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Angiotensin-(l-7) Augments Bradykinin-Induced 
Vasodilation by Competing With ACE and 

Releasing Nitric Oxide 
Ping LJ, Mark C Chappell, Carlos M Ferrario, K Bridget Brosmhan 

Abstract Recent studies have shown that angiotensm-( 1-7) 
[Ang-( l-7)] interacts with kmms and augments bradykmm (BK)- 
induced vasochlator responses by an unknown mechanism In this 
study, we evaluated whether the potentlatlon of the BK-induced 
vasoddation by Ang-( l-7) may be attributable to mlubitlon of BK 
metabolism, release of nitric oxide, or both Isometric tension was 
measured m intact canine coronary artery rings suspended m or- 
gan chambers ‘251-[Tyro]-BK metabolism was determined m vas- 
cular rings by assessing the degradation of the peptide by hlgh- 
performance hqmd chromatography Ang-( l-7) augmented the 
vasodllatlon Induced by BK In a concentration-dependent manner 
m nngs preconstructed with the thromboxane analog U46619 
The ECso of BK (2 45+-O 51 nmol/L versus 0 37+-O 08 nmol/L) 
was shifted leftward by 6 6-fold m the presence of 2 PmollL 
concentration of Ang-(l-7) The response was specific for BK, 
Since Ang-( l-7) did not augment the vasoddatlon induced by el- 
ther acetylchohne (0 05 pmol/L) or sodium mtroprusside (0 1 
pmol/L) Moreover, neither angiotensm I nor anglotensm II (Ang 
II) duplicated the augmented BK response of Ang-( l-7) Pretreat- 
ment of vascular rings with the mtnc oxide synthase mhlbitor, 
NW-mtro+argmme (L-NA, 100 pmol/L) completely abohshed 
the effects of Ang-(l-7) on BK-induced vasoddatlon whereas 
pretreatment with mdomethacm (10 pmol/L) was without effect 

The potent specific BK B1 receptor antagomst, Hoe 140, nearly 
abolished the BK and the Ang-(1-7) potentlated responses at 2 
pmol/L, whereas at a lower concentration (20 nmol/L) Hoe 140 
shlfted the response curve to the right for both Ang-(l-7) and 
vehicle; however, the augmented response to Ang-( l-7) persisted 
Premcubation of vascular rings with 20 pmol/L of the AT, 
(CV11974), AT? (PD123319), or nonselective (Sar’ Thr*-Ang II) 
receptor antagonists had no significant effect on the Ang-( l-7)- 
enhanced vasodllator response to BK Llsmopnl (2 pmol/L) slg- 
mficantly enhanced the BK-induced vasoddator response while 
at the same time It abohshed the synerglstlc action of Ang-(l-7) 
on BK In addition, pretreatment with 2 pmol/L Ang-( l-7) slg- 
mficantly mlntnted the degradation of ‘251-[Tyro]-BK and the ap- 
pearance of the BK-( l-7) and BK-( l-5) metabohtes in coronary 
vascular nngs Ang-( l-7) mhlblted punfied canme anglotensm con- 
verting enzyme activity with an ICsO of 0 65 pmol/L In conclusion, 
Ang-( 1-7) acts as a local synergstlc modulator of kmm-induced va- 
sodilation by mhibltmg anglotensm converting enzyme and releasing 
mtnc oxide (Hypertension. 1997;29[part 2]:394-400.) 

Key Words l anglotensm peptldes l coronary artery l 

angiotensin-convertmg enzyme 9 endothelmm-denved relaxing 
factors l nitric oxide l kmms l dog 

A ngiotensm-( l-7) possesses novel blologlcal func- 
tions that are chstmct from Ang II. 132 In contrast 
to Ang II, Ang-(l-7) is not a dlpsogen or an 

aldosterone secretagogue, 3,4 but slrmlar to Ang II, it stlm- 
ulates the release of vasopressm,5 prostaglanchns,6 and 
mtnc oxide.7 Ang-(l-7) counteracts several actions of 
Ang II. In both camne and porcine coronary arteries, 
Ang-(l-7) causes vaso&lation,*sg while Ang II dlver- 
gently constricts the coronary arteries * Freeman et alI0 
showed that Ang-( l-7) mlnbits cultured vascular smooth 
muscle cell growth, whereas equal molar concentra- 
tion of Ang II stimulates cell growth In transgemc 
(mRen-2)27 hypertensive rats, central admmlstration of 
antibodIes to Ang-(l-7) or Ang II causes opposite 
changes m blood pressure. 11 In addition, chronic mtra- 
venous infusion of Ang-(l-7) reduces blood pressure m 
SHR,‘z while acute infusion of Ang-( l-7) causes a long- 
lasting depressor response m the pithed rat13 and vaso- 
dilation of piglet pial arterioles. 14 

There 1s evidence that Ang-( l-7) may interact with lu- 
mns and augment BK-induced vasodllator responses 
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Porsti et al’ and Brosmhan et al* reported that the specific 
BK B2 receptor antagonist Hoe 140 inhibited the Ang- 
(1-7)-evoked vasodilator response m coronary vessels In 
rat ludney, Hoe 140 inhibited Ang-(1-7)-induced natri- 
uresls and dmresis.15 Paula et all6 found that Ang-( l-7) 
infusion potentlated BK-induced hypotensive responses 
m conszious rats The ACE1 qumapnlat enhanced Ang- 
(1-7)-induced vasodilatlon,g a finding that may be mter- 
preted as resulting from mhlbltlon of BK degradation 17-19 
Addmonally, ACE inhibition IS associated with sigmfi- 
cant elevations of Ang-( 1-7) as blockade of ACE actlvlty 
diverts the pathway of Ang II formation from Ang I mto 
Ang-( 1-7) 20-z Thus, the vasodllator response associated 
with ACE1 therapy may be due to local accumulation of 
BK and Ang-(l-7) and amplification of the effects of BK 
m the presence of augmented plasma and tissue concen- 
tratlons of Ang-( l-7) The present studies were conducted 
to explore further the mechanisms of action of Ang-( l-7) 
m the BK-potentiatmg response m isolated camne coro- 
nary arteries. 

Methods 
Vascular Ring Reactivity 

Following approval by the Institutional Animal Care and Use 
Committee, 18 male dogs (body weight 15 to 25 kg) were anes- 
thetized with a combmation of ketamme (15 mg/kg IM) and 2% 
halothane Animals were euthanatized with a lethal dose of so- 
dium pentobarbital(50 mg/kg IV) The hearts were removed Im- 
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Selected Abbreviations and Acronyms 
ACE1 = anglotensm convertmg enzyme mhlbltor 

Ach = acetylcholme 
Ang = anglotensm 
BK = bradykuun 

L-NA = N”-tutro-L-argmme 

mediately and kept m ice-cold modified Krebs-Henselelt buffer 
while the left anterior descendmg coronary artery was carefully 
dissected free of fat and adhering connective tissues The artery 
was cut mto 3-mm-long rings and mounted with two stainless 
steel wire triangles m glass organ chambers containing modified 
Krebs-Henseleit solution (composition m mmol/L 1 I8 3 NaCl, 
4 7 KCl, 2 5 CaCl*, 1 2 MgS04, 1 2 KH2P04, 25 NaHCO?, 0 026 
CaNaEDTA, and 11 glucose) The Krebs’ solution was aerated 
with 95% O2 and 5% CO* at 37’C (pH 7 4) and the rings were 
allowed to equilibrate for 60 minutes at 1 g mltlal resting tensIon 
Basal tenslon was Increased m a step-by-step fashion until the 
optimal length-tension relatlonshlp was achieved by repeated ex- 
posure to 40 mmol/L KC1 (the optimal tension was 3 5 to 5 g) 
Isometric tension of the vascular rings was measured contmu- 
ously using a polygraph (Grass No 7) The integrity of functional 
endothehum was confirmed by the presence of Achmduced re- 
laxation (more than 90% relaxation at 0 1 pmol/L of Ach) m rmgs 
preconstructed with 10 nmol/L of the thromboxane A2 analogue 
U46619 It was demonstrated m a previous study* that the stable 
constriction induced by 10 nmol/L U46619 was 40% to 50% of 
maxlmal contractlon produced by U46619 

Measurements of ACE Activity 
ACE was purified =1200-fold from a membrane flactlon of 

canme lung using a hsmopnl-coupled affimty column, described 
elsewhere *?24 Tissue was homogenized m 25 mmol/L HEPES, 
0 2 mol/L NaCl, pH 8 0 (Buffer A) m a blender followed by 
centnfugatlon at 10 OOOg for 30 minutes The pellet was washed 
once with Buffer A and centrifuged, and then the pellet was sol- 
ubihzed m Buffer A with 0 1% Triton X-100 and 0 05 mmol/L 
ZnS04 (Buffer B) Followmg centrifugation at 30 OOOg for 30 
minutes, the supernatant was applied (10 mL/h) to a Sepharose 
6B affnuty column (Sigma Chemical Co) coupled to llsmopril via 
a 2 8-nm spacer arm The column was washed with 100 mL of 
Buffer B, 50 mL of Buffer B containing 0 5 mol/L NaCl, and 50 
mL of Buffer B at 4”C, and the enzyme was eluted with 10 mL 
of 50 mmol/L sodium borate, pH 9 5, 0 1% Trlton ACE was 
further purified and concentrated on a DEAE cellulose ion- 
exchange column (m 10 mmol/L HEPES, pH 7 0, 0 1% Trlton) 
and eluted with Buffer B contammg 0 5 mol/L NaCl Protein 
concentration was determmed by a BioRad Bradford assay kit 

ACE actlvlty was determined using the synthetic substrate 
Hip-His-Leu as described previously 25 Purified canine ACE (40 
ng) was incubated m 0 48-mL Buffer A with 1 0 mol/L sodium 
chloride with 1 mmol/L concentration of Hip-His-Leu for 15 
minutes at 37°C The reactron was terminated by addmon of 1 2 
mL 0 34N sochum hydroxide (NaOH) The product (His-Leu) 
was reacted with 0 I mL o-phthalaldehyde (20 mg/mL methanol) 
for 10 minutes followed by 0 2 mL 3N hydrochloric acid, and 
the fluorescence was determined (365-nm excitation and 495-nm 
emission) The specificity of the assay was assessed by addition 
of 1 pmol/L hsmopril 

1251-[Tyro]BK Metabolism 
We employed a BK analog contammg tyrosme (Tyr’) at the 

ammo terrnmus of the peptide for metabolism studies The [Tyr]‘- 
BK analog (Bachem) was loclmated with I?-Na (Amersham) 
usmg the chloramme-T method and purified by high-performance 
hqmd chromatography (HPLC, see below) to a specific activity 
of 2200 Cl/mmol 26 The peak of ‘251-[Tyr]o-BK was diluted m 
1.5 mol/L Tns-HCl, pH 8 3, containing 0 05% BSA and stored 
at 4°C The radiolabeled peptlde (final concentration of 1 nmol/L) 
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was added to the tubes contammg three rmgs premcubated for 
60 mmutes with 1-mL Krebs’ buffer gassed with 95% O2 and 5% 
CO* at 37°C Ahquots of the mcubation medium were obtained 
at 5, 10, and 20 minutes and the metabolism was terminated by 
ad&on of 1% heptafluorobutyric acid 

The extent of ‘*‘I-[Tyr]‘-BK metabolism was determmed by 
HPLC using the HFBA solvent system 26 Ttus system consisted 
of 0 1% HFBA (mobile phase A) and 80% acetomtnle/O 1% 
HFBA (mobile phase B), and the analysis was performed on an 
Applied Biosystems 400 HPLC equipped with a narrow-bore 
Waters Nova-Pak Cl8 column (Waters, 2 1 X 150 mm), an Aqua- 
pore Cs guard column (Apphed Blosystems, 3 2X 15 mm), and a 
Rheodyne 7125 injector (ABI) Samples (50 pL, 25 to 50 000 
cpm) were analyzed under Isocratic conditions of 38% mobile 
phase B at a flow rate of 0 35 mL/mm One-mmute fractions (0 35 
mL) were collected and counted m a Packard gamma counter 
(Packard Instruments, counting efficiency 75%) ‘*jI- [Tyr]‘-BK- 
(l-7) and BK-(l-5) standards were prepared enzymatlcally by 
incubating ‘251-[Tyr]o-BK with purified ACE, and the peptldes 
were isolated by HPLC 

Experimental Protocol 1 
BK-induced relaxation (1 nmol/L) was produced after I hour 

eqmhbratlon m intact vascular rings preconstncted with 10 
nmol/L U46619 Ang-(l-7) at concentrations of 0.1 to 2 
PmollL was used to pretreat quiescent coronary artery rmgs for 
10 minutes, then 1 nmol/L BK-induced relaxation response was 
repeated m the preconstructed nngs The specificity of the poten- 
tiation response for BK was assessed by measurement of the re- 
laxation responses to either Ach (50 nmol/L) or sodmm mtro- 
prusslde (0 1 hmol/L) before and after pretreatment with 2 
pmol/L Ang-( l-7) 

Experimental Protocol 2 
For experiments m protocol 2, It was determined that control 

concentration-dependent, cumulative relaxation response curves 
to BK (lo-” to 10e6 mol/L) were able to be generated m rmgs 
preconstructed from 70% to 80% of maximal contraction with 50 
nmol/L of U46619 The contnbutlons of endothehum-derived m- 
tric oxide, vasoactive prostaglandms, ACE, and Ang and kmm 
receptors to the Ang-(l-7) potentiation response for BK were 
mvestlgated as follows (1) The contrlbutlon of vasodllator pros- 
taglanchns was assessed by admmlstratlon of the cyclooxygenase 
mhlbltor mdomethacm (10 ,umol/L) applied for 20 minutes before 
mtroductlon of 2 pmol/L Ang-( l-7) for 10 minutes Then the BK- 
induced dose-dependent relaxation response curve was repeated 
(2) In separate experiments, rings were smularly co-pretreated 
wrth the nitric oxide synthase mhlbltor L-NA (100 pmol/L) for 
20 mmutes followed by the addltlon of 2 pmol/L Ang-(l-7) for 
10 minutes (3) To evaluate a potential mteractlon among Ang- 
(l-7), kmms, and ACE, coronary artery rings were also exposed 
for 20 minutes to either the specific BK B2 receptor blocker Hoe 
140 (2 pmol/L and 20 nmol/L) or the ACE1 hsmoprd (2 
pmol/L), and each was then followed with 2 pmol/L Ang-(l-7) 
co-pretreatment for 10 minutes (4) The participation of Ang re- 
ceptor subtypes was determined followmg admimstratlon of se- 
lective AT, (CV11974, 20 hmol/L [the active form of TCV- 
116]*7), and AT2 (PD123319, 20 PmoliL) receptor antagomsts 
A nonselectlve competltlve peptlde Ang II receptor antagonist, 
Sar’ Thr8-Ang II (20 kmol/L), was also utilized to determine the 
possible participation of other subtypes of Ang receptors 

In addition, to evaluate whether Ang I or Ang II also potentlate 
the BK-induced relaxation response m isolated coronary rmgs, 
the BK-mduced relaxation response curves were produced m the 
presence and absence of rings pretreated for 10 minutes with 2 
pmol/L of Ang I or Ang II. All receptor antagonists and enzyme 
mlubitors (hsmopnl and cyclooxygenase) chd not change basal 
tension and the preconstrictlon induced by U46619 On the other 
hand, Ang I and Ang II pretreatment caused typical phaslc con- 
striction m intact qmescent rings, the mtnc oxide synthase mhlb- 
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ltor L-NA resulted m either no effect or a shght rise m basal 
tenslon 

Experimental Protocol 3 
Competmon assays usmg punfied canine ACE were deter- 

mined using a fixed concentration of the substrate Hip-His-Leu 
(1 mmol/L) and varying the concentrations of the competmg 
agents [hsmopnl (lo-” to lo-’ mom), Ang-(l-7) (lo-’ to lo-’ 
mol/L), or Sar’, Thr’-Ang II (lo-* to 10e5 mol/L)] Inhlbltory 
constants (ICzo) were determined from the respective competmon 
curves 

To study the effect of Ang-(l-7) on BK metabohsm m mtact 
coronary rings, ‘251-[Tyro]-BK (final concentration of 1 nmol/L) 
was added to the tubes contammg three rings premcubated with 
1 mL Krebs’ buffer and aerated with 95% O2 and 5% COP at 
37°C Llsmoprd (2 PmollL), Ang-(l-7) (2 pmol/L), or Krebs’ 
buffer as control were added to the rmgs 10 minutes before ad- 
dition of the radlolabeled BK Aliquots of the mcubatlon medium 
were removed at 5, 10, and 20 mmutes and diluted with 1% 
HFBA to mhlblt peptldase activity 

Statistical Analysis 
The concentration of BK causing 50% (ECSo) of the maximal 

relaxation and the ICso of ACE mhlbltlon were calculated usmg 
a nonlinear regression method of a slgmold curve-fitting program 
(PRISM. Granhnad Inc) Results are renorted as mean+SEM 
(standard errdr 6f meanj One-way ANO\A followed by New- 
man-Keuls multiple comparisons and Student’s t test for paired 
observations were used for statlstlcal analysis A value of P< 05 
was considered statistically significant 

Drugs and Solutions 
Ang peptldes were purchased from Bachem Hoe 140 was 

a gift of Hoechst-Roussell Inc (Frankfurt, Germany) 
PD1233 19 was generously supplied by Warner-Lambert 
Parke-Davis Inc (Ann Arbor, Mlch), CV11974 by Takeda 
Chemical Industries, Ltd (Osaka, Japan), and hsmoprll by 
DuPont Merck Co (Wilmington, Del) Other chemicals were 
purchased from Sigma Chemical Co Ang peptldes were pre- 
pared dally in a Krebs-Henselelt buffer solution Indomethacm 
and CVl1974 were dissolved in 0 2N Na2C03 m stock solu- 
tion and diluted with Krebs’ buffer upon use U46619 was 
prepared as stock solution m ethanol and diluted with Krebs’ 
buffer The concentrations of drugs reported are at a final con- 
centration m organ chambers 

Results 
Synergistic Action of Ang-(l-7) on BK-Induced 
Vascular Relaxation 

BK at a concentration of 1 nmol/L caused endothelmm- 
dependent vasorelaxatton of intact coronary artery rings 
preconstructed with 10 nmol/L of the thromboxane AZ an- 
alogue U46619 The BK-induced relaxatton response was 
augmented by Ang-(l-7) (0 1 to 2 pmol/L) m a dose-de- 
pendent manner (Fig 1, top) At a concentration of 2 
pmol/L Ang-(l-7), relaxation to BK was increased 92% 
compared to BK alone (4124.4% versus 92+2.5%, 
P< 01) The effect of Ang-(l-7) on the BK-mduced re- 
laxation response was specific for BK, since Ang-( l-7) dtd 
not augment relaxation responses induced by the endothe- 
hum-dependent vasodtlator Ach (0 05 pmol/L) (6025 5% 
versus 6126.9%, P>.O5) or the endothelmm-independent 
vasoddator sodmm mtroprusstde (0 1 pmol/L) (7028 2% 
versus 6828.5%, P> 05) (Fig 1, bottom) 

Contribution of Endothelium-Derived Autacoid 
Relaxing Factors 

BK (lo-” to 10e6 mol/L) elicited concentration-dependent 
relaxation responses m submaximally preconstncted rmgs 

Ang-( 1-7) at 2 pmol/L concentration ehclted a stgmficant 
leftward shtft of the BK-induced relaxanon response curve. 
The ECSo of BK was reduced 6.6-fold m the presence of 2 
pmol/L Ang-( l-7) (EGO, 2 4520 51 versus 0.37+0 08 
nmol/L, P<.Ol) Premcubation with mdomethacm (10 
pmol/L) had no significant effect on the BK-induced 
relaxation response The ECSo of BK was not changed m the 
presence of mdomethacm m both control (BK) and Ang-( l- 
7 )-treated groups [control. 2 4520 51 versus 3.06?0.86, 
Ang-( 1-7) treated 0 3720 08 versus 0 4320 11 nmol/L, 
without versus wtth mdomethacm] The potenttatton re- 
sponse to BK produced by 2 pmol/L Ang-(l-7) was sttll 
present m the presence of mdomethacm (EC,,. 3 06kO.86 
versus 0.4320 11 nmol/L, P< 01) (Fig 2, top) In contrast, 
pretreatment with the nitric oxide synthase inhibitor L-NA 
(100 pmol/L) srgmficantly shifted the BK-induced relaxatton 
response curves to the nght of both control and Ang-( l-7)- 
treated groups [control 2 4520.51 versus 28 8429 68 
nmol/L, P< 01, Ang-(1-7)-treated. 0 37+-O 08 versus 
31.68k9.59 mnol/L,, P<.Ol, without versus with L-NA] and 
abolished the effect of Ang-(l-7) on the BK-induced relax- 
ation response (EGO 28.8429 68 versus 31.68+9 59 
nmol/L, P>.O5) (Fig 2, bottom) 

Pretreatment with the potent specific BK B2 receptor an- 
tagonist Hoe 140 at a concentration of 2 prnoI/I, nearly abol- 
ished the BK-induced relaxation response, resultmg m only 
about 20% relaxation at the htghest concentration of BK 
tested (1 pmol/L) The Ang-( l-7) potenttatmg response to 

100-l 
* 

mBK Ii nmoULI 

BK O.lpmol/L IlrmoUL PpmoUL 

m control 
-A&1-7) treated 

BK ACH SNP 

FIG 1 Top, Average dose-response curves to 1 nmol/L BK be- 
fore (hatched bar) and after (black bars) lo-minute pretreatment 
with Ang-(l-7) (0 1 to 2 pmol/L) Bottom, Effect of 2 pmol/L Ang- 
(l-7) on BK (1 nmol/L), Ach (ACH, 50 nmol/L), or sodium nltro- 
prusside (SNP, 100 nmol/L) Values are meantSEM BK re- 
sponses are the average of 16 rings obtalned from 6 dogs All 
other groups contain 6 to 12 rings from 4 to 6 dogs *PC 05 vs 
BK, **PC 01 vs control 
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FIG 2 Top, Cumulatrve dose-response curves to BK (lo-” to 
1 OS6 mol/L) alone (control) and in the presence of 2 pmol/L Ang- 
(l-7) Condrtrons are the same as In Figs 2 to 5 Preincubatlon 
wrth the cyclooxygenase rnhrbrtor rndomethacrn (Indo, 10 
pmol/L) had no signrflcant effect on the BK-Induced relaxatron 
response. Coincubatron with indomethacin (10 pmol/L) and 2 
pmol/L Ang-(l-7) showed no difference from the findings ob- 
tained with 2 pmol/L Ang-(l-7) alone Bottom, Cumulatrve dose- 
response curves to BK (1 O-lo to 1 O-’ mol/L) alone (control) and 
in the presence of 2 PmoRL Ang-(l-7) Prerncubatron with the 
nitric oxide synthase inhibitor L-NA (100 pmol/L) shifted the BK- 
induced relaxation response to the right Co-pretreatment with 
L-NA (100 pmol/L) and 2 pmol/L Ang-(l-7) showed no difference 
from the L-NA treated alone L-NA abolished the Ang-(l-7) po- 
tentiating effect on the BK-Induced relaxation response Values 
are mean?SEM Control group contains 33 rings from 12 dogs, 
and Ang-(l -7)-treated group has 44 rings from 10 dogs Other 
treatments include 6 to 10 rings from 3 to 4 dogs 

BK was no longer present (data not shown) Pretreatment 
with Hoe 140 at a 20 nmol/L concentratton shifted the BK- 
Induced relaxauon response curves to the nght of both control 
and Ang-( 1-7)-treated group [control. 2 45 ?O 5 1 versus 
547 65k-19 63 nmol/L, P<.Ol, Ang-(1-7)-treated 0 37& 
0 08 versus 115.14t23.96 nmol/L, P<.Ol, without versus 
with Hoe 1401 (Fig 3, top) However, m the presence of 
20 nmol/L Hoe 140, Ang-(l-7) still potentiated the BK- 
Induced relaxation [EC&: 547 65219.63 versus 115 142 
23 96 nmol/L, P<.Ol, without and with Ang-(l-7)] 

Pretreatment with the ACE1 hsmopnl(2 PmollL) mark- 
edly shifted the BK-induced relaxation response curves to 
the left of both control and Ang-( 1-7)-treated groups [con- 
trol: 24502510 versus 0 2520.07 pmol/L, P<.Ol, Ang- 
(1-7)-treated* 370280 versus 0.24+0 05 pmol/L, P<.Ol, 
without and with hsmoprtl]. Pretreatment with hsmopnl 
also abolished the potentiation response to BK produced 

by Ang-(l-7) [ECJo* 0.2420 01 versus 0.25t0.01 pmol/L, 
P>.O5, without and with Ang-(l-7)] (Fig 3, bottom) 

Effect of Ang Receptor Antagonists 
Premcubation with either the AT, or AT2 receptor an- 

tagonists at a concentration 10 times higher (20 
pmol/L CV11974 and 20 pmol/L PD123319) than Ang- 
(l-7) did not stgmficantly inhibit the Ang-(l-7) poten- 
trating response to BK [EC50: 0 37?0 08 versus 
0.44-f-O 06 versus 0.5220.16 nmol/L, Ang-(l-7) versus 
CV11974 versus PD1233191 (Fig 4) Similarly, pre- 
treatment of precontracted rings with the nonselective 
Ang receptor antagonist Sarr Thr’-Ang II (20 pmol/L) 
had no significant effect on the enhanced response to 
BK produced by Ang-(l-7) [EcSO 0 37kO.08 versus 
0 41~0.11 nmol/L, Ang-( l-7) versus Sar’ Thr’ Ang II] 
(Fig 4). Sar’ Thr’-Ang II had no effect on the BK-m- 
duced relaxatron response (data not shown) 

Selectivity of Ang Peptides 
In contrast to Ang-(l-7), pretreatment with 2 pmol/L 

Ang I or Ang II for 10 minutes did not change the BK- 
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FIG 3 Top, Cumulative dose-response curves to BK (lOmqo to 
1 Ov6 mol/L) alone (control) and in the presence of 2 pmol/L Ang- 
(l-7) Prelncubatlon with the BK Bz receptor antagonist Hoe 140 
(20 nmol/L) shifted the BK-induced relaxation response to the 
right. Preincubation with Hoe 140 (20 nmol/L) and 2 pmol/LAng- 
(l-7) reduced BK-induced response Low concentration of Hoe 
140 did not abolish the Ang-(l-7) potentrating effect on the BK- 
induced relaxation response Bottom, Pretreatment with the ACEI 
llsinopnl (2 pmol/L) markedly leftward shifted the BK-induced 
relaxation response curves and that co-pretreated with Ang- 
(l-7) Pretreatment with lisrnopnl abolished the potentration re- 
sponse to BK produced by Ang-(l-7) Values are mean?SEM 
Each treated group includes 6 to 10 rings from 3 to 4 dogs 
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FIG 4 Prelncubatlon with either the AT, (CV11974, 20 pmol/L) 
or AT? receotor (PDI 23319, 20 umol/L) antagonists at a 1 O-fold 
highe; co&entr&on than Ang-(l-7) did not-significantly block 
the Ang-(l-7) (2 pmol/L) potenbatlng response to BK (control) 
Similarly, pretreatment with the nonselective Ang receptor an- 
tagonist Sar’ Thra-Ang II (20 pmol/L) had no significant effect on 
the potentlating response to BK produced by Ang-(l-7) Values 
are meantSEM Each treated group Includes 6 to 10 rings from 
3 to 4 dogs 

induced relaxation response. There was no difference m 
the ECSO of BK m Ang I- and Ang II-treated groups com- 
pared with BK alone [Et&, 2.45?0 51 versus 2.33?1 24 
versus 2 09+074 nmol/L, control versus Ang I versus 
Ang II] (Fig 5) 

Ang-(l-7) Inhibits ACE Activity and Attenuates 
Metabolism of ‘251-[Tyro]-BK 

Ang-( l-7) inhibited ACE actlvlty purified from canine 
lungs with an ICsO of 0.65 pmol/L (Fig 6, top). Lisinopnl, 
as expected, was a more potent mhtbltor of canme ACE 
than Ang-(l-7), having an ICsO of 1 5 nmol/L. At 10 
PmollL, Sar’ Thr8-Ang II showed no effect on ACE actlv- 
lty Pretreatment of coronary rmgs with 2 pmol/L Ang- 
(l-7) or 2 pmol/L lismopnl for 10 minutes significantly 
attenuated or blocked the rapid degradation of ‘**I-[Tyr’]- 
BK metabolism (Fig 6, bottom). Five minutes after the 
addition of radiolabeled BK, both Ang-( l-7) and hsinoprll 
were shown to be equally effective m blockmg its degra- 
dation Thereafter, Ang-( 1-7) and hsmopnl significantly 
attenuated the degradation of BK, but at 20 minutes only 
hsmopnl was effective m blockmg the degradation of 
1251-[Tyro]-BK in vascular rings 

Discussion 
In isolated camne coronary arteries, Ang-(l-7) has a 

synerglstlc, concentration-dependent action on BK-m- 
duced vasorelaxation The specificity of the response for 
Ang-( l-7) was demonstrated by determmmg the fslllure of 
other vasodilator autocoids, namely Ach, sochum mtro- 
prusnde, and prostaglandms, to augment the BK-induced 
relaxation Moreover, neither Ang I nor Ang II given m 
concentrations eqmmolar to Ang-( l-7) caused potentiatlon 
of the BK response The synergistic effect of Ang-(l-7) 
on the vasochlator response produced by BK is not medl- 
ated by a known Ang receptor since the effect persisted m 
the presence of ATI, AT2, and Sar’ Thr’-Ang II receptor 
antagonists. Our studies m&ate that the effect of Ang- 

(l-7) may be produced by release of NO Furthermore, we 
provide novel evidence that mhlbmon of endothehal ACE 
activity may m part also contribute to the synerglstlc action 
of Ang-( l-7) on the vasodllator response to BK 

Ang-( l-7) acts as a vasochlator opposmg the pressor and 
prohferatlve actions of Ang II In wvo Ang-( l-7) produces 
vasodllatlon m feline mesentenc and hindquarter vascular 
beds,*8 m piglet plal artenoles,14 and m pithed rats 13 In 
porcme and canine coronary artenes,s.g Ang-( 1-7) dilates 
vessels by eliciting the release of kmms and endothehal- 
derived mtnc oxide. Our studies provide further evidence 
that Ang-(l-7) may be acting as a local autocnne or par- 
acrme hormone Since rerun, anglotensmogen, ACE, and 
Ang receptors are found m the various cellular elements 
of the vascular wall 29~0 Local release of both Ang I and 
Ang II has been demonstrated across the hmdhmb and 
mesentenc beds after bilateral nephrectomy 31 Ang-( l-7) 
has been shown to be produced locally in endothehal and 
vascular smooth muscle cells.21J6 

Kmms are potent endogenous vasodllator peptides caus- 
mg endothelium-dependent vasodllation by release of en- 
dothelmm-denved nitric oxide, hyperpolanzmg factor, 
and prostacyclm (PG12) 17~33 The vascular endothelmm 
contams a kmm-generatmg system,l7.3*+34 and kmms are 
mainly degraded mto inactive peptides by local ACE and 
other endopeptldases.32,35 Recent studies have shown that 
ACE inhibition increases local kmm concentration. Kmm 
levels and the half-life of exogenously added BK m cul- 
tured endothehal cells and artenal tissue were increased 
fourfold and prolonged, respectively, by treatment with 
ACE mlubltors 36-39 Other studies showed that ACE mhlb- 
ltors potentlated BK-induced vasodllatlon mediated by m- 
tric oxide and enhanced cGMP production m arteries x9-41 
These studies strongly mdlcate that ACE inhibition 1s as- 
sociated with increases m local kmm concentrations. 

In agreement with previous studies,38J9*42,43 we found 
that lisinopnl Inhibited punfied canine ACE activity with 
an ICso of 1 5 nmol/L and also blocked the degradation of 
BK in vascular rings. Importantly, Ang-(l-7) also mhlb- 
lted ACE activity with an ICso of 0.65 ,umol/L, possibly 
by competing with kmms as a substrate for ACE Matsu- 
fujl et aI4 showed that m SHR the antihypertensive effects 
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FIG 5 Pretreatment with 2 pmol/L Ang I or Ang II for 10 minutes 
had no effect on the BK-induced relaxation (control) response 
Two micromoles per liter of Ang-(l-7) potentlated the BK-Induced 
relaxation Values are mean?SEM Ang I or Ang II groups include 
6 to 8 rings from 3 to 4 dogs 
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FIG 6 Top, Competition assays using purified canine ACE were 
determined using a fixed concentration of the substrate Hip-His- 
Leu (1 mmol/L) and varying the concentrations of the competing 
agents [Iisinopnl, 10-l” to lo-’ mol/L, Ang-(l-7), 10-O to iOF 
mol/L, and Sar’ Thr’-Ang II, IO-* to 10m5 mol/L] Values are 
mean+-SEM n=3 to 4 dogs Ang-(l-7) had an ICsO of 0 65 
pmol/L Llsinopnl had an I&,, of 1 5 nmol/L At 1 pmol/L, Sar’ 
Thr’-Ang II showed no rnhlbltlon of ACE. Bottom, ‘251-~yr0]BK 
(final concentration of 1 nmol/L) was added to tubes containing 
three preincubated coronary rings with 1 mL Krebs’ buffer aer- 
ated with 95% O2 and 5% CO? at 37°C Lisinopnl (2 pmol/L), 
Ang-(l-7) (2 PmollL), or Krebs’ buffer as control were added to 
the rings 10 minutes before addition of the radiolabeled BK All- 
quots of the incubation medrum were removed at 5, 10, and 20 
minutes Results are reported as mean?SEM n=4 dogs *P < 05 
vs control 

of small Ang fragments, including Ang-( l-7), were due to 
ACE mhibitlon Thus, our findings indicate that Ang- 
(l-7) may mhlblt local endothehal ACE activity, prevent 
the degradation of kimns in local vessels, and as a con- 
sequence augment kmm levels. Furthermore, since It 
would not be anticipated that ACE mlubition would have 
an effect on Ach or sodium mtroprusslde, our findings 
demonstrating a specific effect of Ang-(l-7) on BK, but 
not these other vasodllators, are consistent with Ang-( l-7) 
competitively binding with ACE and preventing BK deg- 
radation The specific interaction of Ang-( l-7) and BK 
confirms previously reported results m conscious rats ‘6 

There are some differences between our m vitro stuches 
and those described m whole animal. Paula et alI6 showed 
that mdomethacm but not treatment with enalapnlat 
blocked the Ang-(l-7) potentlatmg effect to BK m rats m 
vlvo In contrast, m canme coronary vessels mtnc oxide 
rather than prostaglandins appears to account for the syn- 
erglstlc action of Ang-(l-7) on BK-induced relaxation 
Similarly, nitric oxide was demonstrated to participate m 

the potentiatron of relaxation to BK by ACE inhlbltlon m 
canine coronary rings 40 It has previously been shown that 
Ang-( 1-7) stimulated prostaglandin release m pithed rats 
and cerebral arterlolar vessels m piglets, ‘33’4 whereas Ang- 
(l-7) responses were medlated by nitric oxide release m 
feline hmdhmb and mesentery preparations and m vitro 
preparation of coronary vascular nngs.*,g The kmd of me- 
diator contrlbutmg to the modulatory actions of Ang-( l-7) 
on BK may be tissue or organ specific or less likely reflect 
differences in species-specific mechanisms 

There 1s another possible explanation for the reported 
differences between m vivo and m vitro findings ACEIs 
do not always produce an mcrease in circulating kmm con- 
centration in v1v0.l~ Thus, the lack of an effect of ACE 
inhibition m the conscious rat may suggest that kmms are 
either not involved or exist at concentrations below those 
that will be reqmred to demonstrate a synergistic action 
between the two peptldes In our preparation, hsmoprll 
pretreatment greatly enhanced BK-induced responses, m- 
dlcatmg the effectiveness of lismopril to inhibit local ACE 
Moreover, hsmopnl abolished the Ang-( l-7) potentlatmg 
effect to BK Since hsinoprll has a much higher affinity to 
ACE than Ang-(l-7) (=500-fold), at equal molar concen- 
trations, hsinoprll may mask the ACE inhibitory effects of 
Ang-(l-7) m vascular nngs. 

Hoe 140 1s a potent competitive antagonist of kmm B2 
receptors. ‘7.45346 Our results showed that high concentra- 
tions of Hoe 140 (2 pmol/L) nearly abolished BK-induced 
responses and also eliminated the effect of Ang-(l-7) At 
lower concentrations (20 nmol/L), Hoe 140 caused a nght- 
ward shift m the relaxation curve of BK. Under these con- 
ditions, however, the potentiatmg response produced by 
Ang-(l-7) was still present These findings may be 
explained by a chrect action of Ang-(l-7) on ACE pre- 
venting bmdmg of BK to the enzyme Reduced BK me- 
tabolism in the presence of Ang-(l-7), as shown in our 
experiments, would allow increased kimn concentration m 
the presence of low concentrations of Hoe 140 

How then 1s the synergistic effect of Ang-(l-7) on BK 
different from the effect of Ang-(l-7) acting as a direct 
vasodllator of coronary vesselsT8 Both the direct and the 
synergistic effects of Ang-( 1-7) involve a B2 receptor and 
are mediated by nitric oxide but not prostaglandms Fur- 
thermore, in our previous expenment,8 we found that the 
direct effect of Ang-(l-7) is mediated by a non-AT1 
or -AT, receptor While Sar’ Thr’-Ang II has been re- 
ported by us to block the vasodllator and antiproliferative 
actions of Ang-( 1-7),8J0 this competltlve peptlde antago- 
nist did not inhibit the amplification of the BK-induced 
vasodllator response m the presence of Ang-(l-7). This 
finding suggests that the interaction between BK and Ang- 
(l-7) may be mediated by an Ang receptor subtype that 1s 
not competed for by Sar’ Thr’-Ang II or the subtype-spe- 
cific ATI and AT:! receptor antagonists Alternatively, 
Ang-(l-7), m these circumstances, may act as an endog- 
enous hgand for Bz receptors or as an ACEI, as discussed 
above Further studies need to be conducted to evaluate 
the nature of the receptor and the mechanism accounting 
for this interaction between Ang-( l-7) and BK receptors. 

In summary, we have demonstrated that Ang-(l-7) 
augments BK-induced vasochlation m coronary arteries 
by acting as a local modulator of ACE activity and by 
enhancing the release of nitric oxide. These effects of 
Ang-( l-7) may contribute to enhanced cardiovascular 
protection 
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