, and incubated at 37 °C 
followed. The radioactive medium was aspirated and the 
cells rapidly washed three times with a 0.9% NaC1 solution 
(4 °C). The cells were dissolved in 500 ~tl 0.5 N N a O H ,  and 
2.5 ml scintilation liquid was added. 

Binding of doxorubicin. After 48 h in culture, myocardial 
cells were incubated with [14C]DX to determine the cellular 
binding pattern of the drug. The binding assay was deter- 
mined over a concentration range of 0.1 n M  to 80 IxM DX. 
At the start of each experiment the appropriate amount of 

DX was added to duplicate cell chambers containing 2.5 
million cells if less than 0.1 ~xMDX (with a pro rata reduc- 
tion of radiolabeled [14C]DX) or 0.5 million cells if more 
than 0.1 IxM DX (with 5.40 nCi/ml at all concentrations), 
and incubated at 37 °C. After incubation for 18 h the radi- 
oactive medium was aspirated and the cells rapidly 
washed three times with 0.9% NaC1 solution (4 °C). The 
washed cells were dissolved in 1000~tl or 500txl 0.5 N 
NaOH and 5.0 ml or 2.5 ml scintillation liquid, respective- 
ly, was added. 

Binding of  DX was also determined by incubation of 
myocardial cells with [14C]DX for 18 h at 4 °C. 

fH]Thymidine incorporation. After 48 in culture, myo- 
cardial cells were incubated in duplicate with DXover a 
concentration range of 0.1 n M t o  80 ~tM for 18 h at 37 °C. 
After the DX treatment, the cells were reincubated with 
0.250 ~tCi 3H-TdR/ml for 4 h at 37 °C. At the end of the 
4-h incubation period the radioactive medium was aspirat- 
ed and the cells rapidly washed three times with a 0.9% 
NaC1 solution (4 °C). The acid-soluble material was ex- 
tracted twice into 0.5 ml cold 4% trichloracetic acid for 
10-15 min [1]. The extracted cells were washed twice with 
ethanol and dissolved in 500 ~tl 0.5 N NaOH. The radioac- 
tivity of [3H]TdR in this solute originated in DNA-incor- 
porated [3H]TdR [1] was measured after addition of 2.5 ml 
scintillation liquid. 

Efflux experiments with doxorubicin. After 48 h in culture, 
myocardial cells were preloaded with DX at an incubation 
concentration of 0.1 ~tM for 18 h at 37 °C. Radiolabeled 
[14C]DX (5.40 nCi/ml) was used as a tracer to measure the 
amount of intracellularly bound DX. After incubation the 
cells were washed three times with 0.5 ml Medium 199 at 
4 °C to remove extracellular drug and then reincubated in 
duplicate in DX-free medium at 37 °C. After varying incu- 
bation periods the medium was aspirated and the cells 
were rapidly washed three times with a 0.9% NaC1 solution 
(4 °C). The washed cells were dissolved in 500 Ixl 0.5 N 
NaOH and 2.5 ml scintillation liquid was added for radi- 
oactive measurements. 

Efflux experiments with ~H]thymidine. After 48 h in culture 
medium the cells were incubated with DX at a concentra- 
tion of 0.1 ~tM for 18 h at 37 °C. At the end of the DX 
treatment the cells were reincubated in duplicate with 
0.250 p~Ci [3H]TdR/ml for 8 h at 37 °C. After the 8-h incu- 
bation period the cells were washed three times with 0.5 ml 
Medium 199 at 4 °C to remove extracellular [3H]TdR and 
then reincubated in radioactive-free medium at 37 °C. The 
medium was aspirated and the cells rapidly washed three 
times with 0.9% NaCI solution (4 °C). Hereafter the 
washed cells were extracted and dissolved as described in 
"~ H]Thymidine incorporation". 

Determination of ~4 C]DX, [3 H]TdR, and cellular protein. In 
experiments with [14C]DX or [3H]TdR the radioactivity was 
determined in an LKB 1216 Rackbeta liquid scintillation 
counter using Opfi-Fluor (Packard) as scintillation liquid. 

Cellular protein was chosen as a reproducible parame- 
ter to which [3H]TdR incorporation into DNA and cellu- 
larly bound [~4C]DX were standardized. Cellular protein 
was determined in cells dissolved in 0.5 N NaOH using the 
method of Lowry et al. [13]. Serum albumin was used as a 
standard. 
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Fig. ] A, B. Time course of uptake of doxorubicin by cultured my- 
ocardial cells incubated at an extracellular drug concentration of 
0.01 p~M (A) and 0.1 l~M (B). Experimental conditions as de- 
scribed in Materials and methods. Each point represents the mean 
value each bar, the SEM for cellularly bound [14-14C]doxorubiein 
(specific activity 53.5 Ci/mol) as counts/minute per microgram of 
cellular protein from five individual experiments. The curves have 
been fitted by means of the Lineweaver-Burk equation. 

R e s u l t s  

The t ime-course of  the uptake  of  DX by myocard ia l  cells 
exposed to two different  drug concentrat ions is shown in 
Fig. 1. At both concentrat ions  the uptake  pat tern was char- 
acterized by an initial  l inear phase,  after which the rate of  
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Fig. 2. Scatchard plot of the binding of doxorubicin to cultured 
myocardial cells. The binding isotherm was obtained by incuba- 
tion of myocardial cell cultures over a concentration range of 
0.1 nMto  80 IxM doxorubicin for 18 h. [14-14C]Doxorubicin (spe- 
cific activity 53.5 Ci/mol) was used as a tracer, as described in 
Materials and methods. The binding pattern is presented as the 
sum curve of specifically and nonspecifically bound doxorubicin 
over a concentration range of 0.1 nM to 0.2 IxM doxorubicin. The 
nonspecifically bound doxorubicin is shown by the dashed line. 
Each point represents the mean value each bar, the SEM from six 
individual experiments, r, femtomoles per microgram of cellular 
protein; C, molar concentration of free doxorubicin in the incu- 
bation medium after 18 h incubation 
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Fig. 3. Hill plot of the binding of doxorubicin to cultured myo- 
cardial cells. The binding pattern is presented over an incubation 
concentration range of 4 nM to 0.2 IXM doxorubicin. Each point 
represents the mean value from six individual experiments. 
Experimental conditions as described in Fig. 2 

uptake gradual ly  decreased.  The initial rate of  drug uptake 
was calculated as 0.084+0.01 c p m / h  and 0.81 _0.1 c p m / h  
after incubat ion with 0.01 ~ M  and 0.1 p~M DX, respective- 
ly. The time to reach 95% of  cellular steady state level at 
both  concentrat ions was calculated as approximate ly  70 h 
after cont inuous DX exposure;  after 18 h incubat ion the 
cellular level had  reached approximate ly  85% of  the s teady 
state level at both  concentrat ions.  

In  Fig. 2 the b inding  isotherm obta ined  for the interac- 
t ion of  DX with myocard ia l  cells over a concentra t ion 
range of  0.1 n M t o  0.2 ~tM is demonst ra ted  in a Scatchard 
plot  with r / C  versus r [23]; where r represents moles of  
bound  drug per  microgram of  cellular prote in  and C is the 
molar  concentra t ion of  free DX in the incubat ion medium 
after 18 h incubation.  An apparent ly  l inear  re la t ionship 
was demonst ra ted  between r and  r / C  for low r values 
( r < 5  fmol / l lg  cellular protein)  foolowed by a posit ive 
cooperat ive  b inding or al losteric effect, as i l lustrated by 
the posit ive slope in the lower r region of  the b inding iso- 
therm ( r >  5 fmol / l ig  cellular protein).  The curve reached a 
maximum at a value of  r ~ 4 5  fmol/p~g cellular protein,  
corresponding to an incubat ion concentra t ion of  0.02 ktM 
DX. Beyond this point  a decl ining slope was observed at 
higher r values. 

This cooperat ive  b inding  is also visual ized in a Hill 
plot  [5], which displays nonl inear i ty  at the same concentra-  
t ion range as that  of  the Scatchard plot. 

In order  to correlate the apparent ly  specific b inding 
sites of  DX, as i l lustrated by the b inding  isotherm of  DX 
(Fig. 2), with a specific target  of  act ion within the myo-  
cardial  cells, [3H]TdR incorpora t ion  into D N A  was deter- 
mined in myocard ia l  cells pre t reated with DX over a con- 
centrat ion range of  0.1 n M  to 80 llM. 

An increased incorpora t ion  of  approximate ly  
10%-20% of  [3H]TdR into D N A  in cells pre t reated with 
DX below 0.01 IxM was observed (Fig. 4). The incorpora-  
t ion then decreased and a l inear  correlat ion between inhi- 
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Fig. 4. Incorporation of [3H]thymidine (specific activitiy 78.1 ci/ 
mol) into DNA in doxorubicin-treated myocardial cell cultures. 
Cultures were incubated with doxorubicin over a concentration 
range of 0.1 nM to 80 IxM for 18 h before [3H]thymidine incuba- 
tion. Experimental conditions as described in Materials and meth- 
ods. Each point represents the mean value and each bar, the SEM 
[3H]thymidine incorporation into DNA as a percentage of control 
from five individual experiments. The log dose-response curve is 
presented over a concentration range of 0.1 nMto 10 I.tMdoxoru- 
bicin 

bition of [3H]TdR incorporation and DX concentration 
was demonstrated; the incorporation gradually decreased 
to 5% in cells pretreated with 2 IxMDX for 18 h, indicating 
simple saturation kinetics. The K d value (ED50) of DX with 
respect to the inhibitory effect on [3H]TdR incorporation 
into DNA was calculated to be 1.37 x 10 -7 M. 

Efflux experiments were carried out as pulse-chase 
experiments in which myocardial cells were preloaded 
with either []4C]DX at incubation for 18 h or with [3H]TdR 
in DX-treated cells (0.1 ~tM for 18 h) and then chased in a 
radioactive-free medium. 

The unidirectional efflux of DX was biphasic (Fig. 5 a), 
with an initially more rapid exit of drug and an estimated 
half-life of 5.3 h, after which the rate of release became 
very slow, with an estimated half-life of about 50-60 h. In 
comparison, the release of [3H]TdR from myocardial cells 
in the pulse-chase experiments with DX-pretreated cells 
was linear and the estimated half-life was about 80-90 h 
(Fig. 5b). 

D i s c u s s i o n  

It is believed that DX enters cells by passive diffusion, 
with the rate of entry directly proportional to the external 
concentration of the drug [4, 10, 20]. The process appears 
to be unidirectional, and the drug appears to be trapped in 
the cell, probably by binding to nucleic acids and proteins, 
where it accumulates against a concentration gradient [14, 
18]. Furthermore, in most studies, cellular accumulation is 
a linear function of time [10, 24]. However, intracellular 
DX does not distribute uniformly throughout the cells but 
accumulates predominantly in the nuclei and in the lyso- 
somes, as observed in cultured fibroblasts and cardiac my- 
ocytes [12, 18]. A plausible assumption is that the subcellu- 
lar localization of DX is due to specific binding sites with- 
in the cells. 

In the present study, we examined primary cultured 
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Fig. 5A, B. Efflux of doxorubicin from myocardial cell cultures 
(A) and changes in [3H]thymidine incorporated into DNA in dox- 
orubicin-treated myocardial cell cultures (B) during chase incuba- 
tion. Cell cultures for efflux experiments with doxorubicin were 
preloaded with doxorubicin at an incubation concentration of 
0.1 IxM for 18 h and [14-~4C]doxorubicin (specific activity 53.5 Ci/ 
mmol) was used as a tracer. Experimental conditions as described 
in Materials and methods. Each point represents the mean value 
and each bar, the SEM for cellularly bound [14Jac]doxorubicin 
and DNA-bound [3H]thymidine as counts/minute per microgram 
of cellular protein from four individual experiments 

myocardial cells to determine the cellular kinetics and the 
binding isotherm of DX. Our findings support previous 
studies demonstrating the uptake pattern as a linear func- 
tion of time and the rate of entry as directly proportional 
to the concentration of drug in the medium. However, pre- 
vious studies conducted in embryonic chick cardiac myo- 
cytes demonstrated a much faster incorporation of 
[14C]DX, followed by more rapid achievement of steady 
state [12]. 

Numerous studies concerning the binding properties 
and subcellular distribution of DX have demonstrated ex- 
clusive nuclear localization and a good correlation be- 
tween the tissue binding of DX and the tissue DNA con- 
centration [26]. Since DX has a high-affinity mode of bind- 
ing to nucleic acids, probably involving an intercalation 
process, the DNA concentration-dependent localization in 
the nuclei seems evident. The binding isotherm obtained 
for the interaction of DX with cultured myocardial cells 
after long-term incubation in medium containing [IaC]DX 
revealed that the cells had the ability to bind DX at two 
binding sites. For low r values in the Scatchard plot appar- 
ently noncooperative high-affinity/low-capacity binding 
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was observed,  fol lowed by posit ive cooperat ive  b inding 
character ized by a higher affinity and a high b inding  ca- 
paci ty  of  DX. 

Graves and Krugh [9] have demonst ra ted  that  DX ex- 
hibits cooperat ive  b inding  to both native D N A  and syn- 
thetic copolymer  systems at ionic concentrat ions  compar-  
able to physiological  levels. Previous studies have demon-  
strated a DX- induced  inhibi t ion of  [3H]TdR incorpora t ion  
into D N A  [8, 22, 28]. However ,  an increased incorpora t ion  
of  [3H]TdR into D N A  was observed in myocard ia l  cells 
pre t reated with DX at concentrat ions  corresponding to r 
values below the max imum of  the cooperat ive  b inding 
curve. This phenomenon  is a paradoxica l  effect of  DX, 
which may be due to part ia l  agonism with an apparent ly  
intr insic activity at very low concentrat ions.  A comparable  
observat ion has been made  with low concentrat ions of  DX 
[1-10  ng), which enhanced the D N A  synthesis of  growing 
mouse embryonic  f ibroblasts  [6]. After pre t reatment  with 
increasing concentrat ions  of  DX corresponding to the r 
values beyond  the max imum of  the cooperat ive curve, a 
decreased and dose-dependent  incorpora t ion  of  [3H]TdR 
into D N A  was observed. In the light of  this coincidence 
between the cooperat ive  b inding  of  DX and the dose-de- 
penden t  inhibi t ion of  [3H]TdR incorpora t ion  into D N A ,  
together  with the f indings of  Graves and Krugh [9] and the 
repor ted  exclusive local izat ion of  DX in the nuclei, it 
seems likely that the observed cooperat ive  b inding pat tern 
could be due to D N A  as one of  the b inding  sites of  DX 
within the myocard ia l  cells. 

DX has a high-affinity mode  of  b inding  to membrane-  
bound  cardiol ip in  [7], which is exclusively localized in the 
inner  mi tochondr ia l  membrane  [3]. It has been suggested 
that  cardiol ip in  is a prerequisi te as a receptor  for the re- 
b inding  of  mi tochondr ia l  creatine phosphokinase  to the 
inner mi tochondr ia l  membranes  [16], and that  DX selec- 
t ively abolishes this interact ion,  p resumably  by interfering 
at the receptor  site by binding to cardiol ip in  [16, 17]. Thus, 
the noncoopera t ive  h igh-af f in i ty / low-capaci ty  b inding 
could reflect this b inding o f  DX to cardiol ipin.  Further  
studies, however,  are in progress to elucidate this problem. 

The rap id  phase of  the efflux of  DX represents the exit 
of  reversibly bound  drug, whereas the very slow phase 
may  represent  the release of  more tightly bound  drug. This 
may  be localized to D N A  in the nucleus, and the slow ef- 
flux phase may represent  the decay or turnover  of  the 
D N A  within the nucleus compat ib le  with the est imated 
long half-life of  [3H]TdR in the pulse-chase experiments  in 
DX-t rea ted  cells. The b inding  of  DX at this site is re- 
garded to be almost  irreversible. 

With an incubat ion t ime of  18 h, the present  study was 
presumably  per formed at an equil ibr ium state for the 
b inding  site with the rapid  release of  drug, and with only a 
small  amount  of  drug bound  to the other b inding  site with 
a much longer half-life for the efflux. 
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