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Abstract. We have examined the subcellular localization of doxorubicin and evaluated the 
effect of fatty acid modification on specific intracellular localization. L12 10 leukemia cells 
enriched with docosahexaenoic acid (22:6) or oleic acid ( 18: 1) were incubated with radiolabeled 
or unlabeled doxorubicin. After equilibration the cells were ruptured and the subcellular frac- 
tions were isolated by differential centrifugation and sucrose gradient separation. The doxorubi- 
cin localized primarily in nuclei, as expected, but appreciable amounts were also detected in 
mitochondria and smaller amounts in plasma membranes, microsomes, and cytoplasm. Sub- 
cellular distribution of another anticancer drug which binds to DNA, mitoxantrone, was simi- 
lar. There were increased amounts of doxorubicin contained in the nuclei and all organelles of 
the 22:6-enriched cells. Although polyunsaturated fatty acid modification influenced the total 
amount of doxorubicin in fractions, the relative distribution of drug among the fractions was 
not different from that of the 18: l-enriched and unmodified cells. We conclude that enrichment 
with polyunsaturates influences total drug uptake but not proportional distribution of doxo- 
rubicin. 0 1988 Society for Experimental Biology and Medicine. 

Doxorubicin and related anthracyclines 
are important antitumor drugs used to treat 
many human tumors. We have previously 
reported that enrichment of the cellular 
phospholipids of L 12 10 murine leukemia 
cells vvith polyunsaturated fatty acids results 
in heightened sensitivity to the cytotoxic ef- 
fect of doxorubicin (1, 2). Furthermore, cel- 
lular doxorubicin accumulation is much 
greater by polyunsaturated-enriched cells as 
compared with those enriched in monoun- 
saturates (2). However, the intracellular 
locus of this extra drug taken up is not 
known. Selective localization could explain 
the heightened sensitivity to the cytotoxic 
action of doxorubicin. In fact, little is known 
about the quantitative organelle-specific in- 
tracellular binding of anthracyclines. The lo- 
calization of the incremental drug might also 
indicate the target site for the drug’s action 
which still remains in some question (3). 
Since the drug must bind to its major target 
site to be cytotoxic, we hoped to gain insights 
by examining to which organelles it bound in 
cells whose drug sensitivity had been experi- 
mentally modified by fatty acid enrichment. 

Methods. Cell culture and fatty acid modi- 
$cation. L1210 murine leukemia cells were 
grown in suspension culture in medium con- 

sisting of RPMI 1640 (Grand Island Biologi- 
cal Co., Grand Island, NY), 5% fetal bovine 
serum (KC Biologicals Inc., Lenexa, KS), 
with gentamicin sulfate (40 pg/ml) at 37°C 
in a humidified atmosphere of 5% C02-9596 
air. Modification of the fatty acid composi- 
tion was accomplished as previously de- 
scribed (1, 4). Briefly, the cells were grown 
for 48 hr in medium supplemented with 32 
puM docosahexaenoic acid (22:6) or oleic acid 
(1 8: 1) (Nu Check Prep., Inc., Elysian, MN). 
Characterization of gradient fractions with 
nuclear, mitochondrial, microsomal, and 
plasma membranes was accomplished as 
previously described (5). The fatty acid com- 
position of the fractions, has been reported 
(5) .  Briefly, the nuclei, mitochondria, plasma 
membranes, and microsomes of cells grown 
in media supplemented with 22:6 contained 
elevated amounts of polyunsaturated fatty 
acids (2.0- to 3.3-fold), especially 22:6 (22- to 
43-fold), and greater mean number of double 
bonds (1.5- to 2.8-fold) compared to cells 
grown in 18:l. 

Subcellular fractionation. L 1 2 10 cells were 
disrupted and the fractions were separated 
using Method I of Tsai et al. (6) except for 
the following modifications: (a) Cells sus- 
pended in homogenizing fluid were passed 

455 

0037-9727/88 $1.50 
Copyright 0 1988 by the Society for Experimental Biology and Medicine. 
All rights reserved. 



456 SUBCELLULAR DISTRIBUTION OF DOXORUBICIN 

through a 25-gauge needle (30 strokes) for 
disruption. (b) The pellet and supernatants 
combined from two consecutive centrifuga- 
tions of homogenate at 1300g for l min were 
utilized. (c) Both discontinuous gradients 
were made by placing 14 ml of 30% sucrose 
over 7 ml of 45% sucrose. (d) The nuclear 
fraction was further purified using 54% (2 
M )  sucrose gradients. The total fraction was 
taken up in 8% (0.25 M )  sucrose and this was 
placed above a 54% sucrose layer and centri- 
fuged at 58,OOOg for 30 min. Nuclei were 
recovered from the pellet (7). Aliquots were 
taken at each step of the procedure and saved 
for doxorubicin assays and total protein (8). 

Drug localization studies. L 12 10 cells were 
washed and resuspended at 2 X 106/ml in 
normal saline containing 4 pM doxorubicin. 
Concentrations were chosen based on our 
previous studies (2). This concentration 
which is near the upper level of pharmaco- 
logic plasma levels was optimal for use of 
fluorescence detection of intracellular drug. 
Doxorubicin was extracted by placing an ali- 
quot of each fraction into 1.5 ml acid-alco- 
hol [concentrated H2S04 :propanol:water 
(1 57523.5, v/v/v)] in an Eppendorf tapered 
microfuge tube and vortexing vigorously. 
The fluorescence of the supernatant from a 
3-min 15000g centrifugation was deter- 
mined on a Perkin-Elmer fluorescent spec- 
trophotometer (Model 203 and Xenon lamp 
Model 150) with excitation at 470 nm and 
emission of 585 nm (2). Quinine was used as 
a standard to calibrate the instrument. 

Studies to determine doxorubicin by a ra- 
diolabeled method were done similarly ex- 
cept that the cells were incubated with drug 
at 0.4 pM, a concentration shown to give 
uptake plateau at 60 min based on our pre- 
vious study using radiolabelled drug (2). 
[ 14C]Doxorubicin labeled at the 14-carbon 
position was synthesized by Research Trian- 
gle Institute (Research Triangle Park, NC) 
and was generously provided by the Drug 
Synthetic and Chemical Branch, National 
Cancer Institute, through arrangements by 
Dr. Rudge Haugwitz. The purity of the doxo- 
rubicin, which was >90%, was verified ini- 
tially and at intervals thereafter, using thin- 
layer chromatography (9). The specific activ- 
ity was adjusted to 10.6 Ci/mole in the final 
incubations. After 1 hr incubation, the cells 

were washed with ice-cold normal saline and 
resuspended in homogenizing medium. Sub- 
cellular fractions were generated at 4°C as 
described above. To assess [ ''C]doxorubicin 
content, an aliquot of each fraction was 
placed in a scintillation vial containing 5 ml 
Budget-Solve scintillation fluid (RPI, Mt. 
Prospect, IL) and radioactivity was deter- 
mined on a Beckman LS 3 100 scintillation 
spectrometer. Differences were compared 
statistically using the t test. 

Subcellular distribution studies of [ 14C]- 
mitoxantrone( 1,4-dihydroxy- 5 , 8 -  bis[(2-((2- 
hydroxyethyl)amino)ethyl)amino] - 9,lO- 
anthracenedione dihydrochloride) were per- 
formed using drug kindly supplied by 
American Cyanamid Co. (Pearl River, N Y ) .  
It was received as a powder (48 Ci/mole), 
constituted with distilled water and frozen at 
-70°C in aliquots until use. Purity was 99% 
as determined in our laboratory (10). The 
experimental time and concentration of drug 
used for loading the cells were chosen from 
our previous studies (10). 

Results. Su bcellular doxorubicin dist rib u- 
tion-fluorescence. The distribution of drug 
within the various fractions was first deter- 
mined by a fluorescence assay. Figure 1 
shows the results for the homogenate and 
five major discrete fractions from 18: 1- and 
22:6-enriched L 12 10 cells. The homogenate 
of the 22:6-enriched cells contained 2.5-fold 
more drug fluorescence compared to the 
18: 1 -enriched cells. This difference was ex- 
pected from the studies of drug uptake by 
intact fatty acid enriched cells which showed 
a 1.2- to 2.3-fold increase of cell associated 
drug with 22:6-enriched compared to 18: 1- 
enriched cells (2). Of the fractions, the great- 
est amount of doxorubicin was contained in 
the nuclear fraction. The doxorubicin in the 
nuclei of the 22:6-enriched cells was more 
than twofold higher than that in the 18:l- 
enriched cells. Although not statistically sig- 
nificantly different, the drug contained in the 
other fractions was higher in the 22:6- 
enriched cells in each case except the cytosol 
which contained only trace amounts of 
doxorubicin in either cell type. 

Studies of doxorubicin distribution in in- 
tracellular sites were also carried out on un- 
modified cells. The fatty acid composition of 
these cells is similar to those grown in 18: 1 - 
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FIG. 1. Subcellular doxorubicin distribution. L 12 I0 
cells were incubated in medium containing 4 pM doxo- 
rubicin. The washed chilled cells were ruptured and the 
subcellular fractions were separated. The fractions were 
placed in acid-alcohol and centrifuged, and the super- 
natants were read in a fluorescent spectrophotometer. 
Shown are the means -t SE in pmole/mg protein of five 
to six separate determinations. Of the fractions separated 
from the homogenate there was a significantly different 
value of 22:6- vs 18: I-enriched cells only for the nuclei 
(P < 0.05). HOMO, homogenate; NUCL, nucleus; 
PNH, post-nuclear homogenate; MITO, mitochondria; 
PM, plasma membrane; MIC, microsomes; CYTO, cy- 
toplasm. 

supplemented medium [4]. The relative dis- 
tribution of drug into the various fractions 
was similar to the fatty acid modified cells. 
For example, doxorubicin expressed as 
pmole/mg protein was four- to fivefold 
greater in nuclei than in post-nuclear homog- 
enate. Likewise, the drug in the mitochon- 
dria fraction was twofold greater than either 
plasma membrane or microsome fractions 
and only small amounts were detected in cy- 
toplasm. 

Subcellular doxorubicin distribution-Ra- 
diolabeled drug. In planning these studies, 
there was some concern that there might be 
loss of drug from subcellular fractions during 
the washing procedure. Therefore, we re- 
peated the studies, determined the amount of 
doxorubicin in each wash, and added that 
amount to the value obtained for the corre- 
sponding fraction. In order to perform this 
type of study, radiolabeled drug was used to 
allow detection of small amounts of drug in 
the wash media. The results of these studies 
are shown in Table I. When the results are 
expressed as percentage distribution of re- 
covered drug, there was no difference in the 
22:6- versus 18: 1 -enriched cells. The only 
difference which was statistically significant 

was the proportion of drug in the microsome 
fraction. We doubt that it is of much biologic 
importance since there is only a small 
amount of drug in this fraction and the dif- 
ference between 22:6- and 18: 1 -enriched 
cells is relatively small. In Table I the content 
is expressed as percentage drug recovered per 
fraction and shows that more total doxorubi- 
cin was contained in the post-nuclear ho- 
mogenate fraction (75%) than in the nuclear 
fraction (25%). However, when values were 
corrected for amount of protein recovered 
from each fraction, the nuclear fraction 
showed the greatest enrichment of drugs 
(Fig. 1). 

Subcellular mitoxantrone distribution. 
Because of the paucity of studies in the litera- 
ture on subcellular drug distribution per- 
formed on enzyme-characterized gradient- 
separated fractions, we studied the dis- 
tribution of another DNA-binding drug, 
mitoxantrone, in order to compare drug dis- 
tribution and recovery with that of doxorubi- 
cin. [ ''C]Mitoxantrone was incubated with 
unmodified L1210 cells and fractions were 
separated as with doxorubicin. When ex- 
pressed as recovered drug per milligram of 
organelle protein, the greatest amount of mi- 

TABLE I. RELATIVE SUBCELLULAR DISTRIBUTION 
OF DOXORUBICIN 

Fraction enriched for 22:6 18:l 
~ 

Distribution in homogenate" 
Post-nuclear homogenate 73.2 k 5.6 76.4 k 5.6 
Nuclei 26.8 k 5.6 23.6 k 5.6 

Distribution in nuclei-free 
homogenateb 

Mitochondria 51.6 k 14.1 47.3 f 1.4 
Plasma membrane 30.8 f 16.5 20.7 f 2.0 

Cvtosol 6.9 f 1.3 6.7 k 2.4 
Microsomes 10.7 k 1.4 26.0 f 0.9 

Note. L1210 cells were incubated with ['4C]doxorubicin (0.4 
pM, 10.6 Ci/mole) for 1 hr and washed with ice-cold media. The 
cells were disrupted and the fractions were separated using su- 
crose gradients. Radioactivity was determined in each fraction 
and to this was added the radioactivity in the two washes of each 
fraction. Shown are values expressed as a percentage of recov- 
ered radioactivity. The values are the means and SE of three 
separate determinations. 

" Percentage calculated on basis of total radioactivity recov- 
ered from homogenate. 

Percentage calculated on basis of total radioactivity recov- 
ered from sucrose gradient. 
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toxantrone was recovered in the nuclear 
fraction (Table 11). This distribution is simi- 
lar to that of doxorubicin (Fig. 1). From 
these studies, we conclude that the general 
patterns of distribution and recovery of mi- 
toxantrone and doxorubicin are similar. 

Discussion. The data on the subcellular 
location of this important anthracycline an- 
ticancer drug indicate that polyunsaturated 
fatty acid enrichment increases the amount 
of doxorubicin contained in the nuclei. Al- 
though only the nuclei contained statistically 
more doxorubicin, every particulate fraction 
of the 22:6-enriched cells was numerically 
higher in drug content than the correspond- 
ing fraction of the 18: 1-enriched cells. The 
higher absolute levels of accumulated drug in 
the nuclear fraction of the 22:6-enriched cells 
allows for more biochemical and physical in- 
teraction at the target site and likely leads to 
the heightened cytotoxic susceptibility ( 1, 2). 
However, when the percentage distribution 
of the drug was examined, none of the frac- 
tions of the 22:6-enriched cells accumulated 
more drug than the corresponding fraction of 
the 18: 1 -enriched cells. 

The other important finding of this study 
relates to the subcellular localization of 
doxorubicin per se. The majority of the drug 
expressed per milligram of protein was con- 
tained in the nucleus and mitochondria with 
small amounts in plasma membrane, micro- 
somes, and cytosol, regardless of fatty acid 

TABLE 11. SUBCELLULAR DISTRIBUTION 
OF MITOXANTRONE 

Mitoxantrone concentration 

Fraction pmole/mg pmole/ 1 O8 cells 

Homogenate 63 + 17 595 f 179 
Post-nuclear 

homogenate 57 k 13 501 f 138 
Nuclei 117 + 22 1 6 k  3 
Mitochondria 86 k 36 3 7 +  15 
Plasma membrane 5 0 k  11 6 k  2 
Microsomes 50+ 13 5 *  1 
Cytosol 1 5 +  2 68 + 5 

Note. L12 10 cells (unmodified) were incubated with 
['4C]mitoxantrone (4 pM, 48 Ci/mole) for 30 min and 
washed with ice-cold media. The cells were disrupted 
and the fractions were separated as described in text and 
Table I. Values are means and SE of three separate deter- 
minations. 

composition. We recognize that disruption 
of the cells may lead to redistribution of 
drug. We did see some evidence of recovery 
anomalies in sucrose gradient fractions (vida 
infra). Our observations should be inter- 
preted with these possible limitations in 
mind. 

Previous studies have reported certain 
aspects of intracellular drug localization. In- 
vestigators using fluorescence microscopy 
have demonstrated that doxorubicin local- 
izes primarily in cell nuclei of cultured 
L12 10 cells (1 I), human lymphoblasts and 
fibroblasts ( 12), and normal cells ( 13). Small 
amounts were detectable in cytoplasm of 
liver and kidney. However, quantification of 
fluorescence in various intracellular loca- 
tions was not possible using the cytofluores- 
cent technique, nor is it possible to distin- 
guish drug associated with particular cyto- 
plasmic organelles. Johnson et al. ( 14), using 
radiolabeled drug, compared doxorubicin 
uptake into two fractions by separating ly- 
sates into pellet and supernatant fractions 
using a 1 OOOg for 15 min centrifugation. In 
these L5 178Y lymphoblasts, greater than 
75% of the drug was localized in the pellet 
which was not characterized biochemically. 
Most studies of nuclear binding of anthracy- 
clines using different detection techniques 
have been done by incubating drug with iso- 
lated nuclei ( 15, 16). 

The 18: 1 -enriched cells serve as a control 
cell for comparison with the polyunsatu- 
rated-rich cells. We have previously demon- 
strated that cells grown in media enriched in 
18: 1 are similar in fatty acid composition 
and physical properties to unmodified cells 
(4). We avoided the use of unmodified cells 
in any detail in the current study because 
such a comparison of modified and unmodi- 
fied cells would not take into account the fact 
that only one of the cell types would have 
been exposed to exogenous supplemented 
fatty acid in the media. However, for the ob- 
servations on subcellular distribution they 
represent a reasonable approximation to un- 
modified cells since they are similar in fatty 
acid composition (4), cholesterol and phos- 
pholipid content (4), membrane order (4), 
culture doubling time ( 1 ), cloning efficiency 
(l), and doxorubicin sensitivity (1). 

One limitation of our approach concerned 
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doxorubicin recovery. The [ ''C]doxorubicin 
studies of Table I in which the wash media 
was taken into account were carried out to 
minimize unaccounted-for drug. After the 
initial separation of homogenate into nuclei 
and post-nuclear fractions, about 80% of the 
drug was recovered. This indicates that our 
conclusion regarding the nuclei as a major 
site of intracellular distribution of doxorubi- 
cin of Fig. 1 expressed as drug per milligram 
protein can be reached with high confidence. 
However, of the total drug contained in the 
post-nuclear homogenate, only 32% was 
usually recovered in subsequent fractions 
from sucrose gradients. This should not be 
confused with the values of Table I which 
express percentage distribution of recovered 
drug. The gradient separations were carried 
out as quickly as possible and the tempera- 
ture was kept low in order to minimize loss 
of drug. However, in spite of these efforts, 
only about one-third of the drug in the post- 
nuclear fraction could be accounted for. The 
recovery of mitoxantrone was also similar in 
that there was satisfactory accounting for the 
drug after the initial separation into nuclear 
and post-nuclear fractions (87%), but poor 
recovery of the gradient fractionation of the 
post-nuclear fraction (23%). If there was se- 
lective loss of drug or if the drug redistributed 
into fractions which did not contain it in the 
intact cell, then the results regarding the drug 
in the separate fractions of the post-nuclear 
homogenate could be misleading. 

In our study which allows quantification 
of drug in fractions enriched for various or- 
ganelles, we found considerable drug local- 
ized with the mitochondria marker. This 
doxorubicin may be bound to mitochondria1 
membranes. Doxorubicin binds preferen- 
tially to cardiolipin which is found pre- 
dominantly in mitochondrial membranes 
( 17- I. 9). Averbuch et al. (20) used a radiola- 
beled photoactive anthracycline analogue to 
demonstrate a low molecular weight poly- 
peptide which binds doxorubicin in the mi- 
tochondria of P388 leukemia cells. However, 
in those studies homogenates rather than in- 
tact cells were incubated with drug. It is pos- 
sible that the physical effects which the drug 
is known to exert on plasma membranes 
may also pertain to some extent to this or- 
ganelle. 

There is considerable evidence that doxo- 
rubicin has a pharmacologic effect on plasma 
membranes [3]. Yee et al. (2 1) used photoaf- 
finity labeling to demonstrate that daunoru- 
bicin, a related anthracycline, photoincor- 
porated into cell surface protein but not 
DNA. This drug localizing to plasma mem- 
brane may explain the known effect of doxo- 
rubicin on fluidity (22), lectin-mediated cell 
agglutination (22, 23), liposome fusion rate 
( 19), and prostanoid production (24). Our 
study indicates that 15-20% of the recovered 
drug localized in and presumably bound to 
the membrane fractions enriched for 5'-nu- 
cleotidase, the plasma membrane marker. 
Although this is a small amount compared 
with that contained in nuclei, it would ap- 
pear to be enough to exert a physical or 
chemical effect on a sensitive target. That 
some appreciable amount of drug is found in 
the fraction enriched in 5'-nucleotidase sup- 
ports the possibility that plasma membranes 
could be an important target of the drug's 
cytotoxic action. 

This investigation was supported by PHS Grant CA 
31526 awarded by the National Cancer Institute, De- 
partment of Health and Human Services, data analysis 
using the Clinfo system by Grant RR59 from the Gen- 
eral Clinical Research Centers Program, Division of Re- 
search Resources, NIH, and by the Eagles Art Ehrmann 
Cancer Fund. 

1 .  

2. 

3. 

4. 

5. 

6. 

Guffy MM, North JA, Burns CP. Effect of cellular 
fatty acid alteration on Adriamycin sensitivity in 
cultured L1210 murine leukemia cells. Cancer Res 

Burns CP, North JA. Adriamycin transport and sen- 
sitivity in fatty-acid modified leukemia cells. Bio- 
chim Biophys Acta 888: 10- 17, 1986. 
Tritton TR, Hickman JA. Cell surface membranes 
as chemotherapeutic target. In Muggia FM, Ed. Ex- 
perimental and Clinical Progress in Cancer Chemo- 
therapy. Boston, Nijhoff, pp81-131, 1985. 
Guffy MM, Rosenberger JA, Simon I, Burns CP. 
Effect of cellular fatty acid alteration on hyperther- 
mic sensitivity in cultured L 12 10 murine leukemia 
cells. Cancer Res 42:3625-3630, 1982. 
Burns CP, North JA, Mossman CJ, Ingraham LM. 
Modification of the fatty acid composition of L 12 10 
leukemia subcellular organelles. Lipids 23:6 15-6 18, 
1988. 
Tsai C, Chen K, Canellakis ES. Isolation and char- 
acterization of the plasma membrane of L 12 10 cells. 
Iodination as a marker for the plasma membrane. 
Biochim Biophys Acta 401:196-212, 1975. 

44: 1863- 1866, 1984. 



460 SUBCELLULAR DISTRIBUTION OF DOXORUBICIN 

7. 

8. 

9. 

10. 

1 1 .  

12. 

13. 

14. 

15. 

16. 

17. 

Awad AB, Spector AA. Modification of the Ehrlich 
ascites tumor cell nuclear lipids. Biochim Biophys 
Acta 450:239-25 1 ,  1976. 
Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. 
Protein measurement with the folin phenol reagent. 
J Biol Chem 193:265-275, 195 1 .  
Riggs CE, Benjamin RS, Serpick AA, Bachur NR. 
Biliary disposition of adriamycin. Clin Pharmacol 
Ther 22:234-24 1 ,  1977. 
Burns CP, Haugstad BN, North JA. Membrane 
transport of mitoxantrone by L 12 10 leukemia cells. 
Biochem Pharmacol36:857-860, 1987. 
Egorin MJ, Clawson RE, Cohen JL, Ross LA, Ba- 
chur NR. Cytofluorescence localization of anthra- 
cycline antibiotics. Cancer Res 40:4669-4676, 
1980. 
Krishan A, Israel M, Modest EJ, Frei E 111. Differ- 
ences in cellular uptake and cytofluorescence of 
adriamycin and N-trifluoroacetyladriamycin- 14- 
valerate. Cancer Res 36:2114-2116, 1976. 
Egorin MJ, Hildebrand RC, Cimino EF, Bachur 
NR. Cytofluorescence localization of adriamycin 
and daunorubicin. Cancer Res 34:2243-2245, 1974. 
Johnson BA, Cheang MS, Goldenberg GJ. Compar- 
ison of adriamycin uptake in chick embryo heart 
and liver cells and murine L5 178Y lymphoblasts in 
vitro: Role of drug uptake in cardiotoxicity. Cancer 
Res 46:2 18-223, 1986. 
Skovsgaard T. Transport and binding of daunorubi- 
cin, adriamycin ,and rubidazone in Ehrlich ascites 
tumour cells. Biochem Pharmacol 26:2 15-222, 
1977. 
Krishan A, Ganapathi R. Laser flow cytometric 
studies on the intracellular fluorescence of anthra- 
cyclines. Cancer Res 40:3895-3900, 1980. 
Duarte-Karim J, Ruysschaert JM, Hildebrand J. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

Affinity of adriamycin to phospholipids. A possible 
explanation for cardiac mitochondria1 lesions. Bio- 
chem Biophys Res Commun 71: 658-663, 1976. 
Goormaghtigh E, Chatelain P, Caspers J, Ruys- 
schaert JM. Evidence of a specific complex between 
Adriamycin and negatively-charged phospholipids. 
Biochim Biophys Acta 597: 1 - 14, 1980. 
Murphree SA, Murphy D, Sartorelli AC, Tritton 
TR. Adriamycin-liposome interactions: A magnetic 
reasonance study of the differential effects of cardio- 
lipin or drug-induced fusion and permeability. Bio- 
chim Biophys Acta 691:97-105, 1982. 
Averbuch SD, Glover CJ, Felsted RL. Anthracy- 
cline photoaffinity labeling of mitochondria1 poly- 
peptide in P388 murine leukemia cell lines. Cancer 
Res 46:6 120-6 124, 1986. 
Yee G, Carey M, Tritton TR. Photoaffinity labeling 
of the sarcoma 180 cell surface by daunomycin. 
Cancer Res 44: 1898- 1903, 1984. 
Murphree SA, Tritton TR, Smith PL, Sartorelli AC. 
Adnamycin-induced changes in the surface mem- 
brane of sarcoma 180 ascites cells. Biochim Biophys 
Acta 649:3 17-324, 198 1 .  
Hwang KM, Sartorelli AC. Use of plant lectin in- 
duced agglutination to detect alterations in surface 
architecture of sarcoma 180 caused by antineoplas- 
tic agents. Biochem Pharmacol 24: 1 149- 1 152, 
1975. 
Ohuchi K, Levine L. Adnamycin stimulated canine 
kidney (MDCK) cells to deacylate cellular lipids and 
to produce prostaglandins. Prostaglandins Med 
1:433-439, 1978. 

Received January 29, 1988. P.S.E.B.M. 1988, Vol. 188. 
Accepted April 19, 1988. 


