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Abstract
Project code : BGJ4580017

Project title : The interactions of stevioside and its metabolite with cloned human
organic anion transporter 1 (hOAT1) and 3 (hOAT3) in renal S2 cells
and Xenopus laevis oocytes

Investigator : Ms. Chutima Srimaroeng

Project Advisor : Assoc.Prof. Dr. Varanuj Chatsudthipong
E-mail Address : sc_tima@yahoo.com, scvcs@mahidol.ac.th
Project Period : September 30, 2002 to September 29, 2004

The natural sweetening agent stevioside and its aglycone metabolite, steviol, have been
shown to inhibit transepithelial transport of para-aminohippurate (PAH) in isolated S2
segments of rabbit renal proximal tubules by interfering with the basolateral entry step.
Several organic anion transporters are present in the human kidney. Among these,
hOAT1 and hOAT3 have been implicated as being key contributors to renal organic
anion transport. Both transporters are expressed at the basolateral renal proximal
tubule. The aim of the present study was to examine the direct interactions of stevioside
and steviol with the specific cloned basolateral organic anion transporters and to
determine which of these cloned was/were involved in the renal transport of stevioside
and steviol. This question was addressed in renal S2 cells and Xenopus laevis oocytes
expressing hOAT1, hOAT3 and winter flounder OAT (fOat1). The parent compound,
stevioside, had no inhibitory effect on either PAH (hOAT1) or ES (hOAT3) uptake. In
contrast steviol showed significant, dose-dependent inhibition of PAH and estrone
sulfate (ES) uptake in renal S2 cells and Xenopus laevis oocytes expressing hOAT1 or
hOAT3. The IC,, of steviol for hOAT1-mediated PAH transport was 11.4 and 11.1 UM,
as compared to 36.5 and 62.6 LM for hOAT3-mediated ES uptake in renal S2 cells and
Xenopus laevis oocytes, respectively. Interestingly, its IC_ = was similar to that of
probenecid. Trans-stimulation of PAH efflux by steviol was assessed to determine if
steviol itself was transported by hOAT1 or hOAT3. A low concentration of steviol, 1 L
M, increased the efflux of [3H]-PAH (trans-stimulated) via both hOAT1 and hOAT3. In
addition, it was shown by electrophysiology that steviol entry induced inward positive
current in fOat1-expressing oocytes. In conclusion, stevioside had no interaction with
either hOAT1 or hOAT3 in both renal S2 cells and Xenopus laevis oocytes; whereas,
steviol has high specificity for inhibition of PAH and ES transport via hOAT1 and hOAT3
similar to that of probenecid. In addition hOAT1, hOAT3 and fOat1 were all shown to be
capable of steviol transport and thus, can play a role in its renal transport and excretion.

Keywords: stevioside, steviol, organic anion transporter, hOAT1, hOAT3
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kinase A, casein kinase Il L8z tyrosine kinase ﬁ]’mmﬁmi’]zﬂ@mmﬂﬁﬂ Northern blot
analysis L&AI1ALAKIT MRNA 289 hOAT1 azwumnﬁqwﬁ% LATANBIMNEIGL lag
Ll@AWIZAY basolateral mauﬁaqmaﬁﬂa%muﬁu Welfinefiaiinzsflas fluorescent

in situ hybridization W82 radiation hybrid mapping WU718% hOAT1 ﬁ]za%imﬂﬂuiﬁlimlad



mgwﬁ;ﬁ 11g13.1 LWa¥innIuaaIaan b liny Xenopus Laevis WU hOAT1 81110

1 ‘é | YV & 1 a
#9813 PAH @91lu prototypic substrate 189 OAT 'latfluagineg (K, = 9.311.0 M)
MIVREIRNT PAH swnalUs@uungs hOAT1 gﬂﬂ'uﬁ'omﬂmwmwﬁ@ LT

benzypenicillin, loop diuretic (furosemide) sndnuanrud W lsadusand (indomethacin),

probenecid, phenol red, O-KG, bumethanide Waz urate \udu udldamansngndudald
1ag salicylate, choline, amiloride LL8s hydrochlorothiazide (28-31)
WolSoufioy hOAT1 NuUlUsAuausy species 819 RNTMBNWINTMIVUSIENT

PAH W1 hOAT1 @0 Km agluzas 5 9 9.3 UM luanizfiniszudssns PAH ru

%

mouse (MOAT1) JAL¥IAY 14 UM, rat (rOAT1) ReLHIAL 70 UM waz winter flounder
' V@ = ' ° | !
OAT1 (fOAT1) TelvinAl 21 UM S9ugaddn hOAT1 Fanusuwizdasns PAH annnin
OAT lu species 5%6]
o A = [ A A
#anALea N hOAT1 uaa hOAT 3 Tadu transporter dnaanibinazlslunis
Ans1398a398 hoAT3 lasuanuanlasihandnsnduassusnlule.a. 1999 lag Race
\ o X &
uazamz(29) uazdoanlull 2001 lag Cha uazame (32) lusAuausddriignlaauiuan
A A & Ao @ a o A & o A A [
nniftabialavesuyed lasfidrdunaissdivainineziiluninue 568 61 Tandauiy
hOAT1 51% nMTAanzsilasnaiia Northern blot analysis UEAILALARIT MRNA 289
hOAT3 wumnfigalula, swed uazndaiiemuauddy laslawizdu basolateral
= 1 ] v A % A A . . . . 1A
vasilayvialadiudu Nalfinadiadianzilay radiation hybrid mapping WuinBu
hOAT3 azwuagfilaslulawvasuyudgh 11912-13.3  uazliaviimiuaaseaniuliny

Xenopus Laevis WUI1 hOAT3 sNNNTDUUFIANT estrone sulfate (ES) taF1 Km winAu
3.1 UM luameAiudsans methotrexate lédn Km 1 10.9 UM, cimethidine ¢ 57.4
UM uaz PAH 6 87.2 UM HIuaadin hOAT3 fanuiumizdaas ES annnin PAH
uaﬂmﬂf:mi'é"ue] LT dehydroepiandrosterone sulfate, ochratoxin A, PGEZ2,
estradiol, glucuronide, taurocholate, glutarate, cAMP L& uric acid ﬁﬁ’dmmingﬂmuﬁd

@18 hOAT3 an@ae
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=3 U Aaa 6 Id d' v 1 [ v A [
WRRLATN /TG b wanMLIUIIINIHANNRIWLE LA LA A NI
WAEINHA IUNILINABTTULAE 9 NHIGUFITINGT 1T WaFaTZULURA LAz nAaALReA
lasinaaannuanlanie, Na@iammumimmuaﬁ%waaﬂgiﬂa lauinaaaszauinea
A o o ' ° a 56 ) oA Aa &
luiRea wazdslinadamrinnuvasle lasfigndlumstudasi: udillaansadile loq
@ 4 o =i & o & o A Aa A A ° '
vhgiimeuda szgnidfougthiumrayiutnan e gateaalasuwuaiiselus ldlng
gA%008 tHusInITunulugainasasnuin mﬂﬁmsaﬁ%aaalummmgamn
& =Y 1 s 1 6 & a 1 =} ‘ij & 6 dl o a
szlluiwdantiauazardanluasn, uiudelulanaueds Saudusasnuuansan
VOINNLTAR 2819 INAUNIINRIIRATIa0s  HIRINAAaNIINIIRTadalas  NITLAN
aa5 15 lwnstuasnae (urine flow rate), 8@MITULDGLAEN (sodium excretion rate),
renal plasma flow (RPF) laslaifimaUdouutas 8@s1n1Inses (glomerular filtration
rate) WATINNANIANEIVEY Chatsudthipong LAzATAE (18) WU &1TLUANLB LAGRAIBORA
=1 [ gﬁ ' ] ] 1 U ] = dl . .
THRIUEINTVUEIENT PAH ’Hunvialadiudu lasrnaziinalasasih Organic anion
= Ao & X o =< o =< o
transporter (OAT) lumsanE38aTIH M Idns linudinawazna lnmMsTURNS
Aa 6 Aa 1 v 1 . . A
863 Lo lrauaraflioanaanandMelasiunalagasida Organic anion transporter
Iﬂau"lﬁﬁnﬂvlmmguﬁ N9l hOAT1 uar hOAT3  Liha99nNMIIANEINHIBUINLAN
o A ~ A ' v A = y Aa o . a
transporter 2 @2% wuundla lasawznvialaduaudaiudrundanusayadiebs
% 1 . o‘n:i £Z = Aa v 5 dy
luanIunsauaIeananTeme  (Secretion)  Uszlawin ldannsdnenisoasel ay
o Aa 6 Aa U dl' a A a ]
RINIIDINRIIRGILa lod wazr@daaadnltiNan1uslnaLaznsnfiada kil
AITheh ﬁ;mqiwmwé’fﬂ‘lumsﬁnﬂﬁ%‘ﬂﬂ%‘oﬁﬁami?iﬂ'mﬁaNaLLaxﬂavlﬂmwum
R1IRAI 0 MG LAZEAI008 LaaN1t hOAT1 LAz hOAT3 %a‘[aau"lﬁmn%mwﬁ LazLiNe
v 1 L { U 1 v U a g; g ] 1 & v 1
slmmiqmu@wwmwaﬂﬁ"l,@ﬂmamwu MIAneIATIRIzLL TN 4 &uddlaun
1. ANBINAVIRIIRGI Lo lTA LAz RATIaaRAaNITULINIULEIRNT PAH Las ES
HA%NN9 hOAT1 Waz hOAT3 laumsld cis-inhibition study 1% renal S2 cells Way
Xenopus laevis oocyes
a 6 1 . . A o = o . . aa 1
2. AATZRAINN kinetics LNBRNRUADIANNINATE (affinity) VaIaNIFAI00ARE
Iﬂsﬁmummi‘éuﬂ%ﬁﬂi:ﬁ;amﬁ@ hOAT1 uaz hOAT3 NANIULEaIaanlu renal S2 cells
LWRE Xenopus laevis oocyes
3. ANWNAUAIENIFAIDDALNALITIRNIILBLNILUTATI mia?ﬁaaammsngn
mudomuiﬂiaumudamsﬁuw%ﬁﬂs:qau%ﬁ@ hOAT1 18z hOAT3 NHNIILRAIAANLL
Xenopus laevis oocyes la#3a'ly lagld trans-stimulation study

=i aa P [l a%’ v =1 1 Aa
4, ﬂﬂ‘]:}’]Nﬂ“ﬂa\‘iﬁ'ﬁﬁ@naaﬂLWan\‘l"Ist‘VWliWULL%‘E@ﬂx‘lﬂavLﬂﬂWﬁJ%ﬁ\‘lﬁﬂiﬁ@naaﬂ



inulisAuausaansBuniduszasusiia foatt Nlinsuaadaanlu Xenopus laevis oocyes
A4 & Aa o ° o ~_ o = ' a A6
a1l basolateral transporters NAANBIULNNINNUATLARINUIYTAUVUEIRNTIUNTS
Uszaauiia hOAT1 uaz hOAT3 laumsldinaiia electro-physiology
o AN o =2 Ao [ ¢ o v o =2 '
mmjagaw"l,@mﬂmiﬁm&nﬁlﬂumau vl la faNaLas N NN TURRIENT
a =) 1 1 a =) &
aﬁﬂa%ﬁuamﬁaaaamumﬂﬂiaumummsauw‘%ﬁﬂsza;aumm hOAT1 waz hOAT3 T4
ugasaanlu renal S2 cells waz Xenopus laevis oocyes duazidutlszlomilunistszand
Ifaﬁs%aﬂuaaﬁiavléﬁ@ﬂuwﬂoﬂﬁﬁﬂLmzﬁﬁmim&ﬁuﬁsﬁ&ﬂ fA3008 WlTlun1TIE Anng
o Aa 6 a & dl ') v a s n‘ dl U

219U81IFAD L LA VN AL T a1 IR LR AL A WA I WUN WA FITHINWA bFa1NNNT
% {;ﬂ' Ju o a o g; J UV & dy
Faaneiaug uananniidimaninibuwimemyidsluassiandszandlsidunugiunmy
@Tﬁu%’ﬁwms:ﬁuimaqa Farinaaduinadan leumsgansunazlsnuagtsunsnaiale

\ A = A \ v
dngtlszine Lwamsﬂn‘mmaLLazﬂavl.nmaamimaa&;uvlw*sma 9ladaly



A5N1Inaaad

Tumsdnmadadt mlfyduuulummesss 2 gdunuldun msuaasaanzas
lihs@upuasansduniduszgausiia hOAT1, hOAT3 uaz winter flounder (fOat1) lwlauny
Xenopus laevis lavgadldiunuativayuanlassmstSygienmaamiisn muld
anuniavasararssndinmnlasems se.es. 1T A@IFNTNIY AU Dr. John B.
Pritchard, chief of department of pharmacology and toxicology, National Institute of
Environmental Health Science (NIEHS), NC USA lidunmslugdsdssinaansgaindni
avinmslaauldsduangs hOAT3 ialfluminassslulassnsi Wlesannnnasas
Ufi@n19ves Dr. Pritchard ftawizlysdin hoAT1ue laifilus@uunugs hOAT3 sums
wEAdaanuaIlUsAuTUES hOAT1 uaz hOAT3 1w renal S2 cells (S2hOAT1 and
szhOAI3)ﬁﬁswnagﬁﬁbﬂﬁ%ﬂﬂuwungamawn Dr. Hitoshi Endou, Kyorin University, Japan

' 6 ' o =i
FILTRINAINKT lJ'W]’]ﬂ'ﬁﬁﬂfI:ﬂl%ﬂ?ZWlﬁlel |

ANSINNLLAESLTAE (Tissue Culture)

Renal S2 cells ﬁv’\‘i 3 19a (S2hOAT1, S2hOAT3 and S2mock (control)) gm'gm
15luamsias9mad RITC 80-7 L3uan fetal bovine serum 5% LWuil&an 100 ko
ya. uazaiasdlanedw 100 lulasnsu/ua. sluama:mimmﬂ“?iﬁmw?ju%mﬁmwa

e e (2 = v o { A
(humidified atmosphere) Mulugau@linnuidudiuasanivanlasanlod 5% Ngmunni

37°C

a 6 a 1 7 | I3 .
n'li'aLﬂi’lz%ﬁ’lﬂi:}nmmﬂmmmim’lglﬂjaa (Transport assay in renal S2 cells)

{ = 1a 1 = = L 14 3
TN IR N InLSNI A TVUFITNIANIUANNTIR [ C-PAH uae [ HI-ES

a

o & o = e & o A o ad
L"mgL‘Ijaa AALNIIANBWLULY cis-inhibition %k "ﬂtﬂqﬂqiﬂ@ﬂaﬁﬂqmﬂﬂu 37°C I@UN"U%

U

faulasta Ao %é’amn@@mmnﬁmmaﬁaaﬂaumm@hmﬂ‘%aog}@amm’]mﬂ (Vacuum

q] v v
o v (J a o o I 33 dl I d? d'a v
pump) VIMIRILTANDILIIAIN WL UT UL (monolayer of cells) L@NW%VIN'JT’IWVSQ&I

& 6

DNANARBINILAEITAZAY D-PBS buffer 314311 1 Y8, 2 A39 RRINNHUITHINILTLTRAN
v Inaaad 1 luansazany D-PBS buffer 411421 1 U8, W1t 10 W9 BAIINTKIIYN
o d 14 3 '

minesad laoldasazaiy D-PBS buffer %9l [ Cl-PAH w3a [HI-ES azaiuag
Aa a ~ A o =< Av o §a a '

(transport  buffer) I@wumuwuﬂsmmms‘n@1aamsﬁ]zﬂﬂmﬂgauwuﬁﬂuiﬂmumuaa

{ Q U v 1 J 1 Qs 1
hOAT1 Uaz hOAT3 NIZAUAMLTUTUGA 6 muagﬂumimaaﬂmmamtﬁ Tuns@ne
NIAUEFAT (Kinetic study) 289mM3¥N9uwe9lUTAUUUEI hOAT1 Laz hOAT3 @asns
Aa & d ' 14 3 v &

ROI00aMM AN INNTVUFIENT [ C]-PAH %38 [ HJ-ES Lmqma&ﬂunmm%m 2

A = { o \ (% A .l ! o &
u’]ﬁ‘:ﬁ\‘]Lﬂ%Ljaqﬁﬂ\‘]agluﬁzﬂzamﬁqL'ﬁl]@]u (initial rate) VaINITVBRIRIT %aﬁﬁnﬂuuﬁ]z'ﬂq@]



MI3Y9uYa9lUsfuanas Ia BN IR TAZAY a1l I aUS NP T UEIN b

mﬂffuﬁ’mLsﬁaﬁﬁagluu@iawqu 3 939 ¢humTazany D-PBS buffer ﬁqm%{]ﬁ 4°C
o 1 s, WiadereinlSuinamasmstuiuaniw [*C]-PAH uaz [H-ES ﬁgﬂmu
f&dLﬂT’]g&Lsﬁaﬁ PRINLEITINIINARDIUR? Lﬁﬁaﬁirﬁlzgﬂﬁ’llﬁLL@]ﬂI@ﬂIfﬁ’]SﬂZﬂ’]FJ 01 N
NaOH 15um 05 8.  uwashasazangvasmasd leladnluluwnadnsuiaans
ANTWANIWIIF (Scintillation vial) l#FIALALFIRTLIARTANNUANINIIF (Scintillation
fluid) $197w 4.5 W8, WatanSunawesssnuiuanwssd ['Cl-PAH w3e [HI-ES 7
azauagjmﬂumaﬁeﬁa‘lﬂ WRINNTNMITI AR SANTHANWSIRUE Tt ldandnn) aemn
é’mwmsmudamsﬁ'&nﬁ'ummw%’aﬁlﬁﬂ;jmaﬁ lasfinioidunlaluauasansToddalaani
lUsGudamfl (pmol/mg protein/ min) lasiadSunaldsduluioas 3n35ve9 Lowry

(modified Lowry’s method) *v1é’amﬂﬁuﬁﬂmﬁvlﬁmﬂmj&l'ﬂ@aaoLL@iazmjumﬁmfsmLﬁﬂu

nunguauquiia lasiinheidu weiimudvainguaiuqu (%o of Control)

N131A388 oocytes dMsun1Inaaasluzluuunisudasaanvaslusdnunds
hOAT1, hOAT3 uaz winter flounder (fOat1) lul2iny Xenopus laevis

WinU Xenopus laevis \welile aapenaay 0.3% tricaine Uszunmh 20 w19 wad
Mniwzinmsindaiainien linueanangessie collagenase A (1 mg/mi) fuaan
90 U9 S'i%d cRNA ﬁ]zgﬂm%ﬂmm]’mmi‘ﬁ’l in vitro transcription lagld purified plasmid
cDNA 284 hOAT1, hOAT3 uaz fOatt linuazgndadie 20 wiluniuved cRNA 289
hOAT1, hOAT3 uaz fOat1 L‘ﬁ'al%éim%’umﬁLmﬁ:ﬁmﬂ%mmmwudommﬁg&maﬁ

(Transport assay) LLae msans lasldinaiia Electro-physiology

a 6 a 1 ¥ 1 1 .
mM3anzimlsamnsandsarsinguaalaglyldny Xenopus laevis
{ Q a 1 = Q Q 3 3
T INaaaINaIaLSIN UM TUUEIENINUNUANNIIR [ HI-PAH uaz [ HI-ES
LﬂTﬁgjLsnazﬂﬂmhumﬂﬂsﬁumum hOAT1 W&z hOAT3 (cis-inhibition) % 22¥iNNN1INARND
namnnivas lasldunaulasda Aa Menasania cRNA 1ingliny Xenopus Liluiam
o o ' ' = o o o 3
3 Tuud linuazgnusliluansazans OR 2-buffer Tallasnuaiuanmwisd [ H-PAH wia
3 ] { QI =3 { U a W L Q U
[HIES azaway lapfiimaindSinassndasnsasfnsufannusnulusduanuss
= =Y { Qs v v 1 J 1
sn7aunIdlszeausiio hOATT uaz hOAT3 NszauAMUITNTUAI 9 InagAuMINaaas
1 = & = e g: o a 1
Tuudaznydh iwam 60 Wil wasaNuu znganIvinuzesldsduauss lasniga
fsazanefie bl nnuriinsasluny (8-10 oocytes da 1 NYUNIINARDY) AYRIT

] o [
aza1e OR-2 buffer igaennil 4 C USunmk 1 wa. $1wu 5 a31 s linuudazwaslalu
YINFIRIVIARIIANNUANNIIF  (Scintillation polyvinyl vial) wadanwu linuudazwas

ﬁ]:gﬂﬁﬂﬁu@m@hﬂmsa:mm 1 N NaOH 1531 0.2 8. annuazyinlwzsazaneiiln
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AAN9 (neutralization) @38 1 N HCl U3u1mh 0.2 wa. l&aIasalgdniuia a3
o o o A . . . ° A o a o o o A
ANUBANWIIF (Scintillation fluid) $117% 4 WA, INBIATLSNIAVBITNINUNUANINIIR
3 3 { ' ' ' [ o o [y LAY o °

[HI-PAH w32 [HI-ES NacawaglulinuudazWas wasnnvimyiaud dfldaziun
fwmmdanmyzusisnuiuanwiidadgoad laofinhoduilaluadaliny 1
Was ¢ia 60 W1fl (pmol/ oocyte/60 min) uAIIFIGINEIN IFINNFINARBILdAZNFIAN

dwnfisunungunilad lasdniodu wafisudvasnguaiuau (%o of Control)

= 6 . . o a 1
lumsfnsmeauemans  (Kinetic  study) ainmsvinuaaslusfuuuasans
sunidiszgauziia  hOAT1 uaz hOAT3 damss@dsaatuimfliluniszugians
o o [ 3 3 vV & & d {
ANAUANWIIR [ HI-PAH wia [HI-ES ihglinu Wunamnae 30 wifl Saduand
fiagluszuzdaiudu (initial rate) 28INIVUFITT HEIINUUITIINIRYANTINARDS
o 1 Qs a Qs L= Q 3 3 L= {
wazr iR linuuan aaaaandslaUSuNaeINNIUANNIIR [ H-PAH %38 [ HJ-ES @49

lananuuaitadn
di [ A ' [ - o A 3 6 di

MINARBINDIAUITNI MM IVBFIRNINNAUANINWIE [ H-PAH aanuanisasiine

1 % 6 Aaa 1 a 1 a A 6
ganusanInlunkwdasrasmIadieas lasiumsldsdususiasdunidiizg
AaUTAa hOAT1 WAz hOAT3 (Trans-stimulation) 1 Jaunaulastansh fa 1 linuded

miLLamaamladiﬂiaumudaaﬂiﬁuwﬁ‘fﬁﬂi:gauwﬁ@ hOAT1 %38 hOAT3 usluans

azany OR-2 buffer TeflanInusuanwssd [HFPAH flamuidudu 10 UM azansa)
Twaan 120 wift Saflwnafunnwefesaeauaninuiuwanwiid CH-PAH 1imelu
lanu'ler ﬁé‘amﬂﬁ?u"lﬂiﬂuslul,l,@iazﬂﬁjwmimaaa (10 Wa9) zgnadIBEIazaNy OR-2
buffer ﬁqmunﬁﬁﬁaa USunms 1 8. $7u% 3 A%e %é’aﬁnﬂffu"hiﬂuluLL@ia:mjwmimaaa
ﬁlzgﬂu‘*ﬁﬁﬂﬂ%ﬁmmiamw OR-2 buffer @38ians PAH %38 &35U89 probenecid 3l
ANUTNTU  ImM Wiassaddeeafinnuidutudneg lutsnagariozainiinaaas
(0 WTIT 90 ) ssfnduanw3ad H)-PAH ﬁaglum‘sazmﬂ OR-2 LLazﬁa%isluvhjﬂm:
AN IALAZA W AT NIVBEIININUTUANWIIF ’HI-PAH aana nusassouaniy

R13F6I008 I(ﬂmhuiﬂiaumudaaw*sﬁuw%ﬁﬂizgawﬁ@ hOAT1 W&z hOAT3

ns@aninalnnisewdearsafleaariunisllsfuandeansdunidiszgavsiia
foat1 Tnan131%naita Electro-physiology

MNMIFNENTEIRAN §3989m91 815 PAH swsaswldsduandsssdunss
ﬂizfgaumﬁﬂ rat OAT (rOAT1), hOAT1 %38 winter flounder OAT (fOat1) ‘ﬁLLamaaﬂiuvLﬂ
nu TasvinlwiAanszus inward (inward current) 'lef uanszuslwiiiinul foatt siuda
w1l rOAT1 (33, 34) BNTIINNMSANENAHAWIWLN substrates 289 fOat1 Hau
ARNLARINUNL hOAT1 (adefovir) Laz hOAT3 (ES) (34, 35) e fOat! an1savinldiia

A W leuInnI1 asnuluns@nsaiei 13139880kt foatt lwn1I@nEIN tNA1T
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andssnsaainoalaslfinafia Electro-physiology wanmslastavasnadiait aa sl
ﬂufﬁdﬁﬂ’mmmaaﬂﬂladiﬂiauﬂludd fOat! wril® D1AN4 (oocyte recording chanber) 51%41
fim3azany OR-2 IwarudIBANITY 4 1A, da WAl (4 mimin) ob gaawniivias Tunis
ﬂ@aadf‘:vlﬁ’l“ﬁﬁ% conventional two-electrode voltage clamp method lunsiadnszualy
# (current) Awatusuaslainy lanuazgn clamp fanuarsandlni -80 Hadlaad
(MV) pasaninesimsasuasazans OR-2 tu msazanefill OR-2 Afans PAH wia

Aa v 3 dl o 1 n:l. a J 1 1 dl
FIIFAIDARN LLAILANIINANDILN a’]@]ﬂﬁﬂizLLﬁvaﬂ”mm@“ﬂ%a HRNIRINER
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a o o 3 aa I3 aa 1 1 a s 6

1. asdnsljsunusaassrsadileloauazasafloaanan1sansa1ounIs
1 1 a 4 4 6 A
ﬂszqau‘[ﬂﬂm%fﬂsﬁumuaam‘sauﬂ%ﬂﬂszqauﬁfﬂauw’mn1mu$§1§ﬂ°ﬁuﬂ

hOAT1 iaz hOAT3

'
A o

= = aa 6 Aan 1 = s 1
LN NIAN N TINALAUATIVEIRNIRAD Lo lodlasRIIaaIaaada  1USAUAITUEIRNT
Su‘n’%ﬁﬂi:qauﬁ‘[ﬂau"lﬁmnvlmmgwﬁmﬁ@ hOAT1 U8z THa hOAT3 MIANBILUL cis-

inhibition "lﬁgﬂﬁ’mﬂimaaaﬁ'ﬂu renal S2 cells LWz Xenopus laevis oocytes AILFAI 4

U7 3 (A uaz B) aadalalodnanududu 50 pM fs 1 mM laldlnadensuusaans
PAH uar ES W8N hOAT1 Uaz hOAT3 @N&1AU MITNARBIAINE1IEI LAl
A & A ' =2 =2 o - ]
Xenopus  oocyte  \BasanniluluaaninanzdamsansniinataIzn e laainitda
s 1 L & { Y { 1 a a U
lihs@udaugaiies 1 67 Tonafnld aa3Uf 4 (A waz B) wudansadilalad Jlatinants
YUFIFNT PAH LAz ES HI%N19 hOAT1 uas hOAT3 LTUN% N 1ATINWINNaNIaa 088
Aenududu 10 UM sanInianagugIn1ssugizadans PAH uaz ES lenslu renal
S, cells Uaz Xenopus oocyte (3UN 3AB uaz 4A,B) MUAAY HaNINANANITULINT
. P2 n X
YUFIFNT PAH WAz ES 79lw renal S2 cells WAz Xenopus oocyte LNAYLUL
. d . . A an
concentration-dependent LUBNINIIATWITUAT inhibition constants (ICsys) VBIRNIRGIDD

& 14 renal S, cells W&z Xenopus oocytes WUTAN ICs, VBITAI00RGEN1TVUEIENT PAH
{119 hOAT H61 11.4 uaz 11.1 UM lulutaanigasanuaian Tuamenen 1ICs, 209

§NIFE00AAINIVUFIENT ES HIUN1S hOAT3 J61 36.5 Uaz 62.6 UM luluiaanisay
o o o 1 @ 1 ¥

anudey Sedaenanaunsnaydldas

MINETLN 1
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was SwibolwdefidudisuiulSinmsstuduanmnisd ['Cl-PAH (A) was CHIES (B) Aiald

' W ' A A A A = a ' . @
luLmaﬁﬂquﬂauquﬁvluﬁmﬂamiaaa‘[a%ﬁua:msaa'saaa FaaaduUSumnIuuRIHIAY 100%
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21dumIhausesldsiusudsmsdunidlszaauilaauldnnlauysdoia hoAT1 (A) uaz ila
hOAT3 (B) NNNIuaadaantInI e IINY Xenopus laevis lag &13a@3le loduazantadisaainais
v @ £y a o @ [ 3 3 { '
anuidudn Tayalunaw wsasfolTunaaanualuanwisd [ HI-PAH (A) uaz [ HI-ES (B) Ngnaus
) ' & & o a o @ [ 3 3 { o
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2. HANIINATIERNIAAIEASVDY AR ID0aADNITVWEIANS PAH 1az ES M
nalusfnandsarsduniduszgavilaanlannlaansd zia hOAT1 uaz

hOAT3 @aNa1AL

NNIUN 5 (A uaz B) UAAIDINAYBIANIRAI0086ANITUUEIATT PAH Uaz ES
HunalusfuausaansBuniduszaausfia hOAT1 uaz hOAT3 1w renal S2 cells ¢
Michaelis Menten constant (K,) 789n133udssns PAH lunguaiuquilen 46.4 pum lu

A . da Aa A A ! .
wnzfinguniiansadioan 20 UM Jd1 apparent K, = 155.2 UM lasfd1geniinguaiy
1 é { o o ! . . . g
Q&lﬂi:mm 3 Wi BallarundwI Al Michaelis Menten Inhibition Constant (K) =
8.5 UM minasasuuudainldnnvinlu renal S2 cells expressing hOAT3 lasfnwna
YRIFINAIDONADNIUUFIRNT ES mumﬂﬂiaumuddmi’é‘mﬂ%ﬁﬂszﬂaumﬁ@ hOAT3
Haflawudn dn Km lunguaiuquiien 21.1 UM luameie apparent Km iladiania@?
A A AL ' ' a & v A o o
288 20 UM Hf1 28.2 UM Dadiengandnguaiuquiisaanitas uazilahundwion
A1 Ki usa9zleein 31.5 UM
a 3 [ Aa 1 ' [l

MIIATITANIIRARASVDIINTHAI80AABNTUWEIENT PAH LAz ES HIUNM9
lihs@usussansBunidszgausiia  hOAT1  uaz  hOAT3 ldvihmnasasdnasilu
Xenopus laevis oocytes I@Uwaﬁvl,éfﬁaua@ﬂugﬂ 6 (A ez B) @1 Michaelis Menten

A

constant (Ky) 289M133%&4813 PAH lunguaiuquiidan 11.0 UM lusnizfinguidanyad

q

a A A ! ' A
7888 50 HM A1 apparent K, = 21.8 MM I@]U&lﬂ’]iﬁdﬂ?qﬂQNQQUﬂ&lﬂizwqm 2 N1 Dy

WauNd1wI Ik Michaelis Menten Inhibition Constant (K;) = 2.0 UM M13naaad
nuudsaniulannyinlu oocytes-expressing hOAT3 lasdnHazadanIainandan v

89813 ES HIuN9 Iﬂiaumudamiﬁuﬁﬁﬂi:ﬁ;aum'ﬁ@ hOAT3 Wanlawui1 a1 Km i
' A A A o Aa A
nguaIuauiien 4.8 UM luamenidn apparent Km 1lafiansa@iaas 50 UM Jd1 10.1 [

A A ' ' A & @ A o o | . Y v
M TﬂwﬂqgﬂﬂaqﬂﬁgNQQUﬂﬂJLWEl\'iLaﬂuE]ﬂ LAWKV ITUIAAN Ki LLﬂ’Jﬁ]va@ﬂ’] 54 MM
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3UN 5 usaad N IRaUM AR TIBINIIURIRIINTUANIWIIR [ C-PAH (A) uaz [ HI-ES (B) Ninnuw
saudhgimad lasandunsrnuveslsduusdiasdunidszaasunlaauldnnlanyudsiia hoAT1
(A) uaz 1Ha hOAT3 (B) ANIuandaanatingndslu renal S2 cells Waldansadisaananududu

20 puM isuifisuiungunguaiugui lifnmsldaasadiesn f K Aildanmadwiriiny 8.5 (A)

31.5 (B) UM enud1au
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31N 6 usasFIMIIRUMEATIAINTVURININNTUANIWTIF [ HI-PAH (A) uaz [ HI-ES (B) Nnnuw
gadhgas lasandumarhinusaslifvusasdunidiegaunlaanldanlauyudsfia hoAT1
(A) uaz 7Ha hOAT3 (B) Nilmsusasaantiaiilu liny Xenopus laevis iilalaansa@liaaananing

\indu 50 UM uWisuifisunungunguaiuguithiinislasssdieas 1 K Aldanmadwiairiny
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dl 1 a 1 1 a { U
(51’15'106{?1]71 1 LLammmaﬁ]aumam’maomiaﬁ'saaa@laIﬂiaumuaGmiauﬂ‘%ﬁﬂizgaummu"lm

mﬂvl,@m‘lcl;‘.l:rﬁ“ﬁﬁ@ hOAT1 (A) uaz Tiia hOAT3 (B) 11 renal S2 cells Laz Xenopus laevis oocytes

Cloned IC,, (LLM) K, (LLM)

S2 cells Oocytes S2 cells Oocytes
HOAT1 1.4 1.1 8.5 2.0
HOAT3 36.5 62.6 31.8 54
A9 IIAeNN  DILNANENIIUANENIRAI 00 NNA LALATIA DN TUUFIRITHIWN

Iﬂsﬁmummi‘éuﬂ%ﬁﬂi:ﬁg‘amﬁﬂ hOAT1 W&z hOAT3 uangslunIuuUTail s13869
208 azmmsngnﬁm‘hLsﬁaa‘uazﬁﬁ@aana'ms"mmUI@ﬂﬁquﬂsﬁumudaﬁaaaoéTfsﬁ 1o
A L A A @ 2 A o \ Vo Aa &
Il wIednuaniefa S9linTuuUTaIN &Ix@Ieea 1w substrate W84 transporter
& o A A '
NIRDIATAID b
a gﬁ = a o c?; pg' ) = 1 d' v g 1 Aan
AIBwluNIAN BB TIRzINTNIANEAda I a LN TULTaIY a13addaanas

mmmgﬂmuﬁhNﬁuwwolﬂiaumudamiauw%ﬁﬂizﬁ;awﬁ@ hOAT1 Waz hOAT3 leviva bal

3. ms‘nmaaunavlnms"zmﬁamsaﬁ%aaa&hu‘[ﬂsﬁuﬁwudamsﬁuﬂ%{fﬂszqauﬁ
laawlasnlaunwdrfia hOAT1 uaz hoAT3 lagvinmsuansaaniuliny Xenopus

laevis oocytes wazniINsANBIA8IS trans-stimulation

A A a . Aa a .
gt 7A  usasnammesesfifialuliny  Nfimsusaseanvasllsduauds
' ' o e % 3 ] ~ g ' o o o a
hOAT1 WU ARIINNIUANIWTIF [ HI-PAH Setnnauadwinesiag (e trans-

Y & 1

. . d ' { v v A ~
stimulation) (Jaldas PAH fianududu 1 mM fagluasazas OR-2 Hlfidungw

q

™ a [ A | A ' . AaA Aa
positive control IfiuufiLa1IAzA1Y OR-2 iEdaENLGNY (NuAILgw) lungundansadi
808 1 UM usedlilAunaasonunuss PAH Ssvansfy SUSunsssnudiuanwsss
3 a &£ ' @ o w a . . { o ' ' =
[ HI-PAH WaTuatnalundany (e trans-stimulation) WalfisuAunguaiugy adngls

anu Tunguniiansadieasnannuidudu 10 pM 89 1 mM lawunisifia trans-stimulation
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d‘ a 1 dlnl Aaa n‘ v v 1 1 s
uwaziilaRTanngundasadieaanianududu 100 UM uaz 1 mM wud 2 nguas
' ' o o [ 3 @ ' '
naMAMEINNTUANIWITIF [HI-PAH luansazans OR-2 daundnguaiugu wians
a . (L gs s { [ ' 'Y o @ \ { o & ,
\ia trans-inhibition  TINANWLAINAIASILARINUNUHAVBINGUNNITTUTINIIUUE
\ L = .
813 PAH {119 hOAT1 ez hOAT3 &9nAa 1 mM Probenecid
P A a £ ' Aa a '
I%Eﬂﬂ 7B UAGHHNANIINAAaINLAATWIW inuNIn1TLaadaanvad LA uYwa

hOAT3 ¢ian3Lia trans-stimulation Vadg13adI00a Llauldans PAH Nanududs 1 mM

\flu positive control FyanmInaaaswuin asadAoeafinnuidutu 1 UM danalsien
FINNTUANIWSIF [ H]-PAH flml,ﬁu%uamaﬁﬁfﬂéwﬁ%y (1fi@ trans-stimulation) Lilatfisy
funguaingy atnelsfinunavasmsiia trans-simulation 'l'ldiAedulungumsad
paafianuLdutu 10 waz 100 UM ﬁ’mmjummLﬁuﬁumaommaﬁaaaﬁ 1 mM uaznga

815 Probenecid LaAINAMAUDWNKAS L1N@ trans-inhibition
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Xenopus laevis ﬁﬁmmamaaﬂmaﬂﬂiaumuﬁ«iamﬁuw’%ﬁﬂiz@aumﬂauvlﬁmﬂvl,mww%ﬁ@ hOAT1
(A) uaz THa hOAT3 (B) lussazany OR-2 Afasnuduannisd CH]-PAH 10 UM s 120
wift wazgnii lutluansszans OR-2 fflanvadionn nasanudutu Wwaan 90 wifl Usunmans
Auuanwsid CHE-PAH 73aldluasazans OR-2 Tuudazngu Swindwdefifudifisuiudianm

o o o a 3 Ao ' A = ' Aa
aINUTUANWIIR [ H-PAH Al ldlunduaiuquitldinslaansadloas
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4. manadaunalnmsvudsansaflioaanwlisfnandiasdunidlszgavilaan
Taa1n winter flounder OAT (fOat1) Tagrinnisuanasaaninlany Xenopus laevis

oocytes LA girmsAnslaais Electro-physiology

dauaadlugln 8A waa91n clamp linuniimiuaassanvaslisdususssugians

suniduszaurdia foatt Namusnsdng —80 mv udanud Waldasazaiy OR-2 1l
100 UM PAH ua? sn3asnananansayinliiianssua inward (inward current) G9iidn —
61.9 T 2.4 wluuand (nA) luanianssdieeananudutudsinuainnsavinldiia

inward current laliNed —11.7 = 1.0 nA §2ug138@3 10 kranaudutu 100 UM Tidins
3 o v Y Aa 1 1 A '
lagdanszualuily ldeansoasldi ssadleasmansnvudsiumaldsdusugs

I TBUNITUTZIaUTHa fOatl 1o

8A.

100 uM 100 uM 100 uM 100 uM
PAH stevioside steviol PAH

(nA)

mem

0 5 10 15 20 25 30

Time (min)
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dl' a A 3 1 Aa o v Aa . v

LN@‘W’%"I‘SM’]EU‘Y] 8B AU msamaaammmﬂﬂw,ﬂ@ inward current Vlmnﬂ
J A a % v J =2 Y Aaa o Y Aa .
VUBLNBDLWUAINNEVNDWRYBIRIININDY ’%Gﬁ?‘]_]vl,(ﬂ’ﬂ wamaammmaaamlmﬂ@ inward

J Qs v v v
current LULYBNUAMNLYNYW (concentration-dependent) 4

8B.

100 pM

steviol

5 I
0
<
£
s S5t
_E
-10 |
-15 |
-20 1 1 1 1 1

Time (min)

A o '

L3 mmimaama"l,mﬁaﬁgaﬁ’hmsaﬁ%aaammmmudamumﬂﬂiamum
I TaUNITUTzaUTia fOatl letni1ans PAH w3aly 1svinmInasadlasnisls

ATz OR-2 MIRTIENT PAH (1 aMudududl Ky, 0¥ 60 UM) wazansadiaaa
ﬁﬂ'nurﬁwﬁugal,l,a:@‘h wuri eldasazans OR-2 7ifM19anT PAH 60 UM Taaiua 8@
Seeafianududu 1 UM tiu susnviliiAa inward current ldunnnimsldmsazans
OR-2 Aflans PAH 1fingagnat@ien (103.9 £ 1.2 % of control PAH current) wananniiia

lgsnsazany OR-2 Nflans PAH 60 UM T3anusss@InasNanuituds 100 UM wis Wi

] ] . i a £ o ' ¥ { '
91 @1 inward current NLAATUANRIFININNITITRITAZANY OR-2 NARIT PAH LiNg1988n
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{87 (47.3 £ 5.4 % of control PAH current) sanudsaydlddn sradleansmannuuss
N Iﬂiaumudwudams'ﬁuw’%ﬁﬂszgamﬁa foat1 leualuaaiNtininans PAH

Juansawuuy (prototypic substrate) W&y organic anion transporters (OATS)

8C.

60 uM PAH 60 uM PAH
+ +

60 uM PAH
100 pM steviol

1 uM steviol

(nA)

mem

-60 1 1 1 1
0 10 20 30 40

Time (min)

= . a a . . a
;s‘lJ“n 8 LEAINMIANHNA INMTVUEI &1TFA L0 MIGLATENIFGI008 (A) WBlUTAUIUEIRNTOUNIE

Uszgauriia foatt lauldans PAH 1l positive control uazwudn (B) ssadisaasmuninriliie

. @ £ o 2R . Aa '
NITUR inward ERULAUADANNT T (concentration-dependent) LLas (C) 81IRAIDAIRINITIDUWR
muiﬂiaumudamiauw%ﬁﬂs:gaumﬁ@ foat1 leluaasAtininens PAH  Fadusnsauuuuvasd

lihs@upuassnsduriddazgaunaly

24



aslua ﬁm‘m’iw Aan1INAaa

o o Aa & AV v a o Y
FIIENAMNRIANULIZEITEA L0 [Ta eI basuanuawlanazinisiing
wiwndanidalfidummnulunansdszimeanansludsznadu,  falds, ldwi,
auaidy, inmalduaziu uazldiumreyd@lildidu Food supplement Tudszinasniy
a g: A & U =y dl ] 1 A 6 a
LS adnd Uaa. 1995 (Juduun NMIANNHIUNINLIEN TR L0 MR NNaNIIN
InendasunrIouwnuiIen e lssnansfsInewas (16) nmMIAnEINEIuIN 1o
Yamada uazame (36) wuiudlelimadilelodlunyaridunauiuis 2 U dwanu
Vingugans 550 faaniudanlaniuiimnn (mgkg BW) (39814 200 iviwasaMATuTY
{ a A | A a o 4 a o ¥ £y < o '
gaganuusdalazuilng aviiy 2 Sadndudalaniuimiin) Adelisanansznuly
meauldatngla  nmsansfcwInLINMTENIadi le ladaaunsasisannnua s
lafauazaaszauinanalwfaalunyudld (6, 8, 37, 38) luvmzfiansadlean (A3ium
valaduasadilalod) fmonui ldiRensnaewuslu  Saimonella typhimurium
TM677 (39) AIBWNANITIINYILSZNANAIL ) FUAUTVBIFNTAINEINULNDY ) 69 1
WS
=3 1 AaaK Aa 6 v o
PIUNMIQATU  MIuwInIznsuaziaUeifyvasaadilelod  lagniiian
= v & ) = Aa ca & o dA o
anmludainasaanudt  nIgaduveisadileladiiatutesinniiariminasaslu
6 dl ~< Aa a J 1
everted sacs UBIWUIIUAZ Caco-2 LoAR LwuminIgaduvaiasadioaatinduating
a3 (40, 41) dunnnuiuudriansadilelodausngndesidusiaiioanldlas
wuafiSaludldasdainasriiaiundluuyed (3, 40, 42, 43) MNTENUARBINHY
! A o Aa o & Y Aa & oA = a & a
1 Weldmssdilelodludainasaudr wwzaisdleaavnuuiigngeda Bnnalineg
numshassdile loduazaswenveladauningnidneanainiemeldadimaia
msanelula.a. 1996 las Cardoso uasaAmss (42) WU LIBAAENINNNUAMINTIR &G
& 131 . . [ o o o adA A A A ~
lalodl [ 1)-stevioside Tunyaniudr sstuduanwisdinamanulwion o w60 &
' . < A A . v o Aa o o o o Aad
AANRIBENITIATIIWARDNEILA 6% VaInNUTNTUNAAEN 1Y aIANNUANINWIIFN
avanyldludaanzuazlugaanszdadlndifosnudnedan - wennniinsd@nmfsuunds
' a ' ) . . A
WUTNAN clearance YadaNT&A2 10 kIR ﬁmgdm’]m clearance V83817 inulin TIRINIID
@ Aa & A Aa @ Aad .
vanlai madilelad  (Wiemiadiess) mansngniveannislaldlasds  active
transport tlaRasanisanauduldldasnaiuas mudnin ssadlseasnaunsaguss
MIVUFIVBIANT PAH 14 renal cortical slices VRINUDN
A o AL a = o \ a A
HuAnTunudnlUsauanasTInunIeenu basolateral vasviala 2 wiia Aa
hOAT1 uaz hOAT3 ®WNINIUMIANT PAH UazaunInduasdunidlszgauuazans
xenobiotic @149 lasaAunaIK  ANNIBINRINNRi1eaa1s  endogenous LAz

: ) P ) Aa & A
exogenous aaﬂ'ﬁ]’]ﬂﬁ’]\‘]ﬂqﬂvlﬂ (28, 32) IAINNITINNUAN clearance ma\‘]ﬁqiﬁ(ﬂjiavlsﬁ@vﬁa
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gIiean AA1gd UATNAEINNIRGIE0AMANINGUSINIVUEIVEIENT PAH ildanae
U Q Q & g; Qs Q 1 1 1
e lain asenladiniensandsesaiainann waldlusduangs hOAT1 uaz hOAT3
HunaEN W N aTUENIAINA08NINTHMEY  LNDRAAMNLTNTHYBIEN T 9 lus19me
FUNIRAANULTEIRENIAAREADII9NE 889 IIAMUTIETHU GRUNTDVRFINIUN
1Usupuas hOAT1 Uaz /38 hOAT3 WEIRITUHBADIIILURAI LALAUNIRERUVDIRNTAS
nanluriale feruenariliiiaanufemedelalaguny wonanienswug a19as
wWassulaamatumBunidUzasudug Saandulusdiuaugs hOAT1 uaz hOAT3 Yinlw
a a A6 ' v . @ o &2, & A =2
Aansazauvasasduniduszaauluinimeldisuiy dmudsdnduadnsdslumsnm
=3 1 Aa 6 A Aa 1 s [ % A
fanalanszudszasaniadilelodwiomiad@ieansiiumsle lasanduanainmedugs
luiana
= v & Aa &
INMIANBVAS Jutabha LAZAMEE (13) LRAIIALABNATEIRIIEAD L0 LIRNANA

[N 0.7 mM &INNINRANITUURIENT PAH s NaNIa@0aana Nyt udwiNe Jie

10 UM Agansndudignsvusians PAH luszaurialald adslsfiony msfinenluass
unlildvinmamasasadisanzianzasiiUfFunus  wazna MR aIanIa6a e
& A Aa ' A . A A = & g
lodvisaansadieaadaldsdusuassiia basolateral OATs TINNANNITANENTUATIANY
! a M v & ' a | A
1 asadilelod llddusinmmudiasduniduzgausdiunis hOAT1 uaz hOAT3 &9
miuaasaannilu renal S2 cells uazluliny Xenopus laevis (dausaslugd 3AB;
4A,B) Bnnsnamsdnsnlasandainafia Electro-physiology WU ansa@ile laod hailavin

v A n:ll 1 o Y ] n:l.d
TWAanmafouudad  enuadnd Wi vesaniuTuresiny  AMTLEasaanvas
1 a a Qs & 1 L2
lihs@upussansduniduszgausiia foatt (Asuaaslugyl 8A) Famansniiat e sssa
Nelodldldgnuudsdiolsdusngssnsduridszgaufiagmidn basolateral vadtia

= g; p.?uz (2 = = n:l' [ 1 Aa [l Y
o wam3@nuluaTsftisganadasnuMIANENNEIUNNLABNLTIN &15FA7 L8 boa bl ba s
NARDMILHINATUWAI9% (energy metabolism) 11 intact cells (44) AIUBIIRUNDAIY
! Aa A A ' \ o v A & A Aa
11 &13adalelod i neslnaluwiaudanisimninvasaad wanazasmniansadile
et Lafladid fansiusniuldsduaudiasdunidlzaaianiannansuzlasiaioms
a d 1 v 1 1 e s 1
wlvassIadila loadilvwadautelng (MW 804.9) F9ldmunIndunulls@uungs
a138unidUszaausfia hOAT1 waz hOATS ld Aaudimsfinmwavesssadileladda
1 =) g: ¥ ] Qs ‘é o
mMysusIa I IBurtlszgavluasifiuandanun1sdnsaas Jutabha uszAmr G9vh
msanenluvia laueinszany NMIANHIANVLANAINNIGIUANIIVWUUVEY substrate
dalusduvusnaznalnnszudszasansdunidszaavluudas species nuldgnaenu
THosunu a9ea819d% AN INZVRIRNT PAH @iaiﬂ‘samudamsﬁuﬂ‘%ﬁﬂszqauﬁ
loauldanlavasuywd  (hOATY)  sulldrgenitflaauldandaisiaduyg @
inhibition constant (K;) Uszanme 5 — 9.3 UM lupmefian K vaslusduansassnsdunsd

Urgaunlaanldainlavasnyand moAT1) fidh 37 UM ¢ K vedldsfususdians
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suniduszaaunlaauldainlavasnyuim (r0AT1) fidn 14-70 UM uazen K vaslsdu
\ a A6 A o . A | !

nassaurIdlszgauilaauldaintavas winter flounder (fOatt) fien 21 UM saudn

K, 289813 PGE, daldsuausamiduriduzgausiia moAT2 Addszanme 5 UM G

' = ' o @ o &
8991 hOAT2 uaz rOAT2 9fendszans 713 M uaz 39 UM awdau (45) a9
] d' a é/ Aa 6 1 1 a A 6 1
mmmema'ﬂmmumﬂNamaamiamiavlemmamwuaomiaumaﬂizﬁ;aulum:mfJ
A ' a A ¢ A 9 R 1 a £ v 4 @
LLazIUmmummsaummﬂs:qauwiﬂau"l,mnﬂ"l@maamgmmm%mmu"l,@muﬂu
o o & Aa ¢ A Aa ) Aa
MIUNIIOTINUTNN /ITLUANLD LRAUDIRIIFGD Lo ke wIaNSuNINRIIRGIaaan
SUTANANLANAIINWALNIAK LATA LaaNIANENIWATIRNLIN ’IIRATIaa8sNNITNEUL
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Our previous studies have shown that both stevioside and steviol inhibited
transepithelial transport of para-aminohippurate (PAH) in isolated S2 segments of
rabbit renal proximal tubules by interfering with organic anion transport system.
Several organic anion transporters are present in the renal proximal tubule including
OATI1, OAT2, OAT3, and OAT4. The purpose of this study was to examine the direct
interactions of stevioside and steviol with specific organic anion transporters using S2
cells expressing hOAT1, hOAT2, hOAT3, and hOAT4 (S2hOAT1, S2hOAT?2,
S2hOAT3 and S2hOAT4) and to compare these effects with those seen in an intact
renal epithelium. Stevioside at the concentrations range between 0.5 — 1 mM showed
no interaction with any OATs. In contrast, steviol markedly inhibited organic
substrates uptake in all cell types with different potencies. Among these, steviol has a
low ICsg for hOATT1 (11.4 uM) and hOAT3 (36.5 uM) similar to that of probenecid.
Results obtained in mouse renal cortical slices were very similar, i.e., stevioside was
without inhibitory effect and steviol was a potent inhibitor of PAH and ES transport.
These results indicate that stevioside has no interaction with human or mouse OATs.
In contrast, steviol interacts directly with human OATs, in particular, hOAT1 and
hOAT3 with a potency approximating probenecid, suggesting that competitive

inhibition of OAT-mediated transport by steviol may alter renal drug clearance.

Keywords: stevioside, steviol, organic anion, organic anion transporter, renal cortical

slices
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Stevioside is the major sweet component isolated from the leaves of Stevia
rebaudiana. It is about 300 times sweeter than sucrose, but it is non-caloric (1).
Therefore, it has become popular as a sweetener in Asia, South America and has been
used as a dietary supplement in USA (2). Stevioside can be degraded to its major
metabolite, steviol, by intestinal bacterial microflora from various animal species
including man (3-5). The chemical structures of stevioside and steviol are shown in
Figure 1. Stevioside has been shown to have therapeutic value as an anti-hypertensive
or anti-hyperglycemic agent (6-10). However, the issue of the safety use of stevioside
and its major metabolite, steviol, has been raised. Stevioside has been shown to be
non-toxic, non-mutagenic and non-carcinogenic compounds in various mammalian
species (11, 12). Long-term oral consumption of stevioside in amounts as high as 550
mg/kg BW/day for 2 years had no toxic, carcinogenic, or growth effects in the rat
(13). This finding suggests that sevioside, which has a likely maximum intake in man
of only 2 mg/kg BW/day (11), should be quite safe. In contrast, its aglycone
metabolite, steviol, has been reported to be mutagenic in S.#yphimurium TM677 (14).
Likewise, at doses ~6 g/kg BW steviol was lethal to the hamster, and its LDs, value
was ~15 g/kg BW in rats and mice (12). Thus, questions remain concerning the
toxicity of stevioside and steviol that should be addressed prior to their widespread
commercial use as a food additives or drugs.

In particular, the renal handling of these agents is critical, since it determines
the ease with which they are is cleared from the body, or conversely the potential for
their accumulation upon chronic consumption. Previous studies have shown that
stevioside and steviol inhibited PAH uptake in rat renal cortical slices (20), suggesting
that one or both compounds may be handled by the organic anion secretory system of

the kidney. Indeed, our own earlier study indicated that a pharmacological
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concentration (0.7 mM) of stevioside inhibited transepithelial transport of PAH
without changes in Na'-K'-ATPase activity or cellular ATP content in isolated S2
segments of rabbit renal proximal tubule (21). We also found that steviol inhibited
transepithelial transport of PAH at the basolateral entry step by competitive inhibition,
suggesting that steviol binds to basolateral OATs (22). However, this in vitro study
did not permit the clear differentiation between the interactions of stevioside and
steviol with the specific organic anion transporters. Thus, it is important to examine
the specific transporter that interacts with these compounds. Currently, several
organic anion transporter isoforms have been cloned and identified. In humans,
OATI1, OAT2 and OATS3 are expressed at the basolateral membrane (15-17); whereas
OAT4 is expressed at the apical membrane of the proximal tubule (18, 19). These
transporters play important roles for the net elimination and excretion of various
organic anion compounds including therapeutic drugs. The inhibition of basolateral
OATs activity would reduce a clearance of those therapeutic drugs transported by the
OATs, potentially leading to altered therapeutic efficacy or even increased toxic side-
effects of these drugs. For example, probenecid is commonly used in the treatment of
gout, but it is also widely used as a prototypical inhibitor of the OATs to prolong the
clearance time of drugs. Thus, probenecid coadministration has been used to reduce
renal excretion of ciprofloxacin, benzylpenecillin, and acyclovir (23-25). Recently, it
was shown that its inhibition of hOAT1, hOAT3 and hOAT4 contributed to the
interactions between probenecid and penicillin G, methotrexate and NSAID (26).
Therefore, these human OATSs are potential sites of interactions between stevioside
and steviol with anionic drugs as well.

The purpose of this present study was to investigate the direct interactions of

stevioside and steviol with specific renal organic anion transporters. Both S2 cells
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expressing specific organic anion transporter, hOAT1, hOAT2, hOAT3, hOAT4 and
mouse renal cortical slices were used to determine the inhibitory effect of stevioside

and steviol on organic anion transport.
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Materials and Methods
Cell Cultures. The S2 cell lines used in this work were generated previously (27).
They are derived from transgenic mice harboring the temperature-sensitive simian
virus 40 large T-antigen genes. Briefly, S2hOAT1, S2hOAT2, S2hOAT3 and
S2hOAT4 were obtained by transfection of S2 cells with pcDNA 3.1-hOAT]1, -
hOAT2, -hOAT3 and -hOAT4 coupled with pSV2neo, a neomycin resistance gene,
using TfX-50 according to the manufacturer’s instructions. S2 cells transfected with
pcDNA 3.1 lacking an insert and pSV2neo were designated as S2pcDNA 3.1
(S2mock) and used as control group. These cells were grown in RITC 80-7 medium
containing 5% fetal bovine serum, 10 mg/ml transferrin, 0.08 U/ml insulin, 10 ng/ml
recombinant epidermal growth factor and 400 mg/ml geneticin in a humidified
incubator under 5% CO,/ 95% air at 33°C. The cells were subcultured in the medium
containing 0.05% trypsin-EDTA solution (in mM: 137 NaCl, 5.4 KCl, 5.5 glucose, 4
NaHCO;3, 0.5 EDTA and 5 HEPES, pH 7.2).
PAH and ES uptake in S2 cells expressing hOAT1, hOAT2, hOAT3 and hOAT4
and S2mock. The transfected S2 cell lines (S2hOAT1, S2hOAT2, S2hOATS3,
S2hOAT4 and S2mock) were seeded in 24-well tissue culture plates at a cell density

of 1 x 10° cells/well. After culturing for 2 days, uptake experiments were performed

at 37°C. The cells were first washed three times with Dulbecco’s modified phosphate-
buffered saline (D-PBS) solution (in mM: 137 NacCl, 3 KCI, 8 NaHPOy4, 1 KH,POy, 1
CaCl,, 0.5 MgCl, and 5.6 D-glucose, pH 7.4), and pre-incubated in the same solution
for 10 min. The cells were then incubated for 2 min in the D-PBS solution containing
specific substrates, ['*C]-PAH for hOAT1, ["H]-PGF,, for hOAT? or [*H]-ES for
hOAT3 and hOAT4 in the absence and presence of stevioside and steviol. Uptake

was stopped by the addition of ice-cold D-PBS solution and the cells were washed
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three times with the same solution. The cells in each well were lysed with 0.5 ml of
0.1 N NaOH and the radioactivity was measured by liquid scintillation spectrometry
(1214 Rackbeta, LKB Wallac, Sweden).
Kinetic analysis of steviol inhibition of PAH and ES uptake. S2 cells expressing
hOATI1 and hOAT3 were pre-incubated in D-PBS solution at 37°C for 10 min as
described above. They were then incubated in D-PBS containing with either ['*C]-
PAH for hOAT]1 or [°H]-ES for hOAT3 at various concentrations in the absence and
presence of steviol for 2 min. The data were plotted as a Lineweaver-Burk plot (1/
[PAH] versus 1/[PAH] uptake and 1/[ES] versus 1/[ES] uptake) and the K,
(Michaelis-Menten constant) was estimated from the x-axis intercept. The maximal
rate of either PAH or ES uptake (Vax) mediated by hOAT1 or hOAT3 was estimated
from the y-axis intercept. The K; of steviol for PAH and ES transport were calculated
to determine the affinity of steviol for these transporters as shown in the following
equation;

K; = Concentration of steviol /

K., of PAH or ES uptake (with steviol) -1

K., of PAH or ES uptake (without steviol)

Cytotoxicity. Cell viability was determined using a modified colorimetric assay with
sulforhodamine B (SRB) as described previously (28). Briefly, the cells were seeded
into 96-well microtiter plate at a cell density 1.5 x 10* cells/well, and incubated at 33°
C in the medium containing various concentrations of stevioside and steviol. At day 3
of incubation, the medium was removed and the monolayer cells were fixed with cold
20% (W/V) trichloroacetic acid (TCA) for 30 min at 4°C. They were then washed five
times with distilled water and air-dried. Subsequently, the cells were stained for 30

min at room temperature by 0.4% (W/V) SRB dissolved in 1% acetic acid. At the end
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of staining period, SRB was removed and quickly rinsed five times with 1% acetic
acid. The cellular protein contents were extracted with 10 mM Tris—base [tris
(hydroxymethyl) aminomethane] and measured the absorbance at 515 nm using a
computer-interfaced, 96 well microtiter plate reader (EL 312, Bio-Kinetics reader,
Bio-Tek Instrument Inc, Finland).

Animals. Adult male C57BL/6 mice raised in the National Institute of Environmental
Health Sciences (Research Triangle Park, NC, USA) were used in renal cortical slice
experiments. All animal procedures were approved by the NIEHS Animal Care and
Use Committee.

Renal slice preparation and uptake study. Tissue slices were prepared according to
published methods (29). Briefly, animals were euthanized by CO, inhalation and
decapitated. Renal cortical slices (0.5 mm; 5 — 20 mg, wet weight) were cut with a
Stadie-Riggs microtome and maintained in ice-cold oxygenated modified Cross and
Taggart buffer (in mM: 95 NaCl, 80 mannitol, 5 KCl, 0.74 CaCl; and 9.5 Na,HPOy,,
pH 7.4). The slices were incubated in 1 ml of buffer containing either [’H]-PAH or
[*H]-ES in the absence and presence of stevioside, steviol and various compounds for
60 min. Uptake was stopped by the addition of ice-cold buffer. Slices were washed,
blotted, weighed, dissolved in 1 ml of 1 N NaOH and neutralized with 1 ml of 1 N
HCI. Nine ml of scintillation fluid (Ecolume™, ICN, Irvine, CA, USA) was added
and radioactivity was measured using a Tri-Carb™ 2900TR Liquid Scintillation
Analyzer (Packard, Meriden CT, USA). The uptake of PAH and ES were calculated
as tissue to medium (T/M) ratio (i.e. dpm/mg of tissue divided by dpm/ul of medium)
and then expressed as a mean percentage of the control.

Chemicals. [’H]-PAH (40 Ci/mmol) was purchased from American Radiolabeled

Chemicals, Inc. (St. Louis, MO, USA), ['*C]-PAH (1.50 GBq/mmol), ["H]-PGFa,
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(6808 GBg/mmol) and [*H]-ES (1861 GBg/mmol) were purchased from New
England Nuclear Corp (Boston, MA, USA). Unlabeled PAH and ES, probenecid, o.-
ketoglutarate, glutarate, furosemide, bumetanide, indomethacin, cimetidine,
methotrexate, tetracthylammonium (TEA), transferrin and SRB were purchased from
Sigma (St.Louis, MO, USA). Epidermal growth factor was purchased from
Wakunaga, Hiroshima. Insulin was purchased from Shimizu, RITC 80-7 culture
medium was purchased from Iwaki Co., Tokyo. Stevioside and steviol were kindly
provided by Dr. Chaivat Toskulkao, Mahidol University, Thailand. All other
chemicals and reagents used were analytical graded and obtained from commercial
sources.

Statistical analysis. Data were expressed as means * S.E. Statistical differences were
assessed using one-way analysis of variance. Differences were considered to be

significant when *, p < 0.05, **, p < 0.01, *** p <0.001 versus control.
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Results
Interactions of stevioside and steviol with specific organic anion transporters. To
determine the direct interactions of stevioside and steviol with organic anion
transporters, cis-inhibition studies were conducted in S2hOAT1, S2hOAT?2,
S2hOAT3 and S2hOAT#4 cells. Steviol markedly inhibited PAH uptake in S2hOAT]1,
PGF,, uptake in S2hOAT2 and ES uptake in S2hOAT3 and S2hOAT4 cells. The
calculated ICsg of steviol were 11, 1000, 36 and 285 uM for S2hOAT1, S2hOAT?2,
S2hOAT3 and S2hOAT4, respectively (Summarized in Table 1). In contrast, the
parent compound, stevioside, at concentrations up to 1 mM did not affect substrate
uptake in any of the OAT-expressing cell lines (data not shown). Steviol showed
higher affinity for hOAT1 and hOAT3 than for hOAT2 and hOAT4 (Table 1).
Therefore, we focused our further study on the effects of stevioside and steviol on
PAH transport by S2hOAT]1 cells and ES transport by S2hOAT3 cells.

As shown in Figure 2A, stevioside had no inhibitory effect on PAH uptake in
S2hOATT1 cells at all tested-concentrations; whereas, 10 uM to 1 mM steviol very
effectively inhibited hOAT1 mediated PAH transport in dose-dependent manner.
Stevioside at low concentrations slightly enhanced ES uptake mediated by S2hOAT3
cells, but this effect was not significant. Steviol significantly inhibited ES uptake in
dose-dependent manner at the concentrations from 10 uM — 1 mM (Figure 2B).
Importantly, I mM steviol inhibited PAH and ES uptake as very nearly as effectively
as probenecid in both S2hOAT1 and S2hOATS3 cells. As shown in Table 1, the ICsy

of steviol and probenecid were 11.4 and 11.9 uM for S2hOAT 1 cells and were 36.5

and 4.7 uM for S2hOATS3 cell, respectively.
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Inhibitory effectiveness of steviol on organic anion uptake. The inhibitory profiles
of various organic compounds including stevioside and steviol against PAH uptake
via S2ZhOATT1 cells was assessed. All compounds were tested at concentration of 100
uM. As shown in Figure 3A, PAH uptake by S2hOATT1 cells was markedly reduced
by cimetidine, unlabeled ES and PAH, bumetanide, furosemide, probenecid, steviol
and indomethacin; whereas, several compounds including stevioside, TEA and
methotrexate had no effect on PAH uptake. The inhibitory effectiveness of various
organic compounds on ES uptake by S2hOAT3 cells was also investigated. As shown
in Figure 3B, 100 uM stevioside had no effect on ES uptake mediated by S2hOAT3
cells; whereas, methotrexate, furosemide, TEA, unlabeled PAH, steviol, bumetanide,
cimetidine, probenecid, unlabeled ES and indomethacin all significantly inhibited ES
uptake by S2hOATS3.

Kinetic analysis of steviol. To determine the affinity of steviol for hOAT1 and
hOATS3, kinetic analysis was performed. As shown in Figure 4A, the kinetics of PAH
uptake by S2hOATT cells was determined in the absence and presence of 20 uM of
steviol. The estimated K, for PAH uptake in the presence of 20 uM of steviol was
155.2 uM, three times the control K, of 46.4 uM. The V. for PAH uptake in the
presence of steviol was not markedly different from control (666.7 versus 990.1
pmol/mg protein/min), consistent with competitive inhibition. The calculated K; of
steviol on PAH uptake mediated by hOAT1 was 8.5 uM. In S2hOAT3 cells, the K,;,
of ES uptake in the presence of 20 uM of steviol was 28.2 uM, which was slightly
higher than control group (21.1 uM). The Vy.x for ES uptake in the presence of 20 p
M steviol was not different from the control (227.3 versus 370.4 pmol/mg
protein/min). The calculated K; value of steviol on ES uptake mediated hOAT3 was

31.5 uM (Figure 4B).
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Cell viability. We also examined cell viability after exposure to stevioside and
steviol. As shown in Figure 5A, stevioside in the range between 1 — 100 uM did not
affect the percentage of cell viability of S2hOAT1, S2hOAT3 and S2mock cells. At 1
— 10 uM, steviol did not affect cell viability in S2hOAT1, S2hOAT3, or S2mock
cells, but at concentrations from 25 — 100 uM steviol reduced the cell viability of all
cell types, with the greatest toxicity observed in the hOAT1 and hOAT3 expressing
cells (Figure 5B).

Mouse renal cortical slices. The data presented above indicate that in hOAT1 and
hOAT3 expressing cell lines, steviol was an effective inhibitor; whereas, stevioside
was not. To assess whether these same properties are expressed in an intact renal
epithelium, the effects of both agents were determined in mouse renal cortical slices.
PAH is a substrate for both OAT1 and OAT3, so its uptake by the mouse slice reflects
the action of both carriers. As shown in Figure 6A, control PAH uptake in renal
cortical slice was increased when 50 uM glutarate were added to the medium, as
previously reported (30). Therefore, 50 uM glutarate was applied in all renal cortical
slice experiments. The presence of 100 uM methotrexate, bumetanide, furosemide,
unlabeled PAH, steviol, indomethacin and probenecid significantly decreased PAH
uptake; whereas, stevioside, TEA, unlabeled ES and cimetidine did not affect PAH
uptake by mouse renal cortical slices. To examine the effects of stevioside and steviol
on the mouse OAT3, the uptake of ES was assessed, as this substrate is only
transported across the basolateral membrane of the proximal tubule via OAT3. As
shown in Figure 6B, the presence of 100 uM bumetanide, furosemide, probenecid,
steviol, indomethacin and unlabeled ES inhibited ES uptake whereas stevioside, TEA,
cimetidine, unlabeled PAH and methotrexate had no effect. The effects of increasing

stevioside and steviol concentration on PAH and ES uptake by mouse renal cortical
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slices were also tested (Figure 7A and 7B). Stevioside was without effect on either
PAH or ES transport by the mouse renal slice at all tested-concentrations (0.05 to 1
mM). On the other hand, steviol inhibited both PAH and ES uptake in a dose-
dependent manner. The 1Cs of steviol on PAH and ES uptake in renal cortical slices
were 12.8 and 67.6 uM, respectively. As summarized in Table 1, the effects of steviol

were very comparable in both stable cell lines and renal cortical slices.
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Discussion

The present study examined the interactions of stevioside and steviol with
specific renal organic anion transporters using renal S2 cells expressing hOAT],
hOAT2, hOAT3 and hOAT4 and mouse renal cortical slices. The use of stable cell
lines allows us to be able to determine the direct interactions of both compounds with
specific human OATs. Of course, it is desirable to confirm the predictions derived
from expressed transporters in the intact renal epithelium. Since intact human renal
tissues were not available, we used mouse renal cortical slices to confirm the
interactions of stevioside and steviol with organic anion transporters in intact tissue.

It was demonstrated that stevioside at concentration maximally dissolved in
buffer and also at a pharmacological concentration (0.7 mM) had a small and
reversible inhibitory effect on rabbit renal proximal tubular transport of PAH but had
no effect on cellular ATP content and Na'/K-ATPase activity whereas its metabolite,
steviol, demonstrated significant inhibition of PAH transepithelial transport. Although
the precise mechanism by which stevioside and steviol inhibited transepithelial
transport of PAH was still unclear, they proposed that stevioside and steviol might
inhibit and (or) interfere with the basolateral OATs (21, 22). However, the data from
previous studies demonstrated the net transepithelial transport of PAH at the tubular
level, which may involve several OATs that expressed in renal proximal tubule. Thus,
present study was performed to investigate the direct interactions of stevioside with
specific basolateral and apical OATs. To follow up this proposal, we studied single
organic anion transporter, which expressed in renal S2 cells. Our results showed that
stevioside did not inhibit organic anion uptake in S2hOAT1, S2hOAT2, S2hOAT3
and S2hOAT4 cells (Figure 2A and 2B). Similarly, stevioside showed no inhibitory

effect on PAH and ES uptake in mice renal cortical slices (Figure 6A and 6B). This
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was in agreement with previous study that stevioside was not affect energy
metabolism in intact cells (31). Therefore, it seems likely that stevioside does not
harm or affect cellular function. The main reason of no interaction of stevioside with
any human OATs may be due to a large complex molecule of stevioside that
composes of one molecule of steviol and three glucose molecules (Figure 1). Our
finding was clearly suggested that stevioside did not interact with any hOATs and had
no effect on organic anion transport in intact renal tissue. We observed no effect of
stevioside on organic anion transport; whereas, Jutabha et al. found small and
reversible inhibitory effect of stevioside on PAH transport of rabbit renal proximal
tubule. The differences in substrate recognition and transport properties of organic
anion transporters among species have been observed. For instance, the affinity of
human OATI1 for PAH transport is comparatively higher than OATs from other
species with Ky, values 5 -9.3,37, 14 — 70 and 21 uM for hOAT1, mOATI, rOATI
and fOatl, respectively (32) whereas mOAT2 has higher affinity for PGE, than that of
hOAT?2 and rOAT2 with K; values 5 nM, 713 nM and 39 uM, respectively (33). Thus,
the different effects of stevioside on organic anion transport observed between study
in rabbit by Jutabha et al. and human and mouse species in the present study were not
surprising. It has been reported that renal elimination of stevioside involved its
secretory process (34). Our study showed that organic anion transporters (hOATI1,
hOAT2, hOAT3 and hOAT4) might not involve in the renal secretion of stevioside.
However, the other transporters may play a role in the renal transport of stevioside. In
fact, two other recent transporters at basolateral membrane that appear to handle
organic anions including a high affinity digoxin transporter, a novel organic anion
transporter from human kidney (OATP4C1) (35) and a sodium-dependent high

affinity steroid sulfate transporter (Soat), the new member of the SLC10 family, have
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been cloned. (36). They may involve renal tubular transport of stevioside. Therefore,
this possibility needs to be explored.

Due to potential toxic effects of stevioside and its metabolites, in particular
steviol, have been proposed, we then performed cytotoxic study to determine whether
both compounds, stevioside and steviol, involved in cytotoxic-induced mechanisms
via hOAT1 and hOATS3. As shown in Figure 5A, stevioside in the range of 1 — 100 p
M did not produce any cytotoxicity in S2hOAT1, S2ZhOAT3 and S2mock cells. The
results from this study differ from previous study by Toskulkao et al. (20) that showed
nephrotoxicity in rat renal cortical slices induced by 6.25 - 100 uM stevioside at the
purity > 90% (37). In our study, we used stevioside with high purity (98%) for
determination of cytotoxic effect in renal S2 cells. Therefore, the contaminations in
stevioside used (= 90% vs. 98%) might be the cause of nephrotoxic effect observed in
previous study.

Stevioside can be degraded to steviol by the intestinal microflora from various
animal species including man (3, 5, 38). Recently, steviol has been found to inhibit
transepithelial transport of PAH (Jpap) by isolated perfused rabbit renal proximal
tubule (22). Consistently, the present study showed inhibitory effect of steviol on
organic anion uptake mediated by S2 cells expressing hOAT1, hOAT2, hOAT3 and
hOAT4 with different potencies (Summarized in Table 1). Comparing the 1Cs, values
of steviol among hOATs examined, hOAT1 and hOAT3 showed high affinity for
steviol while hOAT?2 exhibited the lowest affinity. Steviol markedly inhibited [14C]-
PAH and [*H]-ES uptake via hOAT1 and hOAT3 in dose-dependent manner (Fig 2A
and 2B). Our study also showed that steviol inhibited PAH and ES transport in mice
renal cortical slices, indicating that steviol interacts with OAT1 and OAT3 in both

renal S2 cells expressing OAT1 and OAT3 and in intact renal tissue. Although
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hOAT4 was found to express at the apical membrane and has been proposed to have
potential role in renal organic anion secretion (19). It was found that steviol did not
interact well with this transporter. Thus, hOAT4 may not be the primary transporter
that is responsible for exit step of steviol from cells. However, other apical
transporters may play crucial role for the exit of steviol eg, human multidrug
resistance-associated proteins (MRP2) (39), Na'-phosphate cotransporter (NPT1) (40)
and a novel voltage-driven organic anion transporter (OATy1) from pig renal
proximal tubules that has been recently cloned (41).

Interestingly, as shown in Figure 2A, 2B, 7A and 7B, steviol inhibited PAH
and ES uptake in both stable cell lines and renal cortical slices similar to that of
several organic anion compounds including furosemide, bumetanide, probenecid and
indomethacin. Probenecid is a potent organic anion inhibitor and has been widely
used for combination therapy in many cases. Coadministration of probenecid inhibited
renal excretion of furosemide, ciprofloxacin, benzylpenicillins and acyclovir (23, 25,
42). This approach was used to increase half-life of these drugs in blood circulation.
The present study found that the ICs of steviol was similar to that of probenecid on
hOATI1 mediated PAH uptake (11.4 uM and 11.9 uM). Whereas ICs, of steviol on
hOAT3 mediated ES uptake was slightly higher than ICs, of probenecid (36.5 uM and
4.7 uM), indicating that hOATT1 has high affinity for steviol similar to probenecid. As
the basolateral entry step of organic compounds is known to be a rate-limiting step.
The inhibition of steviol with any of these basolateral OATs would affect the plasma
level of various organic anions including therapeutic drugs and thus resulting in
enhances the therapeutic efficacy of the drugs. Thus, steviol, which is a natural
product, may be used in placed of probenecid for this purpose. Steviol, even though,

at high concentrations (25 — 100 uM) was revealed to have cytotoxic effect in renal
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S2 cells, it was noted that steviol at 10 uM, which was capable to inhibit organic
anion transport effectively, did not show any cytotoxic effect in renal S2 cells (Figure
2A, 2B and 5B). Therefore, steviol at 10 uM or lower may be used as a natural
organic anion inhibitor of OATs similar to that of probenecid in combination therapy
mediated by OATs. However, further study for evaluating the appropriate therapeutic
concentrations of steviol used in human being should be considered.

In conclusion, the consistent of the data from both stable cell lines expressing
human organic anion transporters and renal cortical slices suggested that stevioside
did not interact with renal organic anion transport; whereas, steviol directly interacted
with both hOAT1 and hOAT3 with higher affinity than hOAT2 and hOAT4.
Stevioside did not induce cytotoxicity mediated by hOAT1 and hOAT3 whereas
steviol at concentrations higher than 25 pM produced cytotoxic effect in renal S2
cells. The affinity of steviol to hOAT1 and hOAT3 was similar to that of probenecid,
suggesting that steviol may be used as a new natural organic anion inhibitor for
enhancement of therapeutic efficacy of drugs. The present study further supports the
safety use of stevioside in human being and also provides a new information

concerning steviol as a new natural inhibitor in clinical uses.
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Stevioside (MW. 809.4)

Steviol (MW. 318.4)

Figure 1
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Figure 2
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Table 1. The inhibition constant (ICsp) of steviol on organic anion transport mediated

by hOATI1, hOAT2, hOAT3 and hOATA4.

Stable cell lines Cortical slices
Cloned
IC50 (MM) IC50 (MM)
hOATI1 11.4 12.8
hOAT2 1000 N/D
hOAT3 36.5 67.6
hOAT4 285 N/D

N/D; Not determined
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Legends for figures
Figure 1. The chemical structures of stevioside and steviol
Figure 2. The effects of stevioside and steviol on hOAT1 (A) and hOAT3 (B)-
mediated ["*C]-PAH and [*H]-ES uptake in S2 cells. The uptake measurements
were carried out in the presence of stevioside and steviol at various concentrations for
2 min. Unlabeled PAH, unlabeled ES and probenecid were used to block the PAH and
ES uptake in comparison with stevioside and steviol. The uptake is expressed as a
mean percentage of control (mean + SE) from three separate experiments. *, P < 0.05,
** P <0.01, *** P <0.001 versus control.
Figure 3. The inhibitory profiles of stevioside, steviol and various compounds on
['“C]-PAH and [*H]-ES uptake mediated by S2 cells expressing hOAT1 (A) and
hOAT3 (B). S2hOATI1 and S2hOATS3 cells were incubated for 2 min in the medium
containing 5 uM of ['*C]-PAH (hOAT1) and 50 nM of [°H]J-ES (hOAT3) in the
absence (control) and presence of 100 uM of the compounds. Each value represents
the mean + SE from three separate experiments. *, P < 0.05, ** P < 0.01, *** P <
0.001 versus control.
Figure 4. The Lineweaver-Burk plot of PAH uptake mediated by hOAT1 (A) and
ES uptake mediated by hOAT3 (B). The S2 cells expressing hOAT1 and hOAT3
were incubated with buffer containing either ['“C]-PAH (hOAT1) or [*H]-ES
(hOAT?3) at various concentrations in the absence (#) and presence (I]) of steviol (20
uM). Data are shown as the reciprocal of PAH and ES uptake on the ordinate versus
the reciprocal of PAH and ES concentrations in the medium on the abscissa. Each
point represents the mean + SE of three separate experiments.
Figure 5. Effects of stevioside (A) and steviol (B) on cell viability. The S2 cells

expressing hOAT1, hOAT3 and S2mock were subcultivated in 96-well plates with
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various concentrations of either stevioside or steviol. The cell viability of S2hOAT1
(m), S2hOAT3 (A) and S2mock (V) were measured after 3 days of incubation. Each
point represents the percentage of cell viability in the absence of either stevioside or
steviol (mean + SE) of three separate experiments.

Figure 6. The relative inhibition of stevioside, steviol and various compounds on
PAH (A) and ES (B) transport in mice renal cortical slices. The fresh renal slices
were incubated in the medium containing 10 uM of [’H]-PAH and 100 nM of [°’H]-ES
with and without 100 uM of compounds for 60 min at room temperature. The data is
calculated as tissue/medium ratio, and expressed as a mean percentage of control
uptake (mean + SE) of three separate experiments. Each experiment used 3 — 5
animals. *, P < 0.05, **, P <0.01, *** P <0.001 versus control.

Figure 7. The effects of stevioside and steviol on PAH (A) and ES (B) uptake in
mice renal cortical slices. Renal cortical slices were incubated in the medium
containing 10 uM of [*H]-PAH and 100 nM of [°’H]-ES with or without various
concentrations of stevioside and steviol for 60 min at room temperature. The uptake
was calculated as tissue/medium ratio and then transformed to a mean percentage of
control. The data represent the mean * SE of three separate experiments. Each
experiment used 3 — 5 animals. *, P < 0.05, **, P <0.01, *** P <(0.001 versus
control.

Table 1. The calculated 1Cs of steviol and probenecid on organic anions (PAH,
PGF;, and ES) uptake in stable cell lines (S2hOAT1, S2hOAT2, S2hOAT3 and

S2hOAT4) and mice renal cortical slices.
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