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Purpose. The extent of intestinal absorption of MDR1 P-glycoprotein
(P-gp) substrate drugs may be affected by interindividual differences
in the expression level of P-gp, and/or by simultaneously adminis-
tered P-gp substrates/inhibitors. The purpose of the present study is
to examine whether the extent to which the intestinal absorption is
affected by P-gp can be predicted from in vitro experiments.
Methods. The in situ intestinal perfusion experiments were per-
formed for 12 compounds in mdrla/lb (-/-) and normal mice to
determine the permeability-surface area (PS) product. Thus deter-
mined intestinal P-gp function was compared with the in vitro P-gp
function, which was determined by comparing the transcellular trans-
port across human P-gp expressing and parental LLC-PK1 monolay-
ers.

Results. In situ experimental results revealed that the extent to which
the intestinal absorption is affected by P-gp was in the following
order; quinidine > ritonavir > loperamide, verapamil, daunomycin >
digoxin, cyclosporin A > dexamethasone, and vinblastine. A signifi-
cant correlation was observed between P-gp function determined in
the intestinal perfusion and that in LLC-PK1 monolayers.
Conclusion. The in vitro transcellular transport across P-gp express-
ing monolayers may be used to predict the extent to which the intes-
tinal absorption is affected by P-gp.

KEY WORDS: MDRI1 P-glycoprotein; intestinal absorption; intes-
tinal perfusion; jejunum; mdrl knockout mice, LLC-PK1.

INTRODUCTION

MDRI1 P-glycoprotein (P-gp) was initially cloned from
the multidrug-resistant tumor cell lines as an ATP-dependent
transporter responsible for the cellular extrusion of a series of
antitumor drugs (1,2). It is now well established that P-gp is
also expressed in many normal tissues, including the intestinal
epithelium, hepatocytes, renal tubular cells, and brain capil-
lary endothelial cells, and plays an important role in drug
disposition (3-5). The contribution of P-gp to the disposition
of many drugs has been investigated by using mdr1 knockout
mice for many years (6).

In particular, the contribution of P-gp in lowering the
oral bioavailability has been demonstrated by comparing the
disposition of orally administered substrate drugs, such as
taxol (7,8), digoxin (9), taclorimus (10), and saquinavir
(11,12) between normal and mdrla (—/-) and/or mdrla/lb
(—/-) mice. In addition, several reports suggest that P-gp also
has an important role in lowering the intestinal absorption in
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humans. These include the findings 1) that the oral bioavail-
ability of digoxin and cyclosporin A correlates well with the
amount of P-gp expressed in the small intestine (13,14); 2)
that the intake of grapefruit juice containing substrates that
inhibit the P-gp function results in the increased oral bioavail-
ability of cyclosporin A (15); and 3) that the induction of
intestinal P-gp results in the reduced bioavailability of digoxin
(13). In addition, although the results are still controversial
(16), several reports indicate that the plasma area under the
curve of substrate drugs is higher in subjects whose intestinal
P-gp expression is lower due to the polymorphism in exon 26
(C3435T; Refs. 17-19).

Taking these results into consideration, it is possible that
the variation in the intestinal absorption of substrate drugs
due to interindividual differences in the expression level of
intestinal P-gp and that due to simultaneously administered
P-gp substrates/inhibitors may depend on the extent to which
the intestinal absorption of each drug is affected by P-gp. In
the present study, we determined the quantitative role of P-gp
in lowering the oral absorption of its substrates, and also
examined whether intestinal P-gp function could be predicted
from in vitro experiments. Because we and others have pre-
viously reported that the P-gp function in the blood-brain
barrier (BBB) correlates well with the transcellular transport
across the human P-gp expressing LLC-PK1 monolayer
(20,21), we also examined the correlation of P-gp function
between the small intestine and the BBB.

MATERIAL AND METHODS

Chemicals

[*H]Daunomycin (185 GBg/mmol), [*H]digoxin (703
GBg/mmol), [?H]diazepam (3052 GBg/mmol), [?H]dexa-
methasone (1500 GBg/mmol), [*H]progesterone (5291 GBg/
mmol), [*H]verapamil (3145 GBg/mmol), and [**Clinulin
(1.85 GBg/mmol) were purchased from New England
Nuclear (Boston, MA, USA). [?’H]Cimetidine (574 GBgq/
mmol), [*H]cyclosporin A (259 GBg/mmol), and [*H]vinblas-
tine (412 GBg/mmol) were obtained from Amersham (Buck-
inghamshire, UK). [*H]Quinidine (740 GBg/mmol) was a
product of ARC (St. Louis, MO, USA). [?’H]Ritonavir (37
GBg/mmol) was purchased from Moravek (Brea, CA, USA).
[*H]Loperamide (185 GBg/mmol), synthesized by tritium gas
exchange methods, was purchased from TRITEC AG (Teu-
fen, Switzerland). PSC833 was kindly gifted from Novartis
(Basel, Switzerland). All other unlabeled compounds were
purchased from Sigma (St. Louis, MO, USA).

Animals

Experiments were performed in mdrla/lb (-/-) mice
(Taconic Farms Inc., NY, USA). FVB mice (Taconic Farms
Inc., NY, USA) were used as the control mice. All mice were
housed individually in a cage with paper bedding (alpha-dry,
Shephered Specialty Papers, Kalamazoo, MI, USA) at con-
trolled conditions (23°C, 55% air humidity, 12-h light cycle).
The mice were acclimatized for at least 1 week before the
experiments and had access to tap water and rodent pellet
food (MF, Oriental Yeast Co. Ltd., Tokyo).
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Jejunum Perfusion Experiments

The perfusion experiments were performed according to
the methods described previously (22-24). Mice weighing 27—
32 g were fasted overnight before the perfusion experiment
with access to tap water only. Anesthesia was induced with an
intravenous injection of Nembutal® (Dianippan Pharmaceu-
tics, Osaka, Japan) (pentobarbital sodium, 50 mg/kg), and the
mice were placed on a heating pad to maintain a body tem-
perature at 37°C. The abdomen was opened by a midline
longitudinal incision and a 8-10 cm jejunal segment was iso-
lated and cannulated at both ends with plastic tubing. The
segment was rinsed with phosphate-buffered saline (pH 6.4).
Saline was dropped onto the surgical area, which was then
covered with a paper sheet to avoid loss of fluid. The experi-
ment was initiated by filling the segment with a 1-mL bolus of
the perfusion solution followed by perfusion at 0.1 mL/min
using an infusion pump (Harvard Apparatus Syringe Infusion
Pump, South Natick, MA, USA). The perfusion solution con-
sisted of 20.1 mM Na,HPO,, 47.0 mM KH,PO,, 101 mM
NaCl (pH 6.4), and contained tritium-labeled probes with a
tracer concentration of '*C-labeled inulin as a nonabsorbable
marker (23). The concentrations of the probes were as fol-
lows: [?*H]daunomycin (9.25 KBq/mL, 50 nM), [*H]digoxin
(9.25 KBg/mL, 13 nM), [’H]diazepam (9.25 KBg/mL, 3 nM),
[’H]dexamethasone (9.25 KBg/mL, 6 nM), [*H]progesterone
(9.25 KBg/mL, 1.5 nM), [*H]verapamil (9.25 KBg/mL, 3 nM),
[*H]cimetidine (9.25 KBg/mL, 16 nM), [*H]cyclosporin A
(9.25 KBg/mL, 9 nM), [*H]vinblastine (9.25 KBg/mL, 6 nM),
[*H]quinidine (9.25 KBg/mL, 13 nM), [*H]ritonavir (9.25
KBg/mL, 250 nM), and [*H]loperamide (9.25 KBg/mL, 50
nM). The outflow perfusate was collected at 5-min intervals
for 60 min. The length of the segment was measured at the
end of experiments. Scintillation cocktail (Hionic-fluor, Pack-
ard, Meriden, CT, USA) was added to the aliquots removed
from the samples and their radioactivities were measured in a
liquid scintillation counter (model 2700 TR, Packard, Mer-
iden, CT, USA).

Data Analysis

The absorbed fraction (F,) of each ligand was estimated
according to the following equation, which corrects for the
volume change using [**CJinulin as a nonabsorbable marker
(23):

F 1 Cin,I Coul 1
S Coul,l ) Cin ( )

where C;, ; and C,,,, represent the concentration of [**Clinu-
lin in the inflow and outflow solutions, respectively, and C;,
and C_, represent the ligand concentration in the inflow and
outflow solutions, respectively.

The apparent membrane permeability clearance, or the
product of the apparent membrane permeability coefficient
and the surface area, for the unit length of intestinal segments
was calculated as follows (23);

PS product = —% x In(1 - F,) 2)

where PS product is the product of the apparent membrane
permeability coefficient and the surface area, Q is the perfu-
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sion rate (0.1 mL/min), and L is the length of perfused seg-
ments.

RESULTS

The PS product of 12 compounds was determined in nor-
mal and mdrla/lb (—/-) mice using the in situ intestinal per-
fusion technique. The time profiles for the Fa of ligands are
shown in Fig. 1. It was revealed that the Fa of typical P-gp
substrates such as quinidine and verapamil in mdrla/1b (-/-)
mice was significantly higher than those in normal mice,
whereas no significant difference was observed in poor sub-
strates for P-gp (such as diazepam) between the two strains
(Fig. 1). The mean values of the Fa between 20 and 30 min
were used to determine the PS product for these ligands.
Although much longer time was required to reach the steady
state conditions for some compounds including cyclosporin A
and daunomycin, we calculated the PS product for such com-
pounds by using the Fa obtained between 20 and 30 min, due
to the difficulties in maintaining the viability of mice for much
longer time.

To further support the propriety of the experimental
conditions, we examined the effect of PSC833, an inhibitor for
P-gp, on the intestinal absorption of [*H]quinidine. As shown
in Fig. 2, PSC 833 (1 pM) significantly increased the absorp-
tion of [*H]quinidine in normal mice, but not in mdrla/lb
(—/-) mice. In contrast, PSC 833 (1 pM) did not significantly
affect the absorption of [?’H]quinidine in mdrla/1b (~/-) mice
(Fig. 2), suggesting that the intestinal P-gp function can be
determined from these experimental conditions.

In addition, the amount of ligands remaining in the in-
testinal mucosa was also determined in normal and mdrla/lb
(—/-) mice at the end of experiments. It was revealed that the
intestinal content of typical P-gp substrates such as quinidine,
loperamide and vinblastine was significantly higher in mdrla/
1b (—/-) mice than normal mice (Fig. 3), which is consistent
with the fact that P-gp is located on the apical membrane and,
therefore, reduce the intestinal absorption of its substrates.

To evaluate the function of P-gp quantitatively, the in-
testinal PS product ratio was determined by dividing the PS
products in mdrla/1b (—/-) mice by those in normal mice. As
shown in Table I, the PS product ratio was in the order,
quinidine > ritonavir > loperamide, verapamil, daunomycin >
digoxin, cyclosporin A > dexamethasone and vinblastine.
These ratios were also compared with those determined in
vitro. Previously, we have determined the transcellular trans-
port of 12 ligands across human P-gp-expressing and parental
LLC-PK1 monolayer (20). In the present study, we calculated
the in vitro PS product ratio (PS,_, ,, ratio) by dividing the PS
product for the apical-to-basal flux across parental LLC-PK1
monolayer by that across P-gp-expressing monolayer. These
values are summarized in Table II. A significant correlation in
the PS product ratios between in situ and in vitro was ob-
tained (Fig. 4).

Finally, we compared the function of P-gp between the
small intestine and the BBB. For the P-gp function in the
BBB, we have cited the previously reported K, i Tatios,
which were defined as the brain-to-plasma concentration ra-
tio in mdrla/1b (-/-) mice divided by the same ratio in nor-
mal mice (20). Although the correlation was significant for 12
compounds, the plot for some compounds such as digoxin was
not superimposable on the correlation line (Fig. 5).
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Fig. 1. Time profiles for the absorbed fraction of ligands in the outflow. The small intestinal segments were perfused with the medium
containing isotopically labeled compounds to determine the outflow concentrations. The results are given as the absorbed fraction, defined by
Eq. (1) in the text. Each point and vertical bar represents the mean + SE of three independent determinations. Open and closed circles
represent the results in mdrla/lb(-/-) and normal mice respectively. Statistical difference in mdrla/lb(-/-) mice were compared to normal
mice by two-sided Student’s ¢ test with p < 0.05 as the limit of significance (*p < 0.05; **p < 0.01).

DISCUSSION

In the present study, we have quantitatively determined
the contribution of P-gp in lowering the oral bioavailability by
using an in situ intestinal perfusion technique in normal and
mdrla/lb (-/-) mice. For substrates that are extensively
transported by P-gp, there was a significant difference in the
absorbed fraction between normal and mdrla/lb (—/-) mice

P<0.01
P<0.05

5.0 - |
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9 4.0 -
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g
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Fig. 2. Effect of PSC833 on the intestinal absorption of [*H]quini-
dine. The PS product for [*H]quinidine in normal and mdrla/1b (-/-)
mice was determined in the presence and absence of PSC833 (1 uM).
Each point and vertical bar represents the mean + SE of three inde-
pendent experiments. Open and closed bars represent the results in
the presence and absence of PSC 833, respectively. Statistical differ-
ences were compared by two-sided Student’s ¢ test with p < 0.05 as the
limit of significance.

(Fig. 1), and in addition, the amount remaining in the intes-
tinal mucosa at the end of experiments was much higher in
mdrla/1b (—/-) mice than in normal mice (Fig. 3). In order to
evaluate the contribution of P-gp to decreasing the intestinal
absorption, we have determined the in situ intestinal PS prod-
uct ratio. As shown in Table I, the intestinal PS product ratio
was in the order, quinidine > ritonavir > loperamide, vera-
pamil, daunomycin > digoxin, cyclosporin A > dexametha-
sone and vinblastine. These values may be compared to the
previously reported oral absorption of the ligands in normal
and mdrla/lb (/) mice. The intestinal PS product ratio for
digoxin was 2.06 + 0.07 (Table I), which is similar to the ratio
of plasma concentrations in mdrla/lb (—/—) mice after oral
administration to that in normal mice (1.7; Ref. 9). Moreover,
in human subjects who have homozygous T allele at position
3435, the intestinal P-gp level was approximately one tenth
that of homozygous C/C genotype, and consequently, the
plasma AUC of digoxin after oral administration was ap-
proximately two times higher than that of wild type subjects
(17). This value is also consistent with the intestinal PS prod-
uct ratio of digoxin determined in the present study (Table I).
These results may have some clinical implications. The intes-
tinal absorption of P-gp substrate drugs with high PS product
ratios may be markedly affected by interindividual differ-
ences in the expression level of P-gp and/or by simultaneously
administered P-gp substrates/inhibitors, whereas those with
low PS product ratios may only be minimally affected by an
alteration in P-gp function.

We also found a significant correlation in the PS product
ratio between in situ and in vitro experiments. The in situ and
in vitro PS product ratios will be discussed by considering a
pharmacokinetic model for the transcellular transport
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Fig. 3. Content of ligands remaining in the intestine. Content of ligands remaining in the intestine of
normal and mdrla/lb (—/-) mice was determined at the end of experiments. Each point and vertical bar
represents the mean + SE of three independent experiments. Open and closed bars represent the results
in normal and mdrla/1b(-/-) mice respectively. Statistical difference in mdrla/1b(-/-) mice were com-
pared to normal mice by two-sided Student’s ¢ test with p < 0.05 as the limit of significance.

(Scheme 1). The PS products for the intestinal absorption in
normal and mdrla/lb (-/-) mice are given by the following
equations:

PS product in normal mice =
PSS. eff

PSm. eff + PSS eff + PSP»gp

PSm‘ inf X (3)
PS product in mdrla/lb(—/-) mice =
PSSA, eff

PSm, eff + PSs, eff (4)

PS, o X
where PS . .. and PS,, . represent the PS product for the
influx and efflux across the mucosal membrane respectively,
and PS . represents the PS product for the efflux across the
serosal membrane of the intestinal epithelial cells (Scheme 1).
Consequently, the intestinal PS product ratio is calculated by
dividing the PS product in mdrla/lb (-/-) mice by that in
normal mice:

Ps P-gp

PSm, eff + PSS, eff (5)

PS product ratio=1+

In the same manner, the PS product for the transcellular
transport (apical-to-basal flux) across the parental and P-gp
expressing LLC-PK1 monolayers is given by the following:

PS,_, ., in MDR1 expressing cells =

PS. . . x PSb‘ eff ©
a, inf PSa, eff T PSb, et T PSP—gp
PS in parental cells = PS, ; ; X L o
a-to-b p - a, inf PSa ot + PSb it
Then, the PS,_,, ratio is given by the following:
PSp.
PSa—to—b ratio=1+ P-gp (8)

PS, it PSy, cir

Comparison of Egs. (5) and (8) provides the theoretical
basis for the presence of a significant correlation in the PS
product ratio between in situ and in vitro is observed (Fig. 4).

However, the correlation in the P-gp function between in
vitro and in situ intestinal absorption (Fig. 4) was less than
that obtained between in vitro and in vivo BBB penetration
(20). We have previously observed that the function of P-gp in
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Table I. PS Products Determined in the in Situ Intestinal Perfusion

PS product (pL/min/cm)

Drugs Normal mdrla/lb(-/-) PS product ratio
Cimetidine 0.973 £0.089  0.928 +0.075 0.95+0.13
Cyclosporin A 213 +0.21 4.27 +0.32%* 2.01 +0.24
Daunomycin 1.63 £ 0.20 4.91 +0.29%* 3.01 £ 0.40
Dexamethasone  2.38 +0.23 3.92 +0.45*% 1.65 £ 0.09
Diazepam 13.0+2.8 12.8+34 0.99 +0.34
Digoxin 1.14 £ 0.15 2.34 £0.12% 2.06 = 0.07
Loperamide 1.10 £ 0.77 3.44 £0.90 314 £235
Progesterone 8.23 £0.96 7.63 +0.88 0.93 +£0.15
Quinidine 0.428 £0.190  3.36 + 0.41%* 7.86 +3.63
Ritonavir 0.564 +0.314  2.64+0.79 4.70 £2.98
Verapamil 1.38 £+ 0.51 4.23 £0.13%* 3.07 £1.14
Vinblastine 0.926 £ 0.106  1.25+0.11 1.35+0.20

Note: The PS products for the intestinal absorption were calculated
from the data shown in Fig. 1 using Eq. (2). The values of in situ PS
product ratio, defined as the PS product in mdrla/lb (-/-) mice
divided by the same value in normal mice, were also calculated. The
results are shown as the mean + SE. The SE for the PS product ratio
was calculated according to the law of propagation of error. Statistical
difference in mdrla/1b(—/-) mice were compared to normal mice by
two-sided Student’s ¢ test with p < 0.05 as the limit of significance
(*p < 0.05; **p < 0.01).

the BBB, defined as the K, ., 1atio, correlated well with
the function of in vitro P-gp, defined as the ratio of basal-to-
apical flux to that of apical-to-basal flux in P-gp expressing
LLC-PK1 divided by the same ratio in parental monolayer for
12 compounds (r = 0.892, p < 0.01) (20). Moreover, although
the P-gp function in the BBB and the small intestine signifi-
cantly correlated for the 12 compounds tested, the plot for

Table II. PS Products for the Transcellular Transport across MDR1
Expressing LLC-PK1 Monolayer

PS, 0. (L/min/mg protein)

Drugs LLC-MDR1 Parental PS, o ratio
Cimetidine 1.32+0.28 0.620 + 0.110 0.47 £0.13
Cyclosporin A 0.98 + 0.07 1.59 £ 0.12* 1.62 £0.17
Daunomycin 2.64 +£0.27 1.75 £ 0.04 0.66 + 0.07
Dexamethasone 1.89 +£0.19 1.85 £ 0.05 0.98 +0.10
Diazepam 3.78 £0.03 3.94 £0.26 1.04 £ 0.07
Digoxin 0.560 + 0.058 1.03+0.21 1.84 +0.42
Loperamide 11.3+0.1 16.4 + 0.4%* 1.44 + 0.04
Progesterone 6.48 +0.21 6.44 + 0.36 0.99 + 0.06
Quinidine 4.07 £0.03 12.6 £ 0.8** 3.09 +0.19
Ritonavir 0.908 +0.133 2.24 +0.17%* 247 +0.41
Verapamil 7.51+0.14 12.5 £ 0.1%* 1.66 + 0.03
Vinblastine 1.39 £ 0.01 1.56 + 0.09 1.12 £ 0.07

Note: Based on the results shown in our previous report (20), the PS
products for the transcellular transport (apical to basal) of 12 com-
pounds were calculated. The values of in vitro PS product ratio
(PS,.(o.o 1atio), defined as the PS product for the apical-to-basal flux
across the parental LLC-PK1 cells divided by the same value across
MDR1-expressing LLC-PK1 monolayer, were also determined. The
results are shown as the mean + SE. The SE of the PS, ., ratio was
calculated according to the law of propagation of error. Statistical
difference in LLC-MDRI1 cells were compared to parental cells by
two-sided Student’s ¢ test with p < 0.05 as the limit of significance
(*p < 0.05; **p < 0.01).
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Fig. 4. Correlation of P-gp function determined in in vitro transcel-
lular transport studies and in in situ intestinal perfusion studies. Data
listed in Tables I and II were summarized to examine the correlation
between in situ and in vitro P-gp function. Each point and vertical bar
represents the mean + SE, which was calculated according to the law
of propagation of error. Key: 1, cimetidine; 2, progesterone; 3, diaz-
epam; 4, vinblastine; 5, dexamethasone; 6, cyclosporin A; 7, digoxin;
8, daunomycin; 9, verapamil; 10, loperamide; 11, ritonavir, 12, quin-
idine.

digoxin did not superimpose on the correlation line (Fig. 5).
One of the reasons for the difference in the contribution of
P-gp for digoxin between the BBB and the small intestine
may be accounted for by the hypothesis that a transport
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Fig. 5. Correlation of P-gp function determined in in vivo brain pen-
etration studies and in situ intestinal perfusion studies. Data listed in
Table I and those in our previous report (20) were summarized to
examine the correlation of P-gp functions between the small intestine
and the blood-brain barrier. Each point and vertical bar represents
the mean + SE, which was calculated according to the law of propa-
gation of error. Key: 1, cimetidine; 2, progesterone; 3, diazepam; 4,
vinblastine; 5, dexamethasone; 6, cyclosporin A; 7, digoxin; 8, dau-
nomycin; 9, verapamil; 10, loperamide; 11, ritonavir, 12, quinidine.
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mechanism(s) other than P-gp is also involved in the intestinal
absorption of digoxin. However, it may be not necessary for
us to consider the involvement of mdrlb in the interpretation
of the experimental data, since the predominant isoform in
the BBB and the small intestine is mdrla (25-27). In addition,
it is also possible that the extent of intestinal metabolism is
different between mdrla/lb (-/-) and normal mice (28). Be-
cause we determined the total radioactivity in the outflow, it
is plausible that the interpretation of the data may be subject
to errors due to the presence of metabolites.

Finally, the fact that the absolute value of the slope (2.6)
in Fig. 5 is significantly higher than one needs to be discussed.
The difference in the contribution of P-gp in the BBB pen-
etration determined by the K|, ,,;, Tatio and that in the in-
testinal absorption determined by the intestinal PS product
ratio may be accounted for by considering the fact that the
former is given by:

PSp_gp

K
PS) e

p, brain

ratio=1+ (©)]
where PS, i represents the PS product for the efflux across
the luminal membrane. Obviously, Eqs. (5) and (9) differ
from each other in that the denominator is PS,,, .¢; plus PSg ¢
in Eq. (5) whereas that in Eq. (9) is PS, ., which accounts for
the slope of 2.6 in Fig.5. Alternatively, the results may also be
due to a higher expression level of mdrla in the BBB than in
the small intestine.

Adachi, Suzuki, and Sugiyama

In conclusion, we have quantified the contribution of
P-gp to restricting the intestinal absorption of its substrate
drugs. Such quantification is important in predicting the
variation in the drug absorption due to interindividual differ-
ences in the expression level of intestinal P-gp and that due to
simultaneously administered P-gp substrates/inhibitors.
Moreover, we have also found that the in vitro transcellular
transport across P-gp expressing monolayers may be used to
predict the intestinal P-gp function, although the correlation
coefficient was lower than that observed between the P-gp
function in the BBB and in vitro model.
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