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The anticancer drug tamoxifen induces changes in the physical
properties of model and native membranes
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The interactions of tamoxifen with lipid bilayers of model and native membranes were investigated by fluorescence polarization
of 1,6-diphenyl-1,3,5-hexatriene (DPH) and by intramolecular excimer formation of 1,3-di(1-pyrenyl)propane (Py(3)Py). The
effects of TAM on liposomes of DMPC, DPPC and DSPC are temperature dependent. In the fluid phase, TAM reduces
dynamics of the upper bilayer region as observed by Py(3)Py and has no effect on the hydrophobic region as detected by DPH. In
the gel phase, the effects of TAM evaluated by Py(3)Py are not discernible for DMPC and DPPC bilayers, whereas DSPC
bilayers become more fluid. However, DPH detects a strong fluidizing effect of TAM in the hydrophobic region of the above
membrane systems, where DPH distributes, as compared with the small effects detected by Py(3)Py. TAM decreases the main
phase transition temperature but does not extensively broaden the transition thermotropic profile of pure lipids, except for
bilayers of DMPC where TAM induces a significant broadening detected with the two probes. In fluid liposomes of sarcoplasmic
reticulum lipids and native membranes, TAM induces an ordering effect, as evidenced by Py(3)Py, failing DPH to detect any
apparent effect as observed for the fluid phase of liposomes of pure lipid bilayers. These findings confirm the hydrophobic
nature of tamoxifen and suggest that the localization and effects of TAM are modulated by the order and fluidity of the bilayer.
These changes in the dynamic properties of lipids and the non-specific interactions with membrane lipids, depending on the
order or fluidity of the biomembrane, may be important for the multiple cellular effects and action mechanisms of tamoxifen.

Introduction believed that these drug-membrane interactions play a
key role in the cytotoxicity of anticancer agents [6].

Tamoxifen (TAM, Fig. 1) is a non-steroidal antie- Recently, we reported that tamoxifen strongly incor-

strogen drug widely used in the chemotherapy and porates into biomembranes [7], explaining the high

chemoprevention of breast cancer [1]. However, the
multiple cellular effects and action mechanisms are not
sufficiently accounted for by the classical estrogen-re- OCH,CH, N (CH
ceptor (ER) model, suggesting that antiestrogen ac-
tions may involve other mechanisms unclear at present
[2].
Some cytostatic drugs interact strongly with the
phospholipid components of several cellular mem-
branes, changing the bilayer organization [3-5]. It is
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concentrations of this drug found by others in most
tissues [8]. On the other hand, TAM inhibits enzymes
involved in cellular proliferation by putative interac-
tions with phospholipids [9]. Therefore, studies of the
interactions between this drug with biomembranes are
important to understand the multiple action mecha-
nisms and cellular effects.

Previous work indicates that TAM decreases mem-
brane fluidity in ER-positive and ER-negative human
breast cancer cell lines, as evaluated from fluorescence
polarization of DPH [10]. In the present study, experi-
ments were designed to investigate the molecular inter-
actions of TAM on lipid organization of pure phospho-
lipids, SR membranes (taken as a native membrane
model) and liposomes of SR lipids, by means of fluo-
rescence polarization of DPH, a probe located in the
bilayer core [11], and by intramolecular excimer forma-
tion of 1,3-di(1-pyrenyl)propane (Py(3)Py), a probe dis-
placed to the outer regions of the bilayer [11].

Materials and Methods

Tamoxifen, dimyristoyl-, dipalmitoyl- and distearoyl-
phosphatidylcholine, Tris-maleate, cholesterol and
DPH were obtained from Sigma. The probe Py(3)Py
was a gift of Dr. Zachariasse from the Max-Planck-In-
stitut fiir Biophysikalische Chemie (Géttingen, Ger-
many).

Membranes of sarcoplasmic reticulum (SR) were
prepared from rabbit white muscles and SR lipids were
extracted as previously described [12]. The lipid con-
tents were determined by measuring the amount of
inorganic phosphate [13] after hydrolysis at 180°C in
70% HCIO, [14]. Liposomes were prepared, after sol-
vent evaporation to dryness, by dispersion in 50 mM
KCl, 10 mM Tris-maleate (pH 7) and the lipid suspen-
sions were obtained as described elsewhere [15].

Py(3)Py and DPH were incorporated into membrane
suspensions (345 uM in phospholipid) and mixtures
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Fig. 2. Thermotropic phase transition profiles of DMPC, DPPC and DSPC bilayers determined by intramolecular excimerization of Py(3)Py as
excimer /monomer fluorescence intensity ratio (I’ /I), in the absence (®) and presence of 10 (0), 25(0) and 50 uM (2 ) of TAM.



incubated as previously described [16,17], to give a
lipid /probe molar ratio of about 900 and 400, respec-
tively. After incubation with the probes, TAM was
added to membrane systems and the mixtures were
allowed to equilibrate for 20 min at the phase-transi-
tion temperature of the synthetic phospholipids and at
37°C for liposomes and native membranes of SR, be-
fore fluorescence measurements.

The fluorometric measurements were carried out
with a Perkin-Elmer LS 50 computer controlled spec-
trofluorometer. In studies with DPH, the degree of
fluorescence polarization (P) was determined as re-
ported elsewhere [18], except that the excitation and
emission slits were 3 nm and 4 nm, respectively. The
intramolecular excimer formation of Py(3)Py was evalu-
ated as the excimer to monomer fluorescence intensity
ratio (I'/I), as previously described [16], using 3 nm
excitation and 4 nm emission slits. Appropriate control
experiments were carried out without added probes to
correct for the contribution of light scattering. Other
control assays with increasing concentrations of tamox-
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ifen in solvents, at a constant temperature (25°C) have
shown that the fluorescence quenching induced by the
drug is of the dynamic or diffusional type, meaning
that TAM interacts with the fluorophore in the excited
state. However, tamoxifen does not affect either ex-
cimer /monomer ratio (I’/I) or fluorescence polariza-
tion of DPH (P) (unpublished data).

Results and Discussion

Liposomes of pure phospholipids

The effect of TAM on lipid organization of model
membranes was studied by monitoring the ther-
motropic phase transition profiles of DMPC, DPPC
and DSPC, using intramolecular excimer formation of
Py(3)Py as reflected by the excimer /monomer ratio of
fluorescence intensity (Fig. 2), and the fluorescence
polarization of DPH (Fig. 3).

Py(3)Py was chosen to probe fluidity of the outer
regions, whereas DPH was used to report the struc-
tural order of the lipid bilayer core. These two probes
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Fig. 3. Fluorescence polarization of DPH (P) on the thermotropic profile of DMPC, DPPC and DSPC bilayers as a function of temperature, in
the absence (@) and presence of various TAM concentrations: 10 (0), 25 (0) and S0 uM (a).
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were selected, since they report similar physical param-
eters and their locations across the membrane have
been well-characterized [16,19~22]. Thus, DPH polar-
ization reports the rotational diffusion of the probe
and strongly depends on fluidity [23,24]. On the other
hand, the intramolecular excimer formation of Py(3)Py
is determined by the rate of motion about the o bonds
of propane linking the two pyrene rings and depends
on the fluidity of probe environment [16,21,22]. There-
fore, the term fluidity is used here in an operational
sense and defined as being directly proportional to the
fluorescence depolarization of DPH or to the rate of
excimer formation by Py(3)Py. This fluidity is related
but not identical with the physical definition of fluidity.

As detected by Py(3)Py (Fig. 2), TAM interacts with
DMPC liposomes inducing condensing and fluidizing
effects which depend on temperature, i.e., a fluidizing
effect is noticed in the temperature range of the coop-
erative phase transition and a moderate condensing
effect is detected in the fluid phase. As the fatty acyl
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chain length increases (DSPC liposomes), the intrinsic
bilayer fluidity decreases and Py(3)Py detects a signifi-
cant fluidizing effect also in the gel phase of this more
ordered bilayer (Fig. 2).

On the other hand, a stronger fluidizing effect of
the antiestrogen in the gel phase of the three mem-
brane systems is observed by fluorescence polarization
of DPH (Fig. 3), as compared with the small effects for
the gel phase detected by Py(3)Py. In fact, in the gel
phase, TAM significantly decreases the polarization in
a concentration dependent way in the range of 10 to 50
1M, without affecting the fluid phase of lipid bilayers.
These differential effects below and above phase tran-
sition may be explained by preferential accommodation
of TAM in the hydrophobic core of ordered membrane
systems, as observed for other drugs [17,18,25].

The stronger effects of TAM are detected by both
probes at the temperature of the main phase transi-
tion, at which the drug incorporation is maximal [7].
TAM induces a shift of the main phase transition
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Fig. 4. Effect of TAM and cholesterol on the DMPC bilayer organization as a function of temperature, evaluated by intramolecular
excimerization of Py(3)Py (I’ /I) and fluorescence polarization of DPH (P). (8) DMPC alone, (0) 25 uM TAM, (3) 20 mol% cholesterol and
() 20 mol% cholesterol plus 25 uM TAM. For the sake of clarity, data of I’ /I was split into parts A and B.



temperature (3—5°C) with a relatively small broadening
of the transition thermotropic profile for DPPC and
DSPC, as compared with the strong broadening of the
phase transition observed for other drugs [26-30]. In
bilayers of higher intrinsic fluidity, e.g., DMPC (Figs. 2
and 3), these effects are, however, more pronounced.

According to Jain and Wu [31], the shifting and
broadening of the transition profile indicates a local-
ization of the perturber molecules in the cooperativity
region of the bilayer, i.e., aligning with the segment
corresponding to the first eight carbons of the acyl
chains. TAM does not extensively perturb the coopera-
tivity region of the above lipids, since a relatively small
broadening in the temperature range of the transition
profile was observed, suggesting that most TAM
molecules are located in the hydrophobic interior re-
gion of the ordered bilayer and do not affect the
cooperativity region (C,—Cg) of the fatty acyl chains.
However, since bilayers of DMPC are intrinsically more
fluid, the drug may partially extend its distribution into
the outer hydrophobic region of the bilayer, producing
a more pronounced broadening of the transition pro-
file of DMPC liposomes as compared to those in
DPPC and DSPC liposomes.

In principle, changes in polarization could also re-
sult from changes in lifetime of DPH excited state.
However, effects of TAM on lifetimes are probably
negligible, due to the fact that polarization is practi-
cally insensitive to TAM in the fluid phase of artificial
bilayers (Fig. 3).

In conclusion, data of Figs. 2 and 3 clearly indicate
that, in the gel phase, TAM essentially affects the
hydrophobic core of the bilayer, where DPH is located,
whereas the outer region of the bilayer, where Py(3)Py
distributes, is less perturbed by TAM. In the fluid
phase only Py(3)Py detects some perturbation effects
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related with a fluidity decrease. Consequently, the lo-
calization and effects of TAM are apparently modu-
lated by the order and the fluidity gradient of the
bilayer.

DMPC-cholesterol bilayers

Considering that membrane physical properties in-
fluence membrane partition of TAM [7], and that
plasma membranes of tumor cells have been shown to
possess altered lipid fluidity [32], the effects of TAM
on the fluidity of phospholipid bilayers as a function of
temperature and cholesterol content were studied. As
expected, cholesterol strongly broadens the transition
profiles evaluated either by excimer formation of
Py(3)Py or by DPH polarization (Fig. 4). The effect of
tamoxifen in bilayers of DMPC containing cholesterol
is generally small as compared with the effects ob-
served in the absence of the sterol. Thus, a small
fluidity increase is observed with DPH and either small
increases or decreases are detected by Py(3)Py depend-
ing on temperature (Fig. 4).

Different locations are in principle expected for
cholesterol and tamoxifen, owing to the different
chemical structures. Whereas the cholesterol molecule
contains a small polar hydroxyl group, a rigid steroid
ring and a isooctyl side chain, the molecule of TAM
contains a hydrophobic region of the three aromatic
rings and a tertiary deprotonated amine side chain
(Fig. 1) [33]. Thus, the cholesterol molecule located in
the outer hydrofobic cooperativity region of the bi-
layer, with its rigid steroid ring extending to the depth
of 7-10 carbon atoms of lipid alkyl chains [34], affects
the cooperativity region of the bilayer; TAM putatively
displaced to the central bilayer region induces a less
broadening on the transition thermotropic profile as
compared with the effect of cholesterol.
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Fig. 5. Intramolecular excimerization of Py(3)Py (/' /1) and fluorescence polarization of DPH (P) in native SR membranes (full symbols) and
liposomes of SR lipids (open symbols), as a function of TAM concentration, at 37°C. Normalized data are means+S.D. for three experiments.
Standard error bars are contained within the size of the symbols.
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Liposomes and native membranes of SR

The concentrations of TAM used in our study rea-
sonably compare with the concentrations used in other
reported works [9,35-37]. However, it is difficult to
precisely calculate the concentrations of TAM result-
ing from the pharmacological doses, since the recom-
mended daily dose, depending upon the country, is 10
to 20 mg and the range of TAM serum levels is
relatively large (50-300 ng/ml) [38]. On the other
hand, more than 98-99% of TAM is bound to serum
albumin [1,8] and, therefore, TAM has a long plasma
half-life (7 days) and at least 4 weeks of administration
are required to reach steady-state drug concentration
[1,38). The apparent volume of distribution for TAM is
high, suggesting extensive distribution into peripheral
tissues and the presence of a minor portion (0.1%) in
serum, with levels 10-60-fold higher in tissues than in
serum [8). Therefore, estimated concentrations in pe-
ripheral tissues may reach values within the range of
our studies.

The effects of TAM at 37°C in SR native mem-
branes and in liposomes of SR lipids were also evalu-
ated by means of the Py(3)Py I'/I ratio and DPH
polarization (Fig. 5).

Similarly to the observed effects in the liquid-crystal-
line phase of pure phospholipids, TAM induces a con-
centration-dependent ordering effect in the lipid bi-
layer of fluid native SR membranes and liposomes of
SR, as indicated by a decrease of Py(3)Py I'/I ratio
(Fig. 5). This effect is more apparent in liposomes of
SR lipids, suggesting that the drug in native mem-
branes does not extensively disturb interactions be-
tween the fatty acyl chains of the bulk bilayer phospho-
lipids. Since the SR membrane is more ordered than
the lipid membrane, the additional effect of TAM is
expected to be smaller. Moreover, in native SR mem-
branes, the drug may strongly bind to membrane pro-
teins, in agreement with the high efficiency of TAM to
bind to proteins [1,8,39] with less perturbation of the
bulk lipid structure.

The studies with DPH (Fig. 5) do not detect any
significant effect of TAM in the organization of fluid
native SR membranes or liposomes of SR lipids. These
findings agree with studies in liposomes of pure phos-
pholipids, which indicate that TAM, in the fluid phase,
does not affect DPH polarization (Fig. 3). In the fluid
bilayer, TAM tends to spread across the bilayer, ex-
tending to outer regions where Py(3)Py distributes. As
indicated above, this probe detects limited ordering
effects promoted by the drug.

In contrast to earlier reports [40-42] new experi-
mental evidence suggests that only a minority of mem-
brane enzymes is regulated by the fluidity of the lipid
bilayer [43]. However, TAM binding to membrane pro-
teins with consequent perturbation of lipid-protein in-
teractions may also be involved in the molecular mech-

anisms by which the drug inhibits membrane enzymes
involved in cell regulation, e.g., protein kinase C (PKC),
a crucial enzyme in tumor promotion (35,44] and
calmodulin-regulated enzymes, i.e., cAMP phospho-
diesterase, a key enzyme for the metabolism of cyclic
nucleotides [45] and (Ca?*~Mg?*)-ATPase of red blood
cell membranes [37]. A putative distribution of TAM at
lipid-protein interfaces of native membranes may
severely perturb the biochemical activities of mem-
brane bound enzymes, viz., the Ca’*-ATPase of SR.
This Ca®*-pump, very sensitive to changes at the inter-
facial lipids, is strongly inhibited by TAM at low added
concentrations (unpublished data).

In conclusion, TAM interacts with membranes and
affects the physical properties of the lipid bilayer.
TAM induces a fluidizing effect in the gel phase of
pure lipid bilayers and a rigidifying effect in fluid
phase; however, the fluidity perturbations in the fluid
phase are less pronounced in highly-fluid native mem-
branes where the drug putatively interacts also with
proteins modifying lipid-protein interactions. These
lipid-mediated physical effects of TAM, as suggested
for other drugs [46], are certainly important for the
control of membrane functions and for an understand-
ing of the cytotoxicity mechanisms of TAM. Further-
more, they may contribute for the multiple cellular
effects and action mechanisms of TAM involved in the
inhibition of cell proliferation.
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