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Abstract

Project Code : MRG5380003

Project Title : Action and mechanism of action of omeprazole on paracellular passive magnesium

transport in epithelial-like Caco-2 monolayer
Investigator : Asst. Prof. Narongrit Thonon

Faculty of Allied Health Sciences, Burapha University
E-mail Address : narongritt@buu.ac.th
Project Period : June 15, 2010 — June 15, 2012

Aim: Clinical studies reported severe hypomagnesemia associated with long-term omeprazole
usage, suggested the intestinal wasting. The present study aimed to elucidate the effect and underlying

. . 2+ . . T
mechanism of omeprazole action on Mg transport across intestinal epithelium.

Methods: Caco-2 monolayer was cultured in culture media containing 200, 400, 600, 800, or 1,000
ng/nl omeprazole for 14 or 21 days before the measurement of bi-directional Mg2+ fluxes and electrical
parameters in a modified Ussing chamber apparatus. Paracellular permeability of the monolayer was also
determined by dilution potential technique and cation permeability study. The Arrhenius plot was performed to
elucidate the activation energy of passive Mg2+ transport across the Caco-2 monolayers. The expression of

claudi-2, -7, and -12 that highly expressed throughout small intestinal epithelium also observed.

Results: Both apical to basolateral and basolateral to apical passive Mg2+ fluxes of omeprazole-
treated epithelia were decreased in a dose- and time-dependent manner. Omeprazole also decreased the
paracellular cation selectivity and changed the paracellular selective permeability profile of Caco-2 epithelium
to Li+, Na+, K+, Rb+, and Cs+ from series VIl to series VI of Eisenman sequence. The Arrhenius plot revealed
a higher activation energy for passive Mg2+ transport in omeprazole-treated epithelium, indicating that
omeprazole affected the paracellular channel of Caco-2 epithelium in such a way that Mg2+ movement was
impeded. In addition, omeprazole significantly decreased claudin-7 and -12, but not -2, expression in Caco-2

cells.

Conclusions: Omeprazole suppressed claudin-7 and -12 expresion. Omeprazole also decreased
the paracellular cation permeability, possibly by decreased negative electrical field strength in the paracellular
pores, and increased the activation energy for passive Mg2+ transport leading to the suppression of
paracellular passive Mg2+ absorption. The present study provided the evidence about the adverse effect of

omeprazole on intestinal Mg2+ absorption.

Keywords : hypomagnesaemia, intestinal epithelium, omeprazole, passive aproption, tight junction
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Executive Summary
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ﬁwmﬂ'gmmaﬁm’]ufgm Caco-2 (ATCC® Number: HTB-37) 144 Dulbecco’s modified Eagle’s medium
(DMEM; Sigma, St. Louis, MO, USA) ﬁﬂizﬂauﬁm heat-inactivated fetal bovine serum (GIBCO, Grand
Island, NY, USA) 12%, nonessential amino acid (Sigma) W8 1% penicillin-streptomycin (GIBCO) 1%
Tapideslu T-flask (Corning, Corning, NY, USA) 231a 75 cm” luﬁﬂaam%aﬁ 37 °C wazAMUITNTYH CO, 7
5%

TumMTeT N UHUTRRINIREY Caco-2 e lUfnumn3Toru imasimzides Caco-2 azgnﬁmuu
polyester Snapwell (Snapwell™ inserts, Corning, Corning, NY, USA) ‘ﬁlm’]&mu’nmu 5 x 10° cells/cm2
Jwasn 14 w358 21 5 1w DMEM Un@ w38 DMEM 7§ omeprazole (Sigma, St. Louis, MO, USA) A7

\IT% 200, 400, 600, 800, W3a 1,000 ng/ml
3.2 nM13YaaIN 9 INH2asuHRIBAR NI Caco-2

TumImases iUl TasinIzians  Caco-2 azpnldasl modified Ussing chamber BILHUTAS
WA Caco-2 9BYATINAIUAZULINIENINIEBIGNUBS  chamber Taofl uHwTasIMNZIADS Caco2 2
LL“ﬁagljlu bathing solution fisznoudas NaCl 118 mM, KCI 4.7 mM, MgCl, 1.1 mM, CaCl, 1.25mM, NaHCO,
23 mM, D-glucose 12 mM, L-glutamine 2.5 mM e mannitol 2 mM uazdlen osmolarity LYiNNY 290-295 mmol
kg_1 H,O AR8ANINARI LU modified Ussing chamber system 22im 3l humidified 5% CO, uaz 95% O,
g luszuu %amuqmqmﬁqﬁﬁ 37 °C

Tumssadmelwiniis chamber udazduIzONeEaNIaean Ag/AGC! electrode $1wan 2 ¢ Lo
electrode g]'LLﬁm'«a:a%iu’%nm%@ﬁ'uLLNuLmaﬁLWW:L’gm Caco-2 tiavmyiasanuesdnglwin vt) lag
Umedneduaas electrode MiasnaNusFnd Wiz donTy pre-amplifier (model ECV-4000; World
Precision Instrument, Sarasota, FL, USA) &% electrode ﬁﬂ@;ﬁ?uﬁ]:@iaL‘ITWﬁ‘iJmﬂLwia:ﬁﬂumao chamber
Lﬂlalﬁﬂima short-circuits current (Isc) 37n ECV-4000 current-generating unit (World Precision Instrument)

AANNaIang IWANLazA1 Isc ﬁ"t@”mazgﬂﬁwvlﬂﬁwmmLﬁam@hmmﬁmmu‘lﬂﬁlwaau,w'u LTRALWIZLRE

Caco-2 lagldnguaslady
3.3 M3ANBINITVWEI Mg HIBUHBLBAE INZLAES Caco-2 laslH Xylidyl-Blue

lumsfinsmssuss Mg 3e¥inimInaaaddie modified Ussing chamber system (wi@sanunng
fnwdmeliiudasinanadudu MgCl, lu bathing solution ¢ apical 1w 2.5, 5, 10, 20, 40, uaz 80
mM Taglid MgCl, 1w bathing solution #w basolateral nstialWiAiannuaABEsMIANUTITH
NusaALFage 200 pL 970 bathing solution 6% basolateral v)n¢ 1 Flualunm 2 Flusnen
HENGI8E9M Xylidyl-Blue (Sigma, St. Louis, MO, USA) 0.1 mM 13u1a3 1 mL udwhlddandiniga
ﬂﬁuLLmﬁm’l&lm’mau 520 nm I@yiﬁl,ﬂ"%aa UV spectrophotometer (model UV-2550; Shimadzu, Kyoto,
Japan) aMUTNTUIEs Mg ﬁ]:gﬂﬁwmmhﬂﬁwhmig@ﬂﬁw,mﬁ‘?@"[ﬁlﬂLﬁsuﬁ'mﬁuﬂﬁWm'mL“}Tm]”u
ANAIUDIAAIINNTIN 200 pL 189 MgCl, Annandudu 0, 2, 8, 20, 40 w38 80 mM WauAL Xylidyl-Blue

reagent 1 mL udnhliliadimiganfuuasnanueniadu 520 nm @wdeIAUATMITNER  3nnu
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Wanasal Mg~ transport kinetic G593 l#¥Nn31031 omeprazole Anadanalnlalunisuusgs Mg~ vad

WHILTARLWNZIREY Caco-2 A1 Mga_sg %Qﬂﬁﬂﬂﬁﬂﬂﬂ@ﬂ“ﬁﬁumi modified Michaelis—-Menten kinetic plus

linear component (1)

(‘/m X CMg)

Mga_,p transport =
(K, +Cyp)

mCy, (1)

lagen V,, #a maximal rate of saturable Mg,_sg transport Aa8ATIANTUHES Mg’ gﬁﬁgﬂiﬂﬂﬂﬂvlﬂ“uuﬁh
UL WA (WULHIWTRS), K, Ao rate constant of saturable Mg, transport fiafnAsfizassaTIMIVY
Mg2+ laona lnuussuuulswasnn (mehmsm‘), m @8 rate constant for non-saturable Mga—sg transport fa
damsvn Mg laonslnaugsnuulildwasmu (wuusugesinsziaas) was Cug PaFNANNITRTUDES

Mg2+ Tudn apical
3.4 mM3fAne charge selectivity Tag dilution potential technique

AaNBUINSANHNUAULTASIWIZIRYS Caco-2 azutatflu bathing solution Fafnnududusas Nacl
7 145 mM lu modified Ussing chamber setup tuidginumsanunluda 3.2 Wasurminesas bathing
soluton @1%  basolateral ﬁ]:gmﬂﬁﬂmﬂu bathing solution ﬁﬁmwmﬁuﬂu"nad NaCl ﬁ 725 mM
nntwariasanuasindlwih  udhienuisindlwihdaswld s lumsdwamdis Goldman-
Hodgkin-Katz equation W8z Kimizuka-Koketsu equation Lamen permeability ratio 484 Na @8 Cl (Py/Pg) A1

sodium permeability (Py,) 48z @1 chloride permeability (Pg)

3.5 N13A@N®1A1 absolute permeability 29 Li* (P,), Na" (P,,), K' (P,), Rb" (P.,), Cs" (P,,), uaz
Mg** (P

Mg)

o

= a ¢ A A o a o & . 2+ ' \ ] &
NIFNEIU @]qﬂjﬁ:ﬁﬂﬂl,waﬂuﬂuqq omeorazole JNRYULNNIVURI Mg  LUDNIWDDIIEKINN LTRR
WAZTUNIUMANINULEY  Mg-selective claudin 939 las@dnundn  absolute permeability vavdoaniey

vanléun Li', Na’, K, Rb", Cs’, Ca™", uaz Mg”"

' o 1% o ' 2 d ° (%
ﬂ’]iﬁﬂ‘]&’]ﬂ’] PMg fﬂ:‘mmi?mmmaunumsﬁﬂmm?ﬂuaa Mg : ‘dﬁdﬂ’] PMg ﬁ’]ﬁJ’]iﬂﬂ’]u’valﬂ
o . ' [ ] ' 22 2+ . . v .
1asn TN aaTINTUHE Mg $B17938A1ANUANANNULTNY WL Mg T bathing solution @1% apical LLae

basolateral

MIANWIAT Py, Pya Par Poo W8T Pry %uazyinnnsdnmsls modified Ussing chamber setup Lt
Weanumsinslute 3.2 uazvintmsiad e Wi annsuldfsn bathing solution éw apical tiw bathing
solution IW&x LiCl, NaCl, KCI, CsCl, %38 RbCl NauduTh 100 mM wazilfew bathing solution @1

basolateral 114 bathing solution iN@x LiCl, NaCl, KCI, CsCl, #3a RbCl A3t iutsh 50 mM 31N aiaan



mMaihAwfeuwld  udihdanudsandnindowldlulslunmsdiuwadis Goldman-Hodgkin-Katz

equation Wae Kimizuka-Koketsu equation [Nam1¢ absolute permeability YpIDauLANTHA

3.7 mylszidinua / dfazideya

(9
v o

agaﬂdﬂuﬂﬂtgﬂﬁ%aum‘ﬂum means = SE ﬂ’JWﬁJLLGmGh\‘i“/lNaﬁ?mad“ﬂ/aga ﬁﬂﬂq@?ﬂzﬂ@aaﬂiﬂﬂ
unpaired Student's ttest aWUANGINITURTAVEITEYMINNNTIRBITATzNABUlAY One-way ANOVA
with Dunnett’s multiple comparison test @muLmn@mmaﬁmaﬁamamﬂmimaauﬁaaﬁ@h P [l 0.05

ﬂiuﬁuwa"ﬁaaﬂ‘[@m GraphPad Prism (GraphPad Prism Software, San Diego, CA, USA)
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1. omeprazole AAN3UWEI Mg, _,, IA8AWRAUIZHLIIAMALANNITNTHY DS
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omeprazole Alasy

lunguuisimasimnzioadunn 14w GUA 1A—1F) nIaud Mg, Iungduildsy

omeprazole ALY 200 (1B), 400 (1C), 600 (1D), 800 (1E) 3@ 1,000 ng/ml (1F) feviauninmsuugs

@ A

Mga_ys LUNANAILAN (1A) BENARBEIATYNIRER UONIINUUNIIVUTI Mg,y Fxlidaaasunninlungs

Qs v L2 1 0 1 1 fai ; &) a d' 1
1630 omeprazole aMuNTHIINAT ﬁ?luluﬂQSJLLNuL‘ﬁaaYlLW’]:L&EJGL?J%L’J&’] 21 7% (3UN 1G-1L) Wudwa
NNINARBINAUARINUNANITNARDITIIA W

UDNMMNUBANRNTINTITZHZNANAUHBLTARINZIALY Caco2 63U omeprazole WUINTANTUUE

Mgs_s lungunldsu omeprazole aMududu 200 ng/ml 1Hwian 21 Fu (1H) fdwesningunldsy

omeprazole AWNTH 200 ng/mi LHwaan 14 % (1B) adNABEEAUNIIEDA LAZITULALINWAIVUET

Mga_ss ‘Lumjuﬁ”l,@?%u omeprazole ANULTNTH 400 (11), 600 (1J), 800 (1K) Laz 1,000 ng/ml (1L) tuiaan 21

Tu fdiauniinguinlaiu omeorazole aAnuduTwnAwdua 14 u adlidbimdynada
' a Lo & ' A A o & =2 2+ ° v o
L8AIT omeprazole UNNDYULINIIVURY Mg TINDNIVULINTIQATN Mg i]’mIWidvammg

< & o & £6 o & ) &
FNMBUULES UBNINUBHANINARBISILITINNT UM TIULINTANTIRES Mga_ys U89 omeprazole Wb

g/ Qs v ld‘ o lﬂl o s Qs dl v !
m%ﬂUﬂ'J’]NL“UNLLin:UtL'Ja'WlLL‘U'U?ﬂ’mBGLf_lm.qla’]vl’s%‘vlﬂiﬂ omeprazole %']ﬂvlﬂi‘ﬂ‘i’lﬂ’nllLmNNWﬂﬂQTLLQZSZUZ

£6 ! .
NAWIBNINAEIgNTIUMINANTIRES Mg, _ss N1NNTN

gﬂﬁ 1 LRAIAT Mga_sg transport PasurnTasNNz A sfiRsTuaa 14 54 1w DMEM 1Und (A) W30
DMEM ‘ﬁlwau omeprazole ANULTNLW 200 ng/ml (B), 400 ng/ml (C), 600 ng/ml (D), 800 ng/ml (E), 1000
ng/ml (F) w38 1 Mg, s transport 2asurmaasinziassiiaoadunm 21 54 lu DMEM Und (G) wie
DMEM ‘ﬁlwm\l omeprazole AMNLTUTH 200 ng/ml (H), 400 ng/ml (I), 600 ng/ml (J), 800 ng/ml (K), 1000 ng/ml
(L). \@BRMALUEAIEATINTUBES Mga_sg WHLHIBITAR WASLFWTNLUIZURAIIATINTYUEI Mg,y WULNI
FIINITLRINITAR, *P < 0.05, **P < 0.01, ***P < 0.001 Lﬁmﬁﬂuﬁumjuﬁvlaivlﬁ%'u omeprazole h3zHzIU
R eLTRRLYINT (LﬁEJ‘IJLLu’J(;?G‘HPNEU) +P < 0.05, 1P < 0.01, +1+P < 0.001 LﬁaLﬁﬂuﬁumjuﬁ"Lﬁ%'u omeprazole

anudRduRARsLdwa 14 T (Neuuwneusedzl), n =9
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2. omeprazole aANIIYWHY MgA_)B LUUNIWDTBIIIEHRILTAaN

{ o 2+ ' o v e ' ' '

HAMINARINNANTNN 1 lasaadamsew Mg lasna bnuwssnuy lulswasnuiiuteasing

' [ [l A e o o aa & AV v I a ' &a

wwhagas (m) edeldpdiAynsaianslungunldsu omeprazole 1ua1 14 uaz 21 U adalind

i ' ' ' A9 ¥ o &

omeprazole LANAGINTUES Mga_sg UULFHIBLTARLALNA INALTWAIM (V,, WA K,) “aNINUBINTEan
ﬂf g; é’ Qs v v dl L ) a = (%]

ONDV89 omeprazole UHIUNVILLLIAUAZANULTUTUVEI omeprazole N 1ATU LTWADINUALNANNTNARDI L1

37U 1 nanfiad m azaassannndt WalinszszmuazaNudutusan1Ili omeprazole (a13197 1)

A13199 1 L&A Kinetic data 28IN13UWEI Mga_sg

V. (nmolihricm’) K_ (mM) m (X 10 ° cm/hr)
14 days;
Control 57.22 + 8.41 5.62 +1.83 2.18 + 0.11
Omeprazole treated
200 ng/mL 58.12 + 6.19 455 +1.23 1.80 + 0.08*
400 ng/mL 62.82 £ 9.64 5.83 £2.22 1.54 + 0.12*
600 ng/mL 57.01 £ 7.49 448 +1.44 1.28 + 0.09*
800 ng/mL 59.35 + 7.40 471 +1.40 0.83 £+ 0.09*
1,000 ng/mL 58.84 + 7.52 5.84 + 1.59 0.52 £ 0.10%*
21 days;
Control 55.82 + 8.02 5.09 £ 1.89 217 £0.10
Omeprazole treated
200 ng/mL 57.81 + 10.41 7.48 £2.24 1.26 £ 0.12%F
400 ng/mL 53.47 + 7.59 5.10 + 1.87 1.18 £ 0.10%F
600 ng/mL 53.12 + 7.53 442 +1.68 0.96 + 0.09*%
800 ng/mL 57.65 + 6.76 5.97 + 1.51 0.53 £ 0.08*f
1,000 ng/mL 57.99 + 7.72 6.09 + 1.48 0.49 £ 0.07*

*P < 0.001 Waifinuiungufla'ldTu omeprazole luszuziwdsiadiviniu, +P < 0.001 Waifiaunu

nguf le 3 omeprazole AMuNTUIAUARBNTUIA 14 U, n =9



1 1 6 ¥
3. omeprazole aaA1 apical to basolateral Mg2+ permeability VDIUHBLTARLNIZLALS

Caco-2

{ : £ ] 2+ 7
mﬂwamimaaﬂugﬂﬁ 2 WUI1 omeprazole ﬁqma@m apical to basolateral Mg permeability 13
[ { ¥ &) a 1 a o a aa &/ a
lundwradaninziasaduna 14 (2A) waz 21 M4 (2B) amdﬁuﬂmmymmm 1asUUNUITLLIAILAZANY
v o AV wa ' A 2 . ' A a v @
LINUUVDY omeprazole ‘YIVL(?‘ITU nanAaa1 Mg ' permeability 3C8ARININNI LUBLNNITHUELIRILRZAINVULTNYY

2843l omeprazole BwABIAUALNAMINABILUIUN 1 ULazaT97 1

i : . 2 - . X A o« o
sUf1 2 URAIA" apical to basolateral Mg~ permeability UaduHuiTasnIziAuINAsuduan 14
3 p g p y
(A) W38 21 T (B), *P < 0.05 iaifisurungui laildsu omeprazole TusznzIuAnamasiviniu, 1P < 0.05 ifia

\WinuAunguinléTu omeprazole anadudwyiniuiasaduia 14 u, n=9

4. omeprazole AN V&Y Mg, waranA1 basolateral to apical Mg”* permeability

[ A = £ : ' . 2
(ﬂGLLamlugﬂﬂ 3 omeprazole UHNIIANITVURI Mgg_a (BA) LLAZAAAT basolateral to apical Mg :

. ' Y ' o o e aa Y 22
permeability (3B) YDIUNBLTARLANELIALY  Caco-2 amaﬁuymmymaanm lasdunuaNu NI w9

AV o v @ ' a £ ' ' . 2
omeprazole ey RINANULVNVBIINNNRUYNTINAT Mgg_a URERAAT basolateral to apical Mg+



permeability 41N TINIVUE MgBﬁAmaaLLNuLmaﬁLﬁaqﬁﬂﬁ UASUNBLTRRLAZIALY Caco-2 HUAZHIUNNG
' ' ' , & o & o o 3 ' 2+ . ' f f
Ta9N9ILAINUTARLYNNY a9uuIsbuduldin omeprazole fgntaamIvuss Mg WLUENWTRIINTERING

[
LORN

A . ' . 2+ . ' & . &
gﬂﬂ 3 UEAIAN Mgg_sa (A) LLAzAN basolateral to apical Mg permeability (B) UaILLNWLTRALNIZLRE

Caco-2 vadusmasinziesniaoadunm 14, *P < 0.05 Wafisuiunguf lald3u omeprazole, n = 6

o A - £ . 2 ' s ] . =
PNHAMINAaadludan 1 79 4 L% omeprazole NONTAANTIUES Mg UWUUHIUTIIITERINILTARDI

v @
v & [

& AN 9 v o ° & A ° A = 2+ ° o e & [ '
dunalndldldwasnuvesuuuinansadieydldiin  nstinalnmigadn Mg~ Tudlduusduuerdunalniu
' ' ' o & P a £ ' 2 ' ' ' ' '
TOITWITAINIDTASTI 90% GIUNUNNTNA omeprazole RONINANTIUSEI Mg WUUHIUTBITWTERINIDasa 91N

v a a 2+ A ° X A var a v g
sungliitian1iziunm Mg lunszuaifaadlugihelasu omeprazole fadanmdunauwu

L7 . . 1 I3 ¥
5. omeprazole aAAMWENUE cation selectivity VDIUHNWBLBARLNIZLAS Caco-2

dl . a £ ] ] oA \ & &
fﬂqﬂgﬂﬂ 4 WU omeprazole AONITRNAAN Py, /Pg UREAT Py, WALNNAT Py VBILLNWLTRRLNIZLRED

P a

Ao a & \ = P o & o v o
Caco-2 atNINUYRINUNIIRDG YI\TFLHLLN%LGITQQ(‘Y]LW’]ZLNUGL?J%L’JQ’] 14 uae 21 % Iﬂﬂ‘ll%ﬂﬂﬂ’]']&ﬂ“llll‘ﬂu‘ﬂ@d



10

omeprazole Nld3u 19391 omprazole aa cation selectivity WAzl anion selectivity UBITBITIIILAIILTAR
o ' & A o v & o [V & A o @ A =2 2+ ) '
TadLLHUQWQGULLN%L‘EHQLUa‘]_qla']vlﬁ QGV]']FLV\LLN%L‘ITQQLUauaqqﬁmuaﬂaaauﬂizﬁgu'lﬂ 3009 Mg NIWDDIIN

swhaaaaiayd ldaaas

3UN 4 UaaId Py/Pg (A), A1 Py, (B) Uazf P (B) PoIUH WAz AR 0T waa 14 Wie
21 5u 1u DMEM 1n@ w38 DMEM fingss omeprazole a21idudu 200, 400, 600, 800,w3a 1,000 ng/ml, *P <

0.05, **P < 0.01 laifinuiungunlaildTu omeprazole Tusznziwdsimadiviniu, n = 6



1 1 6 ‘3
6. omeprazole anA1 TER VDIUHBLTRALNIZLA S Caco-2

11

{ v & 1 l§ l&l 1 ] ¥
PNHANMINARDIUANTNN 2 UaadlFiAuin omeprazole AnBLANAN TER TaIUHBLTARIANNZIAES

Cacao-2 &ia NalulHmmasaniwziasnduina 14 uaz 21 3% ue omeprazole liinadadn Iy uazd PD

LEAIINTNTANANNAUNIUY aamwuda'ﬁaaumuﬁaaﬁwszmwLeﬂaﬁlmmuﬁmmLLNuLmaﬁLﬁaqﬁﬂﬁLﬁﬂ

A1319N 2 LLammqmauﬁamaVMﬁhmamw’umaﬁmwuﬁm Caco-2

n PD (mV) Is (LLA/em’) TER (Q.cm’)
14 days;
Control 9 0.99 + 0.12 3.09 + 0.36 32219 £ 6.37
Omeprazole treated
200 ng/mL 9 1.03 + 0.54 2.52 +0.39 413.64 +12.95
400 ng/mL 9 0.98 £ 0.14 2.24 £0.29 433.23 + 17.66
600 ng/mL 9 1.08 + 0.15 2.29 + 0.31 470.35 + 23.87%*
800 ng/mL 9 1.09 + 0.18 2.30 + 0.41 483.22 + 20.20%*
1,000 ng/mL 9 1.20 + 0.11 241 +£0.20 502.88 + 30.99%*
21 days;
Control 9 1.00 + 0.15 3.18 + 0.47 314.05 + 4.64
Omeprazole treated
200 ng/mL 9 1.26 + 0.20 2.48 £ 0.32 485.09 * 24.36*
400 ng/mL 9 1.13 £ 0.19 2.20 £ 0.32 502.19 + 27.47%*
600 ng/mL 9 1.06 + 0.13 2.21£0.34 500.33 + 32.97**
800 ng/mL 9 0.99 + 0.19 1.97 £ 0.31 481.64 + 25.48%*
1,000 ng/mL 9 1.07 £ 0.18 2.06 + 0.30 500.84 + 26.61%*

*P < 0.01, **P < 0.001 Waifinuiunguf li'lédTu omeprazole luszoziudnisadivinniu

7. omeprazole LUaan selective permeability profile Pa9daanilsauln

3U7 5 uaAse absolute paracellular permeability BaIunmLTARIMNZIRBIdaBaauTzaLN Teun Li',

Na’, K', Rb, uaz Cs  wuhlunmizaiuguuiumiaasinizidnd Cacao-2 fidaunisvanliBeautlszauindu

Ta9I9Tzn NI TRaaI Py, (8.6210.18) > P, (7.99:0.19) > Py, (5.8410.08) > P, (4.82+0.07) > P,

‘i Qs 1 g 1 1 1 1
(3.9840.12) smﬁmaglu Eisenman sequence VII waadinelutasineszninaTas tight junction VaJLLN

¥ Ly o A = o . { A
LIASLNNZLALY Caco-2 ﬁamwvl,ww"]ﬂizﬁ;aummmeuﬂma FJuanumzuad ion channel NuuaIdoauY e
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UIN omeprazole AMULTNTY 200, 400, 600, 800, waz 1,000 ng/mi aaeA1 absolute paracellular permeability

a a e Qg { o Qs va 1 L ‘g té Qs
vasdaaunnaiia uazdaligniwfsusdumivanlBeaudszauaniuass P> Py, > P, > P, > P 936
at/lu Eisenman sequence VI ugashawnnihuszaaumelugesinesznitomwadlu tight junction fanady

OHERRIAG wamwi:v\iwLma§a®ﬂaﬁuaﬂuﬂsn1un15mudd§aauﬂixqmnaﬂm

(O—=Control
124 200 ng/mL Omeprazole
400 ng/ml Omeprazole
A——600 ng/mL Omeprazole
A——800 ng/mL Omeprazole
A——1,000 ng/mL Omeprazole

Py (10°cms™)
i

Li* Na* K* Rb* Cs*
} [ | (-

I | L]
0.6 0.9 1.2 1.5 1.8
Paulling radii (A)

UM 5 UFAIA P, Py, Py, Pror W8ZAN Pg, adMRMTaRINzLRIMAad WA 14 1 DMEM Und

w38 DMEM fian omeprazole A1nuLdudu 200, 400, 600, 800,%3a 1,000 ng/mi, *P < 0.05 1iJatfisuiungaf

141650 omeprazole luszaziwRsaimadvindu, n=6

~ = 1 .
8. omeprazole N NHAANIIVUAI Mg,y LU paracellular passive transport

1 v 1 v a A 1 [l kg

lunanguimsvnss Mg, Usznaudomyuudinuultwasnn (active transport) Tsuisdos e

\u 3 nalnfa voltage-dependent Mg,_g active transport, solvent drag induced Mg,_,g active transport, Wae

transcelluar Mg,—,g active transport uazmaanssuun ldlswasnu wis passive Mg,_,g active transport N8
= ] A £ ' & kg oV v A o &

@nwnin omeprazole ANTAA Mgs_ss NALNLA LHWTASIWNZIANY Caco-2 3914IUNTLUR Isc LNBHUEINT

YPRILUL voltage-dependent active Mg2+ transport (Eﬂﬁ BA) WUINNIUF Isc luANada Mg, s transport Va4

NRNAILANUNANNLATU omeprazole s luiimavudinalnfiluukmsadiniziaos Caco-2
{ ] ] ¥ v té Qs gj
WL NLHWTARNZIRIGE 2 pmol/l ruthenium red (RR) <@48U83 transcelluar Mg, g active
i Lo & s o o
transport (Eﬂﬁ 6B, 6C) "Nu21 RR ﬁf]“mi&lllm transcelluar Mg,_sg active transport uazvinlwanuFuRuS

FEWIN Mg, e transport — [MgCly] uuuuiduass Wadnsanmaduasiadindninizanguaiuay (Ui
6B) uwaznguilaTu omeprazole (3Uf1 6C) wuhaNnuTuassUMIFUaTIRUTAnABUAssldiud m lunga

nlaldTu RR wazillohwaniinasaslunduild RR 289uNwmasnILgy uazuHLDAsN 163U omeprazole



13
WUI1 omeprazole AANIVUEI Mga op HAZAAAINTUVBIRUNIIEUAIIDEWARUMAYNIEAG  UITI
o £ . )
omeprazole 4 NHAG passive Mg,z active transport
{ ] ] ¥ v ‘d Qs g;
WAL NLHWLTARINZIRE9628 100 pmol/l phlorizin %3e 100 pmol/l phloretin 5481UEd solvent drag
induced Mg,_s active transport (Ellﬂ 6D) Wu1N phlorizin #3a phioretin lifinada Mg, s transport ﬁdhmjw
LA e Y a . o ¢ &
ATUAN uAzNFuT LATU omeprazole LT lidmynuasna lnitlunsmaadiniziies Caco-2
& & v & ' & & a ' A a A
NANINARRINIRUATLEA IR AUIUHILTASINNZIRES Caco-2 AmTauasuuniiidoy 2 naln @e
paracellular passive Mg,_yg transport LLae transcellular passive Mg, —yg transport HONIINTL omeprazole Y

Lo & . a A . \ . ~ oV v
ONITYULINIVURILUNWLTBULUY paracellular passive transport N']%LLN%L"ITNQ{LU@H@TVL@

317 6 uFAIAT Mg, transport BaIuRMTRALNIIREITEBREUIM 14 U lu DMEM Und w3
DMEM fin&al omeprazole a3t 600 ng/ml ¥inmsnaaaslaslinizua Isc (A) WIoUuLHMTARNIZIAL
Caco-2 @28 ruthenium red (RR) (B, C) %38 phlorizin %38 Phoretin (D). **P < 0.01 LﬁaLﬁﬂuﬁUﬂéjNﬁleivLﬁ%'u

omeprazole, n = 6

a 1 1 1 1 1 3
9. omeprazole LW activation energy 289N152W&3 Mg N14B293193HMNILTAA

[

lunangued] nspussdeawnnn ion channel falulljfsenmemanmwiniaanmaiadfizen

£ o a a a ' aaa A v o . o o
VUNUYUWANY ‘mﬂL‘wwqmvxgmzmﬂgmmmﬂumaaauvlﬂ 3‘1_]1’] 8 UR®J Arrhenius plot LLﬁ@Gﬂ’JWNﬁ&JW%ﬁ
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o a A = a

o 9 o a £
AN In(Py) NUAWANA WWBFANEN activation energy (E,) (I1NAMNUTUUDILHUAI) LLazﬁuﬂizﬁ“ﬂEQMﬂﬂu

3 U a
=

o o A A a ad . .
Qqp (FAFIUIATINMIVUEINANYWADANGUANTYL 10 °C) VBINMTUUFIUNNHLTINUDY passive transport

v '

a ° . A @ o a £ a
N’]%LLN%LTQ&CLUQHQWVLK WU’J']EL%ﬂQSJﬂ’JUQQJSJﬂﬁ E, \n1ny 14.28+1.19 kJ/mol LLﬂzﬁNﬂizﬁﬂﬁqm%ﬂ“N Qo

' A

WAL 1.2240.04 omeprazole SqnBliiu E, (19.24+1.98 kj/mol) a8 AR AAYNIIFDE walaiiRuuen

£ a

o a £ a A A o a A : a a v
fuLlazAnTannl Qi (1.31£0.05) aRananeddudszanTamnnil Q, JA13zning 1.2 - 1.4 suidssld

9 U

£

AUl AT amnd Qi V89MSUNIVEIB0aUAY fon channel %aNNTH omeprazole Lixen E, 197 la

q u

31 omeprazole TAVMIMIVBFILUNTLTUNY paracellular channel VBIUNBLTARLANLLALY Caco-2

317 7 usad Arrhenius plot Ba9uHwaaRNIzRBINRBLduIT 14 Tu Tu DMEM Und w3e DMEM

finau omeprazole AMLTNTH 600 ng/ml, **P < 0.01 Lﬁal,ﬁauﬁ'umjwﬁvl,&ivl@ﬁ'u omeprazole, n = 6

10. omeprazole afn Mg2+ affinity 2a9 paracellular channel

A o o ' . . o v @ 2

3'1_]‘1/1 8 ULRAIANNFNAUTIZAING % maximum passive Mg,—sg transport NUANULIVNVYUVBY Mg “lu

v . a a Y g ° v ] [ ::y a AV wa
M apical WaULABIlEINUAMWINTIAN T Vo IuHITaRINZIREY Caco-2 Un@ wasfilesu omeprazole A
wiudu 200 (U7 8A), 400 (311 8B), waz 600 ng/ml (311 8C) Wui1 omeprazole NnANULTNTUIHALRDILFY
anuius llduwrrillafisuiunguaiugu  uaziliofanIne1 half maximum effective concentration
v o A £ a A o e aa & A v
(ECs) WU omeprazole ynanwidntulaniidind1 ECy, atwilidbddnyniesdd  wiziuiialdiy
Aa A o o 2+ 2+ ' v '
omeprazole 13:&NTN1WUBY paracellular channel lunsduny Mg (Mg affinity) 8aa3 FIFIHA AN TUUE

WUND N HIUTBITNITERINVILTARAAR
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4 o o ' . . o v @ 2
gllﬁ 8 LAAIANNFNNUTITZWING % maximum passive Mga_sg transport NUAMULVNVUIBI Mg “lu
v . ' ' 6 :3’ A Ay & s a A
@1 apical (8A - 8C) war @1 ECy, (8D) UadlHulmaalnztasantaaatiiuig 14 1 lu DMEM 1Uné #3a

DMEM W&y omeprazole, ***P < 0.001 LﬁaLﬁﬂuﬁunajuﬁvl,szL@T%'u omeprazole, n = 6

11. omeprazole andIuran1suandiaanvyas claudin-7 wag -12

LA ' L ' & o { ' S
myruasBaauiutariaasuwzgnangueiolls@ulu tight junction NFund1 claudin Tiwy
Urzanm 23 shaluudmsadiboy (epithelium) M3amoaysd MsdnsnauntiiissT i claudin-16 uaz -19

AuQuMIIREIUINEFsuuTas IR luwswasidoyriale ainiland claudin-16 waz -19 lainy

wa o

ludld d39839@nm claudin-2, -7, a8z -12 Fadw claudin ﬂmuqumwudaﬁaauﬂi:qmﬂ uaziime

U

LLamaaﬂ@laa@mmmaéhvléﬁﬁﬂ El]ﬁ 9A LRAINIILRANIBDNVBY claudin-2, -7, Wz -12 ﬁﬁﬂa% western blot

. . . . PN A PN v  aa

analysis U8z relative expression 989 claudin-2 (3U#1 9B), -7 (U7 9C), uaz -12 (3UN 9D) @8I
£ . .

densitometric analysis WU omeprazole ﬁqma@mmamaanmao claudin-7, uar -12 ua lidinadans

& 2+ ° [
LEAIANY8Y claudin-2 19771 claudin-7 uaz -12 MUAUMIRaTy Mg~ ludld
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gﬂﬁ 8 LRAINIILEAIB8NVEY claudin-2, -7, Uaz -12 @285 western blot analysis (A) WA LEAINTT
WEAd8aNVY claudin-2 (8B), -7 (8C), Lax -12 (8D) @283D densitometric analysis vadtwaninziaesNaoa e
LIA1 14 74 11 DMEM Un@ w3a DMEM fiN&y omeprazole, *P < 0.05, **P < 0.01, ***P < 0.001 \Hatfinuny

mj;uﬁvl&ivlﬁ%'ll omeprazole, n = 6
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fsduaniinaany

Claudin-7 waz -12 Lﬂuiﬂia%ﬂ’mquﬂﬁﬂﬂ‘%mLLNﬂﬁL‘%UﬁJN’]Wﬁ@G’hGi:WﬁNLsﬁmﬂuﬁﬂﬁ GRS

o A, o ) A A A« =) A A & o o A
nalnwanfiivmeuyedlfgaduuunfifondadn  90%  veinigaduuunibFuanmualusld  nn
A £ i & = A A o @ P @
omeprazole fignInAN1ILEaAIaNTeY Claudin-7 waz -12 Tsdanaaanmigaduuuniifouludld naniauld
Jutlszmu omeprazole smﬁwﬂuﬂﬁju proton pump inhibitor @28% AadanidnIzezIMWIBITFINARANTT
gaduuuniiBouatndaiiion MliusnfiBoufiszaulunszgnuazisadniianmougedden g gnihaananld

ARLAROUDLRT ﬁa‘nmumdmmwwﬁﬁwu5'mwmil,ﬁ®m:@nﬁ'ﬂdﬂﬂluﬂuvl**ﬁ”mjuﬁ LLﬂ:qﬂﬁ’m%dﬁdNﬂlﬁLﬁ@

a A A °
ﬂ’]')ﬁﬂi&n mLLNﬂuLTUNIuﬂiZ LRINDANANTINY

VLA U

ansdAnmeaiasiionalnfianugumIuaaseansed claudin7 waz -12 Twfinalnl omeprazole
ATLANNTILEAINANTBI claudin-7 uaz -12 iNanawndwisnitlasiuniainmn azuanflifoulwiaadian
s & =S A A A a a a =S a A o v
m3ld3u omeprazole 1unawiu Twishiariieduniiennanuialndnnmigaduusniioulus 1§
217l T% hypomagnesemia and secondary hypocalcemia FaAannmMInaewnsvas TRPM6 Taduldsdn

YUFISUNILTIULUURLTRR
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Abstract

AIM: To elucidate the effect and underlying mecha-
nisms of omeprazole action on Mg®* transport across
the intestinal epithelium.

METHODS: Caco-2 monolayers were cultured in various
dose omeprazole-containing media for 14 or 21 d before
being inserted into a modified Ussing chamber appara-
tus to investigate the bi-directional Mg®* transport and
electrical parameters. Paracellular permeability of the
monolayer was also observed by the dilution potential
technique and a cation permeability study. An Arrhenius
plot was performed to elucidate the activation energy of
passive Mg”* transport across the Caco-2 monolayers.

RESULTS: Both apical to basolateral and basolateral
to apical passive Mg”* fluxes of omeprazole-treated epi-
thelium were decreased in a dose- and time-dependent
manner. Omeprazole also decreased the paracellular
cation selectivity and changed the paracellular selective
permeability profile of Caco-2 epithelium to Li*, Na*, K,

(4 9
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Rb*, and Cs™ from series VI to series VI of the Eisenman
sequence. The Arrhenius plot revealed the higher activa-
tion energy for passive Mg* transport in omeprazole-
treated epithelium than that of control epithelium, indi-
cating that omeprazole affected the paracellular channel
of Caco-2 epithelium in such a way that Mg”* movement
was impeded.

CONCLUSION: Omeprazole decreased paracellular
cation permeability and increased the activation energy
for passive Mg”* transport of Caco-2 monolayers that
led to the suppression of passive Mg®* absorption.

© 2011 Baishideng. All rights reserved.

Key words: Magnesium; Paracellular; Proton pump in-
hibitor; Transepithelial; Tight junction
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INTRODUCTION

Magnesium plays an important role in numerous biological
functions. Mg”" deficiency is associated with several diseas-
es, e.g. Alzheimer’s disease!”, osteoporosis”, and hyperten-
sion”. Therefore, its plasma level is tightly regulated within
a narrow range (0.7-1.1 mmol/L) by intestinal absorption
and renal excretion'’. In human intestine, fractional Mg2+
absorption varies from 11% to 65% depending on the
amount of Mg2+ intake". Intestinal epithelium absorbs
Mg2+ via both saturable transcellular and non-saturable
paracellular pathways. Transcellular Mg2+ transport is an

March 28,2011 | Volume 17 | Issue 12 |



active process that requires the activity of transient recep-
tor potential melastatin 6 (IRPMG6) and the basolateral
Na'/ Mg2+ exchanger[ﬁ’ﬂ. On the other hand, paracellular
Mg”" transport is a passive mechanism and is implicated in
about 90% of intestinal Mg2+ absorptionm. The paracellu-
lar Mg™" transport process is modulated by the tight junc-
tion proteins, i.e. Claudin-16 and Claudin-19",

Omeprazole is a common therapeutic tool for acid-
peptic disorders. Its active sulphenamide form selectively
and covalently interacts with the H/ K+—ATPase, particu-
larly the extracellular cysteine 813, leading to potent inhi-
bition of H /K -ATPase activitym. Previous reports dem-
onstrated that prolonged omeprazole administration led
to hypomagnesemia and hypomagnesuria in humans'*'".
Withdrawal of omeprazole and intravenous Mg2+ replace-
ment, but not high dose oral Mgz+ supplement, could not-
malize the plasma and urinary Mg2+ levels'*'”. Renal Mg2+
handling was normal in patients with severe hypomagne-
semia associated with long-term use of omeprazolemm.
This body of evidence suggested an inhibitory effect of
omeprazole on intestinal Mg2+ absorption. However, the
direct action of omeprazole on intestinal Mg2+ transport
is still elusive. The present study, therefore, aimed to elu-
cidate the effect of omeprazole as well as obtain informa-
tion regarding possible mechanisms of omeprazole action
on Mg2+ transport across the intestinal epithelium. This
study employed a monolayer of Caco-2 cells which is a
suitable 7z vitro model for studying intestinal transport of
divalent cations, e.g Ca” 1 and Mgzﬂm.

MATERIALS AND METHODS

Cell culture

Caco-2 cells (ATCC No. HTB-37) were grown in Dulbec-
co’s modified Eagle medium (DMEM) (Sigma, St. Louis,
MO, USA) supplemented with 15% fetal bovine serum
(FBS-Gold) (PAA Laboratories GmbH, Pasching, Austria),
1% r-glutamine (Gibco, Grand Island, NY, USA), 1%
non-essential amino acid (Sigma, St. Louis, MO, USA), and
1% antibiotic-antimycotic solution (Gibco, Grand Island,
NY, USA) and maintained at a humidified atmosphere
containing 5% CO2 at 37°C. The Caco-2 monolayers were
developed by seeding cells (5.0 X 10° cells/cm?) onto per-
meable Snapwell™ inserts (12-mm diameter and 0.4-um
pore size polyester filter) (Corning, Corning, NY, USA).
In the omeprazole-treated group, Caco-2 monolayers were
grown in 200, 400, 600, 800, or 1000 ng/ml. omeprazole
(Calbiochem, San Diego, CA, USA) containing culture me-
dia. The culture medium was changed three times a week.
On day 14 or 21 after seeding, the Snapwell was inserted
into a modified Ussing chamber (1.13 cm” exposed area).

Measurement of Mg®* flux

In the Ussing chamber, the monolayer was equilibrated
for 20 min in bathing solution at 37°C, pH 7.4, and osmo-
larity of 290-293 mmol/kg H-0"". To avoid the unstirred
water layer and to maintain pH at 7.4, the bathing solution
in each hemi-chamber was continuously gassed with hu-

midified 5% COz in 95% Oz. After equilibration, the api-
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cal or basolateral bathing solution was replaced with 2.5, 5,
10, 20, 40, or 80 mmol/L MgClo-containing bathing solu-
tion, while the contralateral side was replaced with MgClz-
free bathing solution. At 1 and 2 h, 500 L solution was
collected from the side that contained MgClz-free bathing
solution and Mg2+ concentration was measured. Mg2+ flux
(nmol/h per cm®) was calculated using Equation (Eq. 1):

Mg™" flux = Ci/ (1 X ) )

Where Chyg is Mg2+ concentration (nmol/L); 7 is time
(h); and S is transport surface area (cm?).

To elucidate the involvement of solvent drag-induced
mechanism on Mg“ transport, 100 umol/L phlorizin
(Fluka Chemie AG, Buchs, Switzerland) and 100 pmol/L
phloretin (Calbiochem, San Diego, CA, USA) were added
to the apical and basolateral solution, respectively. Mg2+
transport was also observed at different temperatures (15,
25, or 35°C) and the results were presented as an Arrher-
nius plotm (Eq. 2):

In(Pwg) = (-E2)/(RT) + In(E) @)

Where In(Pwg) is the natural logarithm of Mg2+ per-
meability (cm/s); E.is activation energy (kJ/mol); R is
gas constant; T is absolute temperature (273+°C), E is
pre-exponential factor. The temperature coefficient Qo
was determined as previously described™.

Measurement of Mg®* concentration

The concentration of Mg2+ was determined by Xylidyl
Blue (Sigma, St. Louis, MO, USA) colorimetric assay,
modified from the method of Tang and Goodenoughlzoj.
In brief, the sample solutions were spun at 1000 X g for
10 min and a 200 pL. sample of the upper solution was
collected. An aliquot was added to 100 plL water, gently
mixed, and then 200 pL of 1.25 mmol/L EGTA was add-
ed to the assay tube. After mixing well, 500 pl. of Xylidyl
Blue solution (pH 10.5) was added to the assay tube. After
5 min of incubation at room temperature, the assay solu-
tion was subjected to colorimetric analysis using a spec-
trophotometer at 520 nm (model UV-2550; Shimadzu,
Kyoto, Japan).

Measurement of epithelial electrical parameters
Trans-epithelium resistance (TER), potential difference
(PD), and short-circuit current (Isc) wete determined as
previously described”. These electrical parameters were
recorded after 20 min equilibration at 30 min intervals
throughout the 2 h of Mg2+ flux study.

lon permeability measurement
Absolute permeabilities of Na” (Pxz) and Cl' (Pa), as well
as the relative permeability of Na' to Cl" (Pxa/Pai), of
Caco-2 monolayers were obtained by the dilution poten-
tial technique as previously described™. The absolute
permeability of group I alkaline metals (Li", K', Rb", and
Cs+), i.e. P, Px, Pro, and Pes was determined as previously
described”” using the same calculation as that used to ob-
tain Pra.

The Mg2+ permeability (Pumg) of Caco-2 monolayers
was calculated using Eq. 3:

Prg = Mgz+ flux/ACu; 3)
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Vi (nmol/h Kn m(x 107 n  PD (mV) Isc TER (Q.cm?)
per cm?)  (mmol/L) cm/h) (mA/cm?)
14d 14d
Control 57.22+841 5.62+1.83 218+0.11 Control 9 099+012 3.09+036 32219+6.37
Omeprazole treated (ng/mL) Omeprazole treated (ng/mL)
200 58.12+6.19 4.55+1.23 1.80+0.08" 200 9 1.03+£054 252+039 413.64+12.95
400 62.82+9.64 583222 1.54+0.12" 400 9 098+0.14 224+029 433.23+17.66
600 57.01+7.49 448144 1.28+0.09° 600 9 1.08+015 229+031 470.35+23.87"
800 59.35+7.40 4.71+1.40 0.83%0.09° 800 9 1.09+018 230+041 483.22+20.20"
1000 58.84+7.52 584159 0.520.10° 1000 9 120+011 241+020 502.88 +30.99"
21d 21d
Control 55.82+8.02 5.09+1.89 217+0.10 Control 9 100£015 318+047 314.05+4.64
Omeprazole treated (ng/mL) Omeprazole treated (ng/mL)
200 57.81+1041 7.48+2.24 1.26+0.12" 200 9 126+020 248+032 485.09 +24.36°
400 53.47+7.59 510+1.87 1.18+0.10™ 400 9 113+019 220+032 50219 +27.47"
600 53.12+7.53 4.42+1.68 0.96%0.09™ 600 9 1.06+013 221+034 500.33 £32.97"
800 57.65+6.76 5.97+1.51 0.53+0.08™ 800 9 099+019 1.97+031 481.64 +25.48"
1000 57.99+7.72 6.09+1.48 0.49+0.07° 1000 9 1.07+018 206+030 500.84 +26.61°

°P < 0.001 s the age-matched control group, “P < 0.001 vs the concentra-
tion-matched 14 d-omeprazole-treated groups.

Where ACwm,is the concentration difference of Mg2+
between the apical and basolateral solutions.

Mg® transport kinetic analysis
To estimate the kinetic values of the saturable active and
non-saturable passive Mgz+ transport, the rate of apical
to basolateral Mg2+ transport (Mga-s transport) was fit-
ted to a modified Michaelis-Menten kinetic plus linear
component as shown in Eq. 4:

Mga-stransport = (17w X Cu) /(K + Cu)+ mCug - (4)

Where 17 is the maximal rate of saturable Mga—s trans-
port; Ku is the rate constant of saturable Mga—s transport;
m is the rate constant for non-saturable Mga—s transport;
and Cizas mentioned above. This study was performed
using a nonlinear regression program of GraphPad Prism
version 5.0 for Window (GraphPad Software Inc., San Di-
ego, CA, USA).

Statistical analysis

Results were expressed as means = SE. Two sets of data
wetre compated using the unpaired Student’s ~test. One-
way analysis of variance (ANOVA) with Dunnett’s posttest
was employed for multiple sets of data. The level of sig-
nificance was P < 0.05. Linear regression and slope analysis
were performed to obtain the basolateral to apical Mg2+
transport (Mgs—a transport)-Mg concentration relationship.
The curve of Puvg-Amagnesium relationship was obtained
using one phase exponential decay equation. All data were
analyzed by GraphPad Prism (GraphPad Software Inc.).

RESULTS

Omeprazole decreased Mga-stransport and Pwg in both
a dose- and time-dependent manner

As demonstrated in Figure 1, the Mga—s transport zs Mg2+
concentration plots of Caco-2 monolayers were curvi-

(49

_gu;ﬁfm,@ WJG | www.wjgnet.com

1576

°P < 0.01, ‘P < 0.001 vs the age-matched control group.

linear similar to that reported in humans®™. After 14 d in
the omeprazole-treated groups, Mga—p transport was in-
hibited when compared with its corresponding untreated
group (Figures 1A-F). The level of inhibition progres-
sively increased with higher concentrations of omeprazole.
Omeprazole selectively decreased non-saturable Mga—s
transport, but not the saturated component, as clearly
demonstrated by the lower rate constant for non-satu-
rable Mga—s transport (Table 1). For 21 d omeprazole-
treated groups, the results were similar to those of the 14
d omeprazole-treatment (Figure 1G-L, Table 1). When the
same omeprazole concentration was considered, 21 d-treat-
ed groups showed a significantly lower Mga—s transport
than the 14 d-treated groups (Figure 1, Table 1). Therefore,
omeprazole decreased Mga—s transport in a dose- and
time-dependent manner. According to the Mga—s trans-
port, omeprazole also decreased the apical to basolateral
Pug in a dose- and time-dependent mechanism (Figure 2).
Moreover, omeprazole significantly increased TER, but not
PD or Isc, of Caco-2 monolayers (Table 2), indicating the
lower paracellular permeability to ion transport.

Omeprazole decreased Mgs—atransport

Since the Mgs—a transport occurred solely through the
paracellular pathway, the Mgp—a transport us Mg2+ concen-
tration plot was linear (Figure 3A). Omeprazole signifi-
cantly decreased the slope of the Mgs- transport-Mg”*
concentration plot. The slope progressively decreased
with increased concentration of omeprazole (Figure 3A).
In addition, omeprazole significantly suppressed the ba-
solateral to apical Pvgin a dose-dependent manner (Figure
3B). The collective results clearly showed that omeprazole
suppressed paracellular passive Mg2+ transport across
Caco-2 monolayers.

Omeprazole decreased paracellular cation selectivity

. . . 21,22
Similar to previous reports”*?, Caco-2 monolayers
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Figure 1 Mga-s transport across Caco-2 monolayers. For Mga-s transport of 14 d monolayers, A: Control; B: 200 ng/mL omeprazole-treated; C: 400 ng/mL omeprazole-
treated; D: 600 ng/mL omeprazole-treated; E: 800 ng/mL omeprazole-treated; and F: 1000 ng/mL omeprazole-treated monolayers. For Mga—s transport of 21 d monolayers,
G: control; H: 200 ng/mL omeprazole-treated; I: 400 ng/mL omeprazole-treated; J: 600 ng/mL omeprazole-treated; K: 800 ng/mL omeprazole-treated and L: 1000 ng/mL
omeprazole-treated monolayers. Light solid lines represent the saturable component. Dashed lines represent the non-saturable component. °P < 0.05, °P < 0.01, °P < 0.001
vs the age-matched control group, °P < 0.05, P < 0.01, "P < 0.001 vs the concentration-matched 14 d omeprazole-treated groups. For each data point, n = 9.
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Figure 2 Apical to basolateral Pvg. A: Pwg of 14 d control and various dose omeprazole-treated monolayers; B: 21 d control and various dose omeprazole-treated
monolayers. °P < 0.05 vs the age-matched control group, °P < 0.05 vs the concentration-matched 14 d omeprazole-treated group. For each data point, n = 9.

showed high Pna/Pci(3.79 + 0.15 in 14 d monolayers; 3.96
+ 0.22 in 21 d monolayers) from the higher Pxa (8.28 £ 0.20
in 14 d monolayers; 8.11  0.25 in 21 d monolayers) than
Par(2.08 + 0.09 in 14 d monolayers; 2.07 = 0.11 in 21 d
monolayers) (Figure 4A-C). Therefore, the Caco-2 mono-
layer was a cation selective epithelium. In 14 d- as well as
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21 d-omeprazole-treated groups, omeprazole significantly
suppressed Prxa/Pciand Pnabut enhanced Parin a dose-
dependent manner (Figure 4A-C), indicating that omepra-
zole decreased cation selectivity of Caco-2 monolayets.
Moreover, the present study also examined the para-
cellular permeability to monovalent cations, i.e. Li", Na’,
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Figure 3 Mgs-a transport and basolateral to apical Pug. A: Mgs—a transport; B: Basolateral to apical Pwg of 14 d control and various dose omeprazole-treated

monolayers. °P < 0.01 vs the control group. For each data point, n = 6.

K, Rb", and Cs". In control conditions, Caco-2 mono-
layers showed the following selective sequence: Pxa (8.62
+0.18) > Pk (7.99 £ 0.19) > Pro(5.84 £ 0.08) > Pcs (4.82
1+ 0.07) > Pu (3.98 + 0.12) (Figure 4D). Interestingly, 14
d-omeprazole (600 ng/mlL)-exposed monolayers showed
a different permeability sequence as follows: Px > Pxa >
Prv> Pcs> Pri (Figure 4D). In addition, omeprazole also
inhibited Caco-2 permeability to all of these monovalent
cations in a dose-dependent manner.

In a parallel study, TER was simultaneously recorded
when the monolayers were exposed to group I alkaline
metals containing solution. In control conditions, Caco-2
monolayers showed the highest conductance (lowest
TER) to Na" (Figure 4E). The TER-Pauling radii rela-
tionship showed a V-shaped profile. Omeprazole-treated
Caco-2 monolayers showed the lowest TER when the pri-
mary ion was K (Figure 4E). Omeprazole also changed
the TER-Pauling radii graph to a U-shape relationship and
increased TER in all groups.

Omeprazole inhibited paracellular Mg” transport
Theoretically, ions can move transversely across Caco-2
monolayer zia four transport mechanisms, i.e. solvent
drag-induced active, voltage dependent active, transcellular
active, and paracellular passive transport. Therefore, the
present experiment aimed to identify the relative involve-
ment of each mechanism in Mg2+ transport across Caco-2
monolayers. Inhibitors of solvent drag-induced ion trans-
port (phlorizin and phloretin) had no effect on Mga—s
transport (40 mmol/I. Mg®* concentration gradient) in
both control and omeprazole-treated monolayers (Figure
5D). In another set of experiments, Caco-2 monolayers
received continuous application of Iss, simultaneously
with the Mg2+ flux study, to nullify trans-epithelial PD and
to abolish voltage dependent Mg2+ transport. The Mga—s
transport in both control and omeprazole-treated mono-
layers were unaffected by Iss, (Figure 5A). The results in-
dicated that solvent drag-induced and voltage dependent
Mga-s transport were negligible.
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Since transcellular Mg2+ transport required apical Mgz+
influx, inhibition of Mg”" influx should abolish Mg*" trans-
port. When 20 pumol/L ruthenium red (RR), a TRPMG6
inhibitor””, was added to the apical solution, a linear re-
lationship between Mga—s transport and Mg”" concentra-
tion was observed (Figure 5B). The rate constant for non-
saturable Mga—s transport of control monolayers (2.18 *
0.13) was not different from the slope of Mga—s transport
(2.09 £ 0.06) of RR-treated control monolayers. In parallel
experiments, 14 d-600 ng/mL omeprazole-treated mono-
layers were bathed in bathing solution with or without
20 pumol/L RR (Figure 5C). Similar to control conditions,
RR inhibited the saturable component, but not the non-
saturable component, of Mga—s transport in omeprazole-
treated monolayers. In RR-treated monolayers, the 14 d-
omeprazole-treated group showed a less steep slope when
compared with that of the control group (1.29 £ 0.04
vs 2.09 * 0.06, P < 0.001, Figure 5B and C). Therefore,
omeprazole suppressed the non-saturable passive Mg”*
transport across Caco-2 monolayers.

Temperature dependent Mg” permeability

To elucidate the temperature dependent Mg®" transport,
Caco-2 monolayers were bathed in 40 mmol/L MgCl
containing apical solution, while the basolateral solution
had no MgClo. As shown by the Arrhenius plot (Figure
5E), the In(Pwmg) decreased in lower temperatures. The
control monolayers showed Eaof 14.28 + 1.19 kJ/mol
and Quof 1.22 *+ 0.04. Fourteen days of 600 ng/mL
omeprazole exposure significantly suppressed Mg”"
transport and increased Ea (19.24 + 1.98 kj/mol, P <
0.05), but not Qi (1.31 + 0.05), of Caco-2 monolayers.

DISCUSSION

The present study demonstrated the effect of omeprazole
on Mg”" transport across Caco-2 intestinal epithelium.
Omeprazole-treated monolayers showed a dose- and time-
dependent decrease in Mg2+ transport and Py (Figures 1-3).
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Omeprazole selectively inhibited the non-saturable passive
component, but not the saturable active component, of
transepithelial Mg”" transport (Table 1 and Figure 5). The
paracellular cation selectivity of the monolayers was also
reduced after prolonged exposure to omeprazole (Figure 4).
Results of the Arrhenius plot (Figure 5) showed the higher
E.in the omeprazole-treated group, indicating impediment
of the paracellular channel to Mg2+ movement.

In humans, intestinal Mg2+ absorption »s Mg2+ intake
exhibited a curvilinear relationship[SJ from the combination
of saturable active and non-saturable passive absorption.
Moreover, lower intestinal passive Mgz+ absorption as com-
pared with passive Ca™ absorption was also demonstrat-
ed™, Similarly, in Caco-2 monolayers, a plot of Mga—s
transport (representing Mg2+ absorption) against Mg2+
concentration (in apical solution) was also curvilinear
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(Figure 1) and MngB transport Was lower than the api-
cal to basolateral Ca™ transport I Therefore, the Caco- 2
monolayer was a suitable 7 vifro model of intestinal Mg
absorption"”.

Several case reports demonstrated severe hypomagne-
semia associated with prolonged omeprazole usage[m’w,
suggesting that intestinal Mg2+ absorption, but not renal
Mg2+ handling, was defective. On the other hand, short-
term omeprazole administration had no effect on intes-
tinal Mg2+ absorptionlZSJ because its bioavailability was
low and its half-life was short™". Therefore, the later de-
velopment of hypomagnesemia was probably associated
with the depletion of Mg store in the human body13]
The present study demonstrated an inhibitory effect of
omeprazole on Mg2+ fluxes across 14 and 21 d-omepra-
zole-treated Caco-2 monolayers, suggesting that the intes-
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Figure 5 Mechanism of Mga-s transport. A: Mga—s transport 14 d control and 600 ng/mL omeprazole-treated monolayers with or without Isc; B and C: 20 umol/L
ruthenium red (RR); D: 100 umol/L phlorizin or 100 umol/L phloretin. For each data point, n =91in A; n=6in B and C. E, Arrhenius plot of 14 d control and 600 ng/mL
omeprazole-treated monolayers. °P < 0.01 vs the control group. For each data point, n = 6.

tinal Mg2+ flux defect could not be responsible for later
development of hypomagnesemia in omeprazole use.
There are two transport mechanisms for Mg absorp-
tion, 1.e. transcellular active and paracellular passive trans-
port, across the intestinal epithelium”, Previous reports
suggested that omeprazole inhibited active intestinal Mg2+
absorption and TRPMG6 activity because high dose oral
Mg”" supplement partially!™” and totally"” resolved hypo-
magnesemia in prolonged omeprazole use. On the other
hand, other reports showed different results i.e. high dose
oral Mg2+ supplement, but not intravenous Mg2+ replace-
ment and withdrawal of omeprazole, failed to normalize
plasma and urinary MgZ+ levels""'"?. The later evidence
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indicated that omeprazole inhibited passive Mg2+ absorp-
tion, which agreed with the present findings. In the pres-
ent study, omeprazole inhibited the non-saturable passive,
but not saturable active, Mg2+ transport across Caco-2
monolayers (Table 1). In addition, the role of transcellular
active Mg2+ transport was examined using the TRPM6
inhibitor RR. Inhibition of TRPMG6 in Caco-2 cells””
abolished the saturable active Mg2+ transport and revealed
the inhibition of non-saturable passive Mg2+ transport
in omeprazole-treated monolayers (Figure 5B and C).
Therefore, the paracellular passive Mg2+ absorption defect
should be recognized in omeprazole usage.

Consistent with previous findings that the paracellular

March 28,2011 | Volume 17 | Issue 12 |
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passive transport of cations, such as Na*, Cs*, H", Ca™,
and MgH, was a temperature variance mechanism"*”| the
present Arrhenius plot (Figure 5SE) showed the tempera-
ture-dependent Mg™* transport. Since the temperature co-
efficient Qi of passive ion diffusion through the open ion
channel ranged from 1.2 to 1.4% and the paracellular pore
of the tight junction behaved as the channel™, therefore,
the QOw of control (1.22) and omeprazole treated (1.31)
monolayers indicated that Mg2+ mainly moved through the
patracellular channels of Caco-2 epithelium. The paracel-
lular passive H' transport occurred iz the claudin-8 chan-
nel of MDCK 1T epithelium”. The paracellular claudin-8
channel was found to impede H" transport by increasing
the EI"Y. Therefore, the higher E.of omeprazole-treated
Caco-2 epithelium suggested that the paracellular channel
of Caco-2 epithelium impeded Mg2+ transport. In addition,
the higher TER (Table 2) also indicated lower paracellular
permeability. The present study supported a previous re-
port by Hou ez a” who demonstrated that the epithelium
with higher TER showed lower passive Mg2+ transport.

The paracellular transport of Mg2+ was regulated by
the paracellular charge selectivity, i.e. cation selectivity, of
the tight junction[zg‘w]. Caco-2 epithelium was a cation se-
lective epithelium (Figure 4A-C)** that favored the trans-
port of cations through the paracellular pathway. Similar to
a previous report”’, the paracellular selective permeability
profile of Caco-2 monolayers to monovalent cations was
Na" > K'>Rb" > Cs" > Li" (Figure 4D) which was clas-
sified as series VI of the Eisenman sequence”’. Series VI
indicated the presence of moderate negative electrical field
strength in the paracellular channel of Caco-2 epithelium.
However, omeprazole changed the selective permeability
profile to series VI of the Fisenman sequence (IK" > Na"
> Rb" > Cs" > Li")"". Since series VI was characterized
by lower negative electrical field strength than that of se-
ries VIP', the paracellular cation selectivity was decreased
when the monolayers were exposed to omeprazole (Figure
4A-C). Hou et a/*” also demonstrated lower paracellular
Mg”" transport due to lower paracellular cation selectivity
of the epithelium. Thereby, omeprazole-induced suppres-
sion of paracellular cation selectivity led to the inhibition
of paracellular Mg”* transport across Caco-2 epithelium.

The present study demonstrated the inhibitory ef-
fect of omeprazole on passive Mg2+ transport which was
consistent with previous reports™ ">, The paracellular
passive Mg”" transport was mainly mediated by claudins at
the tight junction[29’3('], the distribution of which could be
affected by the change in extracellular fluid pH. Inhibition
of H'/K'-ATPase activity in Caco-2 cells™ by omepra-
zole might decrease the extracellular H" concentration,
which in turn increased the sensitivity of the extracellular
calcium sensing receptor (CaSR) 23 which was expressed
in Caco-2 cells™™". Tkari e a/™ cleatly demonstrated that
the activation of CaSR led to the translocation of clau-
din-16 from the tight junction into the cell, thus inhibit-
ing paracellular Mg”" transport. Therefore, omeprazole-
inhibited passive Mg2+ transport appeared to involve the
CaSR-tight junction-dependent mechanism.
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In conclusion, omeprazole inhibited paracellular pas-
sive Mg2+ transport across Caco-2 epithelium in a dose-
and time-dependent fashion. The inhibition of passive
Mgz+ transport was due to the decrease in paracellular cat-
ion selectivity. The results from the present study provided
evidence for the regulation of intestinal Mg2+ absorption.
However, the underlying mechanism of omeprazole in-
hibiting passive Mg”" transport requires further study.
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Background

Previously, it was widely believed that intestinal Mg®* transport in humans
depended on the amount of Mg® intake and was not tightly regulated by any
hormones. Omeprazole, a common therapeutic drug for acid-peptic disorders,
has been found to have effects on Mg®* metabolism.

Research frontiers

Several previous reports have demonstrated an association between severe
hypomagnesemia and prolonged omeprazole usage in humans. Those patients
had normal renal Mg®* handling, suggesting that a defect in intestinal Mg” ab-
sorption may be responsible for hypomagnesemia. However, the direct action
of omeprazole on intestinal Mgz* absorption is unknown. In this manuscript, an
inhibitory effect of omeprazole on intestinal passive Mg2+ absorption is demon-
strated.

Innovations and breakthroughs

In this manuscript, the authors reported a direct inhibitory action of prolonged
omeprazole treatment on paracellular passive Mg2+ absorption across the intes-
tinal epithelium. This finding provides an explanation on how prolonged usage
of omeprazole could lead to hypomagnesemia.

Applications

Acid-peptic disorders, e.g. gastro-oesophageal reflux disease, erosive oe-
sophagitis, heartburn, and Barrett's disease, are chronic diseases that require
prolonged omeprazole administration. Therefore, plasma Mg” assessment
should help prevent hypomagnesemia in these patients.

Terminology

The paracellular charge selectivity is a property of epithelium that is selectively
permeable to specific charged molecules, e.g. ions. This property is regulated
by proteins of the tight junction, i.e. claudins. Alterations in claudin expression
in the tight junction directly affect the charge selectivity and the paracellular ion
transport across the epithelium.

Peer review

This is an interesting paper investigating the inhibitory action of omeprazole on
magnesium transepithelial transport at intestinal level. The study is well-done,
the rationale is clear, the experimental design correct, and the results shown
convincingly support the conclusions drawn.
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Omeprazole is a common therapeutic drug for acid-peptic disorder. Because of its very few adverse effects,
it has been using for more than 20 years. However, since 2006, several reports showed severe hypomagnesemia
in long-term omeprazole-administrated patients while renal Mg2+ handling was reported to be normal. Therefore,
omeprazole propably supresses the intestinal Mg2+ absorption. The recent study demonstrated the inhibitory
effect of omeprazole on intestinal Mg2+ absorption. Therefore, plasma Mg2+ assessment in long-term omeprazole

administrated patients may help to prevent the adverse effect of omeprazole on the plasma Mgz+ level.
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Abstract

Clinical studies report hypomagnesaemia in long-term omeprazole usage that probably
due to intestinal Mg®* wasting. Our previous report demonstrated the inhibitory effect of
omeprazole on passive Mg2+ ransport across Caco-2 monolayers. The present study aimed to
identify the underlying mechanism of omeprazole suppressed passive Mg‘2+ absorption. By
using Caco-2 monolayers, we demonstrated a potent inhibitory effect of omeprazole on passive
Mg?*, but not Ca®*, transport across Caco-2 monolayers. Omeprazole shitted the % maximum
passive Mg®* transport — Mg®* concentration curves to the right and increased half maximal
effective concentration (ECs,) of those dose — respond curves, indicated a lower Mg2+ affinity of
paracellular channel. By continually motoring the apical pH, we showed that omeprazole
suppressed apical acid accumulation. Neomycin and spermine had no effect on passive Mg2+
transport of control and omeprazole treated monolayers, indicated that omeprazole suppressed
passive Mg®* transport in calcium sensing receptor (CaSR) — independent mechanism. The
results of westernblot analysis showed that omeprazole significantly suppressed claudin (Cldn)-
7 and -12, but not -2, expression in Caco-2 cells. By using apical solution at pH 5.5, 6.0, 6.5,
and 7.0, we found that apical acidity markedly increased passive Mg2+ transport, Mg2+ affinity of
paracellular channel, and Cldn-7 and -12 expression in Caco-2 monolayers. Apical acidity
normalized the inhibitory effect of omeprazole on passive Mg®* transport and Cldn-7 and -12
expression. Our results provided the evidence for the regulation of intestinal passive Mg®*

absorption in luminal acidity — Cldn-7 and -12 dependent mechanisms.

Keywords: claudin, intestine, luminal acidity, magnesium absorption, proton pump inhibitor



Introduction

Magnesium (Mg®*) is an essential co-factor of at least 300 critical enzymatic reactions in
the human body. The maintenance of normal Mg®* homeostasis is tightly regulated by the
harmony function of intestinal absorption and renal excretion (Konrad et al., 2004; Quamme,
2008). Since dietary intake is the solely source of Mg2+ store in human (McCarthy and Kumar,
1999), intestinal absorption plays a vital role for normal Mg®* balance. In intestinal tract,
duodenum absorbs dietary Mg®* for 11%, jejunum 22%, ileum 56%, and large intestine for 11%
of total intestinal Mg absorption (McCarthy and Kumar, 1999). Paracellular passive Mg**
transport is the major mechanism, which implicates about 90% of total intestinal Mg2+ absorption
(Quamme, 2008)

Previous case reports demonstrated the severe hypomagnesemia in patients with long-
term used of proton pump inhibitor (PPI) probably due to the intestinal, but not renal, Mg**
wasting (Broeren et al., 2009; Cundy and Dissanayake, 2009; Epstein et al., 2006; Hoorn et al.,
2010; Kuipers et al., 2009; Mackay and Bladon, 2010; Shabajee et al., 2008). Previously, we
reported the inhibitory effect of the popular PPl omeprazole on paracellular passive, but not
active, Mg®* transport in human enterocyte-like Caco-2 monolayers (Thongon and Krishnamra,
2011). Omeprazole also decreased paracellular Na* permeability and increased paracellular CI
permeability (Thongon and Krishnamra, 2011). However the underlying cellular mechanism of
omeprazole action on paracellular channel is still undiscovered.

The acidic gastric contents were emptied into intestinal lumen, the luminal acidity
presented in entire human small bowel (pH 5.5 — 7.0) (Nugent et al., 2001). Depression of
luminal pH increased ileal Mg®* absorption (Heijnen et al., 1993). On the other hand, elevation of
extracellular pH increased the sensitivity of CaSR (Doroszewicz et al., 2005; Quinn et al., 2004),
activation of which suppressed paracellular passive Mg2+ transport (Ikari et al., 2008). Thus,
omeprazole suppressed paracellular passive Mg®* absorption probably due to luminal acidity
disturbance-CaSR dependent mechanism (Thongon and Krishnamra, 2011).

Cldn is a ~24 members of the integral membrane protein of the tight junction which

expressed in tissue specific characteristic (Furuse and Tsukita, 2006). Monomeric and



heteromeric combination of Cldn in each epithelium creates an unique paracellular channel for
paracellular ion transport (Tang and Goodenough, 2003; Krause et al., 2008). Cldn-2 and -12
were reported as the paracellular channel of divalent cation (Fujita et al., 2008). In addition,
paracellular Cldn-7 channel was highly permeable to Na*, but not CI" (Alexandre et al., 2005).
Our previous finding suggested that omeprazole inhibited paracellular Mg2+ and Na* channels
(Thongon and Krishnamra, 2011). Therefore, omeprazole probably disturbs the expression
and/or function of Cldn-2, -7, and -12, which highly expressed jejunum, ileum, and Caco-2 cells
(Fujita et al., 2006; 2008). The present study aimed to identify the underlying mechanism of
omeprazole-suppressed paracellular Mg2+ transport. We performed our experiment by using
Caco-2 monolayer that accepted as a suitable intestinal model for studying Mg®* transport

(Ekmekcioglu et al., 2000; Thongon and Krishnamra, 2011).

Results

Omeprazole decreases passive Mg2+ transport acorss Caco-2 monolayers

Previous study reported the potent apoptotic effect of omeprazole (Capodicasa et. al.,
2008). Thus, cell viability assay was performed by incubated Caco-2 cell with the omeprazole
concentration resemble to those found in human plasma, i.e., 200 and 400 ng/ml (Macek et. al.,
2007) as well as the supra-physiological concentration (600 ng/ml). As demonstrated in Figure
1A, neither 200, 400, nor 600 ng/ml omeprazole had cytotoxic effect on Caco-2 cells. The
results of apical to basolateral Mg2+ transport and absolute Mg2+ permeability (Pyg) of Caco-2
monolayers (Figure 1B, 1C) that performed in transwell transporting setup were comparable to
those performed in modified Ussing chamber set up (Thongon and Krishmanra, 2011) and
human intestinal absorption (Fine et al, 1991). Omeprazole significantly suppressed non-
saturable passive Mg®* transport in 20 (Figure 1D), 40 (Figure 1E), and 80 mmol/l (Figure 1F)
Mg®* concentration gradients. Therefore, the Mg®* flux setup that used in present study was
suitable for studying intestinal Mg®* absorption.

The percent maximum of passive Mg2+ transport — apical Mg2+ concentration

relationships of control and omeprazole treated group were compared (Figure 2A, 2B, 2C).



Omeprazole shifted the %maximun - apical Mg concentration curves to the right. Omeprazole
significantly increased the ECs, (35.54 + 1.41 of 200 ng/ml, 39.39 + 1.83 of 400 ng/ml, 39.74 +
1.84 of 600 ng/ml) when compared with control group (30.54 + 1.13) (Figure 2D). These results
indicated that omeprazole decreased activity and efficiency of paracellular channel for passive
Mg>* absorption.

The effect of omeprazole on passive ca™ transport across Caco-2 monolayers also
observed. The apical Ca®* concentration - Ca®* transport relationship was liner function (Y =
(3.16 £ 0.14)X + (8.47 £ 5.34), F= 0.94) (Figure 3A). In 20 (Figure 3B) and 40 mmol/I (Figure
30) Ca®* concentration gradients, omeprazole tend to, but not significant, decreased passive
Ca®* transport. Only 600 ng/ml omeprazole decreased passive Ca®* transport in 80 mmol/l Ca**
concentration gradients (Figure 3D). Indicating a lower inhibitory effect of omeprazole on

passive Ca®" transport than that on passive Mg®* absorption.
Omeprazole disturbs apical acidity of Caco-2 monolayers

The luminal acidity modulated intestinal Mg®* absorption (Heijnen et al, 1993).
Therefore, the pH of apical culture media of control and omeprazole-treated monolayers were
continually measured within 24h post refreshing culture media. In control condition, the apical
pH significantly decreased from 8h to 24h post refreshing media (Figure 4A), demonstrated the
apical acid secretion and accumulation. Omeprazole markedly increased apical pH in 16h
(Figure 4B), 20h (Figure 4C), and 24h (Figure 4D) post refreshing media. Indicated that

omeprazole suppressed apical acid secretion from Caco-2 monolayers.
Omeprazole decreases passive Mg?* transport in CaSR independent mechanism

Since, increased in extracellular pH enhanced CaSR sensitivity (Doroszewicz et al.,
2005; Quinn et al., 2004) and activation of CaSR decreased paracellular Mg2+ transport (lkari et
al., 2008), the involvement of CaSR activity on passive Mg®* transport was studied by using the
polycationic CaSR agonists neomycin and spermine (Sigma) (Ye el al, 1997). As
demonstrated in Figure 4E, neither 100 pmol/l neomycin nor 300 umol/l spermine affected
passive Mg2+ transport in control and omeprazole-treated monolayers. Indicated that

omeprazole suppressed passive Mg2+ transport in CaSR - independent mechanism.



Omeprazole suppresses Cldn-7 and -12 expression

It is widely accepted that paracellular Cldn channel regulates paracellular passive ion
transport across transporting epithelium (Tang and Goodenough, 2003; Krause et al., 2008).
Therefore, the expression of Cldn-2, -7, and -12 that highly expressed jejunum, ileum, and
Caco-2 cells (Fujita et al, 2006; 2008) was studied. The results of immunoblot and
densitometric analysis demonstrated that omeprazole sigmificantly suppressed Cldn-7 (Figure
5A, 5C) and Cldn-12 (Figure 5A, 5D), but not Cldn-2 (Figure 5A, 5B), expression of Caco-2 cells
in concentration dependent manner. Omeprazole significantly increase TEER of Caco-2

monolayers (Figure 5E).
Apical acidity enhances passive Mg** transport and Cldn-7 and -12 expression

To study the effect of apical acidity on inteatinal Mg®* absorption, Caco-2 monolayers
were continually treated 2h-peroid 4 times a day with control or omeprazole-containing culture
media pH 7.4, 7.0, 6.5, 6.0, and 5.5 (Figure 6A) form day 7 to day 14. In control condition, apical
acidity significantly increased passive Mg2+ transport in 40 mmol/| Mg2+ concentration gradient
(Figure 6B). The percent maximum of passive Mg2+ transport — apical Mg2+ concentration
relationships of control condition with variation in apical pH was observed (Figure 6C). Apical ph
6.5 and 5.5 markedly shifted curve to the left (Figure 6C). Apical acidity decreased ECs, (28.32
+ 1.55 of pH 6.5 and 21.69 + 1.80 of pH 5.5) when compared with pH 7.4 group (31.78 £ 1.11)
(Figure 6D). In addition, apical acidity significantly increased Cldn-7 (Figure 6 E) and -12 (Figure

6F) expression in Caco-2 cells.
Apical acidity normalized omeprazole effect on Caco-2 monolayers

Since apical acidity enhanced passive Mg2+ transport and Cldn-7 and -12 expression in
control monolayers, this experiment aimed to elucidate the effect of low apical pH on Mg**
transport and Cldn expression in omeprazole exposed monolayers. Alike control condition,
apical acidity markedly increased paracellular passive Mg®* transport (40 mmol/l concentration
gradient) of 200 (Figure 7A) and 400 ng/ml omeprazole (Figure 7D) treated monolayers. In 40

mmol/l Mg2+ concentration gradient, rate of passive Mg2+ transport of 200 ng/ml omeprazole-



treated monolayers pH 7.0 (118 + 7.25, Figure 7A), 400 ng/ml omeprazole-treated monolayers
pH 7.0 (116.60 + 5.12, Figure 7D), and pH 6.5 (132.30 + 6.01, Figure 7D) was not different from
that of control monolayers pH 7.4 (132.20 + 3.96, Figure 1E). Indicated that apical acidity
normalized inhibitory effect of omeprzole on passive Mg®* absorption. Apical acidity also shifted
the dose-respond curve of 200 (Figure 7B) and 400 ng/ml omeprazole (Figure 7E) treated group
to the left. The ECsy of of 200 (Figure 7C) and 400 ng/ml (Figure 7F) omeprazole treated
monolayers also decreased according to the acidic condition. At apical pH 6.5, ECs, of 200
(30.99 + 1.67, Figure 7B) and 400 ng/ml omeprazole (33.30 + 1.99, Figure 7E) were similar to
that of control monolayers pH 7.4 (Figure 6D). In addition to Mg2+ flux, apical acidity also
normalized Cld-7 and -12 expression in 400 ng/ml omeprazole treated monolayers (Figure 8).
These results indicated that apical acidity normalized inhibitory effect of omeprazole on passive

Mg?* transport and Cldn expression.

Discussion

PPI, a therapeutic tool for acid-related gastrointestinal diseases, binds and inhibits acid
secretion form parietal cells of gastric mucosa that promotes mucosal ulcers and inflammation
to heal. However, prolong PPl usage in chronic acid-gastric diseases led to hypocalcaemia and
hypomagnesaemia probably due to intestinal wasting (Broeren et al, 2009; Cundy and
Dissanayake, 2009; Epstein et al., 2006; Hoorn et al., 2010; Kuipers et al., 2009; Mackay and
Bladon, 2010; Shabajee et al., 2008). While hypocalcaemia could restored by elemental ca*
supplement, hypomagnesaemia could normalized only by withdrawal of PPl (Epstein et al.,
2006; Shabajee et al., 2008). In present study, we clearly showed a mainly inhibitory effect of
omeprazole on passive Mg2+ absorption (Figure 1), but less on passive ca™ absorption (Figure
3). Therefore, omeprazole inhibited function of paracellular Mg** channel that created by Cldn in
the tight junction (Simon et al., 1999; Tang and Goodenough, 2003). On the other hand,
omeprazole probably inhibited active Ca®* transport that cannot prove by the present technique.

Among all biological cation, Mg®* is the most charge dense with high hydration energy

about -1922 kj/mol vs -1592 kj/mol of Ca®*. Therefore, Mg** tightly bound with 6 — 7 H,O



molecules and has the highest hydration volume (Wolf and Cittadini, 2003; Wolf et al., 2003). In
order to permeate transporting epithelium, Mg®* must be recognized, interacted, and undergone
partially or fully stripped bound hydration shell by its transporting protein (Moomaw and
Maguire, 2008). The results of Y%maximum passive Mg2+ transport — Mg2+ concentration
relationship demonstrated that omeprazole shifted curve to the right and increased ECs, (Figure
2), indicated the lower Mg®* affinity of paracellular Mg®* channel. In addition, an electrical field in
parcellular pore mediated dehydration process and determined charge selectivity (Yu et al.,
2009). Previously, omeprazole decreased negative electric field strength and cation selectivity
of paracellular channel in Caco-2 monolayers (Thongon and Krishnamra, 2011). Moreover, the
Arrhenius plot the higher activation energy for passive Mg2+ transport of omeprazole exposed
monolayers (Thongon and Krishnamra, 2011). Therefore, omeprazole inhibited function of
paracellular Mg®* channel in intestinal epithelium by decreased Mg* affinity and disturbed
dehydration process.

Electrostatic interactions in paracellular pore determined conductivity of ion transport
through paracellular channel (Tang and Goodenough, 2003; Yu et al, 2009). Therefore,
changing electrostatic interaction by lower apical pH markedly increased paracellular ion
permeability (Tang and Goodenough, 2003). In gastro-intestinal tract, the luminal acidity
exhibited throughout small intestine (Nugent et al, 2001) that required for passive Mg2+
absorption (Heijnen et al., 1993). In present study, Yemaximum passive Mg2+ transport — Mg2+
concentration curves were shifted to the left (Figure 6C) and ECsy was decreased (Figure 6D)
by apical acidic condition (pH 7.0 — 5.5), which then enhanced paracellular passive Mg®*
absorption (Figure 6B). On the other hand, inhibition of proton pump in Caco-2 cells
(Abrahamse et al., 1992) by omeprazole decreased apical acidity (Figure 4) and paracellular
passive Mg®* transport (Figure 1) across Caco-2 monolayers. Therefore, omeprazole inhibits
acid-gastric secretion that disturbs luminal acidity and suppresses intestinal Mg®* absorption. In
long-term omeprazole usage, continually wasting of intestinal Mg2+ and releasing of Mg2+ pool
gradually depletes Mg2+ store in the human body, which then redevelops hypomagnesaemia.
However, the inhibitory effect of omeprazole on paracelluar passive Mg®* transport, as well as

Mg?®* affinity of paracellular channel, was normalized by physiological acidic condition (Figure 7).



Therefore, oral Mg®* supplement using acid-containing capsule that releases Mg®* and acid in
distal small intestine probably resolves hypomagnesaemia in long-term omeprazole usage.

Extracellular CaSR expressed entire length of gastro-intestinal tract (Geibel and Hebert,
2009) and Caco-2 monolayers (Davies et al., 2008). CaSR plays a role in gastric acid secretion,
intestinal fluid absorption and secretion, and colonic fluid secretion (Geibel and Hebert, 2009).
In renal epithelium, CaSR activation suppressed paracellular passive Mg® transport by
controlling Cldn-16 function on tight junction (lkari et al. 2008). In present study, CaSR gonist
neomycin and apermine had no effect on passive Mg2+ transport in both control and omeprazole
treated monolayers (Figure 4E). Our results agreed with previous study that showed a
regulation of paracellular passive ca* transport by extracellular ca®* in CaSR-independent
mechanism (Davies et al., 2008). Therefore, omeprazole inhibited intestinal passive Mg2+
absorption in CaSR-independent mechanism.

Among 24 members of Cldn, Cldn-16 and -19 had been proposed as paracellular
channel for Mg2+ channel (Simon et al., 1999; Hou et al., 2009). However those Cldns were not
detected along the intestinal tract (Fujita et al, 2006), suggesting that other Cldn regulated
passive Mg2+ absorption. Since, omeprazole suppressed paracellular passive Mg2+ transport
(Figure 1) and Cldn-7 and -12 expression in Caco-2 monolayers (Figure 5), thus, monomeric or
heteromeric combination of Cldn-7 and -12 contributed to intestinal paracellular Mg®*
absorption. Cldn contains 4 trans-membrane domains, 1 intracellular loop, and 2 extracellular
loops (Krause et al., 2008). Paracellular channels are formed by extracellular loop 1 (ECL1),
negative or positive amino acid residues of which determine charge selectivity (Yu et al., 2009).
In ECL1, Cldn-7 contains two negatively charged residues (positions 38, and 53) and Cldn12
contains four negatively charged residues (positions 62, 66, 71 and 74) (Fujita et al., 2006),
thus, both of which were paracellular cation transporting protein (Alexandre et al., 2005: Fujita et
al., 2008).

Acid modulated Cldn expression had been reportd. In esophageal reflux model,
vigorous apical acidity (pH 2) suppressed Cldn-4 expression in squamous epithelial (Oshima et
al., 2012). Moreover, apical gastric acid exposure down-regulated Cldn-3 expression in the

esophageal epithelium (Oguro, et al., 2011). Chronic metabolic acidosis (CMA) up-regulated
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Cldn-2, -3, -6, -8, -11, -12, -14, -19 and -22 mRNA expression in duodenal enterocytes
(Charoenphandhu et al., 2007). In bone lining cells, CMA suppressed Cldn-14 but increased
Cldn-15 and -16 expression (Wongdee et al., 2010). In addition, CMA suppressed Cldn-2
expression in renal epithelium (Balkovetz et al., 2009), thus, acid modulated Cldn expression in
tissue specific mechanism. In present study, apical acidity at physiological level (pH 6.5 and 5.5)
up-regulated Cldn-7 and -12 expression in both control (Figure 6E, 6F) and omeprazole
exposed epithelium (Figure 8). Since Cldn-7 and -12 were ion-permeable, luminal acidity

regulated normal intestinal uptake of Mg2+ in Cldn-7 and -12 dependent mechanism.

Methods

Cell culture

Caco-2 cells (ATCC No. HTB-37) were grown as previously described (Thongon et al.,
2008). For ion flux studies, the Caco-2 monolayers were developed by seeding cells (1.0 x 10°
cells/cm?®) onto the permeable polyester Transwell-clear inserts (Corning, Corning, NY, USA)
and maintain for 14 days. For western blot analysis, cells were plated (5.0 x 10° cells/well) on 6-
well plate and maintain for 14 days. For MTT reduction assay, cells were seeded (1.0 x 10*
cells/well) on 96-well plate (Corning) and maintain for 14 days. In the omeprazole-treated group,
the monolayers were grown in media containing 200, 400, or 600, ng/ml omeprazole

(Calbiochem, San Diego, CA, USA).
Measurement of Ca®* and Mg** flux

Apical to basolateral paracellular Cca* and Mg2+ fluxes studies were performed at a
humidified atmosphere containing 5% CO, at 37 “C. After removed the culture media, the apical
and basolateral side of Caco-2 monolayers on transwell were added with apical and basolateral
solution, respectively. At 1 and 2 hours, 500 pl solutions was collected from the basolateral side
and subjected to measurement of Ca®* or Mg®* concentration. Fluxes and permeabilities of Ca**
and Mg®* across Caco-2 monolayers were calculated as previously described (Thongon and

Krishnamra, 2011). The rate of Mg2+ transport — apical Mg2+ concenytayion relationship was
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fitted with modified Michaelis-Menten equation plus linear component (Thongon and

Krishnamra, 2011).
Bathing solution

For Ca’* transport studies, the basolateral solution was (in mmol/l) 1 MgCl,, 4.5 KCI, 12
D-glucose, 2.5 L-glutamine, 250 mannital, and 10 HEPES pH 7.4; the apical solution was (in
mmol/l) 1 MgCl,, 4.5 KCI, 12 D-glucose, 2.5 L-glutamine and 10 HEPES pH 7.4, containing
either 2.5 CaCl, and 242 mannital, 5 CaCl, and 235 mannital, 10 CaCl, and 230 mannital, 20
CaCl, and 200 mannital, 40 CaCl, and 115 mannital, or 80 CaCl, and 90 mannital.

For Mg2+ transport studies, the basolateral solution was (in mmol/l) 1.25 CaCls,, 4.5 KClI,
12 D-glucose, 2.5 L-glutamine, 250 D-mannital, and 10 HEPES pH 7.4; the apical solution was
(in mmol/l) 2.5 CaCl,, 4.5 KCI, 12 D-glucose, 2.5 L-glutamine, and 10 HEPES pH 7.4,
containing either 2.5 MgCl, and 242 mannital, 5 MgCl, and 235 mannital, 10 MgCl, and 230
mannital, 20 MgCl, and 200 mannital, 40 MgCl, and 115 mannital, or 80 MgCl, and 90 mannital.

For Ca2+-Mg‘2+ transport studies, the basolateral solution was (in mmol/l) 4.5 KCI, 12 D-
glucose, 2.5 L-glutamine, 260 D-mannital, and 10 HEPES pH 7.4; the apical solution was (in
mmol/l) 20 MgCl,, 20 CaCl,, 4.5 KCI, 12 D-glucose, 2.5 L-glutamine, 10 HEPES pH 7.4, and
115 D-mannital.

All solutions were gassed with 5% CO, in 95% O, 30 min prior to use and maintained at
37°C and had an osmolality of 290-295 mmol/kg H,O. In pH dependent ion flux studies, HEPES
pH 7.4 of apical solution was substituted with same concentration of HEPES pH 7.0, HEPES pH
6.5, HEPES pH 6.0, or HEPES pH 5.5. All chemicals were purchased from sigma (Sigma, St.

Louis, MO, USA).
Measurement of Ca®* and Mg** concentration

Mg®* concentration was determined by Xylidyl Blue colorimetric assay (pH 10.5) as
previously described (Thongon and Krishnamra, 2011). Ca®* concentration was determined by
Arsenazo Il colorimetric assay (pH 6.5) according to method of Tang and Goodenough (2003).

All chemicals were purchased from sigma.

MTT reduction assay
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Caco-2 cells were washed with PBS and treated with 1 mg/ml MTT solution (sigma) for
3 hours in a humidified atmosphere containing 5% CO, at 37 ‘C. Formazan crystal in the cells
were solubilized with DMSO and subjected to clorimetric analysis using multi-mode microplate

reader at 540 nM (BioTek Instruments, Inc)
Trans-epithelial electrical resistance

Trans-epithelial electrical resistance (TEER) was determine as previously described

(Thongon et al., 2008)
Western blot analysis

Caco-2 cells were lysed in RIPA buffer (Sigma) with gentle shook (seesaw mode) for 20
min at 4 °C. After scraped cells with Cell Scraper (Corning), lysates were sonicated, centrifuged
at 12,000 g for 15 min, and then heated for 5 min at 95°C. Proteins (60 pg) or Cruz Marker™
Molecular Weight Standards were loaded and separated on 12.5% 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 1:500 rabbit polyclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) raised
against human claudin-2, -7, -12. Membranes were also reprobed with 1:5,000 anti-B-actin
monoclonal antibodies (Santa Cruz Biotechnology). After 2 hours incubation at 25°C with
1:5,000 HRP-conjugated secondary antibodies (Santa Cruz Biotechnology), blots were
visualized by Pierce ECL western blotting substrate (Thermo Scientific Pierce Protein Research,
Rockford, USA) and captured on Hyperfim™ (Amersham). Densitometric analysis was

performed using Imaged for Mac Os X (Rasband, 1997 - 2011).
Statistical analysis

Results were expressed as means + SE. Two sets of data were compared using the
unpaired Student’s t-test. One-way analysis of variance (ANOVA) with Dunnett’s posttest was
employed for multiple sets of data. Linear regression was performed to obtain the passive Ca®*
transport — apical Ca®* concentration relationship. Non-linear regression was performed to

elucidate the %maximum - apical Mg2+ concentration relationship. The curve of Pyg-
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Amagnesium relationship was obtained using one phase exponential decay equation. The level
of significance was P < 0.05. All data were analyzed by GraphPad Prism (GraphPad Software

Inc.)
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Figures legends

Figure 1. Omeprazole suppressed passive Mg2+ transport across Caco-2 monolayers. Relative
cell viability of omeprazole — treated cells (A). Apical to basolateral Mg®* transport of control
monolayers (B). Light solid lines represent the saturable active component. Dash lines
represent the non-saturable passive component. Paracelluar Pyq of control monolayers (C). A
represent Mg2+ concentration gradient of apical and basolateral solution. Paracellular passive
Mg2+ transport under 20 (D), 40 (E), or 80 (F) mmol/l Mg2+ concentration gradient. *P < 0.05,

**P < 0.01, ***P < 0.001 vs control group. For each data point, n = 6.

Figure 2. Omeprazole decreased Mg®* affinity of paracellular channel. %maximum passive
Mg2+ transport — Mg2+ concentration curve of control and 200 (A), 400 (B), or 600 (C) ng/ml
omeprazole exposure monolayers. ECs, of dose — respond curve of control and omeprazole

trated monolayers. ***P < 0.001 vs control group. For each data point, n = 6.

Figure 3. Omeprazole has no effect on paracellular passive ca™ transport across Caco-2
monolayers. Passive ca™ transport of control monolayers (A). Paracellular passive ca™
transport under 20 (B), 40 (C), or 80 (D) mmol/l Ca®* concentration gradient. *P < 0.05 vs

control group. For each data point, n=10.

Figure 4. Omeprazole disturbs apical acidic accumulation of Caco-2 monolayers. Apical pH at
varies time after refreshing media of 14d control cells (A). Apical pH of contol and omeprazole
exposed Caco-2 cells at 16h (B), 20h (C), and 24h (D) after refreshing media. Passive Mg2+
transport (40 mmol/l concentration gradient) of control and omeprazole-treated groups that
incubated with CaSR agonist neomycin or spermine (E). *P < 0.05, **P < 0.01, ***P < 0.001 vs

control group. For each data point, n = 6.

Figure 5. Omeprazole decreases Cldn-7 and -12 expression. The quantitative immunobloting
analysis of Cldn-2, -7 , and -12 in control and omeprazole exposed cells (A). Representative

densitometric analysis of Cldn-2 (B), -7 (C), and -12 expression in control and omeprazole



19

exposed cells. Trans-epithelial electric resistant of control and omeprazole exposed monolayers

(E). *P< 0.05, **P < 0.01, ***P < 0.001 vs control group. For each data point, n=5

Figure 6. Apical acidity enhances passive Mg2+ absorption and Cld-7 and -12 expression.
Representative time line for apical acidic meadia treatment (A). Passive Mg2+ transport (40
mmol/l concentration gradient) of control and omeprazole-treated monolayers (B). Yomaximum
passive Mg2+ transport — Mg2+ concentration curve at pH 7.4, 6.5, and 5.5 of control monolayers
(C). ECs of dose — respond curve at pH 7.4, 6.5, and 5.5 of control monolayers (D). For each
data point, n = 6. Immunobloting and densitometric analysis of Cldn-7 (E) and -12 (F). For each

data point, n=5. *P<0.05, **P < 0.01, ***P < 0.001 vs control group (n = 5)

Figure 7. Apical acidity decreases omeprazole effect on passive Mg2+ absorption. Passive Mg2+
transport (40 mmol/l concentration gradient) in varies apical pH of 200 (A) or 400 ng/ml
omeprazole exposed monolayers (D). Y%omaximum passive Mg2+ transport — Mg2+ concentration
curve at pH 7.4, 6.5, and 5.5 of 200 (B) or 400 ng/ml omeprazole exposed monolayers (E). ECs
of dose — respond curve at pH 7.4, 6.5, and 5.5 of 200 (C) or 400 ng/ml omeprazole exposed
monolayers (F). *P < 0.05, **P < 0.01, ***P < 0.001 vs control group. For each data point, n =

6.

Figure 8. Apical acidity decreases omeprazole effect on Cldn-7 and -12 expression.
Immunobloting and densitometric analysis of Cldn-7 (A) and -12 (B) of control and 400 ng/ml

omeprazole exposed cells. ***P < 0.001 vs control group, n = 5.
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