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In aqueous suspensions of amphotericin B (AmB), a polyene antibiotic and antifungal agent, three forms of
AmB coexist: monomers, water-soluble oligomers, and non-water-soluble aggregates. The toxicity of the
water-soluble self-associated form of AmB compared with that of the non-water-soluble self-associated form
was tested by measuring induction of K+ leakage from human erythrocytes, using different suspensions
containing the antibiotic and phosphate-buffered saline. These suspensions were obtained from various stock
solutions of the antibiotic in dimethyl formamide or dimethyl sulfoxide. Their circular dichroism spectra
around 340 nm, indicative of the degree ofAmB self-association, were strongly dependent on the concentration
of organic solvent in the suspensions. The nonsoluble self-associated form was separated from the water-soluble
form by centfugation. The nonsoluble form was favored by a high concentration ofAmB of the stock solution.
The kinetics ofAmB-induced K+ leakage from human erythrocytes also appeared to be strongly dependent on
the AmB concentration of the stock solution being much weaker with concentrated stock solutions. It was
concluded that the only form ofAmB toxic to human erythrocytes is the water-soluble self-associated form (in
contrast with fungal cells on which the monomeric form is also active). This result may be important in the
design of new less toxic AmB derivatives and in the understanding of the mechanism of action of liposomal
AmB.

Amphotericin B (AmB) remains the drug of choice for
treating most systemic fungal infections. The recent intro-
duction of liposomal AmB formulations with lower toxicity
to patients (see, for instance, reference 5), has increased the
clinical interest in this drug. However, its mechanism of
action is still imperfectly understood. Inducing permeability
to K+ is thought to be the first event following the addition
of AmB to cells and is therefore an indicator of its activity.
In order to understand the mechanism of its selectivity
between fungal (ergosterol-containing membranes) and
mammalian (cholesterol-containing membranes) cells, sev-
eral studies have been performed from the functional point
of view with mammalian erythrocytes (see references 2 [and
references therein], 6, 26, and 32) as well as from the
molecular point of view (3, 29, 30, 33). In a previous study
(3), we were able to show that AmB induces permeability to
K+ in cholesterol-containing membranes, particularly in
erythrocytes only whenAmB is in the self-associated form in
the incubation medium. The threshold of concentration
beyond which AmB self-association starts therefore ap-
peared to be a determining factor in the activity of the drug.
This point is very important for the design of new less toxic
derivatives of AmB. It can also be a clue for the mechanism
by which the selectivity of the drug is increased when it is
incorporated into liposomes.
However, a more detailed analysis of the toxicity of the

self-associated form was necessary, because it is well-known
(23) that two self-associated forms are found in water, one
water-soluble and one non-water-soluble. In the present
study, we were able to modulate the ratio of these two forms
and to correlate it with the induction of permeability to K+
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in human erythrocytes. Indeed, studies on the mechanism of
action ofAmB are generally performed with stock solutions
of AmB in organic solvents (dimethyl formamide [DMF] or
dimethyl sulfoxide [DMS0]), from which the drug is dis-
persed in the aqueous buffer used for biological studies.
Self-association (leading to oligomeric species) and aggrega-
tion (of the oligomeric species) of the drug then occurs,
which may be affected by the concentration of AmB in the
stock solution. This possibility is investigated in the present
study, by taking the amplitude of the AmB signal of circular
dichroism (CD) around 340 nm as an indicator of self-
association and correlating it with the induction of perme-
ability to K+ for different stock solutions. We showed that
the concentration of AmB in the organic stock solution
strongly affects the following: (i) the proportions of the
different forms of AmB present in water as well as their
nature and (ii) the toxicity of the drug to cholesterol-
containing membranes, as monitored by the K+ induction of
permeability of human erythrocyte membranes.

Toxicity seems to be restricted to water-soluble self-
associated AmB (oligomers), with monomeric AmB and
non-water-soluble self-associated AmB (aggregates of oligo-
mers) being inactive.

MATERIALS AND METHODS
Materials. AmB was a generous gift from Squibb France,

Neuilly, France. Stock solutions ofAmB were prepared with
DMSO (Fluka, Buchs, Switzerland) or DMF (Touzart et
Matignon, Vitry-sur-Seine, France) and used on the same
day. Concentrations of AmB were determined by UV ab-
sorption after a 100-fold dilution in methanol (Prolabo, Paris,
France) (E at 407 nm = 150,000M ' cm-'). Solvents were of
first grade quality.
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Isolation of human erythrocytes. Human venous blood
collected in tubes containing EDTA was centrifuged at 1,500
x g for 10 min, and plasma and buffy coat were removed.
Erythrocytes were then washed three times with phosphate-
buffered saline (PBS) (155 mM NaCl, 7mM Na2HPO4, 3 mM
KH2PO4; adjusted to pH 7.4), suspended in PBS at an
hematocrit of 40%, and used on the same day.
Measurement of antibiotic-induced K+ leakage from eryth-

rocytes. Appropriate amounts of AmB dissolved in organic
solvent were added to PBS at 37°C. The suspensions were
immediately mixed by vortexing and incubated for 5 min at
the same temperature. Erythrocytes were then added to a
final hematocrit of 2% (approximately 2 x 108 cells per ml)
and incubated at the same temperature. For kinetic measure-
ments, samples were taken at 5, 10, 15, 25, and 60 min. For
dose-response curves, the incubation time was 1 h. Each
sample was rapidly squirted into an ice-cold Eppendorf tube
containing 0.1 ml of di-n-butyl-phthalate. The suspension
was immediately centrifuged at 4,000 x g for 3 min, and the
cell pellet which had passed through the oil cushion was then
lysed in water. A sample of erythrocytes before incubation
was used to correct the K+ content of incubated cells for the
amount trapped in extracellular space. Cellular volume was
quantified by the cyanomethemoglobin method of Drabkin
and Austin (8). K+ leakage was determined by flame emis-
sion at 766 nm (Varian Techtron model 1000). All experi-
ments were done three times in duplicate.

Spectroscopic measurements. CD spectra were recorded
with a Jobin-Yvon Mark V dichrograph, thermostated at
37°C. As is the differential molar dichroic absorption coeffi-
cient (103 cm2 mol-1). Electronic absorption spectra were
recorded with a Cary 219 (Varian) spectrophotometer.
Measurement of the relative proportions of monomeric,

oligomeric water-soluble, and aggregated non-water-soluble
AmB. The relative proportions of monomeric, oligomeric
water-soluble, and aggregated non-water-soluble AmB were
determined from 2 ,M suspensions of AmB in PBS, ob-
tained from the different stock solutions used in the kinetic
studies. We took advantage of the differences in the absorp-
tion spectra of monomeric and self-associated (oligomers or
aggregates of oligomers) AmB. For monomeric AmB, a peak
is observed at 409 nm with £ = 120,000; for self-associated
forms, there was a peak at 420 nm, with £ = 11,600. AmB at
concentrations lower than 10-' M dissolved in methanol is
totally in the monomeric form and exhibits a peak at 407 nm,
with e = 150,000. CD was also used, since self-associated
AmB presents an intense dichroic doublet centered at 340
nm (that is, positive and negative peaks at approximately 325
and 350 nm respectively), while the CD of monomeric AmB
at this wavelength is negligible (3, 9, 13).
The suspensions were incubated for 5 min at 37°C. The

suspensions were then divided in two samples. The first
sample (sample a) was allowed to incubate for an additional
10 min at 37°C. CD and absorption spectra of this sample
were then recorded. The second sample (sample b) was
centrifuged at 12,000 x g for 10 min at 37°C. CD and
absorption spectra of the supernatants, representative of the
soluble forms of AmB were then recorded.
A407 of sample a, diluted 100-fold in methanol, gave the

total concentration of AmB (A,). A409 of the supematant of
sample b gave the concentration of monomeric AmB (Am),
as the contribution of self-associated AmB was considered
negligible at this wavelength (less than 5%). A407 of sample b
diluted 100-fold in methanol, gave Am plus As (As is the
concentration of water-soluble self-associated AmB). The
concentration of non-water-soluble aggregated AmB (A,n)
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FIG. 1. Kinetics of AmB-induced release of K+ from human

erythrocytes, showing the influence of the concentrations of the
stock solutions ofAmB. Cell suspensions of 2 x 108 cells per ml and
a temperature of 37°C were used. Symbols: *, 4.2 mM AmB in
DMF; E, 0.1 mM AmB in DMF; 0, 10 mM AmB in DMSO; 0, 0.1
mM AmB in DMSO.

was obtained from the following equation: Am, = A, - (Am +
As). The results were corroborated with those obtained from
CD measurements, which gave Ans + As and A,

RESULTS

AmB-induced K+ leakage from erythrocytes. (i) Kinetics.
Kinetics of K+ release were recorded in the presence of 2
p,M AmB. Four stock solutions were used: two stock
solutions of AmB dissolved in DMF at concentrations of 4.2
and 0.1 mM AmB and two stock solutions ofAmB dissolved
in DMSO at concentrations of 10 and 0.1 mM AmB. AmB
concentrations of 4.2 mM in DMF and 10 mM in DMSO
corresponded to near saturation of these solutions. The final
percentages of organic solvent in the four samples studied
were 0.084, 2, 0.02, and 2, respectively. In order to take into
account the possible effect of the total concentration of the
organic solvent, two supplementary experiments in which
solvent was added after injection of the more concentrated
stock solutions were done in order to reach a final concen-
tration of 2%.
From Fig. 1, it was observed that whatever the solvent,

suspensions of AmB obtained from 0.1 mM stock solutions
led to a much greater K+ leakage than that found with
suspensions of AmB obtained from the more concentrated
stock solutions. The addition of solvent after the injection of
the more concentrated stock solutions in order to obtain a
final concentration of 2% with DMF stock solutions did not
change the kinetics and with DMSO stock solutions led to a
small increase in the rate of leakage after 15 min (data not
shown). It is also worthwhile to note that partial recovery
from the leak of K+ was observed when diluted stock
solutions were used.

(ii) Dose-response curves. The dose-response curves were
obtained with the four stock solutions indicated previously,
at 370C with 2 x 108 cells per ml after a 60-min incubation.
Figure 2 confirms that the sensitivity to AmrB is higher when
the stock solution is less concentrated. However, the effect
is less drastic than the one observed for the initial kinetics of
leakage. When the preincubation of AmB in PBS before the
addition of erythrocytes was longer (2 h), the difference in
toxicity between the various dispersions was reduced even
more (data not shown).
CD spectra. Aqueous AmB suspensions were obtained as
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FIG. 2. Dose-response curves of AmB-induced release of K+
from human erythrocytes, showing the influence of the concentra-
tions of the stock solutions ofAmB. Cell suspensions of 2 x 10' cells
per ml, an incubation time of 60 min, and a temperature of 37°C were
used. Symbols: *, 4.2mM AmB in DMF; 0, 0.1 mM AmB in DMF;
0, 10 mM AmB in DMSO; 0, 0.1 mM AmB in DMSO.

teristics of the spectra were dependent on the nature of the
solvent and the concentration of the stock solution. With
DMSO, decrease of the concentration of the stock solution
led to a shift of the dichroic doublet to blue. With DMF,
decrease of the concentration of the stock solution led to a
decrease in the intensity of the dichroic doublet without a
wavelength shift.

Relative proportions of monomeric, oligomeric water-solu-
ble, and aggregated non-water-soluble AmB. The results
obtained with a 2 p,M AmB suspension in PBS are shown in
Fig. 4. The suspensions were prepared from the four stock
solutions used in the kinetic studies. It appears that the
concentration of soluble species is higher in suspensions
from diluted stock solutions. For 0.1 mM stock solution in
DMF, there is no self-associated non-water-soluble AmB
present in the suspension. It was noticed that 2 h after
dispersion of AmB in buffer at 37°C, an equilibrium was
reached and the proportions of the three different forms of
AmB were no longer influenced by the concentration of the
antibiotic in the stock solution.

usual by immediately diluting the desired aliquot of a DMSO
or DMF stock solution in PBS at 37°C. Spectra were

recorded 5 min after dilution. The CD spectra of 5 p,M AmB
are given in Fig. 3. This concentration is above the threshold
of association of the antibiotic and, consequently, an intense
dichroic doublet centered around 340 nm is observed (4). As
increased with AmB concentration. A 20 to 30% decrease in
As was observed after a 1-h incubation. The exact charac-
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FIG. 3. CD spectra of 5 FM AmB, 5 min after dilution in PBS at

37°C, of the stock solution, showing the influence of the solvent and
concentration of the stock solution.

DISCUSSION

The interaction of an amphiphilic drug with the lipid part
of the cellular membranes and the development of drug
activity are complex. Indeed, depending on its concentra-
tion, the drug can be present in the aqueous medium in a
soluble form (monomer or self-associated oligomer); beyond
a critical concentration, the drug is in aggregated or micellar
form. The drug can then have different types of activity (20).
In some cases, only the micellar form can be active (12, 19)
or bind to cell membranes (31). Binding of the monomeric or
oligomeric form can lead to an active form either at once or
after reorganization in micelles within the lipid bilayer, but
only at concentrations exceeding the critical inicellar con-
centration in the membrane (21, 24, 25, 27). Consequently,
any factor modifying the equilibrium between the different
forms present in the aqueous medium may change the
overall activity of the drug. AmB affords a good example of
such an interaction. The importance of the solubility and
molecular spatial arrangement ofAmB before its incorpora-
tion into membranes in determining the AmB toxicity to
mammalian cells has already been stressed (10, 16).
The leakage of K+ that is induced by AmB from erythro-

cytes has been studied several times as an index of polyene
toxicity. In aqueous media, the antibiotic is present as an
equilibrium of monomers, soluble self-associated oligomers,
and nonsoluble aggregates of oligomers (22, 23, 28). In a
previous study (3), we proposed that for AmB to induce K+
leakage in cholesterol-containing membranes, it must be
self-associated in water. A similar conclusion was drawn
from a study on sixAmB derivatives (18). Similarly, analysis
of the basal urea permeability through model membranes
(pure dimyristoyl phosphatidylcholine large unilamellar ves-
icles above their transition temperature) showed (7) that
adding AmB at a concentration lower than 0.8 p,M leads to a
significant reduction in the permeability but adding AmB at
a concentration higher than 0.8 ,uM, which corresponds to
the threshold of AmB self-association in water, leads to an
increase in permeability.

In the present study, by modulating the proportions of
water-soluble and non-water-soluble AmB, we observed that
the permeability to K+ increases when the proportion of
water-soluble AmB (monomers or self-associated oligomers)
increases. Taking this and the previously published obser-
vations together lead us to the conclusion that actually only

DMSO

IOmM in DMSO

0. ImM in DMSO
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FIG. 4. Proportions of the different forms of AmB present in PBS, at a concentration of 2 ,uM, showing the influence of the solvent and

concentration of AmB in the stock solution. Stock solutions using DMF (A) or DMSO (B) and the following different concentrations were

used: 0.1 (a bars in both panels), 4.2 (b bars in panel A), and 10 (b bars in panel B).

water-soluble self-associated AmB is toxic, with the non-

water-soluble form of AmB being much less toxic, if not
entirely nontoxic. This conclusion is in agreement with the
proposal of Gruda and Dussault (11), who hypothesized that
the toxicity of antibiotic administered as monomers, with
only traces of dimers, would be lower. Wietzerbin et al. (33),
who studied AmB derivatives concluded that only solubi-
lized species bind to erythrocytes and that disaggregation of
aggregates is the limiting step in the binding process. How-
ever, in contrast with our conclusion, they hypothesized that
the monomeric form of these derivatives is also active.

In the present study, we show, for the first time, the strong
influence that the concentration of AmB in the organic
solvent stock solution has on the kinetics of AmB-induced
leakage of K+ from erythrocytes: diluted stock solutions are
much more toxic than concentrated ones. The lack of
specification of the exact experimental conditions in other
studies therefore makes comparing results difficult.
On the other hand, as far as the dose-response curves after

1-h incubation are concerned (Fig. 2), the influence of the
concentration of the stock solution does not appear to be as

drastic as for the kinetic measurements: 50% release of K+
is obtained roughly between 1.8 and 3.2 ,uM AmB. There are

two reasons for this weaker effect. The first is that the slope
of the curve in the region of concentration at which activity
begins to be observed is rather steep. Under these condi-
tions, a small increase in the concentration of the active
species induces a large increase in activity. The second
reason is that we observed a partial restoration of K+
intracellular levels after 1-h incubation with diluted stock
solutions and a levelling off of the leakage with concentrated
stock solutions. A similar effect was previously observed
with rat hepatocytes (1). It has been attributed to a redistri-
bution of AmB in the membrane over time, leading to the
formation of inactive species and the cancelling of induction
of permeability. It can also be assumed that the activity of
the Na+/K+ ATPase, initially inhibited by the presence of
AmB (32), was concomitantly restored and was sufficient to
pump K+ inside the cells.

It is interesting to note that our interpretation is also
consistent with observations made with Fungizone. Fungi-
zone is the clinically used form of AmB, solubilized by
deoxycholate. This formulation consists of mixed AmB-

deoxycholate aggregates coexisting with pure deoxycholate
micelles. Although the AmB-deoxycholate aggregates are

unstable at all concentrations, the rate of aggregation in-
creases strongly with dilution (17). Below 5 p,M the CD
spectra of Fungizone are similar to those of AmB obtained
from stock solutions in organic solvent, which indicates that
AmB has dissociated from deoxycholate. Centrifugation and
measurement of the decrease of the CD doublet indicates
that the percent ofAmB in non-water-soluble form is higher
than with AmB obtained from stock solutions in organic
solvents. In agreement with our hypothesis, the AmB dose
giving 50% of K' release is shifted to 4.5 ,uM (data not
shown).
The problem now is to understand how the structure of the

association in the hydrophilic environment can have an
effect on the structure of the AmB form inducing permeabil-
ity to K+ in the hydrophobic environment of the membrane.
The present results can also shed light on the origin of the
decrease in toxicity of AmB seen when AmB was incorpo-
rated in liposomes. On the one hand, we have shown here
that only self-associated AmB in oligomeric water-soluble
form is active and that the concentration of AmB dissolved
in organic solvent determines the distribution of the different
forms ofAmB suspended in water. On the other hand, it has
been shown that in vitro, the activity of liposomal AmB
comes from the presence of free AmB that is not bound to
liposomes (14, 15). However, it appeared in the same studies
that in order to obtain an equivalent effect on erythrocytes,
the quantity of "free" AmB of the liposomal formulations
had to be higher than the quantity of AmB necessary when
using stock solution in DMSO. From the present study, it
can therefore be suggested that the role of the liposomes is to
modify the distribution of the different species of "free"
AmB, to the detriment of the monomeric and self-associated
soluble forms. This result is not surprising, since these forms
are the very species which will preferentially bind to lipo-
somes during the preparation of liposomal AmB.
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