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Summary. Experimental data on the pharmacokinetic,
toxic and therapeutic properties of daunorubicin-DNA
and doxorubicin-DNA complexes are reviewed and sum-
marized as well as the available reports on clinical trials
performed with these anthracycline-DNA complexes.
These results are discussed in view of the further

development of the drug-carrier concept of cancer che-

motherapy.

Introduction

In this review we will attempt to summarize and to dis-
cuss the data available on the DNA-anthracycline (dau-
norubicin and doxorubicin) complexes seen from an ex-
perimental and a clinical standpoint. We will try to draw
some provisional conclusions about the advantages and
disadvantages of the DNA complexes, discuss the re-
sults in view of the lysosomotropic or drug-carrier con-
cept [23] and finally enumerate some guidelines for the
development of improved drug-carrier complexes.

Experimental Data

Experimental chemotherapeutic activity of daunorubicin
(DNR) and doxorubicin (DOX) can very clearly be in-
creased by administering the drugs in combination with
high molecular weight DNA [8, 9, 24, 25]. The main
therapeutic results, obtained in L 1210 leukemia, have
shown that DOX-DNA is significantly more active than
DNR-DNA.

The increase in activity observed with the DNA
complexes, however, is only significant in tumor cells
which are sensitive to DNR or to DOX. Binding to
DNA does not make it possible for drug resistance to be
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overcome, and experiments on an L 1210 cell line, less
sensitive to DOX, did not show a great improvement in
the drug activity after binding to DNA [1].

After intravenous (IV) administration into mice,
only the toxicity of DOX is reduced, in terms of LD,
while the overall toxicity of DNR-DNA is equal to that
of DNR [9]. DNR-DNA is more toxic in mice against
the hemopoietic stem cells than DNR, while the effect of
DOX-DNA is somewhat lower than that of DOX [9,
26].

These important differences between DNR-DNA
and DOX-DNA are difficult to understand on the basis
of the very comparable affinity of DNR and DOX for
DNA, as determined in vitro [20]. They can be ex-
plained, however, on the basis of the distinct pharmaco-
kinetic properties of the two DNA complexes 9, 26].
DNR-DNA is indeed unstable in the bloodstream after
IV injection and is very rapidly dissociated into free
DNR and DNA. DNR-DNA behaves much more like a
slow-release prodrug of high molecular weight. The
higher plasma levels obtained by combining DNR with
DNA might explain the higher chemotherapeutic activ-
ity, while the availability of free DNR in the blood-
stream helps to determine why the complex is as toxic as
the free drug. In contrast, DOX-DNA seems to leave
the bloodstream as a complex and thus better meets the
requirements of a stable drug-carrier. The very much
increased plasma levels achieved with DOX-DNA com-
bined with a better stability of the complex might ex-
plain both its increased activity and its decreased toxic-
ity. To understand a decreased toxicity in presence of
increased drug levels, we must assume that normal cells,
like hemopoietic stem cells, take up less DNA-com-
plexed DOX than free drug. DNR-DNA, being a high
molecular weight prodrug of DNR and being slowly re-
leased in the bloodstream, can be compared with rubid-
azone, which turns out to be a low molecular weight
prodrug of DNR (3], with distinct toxic and therapeutic
properties.
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We have to point out also that for DNR-DNA,
DOX-DNA, and rubidazone as well, there is a signifi-
cant decrease in accumulation of the drugs by heart tis-
sue [3, 6, 9]. This observation gives experimental sup-
port in favor of the decreased cardiotoxicity of anthra-
cycline-DNA complexes [11, 12], if, as we can expect,
this toxicity is related to the amount of drug accumu-
lated in the heart.

Although DOX-DNA is a stable complex in the
bloodstream, we cannot determine the exact mode of its
penetration into cells. The results obtained in vivo and in
vitro on cultivated cells are compatible with a penetra-
tion of the complex by endocytosis with an intralysoso-
mal hydrolysis of DNA and a release of the drug. Other
mechanisms of entry, however, cannot be excluded and
should carefully be investigated. DOX could first be re-
leased from its carrier in the extracellular space by de-
oxyribonucleases secreted by the cells or present at their
surface. But, most important, DOX could dissociate
from DNA by a dilution effect and this latter possibility
has to be considered very carefully in view of the data
[20] indicating that most of DNR and DOX is released
from carrier DNA when the concentration of the DNA
complex in the medium and in presence of serum ap-
proaches or falls below 0.1 ug/ml (expressed as drug
concentration). This means that when the concentration
of DOX-DNA in the extracellular and interstitial spaces
approaches or falls below 0.1 ug/ml, DOX will be re-
leased as a free drug and enter cells as such. As a conse-
quence, it is possible that a drug uptake through endocy-
tosis could occur in tissues where the extracellular con-
centration of the complex is high and where cells are
directly or very closely in contact with the bloodstream
(bone marrow, spleen, liver). An uptake of drugs could
occur simultaneously by diffusion in the tissues where
the extracellular concentration of the complexes is very
low. This latter situation is likely to occur in tissues
where the passage of the complex from the bloodstream
to the interstitial space is very slow because of capillary
barriers relatively impermeable to high molecular weight
DNA.

Similar considerations are valid for interpreting the
experiments studying the interaction (drug uptake; cyto-
toxicity) of DNA-bound drugs and cells in vitro [2, 4,
19, 21]. At a drug DNA concentration exceeding 0.1 ug
of drug/ml, the effects analyzed will concern most prob-
ably the interaction of cells with DNA-bound drugs,
while at lower concentration, effects of free drug re-
leased from DNA will be studied.

Clinical Data

In the last few years, a variety of clinical results ob-
tained with anthracycline-DNA complexes have been
reported [5, 7, 10, 13—18, 22], but only recently have

results been published about randomized trials [5,
10].

In agreement with the results obtained on L 1210
leukemia, it appears that given in combination with
other drugs in acute lymphoblastic leukemia, DOX-
DNA is significantly more active than DNR-DNA in
giving long-term remissions [10]. No significant differ-
ences could be found between DNR and DNR-DNA
during the treatment of acute nonlymphoblastic leuke-
mia when given in combination with cytosine arabino-
side [10]. On the other hand, DOX-DNA seems to be as
active as DOX in the treatment of bronchogenic carci-
noma [5].

Fragmentary data indicate moreover that very good
results can be obtained with DOX-DNA in the treat-
ment of acute nontymphoblastic leukemia and of a vari-
ety of childhood solid tumors [15], of metastatic breast
carcinoma [16], and of non-Hodgkin lymphomas [18].

From the experimental results and the available clini-
cal data, it is obvious that what is urgently needed is a
randomized study of the activity of DOX-DNA in var-
ious hematologic neoplasia, with special emphasis on
acute nonlymphoblastic leukemia. A variety of solid tu-
mors, such as breast carcinoma, should be studied simi-
larly.

The toxicity of DOX-DNA and DNR-DNA seems
to be very similar to that of the free drug as far as the
bone marrow, the gastrointestinal tract, and the muco-
sae are concerned. It is becoming more and more evi-
dent, however, on the basis of the 588 patients treated
with DNA complexes, that the cardiotoxicity of DNR
and of DOX can be reduced when administered in com-
bination with DNA. Of these patients, 54 received a
cumulative dosis of DOX exceeding the critical dosis of
550 mg/m?, and no cardiac failures related to the admin-
istration of DOX were observed. In 16 patients who
received more than 500 mg of DOX-DNA/m?, Lie et al.
[15] could not find any heart lesions at autopsy.

No evidence has been reported concerning the oc-
currence of allergic reactions and the presence of anti-
DNA antibodies.

Conclusions

The experimental results show clearly that the toxicity
and the chemotherapeutic activity of DNR and DOX
can be modified by associating these drugs with high
molecular weight DNA. The most stable complex is ob-
tained in vivo with DOX, and this DOX-DNA combi-
nation gives the most striking experimental results,
yielding both lower toxicity and higher therapeutic effi-
ciency. The clinical data clearly suggest that the activity
of DNR and DOX is not decreased by association with
DNA, and that their cardiotoxicity could be reduced.
But systematic trials with DOX-DNA are needed in
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order to determine whether this complex reaily has a
therapeutic advantage over DOX.

It is also evident that a lot of research and develop-
ment is needed in order to obtain a drug-carrier complex
which would be truly ‘tumor cell specific’. We can sum-
marize the lines of further research in this difficult, but
promising, field as follows:

1. Development of drug-DNA complexes with a
higher in vivo stability. Preliminary results obtained in
our laboratory with detorubicin-DNA suggest that this
complex is more stable than DOX-DNA.

2. Development of linkage methods enabling drugs
to be bound covalently to a variety of carriers. Such a
bind should be stable in vivo and enable the drug to be
released in an active form by physical (pH) or enzymat-
ic processes at the target site, i.e., after endocytosis.

3. Suitable carriers which interact selectively with
tumor cells should be looked for or synthesized [23].
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