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Purpose. The objectives of this work were to evaluate the importance
of moderate passive permeability on apparent P-glycoprotein (P-gp)
kinetics, and demonstrate that inspection of basolateral to apical and
apical to basolateral (BL-AP/AP-BL) permeability ratios may result
in a compound being overlooked as a P-gp substrate and inhibitor of
another drug’s transport via P-gp inhibition.

Methods. The permeability ratios of nicardipine, vinblastine, cimeti-
dine, and ranitidine were determined across Caco-2 monolayers that
express P-gp, in the presence and absence of the specific P-gp inhibi-
tor, GF120918. In addition, the permeability ratio of vinblastine was
studied after pretreatment of Caco-2 monolayers with nicardipine,
ranitidine, or cimetidine. Similar studies were repeated with hMDRI1-
MDCK monolayers.

Results. The permeability ratios for cimetidine and vinblastine were
>2. The permeability ratios for nicardipine and ranitidine were close
to unity, and were not affected by the addition of GF120918. Based
solely on ratios, only compounds with moderate transcellular perme-
ability (vinblastine and cimetidine) would be identified as P-gp sub-
strates. Although the permeability ratios appeared to be unity for
nicardipine and ranitidine, both compounds affected the permeability
of vinblastine, and were identified as substrates and inhibitors of
P-gp. Studies performed in hMDRI1-MDCK cells confirmed these
experimental results. Data were explained in the context of a kinetic
model, where passive permeability and P-gp efflux contribute to
overall drug transport.

Conclusions. Moderate passive permeability was necessary for P-gp
to reduce the AP-BL drug permeability. Inspection of the permeabil-
ity ratio after directional transport studies did not effectively identify
P-gp substrates that affected the P-gp kinetics of vinblastine. Because
of the role of passive permeability, drug interaction studies with
known P-gp substrates, rather than directional permeability studies,
are needed to elucidate a more complete understanding of P-gp ki-
netics.
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INTRODUCTION

It has been suggested that P-glycoprotein (P-gp) effects
are dependent on intracellular drug concentration, although
the exact mechanism by which P-gp limits intestinal drug
transport has not yet been elucidated (1-4). Therefore, the
extent of passive membrane permeability may effect multi-
drug resistance and its modulation. Eytan et al. investigated
the relationship between the transmembrane movement rate
of several rhodamine dyes and the ability of these dyes to act

! School of Pharmacy, University of Maryland, Baltimore, MD 21201.

2 Division of Bioanalysis and Drug Metabolism, GlaxoWellcome,
Inc., Research Triangle Park, NC 27709.

3To whom correspondence should be addressed. (e-mail: jpolli@rx.
umaryland.edu)

0724-8741/00/1200-1456$18.00/0 © 2000 Plenum Publishing Corporation

Research Paper

as P-gp substrates (5). It was concluded that compounds with
fast transmembrane movement overcame multidrug resis-
tance (MDR) protein efflux compared to those with slow
transmembrane movement. This suggests that a drug may
appear to be uninfluenced by P-gp, by traversing the cell
membrane faster than P-gp can efflux the drug (6).

Compounds are often identified as substrates of P-gp
when directional permeability studies are performed in an
MDR expressing cell monolayer. A ratio of basolateral to
apical (BL-AP) to apical to basolateral (AP-BL) permeability
>1 suggests that an efflux mechanism may play a role in the
transport of the compound. As the results will show, this ratio
method may only be effective when the compound exhibits
moderate transcellular permeability.

The objectives of this work were to evaluate the impor-
tance of moderate passive permeability on apparent P-gp ki-
netics, and demonstrate that inspection of BL-AP/AP-BL
permeability ratios may result in a compound being over-
looked as a P-gp substrate and inhibitor of another drug’s
transport via P-gp inhibition.

MATERIALS AND METHODS

Materials

Caco-2 cells were obtained from ATCC (Rockville,
MD). Transwell® inserts were purchased from Corning-
Costar (Cambridge, MA). Radiolabeled '*C-mannitol (spe-
cific activity of 51.5 mCi/mmole) was received from DuPont
NEN (Boston, MA). *H-vinblastine sulfate (specific activity
of 12.5 Ci/mmol) was received from Amersham Life Science
(Piscataway, NJ). Nicardipine, cimetidine, and ranitidine
were USP grade. hMDR1-MDCK cells overexpressing the
human MDR1 gene were obtained from the Netherlands
Cancer Institute (7). Hank’s balanced salt solution (HBSS)
and phosphate buffered saline (PBS) were purchased from
Sigma Chemical Co. (St. Louis, MO). Cell culture media was
obtained from GIBCO-BRL (Grand Island, NY). All organic
solvents were HPLC grade. All other chemicals were reagent
grade. GF120918 was a gift from Glaxo Wellcome, Inc.

Methods

Caco-2 Cell Culture

Caco-2 cells were plated on Transwell inserts using a
previously reported 4-day growth protocol (8). Permeability
studies were conducted in HBSS containing 10 mM HEPES
buffer at 37°C and 50 oscillations/min. AP-BL and BL-AP
permeability of 4 nM *H-vinblastine was determined to assess
the presence of efflux transporters in this model. *H-
vinblastine sulfate was quantified using a scintillation counter.

Effect of Passive Permeation on Apparent P-gp Kinetics

Permeabilities of nicardipine, ranitidine, and cimetidine
were each determined in the AP-BL and BL-AP directions at
donor concentrations of 10 wM. Nicardipine was quantified
by HPLC with UV detection (237 nm) using a Phenomenex
C8 column, 150 x 4.6 mm (Torrance, CA). Mobile phase con-
sisted of 25 mM potassium dihydrogenphosphate, acetoni-
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Table 1. Directional Permeabilities Across Caco-2 Monolayers With
and Without Inhibitor

Permeability ~ Permeability Ratio of

(cm/sec) x 10° (cm/sec) x 10° BL-AP/AP-BL
Compound AP-BL BL-AP permeability
10 uM Nicardipine  19.8 (= 0.7) 24.1(=0.3) 1.22 (£ 0.05)
with GF120918  20.2 (£ 0.7) 19.8 (+0.8) 0.98 (+0.05)
4 nM Vinblastine 3.83(x0.18) 129(x04) 3.37(+0.19)
with GF120918 6.15(£045) 591 (+095)  1.04(+0.17)
10 uM Cimetidine  1.71 (= 0.08)  3.54 (£ 0.04)  2.07 (£ 0.10)
with GF120918 337(x0.07) 3.74(x0.11)  1.11(+0.04)
10 pM Ranitidine ~ 1.23 (£ 0.06)  1.59 (+ 0.08) 1.29 (£ 0.09)
with GF120918  2.21 (+0.18) 222 (+0.19)  1.01 (+0.12)

Values are n = 3, except Vinblastine (» = 8). SEM on ratio values
was calculated using the delta method.

trile, and methanol at a ratio of 49:45:6, respectively. Flow
rate was 1.5 ml/min. Ranitidine and cimetidine analysis was
performed using liquid chromatography—tandem mass spec-
trometry (LC-MSMS). Chromatography was performed on a
Phenomenex Luna C18, 50 x 2 mm (i.d.), 3 pm particle size
column at 40°C. Mobile phase consisted of two solvents: (A)
13 mM ammonium acetate pH 6.8 with 2% (v/v) methanol,
and (B) methanol. The profile was 0-1.5 min 1% B; 1.5-4 min
linear gradient to 95% B; 4-4.5 min hold at 95% B, 4.5-4.6
min to 1% B; 4.6-6.5 min hold at 1% B. Flow rate was 0.6
ml/min. Mass spectrometry was performed on a PE-Sciex
(Foster City, CA) API3000 mass spectrometer equipped with
a heated nebulizer (HN) source for atmospheric pressure
chemical ionization (APCI) in the positive ion mode. Detec-
tion by tandem mass spectrometry was based on precursor ion
transitions to the strongest intensity product ions. Instrumen-
tal conditions were optimized to afford best sensitivity.

All samples for LC-MSMS analysis were diluted to yield
a final concentration of 25% (v/v) acetonitrile (9). Dose and
donor solutions were diluted 5-fold in transport medium prior
to adding acetonitrile to bring their concentrations into the
working analytical range.

Drug Interaction Studies

The AP-BL and BL-AP permeabilities of vinblastine,
nicardipine, ranitidine, and cimetidine were also determined
after a 30-min pretreatment with 500 nM GF120918, a potent
inhibitor of P-gp. Transport studies were conducted as stated
above with 500 nM GF120918 in both the apical and basolat-
eral compartments throughout the time course of the experi-
ment. The purpose of these studies was to note any changes in
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directional permeability values after the inhibition of P-gp in
the Caco-2 cells.

The AP-BL and BL-AP permeabilities of vinblastine
were assessed in Caco-2 monolayers after a 30-min pretreat-
ment with either 60 wM nicardipine, 3 mM ranitidine, or 3
mM cimetidine, to test the effect of these agents on P-gp
kinetics. These concentrations were chosen based on the ex-
tent of passive permeability of these compounds. For raniti-
dine and cimetidine, the donor concentration was increased
to facilitate drug concentration in the cytosol, where P-gp
inhibition is assumed to occur (1,10). Transport studies were
conducted as stated above. Pretreatment concentrations of
each inhibitor were present in both the apical and basolateral
compartments throughout the time course of the experiment.

In all transport experiments, '*C-mannitol was moni-
tored to ensure monolayer integrity. All mannitol permeabil-
ity values were less then 2.6 x 107° cm/sec.

hMDR1-MDCK

hMDRI1-MDCK cells were passaged as described (11).
For transport studies, cells were plated on 0.4 pm Transwell
polycarbonate inserts at a seeding density of 664,000 cells/cm?
(0.33 cm? per insert). Similar studies were performed using
hMDR1-MDCK cells as previously described. Analyses of
cimetidine, ranitidine, nicardipine, and vinblastine samples
from the hMDR1-MDCK studies were determined by LC-
MSMS using cassette analysis (9).

RESULTS

Table 1 summarizes the AP-BL and BL-AP permeabili-
ties of nicardipine, vinblastine, cimetidine, and ranitidine in
4-day Caco-2 monolayers with and without the P-gp inhibitor,
GF120918. The ratios of BL-AP/AP-BL permeabilities are
also shown. Based solely on inspection of the BL-AP/AP-BL
permeability ratio, only compounds with moderate perme-
ability (vinblastine and cimetidine) would be identified as
possible P-gp substrates. The BL-AP/AP-BL permeability ra-
tios for nicardipine, a highly permeable compound, and ran-
itidine, a lowly permeable compound, were close to unity, and
were not affected by the addition of GF120918. Based solely
on this experiment, these compounds may not be expected to
be P-gp substrates.

Table 2 summarizes the AP-BL and BL-AP permeabili-
ties of vinblastine, as well as corresponding BL-AP/AP-BL
ratios, after pretreatment of Caco-2 monolayers with nicar-
dipine, ranitidine, or cimetidine. These compounds all af-
fected the P-gp kinetics of vinblastine. Based on Table 1,
where cimetidine’s BL-AP/AP-BL permeability ratio was >2,

Table 2. Drug Interaction Studies: Vinblastine Permeability Across Caco-2 Monolayers

Permeability Permeability Ratio of
(cm/sec) x 10°  (cm/sec) x 10°  BL-AP/AP-BL
Compound AP-BL BL-AP permeability
Vinblastine with 60 wM Nicardipine 7.83 (£0.33) 6.01 (+ 0.34) 0.77 (+ 0.05)
Vinblastine with 3 mM Cimetidine 6.70 (+ 0.78) 10.0 (+ 1.64) 1.49 (+ 0.30)
Vinblastine with 3 mM Ranitidine 5.54 (£ 0.41) 9.43 (+0.35) 1.70 (= 0.14)

Values are n = 3, except Vinblastine with Ranitidine (n = 6). SEM on ratio values was
calculated using the delta method. Baseline BL-AP/AP-BL ratio for vinblastine is 3.37 (+0.19)

from Table 1.
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only cimetidine would have been predicted to have an effect
on vinblastine. Even though their BL-AP/AP-BL permeabil-
ity ratios were approximately 1, nicardipine and ranitidine
each increased the permeability of vinblastine, and thus were
identified as substrates of P-gp.

Table 3 summarizes the results of studies performed in
hMDR1-MDCK cells. These results confirm those obtained
using Caco-2 monolayers. For vinblastine alone, the overex-
pression of P-gp drives the AP-BL concentration to below the
limit of quantitation (LOQ) of the LC-MSMS method (LOQ
= 10 nM).

DISCUSSION

Effect of Passive Permeation on Apparent P-gp Kinetics

From directional transport studies, only compounds with
moderate permeability (vinblastine and cimetidine) were
identified as possible P-gp substrates. However, from drug
interaction studies, nicardipine, ranitidine, and cimetidine af-
fected the P-gp kinetics of vinblastine. Nifedipine results are
consistent with the observation of Eytan et al., who concluded
that compounds with fast transmembrane movement over-
came MDR efflux compared to those with slower transmem-
brane movement. Results obtained using a mechanistic per-
meation model also suggest that compounds with high affinity
to P-gp and high passive membrane permeability will over-
come P-gp-mediated efflux (12). This model found that com-
pounds with lower passive permeability have a better chance
of being affected by P-gp, even with lower affinity to P-gp.
Similarly, a pharmacokinetic model for estimating fraction
dose absorbed after oral administration showed a greater
fraction dose absorbed following P-gp inhibition, when the
intracellular diffusion constant of the modeled drug was small
(13). Here, the highly permeable compound nicardipine also
supports this conclusion that high passive permeability can
dominate P-gp effects. In addition, nicardipine stimulates
P-gp ATPase activity (14). It should be noted that an alter-
native explanation is that nicardipine (and ranitidine) only
interacts with P-gp to inhibit the transport of other drugs, but
is not translocated.

In addition to high permeability being able to mask a
P-gp effect, low permeability may mask a P-gp effect as well.
For the lowly permeable drug ranitidine, P-gp may be less
effective in limiting transport, because presumably the intra-

Table 3. Directional Permeabilities Across htMDR1-MDCK Mono-
layers With and Without Inhibitor

Permeability  Permeability Ratio of

(cm/sec) x  (cm/sec) x 10° BL-AP/AP-BL

Compound 10° AP-BL BL-AP permeability

10 uM Nicardipine 45.6 (+2.2) 51.9 (= 3.0) 1.14 (+ 0.09)

with GF120918  51.6 (= 1.2) 62.5 (£ 0.8) 1.21 (+0.03)
10 uM Vinblastine <0.2 36.9 (= 1.9) >18

with GF120918  1.47 (+0.12)  2.88 (+0.22) 1.96 (+ 0.22)

10 uM Cimetidine  0.97 (= 0.32)  2.40 (+ 0.18) 2.47 (£ 0.84)

with GF120918  0.90 (+0.13)  0.69 (+ 0.10) 0.76 (= 0.15)

10 uM Ranitidine 095 (x0.13)  1.47 (= 0.19) 1.55 (£ 0.29)

with GF120918  0.52 (£ 0.09)  0.57 (= 0.05) 1.11 (£ 0.22)

Values are n = 3 in hMDR1-MDCK monolayers after 60 min. SEM
on ratio values was calculated using the delta method.

Lentz et al.

cellular ranitidine concentration is low. Ranitidine has been
described to be predominantly transported via the paracellu-
lar route. With a low intracellular concentration, a drug that
is an intrinsic P-gp substrate may not manifest BL-AP/AP-BL
ratios above 1.0, because essentially small drug amounts are
effluxed.

The role of passive permeability in apparent P-gp kinet-
ics is presented here. However, an alternate explanation for
these observations is a low affinity of the compound for P-gp
(i.e., poor affinity; high K,,,). In practice, it may be difficult to
separate the influences of passive permeability and intrinsic
drug affinity on P-gp kinetics.

Kinetic Model

Results obtained from this work were subjected to theo-
retical analysis, using a kinetic model of a monolayer. In Fig.
1, drug can permeate via the passive transcellular and passive
paracellular routes, as well as be effluxed via P-gp. Sink con-
ditions are assumed for passive permeability (i.e., no passive
back diffusion). Net apical to basolateral flux (/,, 5, ) can be
described by:

VimaxC

JAF—BL = (Ptranx + Ppara)cd R (1)

K m + Ccym

where P, is passive transcellular permeability, P,,,,, is pas-
sive paracellular permeability, C,, is the apical donor concen-
tration, V,,,,, is the maximal drug efflux, C,,,, is the unbound
cytoplasmic drug concentration, and K,, is the intracellular
drug concentration at half V,,,. and inversely reflects intrinsic
drug affinity for P-gp. Protein-bound drug does not contrib-
ute to C,,, (15).

C,,., is assumed here to be the more relevant drug con-

centration (1). This model, in combination with the data ob-
tained in the laboratory, can be used to explain the relative

Apical Surface

N

)
v

v v

Basolateral Surface

Fig. 1. Schematic representation of the passive and active compo-
nents to efflux by P-glycoprotein.
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importance of moderate passive intestinal permeability for
P-gp effects. It should be noted Eq. (1) (and Fig. 1) is not
inconsistent with the conclusions of Ito et al., who indicate
that the apical membrane was less passive permeable than the
basolateral membrane (16). In such a case, P,,,,, in Eq. (1)
would essentially be equal to the apical membrane passive
permeability.

Contour plots showing the theoretical reduction in ap-
parent AP-BL permeability as a function of relative cytoplas-
mic concentration (y-axis) and apical solution concentration
(x-axis) are shown in Fig. 2. The relative cytoplasmic concen-
tration is the ratio of C,,, vs. C,. In each plot, the intrinsic
drug K,, for P-gp was assumed to be 10 pM. V,, . was as-
sumed to be 1 x 10~ pmol/em?/sec (17). P, was assumed to
be 5 x 10"cm/sec. To elucidate the contribution of passive
permeability to the relative reduction in AP-BL permeability,
P,,.ns Was assigned values of 5 x 10> cm/sec, 5 x 107° cm/sec,
and 0 cm/sec, for Figs. 2A, 2B, and 2C, respectively.
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Fig. 2. Contour plots of the relative reduction in apparent AP-BL
permeability (@ = 2-fold; O = 10-fold; A = 100-fold) due to active
efflux by P-glycoprotein. Panels A, B, and C denote high, moderate,
and extremely low passive transcellular permeability.
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In each of these scenarios, P-gp would not reduce the
AP-BL permeability when the relative cytoplasmic concen-
tration is very low (e.g., C.,/C, = 0.001). Assuming the
source of P-gp efflux of drug is the cytosol, sufficient drug
needs be present in the cytosol. On the other hand, high
relative cytoplasmic concentration (bottom range of Figs 2A,
2B, and 2C) generally results in over a 100-fold reduction in
permeability due to P-gp.

Under various conditions, a 2-fold, 10-fold, or 100-fold
reduction in permeability can occur. For moderately perme-
able compounds (Fig. 2B), these P-gp effects occur between
relative cytoplasmic concentration levels of 0.01 to 0.1. How-
ever, apical solution concentrations exceeding K,, (>10 uM)
require higher relative cytoplasmic concentrations, due to
P-gp saturation.

For highly permeable drugs (Fig. 2A), a 2-fold reduction
in permeability is difficult to attain, because very high relative
cytoplasmic concentrations need be achieved. For extremely
low permeability drugs (Fig. 2C), P-gp can impact permeabil-
ity over a theoretically wide range of conditions (10 pM to 100
wM), when relative cytoplasmic concentrations are greater
than 0.003. However, it may be questionable whether ex-
tremely low permeable drugs can provide this level of intra-
cellular drug concentration.

Data Interpretation Within the Kinetic Model

Results from the directional permeability studies of
nicardipine, vinblastine, cimetidine, and ranitidine through
Caco-2 monolayers are plotted on the theoretical plots (Fig.
2). The relative reduction in AP-BL permeability was taken
to be the ratio of BL-AP/AP-BL permeability. For nicar-
dipine, directional permeability studies indicated no reduc-
tion in AP-BL permeability at the donor concentration of 10
uM used in the study. This observation was in qualitative
agreement with the theoretical plot shown in Fig. 2A. For a
compound with rapid transmembrane movement, C,,,, would
need to reach 35% of C, in order to observe a reduction in
AP-BL permeability. Such high C,,, values are presumably
not attained even in steady state transport studies, and may
explain why nicardipine did not demonstrate apparent P-gp
efflux, when studied alone. When plotted in Fig. 2A, with an
apical solution concentration of 10 pM and an assumed rela-
tive cytoplasmic concentration of 0.15 (or less), nicardipine’s
AP-BL permeability would be predicted to be unchanged, as
observed experimentally.

Reduction in AP-BL permeability was observed for both
vinblastine and cimetidine. These observations can be inter-
preted in the context of Fig. 2B, and its underlying model (i.e.,
moderate Ptrains = 5 x 107° cm/sec). Vinblastine and cimet-
idine both exhibited moderate permeabilities (Table 1). Be-
cause the relative reduction in AP-BL permeability for vin-
blastine and cimetidine were 3-fold and 2-fold, respectively,
Fig. 2B suggests C..,,,/C, = 0.03. These cytoplasmic drug con-
centrations may be realistic. Further studies are warranted.
Notable is that C, = 10 uM for both nicardipine and cimet-
idine transport studies; however, a 2-fold relative reduction in
AP-BL permeability was seen for cimetidine, but not for nica-
rdipine. As plotted in Fig. 2A and 2B, the only assumed dif-
ference is nicardipine’s high transcellular permeability and
cimetidine’s moderate transcellular permeability.

Also plotted in Fig. 2B is an estimate of ranitidine’s dis-
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position under P-gp influence. Experimentally, the BL-AP/
AP-BL permeability ratio for ranitidine was 1.29. Using this
model (i.e., P,,,,, = 5x 107° cm/sec) C,.,,/C, = 0.015. Hence,
in Fig. 2B, the relative cytoplasmic concentration of ranitidine
is assumed to be 2-fold less than that of cimetidine. This
assumption may be reasonable, given that P,,,,, for ranitidine
and cimetidine were 1.59 x 10™° and 3.54 x 10~° cm/sec, re-
spectively (i.e., 2-fold different).

These theoretical contour plots are in agreement with the
experimental data, and emphasize the combined roles of pas-
sive permeability, apical donor concentration, and intracellu-
lar free drug concentration on apparent P-gp kinetics. How-
ever, measurement of intracellular free drug concentration
for each compound is needed for further model assessment.

Moderate passive permeability is required for the mani-
festation of P-gp effects (vinblastine and cimetidine). Such
compounds are sufficiently able to enter the cell, where P-gp
efflux can effectively compete against passive permeability.
Compounds such as nicardipine, with rapid transmembrane
movement, may pass through the cell faster than P-gp can
remove it. Similarly, compounds such as ranitidine, whose
passive permeability is low, may never reach the intracellular
concentrations needed to be effluxed by P-gp. Simple inspec-
tion of the ratio of BL-AP/AP-BL permeability after direc-
tional transport studies is a limiting means to identify com-
pounds that may affect P-gp kinetics. Drug interaction studies
with known P-gp substrates are needed to identify whether a
compound is a P-gp substrate.
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