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ABSTRACT 

Human organic cation transporters (hOCTs) are expressed in organs of drug absorption and 

elimination and play an important role in the uptake and elimination of xenobiotics. The 

purpose of this study was to evaluate the substrate and inhibitory activity of the H2-receptor 

antagonists, ranitidine and famotidine, toward hOCTs and determine the hOCT isoforms 

involved in the absorption and elimination of these compounds in humans. Inhibition and 

substrate specificity of hOCT1, hOCT2, and hOCT3 for ranitidine and famotidine were 

elucidated in cRNA injected Xenopus laevis oocytes. Ranitidine and famotidine exhibited 

similarly potent inhibition of [3H]MPP+ uptake into hOCT1 (IC50: 33 and 28 µM, 

respectively) and hOCT2 (IC50: 76 and 114 µM, respectively) expressing oocytes. 

Famotidine exhibited potent inhibition of hOCT3; in contrast, ranitidine was a moderately 

weak inhibitor (IC50: 6.7 and 290 µM, respectively). [3H]Ranitidine uptake was stimulated by 

hOCT1 (Km: 70 ± 9 µM), and to a much smaller extent by hOCT2. No stimulation of 

[3H]ranitidine uptake was observed in hOCT3 expressing oocytes. Trans-stimulation and 

electrophysiology studies suggested that famotidine also is a hOCT1 substrate and exhibits 

poor or no substrate activity towards hOCT2 and hOCT3. Thus, hOCT1, which is expressed 

in the intestine and liver, is likely to play a major role in the intestinal absorption and hepatic 

disposition of ranitidine and famotidine in humans, whereas hOCT2, the major isoform 

present in the kidney, may play only a minor role in their renal elimination. Famotidine 

appears to be one of the most potent inhibitors of hOCT3 yet identified.
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INTRODUCTION 

 The H2-receptor antagonists, ranitidine and famotidine (Fig. 1), represent a class of 

weakly basic, hydrophilic compounds that exist as partially charged organic cations at 

physiological pH values. Despite their hydrophilic nature, both ranitidine and famotidine are 

relatively well absorbed in humans and exhibit oral bioavailability of 40-70% (van Hecken et 

al., 1982; Yeh et al., 1987). They are primarily eliminated unchanged via renal excretion (~ 

70%) with minor contributions from hepatic metabolism (~ 20-30%) and intestinal secretion 

(Lin, 1991; Gramatte et al., 1994). Biliary excretion of ranitidine and famotidine is 

insignificant in both rats and humans (Klotz and Walker, 1990; Suttle and Brouwer, 1994). 

Interestingly, the renal clearance of ranitidine and famotidine greatly exceeds the glomerular 

filtration rate (GFR) suggesting the kidney actively secretes these compounds into urine 

(McNeil et al., 1981; Kroemer and Klotz, 1987). Ranitidine also significantly reduces the 

renal clearance of the organic cations procainamide (Somogyi and Bochner, 1984) and 

triamterene (Muirhead et al., 1988) in humans, presumably via competition for renal tubular 

secretion pathways. Such observations clearly suggest the importance of membrane transport 

processes in the pharmacokinetic behavior of these compounds in humans. However, specific 

transporters involved in the absorption and elimination of these widely prescribed and 

extensively used over the counter drugs have not been conclusively identified.  

 Human organic cation transporters (OCTs) represent a family of recently cloned 

candidate transporters likely to be involved in the disposition of small, hydrophilic organic 

cations such as ranitidine and famotidine. hOCT1 (SLC22A1) is primarily expressed at the 

sinusoidal membrane of hepatocytes, and mediates uptake of organic cations from the blood 

to the liver (Gorboulev et al., 1997; Zhang et al., 1997). hOCT2 (SLC22A2) exhibits primary 
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expression at the basolateral (BL) membrane of renal proximal tubule cells, and mediates the 

initial step in the renal excretion of organic cations (Motohashi et al., 2002). hOCT3 

(SLC22A3) is expressed in a wide range of tissues although highest expression has been 

documented in the liver, placenta, kidney, and skeletal muscle (Wu et al., 2000). The 

subcellular localization of hOCT3 to the apical (AP) or BL membrane, however, has not been 

demonstrated. OCTs mediate substrate transport via a uniport mechanism driven by the 

inside negative membrane potential, and also can support electroneutral organic cation 

exchange via an antiport mechanism (Busch et al., 1996; Zhang et al., 1999). Typical 

substrates of the human OCT isoforms include small, quaternary ammonium organic cations 

such as tetraethylammonium (TEA) and 1-methyl-4-phenyl pyridinium (MPP+) as well as 

endogenous amines such as dopamine, serotonin, and agmatine. A large number of cationic 

therapeutic agents have also been identified as inhibitors of human OCT family proteins, 

however, relatively few have been identified as substrates. Thus, the influence of OCT-

mediated transport for uptake into human barrier and excretory tissues such as liver, kidney, 

and intestine has not been elucidated for many cationic drugs. 

 Although the relevance of hOCTs to renal and hepatic disposition has been relatively 

well established, their potential role in intestinal transport is less well defined. hOCT1 

mRNA expression has been reported in human small intestine (Zhang et al., 1999) and 

mRNA expression of hOCT1, hOCT2, and hOCT3 has been demonstrated in the Caco-2 cell 

model of intestinal epithelium (Bleasby et al., 2000; Martel et al., 2001; Hayer-Zillgen et al., 

2002). The function of these transporters in the intestine or Caco-2 cells, however, is unclear. 

We have previously observed saturable and inhibitable transport behavior of ranitidine and 

famotidine across Caco-2 cell monolayers (Lee and Thakker, 1999). Furthermore, the apical 
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uptake of ranitidine in Caco-2 cells is saturable, membrane-potential dependent, and 

inhibited by a broad range of organic cations including TEA and MPP+, suggesting that 

transporters for organic cations (e.g. OCTs) may be involved in the intestinal absorption of 

ranitidine (Bourdet and Thakker, 2003). Despite functional evidence for involvement of 

OCTs in their transport across Caco-2 cells, the substrate specificity and isoform selectivity 

of ranitidine and famotidine for individual hOCTs has not been elucidated.  

 The primary objective of this study was to evaluate the substrate and inhibitory 

activity of ranitidine and famotidine toward the human organic cation transporters hOCT1, 

hOCT2, and hOCT3. Thus, we examined the ability of ranitidine and famotidine to serve as 

both inhibitors and substrates of each OCT isoform expressed in Xenopus laevis oocytes. 

Ranitidine and famotidine exhibited similar inhibitory potencies towards hOCT1 and 

hOCT2; however, each displayed striking differences in their potency toward hOCT3. The 

H2-receptor antagonists were substrates of hOCT1, but exhibited little or no substrate activity 

toward hOCT2 and hOCT3. This report highlights the differential handling of hydrophilic 

organic cations by human organic cation transporter isoforms and provides a mechanistic 

basis for potential drug interactions involving ranitidine and famotidine in their absorption, 

hepatic uptake, and renal excretion in humans. 
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MATERIALS AND METHODS 

Materials. [3H]MPP+ (85 Ci/mmol) was obtained from American Radiolabeled Chemicals, 

Inc. (St. Louis, MO). [3H]Ranitidine (7 Ci/mmol) was obtained as a gift from 

GlaxoSmithKline (RTP, NC) and originally custom synthesized by Amersham Life Sciences 

(Piscataway, NJ). [3H]Ranitidine was purified immediately prior to experiments by reverse-

phase HPLC, and radiochemical purity exceeded 95% as verified by radio-HPLC detection 

(Flow Scintillation Analyzer 500TR Series, Packard Bioscience, Downer’s Grove, IL). TEA, 

quinidine, and metformin were obtained from Sigma (St. Louis, MO). Famotidine was 

purchased from ICN Biomedicals (Aurora, OH). Unlabeled ranitidine was purchased from 

Research Biochemicals International (Natick, MA). hOCT1 cDNA was provided by Dr. 

Kathleen Giacomini (UCSF, San Francisco, CA) cloned in the pEXO vector. hOCT2 cDNA 

was provided by Dr. John Pritchard (NIEHS, RTP, NC) cloned in the pcDNA3.1/V5-His-

TOPO vector (Invitrogen, Carlsbad, CA). hOCT3 cDNA was provided by Dr. Vadivel 

Ganapathy (Medical College of Georgia, Augusta, GA) cloned in the pSPORT1 vector 

(Invitrogen, Carlsbad, CA). 

cRNA Synthesis. Capped hOCT1, hOCT2, and hOCT3 cRNA was synthesized after 

linearization of the pEXO (hOCT1), pcDNA3.1/V5-His-TOPO (hOCT2), and pSPORT1 

(hOCT3) plasmids downstream of the cDNA inserts with BamH1 (hOCT1 and hOCT3) and 

Pme1 (hOCT2), respectively. Transcription was carried out with T7 RNA Polymerase using 

Ambion’s mMESSAGE mMACHINE in vitro transcription kit (Ambion, Austin, TX). RNA 

yield and concentration were determined by UV absorbance at 260 nm on a Beckman DU 

640 UV spectrophotometer. 
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Oocyte Isolation and Injection. Adult female Xenopus laevis were cooled in an ice bath, 

anesthethized by immersion in tricaine methanesulfonate, pithed, and decapitated. All animal 

procedures were conducted according to protocols approved by the NIEHS Animal Care and 

Use Committee. Mature stage V and VI oocytes were isolated and defolliculated by treatment 

with collagenase A (Roche Diagnostics, Indianapolis, IN). Oocytes were maintained at 18ºC 

in oocyte ringer’s (OR-2) buffer (82.5 mM NaCl, 2.5 mM KCl, 1 mM Na2HPO4, 3 mM 

NaOH, 1 mM CaCl2, 1 mM MgCl2, 1 mM Pyruvic Acid, and 5 mM HEPES, pH 7.6) 

supplemented with 0.05 mg/ml gentamicin sulfate, 1.5 mM sodium pyruvate, and 5% heat-

inactivated horse serum. Oocytes were injected with 20 ng of hOCT1 or hOCT2 cRNA and 

50 ng of hOCT3 cRNA one or two days following isolation. Oocytes injected with water 

(16.1 nl) served as controls.  

Oocyte Uptake Studies. Uptake of 1 µM [3H]MPP+ (1 or 2 µCi/mL) or [3H]ranitidine (0.5 

µCi/mL) was evaluated at various time points in OR-2 buffer at room temperature three days 

after injection of hOCT cRNA. Inhibition or ranitidine uptake studies included the indicated 

concentrations of unlabeled inhibitors or cold substrate. Uptake was arrested by aspiration of 

the uptake solution followed by washing of the oocytes 3x with 2 mL ice-cold OR-2 buffer. 

Individual oocytes were dissolved in 300 µL 1N NaOH, neutralized with 300 µL 1N HCl, 

and the radioactivity associated with each oocyte determined by liquid scintillation counting 

using a Packard 1600TR LSC. 

Trans-Stimulation Studies. Oocytes were pre-loaded for 2 hr with 1 µM [3H]MPP+ (1 

µCi/mL). After loading, the uptake solution was aspirated and oocytes washed 3x with 2 mL 

ice-cold OR-2 buffer. The OR-2 wash solution was replaced with OR-2 buffer or a high K+ 

OR-2 buffer (82.5 mM KCl, 2.5 mM NaCl, 1 mM Na2HPO4, 3 mM NaOH, 1 mM CaCl2, 1 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 1, 2005 as DOI: 10.1124/jpet.105.091223

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #91223  9 

mM MgCl2, 1 mM Pyruvic Acid, and 5 mM HEPES, pH 7.6) containing ranitidine (1 mM), 

famotidine (1 mM), or TEA (1 mM), and pre-loaded [3H]MPP+ was allowed to efflux at 

room temperature for 1 hr. Radioactivity in the efflux buffer and individual oocytes was 

determined by liquid scintillation counting using a Packard 1600TR LSC. Individual oocytes 

were dissolved in 300 µL 1N NaOH and subsequently neutralized with 300 µL 1N HCl 

before liquid scintillation counting. The % of [3H]MPP+ effluxed from the oocytes was 

calculated from the amount in the efflux medium and intracellular remaining [3H]MPP+.  

Electrophysiology Studies. Electrophysiology studies were carried out at room temperature 

5-7 days post-injection as described previously (Aslamkhan et al., 2003). Briefly, water, 

hOCT1, hOCT2, or hOCT3-injected oocytes were voltage clamped at – 60 mV and 

superfused with OR-2 buffer or OR-2 buffer containing the test compounds. Compound 

applications were followed by washout with OR-2 buffer before application of the next 

compound. The inward electrical currents induced by application of potential substrates to 

the oocytes was measured and recorded. Electrophysiology recordings were acquired and 

analyzed using the pClamp 9.0 software acquisition package (Axon Instruments, Union City, 

CA). 

Data Analysis. Values are expressed as mean ± standard error (SE). Statistical significance 

was evaluated using unpaired t tests with p < 0.05 considered statistically significant. Kinetic 

constants (Jmax, Km) for transporter mediated [3H]ranitidine uptake were obtained by fitting 

the Michaelis-Menten model to the ranitidine uptake data. Inhibition of transporter-mediated 

uptake was determined by subtraction of the uptake observed in water-injected oocytes from 

that observed in transporter-injected oocytes. IC50 values were determined by fitting a 

sigmoidal inhibition model to the inhibition data using the following equation:  V = Vo/[1 + 
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(I/IC50)
n] where V is the uptake rate of [3H]MPP+ in the presence of inhibitor, Vo is the 

uptake rate of [3H]MPP+ in the absence of inhibitor, I is the concentration of inhibitor, and n 

is the Hill coefficient. WinNonlin (Pharsight, Mountain View, CA) was used for estimation 

of kinetic constants and IC50 values. Uptake clearance (CLup) of [3H]ranitidine and [3H]MPP+ 

was determined from the rate of uptake into the oocytes divided by the initial extracellular 

concentration. Rate of uptake for [3H]ranitidine and [3H]MPP+ was linear over a 30 min time 

course. Normalization of [3H]ranitidine CLup to [3H]MPP+ CLup was accomplished by 

dividing the [3H]ranitidine CLup by the [3H]MPP+ CLup.  
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RESULTS 

Functional Expression of hOCT1, hOCT2, and hOCT3 in Xenopus laevis Oocytes. 

Uptake of [3H]MPP+ (1 µM), a model substrate for hOCT1, hOCT2, and hOCT3, was 

examined in oocytes injected with water or with hOCT1, hOCT2, or hOCT3 cRNA as a 

function of time. Uptake of [3H]MPP+ in oocytes injected with hOCT1, hOCT2, or hOCT3 

cRNA was significantly greater at each time point than in oocytes injected with water (Fig. 

2). Uptake of [3H]MPP+ was linear over the time course investigated (0-60 min) for each 

transporter. The significantly increased uptake of the OCT substrate, [3H]MPP+, in 

transporter cRNA-injected oocytes demonstrates functional expression of the transport 

proteins on the oocyte cell membrane. 

Inhibition of hOCT1, hOCT2, and hOCT3 by Ranitidine and Famotidine in Xenopus 

laevis Oocytes. Interaction of ranitidine and famotidine with human organic cation 

transporters was probed by evaluating their ability to inhibit uptake of the model OCT 

substrate, MPP+.  Additional organic cations were examined based on their expected 

inhibitory potency toward human organic cation transporters [quinidine (strong), TEA 

(moderate), metformin (weak)] (Zhang et al., 1998; Dresser et al., 2002) in order to provide 

comparison to ranitidine and famotidine. Uptake of [3H]MPP+ into hOCT1, hOCT2, and 

hOCT3 expressing oocytes was inhibited in a concentration-dependent manner by each of the 

investigated organic cations (Fig. 3). The potency of inhibition, as measured by IC50 values, 

is displayed in Table 1. As expected, quinidine was a relatively potent inhibitor of all three 

hOCT isoforms (IC50 < 20 µM) while TEA and metformin were decidedly less potent. TEA 

exhibited significantly weaker affinity for hOCT3 than for hOCT1 and hOCT2 as has been 

previously observed (Wu et al., 2000). The H2-receptor antagonists, ranitidine and 
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famotidine, inhibited hOCT1 and hOCT2 with potency that was ~ 7-fold (hOCT1) and 2 to 

3-fold (hOCT2) greater than that of TEA, and 5 to 15-fold less than that of quinidine. 

Inhibition potency of ranitidine and famotidine for hOCT1 was similar (IC50 ~ 30 µM). 

Inhibition potency of ranitidine and famotidine for hOCT2 also was similar (IC50 ~ 75-100 

µM). Ranitidine and famotidine thus displayed approximately 2-3 fold greater inhibition 

potency for hOCT1 than for hOCT2. Interestingly, ranitidine was a significantly less potent 

inhibitor of hOCT3 than of hOCT1 and hOCT2, whereas famotidine was a significantly more 

potent inhibitor of hOCT3 than the other two hOCTs (Table 1). In fact, famotidine was 

almost a 3-fold more potent inhibitor of hOCT3 than quinidine (Table 1) (famotidine IC50 6.7 

± 2.0 µM) and may be one of the most potent hOCT3 inhibitors identified to date. 

Uptake of [3H]Ranitidine by hOCT1-, hOCT2-, and hOCT3-Expressing Xenopus laevis 

Oocytes.  Numerous organic cations exhibit inhibition of organic cation transporters, yet are 

not transported substrates. In order to determine if ranitidine is a substrate of human organic 

cation transporters, uptake of [3H]ranitidine (10 µM) was evaluated in water-injected and 

hOCT1-, hOCT2-, and hOCT3-expressing oocytes. Uptake of [3H]ranitidine was ~ 50 fold 

greater in hOCT1-expressing oocytes compared to water-injected controls (Fig. 4A). In 

contrast, uptake of [3H]ranitidine was only ~ 2-fold greater in hOCT2-expressing oocytes 

compared to water-injected controls (Fig. 4A). Uptake of [3H]ranitidine was similar in 

hOCT3-expressing oocytes and water-injected controls suggesting that ranitidine is not a 

substrate of hOCT3 (Fig. 4A). Since variability in transporter expression and number renders 

a direct comparison between hOCT1 and hOCT2-mediated [3H]ranitidine transport difficult, 

[3H]ranitidine uptake was normalized relative to the uptake of [3H]MPP+ in the same batch of 

oocytes. Efficiency of uptake was expressed as an uptake clearance (CLup) as defined under 
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Data Analysis. Reported Km values of MPP+ for hOCT1 and hOCT2 are 15 and 19 µM, 

respectively (Gorboulev et al., 1997; Zhang et al., 1997). Thus, uptake of 1 µM [3H]MPP+ 

([S] << Km) should reflect the intrinsic efficiency (Vmax / Km) of the uptake process for both 

hOCT1 and hOCT2, and account for differences in transporter expression between hOCT1 

and hOCT2 expressing oocytes. The CLup of [3H]ranitidine in hOCT1-expressing oocytes 

was ~ 9-fold greater in hOCT1-expressing oocytes than in hOCT2 expressing oocytes when 

normalized to the CLup of [3H]MPP+ (Fig. 4B). The results indicate that hOCT1-mediated 

[3H]ranitidine uptake is ~ 10% as efficient as [3H]MPP+ uptake. hOCT2-mediated 

[3H]ranitidine uptake, however, is only approximately 1% as efficient as hOCT2-mediated 

[3H]MPP+ uptake (Fig. 4B). The results clearly demonstrate that ranitidine is a substrate of 

hOCT1 and hOCT2 although the efficiency of translocation by hOCT2 is poor in comparison 

to hOCT1.  

Kinetics of hOCT1-Mediated Uptake of [3H]Ranitidine in Xenopus laevis Oocytes. The 

time course of [3H]ranitidine uptake in hOCT1-expressing Xenopus laevis oocytes was 

investigated over 45 min. Uptake of [3H]ranitidine was greater in hOCT1 expressing oocytes 

compared to water-injected controls at each time point investigated (Fig. 5A). Uptake of 

[3H]ranitidine also was linear over the entire 45 min time course, and hence the 30 min time 

point was chosen for further kinetic characterization (Fig. 5A). In order to determine the 

kinetics of hOCT1-mediated ranitidine transport, [3H]ranitidine uptake was determined in 

water-injected and hOCT1-expressing oocytes over a range of [3H]ranitidine concentrations 

(1-500 µM) for 30 min ([3H]ranitidine uptake was linear with respect to time over 30 min for 

each tested concentration). The hOCT1-mediated uptake of [3H]ranitidine was saturable as a 

function of concentration with an estimated Km of 70 ± 9 µM. (Fig. 5B). 
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Trans-stimulation and Trans-inhibition of MPP+ Efflux from hOCT1-, hOCT2-, and 

hOCT3-Expressing Xenopus laevis Oocytes. Trans-stimulation studies have been 

previously utilized to investigate whether known inhibitors of human organic cation 

transporters also are substrates (Zhang et al., 1998; Zhang et al., 1999). The potential for 

unlabeled famotidine to serve as an OCT substrate was evaluated by pre-loading hOCT1-, 

hOCT2-, or hOCT3-expressing oocytes with [3H]MPP+ (1 µM) for 2 hr and evaluating the 

amount effluxed in the absence and presence of famotidine (1 mM). As a positive control, 

similar experiments were performed with TEA (1 mM), a known hOCT substrate, and 

ranitidine (1 mM), which has been evaluated as a substrate for hOCTs by direct radiolabeled 

uptake (Fig. 5). TEA stimulated efflux of [3H]MPP+ in hOCT1 (~ 2-fold) and hOCT2 (~ 2-

fold) expressing oocytes, consistent with its role as a hOCT1 and hOCT2 substrate (Fig. 6A 

and 6B) (Gorboulev et al., 1997); however, TEA did not stimulate efflux of [3H]MPP+ in 

hOCT3-expressing oocytes (Fig 6C). Similar to TEA, both famotidine and ranitidine trans-

stimulated efflux of [3H]MPP+ from hOCT1-expressing oocytes suggesting that famotidine 

also is a substrate of hOCT1 (Fig. 6A). Interestingly, famotidine and ranitidine exhibited 

trans-inhibition of [3H]MPP+ efflux from hOCT2-expressing oocytes suggesting that these 

compounds are not appreciably transported by hOCT2 (Fig. 6B). Famotidine also trans-

inhibited efflux of [3H]MPP+ from hOCT3-expressing oocytes, however, ranitidine did not 

significantly affect the [3H]MPP+ efflux (Fig. 6C). Similar patterns of trans-stimulation and 

trans-inhibition were obtained for efflux of [3H]MPP+ into a depolarizing buffer (i.e., high 

K+ concentration). However, efflux of [3H]MPP+ was higher under depolarizing conditions, 

perhaps due to the reduction in the inside negative membrane potential which provides a 

more favorable electrochemical environment for organic cation efflux (see Fig. 6 Legend). 
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These results confirm that the observed trans-stimulation and trans-inhibition results for 

hOCT1 and hOCT2 do not result from non-specific effects of the applied compounds on the 

membrane potential.  

Induction of Electrical Currents in Voltage-Clamped Xenopus laevis Oocytes. 

Electrophysiology studies were undertaken to confirm the results from the trans-stimulation 

studies. Significant inward currents were induced in voltage-clamped hOCT1-expressing 

oocytes when superfused with ranitidine (50 µM), famotidine (50 µM), and the positive 

control TEA (200 µM) (Fig. 7A). None of the ligands induced significant currents in water- 

injected oocytes suggesting that the currents induced in hOCT1-injected oocytes result from 

hOCT1 mediated uptake of the organic cations (Fig. 7A). 

Superfusion of voltage-clamped hOCT2-expressing oocytes with high concentrations 

of ranitidine (1 mM) and famotidine (1 mM) resulted in minimal currents (~ 5 nA) that were 

similar to those observed in water-injected oocytes (Fig. 7B). TEA (1 mM), however, did 

induce significant currents in hOCT2 expressing oocytes as expected (Fig. 7B). The small 

currents observed in water-injected oocytes for ranitidine, famotidine, and TEA may result 

from endogenous uptake and/or a non-specific effect of high cation concentrations (1 mM) 

on the membrane potential. High concentrations were used in an attempt to maximize the 

signal from inefficiently transported substrates. Additional studies utilizing lower 

concentrations of ranitidine and famotidine (200 µM) exhibited no significant inward 

currents in water-injected or hOCT2-injected oocytes (data not shown). These results suggest 

that ranitidine and famotidine are not appreciably transported by hOCT2 and are consistent 

with the results of the trans-stimulation studies.  
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Superfusion of voltage-clamped hOCT3-expressing oocytes with ranitidine (1 mM) 

and famotidine (1 mM) resulted in no significant inward currents. Similar results were 

obtained in oocytes injected with water suggesting none of the tested compounds were 

significantly transported by hOCT3. Unfortunately, TEA, a substrate for hOCT3, also did not 

produce inward currents, thus failing to provide a positive control for the electrophysiology 

results obtained with hOCT3-expressing oocytes. Uptake of [3H]MPP+ into the hOCT3 

expressing oocytes was significantly greater (2 to 3-fold) than the observed uptake into 

water-injected oocytes, however, indicating that the hOCT3 transport protein was functional 

during the course of these studies (see Fig. 2). On weight of evidence, it is clear that hOCT3 

is not capable of transporting ranitidine and famotidine.  Clearly, hOCT3 did not support 

uptake of labeled ranitidine (Fig. 4). Thus, the inability of ranitidine to elicit a current is to be 

expected. Furthermore, ranitidine and famotidine each inhibited both uptake (Fig. 4) and 

efflux (Fig. 6) of MPP+ in hOCT3-expressing oocytes. Thus, the evidence indicates that both 

drugs may bind to - and inhibit – hOCT3, but that neither drug is itself transported by it.  
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DISCUSSION 

 In the present study, the interaction of the H2-receptor antagonists, ranitidine and 

famotidine, with the human organic cation transporters hOCT1, hOCT2, and hOCT3 has 

been evaluated. Consistent with the poly-specific nature of this family of transporters, 

ranitidine and famotidine displayed significant inhibition of each of the investigated 

transporters. However, their inhibitory potency for the three hOCTs differed markedly. For 

example, ranitidine and famotidine displayed moderately potent inhibition against hOCT1 

with IC50 values of approximately 30 µM (Table 1). Their inhibition of hOCT2, however, 

was somewhat less potent (IC50 values ~ 75-100 µM). Interestingly, famotidine was an 

excellent inhibitor of hOCT3 (IC50 6.5 µM) and represents one of the most potent inhibitors 

of hOCT3 among currently marketed therapeutic agents. Ranitidine, however, displayed 

relatively poor affinity for this transporter (IC50 290 µM), thus suggesting that famotidine 

contains structural features which significantly increase its affinity for hOCT3 compared to 

ranitidine. One possible explanation is that hOCT3 binds with higher affinity to the 

guanidinium cationic moiety of famotidine as opposed to the N-dimethyl cationic group of 

ranitidine (Fig.1 for structures). However, the relatively poor affinity of guanidine itself for 

hOCT3 (Ki 6200 µM) (Wu et al., 2000) as well as the relatively weak inhibition by 

guanidinium containing metformin (IC50 2332 µM) (Table 1) would suggest that the presence 

of the guanidinium group itself does not confer high affinity to hOCT3 and that structural 

differences residing outside of the cationic moiety of ranitidine and famotidine most likely 

dictate the high affinity of famotidine toward hOCT3. Such interpretation is consistent with 

reports of increased affinity of n-tetraalkylammonium (n-TAA) compounds for hOCT1 with 

increasing alkyl chain length, suggesting that the affinity of n-TAA to hOCT1 is defined by 
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structural motifs other than the charged center of these compounds (Zhang et al., 1999). 

Identification of the specific structural motifs which confer such strong affinity of famotidine 

to hOCT3, however, is beyond the scope of this study. 

The observed inhibition of hOCT1, hOCT2, and hOCT3 by ranitidine and famotidine 

raises the possibility of drug-drug-interactions involving these agents and co-administered 

organic cations. Ranitidine is actively secreted by the kidney and has been reported to reduce 

the renal clearance of the actively secreted organic cations procainamide and triamterene in 

humans (Somogyi and Bochner, 1984; Muirhead et al., 1988). It is plausible to speculate that 

inhibition of highly expressed renal hOCT2 by ranitidine may explain the observed decrease 

in renal clearance for procainamide and triamterene in humans. Typically observed Cmax 

plasma concentrations of ranitidine after a 150 mg oral dose are relatively low (~ 1-2 µM) 

(van Hecken et al., 1982). The IC50 determined for inhibition of hOCT2 by ranitidine (76 

µM) (Table 1) in vitro was approximately 35-fold higher than its maximal plasma 

concentrations, however, suggesting that inhibition of hOCT2 may not be the mechanism 

behind the reduced renal clearance of procainamide and triamterene in vivo. However, higher 

local ranitidine concentrations at the hOCT2 substrate binding site or differences in inhibition 

potency toward triamterene may complicate such in vitro-in vivo predictions. Unlike 

ranitidine, famotidine exhibits virtually no known drug interactions and does not reduce the 

renal clearance of procainamide in humans (Klotz et al., 1985). This is most likely a function 

of its 8-fold greater H2-receptor potency over ranitidine which results in lower effective 

doses and subsequently lower plasma concentrations that do not interfere with renal tubular 

secretion.  
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Since inhibition of transporter activity does not necessarily translate to substrate 

activity, a multi-experimental approach was employed to evaluate the substrate specificity of 

ranitidine and famotidine for hOCT1, hOCT2, and hOCT3. Direct radio-labeled uptake 

represents the preferred method for evaluation of substrate specificity and [3H]ranitidine 

uptake was stimulated by hOCT1- and hOCT2-expressing oocytes indicating that it is a 

substrate of these transporters (Fig. 4). Uptake of ranitidine by hOCT2, however, was 

relatively weak especially compared to that observed for MPP+. Trans-stimulation studies 

suggested that famotidine also was translocated by hOCT1, however, a trans-inhibition effect 

was observed for both ranitidine and famotidine in inhibiting MPP+ efflux from hOCT2- 

expressing oocytes (Fig. 6). This apparent trans-inhibition is consistent with the poor 

substrate activity of ranitidine for hOCT2 and suggests that famotidine also is not well 

translocated by hOCT2. The electrophysiology studies provide further evidence supporting 

this conclusion as even high concentrations (1 mM) of ranitidine and famotidine failed to 

induce significantly greater currents in hOCT2-expressing oocytes than those observed in 

water-injected controls (Fig. 7). No evidence was obtained that ranitidine or famotidine are 

transported by hOCT3 suggesting this transporter does not play a role in the disposition of 

these agents in humans. 

The finding that ranitidine and famotidine are poor hOCT2 substrates is surprising 

since both ranitidine and famotidine exhibit active renal secretion that may be presumed to 

occur via highly expressed renal hOCT2. However, the observed poor substrate activity of 

ranitidine and famotidine toward hOCT2 is also consistent with a recent report suggesting 

that famotidine is not appreciably translocated by hOCT2 (Motohashi et al., 2004). 

Interestingly, cimetidine, another H2-receptor antagonist, appears to exhibit the reverse 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 1, 2005 as DOI: 10.1124/jpet.105.091223

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #91223  20 

selectivity as it is a relatively good substrate of hOCT2 but reportedly exhibits weak substrate 

activity toward hOCT1 (Zhang et al., 1998; Urakami et al., 2002). Although hOCT2 likely 

contributes to the renal excretion of ranitidine and famotidine to some extent in humans, it 

may not be the dominant transport mechanism. Recent investigations suggest that cimetidine 

and famotidine are substrates of the highly expressed renal organic anion transporter, hOAT3 

(SLC22A8) (Cha et al., 2001; Motohashi et al., 2004) whereas ranitidine has been identified 

as a substrate of the rat isoform, rOAT3 (Nagata et al., 2004). Although it is not known if 

ranitidine is also a substrate of hOAT3, probenecid, an organic anion transporter inhibitor, 

reduces the renal clearance of ranitidine in the dog (Boom et al., 1998) as well as that of 

famotidine in man (Inotsume et al., 1990). Therefore, multiple transporters including hOCT2 

and hOAT3 are likely involved in the renal excretion of ranitidine and famotidine in humans. 

Although hepatic metabolism does not play a major role in the overall clearance of 

ranitidine and famotidine in humans (Lin, 1991), the mechanism of hepatic uptake is likely 

mediated via hOCT1. The Km determined for ranitidine (70 µM; Fig. 5B) would dictate that 

the hOCT1 mediated hepatic uptake would not be saturated at typical therapeutic doses. 

Since biliary excretion of ranitidine and famotidine is reported as low in humans (< 2.6% of 

dose) (Klotz and Walker, 1990), unmetabolized ranitidine and famotidine may accumulate in 

the liver before subsequent efflux back into blood followed by their eventual renal excretion. 

Studies using rat isolated perfused liver systems appear to support the uptake and 

accumulation of H2-receptor antagonists by the liver as perfusate concentrations significantly 

decline over time indicating efficient liver extraction (Mihaly et al., 1982; Hughes et al., 

1995). Ranitidine and famotidine also may compete for hepatic uptake with other organic 

cations potentially leading to drug-drug interactions at the level of hepatic uptake. Since 
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hOCT1 controls access to drug metabolizing enzymes for its substrates, such interactions 

may affect the hepatic elimination of certain drugs. Interestingly, a reduction in the 

hydroxylation clearance of the organic cation triamterene has been reported when co-

administered with ranitidine despite ranitidine’s noted lack of effect upon cytochrome P450-

mediated metabolism at therapeutic doses (Muirhead et al., 1988; Smith and Kendall, 1988). 

Such events may potentially be explained by reduced hepatic uptake of organic cations by 

hOCT1 in the presence of ranitidine and highlights the potential interplay between drug 

transporters and drug metabolizing enzymes. 

The role of hOCTs in the intestinal handling of organic cations is not clear. While the 

rat isoforms Oct1 and Oct3 clearly demonstrate intestinal expression (Grundemann et al., 

1994; Kekuda et al., 1998), little information is available regarding their human expression. 

Zhang et al. reported intestinal expression of hOCT1 by RT-PCR suggesting that this isoform 

is present in the human intestine (Zhang et al., 1999). A number of studies have also reported 

expression of hOCT1, hOCT2, and hOCT3 in the Caco-2 cell model of intestinal epithelium 

(Zhang et al., 1999; Bleasby et al., 2000; Martel et al., 2001; Hayer-Zillgen et al., 2002). 

Functional studies suggest a lack of saturable OCT mediated uptake of TEA along the 

basolateral membrane of Caco-2 cells (Lee et al., 2002). However, uptake of TEA and MPP+ 

across the apical membrane of Caco-2 cells is saturable and consistent with OCT-mediated 

processes (Ng et al., 2002). Interestingly, ranitidine and famotidine also display saturable 

transport and uptake behavior in the AP to BL direction across Caco-2 cells suggesting that  

carrier-mediated processes may be involved in their absorption (Lee and Thakker, 1999). The 

finding that ranitidine and famotidine serve as hOCT1 substrates (Figs. 4, 6, 7) thus identifies 

at least one isoform of the OCT family as a candidate transporter to mediate saturable uptake 
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of these compounds into Caco-2 cells. Additional organic cation transporters such as 

hOCTN1, hOCTN2, or unidentified transporters may also potentially be involved in the 

uptake of these compounds. 

In conclusion, ranitidine and famotidine have been identified as excellent substrates 

of hOCT1. hOCT1 likely mediates hepatic uptake of ranitidine and famotidine in humans and 

presents a potential site for drug-drug interactions among hOCT1 substrates. Ranitidine and 

famotidine are poor substrates of hOCT2 and neither compound serves as a substrate of 

hOCT3 suggesting that other transporters may be involved in their renal secretion. Both 

ranitidine and famotidine display inhibition of all three hOCT isoforms, and famotidine has 

been identified as one of the most potent marketed therapeutic agents that inhibits hOCT3. 

Therefore, hOCT1 and hOCT2 likely play key roles in the pharmacokinetic disposition and 

elimination of ranitidine and famotidine in humans and may represent sites of drug-drug 

interaction involving ranitidine and famotidine.  
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FIGURE LEGENDS 

Fig. 1. Structures of the H2-receptor antagonists, ranitidine and famotidine. 

Fig. 2. Functional expression of hOCT1, hOCT2, and hOCT3 in Xenopus laevis oocytes. 

Water-injected or hOCT1, hOCT2, and hOCT3 expressing oocytes were incubated with 

[3H]MPP+ (1 µM) for the indicated time. Data represent mean ± S.E. from a representative 

experiment. Experiments were repeated in oocytes from multiple frogs. 6-8 oocytes were 

used per time point. 

Fig. 3. Concentration dependent inhibition of hOCT1, hOCT2, and hOCT3 in Xenopus laevis 

oocytes by organic cations.  Uptake of [3H]MPP+ in water-injected or hOCT1, hOCT2, and 

hOCT3 expressing oocytes was determined in the absence or presence of increasing 

concentrations of quinidine (●), ranitidine (○), famotidine (▼), TEA ( ), and metformin (■) 

for 45 min. Data represent inhibition of the transporter-mediated portion of [3H]MPP+ 

uptake. Data are expressed as mean ± S.E. of experiments containing 6-8 oocytes per data 

point. 

Fig. 4. Uptake of [3H]ranitidine by hOCT1, hOCT2, and hOCT3-expressing Xenopus laevis 

oocytes. (A) Uptake of [3H]ranitidine (10 µM) was determined in water-injected or hOCT1-, 

hOCT2-, and hOCT3-expressing oocytes. (B) Comparison of [3H]ranitidine uptake efficiency 

by hOCT1 and hOCT2. CLup of [3H]ranitidine (10 µM) was determined in hOCT1- and 

hOCT2-expressing oocytes and normalized to the CLup determined for [3H]MPP+ (1 µM) in 

the same batch of oocytes. CLup for [3H]ranitidine in hOCT1- and hOCT2-expressing oocytes 

was 1.34 ± 0.07 and 0.06 ± 0.01 µL/hr/oocyte, respectively. CLup for [3H]MPP+ in hOCT1- 

and hOCT2-expressing oocytes was 10.86 ± 0.33 and 4.11 ± 0.35 µL/hr/oocyte, respectively. 
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Data represent mean ± S.E. of a representative experiment containing 6-8 oocytes per 

condition. * p < 0.05 compared to water-injected uptake. 

Fig. 5. Uptake of [3H]ranitidine as a function of time (A) and concentration (B) in hOCT1- 

expressing Xenopus laevis oocytes. Uptake of [3H]ranitidine (10 µM or indicated 

concentration) was determined in water-injected (●) or hOCT1-expressing (○) oocytes for the 

indicated time points (A) or 30 min (B). Data represent mean ± S.E. from 6-8 oocytes per 

time point or concentration. 

Fig. 6. Trans-stimulation and trans-inhibition of [3H]MPP+ efflux from hOCT1- (A), 

hOCT2- (B), and hOCT3-expressing (C) Xenopus laevis oocytes. Oocytes were pre-loaded 

with [3H]MPP+ (1 µM) for 2 hr, washed 3x, and intracellular [3H]MPP+ allowed to efflux 

into OR-2 buffer in the absence (control) or presence of the indicated compounds (1 mM) for 

1 hr. Efflux of [3H]MPP+ into a high K+ OR-2 buffer (depolarizing conditions) also was 

examined and displayed a similar pattern. Per cent [3H]MPP+ effluxed under depolarizing 

conditions for hOCT1 were 7.1 ± 0.04 (Control), 25.4 ± 6.1 (ranitidine), 26.2 ± 5.1 

(famotidine), and 19.3 ± 4.4 (TEA). For hOCT2, % [3H]MPP+ effluxed under depolarizing 

conditions were 11.1 ± 2.2 (control), 5.3 ± 1.8 (ranitidine), 7.2 ± 2.8 (famotidine), and 15.6 ± 

2.4 (TEA). For hOCT3, % [3H]MPP+ effluxed under depolarizing conditions were 7.9 ± 2.6 

(control), 8.3 ± 2.1 (ranitidine), 4.5 ± 0.7 (famotidine), and 8.6 ± 1.5 (TEA). Data are 

presented as the amount of [3H]MPP+ found in the efflux buffer expressed as a percentage of 

the total amount loaded. Data represent mean ± S.E. from at least three separate experiments; 

6-8 oocytes were used per condition per experiment. * p < 0.05 compared to control.  

Fig. 7. Electrical recordings of induced currents in water-injected, hOCT1- (A), hOCT2- (B) 

expressing Xenopus laevis oocytes. Oocytes were voltage clamped at -60 mV 5-7 days post-
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injection and perfused with OR-2 buffer. Voltage-clamped oocytes were exposed to 

ranitidine, famotidine, or TEA at the indicated concentrations. Compounds were removed in 

between applications by washing with OR-2 buffer. Recordings are representative of results 

observed in at least 3 oocytes isolated from 3 different animals. 
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Table 1. IC50 values for inhibition of hOCT1-, hOCT2-, or hOCT3-mediated [3H]MPP+ 

uptake in Xenopus laevis oocytes. 

  
hOCT1 

 
hOCT2 

 
hOCT3 

Inhibitor IC50 (µM) IC50 (µM) IC50 (µM) 

Quinidine 6.7 ± 2.0 8.7 ± 3.1 18.3 ± 0.6 

Ranitidine 33 ± 5 76 ± 24 290 ± 68 

Famotidine 28 ± 2 114 ± 24 6.5 ± 1.7 

TEA 216 ± 44 222 ± 30 1237 ± 247 

Metformin 1231 ± 330 521 ± 415 2332 ± 1160 

IC50 values were determined from three separate experiments, and represent mean ± S.E.  
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