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Purpose. The purpose of this work was to determine whether P-
glycoprotein (P-gp) modulates absorptive and secretory transport
equally across polarized epithelium (i.e., Caco-2 cell monolayers) for
structurally diverse P-gp substrates, a requirement for the use of the
efflux ratio to quantify P-gp-mediated attenuation of absorption
across intestinal epithelium.

Methods. Studies were performed in Caco-2 cell monolayers. Appar-
ent permeability (P,,,) in absorptive (P,,, ) and secretory (P,
pBA) directions as well as efflux ratios (Popppa / Papp.ap) Were de-
termined for substrates as a function of concentration. Transport of
these compounds (10 uM) was measured under normal conditions
and in the presence of the P-gp inhibitor, GW918 (1 nM), to dissect
the effect of P-gp on absorptive and secretory transport. Apparent
biochemical constants of P-gp-mediated efflux activity were calcu-
lated for both transport directions.

Results. Efflux ratios for rhodamine 123 and digoxin were compa-
rable (approx. 10). However, transport studies in the presence of
GW918 revealed that P-gp attenuated absorptive transport of digoxin
by approx. 8-fold but had no effect on absorptive transport of rho-
damine 123 (presumably because absorptive transport of rhodamine
123 occurs via paracellular route). The apparent K, for P-gp-
mediated efflux of digoxin was >6-fold larger in absorptive vs. secre-
tory direction. For structurally diverse P-gp substrates (acebutolol,
colchicine, digoxin, etoposide, methylprednisolone, prednisolone,
quinidine, and talinolol) apparent K, was approximately 3 to 8-fold
greater in absorptive vs. secretory transport direction, whereas ap-
parent J,,,, was somewhat similar in both transport directions.
Conclusions. P-gp-mediated efflux activity observed during absorp-
tive and secretory transport was asymmetric for all substrates tested.
For substrates that crossed polarized epithelium via transcellular
pathway in both directions, this difference appears to be caused by
greater apparent K, of P-gp-mediated efflux activity in absorptive vs.
secretory direction. These results clearly suggest that use of efflux
ratios could be misleading in predicting the extent to which P-gp
attenuates the absorptive transport of substrates.

KEY WORDS: P-glycoprotein; efflux ratio; intestinal absorption;
P-gp-mediated efflux transport asymmetry; kinetic analysis of P-gp-
mediated efflux.

INTRODUCTION

For an increasing number of compounds, P-glycoprotein
(P-gp)-mediated efflux activity has been identified as a major
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determinant of absorption, distribution, metabolism, and ex-
cretion in vivo. P-gp is present and constitutively active in the
intestine (1), mediating efflux of compounds across the apical
membrane of enterocytes, and thus attenuating absorption as
well as facilitating excretion of its substrates across intestinal
epithelium (2-12). Because of the recognition of the barrier-
forming role of P-gp in limiting the intestinal absorption of
certain drugs, P-gp has emerged as an important determinant
of the oral bioavailability of drug substrates (3—11). In these
cited examples, P-gp-mediated efflux activity has been in-
versely correlated to the extent of intestinal absorption for
acebutolol, digoxin, etoposide, methylprednisolone, talinolol,
taxol, and cyclosporin-A. Recently, it has been noted that
P-gp-mediated efflux activity can act to make the intestine an
efficient route of excretion by enhancing drug exsorption
from blood into gut lumen (2,3,6,11-14). In rodents, the
mdrla gene product is the major drug- effluxing P-gp ex-
pressed in the intestine (15,16). Studies with mdrla (-/-) mice
have illustrated the major role P-gp plays in making the in-
testinal excretion of digoxin, taxol, and vinblastine a signifi-
cant route of elimination (6,11,12,14). Given the broad sub-
strate specificity of P-gp and significant role in affecting phar-
macokinetic properties, it is not surprising that several drug
interactions between P-gp substrates at the level of the intes-
tine have been noted (8,17-21).

Because of the important consequences P-gp-mediated
efflux activity may have for the intestinal absorption and ex-
cretion of its substrates, there is a need for in vitro experi-
mental approaches that can accurately predict how P-gp-
mediated efflux activity will affect substrate transport across
the intestinal epithelium. To date, one of the most commonly
used in vitro experimental approaches for this purpose in-
volves determining the apparent permeability (P,,,) of a
compound in absorptive (P,,, o) and secretory (P,,.,.za)
directions at a given donor concentration (Cp) under sink
conditions. The ratio of P,,, g5 and P, Ay (efflux ratio) has
been used to gauge the effects of P-gp-mediated efflux activ-
ity, and to predict attenuation of oral absorption due to this
activity. Efflux ratios are generated in models of polarized
epithelium that express functionally active P-gp in the apical
(AP) membrane domain. An exhaustive study involving 66
compounds has shown that the efflux ratio can identify P-gp
substrates with P, ,g within an optimal range (0.2 to 3.0 x
10~ cm/s) but fails to identify P-gp substrates with Popp an
outside this range (MDR-MDCK cells were used in this study;
Ref. 22). Recent publications have shown that the efflux ratio
identified P-gp substrates whose brain penetration was af-
fected by P-gp-mediated efflux activity in the brain (23,24).
At least under certain circumstances—namely for compounds
with transport in an ideal P,,, 5 range, and when P-gp-
mediated efflux is the primary transporter affecting substrate
transport—the efflux ratio can identify P-gp substrates.

Although the efflux ratio may be used to implicate the
possible involvement of P-gp, reports indicate that it does not
quantify how P-gp-mediated efflux activity attenuates absorp-
tion in vivo (11,25-28). Thus, compounds reported to have
“large” efflux ratios generated in vitro are, in fact, well ab-
sorbed in vivo; the converse is also true. However, the reasons
for this failure are uncertain. Clearly, it is necessary to inves-
tigate the reasons underlying this disconnect in order to de-
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velop experimental approaches that accurately assess the role
of P-gp-mediated efflux activity in altering transport across
polarized epithelium, or to establish conditions under which
the efflux ratio can be used for this purpose.

In the present study, we have dissected the effects of
P-gp-mediated efflux activity on the absorptive and secretory
transport of several substrates across Caco-2 cell monolayers,
and shown that these effects are not symmetrical (per given
Cp). Thus a large value of efflux ratio may be due to large
attenuation of absorptive transport, large enhancement of se-
cretory transport, or both. We report an experimental ap-
proach which makes it possible to 1) positively identify the
role of P-gp in attenuating the absorptive transport (or en-
hancing secretory transport) of its substrates, and 2) quanti-
tatively assess the attenuation of the absorptive transport (or
enhancement of secretory transport) because of P-gp-
mediated efflux activity.

MATERIALS AND METHODS

Materials

The Caco-2 cell line, Caco-2 cell clone P27.7 (29), was
obtained from by Mary F. Paine, PhD and Paul B. Watkins,
MD (Schools of Medicine and Pharmacy, the University of
North Carolina at Chapel Hill, Chapel Hill, NC, USA). Ea-
gle’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. N-Hydroxyethylpiperazine-N'-2-ethanesulfonate
(HEPES, 1 M), was obtained from Lineberger Comprehen-
sive Cancer Center, the University of North Carolina at
Chapel Hill (Chapel Hill, NC, USA). Acebutolol, colchicine,
digoxin, etoposide, D-(+)-glucose, methylprednisolone, pred-
nisolone, quinidine, and rhodamine 123 were purchased from
Sigma Chemical Co. Transwells™ were obtained from Cor-
ning Costar (Cambridge, MA, USA). [?’H]-Digoxin was ob-
tained from New England Nuclear (Boston, MA, USA).
Talinolol was provided by Arzneimittelwerk Dresden GmbH,
Radebeul, Germany. GW918 was provided by GlaxoSmith-
Kline (Research Triangle Park, NC, USA).

Cell Culture

Caco-2 cells were cultured as described previously (30).
Briefly, cells were cultured at 37°C in minimum essential me-
dium, supplemented with 10% fetal bovine serum, 1% non-
essential amino acids, 100 U/mL penicillin, 100 pg/mL strep-
tomycin, and 0.25 pg/mL amphotericin B in an atmosphere of
5% CO, and 90% relative humidity. The cells were passaged
upon reaching approximately 80-90% confluence using tryp-
sin-EDTA and plated at densities of 1:5, 1:10, or 1:20 in T-
flasks. Caco-2 cells (passage number 47 to 57) were seeded at
a density of 60,000 cells/cm? on polycarbonate membranes of
Transwells™ (12-mm id, 0.4-pm pore size). Medium was
changed the day after seeding, and every other day thereafter.
Medium was added to both AP and basolateral (BL) com-

1201

partments. The cell monolayers were used approximately 21
days postseeding.

Substrate Transport across Caco-2 Cells under Normal
Conditions and in the Presence of GW918

Cell monolayers were incubated in transport buffer
(TBS: HBSS with 25 mM D-glucose and 10 mM HEPES pH
7.4) with 1% (v/v) dimethylsulfoxide for 30 min at 37°C (tem-
perature maintained throughout the experiment). To ensure
cell monolayer integrity, the transepithelial electrical resis-
tance (TEER) was measured using an EVOM Epithelial Tis-
sue Voltammeter and an Endohm-12 electrode (World Pre-
cision Instruments, Sarasota, FL, USA). Caco-2 cells with
TEER values = 300 Q-cm? were used for transport experi-
ments. Solutions of test compound in 1% (v/v) dimethylsulf-
oxide/TBS were added to the donor compartment—for ab-
sorptive (AP to BL) transport, donor is AP compartment, and
for secretory (BL to AP) transport, donor is BL compartment
(for digoxin transport studies, 0.1 pCi/ml [*H]-digoxin was
added to the donor solution). Transport was measured in
both directions (absorptive and secretory) when flux was lin-
early 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 + = 0 min appearing in the
acceptor side per given time interval). At the completion of
all experiments, TEER was measured to ensure cell mono-
layer integrity and viability had not been adversely affected
by the experimental conditions. Data generated in Caco-2
cells with final TEER = 300 Q-cm?* were not accepted. The
P,pp.ap and absorptive flux (/o) and P,,, 54 and secretory
flux (Jg) were determined using these experimental condi-
tions (normal conditions).

To determine the transport in the presence of GW918 (1
wM; a concentration approximately 30-fold greater than the
reported K; value of 35 nM; Ref. 31), an experimental condi-
tion that abolished P-gp-mediated efflux activity, absorptive
and secretory transport was measured as described above in
the presence of GW918 (1 wM) added to the incubation me-
dium, and donor and acceptor solutions. The P,,, and flux,
determined under these conditions, quantified or approxi-
mated (approximated when transporters other than P-gp af-
fected substrate transport) the apparent permeability and flux
because of passive diffusion, Ppp, and Jpp, respectively, across
Caco-2 cell monolayers.

Kinetic Analysis of P-gp-Mediated Efflux Activity in
Caco-2 Cell Monolayers

Determination of the apparent biochemical constants for
P-gp-mediated efflux activity included performance of at least
two separate experiments. Each experiment involved measur-
ing transport under normal conditions and in the presence of
GW918 (1 uM) at no less than four concentrations of the test
compound (Cp). Each determination was made under iden-
tical experimental conditions (i.e. when flux was linearly re-
lated to time, and under sink conditions). Separate determi-
nations of the apparent K, and J,,,, for P-gp-mediated efflux
activity were performed for absorptive and secretory trans-
port across Caco-2 cell monolayers. Per test substrate, con-
centration ranges used for kinetic analysis bracketed both
absorptive and secretory apparent K, for P-gp-mediated ef-
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flux of the test substrate determined from preliminary experi-
mentation.

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. [*H]-Digoxin
samples were analyzed using liquid scintillation counting
(1600 TR Liquid Scintillation Analyzer, Packard Instrument
Company, Downers Grove, IL, USA).

Acebutolol, colchicine, etoposide, methylprednisolone,
prednisolone, quinidine, and talinolol samples were analyzed
using high-performance liquid chromatography (Hewlett
Packard, 1100 series, Wald bronn, Germany), with 100 x 3
mm Aquasil, 100 x 3 BDS Hypersil, or 100 x 1 mm Kromasil
columns, all with packing size 5 uM (Keystone Scientific, Inc.)
and with isocratic elution. Specific high-performance liquid
chromatography conditions were as follows. Acebutolol:
Aquasil column, mobile phase 80:20 phosphate buffer (25
mM), pH 3.5: acetonitrile, 0.75 mL/min flow rate, and detec-
tion at 234 nm, retention time (rt) approx. 2.7 min. Colchicine:
Kromasil column, mobile phase 27.5:72.5 phosphate buffer
(25 mM), pH 3.5: acetonitrile, 0.25 mL/min flow rate, and
detection at 244 nm, rt approx. 1.8 min. Etoposide: Aquasil
column, mobile phase 35:65 phosphate buffer (25 mM), pH
3.5: acetonitrile, 0.75 ml/min flow rate, and detection at 284
nm, rt approx. 1.7 min. Methylprednisolone and Predniso-
lone: BDS Hypersil column, mobile phase 50:35:15 0.1%
H,PO,: acetonitrile: methanol, 0.75 ml/min flow rate, and de-
tection at 246 nm, rt approx. 2.8 min. Quinidine: BDS column,
mobile phase 27.5:72.5 phosphate buffer (25 mM), pH 3.5:
acetonitrile, 0.75 mL/min flow rate, and detection at 247 nm,
rt ~2.9 min.

Data Analysis

Transport Experiments

Flux was calculated using Eq. (1):

do
I==r €h)

where Q is the amount of compound transported over time ¢
of the experiment. Eq. (2) was used to determine the P,
from the flux:

J
= @
P~ AL Cp

P

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

Efflux Ratio

The efflux ratio was calculated using Eq. (3):

P
Efflux Ratio = —2PB4 3)

P app,AB

Troutman and Thakker

Apparent K,,, and for P-gp-Mediated Efflux Activity

]max

The biochemical constants (apparent K, and J,,,,.), that
describe the saturable component of absorptive (P,,, ag) and
secretory (P,,,pa) transport as a result of P-gp-mediated
efflux activity, were determined using the following equations
(32,33). The flux as the result of P-gp-mediated efflux activity
during absorptive transport (Jp,, o) Was calculated using

Eq. (4):
‘,Pfgp,AB = ]PD,AB - ]AB 4

(where Jpp, is determined in the absorptive transport direc-
tion). The flux resulting from P-gp-mediated efflux activity
during secretory transport (Jp,,54), Was calculated using

Eq. (5):
jP»gp,BA =Jga— JPD,BA Q)

(where Jpp, is determined in the secretory transport direc-
tion). P-gp-mediated efflux activity was expressed as apparent
permeability due to this activity (Pp_,,), and was calculated
using Eq. (6):

']P-gp,X
PP—gp,X = CD . A (6)

X denotes transport direction, either absorptive (AB) or
secretory (BA). One-site Michaelis-Menten kinetics were
used to describe Jp ,,, x and Pp_,, x by the following relation-
ships (Egs. 7 and 8):

_ Jmax : CD 7

JP-gp,X - Km+ CD ( )
Jmax

@®)

Pewx=x S co)- A

The apparent K,,, and J,,,,, for Jp_,, x and Pp_,, x were ob-
tained from the slope and intercept of plot of 1/Pp_,, x vs. Cp.
When the saturable component of P, o O P, 54 (in this
case, saturable transport because of P-gp-mediated efflux ac-
tivity, described by Py, «) is described by one-site Micha-

elis-Menten saturable kinetics, the plot of 1/Pp_,, x vs. Cp, is
linear. The intercept, b, is described by Eq. (9):
1 A-K,
b = ®

PP-gp,X,O Jmax

Where Pp_, x o is the apparent intrinsic P-gp-mediated efflux
activity (extrapolation to P-gp-mediated efflux activity at Cp,
= 0). The slope, m, of the plot is described by Eq. (10):

A 1
m=-—

= 10
Jmax K- PP-gp.X,O (19

The experimental approach of linearilizing data (1/Pp_g, vs.
Cp) measured at no less than four Cp, that included the ap-
parent K, under normal conditions and in the presence of
GWI18 (1 pM) provided several advantages compared to the
traditional approach of determining Jp_,, vs. Cp, Over an ex-
tensive concentration range. Using this approach, it was pos-
sible to obtain a precise measurement of Py, at each Cp
with fewer experiments. This novel approach allowed a re-
duction in the variability in determining the apparent bio-
chemical constants. Fig. 1a is a representative plot of Jp_,, vs.
Cp for methylprednisolone secretory transport. Fig. 1b shows
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Fig. 1. Approaches to determine apparent biochemical constants of P-gp-mediated efflux activity. P-gp-mediated
efflux of methylprednisolone during secretory transport across Caco-2 cells plotted as Jp 4, vs. Cp, (a), and 1/Pp ,, vs.
Cp (b) (inset shown in b is entire data set plotted as 1/Pp_y, vs. Cp).

the linearization approach using data shown in Fig. 1a that
encompassed the apparent K, for P-gp-mediated efflux of
methylprednisolone during secretory transport (inset of Fig.
1b is entire data set shown in Fig. 1a). Quantitatively similar
apparent constants were obtained using both methods (K,
approx. 60 uM; J,,... approx. 300 pmol/min); estimates deter-
mined for flux vs. concentration approach were obtained us-
ing WinNonlin nonlinear least-squares regression analysis
software (PharSight Corporation, Mountain View, CA,
USA).

Apparent constants for P-gp-mediated efflux activity
were determined in absorptive and secretory directions for all
substrates (except rhodamine 123) included in this study. The
apparent K, and J,,,, for P-gp-mediated efflux activity were
determined from plots of 1/Pp 4, x vs. Cp, with Pearson’s cor-
relation coefficient (r%) of at least 0.9.

Statistical Analysis

Statistical analysis for significant differences was per-
formed using the two-tailed Student’s #-test and assuming ho-
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moscedacity. The criterion for significant differences in values
was p < 0.05.

RESULTS
4 and Efflux

Concentration-Dependence of P,,, sps Papp.n
Ratio of Digoxin and Rhodamine 123

The P,,, ap @and P,,, A values for digoxin were deter-
mined as a function of concentration (Fig. 2a). At all concen-
trations, P,,, s Was significantly higher than P,,, o5, con-
sistent with the expected apically directed efflux of the P-gp
substrate digoxin. The efflux ratio ranged from 11 to 7 over
the concentration range examined. P,,, 5 o decreased as con-
centration was increased above 50 pM in Caco-2 cells. A
qualitatively similar concentration-dependent decrease was
observed for digoxin efflux ratio. Digoxin P,,, g Was con-
centration-independent to 200 wM, and increased by less than
2-fold as concentration was increased to 500 wM.

The concentration dependence (5 to 1000 wM) of
P oo aBs Papp.sa> and efflux ratio for another P-gp substrate,
rhodamine 123 in Caco-2 cells, is shown in Fig. 2b (34). Quali-
tatively, the concentration-dependence of rhodamine 123
P, aBs Pappna- and efflux ratio were very similar to those
observed for digoxin (Fig. 2a). The efflux ratio ranged from
12 to 6 over the concentration range of 5 to 1000 uM. De-
creases in rhodamine 123 P,,, 54 and efflux ratio were ob-
served as concentration increased above 250 wM. Rhodamine
123 P, o Temained approximately constant over the entire
concentration range tested.

P-gp Inhibition by GW918 (1 pM)

To determine the transport of substrates in the absence
of P-gp-mediated efflux activity, we have used 1 pM of the
potent P-gp inhibitor GW918, an experimental strategy
shown to completely and specifically abolish this activity
(31,35-37). It has recently been shown that GW918 reverses
BCRP-mediated drug resistance in MX3 cells at 100 nM (38).
However, BCRP expression has been shown to be very low in
comparison to MDR1 P-gp expression in Caco-2 cells (based
on comparison of number of transcripts per microgram of
total RNA) (39). Thus, although GW918 would likely abolish
BCRP activity in Caco-2 cells, this is unlikely to significantly
affect the results obtained using GW918 to study P-gp-
mediated efflux activity due to the low contribution of BCRP
activity (in comparison to P-gp activity) to the total transport
of dual substrates (among the compounds used in this study,
only etoposide and rhodamine 123 have been shown to be
substrates of both BCRP and P-gp).

Effect of P-gp on P,,, 5 and P,,, ;. of Digoxin and
Rhodamine 123

Treatment of Caco-2 cells with the potent and selective
P-gp inhibitor, GW918 (1 uM; Ref. 31), allowed measurement
of digoxin and rhodamine 123 flux across Caco-2 cell mono-
layers without the influence of P-gp-mediated efflux activity.
Presumably, under these conditions rhodamine 123 and di-
goxin crossed the monolayer via passive diffusion. The >10-
fold difference in the P,,, o and P,,, 54 values for digoxin
(10 uM), observed with the Caco-2 cells containing fully func-
tional P-gp (normal conditions), disappeared completely
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Fig. 2. Absorptive and secretory permeability of digoxin (a) and rho-
damine 123 (34) (b) vs. Cp, as determined in Caco-2 dell monolayers.
Digoxin and rhodamine 123 flux at each concentration for each trans-
port direction was measured in triplicate. Absorptive (4 ) and secre-
tory (M) P,,, (cm/s); efflux ratio (secretory P,,,/absorptive

P,,p; A). Data shown as mean + SD.

app

when P-gp-mediated efflux activity was abolished with
GW918 (Fig. 3a). This result indicated that the apically-
directed transport polarity observed for digoxin under normal
conditions was conferred solely by P-gp efflux activity. Inhi-
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Fig. 3. Absorptive and secretory permeability of Digoxin (a) Rhoda-
mine 123 (34) (b) across Caco-2 cell monolayers under normal con-
ditions and in the presence of GW918. Transport under normal con-
ditions is shown in gray bars and transport in the presence of GW918
is shown in black bars. Transport of digoxin (10 pM) and rhodamine
123 (10 wM) was measured in triplicate for each transport direction
and condition. P-gp-mediated efflux activity was completely inhibited
after addition of GW918 (1 uM). Data shown as mean + SD.

bition of P-gp produced an increase in P, op (8-fold) and a
decrease in P, g (2-fold), showing that the apically di-
rected transport polarity observed was due to an attenuation
of the absorptive transport and an enhancement of the secre-
tory transport of digoxin. As seen for digoxin, the apically-
directed transport polarity observed for rhodamine 123 in
Caco-2 cells was abolished in the presence of GW918 (Fig. 3b;
Ref. 34). This finding confirmed that P-gp was the only api-
cally-directed transporter affecting rhodamine 123 transport
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across Caco-2 cells under normal conditions. Contrary to
what was observed for digoxin, only secretory transport of
rhodamine 123 was affected by P-gp-mediated efflux activity,
and no effect of this activity on the absorptive flux was ob-
served. This was evidenced by a ~10-fold reduction of P,,, o
in GW918-treated Caco-2 cell monolayers compared to nor-
mal cells, with no change in P,,, ,g by GW918 treatment.

Kinetic Constants for P-gp-Mediated Efflux of Digoxin and
Other P-gp Substrates during Absorptive and Secretory
Transport across Caco-2 Cell Monolayers

The absorptive and secretory transport of digoxin was
altered by P-gp-mediated efflux activity. However, this activ-
ity had a much greater effect on digoxin absorptive transport
vs. secretory transport (Fig. 3a). Additionally, the concentra-
tion-dependence of digoxin P,,, g and P,,, pa across
Caco-2 cell monolayers were clearly different (Fig. 2a). These
results suggested that P-gp-mediated efflux activity asym-
metrically affected digoxin absorptive and secretory trans-
port. To elucidate the mechanisms underlying the asymmetric
effect of P-gp, apparent biochemical constants for P-gp-
mediated efflux of digoxin were determined separately for the
absorptive and secretory transport directions (Table I).

The apparent K,,, and J,,,, values for P-gp-mediated ef-
flux of digoxin were transport direction-dependent. The ap-
parent K for digoxin efflux mediated by P-gp in the absorp-
tive direction, was much higher than that in the secretory
direction (6.5-fold). The apparent Jmax in the absorptive di-
rection was slightly greater than in the secretory direction
(approx. 1.6-fold). Determination of the apparent intrinsic
P-gp-mediated efflux activity [/, / (K., - A)] showed that
this activity during absorptive transport of digoxin was 3.9-
fold lower than that during its secretory transport.

The transport direction-dependent difference in K, for
P-gp-mediated efflux activity observed for digoxin was strik-
ing. Hence, a similar kinetic analysis was performed to deter-
mine the effect of transport direction on K, and J,,, for
several P-gp substrates, namely acebutolol, colchicine, etopo-
side, methylprednisolone, prednisolone, quinidine, and
talinolol. These substrates encompassed a wide range of pas-
sive diffusion permeability (Ppp) across Caco-2 cell monolay-
ers of 1.63 to 55.0 x 1076 cm/s (Table II). The apically directed
transport polarity observed for the majority of these sub-
strates was conferred entirely (or nearly entirely) by P-gp-
mediated efflux activity as evidenced by the convergence of

Table I. Apparent K,,, and J,,, of P-Glycoprotein (P-gp)-Mediated
Efflux Activity, and Intrinsic P-gp Efflux Activity in Absorptive and
Secretory Directions for Digoxin in Caco-2 Cell Monolayers

Intrinsic P-gp-

Transport Jmax mediated efflux
direction K., (kM) (pmol/min) activity (cm/s) x 10°

Absorptive 1150 = 179¢ 718 £2.38¢ 10.5 = 1.70¢

Secretory 177 £9.20 434 £ 97.4 40.9 +11.0

Note: At least two separate experiments were performed to deter-

mine apparent K, J,.... values, and apparent intrinsic P-gp-mediated

efflux activity values.

“ Absorptive value significantly different from secretory value (p <
0.05).
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Table II. Py, (Absorptive and Secretory) and P,,, (Absorptive and Secretory) Values for P-
Glycoprotein Substrates across Caco-2 Cell Monolayers

PPD[PI

app

*] (cm/s) x 10°

Substrate (10 wM)

Absorptive

Secretory

Acebutolol
Colchicine

Digoxin

Etoposide
Methylprednisolone
Prednisolone
Quinidine

Talinolol

7.74 £ 0.56 [2.94 + 0.35]
2.66 +0.29 [0.628 = 0.01]
12.7 £0.57 [2.31 £ 0.33]
3.11 +0.28[0.658 + 0.13]
38.1 £330 [16.3 + 0.46]
332464212 + 18]
54.5 +0.89 [20.8 + 0.32]
11.1 £ 0.96% [3.22  0.07)

6.49 +1.30 [22.9 + 1.9]
238 +0.15[17.2 + 0.58]
156+ 0.78 [452 + 1.5]
1.63 +0.25[13.2 + 0.48]
38.5 +2.46 [116 + 3.7]
31.9 + 4.42 [52.6 + 0.86]
55.0 +7.09 [109 +2.7]
7.80 + 0.42 [33.9 + 0.41]

“ Absorptive value significantly different than secretory value (p < 0.05). Transport of each
substrate in each condition was measured in triplicate.
b P, values were determined at concentrations within the first-order phase of P-glycoprotein-

app

mediated efflux activity. Data shown as mean + SD.

apparent permeability in absorptive and secretory direction
to a common P, value determined in the presence of
GW918 (Table II). The Ppp, observed in absorptive transport
direction was greater and significantly different than that ob-
served in secretory direction for etoposide and talinolol, sug-
gesting that basolaterally directed transport mechanisms
might be affecting the transport of these compounds.

As observed for digoxin, absorptive apparent K, values
for P-gp-mediated efflux of all substrates were several fold
higher than those observed for the secretory direction (Table
III). Differences in absorptive and secretory apparent K,
values ranged from 2.8-fold for quinidine to 8.4-fold for col-
chicine. The absorptive and secretory apparent Jmax values
for acebutolol, colchicine, talinolol, and quinidine were not
significantly different. For etoposide, methylprednisolone,
and prednisolone, these values were significantly different
with respect to transport direction; however, the differences
were small (approx. 1.8-fold). Etoposide was the only P-gp

substrate with a secretory apparent Jmax value for P-gp-
mediated efflux activity greater than the corresponding value
in the absorptive transport direction. The apparent intrinsic
P-gp-mediated efflux activity values were significantly greater
in the secretory direction vs. the absorptive direction for all
substrates. This result clearly shows that P-gp-mediated efflux
activity is asymmetric with respect to transport direction for
substrates whose absorptive and secretory transport is af-
fected by P-gp. Generally, the asymmetry in the apparent
intrinsic P-gp-mediated efflux activity values in absorptive vs.
secretory directions decreased as Ppp, increased.

DISCUSSION

The efflux ratio (P, 5a / Papp.ap) has been used exten-
sively to quantify how P-gp-mediated efflux activity affects
the transport of P-gp substrates across polarized epithelium,
and in particular across the intestine. The efflux ratio gener-

Table III. Apparent K, and J,, of P-glycoprotein (P-gp)-Mediated Efflux Activity and Intrinsic P-gp-
Mediated Efflux Activity in Absorptive and Secretory Directions for P-gp Substrates in Caco-2 Cell

Monolayers
Intrinsic P-gp-mediated
Transport Jnax efflux activity
Substrate direction K., (uM) (pmol/min) (cm/s) x 10°
Acebutolol Absorptive 896 + 67.1¢ 351 £38.3 6.50 + 0.20°
Secretory 254 +£322 302 £93.8 19.6 £3.70
Colchicine Absorptive 13700 + 54.2¢ 1690 + 692 2.00 + 0.80°
Secretory 1640 + 124 1530 £13.5 15.6 £1.30
Etoposide Absorptive 1360 + 88.8¢ 186 + 44.7¢ 2.30 + 0.40°
Secretory 461 £42.1 354 £15.4 12.8 £ 1.70
Methylprednisolone Absorptive 296 + 7.20¢ 509 + 35.6¢ 28.7 £2.71¢
Secretory 60.6 + 0.40 285 +182 78.5+4.53
Prednisolone Absorptive 935 + 148 831 +39.7¢ 14.9 + 1.68¢
Secretory 218 + 8.80 474 £45.7 36.2 +5.02
Quinidine Absorptive 6.80 + 1.10° 16.9 £ 1.80 41.6 +2.40°
Secretory 2.20 £ 0.20 12.0 + 1.60 82.8 £2.60
Talinolol Absorptive 414 + 60.4° 212 £19.7 8.62 + 0.501¢
Secretory 103 +5.10 200 +20.5 32.5+5.05

Note: At least two separate experiments were performed to determine apparent K, J,... values, and
apparent intrinsic P-gp-mediated efflux activity values. Data shown as mean + SD.
“ Absorptive value significantly different than secretory value (p < 0.05).
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ated at a given Cp, can be used to assess the apically-directed
transport polarity of a compound — in some cases this is solely
mediated by apically directed P-gp efflux activity. It is gener-
ally believed that intestinal absorption of a compound exhib-
iting a high efflux ratio is likely to be attenuated by P-gp (or
other efflux transporter(s)). However, for this assumption to
be valid, P-gp-mediated efflux activity must equally or nearly
equally affect the absorptive and secretory transport of a sub-
strate at a given Cp. Our findings show that the effect of
P-gp-mediated efflux activity for absorptive and secretory
transport is asymmetric.

The efflux ratios for digoxin and rhodamine 123 (34), two
known substrates for P-gp, at typical concentrations used to
evaluate transport in cell culture models (i.e., 10 to 50 pM)
are similar (Figs. 2a and b). However, our results in Figs. 3a
and b clearly show that the attenuation of absorptive trans-
port of digoxin by P-gp is quite significant (approx. 8-fold)
whereas absorptive transport of rhodamine 123 (34) is not
affected by P-gp-mediated efflux activity at all. Conversely,
the efflux pump accelerated secretory transport of rhodamine
123 much more (>10-fold) than that of digoxin (approx.
2-fold). Thus the polarity in rthodamine 123 transport is de-
rived entirely from the enhancement of secretory transport by
P-gp-mediated efflux activity. This is consistent with our find-
ing that rhodamine 123 utilizes the paracellular pathway dur-
ing absorptive transport (34), and thus cannot be affected by
P-gp-mediated efflux activity. Conversely, the polarity in di-
goxin transport is derived predominantly from the attenua-
tion of the absorptive transport. Clearly, the efflux ratio does
not provide an insight regarding the differential effect of P-
gp-mediated efflux activity on absorptive vs. secretory flux of
its substrates. In contrast, the experimental approach used
here, in which the absorptive (or secretory) flux is measured
under normal conditions and in the presence of a P-gp inhibi-
tor, provides definitive information regarding the role of P-gp
in attenuating absorptive (or enhancing secretory) transport.
Furthermore, this approach makes it possible to determine if
the apically-directed transport polarity of a compound is
solely conferred by P-gp or if other transporters are involved.
For digoxin and rhodamine 123, the apically directed polarity
of flux was completely abolished when P-gp was inhibited in
the presence of the specific P-gp inhibitor, GW918, thus con-
firming that P-gp is the sole efflux transporter conferring their
apically directed polarity observed under normal conditions.

For digoxin transport across Caco-2 cell monolayers, the
concentration dependences of P, A5 and P,,, g4 were dif-
ferent. Over the concentration ranges tested, digoxin P,,, ap
were nearly insensitive to concentration increases. Con-
versely, the efflux ratio and P,,, 54 of digoxin decreased in
response to increases in concentration, and showed similar
concentration dependence. This finding suggested that P-gp-
mediated efflux activity might be saturated more readily
when the substrate approaches from the BL side rather than
the AP side.

Kinetic analysis of P-gp-mediated efflux activity in ab-
sorptive and secretory directions for several P-gp substrates
revealed that the asymmetry of P-gp’s effect on absorptive
and secretory transport is not unique to digoxin (Tables I and
III). The apparent intrinsic P-gp-mediated efflux activity val-
ues (Pp_,, x Wwhen Cp, approaches 0) in absorptive and secre-
tory directions were significantly different for all substrates
examined. This finding clearly shows that P-gp-mediated ef-
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flux activity per given Cp, is not equal during absorptive and
secretory transport across polarized epithelium. Furthermore,
differences in these intrinsic values were nearly completely
the result of differences in apparent K, for P-gp-mediated
efflux activity, determined separately for absorptive and se-
cretory transport of the substrates. Apparent Jmax values
determined for these substrates were similar or equal in ab-
sorptive and secretory direction. It is noteworthy that, for
each substrate, the apparent K,,, for P-gp-mediated efflux ac-
tivity is several-fold greater in absorptive vs. secretory direc-
tion. At least for these substrates, much higher concentrations
are needed to saturate P-gp during absorptive transport of a
substrate than during its secretory transport.

The “true” kinetics of P-gp-mediated efflux are assumed
to be equal for a given substrate despite transport direction,
and the differences in the observed apparent values are likely
to be related to differences in substrate concentrations that
are present at the target site of P-gp depending on transport
direction. More specifically, these transport direction-
dependent differences in P-gp-mediated efflux activity may
be related to differences in permeability across the exofacial
leaflets of the AP and BL membranes of polarized epithelium
(the inner leaflets are identical). The composition of the BL
exofacial leaflet is similar to that of normal cell membranes
(40,41). In contrast, the AP exofacial leaflet is highly enriched
with glycosphingolipids (40,42). These ceramide-based glyco-
sphingolipids possess the unique ability to form intermolecu-
lar hydrogen bonds (43), thus making the AP membrane
much more rigid and ordered than the BL membrane (44).
Consequently, it has been noted that passive (diffusion) per-
meability of compounds across the AP membrane is lower
than that across the BL membrane (32,35,45). The target site
of P-gp (site where substrate binds P-gp) is located either
within the inner leaflet of AP membrane or at the inner leaf-
let—cytosolic interface (46-48). To reach this target site during
absorptive transport, the substrate must cross the AP exofa-
cial leaflet, whereas during secretory transport, the substrate
reaches P-gp’s target site by crossing the BL exofacial leaflet,
followed by diffusion within the inner leaflet or through cy-
tosol (permeability across BL exofacial leaflet is assumed to
be rate limiting). We hypothesize that the reduced permeabil-
ity across the AP exofacial leaflet vs. BL exofacial leaflet
leads to lower substrate concentration at the target site of
P-gp during absorptive transport vs. secretory transport (for a
given Cp,); thus leading to greater apparent K, values for
P-gp-mediated efflux activity in the absorptive direction.

Alternatively, differences in the apparent K, values may
be due to differences in P-gp target sites used during absorp-
tive and secretory transport. Although we cannot definitively
discount this possibility, we feel it is unlikely based on two
observations. First, the differences in the absorptive and se-
cretory apparent Jmax values for P-gp-mediated efflux activ-
ity were small (=1.8-fold). Second, for all substrates, P-gp-
mediated efflux activity in each transport direction was de-
scribed by one-site Michaelis-Menten saturable kinetics.

In summary, the results presented in this study show that
for polarized epithelium, P-gp-mediated attenuation of the
transport of its substrates in the absorptive direction can (or
might always) be different from the acceleration of the secre-
tory transport caused by this efflux protein. P-gp-mediated
efflux activity asymmetrically affects absorptive vs. secretory
transport (per given Cp) for all substrates included in our
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study. Thus it is reasonable to expect that for many com-
pounds, P-gp would not affect absorptive and secretory trans-
port equally. This is the fundamental reason why the efflux
ratio, or any other combination of absorptive and secretory
transport data generated at one concentration, cannot assess
how P-gp-mediated efflux activity attenuates absorptive and
enhances secretory transport of P-gp substrates across polar-
ized epithelium. With regards to the asymmetric nature of
P-gp’s effects on transport, we have observed a qualitatively
identical phenomenon in MDCK and MDR-MDCK cells
(49). Thus we propose measuring substrate transport under
normal conditions and in the presence of a P-gp inhibitor
(such as GW918). This approach allows the determination of
the effects of P-gp-mediated efflux activity on absorptive or
secretory (or both) transport of a compound. In addition, it
can reveal if P-gp alone (or in conjunction with other trans-
porter(s)) is responsible for the modulation of the transport.
Finally, it provides an estimate of the permeability of the
compound due to passive diffusion.
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