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Abstract

Amphotericin B (AmB) belongs to a group of polyene antibiotics commonly used in the treatment of systemic mycotic infec-
tions. A widely accepted mechanism of action of AmB is based on the formation of an oligomeric pore structure within the 
plasma membrane (PM) by interaction with membrane sterols. Although AmB binds preferentially to ergosterol, it can also 
bind to cholesterol in the mammalian PM and cause severe cellular toxicity. The lipid content and its lateral organization at 
the cell PM appear to be significant for AmB binding. Several ATP-binding cassette (ABC) transporters, including ABCA1, 
play a crucial role in lipid translocation, cholesterol redistribution and efflux. Here, we demonstrate that cells expressing 
ABCA1 are more resistant to AmB treatment, while cells lacking ABCA1 expression or expressing non-active ABCA1MM 
mutant display increased sensitivity. Further, a FLIM analysis of AmB-treated cells reveals a fraction of the antibiotic 
molecules, characterized by relatively high fluorescence lifetimes (> 6 ns), involved in formation of bulk cholesterol–AmB 
structures at the surface of ABCA1-expressing cells. Finally, lowering the cellular cholesterol content abolishes resistance 
of ABCA1-expressing cells to AmB. Therefore, we propose that ABCA1-mediated cholesterol efflux from cells induces 
formation of bulk cholesterol–AmB structures at the cell surface, preventing AmB cytotoxicity.

Keywords Plasma membrane · Raw 264.7 macrophages · CHO-K1 · MTT cytotoxicity assays · FLIM · Fluorescence 
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Abbreviations

A1G  ABCA1-GFP
ABC  ATP-binding cassette transporter
AmB  Amphotericin B
ApoAI  Apolipoprotein AI
CHO-K1  Chinese hamster ovary K1 cells

eGFP  Enhanced green fluorescent protein
FACS  Fluorescence-activated cell sorting or flow 

cytometry
FLIM  Fluorescence lifetime imaging microscopy
HDL  High-density lipoprotein
LXR  Liver X receptor
MMG  ABCA1MM-GFP
MTT  3-[4,5-Dimethylthiazol-2-yl]-2,5-diphe-

nyltetrazolium bromide
MβCD  Methyl-β-cyclodextrin
NMR  Nuclear magnetic resonance
PGK  Phosphoglycerate kinase
PM  Plasma membrane
RCT   Reverse cholesterol pathway
ZA  Zaragozic acid
ΔFBS  Delipidated FBS
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Introduction

Amphotericin B (AmB) belongs to a group of lifesav-
ing polyene antibiotics used in the treatment of systemic 
mycoses, whose number is growing, especially in immu-
nosuppressed patients, and as a response to more and more 
widely used treatments with broad-spectrum antibacterial 
antibiotics. The principal and commonly accepted mecha-
nism of action of this antibiotic is based on the formation 
of an oligomeric pore structure within the fungal plasma 
membrane (PM) by interaction with membrane sterols. 
This leads to the flux of cations, cell membrane depolari-
zation and cell death [1–3]. Unfortunately, owing to oper-
ation of very similar mechanisms in human cells, AmB 
is also highly toxic to patients. Revealing the molecular 
mechanisms governing biological activity of AmB may 
lead to the development of a pharmacological formula of 
the drug characterized by potent antifungal activity with 
minimized toxicity to patients.

AmB demonstrates a very high tendency to form molec-
ular aggregates, such as dimers and higher dimension 
supramolecular structures, in all environments important 
from the physiological point of view, including the water 
phase and lipid membranes. Importantly, the sterols pre-
sent in biomembranes, both cholesterol present in human 
cells and ergosterol present in fungi, modulate molecular 
organization of AmB and binding of the drug into mem-
branes. On the one hand, the presence of sterols in the 
lipid phase is a factor that allows the drug to be incorpo-
rated into the membrane (intramembranous mode) [4–6]. 
On the other hand, AmB has been demonstrated to effec-
tively “pull out” sterol molecules from the lipid phase and 
immobilize them within extramembranous, sterol–AmB 
hybrid structures [7]. Both mechanisms are relevant from 
the standpoint of the mode of action of AmB. The first one 
leads to formation of pore-like, transmembrane structures 
disrupting physiological ion transport, and the second one 
can affect structural and dynamic properties of biomem-
branes. NMR studies show that the presence of ergosterol 
significantly affects AmB mobility in lipid bilayers [8]. 
Sterol-rich nanodomains or lipid rafts appear to be an 
important feature leading to AmB binding and toxicity. In 
contrast, in sterol-free, liquid-disordered (Ld) membranes, 
AmB has low orientational and positional stability [6, 9]. 
This suggests that the lipid-ordered phase in model mem-
brane (considered as experimental lipid rafts) favors the 
formation of stable channels [5].

Lipids and sterols are essential components of the cell 
PM, whose arrangements determine the physicochemical 
properties of cell membranes, tuning intracellular signal-
ing and whole cell homeostasis. The plasma membrane 
compartmentalization is characterized by the presence 

of extremely dynamic membrane nanodomains (tens to 
hundreds of nm in size), which are in constant motion. 
These structures can have different chemical natures 
(lipid, protein, protein–lipid), origin and function, and 
their presence at the PM is tightly coordinated. Although 
huge progress has been made in the analysis of membrane 
domains, mainly by biophysical techniques, the determi-
nants dictating local organization of the PM remain poorly 
understood. Nevertheless, the interactions between pro-
teins and lipids seem to be crucial in the spatial distribu-
tion and chemical modification of membrane nanodomains 
(for review see: [10–14]). In this context, several ATP-
binding cassette (ABC) transporters exert a crucial role in 
lipid translocation, orchestrating cholesterol organization, 
redistribution and efflux. Among them, ABCA1, the pro-
totype of the ABCA subfamily, has been shown to pro-
mote high-density lipoprotein (HDL) formation, cellular 
cholesterol efflux and reverse cholesterol transport (RCT) 
from the peripheral tissues to the liver (for review see: 
[15–20]), as a central player in the metabolism of cellular 
lipids and cholesterol. ABCA1 loss-of-function leads to 
the development of the genetic disorder Tangier disease, 
in which impaired reverse cholesterol transport and accu-
mulation of lipids have been observed [21]. Although the 
3D structure of this transporter has been recently resolved 
[22], the mechanism of interaction between transporter, 
apolipoproteins and subsequent lipid and cholesterol efflux 
is still being discussed. It has been reported that ABCA1 
elicits an outward flip of negatively charged phosphatidyl-
serine at the PM [23, 24]. In addition, fluorescence lifetime 
imaging microscopy (FLIM) experiments have provided 
the first evidence that ABCA1 increases the lipid pack-
ing of the exoplasmic leaflet, and redistributes cholesterol 
present in the lipid raft between smaller pools [25]. It was 
later confirmed that nascent HDL molecules originate 
from PM lipid rafts under the coordination of ABCA1 
[26]. Moreover, it has been shown that the expression of 
ABCA1 correlates with upregulation of the liver X recep-
tor (LXR), causing inhibition of MAPK signaling and cell 
division in some cancer cells. This is probably due to the 
reorganization and efflux of cholesterol pools at the PM 
[27, 28]. Thus, ABCA1 appears as a key controller of the 
lipid microenvironments with direct effects on the gen-
eral molecular organization of the PM and subsequent pro-
cesses. We thus hypothesized a role for ABCA1 in AmB 
interactions with the cell plasma membrane.

Despite significant progress in the field, particularly 
regarding model membranes, the molecular mechanisms of 
AmB selectivity and reactivity with fungal and mammalian 
cell membranes in vivo remain poorly understood. Reveal-
ing these mechanisms would not only broaden the current 
knowledge, but more importantly could help in the devel-
opment of less toxic AmB-based therapies. In the present 
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study, we propose a novel mechanism of cell resistance 
against AmB, in which active efflux of cholesterol medi-
ated by the ABCA1 transporter provokes formation of bulk 
cholesterol–AmB structures at the cell surface, preventing 
AmB from penetrating the cell plasma membrane and caus-
ing cytotoxicity.

Materials and methods

Cloning of Pgk promoter

Original pBudCE4.1 plasmids (Invitrogen) containing a 
gene encoding the wild-type or MM mutant of ABCA1 
transporter fused with eGFP under the control of the Ef1α 
promoter were digested by XbaI restrictive enzyme. This 
digestion removed a fragment containing the Zeocin resist-
ance gene (Zeor) and Ef1α promoter upstream of the Abca1 
gene. Next, the Zeor gene was amplified by PCR using the 
following primers: Zeo_F (5′ATC GAT CTT AAG CAG TAC 
TTC TAG AGG ACT 3′) and Zeo_R (5′GCG CCT CCC CTA 
CCC GGT AGG AAG CTA GCT CGA CGA GGGTG3′) on the 
matrix of pBudCE4.1, and the mouse Pgk promoter [29] was 
amplified by PCR using the following primers: pPGK_F 
(5′ACC CTC GTC GAG CTA GCT TCC TAC CGG GTA GGG 
GAG GCGC3′) and pPGK_R (5′GGG GGA TCC ACT AGT 
TCT AGA GCG GCC GCG ACC ACG TGT CGA AAG GCC 
CGG AGA TGAGG3′) on the matrix of MXS_PGK vector 
[30]. Finally, both PCR fragments containing Zeor and the 
mouse Pgk promoter were ligated with the XbaI linearized 
vector containing the Abca1 or abca1mm gene using the 
Gibson assembly kit (New England Biolabs). After sub-
cloning in E. coli DH5α, the new plasmids were verified by 
sequencing and used for CHO-K1 cell transfection.

Cells

CHO-K1 (RCB0285, Riken Cell Bank) cells were cultured 
in Ham’s F-12 Nutrient Mix (Gibco) supplemented with 10% 
new born calf serum (NBCS, Gibco), 100 U/mL penicillin 
(Gibco), 100 µg/mL streptomycin (Gibco) and 2 mM L-glu-
tamine (Gibco) (complete Ham’s F12 medium). Raw 264.7 
macrophages (91062702, ATCC) were cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM, Gibco) sup-
plemented with 10% fetal bovine serum (FBS, Gibco), 100 
U/mL penicillin, 100 µg/mL streptomycin and 2 mM L-glu-
tamine (complete DMEM medium). All cells were cultured 
at 37 °C in a humidified atmosphere containing 5%  CO2. 
CHO-K1 cells were transfected using Lipofectamine 3000 
(Life-Technologies). After transfection and selection in the 
presence of Zeocin (150 µg/mL), a few clones for each plas-
mid emerged. These clones were isolated and cultured, and 
each clone was verified by flow cytometry (FACS) regarding 

GFP expression. One clone of each, stably expressing either 
ABCA1-GFP (A1G) or ABCA1MM-GFP (MMG), was used 
in this work. Selected A1G and MMG clonal lines were rou-
tinely cultured in the complete Ham’s F12 medium supple-
mented with 100 µg/mL of Zeocin. ABCA1 expression in 
Raw 264.7 macrophages was induced by incubation of cells 
with 1 µM GW3965 in complete DMEM medium for 24 h 
prior to the experiment. Rat hybridoma cells (clone 3A1-
891.3 and 5A1-1422) were cultured in complete DMEM 
medium containing 7.5% ultra-low IgG FBS (VWR Life 
Science Seradigm) until the total culture volume reached 
approximately 150 mL. Afterwards, the culture was contin-
ued with progressive increase of the volume and decrease 
of FBS concentration until it dropped to less than 1%. At the 
end, the cells were maintained in these culture conditions for 
an additional 7 days. Finally, the cells were harvested and 
the cell culture medium containing antibodies was filtered 
through a 0.22-µm filter and kept for antibody purification. 
All cells were cultured in Mycoplasma-free conditions. The 
ABCA1 expression level was routinely controlled by flow 
cytometry.

Antibodies and reagents

Monoclonal rat antibodies directed against mouse ABCA1 
(clone 3A1-891.3 and 5A1-1422) were purified from hybri-
doma culture media by affinity chromatography on Protein 
G agarose (Merck Millipore) using the ÄKTA pure chroma-
tography system (GE). Antibody against ABCG1 (NB400-
132SS) was purchased from Novus Biologicals. Anti-rabbit 
IgG HRP (Ref. 31466) and anti-Rat IgG HRP (Ref. A18739) 
were purchased from Life Technologies. GW 3965, ampho-
tericin B (AmB), probucol, zaragozic acid (ZA), dithiothrei-
tol (DTT), protease and phosphatase inhibitor cocktails were 
purchased from Sigma-Aldrich. Bovine serum albumin 
(BSA) and dimethyl sulfoxide were purchased from Bio-
shop. Pierce Universal Nuclease for Cell Lysis for protein 
extraction was purchased from Thermo Fisher Scientific. 
Cholesterol was purchased from Northern Lipids Inc. and 
methyl-β-cyclodextrin (MβCD) from Alfa Aesar. All com-
monly used biochemical reagents stated below were pur-
chased either from Sigma-Aldrich or Bioshop. Molecular 
biology reagents including restriction enzymes, Q5 poly-
merase, and Gibson Assembly kit were purchased from New 
England Biolabs.

Anti-ABCA1 antibody clone 5A1-1422 and apolipopro-
tein A-1 (ApoA1, Sigma-Aldrich) were coupled with Alexa 
Fluor 647 (Life Technologies) according to the manufactur-
er’s protocol. The excess of free Alexa dye was removed by 
size-exchange chromatography on Zeba columns (Thermo 
Fisher Scientific). The concentration of labeled protein and 
protein/dye ratio was measured on a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific).
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Western blot analysis

Equal amounts of cells (typically 5 × 106 cells) were lysed 
in 200 µL of lysis buffer (4% CHAPS, 7 M urea, 2 M thio-
urea, 2 µg/mL nuclease and 1 × complete protease inhibi-
tor cocktail) for 30 min on ice. Twenty microliters of two 
times concentrated loading buffer (8 M urea, 250 mM Tris/
HCl pH 6.8, 10% SDS, 20% glycerol, 0.008% bromophe-
nol blue, 100 mM DTT) was added to the 20 µL of cell 
lysate (equivalent of 5 × 105 cells) and incubated at 37 °C 
for 10 min then centrifuged at 16,000g for 10 min. The 
supernatant was kept at 37 °C until loading. Proteins were 
separated by 5.5% sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) and electro-transferred 
to polyvinylidene fluoride (PVDF, GE) membranes using 
the Trans-Blot Turbo transfer system (Bio-Rad) in trans-
fer buffer (48 mM Tris, 39 mM glycine, 0.1% SDS, 10% 
methanol, pH 9.2). To control the equal protein charge in 
each line, the PVDF membranes were stained with 0.2% Red 
Ponceau S solution (Sigma-Aldrich) and washed a few times 
with water. After blocking in 5% skimmed milk in TBS-T 
(50 mM Tris/HCl pH 7.6, 150 mM NaCl supplemented with 
0.05% Tween-20) for 1 h at room temperature or overnight 
at 4 °C, membranes were incubated with primary antibod-
ies (3 µg/mL for anti-ABCA1 clone 3A1-891.3 or 1 µg/mL 
for anti-ABCG1) in 1% skimmed milk in TBS-T overnight 
at 4 °C or for 3 h at room temperature. Excess of primary 
antibodies was removed by washing the membrane three 
times in 1% skimmed milk in TBS-T before incubation with 
horseradish peroxidase-labeled secondary antibody (0.1 μg/
mL) for 1 h. After several washes with TBS-T, the presence 
of protein was revealed using Western Lightning Plus-ECL 
(PerkinElmer) on a ChemiDoc MP System with ImageLab 
software (Bio-Rad).

Microscopy imaging

A1G and MMG cells were seeded at 1 × 104 cells/well in 
Lab-Tek chambers (Nunc) in complete Ham’s F-12 medium 
and incubated for 48 h at 37 °C. Cells were then washed 
three times with HBSS (Gibco) supplemented with 10 mM 
HEPES, pH 7.4 (Gibco), and were imaged using a 63 × oil 
immersion objective on a LEICA SP8 confocal microscope 
(LEICA) with LAS X software.

Flow cytometry

CHO-K1, A1G and MMG cells were harvested at 5 × 105 
cells/condition and washed twice with PBS buffer (Gibco) 
then analyzed on a NovoCyte Flow Cytometer (ACEA Bio-
sciences) using NovoExpress software. Mock and GW3965-
treated Raw 264.7 macrophages were harvested at 5 × 105 
cells/condition, washed twice with PBS buffer and blocked 

with PBS containing 2.5% BSA for 30 min at 4 °C. Cells 
were then labeled with 1 µg/mL of anti-ABCA1 coupled 
directly with Alexa Fluor-647 (1422-AF647) for 1 h at 4 °C, 
washed three times with PBS buffer and analyzed.

ApoA1 binding

A1G and MMG cells were harvested at 3 × 105 cells/condi-
tion and washed twice with a binding buffer (10 mM HEPES 
pH 7.4, 150 mM NaCl, 1.8 mM  CaCl2, 5 mM KCl and 1 mM 
 MgCl2). Cells were then resuspended in binding buffer sup-
plemented with 0.05% BSA and containing 15 µg/mL of 
ApoA1 directly coupled with Alexa Fluor 647 and incubated 
for 1 h at 4 °C. Stained cells were washed twice in binding 
buffer and analyzed by flow cytometry.

MTT assay

A1G and MMG cell lines, mock and GW3965-treated mac-
rophages were seeded in triplicate in 96-well plates at 1 × 104 
cells/well for CHO cells and 2 × 104 cells for Raw 264.7 mac-
rophages and incubated in complete Ham’s F-12 medium at 
37 °C, 5%  CO2 overnight to allow the cells to attach to the 
plate. The medium was then removed, AmB was added in 
complete Ham’s F-12 medium (or in ΔFBS medium, see 
next paragraph) in different concentrations (from 0 to 40 µg/
mL) and cells were incubated for 3 h at 37 °C. For probucol 
treatment, the cells were preincubated with 10 µM probucol 
in complete Ham’s F-12 medium at 37 °C, 5%  CO2 for 2 h. 
Then, the medium was removed and AmB was added in 
different concentrations (from 0 to 40 µg/mL) in complete 
Ham’s F-12 medium containing 10 µM probucol and cells 
were incubated for additional 3 h at 37 °C, 5%  CO2. After 
incubation, the medium was removed and 3-[4,5-dimeth-
ylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT, 
0.5 mg/mL, Sigma-Aldrich) in complete Ham’s F-12 was 
added. Cells were incubated for 4 h at 37 °C, then MTT was 
removed carefully and the formazan crystals were dissolved 
in DMSO. Plates were shaken for 10 min before reading 
them on a UVM 340 microplate reader (Biogenet) at 550 nm 
with a reference wavelength of 630 nm. The cell viability 
was estimated as the percentage of the control, which was 
the cells untreated with any agents (100%).

Metabolic treatment

To lower the cholesterol content in the cells, A1G and MMG 
cell lines were seeded at either 1 × 104 cells/well in a 96-well 
plate (cytotoxicity) or 4 × 105 cells/well (cholesterol content) 
in a 6-well plate in complete Ham’s F-12 medium for 8 h to 
allow the cells to attach to the plate. Cells were then washed 
three times with Ham’s F-12 medium supplemented with 
delipidated serum (Biowest) (ΔFBS medium) and incubated 
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with 10 µM zaragozic acid (ZA) in ΔFBS medium for 16 h 
at 37 °C, 5%  CO2. To reload the plasma membrane with 
cholesterol, cells after ZA treatment were washed three 
times with ΔFBS medium and incubated with 100 µM cho-
lesterol–1 mM methyl-β-cyclodextrin complex [31] in ΔFBS 
medium for 30 min at 37 °C, 5%  CO2. As a control, cells 
were incubated for 16 h with only ΔFBS medium at 37 °C, 
5%  CO2. After treatment, cells were either processed with 
AmB cytotoxicity MTT assay or lysed as described for cho-
lesterol content measurement.

Cholesterol content measurement

The cells were harvested, washed three times with PBS and 
lysed with RIPA buffer (25 mM HEPES, pH 7.4, 150 mM 
NaCl, 1% NP40, 10 mM  MgCl2, 1 mM EDTA, 2% glycerol, 
protease and phosphatase inhibitor cocktail) for 30 min on 
ice. Lysates were then centrifuged at 10,000g for 10 min at 
4 °C and supernatant was recovered. Total cellular choles-
terol level was determined enzymatically by cholesterol oxi-
dase using the Amplex Red Cholesterol Assay Kit (Thermo 
Fisher Scientific) according to the manufacturer’s recom-
mendations. For cholesterol content estimation, an equiva-
lent of 5 µg of proteins was used. The protein concentration 
was measured by BCA Assay Kit (Sigma-Aldrich). Samples 
were mixed with Amplex Red reagent/HRP/cholesterol oxi-
dase/cholesterol esterase working solution and incubated for 
30 min at 37 °C under light exclusion conditions. Fluores-
cence was measured using excitation at 560 nm and emis-
sion detection at 590 nm with a Cary Eclipse fluorescence 
microplate reader (Agilent Technologies). The background 
was subtracted from the final value. The cholesterol con-
centration was established using a standard curve. The final 
cholesterol content was calculated in ng of cholesterol per 
µg of protein.

[3H]-cholesterol e�ux studies

The  [3H]-cholesterol efflux protocol was adapted from 
Yang and Gelissen [32]. Briefly, A1G and MMG cells 
were seeded in 0.5 mL of complete Ham’s F12 medium 
at 5 × 104 cells/well in 24-well plates and grown overnight 
at 37 °C, 5%  CO2. The next day, the cell culture medium 
was replaced either with 0.25 mL of complete Ham’s F12 
medium or complete Ham’s F12 medium containing 1 µCi/
mL of  [3H]-cholesterol (Perkin Elmer) and incubated for 
24 h at 37 °C, 5%  CO2. On the last day, the cell medium was 
removed, and the cells were washed three times with PBS 
buffer (with intermediate 15 min incubation in PBS buffer). 
Afterwards, cells were incubated for 3 h in 0.25 mL of com-
plete Ham’s F12 medium containing (or not, in controls) 
20 µg/mL of AmB at 37 °C, 5%  CO2. For ApoAI efflux, 
after overnight incubation with  [3H]-cholesterol (as above), 

the cells were washed three times with Ham’s F12 medium 
supplemented with 0.1% of fatty acid-free BSA (Ham’s F12-
BSA) (with intermediate 15-min incubation in this medium) 
and then 0.5 mL of Ham’s F12-BSA containing 10 µg/mL 
of ApoAI (or not, in controls) was added and incubated 16 h 
at 37 °C, 5%  CO2. Finally, the culture medium was recov-
ered, and cells were washed once with 0.1 mL of PBS buffer 
(pooled with cell medium) and lysed in 0.35 mL of 0.1 M 
NaOH. One hundred fifty microliters of each of cell medium 
and cell lysate were added to 5 mL of Ecolite + scintillation 
cocktail (MPBIO) and radioactivity was counted in CPM 
mode using a Beckman LS analyzer (Beckman Coulter). 
After subtraction of background radioactivity, the percent-
age of  [3H]-cholesterol efflux was calculated according to 
the formula: (CPM in media)/[(CPM in media) + (CPM in 
cells)].

FLIM analysis

Amphotericin B (AmB) from Streptomyces sp. (80% purity) 
and dimethyl sulfoxide (DMSO) were purchased from 
Sigma-Aldrich. The procedure of further purification of 
AmB was described previously in detail [33]. To determine 
AmB concentration, absorption spectra were recorded with a 
Cary 60 UV–Vis spectrophotometer (Agilent Technologies). 
Concentration was established based on the molar extinc-
tion coefficient (130,000 M−1 cm−1) at 408 nm absorption 
maximum [34].

The cells (A1G and MMG cell lines) were seeded and 
incubated overnight on sterile 25-mm cover slides (2.5 × 105 
cells per slide) in complete Ham’s F12 medium in six-well 
plates. Before the experiment cells were washed twice with 
HBSS buffer supplemented with 10 mM HEPES, pH 7.4 
(Gibco) and were incubated with 20 µg/mL of AmB in 
HBSS–HEPES buffer for 30 min at 37 °C and then directly 
analyzed by FLIM in the presence of AmB.

Fluorescence lifetime imaging was carried out on a 
MicroTime 200 (Picoquant GmbH, Germany) connected 
with an Olympus IX71 inverted microscope. The cell sam-
ples were illuminated by 405-nm pulsed laser with 10 MHz 
repetition frequency and 16 ps resolution time. During the 
experiments, a silicon oil-immersed objective (NA = 1.3, 
100 ×) was used. Fluorescence was observed with applica-
tion of ZT 405RDC dichroic, ZET405 StopLine Notch and 
430-nm-long wavelength pass filters from MZ-Analysen-
technik. A confocal pinhole of 100 μm in diameter was 
used. The fluorescence signal was divided into two, perpen-
dicular and parallel polarized channels, and was measured 
simultaneously by identical single-photon avalanche diodes 
(τ-SPAD, Picoquant GmbH, Germany). The instrumental 
correction factor for anisotropy (G-factor) was 1.03. Fluo-
rescence lifetime and fluorescence anisotropy values were 
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obtained with the application of SymPhoTime 64 v. 2.3 soft-
ware (Picoquant GmbH, Germany).

Fluorescence emission spectra of the imaged cells were 
recorded with the application of a Shamrock 163 spec-
trograph and a single-photon-sensitive camera (Newton 
EMCCD DU970P BUF, Andor Technology cooled to minus 
50 °C) both coupled to the MT 200 microscope. Application 
of this system enables detection of fluorescence emission 
spectra on microscale.

Mathematical and statistical analysis

All mathematical and statistical analysis was performed 
using the GraphPad Prism 7 software package (GraphPad). 
For  IC50 value determination, a nonlinear fit (inhibitor vs. 
normalized response with variable slope) of cell viability in 
the function of AmB decreased concentrations was applied. 
The statistical significance of differences was assessed either 
by two-way ANOVA or by t test. For all tests, the signifi-
cance level (alpha, α) was set to 0.05. Significant differences 
are indicated in individual graphs with p values as follows: 
****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.1. If the 
differences were not significant, nothing is stated. For each 
result, an appropriate description of the analysis appears in 
the figure legend.

Results

AmB toxicity in Raw 264.7 macrophages 
and CHO-K1 cell lines stably expressing ABCA1

We first aimed to verify whether the AmB resistance phe-
nomenon occurs in cells expressing ABCA1 endogenously. 
Macrophages are the principal cell type expressing ABCA1 
physiologically as part of the reverse cholesterol transport 
pathway (RCT) [35]. We used murine Raw 264.7 mac-
rophages that were treated with the LXR agonist GW3965 
to induce ABCA1 expression [36, 37]. First, we assessed 
the ABCA1 expression level after 24-h treatment with 1 µM 
GW3965 or with mock (DMSO), by flow cytometry using 
anti-ABCA1 antibody directly coupled to Alexa Fluor 647 
and by western blot (Suppl. Fig. 1a, b—upper panel, respec-
tively). Clear induction of ABCA1 expression after agonist 
treatment was observed. In contrast to ABCA1, the expres-
sion of ABCG1 (the closest ABCA1 functional homolog 
[38]) was stable and not affected by agonist treatment 
(Suppl. Fig. 1b, middle panel).

Amphotericin B cytotoxicity towards Raw 264.7 mac-
rophages (treated with GW3965 or mock control) was tested 
and cell viability was revealed using MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Cells 
were exposed to increased concentrations of AmB, ranging 

from 0 to 40 µg/mL, for 3 h and then the viability was ana-
lyzed by MTT assay. As shown in Fig. 1a, mock control 
Raw 264.7 cells were more sensitive to AmB treatment then 
the cells incubated with GW3965 prior to the experiment. 
A significant effect of mock cells’ sensibility compared 
to ABCA1-expressing cells was observed, starting from 
a low concentration of AmB. The calculated  IC50 values 
were 6.18 µg/mL (SE ± 0.46) for control and 14.55 µg/mL 
(SE ± 0.78) for agonist-induced Raw 264.7 macrophages.

To further investigate observations obtained in Raw 
264.7 macrophages and confirm that the AmB resistance is 
directly linked to the expression of ABCA1, we generated 
CHO-K1 clonal cell lines stably expressing either an active 
ABCA1-GFP (A1G) protein or a non-active ABCA1MM-
GFP (MMG) catalytic mutant [23] whose expression was 
driven under the control of a moderate phosphoglycerate 
kinase (Pgk) promoter [29]. The expression levels of A1G 
and MMG stable lines assessed by FACS and western blot 
are shown in Supplementary Fig. 2a, b. Both proteins were 
expressed, but the MMG expression level was higher than 
that of A1G. The lower expression level of A1G might be 
explained by increased toxicity of ABCA1 protein when sta-
bly expressed. It is notable that there was also very low but 
detectable expression of endogenous ABCA1 in wild-type 
CHO-K1 cells. We also analyzed the endogenous expres-
sion of ABCG1, which similarly to Raw 264.7 was compa-
rable between CHO-K1 cells and ABCA1-expressing lines 
(Suppl. Fig. 2b, middle panel). Confocal analysis of A1G 
and MMG cell lines showed that ABCA1 protein is cor-
rectly localized to the PM with a fraction of protein local-
ized in intracellular membranes (Suppl. Fig. 2c). To assess 
the functionality of ABCA1 in stable lines, we performed 
an apolipoprotein AI (ApoAI)-binding assay and efflux of 
radiolabeled  [3H]-cholesterol to ApoAI. ApoAI is a natural 
acceptor of cholesterol and phospholipids in an ABCA1-
dependent manner in the reverse cholesterol pathway and 
binds to cells expressing active ABCA1 [16, 17]. In Sup-
plementary Fig. 2d, we can see that only A1G-expressing 
cells strongly bind ApoAI (ApoAI–AF647), in contrast to 
MMG cells, confirming that ABCA1 protein in the A1G cell 
lines is fully functional and the GFP tag does not impair its 
function. Moreover, the lack of ApoAI binding by MMG 
cells suggests that low endogenous expression of ABCA1 
coming from the CHO-K1 background is negatively domi-
nated by MMG phenotype [39]. In addition, A1G cells were 
able to promote efflux of radiolabeled  [3H]-cholesterol to 
ApoAI in contrary to MMG cells (Suppl. Fig. 2e). The A1G 
and MMG cell lines were then exposed to increased con-
centrations of AmB ranging from 0 to 40 µg/mL for 3 h at 
37 °C, and then cell viability was analyzed by MTT assay. 
As shown in Fig. 1b, MMG cells were much more sensitive 
to AmB treatment than A1G cells. The difference in sensitiv-
ity was significant starting from a low AmB concentration. 
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The calculated  IC50 values were 39.2 µg/mL for A1G and 
13.1 µg/mL for MMG (Table 1), showing that  IC50 for A1G 
is three times higher than in the case of MMG cells. These 
results were concordant with our previous observation in 
Raw 264.7 macrophages. In addition, CHO-K1 wild-type 
cells displayed similar sensitivity towards AmB as MMG 
cells, with an  IC50 value of 16.75 µg/mL (SE ± 1.21) (Suppl. 
Fig. 3). Finally, we investigated the influence of ABCA1 
inhibitor probucol on cell sensitivity towards AmB. Probu-
col has been reported as a specific inhibitor of ABCA1 and 
ABCA1-mediated cholesterol efflux from cells without any 
impact on ABCA1 protein level [40–42]. The A1G and 
MMG cells were pretreated during 2 h with 10 µM probucol 
and then were exposed to increased concentrations of AmB 
ranging from 0 to 40 µg/mL for 3 h at 37 °C in the presence 
of 10 µM probucol. The cell viability was analyzed by MTT 
assay. As it is shown in Fig. 1c, probucol-treated A1G cells 
showed a significant increase in sensitivity to AmB starting 
from a concentration of 15 µg/mL when compared to non-
treated A1G cells. The calculated  IC50 values in respect to 
AmB and after probucol treatment were 14.36 µg/mL for 
A1G and 9.47 µg/mL for MMG cells, respectively (Table 1).

FLIM imaging reveals speci�c AmB structures in A1G 
cells

Next, to better understand the phenomenon of ABCA1-
mediated resistance to AmB, we decided to investigate the 
AmB penetration into cells and molecular organization of 
the antibiotic molecules with application of fluorescence 
lifetime imaging microscopy (FLIM). FLIM analysis was 
performed on A1G and MMG cells, and the same cell lines 

Fig. 1  AmB cytotoxicity in Raw 264.7 macrophages and CHO-K1 
cell lines stably expressing ABCA1. a Graph representing a nonlinear 
fit (dashed line) of cell viability as a function of decreased AmB con-
centrations assessed by MTT assay in Raw 264.7 cells treated or not 
with GW3965. Axes represent AmB concentration in µg/mL (x axis) 
and cell viability in percent of control (y axis). Two-way ANOVA (α 
0.05) with Sidak’s multiple comparison test was used to assess the 
significance of differences (****p < 0.0001, ***p < 0.001, **p < 0.01, 
*p < 0.1). Error bars correspond to SD. The data were obtained in 
four independent experiments, each in triplicates. b Graph repre-
senting a nonlinear fit (dashed line) of cell viability as a function of 
decreased AmB concentrations assessed by MTT assay in A1G and 
MMG cells. Axes represent AmB concentration in µg/mL (x axis) 
and cell viability in percent of control (y axis). c Graph representing a 
nonlinear fit (dashed line) of cell viability as a function of decreased 
AmB concentrations assessed by MTT assay in A1G and MMG 
cells treated with 10 µM probucol. The data of non-probucol-treated 
A1G cells come from b. Axes represent AmB concentration in µg/
mL (x axis) and cell viability in percent of control (y axis). Two-way 
ANOVA (α 0.05) with Sidak’s multiple comparison test was used 
to assess the significance of differences (***p < 0.001 **p < 0.01, 
*p < 0.1). Error bars correspond to SD. The data were obtained in 
three (b) or two (c) independent experiments, each in triplicates

Table 1  Summary of  IC50 values for AmB in A1G and MMG cells

Table represents a comparison of  IC50 values for AmB expressed 
between A1G and MMG cells calculated from a nonlinear fit of cell 
viability as a function of decreased AmB concentrations in cytotox-
icity experiments performed in complete Ham’s F12 medium during 
3 h (complete Ham’s F12), complete Ham’s F12 medium during 6 h 
(6 h AmB), complete Ham’s F12 medium during 16 h (16 h AmB), 
complete Ham’s F12 medium with 10 µM probucol (+ 10 µM probu-
col), ΔFBS medium, ΔFBS medium with zaragozic acid (ΔFBS 
medium + ZA), and ΔFBS medium with ZA, and reloaded with cho-
lesterol (ΔFBS medium + ZA + Chol). The  IC50 values (in bold) are 
expressed in µg/mL ± SE

IC50 (µg/mL) A1G MMG

Complete Ham’s F12 39.2 ± 4.49 13.1 ± 1.0

6 h AmB 30.93 ± 1.66 10.59 ± 0.48

16 h AmB 11.44 ± 0.35 6.65 ± 0.28

+ 10 µM probucol 14.36 ± 0.36 9.47 ± 0.31

ΔFBS medium 21.18 ± 1.09 10.15 ± 0.42

ΔFBS medium + ZA 9.75 ± 0.53 10.04 ± 0.67

ΔFBS medium + ZA + Chol. 18.88 ± 0.77 6.42 ± 0.38
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exposed to interaction with AmB (Fig. 2a–d, upper panels). 
Excitation of the samples with blue light laser (405 nm) 
gives rise to a relatively high fluorescence signal. A large 
fraction of this signal originates from light emission by 
GFP and the cell autofluorescence, as can be seen from the 
images of control cells, presented in Fig. 2a, c (upper pan-
els). Most of this emission is characterized by the fluores-
cence lifetime ~ 3 ns and is represented by green color in 
the images. As can be seen from the cell images, the pres-
ence of AmB (20 µg/mL for 30–60 min) in the A1G cells 
is associated with pronounced effects both in the images 
representing fluorescence lifetime (Fig. 2b, upper panels) 
and in those representing anisotropy (Fig. 2b, bottom pan-
els). A relatively intense fluorescence signal in the cell sur-
face region, characterized by a long fluorescence lifetime 
(> 6 ns), coded with red color (Fig. 2b, upper panels), can 
be assigned to antiparallel dimeric structures of AmB [43, 
44]. The same structures are characterized by relatively low 
fluorescence anisotropy values (see the bottom panels in 
Fig. 2b), which is consistent with high motional freedom 
of the molecular structures of AmB formed in the surface 
zone of the cell membranes. The fact that such structures 
are not formed in the MMG cells lacking the ABCA1 cata-
lytic activity (Fig. 2d), able to liberate cholesterol molecules 
from the cell membranes and expose them to interaction 
with AmB, suggests that molecular structures of the drug 
manifested in the FLIM images presented in Fig. 2b (A1G 
cells) are preferentially formed in the environment of cho-
lesterol and possibly contain the sterol as an element of such 
structures. It has been demonstrated that presence of either 
ergosterol or cholesterol in the lipid membranes was neces-
sary for incorporation of AmB into the hydrophobic core of 
the membranes [43]. In the case of the MMG cells exposed 
to AmB, an increase of the fluorescence anisotropy can be 
observed (Fig. 2d, bottom panels), which is diagnostic for 
immobilization of AmB molecular structures and corrobo-
rates incorporation of the drug into the membranes.

Analysis of the fluorescence emission spectra recorded 
at the surface of cells (Fig. 3a, b, upper panels) shows that 
AmB binds to cells representing both the cell lines, A1G and 
MMG, but molecular organization of the drug is different. 
This can be directly seen from comparison of the difference 
in spectra representing AmB spectral forms in the A1G and 
MMG cells (Fig. 3a, b, bottom panels). In both cases, fluo-
rescence of AmB shows a relatively broad band between 
430 and 500 nm. This band can be assigned as representing 
molecular structures of the antibiotic, with light emission 
shifted towards longer wavelengths, owing to excitonic inter-
actions, in particular dimers, both parallel and antiparallel 
[44]. The difference spectrum representing AmB bound to 
MMG cells has an additional, long-wavelength band, in 
the spectral region between 500 and 600 nm (Fig. 3b, bot-
tom panel). This particular band can be assigned to higher 

dimension molecular structures of AmB, including tetram-
ers, represented by short fluorescence lifetimes and able to 
penetrate sterol-rich lipid membranes [43]. Such structures 
are considered as responsible primarily for disturbance of 
the ionic equilibrium of cell membranes.

The fact that AmB forms supramolecular bulk structures 
outside the cells, in the case of A1G cell lines with active 
cholesterol transport out of the cells, can help to understand 
relatively high cell viability when exposed to AmB com-
pared to the MMG cell lines (Fig. 1b). In the latter case, 
cholesterol remains in the hydrophobic core of the cellular 
membrane, providing favorable conditions for internaliza-
tion of the drug into the membrane, which implies toxicity 
of AmB and a related decrease in viability.

A1G promotes e�ux of  [3H]-cholesterol to AmB

We wanted to extend our FLIM observations and verify 
whether AmB may play the role of a cholesterol accep-
tor promoting its efflux from A1G cells. We performed 
 [3H]-cholesterol efflux studies using AmB as an artificial 
acceptor. The cells were loaded with radiolabeled cholesterol 
for 24 h and then efflux to AmB was performed for 3 h. As 
shown in Fig. 4, A1G cells show significantly higher choles-
terol efflux to AmB (5.1%) compared to MMG cells (0.3%). 
This observation suggests that indeed, AmB may help in 
the liberation of cholesterol molecules from A1G-expressing 
cell membranes and then interact with them to form choles-
terol–AmB aggregates from which AmB is unable to cross 
the plasma membrane and cause cellular toxicity.

AmB resistance phenomenon is abolished by partial 
cholesterol depletion in cells

Since cholesterol is a major substrate of ABCA1, we aimed 
to determine how the cellular cholesterol level may modulate 
the ABCA1-induced resistance to AmB. For this purpose, 
we performed cytotoxicity tests on cells that were cultivated 
either in delipidated serum (ΔFBS medium) or in which cho-
lesterol synthesis was metabolically blocked by zaragozic 
acid (ZA) treatment. Zaragozic acid is a potent inhibitor of 
squalene synthase [45], an enzyme catalyzing condensation 
of two farnesyl pyrophosphate molecules into a squalene 
molecule, one of the major steps in the cholesterol biosyn-
thesis pathway. ZA treatment of cells results in a significant 
decrease of total cholesterol content, including the plasma 
membrane cholesterol fraction [46]. The cells cultivated in 
ΔFBS medium showed a significant decrease in cholesterol 
content (Suppl. Fig. 5). However, in these conditions, A1G 
cells still displayed considerable resistance toward AmB 
compared to MMG cells (Fig. 5a; Table 1). The cell treat-
ment with ZA (in ΔFBS medium) completely abolished 
the differences between these two lines in terms of AmB 
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Fig. 2  FLIM imaging of AmB molecular organization in ABCA1-
expressing cell lines. a A1G cells’ fluorescence lifetime and fluores-
cence anisotropy images (upper and bottom panels, respectively). b 
Fluorescence lifetime and fluorescence anisotropy images of A1G 
cells (two examples) treated for 30–60 min with 20 µg/mL of AmB 
(upper and bottom panels, respectively). c MMG cells’ fluorescence 

lifetime and fluorescence anisotropy images (upper and bottom pan-
els, respectively). d Fluorescence lifetime and fluorescence anisot-
ropy images of MMG cells (two examples) treated for 30–60  min 
with 20  µg/mL of AmB (upper and bottom panels, respectively). 
Fluorescence lifetime (ns) and anisotropy scales are represented at the 
right of each image panel. Scale bars correspond to 10 µm
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sensitivity (Fig. 5b; Table 1). However, reload of ZA-treated 
cells with methyl-β-cyclodextrin-complexed cholesterol 
restored the resistance phenomenon of A1G cells (Fig. 5c; 
Table 1) to a level comparable with that in ΔFBS medium. 
It is important to underline that the resistance of A1G cells, 
but not MMG cells, correlates with the cholesterol content in 
cells (Fig. 5d; Suppl. Fig. 5). In standard culture conditions, 
the  IC50 for A1G was 39.2 µg/mL, then it decreased to a 
value of 21.18 µg/mL in ΔFBS medium and finally dropped 

to 9.75 µg/mL after ZA treatment. The cholesterol reload 
raised it back to a value of 18.88 µg/mL (Fig. 5d; Table 1; 
Suppl. Fig. 5). Pearson’s correlation coefficient r calcu-
lated from these data is 0.9 in the case of A1G cells, which 
indicates a strong correlation between cellular cholesterol 
content and AmB cytotoxicity, whereas for MMG cells it is 
minus  0.22, indicating no correlation.

Another interesting observation was that after reload 
with cholesterol, MMG cells were even more sensitive to 
AmB treatment when compared to cells cultivated in ΔFBS 
medium (Suppl. Fig. 6). A possible explanation of this 
observation would be that since the MMG cells are not able 
to efflux cholesterol loaded at the PM, its local accumulation 
would be then a direct site of increased AmB binding and 
provoking cellular toxicity.

Discussion

Despite the huge progress of investigations in the field of 
AmB interactions with membranes, only a small fraction of 
them have concentrated on AmB–plasma membrane inter-
actions in living cells. Since AmB is still the main anti-
mycotic agent used in the treatment of immunosuppressed 
and transplanted patients [47–49], it is extremely important 
to understand the molecular mechanism leading to its cyto-
toxicity towards mammalian cells. Here, we propose a new 

Fig. 3  Micro-spectroscopy measurements of fluorescence emission 
spectra recorded at the surface of A1G cells and MMG cells. Fluores-
cence emission spectra recorded at the surface of A1G cells (a) and 
MMG cells (b). Upper panels represent fluorescence emission spec-
tra of cells without AmB (black line) and after addition of AmB (red 

dashed line). The original fluorescence emission spectra were nor-
malized at 425  nm. Bottom panels represent fluorescence emission 
spectra resulting from subtraction of fluorescence spectra without 
AmB from fluorescence spectra after AmB addition

Fig. 4  A1G-mediated  [3H]-cholesterol efflux to AmB. Graph rep-
resenting  [3H]-cholesterol efflux to AmB as an acceptor in A1G and 
MMG cells expressed in percent of efflux (y axis). The significance 
of difference in efflux between A1G vs. MMG was validated with 
two-tailed t test at the confidence level of 95% (*p < 0.05). Error bars 
correspond to SD. The data were obtained in two independent experi-
ments, each in duplicates



4989ABCA1 transporter reduces amphotericin B cytotoxicity in mammalian cells  

1 3

potential mechanism of cell resistance to AmB based on the 
activity of the cholesterol efflux protein ABCA1.

ABCA1 is a lipid transporter governing a reverse cho-
lesterol pathway in mammals by promoting cholesterol 
removal from peripheral tissues to the liver. This involves 
mobilization of intracellular cholesterol making it available 
for plasma acceptors such as ApoAI at the outer leaflet of 
the PM [16, 17, 50]. Several lines of evidence suggest that 
this involves displacement of cholesterol pools within the 
PM. Indeed, it has already been shown that ABCA1 actively 

redistributes cholesterol from lipid-raft nanodomains into 
smaller pools, and this is crucial for ApoAI binding and 
generation of HDL molecules [25, 26, 51–53]. ABCA1 
would then create a particular nano-environment at the PM 
where plasmatic receptors such as ApoAI may bind and be 
subsequently lipidated with phospholipids and cholesterol. 
Recent structural data suggest that phospholipids are directly 
transported by ABCA1 flopping from the inner to the outer 
leaflet of the PM and then to ApoAI bound nearby. Choles-
terol efflux to ApoAI would be a concomitant process being 

Fig. 5  Influence of cholesterol content on ABCA1-dependent resist-
ance to AmB. Graphs represent a nonlinear fit (dashed line) of cell 
viability as a function of decreased AmB concentrations assessed by 
MTT assay in A1G and MMG cells cultured in ΔFBS medium (a), 
ΔFBS medium with zaragozic acid (ZA) (b), ΔFBS medium with ZA 
and reloaded with cholesterol (c). Axes represent AmB concentra-
tion in µg/mL (x axis) and cell viability in percent of control (y axis). 
Two-way ANOVA (α 0.05) with Sidak’s multiple comparison test 
was used to assess the significance of differences (****p < 0.0001, 
**p < 0.01). Error bars correspond to SD. The data were obtained 
in two independent experiments, each in triplicates. d Graph repre-

senting a comparison of  IC50 values for AmB between A1G and 
MMG cells calculated from a nonlinear fit of cell viability as a func-
tion of decreased AmB concentrations in cytotoxicity experiments 
performed in complete Ham’s F12 medium, ΔFBS medium, ΔFBS 
medium with zaragozic acid (ΔFBS medium + ZA), ΔFBS medium 
with ZA and reloaded with cholesterol (ΔFBS medium + ZA + Chol) 
presented in Fig. 1b and this figure a–c. Two-way ANOVA (α 0.05) 
with Sidak’s multiple comparison test was used to assess the signifi-
cance of differences (****p < 0.0001, **p < 0.01). Error bars corre-
spond to SEM
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a result of phospholipid transport [22]. In this context, a 
potential role of ABCA1 in the cell membrane interactions 
with AmB seemed very plausible.

Our initial observation was that increased resistance of 
Raw 264.7 macrophages and CHO-K1 cells to AmB treat-
ment is strongly correlated with ABCA1 expression (Fig. 1a, 
b). We believe that this phenomenon is specific to ABCA1 
for several reasons. First, the cells without ABCA1 expres-
sion or expressing the non-functional ABCA1MM mutant 
were much more sensitive to AmB treatment. Second, 
ABCG1, which is the closest ABCA1 functional homolog, 
also involved in cholesterol efflux [54], had the same expres-
sion level in all tested cell lines (Suppl. Figs. 1b and 2b, mid-
dle panels) and, therefore, would not differentially influence 
the AmB cellular resistance. We cannot exclude the pos-
sibility that drug efflux pumps participate in AmB removal 
[55]. However, the majority of drug efflux pump substrates 
in mammals are compounds removed from cell cytoplasm 
[56]. This is not the case of AmB, which remains in the core 
of the PM. Moreover, here the cells were treated with AmB 
for max. 16 h, which is a very short time and probably not 
sufficient to develop multidrug resistance [57]. Finally, if it 
were the case, it should be apparent to the same extent in 
both A1G and MMG cells. The last evidence that the AmB 
resistance is related directly to ABCA1 was the observation 
made on A1G cells treated with ABCA1 inhibitor, probucol. 
We observed that in these cells the resistance phenomenon 
is abolished with a significant decrease of A1G cells  IC50 
value in respect to AmB (Fig. 1c; Table 1).

An important element in the exploration of A1G-mediated 
AmB resistance was given by the studies of AmB molecular 
organization using FLIM and micro-spectroscopy (Figs. 2, 
3, respectively). According to the current knowledge and 
our understanding, there are two main modes of action of 
AmB with respect to biomembranes: the first one, which can 
be referred to as “intramembranous” and the second one as 
“extramembranous”. In both modes sterol molecules seem 
to play a critical role. The intramembranous mechanism is 
associated with formation of transmembrane channels affect-
ing physiological ion transport. Although AmB can form ion 
channels even in the membranes lacking sterols, as clearly 
demonstrated by Huang et al. [58], cholesterol and particu-
larly ergosterol promote the incorporation of AmB into lipid 
bilayers perpendicular with respect to the plane of the mem-
brane [43]. The extramembranous mechanism can operate 
independently of the intramembranous mode of incorpora-
tion. This mechanism is based on the extraction of sterol 
molecules from biomembranes and immobilizing them in 
extramembranous AmB–sterol supramolecular structures, 
referred to as “sponges” [7, 59].

Application of the FLIM technique in the present study 
combined with fluorescence micro-spectroscopy enabled us 
to analyze in the same time the localization of AmB in cells 

exposed to the antibiotic and decipher selectively the mode 
of molecular organization of the antibiotic. The results show 
that on the one hand AmB binds to the membranes but on 
the other hand is also involved in formation of extramem-
branous structures (Figs. 2, 3, respectively). Interestingly, 
formation of extramembranous structures of AmB has 
been selectively observed upon expression of a functional 
ABCA1 membrane transporter in the presence of AmB. This 
suggests that this process is not associated with a passive 
extraction of cholesterol molecules from the lipid bilayer but 
rather can be described as the formation of two-component 
sterol–AmB structures from cholesterol molecules actively 
tackled out of the membranes by a functional ABCA1. These 
structures, composed mainly of AmB antiparallel dimers, 
are characterized by a relatively high fluorescence lifetime 
and lower fluorescence anisotropy, and are found exclusively 
at the periphery of A1G cells (Fig. 2b) [34, 43]. According 
to our results, we favor that AmB dimers dominate among 
the molecular organization form but unfortunately we are 
currently not able to conclude on a stoichiometry of AmB 
and cholesterol in such extramembranous structures. Inter-
estingly, molecular organization forms of AmB composed 
of greater number of molecules, characterized by shorter 
fluorescence lifetimes, can be identified within the mem-
branes of MMG cells (Fig. 2d), thus indicating possible 
ion-forming activity of AmB [58]. Therefore, this ABCA1-
mediated mechanism can be considered as protective against 
AmB cell toxicity. Recent study indicated a different defense 
mechanism, in which human colon cell lines minimize toxic 
effects of AmB by extrusion of the drug molecules from 
their membranes via formation of AmB-rich exosomes [60]. 
However, the participation of any protein in this mechanism 
is not documented so far.

The cytotoxicity of the AmB–sterol “sponges” depends 
on the relative AmB-to-sterol proportion, namely when the 
AmB-to-sterol molar ratio is greater than one [7, 59, 61]. 
Therefore, the strength of AmB cytotoxicity may depend 
not only on ABCA1 and its membrane cholesterol trans-
port but also as a function of time and how the two mecha-
nisms (intramembranous and extramembranous) coexist 
simultaneously.

We indeed showed that at high concentrations of AmB, 
the amount of cholesterol fluxed by ABCA1 is not sufficient 
for complexing all AmB molecules out of the PM. This may 
explain the lower or even the lack of significance in cell 
viability at high concentrations of AmB in the two cell types 
(Fig. 1a, b). On the other hand, the increase of AmB time 
exposure also influences A1G cell viability (Fig. 1b; Suppl. 
Fig. 4; Table 1). While 6 h of AmB treatment decreases 
slightly A1G cell viability when compared to 3-h treatment 
(Fig. 1b; Suppl. Fig. 4a; Table 1), a longer time exposure 
(16 h) resulted in a strong increase of A1G cell sensitivity 
to AmB (Suppl. Fig. 4b; Table 1). In our view, a long time 
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exposure to AmB will first cause a decrease of membrane 
cholesterol content due to the ABCA1-mediated cholesterol 
efflux to AmB outside of the PM. Therefore, the low choles-
terol membrane content limits AmB insertion into the core 
of the PM for channel formation and promotes the sterol 
“sponge” extraction mechanism of the drug. At some point, 
long-term membrane cholesterol lowering will affect the 
organization and integrality of the PM leading to cell death.

Our last finding was that the AmB resistance phenom-
enon of A1G cells depends strictly on the cholesterol con-
tent in the cell. This observation is a direct confirmation of 
results discussed above. There was no significant difference 
of basal cholesterol level between A1G and MMG cells in 
all tested conditions (Suppl. Fig. 5). The A1G cells cultured 
in ΔFBS medium had a partial decrease of total choles-
terol content with a significant impact on AmB  IC50 value, 
which decreased (Fig. 5a; Suppl. Fig. 5; Table 1). However, 
A1G cells still displayed the AmB resistance phenomenon. 
Additional treatment with zaragozic acid resulted in approxi-
mately 50% decrease of total cellular cholesterol content 
when compared with non-ZA-treated cells cultured in ΔFBS 
medium (Suppl. Fig. 5). This decrease resulted in complete 
abolishment of AmB resistance of A1G cells with the same 

sensitivity towards AmB as MMG cells (Fig. 5b; Table 1). 
The AmB resistance of A1G cells was, however, rescued 
after cholesterol reload (Fig. 5c; Suppl. Fig. 5; Table 1). 
Taking into consideration that cholesterol is a major sub-
strate of ABCA1 [62], we can assume that at the low cellular 
cholesterol content, the ability of A1G cells to efflux a suf-
ficient amount of cholesterol to form protective bulk choles-
terol–AmB structures would be strongly affected. However, 
the low cholesterol level would still sustain AmB cytotoxic-
ity mainly by a sterol “sponge” extraction mechanism. This 
also proves that the ABCA1-mediated cholesterol efflux is a 
principal reason for the AmB resistance phenomenon, since 
in MMG cells unable to efflux a cholesterol reload resulted 
in an additional significant increase of cell sensitivity to 
AmB (Suppl. Fig. 6).

It has already been reported that ABCA1 expressed in 
yeast S. cerevisiae slightly increases sensitivity of cells 
towards AmB [63], which is opposite to our recent find-
ings. The molecular mechanism of this observation, how-
ever, has not been investigated in detail, and it was not 
confirmed that ergosterol is indeed transported by ABCA1 
in yeast. Moreover, the yeast cells were grown in the pres-
ence of AmB for more than 20 h and the sensitivity of 

Fig. 6  Model of ABCA1-
dependent cell resistance to 
AmB. a When ABCA1 is 
active (green dots), it mediates 
the efflux of cholesterol from 
plasma membrane to AmB. 
This leads to dimerization of 
AmB at the cell surface and 
formation of bulk cholesterol–
AmB structures from which 
AmB is not able to penetrate the 
plasma membrane and cause 
cellular cytotoxicity. b Inactive 
ABCA1 (red dots) or lack of 
ABCA1 protein (red cross) will 
not change the PM cholesterol 
content and organization. In 
these conditions, AmB will 
incorporate into the lipid bilayer 
of plasma membrane, forming 
active dimers and tetramers, 
and resulting in cellular toxicity. 
c Low cholesterol level in the 
cell will affect to some extent 
the efflux activity of ABCA1, 
which will result in a lack of 
protective bulk cholesterol–
AmB structure formation, and 
will lead to AmB cytotoxic-
ity mainly by sterol “sponge” 
mechanism
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yeast expressing active ABCA1 started to appear after 6 h 
of culture. The long exposure of yeast to AmB upregulates 
expression of several gene classes involved in cell detoxifi-
cation including ABC transporters [64]. It is possible that 
some of them may interfere with ABCA1 activity. The 
main structural difference of yeast PM is that it contains 
ergosterol and has different spatial organization compared 
to mammals [65]. It is well established that AmB interacts 
more efficiently with ergosterol-containing membranes 
binding more rapidly and forming larger and more stable 
oligomeric structures inside the membrane (with usually 
ten times lower  IC50 compared to cholesterol-containing 
membranes) [6, 34, 66]. In this view, we can assume that 
the expression of ABCA1 in yeast cells may have a differ-
ent outcome when compared with mammalian cells and 
cannot be directly related to our observations. It is pos-
sible that active ABCA1 expressed in yeast will somehow 
modify plasma membrane organization, possibly without 
ergosterol efflux, and this would imply an increase in sen-
sitivity to AmB. It has also been reported that overex-
pression in the yeast S. cerevisiae of CDR1 and CDR2 
ABC transporters from C. albicans resulted in increased 
sensitivity to AmB [67].

To summarize, we propose a simplified model of ABCA1-
mediated resistance to AmB. When ABCA1 is present and 
active at the plasma membrane (Fig. 6a), it facilitates efflux 
of membrane cholesterol to AmB, leading to the forma-
tion of bulk cholesterol–AmB structures and, therefore, 
prevents AmB cytotoxicity. When there is no ABCA1 or it 
is inactive (Fig. 6b), cholesterol remains in the core of the 
plasma membrane, usually localized in cholesterol-rich raft 
nanodomains, where AmB can insert and form active oli-
gomeric structures promoting cellular cytotoxicity. Finally, 
a low cholesterol level in the cell will affect to some extent 
the efflux activity of ABCA1, which will result in a lack of 
formation of protective bulk cholesterol–AmB structures at 
the cell surface and will lead to AmB cytotoxicity mainly by 
sterol “sponge” mechanism (Fig. 6c).

A final but important consideration is potential applica-
tion of our findings in the future, i.e. in AmB treatment of 
patients after transplantation. We can envisage that ABCA1 
expression might be pharmacologically upregulated, by, for 
example, LXR pathway agonists or statins [68, 69], which 
may result in increased resistance of patient cells to AmB 
and decreased cytotoxic effects of the drug during treatment.
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