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A B S T R A C T  

When used as drug carriers, anionic l iposomes can reduce 
the chronic cardiac toxici ty and increase the ant i leukemic 
activity of doxorubic in (DXN; Adriamycin).  Cont inuing investi- 
gations, reported here, have now establ ished the therapeut ic 
benefi ts of this mode of drug delivery. L iposome encapsulat ion 
caused a prolonged elevation in DXN plasma levels and a 2- 
fold reduct ion in the exposure of cardiac t issue to the drug. 
This reduct ion, however, was not proport ional  to the substantial 
decrease in chronic heart toxici ty observed in the earl ier study. 
In v ivo studies have demonstrated that the entrapped drug 
retains its full activity against Sarcoma 180 and signif icantly 
increases its action against Lewis lung carcinoma, as measured 
by reduced tumor volume. The increased ant ineoplast ic activity 
was again not proport ional to the increased associat ion of drug 
with tumor  tissue. The effect of l iposome entrapment  on the 
immune-suppressive activity of DXN was also examined to 
determine if factors other than the di rect  del ivery of drug to 
tumor tissue might improve the therapeut ic  response. The 
suppression of the humoral immune response and peripheral 
leukocyte counts by free DXN was nearly abol ished when the 
drug was administered in the l iposome form. These exper i -  
ments suggest that the improved therapeut ic  effect of encap- 
sulation may be the outcome of three dif ferent mechanisms: 
(a) altered disposit ion into subcel lu lar compartments,  which 

reduces cardiotoxici ty;  (b) increased plasma drug exposure to 
tumor cells; and (c) signif icant reduct ion in the immune sup- 
pressive activity of DXN. 

INTRODUCTION 

The broad spectrum of the ant i tumor activity of DXN 4 has 
made it a widely used cancer chemotherapeut ic  agent (6, 9). 
Its therapeut ic potential has been limited, however, by both its 
chronic cardiac toxici ty (1 6, 1 7, 1 8, 1 9) and its severe immune 
suppression (28, 29, 32). Structural  analogues (5, 8), combi-  
nation therapy with potential ly protect ive compounds (1, 27), 
and special ized drug carr iers (2, 26, 31) for DXN have been 
examined in an effort to extend its therapeut ic  benefits. Pre- 
vious investigators have reported that, when used as drug 
del ivery vehicles, anionic l iposomes can minimize the chronic 
cardiac toxici ty of DXN while maintaining or improving its 
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ant i leukemic effect (1 1 ,21  ). The Sarcoma 1 80 and Lewis lung 
carc inoma tumor models have been used to compare the 
chemotherapeut ic  activities of DXN-l iposomes and free drug. 
The relative uptake for free and entrapped DXN by leukemic 
cells and solid tumor tissues has also been determined. In 
addit ion, we now report  that l iposome entrapment reduces the 
immune suppressive effect of DXN as measured by hemagglu-  
t inating ant ibody titers. 

M A T E R I A L S  A N D  M E T H O D S  

Preparation of Liposomes. DXN, phospholipids, and cholesterol 
were purchased from Sigma Chemical Co. (St. Louis, Mo.). All com- 
pounds were tested for purity by thin-layer chromatography using 
methods described previously (10). The lipids were found to be pure 
or to contain only trace amounts of cholesterol. DXN was found to be 
pure on silica gel thin-layer chromatography under conditions used 
previously for the separation of DXN from its metabolites (30). A 2-step 
method, described in an earlier report (10), has been used in order to 
avoid the precipitation of a DXN-phosphatidyl serine complex which 
has been found to occur with direct mixing in a one-step procedure. 
Briefly, a complex of DXN and PC is formed by adding a solution of the 
drug (8 mg/ml) in 0.077 M NaCI to the dried lipid in a DXN:PC molar 
ratio of 1:2. This mixture is warmed in a water bath to 45-50 ~ and 
sonicated until clear (about 5 min) under nitrogen atmosphere using a 
needle probe sonicator (Braun Sonic, 1410) set at 100 watts. The 
complex is then added to a dried mixture of PC, phosphatidylserine, 
and cholesterol at a molar ratio of 0.6:0.2:0.3 per mol of DXN. This 
second liposome suspension is also sonicated at 1 O0 watts for 5 min. 
Entrapped DXN is separated from unentrapped drug by gel filtration on 
Sephadex G-50 eluting with 0.154 M NaCI. With this procedure, 
between 5 and 10% of the starting DXN can be entrapped. Liposomes 
are cooled to 0 ~ and used within 1 hr of preparation. 

Tumor Cell Lines. Solid Sarcoma 180 and Lewis lung carcinoma 
tumors were supplied by Dr. T. Khwaja of the Animal Tumor Resource 
Facility, University of Southern California Comprehensive Cancer Cen- 
ter. Sarcoma 180 tumors were implanted s.c. by trocar needle as 2- 
mm fragments into the right flanks of Swiss-type mice. Treatment with 
either free DXN, DXN-liposomes, free DXN mixed with empty lipo- 
somes, or 0.154 M NaCI was started at 7 days after implantation. Mice 
received 3 i.v. doses, each in DXN (5 mg/kg), spaced at 7-day 
intervals. Female C57BL/6 mice received s.c. implants of 2-ram pieces 
of Lewis lung tumor in their right flanks by trocar needle. Two days 
after implantation, treatment was begun with doses of either free DXN, 
DXN-liposomes, free DXN plus empty liposomes, or 0.154 M NaCI. 
Mice received 3 injections each of DXN (5 mg/kg) at 7-day intervals. 
During the course of these experiments, tumor volumes were estimated 
using the formula: volume (cu mm) = 1/2 x length (mm) x width (sq 
mm), as determined using caliper measurements. 

Mice. All mice were supplied by Simonsen Laboratories, Gilroy, 
Calif. Female SW mice weighing 22 to 26 g were used in drug level 
studies, immune suppression tests, and Sarcoma 180 tumor studies. 
Adult female C57BL/6 mice weighing 18 to 22 g were used in Lewis 
lung tumor studies. 

DXN Tissue Distribution. Swiss-type mice were given DXN i.v. at a 
dose of 5 mg/kg in either the free or entrapped form and sacrificed by 
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cervical dislocation at various times from 0.5 to 24 hr. Mice bearing 
Sarcoma 180 tumors were sacrificed at 1,4, and 24 hr. C57BL/6 mice 
bearing Lewis lung carcinomas were treated i.p. with DXN in either the 
free or entrapped form at the same dose and then sacrificed at 4 and 
24 hr after injection. Blood samples were drawn by cardiac puncture. 
Upon excision, cardiac and tumor tissue samples were minced and 
washed with ice-cold 0.154 M NaCI solution. 

Fluorescence Assays. Plasma and tissue concentrations were de- 
termined as DXN equivalents using a modification of the procedure of 
Benjamin et al. (4). This technique did not distinguish between the 
parent drug and its fluorescent metabolites. Samples were stored 
frozen until ready for assay. To O.l-ml volumes of plasma was added 
0.9 ml of 75% ethanol-O.45 N HCI. Cardiac and tumor tissue samples, 
about 1 O0 and 200 mg, respectively, were homogenized in siliconized 
glass centrifuge tubes with 2.0 ml of the ethanol-hydrochloride. Cells 
were disrupted using a needle probe sonicator set at 150 watts, 10 
sec for plasma and 30 sec for cardiac and tumor tissue samples. 
Sonicated samples were then centrifuged at 40,000 x g for 20 min, 
and the clear supernatants were removed and stored at - 2 0  ~ until 
assayed. These extracts were compared against a series of DXN 
standards in ethanol-hydrochloride along with control tissue extracts 
from untreated mice. Fluorescence was measured in an Aminco-Bow- 
man spectrophotofluorometer using an excitation and emission wave- 
lengths of 474 and 585 nm, respectively. The relative tissue-drug 
exposure is defined as the area under the concentration versus time 
curve and is determined as: 

t = 2 4  

Area = I Cdt 
J t = O  

where C is the concentration in DXN fluorescent equivalents. Volumes 
of distribution and half-lives were determined using techniques de- 
scribed by Gibaldi and Perrier (13). 

Testing for Immune Suppression. HRBC used for immunization 
were collected in heparinized test tubes, centrifuged, and washed 3 
times with phosphate-buffered saline to remove serum proteins. Swiss 
mice were immunized s.c. with 0.1 ml of a 10% suspension of HRBC 
in phosphate-buffered saline. This immunization was followed at 24 
and 48 hr by treatment with DXN (5 mg/kg) in either the free or 
liposome-entrapped form or with i.v. 0.154 M NaCI for controls. Mice 
were reimmunized 7 days later, and drug treatments were repeated. 
Five mice/treatment group were used in each experiment. Whole- 
blood samples used for leukocyte counts were obtained by tail vein 
bleeding at 2 weeks. Leukocyte counts were performed using a he- 
mocytometer or Coulter Counter following established procedures (12). 
Determination of antibody titers to HRBC was made for plasma samples 
obtained by retroorbital bleeding 4 weeks after the second immuniza- 
tion. Hemagglutination titers were carried out in duplicate using micro- 
titer plates (Dynatech Laboratories, Alexandria, Va.). Titer levels were 
expressed as the highest serum dilution capable of the complete 
agglutination of a 2% suspension of HRBC. 

R E S U L T S  

Following an i.v. injection of 5 m g / k g  in Swiss mice, a 
biphasic rate of c learance was observed for both forms of the 
drug during the 24-hr  study. At 0.5 hr fol lowing administrat ion, 
the plasma level of 8.8/~M for entrapped DXN was more than 
4 t imes greater than that for free drug at 1.8 /~M. During the 
distr ibut ion phase (up until 4 hr after administrat ion), plasma 
levels fell rapidly, with half-lives of 2.3 hr for the entrapped and 
1.1 hr for the free drug. At 4 hr, the plasma levels for entrapped 
drug had decreased to 1.0 /LM, whi le free drug levels had 
decl ined to 0.6 /LM. During the later el imination phase, from 

C h e m o t h e r a p y  with DXN L iposomes  

about 4 hr on, the removal of total DXN f luorescent  equivalents 
occurred at about  the same rate for both forms of drug delivery; 
thus, plasma half-lives for entrapped and free DXN were 8.3 
and 8.1 hr, respectively. Encapsulat ion of DXN in anionic 
l iposomes caused a reduct ion in its volume of distr ibut ion. 
Thus, mice receiving the entrapped drug displayed a distr ibu- 
tion volume of only 1 22 ml as compared to a volume of 208 ml 
for free DXN. The alteration in volume of distr ibut ion was most 
probably due to an inhibit ion of t issue binding as caused by 
l iposome entrapment.  This is also supported by a compar ison 
of areas under the plasma concentrat ion versus t ime curves, 
as indicated by an area for entrapped drug at 22.9 /~M-hr, 
which is more than twice that for free DXN at only 9.2/~M-hr. 

Levels of DXN and its f luorescent metabol i tes in the heart 
were also determined. Despite the higher levels of DXN equiv- 
alents produced in the plasma with l iposome-mediated delivery, 
the cardiac t issue accumulated less f luorescent material than 
was observed for free drug. With administrat ion of free DXN, 
cardiac t issue showed an increase in f luorescence from 0.5 to 
1 hr. In contrast, a cont inuing decrease in f luoresence was 
noted over the same time period after administrat ion of en- 
t rapped drug. Beyond 1 hr, DXN tissue equivalents decreased 
at similar rates for both forms of the drug. Compar ison of areas 
under the tissue concentrat ion versus t ime curve indicates that 
the relative cardiac t issue exposure for free DXN (57.1 ng -h r /  
mg tissue) was more than twice as great as that for the 
entrapped drug (27.4 n g - h r / m g  tissue). 

The ant i tumor activit ies of free and encapsulated DXN were 
compared for their abil ity to suppress the growth of solid 
Sarcoma 180, as shown in Chart 1. Three i.v. t reatments were 
administered at week ly  intervals to Swiss mice bearing the 
tumors as s.c. implants. At 23 days post implantat ion, l iposome- 
entrapped DXN appeared to be as active as free drug for 
inhibiting tumor growth.  Free drug mixed with empty l iposomes 
was less effective than either entrapped or free drug alone. 
The levels of DXN-associated f luorescence in Sarcoma 180 
tumor t issue were determined at 1, 4, and 24 hr after i.v. 
administrat ion. One hr after injection, free DXN produced 1.35 
ng of DXN equ iva len ts /mg of tissue, which was signif icant ly 
greater ( p  < 0.05)  than the 0 .69 ng of DXN equ iva len ts /mg of 
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Chart 1. Antitumor activities of free and liposomal DXN were compared using 
the Sarcoma 180 solid tumor model. Swiss mice received 3 courses of i.v. DXN 
therapy (5 mg/kg) at 7-day intervals beginning 1 week after s.c. tumor implan- 
tation. Five mice/treatment group were used. Both free and entrapped DXN 
demonstrated significant activities in comparison to the 0.154 M NaCI solution 
controls (p < 0.05). 
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t issue produced by l iposome-entrapped drug. This di f ference 
was negligible after 4 hr, because the 2-dosage forms pro- 
duced nearly equivalent tissue levels. At 24 hr, mice receiving 
entrapped drug had levels of DXN-associated tumor tissue 
f luorescence which were not signif icantly dif ferent from those 
of mice receiving the free drug. 

The in vivo activities of free and entrapped DXN against 
Lewis lung tumor are shown in Chart 2. In terms of tumor 
volume, both forms produced signif icant inhibition of tumor 
growth (p  < 0.001).  However, l iposomal DXN demonstrated 
greater ant i tumor activity than did free drug. In terms of volume, 
the tumors in the DXN-l iposome treatment group were inhibited 
to 31.9  and 43 .0% of controls at 20 and 23 days, respectively. 
Free DXN, on the other hand, was able to limit tumor growth to 
only 51.9  and 63.4%. Equivalent treatment with free drug plus 
empty l iposomes demonstrated very little inhibitory activity, 
because tumor growth in this group was not signif icantly dif- 
ferent from that of controls (p  > 0.2). Levels of DXN-f luorescent 
equivalents in Lewis lung tumor tissue were determined follow- 
ing i.p. drug administration. For the times monitored in these 
experiments, entrapped DXN resulted in less tumor-associated 
f luorescence than did free drug. Mice which received l iposome 
DXN demonstrated tumor levels of only 0 .25 and 0.58 ng /mg  
(in DXN equivalents) at 4 and 24 hr, respectively. In contrast, 
those animals which received free drug had tumor levels of 
0 .43 and 0 .78  ng /mg,  respectively, for the same time points. 
The i.p. injection of entrapped drug produced higher plasma 
levels of DXN-associated f luorescence than did free drug. This 
indicates that l iposome entrapment does not cause a decrease 
in the transfer of DXN from the peritoneal cavity into the 
systemic circulation. 

Mice immunized with HRBC and treated with only 0.1 54 M 
NaCI were able to produce a marked titer of hemagglut inat ing 
ant ibody (Chart 3). Administrat ion of free DXN, 5 m g / k g / d o s e  
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Chart 2. Antitumor activity of free and liposome-entrapped DXN against Lewis 
lung carcinoma. C57BL/6 mice received 3 doses of i.p. DXN (5 mg/kg) at 7- or 
8-day intervals beginning 2 days postimplantation. Five animals/treatment group 
were used. In terms of tumor volume, both the free and the entrapped form of 
DXN produced significant inhibition of tumor growth (p < 0.01). Measurement of 
final tumor volume for the liposome treatment group demonstrated a 57% size 
reduction as compared to control, while the reduction for free drug treatment 
was only 37%. The significance of this observation was 0.1 > p > 0.05. 
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Chart 3. Antibody titers for hemagglutination. Swiss-type mice were tested 
for their ability to form agglutinating antibodies to xenogeneic HRBC following 
DXN therapy. Mice received 0.1 ml of a 10% RBC suspension in phosphate- 
buffered saline as s.c. injection. Mice were then treated at 24 and 48 hr following 
this immunization with free or liposome-entrapped DXN (5 mg/kg) or 0.154 M 
NaCI. One week later, the immunization and treatments were repeated. Titers 
are the greatest serum dilutions capable of the complete agglutination of a 2% 
suspension of HRBCs. Bars, S.D. 

at 24 and 48 hr after each immunization, signif icantly reduced 
the levels of circulating ant ibody (p < 0.002).  In contrast, an 
identical dosage regimen of l iposome-entrapped drug caused 
a less than signif icant loss of humoral response (p  > 0.1). 
Whole-blood samples drawn 2 weeks after the second immu- 
nization demonstrated the bone marrow-suppressive activity of 
DXN. Non-drug-treated controls had an average white blood 
cell count of 6.0 ___ 1.7 x 103/cu mm. Mice treated with free 
DXN demonstrated a signif icant leukocyte depression with an 
average count of only 3.6 _+ 0.8 x 103/cu mm. Administration 
of DXN in the entrapped form, however, prevented this sup- 
pression and yielded an average leukocyte count of 7.3 _+ 0.8 
x 103/cu mm. The difference between the free and l iposome- 
entrapped DXN groups was signif icant (p  < 0.01 ). 

D I S C U S S I O N  

We reported previously (11) on the use of l iposome entrap- 
ment as a means for overcoming the cardiac toxici ty of DXN 
while still maintaining its anti leukemic action. Further evaluation 
to establish that l iposomes could function as cl inically useful 
carriers of DXN required the considerat ion of addit ional thera- 
peutic parameters. In this report, we describe the uptake of 
free and entrapped DXN by cardiac and tumor tissues, anti- 
neoplastic activity against 2 solid tumors, and its effect on the 
immune system. 

Th is  study indicates that l iposome entrapment of DXN does 
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not block the association of drug with cardiac tissue, although 
most of the heart toxicity is prevented at even the high dose of 
40 mg/kg (11). These experiments thus establish that the 
complete exclusion of DXN from the cardiac tissue is not 
essential for the elimination of chronic toxicity. This may be 
due to uptake by cells other than cardiac myocytes, such as 
the capillary endothelial cells in the coronary vasculature. 
Alternatively, the reduced toxicity could be caused by a differ- 
ent subcellular distribution of entrapped drug to sites not 
associated with toxicity. Future investigations which examine 
the in v ivo disposition of entrapped DXN with respect to metab- 
olism and subcellular distribution may help to clarify the mech- 
anism of DXN cardiac toxicity. 

Previous studies had shown that entrapment of DXN in 
anionic liposomes had increased its activity against ascitic 
leukemias (1 1 ). However, i.p. administration of liposomal drug 
for treatment of an ascitic tumor represented a special situation 
in which liposomes were applied directly to the cancer cells. A 
more clinically relevant measure of antineoplastic activity for 
DXN liposomes requires testing against solid tumors. Both 
Sarcoma 180 and Lewis lung solid tumors have been well 
characterized as models for evaluating the antitumor activity of 
DXN and its analogues (7) and were therefore used in this 
investigation. Solid Sarcoma 180 tumor normally responds well 
to i.v. DXN treatment. When free DXN was compared to en- 
trapped drug, both forms displayed significant and nearly equal 
antineoplastic activity. When tested against Lewis lung tumor, 
DXN liposomes proved to have an activity exceeding that of 
the free drug. This is important, since new anthracycline prep- 
arations can be considered superior to DXN when they exhibit 
increased activity against unresponsive tumors such as Lewis 
lung carcinoma (3). 

Compared to free drug, anionic liposomes do not deliver 
increased amounts of DXN to the solid tumor tissue. With the 
Lewis lung carcinoma model, i.p. administration of free DXN 
actually produced greater levels of tumor-associated fluores- 
cence than did the entrapped drug. This was surprising in light 
of the higher antitumor action which had been observed for 
liposomes. Thus, when solid tumors are treated with either free 
or entrapped DXN, the absolute amount of drug delivered does 
not appear to directly correlate with the level of antineoplastic 
activity. A possible explanation for this finding is that liposomal 
DXN may be less immune suppressive and thus offer the host 
a better capacity to reject the tumor burden. 

DXN exerts its greatest effect for suppression of antibody 
formation when it is administered shortly after immunization 
(15, 16), indicating that it inhibits proliferating lymphoid cells 
(25). Encapsulation of DXN in anionic liposomes prevented 
both suppression of antibody production and decreased leu- 
kocyte counts. The mechanism for this protective effect is not 
clear; however, it may involve an in v ivo redistribution of in- 
jected drug. An earlier study on the organ distribution of free 
and entrapped DXN (1 1) indicated that animals treated with 
liposome DXN demonstrated significantly lower splenic drug 
levels at 4 hr post injection. Only total drug was estimated in 
that study, and thus, any metabolic differences caused by 
liposome entrapment were not detected. Studies by other 
inveotigators have shown that liposomes have an affinity for 
lymphoid tissues, especially when administered by the i.v. or 
peritoneal routes (14, 24, 27). Liposome encapsulation could 
spare the immune system by methods other than altering tissue 

C h e m o t h e r a p y  w i th  D X N  L i p o s o m e s  

pharmacokinetics. Such modifications may include changes in 
subcellular distribution and metabolism of l iposome-entrapped 
drug, contributing to the observed differences in toxicity. Ad- 
ditional studies which focus on the uptake and metabolism of 
liposome-entrapped drug by specific cell types within bone 
marrow and lymphoid tissues will be needed in order to eluci- 
date a mechanism for reduced toxicity. 

Recent reports from 2 other laboratories using liposome- 
entrapped DXN have confirmed our observations. Both acute 
and chronic cardiotoxicity of DXN were reduced by cationic 
liposomes (22, 23). The inclusion of the anionic phospholipid 
cardiolipin further reduced the cardiac association of en- 
trapped DXN (23). The investigators, however, did not observe 
an increased antitumor activity. In v ivo studies have shown that 
entrapment of DXN in liposomes does not modify the antitumor 
activity of the drug in mice bearing B-1 6 melanoma, Lewis lung 
carcinoma, or L1210 leukemia. The anionic and neutral lipo- 
somes used in these studies produced less cardiac toxicity as 
measured with chick embryonic heart cells in v i t ro  (1 8). Other 
approaches which have been proposed for reducing anthra- 
cyclin-induced cardiac toxicity have included the binding of the 
drug to DNA and pretreatment with o~-tocopherol (2, 20, 26). 
Both of these methods, however, have been shown to cause 
increased toxicity towards hematopoietic precursor cells in 
experimental animals (1, 1 5). If applicable to the clinical situa- 
tion, this toxicity could severely limit the therapeutic use of 
these methods. Liposome-entrapped DXN, on the other hand, 
appears to lack immunosuppressive potential while still main- 
taining both its full antineoplastic action and reduced cardi- 
otoxicity. Future studies with other animal tumor systems and 
preclinical toxicology will be needed to fully evaluate the ther- 
apeutic potential of this drug delivery system for cancer pa- 
tients. 
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