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Abstract

Modulators of P-glycoprotein (P-gp) can enhance or limit the permeability of a number of therapeutic

agents that are considered substrates of this efflux pump protein. Themodulatory effect of amlodipine

(4-dihydropyridine calcium antagonist) on P-gp efflux activity has not been fully elucidated. We have

studied the concentration dependency of its modulatory effect and compared it qualitatively with

tamoxifen (a non-esteroid anti-estrogen). The investigation was conducted on transmembrane efflux

of doxorubicin at a fixed concentration of 5�M across a Caco-2 monolayer in the presence of various

concentrations of amlodipine or tamoxifen. The maximum flux of doxorubicin from basolateral to

apical (ba) occurred at 4.5�M amlodipine and at 0.02�M tamoxifen. At higher concentrations, the

apical to basolateral (ab) flux and the net flux of doxorubicin (ba – ab) declined steadily in a concen-

tration-dependent manner. We analysed the observed net flux data by fitting different mathematical

models to the data. A composite sigmoidal Emax/Imax (stimulatory/inhibitory) model was found to be

the most appropriate to define the system. The observed and calculated parameters supported the

modulatory role of both compounds and clearly indicated that the stimulation and inhibition of

transmembrane efflux occurred simultaneously in the presence of amlodipine or tamoxifen. It was

concluded that amlodipine, similar to tamoxifen, modulated the transporter-dependent transmem-

brane flux of the P-gp substrate in a concentration-dependent manner.

Introduction

P-glycoprotein (P-gp) has been recognized as a major barrier to the permeability of
a number of compounds, known as substrates of this ATP-dependent efflux pump.
Anthracycline antibiotics such as doxorubicin, epirubicin and daunorubicin are well
known examples of P-gp substrates (Mankhetkorn et al 1999; Sonveaux et al 1999;
Marbeuf-Gueye et al 2000).

Modulators of P-gp are compounds that are able to influence the drug efflux
activity of this transmembrane, ATP-dependent efflux pump. Modulation can occur
in terms of stimulation or inhibition of the efflux activity through different mechan-
isms. Modulation can be achieved by direct interaction of the modulator with ligand
binding sites on P-gp (Borchers et al 1995), or the interaction with ATPase domains of
P-gp (Conseil et al 2001). The lipid composition and properties of the plasma mem-
brane surrounding P-gp have been shown to exert profound impact on the ability of
the protein pump to interact with and transport its potential substrates (Sinicrope et al
1992; Romsicki & Sharom 1999), which in turn can change the P-gp-ATPase activity.
Compounds that strongly interact with the plasma membranes and alter the physical
properties of the bilayer, such as fluidity, have a lipid-mediated effect on transport
properties of P-gp substrates across the bilayer membrane (Hendrich & Michalak
2003). Modulation can also be the result of regulation of multidrug resistance gene
expression (Tokura et al 2002).

In-vitro transport studies have identified tamoxifen, a non-esteroid anti-estrogen, as
an inhibitor of P-gp efflux activity (Kayyali et al 1994; Lavie et al 1997). Studies on
reconstituted liposome-integrated P-gp have demonstrated that the effect of tamoxifen
on P-gp-ATPase activity is biphasic and concentration dependent (Rao et al 1994). The



stimulatory phase occurs at low concentrations of tamoxi-
fen and its inhibitory phase takes place at high concentra-
tions. Tamoxifen is known to modify the properties of the
plasma membrane by reducing the membrane fluidity
(Custodio et al 1993a; Hendrich & Michalak 2003), stimu-
lating phosphatidylethanolamine hydrolysis (Kiss 1994),
and inhibiting ethanolamine phosphorylation (Kiss &
Crilly 1995). Thus, the modulation of P-gp by tamoxifen
can be attributed to various and complementary mechan-
isms. The published data concerning the modulatory effect
of tamoxifen are mostly related to its inhibitory effect and
do not address the modes of its modulatory effects on P-gp
efflux activity (Kayyali et al 1994; Wang et al 2000).

Amlodipine, a 1, 4-dihydropyridine calcium antagonist,
is another example of a compound that incorporates itself
into the lipid bilayer (Tulenko et al 2001). The only pub-
lished study with regard to modulatory effect of amlodipine
on P-gp efflux activity has suggested an inhibitory role for
this calcium-channel blocker (Katoh et al 2000). Similar to
tamoxifen, in-vitro studies have identified amlodipine as
an inhibitor of P-gp efflux activity. Similar to tamoxifen,
amlodipine also localizes within the plasma membrane and
changes the organization and thermodynamic properties of
the lipid bilayer (Tulenko et al 2001).

In this study, we have investigated the combined
inhibitory and stimulatory effects of amlodipine in com-
parison with tamoxifen on P-gp efflux activity of doxoru-
bicin, with the intention of determining the concentration
dependency of their modulatory effects, and predicting the
effect by a modulator-substrate net efflux relationship.

Materials and Methods

Materials

Doxorubicin was provided by Pharmacia Upjohn
(Albuquerque, NM). Amlodipine was provided by Pfizer
(Sandwich, UK). Tamoxifen (citrate salt) was obtained
from Sigma Chemical Co. (St Louis, MO). All other
chemicals used were obtained commercially and were of
reagent grade.

Cell culture and transcellular transport

Caco-2 (human adenocarcinoma) cells were obtained from
ATCC (HTB37, Rockville, MD). The cells were main-
tained in complete medium consisting of high glucose-
Dulbecco’s modification of Eagle’s medium (DMEM) sup-
plemented with 1% (v/v) non-essential amino acids, 2mM

glutamine, 100 IUmL�1 penicillin, 100�gmL�1 streptomy-
cin (Mediatech Inc., Herndon, VA), and 10% heat-inacti-
vated foetal bovine serum (FBS) (Biofluids, Rockville,
MD), in a 5% CO2/95% air atmosphere. The cells were
treated with 0.25% (w/v) trypsin–0.03% (w/v) EDTA fol-
lowed by incubation with trypsin solution (2.0mL/50 cm2

flask) at 37�C for 5–10min. The dispersion of the cell layer
was verified by observation under an inverted microscope.
At the end of the incubation period, 8.0mL of the complete
medium was added to each flask, and cells were aspirated.

Cell suspension (3mL) and 6.0mL fresh complete medium
were added to a new flask and incubated at 37�C for
5–10min.

The transcellular transport studies were conducted on
confluent Caco-2 monolayers grown on polycarbonate
membranes of cell culture inserts, Transwell (Costar,
Cambridge, MA). The complete medium lacking antibio-
tics and FBS, designated as incomplete medium, was used
for the transport studies. Caco-2 cell suspensions were
seeded at a density of 1� 105 cells cm�2 onto 12mm-diam-
eter polycarbonate membranes (0.4-�m pore size, 1 cm2

growth area) of Transwell assembly. The upper and lower
compartments of each Transwell contained 0.5 and 1.5mL
fresh medium, respectively, and was refreshed every four
days. The monolayers were used for permeability studies
27 days after seeding. Triplicate monolayers were used per
determination. Stock solutions of doxorubicin (5mM),
tamoxifen (5mM), and amlodipine (10mM) were diluted
with incomplete medium to obtain the desired concentra-
tions. The media in both compartments of the Transwells
were replaced with fresh blank incomplete medium 3h
before the start of the experiments. The efflux of doxoru-
bicin at a concentration of 5�M was assessed across the
monolayers in the presence of various concentrations of
tamoxifen (0, 0.02, 0.2, 0.8 and 1.6�M) or amlodipine
(0, 1.0, 3.0, 4.5, 6.0, 9.0 and 20�M). The donor compart-
ments contained 650�L doxorubicin solution and a con-
centration of amlodipine or tamoxifen. The receiver
compartment had only 650�L doxorubicin-free medium
containing the corresponding concentration of amlodipine
or tamoxifen. The Transwells were incubated at 37�C and
the media in the receiver compartment was collected after
96h. The viability of cells was monitored daily during the
incubation. No cell death or sign of toxicity was observed.

Doxorubicin concentration in each sample was deter-
mined using HPLC (Andersen et al 1993). The chromato-
graphic system comprised a Waters 6000A HPLC pump
coupled to a Gilson fluorometer set at lex 480 nm and lem
540 nm, and chromatograms were integrated on a Waters
Data Module. Separation was performed on a Nova Pak
C-18 cartridge column (3.9� 50mm, particle size 4�m) in
conjunction with a Radial Compression Module unit and
a C-18 Nova Pak guard column (Waters, Milford, MA).
The mobile phase contained a 0.28M sodium formate
buffer (pH 3.51 at room temperature), acetone, and iso-
propanol (72.5:25:2.5, respectively). The final pH of the
solution was 4.0 at room temperature.

Statistical analysis

The transcellular transport data are reported as
mean� s.d. (n¼ 3). A two-way analysis of variance was
used to evaluate the effect of the modulator concentra-
tions on the unidirectional fluxes of doxorubicin across
the Caco-2 monolayers (ab and ba), followed by post-hoc
comparisons of the means of individual groups using
Tukey’s Honestly Significant Difference test (ezANOVA
version 0.97, Columbia, SC). Effect of the modulator
concentrations on the net flux of the substrate, and the
ratio of fluxes (ba/ab) were evaluated using a one-way
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analysis of variance, followed by the post-hoc compari-
sons as described above. Statistical significance was
accepted at P<0.05 for all tests.

The parameters of the model are expressed as mean�
s.e. (n¼ 3). The differences in values of the parameters
between tamoxifen and amlodipine treatments were ana-
lysed using an unpaired t-test (Microsoft Exel 97 SR-2,
Microsoft Corporation, Redmond, WA).

Data modelling

The relationship between the concentration range of each
modulator and efflux of doxorubicin across Caco-2
monolayers were analysed based on a composite sigmoi-
dal Emax/Imax effect model (Lundstrom et al 1992). To
apply the model, we assumed two mechanisms for doxoru-
bicin flux across the monolayer, the bidirectional passive
diffusion (a first-order reaction) and the unidirectional
efflux via P-gp from basolateral-to-apical direction
(a saturable process). The flux of doxorubicin from
apical-to-basolateral (Jab), and from basolateral-to-apical
(Jba) directions could be described by equations 1 and 2,
respectively:

Jab¼ (Kdiff [doxorubicin]� Jmax [doxorubicin])/
(Kmþ [doxorubicin]) (1)

Jba¼ (Kdiff [doxorubicin]þ Jmax [doxorubicin])/
(Kmþ [doxorubicin]) (2)

Where Jmax is the maximum saturable flux through P-gp,
Km is the corresponding Michaelis–Menten constant, and
[doxorubicin] is the initial concentration in the donor
compartment.

We identified the net flux of doxorubicin across the
monolayer (Jnet) as the effect or in-vitro pharmacological
response (equations 3 and 4).

Jnet¼ Jba� Jab (3)

Jnet¼ 2Jmax [doxorubicin]/(Km þ [doxorubicin]) (4)

A composite Emax/Imax sigmoidal model involving one
stimulatory and two distinct inhibitory effects achieved the
best fit to the data. The model was found the most suitable
to describe the relationship between the net flux and con-
centration of the amlodipine or tamoxifen (equation 5):

E ¼ E0 þ
EmaxC

n

ECn
50 þ Cn

� Imax1C
n1

ICn1
501

þ Cn1
� Imax2C

n2

ICn2
502

þ Cn2
ð5Þ

Where C is the concentration of modulator (tamoxifen or
amlodipine), E is the observed effect (Jnet) at concen-
tration C, E0 is the net flux (Jnet) in the absence of
the modulator, Emax is the maximum modulator-induced
stimulatory effect, Imax is the maximum modulator-
induced inhibitory effect, and n, n1 and n2 are the expo-
nents of the sigmoidal curve, which account for the cur-
vature around the corresponding concentration at 50% of
maximum response. The model was fitted to the observed
data by using WinNonlin (Pharsight Corp., Mountain
View, CA). This model took into account the observed
net flux of doxorubicin across Caco-2 cell monolayer as a

combination of one stimulatory and two inhibitory effects
at the low and high concentrations of tamoxifen or
amlodipine, respectively.

Results

The apical-to-basolateral (ab) or basolateral-to-apical (ba)
fluxes of doxorubicin across cultured Caco-2 monolayers in
the presence of various concentrations of tamoxifen are
shown in Figure 1. The ba flux of doxorubicin was statis-
tically greater than the ab flux at each given concentration
of tamoxifen, with the exception of 1.6�M. Comparison of
the ab flux of doxorubicin in the absence and presence of
0.02�M tamoxifen showed a significant increase in the uni-
directional flux of doxorubicin in presence of tamoxifen.
Similar comparisons revealed a significant reduction in the
ab flux in 0.8�M tamoxifen, while no significant difference
was observed for 0.2 or 1.6�M tamoxifen. The ba flux of
doxorubicin was significantly increased in 0.02�M tamoxi-
fen, significantly decreased in 1.6�M of the modulator, and
showed no significant difference in 0.2 or 0.8�M tamoxifen
with respect to control (0�M tamoxifen).

Tamoxifen at 0.02 and 0.8�M increased the ratio of the
unidirectional fluxes, designated as ba/ab, compared with
the control (Figure 2). Tamoxifen at 1.6�M reduced the
ratio significantly, but had no significant effect on the
ratio at 0.8�M.

Effect of tamoxifen concentration on the net flux of
doxorubicin, occurring in the ba direction, is shown in
Figure 3 (solid circles). Tamoxifen significantly increased
the net flux of doxorubicin at 0.02�M, reduced it at
1.6�M, and showed no significant effect on the net flux
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Figure 1 Comparison of the effect of various concentrations of

tamoxifen on the apical-to-basolateral (ab) and basolateral-to-apical

transport (ba) flux of doxorubicin across Caco-2 monolayers.

*P<0.05 compared with the corresponding ab flux, yP<0.05

compared with the ab flux of the control, zP<0.05 compared with

the ba flux of the control.
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at 0.2 and 0.8�M. Figure 3 also depicts the predicted net
flux vs tamoxifen concentration data (solid line), esti-
mated by fitting the composite Emax/Imax model described
in the Materials and Methods section (eqn 5) to the
observed data. The parameters obtained from the analysis
of the data are summarized in Table 1. The model pre-
dicted an increase in the net flux with respect to control
(0�M tamoxifen) with an EC50 (the concentration which
produces 50% of the maximum possible response)
estimated as 0.0036�M, followed by two phases of reduc-
tion in the net flux of doxorubicin with IC50 values

(the concentration required for 50% inhibition) of 0.009
and 1.43�M.

Figure 4 illustrates the effect of amlodipine concentra-
tion on the unidirectional fluxes of doxorubicin in either
the ab or ba direction across cultured Caco-2 monolayers.
As it was reported for tamoxifen, ba fluxes were signifi-
cantly greater than the ab at all given amlodipine concen-
trations. Figure 5 depicts the ratio of fluxes estimated
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Figure 2 Comparison of the effect of various concentrations of

tamoxifen on the ratio of fluxes (ba/ab) of doxorubicin across

Caco-2 monolayers. *P<0.05 compared with control.
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Figure 3 Concentration-dependent modulation of the net flux of

doxorubicin by tamoxifen across Caco-2 monolayers, the predicted

curve represents the fitted line obtained according to equation 5

(composite Emax/Imax model). *P<0.05 compared with control.

Table 1 Model parameters of the effect of amlodipine, and

tamoxifen on doxorubicin net efflux according to equation 5 (composite

Emax/Imax model)

Parameters Tamoxifen Amlodipine

Emax (nM cm�2 h�1) 27.77� 3.94 55.11� 5.07*

EC50 (�M) 0.0036� 0.0004 4.64� 0.24*

Imax1 (nM cm�2 h�1) 24.37� 2.05 35.46� 2.98*

IC501 (�M) 0.009� 0.001 5.07� 0.50*

Imax2 (nM cm�2 h�1) 9.35� 1.73 27.39� 5.06*

IC502 (�M) 1.43� 0.19 13.48� 1.78*

E0 (nM cm�2 h�1) 5.40� 0.73 6.02� 0.57

The parameters were estimated according to equation 5. The values

represent mean� s.e. Emax is the maximum modulator-induced

stimulatory effect, Imax is the maximum modulator-induced

inhibitory effect, E0¼ Jnet in the absence of the modulator. The

model predicts an increase in the net flux with respect to that of the

control (0�M amlodipine) with an EC50 estimated as 4.64�M,

followed by two phases of reduction in the net flux of doxorubicin

with IC50 values of 5.07 and 13.48�M. *P<0.05 compared with

tamoxifen parameter.
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Figure 4 Comparison of the effect of various concentrations of

amlodipine on the apical-to-basolateral (ab) and basolateral-to-

apical transport (ba) of doxorubicin across Caco-2 monolayers.

*P<0.05 compared with the corresponding ab flux, yP<0.05

compared with the ab flux of the control, zP<0.05 compared with

the ba flux of the control.

988 Ramin Darvari and Mehdi Boroujerdi



from ba/ab at various amlodipine concentrations.
Statistical analysis of the data revealed significant increase
of this parameter in 3, 9 and 20�M amlodipine concentra-
tions compared with control.

Effect of amlodipine on the net flux of doxorubicin,
also occurring in the ba direction, is shown in Figure 6
(solid circles). The net flux was significantly increased at
amlodipine concentrations ranging from 3 to 20�M, and
remained unaffected at 1�M amlodipine with respect to its
absence. The solid line in Figure 6 represents the predicted
net flux of doxorubicin vs amlodipine concentration data,

estimated by using the composite Emax/Imax model (eqn 5).
The estimated parameters from analysis of the data are
summarized in Table 1. The model predicted an increase
in the net flux with respect to control (0�M amlodipine)
with an EC50 estimated as 4.64�M, followed by two
phases of reduction in the net flux of doxorubicin with
IC50 values of 5.07 and 13.48�M.

Statistical comparison of the model parameters
reported for tamoxifen and amlodipine (Table 1) revealed
a significant difference between all the parameters, with
the exception of the modulator independent parameter E0.

Discussion

Since the discovery of P-gp, many studies have been con-
ducted to identify and classify the substrates as well as
modulators of this transmembrane xenobiotic-efflux
pump (Juliano & Ling 1976). Compounds with modula-
tory effects on ATPase activity of P-gp have been classi-
fied into three groups: those with stimulatory effect on
P-gp ATPase activity at low concentrations and inhibitory
effect at high concentrations (class I), those with only
stimulatory effect (class II), and those with only inhibitory
effect (class III). Tamoxifen has been identified as a class I
modulator, as well as a substrate that is poorly trans-
ported by P-gp (Rao et al 1994).

The data obtained from doxorubicin flux across Caco-
2 monolayers were analysed at three levels, namely the
unidirectional fluxes of doxorubicin (ab and ba), ratio of
the unidirectional fluxes (ba/ab), and the net flux (ba – ab).
This was to elucidate the concentration-dependent mode
of modulatory effect of tamoxifen and amlodipine.

In general, the ba fluxes were found to be greater than
the corresponding fluxes from the ab direction (Figures 1
and 4). This observation confirmed that a transport pro-
cess other than passive diffusion was involved in ba fluxes.
We attributed the difference to the efflux activity of P-gp
in Caco-2 cells. This was because the cell monolayers had
been reported as an in-vitro model for drug transport
studies due to their polarized efflux property (Augustijns
et al 1993; Deferme et al 2002; Pfrunder et al 2003), and
this efflux activity was mainly attributed to the presence of
P-gp in the apical membrane (Stephens et al 2001).

Under the conditions of this study, no distinct pattern
emerged as to the effect of tamoxifen on the ab flux of
doxorubicin. The effect was either none (0.2 and 1.6�M)
or small (0.02 and 0.8�M). For amlodipine, the same effect
showed no significance over the range 1–6�M, but there
was a considerable reduction of the ab flux at 9 and 20�M.
Such an effect could be attributed to its membrane
modulating properties through its localization within the
plasma membrane (Mason et al 1999), especially in terms
of membrane permeability.

The ba/ab value provided information regarding the
extent of ba flux with respect to the corresponding ab
flux of the substrate. Although useful in identifying the
impact of the modulators of the transport mechanism, it
lacked the ability of identifying the mode of modulation.
A comparative analysis of the fluxes ratio with the
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magnitude of the ab fluxes in conjunction with that of the
control revealed the impact of the modulators on the
membrane-dependent transport. Analysis of the ba/ab
data for tamoxifen suggested a stimulatory effect at
0.02�M, a net inhibitory effect at 1.6�M, and no apparent
effect at 0.2 and 0.8�M of the modulator, with no appar-
ent impact on the membrane-dependent transport.
However, the same method of analysis suggested a stimu-
latory effect for amlodipine with no net inhibitory effect
on the transporter-dependent transport, and a significant
impact on reduction of the membrane-dependent trans-
port at 9 and 20�M.

Comparison of the net flux of doxorubicin across
Caco-2 monolayers in the presence of various tamoxifen
concentrations over the range 0.02–1.6�M with those
obtained in the absence of tamoxifen (Figure 3) suggested
a peak stimulatory effect on the efflux activity of P-gp at
0.02�M tamoxifen. Such stimulatory mode was followed
by reduction in the net flux of doxorubicin as the tamoxi-
fen concentration increased, with a net inhibitory effect at
1.6�M. The results demonstrated clearly a dual modula-
tory mode for tamoxifen with respect to P-gp efflux activ-
ity. This conclusion was consistent with published data
concerning the effect of tamoxifen on ATPase activity of
P-gp (Rao et al 1994).

It was interesting to observe that the mathematical
relationship best fitted to the data (Figure 3) contained
one stimulatory component with EC50¼ 3.6� 0.4 nM and
two inhibitory components with IC501¼ 9.0� 1.0 nM, and
IC502¼ 1.4� 0.19�M (Table 1). This suggested two dis-
tinct inhibitory modes for tamoxifen with respect to its
effect on the efflux of doxorubicin. The comparison of
EC50 and IC501 revealed that the stimulation was more
likely to occur simultaneously with the inhibition at low
concentrations of tamoxifen. Depending upon the concen-
tration of the drug, the overall outcome of simultaneous
stimulation and inhibition could manifest itself as stimu-
lation, no effect or inhibition. The significant difference
between IC50 of the two inhibitory components might
correspond to the two distinct inhibitory processes.
Considering the calculated EC50 and IC50 values, tam-
oxifen was found to be a potent modulator of P-gp.
Tamoxifen is known to be a substrate of the CYP3A
family, and some members of this family such as
CYP3A4 exist in Caco-2 cells (Benet & Cummins 2001).
Thus, the potency of tamoxifen might be in part due to the
co-existence of its active metabolite 4-hydroxy tamoxifen,
which is formed during the experiment. This metabolite of
tamoxifen is known to incorporate itself in the membrane
(Custodio et al 1993b), and is considered a class I P-gp
modulator (Rao et al 1994).

The effect of various concentrations of amlodipine on
the net flux of doxorubicin across Caco-2 monolayers
(Figure 6) indicated that amlodipine had no effect on the
transport of doxorubicin at concentrations below 3�M.
However, at approximately 4.5�M, a peak representing
the stimulatory effect on the efflux activity of P-gp was
observed, which declined at higher concentrations repre-
senting the reduction in the net flux. This observation was
consistent with published data reporting the inhibitory

effect of amlodipine at concentrations higher than the
concentration range in this study (Katoh et al 2000).

A composite Emax/Imax model with one stimulatory
(EC50¼ 4.64� 0.24�M) and two inhibitory components
(IC501¼ 5.07� 0.50�M, IC502¼ 13.48� 1.78�M)was best
fitted to the data, within the selected amlodipine concen-
tration range (Figure 6). Analysis of the net flux of dox-
orubicin and comparison of EC50 with IC501 and IC501
with IC502 suggested both stimulatory and inhibitory
effects of amlodipine on the transmembrane transport of
the P-gp substrate, thus identifying it as a class I modu-
lator. However, the reducing effect of amlodipine on the
ab flux at 9 and 20�M with respect to control (Figure 4)
suggested an additional mechanism for the molecule to
impact the net flux through modification of the mem-
brane-dependent transport. In this regard, the results of
a recent publication have shown amlodipine to have the
ability to inhibit doxorubicin-induced apoptosis in neona-
tal rat cardiomyocytes at 10�M (Yamanaka et al 2003).
Although the study focused on toxicity of doxorubicin in
the presence of amlodipine and attributed the reduction of
toxicity to antioxidant properties of amlodipine, the out-
come coincides with our results with respect to the effect
of amlodipine on doxorubicin transmembrane transport
at 9�M. Comparison of the model parameters estimated
for tamoxifen and amlodipine (Table 1) identified amlo-
dipine as a less potent modulator of P-gp.

Conclusions

The mathematical model presented in this study with the
corresponding parameters (Table 1) would enable one to
predict, isolate and simulate the stimulatory and inhibi-
tory behaviour of amlodipine and tamoxifen. Thus, the
concentration dependency of the modulatory effects of
tamoxifen and amlodipine on P-gp efflux activity can be
predicted and formulated for substrates of P-gp in cell
culture systems. However, interpretation of the results
obtained from the net flux data should be performed in
conjunction with analysis of the unidirectional fluxes to
determine the underlying mechanisms involved in modu-
lation of the transport process. These findings can be
related to clinical applications of co-administration of
substrates and modulators of P-gp, considering the local
drug concentration variations in the target tissues.
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Haas, S., Schödl, A., Conrad, J., Przybylski, M., Boer, R.

990 Ramin Darvari and Mehdi Boroujerdi



(1995) B9209-005, an azido derivative of the chemosensitizer
dexniguldipine-HCl, photolabels P-glycoprotein. Mol. Pharma-
col. 48: 21–29

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

Custodio, J. B., Almeida, L. M., Madeira, V. M. (1993a) The
anticancer drug tamoxifen induces changes in the physical
properties of model and native membranes. Biochim.
Biophys. Acta 1150: 123–129

Custodio, J. B., Almeida, L. M., Madeira, V. M. (1993b) The
active metabolite hydroxytamoxifen of the anticancer drug
tamoxifen induces structural changes in membranes. Biochim.
Biophys. Acta 1153: 308–314

Deferme, S., Van Gelder, J., Augustijns, P. (2002) Inhibitory
effect of fruit extracts on P-glycoprotein-related efflux carriers:
an in-vitro screening. J. Pharm. Pharmacol. 54: 1213–1219

Hendrich, A. B., Michalak, K. (2003) Lipids as a target for drugs
modulating multidrug resistance of cancer cells. Curr. Drug
Targets 4: 23–30

Juliano, R. L., Ling, V. (1976) A surface glycoprotein modulat-
ing drug permeability in Chinese Hamster ovary cell mutants.
Biochim. Biophys. Acta 455: 152–162

Katoh, M., Nakajima, M., Yamazaki, H., Yokoi, T. (2000)
Inhibitory potencies of 1,4-dihydropyridine calcium antago-
nists to P-glycoprotein-mediated transport: comparison with
the effects on CYP3A4. Pharm. Res. 17: 1189–1197

Kayyali, R., Marriott, C., Wiseman, H. (1994) Tamoxifen
decreases drug efflux from liposomes: relevance to its ability
to reverse multidrug resistance in cancer cells? FEBS Lett.
344: 221–224

Kiss, Z. (1994) Tamoxifen stimulates phospholipase D activity
by an estrogen receptor-independent mechanism. FEBS Lett.
355: 173–177

Kiss, Z., Crilly, K. S. (1995) Tamoxifen inhibits uptake and
metabolism of ethanolamine and choline in multidrug-
resistant, but not in drug-sensitive, MCF-7 human breast
carcinoma cells. FEBS Lett. 360: 165–168

Lavie, Y., Cao,H. T., Volner, A., Lucci, A., Han, T.Y., Geffen, V.,
Giuliano, A. E., Cabot, M. C. (1997) Agents that reverse multi-
drug resistance, tamoxifen, verapamil, and cyclosporin A, block
glycosphingolipid metabolism by inhibiting ceramide glycosyla-
tion in human cancer cells. J. Biol. Chem. 272: 1682–1687

Lundstrom, J., Lindgren, J. E., Ahlenius, S., Hillegaart, V. (1992)
Relationship between brain level of 3-(3-hydroxyphenyl)-N-
n-propylpiperidine HCl enantiomers and effect on locomotor
activity in rats. J. Pharmacol. Exp. Ther. 262: 41–46

Mankhetkorn, S., Teodori, E., Garnier-Suillerot, A. (1999)
Partial inhibition of the P-glycoprotein-mediated transport of

anthracyclines in viable resistant K562 cells after irradiation in
the presence of a verapamil analogue. Chem. Biol. Interact.
121: 125–140

Marbeuf-Gueye, C., Salerno, M., Quidu, P., Garnier-Suillerot, A.
(2000) Inhibition of the P-glycoprotein- and multidrug resis-
tance protein-mediated efflux of anthracyclines and calcein-
acetoxymethyl ester by PAK-104P. Eur. J. Pharmacol. 391:
207–216

Mason, R. P., Mak, I. T., Trumbore, M. W., Mason, P .E. (1999)
Antioxidant properties of calcium antagonists related to mem-
brane biophysical interactions. Am. J. Cardiol. 84: 16L–22L

Pfrunder, A., Gutmann, H., Beglinger, C., Drewe, J. (2003) Gene
expression of CYP3A4, ABC-transporters (MDR1 and
MRP1–MRP5) and hPXR in three different human colon
carcinoma cell lines. J. Pharm. Pharmacol. 55: 59–66

Rao, U. S., Fine, R. L., Scarborough, G. A. (1994) Antiestrogens
and steroid hormones: Substrates of the human p-glycopro-
tein. Biomed. Pharmacol. 48: 287–292

Romsicki, Y., Sharom, F. J. (1999) The membrane lipid environ-
ment modulates drug interactions with the P-glycoprotein
multidrug transporter. Biochemistry 38: 6887–6896

Sinicrope, F. A., Dudeja, P. K., Bissonnette, B. M., Safa, A. R.,
Brasitus, T. A. (1992) Modulation of P-glycoprotein-mediated
drug transport by alterations in lipid fluidity of rat liver cana-
licular membrane vesicles. J. Biol. Chem. 267: 24995–25002

Sonveaux, N., Vigano, C., Shapiro, A. B., Ling, V., Ruysschaert,
J. M. (1999) Ligand-mediated tertiary structure changes of
reconstituted P-glycoprotein. A tryptophan fluorescence
quenching analysis. J. Biol. Chem. 274: 17649–17654

Stephens, R. H., O’Neill, C. A., Warhurst, A., Carlson, G. L.,
Rowland, M., Warhurst, G. (2001) Kinetic profiling of
P-glycoprotein-mediated drug efflux in rat and human intesti-
nal epithelia. J. Pharmacol. Exp. Ther. 296: 584–591

Tokura, Y., Shikami, M., Miwa, H., Watarai, M., Sugamura, K.,
Wakabayashi, M., Satoh, A., Imamura, A., Mihara, H.,
Katoh, Y., Kita, K., Nitta, M. (2002) Augmented expression
of P-gp/multi-drug resistance gene by all-trans retinoic acid in
monocytic leukemic cells. Leukemia Res. 26: 29–36

Tulenko, T. N., Sumner, A. E., Chen, M., Huang, Y., Laury-
Kleintop, L., Ferdinand, F. D. (2001) The smooth muscle cell
membrane during atherogenesis: a potential target for amlodi-
pine in atheroprotection. Am. Heart J. 141: S1–S11

Wang, E. J., Casciano, C. N., Clement, R. P., Johnson, W. W.
(2000) In vitro flow cytometry method to quantitatively assess
inhibitors of P-glycoprotein. Drug Metab. Dispos. 28: 522–528

Yamanaka, S., Tatsumi, T., Shiraishi, J., Mano, A., Keira, N.,
Matoba, S., Asayama, J., Fushiki, S., Fliss, H., Nakagawa, M.
(2003) Amlodipine inhibits doxorubicin-induced apoptosis
in neonatal rat cardiac myocytes. J. Am. Coll. Cardiol.
41: 870–878

Modulation of P-gp efflux of doxorubicin by amlodipine 991


