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Summary. Numerous studies have demonstrated that liposomal encapsulation decreases the life-threatening chronic
and acute toxicities of doxorubicin in the face of unaltered
or improved antitumor activity. Minimal attention has
been paid to the encapsulation effect an the lesser toxicities of the drug, specifically the vesicant properties. In this
report we assess the effect of the encapsulation of doxorubicin in an egg-yolk phosphatidylcholine (EPC) cholesterol liposome on the drug’s topical toxicity. In addition, to
ensure acceptable activity and reduction in toxicity comparable with those of previously assessed formulations, the
cardiac and acute toxicities and antitumor activity of the
liposomal doxorubicin complex were also investigated.
Antitumor efficacy was assessed using the metastatic murine P815 mastocytoma model. Equivalent doses of free
and encapsulated dosorubicin possessed the same antitumor activity in the prolongation of animal survival in
l4-day survival studies conducted to assess the effect of
liposomai encapsulation on the acute toxicity of this drug.
The LI)o of liposomal doxorubicin was found to be
40 mg/kg, 53% higher than that of free doxorubicin
(26 mg/kg). Histologic examination of cardiac sections
taken from DBA/2J mice 7 days after a single i.v. injection
of free or liposomal doxorubicin (25 mg/kg) revealed that
the liposomal preparation was much less cardiotoxic. In
animals receiving the free drug, edema, monocytic infiltration, and cell necrosis were evident. In contrast, those receiving the liposomai preparation demonstrated slight cellular edema but showed no evidence of cellular necrosis.
To assess vesicant properties, DBA/2J mice were given a
single S.C. injection (0.2 ml) of free or liposomal dosorubicin (2 mg/ml). Those receiving the free drug immediately
developed erythema and edema at the injection site, which
progressed to ulceration. Those receiving the liposomal
complex developed slight erythema and edema but did not
ulcerate al any time. All signs of irritation in this group
had subsided 3 weeks postinjection. In summary, the liposomal complex used eliminated the vesicant properties of
doxorubicin as well as significantly decreasing its cardiac
and acute toxicities in the face of unaltered antitumor activity.

Introduction

Although one of the most efficacious antineoplastic agents
available, doxorubicin is also one of the most toxic. Myelosuppression, affecting both platelets and white blood
cells, constitutes the major acute, dose-limiting side
effect [4]. Doxorubicin stimulates dose-dependent nausea
and vomiting and induces alopecia in 100% of patients on
full-dose therapy [5]. Unique to doxorubicin are its cardiotoxic properties; chronic administration can result in a
fatal cardiomyopathy if the total lifetime dose exceeds
450-550 mg/m’ (depending on patient age and previous
radiotherapy) [5]. The frequency of fulminant cardiac failure is, fortunately, low (2.2%) when total dose limits are
observed but rises sharply to 30% if these limits are exceeded [5].
Numerous reports indicate that both chronic and acute
toxicities of doxorubicin can be greatly diminished in the
face of unaltered or improved antitumor activity by entrapment of the drug in’liposomes [9, 16, 18-20. 22]. Although liposomal specifics (including lipid composition,
size, and charge) can influence the drug’s performance
from a therapeutic and toxic point of view [ 1, 3, 11, 21], liposomal encapsulation of doxorubicin generally reduces
significantly the chronic cardiotoxic effects of the drug as
well as decreasing weight loss and alopecia. However, minimal attention [7] has been focused on the ability of liposomal encapsulation to reduce the topical toxicity of doxorubicin, i.e., its vesicant properties. Accidental perivenous infiltration of the drug results in painful necrotic lesions. In severe cases, treatment of such ulcers can only be
achieved by surgical debridement and skin grafting. No
“rescue therapy” available (i.e., saline flushing. “antidote”
injections such as sodium bicarbonate) significantly alters
the outcome of extravasation [5, 12]. It IS possible that
a liposomal carrier of doxorubicin may preclude the
pain and ulceration typically noted on extravasation of
the drug.
In this report we assess the effect of liposomal encapsulation on the vesicant properties of doxnruhicin. In addition, in an attempt to characterize the behavior of the
particular liposomal preparation used and to ensure performance comparable with that of previously reported formulations, its antitumor activity, cardiotoxic potential
and acute toxicity were assessed.

hlaterials and methods
L i p o s o m e s Egg-yolk phosphatidylcholine (EPC) was obtained from

The Liposorne Company (Princeton. NJ): it
was >99% pure. Cholesterol and all salts were obtained
from Sigma Chemical Co. (St. Louis, M O ). Doxorubicin
was obtained from Adria Laboratories (Mississauga, Ontario). Vesicles were prepared by hydrating an EPC/cholesterol (55:45, mol:mol) film (vacuum-dried from CHCIX
for 12 h) in 150 mM citric acid (pH 4.0), freezing and
thawing the muitilamellar vesicles (MLVs) five times as
previously described [ 15] and extruding them five times [IO]
through poiycarbonate filters (pore size, 200 nm). Doxorubicin was encapsulated using ApH-driven entrapment
procedures as previously described by Mayer et al. [13].
Briefly, vesicles whose external medium had been brought
to pH 7.8 with sodium hydroxide were added to powdered
doxorubicin to achieve a drug-to-lipid ratio of 0.25:l
(wt/wt). This sample was heated at 60°C for 5 min, at
which time doxorubicin-trapping efficiencies >98% were
obtained. Solutions for injection were further diluted to
appropriate concentrations with sterile normal saline
(0.9% NaCl).
Antitumor efficacy (murine P815 mastocytoma). Female
DBA/2J mice (Jackson Laboratories, Bar Harbor, M O ),
6-8 weeks old and weighing approximately 20 g each, were
inoculated with the murine PS 15 mastocytoma (I 500 cells/
animal: EG & G Mason Research Institute, Worcester,
Mass) by tail-vein injection. When injected i.v., this tumor
seeds throughout the animal and becomes established in
the lungs, liver, colon, and pancreas. Following tumor inoculation, the mice (in groups of 20) received free or liposomai doxorubicin at a dose of 1, 4, or 8 mg/kg via tailvein injection. The doxorubicin dose was given over
2 days, with the first injection given immediately after tumor
inoculation and the second 24 h later. Control mice received tail-vein injections of normal saline or blank liposomes (at a dose equivalent to that given with liposomal
doxorubicin at a dose of 8 mg/kg). Animal survival was
recorded in days and the experiment was terminated
90 days after tumor inoculation. The data were analyzed
for statistical significance using the Mann-Whitney test.

or control was injected into the clean, shaven skin on the
lateral aspect of the abdomen. The area of extravasation
was observed daily for 30 days.
Results
Antitumor efficacy (murine P815 mastocytoma)
Figure 1 depicts the results of the efficacy study. As expected, the survival of mice treated with free doxorubicin
was dose-dependent, with 1, 4, and 8 mg/kg doxorubicin
producing [0%, 30%, and 60% survival, respectively, at
day 90. On a mg/mg basis, there was no significant difference (P > 0.05) between the survival of animals treated with
free and that of those treated with liposomal doxorubicin,
nor was there a significant difference in survival between
saline-treated controls and those receiving empty liposomes. Thus, liposomal encapsulation of doxorubicin neither
enhanced nor detracted from the drug’s activity in this
tumor model.
Acute toxicity
As shown in Figs. 2 and 3, the 14-day survival curves exhibit dramatic dependence on the doxorubicin dose in both
the free and liposomal forms. The LDso for the free form of
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Acute toxicity. A 14-day survival study was conducted to
assess the effect of liposomal encapsulation on the acute
toxicity of doxorubicin. DBA/2J mice received free or liposomal doxorubicin by tail-vein injection on day 0. Free
doxorubicin was injected at doses of 10. 20, 25, 30, and
40 mg/kg; liposomal doxorubicin was injected at doses of
10, 30. 40, 50, and 70 mg/kg. Five animals were treated
per group and animal survival was recorded in days.
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Cardiac toxicity Female DBA/2J mice received free or liposomal doxorubicin at doses of 15 and 25 mg/kg by tailvein injection on day 0. Control mice were given an injection of normal saline. Animals were sacrificed by cervical
dislocation on day 3 or day 7. The hearts were excised and
fixed in 10”~ buffered formalin. processed for routine histology, and stained with hernatoxylin and eosin ( H & E ) .

Vesical properties. Female DBA/2J mice were injected
w i t h 0.2 ml free or liposomal doxorubicin (2 mg/ml),
empty iiposomes (at a concentration equal to that of the

S .C .

liposomai doxorubicin dose), or normal saline. The drug
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Fig. 1. Antitumor activities of free and liposomal doxorubicin
against the P815 mastocytoma. D B A / 2 J m i c e w e r e i n o c u l a t e d
with 1500 P8 15 cells and treated with i.v. injections of free or liposomal donorubicin at doses of I. 4. and 8 mg/kg. Injections of
normal saline or blank liposomes were given as controls. On a
mg/mg basis there was no significant difference in survival (P
>0.05) between animals treated with free and those treated with
liposomal doxorubicin
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Fig. 2. The 14-day survival curve for DBA/2J mice given a single
i.v. injection of free doxorubicin. The LD,, was 26 mg/kg

Fig. 3. The 14-day survival curve of DBA/2J mice given a single
i.v. injection of liposomal doxorubicin. The LD,, was 40 mg/kg

Fig. 4. Cardiac section from a female DBA/2J mouse 7 davs after
a single i.v. injection of free doxorubicin (25 mg/kg). Cellular
edema. monocytic infiltration, and cell necrosis were evident

Fig. 5. Cardiac section from a female DBA/2J mouse 7 days after
a single i.v. injection of liposomal doxorubicin (25 mg/kg). In
contrast to Fig. 4, note the lack of cell necrosis and only slight
edema
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25 mg/kg liposomal doxorubicin demonstrated only slight
edeima and no cell necrosis by day 7 (Fig. 5).

Fig. 6. Female DBA/2J mouse given a single S.C. injection (0.2 ml)
of free doxorubicin (2 mg/ml). Erythema and edema developed
at the site immediately after injection. The inflammatory response progressed and ulcerated into an open lesion by day 4. No
spontaneous healing was evident by day 6 and the animal was
sacrificed

Fig. 7. Female DBA/2J mouse given a single S.C. injection (0.2 ml)
of liposomal doxorubicin (2 mg/ml). Slight erythema and edema
were evident at day 4. In contrast to Fig. 6, no ulceration was evident at any time following the injection. By day 20, all signs of
irritation had subsided and fur regrowth commenced

doxorubicin (Fig. 2) is 26 mg/kg and that for liposomal
doxorubicin (Fig. 3) is 40 mg/kg, representing a 53% increase over the former. It should be noted that no additional deaths were observed in any group after the extension of the time course to 30 days (data not shown).

Cardiac toxicity
Light microscopic examination of cardiac sections taken
from mice receiving 15 mg/kg free or liposomal doxorubicin did not reveal any abnormalities. However, free doxorubicin at a dose of 25 mg/kg produced noticeable histologic changes on day 3, and by day 7 (Fig. 4) the cardiac
damage observed was severe. Cellular edema, monocytic
infiltration, and cell necrosis were evident in both the peric a rd i u m and internal aspects of the heart. In contrast,
the analysis of sections taken from animals r e c e i v i n g

Vesicant properties
Figures 6 and 7 are photographs of mice given S.C. injections of free and liposomal doxorubicin, respectively, on
Day 4. Those treated with free doxorubicin developed erythema and edema within minutes at the injection site. This
inflammatory response progressed and necrotized into an
open lesion (Fig. 6) by day 4. The original intention was to
maintain the animals for the assessment of spontaneous
healing of the area: however, by day 6 the progressing
severity of the lesion necessitated sacrificing the animals.
Those treated with liposomal doxorubicin also developed
an inflammatory reaction (erythema, edema) at the site of
injection, but at no time did this response progress to necrosis and ulceration. These animals were maintained for
30 days; by day 20, fur regrowth had commenced and all
signs of irritation had subsided. Control animals given
empty liposomes or saline demonstrated only a slight inflammatory response.
Discussion
The ability of liposomal encapsulation to reduce doxorubicin’s toxicities and redirect its tissue distribution is now
well documented [9, 16, 18-20, 22]. Liposomes preferentially distribute into tissues with sinusoidal capillary systerns and those enriched with phagocytic reticuloendothelial cells, such as the liver and spleen [13]. They are not
generally sequestered in the extravascular compartment of
tissues with continuous capillaries, such as the nervous
system, or in skeletal and cardiac muscle [13]. For these reasons, the cardiotoxicity classically associated with longterm and/or high-dose doxorubicin therapy has been reported to be decreased by its administration in a liposomal
form. Indicators of acute toxicity, such as weight loss, can
also be reduced or eliminated [9, 18].
Discrepancies between reports concerning quantitative
and qualitative decreases’in the drug’s toxicity brought
about by liposomal encapsulation may be due to differences in the specific’type of liposome used. In particular,
the toxicity and efficacy spectrum of liposomal doxorubicin is likely to be affected by any factor altering the clearance of the liposome from the blood and its final tissue
distribution. Therefore, the size, lipid content, and surface
charge of a particular liposome could affect the therapeutic characteristics of the liposomal complex [1, 3, 1 1, 21].
The liposomal preparation used in this series of investigations demonstrates acceptable activity and reduction in
cardiac and acute toxicities comparable with those reported for previously tested formulations. In addition, the
ApH-dependent encapsulation procedure used in the present study provides improvements in trapping efficiency
and stability over those of previously used, passive trapping procedures (I 4).
In the present study, doxorubicin produced comparable long-term survival in DBA/2J mice carrying the murine P8I5 mastocytoma, whether the drug was given in the

free or liposomally encapsulated form. The majority of
studies assessing the in vivo activity of liposomal doxorubicin in tumor models have also found liposomal and free
doxorubicin to be equally effective [6, 8, 18, 19, 22]. Those
reporting enhanced activity for liposomal doxorubicin often use tumors in tissues and/or organs possessing a sinu-
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soidal capillary s y s e m o r enriched

w i t h phagocytic endo-

thelial cells.
We assessed doxorubicin’s cardiotoxicity with the
quatitative histologic examination of cardiac sections
taken from DBA/2J mice given equal doses of free and liposomal doxorubicin and demonstrated lower cardiotoxic
potential for the liposomally encapsulated form. By day 7,
animals receiving 25 mg/kg free doxorubicin experienced
severe cardiac damage compared with controls; cellular
edema, monocytic infiltration, and cell necrosis were evident. In contrast, those receiving 25 mg/kg liposomal doxoruhicin developed little cardiac edema and no cell necrosis by day 7. Such dramatic differences in cardiotoxic potential have been attributed to the decreased cardiac uptake of doxorubicin in its liposomal form [18, 19]. The present findings are comparable with those previously reported. For instance. Rahman and co-workers [l9] have found
the cardiac level of liposomal doxorubicin in male DBA./2J
mice to be approximately half that attained with the
free drug. Qualitative analysis revealed that the myocytic
and myofibrillar structure of the cardiac muscle was markedly well preserved when liposomal doxorubicin was given, compared with the free drug.
The acute toxicity of liposomal doxorubicin was assessed by examination of the effect of the dose on animal
survival. Previous work has demonstrated that the primary
nature of acute toxicity involves both the degenerative action of anthracycline on the heart tissue and myelosuppressive effects [5. 17]. The LDso.observed in the present
study at 14 days for free doxorubicin was 26 mg/kg , comparable with that reported in the literature [19]. The LDsO
similarily calculated for liposomal doxorubicin was approximately 50% higher, at 40 mg/kg.
The final phase of this study investigated the effect of
liposomal encapsulation on the vesicant properties of doxorubicin. Whereas the efficacy of encapsulation in reducing the cardiotoxic potential of the drug has been well
studied, as is evident from the above discussion. its effect
on the topical toxicity of doxorubicin has received only
minor attention [7]. This is due in part to the fact that the
vesicant properties of doxorubicin are neither dose-limiting nor fatal [5, 12]. Nevertheless. its topical toxicity is
cause for concern, as the extravasation of doxorubicin can
seriously and adversely affect the patient’s quality of life.
The inadvertent perivenous infiltration of doxorubicin
can lead to severe, protracted ulceration and necrosis [5].
The mechanism of this anthracycline-induced skin necrosis is poorly understood. Doxorubicin has a high affinity
for cellular DNA, to which it rapidly binds and intercalates between nucleic base pairs, resulting in the inhibition
of DNA synthesis and cell death. With respect to skin injury, there have been speculations that dosorubicin released
from dying cells in the dermis induces damage and death
in neighbouring cells. only to be released again. thus forming a repetitive cycle. This would account for the indolent
and progressive nature of the tissue damage [2]. Alternatively, it has been suggested that doxorubicin undergoes
enzymatic alterations to form a primary or secondary freeradical species that causes cell death/skin necrosis by rapidly binding DNA and/or membrane lipids [2]. Regardless
of the mechanism, the various rescue therapies that have
been recommended (i.e., intradermal injections of steroids,
chemical neutralizing agents) have not significantly improved the outcome of the extravasation [4. 5].

Forssen et al. [7] have demonstrated the ability of liposomal encapsulation to reduce the vesicant properties of
doxoruhicin. Using ApH-dependent encapsulation to provide improved trapping efficiency and stahility, we demonstrated that tiposomal encapsulation dramatically prevented doxoruhicin from inducing necrosis at the site of
infiltration at doses fourfold higher than those tested by
Forssen. Animals receiving S.C. injections of liposomal
doxorubicin experienced a slight inflammatory response
and some discomfort. but at no time did the site of injection ulcerate. Hair regrowth occurred and the area of in-

sult appeared normal by day 20. In contrast, those receiving free doxorubicin experienced a pronounced inflammatory response that progressed to severe necrosis. This lack
of topical toxicity due to liposomal encapsulation is likely
due to the fact that free doxorubicin, or enzymatic degradation products, will rapidly bind cellular DNA/membrane
lipids upon perivenous administration, whereas the encapsulated drug is not available to the tissue, being washed
away by the lymphatics prior to its release from the liposomes. This hypothesis is supported by the finding that in
an attempted rescue, the injection of empty tiposomes exhibiting a transmembrane pH gradient (inside acidic) into
the site of doxorubicin infiltration did not alter the outcome of the extravasation (data not shown). This indicates
that the cellular binding of doxorubicin must occur very
rapidly, as the empty liposomes displaying a ApH (which
efficiently incorporate free doxorubicin) could not encapsulate any of the extravasated drug.
In summary, it is evident that liposomal encapsulation
of doxorubicin greatly reduces the drug’s toxicities without

impeding its antitumor efficacy. In the clinical setting. this
translates into an enhanced effect in those malignancies in
which doxorubicin is an established part of the therapeutic
regimen, potential efficacy in doxorubicin-resistant systems,
and an improved quality of life for the cancer patient.
References
I. Abra RM. Hunt CA (1981) Liposome distribution in vivo:

2.

3.
4.

5.

6.

7.

8.

9.

III. Dose and vesicle size effects. Biochim Biophys Acta 666:
493-503
A v e r b u c h S D , G a u d i a n o G. Koch TH, Bachan NR (1986)
Doxorubicin induced skin necrosis in the s\vine model: protection with a novel radical dimer. J Clin Oncol 4: 99-94
Bosworth ME, Hunt CA (1982) Liposome deposition in viva:
II. Dose dependence. J Pharm Sci 71: IO@--104
C‘alabresi F’, Parks R (1975) Chemotherapy of neopla<tic diseases. In: The pharmacological basis of therapeutics. MacMilIan, New York, pp 1288-1290
Dorr R. Fritz W (1982) Drug data sheets. doxorubicin. In:
C a n c e r c h e m o t h e r a p y h a n d b o o k . E l s e v i e r S c i e n c e , Neu
York. pp 388-401
Forssen EA, Tokes Z (1983) Improved therapeutic hen&s of
doxoruhicin by entrapment in anionic liposomes. Cancer R e s
43: 546-550
Forsscn EA. Takes ZA (19X31 Attenuation of dermal toxicit!
of doxoruhicin by liposome encapsulation. Cancer Treat Rep
67: 481-484
Gabizon A. Dagan D. Goren D. Barenholz Y. Fuks Z (1982)
Lipnsomes as in vi\.0 carriers of adriam?cin: reduced cardiac
uptake and preserved antitumor activity in mice. Cancer Res
42: 4734-4739
G a b i z o n A . G o r e n D . F u k s Z , B a r e n h o l z A . Dagan A,
M e s h o r e r A ( 1 9 8 3 ) E n h a n c e m e n t o f a d r i a m y c i n deli\;ery
IO liver metastatic cells wirh increased tumouricidal effect
using liposome as drug carriers. Cancer Res 43: 4730-4735

.

56

.

IO. Hope hlJ. Bally M n’, W’cbb G, Cullis PR (1955) Production of
large unilamellar vesicle by rapid extrusion procedure. Characterization of size, trapped volume and ability to maintain a
membrane potential. Biochim Biophys Acta 812: 55-65
I I. Juliano RL. Layton I> (IYXO) Liposomes as a drug delivery
system. In: Drug delivery systems: characteristics and biomedical application. Oxford University Press, London,
pp 189-236
12. Knoben J, Anderson P (1983) Antineoplastic agents. in:
Handbook of clinical drug data. Drug Intelligence Publications, Hamilton, p 347
13. Mayer LD, Bnlly RIB. Cullis PR (IYX6a) Uptake of adriamycin into large unilamellar vesicles in response to a pH gradient. Biochim Biophys Acta 85: 123-126
14. Mayer LD, Bally MB, Hope MJ, Cullis PR (1986b) Techniques for encapsulating bioactive agents into liposomes.
Chem Phys Lipids 40: 333-345
IS. Mayer LD, Hope MJ. Cullis PR, Janoff AS (1986~) Solute
distributions and trapping efficiencies observed in freeze
thawed multilamellar vesicles. Biochem Biophys Acta 817:
193-196
16. Mayhew E. Rustum Y (I 985) The use of liposomes as carriers
of therapeutic agents. In: Molecular basis of cancer, part B.
Macromolecular recognition, chemotherapy, and immunology. Alan Liss, New York, pp 301-310

17. Minow RA. , Beniamin RS. Gottlieb JA (1975) Adriamvcin
18.
19.

20.

21.

22.

cardiomyopathy: an overview with determination of risk factors. Cancer Chemother Rep 6: 195-201
Olson F, Mayhew E. Maslow D. Rustums Y. Szoka F (1982)
Characterization. toxicity and therapeutic eflicacy of adriamycin encapsulated in liposomes. Eur J Cancer 18: 167-175
Rahman A, Kessler A, More N, Sikic B. Rowden G, Woolley P.
Schein P (1980) Liposomal protection of adriamycin induced cardiotoxicity in mice. Cancer Res 40: 1532-l 537
Rahman A, White G, More N, Schein P (1985) Pharmacological, toxicological and therapeutic evaluation on mice of doxorubicin entrapped in cardiolipin liposomes. Cancer Res 45:
796803
Senior J, Gregordiadis G (1982) Is half-life of circulating liposomes determined by changes in their permeability? FEBS
Lett 145: 109-114
Shinozara S. Araki Y, Oov T (1981) Tissue distribution and
anti-tumour effect of iiposome entrapped doxorubicin (adriamycin) in Erlich solid tumor bearing mice. Acta Med Okayama 35: 395-4052

Received January 12, 1988IAccepted June 16, 1988

