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Purpose. The purpose of this work was to elucidate transport path-
ways of the P-glycoprotein (P-gp) substrates rhodamine 123 (R123)
and doxorubicin across Caco-2 cells.

Methods. Experiments were designed to identify saturable and non-
saturable transport processes and transport barriers for R123 and
doxorubicin transport across Caco-2 cells. Confocal laser scanning
microscopy (CLSM) imaged R123 transport under normal conditions
and in the presence of the P-gp inhibitor, GW918 (used to abolish
P-gp-mediated efflux activity).

Results. R123 secretory P, (P,,p54) Showed concentration depen-
dence, whereas R123 absorptive P, (P,pp.ap) did not. Inhibition of
P-gp efflux revealed that P-gp-mediated efflux had no effect on R123
or doxorubicin P, o5, but enhanced R123 and doxorubicin P,,, pa-
In calcium-free medium, R123 P, oy increased 15-fold, indicating
intercellular junctions are a barrier to R123 absorption. CLSM of
R123 fluorescence during absorptive transport under normal condi-
tions and in the presence of GW918 was identical, and was limited to
paracellular space, confirming that P-gp is not a barrier to R123
absorption. CLSM revealed that R123 fluorescence during secretory
transport under normal conditions and in the presence of GW918 was
localized intracellularly and in paracellular space. R123 and doxoru-
bicin uptake across Caco-2 cells basolateral membrane was saturable.
Conclusions. R123 absorptive transport occurs primarily by paracel-
lular route, whereas R123 secretory transport involves influx across
BL membrane mediated solely by a saturable process followed by
apically directed efflux via P-gp. Doxorubicin utilizes similar trans-
port pathways to cross Caco-2 cells.

KEY WORDS: P-glycoprotein; rhodamine 123; doxorubicin; intesti-
nal absorption; intestinal secretion.

INTRODUCTION

The multidrug efflux transporter, P-glycoprotein (P-gp),
can play a significant role in the intestinal disposition of its
substrates (1,2). In the intestine, P-gp is located in the apical
(AP) membrane of enterocytes (3,4), where it provides a for-
midable barrier to the entry of foreign compounds, including
drugs (5-7). In some cases, P-gp-mediated efflux activity in
the intestine can reduce the oral absorption of its substrates
by several-fold. Indeed, the oral absorption of drugs, like pro-
tease inhibitors, taxol, and cyclosporin A, drastically increases
in the absence of P-gp-mediated efflux activity as seen in
studies comparing oral absorption of these agents in P-gp-
deficient mice vs. wild-type mice (8-10). In some cases, P-gp
not only attenuated the oral absorption of these compounds
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but also facilitated hepatic and intestinal metabolism (11).
Recently, evidence has also been presented demonstrating
that P-gp-mediated efflux activity acts to make intestinal ex-
sorption an important route of elimination for some P-gp
substrates (10,12-14). The substrate specificity of P-gp is
broad, P-gp-mediated efflux activity is saturable, and P-gp
expression in the intestine can be variable. Consequently, the
potential for nonlinear oral absorption and for drug—drug in-
teractions involving P-gp substrates, inhibitors, and/or induc-
ers certainly exists and has been well documented (1,15).
These important therapeutic concerns make the study of P-
gp-mediated efflux activity in models of polarized epithelium
(especially the intestine) critical. A commonly used method
to gauge the functional activity of P-gp in these models in-
volves measuring the transport of a known P-gp substrate in
the absorptive and secretory transport direction, and then
calculating an efflux ratio (secretory Papp/absorptive Papp).
Large efflux ratios for the control substrate are assumed to be
due to high P-gp-mediated efflux activity in the model.

The cationic hydrophilic P-gp substrate, rhodamine 123
(R123; Ref. 16; Fig. 1), has been used extensively as a probe
substrate to assess the functional activity of P-gp in a variety
of cell lines and assays, including the National Cancer Insti-
tute (NCI) screen for the presence of P-gp (17). In the NCI
screen, compounds that inhibit R123 efflux from preloaded
P-gp-expressing cells are determined to be P-gp substrates or
inhibitors. Several assays in the intestinal epithelium and
Caco-2 cell monolayers have used altered R123 transport as a
marker to quantify changes in P-gp-mediated efflux activity in
response to a wide variety of treatments (18-22). In many of
these studies, a decrease in the efflux ratio of R123 was as-
sumed to be due to inhibition of P-gp-mediated efflux activity
by the treatment (18-21). Despite the widely accepted use of
R123 transport as a marker for P-gp-mediated efflux activity
in intestinal epithelium and Caco-2 cell monolayers, the
mechanism of R123 transport across intestinal epithelium and
Caco-2 cells in the absorptive and secretory directions is un-
known. It is often assumed that R123 absorptive and secre-
tory transport occurs by similar processes, namely via trans-
cellular passive diffusion. Recent reports have shown that
R123 transport in renal cells involves mechanisms other than
passive diffusion and P-gp-mediated efflux. For example, in
addition to P-gp, R123 can be transported by the organic
cation transport system in renal cells (23-25).

In the present study, we have elucidated the mechanism
of R123 transport across Caco-2 cell monolayers, a model for
intestinal epithelium. Our studies show that indeed the
mechanisms underlying absorptive and secretory transport of
R123 across Caco-2 cell monolayers are completely different,
such that P-gp plays no role in altering its absorptive transport
but significantly enhances the secretory transport. Finally, we
show that P-gp has a similar asymmetric effect on the absorp-
tive and secretory transport across Caco-2 cells of the impor-
tant anticancer drug doxorubicin (Fig. 1).

MATERIALS AND METHODS

Materials

The Caco-2 cell line, Caco-2 cell clone P27.7 (26), was
obtained from Mary F. Paine, PhD and Paul B. Watkins, MD
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Fig. 1. Structures of the hydrophilic cationic substrates, rhodamine
123 (a) and doxorubicin (b). Calculated pK, for rhodamine 123 and
doxorubicin are 6.12 + 0.40 (amine) and 9.67 + 0.70 (amine), respec-

tively. Rhodamine 123 and doxorubicin log D values have been de-
termined (at pH 7.4) to be 0.53 (34) and 0.38 (36), respectively.

(the University of North Carolina at Chapel Hill, Chapel Hill,
NC, USA). Eagle’s minimum essential medium with Earle’s
salts and L-glutamate, fetal bovine serum, nonessential amino
acids (x1000), 0.05% trypsin-EDTA solution, and penicillin—
streptomycin—amphotericin B solution (x1000) 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, USA). N-hydroxyethylpiperazine-N’-2-ethanesulfonate
(1 M), was obtained from Lineberger Comprehensive Cancer
Center, the University of North Carolina at Chapel Hill
(Chapel Hill, NC, USA). D-(+)-glucose, doxorubicin, Triton
X-100, and R123 were purchased from Sigma Chemical Co.
The bicinchoninic acid assay kit for total protein determina-
tion was obtained from Pierce Chemical Company (Rock-
ford, IL, USA). Transwells™ were obtained from Corning
Costar (Cambridge, MA, USA). GW918 was provided by
Kenneth Brouwer, PhD (GlaxoSmithKline, Research Tri-
angle Park, NC, USA).

Cell Culture

Caco-2 cells were cultured as described previously
(27,28). Briefly, cells were cultured at 37°C in minimum
essential medium, supplemented with 10% fetal bovine se-
rum, 1% nonessential amino acids, 100 U/mL penicillin,
100 pg/mL streptomycin, and 0.25 pg/mL amphotericin B in
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an atmosphere of 5% CO, and 90% relative humidity. The
cells were passaged (cells were isolated using trypsin—-EDTA)
upon reaching approximately 80-90% confluency and plated
at densities of 1:5, 1:10, or 1:20 in T-flasks. Caco-2 cells (pas-
sage number 47 to 57) were seeded at a density of 60,000
cells/cm? on polycarbonate membranes of Transwells™ (12
mm id, 3.0-pm pore size). Medium was changed the day
after seeding, and every other day thereafter. Medium was
added to apical (AP) and basolateral (BL) compartments.
The cell monolayers were used approximately 21 days post-
seeding.

Transport Experiments

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 (DMSO) for 30 min
at 37°C (temperature maintained throughout the experi-
ment). To check cell monolayer integrity, the transepithelial
electrical resistance (TEER) was measured using an EVOM
Epithelial Tissue Voltammeter and an Endohm-12 electrode
(World Precision Instruments, Sarasota, FL, USA). Caco-2
cells with TEER values = 300 2-cm? were used in the trans-
port experiments. Donor solutions of test compound with 1%
(v/v) DMSO in TBS were added to the donor compartment—
for absorptive (AP to BL) transport, donor is AP compart-
ment, and for secretory (BL to AP) transport, donor is BL
compartment. Test compound flux was measured in both
transport directions following the lag phase (period where
flux was not linear with time because of binding of com-
pound) when flux is linearly related to time, and under sink
conditions (less than 10% of the initial concentration in the
donor compartment appearing in the acceptor side per given
time interval). At the completion of all experiments, TEER
was measured to ensure that cell monolayer integrity and
viability had not been adversely affected by the experimental
conditions. To determine the transport in the absence of P-
gp-mediated efflux activity, flux was measured as described
above in the presence of GW918 (1 wM; a concentration ap-
prox. 30-fold greater than the reported K; of 35 nM; Ref. 29)
added to donor and acceptor solutions.

To determine the relative contribution of transcellular
vs. paracellular transport of R123, the flux of R123 was mea-
sured as described above and under conditions that allowed
free access to the paracellular space by disrupting the tight
junctions (Ca®*/Mg**-free incubation medium; Ref. 28).

Confocal Laser Scanning Microscopy (CLSM) Experiments

Caco-2 cells were incubated with R123 or R123 plus
GW918 (1.0 uM), in TBS with 1% (v/v) DMSO (R123 placed
in the appropriate donor compartment) for 20 min. The cells
were then washed five times with TBS and subsequently
maintained in TBS. The polycarbonate membrane was ex-
cised from the Transwell™ insert using a scalpel and mounted
on a glass slide with a cover slip. Images were captured using
a Zeiss confocal microscope (Carl Zeiss Inc., Gottingen,
Germany) with a 63x objective and a zoom factor of 40.
The image was taken approximately 10 um above the inter-
face of the polycarbonate membrane and the basolateral
membrane.
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Uptake Experiments

Cell monolayers were incubated in TBS with 1% DMSO
and GW918 (1.0 uM), pH 7.4, for 30 min at 37°C (tempera-
ture maintained throughout the experiment). Donor solutions
of test compound with 1% DMSO and GW918 (1.0 pM) in
TBS were added to the BL compartment, and TBS with
GWOI18 (1.0 uM) was added to AP compartment. After in-
cubation for predetermined times (the linear phase of uptake
was between 5 and 10 min for R123, and 5 and 25 min for
doxorubicin, for each concentration) polycarbonate mem-
branes of Transwell™ inserts were excised with a scalpel and
dissolved in 1% Triton X-100 solution for at least 4 h before
analysis (three monolayers per time point and concentration).

Sample Analysis

R123 samples were analyzed by measuring fluorescence
with a LS 50B Luminescence Spectrometer (Perkin Elmer,
Norwalk, CT, USA) set to excitation wavelength of 500 nm
and emission wavelength of 525 nm. Doxorubicin samples
were analyzed by high-performance liquid chromatography
(Hewlett Packard, 1100 series, Wald Bronn, Germany) with a
100 x 3 mm C18 Aquasil column (5 wM; Keystone Scientific,
Inc. Bellefonte, PA, USA), eluted with an isocratic mobile
phase consisting of 65% 25 mM phosphate buffer, pH 3.5, and
35% acetonitrile at a flow rate of 1 mL/min, detection at 480
nm (using UV-Vis detection). Retention time of doxorubicin
was 1.8 min.

Data Analysis

Transport Experiments

Flux was calculated using Eq. (1):
J=— — @

where A is the surface area of the porous membrane in cm?
and Q is the amount of compound transported over time ¢ of
the experiment. Eq. (2) was used to determine the P,,, from
the flux:

J
Papp = (2)
Cp

where Cp, is the initial concentration of the test compound
added to the donor compartment.

Uptake Experiments

The uptake flux (/i axe) Of R123 and doxorubicin across
the BL membrane of Caco-2 cell monolayers was determined
using Eq. (3):

J 40 ! 3

Uptake ™ g¢  mg - protein )
where Q is the amount of compound taken up by the Caco-2
cell monolayer at time points 1 and 2 (for R123, time points
are 5 and 10 min, and for doxorubicin, time points are 5 and
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25 min), normalized to mg protein (determined by bicincho-
ninic acid assay to be 0.48 mg/cm?). Data were analyzed using
WinNonlin nonlinear least-squares regression analysis soft-
ware (PharSight Corporation, Mountain View, CA, USA).
Parameter estimates obtained from nonlinear regression
analysis were reported + standard error.

PK, Calculation

Calculated pK, values were generated for R123 and
doxorubicin using ACD labs pK, database software (Ad-
vanced Chemistry Development, Toronto, Canada).

RESULTS

Absorptive and Secretory Transport of R123 across Caco-2
Cell Monolayers

Over a wide concentration range (5 to 1000 wM) of R123,
secretory P, (P, 5a) Values were >10-fold higher than the
corresponding absorptive P, (P,pp a) values (Fig. 2), indi-
cating that R123 transport across Caco-2 cell monolayers was
apically polarized. This is consistent with the presence and
activity of P-gp in the AP membranes of Caco-2 cells (30,31).
Interestingly, P,,, »p remained nearly constant (approx. 1.5 x
107° cm/s) over the entire concentration range. This was sur-
prising because P-gp-mediated efflux of R123 is a saturable
process, and it was expected that as concentration was in-
creased above certain value the attenuation of absorptive
transport mediated by P-gp would decrease, resulting in pro-
gressive increases in P,,, 5. Even at concentrations up to
74-fold greater than the reported K, (13.5 uM; Ref. 32) for
P-gp mediated efflux of R123, P,,, o of R123 did not in-
crease. P, g remained unchanged from 5 to 100 uM (ap-
prox. 1.6 x 107° cm/s) and then progressively decreased as
concentration increased from 100 pM to 1000 uM, presum-
ably because of saturation of P-gp. It is noteworthy that
P,p5a remained significantly greater than P,,, Ap, €ven at
1000 pM R123.

2.4E-05 -
2.0E-05 -
T 1.6E-05 *\
g ¥ rr*/+\
E 1.2E-05 1 \
s
o 8.0E-06 -
4.0E-06 -
L S SRS St
0.0E+00 T T —
1 10 100 1000
Concentration (uM)
Fig. 2. Concentration dependence of rhodamine 123 P, in absorp-

tive and secretory directions across Caco-2 cell monolayers. Rhoda-
mine 123 P, at each concentration for each transport direction was
measured in triplicate. Absorptive transport ( 4 ), secretory transport

(M). Data are shown as mean + SD.
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Fig. 3. Effects of the P-gp Inhibitor GW918 (1.M) on the absorptive
and secretory transport of rhodamine 123 across Caco-2 cell mono-
layers. Transport under normal conditions: gray bars. Transport in
the presence of GW918: black bars. Rhodamine 123 transport under
each condition for each transport direction was measured in tripli-
cate. Addition of GW918 (1 wM) completely abolished P-gp-
mediated efflux activity. Data are shown as mean + SD.

R123 Transport in the Presence of the P-gp
Inhibitor, GW918

Figure 3 depicts P,,, ap and P,,, 3 of R123 (10 uM),
determined in the presence of the P-gp inhibitor GW918 (1
wM) and under normal conditions. In the presence of GW918,
the apically directed polarity in R123 transport (P,,, g/
P,pp.an > 10) was completely abolished (P, o = Pappsa)-
Thus, the apically directed transport polarity of R123 across
Caco-2 cells, observed under normal conditions, was com-
pletely mediated by P-gp efflux activity. Interestingly, P,,, an
of R123, determined in the presence of GW918 was nearly
equal to that determined under normal conditions. This result
revealed the surprising finding that P-gp-mediated efflux ac-
tivity was not a barrier to R123 absorptive transport across
Caco-2 cell monolayers, and that the apically directed trans-
port polarity of R123 across Caco-2 cell monolayers was
solely due to a 10-fold enhancement of P,,, s of R123 con-
ferred entirely by P-gp-mediated efflux activity.

Transcellular vs. Paracellular Transport of R123

The results depicted in Figs. 2 and 3 suggested that the
absorptive transport of R123 was not affected by P-gp. Fur-
thermore, P,,, o for R123 was quite low, typical of the P,,,
value of a paracellular marker, such as fluorescein (Table I,
Ref. 33). Thus it is conceivable that R123 crossed the Caco-2
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cell monolayers in the absorptive direction primarily via the
paracellular route. This was consistent with a partial positive
charge (calculated pK, 6.1) and low log D (log D = 0.53; Ref.
34) of R123 at pH 7.4 (Fig. 1). This hypothesis was tested by
measuring absorptive and secretory transport of R123 under
normal conditions or in Ca**/Mg>*-free transport medium
(Table I). The integrity of the intercellular tight junctions is
compromised in the absence of extracellular Ca**/Mg?*, and
thus the transmonolayer flux of a paracellularly transported
compound increases significantly under this experimental
condition (28). This was evidenced by the 28-fold increase in
the P,,, ap Of a marker for paracellular transport, fluores-
cein, in the absence of Ca**/Mg”" (Table I). The P, op Of
R123 increased by 16-fold in the absence of Ca**/Mg**, con-
firming our hypothesis that the absorptive transport of R123
across Caco-2 cell monolayers occurs predominantly via the
paracellular route. In contrast, P,,, go of R123 increased by
less than 2-fold in the absence of Ca**/Mg*", suggesting that
transport in this direction was predominantly transcellular.
As shown in Table I, the P, o5 of a marker for transcellular
transport, theophylline (35), was only marginally increased
when the transport medium was depleted of Ca**/Mg>*.

Cellular Disposition of R123 during Absorptive and
Secretory Transport across Caco-2 Cell Monolayers:
CLSM Imaging

Caco-2 cells were imaged using CLSM to determine the
cellular disposition of R123 during its absorptive and secre-
tory transport in the presence and absence of GW918 (1 uM;
Fig. 4). During absorptive transport, R123 fluorescence was
limited to the paracellular space (Fig. 4A). In contrast, R123
fluorescence during secretory transport was localized intra-
cellularly as well as in the paracellular space (Fig. 4B). Even
during absorptive transport in the presence of GW918, R123
fluorescence remained localized to the paracellular space
(Fig. 4C). These results provided visual evidence, confirming
the results reported in Fig. 3, that P-gp does not pose a barrier
to the absorptive transport of R123 across Caco-2 cell mono-
layers. More specifically, these results clearly showed that
R123 did not cross the AP membrane of Caco-2 cell mono-
layers.

Comparison of Fig. 4B and D, depicting CLSM images of
R123 during its secretory transport under normal conditions
and in the presence of GW918, respectively, showed that
R123 intracellular fluorescence was increased somewhat
when P-gp-mediated efflux activity was completely inhibited
during secretory transport. This was likely the result of a

Table I. R123, Fluorescein, and Theophylline Transport under Normal and Ca**/Mg**-Free Transport
Buffer (TBS) across Caco-2 Cell Monolayers

P,y (cm/s) x 10°

Fold difference

Substrate Normal Ca®*/Mg?*- (P.pp Ca>*, Mg**-free TBS/
(transport direction) TBS free TBS P,,, normal TBS)
R123 10 uM (absorptive) 1.42 +0.180 22.5+3.70 16
R123 10 uM (secretory) 162 +1.52 26.1 £ 3.00 1.6
Fluorescein 50 uM (absorptive) 0.810 + 0.091 22.8 +2.67 28
Theophylline 50 pM (absorptive) 79.9 +2.97 97.1+3.03 1.2

Note: Transport of each substrate under each condition was measured in triplicate. Data are shown as

mean = SD.
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Fig. 4. Cellular disposition of rhodamine 123 during absorptive and
secretory transport across Caco-2 cell monolayers. Confocal laser
scanning microscopic images of rhodamine 123 (10 wM) transport
across Caco-2 cell monolayers were captured using a 63x objective
and a zoom factor of 40. Images were taken approximately 10 pm
above the interface of the polycarbonate membrane and basolateral
membrane. A and B, transport under normal conditions. C and D,
transport in the presence of GW819 (1 pM). A and C, absorptive
transport. B and D, secretory transport.

greater amount of R123 trapped in the cell when P-gp-
mediated efflux was blocked.

R123 Uptake across the BL Membrane of Caco-2
Cell Monolayers

The concentration dependence of R123 uptake across
the BL membrane in the presence of GW918 was measured to
determine if R123 crossed the BL membrane via a saturable
(i.e., carrier-mediated) or a nonsaturable (possibly passive
diffusion) process (Fig. 5). Kinetic analysis showed that R123
uptake across the BL membrane was a saturable process, best
described by a multiple binding site model. Parameters esti-
mates obtained from nonlinear regression analysis were as
follows: K, = 173 + 263 pM, vy = 1.79 = 0.346, and J ,,, =
988 + 85.9 pmol/min/mg protein. These data suggested that
uptake of R123 across BL membrane occurred by a saturable
process.

The Role of P-gp-Mediated Efflux Activity in the
Absorptive and Secretory Transport of Doxorubicin across
Caco-2 Cell Monolayers

The lack of P-gp effect on the absorptive transport of the
model P-gp substrate, R123, raised an important question: are
there therapeutic agents with similar physicochemical prop-
erties (i.e., hydrophilic organic cations) for which the absorp-
tive transport is unaffected by P-gp-mediated efflux activity,
despite large ratios of P, gs to P, Ap values (efflux ra-
tios)? Hence, the absorptive and secretory transport of the
hydrophilic (log D = 0.38; Ref. 36) organic cation, doxoru-
bicin (Fig. 1), across Caco-2 cell monolayers was assessed
under normal conditions, and in the presence of the P-gp
inhibitor GW918 (Fig. 6). As seen for R123 (Fig. 3), P,

app.AB
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Fig. 5. Rhodamine 123 Uptake flux (Jype) across the BL mem-
brane of Caco-2 cell monolayers in the presence of GW918 (1 M) as
a function of concentration. Solid line represents Jyp. fitted to a
multiple binding site saturable kinetic model with the following pa-
rameters: K., = 173 £26.3 pM, vy = 1.79 + 0.346, and J,,,, = 988 +
85.9 pmol/min/mg protein. Experiments were conducted in the pres-
ence of GW918 (1 pM), which completely inhibited P-gp-mediated
efflux activity. Parameters estimates are reported + standard error.

of doxorubicin (10 pM) across Caco-2 cells was nearly iden-
tical in the presence of GW918 vs. normal conditions, indi-
cating P-gp was not a barrier to the absorptive transport of
doxorubicin. The apically directed transport polarity ob-
served for doxorubicin in the presence of P-gp-mediated ef-
flux activity was almost entirely caused by the 40-fold en-
hancement in P,,, s, of doxorubicin mediated entirely by
P-gp efflux activity.

Uptake of Doxorubicin across the BL Membrane of Caco-2
Cell Monolayers

The concentration-dependence of doxorubicin uptake
was quantified in order to elucidate the mechanisms by which
the drug crosses the BL membrane of Caco-2 cells. Doxoru-
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Fig. 6. Effect of the P-gp Inhibitor GW918 (1uM) on the absorptive
and secretory transport of doxorubicin across Caco-2 cell monolay-
ers. Transport under normal conditions: gray bars. Transport in the
presence of GW918: black bars. Doxorubicin transport in each direc-
tion and in each condition was measured in triplicate. Addition of
GW918 (1 nM) completely abolished P-gp-mediated efflux activity.
Data are shown as mean + SD.
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Fig. 7. Doxorubicin uptake flux (/ypake) across the BL membrane of
Caco-2 cell monolayers in the presence of GW918 (1 uM) as a func-
tion of concentration. Doxorubicin Jy;,,k. across BL membrane is
mediated by a combination of saturable and nonsaturable processes.
The broken line represents saturable Jy, .. fitted to the following
parameters: K, = 198 +73.5 pM and J,,,,, = 417 + 159 pmol/min/mg
protein. The stippled line represents nonsaturable Jy . fitted to the
following parameter: K; = 0.462 + 0.173 ml/min/mg protein. The
solid line represents total Jy, k. fitted using the parameters deter-
mined for nonsaturable and saturable processes. Experiments were
conducted in the presence of GW918 (1 uM), which completely abol-
ished P-gp-mediated efflux activity. Parameters estimates are re-
ported + standard error.

bicin uptake across the BL membrane involved a combination
of saturable and nonsaturable processes (Fig. 7). The uptake
process was described by a K, of 198.3 uM and J,,,, of 417.3
pmol/min/mg protein for the saturable component, and by a
K, of 0.462 mL/min/mg protein for the nonsaturable compo-

nent.

DISCUSSION

R123 (Fig. 1), a P-gp substrate (16), has been extensively
used as a marker for P-gp-mediated efflux activity in polar-
ized intestinal epithelium (18-22). Typically, the polarity ob-
served in the transport of this probe substrate, i.e., greater
secretory flux than absorptive flux, is used as evidence for
P-gp-mediated efflux activity in the intestinal epithelium, or
in vitro cell culture models of intestinal epithelium, such as
Caco-2 cell monolayers. Alterations in the ratio of secretory
to absorptive permeability of R123 across polarized epithe-
lium have been used to characterize how treatments affect
intestinal P-gp-mediated efflux activity. It is assumed that
other than P-gp-mediated efflux across the AP membrane,
the absorptive and secretory transport of R123 occurs via a
transcellular passive diffusion process. It is also assumed that
the polarity in the bidirectional transport experiments using
R123 as a probe substrate is caused by the attenuation of its
absorptive transport and enhancement of secretory transport
conferred by P-gp-mediated efflux activity.

Our results elucidate the absorptive and secretory trans-
port pathways for R123 across Caco-2 cell monolayers, an in
vitro cell culture model of the intestinal epithelium that ex-
presses functionally active P-gp in the AP membrane (31).
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These findings lead to important conclusions regarding: 1) the
role P-gp plays in altering the absorptive and secretory trans-
port of cationic hydrophilic P-gp substrates such as R123 and
doxorubicin (Fig. 1); 2) the transport pathways these cationic
hydrophilic compounds exploit to cross polarized epithelium;
and 3) the implications of using R123 (and doxorubicin) as
probes for P-gp-mediated efflux activity in polarized epithe-
lium.

As expected, R123 transport was apically polarized un-
der normal conditions. Under conditions that abolished P-gp-
mediated efflux activity (in the presence of GW918), R123
P,,, ap Was nearly identical to R123 P,,, .. This result
clearly confirmed that P-gp-mediated efflux activity is entirely
responsible for conferring apically directed polarity to R123
transport. Unexpectedly, R123 absorptive transport was not
affected by P-gp-mediated efflux activity although it is a P-gp
substrate; thus, the polarity conferred by P-gp to R123 trans-
port was entirely due to enhancement of the secretory trans-
port. The P, g of R123 was low, similar in magnitude to
that of the paracellular marker fluorescein, and concentra-
tion-independent (Figs. 2 and 3, Table I). Furthermore, inter-
cellular junctions highly restricted R123 absorptive transport
in the presence or absence of P-gp-mediated efflux activity—a
characteristic of molecules that cross the monolayer via the
paracellular pathway (28). These results suggest that the ab-
sorptive transmonolayer translocation of R123 occurs pre-
dominately by a passive diffusion process via the paracellular
pathway. The reason R123 utilizes this pathway during ab-
sorption is not because transcellular transport is attenuated
by P-gp-mediated efflux activity (Fig. 8). Under normal con-
ditions, or in conditions that completely inhibited P-gp-
mediated efflux activity (in the presence of GW918), R123
fluorescence observed (using CLSM) during its absorptive
transport was limited to the paracellular space. Taken to-
gether, these results lead to a very important finding: when
present on the AP side of the Caco-2 cell monolayer, R123
does not cross the cell membrane and consequently enter the
cells. The entry of R123 into the cells is not prevented by
P-gp-mediated efflux; rather it is caused by the inability of
R123 to cross the lipid bilayer, consistent with its low log D

AP

Secretory
Transport

Absorptive
Transport

BL 1

Fig. 8. Proposed rhodamine 123 transport pathways across Caco-2
cell monolayers. Dashed black lines represent passive transcellular
flux; dashed gray lines represent paracellular flux; solid black lines
represent carrier-mediated flux.
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value and partial positive charge (see Fig. 1). Indeed, it has
been shown that R123 can only bind to P-gp after entering the
cytosol, indicating that the binding site of P-gp for R123 is
located either within the cytosol, or within the cytosolic-inner
leaflet interface (37). Therefore, P-gp cannot affect R123 ab-
sorptive transport because this molecule does not enter the
cytosol (to access this binding site) during absorptive trans-
port.

The secretory transport of R123 across Caco-2 cells in
the presence of P-gp-mediated efflux activity occurs by a com-
pletely different pathway than the absorptive transport (Fig.
8). Our results show that during its secretory transport, R123
uses the transcellular pathway (Fig. 4) by first crossing the BL.
membrane via a saturable mechanism (Fig. 5), and then cross-
ing the AP membrane via P-gp-mediated efflux (Fig. 3). The
transcellular transport of R123 in the secretory direction oc-
curs completely by saturable processes (Fig. 5). It is important
to note that the BL membrane of Caco-2 cells is nearly iden-
tical to that of unpolarized cells with respect to plasma mem-
brane composition (38). Our finding that R123 uptake across
the BL membrane occurs entirely via a saturable process sug-
gests that R123 does not passively diffuse across unpolarized
(like the BL membrane of Caco-2 cells) or polarized (like the
AP membrane of Caco-2 cells) cell membranes, and entry
into the cell must be mediated by an uptake transporter.
These findings are consistent with the reports that cellular
uptake of R123 in MV522 and MV522/Q6 cells (23), is carrier
mediated. In the secretory direction, R123 transport from cy-
tosol across AP membrane is mediated by P-gp efflux activity.
In the absence of P-gp-mediated efflux activity, R123 taken
up into the cell via carrier-mediated uptake across the BL
membrane does not cross the AP membrane, and is trapped
inside the cells. This was evident from the very low P, g of
R123 when P-gp was inhibited by GW918 (Fig. 3), despite
significant uptake of R123 (Figs. 4 and 5) under these experi-
mental conditions.

Our studies show that compounds with physicochemical
properties like those of R123, i.e., hydrophilic organic cations,
may be substrates for P-gp, and yet their absorption across
intestinal epithelium will not be attenuated by P-gp-mediated
efflux activity. The large apically directed transport polarity
observed for these compounds may lead one to the false con-
clusion that P-gp is responsible for their limited absorption.
Large apically directed transport polarity observed for hydro-
philic organic cations may be the result of two major reasons.
First, the inability of these hydrophilic organic cations to cross
the AP membrane necessitates that absorptive transport oc-
cur nearly entirely via the paracellular pathway. Transport via
the paracellular pathway is typically inefficient (compared to
transport via the transcellular pathway), and results in low
P, values (28). Second, the uptake of these compounds
across the BL membrane can occur efficiently via an apically
directed uptake transporter localized to the BL membrane,
followed by efflux from the intracellular space across the AP
membrane via P-gp. We have shown that the chemotherapeu-
tic agent doxorubicin, with a basic pK, of 9.7 and low log D
value of 0.38 (see Fig. 1; Ref. 36) behaves very similarly to
R123 with respect to its absorptive and secretory transport
mechanisms across Caco-2 cell monolayers, and with respect
to the role P-gp-mediated efflux activity plays in affecting its
absorptive and secretory transport processes (Figs. 5 and 6).
Examples of other cationic hydrophilic P-gp substrates that
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show similar transport behavior include tetramethylrosamine
chloride (unpublished data), cimetidine and ranitidine (39).
Additionally, we have observed qualitatively identical results
with regards to how P-gp affects the transport (both direc-
tions) of R123 and doxorubicin in MDCK and MDR-MDCK
cell monolayers (40).

Finally, these findings have important consequences for
the use of R123 as a test substrate for P-gp-mediated efflux
activity in any cell system. R123 can only be used as a probe
for P-gp-mediated efflux activity when: 1) a transporter-
mediated uptake system for R123 is present and is not rate
limiting to P-gp-mediated efflux activity, and 2) experimental
conditions do not affect the transporter mediating R123 up-
take. Based on studies performed in LLC-PK1 and LLC-
PK1:MDR cells, it has been suggested that the use of doxo-
rubicin as a marker for P-gp-mediated efflux activity would be
preferred to R123 because R123 is subject to additional api-
cally directed transport via the organic cation transport sys-
tem in these cells, whereas doxorubicin is not (25). Based on
the results of our studies following doxorubicin transport
across Caco-2 cells, we conclude that caution must also be
exercised before doxorubicin is chosen as the marker for P-
gp-mediated efflux activity.
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