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Abdgract

Fexofenadine, a nonsedating antihistamine drug, is effective for the trestment of seasond dlergic rhinitis and chronic
urticaria  Simultaneous adminidration of probenecid increases the plaama concentration of fexofenadine due to an
inhibition of itsrena dimination in heathy volunteers (Yasui-Furukori et d., Clin Pharmacol Ther. 77:17-23, 2005). The
purpose of the present study is to invedtigate the posshility thet the drug-drug interaction between fexofenadine and
probenecid involves the rena basolaerd uptake process.  The uptake of fexafenadine was determined in HEK293 cdlls
expressing human organic anion trangporter 1 (OATL/S_C22A6), OAT2 (S.C22A7), OAT3 (S_.C22A8) and organic cation
trangorter 2 (OCT2/.C22A2). Only hOAT3-HEK showed a significantly greater accumulation of fexofenadine than
that in vector-HEK , which was saturable with K, and V  values of 70.2 uM and 120 pmol/min/mg protein, regpectively.
Inhibition potency of probenecid for the uptake of fexofenadine was compared between hOAT3 and organic anion
trangporting peptide 1B3 (hOATPLB3), a trangporter responsible for the hepatic uptake of fexofenadine (Shimizu et d.,
Drug Metab Digpos 33:1477-81, 2005). The Ki vaues were determined to be 1.86 and 282 uM, for hOAT3 and
hOATP1B3, respectively, with Hill coefficient of 0.76 and 0.64, respectively.  The Ki vaue of probenecid for hOAT3, but
not for NOATP1B3, was sgnificantly lower than the maximum unbound plasma concentration of probenecid &t clinica
dosages These reaults suggest tha the renal drug-drug interaction between fexofenadine and probenecid is likely

explained by an inhibition of the rend uptake of fexofenadine viahOAT3, at least in part.
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Introduction

The kidney playsimportant roles in the detoxification of xenobiotics and endogenous wastes as well as maintaining
dable levels of dectrolytes and nutrientsin the body.  Urinary excretion conssts of glomerular filtration in the glomeruli,
tubular secretion across the proximal tubules and regbsorption.  Many studies have shown the importance of transporters
in the tubular secretion of a large number of organic compounds and a number of sudies have described the role of
multigpecific organic anion and cation transporters (OAT/S.C22 and OCT/.C22) in the rend uptake of drugs  OCT2
(9.C22A2) plays a predominant role in the rend uptake of organic cations in the human kidney, while OCT1 plays a
predominat in the hepatic uptake of organic cations in the human liver (Koepsdll, 2004; Lee and Kim, 2004; Wright and
Dantzler, 2004). Three isoforms of the organic anion trangporter family (OATL/S.C22A6, OAT2/SLC22A7 and
OAT3/9.C22A8) have been identified on the basolatera membrane of the human proximal tubules (Lee and Kim, 2004;
Miyazaki et a., 2004; Wright and Dantzler, 2004). It has been suggested that hOAT1 plays an important role in the rend
uptake of hydrophilic organic anionswith alow molecular weight, while hOAT3 plays an important rolein the renal uptake
of amphipathic organic anions as well as a basc drug, famotidine (Hasegawa & ., 2003; Tahara et d., 20058). The
MRNA of hOAT2 in thekidney ismarkedly lower than that of hOAT1 and hOAT3 (Motohashi et d., 2002), and itsralein
drug trangport in the kidney remains unknown. Identification of the basplateral trangporters provides a clue to
understanding the molecular mechaniams of drug-drug interactions involving tubular secretion.  Takeda et d (2002) and
Nozaki et d (2004) have shown that rOat3/hOAT 3-mediated renal uptake can be a potentia drug-drug interaction dte with
some non-geroidal anti-inflammatory drugs at clinical dosages by comparing ther K; vaues for rOa3/hOAT3 with the
unbound plasma concentration at their clinical dosages  In addition, we have reported that OAT3 could be the Ste of an
i nteraction between famotidine and probenecid in humans (Tahara et d., 2005q).

Fexofenading, an active metabolite of terfenading, is a non-sedating higamine H; receptor antagonist thet is
prescribed for the ord treatment of dlergic rhinitis and chronic idiopathic urticaria.  After ora adminidration of
[*C]-fexofenadine to hedthy volunteers, 92% of the total dose was recovered, 12% in urine and 80% in feces, as the
unchanged form (Lippert, 1995). Since the average absolute ord bioavailability of fexofenadine was reported to be 33%

(Dresr et d., 2005), about 36% of the bioavailable fexofenadine can be excreted into the urine during a 24-hour period,
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and rend eimination makes a sgnificant contribution to the total body clearance in addition to biliary excretion.
Interactions of fexafenadine with drugs and food have been reported.  The interactions with rifampicin (Hamman € 4.,
2001), & John's wort (Wang e a., 2002) and fruit juice (Dresser et a., 2002) caused a reduction in the AUC of
fexofenadine after ord adminidration, and these are hypothesized to indude modulation of P-glycoprotein or inhibition of
OATP2BL1 in the andl intesine (Cvetkovic & d., 1999; Nozawa et d., 2004). The interactions with vergpamil
(Yasui-Furukori et d., 2005) and ketoconazole (Simpson and Jarvis, 2000) increased the AUC of fexofenadine probably
because of an increase in the ord absorption produced by inhibition of intetina P-glycoprotein.  Probenecid-treatment
caused a dgnificant reduction in the unbound rend clearance of fexofenadine (Yasui-Furukori et d., 2005). Since
probenecid is apotent inhibitor of OATs (Tahara et d., 20053), it is possible thet thisinteraction involves rend trangporters
uch asOAT1, OAT2 and OAT3.

In the present study, to obtain an ingight into the basolaterd uptake mechanisam of fexofenading, the uptake was
determined in cDNA trandfected cdlls expressing hOAT1, hOAT2, hOAT3 and hOCT2, and the effect of probenecid on the

uptake was determined to examine whether it isinhibited by aclinicaly relevant concentration of probenecid.
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Materialsand Methods

Fexofenadine hydrochloride was purchased from Toronto Ressarch Chemicals (North York, ON, Canada).
Ranitidine was purchased from Sigma-Aldrich (St Louis MO).  [?H]PAH (151 GBg/mmol) was purchasedfrom Perkin
Elmer Life Sciences. [3H]PCG (740 GBg/mmol) was purchased from Amersham Biosciences UK (Little Chalfont,
Buckinghamshire, UK).  All other chemicals and reegents were obtained from Kanto Kagaku (Tokyo, Jgpan) or Wako

Pure Chemicds (Osska, Japan) and were of the highes grade available.

The gable trandfectants expressing hOAT1-, hOAT2-, hOAT3-, (Tahara et d., 2005a), hOCT2 (Schlatter et 4.,
2002) and hOATP1B3-HEK (Shimizu et d., 2005) were established as described previoudy. These cdlls were grown in
DMEM (Invitrogen, Carlsbad, CA) supplemented with10% feta bovine serum, penicillin (100 U/ml), streptomycin (100
pg/ml),and G418 sulfate (400 pg/ml) at 37°C with 5% CO, and 95% humidity on the bottom of adish.  hOAT1-, hOAT2-,
hOAT3-, hOCT2- and hOATPIB3-HEK were seeded in polylysine-coated 12-well plates & a density of 1.2 x 10°
celswell. The trangport activity by each cdl-line was confirmed by examining the uptake of ranitidine by hOATL,

hOAT2, hOAT3, and hOCT2.

Trangort Studies

Transport sudies were carried out as described previoudy (Tahara et d., 200538). Uptake was initiated by
adding medium containing 10 uM of the compounds &fter the cells had been washed twice and preincubated with
KrebsHenseldt buffer a 37°C for 15 min.  The Krebs-Hensdeitbuffer consisted of 142 mM NaCl, 23.8 mM NaHCO;,
4.83 mM KCl, 0.96mM KHPO,, 1.20 mM MgSO,, 125 mM HEPES 5 mM glucose, and 1.53 mM CaCl, adjusted to
pH 74. The uptake was terminated a a designedtime by adding ice-cold Krebs-Hensdeit buffer after remova of the
incubetion buffer.  Then, cdls were washed twice with 1 ml ice-cold Krebs-Hensdleit buffer.  For the determingtion of
the uptake of fexofenadine, cdls were dissolved in 300 pl 0.2 N NaOH and kept overnight.  Aliquots (150 pl) were

trandferred to vias after adding 30l 1N HCI.  Aliquots (100 ul) were used for LC-M S quantification as described below.
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The remaining 10 pl of thediquotsof cdl lysate were used to determine the protein concentration by the method of Lowry
with bovine serumabumin asagandard.  Ligand uptake was given as the cdll-to-medium concentration ratio determined

asthe amount of ligand associated with cdlls divided by the medium concentration.

Quantification of fexofenadineby LC-MS

A sendtive method was developed to determine fexofenadine by HPLC-dectrogpray ionizetion mass
spectrometry with midazolam asthe interndl standard (Tahara et a, 2005b). The LC-MS consisted of an Alliance™HT
2795 separation module with an autosampler (Waters Milford, MA) and micromass ZQ mass spectrometer with an electro
ion oray interface (Waters).  The optimum operating conditions used were as follows: dectrogoray probe (capillary)
voltage 2.7 kV, sample cone voltage 35 V and source temperature 100°C.  The spectrometer was operated at a drying
desolvation gasflow-rate of 300 L/h.  The mass Spectrometer was operated in the selected ion monitoring mode using the
repective MH+ ions, m/z 502.3 for fexofenadine and nvz 326.3 for the internal sandard.  The mobile phase used for
HPLC was (A) methanol and (B) 0.05% formic acid. Chromatographic separation was achieved on a Cig column
(Capcdl pak Cig, MG, 4.6 mm |.D. x 75 mm, particle Sze 3 um, Shisaido, Tokyo, Jgpan) using alinear gradient from 55%
A 1o 70% A over 5 min and returning to 55% A within 2 min.  The quartification limit of this method was5 nmal/L in

thecdl lysate  Instrument control and data.andysis were performed using Mass Lynx gpplication softwarefrom Weters

Kinetic analyses
Kinetic parameters were obtained using the Michadis-Menten equation:
V=V XS/ (Kn+9)
where v isthe upteke rate of the substrate (pmol/mirymg protein), Sisthe subgtrate concentration in the medium (UM), Ky,
is the MichadisMenten congant (UM) and V4 is the maximum uptake rate (pmol/min/mg protein). To obtain the
kinetic parameters, the equation was fitted to the uptake velocity usng aMULTI program (Yameoka et a., 1981). The
input data were weighted as the reciprocas of the squares of the observed vdues.  Inhibition congtants (K;) of severd

compounds were calculated assuming competitive inhibition using the following equetion.

20z ‘8T |udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on February 2, 2006 as DOI: 10.1124/dmd.105.008375
This article has not been copyedited and formatted. The final version may differ from this version.

DMD#8375
CLym=CL /(1 + (1K)

where CL is the uptake clearance, | is the concentration of inhibitor (UM) and S is the Hill coefficient. The subscript
(+inh) represents the value in the presence of inhibitor.  The subsirate concentration was low compared with its K, value
intheinhibition sudy. Thetwo-tailed unpaired t test was used for adatistical andyss and vaue of P less than 0.05 was

congdered significant.
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Reaults
Time-prdfileof the uptake of fexofenadineby hOAT 1-, hOAT 2-, hOAT 3- and hOCT2-HEK

Figure 1 shows the time-prafiles of the uptake of the typica subdrates and fexofenadine by hOAT1-, hOAT2-,
hOAT3-, hOCT2- and vector-HEK cells.  Conggtent with previous our report (Tahara et d., 2005a; Taharaa al., 2005¢),
the uptake of the typica subdrates by the cDNA trandectants was sgnificantly greeter than thet in vector-HEK. The
uptake of fexofenadine by hOAT3-HEK was significantly grester than that in vector-HEK & dl time points, wheress the
uptake by hOAT1-, hOAT2- and hOCT2-HEK was very similar to that of vector-HEK (Figure 1). Since the uptake of
fexofenadine by hOAT3-HEK increased linearly up to 5 min of incubation, the uptake of fexofenadine for 5 min was used

for further characterization.

Concentration-dependence of the uptake of fexofenadineby hOAT3-HEK, and the effect of probenecid

The concentration-dependence of the uptake of fexofenadine by hOAT3-HEK was examined (Figure2). The
uptake was saturable, and the K, and V mava ues, determined by nontlinear regresson anadyss were 70.2 £ 2.7 uM and
120 + 3 pmol/minimg protein, respectively. The inhibitory effect of probenecid on hOAT3-mediated uptake of
fexofenadine was examined (Figure 3). TheK; vaue of probenecid for the uptake of fexofenadine by hOAT3-HEK was

determined to be 1.30 + 0.30 uM with Hill coefficient of 0.76.

Time-prdfileof the uptake of fexofenadineby hOATP1B3-HEK, and the effect of probenecid

As reported previoudy by Shimizu et a (2005), the uptake of fexofenadine usng the same hOATP1B3-HEK
was greater than that by mock cdlls (7.59 £ 0.26 versus 3.97 £ 0.22 pl/mg protein a 5 min) (Figure4A). TheK; vaue of
probenecid for the uptake of fexofenadine by hOATP1B3-HEK was determined to be 130 + 40 uM with Hill coefficient of

0.64 (Figure4B). Probenedid isa 100-fold more potent inhibitor of hOAT3 than hOATP1B3.
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Discusson

Fexofenadine is an oraly-active non-sedative histamine H1 receptor antagonids  Only a amndl amount of the
orally-administered [“C]-fexofenadine was recovered in the urine of healthy volunteers (12%), and urinary excretion has
been conddered to be a minor dimination pathway. However, the fact that the absolute ord bioavailability of
fexofenadine is, on average, 33% means that a condderable amount of fexofenadine is excreted into the urine over a
24-hour period (36% of the amount absorbed into the circulating blood), and suggeds thet rend dimination makes a
sgnificant contribution to the total clearance.  The rena dearance of fexofenadine is grester than the glomerular filtration
rate, indicating thet tubular secretion accounts for the mgor part of the rend clearance (Table 1). Simultaneoudy
adminigtered probenecid caused about a 50% increese in the AUC of fexofenadine in hedthy subjects, and thisislargdy
explained by a73% inhibition of the rend clearance of fexofenadine (Table 1) (Yasui-Furukori et d., 2005).  In the present
study, we examined the possible role of rend organic anion and cation trangporters in the drug-drug interaction between
fexofenadine and probenecid.

In cDNA transfected cdls, fexofenadine is eficiently trangported only by hOAT3, while specific uptake by
hOAT1, hOAT2 and hOCT2 was beow the limit of detection, suggesting that hOAT3 playsamgjor rolein the rend uptake
of fexofenadine (Figure 1). The trangort ectivity of fexofenadine by hOAT3 was much lower then that of
benzylpenicillin (1.71 versus 10.7 pl/min/mg protein).  Thiswas in good agreement with clinical data showing that the
renal tubular secretion clearance of benzylpenicillin in hedthy volunteers was 983 ml/min (Bins and Mattie, 1988), at least
9-fold higher than that of fexofenadine (113 mi/min, Table 1). Probenecid is a potent inhibitor of hOAT3, and the
unbound plasma concentration of probenecid at dinica doses (0.5-2.0 g), ranging from 12to 52 uM (Sdenet al., 1982), is
greater than itsK; value for hOAT3 (Table 1, Figure 3).  Therefore, probenecid will produce aimost complete inhibition of
hOAT3 in dinica Stuations, condstent with clinical report, 73% inhibition of the rena clearance of fexofenadine by
probenecid (Yasui-Furukori et a., 2005). Therefore, inhibition of basolatera uptake can be one of the sites of interaction
between fexofenadine and probenedd.  Cimetidine inhibits the rena clearance of fexofenadine by 39% on average in
healthy subjects (Teble 1). Since the dinicd plasma concentration of unbound cimetidine at a dose of 400 mg was
reported to be 5.2 UM (van Crugten et dl., 1986), far below its K, and |Cs vauesfor hOAT3 (113 uM; Tahara et d. 2005,
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and 924 pM;Khamdang et a. 2004, repectively), it is unlikely that the interaction involves hOAT3.  Cimetidine may

inhibit efflux process across the brush border membrane of the proximd tubules.  Although fexofenadine has been shown
tobeasubgraeof P-gp (Cvetkovic et d., 1999; Taharaet a., 2005h), the seedy-sate plasma concentration was unchanged
in Mdrla/lb knockout mice (Tahara et d., 2005b), suggesting its limited role in the urinary and biliary excretion, and the
trangporter repongible for the lumind efflux remains unknown.  Further studies are necessary to investigate whether the
trangporter repongblefor the lumind efflux isanother site of drug-drug interaction with probenecid and cimetidine

The non-rend clearance of fexofenadine is explained by biliary excretion. It was found thet fexofenadineis a
subgtrate of hOATP1B3, while the specific uptake of fexofenadine by OATP1B1 and OATP2BLisvery low (Shimizuetd.,
2005). Based on quantitative prediction using the concept of ardative activity factor, hOATP1B3 has been suggested to
play a mgor role in the hepatic uptake of fexofenadine (Shimizu et d., 2005). Our inhibition study reveded that
probenecid isawesk inhibitor of hHOATP1B3 with aK; vaue gregter than the unbound concentration achieved by aclinical
dose (1 g) of probenecid (24 uM, Sden et d., 1982). Therefore, probenedd likdy exhibits only a minimd inhibitory
effect on the hepatic uptake of fexofenadine via hOATP1B3. This is conastent with the kinetic consideration that the
drug-drug interaction islargely explained by a73% inhibition of the rena clearance of fexofenadine

The effect of probenecid on the total body clearance will be less potent snce the contribution of the rena
clearance of fexofenadine to the total clearance was samdler in ras (15-20%) (Kamath et d., 2005). There are two
possihilitiesto account for this  Oneis the gpecies difference in OAT3-mediated transport, i.e., basolaterd uptake process
snce OAT3-mediated trangport shows poor correlation between rat and human (Tahara & d., 2005c). The other is
resbsorption mediated by Oatplal inras. Oaplal islocalized on the brush border membrane of the kidney (Bergwerk et
d., 1996), wherees its human homolog, OATP1A2, exhibits brain-specific digtribution (Abe et ., 1999). Oatplal has
been suggested to be involved in the reabsorption of organic anions (Gotoh et al., 2002).  Sincefexofenadineisa subgrate
of Oatplal (Cvetkovic et a., 1999), it is likely that it undergoes resbsorption from the lumen by Oatplal in the kidney.
Oatplal expresson exhibits gender difference, leading to the gender difference in the rend dearance of amphipathic
organic anions (Gotoh et a., 2002). Femde ras may be better animal modd to invedtigate the pharmacokinetics in
human.

11
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The present sudy highlights the underlying mechanism of the drug-drug interaction with probenecid focusing on

OAT3. Probenecid is dso a potent inhibitor of OAT1, and its Ki vdue is smdler than the clinica unbound plasma
concentration of probenecid. Therefore, both OAT1 as well as OAT3 can be a ste of drug-drug interaction with
probenecid.  This is why probenecid causes a drug-drug interaction with a number of drugsin terms of rend elimination
(Cunningham et d., 1981). Adefovir and cidofovir have been suggested to taken up by the kidney via human OAT1(Ho
et a., 2000; Mulato et d., 2000). They are nuclensde phogphonate analogs, a class of novel antivirds structurdly related
to natura nucleotides, and nephrotoxicity istheir main dose-limiting toxic effect.  Ho et d. (2000) and Mul&o et a. (2000)
have demondrated that hOAT1 is directly involved in the induction of nephrotoxicity since the expresson of hOAT1
sendtized amammary cdl lineto adefovir and ddofovir, and probencid reduced the cytotoxicity (Ho et d., 2000; Mulato et
d., 2000). In such circumstances, combinaion with probenecid will have a beneficid effect in suppressng the
nephrotoxicity as well as prolonging their plasmaretention time leading to an increase in the concentration in the liver, the

target organ for the trestment of hepatitisB.

In concluson, hOAT3 shows specific uptake of fexofenadine among basolateral trangporters, and accountsfor its
renal uptake.  Probenecid isa potent inhibitor of hOAT3, and inhibition of hOAT3 isalikely mechanism to account for

theincrease in the AUC of fexofenadine caused by probenecid trestment in hedlthy subjects

12
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L egendstofigures

Figure 1. Timeprdfile of the uptake of typical subsgtrates and fexofenadine by hOAT1-, hOAT2-, hOAT3-, and
hOCT2-HEK

The time-dependent uptake of the typicd subdtrates and fexofenadine (10 uM) by hOAT1-, hOAT2-, hOAT3-, and
hOCT2-HEK was examined a 37°C. Closed and open dircles represent the uptake by OATSOCTsHEK and
vector-HEK,, repectively.  Satidtical differences in the uptake of OATSOCTs-HEK were compared with vector-HEK by
atwo-tailed unpaired t-tet with p<0.05 as the limit of significance (*p<0.05; **p<0.01). Each point represents the mean

+ SE. (n=3).

Figure2. Concentration-dependence of the uptake of fexofenadineby hOAT3-HEK

The time-dependent upteke of fexofenadine (10 pM) by hOAT3-HEK was examined a 37°C. The
concentration-dependence  of hOAT3-mediaed fexofenadine upteke is shown as EadieHofsee plots  The
hOAT3-mediated uptake of fexafenadine for 5 min was determined a various concentrations (5 to 100 pumoal/L, range of
concentrations used).  The hOAT3-medliated trangport was obtained by subtracting the trangport velocity in vector-HEK
fromthat in rOAT3-HEK. Each point representsthe mean + SE. (n=3). Wherebars are not shown, the SE. is contained

within the limitsof the symbol.

Figure3. Inhibitory effect of probenecid on theuptake of fexofenadineby hOAT3- HEK.

The uptake of fexofenadine (10 uM) by hOAT3- and hOATP1B3-HEK for 5 min was determined in the absence or
presence of probenecid at the designated concentrations  The vaues are expressed as a percentage of fexofenadine
trangport by hOAT3- or hOATP1B3-HEK in the presence of inhibitors versus that in the absence of inhibitors The Hill

coefficient vdluewas 0.763 + 0.047.  Each point representsthe mesn £ SE. (n=3).

Figure4. Time-prdfile of the uptake of fexofenadine by hOATP1B3 and the inhibitory effect of probenecid on the
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uptake of fexofenadineby hOATP1B3-HEK .

The time-dependent uptake of fexofenadine (10 uM) by hOATP1B3-HEK was examined a 37°C. Closed and open
circles represent the uptake by hOATO1B3-HEK and vector-HEK, repectively (A).  The uptake of fexofenadine (10 uM)
by hOATP1B3-HEK for 5 min was determined in the absence or presence of probenecid at the designated concentrations
(B). Thevauesare expressed asa percentage of fexofenadine trangport by hOATP1B3-HEK in the presence of inhibitors
versusthat in the absence of inhibitors.  TheHill coefficient valuewas0.642+ 0.079. Satidicd differencesin the uptake
of hOATP1B3-HEK were compared with that by vector-HEK using a two-tailed unpaired t-test with p<0.05 asthe limit of

sgnificance (*p<0.05; **p<0.01). Each point representsthemean + SE. (n=3).
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Table 1 Effects of cimetidine, and probenecid treatments on phar macokinetic parameters of

fexofenadine

Parameter Control Cimetidine Probenecid
AUCo...y (ng-h/mL)? 3637+1199 412442019 6150+3972
Ratio to control 1 1.08 153
CLrenal,u (ML/min)? 230+78 152+70 74452
Ratio to control 1 0.610 0.270
CL (ML/min)® 133 55.0 0 (amost)
Ratio to control 1 0.414 0 (almost)
lumax® 5.20 24.0

Ki (Km) for hOAT3 (113) 1.30
RY 0.956 0.0514

a) CL rena,u, Unbound renal clearance, (Yasui-Furukori et al., 2005).

b) CL, tubular secretion clearance (CL rena,u-CL creatinine), Creatinine clearance value was used for the
value of GFR (97 mL/min, van Crugten et al., 1985).

C) lumax, Maximum unbound plasma concentration of inhibitor (van Crugten et al., 1985; Selen et al.,

1982).

d) R value was calcul ated according to following equation, R=1/(1+1, mad/K).
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