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Purpose. The mechanism of intestinal drug transport for hydrophilic cations such as ranitidine is
complex, and evidence suggests a role for carrier-mediated apical (AP) uptake and saturable
paracellular mechanisms in their overall absorptive transport. The purpose of this study was to develop
a model capable of describing the kinetics of cellular accumulation and transport of ranitidine in Caco-2
cells, and to assess the relative contribution of the transcellular and paracellular routes toward overall
ranitidine transport.

Methods. Cellular accumulation and absorptive transport of ranitidine were determined in the absence
or presence of uptake and efflux inhibitors and as a function of concentration over 60 min in Caco-2
cells. A three-compartment model was developed, and parameter estimates were utilized to assess the
expected relative contribution from transcellular and paracellular transport.

Results. Under all conditions, ranitidine absorptive transport consisted of significant transcellular and
paracellular components. Inhibition of P-glycoprotein decreased the AP efflux rate constant (k»;) and
increased the relative contribution of the transcellular transport pathway. In the presence of quinidine,
both the AP uptake rate constant (ki,) and k,; decreased, resulting in a predominantly paracellular
contribution to ranitidine transport. Increasing the ranitidine donor concentration decreased k1, and the
paracellular rate constant (k13). No significant changes were observed in the relative contribution of the
paracellular and transcellular routes as a function of ranitidine concentration.

Conclusions. These results suggest the importance of uptake and efflux transporters as determinants of
the relative contribution of transcellular and paracellular transport for ranitidine, and provide evidence
supporting a concentration-dependent paracellular transport mechanism. The modeling approach
developed here may also be useful in estimating the relative contribution of paracellular and
transcellular transport for a wide array of drugs expected to utilize both pathways.
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transcellular transport.

INTRODUCTION

Intestinal drug absorption occurs via either the trans-
cellular or paracellular pathway. Transcellular absorption is
generally the preferred route for orally administered drugs
and is governed by simple passive diffusion for sufficiently
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lipophilic molecules or carrier-mediated transport mecha-
nisms for compounds that can serve as substrates for
intestinal transporters. Numerous intestinal uptake and efflux
transporters have been implicated in facilitating or hindering
absorption of a wide array of drugs [e.g., PepT1 and P-
glycoprotein (P-gp) substrates] that utilize the transcellular
pathway. In contrast, absorption via the paracellular route is
typically restricted by the relatively small pore size of the
paracellular canal and the presence of the tight junction that
acts as a barrier to drug absorption. Despite these limitations,
paracellular transport may be an important absorption
mechanism for hydrophilic drugs that exhibit poor membrane
permeability and that do not serve as substrates for intestinal
uptake carriers.

The H; receptor antagonist ranitidine is a well-absorbed
drug despite its hydrophilic nature, a net positive charge, and
a large number of hydrogen bonding sites. Recent studies in
the Caco-2 cell culture model of intestinal epithelium have
suggested that absorptive transport of ranitidine across the
cell monolayers occurs via a complex mechanism involving
both passive diffusion and a saturable organic cation uptake
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transporter that is attenuated by P-gp-mediated apical (AP)
efflux (1). In contrast, previous investigations have suggested
that absorptive transport of ranitidine across Caco-2 cell
monolayers occurs predominantly via the paracellular route
(2-4). The evidence for paracellular transport in these studies
was based on the observation that the absorptive transport of
ranitidine increased severalfold when the intercellular tight
junctions were breached by removal of extracellular Ca**.
The experimental design of these studies makes it difficult to
discriminate between compounds that solely utilize the
paracellular pathway (e.g., mannitol) and those that exhibit
varying degrees of transcellular transport (i.e., due to limited
membrane permeability or low-efficiency carrier-mediated
transport). Furthermore, such experiments are not truly
quantitative and do not allow an assessment of the relative
contribution of the transcellular and paracellular pathways to
the overall transport. Thus, the relative contribution of each
pathway for hydrophilic compounds, such as ranitidine, that
exhibit carrier-mediated uptake across the AP membrane as
well as paracellular transport is largely unknown.

Several approaches have been developed to estimate the
relative contribution of the transcellular and paracellular
pathways to intestinal drug transport. Adson et al. developed
a model utilizing the theory of molecular size-restricted
diffusion of cations and anions within a negative electrostatic
field of force to predict paracellular permeability in cultured
epithelial cells (5,6). Using the overall effective absorptive
permeability across the monolayer, their model has been
used to uncouple the transcellular and paracellular perme-
abilities for several model compounds (6,7). Another ap-
proach utilized a combined parallel artificial membrane
permeation assay (PAMPA) and transport across Caco-2 cell
monolayers to estimate the contribution of each pathway.
This approach assumed the transcellular permeability to be
equivalent to the PAMPA permeability; and the paracellular
permeability was determined by the difference between the
observed Caco-2 and PAMPA permeabilities (8). Other
recent approaches have investigated transport of charged
species as a function of pH in multiple cell culture systems
with varying degrees of paracellular leakiness to determine
paracellular permeabilites of hydrophilic ionic compounds
(9). Each of these approaches attempts to estimate the
contribution from two parallel and competing pathways
(i.e., transcellular and paracellular) in the translocation of
compounds across cell monolayers by using data solely
obtained from the appearance of compound in the receiver
[basolateral (BL)] compartment and by combining data from
multiple model systems. Such approaches involve extrapolat-
ing the behavior of compounds from one system [i.e.,
transport across electrostatic field of charge, continuous
membrane sheets (PAMPA)] to the cell culture system
(e.g., Caco-2 cells) in which the relative contribution of the
two pathways is being assessed.

In this report, a compartmental kinetic modeling ap-
proach was utilized to estimate the contribution of the
transcellular and paracellular pathways to the absorptive
transport of ranitidine. The multiexperimental approach
employed relies on a kinetic evaluation of the discrete
transmembrane events occurring at the AP and BL domains
in addition to the overall transport across the cell mono-
layers, and integrates these parameters into a cellular kinetic
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model that best describes these processes. Using this
approach, one could determine the contribution of the
paracellular and transcellular routes in the absorptive trans-
port of ranitidine across Caco-2 cell monolayers. The studies
reported here demonstrate that the transcellular transport of
ranitidine is defined by an interplay between absorptive
organic cation transporter(s) and apically directed efflux
mediated by P-gp, and provide support for the existence of a
concentration-dependent paracellular absorptive transport
mechanism for ranitidine.

MATERIALS AND METHODS
Materials

The Caco-2 cell line, Caco-2 cell clone P27.7 (10), was
obtained from Mary F. Paine, Ph.D., and Paul B. Watkins,
M.D. (Schools of Pharmacy and Medicine, The University of
North Carolina at Chapel Hill, Chapel Hill, NC, USA).
Eagle’s minimum essential medium (EMEM) with Earle’s
salts and L-glutamate, nonessential amino acids (NEAA,
100x), 0.05% trypsin—-0.53 mM EDTA solution, and pen-
icillin-streptomycin— amphotericin B solution (100x) were
obtained from Gibco Laboratories (Grand Island, NY,
USA). Fetal bovine serum (FBS) was obtained from Sigma
Chemical Co. (St. Louis, MO, USA). Hank’s balanced salt
solution (HBSS) was obtained from Mediatech, Inc. (Hern-
don, VA, USA). N-Hydroxyethylpiperazine-N"-2-ethanesul-
fonate (HEPES, 1 M) was obtained from Lineberger
Comprehensive Cancer Center at the University of North
Carolina at Chapel Hill. Ranitidine was purchased from
Research Biochemicals International (Natick, MA, USA).
Quinidine was purchased from Sigma. GW918 (11) was
obtained as a gift from GlaxoSmithKline (Research Triangle
Park, NC, USA).

Cell Culture

Caco-2 cells were cultured at 37°C in EMEM supple-
mented with 10% FBS, 1% NEAA, 100 U/mL penicillin, 100
pg/mL streptomycin, and 0.25 pg/mL amphotericin B in an
atmosphere of 5% CO, and 90% relative humidity as
described previously (1).

Transport and Cellular Accumulation Studies

Transport and cellular accumulation studies were con-
ducted as described previously with minor deviations (1).
Transport experiments were initiated by replacing the donor
solution (AP for absorptive transport) with 0.4 mL of
transport buffer containing ranitidine (0.1, 0.5, or 2 mM) or
ranitidine (0.1 mM) in the presence of GW918 (1 uM) or
quinidine (200 uM). Transport experiments were terminated
at the indicated time points, and the appearance of ranitidine
in the receiver compartment (BL) as well as cellular
accumulation was determined as previously described (1).
GW918 (1 uM) was added to the incubation medium, donor,
and receiver solutions in studies investigating inhibition of
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Fig. 1. Schematic representation of the three-compartment model
describing the transport of ranitidine in the Caco-2 cell model.
Compartments represent the AP (X;), cellular (X;), and BL (X3)
chambers. Rate constants associated with transmembrane flux are
denoted as follows: AP uptake (ki»), AP efflux (k»;), BL uptake
(k32), and BL efflux (ky3). ki3 represents the rate constant associated
with paracellular transport.

P-gp. Transepithelial electrical resistance (TEER) was mea-
sured at the beginning and end of each experiment to ensure
monolayer integrity throughout the course of the experiment.
Cell monolayers with final TEER < 300 Q cm? were
discarded.

High-Performance Liquid Chromatography Analysis

The amount of ranitidine transported or accumulated in
the Caco-2 cells was quantified by high-performance liquid
chromatography (HPLC, Agilent Technologies, 1100 Series,
Palo Alto, CA, USA) using a 100 x 3 mm C18 Aquasil
column (5 pm; Keystone Scientific, Inc. Bellefonte, PA,
USA) as previously described (1).

Mathematical Model

A compartmental modeling approach was utilized to
examine the accumulation and absorptive transport of
ranitidine in Caco-2 cells. The three-compartment model
structure is depicted in Fig. 1. Differential equations based on
the model structure in Fig. 1 and describing the transfer of
mass between compartments are as follows:

dX
P+ k) i+ X 1)

ax,

= Xi = (kay + ko) X+ ks X )
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%=kz3'Xz+k13'X1 — k3 X3 3)
where X, X5, and X3 represent the amount of drug in the
AP, cellular, and BL compartments, respectively. First-order
rate constants (min ') denote parameters associated with AP
uptake (ki2), AP efflux (k»;), BL uptake (ks3;), BL efflux
(k23), and paracellular transport (k;3). Preliminary modeling
indicated a parameter associated with reverse paracellular
flux (k3;) did not contribute significantly to absorptive
transport of ranitidine, probably due to the large AP to BL
concentration gradient and the time course imposed by the
conditions of the experiment. Therefore, this parameter was
removed from subsequent modeling exercises. Parameter
estimates were obtained by fitting the model to the overall
ranitidine transport and cellular accumulation data sim-
ultaneously using nonlinear least-squares regression (Win-
Nonlin, Pharsight, Mountain View, CA, USA). A weighting
scheme of 1/Y and the Gauss-Newton (Levenberg and
Hartley) minimization method were used for each modeling
exercise. In some cases, parameter estimates for AP uptake
(k12) and BL uptake (k3,) were fixed during nonlinear regr-
ession at experimentally determined values. Fixed parame-
ters allowed recovery of more accurate parameter estimates
for the variable parameters under specific experimental co-
nditions. The rate constants (kq, and k3,) were calculated by
using the kinetic parameters (Jmax, Km, and Ky) associated
with AP and BL uptake determined previously (Table I)
(1, 12) and according to the following equations:

dX,
dtinisial

= ki2(0r32 Xi(or3) (4)

where dX,/dtia 1s the initial rate of uptake into the cell.
The rate of initial uptake can also be described as:

axX; _ ]max'Xl(orS) Kd'Xl(orB)
dtiniiat - K + X10r3)  Varorsr)

(5)

where J.x is the maximal uptake rate, K, is the Michaelis-
Menten constant, K4 is the nonsaturable component of
uptake, and Vap (or BL) is the volume of the donor compart-
ment (AP, 400 pL; BL, 1500 pL). It should be noted that the
amount of ranitidine [X; (o 3)] is expressed as a mass (e.g.,
picomoles) and not in terms of concentration. K,, therefore,

Table 1. Kinetic Parameters for Apical (AP) and Basolateral (BL)
Uptake of Ranitidine in Caco-2 Cells

Uptake Jimax [pmol min~! Ky [uL min~!
direction (mg protein”1)]“ K, (mM) (mg protein 1))
AP? 680 0.45 0.264
BL® 20,900 66.9 n/a?

“ Calculation of ki, and k3, required multiplication of the reported
Jmax and Ky values by the average protein content of the monolayers
(0.20 mg protein).

b Kinetic parameters for AP uptake were previously reported (1).

¢ Kinetic parameters for BL uptake were previously reported (12).

4BL uptake data did not support the incorporation of a term for
nonsaturable uptake. n/a: not applicable.
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is also expressed in terms of mass and converted from
concentration by multiplying by the volume of the donor
compartment. Substitution of Eq. (5) into Eq. (4) enables
calculation of the rate constant from the experimentally
determined kinetic parameters as follows:

4R
m + X1r3)  Vaprorsr)

Jmax

kiz(or32) = e (6)

Jmax and Ky values were normalized for protein content of
the monolayers. Calculation of the rate constants (min ')
thus involved multiplication of the Jy,,x and K4 values by the
average protein content of the monolayers (0.20 mg protein).

Simulation of Transcellular and Paracellular Transport

The transcellular and paracellular contributions to
overall ranitidine transport were determined by utilizing the
parameter estimates obtained from kinetic modeling and
simulating the appearance of ranitidine in the BL compart-
ment by using subsets of the original kinetic model that
incorporated solely paracellular or transcellular components.
Equations used for simulations were as follows:
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22 ks Xy — k3 Xs

i (11)

Data Analysis

Data are expressed as mean + SD from three measure-
ments unless otherwise noted. Apparent permeability (P,pp)
was determined from Eq. (12):

dQ)/dt
app — ACO

P (12)
where dQ/dt is the flux determined from the amount trans-
ported (Q) over time (f) during the experiment, A is the
surface area of the porous membrane, and C, is the initial
concentration in the donor side. P,p, was determined from
both experimental data and model predictions in the linear
region of transport.

RESULTS

Effect of AP Uptake and P-gp-Mediated Efflux
on the Cellular Accumulation and Absorptive

Paracellular: Transport of Ranitidine in Caco-2 Cells
ax, ks X, (7) As shown in the accompanying paper, cation-selective AP
dt uptake transporters and P-gp play an important role in the
absorptive transport of ranitidine (1) and the associated
ax; ki X (8) kinetic parameters for AP ranitidine uptake are displayed
ar B in Table I. To determine the effect of AP uptake transporters
] and P-gp on the cellular kinetics of ranitidine, the absorptive
Transcellular: transport and cellular accumulation of ranitidine (0.1 mM)
were evaluated in Caco-2 cells in the absence or presence of
ax, koo Xo 4 ko - X 9 the P-gp inhibitor GW918 (1 puM) or quinidine (200 pM),
dr A T K1 A2 () Which is a dual inhibitor of cation-selective AP uptake
transporters and P-gp. In the presence of GW918, the cellular
dX; accumulation and overall transport of ranitidine increased
— =k X1 - (k ko) Xo + k3 X 10 C .
dt 12 X1 = (ko + kas) Ko + ke X (10) significantly compared to control (Fig. 2A, B). In the presence
A B C
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Fig. 2. Effect of AP uptake and efflux inhibition on the time course of ranitidine absorptive transport and
cellular accumulation in Caco-2 cells. Ranitidine (0.1 mM) appearance in the BL compartment (O) and cellular
accumulation (@) were monitored as a function of time in the absence (A) or presence of GW918 (1 uM) (B) and
quinidine (200 uM) (C). Lines indicate the best fit of the kinetic model (Fig. 1) to the ranitidine BL appearance
(dashed) and cellular accumulation (solid) data. Data represent mean + SD; n = 3.
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Table II. Kinetic Parameters Obtained from Nonlinear Least-squares Regression of Ranitidine Absorptive Transport and Cellular
Accumulation Data in Caco-2 Cells

Control +GWI18 +Quinidine
Parameter Estimate (min~") CV% Estimate (min ') CV% Estimate (min~") CV%
kia 0.000750 n/a“ 0.000750 n/a“ 0.000235 29
koq 0.254 20 0.0793 82 0.117 61
ka3 0.0869 60 0.126 69 0.0869 n/a’
ki3 0.000274 37 0.000305 69 0.000192 9

Data were fit simultaneously using the model equations detailed in “Materials and methods”. k3, (0.0000417 min ') was fixed during modeling
of all data sets using the kinetic parameters derived from initial ranitidine BL uptake data (12). n/a: not applicable.

“ ki, was fixed during modeling of control and GW918 data sets using kinetic parameters derived from initial ranitidine AP uptake data (1).
b kp3 was fixed during modeling of the quinidine data set at the parameter estimate obtained under control conditions.

of quinidine, however, the cellular accumulation and overall
transport of ranitidine decreased significantly compared to
control (Fig. 2A, C).

Kinetic modeling of the transport and accumulation data
from the model scheme depicted in Fig. 1 yielded parameter
estimates that described the ranitidine transport and accu-
mulation data in the absence or presence of the uptake and
efflux modulators (Table II). Based on previously deter-
mined experimentally derived kinetic parameters for AP
ranitidine uptake (Table I) (1), the rate constant associated
with AP uptake (k) was calculated and fixed at 0.000750
min ! during modeling of data in the absence and presence
of GWO918. Preliminary experiments demonstrated that
GWO18 does not significantly affect the ranitidine initial AP
uptake rate at the time point utilized to recover the kinetic
parameters associated with ranitidine AP uptake (2 min)
(data not shown) (1). Quinidine, however, significantly
reduces the initial ranitidine AP uptake rate (1), and thus
ki, was allowed to float during modeling of data in the
presence of quinidine. The rate constant associated with BL
efflux (ky3) was fixed at the parameter estimate obtained
from the control ranitidine data set during analysis of the
data obtained in the presence of quinidine. Ranitidine BL
efflux data suggest that application of quinidine (200 uM) to

the AP side of Caco-2 cells does not reduce the BL efflux of
ranitidine (data not shown). The correspondence of the model
to the data is presented in Fig. 2A—C. In the presence of
GW918, the rate constant associated with AP efflux (k1)
decreased approximately 70%, consistent with inhibition of
P-gp-mediated efflux of ranitidine (Table II). No obvious
changes were observed in the rate constants associated with
BL efflux (k,3) or paracellular transport (ki3) under these
conditions (Table IT). In the presence of quinidine, the pa-
rameter associated with AP ranitidine uptake (ki,) de-
creased by approximately 70%, consistent with the inhibition
of AP uptake previously observed (1) (Table IT). The AP
efflux parameter (k,;) also decreased significantly in the
presence of quinidine, suggesting that quinidine modulates
ranitidine efflux as well (Table II). A slight decrease in
the paracellular rate constant (k;3) was observed in the
presence of quinidine (Table II).

Relative Contribution of Transcellular and Paracellular
Transport Pathways to Ranitidine Absorptive Transport

The contribution of the transcellular and paracellular
pathways to the overall absorptive transport of ranitidine was
simulated based on the parameter estimates obtained from
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Fig. 3. Simulation of paracellular and transcellular contribution to ranitidine absorptive transport in the absence
or presence of AP uptake and efflux inhibition in Caco-2 cells. Ranitidine (0.1 mM) appearance in the BL
compartment (O) was monitored as a function of time in the absence (A) or presence of GW918 (1 uM) (B) and
quinidine (200 uM) (C). Regression line (solid) indicates the best fit of the kinetic model (Fig. 1) to the ranitidine
BL appearance data. Predicted ranitidine amount transported for transcellular (dashed line) and paracellular
(dotted line) components of ranitidine absorptive transport were determined using subsets of the overall kinetic

model and the parameter estimates displayed in Table

II. Data represent mean + SD; n = 3.
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Table III. Relative Contribution of Paracellular and Transcellular Transport to Overall Absorptive Transport of Ranitidine in the Absence or
Presence of AP Uptake and Efflux Inhibitors in Caco-2 Cells

Model Prediction

Experimental

a
P app, total

(em s 1) x 107 (em s~ 1) x 107

b
Papp, trans Papp, para
(em s 1) x 107

P app, total

% Transcellular® % Paracellular® (em s~ 1) x 107

Control 30.2 124 18.1
+GWI18 49.2 29.7 20.1
+Quinidine 19.2 6.6 13.2

40 60 30.0 £2.9
60 40 53.8 +4.4
30 70 205+0.9

“Determined from the model prediction of total ranitidine transported as a function of time.
®Determined from simulation of amount of ranitidine transported as a function of time using a subset of the overall kinetic model

incorporating solely paracellular or transcellular transport.

“Determined from the predicted paracellular or transcellular permeability as a percentage of the total predicted permeability.

kinetic modeling (Table II). Simulations utilized subsets of
the original kinetic model that incorporated solely trans-
cellular or paracellular kinetic events as described by
Egs. (7)-(11). In the absence of any transport modulators
(control), absorptive transport of ranitidine (0.1 mM) was
composed of significant paracellular and transcellular com-
ponents (Fig. 3A). Paracellular transport of ranitidine was
estimated to comprise approximately 60% of the total
permeability for ranitidine (P,pp, o) (0.1 mM) under
control conditions (Table III; Fig. 3A). In the presence of
GW918 (1 uM), the relative contribution of each pathway
to ranitidine absorptive transport was shifted such that the
transcellular contribution composed ~60% of the total
permeability (Table III; Fig. 3B). As expected, the predicted
transcellular permeability (P,pp, rans) increased under these
conditions, whereas the predicted paracellular permeability
(Papp, para) €xhibited little change (Table III). In the presence
of quinidine (200 puM), a shift toward a predominant
paracellular contribution (~70%) to ranitidine absorptive
transport was observed (Table III; Fig. 3C). Quinidine
caused a substantial decrease in the Pupp, trans as well as
some decrease in the P,pp para, although the paracellular
decrease was less than the transcellular decrease (Table III).
Under all conditions, Papp, totat Was similar whether deter-
mined from experimental data or predicted from the model
(Table III).

Concentration Dependence of Ranitidine
Absorptive Transport

The absorptive transport and cellular accumulation of
ranitidine also were evaluated as a function of ranitidine
concentration. The K, for ranitidine absorptive transport
and uptake are ~0.4-0.5 mM (1,4). Ranitidine concentra-
tions utilized in this study were 0.1 mM (below K,), 0.5 mM
(~Km), and 2 mM (above K,,). Consistent with a significant
contribution from saturable absorptive transport, absorptive
P, of ranitidine decreased with increasing concentration.
P, values at 0.1, 0.5, and 2.0 mM were (33.1 £ 3.1) x 1077,
(212 £ 1.5) x 1077, and (11.6 £ 2.5) x 1077 cm s !,
respectively. In addition, steady-state ranitidine cellular
accumulation did not increase proportionally with ranitidine
concentration. Accumulation of ranitidine at 2 mM was
approximately 7-fold higher than that observed at 0.1 mM
despite the 20-fold increase in initial donor concentration.

Kinetic modeling of ranitidine transport and accumula-
tion data yielded parameter estimates that described the
transport and accumulation data (Table IV). The fit of the
model to the observed data is presented in Fig. 4A-C.
Because increasing donor concentrations were expected to
saturate AP uptake (ki12), k1> was not fixed in modeling of
these data sets. Rather, the BL efflux parameter (kp3) was
fixed for each concentration at the value previously esti-
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Fig. 4. Effect of donor concentration on the time course of ranitidine absorptive transport and cellular
accumulation in Caco-2 cells. Ranitidine appearance in the BL compartment (O) and cellular accumulation (@)
were monitored as a function of time after dosing of 0.1 (A), 0.5 (B), or 2.0 mM (C) ranitidine in the AP
chamber. Lines indicate the best fit of the kinetic model (Fig. 1) to the ranitidine BL appearance (dashed line)
and cellular accumulation (solid line) data. Data represent mean + SD; n = 3.
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Table IV. Kinetic Parameters Obtained from Nonlinear Least-squares Regression of Ranitidine Absorptive Transport and Cellular
Accumulation Data as a Function of Concentration in Caco-2 Cells

Donor concentration

0.1 mM 0.5 mM 2.0 mM
Parameter Estimate (min~') CV% Estimate (min ") CV% Estimate (min~') CV%
kiz 0.000693 22 0.000500 43 0.000267 33
ko 0.205 35 0.200 66 0.264 51
ko3 0.0869 n/a“ 0.0869 n/a“ 0.0869 n/a“
ki3 0.000294 6 0.000126 15 0.000082 14

Data were fit simultaneously using the model equations detailed in “Materials and methods”. ks, (0.0000417 min ') was fixed during modeling
of all data sets using the kinetic parameters derived from initial ranitidine BL uptake data (12).

“ ko3 was fixed during modeling at the parameter estimate obtained under control conditions in Table II. n/a: not applicable.

mated under control conditions (0.0869 min~'; Table II).
Experimental BL efflux data suggested that the ranitidine BL
efflux clearance did not saturate over a wide range of
intracellular concentrations, and thus k,; would not be
expected to change with increasing donor concentration (1).
The rate constant associated with AP uptake (k;,) decreased
with increasing ranitidine concentration, consistent with a
saturable AP uptake mechanism (Table IV). No significant
changes were observed in the rate constant for AP efflux
(k21) (Table IV). Interestingly, the estimated rate constant
for paracellular transport (k3) also decreased with increasing
ranitidine concentrations (Table IV).

Relative Contribution of Transcellular and Paracellular
Transport Pathways to Concentration-Dependent
Ranitidine Absorptive Transport

Because AP uptake of ranitidine has been demonstrated
to be nonlinear in Caco-2 cells, the relative contribution of the
transcellular or paracellular route may be expected to change
as a function of ranitidine concentration. However, no sig-
nificant changes were observed in the relative contribution of
the transcellular vs. paracellular route for ranitidine absorp-
tive transport at ranitidine donor concentrations of 0.1 and
2.0 mM (~40% transcellular/~60% paracellular) (Table V;
Fig. 5). Both the predicted Pqpp, trans and predicted Papp, para
decreased significantly with increasing ranitidine concentra-
tion (Table V). A similar decrease (~70%) in the predicted
Papp, para and  Pgapp trans Was observed at the saturating
concentration of 2.0 mM. However, the magnitude of the

decrease observed in the P,,, para Was greater than the
observed decrease in the Ppp, trans between 0.1 and 0.5 mM,
resulting in the small shift to a higher transcellular contribu-
tion at 0.5 mM (Table V; Fig. 5B). The P,pp, (o1a1 Was again
similar whether determined from experimental data or
predicted from the model for each concentration (Table V).

DISCUSSION

A recent investigation of ranitidine absorptive transport
in Caco-2 cells suggested a role for a carrier-mediated uptake
process and P-gp-mediated efflux in the overall absorptive
transport of ranitidine (1). Previous studies, however, have
suggested that ranitidine absorptive transport is primarily
mediated via the paracellular route (2-4). To evaluate the
importance of each pathway to ranitidine absorptive trans-
port, a quantitative analysis of the relative contribution of the
transcellular and paracellular route is required. A relatively
simple three-compartment kinetic model was utilized to
estimate the relative contribution from each pathway. This
approach incorporates the kinetics of cellular drug uptake
and efflux as well as the kinetics of paracellular transport.
The simultaneous nonlinear regression of cellular accumula-
tion and transmonolayer transport data should provide a
more accurate and quantitative determination of the relative
transport pathways than previous methods based upon
transport data alone.

Kinetic modeling of the ranitidine accumulation and
transport data revealed significant parallel contributions of

Table V. Relative Contribution of Paracellular and Transcellular Transport to Overall Absorptive Transport of Ranitidine as a Function of
Concentration in Caco-2 Cells

Model Prediction Experimental
Concentration Papp. totala Papp, transb Papp, parah Papp. total
(mM) (ecm/sec™t) x 107 (em/sec™ ) x 107 (ecm/sec ) x 107 % Transcellular® % Paracellular® (x 107 cm/sec™ 1)
0.1 32.6 13.6 19.4 40 60 331 +31
0.5 182 10.0 8.4 55 45 212 +15
2.0 9.8 4.4 5.4 45 55 11.6 £ 2.5

“Determined from the model prediction of total ranitidine transported

as a function of time.

®Determined from simulation of amount of ranitidine transported as a function of time using a subset of the overall kinetic model

incorporating solely paracellular or transcellular transport.

¢ Determined from the predicted paracellular or transcellular permeability as a percentage of the total predicted permeability.
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Fig. 5. Simulation of paracellular and transcellular contribution to ranitidine absorptive transport as a function of
concentration in Caco-2 cells. Ranitidine appearance in the BL compartment (O) was monitored as a function of
time after dosing of 0.1 (A), 0.5 (B), or 2.0 mM (C) ranitidine in the AP chamber. Solid line indicates the best fit
of the kinetic model (Fig. 1) to the ranitidine BL appearance data. Predicted ranitidine amount transported for
transcellular (dashed line) and paracellular (dotted line) components of ranitidine absorptive transport were
determined using subsets of the overall kinetic model and the parameter estimates displayed in Table IV. Data

represent mean + SD; n = 3.

the transcellular and paracellular pathways to the absorptive
transport of ranitidine. In the presence of intact uptake and
efflux transporter mechanisms, approximately 40% of the
overall ranitidine transport at 0.1 mM is expected to occur via
the transcellular pathway, whereas approximately 60% would
occur via the paracellular route (Tables III and V). The
modeling also highlighted the interplay between absorptive
transporter-mediated uptake and P-gp-mediated efflux across
the AP membrane in the overall absorptive transport of
ranitidine. Inhibition of P-gp-mediated ranitidine efflux
resulted in the expected increase in ranitidine cellular
accumulation and overall transport as well as a model-
predicted upward shift in the relative contribution of the
transcellular pathway (60% transcellular/40% paracellular)
(Table III). This observed shift primarily reflects the
decreased rate constant for AP efflux (k,;) (Table II)
because no significant differences were observed in the rate
constants for either BL efflux (k,3) or paracellular transport
(k13)- Analysis of the model-predicted P,pp para and Papp, rans
in the absence and presence of GW918 underscores the role of
P-gp as a barrier to transcellular transport and its role in
shifting some of ranitidine’s absorptive transport toward the
paracellular route. Inhibition of P-gp resulted in an approxi-
mately 2.5-fold increase in the predicted Pgpp, (rans Of raniti-
dine (Table III). However, the overall predicted Papp, iotal
increased only 1.6-fold due in large part to the significant
paracellular contribution to overall transport under both
conditions (Table III). Such discrepancies between the
observed increases in Papp rans and Papp torar after P-gp
inhibition for hydrophilic P-gp substrates such as ranitidine
are consistent with a significant paracellular component to its
absorptive transport.

Quinidine significantly reduces ranitidine accumulation
in Caco-2 cells through potent inhibition of AP ranitidine
uptake (ICsg ~10 uM) (1). Quinidine, however, also inhibits
P-gp in Caco-2 cells (13). In the presence of quinidine (200
pM), the cellular accumulation and absorptive transport of
ranitidine in the current study were reduced significantly

compared to control (Fig. 2A, C). The rate constants
associated with both AP uptake (ki2) and efflux (kpq)
decreased markedly compared to control, consistent with
inhibition of both the carrier-mediated uptake and P-gp-
mediated efflux of ranitidine (Table II). Because both uptake
and efflux likely are inhibited completely at the quinidine
concentrations used in the study, the data suggest that the
uptake process clearly seems to have a more significant effect
upon the intracellular accumulation of ranitidine. Further-
more, the reduced uptake of ranitidine results in a significant
shift to the paracellular route (~70%) for ranitidine trans-
port under these conditions. These results suggest that
hydrophilic drugs utilizing carrier-mediated absorption mech-
anisms may exhibit varying contributions from the trans-
cellular and paracellular pathways depending on the activity/

16000 1
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2000

00— . . . . .
0 10 20 30 40 50 60
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Cumulative Ranitidine Transported (pmol)

Fig. 6. Simulation of paracellular contribution to ranitidine (2.0 mM)
absorptive transport in Caco-2 cells. Ranitidine appearance in the BL
compartment (O) was monitored as a function of time. Dotted line
indicates the predicted ranitidine amount transported for the para-
cellular component of ranitidine absorptive using a subset of the
overall kinetic model and a fixed paracellular (k;3) parameter
estimate of 0.000294 min ' determined at 0.1 mM.
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efficiency as well as inhibition/induction of uptake and efflux
transporters involved in their overall transport.

Previous studies have demonstrated size- and charge-
dependent paracellular permeability of hydrophilic solutes,
with cationic solutes displaying higher paracellular perme-
abilities than neutral or anionic solutes of similar molecular
radius (5,14). The kinetic model employed in the present study
predicted a paracellular permeability of 10-20 x 1077 cm s~ !
at 0.1 mM for the organic cation ranitidine in Caco-2 cells
(Tables III and V). Although this permeability coefficient is
larger than that typically observed for a neutral paracellular
permeant such as mannitol [~(3-5) x 1077 cm s~ '], it is in
good agreement with the reported paracellular permeability
of other hydrophilic cations of similar size and charge, such
as atenolol (16.7 x 1077 cm s~ ') (14). Interestingly, a slight
decrease in both the paracellular rate constant (k;3) and the
predicted Pgpp, para Of ranitidine was observed in the presence
of the organic cation quinidine (Tables II and III). This may
suggest some inhibition of ranitidine transport within the
paracellular space by quinidine, possibly due to charge—
charge interaction between cationic molecules and anionic
residues as previously postulated (4).

A decrease in the rate constants for both AP uptake
(k12) and paracellular transport (k;3) also was observed as the
initial ranitidine concentration in the donor compartment
was increased (Table IV). Subsequently, this led to an ob-
served decrease in both the predicted Pypp, rans and predicted
P,pp, para for ranitidine absorptive transport (Table V). It was
expected that k15 and Pypp, rans WOuld decrease based on the
saturable experimental uptake data (1). However, the effect
of increasing concentration upon ki3 and Pqp para Was
largely unknown. The observed decrease in k3 and Pypp, para
is consistent with a saturable paracellular transport mecha-
nism for ranitidine (4). Recent evidence suggesting that
anionic amino acid residues of claudins confer cationic
charge selectivity to the paracellular pathway (15) supports
a model of saturable interaction between cationic drugs and
anionic amino acid residues in tight junctional proteins.
Piyapolrungroj et al. (16) and Zhou et al. (17) have
hypothesized, based on rat intestinal perfusion studies with
a related H, receptor antagonist, cimetidine, that it may
restrict its own absorption via the paracellular route as a
result of paracellular constriction stemming from increased
intracellular cimetidine concentrations at high perfusate
(donor) concentrations. A similar mechanism operative in
Caco-2 cells could also explain the observed data for
ranitidine in the present study. It has been demonstrated
previously that increased donor concentrations of ranitidine
result in increased TEER values across the monolayers
(4,18). However, high donor concentrations of H, receptor
antagonists do not seem to regulate the paracellular space in
Caco-2 cells, as the flux of paracellular markers such as
mannitol is not significantly affected in their presence (4).
The observed decrease in the paracellular rate constant also
probably is not an artifact of the modeling process. Fixing the
paracellular rate constant at the value obtained at 0.1 mM
(0.000294 min ") resulted in an overestimation of ranitidine
absorptive transport at 2.0 mM, suggesting a decrease is
required in this parameter to accurately fit the model to
experimental data (Fig. 6). Although the exact mechanism
underlying this decrease remains unclear, the modeling results

Bourdet, Pollack, and Thakker

support a hypothesis in which paracellular absorption of
ranitidine is reduced at high donor concentrations possibly as
a result of a saturable paracellular transport pathway. It
remains to be determined if the saturable paracellular trans-
port mechanism can be demonstrated for other hydrophilic
cations such as cimetidine, famotidine, atenolol, and metfor-
min. The approach used for ranitidine may also be applied to
these compounds to determine if saturable paracellular
transport is a general transport mechanism that applies to
diverse hydrophilic cations.

Considering that the paracellular permeability in Caco-2
cells is generally lower than that observed in human intestine
(19), the paracellular route may contribute even more to
overall ranitidine absorption in vivo than that suggested from
the predicted relative paracellular contribution derived in
Caco-2 cells. However, differences in the contribution and
expression of the organic cation uptake system between
Caco-2 and human intestine also likely exist, rendering an
extrapolation of the relative contribution of each pathway to
human absorption difficult. Despite these limitations, the
present kinetic modeling study, in conjunction with the
previous observations on the role of absorptive organic
cation transporters involved in the AP uptake of ranitidine
in Caco-2 cells (1) suggests a role for saturable transport
processes in the oral absorption of ranitidine. Such a
mechanism may explain the observed high bioavailability of
this hydrophilic compound in humans. Interestingly, a clinical
study designed to investigate if oral absorption of ranitidine
is saturable clearly established the presence of a saturable
component in the intestinal absorption of this drug (20).
Whether the saturable paracellular transport mechanism
exists in human intestine remains to be determined because
direct evidence to link the in vitro studies and modeling of
ranitidine transport in the Caco-2 system with its intestinal
absorption in humans is still lacking.

Although the focus of the current study is the relative
contribution of transcellular and paracellular transport to the
absorptive transport of ranitidine, the kinetic modeling
approach developed in this study will complement the
currently available methods to estimate paracellular and
transcellular transport and may be generally applicable for
the estimation of the relative contribution of paracellular and
transcellular transport for other drugs. Its application may be
especially useful and advantageous in situations where
multiple, complex transport pathways such as those observed
for ranitidine (i.e., active uptake, active efflux, and para-
cellular transport) exist in the overall transport of a molecule.
The previously devised methods based on the theory of
molecular-size-restricted diffusion (5-7) and combined PAM-
PA/Caco-2 data (8) remain convenient tools to assess the
contribution of paracellular and transcellular transport espe-
cially for compounds whose predominant transport mecha-
nism across the monolayers is via passive diffusion. Other
methods also have been developed to assess the contribution
of paracellular transport that may be more useful in mimicking
the in vivo environment due to greater paracellular leakiness
that is more reflective of the human intestine than Caco-2
cells (9). The appropriate method to assess paracellular and
transcellular transport will thus likely depend on the complex-
ity of drug transport involved and the assumptions that can be
applied to a given situation. More importantly, the kinetic
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modeling approach developed here incorporates the kinetics
of cellular drug uptake and efflux in addition to the overall
transepithelial transport data and thus achieves a more
complete assessment of the role for each pathway than
methods based solely on transepithelial transport data. This
kinetic modeling approach may have application in estimating
the impact of uptake and/or efflux transporter inhibition or
induction by coadministered therapeutic agents during intes-
tinal drug absorption and improve the ability to predict
intestinal transporter-based drug—drug interactions.
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