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Purpose. The purpose of this work was to investigate the involvement of carrier-mediated apical (AP)

uptake and efflux mechanisms in the absorptive intestinal transport of the hydrophilic cationic drug

ranitidine in Caco-2 cells.

Methods. Absorptive transport and AP uptake of ranitidine were determined in Caco-2 cells as a

function of concentration. Permeability of ranitidine in the absorptive and secretory directions was

assessed in the absence or presence of the P-glycoprotein (P-gp) inhibitor, GW918. Characterization of

the uptake mechanism was performed with respect to inhibitor specificity, pH, energy, membrane

potential, and Na+ dependence. Efflux from preloaded monolayers was evaluated over a range of

concentrations and in the absence or presence of high extracellular ranitidine concentrations.

Results. Saturable absorptive transport and AP uptake of ranitidine were observed with Km values of

0.27 and 0.45 mM, respectively. The ranitidine absorptive permeability increased and secretory

permeability decreased upon inhibition of P-gp. AP ranitidine uptake was inhibited in a concentra-

tion-dependent fashion by a diverse set of organic cations including tetraethylammonium, 1-methyl-4-

phenylpyridinium, famotidine, and quinidine. AP ranitidine uptake was pH and membrane potential

dependent and reduced under conditions that deplete metabolic energy. Efflux of [3H]ranitidine across

the basolateral membrane was neither saturable as a function of concentration nor trans stimulated by

unlabeled ranitidine.

Conclusions. Saturable absorptive transport of ranitidine in Caco-2 cells is partially mediated via a pH-

dependent uptake transporter for organic cations and is subject to attenuation by P-gp. Inhibition and

driving force studies suggest the uptake carrier exhibits similar properties to cloned human organic

cation transporters. The results also imply ranitidine transport is not solely restricted to the paracellular

space.

KEY WORDS: carrier-mediated transport; intestinal absorption; organic cation transport; P-
glycoprotein; ranitidine.

INTRODUCTION

H2 receptor antagonists have been successfully used in
clinical practice for the treatment of ulcers and reduction of
gastric acid secretion in humans. As a class, the H2 receptor
antagonists including ranitidine, famotidine, and cimetidine
exhibit similar properties with respect to their pharmacoki-

netic behavior. In general, they are relatively well absorbed
from the gastrointestinal tract (F õ40Y70%), not extensively
metabolized, and are primarily eliminated unchanged via
transporter-assisted renal tubular secretion in the kidney (1).
The favorable absorption properties of these compounds,
however, are not entirely consistent with their physical and
chemical properties. H2 receptor antagonists are weakly
basic, hydrophilic compounds that exist as partially charged
organic cations at intestinal pH values (e.g., ranitidine, pKa

8.2). Their relatively low lipophilicity [e.g., ranitidine, log P
0.27 (2)], large number of hydrogen bond donor and acceptor
sites and net positive charge at physiological pH values would
suggest poor passive membrane permeability. This dichoto-
my between such poor physicochemical properties and their
relatively efficient absorption in vivo suggests a potential role
for intestinal transporters in the oral absorption of these and
other hydrophilic cations that remains to be fully elucidated.

Previous investigations utilizing Caco-2 cell monolayers,
a well-characterized intestinal epithelial cell culture model,
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have suggested that the absorptive (mucosal to serosal)
transport of ranitidine occurs predominantly via the para-
cellular route (3,4). Such conclusions were based primarily on
the significant increase in permeability of ranitidine observed
under conditions known to compromise the integrity of the
tight junctions (e.g., Ca2+ depletion) (3). Interestingly, the
absorptive transport and permeability of ranitidine and
famotidine across Caco-2 cell monolayers also was found to
be saturable as a function of concentration suggesting a
mechanism capable of facilitating their transport across the
monolayers (5). A novel mechanism involving saturable
transport within the paracellular space mediated by
chargeYcharge interaction between the cationic moiety of
ranitidine (and famotidine) and anionic residues within the
paracellular space and/or tight junction was proposed (5).
Such a mechanism was consistent with the postulated
predominantly paracellular mechanism of ranitidine
absorptive transport, explained the increase observed in the
transepithelial electrical resistance (TEER) across the
monolayers in the presence of such compounds, and was
consistent with the inhibition of ranitidine transport by
known inhibitors of the paracellular ionic conductance (e.g.,
2,4,6-triaminopyrimidine) (5,6).

Although the previous data were consistent with a
saturable paracellular mechanism, the potential for carrier-
mediated mechanisms to play a role in the absorptive
transport of such compounds in Caco-2 cells could not be
ruled out. Recent studies have identified various H2 receptor
antagonists as substrates for organic cation (7Y9) and organic
anion (10,11) transporters, and carrier-mediated mechanisms
have been identified in their transport in a number of tissues
including the choroid plexus (11), liver (12), and kidney
(13,14). Furthermore, the H2 receptor antagonist cimetidine
exhibits saturable uptake into brush-border membrane
vesicles isolated from rat small intestine suggesting carrier-
mediated transport mechanisms also may be present in the
intestine (15). Despite this initial report, however, the role of
carrier-mediated transport in the intestinal absorption of H2

receptor antagonists is not clear.
Investigation into the secretory (serosal to mucosal)

transport of ranitidine and cimetidine has surprisingly
implicated a role for the efflux transporter, P-glycoprotein
(P-gp), in the intestinal transport of these hydrophilic cations.
Collett et al. initially reported a reduced secretory transport
of cimetidine and ranitidine in the presence of P-gp inhibitors
in both Caco-2 cells and rat intestine suggesting a role for P-
gp in their secretory transport (4). These results were later
confirmed in the Caco-2 model and extended to include
famotidine (16). Interestingly, the effect of P-gp on ranitidine
and cimetidine transport was asymmetric such that the
secretory transport was affected to a much greater extent
than the absorptive transport in the presence of the nonspecific
P-gp inhibitor verapamil (4). Experimental evidence suggests
that such an asymmetric effect likely results from differing
absorptive and secretory transport mechanisms and/or differ-
ing apparent affinity (e.g., apparent Km) of substrates for
P-gp in the absorptive vs. secretory directions as a result of
differences in passive permeability across the apical (AP) and
basolateral (BL) membranes or the involvement of multiple
transporters (17,18). In light of the potential involvement of
carrier-mediated and paracellular mechanisms in the absorp-

tive transport of ranitidine, the role of P-gp-mediated efflux
in the absorptive transport of such compounds requires
further examination.

The purpose of the current study was to examine the
potential involvement of a saturable, carrier-mediated uptake
process in the absorptive transport of the model hydrophilic
organic cation ranitidine in the Caco-2 model of intestinal
epithelium. The results clearly suggest that saturable carrier-
mediated uptake of ranitidine in Caco-2 cells contributes to its
overall absorptive transport. Furthermore, AP uptake and
accumulation of ranitidine could be modulated by both typical
organic cation transporter (OCT) substrates/inhibitors and a
potent P-gp inhibitor suggesting a role for both uptake and
efflux transport proteins in the net cellular accumulation of
ranitidine across the AP membrane of Caco-2 cells. Finally,
the BL efflux of ranitidine following its intracellular accumu-
lation was examined to evaluate the rate-limiting step in the
carrier-mediated transcellular pathway for absorptive trans-
port of ranitidine across Caco-2 cells.

MATERIALS AND METHODS

Materials

The Caco-2 cell line, Caco-2 cell clone P27.7 (19), 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,
100�), 0.05% trypsinY0.53 mM EDTA solution, and pen-
icillinYstreptomycinYamphotericin B solution (100�) 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). HEPES (1 M) was obtained from Line-
berger Comprehensive Cancer Center at the University of
North Carolina at Chapel Hill. 2-[N-Morpholino]ethanesul-
fonic acid (MES), N-methyl-D-glucamine (NMDG), 2,4-dini-
trophenol (2,4-DNP), tetraethylammonium (TEA) chloride,
1-methyl-4-phenyl pyridinium (MPP+), quinidine, L-carnitine
hydrochloride, L-phenylalanine, glycylYsarcosine (GlyYSar),
probenecid, taurocholic acid, and benzoic acid were pur-
chased from Sigma. Tetramethylammonium (TMA) chloride
was purchased from Fisher Scientific (Pittsburgh, PA, USA).
Famotidine was purchased from ICN Biomedicals (Aurora,
OH, USA). Unlabeled ranitidine was purchased from Re-
search Biochemicals International (Natick, MA, USA).
[3H]GlyYSar (30 Ci/mmol) and [3H]MPP+ (85 Ci/mmol) were
obtained from American Radiolabeled Chemicals (St. Louis,
MO, USA). [3H]Ranitidine (7 Ci/mmol) was obtained as a
gift from GlaxoSmithKline (Research Triangle Park, NC,
USA) and originally custom synthesized by Amersham Life
Sciences (Piscataway, NJ, USA). [3H]Ranitidine was purified
immediately prior to experiments by reverse-phase high-per-
formance liquid chromatography (HPLC) and radiochemical
purity exceeded 90% as verified by radio-HPLC detection
(Flow Scintillation Analyzer 500TR Series, Packard Bio-
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science, Downer’s Grove, IL, USA). GW918 (20) was ob-
tained as a gift from GlaxoSmithKline.

Cell Culture

Caco-2 cells were cultured at 37-C in EMEM, supple-
mented with 10% FBS, 1% NEAA, 100 U/mL penicillin, 100
mg/mL streptomycin, and 0.25 mg/mL amphotericin B in an
atmosphere of 5% CO2 and 90% relative humidity. The cells
were passaged upon reaching 90% confluency using tryp-
sinYEDTA, and plated at densities of 1:5 in 75-cm2 T flasks.
Caco-2 cells (passage number 50 to 65) were seeded at a
density of 60,000 cells/cm2 on polycarbonate membranes of
Transwellsi (12 mm i.d., 0.4 mm pore size, Costar,
Cambridge, MA, USA). Medium was changed the day after
seeding and every other day thereafter (AP volume 0.5 mL,
BL volume 1.5 mL). The Caco-2 cell monolayers were used
20Y25 days postseeding. TEER was measured to ensure cell
monolayer integrity. Measurements were obtained using an
EVOM Epithelial Tissue Voltammeter and an Endohm-12
electrode (World Precision Instruments, Sarasota, FL, USA).
Cell monolayers with TEER values greater than 300 W cm2

were used in transport experiments.

Transport Studies

Transport studies were conducted as described previ-
ously with minor deviations (5). Cell monolayers were
preincubated for 30 min at 37-C in transport buffer solution
(HBSS with 25 mM D-glucose and 10 mM HEPES, pH 7.2).
Transport experiments were initiated by replacing the donor
solution (AP for absorptive transport, BL for secretory
transport) with 0.4 mL (AP) or 1.5 mL (BL) of transport
buffer containing various ranitidine concentrations or raniti-
dine in the presence of various inhibitors. The pH in both AP
and BL compartments was 7.2 for all transport experiments.
Appearance of ranitidine in the receiver compartment (BL
for absorptive transport, AP for secretory transport) was
evaluated as a function of time in the linear region of
transport and under sink conditions. For transport experi-
ments investigating the role of P-gp, cell monolayers were
preincubated in the absence or presence of GW918 (1 mM) in
both AP and BL compartments for 30 min. Ranitidine
transport was evaluated in the absence or presence of
GW918 (1 mM) added to both donor and receiver compart-
ments. At the conclusion of the experiment, accumulation of
ranitidine in the cells was determined after washing three
times with 4-C transport buffer. Monolayers were allowed to
dry, excised from the Transwelli, and dissolved in 300 mL
1% Triton X-100 for 4 h with shaking. The solution was
centrifuged at 10,000 rpm for 10 min and the supernatant was
analyzed by HPLC-UV (Agilent Technologies 1100 Series,
Palo Alto, CA, USA). Protein content was determined by the
BCA protein assay (Pierce, Rockford, IL, USA) with bovine
serum albumin as a standard. TEER was measured at the
beginning and end of each experiment to ensure monolayer
integrity throughout the course of the experiment. Cell
monolayers with final TEER e300 were discarded.

Uptake Studies

Uptake Kinetics

All uptake studies were conducted in Caco-2 cells grown
on Transwelli filters. Cell monolayers were preincubated
for 30 min at 37-C in transport buffer in the absence or
presence of GW918 (1 mM). Experiments were initiated by
replacement of the AP transport buffer with 0.4 mL of
transport buffer containing varying ranitidine concentrations
in the absence or presence of GW918 (1 mM). The pH in both
AP and BL compartments was 7.2 for uptake kinetics
experiments. Uptake was determined over 2 min (within
the linear uptake region) after which the AP solution was
aspirated and monolayers washed three times with 4-C
transport buffer. Monolayers were allowed to dry, excised
from the Transwelli, and dissolved in 300 mL 1% Triton X-
100 by incubating for 4 h with shaking. The solution was
centrifuged at 10,000 rpm for 10 min and the supernatant
analyzed by HPLC-UV (Agilent 1100 Series). Protein
content was determined by the BCA protein assay (Pierce)
with bovine serum albumin as a standard.

Inhibition Studies

Cell monolayers were preincubated for 30 min at 37-C
with transport buffer in the presence of GW918 (1 mM). The
AP buffer was replaced with 0.4 mL of transport buffer
containing ranitidine (0.1 mM) and GW918 (1 mM) in the
absence or presence of various concentrations of inhibitors.
The pH in both AP and BL compartments was 7.2 for all
inhibition studies. Uptake was determined over 5 min after
which the AP solution was aspirated and monolayers washed
three times with 4-C transport buffer. Cell monolayers were
assayed for ranitidine and protein content as described under
BUptake kinetics.^ IC50 values for inhibition of ranitidine
uptake were determined from the quinidine-sensitive portion
of ranitidine uptake. Quinidine (200 mM) completely abol-
ished the saturable portion of ranitidine (0.1 mM) uptake as
determined in preliminary experiments. A sigmoidal inhibi-
tion model was used to determine IC50 values as described
under BData analysis.^

Driving Force Studies

Extracellular pH. Cell monolayers were preincubated
with transport buffer of various pH (6.0, 6.5, 7.2, 8.0) on the
AP side and pH 7.2 on the BL side for 30 min at 37-C.
Transport buffer was buffered with 10 mM MES (pH 6.0, 6.5)
or 10 mM HEPES (pH 7.2, 8.0). The AP buffer was replaced
with 0.4 mL of the appropriate pH transport buffer
containing ranitidine (0.1 mM) in the absence or presence
of quinidine (200 mM). Uptake was determined over 2 min
after which the AP solution was aspirated and monolayers
washed three times with 4-C transport buffer. Cell mono-
layers were assayed for ranitidine and protein content as
described under BUptake kinetics.^

Sodium Dependence. Cell monolayers were pre-
incubated with transport buffer in the absence or presence
of Na+ ions for 30 min at 37-C. NaCl (137 mM) was iso-
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osmatically replaced with NMDG chloride for studies
performed under Na+-free conditions. Ranitidine (0.1 mM)
uptake solutions also were prepared in the absence or pres-
ence of Na+. The pH was 7.2 in both AP and BL compart-
ments. Uptake was determined over 5 min after which the
AP solution was aspirated and monolayers washed three times
with 4-C transport buffer. Cell monolayers were assayed for
ranitidine and protein content as described under BUptake
kinetics.^

Membrane Potential Dependence. Cell monolayers were
preincubated in normal transport buffer or a high-K+ transport
buffer in the presence of the potassium ionophore
valinomycin (1 mM) for 30 min at 37-C. The high-K+ buffer
was prepared by replacing NaCl with KCl to achieve final
KCl and NaCl concentrations of 137 and 5 mM, respectively.
Ranitidine (0.1 mM) and [3H]MPP+ (1 mM; 1 mCi/mL) uptake
solutions were also prepared under normal or high-K+ buffer
conditions. The pH in both AP and BL compartments was 7.2.
Uptake was determined over 5 min after which the AP solution
was aspirated and monolayers washed three times with 4-C
transport buffer. Cell monolayers were assayed for ranitidine
and protein content as described under BUptake kinetics.^

Energy Dependence. Cell monolayers were pre-
incubated in the absence or presence of the metabolic energy
inhibitor 2,4-DNP (1 mM) for 15 min at 37-C. Ranitidine
(0.1 mM), [3H]GlyYSar (0.1 mM; 1 mCi/mL), and [3H]MPP+

(1 mM; 1 mCi/mL) uptake solutions were also prepared in the
absence or presence of 2,4-DNP (1 mM). The pH of the AP
solution for the GlyYSar uptake experiment was adjusted to
6.0 (buffered with MES) because GlyYSar is a substrate of
the H+-coupled dipeptide transporter. All other studies were
conducted at a pH of 7.2 in both the AP and BL compart-
ments. Uptake was determined over 5 min after which the AP
solution was aspirated and monolayers washed three times
with 4-C transport buffer. Cell monolayers were assayed for
ranitidine and protein content as described under BUptake
kinetics.^

Efflux Studies

Cell monolayers were preincubated in transport buffer
for 30 min at 37-C. Cells were then preloaded from the AP
side only (to simulate conditions observed under AP to BL
transport) for 30 min with 1, 100, or 1000 mM [3H]ranitidine
(0.75 mCi/mL). After loading, the uptake solution was
aspirated and cell monolayers were washed three times with
4-C transport buffer. Prewarmed (37-C) transport buffer was
added to both AP (0.4 mL) and BL (1.5 mL) sides and efflux
of [3H]ranitidine evaluated as a function of time by sampling
(200 mL) from the AP and BL compartments. Removed
aliquots were replaced with fresh transport buffer (37-C)
after sampling. All solutions in both AP and BL
compartments were at pH 7.2. [3H]Ranitidine samples were
analyzed by liquid scintillation counting (1600 TR Liquid
Scintillation Analyzer, Packard Instrument Company,
Downers Grove, IL, USA).

HPLC Analysis

The amount of ranitidine transported or accumulated in
the Caco-2 cells was quantified by HPLC (Agilent 1100

Series) using a 100 � 3 mm C18 Aquasil column (5 mM;
Keystone Scientific, Inc. Bellefonte, PA, USA). Transport
samples were analyzed using an isocratic mobile phase [12%
acetonitrile (ACN) and 88% 50 mM phosphate buffer, pH
6.0] at a flow rate of 0.7 mL/min. Uptake samples were
analyzed using a gradient method starting at (A) 12% ACN/
(B) 88% 50 mM phosphate (pH 6.0) from 0 to 8 min.
Composition increased linearly to 60% (A)/40% (B) from
8 to 12 min and was held constant at 60% (A)/40% (B) from
12 to 18 min. Composition reverted back to 12% (A)/88%
(B) at 18 min and was held constant from 18 to 30 min for
reequilibration. Flow rate was held constant at 0.7 mL/min
throughout the method. Ranitidine was detected by UV at
320 nm. Retention time for ranitidine was 7.1 min.

Data Analysis

Data are expressed as mean T SD from three measure-
ments unless otherwise noted. Statistical significance was eva-
luated using unpaired t tests or ANOVA followed by Tukey’s
test for multiple comparisons as appropriate. Kinetic constants
(Jmax, Km, Kd) were obtained by fitting a model incorporat-
ing saturable and nonsaturable components to the ranitidine
transport and uptake data at 37-C. The following model was
utilized:

J ¼ JmaxC

Km þ C
þKdC ð1Þ

where Jmax is the maximal transport/uptake rate, Km is the
kinetic constant for saturable transport/uptake, Kd is the ki-
netic constant for nonsaturable transport/uptake, and C is the
ranitidine concentration. Apparent permeability (Papp) was
determined using Eq. (2):

Papp ¼
dQ=dt

A � Co
ð2Þ

where dQ/dt is the flux determined from the amount trans-
ported (Q) over time (t) during the experiment, A is the sur-
face area of the porous membrane, and Co is the initial
concentration in the donor side. IC50 values were determined
by fitting a sigmoidal inhibition model to the inhibition data
using Eq. (3):

V ¼ Vo

1þ I=IC50ð Þn½ � ð3Þ

where V is the uptake rate of ranitidine in the presence of
inhibitor, Vo is the uptake rate of ranitidine in the absence of
inhibitor, I is the concentration of inhibitor, and n is the Hill
coefficient. WinNonlin (Pharsight, Mountain View, CA,
USA) was used for estimation of kinetic constants and IC50

values. Efflux clearance (CLeff) was calculated using Eq. (4):

CLeff ¼
dX=dt

Co
ð4Þ

where dX/dt is the amount effluxed (X) over time (t) deter-
mined in the linear region of efflux and Co is the initial con-
centration of ranitidine loaded in the cells. Initial ranitidine
intracellular concentrations were calculated using the amount
loaded at t = 0 and a Caco-2 cellular volume of 3.66 mL/mg
protein (21,22).
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RESULTS

Concentration-Dependence of Ranitidine Absorptive
(AP to BL) Transport and AP Uptake in Caco-2
Cell Monolayers

The absorptive transport and AP uptake of ranitidine
were evaluated as a function of concentration. Ranitidine
absorptive transport was concentration dependent and the
data were well described by a model consisting of one
saturable and one nonsaturable term as previously observed
(5) (Fig. 1A). The Jmax and Km estimated for absorptive
ranitidine transport were 65.0 T 3.6 pmol minj1 cmj2 and
0.27 T 0.04 mM, and compared favorably to the values
previously reported (Jmax, 45.6 T 5.5; Km, 0.48 T 0.11) (5). The
estimated coefficient of nonsaturable transport, Kd, was 22.0 T
0.80 nL minj1 cmj2. Comparison of Kd with the saturable
transport clearance (Jmax/Km, 241 nL minj1 cmj2) suggests
that õ90% of the overall ranitidine transport at low
concentrations (¡Km) results via a saturable process. The
cellular uptake of ranitidine (0.5 mM) across the AP
membrane was rapid and reached steady state by 10 min
(Fig. 1B, inset) suggesting that ranitidine is accumulated
across the AP membrane in Caco-2 cells. The initial AP
uptake rate (approximated at 2 min) of ranitidine as a
function of concentration at 37-C was saturable and also well
described by a model consisting of one saturable and one
nonsaturable term (Fig. 1B). The Jmax and Km estimated for
AP ranitidine uptake were 680 T 79 pmol minj1 mg proteinj1

and 0.45 T 0.09 mM, respectively. The nonsaturable
component of uptake, Kd, was estimated to be 0.264 T 0.020
mL minj1 mg proteinj1. Comparison of Kd with the saturable
uptake clearance (Jmax/Km: 1.51 mL minj1 mg proteinj1)
suggests that õ85% of the overall ranitidine uptake at low
concentrations (¡Km) results via a saturable process. The
uptake of ranitidine at 4-C also was linear as a function of
concentration and significantly lower than the uptake at 37-C
(Fig. 1B). The data are consistent with a saturable, carrier-
mediated AP uptake process for ranitidine in Caco-2 cells.

Role of P-gp on Ranitidine Transport
and Accumulation in Caco-2 Cells

The role of P-gp upon ranitidine absorptive and
secretory transport as well as intracellular accumulation was
assessed by examining these processes in the absence or
presence of the potent P-gp inhibitor, GW918 (1 mM).
Secretory permeability (Papp,BA) of ranitidine (0.1 mM) was
greater than absorptive permeability (Papp,AB) under control
conditions indicating apically directed secretion of ranitidine
(Papp,BA/Papp,AB=1.6) (Fig. 2A). In the presence of GW918
(1 mM), Papp,AB significantly increased and Papp,BA signifi-
cantly decreased consistent with inhibition of P-gp (p<0.05)
(Fig. 2A). Interestingly, the efflux ratio (Papp,BA/Papp,AB) in
the presence of GW918 did not collapse to õ1, but was
reduced to a value <1, thus unmasking a significant polarity
in the absorptive transport direction (Papp,BA/Papp,AB=0.69)
in the absence of P-gp-mediated efflux of ranitidine. No
difference was observed in the permeability of mannitol in
the presence of GW918 (1 mM) indicating that GW918 does
not affect paracellular transport (data not shown). As ex-

pected, the cellular accumulation of ranitidine (0.1 mM) from
either the AP or BL side of the monolayers increased
significantly in the presence of GW918 (1 mM) (p<0.05)
(Fig. 2B). The results suggest a small but significant role for
P-gp in the transport of ranitidine and imply the presence of
a transcellular component to ranitidine absorptive transport.

Cis Inhibition of Ranitidine AP Uptake and Absorptive
Transport by Organic Cations in Caco-2 Cells

Saturable AP uptake of ranitidine was further charac-
terized by competition studies with potential inhibitors of
carrier-mediated uptake systems. Preliminary studies indicat-
ed that P-gp slightly attenuated (although not statistically
significant) AP uptake of ranitidine at the initial time point

Fig. 1. Concentration dependence of the absorptive transport and

AP uptake of ranitidine in Caco-2 cells. (A) AP to BL flux of

ranitidine (P) was determined at the indicated concentrations across

Caco-2 cell monolayers. The solid, dashed, and dotted lines represent

the best fit to the overall transport data, saturable component of

transport, and nonsaturable component of transport, respectively.

(B) AP uptake of ranitidine in Caco-2 cells was determined over 2

min at the indicated concentrations at either 37-C (P) or 4-C ()).

The solid and dashed lines represent the best fit of the 37-C
ranitidine uptake data and the saturable component of ranitidine

uptake, respectively. The dotted line represents linear regression of

the 4-C uptake data. The inset depicts the accumulation of ranitidine

(0.5 mM) in Caco-2 cells as a function of time. All experiments were

conducted at an AP and BL pH of 7.2. Data represent mean T SD;

n=3.
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(5 min) used for inhibition studies (data not shown). All
inhibition studies were thus conducted in the presence of
GW918 (1 mM) to eliminate any potential effect of P-gp-
mediated efflux on the uptake data. The expression and
function of AP uptake transporters such as hPepT1, LNAA,
MCT, and IBAT in Caco-2 cells has been well documented
(23). Prototypical substrates of each of these transporters
[hPepT1: GlyYSar (5 mM); LNAA: L-phenylalanine (1 mM);
MCT: benzoic acid (10 mM); IBAT: taurocholate (0.5 mM)]
did not significantly affect AP uptake of ranitidine (0.1 mM)
in Caco-2 cells suggesting none are involved in saturable
ranitidine uptake (data not shown). Significant inhibition of
ranitidine (0.1 mM) AP uptake was observed in the presence
of various organic cations including TEA (5 mM), MPP+ (0.5
mM), quinidine (200 mM), and famotidine (5 mM) (p<0.05)
(Fig. 3A). The organic cation TMA (5 mM), zwitterion L-
carnitine (1 mM), and organic anion transport inhibitor pro-
benecid (2 mM) did not significantly affect AP ranitidine
uptake (Fig. 3A). The saturable portion of ranitidine trans-
port at 0.1 mM was calculated using Eq. (1) and the kinetic
parameters associated with AP ranitidine uptake, and was
estimated to account for õ80% of the total uptake. There-
fore, quinidine (200 mM) nearly completely abolished satu-

rable AP uptake of ranitidine (õ75% inhibition). Importantly,
quinidine (200 mM) exhibited no effect upon ranitidine
(0.1 mM) uptake at 4-C indicating inhibition was primarily
directed against intracellular uptake as opposed to poten-
tial membrane binding (see Fig. 3 legend).

Significant inhibition of ranitidine (0.1 mM) absorptive
transport (Fig. 3B) also was observed in the presence of TEA
(5 mM), MPP+ (0.5 mM), quinidine (200 mM), and famotidine
(5 mM) (p<0.05). A similar magnitude of inhibition was ob-
served for initial AP uptake (Fig. 3A) and absorptive trans-
port (Fig. 3B). TMA (5 mM), L-carnitine (1 mM), and
probenecid (2 mM) exhibited minimal inhibition of both
absorptive transport and AP uptake (Fig. 3).

Fig. 2. Effect of P-gp inhibitor GW918 on ranitidine transport across

and accumulation into Caco-2 cell monolayers. (A) Permeability of

ranitidine (0.1 mM) was determined in the absorptive (AP to BL)

and secretory (BL to AP) directions in the absence (solid bars) or

presence (open bars) of GW918 (1 2M). (B) Cellular accumulation of

ranitidine (0.1 mM) at the conclusion of the transport study after AP

or BL dosing in the absence (solid bars) or presence (open bars) of

GW918 (1 2M). All experiments were conducted at an AP and BL

pH of 7.2. Data represent mean T SD; n=3. *p<0.05.

Fig. 3. Cis inhibition of the AP uptake (A) and absorptive transport

(B) of ranitidine by various organic cations in Caco-2 cells. (A)

Ranitidine (0.1 mM) uptake was determined in the absence or

presence of TMA (5 mM), TEA (5 mM), MPP+ (0.5 mM), quinidine

(200 mM), famotidine (5 mM), L-carnitine (1 mM), and probenecid

(2 mM) for 5 min at 37-C. GW918 (1 mM) was present in the uptake

buffer to abolish P-gp-mediated efflux activity. Control uptake was

466.4 T 44.2 pmol/mg protein per 5 min. Ranitidine uptake at 4-C was

unaffected by the presence of quinidine [82 T 21 (control) vs. 90 T 25

(quinidine) pmol/mg protein per 5 min]. (B) Absorptive transport of

ranitidine (0.1 mM) was determined in the absence or presence of

TMA (5 mM), TEA (5 mM), MPP+ (0.5 mM), quinidine (200 mM),

famotidine (5 mM), L-carnitine (1 mM), and probenecid (2 mM).

Control Papp was (3.80 T 0.11) � 10j6 cm/s. All experiments were

conducted at an AP and BL pH of 7.2. Data represent mean T SD;

n=3. *p<0.05 compared to control.
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Potency of AP Ranitidine Uptake Inhibition by Selected
Organic Cations

Potency of inhibition was assessed by evaluating raniti-
dine AP uptake in the presence of increasing concentrations
of selected organic cations. Quinidine, TEA, MPP+, and
famotidine significantly inhibited ranitidine AP uptake in a
concentration-dependent fashion (Fig. 4). Because quinidine
virtually abolishes the saturable component of ranitidine
uptake, the quinidine-sensitive (200 mM) portion of ranitidine
uptake was used for determination of IC50 values (Fig. 4).
The IC50 values determined for inhibition of ranitidine
uptake revealed marked differences in the potencies of the
examined organic cations to inhibit AP uptake of ranitidine.
Quinidine exhibited the most potent inhibition (IC50, 9.7 T
1.0 mM), whereas inhibition by TEA was relatively weak
(IC50, 697 T 213 mM). MPP+ and famotidine inhibited ranit-
idine uptake with IC50 values of 26.1 T 6.9 and 148 T 52 mM,
respectively. The wide range of potencies suggests a specific
transport process is involved in the AP uptake of ranitidine in
Caco-2 cells and that selected inhibitors bind to the carrier
with varying affinities.

Effect of Extracellular pH on AP Ranitidine Uptake
in Caco-2 Cells

The role of extracellular pH upon AP ranitidine uptake
was evaluated over a pH range from 6.0 to 8.0. The total
uptake of ranitidine (0.1 mM) significantly decreased as the
extracellular pH was lowered (Fig. 5A). To determine the
effect of pH on carrier-mediated uptake vs. passive uptake,
ranitidine (0.1 mM) uptake across the AP membrane was
evaluated in the absence or presence of quinidine (200 mM).
Quinidine-sensitive ranitidine uptake approximates the satu-
rable portion of uptake, whereas the quinidine-insensitive
portion of uptake reflects the nonsaturable component. Both
quinidine-sensitive (saturable) and quinidine-insensitive
(nonsaturable) uptake decreased as the extracellular pH

was lowered (Fig. 5B). The decrease in nonsaturable uptake
presumably reflects decreased passive diffusion of the
unionized form of ranitidine as a result of increased
ionization (ranitidine, pKa 8.2). The decrease in saturable
uptake could have resulted from a decrease in the driving
force for an organic cation/H+ exchange mechanism as has
been observed for uptake of diphenhydramine in Caco-2 cells
(24). However, intracellular acidification by NH4Cl prepulse
(24Y26) of Caco-2 cells failed to stimulate ranitidine AP
uptake (data not shown) suggesting H+ exchange is not the
driving force behind ranitidine AP uptake and that a pH-
sensitive transporter may be involved in the uptake process.

Effect of Metabolic Energy Inhibition, Na+ Dependence,
and Membrane Potential on AP Ranitidine Uptake
in Caco-2 Cells

The driving force for ranitidine AP uptake in Caco-2
cells was investigated via metabolic energy depletion, remov-

Fig. 4. Concentration-dependent inhibition of ranitidine AP uptake

by various organic cations in Caco-2 cells. Uptake of ranitidine

(0.1 mM) was determined in the absence or presence of increasing

concentrations of quinidine (P), MPP+ ()), famotidine (4), and

TEA (3) for 5 min. GW918 (1 mM) was present in the uptake buffer

to abolish P-gp-mediated efflux activity. Data represent inhibition of

the quinidine-sensitive (200 mM) portion of ranitidine uptake. All

experiments were conducted at an AP and BL pH of 7.2. Data

represent mean T SD; n=3.

Fig. 5. pH-dependent AP ranitidine uptake in Caco-2 cells. (A)

Total ranitidine (0.1 mM) uptake was determined at the indicated

AP pH. pH of the BL compartment was 7.2. (B) Ranitidine (0.1 mM)

uptake was determined in the absence or presence of quinidine

(200 mM) at the indicated AP pH. pH of the BL compartment was

7.2. The quinidine-sensitive portion of ranitidine uptake (solid bars)

was determined by subtracting ranitidine uptake in the presence of

quinidine (200 2M) from the total ranitidine uptake. The quinidine-

insensitive (passive) portion of ranitidine uptake (open bars) reflects

the uptake of ranitidine in the presence of quinidine (200 2M). Data

represent mean T SD; n=3. *p<0.05 compared to the uptake de-

termined at pH 7.2.
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al of extracellular Na+ ions from the uptake buffer, and under
conditions designed to abolish the inside negative membrane
potential. Uptake of ranitidine (0.1 mM) and of the positive
control, [3H]GlyYSar (0.1 mM), was significantly reduced in
the presence of metabolic energy inhibitor 2,4-DNP (1 mM)
suggesting a role for active transport processes in their
uptake (p<0.05) (Table I). When sodium was removed from
the uptake buffer and replaced with NMDG, the uptake of
ranitidine (0.1 mM) was not significantly affected indicating
that AP uptake of ranitidine is not driven by the inward
sodium gradient (Table I). Depolarization of the membrane
potential was induced by incubation of Caco-2 cells in a high-
K+ buffer in the presence of the K+ ionophore, valinomycin
(1 mM), for 30 min. Under depolarized conditions, uptake of
ranitidine (0.1 mM) exhibited a small but statistically

significant decrease in uptake compared to control (p<0.05)
(Table I). Uptake of [3H]MPP+ in Caco-2 cells has previously
been shown to be membrane potential dependent (27). As
expected, AP uptake of [3H]MPP+ (1 mM) also was
significantly decreased under depolarized conditions
(p<0.05) (Table I). Thus, ranitidine AP uptake in Caco-2
cells is Na+ independent and partially driven by an inside
negative membrane potential.

Efflux of [3H]Ranitidine from Preloaded Caco-2
Cell Monolayers

Efficient vectorial transport across cell monolayers
involves uptake across the AP membrane followed by
subsequent efflux across the BL membrane. To investigate

Table I. Effect of Metabolic Energy, Na+ YDependence, and Membrane Potential on AP Uptake of Ranitidine in Caco-2 Cells

Metabolic energy Na+ dependence Membrane potential

Control

(% of control)

2,4-DNP

(% of control)

Control

(% of control)

Na+ Free

(% of control)

Control

(% of control)

Depolarized

(% of control)

Ranitidine (100 2M) 100 (10) 74 (7)* 100 (13) 90 (12) 100 (6.0) 88 (2.1)*

GlyYSara (100 2M) 100 (3.2) 60 (12)* N.D. N.D. N.D. N.D.

MPP+ (1 2M) 100 (19) 84 (13) N.D. N.D. 100 (18) 59 (22)*

Data represent mean (SD); n=3. N.D., not determined.
a GlyYSar uptake conducted at AP pH 6.0. All other studies conducted at AP and BL pH of 7.2.
*p<0.05 compared to control.

Fig. 6. Efflux of [3H]ranitidine from preloaded Caco-2 cell monolayers. (A) Time course of [3H]ranitidine efflux into AP

(P) and BL compartments ()). [3H]Ranitidine (0.1 mM; 0.75 2Ci/mL) was loaded into Caco-2 cells from the AP side for

30 min. Cell monolayers were subsequently washed three times with 4-C transport buffer and the amount of

[3H]ranitidine effluxed into AP and BL compartments evaluated at 37-C as a function of time was quantified. (B) Effect

of intracellular concentration on AP and BL efflux of [3H]ranitidine from preloaded Caco-2 cell monolayers.

[3H]Ranitidine (0.75 2Ci/mL) was loaded into Caco-2 cells at 1 2M (solid bars), 100 2M (open bars), and 1000 2M

(hatched bars) for 30 min. Calculated initial intracellular concentrations (calculated from experimentally determined

intracellular mass and previously reported cell volume) were 2.45 T 0.23, 238.9 T 47.0, and 1371 T 108 2M, respectively.

Cell monolayers were subsequently washed three times with 4-C transport buffer and the amount of [3H]ranitidine

effluxed into AP and BL compartments measured over 5 min at 37-C. CLeff was determined in the linear range of efflux

(5 min) and calculated as described in BData analysis.^ (C) Trans stimulation/inhibition of [3H]ranitidine AP and BL

efflux from preloaded Caco-2 cell monolayers. [3H]Ranitidine (0.1 mM; 0.75 mCi/mL) was loaded into Caco-2 cells from

the AP side for 30 min. Cell monolayers were subsequently washed three times with 4-C transport buffer and the amount

of [3H]ranitidine effluxed into AP and BL compartments in the absence (solid bars) or presence of 2 mM AP ranitidine

(open bars) or 2 mM BL ranitidine (hatched bars) over 5 min at 37-C was quantified. CLeff was determined in the linear

range of efflux (5 min) and calculated as described in BData analysis.^ All experiments were conducted at an AP and BL

pH of 7.2. Data represent mean T SD; n=3. * p<0.05 compared to CLeff in the absence of extracellular ranitidine.
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the ability of ranitidine to traverse the BL membrane after
AP uptake, Caco-2 cells were preloaded from the AP side
with [3H]ranitidine (0.1 mM; 0.75 mCi/mL) for 30 min
(sufficient to achieve steady-state intracellular levels; see
Fig. 1B, inset). Preloaded cell monolayers were washed after
loading and the efflux of preloaded [3H]ranitidine was eval-
uated into both AP and BL chambers as a function of time.
Efflux of [3H]ranitidine from preloaded Caco-2 cells was rel-
atively rapid into both AP and BL compartments (Fig. 6A).
Total efflux to the AP chamber at 60 min was approximately
2.5-fold greater than that observed to the BL chamber indi-
cative of apically directed secretion (e.g., P-gp) (Fig. 6A).
Negligible [3H]ranitidine remained inside the cells (õ2.5% of
initial) at the conclusion of the experiment suggesting that
nearly complete efflux was achieved.

Two strategies were utilized to investigate the potential
mechanism of BL efflux of ranitidine (i.e., carrier-mediated
or diffusive). To determine if the BL efflux was saturable, the
BL efflux rate was measured as a function of concentration
by preloading Caco-2 cells with increasing concentrations of
[3H]ranitidine (1.0, 100, and 1000 mM) to achieve a wide
range of intracellular concentrations. Because the loading
process is inherently nonlinear (ranitidine AP uptake Km,
0.45 mM; Fig. 1B), intracellular levels did not increase
linearly with the applied loading concentration. The
calculated initial intracellular concentrations were 2.45 T
0.23, 238.9 T 47.0, and 1371 T 108 mM, respectively. As a
result, the efflux rate was normalized to the loaded initial
intracellular concentration and presented as an efflux
clearance (CLeff). No significant differences were observed
in the CLeff to either the AP or BL compartment over the
concentration range examined (Fig. 6B), providing no
evidence for a saturable efflux mechanism. The CLeff was
significantly greater in the AP direction (Fig. 6B) consistent
with the time course study and the presence of an apically
directed secretory process for ranitidine. Trans stimulation
studies have been used previously to provide evidence for the
existence of a carrier-mediated mechanism (28,29). In such
studies, stimulation of efflux by a compound applied on the
trans (i.e., opposite) side of the membrane that shares the
carrier is observed in cases where efflux is carrier mediated.
Application of unlabeled ranitidine (2 mM) in either the AP
or BL buffer failed to significantly stimulate the BL efflux of
preloaded [3H]ranitidine as measured by the CLeff (Fig. 6C,
basolateral). These results thus provide no clear evidence for
a carrier-mediated efflux process for ranitidine on the BL
membrane. Interestingly, application of unlabeled ranitidine
(2 mM) in the BL compartment reduced the AP
[3H]ranitidine CLeff (Fig. 6C, apical). No effect, however,
was observed on the AP [3H]ranitidine CLeff in the presence
of unlabeled ranitidine (2 mM) in the AP compartment. The
reduced AP CLeff may result from competition for apically
directed secretion (e.g., P-gp) when excess ranitidine
concentrations are present on the BL side of the monolayers.

DISCUSSION

Previous investigations into the mechanism of ranitidine
absorption clearly demonstrated saturable and inhibitable
absorptive transport for ranitidine across Caco-2 cell mono-

layers (5). To reconcile the saturable transport mechanism
with the reported predominantly paracellular nature of
ranitidine absorptive transport (3), a novel mechanism was
proposed in which the saturable nature of ranitidine’s
absorptive transport could be mediated via interaction
between the cationic moiety of ranitidine and anionic
residues within the paracellular space (5). This saturable
paracellular process also would be subject to inhibition by
other cationic molecules (5). An alternative hypothesis,
which is consistent with the observed transport and inhibition
data, proposes that ranitidine is translocated in the absorp-
tive direction via a saturable carrier-mediated uptake process
across the AP membrane followed by subsequent BL efflux.
Such a hypothesis implies the presence of a transcellular
component to the overall ranitidine absorptive transport. The
current study has explored this hypothesis and provided
evidence for the existence of carrier-mediated AP uptake
and P-gp-mediated efflux mechanisms in the absorptive
transport of ranitidine in Caco-2 cells.

Absorptive transport of ranitidine in the current study
was saturable as a function of concentration, consistent with
previous results (Fig. 1A) (5). Examination of the AP uptake
kinetics also indicated that a saturable process was involved
in the uptake of ranitidine into the cells (Fig. 1B). Further-
more, ranitidine uptake was significantly reduced at 4-C and
was linear with respect to concentration (Fig. 1B). These
findings suggest that ranitidine is accumulated from the AP
side of Caco-2 cells and that this uptake is mediated by
saturable processes. Interestingly, the affinity (e.g., Km) of
ranitidine for the saturable transport and AP uptake
processes were remarkably similar. The Km estimated for
AP uptake of ranitidine was 0.45 T 0.09 mM and in the same
range as those estimated for overall ranitidine absorptive
transport in both the current (0.27 T 0.04 mM) and previous
study (0.48 T 0.11 mM) (5). The similar Km values may
suggest that saturable uptake of ranitidine drives the overall
saturable transport kinetics and that saturable uptake is the
rate-limiting step in the absorptive transport of ranitidine.

Inhibition of both AP uptake and overall absorptive
transport by various organic cations provides additional
evidence for the involvement of specific carrier-mediated
processes in the absorptive transport of ranitidine. The
uptake process was significantly inhibited by a range of
structurally distinct organic cations including small, perma-
nently charged cations such as TEA and MPP+, the lipophilic
weak base quinidine, and the hydrophilic cation famotidine
(Fig. 3A). These compounds also significantly reduced the
overall transepithelial transport of ranitidine (Fig. 3B)
suggesting that the inhibition of uptake results in the
inhibition of overall transport across the cell monolayers. It
does seem that the inhibition of ranitidine uptake and
transport is influenced by specific structural features of the
cationic compounds and does not result simply from the
nonspecific presence of a positive charge. A wide range of
potencies observed for inhibition of ranitidine uptake (Fig. 4)
as well as the striking difference in inhibition observed by
structurally similar TEA and TMA (Fig. 3) support this
assertion. It is not clear from these experiments, however, if
the reduction in ranitidine AP to BL transport can be solely
explained by the reduced uptake or if some inhibition also
occurs in the paracellular space. Fluorescent derivatives of
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related H2 receptor antagonist famotidine display saturable
and inhibitable transport kinetics and a nearly exclusive
paracellular distribution suggesting some inhibition also may
occur within the paracellular space for this class of
compounds (30).

The current study clearly implicates a role for a carrier-
mediated transcellular transport in the absorptive transport
of ranitidine in Caco-2 cells. Such a finding contradicts
previous reports that concluded that ranitidine traversed
Caco-2 cells via a predominantly paracellular mechanism
(3,4,31). The evidence for a paracellular mechanism stems
largely from the observed increased ranitidine flux under
conditions that disrupt the tight junction (3,4). However,
these studies do not provide information on the mechanism/
route of ranitidine transport under Bnormal^ conditions when
the tight junction is sealed. Rather, they suggest only that the
absorptive transport of ranitidine is sufficiently inefficient
such that the tight junction provides a barrier to its overall
transport. It is likely that absorptive transport of compounds
such as ranitidine across Caco-2 cell monolayers occurs via
parallel processes including both transcellular and para-
cellular transport. Kinetic modeling of ranitidine AP uptake
and absorptive transport in Caco-2 cells under normal
transport conditions supports this hypothesis of a contribu-
tion from both the paracellular and transcellular pathways
[see accompanying paper (50)].

The results also demonstrate a role for P-gp in both the
absorptive and secretory transport of ranitidine. P-gp was
previously implicated in the transport of ranitidine in Caco-2
cells although the increase observed in absorptive transport
of ranitidine in the presence of P-gp inhibitor verapamil
(0.1 mM) was small and statistically insignificant (4). The
authors suggested that this was due to the predominantly
paracellular absorptive transport of ranitidine and limited
ability of ranitidine to cross the AP membrane (31). Results
in the present study clearly show that ranitidine is taken up
across the AP membrane via a saturable mechanism (Fig. 1B)
and that P-gp significantly attenuates ranitidine absorptive
transport (Fig. 2). Inhibition with the potent P-gp inhibitor,
GW918 (1 mM), results in both increased absorptive perme-
ability as well as increased intracellular ranitidine concen-
trations (Fig. 2). Verapamil is neither a specific nor potent
P-gp inhibitor, and the relatively high concentration required
to inhibit P-gp (100 mM) may also nonspecifically inhibit the
uptake of ranitidine in Caco-2 cells. Results with another non-
selective P-gp inhibitor, quinidine, demonstrate a dramatically
reduced uptake of ranitidine at relatively high quinidine con-
centrations (Fig. 3). We hypothesize that the observed effect
(increased accumulation, decreased accumulation, or no net
effect) of dual inhibition of uptake and efflux transporters will
be dependent upon the relative affinity of the inhibitor for
each transporter (IC50 or Ki), the affinity of the substrate for
the transporters (Km), and the relevant extracellular and
intracellular concentrations of both substrate and inhibitor.
The P-gp inhibitor utilized in the present study, GW918, is
very potent in its inhibition of P-gp and thus requires low
concentrations (1 mM) that are less likely to affect the uptake
process. Therefore, its effect on the P-gp-mediated efflux of
ranitidine is not masked as may be the case for verapamil
(Fig. 2B). Recently, GW918 also has been shown to inhibit
the efflux transporter BCRP (32) and cimetidine has recently

been identified as a BCRP substrate (33) suggesting that the
GW918 effect on ranitidine transport may not be limited to
P-gp. However, the extremely low level of BCRP expression
in Caco-2 cells (34) suggests that the increased ranitidine
absorptive transport in the presence of GW918 is virtually
entirely due to inhibition of P-gp-mediated efflux.

Characterization of the ranitidine uptake mechanism at
the AP membrane of Caco-2 cells revealed a marked
sensitivity to inhibition by various organic cations (Figs. 3
and 4). Several recent studies have documented the expres-
sion of polyspecific transporters for organic cations in Caco-2
cells including those of the organic cation transporter (OCT1,
OCT2, OCT3) and novel organic cation transporter (OCTN1
and OCTN2) families (27,35Y37,51). Although the subcellular
localization of all of these transporters in Caco-2 cells has not
been elucidated, it seems that human organic cation trans-
porter hOCTN2 is localized to the AP membrane (37).
However, prototypical hOCTN2 substrate L-carnitine (1
mM) at a concentration much greater than its reported Km

value [14 mM; (37)] displayed only õ10% inhibition of
ranitidine uptake (Fig. 3) suggesting hOCTN2 may only play
a minor role in ranitidine uptake. Similarly, the lack of
inhibition by L-carnitine would presumably preclude a
significant role for hOCTN1 in the uptake of ranitidine in
Caco-2 cells. Significant inhibition of ranitidine uptake,
however, was observed with the prototypical OCT substrates
TEA and MPP+ (Figs. 3 and 4). Despite a BL localization of
such transporters in kidney and liver, recent investigations
have demonstrated the lack of functional TEA-sensitive
OCTs on the BL membrane of Caco-2 cells (16,35). Instead,
functional evidence for OCT or OCT-like transporters on the
AP membrane of Caco-2 cells has been suggested and the
immunolocalization of hOCT1 to the AP membrane of Caco-
2 cells has been demonstrated (27,51). Our studies with
individually expressed hOCTs in Xenopus oocytes have
demonstrated that ranitidine is a substrate for hOCT1 and
has much weaker substrate activity toward hOCT2 (7). These
findings potentially implicate OCTs such as hOCT1 or others
with similar sensitivity to TEA/MPP+ as candidates for
mediating the uptake of ranitidine in Caco-2 cells. It is
important to note that although mRNA expression of hOCT1
has been demonstrated in human small intestine (29), the
hOCT1 intestinal protein expression level and subcellular
localization remain unclear. Further studies are thus required
to extend the observations of OCT-like transport activity in
Caco-2 cells to the human intestine.

The total and saturable AP uptake of ranitidine was
found to be strongly pH dependent (Fig. 5). A similar pH
dependence (reduced uptake at acidic pH) also has been
observed for cloned OCTs (rOCT1; rOCT2; hOCT3) trans-
fected in MDCK and HeLa cells (38,39), and is thus
consistent with a potential OCT-mediated absorption mech-
anism in Caco-2 cells. If the pH dependence observed in the
in vitro Caco-2 system is operable in the human intestine, the
physiological significance of such a mechanism in the in-
testine would presumably result in lower carrier-mediated
absorption from proximal sites (i.e., duodenum) than from
distal sites (i.e., ileum) where the intestinal pH is higher.
Interestingly, the absorption of ranitidine from the terminal
ileum of rat small intestine is quite extensive and higher than
that observed from duodenum and midgut (40). Additionally,
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deconvolution analysis of the absorption data for coadminis-
tered ranitidine and famotidine in humans demonstrated that
a significant decrease in the oral absorption of famotidine
occurred exclusively in the later stages of absorption when
administered in the presence of ranitidine (41). These results
suggest that modulation of intestinal transport by pH and/or
differences in transporter expression levels may play an im-
portant role in the site-dependent absorption of ranitidine
and similar hydrophilic cations. However, it will be of impor-
tance to clearly define the identification and expression of
similar pH-dependent OCTs in the human intestine before
such mechanistic observations can be extended to the human
situation.

In addition to the observed pH dependence, AP uptake
of ranitidine was independent of extracellular Na+

concentration and dependent on the inside negative
membrane potential (Table I). Such properties also are
characteristic of the cloned OCTs (42) and support the role
for an organic cation transport mechanism in the AP
membrane of Caco-2 cells. The effect of membrane
potential on saturable ranitidine uptake, however, was not
as dramatic as that typically observed for permanently
charged organic cation substrates such as TEA or MPP+ in
Xenopus oocytes injected with OCT cRNA (43). Several
factors may contribute to this behavior including the impact
of a permanent cationic charge on membrane potential,
differences in depolarizing buffer conditions, and inherent
differences between oocytes and cultured cells to regulate
their own membrane potential. Relatively modest reductions
in MPP+ uptake (õ30%) in Caco-2 cells under depolarizing
conditions have been reported suggesting the effect of
membrane depolarization in Caco-2 cells may not be as
strong as that observed in other cells (27).

Carrier-mediated transport requires not only uptake
across the AP membrane but also transport through the
cytoplasm followed by subsequent efflux across the BL
membrane. A previous study examining cimetidine absorp-
tion in rat small intestine concluded that the transcellular
absorption of cimetidine was limited by an inability to exit
across the BL membrane thus resulting in an exclusively
paracellular route of absorption (44). In contrast, the present
studies in Caco-2 cells clearly demonstrate the ability of
ranitidine to exit across the BL membrane suggesting the
transcellular route does play a role in overall ranitidine
transport (Fig. 6A). Efflux of ranitidine across the AP
membrane, however, was significantly greater and is consis-
tent with a P-gp-mediated efflux process (Fig. 6A). This
result may suggest that carrier-mediated mechanisms are
directed only to the AP side or that the efficiency of carrier-
mediated efflux transport is greater in the AP direction than
in the BL direction. To address the mechanism of BL efflux,
both saturation and trans-stimulation studies were utilized.
No evidence was obtained for a carrier-mediated BL efflux
mechanism under the experimental conditions employed in
this study (Fig. 6B, C). This may reflect a low affinity of
ranitidine for the BL efflux mechanism (below Km) or the
possibility that BL efflux is mediated via passive diffusion.
Differences in membrane composition between AP and BL
membranes have been noted in polarized cells and result in a
more rigid and ordered AP membrane structure (45). It is
possible that passive diffusion of ranitidine is greater across

the BL membrane than the AP membrane as has been
suggested for compounds in other studies (46,47). Interest-
ingly, AP efflux of ranitidine also was not saturated over the
concentration range examined (Fig. 6B) suggesting ranitidine
is a relatively low affinity substrate of P-gp.

The studies presented here have elucidated a putative
absorptive transport mechanism for the hydrophilic cationic
drug, ranitidine, in the Caco-2 cell model of intestinal epithe-
lium. Caco-2 cells have been well characterized with respect to
transporters and enzymes. At confluence, these cells exhibit
similar expression and localization for many transporters (e.g.,
PepT1, P-gp, etc.) as that found in the human intestine. How-
ever, differences in regard to expression of some transporters
and tight junction permeability in the paracellular space be-
tween Caco-2 cells and human intestine have been docu-
mented (48,49). It should thus be clear that the studies reported
here have defined the mechanism for absorptive transport of
ranitidine in the Caco-2 cell model. Whereas these mechanistic
studies do not necessarily prove a similar mechanism operable
in human intestine, the results do provide a basis to design and
conduct in vivo studies in humans to more clearly define the
human intestinal absorption mechanism for ranitidine and
similar hydrophilic organic cations.

In summary, the studies undertaken here provide strong
evidence for the existence of a saturable AP uptake process
for ranitidine in Caco-2 cells. The observed inhibition of up-
take and overall absorptive transport of ranitidine by organic
cations, increased absorptive transport of ranitidine after P-gp
inhibition, and significant BL efflux collectively suggest a role
for carrier-mediated transcellular transport in the absorptive
transport of ranitidine. Ranitidine uptake across the AP mem-
brane exhibits characteristics of OCT-mediated uptake. It is
possible that one of the known OCT transporters or a novel
transporter with OCT-like characteristics facilitates ranitidine
AP uptake in Caco-2 cells. If these results can be extended to
the in vivo situation, the identification of a carrier-mediated
intestinal absorption mechanism for ranitidine and other H2

receptor antagonists may explain their relatively good
absorption in humans and has clear implications for potential
drugYdrug and drugYfood interactions in the oral absorption
of similar hydrophilic cations.

ACKNOWLEDGMENTS

David L. Bourdet was supported by a Pharmaceutical
Research and Manufacturers of America (PhRMA) Founda-
tion predoctoral fellowship in Pharmaceutics. The Caco-2 cell
line was kindly provided by Drs. Mary F. Paine and Paul
Watkins of the University of North Carolina at Chapel Hill.
GW918 and [3H]ranitidine were kindly provided by
GlaxoSmithKline.

REFERENCES

1. J. H. Lin. Pharmacokinetic and pharmacodynamic properties of
histamine H2-receptor antagonists. Relationship between intrin-
sic potency and effective plasma concentrations. Clin. Pharma-
cokinet. 20:218Y236 (1991).

2. G. Coruzzi, M. Adami, C. Pozzoli, F. Giorgi, and G. Bertaccini.
Cardiac and gastric effects of histamine H2 receptor antagonists:

1175Saturable Uptake and Efflux of Ranitidine



no evidence for a correlation between lipophilicity and receptor
affinity. Br. J. Pharmacol. 118:1813Y1821 (1996).

3. L. S. Gan, P. H. Hsyu, J. F. Pritchard, and D. Thakker.
Mechanism of intestinal absorption of ranitidine and ondanse-
tron: transport across Caco-2 cell monolayers. Pharm. Res.
10:1722Y1725 (1993).

4. A. Collett, N. B. Higgs, E. Sims, M. Rowland, and G. Warhurst.
Modulation of the permeability of H2 receptor antagonists
cimetidine and ranitidine by P-glycoprotein in rat intestine and
the human colonic cell line Caco-2. J. Pharmacol. Exp. Ther.
288:171Y178 (1999).

5. K. Lee and D. R. Thakker. Saturable transport of H2-antago-
nists ranitidine and famotidine across Caco-2 cell monolayers. J.
Pharm. Sci. 88:680Y687 (1999).

6. J. H. Moreno. Blockage of gallbladder tight junction cation-
selective channels by 2,4,6-triaminopyrimidinium (TAP). J. Gen.
Physiol. 66:97Y115 (1975).

7. D. L. Bourdet, J. B. Pritchard, and D. R. Thakker. Differential
substrate and inhibitory activities of ranitidine and famotidine
toward human organic cation transporter 1 (hOCT1; SLC22A1),
hOCT2 (SLC22A2), and hOCT3 (SLC22A3). J. Pharmacol.
Exp. Ther. 315:1288Y1297 (2005).

8. W. M. Barendt and S. H. Wright. The human organic cation
transporter (hOCT2) recognizes the degree of substrate ioniza-
tion. J. Biol. Chem. 277:22491Y22496 (2002).

9. H. Motohashi, Y. Uwai, K. Hiramoto, M. Okuda, and K. Inui.
Different transport properties between famotidine and cimeti-
dine by human renal organic ion transporters (SLC22A). Eur. J.
Pharmacol. 503:25Y30 (2004).

10. S. H. Cha, T. Sekine, J. I. Fukushima, Y. Kanai, Y. Kobayashi,
T. Goya, and H. Endou. Identification and characterization of
human organic anion transporter 3 expressing predominantly in
the kidney. Mol. Pharmacol. 59:1277Y1286 (2001).

11. Y. Nagata, H. Kusuhara, S. Hirono, H. Endou, and Y. Sugiyama.
Carrier-mediated uptake of H2-receptor antagonists by the rat
choroid plexus: involvement of rat organic anion transporter 3.
Drug Metab. Dispos. 32:1040Y1047 (2004).

12. H. Nakamura, H. Sano, M. Yamazaki, and Y. Sugiyama.
Carrier-mediated active transport of histamine H2 receptor
antagonists, cimetidine and nizatidine, into isolated rat hepato-
cytes: contribution of type I system. J. Pharmacol. Exp. Ther.
269:1220Y1227 (1994).

13. S. P. Boom and F. G. Russel. Cimetidine uptake and interactions
with cationic drugs in freshly isolated proximal tubular cells of
the rat. J. Pharmacol. Exp. Ther. 267:1039Y1044 (1993).

14. K. J. Ullrich, G. Rumrich, C. David, and G. Fritzsch. Bisub-
strates: substances that interact with renal contraluminal organic
anion and organic cation transport systems. I. Amines, piper-
idines, piperazines, azepines, pyridines, quinolines, imidazoles,
thiazoles, guanidines and hydrazines. Pflugers Arch. 425:280Y299
(1993).

15. N. Piyapolrungroj, C. Li, R. L. Pisoni, and D. Fleisher.
Cimetidine transport in brush-border membrane vesicles from
rat small intestine. J. Pharmacol. Exp. Ther. 289:346Y353 (1999).

16. K. Lee, C. Ng, K. L. R. Brouwer, and D. R. Thakker. Secretory
transport of ranitidine and famotidine across Caco-2 cell
monolayers. J. Pharmacol. Exp. Ther. 303:574Y580 (2002).

17. M. D. Troutman and D. R. Thakker. Rhodamine 123 requires
carrier-mediated influx for its activity as a P-glycoprotein
substrate in Caco-2 cells. Pharm. Res. 20:1192Y1199 (2003).

18. M. D. Troutman and D. R. Thakker. Efflux ratio cannot assess
P-glycoprotein-mediated attenuation of absorptive transport:
asymmetric effect of P-glycoprotein on absorptive and secretory
transport across Caco-2 cell monolayers. Pharm. Res. 20:
1200Y1209 (2003).

19. P. Schmiedlin-Ren, K. E. Thummel, J. M. Fisher, M. F. Paine, K.
S. Lown, and P. B. Watkins. Expression of enzymatically active
CYP3A4 by Caco-2 cells grown on extracellular matrix-coated
permeable supports in the presence of 1alpha,25-dihydroxyvita-
min D3. Mol. Pharmacol. 51:741Y754 (1997).

20. F. Hyafil, C. Vergely, P. Du Vignaud, and T. Grand-Perret. In
vitro and in vivo reversal of multidrug resistance by GF120918,
an acridonecarboxamide derivative. Cancer Res. 53:4595Y4602
(1993).

21. A. Blais, P. Bissonnette, and A. Berteloot. Common character-
istics for Na+-dependent sugar transport in Caco-2 cells and
human fetal colon. J. Membr. Biol. 99:113Y125 (1987).

22. A. H. Dantzig and L. Bergin. Uptake of the cephalosporin,
cephalexin, by a dipeptide transport carrier in the human in-
testinal cell line, Caco-2. Biochim. Biophys. Acta 1027:211Y217
(1990).

23. W. S. Putnam, S. Ramanathan, L. Pan, L. H. Takahashi, and L.
Z. Benet. Functional characterization of monocarboxylic acid,
large neutral amino acid, bile acid and peptide transporters, and
P-glycoprotein in MDCK and Caco-2 cells. J. Pharm. Sci.
91:2622Y2635 (2002).

24. H. Mizuuchi, T. Katsura, K. Ashida, Y. Hashimoto, and K. Inui.
Diphenhydramine transport by pH-dependent tertiary amine
transport system in Caco-2 cells. Am. J. Physiol. Gastrointest.
Liver Physiol. 278:G563YG569 (2000).

25. Y. H. Han, D. H. Sweet, D. N. Hu, and J. B. Pritchard.
Characterization of a novel cationic drug transporter in human
retinal pigment epithelial cells. J. Pharmacol. Exp. Ther. 296:
450Y457 (2001).

26. O. H. Brokl, C. L. Martinez, A. Shuprisha, D. E. Abbott, and W.
H. Dantzler. Regulation of intracellular pH in proximal tubules
of avian long-looped mammalian-type nephrons. Am. J. Physiol.
274:R1526YR1535 (1998).

27. F. Martel, D. Grundemann, C. Calhau, and E. Schomig. Apical
uptake of organic cations by human intestinal Caco-2 cells:
putative involvement of ASF transporters. Naunyn Schmiede-
bergs Arch. Pharmacol. 363:40Y 49 (2001).

28. H. Mizuuchi, T. Katsura, Y. Hashimoto, and K. Inui. Trans-
epithelial transport of diphenhydramine across monolayers of
the human intestinal epithelial cell line Caco-2. Pharm. Res.
17:539Y545 (2000).

29. L. Zhang, W. Gorset, M. J. Dresser, and K. M. Giacomini. The
interaction of n-tetraalkylammonium compounds with a human
organic cation transporter, hOCT1. J. Pharmacol. Exp. Ther.
288:1192Y1198 (1999).

30. S. Hong. A Novel Paracellular Transport Mechanism of
Hydrophilic Cations Across Intestinal Epithelium. Division of
Drug Delivery and Disposition, University of North Carolina at
Chapel Hill, Chapel Hill, 2004, p. 171.

31. A. Collett, E. Sims, D. Walker, Y. L. He, J. Ayrton, M.
Rowland, and G. Warhurst. Comparison of HT29-18-C1 and
Caco-2 cell lines as models for studying intestinal paracellular
drug absorption. Pharm. Res. 13:216Y221 (1996).

32. M. Maliepaard, M. A. van Gastelen, A. Tohgo, F. H. Hausheer,
R. C. van Waardenburg, L. A. Jongde, D. Pluim, J. H. Beijnen,
and J. H. Schellens. Circumvention of breast cancer resistance
protein (BCRP)-mediated resistance to camptothecins in vitro
using non-substrate drugs or the BCRP inhibitor GF120918.
Clin. Cancer Res. 7:935Y941 (2001).

33. P. Pavek, G. Merino, E. Wagenaar, E. Bolscher, M. Novotna, J.
W. Jonker, and A. H. Schinkel. Human breast cancer resistance
protein: interactions with steroid drugs, hormones, the dietary
carcinogen 2-amino-1-methyl-6-phenylimidazo(4,5-b)pyridine,
and transport of cimetidine. J. Pharmacol. Exp. Ther. 312:
144Y152 (2005).

34. J. Taipalensuu, H. Tornblom, G. Lindberg, C. Einarsson, F.
Sjoqvist, H. Melhus, P. Garberg, B. Sjostrom, B. Lundgren, and
P. Artursson. Correlation of gene expression of ten drug efflux
proteins of the ATP-binding cassette transporter family in
normal human jejunum and in human intestinal epithelial
Caco-2 cell monolayers. J. Pharmacol. Exp. Ther. 299:164 Y170
(2001).

35. K. Bleasby, S. Chauhan, and C. D. Brown. Characterization of
MPP+ secretion across human intestinal Caco-2 cell monolayers:
role of P-glycoprotein and a novel Na(+)-dependent organic
cation transport mechanism. Br. J. Pharmacol. 129:619Y625
(2000).

36. M. Hayer-Zillgen, M. Bruss, and H. Bonisch. Expression and
pharmacological profile of the human organic cation trans-
porters hOCT1, hOCT2 and hOCT3. Br. J. Pharmacol. 136:
829Y836 (2002).

37. I. Elimrani, K. Lahjouji, E. Seidman, M. J. Roy, G. A. Mitchell,
and I. Qureshi. Expression and localization of organic cation/

1176 Bourdet and Thakker



carnitine transporter OCTN2 in Caco-2 cells. Am. J. Physiol.
Gastrointest. Liver Physiol. 284:G863YG871 (2003).

38. Y. Urakami, M. Okuda, S. Masuda, H. Saito, and K. I. Inui.
Functional characteristics and membrane localization of rat
multispecific organic cation transporters, OCT1 and OCT2,
mediating tubular secretion of cationic drugs. J. Pharmacol.
Exp. Ther. 287:800Y805 (1998).

39. R. Kekuda, P. D. Prasad, X. Wu, H. Wang, Y. J. Fei, F. H.
Leibach, and V. Ganapathy. Cloning and functional character-
ization of a potential-sensitive, polyspecific organic cation
transporter (OCT3) most abundantly expressed in placenta. J.
Biol. Chem. 273:15971Y15979 (1998).

40. A. B. Suttle and K. L. Brouwer. Regional gastrointestinal
absorption of ranitidine in the rat. Pharm. Res. 12:1311Y1315
(1995).

41. C. M. Brandquist, C. Ng, D. R. Thakker, and K. L. Brouwer.
Novel interactions in the oral absorption of hydrophilic cations:
a clinical study with ranitidine and famotidine. Clin. Pharmacol.
Ther. 73:19 (2003).

42. H. Koepsell, B. M. Schmitt, and V. Gorboulev. Organic cation
transporters. Rev. Physiol. Biochem. Pharmacol. 150:36Y90
(2003).

43. L. Zhang, M. J. Dresser, A. T. Gray, S. C. Yost, S. Terashita, and
K. M. Giacomini. Cloning and functional expression of a human
liver organic cation transporter. Mol. Pharmacol. 51:913Y921
(1997).

44. S. Y. Zhou, N. Piyapolrungroj, L. Pao, C. Li, G. Liu, E.
Zimmermann, and D. Fleisher. Regulation of paracellular

absorption of cimetidine and 5-aminosalicylate in rat intestine.
Pharm. Res. 16:1781Y1785 (1999).

45. C. Le Grimellec, G. Friedlander, and M. C. Giocondi. Asym-
metry of plasma membrane lipid order in MadinYDarby canine
kidney cells. Am. J. Physiol. 255:F22YF32 (1988).

46. S. Ito, C. Woodland, B. Sarkadi, G. Hockmann, S. E. Walker,
and G. Koren. Modeling of P-glycoprotein-involved epithelial drug
transport in MDCK cells. Am. J. Physiol. 277:F84YF96 (1999).

47. K. A. Lentz, J. W. Polli, S. A. Wring, J. E. Humphreys, and J. E.
Polli. Influence of passive permeability on apparent P-glycopro-
tein kinetics. Pharm. Res. 17:1456Y1460 (2000).

48. P. Artursson, A. L. Ungell, and J. E. Lofroth. Selective
paracellular permeability in two models of intestinal absorption:
cultured monolayers of human intestinal epithelial cells and rat
intestinal segments. Pharm. Res. 10:1123Y1129 (1993).

49. D. Sun, H. Lennernas, L. S. Welage, J. L. Barnett, C. P.
Landowski, D. Foster, D. Fleisher, K. D. Lee, and G. L. Amidon.
Comparison of human duodenum and Caco-2 gene expression
profiles for 12,000 gene sequences tags and correlation with
permeability of 26 drugs. Pharm. Res. 19:1400Y1416 (2002).

50. D. L. Bourdet, G. M. Pollack, and D. R. Thakker. Intestinal
absorptive transport of the hydrophilic cation ranitidine: a
kinetic modeling approach to elucidate the role of uptake and
efflux transporters and paracellular vs. transcellular transport in
caco-2 cells. Pharm. Res. 23(6):1178Y1187 (2006).

51. C. Ng, D. R. Thakker, and K.L. Brouwer. Localization and
expression of hOCT1 in Caco-2 cell monolayers. AAPS Pharm.
Sci. 4:Abstract T2207 (2002).

1177Saturable Uptake and Efflux of Ranitidine


