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Abstract

Role of Monocarboxylic Acid Transporters in the intestinal absorption of
Nonsteroidal Anti-inflammatory Drugs

Ming Ji Jin

Advisor: Prof. Hyo-Kyung Han
Department of Pharmacy
Graduate School of Chosun University

The present study aims to investigate the cellufaiake mechanism of Nonsteroidal
anti-inflammatory drugs (NSAIDs) in Caco-2 celldflinisal, diclofenac, ketoprofen and naproxen
exhibited the strong inhibition effect on the cklluuptake of T'C]-benzoic acid in Caco-2 cells
with 1Cso values of 0.05 0.44 mM. The inhibition of naproxand ketoprofen against the
membrane transport of'C]-benzoic acid appeared to be competitive witlok®.22 mM and 0.38
mM, respectively. The membrane permeability of n&apn and ketoprofen was concentration
dependent, implying that the cellular uptake patheiBketoprofen and naproxen was saturable at
the high concentration. Furthermore, the cellulecuanulation of ketoprofen was significantly
reduced in the presence of benzoic acid and Lelagid, two known substrates of monocarboxylic
acid transporter 1 (MCT1). These results suggest BMWCT1 contributes at least in part to a
carrier-mediated transport of NSAIDs containing aboxylic acid moiety across the apical
membrane in Caco-2 cells.

The present study aims to investigate the intdstat@sorption characteristics of
ketoprofen in rats. The pharmacokinetic profilkefoprofen was evaluated following a single p.o.
administration of ketoprofen (1mg/kg) to rats il tibsence and presence of benzoic acid or lactic
acid (2 and 10 mg/kg), the substrates of monocattwoacid transporters. Pharmacokinetic profiles



of ketoprofen (1 mg/kg) were significantly altereg the concurrent use of benzoic acid or lactic
acid (10 mg/kg), compared to the control (giverokedfen alone). kax and AUC of ketoprofen in
the presence of benzoic acid or lactic acid (10kgjgivere significantly (p<0.05) lower than those
from the control group, while there was no sigmifit change in Jax and terminal plasma half-life
(T12) of ketoprofen. Those results suggest that kefeprshares a common transport pathway with
benzoic acid and lactic acid during the intestatzdorption in rats

Key words: NSAIDs, monocarboxylic acid transpartailular uptake, Caco-2 cell



1.In-vitro study
1-1 Introduction

The transport of monocarboxylates such as lactate @yruvate across the plasma
membrane of mammalian cells is facilitated by aiiarof monocarboxylate/H+ co-transporters
(MCT) (Juel et al. 1999; Poole et al. 1993; Tamaile1995a). So far, 14 members of MCTs have
been identified but only MCT1-4 have been expressedn active form and characterized as
proton-linked monocarboxylic acid transporters (Spa et al. 2003; Halestrap et al. 1999;
Halestrap et al. 2004; Makuc et al. 2004). Of thestely the MCT1 isoform plays a major role in
the transport of various monocarboxylates acrosg#istrointestinal epithelia, whereas other MCT
isoforms seem to be of little or no importance(Boaret al. 2003; Halestrap et al. 1999; Orsenigo
et al. 1999; Ritzhaupt et al. 1998a&b). Severatlist have reported that MCT1 is located in the
brush-border membranes of both the upper and lavestines and has an important role in the
intestinal absorption of pharmacologically activempounds such a$-lactam antibiotics
(phenethicillin, propicillin, carindacillin etc) tarvastatin, and pravastatin (Kang et al. 1990etLi
al. 1999; Tamai et al. 1995b; Wu et al. 2000).

Many Nonsteroidal anti-inflammatory drugs (NSAIDEpve a monocarboxylic acid
grouping their structures. Those NSAIDs are in ganapidly absorbed from the gastrointestinal
tract, however, the mechanism of transport acreesritestinal epithelia is not clear yet. Some
studies proposethat the membrangansport of NSAIDs should be facilitated by MCE(oto
et al. 2002; Takanaga et al. 1994; Tamai et al5499suji et al. 1996), while some authors
suggested the pH dependent but non carrier-medaisdrption of NSAIDs (Legen et al. 2003;
Takagi et al. 1998)Therefore, the transport mechanism of NSAIDs i$ wticertain. Considering
the clinical significance of drug-drugnteractions mediated by drug transporters, itripartant to
evaluate the contribution of a carrier-mediated masm to the membrane transport of drugs.
Particularly, interactions between NSAIDs and otamionic drugs including nucleoside antiviral
drugs, antibiotics and hippurates may occur redhtifrequent, since NSAIDs are widely used as
prescription or over-the-counter drugs. Therefdhe, present study aims to clarify the cellular
uptake mechanism of NSAIDs, particularly the pas#ntontribution of a carrier-mediated
mechanism to the overall absorption of NSAIDs.



Caco-2 cells express the five isoforms of MCTs (MGhd MCT3-6), of which MCT1 is
the most abundant isoform in Caco-2 cells (Hadpéma et al. 2000). Therefore, in the present
study, Caco-2 cell monolayer was used as an apptepn-vitro model to examine the role of

MCT1 in the transport of NSAIDs across the intedtepithelial membrane.



1-2 Materials and Methods

Materials: diclofenac, diflunisal, naproxen, ketoprofen, bewzakid, {C]-benzoic

acid (13.1 mCi/mmol), L-lactic acid and BCA protefissay kit were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Caco-2 cells avpurchased from ATCC (Rockville, MD,
USA). All other chemicals were reagent grade ahdavents were HPLC grade.

Cdll Cultures: Caco-2 cells were routinely maintained in Dulbeccoadified Eagle's

medium (DMEM) containing 10% FBS, 1% nonessentiain® acids, 1 mM sodium pyruvate, 1%
L-glutamine and penicillin (100 U/mL)/streptomydit00 mg/mL). All cells were maintained in an
atmosphere of 5% G@nd 90% relative humidity at 3T.

Inhibition Studies in Caco-2 cells: Cells were seeded in 12-well culture plates

at a density of T0cells/cn. At 2-3 weeks post-seeding, the cells were washea with pH 6.0
uptake buffer containing 1mM CaCLmM MgChk, 150 mM NaCl, 3nM KCI, 1 mM NaHPQ,, 5
mM D-glucose, and 5 mM MES. Each test solution (0000 uM) containing {*C]-benzoic acid
(20 uM, 0.1 uCi/mL) was added to each well and liratad for 15 min. At the end of incubation,
drug solution was removed and the cells were watireé times with ice-cold PBS. One milliliter
of 1.5 % ice-cold Triton X solution was added teteavell. After 15 min incubation, cells were
harvested and the radioactivity in each sampledetermined by a scintillation counter.

Uptake studies in Caco-2 cells: The studies were carried out in 6-well plates

with confluent cells as described in inhibitiondias. Briefly, the initial uptake rates of ketopgnf
(0.5 and 2.5 mM) and naproxen (0.5 and 5 mM) westerchined in pH 6.0 uptake buffer to
examine the concentration dependency in their legllaccumulation. The uptake of ketoprofen
(0.5 mM) was also measured in the absence andnmes® inhibitors. At the end of 15 min
incubation, the cells were washed three times wighcold PBS and ruptured directly on the plate
by adding 1 mL of Milli-Q water. Cells were harvedtand sonicated for 1-2 min. Trichloroacetic
acid (3-5%) was added to the cell lysate, vortesgdrously, and centrifuged for 5 min at 3000
rpom. After filtration of the supernatant throughngéembrane filter (0.45 um), samples were
analyzed by HPLC. The protein amount of each sampkedetermined with BCA protein assay kit
following the manufacturer's instruction (Sigma @ieal Co., St. Louis, MO, USA).



HPLC Assay. Concentrations of ketoprofen and naproxen werermined by a

HPLC assay described as follows. Naproxen was asetthe internal standard for the assay of
ketoprofen and ketoprofen as the internal stanftardhe naproxen assay. The chromatographic
system was consisted of a pump (LC-10AD), an autionigector (SIL-10A) and a UV detector
(SPD-10A) (Shimadzu Scientific Instruments, Tokyapan). An octadecylsilane column (Gemini
C18, 4.6 250 mm, 5um; Phenomenex, Torrance, CA, USA) watelwith a mobile phase
consisting of 0.01M phosphate buffer (pH 7.0):acitibe (75:25, viv %) at a flow rate of 1.0
mL/min. Ketoprofen and naproxen were monitored 88 Zand 229 nm, respectively. The
calibration curve from the standard samples wasalirover the concentration range of 0.01 pg/mL
to 10 pg/mL. The limit of detection was 0.01 pg/mL.

Data Analysis:

(A) Estimate of 1Go: ICsis defined as the drug concentration to show té Sthibition
on the uptake of benzoic acid. As described by BanLet al. [17], it was determined from the
nonlinear regression of a dose-response curveibyg tise Sigma Plot® 9.0 (Systat Software Inc.,
Point Richmond, CA, USA).

(B) Estimate of PermeabilityPermeability coefficient () was calculated from the linear
portion of an uptake versus time plot using théofelequation:

Papp= (dm/dt) * 1/(A - @)

where A is diffusion area (@ G is the initial concentration and dm/dt is the iadit
uptake rate.

Statistical analysis. All the means are presented with their standardatien.

Statistical analysis was performed using a one-A&d@VA, followed by a posteriori testing with
the use of the Dunnett correctionPAvalue < 0.05 was considered statistically significa



1-3 Results and Discussion

Inhibition Studies on the uptake of benzoic acid in Caco-2 cdlls:

Previous studies have reported that the transpdrerzoic acid and L-lactic acids were facilitated
by the MCT1 (Juel et al. 1999; Poole et al. 1998mai et al. 1995). Therefore, in the present
study, benzoic acid and L-lactic acids were setkete the representative substrates for MCTL1 to
examine the interaction between NSAIDs and MCTXCaco-2 cells. Four structurally diverse
NSAIDs such as diclofenac, diflunisal, ketoprofemdanaproxen (Fig.1-1) were compared in
Caco-2 cells with respect to their inhibitory effea the uptake of benzoic acid. As summarized in
(Table 1-1) and (Fig. 1-2), all the tested drugsileted the strong inhibition effect on the uptalke
[*“C]-benzoic acid with an 1§ value of 0.05 mM to 0.44 mM. These results suggubthe
previous report by Konishi et al. (2002), suggeastthat monoanionic carboxyl group and an
unpolar side chain or aromatic hydrophobic porticely be necessary to be recognized by MCTs.
Diclofenac and diflunisal appeared to be more gatgmbitors against the uptake of benzoic acid
than ketoprofen and naproxen, implying that thebidry potency might be influenced by the type
of a carboxylic acid. Acetic acid side chain (dfeltac) seemed to be more favorable for the
interaction with MCT1 than a propionic acid sideich(naproxen and ketoprofen), suggesting that
a methyl substituent in the immediate vicinity afarboxylic acid group may decrease the affinity
to MCTL1. Furthermore, direct attachment of a caybanoiety to the hydrophobic aromatic ring
(diflunisal) seemed to enhance the binding affitgtyhe monocarboxylic acid transporters.

Kinetic analysis using Lineweaver-Burk plots wasogberformed to clarify the inhibition
mode of naproxen and ketoprofen on the accumuladibtenzoic acid in Caco-2 cells. As
illustrated in (Fig. 1-3), both naproxen and ketden inhibited the cellular uptake of benzoic acid
in a competitive manner with the inhibition constaalues (Ki) of 0.22 0.05 mM and 0.38 0.07
mM, respectively.

Collectively, NSAIDs containing a carboxylic aciciety such as diflunisal, diclofenac,
naproxen and ketoprofen were able to interact mittnocarboxylic acid transporter 1, a transport
system of benzoic acid

Cellular uptake studies in Caco-2 cells. To evaluate the potential

contribution of a carrier-mediated transport med$ranto the cellular uptake of monocarboxylic
acid type NSAIDs, the concentration dependencyhim membrane transport of naproxen and



ketoprofen was examined in Caco-2 cells. As sunradrin Tablel-2, the apparent permeability of
naproxen and ketoprofen decreased significanth0. () as a drug concentration increased by
5-10 folds, implying that the cellular uptake pa#iyof ketoprofen and naproxen was saturable at
the high concentration. Furthermore, the transpikietoprofen across the apical membrane of the
Caco-2 cell monolayers was markedly inhibited by pinesence of benzoic acid or L-lactic acid,
supporting that the cellular uptake of ketoproférares a common transport pathway at least
partially with benzoic acid and L-lactic acid (Figd). This finding is contradictive with the
previous reports by Legen et al. (2003), while mth@Emoto et al. 2002; Ogihara et al. 1996;
Takanaga et al. 1994; Tamai et al. 1995) are mgppative to our findings. By using the excised
rat jejunal segment mounted in side-by-side diffostcells, Legen et al. (2003) reported that
ketoprofen transport was not saturable over theaumnation range of 0.125 to 5 mM and was not
inhibited by benzoic acid or L-lactic acid. The Emtion on this discrepancy is not clear yet.
Maybe, the Km values for MCT1-mediated drug tramsjgomuch higher in the excised rat jejunal
model than that in Caco-2 cells and thus, drug eotnations tested in their experiments might not
be appropriate to observe the saturation nor sigmif inhibition on the carrier-mediated transport
of ketoprofen. Discrepancy in the results obtaifredn the different in-vitro settings should be
further clarified based on the in-vivo relevanceim¥itro findings. Therefore, the quantitative
evaluation on the contribution of different meclsams to the whole process of the NSAIDs
absorption need to be undertaken in vivo in fuitoglies.

In conclusion, monocarboxylic acid transporterl (M contributes at least in part to the
transport of NSAIDs containing a carboxylic acidiety across the apical membrane in Caco-2
cells.



2.In-vivo study
2-1 Introduction

ManyNonsteroidal anti-inflammatory drugs (NSAIDsH)Vie a monocarboxylic acid group
in their structure. Those weak organic acids aregeneral rapidly absorbed from the
gastrointestinal tract, however, the mechanismrarfigport across the intestinal epithelia is still
uncertain. Previous studies have demonstrateduth@dér the inwardly directed proton gradient
across the brush border membrane, several monoggithacids such as benzoic acid, atorvastatin,
pravastatin and carindacillin could be transportadross the intestinal epithelia by
proton/monocarboxylate co-transporters (MCTs) [14@iven that MCTs are widely distributed
throughout various mammalian tissues [5-7] and moosedrugs contain a carboxyl group making
these compounds potential substrates for MCTs, rifregy have an important role in the transport of
various exogenous compounds. So far, 14 membegl@fs have been identified but only
MCT1-4 have been expressed in an active form aadacterized as proton-linked MCTs [8-11].
Of these, solely the MCT1 isoform plays a majoeral the transport of various monocarboxylates
across the gastrointestinal epithelia, whereasrdth@€T isoforms seem to be of little or no
importance [8, 9, 12-14]. Previous studies haventegd that NSAIDs could interact with MCTs
expressed in vitro and proposed the MCT-mediatadsport of NSAIDs across the intestinal
epithelia [15-19]. In contrast, Takagi et al. sugjgd that the absorption of monocarboxylic acid
type NSAIDs could be facilitated by the inwardlyedited proton gradient across the brush border
membrane, which is maintained by the acidic miénoate on the mucosal surface [20]. Legend et
al. also supported this pH-dependent but non-MCTddiated pathway for the transport of
ketoprofen [21-22].

So far, no direct evaluation of those proposed rasims has been undertaken in vivo and
it is not clear yet which mechanism is a major dbuator for the rapid absorption of NSAIDs from
the intestinal lumen in vivo. Therefore, the présstudy aims to investigate the intestinal
absorption characteristics of ketoprofen in rats.

_10_



2-2 Materia s and Methods

Materials: Ketoprofen, naproxen, benzoic acid, and lactic aeite purchased from

Sigma Chemical Co. (St. Louis, MO, USA). All othehemicals were reagent grade and all
solvents were HPLC grade.

Animal Studies: All animal studies were performed in accord wite ®rinciples for

Biomedical Research Involving Animals developecdthy Council for International Organizations
of Medical Sciences and the experimental protoe@ee approved by the animal care committee
of Chosun University.

Male Sprague-Dawley rats weighing 280-320 g weitainbd from Samtako Bio Co., Ltd
(Osan, Korea). At the experiment, rats were divided six groups, comprising 4 rats per each
group. Group 1-5 were given 1 mg/kg of ketoprof®®O( dosing volume: 1 mL) with either
benzoic acid (2 or 10 mg/kg), lactic acid (2 orrhf/kg), or no concomitant treatment (control).
Group 6 was given 10 mg/kg of ketoprofen. Blooohgkes were collected from the right femoral
artery at 0, 0.25, 0.5, 1, 2, 4, 8, 12 and 24 Hhiofiong a ketoprofen administration and then
centrifuged at 3,000 rpm for 10 min to obtain thesma for the HPLC assay. All samples were
stored at - 7T until analyzed.

HPLC Assay: The concentrations of ketoprofen were determineca iyPLC assay

described as follows. Naproxen was used as theaitetandard for the assay of ketoprofen. The
extraction residue containing internal standard rveasnstituted with 100 pL of mobile phase and
then a 50 pL of aliquots was injected directly ititie HPLC system. The chromatographic system
was consisted of a pump (LC-10AD), an automatiedtgr (SIL-10A) and a UV detector
(SPD-10A) (Shimadzu Scientific Instruments, JapAn)octadecylsilane column (Gemini C18, 4.6
X 250 mm, 5um; Phenomenex, Torrance, CA, USA) watee@lwith a mobile phase consisting of
0.01M phosphate buffer (pH 7.0) : acetonitrile gB&bxv/v %) at a flow rate of 1.0 mL/min.
Ketoprofen was monitored at 258 nm. The calibratiorve from the standard samples was linear
over the concentration range of 0.01 pg/mL to 10nkg The limit of detection was 0.01 pug/mL.

_11_



Data Anaysis

Pharmacokinetic Analysis. Non-compartmental pharmacokinetic analysis was
performed using Kinetica-4.3 (Inna Phase Corp.JaBblphia, PA, USA). The area under the
plasma concentration-time curve (AUC) was calcdlatsing the linear trapezoidal method.
Maximum plasma concentration &) and the time to reach the maximum plasma coretonr
(Tmaxy) Were read directly from the plasma concentratiore data. The terminal elimination rate
constant ¥z) was estimated from the slope of the terminal sphaf the log plasma
concentration-time points fitted by the method eddt-squares, and then the terminal elimination
half-life (T12) was calculated as 0.698%.

Statistical analysis: All the means are presented with their standardatien. The
pharmacokinetic parameters were compared with anayeANOVA, followed by a posteriori
testing with the use of the Dunnett correction.PAvalue < 0.05 was considered statistically
significant.

_12_



2-3 Results and Discussion

There is increasing evidence suggesting that @liyigmportant drug interactions can be
caused by the modulation of drug transporters. 8theg, it is important to evaluate the potential
contribution of a carrier-mediated mechanism toithestinal absorption of drugs, particularly for
widely used drugs either as prescription or overgbunter drugs. Among NSAIDs, ketoprofen is
rapidly absorbed from gastrointestinal tract witle bioavailability of 90 98 % [23, 24] but the
intestinal absorption mechanism of ketoprofenilkaintroversial. In our previous in-vitro studjes
the cellular uptake of ketoprofen appeared to beeramediated and substantially inhibited by the
presence of benzoic acid or L-lactic acid, theesentative substrates of MCT1 [15]. However, this
finding is contradictive with the previous repobg Legen et al. [22]. By using the excised rat
jejunal segment mounted in side-by-side diffusielis¢ Legen et al. [22] reported that ketoprofen
transport was not saturable over the concentratinge of 0.125 to 5 mM and was not inhibited by
benzoic acid or lactic acid. This discrepancy may dxplained by that the Km values for
MCT-mediated drug transport is much higher in theised rat jejunal model than that the
in-vitro cells and thus, drug concentrations testetheir experiments might not be appropriate to
observe the saturation nor significant inhibitiom the carrier-mediated transport of ketoprofen.
The discrepancy in the results obtained from tHéemint in-vitro settings should be further
clarified based on the in-vivo relevance of inwifindings. Therefore, in the present study, the
mean plasma concentration-time profiles of ketagmah the presence and absence of benzoic acid
or lactic acid were evaluated in rats. The mearrmpheokinetic parameters of ketoprofen were
summarized in (Table2-1).

The pharmacokinetics of ketoprofen following anl@dministration to rats was linear
over the dose range of 1 mg/kg to 10 mg/kg (datashown) and comparable to those from the
previous studies [25, 26]. As summarized in Taldlethe concurrent use of benzoic acid or lactic
acid at 2-mg/kg did not affect the pharmacokineticketoprofen. However, at 10-mg/kg dose, the
presence of benzoic acid or lactic acid signifiaattered the systemic exposure of ketoprofen in
rats, compared to the control given ketoprofen al@fig2-1). Gax Of ketoprofen decreased by
about 35% and AUC was reduced by two to three (ofD.05) in the presence of benzoic acid or
lactic acid at 10-mg/kg, while there was no sigmifit change in Jfaxand terminal plasma half-life
(T12), implying that the decrease in the systemic euposof ketoprofen under the
co-administration of benzoic acid or lactic acidulcbbe accounted for by the reduction in the

_13_



intestinal absorption of ketoprofen. Therefore, okepfen appeared to share the intestinal
absorption pathway with benzoic acid and lactid aCionsidering that the transport of benzoic acid
and lactic acids were facilitated by the MCT1, #hossults are consistent with the previous in-vitro
studies indicating that NSAIDs containing a monboaylic acid moiety could interact with MCT1
[15-19]. In contrast, Legen et al. have reported Ketoprofen transport was not saturable over the
concentration range of 0.125 to 5 mM and was rfubited by benzoic acid or lactic acid [21, 22].
Considering that the inhibition effect of benzo@daand lactic acid on the intestinal absorption of
ketoprofen was dose dependent in rats (Table2ray @r inhibitor) concentrations tested in their
experiments might not be appropriate to observesttaration nor significant inhibition on the
carrier-mediated pathway for ketoprofen.

In summary, the intestinal absorption of ketoprafecreased in the presence of benzoic
acid or lactic acid, suggesting that ketoprofenreshaa common transport pathway with benzoic
acid and lactic acid across the intestinal membiaunats.

_14_



10.

11.

12.

References

De Lean A, Munson PJ and Rodbard D. (1978) Bameous analysis of families of
sigmoidgand assay and physiological dose-respamsesAm. J. Physiol. 235: E97-102.
Emoto A, Ushigome F, Koyabu N, Kajiya H, OkabeSatoh S, Tsukimori K, Nakano H,
Ohtani H and Sawada Y. (2002) H(+)-linked transpairtsalicylicacid, an NSAID, in the
human trophoblast cell line BeWam. J. Physiol. Cell. Physiol. 282: C1064-C1075.

. Enerson BE and Drewes LR. (2003) Molecular uess, regulation, and function of

monocarboxylate transporters: Implications for ddeivery.J. Pharm. Sci. 92: 1531-1544.

. Hadjiagapiou C, Schmidt L, Dudeja PK, Laydehahd Ramaswamy K. (2000) Mechanism(s)

of butyrate transport in caco-2 cells: role of moarboxylate transporter Am. J. Physiol.
Gastrointest Liver Physiol. 279: G775-G780.

. Halestrap AP and Price NT. (1999) The protokdd monocarboxylate transporter (MCT)

family: structure, function and regulatiddiochem. J. 343: 281-299.

. Halestrap AP and Meredith D. (2004) The SLClhey family-from monocarboxylate

transporters (MCTs) to aromatic amino acid trangpsrand beyondPflugers Arch. 447:
619-628.

. Juel C and Halestrap AP. (1999) Lactate tramspin skeletal muscle-role and regulation of

the monocarboxylate transportérPhysiol. 517: 633-642.

. Kang YS, Terasaki T and Tsuiji A. (1990) Aciditig transport in vivo through the blood-brain

barrier: A role of the transport carrier for mondmaylic acids. J Pharmacobiodyn
13:158-163.

. Konishi Y, Hagiwara K and Shimizu M. (2002) msapithelial transport of fluorescein in

caco-2 cell monolayers and use of such transpoih imitro evaluation of phenolic acid
availability. Biosci. Biotechnol. Biochem. 66: 2449-2457.

Legen | and Kristl A. (2003) pH and energy dejsm transport of ketoprofen across rat
jejunum in vitro.Eur. J. Pharm. Biopharm. 56: 87-94.

Li YH, Ito K, Tsuda Y, Kohda R, Yamada H andhitd. (1999) Mechanism of intestinal
absorption of an orally active b-lactam prodrugtalie and transport of carindacillin in caco-2
cells.J. Pharmacol. Exp. Ther. 290:958-964.

Makuc J, Cappellaro C and Boles E. (2004) Caesgion of a mammalian accessory
trafficking protein enables functional expressidrihe rat MCT1 monocarboxylate transporter

_‘]5_



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

in Saccharomyces cerevisi&&EMS Yeast. Res. 4. 795-801.

Ogihara T, Tamai |, Takanaga H, Sai Y and TsAji (1996) Stereoselective and
carrier-mediated transport of monocarboxylic acatsoss caco-2 cell?harm. Res. 13:
1828-1832.

Orsenigo MN, Tosco M, Bazzini C, Laforenza U draklli A. (1999) A monocarboxylate
transporter MCT1 is located at the basolateral pblat jejunumExp. Physiol. 84:1033-1042.
Poole RC and Halestrap AP. (1993) Transportacfate and other monocarboxylates across
mammalian plasma membranésa. J. Physiol. 264: C761-782.

Ritzhaupt A, Ellis A, Hosie KB and Shirazi-BeeghSP. (1998) The characterization of
butyrate transport across pig and human coloniégnahmembranel. Physiol. 507: 819-830.
Ritzhaupt A, Wood IS, Ellis A, Hosie KB and Stz-Beechey SP. (1998) Identification and
characterization of a monocarboxylate transpordCT1) in pig and human colon: its
potential to transportL-lactate as well as butyratehysiol. 513: 719-732.

Takagi M, Taki Y, Sakane T, Nadai T, Sezaki Hku@A and Yamashita S. (1998) A new
interpretation of salicylic acid transport acrolss tipid bilayer: implications of pH-dependent
but not carrier-mediated absorption from the gastestinal tractJ. Pharmacol. Exp. Ther.
285: 1175-1180.

Takanaga H, Tamai | and Tsuji A. (1994) pH-delgerh and carrier-mediated transport of
salicylic acid across caco-2 cells Pharm. Pharmacol. 46: 567-570.

Tamai |, Takanaga H, Maeda H, Sai Y, OgiharaHigashida H and Tsuji A. (1995a)
Participation of a proton-cotransporter, MCT1, lre tintestinal transport of monocarboxylic
acids.Biochem. Biophys. Res. Commun. 214: 482-489.

Tamai |, Takanaga H, Maeda H, Ogihara T, Yonddaand Tsuji A. (1995b)
Proton-cotransport of pravastatin across intestimakh-border membran@harmacol. Res.

12: 1727-1732.

Tsuji A and Tamai I. (1996) Carrier-mediatecestinal transport of drug&®harm. Res. 13:
963-977.

Wu X., Whitfield LR. and Stewart BH. (2000) Avaistatin transport in the caco-2 cell model:
contributions of P-glycoprotein and the proton-mearboxylic acid co-transporter.
Pharmacol. Res. 17: 209-215.

Li YH, Ito K, Tsuda Y, Kohda R, Yamada H, Itoh Mechanism of intestinal absorption of an

_16_



25.

26.

27.

28.

29.

30.

31.

32.

33.

34

35

36

orally active b-lactam prodrug: uptake and transpur carindacillin in caco-2 cellsJ
Pharmacol Exp Ther 1999;290: 958-964.

Tamai |, Takanaga H, Maeda H, Ogihara T, YonbHaTsuji A. Proton-cotransport of
pravastatin across intestinal brush-border membriveemacol Res 1995;12: 1727-1732.

Tsuji A, Takanaga H, Tamai I, Terasaki T. Baallular transport of benzoic acid across

caco-2 cells by a pH-dependent and carrier-mediatetport mechanisniPharm Res 1994;

11: 30-37.

Wu X, Whitfield LR, Stewart BH. Atorvastatirahsport in the caco-2 cell model:
contributions of P-glycoprotein and the proton-mearboxylic acid co-transportePharmacol

Res 2000;17: 209-215.

Garcia CK, Brown MS, Pathak, RK, Goldstein JcDNA cloning of MCT2, a second
monocarboxylate transporter expressed in diffecetis than MCT1.J Biol Chem 1995;270:
1843-1849.

Juel C, Halestrap AP. Lactate transport inleste muscle - role and regulation of the
monocarboxylate transportdrPhysiol 1999;517: 633-642.

Price NT, Jackson VN, Halestrap AP. Cloningl aequencing of four new mammalian
monocarboxylate transporter (MCT) homologues cordithe existence of a transporter family
with an ancient pasBiochem J 1998;329:321-328.

Enerson BE, Drewes LR. Molecular featuresuleggpn, and function of monocarboxylate
transporters: Implications for drug delivedyPharm Sci2003;92: 1531-1544.

Halestrap AP, Price NT. The proton-linked nwarboxylate transporter (MCT) family:

structure, function and regulatiddiochem J 1999;343: 281-299.

Halestrap AP, Meredith D. The SLC16 gene fafmdm monocarboxylate transporters

(MCTs) to aromatic amino acid transporters and hdyBflugers Arch 2004;447: 619-628.

. Makuc J, Cappellaro C, Boles E. Co-expressica mammalian accessory trafficking protein
enables functional expression of the rat MCT1 martoaxylate transporter in Saccharomyces
cerevisiaeFEMS Yeast Res 2004;4: 795-801.

. Orsenigo MN, Tosco M, Bazzini C, Laforenza el A. A monocarboxylate transporter
MCTL1 is located at the basolateral pole of ratrjaju. Exp Physiol 1999;84:1033-1042.

. Ritzhaupt A, Ellis A, Hosie KB, Shirazi-Beechsl. The characterization of butyrate transport
across pig and human colonic luminal membradri#hysiol 1998;507: 819-830.

_‘]7_



37. Ritzhaupt A, Wood IS, Ellis A, Hosie KB, Shirdeechey SP. Identification and
characterization of a monocarboxylate transportdCT1) in pig and human colon: its
potential to transport L-lactate as well as bugrdPhysiol 1998;513: 719-732.

38. Choi JS, Jin MJ, Han H-K. Role of Monocarbaxycid Transporters in the Cellular Uptake
of NSAIDs.J Pharm Pharmacol 2005; 57:1185-1189.

39. Takanaga H, Tamai I, Tsuji A. pH-dependent eadier-mediated transport of salicylic acid
across caco-2 cell§.Pharm Pharmacol 1994;46: 567-570.

40. Tamai |, Takanaga H, Maeda H, Sai Y, Ogiharddifashida H, Tsuji A. Participation of a
proton-cotransporter, MCT1, in the intestinal tgzors of monocarboxylic acidsBiochem
Biophys Res Commun 1995;214: 482-489.

41. Tamai |, Sai Y, Ono A, Kido Y, Yabuuchi H, Talesga H, Satoh E, Ogihara T, Amano O, Izeki
S, Tsuji A. Immunohistochemical and functional rettdéerization of pH-dependent intestinal
absorption of weak organic acids by the monocartimxacid transporter MCT1J Pharm
Pharmacol 1999;51:1113-1121.

42. Tsuji A, Tamai I. Carrier-mediated intestitransport of drugs?harm Res 1996;13: 963-977.

43. Takagi M, Taki Y, Sakane T, Nadai T, Sezakidku A, Yamashita S. A new interpretation of
salicylic acid transport across the lipid bilayemplications of pH-dependent but not
carrier-mediated absorption from the gastrointestiract.J Pharmacol Exp Ther 1998;285:
1175-1180.

44. Legen |, Zakelj S, Kristl A. Polarised trangpof monocarboxylic acid type drugs across rat
jejunum in vitro: the effect of mucolysis and ATBgdetion.Int J Pharm 2003;256: 161-166.

45, Legen |, Kristl A. pH and energy dependenspmrt of ketoprofen across rat jejunum in vitro.
Eur J Pharm Biopharm2003;56: 87-94.

46. Jamali F, Brocks DR. Clinical pharmacokinetafsketoprofen and its enantiomerSlin
Pharmacokinet 1990;19: 197-217.

47. Palazzini E, Galli G, Babbini M. Pharmacokinetevaluation of conventional and
controlled-release product of naproxBmugs Exp Clin Res 1990;16: 243-247.

48. Satterwhite JH, Boudinot FD. Pharmacokinetitetoprofen in Rats: Effect of Age and
Dose.Biopharm Drug Dispo 199213:197-212.

49. Foster RT, Jamali F. Stereoselective pharmaetiks of ketoprofen in the rat: Influence of
route of administratiorDrug Metab Dispos 1988;16: 623-626.

_18_



Tablel-1: Inhibition on the uptake df€]-benzoic acid in Caco-2 cells
(MeantSD, n=6)

Drugs ICs0 (MM)

Diclofenac 0.10+ 0.02
Diflunisal 0.05+ 0.01
Ketoprofen 0.44+£ 0.09
Naproxen 0.25% 0.03
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Tablel-2: Concentration dependency in the transggdaetoprofen and
naproxen across the apical membrane of Caco-2 cells
(MeantSD, n =6)

Ketoprofen Naproxen
0.5 mM 2.5mM 0.5 mM 5mM
Papp
5 3.9+0.29 1.6+0.54 49+0.61 15+1.38
(x 10°, cm/sec)
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Fig.1-1: Structures of diflunisal, diclofenac, ketofen and naproxen
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Fig.1-2: Inhibition effect of NSAIDs on the uptaké [*“C]-Benzoic acid
in Caco-2 cells (MeahSD, n = 6)
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Fig.1-3: Lineweaver-Burk Plots for the transportb®nzoic acid across
Caco-2 cell monolayers (Mea$D, n = 6). The transport was measured

in the absences] and presence of 0.5 mM naproxed, panel A or 0.5

mM ketoprofen {8, panel B).
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Fig.1-4: Cellular uptake of ketoprofen (0.5 mM) ihetabsence and
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= 6)
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Table2-1. Mean pharmacokinetic parameters of ketoprofen fafignan
oral administration of ketoprofen (1 mg/kg) to ratstihe presence and

absence of benzoic acid or lactic acid (MgaB8D, n = 4)

Tmax Cmax AUC T 12
Parameters
(hr) (g/mL) (g/hr/mL) (hr)
Ketoprofen
0.42+0.29 | 6.12£1.02 26.5:5.42 5.4t0.3
(Control)
Ketoprofen with
Benzoicacid
0.25 7.59:1.54 27.110.3 5.9:0.4
(2 mg/kg)
Lactic acid
0.25 6.93:2.35 30.4:8.29 6.6:0.7
(2 mg/kg)
Benzoicacid . «
0.25 4.06:1.04 13.0+2.13 5.0+0.3
(10 mg/kg)
Lactic acid . .
0.25 3.85:1.34 8.49+1.23 4.4+1.2
(10 mg/kg)

*: p < 0.05, significant difference compared to tumtrol (given ketoprofen alope
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Figure2-1. Mean pharmacokinetic profiles of ketoprofen follog/ian oral
administration of ketoprofen (1mg/kg) to rats in tpheesence and
absenceof benzoic acid or lactic acid (10 mg/kggdM+ SD, n = 4)
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