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ABSRACT

Cyst enlargement in ADPKD is associated with cAMP-activated proliferation of cyst-lining epithelial
cells and transepithelial fluid secretion into the cyst lumen via cystic fibrosis transmembrane conductance
regulator (CFTR) chloride channel leading to renal insufficient and no effective treatment is currently
available. This study aimed to investigate an inhibitory effect and detailed mechanisms of steviol and its
derivatives on cyst growth using a cyst model in Madin-Darby canine kidney (MDCK) cells and in a rodent
orthologous model of ADPKD (Pkd1flox/flox:Pkhd1-Cre mice). Among 4 steviol-related compounds tested,
steviol (100 microM) was found to be the most potent for inhibiting MDCK cyst growth and cyst formation by
72.5+£3.6% and 38.2+8.5%, respectively without effect on MDCK cell viability, proliferation and apoptosis.
Steviol had both acute and chronic effects to inhibit forskolin-stimulated apical chloride current in MDCK
epithelia, measured by Ussing chamber technique. Interestingly, proteasome inhibitor, MG-132, reduced the
effect of steviol on CFTR protein expression. Immunofluorescence studies demonstrated that prolonged
treatment (24 h) with steviol (100 microM) markedly reduced CFTR expression at the plasma membrane.
Taken together, these data suggest that steviol retards MDCK cyst growth by directly inhibiting CFTR

chloride channel activity and by promoting proteasomal degradation of CFTR.

Next, the effect of steviol on renal cystogenesis in ADPKD mouse model was further examined. The
results showed that daily treatment with both 200 mg/kg of steviol and 1,000 mg/kg of stevioside for 14 days
markedly decreased kidney weight and cystic index in these mice. However, only steviol reduced serum BUN
and plasma creatinine by 48.1+18.3% compared with that of vehicle treated mouse. Steviol also reduced cell
proliferation but had no effect on cell apoptosis. In addition, steviol suppressed CFTR expression and
mTOR/S6K pathway of renal cyst-lining epithelial cells. Interestingly, steviol also markedly enhanced AMPK
protein expression in cyst-lining epithelial cells of ADPKD mouse. These findings indicated that steviol slows
cyst progression in Pkd1flox/flox:Pkhd1-Cre mice, in part, by inhibiting CFTR chloride channel expression and
renal epithelial cell proliferation via mTOR/S6K pathway and by activating AMPK. It also helps to improve
kidney function as indicated by BUN and plasma creatinine. Steviol thus has potential to be used as a

therapeutic compound for the treatment of polycystic kidney disease

Keywords: Steviol, Stevioside, Cyst growth, CFTR, ADPKD
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analysis
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11. a3dnanisiveila
NANITITLWLIN msagw”uf"ummmﬁ'@mniumﬁ’mmuﬁa 4 9@ (steviol, isosteviol, dihydroisosteviol,
16-oxime isosteviol) &w1IATEABNIATYLALLALAzaATIMINaITAGlwTAdluIaanIi MDCK lasans
. a AFL = &a A Py A [ v o A 1A ] 6 o &
steviol AgnTlunsanrmavesdadangailaifivunumsaunusarduuas lifinasinoadnaenla MDCK aattu
LR A ° = A a a A 6 o A . @
steviol 3sgnidanihandnmnalnluniseanand ilasmaaigdvlavesBadidunaduiitasnnarnnisuiie
' . . v o A @ by X .
Indvaaaad (cell proliferation) wazn13venBIWIaGIBNIIRAIARE LidAUd lulwsageindn (fluid
secretion) NNIN@aad BrdU cell proliferation assay and flow cytometry (annexin V) WU31817 steviol laifinade
MIULIAINE LAZMTANEVRILTASILUL apoptosis liTaa#aaa ld MDCK LAINNNNTIANTHAINIZURARD 136
11837 ussing chamber experiment WU31 817 steviol AANINAINTEUAANE LIATINTZGUAY forskolin Twiarad
%a0ala MDCK 1ila incubate nUaN3LduwIan 2-24 2109 %anaNAans steviol HIFINITNAANITURAIDANYDI

lihs@usudanaalsd CFTR lasninszgumsaaiolisdiu CFTR WIunn4 proteasome activity 3Inn1inaaasii

a3dlddn 819 steviol awnInTzaanIRIYAulavasBadluimadluaanin MDCK HIunen1IduEINT

o
o o 2 o

M9uvadtedldsauuuainaalsa CFTR lagasIdnnidinTesdun1Ivina uuad proteasome LNa&a18n1T

)
WRAIDDNVITOIIUTAUVUFINAE 138 CFTR ananians steviol HINHAADNIINANITHEAIBBNVEITEILUTAN
YUFITN AQP2 Uazdugan 5 uuedlds@n phospho-ERK sl,umsm:@jumﬁu,ﬂdmaﬁs‘ﬁa@ﬂ%ﬂﬁﬂﬁm
' A = g . ar :’ P :/
minaaaddaufensdnsdnsnwuaias steviol lumsinmliagailulalununduliagai Tuns
nanaIklias stevioside uaz steviol inALTNTU 1,000 mgrkg uaz 200 mgkg Muian lunuluiaaling

v

¥ (Pkd1™™: Pkhd1-Cre mouse) WANINARBINLIN 617 stevioside WAz steviol F1NITDAAVUIAVDI LA

¥
e A )

NN e wazilasifudnunuad @]ﬁLuVLG]LﬁaLﬁil‘iJﬂ”‘]JWh{I&lL@aiiﬂq&ﬁﬂumﬁuﬂ’]ﬂ@]‘3J a9 IR NLRNIZRNT

'
o % A

1 g dl 1 ¥ o :/ Wd! [l = aa o s 1
steviol yhuufitasunnsvhauaslanyluealiaguilidiveinifvbdayniesda Warhnsdad cel
proliferation & apoptosis @28 Ki67 & TUNEL assay au&1ay WaL3Ing)31 813 steviol INadUEINIIuLTas

. .
Il (cell proliferation) ué Lidnavinans/minuasisasnaaa laluy apoptosis tiavitnisuinalnnsaangniuas
817 steviol MitNBTas WUIET steviol munInTzaamaIydulavasdadiunuluaaliagairiunzdu
o a 2L A o & a ' &
MIuwUed Ui AMPK G90NaaamInainIzuanaa lsaiunIann1Iuaadaantadlus@uuussnaa ba
CFTR LazaanIaiedaa lnalasduegs mTOR/SBK pathway @dtii ANTOYNUTVBIN TN steviol 33d]

Y aA o o b4 a Ao & a a a v
ANYNINANASNEAI U Lﬂuiﬂiﬂ U’]Iiﬂqﬂ%'fl.uvlﬂvl.@ﬂuauqﬂ@]LWE']sz]V]ﬁfJU Elﬂ/"ﬁzaaﬂ']SLﬁlime@UI@T aﬂsﬁﬁ@ﬂ@]

AAENA NALEINA
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12.

NIANNNHAINWIDY

6

NWITLINNLATINTRATUMIANNNWIUINTENTITINTTZAUWIITIATIWIN 3 1309 Uz Lo FIANNWLRZTD

NAWIITW 1 1389 baun

a = v, Aa
Wazan 1 Lia\‘ivlﬂﬁd(ﬂwu

13.

1) Yuajit C, Homvisasevongsa S, Chatsudthipong L, Soodvilai S, Muanprasat C and Chatsudthipong V.
Steviol Reduces MDCK Cyst Formation and Growth by Inhibiting CFTR Channel Activity and Promoting
Proteasome-Mediated CFTR Degradation. PLoS ONE. 2013, 8(3):
€58871.doi:10.1371/journal.pone.0058871 (IF = 3.78)

2) Muanprasat C, Chatsudthipong V. Cholera: pathophysiology and emerging therapeutic targets. Future

Med Chem. 2013 May; 5(7):781-98. (IF=3.31)

3) Raksaseri P, Chatsudthipong V, Muanprasat C, Soodvilai S. Activation of liver X receptors reduces

CFTR-mediated ClI- transport in kidney collecting duct cells. Am J Physiol Renal Physiol. 2013 Aug;
305(4):F583-91. (IF=3.612)

6

agi:mwaiawaﬁmamﬁa

4) Steviol retards renal cyst growth through reduction of CFTR expression and inhibition of epithelial cell

proliferation in a mouse model of polycystic kidney disease.

NIHEUNIHAITWIDLFAIS 1T

ﬁ.’lmuaNaa'mfaﬁ'ﬂ‘[umiﬂszqufamms

1.1 wanwannuidslulasinslagniiaualugunulumaaflunudszgudie g il
1l 2554

1) The 40th Annual Scientific Meeting & International Conference of the Physiological Society of

Thailand, May 2-4, 2011, Khon kaen, Thailand

[

118: Steviol, a derivative of natural sweetener stevioside, slows cyst enlargement in an in vitro

model of polycystic kidney disease
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1l 2555
1) Experimental Biology 2012, April 21-25, San Diego Convention Center, San Diego, CA, USA

[

®IUa: Steviol, an aglycone of natural sweetener stevioside, slows MDCK cyst progression by

reducing activity and expression of CFTR chloride channel

1l 2556
1) Experiment Biology 2013, April 22-26, Boston Exhibition & Convention Center, Boston, MA, USA

#w278: Steviol retards cyst growth through inhibition of ERK and WntlB-catenin pathways
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UNU
] Qs q' ‘:l o s Q/
ANNdEIAYLarNNN2 T YKrINYIIN13398

lsagainlula (polycystic kidney disease) ulsanawgnasufiiaainmnuna1vasdn PKDT #ia
PKD2 luimasnaaa laganalrn1svinanuaadlusédn polycystin 1 (PC-1)uaz polycystin 2 (PC-2) Aadnly [1]
% v 1a = 6 n' 15 1 v a U % 6
swmdwneldvSinnuaaidouuaz cAMP Twaaanasalaifindu sanalvifianmInszdunizuiumasiosag
' & Y A A € i . S A o X a a ™ &
Insiiduimadgaiwiadad (cell proliferation) uaznatfiainsduaziimizsnsrmalasmIiiunisndinaa lad
v _ . Y o edr X ~ . X v e
uazi (fluid secretion) lulwssgasianndu [2] Sadnladuazlunaifvauaziaoaadiiola vinlinns
rawpeslefidszininwsaas glsanfiannglaneldlufiga dwduamgrilgihoeansld degdudsls
Aaa o ¥ A a a A o | % Y @ .
fasnsinsliaguinlulanddszansnaw dlisezdasldiunisineiaivainis tgu nswaenla

(hemodialysis) %380 ﬂ’]’iLﬂﬁﬂuﬁ’va@l (renal transplantation) [3]

wenfairinenvashinguinlulaysznevdipaainszuiunsfidrdy nszvaunsuindenmsainaaag
Fadlninnaaala (cell proliferation) N’]uﬂavlﬂﬂﬂiﬂimi/uﬂ’ﬁa%/’mLLRZLL‘LL‘I@T’WGGQ\‘M’] 2771 NI UV DY
d‘ AI J ‘d a U v a v

1136 MAPK/ERK pathway fiiisiduainn1snifidanas cAMP lwaadnasalawn ssmaldifianisnszgu PKA
W8z MAPK/ERK @nus1au [4,5] uaﬂmﬂﬁmsﬁﬂmﬁmumwudwwm%a‘%ﬁﬂm*‘naﬂiﬂqoﬁﬂuvl@lﬁfwﬁ'u%au

ﬁ‘ﬁmUﬂavlﬂﬁmmmm:éjumil,ﬁuﬁﬁmulfﬁmf 357009 mTOR signaling pathway [6] L& Wnt/B-catenin
o 9 e & w | A & & O A & .

pathway #WaIIMNMITEILTRRDHAWAINTTLIUNNTFaNADNTRaInae Lsawazidn llulnssvesGad (fluid
. o oA ¢ & A o & . a . cadad .

secretion) Y lAGaduenoau1adu MIARNNNTARIARE bIARIUNITalUsAuTRAIARD lIANATaIN cystic
A a A 1 oa . a a

fibrosis transmembrane conductance regulator (CFTR) [7,8] Faidulus@iufiaiuiam apical vasimasdadiia

. o 4 . o ; e, .

MNMINIzuaIs cAMP uazlds@iu PKA Avnduanudiay asalsdidagnnatasgnaidiunistesldsdu
PUEI CFTR udvihlfifausseasludndsladondaanuazinliinfouaudglnisgairiugasinsewing

6 o v ¥ &
LOAR 7]’111?\‘!2}3%’]1@]‘1]%

myinsludagudiunlngianaifadbnunlanoseishude gleldsunmsinsuoy
UszausznasaneIniy anfi maﬂmmﬁﬂaﬁmga wazmswanla tludu [9] s ludrunswamwie s
lunsinsliagailule Newanldlianusuladtnazdudnalnivldifanetaninaaslsn uddiulng

diaglutnmmasaadasduluau nsdnsfduanlanenwi nmsdugenalnrasnsaiidading (cell
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proliferation) 8171 NN38UHY MAPK/ERK pathway n13L081 rapamycin (mTOR inhibitor) 14n138Ue9 mTOR
. . A £Z ] Ced nqa’ . a a = q/uq: 6

signaling  w3ausludnsguds Wnt/B-catenin pathway sansaszasmsiasyiivlavesdad lonsluimaduas
wuluiaalsagaiih wananimisldmsdudinisvinuseslisdusugsanalsd CFTR (CFTR inhibitor) 3
sunInaan1aeiydulavesdadlaiduaisfitununsluaadlaiaanasis MDCK niausdudlunyluiaanasi

[10,11]

U%qu”uﬁmsﬁnmn”uaﬂwaLLwi%aﬂﬁluﬂﬁﬁwLmmsmgiuvl,ww%amsaﬁ'@mnﬁmsmmﬁmﬁnmqw?
wazna bnnseangnsludiudna g imu MIATUATFUNIN Uaaruuszsnslends g inaidunsaadlsdnelu
ms%'ﬂmuarﬁ'smﬂmgﬁwaaﬂizmmfus] fimsfinmldamssnannayulninazdrsrsumanaosia an
maaan"’u%h{[umaimqaﬁm,a:vlﬁwaLﬂuﬁmwaia 07 ssantaanadin (curcumin) [12] ssanaanaywlng
% (Triptolide) wuhmmﬁ@mnﬁmﬁﬁumﬁmmﬁmmmﬂ'usfam’:‘m?tytﬁuimau%a@ﬂﬁmuwmsmavl,ﬂ at

v o L g‘ 1 a a 4 4 a A€U
andunadizihudszgndlsinmlsagaiiuniuiumaug asugndnu

f138NAa NN (stevioside) &NALAINAT Stevia Rebuadiana Lﬂumiﬁsl,ﬁmmmmga
mnnhﬁwmaqﬂmamnﬁa 300 ih MNMIAnEAFwIINL srsanaanlunanauil fgmuand@luns
s laneng guINany UITEuIn 813 stevioside NNINAAANNARlaRA TI8TUYRENIZ AaMIBNLEL
aﬂﬁﬂmalul,ﬁamadgﬂmiimmmm wanaNiivisans stevioside ULAZENTOUWUT steviol Safanilumssuds
myrusIssUSmnasala G9azgrsaamitufisrasen vinldeniinanlunisesangniuwiudu [13] ussdud
inauleadnebs Awudias steviol WAZOYWUT sansasudsmnainaalsariulysdnangsanslsd CFTR 'l
faanalwignalumssnsnlsnefianldadrefidszansnmn Nafzvlﬁ'«nﬂmiﬂ@aaaluﬁﬂﬁ%kﬂmmhﬂaﬁm [14]
A UFNLATIIA %‘aﬁmmLﬂuvl,ﬂvl,@‘fﬁmmﬁ'ﬂmn’[u%zjwmwmm:mimgw”uﬁaxﬁqV]"Eél,um'iﬂ'usfoﬂﬁi

Wwidvlavesdad dumidudgemivinusasldi@uansinanlsd CFTR asuuasanaanlunaininulas

o 6R Il a o a s :/ v
mmgwumama:uﬂﬂ Elﬂ’]Wl%ﬂ'TiW@Nu’] \Juensn EﬂIiﬂq@%’]luVL@vL@
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Y ¢ a o
'Jﬂf]‘ﬂigaﬂﬂilaﬂrﬂiﬂﬂ’li?ﬁ]ﬂ

= Ao ¢ A & =5 = @ ) ..
midnmadiagUmdiadnmgniuaznalnnssangnivesasanaanlungmainu (stevioside)
WAZEIOUNUT (steviol, isosteviol, dihydroisosteviol, 16-oxime isosteviol) lun1sdutsmaaiydulavasdadiu
ipas g MDCK wazntszgndlglunsinslsalunyluiaalsanasi (PKD mouse model) laud

o

o & &
?@]f}ﬂizﬁﬂﬂﬂﬂﬂ(ﬂdu

=~ 9 o 9 o & A a
1. ﬁﬂi:ﬂf]‘ﬂ‘ﬁ“ﬂ BIRNIRNAAN ﬂlU‘IﬂE]JJ]%’J’]%LL&Z&W?QELW%ﬂ%ﬂW?UU gINIILIEY L@]UI@I"H E]x‘]‘%ﬁ@?‘ﬂ’]ﬂ Lsﬁﬂiﬂg

lueaguiluimasnasa la MDCK

a “ A nf o v a
2. ﬁﬂmqmauﬂa LDILARTINEN LLaxﬂﬂvLﬂﬂ'ﬁE]E]ﬂﬂﬂ‘E"H admmﬂ@mﬂlumywmmua:myw %‘Jﬂuﬂ'ﬁ

dusinmaaigdvlavesdadnnioadluiaanailuimadvaenala MDCK

3. @nmdnsnmwlunswamasanaanlungimuuazaIaunus steviol lumsinmle

polycystic kidney lu‘lﬂ‘kjﬂumﬂ‘iﬂq\‘lﬁﬂ (PKD mouse model)

F5C,
SoH o o
HO N
/ a|>§ ;
Dihydroisosteviol 16 oxime isosteviol CFTRjph-172

o
[

3N 1. waaslassaiamaiefivasanseunusvasansanainlunginiunidsiia (steviol, isosteviol,

dihydroisosteviol, and 16-oxime isosteviol) wazan3tugalsainangsnaalsd CFTR (CFTR-inh172) inagay
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U
R R tYOR T

H £§ Q Q/ Q/ 03/ a a
aauil 1 @nsrgnszasasanannlunamnuuazarsanins wnsgugenisisgaulazasdasden

iaslananei lwisasnasnla MDCK

%
o

< o
1.1 gnovadIdT steviol Ltazmsa%wuﬁ‘ 14 3 (isosteviol, dihydroisosteviol, 16-oxime isosteviol) Twns

SugININNTIwINGadzasanlaaaniil MDCK (MDCK cyst formation)

o
[ a

MmN BIRauIEIRNaNlungInIUNg 4 riadansdudimsiiauszinus wIndaaanioas

Iumaqaﬁn MDCK laulassfadanirasnanalaluiaanaaaitawlasldany forskolin udanszguns

v '
A A

wigdulavesdad uazldmseuiusanasanaanlunaniunsdsfiafanudugu 100 M asuedduuin
A A & & o 4 a4 = & A o A & o 4 =
vasndnsBadauiisiuiinn lasfifouanalsusaduazaniinasauynaesin Wafeiui 6 289mIdns
Fad nudrwnTasNAadad (diameter > 50 pm) WsuAUIMIKLTART IIAATEE (diameter < 50 pM) WA
nmnaaesnwini wWedidudvesmaiiadadlunguaiuquidntzanm 82.2 + 4.5% swdeiidudniaia
Fadlungunlamadudalusduusginnald (CFTR-, 172) Aanudutu 10 uM aaas Gedszunm 49.2 +
2.4% lwynenngufilaansaunusanansanaainlung1winmu steviol, isosteviol, dihydroisosteviol Waz16-
. . . A 2 v a 6 = & a A 6 A v
oxime isosteviol NANULTNTU8IE1T 100 pM  Hiesidudnsiiadadanaaniososas 27.5 + 3.6, 49.8 +

2.0, 46.5 + 1.6 U8z 50.3 + 1.9 ANEAL @”@LLa@ﬂugﬂﬁ 2

* %

CFTRiph.172

16-oxime isosteviol

Dihydroisosteviol ||| -+
sosteviol I -+

Steviol

*
*

H

) 1 1 1 )
20 40 60 80 100

% Cysts colonies

Control

(=1

3UN 2. wavasmseWusIInaIEnanlungInwnIdsiialuniiaadasininiadad (MDCK  cyst

formation) usasdduafifudniaifiadadaniaadnasalalunguaiugu (DMSO) nduildiuasaywus
o @ . o & A v @ AN va o & A

VOITNIANAINIURAIAIY (steviol UazauWUE) Aaaidudu 100 pM waznguf lasuasdugitaslusdu

yus080156 (CFTR-inh 172) ienuduts 10 uM oh 3l 6 (mean + SE, n = 4 wells/condition, **P < 0.01)
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nnuamInasasiaglldi amveyiuirasmsanannlungvnunsdsiio sansndudinmafadead
nnrasnaan laaialiiuddyneaiid (one-way ANOVA; bonferoni post hoc test) tllalfinuiunguaIugu

=

A i A Ai o & A A ead
I@EJ‘VIE*T’]S steviol ynns WNIILUYINNILNADRAANRA

q

£ i o g . . . . . . .

1.2 gnovaIdT steviol LRZEIIDUNBDING 3 (isosteviol, dihydroisosteviol, 16-oxime isosteviol) Sl%mi
nraamaspfulazasdaduadaaslainani) MDCK (MDCK cyst growth)

WadnwravasmIaypnirasmIananluna I unIETiadensrzaanmaatyiivlavesfad

¥ v o X a ¢ ¢ o
nnaaluiaagi MDCK larnaissdadanioasnasala MDCK luaanaanawdwiaivnin laons
v a a = 6 v . <& 1 o 6§ <& d' a ?,‘ dy 6 ai v tZ

nizgunaaiydulavzasdaddinans forskolin anviu lassaunusnsdsiaasluinfoasad Aenudutu
100 pM uazidsuarmisiisasaduazaiinaseunnaasin idumauais inrinswazesdaduaz
dhunwdewmIisuaniamImnass lwiud 12 vasmadssdad swedadazgnihundIsuifsunungy

¢ &

A i o A a a a A ¢ ¥ aa
ﬂ’JUQN LW@QQ%ﬁ‘Dada’liagwu Gfﬂm(ﬂ(ﬂaﬂ’li"ﬁzaaﬂ’l‘iﬁliiywmi@l‘ﬁﬁm]’lmsﬁaﬂuLﬂﬂq&u’l MDCK &13nd

1y
A;Qd s

anituginafgaazgniiananldlummaenssia’ly

asuaaaluzuf 3 vuevesdadlunguaiuquiaidszunm 321.8 £ 10.9 pm NEUENT CFTR-,, 172 AR
Ut 10 M GusavasBadirinny 272.7 + 21.2 pm luvneinguitlaasounuinadsiia steviol, isosteviol,
dihydroisosteviol Laz16-oxime isosteviol (NANULTNTH 100 pM) FVMATaALYINAD 198.9 + 8.5, 202.0 + 12.2,

263.8 + 10.0 LAz 267.6 + 10.9 pm AUSIAL

Cyst diamete
= =2 NN
oo,
(=== = B =N =N =
1T 1T 171
I
*
I
*
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v
{ a &

3U7 3. WavasmTeuNUsTIaIanannlungInuNIFTiaderarasBadanimadlueangasih MDCK
(MDCK cyst growth) uaasumiazasfadainiadluiaagiin MDCK lunguaiugy (DMSO) nguiilaiuans
agw”u'ﬁ’maamsaﬁ'mnniumﬁwmm (steviol WazauWus) NaNuLTuTH 100 uM LLazmjuﬁVL@T%'umsﬁ'uﬁ'@"ﬁaa

Tusduangsnnnlsd (CFTR-, 172) Annadutu 10 pM o 3971 12 (mean + SE, n > 30 cysts, *P < 0.05, **P

< 0.01)

a7Ulddn @3 steviol  fanirzasnisisyidvlavesdadladigada Uszanm 30% luamed s
isosteviol, dihydroisosteviol W&z 16-oxime isosteviol ﬁnwﬁiﬁ:aamsm%@lﬁuimaoéfia@irﬂszmm 37%, 18%
Waz 17% anusay I(ﬂm‘ﬁmmmmﬁﬁamﬂluﬁﬂmjuf:mmLL@m@mazmﬁﬁfﬂﬁwﬁ'tgmmﬁal,ﬁaLﬂ%'mmﬁﬂuﬁ'umju
ALY Tuwaeisnssugtaslsfuandinaalsd CFTR %38 CFTR,,-172 8131308010089 8 a6 Lefie

16% LYINThi

NMIANTIAU (cyst growth, cyst formation) uaasliiAwi a3 steviol LuaIndnganaa

dugImafanaindwiudaduaznisszaenianiyidulavesdad aniaadlueagein MDCK  aIuuans
dl o Q‘ v v a a

steviol J9gniianiiaihand@nsgnizessIniuaududu (dose-response) lumazzaansiaigidvlaves
Fadanioasluiaagiin MDCK aauaaslugifl 4 wudians steviol innnuidutuvedans 50, 100, uaz 200 uM
a A o @ A A ¢ = & o &
Juwafaaiiiny 236.8 + 10.7, 198.9 + 8.5 uaz 154.7 + 7.8 pym @ wsau wiadilasidudnmsguginis
W3LiulanasBaaLinny 26.7%, 38.2%, 51.94% awi1ay lagruwiavesdasdanunandagreingsany

aa 4 a o ' v . = a a a
WWG@QWLQJ@LY]U‘UTIUT‘IE}&JWJUQN (321.8 £ 10.9 pym) agﬂvlmﬂ &7 steviol E]?Jﬂt]‘Ylﬁ‘HZﬂﬂﬂﬁiL%i@LﬂUI@]“ﬂadﬁﬁﬁ@T

AUAMNLTNTUVBIRNT (dose-response)

350
Control
§300 B
':250 B x% Steviol 50 pM
@ 200 *% Steviol 100 uM
8150+ *% Steviol 200 pM
©
<%100 -
50
0 .

6 8 10 12
Incubation (Days)
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U7 4. M3dinm dose - response T89&NT steviol NAMWLTUTH 50, 100, 200 uM AOVUNATRANNLTASLULAR

9911 MDCK (mean + SE, n > 30 cysts, **P < 0.01)

daanldvinanaassmInaufuganiwmaeiyidulazesBadnasainienans steviol sananinAnITaR
(Reversibility of steviol's effect on cyst growth) lununasasitlaiienianzns steviol NUNALUEINITAALAZ
a a a A A o o a5 v &
TraamMIRIYiAvlavasBadanisadnasa lafidNga sdnwinisdaunauvesnnd (reversibility) lunsdus
a a a 6 di ; a s 1 . d' v v
maasdvlavesdad Wadasdadluaanasanauduainnit laans steviol NNULTUTH 100 uM 89ln
A

=g & & | o 2 o A ) & . X A & . < o A
PILRLILTRN AILLFAIUY 6 IBDIIUN 9 Lf]ulﬂa’] 4 3% INWBUIIRIT steviol 0N LASLRNLIDRG @]aiﬂﬁ]uﬂﬁ?uﬂ’]z

@ A oA € ) a a vt
@\']LL?(@{ISL'HEIIV] 5 Naﬂﬂﬂg”n ‘ﬁa@lﬁ']ll'ﬁﬂﬂﬂUNWL‘ﬂiE}JL@UI@]VL@E]ﬂ

Day 6 3 10 12

o® O |On

| T ok B

|
AT & -

Steviol 100 uM

I

—100 pm  10x

A o o a% I ) o ' A ¥
31]7] 5. MIYannNauwadIfnd (reversibility) WBI®1T steviol LLﬁ(ﬂ{]@]'Jaﬂqﬂmﬂﬂma@?‘ﬂqﬂﬁﬁﬂﬂuL@ﬂqﬂuﬂ MDCK

Sufi 6. 8, 10 uaz 12

J s a’f 1
1.3 gNoVdI&T steviol Lmzﬁ’]iﬂ%&ﬂ%fﬁm 3 (isosteviol, dihydroisosteviol, 16-oxime isosteviol) @aan13

ags0nVaTaE lwaaraanla MDCK (cell viability)

=5 . ' v aa .
MsAnEgndvas steviol lunssiniTasnaaa la MDCK d183% MTT Assay lasnasauans steviol,
isosteviol, dihydroisosteviol Waz16-oxime isosteviol ANNAANTH 50, 100, LAz 200 M AURREATIE L@ MDCK
Va0 24 Waz 72 F9la mﬂﬁfuﬁﬁmﬁ@miagiawawﬁaﬁ WRTNANT bt mLﬁﬂul,ﬂu%aﬂawadmjumuqu

> a oA A o A a 4 v o AR VA '] I3
Na‘]_]i']ﬂg]@\‘lgﬂ'ﬂ 6 LLae 7 NaInan 24 T'JI;N RFITNIRTUA ‘V]“Qﬂﬂ’J’]NL“IIM"IJWY]ﬂﬂE"I VLNNNQWBG&IWL%GG%NB@VL@]
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MDCK amzfl 72 T21u4 steviol waz dihydroisosteviol 1AL NL% 50, 100, waz 200 pM ldfinadanisain
\TRBHARA 1@ MDCK L6l isosteviol Laz 16-oxime isosteviol inNaLAuT®h 200 pM ﬁwa@iamiagiaw‘ummaﬁ

waaala MDCK aagdlad nalnmiasdanmufiauazmaaiydulavesdadlasans steviol liintaaniy

Q9 QD NI VLo
‘3“,1' 6 ," 4:: 'L 6

MIALTARARAAA Lo MDCK

120

-
[« 3=}
o o
UL

% Cell viability
A O
[=J =]
LI

N
o
1

o

'lr

[Steviol] [Isosteviol] [Dihydroiso [16 oxime iso
(nM) (=M) steviol] (uM) steviol] (uM)

P v i 6 1 A & o o 6 a v A a
E'L]'Y] 6. ‘saﬂa:miagia@maamaam% MDCK LNBLRUdﬂ'llﬁ’ﬁﬂ‘ldawuﬁﬂlE]\‘lﬁ’ﬁﬁﬂ@]"ﬂqﬂlﬂﬁmw’]ﬁ')’]%ﬂda"ﬁu(ﬂl,f]%

naan 24 32144 (mean of % control + SE, n = 3)

120

£100
80
60
40
20
0 -

SHSS S S Q@@m@ Q@

% Cell viabili

[Steviol] [Isosteviol] [Dihydroiso [16 oxime iso
(nM) (nM) steviol] (uM) steviol] (uM)

U7 7. fawazn1sageavasiradviala MDCK Llaliusnumiaywustasmiananlungmnunidsiadu

IR 72 fﬁim (mean of % control + SE, n =3, *P < 0.05)

o
[

{ A ' o { o & | \
i]’]ﬂNﬂﬁ]ﬂﬂﬂ@]ﬁﬂdl%@lﬂ%ﬁ%%dﬁ?ﬂl? msagwu ‘Y]x‘iﬁ‘ﬁ%ﬂﬁ'm’liﬂEJ‘]JEIG?‘I'I?LLUGL‘J‘IR&?""E’&@I“L%M TERDNII

o
o

2 o ¥ i . { o wa A :
wigLavlavasfadanisadluieagatin MDCK  lapfians steviol  iduansfisananidudeldafngaiiie
a & oo

a a 1% o e A A , & o o & P =
LﬂiﬂﬂLﬂUUﬂﬂﬁqia‘%Wuﬁ@]'}a% NN \TVLNNNQSJJ'WLTGQ%@Q@VL@] MDCK @38 @Uu%ﬂqiﬂ@aaﬂluﬂa%ﬂaaﬂ ON

o = = . o & a a A & -
'V]”Iﬂ"liﬂﬂ']:l"]ﬂﬂvlaﬂﬂqiaﬂﬂﬂﬂﬁ“ﬂadﬁ"li steviol Iuﬂ"lﬁﬁll]U\‘iﬂqilﬂiiyL@UIﬂTadsﬁaﬂ'ﬂqﬂL‘ﬂaf‘ﬂlllﬁlﬂq\‘iu'] MDCK
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H ea A o A £ o o
Aann 2 ﬁn‘mqmauumLmmmrms.nLtaznalnnﬂsaammﬁmaamsanmmn’lnwmf'ma'muazmgwuﬂu

o & a a 3 & 3
NIEUEINIILIITY L@lﬂtﬁ‘ﬂ DIBERINLT A aTN Lﬂaqa%ﬂ%maaﬁ Eﬂ@l MDCK

g Q H H 1 Al o
2.1 gNBVAIETARNHBENANEA (steviol) AanaiuTwIKVBIIBAGAaaA LA MDCK (cell proliferation)

LAENITANLVDILTAANABA LA MDCK UL apoptosis

mzmumﬂﬁ@%aﬁmauLmaﬁﬁaaﬂvlmlukﬂqdﬁﬂuvlm iaanmsrnauiianndaUnfsasnszuanms
m:(iTumm%wLm:w‘v"wﬁwmumaaLsma‘maﬂvl,@ (cell proliferation) a9tiwnsvnalnmsgugsmandulavasdad
299815 steviol INHIWNINITLES cell proliferation w38 VI,@Tﬁ'm'ﬁﬁﬂmrm%iuadms steviol @M IEUHINS
Aauaznstiniiwwaasrasale MDCK lag#inn1siad3unm BrdU-labeled DNA #91i9BAsiasfiding
wtisealnmal lunsmasasiinasaniasssasnasalauuy monolayer uiaan 24 $alug ud incubate AU
steviol finMuLTUTH 10, 50, 100, Waz 200 pM w%a11rTumz{fumnﬁmﬁﬂmumaﬂmﬁasJ 8-Br cAMP 121l
[ugu 100 pM luszoziaan 24 $2las 91N incubate U BrdU lugalusdt 18 lwian 6 5alus tansy
202198 24 Talus S9¥myiaUSanos BrdU-labeled DNA 2841m88waaala MDCK HamInaaaswuin 8-Br
cAMP nszdunsiindrmnadinsivasimadnaaalalufsniunguatuquitlyldldasadnadioadgyne

Sl Iuﬂejuﬁvlﬁ%'ums steviol nﬂﬂlﬁuLﬁN”JﬁL WU steviol TURNAADNIIAALRZNNTLANITUINYBILTAANRDA

. - o e - 4 - " . '
laudatnila WalSsufisunungunlasns Blasticidin (20 pg/ml) Saiilunga positive control atuaaaluzLf 8

v
=

A [ A . a a a W v = o & a
ﬂﬂiﬂ@ﬂﬂd%ﬁ]dﬁ?ﬂﬂ(ﬂ’l’] N1INRIT steviol m:aamswsmumﬂmawaﬁ vL&JvLﬂﬁJE]‘YlﬁNW%ﬂﬂiilUﬂ\‘lﬂ'ﬁLﬂﬂLLﬂZﬂ'ﬁ

WANSIWIWLTAR LAal (cell proliferation)

5 250 NS
*@' 200 |- S
g 150 -
g100 —
3 [ D
ol -
s 5oL ¥
8-Br cAMP : + + o+ o+ o+ O+
Steviol: 0 0 10 50 100 200 O
Blasticidin : +

gﬂ'ﬁl 8. NRUBIRNT steviol ﬁﬂ’nm“ﬁ’uﬂ/u 0, 10, 50, 100, 200 pM, LAz blasticidin (20 pg/ml) AONTHULINITAG

WaLLANIWIBLTRATIE LA (cell proliferation) ﬁ‘v‘hmim:@jumﬂﬁuﬁwmumaﬂ%ﬂ@Tﬁal 100 uM of 8-Br cAMP
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lagmstansaiyidulavasoasnaoa lawdialaans steviol tdwaa 24 G2lug 9nU307 4 Brd U-labeled
DNA UaILTaaninITwU 67 1Al (mean = SE, n = 3, **P < 0.01 compared to control without 8-Br cAMP

group, "p < 0.01 compared to control with 8-Br cAMP group, ns; not significant)

PMNUUIINIANBINAVDIRNT steviol FONNTANLVBILTARRUL apoptosis MATAAARA b MDCK b4

v
o @ 2

MINARBIRIAAIAINENI85F flow cytometry lawlaans steviol NanuiTudn 200 pM luluiidusioas
o & o o ) p o &
#a09'k8 MDCK WUy monolayer tJuwiian 24 53 la9 annnudauirasanulysdn annexin V Falusauaaitazly
o« o . ) A o & v ' ' & a . A o
UAY phosphatidylserine Anvhalrasenly IHunsUsuaninwasiianIansuwuy apoptosis NMINAaaddhla ko
813 H202 anuLtudu 1 M 1w positive control LNBUEAINILTARNANTANUULL apoptosis INNNANITNARES
WUTY ®17 steviol NIRRT 200 pM lilHadansanuvaILTaRLUL apoptosis LlatUSauLAsUNULTAR

#5080 la MDCK lungjumuqu é’ma@ﬂugﬂﬁ 9

Vehicle Steviol (200 uM) Hz0z (1 mM)

PI '

Annexin V - FITC Annexin V - FITC Annexin V - FITC

_,,_, 100 - *¥
@ s
;3 75
o
g 50
= NS
O 25F —
= oL oim ==
'\t}a $ {l‘@
e N N
B\ N oV
° 2
6@

A a° A v o . o &
EIJ'Y] 9. ANDUVBIRTT steviol NANULBNUY 200 UM, wae H202 (1 M) @E]ﬂ']iﬁlllil\'iﬂ’]i(ﬂ']U“]JE]GL“HQE{QE]@IVL@] MDCK
. ' A A A o = . ' o ' 2 &
UL apoptosis Eﬂ TIRLANLUURDDY VWU LLﬁ@\?ﬂ\iﬂi']Wﬁnﬂ flow cytometry I@U’ﬁa@ﬂqﬁsﬂqﬂﬂﬂﬂaﬂﬂﬂpﬁﬂﬂ

Un@ TaIR9UazUUUINLIVaNTLTARNANBLUL early and late apoptosis LAz TaILBTNLLILDNINTARNANE
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LU necrosis JUaNIuAaITNaTIFUAVBINIIANBVRILTATULY apoptosis LilaldanT steviol M11381 24 T2l

(mean £ SE, n =4, **P < 0.01, ns; not significant)

o

‘{ Q/ H H 1 Q/I
2.2 q*nﬁwaomiau:wuﬁ‘ MANFA (steviol) ABNIINAINTLUAARD 13RI NITARNABA LA MDCK

INIANBINAVD steviol PNITHULINITAARRINGD LIAUBILTAEVADA AFILIDTAITIANTLEVDINGD

a . . L ' =2 o [ a ' [
1sdlosaulaunaiia Ussing chamber experiment autdunnsuiuanfiansvinauaed seadlusanuusiaaalsa
& & e a X o , o , .

(CFTR) I(ﬂil“n’m’]‘sﬁm:rmmﬂmmuauwau (acute effect) LLazLIaId (chronic effect) ¥ad incubation LIRRNU

steviol 1waan 2, 6, 12, uaz 24 G2la4

nMInaaesuImdumIANBIqNIRUUSUNSHYEI steviol  dansiaReniizasanslsdaeaniuTos
Iﬂiﬁumumﬂaavhﬁﬁagjmaﬁm apical membrane UILTAAAA b MDCK 883187 (apical chloride current)
29¥1NM17 permeabilized WiHILTARAY basolateral membrane ﬂ”ﬂLLamlugﬂﬁ 10 Fawudn a3 steviol iny
[T 50, 100, Wwax 200 M SUSINITzURTaIRaelTea0auiiLARaTii1 apical membrane lwimadriala
MDCK 891%&a 84.9 + 1.6, 74.5 + 5.8 uaz 53.8 + 11.2% eusey LaLfigun 100% VINFUAILAY (NI
8 foskolin) HANNINARBILEAIIN 81T steviol Tnnuuvdunaulunssudimsnsinszuaaaslsdiiusas

@

lisfupusdinaals@ CFTR 114 apical membrane a8 9dnadALNIIEHE

Steviol (uM) g“’o B NS

s0 5 -
forskolin 100 © 60
200 g ol

1, (Ch) = GlyH-101 =

5 yA/lcm? = 20 -

N ) N o

X3 “ WO D
15 min & :

[Steviol] (uM)

{ =% o % . ' o @ .
3UN 10, anBLUUAUNAYAY steviol  FaNIRAITBINITUAARD L3R LaLLTAIABA LA MDCK @1y apical
membrane NAFAUNAMULTNTH 50, 100, Laz 200 M gﬂq?wmmmé’hazhd“ua\‘m’ﬁ'ﬁé’um:umamaa%@i’ﬁ’?@

% v A ' A v o ¢ = & ' Y &
d sudupnfennwurisuaainanisnanasfild druwiniduesiduduainguaiugy (nizdunizuaaaalye

@ forskolin) (mean of %control + SE, n > 3, *P < 0.05, **P < 0.01, ns; not significant)
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A = . ' o & A A A v o
WadnmInasaugndvadas steviol damsgugimaasyidvlevasdsdndiwaen lavnmesas
. . o A € =< v o & P . A A A 6 ~
1ag incubate &3 steviol NUGEE 1duIAUIGG 6 T4 AI%UNTIN steviol TzaamMIIaTLAUlavaITadnd

& o, @ 8 o A AR = . & o o &

NALLLLIaTITINME T9vinmaaesfizesfafinegndvadans steviol LLUULIDTIAONINRINTUAARE [3RUD
\TRaRAaA A MDCK 14 intact cell lagianszua short-circuit current measurement L@ incubate LTAaRABA ba
MDCK NU&17T steviol iANULTNAH 10, 50, waz 100 pM tJuwiian 24 33189 WUII&T steviol FINITDRAMNT
WRIVBINTZUAARD L3ATINTTAUAI forskolin AiLAfa 47.8 + 0.4, 354 £ 0.1, 23.1 £ 0.3 pA aw§aU Lila

o [

WIBUWsuNL 100% PBINGNAILAL Tag1aInaIdaNULANG1Ia 1IN nE A UNIIED 6 muamlugﬂﬁ 11

@

Uaz 12 mﬂwamimaaaﬁ@ﬂ“lﬁdw 813 steviol NANULTNTYH 100 uM mmina@mmé’aﬂmmﬂaa"l,m”l,@i”gaq@

7 {

lunmnasssdaly 39laRananuiuTuae g1 steviol g\aq@ﬁa@msﬁwé’aﬂaa"l,s@uuﬁﬁa AANNTNT 100

] Q{ . ] . a N { 1 s
UM Lﬁﬂﬂ’]ﬂ?’i‘lﬁ’mﬂ'ﬁ‘ﬂﬂdﬁﬁi steviol 11281N"7 incubate ﬂUL‘ﬁﬂﬂ(‘Y}ﬂvL@] MDCK I8 LaNa1ant

forskolin
Isc = 3 pA/lcm?
Vehicle Steviol 10 pM Steviol 50 uyM Steviol 100 pM

UM 1. WaL8IAT steviol 1ANWTNTYU 50, 100, WAz 200 M dan1InaIzaINzuanaa lidlwTadvale
MDCK finszdudat foskolin lun1snaaasdt incubate a3 steviol fuimaiduiia 24 alusriauriinsia

AITURVBIARG 136 (n = 3-10)

100
E 80 |-
§ 60 — *%
o *%
R 40} e
k2o . ]
0 L
AN S
x\é&c}e, 8 K
[Steviol] (uM)
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U 12. @3UHAT8IANT steviol ANNLTNTU 10, 50, WAz 100 pM damInanaIzaInna lid laaaulwaad o
WU intact cell Ainszduee foskolin lun1Inaaaddh incubate 817 steviol NULTAALTWIA 24 T luInaurinms

FANILRVDIARND bIeT (mean of %control + SE, n = 3-10, **P < 0.05)

MINAReIfiTAaNIANINNTVBIENT steviol AansTUGINITRAINTILAAaE lSERIAILANNII
Lﬁa@ﬂavl,ﬂmsﬂ'u w0983 steviol luiBsan Tag incubate &5 steviol inauLw T 100 uM fuLTasWasale
MDCK il intact cell 1luaan 5 wift, 2, 6, 12, wa 24 Talusaudey 3ntwinmsianszuanaalsd aag
short-circuit current measurement HANIINANDINLIN Db LI 5 ‘mﬁ, 2,6, 12, LLay 24 fﬂm /17 steviol a@
MInaINTTUEnRe lIFInEe 952 + 0.8, 86.8 + 1.1, 50 + 0.7, 54.1 + 0.6, uaz 23.1 + 0.3 MWAGU 1ila

o a

= a o . A ' L Ao o a P o
WIsunsuny 100% maﬁﬂiﬂ‘&lﬂ']}‘ﬂﬂu NUINAINNULANANNDUINU WL RIATUNIIRDG LLASTILIN 24 °E'JIN\3 ]R3

]

steviol aananigudildunfiga aausaslugui 13

forskolin

Isc = 3 pAlcm?

3 min

Vehicle Steviol 5 min Steviol 2 h
Steviol 6 h Steviol 12 h Steviol 24 h

100 B
S 80 I
§60— I** *%
}:40_ *%
&=l | [P
0_
4é’é\c’\e% (&9 T & af qpl“

Time of incubation with steviol
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U7 13. a3UnATEIENT steviol NANUTNTU 100 pM dannaszeinszuanaslsdluaadnaanla MDCK 1
. A v @ . o & A o,

L'iju intact cell ﬂgﬂﬂiz@u@?ﬂ forskolin 31_]‘]_IuLLamﬂ’IWﬂ’lTlﬁadﬂizLLaﬂaavLS@ luﬂqiﬂ@]aa\ﬁu‘l@ incubate
) @ & ~ o ) . ' ° o &

steviol ﬂULsﬁﬂaLﬂqua’] 5%, 2, 6, 12, LLRs 24 T?IN\? LRZN19LR1 steviol aan ﬂauu’lL‘ﬁaﬁﬂ?@mizLLaﬂaavLi@]

sudusasnnidefifuduasnzuaane lsdifiuununguaiugu (mean + SE, n = 7-16, **P < 0.05)

mﬂwamwmaﬁwﬁuagﬂh a7 steviol MW13AAANTEURAaalTE luiwad MDCK i intact ¥aana
ANULTNTBVDIENT (dose-dependent manner) wazIA AT incubate &3 (time-dependent manner) N3
maawiavlﬂﬁqﬂﬂi:mﬁl,ﬁiaﬁuﬂ'u’hms steviol 1NNTDAANITRAINTZURARD LIFNITI% apical side 934 396
iNN1Y permeabilized LIARWAEA A1 basolateral membrane l#inAalamizan apical ‘ﬁ intact mﬂ‘lfu
incubate 11 §15 steviol AANVTNTY 100 uM a0 5 W, 2, 6, 12, uaz 24 Talug udIFIMITanITuE
Ane 13@aa8 Ussing chamber experiment Naﬂﬁﬂg'jwmw5@n5:uamaa%ﬁﬁ@i’1 107.0 + 1.4, 64.6 £ 1.2, 37.9
+ 1.0, 45.3 + 0.8, U8z 27.2 + 0.9 % Auaey WoSoufinuiy 100% PBINFUAILAY Uazilanuuanedns

o a

adsflsludAneada asuaealugif 14 uaz 15 TamsaeniInainizuaasalidlas  steviol luiwas MDCK

NILUY permeabilized cell Laz intact cell #aAAREINK LAUETT steviol FINITDAANITAAINITZUFAAE 136 ot D
nan 2 T luadudwly LLa:ﬁQﬂﬁiumsﬁuﬁ'amﬂﬁq@ﬁa finan 24 $alus manasasitagylad gnaluns

SUINTRRINTTURAFD LA Wzin I Tanum Il dsuutasdSunawestadlUsdusnsinas lsaeny apical

side iaganizuzamlun1sduginszuanas l3dues steviol

GlyH-101
forskolin
5 min
Vehicle Steviol 5 min Steviol 2 h
Steviol 6 h Steviol 12 h Steviol 24 h
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UM 14, ugasnaw MILULINMIRRIVBINTEUEARD 130 (apical chloride current) lag steviol NANNLTNLH 100
6 . dl v v . ‘;/ v, .
uM luimasnaaala MDCK uny permeabilized cell ignnizduaas foskolin lun1snanaafld incubate steviol

Auadduiign 5 Wi, 2, 6, 12, WAz 24 7149 AeuiMIIANITLRVIARD 136 (n = 5-11)

8 *%

= 60 *%

— *%

G 40F *x

u
0_ S

GO S SIS S

Time of incubation with steviol

I
-
8

]

|

U7 15. &7UnAv89a7T steviol AAMUTNTY 100 UM dan1IndizaInzuanne l3dlwaaanaoa la MDCK
(permeabilized cell) finnnazgudln foskolin lumnasasis & incubate 817 steviol NULTASLDULIAN 5 W17, 2,

6, 12, Uz 24 T2la9uasyinnIaN9anT steviol aanllannioas Aaurinnsiansziauadnaa l3@ (mean + SE, n

=5-11, P < 0.01)

< : a
2.3 gN5aY steviol an1suanIaanvaslisiin CFTR Iwwaaviaanla MDCK

a° . ' ' A '
MIANBINDVY steviol AaNITLEAIBaNVaITRIlUTAULUAIARE b3@ CFTR 1 MDCK LUas lasnns
Qs v a ¥ Af
Jamsuaadaanuedlusaudisinaiia western blot analysis L2 immunofluorescence lumiﬁﬂﬂ’lﬁgﬂﬂﬁmad
steviol NLIA1A14 NIaTime-course study LNBANBMINATEINNT steviol Ll incubate NULTARRAEA LA MDCK

uian 2, 6, 12, waz 24 G3la9 (chronic effect) AXNAAN Ussing chamber experiment IWLN1TAA&IVD

o
o

! v 2 = . o &
NIZUEARDL3A NALRENH wanani GY]']ﬂ']iﬁﬂH"]ﬂavLﬂﬂ”liaEmﬂ‘ﬂﬁ"llilx‘iﬁ'li steviol lunmsgugansuaasaan

28370910361 CFTR Tsuniumsaaslusdn CFTR (CFTR protein degradation) w3a sl

WUIENT steviol NIANULTNTU 100 pM Lila incubate AULTAEHARA ta MDCK 1uiian 2, 6, 12, uaz

o A A ' A . Ao v o X
24 F1049 FNRRANILRAI00NVIUTAUUURINRD LIADTIANIA Le @99k 118 + 7.4, 86 + 3.6, 89 + 3.4, UA: 82
£ 04.5 % auia WanlIouifisuny 100% vasnguaiuay lesdianaldsdususinsald CFTR lulmadn

o @

o o ' ' o aa ' a
incubate NUR13 steviol 1JWLIa1 6-24 T’JIM flﬂ’nllLL@]ﬂ@]'NFJEJ'Nﬁ%ﬂﬁ’]ﬂm‘/ﬂdﬁﬂ@]ﬁ]’mﬂq&lﬂ?qu I@]Elfli]‘ﬂ‘ﬁ

(]

30



sl,umsiﬁ_lﬂi‘immamaaﬂmaaiﬂsamudaﬂaavﬁ@i‘gaq@ﬁnm 6 T2l @Tauamlugﬂﬁ 16 NANIINANDIAINED

v @ i o =~ . ) o & o {
aa@maaaﬂuNamaaﬁvl,@mnmsﬁﬂmqwﬁ“uaams steviol @amim_lmmw\awaoﬂimaﬂaavl'i@?ﬁmum

2h 6h 12h 24 h

CS cCscCcs cCs
b 168

_=
=
S
e e wek RS
=
ot
=
Q
X
0 -
2 6 12 24

Incubation times ( h ) with steviol
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[V IV )]
LI

gﬂﬁ 16. NAVBIRNT steviol NAMULTNTH 100 pM Aan1TuaaIaanvaItadllsdurnginaa bsd CFTR luloas
#aaala MDCK 719a¢an western blot Juun uaeddSanmlusduaafiszyld susns uaasionazvasldsdu
YUFINAD 130 CFTR 188 incubate &3 steviol NULTARLIWLIAT 2, 6, 12, LAz 24 T2 lu9 LWSouAisuAy 100%

BINFUAIVAN (mean + SE, n = 5-7, **P < 0.01)

@891N LYinnIIANENa Ve steviol bn1Taan1suaadaanuaIllsAuanaInas 13@ CFTR 370
2 v ' . = A€L a ' 6 A <
MINARITIAUNLI steviol HgnTlumisamiuaateanvaslisdususnsalsd CFTR gigafiaan 6 Talus
o & a ' o ' . ' = A o o o a on o
lassundziwingniainanizaes steviol Wnazfianufivatasnuauiunssi-aanolusi §iu3maseu
FUNAZIUAINENAIEMIANBINGT8Y steviol davSumldsfnaussnnalsd CFTR luniedl incubate 32nu
A o & ' .
813 MG-132 (50 pM) Gaidusnsgudsuuiwnsaaslusdulas proteasome IINNITNARBINLIN 817 steviol
LaiaunsnaanisuaadaanlUsduunssnaalsd CFTR tia incubate Loaany MG-132 1uwaan 1 T laudnian

incubate MU steviol @331 17 (incubate MU steviol 1uLIa1 6 711u4) Uaz 18 (incubate AU steviol tTuLIAN

24 Talug) manasasiazdledin @13 steviol anmiuaasaanvadlisdusudsnaalsd CFTR dunalnmisae

1156un19 proteasome pathway
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Stevial - + - -
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- MG-132

150 = E +MG-132 NS
S125f —
S100 | %
g 2t |:||i| II
= 50
O 251

0 -
Steviol -+ -+

gﬂ'ﬁ' 17. a7UWa189817 steviol faMUTRTw 100 uM damsugasasnvasllsauuudsnaalss CFTR luiwas
MDCK 11l incubate 1Juiaan 6 T2lus Juu LLamwamaaﬂ%mmiﬂiﬁumuﬁi:y"ﬁ #1837 western blot 31
19 uaeatasazaaslisduuussnanlsd CFTR iagussuiwmyaasllsduuas proteasome 18813 MG-
132 (50 p) tdwtaan 1 trlasrionldans steviol (mean  SE, n = 5-7, **P < 0.01, ns; not significant)

kDa

CFTR S — — — |08
[Braclin  —— ——

Steviol - -
MG-132 - -

] - MG-132
150 - - + MG-132
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U7 18. &3UHATEIATT steviol NANWTNTH 100 pM damsusateanvasldsfuuusinnalsd CFTR Lile
incubate NULTAR LDWIAY 24 T304 U LLamNamaaﬂ‘%mmiﬂiﬁumuﬁi:yvﬁ 3Ua9 usasTannz0d
lusanpussnaalsd CFTR atugimsaanslus@uwas proteasome @38817 MG-132 (50 pM) Ltuian 1

ﬁ'ﬂmﬁau incubate NU steviol (mean = SE, n =5-7, **P < 0.01, ns; not significant)

a9 TIansiaadaanllsin CFTR é1835 Western blot analysis anlus@uiiia laidudTaunm

y091U36u CFTR Ninuavasmasnasala MDCK (total CFTR) asnmdatdunsbuguings steviol Sandlu

@
o

mIgugansuaasoanldsiuanginnslsenalmas 399nImasssrnUSunmnisuanioanyasllsauungs
aaalsdfidamasalsmadin Immunofiuorescence IMNNANINARAIWLIN 817 steviol NAMNLTUTH 100 M
sansusaseanvasllsiuandinanlsdnasmasnasala MDCK mh 1987 6 Uas 24 $2la9u89n13 incubation
Togisuinmsanaswaslusin CFTR ARILTASAILATIIA 6 T2 lu9uaz qNBU0d &3 steviol wuﬂﬁqaqﬂﬁnm

24 1309 ﬁdLLa@diugﬂﬁ 19 WA 20

Vehicle

Steviol 6 h

Steviol 24 h

CEFTR TOPRO-3 Merze

31N 19. a3UnavaIANT steviol NANNLTNTY 100 pM lunmsaamsuaadaanvedldsfurusinaalsd CFTR 1
fAuaaanaaala MDCK @185 t immunofiuorescence Jutnunsuaasaanlusiususdsnnalsd CFTR Afaas
a = a . A a 2 a a AV e, ) ) &

fuasugasfialusfin CFTR dumdtntuuaastsiunios luninaaasds 16 incubate ®13 steviol AULTASLDY

I8N 6 waz 24 Falwa (n = 3)
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EIZS—
3100- =
g 715 %k
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Z s0f
=2 25+
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O Ng >
Aé@g ) A
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Steviol

U7 20. 83UWaV0IaNT steviol NAMALTUTH 100 uM dansaansuaadaanvadllsauzuginaalsd CFTR 7
Aaadnaeala MDCK Tayausauduilasidudanuidudusasgeaisadusduas random region of interest
(ROI = 35) lun1Inaassdh 1¢ incubate AURNT steviol AULTARLTWIIAN 6 WAz 24 T3139 (mean + SE, n = 35, *

P < 0.05, P < 0.01)

@
4

IINHANIINARBINNFIINATIIR mmmagﬂ@i”h 813 steviol  uazauWus dgnilunidudinig
winLdulausznsifievesfaduasioas MDCK I@]ﬂﬂi’]ﬂﬁ]’]ﬂﬂﬂﬁ%ﬂﬁ%ﬁﬂﬂﬁ(cell viability)  n138ANT
WUIGIVBILTRE bAY (cell proliferation) %%am‘mi:@:fumsmwaamaa‘u,uu apoptosis Tuirad MDCK weitin
miaaﬂmﬁa‘uEﬁimimiﬁwmwzjaaﬁaﬂﬁi@wﬂudaﬂaa%@i‘ CFTR LAZAAMILAAID0NUI LUTAUTURIARD 36
CFTR mumﬁmz@ummmﬂIﬂiﬁ%@”ﬂﬂﬁiwaﬂwo (proteasome-mediated CFTR degradation) Fnldaanisnas
nazuanaalse (CAMP-activated chloride secretion) @4 ﬁa”ﬂvlﬁdﬁuV\TNamuﬂiﬁa@Tufﬁmwsmﬁ*mmsmmm6
(PLoS ONE; IF = 4.04) lUi3sufasuds msanwan lévinnsansnalnduvesans steviol Tunssudons

wigdvlavesadanimadluiaagein MDCK uazihans steviol Hluneseugnilunszzaamaasyiivla

maa%a@ﬂu%@m@a‘[iﬂqam

g ] = 1 g’
2.4 gNDVIANT steviol Aan1saANSUEAIaanzallsAvandEIi1 AQP2 Tuinadviaanla MDCK

= A . o & A 6o 9 v = a a
IINNITIANBINHNIVIINLIN ﬂ'ﬁ'ﬂEﬂx’i“ﬂﬂx’iﬂizLLﬁﬂﬂﬂvlﬁﬂﬂGE:ﬁW?G“Uﬂﬁ‘ﬁﬁ@]‘ﬂql‘lﬂNﬂ']'i@]x‘]iﬂLLﬂiI‘ﬁLﬂUllE]

& A a A §w

[l 6 ! ' g 6 6 0 ' v ) & =
aaummﬁnaamaqma@ LRZDDIINNIEHANILTRN DA Ej]f}{i‘ﬁﬁ@](ﬂ’.] SR Nﬂl‘lﬁ‘ﬂ%’]@]“ﬂ awa@ﬁmmmﬂﬂﬂmu HI9|

e & (2

o & ' Aa ' - i A < a R = s =

W'IG’IEILuaVL@]mu‘ﬂ@ ﬂ’li"lluﬁwEldu’ladqﬁlia@luua’ﬁ]Lﬂ@ﬁ]’]ﬂﬂ'li‘ll%mu’lN’luI‘]JWIWllumuﬁ AQP2 3LRAIDAN
A o & o ) v & V] e =5 . . a ¥ A
WN%\?Lsﬁaa%aaﬂvL@]@’]u apical E'J"ﬂﬂ"ﬂﬂvlaﬂﬂﬂﬁqf]ﬂﬁ"ﬂaﬂaqﬁ steviol @]aﬂ’]iLLa@Naﬂﬂmaﬁiﬂi@]u“ﬂuﬁﬂu’] AQP2 1

ueadaanlulras MDCK @283% western blot analysis WuUi1 steviol 7iANLTNT% 100 uM SNaaans
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WRAI88NVBI1UTAU AQP2 Tulradadnan’ NiIa1 6 Waz 24 TILU9 WA incubate LTRANURIT steviol AILEAI

lugﬂ‘ﬁ' 21

ih ih 12k 24 h

(B C 5 T8 8 KTta

AP o ———— — Y

It ——— —————— 42

150 -
S125F
g100F T s i
==Y
§ 75
0450-
< 25
=
2 6 12 24

Incubation times (h) with steviol

U7 21. WaYRIAT steviol NAMWITUTY 100 pM lumissamuaaseanvaslsusudsin AQP2 lulad
MDCK 77iaz#e87T western blot analysis 3Uuw ugainavaUTumlysduamunszy i sua1s uaas

WoasiFuduaslUsfnungain AQP2 13l incubate LIaa NUANT steviol NULTRSLTWIAT 2, 6, 12, LAY 24 T2 LN9

WIBULABUAY 100% Y89N3NAILAN (mean + SE, n =4, **P < 0.01)

7 [ ' . A =~ a R o &
NNMINaaedtIduaILlI a3 steviol figniaanisuaadsaanlisduausitii AQP2 a1k MINAsal
) wn o &2 P A v o & ° a Y .

ol gaspdsladnsuanes Mercury Sadudnduginisvinusasldsiususasia AQP2 Lilu positive control
A A o, a Y AL a A A 6 A . o = a5 )
wWadugiwirldsdusudsin AQP2 dawlumiasuidulavesdaduiald wananidsdnuignivesans steviol
a3 Mercury ludadiiaqin steviol aamaaiyidvlavasdadriunisduginsriinuueslusfuausaia
AQP2 TUAUANMIA NI SUEIUSAUTEINN (Mercury) danmsnnaasriale iNeazldidanldainu
Wwadun hinadanssinias nvinmInaseddaly lasnanmImasadnuingns mercury HUHINNIYINNUVDI
Tds@upugairnanudugu 1, 10, 20, 50 pM lag'liinadanssinioas lwaneh a13 mercury NANNTLTH

& o R A

a ' ¢ A = a o . [ P [ wn R
100 uM UNBNILDAR LN@LﬂiﬂULﬂUUﬂUﬂQNﬂQUQN @ﬂLLa@NluEﬂ'ﬂ 22 U q]’J HILRDNANULVNVWYBIRTT

mercury 71 5, 10, uaz 20 pM 3 lFlunInasasmsissGande i
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= sof
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S v s s

?

[HgCly] (uM)

gﬂﬁ 22. %aﬂazmsagsammmaﬁmaﬂ% MDCK 1{at8g9nuassuaIn1Ivinawsadlusauunassin AQP2

(mercury) ﬁﬂ%ﬁuLfMﬁu 1, 10, 20, 50, L8z 100 uM vuan 72 °ﬁ"'ﬂm (mean of % control + SE, n =3)

o

NINARIGaNN fiwvlﬁ M Inasadlassdadanioas MDCK wanlaans mercury SU8INTHNN
1a3lUsAupuadin (AQP2) NnnuLdudu 5, 10, uaz 20 pM  luwiud 12 1084886 lapnihuIoudioy
AUNFUAILANWUI &3 mercury RAUNTDAAVINAVAITEA b6 30.27%, 32.74%, WAz 33.78% ANE1AL A9
uaadluguf 23 anmanesasiinuin mavhausaslisdusussihdsunoadasdumaeiydulavesdadle

& o & &8 a o ;JL A A A € . .
was MDCK  asnnasdanuduldladngnilunisaanisiaiuidulavesfadans steviol 8199z 1wn9naln

MITULINIFNUV0I 1UTAUVUEIEN AQP2 SINGE

gﬁﬂﬂ-
2500 ==
5400 T R
@
£ 300
]
<200
2100
o oL
> S S S
&N RN
C [l o 0\'?
’2& Q&: Q&’

31Jﬁ 23, NAURIRNTHUEIN IV uTeI lUsAUnIN (AQP2) Tae mercury @iammmaa%a@?mmsnaﬂmmqa
1 MDCK  laguaaiumavaddadanniasas MDCK luﬂﬁiwmuqm (DMSO) ﬂéjwﬁvl,ﬁ%'ums mercury 10714

UL 5, 10, WA 20 M @NEIAL WALIATUWIALL TUA 12 (mean + SE, n > 30 cysts, **P < 0.01)
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£ ' a o '
2.5 qno5Yay steviol Aan1stnadad lnal (cell proliferation in MDCK cyst growth and formation) Twimas

Tumaqam MDCK

dlasannalnmaasyidulavesdadamuninifiaanmainiwiusensasnaealaludad (cel
proliferation) 'lef@a8 §an13 phosphorylation 7iluséin ERK Afidaudanlunisifinduiuvesisas R
AnEnin steviol EANTNAAVINAVBITEALAUHIUNTTUAIUNSTLEINS phosphorylation waslusdiu ERK &
wiali givvlavinnisdinsinalnues steviol TunssudsnsiAnswinvesioasnaonlaludad (cel
proliferation) lulrad MDCK lasnsianmsuaadaanvadllsdu phospho-ERK (p-ERK) @azinaia Western

blot analysis 1a¥inANIANMINAVEY steviol danTuaaIaantadllsdn p-ERK nal MDCK cyst growth model

e cyst formation model

#1%3U MDCK cyst growth model i ldiassfadanisas MDCK lu collagen gel  iulian 6 %

N incubate LTARNUANT steviol AANAENTH 100 pM AuLduiian 6 3 usvinmsanaldsduanndad

28n31N collagen gel 1a8nn3 incubate gel Tu type | collagenase solution NaNuLTuTH 3 mg/ml qnmﬁﬁ 37

Clc luiaa 30 w1l %3390l collagen gel nndasuda 11 sample 'l centrifuge 1 12000 rpm Lauan
. < & o o a a ' . P v v

protein 88Ny INNKUIIWI sample ltamydsunmlysdu p-ERK W11 steviol NANULYNTH 100 uM &0

aanTuaasaanvadlilafin p-ERK L MDCK cyst growth model Lilai3ouifisuriunguaiugu dausedlugui

24

&%l MDCK cyst formation model la¥innsidedGasainisas MDCK lu collagen gel lag incubate
813 steviol MANMNTHTH 100 pM ALLDAs 1WA 12 % udana ldsduandadaanain collagen gel INNTH
2 o o a a ' . A v o a
3911 sample lU3aUSanawlds@n p-ERK wudn steviol fnadudu 100 pM aan1suaadaanaadlusdn p-

ERK 11 MDCK cyst model latzuni @]V\‘]LLE;WNFL‘LLE‘]J“?II 25
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— i
= B

Band Intensity
3

Control 100 uM SVL

U 24. HAVBIANT steviol NAMWLTUTH 100 uM Gan1suand8anvadllsAn phospho-ERK 289T&ANNLTAR
lut@ageiin MDCK (MDCK cyst growth) 7i@asas western blot 3Uun uaainavasuTinmldsiuaunszyli (A)

pHERR ATAuriILaaTasazaadlUsdu phospho-ERK Lila incubate &17 steviol nulwaadaaiduiia) 6 %

Wisuifiuniy 100% 284nguaILAY (B)

4

Band Intensity

24

Control 100 uM SVL

31N 25. HAVBIENT steviol NIANWATNTR 100 M fan1suaadaanvadllsdn phospho-ERK ludadaniaas
lutaageih1 MDCK (MDCK cyst formation) f13a@e western blot 31Ut ugaanazadtTumlsduanufiszy |
(A) 3 nMwuaasTasazyaslilsiu phospho-ERK Lila incubate a7 Steviol nuLmasGadLduIa 12 i

Wisuiguny 100% 184nguAILAY (B)
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aaud 3 @nwidnaamlunswawiarsannainlungdmawuazaisaunus steviol Twn1ssnsilsa

polycystic kidney 1%1&‘@&!.61&%?1@11’1 (PKD mouse model)

£ . . . ¥
3.1 NBVBIFEIANAINIUALI1WI (stevioside) uaza1saunus (steviol) Twn1ssnulsageiilunn

Taaalsaneiin (PKD mouse model)

INMIANEINHIUNIWUIN steviol mmsn"ﬁzaamsm’%tylﬁu‘[mLLaf::Tuﬁ'amil,ﬁms'ia@i‘mﬂmmﬂumaqa
11 MDCK mumsﬁ'uﬂ'amiﬁwmuazﬂi:@junﬁﬁﬁmmJaa‘[ﬂsﬁmumma%@i’ CFTR NALTA WATFAINN
Lmaﬂm@aqaﬁn MDCK lilaiwenSaninidan wIanaany PKD luan asudsdniuatnebinazdasdne

P~ . Aa a v a a Z’ 4
an3vaImns steviol luluiaanuniinefaniwvaslsalnfidusnulageilulavesuusd (human ADPKD)

flox/flox:

iidnldnulsngainlula (ADPKD mouse model) wfia PKD1"™"Pkhd1-Cre nusfiailiaainminauws

U

flox/flox flox/+ flox/flox

JZWINIRY PKD1 ﬁ'uvm}f PKD1"" :Pkhd1-Cre I@]U%}}, PKD 1™ -Pkhd1-Cre 33liin13ugaiaanuadtn

{ . A A . ~ '

PKD1 1 collecting duct Basiaanaanla 43 PKDT iluiunaiugunsuaasaanvaaldsdu polycystin-1 tia'lal
An A o = @ by A o @ A eay & A a

fdutazyhliladnsafigohuaziindiwuniaumasnosmneasBadi ladutas g auiannzlanouas

Aca L6 ; S 2 . . O o

wizaulunga 1He931n steviol iTuaINIAAIIN metabolism w89 stevioside AU INARDIALTNIAIANA

flox/flox

Anluna 15U stevioside UAZATOUNUT steviol umazauluny PKD1"*:Pkhd1-Cre lasanT stevioside

aﬂﬁ%kﬂmﬁ'ﬁ'msﬂau (gavage) §auan3 steviol 3z1wlan3En13aadniios (intraperitoneal injection) H9anThs
aaaﬂﬂﬁﬁ'u%hbmq 10 Funatnnen auiseny 23 iu sszpzamslWans 14 @51 1 assdatu Lfia‘lﬁ‘ldaﬁa’mq
24 T azvhmiduen lanueanan aiaimiinle (kidney weight) $iwinea (body weight), Liodidud
sewinaiminlauazsiiniinga (% kidney weight/body weight) mumﬁuﬁqdﬁﬂﬂm (cystic index), LazAV
g3lwdan fivsuanisnsrinauuasle (BUN and creatinine) 91nNan1snasaswuinans stevioside 8197130
maamirﬁzyLa‘u‘[mlaas’f'ia@ﬁfiaﬂaulﬁwkxﬁﬂ%mm 1,000 mgkg WAz &3 steviol HWalwANITEZRBNNT
LaﬁzyLﬁuimaas‘ff’a&ﬁmmlﬁ%k&ﬁﬂ%mm 200 mg/kg asiwnUINaTRIFeITednalunnsansmauszsivinle
amﬂasﬁ%uﬁi:%’mﬁmﬁfﬂ%LLazf{mﬁfﬂ@”’mamgﬁﬂﬂmqaﬁﬂﬂmaanﬁéwﬁlﬁms Lfial,ﬁﬂunvwhsﬁl,ﬂu‘[m

o Aa

guihlulezaanguaingu agnfidbidyniaid laowumadasuudasimindivesnulunguilvasuss
' ' & . \ & da ' a o A, ak '
nguAILAN 8t lIinN lwW1zans steviol iuuiditiodaiumhauseslalwidddu langaindr BUN

and creatinine ﬁ@‘hmLﬁaLﬁm_lﬁ‘wkﬂwL@]@qumﬂumjumuqu TuumueNans stevioside badualun1sziing

mMIiuzedle
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B Wild-Type Cyslic-Vehicle Cystic-Steviol 200 malkg

C D E
ke
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U7 25. Wap89m7 steviol dan1szzaanaaTydulavasdadlunuluaaliagai sun (A) usasswiazasia
AAANNENIVBINGENE 24 T ’Luna;wkmﬂﬁ mﬂmqaﬁwnajumqu LLa:M‘kﬂiﬂq\‘iﬁ’lﬁﬁlﬁ’a’li steviol 3UN&3
(B) w&ay3LN1$ histology mauﬁavlmawkmﬂa LLawkﬂsﬂqaﬁﬂuﬂa;umuquua:mjuﬁlﬁms steviol 31a19
ﬂi’w\lLL‘Yi\‘lLLﬁ(ﬂdﬁ’]ﬁd‘fﬂ’J’]&l?%LLN‘ﬂaGIiQQGﬁ’ISLuVL@l fa ﬁmﬁnﬁ’mawg (C) ﬁmﬁfﬂmaovlwhs (D) Wasibud
, ¥ o o 3 o o ' ¢ = ¢ & Ada ' A
i:mwm%uﬂvlemkmuu'muﬂm%‘hl, (E) mLﬂawnumaawuﬂmamﬁlﬂwg (F) 4aznNIMWLVILEAIAILIDANT
auvadla fa BUN (G) wae creatinine (H) (mean + SE, n=4-6 mice, *P < 0.05, **P < 0.01, ***P < 0.001,

ns; not significant)
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Wild-Type Cystic-Viahicle Cystic-Staviosida 1,000 mg/kg
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U7 26. WaLBIAT stevioside dan1sTzaamuaTydnlavasdadlunyluaalsanai sUun (A) ugaizwa
vasladamueniveanueny 24 4 lungumudnd nulsaguinguaiugu waznuliaguinlians steviol 3u
N&9 (B) W8@I3UNY histology maal,ﬁavl,@mamkl.ﬂnﬁ mehﬂsﬂqaﬁ'ﬂumjumuqmm:najuﬁlﬁms steviol 31/
819 m‘wlLwioLLammﬂq%mw;mLiwaﬂiﬂqoﬁ,ﬂuvlm fa dwmiinaazedny (C)  snsnvaslany (D)
¢ = & S-S o ¥ o o . ¢ = ¢ & da \
wedidudrnihninlangivimindiny (E), dudesidudvesiuidadiulany (F), uaznmmuriuaas

fLITNNIN UV le fia BUN (G) wae creatinine (H) (mean = SE, n=4-6 mice, *P < 0.05, P < 0.01, **P

< 0.001, ns; not significant)
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l=§ Q L 1 L Qy lal o
3.2 AN5AIFITANAINIUKAI NN (stevioside) LLazaﬂsawgwug (steviol) ADNITIULINTITLNNITWIN

L1588 (cell proliferation) LAEN1TANLVILLAR WUL apoptosis

asnnwenSanweaslsagainlulafiaannisfidnisnszdunisaiiaasina (cell proliferation) atj

v
o

aaeaian lunsmasssiivinmyiasn Kie7  dsdudaiidiansudsmadlndvosaadnasala (marker of
proliferating cell) @838 immunohistochemistry ‘[mmsﬁuma"l,a@‘i‘“uaavlwktmsTawﬂ”'m primary antibody V83
Ki67 ua2vinn1sans3leaaunaas inverted microscope (TE 2000-U, Nikon) MU wwTa s douda
{U9 Ki67 (La3) ﬁa%iu%nmmmvlmmu collecting duct (fandiadiden) WisupurUswIHDaILTASIRNA

ﬁagj’u’%nm collecting duct NNHANITNARBIWLIN &3 stevioside LAz steviol FINITDAATIWIBLTRRNLLIIA?

lﬁaju’%Lam»ﬁaavamLﬁam'%'almﬁzmﬁwkﬂumaimqaﬁﬂun@:wmuqu @Tma@ﬂugﬂﬁ 27

A KIS7 / DBA / DAPI

Cysto-Velncke:

Cystic-Steviol 200 mg'kg  Cystic-Steviasice 1 000 makg
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U7 27. Wap2IF1IANANIURAINIL stevioside WATETAUWUT steviol dan1ITLEINITULITIRT G LA

(cell proliferation) &ladvaslanutnduaznyluiaalingairlunguaiuguuaznguildaiuans steviol uaz
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o

stevioside anANEaNeIY Ki67 (positive marker of proliferating cell) (fe4) DBA (f14187) waz DAPI (Fib
\J1) 62835 immunohistochemistry 3Un (A) memaﬁﬁavl@ﬂhtﬁﬁauﬁﬂ Ki67 luﬂhl,ﬁ'mmnaju 31U (B)
uwaainTidasifudua cell proliferaion lunuund wuluwaalsageimilunguaivguuaznguilians

steviol LLaZ stevioside (mean = SE, n = 4 kidneys, ***P < 0.001)

MINARaIiad Aa NINARBUHATBIANIANANIUNYINIY stevioside UAZAITAUWUT steviol da

& . o & v A A & .
nIapvadLTasYia lauuy apoptosis lasnsihaladuaslanyludanfiNagnisasvasasuuy apoptosis
11035 TUNEL assay a1nuurinisiiogduasivdwimaadndanda TUNEL (387) luuSiimvasala
collecting duct (dan@afiuay) NaLsIngi1 NIENT stevioside uaz steviol dNadanNIIANBVILTARLDL
apoptosis udatinala anniInasastisduaiLlladn a3 stevioside uaz steviol TzaamuaTyLAnlavasdadilu

¥ = o & , . , . )
'vi‘kjﬂuL@aiiﬂqammummmumammumm‘summaﬁ%a@ﬂm laglifinadansanevadisasiuy apoptosis

TUNEL/DBA / DAP!

Wild-type Cystic-vehicis

Cystic-Stavio! 200 mo/kg Cystic-Stevinside 1,600 mg/kg




U7 28. Wavesm1IANaINlURANWIL stevioside WATANTAUWUS steviol #anNIIHULINIABVAITARILLL
. I a ¥ . - > . L
apoptosis aladvailanyunduaznuluaaliagailunguaiuguuasnguf ld3uans steviol uas stevioside gn
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Fig. 5 Effect of steviol on CFTR, ERK, mTOR/S6K, and AMPK
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Abstract

Cyst enlargement in polycystic kidney disease (PKD) involves cAMP-activated proliferation of cyst-lining epithelial cells and
transepithelial fluid secretion into the cyst lumen via cystic fibrosis transmembrane conductance regulator (CFTR) chloride
channel. This study aimed to investigate an inhibitory effect and detailed mechanisms of steviol and its derivatives on cyst
growth using a cyst model in Madin-Darby canine kidney (MDCK) cells. Among 4 steviol-related compounds tested, steviol
was found to be the most potent at inhibiting MDCK cyst growth. Steviol inhibition of cyst growth was dose-dependent;
steviol (100 microM) reversibly inhibited cyst formation and cyst growth by 72.5+3.6% and 38.2+8.5%, respectively. Steviol
at doses up to 200 microM had no effect on MDCK cell viability, proliferation and apoptosis. However, steviol acutely
inhibited forskolin-stimulated apical chloride current in MDCK epithelia, measured with the Ussing chamber technique, in a
dose-dependent manner. Prolonged treatment (24 h) with steviol (100 microM) also strongly inhibited forskolin-stimulated
apical chloride current, in part by reducing CFTR protein expression in MDCK cells. Interestingly, proteasome inhibitor, MG-
132, abolished the effect of steviol on CFTR protein expression. Immunofluorescence studies demonstrated that prolonged
treatment (24 h) with steviol (100 microM) markedly reduced CFTR expression at the plasma membrane. Taken together,
the data suggest that steviol retards MDCK cyst progression in two ways: first by directly inhibiting CFTR chloride channel
activity and second by reducing CFTR expression, in part, by promoting proteasomal degradation of CFTR. Steviol and
related compounds therefore represent drug candidates for treatment of polycystic kidney disease.
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fibrosis transmembrane conductance regulator (CFIR) chloride
channel located at apical membrane (facing the lumen) of the cells
lining the cyst [7]. Intracystic accumulation of chloride draws
sodium and water into the cyst cavity via a paracellular pathway
[8]. Inhibition of CFTR chloride channel with CFTR inhibitors
has been shown to slow down cystogenesis both in an n wvitro

Introduction

Polycystic  kidney disease (PKD) is an inherited disorder
characterized by the presence of enlarging fluid-filled cysts, which
disrupt the normal renal parenchyma and eventually leads to end-
stage renal failure [1,2]. Autosomal dominant polycystic kidney

disease (ADPKD), the most common form of PKD, is caused by
mutation of PKDI1 or PKD2, which encode the proteins
polycystin-1 or polycystin-2, respectively [3]. The majority of
ADPKD patients require kidney replacement or renal hemodial-
ysis [4]. Currently there is no specific pharmacotherapy for this
disease.

Although the exact mechanism of ADPKD pathogenesis is not
known, studies have shown that an increase in cAMP level within
the renal epithelial cells lining the cyst plays a central role in PKD
cystogenesis. The increase in intracellular cAMP level stimulates
renal epithelial cell proliferation and raises transepithelial fluid
secretion into the cyst lumen [2,5,6]. This fluid secretion is driven
by cAMP-activated transepithelial chloride transport via the cystic

PLOS ONE | www.plosone.org

Madin-Darby canine kidney (MDCK) cell culture model and an
vivo model of PKD [9,10]. Therefore, CFTR chloride channel has
been proposed as a potential target for PKD intervention.
Stevioside, extracted from Stevia rebuadiana, is widely used as a
noncaloric sweetener in food in several countries in Asia and
South America [11]. The pharmacokinetics of stevioside show that
it is first converted to the major metabolite steviol by intestinal
microflora before being absorbed in the intestine and distributed
by the blood to several organs, including intestine, liver, and
kidney [12,13,14]. Previous studies reported that steviol under-
went both phase I and phase II metabolism, with steviol
glucuronide being detected as a major metabolite in the blood
[11]. Most consumed stevioside is excreted as steviol glucoronide
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in urine [11]. The reported therapeutic properties of stevioside
include anti-inflammatory [15], anti-hypertensive [16], anti-
hyperglycemic [17], and anti-diarrheal effects [18]. In addition,
steviol was found to interact with renal organic anion transporters,
making it helpful in enhancing the therapeutic efficacy of drugs
[19,20]. It is of interest to note that steviol and its derivative
(dihydroisosteviol) inhibit cAMP-activated chloride secretion by
targeting CFTR in a human colonic epithelial cell line [18]. Thus,
it appeared possible that steviol and its derivatives could inhibit the
CFTR chloride channel in PKD.

In the present study, we investigated the inhibitory effects and
mechanism of action of steviol and its derivatives on cyst formation
and enlargement in the MDCK cell model of PKD.

Materials and Methods

Cell culture

Type I MDCK epithelial cell line, kindly provided by Professor
David N. Sheppard (University of Bristol, Bristol, UK), was
cultured at 37 °Cl under a humidified atmosphere of 5% COo/
95% Oy in a 1:1 mixture of Dulbecco’s modified Eagle medium
(DMEM) and Ham’s F-12 nutrient medium supplemented with
10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 ug/ml
streptomycin, and 5 pg/ml insulin-transferin-selenium-X supple-
ment [21]. The solvent used for preparing steviol was dimethyl
sulfoxide (DMSO). Concentration of DMSO in all experiments
was less than 0.5% v/v.

Chemicals and reagents

Steviol, isosteviol, dihydroisosteviol, and 16-oxime isosteviol
were synthesized as described previously [18]. The purity of all
compounds was checked by thin layer chromatography and
nuclear magnetic resonance spectroscopy. Trypsin, FBS, penicil-
lin, and streptomycin were purchased from HyClone (Waltham,
MA, U.S.A)); amphotericin B, amiloride, forskolin, 8-Br cAMP,
CFTR;,,-172, protease inhibitor cocktail, and DMEM/Ham F-12
from Sigma-Aldrich (St. Louis, MO, U.S.A); GlyH-101 [22],
MG-132, propidium iodide, and (BrdU) cell proliferation assay kit
from Calbiochem (San Diego, CA, U.S.A); collagen from
PureCol, Inamed Biomaterials (Fremont, CA, USA); and Annexin
V-fluorescein-conjugate from Beckman coulter (Marseille, France).
Rabbit and mouse anti-CFTR antibodies for western blot and
immunofluorescence experiments were from Cell Signaling
(Beverly, MA, USA) and Abcam (Cambridge, MA, USA),
respectively. The former CFTR antibodies recognize the amino
acids near the N-terminus of first transmembrane domain of
CFTR, while the latter recognize amino acid residues 113-117 in
the first extracellular transmembrane domain of CFTR.

Cell viability assay

MTT  (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium
bromide) assays were used to assess the effects of steviol and its
derivatives on cell wviability [23]. In brief, MDCK cells
(1x10"cells/well), seeded in 96-well plate, were grown for 24 h,
and then incubated with test compounds at various concentrations
for 24 and 72 h, respectively. Adherent cells were treated with
serum-free MDCK media containing 10% MTT solution for 4 h
under humidified atmosphere at 37 °C. Following removal of
media 100 pl aliquot of DMSO was added and absorbance at
530 nm was measured. Cell viability was calculated as percent of
the control group.
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Figure 1. Cytotoxicity evaluation of steviol and derivatives. (A)
The chemical structure of steviol, isosteviol, dihydroisosteviol, 16-oxime
isosteviol, and CFTR;,,-172. MDCK cells were seeded in 96-well plates,
and incubated with the indicated concentrations of steviol, isosteviol,
dihydroisosteviol, and 16 oxime isosteviol. Cell viability was assessed by
MTT assay after 24 h (B) and 72 h (C) of incubation. Results were
expressed as mean of % control=SE (n=3, **P<0.01).
doi:10.1371/journal.pone.0058871.g001

MDCK cyst model

MDCK cells (800 cells/well) were suspended in 0.4 ml of
3.0 mg/ml ice-cold collagen supplemented with 10% 10X
minimum essential medium (MEM), 10 mM HEPES, 27 mM
NaHCOj3, 100 U/ml penicillin, and 100 pg/ml streptomycin (pH
7.4) in a 24-well culture plate and incubated at 37 °C for 90 min
in water bath to allow gelation of collagen. Then, a 1.5 ml aliquot
of MDCK medium containing 10 uM forskolin was added to each
well and the plate was maintained at 37 °Cl under humidified
atmosphere of 5% CO3/95% Os. It has been well established that
in the presence of forskolin in the culture medium, MDCK cells
seeded onto collagen gels undergo a cAMP-dependent cell
proliferation and fluid secretion as observed in ADPKD-derived
cysts [24,25].

For cyst formation experiments, test compounds were added to
MDCK cell cultures in the continued presence of 10 pM forskolin
from day 0. MDCK media containing forskolin and test
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Figure 2. Effect of steviol and its derivatives on cyst progression in MDCK cyst model. (A) Inhibitory effect of steviol and its derivatives on
MDCK cyst formation. MDCK cysts were incubated with 100 uM of steviol and its derivatives in media containing forskolin (10 uM) after cell seeding
on day 0 onward. The graph represents percent of cyst colonies at day 6 after MDCK cell seeding in the absence (control) and presence of all
compounds (mean=SE; n=4 wells/condition; **P<<0.01 compared with control). (B) Inhibitory effect of steviol and its derivatives on MDCK cyst
growth. The graph shows the outer cyst diameter at day 12 (mean=*SE; n=32-77 cysts; **P<0.01 compared with control). (C) Dose-response of
effect of steviol on MDCK cyst growth. After cell seeding in 3D collagen gel for 6 days, media containing forskolin and steviol at doses of 50, 100, and
200 uM were added to the MDCK cells from day 6 onward. Results were shown as mean value of cyst diameter at days 6, 8, 10, and 12 (n=43—-77
cysts; **P<<0.01 compared with control). (D) Representative light micrographs show MDCK cyst growth in 3D collagen gel after seeding of MDCK cells
for 6 days. Three independent experiments were performed. Forskolin (10 uM) without (2D, top) or with steviol (100 uM) (2D, middle, bottom)
was added to the culture medium at day 6. To test for reversibility, steviol was removed at day 9 (2D, bottom). Scale bar=100 um;
magnification = x10.

doi:10.1371/journal.pone.0058871.g002

=50 pum) and the number of cyst plus non-cyst colonies (diameter
<50 pum) by 100. Total number of colonies (cyst and non-cyst) in

compounds were changed every two days. At day 6, the numbers
of cysts (with diameters >50 um) and non-cyst cell colonies were

counted using an inverted phase contrast light microscope (Nikon
TE 2000-S, Nikon Corporation, Tokyo, Japan) at x10 magnifi-
cation. Four wells per culture condition were measured. For the
index of cyst formation, percent of cyst colonies was calculated by
multiplying the ratio of numbers of cyst colonies (diameter

PLOS ONE | www.plosone.org

various conditions was around 200-300.

For determination of cyst growth, the cysts at day 6 were
incubated for another 6 consecutive days. Photographs of
individual cysts (the same cyst in collagen gel identified by
marking on the plate) were taken at every two days (day 6, 8, 10,
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Figure 3. Effect of steviol on cell proliferation and apoptosis. (A) MDCK cell proliferation was assessed by BrdU cell proliferation assay. MDCK
cells were seeded onto 96-well plates and grown for 24 h. The media containing 8-Br cAMP (100 uM) with or without steviol at doses of 10, 50, 100,
and 200 uM was added and incubated for 24 h. BrdU was added at 18 h after addition of all compounds. The data represent percent of cell
proliferation of MDCK cells treated with steviol at various concentrations. 20 ug/ml of blasticidin was used as positive control. Four independent
experiments were done (mean of percent control=SE; n=4, **P<<0.01 compared with group of no cAMP treatment; ## P<<0.01 compared with
cAMP treated group). (B) MDCK cell apoptosis was analyzed by flow cytometry. (3B, top) MDCK cell were incubated with steviol at a concentration of
200 uM for 24 h. Cells were stained with annexin V or propidium iodide. Apoptotic cells were localized in the lower right (early apoptosis) and upper
right (late apoptosis) quadrants of the dot-pot graph using propidium iodide vs annexin V. 1 mM of hydrogen peroxide (H,0,) was used as positive
control. (3B, bottom) The bar graphs represented percent of MDCK cell apoptosis of four independent experiments (mean percent control=SE;
n=4; **P<0.01 compared with control).

doi:10.1371/journal.pone.0058871.g003

were incubated with incubation media containing 100 uM 8-Br
cAMP in 0.002% FBS without I'TS in the presence or absence of
100 uM steviol for 24 h. BrdU reagent solution was added at 18 h
after addition of 8-Br cAMP. Absorbance at 450 nm was
measured and cell proliferation is reported as percent of the

and 12) after seeding. To determine cyst size, the outer diameters
of cysts were measured using Image J software. For inclusion in
this study, each culture had to have at least 30 cysts with diameters
>50 pum.

Cell proliferation assay

MDCK cells (8 x10%cells/well) were seeded and grown for 24 h
in a 96-well plate in DMEM/Ham’s F-12 media supplemented
with 10% FBS and insulin-transferrin-selenium X solution (ITS)
under humidified atmosphere of 5% CO5/95% O,. Adherent cells

PLOS ONE | www.plosone.org

ODys value of the control group [23].

Cell apoptosis assay
MDCK cells (2x10°) were treated with vehicle (0.1% DMSO)
or 100 uM steviol for 24 h as described above. MDCK cells were
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Figure 4. Inhibition by steviol of forskolin-stimulated apical
chloride current. Under permeabilization conditions, MDCK cell
monolayers were mounted in hemichambers filled with a chloride
gradient buffer. (A) Representative currents of acute effect. Steviol at all
doses was added to both apical and basolateral hemichambers after
stimulation of the chloride current by forskolin (post-treatment) and the
currents were recorded at 50, 100, and 200 uM of steviol. At the end of
experiment, 50 uM of GlyH-101 was added. (B) Summary of the data for
the acute effect of steviol on apical chloride current in basolaterally
permeabilized MDCK cell monolayers. (4 separate experiments,
mean=*SE; n=4; **P<0.01 compared with controls)
doi:10.1371/journal.pone.0058871.9004

suspended in 500 ul of Annexin V binding buffer (100 mM
HEPES-NaOH, pH 7.4, 1.5 M NaCl, 50 mM KCIl, 10 mM
MgCly, 18 mM CaCly in distilled water) and incubated with
0.25 pg/ml  Annexin V-fluorescein conjugate and 5 pug/ml
propidium iodide for 15 min at 4 °C before flow cytometry
analysis (BD Biosciences, San Jose, CA, USA) [26]. Cell apoptosis
was quantified as the percent of the total cells undergoing
apoptosis.

Ussing chamber experiment

MDCK cells (5 x10°cells/well) were seeded on Snapwell inserts.
MDCK media were changed every two days and transepithelial
resistance (R,) was measured using an epithelial voltohmmeter
(World Precision Instruments, Sarasota, IFL) as previously
described [21]. On day 8, media from the apical side of MDCK
cell monolayer were removed to form an air-liquid interface to
enhance CFTR expression in MDCK epithelia [27]. On day 10,
only MDCK polarized epithelia monolayers with resistance
>2,000 Ohm.cm? were used for subsequent Ussing experiments.

For short-circuit current measurements, a Snapwell insert
containing MDCK cells was mounted in the Ussing chamber.
Both hemichambers were filled with a Krebs’ buffer solution
containing 120 mM NaCl, 25 mM NaHCOs;, 3.3 mM KH,PO,,
0.8 mM KyHPO,, 0.5 mM MgCl,, 10 mM HEPES, and 10 mM
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glucose (pH 7.4). The solution was continuously bubbled with 5%
C0O3/95% Oy gas mixture at 37 °C.

For apical chloride current measurements, the basolateral
membrane was permeabilized with amphotericin B (250 pg/ml)
for 20 min. The hemichamber at the basolateral side was filled
with a high chloride buffer solution containing 140 mM NaCl,
5 mM KCI, 0.36 mM K,HPO,, 0.44 mM KH,PO,, 1.3 mM
CaCly, 0.5 mM MgCly, 10 mM HEPES, and 4.2 mM NaHCOs,
pH 7.2. The buffer solution facing the apical membrane had a
composition similar to that of the basolateral bathing solution,
except that 133.3 mM Na-gluconate, 2.5 mM NaCl, and 5 mM
K-gluconate were included to generate a chloride concentration
gradient from the basolateral to the apical side. Both hemi-
chambers were connected via KCl Agar Bridge to voltage and
current Ag/AgCl electrodes and clamped at 0 mV. Short-circuit
current was recorded continuously using a DVC-1000 voltage
clamp (World Precision Instruments, Sarasota, FL). Data were
digitized using PowerLab data acquisition system (ADInstruments
Inc. Colorado Springs, CO). Peak forskolin-stimulated current was
recorded for analysis of steviol effect on CFTR-mediated chloride
secretion.

Western blot analysis

Cells grown in 6-well plates were incubated with lysis buffer
(50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, 1 mM NaF, 1 mM NasVO,, 1 mM PMSF
(phenylmethylsulfonyl fluoride), and protease inhibitor (PI) cocktail
for 20 min at 4 °C. After centrifugation at 10,000 g for 20 min,
supernatant proteins (30 pg) were separated by 12% SDS-
polyacrylamide gel electrophoresis, transferred onto a nitrocellu-
lose membrane and CFTR in MDCK cells was immunochemi-
cally detected using primary rabbit polyclonal anti-CFTR and
secondary horseradish peroxidase-conjugated goat anti-rabbit IgG
antibodies. The intensity of immunoreactive band is reported
relative to that of B-actin (used to normalize gel loading).

Immunofluorescence experiment

MDCK cells were grown as non-polarized epithelia on glass
slides and incubated with or without 100 uM steviol for 6 h and
24 h periods. Cells were fixed in 10% methanol and incubated
with primary anti-CFTR mouse monoclonal (at 1:100 dilutions)
and Alexa Fluor 568-conjugated goat anti-mouse secondary
antibody (at 1:100 dilutions). Glass slides were fixed and nucleus
were stained with TOPRO-3 (at 1:300 dilutions) and examined by
a confocal laser microscopy (FV-1000; Olympus) at x40
magnification. The data were analyzed as percent fluorescence
intensity of 35 random regions of interest (ROI).

Statistical analysis

Results of all experiments are shown as the mean*S.E.M.
Statistical significance between control and treatment groups was
calculated using student’s unpaired ¢ test, one-way ANOVA
followed by Bonferroni’s post hoc test or repeated measure
ANOVA, where appropriate. A P-value of <0.05 is considered as

statistically significant.

Results

Inhibitory effect of steviol and its derivatives on MDCK
cyst formation and growth

Before proceeding with the assay of cyst formation and growth,
MDCK cell viability was evaluated in the presence of 50, 100, and
200 uM steviol and its derivatives, isosteviol, dihydroisosteviol, 16-
oxime isosteviol (Fig. 1A) using MTT assay. After 24 h, none of
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Figure 5. Inhibition by steviol of short-circuit current measurement in dose- and time-dependent manners. MDCK cell monolayer
treated with steviol at the indicated concentrations or vehicle for 24 h were mounted in hemichambers filled with Krebs' buffer solution. After
stimulation of current by forskolin, steviol inhibition was seen to have inhibited I in a dose-dependent fashion. Representative tracings (A) and the
summary of the data of 3-10 separate experiments (B) are shown (mean=*SE; n=3-10; **P<0.01 compared with controls). (C) Representative time-
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Summary of the data from time-response experiments. (mean=SE; n=7—16 separate experiments; **P<<0.01 compared with controls)

doi:10.1371/journal.pone.0058871.g005

the compounds affected MDCK cell viability, but at 72 h isosteviol
and 16-oxime isosteviol at the highest dose (200 pM) reduced cell
viability by 23.9%1.8% and 24.2+0.8%, respectively (Fig. 1B and
Fig. 1C). Thus, all subsequent experiments were conducted using
steviol and derivatives at the concentration of 100 uM.

To determine the effects of steviol and derivatives (isosteviol,
dihydroisosteviol and 16-oxime isosteviol) on cyst formation in an
i vitro model of PKD, MDCK cells seeded in collagen gel were
exposed to 100 uM steviol, its 3 derivatives and 10 pM CFTR;,p,-
172 (a CFTR inhibitor) [28] in the presence of 10 uM forskolin-
containing media. At day 6, the number of cysts (outer diameter
>50 um) and non-cyst colonies were counted. The percent of cyst
colonies in the control cell group was 82.2+4.5%, whereas the
percents of cyst colonies in cells treated with steviol, isosteviol,
dihydroisosteviol, 16-oxime isosteviol and CFIR;,,-172 were
27.5%3.6%, 49.8%1.9%, 46.5*1.6%, 50.2%x1.9%, and
49.2%£2.4%, respectively (Fig. 2A). For determination of the
inhibitory effect on cyst growth, steviol, the 3 derivatives (all at
100 pM) and CFTR;,,-172 (at 10 pM) were added at day 6 to the
forskolin-treated MDCK cells. At day 12, cyst diameters were
measured and compared to those of the control group. The
average cyst size was found to be decreased by 38.2%, 37.2%,
18.0%, 16.8%), and 15.3% with steviol, isosteviol, dihydroisoste-
viol, 16-oxime isosteviol and CFTR;,;,-172 treatments, respectively
(Fig. 2B). In short, the average cyst diameters at day 12 of all
treatment groups were significantly smaller than that of the control
group. Taken together, these results indicated that steviol and its
derivatives inhibited both cyst formation and growth in the
MDCK cyst model and, among the compounds tested, steviol had
the greatest effect. Therefore, only steviol was selected for further
studies.

PLOS ONE | www.plosone.org

The inhibitory effect of steviol on cyst growth showed dose-
dependency over the concentration range of 50 to 200 uM
(Fig. 2C). The reversibility of the effect of steviol (100 um) was
examined by removing it from the cyst culture at day 9 (Fig. 2D).
The inhibitory effect of steviol on cyst growth appeared to be
abolished following its removal (Fig. 2D).

Effect of steviol on cell proliferation and apoptosis

The inhibitory effect of steviol on MDCK cyst growth could
involve suppression of cell proliferation or induction of apoptosis.
Using a BrdU cell proliferation assay, we found that treatment
with 8-Br cAMP (100 uM) for 24 hours stimulated MDCK cell
proliferation and this was not affected by the presence of steviol
(10, 50, 100, and 200 uM) (Fig. 3A). Similarly, steviol over the
same concentration range did not induce apoptosis of MDCK cells
as assessed using a flow cytometry assay (Fig. 3B). Therefore,
inhibitory effect of steviol on cyst formation may result from
inhibition of chloride secretion.

Effect of steviol on chloride transport in MDCK cell
monolayer

The acute effect of steviol on cAMP-activated chloride secretion
of MDCK cells was determined by measuring apical chloride
current in basolaterally permeabilized MDCK cells. Steviol (at
concentrations of 50, 100, and 200 pM), when added to both
apical and basolateral hemichambers after 15 min of forskolin
(20 uM) stimulation, reduced the forskolin-stimulated apical
chloride current in a dose-dependent manner, reaching
46.2+11.2% of the control current at 200 uM (Fig. 4).

The time response and the prolonged effect of steviol on cAMP-
activated chloride secretion were investigated using short-circuit
current measurements in MDCK cell monolayers. Incubation of
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Figure 6. Steviol inhibits forskolin-stimulated apical chloride
current in a time-dependent manner. After permeabilization of the
basolateral membrane with amphotericin B, MDCK cell monolayers
were mounted in hemichambers filled with a chloride gradient buffer.
20 uM of forskolin was added to stimulate apical chloride current. (A)
Representative tracings of chronic effect (pretreatment with steviol for
5 minutes, 2, 6, 12, and 24 h) were shown. At the end of the
experiment, 50 uM of Gly-H101 was added. (B) Summary of the data for
the chronic effect of steviol on apical chloride current in permeabilized
MDCK cell monolayers (mean*SE; n=5—11 separate experiments;
**P<0.01 compared with controls)
doi:10.1371/journal.pone.0058871.9006

the cells for 24 h with 10-100 pM steviol resulted in reduction in
short-circuit current (I.) in a dose-dependent manner (Fig. 5A and
5B). When MDCK cell monolayers were treated with 100 uM
steviol at various durations from 5 min up to 24 h, the significant
reduction in I, was observed after 2 h of incubation. The effect
became more pronounced at longer periods of incubation (Fig. 5C
and 5D). Similar results were obtained for the apical chloride
current measured in MDCK cell monolayers with amphotericin-
B-permeabilized basolateral membranes in the presence of a
basolateral-to-apical chloride gradient (Fig. 6). These sets of
experiments suggested that steviol reduced CFTR expression in
MDCK cells.

Effect of steviol on CFTR protein expression in MDCK cells

To confirm that steviol reduced CFTR expression level in
MDCK cells, MDCK cells were cultured in the presence of
100 uM steviol for 2-24 h and the levels of CFIR were
determined using western blotting. Reduction in total CFIR
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content in MDCK cells was significantly reduced by 14.1+3.6%
compared to control at 6 h of exposure to steviol and by
17.7%24.5% after 24 h (Fig. 7A). Previous studies have shown that
a decrease in CFTR level could be via proteasome degradation
pathway [29,30]. In order to demonstrate that steviol employs this
mechanism to reduce CFTR expression in MDCK cells, confluent
MDCK cells were incubated with 50 uM proteasome inhibitor,
MG-132, for 1 h before treatment with 100 uM steviol for 6 and
24 h, respectively. The results showed that an inhibitory effect of
steviol on CFTR levels was abolished by treatment with MG-132
(Fig. 7B and Fig. 7C).

In addition, determination of CFTR localization by immuno-
fluorescence in intact cells indicated that 100 uM steviol decreased
CFTR membrane expression by 32.4%16.0% and 50.8+10.4%
compared to control at 6 h and 24 h of incubation, respectively
(Fig. 8A and 8B). These findings are in agreement with those of the
western blot analysis.

Discussion

Cyst enlargement in PKD involves two pathogenic mechanisms,
namely, increased epithelial cell proliferation and enhanced
transepithelial fluid secretion [2,4]. An increase in intracellular
cAMP has been shown to stimulate cell proliferation through the
MEK/ERK pathway and to activate CFTR-mediated chloride
and fluid secretion into the cyst lumen [6,7,31]. Accumulation and
expansion of cysts disrupt the normal function of renal parenchy-
ma. Inhibition of CFTR by small molecule CFTR inhibitors, such
as thiazolidinone and hydrazide-containing compounds, has been
shown to slow cyst progression in both  vitro and i vivo models of
PKD [21,32].

The present study clearly demonstrated that the plant-derived
sweetener steviol and its derivatives, isosteviol, dihydroisosteviol,
16-oxime isosteviol, at non-toxic levels (100 uM) were able to
retard both cyst formation and enlargement in an  vitro MDCK
cell model of PKD. From the chemical structures of steviol and
three types of isosteviol studied, we can conclude that core
structure of steviol rather than isosteviol with the presence of OH
group on C-13 position may be associated with good inhibitory
effect on renal cyst growth. The underlying mechanism was, in
part, by direct inhibition of CFTR chloride channel activity and
through reduction of CFTR expression via proteasome-mediated
degradation. This notion was supported by the observation that
the thiazolidinone CFTR;,,-172, an allosteric blocker of the
CI'TR chloride channel, exerted inhibitory effects on MDCK cyst
formation and growth (Fig. 2 and [21]). Moreover, previous
studies revealed that the commonest cystic fibrosis mutation
F508del, which prevents the plasma membrane expression of
CFTR, slowed MDCK cyst enlargement by inhibiting CFTR-
mediated fluid accumulation within the cyst lumen [33]. In
addition, pioglitazone, a peroxisome proliferator-activated recep-
tor 7y (PPARYy) agonist inhibited vasopressin-induced chloride
secretion through reducing CFTR mRNA levels in MDCK-C7
cell line [34] and suppressed cyst progression by decreasing apical
CFTR expression in PCK rodent model of PKD [35].

Our previous study showed that 100 uM steviol inhibits apical
chloride current in human colonic epithelial cells (T84 cells) by
~50% [18], whereas in the present study it could only reduced
forskolin-induced apical chloride current by 25% in MDCK cell
monolayer. Based on the fact that dihydroisosteivol, a steviol
derivative, inhibited CPT-cAMP-activated apical chloride current
in basolaterally permeabilized T84 cells without the effects on
intracellular cAMP levels [18] and steviol also inhibited forskolin-
stimulated apical chloride current in the present study (Fig. 4), we
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doi:10.1371/journal.pone.0058871.g007

speculate that steviol might inhibit CFIR directly as well.
Therefore, one explanation for discrepancy between CFIR
inhibition potencies in T84 and MDCK cells is the differences
in steviol’s binding sites between human CFTR expressed in T84
cells and canine CFTR expressed in MDCK cells. In support of
this notion, the amino acid sequences in the membrane-spanning
domains of CFIR in human, mouse, rat, and dog, are different
[36,37]. CFIR inhibitors, such as CFTR;,,-172, glibenclamide
and GlyH-101 have been found to exert their inhibitory effects
differently on several CFTR orthologs because of differences in
inhibitor-binding sites for each compound [38].

CFTR expressed at the plasma membrane has a short half-life,
approximately 12 to 24 h [39], and hence an increase in the rate
of CFTR degradation would have a significant effect on apical
chloride secretion. Degradation of CFIR can occur via two
different processes: an ER-associated degradation (ERAD) process

PLOS ONE | www.plosone.org

involving a ubiquitin-proteasome pathway that degrades immature
CFTR protein during biosynthesis, and a lysosomal pathway that
destroys mature CFTR [40]. It has been shown that a cysteine
string protein, a J-domain-containing protein involved in stimu-
lated exocytosis, plays an important role in promoting proteasomal
degradation of immature CFTR by increasing the interaction of
immature CFTR with the ¢ terminus of heat shock protein-70-
interacting protein and thereby enhancing CFTR ubiquitylation
[41].

We found that steviol effect on total CFTR protein expression
was observed at 6 h, and such effect was sustained at the same
level at later time points (12 h and 24 h). This finding suggests that
steviol induced the reduction in CFIR protein expression via
mechanisms involving modulation of CFTR trafficking and/or
CFTR degradation. Besides, we found that pretreatment of the
MDCK cells with MG-132 prior to exposure to steviol could
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completely prevent steviol-reduced CFIR expression, indicating
that steviol reduces CFTR expression by promoting proteasome-
mediated degradation of immature CFTR. However, it should be
mentioned that MG-132 not only inhibits proteasomal activity,
but also produces reactive oxygen species (ROS). Previous studies
showed that prolonged treatment (24 h) of MG-132 at dose of 1—
30 uM induces apoptosis via formation of ROS in several cancer
cell types [42,43]. It was also reported that incubation with 25 uM
of MG-132 for 4 h prevented misfolded CFTR degradation in
CHO cells expressing GFP tagged F508del-CFIR [44]. In
addition, inhibition of proteasome-mediated CFTR degradation
by MG-132 (10 uM, 1 h incubation) could prevent internalization
and increased apical stability of mutant CFTR in human airway
epithelial cells [45]. These studies indicate that prolonged
incubation of MG-132 caused ROS production, whereas a short

PLOS ONE | www.plosone.org

period of MG-132 treatment could inhibit CFTR degradation in
bronchial cell lines. Therefore, incubation with 50 uM MG-132
for 1 h in our study was likely to inhibit proteasomal activity in
MDCK cells without enhancing ROS. However, it should be
cautioned that oxidative stress might interfere with the result
obtained in the studies using MG-132. In addition, we found that
steviol reduced the amount of CFTR protein expressed in the
plasma membrane of MDCK cells by ~32%, an extent which was
much higher than its effect on total CFIR protein observed by
western blot analysis (14% at 6 h after incubation with 100 uM
steviol. Therefore, our results indicate that, in addition to its direct
effect on CFTR channel activity, steviol reduces CFTR-mediated
chloride transport in MDCK monolayers by promoting degrada-
tion of immature CFTR proteins and modulating plasma
membrane turnover of CFTR. Steviol may also target CFTR
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maturation. However, further studies are needed to provide insight
into the detailed mechanisms by which steviol reduces CFTR
expression.

The inhibitory effects of steviol and its three derivatives on cyst
progression in the MDCK cyst model correlate well with previous
studies using other compounds (viz. thiazolidinone and hydrazide-
containing CFTR inhibitors) in a mouse model of PKD [32].
Therefore, our results from MDCK cyst model suggested the
possibility of using steviol to inhibit cyst expansion in an i vwo
PKD models. Nonetheless, future studies using rodent models of
PKD are required to evaluate the therapeutic potential of steviol
and its derivatives in the treatment of PKD. Interestingly, it is
estimated that administration of 5 mg/kg BW per day of stevioside
results in a plasma concentration level of steviol of approximately
20 uM if stevioside is completely converted to steviol [46]. This
plasma concentration is lower than the minimum concentration
(50 uM) required to inhibit MDCK cyst growth. Pharmacokinetic
studies of stevioside have indicated that a major metabolite of
stevioside consumption (steviol glucuronide) is removed from the
body by urinary excretion [47]. Thus, it is possible that steviol
could reach cystic lesions in the kidney. However, stevioside
consumption would have to be higher than 5 mg/kg BW per day
to obtain enough steviol for therapeutic purposes. The Joint FAO/
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WHO Expert Committee on Food Additives has recommended
that stevioside is safe and has no adverse effect when taken at doses
of 4 mg/kg BW per day [48].

Conclusions

In summary, we found that pharmacological concentrations of
steviol retarded cyst progression in an i vitro MDCK cell model, in
part, by reducing CFIR expression levels via proteasome-
mediated CFTR degradation. These results indicate that steviol
and related compounds represent promising natural plant-based
drug candidates for treatment of polycystic kidney disease.
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Cholera: pathophysiology and emerging
therapeutic targets

Cholera is a diarrheal disease that remains an important global health problem with several hundreds of thousands
of reported cases each year. This disease is caused by intestinal infection with Vibrio cholerae, which is a highly motile
gram-negative bacterium with a single-sheathed flagellum. In the course of cholera pathogenesis, V. cholerae expresses
a transcriptional activator ToxT, which subsequently transactivates expressions of two crucial virulence factors:
toxin-coregulated pilus and cholera toxin (CT). These factors are responsible for intestinal colonization of V. cholerae
and induction of fluid secretion, respectively. In intestinal epithelial cells, CT binds to GMI ganglioside receptors
on the apical membrane and undergoes retrograde vesicular trafficking to endoplasmic reticulum, where it exploits
endoplasmic reticulum-associated protein degradation systems to release a catalytic Al subunit of CT (CT Al) into
cytoplasm. CT Al, in turn, catalyzes ADP ribosylation of o subunits of stimulatory G proteins, leading to a persistent
activation of adenylate cyclase and an elevation of intracellular cAMP. Increased intracellular cAMP in human
intestinal epithelial cells accounts for pathogenesis of profuse diarrhea and severe fluid loss in cholera. This review
provides an overview of the pathophysiology of cholera diarrhea and discusses emerging drug targets for cholera,
which include V. cholerae virulence factors, V. cholerae motility, CT binding to GMI receptor, CT internalization and
intoxication, as well as cAMP metabolism and transport proteins involved in cAMP-activated ClI- secretion. Future

directions and perspectives of research on drug discovery and development for cholera are discussed.

Cholera is a life-threatening infectious dis-
ease caused by intestinal infection with
Vibrio cholera. The vast majority of cholera is
caused by the cholera toxin (CT)-producing
V. cholerae strains of O1 and O139 serogroups
(1.2]. The characteristic symptoms of cholera
patients are severe rice-water diarrhea and vom-
iting (1]. The volume of diarrheal fluid may be
as high as 1 I/h. Both vomiting and severe diar-
rhea put patients at high risk of having severe
dehydration and hypovolemic shock, which may
result in fatality unless appropriate treatment is
provided. The mainstay therapy of cholera is an
oral rehydration solution (ORS), which effec-
tively improves hydration and reduces mortality
rate from approximately 50 to 1% in cholera
patients [1]. However, there are some limita-
tions in the use of ORS, such as its inability to
reduce stool output, lack of clean water supplies
in epidemic areas and its ineffectiveness in cases
with severe diarrhea (which constitutes approxi-
mately 20% of all cholera cases). On the other
hand, antibiotic treatments are recommended
only in moderate and severe cases. Indeed, treat-
ments with antibiotics have been demonstrated
to reduce the duration of diarrhea and stool
volume by 50%, decrease the amount of intra-
venous fluid required to restore hydration and
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to shorten the period of V. cholerae excretion
from more than 5 days to 1-2 days [3]. However,
the use of antibiotics may not be a sustainable
therapeutic option for cholera due to the contin-
ued emergence of antibiotic-resistant V. cholerae.
In recent years, a considerable effort has been
made to develop novel cholera therapeutics that
can reduce diarrheal fluid loss by targeting the
components of V. cholerae or intestinal epithe-
lial cells. This review provides an overview of
pathophysiology of diarrhea in cholera and a
comprehensive update on emerging drug targets
for cholera.

Global burden of cholera

According to the report of the WHO, in the
past few years there is an increased trend in
cholera outbreaks. In 2011, approximately
600,000 cases of cholera and 8000 deaths were
reported to WHO, which are nearly double of
those in 2010. In addition, the areas with chol-
era outbreaks have recently been shifted from
Africa to the Americas. Specifically, during
1996-2009 the major proportions of cholera
cases were from Africa, while in 2010-2011
they were from the Americas, especially Central
and South Americas. The increase in cholera
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Key Terms

Cholera toxin: Enterotoxin
causing watery diarrhea in
cholera. After binding to GMI
ganglioside receptors on the
apical membrane of
enterocytes, cholera toxin (CT)
is endocytosed and retrogradely
transported to ER, where the
CT Al subunit is liberated and
retrotranslocated into the
cytoplasm. CT Al causes an
elevation of intracellular cAMP,
resulting in an activation of
transepithelial Cl- secretion and
an inhibition of Na* absorption
by Na*—H* exchangers. Both of
these effects of CT are
responsible for intestinal fluid
loss in cholera patients.

Toxin-coregulated pilus:
Encoded by tcpA genes,
toxin-coregulated pilus (TCP) is
type IV pilus located in the cell
membrane of Vibrio cholerae.
TCP is a self-interacting
structure that plays an
important role in V. cholerae
colonization by mediating
bacterial microcolony formation,
bacterial attachment to
intestinal epithelial cell surface
and secretion of a soluble
bacterial colonizing factor TcpF.
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outbreaks are thought to be attributable to
global warming. It is evidenced that global
warming causes changes in sea-surface tem-
perature, sea-surface height, El Nifio-southern
oscillation and rainfall patterns. All of these
environmental factors promote multiplications
of ecological hosts of V. cholerae including zoo-
plankton, shellfish and aquatic plants, which,
therefore, enhance V. cholerae transmission
and cholera endemics, especially in the areas
with poor sanitation or where clean drinking
water is not available (e.g., during a flood or
earthquake) (45]. Interestingly, using a model
of cholera burden in Tanzania, it was predicted
that for an increase in 1°C of temperature, an
incidence of cholera outbreak increases by
15-29%. In addition, the size of cholera out-
breaks is expected to gradually increase due to
the global warming and lower immunity of
human and, by 2030, national expenses attrib-
utable to cholera will be 0.32-1.4% of GDP
[6]. With persistent global warming, cholera is
speculated to continue to pose an adverse health
impact on world populations.

Current management of cholera
As mentioned above, the mainstay therapy of
cholera is the use of an ORS. The principal com-
positions of ORS are NaCl and sugar, which are
absorbed together with water in the small intes-
tine, thereby replenishing body fluid loss, allevi-
ating dehydration and effectively saving the life
of cholera patients. However, ORS is ineffective
in 20% of cholera patients who have severe diar-
thea [7]. Dehydration in this group of patients
rapidly progresses to hypovolemic shock and
death unless an intravenous fluid replacement is
appropriately given. This group of patients com-
prises the major proportions of cholera deaths 7).
In addition to ORS, the use of antibiotic drugs
is recommended for patients with moderate to
severe dehydration (7). Treatment with anti-
biotics has been shown to reduce the duration of
diarrhea and lower the amount of fluid replace-
ment required in cholera patients. In spite of the
effectiveness of these treatment maneuvers, the
overall case fatality rate of cholera is still high
especially in the resource-limited settings, such
as during large cholera outbreaks and natural
disasters, and in rural or remote areas where
transportation to hospitals is difficult (78].
Vaccination represents a promising approach
for prevention of cholera. Oral killed vaccines
have been demonstrated to be safe and immu-
nogenic. The overall protective efficacy of these

Future Med. Chem. (2013) 5(7)

vaccines is 60—85% for 2—3 years, despite a
shorter duration of protection among children
[9-15]. Recent updates on vaccines against cholera
have been reviewed elsewhere [16,17].

Pathophysiology of cholera

Upon being ingested, V. cholerae passes through
stomach and colonizes mainly in small intes-
tine. Ficure | provides a comprehensive view of
cholera pathogenesis. Pathogenesis of cholera
requires regulated expressions by V. cholerae of
several virulence factors, of which the two most
important factors are toxin-coregulated pilus
(TCP) and CT [18]. TCP, a membrane-span-
ning type IV pilus encoded from zcpA operon
of V. cholerae, is required for intestinal coloni-
zation of V. cholerae. The specific roles of TCP
in establishing V. cholerae colonization are to
allow formation of bacterial microcolony, medi-
ate bacterial attachment to intestinal epithelial
cells and to secrete colonization factor TepF
(19]. CT, a type of AB5 toxin encoded by czxAB
genes of V. cholerae, accounts for severe diar-
rhea symptoms in this disease [8,20]. An expres-
sion of these two important virulence factors is
regulated by a transcription regulatory network
involving ToxR, TcpP and ToxT [21]. Being a
key transcription factor regulating pathogenic
potential of V. cholerae, ToxT (a transcrip-
tional activator encoded from zox7 operons)
concomitantly activates transcription of both
ctxA and #cpA operons [22]. ToxT expression is
transcriptionally stimulated by two transcrip-
tion activators including TepP and ToxR, whose
activities depend on environmental conditions
such as pH, osmolarity, nutrient composition,
and bacterial density (22,23]. In addition to the
two virulence factors, motility of V. cholerae
plays a crucial role in cholera pathogenesis [24].
It enables V. cholerae to colonize and spread
along the small intestine as well as to transmit
to new hosts. V. cholerae motility is provided by
the motor function of its single polar flagellum,
which is energized by the electrochemical Na*
gradients generated by Na'-pumping NADH:
quinone oxidoreductase [25]. Functional flagel-
lum needs expressions of many genes includ-
ing FlaA, alternative RNA polymerase sigma
subunits ¢’* and 6?*, and multiple transcrip-
tional regulators [2¢]. Interestingly, a disrup-
tion of flagellar motility was demonstrated to
decrease expressions of CT and TCP, suggesting
that flagellar motor plays a role in determining
V. cholerae virulence and may serve as a drug
target for cholera therapy [27-29].

future science group



Cholera: pathophysiology & emerging therapeutic targets I ReviEW

Flagellum

Vibrio cholera

NADH: quinone'
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Figure 1. Overview of pathogenesis of cholera. Vibrio cholerae expresses two important virulence factors, CT and TCP, in a

ToxT-dependent manner. Encoded by toxT gene, ToxT transactivates expression of ctxAB and tcpA genes, which are encoded for CT

and TCP, respectively. TCP is localized to the bacterial cell membrane and required for intestinal colonization of V. cholerae. In addition,
V. cholerae possesses a Na* motive force-driven single-sheathed flagellum, making them highly motile. CT is endocytosed into intestinal
epithelial cells and transported retrogradely to the endoplasmic reticulum, where CT A1 subunit is released and dislocated into

cytoplasm. In the cytoplasm, CT A1 subunit activates G, , leading to activation of AC and elevation of intracellular CAMP. Increased
intracellular CAMP then causes stimulation of cystic fibrosis transmembrane conductance regulator and/or inwardly rectifying Cl-
channel-dependent CI- secretion and inhibition of Na* absorption through NHE, resulting in effluxes of Na* and water and, hence,

secretory diarrhea.

CFTR: Cystic fibrosis transmembrane conductance regulator; CT: Cholera toxin; IRC: Inwardly rectifying CI- channel; NHE: Na*—H*

exchanger; TCP: Toxin-coregulated pilus.
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Key Term

Cystic fibrosis
transmembrane
conductance regulator:
cAMP-activated CI- channel
expressed in the apical
membrane of epithelial cells in
many organs including lung,
intestine, kidney, pancreas and
testis. A loss-of-function
mutation of cystic fibrosis
transmembrane conductance
regulator genes causes cystic
fibrosis, which is the most
common genetic disease in
Caucasians and characterized by
recurrent pulmonary infection
with deterioration of lung
function, pancreatic insufficiency
and intestinal obstruction.

Na*-K* ATPase
K+

NKCC1 \

—

Na* —Na*
2CI— —CI
K+ —_— K+
K* channel

Profuse diarrhea in cholera results from the
effects of enterotoxins produced by V. cholerae
on intestinal ion transport. The most important
enterotoxin implicated in the pathogenesis of
diarrhea in cholera is CT [30]. CT is composed
of an A subunit and five binding B subunits. A
subunit is composed of an enzymatic Al chain
and an A2 connecting chain, which links the
Al chain to the B subunits. After binding to
GMLI receptor on intestinal epithelial cells via
its B subunits, CT is endocytosed and cleaved
to release Al chain, which catalyzes ADP ribo-
sylation of stimulatory G protein alpha subunit
(G,) resulting in constant activation of AC
activity and increased intracellular cAMP lev-
els in intestinal epithelial cells [30]. An increase
in intracellular cAAMP levels, in turn, activates
transepithelial Cl secretion, which provides a
driving force for movement of Na* and H,O
into intestinal lumen causing net fluid secre-
tion. In addition, increased cAMP levels cause
an inhibition of Na'—H"* exchangers, which
mediate Na* absorption in the distal small
intestine and proximal colon [30]. Outpouring
of Cl-driven intestinal fluid in the small
intestine together with impaired fluid absorp-
tion capability in distal small intestine and
proximal colon account for excessive diarrhea
and lethal volume loss in cholera (Ficure I).
Ficure 2 depicts transport proteins involved

Epacl—— Ca2+ IRC

CIr

TCAMP

\PKA /

CFTR

Figure 2. Transport proteins involved in cAMP-activated Cl- secretion by
enterocytes. An increase in intracellular cAMP stimulates two apical CI- channels,
CFTR and IRC, via PKA and exchange protein directly activated by cCAMP1 (Epac1)-
mediated pathways, respectively. Cl-is taken up via NKCC1. Na* and K* entering
into the cells via NKCC1 are recycled back to the serosa by Na*—K* ATPase and
cAMP-activated K* channel, respectively.

CFTR: Cystic fibrosis transmembrane conductance regulator; IRC: Inwardly
rectifying Cl- channel; NKCC1: Na*—K*-2Cl|- cotransporter 1.
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in cAMP-activated transepithelial Cl secre-
tion across intestinal epithelial cells. Briefly,
Cl is taken up across the basolateral mem-
brane by isoform 1 of Na'-K'-2Cl" cotrans-
porters (NKCC1) and secreted into luminal
side via apical chloride channels, namely the
cystic fibrosis transmembrane conductance
regulator (CFTR) and inwardly rectifying CI
channel (IRC). The latter is activated by cAMP
via Epacl-Rap 2-PLC—[Ca*]. pathways. In
addition, Na'~K* pumps and K* channels,
which are located in the basolateral membrane,
are involved in mediating the recycle of Na*
and K* back to the serosa, respectively. A spe-
cific type of K* channel associated with cAMP-
activated Cl secretion is a KCNQI1/KCNE3

channel [31,32].

Therapeutic targets of cholera

m Targeting bacterial virulence

Expression of virulence factors

Most of current antibiotics exert bactericidal
or bacteriostatic effects by targeting genes/
their products essential for bacterial survival
or growth. Antibiotic treatment, thus, serves
as an environmental pressure contributing
to emergence of antibiotic-resistant bacteria.
Due to the evolving resistance of V. cholerae
to traditional antibiotics and better under-
standing of V. cholerae virulence regulation,
recent development of antimicrobial therapy
against V. cholerae has focused on pharmaco-
logical inhibition of bacterial virulence. It has
been known that virulence factors required for
pathogenicity of V. cholerae are CT and TCP
(21]. Gene expression analysis of V. cholerae in
the small intestine of infant mice demonstrated
that expression of TCP precedes that of CT [33].
Expressions of these two virulence factors are
regulated by a transcription activator ToxT.
High-throughput screening of 50,000 small
molecules using assays of czxAB promoter activ-
ity led to identification of virstatin (4-[/V-(1,8-
naphthalimide)]-#-butyric acid) as an inhibitor
of ToxT-induced virulence expression (Ficure 3)
(34]. Various experimental strategies confirmed
that the inhibition of V. cholerae virulence fac-
tor expression by virstatin is post-translational
(34]. In addition, administrations of virstatin at
the same time with V. cholerae inoculation or
after establishment of V. cholerae colonization
(12 h after inoculation) were equally effective
in preventing colonization of a TCP-dependent
V. cholerae strains, but not TCP-independent
V. cholerae strains in infant mice [34]. Efficacy
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of post-colonization treatment suggests thera-
peutic utility of virstatin or other inhibitors of
bacterial virulence in the treatment of cholera,
in which bacterial colonization is already estab-
lished at the time of cholera case management.
Subsequently, Shakhnovich and colleagues
demonstrated that ToxT transcription activa-
tion of CT and TCP requires ToxT dimeriza-
tion through an interaction of its N-terminal
(35]. They further demonstrated that virstatin
suppressed expressions of CT and TCP by dis-
rupting ToxT dimerization (35]. Interestingly,
studies from the same research group dem-
onstrated that colonization of some strains of
non-O1/non-O139 serotypes of V. cholerae was
resistant to virstatin because their colonization
requires TCP-independent mechanisms and/or
uses virstatin-resistant ToxT [29,36]. Nonetheless,
due to the widespread and high pandemic
potential of V. cholerae O1 strains, virstatin
may be of significant benefit in the treatment
of endemic cholera.

Some natural compounds were also reported
to possess inhibitory effect on V. cholerae viru-
lence expression. Chatterjee ez a/. demonstrated
that a methanol extract of red chili, containing
capsaicin as a main active ingredient, inhibited
CT expression in V. cholerae (Ficure 3) [37]. It
was also observed that capsaicin suppressed
the expressions of rox7, ctxAB and #pA genes
in several epidemic strains of V. cholerae (37).
The mechanism of virulence inhibition by cap-
saicin was proposed to involve upregulation
of hns gene expression (37]. The hns genes are
encoded for H-NS, which downregulates sev-
eral virulence genes including zox7; ctxAB and
tcpA [37). Recently, it has been demonstrated
that the mechanism for H-NS-induced tran-
scriptional repression of czxAB and rcpA genes
involves direct binding of H-NS to the promot-
ers of ctxAB and rcpA genes [38]. Future studies
should be performed to investigate the effect of
capsaicin on V. cholerae colonization and diar-
rhea illness using iz vivo models of V. cholerae
infection.

Motility of V. cholerae

Motility of V. cholerae is crucial for both patho-
genesis of cholera and V. cholerae transmission.
V. cholerae is highly motile due to the function
of its single-sheathed polar flagellum, whose
rotary motion is driven by a transmembrane
Na* gradient (Na* bioenergetics) generated by
Na*-pumping NADH:quinone oxidoreduc-
tases and Na'—H"* exchangers [2539]. Motility
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Figure 3. Inhibitors of Vibrio cholerae virulence expression and motility.

Virstatin and capsaicin are inhibitors of ToxT-induced virulence expression, and

Q24DA is an inhibitor of Vibrio cholerae motility.

enables V. cholerae to form biofilms on chitin-
ous surface in aquatic environment, establish its
colonization in the small intestine, detach and
distribute along the GI tract, and to return to
the environment. In addition, several studies
suggested that flagellar motility may play roles
in the regulation of expression of V. cholerae vir-
ulence factors including TCP and CT [28,29.40].
Based on this background, motility is recog-
nized as one of the attractive drug target for
treatment of cholera. High-throughput screen-
ing of approximately 8000 small molecules
using modified soft agar bacterial-motility
assays, whose readout could differentiate
between antimotility and bactericidal com-
pounds, revealed that quinazoline-2,4-diamino
analogs are a novel class of V. cholerae motility
inhibitors [41]. A lead compound Q24DA was
demonstrated to suppress the motility of the
Na*-driven flagellum motor of V. cholerae by
targeting the Na’-driven membrane transport
system without affecting flagellum formation
and H*-driven flagellum motor used by other
types of motile bacteria such as Escherichia coli
and Salmonella typhimurium (Ficure 3) [41].
Furthermore, it was demonstrated that Q24DA
reduced V. cholerae biofilm formation and
expressions of TCP and CT, and inhibited
intestinal fluid accumulation in rabbit models
of V. cholerae-inoculated ileal loops [41]. Due
to their ability to inhibit V. cholerae virulence
expression, this class of compounds may be
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used as a chemical genetics tool for exploring a
complex link between flagellum motility and
regulation of virulence factor gene expression,
which are largely unknown at present.

m Targeting CT binding & processing in
intestinal epithelial cells

Massive diarrhea in cholera results from pro-
secretory effects of CT upon intestinal epithelial
cells. After binding to apical membrane-facing
ganglioside GMI receptors, CT is endocytosed
into intestinal epithelial cells and subsequently
processed to release catalytic Al chain into the
cytosol, where it induces intracellular cAMP
elevation causing net intestinal fluid secretion.
Inhibition of CT binding to GM1 receptors and
intracellular processing of CT are regarded as
potential prophylactic/therapeutic approaches
for cholera. These pharmacological strategies
may overcome issues of drug resistance and
heterogeneity of V. cholerae virulence mecha-
nisms as found with drugs acting directly upon
V. cholerae.

CT binding to ganglioside GMI receptors

As mentioned earlier, CT binds to ganglioside
GMLI receptors via their pentameric B subunits
before being internalized into enterocytes and
inducing subsequent cellular intoxication. Since
the elucidation of the high-resolution struc-
ture of unbound CT and GM1-bound CT [42],
structure-based designs have yielded a number
of CT-GM1-receptor binding inhibitors, most
of which were designed to bind to GM1 recep-
tor binding sites on the surface of the B sub-
units of CT. As it is known that CT B subunit
binds to galactose moieties of GM1 receptors,
an early effort to develop CT-binding inhibi-
tors was focused on structural modifications
of galactose. This approach led to identifica-
tion of m-nitrophenyl-a-p-galactopyranoside
(MNPG), which has approximately 100-fold
higher potency for inhibiting CT-GMI1 recep-
tor binding than the parent compound galac-
tose (FiGure 4) [43]. Subsequent structure-based
synthesis of MNPG analogs (so called ‘anchor-
based design’) with MNPG serving as CT
binding ‘anchor’ provided several CT binding
antagonists with improved inhibition potency
(Ficure 4) [44-46). Interestingly, a considerable
improvement in potency of CT-binding inhibi-
tors was accomplished through a multivalent
approach. In this approach, pentameric or
decameric ligands consisting of CT-binding
moieties, linkers and cores were designed based

Future Med. Chem. (2013) 5(7)

on pentameric structure of CT B subunits
(FiGure 4) [47,48). It was demonstrated that the
potency of these penta- and deca-meric ligands
was improved by approximately five—six orders
of magnitude (47.48]. Their CT-binding inhibi-
tion potency was determined by the length of
linkers and the affinity of individual binding
moieties [47.48]. Recently, the cubic mesophase
containing ganglioside GM1 and the synthetic
surfactant phytantriol were developed and dem-
onstrated to be polyvalent CT-binding inhibi-
tors with an IC, of approximately 100-270 nM
[49]. The potency of this mesophase contain-
ing GM1 ganglioside largely depends on the
internal surface area of the inverse cubic phase
and the matching of GM1 orientation with
its binding pockets on the surface of CT [49].
Since both penta- and deca-valent galactose-
based ligands and polyvalent GM1-containing
cubic mesophase debilitate the binding capacity
of CT, they are speculated to be of particular
benefit for prophylactic utility during cholera
outbreaks [49]. However, the therapeutic val-
ues of these CT-binding blockers are currently
unknown and, thus, need to be evaluated in
future studies using animal models of cholera,
in which these compounds are given after the
onset of diarrhea.

Intracellular processing of CT in intestinal
epithelial cells

After binding to GM1 receptors, CT is inter-
nalized into intestinal epithelial cells by endo-
cytosis and transported retrogradely through
early/sorting endosome compartment, rrans-
Golgi network and endoplasmic reticulum
(ER), respectively (Ficure 5) [50]. In the ER, a
catalytic Al chain is dissociated from the A2
chain and B subunits via mechanisms requir-
ing PDI and Erolp [51]. The unfolded A1 chain
then interacts with ERdj3 and BiP [52], before
being retro-translocated into cytosol with the
aid of proteins in ER associated degradation
(ERAD) pathway TorsinA, gp78/Hrdl and
Derlin-1 [53-61]. In the cytosol, Al chain is
rapidly refolded by Hsp90, thereby escaping
proteasome-mediated degradation and pro-
ceeding to catalyze ADP ribosylation of G, le2].
Many sites along the CT retrograde transport
processes have been proposed as potential drug
targets to prevent CT toxicity.

Lipid rafts, a microdomain of plasma mem-
brane comprising sphingomyelin and choles-
terol, have been suggested to act as a platform
for CT-GMI1 receptor endocytosis and might
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Figure 4. GM1 and cholera toxin binding inhibitors. GM1, MNPG, and anchor-based,
pentavalent, decavalent and cubic mesophase polyvalent cholera toxin binding inhibitors.
CT: Cholera toxin; MNPG: m-nitrophenyl-a-p-galactopyranoside.

be the target sites of anti-CT toxicity therapy
(Ficure 5) [63]. Saslowsky and Lencer demon-
strated that conversion of sphingomyelin in
lipid rafts, in apical membrane to ceramide
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by bacterial sphingomyelinase, reduced CT-
induced CI secretion in T84 cell monolayers by
up to approximately 50% [64]. They also found
that sphingomyelinase treatment significantly
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Figure 5. Intracellular processing of cholera toxin in intestinal epithelial cells. After binding
to GM1 receptor in lipid rafts, CT is endocytosed and transported through endosomes, Golgi and
endoplasmic reticulum, respectively. In the endoplasmic reticulum, CT A1 is dissociated from CT A2
and B subunits by PDI and Erol1p. Then, the dissociated CT A1 unfolds spontaneously and interacts
with ERdj3 and BiP. With the aid of Torsin A, gp78/Hrd1 and Derlin-1, unfolded CT A1 is
retrotranslocated into the cytoplasm, where it is refolded by Hsp90. CT A1 then causes cCAMP
elevation and consequent diarrhea. Glycerol and 4-phenylbutyric acid inhibit unfolding of CT A1
and its relocalization into cytoplasm, whereas geldanamycin inhibits Hsp90, thereby preventing

refolding of CT A1 in the cytosol.
CT: Cholera toxin.

impaired CT endocytosis despite intact CT traf-
ficking to ER [64]. It was, therefore, suggested
that sphingomyelinase-induced inhibition of
CT toxicity resulted from diminished ERAD-
mediated retrotranslocation of CT Al subunit
into the cytosol [64].

In addition to lipid rafts, CT Al chain
unfolding (in ER) and refolding (in cytosol)
have been considered as promising drug tar-
gets, whose inhibition was found to prevent
CT intoxication. It is known that CT Al chain
unfolds spontaneously in ER due to its thermal

Future Med. Chem. (2013) 5(7)

instability [65]. Unfolded CT Al chain is able
to hijack ERAD system for its ER-to-cytosol
translocation. Massey ez a/. demonstrated that
thermal stabilization of the tertiary structure of
a CT Al subunit with 10% glycerol inhibited
CT Al retrotranslocation into the cytosol, and
thereby prevented CT intoxication (Ficure 5)
[66]. However, glycerol is not a practical thera-
peutic option for the treatment of cholera due
to its possible serious side effects such as head-
ache, nausea, vomiting, diarrhea and hemolysis.
To implement this strategy into the therapy of
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cholera, it is, therefore, of particular importance
to identify other chemical and pharmacological
chaperones that stabilize CT Al chain in ER
without producing undesirable adverse effects.
Interestingly, 4-phenylbutyric acid (PBA), a
chemical chaperone approved by the US FDA
for the treatment of urea-cycle disorders, has
recently been found to potently inhibit CT Al
unfolding and ER-to-cytosol exit by inducing
thermal stability of both secondary and tertiary
structures of CT Al [67]. Detailed mechanis-
tic analysis indicated that PBA directly binds
to CT Al chain (K ~9 nM), possibly at the
C-terminal A1, subdomain of CT Al, in which
temperature-induced loss of CT Al structure
begins [68]. It was also found that PBA had no
effect on CT trafficking to ER, CT Al dissocia-
tion from CT A2 and B subunits, and activities
of ERAD system [¢7]. Importantly, it was found
that PBA suppressed CT-induced cAMP eleva-
tion in HelLa cells in a dose-dependent manner
(67. In models of rat ileal loop, PBA admin-
istered into either peritoneum (prior to CT
injection) or ileal loops (co-injection with CT)
reduced CT-induced intestinal fluid secretion
by approximately 75% (67]. This result indicated
that PBA represents potential drugs for prevent-
ing diarrhea in cholera. Future investigations
are required to determine the therapeutic effi-
cacy of PBA in animal models of cholera, to
which PBA is administered after the onset of
CT-induced diarrhea.

Since CT-induced cellular intoxication
requires Hsp90-mediated cytosolic refolding
of CT Al, Hsp90, therefore, represents another
promising target for cholera therapy (Ficure 5).
A recent study by Taylor er al. demonstrated
that cytosolic Hsp90 binds to CT Al [62]. In
addition to inhibiting CT Al refolding in the
cytoplasm, it was also demonstrated that an
Hsp90 inhibitor, geldanamycin, prevented CT
Al retrotranslocation into the cytosol as well as
CT intoxication in both cell cultures and rat
ileal loops [62]. Accordingly, it was suggested that
Hsp90-mediated cytosolic refolding of CT Al
provides the driving force for dislocation of CT
Al from ER to cytosol [62]. Hsp90, therefore,
represents another attractive target for prevent-
ing CT intoxication and intestinal fluid loss in
cholera.

Of particular interest, natural compounds,
including plant polyphenols and resveratrol,
have been demonstrated to disrupt host-CT
interactions. Resveratrol was found to inhibit
CT-induced cAMP accumulation in Vero cells
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by inhibiting endocytosis, intracellular traffick-
ing and enzymatic activity of CT [69]. Likewise,
apple and hop-bract extract polyphenols were
found to inhibit CT intoxication in Vero cells
by suppressing CT binding to cell surface, and
inhibiting internalization and enzymatic activity
of CT (70.71]. Natural phenolic compounds, thus,
hold therapeutic potential in the treatment of
cholera due to their ability to disrupt hose—CT
interactions via multiple mechanisms.

m Targeting signaling & transport proteins

in host cells

Intracellular cAMP signaling

ADP ribosylation of G by CT causes a con-
stant activation of membrane-bound AC, lead-
ing to increased intracellular cAMP and con-
sequent secretion of water and electrolytes by
enterocytes. Modulation of cAMP signaling is,
therefore, regarded as a promising therapeutic
approach to reduce intestinal fluid loss in chol-
era (Ficure 6). Levels of intracellular cAMP are
determined by activities of AC and PDE. The
former enzyme generates cAMP in response to
G, activation, while the latter enzyme catalyzes
degradation of cAMP into AMP. In addition,
stimulation of certain membrane receptors such
as calcium-sensing receptor (CaSR) and type
2 lysophosphatidic acid receptor (LPA) were
shown to suppress intracellular cAMP levels
via mechanisms involving PDE activation and
AC inhibition, respectively [72,73]. Therefore,
AC, PDE, CaSR and LPA, receptors represent
therapeutic targets for antisecretory therapy of
cholera.

By screening a compound library using
E. coli heat-stable toxin (STa)-stimulated cGMP
accumulation assays, Kots ez a/. identified
5-(3-bromophenyl)-1,3-dimethyl-5,11-dihydro-
1H-indeno[2°,1":5,6] pyrido[2,3-d] pyrimi-
dine-2,4,6-trione (BPIPP) as an inhibitor of
both AC and guanylyl cyclase in several types of
cells including human intestinal epithelial cells
(Ficure 6) [74]. Of particular interest, BPIPP was
found to inhibit CT-induced cAMP accumula-
tion in lung fibroblast RFL-6 cells, CT-induced
chloride transport in T84 human intestinal
epithelial cells and STa-induced intestinal fluid
secretion in rabbit ileal loop models [74]. Further-
more, it was suggested that the mechanisms by
which BPIPP inhibits the cyclic-nucleotide syn-
thesis are indirect on AC and guanylyl cyclase,
and may involve PLC and tyrosine-specific phos-
phorylation (74]. Future studies are required to
identify specific targets of this compound, which
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Lysophosphatidic acid

Figure 6. Targets at cAMP metabolism in intestinal epithelial cells. CT activates AC, which, in turn, increases intracellular cAMP
levels. Intracellular cAMP is degraded by PDE. An elevation of intracellular cAMP induces Cl-secretion via the CFTR and IRC, and inhibits
Na* absorption via NHE. Stimulation of LPA, receptor by lysophosphatidic acid and CaSR by R-568 abrogates CT-induced increases in
intracellular cAMP via inhibition of AC and stimulation of Ca?*-sensitive PDE, respectively. Suppresion of intracellular cAMP is also

achieved by BPIPP and CNT, -03, which inhibits AC and stimulates PDE, respectively.

BPIPP: 5-(3-bromophenyl)-1,3-dimethyl-5,11-dihydro-1H-indeno[2",1":5,6]pyrido[2,3-d] pyrimidine-2,4,6-trione; CaSR: Ca?*-sensing
receptor; CFTR: Cystic fibrosis transmembrane conductance regulator; CT: Cholera toxin; IRC: Inwardly rectifying CI- channel;

NHE: Na*—H* exchanger.
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may allow for the identification of novel path-
ways regulating intracellular cyclic-nucleotide
synthesis, as well as provide scientific basis for
therapeutic use of this compound in secretory
diarrhea including cholera.

Another class of cyclic-nucleotide suppressors
with therapeutic utility in cholera are the thio-
phenecarboxylates, which were identified from

Future Med. Chem. (2013) 5(7)

high-throughput screening of 50,000 small
molecules using ‘Pathway’ assays in Fisher rat
thyroid cells stably expressing the vasopressin-2
receptors, halide-sensitive yellow fluorescent
proteins and human CFTR chloride channels
(Ficure 6) [75]. In this Pathway assay, a vasopres-
sin-induced increase in CFTR conductance was
used as a read-out for vasopressin-stimulated
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intracellular cAMP elevation [75]. CNT, -03,
a representative analog of 2-(acylamino)-
3-thiophenecarboxylates, was identified from
primary screening and subjected to subsequent
investigations of its mechanism of action and
potential therapeutic applications in secretory
diarrhea and polycystic kidney disease (PKD)
(75]. PKD is a genetic disease characterized by
enlarging renal cysts, whose growth is driven by
a high intracellular cAMP level. It was found
that CNT_ -03 suppressed elevations of intra-
cellular cAMP and ¢GMP induced by various
agonists, possibly via PDE activation mecha-
nisms [75]. In addition, this compound inhibited
CT- and STa-induced transepithelial Cl secre-
tion across T84 cell monolayers and abrogated
CT- and STa-induced intestinal fluid secretion
in mouse closed-loop models without affecting
fluid absorption [75]. In vitro renal cyst models
using Madin-Darby canine kidney cells dem-
onstrated that CNT, -03 suppressed both cyst
formation and growth activated by forskolin, an
AC activator [75]. This class of PDE activators,
therefore, holds promise for therapeutic uses in
both cholera and PKD.

CaSR has also been recognized as a prom-
ising therapeutic target for cholera (Ficure 6).
CaSR was found to express in both apical and
basolateral membranes of intestinal epithelial
cells, in which it senses concentration of extra-
cellular Ca® as a primary messenger and trig-
gers PLC/IP -dependent release of intracellular
Ca?* store [76¢]. It was found that both extracel-
lular Ca?* and small-molecule CaSR agonist,
R-568, inhibited CT-induced fluid secretion
and reversed CT-induced inhibition of fluid
absorption in rat perfused crypts by stimulating
PLC-dependentactivation of PDE [72]. Since the
principal function of PLC is to liberate mem-
brane phospholipid-derived IP, thereby releas-
ing intracellular Ca?* stores, Ca**-calmodulin-
dependent isoforms of PDE, such as PDEL, are
likely to be involved in CaSR-mediated cyclic
nucleotide degradation [21].

Recently, LPA, receptor agonists have also
been proposed to hold therapeutic potential in
the treatment of cholera (Ficure 6). LPA, recep-
tor is a G-coupled receptor that is responsive
to lysophosphatidic acid (LPA) enriched in hen
egg yolk and white, and in (LPA-enriched) soy
lipid extract. LPA receptors are expressed in the
CFTR-containing macromolecular complex in
the apical membrane, in which LPA, receptors
and CFTR are held together through PSD95-
Dlg—Z0-1 interaction with NHERF?2 [73.77). LPA
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was found to inhibit CFTR-mediated CI secre-
tion in both isolated mouse intestine and mono-
layers of epithelial cell lines in a compartmental-
ized manner [73]. The mechanism by which LPA
inhibits CFTR-mediated Cl current has been
demonstrated to involve G -mediated inhibition
of AC activity [73]. Importantly, LPA adminis-
tration markedly reduced CT-induced intestinal
fluid accumulation in both open- and closed-loop
mouse models [73]. These findings indicated that
LPA, receptor represents another viable target for
development of cholera pharmacotherapy.

lon transport proteins

Massive intestinal fluid loss in cholera results
from the effects of CT to induce cAMP-
activated CI secretion by enterocytes, which,
in turn, drives fluxes of Na* and water into intes-
tinal lumen. The transport proteins involved in
cAMP-activated CI secretion include cAMP-
activated apical Cl channels (i.e., CFTR and
IRC), cAMP-activated basolateral K* channels
(i.e., KCNQI/KCNE3), Na'—K* ATPases and
Na'-K*-2Cl cotransporters (i.e., isoform 1 or
NKCC1) (78]. Therefore, these transport pro-
teins serve as potential drug targets for cholera,
except Na'—K* ATPases due to their ubiquitous
expression in mammalian cells and fundamental
roles in cell functions. Developing antisecretory
therapy by targeting CEFTR has progressed far
beyond other transport proteins. This is partly
due to the aid of high-throughput screening
technology, the need for CFTR inhibitors to
study pathogenesis of cystic fibrosis, the role of
CFTR as a rate-limiting step in transepithelial
fluid secretion in enterocytes and possible seri-
ous side effects caused by inhibition of NKCCl1
(such as deafness; NKCCI is involved in estab-
lishing high concentration of K* in the endo-
lymph of cochlea) and KCNQI1/KCNE3 K*
channels (such as cardiac arrhythmia; KCNQ1/
KCNES3 plays a role in repolarization of cardiac
action potential). As CFTR serves as the most
favorable drug target for cholera, we will review
CFTR inhibitors that have been identified to
date with emphases on their discovery and
pharmacological properties especially potency,
mechanism of action and antidiarrheal efficacy.

CFTR inhibitors originated from high-throughput
screening

Several new classes of CFTR inhibitors with
potential utility in cholera have been identi-
fied by high-throughput screening of a small-
molecule library using cell-based assays of
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Figure 7. Cystic fibrosis transmembrane conductance regulator inhibitors
identified by high-throughput screening.
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CFTR conductance developed by Verkman
and colleagues [79]. These inhibitors include
chemical classes of thiazolidinone, glycine and
malonic acid hydrazides (MalH), and quinoxa-
linedione (Ficure 7). Mechanistic studies indi-
cated that thiazolidinone and quinoxalinedione
CFTR inhibitors bind to the intracellular sur-
face of CFTR, while glycine and MalH occlude
CFTR pores at extracellular surface [80-83]. The
most potent thiazolidinone and quinoxalin-
edione CFTR inhibitors are CFTR.  -172 and
benzopyrimido-pyrrolo-oxazine-dione (BPO-
27), respectively, both of which have submicro-
molar potency (CFTR, -172, IC, ~200 nM;
BPO-27, IC,, ~8 nM) [82]. Both classes of
CFTR inhibitors were found to be metaboli-
cally stable in hepatic microsomes [84]. However,

Future Med. Chem. (2013) 5(7)

at physiologic pH, the potency of CFTR_ -172
in inhibiting CFTR-mediated CI secretion in
intact T84 cell monolayers is drastically reduced
by approximately tenfold (IC,| ~2 pM) due to
intracellular negativity that impedes intracel-
lular accumulation of the negatively charge-
containing CFTR_ -172 [s3]. Compared with
the two aforementioned classes of CFTR inhibi-
tors, glycine and malonic acid hydrazide, CFTR
inhibitors are less potent. Their potency are in
micromolar ranges (MalH-2, IC, | ~2-3 uM).
However, MalH has some favorable character-
istics including high water solubility (>5 mM),
impermeability through intestinal epithelial
cells and effectiveness in reducing intestinal
fluid secretion when administered into intes-
tinal lumen (80,81). The latter two properties
provide rationale for developing MalH CFTR
inhibitors to be nonabsorbable antidiarrheal
therapeutics.

In order to optimize hydrazide-containing
CFTR inhibitors for antidiarrheal applications,
several synthetic strategies have been applied
to improve their CFTR inhibition potency.
Interestingly, the potency of malonic hydrazide
CFTR inhibitors has been dramatically improved
to submicromolar ranges using two synthetic
strategies aiming to accumulate the inhibitors
in the extracellular vicinity of the plasma
membrane CFTR. The first strategy was the
synthesis of divalent MalH (Mal-PEG-MalH)
(Ficure 7) [80]. Enhancement of CFTR inhibi-
tion potency of the divalent MalH results from
increased probability of its binding to CFTR
(two CFTR-binding moieties/one molecule
of the compound), allowing accumulation of
divalent MalH at the external surface of CFTR
(80]. The second strategy was the conjugation of
MalH with lectin, which binds to extracellular
glycocalyx (Ficure 7) [81]. Tethering of MalH-
lectin to extracellular glycocalyx leads to accu-
mulation of the compound at the extracellular
surface as well as reduction in MalH-CFTR dis-
sociation. Another advantage of MalH-lectin
is its resistance to convective washout caused
by fluid secretion from intestinal crypt during
cholera diarrhea.

Thiazolidinone and hydrazide-containing
CFTR inhibitors have been extensively stud-
ied for their antidiarrheal efficacy in various
in vivo models of cholera. Intraperitoneal
administration of thiazolidinone CFTR._  -172
reduced CT-induced fluid accumulation in
mouse closed-loop models [82]. Equally effec-
tive in reducing CT-induced intestinal fluid
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accumulation was an oral administration of
CFTR,  -172 in mouse open-loop models [s2,83].
Pharmacokinetics analysis using “C-labeled
CFTR_ -172 demonstrated that CFTR, -172
underwent enterohepatic recirculation and was
primarily excreted into urine [83.84]. Likewise,
hydrazide-containing CFTR inhibitors were
effective in blocking CT-induced intestinal
fluid secretion in mouse closed-loop mod-
els and reducing mortality in CT-fed infant
mice [81.85]. It is noteworthy that quinoxalin-
edione CFTR inhibitors have not yet been
tested in animal models of cholera. Therefore,
future investigations should be performed to
compare the efficacy of these two classes of
CFTR inhibitors, that is, thiazolidinone- and
hydrazide-containing compounds, together
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with quinoxalinedione CFTR inhibitors in
more suitable cholera models, in which diarrhea
is induced by V. cholerae with no disruption of
fecal flow by intestinal ligations.

CFTR inhibitors based on natural compounds

Several classes of natural compounds have been
found to inhibit CFTR and hold therapeutic
potential in cholera. Many of these compounds
contain phenolic groups in their chemical
structures including condensed tannin (e.g.,
oligomeric proanthocyanidin), hydrolyzable
tannin, flavonoid, chalcone and xanthone
(Ficure 8). Initially, SP303, a mixture of con-
densed tannin proanthocyanidin oligomers
derived from the latex of the South American
plant Croton lechleri, was found to inhibit
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Figure 8. Natural product-based cystic fibrosis transmembrane conductance regulator inhibitors.
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CFTR-mediated CI secretion in T84 cells and
reduce CT-induced intestinal fluid secretion
in mouse closed-loop models [86]. In addition,
hydrolyzable tannin was also shown to inhibit
CFTR activity in both CFTR-transfected cells
and T84 cells, and reduce CT-induced intes-
tinal fluid accumulation in mouse closed-loop
models [87]. It was believed that both condense
and hydrolyzable tannins block CFTR by bind-
ing to the extracellular surface of CFTR due
to their molecular bulkiness, which make them
impermeant to cell membrane.

Small-molecule phenol-containing CFTR
inhibitors derived from natural products were
also shown to possess a potential benefit in the
treatment of cholera. Studies of structural deter-
minants for CFTR modulation by apigenin
indicated that flavonoids could either stimu-
late or inhibit CFTR channel activity depend-
ing on their chemical structure, the presence
of hydroxyl group in its 4" position being cru-
cial for its CFTR inhibition effect [88]. Subse-
quently, several others flavonoids isolated from
cocoa such as epicatechin, catechin, quercetin,
luteolin, baicalein and morin were also dem-
onstrated to inhibit CFTR-mediated Cl cur-
rent across 184 cell monolayers [89]. Interest-
ingly, isoliquiritigenin, a plant-derived phenolic
compound classified as chalcone, was found to
inhibit CFTR (IC,| ~20 uM) without affecting
other apical Cl channels expressed in T84 cells,
namely Ca**-activated Cl' channel and cAMP-
activated IRC [90]. Isoliquiritigenin inhibited
both CT-induced intestinal fluid accumulation
in vivo and slowed renal cyst progression in an
in vitro model of PKD [90]. Recently, hydroxyx-
anthones, a class of natural compounds abun-
dantly found in plants of Garcinia family, were
demonstrated to be inhibitors of both CFTR
and IRC, the two principal apical Cl channels
responsible for CI efflux during cAMP stimu-
lation [91]. A representative hydroxyxanthone,
1,3,6-trihydroxyxanthone, was found to inhibit
CFTR-mediated Cl current in T84 cells with
IC,; of approximately 100 pM po1). Signifi-
cantly, this compound prevented CT-induced
intestinal fluid secretion in mice.

Steviol and their derivatives derived from
stevioside, a natural sweetener isolated from
Stevia Rebaudiana Bertoni, represent another
chemical class of natural product-based CFTR
inhibitors with a potential antidiarrheal appli-
cation [92]. Among steviol derivatives, dihydro-
isosteviol was found to be the most potent in

inhibiting CFTR-mediated CI" current in T84

Future Med. Chem. (2013) 5(7)

cells with IC | of approximately 9.6 pM [93]. Its
CFTR inhibitory effect was reversible and not
associated with changes in cAMP levels and
cytotoxicity [93]. Furthermore, intraluminal
injection of dihydroisosteviol reduced intestinal
fluid secretion by approximately 90% in mouse
closed-loop models of cholera [93].

Future perpective

Although ORS and antibiotics are proven effec-
tive in saving the lives of cholera patients, novel
specific therapies are needed to fill the gap in
the management of patients with cholera. Sev-
eral therapeutic approaches targeting at either
the components of V. cholerae or the effect of its
major virulence factor (CT) on intestinal epi-
thelial cells have been introduced and proved
to be of potential utility in animal models of
CT-induced intestinal fluid secretion. However,
none of these inhibitors have been evaluated for
antidiarrheal efficacy in human cholera or ani-
mal models of cholera induced by live V. cholerae.
In recent decades, a growing body of evidence
has revealed that V. cholerae expresses many non-
CT virulence factors, which may participate in
pathogenesis of cholera [94-101]. Therefore, future
investigations should be carried out in animal
models of cholera induced by live V. cholerae to
accurately assess true benefits of these therapeu-
tic approaches. In addition, based on the current
knowledge of cholera pathogenesis, there are still
other possible drug targets that await validation
for their therapeutic values in the treatment of
cholera.
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Cholera: pathophysiology & emerging therapeutic targets

Cholera toxin (CT) is believed to be a principal virulence factor responsible for pathogenesis of diarrhea in cholera. CT induces cAMP-
activated Cl- secretion, followed by Na*and water flux into the intestinal lumen. In addition, CT-induced cAMP elevation inhibits Na*
absorption through Na*—H* exchangers. These two effects of CT result in lethal intestinal fluid loss in cholera.

Targeting bacterial virulence and motility:

These targets include determinants of its virulence factor expression and motility. ToxT is a transcriptional activator that induces
expression of two important virulence factors, CT and toxin-coregulated pilus (TCP). Virstatin and capsaicin were identified as
inhibitors of Vibrio cholerae virulence factor expression. Virstatin inhibits ToxT dimerization, which is a process required for ToxT
transcription activation of genes encoded for CT and TCP. Capsaicin reduces CT and TCP expression by suppressing the expression of
ToxT. High-throughput screening identified quinazoline-2,4-diamino analog as an inhibitor of V. cholerae motility. Rabbit ileal loop
models of cholera demonstrated that quinazoline-2,4-diamino analog was effective in reducing intestinal fluid accumulation in

cholera.

Targeting CT binding and processing in intestinal epithelial cells
After CT binding to GM1 receptor on the apical membrane of enterocytes, CT is internalized and transported retrogradely to
endoplasmic reticulum (ER). In ER, CT hijacks ER-associated protein degradation system to retro-translocated CT A1 subunit back to
cytoplasm. CT binding and intracellular trafficking represent another attractive therapeutic targets of cholera therapy. Compounds
that were previously shown to potently block CT binding include m-nitrophenyl-a-8-galactopyranoside, multivalent m-nitrophenyl-
a-8-galactopyranoside-based compounds, and GM1-containing cubic mesophase. Pharmacological strategies that were shown to
prevent CT intoxication include modulation of plasma membrane lipid rafts by bacterial sphingomyelinase, disruption of CT Al
unfolding in ER by glycerol and 4-phenylbutyric acid, and inhibition of Hsp90-mediated CT A1 refolding in the cytoplasm by

geldanamycin.

Targeting signaling and transport proteins in host cells
Cellular determinants of intracellular cCAMP levels and ion transport proteins involved in cAMP-activated Cl-secretion are adopted
as promising drug targets for cholera. Approaches to lowering intracellular cAMP elevation are inhibition of AC activity (by
5-(3-bromophenyl)-1,3-dimethyl-5,11-dihydro-1H-indeno[2",1":5,6]pyrido[2,3-d] pyrimidine-2,4,6-trione and agonists of LPA,
G,-coupled receptor) and stimulation of PDE activity (by thiophenecarboxylates and agonists of calcium-sensing receptor). Among
transport proteins involved in intestinal Cl- secretion, cystic fibrosis transmembrane conductance regulator (CFTR) represents the
most promising therapeutic target for cholera. High-throughput screening yielded three classes of small-molecule CFTR inhibitors
including thiazolidinones, glycine and malonic acid hydrazides and quinoxalinediones. These compounds were found to inhibit
CFTR with nanomolar (BPO-27) or low micromolar potency and block CT-induced fluid secretion in vivo. Furthermore, several
classes of natural product-based compounds were demonstrated to exhibit CFTR inhibitory effect and in vivo antidiarrheal efficacy.
These classes of compounds include condensed tannins, hydrolyzable tannins, flavonoids, chalcones and xanthones. They were
shown to inhibit CFTR with micromolar potency and effective in preventing CT-induced intestinal fluid accumulation in mice.
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First published May 29, 2013; doi:10.1152/ajprenal.00579.2012.—Liver X
receptors (LXRs) are transcription factors belonging to the nuclear
receptor super family, which act as regulators of lipid and glucose
metabolism. However, LXRs have been shown to regulate the func-
tion of transporters in the kidney, including the Na-P; cotransporter,
organic anion transporter, and epithelial Na™ channel. In this report,
we demonstrated the ability of LXR ligands, both endogenous [22
(R)-hydroxycholesterol] and synthetic (T0901317 and GW3965), to
reduce CFTR-mediated C1~ secretion in a type I Madin-Darby canine
kidney (MDCK) cell line and in murine primary inner medullary
collecting duct (IMCD) cells, based on measurements of [Arg®]-
vasopressin-induced CI™ current. However, treatment of MDCK cell
monolayers with 5 uM T0901317 for 24 h did not alter ouabain-
senstive current or Na™-K*-ATPase-a protein content. Furthermore,
basolateral membranes permeabilization of MDCK cell monolayers
still resulted in a decrease in apical Cl~ current stimulated by both
[Arg®]-vasopressin and 8-cholorophenyl-thio-cAMP, indicating that
the factor(s) encoded by the target gene(s) of agonist-activated LXRs
might be located at the apical membrane. Western blot analysis
revealed that inhibition of CI™ secretion occurred via a decrease in
CFTR protein, which was not due to downregulation of its mRNA
expression. In addition, both synthetic LXR agonists significantly
retarded the growth of forskolin-induced cysts formed in MDCK cells
cultured in collagen gel. This is the first evidence showing that
ligand-activated LXRs are capable of downregulating CFTR-medi-
ated C1~ secretion of kidney cells and of retarding cyst growth in a
MDCK cell model.

vasopressin; polycystic kidney disease; regulation; nuclear receptors;
cystic fibrosis transmembrane conductance regulator

cystic FiBRosIS (CF) transmembrane conductance regulator
(CFTR) is a cAMP-regulated CI~ channel glycoprotein be-
longing to ATP-binding cassette (ABC) transporter subfamily
7 (ABCCT7) (29). Mutation of the ABCC7 gene impairs CFTR
function, leading to autosomal recessive CF (28, 36). CF
patients ultimately succumb to respiratory failure due to block-
age of the airway stemming from the secretion of abnormally
viscous fluid. On the other hand, in polycystic kidney disease
(PKD), an increase in CFTR-mediated C1~ secretion of renal
tubular epithelial cells enhances cyst expansion (4, 16). CFTR
is localized at the epithelial cell apical plasma membrane of the
airway epithelia, small intestine, pancreas, bile duct, epididy-
mis, and kidney (9, 28). In the latter organ, CFTR mRNA is
expressed in nephron segments, where it is involved in C1™
secretion of principal cells of cortical and medullary collecting
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ducts (21). The opening of CFTR CI™ channel requires phos-
phorylation of the regulatory (R) domain by PKA and ATP
hydrolysis by nucleotide-binding domains (25).

Liver X receptors (LXRs) are ligand-activated transcription
factors belonging to the superfamily of nuclear receptors,
consisting of two isoforms, LXRa and LXRB (11). LXRa is
synthesized in the liver, spleen, adipose tissue, intestine, lung,
and kidney, whereas LXR[3 is present in all tissues so far
examined (1, 37). LXRs function as sensors of intracellular
cholesterol and glucose (7, 19, 27, 39). LXRa and LXR form
heterodimers with the retinoic X receptor, which then bind to
promoters of target genes, thereby modulating their expression
(12, 41). To maintain intracellular cholesterol homeostasis,
LXRs stimulate cholesterol efflux by upregulating expression
of ABC transporter Al in the liver and ABC transporters G5
and G8 in the intestine (24, 27). A recent study has reported
that activation of sterol regulatory element-binding protein
(SREBP)-1c expression by insulin requires LXRs, indicating
that the action of insulin on energy metabolism may require a
function of LXRs (8).

Although LXRs are present throughout the nephron (13, 22,
40), their role in the regulation of kidney function is still
largely unknown. Recent studies have shown that LXRs reg-
ulate renal transporters and ion channels, including the Na-P;
cotransporter, organic anion transporter (OAT)1, and epithelial
Na™ channel (ENaC) (5, 13, 31). Taken together, these results
suggest that LXRs have a role in the regulation of renal
electrolyte transport. In the present study, we provide evidence
of a previously unreported role of LXRs in the inhibition of
CFTR-mediated Cl™ secretion in both murine primary collect-
ing duct and Madin-Darby canine kidney (MDCK) cells. In
addition, we show that activated LXRs retard cyst growth in a
MDCK cell model.

MATERIALS AND METHODS

Animals. Male C57BL6 mice (7-8 wk old, National Laboratory
Animal Center, Mahidol University, Bangkok, Thailand) were main-
tained on a 12:12-h light-dark cycle with ad libitum access to standard
laboratory pellet containing 1.0% calcium and 0.9% phosphorus (CP)
and distilled water. All animal experimental procedures were ap-
proved by the Laboratory Animal Ethical Committee of the Faculty of
Science, Mahidol University, Bangkok, Thailand.

Chemicals. Amphotericin B, amiloride, 8-cholorophenyl-thio-cAMP
(CPT-cAMP), cycloheximide, forskolin, GW3965, 22(R)-hydroxycho-
lesterol [22(R)-HC], hyaluronidase, 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT), ouabain, and T0901317
were purchased from Sigma-Aldrich. Collagenase type I was from
Worthington Biochemical, [Arg®]-vasopressin (AVP) was from Cal-
biochem, protease inhibitor cocktail was from Roche Diagnostics
(Mannheim, Germany), and EZ-Link Sulfo-NHS-SS-Biotin and
streptavidin-agarose resins were from Pierce. Polyclonal rabbit anti-
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CFTR antibody, monoclonal mouse anti-f3-actin, and goat horseradish
peroxidase (HRP)-conjugated anti-rabbit IgG antibodies were ob-
tained from Cell Signaling Technology. Mouse anti-SREBP-1c¢ and
mouse anti-Na™-K* ATPase-a monoclonal antibodies from Novus
Biologicals. Mouse polyclonal anti-CFTR and rabbit polyclonal anti-
LXRa and anti-LXR[ antibodies were from Abcam. All other chem-
icals used were of analytic grade.

Cell culture. The type I MDCK cell line was a generous gift from
Dr. David N. Sheppard (University of Bristol, Bristol, UK). Cells
were grown in DMEM-F-12 medium supplemented with 10% FBS,
100 U/ml penicillin, and 100 pg/ml streptomycin and insulin-trans-
ferrin-selenium at 37°C in a humidified incubator under an atmo-
sphere of 5% CO,. Cells were seeded on Snapwell insert (Corning
Life Sciences) at a density of 5 X 10° cells/well. Medium was
replaced every other day. The transepithelial resistance (TER) of
confluent cells was measured using an EVOM? epithelial volt-ohm-
meter (World Precision Instruments). Confluent monolayers that
achieved a high resistance phenotype (TER > 1,000 Q-cm?) were
polarized by removal of the culture medium to form an air-liquid
interface to enhance the expression of CFTR at the MDCK apical
membrane (2). To test the effects of LXR agonists, monolayers were
placed in serum-free medium without phenol red for 12 h to eliminate
any effect from serum.

Primary culture of mouse renal inner medullary collecting duct
cells. Primary culture of mouse renal inner medullary collecting duct
(IMCD) cells was established as previously described (32). In brief,
the renal medulla was dissected, minced, and digested for 1 h in 10 ml
DMEM containing 0.2% collagenase type 1, 0.2% hyaluronidase, and
0.25% trypsin-EDTA at 37°C. Osmotic shock (100 mosmol/kg H,O)
was induced by the addition of 20 ml sterile distilled water into the
medium and an incubation for 20 min to eliminate noncollecting duct
cells. Cells were then sedimented at 1,500 rpm for 5 min, resuspended
in fresh DMEM containing 10% FBS, 20 ng/ml EGF, and 100 U/ml
penicillin-streptomycin, and plated onto a Snapwell insert. Confluent
primary IMCD monolayers that generated TER > 500 Q-cm? were
used for further experiments.

Electrophysiological analysis. Short-circuit current (/) was used
to monitor net ion flux across monolayers of MDCK cells and primary
cultures of IMCD cells. Confluent monolayers with high resistance (as
described above) were transferred to an Ussing chamber, and the
spontaneous potential difference across the monolayer was clamped at
0 mV. I was recorded continuously using a VC600 voltage clamp
(Physiologic Instruments) with Ag/AgCl electrodes and a 3 M KCl
agar bridge. Apical and basolateral sides of the monolayer were
exposed to physiological solution [containing (in mM) 117 NaCl, 25
NaHCO3s, 4.7 KCI, 1.2 MgSO,, 2.5 CaCl,, 1.2 KH,POy4, and 11
D-glucose] at 37°C and bubbled with a gas mixture of 95% 0O»-5%
CO, to maintain pH of the solution at 7.4. Positive /. indicates active
transport of a cation (Na™) from the apical to basolateral side of the
monolayer or transport of an anion (C1 ™) from the basolateral to apical
side (32). To measure C1~ current (Ic;), Na* current, which primarily
is transported through ENaCs, was inhibited by the addition of
amiloride (100 wM) into the apical bathing solution, and the positive
I, measured under this condition was that of CI™ transport. To
stimulate CFTR-mediated Cl~ secretion, AVP (20 nM) or CPT-
cAMP was added to the basolateral side after the addition of
amiloride.

Apical CI™ transport measurement. Confluent MDCK cell mono-
layers were mounted into an Ussing chamber and bathed asymmetri-
cally with physiological buffer [containing (in mM) 130 NaCl, 2.7
KCl, 1.5 KH,PO4, 1 CaCl,, 0.5 MgCl,, 10 Na-HEPES (pH 7.3), and
10 glucose] for the basolateral hemichamber, whereas the apical
hemichamber was filled with physiological buffer in which 65 mM
NaCl was replaced with 65 mM sodium gluconate to establish a C1™
gradient. To measure apical Ic;, the basolateral membrane of the
MDCK cell monolayer was permeabilized using amphotericin B (250
pg/ml) for 30 min (26) followed by the addition of 100 wM amiloride
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to the apical side to inhibit ENaC-mediated Na™ flux. After /. was
stable, C1~ secretion was stimulated by the addition of AVP (20 nM)
or CPT-cAMP (100 wM) to the basolateral chamber.

Measurement of Na™-K"-ATPase transport activity. Na*-K " -ATPase
activity was determined by ouabain-sensitive current measurement in
the Ussing chamber as previously described (23, 31). Briefly, conflu-
ent cell monolayers grown on Snapwell filters were mounted in a
chamber bathed symmetrically with physiological medium. The apical
membrane of the monolayers was permeabilized by 250 pg/ml am-
photericin B for 30 min to allow the free transport of ions from the
apical side into the cell. Positive I was established because Na™-
K" -ATPase produced a net positive charge at the basolateral side of
the cell monolayer (3 Na* were extruded while 2 K* were uptaken
into the cells). After positive /. became stable, 1 mM ouabain, an
inhibitor of Na™-K*"-ATPase, was added to the basolateral side of
monolayers. The change in /. after the addition of ouabain reflected
the activity of Na*-K*-ATPase.

Cell viability assay. Cell viability was determined using an MTT
assay (33). In brief, MDCK cells were seeded in a 96-well plate at a
density of 2 X 10* cells/well. After growth for 24 h in a humidified
incubator at 37°C under an atmosphere of 5% CO,, cells were
incubated further for 24 or 96 h in serum-free medium containing
vehicle (0.01% DMSO) or LXR agonists (T0901317 and GW3965) at
the indicated concentrations. The medium was then removed, and
cells were incubated with 20 wl MTT (5 mg/ml) for 4 h at 37°C. After
removal of the medium, a 100-p.1 aliquot of 100% DMSO was added,
and absorbance at 590 nm was measured (BMG spectrophotometer,
LABTECH).

RT-PCR. Total RNA was extracted from MDCK and primary
IMCD cells using TRIzol reagent (Invitrogen) according the manu-
facturer’s instructions. The amount and quality of RNA were deter-
mined using a Nanodrop 2000 spectrophotometer (Thermo Scientific).
RT-PCR was performed using the iScript Select cDNA synthesis kit
(Bio-Rad Laboratories) and Fast-Start Taq kit (Roche Diagnostics).
Primers specific for LXRa and LXR mRNA were designed (Biode-
sign) based on sequences in the National Center for Biotechnology
Information database. Canine LXRa primers were (forward) 5'-GTCAG-
CAGCGCTTTGCCCAC-3' and (reverse) 5'-CTAGGAAGCAGCCAG-
GTGCC-3' (predicted amplicon of 649 bp), canine LXR primers were
(forward) 5'-GGCCATGAGCTGTGCCGTGT-3' and (reverse) 5'-
GTGGGCAAAACGCTGCTGGC-3' (predicted amplicon of 552 bp),
murine LXRa primers were (forward) 5'-TCCATCAACCACCCCCAC-
GAC-3' and (reverse) 5'-CAGCCAGAAAACACCCAACCT-3' (pre-
dicted product size of 328 bp), and murine LXRf3 primers were (forward)
5'-GCTCAGGAGCTGATGATCCA-3" and (reverse) 5'-GCGCTT-
GATCCTCGTGTAG-3' (predicted amplicon of 567 bp). The following
thermocycling conditions were used: 95°C for 5 min, 95°C for 1 min, 30
cycles of 58.5°C for 1 min (for canine) or 60°C for 30 s (for murine) and
72°C for 60 s, and a 10-min final heating at 72°C. Amplicons were
separated by 2% agarose gel electrophoresis and visualized by staining
with ethidium bromide.

Quantitative PCR. Total RNA from mouse IMCD cells was ex-
tracted using TRIzol reagent (Invitrogen) and cDNA synthesized using
the iScript cDNA synthesis kit (Bio-Rad). Primers used for ampli-
fication of mouse CFTR ¢cDNA were (forward) 5'-GCTTTATCTC-
CAAACTCTTCTTCA-3" and (reverse) 5'-GCTTGTTCTCTGTC-
CCATTCTC-3’, primers for mouse B-actin (as an internal standard)
were (forward) 5'-TGTGGATCAGCAAGCAGGAGT-3" and (reverse)
5'-AAACGCAGCTCAGTAACAGTCC-3', primers used for canine
CFTR c¢DNA were (forward) 5'-GGAAAGAGAATGGGACAG-
AGA-3" and (reverse) 5'-CCAAGTAAGAGAGGCTGGATTG-3', and
primers used for canine (-actin (as an internal standard) were (forward)
5'- GATTCTCTAGAGGCTGGCAAG-3" and (reverse) 5'-TTGGG-
TAAGACAGGAAAGTGG-3'. Quantitative PCR of the mouse CFTR
mRNA expression level was performed using KAPA SYBR FAST
master mix (KAPA Biosystem) in ABI Prism 7500 Sequence Detection
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System (Applied Biosystems), and relative quantification was determined
using the 2~ 2ACr method (where Cr is threshold cycle) (17).

Western blot analysis. MDCK and primary IMCD cells grown in
six-well plates were lysed in ice-cold Triton X-100 lysis buffer [50
mM Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM NaF, ImM EDTA, 1
mM sodium orthovanadate, 100 wM PMSF, protease inhibitor cock-
tail, and 1% Triton X-100] for 20 min at 4°C. After centrifugation at
12,000 rpm for 20 min at 4°C, 50 ng of supernatant cell lysate protein
were separated by 10% SDS-PAGE and transferred to a Hybond-ECL
nitrocellulose membrane (Amersham Biosciences). The membrane
was incubated in 5% nonfat dry milk for 1 h and then with rabbit
polyclonal antibodies against CFTR (1:1,000 dilution), mouse mono-
clonal antibodies against SREBP-1c¢ (2 pg/ml), mouse monoclonal
antibodies against Na*-K"-ATPase-« (1:1,000 dilution), rabbit poly-
clonal antibodies against LXRa and LXRB (1:1,000 dilution), or
B-actin (1:2,000 dilution) overnight at 4°C followed by an incubation
with secondary HRP-conjugated goat anti-rabbit IgG (1:4,000 dilu-
tion) or HRP-conjugated goat anti-mouse IgG (1:2,000 dilution) for 1
h at room temperature. Immunoreactive bands were detected by
chemiluminescence, recorded on hyperfilm using a Western lightning
plus-ECL detection kit (Perkin-Elmer), and quantified using ImagelJ
analysis software.

Cell surface expression of CFTR protein. CFTR in the cell mem-
brane was isolated by membrane-impermeable biotinylation reagents.
MDCK cells were incubated on ice with EZ-Link Sulfo-NHS-SS-
Biotin (Pierce) for 30 min followed by a wash with 3 ml of PBS-
Ca’*-Mg?* containing 0.1 M glycine buffer. Cells were further
incubated on ice with the same solution for 20 min to ensure complete
quenching of the unchanged EZ-Link Sulfo-NHS-SS-Biotin. They
were then harvested by the addition of buffer containing (in mM) 10
Tris-HCI (pH 7.5), 150 NaCl, 1 EDTA, 0.1% SDS, and 1% Triton
X-100 with protease inhibitor cocktail for 20 min at 4°C. Samples
were centrifuged at 12,000 rpm for 20 min, and supernatants were
collected and incubated with 150 pl streptavidin-agarose beads
(Pierce) overnight at 4°C. Beads were then washed three times with
lysis buffer and once with PBS. Proteins were released from the beads
by an incubation with buffer containing 100 mM DTT for 30 min at
room temperature. Membrane expression of CFTR was detected by
Western blot analysis.

MDCK model of cyst formation and growth. MDCK cells were
cultured in collagen gel in the presence of forskolin (cAMP activator)
to stimulate cyst formation using the method of McAteer et al. (18).
In brief, each well of a 24-well plate was incubated with 0.4 ml of
ice-cold collagen solution (3.0 mg/ml) supplemented with 10% of
10X minimum essential medium, 10 mM HEPES (pH 7.4), 27 mM
NaHCO3, 100 U/ml penicillin, and 100 g/ml streptomycin. After
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collagen solution was added into the 24-well plate, the collagen was
allowed to form a semisolid gel for 10 min. Medium containing the
cell suspension (800 cells) was added into the semisolid gel. This
technique prevents dropping of the cells into the bottom of the well
and, therefore, allows MDCK cells to be embedded in the collagen gel
layer. The cell embedded-collagen gel was further incubated at 37°C
for 90 min in a humidified incubator under an atmosphere of 5% CO-
to allow gel polymerization. In addition, medium containing forskolin
was added on top of the gel to stimulate cyst formation. The medium
(with forskolin) was replaced every day. The presence of cysts from
day 6 was detected using a phase-contrast microscope (X100 magni-
fication). To test the effect of LXR agonists on cyst growth, 0.01%
DMSO (control) and LXR agonists (5 pM T0901317 and 2 pM
GW3965) were added into culture medium from day 6 onward, and
fresh media containing the test compounds were replaced every day.
At least 30 cysts with a diameter of >50 wm (photographed using
Imagel] software) were selected for each experimental condition.
Photographs of individual cysts were taken every other day from day
6 to day 12, and cyst size was compared between vehicle- and LXR
agonist-treated groups.

Statistical analysis. Results are presented as means * SE. Statis-
tical differences between control and treatment were determined using
a Student’s unpaired z-test or one-way ANOVA followed by the
Tukey test. Differences were considered statistically significant when
P < 0.05.

RESULTS

Expression of LXRa and LXRB in MDCK cells. We first
verified whether the MDCK cells used in this study express
LXRs. Expression of mRNA and protein of LXRa and LXR[3
isoforms in MDCK cells was determined using RT-PCR and
Western blot analysis, respectively. We found that both mRNA
and protein of LXRa and LXR[ isoforms were detected in
these cells (Fig. 1A). LXR activation in MDCK cells after
treatments with LXR agonists was confirmed by the detection
of SREBP-1c protein, a product of the LXR target gene.
Western blot analysis revealed that 5 uM T0901317 and 2 pM
GW3965 increased the expression of SREBP-1c protein (Fig.
1B). These results indicate that T0O901317 and GW3965 ex-
erted LXR activation in MDCK cells. In addition, CFTR-
mediated C1™ transport induced by AVP and cAMP in MDCK
cells was verified using an inhibitor of CFTR, glycine hydra-
zide-101. The results demonstrated that the addition of 50 pM

Fig. 1. mRNA and protein expression of liver X receptors
(LXRs) and activation of the target protein in Madin-Darby
canine kidney (MDCK) cells. A: mRNA and protein expres-
sion of LXRs in MDCK cells. Left: representative images
showing RT-PCR products of LXRa (649 bp) and LXRB
(552 bp) cDNA amplicons; right: Western blots showing the
expression of LXRa and LXRp. B: activation of sterol regu-
latory element-binding protein (SREBP)-1c after incubation
with LXR agonists. Western blots show the expression of
SREBP-Ic in vehicle- and LXR agonist-treated cells [S pM
T0901317 (TO) and 2 uM GW3965 (GW) for 24 h]. C: repre-
sentative tracings showing CFTR-mediated [Arg®]vasopressin
(AVP)- and 8-cholorophenyl-thio-cAMP (CPT-cAMP)-in-
duced Cl™ current (Ic1). GlyH, glycine hydrazide-101; I,

l ]
) Isc =5 pAlem I
CPT-cAMP short-circuit current.
| |
f
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glycine hydrazide-101 abolished the stimulatory effect of AVP
and CPT-cAMP (Fig. 1C). Taken together, our results support
the notion that CFTR mediates AVP- and cAMP-induced C1™
transport in MDCK cells.

Effect of LXR agonists on AVP-induced Cl~ secretion in
MDCK cells. Confluent MDCK cell monolayers were preincu-
bated with various concentrations of LXR agonists (T0901317
and GW3965) for 24 h and then placed in the Ussing chamber
for a 30-min equilibration period followed by the addition of
100 wM amiloride to inhibit ENaC-mediated Na™ transport. Ic;
was measured after the addition of 20 nM AVP into the
basolateral hemichamber. Incubation with LXR agonists for 24
h led to a decrease in AVP-stimulated /¢ in a dose-dependent
manner (Fig. 2A). In addition, after an incubation of MDCK
cell monolayers for 24 h with 50 uM 22(R)-HC, an endoge-
nous LXR ligand, AVP-induced CI™ secretion was reduced to
65.2 = 10.3% of the vehicle-treated monolayer. The inhibitory
effect of T0O901317 on Ic; was observed after 12 h of treatment,
but that of GW3965 required a longer exposure, i.e., for 24 h
(Fig. 2B). However, an extension of the incubation time did not
lead to a further decrease in Icj.

Effect of LXR agonists on cell viability. To determine
whether the inhibitory effects of LXR agonists on AVP-

LXR-ACTIVATING LIGANDS DECREASE Cl~ SECRETION

induced Cl™ secretion in MDCK cells were due to their
cytotoxicity, cell viability was assessed using a MTT assay and
measurement of TER. Incubation with 5 pM T0901317 or 2
pM GW3965 for 24 h did not significantly decrease the cell
viability of MDCK cells compared with the vehicle-treated
control. Similarly, TER obtained from TO0901317- and
GW3965-treated monolayers was not significantly different
from that of the vehicle-treated monolayer (Fig. 3).

Effect of LXR agonist on apical Ic; in MDCK cell
monolayers. The inhibitory effect of LXR agonists on AVP-
induced Cl™ transport could occur at either the basolateral
membrane, intracellular signaling cascades, or the apical mem-
brane. The contribution of the basolateral membrane on the
inhibitory effect of LXR was, therefore, determined. The
basolateral membrane of MDCK cell monolayers was perme-
abilized by 250 pwg/ml amphotericin B for 30 min followed by
the addition of AVP (20 nM) or CPT-cAMP (100 pM) to
stimulate Ic;. AVP- and CPT-cAMP-induced apical I¢; of
MDCK cell monolayers treated with T0901317 were signifi-
cantly lower than that of the vehicle-treated control cell mono-
layer (Fig. 4). These data suggest that the protein(s) encoded by
target gene(s) of activated LXR is not located at the basolateral
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Fig. 2. Effect of LXR agonists on AVP-induced Cl~ secretion in MDCK cells. A: MDCK cell monolayers were treated with the indicated concentrations of
synthetic agonists of LXR, including T0901317 and GW3965, or with 50 pM 22(R)-hydroxycholesterol [22(R)-HC; physiological agonist] for 24 h.
B: time-course effect of 5 wM T0901317 and 2 pM GW3965 on CI~ secretion. C1~ secretion is represented as /¢ after stimulation with 20 nM AVP after 100
M amiloride administration. Data are shown as means = SE of percentages of AVP-induced /¢ for 15-20 monolayers (5 independent experiments). *P = 0.05,

significantly different from vehicle-treated monolayers.
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Fig. 3. Effect of LXR agonists on cell viability as measured by MTT assay (A)
and transepithelial resistance (TER; B). MDCK cells were treated with 0.01%
DMSO (vehicle), 5 uM T0901317, and 2 puM GW3965 for 24 h. Cell viability
data are expressed as means = SE of percentages of control from 3 indepen-
dent experiments for the MTT assay (A) and 8-15 monolayers for TER
measurements (B). ns, not significantly different.

membrane of the MDCK cell monolayer and probably func-
tions downstream of the cAMP-dependent processes.

Effect of LXR agonist on Na™*-K"-ATPase transport activity
and protein expression in MDCK cells. To confirm that the
basolateral membrane was not a target of LXR activation, the
effect of LXR activation on Na*-K*-ATPase activity, a pump
responsible for transepithelial C1™ transport, was determined.
MDCK cell monolayers were mounted and incubated with
physiological buffer in the Ussing chamber. Na™-K*-ATPase
activity was measured by permeabilization of the apical mem-
brane using amphotericin B followed by the addition of 1 mM
ouabain. The change in I after the addition of ouabain
represents the activity of Na*-K*-ATPase. It was found that
there was no change in ouabain-sensitive current in the treated
monolayer compared with the untreated control (Fig. 5A). This
result was consistent with the Western blot analysis, showing
that TO901317 treatment did not alter protein expression of the
Na*-K*-ATPase a-subunit (Fig. 5B).

Effect of LXR agonist on mRNA and protein expression of
CFTR in MDCK cells. To elucidate the mechanism underlying
the decrease in Cl~ secretion induced by agonist-activated
LXRs, the expression of mRNA and protein of CFTR during
LXR activation was determined in MDCK cells. mRNA ex-
pression of CFTR after treatment with 5 uM T0901317 was
not significantly different compared with the vehicle-treated
cell monolayer (Fig. 6A). In contrast to mRNA expression,
exposure of the cell monolayer to 5 WM T0901317 resulted in
decreases in both total and membrane CFTR protein expression
levels (Fig. 6B).
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Effect of LXR agonist on CFTR-mediated Cl~ transport
during inhibition of protein synthesis in MDCK cells. To
investigate whether an inhibition of protein synthesis affects
the action of LXR on CFTR-mediated Cl~ secretion, we
examined the effect of cycloheximide, an inhibitor of protein
synthesis, on AVP-induced Cl™ secretion. Confluent MDCK
cell monolayers were preincubated for 12 h with vehicle or 100
nM cycloheximide. At the end of the preincubation period,
vehicle-treated cells monolayers were further incubated for 24
h with vehicle or 5 uM T0901317, whereas cycloheximide-
treated cell monolayers were further incubated with cyclohex-
imide alone or cycloheximide plus 5 uM T0901317 for 24 h.
At the end of the incubation, AVP-induced CI~ secretion was
measured by Ic;. As shown in Fig. 7, cycloheximide or
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Fig. 4. Effect of LXR agonists on AVP- and CPT-cAMP-induced apical Cl1~
secretion of MDCK cells. Cell monolayers treated with vehicle (0.01%
DMSO) or 5 pM T0901317 were mounted in an Ussing chamber and
asymmetrically bathed with physiological buffer in which 65 mM NaCl was
replaced with 65 mM sodium gluconate to generate a C1~ gradient between the
intracellular compartment and apical side. Before measurements of Ici, the
basolateral membrane was permeabilized with 250 pg/ml amphotericin B for
30 min followed by the addition of 100 wM amiloride. Stimulation of C1~
secretion was performed by the administration of 20 nM AVP or 100 pM
CPT-cAMP to the basolateral side of the monolayers. After Ic; was stable after
treatment with CPT-cAMP, the CFTR inhibitor GlyH was added into the apical
side to measure CFTR transport function. Values are means * SE of 3
experiments (6-9 monolayers/experiment). *P = 0.05 compared with the
vehicle-treated control.
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Fig. 5. Effect of T0901317 on Na*-K*-ATPase protein expression and activity
in MDCK cells. A: effect of TO on Na*-K*-ATPase transport function.
Na*-K*-ATPase activity was measured by permeabilization of the apical
membrane with amphotericin B for 30 min followed by the addition of 1 mM
ouabain, an inhibitor of Na*-K*-ATPase. The net positive charge at the
basolateral side (3 Na* were transported across basolateral membrane while 2
K™ were uptaken into the cell) was produced and measured. The physiological
buffer (equal concentrations of ions) was added to each hemichamber to
prevent the contribution of K* flux across the basolateral membrane. Iouabains
change in I after the addition of ouabain. Values are means *= SE of 6
monolayers. B: Western blot analysis of Na*-K*-ATPase-a in MDCK cells.
MDCK cells were incubated with 5 uM T0901317 for 24 h before measure-
ments of Na*-K*-ATPase-a content by Western blot analysis. Representative
bands (top) and densitometry analysis (botfom) from 3 independent experi-
ments are shown.

T0901317 alone caused a significant inhibition of AVP-in-
duced I¢;. Interestingly, the inhibitory effect of both T0901317
and cycloheximide was not additive. These results indicate that
the target responsible for the inhibitory effect of LXRs might
be at translational levels.

Effect of LXR agonist on Cl~ secretion in primary IMCD
cells. Primary IMCD cells were found to express both mRNA
and protein of LXRa and LXR[ (Fig. 84). As shown in Fig.
8B, incubation of primary IMCD cell monolayers with 5 uM
T0901317 for 24 h led to a significant decrease in I¢; compared
with the untreated control cell monolayer. This reduction was
related to a change in CFTR protein expression but not in
mRNA expression (Fig. 8C).

Effect of LXR agonists on MDCK cyst enlargement. As
CFTR has been reported to mediate renal cyst growth (16), the
effect of LXR agonists on cyst growth generated from MDCK
cells grown in collagen gel was investigated. Cysts (on day 6
of culture containing 10 wM forskolin) were exposed to 5 uM
T0901317 or 2 pM GW3965. The size of the vehicle-treated
control cysts continuously increased, but the presence of
T0901317 or GW3965 significantly retarded cyst size after day
10 of culture (Fig. 9, A and B). In addition, exposure of MDCK
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cells to LXR agonists for 4 days did not alter cell viability.
These data indicate that the inhibitory effect of LXR agonists
on cyst enlargement was not caused by cytotoxicity.

DISCUSSION

The role of LXRs in cellular energy metabolism is well
documented (34), but little is known regarding their effects in
fluid and electrolyte metabolism. Therefore, we investigated
the function of LXRs in renal Cl~ secretion in both an
immortalized renal principal cell model (MDCK cells) and
primary cultures of mouse IMCD cells expressing both LXRa
and LXR[3. MDCK cells were used in this study because they
show characteristics of renal principal cells (15), namely, they
endogenously express CFTR (20), respond to AVP (26), fors-
kolin (38), and cAMP (23), and secrete Cl1~ and form cysts in
collagen support (16, 35).

This study demonstrated a novel role of LXR in the down-
regulation of CI transport in renal collecting duct cells.
Electrophysiological experiments revealed LXR activation in
MDCK cell monolayers by both synthetic (T0901317 and
GW3965) and physiological [22(R)-HC] ligands, leading to
inhibition of AVP-stimulated /¢; mediated by CFTR. As the
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Fig. 7. Effect of T0901371 on transport function and protein expression of
CFTR during inhibition of new protein synthesis in MDCK cells. Confluent
cell monolayers were preincubated with vehicle or 100 nM cycloheximide
overnight (12 h). Vehicle-treated cell monolayers were incubated with vehicle
or 5 uM T0901317 alone for 24 h. Cyclohximide-treated cell monolayers were
treated with cycloheximide alone or cycloheximide plus 5 uM T0901317 for
a further 24 h. After the incubation period, monolayers were then analyzed for
AVP-induced I (n = 8 monolayers). *P = 0.05 compared with the vehicle-
treated control.

transport properties of a cell line could be different from those
of normal cells, we validated the effects of LXR agonists in
primary cultures of collecting duct cells. The inhibition of C1™
secretion observed was not the result of cytotoxicity of the
LXR agonists used or their ability to act as CFTR channel
blockers. Because the inhibitory effects of LXR agonists were
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not manifested during the acute incubation period (1-4 h) but
after 12—24 h of incubation, these data indicate a slow mode of
action of LXRs.

In renal collecting duct cells, AVP stimulates CFTR-medi-
ated Cl™ secretion involved in the transport of C1~ from the
interstitial fluid into cells followed by transport across the
apical membrane via CFTR (26, 35). An increase in intracel-
Iular C1™ concentration is established through the functions of
Na*-K*-2CI~ cotransporters, Na*-K*-ATPase, and K* chan-
nels located at the basolateral membrane (30). Changes in the
activity of these channels or transporters will result in a
decrease in total Cl™ secretion. Therefore, one of several
possible explanations for the reduction in Cl™ secretion in
collecting duct cells induced by activated LXR is modulation
of basolateral C1™ transport. To test this notion, the contribu-
tion of basolateral transport of C1~ in LXR-activated MDCK
cell monolayers was investigated. Permeabilization of the ba-
solateral membrane to eliminate the contribution from Na*-
K*-ATPase, Na*-K"-2CI~ cotransporters, and K* channels
in mediating the entry of Cl™ into cells for further secretion
(26) had no effect on the ability of LXR activation in Cl™
secretion. To confirm that basolateral transport processes did
not account for the action of LXR activation on CI~ secretion,
Na*-K*-ATPase-a expression and ouabain-sensitive current,
an indicator of Na*-K*-ATPase activity, were determined.
LXR activation did not alter either transport function or protein
expression of Na*-K*-ATPase-a. Indeed, other studies (6, 31)
have also shown that LXR activation did not affect Na™-K*-
ATPase activity in renal cortical collecting duct cells (M1
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Fig. 9. Effect of LXR agonists on MDCK cyst growth. A: representative light
micrographs of MDCK cell cysts in collagen gel. MDCK cells were continu-
ously exposed to 10 wM forskolin to stimulate cyst formation. After MDCK
cyst generation (established on day 6), they were further treated with vehicle,
S M T0901317, or 2 uM GW3965 in 10 uM forskolin-containing media from
day 6 to day 12. B: effect of LXR agonists on cyst growth. The size of
individual cysts was observed and monitored under a phase-contrast light
microscope and photographed on days 6, 8, 10, and /2. Data are shown as
means = SE of 3 independent experiments (30 cysts for each experiment). C:
viability of MDCK cells after exposure to vehicle or LXR agonists for 96 h
(n = 3). *P = 0.05 compared with the vehicle-treated control.

cells) and neural cells. In addition, our unpublished data
showed that mRNA expression of Na*-K"-2Cl~ cotransport-
ers in collecting duct cells (M1 cells and primary IMCD cells)
was not altered by T0901317 treatment. Taken together, these
data indicate that the target of activated LXRs is not at the
basolateral membrane but apparently downstream of the
cAMP-dependent process since a cAMP analog produced a
similar result as that obtained from AVP treatment.

The transport function of CFTR is dependent on membrane
expression and the open probability of the channel. Our data
demonstrated that LXR activation decreased both total and
membrane protein expression but not mRNA expression of
CFTR, indicating that LXR activation downregulated CFTR
expression at the posttranscriptional level. However, we cannot
rule out the possibility that a change in the open probability of
the CFTR channel may account for the inhibition induced by
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LXR activation. A previous study (13) in the renal proximal
tubule S2 cell line expressing human (h)OAT1 has shown that
LXR activation downregulates hOAT1 protein levels without
altering hOAT1 gene transcription. Recently, Caldas et al. (5)
reported that the LXR agonists T0901317 and N,N-dimethyl-
3B-hydroxycholenamide inhibited the function of Na™ gradi-
ent-dependent phosphate transporters by decreasing Pit-2 pro-
tein and had no effect on its mRNA level. Thus, an inhibition
of translation and/or a decrease in CFTR stability may account
for the decrease in the activity of CFTR. Inhibition of new
CFTR protein synthesis by cycloheximide abolished the inhib-
itory effect of LXR on CFTR-mediated CI™ transport. These
data indicate that the processes downstream of CFTR protein
translation, such as CFTR protein stability and trafficking, may
not be the targets of LXR activation. Therefore, the possible
mechanism responsible for LXR-induced inhibition of CFTR
may be at the translational process, resulting in a decrease in
CFTR expression and a subsequent reduction of CFTR mem-
brane expression and transport function.

Several studies (4, 16) have demonstrated that CFTR plays
a crucial role in cyst enlargement in PKD. It has previously
been reported that cystic cells express LXR (14); therefore, an
inhibition of CFTR function by LXR activation would retard cyst
enlargement. Indeed, our results showed that both T0901317 and
GW3965 retarded cyst enlargement compared with the untreated
control. This phenomenon could be mediated, at least in part, by
the decrease in CFTR content resulting in reduced fluid accu-
mulation. Recently, peroxisome proliferator-activated receptor
(PPAR)-v, a member of the nuclear receptor superfamily, was
shown to inhibit CFTR-mediated Cl~ secretion in kidney
collecting duct cells (26) and to attenuate the severity of PKD
(3, 10). An activation of LXRs alone or together with PPAR-y
may have therapeutic potential in PKD treatment.

In summary, we have demonstrated that activated LXRs
inhibited CFTR-mediated C1~ secretion, in part, by downregu-
lating CFTR protein but not mRNA transcription expression
levels. This may also account for the ability of LXR agonists,
both endogenous and synthetic, to retard the enlargement of
cysts formed from collecting duct cells. This hitherto unde-
scribed function of activated LXRs has the potential to be
further developed for the therapeutic treatment of PKD in the
future.
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