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¥ o HIR-v 077 - VROEL DM T A ba S ik THIIEN TS, F72, Na, K-ATPase?®
178-TA TV =) (E2) OFENTH 5 HEMA, e M CRIBINTWS,. KifZEIX, v~7 077 — Tk
RAW264.7#lla > Na, K-ATPaselZxt 3 2E20EH 2 G134 2 & % BIZAT > 72, RAW264. 740l & E2TAULH 5
% &, Na, K-ATPaself 1%, Mgk OGPRIOZEME T A3 2 HNEEAL L, BN A by v 2%k (ER) %4t
2 HBIIEMEAL & v ) TR Z L 2R L7z, GPR30ICBWTE2E FEHI$ 5G1512 X 1), E22 & ANa, K-ATPase
OMEEMALIZE S L2, —J7, fulvestrant # IV TERZ 4/ L 72E201FH % &4 % &, fulvestrant® JH =K

B2 Na, K-ATPaself D BRUNEHAL 230 L7z, $72, B2 RN &85 &, Na K-ATPase® ql- 7212
v FOTyr-10CD Y VBLASTHE SN, Na, K-ATPase®Na®™ IZk$ 2 MM L 72, 25 08EHIE, E21C
X BRAW264.7HIH8DNa, K-ATPase DHFIENZ2DDEZ 5 3 7 F WRERBPE G+ 5 2 & 2 RET 5

F—"7— K :NaK-ATPase, ¥7 07 7 —JERAW264.7#fd, 174-= A } T T4 — )b, GPR3OZHEME, #N

ES QTP 220

i

il

Na,K-ATPaselZ Mg ONa*™ & Mg/t oK % 544 5
REGEIIOA~NTF O KRy 7THLH F721=v bak f
PO EN, NEDH Ty MWL 2HhDT A
V74— ADEAET 21 ?. NaK-ATPasel il ONa* &
KYIRE ORI CERE 2 2 £7- L, Mias & Bk
AL DOMERF B S- L T 5. filif2 381) A Na, K-ATPase
R OBEE L2 EEO—2F, 7u74 v FF -+
& %ANa, K-ATPase®D ) Y ffbThHh 5. 7u74 v FF—
¥A (PKA)X 7H 7 1 » %+ —¥C (PKC)% 4 L 7zNa,
K-ATPasea % 7 2.= > b D) Y RALIE, Ml CReAIZEE
g S W A EBENa, K-ATPase ®DPKAIZ X 2 1)
VEALIEFDOIERE RIS A, 7 ¥ EBENa, K-ATPase
DEHIEPKAICE ) Y ELEZ 2T CHZBLL WY [
B2, a¥ 7229 NOPKCIZX 2 YRALIZIGA L T,
Na, K-ATPaseifitEidlit s iz 5", HESh Y %
ZVIRZEIL WY, ¢ 1% 7= v b oM ENH2 K 5
IZIE22DPKCIZ & 5 Y ERALIBALAFAIEL, Zhbid
Ser-16"” ¥ Ser-23” Td o7z, F 72, TyrlOil B1F 5 Na,
K-ATPasea 1% 72=v b ¥ BAbH % S .

£ A BERERTI IGFD Y % L iR R T (EGF)
ZHEAEEEOCZHRERFOL v FF—BOIFHALIIISE L7
Na, K-ATPasel o NiE — o sh sy,
Tyr100) Y BALICIKES 5 2 L hsRe s h s,

THARVEYTHDITB-ZANTVF—IV(E2) X, %
AL, 5 W, A TEAT B O B % E 5 72 T ¢ Y
OB, = 2 — 1 > OJRE, ¥ F 7 AT IS T 2
TA N, T AR EIET ) LR E NS 20D
R LB TEOMREFEHT L EPMOENTWE. 7
J AR, B2 R BT AR RETH D,
E2ZZDBNZHE AR THHERa /2IEERBICSHEET 5.
E2/EREEAHRIE, BEHW#EEfFOToE— 4 —#HlllH 5 T
AbtarUpaETL XY (ERE) ICRET LI EI2ED
FEDOBIETHBZ Ty 7L Fa L - E2R3 sy LF
2L— 29 —fEI9IZ, E203 2 ORI X 5 TRIET
ARG T 2 OIEIERA»SBOLEE T4, E203E
77 MTERIE, IO CHE S NS, Sk OWZE T,
E2)53 7 F VBRI DALY 24 4 > F v 2P 2
L oM EFEHS L A L CTERT 5 2 AN S
Twhb., 0L RHERIE, FEHNERae, ERfxL72H
WMERE2Y 7 F IWVRETIRHATE 2w, b oIS

)T 060-8586 ALWEATILIXIL135:74 7 T H
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IAMOTF AN LD R S o2H RN H~ 707 7 — VMlao
Na, K-ATPaself A

J AEIEROMREL, = A bas r iR EE TGy o8
7 B2 AR CTH HCGPRIOEMEAEA L, Mg 7
TN ERBICHFET LI L THLEENL.

GPR30IZ, FIZHERTZAEMKICEET »MEN 7+
IARER S OIFE BB L 2 - LT, E20 4 Fsh i %
5B+ 2", GPRIOCHST 2 &, B2 L RERT%%
& (EGFR) ZiGMAL L, Z1iZ#Hiv CTERKL/2ANE AL &
Nz, F7:. GPR3OEMFEMENTF (NGF) & Bcl-2%
Ty FLFaL— LN IO s VY AR %
T+ 2% GPRIODEEREIE, ZOEIRWY F o FTh b
GlaAWCTRICHgE S NCB 0™, Mt & BT
B45-3 % GPR30D A& 1 h5He a7 & 722

PIREBO T A MOy VEREOKT I, BHERE, sk
FEVERHE, MAFREZ M7 LD O OE MR B ORI &
ML TRy, HE-~707 7 — YR MIBOEEILOM
ARSI NS, T A ar id, ZoREOE L O
y A T D5k, B, FEREER EEEN D B\ IR I
LCTwa, KFFETIE, ~27 1077 — JHRAW 2647401
I2B1F 5 Na, K-ATPasei& 253 2 E20 /R & 2045
e & tat L7z,

M & HE

1. BE B LUHE

DasatinibitSelleck Chemicalstl: (Houston, TX), G118
L O°G151EMerck#t: (Darmstadt, Germany), E2&
fulvestrantiZSigma- Aldrichf: (St. Louis, MO), #TGPR30
ik i Abcam ple. (Cambridge, UK), $itNa, K-ATPase al
7=y MEIZEMD Millipore Corp. , #itNa,
K-ATPase f14% 7= v MtfkiZAviva Systems Biology
Corp. (San Diego, CA), phospho-Na, K-ATPase a1 (Tyrl0)
PifkixCell Signaling2 H8EA L7z, O i S 13 )
& B VIFEAFH R A L 72,

2. fHpatEE

RAW 2647 F~ 2717 7 — VkMAzix, 10 % FBSH
U050 ug /mL A F<A LU ERIMLE Y VR Y 2254
— 7V (DMEM) % v, 37°C, M5 % COfFAE T
THER L2, 210 cm®D 7 1 v ¥ 2 IR L, 24R5H

ek 87z 20k, ¥k, GLEGISOFTE T /IFHFIET T,

WY 2R EEOE2% & G 2 B M2 scif L7z,

3. 9 XE>JAOvTF4a Y
FonNsB AL —=rH72010ug) #10% 7 ¥ Vhinkk

FErVYLA-RYTZYNT IRV ETEIIKS)

(SDS-PAGE) I2 & V) 478 L, transfer buffer (25 mM

tris-HCl, 192 mM 277V ¥ >, 20% A%/ —), pH83) i,

108 mATIVF = F ot )b — AfE|CEES L7, RIS, fE

ZTBS (25 mM tris-Cl, 150 mM NaCl, 01% Tween 20, pH 75)
T2[##H L, ImmunoBlock® (DS Pharma Biomedical
Co., Ltd, Osaka, Japan) # il L T60 M= T7 1 v ¥
Y7 L7z, 8512, Na K-ATPase al $721% pl1 %72
= b, phospho-Na, K-ATPase al %7 2=y I (Tyrl0),
GPR30 DM itk & 4 TT—M A v F 2 —
Ta v L F0k BATBST T3, il C155 Mk L,
Can Get Signal® (Toyobo Co., Ltd., Osaka, Japan) P4
FET AV F Dy — PR REUE & VT — kg
2R TO0 MM L7z, #E L2 ZW$ufkiE, TBS-TH,
FimT3m, ARG Y L2, mikfbast (ECL)
Wb L7z,

4. NaK-ATPaseiEMilE

WA EY R — bk 30ul) %, 220 ulD S (ATPR
IO IAHLEE X L C160 mM NaCl, 16 mM KCl, 5 mM
MgCl,, 25 mM tris-HCl, pH 7.4) 2z 72. 1 mM®
ouabain% 7ML T & Ml % & 114 {51 % ouabainJE &<
ATPaselfitb L L, Ny 2 75 v FE LTl 52 LTI
W 72 37 C 50 ul DATP-trisiA i (% #ATPIE 5 mM)
AMACRISZ B L, 305#12300 1l ©12% SDSZ il 2
TR ZEI Lz KGO RE U8 v %
Chiffleti:® 12 & Vg LY. ¥ _COPEIEA—DS
PRZDO & 3RTOITo 72,

] R

~ 7077 — IR B A Na, K-ATPasel& 1,
FUNRZEFEBBLOFOY ) VIBLICRT AE20 5
G T 3L S & AT L 72, RAW 26478108 (Fig. 1A) &
J7743f (Fig. 1B) #E2 (107" -107° M) f7-4E F ¢ 1R )
WML720%, Na K-ATPaseliExllE L7z, Thhon~
717 7 — VKM OE2FHENa, K-ATPaself EITE20 %
IR L THEINL 206, S 5IZEEETIZED L.
MM RE & &, E2REHNI0MTIRAMEZ /2R L, 10°MT
1%, control& [FFEE F TILT L 7. Na K-ATPase? 7
=y DY T HE L Tyr-100) YERALL v,
DAL & FRRICE20 2 | AKAF L 723838 % 7R L 72 (Fig. 10).

GPR30IZ, E212I8& T 597 20D B\ Ididlize > 7
T MEEREOEALICHEEG T &5, 22T, X7
07 7 — VAR TH HMCF-7, RAW 264.7 5 U] 7744
JaAGPR30% 583 L T\ 5 % -7z, HUGPR30YLE %
W AF T ay T4 kD, IS ofiiaic
GPR3OVMFAET 5 2 LAVR E N7z (Fig 2A). E212 & 5 Na,
K-ATPase® G R TG AL 12 /9 5 GPR30D 5 & % BH & 7>
12§ 572002, 10°M E212 & 5 Na, K-ATPaseifi b2 xf
T 2 BIRAIGPRIOFETLHE T H 5 GI5OMEH % #i~72. G151,
E212 & % Na, K-ATPaseiiith O _E 5% AR AOZ B0 L,
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Fig. 1 Effects of 17B-estradiol on the Na, K-ATPase of
macrophage-like cells.

The macrophage-like cells (A) RAW 264.7 cells and (B) J774
cells were cultured for 1 hour in the presence of the indicated
concentrations of 17B-estradiol and Na, K-ATPase activity was
then assayed. (C) The protein expression of the Na, K-ATPase
a1l and f 1 subunits, and Tyr-10 phosphorylation of the a1
subunit of RAW 264.7 cells were examined by western blot
analysis. Data are shown as means = SE. (n = 3) ("p < 0.05,
“p < 0.01 versus control) in (A) and (B).

10 MTIXFE£ ¥l L 72 (Fig. 2B). ¥ 7z, Fig 2CIZRT
X912, GISIZEEKFINICE2IC X A Na, K-ATPase a 19
TazZy boFal ) YELEAT &4, Na, K-ATPase
alBLUOBIY 7=y FOEHLET S HEZ., Zhbo
ML, B S N-E20/ERGPRI0% A L7AAERTH 5
ZEERIRELT

RAW 264. 71§72 3B\ TNa, K-ATPase % #1255 1L
T HE2O/EHAGPR30%E M9 5 2 L AR T 2 72912,
GPRIOZEIRMIEMIETH HGLORE % 7. Fig 3AIC
R L2, RAW 264.7/118 2 GI TR L3 2 & 12
JEAKAEVEIC NG, K-ATPasel&thAs LA L7z, £72, GlLiZ
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Fig. 2 The GPR30 antagonist G15 inhibited estrogen-
upregulation of Na, K-ATPase activity.

Macrophage-like cells, MCF-7, RAW 264.7 and ]J774 were
treated with 109 M 17B-estradiol and the expression of the
GPR30 protein was assessed by western blotting (A). RAW
264.7 cells were treated with 109 M 17B-estradiol in the
presence or absence of increasing concentrations of G15 for 1
h and the cells were analyzed as follows. (B) Na, K-ATPase
activity was assayed. (C) Immunoblotting for Na, K-ATPase a
1 and 1 subunits, and for phospho-Na, K-ATPase a 1 was
performed. The results in B are expressed as means + SE.
(n=13) ("p <005, *p < 0.01).

Na, K-ATPase® a 1-% 7= D ¥ IS 7 BEH LY
VLA S L 72 (Fig. 3B). KIZ, GPR30ODIENHETH
LG5 & DIEHEGIOR R Z HIETE 2252 #~X7-. G15
1L FEARAEPEIZGLIC X B Na, K-ATPasei It 33 % fH 1l
L7z (Fig. 3C). TNoOfEN S, E2LGPRIOZHENR %
4 L TRAWHIEONa, K-ATPaseif Dk 2 b5 % 5
T5HIEIURENT,

%2 T, E212 X ANa, K-ATPaselfi AL ot % 1 & 2
2§ 572012, RAW 264.7#11f8 % T 4 J2Z OE2F/E T T
T ALEL L 7205, Na, K-ATPaselif D Na * i K 17
PEZ M L7z, ZofEE, Nat g REmEo iz, o>
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Fig. 3 Effects of the GPR30 selective agonist Gl on the Na,
K-ATPase of RAW 264.7 cells.

RAW 264.7 cells were incubated with G1 (A, B) or with G1 in
the presence or absence of the indicated concentrations of G15
(C) for 1 hour. Cellular Na, K-ATPase activity was then
measured (A, C), and the protein expression of Na, K-ATPase
al and f1 subunits, and the Tyr-10 phosphorylation of the
a1 subunit were determined by immunoblotting of cell lysates
with specific antibodies (B). Data in (A) and (C) are means =*
S.E. of values of three replicates from three representative
experiments ("p < 0.05, *p < 0.01 versus control value).

bo—v& b L C E20 HEKFEMIZELT~NY 7 b L
Na, K-ATPase® B2 17 ONat B MEO BN % /18 L 72
(Fig. 4). NaK-ATPasei&4i%, =¥ b O —)LTix50 mM,
1079 M E2LEHIAL T1225 mM NaClfFFE T TloKIZE L
72, INHoRERIE E20o0HEKEN R a7 =y b
OFu ) YELE ATPaseliith oM (Fig. 1) $107°
ME2CHIRAE B 2 L= LTz, —J, KMk
IZoWTiE, I ba— )L EE2RMRAW 264. 7415 o [
CHBEZEIRD N2 o7 (F=F I3RS,
Na,K-ATPaseifith o+ 2 E20EH & Fa Y v ) VEE

Ko.s(mM)
® Cont 5.56
8 + A o10"m 287

21
1.74
3.40
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Fig. 4

Fig. 4 Effect of 17B-estradiol on the Na* affinity of the Na,
K-ATPase in RAW 264.7 cells.

RAW 264.7 cells were treated with 17B-estradiol at the
indicated concentrations for 1 h. Cellular Na, K-ATPase
activity was then measured in the presence of increasing NaCl
concentrations. The Pi released by ATP hydrolysis was
measured as described in Materials and Methods. Data are
given as means = SE. of three experiments (n = 3) performed
in triplicate. Half maximal concentrations for Na* (Kos) of Na,
K-ATPase were obtained by fitting the data from each
individual experiment.

L& ORE S SICHRET 472012, BT oL >+
— PIHEIRTH 5 genistein DE2K TN, K-ATPaseii 14
(LI § B 2% W7z, E2RIHTICRAW 264.74081 %
genisteinfffE FCTA Y FaN—T g 458, E2FEN
®DNa, K-ATPase a 1Y 7 2= s D Tyr-10V » B LA H =
AFBIIZBEE SNz (Fig 5bA). ZOTyr-101) ¥ AL O
A& —3 LT, genisteinldfgfINa " BEAFET CTHIE S
72Na, K-ATPase{iith b [l L 72 (Fig. 5B). 15 DR
X, E21C & 2 Tyr10Y » BRALAKAE 1Y 7 Na, K-ATPaselii 7%
DIINA, Na, K-ATPaselfilh ORI FEEDZ AL 12 B
TAAREMEERT. £ 2T, genistein® A M TE2H 4
RAW 264.7# > Na, K-ATPaseif O Na* i KR %
W5 L 72, GenisteinldNa* JFEIAKAF L 7206 AL B 2 45
Fy7 & (Fig 5C). 2 O#f551E, genistein?SE25%
#Na, K-ATPaseifEONat &2 bR TF &7/ 2 & &R
29 %,

P EoJETIZ, RAW 264.7#1§2Na, K-ATPase DE212
xS B W O SR & FINz. Z 2T, B2 AR
& o THRAW 26478 DNa, K-ATPase# # i % &
I MERRDL 12O, E20RIFFHIBIR 2@ L72. RAW
2647/ % 107° ~107° MOE2 T24RFIMLER§ % & | Rk
1192 Na, K-ATPaseifPEAEIN L 72 (Fig. 6A). KIGNE
%5z ZE2MEE, WREEHOSA L 3R 5 TI0° M
Tholz. al-BLU 1V 722y by 37 BIEH D
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Fig. 5 Tyrosine phosphorylation of the a 1 subunit enhanced
the Na* sensitivity of the Na, K-ATPase activity in 17B-
estradiol-stimulated RAW 264.7 cells.

RAW 264.7 cells were incubated for 1 h with 109 M 176-
estradiol in combination with genistein at the indicated
concentrations and the cells were then analyzed as follows. (A)
Phosphorylation of the Na, K-ATPase a 1 subunit at Tyr-10 was
determined by immunoblotting. (B) Na, K-ATPase activity was
evaluated as described in Materials and Methods. Data
represent means = SE. (n = 3) ("p < 0.01). (C) Na, K-ATPase
activity was measured in the presence of various
concentrations of Na* from 0 to 200 mM. The results shown
are from three independent experiments.

FAEOE2RERAEICINL 72, —7F, COEZUE T,
alh 7=y b0 YELITAEREILE R S o7z
(Fig. 6B).

R OEIR T 2152103, BERT & LT < &
BHIA NS UZFEMAEERae BLUERS & OMHEATRIZ X
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Fig. 6 ER-mediated effect of 17B3-estradiol on Na, K-ATPase.
RAW 264.7 cells were exposed to vehicle or to various
concentrations of 17B-estradiol for 24 h following which (A)
ouabain-sensitive ATPase activity was measured and (B) al
and f1 subunits of the Na, K-ATPase were analyzed by
immunoblotting. The results are representative of three
independent experiments (*p < 0.01).

PEALIZK 3 2EROB G- 215 L7z, ERFEERMNEHFETH
% fulvestrantiZE20 KHAHIENC & % Na, K-ATPaseifi {4
ZFHE L 72 (Fig. 7A). T 72, fulvestrantiZE2K 7119 72 Na,
K-ATPase®al-¥r 7= v O EIH L7z (Fig7B).
1212, E20 BREHERINIC & 5 Na, K-ATPaselii 40 1
Iz xt9 %5 GPR3OFEPLE TH 5 GISOEH % #af L 7-.
Fig8lZ/R3 & 912, GISIXE2IZ & % £INa, K-ATPaselif
A B A R S o T

ol

as

%

A5 T3, E2A5H1 % M GPR305 72tk 00 45 M il » ER
SEEEN LB Om @L<, v ra7 7 —
UHERAW 264.741HONa, K-ATPaseif % fli+ 2 = & %
m L7z, ZofEFIL, NaK-ATPased ik 4 2 #lfklc B\
FVEVHIEOENTH S LRSI NTVDE I L L —HT
%% E20%, BILIC & > TH %2 2 h 5 Na, K-ATPase
EHEOMBN L, GHMIL~ORbODouabain 1IN
DRAR AR L 72T . ZoEEIE, E200 LB %
BT L RBE NG, B2, v AR
By ANa, K-ATPase a 172 = v MNEBIOFE I D B5-
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Fig. 7 Effect of the ER-specific inhibitor fulvestrant on Na,
K-ATPase in RAW 264.7 cells treated with 17B-estradiol.

RAW 264.7 cells were preincubated for 24 h in the absence or
presence of 109 M fulvestrant and were then treated with 109
M 17B-estradiol for 24 h. The ouabain-sensitive Na, K-ATPase
activity (A) and the tyrosine phosphorylation of the a1l
subunit of the Na, K-ATPase were then determined (B). The
values are the means * SE. of three independent experiments.
Data are expressed relative to a control value ("p < 0.01).

LCw2®. Brubaker® MF LT, B8 2 BE
NS OB 812 B 1T 5 Na, K-ATPase D% EIASGRE S 41
Twa? . BRI, §E <077 — Y REoho
FHAMEAOBMAEIZL > TR ENL. 22T, E2N°
RAW 26474212 3313 % Na, K-ATPase D #1215 L T
WL REME 2 RE L7z, Z D%, E20E AR,
RAW 2647212 813 5 Na, K-ATPaseiith o Z MM (18

1% & 24 ] %) OBROFEAVR S 7z (FiglA, 1B, 6A).

~r 077 — VML TH HRAW264.7 & J7T7451 K7
GPR30Z I L T\ 5 2 e AvRsE N/ (Fig2A). ThET
OffZETId, v~ a7 7 —YIZBFHGPR0Y VL E A
L 7= B BT (NGF) g™ ¥ TLRAZSBI™Y ot 5
NTW5H. AIFRICEWT, RAW 2647400813, E2% 7213
GPR30Y %' > FGLOF4E T TNa, K-ATPaseif Mo hn%
R L7z, RAW 264783 Na, K-ATPaself DO E2H &AL
PEl, NGFHiFHEOE2Am KA —H L T b,
RIFZEDRAW 2647512 TI%, Na, K-ATPase a 14 7'
=9 bOTyr-10CD ) YR LA, TA M7 I X 5%
T TH A 2 DR ENTz. Na, K-ATPase D Hfig
HIB I3 2 BRSSO 5. RIERIA 2 2 1E
BETHBOBD G B 2 AL\, SHHRRT Y 72 1

b
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Fig. 8 Effect of the GPR30 antagonist G15 on long-term
17B-estradiol-stimulated Na, K-ATPase activity.

RAW 264.7 cells were cultured with or without various
concentrations of G15 (1011, 10-10 or 10 M) for 30 min, and
were then treated with 109 M 17B-estradiol for 24 h. The cells
were then permeabilized using ultrasonication and the Na,
K-ATPase activity was measured. Results are means = SE.
from 3 independent experiments. n.s.; not significant.
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ORIGINAL

The activation effects of estrogen on Na, K-ATPase activity

in a macrophage-like cell through different receptors.

Kota Hirasawal), Yoshiaki DeyamaZ), Yoshitaka Yoshimura?

Kenji Notani" and Kuniaki Suzuki®

ABSTRACT : Many types of cells in the monocyte-macrophage linage have been shown to be regulated by estrogen. In
addition, a body of information suggests that the Na, K-ATPase pump could be a target of 17/ -estradiol (E2) in various
types of cells. In this study, we explored the effects of E2 on the Na, K-ATPase in macrophage-like RAW 264.7 cells. E2
treatment of RAW 264.7 cells led to biphasic stimulation of Na, K-ATPase activity: an early activation via the cell surface
receptor GPR30 and a late upregulation by nuclear estrogen receptor (ER)-activated signals. Antagonization of GPR30 by
G15 abolished EZ-induced early activation of Na, K-ATPase, while inhibition of ER signals nullified its late upregulation of
Na, K-ATPase activity in a dose-dependent manner. Furthermore, short-term treatment with E2 induced phosphorylation
of the Na, K-ATPase al-subunit at Tyr-10, which relied on was related to an increase in the Na™ affinity of Na,
K-ATPase. These results illustrate the involvement of two different signaling pathways in the regulation of Na,
K-ATPase by E2.

Key Words : Na,K-ATPase, RAW 264.7 cells, 17f -estradiol, GPR30, estrogen receptor
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