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Unanea
msgaduuunididen (magnesium; Mg?") wuuldldndsnuludld \uladendrdgdwonissnm
auna Mg? lusneine fsenuneunthiuansiiuinnensasulngdild uazen omeprazole figns
WasuuUaamsaeadyu Me®* wuulalldndenuludld nmsfinun il ingussasavaniiofnwiunuimues
amensaeulnsianld wer omeprazole sonmisauds Mg® wuulildndnu nn1svaaeIwUIY

omeprazole HNSHINNNTLAAIDBNYDY FIFUINILNTA (acid sensor) FiB P2Y purinoceptors ¥iim P2Y2
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LYY 1

P2Y4 uag P2Y6 Tulwaaaildinigiaes Caco-2 dnvisdadugsnisauds Me?* wuuldldndsnuriuuiugag

ldmsdes Caco-2 nansedumsvieges P2v2 Afsudinisuuds Mg wuulaldwdsamusinuusiu
waddldmzides Caco-2 Wiy nmznsasulnssaldanmsaduddvinaves omeprazole sons
WanIBNTBY P2Y purinoceptors ¥lla P2Y2 P2Y4 way P2Y6 waznisvuds Me?* wuululdndaausiny
uriuaddldmneies Caco-2 a13tfudls P2Y2 uay intracellular Ca?* Squdifisnisvuds Me?* wuulalld
WU LEadE ldwziEes Caco-2 ﬁgﬂﬁméha omeprazole wonnl omeprazole Sadise
ANNAUIUINTuazanANETHNSA N TUNEIB0RUUSERUINAIUYRITNTENINNYadUDY  UHWWad
Sldmzdes Caco-2 lefinwnsdu HCO, WUt omeprazole uay ansnszdu P2Y2 Slqyiifiunisdu
HCO,™ Hnuuuadaldmnziane Caco-2 uianstiuds P2Y2 uay intracellular Ca2+mmmé’uéjqu'§suaa
@13N5¥AU P2Y2 uag omeprazole Aan15tu HCO; 1ol ﬂﬂ%iﬁﬂ’lmimzﬁu P2Y2-intracellular Ca®*
signaling N3eAUNIITU HCO5 waziinadudinsvuds Me? uuulildmdinuiuuruwadaldinnziaes
Caco-2 amznsadnulnssdldannsaduddvinaves omrprazole slontsvuas Me?* wuulildwdenu
Tneifiugaanifnisfndonuazeonlidesulsrquininudesinssevinuead  Caco-2  wamsAnwian

lAsaMsIdelidnauaunuInues acid sensor P2Y2 receptor lunisaiuaunisuuds Mg” wuulalld
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Abstract

Intestinal passive Mg”" absorption is the vital factor for normal Mg”* homeostasis. Apical
proton and omeprazole have previously been shown to regulate paracellular Mg”* absorption.
We aimed to study the role of apical acidity and omeprzole on paracellular passive Mg”* transport.
Omeprazole, which suppressed apical proton accumulation, enhanced the expression of acid
sensor P2Y purinoceptors i.e., P2Y2, P2Y4, P2Y6, in Caco-2 cells. It also inhibited passive !\/1g2+
transport across Caco-2 monolayers. Activation of P2Y2 receptor suppressed passive Mg
transport across Caco-2 monolayers. Apical acidity abolished omeprazole effects on passive Mg”*
transport and acid sensor P2Y purinoceptor expressions. P2Y2 receptor inhibitor sarumin and
intracellular Ca”** chelator BAPTA-AM significantly increased passive Mg”" transport across
omeprazole treated-Caco-2 monolayers. Omeprazole increased transepithelium electrical
resistance but decreased paracellular cation selectivity. Omeprazole and P2Y2 receptor activator
markedly increased HCO5™ secretion in Caco-2 monolayers. P2Y2 receptor inhibitor sarumin and
intracellular Ca?* chelator BAPTA-AM significantly abolished stimulatory effect of omeprazole on
apical HCO3 ™ secretion. Indicating that activation of P2Y2 receptor-intracellular signaling pathway
triggered apical HCO;™ secretion which then suppressed paracellular Mg** absorption. By increased
papracellular cation selectivity, apical acidity markedly increased paracellular Mg?* absorption in
control and omeprazole-treated Caco-2 monolayers. Our results proposed the regulatory role of

P2Y2 receptor on intestinal passive Mg®* absorption.

Keyword: acid sensor, intestinal HCOs™ secretion, paracellular Mg?* absorption, proton pump
inhibitor
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AMaSUNYAYANYAlLATAEaN ki luN15338 (List of Abbreviations)

ASICla acid-sensing ion channel la

OGR1 ovarian cancer G protein-coupled receptor 1
PLC Phospholilase C

PKC protein kinase C

CFTR cystic fibrosis transmnembrane conductance regulator
TRPM transient receptor potential melastatin

Cldn claudin

Prna/Pct relative permeability ratio of Na* to Cl

Pra sodium permeability

P chloride permeability

UTP Uridine-5-triphosphate

UDP Uridine diphosphate

SR sarumin

RB2 reactive blue 2

MRS MRS2578

TFP trifluoperazine
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unu (Introduction)
ANUAIAYwaZNNYRIUyYINYINN1TITY

Tofinsloa (omeprazole) tHugnddlgnsdudenisuainsalunszmizeims deuldsnuwlsnnas
AMLAAUNATDISTUUMAAUIMNT  017aiu LsAnsaluadeu  (gastro-esophageal reflux disease)
) . oy @ Y L. @& v P a v = v
NILNIZRIMMTBNLEY (gastritis) waganldidanadiususniay (duodenitis) Wudu Weawiniinatiufusiey
dg’ Y = o Yal ¥ 1 1 < 1 dl dd‘ Q:l
wazm@elaineIeinlviinmslyd omeprazole sguwnsawawduglunguiviefnaanilan [5, 40]
agdlsfinuiusaust a.e. 2006 audagiudsenunaisatuudingUaeildld omeprazole Ansariu
' v ) a 24 = ° i ) a .
dealiszaununi@en (Me®) lunszuaidansninseduunfiognasuuss (severe hypomagnesaemia)
SiuneRaUnFduY 81y duau (confusion) 1wWeady (lethargy) duag19guLse (convulsion) /il
ARIRTRIRER (carpopedal spasm) audn (seizure) kazuunad (lost of consciousness) [4, 8, 13, 25, 30,
34, 48, 59] WamsnaaeUAYUIEUId U 1IEnTes Mg® Tusneiniuag1aguuss [8] nan1svadeu
msviheuveslaus@ilaieuliung tneddielilafinnegyds Me? medaaniz usiiluiuiaulad
mssnwlagli Me?* ie@sunisnissudsemulaaansafiusgau Mg Tunseuadonls wanisld Mg nng
I [ Ly 2+ A Y v & al v 1 < =N ¥ ¥ 1 =
woadenaunsainwsEiu Me® lunssuadontinduluunilaeg195iagy Usingiedneduinged
nsaady Mg Tuanldunnsea [4, 8, 13, 25, 30, 34, 48, 59] NMFANINNUNVBIEITeNUT omeprazole
fignsdudanisgadu Mg® wuuruterinseriawaddeydld [51-53] Fadunalnndnlunisgedy
Mg?* ihgsnemenywd [43] egalsinunalnnisesngdseiuiwadues omeprazole Gudenisnad
Mg”" sugadgeydldiudalinsiuwidn waziadiinsmenyudaglasu Mg NaaTunugasLEe
oYY " ] = o4 1 s A oYY Buyv 1 & Y o
yaldiuwintu winalnmivaunmsmsaady Me®* duwaditoydldiundsliidunnsuwidalulagiu
[35, 43]

I 1Y) PN Y] Y a | v a <
nszzemsilusiviziamnsandinsalausunaundwmalinglunsensigemsiannudy
n3nge (pH ~2 — 4) naasulsznue1ms Weemsannszinzammsiudngaldidnivilinsagnidu
asglnssantddniguiu Wunabilulnssaldidnvesyudaasaldidnaiusiu (duodenum) audsanld
nduUane (distal ileum) nmgilunse laediAn pH 5.5 — 7.0 [39] Bennngnsamululnssaildn
. .. = a | . . . = a‘ % 2+ [ Y 1
apical acidity 91nNISANYINEIUNINUINNTIE apical acidity U NBNTEAUNITAN Mg Tualddnuazunu
wanlgayanld [20, 46] uay omeprazole Hgvadugianiie apical acidity 3an13RaTy Mg® veuwad
Wouald [52] uwidloUusulnssdldvesuruadiaydldmeansifeasasniean pH 5.5, 6.0, 6.5, uay
7.0 1ied1aRINIE apical acidity WUl apical acidity nne pH dgusiiun1sgady Mg™ H1u

1 1 1 ¢ A o v 3 1 | Al v 1 =3

Yo1usEninaaailouild alungualuauwazngulasu omeprazole [52, 53] agndlsnnunalnns
90NONBYDINIE apical acidity AIUANNIIARATYN Mg”™ Uazdugin1seengnsues omeprazole Tun1s

sUNIUNIATY Me®* Tuadigaudlddudslinsuuwidn



Soifinane apical acidity wadiBeyaildannsiul wasmuaunisnevausveeadlngef
meiauvesngulusiuiineuaussieumansalulnssdld (acid senson) fuf acid-sensing ion
channel 1a (ASIC1a), ovarian cancer G protein-coupled receptor 1 (OGR1), Wag P2Y purinoceptors
[2,9, 10, 22, 23, 37, 61] MsAnwReUNT YR Idemuin omeprazole flgnssunIunisiansoonuazns
¥91ue ASIC1a way OGR1 duwasumumsvinuveswadtdoydldlunisgady Me? wuusugesing
sewaad [53] luwaisdl P2Y purinoceptors Tnglanisiin P2Y,, P2Ys, was P2Ys 1 acid sensor 7
finsuanseonfisimzuuuinamiiduinsdld  veusaddlduyvduasuiusadidoysldinziies
Caco-2 [60] 4l P2Y purinoceptors fiduddylunssuiumsnuaumsvuasdooulszquan enfidu
Na*, K*, uag Ca* ﬁﬂuLLNuL%aéL?jaqﬁhm [31] Ing P2Y purinoceptors agnsefunsasdayaianiely
LARNIUNIY Gq protein, Phospholilase C (PLC), intracellular Ca**signaling, ua¢ protein kinase C
(PKC) \lomruaunsviaussduiead [10, 31] agslsfinunisiiemues P2Y purinoceptors figados
umsgady Mg uardnSnaves omeprazole #BNM5YI19IUYBY P2Y purinoceptors wagn1saadayayos
Fdsneluadideyslddugslaiininuide

Mertz-Nielsen uazamy [36] Teusansinuludldidnvesnsénuin omeprazole finy’
dinnstuluansuoiun (HCO,) GzJENLszjaé@'aqﬁﬂﬁvﬁwaj‘[wwﬁﬂlﬁ \iiwsa1n HCO4 Julosuuszqau N3
U HCOs~ Lﬁi’hajiwiﬂﬁﬂé’mﬂ%uazamﬁ’ﬂlw%ﬁL“fﬁlumﬂé’mimaé’ﬂé’ LAZTUNIUNTANTY Mg Butes
syinasadla Lﬁmmﬂmig}@%mgﬂLLUUﬁaﬁammmmLﬁawwmmm’hﬁwﬂaa Mg?* wazdndlindidu
vindulnsedld willenhld Mg LLWi'mﬂIWiaﬁWIﬁmuﬂimdwizijLszjaéﬁaqéﬂﬁdawﬁ’hajmzLLa
Fon [43] Msfnunaanvesisenuin ompeprazole WinnsuaRBNLALNNTYINITUYEY ASIC1a TNaLiiy
N5V HCO5~ #unne intracellular Ca®*-cystic fibrosis transmembrane conductance regulator
(CFTR) dependent mechanism Lagann1suuas Mg?* lutasseninuwaaantd (53] Dong wagmug [10]
enuNanisinuludldianvesdniveassin P2Y purinoceptor ynulaenszaun1sdu HCOs™ My
N4 intracellular Ca**- CFTR dependent mechanism L4y pg9lsAnuBNENAYDS omeprazole #9

1391191984 P2Y purinoceptor Mgatassiani1sdu HCO;~ luasidayanlddslaiinsfnyide

A o ¥

nan13ANYINlATINTITedazudunat uAeesnsld omeprazole  dwwalinniay

hypomagnesaemia lngdugsnisandu Me® ludld uenanntunisAinwiasalidasuansdenalnlunis

(%
LYY

fugan15eengNsUel omeprazole Ing apical acidity @asiludayadAgsianisimunisnisdesiu uas

1w

Snwmadnufesvesen omeprazole lufthefisnludeddiunssnvideenviinifindediudua

suiieninnenses Mg® mnannnauely
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nsAnymiavaelulasinsideilaseunqumsfnunaivineinissnwiauna Mg™ lusanie uay
nalneuAunsaady Me?* Tudnld

VOB FUYATIU LASNTOULUIANNANYDILATINTIY
A B
> Mg? Mg
Gastric HCL
| R
H* sreas stimulation
\:\:\:___ —| =inhibition

G, = G, protein b
PLC = phospholipase C

Mgz' Mgz’

C

Mg?

Basolateral side

Mg?

{2=> = stimulation ._
i CFTR=cystic fibrosis
: transmembran
e conductance :
regulator E

> Mg*

JUN LUansaulfigu uaznsaukAnvedlasanisidey

lunzund (gﬂﬁ 1A) NIAINNTHNNZOINT UazaNMsTusenUenigadtIu H'/K-ATPase 44
finsuansoonuinmatiiinsdldvensaddlduosuiumadidoudldmndes Caco-2 [1] vhuin
N17% apical acidity LLasﬂszﬁu P2Y purinoceptors IR P2Y,, P2Ys, Uy P2Ys %ﬂﬁmmamaaﬂﬁnm
ailadningsd 14 (apical side) vonvaddlduazusumadidoudldimedos Caco-2 [60] n3nsesunis



¥N9uee P2Y purinoceptors nauagnszunalnnisasdyainnglugadiiune G, protein-PLC
dependent pathway #4agnseiunisasdyaudweluds Ca®-PCK dependent pathway [10, 30]
TUNINTLAUNIINTEAUNTANTU M™ UWUUKIUYRIINTENIITEA

usilun1efliu omeprazole (3U1 1B) omeprazole a5UnIuNSYinUYes HY/K*-ATPase Lay
fudlsan1oy apical acidity [52] Jiviann13NIeAUNTYINNILYeY P2Y purinoceptors waznalnengg
nelugad wenaniiu omeprazole 919sUMUMSNILBY P2Y purinoceptors Tagnse auilnalian
M3ATa Mg WuURutesIssE I wadveusiuwadidoydld violudnuiyu (3U7l 1C) omeprazole
99T ANASUNITHANIDDNUAZNNSYINUVBS P2Y purinoceptors Migdasonistu HCOs TuL%aéL?jaq
ldkuma intracellular Ca®*- CFTR dependent mechanism duivglviinsandnliiiduuandm
Inssdld wagsunmunsgadu Mg rutessevinawadidoydld

ANSNUNIUITIUNTTU/AN58Und (information) NNe2U49
1 aunaves Mg® Tusrameuywd

SNMevesywdll Mg®™ agusann 24 ¢ [57] dwlvgjazavaulunsean (~53%) uavegly
wadiieiferag ey (~46%) duiimdeussana 1% aglunssuadonuazvadvaluenas [35,
45, 57] mniinsuemzasluead Mg™ w5Iuegiu adenosine triphosphate (ATP) Ussana
80-90% BnUszanm 6.5-9% azymegiulusiuneluead uazduiivdeUszina 1-3.5% uio
0.25-0.7 mM eglusudase [18] i Mg fanudidysienshauvenvadihsinie feswin Mg
udesufimuaunsvineuwes ion channel msmsguvaslusiuneluwad nszurumsERaIYNEINY
Meluwad wazdadulrouluiveaeulwiddynisluwaduinnit 300 ¥da [35, 45] mniinngnses
Mg* gaudanansznumsviusEiuwad wasneliiinlaymnisguaimanning oy lsanseanngy
[46] Alzheimer’s disease [11] wazanuaulafings [54] Wusu Foulsina Mg?* lunseuaidenss
Fudusosgnauauliegluszduivnzaufousyana 0.7-1.1 mM Tasendamsvihauvesdildlunisge
T Mg 1ingsnanie wazlalumsdu Mg®* diuiiueanaininanie [28] LwiLfiaqmﬂs"mﬂwwws?%lﬁ%u
Mg anemsisuUsEyuwiniiy ﬁaﬁumi@m%u Mg Tudld FsfioidunalniidrdyBsdenisnuanna

Mg”* Tusranieuywe

Tuwsiae fuisfutseyu Mg Ussanm 300-360 mg lusiuaull ~30 % aggnaadudngnasua
Fon [45] egndlsAmalunsdififuusemu Me” TudSinatios dldamsadiunsgadufuussaa ~60
% vowSmanimuafisuusen (14, 43 Famnfissanuiazduresdild lunmeunddlddndau
duodenum gadu Mg®* Uszanas 15 mg aldianaau jejunum gadinuszanas 30 me aldidndan ileum



AnTUUsTI 75 mg WseRndu 56% veaUiuia Me®" ianuafigadulaeantd [35] Aetumingadens
2 2
g

U Mg* Tpedldiandrulidendmaliusina Me® Tusneanas [55] d@waldlvatiuavandu

Y

e

f
Usganas 15 mg [35] wanigoydldan@u Mg liiumng 2 nalnfie WUURNULEEE LagWUUNIUYDITEVINg
\wad (U1 2)

N13AATY Mg** wuuRuadtulunszuanumsldnd i (active Mg?* transport) Iag Mg®* 910
Insadnldasidngwadiiune transient receptor potential melastatin (TRPM) 6 uag TRPM7 9N
Mg?* %QﬂﬁflaaﬂuaﬂL%aéLﬁaL%’ﬂéﬂizLLaLaamMa Na*/Mg”* exchanger MsaaTy Mg Fenalnis
aruddnlunmeRfulsemu Me? Tuusinailes [43, 44, 47]

Apical side l J Basolateral side

7 3Na*
e Na*/K* ATPase
2K,
Active Mg?* transport
0.25-0.7mM ~1mM
Mg?*
Na*
Na*/Mg?* exchanger
Passive Mg?* transport j
~5 mM ~1mM

=

JUN 2. nalnmsgadu Mg® Tuwadiioyanld [50]

nsgeTy Mg wuuRugesssinagadiulunszuiunsitliildndsnu  (passive  Mg?*
transport) edgANAIMLBEmIIAITITuYes Me?® FauSunay Me?* Basylulnsednlddasen winnin
nIoUsenal 5 mM %aqmdwmmﬁmﬁmm Me? Baselunseuaiden wazdnglwihdiduuindulngs
$lE (+5 mv) willpnhl Mg?" unsnnnssdldriudesinsssninasadidoudlddoudignszuaion
[43] ﬂalﬂms@ﬂ%mmumuﬁzj'aqswdwfzjaéﬁﬁaLﬁuﬂalﬂwé’ﬂéuaﬁ'wma ilesa1ngada ~90% vesUTanm
Mg?* ﬁqmmﬁ@m%mﬁﬁﬂﬁ [43] nsvuds Mgt 51’3ﬂﬂalﬂﬁgﬂmuqmﬁwimﬁmm tight junction #ifidai
claudin (Wuussunad 24 suﬁmiuwwé) %qmmaaﬁmLﬁaﬂﬂszmmsmmmmﬁﬁmu tight junction [17, 29,
49, 56, 58] Juflweusutiusgaunivatsdn Cldn-16 Felusiufidntihilunisouds Mg rugesing
sehaeadlusiela (26, 271 eglsfiniu Cldn-16 dulifimsuandluwadidoysld (141 Wululiineed
Cldn  wlinduiiiendosiumsgatuuunii@esrutesiseninawadidoudld  msnwineuntives

v o

AIeNUI Cldn-7 wag Cldn-12 finthiidu paracellular Mg?* channel Tudild [52] nsfinwinaln



v A [

AIUANMIHARIEBNTRY  Cldn-7 uay Cldn-12 Fseraduuwwimedidgyfagylidilanalnnisgadu

o

WU NI TYUBUUNIUYTDIINNTENINNLAR

fawiinnsandy Mg Tudldzdrnuddyeissientssnusedu Me? Tusiane winduld
foosluuvialafidwinfimuauminadu Mg Tudld fufaeisemuitmiudfgnseuaumanady
Mg® Tugnld usnansnulusyudiadaudsiumatsysaiiu [19] dsinnisgandu Mg® visladiu
thick ascending limb %ﬁg}ﬂﬂw@mﬁwaaﬁmuwmwﬁﬂ laun  arginine vasopressin, glucagon,
calcitonin, parathyroid hormone, estrogen, epidermal growth factor, wag insulin [42] ﬁﬂﬁuﬁaﬁlﬁﬂ

aulanazysiudnuifeiiedumnalnatununisgady Me® Tuanld
2 omeprazole

omeprazole uglungy proton pump inhibitors  Aiusgnausneasiaiidfyde pyridyl
methyl sulfinylbenzimidazole Lﬁ'aQﬂﬂszﬁuﬁaamwﬁLﬁ‘fluﬂimiuﬂizwamms%m?amﬁu
sulphenamides %ﬁ%ﬁuﬁ%mg sulphydryl U8snsaezillu cysteine Fumafl 813 wee H/K -ATPase
FetusElaauy wasdudinsvinaiuues HY/K-ATPase w8 parietal cells Tunsuimnzems [40]
o omeprazole Feleuld¥hwilsavessruumaduemsisniiudesdudimsvdninan parietal
cells Tunsziwize1ms 919U Barrett’s esophagitis, gastro-esophageal reflux disease, gastritis

= < Aa ¥ = £ & V1 (5% = o §0 @& = o 4
L‘IJEN’"U'WﬂLﬂUEJ’]VliJiﬂ‘EJQ’IUNﬁ?J’]QLﬂENL!EJEJLLa81/17"2]81@&’]‘EJIG]‘EJVLMG]ENMIUEQEJ’]‘R]’mLLW‘I/IE’Jﬂ’mU"\N‘VI’]IM

)=

omeprazole ugnfifouuazldosounsvats  uazifuolunguenfiveifigailan [5, 40 il
$UUsEN1U omeprazole 40 mg AzvilAilszAu omeprazole IuﬂizLLaLﬁaﬂQﬂqmﬁ 200-400 ng/ml [33]
Hosnnineanunsafida omeprazole 16157 (half-life~05-247Tua) Favhliiandifionnisthedess
919U chronic peptic ulcer, Barret’s disease, Wag gasto-esophageal reflux disease fodlasu

omeprazole Anmariuiduaaiuiu [5, 38]

3 omeprazole uasauna Mg*

fusaudd AA 2006 dTeeumenisumgdununnszyiiedldsu omeprazole
Ansotudunaunnit 1 3 %qdaumﬂLﬂuﬁﬂwﬁﬁmm'ﬁmqumqLﬁumm'ﬁga%’q daaliilin
ATEUina Me?* Tunszuadonsnninund (hypomagnesaemia) SaufunizRaunfdus ey duau
(confusion) 1¥e33u (lethargy) 5‘14@8]1@@&3& (convulsion) ehiledinings (carpopedal spasm) audin
(seizure) WazuunaR (lost of consciousness) AUADIUAILTINGIUIALALLTINIY [4, 8, 13, 25, 30, 34, 48]
PINNINAdeUTLAETITINI1 M retention test Ua%ﬁn;ﬁﬂw%’wﬁuﬁmwwﬁm Me?* Tuunasasauves
$19Neeg19TuLs [8] wiUheiinsinuvedlalunisdanis Me®* uund Sldsinnsagde Mg luiu
Haany 14, 8, 13, 25, 30, 34, 48, 59] Hufhaulaiimssnunlaensld Mg Usnagaaiamans
Suusgmuiiuldannsadnussiures Me? Tunssuadenlindududndly Tumenseiudranasly me?*



] [y

ummaondeslgmsanduiiliesdy M lunssuadenndugssdutnfiosnamnga  Ued
omeprazole ﬁqwéaumummm%m Me?* Tuanld [4, 13, 25, 30, 34, 48] ?jﬂlﬂﬂ’jﬁfmﬁaLLWVIETME;@R]"]EJEJ']
omeprazole Tauldiiiss 1 - 2 Ui wieuAunsyi Mg 1esum1enissulsenIu dealisau Mg
Tunszuadenndugseduunils uiiesaneuldtreiudniduiinedosnimgald omeprazole Sevils
pIMIvBsTFUUAALDWINULda TS TuTiunmeesteeiisnads vioelunguensudanisuds
nsnfadu wazdlefinisnduuld omeprazole Bnifies 1 — 2 dUawi waufunisTi Mg Lasumienis
Suusenu nauvinlnszau Mg Tunszuadeninaidnada [4, 8, 13, 25, 30, 34, 48] Usdlé omeprazole
figvsnan1sgadu Me>* Wies 7 — 14 Yunddldsue dafunisimunvesnmeuinm Mg Tunszuaden
ﬁwﬁ%’fnmmuﬁ?um%LﬁmmﬂmiqmL?iami(g]m%u Mg?" Tuanld Feviliistenmedesld Mg®t anumas
avauvessany wndlefinisth Me? nunasazauuldiasefudussarnaudailiaanisnses
w99 M?* Tuunasasauvessnenie wazliaunsadiasnwmseau Mg Tunseuadonld auinnngdsune
Mg”* Tunszuaidansininund (8] msfinwnalnaruaunisgedu Me?* luiadioyald waznalnnisesn
gvdsefuwadues  omeprazole semsgedy Mg ludldFadudsidnduddunistiosiunnie
hypomagnesemia Tuﬂulsﬁﬁﬁaﬂsﬁmﬂejmﬁamﬁaﬁutﬂummmu LLazLﬁaL“fﬁJuaqﬁmmé’siamiﬁﬂmsiaaa@

WauIsnsiiunsaady Me®* TudUieniinensas Mg™ amnanvndu,

NMIANARILINEAITenuIn omeprazole fiqvBanmisvuds Mg® WUURIUTRINATERING
wadidoyald udlifinasionsvudsuuuriuigad Ing omeprazole ananaNTRnAAEoNUsEUINTLA
tight junction anauiawlniyszaauludesorineszniaeead wasfamdsunefusiuiveanis
JudUUEdeTIeTErwadTeskkuadBoysldmzdss Caco-2 [51] uenaintu omeprazole
gyanAnaNsalun1sand Mg?* Ue4 paracellular Mg®* channel wagannisuansoonwed Cldn-7 wag
-12 [52] asmliﬁ’mmﬂalﬂmiaaﬂqm‘éizéfuL%émm omeprazole FUNIUNNININUYDY paracellular

Mg** channel kazann1saaTu Mg wuupuYeIIesenIwadtudlinsuwitn

4 Apical acidity wazn15vUdIdaDU

nszizonsilusivisivainia HCL Tngendennsvinguees HY/K-ATPase Tu parietal
cells  awhlinelunszmszomsinnudunsngs (pH~2-4) Weamnswiudigantddvinlingg
& a y oy & oA P o o ) v oy A 1
wianfignianasglnssdldidniduidediu faiaelinisdu HCOs™ Whdlnseanldiieann1iznsn wsily
Insadldidnvesuywdsius duodenum audle distal ileum Adslinmzilunse aedian pH 5.5-7.0 [39]
138n31019e apical acidity VietlwadigayaldanunsiuiiarAIuALNITNBUALRIUBLLATLALDIAENTT
YN9UVDY acid sensor 819N ASIC1a, OGR1 way P2Y purinoceptors [2, 9, 10, 22, 23, 37, 61]

apical acidity annsamuaun1sga Me® ludldls Heijnen wazmnue [20] S18UKAT0Y apical
acidity WILNIQATYU Mg®* WUUHIUYRIITENIwaa budlddu ileum Ld Tang wazGoodenough [46]



$1897UN1T8AAY pH yasansiemlnssdlddu 4.0 annsaiiunsuuds Me?" wuuruTeTnesEwing
wadliszana 10 wh vesnguauauiiian pH vesasihdulnssdldd 7.4 nmsinuaiandite
wu31 omeprazole Faflgniannisvdinsadelududsanioy apical acidity LazaAN1IANTL Mg*" Youaad
L?j@qé’ﬂé’ [52] LLGiLﬁaﬁuﬁmesqﬁﬂﬁmmLLﬁuL%aéLﬁaqﬁwlﬁé’aaawsl,gauszjaéﬁﬁm pH 5.5, 6.0, 6.5, Lay
7.0 Wies1aesny apical acidity wuinn1e apical acidity ﬁqwéﬁumsam%u Mg®" LUUNIULDII
sgwhaeed uasfiunisuanseantes Cldn-7 way -12 Tuuduwadideudldimeiies Caco-2 Uni uaw
LLNuL%aéLﬁaqﬁﬂé’waﬁm Caco-2 #il#i5u omeprazole [52, 53]

Woinane apical acidity wadiBeyaldannsiul wasmuaunisnevausveeadlnge1f
msﬁwmmaamj'mT:diﬁuﬁmauauaa&iaﬂ%mmmﬂu‘lwsaﬁﬂé’ (acid sensor) koA ASICla, OGR1, way
P2Y purinoceptors [2, 9, 10, 22, 23, 37, 61] MIANYINOUNTNVBIRITENUTT omeprazole ﬁqwésmmu
AN3UANIBBNKATNNTNILTEY ASICTa Wag OGR1 dswasumumsvinuveawadidoydldlunisgedy
Mg? LUUNUTBIINTEWINawas [53] P2Y purinoceptors lagiangain P2Y,, P2Ys, way P2Y, 10U acid
sensor Minsuanseenisimzuuunantiiulnssdld (apical side) veswadanlduywiLaYLHU
wadiBoydldmneiiies Caco-2 [60] Manszdu acid sensor 8814 P2Y purinoceptors fidTuAIUANN
vhouvenwadieydldlansydunalamsdsdyyunieluwadiiiuns G, protein-PLC dependent
pathway ?faa]3msﬁumidaé’mapmﬁwé"wialﬂé’ﬂ Ca’*-PCK dependent pathway [10, 31] Lﬁamuaumi
d9doou 99ilu Na*, K, wag Ca** shul,wiuwaé@jaq [31] eealsAnunisyineuees P2Y purinoceptors

o
a v

MAgIteauNIATU Mg™ UazdnSnaves omeprazole MaN15¥1191UYBY P2Y purinoceptors Wagn1s

'
[ [

dedyaamdinsluwadigeydldiudslilinisfinuide

o

NNt apical acidity Ssausansefunisiu HCOs Tumadideydld Tnensedunisvineu
299 ASICla wag P2Y purinoceptor wazasdgamanisluwaduiu intracellular Ca®* signaling e
N3EAUNITYINULYEY CFTR AU HCOs™ whglnssanld [9, 10, 53] \iosan HCO, Julosudszgau ns
U HCOs L%’Wﬁiwmﬁﬂtc"imﬂ%uazamﬁﬂlw%ﬁLﬂuuaﬂﬁﬂuIWiqﬁﬁlﬁ ‘?iGRTWL‘TJUGiQﬂWi@@%N Mg?" {IUD
szyawadaldidunalandnlunisgady Me® Tudldidnvosmywd [43] Mertz-Nielsen uazaai [36]
seamanisinyludldidnvesuyudnuin omeprazole Snvlinmsdu HCOs veugadidoydldidn
dlnsedld msfnwnaranvesiidul53] wuin ompeprazole HiunsuansonuaynsyiuYes ASICla i
AL HCO5~ WU intracellular Ca**-cystic fibrosis transmembrane conductance regulator
(CFTR) dependent mechanism wazann1suuas Mg lnudessywinasaananld [53] galsinusvsna
84 omeprazole AaN15¥ MBS P2Y purinoceptor MAgtasdon1siiu HCO;~ Tuwadtdoydlddslsl
in1sfnunIde

5 uwuudnaeslunmsAneinasvuds Mg?* Tuanld



Caco-2 epithelial cell L?Jul,szfaél,wmﬁmﬁlﬁmmﬂL%aémsﬁqﬁﬂé’lmy}umwwé WALLEAS
ananTRdRgoaradidoydildidn lidesdudulasaeiinmsuansoonveseuleififinrmdung
poanlaan a9y sucrase, isomaltase, lactase, alkaline phosphatase, W8z aminopeptidase N [6,
41, 63] viserunsgaduansingeg linnzluen asemns wavdeeu aierdsiualdidnuesuyed [3,
21, 32, 62] AufuwadiBoymldimzniss Caco-2 Feldsunseensu uasloldiduuuuasdumsdng
mswudsansingg iudildifnmged uonmindumadideydldnisides Caco-2 Sufuuuudiaesii
wingaulun1sAnwnisuuds Mg diuuduwaaanld [12, 51] uwarann1sAnwIves Abrahamase wag
Aty wandliiiiuin Caco-2 cell finsuanseanues HY/K-ATPase denudusenisvieureasad [1] uay
HY/K"-ATPase  Alulusfutimunglunisoenguives  omeprazole medwL%éﬁ@gﬁﬂﬁmzﬁm
Caco-2 ¢Mauaueswe omeprazole [51] uaNNi Caco-2 cell faflguuuunisuanieanves Cldn vy
tight junction wag P2Y purinoceptors ¥Hin P2Y,, P2Y, Wag P2Ys vuntsnulnssanld (apical side)
wilousuiinulumad epithelium vasdTléidn [7, 15, 16, 60] fremapatisuiiadiBoydldimetos

Caco-2 Fadunuvinasaninzaululasinisided

9 Usza9AvalATINITIdY

1 Lilefinw1dEnaves omeprazole Aon1suanIDNTOILUIAU P2Y,, P2Ye, wag P2Y, Tulnusad
Woydldinziaes Caco-2

2 LieAnw1dvEnaresaniiz apical acidity Aon1suanieanaaslusiu P2Y,, P2Y,, uag P2Ys lu

| s A o v v & a aM v
LLNUL‘UaaLEJEan’fLﬁLW’]%LaEN Caco-2 Unm LLawﬂmuomeprazole

3 WNBANYIUNUIMVBY P2Y,, P2Y4, WA P2Ys ABN13N15AATH Mg™ HuYRI195EnINTadv0s
wHumaagaydldnzites Caco-2

4 \WeRnwdvswavedan1e apical acidity wag omeprazole AONISNINIUUDY P2Y,, P2Y,, lay
P2Y¢ waznalnmsdsdryianeluwadiifedteaiunsnndy Mg HIutediasenIsadvewiuead

\Woualdimzides Caco-2 Uni wagiilasuomeprazole

5 1NeANYIBNENAVDIAN1IY apical acidity Laz omeprazole AONISNIIUTOL P2Y,, P2Y,, Uz
P2Ys uwaznalnmisdsdyianmeluwadiifeiteadunstu HCOs~  ’iuwsugasitayan ldniziies

Caco-2 Unf uagilasuomeprazole
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Uszlgminaindnazlasu
1 9IUIVINS

HANSANINLATINTITEUILALDIAANNIAUESTINEINSThwauna Mg™ waznaln
muAuMseady Mg® luild  uenainuumsfinueselifasuandenalnlunisdugsnisesngnives

omeprazole Ing apical acidity Fvzilutoyadidgronisimunisnistosiu uazsnynadiufeswes

I v

&1 omeprazole lufUrendndudesldsunmssnwiesiiatfindefiudunaiuiu

'
Ya v A ya o

fIveflunuiiazlidanseautnydndnunfgisoiduenasenusnuineninussiuiinisiseniala

Y

e

Yo ot

< o U a v v [ a a a
NIAIUANVBINIY "?N"i]gLﬂuﬂigiﬁlsﬁum[,Uﬂqiﬁi'NUﬂfJﬁ]Swuqiﬁuiuaqmq']%qﬁiﬁﬁﬂﬁn

9 Y

NAN1TI989INIATINITIBUAININALANLALNILNS TUNTANTIFTEAVUIUTIRAD  Experimental
and Molecular Medicine Tu#Ma1503 The roles of P2Y purinoceptors on passive Mg?" transport

across intestinal epithelium-like Caco-2 monolayers

¥
a v Aal

naa3anlasinsitedilasuniswmeunslunsasinmaununniazgniluiduiitesey
=

oslAnTzAuUTY 93 LastndinfnwilusneignnsiaszRunAaieNIINeEnsASLANE Laz

SV WNTRLERNATIANNETTING ALANIYANENT WINYIRBYITN

2 ANUFIAL

Usmiiudomatnafsmansldendudinmamdsnsadasetudunaununienilnie
amzUEna Mg? lunszuaifeamesisquussiuldsuauaulatustaunsuanslutiagdu fefiléinag
LHELNIToLAlAEIANTAUFUAIMTAERIANT 01T dA1NNUANENTINNITEIMIUATET ansTalEnT
(http://www.fda.gov/drugs/drugsafety/ucm245011.htm) namsAnwanlasInsiteiesiut waz
atuayunainafesesedudimmdnasomanady Mg Tudld efliinissnumaamsesntnmnges
Deendusinmdansaunitasfadetudussaznauuiiodesiurainafewoen WAZANNITY

AldIeaun1suagUA YN BmatunY
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Waidas (Main body)

Bnsanliunsie wazdauiivinnsnaaasinudoys

LY

ASARUNITIVENINUALULATINTIFEY ALTEUNIT B DIANTINYIFAIANTNITLINNG AL ENLIY

[ YY)

Aans unIne1deysn laeignisandunisideadl

o

1 Msdewadiayaldiniziaes Caco-2

yhmsdsneadioydldimedies Caco2 (ATCC® Number: HTB-37) lu Dulbecco’s
modified Eagle’s medium (DMEM,; Sigma, St. Louis, MO, USA) ‘ﬁﬂizﬂa‘uﬁw heat-inactivated fetal
bovine serum (GIBCO, Grand Island, NY, USA) 12%, nonessential amino acid (Sigma, St. Louis, MO,
USA) 1% iag penicillin-streptomycin (GIBCO, Grand Island, NY, USA) 1% I@EJLastﬂu T-flask (Corning,
Corning, NY, USA) wuna 75 cm? TugUaenidioft 37 °C waganundidu CO, 7 5%

Tunswssuusugadgeyaldniziae Caco-2 ethlUAnuidetu wadiboyaldiniziies
Caco-2 %Qma&lwu polyester Transwell (polyester Transwell® inserts, Corning, Corning, NY, USA)
AaunuIwiL 5 x 10° cells/cm? Wunian 14 Ju Tudaenideil 37 °C wazamududu CO, 7 5% Tavz

Vibiwadinisasne tight junction uaznatelduusiu epithelium [52] (3U71 3)

Transwell® inserts . . .
l UHWLBAALNIELA LY Caco-2

Apical side

4 Basolateral side

Filter membrane

SUN 3. nMndangwkuaasauaildmnziass Caco-2 vu Transwell® inserts

Y q

¥
[ Y =

2 M5 omeprazole wasNISMTdUILNEA17E apical acidity unwasiBauaildiniziaes

q

Caco-2

& & o v & A U an S - S

Wesgaddoyabdnigiies Caco-2 uu Transwell WuRgIAuIENMsdeina1ifisneu
nidunan 7 Ju anduladessenis DMEM 71d omeprazole (Sigma, St. Louis, MO, USA) A3l tiudu
200 %38 400 ng/ml Faduszdiuaruduves omeprazole lunszuaidenvosuyudndainsulsenu

ZF LUURIU

v & [y Y v PN Y gj ]
omeprazole [33] LazguUUIEAUAIIUIUYUYDS omeprazole NFIUITOEULINITVIUAY Mg
1 ! 1 (3 1 (3 d' o ¥ d” (7 d' = 1 d' -] 1 (3 d‘
Ezj@nmsmwL%aamamwumaaL&Jaqaﬂamﬂuam Caco-2 [51] Tudun 8 A3 14 neunaziuNuLsadde

yaldimzides Caco-2 UAnwsaly
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lunsfinwdvignaves apical acidity #onsuant@anas P2Y, P2Ys Wag P2Ys WaENISUUEN
Mg?" uag HCOs™ #1 apical vasusuisadidoydldinedns Caco-2 asgnuudeansidsasad DVEM 7
§iA1 pH 7.4, 6.5, 38 5.5 Wuan 2 Fluasienda 3 adssou udanu basolateral a¢ldu DMEM 7ifian
pH 7.4 lunsifisneadufl 8 8 14 deuthluAnuide Ui 4)

control or omeprazole-containing apical
culture media pH 7.4, 6.5, or 5.5

v v v
(ai)T g T1|:4 T1@T2h

contral or omeprazole havested cells

containing culture media pH 7.4 or ion flux
experiments

JUN 4. nmuansnsULsugadidayaldinigides Caco-2 fmgasidgaad DMEM il pH

3

#1399 ile1a09n 1 apical acidity [53]

3 N15ANEINTTUUES Mg®* waz HCO5™ Wiuwiuwadidayanldiwizides Caco-2

MsANYINITIUEY M®* vintmaaedlu Transwell lngdnulasainisn1svaanives Tang
uaz Goodenough [49] Tapth culture media een Aeudausuadiboydldinedes Caco-2 uas
transwell #18 steriled PBS Aouifiudu basolateral vosusiuwadifoysldimedes Caco-2 (Uil 3)
Ae steriled—Mg free bathing solution (CaCl, 1.25mM, KCL 4.5 mM, D-glucose 12 mM, L-glutamine
2.5 mM, D-mannitol 250 mM Way HEPES-pH7.4 10 mM WazdA1 osmolarity 11U 290-295 mmol
kg™ H,0) uagtina1u apical suaﬂLLsJuL%aa‘L'?Jaqé’ﬂﬁwaém Caco-2 ¢ steriled-40 mM Mg bathing
solution (MgCl, 40 mM, CaCl, 1.25mM, KCL 4.5 mM, D-glucose 12 mM, L-glutamine 2.5 mM, D-
mannitol 115 mM uag HEPES-pH7.4 10 mM wagilA osmolarity Winiu 290-295 mmol kg™ H,0)
WilileliAnnnuandsmennududusasmdondiliannisvuds M wuurutesiesEuinawad
Tuguaenidioft 37 °C uageadudu Co, 7 5% andudafusegne 50 L 990 bathing solution @
basolateral 91n9 30 wiikluna 90 unit founaufiegnaiu Xylidyl-Blue reagent FaUsznausng Tris
Buffer 250 mM, K,CO3 70 mM, EGTA 40 mM, wag Xylidyl-Blue (Sigma, St. Louis, MO, USA) 0.1 mM
Gies 1 mL wduhludemamsganduuasiinnuenedy 520 nm leglfiases UV
spectrophotometer (model UV-2550; Shimadzu, Kyoto, Japan) [51] AuLUNTUve9 Mg”* YN
Aunilagihinsganduuasiialaluifiouiudunsmanududuinesgudainannisi 50 pl ves
MgCl, fimnududi 0, 2, 8, 20, 40 39 80 MM HENRU Xylidyl-Blue reagent 1 mL waaurlUinAnis
pAnAuuasiiemenAdy 520 nm wwdeafuismadieiu mntulomnsdussimiudiusserig
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AIN1IAANTULAILAZANUTLTUTDY Mg™ Taeidunsmdasiia r* > 0.99 neuthAaudutuves Mg
lUAmamAInIINITUIUES Mg [51]

ASANYINTSIUES HCO5~ vinnsvaaadhu Transwell Iuﬁﬂaamﬁa'ﬁ' 37 °C kagANUINTY CO,
7l 5% [53] Tl culture media eenfouduHwTasiBoyS ldimzAsy Caco-2 waw transwell Fe
steriled PBS fouifiudu apical vosususadifoysléimudes Caco-2 Mo steriled NaHCOx-free
apical solution (1.25 mM CaCl2, 4.5 mM KCL, 1 mM MgCl2, 12 mM D-glucose, 2.5 mM L-glutamine,
230 mM D-mannitol, wag 10 mM HEPES pH 7.4 wagzdiA1 osmolarity iy 290-295 mmol kg™ H,0)
wazifisdnu basolateral vosusmwadiBoydldimedss Caco2 #e steriled NaHCO3-containing
basolateral solution (25 mM NaHCO3, 1.25 mM CaCl2, 4.5 mM KCl, 1 mM MgCl2, 12 mM D-
glucose, 2.5 mM L-glutamine, 200 mM D-mannitol, Lag 10 mM HEPES pH 7.4. waziiA1 osmolarity
Wiy 290-295 mmol kg H,0) ndsnidiu bathing solution «Jutaan 20 wft vmsiia HCL Aidu
apical Wildimnududuaavied 10 mM uazUsiduna 5 min Aeudisuazifin NaHCOsfree apical
solution 7ifu apical vesusuwadidoysildmzndss Caco-2 Bnads wnifuFafudedns 100 pL a1n
bathing solution #1u apical A< 10 WA 50 Wl ArUduduLes HCOs Salagldia3os clinical

chemistry analyzer (ILab Taurus; Instrumentation Laboratory, Bedford, MA, USA).

Tun1s@nw1dndwaues apical acidity Ui HEPES-pH7.4 Tu steriled-40 mM Mg bathing solution
AU apical (gﬂﬁ 3) %gmﬂ?am“ﬂu HEPES fiaududuiienfuwdiian pH 71 7.0, 6.5, 6.0, uwa 5.5 [52,
53]

4 M3ANIAT absolute permeability W89 Mg?* (Py,)

MNsANYINTauAUNITANBINITVUES M?™ &A1 Py, ansaAnalalnenisinAsns,
NsAUES Mg?* NlAanN1T1aa89 13.3 #15AI8AIANNANAMUTNTUIEY Mg Tu bathing solution AU

apical uag basolateral [51]

5 Western blot analysis

afalusfiuaneadmnsdosdiidoy 6 well plate ngld Piece® Ripa Buffer (Thermo
Fisher Scientific Inc., Rockford, 1L, USA) anntianilusiu (35 pe) iaralalunendronsyudliinly 10%
SDS-PAGE gel Nty sghelusiuluga nitrocellulose membrane (Amersham, Buckinghamshire,
UK) wazin membrane Tuuslu primary antibody FflanusnnzselusAu P2Y,, P2Ys, P2Y,, way CFTR
(Santa Cruz Biotechnology, California, USA) %38 actin tJuran 24 9lus ﬁqm%qﬁ 4°C Aoun
membrane 11UNlu HRP-conjugated secondary antibody (Zymed, San Francisco, CA, USA)
MnsAnwUTunansuansesnveslusiulaeld Thermo Scientific SuperSignal® West Pico Substrate
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(Thermo Fisher Scientific Inc.) wag CL-XPosure Film (Thermo Fisher Scientific Inc.) L& InANLLY
vouaulushumelusunsy Scion Image waziUssuiisuauinuesiusaundnuilagly Cruz Marker™

Molecular Weight Standards (Santa Cruz Biotechnology)

6 NSRS LNV ELLYadLEauaN LdWIZIAYY Caco-2

9

Tunsvmnaesilusuadingdes Caco-2 azgnldatly modified Ussing chamber (3U 5)
ausiugadingiies Caco-2 WwoensananauazLUasEIeanId1LYa3 chamber Tl uiuwadinedes
Caco-2 awugaglu bathing solution fiusznoudae NaCl 118 mM, KCL 4.7 mM, MeCl, 1.1 mM, CaCl,
1.25mM, NaHCO5; 23 mM, D-glucose 12 mM, L-glutamine 2.5 mM gz mannitol 2 mM WazdAn

osmolarity VAU 290-295 mmol kg™ H,O nasan1snaaeadlu modified Ussing chamber system ag
519 humidified 5% CO, wag 95% O, Wluluszuy Feuauemgiii 37 °C [51]

TunsinAmnslwihiby chamber uiasdnuaggnioniniiae Ag/AgCl electrode $1uam 2 ¢ lne
electrode AusnIraguinmdafuuiueadinzians Caco-2 ievinisindanussdnglatii (v) (Ui
5) Tnedanednduwes electrode THnAeuseinglniihtuazsieniaiu pre-amplifier vaaAIown
auUnszazauadndlnidl dw electrode ﬁﬂ@jﬁ?ua]wiat,iwﬁﬂmaLLﬁiazéfmmm chamber ialsk
NSgWd short-circuits current (/sc) 911 ECV-4000 current-generating unit GUENLﬂéaﬂLLﬂamﬂﬂﬁzLLazmm
aedingli SaAmslndinn 5wl Wunan 30 Wil Aewsinsdngliiuazan Isc ﬁlﬁ%gﬂﬁﬂﬂ

AnenIAIAuiuUl e uadiNIzIEs Caco-2 tneldnguadlony [51]

o—@—o
—D—

A & I x
LWL RRLNIZIRES Caco-2

JUT 5. MMUaAsEUUed modified Ussing chamber

7 AM5ANYI charge selectivity lag dilution potential technique

Aouduinsfnwukuwadinziies Caco-2 asutogflu bathing solution Fediamududy
483 NaCl 71 145 mM Tu modified Ussing chamber setup Wiudignfunisdneilude 13.6 Weduinis
NAavY bathing solution AU basolateral %gmﬂ?amﬂu bathing solution #iflanududuves NaCl 7i
72.5 mM nntuazfasmalatiivn 13w Sunaiedu 8 Gt wdnhmenussdndliihideuly

way Isc WUlglun1sAuaume Goldman-Hodgkin-Katz equation wag Kimizuka-Koketsu equation i
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MA1 permeability ratio U89 Na® #19 CU (Pyo/Pc) A1 sodium permeability (Py.) Wag A1 chloride
permeability (Pc) [51]

8 N15ANYIAT absolute permeability 484 Li (P), Na (Pya), K (Pk), Rb (Pry), a2 Cs (Pcs)

ASANYAN PL, Paa, Pr, Py UAE Pes Ylazvinnnsanealu modified Ussing chamber setup
wuietunsenelude 13.6 uasinsiasmalni sandude bathing solution # apical Wy
bathing solution 7ina LiCl, NaCl, KC, RbCl #&e CsCl finnnududu 100 mM waziUdeu bathing
solution #11 basolateral 1u bathing solution ﬁmau LiCl, NaCl, KCL, 98 RbCl ﬁﬂd’mﬁwﬁu 50 mM

Tne bathing solution muAaziian osmolarity Wiy 290-295 mmol kg™ H,0 91ntudeinen
yalalihideulunn 1 3undt unaiedu 8 Sl udahaaussindliihfdeulu wag isc WA
Tun1sAuIuAIY Goldman-Hodgkin-Katz equation wag Kimizuka-Koketsu equation [51] Wemen
absolute permeability ¥09908ULAALSRA NOUUIAT P, Pua, Py, Pro W8% Pos INANWIaNwazaunu i
melurerinssywiasadueunuadinzEss  Caco2  Iaewfleuidissmny  Eisenman  selective

sequence [51]

o

9 nsulwasEayaTldWIZIAe Caco-2 AIEETH199)

Beoswadiloyaldniziaes Caco-2 vy Transwell safinadislude 13.1 uay 13.2 10y

wan 21 Ju ntluiuiinisneaes vimsunukueadgeydldinieides Caco-2 ngumIuAN Uay

oA v a v Y = = Y i o = % -

nauilasuledingleasisansisandlumsd 1 WJuaan 1 dlus fewvhnisfinudnssuiunisi
oduelute 13.3 13.4 13.5 13.6 13.7 uay 13.8

10 FBmsussidiung/ duaszvidaya

foyaviamupazgniniauedud means = SE anuupnssaifvestoyaaesnv
naaaulay unpaired Student’s t-test AUWANAIMNFILERRVDIUBYAINNNTIARIYAIENAOULAY
One-way ANOVA with Dunnett’s multiple comparison test A3UUANANN A UATAVBWNNITNAGDY
Ro3ilA P < 0.05 Usziliunatayalag GraphPad Prism 5.0 for Mac Os (GraphPad Prism Software, San
Diego, CA, USA)

Nan15738 (Results)

1 3M5wavee omeprazole fonsuanseenvadlUsiu P2Y2, P2Y4, uag P2Y6 luuiuwaditoy
aldmwizidee Caco-2

'
£ a [y

HANTSANYIITEEIUN 1 WU omeprazole NANULTNTU 200 kA 400 ng/ml TgnBLANIEAUNIS

o w

WERaves P2Y2, P2Y4, uay P2Y6 lUshuluuiuwadioydldinizides Caco-2 agiltudAynisada
(5U7 6)
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A B C

_ - *
- 180 e c 140- i c 160 "
s % s s
[77] [7] g
8 1354 8 1051 o 120+
5 5 5 |-
o o L 80
N 90- < 70- © 80-
X X X
o a o
2 454 2 35 $ 40
& 5 %
2 o 2

Q O O

omeprazole (ng/ml) ©” omeprazole (ng/mi) omeprazole (ng/ml)

=

UM
Lsuaélﬁlaqﬁ”ﬂé'l,qulﬁm Caco-2. Representative densitometric analysis fivsuensziunsuanten
o4 P2Y2 (A), P2Y4 (B), way P2Y6 (C) lumadinizides Caco-2 Un@ wialdsu 200 %39 400 ng/ml

omeprazole. *P < 0.05, **P < 0.01 Weawssuiisuiunguaruauluusiaznisnaass. (n = 5).

6 dN5NAVDY omeprazole RaN1SUaAIRENVRILUSAY P2Y2, P2Y4, uaz P2Y6 Tuusiu

2 dVEWaVRIAN1IY apical acidity slonsuanieanuaslUsAu P2Y2, P2Y4, way P2Y6 Tuunuwas
HoyalAmnsiaes Caco-2 Unfi uaziilésu omeprazole

ﬁmmwﬂugﬂﬁ 7 wui1 omeprazole fimuidudu 400 ng/ml fgyiifinseiunisuansues P2Y2,
P2Y4, waw P2Y6 lumenssfudnunnensadnulngdlédd pH 5.5 anunsnandvidwaves omeprazole #o
ASWERIBBNUBY P2Y2, P2Y4, way P2Y6 1a

A B C
180 140 * 160+ *

5 £k 5 5

= - -

8 1351 8 1054 8 120-

[=5 Q. o

> E 3

< 90 1 < 70+ o 80+

N & X

o o o

2 45 2 351 £ 40

= 5 s

2 2 2

0- pH 0 T pH 0- pH

AX 4> P A A> P PRI
omeprazole (ng/ml) omeprazole (ng/ml) omeprazole (ng/ml)

U 7 BNSWAVR9EN12 apical acidity fansuansaanvaslusiu P2Y2, P2Y4, uaz P2Y6 Tu

o

weugaalgayaldwiziaes Caco-2 Unf waziildsu omeprazole. Representative densitometric

9
a

analysis fivauenTERuNTLAnIDaNTDY P2Y2 (A), P2Y4d (B), way P2Y6 (O) Tuwadeidss Caco-2 Uni
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400 ng/mL omeprazole. *P < 0.05, **P < 0.01 WeiSsuifisuiunguenuaslulsiaznismaass. (n =
5).

3 UNUIMVBY P2Y2, P2Y4, Uay P2Y6 #Bn13N15AnTl Mg® HuYeIiesenineadvedukueas
Hougldinzides Caco-2 Unf uaefiléisyu omeprazole

Fuandluzuil 8A uansnsvuds Me? ruteshssinasaduesisiueadiBoysldimsdes
Caco-2 Unfi uazunuaadfivusag P2Y./P2Y, agonist #i 10 umol/l UTP, P2Ys agonist fis 10 pmoll
UDP, P2Y; antagonist 1 mmol/l sarumin (SR), P2Y, antagonist 1 mmol/l reactive blue 2 (RB2), e
P2Y¢ antagonist 1 mmol/l MRS2578 (MRS) wuinansnnvlialifinasion1svuas Me® iiutasingssning
wadvesusuwadideydldineidss Caco-2 Unf

uiidlofnwinisruds Me? sudesiessniaeadveskuadidoydildiniziss Caco2
175U omeprazole 400 ng/ml (gﬂﬁ 8B) WU P2Y,/P2Y, agonist UTP ﬁqwéﬂmimuda Mg®* B
s¥MINTadeg 9t Ay n19ata ﬂqs??d']miﬂizéju P2Y, waw P2Y, duaiugndves omeprazole Tunis
NANTISUUET Me?* AUABIINeTEnINgad wiloUnwadane UTP $aufu SR, RB2, %38 MRS wuinamy
SR dufiuanssudsmavineuaes P2y, whiufiannsadudaquives UTP 1§ Feusdlddn nmsnszdunis

9B P2Y, InANTSUUES Mg H1uaiesineseninaeag

>

—

NE 160 : : NE 120 -
2 ' ' 9
E =

3 1201 = 90
E [=]
£ E

£ 80- £ 601

S

& &

E 40 E 30
i

= O‘ g 0

2 N

R

& &

UTP

=

JUN 8 UNumMVBs P2Y2, P2Y4, uaz P2Y6 fan13n1nadu Mg® Hiuvasinesendnuaaduas

o

weugaalgayaldiwiziaes Caco-2 Uni wazilldsu omeprazole. WAAIERIINITUUEY Mg KU

9
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F09INTEMINTAAVDINUEAA T YA LA NN2IEY Caco-2 UNA (A) uasiilasu omeprazole 400 ng/ml
(B). ***P < 0.001 Wallsuiisuiunguaiunuluudaznisnaaes. (n = 5).

L3 ¥ U

4 nalnmsasdyganmelueadiineitosiuunuinaes P2Y2, P2Y4, uag P2Y6 sian1sn1sgady
Mg futeainseningaduesiiugaatayaldiniziass Caco-2 Unf waziildsu omeprazole

9

wailaAnwIn1svuds Me? ’ufesrinseniseaduaugaddeyaldniziaes Caco-2 9
175U omeprazole 400 + UTP visanniznsaaulnssald wuinnnznsamulnssaildanunsaiiusng
MU Mg uYesinseninuwadvotiuwadgeydldla  usilleuusig  intracellular Ca®*
chelator BAPTA-AM, calmodulin antagonist trifluoperazine (TFP), MEK/MAPK antagonist U0126
WU BAPTA-AM WLENIINSUas Mg? HIUYRIINseninsaduasuiugad Ustinnisnseau P2Y2
IURIUNI Ca®* signaling Tun1snansvuds Mg? lutesineseninaead (3UN 9) uazileuuunuieas

o X A A ) = ! o PN ! 2+ ! 1 ! o ! 13
Wngides Cco-2 1A pH Adunsai 5.5 wui1 A1gnInanansaiiunIsvuds Mg™ lugesineseninaeag

o w

YouHuwadgaya ldnziaes Caco-2 legnslitadAgvnaaia

160+

*
*

120+

oy
<

40-

Mg?2* transport (nmol/hricm?)

UTP + omeprazole 400 ng/ml
pH 5.5

=

5UN 9 nalnnsdsdygrauneluiwasineddasiuunuinues P2Y2, P2Y4, uas P2Y6 #anis
= 2+ 1 1 1 1 13 1 ¢ o ¥ & a ay vy

NIRRT Mg WIuYaIINTENIwadvauHUIgaAayaldnIzIAeY Caco-2 Und wazilasu

omeprazole. WAAIENTINTVNAY Mg Hutasingseninaadvewiugasig oy ldinziaes Caco-

2. *P < 0.05, *P < 0.01, **P < 0,001 lerFouiflsuiunguauay (n = 5)
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[

5. BVBWAUBY omeprazole AONNTYINNUTBY P2Y,, P2Y,, Uay P2Y, wagnalnnisasdeyaio
AeluwaafiieItosiun1stu HCOs~ luukuwadidaudldmiziaes Caco-2 Und washlasu

omeprazole

Fauandlunni 10 wuin omeprazole wag UTP ﬁqwélﬂ'mms%’u HCO5~ waziiounwadae
omeprazole wag UTP $aufufiifinnisiiu HCOs~ udliunnsinsannguillé¥u omeprazole wie UTP
diesegraiien mnduileviiwadiag P2Y2 inhibitor Sarumin wae intracellular Ca2* chelator BAPTA-
AM sutansths 2 sdatilaifinasionsdu HCOs Tunduaauas ueihs Sarumin waz BAPTA-AM @190
é’usﬂgqmiaaﬂqwésum omeprazole, UTP, ay omeprazole + UTP ¢19n159U HCO5™ shul,wiuwaé@iaq
Sldmzides Caco-2 Uni wawitlé¥uomeprazole Usidn manszdunisvhaiuges P2Y2 dswanszdu

intracellular Ca** signaling wasiunI39u HCOs~

7.0 ,
2 5.6 %%%
[=) i
S i
= 4.2 i
[ 1
S ;
O 2.8 §
[&] |
[¢) 1
(] 1
S 1.4
©) i
T !

OIOL&)DI_CIL:LG)D_D._G)D_D.

S EE EEE £ 35 EE

cC N DO DO cC N DO DO c N DO DO

o © + o © + o © +

© g o © g o © g @

e o e o e ]

O & o & o o

o o o

(0] (0] [¢B)

e c e

(@) O O

Sarumin BAPTA-AM

Uil 10 nssineaTuves P2Y2, P2Y4, uay P2Y6 uaznalnnisdedyruneluwadiieadas
fun1sdu HCO,™ MusiuwadiBoydldinnzides Caco-2 Unf uasiildu omeprazole. uansdn
M5ty HCOs™ wesusuwadifoydldimeidss Caco2. *P < 0.05, *P < 0.01, **P < 0.001 ile
WiguiguiunguaIunu (n = 5).
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6. BvSwavasan1e apical acidity uaz omeprazole AauanTANIlNTvoIHWEAAEaYATLE

WNzLaed Caco-2

JUN 11 wamnaaudnsnslnivesuwiueadmiides Caco-2 laun anusinednglih
(potential diference; PD) nswud short-circuits current (/sc) wag A1ANAUNIULNTT (transepithelial
potential difference; TER) U8auHUgadINIZIA8Y Caco-2 WU A1 apical acidity lilUdsunlas

o w a

AnandAn 9l Wi omeprazole fignGan Isc uaviiia TER ogreilled1Atyneada Ut

o

omeprazole ann1svudsdoaulazan paracellular permeability

As- B 40- C 220- s
+ 30 |
5 5 IrE
f% 20+ g 1104
5 5
— 10+ ~ 554
0 0
\ T
> . & > . <
& S &K & 9
S & &L & & L
& @Q’ ~<?> @Q’Q
R O K ©°

=

JUN 11 auautasneiniivasusiugasinizides Caco-2. A anuadndlui (potential
diference; PD), B nSewd short-circuits current (sc) waz C ArAusunulndii (transepithelial
potential difference; TER) ¥0euNulBasinIgiaes Caco-2. **P < 0.001 WelTauiieuiunguaiuau (n

= 5).

a ¢ 1

7. BvidNavesan1e apical acidity wag omeprazole AuauTANIHINANAvoIUHLLIARLEDY

Mlamnzaee Caco-2

Ul 12 wamsnmuansvneTaiAnduasusiueadinizidss Caco-2 ki AmanR charge
selectivity Ine@n®131nA1 permeability ratio ¥4 Na* ia CU (Pya/Pc) A1 sodium permeability (Py.)
uwaz A1 chloride permeability (Pc) Wuinnae apical acididty Wit Pu/Po Wazan P oesfitudfy
MeEdR Vst apical acidity ﬁqwéLﬂm paracellular cation selectivity wazan paracellular anion
selectivity Tz omeprazole ﬁqméaﬂ Pro/Pc Wag Py. 080U dAn19ads IR en omeprazole
an paracellular cation selectivity a3Ulad1 apical acidity d@aa3un1svuadslssquIniIutod1asening

\waa lune?l omeprazole 8¥ATIINTVUAIUTERUINHIUYRINTENINATAS
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>
vy
@

N
)
N
al
P
[EE
i

©
L1

Pq (108 cm s

(o]
P

w
P

Ul 12 pruantnsmedfandvasvsuniuiwadiniziaes Caco-2. A permeability ratio 193
Na* 19 CU (Pno/Pc), B A1 sodium permeability (Py,) kag C A1 chloride permeability (Pc) UDatkiu
WAdINZLAEN Caco-2. **P < 0.001 \flenfFeuifleudunguaiuay (n = 5)

anUs18/93150] (Discussion) NANISNAGDY/HNANTTIVY NLANIAUA

nansneassanlasimIseiuandliifiuitlunnyunitunsinauees P2Y2, P2Y4, uas P2Y6
Shilsifinasiensvuds Me? suwsiugadinzdes Caco-2 uiiiloldsu omeprazole wud1 fnsuansves
P2Y2, P2Y4, uaz P2Y6 Wiy Fdlassmsideifunmisousniiuansdninaves omeprazole #9n13
LERIEENYDs P2Y receptor family agnalsfmunalnsysumadaurdslsdiinsdnuive

Slonsgdumsvhauues P2y, Tuuiueadinzidediléizy omeprazole wuilgvsnaniagad
Mg?* Lmamwﬂunaamlmu omeprazote Wesoeraiien wazidlelfansiiuds P2v2 uay mtracetlular Ca?t
chelator mmsaEJUENmiaaﬂqwﬁmaamﬂiumumimmmm P2v2 sonisvuds Mg 18 Usddins
ﬂ‘imu P2Y2 MLLNULSUaaLW’]zLaENﬂmU omeprazole ﬂi%}u intracellular signaling LLazmaﬂmmi@%u
Mg?*

Flefnwn1stu HCOs~ wudeadfiléi¥u omeprazole uaw P2Y2 receptor activator figws
nszduMItu HCO~ uusumadidoydldinedos Caco-2 pesiituddnmeadn uandolansduds
P2Y2 waw intracellular Ca?* chelator anansadussniseanguidvesfanszdunisvinnures P2Y2 sons
uds 90 HCOs~ I Uednsnazdu P2v2 luusueadinizfesiiléu omeprazole nsedu intracellular
signaling uaznszdun1sTu HCOs~ Kuukugadidoydldinzides Caco-2

nsAnwaantAlnimudn omeprazole Signsan isc uawiiia TER grefiudndnymsada

o
=

UsT11 omeprazole ann1svudsdosuLazan paracellular permeability A15ANBITINANGNUI
omeprazole NSaR Pu./Po hag Py, 98UNHEIAYNNEDHA U1 omeprazole am paracellular
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cation selectivity a@3Uled1 omeprazole aAN151G0NUIEIUINVUAINIUYDITNITENINNTAE Uagtiiumy
AUVNUYDINITVUAIAN THIUYDIINTEN IR IEHANANTUVUAINIUYRITNTEN IR

=2 aill I a awv a 3; P ] a
nan1sanw i lulumuayfgnuauiddendslifia  omeprazole duasunisuantoanuas
N139119UY89 P2Y purinoceptors 7gadaswianistu HCOs luwadilioyaldiunis intracellular
Ca*'- CFTR dependent mechanism tHumalviinsaadnluihiduvindulnsedild waverazazvili
Lﬁﬂﬂ']s L. . 24 o A ﬂ = 241 ' wag ¢ A avLsu
precipitation ¥83 Mg?* fiu @13¢18u L JuNaTUNIUNMINATY Mg? ’iudesseninagad oy ld
o A
Aananslugun 13

Apical side c0-2 Monolayer J Basolateral side

Mg?*

{-> —stimulation
i CFTR= cystic fibrosis
: transmembran :

e conductance :
regulator

JUN 13. uanmaideNdonanedfiuauyAgIueuilde

Mg apical acidity mmaaﬁugﬂmiaaﬂqwémaa omeprazole kaza13NTEAU P2Y2 receptor 161
ImEJLﬁmms@ﬂ%whuéziaa'jfmzwmLszjaé Wil apical acidity Wiyl Pu/Po wavan Po og1afituddamng
IRIEcd apical acidity ﬁqw%‘lﬂ'm paracellular cation selectivity uazam paracellular anion
selectivity a3Ulaa1 apical acidity da3unisvudeuszquiniIutosingseninaees
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ajUuaziauaruziiediunmsideludunausialy nasnaudsslesidlunisuszand
VBINANTITEN LA

mamﬁ%’maﬂmamﬁ%’aﬁaqﬂiﬁfh omeprazole #UAIUNTUAAIDBALAYNISYINIUTRS P2Y
purinoceptors  MINTEAUMTINLYBY P2Y2  agduaiumstu HCOs  luwadldoydlduma
intracellular Ca”*- CFTR dependent mechanism tumglvdinmsandnlniniiduuindulngedld uay
91929z lAANS precipitation vas Me?" fuansdu Junasuniun1sgadu Me? inugesening
wadBoydld ame apical acidity annsadudinnseangniues omeprazole wazanInszdy P2Y2
receptor 1§ TmsJLﬁums@m%mmuézj'aadwismwLezjaﬁ Wi apical acidity il Puo/Po hazan Po 9engl
HedAgyn1eaiia Vs apical acidity ﬁqw‘ﬁgrﬂlm paracellular cation selectivity azan paracellular
anion selectivity a3Ula31 apical acidity ddasun1svudslszquiniIutodIsenIees

msinmsidvedseiiledlasionzludninaass 1osannsAinwuuy in vitro Sdeyauinwoay
sogangmsfnuludninaaes uaznisAnwiludainaasaeyiuviaunsofnwdvsnaves omeprazole

noauna Me®* Tussausnaniale

=%
Nanan (Output)
NAIUANUWLUINTANTIVINITNIIUSZAUIIR LazuIUIYIR

Thongon N, Penguy J, Kulwong S, Khongmueang K, Thongma M. Omeprazole
suppressed plasma magnesium level and duodenal magnesium absorption in male Sprague-

Dawley rats. Pflugers Arch Eur J Physiol 2016 (3" Revised).
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Folasanis nalnseRuadvesan1iznInaulnsid ldannisesngrsvedelinglealunisdudinisgagy

A | | ¢ oy &
LLlIﬂULSUEJlIN’]’HLLNUL"UaaLﬂauaWIﬁLquLaﬁlﬂﬂ'ﬂﬂ—z

Forrmilasan IR TUU

IA.05. UNAGNT NNBIGUY

senulutmaudiui 1 gaiau 2558 feiun 30 fugneu 2559

sgzIaIniung.. 1.9

........... WaU AU 1 nanau 2558

[

5185U

uuEuTlasy

97 1 (50%) 320,650 UM dlo 15 Surmw 2558

097 2 (40%) 256,520 UM ilo 12 figuisu 2559

97 3 (10%) 64,130 UM dlo sednane

Ry 641,300 UM

518318
51805 suUszanauiinels wUsznaiildess | murutuaandaniu
1. ANMDULNUY 57,000 57000 -
2. AN 113,000 113,000 -
- ANNANINTIIA
Uued HCO5
-ANMaULNURYIEIY
3. AN JE0 407,170 407,170 -
4. Algans - - -
5. ARSI - - -
6. Anldfanedu 4 64,130 64,130 .
- Aas1saullng
334 641,300 641,300 -
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Abstract

Hypomagnesemia is the most concerned side effect of proton pump inhibitors (PPIs) in
chronic users. However, the mechanism of PPls-induced systemic Mg?* deficit is currently
unclear. The present study aimed to elucidate the direct effect of short-term and long-term PPIs
administrations on whole body Mg?* homeostasis and duodenal Mg?* absorption in rats. Mg
homeostasis was studied by determining the serum Mg?* level, urine and fecal Mg?* excretions,
and bone and muscle Mg?* contents. Duodenal Mg?* absorption as well as paracellular charge
selectivity were studied. Our result showed that gastric and duodenal pH markedly increased in
omeprazole-treated rats. Omeprazole significantly suppressed plasma Mg?* level, urinary Mg?
excretion, bone and muscle Mg?* content. Thus, omeprazole induced systemic Mg?* deficiency.
By using Ussing chamber techniques, it was shown that omeprazole markedly suppressed
duodenal Mg?* channel-driven and Mg?* channel-independent Mg?* absorptions and cation
selectivity. Inhibitors of mucosal HCOs secretion significantly increased duodenal Mg?*
absorption in omeprazole-treated rats. We therefore hypothesized that secreted HCOs™ in
duodenum decreased luminal proton, this impeded duodenal Mg?* absorption. Higher plasma
total 25-OH vitamin D, diuresis, and urine PO4*~ were also demonstrated in hypomagnesemic
rats. As a compensatory mechanism for systemic Mg?* deficiency, the expressions of duodenal
transient receptor potential melastatin 6 (TRPM6), cyclin M4 (CNNM4), claudin (Cldn)-2,
Cldn-7, Cldn-12, and Cldn-15 proteins were enhanced in omeprazole-treated rats. Our findings

support the potential role of duodenum on the regulation of Mg?* homeostasis.

Keywords: hypomagnesemia, intestinal Mg?*absorption, Mg?* homeostasis, proton pum
p pump

inhibitors, Ussing chamber
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Introduction

Magnesium (Mg?*) is an essential co-factor or activator of at least 800 enzymes which
are involved in numerous cellular functions, i.e., energy metabolism, cell cycle, and membrane
transport. Mg?* deficiency has been implicated in several diseases, e.g., Pakinson’s disease,
asthma, hypertension, and osteoperosis [9, 41]. Therefore, plasma Mg?* level is tightly regulated
within a narrow range by collaborative actions of the intestinal absorption, renal excretion, bone
and muscle storage. Parathyroid hormone (PTH) and vitamin D had been reported to regulate
plasma Mg?* level [25, 46]. The bulk of intestinal Mg?* absorption, approximately 90%, occurs
through paracellular passive mechanism, whereas transcellular active Mg?* absorption plays an
important role during low dietary Mg?* intake [32]. It has been previously proposed that small
intestine absorbs Mg?* exclusively through paracellular route, but transcellular Mg?* uptake
exists exclusively in colon [9, 24]. While renal tubular Mg?* handling is well documented [9,
46], cellular mechanism and regulatory factor of intestinal Mg?*absorption are largely unknown.

Acid peptic disorders are the result from either excessive gastric acid secretion or
diminished mucosal defense that affects millions people worldwide [28]. The most effective
therapeutic agents for these disorders is proton pump inhibitors (PPIs), which are the fifth best-
selling drug that has been taken by millions of chronic users worldwide [28, 31]. However, since
2006, there is a growing body of evidence indicating that PPIs-induced hypomagnesemia (PPI1H)
IS a serious side effect of PPIs in chronic users [6, 7, 11, 26, 39]. The mechanism of PPIs
induced systemic Mg?* deficit is currently unclear. Previous reports suggested that PPIH might
be due to chronic suppression of intestinal Mg?* absorption and severe depletion of body Mg?*
storage pool [6, 7, 11, 39]. While oral Mg?* failed to normalized plasma Mg?* level, intravenous
Mg?* supplement rapidly cured hypomagnesemia [6, 11, 39]. In addition, hypomagnesemia was
rapidly resolved when PPIs was discontinued, and then recurred again within 1-2 wk if PPIs
was re-prescribed [6, 11]. These data suggested PPIls rapidly suppressed intestinal Mg?*

absorption. However, short-term omeprazole administration did not affect intestinal Mg?*
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absorption in human [36]. There was no evidence of urinary Mg wasting in those PPIH
patients [6, 7, 11, 26, 39]. On the other hand, a large-scale clinical investigation reported that
PPIH was restricted to patients taking diuretics, i.e., loop and thiazide diuretics [8]. Since these
diuretics could suppress Mg?* reabsorption [3], renal Mg?* wasting probably involved in the
development of PPIH.

Recent in vivo studies proposed that PPIs mainly affected colonic Mg?* handling by
inducing magnesiotropic genes expressions in mice colon [17, 24]. However, the effect of PPIs
on Mg?* homeostasis was still controversial. Hess and colleagues [17] demonstrated that 20
mg/kg omeprazole treatment for 14 days suppressed serum Mg?* level with normal urinary and
fecal Mg?* excretions in C57BL/J6 mice. On the other hand, Lameris et al. [24] reported that
dietary Mg?* restriction, but not 20 mg/kg omeprazole administration for 28 days, suppressed
serum Mg?* level in C57BL/J6 mice. Dietary inulin, which stimulated colonic Mg?* absorption
[34], could not normalized plasma Mg?* level in PPIH mice [17]. Therefore, large intestine may
not be a suitable intestinal segment that should be modulated to counteract PPIH. On the other
hand, previous in vitro studies proposed that PPls impeded Mg?* absorption in small intestine
[43-45]. Mertz-Nielsen et al. [29] reported that omeprazole significantly enhanced duodenal
HCO3 secretion in healthy subjects. Since omeprazole suppressed pancreatic secretion [49],
thus it specifically induced duodenal HCOs™ secretion. Previous study reported that omeprazole
markedly enhanced apical HCOs~ secretion, decreased apical proton, and subsequently
suppressed passive Mg?* absorption [44, 45]. However, the effect of PPIs on duodenal Mg?*
absorption remains unknown.

In the present study, we aimed to elucidate the direct effect of short-term (4 wk) and
long-term (24 wk) omeprazole-treatments on whole-body Mg?* homeostasis in male Sprague-
Dawley rats by determining serum Mg?* level, urine and fecal Mg?* excretions, and bone and
muscle Mg?* contents. Plasma Ca?*, PO4*", PTH, and total 25-OH vitamin D, as well as urine

Ca?* and PO4* were also determined. Duodenal total, Mg?* channel-driven transcellular, and
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Mg?* channel-independent paracellular Mg?* absorptions, as well as paracellular charge
selectivity, were studied. The involvement of mucosal HCO3™ secretion on omeprazole-affected
duodenal Mg?* absorption was also examined. The expressions of duodenal TRPMS, cyclin M4
(CNNM4), Cldn-2, -7, -12, and -15 of omeprazole-treated rats were also elucidated. The

ultrastructure of duodenum and head of femurs were observed.

Materials and methods

Animals

This study was performed in strict compliance with the Animal for Scientific Purposes
Act of Thailand and in accordance with Ethical Principles and Guidelines for the Use of
Animals for Scientific Purposes, National Research Council of Thailand. All experimental
procedures were approved by the Ethics Committee on Animal Experiment of Burapha
University, Thailand. Male Sprague-Dawley rats (9 wk old, weighting 250-350 g) were
purchased from the National Laboratory Animal Centre, Mahidol University, Thailand. The
animals were randomly allocated into three experimental groups, i.e., control, 4 wk-omeprazole
treatment, and 24 wk-omeprazole tratement. They were acclimatized for 7 days before starting
of the experiments. They were housed in a temperature-, humidity-, and light-controlled room
with standard pellet chow containing 0.23% wt/wt magnesium, 1.0% wt/wt calcium, 0.9%
phosphorus, and 4,000 1U/kg vitamin D (CP, Bangkok, Thailand) and reverse osmosis water

given ad libitum. The health, body weight, and food intake were monitored and recorded daily.

Experimental design

In the present study we decided to use subcutaneous omeprazole injection that safely and
effectively inhibited gastric acid secretion in rat [21] and human [2]. The first series of
experiment aimed to elucidate the efficacy of subcutaneous omeprazole (20 mg/kg: Ocid® IV;

Zydus Cadila, India) and oral gavage omeprazole (20 mg/kg: Losec®; AstraZeneca, Thailand)
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administrations on gastric acid suppression. The pellet chow were removed 4 hr before and then
retrieved 30 min after oral gavage or subcutaneous omeprazole administration. At 2 hr and 24 hr
after administration, stomach and duodenum were removed under thiopental anesthesia (70
mg/kg; Anesthal, Jagsonpal Pharmaceuticals Itd, India). Stomach and duodenum pH were
determined using diagnostic test strips (MColorpHast™ pH-Indicator Strips, Merck-Millipore,
German).

The second series of experiment aimed to study the effect of short-term and long-term
omeprazole-treatments on Mg?* homeostasis in the rats. Control and 24 wk-omeprazole-treated
rats were respectively received daily subcutaneous sham or subcutaneous omeprazole (20
mg/kg) injection for 24 wk. In the 4 wk-omeprazole-treatment group, rats received subcutaneous
sham injection daily for 20 wk and subsequently followed by subcutaneous omeprazole injection
for 4 wk. For urine and feces collections, rats were housed in metabolic cages for 24 hr. The
health of all rats were checked daily throughout 24 wk of injection. At the experiment end point,
the rats were anesthetized with thiopental, blood were collected from left ventricle, and the rats
were subsequently sacrificed. Duodenum, left and right femurs, and left soleus muscle were

collected.

Analytical procedures

Plasma and urine Mg?*, Ca?*, and PO4>~ concentrations were respectively determined by
xylidyl blue 11, asenazo IllI, and phosphomolybdate method, and analyzed by an automate
clinical chemistry analyzer (ILab Taurus; Instrumentation Laboratory, Bedford, MA, USA).
Total serum 25-OH vitamin D level was determined by Tosoh™ Bioscience ST AIA-PACK 25-
OH vitamin D and an automate Tosoh AIA-900 analyzer (Tosoh Bioscience, Inc., South San
Francisco, CA, USA). Plasma PTH level was determined by ARCHITECT Intact PTH and
ARCHITECT i2000sr automatic immunoassay analyzer (Abbott Diagnostics, Abbott Park, IL,

USA). Soleus muscles were chopped and digested with nitric acid (Sigma, St. Louis, MO,
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USA). Left femurs and feces were dried, ashed, and subsequently extracted with nitric acid
(Sigma-Aldrich). Muscle, bone, and fecal Mg?** content were determined by an atomic

absorption spectrophotometer (Shimadzu, Tokyo, Japan).

Epithelial electrical parameter measurement and dilution potential experiment
Rat duodenum was cut longitudinally, rinsed gently, mounted in a Ussing chamber (World
Precision Instrument, Sarasota, FL, USA), and bathed on both sides with normal bathing
solution containing (in mmol/mL) 118 NaCl, 4.7 KCI, 1.1 MgCl,, 1.25 CaCl, 23 NaHCOs3, 12
D-glucose, 2.5 L-glutamine, and 2 D-mannitol. The solution was maintained at 37 °C, pH of 7.4,
osmolality of 290-295 mmol/kg H20, and continuously gassed with 5% CO, in 95% O..
Transepithelial potential difference (PD) and short-circuits current (Isc) were determined by
Ag/AgCI electrodes and an epithelial voltage/current clamp apparatus (model ECV-4000; World
Precision Instrument) as previously described [42]. Transepithelial resistance (TER) was
calculated from PD and Isc by Ohm’s law.
To determine paracellular charge selectivity by measuring absolute sodium permeability
(Pna) and chloride permeability Pciand relative Pna/Pci [16], dilution potential experiment was
performed by modified method of Thongon et al. [42]. In brief, duodenal tissue was equilibrated
for 10 min within Ussing chamber in a normal bathing solution containing 145 mmol/l NaCl
before the apical solution was replaced with 72.5 mmol/l NaCl-containing solution. Difference
between the PD before and after fluid replacement (i.e., dilution potential) were recorded. The
Pna/Pciwas calculated by using the Goldman-Hodgkin-Katz equation, whereas Pna and Pci were

calculated by using Kimizuka-Koketsu equations.

Magnesium flux measurement
The duodenum (10 cm) of each rat was dissected into 4 pieces, which then were rapidly

mounted onto 4 individual modified Ussing chamber setups with an exposed surface area of
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0.69 cm?. The tissues were equilibrated for 10 min as mentioned above. To study total Mg?* flux
the apical solution of one Ussing chamber setup was substituted with Mg-bathing solution
containing (in mmol/l) 40 MgClz, 2.5 CaCl, 4.5 KCI, 12 D-glucose, 2.5 L-glutamine, 115
mannitol, and 10 HEPES pH 7.4. While, the basolateral solution was substituted with Mg-free
bathing solution containing (in mmol/l) 1.25 CaCl», 4.5 KCI, 12 D-glucose, 2.5 L-glutamine, 250
D-mannitol, and 10 HEPES pH 7.4. To investigate the Mg?" channel-independent Mg*
transport, mucosal sites of duodenal tissues in other setups were pre-incubated for 10 min with
Co(ll)hexaammine (1 mmol/l; Sigma), ruthenium red (20 pmol/l; Sigma), or
Co(ll)hexaammine+ruthenium red. The Mg?* channel blocker Co(lll)hexaammine, which is
competing the Mg?*-hexadydrate molecules, and noncompetitive pan specific TRP channel
inhibitor ruthenium red had been reported to completely inhibit epithelial Mg?* influx [47, 50].
Suppression of mucosal Mg?* influx in enterocyte epithelium should impeded transcellular Mg?*
absorption. After pretreatment the apical and basolateral solutions were substituted with Mg-
bathing solution and Mg-free bathing solution, respectively. At 30, 60, and 120 min after
solution replacements, 100 ul solution was collected from the basolateral side, as well as from
apical side. The Mg?* concentration and the rate Mg?* flux were determined by the method of
Thongon and Krishmanra [43]. The difference between the rate of total Mg?* transport and Mg?*
channel-independent Mg?* transport was calculated to be the rate of Mg?* channel-driven Mg?
transport.

To study the involvement of basal duodenal HCO3™ secretion on omeprazole-affected
Mg?* transport, mucosal site of duodenal tissues were pre-incubated for 10 min with 500 pmol/l
4.4'-Diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS; Sigma) or 50 pmol/l N-(2-
Naphthalenyl)-((3,5-dibromo-2,4-dihydroxyphenyl)methylene)glycine hydrazide (GlyH-101;
Calbiochem, San Diego, CA, USA). After inbibitor pre-incubations, Mg?* flux study was

performed as mention above.
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Western blot analysis

The duodenal segment was cut longitudinally to expose the mucosa. Duodenal epithelial
cells were collected by scraping the mucosal surface with an ice-cold glass slide, and lysed in
Piece® Ripa Buffer (Thermo Fisher Scientific Inc., Rockford, IL, USA) with 10% v/v protease
inhibitor cocktail (Sigma). The lysates were sonicated, centrifuged at 12,000 g for 15 min, and
then heated for 5 min at 95°C. Proteins (50 pg) or Cruz Marker™ Molecular Weight Standards
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) were loaded and separated on SDS-PAGE
gel, then transferred to a polyvinylidene difluoride membrane (PVDF; Amersham,
Buckinghamshire,UK). Membranes were blocked with 5% nonfat milk overnight at 4°C and
probed overnight at 4°C with 1:1,000 primary antibodies (Santa Cruz Biotechnology) raised
against CNNM4 (sc-68437), Cldn-2 (sc-55617), Cldn-7 (sc-33532), Cldn-12 (sc-98608), Cldn-
15 (sc-25712), and TRPM®6 (sc-98695). Membranes were also reprobed with 1:5,000 anti-f-
actin monoclonal antibodies (Santa Cruz Biotechnology). Subsequently, membrane were
incubated with 1:10,000 HRP-conjugated secondary antibodies (Santa Cruz Biotechnology) for
2 hr at 25°C, visualized by Thermo Scientific SuperSignal® West Pico Substrate (Thermo Fisher
Scientific Inc.) and captured on CL-XPosure Film (Thermo Fisher Scientific Inc.).

Densitometric analysis was performed using ImageJ for Mac Os X.

Haematoxylin and eosin (H&E) staining and immunohistochemistry analysis

Mouse duodenal tissues were dissected and preserved overnight at 4°C in 4% wt/vol
paraformaldehyde in phosphate-buffered saline (PBS) (Sigma-Aldrich). After being dehydrated
and cleared by graded ethanol and xylene, respectively, they were embedded in paraffin, then
cut cross-sectionally into 3-pum thick section. The deparaffinized sections were stained with
haematoxylin and eosin and examined under a light microscope (model BX51; Olympus, Tokyo,

Japan).
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For immunohistochemistry analysis, deparaffinized sections were incubated at 37°C for 15
min in Dako proteinase K reagent (Dako North America, CA, USA). Nonspecific bindings were
blocked by 10 min Dako Real™ peroxidase blocking reagent (Dako North America). The
sections were incubated at 4°C overnight with 1:50 diluted primary antibody against TRPM6
(Santa Cruz Biotechnology). Subsequently, the sections were incubated for 25 min at room
temperature with 1:300 HRP-conjugated secondary antibodies (Santa Cruz Biotechnology),
followed by a 60-min incubation with EnVision™ Flex DAB + chromogen (Dako North
America). For negative controls, the sections were incubated with blocking solution in the
absence of primary antibodies. Finally, all sections were counterstained with hematoxylin and

examined under a light microscope (Olympus).

Scanning electron microscope (SEM)

Femurs were dried at 85°C for 72 hr in an incubator. Fractured head of femur was coated
with an ultra-thin gold layer by a sputter coater (Polaron SC7620; Quorum Technologies Ltd,
Kent, UK). Surface structure of the trabeculae of femur was captured using SEM (LEO1450 VP;

LEO Electron Microscopy Ltd, Clifton Road, UK).

Statistical analysis

Results were expressed as means + SE. Two sets of data were compared using unpaired
Student’s t-test. One-way analysis of variance (ANOVA) with Dunnett’s posttest was used for
comparison of multiple sets of data. All data were analyzed by GraphPad Prism for Mac Os

(GraphPad Software Inc., San Diego, CA, USA).

Results
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Effect of omeprazole administration on gastric and duodenal pH

These experiments were performed to demonstrate the effect of 20 mg/kg oral gavage
and subcutaneous omeprazole administrations on gastric acid secretion by means of gastric and
duodenal pH measurements. After 2 hr of omeprazole administration gastric and duodenal pH of
omeprazole-treated rats were significantly higher than that of sham-treated control rats (Fig. 1A,
and 1B). Gastric and duodenal pH of omeprazole-treated rats remained higher after 24 hr of the
last dose when compared with control rats. These results suggested that omeprazole
administration (20 mg/kg, daily) effectively inhibited gastric acid secretion. Therefore, we chose

subcutaneous omeprazole injection to treat the rats throughout 24 wk of experiment.

Effect of omeprazole on Mg?* homeostasis

These experiments aimed to observe the effect of short-term and long-term omeprazole
treatment on Mg?" homeostasis in the rats. Throughout 24 wk of experiment all rats were
healthy and showed equal increase of body weight (Fig. 1C). The mean body weight, food and
water intake, and fecal output at last week of experiment of omeprazole-treated groups were not
different from those of sham-treated control group (Table 1). However, 24 wk-omeprazole-
treated groups showed statistically higher diuresis than control group.

Plasma Mg?* concentration (in mmol/l) of 24 wk-omeprazole-treated group (0.69 *
0.05), but not 4 wk-omeprazole-treated group (0.93 + 0.07), was significantly decreased in
comparison to sham-treated group (1.12 + 0.09) (Fig. 2A). The 24 wk-omeprazole-treated rats
also had significantly lower 24 hr urinary excretion compared to control rats (Fig. 2B). Fecal
Mg?* excretion of all experimental groups did not differ (Fig. 2C). Bone Mg?* contents of 4 wk-
and 24 wk-omeprazole-treated groups (126.91 + 3.79 and 95.03 + 4.46 mmol/100 g dry weight,
respectively) were significantly decreased in comparison to control group (143.71 £ 2.20
mmol/100 g dry weight) (Fig. 2D). Muscle Mg?* content of 24 wk-omeprazole-treated group,

but not 4 wk-omeprazole-treated group, was significantly lower than that of control group (Fig.
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E). These results indicated hypomagnesemia and depletion of Mg?* storage in prolonged

omeprazole-treated rats.

Effect of omeprazole on plasma total 25-OH vitamin D, PTH, Ca?*, and PO4*", as well as
urine Ca?* and PO437, levels

Since PTH and vitamin D had been reported to regulate plasma Mg?* level [25, 41, 46],
plasma 25-OH vitamin D and PTH levels in PPIH rats were determined. As demonstrated in
Table 2, total plasma 25-OH vitamin D of 24 wk-omeprazole-treated rats, but not 4 wk-
omeprazole-treated rats, was significantly higher than that of control rats. However, plasma PTH
level of all experimental groups was not statistically different.

Plasma Ca?" level of 24 wk-omeprazole-treated rats was significantly lower than that of
control rats. Plasma phosphate and urine Ca?* levels were not different among all experimental
groups. Urinary phosphate excretion of 24 wk-omeprazole-treated rats significantly higher than

that of control rats.

Omeprazole suppressed duodenal Mg?* absorption

Intestinal epithelium absorbs Mg?* through transcellular active and paracellular passive
mechanisms. Transcellular active Mg?* absorption depends on the activity of apical TRPM6 and
basolateral CNNM4 proteins [9]. Paracellular passive Mg?* uptake was modulated by the
expression and function of tight junction-associated Cldns [9, 16, 20, 44]. It has been previously
showed that mice small intestine absorbed Mg?* through passive, but not active, mechanism
[25]. However, TRPM6 and CNNM4 had been identified in small intestine [47, 51]. In the
present study we performed immunohistochemical analysis to visualize the expression of
TRPMG6 in duodenal slices. As illustrated in Fig. 3A, TRPM6 was expressed in the apical
membrane of duodenal villous cells. The positive signals of TRPM®6 expression was increased in

omeprazole-treated duodenum. We also observed the expression of duodenal TRPM6 (Fig. 3B)
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and CNNM4 proteins (Fig. 3C) by western blot analysis. As expected, the expressions of
TRPM6 and CNNM4 were significantly increased in omeprazole-treated groups compared to
control group (Fig. 3B, 3C). Therefore, rat duodenum might absorbed Mg?* through both
paracellular and transcellular mechanisms.

These experiments aimed to observe the direct effect of short-term and long-term
omeprazole treatments on duodenal Mg?* channel-independent and Mg?* channel-driven Mg?*
absorptions. Figure 4 demonstrated the rates of Mg?* absorptions, i.e., total, Mg?* channel-
independent, and Mg?* channel-driven Mg?* transport, of sham-treated control (Fig. 4A), 4 wk-
(Fig. 4B), and 24 wk-omeprazole-treated groups (Fig. 4C). In the same experimental group Mg?*
channel-independent Mg?* transports, as well as Mg?* channel-driven Mg?* transport, upon
various inhibitor pretreatments were not statistically different (Fig. 4A-4C). Both 4 wk- and 24
wk-omeprazole-treated groups had statistically lower total Mg?" absorption than the control
group (Fig. 4D). The Mg* channel-independent Mg?* transport, which was referred to
paracellular Mg?* transport, of 4 wk- and 24 wk-omeprazole-treated groups were statistically
lower than that of Co(lll)hexaammine-treated control group (Fig. 4E). In addition, Mg**
channel-driven Mg?* transport, which was referred to transcellular Mg?* transport, of 4 wk- and
24 wk-omeprazole-treated groups were also statistically lower than that of Co(lll)hexaammine-
treated control group (Fig. 4E). These results suggested that omeprazole suppressed duodenal
paracellular and transcellular Mg?* absorptions.

Omeprazole had no effect on duodenal PD of all groups (Table 3). The Isc of 24 wk-, but
not 4 wk-, omeprazole-treated group was significantly decreased in comparison to control group.
On the other hand, 24 wk-omeprazole-treated group had higher TER compared to control group.

These results indicated lower net ionic movement across omeprazole-treated duodenum.

Omeprazole suppressed duodenal paracellular cation selectivity
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Since omeprazole impeded duodenal paracellular Mg?* absorption, then, we observed
epithelial charge selectivity which modulated paracellular permeability [16, 42, 43]. By using
the dilution potential technique, we observed Pna, Pci, and Pna/Pci. The results showed that 4
wk- and 24 wk-omeprazole-treated rats had significantly lower Pna/Pci and Pna compared to
sham-treated control group (Table 3). The Pc| was equal in all experimental groups. Therefore,

omeprazole suppressed duodenal paracellular cation selectivity.

Omeprazole altered ultrastructure of duodenum

From the observation of 108 slides (9 slides per rat, 4 rats per group), we found blunted
and shortened duodenal villi in 24 wk-omeprazole-treated rats (Fig 5A-5C). Moreover, villous
to crypt (V:C) ratio of 24 wk-omeprazole-treated rats was significantly lower than that of control
groups (Fig 5D). Suggested shortened of villi or crypt hyperplasia [38] which was indicated

lower absorption or higher secretion.

Contribution of duodenal HCO3~ secretion on omeprazole-suppressed Mg?* transport
Mertz-Nielsen et al. [29] reported that omeprazole promoted human duodenal HCO3~
secretion. Previous in vitro study showed that omeprazole enhanced apical basal and HCI-
stimulated HCO3~ secretion which led to a lower Mg?* transport across intestinal-liked Caco-2
monolayers [45]. The CI7/HCOs™ exchanger and cystic fibrosis transmembrane conductance
regulator (CFTR) in the brush-border membranes of duodenum provide important routes for
duodenal HCO3™ secretion [4]. In this experiment we pre-incubated mucosal site of duodenal
tissue with CI7/HCOs~ exchanger inhibitor DIDS and CFTR inhibitor GlyH-101 prior to perform
Mg?* transport study in Ussing chamber setups. As demonstrated in Figure 6, DIDS and GlyH-
101 had no effect on Mg?* transport in control duodenum. However, both DIDS and GlyH-101

significantly increased Mg?* transport in 4 wk- and 24-wk omeprazole treated groups when
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compared to its corresponding vehicle-treated group. These results indicated that omeprazole

impeded duodenal Mg?* absorption due partly to mucosal HCO3 secretion.

Omeprazole enhanced duodenal Cldn-2, Cldn-7, Cldn-12, and Cldn-15 expressions

It is widely accepted that tight junction-associated Cldn protein modulates epithelial
paracelullar permeability and charge selectivity [16]. Since omeprazole suppressed duodenal
paracellular Mg?* absorption and cation selectivity, we further observed the expression of Cldn
proteins. Cldn-16 and -19 had been proposed as paracellular channels for Mg?* in kidney [19].
However Cldn-16 and -19 were not detected along small intestine [13], suggesting that other
Cldns might be involved in paracellular intestinal Mg?* absorption. In the present study we
observed the expressions of cation selective Cldn, i.e., Cldn-2, -7, -12, and -15, which were
expressed in small intestine [13, 14]. Unexpectedly, the expressions of Cldn-2, -7, -12, and -15
were significantly increased in omeprazole-treated groups compared to control group (Fig. 7).
These results demonstrated compensatory responds of duodenal epithelium for systemic Mg?*

deficit.

Omeprazole altered structure of trabeculae bone

In human, chronic PPIs administration led to increased risk of fracture and significant
suppression of the trabecular bone density [1, 27]. By using SEM, we investigated the structure
of trabeculae bone in the head of femurs of omeprazole-treated rats. The 24 wk-omeprazole-
treated rats had thinner and longer trabeculae compared to sham-treated control group (Fig 8).

Wider spaces between trabeculae were also observed in omeprazole-treated rats.

Discussion

There is a growing body of evidence suggesting that severe hypomagnesemia is a side

effect of PPIs in chronic users [6-8, 11, 26]. About 18%, 29%, and 61% of PPIH cases,
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respectively, had PPIs prescription for at least 2, 10, and 5 years [7]. In the present study we
found that 24 wk-omeprazole-treated rats had hypomagnesemia. Comparing to human’s age,
approximately 16.7 rat days equal to 1 human year [33], thus, 168 d omeprazole administration
in rats equal to 10 years in human. On the other hand, 28 d omeprazole administration in mice
[24] and rats, which is less than 2 human years, had no effect on the plasma Mg?* level. In
addition, Denziger et al. [8] reported an association of PPIH with loop and thiazide diuretics
using, which agreed with our results that PPIH rats had higher diuresis. Previous studies
reported that 1,25-OH vitamin D promoted renal Mg?* excretion [23, 25]. In the present study,
the level of total 25-OH vitamin D markedly increased in omeprazole-treated rats. In addition,
loop and thiazide diuretics suppresses renal tubular Mg? reabsorption [3]. Thus, higher renal
Mg?* excretion is probably involved in development of hypomagnsemia in chronic PPIs users.
However, lower urinary Mg?* had been reported in PPIH in human [6, 11, 39] and our rat model,
suggesting that hypomagnesemia should be of concern in person who continuously using PPIs
for more than 2 years with diuretic administration.

Previous reports suggested that suppression of intestinal Mg?* absorption and depletion
of Mg?" storage could be involved in the pathophysiology of PPIH [6-8, 11, 26, 39]. Mg?*
retention test demonstrated severe Mg?* storage depletion in PPIH patients [6]. Intravenous
Mg?* but not high dose oral Mg?* supplement rapidly cured hypomagnesemia [11, 39],
indicating that PPls impeded intestinal Mg?* absorption [6, 26]. Our results supported these case
reports that long-term omeprazole administration suppressed plasma Mg?* level, duodenal Mg?*
absorption, bone and muscle Mg?* levels in PPIH rat model. The proposed pathophysiology of
PPIH in prolonged users is that PPIs continuously suppresses small intestinal Mg?* absorption
which subsequently stimulates Mg?* releasing from its storage pool. The later development of
hypomagnesemia is due to the time required for depletion of Mg?* from its storage [6].

The exact mechanism of PPIs suppressed intestinal Mg?* absorption is currently under

debate. Previous in vivo studies indicated that PPIs mainly affected an important active Mg?*
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absorption and induced magnesiotropic genes expressions in mouse colon [17, 24]. On the other
hand, our previous in vitro studies proposed that PPIs affected passive Mg?* absorption in small
intestine [43-45]. Previous in vivo study reported that omeprazole enhanced human duodenal
HCOs™ secretion [29], which probably suppressed small intestinal Mg?* absorption [45]. Our
data suggested that omeprazole enhanced basal duodenal HCO3s  secretion and suppressed
duodenal Mg?* channel-driven transcellular and Mg?* channel-independent paracellular Mg**
absorption under an un-physiological condition of concentration gradient of MgCl, about 40
mmol/l. Moreover, after feeding duodenal HCO3™ secretion markedly increased by several
activating factors, e.g., gastric acid, CO2, and neurohumeral factors [4]. Secreted HCOs"
suppressed luminal proton and subsequently increased intra-duodenal pH. Since luminal proton
enhanced Mg?" absorptions [18, 24, 44,], this impeded large amount Mg?" uptake by small
intestine. In addition, in human small intestine, luminal acidic environment varied between pH
5.5-7.0 [30] which is necessary for mineral absorption by stabilizing their solubility [12].
Elevation of luminal pH led to a lower soluble Mg?*, which decreased from 79.61 % at pH 4.4—
5.15 to 8.71% at pH 7.8-8.15 [5], that affected intestinal Mg?* absorption. Our recent results
agreed with previous study that omeprazole induced duodenal HCOs™ secretion [29, 45] and
effectively increased duodenal pH from 5.38 to 7.50. Therefore, PPIs suppressed small intestinal
uptake is due partly to less soluble Mg?* in small intestine.

As reported previously, omeprazole enhanced TRPM6 mRNA expression in mice colon
[24], and in this study, it enhanced TPRM6, CNNM4, Cldn-2, -7, -12, and -15 protein
expressions in rat duodenum. Although plasma 25-hydroxyvitamin D level increased in
omeprazole-treated rats, the regulation of TRPM6 expression was vitamin D-independent
mechanism [25]. Alternatively, vitamin D enhanced small intestinal Cldn-2 and -12 but not
Cldn-7 and -15 expressions [14]. Thus, omeprazole probably enhanced duodenal Cldn-2 and -12
expressions through vitamin D dependent mechanism. Previous in vitro study revealed that

omeprazole suppressed Cldn-7 expression in Caco-2 cells [44]. However, our recent study
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demonstrated that omeprazole enhanced Cldn-7 expression, which probably due to the
difference in humoral factors. However, the regulatory factors and mechanism of how
omeprazole affects intestinal TPRM6, CNNM4, Cldn-2, -7, -12, and -15 protein expressions
required further study.

Based on our results a critical question “why the expression of TRPM6 and those cation
selective Cldns could not counteract PPIH in our rat model” has been raised. TRPM6 function
required an interaction with membrane-associated phosphatidylinositol 4,5-bisphosphate (P1P2),
whose hydrolysis through activation of Gq protein coupled receptor-phospholipase C (PLC)
dependent pathway fully inactivated TRPMG6 channels [22]. Therefore omeprazole might
induced PIP2 degradation through Gq protein-PLC dependent pathway and then inactivated
TRPM6 channels in duodenum of PPIH rats. In addition, TRPM6 mutation caused severe
hypomagnesemia [40, 48]. Although mutation of TRPM6 has not been reported in PPIH, this
might be involved in development of hypomagnesemia in our rat model. However, the role of
PIP2 degradation and TRPM6 mutation in intestinal Mg?* absorption of PPIH rat require further
study.

It is widely accepted that Cldn modulates paracellular ion permeability [16]. Tight
junctions (TJ) are a series of anastomosing membrane strands that occluded the intercellular
space between epithelium cells [15, 16]. Dynamic reorganization of TJ strands, i.e., breaking,
resealing, and branching, enables paracellular transport without interfering the barrier integrity
[15]. Previous in vitro study revealed that over-expression of Cldn-8 or Cldn-15 markedly
increased number of TJ strands and decreased paracellular permeability [37, 52]. Therefore,
simultaneously over-expressions of Cldn-2, -7, -12, and -15 in PPIH rats probably led to large
increase in number of tight junction strands in duodenal epithelium which impeded tight
junction dynamic and paracellular Mg?* transport. In addition, elevation of extracellular pH was
found to increase the sensitivity of Ca?" sensing receptor (CaSR) [10]. The activation of

epithelium-associated CaSR induced Cldn-16 trans-localization from TJ to cytosol, which then
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suppressed paracellular passive Mg?* transport [20]. Although Cldn-16 was not detected in
duodenum [13], hypersensitivity of duodenal-related CaSR might be involved in the inhibition
of Cldn-dependent paracellular Mg?* absorption in PPIH rats.

As major Mg?" storage pool, during Mg?" depletion bone Mg?* content gradually
declined due to activation of osteoclastic bone resorption and suppression of osteoblastic bone
formation [35]. Chronic omeprazole user had lower plasma Mg?* level that led to increased risk
of fractures [1]. Maggio et al., [27] reported a suppression of trabecular bone density in
prolonged PPIs users, which agreed with our results that thinner and longer trabeculae had been
observed in PPIH rats. However, the effect of prolonged PPIs administration on bone
physiology remains unknown.

In conclusion, the present study revealed the potential role of duodenum in handling
Mg?* and regulating of Mg? homeostasis and pathophysiology of PPIH. Duodenal HCO3
secretion might be one of the critical factors of PPls-impeded intestinal Mg?* absorption.
Reduction of duodenal Mg?* absorption was shown in omeprazole-treated rats, whether
hypomagnesemia was presented or not. Hypomagnesemia occurred only if Mg?* storage pool
was depleted in prolonged omeprazole-treated rats. Therefore, stimulation of intestinal Mg?*
absorption and/or Mg?" supplement should be consider to avoid PPIH in person who

continuously using PPIs.
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Figure legends

Figure 1. Effect of oral gavage (OG) or subcutaneous injection (SC) of omeprazole on rat
gastric and duodenal pH. Gastric (A) and duodenal (B) pH were measured by using test strips
after 2 or 24 hr after omeprazole administration. Body weight of control (white circles), 4 wk-
omeprazole-treated (gray circles), and 24 wk-omeprazole-treated (black circles) throughout 24 wk

of experiment (C). **P < 0.01, ***P < 0.001 compared with the control group. (n = 6).

Figure 2. Effect of omeprazole on Mg?* homeostasis in male Sprague-Dawley rats. Plasma
Mg?* level (A), 24 hr urinary Mg?* excretion (B), 24 hr fecal Mg?* excretion (C), bone Mg**
content (D), and muscle Mg?* content (E) of control (white bars), 4 wk-omeprazole-treated (gray
bars), and 24 wk-omeprazole-treated (black bars) group. *P < 0.05, **P < 0.01, ***P < 0.001

compared with the control group. (n = 6).

Figure 3. Effect of omeprazole on duodenal TRPM and CNM4 expressions. The expression of
TRPM6 (A) in duodenal villi (brownish signals, arrows) from negative control, control, 4 wk-
omeprazole-treated, and 24 wk-omeprazole-treated groups by immunohistochemical technique
(scale bars, 100 pm). Neg.; negative, Cont.; control, Ome; omeprazole. The quantitative
immunobloting and representative densitometric analysis of duodenal TRPM6 (B) and CNNM4
(C) in control and omeprazole-treated groups. *P < 0.05, ***P < 0.001 compared with control

group. (n=5)

Figure 4. Effect of omeprazole on rat duodenal Mg?* absorption. Rate of total (total: white
bars), Mg?* channel-independent (para: gray bars), and Mg?* channel-driven (trans: black bars)
Mg?* transport in control (A), 4 wk-omeprazole-treated (B), and 24 wk-omeprazole-treated (C)
groups. Comparison of total (D), Mg?* channel-independent (E), and Mg?* channel-driven (F)

Mg?* transport of control (white bars), 4 wk-omeprazole-treated (gray bars), and 24 wk-
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omeprazole-treated (black bars) groups. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the
Co(ll)hexaammine-treated control group. (n = 5). Co; Co(lll)hexaammine, RR; ruthenium red. (n

=5).

Figure 5. Effect of omeprazole on rat duodenum. Representative H&E stained sections of
duodenum in control (A), 4 wk-omeprazole-treated (B), and 24 wk-omeprazole-treated (C) groups.
Villous to crypt (V:C) ratio of control (white bars), 4 wk-omeprazole-treated (gray bars), and 24

wk-omeprazole-treated (black bars) groups. *P < 0.05 compared with the control group.

Figure 6. Contribution of mucosal HCOs- secretion on omeprazole-supressed duodenal Mg?*
absorption. The total Mg?* transport of control (white bars), 4 wk-omeprazole-treated (gray bars),
and 24 wk-omeprazole-treated (black bars) groups. **P < 0.01, ***P < 0.001 compared with its

corresponding vehicle-treated group. (n = 5).

Figure 7. Effect of omeprazole on rat duodenal Cldn-2, -7, -12, and -15 expressions. The
quantitative immunobloting analysis of duodenal Cldn-2, -7, -12, and -15 expressions in control
and omeprazole-treated groups (A). Representative densitometric analysis of Cldn-2, -7, -12, and -
15 (B) expression in control (white bars), 4 wk-omeprazole-treated (gray bars), and 24 wk-

omeprazole-treated (black bars) groups. ***P < 0.001 compared with the control group. (n =5).

Figure 8. Effect of omeprazole on trabeculae structure of rat bone. SEM images revealed
structure of the head of femurs of control (A-C) and and 24 wk-omeprazole-treated (D—F) groups.

EP; epiphyseal.
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Table legends

Table 1. Metabolic characteristics of control, 4 wk-omeprazole-treated, and 24 wk-omeprazole-

treated rats. *P < 0.05 compared with the control group. (n = 6).

Table 2. The effect of omeprazole on plasma hormones and electrolytes. PTH, parathyroid

hormone. *P < 0.05, ***P < 0.001 compared with the control group. (n = 6).

Table 3. The effect of omeprazole on electrical parameters and charge selectivity. PD,
transepithelial potential difference; Isc, short-circuits current; TER, transepithelial resistance; Pna,
sodium permeability; Pci, chloride permeability; Pna/Pci relative sodium to chloride permeability.

***pP < (0.001 compared with the control group. (n = 6).
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Table 1

Table 1
omeprazole (20 mg/kg)
control 4 wk 24 wk
Body weight (g) 537.78 + 37.88 563.50 +13.51 548.38 + 20.07
Food intake (g/day) 23.99 £ 0.67 25.95 +0.53 23.76 £ 0.52
Water intake (ml/day) 47.05 + 1.46 49.06 £1.74 51.24 +1.49
Diuresis (ml/day) 6.28+1.14 743+1.11 10.25 + 1.05"

Fecal dry weight (g/day) 8.80 £ 0.45 8.93+£0.50 8.97 £ 0.57




Table 2

Table 2

omeprazole (20 mg/kg)
control 4 wk 24 wk
25-OH Vitamin D (nmol/l) 41.70 £ 2.92 40.35 + 3.66 79.79 £ 4,60
PTH (pmol/l) 0.77+£0.20 0.63 £0.14 1.08 £0.22
plasma calcium (mmaol/Il) 2.66 +0.12 2.44 +£0.13 2.26 +0.08"
plasma phosphate (mmol/l) 2.02+0.12 2.00£0.13 1.92+0.16
urine calcium (umol/24 hr) 47.98 £ 8.27 40.03 £9.57 33.41+7.61
urine phosphate (mmol/24 hr) 0.88 +£0.19 1.15+0.21 1.46 +0.16"




Table 3

Table 3

omeprazole (20 mg/kg)

control 4 wk 24 wk
Electrical parameters
PD (mV) 5.18 £0.42 4.82 +0.36 4.62 +0.28
Isc (LA/cm?) 37.44 +2.23 32.89 +1.76 23.55 +2.28™
TER (Q-cm?) 137.84 + 6.39 145.58 + 5.98 201.93 +9.49™
Dilution potential experiment
Pna/Pci 2.03+0.09 1.64 +0.05™ 1.25+0.03™
Pna (107%-cm?/s) 19.97 +0.73 16.51 +0.84™ 10.52 £ 0.57"
Pci (1078-cm?/s) 9.93+0.57 10.07 £ 0.41 8.39+0.39
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