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Background: Miltefosine, an alkylphosphocholine, affects lipidmetabolism and cell signaling by interacting with cell membranes.
In this study, we aim to demonstrate the effect of miltefosine (hexadecylphosphocholine (HePC)) on the alterations of the mem-
brane lipid content of human lung adenocarcinoma (A549) cells and normal human umbilical vein endothelial cells (HUVECs)
in respect to the reduction of their membrane fluidity and metastatic potential of the cancer cells.
Methods: To study lateral diffusion in cell membranes, we employed membrane labeling with fusogenic liposomes followed by
fluorescence recovery after photobleaching (FRAP) analysis. Cell viability was examined by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) assay; total cholesterol and sphingomyelin were measured using commercially avail-
able kits.
Results: Miltefosine inhibited cell growth and increased the total cholesterol in both cell lines (p < 0.05 for HUVEC and p <

0.01 for A549). Sphingomyelin levels were not significantly altered in A549 cells, but in HUVECs HePC caused a decrease in
sphingomyelin (p< 0.05). Miltefosine treatment of A549 cells reduced the membrane diffusion coefficient (p< 0.001), which was
associated with an increased half-time of fluorescent recovery (p < 0.05) measured by FRAP. These changes reflect a significant
reduction in membrane fluidity in the cancer cells. In contrast, miltefosine induced a milder response in HUVECs, attenuating
the diffusion coefficient (p< 0.05) but not affecting the half-time of fluorescent recovery. As a result, the reduction in membrane
fluidity in HUVECs was less pronounced.
Conclusion: Miltefosine induces a decrease in membrane fluidity of cancer cells, and this effect was related to decreased cell via-
bility and total cholesterol levels. Miltefosine may be an effective antitumor agent and has great potential as an adjuvant therapy
in the future.
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Introduction

Compartmentalization of cellular structures is
achieved by a phospholipid bilayer, which forms the
cellular membrane and maintains the integrity of each
cell and its organelles. The membrane is highly dynamic
due to the constant motion of proteins and lipids, a
phenomenon known as membrane fluidity, which de-
scribes the lateral diffusion of membrane lipids [1]. Cells
adjust to their environment by altering their chemical
composition and physical properties; thus, membrane
fluidity can indicate proper membrane function and cell
viability. Cancer cells often exhibit higher membrane
fluidity compared to normal cells [2]. Consequently, drugs
targeting the cell membrane are considered as promising
cancer therapeutics. Alkylphosphocholines (APCs) are a
unique class of selective antitumor lipids that target cell
membranes rather than the nucleus, unlike conventional

cytostatics [3,4]. Miltefosine (hexadecylphosphocholine
(HePC)), the only APC currently used in clinical prac-
tice, is primarily employed to treat leishmaniasis [5].
Research into the interaction of miltefosine has high-
lighted its selective effects on lipid membranes mimicking
cancer and healthy cells. Model membrane systems,
including Dipalmitoylphosphatidylcholine (DPPC) and
1,2-Dipalmitoyl-sn-glycero-3-phosphoserine, sodium salt
(DPPS) multilamellar and large unilamellar vesicles,
have been employed to study these interactions [6,7].
HePC demonstrates a pronounced affinity for DPPS-
rich membranes, which mimic cancer cells, compared
to DPPC-based systems, which are representative of
healthy cell membranes. In DPPS/HePC systems, HePC
facilitates deeper penetration into the lipid tails and
increases lipid-drug interactions while in DPPC/HePC
systems HePC promotes lipid order without significant
disruption [6]. Additionally, HePC expands the phase
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transition range of DPPS membranes significantly more
than DPPC membranes, indicating stronger interaction
with cancer-like lipid compositions [6]. These findings
correlate with studies showing that HePC increases mem-
brane fluidity in certain model systems and selectively
targets cancer cells over healthy cells [6,8]. Together, this
molecular-level evidence underscores HePC’s potential
as a selective antitumor agent by modulating membrane
dynamics [6–8]. However, an understanding of the direct
effect of HePC on membrane fluidity in living cells is
currently lacking. Our lab previously demonstrated its
potent anticancer effects; HePC induces apoptosis in the
human lung adenocarcinoma (A549) cell line and leads to
a decrease in the amount of sphingosine-1-phosphate, a
lipid that supports cell survival [9]. Additionally, we found
that erufosine, another APC, increased membrane disorder
in breast cancer cell lines [10], further highlighting the
therapeutic potential of APCs in cancer treatment.

Here, we aimed to understand the effect of the APC
miltefosine (HePC) on membrane fluidity in A549 can-
cer cells compared to normal endothelial cells (human um-
bilical vein endothelial cells (HUVECs)). For this pur-
pose, we measured cholesterol and sphingomyelin levels
in HePC-treated cells and performed fluorescence recov-
ery after photobleaching (FRAP) analysis using fusogenic
liposomes [11] under physiological conditions. This study
supports the selective action of HePC on cancer cell mem-
branes and its potential as an antitumor lipid.

Materials and Methods
Chemicals

Miltefosine (hexadecylphosphocholine (HePC))
(cat. No.: HY-13685) was purchased from MedChem-
Express (Monmouth Junction, NJ, USA). 1,2-dioleoyl-3-
trimethylammonium propane (DOTAP) (cat. No. 890890),
and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) (cat. No. 850725) were from Avanti Polar Lipids
(Alabaster, AL, USA). DiD (cat. No. 42364) was from
Sigma-Aldrich Co. LLC (St. Louis, MO, USA).

Cell Culture
Human lung adenocarcinoma (A549) and HUVEC

cells (ATCC,Manassas, VA,USA)were cultured at 37 °C in
a humidified atmosphere containing 5% CO2 in Dulbecco’s
Modified Eagle Medium (DMEM) (cat. No. 30-2002,
ATCC), supplemented with 10% Fetal bovine serum (FBS)
(cat. No. F7524), 1 mM L-glutamine (cat. No. G7513) and
Penicillin/Streptomycin/amphotericin B (100 units/mL: 10
mg/mL: 25 µg/mL) (cat. No. A5955) all acquired from
Sigma-Aldrich Co. LLC. Cells were passaged every 3–
5 days and were routinely checked for mycoplasma con-
tamination via MycoStrip™mycoplasma detection kit (cat.
No. rep-mysnc-50, InvivoGen, Toulouse, France). Cells
were confirmed by cytomorphologic observation and sur-
face marker identification.

Cell Viability
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-

tetrazolium bromide (MTT) cell viability assay was used
to determine the half-maximal inhibitory concentration
(IC50) of HePC [12]. Briefly, cells were seeded in 96-well
plates (1 × 104 cells/well), incubated for 24 h to allow
them to adhere, and then treated for 24 h with HePC at
different concentrations (100–300 µM for A549 cells;
20–200 µM for HUVEC cells). Following the incubation
period, cells were stained with MTT reagent (5 mg/mL
in phosphate-buffered saline) for 3 h, 37 °C, and 5%
CO2, the formazan crystals that formed were then dis-
solved in 5% formic acid in isopropanol and measured
spectrophotometrically at 570 nm using a microplate
reader (Tecan Infinite F200 PRO, Tecan Group Ltd.,
Männedorf, Switzerland). Cell viability was normalized
to the absorbance of the control samples (100% viable).
The normalized cell viability was used to determine the
half-maximal inhibitory concentration (IC50) values by
non-linear regression analysis using log(inhibitor) vs
normalized response, variable slope in GraphPad Prism
version 5.0 software (GraphPad Software, Inc., La Jolla,
CA, USA) from three independent experiments in which
each sample was repeated in triplicate.

Determination of Total Cholesterol and
Sphingomyelin

Total cholesterol was measured using a Cholesterol
Assay Kit (ab65390, Abcam, Cambridge, UK) according
to the manufacturer’s instructions with a few modifica-
tions. Cells were treated with IC50 concentrations of HePC
(180 µM for A549, 80 µM for HUVEC) for 24 h, harvested,
washed with ice-cold phosphate-buffered saline, the cell
pellets (2× 106 cells) were resuspended in chloroform: iso-
propanol: Triton X-100 (7:11:0.1) and homogenized with
a SONOPULS ultrasonic homogenizer (BANDELIN elec-
tronic GmbH&Co. KG, Berlin, Germany). Lipids were ex-
tracted by centrifugation for 10 min at 15,000 g and the or-
ganic phase was transferred to a new tube and air dried at
50 °C under N2(g). The lipids were dissolved in the Assay
Buffer provided with the assay kit. Absorbance was mea-
sured using a microplate reader (Tecan Infinite F200 PRO)
at 570 nm.

Sphingomyelin levels were measured using a Sphin-
gomyelin Assay Kit (ab1333118, Abcam, Cambridge, UK)
with absorbance at 595 nm (Tecan Infinite F200 PRO).
2 × 106 cells were pelleted after 24 h treatment with HePC
(180 µM for A549, 80 µM for HUVEC), resuspended in the
assay buffer provided with the kit and incubated for 2 h at
4 °C under constant agitation. The supernatant was sepa-
rated after centrifugation at 10,000 g, 4 °C, 20 min. After-
ward, the supernatant was heated for 5 min at 70 °C twice
and centrifuged at 10,000 g for 2 min to remove cell debris.

Both cholesterol and sphingomyelin levels were as-
sayed in two independent experiments and each sample was
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measured in triplicate. The lipid levels were quantified us-
ing a designated standard curve and by taking into account
the background absorption and the dilution factor of each
assay. Statistical analysis was performed via GraphPad
Prism version 5.0 software using the Mann-Whitney test.

Fluorescence Recovery after Photobleaching (FRAP)
Membrane dynamics were studied using FRAP with

fusogenic liposomes. The liposomes were prepared ac-
cording to the protocol by Kleusch et al., 2012 [11] from
DOTAP:DOPE:DiD = 1:1:0.1 (w/w) with few modifica-
tions. The reagents were dissolved in chloroform and
mixed in the given ratio in glass tubes. The chloro-
form was removed under N2(g) and the resulting lipid
layer was dissolved in 20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), pH 7, vortexed for
2 min, and incubated at 4 °C overnight for full layer re-
hydration. Following the incubation the solution was son-
icated with SONOPULS ultrasonic homogenizer (BAN-
DELIN electronic GmbH&Co. KG, Berlin, Germany) for
20 min on ice and used immediately or stored for up to 1
week at 4 °C. Cells were seeded on 35 mm glass-bottom
Petri dishes (MatTek, Ashland, MA, USA), treated with
Dimethyl sulfoxide (DMSO) or the corresponding IC50

HePC for 24 h (180 µM for A549, 80 µM for HUVEC).
To stain the membranes, the liposomes were diluted 50-
fold in serum-free media, distributed drop-wise over the
cells and incubated for 15 min, 37 °C, 5% CO2 on an or-
bital shaker. Following the incubation, the cell medium
was refreshed and the cells were incubated for another 3 h.
Imaging was done 3 h post-incubation using an Andor Rev-
olution spinning disk confocal system (Oxford Instruments
plc, Abington, UK) with a Nikon Eclipse Ti-E inverted mi-
croscope (Nikon Instruments Inc., Tokyo, Japan) equipped
with the Nikon Perfect Focus System (PFS). Image acqui-
sition was accomplished by means of a Nikon CFI Plan
ApoVC 60× (NA 1.2) water immersion objective and high-
sensitivity iXon897 Electron Multiplying Charge-Coupled
Device (EMCCD) camera (Nikon Instruments Inc., Tokyo,
Japan). FRAP experiments were performed with the An-
dor FRAPPA (Oxford Instruments plc, Abington, UK) pho-
tobleaching and photoactivation module. Photobleaching
of the cell membrane was accomplished by the use of a
561 nm laser (Cobolt Jive™, Hübner Photonics GmbH,
Kassel, Germany) with a nominal power of 50 mW atten-
uated to 35% with 20 repeats and 100 ms dwell time. The
shape of the bleached region of interest (ROI) was circular,
with a diameter of 10 pixels (2.3 µm). Image analyses were
performed using the open-source CellTool software (ver-
sion 1.7.0.0, Copyright (C) 2023 Georgi Danovski, https:
//dnarepair.bas.bg/software/CellTool/) [13]. FRAP mathe-
matical modeling was conducted in the Results Extractor
Tab in CellTool. A double exponential FRAP equation for
circular ROI was applied to calculate the diffusion coef-
ficient and the half-time of fluorescence recovery. Fuso-

genic liposomes were freshly prepared and applied simul-
taneously to control and HePC-treated samples of each cell
line. Each condition was tested in at least three independent
experiments. During each experiment, data from a mini-
mum of 10 cells per condition was collected. After analysis,
data from at least 20 cells per condition were further pro-
cessed. Statistical comparisons between control and treated
conditions were performed using theMann-Whitney, a non-
parametric method suitable for independent samples with
no pairing between control and treated groups.

Results

Cell Viability of A549 and HUVEC Cells Upon
HePC Treatment

To assess the cytotoxic impact of HePC on A549 and
HUVEC cells, we treated both cell lines with HePC for
24 hours. By doing so, we determined the half-maximal
inhibitory concentration (IC50) for each cell line (Fig. 1).

The estimated IC50 values were 180 ± 10 µM for
A549 and 80± 10 µM for HUVEC. These results highlight
the effectiveness of HePC in inhibiting cell growth in both
cancerous and normal endothelial cells. Notably, HePC is
more toxic to normal endothelial cells (HUVEC) than to
cancer cells (A549).

Miltefosine Alters Cholesterol Levels in A549 Cells
Fig. 2 shows the determined cholesterol and sphin-

gomyelin levels in A549 and HUVEC cells upon HePC
treatment. A comparison between treated and non-treated
cells revealed an overall increase in total cholesterol in both
cell lines (Fig. 2A).

For A549 cells, cholesterol concentrations were
0.3997 ± 0.02 µg/µL for the control versus 0.5923 ± 0.01
µg/µL for HePC-treated cells. In general, HUVEC cells
have lower cholesterol levels, consistent with their somatic
phenotype. Nevertheless, HePC increased the total choles-
terol concentration from 0.2236± 0.002 µg/µL to 0.2649±
0.002 µg/µL. Sphingomyelin levels in A549 cells remained
largely unchanged, averaging 67.1 ± 2.6 mg/dL and 66.8
± 5.4 mg/dL for untreated and HePC-treated cells, respec-
tively (Fig. 2B). In contrast, in HUVEC cells, HePC caused
a decrease in sphingomyelin from 43.45 ± 1.2 mg/dL to
30.8 ± 2.06 mg/dL.

Miltefosine Reduces Membrane Fluidity in A549
Cells

To investigate the impact of HePC on membrane dy-
namics, we employed a FRAP approach, which allows us to
measure the lateral diffusion of lipids within the cell mem-
brane. Cell membranes were fluorescently labeled with fu-
sogenic liposomes [11], and a section of the membrane was
irradiated with a focused laser beam until the complete loss
of fluorescence (Fig. 3A,D). The recovery time of the sig-
nal at the same location was then determined (Fig. 3B,E).
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Fig. 1. Cell viability of (A) A549 cells and (B) HUVECs treated with HePC for 24 hours. Half-maximal inhibitory concentration
(IC50) values were estimated with a nonlinear regression curve fit: log(inhibitor) vs normalized response – variable slope. The con-
centration range of HePC is presented as log (HePC (µM)). Calculated Log(IC50) values of three independent replicates: Log(IC50) for
A549 = 2.255 (95% confidential interval is between 2.230–2.740); Log(IC50) for HUVEC = 1.903 (95% confidential interval is between
1.849–1.955). The experiment was performed in triplicates. A549 cells, human lung adenocarcinoma cells; HUVECs, human umbilical
vein endothelial cells; HePC, hexadecylphosphocholine.

Fig. 2. Miltefosine alters cholesterol levels in A549 cells. A549 and HUVEC cells treated with IC50 HePC for 24 hours – (A) total
cholesterol and (B) sphingomyelin concentrations. Bar charts depict Mean± SEM. Statistical analysis - Mann-Whitney test; *p< 0.05,
**p < 0.01, ns, not significant. The experiment was performed in two independent experiments and each sample was measured in
triplicate.

The movies of the recovery kinetics of the cells after irradi-
ation can be found in Supplementary Materials (movies
related to Fig. 3). By analyzing the recovery kinetics, we
calculated the diffusion coefficient (D) and half-time of flu-
orescence recovery (τ1/2), which serve as indicators of the
degree of membrane organization and fluidity (Fig. 3C,F).
FRAP experiments were performed on adherent cells by
fluorescence spinning disk confocal microscopy under in
vivo conditions (37 °C, 5% CO2), providing an optimal
physiological environment for cell viability and ensuring
accurate measurements.

Under the action of HePC, the membranes of cancer
cells underwent a change in their fluidity, in contrast to
non-cancerous cells (Fig. 3C,F). Data from FRAP analysis
showed a significant decrease in the diffusion coefficient in
A549 cells after IC50 HePC treatment (p < 0.001), while
a smaller, but still statistically significant, reduction was

observed in HUVEC cells (p < 0.05). Analogously, the
half-time of fluorescence recovery increased for A549 and
showed a slight, non-significant increase in HUVECs.

Discussion

The obtained higher toxicity of HePC to HUVECs
raises concerns regarding its safety use and explains some
of the documented side effects of the drug. Previous stud-
ies have also reported the high cytotoxicity of HePC against
non-cancerous cells such as erythrocytes (high hemolytic
potential) and macrophages [4]. In addition, supporting our
findings, Zerp et al., 2008 [14] demonstrated that HePC in-
duces apoptosis and inhibits tube formation in endothelial
cells, suggesting that HePC is capable of interfering with
angiogenesis in vitro which on the other hand could benefit
the antitumor effect of HePC.
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Fig. 3. Miltefosine reduces membrane fluidity in A549 cells but has little effect in HUVEC. (A–C) A549 cell line. (D–F) HUVEC
cell line. (A,D) Fluorescence recovery after photobleaching (FRAP) imaging of control and treated cells. Scale bar = 10 µm. The
bleached region of interest is marked with dashed circles. (B,E) Normalized fluorescence intensity after photobleaching. Fitted curves
are shown with orange (control) and yellow (HePC) lines. (C,F) Diffusion coefficient (µm2/sec) and FRAP half-times (sec), estimated
via FRAP modeling. Statistical analysis - Mann-Whitney test; ns, non significant; *p < 0.05, ***p < 0.001. n = 20 cells per condition.

Cholesterol and sphingomyelin play an essential role
in cell signaling by forming membrane microdomains
known as lipid rafts. Alterations in their normal concen-
trations in cell membranes could disrupt the rafts, change
membrane fluidity, and impact processes such as cell pro-
liferation, migration, and apoptosis. Park et al. [15] re-
ported that HePC modulates cell proliferation and survival
by interacting with lipid rafts in a cholesterol-dependent
manner. The cholesterol level in the cell membrane is crit-
ical for various cell functions. For instance, low choles-
terol levels typically result in increased membrane fluidity
and may promote metastasis. Conversely, elevated choles-
terol levels are associated with a higher order of lipid pack-
ing, increased membrane rigidity, reduced permeability,
and enhanced drug resistance [5]. Also, cholesterol has
been shown to protect model membranes against membrane
lipid degradation [16]. The obtained much higher increase
in the cholesterol level of A549 cells after HePC treatment
than that for HUVECs may lead us to assume that treatment
of cancer cells with HePC may cause membrane stiffness.
This assumption is also supported by the FRAP analysis.
These results suggest that HePC makes the membrane of
A549 cells substantially more rigid while having a lesser
effect on the non-cancerous HUVEC cells. Given that can-
cer cells, in general, have softer membranes, allowing them
to migrate faster and metastasize [5,17], we could speculate
that HePC could reduce the metastatic potential of A549
cells.

The reductions in sphingomyelin are often associated
with an increase in ceramide. The latter is a structural and
signaling lipidmolecule that can promote cell death through
apoptosis [18]. Thus, the reduction of sphingomyelin level

in HUVEC cells after HePC treatment may contribute to the
sensitivity of these cells to the drug, as confirmed by the
higher cytotoxicity to endothelial cells shown by the MTT
assay.

In addition to their use for membrane staining and
analysis, fusogenic liposomes have been identified as
promising drug carriers with tunable membrane fluidity
[19]. Bompard et al., 2020 [19] demonstrated that lipo-
somes with lower membrane rigidity preferentially fuse
with cancer cells and exhibit greater cytotoxicity toward
them compared to normal cells. This suggests that mem-
brane fluidity, rather than specific protein interactions, can
play a critical role in influencing drug targeting, administra-
tion, and antitumor activity. Building on this concept, our
approach to studying membrane-targeting drugs could pro-
vide valuable insights into how they affect membrane fluid-
ity, while also aiding in the development of novel, selective
drug delivery systems. In this regard, the concept of de-
veloping formulations of miltefosine-loaded polymeric mi-
celles or particles [20] will be useful to mitigate the drug’s
toxic effects on healthy cells and increase its selectivity to
cancer cells.

Conclusion

Miltefosine reduces membrane fluidity in the A549
cancer cell line, leading to increasing membrane rigidity.
Changes in the diffusion coefficient were also observed in
the non-cancerous HUVEC cells, but the alterations were
more pronounced in A549 cells. These findings suggest
that miltefosine’s mechanism of action involves altering the
biophysical properties of lipid membranes, with a stronger
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impact on cancer compared to non-cancerous cells. The
decreased levels of sphingomyelin and high cytotoxicity to
endothelial cells may be a sign of miltefosine’s interference
with angiogenesis, which may contribute to the additional
antitumor effect of this agent. Considering the different
membrane fluidity of cancer and endothelial cells and the
need to avoid the hemolytic effect of miltefosine, different
strategies for its incorporation into drug carriers can be ex-
plored.
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