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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 0 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 

mechanism of omeprazole action on Mg2+ 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 VII 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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 4$:;<=)7+-#>: DFGcjDkFJFOfALRLD[AFXlYhYGFXOFRmF\CnGLTFeBTDRLVWUXT^RDGCBSVAoHpPqrFHXQFOGgRBGO

ShT_hRK]DhYDFG^ZbXFsHTL_GFsWAPLpPQHDhRVntRV\AFRFR BACVSRH\QFmF\CphODAQF\VDLpdFDDFGSauVSUXDFGpapWjT

BTDRUVWUXT^RArFESb DFGcjDkFfGh`ORU`djOTgQOcjDkF@ABACDAEDDFGHHDIJKLMNHOsHTL_GFsWAPQHDFGNRSQOBTDRUVWUXT^R

B@QRVXoqHYgArFESb  

45?@"%9(-: B@QRVWAA]V_FCVAU`XO Caco-2 iaDVAU`XO^RSFGR̀rFVAU`XOVWAA]nDPL [GoH@STsHTL_GFsWAf\FT

VNbTNbR 200, 400, 600, 800, [GoH 1,000 ng/ml VntRV\AF 14 [GoH 21 \hR DQHRRrFEncjDkFDFGNRSQOBTDRUVWUXTspX

^Zb modified Ussing chamber fQFDFGWjT@QFRZQHO\QFOGC[\QFOVWAA]NHOB@QRVWAA]V_FCVAU`XOiaDJpSHYspX^Zb dilution 

potential technique BAC cation permeability study DGFv Arrhenius plot iaD^ZbV_oqHcjDkF_AhOOFRDQHDhTThRP]NHO

DFGNRSQO Mg2+ BYYETQ^Zb_AhOOFR@QFRB@QRVWAA]V_FCVAU`XO Caco-2 DFGBSpOHHDNHOsnGPUR claudin-2, -7, BAC -12 

WjqOTUPAHpf\FTXF\ArFESbVAwDDwiaDcjDkFVZQRDhR 

A9./)"%9(-: sHTL_GFsWAApDFGNRSQO Mg2+ BYYETQ^Zb_AhOOFRspXNj`RDhYf\FTVNbTNbR BACGCXCV\AFJUq

EpbGhY sHTL_GFsWAXhOApfgeSTYhPLDFGVAoHDnGCdgY\D BACVnAUqXRfQFDFGDFGWjT@QFRNHOB@QRVWAA]V_FCVAU`XOPQH Li+, 

Na+, K+, Rb+, BAC Cs+ dFD Eisenman sequence VII VntR Eisenman sequence VI @AdFDDFGcjDkF Arrhenius 

plot BSpO\QFsHTL_GFsWAV_LqT_AhOOFRDQHDhTThRP]NHODFGNRSQO Mg2+ BYYETQ̂ Zb_AhOOFR YQOZU`\QFsHTL_GFsWATUIJKLM

NhpN\FODFGVfAoqHRJUqNHO Mg2+ @QFR paracellular channel RHDdFDRh`RsHTL_GFsWAXhOApDFGBSpOHHDNHO claudin-7 

BAC -12 NHOB@QRVWAA]V_FCVAU`XO Caco-2 

+)<=A9./)"%9(-: sHTL_GFsWAApDFGBSpOHHDNHO claudin-7 BAC -12 BACApfgeSTYhPLDFGVAoHDnGCdg

Y\DNHOZQHO\QFOGC[\QFOVWAA] spXApSRFTEvvxFnGCdgAY^RZQHO\QFOGC[\QFOVWAA] BACV_LqT_AhOOFRDQHDhTThRP]NHODFG

NRSQO Mg2+ BYYETQ^Zb_AhOOFR SQO@A^[bDFGDFGpapWjT Mg2+ @QFRZQHO\QFOGC[\QFOVWAA]ApAO DFGcjDkFfGh`ORU`BSpO^[b

V[wRijO@ANbFOVfUXONHODFG^ZbsHTL_GFsWAPQHDFGpapWjTBTDRUVWUXT^RArFESb 

#B/*9$.: mF\CBTDRUVWUXT^RVAoHpPqrF, B@QRVXoqHYgArFESb, sHTL_GFsWA, DFGpapWjTBYYETQ̂ Zb_AhOOFR,  

            EJJ] dhOZhR 



Executive Summary 

1. ������������������� !"#�$�� !"#�$� 

���������� (Mg2+) ������������������������������������ ��������!"�# $��� ���% Mg2+ &� ������ 

'('���)���&$*���(�+�$�����!,-�. �����/�� 0 �� 1(2�. !�, Alzheimer<s disease, �'1 ����(��0'$���2� 

(����@� 1(�A Mg2+ &�� 1���'B�()C��*��D2���A�!�&$*��2�&� 1(�A����$��1���B� 0.7 − 1.1 mmol/l 0(���K�� 

�� ������,�������1��������������B� '��L�*�C����$�*����(2(�C� Mg2+ �,*��2� ������ �'1L��C����$�*����,�A Mg2+ 

�����������)�� ������ 0(������ 1��% 90% ,��� ���% Mg2+ ��@�$�(���(2(�C�0(�'��L�*)1(2(�C�O������ 

/��� 1$������''# (paracellular route) �C��� 1A���� ��@�����'L����L��&/*.'����������K������'�(�������� 

�����,*�,*�,�� Mg2+ �'1D2���A�!�0(�0� ���&� tight junction L(*��� claudin �C�����!%��A������� D 

��(�'B��/��(� 1)! �'1,��(,���� �����'B������O��� tight junction 0(��V.�1 claudin-16 �'1 -19 

omeprazole �����������Y�Z�[��A��@��� ������,�� H+/K+-ATPase �'1����&/* ��"�0 ����)�������*�� 

��A��@��� $'���� (&�� 1�.�1��$�  �� ��������O2*�`�����L(* �A omeprazole ��(������������'������ 1(�A,�� Mg2+ 

�'1 Ca2+ &�� 1���'B�('('� ������������&)�����  ��"�0(�&$* Ca2+ �� ����@����� D���&$* 1(�A Ca2+ &� 

� 1���'B�(�'�A��������L(* ����� &$* Mg2+ �� ��&�� ���%����2��'�AL������ D�.��� 1(�A Mg2+ &�� 1���'B�( 

 ��DC�� ���%���,�AD���&��+����1&$*�'�A��������L(* ��(���� omeprazole ���)1��O'&��� ��A��@��� (2(�C� Mg2+ 

�AAO���/��� 1$������''#  ��DC���O' A����� ������,�� claudin /��(���&/*,���� Mg2+ �����L �b(�O' 

�'1�'L��� ���Y�Z�[,�� omeprazole ����� ,���� Mg2+ �AAO���/��� 1������''#&�'��L�*��@����L��������� 

� �A���/�(  

Caco-2 cell ������''#�.�1�'�@�����L(*��)����''#�1� b�'��L�*&$��,����!"�# �����(��!%'��"%1������ 

,����''#��B��A!'��L�*�'b�L�����)1����(*��0� �� *�� $ B��� �������C���������'*���'C���A'��L�*�'b�,����!"�# (����@� 

Caco-2 cell )C�����&/*�����AA)��'��&��� KC�"��� (2(�C��� $ B� ����� �����/�� Mg2+ ���)����@� Caco-2 cell 

���� ��(����,�� H+/K+-ATPase �C������0� ��� ��c�$���&��� ���Y�Z�[,�� omeprazole A��/�@��� Caco-2 cell 

)1���� D��A��������� &$* omeprazole L(* (����@���''#�.�1�'�@�� Caco-2 )C������AA 

)��'������$��1��&��� KC�"�O'�'1�'L��� ���Y�Z�[,�� omeprazole ����� ,���� Mg2+ &���''#'��L�* 

2. ��&'(")��!�*� !+�)!,�)�-.�/ 

 2.1 KC�"�O',�� omeprazole ����� ,���� Mg2+ �AAO���/��� 1$������''#,���O����''#�.�1�'�@��   

              Caco-2 

 2.2 KC�"�O',�� omeprazole ����!%��A�������d ,�� tight junction &��O����''#�.�1�'�@�� Caco-2 

3. )�12�/2�-3�,�)�-.�/ 

 3.1 ,�)1��4/!15��*16��1��4/! Caco-2 
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 ����� �'�@����''#�.�1�'�@�� Caco-2 (ATCC® Number: HTB-37) &� Dulbecco<s modified Eagle<s medium 

(DMEM; Sigma, St. Louis, MO, USA) ���� 1��A(*�� heat-inactivated fetal bovine serum (GIBCO, Grand 

Island, NY, USA) 12%, nonessential amino acid (Sigma) �'1 1% penicillin-streptomycin (GIBCO) 1% 

0(��'�@��&� T−flask (Corning, Corning, NY, USA) ,��( 75 cm2 &��2*�'�(�/B@���� 37 °C �'1�����,*�,*� CO2 ��� 

5% 

 &��� �� ����O����''#�.�1�'�@�� Caco-2 �.B�����L�KC�"���)����@� ��''#�.�1�'�@�� Caco-2 )1D2��'�@��A� 

polyester Snapwell (Snapwell™ inserts, Corning, Corning, NY, USA) �������$������ 5 × 105 cells/cm2 

������'� 14 $ B� 21 ��� &� DMEM ���� $ B� DMEM ����� omeprazole (Sigma, St. Louis, MO, USA) ���� 

�,*�,*� 200, 400, 600, 800, $ B� 1,000 ng/ml 

 3.2 ,�)��:�;���!<==>�� !�?;@15��*16��1��4/! Caco-2 

 &��� �('����@�O����''#�.�1�'�@�� Caco-2 )1D2�&��'�&� modified Ussing chamber �C���O����''# 

�.�1�'�@�� Caco-2 )1��2�� ��'���'1�A�� 1$�������(*��,�� chamber 0(���� �O����''#�.�1�'�@�� Caco-2 )1 

�/���2�&� bathing solution ���� 1��A(*�� NaCl 118 mM, KCl 4.7 mM, MgCl2 1.1 mM, CaCl2 1.25mM, NaHCO3 

23 mM, D-glucose 12 mM, L-glutamine 2.5 mM �'1 mannitol 2 mM �'1����� osmolarity ������A 290-295 mmol 

kg-1 H2O �'�(�� �('��&� modified Ussing chamber system )1���� &$* humidified 5% CO2 �'1 95% O2 

�,*�L�&� 1AA �C����A�!��!%$-2����� 37 °C 

&��� ��(������L��c���@� chamber ���'1(*��)1D2����.���(*�� Ag/AgCl electrode )����� 2 �2� 0(� 

electrode �2�� �)1��2�A ���%/�(��A�O����''#�.�1�'�@�� Caco-2 �.B������� ��(�����������K���#L��c� (Vt) 0(� 

�'�����(*��,�� electrode �����(�����������K���#L��c���@�)1���.�����A pre-amplifier (model ECV-4000; World 

Precision Instrument, Sarasota, FL, USA) ���� electrode ����2���@�)1����,*�����'�����'1(*��,�� chamber 

�.B��&$*� 1�� short-circuits current (Isc) )�� ECV-4000 current-generating unit (World Precision Instrument) 

�����������K���#L��c��'1��� Isc ���L(*��)1D2����L������%�.B��$���������*�����L��c�,���O�� ��''#�.�1�'�@�� 

Caco-2 0(�&/*��,��0�$#� 

3.3 ,�)AB,C�,�)�@�;! Mg ?;�@�?;@15��*16��1��4/! Caco-2 +:/FGH Xylidyl-Blue 

&��� KC�"��� ,���� Mg )1����� �('��(*�� modified Ussing chamber system �/���(�����A��  

KC�"�������L��c����)1�.��������,*�,*� MgCl2 &� bathing solution (*�� apical ���� 2.5, 5, 10, 20, 40, �'1 80 

mM 0(�L���� MgCl2 &� bathing solution (*�� basolateral ��@���@�.B��&$*���(����'�(�������������,*�,*� 

)����@�)C���bA�������� 200 µL )�� bathing solution (*�� basolateral �!�d 1 /���0��������'� 2 /���0������ 

O������������A Xylidyl-Blue (Sigma, St. Louis, MO, USA) 0.1 mM � ����  1 mL �'*����L���($������ (2( 

�'B���������������'B�� 520 nm 0(�&/*�� B��� UV spectrophotometer (model UV-2550; Shimadzu, Kyoto, 

Japan) �����,*�,*�,�� Mg2+ )1D2������%0(��������� (2(�'B���������(L(*L�����A��A��*�� �������,*�,*� 

��� ����C�����()���� ��� 200 µL ,�� MgCl2 ��������,*�,*� 0, 2, 8, 20, 40 $ B� 80 mM O����A Xylidyl-Blue 

reagent 1 mL �'*����L���(����� (2(�'B���������������'B�� 520 nm �/���(�����A��Z��� ,*���*� )����@� 
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)C�$�� ����*�� ��������.��Z#  1$��������� (2(�'B�����'1�����,*�,*�,�� Mg2+ 0(� ��*�� ���*������� r2 ≥ 

0.95 

�.B���(��A Mg2+ transport kinetic �C��)1���&$*� �A��� omeprazole ��O'����'L�&(&��� ,���� Mg2+ ,��

�O����''#�.�1�'�@�� Caco-2 ��� MgA→B )1D2����L�KC�"�0(�&/*����  modified Michaelis�Menten kinetic plus 

linear component (1)  
 

MgA→B transport  =  
(Vm ×CMg )

(Km + CMg )
+ mCMg   (1) 

 

0(���� Vm �B� maximal rate of saturable MgA→B transport �B���� ��� ,���� Mg2+ �2��!(0(��'L�,����

�AA&/*.'����� (�AAO�����''#), Km �B� rate constant of saturable MgA→B transport �B���������,����� ��� ,� 

Mg2+ 0(��'L�,�����AA&/*.'����� (�AAO�����''#), m �B� rate constant for non-saturable MgA→B transport �B�

��� ��� ,� Mg2+ 0(��'L�,�����AAL��&/*.'����� (�AAO���/������� 1��''#) �'1 CMg �B���������,*�,*�,�� 

Mg2+ &�(*�� apical  

3.4 ,�)AB,C� charge selectivity +:/ dilution potential technique 

����� �������� KC�"��O����''#�.�1�'�@�� Caco-2 )1�/���2�&� bathing solution �C���������,*�,*�,�� NaCl 

��� 145 mM &� modified Ussing chamber setup �/���(�����A�� KC�"�&�,*� 3.2 ��B��� �������� �('�� bathing 

solution (*�� basolateral )1D2���'�������� bathing solution ����������,*�,*�,�� NaCl ��� 72.5 mM 

)����@�)1��(�����������K���#L��c� �'*���������������K���#L��c������'����L�L�&/*&��� �����%(*�� Goldman-

Hodgkin-Katz equation �'1 Kimizuka-Koketsu equation �.B��$���� permeability ratio ,�� Na ��� Cl (PNa/PCl) ��� 

sodium permeability (PNa) �'1 ��� chloride permeability (PCl) 

3.5 ,�)AB,C��;� absolute permeability � ! Li+ (PLi), Na
+ (PNa), K

+ (PK), Rb
+ (PRb), Cs

+ (PCs), ��� 

Mg2+ (PMg) 

�� KC�"���@�����D!� 1���#�.B���B������� omeorazole ��O'��A��@��� ,���� Mg2+ �AAO���/��� 1$���� ��''# 

�'1 A����� ������,�� Mg-selective claudin ) �� 0(�KC�"���� absolute permeability ,�������� 1)! 

A��L(*��� Li+, Na+, K+, Rb+, Cs+, Ca2+, �'1 Mg2+ 

�� KC�"���� PMg )1����� KC�"�. *����A�� KC�"��� ,���� Mg2+ �C����� PMg ���� D�����%L(* 

0(��� ��������� ��� ,���� Mg $� (*������������������,*�,*�,�� Mg2+ &� bathing solution (*�� apical �'1 

basolateral 

 �� KC�"���� PLl, PNa, PK, PCs, �'1 PRb ��@�)1����� KC�"�&� modified Ussing chamber setup �/�� 

�(�����A�� KC�"�&�,*� 3.2 �'1����� ��(������L��c� )����@���'���� bathing solution (*�� apical ���� bathing 

solution ���O�� LiCl, NaCl, KCl, CsCl, $ B� RbCl ��������,*�,*� 100 mM �'1��'���� bathing solution (*�� 

basolateral ���� bathing solution ���O�� LiCl, NaCl, KCl, CsCl, $ B� RbCl ��������,*�,*� 50 mM )����@�)C���(��� 
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���L��c������'����L� �'*���������������K���#L��c������'����L�L�&/*&��� �����%(*�� Goldman-Hodgkin-Katz 

equation �'1 Kimizuka-Koketsu equation �.B��$���� absolute permeability ,����������'1/��( 

3.7 ,�)")�1�-@?� / ��!1�)��$*�H �_� 

,*��2'��@�$�()1D2��������������� means ± SE ���������������D���,��,*��2' ���/!()1�(��A0(� 

unpaired Student<s t-test  ��������������(*���D���,��,*��2'����������/!()1�(��A0(� One-way ANOVA 

with Dunnett<s multiple comparison test ��������������(*���D���,���!��� �(��A�*������� P � 0.05 

� 1����O',*��2'0(� GraphPad Prism (GraphPad Prism Software, San Diego, CA, USA) 
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1@`4 $�?�,�)�-.�/ 

1. omeprazole �:,�)�@�;! MgA→→→→B +:/�B4@,�2)�/�1����������1�H��H@� ! 

omeprazole ���<:H)�2  

&��'!���O����''#����.�1�'�@��������'� 14 ��� ( 2���� 1A−1F) �� ,���� MgA→B &��'!�����L(* �A 

omeprazole �����,*�,*� 200 (1B), 400 (1C), 600 (1D), 800 (1E) $ B� 1,000 ng/ml (1F) ������*�������� ,���� 

MgA→B &��'!����A�!� (1A) ��������������������D��� ���)����@��� ,���� MgA→B )1�����'('��������&��'!�����

L(* �A omeprazole �����,*�,*�������� ����&��'!���O����''#����.�1�'�@��������'� 21 ��� ( 2���� 1G−1L) .A���O'

�� �('���'*���'C���AO'�� �('��,*���*� 

 ���)����@�$��.�)� %�DC� 1�1��'�����O����''#�.�1�'�@�� Caco-2 L(* �A omeprazole .A����� ,���� 

MgA→B &��'!�����L(* �A omeprazole �����,*�,*� 200 ng/ml ������'� 21 ��� (1H) ������*�������'!�����L(* �A 

omeprazole �����,*�,*� 200 ng/ml ������'� 14 ��� (1B) ��������������������D��� �'1�/���(�������� ,���� 

MgA→B &��'!�����L(* �A omeprazole �����,*�,*� 400 (1I), 600 (1J), 800 (1K) �'1 1,000 ng/ml (1L) ������'� 21 

��� ������*�������'!�����L(* �A omeorazole �����,*�,*��������������'� 14 ��� ��������������������D��� 

 ��(���� omeprazole ��Y�Z�[��A��@��� ,���� MgA→B �C���B��� ��A��@��� (2(�C� Mg2+ )��0. �'��L�*�,*��2�

 ������������� ���)����@�O'�� �('�����A��/�@���Y�Z�[&��� ��A��@��� �� ,���� MgA→B ,�� omeprazole ��@�

,C@���A�����,*��'1 1�1��'�����AA)��'����B��A!'��L�*L(* �A omeprazole $��L(* �A��������,*���������'1 1�1

��'��������)1��Y�Z�[&��� �(�� ,���� MgA→B ������� 

 

 

 

 

 

 

)_"��� 1 ��(���� MgA→B transport ,���O����''#�.�1�'�@������'�@��������'� 14 ��� &� DMEM ���� (A) $ B� 

DMEM ���O�� omeprazole �����,*�,*� 200 ng/ml (B), 400 ng/ml (C), 600 ng/ml (D), 800 ng/ml (E), 1000 

ng/ml (F) $ B� ��� MgA→B transport ,���O����''#�.�1�'�@������'�@��������'� 21 ��� &� DMEM ���� (G) $ B� 

DMEM ���O�� omeprazole �����,*�,*� 200 ng/ml (H), 400 ng/ml (I), 600 ng/ml (J), 800 ng/ml (K), 1000 ng/ml 

(L). ��*�������CA��(���� ��� ,���� MgA→B �AAO�����''# �'1��*������� 1��(���� ��� ,���� MgA→B �AAO���

/������� 1$������''#, *P < 0.05, **P < 0.01, ***P < 0.001 ��B������A��A�'!�����L��L(* �A omeprazole &� 1�1���

�'�@����''#������� (����A�����@�,�� 2�) †P < 0.05, ††P < 0.01, †††P < 0.001 ��B������A��A�'!�����L(* �A omeprazole 

�����,*�,*������������'�@��������'� 14 ��� (����A������,�� 2�), n = 9 
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2. omeprazole �:,�)�@�;! MgA→→→→B  �22?;�@G; !�;�!)�$�;�!15��*  

O'�� �('��)���� ����� 1 0(�'(��� ��� ,� Mg2+ 0(��'L�,�����AAL��&/*.'�����O���/�������

 1$������''# (m) ��������������������D�����@�&��'!�����L(* �A omeprazole ������'� 14 �'1 21 ��� �����L �b(� 

omeprazole L����O'����� ,���� MgA→B �AAO�����''#0(��'L����&/*.'����� (Vm �'1 Km) ���)����@��� ���

Y�Z�[,�� omeprazole ��@�,C@���A 1�1��'��'1�����,*�,*�,�� omeprazole ���L(* �A �/���(��������AO'�� �('��&�

 2���� 1 �'����B���� m )1'('�������� ��B���.��� 1�1��'��'1�����,*�,*�,���� &$* omeprazole (�� ����� 1) 

 
 

 
 

*P < 0.001 ��B������A��A�'!�����L��L(* �A omeprazole &� 1�1����'�@����''#�������, †P < 0.001 ��B������A��A

�'!�����L(* �A omeprazole �����,*�,*������������'�@��������'� 14 ���, n = 9 
 

 

 

 

 

 

 Vm (nmol/hr/cm2) Km (mM) m (× 10−3 cm/hr) 

14 days; 

     Control 

     Omeprazole treated 

          200 ng/mL 

          400 ng/mL 

          600 ng/mL 

          800 ng/mL 

          1,000 ng/mL 

 

57.22 ± 8.41 

 

58.12 ± 6.19 

62.82 ± 9.64 

57.01 ± 7.49 

59.35 ± 7.40 

58.84 ± 7.52 

 

5.62 ± 1.83 

 

4.55 ± 1.23 

5.83 ± 2.22 

4.48 ± 1.44 

4.71 ± 1.40 

5.84 ± 1.59 

 

2.18 ± 0.11 

 

1.80 ± 0.08*
 
 

1.54 ± 0.12* 

1.28 ± 0.09* 

0.83 ± 0.09* 

0.52 ± 0.10* 

21 days; 

     Control 

     Omeprazole treated 

          200 ng/mL 

          400 ng/mL 

          600 ng/mL 

          800 ng/mL 

          1,000 ng/mL 

 

55.82 ± 8.02 

 

57.81 ± 10.41 

53.47 ± 7.59 

53.12 ± 7.53 

57.65 ± 6.76 

57.99 ± 7.72 

 

5.09 ± 1.89 

 

7.48 ± 2.24 

5.10 ± 1.87 

4.42 ± 1.68 

5.97 ± 1.51 

6.09 ± 1.48 

 

2.17 ± 0.10 

 

1.26 ± 0.12*† 

1.18 ± 0.10*† 

0.96 ± 0.09*† 

0.53 ± 0.08*† 

0.49 ± 0.07* 

&�)�!��� 1 ��(� Kinetic data ,���� ,���� MgA→B  
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3. omeprazole �:�;� apical to basolateral Mg2+ permeability � !�?;@15��*16��1��4/! 

Caco-2  

)��O'�� �('��&� 2���� 2 .A��� omeprazole ��Y�Z�['(��� apical to basolateral Mg2+ permeability ��@�

&��O����''#����.�1�'�@��������'� 14 (2A) �'1 21 ��� (2B) ��������������������D��� 0(�,C@���A 1�1��'��'1����

�,*�,*�,�� omeprazole ���L(* �A �'����B���� Mg2+ permeability )1'('�������� ��B���.��� 1�1��'��'1�����,*�,*�

,���� &$* omeprazole �/���(��������AO'�� �('��&� 2���� 1 �'1�� ����� 1 
 

 
 

)_"��� 2 ��(���� apical to basolateral Mg2+ permeability ,���O����''#�.�1�'�@������'�@��������'� 14 ��� 

(A) $ B� 21 ��� (B), *P < 0.05 ��B������A��A�'!�����L��L(* �A omeprazole &� 1�1����'�@����''#�������, †P < 0.05 ��B��

����A��A�'!�����L(* �A omeprazole �����,*�,*������������'�@��������'� 14 ���, n = 9 
 

4. omeprazole �:,�)�@�;! MgB→→→→A ����:�;� basolateral to apical Mg
2+ permeability  

(����(�&� 2���� 3 omeprazole ��Y�Z�['(�� ,���� MgB→A (3A) �'1'(��� basolateral to apical Mg2+ 

permeability (3B) ,���O����''#�.�1�'�@�� Caco-2 ��������������������D��� 0(�,C@���A�����,*�,*�,�� 

omeprazole ���L(* �A $�������,*�,*��������)1��Y�Z�['(��� MgB→A �'1'(��� basolateral to apical Mg2+ 
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permeability ������� �C���� ,���� MgB→A ,���O����''#��B��A!'��L�* �'1�O����''#�.�1�'�@�� Caco-2 ��@�)1O������

/������� 1$������''#������@� (����@�)C��B����L(*��� omeprazole ��Y�Z�['(�� ,���� Mg2+ �AAO���/������� 1$����

��''# 

 

 
 

)_"��� 3 ��(���� MgB→A (A) �'1��� basolateral to apical Mg2+ permeability (B) ,���O����''#�.�1�'�@�� 

Caco-2 ,���O����''#�.�1�'�@������'�@��������'� 14, *P < 0.05 ��B������A��A�'!�����L��L(* �A omeprazole, n = 6 
 

)��O'�� �('��&�,*���� 1 DC� 4 A��/�@��� omeprazole ��Y�Z�['(�� ,���� Mg2+ �AAO���/������� 1$������''#�C��

�����'L����L��&/*.'�����,���AA)��'����''#��B��A!'��L�*�'b� ��@���@�'L��� (2(�C� Mg2+ &�'��L�*��!"�#��@���K���'L�O���

/������� 1$������''#DC� 90% (����@��� ��� omeprazole ��Y�Z�[�(�� ,���� Mg2+ �AAO���/������� 1$������''#)C����)1����

���$�!&$*���(-��1� ���% Mg2+ &�� 1���'B�(����&�O2*�`�����L(* �A omeprazole ��(������������'���� 

 

5. omeprazole �:�(i��2�&- cation selectivity � !�?;@15��*16��1��4/! Caco-2 

)�� 2���� 4 .A��� omeprazole ��Y�Z�['(��� PNa/PCl �'1��� PNa ����.������ PCl ,���O����''#�.�1�'�@�� 

Caco-2 ��������������������D��� ��@�&��O����''#����.�1�'�@��������'� 14 �'1 21 ��� 0(�,C@���A�����,*�,*�,�� 
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omeprazole ���L(* �A A��/�@��� omprazole '( cation selectivity �'1�.��� anion selectivity ,��/������� 1$������''#

,���AA)��'���O����''#��B��A!'��L�* )C����&$*�O����''#��B��A!'��L�*,���������� 1)!A��  ��DC� Mg2+ O���/�������

 1$������''#��B��A!'��L�*'('� 

 

 

 

)_"��� 4 ��(���� PNa/PCl (A), ��� PNa (B) �'1��� PCl (B) ,���O����''#�.�1�'�@������'�@��������'� 14 $ B� 

21 ��� &� DMEM ���� $ B� DMEM ���O�� omeprazole �����,*�,*� 200, 400, 600, 800,$ B� 1,000 ng/ml, *P < 

0.05 , **P < 0.01 ��B������A��A�'!�����L��L(* �A omeprazole &� 1�1����'�@����''#�������, n = 6 



11 

 

6. omeprazole �:�;� TER � !�?;@15��*16��1��4/! Caco-2 

)��O'�� �('��&��� ����� 2 ��(�&$*�$b���� omeprazole ��Y�Z�[�.������ TER ,���O����''#�.�1�'�@�� 

Cacao-2 �D��� ��@�&��O����''#����.�1�'�@��������'� 14 �'1 21 ��� ��� omeprazole L����O'������ ISC �'1��� PD 

��(�������� �.��������*�����,���� ,���������O���/������� 1$������''#&��AA)��'���O����''#��B��A!'��L�*�'b� 

 

&�)�!��� 2 ��(�����!%��A������L��c�,���O����''#�.�1�'�@�� Caco-2 

 

*P < 0.01, **P < 0.001 ��B������A��A�'!�����L��L(* �A omeprazole &� 1�1����'�@����''#������� 

 

7. omeprazole 1"���/@ selective permeability profile � ! -  @").(2�, 

 2���� 5 ��(���� absolute paracellular permeability ,���O����''#�.�1�'�@����������� 1)!A�� L(*��� Li+, 

Na+, K+, Rb+, �'1 Cs+ .A���&�-��1��A�!��O����''#�.�1�'�@�� Cacao-2 ��'��(�A�� ���&$*������ 1)!A��O���

/������� 1$������''#(����@ PNa (8.62±0.18) > PK (7.99±0.19) > PRb (5.84±0.08) > PCs (4.82±0.07) > PLi 

(3.98±0.12) �C��)�(��2�&� Eisenman sequence VII ��(����-��&�/������� 1$������''#&� tight junction ,���O��

��''#�.�1�'�@�� Caco-2 ������L��c�� 1)!'A�����,*�����'�� �C������'��"%1,�� ion channel ���,���������� 1

 n PD (mV) ISC (µA/cm2) TER (Ω.cm2) 

14 days; 
     Control 
     Omeprazole treated 
          200 ng/mL 
          400 ng/mL 
          600 ng/mL 
          800 ng/mL 
          1,000 ng/mL 

 
9 
 
9 
9 
9 
9 
9 

 
0.99 ± 0.12 

 
1.03 ± 0.54 
0.98 ± 0.14 
1.08 ± 0.15 
1.09 ± 0.18 
1.20 ± 0.11 

 
3.09 ± 0.36 

 
2.52 ± 0.39 
2.24 ±0.29 
2.29 ± 0.31 
2.30 ± 0.41 
2.41 ± 0.20 

 
322.19 ± 6.37 

 
413.64 ± 12.95 
433.23 ± 17.66 
470.35 ± 23.87** 
483.22 ± 20.20** 
502.88 ± 30.99** 

21 days; 
     Control 
     Omeprazole treated 
          200 ng/mL 
          400 ng/mL 
          600 ng/mL 
          800 ng/mL 
          1,000 ng/mL 

 
9 
 
9 
9 
9 
9 
9 

 
1.00 ± 0.15 

 
1.26 ± 0.20 
1.13 ± 0.19 
1.06 ± 0.13 
0.99 ± 0.19 
1.07 ± 0.18 

 
3.18 ± 0.47 

 
2.48 ± 0.32 
2.20 ± 0.32 
2.21 ± 0.34 
1.97 ± 0.31 
2.06 ± 0.30 

 
314.05 ± 4.64 

 
485.09 ± 24.36* 
502.19 ± 27.47** 
500.33 ± 32.97** 
481.64 ± 25.48** 
500.84 ± 26.61** 
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)!A�� omeprazole �����,*�,*� 200, 400, 600, 800, �'1 1,000 ng/ml '(��� absolute paracellular permeability 

,��������!�/��( �'1�����Y�Z�[��'����'��(�A�� ���&$*������ 1)!A��O���(����@  PK > PNa > PRb > PCs > PLi �C��)�(

��2�&� Eisenman sequence VI ��(��������L��c�� 1)!'A-��&�/������� 1$������''#&� tight junction �������,*�

�*��'� A��/�@���/������� 1$������''#'(�������� D&��� ,���������� 1)!A��'('�  

 
 

 

)_"��� 5 ��(���� PLi, PNa, PK, PRb, �'1��� PCs ,���O����''#�.�1�'�@������'�@��������'� 14 &� DMEM ���� 

$ B� DMEM ���O�� omeprazole �����,*�,*� 200, 400, 600, 800,$ B� 1,000 ng/ml, *P < 0.05 ��B������A��A�'!�����

L��L(* �A omeprazole &� 1�1����'�@����''#�������, n = 6 

 

8. omeprazole ��n�3-o�:,�)�@�;! MgA→→→→B �22 paracellular passive transport 

&�����Y"���� ,���� MgA→B � 1��A(*���� ,�����AA&/*.'����� (active transport) �C���A������L(*

���� 3 �'L��B� voltage-dependent MgA→B active transport, solvent drag induced MgA→B active transport, �'1 

transcelluar MgA→B active transport �'1�� ,�����AAL��&/*.'����� $ B� passive MgA→B active transport �.B��

KC�"���� omeprazole ��Y�Z�['( MgA→B �'L�L( �O����''#�.�1�'�@�� Caco-2 )C�L(* �A� 1�� Isc �.B����A��@��� 

,�����AA voltage-dependent active Mg2+ transport ( 2���� 6A) .A���� 1�� Isc L���O'��� MgA→B transport ,��

�'!����A�!��'1�'!�����L(* �A omeprazole A��/�@���L������ ,�����'L���@&��O����''#�.�1�'�@�� Caco-2 

��B��A���O����''#�.�1�'�@��(*�� 2 µmol/l ruthenium red (RR) �C����A��@�  transcelluar MgA→B active 

transport ( 2���� 6B, 6C) .A��� RR ��Y�Z�[��A��@� transcelluar MgA→B active transport �'1���&$*�������.��Z#

 1$���� MgA→B  transport � [MgCl2] �����AA��*�� � ��B��KC�"����� ��*�� �(���'�����@�,���'!����A�!� ( 2���� 

6B) �'1�'!�����L(* �A omeprazole ( 2���� 6C) .A�������/��,������ ��*�� ���@����������A�����L(*��A��� m  &��'!��

���L��L(* �A RR �'1��B�����O'�� �('��&��'!�����L(* �A RR ,���O����''#��A�!� �'1�O����''#���L(* �A omeprazole 

Paulling radii (Å) 
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.A��� omeprazole '(�� ,���� MgA→B �'1'(����/��,������ ��*�� ���������������������D��� A��/�@��� 

omeprazole ��Y�Z�['( passive MgA→B active transport 

 ��B��A���O����''#�.�1�'�@��(*�� 100 µmol/l phlorizin $ B� 100 µmol/l phloretin �C����A��@� solvent drag 

induced MgA→B active transport ( 2���� 6D) .A��� phlorizin $ B� phloretin L����O'��� MgA→B transport ��@�&��'!��

��A�!� �'1�'!�����L(* �A omeprazole A�/�@���L������ ,�����'L���@&��O����''#�.�1�'�@�� Caco-2 

 O'�� �('����@�$�(��@��(�&$*�$b�����O����''#�.�1�'�@�� Caco-2 ���� ,�������������� 2 �'L� �B� 

paracellular passive MgA→B transport �'1 transcellular passive MgA→B transport ���)����@� omeprazole ��

Y�Z�[��A��@��� ,���������������AA paracellular passive transport O����O����''#��B��A!'��L�* 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

)_"��� 6 ��(���� MgA→B transport ,���O����''#�.�1�'�@������'�@��������'� 14 ��� &� DMEM ���� $ B� 

DMEM ���O�� omeprazole �����,*�,*� 600 ng/ml ����� �('��0(�&$*� 1�� Isc (A) $ B�A���O����''#.�1�'�@�� 

Caco-2 (*�� ruthenium red (RR) (B, C) $ B� phlorizin $ B� Phoretin (D). **P < 0.01 ��B������A��A�'!�����L��L(* �A 

omeprazole, n = 6 

 

9. omeprazole 16-�� activation energy � !,�)�@�;! Mg ?;�@G; !�;�!)�$�;�!15��* 

&�����Y"�� �� ,���������O��� ion channel DB����������� ���������-�.�������� ��� ���(����� ���

,C@���A�!%$-2�� $���.����!%$-2��)1� ������� ����� ,���������L(*  2���� 8 ��(� Arrhenius plot ��(��������.��Z#
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 1$���� ln(PMg) ��A�!%$-2�� �.B��KC�"� activation energy (Ea) ()������/��,����*�� �) �'1���� 1���Z�[�!%$-2�� 

Q10 (��(������� ��� ,��������.���,C@���B���.����!%$-2��,C@� 10 °C) ,���� ,���������������AA passive transport 

O����O����''#��B��A!'��L�* .A���&��'!����A�!������ Ea ������A 14.28±1.19 kJ/mol �'1���� 1���Z�[�!%$-2�� Q10 

������A 1.22±0.04 omeprazole ��Y�Z�[�.��� Ea (19.24±1.98 kj/mol) ��������������������D��� ���L����'�������

���� 1���Z�[�!%$-2�� Q10 (1.31±0.05) ��B��.�)� %�������� 1���Z�[�!%$-2�� Q10 ����� 1$���� 1.2 � 1.4 ����A�����L(*

��A������� 1���Z�[�!%$-2�� Q10 ,���� �. �,�������O��� ion channel ���)����@� omeprazole �.������ Ea A��/�@L(*

��� omeprazole ,�(,����� ,��������������O��� paracellular channel ,���O����''#�.�1�'�@�� Caco-2 

 

 

 
 

)_"��� 7 ��(� Arrhenius plot ,���O����''#�.�1�'�@������'�@��������'� 14 ��� &� DMEM ���� $ B� DMEM 

���O�� omeprazole �����,*�,*� 600 ng/ml, **P < 0.01 ��B������A��A�'!�����L��L(* �A omeprazole, n = 6 
 

 

10. omeprazole �: Mg2+ affinity � ! paracellular channel 

 2���� 8 ��(��������.��Z# 1$���� % maximum passive MgA→B transport ��A�����,*�,*�,�� Mg2+ &�

(*�� apical ����A�����L(*��A(*��0. �'��L�* ,���O����''#�.�1�'�@�� Caco-2 ���� �'1���L(* �A omeprazole ����

�,*�,*� 200 ( 2���� 8A), 400 ( 2���� 8B), �'1 600 ng/ml ( 2���� 8C) .A��� omeprazole �!������,*�,*���O'�'B�����*�

�������.��Z#L�(*��,����B������A��A�'!����A�!� �'1��B��.�)� %���� half maximum effective concentration 

(EC50) .A��� omeprazole �!������,*�,*���Y�Z�[�.������ EC50 ��������������������D��� A��/�@�����B��L(* �A 

omeprazole � 1���Z�-�.,�� paracellular channel &��� )�A��A Mg2+ (Mg2+ affinity) '('� )C����O'&$*�� ,����

����������O���/������� 1$������''#'('� 
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)_"��� 8 ��(��������.��Z# 1$���� % maximum passive MgA→B transport ��A�����,*�,*�,�� Mg2+ &�
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Abstract
AIM: To elucidate the effect and underlying mecha-
nisms of omeprazole action on Mg2+ 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 Mg2+ 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 Mg2+ transport across the Caco-2 monolayers.

RESULTS: Both apical to basolateral and basolateral 
to apical passive Mg2+ 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+, 

Rb+, and Cs+ from series Ⅶ to series Ⅵ of the Eisenman 
sequence. The Arrhenius plot revealed the higher activa-
tion energy for passive Mg2+ 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 Mg2+ movement 
was impeded. 

CONCLUSION: Omeprazole decreased paracellular 
cation permeability and increased the activation energy 
for passive Mg2+ transport of Caco-2 monolayers that 
led to the suppression of passive Mg2+ 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. Mg2+ deficiency is associated with several diseas-
es, e.g. Alzheimer’s disease[1], osteoporosis[2], and hyperten-
sion[3]. Therefore, its plasma level is tightly regulated within 
a narrow range (0.7-1.1 mmol/L) by intestinal absorption 
and renal excretion[4]. In human intestine, fractional Mg2+ 
absorption varies from 11% to 65% depending on the 
amount of  Mg2+ intake[5]. Intestinal epithelium absorbs 
Mg2+ via both saturable transcellular and non-saturable 
paracellular pathways. Transcellular Mg2+ transport is an 
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active process that requires the activity of  transient recep-
tor potential melastatin 6 (TRPM6) and the basolateral 
Na+/Mg2+ exchanger[6,7]. On the other hand, paracellular 
Mg2+ transport is a passive mechanism and is implicated in 
about 90% of  intestinal Mg2+ absorption[7]. The paracellu-
lar Mg2+ transport process is modulated by the tight junc-
tion proteins, i.e. Claudin-16 and Claudin-19[8].

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 activity[9]. Previous reports dem-
onstrated that prolonged omeprazole administration led 
to hypomagnesemia and hypomagnesuria in humans[10,11]. 
Withdrawal of  omeprazole and intravenous Mg2+ replace-
ment, but not high dose oral Mg2+ supplement, could nor-
malize the plasma and urinary Mg2+ levels[10,12]. Renal Mg2+ 

handling was normal in patients with severe hypomagne-
semia associated with long-term use of  omeprazole[12-14]. 
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 in vitro model for studying intestinal transport of  
divalent cations, e.g. Ca2+[15] and Mg2+[16]. 

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% l-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℃. The Caco-2 monolayers were 
developed by seeding cells (5.0 × 105 cells/cm2) onto per-
meable Snapwelltm inserts (12-mm diameter and 0.4-μm 
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 cm2 exposed area).

Measurement of Mg2+ flux
In the Ussing chamber, the monolayer was equilibrated 
for 20 min in bathing solution at 37℃, pH 7.4, and osmo-
larity of  290-293 mmol/kg H2O[17]. 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% CO2 in 95% O2. After equilibration, the api-

cal or basolateral bathing solution was replaced with 2.5, 5, 
10, 20, 40, or 80 mmol/L MgCl2-containing bathing solu-
tion, while the contralateral side was replaced with MgCl2-
free bathing solution. At 1 and 2 h, 500 μL solution was 
collected from the side that contained MgCl2-free bathing 
solution and Mg2+ concentration was measured. Mg2+ flux 
(nmol/h per cm2) was calculated using Equation (Eq. 1): 

Mg2+ flux = CMg/(t × S)			   (1)
Where CMg is Mg2+ concentration (nmol/L); t is time 

(h); and S is transport surface area (cm2). 
To elucidate the involvement of  solvent drag-induced 

mechanism on Mg2+ transport, 100 μmol/L phlorizin 
(Fluka Chemie AG, Buchs, Switzerland) and 100 μmol/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℃) and the results were presented as an Arrher-
nius plot[18] (Eq. 2): 

ln(PMg) = (-Ea)/(RT) + ln(E)			   (2)
Where ln(PMg) is the natural logarithm of  Mg2+ per-

meability (cm/s); Ea is activation energy (kJ/mol); R is 
gas constant; T is absolute temperature (273+˚C), E is 
pre-exponential factor. The temperature coefficient Q10 

was determined as previously described[19]. 

Measurement of Mg2+ concentration
The concentration of  Mg2+ was determined by Xylidyl 
Blue (Sigma, St. Louis, MO, USA) colorimetric assay, 
modified from the method of  Tang and Goodenough[20]. 
In brief, the sample solutions were spun at 1000 × g for 
10 min and a 200 μL sample of  the upper solution was 
collected. An aliquot was added to 100 μL water, gently 
mixed, and then 200 μL of  1.25 mmol/L EGTA was add-
ed to the assay tube. After mixing well, 500 μL 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) were determined as 
previously described[21]. These electrical parameters were 
recorded after 20 min equilibration at 30 min intervals 
throughout the 2 h of  Mg2+ flux study.

Ion permeability measurement
Absolute permeabilities of  Na+ (PNa) and Cl- (PCl), as well 
as the relative permeability of  Na+ to Cl- (PNa/PCl), of  
Caco-2 monolayers were obtained by the dilution poten-
tial technique as previously described[21]. The absolute 
permeability of  group I alkaline metals (Li+, K+, Rb+, and 
Cs+), i.e. PLi, PK, PRb, and PCs was determined as previously 
described[21] using the same calculation as that used to ob-
tain PNa.

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

PMg = Mg2+ flux/∆CMg				    (3)
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Where ∆CMg is the concentration difference of  Mg2+ 
between the apical and basolateral solutions.

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

MgA→B transport = (Vm × Cmg)/(Km + Cmg)+ mCmg	 (4)
Where Vm is the maximal rate of  saturable MgA→B trans-

port; Km is the rate constant of  saturable MgA→B transport; 
m is the rate constant for non-saturable MgA→B transport; 
and CMg as 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 
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. The level of  sig-
nificance was P < 0.05. Linear regression and slope analysis 
were performed to obtain the basolateral to apical Mg2+ 
transport (MgB→A transport)-Mg concentration relationship. 
The curve of  PMg-∆magnesium relationship was obtained 
using one phase exponential decay equation. All data were 
analyzed by GraphPad Prism (GraphPad Software Inc.).

RESULTS
Omeprazole decreased MgA→B transport and PMg in both 
a dose- and time-dependent manner 
As demonstrated in Figure 1, the MgA→B transport vs Mg2+ 
concentration plots of  Caco-2 monolayers were curvi-

linear similar to that reported in humans[5]. After 14 d in 
the omeprazole-treated groups, MgA→B 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→B  
transport, but not the saturated component, as clearly 
demonstrated by the lower rate constant for non-satu-
rable MgA→B 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→B transport 
than the 14 d-treated groups (Figure 1, Table 1). Therefore, 
omeprazole decreased MgA→B transport in a dose- and 
time-dependent manner. According to the MgA→B trans-
port, omeprazole also decreased the apical to basolateral 
PMg 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 MgB→A transport
Since the MgB→A transport occurred solely through the 
paracellular pathway, the MgB→A transport vs Mg2+ concen-
tration plot was linear (Figure 3A). Omeprazole signifi-
cantly decreased the slope of  the MgB→A transport-Mg2+ 
concentration plot. The slope progressively decreased 
with increased concentration of  omeprazole (Figure 3A). 
In addition, omeprazole significantly suppressed the ba-
solateral to apical PMg in 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
Similar to previous reports[21,22], Caco-2 monolayers 
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Table 1  Kinetic data of MgB→A transport

V m (nmol/h 
per cm2)

K m 
(mmol/L)

m (× 10-3 
cm/h)

14 d
Control 57.22 ± 8.41 5.62 ± 1.83 2.18 ± 0.11
Omeprazole treated (ng/mL)

200 58.12 ± 6.19 4.55 ± 1.23 1.80 ± 0.08b

400 62.82 ± 9.64 5.83 ± 2.22 1.54 ± 0.12b

600 57.01 ± 7.49 4.48 ± 1.44 1.28 ± 0.09b

800 59.35 ± 7.40 4.71 ± 1.40 0.83 ± 0.09b

1000 58.84 ± 7.52 5.84 ± 1.59 0.52 ± 0.10b

21 d
Control 55.82 ± 8.02 5.09 ± 1.89 2.17 ± 0.10
Omeprazole treated (ng/mL)

200   57.81 ± 10.41 7.48 ± 2.24 1.26 ± 0.12b,d

400 53.47 ± 7.59 5.10 ± 1.87 1.18 ± 0.10b,d

600 53.12 ± 7.53 4.42 ± 1.68 0.96 ± 0.09b,d

800 57.65 ± 6.76 5.97 ± 1.51 0.53 ± 0.08b,d

1000 57.99 ± 7.72 6.09 ± 1.48 0.49 ± 0.07b

bP < 0.001 vs the age-matched control group, dP < 0.001 vs the concentra-
tion-matched 14 d-omeprazole-treated groups.

Table 2  Electrical parameters of Caco-2 monolayers

n PD (mV) ISC 
(mA/cm2)

TER (W.cm2)

14 d
Control 9 0.99 ± 0.12 3.09 ± 0.36 322.19 ± 6.37
Omeprazole treated (ng/mL)

200 9 1.03 ± 0.54 2.52 ± 0.39 413.64 ± 12.95
400 9 0.98 ± 0.14 2.24 ± 0.29 433.23 ± 17.66
600 9 1.08 ± 0.15 2.29 ± 0.31 470.35 ± 23.87d

800 9 1.09 ± 0.18 2.30 ± 0.41 483.22 ± 20.20d

1000 9 1.20 ± 0.11 2.41 ± 0.20 502.88 ± 30.99d

21 d
Control 9 1.00 ± 0.15 3.18 ± 0.47 314.05 ± 4.64
Omeprazole treated (ng/mL)

200 9 1.26 ± 0.20 2.48 ± 0.32 485.09 ± 24.36b

400 9 1.13 ± 0.19 2.20 ± 0.32 502.19 ± 27.47d

600 9 1.06 ± 0.13 2.21 ± 0.34 500.33 ± 32.97d

800 9 0.99 ± 0.19 1.97 ± 0.31 481.64 ± 25.48d

1000 9 1.07 ± 0.18 2.06 ± 0.30 500.84 ± 26.61d

bP < 0.01, dP < 0.001 vs the age-matched control group.

Thongon N et al . Omeprazole decreases Mg2+ absorption
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showed high PNa/PCl (3.79 ± 0.15 in 14 d monolayers; 3.96 
± 0.22 in 21 d monolayers) from the higher PNa (8.28 ± 0.20 
in 14 d monolayers; 8.11 ± 0.25 in 21 d monolayers) than 
PCl (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 

21 d-omeprazole-treated groups, omeprazole significantly 
suppressed PNa/PCl and PNa but enhanced PCl in a dose-
dependent manner (Figure 4A-C), indicating that omepra-
zole decreased cation selectivity of  Caco-2 monolayers.

Moreover, the present study also examined the para-
cellular permeability to monovalent cations, i.e. Li+, Na+, 
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Figure 1  MgA→B transport across Caco-2 monolayers. For MgA→B 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→B 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. aP < 0.05, bP < 0.01, dP < 0.001 
vs the age-matched control group, cP < 0.05, fP < 0.01, hP < 0.001 vs the concentration-matched 14 d omeprazole-treated groups. For each data point, n = 9.
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K+, Rb+, and Cs+. In control conditions, Caco-2 mono-
layers showed the following selective sequence: PNa (8.62 
± 0.18) > PK (7.99 ± 0.19) > PRb (5.84 ± 0.08) > PCs (4.82 
± 0.07) > PLi (3.98 ± 0.12) (Figure 4D). Interestingly, 14 
d-omeprazole (600 ng/mL)-exposed monolayers showed 
a different permeability sequence as follows: PK > PNa > 
PRb > PCs > PLi (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 Mg2+ transport
Theoretically, ions can move transversely across Caco-2 
monolayer via 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→B 

transport (40 mmol/L Mg2+ concentration gradient) in 
both control and omeprazole-treated monolayers (Figure 
5D). In another set of  experiments, Caco-2 monolayers 
received continuous application of  Isc, simultaneously 
with the Mg2+ flux study, to nullify trans-epithelial PD and 
to abolish voltage dependent Mg2+ transport. The MgA→B 

transport in both control and omeprazole-treated mono-
layers were unaffected by Isc, (Figure 5A). The results in-
dicated that solvent drag-induced and voltage dependent 
MgA→B transport were negligible. 

Since transcellular Mg2+ transport required apical Mg2+ 
influx, inhibition of  Mg2+ influx should abolish Mg2+ trans-
port. When 20 μmol/L ruthenium red (RR), a TRPM6 
inhibitor[23], was added to the apical solution, a linear re-
lationship between MgA→B transport and Mg2+ concentra-
tion was observed (Figure 5B). The rate constant for non-
saturable MgA→B transport of  control monolayers (2.18 ± 
0.13) was not different from the slope of  MgA→B 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 μmol/L RR (Figure 5C). Similar to control conditions, 
RR inhibited the saturable component, but not the non-
saturable component, of  MgA→B 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 Mg2+ 
transport across Caco-2 monolayers.

Temperature dependent Mg2+ permeability
To elucidate the temperature dependent Mg2+ transport, 
Caco-2 monolayers were bathed in 40 mmol/L MgCl2 
containing apical solution, while the basolateral solution 
had no MgCl2. As shown by the Arrhenius plot (Figure 
5E), the ln(PMg) decreased in lower temperatures. The 
control monolayers showed Ea of  14.28 ± 1.19 kJ/mol 
and Q10 of  1.22 ± 0.04. Fourteen days of  600 ng/mL 
omeprazole exposure significantly suppressed Mg2+ 
transport and increased Ea (19.24 ± 1.98 kj/mol, P < 
0.05), but not Q10 (1.31 ± 0.05), of  Caco-2 monolayers. 

DISCUSSION
The present study demonstrated the effect of  omeprazole 
on Mg2+ transport across Caco-2 intestinal epithelium. 
Omeprazole-treated monolayers showed a dose- and time-
dependent decrease in Mg2+ transport and PMg (Figures 1-3). 
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Figure 3  MgB→A transport and basolateral to apical PMg. A: MgB→A transport; B: Basolateral to apical PMg of 14 d control and various dose omeprazole-treated 
monolayers. bP < 0.01 vs the control group. For each data point, n = 6.
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Omeprazole selectively inhibited the non-saturable passive 
component, but not the saturable active component, of  
transepithelial Mg2+ 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 
Ea in the omeprazole-treated group, indicating impediment 
of  the paracellular channel to Mg2+ movement. 

In humans, intestinal Mg2+ absorption vs Mg2+ intake 
exhibited a curvilinear relationship[5] from the combination 
of  saturable active and non-saturable passive absorption. 
Moreover, lower intestinal passive Mg2+ absorption as com-
pared with passive Ca2+ absorption was also demonstrat-
ed[5,24]. Similarly, in Caco-2 monolayers, a plot of  MgA→B  

transport (representing Mg2+ absorption) against Mg2+ 

concentration (in apical solution) was also curvilinear 

(Figure 1) and MgA→B transport was lower than the api-
cal to basolateral Ca2+ transport[21]. Therefore, the Caco-2 
monolayer was a suitable in vitro model of  intestinal Mg2+ 

absorption[16]. 
Several case reports demonstrated severe hypomagne-

semia associated with prolonged omeprazole usage[10-14], 
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+ absorption[25] because its bioavailability was 
low and its half-life was short[9,26]. Therefore, the later de-
velopment of  hypomagnesemia was probably associated 
with the depletion of  Mg2+ store in the human body[13]. 
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 4  Paracellular charge selectivity and selective permeability profile. A: PNa/PCl; B: PNa; C: PCl of 14 and 21 d control and various dose omeprazole-treated 
monolayers; D: Absolute alkaline metal ions (Li+, Na+, K+, Rb+, and Cs+) permeability; E: Trans-epithelium resistance (TER) of 14 d control and 600 ng/mL omeprazole-
treated monolayers. aP < 0.05, bP < 0.01 vs the age matched control group. For each data point, n = 6.
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tinal Mg2+ flux defect could not be responsible for later 
development of  hypomagnesemia in omeprazole use.

There are two transport mechanisms for Mg2+ absorp-
tion, i.e. transcellular active and paracellular passive trans-
port, across the intestinal epithelium[7]. Previous reports 
suggested that omeprazole inhibited active intestinal Mg2+ 

absorption and TRPM6 activity because high dose oral 
Mg2+ supplement partially[13] and totally[14] 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 Mg2+ levels[10,12]. The later evidence 

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  TRPM6 in Caco-2 cells[27] 

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 
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Figure 5  Mechanism of MgA→B transport. A: MgA→B transport 14 d control and 600 ng/mL omeprazole-treated monolayers with or without ISC; B and C: 20 mmol/L 
ruthenium red (RR); D: 100 mmol/L phlorizin or 100 mmol/L phloretin. For each data point, n = 9 in A; n = 6 in B and C. E, Arrhenius plot of 14 d control and 600 ng/mL 
omeprazole-treated monolayers. bP < 0.01 vs the control group. For each data point, n = 6.
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passive transport of  cations, such as Na+, Cs+, H+, Ca2+, 
and Mg2+, was a temperature variance mechanism[18,20], the 
present Arrhenius plot (Figure 5E) showed the tempera-
ture-dependent Mg2+ transport. Since the temperature co-
efficient Q10 of  passive ion diffusion through the open ion 
channel ranged from 1.2 to 1.4[28] and the paracellular pore 
of  the tight junction behaved as the channel[20], therefore, 
the Q10 of  control (1.22) and omeprazole treated (1.31) 
monolayers indicated that Mg2+ mainly moved through the 
paracellular channels of  Caco-2 epithelium. The paracel-
lular passive H+ transport occurred via the claudin-8 chan-
nel of  MDCK II epithelium[18]. The paracellular claudin-8 
channel was found to impede H+ transport by increasing 
the Ea

[18]. Therefore, the higher Ea 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 et al[29], 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[29,30]. Caco-2 epithelium was a cation se-
lective epithelium (Figure 4A-C)[21,22] that favored the trans-
port of  cations through the paracellular pathway. Similar to 
a previous report[21], 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 Ⅶ of  the Eisenman sequence[31]. Series Ⅶ 
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 Eisenman sequence (K+ > Na+ 
> Rb+ > Cs+ > Li+)[31]. Since series Ⅵ was characterized 
by lower negative electrical field strength than that of  se-
ries Ⅶ[31], the paracellular cation selectivity was decreased 
when the monolayers were exposed to omeprazole (Figure 
4A-C). Hou et al[29] also demonstrated lower paracellular 
Mg2+ 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 Mg2+ 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[29,30,32-34]. The paracellular 
passive Mg2+ transport was mainly mediated by claudins at 
the tight junction[29,30], the distribution of  which could be 
affected by the change in extracellular fluid pH. Inhibition 
of  H+/K+-ATPase activity in Caco-2 cells[35] by omepra-
zole might decrease the extracellular H+ concentration, 
which in turn increased the sensitivity of  the extracellular 
calcium sensing receptor (CaSR)[32, 33], which was expressed 
in Caco-2 cells[36,37]. Ikari et al[34] clearly 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 Mg2+ transport. Therefore, omeprazole-
inhibited passive Mg2+ transport appeared to involve the 
CaSR-tight junction-dependent mechanism.

In conclusion, omeprazole inhibited paracellular pas-
sive Mg2+ transport across Caco-2 epithelium in a dose- 
and time-dependent fashion. The inhibition of  passive 
Mg2+ 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 Mg2+ transport requires further study.
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COMMENTS
Background
Previously, it was widely believed that intestinal Mg2+ transport in humans 
depended on the amount of Mg2+ 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 Mg2+ metabolism.
Research frontiers
Several previous reports have demonstrated an association between severe 
hypomagnesemia and prolonged omeprazole usage in humans. Those patients 
had normal renal Mg2+ handling, suggesting that a defect in intestinal Mg2+ ab-
sorption may be responsible for hypomagnesemia. However, the direct action 
of omeprazole on intestinal Mg2+ 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 Mg2+ 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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ภาวะปริมาณแมกนีเซียมในเลือดต่ำจากการได้รับโอมิพราโซลเป็นเวลานาน

Hypomagnesemia from Long-Term Omeprazole Administration

ณรงค์ฤทธิ์  ทองอุ่น*
คณะสหเวชศาสตร์ มหวิทยาลัยบูรพา 

Narongrit Thongon*
Faculty of Allied Health Sciences, Burapha University.

บทคัดย่อ

	 โอมพิราโซล (omeprazole) คอืยาทีน่ยิมใชร้กัษาโรคทีเ่กีย่วขอ้งกบัการหลัง่กรดในกระเพาะอาหาร เนือ่งจากมผีลขา้งเคยีงนอ้ย 

จึงทำให้โอมิพราโซลถูกใช้มานานกว่า 20 ปี อย่างไรก็ตามนับจากปีคริสต์ศักราช 2006 มีรายงานจำนวนมากแสดงให้เห็นถึงภาวะ 

ปริมาณแมกนีเซียมในเลือดตำ่อยา่งรนุแรงในผู้ปว่ยทีใ่ชโ้อมพิราโซลเปน็เวลานาน แตจ่ากการศึกษาในผู้ปว่ยเหล่านั้นพบวา่การทำงาน

ของไตในการจัดการแมกนีเซียม (Mg2+) เป็นปกติ ดังนั้นจึงเป็นไปได้ว่าโอมิพราโซลอาจยับยั้งการทำงานของลำไส้ในการดูดซึม Mg2+ 

จากการศึกษาเมื่อไม่นานมานี้แสดงให้เห็นว่าโอมิพราโซลมีฤทธิ์ยับยั้งการดูดซึม Mg2+ ในลำไส้ ดังนั้นการติดตามระดับ Mg2+ ใน 

กระแสเลือดของผู้ป่วยที่ได้รับโอมิพราโซลเป็นเวลานานอาจช่วยป้องกันผลข้างเคียงของยาต่อระดับ Mg2+ ในกระแสเลือด

คำสำคัญ : การดูดซึม   แมกนีเซียม   โอมิพราโซล   ลำไส้ 

Abstract

	 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 Mg2+ level.

Keywords : absorption, intestine, magnesium, omeprazole, 
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บทนำ

	 แมกนีเซียม (Mg2+) เป็นไอออนที่มีความสำคัญอย่าง

ยิ่งต่อร่างกายมนุษย์ หากปริมาณของ Mg2+ ในร่างกายลดลง 

อาจก่อให้เกิดปัญหาทางสุขภาพ อาทิเช่น โรคกระดูกพรุน 

(Rude & Gruber, 2004), Alzheimer’s disease (Durlach, 

1990), cardiac arrhythmia (Delva, 2003), และ 

ความดันโลหิตสูง (Touyz, 2003) ดังนั้นระดับ Mg2+ ใน 

กระแสเลือดจึงต้องถูกควบคุมให้อยู่ในระดับที่เหมาะสมคือ 

ประมาณ 0.7-1.1 mmol/l โดยอาศัยการทำงานของอวัยวะ 

สำคัญสองส่วนคือ ลำไส้ซึ่งมีหน้าที่ดูดซึม Mg2+ เข้าสู่ร่างกาย 

และไตซึ่งมีหน้าที่ขับ Mg2+ ส่วนเกินออกจากร่างกาย หากการ 

ทำงานของอวัยวะทั้งสองเกิดความผิดปกติจะส่งผลร้ายแรงต่อ 

ปริมาณของ Mg2+ ในกระแสเลือด (Rude, 1998) บทความนี้

จะนำเสนอข้อมูลเกี่ยวกับผลข้างเคียงของโอมิพราโซลซึ่งใช้กัน 

อย่างแพร่หลายในปัจจุบัน ต่อระดับ Mg2+ ในกระแสเลือด 

เพื่อให้ผู้ป่วยและผู้ให้การรักษาตระหนักและหาทางป้องกันผล 

ข้างเคียงของยา

สมดุล Mg2+ ในร่างกาย
	 ในร่างกายของผู้ใหญ่นั้นมี Mg2+ อยู่ประมาณ 24 g ซึ่ง 

ในจำนวนนี้ประมาณ  53% สะสมในกระดูก อีกประมาณ 46% 

อยู่ในเซลล์เนื้อเยื่อต่างๆทั่วร่างกาย ส่วนที่เหลือคือประมาณ 

1% นั้นจะอยู่ในกระแสเลือดและของเหลวระหว่างเซลล์ 

(Vormann, 2003) Mg2+ มีความสำคัญต่อการทำงานของเซลล์

ทุกเซลล์ในร่างกายมนุษย์ เนื่องจากมีส่วนสำคัญต่อการควบคุม 

การทำงานของ ion channel ควบคุมการคงรูปของโปรตีน 

ภายในเซลล์ ควบคุมกระบวนการเผาผลาญพลังงานภายในเซลล์ 

และยงัเปน็โคเอนไซมข์องเอนไซมส์ำคญัตา่งๆ ภายในเซลลม์ากกวา่ 

300 ชนิด (Rude, 1998) 

	 ในแต่ละวันเราได้รับ Mg2+ จากอาหารที่รับประทาน 

ประมาณ 300-360 mg ซึง่ 30-50 % จะถกูดดูซมึเขา้สูก่ระแสเลอืด 

(Rude, 1998) ส่วนที่เหลือนั้นจะสูญเสียไปทางอุจจาระ แต่ 

อย่างไรก็ตามในภาวะที่อาหารที่รับประทานมีปริมาณ Mg2+ น้อย 

ลำไส้จะเพิ่มการดูดซึม Mg2+ เป็นประมาณ 80% ของปริมาณ 

Mg2+ ทัง้หมดทีร่บัประทาน (Fine et al., 1991; Quamme, 2008) 

ซึ่งหากพิจารณาแต่ละส่วนของลำไส้ ในภาวะปกติลำไส้ส่วน 

duodenum ดูดซึมประมาณ 15 mg ลำไส้ส่วน jejunum 

ดูดซึมประมาณ 30 mg ลำไส้ส่วน ileum ดูดซึมประมาณ 

75 mg หรอืคดิเปน็ 56% ของ ปรมิาณ Mg ทัง้หมดทีด่ดูโดยลำไส ้

ส่วนลำไส้ใหญ่นั้นจะดูดซึมประมาณ 15 mg (McCarthy et al., 

1999) โดยเซลล์เยื่อบุลำไส้ดูดซึม Mg2+ ผ่านทาง 2 กลไกคือ 

การดูดซึมแบบผ่านเซลล์ และแบบผ่านช่องระหว่างเซลล์ (ภาพ 

ที่ 1) 
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ภาพที่ 1. ภาพแสดงกลไกการดูดซึม Mg2+ ในลำไส้. Apical side คือผนังด้านโพรงลำไส้; Basolateral side คือผนังลำไส้ด้านที่ 

ติดกับหลอดเลือด
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	 การดูดซึม Mg2+ แบบผ่านเซลล์นั้นเป็นกระบวนการที่ 

ใช้พลังงาน (active Mg2+ transport) โดย Mg2+ จากโพรง 

ลำไส้จะไหลเข้าสู่เซลล์ผ่านทาง transient receptor potential  

melastatin (TRPM) 6 และ TRPM7 จากนั้น Mg2+ 

จะถูกนำออกนอกเซลล์ก่อนเข้าสู่กระแสเลือดโดย Na+/Mg2+ 

exchanger การดูดซึม Mg2+ ด้วยกลไกนี้มีความสำคัญอย่างยิ่ง 

ในภาวะที่รับประทาน Mg2+ ในปริมาณน้อย (Quamme, 2008; 

Romani, 2007)

	 การดูดซึม Mg2+ แบบผ่านช่องระหว่างเซลล์นั้นเป็น 

กระบวนการที่ไม่ใช้พลังงาน (passive Mg2+ transport) โดย 

อาศยัความลาดเอยีงทางความเขม้ขน้ของ Mg2+ โดยปรมิาณของ 

Mg2+ อิสระในโพรงลำไส้มีค่าอย่างน้อยประมาณ 5 mmol/l 

ซึง่สงูกวา่ความเขน้ของ Mg2+ อสิระในกระแสเลอืดทีม่คีา่ประมาณ 

0.7-1.1 mmol/l ส่งผลให้ Mg2+ จากด้านโพรงลำไส้ไหลผ่าน

ช่องว่างระหว่างเซลล์ก่อนเข้าสู่กระแสเลือด กลไกการดูดซึม 

Mg2+ แบบผ่านช่องระหว่างเซลล์ถือเป็นกลไกหลักของร่างกาย 

เนื่องจากดูดซึม Mg2+ ประมาณ 90% ของปริมาณ Mg2+ 

ทั้งหมดที่ดูดซึมโดยลำไส้ (Quamme, 2008) 

	 เพือ่รกัษาระดบั Mg2+ ในกระแสเลอืดใหม้คีา่ทีเ่หมาะสมคอื 

ประมาณ 0.7-1.1 mmol/l นั้น Mg2+ ส่วนเกินจะถูกขับออกจาก 

ร่างกายโดยอาศัยการทำงานของไต โดยในแต่ละวันประมาณ 

80% ของ Mg2+ ทั้งหมดจะถูกกรองเข้าสู่ท่อไต ในจำนวนนี้ 

ประมาณ 95% จะถูกดูดกลับเข้าสู่กระแสเลือด โดยท่อไต 

ส่วนต้นดูดกลับประมาณ 20% ของปริมาณ Mg2+ ทั้งหมดที่ 

ถูกกรองเข้าสู่ท่อไต ท่อไตส่วน thick ascending limb 

ดูดกลับประมาณ 70% และท่อไตส่วนปลายดูดกลับประมาณ 

5-10% ของปริมาณ Mg2+ ทั้งหมดที่ถูกกรองเข้าสู่ท่อไต  

(Konrad et al., 2004) อย่างไรก็ดีในภาวะที่ร่างกายมีปริมาณ 

Mg2+ น้อย ท่อไตสามารถเพิ่มการดูดกลับ Mg2+ ได้ภายใต้ 

อิทธิพลของฮอร์โมน

	 ถงึแมว้า่การดดูซมึ Mg2+ ในลำไสจ้ะมคีวามสำคญัอยา่งยิง่ 

ต่อการรักษาระดับ Mg2+ ในร่างกาย แต่กลับไม่มีฮอร์โมนชนิดใด

ที่มีหน้าที่ควบคุมการดูดซึม Mg2+ ในลำไส้ ต่างจากการดูดกลับ 

Mg2+ ที่ท่อไตส่วน thick ascending limb ซึ่งถูกควบคุมด้วย

ฮอร์โมนหลายชนิด ได้แก่ arginine vasopressin, glucagon, 

calcitonin, parathyroid hormone, estrogen, epidermal 

growth factor, และ insulin (Hoenderop & Bindels 2008; 

Quamme & de Rouffignac, 2000).

โอมิพราโซลและสมดุล Mg2+ ในร่างกาย
	 โอมพิราโซล (omeprazole) เปน็ยาในกลุม่ proton pump 

inhibitor (PPIs; omeprazole, lansoprazole, pantoprazole, 

rabeprazole และ esomeprazole) ซึ่งเป็นสารเคมีประเภท 

pyridyl methylsulfinyl benzamidazoles เมื่อถูกกระตุ้นด้วย 

ภาวะทีเ่ปน็กรดในกระเพาะอาหารจะเปลีย่นเปน็ sulphenamides 

มีฤทธิ์ยับยั้งการทำงานของ H+/K+-ATPase (Olbe et al., 2008) 

และยับยั้งการหลั่งกรดในกระเพาะอาหาร ดังนั้นโอมิพราโซล 

จึงนิยมใช้รักษาโรคของระบบทางเดินอาหารที่ต้องการการยับยั้ง

การหลั่งกรดจาก parietal cells ในกระเพาะอาหาร อาทิเช่น 

peptic ulcer, gasto-oesophageal reflux disease, erosive 

oesophagitis, heartburn, และ Barret’s disease (Boparai 

et al., 2008; Olbe et al., 2008) จงึทำใหโ้อมพิราโซลเปน็ทีน่ยิม 

และกลายเป็นยาที่ขายดีที่สุดในโลกในทศวรรษที่ 1990 (Olbe 

et al., 2008) ถึงแม้ว่าการได้รับโอมิพราโซลเพียงครั้งเดียวจะ 

สามารถยับยั้งการหลั่งกรดได้เป็นเวลา 2-3 วัน แต่การที่ร่างกาย 

สามารถกำจัดโอมิพราโซลได้เร็ว (half life 0.5-2 ชั่วโมง) 

ดังนั้นการป่วยเรื้อรัง อาทิเช่น peptic ulcer และ erosive 

oesophagitis จึงทำให้ผู้ป่วยต้องได้รับโอมิพราโซลติดต่อกัน 

เป็นเวลานาน (Olbe et al.,2008) 

	 นบัตัง้แตป่ ีค.ศ. 2006 จนปจัจบุนั มรีายงานทางการแพทย ์

ในผู้ป่วยที่ได้รับโอมิพราโซลติดต่อกันเป็นเวลานานมากกว่า 1 ปี 

ส่งผลข้างเคียงคือทำให้ระดับ Mg2+ ในกระแสเลือดต่ำกว่าปกติ 

อย่างรุนแรง และทำให้เกิดอาการผิดปกติต่างๆ อาทิเช่น 

การสัน่อยา่งรนุแรง ตะครวิ ลมชกั หรอื หมดสต ิ(Epstein et al., 

2006; Cundy & Dissanayaki, 2008; Shabajee et al., 2008; 

Broeren et al., 2009; Hoorn et al., 2010) นอกจากนัน้ยงัทำให ้

เกิดความผิดปกติของมวลกระดูก ทำให้กระดูกเปราะและหักง่าย 

(Broeren et al., 2009; Yang el al., 2006) บ่งชี้ว่าปริมาณของ 

Mg2+ ในกระดูกและเซลล์ทั่วร่างกายซึ่งเป็นแหล่งสะสม Mg2+ 

ลดลงอย่างมาก จึงเป็นไปได้ว่าโอมิพราโซลจะมีผลข้างเคียงโดย 

รบกวนการทำงานของลำไส้ในการดูดซึม Mg2+ เข้าสู่ร่างกาย  

และ/หรือ รบกวนการทำงานของไต ที่มีหน้าที่ดูดกลับ Mg2+ 

เข้าสู่กระแสเลือดเพื่อรักษาระดับ Mg2+ ในร่างกายให้เป็นปกติ

โอมิพราโซลกับการทำงานของลำไส้ และ ไต
	 ในแต่ละวันจะมี Mg2+ ถูกกรองเข้าสู่ท่อไตสูงถึง 80% 

ของปริมาณ Mg2+ ทั้งหมดในกระแสเลือด หากไตทำงานผิดปกติ 
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ย่อมทำให้ร่างกายสูญเสีย Mg2+ ไปกับปัสสาวะเป็นจำนวนมาก 

อยา่งไรกต็ามการศกึษาในผูป้ว่ยทีม่ภีาวะ Mg2+ ในกระแสเลอืดตำ่ 

จากการใชโ้อมพิราโซลเปน็เวลานานพบวา่การทำงานของไตในการ 

จัดการ Mg2+ ของผู้ป่วยเหล่านั้นเป็นปกติ มิได้มีการสูญเสีย 

Mg2+ ไปกับปัสสาวะแต่อย่างใด (Cundy & Dissanayaki, 

2008; Shabajee et al., 2008; Broeren et al., 2009) 

บ่งชี้ได้ว่าภาวะปริมาณ Mg2+ ในกระแสเลือดต่ำอาจเกิดจาก 

โอมิพราโซลมีผลยับยั้งการดูดซึม Mg2+ ที่ลำไส้

	 ถงึแมว้า่ขอ้มลูจากรายงานหลายฉบบัจะสนบัสนนุสมตฐิาน 

ที่ว่าโอมิพราโซลน่าจะมีผลยับยั้งการดูดซึม Mg2+ ที่ลำไส้ แต่

ยังไม่มีรายงานฉบับใดที่ศึกษาผลของโอมิพราโซลต่อการดูดซึม 

Mg2+ ที่ลำไส้โดยตรง อย่างไรก็ตามรายงานเหล่านั้นก็ให้ 

ข้อมูลที่สำคัญคือการรักษาผู้ป่วยที่มีภาวะปริมาณของ Mg2+ 

ในกระแสเลือดต่ำโดยการให้ Mg2+ ปริมาณสูงเสริมทางการ 

รับประทานเพื่อให้ลำไส้ดูดซึม Mg2+ เข้าสู่กระแสเลือดนั้น 

ไมส่ามารถรกัษาระดบัของ Mg2+ ในกระแสเลอืดใหก้ลบัเปน็ปกตไิด ้

ในทางตรงกนัขา้มการให ้Mg2+ เสรมิทางหลอดเลอืดดำโดยตรง และ 

การหยุดใช้โอมิพราโซลกลับทำให้ระดับ Mg2+ ในกระแสเลือด 

กลับสู่ระดับปกติได้ (Epstein et al., 2006; Shabajee et al., 

2008) แสดงว่าโอมิพราโซลมีฤทธิ์ยับยั้งการดูดซึม Mg2+ 

ในลำไส้ (Epstein et al., 2006; Cundy & Dissanayaki, 

2008; Shabajee et al., 2008; Broeren et al., 2009) 

ซึ่งถือเป็นองค์ความรู้ใหม่ เนื่องจากที่ผ่านมานั้นเชื่อกันว่า 

การดูดซึม Mg2+ ในลำไส้นั้นขึ้นกับปริมาณของ Mg2+ ที่ 

รับประทานเข้าไปเป็นหลัก และไม่มีกลไกหรือปัจจัยอื่นควบคุม 

การดูดซึม Mg2+ ในลำไส้ แต่จากข้อมูลที่กล่าวมาข้างต้นกลับ 

แสดงให้เห็นได้ว่าการดูดซึม Mg2+ ในลำไส้สามารถถูกควบคุม 

ภายใต้อิทธิพลของโอมิพราโซล ส่วนกลไกการควบคุมการดูดซึม 

Mg2+ โดยโอมิพราโซลนั้นจำเป็นต้องมีการศึกษาในเชิงลึกต่อไป

การศึกษาผลของโอมิพราโซลต่อการดูดซึม Mg2+ 

ในลำไส้
	 การศึกษาการดูดซึมสารต่างๆ ในลำไส้นั้นนิยมใช้เซลล์ 

เพาะเลี้ยง Caco-2 เนื่องจากเป็นเซลล์เพาะเลี้ยงที่มีคุณลักษณะ 

สำคัญของลำไส้มนุษย์ไม่ว่าจะเป็นด้านโครงสร้าง หรือด้านการ

ทำงานที่มีการดูดซึมสารต่างๆ ไม่ว่าจะเป็นยา และ สารอาหาร 

คล้ายคลึงกับลำไส้เล็กของมนุษย์ (Pinto et al., 1983; Chantret 

et al., 1988; Lennernas et al.,1996; Yee, 1997; Hidalgo, 

1989) ยิง่ไปกวา่นัน้แผน่เซลลเ์พาะเลีย้ง Caco-2 ซึง่เพาะเลีย้งบน 

polyester filter ในสภาวะที่เหมาะสมจนกระทั่งเซลล์สร้าง 

tight junction และกลายเป็นแผ่น epithelium ก็เป็น 

แบบจำลองที่เหมาะสมและนิยมใช้เป็นแบบจำลองในการศึกษา 

การขนส่งไอออนในลำไส้ อาทิเช่น แคลเซียม (Ca2+) (Charoen-

phandhu et al., 2009; Jantarajit et al., 2007; Nakkrasae 

et al., 2010; Thongon et al., 2008; 2009) และ Mg2+ 

(Ekmekcioglu et al., 2000)

	 จากการศึกษาของ Thongon and Krishnamra (2010) 

แสดงให้เห็นว่าการขนส่ง Mg2+ ผ่านแผ่นเซลล์เพาะเลี้ยง 

Caco-2 นั้นมีความคล้ายคลึงกับดูดซึม Mg2+ ในลำไส้ของมนุษย์ 

คือประกอบด้วยการดูดซึมแบบผ่านเซลล์ และแบบผ่านช่อง 

ระหว่างเซลล์ เมื่อแผ่นเซลล์เพาะเลี้ยง Caco-2 ถูกบ่มด้วย 

โอมิพราโซลส่งผลยับยั้งการขนส่ง Mg2+ แบบผ่านช่องว่าง 

ระหว่างเซลล์โดยขึ้นกับระยะเวลาและความเข้มข้นของ 

โอมิพราโซลที่ได้รับ โดยแผ่นเซลล์ที่ได้รับโอมิพราโซลเป็นเวลา 

นานกว่าและความเข้มข้นมากกว่าจะมีผลลดการขนส่ง Mg2+ 

ได้มากกว่าแผ่นเซลล์ที่ได้รับโอมิพราโซลเป็นเวลาสั้นกว่าและ 

ความเข้มข้นน้อยกว่า อย่างไรก็ดีโอมิพราโซลไม่มีผลต่อการ 

ดูดซึม Mg2+ แบบผ่านเซลล์ เป็นการยืนยันรายงานในผู้ป่วย

ซึ่งการรักษาโดยให้ Mg2+ เสริมปริมาณสูงทางการรับประทาน 

ไม่สามารถเพิ่มระดับ Mg2+ ในกระแสเลือดให้เป็นปกติได้ 

นอกจากนั้นการศึกษาของ Thongon and Krishnamra (2010) 

ยงัแสดงใหเ้หน็วา่โอมพิราโซลออกฤทธิเ์ปลีย่นแปลงคณุสมบตักิาร

ยอมใหไ้อออนตา่งๆ รวมถงึ Mg2+ ผา่นชอ่งวา่งระหวา่งเซลล์ของ 

แผ่นเซลล์เพาะเลี้ยง Caco-2 และดังที่ได้กล่าวในข้างต้นว่า 

การดดูซมึ Mg2+ แบบผา่นชอ่งระหวา่งเซลลเ์กีย่วขอ้งกบัการดดูซมึ 

Mg2+ ประมาณ 90% ของปรมิาณ Mg2+ ทัง้หมดทีด่ดูซมึโดยลำไส ้

(Quamme, 2008) ดังนั้นผลของโอมิพราโซลในการยับยั้งการ 

ดูดซึม Mg2+ แบบผ่านช่องว่างระหว่างเซลล์ลำไส้จึงน่าจะเป็น 

ปัจจัยหลักที่ส่งผลร้ายแรงต่อปริมาณของ Mg2+ ในกระแสเลือด

ของผู้ป่วยที่ได้รับโอมิพราโซลเป็นเวลานาน ส่งผลให้ปริมาณของ 

Mg2+ ในกระแสเลือด และในแหล่งสะสมของร่างกาย ได้แก่ 

เซลล์ทั่วร่างกาย และกระดูกลดลง จนนำไปสู่ปัญหาทางด้าน 
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ปัญหาทางด้านสุขภาพต่างๆมากมาย ดังนั้นในผู้ป่วยที่จำเป็น 

ต้องใช้โอมิพราโซลติดต่อกันเป็นเวลานานควรมีการติดตาม 

ระดับ Mg2+ ในกระแสเลือด ซึ่งหากพบว่าปริมาณของ Mg2+ 

ในกระแสเลือดลดลง การหยุดใช้โอมิพราโซลและยาตัวอื่นๆ 

ในกลุ่ม PPIs หรือการให้ Mg2+ เสริมทางหลอดเลือดดำ อาจจะ 

เปน็แนวทางทีเ่หมาะสมในการรกัษาผลขา้งเคยีงของโอมพิราโซล 

ในผู้ป่วยดังกล่าว
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Abstract 

 Clinical studies report hypomagnesaemia in long-term omeprazole usage that probably 

due to intestinal Mg
2+

 wasting. Our previous report demonstrated the inhibitory effect of 

omeprazole on passive Mg
2+

 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
2+

, but not Ca
2+

, transport across Caco-2 monolayers. Omeprazole shitted the % maximum 

passive Mg
2+

 transport – Mg
2+ 

concentration curves to the right and increased half maximal 

effective concentration (EC50) of those dose – respond curves, indicated a lower Mg
2+ 

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 Mg
2+

 

transport of control and omeprazole treated monolayers, indicated that omeprazole suppressed 

passive Mg
2+

 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 Mg
2+

 transport, Mg
2+ 

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
2+

 transport and Cldn-7 and -12 

expression. Our results provided the evidence for the regulation of intestinal passive Mg
2+

 

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

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

Magnesium (Mg
2+

) is an essential co-factor of at least 300 critical enzymatic reactions in 

the human body. The maintenance of normal Mg
2+

 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 Mg
2+

 store in human (McCarthy and Kumar, 

1999), intestinal absorption plays a vital role for normal Mg
2+

 balance. In intestinal tract, 

duodenum absorbs dietary Mg
2+

 for 11%, jejunum 22%, ileum 56%, and large intestine for 11% 

of total intestinal Mg
2+

 absorption (McCarthy and Kumar, 1999). Paracellular passive Mg
2+

 

transport is the major mechanism, which implicates about 90% of total intestinal Mg
2+

 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
2+ 

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 PPI omeprazole on paracellular passive, but not 

active, Mg
2+

 transport in human enterocyte-like Caco-2 monolayers (Thongon and Krishnamra, 

2011). Omeprazole also decreased paracellular Na
+
 permeability and increased paracellular Cl

-
 

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
2+ 

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 Mg
2+

 transport (Ikari et al., 2008). Thus, 

omeprazole suppressed paracellular passive Mg
2+

 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 
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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 Cl

-
 (Alexandre et al., 2005). 

Our previous finding suggested that omeprazole inhibited paracellular Mg
2+

 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 Mg
2+

 transport. We performed our experiment by using 

Caco-2 monolayer that accepted as a suitable intestinal model for studying Mg
2+

 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 Mg
2+ 

transport and absolute Mg
2+ 

permeability (PMg) 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
2+

 transport in 20 (Figure 1D), 40 (Figure 1E), and 80 mmol/l (Figure 1F) 

Mg
2+ 

concentration gradients. Therefore, the Mg
2+

 flux setup that used in present study was 

suitable for studying intestinal Mg
2+

 absorption. 

 The percent maximum of passive Mg
2+

 transport – apical Mg
2+

 concentration 

relationships of control and omeprazole treated group were compared (Figure 2A, 2B, 2C). 
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Omeprazole shifted the %maximun - apical Mg
2+ 

concentration curves to the right. Omeprazole 

significantly increased the EC50 (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
2+

 absorption. 

 The effect of omeprazole on passive Ca
2+

 transport across Caco-2 monolayers also 

observed. The apical Ca
2+ 

concentration - Ca
2+

 transport relationship was liner function (Y = 

(3.16 ± 0.14)X + (8.47 ± 5.34), r
2
 = 0.94) (Figure 3A). In 20 (Figure 3B) and 40 mmol/l (Figure 

3C) Ca
2+ 

concentration gradients, omeprazole tend to, but not significant, decreased passive 

Ca
2+

 transport. Only 600 ng/ml omeprazole decreased passive Ca
2+

 transport in 80 mmol/l Ca
2+ 

concentration gradients (Figure 3D). Indicating a lower inhibitory effect of omeprazole on 

passive Ca
2+ 

transport than that on passive Mg
2+

 absorption. 

Omeprazole disturbs apical acidity of Caco-2 monolayers 

 The luminal acidity modulated intestinal Mg
2+ 

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 Mg2+ 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 Mg
2+

 transport (Ikari et 

al., 2008), the involvement of CaSR activity on passive Mg
2+

 transport was studied by using the 

polycationic CaSR agonists neomycin and spermine (Sigma) (Ye el. al., 1997). As 

demonstrated in Figure 4E, neither 100 µmol/l neomycin nor 300 µmol/l spermine affected 

passive Mg
2+

 transport in control and omeprazole-treated monolayers. Indicated that 

omeprazole suppressed passive Mg
2+ 

transport in CaSR - independent mechanism. 
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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 Mg2+ transport and Cldn-7 and -12 expression 

 To study the effect of apical acidity on inteatinal Mg
2+

 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 Mg
2+ 

transport in 40 mmol/l Mg
2+ 

concentration gradient 

(Figure 6B). The percent maximum of passive Mg
2+

 transport – apical Mg
2+

 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 EC50 (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 Mg
2+

 transport and Cldn-7 and -12 expression in 

control monolayers, this experiment aimed to elucidate the effect of low apical pH on Mg
2+

 

transport and Cldn expression in omeprazole exposed monolayers. Alike control condition, 

apical acidity markedly increased paracellular passive Mg
2+

 transport (40 mmol/l concentration 

gradient) of 200 (Figure 7A) and 400 ng/ml omeprazole (Figure 7D) treated monolayers. In 40 

mmol/l Mg
2+

 concentration gradient, rate of passive Mg
2+ 

transport of 200 ng/ml omeprazole-
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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
2+

 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 EC50 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, EC50 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 Mg
2+

 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
2+

 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 PPI 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
2+

 

supplement, hypomagnesaemia could normalized only by withdrawal of PPI (Epstein et al., 

2006; Shabajee et al., 2008). In present study, we clearly showed a mainly inhibitory effect of 

omeprazole on passive Mg
2+

 absorption (Figure 1), but less on passive Ca
2+

 absorption (Figure 

3). Therefore, omeprazole inhibited function of paracellular Mg
2+

 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
2+

 transport that cannot prove by the present technique. 

Among all biological cation, Mg
2+ 

is the most charge dense with high hydration energy 

about -1922 kj/mol vs -1592 kj/mol of Ca
2+

. Therefore, Mg
2+

 tightly bound with 6 − 7 H2O 
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molecules and has the highest hydration volume (Wolf and Cittadini, 2003; Wolf et al., 2003). In 

order to permeate transporting epithelium, Mg
2+

 must be recognized, interacted, and undergone 

partially or fully stripped bound hydration shell by its transporting protein (Moomaw and 

Maguire, 2008). The results of %maximum passive Mg
2+

 transport – Mg
2+

 concentration 

relationship demonstrated that omeprazole shifted curve to the right and increased EC50 (Figure 

2), indicated the lower Mg
2+

 affinity of paracellular Mg
2+

 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 Mg
2+

 transport of omeprazole exposed 

monolayers (Thongon and Krishnamra, 2011). Therefore, omeprazole inhibited function of 

paracellular Mg
2+

 channel in intestinal epithelium by decreased Mg
2+

 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 Mg
2+ 

absorption (Heijnen et al., 1993). In present study, %maximum passive Mg
2+

 transport – Mg
2+

 

concentration curves were shifted to the left (Figure 6C) and EC50 was decreased (Figure 6D) 

by apical acidic condition (pH 7.0 – 5.5), which then enhanced paracellular passive Mg
2+

 

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
2+

 transport (Figure 1) across Caco-2 monolayers. Therefore, omeprazole inhibits 

acid-gastric secretion that disturbs luminal acidity and suppresses intestinal Mg
2+

 absorption. In 

long-term omeprazole usage, continually wasting of intestinal Mg
2+

 and releasing of Mg
2+

 pool 

gradually depletes Mg
2+ 

store in the human body, which then redevelops hypomagnesaemia. 

However, the inhibitory effect of omeprazole on paracelluar passive Mg
2+

 transport, as well as 

Mg
2+

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



 9

Therefore, oral Mg
2+

 supplement using acid-containing capsule that releases Mg
2+

 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
2
 transport by 

controlling Cldn-16 function on tight junction (Ikari et al. 2008). In present study, CaSR gonist 

neomycin and apermine had no effect on passive Mg
2+

 transport in both control and omeprazole 

treated monolayers (Figure 4E). Our results agreed with previous study that showed a 

regulation of paracellular passive Ca
2+ 

transport by extracellular Ca
2+ 

in CaSR-independent 

mechanism (Davies et al., 2008). Therefore, omeprazole inhibited intestinal passive Mg
2+

 

absorption in CaSR-independent mechanism.  

 Among 24 members of Cldn, Cldn-16 and -19 had been proposed as paracellular 

channel for Mg
2+

 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 Mg
2+

 absorption. Since, omeprazole suppressed paracellular passive Mg
2+

 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
2+

 

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 Mg
2+

 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 × 10
6
 

cells/cm
2
) 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 × 10
5
 cells/well) on 6-

well plate and maintain for 14 days. For MTT reduction assay, cells were seeded (1.0 × 10
4
 

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 Ca2+ and Mg2+ flux 

Apical to basolateral paracellular Ca
2+

 and Mg
2+

 fluxes studies were performed at a 

humidified atmosphere containing 5% CO2 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 µl solutions was collected from the basolateral side 

and subjected to measurement of Ca
2+

 or Mg
2+

 concentration. Fluxes and permeabilities of Ca
2+

 

and Mg
2+

 across Caco-2 monolayers were calculated as previously described (Thongon and 

Krishnamra, 2011). The rate of Mg
2+

 transport – apical Mg
2+

 concenytayion relationship was 
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fitted with modified Michaelis-Menten equation plus linear component (Thongon and 

Krishnamra, 2011). 

Bathing solution 

For Ca
2+

 transport studies, the basolateral solution was (in mmol/l) 1 MgCl2, 4.5 KCl, 12 

D-glucose, 2.5 L-glutamine, 250 mannital, and 10 HEPES pH 7.4; the apical solution was (in 

mmol/l) 1 MgCl2, 4.5 KCl, 12 D-glucose, 2.5 L-glutamine and 10 HEPES pH 7.4, containing 

either 2.5 CaCl2 and 242 mannital, 5 CaCl2 and 235 mannital, 10 CaCl2 and 230 mannital, 20 

CaCl2 and 200 mannital, 40 CaCl2 and 115 mannital, or 80 CaCl2 and 90 mannital. 

For Mg
2+

 transport studies, the basolateral solution was (in mmol/l) 1.25 CaCl2, 4.5 KCl, 

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 CaCl2, 4.5 KCl, 12 D-glucose, 2.5 L-glutamine, and 10 HEPES pH 7.4, 

containing either 2.5 MgCl2 and 242 mannital, 5 MgCl2 and 235 mannital, 10 MgCl2 and 230 

mannital, 20 MgCl2 and 200 mannital, 40 MgCl2 and 115 mannital, or 80 MgCl2 and 90 mannital. 

For Ca
2+

-Mg
2+

 transport studies, the basolateral solution was (in mmol/l) 4.5 KCl, 12 D-

glucose, 2.5 L-glutamine, 260 D-mannital, and 10 HEPES pH 7.4; the apical solution was (in 

mmol/l) 20 MgCl2, 20 CaCl2, 4.5 KCl, 12 D-glucose, 2.5 L-glutamine, 10 HEPES pH 7.4, and 

115 D-mannital.  

All solutions were gassed with 5% CO2 in 95% O2 30 min prior to use and maintained at 

37°C and had an osmolality of 290–295 mmol/kg H2O. 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 Ca2+ and Mg2+ concentration 

Mg
2+

 concentration was determined by Xylidyl Blue colorimetric assay (pH 10.5) as 

previously described (Thongon and Krishnamra, 2011). Ca
2+

 concentration was determined by 

Arsenazo III 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% CO2 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 µg) 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-β-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 Hyperfilm (Amersham). Densitometric analysis was 

performed using ImageJ 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
2+

 

transport – apical Ca
2+

 concentration relationship. Non-linear regression was performed to 

elucidate the %maximum - apical Mg
2+

 concentration relationship. The curve of PMg-
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∆magnesium 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 Mg
2+

 transport across Caco-2 monolayers. Relative 

cell viability of omeprazole – treated cells (A). Apical to basolateral Mg
2+ 

transport of control 

monolayers (B). Light solid lines represent the saturable active component. Dash lines 

represent the non-saturable passive component. Paracelluar PMg of control monolayers (C). ∆ 

represent Mg
2+

 concentration gradient of apical and basolateral solution. Paracellular passive 

Mg
2+

 transport under 20 (D), 40 (E), or 80 (F) mmol/l Mg
2+

 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
2+

 affinity of paracellular channel. %maximum passive 

Mg
2+

 transport – Mg
2+

 concentration curve of control and 200 (A), 400 (B), or 600 (C) ng/ml 

omeprazole exposure monolayers. EC50 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
2+

 transport across Caco-2 

monolayers. Passive Ca
2+ 

transport of control monolayers (A). Paracellular passive Ca
2+

 

transport under 20 (B), 40 (C), or 80 (D) mmol/l Ca
2+

 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 Mg
2+

 

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 
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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 Mg
2+

 absorption and Cld-7 and -12 expression. 

Representative time line for apical acidic meadia treatment (A). Passive Mg
2+

 transport (40 

mmol/l concentration gradient) of control and omeprazole-treated monolayers (B). %maximum 

passive Mg
2+

 transport – Mg
2+

 concentration curve at pH 7.4, 6.5, and 5.5 of control monolayers 

(C). EC50 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 Mg
2+

 absorption. Passive Mg
2+

 

transport (40 mmol/l concentration gradient) in varies apical pH of 200 (A) or 400 ng/ml 

omeprazole exposed monolayers (D). %maximum passive Mg
2+

 transport – Mg
2+

 concentration 

curve at pH 7.4, 6.5, and 5.5 of 200 (B) or 400 ng/ml omeprazole exposed monolayers (E). EC50 

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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