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Abstract

The interactions of the antitumor drugs doxorubicin and thaliblastine with model membranes composed of neutral (phosphatidylcholine)
and negatively charged (phosphatidylserine) phospholipids were studied by differential scanning calorimetry and nuclear magnetic resonance.
The membrane activities of doxorubicin and thaliblastine were compared to those of the powerful multidrug resistance (MDR) modulators
trans-flupentixol and verapamil. The results point out to the potential role of the drug—membrane interactions for the effects of doxorubicin
and thaliblastine in resistant tumor cells. They direct also to the artificial membranes as a suitable tool for screening of compounds with
potential ability to modulate MDR.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction Resistant cells without over-expression of P-gp are found
to decrease preferentially the content of DOX in the lipid
Multidrug resistance (MDR) in tumor cells is mainly fraction of the membrane as compared to the whole cell
associated with decreased intracellular accumulation of the (Awasthi et al., 199p It is also supposed that modulation
cytotoxic agent as a result of its increased efflux by the of DOX toxicity by verapamil may involve changes in
ATP-dependent membrane-bound transport P-glycoproteinplasma membrane fluidityschuldes et al., 1998Changes
(P-gp) @mbudkar et al., 1999 The anthracycline antibiotic  in the membrane lipid composition and order in resistant
doxorubicin (DOX) Fig. 1) belongs to the anticancer drugs cells compared to sensitive ones are reported for a number
that are able to elicit MDR. Although the interaction of DOX of cell lines @lone et al., 1991; Hendrich and Michalak,
with DNA- and DNA-associated enzymes is well recognized 2003. These findings suggest that membrane interactions
(Bouma et al., 1986 the drug is reported to exert a cytotoxic can be involved in DOX effects in resistant tumor cells.
effect also through interaction with the cell membrane, espe- The antitumor drug thaliblastine (TBL)Y¢dorov, 1983
cially with negatively charged phospholipidsgormaghtigh (Fig. 1) is shown to overcome MDR in DOX resistant
et al., 1980; Triton and Yee, 1982; Nicloay et al., 1988 P388/R-84 cells, and a direct binding to P-gp is reported
Increase in DOX binding to liposomes and membranes at as a possible mechanism of MDR modulation by this drug
increasing content of the anionic phosphatidylglycerol is (Chen et al., 1993a TBL exerts also high cytotoxicity in
observedDe Wolf et al., 1993 DOX binding and insertion  P-gp negative resistant cells and its effect could be further
into the membrane is shown to affect the intrinsic transport increased by hyperthermi€len et al., 1993b Similarly
characteristics of the membran8peelmans et al., 1994  to DOX, these observations point out to membrane interac-
tions of TBL possibly involved in MDR cells.
* Corresponding author. Tek:359-2-979-3605; faxi-359-2-723-787. In a number of studies we demonstrated that drug—
E-mail address pajeva@bio.bas.bg (I. Pajeva). membrane interactions play a role in modulation of MDR in
! Retired. Present address: Muhloch, 23845 Borstel, Germany. tumor cells by catamphiphilic MDR modulators and found
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0 OH Ox . ~CHOH in resistant cells and that artificial membranes composed of

¢ neutral and negatively charged phospholipids could serve
as an appropriate screening model for MDR modulation by
OH catamphiphilic drugs.

OCH; O OH o) 2. Materials and methods
CHg 2.1. Drugs and chemicals

Doxorubicin hydrochloride, £)-verapamil hydrochlo-
ride, 1,2-dihexadecanoyl-rac-glycero-3-phosphochotine (
a-phosphatidylcholine dipalmitoyl (DPPC)), 1,2-dihexade-
canoyl-rac-glycero-3-phosphoserine pL-a-phosphatidyl-
L-a-serine dipalmi-toyl (DDPS)) and bovine brain phos-

HsCO OCHg phatidylseine (BBPS) (type IlI, fraction Ill) were purchased
from Sigma Co., Germanytrans-Flupentixol was kindly
supplied by H. Lundbeck (Copenhagen, Denmark). Thal-
iblastine hydrochloride was provided by Pharmachim

NH,

Doxorubicin

— (Bulgaria).
CH,
N 2.2. DSC measurements
/
HsC All liposome suspensions were prepared in a phosphate
buffer (pH = 7.4) by procedures that produce multilamellar
e OCH, vesicles New, 1990. DPPC/drug mixtures were prepared

by mixing appropriate amounts of DOX and TBL dissolved

Thaliblastine in methanol and DPPC dissolved in chloroform. At&the
solvents were evaporated under argon and the samples were
placed in a vacuum desiccator overnight &C4 The phos-
phate buffer (0.0067 M) was added to the dried samples and
a correlation between the membrane activity and anti-MDR the samples were incubated at°@with vortexing for 2 h.
activity of the studied drugsPgjeva et al., 1995; Pajeva Inthe DPPS experiments a stock solution of DPPS was pre-
et al., 1996; Seydel et al., 1996; Pajeva and Wiese, 1997 pared by dissolving DPPS in a phosphate buffer (0.067 M),
Recent results of other research groups confirm this obser-warming to 64 C with vortexing for 10 min and cooling to
vation (Castaing et al., 2000, 2003; Hendrich and Michalak, room temperature. DOX was solved in distilled water be-
2003. It has been shown that stereo isomers of the samefore adding to the appropriate amounts of the DPPS stock
compound (e.gtrans- and cis-flupentixol) possess similar  solution. DPPS/DOX, DPPS/TBL and DPPS/DOX/modifier
binding affinity to P-gp but different MDR reversing activ- mixtures were prepared by incubating the mixtures &t®4
ity (Ford et al., 199pand this difference can be related to with vortexing for 40 min. In all preparations the incubation
differences in the strength of their membrane interactions temperature was sufficiently higher than the main phase
(Seydel et al., 1994; Pajeva and Wiese, 1997; Wiese andtransition temperaturel,ax, of DPPC or DPPS (about 42
Pajeva, 199) These facts mean that the effects exerted on and 54°C, respectively). The vortex intensity used was
the membrane by MDR-related drugs should be considered.1200-1300 min. The lipid concentration was 5mg/ml in
Therefore, we were interested to evaluate the membrane acall samples and changes in pH were not observed. The ex-
tivity of the catamphiphiles DOX and TBL and to compare periments were done at different lipid:drug molar ratio in
it to those of some well-known MDR modulators. the interval from 1:0 (control) to 1:0.4. An ultra high sen-

In this paper results on interactions of DOX and TBL sitivity micro-DSC differential scanning micro-calorimeter
with model membranes composed of phosphatidylcholine (Setaram, France) with automatic data collection utility was
and phosphatidylserine are reported. Drug—membrane inter-used. A quantity of 20Q. of the liposome suspension and
actions were measured by differential scanning calorimetry the same quantity of the reference (phosphate buffer) were
(DSC) and nuclear magnetic resonance (NMR). The mem- heated at a rate of 0°&/min and sensitivity of 50 mV.
brane activities of DOX and TBL were compared to those The temperature intervals vary from O to 0. Every
of the powerful MDR modulatorsrans-flupentixol and ve- experiment was done at least twice and two runs were
rapamil. The results suggest that drug—membrane interac-performed with some samples to make sure that the calori-
tions could play an essential role in DOX and TBL effects metric response of the system was stable. The precision of

Fig. 1. Structures of the drugs studied.
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Tmax measurement wa%0.03°C for DPPC and+0.07°C 100&_7_# "
for DPPS. The type and strength of the drug—membrane 8 ~p———— o— o—
interactions were evaluated on the basis of the following =2
) - - 80+
parametersTmax the temperature of the main gel-to-liquid T |
crystalline phase transition of the phospholipid, defined as < 604 oo
a peak (maximum excess specific heat) on the thermogram; qév ~~~~~~~~~~~~~~~~~~ ~
. B . . _ m 1 = O
AH, the c_alorlme_trlc enthalpy of the main trans_|t_|on, ob S 404 = DOX, DPPC
tained by integration of the area under the transition curve o | e DOX DPPS
and expressed in percentage of the area changing in relation g 20 o TBL,YDPPC
to the area under the control endotherm (phospholipid only). & | o TBL, DPPS
0 T T T T T T T T T T
2.3. NMR measurements 000 002 004 006 008 010

. . . Drug molar ratio
BBPS was used for liposome preparation in NMR experi-

ments. Samp|es Comaining 0.01 mg/nﬁquere sonicated Fig. 2. Effects of increasing molar ratios of DOX and TBL on the relative
using a Branson Sonifier B-12 (Branson Sonic Power Com., changg in the enthalpAH of the main gel-to-liquid crystalline phase
Damburg, Connecticut, USA) three times for 30s at 40 W. transition of DPPC and DPPS.

This leads to a desired increase in temperature toC35

After centrifugation the liposome preparation was allowed interaction of the alkaloid with the negatively charged phos-
to equilibrate for 24 h at room temperature. This stock so- phatidylserine.

lution was diluted appropriately for the interaction studies.  In Fig. 3, the relative change ifimax of DPPC and DPPS
DOX andtrans-flupentixol were solved in RO. The final upon increasing drug concentration is shown for DOX, TBL
pH was adjusted to pH= 5 so that the drugs were com- and verapamil. In the presented lipid:drug molar ratios all
pletely protonated. Three different concentrations of DOX

were experimented: 1, 2 and 4 mM. Changes in pH were

not observed. To 500! of the solution, liposomes were DPPC
. . : . slopes

added in Hul portions. After the final portion of BBPS, ¢

a trans-flupentixol solution in RO was added in a single °><- 0.01\ A Aoa DOX: 2.5
portion of 40ul (1 uM). Ethanol or DMSO was used as £ | ¥ A 4
the standard to control field homogeneity. The experiments 'E 0.5 \' TBL: -15.0
were performed with an AM 360L Spectrometer (Brucker, " . \. Vere; amil: —163
Darmstadt, Germany). Data acquisition included: 32 scans, 2 .1¢- pamit. -16.
32K FID, sweep width 4098 Hz, 0.25 Hz/Pt and homo nu- %j |/ —A—DOX

clear presaturation to suppress thgsignal. The obtained o 154 —=—TBL -
NMR spectra were characterized by the spin-spin relax- '% { —e— Verapamil *
ation rate 1T, expressed as the line width of the resonance @ 4 , , , . .

R . . . sl I T T T T
signal (peak broadening in half peak heights). For calcu- 0.00 0.02 0.04 0.06 0.08 0.10
lations of peak-half widths a locally written curve-fitting
program was applied. The significance inTa/changes DPPS slopes
was confirmed by the observations as describedPajelva O I DOX: 212
et al.,, 1998. The change in T, was related to a de- °><. 0 TBL: 34.6
crease in rotational freedom of the drug molecule in the g

presence of the phospholipid. The broadening was Ilnearly 1 \- Verapamil: -24.4
dependent on lipid concentration within the range studied. 14

The slope was used to determine the degree of interaction ag’) . \
(Seydel, 1991 8 5

e | —4—DOX

2 —m—TBL
3. Results § 3 —e— Verapamil

T T T T T T T T T T 1
Fig. 2 shows the relative change inH of DOX and 0.00 0.02 0.04 0.06 0.08 0.10

TBL in up to 1:0.1 ratios. No significant changesAm of Drug molar ratio

the phase transitions of DPPC and DPPS were observed at

Fig. 3. Relative change ifimax of DPPC and DPPS upon increasing drug
DOX: |Ip|d ratios up to 1:0.4. In contrast to DOX, still at content. The concentrations of the drug protonated forms are shown for

lower concentrations, TBL showed decrease in the area Un-ppps that correspond to 86.4, 67.6 and 97.1% of protonation of DOX,
der the main transition peak of DPPS indicating a specific TBL and verapamil, respectively, at experimental pH (7.4).
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Fig. 4. Tracings of DPPS thermograms of DPPS alone (control) and upon addition of téDXflupentixol and verapamil alone and in combination
at lipid:drug molar ratios as indicated on the themograms.

compounds cause decreaseTjux that is much more pro-  than Tmax (Fig. 4), indicating a specific interaction of this
found for DPPS than for DPPC. The slopes of the linear fits modulator with DPPST;,q was concentration-independent
show that the interactions of TBL and verapamil with the and specific for a given drug. To check whether the ap-
phospholipids are stronger than that of DOX. pearance of new endothermic peak depended on the drug
Fig. 4 represents the DSC thermograms of DOX alone concentration, the lipid:drug molar ratios were further in-
and at the MDR modulatotsans-flupentixol and verapamil ~ creased. No new peak was recorded for DOX up to 1:0.4
alone and in combination. As seen from the figure, at the ratios. A new drug-induced peak, however, was registered
same concentration of the drug protonated form, DOX shows for TBL (Fig. 5 corresponding to the observed decrease in
the lowest decrease ifinax (1.25°C) compared to the con-  the enthalpyAH of the main transitionKig. 2). In Fig. 5,
trol. trans-Flupentixol has the largetTmax (2.11°C) and the DPPS thermograms of verapamil are also shown for
verapamil is in the middle range (1.52). Comparing the = comparison Pajeva et al., 1996 Interestingly, both drugs
DPPS thermograms of DOX alone and the modulators alonedemonstrated similar forms of the DSC thermograms indi-
to the thermograms of DOX plus the modulators at the same cating also similarity in their behavior in lipid environment.
ratios, a further decrease nay is observed that indicates TBL again interacted stronger than verapamil inducing a
a combined effect of DOX and the modulators on the phos- new peak at lower temperature (33°&€) compared to ver-
pholipid phase transition at the concentration studied. The apamil (ling = 32.80°C) at the same drug ratios.
observedATmax shift can be interpreted as additive rather  Fig. 6 represents a plot of increasing interaction of DOX
than cooperative one, considering the experimental error.(1/T; increase of the indicated spin system) with increasing
As previously shown for a number of catamphiphilic MDR BBPS concentration in the NMR experiments. The results
modulators Pajeva et al., 1996 new peak appeared on the of the NMR series obtained at 0.04 mM DOX concentration
thermogram ofrans-flupentixol at a temperaturBng lower are shown. As seen from the figure the broadening of the
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Fig. 5. Comparison of DPPS thermograms of TBL and verapamil at similar lipid:drug molar ratios as indicated on the themograms.

proton resonance signals are linearly dependent on the lipidspin systems can be compared as the relative chang&4n 1/
concentration within the range studied. The slope of the is considered). The NMR experiments performed at lower
proton signal of the CElgroup is about 1.5 higher than that DOX concentrations (1 and 2 mM) resulted in the same ra-
of the aromatic proton (although different in nature, the two tios of the slopes as observed at 4 mM DOX concentration

o aromatic H: slope=24.1
e Hof CH, group: slope=40.8

P
44 .///
i
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Fig. 6. Changes in DOX proton relaxation ratdslas function of increasing concentration of the phospholipid BBPS. The measured spin systems are
indicated with arrows on the DOX structure.
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(data not shown). The obtained slope of DOX £=droton larger difference in the ionic strengths (0.5 and 0.015M
signal (40.8) is lower than those of the aliphatic protons total cation concentration) is reporteddnstantinides et al.,
of trans-flupentixol and verapamil, 96.2 and 42.8, respec- 1986 suggesting that the difference in the used ionic
tively (Pajeva et al., 1996at the same drug concentration. strengths cannot significantly influence the lipophilic inter-
Although the direct comparison between DOX and these action of DOX with DPPC. Thus, our result suggest that
modifiers is not fully correct as the spin systems used are DOX interacts with both, neutral and acidic phospholipids,
not identical, according to the slopes, DOX can be related to but affects more strongly the negatively charged ones and
the drugs that exhibit strong interaction with the negatively this can be related to the stronger electrostatic rather than
charged phosphatidylserin®djeva et al., 1996 Addition lipophilic interactions. Also in the NMR experiments DOX
of trans-flupentixol led to a complete reversal of the broad- exhibited a strong interaction with the negatively charged
ening of DOX resonance signal&ig. 6) indicating that BBPS. Comparing the slopes of the aromatic and aliphatic
DOX binding to the phospholipid was replaced by binding proton signals Eig. 6) one can conclude that DOX inter-
of trans-flupentixol. acts stronger near the charged NHroup than near the
aromatic part of the ring system. This may suggest that at
phsyological pH, the positively charged amphiphilic DOX
4. Discussion buries preferentially in the hydrophobic/hydrophilic inter-
face of the acidic bilayer interacting primarily with the
The change in the enthalpyH of the main gel-to liquid negatively charged head group of the phospholipid. Indeed,
crystalline phase transition of DPPS indicates differences in a self-association of DOX can be assumed, however, as
the way the investigated drugs interact with the acidic phos- reported in the literatureDe Wolf et al., 1992, it can be
phatidylserine at the concentrations studi€ig( 2). The observed at much higher DOX concentrations (2—-17 mM)
enthalpy decrease and appearance of a new peak on DPP#an those used in this study. According to the sharpness of
thermograms in case of TBL and the modifidfig6. 3 and the resonance signals obtained at lower DOX concentrations
4) still at low lipid:drug ratios suggest a new phase transition (1 mM) (data not shown) the self-association of DOX in the
probably related to a new domain formation between the performed experiments is most unlikely. Even if partially
drug and the phospholipid. This might be due to predom- so, the self-association should decrease upon addition of
inating electrostatic interactions of the positively charged the phospholipid because of the increase in binding sites.
drugs with the negatively charged phosphatidylserine at As reported byDe Wolf et al. (1992}the membrane-bound
physiological pH. DOX has already been reported to form DOX has a lower tendency for self-association also because
specific complexes with negatively charged phospholipids of the hydrophobic interactions of the drug with the lipids.
(Goormaghtigh et al., 1980; Triton and Yee, 1982; Nicloay Thus, the charge interactions between DOX and BBPS
et al., 1988; De Wolf et al., 1993; Speelmans et al., }994 head group are more likely than the drug self-association.
In our experiments, distinct from TBL and the modulators, The evidence of head-group charge interactions is also sup-
DOX did not affectAH and did not induce a new peak onthe ported by the recent findings that DOX is embedded within
DPPS endotherms suggesting no domain formation of DOX the membrane at the level of the polar head group and
with DPPS at the studied ratios. The drug has previously changes also the membrane conformati@allpis et al.,
been reported to interact with DPPC and the acidic phos- 1998.
phatidylglycerol without changing the enthalpy of the main  In presence of DOX plus modifiers DPPS follows the
transition Constantinides et al., 19860ur results confirm  same character of thermogram profile like in presence of the
this observation but show stronger effect of DOX Bfax modifiers alone: decrease Tax, broadening of the main
decrease of DPPC compared to the resulSafstantinides  peak and appearance of a drug-induced peak at corigtant
et al. (1986) At the same time, the observagayx depen- (Fig. 4). The presence of DOX and MDR modulators si-
dence on DOX concentration was much more profound for multaneously at low concentration causes stronger decrease
DPPS than for DPPCHg. 2). Indeed buffers of different  in Tmax and further broadening of the main peaks of the
ionic strengths were used: 0.0067 M (0.0133 M total ionic DPPS endotherms in comparison to DOX alone and modi-
concentration) in DPPC experiments and 0.067 M (0.133 M fiers alone at the same concentrations. This points to a com-
total ionic concentration) in DPPS ones (at 0.067 M DOX bined effect of DOX and modifiers at low concentrations
was not soluble in DPPC solution). However, no essential that can be related to further increase in the bilayer fluidity.
increase in the interactions of DOX with DPPC can be ex-  The results on TBL demonstrate that it is a membrane
pected at higher ionic strength. Indeed, at the experimentalactive drug. Its interaction with neutral phospholipds is
pH (7.4) DOX is mainly protonated suggesting an active stronger than that of DOX and comparable to that of ver-
involvement of the charge interactions with the phospho- apamil. In contrast to DOX, TBL induces a new peak on
lipids. The higher ionic strength would favor the lipophilic DPPS thermogramsm, as the modulators do, that suggests
interactions and, presumably, one can expect stronger inter-ability of the drug to interact specifically with negatively
actions with DPPC. However, the same behavior of DPPC charged phospholipids. This agrees with earlier data on high
for different DOX concentrations in buffers with much entrapment rate of TBL in acidic liposome$oforov and
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Deliconstantinos, 1982In general, the behavior of TBL in In summary, the presented results point to the role of the
lipid environment reassembles that of the MDR modulator drug—membrane interactions for DOX and TBL effects in
verapamil. resistant tumor cells. They direct as well to the artificial

The evidence of strong interaction of DOX and TBL membranes as a convenient screening model for potential
with negatively charged phosphatidylserine suggests a highMDR modulators.
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