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Summary. Aclacinomycin, which is more lipophilic
than daunorubicin and doxorubicin, is taken up and
released more rapidly and extensively by L1210 cells.
After 5 h of incubation 91% of aclacinomycin is found
in the nuclei of L1210 cells and the drug present in the
post-nuclear fraction is distributed between the lyso-
somes and the cytosol. After an incubation of 5h
aclacinomycin decreases the density of the lysosomes.
This effect is not observed either with doxorubicin or
daunorubicin or when the cells are incubated with
aclacinomycin for only 30 min.

Introduction

The anthracycline antitumor antibiotics can be
divided into two categories on the basis of their
molecular site of action; the first one includes drugs
like daunorubicin (DNR), doxorubicin (DOX) and
rubidazone, which inhibit the synthesis of DNA,
RNA and nucleolar RNA, with a preferential effect
on DNA polymerase a [15]. The second class includes
drugs like aclacinomycin A (ACM), marcellomycin
and musettamycin, which preferentially inhibit the
synthesis of nucleolar RNA [7, 13, 15].

ACM is an interesting compound which, like
DNR and DOX, is used in cancer chemotherapy [12,
14], and it is characterized by a decreased cardiac
toxicity in golden hamsters [5] and mutagenici-
ty [23].

Conflicting results have been published with
regard to the subcellular localization of ACM.
Recently Egorin et al. [8] reported the localization of
ACM in the cytoplasm of human neutrophils with no
detectable drug fluorescence in the nucleus, while
Seeber et al. [21] found the drug concentrated mainly
in the nucleus of Ehrlich ascites cells.

Reprint requests should be addressed to A. Zenebergh

In this paper we compare the cellular pharma-
cokinetics of ACM, DOX and DNR in cultured
L1210 cells with the aid of cell fractionation techni-
ques and drug determination by high-pressure liquid
chromatography (HPLC) and fluorometry.

Materials and Methods

DNR and DOX were obtained, respectively, from Rhéne-Poulenc,
SA (Paris, France) and from Farmitalia-Benelux (Brussels,
Belgium). ACM and aklavinone were kindly provided by Dr. De
Jager from the Institut de Cancérologie et d’'Immunogénétique
(Paris, France). RPMI 1640 culture medium and fetal and newborn
calf sera were obtained from Gibco Biocult (Paisley, UK).

Cell Cultures. 11210 ascitic cells obtained from leukemic DBA,
mice were cultured in RPMI 1640 medium supplemented with 10%
fetal calf serum [26].

Accumulation and Release Experiments. 11210 cells were incu-
bated in 5-ml Falcon tubes in the presence of anthracyclines at a
concentration of 10ug/ml in the culture medium (4ml cell
suspension; 0.4—0.6 mg cell protein). They were then washed
twice with PBS at 4° C, centrifuged for 5 min at 1,500 rpm (IEC
centrifuge, rotor 253), and resuspended in 1 ml distilled water.

For the release experiments the washed cells were reincubated
in 4 ml drug-free fresh medium.

To allow us to study the effect of metabolic inhibitors on drug
accumulation and release, iodoacetate (1 mM) and antimycin A
(2 uM) were added to the culture medium [17].

Cell Fractionation Experiments. After incubation, the cells were
washed twice with 0.15M NaCl and resuspended in 0.25 M
sucrose, 3 mM imidazole at pH7.0. The homogenization, the
preparation of the post-nuclear supernatant (PNS), and the assays
of marker enzymes, proteins, and nucleic acids were performed as
described previously [26].

Drugs Analysis by HPLC. Anthracyclines were extracted from
biological samples by a chloroform-methanol (4is : 1, v/v) mixture,
as described previously [2]. Aliquots were injected into a
Hewlett-Packard liquid chromatograph fitted with a 250 X 4.6 mm
column prepacked with silica particles (Lichrosorb Si-60-7 u,
Merck, Darmstadt, FRG). Elution was performed with a mixture
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of chloroform-methanol-acetic acid and MgCl, 0.3 mM
(145:45: 8:7 by volume) at a flow rate of 1.2 ml/min. A Gilson
Spectro-glo flow fluorometer (Gilson, Middleton, USA) was used
as a detector, with excitation and emission filters of 480 and 560 nm
for ACM [16] and 520 and 600 nm for DOX and DNR [2].

Determination of the Partition Coefficients. The octanol/PBS
partition coefficients (K) of ACM, DNR, and DOX were
determined by measuring the optical density at 435 nm (ACM) and
475 nm (DNR and DOX) of the drugs in solution at 50 ug/ml in
PBS before and after extraction with an equal volume of
octanol.

Determination of the pKa of ACM. The pKa of ACM was
determined by titrating a solution of 20 mg ACM in 25 ml distilled
water with NaOH 1 mM and measuring the pH after each addition
of 0.5ml of NaOH.

Determination of the Binding Parameters of the Drugs to DNA. To
determine the binding parameters of ACM, DNR, and DOX to
herring sperm DNA (Type VII, Sigma Chemicals Co., St Louis,
MO, USA) we used a spectral titration method based on the
progressive hypochromic and bathochromic shifts induced by DNA
in the visible absorption spectra of the drug [19].

Incorporation of Radioactive Precursors. After incubation for
various periods of time with the anthracyclines, cells were washed
and reincubated in 1.0 ml medium containing either 1 uCi
[methyl-*H]thymidine 18—25 Ci/mmol or 1uCi [5-*H]uridine
25-30 Ci/mmol (New England Nuclear, UK) for 15 min. The cells
were then washed twice with the culture medium supplemented
with 10 mM cold nucleosides and precipitated with ice-cold TCA
(5% final concentration). The precipitate was washed twice with
TCA and resuspended in NaOH 1N. The radioactivity was
measured in a Packard model 2405 scintillator (Packard Instrument
Co. Inc., Downers Grove, IL, USA).

Results

The partition coefficient between octanol and phos-
phate-buffered saline for ACM, DNR, and DOX are
21.8, 3.3, and 0.5, respectively, while pKa values of
7.3 and 8.2 were determined for ACM and DNR,
respectively.

As indicated in Table 1, the affinity constants for
the in vitro binding of the three anthracyclines to
herring sperm DNA at 22° C and pH 7.4 are of the
same order of magnitude.

Table 1. Apparent binding parameters of the anthracyline drugs to
herring sperm DNA at 25° C in PBS buffer pH 7.4

Compound DNA binding parameters
Ka. 1075¢71 nmax.
Aclacinomycin 0.23 0.12
Daunorubicin 0.31 0.16
Doxorubicin 0.54 0.15
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Fig. 1. Time course of accumulation of anthracyclines by L1210
cells. Cells were incubated for various times at 37°C in the
presence of DNR (M), DOX (A) or ACM (@) each at a
concentration of 10 pg/ml. Drug accumulation was determined as
described in Materials and Methods. Results are expressed as pg
drug/mg cell protein. Mean * SD of three experiments
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Fig. 2. Release of anthracyclines by L1210 cells. Cells were first
incubated for 5 h in the presence of 10 ug/mi DNR (H), DOX (A)
or ACM (@), and then reincubated in a fresh medium for various
times. The remaining intracellular drug content is expressed as the
percentage of the cellular concentration before reincubation

The uptake of ACM, DNR and DOX by cultured
L1210 cells incubated in the presence of 10 ug
drug/ml is illustrated in Fig. 1.

The uptake of ACM occurs at a greater speed
than that of DNR and DOX, the maximal drug
concentration being reached after 30 min of incuba-
tion. In addition to the parent compound two
fluorescent metabolites were separated by HPLC.
The first one, which elutes like the aglycone of ACM,
increases rapidly up to 1 h, when it represents about
15% of the total drug. The second metabolite, as yet
unidentified, increases steadily during the incubation,
representing 20% of the intracellular fluorescence
after 10 h. The uptake of DNR is biphasic, with an
initial rapid phase followed by a slower one, while the
intracellular DOX levels increased steadily during the
assay.

Figure 2 illustrates the release of drug by cells
preincubated for 5h with the anthracyclines at 10
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Fig. 3. Effect of metabolic inhibitors on the accumulation and
release of ACM by L1210 cells. Cells were incubated in the
presence of ACM at a concentration of 10 pg/ml in the presence
(A) or absence (A) of inhibitors (iodoacetate 1 mM + antimycin A
2uM). Results are expressed as pg drug/mg cell protein.
Mean + SD of three experiments

ug/ml and incubated subsequently in 4 ml drug-free
medium. ACM is released to the highest extent,
about 60% excaping from the cells in less than
30 min. Between 30% and 40% of DNR is released
from the cells during the first 30 min, the intracellular
levels remaining stable thereafter. DOX does not
escape from L1210 cells during the first 2h of
reincubation. Similar results were obtained when
cells were preincubated with the drugs for only
30 min.

The accumulation and release of ACM in the
presence or absence of inhibitors is compared in
Fig. 3. The inhibitors have no significant effect on the
accumulation of ACM, but affect the release of the
drug very significantly during incubation of the cells
in a fresh medium.

The inhibition by the anthracyclines of the
incorporation of radioactive nucleotides in L1210
cells is illustrated in Fig. 4. After a preincubation of
1h with ACM, DNR, and DOX at 1pg/ml, the
incorporation of [*H]thymidine is inhibited to 48%,
23%, and 2%, respectively. The inhibition of incor-
poration of [*H]uridine is more rapid and extensive
with ACM than with DNR or DOX,

Cells incubated with anthracyclines for 5h were
then fractionated. Despite an adequate homogeni-
zation of the cells incubated with ACM, up to 18% of
phosphoglucomutase remains in the nuclear fraction,
and in the case of cells incubated with DOX, 26% of
DNA contaminates the PNS. Respectively, 91%,
1%, and 62% of ACM, DOX, and DNR was found
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Fig. 4. Inhibition of 3H-thymidine and *H-uridine incorporation by

anthracyclines. L1210 cells were incubated in the presence of ACM

(®), DOX (A) or DNR (M). The results are expressed as

percentages of the amount of *H-nucleotides incorporated in cells
incubated without any drug

Table 2. Percentage of drugs and marker enzymes found in the
nuclear fraction of 1.1210 cells incubated with the anthracyclines at
10 pg/ml

Cells incubated
in presence of

Percentage in
nuclear fraction

30min 5h 5h 5h
ACM ACM DNR DOX

. Drug 91 91 62 71
DNA 99 98 96 74
RNA 38 35 21 26
Cathepsin B 30 25 14 22
N-Acetyl-B-glucosaminidase 35 27 22 28
Cytochrome C oxidase 26 14 12 15
Inosine diphosphatase 22 20 15 18
Phosphoglucomutase 27 18 10 18
Proteins 46 45 33 37

in the nuclear fraction (Table 2). The PNS were
fractionated by isopycnic centrifugation in a sucrose
gradient. Figure 5 shows in the three columns A, B,
and C the frequency distribution of the drugs and of
the marker enzymes of lysosomes, plasma mem-
brane, cytosol, and the DNA of cells incubated in the
presence of ACM, DNR, and DOX, respectively.
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Inosine diphosphatase was used as a marker enzyme
for plasma membrane [26]. The distribution of DNR
is similar to that of the major peak of cathepsin B,
which equilibrates at a density of 1.17 g/cm3, corre-
sponding to intact lysosomes. The major part of DOX
can be associated to the DNA contaminating the
heavier fractions of the gradient. When L1210 cells
are incubated with ACM, the distribution of cathep-
sin B is shifted towards lower densities.

Figure 6 shows that when L1210 cells were
incubated for only 30 min with ACM the density of
the lysosomal enzymes was not modified. ACM has a
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bimodal distribution, one mode corresponding to the
lysosomal enzymes, with a peak density at 1.17 g/cm?,
while the other could correspond to the phospho-
glucomutase, with a peak density of 1.09 g/cm’.

In each fraction of the gradients, the percentage
of drug that could be attributed to either cytosol
(ACM) or DNA (DOX and DNR) and lysosomes has
been calculated according to a previously published
method [20]. Taking into account the results pre-
sented in Table 2, the following subcellular distribu-
tions have been calculated for the three anthra-
cyclines and shown ,in Table 3. DNR and DOX are
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Fig. 6. Distribution patterns of ACM, its aglycone, enzymes, and
constituents after isopycnic centrifugation in a sucrose gradient of
the PNS from L1210 cells. The cells were incubated for 30 min with
10 pg/ml ACM. Results are presented as described in Fig. 5

Table 3. Subcellular distribution of ACM, DNR, and DOX
accumulated by L1210 cells® .

Drug Percentage of drug associated to
Cytosol Lysosomes ADN
ACMP 2 6 91
DNR 0 36 64
DOX 0 7 88

2 L1210 cells were incubated for 5h with the anthracyclines at
10 pg/ml culture medium

b Of the ACM in the extract, 1% could not be attributed to either
the cytosol or lysosomes; and 5% of DOX could not be
attributed to either the DNA or lysosomes

associated to DNA and lysosomes, while ACM is also
present in small amounts in the cytosol. The aglycone
of ACM, aklavinone, has a distribution profile similar
to those of the lysosomal enzymes N-acetyl-3-glucos-
aminidase and cathepsin B.

Discussion

The retention of anthracyclines by various cell lines
has been explained by a leak and pump mechanism in
which the leak is the passive diffusion of the drugs
into the cells and the pump is an active outward efflux
[4,9, 18, 22]. The speed of uptake of drugs by cells is
therefore governed mainly by their lipophilic char-
acter, the more lipophilic drugs being taken up at a
greater speed [1, 24]. Figures 1 and 2 show that the
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speeds at which ACM, DNR, and DOX are taken up
and released by cultured L1210 cells are in parallel
with their lipophilicity, expressed as their octa-
nol/PBS partition coefficients.

The faster accumulation of ACM could explain
the more rapid inhibition of RNA and DNA synthesis
that has been observed (Fig. 3). We confirm in this
study that RNA synthesis is more markedly affected
than DNA synthesis by ACM [15, 25], while for DNR
and DOX the two synthesis pathways are similarly
inhibited.

The existence of an outward pump mechanism for
ACM is supported by the results of uptake and
release experiments in the presence of inhibitors of
cellular epergy production. For ACM the drug
uptake is greater in presence of antimycin and
iodoacetate and the efflux considerably slowed down,
as shown in Fig. 3.

The subcellular localization of the anthracyclines
will depend, on the other hand, on their affinity for
the acidic lysosomal compartment, since they are
weak bases, and on their binding affinity for
DNA.

According to the lysosomotropic theory [6], ACM
with a pKa of 7.3 should be trapped eight times more
rapidly and at lower levels in the lysosomes than
drugs like DNR and DOX, which have a pKa of 8.2
[3]. On the other hand, the in vitro affinity of ACM
for DNA is slightly lower than that of DNR and
DOX.

After incubation of 11210 cells for 5 h with ACM,
90% of the drug fluorescence is associated to the
nuclei. Our data confirm those of Seeber et al. [21],
who reported recently that 79% of ACM is found in
the nuclei of Ehrlich ascitic cells. The results conflict,
however, with those of Egorin et al. [8], who did not
find detectable drug fluorescence in the nuclei of
human neutrophils. But these latter data should be
interpreted with reference to the fact that the
fluorescence of ACM is extensively quenched in the
presence of DNA [7, 11]. Dissociation of the
anthracycline-DNA complexes and extraction of the
free drugs are therefore prerequisites for the analysis
of nuclear fractions.

The three anthracyclines studied display similar
subcellular localizations, with some quantitative dif-
ferences.

DNR enters the L1210 cells quite rapidly and is
not very actively metabolized intracellularly [2].
After 5h, the balance between the pKa and the
DNA-binding constant Ka is such that 64% and 36%
of the drug are found associated to the nuclei and to
the lysosomes, respectively (Table 3). The cytosolic
drug remains essentially as it is and is not extruded
too rapidly. The drug present in the cytosol can
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progress to fill the nuclei or/and the Iysosomal
compartments. Peterson and Trouet [17] have shown
that in fibroblasts the nuclear compartment is filled
more rapidly than the lysosomal compartment.
DOX, being the least lipophilic drug, enters the
L1210 cells more slowly than DNR and ACM. The
drug is trapped preferentially in the nuclei, and this
could result from its increased DNA affinity (greater
Ka, same pKa as DNR). After S h the steady-state
levels are not yet reached and the lysosomal reser-
voirs are only beginning to fill with DOX.

ACM is mainly associated to the nuclei, with a
very small proportion of the drug being found in the
cytosol (3%) and lysosomes (6%). This could partly
be explained by the lower pKa of ACM and
consequent lower affinity for the acid lysosomal
compartment. Despite the low concentration of
ACM in the lysosomes after 5 h of incubation, their
equilibrium density is decreased after isopycnic
centrifugation.

We have observed that ACM is metabolized
partly by L1210 cells, to a compound that behaves
like aklavinone and represents 15% of the intracel-
lular fluorescence after 1h. Another fluorescent
metabolite increases steadily with time and repre-
sents 20% of the fluorescence after 10 h of incuba-
tion. The biological importance of this drug metab-
olism in the cellular pharmacology of ACM should be
investigated.

It must be stressed that no appreciable anthra-
cycline levels could be associated with either the
mitochondria or the plasma membrane of cultured
L1210 cells; this does not exclude, however, the
possibility that very low amounts of drugs exert an
effect at these sites.

It remains to be established whether the distri-
bution properties of ACM are due only to its greater
lipophilicity and its reduced waste in the lysosomal
reservoir or its metabolism.
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