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Abstract. Progesterone and the antiprogestin RU38486
have been reported as non-transported modulators of
P-glycoprotein-mediated drug efflux. However, their hor-
monal properties limit their potential for clinical trials.
The present work shows that some derivatives from either
progesterone/RU38486 or estradiol, displaying differen-
tial interaction with hormone receptors, bind to P-glyco-
protein and chemosensitize the growth of MDR1-trans-
fected cells to vinblastine more strongly than does
RU38486. Structure comparison of the compounds indi-
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cates that the highly hydrophobic estradiol derivative
RU49953, which does not interact with any hormone re-
ceptor, inhibits P-glycoprotein-mediated drug efflux very
efficiently, as monitored by flow cytometry, and prevents
drug site photoaffinity labeling by azidopine. It induces a
much higher chemosensitization than the well-known P-
glycoprotein modulator verapamil, which is itself more
efficient than RU38486. RU49953 therefore constitutes a
promising new lead for steroid-type modulators of mul-
tidrug resistance.

Key words. P-glycoprotein; multidrug resistance; steroid derivative; RU49953; modulator; drug-binding site; drug
transport; hormone receptor.

Human MDR1 and mouse mdr1 P-glycoprotein are often
overexpressed in cancer cells displaying a multidrug re-
sistance (MDR) phenotype [1]. Their relative abundance
in normal cells of pregnant uterus, adrenal glands and pla-
centa [2–6] suggests a role in the secretion/excretion of
and protection against steroid hormones. A number of
steroids, including cortisol, dexamethasone, corticos-
terone and aldosterone, are indeed transported [7–9],
whereas progesterone is not, and thus behaves as a modu-
lator of cell MDR by inhibiting P-glycoprotein-mediated
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anticancer drug efflux leading to intracellular drug accu-
mulation [4, 10–13]. Hydrophobic progesterone deriva-
tives, such as megestrol acetate [14, 15], the antiprog-
estin/antiglucocorticoid abortive hormone RU38486 (also
abbreviated RU486) [16, 17], or C-7-substituted com-
pounds [18], have been found to be more active than prog-
esterone in inhibiting P-glycoprotein activity and promot-
ing intracellular drug accumulation. Structure-activity re-
lationships have shown that the 11-hydroxyl group is
essential for steroid transport  [9, 19] whereas 17-hydroxyl
and 3,20-ketones bring additional positive effects. The
transported-steroid site has been located within the trans-
membrane spans 3 to 5 of the P-glycoprotein N-terminal
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transmembrane domain, where mutations alter recogni-
tion of 17-hydroxyl and 20-ketone groups [20]. In addi-
tion, direct interaction of non-transported hydrophobic
steroid modulators is also detectable with cytosolic nu-
cleotide-binding domains from either P-glycoprotein [21,
22] or the homologous transporter of the Leishmania trop-
ica parasite [23]. Although estradiol is not able to inhibit
P-glycoprotein activity [4], different hydrophobic ana-
logues such as tamoxifen, toremifene or the pure antie-
strogens ICI164,384 and ICI182,780 [24–28] behave as
modulators of P-glycoprotein-mediated MDR. However,
the modulatory efficiency of all these steroid compounds
is generally moderate with various MDR cell lines, being
similar to, or lower than, the well-established P-glycopro-
tein modulator verapamil. In addition, a major problem re-
garding their potential use in clinical trials is obviously re-
lated to their hormonal properties due to their ability to
bind to specific receptors, such as glucocorticoid and
progesterone receptors for progesterone derivatives, and
estrogen receptors for estradiol derivatives.
The aim of the present work was to study a series of new
hydrophobic derivatives from either progesterone/
RU38486 or estradiol, in order to identify compounds
with high modulatory efficiency against P-glycoprotein
but low interaction with hormonal receptors. The results
show that RU49953, an estradiol derivative with more hy-
drophobic substitutions than RU38486, chemosensitizes
MDR1-transfected NIH3T3 cells much more efficiently
than verapamil, by interacting at the drug-binding site of
the transporter and preventing cellular drug efflux, with-
out any ability to bind to hormone receptors.

Materials and methods

Materials
RU38486 was obtained as previously described [21], and
the other steroid derivatives (see fig. 1) were prepared as
described elsewhere [29, 30] and supplied by Dr. P. van de
Velde (Aventis, Romainville, France). ATP, vinblastine,
verapamil and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) were from Sigma. [3H]-
azidopine (52 Ci/mmol) was from Amersham. The C219
monoclonal antibody, directed against P-glycoprotein,
was from Calbiochem.

Cell cultures
The NIH3T3 drug-sensitive parental cell line is a contin-
uous cell line of contact-inhibited cells derived from NIH
Swiss mouse embryo cultures. The NIH-MDR-G185 cell
line is an NIH3T3 cell line transfected with human
MDR1 and maintained in the presence of 60 ng/ml of
colchicine [31]. Both cell lines were provided by Dr. I.
Pastan (National Cancer Institute, National Institutes of
Health, Bethesda, Md.) and were grown in a monolayer at

37°C in a humidified atmosphere of 5% CO2, in DMEM
supplemented with 10% fetal bovine serum (GIBCO),
5 mM glutamine, 50 units/ml of penicillin and 5 mg/ml of
streptomycin. The colchicine-selected CHRB30 line (630-
fold resistant) which overexpresses P-glycoprotein [32]
and the drug-sensitive Aux B1 parental cell line were
provided by Dr. V. Ling (The British Columbia Cancer
Research Center, Vancouver, Canada). They were grown
at 37°C in a-MEM medium supplemented with 10% fe-
tal bovine serum, penicillin (1000 U/ml), streptomycin
(1 mg/ml) and 2 mM L-glutamine. The CHRB30 cell line
was maintained in 30 mg/ml colchicine.

Inhibition of P-glycoprotein-mediated
daunorubicin efflux
Inhibition by steroid derivatives of P-glycoprotein-medi-
ated daunorubicin efflux was measured by flow cytometry.
Wild-type or MDR1-transfected NIH3T3 cells were seeded
in 24-well plates for 48–72 h before the experiment. For as-
sessment of intracellular drug accumulation, cells were first
incubated for 30 min at 37°C with 2 mM daunorubicin in
the presence or absence of reversal agents (steroid deriva-
tives or verapamil as the reference), washed in ice-cold
phosphate-buffered saline (PBS) and then further incubated
for 30 min at 37°C in the medium with or without the mod-
ulators. After washing in PBS, cells were trypsinized, re-
suspended in 0.2 ml of ice-cold PBS and their intracellular
fluorescence was immediately measured in a Beckton
Dickinson FacScan. The suspension was gated to eliminate
dead cells and debris, and cellular fluorescence was quanti-
fied by scanning the emission between 564 and 606 nm
(FL-2) with the Cell Quest software application. Samples of
104 cells were analyzed. Daunorubicin accumulation in the
resistant line was 12% of the wild-type, taken as 100%.

Modulation of sensitivity to vinblastine
The dose-response curves of NIH3T3 cells and the
MDR1-transfected cell line were determined by plating
the cells at a density of 3.5 ¥ 103 cells/well in COSTAR
96-well plates. After overnight incubation, the medium
was removed and replaced by 0.2 ml of fresh medium con-
taining increasing concentrations of vinblastine with or
without a fixed concentration of the steroid derivatives
(added from a 5–10 mM solution in dimethylsulfoxide),
always in duplicate. The final dimethylsulfoxide concen-
tration, which did not exceed 0.1%, was not cytotoxic. Af-
ter 72 h incubation, cell viability was assessed both mi-
croscopically and by the MTT assay [33, 34]. Briefly, 10
ml of MTT as a 5 mg/ml solution in PBS was added to each
well, and plates were incubated for an additional period of
4 h. Water-insoluble formazan crystals were dissolved by
adding 50 ml of 20% SDS and absorbance was read at 540
nm using a microplate reader (Beckman Biomek 2000).
Dose-response curves were plotted considering the ab-
sorbance of the cells grown in the presence of the steroid



528 F. Javier et al. P-glycoprotein inhibition by non-hormonal steroid

derivative alone as the 100% growth control, thus cor-
recting for intrinsic toxicity. IC50 values, defined as the
concentrations inhibiting cell growth by 50%, were de-
termined graphically. The resistance index was calculated
by dividing the IC50 of the resistant line against vinblas-
tine by the IC50 of the parental cell line. The reversion in-
dex was determined by dividing the IC50 of the resistant
line against vinblastine alone by the IC50 in the presence
of vinblastine and 1–10 mM reversal agent (steroid de-
rivative or verapamil).

Inhibition of photolabeling of P-glycoprotein
drug-binding sites by azidopine
Parental Aux B1 and resistant CHRB30 cells were har-
vested by trypsinization and washed first with a-MEM +
10% fetal bovine serum and then with cold PBS. Cells

were suspended in cold PBS containing fresly prepared 2
mM phenylmethanesulfonyl fluoride, and different
aliquots containing 106 cells were incubated in the dark
for 1 h at room temperature with 200 nM [3H]-azidopine
(1 mCi) in the presence of 10 or 100-fold molar excess of
the steroid derivatives. Samples were exposed to 254 nm
UV irradiation for 30 min on ice, and then analyzed by
SDS polyacrylamide gel electrophoresis. Each sample
was divided into two fractions which were run in parallel
and treated separately: one gel was used to measure ra-
dioactivity, and the other to perform Western blot and im-
munodetection with C219 monoclonal antibody.

Determination of characteristics of binding to NBD2
The recombinant C-terminal nucleotide-binding domain
(NBD2) from mouse P-glycoprotein was prepared as

Figure 1. Chemical structures of the different steroid derivatives studied. The upper and middle parts of the figure show analogues of the
antiprogestin RU38486 (a–e), whereas the lower part illustrates antiestrogens and derivatives (f–h).
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published elsewhere [22]. Its direct interaction with
steroids was studied by quenching of intrinsic fluores-
cence as previously described for either flavonoids [22,
35] or protein kinase C effectors [36].

Binding  to hormone receptors
The biological samples used to measure steroid-binding
affinities for cognate receptor were mouse LMCAT fibrob-
lasts [37] for glucocorticoid receptor (GR), human breast
T47-D cells for progesterone receptor (PR), rat prostate for
androgen receptor (AR), rat adrenal gland for mineralocor-
ticoid receptor (MR) and human MCF-7 breast cancer cells
for estrogen receptor (ER). The cytosoluble extracts were
obtained as previously described [38] and the protein con-
centration was adjusted to 2 mg/ml. Triplicates of
tissue/cell cytosoluble extracts prepared in HGDM buffer
(10 mM Hepes, pH 7.4, glycerol 10%, 1 mM dithioerythri-
tol, 10 mM sodium molybdate) were incubated for 15 min
at 4°C at a fixed amount of tritiated specific receptor lig-
and (5 or 10 nM) in the presence of increasing amounts of
either ligand or competitor. Radioactive ligands were [3H]-
triamcinolone acetonide (38 Ci/mmol; Amersham), spe-
cific for the GR, [3H]-R5020 (promegestone, 53 Ci/mmol;
Roussel-Uclaf), specific for the PR, [3H]-R1881 (metri-
bolone, 46 Ci/mmol; Roussel-Uclaf), specific for the AR,
[3H]-aldosterone (43 Ci/mmol; Amersham), specific for

the MR and 17 b [3H]-estradiol (83 Ci/mmol), specific for
the ER. The dextran-coated charcoal technique, followed
by centrifugation at 8000 g for 5 min, was used to measure
the residual binding of tritiated ligand. IC50 values were de-
termined from the competition curves.

Results

Inhibition of P-glycoprotein-mediated
daunorubicin efflux
The antiprogestin RU38486, whose structure is shown in
figure 1, appeared less efficient than verapamil in inhibit-
ing P-glycoprotein drug efflux activity, characterized by
intracellular daunorubicin accumulation and monitored
by flow cytometry (fig. 2). RU39616 and RU50641 be-
haved similarly to RU38486, whereas RU39010, R1881
and RU39411 were much less active. RU48659 was more
efficient than RU38486, especially at high concentrations
(10–30 mM). In contrast, RU39953 was much more po-
tent, even more than verapamil, at all concentrations.

Modulation of sensitivity to vinblastine
MDR1-transfected cells were 30-fold more resistant to
vinblastine than the parental cell line in 72-h growth ex-
periments, with respective IC50 values of 66.3 ± 23.0 and

Figure 2. Inhibition of P-glycoprotein-mediated drug efflux leading to intracellular drug accumulation monitored by flow cytometry.
MDR1-transfected NIH3T3 cells were incubated with daunorubicin either alone or mixed with the indicated modulator compounds: vera-
pamil (v), RU38486 (a), RU39616 (b), RU39010 (c), RU50641 (d), R1881 (e), RU48659 (f), RU39411 (g) or RU49953 (h). After efflux,
cells were analyzed by flow cytometry for residual fluorescence.
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2.2 ± 0.7 mM (fig. 3). This resistance to vinblastine was
abolished by incubation with verapamil, either partially at
3 mM, with a reversion index of 11.2, or completely at 10
mM (table 1). RU49953 was found to be a strong
chemosensitizer, completely abolishing the resistance to
vinblastine at 3 mM, with a nearly half-maximal effect at
1 mM. In contrast, RU38486 was considerably less potent,
even at 10 mM (reversion index of 2.8). When estimating
the reversion ability at 3 mM for the two steroids by ref-
erence to verapamil, RU49953 appeared 2.5-fold more
potent whereas RU38486 was 8-fold less efficient.
A complete comparison of all derivatives, together with
intrinsic cytotoxicity, is shown in table 1. The different

compounds did not exhibit any cytotoxic effects against
either the parental or transfected cell line at 1 mM (data
not shown). Interestingly, RU49953 displayed a limited
toxicity at 3 mM, i.e. under conditions producing a com-
plete reversion of resistance to vinblastine. RU48659,
which was more efficient than RU38486, exhibited al-
most no cytotoxicity. RU39616 and RU50641 displayed
similar reversing activity and similar cytotoxicity as
RU38486. The remaining three derivatives, RU39411,
RU39010 and R1881, did not exhibit any effect at 3 mM
and only produced a limited reversion at 10 mM. The
MDR1-transfected cell line was found to be slightly more
sensitive than the parental line to all the steroid deriva-
tives, except RU39411,  indicating the absence of cross-
resistance for these hydrophobic compounds.

Inhibition of photolabeling of P-glycoprotein
drug-binding sites by azidopine
The ability of steroid derivatives to interfere with drug
binding was assayed by prevention of specific photola-
beling by radioactive azidopine of the drug-binding sites
of membrane-inserted P-glycoprotein [39]. Figure 4
shows that RU49953 was very efficient in preventing la-
beling, since 13 or 3% residual azidopine binding was
observed with 10-fold or 100-fold excess, respectively, of
RU49953 (lanes 3 and 4, as compared to lane 2).
RU38486 was slightly less efficient, since 18 or 7%, re-
spectively, residual binding was observed (lanes 5 and 6).
RU39411 was much less active, with respective residual
binding of 48 or 25% (lanes 7 and 8).

Direct interaction of steroids with the C-terminal
cytosolic domain of P-glycoprotein
The antiprogestin RU38486 has been previously shown
by fluorescence quenching to bind to cytosolic domains
of P-glycoprotein, in proximity to the ATP site [21], and

Figure 3. Cell growth chemosensitization to vinblastine in the
presence of either RU49953 or RU38486 with reference to vera-
pamil. MDR1-transfected NIH3T3 cells were cultured in the pres-
ence of the increasing vinblastine concentrations, in the absence of
modulator (�) or in the presence of either 3 mM verapamil (�), 10
mM RU38486 (D) or 3 mM RU49953 (�). A control NIH3T3 cell
growth curve against vinblastine alone is also shown (�).

Table 1. Reversion of cellular MDR phenotype, and intrinsic cytotoxicity.

IC50 (mM)a intrinsic cytotoxicityb

Compound 1 mM 3 mM 10 mM 3 mM 10 mM

Verapamil 17 ± 4.0 (5.8) 5.0 ± 1.1 (11.2) 3.3 ± 1.7 (33.6) 4.7 ± 2.6 17.1 ± 6.9
RU38486 > 65 (1.0) 49.5 ± 4.5 (1.3) 28 ± 8.2 (2.8) 4.0 ± 1.0 10.4 ± 5.6
RU39616 n. d. 55.5 ± 2.5 (1.2) 24.4 ± 5.4 (3.2) 5.0 ± 1.0 16.5 ± 0.5
RU39010 n. d. > 65 (1.0) 43.3 ± 9.5 (1.8) 5.0 4.4 ± 1.7
RU50641 n. d. 29.6 ± 8.1 (1.9) 11.5 ± 5.5 (6.0) 0.0 12.2 ± 6.2
R1881 n. d. > 65 (1.0) 60 ± 13.2 (1.3) 0.0 11.8 ± 0.8
RU48659 n. d. 18.2 ± 4.1 (3.0) 6.0 ± 2.9 (13.0) 0.0 1.6 ± 0.4
RU39411 n. d. > 65 (1.0) 37.1 ± 8.2 (2.1) 0.0 37.1 ± 16.1
RU49953 7.2 ± 0.4 (13.7) 1.95 ± 0.55 (28.4) n. d. 11.9 ± 6.4 n. d.

n.d., not determined.
a The IC50 values of MDR1-transfected drug-resistant cells for vinblastine were determined (from at least two independent experiments in
duplicate) in the presence of steroid derivative or verapamil at the indicated concentration, and the reversion index shown in parentheses
was calculated.
b Percent cytotoxicity was determined on wild-type parental cells.
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to partly antagonize the binding of the flavonol
kaempferide to C-terminal NBD2 [22]. Figure 5 and table
2 show comparative binding of the different steroid de-
rivatives.  RU39616 exhibited a higher binding affinity
than RU38486, with an apparent KD of 4.8 ± 0.66 mM
compared to 12.5 ± 1.6 mM, and a similarly high maxi-
mal quenching (79.5 ± 4.1% vs 90.1 ± 4.4%). Four other
derivatives, RU39010, RU50641, R1881 and RU39411,
displayed a much looser binding producing a limited
quenching of intrinsic fluorescence, 27–35% at 20 mM
by comparison with 57% for RU38486 or 64% for
RU39616. Since RU49953 was slightly fluorescent, its
binding curve could not be precisely established, but cor-
rections for basal fluorescence led to an approximate
binding curve located between those of the two most ef-
ficient compounds, RU39616 and RU38486. In contrast,
the fluorescence of RU48659 was too high to allow ac-
ceptable correction, which prevented any estimation of
the apparent binding parameters.

Differential interaction with hormone receptors
Table 2 shows that the antiprogestin RU38486 bound
strongly to the PR, GR, AR and MR, while RU50641
bound to the same receptors except for MR. In addition to

Figure 4. Prevention of azidopine photolabeling. Parental Aux B1
cells (lane 1) or resistant P-glycoprotein-overexpressing CHRB30
cells (lanes 2–8) were incubated with 200 nM [3H]-azidopine in the
absence of modulator (lanes 1 and 2) or the presence of either
RU49953 at 10-fold (lane 3) or 100-fold (lane 4) molar excess,
RU38486 at 10-fold (lane 5) or 100-fold (lane 6) molar excess, or
RU39411 at 10-fold (lane 7) or 100-fold (lane 8) molar excess.
Samples were analyzed by SDS polyacrylamide gel electrophore-
sis, and submitted to either radioactivity counting (upper panel) or
Western blot and immunodetection with C219 monoclonal anti-
body (lower panel). Molecular weights in kDa are indicated on the
left.

Figure 5. Direct interaction of steroids with P-glycoprotein NBD2. The purified recombinant cytosolic domain, NBD2 [at 1 mM in 20 mM
potassium phosphate, 0.5 M NaCl, 20% glycerol, 0.01% 6-O-(N-heptylcarbamoyl)-methyl-a-D-glucopyranoside, 5 mM b-mercap-
toethanol, at pH 6.8], was incubated at 25 ± 0.1°C and mixed with increasing concentrations of either RU38486 (�), RU39616 (�),
RU39010 (D), RU50641 (�), R1881 (�) or RU39411 (�). The excitation was set at 295 nm, and the emission of protein intrinsic fluores-
cence was recorded from 310 to 360 nm and then integrated. Measurements were corrected for buffer contribution and inner-filter effects
of the compounds in parallel experiments with N-acetyltryptophanamide, and the data were analyzed with the Grafit program (Erithacus
software).
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GR, several steroid derivatives bound to either the AR
(R1881 and RU39010) or ER (RU48659), whereas
RU39411 was specific for the ER. Very interestingly,
RU49953 did not bind to any of the hormone receptors
studied.

Discussion

This work shows that RU49953, a hydrophobic estradiol
derivative with two dimethylaminophenyl substituents at
positions 11 and 17, binds strongly to P-glycoprotein
drug sites, inhibits its drug-pumping activity and
chemosensitizes MDR1-transfected cell growth to vin-
blastine, while not interacting with any hormone receptor
and producing a low intrinsic cytotoxicity.
RU49953 was identified from studies conducted with two
types of steroid derivatives. First, progesterone deriva-
tives led to rather disappointing results, since the inhibi-
tion of P-glycoprotein activity and related modulatory ef-
fect were either lower than, or similar to, those produced
by RU38486. This indicates the importance of the hy-
drophobicity brought by the 11-dimethylaminophenyl
substituent, which is absent in R1881 or modified in
RU39010. In contrast, the positioning of both the di-
methylaminophenyl substituent (at position 7, instead of
11, in RU50641) and double bonds (at positions 5 and 9,
instead of 4 and 10, in RU39616) appears not to be criti-
cal. This is consistent with recent results obtained with
hydrophobic substitutions of progesterone at position 7
which decreased P-glycoprotein transport activity lead-

ing to intracellular drug accumulation [18]. An increased
efficiency was also obtained when the dimethy-
laminophenyl substituent was introduced at position 21
of either dichlorisone or 17-deoxydexamethasone [40],
and with 21-aminosteroid derivatives [41].
Second, estradiol derivatives induced more pronounced
effects. When similarly substituted (by 7-dimethy-
laminophenyl), the estradiol derivative RU48659 was sig-
nificantly more efficient than the progesterone derivative
RU50641 in modulating P-glycoprotein-mediated resis-
tance to vinblastine and inhibiting daunorubicin efflux.
Therefore, a phenolic hydroxyl at position 3 appears
more efficient than a ketone group, but gives a strong
ability to bind to the GR and ER. The increase in MDR
modulation related to 7-diethylaminophenyl is consistent
with similar effects reported for other hydrophobic sub-
stituents at the same position in ICI164,384 [28] and
ICI182,780 [24, 26]. Modification of dimethylamino-
phenyl in RU39411 altered the modulation efficiency
with respect to RU48659, in a similar manner to that ob-
served above for the progesterone derivative RU39010
with respect to RU39616. Finally, the presence of two hy-
drophobic dimethylaminophenyl substituents, at posi-
tions 11 and 17 in RU49953, considerably increased the
steroid efficiency to inhibit P-glycoprotein drug efflux
activity and to revert related cellular multidrug resis-
tance. The effect was much more pronounced than that
produced by verapamil taken as a reference. In the case of
the MDR1-transfected cell line used overexpressing wild-
type (G185) P-glycoprotein, verapamil is especially well
suited as a modulator against resistance to vinblastine,

Table 2. Binding of steroid derivatives to P-glycoprotein NBD2 and to hormonal receptors.

Binding to P-glycoprotein NBD2 a IC50 for binding to hormonal receptor (nM) e

Compound DFmax (%)  KD (mM) GR PR AR MR ER

RU38486 90.1 ± 4.4 12.5 ± 1.6 2 0.5 4 25 > 1000
RU39616 79.5 ± 4.1 4.8 ± 0.66 1.2 0.4 > 1000 > 1000 500
RU39010 low b – 10 > 1000 100 > 1000  > 1000
RU50641 low b – 12.5 5 12.5 > 1000 > 1000
R1881 low b – 20 > 1000 1.5 > 1000 > 1000
RU48659 n. d. c – 18 > 1000 > 1000 > 1000 25
RU39411 low b – > 1000 > 1000 > 1000 > 1000 7
RU49953 > 85d 6–10d > 1000 > 1000 > 1000 > 1000 > 1000

a The binding to purified NBD2 was monitored by quenching of intrinsic fluorescence as described in figure 5. The data were analyzed
with the Grafit program to determine the maximal quenching (DFmax) and the dissociation constant (KD).
b When the DFmax was low (less than 35% at 20 mM), the KD was not determined.
c RU48659 was highly fluorescent which prevented any accurate determination.
d The fluorescence of RU49953 was not too high and could be corrected, giving the approximate indicated parameters.
e Receptor binding of steroid derivatives was determined from the curves obtained with increasing amounts of compounds (0.1–1000 nM),
for competing the binding of tritiated ligands (5–10 nM) specific for the related receptor. The radioactive ligands were [3H]-triamcinolone
acetonide for GR, [3H]-R5020 for PR, [3H]-R1881 for AR, [3H]-aldosterone for MR and 17-b [3H]-estradiol for ER. Each incubation of cy-
tosoluble extracts with radioactive ligands in the presence of increasing amounts of putative competitor was performed in triplicate for 16
h. The bound steroid was separated from the free ligands by dextran-coated charcoal adsorption and centrifugation. Duplicate aliquots of
the supernatants were counted for estimating bound ligand. The binding obtained in the absence of competitor was taken as 100%. The IC50

was calculated from the competition curves obtained. Given values are the means of six values, and the SES (not mentioned to avoid over-
loading of the table) were below 10%.



and is much more efficient than cyclosporin A [31]. As
stressed elsewhere [18], the use of a transfected cell line,
in which P-glycoprotein alone is responsible for MDR, in
contrast to drug-selected cell lines that may also exhibit
increased glutathione transferase and topoisomerase II
activities [42, 43], is particularly well suited for studying
modulators of P-glycoprotein-mediated MDR. Also
worth mentioning is that such hydrophobic substitutions
rendered RU49953 completely unable to bind to either
the ER or any other hormone receptor. RU49953 was in-
deed previously found not to bind to the GR [38].
The low ability of RU38486 to revert the MDR phenotype
as measured here through a 72-h cell growth chemosensi-
tization to vinblastine, in comparison to the relatively
higher effect produced on drug intracellular accumulation
as reported previously in the literature and here in figure 2,
suggests the presence of secondary targets within the cell
and/or low bioavailability at longer time exposures.
The very efficient antagonism of RU49953 against pho-
toaffinity labeling of P-glycoprotein by azidopine sug-
gests that the primary binding site for the estradiol deriv-
ative is likely located within the transmembrane domain
of the transporter, including membrane spans 3–5 [20]. A
lower-affinity interaction was measured with the NBD2
cytosolic domain of P-glycoprotein by comparison to
full-length transporter, as previously observed with prog-
esterone hydrophobic derivatives including RU38486
[21, 22]. This cytosolic site might constitute a minor part
of the steroid-binding site mainly located within the
transmembrane domain. Since RU49953 is much more
efficient than RU38486, substituent hydrophobicity ap-
pears to be quite important, as discussed above for both
progesterone and estradiol derivatives. RU49953 was
also reported to inhibit more strongly than RU38486 the
transport of the b-amyloid peptide, related to Alzheimer’s
disease, in P-glycoprotein-overexpressing cells [44], and
to inhibit the transport of synthetic glucocorticoids like
triamcinolone acetonide and dexamethasone [38].
A good correlation was observed here between the two
experimental approaches used to assess steroid derivative
effects on drug transport, namely chemosensitization to
vinblastine of P-glycoprotein-overexpressing NIH3T3
cells and inhibition of daunorubicin efflux from the same
cells. Indeed, the same potency sequence was observed
for the different derivatives: RU49953 > RU48659 >
RU50641, RU38486, RU39616 > RU39411 > R1881. A
comparable efficiency was produced against drug-bind-
ing site photolabeling by azidopine for the three deriva-
tives tested: RU49953 > RU38486 > RU39411. The over-
all results therefore indicate that prevention by steroid de-
rivatives of drug binding to P-glycoprotein is most likely
responsible for intracellular drug accumulation and cell
growth chemosensitization.
RU49953 exhibited a limited cytotoxicity in wild-type,
drug-sensitive NIH3T3 cells, at concentrations producing

a marked modulatory effect. For example, a nearly com-
plete reversion was produced by a 3 mM concentration
which was 7.3-fold lower than the IC50 in the parental line
estimated to be 22 mM (not shown here). The fact that the
P-glycoprotein-overexpressing cells were not cross-resis-
tant to RU49953 (in fact, these cells were even more sen-
sitive than the parental ones) suggests that the latter com-
pound might not be transported. This is consistent with
the lack of transport also reported for RU38486 [16, 19]
and tamoxifen [45].
A final interesting feature of RU49953 is its lack of inter-
action with any hormone receptor in the commonly used
concentration range. This contrasts with the strong bind-
ing of RU48659, the second most efficient modulator
characterized here, to both the GR and ER. Most other
steroid derivatives reported as potential MDR modulators
also behaved as hormone agonists or antagonists:
RU38486 [46], some C-7 progesterone derivatives [47]
and 21-dimethylaminophenyl derivatives of deoxydexam-
ethasone and dichlorisone [39] toward the GR and PR; ta-
moxifen [48], toremifene [49] and the pure antiestrogens
ICI164,384 and ICI182,780 [29, 50]  toward the ER. In
contrast, recently synthesized progesterone derivatives,
with quite bulky substituents including two aromatic rings
at position 7, were no longer able to bind to the PR [18].
RU49953, an estradiol derivative with two dimethy-
laminophenyl substituents at positions 11 and 17, was
found here not to be able to bind to either the ER or any
other hormone receptors, and may therefore constitute a
powerful tool for circumventing anticancer drug efflux.
In conclusion, the estradiol hydrophobic derivative
RU49953 can strongly inhibit P-glycoprotein drug-
pumping activity, and chemosensitize the growth of
MDR cells to vinblastine. Such a reversal of MDR is
much higher than that produced by the well-known vera-
pamil and all other steroid derivatives reported so far in
the literature. RU49953 appears not to be transported by
P-glycoprotein, exhibits a limited cytotoxicity in the
modulatory concentration range, and does not interact
with any hormone receptor. RU49953 can therefore be
considered as a new promising lead of steroid-type mod-
ulators of P-glycoprotein-dependent MDR in tumor cells. 

Acknowledgements. P. van de Velde is acknowledged for steroid de-
rivatives. We thank I. Pastan and V. Ling for kindly providing the
NIH3T3 and NIH-MDR-G185 cell lines, and the Aux B1 and
CHRB30 cell lines, respectively. This work was initiated by
CNRS/CSIC agreements between A.D.P. and F.G. It was supported
by CNRS and University of Lyon (UMR5086), the Ligue Nationale
contre le Cancer (comités du Rhône et de la Loire), the Région
Rhône-Alpes (EURODOC Program), the Association pour la
Recherche sur le Cancer (grant No. 5970 to J.-M.R.) and the Span-
ish Grant PPQ2000-1655-C02-02 (to F.G.). G.C. and V.M. were re-
cipients of fellowships from the French Ligue Nationale contre le
Cancer (comités de Haute-Savoie et de l’Indre). F.J.P.V. was recipi-
ent of a fellowship from the Ministerio de Educación y Cultura
(Spain). J.M.P.V. was recipient of a European Community Marie
Curie fellowship (HPMF-CT-2001-01244).

CMLS, Cell. Mol. Life Sci. Vol. 60, 2003 Research Article 533



1 Gottesman M. M. and Pastan I. (1993) Biochemistry of mul-
tidrug resistance mediated by the multidrug transporter. Annu.
Rev. Biochem. 62: 385–427

2 Arceci R. J., Croop J. M., Horwitz S. B. and Housman D. (1988)
The gene encoding multidrug resistance is induced and ex-
pressed at high levels during pregnancy in the secretory epithe-
lium of the uterus. Proc. Natl. Acad. Sci. USA 85: 4350–4354

3 Croop J. M., Raymond M., Haber D., Devault A., Arceci R. J.,
Gros P. et al. (1989) The three mouse multidrug resistance
(mdr) genes are expressed in a tissue-specific manner in nor-
mal mouse tissues. Mol. Cell. Biol. 9: 1346–1350

4 Yang C.-P. H., DePinho S. G., Greenberger L. M., Arceci R. J.
and Horwitz S. B. (1989) Progesterone interacts with P-glyco-
protein in multidrug-resistant cells and in the endometrium of
gravid uterus. J. Biol. Chem. 264: 782–788

5 Cordon-Cardo C., O’Brien J. P., Boccia J., Casals D., Bertino J.
R. and Melamed M. R. (1990) Expression of the multidrug re-
sistance gene product (P-glycoprotein) in human normal and
tumor tissues. J. Histochem. Cytochem. 38: 1277–1287

6 MacFarland A., Abramovich D. R., Awen S. W. and Pearson C.
K. (1994) Stage-specific distribution of P-glycoprotein in first-
trimester and full-term human placenta. Histochem. J. 26: 417–
423

7 Ueda K., Okamura N., Hirai M., Tanigawara Y., Saeki T., Kioka
N. et al. (1992) Human P-glycoprotein transports cortisol, al-
dosterone, and dexamethasone, but not progesterone. J. Biol.
Chem. 267: 24248–24252

8 Wolf D. C. and Horwitz S. B. (1992) P-glycoprotein transports
corticosterone and is photoaffinity-labeled by the steroid. Int. J.
Cancer 52: 141–146

9 Bourgeois  S., Gruol D. J., Newby R. F.  and Rajah F. M. (1993)
Expression of an mdr gene is associated with a new form of re-
sistance to dexamethasone-induced apoptosis. Mol. En-
docrinol. 7: 840–851

10 Qian X. D. and Beck W. T. (1990) Progesterone photoaffinity
labels P-glycoprotein in multidrug-resistant human leukemic
lymphoblasts. J. Biol. Chem. 365: 18753–18736

11 Van Kalken C. K., Broxterman H. J., Pinedo H. M., Feller N.,
Dekker H., Lankelma J. et al. (1993) Cortisol is transported by
the multidrug resistance gene product P-glycoprotein. Br. J.
Cancer 67: 284–289

12 Ichikawa-Haraguchi M., Sumizawa T., Yoshimura A., Furukawa
T., Hiramoto S., Sugita M. et al. (1993) Progesterone and its
metabolites: the potent inhibitors of the transporting activity of
P-glycoprotein in the adrenal gland. Biochim. Biophys. Acta
1158: 201–208

13 Barnes K. M., Dickstein B., Cutler G. B. Jr, Fojo T. and Bates
S. E. (1996) Steroid treatment, accumulation, and antagonism
of P-glycoprotein in multidrug-resistant cells. Biochemistry
35: 4820–4827

14 Fleming G. F., Amato J. M., Agresti M. and Safa A. R. (1992)
Megestrol acetate reverses multidrug resistance and interacts
with P-glycoprotein. Cancer Chemother. Pharmacol. 29: 445–
449

15 Wang L., Yang C. P., Horwitz S. B., Trail P. A. and Casazza A.
M. (1994) Reversal of the human and murine multidrug-resis-
tance phenotype with megestrol acetate. Cancer Chemother.
Pharmacol. 34: 96–102

16 Gruol D. J., Zee M. C., Trotter J. and Bourgeois S. (1994) Re-
versal of multidrug resistance by RU 486. Cancer Res. 54:
3088–3091

17 Lecureur V., Fardel O. and Guillouzo A. (1994) The antiproges-
tatin drug RU486 potentiates doxorubicin cytotoxicity in mul-
tidrug resistant cells through inhibition of P-glycoprotein func-
tion. FEBS Lett. 355: 187–191

18 Leonessa F., Kim J.-H., Ghiorghis A., Kulawiec R. J., Hammer
C., Talrbian A. et al. (2002) C-7 analogues of progesterone as
potent inhibitors of the P-glycoprotein efflux pump. J. Med.
Chem. 45: 390–398

19 Gruol D. J. and Bourgeois S. (1994) Expression of the mdr1 P-
glycoprotein gene: a mechanism of escape from glucocorti-
coid-induced apoptosis. Biochem. Cell. Biol. 72: 561–571

20 Vo Q. D. and Gruol D. J. (1999) Identification of P-glycoprotein
mutations causing a loss of steroid recognition and transport. J.
Biol. Chem. 274: 20318–20327

21 Dayan G., Jault J.-M., Baubichon-Cortay H., Baggetto L. G.,
Renoir J. M., Baulieu E. E. et al. (1997) Binding of steroid
modulators to recombinant cytosolic domain from mouse P-
glycoprotein in close proximity to the ATP site. Biochemistry
36: 15208–15215

22 Conseil G., Baubichon-Cortay H., Dayan G., Jault J.-M., Bar-
ron D. and Di Pietro A. (1998) Flavonoids: a class of modula-
tors with bifunctional interactions at vicinal ATP- and steroid-
binding sites on mouse P-glycoprotein. Proc. Natl. Acad. Sci.
USA 95: 9831–9836

23 Pérez-Victoria J. M., Chiquero M. J., Conseil G., Dayan G., Di
Pietro A., Barron D. et al. (1999) Correlation between the affin-
ity of flavonoids binding to the cytosolic site of Leishmania
tropica multidrug transporter and their efficiency to revert par-
asite resistance to daunomycin. Biochemistry 38: 1736–1743

24 Kirk J., Syed S. K., Harris A. L., Jarman M., Roufogalis B. D.,
Stratford I. J. et al. (1994) Reversal of P-glycoprotein-mediated
multidrug resistance by pure anti-oestrogens and novel tamox-
ifen derivatives. Biochem. Pharmacol. 48: 277–285

25 Berman E., McBride M., Lin S., Menedez-Botet C. and Tong
W. (1995) Phase I trial of high-dose tamoxifen as a modulator
of drug resistance in combination with daunorubicin in patients
with relapsed or refractory acute leukemia. Leukemia 9: 1631–
1637

26 De Vincenzo R., Scambia G., Benedetti Panici P., Fattorossi A.,
Bonanno G., Ferlini C. et al. (1996) Modulatory effect of ta-
moxifen and ICI182,780 on adriamycin resistance in MCF-7
human breast-cancer cells. Int. J. Cancer 68: 340–348

27 Braybrooke J. P., Vallis K. A., Houlbrook S., Rockett H., Anttila
M., Ganesan T. S. et al. (2000) Evaluation of toremifene for re-
versal of multidrug resistance in renal cell cancer patients
treated with vinblastine. Cancer Chemother. Pharmacol. 46:
27– 34

28 Hu X. F., Nadalin G., De Luise M., Martin T. J., Wakeling A.,
Huggins R. et al. (1991) Circumvention of doxorubicin resis-
tance in multi-drug resistant human leukemia and lung cancer
cells by the pure antestrogen ICI164384. Eur. J. Cancer 27:
773–777

29 Wakeling A. E., Dukes M. and Bowler J. (1991) A potent spe-
cific pure antiestrogen with clinical potential. Cancer Res. 51:
3867–3873

30 Nique F., Velde P. van de, Brémaud J., Hardy M., Hameau M.-
C., Lucas D. et al. (1994) 11 Beta-amidoalkoxyphenyl estradi-
ols, a new series of pure antiestrogens. J. Steroid Biochem. Mol.
Biol. 50: 21–29

31 Cardarelli C. O., Aksentijevich I., Pastan I. and Gottesman M.
M. (1995) Differential effects of P-glycoprotein inhibitors on
NIH3T3 cells transfected with wild-type (G185) or
mutant (V185) multidrug transporters. Cancer Res. 55:
1086–1091

32 Kartner N., Evernden-Porelle D., Bradley G. and Ling V. (1985)
Detection of P-glycoprotein in multidrug-resistant cell lines by
monoclonal antibodies. Nature 316: 820–823

33 Mosmann T. (1983) Rapid colorimetric assay for cellular
growth and survival: application to proliferation and cytotoxic-
ity assays. J. Immunol. Methods 65: 55–63

34 Alley M. C., Scudiero D. A., Monks A., Hursey M. L., Czer-
winski M. J., Fine D. L. (1988) Feasibility of drug screening
with panels of human tumor cell lines using a microculture
tetrazolium assay. Cancer Res. 48: 589–601

35 Di Pietro A., Conseil G., Perez-Victoria J. M., Dayan G., Baubi-
chon-Cortay H., Trompier D. et al. (2002) Modulation by
flavonoids of cell multidrug resistance mediated by P-glyco-

534 F. Javier et al. P-glycoprotein inhibition by non-hormonal steroid



42 Batist G., Tulpule A., Sinha B. K., Myers C. E. and Cowan K.
H. (1986) Overexpression of a novel anionic glutathione trans-
ferase in multidrug-resistant human breast cancer cells. J. Biol.
Chem. 261: 15544–15549

43 Sinha B. K., Mimnaugh E. G., Rajogopalan S. and Myers C. E.
(1989) Adriamycin activation and oxygen free radical forma-
tion in human breast tumor cells: protective role of glutathione
peroxidase in adriamycin resistance. Cancer Res. 49: 3844–
3848 

44 Lam F. C., Liu R., Lu P., Shapiro A. B., Renoir J. M., Sharom F.
J. et al. (2001) Beta-amyloid efflux mediated by p-glycoprotein.
J. Neurochem. 76: 1121–1128

45 Callaghan R. and Higgins C. F. (1995) Interaction of tamoxifen
with the multidrug resistance P-glycoprotein. Br. J. Cancer 71:
294–299

46 Schreiber J. R., Hsueh A. J. and Baulieu E. E. (1983) Binding
of the anti-progestin RU-486 to rat ovary steroid receptors.
Contraception 28: 77–85

47 Beyer B., Terenius L. and Counsell R. E. (1980) Synthesis of
potential antiprogestins II. Steroids 35: 481–488

48 Jozan S., Elalamy H. and Bayard F. (1981) Mechanism of ac-
tion of a triphenylethylene type antiestrogen on growth of the
human breast cancer cell line. MCF-7 in culture. C. R. Acad.
Sci. III 292: 767–770

49 Kangas L., Nieminen A. L. and Cantell K. (1985) Additive and
synergistic effects of a novel antiestrogen, toremifene (Fc-
1157a), and human interferons on estrogen responsive MCF-7
cells in vitro. Med. Biol. 63: 187–190

50 Wakeling A. E. and Bowler J. (1987) Steroidal pure antioestro-
gens. J. Endocrinol. 112: 7–10

CMLS, Cell. Mol. Life Sci. Vol. 60, 2003 Research Article 535

protein and related ABC transporters. Cell. Mol. Life Sci. 59:
307–322

36 Conseil G., Perez-Victoria J. M., Jault J.-M., Gamarro F., Gof-
feau A., Hofmann J. et al. (2001) Protein kinase C effectors
bind to multidrug ABC transporters and inhibit their activity.
Biochemistry 40: 2564–2571

37 Renoir J. M., Mercier-Bodard C., Hoffmann K., Le Bihan S.,
Ning Y. M., Sanchez E. R. et al. (1995) Cyclosporin A potenti-
ates the dexamethasone-induced mouse mammary tumor virus-
chloramphenicol acetyltransferase activity in LMCAT cells: a
possible role for different heat shock protein-binding im-
munophilins in glucocorticosteroid receptor-mediated gene ex-
pression. Proc. Natl. Acad. Sci. USA 92: 4977–4981

38 Marsaud V., Mercier-Bodard C., Fortin D., Le Bihan S. and J.
M. Renoir (1998) Dexamethasone and triamcinolone acetonide
accumulation in mouse fibroblasts is differently modulated by
the immunosuppressants cyclosporin A, FK506, rapamycin and
their analogues, as well as by other P-glycoprotein ligands. J.
Steroid Biochem. Mol. Biol. 66: 11–25

39 Safa A. R., Glover C. J., Sewell J. L., Meyers M. B., Biedler J.
L. and Felsted R. L. (1987) Identification of the multidrug re-
sistance-related membrane glycoprotein as an acceptor for cal-
cium channel blockers. J. Biol. Chem. 262: 7884–7888

40 Gruol D. J. and Bourgeois S. (1997) Chemosensitizing steroids:
glucocorticoid receptor agonists capable of inhibiting P-glyco-
protein function. Cancer Res. 57: 720–727

41 Abraham I., Wolf C. L. and Sampson K. E. (1993) Non-gluco-
corticoid steroid analogues (21-aminosteroids) sensitize mul-
tidrug resistant cells to vinblastine. Cancer Chemother. Phar-
macol. 32: 116–122


