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Abstract

Prediction of the intestinal absorption of new chemical entities (NCEs) is still dif-
ficult, in part because drug efflux transporters, including breast cancer resistance
protein (BCRP) and P-glycoprotein (P-gp), restrict their intestinal permeability. We
have demonstrated that the absorptive quotient (AQ) obtained from the in vitro
Caco-2 permeability study would be a valuable parameter for estimating the impact
of BCRP on the intestinal absorption of drugs. In this study, in order to assess the
correlation between the in vitro AQ for BCRP and in vivo contribution of BCRP on
drug absorption, we evaluated the oral absorption of various compounds by portal-
systemic blood concentration (P-S) difference method in wild-type (WT), Berp(-/-),
and Mdrla/1b(-/-) mice. In addition, we also calculated a rate of BCRP contribution
value (0.05 and 0.15),
and their apparent fractions of intestinal absorption in WT mice were 46.5% and

(Ry,,,)- Ciprofloxacin and nitrofurantoin showed the low R,
63.7%, respectively. These results suggest that BCRP hardly affects their intestinal
absorption in mice. On the other hand, the apparent fraction of intestinal absorption
of topotecan and sulfasalazine was significantly lower in WT mice than in Bcrp(-/-)

mice. Moreover, their R, values were 0.42 and 0.79, respectively, indicating the

berp

high contribution of BCRP to their oral absorption. Furthermore, in vivo R, _ calcu-

berp
lated in this study was almost comparable to in vitro AQ obtained from Caco-2 per-
meability study. This study provides useful concepts in assessing the contribution of

BCRP on intestinal absorption in drug discovery and development process.
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total body clearance; FaFg, the apparent local absorption ratio from the gastrointestinal tract into the portal system; MAT, mean absorption time; MRT, mean residence time; P-gp,
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Oral drug administration has been most frequently used in clinical be-
cause it has several advantages against other administration routes,
such as easy to use, high safety, good patient compliance, and low cost.
Therefore, in the development of new drug, it is very important to make
many new chemical entities (NCEs) to be an orally available dosage form.
However, most of the NCEs, which have been discovered recently, tend
to have disadvantageous characteristics for oral administration, that is,
poor water solubility, low membrane permeability, and substrate for var-
ious efflux drug transporters. In particular, at the early drug discovery
stage, it is important to estimate whether each NCE is recognized by
drug efflux transporter and its intestinal permeability is restricted.

In drug efflux transporters, breast cancer resistance protein (BCRP;
ABCG2) expression level in human intestine has been reported to be
equal to or even higher than that of MDR1.? BCRP has one adenos-
ine 5'-triphosphate (ATP)-binding cassette and six transmembrane do-
mains and is, therefore, so called a half-ABC transporter, which forms
homodimers to obtain functional activity.3'4 Since Berp(-/-) mice were
developed by Schinkel et al,” a lot of in vivo studies using Berp(-/-)
mice have been carried out to evaluate the effect of BCRP on the oral
absorption of drugs.®® In most of these reports, systemic plasma con-
centration of drugs after oral administration was compared between
Bcrp(-/-) mice and wild-type (WT) mice. In case of BCRP substrate
drug, its bioavailability (BA) in Bcrp(-/-) mice is tended to be higher
than that in WT mice, because Bcrp is highly expressed in liver and
kidney, relatively high expressed in small intestine.®”?

We have evaluated the Caco-2 permeability of various BCRP and/
or P-glycoprotein (P-gp) substrates and defined an absorptive quo-
tient (AQ) for estimating the specific contribution of BCRP to intes-
tinal permeability of drugs. This in vitro assay system using Caco-2
cells for calculating AQ might be an efficient approach to estimate the
oral absorption of NCEs, particularly with respect to the contribution
of BCRP. In order to demonstrate this expectation, it is required to
investigate whether the estimated contribution of BCRP to intestinal

permeability from in vitro study correlates with the in vivo study.
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In this study, we evaluated the contribution of BCRP, as well as P-gp,
which is a representative drug efflux transporter, to intestinal drug ab-
sorption using a recirculatory model for portal-systemic blood concen-
tration (P-S) difference method (Figure 1) in Bcrp(-/-) and Mdr1a/1b(-/-)
mice.®! This method was developed to separately evaluate the rate
and extent of absorption from the gastrointestinal tract into the por-
tal system and disposition of a drug in the body. We here applied this
method for various model compounds, and estimated the apparent local
absorption ratio from the gastrointestinal tract into the portal system
(FaFg) in WT, Berp(-/-), and Mdr1a/1b(-/-) mice. Then, we calculated
the in vivo AQ values for BCRP and P-gp, and ratios of contribution (R),
which indicate the contribution of BCRP and P-gp on the intestinal ab-
sorption. Furthermore, we also assessed the correlation of in vivo AQ
with in vitro AQ obtained from in vitro Caco-2 permeability studies.

2 | MATERIALS AND METHODS

2.1 | Chemical and reagents

Caffeine was purchased from Nacalai Tesque (Kyoto, Japan).
Ciprofloxacin was purchased from LKT Laboratories, Inc (St. Paul,
MN). Nitrofurantoin was purchased from MP Biomedicals, Inc (Tokyo,
Japan). Topotecan HCI was purchased from ALEXIS CORPORATION
(Lausen, Switzerland). Sulfasalazine was obtained from Sigma-Aldrich
(St. Louis, MO). Transwell® was purchased from Corning (Corning,
NY). Other chemicals used were of the highest purity available.

2.2 | Animals

Male Mdr1a/1b(-/-) and Bcrp(-/-) mice, and WT mice of the same
genetic background (FVB) were obtained from Taconic Farms
(Germantown, NY, USA). The mice in the present study were 10 to
18 weeks old and weighed 23 to 35 g. Animals were maintained under

standard conditions with a 12 hours light/dark cycle. Food and water

Simultaneously sampling of
portal and systemic blood

FIGURE 1 Schematic representation
of P-S difference method model
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were available ad libitum. All experiments were carried out in ac-
cordance with the principles and procedures outlined in the National
Institutes of Health Guide for the Care and Use of Laboratory. All
animal experimental protocols were reviewed and approved by the
Animal Care and Use Committee of Kyoto Pharmaceutical University
(2005-239) and Ritsumeikan University (BKC2010-27).

2.3 | Preparation of drug solution

For intravenous administration studies, each of the following model
compounds was dissolved in saline containing 1% dimethyl sulfox-
ide and 10% polyethylene glycol 400: ciprofloxacin, 0.2 mg/mL; to-
potecan, 0.2 mg/mL; nitrofurantoin, 0.1 mg/mL; and sulfasalazine,
0.1 mg/mL. For oral administration studies, each of the following
model drug was dissolved in water with 1% dimethyl sulfoxide and
10% Solutol HS15: ciprofloxacin, 0.2 mg/mL; topotecan, 0.2 mg/mL;
nitrofurantoin, 0.5 mg/mL; and sulfasalazine, 0.5 mg/mL.

2.4 | Pharmacokinetic studies

All the mice were fasted overnight with free access to tap water. In the
intravenous administration studies, model compounds were administered
via the tail vein at doses of 1 mg/kg (n = 3). Following administration, blood
samples were collected from the abdominal vein of the anesthetized mice
at 0.083, 0.17, 0.5, 1, 2, 4, and 8 hours. In the oral administration study,
ciprofloxacin, nitrofurantoin, topotecan, and sulfasalazine were adminis-
tered by gavage at a dose of 1, 2, 1, and 5 mg/kg, respectively (n = 2).
Following administration, blood samples were taken from the portal and
abdominal veins of the anesthetized mice at 0.083,0.17, 0.5, 1, 2, 4, and
8 hours. The plasma samples were separated by centrifugation at 14 000g

for 10 minutes at 4°C and stored at ~30°C until analysis.

2.5 | Determination of blood/plasma concentration
ratio (R,)

The model compounds were spiked into fresh whole blood collected
from FVB mice at final concentrations of 1 pg/mL. After the incuba-
tion at 37°C for 15 minutes, the plasma samples were obtained by
centrifugation at 14 000g for 10 minutes at 4°C. Similarly, the model
compounds were added to plasma, and reference blood samples
were obtained according to the same procedure. These concentra-
tions of drugs in each sample were analyzed using HPLC (Cg and Cp,

respectively). R, value was calculated by dividing Cy, by Cp.

2.6 | Analytical methods

Ciprofloxacin and nitrofurantoin were extracted from the plasma with
dichloromethane and ethyl acetate, respectively. After organic layer was

evaporated at 60°C, the resultant residues were dissolved in a mobile
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phase. For the determination of topotecan and sulfasalazine, plasma

samples were mixed with acetonitrile, centrifuged at 750 g for 10 min-
utes at 4°C, and the supernatants were collected. After the evaporation
of the supernatants, the residues were dissolved in a mobile phase, and
acidified with phosphoric acid for topotecan. All drugs were analyzed by
HPLC system (Shimadzu LC-10AS pump, Shimadzu SIL-10A autosam-
pler) equipped with a reverse-phase column (COSMOSIL 5C,5-AR-Il, 3.5-
pm inner diameter, 4.6 x 150 mm). The flow rate was 1.0 mL/min. The
compositions of mobile phases were as follows: ciprofloxacin, 10 mmol/L
formate buffer (pH 3.0) with methanol and acetonitrile (82:9:9, v/v); ni-
trofurantoin, 10 mmol/L phosphate buffer (pH 3.0) with acetonitrile
(83:17, v/v); topotecan, 10 mmol/L phosphate buffer (pH 3.7) with
methanol (76:24, v/v); and sulfasalazine, 5 mmol/L phosphate buffer
(pH 6.0) with acetonitrile (78:22, v/v). Nitrofurantoin and sulfasalazine
were detected by absorbance at 366 nm and 357 nm, respectively, using
Shimadzu SPD-20A UV spectrophotometric detector. Ciprofloxacin was
analysed by measuring the fluorescent intensity at a wavelength of 280
(excitation)/460 (emission) nm using Shimadzu RF-10A XL fluorescence
detector. Topotecan was also detected by measuring the fluorescent in-
tensity at a wavelength of 361 (excitation)/527 (emission) nm.

2.7 | Pharmacokinetic analysis

Elimination rate constant (k.) was determined by the least squares re-
gression analysis of plasma concentration vs time curve. Elimination

half-life (t1/2) was calculated using Eq.1:

ty),=In2/k, (1)

Area under plasma concentration-time curve (AUC) and area under
the first moment curve (AUMC) from time O to infinity were calculated
by trapezoidal rule. Mean residence time (MRT), mean absorption time
(MAT), total body clearance (CL,.,), and distribution volume at the
steady state (V

/<o) Were calculated using following equations:

CL;, =Dose/AUC (2)
Viass =AUMC;, /AUC;, X Cl (3)
CL,,: =Dose/AUC (4)
Vs =AUMC;, /AUC;, x CLy, (5)

where AUMC;, and AUC,, mean AUMC and AUC after intravenous ad-
ministration, respectively.

Absorption rate constant (k,) after oral administration was cal-
culated by the nonlinear least squares fitting with program MULTI.*?
Apparent FaFg (F,, absorption ratio; Fg, intestinal availability) in

P-S difference model was calculated by Eq.4:

F.Fg=Q,, xR, x (AUC,,—AUC,) /Dose (6)
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where Q, is the portal blood flow (106.6 mL/min/kg,*>4 AUC_ is the
AUC in portal vein, and AUCSYs is the AUC in systemic circulation). BA
was calculated by Eq.5:

BA=AUC,,,/AUC;, xDose;, /Dose,,, x 100 (7)

where AUC

oral
administered dose in the intravenous and oral administration study,

|is AUC after oral administration. Dose;, and Dose  are

ora

respectively.

Hepatic availability (F,) was calculated by Eq.6:

F,=F/ (F,xFg) (8)

In vivo AQ was defined by the following equation using k, in WT,

Bcrp(-/-), and Mdrla/1b(-/-) (ka,WT’ ka,BCRP, ka,P-gp) (Figure 2):

ka,Bcrp - ka,WT

AQg, =
Berp ka,WT + (ka,Bcrp - ka,WT) + (ka,P—gp - ka,WT)

ka,P—gp - ka,WT

AQp_g, = (10)

ka,WT + (ka,Bcrp - ka,WT) + (ka,P—gp - ka,WT)

In addition, we defined a rate of contribution (R), which indicates
the contribution of P-gp or BCRP on the intestinal absorption, by the
following equation:

Fa Fchrp - Fa FgWT
RBcrp = (11)
FaFgWT + (FaFchrp _FaFgWT) +(FaFgP—gp - FaFgWT)
F.Fp_ oo—F.F,
Rp_gp= a' gP—gp a' gWT (12)
FaFgWT+(Fangcrp_FaFgWT)+(FaFgP—gp_FaFgWT)
where FaFgWT, FaFchrp’ and FaFgP-gp are F,F, in WT, Bcrp(-/-), and

Mdri1a/1b(-/-) mice, respectively.

3 | RESULTS

3.1 | Assessment of the contribution of BCRP on
the oral absorption of model drugs

We evaluated the contribution of BCRP and P-gp to the intestinal
absorption of model drugs, ciprofloxacin, nitrofurantoin, topote-
can, and sulfasalazine, by P-S difference method in WT, Bcrp(-/-),
and Mdrla/1b(-/-) mice. Prior to in vivo absorption studies, we

Berp- mice

©-gp)

Wild-type mice

(N [-gpXecrp)

Kowr F.F

g k

a,bcrp k

wT a

a

g berp

comparatively evaluated the expression characteristics of efflux
transporter, aside from BCRP and P-gp, and drug-metabolizing and
conjugating enzymes, which are involved in drug absorption and me-
tabolism, in mice. The mRNA expression levels of Mrp2 in the intestine
and Cyp3a1l1, Slutlal, and Ugtlal in the intestine and liver were not
significantly different among WT, Bcrp(-/-), and Mdr1a/1b(-/-) mice
(data not shown). In addition, we also determined R, value of model
drugs. The measured R, values of all the model drugs were approxi-
mately 1.0 (ciprofloxacin, 1.20 + 0.10; nitrofurantoin, 1.18 + 0.10; to-
potecan, 0.94 + 0.05; and sulfasalazine, 1.28 + 0.03). These results
indicate that the distribution of these drugs in plasma is almost equal
to that in blood cells. Moreover, there were no differences in R, values
among WT, Bcrp(-/-), and Mdr1a/1b(-/-) mice (data not shown).

3.1.1 | Ciprofloxacin

We also evaluated the plasma concentration of ciprofloxacin fol-
lowing intravenous and oral administration in WT, Bcrp(-/-), and
Mdri1a/1b(-/-) mice (Figure 3, Table 1). The portal plasma concentra-
tion of ciprofloxacin reached the peak at 10 minutes after oral ad-
ministration in each WT, Bcrp(-/-), and Mdr1a/1b(-/-) mice. These
profiles show that ciprofloxacin is rapidly absorbed from the upper
small intestine. Moreover, AUC,,, and AUC , of ciprofloxacin after oral
administration in Bcrp(-/-) mice were almost the same as those in WT
mice, and the calculated FaFg was also nearly equal in both mice (50.6%
in Berp(=/-) mice and 46.5% in WT mice). In addition, there was no
difference in ka values between Bcrp(-/-) mice and WT mice (1.85 per
hour and 1.63 per hour, respectively). These results indicate that BCRP
hardly affects the intestinal absorption of ciprofloxacin.

In contrast, AUCSys of ciprofloxacin after intravenous injection in
Bcrp(-/-) mice was approximately 1.5-fold higher than that in WT mice
(1203 nmol/L:h vs 886 nM:-h), and CL,, in Bcrp(-/-) mice was lower
than that in WT mice (2.51 L/h/kg vs 3.41 L/h/kg). These results sug-
gest that BCRP is involved in the elimination of ciprofloxacin in mice.

On the other hand, FaFg and k, values of ciprofloxacin after
oral administration in Mdrla/1b(-/-) mice were much higher than
those in WT mice (75.0% vs 46.5% and 2.18 per hour vs 1.63
per hour, respectively). Moreover, AUCsys in Mdrl1a/1b(-/-) mice
was higher than that in WT mice (601 nmol/L-h vs 306 nmol/L:h),
and CL, , in Mdrla/1b(-/-) mice was lower than that in WT mice
(2.33 L/h/kg vs 3.41 L/h/kg). These results suggest that p-gp is
involved in both intestinal absorption and elimination process of
ciprofloxacin.

Mdr1a/1b~"- mice

Georp)

FIGURE 2 Schematic representation
of in vivo measures of BCRP or P-gp
modulated drug absorption used in this
study

F.F

becrp g

P-gp
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FIGURE 3 Plasma concentration (A) (B)
vs time profiles of ciprofloxacin in WT, ~ 1000 3 1000
Bcrp(-/-), and Mdr1a/1b(-/-) mice after = —@— WTpv 2 ®— WTpv
land int dministrati g —O— WTsys £ O Wisys
oral and intravenous a 'm|n|s r.a ion. g A= bopKOpv £ — —B—- mdrla/IbKO py
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profiles of ciprofloxacin in WT, Berp(-/-), 2 =
and Mdrla/1b(-/-) mice after oral g 100 g 100
administration (1 mg/kg; A, B) and 1 §
intravenous administration (1 mg/kg; C, § S
D). Each point is expressed as mean + SD g g
(po: n = 3) or means (iv; n = 2) ‘E 104 . . . ! E 104 . . . I
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Time (h) Time (h)
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TABLE 1 Pharmacokinetic parameters of ciprofloxacin after oral and intravenous administration to wild-type, Bcrp(-/-), and

Mdr1a/1b(-/-) mice

wild-type Berp(-/-) Mdrila/1b(-/-)
p.o. p.o. p.o.

iv pv sys iv pv sys iv pv sys
Dose (mg/kg) 1.0 1.0 1.0 1.0 1.0 1.0
C.ax (NMoI/L) — 270 162 — 302 161 — 479 301
T (R - 0.17 0.5 - 0.17 0.50 - 0.17 0.50
ty,, (h) 1.41 - 1.34 1.75 - 1.56 1.49 - 2.74
AUC,_,., (nmol/L:-h) 886 489 306 1200 564 365 1290 896 601
CL. (L/h/kg) 3.41 — 2.51 - 2.33 —
vd, (L/kg) 3.55 - 4.36 - 3.70 -
k, (h™) 1.63 1.85 2.18
F,F, (%) 46.5 50.6 75.0
F, (%) 74.3 59.9 61.9
BA (%) 34.5 30.3 46.4

3.1.2 | Nitrofurantoin

The plasma concentration-time curve of nitrofurantoin after
in WT, Bcrp(-/-),
Mdr1a/1b(-/-) mice is shown in Figure 4, and the corresponding

intravenous and oral administration and
pharmacokinetic parameters are listed in Table 2. The FaFg and k,
values of nitrofurantoin after oral administration in WT mice were
63.7% and 5.8 per hour, respectively, indicating that nitrofuran-
toin is well absorbed from the intestine. Moreover, the FaFg values

of nitrofurantoin after oral administration in Bcrp(-/-) mice and

Mdrla/1b(-/-) mice were 77.1% and 75.2%, respectively. The k,
values in Berp(-/-) mice and Mdr1a/1b(-/-) mice were 6.9 per hour
and 7.2 per hour, respectively. These FaFg and k, values were higher
than those in WT mice. Furthermore, AUCIDV and AUC
furantoin after oral administration in Bcrp(-/-) mice (3414 nmol/
L-h and 2557 nmol/L:-h) and in Mdr1a/1b(-/-) mice (3182 nmol/L-h
and 2345 nmol/L-h) were approximately 1.5-fold higher than those
in WT mice (2545 nmol/L-h and 1835 nmol/L:h). These results sug-
gest that both BCRP and p-gp are involved in the intestinal absorp-

sys of nitro-

tion of nitrofurantoin.
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FIGURE 4 Plasma concentration vs
time profiles of nitrofurantoin in WT,
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TABLE 2 Pharmacokinetic parameters of nitrofurantoin after oral and intravenous administration to wild-type, Bcrp(-/-), and

Mdr1a/1b(-/-) mice

wild-type Berp(-/-) Mdrila/1b(-/-)
p.o p.o. p.o.

iv pv sys iv pv sys iv pv sys
Dose (mg/kg) 1.0 1.0 1.0 1.0 1.0 1.0
C.ax (NMol/L) = 3000 2490 = 5480 3910 = 3910 3210
Toax (D) - 0.17 0.17 - 0.17 0.17 - 0.17 0.17
tin (h) 2.87 = 0.93 1.41 = 1.25 1.17 - 1.22
AUC_,_, (nmol/L:h) 1840 2550 1840 1840 3410 2560 1950 3180 2350
CL,; (L/h/kg) 2.28 - 2.28 - 2.15 -
vd,, (L/kg) 1.94 - 1.45 - 1.36 -
k, (h™) 5.80 6.89 7.20
F.Fg (%) 63.7 771 75.2
Fy, (%) 78.3 90.0 79.9
BA (%) 49.9 69.4 60.0

On the other hand, there were no significant differences in AUCSyS and
CL,, values between bcrp knockout (KO) and p-gp KO mice, indicating
that BCRP and p-gp hardly affect the elimination process of nitrofurantoin.

3.1.3 | Topotecan

The plasma concentration-time profiles of topotecan after intrave-
nous and oral administration in WT, Bcrp(-/-), and Mdrla/1b(-/-)

mice were also investigated (Figure 5, Table 3). The k, value of to-
potecan in WT mice was 3.18 per hour, indicating that topotecan
is rapidly absorbed from the upper intestine after oral administra-
tion. In addition, its BA in WT mice was approximately 37%, and this
is similar to the human BA (40%).">'® The AUC,, and AUC, , values
of topotecan after oral administration in Bcrp(-/-) mice were ap-
proximately 3-fold higher than those in WT mice (1509 nmol/L:h
vs 577 nmol/L-h and 1136 nmol/L:h vs 370 nmol/L:h, respectively).

Moreover, the FaFg in Berp(-/-) mice was 100%, which was much
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FIGURE 5 Plasma concentration (A)
vs time profiles of topotecan in WT,
Bcrp(-/-), and Mdr1a/1b(-/-) mice after
oral and intravenous administration.

The plasma concentration vs time

profiles of topotecan in WT, Berp(-/-),
and Mdri1a/1b(-/-) mice after oral
administration (1 mg/kg; A, B) and
intravenous administration (1 mg/kg; C,
D). Each point is expressed as means + SD
(po: n = 3) or means (iv; n = 2)
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TABLE 3 Pharmacokinetic parameters of topotecan after oral and intravenous administration to wild-type, Bcrp(-/-), and Mdr1a/1b(-/-)

mice
wild-type Berp(-/-) Mdri1a/1b(-/-)
p.o. p.o. p.o.

iv pv sys iv pv sys iv pv sys
Dose (mg/kg) 1.0 1.0 1.0 1.0 1.0 1.0
C.ax (NnMoI/L) = 720 218 = 855 476 - 664 242
T (D) - 0.08 0.50 - 0.08 0.17 — 0.08 0.17
t,, (h) 1.26 - 1.04 1.49 — 1.47 1.08 - 1.23
AUC_,, (nmol/L-h) 994 577 370 1490 1510 1140 1020 589 358
CL, (L/h/kg) 2.20 = 1.47 — 2.13 —
vd,, (L/kg) 2.59 - 2.21 - 2.19 -
k, (h™ 2.33 5.18 3.68
F,F, (%) 56.8 103 63.8
F,, (%) 65.6 74.0 54.8
BA (%) 37.3 76.3 34.9

higher than that in WT mice (57%), and its k, value was 5.18 per hour.
These results indicate that the intestinal absorption of topotecan in
mice is dominated by BCRP.

The higher level of AUCSys and slightly lower CL, ,
served after intravenous injection of topotecan in Bcrp(-/-) mice,
compared with WT mice. These results suggest that BCRP is also
involved in the elimination process of topotecan.

value were ob-

On the other hand, there were no differences in the pharmacoki-

netics of topotecan between oral and intravenous administration in

Mdr1a/1b(-/-) mice, indicating that p-gp has no effect on the intes-
tinal absorption and elimination of topotecan.

3.1.4 | Sulfasalazine

The time course of plasma concentration of sulfasalazine after intra-
venous and oral administration in WT, Bcrp(-/-), and Mdr1a/1b(-/-)

mice is shown in Figure 6, and the corresponding pharmacokinetic
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TABLE 4 Pharmacokinetic parameters of sulfasalazine after oral and intravenous administration to wild-type, Bcrp(-/-), and

Mdrila/1b(-/-) mice

wild-type Berp(-/-) Mdria/1b(-/-)
p.o p.o. p.o.

iv pv sys iv pv sys iv pv sys
Dose (mg/kg) 1.0 1.0 1.0 1.0 1.0 1.0
C.ax (NMol/L) = 1180 845 = 32100 28800 = 814 629
T (D) - 0.17 0.50 - 2.00 2.00 - 0.17 0.50
t/, (h) 195 - 111 3.57 - 7.07 1.63 - 1.11
AUC_,_, (nmol/L:h) 3820 2200 1940 60 500 290000 288 000 4280 2770 2450
CLy,, (L/h/kg) 0.66 = 0.04 = 0.59 =
vd, (L/kg) 0.59 - 0.19 - 0.45 -
k, (h™) 1.40 0.49 0.93
F.Fg (%) 16.9 130 20.6
F, (%) 60.1 73.2 55.6
BA (%) 10.2 95.2 11.5

parameters are given in Table 4. The FaFg and BA values in WT mice
were estimated to be 16.9% and 10.2%, respectively. These are al-
most similar to the human FaFg and BA (12% and < 15%, respec-
tively).Y"* These results indicate that the intestinal absorption of
sulfasalazine is extremely low. In addition, the t,,, of sulfasalazine
after oral administration in Bcrp(-/-) mice was 7 hours, which was
much longer than that in WT mice (1 hour). Moreover, the AUC,
and AUCSys values in Berp(-/-) mice were more than 130-fold higher
than those in WT mice (289 955 nmol/Lh vs 2204 nmol/Lh and
287 957 nmol/L:h vs 1943 nmol/L:h, respectively). Furthermore,
the FaFg in Bcrp(-/-) mice was estimated to be about 100%,

indicating that BCRP greatly contributes to the intestinal absorption
of sulfasalazine.

However, the T of sulfasalazine after oral administration in

M
Bcrp(-/-) mice was significantly later than that in WT mice (2 hours
vs 0.5 hours). In addition, the CL,, after intravenous administration
in WT mice was 0.66 L/h/kg, whereas that in Bcrp(-/-) mice was
0.04 L/h/kg. These results indicate that BCRP also strongly influences
the elimination of sulfasalazine. Interestingly, extrapolated plasma
concentration at zero time (CO) after intravenous injection of sulfasal-
azine in Berp(-=/-) mice was higher than that in WT mice (18.1 pmol/L

vs 11.7 pmol/L). In addition, the distribution phase in Bcrp(-/-) mice
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was hardly observed, and the V,  was low (0.19 L/kg). Taken together,

itis considered that the late t, . and small V,

SS
values cause the low k,

value of sulfasalazine despite its FaFg value was approximately 100%.

Ontheotherhand, the FangaIue of sulfasalazinein Mdri1a/1b(-/-)
mice (FaFg: 30%) was also higher than that in WT mice. However,
the influence of p-gp on the intestinal absorption of sulfasalazine is
considered not to be so high compared with BCRP. In addition, the
C, and V, values were not different between Mdrla/1b(-/-) mice
and WT mice.

Sulfasalazine is degraded to sulfapyridine and 5-aminosalicylic
acid by bacteria in the large intestine.!” Although sulfapyridine is well
absorbed from the intestine, its plasma concentration in Bcrp(-/-)
mice was much less than that in WT and Mdrla/1b(-/-) mice (data
not shown). This may be because sulfasalazine is highly absorbed
from the intestine without degradation in Bcrp(-/-) mice, whereas
sulfasalazine is degraded to sulfapyridine because of its low FaFg in
WT and Mdr1a/1b(-/-) mice.

We summarized the k, values and calculated AQ,, ., and AQp_,,
values of model drugs in Table 5. The k, values of model drugs, ex-
cept sulfasalazine, were higher in Berp(-/-) and Mdrl1a/1b(-/-) mice
than in WT mice, suggesting that these transporters affect their in-
testinal absorption. However, each model drug showed different AQ
value, implying that the degree of the contribution of these trans-
porters differs among them. Although topotecan showed slightly
higher AQ,,,, value of 0.35, other drugs showed low AQ, ., and
AQF,_gp values. This suggests that both BCRP and P-gp hardly affect
the intestinal absorption of ciprofloxacin and nitrofurantoin in mice.
In sulfasalazine, AQ value could not be estimated because the k,
value was much lower in Bcrp(-/-) mice despite its FaFg value was
significantly higher than WT mice.

Then, we calculated the rate of contribution (R) value on the
intestinal absorption using FaFg values in each mice (Table 6).
Ciprofloxacin and nitrofurantoin showed low Rbcrp and Rp_gp values,
indicating that the contribution of both BCRP and P-gp to their in-

testinal absorption would be little. On the other hand, topotecan

TABLE 5 Datasummary for k, and in vivo AQ values

Compound ka, - ka, berp ka’ P-gp AQb crp AQ P-gp
ciprofloxacin 1.63 1.85 2.18 0.09 0.19
nitrofurantoin 5.80 6.89 7.20 0.13 0.14
topotecan 3.18 5.18 3.68 0.35 0.08

sulfasalazine 1.40 0.49 0.93 - -

TABLE 6 Datasummary for FaFg and rate of contribution (R)
values in vivo

Compound (FaFg) o (FaFg)bcrp (FaFg)P_gp Rbcrp Rp_gp
ciprofloxacin 0.47 0.51 0.75 0.05 0.36
nitrofurantoin  0.64 0.77 0.75 0.15 0.3
topotecan 0.57 1.03 0.64 0.42 0.06
sulfasalazine 0.16 1.30 0.30 0.79  0.09
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and sulfasalazine showed relatively high R

berp IN CoNtrast to low R
e These results indicate that BCRP mainly acts as a barrier to their

intestinal absorption.

3.2 | Evaluation of the in vitro-in vivo correlation

We have demonstrated that the R value would be a valuable alterna-
tive parameter to in vivo AQ for estimating the contribution of efflux
transporters to drug absorption. Therefore, we investigated the re-
lationship between in vivo R and in vitro AQ estimated from Caco-2
permeability in our previous study. We have clarified that the drugs,
which show the AQ value of more than 0.4, tend to be limited their
intestinal permeability by P-gp (Fujita et al, manuscript in prepara-
tion). In addition, our previous report has demonstrated that BCRP
highly contributes to the transport of the model compounds with the
R value of above 0.4 in Caco-2 cell monolayer. Moreover, the present
study suggests that BCRP acts as an absorptive barrier to the drugs
which have the R value above 0.4. Based on these findings, we set
criteria of AQ and R at 0.4 for the risk of efflux transporters for limit-
ing the intestinal absorption of drugs. The drugs used in this study
were categorized in four classes according to in vitro AQ and in vivo
R values (Figure 7). All the drugs belonged to the upper right or lower
left class. These findings suggest that the AQ value assessed from in
vitro Caco-2 permeability study is useful for the accurate estimation
of the contribution of BCRP and p-gp to in vivo intestinal absorption.

4 | DISCUSSION

In this study, we defined the R value for estimating the quantitative
contribution of BCRP and P-gp to the intestinal absorption of drugs,

1.0
F@) T(+)
0.8 - .4
X 061
g :
>
< 04 ®
= O1 710 F (+)
024 o 2
ST
00 &
0.0 0.2 0.4

0.6 0.8 1.0
In vitro AQ

FIGURE 7 Relationship between in vitro AQ and in vivo
contribution ratio (R) for 4 model drugs. Open or closed circles
represent the relationship between in vitro AQP_gp and in vivo RP-gp
or in vitro AQggp and in vivo Rbcrp, respectively. In vitro AQ values
were cited from our previous report (Kawahara et al, manuscript

in revision ). Key: 1, ciprofloxacin; 2, nitrofurantoin; 3, topotecan;
4, sulfasalazine. F (-): False negative, F (+): False positive, T (-): True
negative, T (+): True positive
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by P-S difference method in WT, Bcrp(-/-), and Mdrila/1b(-/-)
mice. In addition, we showed the close relationship between in vivo
R value and in vitro AQ value. Moriwaki et al have determined the
pharmacokinetic parameters, including AUC, FaFg, and BA, of several
drugs by P-S difference method in rats, and they have demonstrated
that these parameters can be more strictly defined than those by the
simplified models.?>?! In addition, the pharmacokinetic parameters
of drugs evaluated by P-S difference method were in good accord-
ance with the experimental values obtained from other recirculatory
models, such as bile duct cannulation method. Moreover, P-S differ-
ence method can define the drug pharmacokinetics on a physiologi-
cal basis without significant experimental variability. Based on these
reasons, we used P-S difference method here to determine the local
drug absorption.

In ciprofloxacin, P-gp, not BCRP, was likely to mainly contribute
to its intestinal absorption (Figure 3, Tables 1 and 5). However, its
FaFg value was about 0.5 in WT mice, and it has been reported that
the oral BA of ciprofloxacin in human is about 70%.%2 Therefore, the
effect of P-gp would not become an important issue in the intesti-
nal absorption of ciprofloxacin. In addition, the present results sug-
gest the involvement of BCRP and P-gp in the elimination process
of ciprofloxacin. Ando et al have reported that the biliary excretion
clearance and kidney/plasma concentration ratio of ciprofloxacin are
about 3-fold higher in Bcrp(-/-) mice than in WT mice, indicating
the contribution of BCRP to both the biliary excretion and tubular
secretion.”® However, the main elimination pathway of ciprofloxa-
cin is urinary excretion in human, and BCRP has been reported not
to be expressed in human kidney.?* Therefore, it is conceivable that
the drug-drug interaction in BCRP is unlikely to occur through the
elimination process.

Then, it is suggested that both BCRP and P-gp affect the intes-
tinal absorption of nitrofurantoin in mice (Figure 4, Tables 2 and 5).
However, their contribution to the intestinal absorption could be
ignored because nitrofurantoin showed high FaFg value in WT mice
and there are no clinical reports about the involvement of P-gp in its
absorption.

On the other hand, the intestinal absorption of topotecan was
highly affected by BCRP (Figure 5, Tables 3 and 5), although it has
been reported that the distribution of topotecan is restricted by
P-gp, rather than BCRP, in brain.?> Moreover, the possibility of the
involvement of BCRP in the elimination process was also demon-
strated in the present study. It has been reported that the urinary
excretion is the main elimination pathway of topotecan in mice
and human.?%?” On the other hand, Jonker et al have shown that
GF120918, a BCRP inhibitor, decreases the biliary excretion of to-
potecan after intravenous administration, while its urinary excretion
is hardly affected by GF120918.%% Taking these findings into con-
sideration, it is conceivable that the involvement of BCRP in biliary
tot in Berp(=/-) KO mice.
In human clinical studies, it has been demonstrated that topotecan

excretion of topotecan results in its lower CL

shows the poor BA after oral administration (about 40%), and it is
hardly metabolized.!® However, the BA of topotecan has been re-

ported to significantly increase to 100% when GF120918 is orally

coadministered.®3! Furthermore, Sparreboom et al have shown
that the oral BA of topotecan is 1.3-fold higher in patients who are
heterozygous variant for the BCRP single-nucleotide polymorphism
(SNP) than in patients with the normal BCRP.?! These results are in
accordance with our present results. Taken together, BCRP would
act as a barrier for oral absorption of topotecan in human.

Similar to topotecan, the intestinal absorption of sulfasalazine
was highly influenced by BCRP, rather than P-gp (Figure 6, Table 3

and 5). Interestingly, the smaller V. was observed in Bcrp(-/-) mice

ss
than WT mice, despite the V,  is assumed to become higher in
Bcrp(-/-) mice than WT mice because BCRP is expressed in various
tissues. These results are in accordance with the previous findings
reported by Karibe et al and Liao et al.**%° Since Zaher et al have
confirmed that the plasma protein binding of sulfasalazine is the
same in both WT and Bcrp(-/-) mice,* the protein binding would

not be related to the small V,__ value in Bcrp(-/-) mice. Similar phe-

dss
nomenon has also been reported in other compounds,® and further
investigation is required to clarify this event. In human study, the
AUC value of sulfasalazine after oral administration in patients who
are heterozygous variant for the BCRP SNP has been reported to be
approximately 2-fold higher than that in patients with the normal
BCRP.% Since there are no differences in the elimination of sulfasala-
zine between those patients, BCRP would affect the oral absorption
of sulfasalazine not only in mice but also in human.

Thus, we have revealed that in vivo pharmacokinetic parameters
of topotecan and sulfasalazine, which showed relatively high Rbcrp
value, could well reflect the human situation. Therefore, we finally

compared in vivo R, values with in vitro AQ values obtained from

berp
Caco-2 permeability studies (Figure 7, Table 7). Ciprofloxacin and

nitrofurantoin, which showed low R value in vivo, showed low

berp
AQgcgp Values in vitro. In contrast, topotecan and sulfasalazine,
which have been shown to be greatly influenced their oral absorp-

tion by BCRP in human, showed both in vivo R > andinvitro AQggp

ber,
of more than 0.4. However, their absolute values were different in
each drug, suggesting that the substrate recognition property of
BCRP differ between mice and human. On the other hand, in vitro
AQggp Value of topotecan was comparable to human AQg ., value
estimated from the clinical data (0.61 vs 0.58).3%3!

In conclusion, we demonstrate that the accurate prediction of

the contribution of BCRP in human intestinal drug absorption could

TABLE 7 Comparison between in vitro AQ and in vivo rate of
contribution (R) for BCRP and P-gp

in vitro (Caco-2) in vivo (mice)

Compound AQ,..} AQp_gpb Rocro R gp
ciprofloxacin 0.03 0.13 0.05 0.36
nitrofurantoin 0.37 0.09 0.15 0.13
topotecan 0.61 0.14 0.42 0.06
sulfasalazine 0.59 0.05 0.79 0.09

In vitro Achrp values are cited from (10).
bUnpublished data (Fujita et al, manuscript in preparation).
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be achieved using in vitro AQycgp calculated from Caco-2 perme-
ability studies. Further investigation using other BCRP substrates
with various affinity is needed to demonstrate the validity of our
prediction. Nevertheless, our present observations make a valuable
contribution toward the construction of database for the precise

prediction of human intestinal drug absorption.
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