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Abstract

This study was designed to test the hypothesis that there exists a correlation between the
ability of lipophilic drugs to mediate the reversal of multidrug-resistance (MDR) by
interacting with the membrane phospholipids and the metabolic level in tissues. The
permeation properties of ®ve MDR-modulators were studied by quantifying their ability to
induce the leakage of Sulphan blue through unilamellar liposomes, over the temperature
range 27±42�C.

The dye leakage induced by a non-ionic detergent (Triton X-100), two calcium blockers
(diltiazem and verapamil) and two antiparasitic agents (thioacridine derivative and
mepacrine) was temperature-dependent. The permeation process was a co-operative one
(1�1<Hill coef®cient < 7�5) and the permeation doses inducing 50% dye leakage (PD50)
were 1�5±14�9 mM. The permeation ability of the MDR-modulators (log(1=PD50))
decreased signi®cantly as the net electric charge (z) increased. The passive dye leakage
(DG< 0) was found to be an endothermic process (DH> 0), favoured by an increase in the
membrane disorder (DS> 0). The apparent enthalpy factor (DH50) associated with 50%
dye leakage increased with the net electric charge of the compound, and this energetically
non-favoured event was entirely offset by the concomitant increase in the entropy factor
(DS50). The apparent permeation enthalpy (DH50) and entropy (DS50) showed the lowest
values for Triton X-100 (DH50� 7�1� 0�53 kJ molÿ1, DS50� 76�9� 1�86 J molÿ1 Kÿ1),
and the highest values for mepacrine (DH50� 79�5� 3�80 kJ molÿ1, DS50� 306�7�
5�97 J molÿ1 Kÿ1). When the temperature was increased from 27 to 42�C, the apparent
Gibbs free energy (DG50) of the dye leakage induced by Triton X-100 decreased by less
than 10% of the initial value, and that induced by mepacrine decreased by nearly 40%.

The results provide evidence that in tissues with high metabolic levels and therefore high
temperatures, MDR-reversal is likely to be enhanced via favourable drug-membrane
interactions controlled by the electric charge of the modulators.

The multidrug-resistance (MDR) of cancer cells
has attracted increasing attention in recent years.
MDR is characterized by cross-resistance of the
cell towards a broad range of structurally and
functionally unrelated drugs after cell exposure to a
single drug (Ford & Hait 1990; Sharom 1997). The
MDR process is generally associated with over-
expression of a cell-surface P-glycoprotein (P-gp).
This protein acts as an energy-dependent ef¯ux
pump, extruding cytotoxic agents (anthracyclines,

Vinca alkaloids and other compounds) from the
tumour cell, thus abolishing their cytotoxic effects
(Beck 1987; Ford & Hait 1990).

A variety of substances have been found to
inhibit P-gp-mediated drug ef¯ux and thus induce
the reversal of MDR. These modulators include
calcium channel blockers, calmodulin antagonists,
antimalarials, cyclic peptides, steroids and hormo-
nal analogues and amphiphiles such as Triton X-
100 (Ford & Hait 1990; Sharom 1997).

Given the considerable structural heterogeneity
of the MDR-modulators, several biochemical
mechanisms have been thought to explain their
anti-MDR action. The most commonly suggested
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explanation is that competition may occur between
MDR-modulators and cytotoxic agents for binding
to P-gp (Ford & Hait 1990; Sharom 1997). Another
hypothesis is that P-gp may function like a ¯ippase,
extruding a wide range of chemically unrelated
compounds from the cell (Higgins & Gottesman
1992). According to Eytan et al (1996), anticancer
drugs and MDR-modulators enter cells by a process
of passive diffusion through the plasma membrane,
at different rates. The active ef¯ux rate by P-gp
may successfully overcome the slow passive in¯ux
rate of anticancer drugs, whereas it would fail to
overcome the fast re-entry of MDR-modulators into
the cell. The P-gp ATPase activity may be stimu-
lated and the ATP consumption increased by the
futile recycling of the modulators, yet there is no
net transport. It is therefore possible that MDR-
modulators may function like uncouplers. In addi-
tion, most of the MDR-modulators show similar
high levels of lipophilicity and have a basic nitro-
gen atom (Zamora et al 1988). It has therefore been
speculated that interactions between these com-
pounds and the membrane phospholipids might
contribute to the mechanism underlying MDR
modulation (Seydel et al 1994). According to
Pajeva et al (1996), drug-membrane interactions
might lead to the reversal of MDR either directly
by changing the membrane permeability and
¯uidity, or indirectly by inhibiting protein kinase C
and therefore, P-gp phosphorylation, or by chan-
ging the structural organization of the lipids sur-
rounding membrane-integrated proteins, thus
modifying their conformation and functional
modes. Several studies have proved that drug±
membrane interactions play a key role in the
reversal of MDR (Callaghan & Riordan 1995;
Drori et al 1995; Pajeva et al 1996). Given the
existence of physiological thermal gradients of up
to 20�C in man (Bazett et al 1948), studies on the
thermal dependence of MDR-modulator ef®ciency
via drug±membrane interactions are now needed.

In this study, to assess the changes in the ef®-
ciency of MDR-modulators, depending on the
metabolic level of tissues, the strength of drug-
membrane interactions was quanti®ed at various
temperatures. The ability of ®ve modulators to
induce dye leakage from anionic liposomes was
determined over the temperature range 27±42�C.
The effect of the net electric charge of the drugs
was also studied by comparing the dye leakage
induced by mono- and di-basic amines with that
induced by the amphiphile Triton X-100, a non-
ionic polyoxyethylene detergent. Triton X-100 has
been found to reverse MDR-resistance (Cano-
Gauchi & Riordan 1987; Drori et al 1995), and to
behave like a P-gp substrate (Doige et al 1993; Loe

& Sharom 1993; Sharom 1997). Since two of the
modulators in this study exhibit ¯uorescence, the
method based on carboxy¯uorescein leakage could
not be used. Sulphan blue was therefore used as the
membrane permeation indicator (Castaing et al
2000). This method appears to be suitable for
studying MDR-reversal by modulators in tumour
cells, via their ability to interact with the membrane
phospholipids. MDR-modulators, but not non-
modulators, were found to induce the leakage of
Sulphan blue through the membrane of anionic
liposomes (Castaing et al 2000).

Materials and Methods

Chemicals
Triton X-100 was purchased from Sigma (St Louis,
MO). Thioacridine ether (Figure 1) was prepared
from the corresponding thioacridinone (HeveÂr et al
1998). L-a-phosphatidyl choline prepared from
fresh egg yolk (EPC), L-a-phosphatic acid prepared
from egg yolk lecithin (EPA), diltiazem hydro-
chloride were purchased from Sigma (St Louis,
MO). Mepacrin dihydrochloride hydrate and the
dye anhydro-4-40-bis(ditheylamino)triphenyl-metha-
nol-200,400-disulphonic acid monosodium salt (Sul-
phan blue or Patent blue VF) were purchased from
Aldrich (Steinheim, Germany). Verapamil hydro-
chloride was a gift from Knoll France Laboratory
(Levallois-Perret, France) and cholesterol was
obtained from Fluka (Buchs, Switzerland). Diethyl
ether, Na2HPO4.2H2O and NaH2PO4.H2O were
purchased from Merck (Darmstadt, Germany),
Sephadex PD-10 columns (G-25M), from Phar-
macia (Uppsala, Sweden) and polycarbonate por-
ous membranes, from Nucleopore Corporation
(Pleasanton, CA).

Verapamil hydrochloride, diltiazem hydro-
chloride, thioacridine dihydrochloride and Triton
X-100 were dissolved in water. Mepacrine dihy-
drochloride was dissolved in 100 mM phosphate
buffer (pH 7�4).

Preparation of liposomes
Large unilamellar vesicles (LUV) containing L-
(-phosphatidyl choline), L-(phosphatidic acid) and
cholesterol in an 8 : 1 : 1 molar ratio were prepared
by reverse-phase evaporation, as previously des-
cribed (Castaing et al 2000).

Permeability measurements
The absorbance of Sulphan blue at 640 nm was
determined by recording the visible absorption
spectra of the samples with a Uvikon 933 spec-
trophotometer (Milan, Italy). Permeability mea-
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surements were performed on a 1-mL LUV sus-
pension as previously described (Castaing et al
2000). The leakage of Sulphan blue entrapped was
induced by 0±27 mM modulator (or 0±4�0 mol
modulator=mol lipid, i.e., approx. 0±27�2 mmol
modulator=m2 surface membrane) through nega-
tively-charged LUV membranes. The leakage was
quanti®ed after a 3-min incubation at 27, 32, 37 and
42�C (pH 7�4). Results were plotted as the percent-
age of total dye leaked as a function of drug con-
centration.

Data analysis
The variations in the percentage of total dye leaked
with different drug concentrations were ®tted to the
dose-response curves described by:

%Total dye leaked

� 100� �Drug�h=�PD50 h � �Drug�h� �1�
where PD50 is the dose inducing 50% dye leakage
from the liposomes and h is the Hill coef®cient,
characterizing the co-operativity of the permeation
process.

Hydrophobicity of the modulators
The Pallas 2.0 software program (Compudrug
Chemistry Ltd, Budapest, Hungary) was used to
calculate the octanol±buffer partition coef®cient
(P) and the ionization constant (pKa) of Triton X-
100 and of the thioacridine derivative at 25�C
(pH 7�4 and m� 0�22). In the case of diltiazem,
verapamil and mepacrine, the experimental P and
pKa values given by Craig (1990) at the same
temperature were taken into account. Since drug
ionization is a temperature-dependent process
in¯uencing drug distribution, the pKa values of the
compounds were calculated at each temperature
according to the temperature coef®cients
(ÿdpKa=dT) estimated by Perrin (1964) for the
ionization of bases. Using these temperature-cor-
rected pKa values, the temperature-dependent

octanol-buffer distribution coef®cients (D) of the
compounds were then calculated according to the
equations given by Bowden (1990) for mono- and
di-basic drugs (Eqn 2 and 3, respectively):

log D � log Pÿ log �1� 10pKaÿpH� �2�

log D � log Pÿ log �1� 10pKa1ÿpH � 10pKa1

�pKa2ÿ2 pH� �3�

With pKa1> pKa2.

Since no reliable data exist, the octanol±buffer
distribution coef®cients calculated according to
equations 2 and 3 did not take into account the
temperature-dependence of the octanol±buffer
partition coef®cient of the drugs.

Net electric charge of the modulators
With the exception of Triton X-100, the modulators
studied were weak bases existing in various states
of ionization at the pH used. The net electric charge
(z) of the various drugs (i.e. the mean net electric
charge per drug molecule) was therefore calculated
according to the following equation (pH 7�4):

z � �1=CT� � S�Ci � zi� �4�
where CT is the total concentration of the drug in
the aqueous phase, and Ci is the concentration of
species i, with valence zi.

Statistical analysis
Data are expressed as mean� s.e.m. Linear and
non-linear regressions were calculated using the
least-square method. Results were considered sig-
ni®cant at P< 0�05.

Results

Drug permeation properties (PD50 and h) are
temperature-dependent. The leakage of Sulphan
blue induced by the ®ve modulators through the
membrane of negatively-charged liposomes was
quanti®ed after a 3-min incubation at 27, 32, 37 and
42�C (pH 7�4). All the modulators induced a tem-
perature-dependent leakage at concentrations ran-
ging from 0 to 27 mM (Table 1). At the PD50 of the
modulators, the lipid:modulator molar ratios ranged
from 0�5 (mepacrine at 27�C) to 4�5 (Triton X-100
at 42�C).

The co-operativity (h) of the permeation process
varied with the temperature depending on the
modulator involved. Membrane permeation was a
highly co-operative process (4�0< h< 7�5) char-
acterized by a low temperature-dependence when
induced by Triton X-100, diltiazem and verapamil.

Figure 1. Chemical structure of the thioacridine ether deri-
vative.
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The permeation induced by mepacrine and the
thioacridine derivative was almost non co-operative
at 27�C (h� 1�1±1�2), although slight co-oper-
ativity existed at 42�C (h� 1�7±1�9) (Table 1).

It is generally agreed that several MDR-mod-
ulators are cationic compounds. However, it has
been clearly established that amphiphiles such as
Triton X-100 can behave as chemosensitizers
(Sharom 1997). The net electric charge (z) of the
modulators in this study was therefore calculated
(pH 7�4) at each temperature using either the
experimental pKa (Craig 1990) or the calculated
pKa value at 25�C, and the temperature coef®cients
estimated by Perrin (1964) (Table 1). The
log(1=PD50) vs z linear regression was highly
signi®cant (slope�ÿ0�40� 0�07, y-intercept�
2�81� 0�07, F(1,38)� 38�9, Sresidual� 0�222, r�
ÿ0�711 and P< 0�0001). Approximately 51% of
the permeation properties of the drugs observed at
various temperatures could be explained in terms of
their temperature-dependent net electric charge
(r2� 0�506). Table 1 also shows that the higher the
net electric charge (z) of the drug, the greater the
temperature-induced change in its permeation
ability.

As previously discussed (Castaing et al 2000), the
dye leakage through membranes is prevented by the
ionization of the drug, both directly by decreasing
the non-ionized form of the drug, which is the only

species able to partition into the organic phase
(Taylor 1990), and indirectly because the properties
of lipid±buffer interfaces can differ considerably
from those of octanol±buffer interfaces, especially
when the membranes bear electric charges
(Tocanne & TeissieÂ 1990; Romsicki & Sharom
1999). As a result, the permeation properties of
cationic drugs varied signi®cantly with their
octanol±buffer distribution per unit net electric
charge ((log D)=z) (Castaing et al 2000). The
temperature-dependent octanol±buffer distribu-
tions (log D) of the modulators in this study were
therefore calculated at each temperature (Table 1).
The log(1=PD50) vs (log D)=z linear regression
was highly signi®cant (slope� 0�13� 0�04, y-inter-
cept� 2�04� 0�12, F(1,30)� 8�8, Sresidual� 0�264,
r� 0�476 and P< 0�006). However, only 23% of
the permeation properties of the modulators could
be explained in terms of their temperature-depen-
dent net electric charge because in this regression
(r2� 0�227), the data obtained with Triton X-100
could not be taken into account (z� 0) and the log
D values described this parameter only approxi-
mately, since the temperature-dependence of the
octanol±buffer partition of the modulator is
unknown.

The induction of dye leakage through bilayer
membranes by a drug is a passive process, and is
therefore characterized by a negative apparent

Table 1. Permeation dose (PDSO), Hill coef®cient (h), ionization constants (pKa), net electric charge (z) and octanol±water
distributions (log D) of the MDR-modulators.

Compounds Temp�C PD50 (mM) h pKa
a z log Da

Non-ionic detergent
Triton X-100 27 1�7� 0�03 7�5� 0�74 non-ionizable 0�00 2�98b

32 1�6� 0�02 7�0� 0�64 non-ionizable 0�00 2�98b

37 1�6� 0�03 7�3� 1�64 non-ionizable 0�00 2�98b

42 1�5� 0�04 6�7� 0�57 non-ionizable 0�00 2�98b

Calcium-channel blockers
Diltiazem 27 3�8� 0�14 4�9� 0�30 7�65 0�64 2�26

32 3�6� 0�19 5�6� 0�89 7�54 0�58 2�32
37 3�3� 0�23 5�6� 0�45 7�43 0�52 2�38
42 3�2� 0�11 5�6� 0�22 7�33 0�46 2�43

Verapamil 27 2�0� 0�19 4�6� 0�23 8�87 0�97 2�31
32 1�9� 0�12 4�3� 0�31 8�73 0�96 2�44
37 1�7� 0�18 4�2� 0�35 8�61 0�94 2�55
42 1�6� 0�14 4�0� 0�39 8�48 0�92 2�68

Antiparasitic agents
Thioacridine 27 12�9� 0�78 1�2� 0�15 7�07b; 9�23b 1�31 1�77b

32 8�7� 0�36 1�4� 0�14 6�97b; 9�10b 1�25 1�93b

37 6�3� 0�35 1�8� 0�13 6�87b; 8�96b 1�20 2�09b

42 4�7� 0�51 1�9� 0�25 6�77b; 8�84b 1�16 2�23b

Mepacrine 27 14�9� 1�63 1�1� 0�01 7�68; 10�12 1�65 3�00
32 7�2� 0�78 1�3� 0�01 7�57; 9�97 1�59 3�22
37 4�5� 0�45 1�6� 0�05 7�46; 9�82 1�53 3�43
42 3�2� 0�22 1�7� 0�02 7�36; 9�68 1�47 3�62

The parameters PD50 and h are expressed as mean� s.e.m. of the permeation parameters obtained from the study of two large
unilamellar vesicle preparations.aCalculated from the data given by Craig (1990), except when noted.bCalculated from the data
predicted by the Pallas 2.0 software program.
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Gibbs free energy (DG< 0). The well-known Gibbs
equation relates the Gibbs free energy (DG), the
enthalpy (DH) and the entropy (DS) as follows:
DG�DHÿTDS, where T is in K. As shown in
Table 1, the dye leakage process was favoured
(1=PD50 increase) by increasing the temperature.
Membrane permeation is clearly an endothermic
process (DH> 0). Dye leakage can be expected to
result from a decrease in molecular packing of the
membrane phospholipids (increased disordering of
lipids DS> 0). It therefore seemed of interest to
quantify the respective parts played by enthalpy
and entropy in the permeation process induced by
drugs bearing different net electric charges.

Over the 27±42�C temperature range, the reverse
logarithmic value of the permeation dose
(log(1=PD50)) characterizing 50% dye leakage
varied linearly with the reciprocal absolute tem-
perature (1=T). With all the modulators studied, the
log(1=PD50) vs 1=T regression was statistically
signi®cant. The apparent enthalpy (DH50) and
entropy (DS50) of the permeation by each drug
were therefore calculated from the slope and y-
intercept of the Van't Hoff plots, respectively
(Table 2). Using these values, the apparent Gibbs
free energy (DG50) of the dye leakage was calcu-
lated at the four temperatures studied according to
the Gibbs' equation (Table 2).

As shown in Table 2, the apparent permeation
enthalpy (DH50) and entropy (DS50) increased
with the net electric charge of the drug inducing
dye leakage. The lowest values were obtained
with the non-ionic detergent Triton X-100
(DH50� 7�1� 0�53 kJ molÿ1, DS50� 76�9� 1�86 J
molÿ1 Kÿ1), and the highest values with mepacrine
(DH50� 79�5� 3�80 kJmolÿ1, DS50� 306�7� 5�97
J molÿ1 Kÿ1). The DS50 vs DH50 linear regression
was highly signi®cant (slope� 3�16� 0�556 10ÿ3

Kÿ1, y-intercept� 5�19� 0�246 10ÿ2 kJ molÿ1Kÿ1,

F(1,8)� 3348, Sresidual� 0�005, r� 0�999 and P<
0�0001) (Figure 2).

As a result of the low apparent entropy (DS50) of
the membrane permeation by Triton X-100, diltia-
zem and verapamil, the apparent Gibbs free energy
(DG50) decreased only slightly (approx. 10%) when
the temperature was increased from 27 to 42�C
(Table 2). The ef®ciency of the non-ionic detergent
Triton X-100 and that of the two calcium-channel
blockers thus increased only slightly when the
temperature was raised. Due to the high apparent
entropy (DS50) of the membrane permeation by the
thioacridine derivative and mepacrine, the apparent
Gibbs free energy (DG50) of these drugs was
approximately 30±40% lower at 42�C than at
27�C. It can therefore be concluded that the higher
the temperature, the greater the ef®ciency of the
MDR-modulators to induce dye leakage through
membranes.

Discussion

In this study, the temperature-induced changes in
the interactions between ®ve MDR-modulators
(Klohs et al 1986; Inaba & Maruyama 1988;
Sharom 1997; HeveÂr et al 1998) and the membrane
of anionic liposomes were investigated. The com-
pounds were chosen on the basis of their very dif-
ferent electric charges at physiological pH; the P-
gp substrate Triton X-100 (Sharom 1997) is a non-
ionic detergent, whereas the calcium-channel
blockers (diltiazem and verapamil) and the anti-
parasitic agents (mepacrine and thioacridine deri-
vative) are mono- and di-basic amines,
respectively. Over the temperature range 27±42�C,
all the modulators affected the lipid bilayer of the
liposomes suf®cient for the passage of the entrap-
ped polar dye, Sulphan blue, to occur.

Table 2. Apparent enthalpy (DH50), entropy (DS50) and Gibbs free energy (DG50) of membrane permeation by the MDR-
modulators.

Compounds DH50(kJ molÿ1) DS50 (J molÿ1 Kÿ1) DG50 (kJ molÿ1)

27�C 32�C 37�C 42�C

Non-ionic detergent
Triton X-100 7�1� 0�53 76�9� 1�86 ÿ16�0� 0�03 ÿ16�4� 0�05 ÿ16�8� 0�06 ÿ17�2� 0�07

Calcium channel blockers
Diltiazem 10�3� 0�25 80�9� 1�03 ÿ14�0� 0�06 ÿ14�4� 0�07 ÿ14�8� 0�07 ÿ15�2� 0�06
Verapamil 10�9� 0�26 88�5� 0�10 ÿ15�6� 0�23 ÿ16�1� 0�23 ÿ16�5� 0�23 ÿ17�0� 0�23

Antiparasitic agents
Thioacridine 53�6� 2�71 215�8� 8�86 ÿ11�1� 0�06 ÿ12�2� 0�01 ÿ13�3� 0�04 ÿ14�4� 0�08
Mepacrine 79�5� 3�80 306�7� 5�97 ÿ12�5� 2�01 ÿ14�0� 1�98 ÿ15�6� 1�95 ÿ17�1� 1�91

Results are expressed as mean� s.e.m. of the permeation parameters obtained from the study of two large unilamellar vesicle
preparations.
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When induced by Triton X-100, dye release from
liposomes has been found to involve either leakage
or membrane disruption, depending on the con-
centration of the detergent used and on the mem-
brane packing (Liu & Regen 1993). Below its
critical micelle concentration (200mM), Triton X-
100 induced dye release via a leakage mechanism
from tightly packed gel-phase liposomes, whereas
release via a rupture mechanism was promoted
above this critical micelle concentration. Whatever
the detergent concentration, dye-release by Triton
X-100 always involved a leakage mechanism from
liposomes in their ¯uid phase, except at cholesterol
mole fractions as high as 45 mol % (Liu & Regen
1993). In this study, the membranes of large uni-
lamellar vesicles composed of egg phosphatidyl
choline, egg phosphatidic acid and cholesterol in an
8 : 1 : 1 molar ratio were equilibrated at tempera-
tures well above their transition point from the
solid to liquid-crystalline phase (Lee 1990). It
therefore seems likely that Triton X-100 induced
the release of Sulphan blue through these mem-
branes via a leakage mechanism. The PD50 values
determined with Triton X-100 (1�5±1�7 mM) were
in reasonably good agreement with previous data
on sonicated egg phosphatidyl choline vesicles
(2�6 mM), after correcting the latter to allow for the
lipid concentration used in this study (Ruiz et al
1988). The similarity between these results con-
®rmed that cholesterol seems to only slightly affect
the bilayer permeability when present in low con-
centrations (Ruiz et al 1988). We also observed that
the PD50 values of Triton X-100 and verapamil
were of the same order of magnitude at all the
temperatures investigated. Similar results were
found by Drori et al (1995) at 37�C (verapamil

induced 30% dye leakage from large anionic uni-
lamellar vesicles at concentrations 1�4-times higher
that those of Triton X-100).

Over the temperature range 27±42�C, the
log(1=PD50) vs 1=T regressions were found to be
linear for each of the modulators. It was therefore
concluded that a single apparent enthalpy (DH50)
characterized the overall process of dye leakage by
these modulators. This ®nding implies that no
phase transition occurred throughout the entire
temperature range investigated. According to
Ginsburg & Noble (1974), it also means that
between 27 and 42�C, the rate-limiting processes
for dye leakage by each drug were always the same.

The apparent enthalpy (DH50) characterizing dye
leakage by the ®ve MDR-modulators studied was
found to have positive values (Table 2), that is
increasing the temperature favoured the binding of
the drug to the membrane (PD50 decrease) (Table 1).
When the temperature was raised, the dissociation of
the drug from its receptors (phospholipid head
groups) at the membrane interface was enhanced.
This direct effect of temperature on the drug af®nity
caused an increase in the PD50 value. Concomitantly,
the ionization of the amine groups was reduced. In
turn, the concentration of unprotonated drug mole-
cules increased, thus favouring the partition of the
drug into the lipid core of the membrane by both
increasing the concentration of the only species able
to partition into the organic phase (Taylor 1990), and
decreasing the electrostatic interactions occurring at
the membrane interface (Castaing et al 2000). This
indirect effect of temperature on the drug af®nity
caused a decrease in the PD50 value. It should noted
that the membrane ¯uidity increased with increasing
temperature, which may have greatly favoured the
entry into the lipid core of the drugs with the largest
steric hindrance and=or the lowest af®nity for the acyl
chains of the phospholipids. This direct effect of
temperature on the physical state of the membrane
induced a decrease in the PD50 values. All these
molecular events probably explain why the apparent
enthalpy (DH50) of the dye leakage induced by Triton
X-100 (in the absence of electrostatic interactions)
was the lowest (7�1 kJ molÿ1) of the modulators stu-
died. Due to the strong electrostatic interactions
between their two amines in the region of the phos-
pholipid head groups, the thioacridine derivative and
mepacrine might have been prevented from pene-
trating into the lipid bilayer, and thus from inducing
dye leakage, especially at low temperatures. Dye
leakage by these compounds was thus mainly under
the control of the indirect effects of temperature on
drug af®nity (pKa decrement). Since the enthalpy for
amine group ionization ranges from 36 to 53 kJ molÿ1

(Perrin 1964), the apparent enthalpy (DH50) of the

Figure 2. Dependence of the apparent entropy (DS50) on the
apparent enthalpy (DH50) of membrane permeation by the
MDR-modulators. Each point is the result obtained from the
study of one large unilamellar vesicle preparation. TR, Triton
X-100 ; DTZ, diltiazem; VR, verapamil; Th, thioacridine
derivative; MPC, mepacrine.
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dye leakage induced by the thioacridine derivative
and mepacrine had therefore very high values (50±
80 kJ molÿ1).

The results of this study showed that the mem-
brane phospholipid disorder associated with 50%
dye leakage (DS50) increased with the net electric
charge borne by the MDR-modulators (Table 2).
The passage of a dye across a continuous bilayer of
lipid depends on the probability of the lipid mole-
cules having an appropriate con®guration for the
dye molecules to be able to enter and leave the
lipid. Hill (1974) has established that when a drug
is present in the membrane, the entropy term is
changed by a factor (R.n.Cm) which is proportional
to the gas constant (R), to the number of lipid
molecules involved in the passage of one dye
molecule (n), and to the drug membrane con-
centration in moles of drug per mole of lipid (Cm).
Since the drug partition into the lipid core was
reduced when high electrostatic interactions
occurred between the cationic drugs and the anio-
nic phospholipid head groups, the membrane drug
concentration (Cm) necessary to induce 50% dye
leakage increased. As a result, the entropy term
(DS50) of the dye leakage also increased with the
net electric charge of the drugs.

It can be concluded that dye leakage through
anionic membranes results from an energetically-
favourable balance between enthalpic and entropic
variations controlled mainly by the net electric
charge of MDR-modulators. Hence, high tempera-
tures increase the membrane permeation ef®ciency
of these compounds and probably also their ability
to reverse MDR in tumour cells with a high
metabolic level.
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