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ABSTRACT: The effect of amphotericin B on the oxidation and degradation of low- and
high-density lipoproteins was investigated by UV–vis spectroscopy, electron micros-
copy, electrophoresis, and size-exclusion chromatography. Two formulations of the drug
were used: the commercial Fungizone and a new, less toxic, liposomal formulation,
AmBisome. It was shown that Fungizone strongly enhanced the oxidative deformation
of low-density lipoprotein structure while AmBisome did not bind to this lipoprotein
fraction and did not affect its oxidation. It was shown that amphotericin B contained
in Fungizone extracted cholesterol from low-density lipoproteins which sensitized them
to oxidation. Both formulations of amphotericin B studied here did not bind to high-
density lipoprotein and did not affect the process of its oxidation. q 1998 John Wiley &
Sons, Inc. Biospectroscopy 4: 135–144, 1998
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INTRODUCTION Fungizone.1 It was found in this study that the
AmB formulations in which the formation of

Amphotericin B (AmB) is a potent, broad-spec- AmB–lipoprotein complex is hindered are less
trum antifungal agent used in patients with sys- toxic to mice. It was concluded that the AmB spe-
temic mycoses. This clinical problem has recently cies which is responsible for the in vivo toxicity is
become very important due to the increasing num- a complex of the antibiotic with low-density lipo-
ber of immunocompromised patients. AmB is very proteins (LDL) or very low-density lipoproteins
effective but its usefulness is limited by relatively (VLDL). Others found that the toxicity of AmB–
high toxicity. Much effort is being done to improve LDL mixture in rabbits is higher than that of
the therapeutic efficiency of AmB, the main strat- AmB alone.2 On the other hand, it is known that
egy consisting in developing new delivery systems in in vitro experiments with red blood cells the
such as liposomes, lipid emulsions, and many addition of LDL lowers the anticellular effect of
others. It is not clear by which mechanism some of AmB.3,4 This discrepancy suggests that the in vivo
these new formulations increase the therapeutic toxicity of the AmB–lipoprotein complex may
index of AmB. We have recently described the in- have another mechanism than that of a direct cy-
teraction of two new formulations of AmB with totoxicity. It was recently suggested that an oxi-
plasma lipoproteins and compared the results dative mechanism is involved in the anticellular
with those of the commonly used formulation— activity of AmB.2 Therefore it may be thought that

the autoxidation of AmB and/or formation of oxi-
dized lipoproteins is one of the mechanisms of theCorrespondence to: J. Barwicz.

Contract grant sponsor: Natural Science and Engineering AmB’s toxicity. On the other hand, it is well
Research Council of Canada. known that oxidized LDL contributes to many
Biospectroscopy, Vol. 4, 135–144 (1998)
q 1998 John Wiley & Sons, Inc. CCC 1075-4261/98/020135-10 damaging processes in human organisms.5
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We describe in this article the effect of two dif- Lowry–Markwel method using bovine serum al-
bumin as a standard. Cholesterol levels were mea-ferent formulations of AmB on the oxidation pro-

cess of LDL and high-density lipoproteins (HDL). sured by enzymatic method and remained stable
during 20 days. In all experiments the concentra-One of the formulations used was the commercial

form of AmB (Fungizone) and the other (AmBi- tion of lipoproteins was 200 mg of protein/mL.
some) is known to be considerably less toxic than
Fungizone.6 The unique spectroscopic characteris-

Gel Electrophoresistic of AmB and the sensitivity of its spectra to
environmental changes and to interactions with Changes in the electrophoretic mobility of LDL

were determined by one-dimensional agaroseother molecules makes UV–vis spectroscopy the
best analytical method for this kind of studies. electrophoresis using the Noble method.8

Electron Microscopy
MATERIALS AND METHODS

Samples negatively stained with 1% sodium phos-
photungstate solution were observed on 400-meshChemicals
grids coated with formvar and carbon with a Phil-

Amphotericin B as Fungizone was from Squibb, ips 201 electron microscope operated at 60 kV or
Canada; AmBisome was a generous gift of Vestar, 80 kV.
CA; Sepharose 4B gel was purchased from Phar-
macia, Québec, Canada. Other chemicals were

UV–Vis Spectroscopyfrom the usual sources and were used without
further purification. The absorption spectra were recorded using a

The phosphate buffer (PBS) was prepared from Milton Roy Spectronic 3000 array spectrophotom-
1.5 mM of each Na2HPO4 and KH2PO4 in distilled eter with the following instrumental parameters:
water. 200–450-nm range; 2-nm spectral slitwidth; 0.37-

nm detector slitwidth; 540-ms exposure time. Two
spectra were recorded for each column-elutedThe Amphotericin B Solution
fraction, one directly and another after addition of

Fungizone was dissolved in water to a 0.26-mM propanol for final concentration 50% of propanol.
stock solution. Solutions containing Fungizone
and lipoproteins were prepared by adding to 0.200

Size-Exclusion ChromatographymL of Fungizone stock solution the appropriate
volume of given lipoprotein fraction and PBS was A 40-cm glass column of 10-mm inner diameter
added to a total volume of 2 mL. These solutions was packed with 30 mL of Sepharose 4B gel and
were incubated 24 h at 377C before separation on equilibrated with degassed phosphate saline
a size-exclusion chromatography column. buffer. Experimental samples (solutions of lipo-

proteins alone or AmB–lipoprotein mixtures)
were deposed on the column and 0.7-mL fractionsLipoprotein Preparation
of eluate were collected. The speed of elution was
0.4 mL/min. A total of 40 fractions were collectedLipoprotein fractions were separated from fresh

human plasma obtained from two healthy volun- and the absorption spectra of each fraction were
recorded.teers, by sequential preparative ultracentrifuga-

tion at 187C, as described by Hatch and Lees.7 The
density-range-derived lipoproteins were as fol-
lows: VLDL õ 1.006 g/mL; LDL, 1.006–1.063 g/ RESULTS
mL; and HDL, 1.063–1.200 g/mL. The isolated
LDL and HDL were dialyzed against phosphate- We first examined the interaction of AmB as Fun-

gizone with various lipoproteins using the size ex-buffered saline containing no EDTA and sterilized
with a porous filter (0.22 mm). The LDL and HDL clusion chromatography on Sepharose 4B. The

samples were incubated at 377C during 24 h, sepa-solutions obtained in this step were stock solu-
tions and were stored at 77C for not more than 20 rated on the column and 0.7-mL fractions were

collected and analyzed by UV–vis spectroscopy.days.
LDL and HDL proteins were determined by the For each fraction two spectra were recorded: one
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AMPHOTERICIN B TOXICITY AND OXIDATIVELY MODIFIED LDL 137

directly and the other after addition of propanol
in order to transform the polyene into monomer
to make possible a comparison of the total amount
of AmB in all collected fractions. For comparison
a control column with lipoprotein alone was per-
formed. The results were analyzed on the basis of
UV–vis spectra and compared to the spectra of
lipoproteins, cholesterol, phospholipids, and AmB
as monomer or aggregate (Fig. 1). Figure 1(A)
shows the spectra at 200–300 nm. It can be seen
that AmB does not absorb in this region and that
lipoproteins, cholesterol, and phospholipids have
the absorption maximum at the same wavelength
region of 205–212 nm (curves b–d). It suggests
that the spectrum of lipoproteins reflects the ab-
sorption of their main components: cholesterol
and phospholipids. Hence, this peak may be used
to analyze quantitatively the concentration of li-
poproteins. Others used the same absorption band
to detect LDL.9

Figure 1(B) presents the spectra of two forms
(monomeric and aggregated) of AmB (as Fun-
gizone) in the absorption region of 300–450 nm.
These two spectra are very different. The main
absorption of the aggregated form (curve a) is lo-
cated at 328 nm and the main peak of the mono-
mer (curve b), at 408.8 nm. The presence of a
small absorption at 408.8 nm in the spectrum of
aggregated AmB shows that a very low amount
of monomer is here present (notice the difference
in scales of the two spectra).

Figure 1(C) shows the spectra of the mixtures
of AmB with (a) cholesterol, (b) phospholipid, and
(c) the sample presented in b after addition of
cholesterol. The mixture of AmB and phospholipid
is characterized by a broad peak at 410.6 nm (b),
while the AmB–cholesterol interaction—by a
narrow band at 415 nm (a). All bands in spectrum
a are sharpened in comparison to spectrum b.
When cholesterol is added to the mixture of AmB
with the phospholipid (spectrum b) the spectrum
changes (spectrum c) taking the aspect similar to
spectrum a. This result shows that the affinity of

Figure 1. Absorption spectra of all important compo-
nents for this study. (A) 200–300-nm region: (a) AmB
(as Fungizone), 6.5 mM in PBS; (b) LDL (200 mg of region: (a) AmB (as Fungizone)/ cholesterol, final con-
protein/mL) in PBS; (c) cholesterol, 1 mM in propanol; centration of AmB Å 6.5 mM, molar ratio AmB : choles-
(d) phospholipid (egg phosphatidylcholine, EPC), 1 terol Å 1 : 1, medium Å 0.5% propanol; (b) AmB (as
mM in propanol. (B) 300–450-nm region: (a) aggre- Fungizone) / phospholipid (EPC), final concentration
gated AmB (as Fungizone), 26 mM in PBS, optical of AmB Å 6.5 mM, molar ratio AmB : EPC Å 1 : 100,
width Å 1 cm; (b) monomeric AmB (as Fungizone), 26 mediumÅ pure water; (c) the sample (b) after addition
mM in propanol. The last spectrum was measured in a of cholesterol, molar ratio AmB : EPC : cholesterol
1-mm curve and the results were multiplied by 10 Å 1 : 100 : 10, medium Å 5% propanol. Optical width
for comparison with spectrum a. (C) 300–450-nm for all experiments in C was 1 cm.
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In the short wavelength region the oxidized
products are seen at 234 nm together with a small
peak of lipoproteins with the maximum at 205 nm
[Fig. 2(A)]. In the spectral region 300–450 nm of
the same fractions the spectra of AmB aggregated
(peak at 328 nm) and complexed with cholesterol
(peak at 415 nm) are seen [Fig. 2(B)].

Some further fractions are shown in Figure 3.
The shorter wavelength region (200–300 nm) is
represented in Figure 3(A), the longer (300–450
nm) in Figure 3(B). At 234 nm only a small shoul-
der on the strong peak of lipoproteins is seen.
Starting with the fraction 21 this shoulder is no
more present and AmB is almost completely
monomerized as shown by the presence of the
band at 408.8 nm.

On the basis of the spectra recorded for all the
fractions a graph of the absorption at 205 nm (the

Figure 2. Absorption spectra of column fractions 10–
13 in different wavelength regions. (A) 200–300 nm;
(B) 300–450 nm.

AmB to cholesterol is stronger than its affinity to
phospholipid. In one of our former studies we used
the peak at 415 nm to evaluate the AmB–lipopro-
tein interaction.1

Figure 2 shows the UV–vis spectra of some
fractions of the column separation of LDL / AmB
mixture. In addition to the absorptions proper to
lipoproteins and AmB, a new well-separated ab-
sorption peak at 234 nm appears in the fractions
8–13 [Fig. 2(A)]. In this wavelength region the
oxidation products of lipids10 and of cholesterol
oxidation11 are normally found. The spectrum of
LDL incubated alone (data not shown) shows at
this wavelength only a small shoulder indicating
that some autoxidation is taking place. In reality
the absorbance value of this shoulder is affected
by the big peak of LDL alone and therefore the Figure 3. Absorption spectra of column fractions 16–
real contents of the oxidation products is lower 25 in different wavelength regions. (A) 200–300 nm;

(B) 300–450 nm.[see Fig. 1(A)].
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Figure 6. Separation of LDL / AmB (as Fungizone)
mixture on size-exclusion chromatographic column.

Figure 4. Separation of LDL / AmB (as Fungizone) Total amount of AmB [the value of absorbance at maxi-
mixture on size-exclusion chromatographic column. mum wavelength (408 nm) in the spectra of eluted frac-
Absorbance at 205 nm as a function of the fraction tions / 50% vol. of propanol] as a function of the frac-
number. tion number.

peak characteristic for lipoprotein) as a function alone the absorption at 205 nm is present in all
of the fraction number was performed (Fig. 4). fractions (8–30) with a maximum in the fractions
For comparison a control column with LDL alone 18–22. Under the same experimental conditions
was done. Figure 4 shows that in the case of LDL LDL in the presence of Fungizone is eluted from

the column as two distinct parts: one with a
maximum in the fraction 17 and the second in the
fraction 25. Hence, LDL in the presence of AmB
appears in two distinct size forms, the larger one
being more abundant.

All fractions were also analyzed at the charac-
teristic wavelengths for AmB: 328 nm for the ag-
gregated form, 408.8 nm for the monomeric form,
and 415 nm for the AmB–cholesterol complex.
The obtained results are summarized in Figure 5.
It can be seen that the first fractions collected (8–
13) contained AmB aggregated and complexed
with cholesterol (absorption maxima at 328 and
415 nm). Some small amounts of aggregated
AmB, absorbing at 328 nm, were seen until the
fraction 19. Absorbance at 415 nm appears in two
well-separated maxima, one in the fraction 11 and
the other in the fraction 17. Starting with the
fraction 20 only monomeric AmB is found. Some
monomeric AmB was probably present in the pre-
vious fractions but it could not be detected due toFigure 5. Separation of LDL / AmB (as Fungizone)
the presence of a high concentration of the aggre-mixture on size-exclusion chromatographic column. Ab-
gated form [see Fig. 1(B)].sorbances at 328 nm (aggregated form of AmB), 408,8

Quantitative analysis made after the additionnm (monomeric AmB), and 415 nm (AmB–cholesterol
complex) as a function of the fraction number. of propanol to each fraction of the LDL / AmB
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present in these cases. It is concluded that the
polyene in AmBisome preparation does not bind
to lipoproteins.

It was interesting to examine by electron mi-
croscopy the effect of AmB (as Fungizone) on the
LDL fraction of lipoproteins and on the process of
oxidation of LDL by CuSO4 a useful model system
for studying the physiological oxidation of LDL.
Figure 9 shows the electromicrographs of the ana-
lyzed samples: LDL alone, LDL / CuSO4, LDL
/ AmB, LDL / AmB / CuSO4. It may be seen
that LDL alone has a regular circular form with
very few aggregated particles [Fig. 9(A)]. Addi-
tion of CuSO4 changed drastically the integrity of
the lipoproteins and many aggregated particles
appeared [Fig. 9(B)].

The addition of AmB to LDL caused same
Figure 7. Absorption spectra of two characteristic changes in the aspect of LDL particles which can
fractions of column separation of a HDL / AmB (as

be observed by the appearance of chains of parti-Fungizone) mixture. Insert: absorbances at 328 nm and
cles as well as of larger clumps of these deformed408.8 nm of all fractions as a function of the fraction
structures [Fig. 9(C)]. However, the extent ofnumber.
these deformations is not particularly important
here and much lower than that observed in the
case of the oxidation by CuSO4 [Fig. 9(B)].column showed that the main amount of AmB was

eluted in the first fractions with a maximum in Figure 9(D) shows the electromicrograph of a
mixture of LDL, CuSO4, and AmB. It can be seenthe fraction 11 (Fig. 6). Comparison of Figure 5

and Figure 6 indicates that in the analyzed mix- that in these conditions the regular structure of
LDL completely disappeared giving place to con-ture (LDL / AmB) the polyene is present mainly

as an aggregate complexed with cholesterol. siderable quantity of small debris. This kind of
structural change is presumably related to theThe interaction of AmB with HDL was ana-

lyzed in a similar manner, that is, a column oxidation process of LDL and AmB clearly en-
hances this phenomenon.separation and spectral analysis of all eluted

fractions were performed (Fig. 7). In this case The results of electron microscopy were con-
firmed by electrophoresis. It has been establishedno absorption at 415 nm, hence, no complex with

cholesterol, and no products of lipoprotein oxida-
tion were observed (no absorption at 234 nm).
Here the aggregated AmB (328 nm) is found in
fractions 10–22 and the monomeric polyene in
fractions 22–31 with the maximum in the 24th
fraction (Fig. 7, insert) . Hence, in the case of HDL
there is no interaction between AmB and the lipo-
protein, neither with cholesterol.

We next examined the interaction between
LDL or HDL with a less toxic formulation of AmB,
AmBisome, which is a mixture of phospholipids,
cholesterol, and AmB. The spectra of AmB con-
tained in this formulation were not modified by
addition of either LDL or HDL (Fig. 8). The small
absorption maximum at 416.7 nm is present in
all three samples (AmBisome alone, LDL / Am-
Bisome, HDL / AmBisome). Hence no modifica-
tion by addition of LDL or HDL can be observed. Figure 8. Absorption spectra of AmB (as AmBisome)
Also the products of lipoproteins oxidation (peak alone and in mixture with LDL and with HDL. Final

concentration of AmB Å 26 mM.at 234 nm) observed with LDL / AmB were not
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Figure 9. Electromicrographs of LDL and LDL–AmB mixtures. (A) LDL alone, (B)
LDL / CuSO4, (C) LDL / Fungizone, and (D) LDL / Fungizone / CuSO4. LDL
oxidation was initiated by the addition of CuSO4 (final concentration was 50 mM ) . The
arrows show aggregated form of LDL. Bar indicates 100 nm.

that extensive oxidation of LDL results in in- formation. These structures are formed from AmB
alone or in complex with membrane sterols andcreased negative charge of the lipoprotein parti-

cles and enhanced electrophoretic mobility.12 Fig- induce leakage of the cellular contents.13–16 It was
also shown that oxidative damage is involved inure 10 shows that the relative electrophoretic

mobility of the LDL / AmB / CuSO4 mixture is the lytic action of AmB on erythrocytes2,17 and on
Candida albicans.17higher than that of LDL / CuSO4 without AmB.

We have recently found that AmB formulations
in which the formation of AmB–lipoprotein com-
plexes is hindered are less toxic to mice.1 We con-DISCUSSION
cluded that the complex of AmB with LDL or with
VLDL is toxic in vivo.In spite of the recently introduced new, less toxic

formulations of AmB, the important problem of Many recent studies in the field of lipoproteins
and their role in biological processes show thatside effects of the antifungal therapy remains un-

solved. The understanding of mechanisms in- several highly toxic products are formed during
the LDL oxidation. The exact mechanism of thevolved in the antifungal activity and toxicity of

AmB is therefore very important. The most known lipoprotein oxidation is not yet completely eluci-
dated; however, it is well known that it may beand widely accepted mechanism of the anticellu-

lar activity of this drug is that of membrane pores caused by some metal ions or by free radicals.
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to separate a fraction absorbing at 234 nm which
is attributed to products of LDL oxidation. At this
wavelength such oxidation products of lipopro-
teins as dienes and oxidized sterols absorb.10,11,24

The product present in our experiments is most
probably an oxysterol since in the same column
fraction we found the maximum amount of AmB–
cholesterol complex (Fig. 5) and only traces of
lipoproteins.

The UV–vis spectra of fractions from size-ex-
clusion chromatography column show that in the
analyzed mixture (LDL / AmB) the polyene is
present mainly as an aggregate complexed with
cholesterol. One can see in Figure 5 two maxima
of the 415-nm absorption; hence, two distinct
forms of AmB–cholesterol complex exist. The
question arises whether AmB in these fractions
is complexed with cholesterol contained in lipo-
proteins or only with cholesterol which was ex-
tracted by AmB from the lipoproteins. The com-
parison of Figures 3, 5, and 6 shows that the mainFigure 10. Electrophoretic mobility of LDL. LDL
amount of AmB eluted from the column and ab-(0.40 mg of protein/mL) was incubated at 377C for 24 h
sorbing at 415 nm, hence, complexed with choles-in the presence (or not) of 50 mM CuSO4 and 26 mM of
terol, is situated in fractions containing only a lowAmB. LDL / CuSO4 / Fungizone (lines 1 and 2), LDL

alone (lines 3 and 4), LDL / CuSO4 (lines 5 and 6). concentration of lipoprotein, whereas the second
maximum of the 415-nm absorption (fraction 17)
coincides exactly with the maximum of lipopro-
teins (maximum of absorbance at 205 nm). There-On the other hand, it is known that free radi-

cals are formed during the AmB autoxidation.18 fore it may be concluded that the main amount of
AmB is eluted as AmB–aggregate complexed toThe question arises if the toxicity of those formu-

lations of AmB which do form complexes with cholesterol or to cholesterol derivative which was
extracted from lipoproteins. The second, smallerLDL and VLDL is connected to an oxidative action

of the antibiotic. portion corresponds to the lipoprotein bound
AmB. One way or another, AmB modifies theIn this work we examined the oxidative action

of AmB alone (as Fungizone) or in the presence structure of LDL by extraction of the cholesterol
as well as by direct binding. Each of these modifi-of Cu2/ on some human lipoproteins. The UV–vis

spectra of size-exclusion chromatography column cations sensibilizes the lipoprotein to oxidation.5

A similar column separation was performedfractions show that, in the presence of AmB, LDL
appears in two distinct size forms, the bigger one with the HDL fraction of lipoproteins incubated

with Fungizone. In this case (Fig. 9) no absorptionbeing more abundant (Fig. 3). A modification of
the form and the size of LDL by AmB is also seen at 415 nm, hence, no complex with cholesterol,

and no products of lipoproteins oxidation were ob-on the electromicrographs (Fig. 9) and this phe-
nomenon is particularly important in the pres- served. Here only the aggregated (328 nm) and

the monomeric (408.8 nm) AmB were eluted fromence of CuSO4. Since it is well known that the
size modification of particles of LDL up to aggre- the column. Hence, in this case there is no reac-

tion between AmB and neither lipoproteins norgation is a characteristic of extensively oxidated
LDL,19–22 the obtained results may indicate that cholesterol which confirms our previous results.1

Similar results were obtained when a less toxicAmB (as Fungizone) enhances the process of oxi-
dation of LDL and that this phenomenon is partic- formulation of AmB, AmBisome, was incubated

with LDL or with HDL. We did not observe hereularly important in the presence of a strong oxi-
dant such as CuSO4. This synergism is probably any reaction with cholesterol nor oxidation of lipo-

proteins. Others, studying the effect of formula-present also in physiological conditions with other
oxidants.10,23 tion on the interaction of AmB with lipoproteins,

have found that in the case of liposomal AmBThe size-exclusion chromatography allows us
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