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Although the pro-inflammatory and pro-fibrotic actions of aldosterone on the vasculature have been reported, the
effects and molecular mechanisms of aldosterone on endothelial function are yet to be determined. We investigated how
aldosterone regulates endothelial nitric oxide synthase (eNOS) function in human umbilical vein endothelial cells
(HUVECs) . HUVECs were incubated for 16 hrs with 107 mol/1 of aldosterone. The concentration of reactive oxygen
species (ROS) was estimated by measuring DCF chemiluminescence. Signal transduction was estimated by Western im-
munoblots. Realtime RT-PCR was performed to measure expression of transcripts of endogenous GTP cyclohydrolase-
1 (GCH1) and components of NAD (P) H oxidase. In order to eliminate the possible effect of the glucocorticoid recep-
tor (GR), and to emphasize the role of mineralocorticoid receptor (MR), we used GR siRNA and knocked down GR
expression in several experiments. NO output was estimated by intracellular cGMP concentration. ROS production in-
creased significantly in aldosterone-treated HUVEC, but was abolished by pre-treatment with eplerenone. Transcripts of
p47rhox were increased by aldosterone treatment. Vascular endothelial growth factor (VEGF)-induced eNOS Ser 1177
but not Akt Ser 473 phosphorylation levels were reduced significantly by pretreatment with aldosterone. Pretreatment
with either eplerenone or okadaic acid restored phosphorylation levels of eNOS Ser 1177 in aldosterone-treated cells,
suggesting that protein phosphatase (PP) 2A was upregulated by aldosterone via MR. The decrease in NO output
caused by aldosterone pretreatment was reversed significantly by either 5,6,7,8-tetrahydrobiopterin (BH,), GCH1 over-
expression, or p47rhox knockdown. These results suggest that aldosterone inhibits eNOS function through bimodal
mechanisms of BH, deficiency and PP2A activation.
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1. [FLU®IC 2. Primary Aldosteronism OJF5HE

T7IVRZAF B> (Aldo) D FE/SAERIZ, BEIK
I bR IB BRI B 0 N U AN E L
IERIMEEOEMMCXZ2ME EFEEZLNTE
7z. U Ui Aldo O bRz R~ DIER 2/ &
ISV IE RN DOREEERNH S N> TE /2.

1, RIBREICBT S Aldo ® HHMEEAI
KOAEL SN WwMESINE TdH % primary al-
dosteronism (PA) &EfiarfEEDR#E &, Aldo DE
PR M RBEE O FHEF I DWW TR L 7= W,
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PAIZEIMTEREZFD 20% B E % 5D 5172 D major
BEETH 2 EFHLTOER, KEICFHEBES
N, WEWREILETIXRHEOHRERLEZL SN
T&E7. Lnl, RIVE>OHIE, HERZHOHH
L& EdiT, IfilE Aldo #E (PAC: ng/dl) &ififE
L =M (PRA: ng/ml/hr) @kt (Aldo - L =
>t ARR=PAC/PRA) MRV Y —Z7 THW
S5NDEDITR> TS, REMEIMEE (Essen-
tial Hypertension; EH) & & X 53T W /= ERF| D
I PA MW N5 E#ENL /a5 TE /. Fardella
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Conn SN TFHEL TWHTFITGEWHEDERETH
AR D 5.

BwEFensd PASERINEA S EMEY D
LIEH, Aldo ANEE-ER, L = Hfloigsn
CT ZAF v VHBITBWTHEZRDBWVWRE,
EH # L <IEZAZRY v VREBEEICHEI NNz
VIEFIEINL TE 72, FEMME) PA T, fRiEAH
THEML TW D B AR E - JEE A R
MEREOEL TWREEEITEZASY RY v VIEMRR &
RPN TEBRWGENZWNSTH S, KL=
CHETTPBRPENEEZEZSNTERLY PADREEIZ
WEBIR D KD ITLIMERDOEIENZ < #HEFINT
B, LoD &L RO RMDNEEDTERIC
HET LN D S,

3. 7ILRZXTFOCOlEBREEER

Aldo D AHXF I FIIREE &0 M R S OFE & DB
HAH SN THO, HERLNS ZNICBET 5 HE
MWD 2. D ARFRTH MK A ARE M & i E I A
BIZZWIENHEINTVS. Y BgICBEL T
FEILS OIEHIZBWTHMICHH SN TNEDT, Z
ZTIIZ DM OIEIFIT DWW THERE L 7210,

3-1. Aldo &i¥E=E Mineralocorticoid recep-
tor (MR) 270w 7 L7z, LWEFEREREC
A I B3 9% E OME PR I NS —,
Aldo V3 HEZE 14 O 15 512 BV B g il i 5E 2 40 1
THEHEBHMESNTHD, MMEREZEITBNWTIX
BEREBRONEEROD, FZ>E0DLRNWEIANDH
%.9PA & EH % W# U /- il DER IR O 59 C
&, M (i - W S 2 38 OIIERN
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o 26 v 5 FEE = LU H SR FE9E 2 v (SHRSP) %
o =B ERTIE, A0/ T k%50 F%E
YA XEHGBIIHPIETED,D 5% 5I1FHM
ISHEIIMILETH A D.

32, Aldo ELMEREE M4 Aldo JREN
MNE5T LHEMETIERVWFREIZBWTS, LMET
& Aldo MREEMICERT 2 2 &13, KB KRH
5% Randomized Aldactone Evaluation Study (RALES)
%> Eplerenone Post-AMI Heart Failure Efficacy and
Survival Study (EPHESUS) IZBWT, A& 24—
RIRT7 > oF 7> D AEMEEFR (ACE) HFED
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DIMEMBICL Z >R ACENEELY VAT
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MR N\ D fE & O K B % & 9 5 118-hydrox-
ysteroid dehydrogenase type2 (115-HSD2) NFEILL
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Fig. 1. Spironolactone Significantly Improved Mortality of Heart Failure Patients Taking ACE Inhibitor or Conventional Medica-

tion
(Modified from Ref. 8).

HENOWMEDHD, S SR RFEFNT K DIEH
It A D#EHE %2 T 53 TS T RA - Aldo R #ak
FEMOREHEMEZ I SITHSNICL TS SLEN
»H5.

41. MEAREEZ mENLKMRICZBETS
Aldo DN & —f b B F A REFFE (eNOS) ~DfE
T RMERIL A%, Aldo 13 NO O P Z I
THENIWHEPO L WTELEREL TINE 248
KT 2 EFERTDHERSORESDNH D, Ll
HBED 2 WMEIZNT NSRS ET 7 DR R
M ToOMEEATHD, L2HMHEMN phos-
phoinositide 3-kinase (PI3K) #/fL TW3 Z &»n
5, &5 < MR #4713 72 ) non-genomic {EfH T&H
D, Aldo ®ERRIHIEIC & % genomic 73 1T A
OL MERELIFRNLURTNE RS 0N, EH0
IZ /& non-genomic {2 eNOS 234E PE{b T 41 NO 4
MYEZ 2B HINIZ WA, Aldo DN K HERER FE O
— 813 genomic fEF % 41 U 7z eNOS 1§ L] I1C K
5 EBEZHITEEENDZ EbNbUIE A Tn
2. I Thhbinid,? Aldo IZ2& > T eNOS @
NO FEAERENMK R T2 DM % in vitro D EER R THE
N 7-. Aldo 10-7mol/1 16 Brfu] %l %, vascular
endothelial growth factor (VEGF) THIL =05
D NO PEAEZ cGMP REICTRIME L 72 & 25,
Aldo fLEIZ X D NO FEAEIIHA L. D NO
ERAE, MRIEEETHZ2ITTL L > THEIC

c¢GMP (fmol/ u g protein)

Aldosterone
10-7 mol/L

- + + + +

Eplr BH4 p47phox
siRNA

Fig. 2. NO Production from HUVECs Increased when
Stimulated by VEGF, but Pretreatment with Aldo Sig-
nificantly Inhibited This Effect

Eplerenone (Eplr), tetrahydrobiopterin (BH,), or p47rhox knock down
by siRNA reversed aldosterone-induced inhibition of NO production from

HUVECs. *p<0.01 vs Aldo —, 'p<0.05 vs Aldo+.

M L7z £z, pd7Phox DSiRNAICKD /v o4
7>, 51213 eNOS ® co-factor TH DT FT &
RaNA 47571 > (BHy) TH NO EARITIER
ST 2N AEREICHEEL - (Fig. 2). U >k
B2 & D eNOS OiE:Z Eif % & X415 Serl177 %
HTH%E, VEGF THEMNITY 2L DR A
A7=70%, Aldo THLE L TH W I Tz zh
fils 7z (Fig.3). MREESA WS B (pro-
tein phosphatase (PP) 2A [HEH) OFjULE TIZZ
OMEH D EREBR S N /=. NO EEAITEE L T MHag i
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Fig. 3.

A) Aldosterone Downregulated eNOS Ser1177 Phosphorylation, but did not Alter Akt Ser473 Phosphorylation Levels, B)

The Statistical Analyses of 4 Independent Experiments of (A) are Shown
Eplerenone or okadaic acid significantly reversed the inhibitory effect of aldosterone on eNOS Ser1177 phosphorylation. Each bar represents the mean +S.E.,
*p<0.01 vs Aldo —/VEGF —, 'p<0.01 vs Aldo —/VEGF +. VEGF: VEGF 100 ng/ml, Eplr: Eplerenone 10~5 mol/l, OA: okadaic acid 108 mol/I.

{# < Thr495 T® eNOS U > FEILIZ DWW TIZZE(LA
Binote., IHICEMNFF—ETHD Akt A7
& ZA, VEGF I F CII&EHTENA L NN
Z&EM5, PP2AJEMALIZ L D eNOS Ser1177 it U
CERAEDY eNOS VEMHIKE T OMF L L THETH S
ZEMNHBLMIZA o= (Fig. 3). SlElbhvbnn
oMU EMOMEEOHRE L L LDD L
Fig. 4 DX DIT72 5.

BRI DK DT, WEEEIZIE NAD (P)H oxi-
dase IC X HTEMEME FfE (ROS) MEAENEHE /L HE
ZLTWBHEEZLNDD, EilbESD ROS DFEAE
EZHALTMENKFEEZELZELDDZEM5,
Aldo N Z DEMH Z iR I 2 AlREEIX B A 5
N, MithEGERESE & Aldo 2VEifR L TIE NEEED
FBEZHBILTVDIOMNMD LA,

4-2. MERABORE - ik HEiTx->T
RHEMLIC RN DRIEMZLEZDFERD 1 DTH S
ROS OREABFIZONWTH THEFEND LT OIS

MNZ7e > T&7=. Aldo I Angll [Al£k, NAD (P)H
oxidase ® I >R — % > K~ TdH % p22rhox, Nox-4,
gp9lrhos 73 S & FE G 5 Z 1Tk > T ROS FEAZE
HWMEE5EEA5N%.22 Sun 5¥F, Aldo
EEmBHANZ 45 ARMER L2 v MO TS,

M <072 D E BB W T gp9lehox & 3onitrotyrosine
MEIMLTHBO, NF-kB biFEftanTtnsd &
T R F IR Uk, 72 [F UEL T mono-
cyte chemoattractant protein-1 (MCP-1), intercellu-
lar adhension molecule-1 (ICAM-1), tumor necrosis
factor (TNF)-o 75 ERIEZEHET 20 FHOFEH
BHILEL THO, ¥ 707 7 — 2 QR ME V-
OB S A 5NN, NS0 idx o/ 5
7k >R PiEE b &l @ pyrrolidine dithiocarbamate
(PDTC) = N-acetyl cysteine (NAC) 12X D J# 59
L CWw/ (Fig.5). INsORRIE, K DERK
2 MR HEETHZLTT L L/ > %> 7= Rocha
S50 DFER LTI L TWD, 35 HRIEMED
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Fig. 4. Aldo Increases Oxidative Stress in Both Vascular Endothelial Cells and Smooth Muscule Cells
Aldo also activates NF-xB signaling and induces some inflammatory proteins transcription. Solid lines: activation, Dotted lines: inhibition.
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Fig. 5. Aldosterone-induced Transcriptional Up-regulation
of ICAM-1 or MCP-1 was Inhibited by Spironolactone
(Spi), PDTC, or NAC

(Modified from Ref. 25).

B fn I 4537 o T cyclooxygenase-2, MCP-1,
ICAM-1, osteopontin 75 & DFE I A F 10k D I
THATHD, ZORBRITITLL /) > THRICH
fil T N7z EME L TW5S, Schiffrin 52713, 1T
BT Angll THEI NS NEZHERERSE - M
EFUTRBREHOKIEMAED ) T N HFE
ICXOWETAHIEERLTWDN, ERFFTDY
LD MEZ FTTHREBROERIIA S NN &,
NAD (P) H oxidase DiEM{bn Ao /)57 ~>T
Mz EEMS, Angll ITX D MERED
—HiT Aldo 2 L TWAH EHERIL TWD, /=6
BREEW Z & 1Z Rajagopalan 5203 =2 —Y—F > R
UHFIC6EMEIL ATO-IIVBE A5 EKRE)
k> NAD (P)H oxidase i 1 E & IZ EFH 953,
ITLL G TENNEBEL NIVETERTL
B2z % RLE (Fig. 6). T/-WNEEGEMED I
BHERMSH I T VL ) D THRICKELZZ Eh
5, BhiREE(L OFIIIZEA Aldo DFHEIC TikE X
N5nfEtkEzZRL 2.

¥ 7= Aldo I1Z plasminogen activator inhibitor-1 @
FEEZMREL THO, MERERERT lEeM i
THHELHDDT,® ZDOHTH MR HEDF|H
MmhdEELNS.

43. 7ILRZRFO> - TLAIX)L— 5 I
JEEBEICILHAIN TS ACEHERDCH 5D
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H5ZEMHDH. ZOBEETIVRATOY - TLA
27 A )l— (aldosterone breakthrough) & IA T
%. ACE [H#E# < ARB 12X > THIA EN/R W fig

A 100007

7500+

5000+
25004
0 | | |

NC-Ep HL HL-Ep

0O, counts/mg/min

* : p<0.01 vs NC, HL-Ep

o
b

%

o
w
r

NADPH Oxidase Activity
(nM O, /mg Protein/min)
o (=]
— (M)

=4
=)

NC NC-Ep HL HL-Ep

** 1 p<0.001 vs NC HL-Ep

Fig. 6. Both ROS Production and NADPH Oxidase Activity
in Rabbit Aorta Increased in High Cholesterol Chow Group
(HL) Compared to Normal Chow Group (NC)

Eplerenone (Ep) significantly inhibited these effects. (Modified from

Ref. 20).

aefEEDO L, ZOBHZEN L THS RN B
fanTns. 2 2N0 A KHED Aldo #EHi# 0t
oG RN TEINS. BFEBRTIT SHR ICE
M ARB 285 L7205 D PAC OH EFIZFF
B A O THE I SN 2A, Angll ¥ 1
72 (AT2) ZEKREFIHETH 2 PDI23319 TS 5
258 < I S /2. 30 BB d o s ACTH, 1fiLig K
BEEIAS L Laho2 M5, EFRL - Angll
MAT2 Lt 7% —%4r L Aldo PEA N7 PAC
HEROERBFERTHZ EHHINEZ. FEZAUS
MEZ Y NTARBHM, A0/ 57 kB
ARB+ At D/ 57 kO LREERZ X
A, HFRABTIREMBEIDSERICTA,
I # 35 —% > mRNA 23 X4, BIE - W%
J& BH D #RAEAL AR D L T 2, 30 515 O KIS R
BT, ACE[HEH D 5 W1IL ARB EDED Aldo
HEZEDHAGDYE Olifds RE RN E FTHHS
MIZI2 5 Z ENHIfEIN 5.

5. $bYIC—SBDEEBEL—

HANS SOELDOREENHDITHHRDET,
Aldo DL, WA —REZD1DEKRTHS
Angll IZHHL TR DENTWS, ZOMEZE A
THBE, MRIZIZ Aldo & D HIENITEEITHEE
THHEEI)NFIA R (EMTEIILFY =)L) M
£<FEHLTHBD, Aldo DIEFHZTAZ LTV
Z &, iz Aldo I glucocorticoid receptor {2 % i
BTHIENTE, BEMITZINIEIMR 240 TW
LEEODONHE LW ERENETFENLS.
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Fig. 7. Adipocytes have Known to Secrete Various Kind of Cytokines (Adipo cytokines, adipokines)
Recently some unidentified proteins were shown to increase Aldo secretion from adrenal glands. Solid lines: activation, Dotted lines: inhibition.
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Kitagawa 5321%, MR IZ Aldo M#&a L& x &
hydrocortisone 23 & L 72 & & TR ERBED 29
@ coactivator complex & DFEEMNEIL D Z & &R
L, Aldo 2" MR IZHEET 5 Z & DR M & 51
WCEEH L 72, SR INZFHNDITL TRAx SHA
FNEBL TS ZENEENS. £/, EhOJE
Wi E D 5 WS N5 Angll RBEED T 5 « RY
A BHA 2 THRWRAOEHA DRI R O/
TO Aldo FEA ZEHET 5 & W D BRI 23 E
HEhTws (Fig. 7). SRBRIIAYRY v 7> >
RO — LD s fEDFIERTFIT Aldo 73 E DFEE R
HBLTOWABNRENHSNITIR> T 5 Z EnHRF
INs.

RiTbbiL, 115-HSD2 % Il -1 i F B 1
WCHRHIBDN IRy IR A EHFEL,
BIEMRATh Th 5. Aldo DMERAT COER (B
IZIE SRR 0y 5 DTS P 3 1 pE A TUHE & 2 NIT X
BHIEEMEH) ITDOWT, S%iFMIcHRETzED 5T
ETH5.

REFERENCES

1) Fardella C. E., Mosso L., Gomez-Sanchez C.,
Cortes P., Soto J., Gomez L., Pinto M.,
Huete A., Oestreicher E., Foradori A., Mon-
tero J., J. Clin. Endocrinol. Metab., 85, 1863—
1867 (2000) .

2) Laragh J. H., Ulick S., Januszewicz V., Dem-
ing Q. B., Kelly W. G., Lieberman S., J. Clin.
Invest., 39, 1091-1106 (1960) .

3) Beevers D. G., Brown J. J., Ferriss J. B.,
Fraser R., Lever A. F., Robertson J. I., Tree
M. Q., J. Med., 45, 401-410 (1976) .

4) Takeda R., Matsubara T., Miyamori 1.,
Hatakeyama H., Morise T., J. Endocrinol. In-
vest., 18, 370-373 (1995).

5) Rigsby C. S., Cannady W. E., Dorrance A.
M., Trends Endocrinol. Metab., 16, 401-406
(2005) .

6) Milliez P., Girerd X., Plouin P. F., Blacher J.,
Safar M. E., Mourad J. J., J. Am. Coll.
Cardiol., 45, 1243-1248 (2005) .

7) Dorrance A. M., Osborn H. L., Grekin R.,
Webb R. C., Am. J. Physiol. Regul. Integr.
Comp. Physiol., 281, R944-950 (2001).

8) Pitt B., Zannad F., Remme W. J., Cody R.,
Castaigne A., Perez A., Palensky J., Wittes

9)

10)

11)

12)
13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

J., N. Engl. J. Med., 341, 709-717 (1999).
Pitt B., Remme W., Zannad F., Neaton J.,
Martinez F., Roniker B., Bittman R., Hurley
S., Kleiman J., Gatlin M., N. Engl. J. Med.,
348, 1309-1321 (2003).

Tanabe A., Naruse M., Naruse K., Hase M.,
Yoshimoto T., Tanaka M., Seki T., Demura
R., Demura H., Hypertens. Res., 20, 85-90
(1997).

Brilla C. G., Pick R., Tan L. B., Janicki J. S.,
Weber K. T., Circ. Res., 67, 1355-1364
(1990) .

Dzau V. J., Circulation, 77, 14-13 (1988).
Silvestre J. S., Robert V., Heymes C., Au-
petit-Faisant B., Mouas C., Moalic J. M.,
Swynghedauw B., Delcayre C., J. Biol.
Chem., 273, 4883-4891 (1998).

Uhrenholt T. R., Schjerning J., Hansen P. B.,
Norregaard R., Jensen B. L., Sorensen G. L.,
Skott O., Circ. Res., 93, 1258-1266 (2003) .
Ullian M. E., Hutchison F. N., Hazen-Martin
D. J., Morinelli T. A., Am. J. Physiol., 264,
C1525-1531 (1993).

Harada E., Yoshimura M., Yasue H.,
Nakagawa O., Nakagawa M., Harada M.,
Mizuno Y., Nakayama M., Shimasaki Y., Ito
T., Nakamura S., Kuwahara K., Saito Y.,
Nakao K., Ogawa H., Circulation, 104, 137-
139 (2001).

Sugiyama T., Yoshimoto T., Tsuchiya K.,
Gochou N., Hirono Y., Tateno T., Fukai N.,
Shichiri M., Hirata Y., Endocrinology, 146,
3900-3906 (2005) .

Michel F., Ambroisine M. L., Duriez M., Del-
cayre C., Levy B. 1., Silvestre J. S., Circula-
tion, 109, 1933-1937 (2004) .

Farquharson C. A., Struthers A. D., Circula-
tion, 101, 594-597 (2000) .

Rajagopalan S., Duquaine D., King S., Pitt
B., Patel P., Circulation, 105, 2212-2216
(2002) .

Liu S. L., Schmuck S., Chorazcyzewski J. Z.,
Gros R., Feldman R. D., Circulation, 108,
2400-2406 (2003) .

Nagata D., Takahashi M., Sawai K., Tagami
T., Usui T., Shimatsu A., Hirata Y., Naruse
M., Hypertension, 48, 165-171 (2006) .
Nishiyama A., Yao L., Nagai Y., Miyata K.,
Yoshizumi M., Kagami S., Kondo S.,



1346

Vol. 127 (2007)

24)

25)

26)

27)

28)

29)

Kiyomoto H., Shokoji T., Kimura S., Kohno
M., Abe Y., Hypertension, 43, 841-848
(2004) .

Park Y. M., Park M. Y., Suh Y. L., Park J.
B., Biochem. Biophys. Res. Commun., 313,
812-817 (2004).

Sun Y., Zhang J., Lu L., Chen S. S., Quinn
M.T., WeberK.T., Am. J. Pathol., 161, 1773—
1781 (2002).

Rocha R., Funder J. W., Ann. N. Y. Acad.
Sci., 970, 89-100 (2002).

Virdis A., Neves M. F., Amiri F., Viel E.,
Touyz R. M., Schiffrin E. L., Hypertension,
40, 504-510 (2002).

Sawathiparnich P., Kumar S., Vaughan D. E.,
Brown N. J., J. Clin. Endocrinol. Metab., 87,
448-452 (2002).

Sato A., Saruta T., Am. J. Hypertens., 16,

30)

31)

32)

33)

781-788 (2003).

Naruse M., Tanabe A., Sato A., Takagi S.,
Tsuchiya K., Imaki T., Takano K., Hyperten-
sion, 40, 28-33 (2002) .

Tanabe A., Naruse M., Hara Y., Sato A.,
Tsuchiya K., Nishikawa T., Imaki T., Takano
K., J. Hypertens., 22, 1017-1023 (2004).
Kitagawa H., Yanagisawa J., Fuse H., Ogawa
S., Yogiashi Y., Okuno A., Nagasawa H.,
Nakajima T., Matsumoto T., Kato S., Mol.
Cell. Biol., 22, 3698-3706 (2002).
Ehrhart-Bornstein M., Lamounier-Zepter V.,
Schraven A., Langenbach J., Willenberg H.
S., Barthel A., Hauner H., McCann S. M.,
Scherbaum W. A., Bornstein S. R., Proc.
Natl. Acad. Sci. U.S.A., 100, 14211-14216
(2003) .



