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Purpose. To investigate the membrane transport mechanisms of
fexofenadine in the Caco-2 model.

Methods. Transport studies were performed in Caco-2 cell monolay-
ers 21-25 days after seeding. The apparent permeability (P,,,) of
fexofenadine was determined in the concentration range 10-1000 uM
in the basolateral-to-apical (b-a) and 50-1000 pM in the apical-to-
basolateral (a-b) direction. The concentration-dependent effects of
various inhibitors of P-glycoprotein (P-gp) (GF120918, ketoconazole,
verapamil, erythromycin), multidrug resistant associated protein
(MRP) (indomethacin, probenecid), and organic anion transporting
polypeptide (OATP) (rifamycin SV) on the bidirectional transport of
150 uM fexofenadine were also examined.

Results. Fexofenadine displayed polarized transport, with the P, ;.
being 28- to 85-fold higher than the P, 1,)- The P,y a.) Was indepen-
dent of the concentration applied, whereas P, , decreased with
increasing concentration (V,,,, = 5.21 nmol cm~2s~! and K, = 150
wM), suggesting saturation of an apical efflux transporter. All four
P-gp inhibitors had a strong, concentration-dependent effect on the
P,,p of fexofenadine in both directions, with GF 120918 being the
most specific among them. The ICy, of verapamil was 8.44 uM on
the P-gp—mediated secretion of fexofenadine. The inhibitors of
OATP or MRP appeared not to affect the P, 1, of fexofenadine in
the Caco-2 model.

Conclusions. This study clearly indicates that P-gp was the main
transport protein of fexofenadine in the Caco-2 model. Even though
P-gp was completely inhibited, fexofenadine was predicted to have a
low fraction dose absorbed in humans due to poor intestinal perme-
ability, and low passive diffusion seems to be the major absorption
mechanism.

KEY WORDS: absorption; Caco-2; fexofenadine; GF 120918; P-
glycoprotein.

INTRODUCTION

Low and variable bioavailability is still considered to be
one of the main reasons for terminating further development
of oral pharmaceutical products (1,2). A successful develop-
ment of drugs for oral drug delivery requires identification of
the rate-limiting step(s) of the absorption and first-pass ex-
traction process, such as dissolution, permeability, metabo-
lism and biliary secretion. Studies examining the significance
of membrane transport proteins in intestinal absorption and
hepatic extraction are, therefore, important. The gut, and the
intestinal epithelium in particular, has a high transport and
metabolic capacity for a broad range of nutrients and xeno-
biotics. The carrier-mediated transport of drugs across the
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epithelium is complex. Several of the membrane transport
proteins have overlapping substrate specificity and are lo-
cated at either the apical or basolateral membrane, transport-
ing drugs and metabolites in different directions. Several
in vivo and in vitro techniques have to be applied to evaluate
and understand the involvement of different membrane trans-
porters in the overall epithelial transport.

Fexofenadine has been suggested to be a suitable in vivo
probe to investigate the role of P-glycoprotein (P-gp, ABC
B1) mediated membrane transport (3-5). Fexofenadine has
interesting characteristics for that purpose such as a low hu-
man intestinal permeability and a minor degree of metabo-
lism (6) and has been subjected to a number of drug-drug
interactions (3,5,7,8). These clinical reports have suggested
that intestinal P-gp was the main site for these interactions.

However, using a human in vivo jejunal perfusion tech-
nique (9) we have shown that concomitant administration of
verapamil or ketoconazole did not increase the effective low
jejunal permeability (P.;) of fexofenadine (10,11). On the
other hand, the systemic exposure of fexofenadine increased
4-fold when verapamil was co-administered, which suggests
that the transporters in the first-pass liver extraction of fexo-
fenadine were inhibited instead of the intestinal transport
(11). The transporters involved may be sinusoidal members of
organic anion transporting polypeptide (OATP, SLC21A)
and/or canalicular P-gp (12,13). Previous in vitro data indicat-
ing that fexofenadine is a substrate for both transporters
(12,13) supports this hypothesis for the drug-drug interaction.
However, it is still unclear whether other drug membrane
transporters, such as breast cancer resistance protein (BCRP,
ABCG?2) and multidrug resistant associated protein (MRP,
ABCQ) are involved in the membrane transport of fexofena-
dine, as they are known to be expressed in the intestine and
the liver in humans (14,15).

The aim of the current study was to use the Caco-2 model
to investigate further the transport and inhibition kinetics
of the membrane transport mechanisms important for the
in vivo pharmacokinetics of fexofenadine.

MATERIALS AND METHODS

Chemicals

Fexofenadine HCL was obtained from Hoechst Marion
Roussel (Kansas City, MO, USA). The inhibitors used in the
transport experiments (erythromycin, indomethacin, ketoco-
nazole, probenecid, and rifamycin SV) were purchased from
Sigma (St. Louis, MO, USA). GF 120918 and verapamil were
kind gifts from GlaxoWellcome R&D (Stevenage, UK) and
Knoll AG (Ludwigshafen, Germany), repectively. [**C]Man-
nitol with specific radioactivity of 51.5 mCi/mmol was pur-
chased from NEN-DuPont, (Life Science Products, Stock-
holm, Sweden).

Analytical Methods

A reversed phase-HPLC method with fluorescence de-
tection was developed from the method of Coutant et al. (16)
to enable fexofenadine to be quantified. The HPLC system
consisted of a Shimadzu LC 10AD pump (Shimadzu, Kyoto,
Japan), a Jasco FP-1520 intelligent flouroscence detector
(Jasco, Kyoto, Japan) with excitation and emission wave-
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lengths at 230 and 280 nm, repectively, together with a CMA/
200 automatic sample injection system (CMA/microdialysis
AB, Solna, Sweden). The analytical column was a Nucleosil
100-5 C,4 column, 150 x 4.6 mm i.d. Fexofenadine was eluted
with a mobile phase that consisted of acetic acid buffer (pH
5.0, ionic strength 0.01): methanol:acetonitrile 42:35:23%
(v/v), at a flow rate of 1 ml/min. The samples were injected
directly or after dilution with HBSS with 1% DMSO. The
injection volume was 50 wl.

Separate standard curves and quality controls were made
for the intervals 518-32 nM (receiver) and 50-5.3 uM (do-
nor). The limit of quantification for the samples from receiver
and donor was set to 32 nM (CV 5.9%) and 5.3 pM (CV
6.1%), respectively. The CV of the interassay variability was
below 20%. [**C]Mannitol was analyzed using a Wallac Win-
Spectral 1414 liquid scintillation counter (Turku, Finland).

Cell Culture

The Caco-2 cells were obtained from American Type
Culture Collection (ATCC, Rockville, MD, USA) and used
in the transport experiments between passage 28 to 30 and 44
to 45. The cells were cultured at 37°C, 90% relative humidity,
and 5% CO, atmosphere and maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM) with L-glutamine containing
10% fetal bovine serum (FBS), 1% nonessential amino acids
(MEM), and 100 U/ml and 100 pg/ml penicillin and strepto-
mycin, respectively. All medium components used were pur-
chased from Life Technologies AB (Paisely, UK), and the
culturing medium was changed every other day.

After reaching 70-90% confluency, the cells were de-
tached from the culture flask by addition of a trypsin-EDTA
solution (0.25% trypsin and 0.2% EDTA) and seeded at a
density of 88,500 cells/cm® on 12-mm (internal diameter)
Transwell polycarbonate membrane inserts (0.4-pm pore
size) and placed in Transwell 12-well clusters purchased from
Costar (Life Technologies AB). The cells were used on days
21 to 25 post-seeding to obtain differentiated monolayers and
a higher expression of transport proteins (17).

Transport Experiments

All the bidirectional transport experiments were con-
ducted in Hank’s balanced salt solution (HBSS) buffered to
pH 7.4 with Hepes containing 1% dimethylsulfoxide (DMSO)
at 37°C. The influence of a pH gradient on the permeability
was avoided by using pH 7.4 on both the donor and the re-
ceiving side. Samples were taken from the receiving side after
90, 120, 150, and 180 min; the removed volume was replaced
with a corresponding volume of HBSS solution at 37°C.
Samples from the donor solution were taken at 0 and 180 min.
Each experiment was performed in triplicate. The concentra-
tion-dependent permeability of fexofenadine was studied in
the concentration range 10 to 1000 uM (10, 50, 100, 150, 200,
500, and 1000 wM) in both apical-to-basolateral (a-b) and
basolateral-to-apical (b-a) directions. In the apical to basolat-
eral direction at 10 uM, the concentration in the receiving
chamber was below the detection limit.

The concentration-dependent effects of P-gp, MRP, and
OATP inhibitors on the bidirectional transport of 150 pM
fexofenadine were also examined. The inhibitors used were
GF120918 (0.5, 2, 10 uM), verapamil (0.1, 1, 10, 25, 50, 100,
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200 wM), erythromycin (10, 100, 200 M), ketoconazole
(10, 60, 100 wM), indomethacin (10, 100, 200 wM), probenecid
(10, 100 wM) and rifamycin SV (1, 10, 100 pM). Prior to the
inhibition experiments, the cells were preincubated with each
inhibitor for 20 min at 450 rpm (BMG termostat, Labvision,
Sweden) and 37°C. The inhibitors were added on both donor
and receiving side to maintain a constant inhibiting concen-
tration throughout the cell during the experiment. The solu-
tion for the volume compensation on the receiving side con-
tained the relevant inhibitors at the indicated concentrations.

To assess the integrity of a monolayer prior to and after
an experiment, the transepithelial electrical resistance (TEER)
and the permeability of the paracellular marker [**C]manni-
tol were measured. ['*C]Mannitol was used at a concentration
of 0.1 mM and 1 wCi/ml. The cell monolayers were considered
to be intact when the permeability of mannitol was less than
0.2 x 107 cmy/s.

The apparent permeability coefficients (P,,,) were cal-
culated using Eq. 1,

P do ! 1

app =4 " (A x Cy) b

where dQ/dt is the linear appearance rate of mass in the
receiver solution transported during sink conditions, A is the
surface area of the membrane, and C, is the initial donor
concentration. The efflux ratio (i.e., the net efflux of fexo-
fenadine) was determined by calculating the ratio of P, in
the secretory (b-a) divided by the absorptive (a-b) direction
according to Eq. 2.
P .
app(b-a) Q)

ER=P

app(a-b)

Determination of the Apparent Maximum Velocity (V ,...)
and Michaelis-Menten Constant (K,,) of Fexofenadine and
the IC;, of Verapamil

The concentration-dependent membrane transport rate
of fexofenadine in both directions was studied in the concen-
tration range 10-1000 wM. The passive membrane transport
rate (excluding the influence of P-gp—mediated transport) of
fexofenadine was estimated by conducting a transport experi-
ment in the presence of the specific P-gp inhibitor GF 120918
(2 wM). The carrier-mediated membrane transport rate was
the remainder of the transport rate in the presence of
GF120918 subtracted from the total transport rate (18). The
1Cs, of verapamil on fexofenadine transport in the secretory
direction was determined by using the percentage inhibited
for each verapamil concentration. The percentage inhibited
was calculated by dividing the P,y by the P, o) fOr the
control (150 uM fexofenadine). Michaelis-Menten param-
eters and IC,, were then determined using nonlinear regres-
sion according to the Hill equation with Graphpad Prism 3.02
(Graphpad Software Inc, USA).

Statistical Analysis

All values are presented as a mean + one standard de-
viation (SD) throughout the paper. The statistical evaluation
of the concentration dependency and the impact of the dif-
ferent inhibitors was performed with one-way ANOVA fol-
lowed by Dunnet’s and Bonferroni’s multiple comparison
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test, respectively. A probability of less than 0.05 (p < 0.05)
was considered to be statistically significant.

RESULTS

The absorptive permeability (P,,,¢.1)) of fexofenadine
was low and independent of the apical concentration through-
out the range investigated, 10-1000 wM (Table I and Fig. 1).
On the other hand, the permeability in the secretory direction
(Papp(v-ay) decreased at higher basolateral concentrations of
fexofenadine, and, accordingly, the efflux ratio was reduced
from 85 at 50 pM to 28 at 1000 pM (Table I). The membrane
transport kinetics of fexofenadine in the secretory direction
were described with the apparent V.. and K,,, which were
5.21 nmol cm™2 s™! and 150 pM, respectively (Fig. 1).

Several different inhibitors (namely, GF 120918, ketoco-
nazole, verapamil, erythromycin, rifamycin SV, indometha-
cin, and probenecid) were used to investigate the membrane
transport protein(s) involved in the cellular transport of fexo-
fenadine. The determined permeability across the Caco-2
monolayer, presented in Table II and Fig. 2, was compared
against a control for fexofenadine (150 uM), which hada P,
of 0.31 + 0.03 and 8.24 + 0.31 x 107° cm s™" in the absorptive
and secretory directions, respectively. GF 120918, a specific
inhibitor of P-gp, already increased the absorption and de-
creased the secretion at a concentration of 0.5 pM, which
resulted in a efflux ratio of 1.1 (Table II). An additional in-
crease in the concentration of GF 120918 did not affect the
permeability in any direction, which was in accordance with
complete inhibition of the P-gp-mediated membrane trans-
port process. The cumulative percentage absorbed and trans-
ported across the membrane in the absorptive direction was
less than 1% of the donor concentration when no efflux pro-
cess was involved (i.e., when GF120918 at 2 uM was used)
(Fig. 3). The passive P, for fexofenadine used for calcula-
tions of membrane kinetics was 1.03 + 0.07 and 1.06 + 0.07 x
107 cm s~ in the absorptive and secretory directions, respec-
tively (Table II; 2 uM GF 120918).

The P-gp inhibitors ketoconazole and verapamil dis-
played a concentration-dependent inhibition of fexofenadine
transport in both the absorptive and the secretory directions.
The efflux ratio approached one with increasing inhibitor
concentration (Table IT). The P, increased to 1.47 + 0.13
and 1.84 + 0.09 x 107° cm s~ for verapamil and ketoconazole,
respectively, at the highest inhibitor concentration (Table II).

Table I. The Concentration-Dependent Apparent Permeability

(P,,p) of Fexofenadine (10-1000 wM) in the Absorptive (a-b) and

Secretory (b-a) Direction, and the Efflux Ratio (ER) in the Caco-2
Model

P,p (x107° cm s7")

Donor (pM) a-b p b-a p ER
10 14.22 +0.53 —

50 0.17 £ 0.08 14.02+1.71  >0.05 85

100 023+0.03 >0.05 14.82+095 >0.05 66

200 027+0.04 <0.05 10.19+023 <0.001 37

500 0.22+0.03 >0.05 8.78+1.04 <0.001 40

1000 0.19+0.01  >0.05 543+042 <0.001 28

One-way ANOVA with Dunnet’s multiple comparison test [10 M
(b-a) and 50 M (a-b) as control].
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Fig. 1. The concentration dependency of the active transport in the
secretory (b-a) direction of fexofenadine across Caco-2 monolayers.
The passive diffusion flux rates were determined in the presence of
GF120918 (2 wM), which totally inhibits the active transport of fexo-
fenadine. The active transport rates were determined by subtracting
the passive diffusion flux rates from the total flux rates in accordance
with Gao et al. (18). Apparent Michaelis-Menten parameters were
estimated using Graphpad Prism 3.02 as described under “Materials
and Methods.” Data points are means + SD (n = 3).

This was higher than the established passive permeability
with GF 120918, but the increase was not associated with any
effect on the mannitol permeability. These P,,, .1, Values,
however, still predict a low permeability and an incomplete
absorption in humans (19). The inhibition with verapamil was
more extensively investigated, and the I1Cs, was determined
to be 8.44 uM (Fig. 4). Erythromycin affected the permeabil-
ity for fexofenadine in the absorptive direction in the same
manner as ketoconazole and verapamil (Table II), but to a
lesser extent.

Rifamycin SV did not significantly alter the permeability
of fexofenadine in the absorptive direction, but interestingly a
decrease in P, ) was observed at 100 pM of the inhibitor
(Fig. 2, Table II). The MRP inhibitor indomethacin did not
affect the permeability of fexofenadine in any direction. On
the other hand, probenecid, an inhibitor of anion (MRP-
related) membrane transport, decreased the P, 1, and in-
creased the P, ) (Fig. 2; Table II).

DISCUSSION

In two previous in vivo jejunal perfusion studies, we in-
vestigated the transport interactions of fexofenadine and two
inhibitors, ketoconazole and verapamil, at a mechanistic level
in the human intestine (10,11). This clinical technique gives a
possibility to determine the in vivo transport rate of a drug
directly and to examine the maximal risk of a drug-drug in-
teraction in the intestine. It is important to compare these
in vivo data with the corresponding data from the in vitro cell
monolayer, as this model may be used to predict drug-drug
interaction at a transport level. The aim of the current in vitro
study was to elucidate the membrane transport processes that
were crucial for the absorption of fexofenadine by examining
the effect of various transport protein inhibitors as well as to
estimate the role of passive diffusion in the overall membrane
transport and to characterize the transport and inhibition ki-
netics using Caco-2 monolayers.

The current results clearly indicate that P-gp was highly
involved in the active membrane transport of fexofenadine in
this model. The permeability was affected by the P-gp inhibi-
tors in both the absorptive and secretory directions. GF
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Table IL. The Apparent Permeability (P,,,) of Fexofenadine Applied in Combination with Various Inhibitors of Transport Proteins, P-gp,
BCRP, OATP, MRP, in the Absorptive (a-b) and Secretory (b-a) Direction Across Caco-2 Monolayers

a-b b-a
Inhibitor Donor (uM)  Inhibited transporter P, (x10°°cms™')  Change (%) P,,, (x10°°cms™') Change (%) ER
Control 150 — 0.31 +0.03 824 +0.31 26.2
GF 120918 0.5 P-gp, BCRP 0.95 + 0.10%** 201 £ 10 1.04 + 0.06%** -87+6 1.1
2 1.03 £ 0.07%#%* 277 1.06 + 0.08%*** -87+38 1.0
10 1.03 + 0.01%#* 229+1 1.12 + 0.10%#* -86+9 1.1
Ketoconazole 10 P-gp, OATP 0.99 + 1.10%** 214+ 10 4.45 + 0.38%%* -46+9 4.5
60 1.49 £ 0.12%%* 3748 3.32 £ 0.18%** -60+5 22
100 1.84 + 0.09%+** 484 £ 5 3.07 + 0.12%*+* -63+4 1.7
Verapamil 10 P-gp, OATP 0.58 + 0.04* 86 +7 7.63 +0.64 n.s. -74+8 13.1
100 1.08 + 0.05%** 243 £ 4 2.92 + 0.24%** -65+8 2.7
200 1.47 £ 0.13%%** 3689 2.13 +0.30%** 74 + 14 14
Erythromycin 10 P-gp, OATP 0.20 + 0.04* -36£22 13.06 + 0.55%* 58+4 65.1
100 0.41 +0.02% 29+4 11.41 +1.21% 3811 28.1
200 0.77 + 0.03%#* 146 + 4 8.64 +1.27 n.s. 48+15 11.2
Rifamycin SV 1 OATP, P-gp 0.25 + 0.05 n.s. 21 +21 8.58 + 0.38 n.s. 41+4 34.7
10 0.21 £0.02 ns. -34+8 847 +£0.29 n.s. 28+3 40.6
100 0.36 + 0.05 n.s. 1415 5.54 + 0.32%#* -33+6 15.5
Indomethacin 10 MRP, not P-gp 0.24 + 0.04 n.s. -22+18 7.54£0.79 n.s. -85+10 30.9
100 0.26 +0.03 n.s. -18+£13 8.12 +0.81 n.s. -15+10 31.6
200 0.31 +0.01 n.s. 0+3 717 £0.85 n.s. -13+12 22.8
Probenecid 10 MRP, not P-gp 0.23 £ 0.01* -28+4 14.78 + 0.64%** 794 65.0
100 0.16 + 0.04* —49 +24 14.28 + 0.16%** 73+1 89.1

One-way ANOVA and Bonferroni’s multiple comparison test compared against the control.

w0k p < 0,001, #*p < 0.01, *p < 0.05, n.s. p > 0.05.

120918 was the most potent and specific inhibitor of the four
P-gp inhibitors used. A previous study had revealed that GF
120918 did not affect MRP1 and 2 (20), but it has an inhibi-
tory effect on BCRP at concentrations at and above 10 uM
(21). The efflux ratio of fexofenadine was 1 at 0.5 pM of
GF120918, which indicates that P-gp is the only efflux trans-
port protein involved in the active membrane transport of
fexofenadine in the Caco-2 model. No additional changes in
permeability or in the efflux ratio were observed when the
concentration of GF 120918 was increased. This suggests that
BCRP was not involved in the membrane transport of fexo-
fenadine since the current Caco-2 model has an intermediate
expression of BCRP (Ungell A-L., personal communication).
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Fig. 2. The apparent permeability (P,,,) of fexofenadine (150 pM)
with various transport inhibitors in the absorptive direction (a-b)
across Caco-2 monolayers. The inhibitors used were GF120918
(0.5, 2, 10 wM), verapamil (10, 100, 200 wM), erythromycin (10, 100,
200 M), ketoconazole (10, 60, 100 uM), indomethacin (10, 100, 200
wM), probenecid (10, 100 wM) and rifamycin SV(1, 10, 100 wM).

MRP was not believed to be involved in the membrane
transport of fexofenadine, as the inhibitor indomethacin had
no effect on the cellular efflux. Surprisingly, probenecid led to
a decrease in the permeability in the absorptive direction and
an increase in the secretory direction, but these observations
were not considered to be the result of a direct carrier-
mediated effect, as indomethacin had no effect on the per-
meability and because the specific inhibitor GF 120918 com-
pletely inhibited the cellular efflux. In addition, previous re-
ports have shown that probenecid did not affect the cellular
transport of fexofenadine (13). Although both probenecid
and indomethacin are thought to be rather unspecific as trans-
port inhibitors, it has been reported that they do not affect the
P-gp mediated activity (22,23), which was also supported by
the current study. It may be speculated that the difference in
effect of probenecid in the current study and that by Perloff
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Fig. 3. The cumulative transport of fexofenadine (150 uM) alone or
in the presence of the specific P-gp inhibitor GF 120918 (2 wM), in the
absorptive (a-b) and secretory (b-a) direction across Caco-2 mono-
layers.
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Fig. 4. Inhibition of fexofenadine transport in the secretory (b-a)
direction by verapamil (0.1-100 uM) across Caco-2 monolayers. Data
presented as a percentage of the uninhibited control. Each data point
represents the mean = SD (n = 3). The ICs, value for verapamil on

fexofenadine transport was estimated by a nonlinear regression using
Graphpad Prism 3.02.

et al. might be because probenecid inhibits an uptake mem-
brane protein, such as OATP, which is not present in their cell
model (13). It is well-known that the expression of these ef-
flux transporter exhibit significant inter- and intra-laboratory
variability. However, the most likely explanation is that pro-
benecid may cause various and unexplained effects due to its
inhibition of intracellular metabolism related to oxidative mi-
tochondrial metabolism (24). It supports previous studies that
probenecid should be used with cautios as a pharmacological
tool in cellular research (24).

OATP has been shown to transport fexofenadine in a
concentration-dependent manner in a transfected cell line
(12). However, even though certain members of OATP
(namely, OATP-B, OATP-D, OATP-E) have been reported
to be expressed in the intestine (25,26), the expression of
functional OATP in Caco-2 is uncertain even if high gene
expression of OATP-B has been found in the current Caco-2
model (Ungell A-L., personal communication). In the current
study, no OATP-mediated uptake could be distinguished
from the efflux transport. The absent OATP activity was con-
firmed with rifamycin SV, an inhibitor of several members of
OATP (27). The only effect of the inhibitor was a decrease of
fexofenadine transport in the secretory direction at a concen-
tration of 100 puM. However, this observation may be caused
by an inhibition of P-gp, as rifamycin SV has structural simi-
larities to rifampin, which has been shown to have an inhibi-
tory effect on P-gp in humans (3). This is also supported by
that rifamycin SV has been shown to accumulate vinblastine
in rat hepatocytes at concentrations of 100 wuM and above
(28). Another possible explanation to the absent OATP effect
may be that the activity and specificity of any present OATP
is lower at pH 7.4. A recent report have shown that the ac-
tivity was higher and specificity was lower at acidic pH for
OATP-B (26), which is apically located. Interestingly, Cvet-
kovic et al. (12) have also shown that verapamil, ketocona-
zole, and erythromycin inhibited the OATP transport of
fexofenadine using concentrations similar to those in this
study. Nevertheless, these effects were not observed or could
not be distinguished from the P-gp transport. The involve-
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ment of other transporters has not been extensively investi-
gated, but the rat organic cation transporter 1(rOCT1) and
the human sodium taurocholate cotransporting polypeptide
(NTCP) do not seem to transport fexofenadine (12,13,29)

Fexofenadine is an example of an essentially nonmetabo-
lized substance (6) with a low human intestinal permeability,
which has altered pharmacokinetics when it was administered
with known P-gp inhibitors and inducers (3,7,8,10,11). In the
current and other studies (12,13), the in vitro inhibition data
support the hypothesis of P-gp being a factor for the absorp-
tion and bioavailability of fexofenadine, so it was interesting
to note that the systemic availability of fexofenadine in hu-
mans was linear for oral doses from 10 to 800 mg (30). The
absence of a dose-dependent effect on the in vivo absorption
and first-pass extraction was in accordance with the concen-
tration-independent P, ., found in the current in vitro
study. On the other hand, the P,y Was highly concentra-
tion dependent, indicating saturation of a P-gp-mediated se-
cretion of fexofenadine. This asymmetric difference in the
concentration-dependent permeability suggests that the P-gp
binding site(s) may be more accessible from the basolateral
side. This may be explained by apical membranes displaying
a lower inherent passive permeability than basolateral mem-
branes. The rate-determining factor for the low permeability
is believed to be attributable to the structure of the exofacial
leaflet of the apical membrane (31). This should be taken into
consideration as the binding site(s) of P-gp may be located in
the inner membrane leaflet toward the cytoplasm and hence
was exposed to a higher intracellular concentration when
fexofenadine was applied on the basolateral side. As the mo-
lecular weight of fexofenadine is 538 g mol™" and as the P-gp
inhibitors increased the P, 1), it may be concluded that
fexofenadine is transported transcellularly rather than by the
paracellular route (32).

In the evaluation of the role of efflux proteins in the
overall transport of substrates, it is also important to consider
the contribution from passive diffusion of the compound.
Even if a compound is efficiently transported by P-gp, it can
still have a high fraction dose absorbed in humans (33). The
reasons for the high dose absorbed could be several: the com-
pound has a high passive permeability across the cell mem-
brane, and the fraction of the drug dose that the efflux trans-
porter pumps back out into the lumen may be reabsorbed
along the small and large intestine; the expression of the
transporter may be different along the intestine; or it can be
saturated by the dose of the compound given. Therefore, it is
generally believed that P-gp and other efflux transporters
would have the strongest effect on the fraction dose absorbed
and hence the bioavailability of a low permeability drug such
as fexofenadine. According to a classification recently pro-
posed by Troutman and Thakker (34), the absorptive quo-
tient of fexofenadine was calculated to be 0.7 (class I), mean-
ing that P-gp attenuates the passive permeability during ab-
sorption by 70% in the Caco-2 model. However the low
permeability found both in vitro and in vivo does not have to
be caused by extensive intestinal efflux, despite the fact that
the compound is a substrate for P-gp. As shown in the current
study, when the efflux was completely inhibited by GF
120918, the P, .1, Was 1.03 + 0.07 x 107 cm/s. The perme-
ability of fexofenadine increased by 229%, but it was still a
low permeability compound with less then 1% of the total
amount transported in the absorptive direction. The physico-



Fexofenadine in Vitro Transport

chemical properties of fexofenadine (a zwitterion), such as
the degree of ionization, molecular weight, and the polar sur-
face area (124 A?), predict that a low passive permeability
and a low fraction dose will be absorbed in humans (35,36).
This was also confirmed in healthy volunteers as the human
intestinal effective permeability (P.) was determined to be
low (10,11). Altogether, these data demonstrate that there is
still poor understanding of the significance of efflux transport-
ers in the human intestinal mucosa and how, or if, they limit
drug absorption

In conclusion, the result from this study clearly indicates
that P-gp is the dominating transport protein in the Caco-2
model, but not the major reason for the incomplete intestinal
absorption. The permeability for fexofenadine across the
model can be modified to some extent by P-gp inhibitors, but
the permeability remained low when the transport proteins
were completely inhibited, and the transport in the Caco-2
model was predominantly governed by passive permeability
and physiochemical properties.
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