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Abstract

The perturbation of the lipid bilayer structure by tamoxifen may contribute to its multiple mechanisms of
anticancer action not related to estrogen receptors. This study evaluates the effect of tamoxifen on structural

Ž .characteristics of model membranes using differential scanning calorimetry DSC , fluorescence anisotropy of
Ž . � � . � Ž .1,6-diphenyl-1,3,5-hexatriene DPH and 1- 4- trimethylammonium phenyl -6-phenylhexa-1,3,5-triene TMA-DPH ,

Ž .as well as 6-dodecanoyl-2-dimethylaminonaphthalene Laurdan generalized polarization. The comparative measure-
Ž . Ž .ments in multilammelar vesicles MLV prepared from dipalmitoylphosphatidylcholine DPPC revealed that

Ž .tamoxifen decreases the phase transition temperature T paralleled by a broadening of the phase transition profile.m
Ž . Ž .In large unilamellar vesicles LUV prepared from egg yolk phosphatidylcholine EPC , tamoxifen increased the lipid

bilayer order predominantly in the outer bilayer region. From membrane permeability measurements, we conclude
Ž .that the tamoxifen-induced release of entrapped carboxyfluorescein CF results from a permanent bilayer disruption

and the formation of transient holes in the lipid bilayer. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Tamoxifen is a non-steroidal antiestrogen drug
that is widely used in the treatment and preven-
tion of breast cancer, as well as those of the liver,

� �pancreas and brain 1 . The mechanism by which
antiestrogens, such as tamoxifen, antagonize the
growth of tumors indicates that its antitumor
activity is due to a competition with endogenous
estrogen-receptor binding sites. Thus, the tamox-
ifen�estrogen receptor complex interferes with
the estrogen�estrogen receptor-mediated gene
transcription, DNA synthesis, cancer cell growth
and growth factors that may be involved in the

� �cell proliferation 2 . However, a variety of other
important actions of tamoxifen are now recog-
nized. Tamoxifen interacts with membrane en-
zymes, particularly with protein kinase C, which
has been implicated as a key enzyme in cellular

� �growth regulation and apoptotic processes 3,4 .
A subject of controversy is whether tamoxifen

effects result from a direct interaction with rele-
vant receptors or enzymes, or if they are a conse-
quence of its interaction with the lipid phase of
cellular membranes. As for most anticancer drugs,
tamoxifen is an amphiphilic molecule of highly

� �lipophilic character 5 , likely to accumulate in
membrane lipid and protein moieties. Experimen-
tal studies performed on artificial and biological
membranes showed that tamoxifen enriches in
lipid bilayers and affects both the physical proper-

� � � �ties 6�12 and the chemical composition 12 of
the lipid bilayer. A fluidizing effect of the hy-
drophobic core in the gel phase and a small
ordering effect of the hydrophilic region in the
fluid phase in the presence of tamoxifen has been
reported for liposomes prepared from pure phos-
phatidylcholine of different chain length using
DPH fluorescence anisotropy and pyrene excimer

� � � �measurements 6 . In contrast, Dicko et al. 10
observed a conformational disorder induced by
tamoxifen in both the gel and fluid state of pure
saturated lipid bilayers using Fourier-transform
infrared spectroscopy. Wiseman and co-workers
� �7,8 observed an ordering effect of tamoxifen in
both the hydrophobic and hydrophilic regions of
the bilayer in artificial membranes prepared from
ox-brain phospholipids using DPH fluorescence

anisotropy measurements, whereas Dicko et al.
� �10 reported an increase in the membrane fluid-
ity of striatum and frontal cortex membranes with
the same method. The discrepancy between these
results may be explained by the nature of the
lipid used in the studies. On the other hand, the
contrasting results may be due to the molecular
interactions between tamoxifen and DPH which
hamper the proper interpretation of the results
revealed from fluorescence anisotropy data.

Given the controversies surrounding the mech-
anism of action of tamoxifen and the contradict-
ing results reported so far, we were interested to
carry out a study which compares the results
obtained from different methodological ap-
proaches to investigate the effect of tamoxifen on
artificial lipid bilayers. We have studied the ca-
pacity of tamoxifen to perturb the physical
properties of lipid bilayers using three different
methods:

1. non-invasive differential scanning calorimetry
Ž .DSC ;

2. DPH and TMA-DPH fluorescence anisotropy.
While DPH is supposed to distribute in the
hydrophobic bilayer core, TMA-DPH is an-
chored at the hydrophobic�hydrophilic inter-

� �face of the bilayer 13 and fixed in the outer
region of the acyl chains. As the fluorescence
anisotropy data in general are very sensitive
to the interaction of drugs with the fluores-
cent probes, we additionally measured the
absorption, fluorescence intensity and fluo-
rescence lifetime of the fluorescent probes in
the presence of tamoxifen in order to avoid
misinterpretation of the obtained anisotropy
data; and

3. generalized polarization of Laurdan fluores-
cence. This method is based on the bilayer
fluidity-dependent fluorescence spectral shift
of Laurdan which can be attributed to dipolar
relaxation phenomena, originating from the
sensitivity of the probe to the polarity of its

� �environment 14 . Laurdan has been reported
to be located at the glycerol backbone of the

� �bilayer 15 with the lauric acid tail anchored
in the phospholipid acyl chain region.
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This paper describes the results of our studies
on the effect of tamoxifen on the phase transition
of model membranes constituted by multilayers
Ž .MLV prepared from dipalmitoylphosphatidyl-

Ž .choline DPPC and on the physical state of large
Ž .unilamellar vesicles LUV prepared from egg

Ž .yolk phosphatidylcholine EPC . These model sys-
tems have been used in our laboratory to investi-

� �gate the interaction of volatile anesthetics 16
� �and neurotoxic compounds 17 .

Another aim of this study is directed to the
tamoxifen-induced increase in the permeability of
model vesicles as a result of a disturbance of the
structural integrity of the bilayer. One of the
well-established methods to measure permeability
of trapped fluorescent markers such as car-

Ž .boxyfluorescein CF through liposomal lipid bi-
layers is to monitor the increase of fluorescence
intensity accompanying the dilution of the self-
quenched fluorophore into the surrounding

� �medium 19 . We have measured the increase of
the CF fluorescence intensity at increasing tamox-
ifen concentrations in order to elucidate the rela-
tion between bilayer disruption and the perturba-
tion of the physical state of the lipid bilayer.

Selected tamoxifen concentration varied in the
range 1�20 �M. As the perturbing molar fraction
of incorporated tamoxifen is to be evaluated, we
calculated the molar drug�lipid ratio from the

� �lipid�water partition 5 and from the ratio of
lipid�aqueous volume.

2. Materials and methods

2.1. Chemicals

1,2-Dipalmitoyl-sn-glycero-3-phosporylcholine
Ž . Ž .DPPC and egg yolk phosphatidylcholine EPC

Žwere purchased from Lipoid KG Ludwigshafen,
.Germany . Lipid purity was greater than 99% and

the lipids were used without further purification.
Tamoxifen was from Orion Corporation Ltd.
Ž .Turku, Finland . The fluorescent probes 1,6-di-

Ž . � �phenyl-1,3,5-hexatriene DPH , 1- 4- trimethylam-
. � Žmonium phenyl -6-phenylhexa-1,3,5-triene TMA-

.DPH , 6-dodecanoyl-2-dimethylaminonaphtha-
Ž . Ž .lene Laurdan and carboxyfluorescein CF were

Žpurchased from Molecular Probes Eugene, OR,
.USA . Cholesterol, �-tocopherol and ethanol were

Ž .from Sigma Deisenhofen, Germany . Dimethyl-
Ž .formamide DMF was obtained from ACROS

Ž .Geel, Belgium and Triton X from Serva
Ž .Heidelberg, Germany . All other chemicals were
of research grade. Solutions were prepared in
deionized ultra pure water.

2.2. Liposome preparations

For the phase transition and steady-state mem-
brane fluidity measurements, EPC or DPPC dis-
solved in ethanol was evaporated to deposit a thin
lipid film on the wall of a glass tube. The final
traces of residual solvent were removed under
vacuum at 50�C overnight. Lipids were dissolved

Žin an appropriate amount of Tris buffer 100 mM
.Tris, pH 7.4 to give a lipid concentration of

approximately 50 mg ml�1 for DSC or 2 mg ml�1

for fluorescence spectroscopic measurements and
vigorously vortexed at temperatures above the
phase transition. For the preparation of large

Ž .unilamellar vesicles LUV , the resulting multi-
Ž .lamellar vesicle MLV dispersion was sonicated

Žwith a Bandelin sonoplus HD70 Bandelin elec-
.tronics, Berlin, Germany for 15 min at maximal

Ž .power cycle 30% under nitrogen and transferred
to a thermostatted membrane extruder system
Ž .Lipex Biomembranes Inc., Vancouver, Canada ,
which allowed the extrusion of unilamellar vesi-
cles of 200 nm final diameter. The final lipid
concentration of both MLV and LUV suspen-

� �sions was determined for each preparation 18 .
The liposomal suspensions were stored under ni-
trogen in darkness at 4�C to avoid lipid peroxida-
tion. All liposomal preparations were used within
2 weeks.

For the membrane permeability measurements,
liposomes were prepared as described above from

ŽEPC�cholesterol��-tocopherol 5:1:0.3 molar
.ratio . The liposomes were dissolved in 80 mM

ŽCF-buffer 5 mM MOPS, 50 mM NaCl, 1 mM
.EDTA, 0.02% NaN , pH 7.4 and extruded to3

obtain 200 nm LUV. The non-encapsulated CF
was separated from the liposomes by chromato-
graphy on a Sephadex G50 column at 4�C. Lipo-

Žsomes were diluted in MOPS buffer 5 mM
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MOPS, 150 mM NaCl, 1 mM EDTA, 0.02% NaN ,3
.pH 7.4 and stored in small glass tubes at 4�C

under nitrogen in darkness.

( )2.3. Differential scanning calorimetry DSC

DSC measurements on MLV prepared from
DPPC were performed in a DSC 20 scanning

Ž .calorimeter Mettler, Gießen, Germany with the
original data acquisition and analysis software.
The temperature difference between sample and
reference was measured. Samples were heated in
the temperature range 25�50�C at a scan rate of
0.5�C min�1. The appropriate amount of tamox-

� Ž .�ifen see Eq. 4 was added to 500 �l of the
liposomal preparation in an eppendorf tube and
vortexed to insure a homogeneous distribution of
the drug in the bilayer. For the measurements,
aliquots of 100 �l were transferred to the sample
compartment of the DSC.

2.4. Fluorescence quenching measurements

Fluorescence quenching measurements of DPH
and TMA-DPH by tamoxifen in LUV prepared
from EPC were carried out in a computer-con-
trolled Perkin-Elmer LS-50 luminescence spec-
trometer equipped with a thermostatted cuvette
Ž .Julabo Labortechnik, Seelbach, Germany . The
final lipid concentration was 0.02 mg ml�1. DPH
or TMA-DPH was added from a 0.5�10�3 M
stock solution in DMF to give a final lipid�probe
ratio of 500. All samples were incubated for 1 h
before the measurements. Excitation and emis-
sion wavelength were 359 and 429 nm, respec-
tively; a 5-nm slit width was set for both excita-
tion and emission. Tamoxifen was added in con-

Ž .centrations according to Eq. 4 .

2.5. Fluorescence anisotropy measurements

Fluorescence anisotropy measurements were
carried out on a computer-controlled SFM 25

ŽKontron spectrofluorimeter Kontron Instru-
.ments, Eching, Germany equipped with an L-for-

mat anisotropy inset and a Julabo HC thermostat
Ž . Ž�0.5�C Julabo Labortechnik, Seelbach, Ger-

.many . Fixed wavelengths of 359 nm for the exci-

tation and 429 nm for the emission of both DPH
and TMA-DPH were used at a slit width of 5 nm
for both the excitation and emission wavelengths.
In the case of phase-transition measurements, the
temperature of the 1-cm2-cross-section quartz
cuvettes were scanned in the same temperature
range as the DSC measurements. All samples
were thermostatted for 10 min before each mea-
surement. Fluorescence intensities were mea-
sured every 1�C near the phase transition. All
measurements were performed in triple and cor-
rected for light scattering.

The degree of fluorescence anisotropy was cal-
� �culated according to the equation 20,21 :

Ž . Ž . Ž .r� I �I � I �2 I 1� 	 � 	

where r is the steady-state fluorescence anisotropy
and I and I are the fluorescence intensities at� 	
429 nm parallel and perpendicular to the polar-
ization plane of the excitation light, respectively.

Prior to the fluorescence anisotropy experi-
ments, DPH or TMA-DPH from a 0.5�10�3 M
stock solution in DMF were added to the LUV
liposomal suspension prepared from EPC or MLV
prepared from DPPC. Lipid concentrations were

�1 Ž �1adjusted to 0.1 mg ml 0.2 mg ml in the case
.of TMA-DPH to give a final lipid�fluorescent

probe ratio of 500. All samples were incubated at
room temperature for 1 h before the addition of
tamoxifen to allow the fluorescent probe to incor-
porate into the lipid bilayer.

2.6. Laurdan generalized polarization

Laurdan emission spectra in MLV prepared
from DPPC or LUV prepared from EPC were
obtained using the thermostatted Perkin-Elmer
LS 50 luminescence spectrometer at an excitation
wavelength of 387 nm and a slit width of 5 nm for
both excitation and emission. Emission spectra
were scanned from 400 to 580 nm. The lipid
concentration of both EPC unilamellar and DPPC
multilamellar vesicle suspensions were adjusted
to 0.02 mg ml�1 and Laurdan was added from a
5�10�3 M stock solution in DMF to give a
lipid�probe ratio of 500. All samples were in-
cubated at room temperature for 1 h before the
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addition of tamoxifen to allow the fluorescent
probe to incorporate into the lipid bilayer. The
generalized polarization GP of Laurdan wasem
calculated from the emission spectra as follows
� �14 :

Ž . Ž . Ž .GP � I �I � I �I 2em 440 475 440 475

where I and I are the intensities at the440 475
emission maxima of 440 and 475 nm, respectively,
using a fixed excitation wavelength of 387 nm.

2.7. Fluorescence lifetime measurements

The fluorescence lifetime of DPH and TMA-
DPH was measured in LUV prepared from EPC
at a lipid concentration of 0.02 mg ml�1 and a
lipid�probe ratio of 500 in the presence of in-
creasing tamoxifen concentrations. Lifetimes were
determined from fluorescence decays measured
by the time-correlated single-photon counting

Ž .method IBH Scotland . Samples were excited at
359 nm and fluorescence was collected at 428 nm
Ža slit width of 10 nm for both excitation and
emission was set for these measurements, due to

.the very low TMA-DPH fluorescence intensity .
Data were calculated using single exponential
analysis.

2.8. Carboxyfluorescein efflux

Experiments were performed with a Perkin-
Elmer LS 50 luminescence spectrometer using a
fixed wavelength of 492 nm for excitation and 518
nm for emission. The temperature was kept at
20�C. Both excitation and emission slits were set
to 5 nm spectral bandwidth. The samples con-
tained 3 ml of buffer and 1 �l of CF liposomes.
Samples were stirred continuously during the
measurements and tamoxifen was added to the
cuvette from a 10�3 M stock solution in DMF. A
100% reference point was determined at the end
of each measurement from the total release of
CF after the addition of 2 �l of a 10% Triton X
solution. The concentration gradient-driven re-
lease of CF is expressed by fluorescence intensi-
ties, and usually obeys first-order kinetics. In the

presence of higher tamoxifen concentrations, the
fluorescence intensity curves obtained follow sec-
ond-order kinetics, and the velocity constants are
calculated from the following equation:

Ž . Ž . Ž .F t � F �F � F �Ft o max o

� Ž . Ž .��1� A �exp �k t �A �exp �k t1 1 2 2

Ž .3

where F , F and F stand for the fluorescenceo t max
intensities at time zero, time t and after total
solubilization by Triton X, respectively; k and k1 2
Ž �1 .s are the velocity constants and A and A1 2
are their relative fractional contributions.

2.9. Drug exposure protocol

The appropriate amount of drug for a given
Žmolar tamoxifen�phospholipid ratio mol.%

.tamoxifen with respect to phospholipid was cal-
culated according to following equation:

Ž . Ž .m � 1�� �� x �n �M 4D B�L D�L L D

Ž .m : amount of added tamoxifen gD
� : buffer�lipid volume ratioB�L
�: lipid�water partition coefficient of

� �tamoxifen 5
Ž .x : molar tamoxifen�lipid ratio mol.%D�L

n : molar lipid concentration in the assayL
Ž .M

M : molecular weight of the investigatedD
Ž .tamoxifen g

Appropriate amounts of tamoxifen from a 10�3

M stock solution in DMF were added to the
Ž .liposomal suspensions according to Eq. 4 . The

final tamoxifen concentration varied in the range
1�20 �M. In our studies, higher tamoxifen con-
centrations induced turbidity of the samples,
which may interfere with the fluorescent mea-
surement. Samples were incubated at room tem-
perature for 30 min before each measurement.
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3. Results

3.1. DSC

Fig. 1 shows original DSC transition curves of
MLV prepared from DPPC with increasing
tamoxifen concentrations. The presence of tamox-
ifen in the bilayer lipid leads to a broadening of
the transition profile and a lowering of the main

Ž .phase-transition temperature T with increasingm
tamoxifen concentration.

3.2. DPH and TMA-DPH fluorescence quenching

The fluorescence intensity of both DPH and
TMA-DPH at temperatures from 10 to 40�C de-
creases with increasing tamoxifen concentration.
The Stern�Volmer plots of the fluorescence

Ž . Žquenching of DPH Fig. 2a and TMA-DPH Fig.
.2b by tamoxifen show a saturation effect. The

quenching of DPH by tamoxifen is small com-
pared to TMA-DPH and is independent of tem-
perature. TMA-DPH fluorescence is more sensi-
tive to quenching by tamoxifen, but the quench-

ing effect decreases with increasing temperature.
From this temperature dependence, we conclude
that the fluorescence quenching must be of a
static nature. From absorption measurements of

ŽDPH in presence of tamoxifen in ethanol data
.not shown , we conclude that reabsorption by

tamoxifen is not responsible for the decrease in
fluorescence intensity. We determined the fluo-
rescence lifetime of DPH and TMA-DPH in the
presence of tamoxifen. Table 1 shows that the
fluorescence lifetime of both fluorophores is not
decreased by tamoxifen. In the case of dynamic
fluorescence quenching, which is an excited-state
reaction, a decrease in fluorescence lifetime would
be reasonable.

3.3. DPH and TMA-DPH fluorescence anisotropy

We have measured the fluorescence anisotropy
using DPH and TMA-DPH in LUV and MLV
prepared from EPC or DPPC, respectively. Tem-
perature-dependent anisotropy values of DPH
Ž . Ž .Fig. 3a and TMA-DPH Fig. 3b in MLV of

Ž .DPPC, calculated according to Eq. 1 , are plot-

Fig. 1. Original DSC scans on MLV prepared from DPPC at increasing tamoxifen concentrations. Tamoxifen with respect to
DPPC: ��� 0; – – – 3.5; � � � 5.25; and � � � � � � 7 mol.%.
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Table 1
Estimated DPH and TMA-DPH lifetimes in LUV prepared
from EPC in the presence of increasing tamoxifen concentra-

ctions

Tamoxifen�lipid DPH TMA-DPH
a b� � � � � �ratio mol.% t ns t ns

0 5.9 3.52
1.56 5.8 3.08
3.13 5.9 3.37
6.25 6.1 3.07

12.50 5.8 3.06

aAccuracy, 0.1 ns.
bAccuracy, 0.3 ns.
c
	2 1.2�1.3.

ted for increasing tamoxifen concentrations. A
decrease in T and a broadening of the phasem
transition with increasing tamoxifen concentra-
tion are detected by both DPH and TMA-DPH.
A slight decrease of the anisotropy values was
observed in the gel and fluid states for both DPH
and TMA-DPH.

The effect of tamoxifen on LUV prepared from
EPC was also evaluated using fluorescence

Žanisotropy of DPH and TMA-DPH at 25�C Fig.
.4 . No effect of tamoxifen on the anisotropy of

DPH was observed, while the anisotropy of TMA-
DPH exhibits a small, but significant, increase
with increasing tamoxifen concentrations.

3.4. Laurdan generalized polarization

We studied the effect of tamoxifen on the
phase transition of MLV prepared from DPPC
using the Laurdan generalized polarization
method. In contrast to DPH and TMA-DPH,
Laurdan fluorescence intensity is not affected by
the presence of tamoxifen. The method is based
on the change in the dipolar relaxation of Laur-

� �dan 14 . The molecular origin of the dipolar
relaxation has been attributed to the water
molecules present at the hydrophobic�hydro-
philic interface of the bilayer. The dynamics of
the water molecules change in the different phases

� �of the lipid bilayer 14 . The dynamic changes of
penetrating water molecules are reflected by the
spectral distribution of the Laurdan emission. The
relaxation rate of the water molecules is of the
same order of magnitude as the fluorescence
lifetime of Laurdan in the liquid-crystalline phase
of the bilayer and, in consequence, Laurdan emis-
sion is red-shifted. In the gel phase, water rota-
tion is restricted and Laurdan emission is observed
at shorter wavelengths.

In the gel phase of the phospholipid vesicles,
the dipolar relaxation rate, with and without
tamoxifen, is very small and the emission displays

Ž .a maximum at approximately 440 nm Fig. 5 35�C .
In the liquid-crystalline phase, with and without
tamoxifen, the rate of dipolar relaxation is much
higher and the Laurdan emission displays a maxi-

Ž .mum at approximately 475 nm Fig. 5 50�C . At
temperatures near the phase transition the half-
width of the emission spectra increases and both
maxima are present due to the coexistence of the

Ž .gel and liquid-crystalline phases Fig. 5 40�C . In
the presence of tamoxifen, the maximum at 475

Žnm already appears at lower temperatures Fig. 5
.40�C . This effect is dose-dependent and indicates

an increased rate of dipolar relaxation with in-
creasing tamoxifen concentration. From the emis-
sion spectra, we have calculated the emission

Ž .GP according to Eq. 2 . Fig. 6 shows the tem-em
perature-dependent plots of the calculated GP .em
The observed shift of the phase transition to
lower temperatures with increasing tamoxifen is
paralleled by a broadening of the phase transition
profile. In contrast to the fluorescence anisotropy
measurements, no effect was observed in the pure
gel and fluid state of the bilayer.

In order to obtain detailed information on the
effects of tamoxifen on LUV prepared from EPC,
we studied the temperature-dependent Laurdan
generalized polarization in the presence of in-
creasing tamoxifen concentrations. The emission
spectra of Laurdan in the EPC vesicles display
maxima at 440 and 475 nm and their ratios de-
pend on the temperature. In the presence of
tamoxifen, the relative intensity of the 475-nm
maximum decreases with respect to the maximum
at 440 nm, indicating a decrease in dipolar relax-
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Ž . Ž .Fig. 2. Stern�Volmer plots of the relative a DPH and b TMA-DPH fluorescence in LUV prepared from EPC at increasing
tamoxifen concentrations and temperatures: �, 10; �, 20; �, 30; and �, 40�C.

ation with increasing tamoxifen concentrations.
Generalized emission GP were calculated ac-em

Ž .cording to Eq. 2 and plotted as function of

temperature. Fig. 7 shows an almost linear de-
crease of the Laurdan emission GP with in-em
creasing temperature. Increasing tamoxifen con-
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Ž . Ž .Fig. 3. Temperature-dependent fluorescence anisotropy of a DPH and b TMA-DPH in MLV prepared from DPPC at increasing
tamoxifen concentrations: �, 0; �, 6.25; and �, 12.5 mol.% tamoxifen�lipid ratio. Vertical bars denote S.E. of the mean of three
separate determinations.

centrations lead to a small, but significant, in-
crease in the GP . This effect is higher at lowem
temperatures where the membrane is less fluid,
and it almost disappears at higher temperatures
where the membrane is in a more fluid state.

3.5. Carboxyfluorescein leakage

The influence of tamoxifen on the permeability
of the lipid bilayer of model vesicles was de-
termined from the increase in fluorescence inten-
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Ž . Ž .Fig. 4. Fluorescence anisotropy of DPH � and TMA-DPH � at 25�C in LUV prepared from EPC at increasing tamoxifen
concentrations. Vertical bars denote SE of the mean of three separate determinations.

sity which results from the dilution of self-
quenched CF. After 50 min, 10% Triton X was
added to obtain 100% fluorescence intensity after
total solubilization of the liposomes. As shown in
Fig. 8, addition of tamoxifen after 300 s of mea-
surement results in a concentration- and time-de-
pendent increase in the fluorescence intensity. An
almost complete CF release already occurs at a 5
mol.% tamoxifen�lipid ratio after 50 min. The
increase in fluorescence intensity for the control
sample and for the 1.25 mol.% tamoxifen�lipid
concentration ratio obeys first-order kinetics,
whereas fluorescence data from samples with
higher tamoxifen concentration can only be simu-
lated from double exponential analysis. Velocity
constants for the fluorescence increase and their
relative fractional contribution calculated accord-

Ž .ing to Eq. 3 are summarized in Table 2. The
rate constant k increases dose-dependently and1
must be attributed to a concentration-driven in-
crease in CF release as a result of a permanent
destabilization of the lipid bilayer due to tamox-
ifen incorporation. At higher tamoxifen concen-

Ž .trations �2.5 mol.% , the rapid release of CF
immediately after the addition of tamoxifen hints

to an additional time-dependent process which
leads to the transient increase in CF release.

4. Discussion

In order to elucidate the controversy about the
effect of tamoxifen on the lipid bilayer, we have
applied three different methods to study tamox-
ifen-induced disorder in the lipid bilayer. The
comparison of several methods is inevitable in
studying drug effects on lipid bilayers, because:
Ž .a of possible drug�probe interactions, which
may hamper the interpretations of the obtained

Ž .data; b the results are always related to the
physical or chemical basis of the applied method;

Ž .and c the order vertical to the plane of the lipid
monolayer can be resolved using probes of dif-
ferent vertical location.

Experiments performed by DSC showed that
tamoxifen interacts with DPPC multilamellar
vesicles, which results in a shift of T to lowerm
temperatures and the broadening of the phase
transition profile. These results were confirmed
by the fluorescence anisotropy measurements ob-
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tained from DPH and TMA-DPH. T is shiftedm
to lower temperatures and the phase transition
profile is progressively broader with increasing

tamoxifen concentration. The lower sensitivity of
TMA-DPH anisotropy with respect to the tamox-
ifen-induced changes can be attributed to a steric

Fig. 5. Normalized Laurdan emission scans in multilamellar vesicles of DPPC with excitation at 387 nm at 35, 40 and 50�C and
increasing tamoxifen concentrations. Tamoxifen with respect to DPPC: ��� 0; � � � 1.56; � � � 3.13; � � � � � � 6.25; and �� � �� �

�� � 12.5 mol.%.
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Ž .Fig. 5. Continued .

Fig. 6. Temperature-dependent generalized emission polarization of Laurdan in MLV prepared from DPPC at increasing
tamoxifen concentrations: �, 0; �, 1.56; �, 3.13; �, 6.25; and �, 12.5 mol.% tamoxifen�lipid ratio. Vertical bars denote S.E. of the
mean of three separate determinations.



( )M. Engelke et al. � Biophysical Chemistry 90 2001 157�173 169

Fig. 7. Temperature-dependent generalized emission polarization of Laurdan in LUV prepared from EPC at increasing tamoxifen
concentrations: �, 0; �, 1.56; �, 3.13; �, 6.25; and �, 12.5 mol.% tamoxifen�lipid ratio. Vertical bars denote S.E. of the mean of
three separate determinations.

hindrance of the TMA-DPH mobility compared
to DPH. Because contradicting results have been
reported for the tamoxifen effects on the mem-
brane fluidity determined by DPH fluorescence
anisotropy, we also used the Laurdan generalized
polarization method. Laurdan is a fluorescent
membrane probe that has the advantage of dis-
playing a spectral sensitivity to the phospholipid
phase state, which is based on dipolar relaxation
phenomena, originating from the sensitivity of the

� �probe to the polarity of its environment 14 . In
the temperature range of the phase transition of
DPPC, we observed an increase in the emission

maximum at 475 nm with increasing tamoxifen
concentration, indicating an increased dipolar re-
laxation rate of penetrated water molecules. The
calculated GP values revealed that the tempera-em
ture interval of the phase transition is progres-
sively broader and shifted to lower temperatures
by increasing tamoxifen concentration.

In summary, all three methods, which are based
on different physical mechanisms, reveal corre-
sponding results: a comparable shift of T andm
the broadening of the transition profile. The in-
fluence of tamoxifen on the main phase transition
can be explained by the ‘excluded volume interac-

Table 2
Ž . Ž .Velocity constants k and k and their relative fractional contributions A and A of CF release from LUV determined1 2 1 2

Ž .according to Eq. 3 from Fig. 8

Tamoxifen�lipid k k A A1 2 1 2
�1 �1� � � � � �ratio mol.% s s

�5 �80 1.46�10 �2.2�10 � 0.99 �
�5 �81.25 9.68�10 �6.3�10 � 0.99 �
�4 �6 �3 �52.50 1.33�10 �1.7�10 1.01�10 �1.2�10 0.70 0.27
�4 �6 �3 �55.00 4.84�10 �2.0�10 2.77�10 �1.5�10 0.48 0.43
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Fig. 8. Time courses of relative fluorescence intensity due to CF release from LUV prepared from EPC�cholesterol��-tocopherol
Ž .5:1:0.3 molar ratio at: ��� 0; � � � 1.25; � � � 2.5; and � � � � � � 5.0 mol.% tamoxifen�lipid ratio at 20�C. Maximum
fluorescence was induced after total solubilization of liposomes by Triton X. The arrows mark the addition of tamoxifen and Triton
X, respectively.

� �tion’ theory 22 . The phase transition results from
a ‘melting’ or a condition of disorder due to the
trans-gauche-isomerization of the acyl chains of
the lipids. Lipid molecules that are packed into a
lipid bilayer are not free to disorder gradually,
but due to the close packing, the temperature-
dependent increase in chain rotation is a cooper-
ative process, giving rise to a sharp anomaly, the
phase transition. The insertion of foreign
molecules in the acyl chain region disturbs this
cooperative process of the acyl chains, and the
lipids exhibit a more gradual disorder, which re-
sults in the broadening of the phase transition. In
the case of an impact of foreign molecules in the
headgroup region, T decreases as a result of am
weaker interaction of the headgroup moieties,
paralleled by a lateral expansion of the interface
region. From the depression of T coincidentm
with the broadening of the transition profile, we
conclude that tamoxifen accumulates in the upper

10 carbons of the acyl chains, i.e. in the coopera-
tivity region.

At temperatures corresponding to the DPPC
gel phase, and at high temperatures correspond-
ing to the pure liquid-crystalline phase, the addi-
tion of tamoxifen causes a small decrease in the
fluorescence anisotropy values in the gel and fluid
state, but no change in GP . The discrepancy ofem
the results obtained from the different methodi-
cal approaches can be explained by the different
location of the fluorescent probes. While Laurdan
is situated in the glycerol backbone of the lipid

� �layer 15 , both DPH and TMA-DPH are located
� �more towards the bilayer center 13 . DPH is free

to move in the transverse region of the acyl
chains up to the hydrophobic core of the bilayer,
while TMA-DPH is fixed in the outer acyl chain
region. Obviously tamoxifen only disorders the
acyl chain region of DPPC in the gel and fluid
state, but not the glycerol backbone region. In
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addition, the sensitivity of TMA-DPH to the flu-
orescence quenching by tamoxifen indicates that
tamoxifen accumulates in the acyl chain region,
where TMA-DPH is located.

� �Custodio et al. 6 have observed an increase in
the fluidity of the gel phase and a slight decrease
in the liquid-crystalline phase of liposomes pre-
pared from different pure phospholipids. Wise-

� �man and Quinn 8 have reported that the DPH
fluorescence anisotropy in ox-brain phospholipids
is reduced in the presence of tamoxifen, but a
disordering effect of tamoxifen in crude brain
membrane preparations from rat frontal cortex
and the striatum has been observed by Dicko et

� � � �al. 10 . In a bacterial model system 12 , tamox-
ifen has been shown to induce disorder in the gel
and slight order in the fluid state. All reports
have in common that the DPH fluorescence
anisotropy method was used to determine the
disordering�ordering effects of tamoxifen. The
physical interpretation of the fluorescence
anisotropy measurements using DPH or DPH-de-
rivatives has some contentious aspects. According
to our measurements, the fluorescence intensity
of DPH and TMA-DPH is decreased in the pres-
ence of tamoxifen in liposomal preparations. This
effect may result from reabsorption, or from dy-
namic or static fluorescence quenching of the
DPH fluorescence by tamoxifen. As tamoxifen
does not decrease DPH fluorescence in ethanol,

Ž .even at very high concentrations data not shown ,
reabsorption due to high optical density is not
responsible. Obviously, a close approach of DPH
and tamoxifen molecules, as in the case of a
simultaneous incorporation in lipid bilayers, is a
precondition for the quenching effect. From our
temperature-dependent measurements of tamox-
ifen fluorescence quenching and fluorescence
lifetime of DPH and TMA-DPH in multilamellar
EPC liposomes in the presence of increasing
tamoxifen concentration, we conclude that the
fluorescence quenching is of a static nature. Dy-
namic quenching is an excited-state reaction
which leads to a decrease in fluorescence lifetime
of the DPH molecule. The fluorescence lifetimes
of DPH and TMA-DPH are not affected by
tamoxifen. More proof for the static nature of the
quenching process is the temperature depen-

dence: fluorescence quenching decreases with in-
creasing temperature. The fluorescence intensity
of TMA-DPH is more sensitive to the presence of
tamoxifen than is DPH. This effect is in agree-
ment with the location of TMA-DPH predomi-
nantly in the cooperativity region, where tamox-
ifen also accumulates. DPH, on the other hand, is
free to distribute to the hydrophobic core in the
central region of the bilayer, apart from the
cooperativity region.

We determined the Laurdan generalized emis-
sion, as well as the DPH and TMA-DPH fluores-
cence anisotropy, in LUV prepared from EPC at
increasing temperatures and tamoxifen concen-
trations. EPC is in a more or less fluid state,
depending on the temperature. Therefore, Laur-
dan emission GP shows an almost linear de-em
crease with increasing temperature, due to an
increased dipolar relaxation rate. In the presence
of tamoxifen, the calculated GP values are in-em
creased with respect to the control, because of a
decrease in the dipolar relaxation rate, i.e. tamox-
ifen restricts the molecular motion of the Laur-
dan environment. This effect is small and almost
disappears with increasing temperature. A small
increase in fluorescence anisotropy in LUV from
EPC was also found using TMA-DPH as the
fluorescent probe, but not for DPH. In summary,
our results on LUV of EPC suggest that the
ordering effect of tamoxifen is predominant in
the bilayer region where TMA-DPH and Laurdan
are located, whereas the hydrophobic core is not
affected.

The fact that such ordering effects are not
observed for liposomes prepared from DPPC can
be explained by the nature of the lipid used in
both studies. While DPPC is composed of satu-
rated lipids, EPC contains more than 50% of
unsaturated lipids. The effect of a given com-
pound on a membrane depends on the degree of
unsaturation of the lipid acyl chains. For example,
a considerable decrease in membrane fluidity of
liposomes from ox-brain phospholipids with in-
creasing tamoxifen concentration using fluores-
cence anisotropy measurements has been re-

� �ported 7 . Ox-brain is rich in polyunsaturated
chains, and thus is more fluid than saturated
DPPC.
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The effect of tamoxifen on the lipid bilayer
permeability was evaluated from the increase in
CF fluorescence intensity as a function of tamox-
ifen concentration in LUV. Our results reveal
that CF efflux is concentration- and time-depen-
dent and that maximum CF fluorescence already
occurs at a 5 mol.% tamoxifen�lipid ratio after
50 min of measurement. As the level of fluores-
cence depends on the rate at which entrapped CF
leaks out of the vesicles, we studied the changes
of release kinetics. The results calculated accord-

Ž .ing to Eq. 3 are summarized in Table 2. Most
interestingly, the release kinetics at 2.5 and 5
mol.% tamoxifen�lipid ratio do not obey first-
order kinetics, but can be simulated by double
exponential analysis. One explanation for this
phenomenon is that asymmetric absorption of
tamoxifen by the outer monolayer of the mem-
brane results in a difference of tamoxifen concen-
trations in the two lamellae, generating a mem-
brane tension which, above a threshold concen-
tration, causes membrane defects until the foreign
molecules have equilibrated across the membrane
� �23 . Membrane holes that form during redistribu-
tion lead to a rapid release of entrapped CF due
to the formation of short-lived transient holes.
These transient holes result in a fast transient CF

Ž .release with high rate constant k in Table 2 ,2
Ž .whereas the smaller rate constant k relates to1

a permanent perturbation of the lipid bilayer,
which leads to a concentration-driven release of
CF across the membrane.

These results on membrane permeability of
tamoxifen support the hypothesis that tamoxifen
locates in the outer bilayer region and not in the
central core of the bilayer. The headgroup region
is the main barrier for permeation, and perme-
ability changes are determined by the degree of
order in the headgroup region. Previous data
from our investigations on the effect of volatile

� �anesthetics 16 on membrane order, phase transi-
tion and permeability revealed that polar
molecules, for example diethylether, accumulate
near the headgroup region and facilitate the
permeation of CF, whereas non-polar molecules,
such as n-pentane, which distribute in the central
core of the bilayer, do not affect the permeability.

In addition, our results are in line with the
observed induction of hemolysis in red blood cells
� �24 . According to this study, the hemolytic action
of tamoxifen putatively results from perturbation
of erythrocyte membrane integrity and structure,
by impairing lipid�lipid, lipid�protein and pro-
tein�protein interactions. Our results support the
concept of tamoxifen-induced hemolysis occur-
ring via direct membrane disruption.

In conclusion, the results obtained from three
different methods for studying the effect of
tamoxifen on phosphatidylcholine bilayer demon-
strate that tamoxifen disturbs the cooperative
process of the phase transition as a result of
tamoxifen insertion in the outer acyl chain region
of the lipid bilayer. One important outcome of
this study is that the fluorescence intensity of
DPH and TMA-DPH is decreased by tamoxifen
as a result of a static quenching process. There-
fore, results obtained from fluorescence
anisotropy experiments using DPH, TMA-DPH,
or any other DPH-derivative may be hampered
due to tamoxifen�fluorescent probe interactions
and lead to misinterpretations.

In spite of its moderate ordering effect in the
outer bilayer region of EPC unilamellar vesicles,
tamoxifen decreased the mechanical stability of
these vesicles, resulting in the release of en-
trapped CF. The method of carboxyfluorescein
release proved to be a very sensitive tool in study-
ing the effect of tamoxifen on lipid bilayers. Since
cell leakage is a final stage of cytotoxicity, the
disruption of the lipid bilayer structure by tamox-
ifen may contribute to its multiple mechanisms of
anticancer action not related to estrogen recep-
tors.
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