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Abstract-The apparent subcellular distribution of adriamycin (ADM) was 
investigated in the liver and primary or metastatic tumor tissue of C57BL/6 mice 
bearing i.m. 3LL. ADM was measured by a fluorimetric assay in the various cell 
components, nuclei(N), mitochondria (MT), microsomes (M) and soluble fraction 
of cytoplasm (SF), either in vitro at various times of incubation or in vivoafterdrug 
injection. In both experimental conditions more than 50%ofADM accumulated in 
nuclei, whereas only a proportionally low amount of drug has recovered in the 
other fractions. However, a progressive increase in the percentage of drug stored in 
M and particularly in MT was noted in vivo in both liver and tumor, reaching in 
MT 3 times the starting amount on a percentage basis 24 hr after drug treatment. 
The elimination half-life of ADM was consistently longer in MT and M than in 
nuclei and total liver, suggesting that M and particularly MT have a higher 
capacity than nuclei to retain the drug. Work is in progress to evaluate w hether this 
higher ADM accumulation at these subcellular sites is related to higher specific 
affinity or more persistent binding, like covalent binding to macromolecules, 
possibly accounting for the mitochondrial injury usually observed after treatment 
with ADM. 

INTRODUCTION 
ADRIAMYCIN (ADM) is an anthracycline anti- 
biotic with therapeutic activity against a variety of 
neoplasms [l-3]. It unfortunately also has a 
number of undesirable toxic side-effects [4-71. 

Characterization of its pharmacokinetics and 
pharmacodynamics has been the object of a series 
of experimental and clinical studies. It was found 
that the drug rapidly leaves the blood compart- 
ment and accumulates to a large extent in tissues 
[S-11]. In vitro, the ADM concentration in 
different normal or tumoral cell lines is higher 
than the extracellular concentration, depending 
on the dose, time of contact and exposure 
conditions [12-151. 

As regards transport across the cell membrane, 
inward diffusion and active efflux have been 
postulated by Peterson and Trouet [16] and 
Skovsgaard [15]. 

It has been also reported that the cytotoxic 
activity of ADM on different cell lines in vitro or 
tumor systems in viuo cannot always be correlated 
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to the total intracellular amount or tissue content 
of drug [13, 17, 181; whether a different sub- 
cellular localization, i.e. different concentrations 
of ADM at intracellular targets, explains 
differences in response is not yet known. 
Therefore studies characterizing ADM sub- 
cellular localization may prove helpful in 
clarifying its cellular pharmacology and con- 
sequently its mode of action. 

On account of the reported high affinity of 
ADM for nucleic acids and its capacity for 
intercalating with DNA [19,20], the studies 
described in the literature, either in uitro on 
cultured cell lines [21,22] or in viva on tissues of 
ADM-treated animals [23,24], concentrate on 
identifying and quantitating drug localization to 
nuclei, mainly neglecting other subcellular 
structures. These studies have shown that more 
than 60% of the intracellular ADM content is 
actually localized in the nuclei, though a small 
part was also found in lysosomes [21]. A recent 
report by Blanchard et al. [25] on the subcellular 
localization of ADM in rat heart ventricles after 
i.v. perfusion, while confirming the major 
association to nuclear DNA, considered the 
possibility that a small part of drug might be 
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found in mitochondria as well as lysosomes. This of 0.00018 M CaCl, in 0.25 M sucrose, pH 7.4, and 
may be relevant in relation to the mitochondrial layered over 20 ml of 0.00018 M CaCl, in 0.35 M 
injury observed [26-291 as a result of ADM sucrose, pH 7.4. The mixture was centrifuged for 
treatment. 10 min at 700g. 

This report describes an in viuo and in vitro 
study comparing the apparent subcellular distri- 
bution of this anthracycline antibiotic in various 
cell components corresponding to the nuclear, 
mitochondrial, microsomal and soluble fractions 
of cytoplasm of normal or neoplastic tissue cells 
of mice; the liver was chosen as representative of a 
normal host tissue and the Lewis lung carcinoma, 
primary or metastatic, is the tumor tissue. 

These operations were repeated three times and 
the final pellet represented the nuclear fraction 
(N); the three supernatants were combined and 
called ‘wash’ (W). 

MATERIALS AND METHODS 
In vivo 

The supernatant obtained from the first 
centrifugation (S,) was centrifuged for 10 min at 
5000 g. The supernatant (S,) was transferred to a 
second tube and the pellet resuspended in 5 ml of 
0.25 M sucrose, pH 7.4, and centrifuged for 10 min 
at 24,OOOg. This operation was repeated twice. 
The remaining pellet represented the mito- 
chondrial fraction (MT). 

C57BL/6 male mice obtained from Charles 
River, Italy were used for these experiments. The 
experimental tumor employed was the Lewis 
lung carcinoma (3LL) implanted intramuscularly 
(2 X lo5 cells/O.1 ml/mouse). Intravenous im- 
plantation (10’ cells/O.1 ml/mouse) was utilized 
when a large amount of metastatic material was 
required. 

The combined supernatants obtained from the 
isolation of mitochondria and S2 were made up to 
a volume of 35 ml and centrifuged for 70 min at 
50,OOOg. The pellet thus obtained represented 
microsomes (M) and the final high-speed 
supernatant was called soluble fraction (SF). 

Mice received a single i.v. dose (15 mg/kg) of 
adriamycin and subcellular fractionation was 
performed 1, 2, 24 and 48 hr after this injection. 

In vitro 
In uitro studies with 3LL cells were carried out 

by incubating 7 X lo6 cells obtained by mech- 
anical disruption of a 14-day-old i.m. SLL, 
weighing about 2 g, in 2 ml of phosphate buffer 
(pH 7.4 and osmolality 285 mosm/kg) in the 
presence of ADM (10 pg/106 cells) at 37°C for 5 or 
30 min. At the end of incubation 8 ml of ice-cold 
buffer were added and the tubes were centrifuged 
for 10 min at 200g at 4°C. The resulting pellets 
were washed with phosphate buffer, resuspended 
in 5 ml of 0.25 M sucrose (pH 7.4) and processed 
for fractionation as described hereafter. 

The subcellular preparations were identified 
and their purity checked, as suggested by other 
authors for liver [32] or for tumor tissues [32-341, 
by measuring the protein content [35] together 
with the content of some biochemical markers 
associated with the various particles, i.e. lactate 
dehydrogenase (LDH) for the soluble fraction (kit 
by Boehringer), succinic dehydrogenase (SDH) 
for the mitochondrial fraction [36] and aniline 
hydroxylase for the microsomal fraction [37], in 
each subcellular fraction. DNA contamination in 
the cytoplasmic;mitochondrial and microsomal 
fraction was verified by the assay described by 
Burton [38] and was found to be within the ranges 
described for DNA content in the extranuclear 
fractions [39]. 

ADM assay 

Subcellular fractionation 
Liver and neoplastic tissue obtained imme- 

diately after decapitation of mice, and tumor cells 
obtained after incubation, were homogenized for 
2 min in 10 vol. of 0.25 M sucrose, pH 7.4, using a 
glass homogenizer with a Teflon pestle (Bellco 
Model, average clearance 0.010-0.015 cm) driven 
by an electric motor at approximately 1000 
rev/min. 

ADM was measured after treating the sub- 
cellular fractions with 33% AgN03 to release 
DNA-bound drug, and extraction with n-butyl 
alcohol [40]. Recovery was 70 + 3% and sensitivity 
was 0.02 pg/ml, corresponding to 0.7 pg/soluble 
fraction or nuclear washing of 1 g tissue, and to 
0.02 pg/mitochondrial, microsomal or nuclear 
preparation of 1 g tissue. 

The method of fractionation described by 
Hogeboom [30] was then applied, with some 
modifications [31]. Ten milliliters of the homo- 
genate (1 g or 7 X lo6 cells) was layered over 10 ml 
of 0.34 M sucrose, pH 7.4, and centrifuged for 10 
min at 700g. The supernatant (S,) was removed 
and the resulting pellet was resuspended in 10 ml 

The drug concentrations are actually ADM 
equivalents as n-butyl alcohol extracted both the 
primary compound and its metabolic derivatives. 
A scanning fluorescence technique [41,42] was 
utilized to check the relative contributions of 
unchanged ADM and metabolites to the total 
fluorescence. In agreement with observations in 
tissues of ADM-treated mice [9], where un- 
metabolized ADM present in the total drug 
fluorescence amounted to approximately lOO%, 
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only traces of the reduced ADM metabolite 
adriamycinol were found in the cell fractions of 
the liver or tumor tissue after in vivo treatment, as 
reported by Blanchard et al. for the heart ventricle 
[25]. 

Therefore in our conditions total fluorescence, 
mostly associated with the unchanged com- 
pound, can be taken as an estimate of the ADM 
content. The half-life of ADM disappearance 
from the various fractions was calculated by linear 
regression analysis according to the least-squares 
method. 

the nuclear fraction (59-77% of the drug 
recovered). In the liver the percentage was lower at 
the higher drug dose as if the nuclei had become 
saturated. Fifteen to seventeen percent of ADM 
was found in the nuclei wash; the lower the 
percentage of drug found in the nuclei the higher 
was the proportion in the wash. 

In both tissues the mitochondrial and micro- 
somal fraction together concentrated less than 
10% of the total ADM fluorescence recovered, the 
percentage in microsomes appearing to increase 
as a function of the dose. 

RESULTS 
The apparent in vivo subcellular distribution 

profile of a drug obtained by ultracentrifugation 
techniques may be significantly affected by 
redistribution artifacts arising in the course of 
fractionation [43]. To check whether any such 
artifacts were involved in the case of adriamycin, 
we added the compound to liver or 3LL metastatic 
cells in the homogenizer (Fig. 1). The concentra- 
tions of ADM were chosen in order to 
approximate the drug concentrations found after 
therapeutic doses in vivo in the liver and tumor, 
with 5-10 times higher levels observable in the 
liver ([9]; see also Tables 2 and 3). 

With the same percentages of .4DM in the 
nuclear material of liver and tumor cells, the 
relative drug amount bound to the mitochondrial 
and microsomal preparation of tumor cells 
seemed slightly less, probably because of the 
frequently altered content of these organelles in 
neoplastic tissues. 

If intact 3LL cells are incubated in vitro in the 
presence of ADM (Table 1 ), as much as 26% of the 
initial starting fluorescence concentration of the 
medium is recovered in the cells after 30 min 
incubation. Of this amount more than 90% is 
present in the nuclear fraction and its wash and 
less than 5% altogether is found in mitochondria 
and microsomes. 

The drug distribution pattern in the sub- After 30 min incubation no marked shifts in the 
cellular fractions was very similar for liver and percentages of the drug in the various fractions are 
tumor; in the range of the three ADM observable compared to the 5-min picture. The in 
concentrations tested, ADM fluorescence distri- vivo disposition in the different subcellular 
buted from the soluble to the particulate fractions fractions of the residual drug in the liver and 
to a varying extent, being found predominantly in tumor tissue of SLL-bearing mice treated with 

N MT M SF N MT M SF MT i+ SF 

Fig. 1. Distribution pattern insubcellularjractionsjrom the liverand3LL lung lumorojadriamycinadded in 
the homogenizer. The columns indicate mean valuesof Zexperiments, each based on 3samples for the liverand 
values of pooled me&static tissue from 6 mice 23 days after i.m. transplant for pulmonary 3LL. Values refer to 
the percentage rt S.E. of ADM found in each fraction (the sum of the ADM conlenl in the 5 fractions prepared 
from the same liver was made equal to 100%). Adriamycin recovery from the various fractions was 74% in the 
tumoral tissue, and 75 and 82% respectively for the 25 and 100 pg/g doses in the liver. N = 0 nuclei, ??= wash, 

MT = mitochondria, M = microsomes, SF = soluble fraction. A = metastalic SLL; B and C = liver. 
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Table 1. Distribution pattern of ADM in the 
subcellular fractions of 3LL cells incubated in vitro in 

the presence of the drug 

Incubation (min) 

Percentage 
distribution in: 

N* MT M SF 

- 94.0 2.3 1.7 2.0 
5 96.0 1.0 1.1 1.9 

30 96.3 0.9 1.2 1.6 

3LL cells (3.5 X 106/ml) from an i.m. tumor were incubated at 
37VZandpH7.4 in thepresenceofADM(10 /zg/106cells). After 
30 min incubation ADM fluorescence recovered in intact cells 
amounted to 26% of the starting fluorescence. The figures are 
the average of 2 samples. The sum of the ADM content in the 
four fractions was made equal to 100%. N= nuclei, 
MT = mitochondria, M = microsomes, SF = soluble fraction. 
*Washing of nuclei is included in this value, as separation of 

nuclei from their wash was not technically possible. 

observed in the in vitro profile, accumulated the 
drug much less than the liver and no drug was 
detectable in the soluble fraction of 3LL 
metastases when the animal was treated. How- 
ever, the ADM fluorescence recovered in M and 
particularly in MT of either hepatic or neoplastic 
tissue seemed to increase as a percentage with 
time, reaching 13.7 and 7.5% in the MT of liver 
and tumor respectively 24 hr after treatment, 
compared to 5.5 and 2.7% 1 hr after treatment. 
The same trend, although less marked, was 
observable in M of both tissues. 

ADM was investigated at different times after 
administration (Tables 2 and 3, Fig. 2). The 
concentration in the nuclear fraction amounted to 
more than 70% of the total ADM fluorescence, and 
the percentage seemed to decrease in the liver 
around 24 hr after treatment. In the nuclei of the 
neoplastic tissue at the same time there was no 
substantial reduction in the relative ADM 
content. 

The distribution pattern in terms of absolute 
concentrations of ADM in the various liver 
fractions (Fig. 2) as compared to the drug content 
in the liver prior to fractionation indicated that 
the drug disappearance rate, while similar in 
whole liver and nuclei, was slower in the 
mitochondrial and microsomal fractions. Calcu- 
lation of the elimination half-life for the different 
subcellular sites indicated a t!, of 19.8 and 16.2 hr 
respectively for MT and M compared to 12.5 and 
12.3 hr for the whole liver and nuclei, thus 
suggesting a longer persistence of ADM in MT 
and M. 

DISCUSSION 

The fractions representing mitochondria and Previous studies on the subcellular distribution 
microsomes in the tumoral tissue, as already of ADM have shown that the drug does not 

Table 2. In vivo subcellular distribution profile of adriamycin in the liuer of C57BL/6 mice 
after i.v. injection of 15 mg/kg 

Time after 
treatment 

Liver concentration 

@g/g) 

Percentage distribution in: 
N W MT M SF 

Added in the 
homogenizer 
60 min 
2 hr 
24 hr 
48 hr 

25 

90.6 + 0.01 
67.9 f 5.4 
14.2 + 1.1 
6.6 f 0.2 

73.7 f 4.7 15.7 4.2 + 1.4 3.0 * 0.05 3.3 f 0.01 

72.2 f 0.01 14.7 5.5 f 0.9 3.3 f 0.3 4.4 f 0.4 
71.5 + 6.2 15.9 6.1 f 0.3 3.5 f 1.5 3.0 f 0.3 
56.3 f 1.7 26.7 13.7 f 0.9 4.2 f 0.04 n.d. 
49.3 f 8.4 36.9 9.5 + 1.1 4.3 f 0.16 n.d. 

n.d. = not detectable. Figures are mean values f S.E. of 2 experiments, each with 2 mice per time. The sum of 
the ADM content in the 5 fractions of the same liver, which was made equal to lOO%, represents 75.4% of the 
concentration in the liver at 0 min, 64% at 60 min, 71% at 2 hr, 71% at 24 hr and96% at 48 hr. N = nuclei, 
W = wash, MT = mitochondria, M = microsomes, SF = soluble fraction. 

Table 3. In vivo subcellular distribution profile of ADM in the 3LL pulmonary tumor after 
i.v. injection of 15 mg/kg 

Time after 
treatment 

Added in the 
homogenizer 
60 min 
24 hr 

Pulmonary 3LL concentration 

@g/g) 

15 

11.4 f 0.7 
6.5 f 1.5 

Percentage distribution in: 
N W MT M SF 

74.1 15.2 2.4 1.6 6.7 

70.3 25.0 2.7 2.0 n.d. 
67.0 23.2 7.5 2.3 n.d. 

n.d. = not detectable. Figures are mean values of 2 samples of pooled metastatic tumor from 6 mice per time. 
The sum of the ADM content in the 5 fractions of the same tumor tissue, which was made equal to lOO%, 
amounted to 56% of the concentration in 3LL metastases at 0 min, 62% at 60 min and 70% at 24 hr. 
N = nuclei, W = wash, MT = mitochondria, M = microsomes, SF = soluble fraction. 
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LIVER 

N 
W 

MT 

M 

1 2 24 4‘0 hr 

Fig. 2. In vivo subcellular distribution of adriamycin in the liver of C57BL/6 mice after iv. injection of 
15 mg/kg. Figures are mean values + S.E. of 2 experiments, each with 2 mice per time. N = nuclei, 

W = nuclei wash. MT = mitochondria, M = microsones, SF =soluble fractton. 

distribute uniformly throughout the cell, but is 
stored preferentially in the nuclear fraction 
[21-231. Our findings, obtained in vitro and also 
in z&o in tumor and liver excised from drug- 
treated mice at different times after administra- 
tion, lend consistency to this observation. 

The high affinity of ADM for DNA [12] and its 
specific inhibitory effect on nucleic acid synthesis 
[14] might explain the very rapid, large-scale 
localization of ADM in the nuclear fraction 
(assuming that all the drug found is bound to 
nucleic acids), and this seems relevant in relation 
to the described intercalation with DNA [19,20]. 
However, our results suggest that neoplastic and 
normal cells behave somewhat differently in 
accumulating and retaining the drug at the 
nuclear site. In spite of quantitatively similar 
nuclear storage of ADM, its cellular pharmaco- 
kinetics differ in liver and tumor cells with some 
apparent selectivity for neoplastic cells. In fact, 
24 hr after treatment the nuclear ADM, as a 
percentage, shows a tendency to decrease in the 
liver, but no changes are evident at the same time 
in the neoplastic tissue, in good agreement with 
the faster disappearance rate of ADM observed in 
the liver as a whole compared with tumor tissue 
(see Tables 2 and 3; Broggini et al. [9]). This 
different capacity to retain the compound in the 
nuclei of normal and tumoral cells may be related 
to a different efflux of ADM from the nuclear 
membrane in the two types of cells and certainly 
merits further investigation. In this regard the 
active outward transport of ADM through the 
nuclear membrane, which may have been 
postulated similarly to the plasma membrane 
[15, 161, could be impaired because of energy 
deficiency in tumor cells [33]. 

Mitochondria, microsomes and the soluble 

fraction of cytoplasm are storage sites for only a 
small part of ADM and this cannot be accounted 
for by the DNA contamination in the various 
fractions. Around 15% of the total ADM recovered 
in the cells is present in the extranuclear fractions, 
and this proportion is even less when neoplastic 
cells are taken into consideration, possibly 
because of their altered microsomal, mito- 
chondrial and cytoplasmic content. 

A progressive increase in the percentage of drug 
bound to microsomes, particularly to mito- 
chondria, is noted in z&o in both liver and tumor 
tissue, reaching a peak (on a percentage basis) 
24 hr after drug treatment, when the percentage of 
nuclear concentration of the ADM residual begins 
to decrease, at least in the liver. At this time the 
percentage of drug recovered in mitochondria of 
the two tissues is about 3 times the starting 
amount. 

That the ADM retention capacity of mito- 
chondria and microsomes is proportionally 
higher than for nuclei is further indicated by the 
consistently longer elimination t+ from MT and 
M compared to nuclei and total liver. This in turn 
can be ascribed to different efflux rates through 
the various cell membranes. 

In view of the fact that MT and M constitute 
only a small part of the cell volume, the amount of 
ADM in these fractions would appear higher if the 
concentrations were expressed per unit volume. 

The finding of a higher percentage accumula- 
tion of ADM in time in these cytoplasmic 
organelles is compatible with an actual ADM 
localization at these sites and reduces the 
possibility that the ADM measured is accounted 
for by the presence of nuclear DNA or lysosomes, 
which, as described by other authors [22,25], 
should play a role in retaining the compound. A 
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drug’s higher specific affinity or more persistent 
binding may be postulated in view of recent 
reports by our group giving evidence for the 
existence of more stable binding to different cell 
structures, in particular covalent binding to 
macromolecules, proteins and nucleic acids 
[44,45]. 

Whether the differential accumulation of ADM 
in the various cell fractions is in any way related to 
its reported interaction with phospholipids 
[46,47] and to a different membrane composition 
of the various organelles remain to be established. 
The high concentration of cardiolipin in the 
inner membrane of mitochondria and ADM’s 
high affinity for this phospholipid could account, 
at least in part, for the high concentration and for 

alterations [7,26,27] and inhibition of DNA 
synthesis in MT [28] have been shown to occur 
after drug treatment, MT are considered targets of 
the toxic or therapeutic effects of ADM [48]. Severe 
drug-induced injury to this cell organelle may 
therefore be related to ADM’s higher affinity for 
MT binding sites. 

What relationship, if any, the intracellular 
location of this drug has to its accumulation by 
intact normal or neoplastic cells and to its ability 
to induce cytotoxicity needs further investigation. 
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