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Abstract

The effect of 1-O-octadecyl-2-O-methyl-sn-glycero-3-phosphocholine (ET-18-OCH3, edelfosine), and six other analog asymmetric phosholipids

on the physical properties of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) model membranes was studied using differential scanning
calorimetry (DSC), 31P-nuclear magnetic resonance (31P NMR) and X-ray diffraction. DSC data revealed that, at concentrations of 40 mol% and
higher, a new type of mixtures with higher Tc and narrower transitions appeared with all the asymmetric lipids studied. At very high concentrations of
these lipids (50–80 mol%), destabilization was observed in the systems probably because of the formation of micelles or small vesicles. In all cases,
the asymmetric lipids at concentrations of 40 mol% induced the formation of interdigitated structures in the lamellar gel phase, as deduced from
X-ray diffraction. The asymmetric phospholipids were also added to 1,2-dielaidoyl-sn-glycero-3-phosphoethanolamine (DEPE) model membranes
and DSC data revealed that the lipids primarily affected transition from the lamellar gel (L�) to the lamellar liquid crystalline (L�) phase in two
aspects: the transition temperature was reduced, and the transition itself became broader and smaller. The lamellar liquid crystalline (L�) to
inverted hexagonal phase (HII) transition was also affected, as detected by DSC and 31P NMR data. Increasing concentrations of the asymmetric
lipids reduced the formation of inverted hexagonal phases, which were completely inhibited in the case of ET-18-OCH3. Since these compounds
have been shown to have important biological actions through the plasma membrane, these results may help to understand the mechanism of
action of these compounds. In addition these asymmetric lipids were tested for their capacity to induce cell apoptosis, and only ET-18-OCH3

was found to have a clear effect, thus suggesting that the apoptotic effect is not exerted through changes in the biophysical properties of model
membranes.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Asymmetric phospholipids, such as 1-O-octadecyl-2-O-
methyl-sn-glycero-3-phosphocholine (ET-18-OCH3, edelfos-
ine) and some structural analogs, constitute a heterogeneous
group of synthetic compounds of high metabolic stability and
with different biological effects, including the inhibition of
tumor growth (Berdel et al., 1981a; Hayashi et al., 1985;
Ngwenya et al., 1991; Brachwitz and Vollgraf, 1995; Gajate
and Mollinedo, 2002) as well as the induction of cell differen-
tiation (Paul et al., 1987; Hochhuth et al., 1990) and apoptosis
(Mollinedo et al., 1993, 1997; Ruiter et al., 2003). Their abil-
ity to inhibit proliferation is well known, as it is effective with
prostate cancer cells (Berdel et al., 1981b), different human and
murine leukemic cell cytes (Berdel et al., 1983; Wierenga et
al., 2000), human brain and lung tumors (Berdel et al., 1984;
Denizot et al., 2001), and others (Houlihan et al., 1987; Kosano
and Takatani, 1988; Haugland et al., 1999; Lu et al., 2002). It
has recently been reported that these compounds can also inhibit
the multiplication of the human immunodeficiency virus type I
(HIV-I) (Kucera et al., 1990; Mavromoustakos et al., 2001).

Asymmetric ether lipids do not interfere directly with DNA
and are not mutagenic (Mavromoustakos et al., 1996), unlike
most anti-tumor agents. The mechanism used by these com-
pounds to inhibit cell proliferation is not well known, probably
because of the variety of ways in which they act, for example,
i
e
2
1
t
1
d
s
A

k
c
1
s
m
i
t

i
h
t
c
t
m
m
s
a

a
2
m

glycero-3-phosphocholine (ET-18-OCH3, or edelfosine) and 1-
O-hexadecyl-2-O-methyl-sn-glycero-3-phosphoserine (ET-16-
OCH3-Ser)], an hydroxyl group [in the case of 1-O-octadecyl-
2-O-hydroxy-sn-glycero-3-phosphocholine (ET-18-OH)], or a
hydrogen atom [for example with 1-O-octadecyl-sn-glycero-3-
phosphocholine (ET-18-H)]. 1-Palmitoyl-2-acetyl-sn-glycero-
3-phosphocholine (PAPC) is another analog of PAF, which pos-
sesses a different group in the sn-1 position.

Only PAF and LPC occur in vivo. Fig. 1 shows the structure
of these and the other compounds used in this work, all of them
possessing an asymmetric structure.

It has been reported that some of these asymmetric phospho-
lipids, such as ET-18-OCH3, ET-18-OH, or PAF, can form bilay-
ers similar to those formed by common phospholipids (Huang
et al., 1986; Xie et al., 1997). Some studies have revealed that
pure ether lipids can also form micelles at temperatures over
the transition temperature and extended lamellar structures with
interdigitated structures in the hydrocarbon chains at tempera-
tures below the transition (Xie et al., 1997; Dick and Lawrence,
1992; Maurer et al., 1994). The interdigitated structure suggests
that these molecules can easily insert themselves into the mem-
brane, where they find their active site or produce certain mem-
brane perturbations (Xie et al., 1996). DSC experiments have
revealed that these compounds can penetrate model membranes
and modify their physical properties, reducing the phase transi-
tion temperature, varying the enthalpy change, and decreasing
t
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n the cellular transport system (Hoffman et al., 1992; Besson
t al., 1996), cytokine synthesis (Nasu et al., 1999; Lu et al.,
002), intracellular calcium level modulation (Lohmeyer et al.,
994) or the interaction with enzymes, most of them associated
o membranes and involved in lipid metabolism (Vogler et al.,
985; Brachwitz and Vollgraf, 1995; Wieder et al., 1995; Van
er Luit et al., 2002) and/or in signaling transducing systems,
uch as protein kinase C (PKC) (Marasco et al., 1990; Zhou and
rthur, 1997; Aroca et al., 2001; Conesa-Zamora et al., 2005).
The way these compounds are incorporated in cells is not

nown, although it is clear that they are finally located and
arry out their functions in the cell membrane (Berdel et al.,
981a; Paltauf, 1994; Wagner et al., 2000). In this sense, a
tudy of the interactions between these compounds and model
embranes is very important since it would provide valuable

nformation about the molecular properties that would explain
heir biological activity.

A compound related to these asymmetric ether phospholipids
s lysophosphatidylcholine (LPC), which is produced after the
ydrolysis of phosphatidylcholine by phospholipase A2. Despite
he fact that it is rapidly metabolized, it has been found to have
ytotoxic effects (Burdzy et al., 1964), a finding that triggered
he development of lipidic antitumor ethers, which are synthetic

olecules of great metabolic stability, unlike LPC. These asym-
etric ether lipids are characterized by an ether bond linking the

n-1 position of glycerol with a long hydrocarbon chain (Munder
nd Westphal, 1990).

All these compounds are structural analogs of platelet-
ctivating factor (PAF), but lack the ester bond in the sn-

position, where different groups can be found, such as a
ethyl group [as happens with 1-O-octadecyl-2-O-methyl-sn-
he cooperativity in the fusion process (Noseda et al., 1988).
In this work we have used seven asymmetric phospholipids,

amely ET-18-OCH3, ET-16-OCH3-Ser, ET-18-OH, ET-18-H,
APC, LPC and PAF, to study their effects on the physical
roperties of two typical model membranes: 1,2-dimyristoyl-
n-glycero3-phosphocholine (DMPC) and 1,2-dielaidoyl-sn-
lycero-3-phosphoethanolamine (DEPE). Compared with ET-
8-OCH3, three of these compounds (PAF, ET-18-H, and ET-
8-OH) contain differences in the group of the sn-2 position,
hereas other two (PAPC and LPC) included differences in both

n-1 and sn-2 positions. The last mentioned analog was similar
o ET-18-OCH3 but contained a polar head group including ser-
ne (ET-16-OCH3-Ser). In order to detect the influence of these
ompounds on the physical properties of the model membranes,
ifferential scanning calorimetry (DSC), 31P-nuclear magnetic
esonance (31P NMR) spectroscopy, and X-ray diffraction stud-
es were used.

The results indicate that asymmetric phospholipids were
ble to induce interdigitated membranes in DMPC below the
hase transition, Additionally they inhibit the formation of the
nverted hexagonal HII phase in DEPE. Finally and although
ll these compounds have similar effects on membranes
T-18-OCH3 had a much bigger apoptotic effect, on cultured
ells, than the other six.

. Materials and methods

.1. Materials

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC),
,2-dieladoyl-sn-glycero-3-phosphoethanolamine (DEPE),
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Fig. 1. Molecular schemes of the different asymmetric lipid compounds used in this work.

1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC),
platelet activating factor (PAF), 1-palmitoyl-2-acetyl-sn-
glycero-3-phosphocholine (PAPC), and 1-O-octadecyl-2-O-
methyl-sn-glycero-3-phosphocholine (ET-18-OCH3) were
purchased from Avanti Polar Lipids (Alabaster, AL, USA).
1-O-octadecyl-sn-glycero-3-phosphocholine (ET-18-H), 1-O-
octadecyl-2-hydroxy-sn-glycero-3-phosphocholine (ET-18-
OH), and 1-O-hexadecyl-2-O-methyl-sn-glycero-3-phosph-
ocholine (ET-16-OCH3-Ser) were obtained from INKEYSA
(Barcelona, Spain) and from M. Modolell (Max-Planck-Institut
für Immunbiologie, Freiburg, Germany). Water was distilled

twice and deionized in a Millipore system from Millipore
Ibérica (Madrid).

2.2. DSC measurements

Samples containing 3 �mol of phospholipids, DMPC, or
DEPE and the appropriate amount of the different asymmet-
ric lipids were mixed and dried under a stream of oxygen-free
N2. Then the last traces of organic solvent were removed by
keeping the samples under vacuum for at least 2 h. Multilamel-
lar vesicles were formed by incubating the dried lipids in 1.5 mL
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buffer containing 20 mM Tris–HCl pH 7.5 and 100 �M EDTA,
for 15 min at a temperature above the gel to fluid phase tran-
sition with occasional and vigorous vortexing. Samples were
subjected to a 15-min degasifying treatment before loading into
the calorimeter.

Thermograms were recorded using a Microcal MC-2 Scan-
ning Calorimeter (Microcal, Northampton, MA, USA). The
appropriate buffer was used in the reference cell. The sam-
ples were scanned over a temperature range from 7 to 50 ◦C
(in the case of DMPC-containing samples), or from 14 to 85 ◦C
(in the case of samples including DEPE), at a heating rate of
60 ◦C/h. The thermograms were analyzed with Microcal Ori-
gin 5.0 software (Microcal, Northampton, MA, USA). Baselines
were created and subtracted and then the traces were normalized
according to the total lipid concentration. The lipid concen-
tration of each sample was performed analyzing the organic
phosphorus included in each one, using the method described
by Böttcher et al. (1961).

2.3. 31P NMR spectroscopy

Samples for 31P NMR were prepared by combining organic
solutions containing 33.6 �mol of phospholipid (DMPC or
DEPE), and the appropriate amount of the different asymmetric
lipids.

Lipid mixtures were dried under a stream of oxygen-free N
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the detectors was performed by using Ag-stearate (small-angle
region, d-spacing at 48.8 Å) and lupolen (wide-angle region,
d-spacing at 4.12 Å) as reference materials. Samples for X-
ray diffraction were prepared by mixing 15 mg of DMPC or
POPC/sphyngomyelin/cholesterol (1:1:1, molar ratio) and the
appropriate amount of asymmetric phospholipids in chloro-
form/methanol (1:1, molar ratio). Multilamellar vesicles were
formed as described above for DSC measurements. After cen-
trifugation at 13,000 × g, the pellets were measured in a thin-
walled Mark capillary held in a steel cuvette which provides
good thermal contact to the Peltier heating unit. X-ray diffraction
profiles were obtained for 10 min exposure times after 10 min
of temperature equilibration.

Samples for determination of structural parameters at dif-
ferent degree of hydration were prepared by mixing 15 mg of
pure DMPC alone or in the presence of 40 mol% of LPC in
chloroform/methanol (1:1, molar ratio). Samples were carefully
dried and buffer was added to achieve different weight fraction
of water. Samples were incubated 15 h at 30 ◦C, centrifuged at
13,000 rpm for 5 min, incubated 24 h at 30 ◦C, and then they
were measured as described above.

Determination of the structural parameters at different degree
of hydration were made by using the model presentation of the
data described by Rand et al. (1988), which is in the form of
the relation between the measured water content of the lamellar
phase, the lamellar repeat spacing d, the thickness of the bilayer
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nd the last traces of organic solvent were removed by keeping
he samples under vacuum for at least 2 h. Multilamellar vesicles
ere formed incubating the dried lipids in 1 mL buffer contain-

ng 20 mM Tris–HCl pH 7.5 and 100 �M EDTA, at 50 ◦C for
5 min with occasional vigorous vortexing. After this incuba-
ion, samples were centrifuged at 13,000 × g for 10 min and the
ellets were transferred to conventional 5 mm NMR tubes.

31P NMR spectra were obtained in the Fourier Transform
ode in a Varian Unity 300 Spectrometer. All chemical shift

alues are quoted in parts per million (ppm) with reference to
ure lysophosphatidylcholine micelles (0 ppm), positive values
eferring to low-field shifts. All spectra were obtained in the
resence of a gated broad band proton decoupling (5 W input
ower during acquisition time), and accumulated free induc-
ive decays were obtained from up to 5000 scans. A spectral
idth of 25,000 Hz, a memory of 32,000 data points, a 2 s inter-
ulse time, and an 80◦ radio frequency pulse (11 �s) were used.
rior to Fourier transformation, an exponential multiplication
as applied, resulting in a 60 Hz line broadening.

.4. X-ray diffraction

Simultaneous small (SAX) and wide (WAX) angle X-ray
iffraction measurements were carried out using a modified
ratky compact camera (MBraum–Graz–Optical Systems, Graz
ustria), which uses two coupled linear position sensitive detec-

ors (PSD, MBraun, Garching, Germany) to monitor the s-
anges [s = 2sin θ/λ, 2θ = scattering angle, λ = 1.54 Å] between
.0075–0.07 and 0.20–0.29 Å−1, respectively. Nickel-filtered
u K� X-rays were generated by a Philips PW3830 X-ray Gen-
rator operating at 50 kV and 30 mA. The position calibration of
l, taken as a layer that contains all and only the lipid in the
ample, and the distance between the bilayers dw, equal to the
hickness of a layer that contains all the water. This division
f the repeat spacing follows the Luzzati tradition (Luzzati and
usson, 1962; Luzatti, 1968) of using mass average thicknesses
ased on measured sample composition.

Bilayer thickness, dl, and water layer thickness or bilayer
eparation, dw, are

l = φd dw = (1 − φ)d

here d is the lamellar repeat spacing and

= 1

(1 + (1 − c)vw)/cvl

s the volume fraction of lipid, c is the weight fraction of lipid in
he phase, and vw and vl are the partial specific volumes of water
nd phospholipid, respectively, each taken as 1.0, according to
Cullis and de Kruijff, 1979).

.5. Cell culture conditions

The human acute myeloid leukemia HL-60 cell line was
rown in RPMI 1640 supplemented with 10% (v/v) heat-
nactivated fetal calf serum, 2 mM l-glutamine, 100 units/mL
enicillin, and 24 �g/mL gentamicin. Cells were incubated at
7 ◦C in a humidified atmosphere of 5% CO2 and 95% air.

.6. Apoptotic assays

The induction of apoptosis was monitored as the appearance
f the sub-Gl peak in cell cycle analysis (Gajate et al., 2000).
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Briefly, cells (5 × 105) were centrifuged and fixed overnight in
70% ethanol at 4 ◦C. Cells were washed three times with PBS,
incubated for 1 h with 1 mg/mL Rnase A and 20 �g/mL pro-
pidium iodide at room temperature, and then analyzed for cell
cycle with a Becton Dickinson FACSCalibur flow cytometer
(San Jose, CA). Quantitation of apoptotic cells was calculated
as the percentage of cells in the sub-Gl region (hypodiploidy) in
cell cycle analysis.

3. Results and discussion

3.1. Thermal study of the DMPC mixtures

DSC was used to determine the effect of increasing concen-
trations of the different asymmetric phospholipids on the phase
transition of pure DMPC. The pure DMPC thermogram showed
a pre-transition, with a Tc at 13 ◦C, and a very cooperative main
transition, beginning at 23.5 ◦C (Fig. 2). The presence of increas-
ing concentrations of the different asymmetric phospholipids led
to several changes in the thermograms obtained.

In the case of ET-18-OCH3 (Fig. 2A), a relatively low pro-
portion of this ether (5 mol%) affected both the pre-transition
and the main transition, which appeared at lower temperatures.
The first became more diffuse and started at about 9 ◦C, while
the second started at 22.8 ◦C. Similar effects were detected
w
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t
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50 mol% ET-18-OCH3 was at 25.3 ◦C. Higher concentrations
of ET-18-OCH3 produced a decrease in the cooperativity, with
broader transitions. The same trend was shown with 60 mol%
ET-18-OCH3, the transition becoming broader and beginning
at 24.8 ◦C, while in the presence of 70 mol% ET-18-OCH3, the
area under the transition peak decreased, probably indicating the
solubilization of a significant proportion of DMPC molecules,
which no longer participated in the transition, while Tc appeared
at 21.6 ◦C. No transition was detected in the sample containing
80 mol% ET-18-OCH3 so that solubilization was total at this
percentage.

Similar results were observed when LPC was used, although
the pre-transition was not present with 10 mol%. Moreover, the
second component appeared pure at 50 mol% and total solubi-
lization was reached at 70 mol% (Fig. 2B).

Qualitatively similar results were also observed for other
analogs (not shown for the sake of brevity). In the case of
ET-18-OH, the pre-transition was not present above 25 mol%,
whereas the pure second component was detected at 50 mol%,
and total solubilization was not observed even at 90 mol%;
ET-18-H behaved exactly as ET-18-OH; in PAPC the pre-
transition was not observed above 25 mol%, the pure second
component was detected at 40 mol% and total solubilization
appeared above 70 mol%; and with PAF the pre-transition
was not detected above 25 mol%, the pure second component
appeared at 40 mol% and total solubilization was observed at
8
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F with
T e mix
ith 10 mol% of the asymmetric lipid, with the main transition
tarting at lower temperature, i.e. 21.6 ◦C. In the presence of
5 mol% ET-18-OCH3, the pre-transition disappeared and the
ain transition, which started at 22.3 ◦C, showed a shoulder

oward higher temperatures, probably indicating the presence
f two components. With 40 mol% ET-18-OCH3, the main
ransition became narrower, with just one component, and the
ransition temperature (Tc) occurred at 24.9 ◦C. The Tc with

ig. 2. DSC heating thermograms of aqueous dispersions of mixtures of DMPC
he heating rate was 60 ◦C/h. The mol% of the different asymmetric lipids in th
0 mol%.
The effect of ET-16-OCH3-Ser, however, was different

Fig. 2C). The pre-transition had already disappeared at
0 mol%, and the main transition shifted towards a lower temper-
ture, starting in this case at 22 ◦C. Moreover, this transition was
symmetric and showed a small shoulder at high temperature,
ut finished at 26.5 ◦C. With 25 mol%, the transition became

different proportions of ET-18-OCH3 (A), LPC (B), and ET-16-OCH3-Ser (C).
tures is indicated on the right hand side of each thermogram.



A. Torrecillas et al. / International Journal of Pharmaceutics 318 (2006) 28–40 33

broader and diffuse, extending from 21.6 to 29.1 ◦C, with the
main peak centered at 22 ◦C. The addition of 40 mol% produced
a broad transition, from 20.4 to 24.6 ◦C, which was composed of
two partially overlapping peaks. The first was smaller and cen-
tered at 21.5 ◦C, while the second was located at 23.5 ◦C. With
45 mol% ET-16-OCH3-Ser, the transition was very broad, from
15.6 to 25.1 ◦C, and the two components remained, with the first
peak appearing at 17.5 ◦C. The sample including 50 mol% again
showed a very broad and diffuse transition, which extended from
10 to 28.9 ◦C. This transition almost disappeared with 80 mol%
ET-16-OCH3-Ser, indicating total solubilization.

3.2. 31P NMR spectroscopy of the DMPC mixtures

31P NMR spectroscopy was used to obtain additional infor-
mation about the organization of the lipid mixtures below (at
15 ◦C) and above (at 35 ◦C) the main phase transition observed
by DSC. Pure DMPC showed asymmetric spectra both below
and above the phase transition (Fig. 3A), with a high-field peak
and a low-field shoulder, characteristic of an axially symmet-
rical shift tensor and consistent with the arrangement of the
phospholipids in a bilayer configuration. The lineshapes were
broad with a chemical shift anisotropy (�σ) of 62 ppm at 15 ◦C,

F
(
t

ig. 3. 31P NMR spectra of aqueous dispersions of mixtures of pure DMPC (A), and D
D), ET-16-OCH3-Ser (E), PAPC (F), LPC (G), and PAF (H). Each sample was measur
emperature, as shown on the left. The concentrations of the asymmetric lipids were 2
MPC with different proportions of ET-18-OCH3 (B), ET-18-OH (C), ET-18-H
ed at two different temperatures, below (15 ◦C) and above (35 ◦C) the transition
5 or 50 mol%, as indicated on top of each spectrum.
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and 46 ppm at 35 ◦C. According to the DSC results commented
above, the sample is in gel state at 15 ◦C and in fluid state at
35 ◦C.

The addition of 25 mol% ET-18-OCH3 produced similar
spectra to those seen at the same temperatures of the pure phos-
pholipid, with a �σ of 58 ppm at 15 ◦C and 40 ppm at 35 ◦C
(Fig. 3B). In the presence of 50 mol% ET-18-OCH3, a similar
lineshape was obtained at 15 ◦C, with a �σ of 51 ppm, while
at 35 ◦C, the lineshape showed an isotropic signal with a �σ of
2.1 ppm (Fig. 3B). This type of signal has been related previ-
ously to small vesicles or a micelle and small vesicle mixture
(Cullis and de Kruijff, 1979).

The addition of 25 mol% ET-18-OH produced a lineshape
characteristic of a bilayer configuration with a �σ of 50 ppm
at 15 ◦C and 32 ppm at 35 ◦C (Fig. 3C). It is of note that at
15 ◦C the intensity of the low-field peak increased, probably
pointing to smaller vesicles (Traikia et al., 2000; Burnell et
al., 1980), and that at 35 ◦C another broad isotropic peak was
detected, also corresponding probably to small vesicles. In the
presence of 50 mol% ET-18-OH (Fig. 3C), the lineshape at 15 ◦C
was asymmetric and corresponded to a bilayer configuration
with a �σ of about 49 ppm, although an isotropic compo-
nent was already evident. The lineshape at 35 ◦C was mainly
isotropic, corresponding to small vesicles and/or micelles.
Nevertheless, the bilayer configuration was still present at
this temperature, as could be seen from the small low-field
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and a small isotropic component. At 35 ◦C, the lineshape was
mainly isotropic with a �σ of 4 ppm, probably corresponding
to small vesicles.

The addition of 25 mol% LPC produced asymmetric line-
shapes, with a �σ of 57 ppm at 15 ◦C and 46 ppm at 35 ◦C
(Fig. 3G). At both temperatures, a small isotropic component
was detected. In the presence of 50 mol% LPC (Fig. 3G), the
asymmetric lineshape at 15 ◦C (�σ of 51 ppm) showed a small
isotropic component, whereas at 35 ◦C the broad isotropic peak
centered at 0 ppm overlapped a small bilayer configuration sig-
nal (�σ of 24 ppm).

Finally, the addition of 25 mol% PAF (Fig. 3H) produced
asymmetric lineshapes at 15 ◦C (�σ of 64 ppm) and 35 ◦C (�σ

of 32 ppm). At 35 ◦C, an isotropic signal was also detected,
whereas the low-field peak was higher than in the case of pure
DMPC, suggesting the presence of smaller vesicles. In the pres-
ence of 50 mol% PAF (Fig. 3H), the lineshape at 15 ◦C was
asymmetric, with a �σ of 58 ppm, while at 35 ◦C an isotropic
peak was observed overlapping a small signal denoting bilayer
organization (�σ of 16 ppm). This lineshape suggests that the
vesicle size is even smaller than in the sample including 25 mol%
PAF.

An apparent disagreement between the DSC and the 31P
NMR spectroscopy data appeared in the case of the sample
including 50 mol% ET-18-OCH3. There was an extremely coop-
erative phase transition, as seen by DSC, but the 31P NMR
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The presence of 25 mol% ET-18-H gave rise to asymmet-

ic lineshapes at both 15 (�σ of 68 ppm) and 35 ◦C (�σ of
2 ppm), with a small peak denoting an isotropic phase at 35 ◦C
Fig. 3D). With 50 mol% ET-18-H, the lineshape at 15 ◦C was
till asymmetric (�σ of 50 ppm), but the low-field peak was
reater, pointing to a decrease in vesicle size. At 35 ◦C, an
sotropic peak was observed with a �σ of 4.8 ppm, although
small low-field peak was still detected, suggesting the pres-

nce of vesicles in bilayer configuration.
The addition of 25 mol% ET-16-OCH3-Ser produced line-

hapes which were different from those obtained for the pure
MPC, although they were asymmetric and consistent with a
ilayer configuration (Fig. 3E). The �σ was 52 ppm at 15 ◦C
nd 38 ppm at 35 ◦C, at which temperature, another two peaks
ere detected, probably corresponding to the separation of the

ther phosphorus bound to serine from the phospholipid phos-
horus bound to choline. In fact, at 15 ◦C the signal from ether
hosphorus can be slightly detected. The addition of 50 mol%
T-16-OCH3-Ser (Fig. 3E) produced an asymmetric lineshape
t 15 ◦C, with a �σ of 54 ppm, and a small isotropic peak at
ppm. At 35 ◦C, this isotropic signal increased, although the
ilayer component was preserved. The �σ was 34 ppm. With
oth 25 and 50 mol%, and especially in the fluid state, there was
n increase in the intensity of the low-field peak, corresponding
robably to a decrease in the vesicle size.

The lineshapes including 25 mol% PAPC (Fig. 3F) were very
imilar to those obtained with the pure DMPC at both tempera-
ures, i.e. a bilayer configuration with a �σ of 57 ppm at 15 ◦C
nd 42 ppm at 35 ◦C. The addition of 50 mol% PAPC (Fig. 3F)
roduced an asymmetric lineshape at 15 ◦C with a �σ of 58 ppm
pectroscopy lineshape showed only one narrow isotropic peak
t a Ds of 2.1 ppm. This fact could result from the high degree of
ooperativity in the interdigitated complex, although with small
esicles, yielding isotropic spectra. This would be the case, if
nterdigitated structures were adopted, such as those described in
revious papers with similar asymmetric ether lipids (Olivier et
l., 1991). Similar problems were detected with 50 mol% PAPC,
AF, or LPC.

.3. X-ray diffraction of DMPC mixtures

Information on the structural characteristics of
MPC/asymmetric lipid systems was obtained by X-ray
iffraction measurements. Small-angle X-ray diffraction was
sed to check whether asymmetric lipids affected the phase
ehavior of DMPC. This technique not only defines the
acroscopic structure itself, but also provides the interlamellar

epeat distance in the lamellar phase. The first order reflection
omponent corresponds to the interlamellar repeat distance,
hich is comprised of the bilayer thickness and the thickness
f the water layer between bilayers. Fig. 4 shows the SAXS
iffraction pattern profiles corresponding to pure DMPC and
MPC containing asymmetric phospholipids at two different

emperatures, below and above the phase transition, i.e. at
2 ◦C (Fig. 4A) and 35 ◦C (Fig. 4B). The pure DMPC system
xhibited diffraction profiles with sharp Bragg reflections and
ith distances related as 1:1/2:1/3, which are characteristic
f the expected multilamellar organization (Luzatti, 1968).
ure DMPC diffraction profiles also showed lamellar repeat
istances of 64 Å in the gel phase (at 12 ◦C, Fig. 4A) and 61 Å
n the liquid crystalline phase (at 35 ◦C, Fig. 4B).
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Fig. 4. Small-angle X-ray diffraction profiles at 12 ◦C (A) and 35 ◦C (B), obtained from (top to bottom) pure DMPC, DMPC containing 40 mol% ET-18-H, PAF,
ET-18-OCH3, ET-18-OH, LPC, PAPC and ET-16-OCH3-Ser.

At 12 ◦C (Fig. 4A), the different DMPC/asymmetric phos-
pholipid systems (3:2, molar ratio) always showed reflections
which related as 1:1/2:1/3, indicating that the system remained
in the lamellar state. However, the interlamellar repeat distances
observed in the presence of asymmetric lipids were drastically
decreased when compared with the pure DMPC, and were found
in the range of 49–54 Å. In the case of ET-16-OCH3-Ser, instead
of sharp Bragg reflections, the diffraction profile exhibited a
broad scattering band centered at 49 Å. The reflections charac-
teristic of pure DMPC in the liquid crystalline phase (35 ◦C,
Fig. 4B) were replaced in the presence of asymmetric phospho-
lipids by broad scattering bands.

The interlamellar repeat distance reflects the thickness of
the bilayer, so a decrease in the interlamellar repeat distance
indicates a decrease in the thickness of the lipid bilayer. One
of the important characteristics of interdigitated bilayers is the
decreased thickness of the lipid bilayer, because of the inser-
tion of acyl chains into the opposite layer of the bilayer. The

findings that asymmetric lipids reduce the interlamellar repeat
distance of DMPC by 10–15 Å is a direct evidence that these
compounds induce DMPC bilayers to perform the transition
from gel to the interdigitated gel phase. In the presence of asym-
metric lipids we obtained a wide-angle diffractogram with one
sharp and symmetric peak at 4.1 Å, which is similar to that
reported for the interdigitated gel phase of DMPC in the presence
of ethanol (Winter et al., 2001), which supports our conclusion
for untilted, and therefore interdigitated hydrocarbon chains in
order to account for the small interlamellar repeat distance. All
these results reveal that the main effect of asymmetric lipids on
DMPC bilayers is to induce an interdigitated structure in the gel
phase.

Previous studies have shown that some asymmetric phospho-
lipids may form interdigitated structures when used alone, as is
the case for ET-18-OCH3 (Maurer et al., 1994; Xie et al., 1996),
PAF (Huang et al., 1986; Xie et al., 1996) and lyso-PAF (Xie et
al., 1996). Some of these asymmetric phospholipids like PAF,

F ined f
E

ig. 5. Wide-angle X-ray diffraction profiles at 12 ◦C (A) and 35 ◦C (B), obta
T-18-OCH3, ET-18-OH, LPC, PAPC and ET-16-OCH3-Ser.
rom (top to bottom) pure DMPC, DMPC containing 40 mol% ET-18-H, PAF,
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Fig. 6. Structural parameters of the lamellar phase formed at 10 ◦C by pure
DMPC (A) and DMPC containing 40% of LPC (B) as they vary with water
content. Lamellar repeat spacing, d (�); thickness of the bilayer, dl (�), and
bilayer separation, dw (�).

lysoPAF and LPC have also been described as inducing interdig-
itated phases in DMPC (Olivier et al., 1991). The wide-angle X-
ray diffraction patterns of pure DMPC and DMPC/asymmetric
phospholipids systems at the same temperatures are shown in
Fig. 5. At 12 ◦C (Fig. 5A), pure DMPC showed a broad asym-
metric peak centered at 4.18 Å, which is typical for lipid bilayers
in the lamellar gel phase with tilted hydrocarbon chains and
pseudohexagonal chain packing (Tardieu et al., 1973). In the
DMPC/asymmetric lipids systems (3:2, molar ratio) a single
sharp reflection appeared at around 4.1 Å, which indicates that
the hydrocarbon chains were packed in a hexagonal lattice and
the direction of acyl chains was perpendicular to the membrane
surface (Adachi et al., 1995). Above the main transition tem-
perature (35 ◦C, Fig. 5B), pure DMPC showed a very broad
component centered at 4.35 Å, typical for unordered lipid chains
in the liquid crystalline phase. In the presence of asymmetric
phospholipids, a diffuse reflection was always recorded above
the main phase transition.

To discard the possibility that the observed reduction in the
lamellar repeat spacing in the small-angle diffractograms could
reflect a reduction in the hydration of the samples containing
ether lipids and not an effective reduction of the bilayer thick-
ness, we studied the structural dimensions of the lamellar phase
formed by pure DMPC and DMPC containing 40% LPC, in
defined amounts of water and at 12 ◦C. Fig. 6 shows the depen-
dence of the lamellar repeat spacing, d, and bilayer (d ) and
w
c
d
s

hydration (20–40% water) shows an additional bilayer signal
which was shorter than that of pure DMPC and which was not
present at higher hydration (not shown). Maximum hydration of
the lipid can be determined from the relation between the lamel-
lar repeat spacing (d) and the weight fraction of lipid in the phase
(Rand et al., 1988). The maximum amount of water uptake can
be estimated from the intersection of the horizontal line repre-
senting the average repeat spacing in excess water with the line
that relates d and c in the region of restricted water. The lamellar
repeat spacing presented in Fig. 6 shows that while pure DMPC
can uptake about 40% of water, the presence of LPC produced
an increase in the hydration which reaches 60% water.

3.4. Thermal study of the DEPE mixtures

DSC was used to determine the effect of increasing concen-
trations of the different asymmetric phospholipids on the phase
transition of pure DEPE. The pure DEPE thermogram showed
a very cooperative main transition at 38.5 ◦C (from 37.1 to
38.9 ◦C) and a small transition at 66.5 ◦C (from 65.1 to 66.5 ◦C)
(Fig. 7). The first showed the transition from lamellar gel phase
(L�) to lamellar liquid crystalline phase (L�), whereas the sec-
ond reflected the transition from lamellar liquid crystalline phase
(L�) to inverted hexagonal phase (HII).

The addition of ET-18-OCH3 affected both transitions
(

Fig. 7. DSC heating thermograms of aqueous dispersions of mixtures of DEPE
with different proportions of ET-18-OCH3. The heating rate was 60 ◦C/h. The
mol% of the asymmetric lipid in the mixtures is indicated on the right hand side
of each thermogram.
l
ater (dw) thicknesses as they vary with water content. It is

learly shown that for any water content studied, the interbilayer
istance (dl) for the sample containing LPC is always 15–20 Å
horter than that of the pure phospholipid. LPC sample at low
Fig. 7). The cooperativity of the main transition decreased with
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increasing concentrations of this ether lipid, i.e. the enthalpy
change was reduced, and moved to lower temperatures: 37.5 ◦C
with 1 mol%, and 36.7 ◦C with 5 mol%. Furthermore, with
10 mol% ET-18-OCH3, the main transition was located at 36 ◦C
and a new small peak appeared preceding it, at 25.5 ◦C, as
observed in previous studies (Sánchez-Piñera et al., 1999;
Salgado et al., 1993). The transition from L� to HII phase was
also affected by ET-18-OCH3. Firstly, the transition moved to
higher temperatures, starting at 67.3 ◦C with 1 mol% ET-18-
OCH3, and at 76.9 ◦C with 5 mol%. At this latter concentration,
the L� to HII phase transition was hardly detected and finally
disappeared with 10 mol%.

The effects of ET-18-OH, ET-18-H, ET-16-OCH3-Ser, PAPC,
LPC and PAF on DEPE vesicles were very similar to those
produced by ET-18-OCH3 and are not shown for the sake of
brevity.

3.5. 31P NMR spectroscopy of the DEPE mixtures

In order to complete the information about the physical orga-
nization of DEPE vesicles containing these asymmetric lipids,
31P NMR spectroscopy was used (Fig. 8). Samples were pre-
pared by including 5 mol% of each asymmetric lipid, because,

in most cases, the transition from L� to HII phase could still
be detected at this concentration. Three different temperatures
were selected for this study: 25 ◦C (in the lamellar gel phase, L�),
50 ◦C (in the lamellar liquid crystalline phase, L�) and 85 ◦C (in
the inverted hexagonal phase, HII).

The pure DEPE lineshape was asymmetric (Fig. 8A), show-
ing a high-field peak and a low-field shoulder at 25 ◦C, charac-
teristic of phospholipids in bilayer configuration. The �σ was
64 ppm, suggesting the gel state. At 50 ◦C, bilayer configuration
was still detected, but the �σ was 42 ppm, indicating a fluid
state. Finally, at 85 ◦C, the lineshape showed a low-field peak
and a high-field shoulder, which is characteristic of an inverted
HII hexagonal phase.

When 5 mol% ET-18-OCH3 was included (Fig. 8B), a similar
spectrum to that of pure DEPE was recorded at 25 ◦C, with a
�σ of 60 ppm. At 50 ◦C, a small isotropic component centered
at 0 ppm was detected overlapping a peak typical of a bilayer
configuration in fluid state (�σ of 44 ppm). At 85 ◦C, the bilayer
configuration in fluid state (�σ of 34 ppm) was still present, and
a small isotropic component was also detected.

The sample including 5 mol% ET-18-OH (Fig. 8C) showed
a spectrum at 25 ◦C with a lineshape characteristic of bilayer
configuration (a high-field peak and a low-field shoulder) in gel

F
O

ig. 8. 31P NMR spectra of aqueous dispersions of mixtures of pure DEPE (A), and
CH3-Ser (E), PAPC (F), LPC (G), and PAF (H). Samples were recorded at three dif
DEPE with 5 mol% ET-18-OCH3 (B), ET-18-OH (C), ET-18-H (D), ET-16-
ferent temperatures, as indicated on the left.
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state (�σ of 64 ppm), with a small isotropic signal. At 50 ◦C, the
spectrum changed completely, showing an isotropic peak with a
�σ of 1.8 ppm, characteristic of small vesicles and/or micelles
(Heimburg et al., 1991; Salgado et al., 1993; López-Garcia et
al., 1994; Grau et al., 2000), and a very small high-field peak,
which was probably due to part of the phospholipids adopting
a bilayer configuration. At 85 ◦C, an isotropic peak overlap-
ping the typical HII inverted hexagonal phase lineshape was
detected.

Similar results to those of ET-18-OH were observed with
5 mol% ET-18-H (Fig. 8D). The only difference was detected at
85 ◦C, where the isotropic peak was the main signal although it
was overlapped by both rather small bilayer and inverted hexag-
onal phase configuration signals, as seen from the small peaks
located at high- and low-field, respectively. This result suggests
that vesicles with bilayer configuration are probably present but
are not included in the hexagonal tubules.

The sample with 5 mol% ET-16-OCH3-Ser at 25 ◦C (Fig. 8E)
showed a spectrum with a lineshape characteristic of a bilayer
configuration in gel state (�σ of 53 ppm), and a small isotropic
signal. The same was true at 50 ◦C, but in a fluid state (�σ of
40 ppm) and with another bilayer configuration signal probably
arising from the ether lipid phosphorus. At 85 ◦C, several signals
from HII inverted hexagonal, isotropic and bilayer structures
overlapped.

When 5 mol% PAPC was added (Fig. 8F), the spectrum at
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Table 1
Effect of ET-18-OCH3 and several structurally related compounds on the induc-
tion of apoptosis in human leukemic HL-60 cells

Chemical structure Apoptosis (%)

Control (untreated cells) 2.5 ± 0.8
ET-18-OCH3 71.8 ± 3.6
ET-18-OH 2.9 ± 0.9
ET-18-H 2.9 ± 1.1
ET-16-OCH3-Ser 4.2 ± 2.1
PAPC 2.8 ± 0.8
PAF 4.1 ± 0.9
LPC 3.2 ± 1.0

Cells were treated with the compounds listed below (10 �M) for 24 h in culture
medium containing 10% heat-inactivated FCS, and apoptosis was then quan-
titated as percentage of cells in the sub-Gl region (hypodiploidy) in cell cycle
analysis by flow cytometry as described in Section 2. Data are shown as mean
values ± S.D. from three different experiments.

3.6. Cell apoptosis assays

The effect of ET-18-OCH3 and the other structurally related
compounds on the induction of apoptosis in human leukemic
HL-60 cells is shown in Table 1. It can be seen that ET-
18-OCH3 induced a potent apoptotic response (71.8% apop-
tosis), whereas the other compounds failed to promote cell
death.

3.7. Biological implications

Lipids promoting non-lamellar phases, such as HII hexag-
onal inverted phase, have been related with several biological
processes (Seddon, 1990; Epand, 1990). The fact that these
asymmetric lipids inhibit the tendency of DEPE to adopt inverted
hexagonal phase gives them a putative key role in the signaling
pathways because they can inhibit important enzymes such as
PKC (Epand, 1990) or phospholipases (Zidovetzki, 1997). It has
been shown in fact that ET-18-OCH3, at certain concentrations,
inhibit PKC enzymes (Aroca et al., 2001; Conesa-Zamora et al.,
2005).

It is remarkable that the seven asymmetric phospholipids used
have similar effects on DMPC membranes and a similar capac-
ity to inhibit the tendency of DEPE to form hexagonal phases.
However it is shown that, of the seven asymmetric lipids stud-
i
i
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i
i
2
t
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t
p
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5 ◦C showed a bilayer configuration in gel state (�σ of 63 ppm).
he low-field shoulder presented higher intensity, suggesting the
resence of larger vesicles, as mentioned above. At 50 ◦C, an
sotropic peak with a �σ of 1.8 ppm was detected with a small
ilayer configuration signal, whereas at 85 ◦C the same isotropic
eak was overlapped by both bilayer and inverted hexagonal
omponents.

Very similar results to those mentioned for PAPC were
etected with 5 mol% LPC (Fig. 8G). The only differences were
hat the isotropic peak was a little broader (�σ of 2 ppm), and
he HII inverted hexagonal component was more important at
5 ◦C.

Finally, the sample including 5 mol% PAF (Fig. 8H) showed
spectrum at 25 ◦C with a lineshape characteristic of a bilayer

onfiguration in gel state (�σ of 58 ppm), and a quite broad
sotropic peak centered at 0 ppm. A similar spectrum was
ecorded at 50 ◦C, with two differences: the lineshape had
ecome wider (�σ of 42 ppm), indicating a fluid state, and the
sotropic peak at 0 ppm was reduced. At 85 ◦C the spectrum
ndicated the presence of an HII inverted hexagonal state, over-
apping an isotropic signal.

All seven asymmetric lipids affected the L� to HII phase tran-
ition of DEPE, inhibiting the formation of inverted hexagonal
hases in the case of ET-18-OCH3, or reducing this formation
n the case of the rest of asymmetric lipids. In the case of ET-
8-OCH3, only small isotropic signals were detected at both 50
nd 85 ◦C, with a predominance of bilayer configuration at the
igher temperature. This effects was in perfect agreement with
he previous DSC data discussed above, where no signal of L�

o HII inverted hexagonal phase transition was detected in the
hermogram.
ed here, only ET-18-OCH3 is capable of inducing apoptosis
n cancer cells, so that other factors may be implicated, such
s for example the presence of specific proteins. This notion
s supported by recent work showing that Fas proteins may be
nvolved in the action of ET-18-OCH3 (Gajate and Mollinedo,
001; Gajate et al., 2004). More work is needed to clarify
his.

In addition, it is interesting that asymmetric phospholipids are
ble to induce interdigitated structures in DMPC vesicles below
he phase transition and small vesicles and/or micelles at tem-
eratures above the phase transition, and these properties should
e taken into account when designing liposome pharmaceutical
ormulations of ET-18-OCH3 and similar lipids.
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