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lasamdeilAnwunuimues Liver X receptor (LXR) sian1smivauaunanglaalusinielags
Anwmadedvudinglaauaznisaianglaaluwadvasnlandiuiy (renal proximal tubular cells)
TnglsvihnsAnulusadvasalangd 2 4da loun HK-2 uag RPTECT/TERT1  duduiwadiing
wanganvewvudInglaavlln  glucose transporter-2 (GLUT2) uag  sodium-glucose co-
transporter 2 (SGLT2) @13 LXR agonist finaannsvudsnglaadnduadlneiinais GLUT2 uay
SGLT2 naved LXR agonist Maoswiadenisdudnisinaues GLUT2 way SGLT2 e1fensviney
294 LXR (LXR-dependent mechanism) nstfudsmsvhauesshrudaisatesiunisan maximal
transport rate (Jmax) udilsifinausudsudn km vesivudsnglaarisans wasnafiwudamuduius
fumsannisuansesnuvesweslusiuiivansiin wonanidmudn inhibitory effect 484 LXR agonist
lildAnananudufivuesans T0901317 way GW3965 uenanilldvhnisiudunares LXR Tu
wadvaeslpdiuduvesuudfdinawnededilndifestuanineie lagvinsAnuluead
RPTEC/TERT1 #imneidiedlu membrane insert wud LXR fwaannisvudinglaadnguad
(canagliflozin-sensitive glucose transport) €aWUBNIINIINTEAY LXR UBNINLAHAGANITVUEN
nalealuadineideduanmegiifssdudmanglaaniudn LR Sadnanisvhauvesioudais
SGLT2 uay GLUT2 Tuannizdifithmagedne uenaintusmudn LXR agonist finasiansuansoon
voudulwsl PEPCK way GéPase dududulusifedosiunsaiianglaa (gluconeogenesis) Tu
wadnaealpdudu Tas LXR fnaifiunisuanioenvedusiures PEPCK Wiannsuanioanves
G6Pase mwmaaqu%{maams LXR agonist Iuwﬁll,mmm%ﬁﬂﬁ 2 (Goto-Kakizaki rats) Wu@ns

LXR agonist Ntpuaulawsileaiiauin 50 me/kg/day fnaansyauiimaluidenls

Ay TuedesSieriees ln mseuAumsinu nglea



(Mwdang)

The present study investigated the role of liver X receptor (LXR) in regulating of renal
glucose transporters and its impact on glucose homeostasis. The study was performed in
two types of human renal proximal tubular cell lines (HK-2 cell and RPTEC/TERT1 cells). LXR
agonists, T0901317 and GW3965, inhibited GLUT2- and SGLT2-mediated glucose uptake in
concentration-dependent manners. The effect of T0901317 and GW3965 was attenuated by
a LXR antagonist. Thus, the inhibitory effect of LXR agonists on GLUT2 and SGLT2 was LXR-
dependent mechanism. In addition, the inhibitory effect of LXR agonists was not mediated
by cytotoxicity. Exposing HK-2 cells, renal proximal tubular cell line, to LXR agonists
significantly reduced the maximal transport rate (Jmax) of GLUT2 and SGLT2 without any
effect on transporter affinity. Western blot analysis revealed LXR activation significantly
decreased protein expression of SGLT2 with no change in mRNA level. In addition, LXR
activation inhibited canagliflozin-sensitive short-circuits current which represents SGLT2-
mediated ¢lucose transport in polarized human renal proximal tubular cell monolayer
(RPTECT/TERT1 cell monolayer). Furthermore, LXR activation inhibited transport function of
GLUTZ2 and SGLT2 in hyperglycemic conditions. As such, this study represents the evidence
of LXR activation’s inhibitory effect on glucose transport in human renal proximal tubular
cells. LXR agonists also affect gluconeogenesis enzymes in renal proximal tubular cells.
T0901317 and GW3965 increase protein expression of PEPCK whereas reduced G6Pase. In
addition, the effect of LXR agonist on plasma glucose of type-2 diabetic rats was
determined. Goto-Kakizaki (GK) rats were treated with 50 me/kg/day lansoprazole (a LXR
agonist) for 14 days. The results showed that LXR activation reduced plasma glucose

compared with vehicle group and could be a potential target for diabetic treatment.

Keyword: nuclear receptors, kidney, regulation, glucose, diabetes



unasuguInms

Liver X receptor (LXR) Juilnpdessiwmnasiidninfiniuaunisuanseonvedunaeviniil

o w 1

mnudfgyiensiaiivlavesdsdiPiauasnszuiunmaumuedduressisnie LXR utseenifu 2
¥ilafe LXRa uaz LXRB lmesia 2 wiedl nswamseonluefeassmegiiunnsiaiu wuin LXRa
wanssansnndisy dldAn uazln vazdl LXRB wunsuanseenlufeunnefoar LXR funumdide
sonsmuRuamUeATuveslaaainesea lutu wasinangladludedonarsvia egnalsfinm
unumes LXR senisvieuvesladdlildfunisfinumnin fafunsidedlsinsdnuinaves
a13nsEAu LXR - densmuanauqanglaalusianielaessd@nwinadeiivudinglaawaznisaiina
nalaaluadvaenlndiusiu (renal proximal tubular cells) laglminis@nuluwadvasnlauyud
2 wila 1#uA HK-2 way RPTECT/TERT1 Faduwadiifinisuansesnvessnvudinglaauiin glucose
transporter-2 (GLUT2) wag sodium-glucose co-transporter 2 (SGLT2) @15 LXR agonist dnaan
nsvudsnglaaiiigisadineinaio GLUT2 wag SGLT2 Hawes LXR agonist fapswinsonisduds
N13Y119UYB9 GLUT2 wag SGLT2 91#en139119114809 LXR (LXR-dependent mechanism) nsdud
mMsvhnuvesiivuduiedostunisan maximal transport rate Umax) wsilifinausuiUaeuan Km
vosivudinglaaisans unzkafinudienuduiussunisannisuanieanvesveslusiuilsansyia
yonanigmui inhibitory effect w83 LXR agonist lalalAnainainuduiiwvesans T0901317
uaz GW3965 uenanildvhmstiudunaves LXR luwaduasnladiufuvesuyudifinismededi
TndiAeafuaninade laevhmsdnwluad RPTEC/TERTL fwneifiedlu membrane insert Wy
LXR fnaannisvudanglaaiingivas (canagliflozin-sensitive glucose transport) §anudniinig

[y

nsgdu LXR wenanagiinaannisvudsnglaaluwadimneifeduaniiziifssduihmanglaaund
w7 LXR Sefinanisvhauvasiavudnis SGLT2 wag GLUT2 Tuanniedifithnagedne uonaniud
WU31 LXR agonist Sinasanisuanseanveadulesl PEPCK uay GéPase daduduluifiieadasiu
n1sasenglaa (gluconeogenesis) Tuwaanasnlngdiudu lag LXR finaiiunisuanioanvadlusiu
84 PEPCK Wiann 5uaninanves G6Pase N15MAAaUNN5183a13 LXR agonist Tumyuvusiind
2 (GK rat) Wu31@13 LXR agonist fiveuaulensileadioutn 50 me/ke/day WHuvian 14 Yu fuaan

seaumnatudents deyailausvesi LR onadudmnglunsimunnssnelsaumnule



WarIN15IY

unin

ImPueferifinnuddgylumsmunuannavessziunglaglunanaun Ingviwmiigandy
ﬂqiﬂaﬁshumsﬂiamé’uLﬁﬁﬂfgjﬂsmal,ﬁa@ (Chao and Henry, 2010; Wright, 2001) AszUIumMstly
ﬂalﬂﬁﬁﬁzyslums%'ﬂmamammnghﬂﬁﬁﬁwmﬁ Imama@mné’um@hﬁﬁlmmﬁsmw‘hmummﬁ’g
ﬁuuquiﬂa?ﬁa sodium glucose co-transporters (SGLTs) uwag facilitated glucose transporter 2
(GLUT2) Tunmzunafisrsmeiisziungladlunanasnlaiin 150 me/dl azlsimunglaalugndussnin
fullaaniy SGLT2 iushaudsiivinmihiindnlunisgandunglaa vaizil SGLT1 gandunglaatiosnin
WUNSUERIDNTBY SGLT2 UuRwadusrannlagIudy (renal proximal tubule) &1 S1 Vi
anndunglaaUszanudenay 90 vesnglaamuniiiiunisnses Insanautives SGLT2 Wufuuds
WuU low affinity Wél high capacity Youzdl SGLTL Wuwuu high affinity w# low capacity AT
ndunglaaUszanmudeaas 10 vesnglaaiiniunisnseuaznuludiuvasnlndrududiu 2 wag S3
(Chao and Henry, 2010)

nalaagnaandudngnaIaNeIdeNsEUIUN1IYANTUIINAU apical Wa basolateral ¥eq
wausu ey SGLT2 vimihiigandunglaaiingeadiamiunsganduludesleseulusasdn 1:1
dlenglaaiingiadudrazgnuudsesnanwadiingnanamlnendenisinauessvudinglaasn
w1inAe glucose transporter type 2 (GLUT2) é’aﬁumsé’ugqmﬁﬁﬁmu%qﬁwudaﬂqiﬂaﬁqﬁﬂﬁmi
Funglasoanansamewnniuuagyilissdunglaalunatautanadld nsdudsnisiaures SGLT
Fefunumndlunissnvlsawmuly elduunifinistauienannisidigrdsudanis
yauTed SGLT2 LHesan SGLT2 wusnndilauslimulussuumaiuewns dedunisduds seLT2
FdldfinaviliiAnenmseadsainnisannisgeadunglaa nsfunuas phlorizin - Ainadudanis
1914999 SGLT1 way SGLT2 lawals phlorizin Juansiianaldanudenvesfunetida
(Ehrenkranz et al. 2005) wuin1slans phlorizin finaanszaunglaalunataunluryiuviny
(Rossetti et al. 1987; Freitas et al. 2008) JagUudtinauemnsuaseusemaanizosnisia
oy alild canaglifiozin Snwilsaumau wenaniledainthiiaienglaalmidiudignszua
Bondeluanefisianeenanms lngendenszuinnig sluconeogenesis  Jaiidulesiiiddalu
nsTUINMSTALA phosphoenolpyruvate carboxykinase (PEPCK) uag glucose-6-phosphatase
(G6Pase) (Gerich et al. 2001; Ding, 2014)



Liver X receptor (LXR) WufluadefSiumnesiiinihiiauaunsuansesnvesBunateviing
fiauddronisias g iulnvesddlTinuasnseuIunSunIUeaTuTeeTaNe (Kastner et al.
1995; Mangelsdorf et al. 1995) LXR wUsaandu 2 wlin@e LXRa way LXRB (Francis et al. 2003;
Geyeregger et al. 2006) Tagvia 2 windl msuanseantueieivaefiunnemaiu wuin LXRa
wansoonuNiify S1lAEn wagln vazdl LXRE wumsuanseenlufiounnefens (Steffensen and
Gustafsson, 2004) LXR ﬁwwﬁﬁ‘ﬁmu@ummamaaﬂsuaqﬁuimaé’uﬁ’u retinoid X receptor (RXR) Wie
sy heterodimer ﬁnﬂﬁuaﬂﬂmzﬁuﬁmﬂmmaLﬁammmmsmumia%ﬁq MRNA
(Geyeregger et al. 2006) LXR ﬁmaLﬁumiwﬁﬂﬂLaamaiaamﬂLﬁaLﬁaﬁuﬂUé’ﬁu AsEUINNST
aduNIfiunITuaneanveIfTLddAAANDTOaTIANTENTARILLUTY Wi ABCAL (Laffitte et al.
2003) Aiflnihfindnlunisvuddaaameseasenuenad leaaneseatilésunis fusenaniwadas
gnvudenduiingdiulagenden1sineauves high-density lipoprotein (HDL) Lﬁaimaamaiaavfhéﬁu
udnzgniueanuaninmelusuresnsathisely ueninuarelaaanoseauarluffuudmudn LXR
faimhilunismuaNnITUIUATIMUDATUYRINg AR 91NNSANYIVE Mitro LazAMENUT
LXR viwmthildushnsiaianglaa (slucose sensor) namie iossfungladluwaduiniuasiingly
nsgfunsiinuues LXR ilesnw seduresnglaanislumed Tasiinaenianlnenssudsnisaing

nglaangluwad (Mitro et al. 2007)

MNTPNUMIANITRIUIINUT LXR UON9INATAIVANNTLUILNSUTNUBATYDITAEE
FailNaMIUANNITYINIUVBIRIVUAETHIUEARLULLUTUAIY 1ABN19NTEAU LXR 978 endogenous
ligand %39 synthetic agonist ANAAANITVNIIUVBY membrane channels ®anawlin 1w epithelial
sodium channel (ENaC) (Soodvilai et al. 2012) cystic fibrosis transmembrane conductance
(CFTR) (Raksaseri et al. 2013) organic anion transporter 1 (OAT1) (Kittayaruksakul, Soodvilai et
al. 2012) sodium-phosphate cotransporter (Na'-Pi) (Caldas, et, al. 2011) waz aquaporin (AQP)
1 and AQP2(Gabbi et al,, 2012; Lu et al., 2016) fstfuanadululé LXR erafinadonisvaumes
GLUT2 wag SGLT2 ieadviasnladiusiu ushindinsiamneingy SGLT2 inhibitor dwiuinu
TsAwmueiiedl 2 msmuaunstudsnglaauaznisaianglaalmiivadnaonlndiuduenaiiy
HrvnednihumnenidunsimuiiBnssnwsaumiuied 2 Tassnmsifodhjsdinyunuim
109 LXR  sian1smuaunisinnuvesiivudingladlugadvasnlndiudunwaznasierdulesl PEPCK

oy G6Pase
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1. MIANINITVINUVEIVEY GLUT2 waz SGLT2 lun1svudenglagidngiwas

dlewwad HK-2 WSaiuiuiives 24 well- plate wdv (Uszanm 2 ) YiwaduuSuane
fe 1 HaAAnTI04 glucose transport buffer 1futian 15 undl 2 ads figaungfl 37 ssrmusaidea
AouBUNIINAADS ¥1n159A transport medium 28n31A well wd i glucose transport
buffer solution (140 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 1 mM MgSO4, 1 mM KH2PO4, 10
mM HEPES) $1uau 0.2 faddns deUszneusae 10 uM H-deoxyslucose G?fuﬁumiﬁgﬂmuﬁﬂm
Mudanglaa ¥msiivansduds GLUT2 (10 UM cytosalasin B) Tumiazmmﬁai’mmimuﬁaﬂqha
\igiwadiinainnisieves SGLT2 wazThnaLANaNsEuds SGLT2 (10 pM canagliflozin) iileyin
N15IAN15VIN9UV9 GLUT2 Mﬁaﬂ1ﬂ§uﬁwmsmmmiﬁwmmaa GLUT2 w38 SGLT2 lngn1sgn
transport medium penudIdTadR8 clucose transport buffer Tidudusiuau 3 ads aant
Wansgenwadie buffer fildiunaves 0.2 wesuea leieulansonleduaz 10% SDS Wuwan 60
u nihuin 0.1 faddns ves 0.4 uasuea ninlelasnasin Mntuieadd tisunisdosudaly
"’J’mmﬂ‘%mmmi%’qﬁﬂqhaﬁazaﬂumaa‘ 11816199 lagld liquid scintillation counter lawans5ad

Pazaululwadazuauanni1syinaIuYes GLUT2 wag SGLT2

2. M15IANT579UY89 SGLT2 Tu polarized cell monolayer ¥asiwaa RPTEC/TERT1
Tagda short circuit current (Isc)

\wad RPTEC/TERTL dafluiwaduasnladiudulasunisimizidssunauiusy (Snapwell
insert) feemsiassvadifunategneos 21 uitelisadiosayiulnfiud Tnowaderlasunis
LU?{EJummiLgamﬂaaﬁu LawwmaéﬁagﬂiuumLUﬁuﬁﬁﬁhmméfﬂumu (transepithelial
resistance) S¥winednu apical uag basolateral 11nN31 100 ohm.cm” (@nsadaldlasiaiosdle
ohm-volt meter) windulazldsu nisludas short circuit current (Isc) wasantueas
wana7luldlu Ussing chamber fiflansazanedilddmsunsiinmnisvudeansuagldsuineeendiau
PaBANITNAADY LA INTTYudeanglaadelAeuiin1unsvinaIures SGLT2 aylans
canaglifiozin fifiarudunzlumsdudinisviaures SGLT2 AmswudingleadudfeuiAnan
A159eEee SGLT2 dnansasuauldainnisiian Isc sianun (sc total) auffuen Isc fieuld
Na931nN1SLAY canagliflozin &7 (@amiloride-insensitive Isc) ﬁﬂﬁiéf%L‘fJumwuﬁaﬂ@JIﬂa/I%Laﬂuﬁ

FIUNNTYN9UV09 SGLT2 (canagliflozin-sensitive Isc)



3. N15IANISLENEBNVBIEY GLUT2 taz SGLT2 1aeAs real-time PCR

Fmsuen RNA - arnwadlagld TRizol anduth RNA  Uszanas 1 TalasnSuitenldvii
denatured ﬁqmwgﬁ 65 °C \uraan 5 Wit anturhnsdansey CONA ﬁqﬁquﬁ 42 °C \Ju 1an
60 W9l agly Superscript reverse transcriptase (BRL, Gaithersburg, MD) %1113 AT
UTunas mRNA agld SYBR Green Master Mix (Applied Biosystems) Way the Prism 7500 Real
Time PCR Detection System (Applied Biosystems) an1efilddmsunismusunss mRNA fia 95°C

1381 15 U9 war 60°C 11an 1 uidusiuiu 40 sau

4. NM13IAN1SUERIRRNVBIIUSAY GLUT2 waz SGLT2 1ngis Western blotting

Wiofnwnaves LXR sionsuaneonvediusiu GLUT2 way SGLT2 wioliagnals faduv
nswenlusauantiuinnsiausinalusiulagld Coomassie reagent thusunadusaiuiiviniulush
N1 denatured flgamgd 100 °C iuaan 10 wid MnduvinisuenTusiuusazsiineananiulag
14 SDS-PAGE uazdnelusfiuinaligiumusu nitrocellulose aMntutiiuausy nitrocellulose
1Uldlu 5% nonfat dry milk in Tris-buffered saline \Hunan 24 Flus Ynaniusy nitrocellulose
TWldluanstminesisl antibody w83 GLUT2 waz SGLT2 1Juaan 1 dlusmnudiae horseradish
peroxidase (HRP)-conjugated secondary antibody 1UsAu GLUT2 wag SGLT2 lasunisasiainlay

75 enhanced chemiluminescence Tagl% Gel and Graph Digitizing System

5. ﬂ’]’iﬁﬂl&ﬂﬂ?'\ﬂlﬂﬂﬂﬁﬂ@ﬁﬁ’]’i T0901317 uag GW3965 folwaa HK-2 way

RPTEC/TERT1

iiodnwanulufiviewaduos LXR agonists dimadumizidesly 96-well plate uda
Uszanas 2 u way 10 Su dwduwad HK-2 wag RPTEC/TERTT antuwadazldsuemsiaonsadi
flans LXR agonists fimnundudusineg Wunan 24 Falus arntuldansazans Thiazelyl Blue
Tetrazolium Bromide (0.5 mg/ml) MTT reagent Hunan 4 99l mﬂﬁ?u@mmiazawﬁmdnﬁya
u& i DMSO (100 pb) #islY 5-10 wudathluTadnsganduuasd 540 wiluans fume cell

viability
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d7ui 1 n1snagau cell model Nlglunisnnasg

1.1 nsuansoanead LXR Tuwead HK-2 waz RPTECT/TERT1

nsneaesthjatiuiiefnuinead HK-2 way RPTECT/TERT finnsuansaantas LXR ol
yhmsuenTUsiuas Unalustuanduiyiinalusiufivhiuluyiins denatured figamnd 100
°C 1 Wuan 10 Wil udwhnsuenlusiuunassineanainiulagly SDS-PAGE wavénelusiuainiaa
lﬂajmmmu nitrocellulose mﬂﬁ?uﬂwmmmu nitrocellulose tUldlu 5% nonfat dry milk in Tris-
buffered saline \Juan 24 lus Wiumusy nitrocellulose TUldluansswinesaid antibody veq
human LXRa kag human LXRB 1duaan 1 Fluanudne horseradish peroxidase (HRP)-
conjugated secondary antibody 31nHANIINAGBINUINGEAA HK-2 Wag RPTECT/TERT1 #n1s

WARIPBNYDINY LXRa hay LXRP AUl 1

(A)

LXRa S w50 kD

LXRp 50 kD

(B)

" - -
— ' 50 kDa
o’

LXRa LXRp

Ul 1 nsuanseenves LXR luiwad HK-2 (A) uaz RPTEC/TERT1 (B)

1.2 HaYD3aINIEAU LXR Aian15handaanvad LXR targeted protein tuiwad HK-2
widasnsedu LXR  I518auinanunsansedu LR lowddslufisnenuiiausansssu
LXR Tuwwad HK-2 1o dstuielvudlainansildlinansedunisvinnuues LR luwad HK-2 1

IN13ANI31815 T0901317 Skani1sauni1sviiauves LXR Tuwad HK-2 wialdvitnsinizideuead

10



HK-2 Tupmsdeawaarduazlidias T0901317 Aanududu 10 uM Wunai 24 Flus antiuri
mMyinnsuanseonaoalusiu SERBP-1c Faudu target protein ¥4 LXR 31NHANITNAADINUINTT

nsvAuadmIEa1s T0901317  dnanseiunisuanieanveslusiiu SREBP-1ctoyau@inans LXR

agonist (T0901317) @13150n58AUN15YUYae LXR Tuiwas HK-2

SREBP-Ic | S s 125 kD

P-actin w— — 1) L]

Vehicle T0901317

5UTl 2 Wawes LXR agonist (T0901317) Aensuansoonyedlusiu SREBP-1cluivad HK-2

1.3 mMsuanseanvewvudinglaalulgad HK-2

v I

wiiwad HK-2 Juwadiiuenanaenladiusuvosiywdusiioliwilaingaduiaiiingg
wansoenvasivudinglaa Jaldinisinnisuanseenvesdiivudinglaanddglueadvaonladu

Aupe GLUT2 wag SGLT2 9nuan1snaaasmuingad HK-2 dn1suanseanvasiivudeinglaayile

GLUT2 uag SGLT2 faguil 3

Human proximal tubular cells Protein expression

60-62 kDa

42 kDa

5U# 3 Miuanseanvesvudinglaaluigas HK-2

11



dauil 2 N3ANYINAVEY LXR agonists Aian1svudingladluwadnasnlndudiu

2.1 NMINAFDUHAYDY LXR agonist sian1svedinglaaluiead HK-2

ININAGBUNAYRIENINTEAU LXR slansvinuvesmivudinglaaviia SGLT2 uay GLUT2

wad HK-2 16Fuans T0901317 uay GW3965 Fafuasnszdu LXR iunan 24 s 91ndiuviinis

U o U 1 U v a 3 !
’JG‘lﬂ’1iVI']Q']U‘U’EDW]’WU?NF\QIQ&IWEJ’J@ﬂ’]ﬁﬁ%ﬁiﬂ%@ﬂﬁ’]ﬁiﬂﬁ H-deoxysglucose A1NNANITNAADINUIN

a19n3¥AU LXR 1198099 10a101508AN15Y91Yeeivudnglaans SGLT2 way GLUT2 luiwad HK-

2 flaguin 4

g §

Taotal glucose-mediated
2

[PH|-2DG uptake (% control)
$

Conirol

TO9D1317 (M) GW3I965 (UM

125+

SGLT-medisted
[PH|-2DG uptake (% contral)

%
%

125

GLUT-medisted
(*H]-2DG uptake (% control)

TOIDLI1T (ph)

TOO0I317 M)  GWI965 (U

GW3965 [ub)

Ul 4 uanwaweIansnsEdu LXR (T0901317 uay GW3965) fimnuidudu 1-10 pMdmiu

T0901317 wag 1-5 pM dwu GW3965 sian1sinauvessiivudinglaayiln SGLT2 uay GLUT2

TOUALARINTVUAIANTTE 3H—deoxyglucose Iugﬂ % control (vehicle-treated cell) * P< 0.05,

*** P2 0.001 WalSeuieuiu control AALandduAl mean + SE 9900115NAADIII1UIU 3 AS

12



2.2 NsfnwInalnesnisnsesu LXR sen1sduganisvinuvesiivudinglaaluigad HK-2

Wefnwinalnues LXR Tunsdugimaviauvesiivudinglaasiin SGLT2 wayg GLUT2 ¥h

n5inANsvNdageaavesivudinglag Umax) uaga1 Kt Fauansa affinity vesdvudsiunglas

ndeyaiiléann kinetic study Wuitnsnszdu LXR feans T0901317 w3e GW3965 finaanen

Jmax vesvudinglaasaasyiin wiliiudeunlasen

Kt fagui 5 uanadn LXR dnaann1svinenu

YDIMVUANGLAADIENAIINNTANTUIUAVUATIDY UURITDUBARIUULUTY

- Vehicle

Jge = 76.2 + 9.7 pmolem’/min
5 K, =2967+413.9 uM
E &
o Ed -= T0901317 kS
2 - 2 g =
= E Jinax = 36.5 + 8.1 pmol'em™/min =
g 33 K, =2378+ 586 uM E
& E 7
=2 o
5 Q 9
Za i
8
=
-
3 L] Ll Ll L) 1
0 2500 5000 7500 10000
2DG(uM)
-~ Vchicle
- L0 Ve = 113.1 £ 11.8 pmol/cm®/imin
E K, —4352+£536 yM
E
TCo1s
= 5 = 10 uM T0901317
= =
o = "
EE10 Vinere 76.2 £9.3 pmol/em” /min *
= = K, —3978+575 uM
2g
oa s
- 3
L T T : ]
0 2500 5000 7500 10000
DG (uM)

- Vehicle

Ve = 48.9 4 6.6 pmol/em® /min
K, 2,094 +314.2 uM

wn

=

- 5 M GW3965
30.5 + 4.3 pmol/em®/min
= 1,907 +297.8 yM

*

w

[*H]-2DG (fmol/em?/min)

2500 5000 7500 10000

0
2DG (uM)
-o- Vehicle
Ve = 1131 + 11.8 pmoliem®/min

[
=

4352 £ 33.6 WM

o

—_
h

- 5 uM GW3965

Ve — 304 £ 5.7 pmol/em®/min *

Kl

>

441.1 + 100.4 pM

GLUT-mediated

[*H]-2DG (fmol/cm*/min)

th

=

5000 7500 10000

DG (uM)

0 2500

5UN 5 uaneAn kinetic parameters vasiaudnglaatiin SGLT2 way GLUT2 Wiviasuans

n3zdu LXR T0901317 wag GW3965 fimnuidudu 10 uaz 5 uM audrduidunan 24 $alua d

wanRduA1 mean + SE 290A1NAAR9IUIU 3 AT *

13
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2.3 NMINAADUHATDY LXR agonist sianisuanieenvedlusiuvesinvudinglaa GLUT2 uay

SGLT2 Tuwwad HK-

2

INWANTNABIVIAUNUTT LXR agonist Anaann1svinnuvesinvudinglad GLUT2 uax

SGLT2 lunsvudenglaadidiwad nsveaessilsatuiiefnwinalniieesuienanisduds avinnis

VAEUNATeY LXR agonists (T0901317 waz GW3965) fimnududu 1-10 uM dwsu T0901317

ez 1-5 pM d195u GW3965

Junian 24 $lus sienisuanseenvediusiuvessvudanglaa viln

GLUT2 wag SGLT2 Tuwwad HK-2 Tngyinnsnad@auniswtaniaanyadlussiu GLUT2 way SGLT2 lag

78 western blot analysis Wu31 19 GLUT2 wag SGLT2 fin1suansasnanad ienaaaunie LXR

agonist VIe@pewlla (T0901317 Uay GW3965) wanaNl e UNIUYDIEINTEAUALTY 113

wandganvelUsiu GLUT2 uay SGLT2 duwilduanas Wisluseuiiguiu Control Aaguil 6

GLUT2

GAPDH

Relativeintensity of GLUT2/GAPDH

gﬂﬁ 6.1 Wavod LXR

mzéju LXR; T0901317 1-10

T0901317 (uM) GW3965 (uM)

Control

1 5 10 1

2 5

- - e e eugy e ~*  60-62kDa

= S G Ut

125+

100+

T0901317 (uM)  GW3965 (uM)

agonist #BN1THAAIDBNYBY GLUT2  waa HK-2 Qnnseduaigans

UM way GW3965 15 uM 1unan 24 Halus denisuandesnves

TusAuveasvudanglaa GLUT2 ** P< 0.05, *** P< 0.001 ifleUFeuifieudiu control Arfluanady

A1 mean + SE 21nN1SVNAAD9TIUIU 3 ASY
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T0901317 (uM) GW3965 (uM)

Control

1 5 10 1 2 5

SGLT2 ouun GENR gUER === NN =8 ™  70-77kDa
GAPDH — e 37 kDa
1501
1004 *
2re *¥kk
fﬁg': sk FAE

v
v
v a\\

IRAIRRANRRRNNNINNNNNN

504

RN AR AN

A

MAARAAAAAAAAAAAAY

S
ey

-

th

- _F

= T
e

—

=

0

Control

Relative intensity of SGLT2/GAPDH

TO901317 (uM)  GW3965 (uM)

UM 6.2 wau89 LXR agonist sion1suanioonyes SGLT2  iwad HK-2 gnnsedusie
T0901317 (1-10 pM) way GW3965 (1-5 pM) 1Juiian 24 Flus san1suansoonvaslusiuei
yudanglaa GLUT2 * P< 0.05, ** P<0.01, ** P< 0.001 dlessufiouiu control Arfluanaduan

mean + SE 21NASVARIIIUIU 3 ASY

2.4 NM3ANYINATDI LXR AON1ILAAIDDNTDI MRNA U89 GLUT2 Way SGLT2

a19n38Au LXR (T0901317 wag GW3965) INaaAn1591191uves GLUT2 uag SGLT2 13
Wﬂaaﬁ:@w‘hmiﬁmznﬂﬁlﬂﬂﬁﬁaaﬂqmémaamﬁmzﬁu LXR Tun1saiuAunsvineuees GLUT2 way
SGLT2 dwamenisiansoantuszdu mRNA wielilagldis real-time PCR vin1suen RNA 910
wadlngld TRIZol 99niuth RNA Uszan 1 lalasndudteunluvin denatured figaumgdi 65 °C iy
a1 5 Wit anturiin1sdaas1s CONA ﬁqmugﬁ 42 °C Ju a1 60 w1l Ineld Superscript
reverse transcriptase (BRL, Gaithersburg, MD) ¥1A1% AAs1givUsuIas mRNA Tagld SYBR

Green Master Mix (Applied Biosystems) wag the Prism 7500 Real-Time PCR Detection System
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(Applied Biosystems) 1ag primers Al#flaan http://frodo.wi.mit.edu/cgi-
bin/primer3/primer3 www.cgi anmeflddmsunismusuia mRNA fia 95°C 1an 15 3wl uas
60°C 1381 1 wIduduiu 40 58U INNITVAABINUIT a13n52AL LXR TO901317 waz GW3965

luflnaannisuanieanaes GLUT2 uag SGLT2 ﬁﬁgﬂﬁl 7

1.59
1.0

0.5

mRNA expression of hRSGLT2/GAPDH

mMRNA expression of GLUT2/GAPDH

0.0+

i‘t]ﬁ 7 L@nINavad T0901317 thag GW3965 ¢an1Tuaninanvad mRNA 989 GLUT2 uay

Y

SGLT2 Tuwwad HK-2

2.5 NMstudurarad LXR agonist siannsvudsngladbuigas HK-2 a1An1svinauves LXR
(LXR-dependent mechanism)

a

Weliiilaiineuesars LXR agoniston15vi191ues GLUT2 wag SGLT2 nalnnisiineu

[
[

siuves LXR faumsnaaesiiiyeuszasdifiefinyinaresans LXR antagonist (asfigudanishany
Y94 LXR) sionavad LXR agonist (GW3965) wad HK-2 lasunisuusesnilu 4 nqude 1) ngueiunu
2) ngu GW3965 lawwadle¥uans 5 uM GW396518utian 24 #alus 3) ngu LXR antagonist (10
UM fenofibrate) Taeiadlé3uans fenofibratelfuiian 24 Halu 4) ngu GW3965+fenofibratelne
s HK-2L35 fenofibrate 1Huinan 4 Falusaniuldfuans  Gw3965+fenofibratelfiutian 24
Fla vdsanasu 24 Falusiigadianduaiusuagngunanoyinsiansrudsnglaadndisad
wuinilewadléfuas  fenofibrate afUaNs GW3965a1unInaAKAYE T0901317 Tun1sannns
yhauresia GLUT2 wag SGLT2 1§ a1nwansviaasstsueniinauasans LXR agonist Tunsannig

awvessnvudinglaaluwad HK-2 e1den159iuYes LXR Aagui 8
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G LUT-mediated
[3|I|«2DG uptake (% control)

SGLT-mediated
YH-2DG uptake (% control)

T0901317 = = + + - - T0901317 = = + 2 - =
GW3965 - - - - - - GW3965 = = = = + +
Fenofibrate - + - + - + Fenofibrate - + - + - +

sUfl 8.1 uandaed LXR antagonist sienséudanisvinauyes SGLT2 uay GLUT2 fign
wiloivhe T0901317 uaz GW3965 *P< 0.001 ilewFeuifisudunguaiunu uas #P< 0.001 1o
Wisufunguitlésuans T0901317 wie GW3965 Lilssednafen Aikanadum mean + SE 91013

71MAIINUIU 3 ASI

esan LXR vihausamiu RXR é’qﬁ?u?jqﬁwmsmaaumamaaﬁamzﬁu RXR stan1sugans
yhavesivudinglaa Wellansnszdu LXR  annisvaasswuinilowad k-2 1d3uans
T0901317 W38 GW3965 finnadudu 5 pM 1uan 24 $lusdinaannisviauves SGLT2 v
N13N326U RXR fMgasnsgiu Bexarotene Ainnmidudu 1 pM Wunan 24 $alus lifasie SGLT2
ilowwad HK-214%uans LXR agonist uag RXR agonist nan1sduin1syeuwes SGLT 11nninnis
1§¥Uans LXR agonist ifissednafien dsiusannsnasuléd RXR Suaifiugrives LXR lun1sms

(%
LYY

UdIN13Y1191UV08 SGLT2
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_.“' 1254

3

£

g 1004 #

a s

—_—

- 754

= £

- =

TS

£ 504

°

g

I 254

; 0-
T0901317 (10 pv) = = + L3 -
GW3965 (5 uM) == - - oF
Bexarotene (1 pM)  ~ + - = -

Ul 8.2 AYBa RXR agonist (Bexa) #ion13¥iemuwes SGLT * P< 001 WaFeuifisudiu

NAUAIUAN kAT # wae $ P< 0.05 Waiguiunguilasuans T0901317 wazGW3965 Muaau tiles

9

2E614LAE7 AMLaRRdUAT mean + SE 2INN1INAAIIIUIU 3 AT

2.6 MINAFDUANITUNWVDIAS LXR agonists Tutwaa HK-2

[ Ly

o s A A v O o o | a
N1INNADIU G]QU?ZﬁQﬂLW@EJu umaﬂ']iEJ‘UﬂﬂﬂqiwqﬂqumaﬁmjsﬂuaﬁﬂQIﬂﬁGU‘Hﬂ GLUTZ uwag

SGLT2laea1s T0901317 way GW3965 tiuliilaiinainanuduiuuesans satudavinnisfnu@nen
AMuduiwvosansluwad HK-2  1agds MTT assay 21NWANISNAABINUINENT LXR  agonists

(3

(T0901317 waz GW3965) Afunuimannisyinauvesivudinglaaris SGLT uay GLUT2 Tuiwad

HK-2 fienudutudosluiannududuiigs wudndouanududuvesasauiennududugegai

dnfnwlinuarnuiluiiviewadln (HK-2) wanedaguin 9

ns

12549

,_.
> 8
1 1

% of cell viability
(relative of control)
:

259

Cont 1 5 10 1 2 5

TO901317 (uM)  GW3965 (uM)

SUl 9 wavesmsmaaeuANIduivesans LXR agonists (T0901317 way GW3965) fi

AN Toyauananalugures % control, ns nuedis Lifiauunnsseeediduduing

WalUSeuwieunu control
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2.7 M3ANYINaYeY LXR agonist Aen1svudinglagluiaad polarized RPTEC/TERTL g5
electrophysiology

Ny e A a4 Y = I3 o = Y

nsnaaesliiiyaUsyasAiiedugunanisAnuilugad HK-2 agyiinisAnyinavesnisnsyeu

LXR siensvudenglaadndwadvasnndiunuvasuyudiimeidednasylndifedusssusalay

In13Anwlneds electrophysiology: Ussing technique TuUINYINNITIANITUAAIDDNYDIAIVUE

ngaaluiwadvilameds Western blot analysis 3nwan1smAaeInuIneas RPTEC/TERTL $n13

wandganvevUdInglaansyin SGLT2 Asguil 10

-— s ey wme s @ GAPDH

sUfl 10 wansnsuanisenyevefvudinglaavia SGLT2 luiwad RPTEC/TERT1

Mnwhmsianisvudengladlumad RPTECT/TERT1 ¥insimzideiwad RPTEC/TERTI
Ul membrane insert 1Juaan 21 Sudieliwadiaseuuu polarized cell mﬂﬁ?ui’mmﬁeuuaiqmjﬁﬂa
L%ﬁgﬁ'maémumiﬁwmmm SGLT2 &a91nen canagliflozin-sensitive short circuit current (Isc) a1n
NANNSNARBINUTY aN3nsEdu LXR (T0901317) Tnaan canaglifiozin-sensitive Isc @ssuaninns

nseAu LXR Inaannisvudanglagly polarized cells fiagun 11

0.8

2
o
1

2
I
1

Canagliflozin-sensitive Ise
(A unz)

0.0-

JUM 11 uananaves LXR agonist sn1svudinglaa Tuwad RPTECT/TERTL Auand

canagliflozin-sensitive Isc 10 9 membrane inserts * P< 0.001 iilatUTeusiguiungumiuay
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2.8 MINAABUNATDY LXR Aon1591191u909 GLUT2 wag SGLT2 Tuaniiz hyperglycemic
ilenageudn LXR dwilasenslssienisiaiuues GLUT2 uag SGLT2 lunsvudsnglagluaniizd
wadldunisidedluomsiitisedunglaags nsmenisdiaesanmsiuaIy nsidsasadly
EJ’]W]iLngL%ﬁéﬁﬁi%ﬁUﬂ@JIﬂﬁgﬂ (25 mM) 1Tuan 3 passages MNNANITNAABINUIT LXR agonist
Hapafinaanmavieures GLUT2 uag SGLT2 uandainidanudn LXR agonist fnaannisuanieen

999 SGLT2 pe

S 125
=
= £ 1004
=]
= £
— =" - 3
Sy 7
5 8
= 8 501
o =
= Q2
€] E‘ 254
T
- 04 -
Control 1 5
T0901317 (LM)  GW3965 (LM)
hSGLT2
e B-Actin
1254 125+
- (2]
= =
= }: 1004
] = *
= = s ) -
'i_‘g 5 B 754
— E S
£: 5
32 S 504
- -
: :
& E 25+
= £
]
0 » o rs
a A = & e
s = S & & F
d}.:. < $\ c’sﬁ"b L_eﬁ- o -E*\"\ ‘j:‘ﬂ-.

Ul 12 Haves LXR sle GLUT2 uay SGLT2 Tuannz hyperglycemic (n=3) *P< 0.001 iilg

b} ) (% I
Wigugununauauay
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d9ufl 3 NM1sAnYINAYE LXR dan1sadugunisaienglaalulsadvasaladudu
mﬁ%’aﬁauﬁuLﬁuLﬁ@ﬁﬂmmeﬂ'eN LXR sien1sasienglaa (gluconeogenesis) Tuiwad
waealndiudy  Inenszuiunsasninglagendenisinnuveaduledvdn 2 vlinfe PEPCK uaz
G6Pase mswasunasnsvhanuveadulmi 2 yilpaiinalagnsion1sainanglaavedsas 9N
nanINAaeInUIiawad HK-2 16§uans LXR agonist (T0901317) Wuwian 24 dalusdinawfiunis
uansoonveudulul PEPCK usifinaannisuanioanves GéPase fsgufl 13 Mstuduves PEPCK
919ina1NN157 G6Pase Qﬂé’ué”’m,ﬁam’m GéPase WuBulaifivhaudeanidules PEPCK  Tu

nsruunsasenglaa

A G-6-Pasac

PEPCK
Beta-actin
Control  T0901317
JUN 13 uandnarad LXR agonist donisuandeanvedlusiuveadulailunszuiunis

sluconeogenesis Tutag HK-2

d9uil 4 N13An¥INaYRIE1T LXR agonist Aaszaulinialulaanvamyiuviiiu
nnsAnulugadrasnlad ufAuYeUy¥ENUIINIINITAU LR INaann199ie1uves
GLUT2 war SGLT2 satuiiienaaeudn LXR  dnasgalsdeseduiinialudenvesmyiuiviiu

nmsfnwnavetseuaulensleadelisnenuindu LXR  agonist  AeszRutimaludenuomy

Wil 2 (GK rat) Wevy GK rat 7oy 12 dUanvt vimstieuaulenwsileanvuim 50

]
1%

mg/kg/day 1uan 14 Ju arnduinisinszauianaludenniendiena1mis 16 ilusn anwa

nsnaaeanuIaulgnsleainaanseiuinaaludenvemyuIn ¥ilan 2 (GK rat)
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__400-
X
g
= - .
g 300+ [ Vehicle
§ I Hl Lansoprazole
> 200-
o
o)
o)
o
E’ 1004
2
L
0 T T
0
Y
& &

UM 14 navesaulansleareszauimaluidenvemylumviueiiai 2 (n=5)

dufl 5 MsAnwIHAYae LXR Aafuudes OCT2 Tuiwaduasnlngruduvesuyud
dosnnssnwdthewvmuried 2 dudwfudedldsueanseiuthmaludesvanssia
W 81 metformin - Fadugmdnildlunissnu wuinen metformin - gaddneenainsisnienis
Jaealnoriunsiauvesihvuedsen OCT2 fajunisasuudasnisiauressuudee) OCT2
finasiesziuenluldonvosen metformin #e waziiledain LXR agonist enagniamndugninwm
Tsarwmnuluewian lasinsidedaldvihnsAnuaares LXR flnadesvudis OCT2 Ailavielsl
a811ls 3MNNFnvINUI LXR agonist Sxaann1sviaiuvesdivudse OCT2 (aan1sauasans H-
MPP") lalngannisuanioanvesiusfufifueadiumiusuuslifnasonisass ocT2luseiudu Tne
uaganamgniuiiudilagans fenofibrate @i LXR antagonist fstiunalnnissuss ocT2 1y
WUU LXR-dependent pathway uaziilosainunfin1siaunuees LR adoserdonisina
$2ufU RXR Femaandu LXR-RXR complex aMnuan1sAnemuimnases LXR agonist fio OCT2 @1
wnfuidlefinansefuiaddae RXR agonist (9c-RA) Gsoraasuldnalamsdudsnisinnumes

OCT2 1utuu LXR-RXR mechanism ﬁﬂ;}ﬂﬁ 15
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Protein expression of hOCT2 / B-actin
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Ul 15 wawes LXR fansvinuvesiivudsen OCT2 Tuwad RPTEC/TERTL *P< 0.05 1ile

U U # d U
WIguiiguiiunguatuny  P< 0.05 Walieuiu GW3965
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Han13gUgIN1IYINIUYee LXR tasunstuduluszau in vivo Tasvinnistlouans LXR agonist

(T0901317 30 meg/kg/day) LUuLian 14 Ju wuin T0901317 finaann1svinauvesnivudsen OCT2

lngann1suhanseanvadlusiuvudwdliiinasie mRNA faguil 16

a
3.0+
—
'g {g 2.5+
[--]
£ £ 20 *
£ 2
; ?E, 1.54
= 2 10-
: o
=~ 0.54
0.0
0 7 14
T0901317
c Total
o R mOCT2
-— - [ -ctin
Vehicle  T0901317
150+
E _ 1254
Pk |
T E 1004
2 g
& o=
== 754
o
3¢
E 50+ o
0 T
0 14
T0901317 (davs)
Y
AIUAL n=5-7

(days)

mOCT2/Na-K'-ATPasew
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o=
5=
g 5 101 '
@ 8
g o
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0.0 T
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= 1004
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A3UuaIAsUNANIMAGDY

[

TAsINsI98l

IS

sl = ! !
nnUsEasAnazAnwIUNUINYeY LXR sanisaiunuauganalaalusinielaey

1 =

dsAnwirademuudinglaauaznisasnglagdlugadvasnlandiudu (renal proximal tubular cells)
war@nwiile potential  application  wee LXR  iletluithumnglunisihwilsaiuimu lag
IMIFNYINATDINITNTEAU LXR dansanszauiimaluidenvemyiuimusied 2 1asnisidy
| =2 [ | - sal v =2
wlansfinwesnilu 5 diufie 1) msnadeuanuminzauveraaazldiduiuulunisfinm 2)
NsANYINGYRY LXR agonists sian1svudengladluiead 3) mMsfinwinaves LXR fan1smiununig
asunglaaluwadvasaladiudu 4) n1sAnwinavesans LXR agonist Aeszautnialuiionvemy

WU 5) MIFn®INaued LXR seafuudsen OCT2 luwadviaanlndiusiurasuyue

Tumsfnwedsiviinsfinwmares DR Tuwadvaonladimduiyed 2 wiafewad HK-2
uay RPTEC/TERT1 danuinfinisuansoonues LXR GLUT2 uaz SGLT2 uenaini LXR GREMERIR
ngdfusay LXR agonists (T0901317 way GW3965) luisadilel iionseduisadie LXR agonist 1is
aoslinfinadudsnisineures GLUT2uag SGLT2 waes LXR agonist liléiinarnanudufivyes
@19 T0901317 uay GW3965 Lagnauad LXR agonists gﬂé’ug’aé’w LXR antagonist %nawmmaqﬂ
1A maues LXR agonists %9 GLUT2 uaz SGLT2  81@8A15v191UU99 LXR  (LXR-dependent
mechanism) Lonsedu LXR fafunisnsediu RXR finaifiugyiues LR wandlifiuinnisieu
199 LXR  91A8 LXR-RXR  complex nsdudanisvhaiusasiuudeinglaa GLUT2  uay SGLT2
Aetesiunisan maximal transport rate Umax) wbifinauSuiudeusn Kt maﬂﬁwuém@lﬂaﬁh
a0s Faflanuduiusiunisannisuansoonvesveslusiurisasseia damudniinisnsedu LXR
uenanvedinaannisvudsnglealuwadfinzifeduanneiifssduimanglaauniuds LXR 8
NANITUYRsTTLA SGLT2 uay GLUT2 Tuaniizgedae daandiifiudn LXR uonanasd
unumsemsudsnglaaluansuniuddsdinaannisvhnuresiavudinglaaluaniozinags
o wuldfie venanidldvhnisBudunanes LR luiaduasalpdiusuresuyudidng
wnziaeslilndiAssiuaninass Taevinnsfnwluwad RPTEC/TERTL fiwizidesly membrane
insert Wu31 LXR  iflnaanAnsuudinglaaidngiead (canagliflozin-sensitive glucose transport)
FoyavnnsfnwInaves LXR agonist Aonsuanseenvendulesd PEPCK way G6Pase Wud1 LXR i
wlifisnisuansesnyes PEPCK  UARRNISLARIEBNY8Y G6Pase ANLvATinUNITUANIDDNTDS
Bules] PEPCK geiuvauzdl GePase fidnanasanaaiusldain ulssl GePase 1 rate-limiting
step 1uﬂ’1%'a%wﬂgiﬂaiumzmumﬁ gluconeogenesis Lﬁa LXR fuaann 1suanioanted GePase

919UsENIEAUNIuanteanves PEPCK 1adadunszuiunis compensation veiwas
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iesannisnszdu LR Tnaannisvudinglaaruisadvasnlndiuduuaziiloniaannns
afunglaalndieadvaonladiudu fufunisnsedu LR onalinaanseduiimaludenld e
yeapuauyRgIuiishnmeaounaresasnszdu LXR doszduihmaludenvemyiumusied
2 donyldsuasuaulenslsadaduniifiienuhannsansedu LR 18 ssduinaludenves
mgvufildsusaulenslsainaansesuinaludendensouiieufunguaiuay mavaassi
lailfmpasugnsuesans LXR agonist finpaeuluiwadiilessinans T0901317 uaz GW3965 flsiags
wnlsiamsanaaedludninaaedld Tasansidoilldvaaounaves LXR sefuudien OCT2 v
wihitidagnuimnueenaindamelufuliaans 1wu 81 metformin 9nHaNSANYINUI LXR
usnINazinaannITiuvesivudinglaaudddinaannsv e sivudae OCT2  Ganaf

A9AAABINUTIBNUITENDURTNLNNUI LXR ANaann15YNUY0IfiIvuaisdusaiy

[
=]

nanTideildanlasinsideduandiiuinnansedu LR - Tuaannisvitnuvesiivuds
nalaawiia GLUT2 uay SGLT2 dsenaiinaannisgandunglaadngnszuaiden uenaini LXR dailua
annsuanseenveadulesl GoPase Jsonafinaannisairsnglaalmiingnszuadon nuadanan
LXR enaidhuthmnsdmiuiaundueinaansyduihmaludenlddmiuinulsaummu agsls
fmunsnszdu LXR Seilnaannisvinnuvessvudssn OCT2 dso1aiinaiiinszduen metformin lu

onle
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Abstract Liver X receptor (LXR) is transcriptional factor that
plays an important role in the regulation of energy metabolism
such as cholesterol, lipid, and glucose metabolism as well as
membrane transporters and channels. Using both in vitro and
in vivo models, LXR regulation of the expression and function
of renal organic cation transporter 2 (OCT2) was observed.
Synthetic LXR agonist (GW3965) and endogenous LXR ago-
nist (22R-hydroxycholesterol) significantly reduced the uptake
of 3H7MPP+, a prototypic substrate of OCT2, in both OCT2-
Chinese hamster ovary K1 and human renal proximal tubular
cells (RPTEC/TERT1). GW3965 decreased transport activity
of OCT?2 via a reduction of the maximal transport rate of MPP*
without affecting transporter affinity. The inhibitory effect of
GW3965 was attenuated by co-treatment with LXR antagonist
(fenofibrate) indicating the inhibition was LXR-dependent
mechanism. In addition, co-treatment with a retinoic X receptor
(RXR) ligand, 9-cis retinoic acid enhanced the inhibitory effect
of GW3965, indicating negative regulation of OCT2 transport
activity by the LXR/RXR complex. Treatment RPTEC/TERT1

The original version of the article was revised: The original publication of
this article contained an error in Fig. 6b.
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cells with GW3965 significantly reduced OCT?2 protein expres-
sion without changing mRNA expression. In parallel, the effect
of LXR activation on OCT2 function was investigated in intact
mouse kidney. Treating mice with 50 mg/kg BW T0901317 for
14 days significantly decreased *H-MPP* uptake into renal
cortical slices, correlating with decreased OCT?2 protein expres-
sion in renal cortex without changes in mRNA expression
levels. Taken together, LXR/RXR activation downregulates
the protein expression and function of OCT?2 in renal proximal
tubule, suggesting LXR might affect the total profile of renal
excretion of cationic compounds.

Keywords Kidney - Regulation - Proximal tubule -
Secretion - Nuclear receptors - Retinoic x receptor

Introduction

Renal organic cation transporters (OCTs) play a crucial role in
tubular secretion of a wide range of endogenous organic cat-
ions, including creatinine, guanidine, choline, dopamine, epi-
nephrine, and histamine [4, 42, 45]. In addition to transport of
endogenous compounds, OCTs also transport many therapeu-
tic drugs such as quinidine, cisplatin, metformin,
phenoxybenzamine, prazosin, procainamide, and cimetidine
[6, 17, 19]. Three members of the OCT (SLC22A) family of
transport proteins have been cloned and characterized, includ-
ing OCT1 (SLC22AT1), OCT2 (SLC22A2), and OCT3
(SLC22A3) [13, 36]. Human OCT1 and OCT2 are highly
expressed in liver and kidney, respectively, whereas OCT3 is
ubiquitously expressed at a low level in multiple tissues, for
instance, the skeletal muscle, brain, placenta, liver, and kidney
[15, 19]. Renal organic cation secretion requires uptake of
organic cations from the peritubular fluid into the renal proxi-
mal tubular epithelial cells via OCTs, which is driven by an
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inside-negative membrane potential [31]. Transport of organic
cation across the apical membrane into the tubular fluid is
mediated largely by electroneutral H/organic cation exchang-
er, multidrug and toxin extrusion 1 (MATE1/SLC47A1),
MATE2-K/SLC47A2, and/or OCTN1/SLC22A4 [32].
Among the members of the OCT family, OCT2 (SLC22A2)
localized at basolateral membrane has the highest expression
levels in the kidney [29]. Therefore, alterations in functions
and/or expression levels of OCT2 can affect tubular secretion
of organic cationic therapeutic drugs, thereby affecting drug
pharmacokinetics and therapeutic efficacies [16, 26].
Function of OCT2 is regulated by several factors in both
short-term and long-term regulations (see detail in review)
[7]. Several disease conditions, nuclear receptors, and protein
kinases have been shown to modulate OCT2 function [41, 43].
The molecular structure of OCT2 contains phosphorylation
sites for various protein kinases such as PKA, PKC, PKG,
phosphatidylinositol-3-kinase (PI3-K), calcium/calmodulin-
dependent protein kinase (CAMK), and mitogen-activated
protein kinase (MAPK); thus, activation of these protein ki-
nases can regulate the activity of OCT2 [38, 46]. In addition,
OCT2 is upregulated by activation of several nuclear receptors
including glucocorticoid receptor, androgen receptor, and
pregnane X receptor [24, 37].

Liver X receptor (LXR) is a ligand-activated transcriptional
factor belonging to the nuclear receptor superfamily regulat-
ing diverse aspects of cholesterol, lipid, and glucose metabo-
lism as well as the expression of several membrane transport
proteins [3, 14]. Two isoforms of LXR exist in mammals,
LXRa (NR1H3) and LXR{3 (NR1H2). LXR« is highly
expressed in liver, spleen, lung, intestine, adipose tissue, and
kidney, while LXRf3 is ubiquitously expressed in all tissues
with particularly high levels in the brain [9, 33]. Working as a
heterodimer with retinoic X receptor (RXR, NR1B2), a com-
mon partner, LXR binds to LXR responsive element (LXRE)
in the promoter region of target genes regulating gene tran-
scription processes. LXR functions as a sterol sensor to protect
from cellular cholesterol overload by promoting reverse cho-
lesterol transport from peripheral tissue to liver as well as
converting cholesterol to bile acids [3]. Also, LXR acts as an
anti-diabetic glucose sensor, suppressing hepatic glucose out-
put and stimulating peripheral glucose disposal [27].
Furthermore, LXR has been shown to regulate the expression
and function of ATP-binding cassette (ABC) transporters such
as ABCA1, ABCG1, ABCGS, and ABCGS in macrophages
and small intestine [48].

Indeed, LXR is present along the nephron, including the
glomeruli, proximal tubule, and glomerular mesangial cells
[28, 47]. Accordingly, LXR may be involved in the regulation
of solutes, electrolytes, and water transport within renal cells.
LXR is reported to regulate expression of renal transporters
and channels, for example, Na-Pi transporters [5], epithelial
sodium channel (ENaC) [39], and cystic fibrosis
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transmembrane conductance regulator (CFTR) [35]. As pre-
viously shown, activation of LXR downregulates organic an-
ion transporter 1 (OAT1) by reducing its protein expression
[18]; however, whether LXR modulates OCT2-mediated or-
ganic cation transport is unknown. A possible hypothesis is
that LXR also regulates OCT2 activity in renal proximal tu-
bule. The present study investigated the effects and mecha-
nisms of LXR activation on OCT2-mediated organic cation
transport in OCT2 expressing cells systems including a
Chinese hamster ovary (CHO-K1) cell stably transfected with
rabbit (rb) OCT2 and human renal proximal tubular cells
(RPTEC/TERTT1 cells). Moreover, an in vivo mouse model
was used to confirm LXR’s effects.

Materials and methods
Chemicals

N-methyl-*H-4-phenylpyridinium acetate (H-MPP*; 80 Ci/
mmol) was purchased from American Radio Labeled
Chemical Inc. (MO, USA). Nutrient mixture F-12 Ham
Kaighn’s modification culture medium, Dulbecco’s modified
Eagle’s medium (DMEM), Ham’s F-12 nutrient mix (1:1),
GW3965 (a synthetic LXR agonist), 9-cis retinoic acid (9c—
RA; a RXR agonist), and 22(R)-hydroxycholesterol (endoge-
nous ligand of LXR), fenofibrate, and human OCT2 antibody
were from purchased Sigma-Aldrich (MO, USA). T0901317
(a synthetic LXR agonist) was purchased from Cayman
Chemical Inn. (MI, USA). Mouse OCT2 antibody was pur-
chased from LifeSpan BioSciences (WA, USA), and antibod-
ies against LXR« and (3 were purchased from Abcam (MA,
USA). Na*-K*-ATPasex monoclonal antibodies was obtained
from Novus Biologicals. Other chemicals used were of ana-
lytical grade from commercial sources.

Cell cultures

CHO-K1 cells stably transfected with tbOCT2 (OCT2-
CHO-K1 cells) were kindly provided by Prof. Stephen
H. Wright, University of Arizona, USA. They were cul-
tured in F12 Ham Kaighn’s modification (F12 K) medi-
um supplement with 10% FBS, 100 U/ml penicillin and
100 pg/ml streptomycin under a humidified 5% CO,/
95% air at 37 °C. The RPTEC/TERT1 cells were obtain-
ed from American Type Culture Collection (ATCC) and
cultured in mixture of DMEM and Ham’s F-12 (1:1)
supplemented with 5 pg/ml insulin, 5 pg/ml transferrin,
5 ng/ml sodium selenite, 100 U/ml penicillin, 100 pg/ml
streptomycin, 10 ng/ml epithelial growth factor, and
36 ng/ml hydrocortisone, 100 U/ml penicillin, and
100 pg/ml streptomycin in humidified incubator under
5% CO,/95% air at 37 °C.
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Uptake experiments in cell culture studies

The transport activity of OCT2 in OCT2-CHO-K1 and
RPTEC/TERT] cells was quantified by *H-MPP* uptake as
described previously [1, 38]. Briefly, cells were cultured in 24-
well plates until confluent, and then cells were treated with test
compounds. At the end of incubation period, cells were
washed twice with 1 ml of Dulbecco’s modified phosphate-
buffered saline (D-PBS) solution containing NaCl 137 mM,
KCI1 3 mM, NaHPO,4.7H,O 0.5 mM, KH,PO, 1 mM,
CaCl,.2H,0 1 mM, MgCl,.6H,0 0.5 mM, and D-glucose
5.6 mM at pH 7.4. Then, the cells were further preincubated
in 37 °C for 30 min.

The uptake experiment was performed by incubating the
cells with 200 ul of D-PBS containing ~10 nM of SH-MPP*,
which is a prototypic substrate of OCT2 [19], for 1 and 5 min
at 37 °C for OCT2-CHO-K1 and RPTEC/TERT]1 cells, re-
spectively. Then, cells were washed three times with ice-
cold D-PBS solution containing 100 uM unlabeled MPP* to
stop transport activity. Cells were then lysed by adding 200 ul
of 0.4 N NaOH in 10% SDS and left for at least 3 h. The
samples were neutralized by adding 1 N HCl into each well,
and then transferred into scintillation vials. Accumulated la-
beled MPP* was determined by liquid scintillation counter.
The *H-MPP" uptake were calculated as fmol/min/cm?® of
the confluent monolayer surface and expressed as percentage
of control.

Kinetic analysis of OCT2 transport function

OCT2-CHO-K1 and RPTEC/TERTT1 cells were cultured in
24-well plates and were subsequently treated with vehicle or
GW3965 for 24 h. Then, *H-MPP* uptake was measured
after incubating the cells with D-PBS solution containing
10 nM *H-MPP" in the presence of various concentrations
of unlabeled MPP*. The *H-MPP" uptake was calculated as
fmol/min/cm? of the confluent monolayer surface and calcu-
lated for kinetic parameters using Michaelis-Menten equation
of competitive interaction between labeled and unlabeled
MPP™ [25].

Cell viability assay

Cell viability was determined using 3-(4,5-dimethyl-thiazole-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. The
OCT2-CHO-K1 or RPTEC/TERT]1 cells were seeded on 96-
well plates, and subsequently incubated with vehicle or LXR
agonists at the indicated concentrations for 24 h. At the end of
the incubation period, cells were incubated with MTT reagent
(0.5 mg/ml) at 37 °C for 2 h. Then, the medium was replaced
with 0.15 ml of 100% dimethylsulfoxide (DMSO) before
measuring absorbance at 540 nm (EL 312 spectrophotometer,
Bio-Kinetics Reader; Bio-Tek Instruments Inc., Helsinki,

Finland). Results are expressed as a percent viability com-
pared to that of the control value.

Animals

Male CDI1-ICR-outbred mice (8 weeks old, 3540 g) were
obtained from the National Laboratory Animal Center at
Salaya Campus, Mahidol University. All of the animal exper-
iments were conducted in accordance with the Guidelines for
Laboratory Animal Ethical Committee of Mahidol University,
Bangkok, Thailand. Mice were fed with standard laboratory
chow and water ad libitum and were administered with vehicle
or 50 mg/kg T0901317 for 7 and 14 days via oral gavage.

Renal cortical slice preparation and uptake study

Renal cortical slice preparation was performed as previously
described [1, 34]. In Brief, mice were sacrificed by intraperi-
toneal sodium pentobarbital injection, and then kidneys were
removed. Renal cortical slices (<0.5 mm; 5-10 mg, wet
weight) were cut with Stadie-Riggs microtome and incubated
in ice-cold oxygenated modified Cross and Taggart buffer
containing NaCl 95 mM, KCI 5 mM, CaCl,.2H,0
0.74 mM, Na,HPO,.7H,0 9.5 mM, mannitol 80 mM, and
Tris-ultra pure 20 mM at pH 7.4. For uptake experiments,
the slices were incubated in 0.5 ml of buffer containing
10 nM of *H-MPP" for 30 min. The *H-MPP* uptake was
stopped by washing the slices in an ice-cold buffer solution
containing 100 uM unlabeled MPP*. Then, the slices were
blotted, weighed, solubilized in 1 N NaOH overnight, and
neutralized with 1 N HCI prior to determining *H-MPP* ac-
cumulation using liquid scintillation analyzer. The uptake of
*H-MPP* was calculated and expressed as tissue per medium
(T/M) ratio (dpm/mg of tissue divided by dpm/ul of transport
buffer).

Real-time PCR

Total RNA from RpTEC/TERT1 cells and mouse renal cortex
tissues was extracted using TRIZOL reagent (Invitrogen,
Carlsbad, CA), and cDNA was synthesized using iScript
cDNA Synthesis Kit (Bio-Rad). PCR amplification was then
performed using the KAPA SYBR FAST master mix (KAPA
Biosystem, Wobun, MA, USA). The primers (forward/re-
verse) used in this study are the following:

*  mouseOCT2

e Forward: 5-CAACCCAACCTCACTTACCCCTGA-3’
* Reverse: 5'-AGCTTAGCCCCCTCTTCTTG-3’

*  mouse GAPDH

e Forward: 5'-GCCAAGAGGGTCATCATCTC-3'

* Reverse: 5'-GCATTCCCCAGGACTGTTGAGAG-3’

e human OCT2
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e Forward: 5-AGTCTGCCTGGTCAATGCT-3’

* Reverse: 5'-AGGAATGGCGTGATGATGC-3

e human GAPDH

e Forward: 5'-CAAGCTCATTTCCTGGTATGAC-3’

e Reverse: 5-GTGTGGTGGGGGACTGAGTGTGG-3'

The cycle threshold (Cr) values were obtained from ABI
Prism 7500 Sequence Detection System (Applied Biosystems),
and the relative expression levels of mRNA were determined
by the 2724 method [23].

Isolation of membrane proteins

Biotinylation: membrane expression of hOCT2 was deter-
mined by cell-surface biotinylation using the membrane-
impermeable biotinylation reagents EZ-Link Sulfo-NHSSS-
Biotin (Thermo Scientific). RPTEC/TERT1 cells were incu-
bated on ice with biotinylation reagents for 30-min periods
then rinsed with PBS/Ca*/Mg? buffer containing 0.1 M gly-
cine. To ensure complete quenching of the unchanged bio-
tinylation reagents, the cells were incubated on ice with the
same solution for 20 min. The cells were harvested in lysis
buffer and 4 °C centrifuged at 1,2000 rpm for 20 min, and
supernatants were incubated with 150 pl streptavidin-agarose
beads (Thermo Scientific) with end-over-end mixing at 4 °C
for overnight. The beads were collected and then three times
washed with lysis buffer and once with PBS. The surface
proteins were released by incubation with buffer containing
100 mM dithiothreitol at 50 °C for 30 min.

Isolation of membrane fraction of mouse renal proximal
tubule: the renal cortex was dissected and homogenized in
ice-cold solution containing sucrose 0.25 M, 10 mM KCI,
1.5 mM MgCl, 0.684 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride (PMSF), and complete protease inhibitor with pH 7.2.
The tissue homogenate were centrifuged at 12,000 rpm for
20 min at 4 °C, and the supernatant was kept at =80 °C. The
whole cell lysate was taken and centrifuged at 100,000 g at
4 °C for 20 min. The pallet was a membrane fraction and
was resuspended with buffer containing 10 mM Tris-HCI,
125 mM sucrose, 0.684 mM EDTA, 2 mM PMSF, and com-
plete protease inhibitor.

Western blot analysis

Equal amounts of protein from the lysate were separated by
10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to a nitrocellulose membrane. The membranes
were blocked by incubation in 5% non-fat dry milk for 1 h at
room temperature and then blotted with rabbit polyclonal an-
tibody against human or mouse OCT2 overnight at 4 °C. After
washing three times with Tris-buffered saline (TBST) for
15 min each, the membrane was incubated with goat anti-
rabbit horseradish peroxidase (HRP)-conjugated secondary
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antibody for 1 h at room temperature. Then, immunoreactivity
was detected using enhanced chemiluminescence (ECL) de-
tection kit (Perkin Elmer, MA, USA). The protein expression
levels were quantified by the Gel and Graph Digitizing
System.

Total cellular cholesterol level determination

Total cellular cholesterol levels were determined using the
Amplex Red Cholesterol Assay Kit according to the manufac-
turer’s protocol (Invitrogen, CA, USA). Briefly, OCT2-CHO-
K1 cells were seeded in a 96-well plate and cultured for 2 days
until confluence. After treating the cells with vehicle or LXR
agonists for 24 h, the cells were lyzed and resuspended in
100 pl of reaction buffer containing potassium phosphate
0.1 mM, NaCl 0.05 mM, cholic acid 5 mM, and Triton X-
100 0.1% at pH 7.4. The reaction was initiated by addition of a
working solution composed of Amplex Red Reagent 300 uM,
horseradish peroxidase 2 U/ml, cholesterol oxidase 2 U/ml,
and cholesterol esterase 0.2 U/ml for 30 min at 37 °C.
Subsequently, Amplex Red Fluorescence was measured on a
Wallac Victor 2 V1420 Multilabel HTS Counter (Perkin
Elmer, MA, USA) using an excitation wavelength of
570 nm and an emission wavelength of 590 nm. Total cellular
cholesterol was measured as cholesterol per well, estimated
from a standard curve using the supplied cholesterol reference
standards, and normalized to the total protein content for each
sample.

Statistical analysis

All data are presented as mean and standard error of mean
(mean =+ S.E.). A minimum of three separate experiments were
performed to generate each data point. Data from kinetic stud-
ies and intact renal tissue were analyzed by using unpaired
student 7 test or one-way analysis of variance (one-way
ANOVA) with the post hoc Newman-Keuls test. A P value
of less than 0.05 was set for testing the significant difference
between each group of data.

Results
Effect of LXR agonists on OCT2-mediated MPP" uptake

To determine whether LXR could regulate the transport activ-
ity of OCT2, the dose-response of a synthetic LXR agonist
(GW3965) on OCT2-mediated *H-MPP* uptake in OCT2-
CHO-K1 cells was investigated. Protein expressions of
LXRa and LXRf are found in in CHO-K1 cells (Fig. 1a).
The cells were treated with vehicle or various concentrations
of GW3965 for 24 h, and then the SH-MPP* uptake was mea-
sured. As shown in Fig. 1b, treatment with GW3965 (2-5 uM)
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Fig. 1 Effect of LXR agonists on OCT2-mediated *H-MPP* uptake. a
Protein expression of LXRo and LXR {3 in CHO-K1 cells. Dose-response
effect of GW3965 (b) and 22R-HC (¢); OCT2-CHO-K1 cells treated
with vehicle (DMSO) or various concentrations of GW3965 or 22R—
HC for 24 h. d The time course of responses to 5 uM GW3965 followed

resulted in a decrease of "H-MPP* uptake. To establish wheth-
er the 22(R)-hydroxycholesterol (22R-HC), endogenous li-
gand of LXR, was also capable of inhibiting OCT2 transport
activity, the effect of 22R-HC on ‘H-MPP* uptake was exam-
ined in OCT2-CHO-K1 cells. As expected, OCT2-mediated
*H-MPP* uptake was reduced by 33.8 + 10.7% inhibition
following 10 uM 22R-HC treatments for 24 h (Fig. lc).
Next, a time-response experiment was performed in order to
determine the optimal time for LXR agonist to exert its action.
The suppressive effect of GW3965 treatment on OCT2 activity
began after 12 h incubation and increased by 24 h. Longer
exposure time, to 48 h, however, did not appear to increase
inhibition (Fig. 1d).

Effect of LXR agonists on cell viability, interaction
with OCT?2, and cellular cholesterol levels

To test whether the inhibitory effect of LXR agonists on OCT2-
mediated >H-MPP* uptake was associated with the reduced
cell viability, OCT2-CHO-K1 cells were treated with either
GW3965 (5 uM) or 22R-HC (10 uM) for 24 h before deter-
mining cell viability using MTT assay. As shown in Fig. 2a,
GW3965 and 22R-HC did not affect cell viability in OCT2-
CHO-K1 cells compared with controls. In addition, cis-effect
of LXR agonists on OCT2-mediated *H-MPP* uptake was
performed to determine whether LXR agonists interact with
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the OCT2 leading to inhibition of its transport activity.
Results showed that GW3965 and 22R—HC produced no sig-
nificant cis-effect on *H-MPP* uptake (Fig. 2b). Cholesterol
level has an impact on the function and expression on SLC
transporters [8]. To establish whether the inhibitory effect on
OCT2-mediated *H-MPP* uptake was the result of a reduction
in cellular cholesterol levels, cellular cholesterol levels in
OCT2-CHO-K1 cells were measured. As shown in Fig. 2c,
no difference was observed in the total cellular cholesterol
levels after 24 h treatment with vehicle or 5 uM GW3965.

Effect of LXR antagonist and RXR and on GW3965’s
effect

To determine whether the inhibitory effect of GW3965 is
LXR-dependent mechanism, the effect of LXR antagonist,
fenofibrate [40], on GW3965-induced inhibition of *H—
MPP* uptake was determined. The results showed that
fenofibrate had no effect on OCT2-mediated *H-MPP* up-
take, but it significantly attenuated inhibitory effect of
GW3965 on OCT2-mediated *H-MPP* uptake (Fig. 3a). In
addition, we determined whether RXR activation potentiated
LXR’s effect on OCT2 transport activity. The effect of 9-cis
retinoic acid (9c-RA), a RXR agonist, on GW3965-induced
the inhibition was examined. As shown in Fig. 3b, treatment
with GW3965 alone significantly inhibited the *H-MPP*
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Fig. 2 Effect of LXR agonists on cell viability, cis-effect of LXR
agonists, and total cellular cholesterol levels after exposure to LXR
agonist. a The OCT2-CHO-K1 cells were treated with vehicle, 5 pM
GW3965, or 20 uM 22R-HC as indicated for 24 h. Following incubation,
cell viability was measured using MTT assay. b Interaction of LXR ago-
nists with OCT2. Cis-effect was determined by measuring *H-MPP*

uptake, whereas treatment with 1 uM 9¢c—RA produced a
slight effect on OCT2 activity. Interestingly, exposing cells
to GW3965 and 9c-RA simultaneously resulted in a statisti-
cally significant reduction of OCT2-mediated *H-MPP* up-
take compared with GW3965 alone.

Kinetic study on LXR activation inhibited
OCT2-mediated MPP" uptake

To investigate the mechanism by which LXR inhibited OCT2-
mediated MPP" uptake, a kinetic study was performed. As
shown in Fig. 4, treating the cells with 5 uM GW3965 for
24 h significantly decreased Jy,x from 30.1 + 1.7 to
19.0 + 1.2 pmol/min/cm?, whereas GW3965 had no effect on
K, indicating a decrease in the functional number of OCT2 in the
cell membrane but not the affinity of OCT2 with its substrate.

Fig. 3 Effect of LXR antagonist
and RXR activation on OCT2-
mediated *H-MPP* uptake in
OCT2-CHO-K1 cells. a Cells
were treated with vehicle, 5 uM
GW3965, 10 uM fenofibrate, and
GW3965 plus fenofibrate for 24 h
followed by uptake of *H-MPP*.
b The *H-MPP" uptake was
evaluated after 24 h incubation
with vehicle alone or together
with LXR agonist (5 uM
GW3965) and/or RXR agonist

(1 M 9¢c-RA) as indicated.
Values are represented as

mean + S.E. from five indepen- 0

125+

1004

754

504

SH-MPP" uptake (Y%control)

dent experiments. *P < 0.05

compared to vehicle-group. &

# Q&
P < 0.05 compared to GW3965-

treatment group
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uptake in the presence of 5 UM GW3965 or 10 uM 22R-HC. ¢ The effect
of LXR agonist on total cellular cholesterol level. Cells were incubated
with vehicle or 5 pM GW3965 for 24 h. The data are shown as mean
percentage of control (mean + S.E.) from four independent experiments.
*P < 0.05 vs control

LXR activation reduced >*H-MPP* uptake in human renal
proximal tubular cells

The effect of LXR agonist on OCT2 transport activity in hu-
man renal proximal tubular cells was investigated using
RPTEC/TERT1 cells which show characteristics of human
renal proximal tubular cells and express OCT2 [2, 44]. This
cell line expresses both LXRx and LXRf (Fig. 5a). The
RPTEC/TERT]I cells were treated with six different treat-
ments: (1) vehicle, (2) 5 uM GW3965, (3) 10 uM fenofibrate,
(4) 5 uM GW3965 plus 10 uM fenofibrate. For group 4, the
cells were pretreated with 10 uM fenofibrate for 4 h, followed
by incubation with GW3965 plus fenofibrate for a further 24 h.
After incubation, *H-MPP* uptake was determined. As ex-
pected, GW3965 reduced *H-MPP* uptake. Interestingly,
fenofibrate significantly attenuated the inhibitory effects of
GW3965 (Fig. 5b). To investigate whether the decrease of
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Fig. 4 Kinetic studies of OCT2-mediated *H-MPP* uptake in OCT2-
CHO-K1 cells. OCT2-CHO-K1 cells were treated with vehicle or 5 pM
GW3965 for 24 h, followed by the determination of *H-MPP™* uptake in
the presence of various concentrations of unlabeled MPP*. Results are
shown as mean + S.E. from three experiments. *P < 0.05 vs control

OCT2-mediated *H-MPP* uptake following GW3965 treat-
ment was caused by toxicity of LXR agonist to the cells,
MTT assay was performed. Exposing the cells to 5 uM
GW3965 for 24 h had no effect on cell viability (Fig. 5c).

Mechanism of action of LXR activation on OCT2 function
in human renal proximal tubular cells

To determine whether LXR affected expression of OCT2,
RPTEC/TERTI cells were treated with vehicle or 5 uM

GW3965 for 24 h followed by measurement of expression
of OCT2. Our result showed that treating RPTEC/TERT1
cells with GW3965 significantly reduced total and membrane
protein expression of OCT2 compared with vehicle treatment
(Fig. 6a), whereas it had no effect on OCT2 mRNA expres-
sion (Fig. 6b).

Effect of LXR agonist on *H-MPP" uptake in mouse intact
renal proximal tubule

In order to confirm the inhibitory effects of LXR agonists
observed in cell culture systems were reflective of those in
intact renal tissues, the effects of potent LXR agonist,
T0901317, on the transport function of OCT2 in mouse kid-
ney were examined by assessing >H-MPP" uptake. As shown
in Fig. 7a, treating mice with T0901317 (50 mg/kgBW) for
7 days tended to inhibit *H-MPP* uptake into intact renal
cortical slices. Increasing exposure time to T0901317 for
14 days produced a significant reduction of >H-MPP* uptake
compared with vehicle-treated mice. Furthermore, when
mRNA and protein expression of OCT2 following treatment
with T0901317 for 14 days was measured, there was no sig-
nificant difference of mRNA expression of OCT2 in renal
cortex between vehicle- and T0901317-treated groups (Fig.
7b). In contrast to mRNA expression, total and membrane
protein expressions of OCT2 were significantly decreased af-
ter treatment with T0901317 compared with vehicle treatment
(Fig. 7c¢).
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Fig. 5 Effect of LXR agonist on OCT2-mediated *H-MPP* uptake in
RPTEC/TERT1 cells. a Protein expression of LXRx and LXRf3 in
RPTEC/TERT] cells. b RPTEC/TERT1 cells were treated with vehicle
alone or together with LXR agonist (5 uM GW3965) and/or LXR antag-
onist (10 uM fenofibrate) as indicated for 24 h followed by measurement

of *H-MPP* uptake. ¢ Cell viability of RPTEC/TERT!1 cells after expo-
sure to vehicle or 5 uM GW3965 for 24 h. Data are obtained from three
experiments. *P < 0.05 compared to vehicle-group. *P < 0.05 compared
to GW3965-treatment group

@ Springer



1478

Pflugers Arch - Eur J Physiol (2017) 469:1471-1481

‘Whole cell

— e hOCT2

E— S B-actin

b

Membrane

s hOCT2

L s Na K -ATPasea

o

Vehicle GW3965

8
= 125 g 125
i~ [~
H -
EL 100 :': 100+
g 2 o
25 35
2L 75 £ £ 754
« E a s
S g =3
= * Q
£ &3 s
<3 501 1
i< =
& =
25 E 2
.a w
!
% J (=9 .

Vehicle  GW3965 & Vehicle

Fig. 6 Mechanisms of action of LXR activation on OCT2 function in
RPTEC/TERTI cells. a Representative Western blots and the densitom-
etry quantification of OCT2 protein. b Expression mRNA expression

Discussion

OCT2-mediated organic cation uptake in renal proximal tubu-
lar cells is an important process in excretion of cationic xeno-
biotic compounds [19]. Therefore, modulation of this trans-
porter will affect total profile excretion of drugs subsequently

Fig. 7 Effect of LXR agonist on
SH-MPP"* transport in mouse
model. a *H-MPP* uptake in
renal cortical slice was
determined from mice treated
with vehicle or T0901317 (50 mg/
kg BW). *H-MPP" uptake was
calculated as tissue per medium
ration. b Quantitative real-time
PCR analysis of mRNA from
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altering drug efficacy. Accordingly, understanding the regula-
tion of renal OCT?2 is crucial. As previously shown, activation
of LXR regulates renal transporters and channels including
Na-Pi co-transporters, OAT1, ENaC, CFTR, and aquaporin
[5, 10, 35, 39]; thus, LXR has a potential role in regulating
renal OCT?2. To address concerns regarding LXR activation’s
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impact on organic cation transport in renal proximal tubular
cells, the current study investigated LXR’s effect on OCT2-
meditated organic cation transport in different models includ-
ing cell culture systems (heterologous and endogenous OCT2-
expressing cell lines) and intact renal proximal tubule.

The present study demonstrated that LXR agonists, both
synthetic ligand (GW3965) and physiological LXR ligand
(22R-HC), inhibited OCT2-mediated *H-MPP* MPP* up-
take in OCT2 singly expressing CHO-K1 cells. The time-
response effect of the LXR agonists on OCT2 activity in
CHO-K1 cells revealed a significant decrease in *H-MPP*
uptake after 12 h incubation of GW3965, indicating LXR
agonists have a slow mode of action on OCT?2. As cell viabil-
ity was unaffected by LXR agonists, it seemed unlikely that
the inhibitory effects observed were the results of toxicity and
ability to act as OCT2 inhibitors, because the agonists pro-
duced no interaction with the OCT2. Since LXR is a well-
characterized cholesterol sensor modulating cellular cholester-
ol levels via cholesterol transporter regulation [49], one spec-
ulation was LXR activation-mediated cholesterol efflux in
OCT2-CHO-K1 cells. Notably, cholesterol itself could affect
OCT2 transporter activity, because, reportedly, it regulates
gene expression of OCT1 and Na*-bile acid co-transporter in
HepQG2 cells [8]. Exposure to LXR agonist did not alter cellu-
lar cholesterol levels in OCT2-CHO-K1 cells, illustrating that
the inhibitory effect caused by LXR agonist was not associat-
ed with changes in cellular cholesterol levels.

To be certain that the inhibitory effect of GW3965 is LXR-
dependent mechanism, the effect the LXR blocking by its
antagonist was determined. The inhibitory effect of GW3965
was attenuated by LXR antagonist indicating the inhibitory
effects of LXR agonist required LXR activation. LXR re-
quires RXR to form a heterodimer before regulating target
genes [22]. Possibly, RXR activation potentiates the inhibitory
effect of LXR. Investigating the role of LXR and RXR in
regulating OCT?2 activity, RXR agonist alone had no effect
on OCT?2 activity; however, when co-incubating OCT2-ex-
pressing cells with LXR and RXR agonist, further inhibition
occurred. Therefore, RXR potentiated the effect of LXR on
OCT?2 transport function, likely acting through the LXR/RXR
heterodimer. Although the heterologous cell system (OCT2-
CHO-K1 cells) is widely used to study single transporters, the
transfecting process can alter the characteristic of the cells.
Therefore, the effects of LXR agonist on OCT2 transport
function in renal proximal tubule cells endogenously express-
ing OCT2, RPTEC/TERTT cells, were investigated, and the
results were similar to the results in OCT2-CHO-K1 cells.

The transport function of OCT2 could be altered by chang-
ing of the affinity of the transporter with its substrate or the
functional number of transporters [12]. Consequently, the in-
hibitory effect of LXR might be mediated by changing those
factors. The mechanism by which LXR’s effects was investi-
gated using kinetic analysis. Using heterologous OCT2-

expressing cells, GW3965 decreased maximal transport; thus,
LXR might inhibit OCT transport function by reducing the
number of transporters at the membrane which could be a result
of reduced transporter synthesis. We further determined wheth-
er LXR activation reduced expression of OCT2. Western blot-
ting revealed activation of LXRs significantly decreased total
and membrane protein expressions of OCT2 without change in
mRNA, implying LXR activation decreases protein expression
of transporters, and subsequently, reducing membrane expres-
sion by post transcriptional processes. However, the target of
LXR in regulating OCT?2 at post transcriptional process is un-
known. This notion should be verified in the future.

To be certain, the data obtained from OCT2-expressing cell
lines were relevant; the effect of LXR on the transport activity
of OCT2 was further investigated in intact renal proximal
tubule. Then, the effect of LXR on SH-MPP* uptake was
validated in mouse renal cortex tissues that expressed LXR
[47]. Consistent with in vitro findings, administration of
T0901317, an active LXR agonist in the in vivo mouse model
[20, 21] and decreased *H-MPP* uptake in RPTEC/TERT1
cells (supplement data), decreased >H-MPP* uptake into
mouse cortical kidney slices. Although OCT?2 plays a major
role in renal proximal tubule of human, OCT1 and OCT3 also
play a role in transport of cations in mouse renal proximal
tubule [46]. Therefore, the possibility remains that LXR might
regulate transport function of OCT1/3. As found in in vitro
model, Western blot analysis revealed a significant reduction
of OCT2 protein expression after LXR agonist treatment in
mouse renal cortex; nonetheless, the mRNA expression of
OCT2 was unchanged. Therefore, downregulation of OCT2
by LXR activation at post-transcription steps seems likely
which is consistent with OCT2-expressing cells and other re-
cently reports showing LXR agonists decreased protein ex-
pression of OAT1, CFTR, and Pit-2 proteins without affecting
mRNA levels [5, 18, 35].

Since LXR is the key regulatory factor controlling energy
metabolism [27], one may speculate LXR functions as a phys-
iological link between cellular energy metabolism and clear-
ance of organic compounds. The data obtained from this study
may explain the pathological conditions of energy imbalance
affecting the total profile of organic compound excretion.
Given previous reports that type I and type II diabetes de-
crease the protein expression and function of OCT2 in rat
kidneys [11, 30], and LXR is upregulated by hyperglycemia
state [27], there is considerable data supporting the idea that
LXR activation in high plasma glucose conditions might
downregulate renal OCT?2 expression. The downregulation
may lead to decreased renal tubular uptake of organic cations
and may alter of cationic drug pharmacokinetics.

In conclusion, we have demonstrated that LXR exerts an
inhibitory effect on OCT2-mediated organic cation transport
in OCT2-expressing cells and in an in vivo mouse model.
Reduced OCT?2 transport function is likely caused by
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reduction protein expression without interfering mRNA level.
Altogether, the data enhance understanding of renal excretion
of organic cationic compounds during LXR activation states.
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New findings

What is the central question of this study?

LXR has been reported to regulate several membrane transporters. It is imperative to invextigate
whether LXR activation regulates SGLT2-mediated glucose transport in human renal proximal tubular

cells.

What is the main finding and its importance?

LXR activation inhibits SGLT2 transport function in normal and high glucose conditions via reduction

of SGLT2 protein expression.

Abstract

Liver X receptors (LXRs) are members of a nuclear receptor family consisting of two isoforms, LXR-a
and LXR-B. They play a major role in energy metabolism including lipid and glucose metabolism.
Recent studies reported LXRs regulate plasma glucose although the mechanism is still uncertain. The
present study investigated whether LXR activation regulates sodium glucose cotransporter2 (SGLT2)

in human renal proximal tubular cells. LXR agonists, T0901317 and GW3965, inhibited SGLT2-
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mediated glucose uptake in concentration-dependent manners. The effect of T0901317 and
GW3965 was attenuated by a LXR antagonist, fenofibrate. Activation of retinoid X receptor (RXR)
agonist, bexarotene, potentiates the inhibitory effect of these ligands. Thus, the inhibitory effect of
LXR agonists on SGLT2 was mediated and facilitated by LXR and RXR activation, respectively. In
addition, the inhibitory effect of LXR agonists was not mediated by cytotoxicity. Exposing HK-2 cells,
renal proximal tubular cell line, to LXR agonists significantly reduced the maximal transport rate
(Jmax) Of SGLT2 without any effect on transporter affinity. Western blot analysis revealed LXR
activation significantly decreased protein expression of SGLT2 with no change in mRNA level. In
addition, LXR activation inhibited canagliflozin-sensitive short-circuits current which represents
SGLT2-mediated glucose transport in polarized human renal proximal tubular cell monolayer.
Furthermore, LXR activation inhibited transport function of SGLT2 in hyperglycemic conditions. As
such, this study represents the evidence of LXR activation’s inhibitory effect on glucose transport in

human renal proximal tubular cells.

Introduction

Glucose homeostasis enlists complex mechanisms, coordinating regulation of several organs
including liver, pancreas, adipose tissue, muscle, and kidney. Kidneys play an important role in
regulating glucose homeostasis by preventing glucose excretion (Vallon, 2015). Filtered glucose is
reabsorbed back into blood circulation via renal proximal tubule using two steps requiring renal
glucose transporters. First, glucose is taken up from tubular lumen into renal tubular cells via
sodium-glucose co-transporters (SGLTs), including SGLT2 and SGLT1, localized on the brush border

membrane of proximal tubule $S1/S2 and S3 segments, respectively (Wright, 2001). SGLT-mediated
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glucose transport is a secondary active process, moving glucose into the cell using energy derived
from the sodium electrochemical potential gradient across the brush border membrane and
maintained by the transport of intracellular sodium into the blood via Na'-K'-ATPase at the
basolateral membrane. In contrast, GLUT facilitate passive transport of glucose across membranes
and do not require an energy source (Brown, 2000). Although, SGLT1 expressed in renal proximal
tubular cells, SGLT2 plays more significant roles in apical glucose uptake (Hediger et al., 1995;

Wright, 2001).

Mutations of SGLT2 (SLC5A2) have been found to be associated with impaired renal glucose
reabsorption leading to glucosuria with no intestinal phenotype and kidney function impairment
(Santer & Calado, 2010). Expression and function of SGLT2 was increased in type 2 diabetes
(Rahmoune et al., 2005) and diabetic rodent models (Vallon et al., 2013). The mechanisms involved
in upregulation of SGLT2 in type 2 diabetes are little known. Studies reported that SGLT2 activity is
stimulated by protein kinase C (PKC) and protein kinase A (PKA) (Ghezzi & Wright, 2012) whereas
expression of SGLT2 is upregulated by hepatocyte nuclear factor-1a (HNF-1a) (Freitas et al., 2008).
The involvement of SGLT2 in type 2 diabetes raises the rationale of SGLT2 inhibitor development as
diabetic drugs. Several evidences reported that SGLT2 inhibitors reduced hyperglycemia in type 2
diabetes via insulin-independent mechanism in the absence of clinically relevant hypoglycemia

(Chao & Henry, 2010).

Liver X receptors (LXRs) are members of a nuclear receptor family consisting of two isoforms,
LXR-a and LXR-B (Willy et al., 1995). LXRs play a major role in glucose, lipid, and cholesterol
metabolism (Costet et al., 2000; Repa et al., 2002; Tontonoz & Mangelsdorf, 2003; Mitro et al.,
2007). LXR activation controls glucose homeostasis by reducing liver glucose output and increasing

peripheral glucose elimination. Wild-type mice treated with LXR agonist downregulate
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gluconeogenesis in their livers through a decrease in the expression of the key enzymes like
phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) (Ding et al.,
2014). In addition to energy metabolism, LXR activation has been reported to regulate kidney
function. LXRs have been shown to regulate membrane transport proteins including cystic fibrosis
transmembrane conductance (CFTR) (Raksaseri et al.), epithelial sodium channel (ENaC) (Soodvilai
et al., 2012), organic anion transporter 1 (OAT1) (Kittayaruksakul et al., 2012), sodium-phosphate
cotransporter (Na*-Pi) (Caldas et al., 2011), and aquaporin (AQP) 1 and AQP2 (Gabbi et al., 2012; Lu

et al., 2016).

Therefore, it is possible that LXR activation regulates glucose transport in the renal proximal
tubular cells by modulating transport function of SGLT2. Although SGLT2 inhibition by its inhibitors is
found to improve diabetes, downregulation of SGLT2 such as a reduction of protein expression may
be a novel treatment of DM. The present study investigated the role of LXRs in regulation of SGLT2-

mediated glucose uptake in human renal proximal tubular cells.

Materials and Methods

Chemicals

T0901317 was purchased from Cayman Chemical, Inc. (MI, USA). GW3965, fenofibrate,
cytochalasin B, deoxy-D-glucose, thiazolyl tetrazolium bromide (MTT), and phlorizin were purchased
from Sigma Aldrich (MO, USA). Canagliflozin was obtained from Hang Zhou APl Chem. (Zhejiang,
China). Deoxy-D-glucose, 2-[1, 2->H (N)] ([’H]-2DG) was purchased from PerkinElmer (MA, USA).

SGLT 1 and 2 antibodies were purchased from Santa Cruz Biotechnology, Inc. (TX, USA). Secondary
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antibody, horseradish peroxidase-conjugated goat anti rabbit IgG, and hyperfilm enhanced
chemiluminescence (ECL) were purchased from Millipore (Bangkok, Thailand). All other chemicals

were purchased from standard sources and were generally the highest purity available.

Cell Culture

Human renal proximal tubular cell lines including human kidney-2 (HK-2) and RPTEC/TERT1
cells were obtained from American Type Culture Collection (ATCC). HK-2 cells were cultured in low
glucose Dulbecco’s Modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS;
Millipore), 100 U/ml penicillin, and 100 pg/ml streptomycin. RPTEC/TERT1 cells were cultured in 1:1
mixture of DMEM and Ham’s F-12 nutrient mix supplemented with 5 pg/ml insulin, 5 pg/ml
transferrin, 5 ng/ml sodium selenite, 100 U/ml penicillin, 100 pg/ml streptomycin, 10 ng/ml
epithelial growth factor, and 36 ng/ml hydrocortisone. Cells were cultured routinely in a T75 flask at

37 °Cin a 5% CO, and 95% humidified atmosphere.

Cell viability assay

Cell viability was evaluated by measuring mitochondrial activity of cells with MTT assay. HK-2
cells were seeded on 96-well tissue culture microplates at 1.5x10* cells/well for 48 h and then the
cells were incubated with different treatments for 24 h. After incubation, medium was replaced with
100 pl/well of MTT solution (0.5 mg/ml in serum-free medium) and further incubated for 2 h. The
MTT solution was removed and the formazan salt form was dissolved by 100 pl/well of DMSO and
an absorbance at 570 nm was measured by microplate reader. The data were shown as percentage

of cell viability compared with control group.
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Measurement of SGLT2-mediated glucose uptake in renal proximal tubular cells

SGLT2-mediated glucose uptake was determined using radioactive labelled glucose
analogue, [°H]-2DG, as a tracer. The accumulation of radioactive labeled glucose analogue in the
cells was measured by scintillation counting. The cells were seeded on 24-well plates to allow cells to
form a confluent monolayer. Then, the cell monolayer was washed twice with 1 ml of glucose
transport buffer solution (140 mM NaCl, 5 mM KCI, 2.5 mM CaCl,, 1 mM MgS0,, 1 mM KH,PQ,, 10
mM HEPES) and incubated for a further 15 minutes. After the preincubation period, 200 ul of
glucose transport buffer containing 10 nM [*H]-2DG and 10 pM cytochalasin B, a non-selective
inhibitor of GLUTs, was added to each well for 10 min. Cells were washed three times with 1 ml ice-
cold transport buffer to stop transport activity of transporter. The cells were then solubilized with
0.4 N NaOH in 10% SDS for at least 4 h, and neutralized with 1 N HCI. The samples were transferred
to scintillation vials for measurement of accumulated radioactivity. Uptake rates were expressed as
moles per square centimeter of surface area of confluent monolayer. The SGLT2-mediated uptake
was calculated by subtraction of the total uptake of [°H]-2DG from uptake of [°H]-2DG in the

presence of 10 uM canagliflozin.

Kinetic study

Cells were incubated with glucose transport buffer containing [*H]-2DG plus various
concentrations of non-radioactive 2-deoxy glucose (10 uM-10,000 uM) for 10 minutes. Cellular
uptake was calculated as fmol/min/cm? of the confluent monolayer surface. The kinetic parameters
including maximal rate of transport (Jmax) and K; were determined by Michaelis-Menten kinetics of
competitive interaction of unlabeled and labeled of [*H]-2DG as defined by the following equation

(Malo & Berteloot, 1991)
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J represents the rate of [*H]-2DG transport at the concentration of [*H]-2DG equal to [*T];
Jmax represents the maximum rate of glucose transport; K; represents the concentration of unlabeled
glucose that resulted in half-maximal transport; [T] represents the concentration of unlabeled
glucose in the transport reaction; and C is a constant that represents the component of total glucose

uptake that is not saturated over the range of substrate concentrations tested.

Electrophysiological study

Short-circuit current (/sc) was used to monitor electrogenic transport function of SGLT in
polarized human renal proximal tubular cells, RPTEC/TERT1 cells. Cells were cultured on Snapwell
insert for at least 21 days before experiments. Only the cell monolayers that developed resistance >
100 Q.cm” were used for transport studies. The confluent monolayer was assembled to Ussing
chambers and the spontaneous potential difference across monolayer was clamped to 0 mV. The
short-circuit current (Isc) was recorded continuously using a VC600 voltage clamp (Physiologic
Instruments, CA, USA) with Ag/AgCl electrodes and 3 M KCl agar bridges. The apical and basolateral
sides of the cell monolayers were bathed in physiological solution containing (mM) 117 NaCl, 25
NaHCO;, 4.7 KCI, 1.2 MgS0,, 2.5 CaCl?>, 1.2 KH,PO,, 11 D-glucose at pH 7.4. The solution was
maintained at 37 2C and bubbled with 95 % O, and 5% CO, to maintain pH. To measure SGLT2-
mediated Na'/glucose flux, 10 uM of cangliflozin was added into the apical part. The transport

function of SGLT2 is shown as canagliflozin-sensitive Isc.
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Western blot analysis

Cells were lysed with modified RIPA lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 1 mM NaF, 1 mM Na,VO,, 1 mM PMSF, and protease inhibitor cocktail).
After 20 minutes of incubation on ice and being centrifuged at 12,000 rpm for 20 minutes, the
supernatants were collected and the protein concentration was measured by BCA (Bicinchoninic
acid) method. Equal amounts of protein samples were mixed with 5X loading dye buffer and heated
for 5 minutes at 95°C. Protein was resolved by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), and subsequently, transferred to a nitrocellulose membrane by electro-
blotting. Membranes were incubated overnight at 4°C with anti-SGLT1 and anti-SGLT2 (Santa Cruz),
anti-actin (Sigma Aldrich), and anti-GAPDH (Cell Signaling). Signals were detected using the

enhanced chemiluminescence procedure.

Real-time PCR

PCR amplification was then performed using the KAPA SYBR FAST master mix (KAPA
Biosystem, Wobun, MA, USA). The primers (forward/reverse) of hSGLT1 and hSGLT2 used in this
study are followings: hSGLT1 5-CATTCGCAGGACAGCTCTTAC-3/5-ACCAAAACCAGGGCATTCCA-3,
hSGLT2 5-AGTGCCTGCTCTGGTTTTGT-3/ 5-GAGGCTGTGGCTTATGGTGT-3, hGAPDH 5-
CAAGCTCATTTCCTGGTATGAC-3/5-GTGTGGTGGGGGACTGAGTGTGG-3. The values of cycle threshold
(C;) were obtained from ABI Prism 7500 Sequence Detection System (Applied Biosystems) and the

mRNA expressions were determined using 2™ method (Livak & Schmittgen, 2001).
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Results

LXR agonists inhibit SGLT2-mdiared glucose uptake in renal proximal tubular cells

As previously demonstrated, LXRa and LXRB are expressed and activated in the presence of
LXR agonist in HK-2 cells (Fongsupa et al., 2015). Expression of SGLT1 and SGLT2 in HK-2 cells was
determined by gPCR. Our data showed that mRNA expression of SGLT2 was about 9 fold higher than
that of SGLT1. Transport function of SGLT2 in HK-2 cell was verified using phlorizin and canagliflozin,
a non-selective and a selective SGLT2 inhibitor, respectively. The results showed that canagliflozin
significantly inhibited [*H]-2DG uptake in this cell model. Phlorizin produced a slightly more
inhibition of [H]-2DG uptake compared with canagliflozin indicating SGLT2 plays a major route of
glucose uptake (Fig. 1A). Next, the effect of LXR agonists on SGLT2-mediated uptake in HK-2 cells
was determined. Confluent cell monolayer of HK-2 cells was 12 h fasted and treated with vehicle
(0.1% DMSO) or various concentrations of synthetic LXR agonists, T0901317 (1-10 uM) and GW3965
(1-5 uM), for 24 h in serum-free medium. At the end of the incubation period, 10 minute uptake of
glucose into HK-2 cells was measured. As shown in Fig. 1B, T0901317 and GW3965 inhibited SGLT2-
mediated [*H]-2DG transport in a concentration-dependent manner. To verify whether a decrease in
the transport activity of HK-2 cells was caused by toxicity, HK-2 cells were incubated for 24 h with
vehicle (0.1% DMSO) or LXR agonists including T0901317 (1- 10 uM) and GW3965 (1- 5 uM) for 24
h. Treating cells with T0901317 and GW3965 produced no effect on viability of HK-2 cells following

24 h treatment (Fig. 1C).

LXR agonists’ inhibitory effect on SGLT2 requires LXR-RXR activation

To determine whether the inhibitory effect of LXR agonist on SGLT2-mediated glucose

uptake involved a LXR-dependent mechanism, fenofibrate (a LXR antagonist) (Thomas et al., 2003),
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was applied to HK-2 cells. The cells were fasted for 12 h, then the cells were treated with 6 different
treatments: 1) vehicle (0.1% DMSO0), 2) 10 uM T0901317, 3) 5 uM GW3965, 4) 10 uM fenofibrate, 5)
10 UM T0901317 plus 10 uM fenofibrate, and 6) 5 uM GW3965 plus 10 uM fenofibrate. For group 5
and 6, the cells were pretreated with 10 uM fenofibrate for 4 h, followed by incubation with
T0901317 and GW3965 plus fenofibrate for a further 24 h. After incubation, SGLT2-mediated
glucose uptake was determined. As expected, T0901317 and GW3965 reduced SGLT2-mediated
glucose uptake. Interestingly, fenofibrate significantly attenuated the inhibitory effects of both
T0901317 and GW3965 (Fig. 2A). LXR usually heterodimerizes with RXR, we then determined
whether RXR activation potentiated the inhibitory effect of LXR. The cells were incubated with 6
different conditions including vehicle (0.1% DMSO), 10 uM T0901317, 5 uM GW3965, 1 uM
bexarotene (an agonist of RXR), 5) 10 uM T0901317 plus 1 uM bexarotene, and 6) 5 uM GW3965
plus 1 uM bexarotene. The results showed that bexarotene produced additional inhibitory effects of

both T0901317 and GW3965 (Fig. 2B).

Mechanism of LXR activation regulating SGLT2-mediated glucose uptake

HK-2 cell monolayers were incubated with vehicle (0.1% DMSO), 10 uM T0901317, and 5 uM
GW3965 for 24 h. Then, kinetic parameters including J...x and K;, were determined. As shown in Fig.
3, treating HK-2 cell monolayer with T0901317 and GW3965 significantly decreased J,.x, but not K;

of SGLT-mediated glucose uptake compared with vehicle control.

Effect of LXR activation on SGLT2 protein expression

Since, LXR activation inhibited [*H]-2DG in HK-2 cells, we then determined whether it
affected protein expression of SGLT2; confluent monolayers of HK-2 cell were fasted for 12 h and

then exposed to vehicle (0.1% DMSO), T0901317 (10 uM), and GW3965 (5 uM) for 24 h. The
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expression of SGLT2 was measured by Western blot analysis. As shown in Fig. 4, T0901317 and
GW3965 significantly reduced SGLT2 expression in HK-2 cells compared with vehicle. To determine
whether down-regulation of SGLT2 was a result of gene expression, the effect of LXR activation on
SGLT2 mRNA expression was determined. The results showed that treating HK-2 cell monolayers

with T0901317 or GW3965 for 24 h had no effect on mRNA expression of SGLT2.

Effect of LXR activation on glucose transport in polarized renal proximal tubular cells

SGLT2-mediated glucose uptake is a rate-limiting step for transepithelial transport of glucose
in renal proximal tubular cells. To determine the effect of LXR activation on transepithelial glucose
transport, a polarized cell system (RPTEC/TERT1 cells) was employed. First, the expression of SGLT2
in RPTEC/TERT1 cells that expressed LXRa/B (Wongwan et al., 2017) was determined. The results
showed that RPTEC/TERT1 cells highly expressed SGLT2 whereas weakly expressed SGLT1 (Fig. 5A).
Next, the effect of LXR activation of SGLT2-mediated glucose transepithelial transport was
determined by using electrophysiological study. Treating cell monolayer growing on membrane
inserts with 5 and 10 uM T0901317 for 24 h significantly reduced canagliflozin-sensitive Isc

compared with vehicle treatment (Fig. 5B).

Effect of LXR activation on glucose uptake in renal proximal tubular cell under high glucose

conditions

The effect of LXR agonist on SGLT2-mediated uptake in HK-2 cells was determined after
culturing cells in a high concentration of glucose (25 mM) media for at least 3 passages. As shown in
Fig. 6A, SGLT2-mediated [*H]-2DG uptake in cells cultured in high glucose condition was higher than
cells cultured in normal glucose condition without changing of protein expression of SGLT2. To

determine whether LXR activation could inhibit SGLT2 function under hyperglycemic conditions, the
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effect of LXR agonists on SGLT2 was investigated. Cell monolayers were treated with vehicle (0.1%
DMSO) or LXR agonists, T0901317 (10 pM) and GW3965 (5 uM), for 24 h in serum-free medium.
Treating cells with LXR agonists, T0901317 and GW3965, significantly inhibited SGLT2-mediated [*H]-
2DG uptake (Fig. 6B) and decreased protein expression of SGLT2 compared with vehicle-treated

group (Fig. 6C).

Discussion

Renal SGLT2-mediated glucose reabsorption is a late-limiting step for renal glucose
reabsorption which is a key mechanism to prevent glucose loses (Hediger et al., 1995; Wright, 2001;
Chao & Henry, 2010). Accordingly, factors affecting transport function of SGLT2 will affect total renal
glucose reabsorption and plasma glucose. LXRs, as transcription factors, likely regulate the
expression of the genes that encode those membrane transport proteins (Caldas et al., 2011; Gabbi
et al., 2012; Kittayaruksakul et al., 2012; Soodvilai et al., 2012; Raksaseri et al., 2013; Lu et al., 2016).
Therefore, the role of LXR in regulating renal glucose transporter-mediated uptake of glucose was
investigated using pharmacological approaches. Although, SGLT1 was found in HK-2 cells (Solocinski
et al., 2015), contribution of SGLT1 in glucose transport in HK-2 cells may be minor as evidence
showed that mRNA expression of SGLT1 in HK-2 cells was very low compared with SGLT2. The
present study unveils the novel finding that LXR activation inhibits transport function of SGLT2 in
human renal proximal tubular cells. Uptake studies revealed exposing HK-2 cells to LXR agonists
(T0901317 and GW3965) for 24 h led to a significant inhibition of SGLT2-mediated glucose uptake.
As such, LXRs might be involved in regulation of glucose uptake in human renal proximal tubular

cells. The inhibitory effect of LXR agonist was attenuated by LXR antagonist indicating the inhibitory
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effects of LXR agonist required LXR activation. In addition, both LXR agonists had no significant effect
on cell viability; therefore, the inhibitory effect of these agonists was not mediated by their
toxicities. RXR is a common partner of LXRs (Wan et al., 2000); we then determined whether RXR
potentiated the LXR’s effect. In the presence of agonists of both RXR and LXR, an additive of
suppression of SGLT2 transport function was observed. These results indicate that LXR-RXR
activation inhibits transport function of SGLT2 in mediating glucose transport in renal proximal
tubular cells. It should be noted that the results obtained from the present study rely on the
pharmacological approaches, the molecular approaches, LXR or RXR knockdown cells, may be

needed to strengthen the conclusion.

Reduced membrane expression or affinity of transporters could contribute to reduced
transport function of glucose membrane transporters (Ghezzi & Wright, 2012). To determine the
mechanism responsible for down-regulation of glucose transport induced by LXR activation, a kinetic
study was performed. Cells treated with LXR agonists for 24 h had significantly reduced J,., but not
K., for SGLT2 suggesting down-regulation of SGLT2 may be mediated by reduced functional SGLT2
expression on cell membrane. Reduction of SGLT2 expression could be a result of reduced the
transporter synthesis. Western blot analysis revealed activation of LXRs by T0901317 and GW3965
significantly decreased total protein expression of SGLT2, indicating LXR activation decreases protein
expression of SGLT2. Although, mRNA levels of SGLT2 would be expected to reduce in response to
activation of LXR, interestingly, SGLT2 mRNA expression was not altered following LXR activation.
These data indicated that SGLT2 might not a direct target of LXR activation for transcriptional
regulation. It has been reported that LXR activation regulates low-density lipoprotein receptor
(LDLR) via post-transcriptional regulation of lipoprotein receptors through ubiquitination (Sorrentino

& Zelcer, 2012). Therefore, modification of translational processes or protein degradation in the
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post-translational process of SGLT2 was suspected to be the target of LXR activation. This notion

requires further investigation.

Since, SGLT2 mediating glucose uptake is a rate-limiting step for renal glucose reabsorption
in intact tubule, electrophysiological study was used to confirm the effect of LXR activation on
SGLT2-mediated glucose in polarized renal proximal tubular cell monolayer which mimics the intact
cell monolayer of renal proximal tubular cells. Although, HK-2 cells show characteristics of renal
proximal tubular cells, low transepithelial electrical resistance (TEER) is observed when this cell line
is cultured on membrane insert (Wieser et al., 2008). A new model of renal proximal tubular cell for
determining transepithelial transport, RPTEC/TERT1 cell line, was piloted because it shows
expression of SGLT2 and high TEER when cultured on membrane insert. As expected, LXR agonist
reduces canagliflozin-sensitive Isc representing sodium glucose cotransport mechanism. These data
indicate that LXR activation inhibits SGLT2-mediated transport of glucose in polarized renal proximal

tubular cell monolayer.

Although, hyperglycemic conditions increase glucose transport in renal proximal tubular cells
via induction of expression of SGLT2 and GLUT2 to increase glucose reabsorption in diabetic mice
(Marks et al., 2003; Vallon et al., 2013), our data showed that high glucose condition did not
stimulate protein expression of SGLT2 but increased transport function in HK-2 cells. This
phenomenon might be the adaptive process to limit glucose accumulation because the experimental
model used in this study is nonpolarized cells that have no vectorial transport of glucose.
Hyperglycemic condition-induced upregulation of PKC and PKA might implicate the increase in SGLT2
function (Park et al., 2001; Ghezzi & Wright, 2012; Deb et al., 2017). We next determine whether the
inhibitory effect of LXR on SGLT2 transport function was existed in the hyperglycemic condition. The

effect of LXR activation on SGLT2-mediated glucose uptake in high glucose condition was
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determined. Our data showed that transport function and protein expression of SGLT2 was reduced
under LXR activation in high glucose condition as found in low glucose. These data indicate that LXR

impacts regulation of SGLT2 in hyperglycemic condition.

In summary, LXR activation regulates renal glucose transport by decreasing SGLT2 transport
function in human renal proximal cells in both normal and high glucose conditions. The inhibitory
effect of LXR activation on glucose transport is mediated by down-regulation of SGLT2 protein
expression. This is evidence reporting LXR involvement in regulation of SGLT2 mediating glucose

transport in human renal proximal tubular cells.
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Figure legends

Figure 1 Effect of LXR agonists (T0901317 and GW3965) on [*H]-2DG uptake in HK-2 cells. (A) mRNA

expression and transport function of SGLT2 in HK-2 cells; canagliflozin (10 uM) and phlorizin (200

uM) was used to inhibit SGLT2 and SGLT1/2, respectively. Data are shown as mean + SD of 3

experiments. (B) HK-2 cells were incubated with vehicle (0.1% DMSO), T0901317 (1-10 uM), and
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GW3965 (1-5 uM) for 24 h. (C) The effect of T0901317 and GW3965 on cell viability of HK-2 cells.

Error bars are mean + SD of 5 different experiments compared with control. *P<0.01 compared with

control.
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Figure 2 Effect of LXR activation on SGLT2-mediated [*H]-2DG uptake. The effect of LXR antagonist
(fenofibrate) (A) and RXR agonist (bexarotene) (B), on the inhibitory effect of T0901317 and

GW3965. The data are shown as mean + SD. Data are obtained from 5 experiments. *P<0.05

compared to vehicle-treated cells and #P<0.05 compared to T0901317- and GW3965-treated cells.
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Figure 3 Effect of LXR activation on kinetic parameters of SGLT-mediated glucose transport into HK-2
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cells. Cells were treated with vehicle (0.1% DMSO) or LXR agonists (10 uM T0901317 or 5 uM
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GW3965) for 24 h. The kinetic parameters were determined following the treatment period. Values

of K, and V,.x are means * SD of 3 independent experiments. *P<0.05 compared with control.
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Figure 4 Effect of T0901317 (10 uM) and GW3965 (5 pM) on SGLT2 protein expression and mRNA
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expression in HK-2 cells. (A) Representative bands of SGLT2 and B-actin are shown. Band intensities

of SGLT2 are represented as bar graphs of 5 independent experiments. (B) mRNA expression of
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hSGLT2 determined by gPCR obtained of 3 experiments. *P<0.05 compared with vehicle-treated
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Figure 5 Effect of LXR activation on glucose transport in RPTEC/TERT1 cells. (A) mRNA and protein
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expression of SGLT1 and SGLT2 in RPTEC/TERT1 cells and (B) the effect of LXR on canagliflozin-
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sensitive Isc. Data are expressed as means + SD of 3 experiments and data for each experiment

which was obtained from at least 3 inserts. *P<0.05 compared with control.
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Figure 6 Effect of LXR on [*H]-2DG uptake mediated by SGLT2 in HK-2 cells under high glucose
conditions. Protein expression (A) and transport function (B) of SGLT2 in low (5 mM) and high (25
mM) glucose condition (n=3). Effect of LXR agonists on SGLT2-mediated [*H]-2DG glucose uptake (C)
and protein expression of SGLT2 (D) under high glucose conditions. Error bars are mean + SD of 4

independent experiments. *P<0.05 compared with control.
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