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Abstract

Studies with multidrug resistance modifiers indicate that perturbations of the cell membrane structure may influence P-glyco-
protein (P-gp)-mediated drug transport. We describe studies of plasma membrane order using electron-paramagnetic resonance
(EPR) in resistant (CHRCS5) and sensitive (AUXB1) chinese hamster ovary cells treated with R-verapamil and bile salts. Cell growth
rates were determined in presence of doxorubicin mitomycin and cisplatin. The plasma membrane order in untreated resistant cells
was higher than in the sensitive cells. Both the bile salt taurochenodeoxycholate (TCDC; 0.2-1.6 mM) and R-verapamil (1-3 uM)
lowered the membrane order in the CHRCS cells to that in the sensitive cells and reversed the resistance to doxorubicin and mito-
mycin. The bile salt tauroursodeoxycholate (TUDC; 0.2-3 mM) did not lower membrane order and did not sensitise CHRCS5 cells.
Neither R-verapamil, TCDC nor TUDC reduced the membrane order of the sensitive cells AUXBI1 cells. These results support the
view that changes in multidrug resistance in Chinese hamster ovary cells and P-gp function are associated with alterations in the

fluidity of the plasma membrane. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

An important resistance mechanism in tumours is the
expression of the mdr-1 gene product, P-glycoprotein
(P-gp), a 170 kd protein present in the plasma mem-
brane. When this protein is highly expressed, the intra-
cellular concentration of some cytostatic agents, e.g.
anthracyclines and antitumor antibiotics, is reduced and
it has been suggested that P-gp functions as a low spe-
cificity efflux pump for drugs and/or ions [1]. How P-gp
functions as an active efflux pump or direct transporter
for cytostatic drugs is not well understood, mainly
because of the absence of specific structural require-
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ments for molecules undergoing transport and for those
inhibiting this process, the so-called resistance modifiers
the classical example of which is the calcium antagonist
verapamil [2,3]. The intracellular drug concentration,
however, is dependent on both active and passive
movement of the drug across the plasma membrane and
we have therefore investigated the physical properties of
the plasma membrane in P-gp-containing Chinese ham-
ster ovary cells (CHO). The membrane potential AV,
pH-gradients (ApH), and the composition of membrane
lipids can affect drug diffusion rates [4-6]. It is also
known that differences in the chemical composition of
membrane lipids exist between sensitive and resistant
cells and that the structural order of the lipid membrane
in CHO cells is higher in the resistant cell line [7,8].
Fluorescence anisotropy studies with the fluorescent
probe 1-[4-trimethylammonium-phenyl]-6-phenyl-1,3,5-
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hexatriene (TMA-DPH) show a reduced mobility of the
acyl chains in resistant CHO (CHRC5) cell membranes
compared with parental cells [9]. When CHRCS cells
were grown in media rich in the C-17 saturated fatty
acid, heptadecanoic acid, they accumulated vinblastine
to the same extent as the parent cell line and CHRCS
cells treated with verapamil. The same effect could not
be achieved using the rigidifying fatty acid, stearic acid
[10]. Although these authors did not obtain electron
paramagnetic resonance measurements of membrane
order to support their hypothesis, they concluded that
perturbation of the membrane can reduce multidrug
resistance. This conclusion is in agreement with an
earlier report from this laboratory showing that physi-
ological concentrations of R-verapamil increase mem-
brane fluidity in these cells [11].

Several studies have shown that membrane fluidity
changes may lead to increased accumulation of hydro-
phobic  chromophores and antitumor  agents
[3,5,6,12,13]. These include studies with sensitising
agents such as R-verapamil, reserpine and detergents
and a variety of cell types including cells with high P-gp
levels and artificial lipid bilayer models. However, none
of these studies has been able to show where these
changes take place or show a clear relationship between
changes in plasma membrane order and reversal of
multidrug resistance. This may in part be due to the use of
conventional physicochemical methods of measurement
such as absorption, light dispersion, viscosity, optical
rotation and circular dichroism which record the sum of
all structural changes affecting the whole molecule.

In the studies reported here, we have used electron
paramagnetic resonance spectroscopy (EPR) which, in
contrast to the methods mentioned above, provides
specific structural data on macromolecules such as
membrane phospholipids irrespective of whether the
biological system being investigated is cloudy or opa-
que. We have recently used EPR to demonstrate mem-
brane structure changes accompanying reversal of drug
resistance in a human bladder carcinoma cell line [14].
We now report similar studies carried out with a Chi-
nese hamster ovary resistant subline, CHRCS, and par-
ental AUXBI cells in vitro in which we have produced
perturbations of the plasma membrane using two bile
salt probes, taurochenodeoxycholate (TCDC) and taur-
oursodeoxycholate (TUDC). These salts occur naturally
in the body and have widely different physical proper-
ties. In a physiological milieu, TCDC is dimeric and
planar (sandwich-like), hydrophobic, releases phospho-
lipids and causes fluidisation of apolar regions where it
accumulates. TUDC on the other hand forms chains, is
hydrophilic, accumulates at the interface and in the
apolar region of the lipid bilayer and stabilises lipopro-
tein membranes [15-19]. EPR was used to measure
alterations in membrane order induced by these two
probes. The biological significance of the property being

measured is that it is an index of the changes induced at
the polar/apolar interface, which is the main energetic
border of the membrane and a determinant of the bar-
rier properties of the membrane [20]. Parallel cell survi-
val experiments were carried out using doxorubicin,
mitomycin and cisplatin. The objective of the investiga-
tion was to examine the correlation between P-gp func-
tion in multidrug resistance and the fluidity and
membrane order of the plasma membrane.

2. Materials and methods
2.1. Cells and culture conditions

The Chinese hamster ovary subline, CHRCS, selected
for resistance to colchicine [21] and the parental cell line
(AUXB 1) were generously donated by M. Volm,
German Cancer Research Center, Heidelberg, Ger-
many. Cells were maintained as monolayers in 75 cm?
flasks (Nunclon) at 37°C with 5% CO, and 100%
humidity and propagated in a-Modified Eagle Medium
(MEM) containing deoxyribonucleosides and ribonu-
cleosides and supplemented with 10% fetal calf serum
(FCS), 1% penicillin-streptomycin (5000 1U/ml) and
1% vr-glutamine (200 mM; Gibco, Grand Island, NY).
CHRCS cells were maintained in the presence of colchi-
cine, 5 ug/ml (Sigma Chemical Co, Germany), but prior
to experiments they were grown in the absence of col-
chicine for two transfers (7 days). Cell monolayers were
harvested at 80-90% confluency and transferred to
fresh medium every 3 days in order to sustain exponen-
tial growth. Initial cell density was 2x10° cells per 20 ml
o-MEM-medium and 15-16x10° cells per flask with 20
ml medium after 3 days.

2.2. Determination of mdr-1-expression in CHRCS cells

Mdr-1-expression in CHRCS5 cells was determined
using the reverse transcriptase-polymerase chain reac-
tion (RT-PCR) following isolation of RNA and incu-
bation with primer oligo(dT);,_;g3. The PCR was carried
out using the mdr-1 primers CCC ATC ATT GCA ATA
GCA GG (residues 2596-2615) and GTT CAA ACT
TCT GCT CCT GA (residues 2733-2752). The mdr-1-
specific PCR-product (167 base pairs) was separated on
a 12% polyacrylamide gel, the bands stained with ethi-
dium bromide and the fluorescence density quantitated
photometrically.

2.3. Determination of cell proliferation rates

Cell suspensions containing 1000 cells were seeded
into microwell culture plates and R-verapamil, TCDC
and TUDC added at concentrations in the range 0.01—
20 uM, 0.01-2 mM, 0.01-5 mM, respectively. The con-
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centration of the cytostatic drugs were in the range
0.1-1.5 pg/ml (0.2-2.5 puM) for doxorubicin, 0.01-1.5
pg/ml (0.03—4.5 uM) for mitomycin and 0.05-2.5 pg/ml
(0.2-8 uM) for cisplatin. Cells were incubated at 37°C in
5% CO; and 100% humidity for 1 to 5 days. Cell via-
bility was determined according to the method of Lars-
son and Nygren [22] using fluorescein diacetate
(Molecular Probes Inc., Eugene, OR, USA) prepared as
a stock solution of 1 mg/ml dimethylsulphoxide and
diluted with serum-free culture medium to a working
concentration of 1 pg/ml. The fluorochrome fluorescein
was quantitated as FU (fluorescence units) at 590 nm in
a fluorescence microplate scanner (CytoFluor™ 2300;
Millipore) using an excitation wavelength of 485 nm.
Blank corrected means were based on six individual
estimations and plotted as mean +standard deviation
(S.D.).

2.4. Cell cultures and incubations for EPR
measurements

CHRCS5 cells and AUXBI cells were harvested on the
third day of growth by washing and suspending in FCS-
free a-MEM-medium, centrifuging at 1000 g for 10 min,
resuspending the pellet in 1 ml FCS-free medium and
diluting in Eppendorf tubes to give 4x10° cells in 2 ml
FCS-free medium. On the third day of growth, regarded
as optimal for EPR-determinations [23], the viability of
the cells, determined using methylene blue exclusion,
was 85-95%. Incubations with 4x10° cells in 2 ml FCS-
free medium were carried out with R-verapamil (Knoll
AG, Ludwigshafen, Germany; stock solutions prepared
in 0.9% NaCl) and the bile salts, TCDC and TUDC
(Calbiochem, San Diego, CA; stock solutions prepared
in FCS-free «-MEM medium) at 37°C using the fol-
lowing conditions: R-verapamil (0.01, 0.03, 0.1, 0.3, 1,
3, 10 uM) for 10 min, R-verapamil (0.3, 1, 3, 10 uM) for
60 min; TCDC (0.2, 0.5, 1, 1.6 mM) for 15 min, TCDC
(0.1, 0.2 mM) for 120 min; TUDC (0.2, 0.5, 1, 1.6, 3.5
mM) for 15 min and TT.TUDC (0.1, 0.2 mM) for 120
min. The tubes were then centrifuged immediately
(Eppendorf 3200, 10000 g, 2 min) and the pellet resus-
pended in 2 ml Dulbecco’s PBS buffer (Gibco, Grand
Island, NY) and recentrifuged. Cells were then resus-
pended in 60 pl PBS and mixed vigorously for 10 s with
1 pl of spin label stock solution (5§ mM 5-doxyl-stearic
acid in 100% ethyl alcohol). Unbound label was
removed by washing with 1 ml buffer and centrifuging
as above. The pellet was then resuspended in 60 pl buf-
fer, transferred to a 50 pl capillary tube and the spectra
determined immediately.

2.5. EPR spectroscopy

Measurements were made on whole cells at room
temperature in a Bruker B-R 70 spectrometer with a B-

B 25 magnet (Bruker, Karlsruhe, Germany) operating
in the x-band which was linear and accurate to +0.1 G.
Instrument settings were: microwave frequency, 9.49
GHz; centre field, 3380 G; sweep width, 100 G; micro-
wave power, 20 milliwatts; scanning time, 400 s; time
constant, 1 sec; modulation amplitude, 1 G. Standard
EPR procedures were used [24,25] in which the cell
membrane order parameter ‘s’ is derived from EPR
spectra of the spin label 5-doxyl-stearic acid (Aldrich,
Steinheim, Germany) using the formula of Gaffney and
Lin [26]. Because the nitroxide group of the reporter
molecule is situated within four carbon atoms of the
polar carboxyl group, 5-doxyl-stearic acid gives
information of mainly the polar part of the bilayer and
the polar-/apolar-region interface [23]. When s=0,
molecular mobility is unhindered and fluidity is max-
imal. When s=1 molecular motion is negligible (i.e.
‘rigid glass’ spectra are obtained [25]). The significance
of the term membrane order is therefore as follows: In
the biological membrane we observe a gradient [23]
which stretches from a highly ordered zone in the polar-
apolar interface region, where the order reaches values
around 0.6-0.8, to the apolar membrane core where the
order is approximately 0.2. Since order is a term reci-
procal to molecular motion, we also obtain a reciprocal
relationship between the order parameter, ‘s’ which we
have measured in this study, and the membrane fluidity
[27].

2.6. Statistical analyses

Statistical comparisons of sample means were made
using the unpaired Student’s -test. In all cases, the 0.05
level was considered to be statistically significant. Where
appropriate, data in the text and table are expressed as
mean=+S.D.

3. Results
3.1. RT-PCR analysis

A mdr-1-specific PCR product (167 base pairs) was
detected as an intense band in the polyacrylamide gel
using the resistant CHRCS cells. This band was com-
pletely absent using AUXB 1 cells. These results corre-
lated with the immunohistochemical detection of P-gp
using anti-P-gp antibodies JSB-1 and C-219, where
AUXBI1 cells were P-gp-negative and CHRCS5 cells
strongly positive with both monoclonal antibodies. The
RT-PCR results also correlated with measurements of
the IC50 inhibitory concentrations for the P-gp sub-
strates doxorubicin and mitomycin, but not with cis-
platin (AUXBI: doxorubicin 0.1 pg/ml, mitomycin 0.5
pg/ml; cisplatin 1.5 pg/ml. CHRCS5: doxorubicin 4.5 pg/
ml, mitomycin 7.5 pg/ml; cisplatin 3.5 p/ml).
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3.2. In vitro cytotoxicity assay

Doxorubicin (Fig. 1), mitomycin (Fig. 2), and cispla-
tin (Fig. 3), at concentrations highly cytotoxic to AUXB 1
cells in in vitro cytotoxicity tests, had little or no effect
on the proliferation rate of the resistant CHRC5 cell-line
but, when combined with R-verapamil (3 cdmM), dox-
orubicin (Fig. la) and mitomycin (Fig. 2a) were cyto-
toxic. As expected, R-verapamil did not sensitise
CHRCS cell to cisplatin, being only effective for agents
undergoing adenosine triphosphate (ATP)-mediated
efflux (Fig. 3a).

The sensitising effect of R-verapamil was mimicked by
TCDC (1 mM) with doxorubicin (Fig. 1b) and mito-
mycin (Fig. 2b) and, like R-verapamil, TCDC did not
sensitise CHRCS cells to cisplatin (Fig. 3b). On the other
hand, TUDC did not sensitise CHRCS cells to doxor-
ubicin (Fig. 1c), mitomycin (Fig. 2¢) or cisplatin (Fig. 3c)
even when added in a concentration 3-fold higher (3
mM) than that for TCDC. When added alone to the
incubation at the concentrations used above, R-ver-

apamil, TCDC and TUDC had no effect on the pro-
liferation rate of CHRCS5 cells (Figs. 1-3).

3.3. EPR-measurements

Not only do TCDC and TUDC differ in their ability
to sensitise CHRCS cells to doxorubicin and mitomy-
cin, they also differ in their effects on the structural
order of the plasma membrane, ‘s> where s=0 at
maximum fluidity and s=1 at maximum rigidity
(Table 1). Data are presented as a table to enable the
effects of TCDC and TUDC at equal concentration
and incubation time to be compared directly and
quantitatively.

The order ‘s’ of the CHRCS5 subline (0.72340.003;
mean=+S.D.) was significantly higher than in the sensi-
tive parental line AUXBI (0.6984+0.003; mean+S.D.;
P< 0.001) demonstrating an inherently higher struc-
tural rigidity in CHRCS cells. At concentrations equal
or similar to those used in proliferation experiments, R-
verapamil and the bile salt TCDC, but not TUDC
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Fig. 1. Cell proliferation curves over 5 days for the CHRCS5 cell-line in the presence of doxorubicin (1 pg/ml) expressed as fluorescence units (FU):
(a) effect of R-verapamil (3 uM): (m) control, (@) doxorubicin, (a) 3 pM R-verapamil, (e) combination of doxorubicin and 3 uM R-verapamil; (b)
effect of TCDC (1 mM): (m) control, (@) doxorubicin, (a) 1 mM TCDC, () combination of doxorubicin and 1 mM TCDC; (c) effect of TUDC (3
mM): (m) control, (@) doxorubicin, (a) TUDC, (e) combination of doxorubicin and 3 mM TUDC.
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reversed the higher plasma rigidity of CHRCS cells and tively, and for R-verapamil 0.03 uM at 10 min. Neither
abolished the difference in the order parameter between R-verapamil, TCDC nor TDUC reduced the membrane
AUXBI1 and CHRCS cells (Table 1). EDs, values for order of the sensitive AUXBI cells. At the concentra-
TCDC were 1 and 0.2 mM for 15 and 120 min, respec- tions used, R-verapamil, TCDC and TUDC had no
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Fig. 2. Cell proliferation curves over 5 days for the CHRCS cell-line in the presence of mitomycin (1 pg/ml) expressed as fluorescence units (FU): (a)
effect of R-verapamil (3 uM): (m) control, (@) mitomycin, (a) 3 pM R-verapamil, (#) combination of mitomycin and 3 pM R-verapamil; (b) effect
of TCDC (1 mM): (m) control, (@) mitomycin, (a) ] mM TCDC, (&) combination of mitomycin and 1 mM TCDC; (c) effect of TUDC (3 mM): (m)
control, (@) mitomycin; (o) TUDC, (&) combination of mitomycin and 3 mM TUDC.

Table 1

Effect of R-verapamil, taurochenodeoxycholate (TCDC) and tauroursodeoxycholate (TUDC) on the plasma membrane order ‘s’, of CHRCS cells?

Modulator Membrane order P value® Percentage reversal
parameter (s) of the rigidity (%)

None (control) 0.723+0.003

R-Verapamil (1 pM/60 min) 0.696+0.008 <0.001 100

R-Verapamil (3 tM/10 min) 0.702+0.004 <0.001 84

TCDC (0.2 mM/120 min) 0.707£0.002 <0.001 64

TCDC (1.6 mM/15 min) 0.698+0.003 <0.001 100

TUDC (0.2 mM/120 min) 0.725+0.003 NS No change

TUDC (1.6 mM/15 min) 0.724+0.001 NS No change

NS, non significant.

2 Cells were exposed to two different concentrations of the modulating agents for the time periods shown and then the membrane order parameter
‘s’ was determined using electron paramagnetic resonance (EPR) spectroscopy (n=6, mean+standard deviation (S.D.). The right-hand column
shows, as a percentage, the extent to which the modulators abolish the higher membrane order (increased membrane rigidity) of CHRCS cells
compared with AUXBI (s=0.698+0.003).

® Versus control.
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effects on cell morphology which could be seen under
the light microscope.

4. Discussion

The objective of this study was to examine, with the
aid of two bile salt probes, TCDC and TUDC, and
an EPR-reporter molecule, 5-doxyl-stearic acid, if
structural perturbations in a specific region of the
plasma membrane and alteration in membrane order
are correlated with P-gp function. As cell material we
had available the CHRCS and AUXB1 Chinese ham-
ster cells in which we could demonstrate a markedly
higher plasma membrane rigidity in the resistant
CHRCS cells compared with the sensitive AUXBI
cells. Being stercoisomers, TCDC and TUDC differ
structurally only in the spatial location of the hydroxyl
group at C-7. At the concentrations employed here,
TUDC stabilises membranes and TCDC produces per-

turbations without impairment of bilayer morphology.
We have thus been able to observe the effect of loca-
lised changes in structure in the apolar domain of the
lipid bilayer on P-gp function. We could demonstrate
that TCDC lowers membrane order in CHRCS5 cells
and abolishes the difference in membrane rigidity
between CHRCS cells and the parental AUXBI cell line.
TUDC, on the other hand was without effect on the
membrane rigidity of CHRCS5 cells. Since we have
confirmed that our CHRCS cells contain large amounts
of P-gp, the ability of the TCDC probe to sensitise these
cells to the P-gp substrates and not cisplatin appears
to be due to an increased fluidity in a critical domain of the
bilayer causing concomitant impairment of P-gp function.

The mechanism by which these probes interfere with
membrane structure in Chinese hamster ovary cells may
be similar to that reported for hepatocytes. In experi-
ments on liver cell membranes, the strongly hydro-
phobic TCDC inserts through the polar interface into the
inner apolar domain of the bilayer, causes mobilisation
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Fig. 3. Cell proliferation curves over 5 days for the CHRCS5 cell-line in the presence of cisplatin (0.5 pg/ml) expressed as fluorescence units (FU): (a)
effect of R-verapamil (3 uM): (m) control, (@) cisplatin, (a) 3 uM R-verapamil, (#) combination of cisplatin and 3 pM R-verapamil; (b) effect of
TCDC (1 mM): (m) control, (@) cisplatin, (o) 1 mM TCDC, (&) combination of cisplatin and 1 mM TCDC; (c) effect of TUDC (3 mM): (m)
control, (@) cisplatin, (o) TUDC, (&) combination of cisplatin and 3 mM TUDC.
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of cholesterol and phospholipid and thereby increases
fluidity [17]. Studies with the hydrophilic TUDC show
accumulation of the steroid nucleus in the apolar region
of the bilayer and the taurine fixed near the polar sur-
face aligning the molecule in the interface domain near
the phospholipid head-groups. This results in mem-
brane stabilisation in this region, but without con-
comitant increases in fluidity [17-19].

Earlier studies with TCDC and mitochondrial mem-
branes [28-30] showed that an increased membrane
rigidity results in increased permeability or leakiness. It
was suggested in these reports that permanent holes are
present in rigid plasma membranes permitting passive
movement of drug molecules, both in and out of the
cell, and therefore causing a reduction or even break-
down of drug-concentration gradients. Modulation of
P-gp substrates could therefore involve a mechanism
like this in addition to a direct binding of the chemo-
sensitiser to the P-gp molecule. If this is true it could
account for the absence of structure-activity relation-
ships for resistance-modifiers.

Lipid depletion studies using bilayer vesicles from
CHRCS cells have also pointed to the importance of the
structural lipid components for P-gp function [31]. P-gp
is an integral component of the plasma membrane
bilayer with a glycoprotein chain directed outside the
cell and ATP-binding regions near the inner surface of
the bilayer. When isolated from the plasma membrane
and delipidated, P-gp is completely devoid of ATPase
activity, but this can be restored by lipid mixtures or by
reconstituting into lipid bilayers, thus showing con-
clusively that the activity of P-gp is absolutely depen-
dent on the integrity of a lipid-rich domain. P-gp is not
the only transporter to be affected by a physical phe-
nomenon like this. The ATP-dependent transporter,
Na +-K +-ATPase, in hepatocyte plasma membranes is
also markedly inhibited by TCDC at concentrations
similar to those used here [32,33].

The investigations here have demonstrated that the
classical resistance modifier R-verapamil, like the bile
salt TCDC, also increases plasma membrane fluidity
and this action may be in addition to, or related to its
ability to cause conformational changes in the P-gp
molecule [2,34]. In the recently reported study with the
human bladder carcinoma cell lines, RT 112-P and RT
112-DXRg, both R-verapamil and the fatty acid, lino-
lenic acid, caused reversal of resistance and an increase
in the fluidity of the cell membrane [14]. Indeed, R-ver-
apamil is lipophilic, accumulates in the inner apolar
membrane and the steric effects of the isopropyl side
chains may weaken van-der-Waals forces between lipids
resulting in a more fluid lipid bilayer. Ionic forces may
also be involved since R-verapamil, like a number of
other chemosensitisers, is basic in character and can
interact with the ‘negatively-charged’ membrane lipids
in areas of the bilayer where it accumulates [6].

In conclusion, increases in plasma membrane fluidity
are correlated with sensitisation effects in multidrug
resistance. The structural requirements for such activity
are not well understood, but hydrophobic interactions
within the lipid bilayer could cause conformational
changes of specific membrane bound proteins including
P-gp. These findings may be useful in the development
of resistance modifiers and in the interpretation of
functional tests of drug action in the management of
tumour patients.
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