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Angiotensin Type 2 Receptor-Dependent Vasodilation

Katsutoshi YAYAMA and Hiroshi OKAMOTO

Laboratory of Cardiovascular Pharmacology, Department of Biopharmaceutical Sciences,
Kobe Gakuin University, 1-1-3 Minatojima, Chuo-ku, Kobe 650-8586, Japan

(Received May 21, 2007)

Angiotensin IT (Ang II) signaling is mediated by two receptor subtypes, type 1 (AT;) and type 2 (AT,). The acti-
vation of AT, receptors is responsible for the development of Ang II-dependent hypertension, whereas the activation of
AT, receptor is thought to play a counter-regulatory protective role in the regulation of blood pressure that opposes the
AT, receptor-mediated vasoconstriction. However, the precise mechanisms by which increased numbers of AT, recep-
tors counterbalance the AT -mediated actions of Ang II are unknown. We have demonstrated that the abdominal aortic
banding in mice and rats and the 2-kidney, 1-clip Goldblatt model of hypertension in mice induces up-regulation of AT,
receptors in the pressure-overloaded thoracic aorta. In these hypertensive animals, the AT;-receptor antagonists but not
calcium antagonist abolish up-regulation of the aortic AT, receptor as well as blood pressure elevation, suggesting that
the pressure-overload up-regulates the aortic AT, receptor by Ang II via the activation of AT, receptor. Ang II binding
to up-regulated AT, receptors induces vasodilation in these aortas through bradykinin B,-receptor-mediated phosphory-
lation of endothelial nitric oxide synthase (eNOS) at Ser3 and Ser!!”’ via a protein kinase A-dependent signaling path-
way, resulting in sustained production of nitric oxide. These studies provide evidence that the vascular AT, receptor is
up-regulated in the course of hypertension through the activation of AT, receptor, thereby activating a vasodilatory
pathway in vessels through the AT, receptor via the bradykinin/nitric oxide/cGMP. This issue is important because the
antihypertensive effect of AT,-receptor blockers is, at least in part, dependent on AT,-receptor activation.
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Fig. 1. Two Receptor Subtypes for Ang II in the Renin-Angiotensin System
TUY URBRCBEREEGET S EEZEASN TN W5, 0 Ins—HOWEIL, ACE HEFHK C AT,
%, ZTOIBBENHSNMIIN TS HDIZ, ¥ SHEREREONWTNOENTBNTS, 2ok

17 128K (AT, ZB5EK) &5 17 2 ZHK
(AT, Z7HK) IS, R L7 Ang 11 O.0ME
ERIX AT, 2B EREZ N T2HDTHS (Fig. 1).1?
TNW A, &IME, LAZHLZVWEEERERETO
ACE [HEZES AT, AR R ORI A F T
Ang Il FEAEDH D WIT AT, BIKL XV TOL = -
TP FT Ty (RA) ROMFHNICEDS EE A
HNTER. Y

ST, ACERF =zt —tIo LR
—HFETHD, ACEHEEDOEHO RS LH—
X7 ooF=> (BK) O, & 20WEE
DZHEETDH 2 By BUEAEMGNTHE D < BK /EHH
HIZKD EDEL DM HEINTE /.2 £z,
AT, ZRRERFKIZE L > iz ED, TOH
B, EEMFO Ang I LX)V 2 ERXE5ZEMn
5, TOEYPODLIE ED—FIL AT, ZHEKRDIE
LD EDEBEZDND D. 9 AT, ZEAEKEZNT S
AHEARZEDOHN AT — RIZDWTIEAHATH - =
7, 1999 4, AT, ZBRZESFEHEIEZ T X
v XTI R (AT,-TG) % W /= Tsutsumi
50OMRICK D, M AT, ZBMIEME(L AR
U7 LA zaERL, EAESINZBK OEMH (B,
SZHRM) A LmEmEE I EE T EO®mEN
mENT. O ERRIC, Ang I OEER 512X 5 MLE
ERENAT,- TG XU ATIEALNT, ZTOLDIT
WH L7z Ang IT 5 JE OB AY, B, 52 25 1A 5 W 3%
icatibant ¥ 512 K> THUOHE TS Z 28D T

ARBFDO DI EH—EICBK 5T 5 I &E2R
L Tws 2D

L Liains, AT, ZHEOAEEE, jHHEY,
FRICEER B R BRI BT 2 BENIEK AR R SN %
W, EESIT, MEKAEICB TS AT, /KO %K
HEPASNMNITHILEHNICHEZED T/
M, ARETIE, EESNED TEZ—HOWMEZET
DMTHEAT L, AT, 281K %2 L7z Ang I DI it
TRIEH OMREIZ DWW TR T 5.

2. SMEBFEHNME AT, RERRBEZTTES
e

AT, ZHREIBEMICERERHL TWa R, &
%, MOTHEHTRAEZEDSHOO, EFHRIMER
DR EL DB TIEEAEHEL Thin, 29
TR, AT, THEEDOHEREZHSNITT BT
1, B U 72K D R TREESYIC X 2 M0 T
LDNTEREDN, EHMND D WITHNIRETOD AT,
SHRREREZ 2 ITIIRANH 5. —F, MED
AT, ZEAEFEHIZ, SMECMESED XD R
FREE T TEHTHEOMEDLH 2,202 D &
DIXMEITHBIT S AT, HREZBH 5 N IT L =il
W I N TV,

EESIT, BUELAZOEREFINELTLELA
WoNTELEEKREIRES (banding) =T v b
KO ZER L, ELENOARFEKIC, K
REWRANDEEA GRS AT, SHAEFEHICED ¥
B LM DOWNTHE L /2. 1112 Banding 13958 K



No. 9

1359

RN OHEMAER & EDHIZ, BmMKEEKFICKS
ElLoHEMEZEREZL, Zh5IZE> THETK
HIRICEIMTAENE 52 5. TOE, banding £
% 4 HUWIZ, v BRI ZONT HUZB N
TH, MEHKEIRD AT, 275K mRNA FEH &I125H
FEIRWIMZRO M, AT, ZHEELNT B, ZAK
mRNA RBE L X)ViZiZZbz @D an-> 7z (Fig.
2). ZO&IEmiEARITIHUZME AT, 2%
KB TOREITER, b NEMEMEDETILT
#H 57 A 2-kidney, 1-clip Goldblatt (2K1C) & Ifil
FEIZBNWTHED SN 1P T DX D72 banding 12
X %M AT, 273k mRNA E#i0i3, <7 2 Tl
W 1EAHETREO SN (Fig. 2),» 59 T
31 ARBICBWTHEHL Tz

Z D& 57z banding 12 X % AT, Z&/K mRNA %
BOTHED, EOXI I THNDZMITONT2DD
FEROBESZHHI L=, Zd 1 Dif, banding I
DK KRB AN DM AR Th D, EEKIZ,

Banding

AT ,-receptor

2 4 7 2 2 4 7 28
Days after operation

2> _ kokok
@ 3090 sham (7)
) M Banding ** T
= (10)
a
8 20-
<
(O]
S
< 10
@
o
2
IN
'_
< O0-

2 4 7 28
Days after operation

Fig. 2. The mRNA Levels of AT, AT,, and B, Receptors in
the Thoracic Aortas of Mice after Sham-Operation and Aor-
tic Banding

Top: representative RT-PCR Southern blots of AT;-, AT,-, and By-
receptor mRNA. Bottom: bar graph showing densitometric data for AT,-
receptor mRNA expressed as a ratio against GAPDH mRNA.. Values are the
mean+S.E. of sham-operated mice (n=3) and banding mice (n=7-11).

*p<0.01, **p<0.001, ***p<0.0001 vs sham. Data are from Ref. 12).
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Fig. 3. Effects of Losartan and Nicardipine Administration
on the Levels of AT,-receptor mRNA in the Thoracic Aorta
of Mice 4 Days after Sham-Operation and Aortic Banding

Losartan potassium (1 mg/kg, once a day) or nicardipine HCl (2 mg/
kg, twice a day) was intraperitoneally administered into mice for 4 days after
sham-operation and banding. The animals were then euthanized on day 4 to
allow for the detection of AT,-receptor mRNA by RT-PCR Southern blot-
ting. The control groups of sham and banding animals received saline. Top:
representative blots. Bottom: bar graph shows densitometric data for AT,-
receptor mRNA expressed as a ration against GAPDH mRNA. Values are
the mean=+S.E., n=3 to 10 animals in each group. *p<{0.001 vs saline-treat-
ed sham, *p<{0.001 vs saline-treated banding, #p>>0.1 vs saline-treated

banding. Data are from Ref. 12).
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Fig. 4. Contractile Response to Ang II in Ring Preparations of the Thoracic Aorta

Thoracic aortas were dissected from mice 4 days after sham-operation or aortic banding, and the contractile response to Ang II was compared by constructing
cumulative concentration-response curves for Ang I1. The results are expressed as the percentage of contraction evoked by 40 mmol/1 KCI. A: Comparison of the
cumulative concentration-response curves for Ang II in aortic rings between sham-operated and banding mice. B: Effect of PD123319 (PD) on the response to Ang
11 in aortic rings from sham-operated and banding mice. D123319 (1 umol/1) was added 15 mins before Ang II challenge. C: Effect of icatibant (ICAT) on the
response to Ang I1 in aortic rings from sham-operated and banding mice. Icatibant (1 umol/l) was added 15 mins before Ang II challenge. D: Effect of L-NAME on
the response to Ang II in aortic rings from sham-operated and banding mice. L-NAME (1 mmol/l) was added 30 mins before Ang II challenge. Values are the mean
+S.E., n=4 to 5 for each point. *»p<(0.01 vs sham, **p<{0.01 vs sham, p<{0.01 vs banding. Data are from Ref. 12).
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Fig. 5. In Vivo Effects of Losartan, PD123319, and Icatibant
on cGMP Contents in the Thoracic Aortas of Mice 4 Days
after Sham-Operation and Aortic Banding

Losartan potassium (20 mg/kg), PD123319 (10 mg/kg), or icatibant

(0.5 mg/kg) was intravenously injected into mice 4 days after sham-opera-

tion and aortic banding. The control groups of sham and banding animals

received saline. Thoracic aortas were excised 1 hr after injection of drugs or
saline, and cGMP contents was measured by radioimmunoassay. Values are

the mean=+S.E., n=4 to 5 in each point. *p<0.01 vs saline-treated sham, ‘p

<0.01 vs losartan-treated sham, **p<(0.01 vs saline-treated banding. Data

are from Ref. 12).
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Fig. 6. The Protein Levels of eNOS, Phosphorylated eNOS
at Ser®® and at Ser!!'”7 in Thoracic Aortas of Mice 4 Days af-
ter Sham-Operation or Aortic Banding

PD123319 (1 mg/kg, twice a day) or icatibant (0.5 mg/kg, once a day)
were administered intraperitoneally for 4 days after sham-operation or band-
ing. Top: representative Western blots. Bottom: bar graph showing densito-
metric data for eNOS, eNOS phosphorylated at Ser®?? and at Ser''”” as ratios
relative to B-actin. Values are the mean+S.E. (n=6). *p<{0.001 versus
saline-treated sham mice, *p<0.001 versus saline-treated banded mice. Data

are from Ref. 23).
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Fig. 7. The Protein Levels of eNOS, Phosphorylated eNOS
at Ser® and at Ser!!'”7 in Thoracic Aortas of Mice 4 Days af-
ter Sham-Operation or Aortic Banding

PD123319 (1 mg/kg, twice a day) or icatibant (0.5 mg/kg, once a day)
were administered intraperitoneally for 4 days after sham-operation or band-
ing. Top: representative Western blots. Bottom: bar graph showing densito-
metric data for eNOS, eNOS phosphorylated at Ser®? and at Ser''”” as ratios
relative to B-actin. Values are the mean+S.E. (n=6). *p<{0.001 versus
saline-treated sham mice, *p< 0.001 versus saline-treated banded mice. Data

are from Ref. 23).
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FEIZPES eNOS U » e b Z M Hid 5 HERIC,

Akt {EMEAL D BT H D PI3K DHES, U pro-
tein kinase A (PKA) DOFHEFEHEZRML, AT, 2%
{RHIE A PI3K/Akt %2 & % W id PKA RDWNT I
Lo TeNOS U UL &M TN 5 D% et
L7z, ZO#%, banding ¥ ™7 A KENRY > 7 A
T?D Ang 112X % eNOS U > EE{L. D FTHE/E I,

PI3K [HZEH TdH 5 wortmannin & X LY24002 D\

Ratio against B-actin

eNOS p-eNOS p-eNOS
(Ser633) (Ser1177)

Fig. 8. In Vitro Effects of Ang II on Levels of eNOS, Phos-
phorylated eNOS at Ser® and at Ser'!'”7 in Aortic Rings Pre-
pared from Mice 4 Days after Sham-Operation or Aortic
Banding

Following equilibration for 1 hr in an organ bath, aortic rings were incu-
bated for 30 mins with or without PD123319 (PD: 1 umol/1) or icatibant

(Icat: 1 umol/1), and then treated with Ang II (0.1 umol/1) for 10 mins.

Top: representative Western blots. Bottom: bar graph showing densitometric

data for eNOS, p-eNOS-Ser63? and p-eNOS-Ser!!”” as ratios relative to S-ac-

tin. Values are the mean+S.E. (n=8). *»p<{0.001 versus sham-rings, :p<

0.001 versus untreated banded-rings; $p<0.001 versus Ang II-treated ban-

ded-rings. Data are from Ref. 23).

THIZE>THIRFEAEEEINT, —F, PKA
FHE#RTdH 5 H89 & KTS5720 Dilj#F I &k > Tk <
Mk Nz (Fig. 9).2 Zh 5 OFERIT, AT, ZH
RFIRIC K 5 eNOS U >t D TTHEDS, PI3K/Akt
F T3 <, PKAZRZNM L ItTbNbsZ&%ERL
T3,

ZOXDMmEY D ITEATOERRZHN,
Ang 11 FiE % D cGMP R ZEIZDWTHE L 7z,
Banding Y7 AN 5 D) T FEAR % Ang 11 TR
95 &, WHER CGMP 2EDHEINNRD SN, ZD
BEANE PD123319 < icatibant D #7253, PKA [
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Fig. 9. In Vitro Effects of Receptor Antagonists and Protein
Kinase Inhibitors on Ang II-Induced Elevation of cGMP in
Aortic Rings

Aortic rings were prepared from mice 4 days after sham-operation or
banding. Following equilibration for 1 hr in an organ bath, aortic rings were
incubated for 30 mins with or without PD123319 (PD; 1 umol/1), icatibant

(Icat: 1 umol/1), wortmannin (Wort: 1 umol/1), LY24002 (LY: 10 umol/1),

H89 (10 umol/1) or KT5720 (KT: 10 umol/1), then treated with Ang II (0.1

umol/1) for 10 mins. Values are the mean+S.E. (n=8). *p<{0.001 versus

sham-rings, *p<0.001 versus untreated banded-rings, < 0.001 versus Ang

II-treated banded-rings. Data are from Ref. 23).

EIICK o Ti< Mifl =Nz (Fig. 10).2 £ 7=,
banding ¥ 7 A DME VY > VHEATED 5415 Ang
I U R A EDRETIC DWW TS, PI3K fHEXRTIE
EANEEZEBEINT, PKAHERICKDIFIEFHEL
7= (Fig. 11).2®

DL EORERI, AT, ZBKROFEBENEML 7=
% Ti&, Ang I HIEIC LD AT, SHEKIEEIC
FNWT By 2B MKRZEN L= PKAJEHEAENEZ D,
ZHIZEL D TeNOS U UMt L, NO DOFffi
HIEEAIC K 2 MEMESSDEZ > TS bD EH
KIN5 (Fig. 12). FEBE, Akt 1% eNOS D Ser1177
2 DT B A%, 242 Ser633 U AL ICE 5H
9, —7, PKA X eNOS Oiifiz U (kT %

¢GMP (fmol/mg protein)
ASANSTEESNA TN A AT TN NN
AN

W

AMMMMDIDIN

Banding
Ang 11

|| %
%,

Fig. 10. In Vitro Effects of Receptor Antagonists and Protein
Kinase Inhibitors on Ang II-Induced Elevation of cGMP in
Aortic Rings

Aortic rings were prepared from mice 4 days after sham-operation or
banding. Following equilibration for 1 hr in an organ bath, aortic rings were
incubated for 30 mins with or without PD123319 (PD: 1 umol/1), icatibant

(Icat: 1 umol/1), wortmannin (Wort: 1 umol/1), LY24002 (LY; 10 umol/1),

H89 (10 umol/1) or KT5720 (KT: 10 umol/1), then treated with Ang II (0.1

umol/1) for 10 mins. Values are the mean+S.E. (n=8). *p<0.001 versus

sham-rings, p<0.001 versus untreated banded-rings, $p< 0.001 versus Ang

II-treated banded-rings. Data are from Ref. 23).

EOMEND DD FEENEMBIZBNWT,
BK #lli# 7% PKA /1L T eNOS U (k. (Ser1177)
ZEIL, NOFEEAZEDDL I ENHEINTK
5.0 InsoWE L, EES50—HOMEKERE
BEbETERITNL, Angll itk 31%E (D7x<
EHREIR) O AT, ZEEFEIT, RAS5NHDOH
HIZ X > TIEMBRFT TO BK pEAEZ &Sk 2
L, D BKIZX2NEMED B, 5225 KR A
PKA i& (L2 L T eNOS U > L % T X 1,
NO OHifi M EAZR T EE A2 50D (Fig.
12)'30)

6. SHROBELER

ARETIE, EFHSOMEEFOIC, ESIMEERE
ST IMED AT, ZBERDOREBLZ S0, £ OfER
Ang IT I X % & N OSAEI T2 &, L
TZDEXD7: AT, ZHERZE N L 72 I8 iR 12
eNOS @ 1) > #{t % #% H L 7= BK/NO/cGMP % D
NS DI ERBRRTERE. 2O EIF, RAZR
ICEET % & METIE, AT, ZRKEOEMHITHE
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Fig. 11. Effects of Receptor Antagonists and Protein Kinase
Inhibitors on Ang II-Induced Contractile Response of Aortic
Rings

The cumulative concentration-response curves for Ang II was construct-
ed 30 mins after treatment with or without PD123319 (PD: 1 umol/l),

icatibant (Icat: 1 umol/1), wortmannin (Wort: 1 umol/1), LY24002 (LY: 10

umol/1), H89 (10 umol/1) or KT5720 (KT: 10 umol/]) in aortic rings pre-

pared from mice 4 days after sham-operation or banding. The results are ex-
pressed as the percentage of contraction evoked by 40 mmol/1 KCI. Effects of

PD and Icat: (A), Wort and LY: (B), and H89 and KT: (C), on the

response to Ang II were determined in rings from banded mice. Values are

mean=+S.E., n=8 for each point. A: *p<{0.01 versus sham rings and band-
ing rings with PD or Icat, B: *p<{0.01 versus banding rings with or without

Wort or LY, C: $p<{0.01 versus sham rings and banding rings with H89 or

KT. Data are from Ref. 23).

eNOS

= 33 = 1177
GTP P-Ser®: P-Ser-

cGMP sGC NO Arg

VASODILATION

Fig. 12. Schematic Diagram Depicting the Cell Signaling
Process in the Endothelium of the Mouse Thoracic Aorta
Whereby Ang II Induces Vasodilation

Ang II binds to AT, receptors in the plasma membrane. The activation
of AT, receptors stimulates the bradykinin (BK) B, receptor (B,), which
stimulates serine phosphorylation of eNOS at Ser®® and Ser!!”? by a protein
kinase A (PKA)-dependent pathway. Phosphorylation of eNOS increases

NO production, activating soluble guanylyl cyclase (sGC), which converts

GTP to cGMP. cGMP mediates vasodilation.
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2D, kxR REERS 2 R B L T2 ORE 2 &
ZEEET D KDl EEE R > TH D, AT, %
BRBZOIOBMAEHEED 1 DEZHSBOLED
n5.

LinL, FEEERMBPEOL OFRENH D &
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MEARIZE > TIME D E DML AT, 251K %
KT HMITOWTHSNIZL TRW, METO
AT, ZAEMEIZ, MENEMRICL < H5mT 20
WHMEICS RET S EREINTNS, 32D AT,
ZHRRSWHMAICOAL TWEI NG, AT, %
BARF PO IS E U7z AT, Z KRS x 7 7 56 i
&, ARRTRUZ AT, ZHERIT K 5 5 50 8% A%
DFMZHSNITT BI21E, AT, ZBERO il
HERIBERTH S, ZOHZHSNITT DI,
AT, ZA KRR R T BT RE B O & W HUR D
BETHA9. H 1 OD0HI N RS LMED,
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