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Purpose. The purpose of this work was to elucidate the asymmetric
effect of P-gp on modulation of absorptive and secretory transport of
compounds across polarized epithelium, to develop experimental pa-
rameters to quantify P-gp-mediated modulation of absorptive and
secretory transport, and to elucidate how P-gp-mediated modulation
of transport is affected by passive diffusion properties, interaction of
the substrate with P-gp, and P-gp expression.
Methods. The permeability of a set of P-gp substrates was determined
in absorptive and secretory directions in Madine–Darby Canine kid-
ney (MDCK), Caco-2, and MDR-MDCK monolayers. The transport
was also determined in the presence of GW918, a non-competitive
P-gp inhibitor, to quantify the permeability without the influence of
P-gp. From these two experimental permeability values in each di-
rection, two new parameters, absorptive quotient (AQ) and the se-
cretory quotient (SQ), were defined to express the functional activity
of P-gp during absorptive and secretory transport, respectively. West-
ern blot analysis was used to quantify P-gp expression in these mono-
layers and in normal human intestinal.
Results. P-gp expression in Caco-2 and MDR-MDCK monolayers
was comparable to that in normal intestine, and much less in MDCK
cells. For all models, the substrates encompassed a wide range of
apparent permeability due to passive diffusion (PPD). The parameters
AQ and SQ, calculated for all compounds, assessed the attenuation in
absorptive and enhancement of secretory transport, respectively, nor-
malized to the permeability due to passive diffusion. Analysis of these
parameters showed that 1) P-gp affected absorptive and secretory
transport differentially and 2) compounds could be stratified into
distinct groups with respect to the modulation of their absorptive and
secretory transport by P-gp. Compounds could be identified whose
absorptive transport was either strongly affected or poorly affected
by changes in P-gp expression. For certain compounds, AQ values
showed parabolic relationship with respect to passive diffusivity, and
for others AQ was unaffected by changes in passive diffusivity.
Conclusions. The relationship between attenuation of absorptive
transport and enhancement of secretory transport of compounds by
P-gp is asymmetric, and different for different sets of compounds.
The relationship between attenuation of absorption by P-gp and pas-
sive diffusivity of compounds, their interaction potential with P-gp,
and levels of P-gp expression is complex; however, compounds can be
classified into sets based on these relationships. A classification sys-
tem that describes the functional activity of P-gp with respect to
modulation of absorptive and secretory transport was developed
from these results.
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INTRODUCTION

Prediction of oral absorption is a complex problem and is
yet to be fully understood. One factor that can add to this
complexity is the apically directed efflux transporter, P-
glycoprotein (P-gp), which attenuates the absorptive and en-
hances the secretory transport of its substrates across intesti-
nal epithelium (1–3). Recently, it has been shown that P-gp
can decrease the oral bioavailability of its substrates by at-
tenuating intestinal absorption and by potentially enhancing
intestinal metabolism of substrates that are subject to first-
pass intestinal metabolism (4–14). For certain substrates, P-
gp-mediated efflux activity has been shown to make intestinal
exsorption (from blood into gut) an efficient route of drug
elimination (15–20). Inter- and intra-patient variability in in-
testinal P-gp expression, possible drug-drug interactions in-
volving co-administered P-gp substrates, inhibitors, and in-
ducers, and the dose-dependent absorption due to saturation
of P-gp can lead to dangerous and unpredictable variability in
the disposition of P-gp substrates (10,21–25).

Given the potential implications of P-gp-mediated efflux
activity for the intestinal disposition of its substrates, it is
critical to identify novel and existing drug compounds for
which this activity will play a significant role in their intestinal
absorption and secretion. Although P-gp-mediated efflux ac-
tivity in the intestine has been extensively studied with in vitro
models, and these models have been successful in identifying
compounds that are subject to P-gp-mediated efflux activity,
the currently used models do not predict how P-gp-mediated
efflux activity affects the intestinal absorption or secretion of
its substrates (11,13,26–29). It was shown in previous studies
that P-gp modulates transport of compounds asymmetrically
during absorptive vs. secretory transport (30,31). For sub-
strates such as the hydrophilic cationic compounds, rhoda-
mine 123 and doxorubicin, this is true because these sub-
strates use entirely different absorptive and secretory trans-
port pathways (30). For substrates that primarily use the
transcellular pathway during absorptive and secretory trans-
port, this is due to differences in apparent Km values in ab-
sorptive vs. secretory direction (31). Indeed, the asymmetric
effect of P-gp on absorptive vs. secretory transport in polar-
ized epithelium is the fundamental reason why the efflux ratio
(a measure of transport polarity; i.e., secretory flux/absorptive
flux) does not accurately quantify how P-gp-mediated efflux
activity alters absorptive or secretory transport across polar-
ized epithelium.

In this study we propose new experimental parameters,
the absorptive quotient (AQ) and the secretory quotient
(SQ), which provide a direct readout of the attenuation of
absorptive transport and enhancement of secretory transport,
respectively, caused by P-gp-mediated efflux in a polarized
epithelium. The theoretical basis and experimental design to
determine these parameters are described in the present
study.
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MATERIALS AND METHODS

Materials

The Caco-2 cell line, Caco-2 cell clone P27.7 (32), was
provided by Mary F. Paine, PhD and Paul B. Watkins, MD,
both of the University of North Carolina at Chapel Hill
(Chapel Hill, NC, USA) and was used from passage 47 to 55.
Madine-Darby canine kidney (MDCK) cells (strain II) were
obtained from American Type Culture Collection (Rockville,
MD, USA) and were used from passage 65 to 75. MDCK cells
(strain II) transfected with human multidrug resistance P-gp
(MDR1) cDNA (MDR-MDCK) were obtained from Piet
Borst, PhD of The Netherlands Cancer Institute (Amster-
dam, The Netherlands) and were used from passage 30 to 40.
Eagle’s minimum essential medium with Earle’s salts and L-
glutamate, and Dulbecco’s modified eagle medium containing
high glucose, L-glutamine, sodium pyruvate (110 mg/L), and
pyridoxine HCl, were obtained from Gibco Laboratories
(Grand Island, NY, USA). Fetal bovine serum, nonessential
amino acids (×100), 0.05% trypsin–EDTA solution, L-
glutamine 200 mM solution (×100), and penicillin–
streptomycin–amphotericin B solution (×100) were obtained
from Gibco Laboratories (Grand Island, NY, USA) or from
Sigma Chemical Co. (St. Louis, MO, USA). Hank’s balanced
salt solution was obtained from Mediatech Inc., Herndon,
VA. N-Hydroxyethylpiperazine-N�-2-ethanesulfonate (1 M),
was obtained from Lineberger Comprehensive Cancer Cen-
ter, the University of North Carolina at Chapel Hill. Tran-
wellsTM (12-mm id, 0.4-�m pore size, polycarbonate mem-
brane) were obtained from Corning Costar (Cambridge, MA,
USA). Acebutolol, colchicine, digoxin, doxorubicin, etopo-
side, D-(+)-glucose, D-mannitol, [14C]-mannitol, methylpred-
nisolone, prednisolone, quinidine, rhodamine 123, taxol, ve-
rapamil, and vinblastine were purchased from Sigma Chemi-
cal Co. (St. Louis, MO, USA). Ranitidine was obtained from
Research Biochemicals International (Natick, MA, USA).
[3H]-Digoxin was obtained from New England Nuclear (Bos-
ton, MA, USA). [3H]-Cyclosporin A was obtained from Am-
ersham Pharmacia Biotech (Piscataway, NJ, USA). [3H]-
Taxol was obtained from Moravek Biochemicals Inc. (Brea,
CA, USA). Cyclosporin A was provided by Moo J. Cho, PhD
of the University of North Carolina at Chapel Hill (Chapel
Hill, NC, USA). Morphine, [3H]-morphine, ritonavir, [3H]-
ritonavir, [3H]-verapamil, and [3H]-vinblastine were provided
by Gary M. Pollack, PhD, of the University of North Carolina
at Chapel Hill (Chapel Hill, NC, USA). Talinolol was pro-
vided by Arzneimittelwerk Dresden GmbH, Radebeul, Ger-
many. GW918 was provided by Kenneth Brouwer, PhD,
GlaxoSmithKline (Research Triangle Park, NC, USA). Sa-
quinavir was provided by Roche Discovery Welwyn, Welwyn
Garden City, Hertfordshire, UK.

Cell Culture

Caco-2 Cells

Caco-2 cells were cultured as described previously
(33,34). Briefly, the cells were cultured at 37°C in minimum
essential medium, supplemented with 10% fetal bovine se-
rum, 0.1 mM nonessential amino acids, 100 U/mL penicillin,
100 �g/mL streptomycin, and 0.25 �g/mL amphotericin B in

an atmosphere of 5% CO2 and 90% relative humidity. The
cells were passaged upon reaching approximately 80-90%
confluence using trypsin-EDTA, and plated at densities of
1:5, 1:10, or 1:20 in 75 cm2 T-flasks. Caco-2 cells were seeded
at a density of 60,000 cells/cm2 on polycarbonate membranes
of TranswellsTM. The culture medium was changed the day
after seeding, and every other day thereafter. Medium was
added to both apical (AP) and basolateral (BL) compart-
ments. Monolayers were used approximately 21 days post-
seeding.

MDCK Cells

MDCK cells were cultured as previously described (35).
Briefly, MDCK cells were cultured using procedures outlined
for Caco-2 cells with the following modifications: (1) the cells
were passaged every other day using trypsin-EDTA, and
plated at a density of 1 × 105 cells per 75-cm2 T-flask, (2) the
cells were seeded at a density of 100,000 cells/cm2 on Trans-
wellsTM, and (3) the cell monolayers were used 5–7 days post-
seeding.

MDR-MDCK Cells

The culturing conditions used for MDR-MDCK cells
were optimized for maximal P-gp functional activity and de-
sirable passive permeability properties. MDR-MDCK cells
were cultured at 37°C in Dulbecco’s modified eagle medium
(high glucose), supplemented with 10% fetal bovine serum,
0.1 mM% nonessential amino acids, 1% L-glutamine, 100
U/mL penicillin, 100 �g/mL streptomycin, and 0.25 �g/mL
amphotericin B in an atmosphere of 5% CO2 and 90% rela-
tive humidity. The cells were passaged every other day using
trypsin-EDTA, and plated at a density of 750,000 cells per
75-cm2 T-flask. MDR-MDCK cells were seeded at a density
of 200,000 cells/cm2 on TranswellsTM. Medium was changed
the day after seeding, and every other day thereafter. Medium
was added to both AP and BL compartments. The cell mono-
layers were used 5 or 6 days postseeding.

Western Blot Analysis of P-gp

P-gp expression levels were quantified for Caco-2,
MDCK, and MDR-MDCK cell monolayers, and for human
intestinal homogenates from the duodenum, jejunum, and il-
eum of a single normal volunteer using a method described by
Paine et al. (25). Human intestinal homogenates from the
samples representing the duodenum, jejunum, and ileum, ob-
tained at 2-, 8-, and 14-foot regions of the gastrointestinal
tract of a healthy 21-year-old female, respectively, were pro-
vided by Mary F. Paine, PhD, of the University of North
Carolina at Chapel Hill (Chapel Hill, NC, USA). For Caco-2,
MDCK, and MDR-MDCK cell monolayers, the polycarbon-
ate membrane of the TranswellTM insert was excised using a
razor blade and the monolayer was lysed in 100 �L of ice-cold
lysis buffer containing 20% glycerol, 0.1 M Tris-HCl, 10 mM
EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride, 1 mM benzamidine, and 1 �g/mL aprotinin (pH 7.4)
for 2 h—this was performed in triplicate to yield three
samples per cell type. Total protein content was quantified
according to Lowry et al. (36), with bovine serum albumin as
the reference standard. All samples were diluted in sample
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buffer consisting of 2% sodium dodecyl sulfate, 5% sucrose,
5% 2-mercaptoethanol, and 50 mM Tris-HCl (pH 6.8) to final
concentration of 15 �g protein/60 �L. Samples (15 �g pro-
tein/well) were separated electrophorectically and then trans-
ferred overnight to a 0.45-�m pore size polyvinylidene dif-
louride membrane. P-gp was detected with a primary rabbit
polyclonal antibody from the laboratory of Erin G. Schuetz,
PhD, of St. Jude’s Children’s Research Hospital (Memphis,
TN, USA) and a Horseradish peroxidase conjugated goat
anti-rabbit IgG/A/M (Zymed Laboratories, San Francisco,
CA, USA) secondary antibody. P-gp was exposed using che-
miluminescence reagents (Amersham Biosciences, Inc; Pis-
cataway, NJ, USA.). The Chemi-Doc imaging system (Bio-
Rad, Hercules, CA, USA) was used to visualize P-gp. Band
intensities were assessed by densitometric analysis performed
using version 4.1 of the Quantity One imaging software (Bio-
Rad), and P-gp expression was quantified by integrated op-
tical density (IOD).

Substrate Transport across Cell Monolayers under Normal
Conditions and in the Presence of GW918

Cell monolayers were incubated in transport buffer
(TBS: Hanks balanced salt solution with 25 mM D-glucose
and 10 mM N-Hydroxyethylpiperazine-N�-2-ethanesulfonate,
pH 7.4) with 1% (v/v) dimethylsulfoxide for 30 min at 37°C
(temperature maintained throughout the experiment). To en-
sure Caco-2 and MDCK cell monolayer integrity, the trans-
epithelial electrical resistance (TEER) was measured using an
EVOM Epithelial Tissue Voltammeter and an Endohm-12
electrode (World Precision Instruments, Sarasota, FL, USA).
Caco-2 and MDCK cell monolayers with TEER values � 300
�·cm2 and � 150 �·cm2, respectively, were used for transport
experiments. Donor solutions consisting of test compound
with 1% (v/v) dimethylsulfoxide in TBS were added to the
donor compartment—for absorptive (AP to BL) transport,
donor is AP compartment, and for secretory (BL to AP)
transport, donor is BL compartment. For cyclosporin A, di-
goxin, mannitol, morphine, ritonavir, taxol, verapamil, and
vinblastine, 0.1 �Ci/ml of the radiolabeled compound was
added to the donor solution. Studies were performed at sub-
saturating concentrations (determined in preliminary experi-
ments and in previous work) (30,31). Transport for each con-
dition was measured in both directions (absorptive and secre-
tory) when flux was linearly related to time (i.e., after the lag
phase if present) under sink conditions (less than 10% of the
initial compound added to the donor compartment at t � 0
min appearing in the acceptor side at the completion of the
experiment). At the completion of all experiments performed
in Caco-2 and MDCK cell monolayers, TEER was measured
to ensure that cell monolayer integrity and viability had not
been adversely affected by the experimental conditions. Data
generated in Caco-2 and MDCK monolayers with final TEER
� 300 �·cm2 and � 150 �·cm2, respectively, were not ac-
cepted. To ensure that MDR-MDCK cell monolayers were
intact, transport of [3H]-mannitol was measured over the ti-
mescale of the experiment in representative monolayers from
the batch of MDR-MDCK monolayers. Data obtained from
batches of MDR-MDCK cells in which mannitol apparent
permeability (Papp) was � 6 × 10−7 cm/sec were not accepted.
The absorptive Papp (Papp,AB) and secretory Papp (Papp,BA;
see Eq. 2) were determined using these experimental conditions.

To determine the transport of substrates without the in-
fluence of P-gp-mediated efflux activity, absorptive and se-
cretory transport was measured as described above in the
presence of 1 �M GW918 (approx. 30-fold greater than the
reported Ki for inhibition of P-gp-mediated efflux activity;
Ref. 37) added to incubation, donor, and acceptor solutions.
The Papp determined in the presence of 1 �M GW918 pro-
vided an estimate of the permeability attributed to the passive
diffusion of the compound (PPD) across cell monolayers. The
Papp of theophylline, a marker for passive transcellular Papp

in polarized epithelium (38), was unaltered in the presence of
1 �M GW918, showing GW918 does not affect passive trans-
cellular Papp. PPD values (in absorptive and secretory direc-
tions) were determined using these experimental conditions.

To determine the absorptive transport of substrates
across MDR-MDCK cell monolayers in the presence of
GW918 (45 or 85 nM), transport was measured as described
above in the presence of GW918 added to incubation, donor,
and acceptor solutions. Using these experimental conditions,
substrate Papp,AB across MDR-MDCK monolayers in the
presence of 45 or 85 nM GW918 was determined.

Sample Analysis

Rhodamine 123 samples were analyzed by measuring
fluorescence with a LS 50B Luminescence Spectrometer (Per-
kin–Elmer, Norwalk, CT, USA) set to excitation wavelength
of 500 nm and emission wavelength of 525 nm. Radiolabeled
cyclosporin A, digoxin, mannitol, ritonavir, taxol, verapamil,
and vinblastine samples were analyzed using liquid scintilla-
tion counting (1600 TR Liquid Scintillation Analyzer, Pack-
ard Instrument Company, Downers Grove, IL, USA).

Acebutolol, colchicine, doxorubicin, etoposide, methyl-
prednisolone, prednisolone, quinidine, ranitidine, saquinavir,
and talinolol samples were analyzed by HPLC (Hewlett Pack-
ard, 1100 series, Wald bronn, Germany), with 100 × 3 mm
Aquasil, 100 × 3 BDS Hypersil, or 100 × 1 mm Kromasil
columns, all with 5 �M stationary phase (Keystone Scientific,
Inc.) and with isocratic elution. Specific high-performance liq-
uid chromatography conditions are as follows. Acebutolol
and talinolol: Aquasil column, mobile phase 80:20 25 mM
phosphate buffer, pH 3.5: acetonitrile, 0.75 mL/min flow rate,
detection at 234 nm, retention time (rt) approx. 2.7 min (ace-
butolol) and approx. 2.2 min (talinolol). Colchicine: Kromasil
column, mobile phase 27.5:72.5 25 mM phosphate buffer, pH
3.5: acetonitrile, 0.25 mL/min flow rate, detection at 244 nm,
and rt approx. 1.8 min. Etoposide: Aquasil column, mobile
phase 35:65 25 mM phosphate buffer, pH 3.5: acetonitrile,
0.75 mL/min flow rate, detection at 284 nm, and rt approx. 1.7
min. Methylprednisolone and prednisolone: BDS Hypersil
column, mobile phase 50:35:15 0.1% H3PO4: acetonitrile:
methanol, 0.75 mL/min flow rate, and detection at 246 nm, rt
approx. 2.9 min (methylprednisolone) and ∼2.8 min (prednis-
olone). Quinidine: BDS column, mobile phase 27.5:72.5 25
mM phosphate buffer, pH 3.5: acetonitrile, 0.75 mL/min flow
rate, detection at 247 nm, rt approx. 2.8 min. Ranitidine:
Aquasil column, mobile phase 75:25 pH 6.0 50 mM phosphate
buffer: methanol, flow rate 1.0 mL/min, detection at 320 nm,
and rt approx. 5.7 min. Saquinavir: BDS Hypersil column,
mobile phase 42.5:57.5 pH 6.5 50 mM phosphate buffer: ace-
tonitrile, flow rate 0.75 mL/min, detection at 238 nm, and rt
approx. 3.2 min.
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Data Analysis

Transport Experiments

Flux was calculated using Eq. (1):

J =
dQ

dt
(1)

where Q is the amount of compound transported over time t
of the experiment. Eq. (2) was used to determine the Papp

from the flux:

Papp =
J

A � CD
(2)

where CD is the initial concentration of the test compound
added to the donor compartment, and A is the surface area of
the porous membrane in cm2.

Statistical Analysis

Statistical analysis for significant differences was per-
formed using the two-tailed Student’s t test and assuming
homoscedacity. The criterion for significant differences in val-
ues was p < 0.05.

Nonlinear Regression Analysis

Nonlinear regression analysis was performed using Win-
Nonlin nonlinear regression analysis software (PharSight
Corporation, Mountain View, CA, USA). Parameter esti-
mates obtained from nonlinear regression analysis were re-
ported ± standard error.

THEORY

Absorptive Quotient (AQ) and Secretory Quotient (SQ)

It has been previously demonstrated (31,39) that Papp,AB

and Papp,BA can be described by Eqs. (3) and (4), respectively:

Papp,AB = PPD,AB − PP-gp,AB (3)

Papp,BA = PPD,BA + PP-gp,BA (4)

where PP-gp is the permeability due to P-gp-mediated efflux
activity (PP-gp,AB for absorptive transport and PP-gp,BA for
secretory transport) and PPD (PPD,AB and PPD,BA) is the Papp

(Eq. 2) determined in the presence of GW918 (1 �M). The
arithmetic difference between the PPD and Papp,AB values
provided an estimate of the contribution of P-gp in attenuat-
ing the permeability of the compounds in the absorptive di-
rection (PP-gp,AB); similarly, the arithmetic difference be-
tween the Papp,BA and PPD values gave an estimate of P-gp’s
contribution in enhancing the permeability of compounds in
the secretory direction (PP-gp,BA). Our evidence and previous
reports show that PP-gp,AB and PP-gp,BA are completely de-
scribed by one-site Michaelis-Menten saturable kinetics for
several structurally diverse P-gp substrates (31,39–43). PP-

gp,AB can be calculated from the experimentally determined
values, Papp,AB and PPD, measured under normal conditions
and in the presence of an inhibitory concentration (concen-
tration that completely abolishes P-gp-mediated efflux activ-
ity) of a P-gp inhibitor (e.g., 1 �M GW918), respectively.
Similarly, PP-gp,BA can be calculated from the experimentally

determined values, Papp,BA and PPD. The specificity of the
inhibitor determines how accurately PP-gp can be calculated;
however, an inhibitor with a broad selectivity for inhibition of
several efflux pumps can provide an estimate of the combined
effect of multiple efflux mechanisms. Importantly, when satu-
rable processes other than P-gp (those not completely inhib-
ited by the concentration of the inhibitor used to determine
PPD) affect transport of the substrate, permeability due to
these saturable processes will be included in the PPD term.
Furthermore, when PPD determined in the absorptive and
secretory directions are significantly different (presumably
due to the presence of additional saturable processes), we
recommend using PPD determined in absorptive direction in
Eq. (3), and PPD determined in secretory direction in Eq. (4).

To quantify and express how P-gp-mediated efflux activ-
ity affects substrate transport across polarized epithelium
(i.e., the functional activity of P-gp), we have proposed two
new parameters, the absorptive quotient (AQ) and the secre-
tory quotient (SQ). AQ and SQ are described by Eqs. (5) and
(6), respectively:

AQ =
PPD − Papp,AB

PPD
=

PP-gp,AB

PPD
(5)

SQ =
Papp,BA − PPD

PPD
=

PP-gp,BA

PPD
(6)

For the same reasons listed for Eqs. (3) and (4), we recom-
mend using PPD determined in absorptive (PPD,AB) or secre-
tory (PPD,BA) direction in Eqs. (5) and (6) when these values
are significantly different from one another. The PP-gp,AB and
PP-gp,BA values, when normalized to PPD values, numerically
express the effect P-gp would have in attenuating absorptive
transport (AQ) or enhancing secretory transport (SQ) of its
substrates, respectively. More specifically, AQ quantifies the
functional activity of P-gp observed during absorptive trans-
port, and SQ quantifies the functional activity of P-gp ob-
served during secretory transport. For example, if an AQ of
0.5 is generated for a compound, this means that P-gp-
mediated efflux activity attenuates the PPD of this compound
during absorptive transport by 50%. Similarly, if an SQ value
of 2.0 is generated for a compound, this means that P-gp-
mediated efflux activity enhances the PPD of this compound
during secretory transport by 2-fold.

Quantifying How Changes in P-gp Expression Affect AQ:
Titration of P-gp-Mediated Efflux Activity with GW918
and Determination of IC50 (AQ)

To directly elucidate how changes in P-gp expression af-
fect the functional activity of P-gp during absorptive trans-
port, an experimental strategy was conceived to simulate P-gp
expression changes while keeping other determinants, such as
substrate PPD and interaction with P-gp, constant; thus avoid-
ing model dependent differences in the determinants of the
functional activity of P-gp. MDR-MDCK monolayers were
used for this approach due to their short culture time and high
expression of MDR1 gene product P-gp—it was expected that
the level of P-gp expression in this cell line would correlate to
the highest P-gp expression that might be observed in vivo.
Changes in P-gp expression affect the Jmax of P-gp-mediated
efflux activity (an activity described by one-site saturable ki-
netics). By using the noncompetitive P-gp inhibitor GW918
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(37,44) it was possible to systematically titrate down (reduce)
Jmax for P-gp-mediated efflux activity, analogous to reducing
P-gp expression.

To assess how the functional activity of P-gp during ab-
sorptive transport (AQ) decreased in response to decreasing
Jmax, we have defined the term IC50 (AQ). This value is the
concentration of the noncompetitive P-gp inhibitor, GW918
that caused a 50% reduction in AQ. The IC50 (AQ) was
calculated from AQ values determined under normal condi-
tions, and in the presence of 45 and 85 nM GW918 in MDR-
MDCK cell monolayers using nonlinear regression analysis
with Eq. (7):

AQ = AQmax � �1 − � �GW918�

�GW918� + IC50 �AQ��� (7)

where AQmax is the AQ determined under normal conditions.

RESULTS

P-gp Expression in Normal Human Intestine and in Caco-2,
MDCK, and MDR-MDCK Cell Monolayers

P-gp expression was quantified by Western blot analysis
to assess the level of P-gp expression in the three cell culture
models of polarized epithelium (Caco-2, MDCK, and MDR-
MDCK cell monolayers) used in these studies with respect to
the P-gp expression in the duodenal, jejunal, and ileal regions
of normal human intestine (Fig. 1). It has been observed that
P-gp expression in the normal human intestine generally in-
creases from duodenum to ileum; however, these regional
differences in expression are slight (25). As expected, P-gp
expression was marginally greater in ileum vs. duodenum.
Interestingly, expression observed for the jejunal sample was
approximately 2-fold greater than that observed for duodenal
or ileal samples. For each cell culture model, P-gp expression
was relatively constant between samples, with ∼15% devia-
tion in expression observed between individual samples per
cell type. P-gp expression in MDCK cell monolayers was very
low, and was much lower than that observed in the human
intestinal samples and in Caco-2 and MDR-MDCK cell
monolayers. Although this finding was expected (45,46),
these results must be interpreted with caution because of the

fact that the primary antibody used to detect P-gp was raised
against a peptide of human P-gp (25), and MDCK cell mono-
layers solely express canine P-gp. Expression observed for
Caco-2 and MDR-MDCK cell monolayers was within the
range of expression observed for the human intestinal
samples. Caco-2 cell monolayer expression was comparable
to expression observed in duodenum and ileum but approx.
2-fold less than that observed in jejunum. MDR-MDCK cell
monolayer expression was intermediate between expression
observed in duodenum and ileum, and expression observed in
jejunum. MDR-MDCK cell monolayer P-gp expression
was slightly greater than that observed for Caco-2 cell mono-
layers.

Absorptive and Secretory Permeability of P-gp Substrates
in Epithelial Cell Culture Models

The apparent permeability values in the absorptive di-
rection, Papp,AB, in Caco-2, MDR-MDCK, and MDCK cell
monolayers for a set of P-gp substrates, containing com-
pounds of wide chemical diversity, are listed in Tables I, II,
and III, respectively. Similarly, the apparent permeability val-
ues in the secretory direction, Papp,BA, in the same cell culture
models are listed in Table IV. The permeability of these com-
pounds was also determined after complete inhibition of P-gp
with the non-competitive inhibitor of P-gp, GW918. These
permeability values were attributed to the transport of the
compounds via the passive diffusion process, and are desig-
nated as PPD. Generally, the PPD values determined in the
absorptive and secretory directions were statistically equal.
The Papp,BA values were greater than Papp,AB values, and for
nearly all substrates (except doxorubicin, morphine, raniti-
dine, and rhodamine 123), Papp,AB values were lower than
the PPD values, consistent with P-gp’s role in attenuating ab-
sorptive transport of its substrates. The PPD values of the
substrates spanned a range of 1.5 to 2 log units in each cell
culture model. Interestingly, PPD values determined in MDR-
MDCK cell monolayers were smaller for all substrates (ex-
cept doxorubicin) than those determined in Caco-2 cell
monolayers.

Fig. 1. Western blot analysis of P-gp expression in human intestine and Caco-2, MDCK, and MDR-MDCK monolayers. For human intestine,
duodenum, jejunum, and ileum samples were taken at 2, 8, and 14 feet along the gastrointestinal tract, respectively. For each lane, 15 �g total
protein was loaded. The western blot analysis was performed as described in Materials and Methods section. P-gp expression was quantified
by integrated optical densitometry (IOD) analysis (n � 1).
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Table I. Papp,AB, PPD, and AQ Values, and Efflux Ratios Generated for P-glycoprotein Sub-
strates in Caco-2 Cell Monolayers

Substrate (�M)
Papp,AB

a

(cm/s) × 106
PPD

b

(cm/s) × 106 AQ Efflux ratioc

Acebutolol (20 �M) 1.52 ± 0.14 6.36 ± 1.81 0.76 ± 0.24 12.1 ± 1.1
Colchicine (25 �M) 1.00 ± 0.24 2.76 ± 0.73 0.64 ± 0.35 16.9 ± 4.0
Cyclosporin A (0.1 �M) 3.02 ± 0.22 6.85 ± 0.16 0.56 ± 0.06 5.7 ± 0.6
Digoxin (10 �M) 2.18 ± 0.10 14.9 ± 1.84 0.85 ± 0.15 20.2 ± 1.0
Doxorubicin (10 �M) 0.57 ± 0.11 0.57 ± 0.28 0.00 ± 0.38 26.5 ± 3.0
Etoposided (25 �M) 1.12 ± 0.11 3.03 ± 0.19 0.63 ± 0.08 12.5 ± 1.5
Methylprednisolone (20 �M) 10.5 ± 0.40 41.9 ± 4.81 0.75 ± 0.16 7.8 ± 0.5
Morphine (1 �M) 16.7 ± 1.30 16.8 ± 0.85 0.01 ± 0.10 1.3 ± 0.1
Prednisolone (20 �M) 25.5 ± 1.46 35.9 ± 1.34 0.21 ± 0.06 3.4 ± 0.2
Quinidine (1 �M) 20.8 ± 0.32 55.9 ± 0.99 0.63 ± 0.06 5.2 ± 0.2
Ranitidine (100 �M) 2.73 ± 0.16 2.84 ± 0.74 0.04 ± 0.22 1.6 ± 0.2
Rhodamine 123 (10 �M) 1.42 ± 0.30 1.73 ± 0.29 0.18 ± 0.22 11.4 ± 2.6
Ritonavir (0.1 �M) 5.57 ± 0.49 9.33 ± 1.80 0.40 ± 0.18 7.3 ± 0.8
Saquinavir (20 �M) 4.74 ± 1.60 18.2 ± 0.28 0.74 ± 0.18 16.9 ± 5.8
Talinolold (20 �M) 6.69 ± 0.15 14.9 ± 0.15 0.55 ± 0.02 4.4 ± 0.1
Taxold (10 �M) 1.77 ± 0.14 17.9 ± 0.59 0.90 ± 0.05 41.9 ± 0.2
Verapamil (0.1 �M) 44.5 ± 3.53 86.3 ± 3.47 0.48 ± 0.07 2.6 ± 0.2
Vinblastine (0.1 �M) 3.07 ± 0.44 17.7 ± 3.11 0.83 ± 0.23 14.1 ± 2.1

a Papp,AB values represent the mean of no less than three determinations ± SD.
b PPD values represent the average of no less than three determinations performed in both

absorptive and secretory directions, respectively, ± SD. PPD values in absorptive and secretory
directions were not significantly different at � � 0.1, except where noted.

c Papp,BA values determined in Caco-2 monolayers shown in Table IV were used to calculate
efflux ratios.

d PPD values determined in absorptive and secretory directions were significantly different
(� < 0.1), and PPD determined in absorptive direction are shown. PPD values are reported as the
mean of no less than three determinations ± SD.

Table II. Papp,AB, PPD, and AQ Values Generated for P-glycoprotein Substrates in MDR-
MDCK Cell Monolayers

Substrate (�M)
Paap,AB

a

(cm/s) × 106
PPD

b

(cm/s) × 106 AQ

Acebutolol (20 �M) 0.56 ± 0.15 3.73 ± 0.23 0.85 ± 0.10
Colchicine (25 �M) 0.64 ± 0.23 1.64 ± 0.26 0.61 ± 0.28
Cyclosporin A (0.1 �M) 0.65 ± 0.17 4.32 ± 0.58 0.85 ± 0.12
Digoxin (10 �M) 1.89 ± 0.13 7.50 ± 0.66 0.75 ± 0.11
Doxorubicin (10 �M) 0.87 ± 0.22 0.82 ± 0.23 0.00 (−0.06 ± 0.32)
Etoposide (25 �M) 0.30 ± 0.09 0.66 ± 0.19 0.54 ± 0.20
Methylprednisolone (20 �M) 6.43 ± 0.25 28.48 ± 4.42 0.77 ± 0.18
Morphine (1 �M) 7.22 ± 0.77 8.62 ± 1.15 0.16 ± 0.15
Prednisolone (20 �M) 14.6 ± 5.50 27.22 ± 1.24 0.46 ± 0.22
Quinidine (1 �M) 10.4 ± 0.97 31.7 ± 0.96 0.67 ± 0.09
Ranitidine (100 �M) 1.18 ± 0.26 1.25 ± 0.06 0.06 ± 0.21
Rhodamine 123 (10 �M) 0.98 ± 0.06 1.16 ± 0.10 0.16 ± 0.10
Ritonavirc (0.1 �M) 1.88 ± 0.12 3.91 ± 0.24 0.52 ± 0.08
Saquinavirc (20 �M) 1.72 ± 0.10 12.6 ± 5.07 0.86 ± 0.53
Talinolol (20 �M) 0.72 ± 0.07 2.69 ± 0.26 0.73 ± 0.18
Taxolc (10 �M) 1.49 ± 0.33 7.33 ± 0.64 0.80 ± 0.12
Verapamil (0.1 �M) 18.0 ± 1.61 35.2 ± 1.34 0.49 ± 0.07
Vinblastinec (0.1 �M) 0.50 ± 0.13 4.34 ± 0.73 0.89 ± 0.23

a Papp,AB values represent the mean of no less than three determinations ± SD.
b PPD values represent the average of no less than three determinations performed in absorptive

and secretory directions, respectively, ± SD. PPD values in absorptive and secretory directions
were not significantly different at � � 0.1, except where noted.

c PPD values determined in absorptive and secretory directions were significantly different (� <
0.1), and PPD determined in absorptive direction are shown. PPD values are reported as the
mean of no less than three determinations ± SD.
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Table IV. Papp,BA and SQ Values Generated for P-glycoprotein Substrates in MDCK, Caco-2, and MDR-MDCK Cell Monolayers

Substrate (�M)

Papp,BA
a (cm/s) × 106 SQb

MDCK Caco-2
MDR-
MDCK MDCK Caco-2

MDR-
MDCK

Acebutolol (20 �M) 7.82 ± 0.83 18.4 ± 0.24 17.2 ± 1.6 1.8 ± 0.37 1.9 ± 0.37 3.6 ± 0.46
Colchicine (25 �M) 5.44 ± 0.17 16.9 ± 0.60 11.9 ± 0.63 3.0 ± 0.73 5.1 ± 1.0 6.3 ± 0.72
Cyclosporin Ac (0.1 �M) 14.9 ± 0.74 17.3 ± 1.1 9.70 ± 1.1 0.69 ± 0.13 1.5 ± 0.26 1.3 ± 0.62
Digoxin (10 �M) 17.1 ± 0.82 44.1 ± 0.85 35.7 ± 1.0 3.9 ± 0.53 2.0 ± 0.15 3.8 ± 0.20
Doxorubicin (10 �M) 4.60 ± 0.13 15.1 ± 0.57 15.5 ± 0.60 3.0 ± 1.4 25.5 ± 7.9 17.8 ± 3.2
Etoposided (25 �M) 4.12 ± 0.29 14.0 ± 0.90 10.4 ± 1.2 1.9 ± 0.31 9.0 ± 2.0 14.9 ± 3.9
Methylprednisolone (20 �M) 35.7 ± 2.0 82.1 ± 4.2 94.3 ± 3.6 1.1 ± 0.15 1.3 ± 0.17 2.3 ± 0.20
Morphine (1 �M) Not Determined 21.7 ± 0.37 14.4 ± 0.13 Not Determined 0.29 ± 0.06 0.67 ± 0.20
Prednisolone (20 �M) 27.0 ± 0.94 86.7 ± 1.6 84.9 ± 1.9 1.5 ± 0.12 1.0 ± 0.09 1.7 ± 0.09
Quinidine (1 �M) 75.4 ± 5.4 109 ± 2.7 156 ± 11.4 0.18 ± 0.16 0.95 ± 0.06 3.9 ± 0.60
Ranitidine (100 �M) Not Determined 4.42 ± 0.36 3.29 ± 0.42 Not Determined 0.56 ± 0.36 1.6 ± 0.55
Rhodamine 123 (10 �M) 7.52 ± 0.28 16.2 ± 1.6 15.3 ± 4.1 3.9 ± 0.90 8.4 ± 2.1 5.8 ± 1.8
Ritonavirc,e (0.1 �M) 25.3 ± 4.5 40.4 ± 2.4 23.6 ± 2.2 0.40 ± 0.27 3.3 ± 0.42 2.7 ± 0.46
Saquinavirc,e (20 �M) 26.0 ± 0.39 80.3 ± 3.2 108 ± 3.4 0.35 ± 0.03 3.4 ± 0.29 5.1 ± 0.53
Talinolold (20 �M) 9.71 ± 0.89 28.5 ± 0.12 22.8 ± 0.63 1.7 ± 0.29 2.5 ± 0.22 7.5 ± 0.56
Taxolc–e (10 �M) 35.7 ± 2.2 74.1 ± 2.1 62.9 ± 2.1 0.88 ± 0.12 1.2 ± 0.08 0.92 ± 0.10
Verapamil (0.1 �M) 55.9 ± 0.54 117 ± 1.2 93.2 ± 2.7 0.14 ± 0.04 0.36 ± 0.05 1.7 ± 0.13
Vinblastinee (0.1 �M) 9.92 ± 0.36 43.2 ± 1.5 35.7 ± 1.7 0.30 ± 0.06 1.4 ± 0.19 2.8 ± 0.30

a Papp,AB values represent the mean of no less than three determinations ± SD.
b SQ values determined for MDCK, Caco-2, and MDR-MDCK monolayers were calculated using PPD values listed in Tables III, I, and II,

respectively (except when noted).
c PPD (n � 3) determined in secretory direction in MDCK monolayers for cyclosporin-A (8.81 ± 0.69), ritonavir (18.10 ± 1.71), saquinavir

(19.30 ± 0.29), and taxol (19.00 ± 0.39) were used to determine respective SQ.
d PPD (n � 3) determined in secretory direction in Caco-2 monolayers for etoposide (1.40 ± 0.30), talinolol (8.51 ± 0.69), and taxol (33.10 ±

1.12) were used to determine respective SQ.
e PPD (n � 3) determined in secretory direction in MDR-MDCK monolayers for ritonavir (6.44 ± 0.70), saquinavir (17.8 ± 1.71), taxol (32.7

± 1.81), and vinblastine (9.44 ± 0.79) were used to determine respective SQ.

Table III. Papp,AB, PPD, and AQ Values Generated for P-Glycoprotein Substrates in MDCK Cell
Monolayers

Substrate (�M)
Papp,AB

a

(cm/s) × 106
PPD

b

(cm/s) × 106 AQ

Acebutolol (20 �M) 1.85 ± 0.27 2.79 ± 0.71 0.34 ± 0.33
Colchicine (25 �M) 1.03 ± 0.29 1.36 ± 0.03 0.24 ± 0.22
Cyclosporin Ac (0.1 �M) 2.62 ± 0.13 3.75 ± 0.25 0.301 ± 0.08
Digoxin (10 �M) 1.63 ± 0.09 3.47 ± 0.14 0.53 ± 0.08
Doxorubicin (10 �M) 1.51 ± 0.55 1.15 ± 0.78 0.00 (−0.32 ± 0.57)
Etoposide (25 �M) 0.96 ± 0.18 1.42 ± 0.15 0.32 ± 0.16
Methylprednisolone (20 �M) 12.2 ± 3.04 17.1 ± 1.56 0.29 ± 0.21
Prednisolone (20 �M) 8.70 ± 0.30 10.8 ± 0.99 0.19 ± 0.11
Quinidine (1 �M) 36.8 ± 6.44 63.8 ± 7.78 0.42 ± 0.15
Rhodamine 123 (10 �M) 1.94 ± 0.29 1.53 ± 0.13 0.00 (−0.27 ± 0.22)
Ritonavirc (0.1 �M) 3.49 ± 0.44 12.0 ± 1.01 0.71 ± 0.11
Saquinavirc (20 �M) 13.7 ± 1.06 28.7 ± 1.41 0.52 ± 0.07
Talinolol (20 �M) 2.79 ± 0.27 3.53 ± 0.06 0.21 ± 0.18
Taxolc (10 �M) 2.05 ± 0.27 5.05 ± 0.88 0.59 ± 0.21
Verapamil (0.1 �M) 28.6 ± 2.30 49.2 ± 2.05 0.42 ± 0.07
Vinblastine (0.1 �M) 1.96 ± 0.20 7.62 ± 0.27 0.74 ± 0.08

a Papp,AB values represent the mean of no less than three determinations ± SD.
b PPD values represent the average of no less than three determinations performed in absorptive

and secretory directions, respectively, ± SD. PPD values in absorptive and secretory directions
were not significantly different at � � 0.1, except were noted.

c PPD values determined in absorptive and secretory directions were significantly different (a <
0.1), and PPD determined in absorptive direction are shown. PPD values are reported as the
mean of no less than three determinations ± SD.
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Parameters to Assess Modulation of Transport by P-gp,
AQ and SQ vs. Efflux Ratio

The parameters to assess attenuation of absorptive trans-
port (AQ) and enhancement of secretory transport (SQ) in
the three cell culture models were derived from the respective
apparent permeability values (Papp,AB and Papp,BA) and the
permeability due to passive diffusion (PPD; Tables I-IV). The
AQ values spanned a wide range, from 0 to 0.9, with a theo-
retical range of 0 to 1. The absorptive transport of doxorubi-
cin, rhodamine 123, morphine, prednisolone, and ranitidine
was not much affected by P-gp-mediated efflux activity in
Caco-2 cells (AQ < 0.2). P-gp attenuated the absorptive trans-
port of the remainder of the substrates (by at least 50%), as
evidenced by their AQ values (0.5 � AQ � 0.9). The behav-
ior of compounds with respect to their AQ values in the
MDR-MDCK cells were similar to that in the Caco-2 cells. In
general, the AQ values were smaller in MDCK cell monolay-
ers than in Caco-2 or MDCK-MDR cell monolayers. This is
consistent with lower expression of P-gp in MDCK cells in
comparison to the other two cell culture systems (45,46).
However, it is interesting to note that absorptive transport of
several compounds was significantly attenuated in MDCK

cells as evidenced by AQ values of greater than 0.5. In all
three cell culture models, the maximal AQ values were ob-
served for moderately permeable substrates (PPD approx.
5-15 × 10−6 cm/s).

Interestingly, the SQ values of the compounds were not
directly related to their AQ values. For example, the mini-
mally permeable doxorubicin and rhodamine 123 showed
very low AQ values but large SQ values in each cell line.
Generally, substrates with lower PPD values (e.g. doxorubicin,
rhodamine 123, etoposide, and colchicine) had the greatest
SQ values in each cell model. SQ values were greater in
Caco-2 and MDR-MDCK vs. MDCK cell monolayers (except
digoxin). Although AQ values observed in Caco-2 and MDR-
MDCK monolayers were nearly identical, increases in SQ
were observed for most substrates in MDR-MDCK vs.
Caco-2 cell monolayers; only SQ values of doxorubicin, rho-
damine 123, taxol, ritonavir and cyclosporin-A were less or
equal in MDR-MDCK vs. Caco-2 cells.

Comparison of AQ values that directly quantified how
P-gp attenuates absorptive transport, with the respective ef-
flux ratios that measured (apically-directed) transport polar-
ity, revealed several discrepancies (Table I). The following
examples highlight where information provided by AQ values
and efflux ratios (with regards to the functional activity of
P-gp during absorptive transport) differs. Although P-gp does
not affect the absorptive transport of rhodamine 123 or doxo-
rubicin, the efflux ratios of these substrates are large. The AQ
values of acebutolol, methylprednisolone, and saquinavir are
nearly equal—showing P-gp equally affects the absorptive
transport of these compounds—but the efflux ratios of these
substrates are very different. Although the efflux ratios of
cyclosporin-A, talinolol, verapamil, and quinidine were
among the lowest observed, the AQ values determined for
these substrates show that P-gp-mediated efflux activity
highly reduces their absorptive transport across Caco-2 cell
monolayers. AQ values and efflux ratios were in reasonable
agreement (with respect to rank order of magnitude) for mor-
phine, ranitidine, prednisolone, and taxol.

Relationship of AQ and SQ to PPD and P-gp Expression

Figure 2 is a representative plot of AQ and SQ vs. PPD

values in Caco-2 cell monolayers (a qualitatively similar pro-
file was observed in MDR-MDCK cells). AQ and SQ are
related to PPD in very different ways. In contrast to AQ, SQ
appeared to decay exponentially as log PPD increased. Sub-
strates such as rhodamine 123 and doxorubicin with low AQ,
but high SQ, and substrates such as morphine, ranitidine, and
prednisolone with low AQ and SQ showed no relationship
between AQ and PPD. Substrates with “high” AQ values (∼ �
0.5) displayed a trend for parabolic relationship with AQ,
although there was some scatter in the data (two outliers);
AQ increased as PPD was increased to a maximal value of
PPD approx. 7 to 20 × 10−6 cm/s, and then decreasing with
further increases in PPD. Whereas cyclosporin-A and ritona-
vir did not strictly obey the parabolic relationship in Caco-2
cells, only ritonavir did not obey the relationship in MDR-
MDCK cells. Furthermore, as P-gp expression was decreased
(from MDR-MDCK to Caco-2 to MDCK), the parabolic re-
lationship became more scattered; thus AQ values of cyclo-
sporin A, colchicine, acebutolol, talinolol, methylpredniso-

Fig. 2. AQ vs. Log PPD,AB (a) and SQ vs. Log PPD,BA (b), determined
in Caco-2 Cell monolayers. �, Substrates with AQ � 0.5 (class I); +,
substrates with AQP-gp < 0.3 and SQ > 2.0 (class II); �, substrates
with AQ < 0.3 and SQ < 2.0 (class III).
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lone, and prednisolone showed no relationship to PPD in
MDCK monolayers.

Although P-gp expression was approximately 1.5-fold
greater in MDR-MDCK vs. Caco-2 monolayers, the AQ val-
ues obtained in these two cell culture models were nearly
identical (exceptions: prednisolone, cyclosporin A, and
talinolol). This finding may suggest that the functional activity
of P-gp that is manifested during absorptive transport is maxi-
mal at an expression level comparable to that observed in
Caco-2 monolayers for most P-gp substrates. As expected,
most AQ values were significantly lower in MDCK cell
monolayers than in Caco-2 or MDR-MDCK cell monolayers
(Tables I–III). Curiously, AQ determined for ritonavir in
MDCK monolayers was greater than that determined in
Caco-2 or MDR-MDCK monolayers. The AQ values of vin-
blastine, etoposide, taxol, verapamil, etoposide, quinidine,
and digoxin in MDCK cell monolayers were very comparable

with those in Caco-2 and MDR-MDCK cell monolayers
(<1.7-fold difference in AQ values in MDCK vs. Caco-2 or
MDR-MDCK cell monolayers), despite the large differences
in P-gp expression observed between these cell models. For
acebutolol, colchicine, cyclosporin-A, methylprednisolone,
prednisolone, and talinolol, AQ values in MDCK monolayers
were 2.5-fold less than those in Caco-2 (except prednisolone)
or MDR-MDCK monolayers. These results suggest that at-
tenuation of absorptive transport for some compounds may
be much less dependent on the level of P-gp expression than
for other compounds. The magnitude of SQ per given PPD

generally increased with increasing protein expression.

Titration of P-gp in MDR-MDCK Cells with GW918: An
Alternative Approach to Investigate the Relationship
between Functional Activity of P-gp and
Absorptive Transport

Performing studies with Caco-2, MDR-MDCK, and
MDCK cell monolayers provided some insight into the rela-
tionship between substrate PPD and the functional activity of
P-gp. However, confounding cell model-dependent differ-
ences made it difficult to elucidate the complex relationship
of P-gp expression, substrate PPD, and interaction of the sub-
strate with P-gp to the functional activity of P-gp. To clearly
elucidate this relationship, an experimental strategy was con-
ceived that simulated P-gp expression changes without alter-
ing substrate PPD or interaction with P-gp. By using the non-
competitive P-gp inhibitor GW918 (37,44) at 45 and 85 nM,
concentrations that reduced MDR-MDCK AQ for digoxin by
approx. 40 and 70%, respectively (preliminary experiments,
and Table V)—it was possible to systematically reduce Jmax
for P-gp-mediated efflux activity, analogous to reducing P-gp
expression.

The absorptive Papp values and AQ values in MDR-
MDCK cells treated with 45 nM and 85 nM GW918 are
shown in Table V. The IC50 (AQ) was determined (see
Theory section) to provide a measure of how substrate AQ
decreased in response to decreases in apparent P-gp expres-

Table VI. IC50 (AQ) Determined in MDR-MDCK Cell Monolayers

Substrate (�M) IC50 (AQ) (nM)a

Vinblastine (0.1 �M) >100
Taxol (10 �M) >100
Verapamil (0.1 �M) >100
Saquinavir (20 �M) >100
Etoposide (25 �M) >100
Quinidine (1 �M) >100
Methylprednisolone (20 �M) 83.4 ± 14.7
Colchicine (25 �M) 83.2 ± 27.2
Digoxin (10 �M) 80.2 ± 28.8
Ritonavir (0.1 �M) 72.9 ± 24.4
Prednisolone (20 �M) 70.0 ± 41.0
Acebutolol (20 �M) 48.5 ± 5.26
Talinolol (20 �M) 35.5 ± 14.7
Cyclosporin A (0.1 �M) 32.0 ± 7.48

a IC50 (AQ) value is the concentration of GW918 that caused a 50%
reduction in AQmax (determined under normal conditions) ± stan-
dard error.

Table V. Papp,AB, and AQ Values for P-glycoprotein Substrates Generated in MDR-MDCK Cell
Monolayers in the Presence of 45 and 85 nM GW918

Substrate (�M)

Paap,AB
a (cm/s) × 106 AQb

+45 nM
GW918

+85 nM
GW918

+45 nM
GW918

+85 nM
GW918

Acebutolol (20 �M) 2.00 ± 0.45 2.63 ± 0.16 0.46 ± 0.14 0.29 ± 0.08
Colchicine (25 �M) 0.92 ± 0.17 1.19 ± 0.14 0.44 ± 0.20 0.27 ± 0.19
Cyclosporin A (0.1 �M) 2.64 ± 0.14 3.51 ± 0.34 0.39 ± 0.15 0.19 ± 0.16
Digoxin (10 �M) 3.47 ± 0.83 5.10 ± 0.84 0.54 ± 0.15 0.32 ± 0.15
Etoposide (25 �M) 0.34 ± 0.11 0.43 ± 0.01 0.48 ± 0.24 0.34 ± 0.16
Methylprednisolone (20 �M) 13.4 ± 0.82 18.3 ± 0.19 0.53 ± 0.18 0.36 ± 0.17
Prednisolone (20 �M) 18.1 ± 4.83 22.8 ± 7.60 0.34 ± 0.18 0.16 ± 0.28
Quinidine (1 �M) 13.3 ± 2.9 18.6 ± 0.93 0.58 ± 0.10 0.41 ± 0.04
Ritonavir (0.1 �M) 2.51 ± 0.52 3.11 ± 0.60 0.36 ± 0.15 0.21 ± 0.17
Saquinavir (20 �M) 3.26 ± 0.66 5.39 ± 0.34 0.74 ± 0.50 0.57 ± 0.46
Talinolol (20 �M) 1.66 ± 0.28 2.28 ± 0.07 0.38 ± 0.15 0.15 ± 0.10
Taxol (10 �M) 2.40 ± 0.26 2.65 ± 0.23 0.67 ± 0.11 0.64 ± 0.11
Verapamil (0.1 �M) 20.0 ± 1.45 23.4 ± 2.33 0.43 ± 0.06 0.33 ± 0.08
Vinblastine (0.1 �M) 0.80 ± 0.15 1.19 ± 0.18 0.82 ± 0.22 0.73 ± 0.21

a Papp,AB values represent the mean of no less than three determinations ± SD.
b AQ values were calculated using MDR-MDCK PPD values shown in Table II.
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sion (Jmax) achieved by addition of GW918 (Table VI). In-
terestingly, the IC50 (AQ) values determined for these sub-
strates could be grouped into two categories. The AQ values
for vinblastine, taxol, etoposide, quinidine, saquinavir, and
verapamil changed very little in the presence of 45 and 85 nM
GW918 (estimated IC50 [AQ] >100 nM), and were designated
as low responders. In contrast, the AQ values of ritonavir,
digoxin, methylprednisolone, prednisolone, and colchicine
(mean IC50 [AQ] � 77.9 ± 6.14 nM) as well as of acebutolol,
talinolol, and cyclosporin A (mean IC50 [AQ] � 38.7 ± 8.69)
decreased rapidly with increasing GW918 concentrations, and
hence were designated as high responders.

DISCUSSION

The presence of the apically directed efflux pump, P-gp,
in the intestinal epithelium can potentially lead to a reduction
in the absorption of its substrates. In cell monolayers used as
models for intestinal epithelium, P-gp causes a polarized
transport of its substrates such that the secretory flux is much
greater than the absorptive flux. Frequently, the magnitude of
the ratio of secretory vs. absorptive flux (efflux ratio) is con-
strued as the potential effect of P-gp on absorption, with an
implicit assumption that the effect of P-gp on absorptive and
secretory transport is symmetric. This study was initiated be-
cause of our recent observation that the effect of P-gp in
attenuating absorptive transport and enhancing secretory
transport is asymmetric (31), and thus efflux ratios do not
always provide a good estimate of the attenuation of intesti-
nal absorption of compounds by P-gp.

AQ and SQ

We propose that the effect of P-gp on absorptive trans-
port alone, without comparison of the effect of P-gp on the
secretory transport, be used to assess the potential effect of
this efflux pump on intestinal absorption. Similarly, only the

effect of P-gp on the secretory transport should be used to
assess the effect of P-gp on intestinal secretion. To accomplish
this, we propose that the absorptive (or secretory) flux be
measured under the normal cell culture condition (with fully
functional P-gp) and after complete inhibition of P-gp with a
selective P-gp inhibitor, such as the non-competitive P-gp in-
hibitor, GW918. The effect of P-gp on the attenuation of
absorptive (and enhancement of secretory) transport can be
quantified from these experimental results, and expressed
conveniently as the novel parameter AQ (and SQ). AQ and
SQ provide unambiguous information on the extent to which
P-gp affects absorptive (using AQ) or secretory (using SQ)
transport of a substrate across polarized epithelium (Tables
I–IV). It is important to recognize that AQ and SQ are not
subject to the influences of other transport processes and dif-
ferences in transport pathways that can confound measures of
apically-directed transport polarity (i.e. efflux ratio) (30,31).
A clear advantage of these parameters is that they quantify
the functional activity of P-gp in a way that clearly shows how
P-gp-mediated efflux activity affects transport across polar-
ized epithelium (e.g., AQ � 0.5 indicates that P-gp attenuates
transport by 50%). Further, AQ and SQ can be determined
individually; so if one wants information on the effect of P-gp
on just absorptive transport, only AQ need to be determined.
Generation of AQ and SQ represents an efficient experimen-
tal approach to 1) positively identify P-gp substrates in polar-
ized epithelium, 2) quantify the functional effect of P-gp on
absorption and secretion, and 3) determine (or approximate)
the passive diffusion component (PPD) of the transport of the
compound.

Determinants of the Functional Activity of P-gp

For a P-gp substrate, PPD (i.e., passive diffusivity) and
parameters that define its interaction with P-gp (i.e., Km and
maximal efflux; Jmax) are critical determinants of the modu-

Table VII. Substrate Classification for Patterns of P-Glycoprotein (P-gp) Functional Activity
Observed Using in Vitro Models of Polarized Epithelium with P-gp Expression Level

Comparable to Normal Human Intestinea

Class subclassb

Ic

IId IIIeHigh responders Low responders

Acebutolol Etoposide Doxorubicin Morphine
Colchicine Quinidine Rhodamine 123 Ranitidine
Cyclosporin A Saquinavir
Digoxin Taxol
Methylprednisolone Verapamil
Prednisolonef Vinblastine
Ritonavir
Talinolol

a Caco-2 and MDR-MDCK cell monolayers have P-gp expression level comparable with normal
human intestine.

b Subclass is based on how AQ changes in response to changes in P-gp expression (Jmax). Criteria
for subclasses are based on IC50 (AQ) for functional activity of P-gp determined in MDR-
MDCK cell monolayers. Those substrates with “low” IC50 (AQ) values <100 nM) were placed
in subclass high responders. Those substrates with “high” IC50 (AQ) values (>100 nM) were
placed in subclass low responders.

c Criteria for Class I is AQ � 0.5.
d Criteria for Class II is AQ < 0.5 and SQ � 2.0.
e Criteria for Class III is AQ < 0.5 and SQ < 2.0.
f Prednisolone is an ambiguous Class I substrate.
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lation of its absorptive and/or secretory transport caused by
P-gp during substrate transport across polarized epithelium
(40,43,47–49). In addition, the level of P-gp expression is also
a critical determinant of the functional activity of P-gp
(40,43,47–49). To assess how changes in these determinants
affect the functional activity of P-gp, substrates from diverse
chemical classes that spanned a wide range of drug PPD across
polarized epithelium were selected (see Table I). It was ex-
pected that the variety in chemical structures would provide
sufficient variability in substrate interactions with P-gp. Fur-
ther, studies were performed with the P-gp substrate set in the
in vitro models of polarized epithelium, Caco-2, MDR-
MDCK, and MDCK cell monolayers, in order to explore how
changes in the level of P-gp expression, in addition to sub-
strate PPD and interaction with P-gp, affect the functional
activity of P-gp during substrate transport across intestinal
epithelium (Tables I–IV). These in vitro models were selected
based on reports of P-gp expression differences observed for
these cell lines (greatest in MDR-MDCK and least in MDCK
monolayers) (45,46). Indeed, our own results agreed with
these reports, and showed that the P-gp expression level was
an order of magnitude lower in MDCK cells than in Caco-2
cells. Interestingly, the level of P-gp expression was only
slightly lower in Caco-2 cells than in MDR-MDCK cells.
Western blot analysis also revealed that the level of P-gp
expression in Caco-2 and MDR-MDCK monolayers is com-
parable to that of the normal human intestine (Fig. 1).

Relative Merits of AQ vs. Efflux Ratio as a Tool To Assess
How P-gp Attenuates Absorption

Table I compares the AQ values and efflux ratios for 18
P-gp substrates, determined in Caco-2 cells. These com-
pounds exhibit a wide range of Papp,AB and PPD values. Out
of these 18 compounds, the efflux ratio is > 40 for 1 com-
pound, between 20–40 for 2 compounds, between 10–20 for
six compounds, between 5–10 for four compounds, and <5 for
five compounds. These values do not reveal how P-gp is af-
fecting the absorptive transport of any of these compounds.
In contrast, the AQ values clearly reveal the percentage by
which P-gp attenuates the absorptive transport of these com-
pounds in the same Caco-2 cell culture model. Thus P-gp
attenuates the absorptive transport of three compounds by
less than 10%, of four compounds by 10 to 50%, and of the
remaining 11 compounds by >50%. Clearly, the AQ values
are much more meaningful in assessing the potential of P-gp
in attenuating absorption of these compounds. It is interesting
to note that for compounds like doxorubicin, the efflux ratio
is >25, and yet the AQ value is 0. Such comparison reveals
that a large efflux ratio may falsely predict a large P-gp effect
on oral absorption of doxorubicin. In contrast, doxorubicin
does exhibit a large value of SQ (Table IV), suggesting that
P-gp contributes very significantly to enhancement of the se-
cretory transport of doxorubicin, thus explaining the large
value of the efflux ratio. Prednisolone and methylpredniso-
lone provide another example of how AQ values are much
more predictive than efflux ratios of P-gp’s role in absorptive
transport. The efflux ratios for prednisolone and methylpred-
nisolone are 3.4 and 7.8, respectively, indicative of modest
effect of P-gp in their absorptive transport. However, the re-
spective AQ values of 0.21 and 0.75 for the two compounds
suggest that absorption of methylprednisolone should be

much more affected by P-gp than that of prednisolone. Inter-
estingly, the in vivo data in rats clearly show that absorption
of methylpredenisolone is attenuated by P-gp, whereas the
absorption of prednisolone is not (9).

Substrate Classification of How P-gp Affects Transport
Using AQ and SQ Values

Based on the values of AQ and SQ obtained in Caco-2
cells and MDR-MDCK cells, both expressing levels of P-gp
within the range found in human intestinal epithelium (Fig.
1), the compounds are classified into three classes (Table
VII). Class I includes substrates whose absorptive transport is
highly attenuated by P-gp-mediated efflux activity. The crite-
rion for �high� attenuation is AQ � 0.5. Class II substrates are
hydrophilic cations, e.g., rhodamine 123 and doxorubicin,
with secretory, but not absorptive, transport highly affected
by P-gp-mediated efflux activity (30). The criterion for “high”
enhancement of secretory transport is SQ � 2.0, and for
“low” attenuation of absorptive transport is AQ < 0.5. The
class II compounds primarily use the paracellular pathway
during absorptive transport (thus, P-gp cannot affect absorp-
tive transport), but use the transcellular pathway during se-
cretory transport, presumably due to carrier-mediated uptake
across the BL membrane (P-gp-mediated efflux activity then
plays a major role in export of the membrane-impermeable
compound across AP membrane). Finally, Class III is com-
posed of compounds that are not highly affected by P-gp-
mediated efflux activity in either transport direction. It was
observed that for the class III substrates, morphine and ran-
itidine, the AQ and SQ values determined in Caco-2 and
MDR-MDCK monolayers were much less than 0.5 and 2.0,
respectively. Classification of only one substrate, predniso-
lone, was ambiguous. In Caco-2 monolayers, this compound
would be a class III substrate; however, in MDR-MDCK
monolayers, prednisolone would be tentatively placed in class
I. The good agreement of substrate classification in Caco-2
and MDR-MDCK monolayers suggests that these two in vitro
models can be used interchangeably to assess the functional
effect of P-gp on drug absorption or secretion.

Relationships of the Functional Activity of P-gp (during
Absorptive Transport) to PPD, Protein Expression, and
Kinetic Parameters of P-gp Substrates

The use of Caco-2, MDR-MDCK, and MDCK cells pro-
vided some insights into the changes in AQ values with gross
changes in expression level of P-gp. However, in order to
examine the interrelationship among the key determinants of
P-gp-mediated attenuation of absorptive transport (AQ), it
was necessary to achieve graded changes in P-gp expression
level while simultaneously keeping interaction of the com-
pound with P-gp and the passive diffusivity properties of each
compound constant. We have accomplished this by titrating
down P-gp-mediated efflux activity with the noncompetitive
P-gp inhibitor GW918 (37,44) to simulate changes in P-gp
expression. Presumably, Jmax (but not Km) for P-gp-mediated
efflux activity is altered by changes in expression, or in the
presence of a non-competitive inhibitor. MDR-MDCK
monolayers were used in this approach due to their short
culture time, and because the data suggest that maximal func-
tional activity of P-gp occurs at a level of P-gp expression
observed in Caco-2 or MDR-MDCK monolayers (Fig. 1 and
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Table II). It is assumed in this experimental approach that
GW918 has no effect on substrate interaction with P-gp (44),
and on substrate PPD across polarized epithelium. To quantify
the changes in functional activity of P-gp toward different
substrates with changes in Jmax, the concentration of GW918
that caused 50% reduction in AQ with respect to the control
value (IC50 [AQ], Table VI) was determined. These values
showed an inverse relationship with reported Kd values
(44,50–53). It was not intended for this IC50 (AQ) to quantify
substrate binding affinity to P-gp; instead, this value was used
as a guide in understanding how changes in Jmax affect the
functional activity of P-gp during the absorptive transport of
the substrate (it is however reasonable, based on Michaelis-
Menten kinetics, that under certain conditions this IC50 (AQ)
could be used a surrogate measure of substrate binding to
P-gp). As expected, the AQ of the 14 class I substrates in-
cluded in this study decreased as P-gp was inhibited with
increasing concentrations of GW918 (decreases in apparent
Jmax). However, the AQ was not equally sensitive to changes
in P-gp activity (apparent Jmax) for all substrates as evidenced
by different IC50 (AQ) values observed (Table VI). In fact,
based on the IC50 (AQ) values, we have classified the com-
pounds as high responders (IC50 [AQ] < 100 nM) and low
responders (IC50 [AQ] > 100 nM) (Table VII).

When AQ values of high and low responders, deter-
mined in MDR-MDCK cells at different apparent Jmax of
P-gp, are plotted against log PPD (Fig. 3), it becomes apparent
that these two groups of compounds also behave differently
to changes in PPD. Regardless of the level of P-gp activity, the
AQ values of low responders exhibit an approximate para-
bolic relationship with log PPD (Fig. 3a), whereas those of the
high responders are generally unaffected by changes in PPD

(Fig. 3b). Fig. 3 graphically demonstrates that for compounds
with wide range of PPD values, the AQ values of low respond-
ers change much less than those of the high responders as the
P-gp activity is altered by inhibition with GW918. This ob-
served parabolic relationship of the functional activity of P-gp
to PPD during absorptive transport of low responders is in
agreement with published reports, which used a kinetic model
to show that substrates with moderate PPD are affected by
P-gp to a greater extent than those with high or low PPD

(27,43). However, what has not been recognized previously is
the fact that for certain groups of compounds (identified here
as high responders), the absorptive transport affected by P-gp
is not primarily dependent on their passive diffusivity (PPD).
Re-evaluation of the AQ values determined for the low re-
sponders in Caco-2 and MDCK monolayers displayed similar
parabolic relationships with log PPD as those observed in
MDR-MDCK monolayers. Although P-gp expression in
Caco-2 and MDR-MDCK monolayers is 9- and 13-fold
greater than that in MDCK monolayers, respectively, the
magnitude of the AQ of the low responders was increased
only slightly to moderately (< 1.7-fold) in Caco-2 or MDR-
MDCK vs. MDCK cell monolayers. Conversely, the AQ val-
ues of the high responders increased in Caco-2 and MDR-
MDCK vs. MDCK monolayers by significantly greater than
2-fold (except ritonavir and prednisolone). The AQ values of
these high responders were independent of PPD in all three
cell culture models that exhibited a wide range of P-gp ex-
pression. These results are entirely consistent with the results
in Fig. 3b, which showed a similar lack of relationship be-
tween AQ and passive diffusivity in MDR-MDCK cells at

three widely varying levels of P-gp activity. Thus, the data
generated in Caco-2, MDCK, and MDR-MDCK monolayers
were in good agreement with data generated using the
GW918 titration method in MDR-MDCK monolayers with
regards to the role of P-gp expression (Jmax) and PPD in de-
fining the functional activity of P-gp during absorptive trans-
port of compounds across polarized epithelium. This leads us
to conclude that the GW918 titration method is a viable ex-
perimental approach to simulate P-gp expression level
changes in polarized epithelium, and that this approach can
be used to determine how P-gp substrates would behave with
respect to different P-gp expression and varying passive dif-
fusivity.

Relationship of the Functional Activity of P-gp (during
Secretory Transport) to PPD and Protein Expression

Finally, the relationship of P-gp expression and substrate
PPD to the functional activity of P-gp during secretory trans-
port was briefly explored. In MDCK, Caco-2, and MDR-
MDCK monolayers, SQ of class I and II substrates (see Table

Fig. 3. AQP-gp Values for class I low responders (a) and high re-
sponders (b) vs. Log PPD. Data are shown for cells titrated to differ-
ent Jmax of P-gp-mediated efflux activity. To achieve this, AQ values
were determined in MDR-MDCK monolayers under normal condi-
tions (black symbols) and in the presence of 45 nM and 85 nM
GW918 (gray and white symbols, respectively) vs. Log PPD.
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IV for SQ values) generally decreases with increasing log PPD

in an exponential fashion (shown for Caco-2 cells in Fig. 2).
Although class II SQ values decreased with increasing PPD,
this finding must be interpreted with caution because of the
limited number of class II substrates included in these studies,
and because these class II substrates are substrates for uptake
carriers located on the BL membrane (30). Interestingly, the
SQ values for all class I substrates appear to be highly depen-
dent on both substrate PPD and P-gp expression level. In each
cell type, SQ decreases sharply with increasing PPD up to PPD

of approx. 5 × 10−6 cm/s, and then gradually with further
increases in PPD (data only plotted for Caco-2 cells, Fig. 2).
Increases in SQ for all class I substrates were observed in
Caco-2 vs. MDCK monolayers (except digoxin), and in
MDR-MDCK vs. Caco-2 monolayers (except taxol and rito-
navir). It is noteworthy that whereas AQ (for class I sub-
strates) is generally maximal at a protein expression level
comparable to that of Caco-2 monolayers, SQ values were not
maximized at the expression levels observed in these studies.

CONCLUSIONS

These observations about the relationship of AQ and SQ
to P-gp expression level and passive diffusivity clearly support
our hypothesis that the effect of P-gp on the absorptive and
secretory transport is asymmetric, perhaps due to 1) different
absorptive and secretory transport mechanisms of certain
compounds and/or 2) different barrier properties (lipid com-
position) of the AP vs. BL membrane in polarized epithelia
(54–58) . Therefore, we strongly recommend that the use of
parameters that only describe the overall polarity of transport
due to P-gp (i.e., efflux ratio) should be avoided to assess the
effect of P-gp on intestinal drug absorption. Instead, we rec-
ommend the use of parameters, such as AQ and SQ, which
can independently quantify the effect of P-gp on absorptive
and secretory transport, respectively. Of course, for those
who are only interested in the effect of P-gp on intestinal
absorption, only AQ needs to be determined. Our analysis of
changes in AQ with changes in passive diffusivity of com-
pounds and P-gp expression level has revealed that the effect
of P-gp on attenuating absorptive transport of compounds is
quite complex. Thus, the previously held belief that P-gp
would be less effective in attenuating absorption of com-
pounds with greater passive diffusion coefficients is not true
for all compounds. Even more refined proposals involving
parabolic relationship between attenuation of transport by
P-gp and passive diffusion permeability are not necessarily
true for all compounds. Similarly, the relationship between
attenuation of transport by P-gp and the level of P-gp expres-
sion is different for different sets of compounds. In addition to
highlighting the complexity of these relationships, we have
developed some experimental approaches to classify com-
pounds based on their absorptive and secretory behavior as
they interact with P-gp (Table VII). Admittedly, the classifi-
cation is based on a rather limited set of compounds, but it
does provide valuable insights on differential absorptive be-
havior of compounds when they interact with P-gp during
transport across polarized epithelia.
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