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Amphotericin B is an efficacious but extremely toxic anti fungal drug. Recently it has been shown that the 
incorporation of Amphotericin B in multilamellar liposomes results in a marked reduction in drug toxicity in 
mice with no loss of anti fungal potency. Until now, the mechanistic basis of the enhanced therapeutic index 
of iiposomal Ampbotericin B has been unclear. In this report, however, we show that the in vivo effects can 
be mimicked in vitro where free but not liposomal Ampbotericin B causes lysis of erythrocytes while both 
free and liposomal drug kill fungal cells. These results suggest that the markedly improved therapeutic index 
of liposomal Ampbotericin B is largely due to a fundamental alteration in the ability of the drug to interact 
with mammalian cell membranes rather than to alterations in pharmacokinetics or drug distribution. 

Systemic fungal infections are a major source of 
morbidity and mortality in cancer patients and 
other immunocompromised individuals [1,2]. The 
current drug of choice for most systemic mycoses 
is Amphotericin B, a potent but extremely toxic 
agent. Amphotericin B is a lipophilic compound 
which interacts with ergosterol in fungal mem- 
branes thus creating transmembrane channels 
which permit the escape of vital ions and metabo- 
lites. Unfortunately, the drug also interacts appre- 
ciably with the cholesterol found in mammalian 
membranes and this is probably the basis of its 
profound toxicity to the kidney, hematopoietic 
system and central nervous system [3-5]. 

In recent years, a number of investigators have 
shown that the incorporation of certain drugs in 
phospholipid vesicles (liposomes) can markedly al- 
ter the pharmacokinetics, tissue distribution, 
metabolism and therapeutic efficacy of these com- 
pounds [6,7]. In particular, incorporation of 
Amphotericin B in phospholipid-ergosterol vesicles 
[8,9] or in pure phospholipid vesicles [10] results in 
a marked reduction in the toxicity of the drug to 

animals with apparent maintenance of therapeutic 
effect against parasitic [8] or fungal [9,10] infec- 
tions. 

In this report we explore the mechanistic basis 
of the enhanced therapeutic index of liposomal 
Amphotericin B. We demonstrate that the behav- 
ior of liposomal Amphotericin B in vivo can be 
mimicked in vitro. Thus, we show that whereas 
free Amphotericin B will cause lysis of mammalian 
erythrocytes, the liposomal drug fails to do this 
even at extremely high drug concentrations. By 
contrast, free and liposomal Amphotericin B are 
equally effective in killing fungal cells. 

The method for preparing multilamellar lipo- 
somes containing Amphotericin B has been de- 
scribed previously [10]. Briefly, Amphotericin B 
(Squibb) dissolved in methanol was mixed with a 
chloroform solution of dimyristoylphosphati- 
dylcholine (DMPC) and dimyristoylphosphati- 
dylglycerol (DMPG) (Avanti Polar Lipids). 
Organic solvents were removed by evaporation 
under vacuum and the resultant lipid film was 
dispersed by hand shaking in 0.9% NaC1 to form 
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liposomes. The final preparation contained a 7:3 
molar ratio of DMPC/DMPG and various 
amounts of Amphotericin B, which was quanti- 
tated by its absorbance at 405 nm after solubiliza- 
tion in chloroform/methanol. In some cases 
cholesterol or ergosterol were included in the lipo- 
somes. The stability of liposomal Amphotericin B 
was evaluated by incubating the vesicles in iso- 
tonic saline, yeast nitrogen base or conditioned 
yeast nitrogen base (supernatant of Candida al- 
bicans culture at 108 colony forming units 
(c.f.u.)/ml). The vesicles were then sedimented 
(10 000 rpm, 20 rain) and the residual Amphoteri- 
cin B measured by absorbance at 405 nm after 
solubilization in chloroform/methanol. 

For studies of effects of free or liposomal 
Amphotericin B on mammalian cells, fresh, washed 
human red cells were added, at a final concentra- 
tion of 2%, to tubes containing free Amphotericin 
B, liposomal Amphotericin B, or free drug plus 
liposomes, each suspended in saline [11]. The free 
Amphotericin B was originally made up in di- 
methyl formamide which was then present in all 
assays at a level of 4%. The samples were in- 
cubated for predetermined time intervals at 37°C, 
centrifuged at 10000 × g for 20 min to remove 
vesicles and cells or cell debris and the released 
hemoglobin in the supernatant was determined by 
its absorbance at 550 nm, release of hemoglobin 
by hypotonic lysis of the same number of cells in 
H20 was also measured. It should be noted that 
the amount of remaining free Amphotericin B, 
after addition of Candida or erythrocytes, was not 
determined in these experiments. 

Studies of effects of free or liposomal AMB on 
yeast cells were conducted as follows. Stock cul- 
tures of Candida albicans strain 336 were diluted 
to 7- 105 c.f.u./ml in yeast nitrogen base. Samples 
were mixed with various doses of free Amphoteri- 
cin B, liposomal Amphotericin B, or free drug plus 
'empty' liposomes and were incubated at 37°C for 
16 h. Samples were then diluted in yeast nitrogen 
base, plated and subsequently the number of col- 
onies for each dose was determined [12]. 

As we have described previously [10], in- 
travenously administered liposomal Amphotericin 
B is far less toxic to mice than is the free drug. 
However, liposomal Amphotericin B remains an 
effective anti fungal agent. Treatment of Candida- 
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infected mice with liposomal Amphotericin B had 
essentially the same effect as an equivalent amount 
of free drug, while treatment with 'empty' lipo- 
somes had no effect on survival [10]. Thus free and 
liposomal Amphotericin B are approximately 
equipotent in treating disseminated candidiasis in 
mice. However, since the liposomal drug is far less 
toxic, it is quite possible to administer drug doses 
which far exceed the LDs0 for free Amphotericin B 
and which result in a marked improvement in the 
survival of infected mice [10]. At this point the 
mechanisms underlying the reduced toxicity and 
enhanced therapeutic index of liposomal Ampho- 
tericin B remained unclear. It is well known that 
the incorporation of a drug into liposomes can 
affect its behavior in vivo in a variety of complex 
ways including alteration of pharmacokinetics, 
changes in tissue distribution and modification of 
immune function [6,7]. However, we were surprised 
to find that the behavior we observed in vivo, 
namely an enhanced therapeutic index or im- 
proved selective toxicity of liposomal Amphoteri- 
cin B, could apparently be mimicked quite pre- 
cisely in vitro. That is, a comparison of the effects 
of free and liposomal Amphotericin B in vitro also 
demonstrated an enhanced selectivity of the lipo- 
somal drug in the form of reduced toxicity to 
mammalian cells with full retention of antifungal 
potency. 

It is well known [4,11] that doses of Ampho- 
tericin B in the #g/ml  range can readily lyse 
human erythrocytes as well as other types of mam- 
malian cells. However, we found that when the 
Amphotericin B is present in phospholipid vesicles 
it has essentially no lytic effect on human 
erythrocytes even at extremely high doses (Fig. 
la). If liposomes are added to the free drug prior 
to the addition of erythrocytes, only a small 
amount of hemolysis occurs; presumably the lipo- 
somes can sequester the drug and prevent its inter- 
action with the erythrocytes. By contrast, incor- 
poration of Amphotericin B in liposomes has little 
effect on its ability to kill C albicans in vitro; thus 
both free and liposomal drugs are approximately 
equipotent (Fig. lb). Indeed, the addition of lipo- 
somes to free Amphotericin B prior to the addition 
of Candida cells actually seems to enhance the 
antifungal potency of the drug; the mechanism of 
this effect is unknown. Thus the liposomes seem to 
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sequester  the drug  in a manner  which makes  it 
unavai lab le  and non toxic to m a m m a l i a n  cells bu t  
readi ly  avai lable  and  toxic to fungal  cells. 

In  Fig. 2 we compare  the effects of three differ-  
ent  types of vesicle p repara t ions  on ery throcyte  
lysis in the presence and absence of Amphote r i c in  
B. Vesicles composed  solely of phospho l ip ids  and 
those composed  of  phospho l ip ids  plus cholesterol  
p ro tec ted  red cells against  Amphote r i c in  B-in- 
duced  lysis even dur ing  p ro longed  incubat ion  (24 
h). However ,  e rgos tero l -conta in ing  vesicles caused 
cons iderab le  cell lysis even in the absence of 
Amphote r i c in .  This  is in cont ras t  to a number  of 
observa t ions  indica t ing  that  ergosterol  can protect  
fungal  cells f rom Ampho te r i c in -med ia t ed  cytoxic-  
i ty [13,14]. I t  is well  known that  red cell sterols can 
exchange with exogenous sterols [15]; pe rhaps  the 
exchange of ergosterol  in to  the red cell membrane  
leads  to a des tabi l iza t ion  of the cell. The  toxici ty 
of  ergosterol  conta in ing  vesicles to m a m m a l i a n  
cells suggests that  vesicles composed  solely of 
p h o s p h o l i p i d s  [10] o r  p h o s p h o l i p i d s  p lu s  
cholesterol  m a y  be  preferab le  to ergosterol  vesicles 
[8,9] for therapeut ic  purposes .  

Fig. 1. (a) Lysis of human erythrocytes by free versus liposomal 
Amphotericin B. Washed human red cells were incubated with 
free Amphotericin B, with Amphotericin B incorporated in 
DMPC/DMPG multilamellar liposomes or with Amphotericin 
premixed with 'empty' DMPC/DMPG llposomes. The incuba- 
tion was performed at 37°C, in phosphate-buffered saline, for 
predetermined time intervals. Lysis of red cells was quantitated 
by release of hemoglobin (A550 nm) as described in Methods. 
© ©, free Amphotericin B 45 min incubation; 
[] n, free Amphotericin B 18 h incubation; • •,  
liposomal Amphotericin B (total lipid = 10 mg/ml) at 45 min; 
• A, free Amphotericin B premixed with 'empty' lipo- 
somes (total lipid =10 mg/ml) at 45 rain. Note: After 18 h 
incubation with liposomal Amphotericin B the degree of 
erythrocyte lysis did not exceed that in the buffer control. 
(Inset) Lower dose range. (3 O, free Amphotericin B 45 
min incubation; • •,  free Amphotericin B premixed 
with 'empty' liposomes 45 rain incubation. (b) Killing of 
Candida albicans by free or liposomal Amphotericin B. C 
albicans (7.105) c.f.u./ml in yeast nitrogen base were in- 
cubated with free Amphotericin B, liposomal Amphotericin B 
or free Amphotericin B premixed with 'empty' liposomes for 16 
h at 37°C. The cultures were then diluted in yeast nitrogen base 
and the number of surviving colonies on agar for each dose was 
determined. (3 (3, free Amphotericin B; • • ,  
liposomal Amphotericin B (total lipid =10 rag); • •,  
free Amphotericin B, premixed with 'empty' liposomes (total 
lipid = 10 mg). 



15 

1.( 

0 5  

1 2 3 4 5 6 7 8 9 

Fig. 2. Effect of vesicle composition on the lysis of erythro- 
cytes. Fresh human red cells were incubated with buffer, with 
free Amphotericin B (42 lag), with Amphotericin B incor- 
porated into lipid vesicles (38-45 /~g Amphotericin B, 10 nag 
total phospholipid) or with 'empty'  vesicles (10 mg total phos- 
pholipid) for 24 h at 37°C and the degree of erythrocyte lysis 
was determined as in Fig. la. Vesicles were composed of 
DMPC and DMPG in a 7 : 3 molar ratio with the addition of 
various amounts of cholesterol (C) or ergosterol (E). Results 
are the means of triplicate determinations. 1, phosphate- 
buffered saline; 2, pure phospholipid (PL); 3, P L / C  10:2; 4, 
P L / C  10:4; 5, P L / C  10:8; 6, P L / E  10:2; 7, P L / E  10:4; 8, 
P L / E  10:8; 9, free Amphotericin B. Open columns, 'empty'  
vesicles, shaded columns, vesicles containing Amphotericin B. 

Although other investigators have demonstrated 
protective effects of lipids, including sterols, 
against the action of polyene antibiotics, to our 
knowledge no one has previously demonstrated 
that these effects can be selective in the sense of 
protecting mammalian cells to a greater degree 
than fungal cells. Our observations are not ex- 
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plainable by artifactual release of free drug from 
the liposomes upon incubation with C albicans. 
Prolonged incubation of Amphoteflcin B lipo- 
somes with yeast medium or with fungal cells does 
not result in destabilization of the liposomes nor 
in release of the drug. Chemical determination 
(Table I) indicates that over 90% of the Ampho- 
teflcin B remains with the vesicles composed of 
phospholipid or phospholipid plus sterols under 
these circumstances; moreover, supematants of 
vesicles incubated overnight with conditioned yeast 
medium are not toxic to Candida. 

Our results indicate that Amphotericin B can be 
transfered efficiently from liposomes to fungal 
cells, but not to mammalian cells. The precise 
mechanism of this transfer remains undefined at 
present. A direct or "collisional' transfer seems 
possible since drug effects on Candida take place 
in the absence of detectable drug leakage from the 
liposomes. However, differences in the rate of 
diffusional transfer from 'donor' liposomes to the 
highly dissimilar membranes of red cells versus 
fungal ceils might also account for our observa- 
tions [16]. Nonetheless, it seems clear that the 
incorporation of the polyene antibotic Ampho- 
tericin B in phospholipid vesicles results in a pro- 
found alteration of the pattern of interaction of 
the drug with fungal and mammalian cell mem- 
branes, and that this may account, in part, for the 
enhanced therapeutic index of liposomal Ampho- 
teflcin B observed in vivo. 

This work was supported by grants NIH 
CA25123 to RLJ and NIH No. 551 and grants 
from the Kleberg Foundation and the Interferon 

TABLE I 

STABILITY OF AMPHOTERICIN B-CONTAINING LIPOSOMES 

Incubation temperature was 37°C. The amount of Amphotericin B was determined spectrophotometrically at 405 nm. Results are the 
means of duplicate determinations, differing by less than 1~. 

Liposome 
composition 

Percent release of Amphotericin B in 

Yeast nitrogen base Conditioned yeast nitrogen base a 

24 h 48 h 18 h 36 h 

Pbospholipid ( D M P C / D M P G ,  7 : 3) 
Phospholipid + cholesterol (7 : 3 : 2) 
Phospholipid + ergosterol (7 : 3 : 2) 

0 0 4 4 
0 3.6 - 
3.9 7.0 - - 

a Yeast Nitrogen Base was conditioned by overnight incubation with Candida albicans or liposomes or both before adding 
Amphotericin B containing liposomes. 



234 

Program to G.L.B. The authors thank Drs. K. 
Mehta, M. Luna, V. Fainstein,E. Hersh and G. 
Bodey for advice and encouragement, and Ms. 
Sandra Hobbs for typing and editorial assistance. 

References 

1 Hersh, E.M., Bodey, G.P., Nies, B.A. and Freireich, E.J. 
(1965) J. Am. Med. Assoc. 193, 105-109 

2 Young, L.S. (1981) J. Med. 70, 398-404 
3 Andreoli, T.E. (1974) Ann. NY Acad. Sci. 235, 448-468 
4 Kinsky, S.C. (1970) Ann. Rev. Pharmacol. 10, 119-142 
5 Ryler, J.F., Wilson, R.G., Gravestock, M.B. and Poyser, 

J.F. (1981) Adv. Pharmacol. Chemother. 18, 49-176 
6 Juliano, R.L. and Layton, D. (1980) in Drug Delivery 

Systems: Characteristics and Biomedical Applications 
(Juliano, R.L., ed.), pp. 189-236, Oxford University Press, 
New York 

7 Gregoriadis, G. (1981) Lancet ii, 241-246 

8 New, R.R.C., Chance, M.L. and Heath, S. (1981) J. Antimi- 
crob. Chemother. 8, 371-381 

9 Grayhill, J.R., Craven, P.L., Taylor, R.L., Williams, D.M. 
and Magee, W.E. (1982) J. Infect. Dis. 145, 748-752 

10 Lopez-Berestein, G., Mehta, R., Hopfer, R., Mill, K., Kasi, 
L,  Mehta, K., Fainstein, V., Luna, M., Hersh, E.M. and 
Juliano, R. (1983) J. Infect. Dis 147, 939-945 

11 Kinsky, S.C., Avruch, J., Permutt, M., Rogers, H.B. and 
Schonder, A.A. (1962) Biochem. Biophys. Res. Commun. 9, 
503-507 

12 Manual for Clinical Microbiology, Vol. 11 (1980) pp. 
649-653, Am. Soc. Microbiol. 

13 Gale, E.F., Johnson, A.M., Kerridge, D. and Koh, T.Y. 
(1975) J. Gen. Microbiol. 87, 20-36 

14 Zygmunt, W.A. and Tavormina, P.A. (1966) Applied Mi- 
crobiol. 14, 865-869 

15 Poznamsky, M.J. and Czekanski, S. (1982) Biochim. Bio- 
phys. Acta 685, 182-190 

16 Nichols, J.W. and Pagano, R.E. (1981) Biochemistry 20, 
2783-2789 


