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Abstract: A key determinant for oral bioavailability of a drug candidate is the intestinal epithelial
permeation of the drug candidate. This intestinal permeation may be affected by interactions
on membrane transporters expressed in the intestinal epithelial cells. The purpose of the present
study was to investigate whether transporters were involved in the intestinal absorption of an
organic anion A275 and to compare the impact of interactions related to transporters in the
Caco-2 cell model versus the in vivo rat model of intestinal absorption. In both models, it was
investigated whether intestinal permeation of A275 was concentration dependent and affected
by inhibitors or competitive organic anions. Interactions related to transporters in intestinal
permeation was clearly demonstrated in the Caco-2 cell model but was not directly evident for
in vivo rat absorption. However, an observed biphasic in vivo absorption and a large intervariability
between rats might mask a dose-dependent absorption of A275. To avoid these suggested
interactions, a dose of at least 10 mg/kg, which saturates the intestinal transporters involved in
A275 absorption, should be administered, but at doses below that the risk of such drug
interactions should be taken into account.

Keywords: Organic anions; intestinal absorption; transporter-related drug interactions; in vivo—in
vitro correlation

Introduction Preclinical investigations of a lead series of aminoben-
zophenones, which are p38 MAP kinase inhibitors, showed
for the organic anion A275 (compound no. 275'") vectorial
permeability across Caco-2 cells. Consequently there is a
risk for this drug candidate to interact on intestinal transport-
ers. A275 is present as a benzoate anion (pK, 3.9) at intestinal
fluid pH as well as at physiological pH but may, according
to Lipinski parameters (i.e., MW 402, log P 2.3 at pH 7.4,
hydrogen bond donors and acceptors, respectively, <5 and
10), be estimated to exhibit good bioavailability. Estrone-
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Intestinal epithelial permeation of drug candidates may be
affected by membrane transporters expressed in the intestinal
epithelial cells such as Caco-2. Consequently, intestinal
epithelial permeability may be dose dependent and be
influenced by interactions related to the involved transport-
ers.! Interactions related to intestinal transporters have, for
example, been observed to influence nateglinide absorption.’
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competitively inhibits estrone-3-sulfate exsorptive perme-
ability across Caco-2 cells, and this inhibition is suggested
to be due to interactions on the basolateral OSTa/f trans-
porter, whereas it does not interact with estrone-3-sulfate on
the apical transporters BCRP and OATP2B1. Pregnenolone
sulfate is a substrate for OATP2B1, fumitremorgin C is a
specific inhibitor for BCRP, and estradiol-17f glucoronide
is a substrate/inhibitor for Pgp, MRP2/4, and BCRP.?
Consequently estrone-3-sulfate is suggested to be used to
screen compounds interacting on anion transporters such as
OATP2B1, BCRP, and OSTo/3, whereas glipizide, preg-
nenolone sulfate, fumitremorgin C, and estradiol-175 glu-
coronide may be used to further elucidate which of these
transporters are involved.” Drug interactions related to
transporter-mediated permeability across enterocytes ob-
served in vitro are however not always confirmed in vivo.3~1°

The purpose of the present study was to investigate
whether transporters such as BCRP, OATP2B1, and OSTa/f3
are involved in the intestinal absorption of the organic anion
A275. Furthermore, the purpose was to compare the impact
of interactions related to such transporters in an in vitro
model versus an in vivo model of intestinal absorption. The
strategy was to study whether A275 permeability into and
across Caco-2 cells is dose dependent and influenced by other
substrates/inhibitors due to interactions on transporters.
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Additionally, the impact of intestinal transporters on the in
vivo oral absorption in rats was studied. Thus, by investigat-
ing whether oral absorption of A275 in rats was dose
dependent and affected by coadministration of estrrone-3-
sulfate and glipizide, the risk of in vivo drug interactions
related to transporters was addressed.

Experimental Section

Materials. ['*C]A275 (56.9 mCi/mmol, 99% radiochemi-
cal purity) and unlabeled A275 were manufactured at LEO
Pharma (Ballerup, DK). [*H]Mannitol (17 Ci/mmol) and
[*H]estrone-3-sulfate (57.3 Ci/mmol) were obtained from
Perkin-Elmer Life Science (Boston, MA, USA). Glipizide
and estrone-3-sulfate sodium were purchased from Sigma-
Aldrich (Brgndby, Denmark). All other reagents were
standard grade or better.

In Vitro Permeability in Caco-2 cells. Caco-2 cells were
obtained from the American Type Culture Collection (Ma-
nassas, VA) and routinely cultured as described previously.?
The cells were used in passages 25 through 35 for all
experiments, which were performed on days 25—28 after
seeding on Transwell polycarbonate membrane inserts (1.13
cm? growth areas, pore size 0.4 um). The cell monolayer
integrity was accepted if the transepithelial electrical resis-
tance (TEER) exceeded 200 Q-cm?. All in vitro experiments
were performed at 37 °C with orbital rotation (80 rpm).
Hanks balanced salt solution (HBSS), containing 5% bovine
serum albumin and buffered with N-2-hydroxyethylpipera-
zine-N’-2-ethanesulfonic acid (HEPES), pH 7.4, was used
as medium. A275 concentrations above 200 M could not
be investigated due to limited solubility of A275 in the
medium used for in vitro experiments (solubility aqua 62
uM at pH 7.4; FaSSIF 75 uM at pH 6.5).

Apparent permeability (Papp) and corresponding end-point
accumulative permeability (Pgpa) of A275 were studied, in
both absorptive (apical to basolateral) and exsorptive (ba-
solateral to apical) directions, and initial linear uptake
permeability (Pyp) was studied at both the apical and
basolateral membranes. HBSS supplemented with ['*C]A275,
the paracellular marker [*H]mannitol, and possible competi-
tive organic anions were added at the donor compartment,
and HBSS was added in the opposite compartment. To avoid
pH partition-driven permeation, the HBSS was buffered at
pH 7.4 in both compartments.'*'* The amounts of transepi-
thelially permeated ['*C]A275 were followed as a function
of time by sampling 10% of the receiver chamber volume
and immediately replenished with the same volume of buffer.
Experiments were stopped by aspirating donor and receiver
media, adding ice-cold HBSS, and subsequently rinsing the
cells three times in the cold HBSS.

(12) Neuhoff, S.; Ungell, A. L.; Zamora, 1.; Artursson, P. pH-
Dependent passive and active transport of acidic drugs across
Caco-2 cell monolayers. Eur. J. Pharm. Sci 2005, 25, 211-220.

(13) Shore, P. A.; Brodie, B. B.; Hogben, C. A. The gastric secretion
of drugs: a pH partition hypothesis. J. Pharmacol. Exp. Ther. 1957,
119, 361-369.
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Samples and cells were analyzed for ['*C]A275 and
[*H]mannitol in Ultima Gold (Perkin-Elmer, Boston, MA)
by liquid scintillation counting (Packard Tri-carb 2100TR,
Meriden, CT). [*H]Mannitol was used to determine para-
cellular diffusion and hence cell integrity in the apparent
permeability studies. In uptake and end-point accumulative
permeability studies, [*H]mannitol was used to determine
extracellular space. Each data point was obtained from
the mean of three wells (n = 3), and the experiments were
repeated in one to three independent cell passages (N =
1-3).

Data Analysis. The amount of intracellularly appearing
A275 was linearly related to time for 5 min regardless of
which donor compartment was used, and initial linear uptake
permeability in Caco-2 cells (Pyp) was calculated according
to eq 1. The amount of apparent permeability (Papp) of A275
was linearly related to time for 1 h, regardless of A275
concentration or whether competitive organic anions were
applied. Papp of A275 was calculated according to eq 2. The
paracellular permeability was followed during the experi-
ments by apparent mannitol permeability. The apparent
mannitol permeability across the Caco-2 cell monolayers was
not affected by the presence of A275, estrone-3-sulfate, or
glipizide, and only Caco-2 cell monolayers, exhibiting an
apparent mannitol permeability of (3.68 + 0.45) x 1076 cm/
s, were accepted in the data analysis. At the end of the
apparent permeability experiment (60 min), the intracellular
end-point accumulative permeability (Pgps) Was calculated
according to eq 1, as the intracellular accumulated amount
of A275 at 1 h related to initial A275 concentration.

— _ 0
PUP_PEPA_A_CO (M
dM/dt
Papp = AC, @)

Q is the intracellularly appearing A275 corrected for A275
present in the extracellular space, C, is the initial donor
concentration, and A is the area of the Caco-2 cell monolayer.
The rate of A275 appearance at the receiver compartment is
given by dM/dzt.

Statistic Analysis and Fitting. Statistical analysis was
performed by one-way ANOVA followed by Dunnett’s test
for comparing with control values using GraphPad Prism
(version 4.00, GraphPad Software, San Diego, CA). The dose
dependency of A275 permeation was fitted to a sigmoid
dose—response curve according to eq 3. The fits were
performed as nonlinear regression using GraphPad Prism,
where Py represents either Papp or Pyp. The A275 concentra-
tion is represented by C, and Px ¢ is the permeation of A275
at concentration C. Px iy and Px .y are the minimum and
maximum possible permeation of A275. ECs, represents the
A275 concentration causing 50% of maximum permeation
increase. Ky is assumed to equal ECsy according to Cheng
and Prusoff.'*

Py — P

1+ lologECﬂrlogC

X,max X,min

3

Pxc = Pxmin

In Vivo Absorption in Rats. Spraque—Dawley male rats
(210—275 g) were obtained from Taconic Europe (Ry,
Denmark). The rats were handled according to the rules for
animal ethics and welfare at LEO Pharma. LEO Pharma
holds permission to perform animal experiments according
to Danish legislation and OECD guidelines on GLP (2005/
561-1064). The rats were fasted overnight but had water ad
libitum. ['*C]A275/A275 was dissolved at the indicated
concentrations in the vehicle consisting of ethanol, propylene
glycol, and water (1:4:5). Furthermore, 0.9 mM of glipizide
or estrone-3-sulfate was added when indicated, and pH was
adjusted to 7.4—7.8. To begin the experiments, the rats were
dosed orally by gavage (5 mL/kg) or intravenously by tail
vein injection (2.5 mL/kg). Blood samples (0.3 mL) were
taken from vena sublingualis frequently during the first 8 h,
and additional blood samples were taken at 24—48 h. Plasma
and blood cells were separated by centrifuging at 4000 rpm
at 10 °C for 10 min through a layer of potassium EDTA gel
(BD Vacutainer SST). Duplicate samples of 50 uL of plasma
were then transferred to scintillation vials containing Pico-
Fluor 40 (Perkin-Elmer, Boston, MA), and ['*C]A275 was
quantified by liquid scintillation counting (Packard Tri-carb
2900TR, Meriden, CT).

Data Analysis. Intravenous Administration. Plasma con-
centrations of total A275 at each time point were calculated
from specific radioactivity. Since A275 is metabolically
stable and excreted unchanged in mice and human DMPK
studies, and the hepatic extraction ratio is 0.14 in rat
hepatocytes (data not shown), the total radioactive concentra-
tion is assumed to correspond to A275 concentration. All
A275 plasma concentration profiles of iv-administered rats
were individually fitted to a pharmacokinetic two-compart-
ment iv-bolus model using WinNonLin (version 5.2 with
IVIVC toolkit, Pharsight Corporation, Mountain View, CA),
and macroconstants were calculated from the microconstants.

Oral Administration. At each time point, plasma concen-
trations of total A275 were calculated from specific radio-
activitiy. The macroconstants obtained from iv studies were
used for deconvolution by WinNonLin using two exponential
terms in unit impulse response. For oral administered rats,
the deconvolutions were conducted individually on the A275
plasma concentration profiles, using the macroconstants
obtained from the corresponding iv-administered rats. The
cumulative absorption versus time profiles were obtained for
individual rats by deconvolutions, and at each time point,
mean values were calculated (Abs). The absorption rate
constant (k,) was calculated from linear regression as the
linear slope of log(amount absorbed) vs time in the time
interval 0.25—1.25 h. The absorbed fraction (F,) of A275
was calculated at 4 and 8 h after dosing as the fraction of
amount absorbed 20 h after dosing.

Statistic Analysis. Statistical analysis using GraphPad
Prism was performed by one-way ANOVA followed by
Dunnett’s test when comparing to control values or Bon-
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Figure 1. Initial uptake permeability (Pyp) of A275 in Caco-2 cells. (A) Apical (filled bars) and basolateral (open bars)
Pue (5 min) of 7 uM ['“C]A275 in the presence of competitive organic anions, (1) control, (2) fumitremorgin C (0.5
uM), (3) estradiol-175-glucoronide (100 «M), (4) estrone-3-sulfate (4 mM), (5) glipizide (1 mM), or (6) pregnenolone
sulfate (600 uM). Data represent mean + SEM (N = 3); ** indicates significantly different from control (p < 0.01). (B)
Apical (filled) and basolateral (open) Pyp of 2 uM [“C]JA275 in the presence of increasing concentration of
nonradiolabeled A275 (2—200 uM, circles) or in the presence of 4 mM estrone-3-sulfate (triangles). Data was fit to eq

1 and represent mean + SEM (N = 3).

Table 1. Kinetic Parameters of A275 Uptake Permeability
(2—200 uM) and Absorptive Apparent Permeability in
Caco-2 Cells

KM (/"M) PX,max
apical uptake 174 (43 £6) x 1072 cm/(5 min)
permeability
basolateral uptake 100 (28 £ 5) x 1073 cm/(5 min)
permeability
absorptive apparent 163 (99 £ 3) x 107® cm/s
permeability

ferroni’s multiple comparison test when comparing to dose
dependencies.

Results

In Vitro Permeability in Caco-2 Cells. The initial linear
uptake permeability at 5 min (Pyp) increased significantly,
more than 3-fold at both membranes, in the presence of
estrone-3-sulfate, glipizide, or pregnenolone sulfate (Figure
1A, p <0.01). At both membranes, Pyp increased in a dose-
dependent manner in the presence of increasing concentra-
tions of A275 (Figure 1B).

When Pyp versus concentration was added to eq 3, the
corresponding Ky values were determined to be 174 and 100
uM at the apical and basolateral membranes, respectively
(Table 1).

The absorptive apparent permeability (Papp) of A275 was
approximately half the exsorptive Papp (Figure 2A, p < 0.01).
Similarly to Pyp, the Papp in both directions was significantly
increased in the presence of estrone-3-sulfate or glipizide
and at higher A275 concentrations (Figure 2A, p < 0.01).
The absorptive Papp Was increased up to 400%, while the
exsorptive Papp was increased to 300%. However, the
exsorptive Papp remained higher than the absorptive, although
the difference was less pronounced in the presence of estrone-

1460 MOLECULAR PHARMACEUTICS VOL. 6, NO. 5

3-sulfate or at higher A275 concentrations. The absorptive
Papp increased in the presence of 1 mM glipizide but was
not affected at glipizide concentrations below that (Figure
2B). Absorptive Papp Was increased in a dose-dependent
manner, and Ky, was calculated as 163 uM by eq 3 (Figure
2B, Table 1).

The intracellular end-point accumulative permeability
(Pgpa) of A275 in Caco-2 cells was sensitive to A275
concentration and to presence of competitive organic anions.
In both directions, Pgpa Was significantly increased in the
presence of estrone-3-sulfate (Figure 3A, p < 0.01). Absorp-
tive Pgpa was decreased by glipizide in concentrations of
10—300 uM (Figure 3B), but Pgpy was not affected by 1
mM glipizide (Figure 3A,B). In contrast, absorptive Pgpa Was
increased in an A275 concentration-dependent manner
(Figure 3B), and exsorptive Pgps Was also increased at higher
A275 concentrations (Figure 3A, p < 0.01).

In Vivo Absorption in Rats. Intravenous Administration.
The plasma concentration profiles after iv administration (see
example in Figure 4) fit a two-comparment distribution. The
microconstants for the two-compartment model and volume
of distribution for the central compartment were independent
of the dose (9 uM to 2 mM) and coadministration of
competitive organic anions (oral or iv, p > 0.05), and thus
the macroconstants were also independent.

Oral Administration. Following oral administration, greater
intervariability between rats was observed than for iv-
administered rats. Due to a double peak in the plasma
concentration profiles (see example in Figure 4), a two-
compartment absorption and distribution model could not
be applied to the data. The macroconstants from plasma
concentration profiles of orally dosed rats were used for
individual deconvolution to obtain the cumulative absorption
profiles shown in Figure 5. The relative deviation of
interindividual absorption ranged from 10% to 39% during
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Figure 2. Apparent permeability (Papp) of A275 across Caco-2 cell. (A) Absorptive (filled bars) and exsorptive (open
bars) Papp (0—1 h) of 2 uM ["*C]A275 in the presence of (1) control, (2) glipizide (1 mM), (3) A275, nonradiolabeled
(450 uM), or (4) estrone-3-sulfate (4 mM). Data represent mean &+ SE (N = 1, n = 3); ** indicates significantly
different from control (p < 0.01). (B) Papp of 2 uM [“C]A275 in the presence of increasing concentrations of
nonradiolabeled A275 (2—200 u«M, @), increasing concentrations of glipizide (1—900 xM, ®), or 4 mM
estrone-3-sulfate (a). Data was fit to eq 2 and represents mean = SE (N =1, n = 3).
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Figure 3. End-point accumulative permeability (Pepa) of A275 in Caco-2 cells. (A) Absorptive (filled bars) and
exsorptive (open bars) Pepa of 2 uM [*C]A275 in the presence of (1) control, (2) glipizide (1 mM), (3) A275 (450 uM
nonradiolabeled), or (4) estrone-3-sulfate (4 mM). Data represent mean + SE (N = 1, n = 3); * indicates significantly
different from control at p < 0.05; ** indicates significantly different from control at p < 0.01. (B) Absorptive Pgpa of 2
uM ['“C]A275 in the presence of increasing concentrations of nonradiolabeled A275 (2—200 uM, @) or increasing

-
(=]

concentrations of glipizide (1—900 x«M, W). Data represent mean + SE (N=1, n = 3).

the first 4 h. Absorption profiles were characterized by a
biphasic absorption pattern in individual rats. The first phase
lasted for approximately 4 h followed by a second absorption
phase lasting until approx 8 h after dosing (Figure 5).

The initial absorption rate constants (k,) are given in
Table 2. When a high dose of A275 (I mM, p < 0.01)
was administered, k, decreased significantly, whereas k,
was unaffected by lower doses of A275 (Table 2, Figure
5A). However, no consistent dose-dependent effects on
fraction absorbed (F,) were observed in the first (4 h) or
second (8 h) phase of absorption (Table 2), and the
biphasic absorption pattern was not consistently increased
or decreased with increasing doses (Figure 5A). Oral
coadministration of glipizide increased k, significantly (p
< 0.05), but k, was not affected by intravenously admin-

istered glipizide. The initial absorption rate was not
affected by intravenous or oral coadministration of estrone-
3-sulfate (Table 2). However, estrone-3-sulfate (oral or
iv) clearly decreased F, of A275 in the first phase (4 h, p
< 0.05), and estrone-3-sulfate prolonged the absorption
of A275 (8 h, p < 0.01), (Table 2, Figure 5B). To assess
whether this effect of estrone-3-sulfate exerts in the
intestinal lumen or the portal blood, plasma concentrations
of estrone-3-sulfate after oral and iv administration were
analyzed. Plasma concentration of estrone-3-sulfate after
iv administration declined rapidly and reached a steady
state after 2 h at ~0.2 ug/mL. However, oral absorption
of estrone-3-sulfate was slow, and the steady state of ~0.2
ug/mL was not reached until 8 h after oral administration
(data not shown).
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Figure 4. Rat plasma concentration of ['“C]A275 following oral administration of 5 mlL/kg of 6 uM (@) or iv
administration of 2.5 mL/kg of 20 uM (O) of ['“C]A275: (A) 0—8 h (N = 6); (B) 0—48 h (N = 6, N = 3 for iv data 8—48

h). All data represent means + SEM.
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Figure 5. Rat absorption of A275: (A) Absorbed fraction of ['“C]A275 in rats following oral administration of 5 mL/kg of
6 uM (+--, gray), 9 uM (———, gray), 33 uM (—, gray), 135 uM (---, black), 0.5 mM (———, black) or 1.0 mM (—, black)
A275. Data represent means of absorption in three to six rats. (B) Absorbed fraction of 9 uM ['*C]A275 after oral
administration in rats without coadministration (—) or contemporary administration of 0.9 mM glipizide (———) or 0.9

mM estrone-3-sulfate (---).

Oral contemporary administrations were 5 mlL/kg (black), and iv contemporary

administrations were 2.5 mL/kg iv (gray). Data represent means of absorption in four to six rats.

Discussion

In Vitro Permeability in Caco-2 Cells. The results con-
sistently imply that A275 is a substrate for efflux transporters
in both apical and basolateral membranes of Caco-2 cells.
This is based on the following observations: (1) The apical
initial uptake permeability, Pyp (Figure 1), was dose de-
pendent and increased in the presence of the competitive
organic anions estrone-3-sulfate, glipizide, and pregnenolone
sulfate. However such apical efflux transporter is different
from BCRP, Pgp, and MDR2/4 since fumitremorgin C and
estradiol-178 glucoronide do not affect the apical Pyp of
A275. The basolateral Pyp is also dose dependent and
increased in presence of estrone-3-sulfate, glipizide, and
pregnelone sulfate, which may be explained by A275 being
a substrate for basolateral efflux transporters, for example,
OSTa/f or MRPs. 2 (2) The apparent permeability, Papp
(Figure 2), in both directions was enhanced by the presence
of the competitive organic anions estrone-3-sulfate and

1462 MOLECULAR PHARMACEUTICS VOL. 6, NO. 5

glipizide, and absorptive Papp increased in a concentration-
dependent manner while the paracellular permeation of
mannitol was not affected. (3) Increased end-point accumula-
tive permeability, Pgpa (Figure 3), in the presence of estrone-
3-sulfate was observed, and absorptive Pgpa increased with
A275 concentration. The decreased A275 absorptive Pgpa
in presence of moderate glipizide concentrations (10—300
uM) may be explained if glipizide inhibits reuptake by a
basolateral uptake transporter, for example, OSTa/f or
OATP3/4A1 (Figure 3B).'?

In Vivo Absorption in Rats. A double peak in the plasma
profile during the absorption phase of A275 following oral
administration to rats was observed, and deconvolution
confirmed A275 absorption to be biphasic. The biphasic
absorption may be due to A275 being metabolized in the
gut, A275 being exsorbed across the intestinal epithelium
by transporters, or the presence of discontinuous A275
absorption sites separated by nonabsorbing sites throughout
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Table 2. Characteristic Parameters of A275 Absorption in Rats Following Oral Administration

dose and administration ka2 T

Fa(4 h),? fraction Fa(8 h),? fraction

A275 9 uM oral
ctrl 0.50 + 0.03

+ oral glipizide 0.63 + 0.03°
+ oral estrone-3-sulfate 0.49 £+ 0.02
A275 9 uM oral
ctrl 0.51 £ 0.03
+ iv glipizide 0.53 +£ 0.03
+ iv estrone-3-sulfate 0.42 +0.05
A275 oral
6 uM 0.48 4+ 0.02
12 uM 0.47 +£0.03
33 uM 0.47 £ 0.02
135 uM 0.51 £+ 0.02
0.5 mM 0.47 £ 0.02
1.0 mM 0.35 + 0.02¢

0.80 + 0.05 0.95 + 0.02
0.71 +0.07 0.96 + 0.02
0.55 + 0.05° 0.72 + 0.06°
0.81 +0.04 0.97 + 0.02
0.84 + 0.05 0.96 + 0.02
0.48 +0.12° 0.63 + 0.08°
0.51 + 0.05 0.92 + 0.03
0.81 + 0.04 0.97 +0.02
0.85 + 0.07 0.99 + 0.00
0.50 + 0.09 0.91 + 0.04
0.71 £ 0.12 0.96 + 0.03
0.60 +0.16 0.75 £ 0.15

2 k, = absorption rate constant calculated in 0.25—1.25 h. F, = fraction absorbed of total fraction absorbed after 20 h. Data represent
mean + SE. ® Significantly different from ctrl at the p < 0.05 level. ° Significantly different from ctrl at the p < 0.01. ¢ Significantly different

from all others in group (p < 0.05).

the intestine, as has been suggested for morphine-6-glucu-
ronide absorption.'”!”7 Biphasic absorption could also be
due to delayed gastric emptying, as suggested for alprazolam
and ranitidine, or due to A275 precipitation in GI tract.'®'?
In the present study, the rats were fasted and A275 was
dissolved before dosing. Consequently, gastric emptying may
not explain the observed biphasic absorption of A275. The
biphasic absorption of A275 was observed even at doses
corresponding to concentrations below its aquatic solubility,
that is, 62 uM. Consequently, A275 precipitation in the GI
tract may not explain its biphasic absorption profiles. Finally,
A275 is not metabolized in human or mouse plasma and its
extraction ratio is low in rat hepatocytes (internal LEO
Pharma report). Therefore, metabolism may not explain its
biphasic absorption profiles. Thus the observed biphasic
absorption of A275 may be due to transporters involved in
absorption or enterohepatic recycling of A275 or due to the

(14) Cheng, Y.; Prusoff, W. H. Relationship between the inhibition
constant (KI) and the concentration of inhibitor which causes 50
per cent inhibition (IC50) of an enzymatic reaction. Biochem.
Pharmacol. 1973, 22, 3099-3108.

(15) Penson, R. T.; Joel, S. P.; Roberts, M.; Gloyne, A.; Beckwith,
S.; Slevin, M. L. The bioavailability and pharmacokinetics of
subcutaneous, nebulized and oral morphine-6-glucuronide. Br. J.
Clin. Pharmacol. 2002, 53, 347-354.

(16) Villesen, H. H.; Hedal, B.; Engbaek, J.; Frokjaer, S.; Hansen, S. H.;
Jensen, N. H.; Rasmussen, M.; Skram, U.; Stevner, L.; Christrup,
L. L. Pharmacokinetics of M6G following intrevenous and oral
administration in healthy volunteers. Acute Pain 2006, 8, 63-71.

(17) Villesen, H. H.; Kristensen, K.; Hansen, S. H.; Jensen, N. H.;
Skram, U.; Christrup, L. L. Pharmacokinetics of morphine-6-
glucuronide following oral administration in healthy volunteers.
Eur. J. Clin. Pharmacol 2007, 63, 761-767.

(18) Wang, Y.; Roy, A.; Sun, L.; Lau, C. E. Short communication: A
double-peak phenomenon in the pharmacokinetics of alprazolam after
oral administration. Drug Metab. Dispos. 1999, 27, 855-859.

(19) Yin, O. Q.; Tomlinson, B.; Chow, A. H.; Chow, M. S. A modified
two-portion absorption model to describe double-peak absorption
profiles of ranitidine. Clin. Pharmacokinet. 2003, 42, 179-192.

presence of intestinal absorption windows for A275. Biphasic
absorption has also been observed for glibenclamide, which
is found to be a substrate of intestinal transporters.”®~>* Thus,
the biphasic absorption may indicate A275 being affected
by intestinal transporters as is suggested for glibenclamide.
However, since the absorption persisted for 8 h, the results
indicate enterohepatic recycling to be the cause of biphasic
absorption, because residence time in the rat small intestine
is only 2—3 h.?* No consistent dose-dependent effect on
absorption rate (k,) or absorbed fraction (F,) in the first or
second phase of absorption was observed (Table 2, Figure
5A). However, the large intervariability between rats might
mask a dose-dependent absorption of A275, as was observed
in vitro. Glipizide affected the absorption rate of A275 when
coadministered (Table 2, Figure 5B). This could be because
glipizide, at high intestinal concentrations (I mM), inhibits
exsorptive directed transporter(s), as was the case in vitro
(Figure 2B).

The effect of estrone-3-sulfate on A275 absorption was a
markedly prolonged absorption phase, that is, inhibition of
absorption (Table 2, Figure 5B). A higher estrone-3-sulfate
plasma concentration after iv administration than that after
oral administration was observed during the first 8 h after

(20) Balan, G.; Timmins, P.; Greene, D. S.; Marathe, P. H. In-vitro
in-vivo correlation models for glibenclamide after administration
of metformin/glibenclamide tablets to healthy human volunteers.
J. Pharm. Pharmacol. 2000, 52, 831-838.

(21) Davis, T. M.; Daly, F.; Walsh, J. P.; Ilett, K. F.; Beilby, J. P.;
Dusci, L. J.; Barrett, P. H. Pharmacokinetics and pharmacody-
namics of gliclazide in Caucasians and Australian Aborigines with
type 2 diabetes. Br. J. Clin. Pharmacol. 2000, 49, 223-230.

(22) Gedeon, C.; Behravan, J.; Koren, G.; Piquette-Miller, M. Transport
of glyburide by placental ABC transporters: Implications in fetal
drug exposure. Placenta 2006, 27, 1096-1102.

(23) Satoh, H.; Yamashita, F.; Tsujimoto, M.; Murakami, H.; Koyabu,
N.; Ohtani, H.; Sawada, Y. Citrus juices inhibit the function of
human organic anion transporting polypeptide OATP-B. Drug
Metab. Dispos. 2005, 33, 518-523.
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administration. A275 absorption was affected more following
iv administration than following oral coadministration of
estrone-3-sulfate. Consequently, it is suggested that estrone-
3-sulfate affects A275 absorption by a transporter that is
located at the serosal side and transports in the absorptive
direction, that is, a basolateral efflux transporter.

Relevance of Transporters Involved in A275 Absorp-
tion. The in vitro estimated Ky values in this study were
based on a human model, whereas in vivo absorption was
evaluated in rats. The functionality and presence of trans-
porters can vary among species, and especially transporters
in the OATP family are associated with species differences.*’
Though the apical efflux transporter P-gp has been shown
to impact the absorption of its substrates in both mice and
Caco-2 cells,?® the in vitro estimated Ky values of human
intestinal transporters should be applied to rat intestinal
transporters with caution, since the transporters involved in
A275 absorption were not identified in this study. Regardless
of species, drug interactions on A275 absorption by competi-
tive organic anions occurred in both the human in vitro and
the rat in vivo studies, indicating that transporters were
involved in the absorption of A275 in both species. Although
the rate of absorption can vary pronounced, the extent of
absorption is often shown to be similar between species,
including humans. Thus the correlation between percentages
of dose absorbed in rat and human are generally shown to
be reliable and quantitative.”” The ratio between percent
absorbed in human and rat is found very close to 1, including
substances where transporters may be involved in the
absorption process.”® When oral bioavailability does not
correlate between species metabolic differences may also
play a major role.””
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Rat gastrointestinal fluid volume is ~20 mL/kg when rats
are fasted.®® As a consequence, the volume is increased 5
times compared with the dose volume (5 mL/kg), and A275
concentration, available for absorption, is diluted approxi-
mately 5 times. The rat intestinal fluid concentration, as we
have tested it, is thus ~10 uM when interactions with
competitive organic anions are studied, and the intestinal fluid
A275 concentrations have been tested in the interval ~2—200
UM. According to the Ky of ~174 uM found in vitro for
the efflux transporter affecting apical uptake and absorptive
permeability (Table 1), the concentrations applied in the in
vivo studies should be designed to recognize whether
transporters are affecting A275 absorption. From a pharma-
cological point of view, the doses applied in this study may
seem low. However, limited solubility of the drug candidate
could result in intestinal fluid concentrations in the tested
range, and therefore a Ky, value of ~50 M or higher at the
apical membrane is of pharmacological relevance. Thus,
other organic anions that are substrates for the same
transporter(s) are capable of affecting the absorption of A275.

The in vitro studies revealed basolateral efflux and uptake
transporters for A275. The possibility of the intestine having
impact as an eliminating organ by clearing drug substances
from systemic circulation, that is, whether an intestinal
basolateral uptake transporter is of importance for the ADME
properties is a matter of some debate, and often hepatobiliary
clearance is the major elimination route for drugs excreted
in feces.>! 3% In the case of A275, the efflux transporters at
the basolateral membrane seemed to be dominant at the tested
concentrations up to ~200 uM in vitro (Figures 1B and 2B).
The possible basolateral uptake transporter is thus not of
importance as a clearance mechanism of A275, since the
highest acquired plasma concentration in these studies was
80 uM. Furthermore, A275 is >99% bound to plasma
proteins, which reduces the availability of A275 for intestinal
clearance. In contrast to this, drug interactions involving the
basolateral efflux transporter(s) contributing to absorption
are found both in vitro and in vivo when A275 and estrone-
3-sulfate arecoadministered (Figure 5B). Thus basolateral
transporters can be sites of drug interactions, and so plasma
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48, 604-613.
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concentration of an interacting organic anion is important
for the absorption process of the drug candidate.

The large intervariability between subjects in the in vivo
absorption of A275 may be the result of transporters being
involved in the absorption process. In drug discovery settings,
the therapeutic range, that is, the range constituted by plasma
concentration resulting in pharmacological effects to the
plasma concentrations resulting in toxicological effects, needs
to be wide whenever intestinal transporters are involved in
the absorption of anionic drug candidates. This is partly
because of the large intervariability between subjects in
absorption and partly because of the risk of interactions with
other organic anions. However, if the pharmacologically
relevant doses are high so that the transporters involved are
saturated, the interactions will not be of any importance. A
dose resulting in an intestinal fluid concentration above 1
mM A275 is required for saturating the transporters and thus
overcoming these interactions. Such a dose would be at least
10 mg/kg. Therefore the risk of interactions and interindi-
vidual variability should be taken into account if therapeutic
doses are below 10 mg/kg.

This study aimed at investigating whether transporters
affect the absorption of A275. Efflux transporters were found
at both the apical and basolateral membranes in the in vitro
intestinal model, thus affecting A275 permeation of the
Caco-2 cell monolayer. The in vivo absorption of A275 in
rats was biphasic, which may be due to transporters being
involved in the process, and a basolateral efflux transporter

in rat enterocytes is suggested to be involved in the A275
absorption. Thus, interactions related to transporters in
intestinal absorption was clearly demonstrated in vitro but
was not directly evident in vivo. To saturate the intestinal
transporters involved in A275 absorption and hereby avoid
interactions and high interindividual variation, a dose of at
least 10 mg/kg should be administered, but at doses below
that the risk of drug interactions should be taken into account.

Abbreviations Used

P app, apparent permeability across Caco-2 cell monolayer;
Pup, apparent uptake permeability in Caco-2 cell monolayer;
Pgpa, end-point accumulative permeability in Caco-2 cell
monolayer; k,, absorption rate constant in rats (0.25—1.25
h); F,, amount absorbed as a fraction of absorbed amount
20 h after dosing; FaSSIF, fasted state simulated intestinal
fluid.
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