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ABSTRACT

The mechanism of uptake of Adriamycin was investigated in
chick embryo heart and liver cells and in murine L5178Y lympho-
blasts in vitro. Drug uptake at 4Â°C for 15 s due to rapid

association accounted for a celhmedium distribution ratio of 104
Â±14 (SE) in heart cells, 10.2 Â±1.3 in liver cells, and 10.3 Â±1.5
in L5178Y lymphoblasts. On thin-layer Chromatographie analysis,

98% of the radioactivity migrated with the mobility of intact drug,
suggesting that drug metabolism was negligible for at least 30
min in both heart and tumor cells. A time course of drug uptake
was somewhat different in heart cells compared to that noted
for liver or L5178Y cells. The steady state for drug uptake was
reached more promptly in heart cells; apparent equilibrium was
observed at 6 min in heart cells, at approximately 20 min in
L5178Y lymphoblasts, but was not attained by 25 min in liver
cells. Temperature dependence of drug uptake also differed in
the three cell types; drug uptake was most temperature sensitive
in L5178Y cells, intermediate in liver cells, and least temperature
dependent in heart cells. Separation of heart, liver, and leukemic
cells into membrane and cytosol fractions demonstrated that, at
1 and 30 min, more than 75% of the drug was associated with
the membrane fraction. Trichloroacetic acid extraction of cell
constituents revealed that, at 1 min, the acid-soluble fraction

amounted to 32 Â±2% of radioactivity in heart cells and 37 Â±2%
in L5178Y cells. Ethanol extraction of these cells demonstrated
that, at 1 min, ethanol-soluble components accounted for 49 Â±

2% of radioactivity in heart cells and 27 Â±2% in leukemic cells.
The finding of a large component of rapid association together
with evidence of prompt drug binding to cellular constituents
made evaluation of unidirectional drug influx impractical.

Accordingly, an investigation was undertaken of Adriamycin
efflux from chick embryo heart and liver cells and L5178Y
lymphoblasts, after the cells had been loaded with drug for
various time intervals. In all three cell types, efflux was rapid
down to a plateau level, representing nonexchangeable drug. As
the period of time for loading cells was increased, there was a
progressive rise in the level of nonexchangeable drug. Equilibra
tion of the nonexchangeable pool occurred more rapidly in heart
cells than in either liver or leukemic cells. In heart cells, the
nonexchangeable pool of drug reached an apparent steady state
by 12 min, whereas nonexchangeable drug continued to increase
for at least 30 min in liver cells and 60 min in leukemic cells. After
1 min, intracellular Adriamycin concentration was 1.98 Â±0.12
rriM in heart cells, 0.18 Â±0.01 mw in liver cells, and 0.18 Â±0.02
row in L5178Y cells; after 30 min, the drug levels were 2.22 Â±
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0.17 mÂ«in heart cells, 0.50 Â±0.08 mw in liver cells, and 0.58 Â±
0.06 IDM in leukemic cells. The higher cellular concentration of
Adriamycin in heart cells, relative to those found in liver and
tumor cells, and perhaps the more rapid rate of equilibration of
both total and nonexchangeable drug in heart cells may explain,
at least in part, the marked sensitivity of cardiac tissue to drug
toxicity.

INTRODUCTION

The mechanism of transport of Adriamycin and other anthra-
cycline antibiotics has not been clearly established; controversy
exists as to whether drug influx is by simple diffusion or a
nonsaturable carrier-mediated process (1-7). Conversely, gen

eral agreement exists that efflux of anthracycline antibiotics by
mammalian cells is an active carrier-mediated process shared by
the Vinca alkaloids and that the extrusion mechanism is most
active in drug-resistant cells (2-6, 8-12).

Adriamycin is particularly useful clinically, being active against
a broad spectrum of neoplasms including solid tumors, lym-
phoma, and Hodgkin's disease (13). A major limitation of the

therapeutic effectiveness of Adriamycin is the occurrence of
dose-dependent cardiotoxicity (14). Several mechanisms have

been postulated to explain the predilection of heart tissue to
drug toxicity, including the ability of Adriamycin to generate free
radicals (15), to disrupt electron transport in heart mitochondria
(16), and to intercalate and damage DNA (17). The role of drug
transport with respect to cardiotoxicity has not been carefully
evaluated.

The purpose of this study was 2-fold: (a) to address the

controversy as to whether influx of Adriamycin is mediated by a
carrier mechanism or a simple diffusion process; and (o) to
investigate whether alterations in drug transport might explain in
part the marked sensitivity of cardiac tissue to drug toxicity. To
accomplish these objectives the uptake, binding, and efflux of
Adriamycin were compared in chick embryo heart and liver cells
with that in L5178Y leukemic lymphoblasts.

MATERIALS AND METHODS

Drug and Chemicals. ["CJAdriamycin labeled at the 14-carbon (spe

cific activity, 11.4 or 16.9 mCi/mmol) was synthesized by M. Leaffer of
the Stanford Research Institute, Menlo Park, CA, and was kindly pro
vided by Dr. Robert R. Engle, Developmental Therapeutics Program,
Division of Cancer Treatment, National Cancer Institute, Bethesda, MD
The radiochemical purity was 98% as determined by thin-layer chroma-

tography on silica gel in chloroform:methanol:acetic acid:water (40:
10:3:1). The specific activity was routinely adjusted to approximately 2.5
mCi/mmol by dilution with unlabeled drug and used at a final concentra
tion of 10 MMunless otherwise indicated.

Hyaluronidase, collagenase, and DNase were obtained from Sigma
and dissolved in buffered saline supplemented with 10 mw glucose.
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Cell Cultures and Preparation of Chick Embryo Heart and Liver
Cell Suspensions. Murine L5178Y lymphoblasts were maintained in
suspension cultures in Fischer's medium as described previously (18-

21). Chick embryos, 17 to 20 days of age, were sacrificed by decapita
tion, and the heart and liver were removed. Suspensions of isolated heart
cells were prepared by the method of Pelleg (22). Briefly, tissue pieces
were minced between two blades and digested at room temperature in
a solution containing collagenase (0.25 mg/ml) and hyaluronidase (0.67
mg/ml), and the tissue mince was agitated continuously through a wide-

bore Pasteur pipet. After 10 min, cells in suspension were decanted into
a centrifuge tube and stored at 4Â°C, and fresh enzyme solution was

added to the remaining tissue mince. After 30 min, the cell suspensions
were pooled, filtered through wire mesh, and centrifugea at 350 x g for
5 min in a Son/all desk-top centrifuge (Model GLC-2).

Suspensions of liver cells were prepared by the method of Tarlow (23)
using 17- to 18-day-old chick embryos. The procedure was similar to

that described for heart cells but was modified so that the digest solution
consisted of collagenase (0.60 mg/ml) with 150 n\ of a solution containing
DNase (0.25 mg/ml); the tissue was digested for 20 min at 37Â°C. Cell

viability was assessed by trypan blue dye exclusion, and the percentage
of viable cells was 70 Â±7% (SE) for heart cells and 88 Â±5% for liver
cells. Isolated cells were washed, resuspended in Dulbecco's PBS,3 and

used promptly in uptake studies.
Drug Uptake Studies. Transport studies were performed on suspen

sion cultures of L5178Y lymphoblasts, chick embryo heart cells, and
chick embryo liver cells incubated in PBS in vitro at cell concentrations
of 2 to 4 x 106 cells/ml as described previously (2,19-21). Incubations
were terminated by rapid chilling to 4Â°Cand centrifuging the cells through

a layer of 0.25 M sucrose in Hopkins vaccine tubes to remove extracellular
radioactivity. The washed cells were solubilized in 0.5 N NaOH, and
radioactivity was determined by liquid scintillation spectrometry. Cell size
was measured in a Coulter Model Zm electronic particle counter (Coulter
Electronics, Hialeah, FL) calibrated with giant ragweed pollen (mean cell
diameter, 19.5 firn) and paper mulberry spores (mean cell diameter, 12.5
Mm), both of which were obtained from Coulter Diagnostics, Inc., Miami
Springs, FL, using methodology described previously (24).

A kinetic analysis of drug uptake at 1 min was performed using
Adriamycin at a concentration range of 1 to 50 MM. Uptake data were
corrected for rapid association of Adriamycin to the cell membrane by
measuring the celhmedium distribution ratio of drug at 4Â°C at uptake

times of approximately 15 s as described previously (2,19, 25, 26).
The kinetic parameters Kmand Vâ„¢,were derived from linear regression

equations of Lineweaver-Burk plots of drug uptake in which the slope
represents Km/Vâ„¢,,,the /-intercept is 1/VmaÂ»,and the x-intercept is -1/

Km(20,21).
To evaluate the energy dependence of drug uptake, cells were prein-

cubated for 10 min in the presence and absence of either 1 HIM DNP or
10 rriM glucose, and then a time course of uptake of 10 MM [14C]-

Adriamycin was determined as described above. A similar preincubation
time was used to study the effect of 1 mw vincristine and 0.5 mw
verapamil on drug uptake.

Efflux Studies. Efflux studies were performed on suspensions of
chick embryo heart and liver cells and L5178Y lymphoblasts incubated
in PBS at cell concentrations of 2 to 4 x 106 cells/ml. The cells were
loaded with Adriamycin by incubation for various times at 37Â°C. Incu
bations were terminated by rapid chilling to 4Â°C, and the cells were

washed through a layer of sucrose to remove extracellular radioactivity
as described above. Washed cells were resuspended at 37Â°C in a

sufficient volume of transport medium to minimize the problem of drug
reentry; cell aliquots were removed at various efflux times, chilled,
centrifuged through sucrose, and solubilized in 0.5 N NaOH, and radio
activity was determined by liquid scintillation spectrometry. For each
study, cell aliquots were removed prior to efflux to obtain the initial
intracellular concentration of drug.

Intracellular Distribution of Adriamycin. The distribution of radioac-

3The abbreviations used are: PBS, phosphate-buffered saline; TCA, trichloroa-
cetic acid; TLC, thin-layer chromatography; DNP, dinitrophenol.

tivity in the cytosol and membrane fractions of chick embryo heart and
liver cells and of L5178Y lymphoblasts was determined after treating
cells with 10 MM[14C]Adriamycin for 1 and 30 min. Following treatment,

the cells were washed and disrupted by osmotic lysis by suspending the
cells in water for 20 min at 4Â°C.The lysates were separated into cytosol

and membrane fractions by centrifugation at 1000 x g for 15 min.
The distribution of radioactivity into TCA-soluble and -insoluble frac

tions and ethanol-soluble and -insoluble components was determined in

chick embryo heart cells and L5178Y lymphoblasts. Cell lysates were
prepared and extracted with a final concentration of either 10% TCA or
70% ethanol for 1 h at 4Â°C.The precipitates were removed by filtration

through 0.45-Mm nitrocellulose filters (Millipore Corp., Bedford, MA); the
radioactivity of the TCA-soluble and -insoluble components and of the
ethanol-soluble and -insoluble fractions was determined. Cell lysates

were analyzed by TLC on silica gel in chloroform imethanol: acetic
acidrwater (40:10:3:1) to determine initial concentrations of intact drug
and of metabolites; TCA- and ethanol-soluble fractions were also ana

lyzed by TLC to determine the percentage of intact drug and of metab
olites that was extractable.

RESULTS

Rapid Association of Adriamycin to the Cell Surface. Uptake
of [14C]Adriamycin by chick embryo heart and liver cells and
L5178Y lymphoblasts was measured at 4Â°Cfor 15s; uptake of

this nature is usually attributed to rapid binding or association of
drug to the cell membrane (2,19,25,26). In all 3 cell types, rapid
association was marked; the celhmedium distribution ratio of
drug in heart cells was 104 Â±14 (SE), in liver cells was 10.2 Â±
1.3, and in L5178Y lymphoblasts was 10.3 Â±1.5. The distribution
ratios due to rapid association were independent of drug con
centration.

Time Course of Adriamycin Uptake. A time course of uptake
of 10 /Â¿M[14C]Adriamycin by chick embryo heart and liver cells

(Chart 1) and by L5178Y lymphoblasts (Chart 2) was determined.
In all 3 cells, an initial phase of rapid uptake was observed, which
probably represents rapid binding or association of drug to the
cell membrane (2, 19, 25, 26). Drug uptake at 37Â°Cwas linear

for approximately 2 min and thereafter rapidly approached a
plateau phase. In subsequent kinetic studies, incubations were
terminated at 1 min to approximate initial uptake velocity condi
tions.

In heart cells (Chart 1Â¿),drug uptake reached a steady state
more rapidly than in liver cells (Chart 10) or in tumor cells (Chart
2). Drug uptake demonstrated temperature dependence in that
uptake at 4Â°Cwas less than that observed at 37Â°C;this effect

was most marked in L5178Y lymphoblasts, intermediate in liver
cells, and least evident in heart cells.

Intracellular Distribution of Adriamycin. The distribution of
radioactivity in the cytosol and membrane fractions of chick
embryo heart and liver cells and L5178Y lymphoblasts was
determined after the cells were treated with 10 /IM [14C]Adria-

mycin for 1 and 30 min (Table 1). The percentage of radioactivity
was 85 Â±5% in heart cells, 81 Â±3% in liver cells, and 77 Â±2%
in L5178Y cells, and these differences were not statistically
significant. The distribution of radioactivity between the 3 cell
types after 30 min of drug uptake was also not significantly
different.

The distribution of radioactivity in the TCA-soluble and -insol
uble fractions and ethanol-soluble and -insoluble extracts of chick

embryo heart cells and L5178Y lymphoblasts was measured
after treatment with 10 MM [14C]Adriamycin for 1 and 30 min

(Table 2). The percentage of radioactivity after 1 min of drug
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Chart 1. Timecourse of uptake of 1O>M["CJAdriamycin by chick embryo heart
cells W and chick embryo liver cells (8) at 37Â°C(O) and 4Â°C(â€¢}.Chick embryo
heart and liver cells were suspended in PBS at a concentration of 2 to 4 x 10*
cells/ml. Incubations were terminated by chilling the cells to 4Â°Cand removing

extracellular radioactivity by centrifugation of the cells through a layer of sucrose
as described in the text and previously (19-21, 26). Drug uptake at 4Â°Cfor 15 s
due to rapid association amounted to 0.18 Â±0.03 fmol/cell in heart cells and 0.12
Â±0.01fmol/cell in livercells. Drug uptake by heart cells (A)was significantlygreater
at 37Â°Cthan 4Â°Cas determined by repeated measured analysis of variance of 4
separate experiments (P = 0.012), and there was no interaction with time. Uptake
by liver cells (8) was also significantlygreater at 37Â°Cthan 4Â°Cas determined by
a paired i test of a single experiment (P < 0.005), and there was no interaction
with time. Drug uptake at 30 min in 20 determinations on heart cells was 0.73 Â±
0.06 (SE)fmol/cell, and in 11 determinationson liver cells, it was 1.34 Â±0.05 fmol/
cell.

10 20 30

TIME (min)
Chart 2. Time course of uptake of 10 ^M [14C]Adriamycinby L5178Y lympho

blasts at 37Â°C(O), 22Â°C(D), and 4Â°C(â€¢).Experimentalconditions were identical
to those described in the legend for Chart 1. Drug uptake due to rapid association
was 0.08 Â±0.01 fmol/cell; at 30 min, drug uptake in 20 determinations was 0.61
Â±0.06 (SE)fmol/cell. The data represent the mean Â±SE of 3 determinations;drug
uptake at the 3 temperatures differed significantly as determined by analysis of
variance(P = 0.004); however, there was an interaction with time.

uptake in the TCA-soluble fraction was 64 Â±3% (SE) for heart
cells and 60 Â± 5% for tumor cells; this difference was not
statistically significant nor were the differences observed be
tween heart and tumor cells at 1 and 30 min significant.

The percentage of radioactivity in the ethanol-soluble fraction

at 1 min in heart cells was 49 Â±2%, and that in L5178Y was 27
Â±2%, and this difference was statistically significant (P < 0.001).
Similar differences between heart and tumor cells were noted at
30 min; however, for each cell type, the level of radioactivity did
not vary significantly between 1 and 30 min.

TLC of cell lysates after 1 and 30 min of drug uptake revealed
that 98% of the radioactivity migrated with an Rf of 0.46, identical
to that of intact drug. This finding suggested that metabolism of
Adriamycin was negligible for at least 30 min in both heart and
tumor cells.

Table 1
Distribution oÃradioactivity in the cytosol and membranefractions ol chick
embryo heart and liver cells and L5178Y lymphoblasts after treatmentwith

10 pu Â¡"CJAdriamycin

Chick embryo heart and liver cells and L5178Y lymphoblastswere suspended
in PBS at a concentration of 2 to 4 x 10* cells/ml and treated with 10 JIM["CJ-
Adriamycin for 1 or 30 min at 37Â°C.Incubations were terminated by chilling the
cells to 4Â°Cand removing extracellular radioactivity by centrifugation through a
layerof sucrose as described in the text and previously(19-21,27). The cells were
disrupted by osmotic lysis by resuspension in water for 20 min at 4Â°C;the lysate
was centrifugea at 1000 x g for 15 min; and the pellet constituted the membrane
fraction, and the supernatant, the cytosol. The radioactivity of the cytosol and
membranefractions and of the total cell lysate was determinedand expressed as
a percentageof total cell radioactivity.

% of radioactivity*'*MembraneCell

typeChick

embryo heart
cells

Chick embryo liver
cells

L5178Y lymphoblasts1

min85Â±5ft

81 Â±3

77 Â±230

min85

Â±3

92 Â±3

83Â±2Cytosol1

min15Â±5

19Â±3

23 Â±230

min15

Â±3

8Â±3

17 Â±2
" The data were analyzed statistically by a 2-tailed t test comparing the signifi

cance of the difference of the means; none of the differences among the 3 cell
types or between the data at 1 and 30 min for each cell type was statistically
significant.

Mean Â±SE of at least 3 determinations.

Kinetic Analysis of Adriamycin Uptake. A kinetic analysis of
uptake of [14C]Adriamycin at 1 min by chick embryo heart cells

and L5178Y lymphoblasts was evaluated over a drug concentra
tion range of 1 to 50 nu. A Uneweaver-Burk plot, which had

been corrected for uptake due to rapid binding, was linear,
suggesting that drug uptake followed saturation kinetics. The
apparent Kmfor heart cells was 10.3 Â±2.4 (SE) ^M, and that for
tumor cells was 9.8 Â±2.7 /Â¿M;the V,â„¢,for heart cells was 0.59
Â±0.21 fmol/cell/min, and that for L5178Y cells was 0.34 Â±0.09
fmol/cell/min; these differences were not statistically significant.

The presence of a large component of rapid association, the
prompt appearance of over 75% of the drug in the membrane
fraction, the finding of approximately Vaof the drug in the TCA-
insoluble portion and % to 1/2in the ethanol-soluble pool made

evaluation of unidirectional drug influx impractical. Furthermore,
the kinetic parameters are not likely a measure of unidirectional
drug influx but are probably an index of drug uptake, which
includes drug binding and transport.

Drug uptake by chick embryo heart and liver cells and L5178Y
lymphoblasts was not altered by the presence of 1 HIM DNP or
10 HIMglucose; furthermore, uptake by heart and leukemic cells
was not affected by 1 rriM vincristine or 0.5 mw verapamil (data
not shown).

Efflux of Adriamycin. Since investigation of unidirectional
drug influx was confounded by the presence of an unusually
large component of rapid association to the cell surface and
prompt binding to TCA-insoluble and lipid-soluble components,

a study of drug efflux was undertaken. Chick embryo heart cells
(Chart 3/4), liver cells (Chart 33), and tumor cells (Chart 4) were
loaded with 10 UM [14C]Adriamycin for various times, and drug

efflux was measured after the cells were washed and resus-
pended in drug-free PBS. In all cells, efflux of Adriamycin was

rapid down to a plateau, which presumably represents the cel
lular level of nonexchangeable drug.

As the period of time for loading the cell was increased, there
was a progressive rise in the level of nonexchangeable drug.
The steady state or equilibrium level of nonexchangeable drug
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Table 2
Distribution of radioactivity in TCAand ethanol extracts of chick embryo heart cells and L5178Y lymphoblasts after treatment with 10 JIM["CJAdriamycin

The experimental conditions were identical to those described in Table 1. The radioactivity in the washed cells was extracted with either 10% TCA or 70% ethanol;
the soluble and insoluble fractions were separated by Milliporefiltration, and radioactivity was determinedas described in the text.

% of radioactivity8

TCA6SolubleCell

typeChick

embryo heart cells
L5178Y lymphoblasts1

min64
Â±3"

60 Â±530

min70

Â±4
68 Â±2Insoluble1

min32

Â±2
37 Â±230min35

Â±2
30 Â±2EthanolSoluble01

min49

Â±2
27 Â±230min57

Â±4
21 Â±2Insoluble"1

min40

Â±1
66 Â±330min46

Â±1
71 Â±2

The recovery of total radioactivity in the TCA extraction studies was 101% for chick embryo cells and 97% for L5178Y lymphoblasts, and that in the ethanol
extraction experiments was 96% for heart cells and 92% for L5178Y lymphoblasts.

6 Data were analyzed statistically by a 2-tailed i test comparing the significanceof the differenceof the means;none of the differencesbetween heart cells and L5178Y
lymphoblasts for either the TCA-solubleor -insolublefractions was statistically significant.

Radioactivity of the ethanol-soluble fraction of heart cells at 1 and 30 min was great
significant (P < 0.001).

" Radioactivityof the ethanol-insolublecomponents of heart cells at 1 and 30 min was significantly lower than that of L5178Y lymphoblasts(P < 0.001).
8 Mean Â±SE of at least 6 determinations.

wasgreater than that of L5178Y lymphoblasts, and these differences were statistically

o

o

ff
O

oc

lu
o

- o
45

TIME (min)
Chart 3. Uptake and efflux of Adriamycin from chick embryo heart cells (/4)and

chick embryo liver cells (6). Cells were loaded with 10 MM[14C]Adriamycinfor
various times (O), using conditions described in the legend for Chart 1; at the
termination of drug uptake, the cells were washed through sucrose as described
in the text and resuspended in drug-free medium,and a time course of drug efflux
was obtained ( ). Efflux from heart cells (A)was studied after cells had been
loaded with drug for 5 min (â€¢),12 min (TJ),and 20 min (â€¢)Points, mean of 2
determinations for the 5-min and 20-min efflux curves and of 3 determinations for
the 12-min plot; bars, SE. At some points, the confidence intervals are too small
to be illustrated. The difference in the plateau of the 3 efflux curves was evaluated
statistically by an analysisof covariancetesting for equality of intercepts; the curve
after 5 min of loading was significantly lower than that observed after loading for
12 or 20 min (P < 0.001); however, no significant difference was noted between
the latter 2 curves. Efflux from liver cells (ÃŸ)was determined after cells had been
loaded for 1 min (â€¢),15 min (O),and 30 min (â€¢).each of which represents a single
time course. Analysis of covariance testing for equality of intercepts revealed that
all 3 curves were significantlydifferent (P< 0.01).

was apparently reached after loading heart cells for 12 min (Chart
3A), but this intracellular pool was still not saturated at 30 min in
liver cells (Chart 38) or at 60 min in tumor cells (Chart 4).

The temperature sensitivity of drug efflux was evaluated; a
time course of efflux of [14C]Adriamycin from L5178Y lympho
blasts was compared at 37Â°Cand 4Â°C(Chart 5). The rate of

drug efflux and the level of nonexchangeable drug were identical
at 37Â°Cand 4Â°C,suggesting that drug efflux was temperature

independent. Drug efflux from chick heart cells was also tem
perature insensitive (data not shown).

Drug efflux from chick embryo heart cells and L5178Y lym
phoblasts was also unaltered by the presence of 1 ITIMDNP or

TIME (min)
Chart 4. Uptake and efflux of Adriamycin from L5178Y lymphoblasts; experi

mental conditions were identical to those described in the legend for Chart 3.
L5178Y cells were loaded with 10 JIM[14C]Adriamy6nfor various times (O). Drug

efflux was measured( ) after the cells had been loaded for 1 min (â€¢),6 min
(D), 13 min (â€¢).30 min (A), and 60 min (A); a time course of drug efflux for each
of these conditions was determined. Analysis of covariance testing for equality of
intercepts revealedthat all 5 curves were significantlydifferent (P < 0.001).

10 ITIMglucose (data not shown). These findings together with
the observation that drug efflux was temperature independent
suggested that efflux from these cells is not mediated by an
active energy-dependent process.

Comparison of the Intracellular Molar Concentration of
Adriamycin in Chick Embryo Heart and Liver Cells and
L5178Y Lymphoblasts. Drug uptake by chick embryo heart and
liver cells and L5178Y lymphoblasts was compared after treat
ment of cells with 10 MM[14C]Adriamycin for 1 and 30 min (Table

3). At 1 min, drug uptake expressed in fmol/cell was significantly
greater in heart cells than in either liver cells (P = 0.01) or
leukemic cells (P < 0.001). By 30 min, uptake by liver cells was
approximately 2-fold that of heart cells or leukemic cells, and

these differences were highly significant (P < 0.001). However,
it is our view that molar drug concentration constitutes a more
valid comparison of drug levels, particularly since major differ
ences in cell volume were noted among the 3 cell types.

Accordingly, intracellular molar concentration of Adriamycin
was calculated for the 3 cell lines using the uptake data ex-
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Charts. Effect of temperature on the efflux of Adriamycin from L5178Y lym-
phoblasts. Cells were loaded with 10 >Â¡u[uC]Adriamycin for 20 min at 37"C using

uptake conditions identical to those described in Chart 1. At the termination of drug
uptake, the cells were washed and resuspended in drug-free medium, and drug
efflux was measured at 37Â°C(O) and 4Â°C(â€¢)as described in the legend for Chart

3.

pressed in fmol/cell and cell volume in fl, as measured with a
Coulter electronic particle counter using methodology described
previously (24). After 1 min, the intracellular molar concentration
of Adriamycin in heart cells was 1.98 Â±0.12 (SE) rnw, which was
approximately 10-fold higher than that observed in either liver
cells or tumor cells, and these differences were highly significant
(P < 0.001). A similar relationship was observed at 30 min; even
though the spread in drug concentration was somewhat dimin
ished, the concentration in heart cells was still approximately 4-

fold greater than that of liver and tumor cells; these differences
were also highly significant (P < 0.001).

DISCUSSION

This study dramatically illustrates the futility of studying unidi
rectional influx of Adriamycin in mammalian cells, a finding not
adequately considered in previous reports (3, 5, 8). Several
factors confounded efforts to elucidate the mechanism of Adri
amycin transport. Rapid association of Adriamycin with the cell
surface was a major impediment; this consists of drug binding
or interacting with cell membranes independent of transport
reactions and is that component of uptake that is measured at
4Â°C at times as short as is technically feasible (19, 25-28).

Uptake due to rapid association accounted for a celhmedium
distribution ratio of drug of approximately 100 in heart cells and

approximately 10 in both liver and leukemic cells. By contrast,
previous studies of L5178Y leukemic cells revealed that rapid
association accounted for a cell:medium ratio of only 0.14 for
cyclophosphamide (19), 0.17 for melphalan, and 0.29 for leucine
(27).

Other findings also complicated attempts to study the mech
anism of Adriamycin influx. As early as 1 min, over 75% of the
drug appeared in the membrane fraction of heart, liver, and
leukemic cells (Table 1), compared to only 10% for the alkylating
agent nitrogen mustard in a previous study on the same leukemic
cells (21). In addition, at 1 min, approximately Va of the drug in
heart and L5178Y cells was TCA insoluble, part of which would
be intercalated to DNA (29, 30), and approximately 50% of the
drug in heart cells and 25% of that in tumor cells was ethanol
extractable, probably representing free drug and drug associated
with phospholipids (31). These findings collectively provided such
a high background of adsorbed and bound drug to make a study
of unidirectional influx of free drug impractical.

The kinetic parameters for Adriamycin "transport" in Ehrlich

ascites cells were previously reported by Skovsgaard (5); con
verting to the units used here produced a Kmof 9.86 UM and a
Vmaxof 0.30 fmol/cell/min, values essentially identical to those
observed in this study for heart and leukemic cells. However, in
view of the confounding factors referred to above, the Km and
Vmaxprobably represent kinetic constants for drug uptake, which
includes influx, efflux, and binding, rather than drug transport
alone as claimed by Skovsgaard (5).

A time course of drug uptake was somewhat different for heart
cells (Chart 1/1) than that noted for liver cells (Chart 1fl) or
L5178Y lymphoblasts (Chart 2). The steady state for drug uptake
was reached more promptly in heart cells; apparent equilibrium
was observed at 6 min for heart cells, at approximately 20 min
for L5178Y cells, but was not yet attained by 25 min in liver
cells. In heart cells, approximately 80% of the steady-state level

was reached within 2 min. Drug uptake was also much less
temperature dependent in heart cells than in either liver or tumor
cells.

The efflux studies provided valuable insights about the nonex-

changeable pool of drug in the 3 cell types. Nonexchangeable
drug is defined as that drug remaining in the cell after the
completion of efflux. In heart cells, accumulation of nonex-

changeable drug appeared to reach a plateau after cells had

Table 3
Uptake and binding of ["CJAdriamycin in chick embryo heart and liver cells and L5178Y lymphoblasts

The treatment conditionswere identicalto those described in Table 1. The washed cells were solubilizedin 0.5 NNaOH,and radioactivitywas determinedas described
in the text and previously(19-21,27). Cellvolumewas measuredin a Coulter electronic particlecounter using methodologydescribed previously (24).These cell volumes
expressed in fl were used to calculate intracellularmolar drug concentration from uptake data measured in fmol/cell.

Adriamycin uptake
(fmol/cell)8

Cell type 1 min 30 min
Cellvol.

(fl)

Cellular Adriamycin
concentration (mw)6

1 min 30min

Chick embryo heart cells
Chick embryo liver cells
L5178Y lymphoblasts

0.65 Â±0.04C

0.49 Â±0.04
0.18 Â±0.02

0.73 Â±0.06
1.34 Â±0.05
0.61 Â±0.06

331 Â±9
2655 Â±122
1050 Â±30

1.98 Â±0.12
0.18 Â±0.01
0.18 + 0.02

2.22 + 0.17
0.50 Â±0.08
0.58 Â±0.06

a Data were analyzedstatistically by a 2-tailed ( test comparing the significanceof the differenceof the means. At 1 min, drug uptake was significantlygreater in heart
cells than in either liver cells (P = 0.01) or L5178Y lymphoblasts (P < 0.001); uptake in liver cells was significantlygreater than in leukemiccells (P < 0.001). At 30 min.
drug uptake was significantlygreater in liver cells than in either heart cells (P < 0.001) or in L5178Y lymphoblasts(P < 0.001); uptake in heart cells was not significantly
different from that of leukemiccells.

6 Data were analyzed statistically by a 2-tailed t test comparing the significance of the difference of the means; at 1 min, the difference in Adriamycin concentration

was significantly greater in heart cells than in either liver cells (P < 0.001) or L5178Y lymphoblasts (P < 0.001). Similarly, at 30 min, the drug concentration was
significantly higher in heart cells than in liver cells (P < 0.001) or leukemic cells (P < 0.001). The difference in drug concentration between liver cells and L5178Y
lymphoblasts at both 1 and 30 min was not statistically significant.

Mean Â±SE of 20 determinationson chick embryo heart cells and L5178Y lymphoblasts and of 11 determinationson chick embryo liver cells.
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ROLE OF ADRIAMYCIN UPTAKE IN CARDIOTOXICITY

been loaded for 12 min (Chart 3A), whereas the level of nonex-

changeable drug continued to increase for at least 30 min in liver
cells (Chart 3B), and at least 60 min in tumor cells (Chart 4).
Thus, in heart cells, saturation of the nonexchangeable pool
appeared to be more rapid than in either liver or leukemic cells.

Approximately 70% of the drug was TCA soluble at 30 min in
both heart and tumor cells (Table 2). In heart cells, the size of
the TCA-soluble fraction corresponded closely with the amount

of exchangeable drug. However, in L5178Y cells, the finding,
that 68% of drug was TCA soluble but only 50% of drug was
exchangeable, suggested that a portion of nonexchangeable
drug was TCA extractable and therefore not tightly bound to
cellular constituents.

The distribution of drug in the ethanol-soluble and -insoluble

fractions also differed in heart and L5178Y cells (Table 2). The
lipid-soluble fraction accounted for approximately 50% of the

drug in heart cells and for only 20 to 25% in L5178Y cells. The
higher level of lipid solubility of Adriamycin in cardiac tissue is
consistent with a higher level of binding to phospholipid and
cardiolipin as reported by others (31).

A rather striking difference among the 3 cell types was the
intracellular molar concentration of Adriamycin (Table 3). At 1
min, the concentration of Adriamycin in heart cells was approxi
mately 10-fold greater than that in liver cells or in L5178Y
lymphoblasts. Although these differences decreased somewhat
at 30 min, drug concentration in heart cells was still approxi
mately 4-fold greater than that in liver or leukemic cells. The

higher cellular concentration of Adriamycin in heart cells relative
to those observed in liver and tumor cells, and perhaps to a
lesser extent, the more rapid rate of equilibration of both total
and nonexchangeable drug in heart cells may explain at least in
part the marked sensitivity of cardiac tissue to drug toxicity.

An obvious defect of this study was the comparison of drug
uptake in chick heart cells with that of leukemic cells of murine
origin. In an attempt to address this problem, chick embryo liver
cells were also studied, thereby serving as a noncardiac cellular
control from the chick. Of importance in this regard is that drug
uptake and efflux in chick embryo liver cells more closely resem
bled that of murine L5178Y lymphoblasts than that observed in
chick embryo heart cells. Thus drug processing by heart cells
appeared to be relatively unique compared to that observed in
either liver cells of chick origin or leukemic cells from the mouse.
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