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Abstract—Detorubicin (DET), a semi-synthetic analog of daunorubicin, releases at
neutral pH doxorubicin (DOX) upon hydrolysis. DET enters faster than DOX into
the cultured L1210 cells and reaches higher intracellular levels. W hen the cells are
incubated for 120 min at pH 6.5, in spite of its rapid hydrolysis, one third of the
intracellular fluorescence was due to undegraded DET. DET, like the other
anthracyclines studied, is found associated intracellularly only to the lysosomes and
to the nuclei. Unchanged DET is found mainly inside the lysosomes where the drug
is stabilized, while DOX is found essentially associated to the nuclear DNA of L1210
cells. DET can therefore be viewed as an hydrophobic prodrug of DOX
characterized, however, by a distinct subcellular localization in 11210 cells.

INTRODUCTION

DETORUBICIN (14-diethoxyacetoxydaunorubicin;
DET) is a semi-synthetic analog of daunorubicin
[1] undergoing clinical trials for hematological
neoplasia [2]. At neutral pH DET releases
doxorubicin (DOX) upon hydrolysis and the drug
stability is increased at acidic pH or when DET is
complexed to DNA [3]. Despite its rapid
hydrolysis into DOX, DET is characterized by a
decreased overall toxicity and a greater potency
against the s.c. inoculated L1210 leukemia [3].
Recent results have also shown that DET is less
toxic than DOX for the hemopoietic pluripotent
and committed stem cells [4] and slightly less
cardiotoxic than DOX in the chronic rabbit test
developed by Jaenke [5]. The reduced cardio-
toxicity of DET has been attributed to a lower
uptake by the heart muscle cells [6].

To analyse the role played by DET hydrolysis
in its distinct pharmacologic and therapeutic
properties we have compared the cellular
pharmacology of DET and DOX in cultured
L1210 cells.

MATERIALS AND METHODS

DET and DOX were obtained, respectively,
from Rhoéne-Poulenc S.A. (Paris, France) and
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from Farmitalia-Benelux (Brussels, Belgium).
Stock solutions at 6 mg/ml for DOX and 7.2
mg/ml for DET in 0.1 M acetate buffer at pH 4.5
were further diluted with the culture medium
buffered at pH 6.5. DET or DOX were added to the
complete culture medium at an equimolar
concentration ranging between 10 and 85 uM.

L1210 ascitic cells obtained from leukemic
DBA, mice were cultured in RPMI 1640 medium
supplemented with 10% fetal calf serum [7].

For the accumulation experiments 4 ml of
L1210 cells (0.8-1 mg cell protein) were incubated
in 5 ml Falcon tubes at 37°C. After incubation the
cells were washed twice with ice-cold phosphate-
buffered saline (PBS) at pH 6.5, centrifuged for 10
min at 1200 rpm (IEC Centrifuge, rotor 253) and
resuspended in 1 ml distilled water.

The drugs and their fluorescent metabolites
were analysed on 0.1 ml aliquots by high-pressure
liquid chromatography (HPLC) and fluorometry
as described previously [8]. The proteins were
determined by the method of Lowry et al. [9].

For cell fractionation experiments, the cells
were washed twice with PBS pH 6.5 and
resuspended in 0.25 M sucrose, 3 mM imidazole
pH 7.0. The homogenization, post-nuclear
supernatant (E) preparation, and the assays for
marker enzymes, protein and nucleic acids were
performed as described previously [10, 111.

RESULTS

The ester bond in position C-14 of DET is
hydrolyzed releasing DOX as anthracycline.
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Fig. 1. Stability of DET in solution. DET solutions were
incubated at 37°C in 0.5 M acetate buffer at pH 4.5(O), culture
medium-buffered at pH 6.5 (®) and phosphate-buffered saline
pH 7.4 in absence (& A) and in presence of DNA
A———-A). After various times, the amounts of DET
remaining in the solution were determined by HPLC and
expressed as percentage of remaining DET.

Figure 1 shows the amount of DET remaining
unhydrolyzed after various periods of time at pH
7.4,6.5 and4.5. We have estimated a half-life value
of 24 min at pH 6.5 which is to be compared with
4.6 and 600 min at pH 7.4 and 4.5, respectively. At
pH 6.5, after 20 and 120 min incubation at 37°C,
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Therefore, all the incubation experiments were
performed with a medium at pH 6.5 to slow down
the hydrolysis of DET.

When cells are incubated for 20 min with
increasing concentrations of DET, the total level
of anthracycline fluorescence increases linearly
up to 85 uM (Fig. 2a). As determined by HPLC
and fluorometry, DET and its hydrolysis product,
DOX, account, respectively, for 40 and 44% of the
total intracellular fluorescence. The remaining
fluorescence is due essentially to the aglycone of
DOX (Fig. 2a). Cells incubated in the same
conditions in presence of DOX accumulate the
drug linearly up to 50 uM, and above this external
concentration the uptake seems to become
saturated (Fig. 2b). Only a small amount of
aglycone is measured by HPLC and fluorometry.

Figure 3 illustrates the uptake of DET and
DOX as a function of time when L1210 cells are
incubated in presence of the drugs at 85 uM. For
cells incubated in the presence of DET, the total
fluorescence reaches a plateau after 2 hr incuba-
tion. However, the parent drug, DET, levels off
after 30 min and thereafter the accumulation is
due mainly to its hydrolysis product, DOX.

Cells incubated with DOX accumulate the drug
more slowly, the levels reached are lower, and a
plateau level is not reached after 120 min.

L1210 cells incubated for 20 or 120 min in

respectively, 56 and 3% of DET remained intact. presence of DET or DOX (85 uM) were
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Fig.2. Intracellular uptake of detorubicin and doxorubicin by L1210 leukemia cells in vitro in function of the
drug concentrations. Cells were incubated at pH 6.5 for 20 min, washed twice with PBS at pH 6.5 and
resuspended in 1 ml water. Aliquots of 0.1 ml cell homogenate were added to 0.1 ml daunorubicin (internal
standard) at 2 pg/ml borate buffer pH 9.8 and 1.8 ml chloroform-methanol (4:1). After vortexing an aliquot of

the organic phase was injected into the HPLC. (a) Cells incubated with DET. @————@, DET; O

O,DOX;

@@, sum of the parent drug and its fluorescent metabolites. (b) Cells incubated with DOX. A——4,

DOX; A

A, sum of the parent drug and its fluorescent metabolites.



Cellular Pharmacology of DET in L1210 Cells

{a) )
DET (b DOX
10 =
£
9
o
g
E
=]
g
R i
o
+ .
1 L 1 1 i L 1
0 30 60 80 1200 30 60 90 120

minutes

Fig.8. Uptake of detorubicin and doxorubicin by L1210 cells in culture. Cells were incubated in 4 ml medium

supplemented with 10% foetal calf serum and buffered at pH 6.5. Afterincubation the cells were washed and the

drugs determined by flow fluorometry after HPLC. (a) L1210 cells incubated with DET at a concentration of 85

uM. &-——-@, DET; © O, DOX; @—@, sum of the parent drug and its fluorescent metabolites. (b)

L1210 cells incubated with DOX at a concentration of 85 uM. A A, DOX; A A, sum of the parent drug
and its fluorescent metabolites.
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homogenized and a post-nuclear supernatant (E)
was separated from a nuclear fraction (N). Table 1
gives the amount of anthracycline found in E and
N and the amount of fluorescence due to the
parent drug and their hydrolysis products.

After an incubation in presence of DET, the
nuclear fraction contained mainly DOX while the
parent drug DET reaches a comparable level in E
and N. After an incubation in presence of DOX
most of the drug is associated with the nuclear

Tablel. Subcellular distribution between the nuclear
fraction (N) and the postnuclear supernatant (E) of the
fluorescence in L1210 cells incubated 20 and 120 min
with DET or DOX at an external concentration of
85 uM at pH 6.5. Results are expressed in ug per mg cell

protein
20 min 120 min
Cells incubated E N E N
In presence of DET
DET 0.75 0.81 1.40 1.23
DOX 0.69 2.12 1.21 5.44
Aglycone 0.58 0.12 0.49 0.44
Total uptake 2.02 3.05 3.10 7.11
In presence of DOX
DOX 0.18 0.73 0.46 3.72
Aglycone 0.17 0.18 0.12 0.20
Total uptake 0.35 0.91 0.58 3.92

fraction and the total amount of drug accumulated
is lower.

The post-nuclear supernatant of cells incubated
for 20 min with DET was submitted to isopycnic
centrifugation. The distribution patterns of DET
and its metabolite DOX, DNA and some marker
enzymes are represented in Fig. 4. The distribu-
tion of DET is bimodal, the main part having a
distribution profile similar to that of the
lysosomal marker enzyme, N-acetyl-B-glucos-
aminidase, and the remaining being localized in
the heavy fractions of the gradient where the DNA
present in E is found. The DOX resulting from
the hydrolysis of DET is localized mainly in the
fractions of the gradient rich in DNA. After an
incubation of 120 min the distribution of DET is
still superposable to that of the lysosomal enzyme
and the distribution pattern of DOX corresponds
closely to the distribution of the nuclear
contaminating DNA (results not shown).

The distribution pattern of DOX, DNA and
marker enzymes for cells incubated for 20 min in
presence of DOX is shown in Fig. 5. DOX was
found in increasing concentrations in the heavier
fractions of the gradient, where the DNA present
in E is also found.

The percentage of drug present in E which
could be attributed to the lysosomes and the DNA
has been calculated, assuming biochemical
homogeneity for the two components [10].
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Distribution patterns of DET, its metabolite DOX, marker enzymes and DNA in the post-nuclear

supernatant of L1210 cells incubated for 20 min with DET at an extracellular concentration of 85 uM at pH 6.5.

The frequency (ordinate) is AQ (Q X Ad), where DQ is the amount of constituent in the fraction, Q is the total

amount of constituent in all fractions and A8 is the density increment for each fraction (0.0133). Filled areas
represent the amount of constituent equilibrating at densities below 1.07 and above 1.27, respectively.
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Distribution patterns of DOX, marker enzymes, proteins and DNA in the post-nuclear supernatant of

L1210 cells incubated for 20 min with DOX at an extracellular concentration of 85 uM at pH 6.5.

The percentage of total anthracycline (A)
which can be attributed either to N-acetyl-B-
glucosaminidase (L) and to DNA (D) in each
fraction is given by the relation: A=x-L+y'D,
where x and y are the fraction content in
lysosomal enzymes and DNA, respectively.
Solving the equation for each fraction of E gives

the repartition of DET and DOX between the
lysosomes and DNA (Table 2).

The amount of anthracycline associated to
DNA present in E has been added to the amount
present in the fraction N to afford the true
distribution of the drugs between the lysosomes
and the nuclei (Fig. 6). After incubation in
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Table 2. Percentage of DET or DOX, in the post-nuclear supernatant,
attributed to lysosomes (N-acetyl-B-glucosaminidase) and DNA

Incubation time

20 min 120 min
Lysosomes DNA Lysosomes DNA
In presence of DET
DET 61 39 98
DOX 22 78 39 61
In presence of DOX
DOX 19 81 39 61

N
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Fig. 6. Lysosomal and nuclear distributions of DET and

DOX in L1210 cells incubated for 20 and 120 min at an

extracellular drug concentration of 80 uM. The results are

corrected for the DNA content in the post-nuclear fraction as

explained in the text and expressed in ug drug/mg protein. B,
DET; 8, DOX; O, aglycone.

presence of DET, the nuclear concentration is
greater than the concentration reached in the
lysosomes. In the nucleus the majority of the
anthracycline is in the form of the hydrolysis
product, DOX, while in the lysosomes intact DET
is found predominantly. When the cells are
incubated in presence of DOX, the drug levels in
both the nucleus and the lysosomes are lower than
after incubation in presence of DET, the nucleus
being, however, the main site of accumulation of
DOX.

DISCUSSION

In cultured L1210 cells DET accumulates more
rapidly and reaches higher intracellular levels
than DOX. At pH 6.5 and assuming that 1 mg cell
protein corresponds to 5 ul [12] we can calculate
that after 1hr indubation the intracellular

concentrations of DET and DOX are, respectively,
30 and 20 times higher than those of the
extracellular ones.

In the conditions chosen, it has not been
possible to avoid the hydrolysis of DET into
DOX. However, it has been slowed down and after
20 min more than 50% of the drug remained
intact, while at pH 7.4 only 5% of DET remained
as such. After incubation in presence of DET, the
intracellular level of unmetabolized drug increases
up to 30 min (Fig. 3). This could be due only toan
intracellular protection of DET from hydrolysis.
Previous results [3] have shown that such a
protection could result from a complex formation
with DNA or an acid pH (Fig. 1) and results from
Figs 4 and 6 show that the drug is in fact
distributed only between the lysosomes and the
DNA. No DET was found associated to the
mitochondria or to the plasma membrane, which
does not preclude but reduces drastically the
probability that the drug does play a role at those
sites.

Our results confirm the general trend observed
for the subcellular localization of various
anthracyclines such as DNR [13, 14], DOX [7],
ACM [7] and N-L-leucyl-DNR [15], which are
found associated intracellularly only to the
lysosomes and to the nuclear DNA in cultured
fibroblasts [13, 14], L1210 cells [7], Ehrlich ascites
cells [16] and rat myocardial cells [17]. The
subcellular localization of the anthracyclines is
affected quantitatively by the balance between
their pK,, their DNA-binding constant K, and
their hydrophobicity. The hydrophobicity modu-
lates the speed with which the anthracyclines
enter the cells by permeation and therefore the
cytosolic concentrations [7, 14, 18]. Therefore, the
faster uptake of DET by cells could be related to its
greater lipophilicity. The lysosomal localization
could be explained by the weak base character of
the anthracyclines and the acidity of the
lysosomes [19, 20]. The nuclear localization
results from the high affinity of the drugs for the
DNA, which is due to the intercalation of the
planar aglycone moiety between bases pairs of
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DNA and the stabilization of the intercalation by
an ionic bond between the positively charged
amine function of the daunosamine and a
negatively charged phosphate group of the DNA
[21].

Previous results on the accumulation of DNR
and DOX in cultured fibroblasts have shown that
the nuclei becomes more rapidly saturated than
the lysosomes [14]. Results from Fig. 6 indicate
that DET, like DOX, saturates first the nuclei.
There the parent drug is slowly converted into
DOX and after 2 hr of incubation more than 78%
of the fluorescence in the nuclei is under the form
of DOX. The protection from the hydrolysis is
better in the lysosomal compartment since there
the amount of intact DET increases up to2 hr and
represents at that time more than 61% of the
intralysosomal drug fluorescence.

The higher potency of DET, as compared to
DOX, on the s.c. inoculated L1210 murine
leukemia [3] could be related to the greater
lipophilicity, the higher rate of uptake and the
higher nuclear concentration reached by DET in
the target cells. The greater lipophilicity allows
the drug to cross more easily the biological
membranes separating the blood from the target
cells and therefore to reach higher levels in the
vicinity of the tumor cells. The decreased
chemotherapeutic activity of DET, as compared

to DOX, against the L1210 leukemia inoculated
iv. could be due to the more rapid plasma
clearance of DET [3].

In conclusion, our results show that despite a
rapid hydrolysis DET has a different subcellular
distribution than its hydrolysis product DOX.
Unchanged DET is found mainly inside the
lysosomes where the drug is stabilized, while
DOX is found essentially associated to the nuclear
DNA of L1210 cells. The subcellular localization
of various anthracyclines is therefore the same
qualitatively, they distribute only between the
lysosomes and the nuclei and only quantitative
differences are observed resulting from differences
in the pK,, DNA-binding affinity K, and
lipophilicity of the various anthracyclines.

The potentialities of DET as lipophilic
anthracycline which generates both in vitro and
in vivo DOX remain to be investigated in the case
of brain tumors. Higher anthracycline levels
could accumulate in the brain due to better
crossing of the blood brain barrier by this
lipophilic anthracycline.
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