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Patients with lifestyle-related diseases such as hypertension, diabetes, and hyperlipidemia are at high risk for the
pathogenesis of a life-threatening atherosclerotic disease. The elucidation of the mechanism responsible for the patho-
genesis can bring about the prevention and the cure of lifestyle-related diseases. We think that abnormal transport of
electrolytes in renal tubule is involved in lifestyle-related diseases and renal failure. This review focuses on the regulatory
mechanisms of Mg2* transport pathways in renal tubular cells. Mg2* filtrated by glomeruli is reabsorbed by transcellular
and paracellular pathways in renal epithelial cells. Transient receptor potential melastatin 6 (TRPM6) channel is ex-
pressed in the apical membrane and involved in the reabsorption of Mg?™. Cyclosporine A decreased TRPM6 expression
and Mg?" influx, suggesting that the decrease in TRPM6 expression may cause hypomagnesemia. Claudin-16 is ex-
pressed in the tight junction (TJ) of the thick ascending limb of Henle and may be involved in the paracellular Mg?™*
transport. We found that the phosphorylation of claudin-16 is necessary for its localization on the TJ and claudin-16 is
de-phosphorylated in Dahl salt-sensitive (DS) hypertensive rats. In epidemiologic studies, magnesium is the correlate of
both systolic and diastolic blood pressure. Dysfunction of claudin-16 may be involved in the salt-sensitive hypertension.
Dysfunction of Mg?™ reabsorption in renal tubule may be involved in renal failure and lifestyle-related diseases.
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Fig. 1. Magnesium Reabsorption Pathways in Renal Tubule
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The renal Mg2* filtrated in the glomeruli is reabsorbed by the paracellular pathway in the thick ascending limb of Henle (TAL) and by the transcellular path-
way in the distal convoluted tubule (DCT). In the TAL, claudin-16 is distributed in the tight junction and makes a Mg2*-permeable pore. In the DCT, TRPMG6 is
colocalized with NCCT in the apical membrane. After Mg2* influx viea TRPM6, Mg2* is extruded by presumably Na*/Mg2*-exchanger and Mg2*-ATPase.
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Fig. 2. NaT'-dependent and Independent Mg2* Efflux in
NRK-52E Cells
(A) Typical traces of [Mg2*]; change in NRK—52E cells. The cells were
perfused with Mg2*-containing solution (+Mg), and then with Mg2*-free
solution (—Mg) in the presence and absence of Na*. (B) The change in
[Mg,,]; with time was estimated in the first 200 s following perfusion of
Mg?*-free solution in the presence and absence of Na*. **p<{0.01 vs. +Na.
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Fig. 3. Inhibition of Ca?*" Transport by Excess Mg?* in the Claudin-16-expresing MDCK Cells

(A) Mock (open columns) and wild-type claudin-16 (closed columns) expressing cells were cultured on transwell inserts. Ca2* was added to the apical com-
partment, and then basal compartment was collected after 60-min. The concentration of MgCl, was changed from 0 to 10 mM in the solution of the apical compart-
ment. CaCl, concentration was invariable at 1 mM. (B) Ca2* was added to the basal compartment, and then the apical compartment was collected after 60-min.
The concentration of MgCl, was changed from 0 to 10 mM in the solution of the basal compartment. **p<(0.01 vs. mock cells. NSp>>0.05 vs. mock cells.
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Fig. 4. Increase of Transepithelial Ca?* Transport by Positive Electric Potential Gradient

Mock (closed circles) and wild-type claudin-16 (open circles) expressing cells were cultured on transwell inserts. The filter rings were detached and mounted in
the Ussing chambers. The transepithelial voltage was clamped at —10, 0, or +10 mV. The solution containing +Ca2* was added to apical (A) or basal (B) com-
partments, and then the contralateral compartment was collected after 30-min. *p<{0.05 and **p<{0.01 vs. mock cells.
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Fig. 5. Decrease in TRPM6 Expression by CsA in NRK-52E
Cells

NRK-52E cells were incubated with CsA for 24 h at the indicated con-
centration. (A) After the isolation of total RNA from the cells, semi-quan-
titative RT-PCR was performed using specific primers for TRPM6 and
TRPM7. (B) Cytoplasmic lysates (60 ug) were immunoblotted with anti-
TRPM6, TRPM7, or actin antibody. (C) The band densities of Western
blotting were quantified with Doc-It LS image analysis software, and then ex-
pressed relative to the value at 0 uM. Closed and open columns show
TRPM6 and TRPM?7 expression, respectively. Actin served as an internal
control for normalization purposes.

Table 1. Effect of TRPM6 siRNA on the Cell Cycle

G0/G1 S G2/M

Mock 34.8+0 35.9+0.6 31.7%+1.1
EGF 32.1+£0.4% 39.8+£0.1%* 28.8+0.3%*
TRPM6 siRNA 38.7£0.2 333+04 31.0+0.6
EGF+TRPM6 siRNA 40.14+1.5N8 31.7+£0.6N 31.74+0.5N8

After being cultured in media containing 0.5% fetal calf serum for 36 h,
cells were transfected with TRPM6 siRNA. Mock transfection was used as
a negative control. After 24 h of transfection, cells were cultured in media
containing 5% fetal calf serum in the absence and presence of 10 ng/ml
EGF for 24 h. * p<{0.05 and ** p<{0.01 vs. Mock. NS p>>0.05 vs. TRPM6
siRNA alone.

BER, MlENbS 71 vF 27, FyRIDTAD
EFEIEH & o Te AR R B D LA 5 28I
2o T&E. TR LWEKRESY —5y ML
TR ORI D 2DITIE, RADI TR T L
WA R DFEARZ MR T 5 & EHIT, FRK O i
Mz R T 2 END 5.

HEE AL, BERIR AR R
FEER O ERERD TRITEFHE BN TTON
bDTHD, THRERDTHRE, THiEEZHD X
Ut R L B2, —mERB LB ERITIRRE T2
LPHEERLET. £k, BELIHECIHEZ
HEX LB 80, SARIIEER, HHY
Wi Z IR, TORTICEREIHHZTRENHE
DERRICIR S W L KT

REFERENCES

1) Simon D. B., Karet F. E., Hamdan J. M.,
DiPietro A., Sanjad S. A., Lifton R. P., Nat.
Genet., 13, 183-188 (1996).

2) Simon D. B., Nelson-Williams C., Bia M. J.,
Ellison D., Karet F. E., Molina A. M., Vaara
I., Iwata F., Cushner H. M., Koolen M.,
Gainza F. J., Gitleman H. J., Lifton R. P.,
Nat. Genet., 12, 24-30 (1996) .

3) Kanai Y., Lee W. S., You G., Brown D.,
Hediger M. A., J. Clin. Invest., 93, 397-404
(1994) .

4) Lee W. S., Wells R. G., Sabbag R. V., Mo-
handas T. K., Hediger M. A., J. Clin. Invest.,
91, 1959-1963 (1993).

5) Rotin D., Schild L., Curr. Drug Targets, 9,
709-716 (2008).

6) Flatman P. W., Curr. Opin. Nephrol. Hyper-
tens., 17, 186-192 (2008) .



No. 9 1031
7) Sontia B., Touyz R. M., Pathophysiology, 14, K., Hayashi H., Suzuki Y., Degawa M., Miwa
205-211 (2007). M., J. Cell Sci., 119, 1781-1789 (2006) .

8) Quamme G. A., de Rouffignac C., Front. 24) Ikari A., Ito M., Okude C., Sawada H., Hara-
Biosci., 5, D694-D711 (2000) . da H., Degawa M., Sakai H., Takahashi T.,

9) Ikari A., Nakajima K., Taki S., Suketa Y., Sugatani J., Miwa M., J. Cell. Physiol., 214,
Eur. J. Pharmacol., 451, 133-139 (2002). 221-229 (2008).

10) Ikari A., Nakajima K., Kawano K., Suketa 25) Ikari A., Matsumoto S., Harada H., Takagi
Y., Biochem. Biophys. Res. Commun., 287, K., Degawa M., Takahashi T., Sugatani J.,
671-674 (2001). Miwa M., J. Physiol. Sci., 56, 379-383

11) Ikari A., Nakajima K., Suketa Y., Harada H., (2006) .

Takagi K., Jpn. J. Physiol., 54, 415-419 26) lkari A., Okude C., Sawada H., Sasaki Y.,
(2004) . Yamazaki Y., Sugatani J., Degawa M., Miwa

12) Ikari A., Nakajima K., Suketa Y., Harada H., M., Biochim. Biophys. Acta, 1778, 283-290
Takagi K., Biochim. Biophys. Acta, 1618, 1-7 (2008) .

(2003) . 27) DailL. J., Ritchie G., Kerstan D., Kang H. S.,

13) Dahl L. K., Heine M., Tassinari L., Nature, Cole D. E., Quamme G. A., Physiol. Rev., 81,
194, 480-482 (1962). 51-84 (2001).

14) Ikari A., Kano T., Suketa Y., Biochem. 28) Schlingmann K. P., Weber S., Peters M., Nej-
Biophys. Res. Commun., 294, 710-713 sum L. N., Vitzthum H., Klingel K., Kratz M.,
(2002) . Haddad E., Ristoff E., Dinour D., Syrrou M.,

15) Di Stefano A., Roinel N., de Rouffignac C., Nielsen S., Sassen M., Waldegger S., Seyberth
Wittner M., Ren. Physiol. Biochem., 16, 157— H. W., Konrad M., Nat. Genet., 31, 166—-170
166 (1993). (2002) .

16) Monnens L., Starremans P., Bindels R., 29) Walder R. Y., Landau D., Meyer P., Shalev
Nephrol. Dial. Transplant, 15, 568-571 H., Tsolia M., Borochowitz Z., Boettger M.
(2000) . B., Beck G. E., Englehardt R. K., Carmi R.,

17) Simon D. B., Lu Y., Choate K. A., Velazquez Sheffield V. C., Nat. Genet., 31, 171-174
H., Al-Sabban E., Praga M., Casari G., Bet- (2002) .
tinelli A., Colussi G., Rodriguez-Soriano J., 30) Nadler M. J., Hermosura M. C., Inabe K.,
McCredie D., Milford D., Sanjad S., Lifton Perraud A. L., Zhu Q., Stokes A. J., Kurosaki
R. P., Science, 285, 103-106 (1999) . T., Kinet J. P., Penner R., Scharenberg A.

18) Weber S., Schneider L., Peters M., Misselwitz M., Fleig A., Nature, 411, 590-595 (2001).
J., Ronnefarth G., Boswald M., Bonzel K. E., 31) Groenestege W. M., Hoenderop J. G., van
Seeman T., Sulakova T., Kuwertz-Broking E., den Heuvel L., Knoers N., Bindels R. J., J.
Gregoric A., Palcoux J. B., Tasic V., Manz Am. Soc. Nephrol., 17, 1035-1043 (2006) .
F., Schirer K., Seyberth H. W., Konrad M., 32) Groenestege W. M., Thébault S., van der
J. Am. Soc. Nephrol., 12, 1872-1881 (2001). Wijst J., van den Berg D., Janssen R., Tejpar

19) Tajima T., Nakae J., Fujieda K., Pediatr. S., van den Heuvel L. P., van Cutsem E.,
Nephrol., 18, 1280-1282 (2003). Hoenderop J. G., Knoers N. V., Bindels R. J.,

20) Ikari A., Hirai N., Shiroma M., Harada H., J. Clin. Invest., 117, 2260-2267 (2007).
Sakai H., Hayashi H., Suzuki Y., Degawa M., 33) Thébault S., Cao G., Venselaar H., Xi Q.,
Takagi K., J. Biol. Chem., 279, 54826-54832 Bindels R. J., Hoenderop J. G., J. Biol.
(2004) . Chem., 283, 19999-20007 (2008) .

21) Kausalya P. J., Amasheh S., Giinzel D., 34) IkariA., Okude C., Sawada H., Yamazaki Y.,
Wurps H., Miiller D., Fromm M., Hunziker Sugatani J., Miwa M., Biochem. Biophys.
W., J. Clin. Invest., 116, 878-891 (2006) . Res. Commun., 369, 1129-1133 (2008) .

22) Hou J., Paul D. L., Goodenough D. A., J. 35) Ikari A., Okude C., Sawada H., Takahashi
Cell Sci., 118, 5109-5118 (2005) . T., Sugatani J., Miwa M., Naunyn Schmiede-

23) Ikari A., Matsumoto S., Harada H., Takagi bergs Arch. Pharmacol., 377, 333-343 (2008) .



