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The authors’ research focuses on polyuria, natriuresis, glucosuria, glycemia, and renal calcification in occupational

lead poisoning and endemic fluorosis. Changes in electrolyte mobilization and in glucose metabolism and transport fol-

lowing the administration of lead compounds or fluoride were examined to elucidate these mechanisms. The results sug-
gest fundamental approaches to the mechanism of aging and life style diseases. Our results show that: 1) Natriuresis and
polyuria in lead poisoning and fluorosis are due to a decrease in renal Na/K-ATPase activity; 2) Renal calcification in
fluorosis is due to stimulation of parathyroid function and activation of the renal phosphatidylinositol cascade; 3)

Glycemia in fluorosis is due to elevation of renal and hepatic glucose-6—phosphatase activities; 4) Glusosuria in fluorosis
is due to decreased renal Na/K-ATPase activity (but fluoride administered directly did not damage the renal Na/glucose
cotransporter (SGLT)); 5) Renal calcification in fluorosis is due to stimulation of parathyroid function; and 6) The
decrease in renal Na/K-ATPase and SGLT activities with aging and hypertension is due to a decrease in phosphorylation
activity by protein kinase C (PKC) etc. (decrease in PKC productivity with aging and hypertension) .
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FHEE L T8 Na/K-ATPase i PEOME R L, 6 K H
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Fig. 1. Responses of Renal K*-Dependent Phosphatase and
Na*, K*t-ATPase Activities to Various Doses of Lead

Rats were killed after long-term (12 weeks) ingestion of lead acetate (0—
200 mg Pb - kg !-day !). Enzyme activities are expressed as nmoles
product « (mg protein) ~!- min—!. Lead dose: mg Pb - kg ! - day !. The
values are average data from 6 rats; standard errors are indicated by bars.
Panel A: renal K *-dependent phosphatase activity (@) . Panel B: renal Na*,
K+*-ATPase activity (O). Significant difference from the respective control:
(*) p<0.02.
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Table 1. Contents f Calcium and Magnesium in Several Organs of Fluoride-Treated
Rats?
Calcium Magnesium
Organs
Normal Fluoride F/N Normal Fluoride F/N
Brain 34.79+3.32  25.05+3.51 0.72 98.74+10.07 86.89+8.99 0.88
Lung 39.20+5.01 61.15+7.01 1.56 145.6 £9.80 138.0£10.6 0.95
Spleen 18.49+£2.67 61.39+5.36  3.32 148.6 £8.50 173.6£14.2 1.17
Liver 12.17£0.96 7.79+1.60 0.64 200.9+10.4  248.0+19.0 1.23
Kidney  26.83+£4.21 283.7+43.5 14.3 193.2+15.6  287.9+26.3 1.49

a) The rats were killed 24 hr after a single ip dose of fluoride (NaF, 35 mg/kg body wt). Calcium and
magnesium contents are expressed as micrograms per gram of wet weight of tissues. Values represent

means + SE from six rats.
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PR AN DL R o B AR & 2 W IS R B 7 & A
5N TN 5. ¥ Gottlieb 5313 R & DN IR & HE
Mo ZBEL TWT, Taylor 539 % FEEED#E
REB/BTNVD, INHREBOEM, RILEOHREA K
C/KBI O I ERE & LD 72 WK IR O FEE
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Pase K OB EBEZIEEOK RN S HIAMATE I &
MTE 09 £/, REEKFEAF > & Na/K-

ATPase IEMEIC T T E B M L /2.
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ThHD, ZNHIE1,25(0H) - I > Dy &2
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FIVIZTIE 1Py Z /KR Ca-F v+ RV KD T ) 2 2%
BAK Ca—F v 2RI ETDIFEFEMHACHML H
5.4 BRI, TP 1E G (CEHED T 1YV 7
F+—5) KOFEARY)N—F C, DIEMAL & B L
TWa, EZAT, 1/ b=V UigEHEER
MEHINZDIE, E2FETHRSHEHEDO PKC O
FHICK D EZAMKE N, W Z O [E LD 7
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5272 Uto—)L (DG) A PKC &% T
L, IP; 2k Ca—F v %)L Z2filI L T Ca Z il
FINICERET 2 E NS HDTH S, 4

1-4-1. IV LEEE T vFE—T v RIIM
BRELEIIEAONDZEHHD. TNITIEED



512

Vol. 122 (2002)

TN A M EBEICT 08, TFZL—h
DI —EiEkETU#ET BV 2L, ISR AR
J)N—F C DIEHAE2 2 G EHEOEEEY In &
EWVWSEBREND D, 7RI in vitro B b B N
WS HREO WA, IEBER, S ha2 Ry
THHZNII T OV —=LREDHINT T DWINA
ZhnboTaEMGHELZHEET S, Ca-AT-
Pase I&MED Z ORI T2 W3 LI LTS —
cU -V EOBRIIEEILEINS. £k in
vivo IZB W TIE 7 v RITEIFIRIREERE 2 TTHE L,

INT MIVE> (PTH) O4ribzfel, Hh5O0 Ca
Ot ZREL, ih Caz LR IE5.3 20k
R, BETIZ Cait®, I72bbAKI (calcifica-
tion) AEZ B Z &I/ 50, HiE, K TIZiZE
A ERIRGITETT LN, 25 LB AIRIIE
BRI U =8 T3l <% (Table 2). 59
F2T7 R BEEGICX o TREZ5EMANND Ca2*
WAZ Ca-F v RIIVHER O 7 2 PEITLS T
MFEN2 2 &ms, 7y R EEITE > TEMBAN
D Ca-F ¥ I MENEZZIEZRLTWVWS. D In
vitro T D BRI T-BIE/Na~ D4 Ca BUAAIE 1 mM

NaF T 10% 2% ER L0, ZOBGARIETHIC
KLUTENIZEREVNWDD T RND /2.5 %
7z, ZOHUGAAD Ca—TF v X )VIHEHRTHIHI S 7z,
L, 7y RBREEROBEMIANAND Ca2t if
ANF 7y FO—KRIEMICLDAIREMEZRBL TW5
bDTHD., £27vHEHREITESRIEH, #lx
X PTH W TTEDRIRESE B TR > T\ D, FHE, #F
FO IR RIEREDTTIED ERO X D ITHEL T
W5, MINAD Cat AICKITT 7 v FOFE
IZDWTIE, Strnad 55713 b MMFHFERTOIER O
IN—Z b (burst) 287 v ZTIEMEMMS NS E
LTGERE (Ni) OIEMEENBEEL TS HD
EEZ, HHERO Cat MAICKIET 7 v EOEE
% NaF 5—18 mM DR E#i T Quin 2 2 W TH
NTW5., ZTOHEE, NaF 1mm 2L L THIEA Ca
MERTHZENRETIN, FAKRY/N—F C D
DOWREBINZ., 2O LEEHITGEHE (N)
NI AR )N—F C & D coupling factor && 2 5
NTHD,® FEEASYDOT7vRICKD GEHE
(N;) 7335KDa & 41KDa O 7 1= v bICfEEE
INDENSIHAIZE DN TN S,

Table 2. Effect of Thyroid-Parathyroidectomy on the Fluoride-Induced Increase in Renal and Hepatic Calcium of Rats
Control Fluoride-administered
Suppression Suppression
Kidney
Whole cells 1.26+0.04 1.26+0.04 — 60.21+3.97 23.07+3.98 63.09
(1) (1.00) (47.8) (18.3)
Nuclei and cell debris 0.26 £0.01 0.26+0.01 — 41.34+3.70 13.08 +3.20 68.8
(1) (1.00) (159) (50.3)
Mitochondria 0.27+0.01 0.26+0.01 3.7 7.89+0.86 3.37+0.15 59.24
(1) (0.96) (29.2) (12.5)
Microsomes 0.32+0.03 0.31+0.02 3.1 2.81+0.24 1.80£0.15 40.29
(1) (0.97) (8.78) (5.63)
Cytosol 0.41+0.03 0.43+0.04 — 8.17+£4.45 4.82+0.29 43.3
(1) (1.05) (19.9) (11.8)
Liver
Whole cells 0.51+0.02 0.52+0.05 — 0.77+0.11 0.57£0.02 80.5%
(1) (1.02) (1.51) (1.12)
Nuclei and cell debris 0.12+0.01 0.12+0.01 — 0.17£0.01 0.12+£0.01 100.0%
(1) (1.00) (1.42) (1.00)
Mitochondria 0.14+0.02 0.13+0.01 7.1 0.21+0.01 0.16+0.01 50.0
(1) (0.93) (1.43) (1.07)
Microsomes 0.13£0.01 0.15+0.02 15.4 0.21+0.02 0.15+0.01 100.0?
(1) (1.15) (1.62) (1.15)
Cytosol 0.12+0.01 0.12+0.01 — 0.19+0.02 0.14+0.01 74.49
(1) (1.00) (1.58) (1.17)

Calcium contents are expressed as micromoles/g fresh tissue. Values are averages obtained from 5 rats+S.E.
a) b) Denotes significant difference from respective controls (intact); @) p<0.01, b) p<0.05.
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L DI CIERICMEINTEZHDTH
. WHEMBERETIET v b oL Mk
(WRK1) ZHWT [PHl-myo 1 /> F—JLZED
AERT [PH]-PIP, 2RI B2, Ihzi
BHE LU Tinvitro T7v# (NaF) ZMATHAR
UN—FE CIEHITKTT 7 v EOEEE PH]-
IP;, [3H]-IP,, [*H]-IP O EEEZ MK T H T &I
KOFARENTND, TNITLD & 1P, [P, DAL
BRI 7y HRRMIEDZENETN4, 3.6 FICERL
ehy, IP OARBICIEZEE L2l TY
% . ¥ 7= NaF SmM Z/E F TP AlCL 12 & % 1P,
J O TP, AR DTN 10 uM TIEE RS &7 5. 5
v MZT7 v H#REHRG LRSS (invive), [*H]-PIP,
EHEELUZBEMEERZ R N—8 CIEMHIEHR
o1 K% TIIRBEOZNICHERPDR LR LD
DOEERBO TR, 7y HREGEE (1
Refd H) I B O Rl 78/ Na N~ D Ca?t i A
NEZICERL, O Ca2t AD ERIZ=Z T Y
EoZEoTMfleNZZ2E 3 EBDEBD TH
5.5 —F, %D X DI PKC & o FEFiZ
CAMP O R L 2% THIR I N, /=M
G Ca2t O NDIRAEMEMBEL Tk
(Fig. 2).%9 7z, FHSIE Ty MNE EEREEM
Pk (NRK-52E) ZHWT7 v HITLD Cat AL
IP;, IP, RIS G A 2 B %, Fi& I fura2 1T X
v, #%FZ LR Guillon 5 D HEDICTK DN,
CaX* Jii AD_EFITHITL TIP;, 1P, ERRDTLIEZ
BRI EMTE/ (Fig. 3). 6

1-5. Mgk &EEE#E FHHES5E, &iME
SEZ v b O —FETdh % Dahl £ EAZ M & 1T FAE
Zw b (DahlS v ) ZHWT, EIifEFEEN
IZZDHERITD W TEMEBRED 5 FFMICHRE T 2
ZEEL TORBE, mmERENNICZE DR
IS TIRPAD Mg HElEAEINT 2 2 &% B
U7z, B7aAIZ, DahlR (B TIXNKR, B
MBI % Mg Bk RIS DWW TOMmEN DL, Z
SULHEMoMEEED D L& L.

Gunther 53 5R i ERAY Na/Mg i5#iza LT 5
ZEERELTHD, Zhid Mgt & L=/l T
EHE eI, BRI Mg2T R Ezd5TE0S
HEDTHho/z. FEHLVIE, T v NEHk M
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Fig. 2. Effect of Fluoride Administration on Renal Protein
Kinase C Activity
Changes in the protein kinase C activity of kidney were determined at
various times after a single dose of fluoride (NaF 35 mg/kg, ip) of control
(NaCl 48.7 mg/kg, ip) . Values are averages obtained from 4 rats. Standard
errors are indicated by vertical bars. Asterisks indicate significant difference
from control (p<0.02).
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Fig. 3. Measurement of [Ca2*]; was described in Materials
and Methods

Cells were grown on cover slips and loaded with the Ca2* probe INDO
1-AM. Data show the effect of 10 mm sodium fluoride in the presence of ex-
tracellular Ca2* (A), or in the absence of extracellular Ca2* containing 500
uM EGTA (B). And then data show that the effect of 10 mm sodium fluoride
in the presence of 20 um nifedipine (C), or in the presence of 20 um ver-
apamil (D). These results are typical in total of four experiments.
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Fig. 4. Intracellular Free Mg2* Concentration ([Mg2*];) in
Mg2*-Loaded NRK-52E Cells

(A) The cells were cultured in normal medium. The bathing solution
was changed from Mg?*-loading solution to Mg?*-free solution in the ab-
sence (—) of presence (+) of neomycin (0.5 mm). (B) The cells were cul-
tured in 10 mm Mg2*-containing medium for 1-2 days. (C) The value of
[Mg2+]; was assessed before and 5 min after the change of bathing solution.
There indicated, the cells were exposed to the Mg2*-free solution containing
neomycin (0.5 mm) or gadolinium (1 mm). n=5-6. *p<{0.05, significantly
different from control. (D) The cells were pre-incubated with amiloride (0.1
mm), verapamil (50 um), of nicardipine (50 um) for 5 min. The bathing so-
Iution was changed to Mg?*-free solution in the absence (open bar) and
presence (closed bar) of neomycin. n=4-5.

Pk NRK-52E z ffiffid st Mg JRE % 0.8 mMm /n 5 15
mM |2 EFH X% & CaSR-mRNA @ L X)L 3K 2
BIZERITLHZZEEZRWH L, £lext~x 1>
THEBaINnsd Mgl iz oE > (50 um)
THZEINDMN, XTIV G0uMm) HBNWET
054K (50um) TIIHES RV (Fig. 4). %
O L7zfEHIT CaSR IFMIfES M2t BEZ £ =
7 —LTWT, #5< Na B EEME M2t #iik %D
EMHALZBIEREIL TS DHDEEKL /. Ebel
591331 > CLIRIE R TIE, Na JEEEM Mgt i
HIEa U > agfk 2 U 72 JEBIR R I L o T 7
bhWEdsZENRIN, NI3YTPTAL-3
(HC-3), RF¥—=I)VhUAFI7 >EZD LT O
<14 K (DoTMA) KUy >a=>7)bhoA RiZ
Lo TMeg it NHEFEINZEL TN S,

1-6. EBRERBLAEBRUME  Dahl &I
&2 < v k@ DahlS ® «alNa/K-ATPase j& {1
VRS2 PR v I RSB AR T C QRT6L ITRARERDOH S

ZEMNHBL TW5, % £/, Dahl 5 v b Tl 18-
OH-DOC S HEEICA RN H U, Z4I1L DahlR ©
11-deoxycorticosterone 7 5 18-OH-DOC & U cor-
ticosterone @ [ & & & ik 9 5 | & O P450cl11p
(11B-hydroxylase) B TFORAERIZLZ &N
CNETITHSMNITIES TN D, 60 R IEFIE &
Na ik & OBHEMENELS, FERFAL 1 HRE 8
H % ® Na/K-ATPase I& 112D W\ CTE O iz gh R Al
E, BE TR OREEGEOS R T O i &
FAWTLEL#EL, 42% & 23%,0% & 55%, 81% & 45
%THD, WTHIZBVWTHBBBRERL TV
%. ¥7/- Na/K-ATPase o- KU -7 12w kD
mRNA FEHIZTDWTHFEERICEN TN 52% & 22
%, 0% & 47% N 140% & 110% 12 EH L7z &N
TW5, 67)

s L7z v N ERE O KK Na/K-ATPase %
HIIHEDZNITHRTA%ITEK T LTV, £
RT3 — b THRERBERENESNIZEL TN
2.8 ZFES bahE (5 M), kR (25 Hi) K
Ofnfis (100 ##R) Z v hZ&EFW, Marin 56 & [F
BRIz nin = v BB O LR Na/K-ATPase {14
DIKTZEBHZE L. O FMmIcL> THEEAD
BERME T T 20T RS, BEEADY CMILAE
DX TFICKBDELZ. 9 EwMmE 30 » Hig) T v
N TIZRESDN, 7 > 7 HEM AN K O 3 ki
WmnA SN0, KAUTAMET v b (F333
XBNF (1)) IIMBOEENET v b 4 5 Alip)
WHLUTIE7IL RZXT0> (35%) X/~ ImiEkkE
E (40%) I FL7ZELTWS. 7 =L 7=
F v NBEE O FEJEE Na/K-ATPase 1 14 1356 HR D
EENE Ty b 4y Al IKHUTERTFLTWE
n, KAV T LMEET v b (F333XBNF (1)) T
B B O KR Na/K-ATPase 3G M3 BRI L
THEML ThWzEHmEL Tns,

2. WEEARBEO(CEETR

BEIZ = KEEZORNTEDO TRV F —E
A, TbHb ATP EAEICE D TROEERLHDT
5. fRER T ERHICM AL RESEL, A
ANEN A, K ORI DB EAN &
MMND ZEITRD, TO5LIENS, BEEOMRH
ORI EMOREFCE S THRARRTHD, £
D RIS EMEOEEMEMERFICE > TERETH
%, MPEOREIE, AR TRIVF -2 REMRET
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LIz DEEETH D, FEHE, b & O DRI/
HIICEZ Db Tnb.

2-1. GOP KREEROFURMICEKTZ2 7074
X F—+ CD%E  PKCI3HE & Itk he
fHizfT>THB0, RENREE DA S T AR
(down regulation, negative feedback control) 2%
BI5.LTWT, RITRIHIITZENTHS. v b
HE B s A 2 TPA THULEES 2 & st Cazt
FAE FICHUE R 2 U CTHMMLN Ca2t ORI #E
KINBNWI EMS, TPAIZKS PKC OEHEHI
TCaTvRIMHELBDEZEZSENTNSE I ER
ELERALENTNWS,

EHELWI T vERGICLE @O a—2-6
- > (G6P) /KMREEEFAIEMED EF DIEFEND
EEHIIZ PKC 23BN T WD E WS RFiZE7ZTT,
H-72 (PKC QR HEIAEFHR) =7 v FHKGER
WG LT, 7vHIZKD GOP KMEEEHETE N LA
@ PKC 12 & M1 RA H-7 QLI T & O FLE iR bR
INDMERNL.T TORES, H-7TUHETIIH 44
% DA BEIRMGIFERNBER I N, W79 (CaM
KEEF T —EOREMEER) LETITH 30%
MHRREI N2 OOEERENTIZ o7 Z
D L RIIIKFH 2 L H73 2D T, PKC 7% G6P
7K R B% 1% P D down regulator & U THEREL T W
HAREENER N 2R L .55 £/ CafkEE
7057 —+t (CANP) Oif{k EFIFBRI Nian
>/ M5, CANP I3 Z OBEEIG M D down
regulator Tl&7/xtr & L7z, 557

222, 7o REBARHEE HHOT U FE
TN S EON TV DE#MINE D DI, &HFRE
KOBIRETd 27, BN bdO &L T -
F, REHEINSREMNVFHEHTH S, EHS5IEM
PR ORBEDEIICER L, I HEERHHOMMN S
ZTOWBERND ZEE L. TORE, bR
HEEERT T v ERGICLVEE ERET2H DI,
72721 D G6P /K FZIEMETH > 7= (Fig. 5). 75780
ZOLERIZ, 7vHREEICLDZTVEIAFZDD
DIZE D 1V RIEATIRARL, 2RIEATHD Z &N
HHIX Nz, THLEZEND, TTHEEADE
fiCE2HDN, HHIWIBEEHDOHEMIIELSH
DOneREt Uk, TO/E, EEEFOERRD 1D
WG ROFRL NIV ER, DFOEREEAZTD
HODHEMIZIEDZENMHSNEIRS 279 £z,
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Fig. 5. Response of Hepatic and Renal Glucose—6—Phos-
phatase Activity to Fluoride Dose (A) and Changes in the
Enzyme Activity after the Fluoride Dose (B)

The rats were killed 3 hr after various fluoride doses as shown in A.
Changes in the enzyme activity were determined at various times after a sin-
gle fluoride injection (NaF, 35 mg/kg, i.p.). Standard errors are indicated
by vertical lines. Asterisks indicate significant difference from control (p<
0.02). @, Liver; A, Kidney.

ZO LRIZEIBRMEICE - T, BEEZEITIH N
205, HURER/@IFRIRFTHIC K > THERZEIL
BRINBN I ENS, BIBHEETEICEZSD
D& L7 (Table 3).777®

2-2-1. G-EHEL7vyF—7TvHKILRal 5
L7552 — b7 =Y OERIERTFD 1 D
WWEFH6NTND ZEDD 1-4-1. TRRICRNZ, #
BEold7vEREGLEZT Y FOBRBRK OB
2R O 2 AT ST, Ty BElEkE
W5 1 ’%ICENT N DN T cAMP JEE )
2RI BIC LR T EE2HRE L (Fig. 6).7
F-FOR, MiEH cAMP JEE13 10 {58 B2z %
TEEBRLE. IS0 cAMP BEO EFHIZ
G6P /KRB £iG 1 EH I T L THA, Zan
G6P /Kt HIE M LR DB E LI >TVnEHD
EHERLTNWD. ™ —F, JvENZETY T —
c 275 —ViEtzE ERIEINEEVHEAHTH
o/, LML IM2EIZTvHRIZKDTYTFZL—h
275 —BiEME LR Be2t 1n E DML F RN
XD IS ITEmEIN, BN TH AR DNEbHHRSY
ThHIENHEINLE. D E-CEHETHS
Ta & AP OFEERERXDTY > OIS ICE I L 72
ZERBLNIE & D T ENMEINT NS, 8
Blokzgl < ok, 7vHRREE (NaF) 71 5—10
MM UBETHLZOICHLTTIVIZTLRE
(AICL) 2510uM EfRNWZ ETHB. D JmnT v
RENBETS DML HANIC D 5 Ca /s EITHE
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Table 3.
tration

Effect of Adrenalectomy on Elevation of Renal and Hepatic Glucose-6-Phosphatase Activity Induced by Fluoride Adminis-

Liver

Kidney

Suppression by

Suppression by

Enzyme activity? Relat(h; value adrenalectomy Enzyme activity? Relatége value adrenalectomy
; % ; (%

Control (NaCl)

Intact 117.1£5.5 100 100.7+0.6 100 0

Adrenalectomized 113.3+£12.1 96.8 3.2 60.7+6.7 60.3 39.70
Fluoride (NaF)

Intact 497.4+16.8 425 0 300.3+13.7 298 0

Adrenalectomized 115.3+16.7 98.5 1019 46.0+1.2 45.7 1289

The animals were killed 3 hr after the administration of NaF (35 mg/kg, i.p.) or NaCl (48.7 mg/kg, i.p.) (control). Values are means obtained from 6 rats +
standard error. @) Enzyme activity is expressed as nanomoles of P; liberated per milligram of protein per minute. b) Significant suppression by adrenalectomy ( p

<0.02). ¢) Significant suppression by adrenalectomy ( p<0.005).
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HOURS AFTER ADMINISTRATION
Fig. 6. Changes in Cyclic AMP in Kidney and Serum after

Fluoride Administration
The rats were killed at various times after single large dose of fluoride
(NaF 35 mg/kg, ip) . Values are averages obtained from 4 rats + SE. Aster-
isks indicate significant difference from control (p<{0.02). @: Kidney, A:
Serum.

BIBIEICEDTHEINDEDTHAD. Tv
FE 1 REZICEMEERE SR G EREH IR
OERH GHRICHEAK 1.4 15) 2R, 5 6 KH
BTHMED 125 E<, BONTEFMIZED
EC®5% (Fig. 7).% —F, #MilEMO GEHE
7w FR GG E TERWICHENT 5.5 Z
HSLEEZESORRE, DF0DT7vHRICLD GEH
HOERE CAMPIEHIENEI<SHFELTWT, G
EHENY T2V — b0 5 —EROIESEA 2 GlH
LTNEENIFZEZRTHHDTHS. Y

4000+
E
a
e
> 3000}
= .
2
'—
2 .
()
=
Q R
Z 2000 }
@ : .
Q
e
(0]
@
1000}
S l 2 L L 1. I i 1
005 1 3 6
HOURS AFTER ADMINISTRATION
Fig. 7. Effect of Fluoride Administration on GTP-Binding

Protein in Plasma Membranes and Cytosol of Kidney
Changes in the protein in plasma membranes (A) and cytosol (@) of
kidney were determined at various times after a single large dose of fluoride
(NaF 35 mg/kg, ip) . Values are averages obtained from 4 rats + SE. Aster-
isks indicate significant difference from control (p<{0.02). O: Total GTP-
binding protein.
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2222, JoasA FF—ECIEHET v FE—
PKC MR S N/ 4y, ZOIEHREMEE L TR
ZHRUIN—F C DIEEALIZE Y PIP, 7n 6 EEEX 11
7ZDGITMAT, CappEELEEINTWEZ, £0D
%, HMErOT7AYV T+ —LWNDEIN, £z Ca%
MEELBWTAY 7+—LbFRAINZ. TvHE
BHIZX DB PKCIEHIZITTESI N, TOR&SMEIT
5 3 RR%RICHEHNA RO ER O 10 5126 2%
L, TO#%, PMNCEEL TW ZEMRIN
2.5 =0, Bkl r07 y —2 O Rk
PB3 72 ETCIRIERE ML < EFEIEL, WD A A
VF o T DRENFRT 2720 THAD E LIS
FEHBEOFIHD 1 DIZ/R> TS .2 25 1Lkl &
NS, BHENIZBWTHRARY )N— C OiEH
b2 PKCiEE EROBREREZETH-OTH, 605

DIEHAZEIITMIEE CaBERENNHEL TS
ZEbEBKEIN, FHE, EESETBEMEAND
Ca2t HAD ERZHRL TW5S.% Zh & PKCIE
PEOTTHENIEHEICEI<HEAL TWS, X7 v HER
BT X2 BHilE R PKC GO FTHEICDWT,
PKC IZH B HEAI O —FfED H-7 & Ca 1)L E
Fal kEETOTA O FF BRI RN HE
AD1DTHDW-TZEREZEZATA >FaN—
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Fig. 8.

2 a RIEMATNENOFEEZRN, WiEOHN
HEITH A 1000 f5LA BB FRIJICHIHI L 7z, 8389

2-3. WEORN /BRI & FEEAE NS
F % D-7)L 30— A BRI E Rz A L
TR 5 FE R A &R AR 1Tk S, /i
#HOREIZIE Nat (KD Nat /7)) 32— Z Skl %
f& (sodium dependent glucose cotransporter, SGLT)
7, BEDRIZIE Nat JEEFEVE D (R HENLHE 7))
d—A kT 2 AR—%— (facilitative glucose trans-
porter, GLUT) /4L, € DHiEZH> T,
B IRAE DRl T CEERRD T DB id Nat

DB K MR > TV a—RA1E 2K
H7SREENHA RICK DN ICEHE S NS, O
ERM, 8 WHWB SGLT ThH D, —F, LI
T B AICE D A £ N7z Na A F A3 MIE K
BEICTFAET 5 Na 7k > 72 K 0 Mm% fIC fEBh ik =
N, 73— A MFEERICHFET S GLUT Z2 7
LU T &N & 2Bk S5 (Fig. 8).

2-3-1. Na JEAK 77 1% Bl i 3% & GLUTs—— 2 )L
d—X, IV =R, TV rh—RIEEDOHEZ
kI HEERHME I I—ZA N T 2 AR—F —
(GLUTs) 1%, H1E GLUTI-12 O &k 12 FATH
INTNWD, BN TH GLUTAIE 1 > AU &2k
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Na* /Kt ATP ase
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Schematical Model of Transepithelial Glucose Transport in Proximal Tubule of Kidney
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Fig. 9. Dendrogram of a Multiple Alignment of the Mam-
malian and Drosophila Sugar Transporters

The Drosophila melanogaster proteins with the highest similarity to the
human GLUTI were identified with a BLASTP search, and an alignment was
performed with the CLUSTAL program (open gap cost 10, unit gap cost
10) . Numbers at the branches of the tree indicale percentage identity. GLUT
proteins represent the human isoforms. AAF codes, DM-GLUT1, DM-SUT1
and DM-SUT4 represent Drosophila proteins.

A TH BB, DEXOEMICAL Ty
T, TOMEMRNTNPRDBEALTNDE T AR—
& —THBS DHMANEWEINTNWDS., b
DT AR —FHMRBIEEN DD, FFEIS
45—55kD T, IXRTREKEE@EMET)I TH S
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@ﬁﬂ:ﬁ&iw&x BRI TR F -2 EET S
MOBETHHD, 5L ENSEH GLUT O
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, AR FA D, BT A KUOXRTF R K
7/XT H =GO REBRA—=IN—=T 73—
EBHRLTAWNT, Znsidndnd 12 b fEEEE
EFINOMEEAEL TS,

GLUTI-5 [ ZW N MBI EEL, B/
5 DRI T8I GLUTS 230/ L, & DA
FERRIAIC BRI T\W5.80 72, GLUT2 IE%
NZNOEERITELE L TV THE O BRI T
HELSREZHS TS, HERFZFOE NPT Y
rTIERBRMETOZ I I —AHFRINIEELERL
TWT, EHMERBEECS G, BRME TIX
GLUT2 OFEFENTFREIND L THD, (K

FED GLUT2 OMMZEZED TS, ZHUIhE Rk
NI AN DRHERL D 7)) 3 — 2 Hic &L > Tk
AITBHEMNMFHHENZZ LR, ZOREEEE
MPEE TIEREEBR S TNWSE I EERL TS, 8D
GLUT1 {378 Bk, MmAHAMBEM, LI HIE
L, AY>F7 LTI GLUTI A LML

Ty, BRMERZZHENICEEL TWTH
BI25G LM THH5EMNH0, TORED
MEIZODWTEELOYDd N5, GLUTI &
glucose-regulated proteins (GRPs) W#iZ X ML X
RRC EAT 2 EITEEL, £R2A L ARICH
AN Ca M EFHTHENWSHIAENS T4 & b i
B LLC-PK, ZHl\WT Ca 4/ 7 47 A23187 IZ
KD EBRMIZHIAAN Ca L H % X+, GLUTI-mR-
NA OFB ERANEHEKINT NS, GLUT3 3=
1—OVIELFMELTWSHDT, HEEMkz
W= s B TIXTEWMMIBR IR I N D 2 &R
HHNTWS, GLUTT I3 O /NafRIcEE L
TWa7A, GLUTS IZZALICKRMICHMAL Thb
ZEMASENTWT, GLUTLIZHT BFREOY—
1% 294% T&d 5. GLUTY9 |Z GLUTS 1T 44 % ,
GLUT1 {2 38% DREOY—2H 0, MlE, KV
OSBRI 0 A LT %, % GLUTI, GLUT3
& GLUT4 3 & #MmETH 5. — 4, GLUT2
(Km=17 mm) O GLUTS i3E#EHMMET, =hz
NOBIIETIE, b NTIERETHEIZHRAEKD 3g26.1-
q26.2 12, $BFEIT 1p362 1y T NTWS, 9 %
7= GLUTS 137 )V 7 b —ZA Lk Lz, 9

KT BB 5 K13 Na/ 7 )L O — Z gk & S
RaEN, TOMHA SGLT TH 5. SGLT T,
BIA4E £ TIZ SGLT1, SGLT2 & U* SGLT3 @ 3 %
DTA TH—=LDBHENTVWDS, ZOT7 I —
= al NRVIN ¥ 3 i (A MR 8 N AV O N
& — (SMIT1), Na ik FHEX 7 LA REF 2R
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BERZAEMIZTTIRL, RGERZR EDFERZAEMITHIA
AL, NafkEHo 7o) > RS0 AR—4 —
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Bk SGLTI1 I, 1987 4 Hediger 512K 0
O—Z=73NEHDYT, b T 664 fHD7 X
JBREMN 57255 T8 73kDa OEEME T, 4
EEZ N EEBEL TWS TR EEIN T
720008, BITE TR 14 [ E @I E 5L 03—
ZITANSGNTNDS.» Blg Tl S3 iz Ffns
T HHEE, D F OEALRME ORI kI BT
LU, TOEBFIGHMIIME TIINET, AE,
B/, KBRS N TWAEY, B SGLT-mRNA
DOFBUNIZ v FTIIBAHD 18 HBEIZIZU £ D,
ABRIHEETHEMNT S EWbN TN, %

B AHICE N SGLTI 37 0 —7 &L TUYF
SGLT1 Z T/ cDNA S+ 751 —7n 5 Bl
TN, FOBEETFIIRAR 22q13.1 ITHAAEN
TWa 9 SGLT1 3V I)IVa—R, IV =%
HEELUNa &) I—ADmELRN2: 1T, 7
VI — 2123 % Km {3 0.1—0.4 mM (Na*100
uM) T, EEAETERAEREOZ7IINI—A T X
R—F—OMEZRLTWS, £/, 70UP 2T
MSHZFEIN, KilZEWEICEIDELRD 0.01 um—
02mMT, ERTIZ02mM TH3.% F)Ld— R
NS RAR—F—EHAD, & AR TR Z T
L THRHEEESEKREBRT 2DMNHS N TN
J=. = Z T Loo 513 SGLT1 DBEDKIT R A1 >
Q457 % Cys FREICEMR L TO—%¥ 3 >-6-7 L o
AIRTININUTHARNEEMD Y > TRENS,
Q457C ZEHARITIHEWIEREZ A L TWd, AF >
FF 2NV HEF— FidETOT IV F LB TIIHEL
TLEDZEEFHALE. 207 INFIMERIGITIE
Nat 20 EEL, BT 70U P ICXDHEES
N, AEFHEMOBERICHEEOEMEBRL -2 &h
5, INS5OFAIITI R A=Y 3 2BAES
TV EfEwmL T3 (Fig. 10), 9

Bif, B b SGLT1 2 RBE 727 7 U Y AH
T)V (Xenopus laevis) YRR TI358 J7 78 K di i
EWHZEETZ2ZENFERIN, 0 Z 0L
Nat 2 /37, Z)3d—Z 1 5 FIZx LTk 210—
220 3 FIZHET 2 EWVWD FA AN b 5 7z, 100 Z
NIZDODWTIRERBERETH D a- AFIVLT I
d—2Z (aMG) 5mM Tid 12020 pLs—! cm~! T3
T HKIMA (Uw) ZPES7ZAAE D 800+ 10 nA O
Na@&Hz24EC, £-70U 2 &0 EEBEL
BiAY SGLT1 IZ 4% U Tk % 2 BB § 5 Z & AYAE

Fig. 10. An Alternative Access Model with 6 Conformational
States (1-6) that Accounts for the Transport Properties of
SGLT1

Cysteine residue (C) in Q457C SGLTI is indicated as being in 2 forms:
one accessible and another not accessible to external methanethiosulfonate
reagents.!!

BEINTW5S, fil, /MG SGLT1EHIZ Y IILF =
SNV T LTy (0.5um) 12X TILES 5D,
TIVREZTFOr (0.5um) TIERMOE{LDASNT
WERNWEDHHFIZEHKOH HH A TH S, 102

b, KBIAE/ & A E O #IEAR D SGLT2 kT
SGLT3 t hDOBETIESI/S2 i EHinskE, D
£ 0 AL RANE D b B o Rl 7 B BN R < FE
B9 5 SGLT i H I, INETHSNTWE
HOLIIMHEZERICT S EEME (~2mM) TH
BREDHDTSGLT2 &4 I /2. 19 SGLT2 1
7 797 AT TIVIRREIC K S HIHR TIEZD
A IE 1L 5 < 72 Y, pSGLT2 (B{fE, SGLT3
HMAERE) CFRSHEEZR > TWaS 2 EZ2H 50
LTS, 1™ Na &7V a—ZXDiwkiid 111
T, HI7 b=ZALU L)V a— 2139 28R
My, SGLT1 &idxf BAYIZ SGLT2-mRNA D ¥
BIIBAMO 17 HEICHED 19 HEIZHT THEMN
L, 0%, BAMI9HE &A1 HEOM TR
TT2ZENHMENTINS. % 2D SGLT2 #ifnT
IFHAAR 16p11.2 12— REINTWT, £hEZDE
HED/T&IL73KAd T, 73 /EE 43 SGLTI
E%DREODY —ZFF> TS, 19T,
SGLT2 Dl I DN TIZ W EZ RH R AN
L FELTNDI9DEH DD, SGLT2 1T D A4
BANTHEBL TR, BITB W TEBITEH OEIY
WWESDTRERBEENEZRZLTVWD NT 2 AR—
Y —ThdEMRINTRY, S1HHZHLITE
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ALRAE ICHBIL TW5,

SGLT3 13 ek pSGLT2 EIEEN TW/=H D AHE
E, ZMEEINZHDTH .19 pSGLT2 13 &
T IDIATLAATI BTV AR—F —
SAAT1 (Sodium dependent amino acid transpor-
ter) D ELTrO—Z 7 anin, KEMET IV
A=A RNTAR=F—=THDIENFMD, K
TpSGLT2 &AW SN, MELETIDOXRDITHIE
T/, 199 SGLT3 137 )L 3 — X D IR AL E
THD5aMGIZHTAHKmiZ2mM T, ZILdI—X
R LTI 6mMTHBN, HI77 h—RidiFEh
E@IWn, F7z, Nat [Zk9 % Kmid 10mM T
Na &)V a—ZAQ#@mElkN2:1THD, 70y
PUICHTAKIIFImMTHSL., INS5OHnE
&, TTICAMZNICHIAIN TWASZ)La—X k
52 AR—%—@ SGLT2 ODWEIZBI TN T, 19 =
@ SGLT3 B FIFHEIR 22p12.1-12.3 12— R &
NTWBEZENRIEHASNITHE> TS,
SGLT3 ®7 X /BB AL Z v b SGLTL Ik L T
8% DIREOD T —MHD, Twv bk SGLT2IZxfL T
1372272 60% DREDT— LR,

2-3-3. BEEEAORESIE ST T v F T —
GLUT4 13 A B ICFE L, @, Haw
DA A REZMET D N—= A MNICEES T
WaM, A 22U K DR RicBiT LTIV
O— ARG E B L, 122V >Nk &
GLUT4 i3 i IR NI B 1T U TR AT PR AV T
THEWDUBA 7 IVEBICROFABIINTY
% N0 2 Z DOBEERERIAMILTO GLUT4 & L =
SEDEDFTRNT Ty FOUMEHIN TN
20, WMEFEERNERE TITON TS Z L
BEMICHEHAINTWS. W ERE, ZONT T g
v F 27 % GLUT4 O/NMEND B v F 27121 syn-
taxin-4/Munc-18¢/VAMP2 8B 5 L T3 12 =
DEDICRT T4 vF 2T ICEDZ TR0 THA
DIERDCREBITHEASIN TE TS,

GLP-2 (I)VHT U ERTFR2) 2142 T a—
2 a9 LT RENMUCERRT—N—2a—
k&S 72 Na K EME D 7)) 3 — ZBLD A A HEINAS
BlEEZIN, DAY Ty T g 2TIcLD
SGLTI ® LR EHEL TWE Z EAERINTK
%, 1) £/, GLP-2 O#)FILE FEMNIZ Brefeldin A
% Wortmanin 2R 5 &7 0y 7 IN5B I &M

5, GLP-213 SGLT1 OMURLA 7 — )b 7 & hill 1B
NDOKRT T4 v F T EFETLHEHAZR > TV
ERRLTNVWS, EFESWE, YoFAFT22 >
ILIZ SGLT1 {IEHEMGEIHER OH S5 Z &2 HWHL,
NI T4 wF 2T OB BT down regulation
WS L TWES LWIZ ENHSENTRDDDH S,

2-3-4. BEEER & BE K OV s —H PR v R
DHERIE T v N TIRB LA R O GLUT2 A%
FHLTWD ZEMNHmE SN TNV S, 8 Fanconi-
Bickel JEfRHE TIE, EELBIRMEKERELL S
WEFF OB A EEZENRM SR> THD, Z
N DEBEHEEZAT 5 3 5% Tld GLUT2 (T P417L
DZERBENDH D, ZN&EDOMHEAMENIH S MiTko
TWwa, 19 —7% ZDF FERER Z v s ORE B #H Al
TO GLUT2 FEBUIHERIHE D B MR A% e pE F FiE D
BXICHE L, 2D ZDF v NMZL T F 22/ iK%
WREFEHSE 2 & GLUT2, ZIVdFF—E/ROT
O —ZFNEA > 2D 2okl EiE S 5, 10 B i
@ GLUT2 KO 7))y aFF—i3 7 )b a2 — ZfilE A1
DAY CERETL S F U BEZETH S0, ZDF
Zv MIVT T URBERELRTOBEEETL T T
CIREKENETH B, ODFED, TOIEMNZDF T
N OBERFBFIEDIIK E /2> TN D,

SGLT M54 5 %EEE LTI, /NETORERME
HS7 h—=Z « 7))V T —ARNARZIENH D
SGLT1 BEICX DB ER I IN D T EnMEIN
T3 1 Z3UINBICBTZH 7 b—A KD
TNIA—ADHNEEIILDZHDTHS. —H,
SGLT1 O #EFEESEALIEL C KiANY w7 ZADWH
% Cs (407-664) IZIFTEL, 77U Y AHTIVEN
Mfific B S5 &)V a—ADa1ZRh—~ &L
TORBAMZERT ZENASNT WD, LRKEHTZ
Jh—=Z ) A—AWNALIEZ B DEHF T
Q45TR I ERERDH D Z ENHLMIZINTH
0,19 BRI, TOBEEBETEZEICHHEIL> TS,
FHHSNZ, BEEZMESMERIES v kO Dahl
vk (DS) TEHEEERICEDE SGLTI Ot
U2 BB ISMERE S 15 DIk L TE Na/
K-ATPase Ti3F O > U VEBALKISAHIH SN 5
ZEEAHLULTWS, LML S, SGLT2 IZH
U CTIREBEEEERERBENOEGII RSN TN
220800, BUE, TOFIEHMEZ SO TRIAR
N, FH 51913 SGLT2 OF /R 3 MDY~
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Fig. 11. Hydrophobicity Plots of Rat SGLT2 Isoforms

YA TEFEE LU (Fig. 11) 2, 25l 0%
i DR KRB, e D H 5.

Armoni 52V A5G MG D HLEEED 3-0- A F )b
7V a— AL E NI K> TREE 2T,
F 7= FNTMNEET GLUT O L RV 8% 213 1z
WZEEMHBEL TWE, LhLA 2R > TiEHEL
INBHTI)Na—-AfmEiEmELl =y & (18 » A

) TIZ60%ETFLTWA, > 2 >3 GLUT
OREBEADNT 207 — 3 > &2 EET 21EH
BZEOTWT, 122U 2K 0 GLUT BAETEIE
WX 6fEICETENSD, ZOHRIEIHIET v B
(1.5 » H#m) 1T U T = v kTl 40% £ Tk
HSLTWEELTWS, Ty hO TV b— Ak
K (GLUTS) WBRAMOBICEERNSN, i
@7V b—ZABTHET 5 L RAMICHEIN
HBE P EIINI—-ABTHELERANDO T v
~TI¥, GLUTS-mRNA FEHITEIZHMMED L3
/4T B, ZTOEIITITFEFEAEHBL R
W, ¥7NVI F—XATHELELEITE,
GLUTS5-mRNA BT M E D FEH Z v Ta

WZ2—3fFIchkdEL TWS, Ko # /i
GLUTI1 O3 AR DWW TR E TIIE(MIZAERT
o720, R S>SAMPS > Z 7 L1 B — ke
> = v bOJETHEA L. —F, #BETIX
SHRES I > A7 LA B — kG >MMW(E%
fE) Tv MDOIETHERBA A ZRLEZELTW
% 123)

EbHYIC

EIRE M OWEE Ok & RBHTDNWT, REHN
DOHEIE S F5 @R RO/ I AEIFREICED D O
HENDDODRMNS, HIRICEE L hhEs 7 v
FIEZ ISR, RO EELT.
ﬁﬂ% W38T o ARG/ RIET S TN, £k

v FEEMEMAET DT IV 2T LEE TGN
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