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Abstract--In this study, the formation of biologically active angiotensins from angiotensin I (Ang I) in isolated 
rat hearts was evaluated. The role of angiotensin converting enzyme (ACE) in Ang I metabolism was also 
investigated. HPLC analysis of heart perfusate showed that ‘*‘I-Ang I was metabolized extensively (single 
passage) in the rat coronary circulation in vitro leading to the formation of the biologically active angiotensins: 
angiotensin II (Ang II), Ang-(2-8). Ang-(3-8) and Ang-(l-7). Ang II was the major product identified in HPLC 
fractions, corresponding to 7.8 + 0.89% of the total radioactivity recovered. A similar profile was observed when 
single-passage metabolism of non-isotopic Ang I was evaluated by HPLC, followed by radioimmunoassay of the 
eiuate fractions. When “‘1-Ang I was perfused in the presence of ACE inhibitors (enalaprilat, ramiprilat) in 
concentraticlns up to 130 ph4, the formation of Ang II was only partially inhibited (approximately 50%). A 
similar tendency was observed for Ang-(2-8), Ang-(3-8) and Ang-(2-7). The formation of Ang-(l-7) and its 
related fragments Ang-(3-7) and Ang-(4-7) was not changed significantly by ACE inhibitors, although a slight 
increase in formation of these fragments was observed. No significant changes were observed for the carboxyl- 
terminal fragments of Ang I: Ang-(2-IO), Ang-O-10), and Ang-(4-10). The fractional metabolism of Ang I was 
not modified by ACE inhibition. These findings suggest that biologically active angiotensins can be formed from 
Ang I in the rat coronary circulation. These locally generated peptides may contribute to the actions of the 
renin-angiotensin system in the heart. 

Key words: angiotensin-(l-7); angiotensin IV; angiotensin III; renin-angiotensin system; hypertension; blood 
pressure 

The concept that the RASt’ is a circulating system with a 
single biologically active end-product, Ang II, has 
changed in the past few years to a new concept in which 
the RAS is considered to be both local and circulating 
[ 11. In addition to Ang II, other biologically active prod- 
ucts can be formed by the limited-proteolysis processes 
involved in RAS activation [2, 31. Several studies have 
provided evidence that at least three other angiotensins 
fulfill the requirements necessary to be considered me- 
diators of the RAS; angiotensin-(2-8) (Ang III) [4, 51, 
angiotensin-(3-8) (.4ng IV) [6-81, and angiotensin-( 1-7) 
(Ang-(l-7)) 14, 91. 

Ang III has bean shown to be an endogenous an- 
giotensin in plasma and tissues [3, 41 with important 
central and peripheral actions including stimulation of 
aldosterone release [lo], neuronal stimulation [4, 51 and 
positive inotropic effect [1 I]. Ang-(3-8) is present in 
plasma and tissues [2, 121 and has been shown to in- 
crease renal cortical blood flow [13] and to produce an 
endothelium-dependent vasodilatation in rabbit cerebral 
arterioles [7]. In addition, Ang-(3-8) has been reported to 
enhance memory retrieval [6]. Specific binding sites for 
Ang-(3-8) have been demonstrated in the rabbit heart 
and guinea pig heart [ 141. The heptapeptide Ang-( 1-7) is 
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also present in plasma and tissues [2, 3, 121 and exerts 
important central and peripheral effects related to car- 
diovascular function [3, 15-181 and hydroelectrolyte 
balance [19-211. In contrast to Ang II, however, Ang- 
(l-7) does not possess significant myotropic, pressor or 
dipsogenic action [see Ref. 31. 

The RAS participates in changes in chronotropism 
and inotropism, arrhythmogenesis, and cellular growth 
in the heart [ 11, 221. These actions have been attributed 
to the interaction of Ang II with angiotensin receptor 
subtype AT, [ 111. However, other peptides of the RAS 
could also be involved in the mediation of RAS effects, 
particularly in situations where the formation or actions 
of Ang II is (are) altered [3, 18, 23, 241. Several studies 
have documented the formation of Ang III, Ang-(3-8) or 
Ang-(l-7) from Ang I or Ang II in vivo and in vitro [3, 
4, 251, yet there are no data regarding the formation of 
these angiotensins in the heart circulation. Only a few 
studies have attempted to study the metabolism of Ang I 
in isolated heart preparations [1], and in these studies 
only Ang II formation was investigated. In the present 
study, we evaluated the formation of biologically active 
angiotensins from Ang I in isolated rat hearts, using 
non-isotopic and ‘Z51-labeled Ang I. The effect of ACE 
(EC 3.4.15.1) inhibitors on the single-pass metabolism 
of ‘?-Ang I was also determined. 

MATERIALS AND METHODS 

Animals 

Male Wistar rats weighing 200-300 g were used. The 
animals were obtained from the “Centro de Bioterismo .__ 
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do ICB-UFMG” (CEBIO, Federal University of Minas 
Gerais, Belo Horizonte, Brazil). 

Drugs 

BSA, p-hydroxymercury benzoate, l,lO-phenanthro- 
line, pepstatin A and chymostatin were obtained from 
the Sigma Chemical Co. (St. Louis, MO). EDTA, chlo- 
ramine T and HPLC grade solvents were obtained from 
Merck (E. Merck, Darmstadt, Germany). Enalaprilat 
(MK 422) was obtained from MerckSharp & Dohme 
(MerckSharp & Dohme, U.S.A.). Na’*? was obtained 
from Amersham (Amersham International, U.K.). Neo- 
mycin was from Gibco (Life Technologies LTD. Pais- 
ley, U.K.). Phenylmethylsulfonyl fluoride (PMSF) was 
from Calbiochem (Calbiochem-Behring Co., La Jolla, 
CA, U.S.A.). Ramiprilat, synthesized at Hoechst (Ger- 
many), was provided by Dr. B. Sholkens and Dr. K. 
Wirth. Ang-(l-7) and Ang II antibodies were provided 
by Dr. C. M. Ferrario (Cleveland Clinic Foundation, 
U.S.A.) and Ang I antibody was provided by Prof. J. L. 
Pesquero (Federal University of Minas Gerais). An- 
giotensin peptides were synthesized by Dr. M. C. Khosla 
(Cleveland Clinic Foundation). All other reagents were 
commercial products of the highest available grade of 
purity. 

Isolated rat heart preparation 

Male Wistar rats were decapitated 15 min after an i.p. 
injection of 200 IU heparin. The thorax was opened, and 
the heart was carefully dissected from its connections 
and perfused with Krebs-Ringer solution through a 1 .O f 
0.3 cm aortic stump by the Langendorff technique. The 
perfusion fluid was kept at 37”, with a pressure of 65 mm 
Hg and constant oxygenation (5% CO, and 95% 0,). 
The composition of the Krebs-Ringer solution was as 
follows: 118.6 mM NaCl, 4.75 mM KCI, 2.52 mM 
CaCl,, 2.52 mM KH,PO,, 1.17 mM MgSO, .7H,O, 
25.0 mM NaHCO, and I1 .O mM glucose. 

1251-Ang I metabolism in isolated rat heart 

Ang I and its fragments (Ang II, Ang-(l-7), Ang III, 
Ang-(2-7), Ang-(ZlO), Ang-(3-7), Ang-(3-8), Ang-(3- 
lo), Ang-(4-7) and Ang-(4-10)) were radioiodinated 
(lz51) by the chloramine T method. Immediately after 
iodination, the peptides were partially purified by ad- 
sorption onto Bond-Elute cartridges as described below. 
Monoiodinated peptides (sp. act. 2176 Cpmmol) were 
obtained by HPLC using an HFBA/acetonitrile gradient 
(see below). Amounts corresponding to l-5 uCi were 
purified in each HPLC run. 

‘*‘I-Ang I dissolved in Krebs-Ringer solution con- 
taining 1 pg/L protease-free BSA was infused in isolated 
rat hearts with a peristaltic pump at a rate of 10,000 
cpm/70 wmin for 10 min. During the 10 min of infu- 
sion, the coronary sinus effluent (averaging 9.3 + 0.8 
mUmin, N = 35) was collected into an Erlenmeyer flask 
rinsed with 0.1% BSA and containing 1 n&l p-hy- 
droxymercuribenzoate, 9.1 mM l,lO- phenanthroline, 1 
mM PMSF, 0.25 g/L neomycin (10 pL/mL perfusate), 
0.5 mM pepstatin A (20 WmL perfusate) and 0.2 M 
EDTA (50 pL/mL perfusate). The effluent was kept 
on ice. 

After collection of the basal metabolism sample, the 
isolated rat heart was perfused for 20 min with Krebs- 
Ringer solution or Krebs-Ringer containing 2.6 uM (N 
= 8) or 130 uM (N = 4) enalaprilat (MK 422), 2.6 pM 

enalaprilat plus 5 pM chymostatin (N = 2) or 2.6 pM 
ramiprilat (N = 2). Immediately after the equilibration 
period with enzymatic inhibitors, ‘=I-Ang I (10,000 
cprn/70 urnin), dissolved in Krebs-Ringer solution 
containing protease-free BSA (1 pg/mL) and enzymatic 
inhibitors, was infused again over a lo-min period, and 
the perfusate was collected. The stability of the ‘251-Ang 
I metabolism over the duration of the experiments was 
documented in preliminary experiments in which ‘*?- 
Ang I, dissolved in Krebs-Ringer solution containing 
protease-free BSA, was infused over a lo-min period 
through isolated rat hearts, within 40 and 70 min of the 
beginning of the perfusion. With the exception of an 
increase of Ang-(4-7) formation (56%) and a reduction 
of Ang-(2-7) formation (3 l%), only minor changes were 
observed in the profile obtained with 40 and 70 min of 
perfusion. The equilibration time of 20 min was based on 
preliminary experiments showing that 20 min after the 
end of the perfusion with ‘*‘I-Ang I, the radioactivity in 
the heart effluent returned to background levels. 

Samples were extracted by adsorption onto 500 mg 
Bond-Elute phenylsilica cartridges (Analytichem Inter- 
national, Harbor City, CA, U.S.A.). The columns were 
activated by sequential washes with 10 mL of 80% 
methanol/O. 1% TFA, 10 mL of 0.1% TFA and 3 mL of 
0.1% TFA containing 0.1% BSA. After application of 
the samples, the columns were washed with 40 mL of 
0.1% TFA, and the adsorbed peptides were eluted with 3 
mL of 80% methanol/O.l% TFA into polypropylene 
tubes containing 50 pL of 1% protease-free BSA. 

Using this procedure, the recovery of radiolabeled 
standards and samples was 95 f 0.4 and 35 f 3.4%, 
respectively. The low recovery of the samples as com- 
pared with that of the radiolabeled standards was due to 
the loss of ‘*‘I-Tyr and small fragments not identified 
with our standards, as determined by HPLC analyses of 
the Bond-El& effluents collected using sample appli- 
cation and washing with 0.1% TFA. Therefore, all re- 
sults regarding 1251-Ang I metabolism were not reported 
as absolute percentages but as percentages of the recov- 
ered peptides. The samples were evaporated using a fil- 
tered (0.2 urn) air stream. After evaporation, the samples 
were analyzed using a Shimadzu HPLC System (Shi- 
madzu Co., Kyoto, Japan) equipped with two LC-9A 
pumps controlled by an SCLdB System Controller. Re- 
verse-phase separation was carried out using a Nova Pak 
C,, column (3.9 x 150 mm, particle size 4 pm, Milli- 
pore, U.S.A.) coupled to a pBondapakTM C,, Waters 
pre-column (Millipore, U.S.A.). Gradient elution was 
obtained with aqueous 0.13% HFBA (mobile phase A) 
and 0.13% HFBA/80% acetonitrile in water (mobile 
phase B). Gradient conditions were: 31 to 36% mobile 
phase B in 20 min, concave gradient (Curve No. 10, 
SLC-6B); 36 to 41% mobile phase B from 20 to 40 min, 
concave gradient (Curve No. 10, SLCdB), and 41 to 
70% mobile phase B from 40 to 60 min, concave gra- 
dient (Curve No. 8, SLCdB). The flow rate was 1.0 
mllmin; 0.5-mL fractions were collected. The fractions 
were counted in a gamma counter. Products of the me- 
tabolism of ‘251-Ang I were identified by comparing 
their retention times with those of radiolabeled angioten- 
sin standards. The system was calibrated by injecting 
approximately 10,000 cpm ‘*‘I-labeled angiotensins, 
and monitoring each sample with a gamma counter. We 
verified that the recovery of ‘*‘I-Ang I, either as Ang I 
or as ‘Z51-labeled peptides, was consistently greater than 
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95% after HPLC seguattion. Table 1 and Fig. 1 show the 
retention time of I-Ang I peptides in the chromato- 
graphic conditions used in our study. 

Stability of ‘*‘I-,4ng I during the experimental proce- 
dure was determine,d in all experiments at the beginning 
of the experiment by collecting the heart perfusate for 10 
min into flasks containing approximately 100,000 cpm 
iz51-Ang I and the inhibitors (see above). This sample 
was then 
bility of ’ ? 

recessed with the experimental samples. Sta- 
‘I-Ang I also was determined in the presence 

of protease-free BSA: ‘*?-Ang I was incubated with 50 
pL of 1% protease-free BSA at 37’ for 25 min. After 
extraction into Bond Elute cartridges, the samples were 
analyzed by HPLC. 

Ang I metabolism in isolated rat hearts 

Non-isotopic Ang I was infused using the same pro- 
cedure described for infusion of ‘*‘I-Ang I, at a rate of 
10 ng/70 pL/min. The perfusion time was also 10 min. 
With these conditions we evaluated basal metabolism. 
The presence of endogenous angiotensins in the heart 
effluent was evaluated by collecting the effluent during 
10 min before inftrsion of non-isotopic Ang I. 

The samples were extracted by adsorption onto C,, 
Sep Pak cartridges (Waters Associates, Millipore, 
U.S.A.). Columns were activated by sequential washes 
with 5 mL of methanol, 5 mL of tetrahydrofuran, 5 mL 
of hexane, 10 mL OF methanol and 10 mL of water. After 
application of the samples, columns were washed with 
30 mL of water and 30 mL of 4% acetic acid, and the 
adsorbed peptides were eluted with 3 mL of 90% etha- 
nol/4% acetic aci&6% water into polypropylene tubes 
rinsed with 0.1% fat-free BSA. The sample was evapo- 
rated in a vacuum-centrifuge (Heto, U.S.A.) at 45’. After 
evaporation, the samples were analyzed using a Shi- 
madzu HPLC System as described previously [20]. 
Briefly, reverse-phase separation was carried out using a 
Lichrospher 100 RF’,, column (4 x 125 mm, particle size 
5 pm, E. Merck) coupled to a Lichrocart 4-4 pre-column 
(E. Merck). Gradient elution was obtained with aqueous 
0.13% HFBA (mobile phase A) and 0.13% HFBA/80% 
acetonitrile in water (mobile phase B). Gradient condi- 
tions were: 30 to 45% mobile phase B in 40 min and 45 
to 60% mobile phase B from 40 to 50 min. The flow rate 
was 1.0 mUmin; 0.5-mL fractions were collected. The 
fractions were evaporated using a vacuum centrifuge at 

Table 1. Retention times of angiotensin peptides on HPLC con- 
ditions used for characterization of metabolites of 12?-Ang I in 

isolated rat heart 

Angiotensins Retention time (mitt) 

“‘I-Ang-(4-7) 7.0 
“‘I-Ang-(3-7) 9.0 
“‘1-Ang-( l-7) 15.5 
‘z51-Ang-(2-7) 16.5 
“‘1-Ang-(3-8) 27.0 
“‘I-Ang-( l-8) 33.5 
“s1-Ang-(2-8) 35.5 
“‘1-Ang-(4 10) 45.0 
‘251-Ang-(3-10) 47.0 
‘2SI-Ang-(l-10) 50.5 
“‘I-Ang-(2-10) 52.5 

Gradient conditions are described in Materials and Methods. 

Time, min. 

Fig. 1. Chromatography profiles of ‘251-labeled angiotensin 
peptides (standards). The standards were processed by HPLC 
using a Shimadzu HPLC system equipped with a SLC-6B gra- 
dient system and with a Nova Pack C,, column (3.9 x 150 mm, 
particle size 4 pm). Experimental conditions: mobile phase A, 
0.13% HFBA; mobile phase B, 0.13% HFBA/80% acetonitrile; 
flow rate, 1 .O mUmin.- Angiotensin metabolites were separated 
with a 20-min concave gradient (Curve No. 10, SLC-6B) of 31 
to 36% mobile phase B, followed from 20 to 40 min by a 
concave gradient (Curve No. 10, SLC-6B) of 36 to 41% mobile 
phase B,-and from 40 to 60 min by a concave gradient (Curve 
No. 8. SLC-6B) of 41 to 70% mobile uhase B. Fractions of 0.5 
mL were collected. Key: l-10 (‘z’I-Ang I); l-8 (t2’I-Ang II); 
l-7 (iz51-Ang-(l-7)); 2-8 (“‘I-Ang III); 3-7 (‘?-Ang-(3-7)); 
4-7 (1251-Ang-(4-7)); 2-10 (‘2sI-Ang-(2-10)); 2-7 (1251-Ang-(2- 
7)); 3-10 (“‘I-Ang-(3-10)); 4-10 (‘XI-Ang-(4-10)); 3-8 (lz51- 

Ang-(3-8)); and Tyr (tyrosine). 

45“ and assayed by RIA (see below). Calibration of the 
system was achieved by injection of a mixture of stan- 
dard angiotensins [Ang II, Ang-(l-7), Ang III, Ang-(Z 
IO), Ang-(3-8), Ang-(3-lo), and Ang-(ClO), 400 pg of 
each]. 

After evaporation, fractions were resuspended in 200 
pL of an aqueous solution containing 0.1% BSA, 0.9% 
NaCl and 0.03% acetic acid. Concentrations of Ang I, 
Ang II and Ang-(l-7) in the fractions were determined 
by RIA using three different antibodies [20]. Ang I, Ang 
II and Ang-(l-7) were radioiodinated (1251) by the chlo- 
ramine T method (see above). Fractions l-30 were pro- 
cessed by RIA for Ang-(l-7) as described previously 
[20]. The polyclonal Ang-(l-7) antibody cross-reacts 
less than 0.001% with Ang-(2-7), less than 0.5% with 
Ang-(3-7) and Ang-(47), and 0.005% with Ang-(l-5). 
Cross-reactivity with Ang I, Ang II, and other amino- 
terminal fragments is less than 0.001%. Fractions 3 l-64 
were processed by RIA for Ang II as described previ- 
ously [20]. The polyclonal Ang II antibody cross-reacts 
100% with the angiotensin fragments, Ang-(2-8), Ang- 
(3-8) and Ang-(4-8). Cross-reactivity of less than 
0.001% was observed with Ang I and Ang-( l-7), and of 
0.18% with Ang-( l-9). Fractions 64-85 were processed 
by RIA for Ang I as described previously [20]. The 
polyclonal Ang I antibody cross-reacts less than 0.001% 
with Ang-(l-7) and Ang II. Ang I antibody cross-reacts 
100% with the carboxyl-terminal fragments Ang-(‘t-lo), 
Ang-(3-10) and Ang-(4-10). Products of the metabolism 
of Ang I were identified by comparison of their retention 
times with those of angiotensin standards. 

Statistical analysis 

All values are reported as means It SEM. Differences 
between basal and samples collected in the presence of 
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enzymatic inhibitors were analyzed by a paired Stu- 
dent’s t-test. The criterion for statistical significance was 
set at P < 0.05. 

RESULTS 

Basal metabolism 

Infusion of “‘1-Ang I through isolated rat hearts led 
to the formation of several products in the coronary sinus 
effluent, including 12?-Ang II, 12’I-Ang-( l-7), 1251-Ang 
III, lz51-Ang-(2-7), 1251-Ang-(2-10), 1251-Ang-(3-7), 
“‘I-Ang-(3-Q 1Z5T-Ang-(3-10), 1251-Ang-(4-7) and 
1251-Ang-(4-10) (Fig. 2A). Other fragments were also 
formed (Fig. 2A); however, they could not to be identi- 
fied due to the limitation of angiotensin standards (Fig. 
1). As shown in Table 2, Ang II was the major peptide 
product of 1251-Ang I metabolism (7.8 rt 0.89% of the 
total recovered), followed by carboxyl-terminal frag- 
ments of 12’I-Ang I, 1251-Ang-( l-7) ( 1.15 f 0.16% of the 
total recovered) and “‘1-Ang III (1.04 f 0.25% of the 
total recovered). For the other identified fragments the 
percentage was less than 1% of the total recovered. Data 
presented in Table 2 also show that the percentage of 
metabolites formed as a result of N-terminal cleavage 
(i.e. missing Asp’), 1 I%, was essentially the same as the 
percentage of metabolites formed by C-terminal cleav- 
age (missing Phe-His-Leu or His&u) (12%), empha- 
sizing the importance of aminopeptidase activity for the 
‘251-Ang I metabolism under our experimental condi- 
tions. 

The stability of “‘1-Ang I during the experimental 
procedures was 97.8 f 0.22%, indicating that only 2% of 
1251-Ang I infused was metabolized during sample pro- 
cessing (Fig, 2C). HPLC analysis showed that the prod- 
ucts formed were ‘251-Ang-(2-10), 1251-Ang-(3-10) and 
1251-Ang-(4-10). Metabolism was not observed when 
1251-Ang I was incubated with protease-free BSA at 37” 
for 25 min. 

The formation of Ang-(l-7) and other angiotensins 
from Ang I was confirmed by RIA, after infusion of 
non-isotopic Ang I through the isolated rat heart. As 
shown in Fig. 3, infusion of non-labeled Ang I led to the 
generation of Ang II, Ang-(l-7), Ang-(3-8), Ang-(2-lo), 
Ang-(3-10) and Ang-(4-10) as determined by RIA. In 
addition, two other immunoreactive metabolites of Ang 
II were formed. The first (A-X) was eluted in the posi- 
tion expected for Ang-(4-8). The other one (A-Y) may 
be a transformed form of Ang-(48), as described by De 
Silva [26]. We also observed two unidentified immuno- 
reactive metabolites of Ang-( l-7) representing less than 
2% of the total Ang-(l-7) immunoreactivity. These re- 
sults were apparently not influenced by endogenous an- 
giotensins. When the presence of endogenous angioten- 
sins in the heart effluent was evaluated, only traces of 
immunoreactivity were detected, comparable to the 
background levels. 

Metabolism of Ang I in the presence of ACE inhibition 

Dependence of Ang I metabolism on the activity of 
ACE was initially investigated by pretreatment of iso- 
lated rat hearts with enalaprilat (2.6 pM). In the presence 
of ACE inhibition, formation of “‘1-Ang II was still 
observed, although an average 43% reduction was seen 
(Fig. 4). In addition, production of “‘1-Ang III and ‘?- 
Ang-(2-7) was reduced by 59 and 36%, respectively 
(Fig. 4). A tendency to decrease was also observed for 

Ang-(3-8). The formation of ‘“I-Ang-(2-10) and 1251- 
Ang-(4-10) increased by 22 and 30%, respectively (Fig. 
4). An increase of 47% in the formation of the peptides 
that could not be identified based on our standards was 
also observed. The generation of lZ51-Ang-( l-7) and me- 
tabolites [Ang-(3-7), Ang-(4-7) and Ang-(3-lo)] was not 
affected significantly by blockade of ACE (Fig. 4), even 
when formation of Ang II was reduced more noticeably 
(Fig. 2B). Overall, the hydrolysis rate of 1251-Ang I was 
not affected by blockade of ACE. Before ACE treat- 
ment, the rate of hydrolysis of “‘1-Ang I corresponded 
to 20.7 f 1.84% of the total radioactivity recovered; after 
ACE treatment it corresponded to 19.3 f 4.52% of the 
total radioactivity recovered. 

In additional experiments, ACE inhibitor concentra- 
tion was increased to 130 PM. Under these conditions, a 
similar inhibition of 1251-Ang II formation occurred 
(1.97 f 0.59 vs 3.82 f 1.08% before enalaptilat), and the 
formation of the other peptides was not different from 
that observed with the lower concentration of the ACE 
inhibitor. The hydrolysis rate of 12’I-Ang I also was not 
changed significantly in the presence of 130 pM enala- 
prilat (1251-Ang I was 83.9 f 0.85% of the total recov- 
ered before treatment and 83.7 f 1.49% in the presence 
of enalaprilat). Formation of “‘1-Ang II observed in the 
presence of 2.6 @I ramiprilat, a second ACE inhibitor, 
was not different from that observed in the presence of 
2.6 uM enalaprilat (5.34 + 1.74 vs 8.28 + 1.95% in the 
ramiprilat-treated hearts). Formation of Ang-( l-7) also 
was unchanged. 

To evaluate whether a chymotrypsin-like enzyme 
could be involved in the generation of 1251-Ang II from 
1251-Ang I in enalaprilat-perfused hearts, the metabolism 
of ‘251-Ang I was examined in two preparations perfused 
with 2.6 uM enalaprilat containing 5 pM chymostatin. 
No changes in 1251-Ang II formation were observed 
(8.46 + 0.56% vs 5.34 rt 1.74% in enalaprilat-treated 
hearts), whereas the formation of Ang-(l-7) increased 
(2.78 f 0.3 vs 1.43 f 0.34% in enalaprilat-treated hearts). 
Increases in Ang-(4-7) and Ang-(3-8) fragments were 
also observed (96 and 162%, respectively). In contrast, 
the formation of Ang-(2-8) and Ang-(3-10) was reduced 
in enalaprilat-chymostatin-perfused hearts (41 and 73%, 
respectively). Formation of Ang-(2-7) in enalaprilat- 
chymostatin-treated hearts was undetectable. 

DISCUSSION 

In this study, we observed that Ang I was metabolized 
extensively during a single pass through isolated rat 
hearts, leading to the formation of several biologically 
active angiotensins [Ang II, Ang III, Ang-(3-8) and Ang- 
(l-7)]. The HPLC conditions used in our study allowed 
the separation of eleven 1251-labeled angiotensins: 1251- 
Ang I, lz51-Ang II, ‘251-Ang-(1-7), ‘2SI-Ang III, 12’1- 
Ang-(2-7), 1251-Ang-(2-10), 1251-Ang-(3-7), “‘1-Ang- 
(3-8), 1251-Ang-(3-10), 1251-Ang-(4-7) and 1251-Ang-(4- 
10). We observed, however, that the angiotensin 
metabolism was complex in the isolated rat hearts, lead- 
ing to the formation of several unidentified products as 
well. 

Theoretically, twenty-eight iodinated metabolites can 
be formed from 1251-Ang I, and twenty-one of these 
metabolites are expected to elute before 1251-Ang II. 
Thus, under our HPLC conditions some metabolites with 
retention times smaller than 1251-Ang II could co-elute. 
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Table 2. Angiotensin metabolites formed during a single pas- 
sage of ‘*‘I-Ang I through Krebs-Ringer perfused isolated rat 

hearts: Basal conditions 

Angiotensins 

‘251-Ang-(4-7) 
‘*‘I-Ang-(3-7) 
‘*‘I-Ang-( l-7) 
‘*‘I-Ang-(2-7) 
“‘I-Ang-(3-8) 
‘*‘I-Ang-( l-8) 
‘*‘I-Ang-(2-8) 
‘2sI-Ang-(4-10) 
‘251-Ang-(3-10) 
‘2sI-Ang-(l-10) 
I?-Ang-(2-10) 

N 

14 
14 
19 
19 
19 
19 
14 
14 
14 
19 
14 

Radioactivity 
(S of the total recovered) 

0.50 f 0.12 
0.17f0.05 
1.15 f 0.16 
0.38 f 0.07 
0.62 f 0.19 
7.80 + 0.89 
1.04 f 0.25 
1.95f0.19 
1.50+0.15 

79.30 f 0.19 
4.76 + 0.38 

Values are means * SEM; N = number of determinations. 
Total recovered = 35,000 + 3,400 cpm. 

Therefore, to confirm the identity of the biologically 
active angiotensins, Ang-( l-7) and Ang-(3-8), metabolic 
studies using non-isotopic Ang I and HPLC-RIA analy- 
sis of the heart perfusate were also performed. In these 
experiments, the identities of Ang II, Ang-( l-7), Ang III 
and Ang-(3-8) were further confirmed. Other immuno- 
reactive angiotensins were also detected, including car- 
boxyl-terminal fragments of Ang I, Ang-(ZlO), Ang-(3- 
10) and Ang-(4-10). Substantial differences were ob- 
served in the relative amount of peptides formed from 
Ang I or 12?-Ang I. For example, the Ang IYAng-( l-7) 
ratio was nearly 1 using unlabeled Ang I and approxi- 
mately 7 using lZ51-Ang I. This finding is likely due to 
the differences in substrate concentration, which was 
much higher when non-isotopic Ang I was used. In ad- 
dition, we cannot exclude the effects of iodination of 
Tyr4 on the affinity of ‘251-Ang I or its iodinated me- 
tabolites for angiotensin- metabolizing enzymes. 

The profiles of angiotensin peptides formed from 12’1- 
Ang I or non-isotopic Ang I indicate the presence of high 
aminopeptidase activity in the Wistar rat coronary cir- 
culation. It is well known that the Asp’-Arg2 of Ang I, 
and of Ang II as well, is hydrolyzed by the enzyme 
aminopeptidase A (EC 3.4.11.7), which is present in the 
vascular endothelium [27], in addition to its wide distri- 
bution in the kidney. Sequential removal of N-terminal 
amino acids from Ang-(2- lo), Ang III and Ang-( l-7) by 
additional aminopeptidases such as aminopeptidase B 
(EC 3.4.11.6) or M (EC 3.4.11.2) could be involved in 
the formation of the other carboxyl-terminal fragments 
including Ang-(3-8). Dipeptidyl peptidases such as DAP 
III (EC 3.4.14.4), which remove N-terminal dipeptides 
from angiotensins [25], may also contribute to the gen- 
eration of carboxyl-terminal fragments of Ang I, Ang II 
and, probably, Ang-( l-7). Further studies using specific 
aminopeptidase inhibitors are necessary to identify the 
major aminopeptidases involved in angiotensin metabo- 
lism in isolated rat hearts. 

It should be noted that the pattern of angiotensin me- 
tabolism observed in the present study, showing high 
aminopeptidase activity, differs from our previous stud- 
ies in cultured endothelial cells (human, bovine and pig), 
where formation of des-[Asp]‘-angiotensin peptides was 
below the level of detection [28]. Another important 
difference was the fractional conversion of Ang I to Ang 

II and Ang-( l-7). In cultured endothelial cells, Ang-( l-7) 
was the major angiotensin peptide formed, whereas in 
our present study Ang I was preferentially converted to 
Ang II. These findings are likely due to significant dif- 
ferences in the cell-surface enzymes [28]. 

The fractional conversion of Ang I to Ang II found in 
the present study (7.80 f 0.87%) is in good agreement 
with the values found by Lindpaintner and Ganten [ 1] in 
a similar preparation (6-9%). We also found that Ang II 
formation was inhibited by ACE inhibitors. However, in 
our study inhibition was partial, averaging approxi- 
mately 50%. This appears to be related to species dif- 
ferences or to the technique used to quantitate Ang I 
conversion. Other investigators have reported conver- 
sion of Ang I to Ang II in isolated heart preparations that 
is independent of ACE [29]. Our results are more in 
accordance with the growing concept that generation of 
circulating or tissue Ang II is only partially dependent 
upon ACE. In humans, for example, the major Ang II 
forming enzyme in the heart appears to be chymase (EC 
3.4.21.39) [29]. 

No further reduction of Ang II formation was ob- 

Time, min. 

i-320 
1-10 

ZQOO.’ B 1 
IOW 

ax- 

m- 
4-10 

400s 2-10 

3-10 

xm- 1-7 

A-X 

o---' 
a 

0 10 20 30 40 50 

The, min. 

Fig. 3. Angiotensin metabolites obtained after infusion of an- 
giotensin I in isolated rat heart. Panel A represents the HPLC 
elution profile of angiotensin peptides (standards). Panel B il- 
lustrates products obtained under basal conditions. Samples 
were processed by HPLC with a Lichrospher 100 RP,, column 
(4 x 125 mm, particle size 5 pm). Experimental conditions: 
mobile phase A, 0.13% HFBA; mobile phase B-0.13% 
HFBA/80% acetonitrile; flow rate, 1.0 mUmin. Angiotensin 
metabolites were separated with a 40-min linear gradient, 30 to 
45% mobile phase B, followed by a linear gradient from 40 to 
50 min. 45 to 60% mobile phase B. Fractions (0.5 mL) were 
collected and processed by three different radioimmunoassays: 
fractions l-30, Ang-(l-7); fractions 31-64, Ang II; fractions 
64-85. Ang I. Key: l-10 (Ang I); l-8 (Ang II); l-7 (Ang-(l-7)); 
2-8 (Ang III); 2-10 (Ang-(2-10)); 3-10 (Ang-(3-10)); 4-10 

(Ang-(410)); 3-8 (Ang-(3-8)); Ir (hnmunorcactivity). 
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Fig. 4. Angiotensin metabolites obtained after infusion of “‘I- 
Ang I into isolated rat hearts under basal conditions and after 
perfusion with the angiotensin converting enzyme inhibitor 
enalaprilat (MK 422, 2.6 @I, N = 8). Data are reported as a 
percentage (means + SEM) of the total recovered (35,000 + 
3,400 cpm). Key: * P .: 0.05 (Student’s r-test). CI-angiotensin 

converting enzyme inhibitor. 

served in hearts perfused with enalaprilat-chymostatin, 
suggesting that enzymes of the chymotrypsin family do 
not participate in the conversion of Ang I to Ang II in 
enalaprilat-treated hearts. Enzymes such as chymase 
[29] or cathepsin G (EC 3.4.21.20) [30] can form Ang II 
from Ang I by cleavage at the Phe’-His9 peptide bond of 
Ang I [31]. Other enzymes including kallikrein (EC 
3.4.21.34), tonin (EC 3.4.21) [31], or tonin-like enzymes 
could be involved in the generation of Ang II under our 
conditions. However, the contribution of non-ACE en- 
zymes in the conversion of Ang I to Ang II in viva is 
probably limited because these enzymes can be inhibited 
by circulating inhibitors as demonstrated for tonin [30] 
and cathepsin G [3:1]. 

Although a major role of chymotrypsin-like enzyme 
in the formation of Ang II during ACE inhibition can 
apparently be excluded, a partial role cannot be ruled 
out. Partial inhibition of Ang II formation by chymosta- 
tin could be masked by an expected parallel reduction of 
Ang II hydrolysis at the Tyr4-Ile’ bond [9]. Indeed, a 
slight increase in fractional formation of Ang II was 
observed in enalaprilat-chymostatin-perfused hearts. A 
more pronounced increase was observed for Ang-( l-7), 
which can also be metabolized by chymotrypsin-like en- 
zymes by hydrolysis at the same peptide bond as Ang II. 
An intriguing finding in the chymostatin-treated hearts 
was the reduction in the formation of Ang-(2-8), Ang- 
(2-7) and Ang-(3-lo), suggesting participation of chy- 
mostatin-sensitive enzymes in their formation. Further 
studies directed to elucidating the role of chymostatin- 
sensitive enzymes in angiotensin metabolism in rat 
hearts are needed tcl confirm these preliminary observa- 
tions. 

As observed for Ang II, formation of Ang-(2-8) and 
Ang-(3-8) was partially dependent upon ACE activity. 
The increases obserlred in Ang-(2-10) and Ang-(3-10) in 
the presence of ACE inhibition also indicated that se- 
quential cleavage of Ang I by aminopeptidases and ACE 
is one of the enzymatic pathways for the generation of 
Ang III and Ang-(3.,8). Previous studies in dogs [2] sug- 
gested a similar pathway for the formation of Ang-(3-8) 
in the pulmonary vsjcular bed. However, the Ang III and 
Ang-(3-8) forming pathways probably also involve 
cleavage of Ang II by aminopeptidases. Formation of 

Ang-(3-8) in the heart circulation may be particularly 
relevant in view of the demonstration of binding sites 
and biological actions of this angiotensin in the heart 
u41. 

We also observed that formation of Ang-( l-7) was not 
changed significantly by ACE inhibition. Formation of 
Ang-(l-7) has been reported to be independent of ACE 
in several preparations, including dog brain homoge- 
nates [9], endothelial cell cultures [28], and NG108-15 
neuroblastoma x glioma hybrid cells [32]. Studies in 
viva have confirmed that Ang-( l-7) formation is inde- 
pendent of ACE activity [2, 12, 33, 341. It should be 
mentioned, however, that based on its sequence Ang-( l- 
7) can also be a substrate for ACE. Thus, participation of 
a pathway involving Ang II hydrolysis by carboxypep- 
tidases [2,4, 351 or prolyl-endopeptidase (EC 3.4.21.26) 
[36] may be masked by a reduction in the metabolism of 
Ang-(l-7) during ACE inhibition. It is interesting that 
formation of the Ang-(2-7) fragment was reduced in 
ACE inhibition, suggesting that formation of this an- 
giotensin peptide could be more dependent upon the Ang 
II pathway. In this regard, Abhold and Harding [37] have 
observed that Ang-(2-7) formation is a major route of 
Ang II and Ang III metabolism in synaptic membrane 
preparations. The increase we observed in radioactive 
peaks corresponding to the elution position of Ang-(3-7) 
and Ang-(4-7) suggests that either these angiotensins are 
derived mainly from Ang-(l-7) or these peptides are 
more sensitive than Ang-(2-7) to hydrolysis by ACE. 

Formation of Ang-( l-7) from Ang I has been attrib- 
uted to prolyl-endopeptidase [28,32, 361 or to endopep- 
tidase 24.11 (EC 3.4.24.11) [28, 341. Early suggestions 
that prolyl-endopeptidase is involved in the formation of 
Ang-( l-7) were based on the observed reduction of Ang- 
(l-7) generation in the presence of Z-Pro-prolinal [28], 
reportedly a specific inhibitor of prolyl-endopeptidase 
[38]. However, it has been reported recently that Z-Pro- 
prolinal also blocks the actions of the prolylendopepti- 
dase-related enzyme, prolylcarboxypeptidase [35]. Pro- 
lylcarboxypeptidase can form Ang-( l-7) from Ang II 
generated by hydrolysis of Ang I by ACE, or from Ang 
II formed by the sequential release of L.eu” and His9 
from Ang I by other enzymes such as carboxypeptidases 
or deamidase [39]. However, in the rat an enzyme more 
likely involved in the generation of Ang-( l-7) from Ang 
I is endopeptidase 24.11 [34]. 

Formation of Ang-( l-7) in the coronary circulation 
may have important implications. It has been shown re- 
cently that this angiotensin produces a potent vasodila- 
tation in the coronary vessels of pigs [23]. We have also 
obtained evidence that Ang-(l-7) is active in rat coro- 
nary circul&tion.* However, in the rat, Ang-( l-7) acts as 
a vasoconstrictor, as it does in hamsters [40]. These con- 
trasting observations may be related to species differ- 
ences. In this regard, the vasodilatory effect of Ang-( l-7) 
on the feline hindquarter vascular bed is mainly depen- 
dent upon release of NO [41], whereas in pithed rats 
Ang-( l-7) produces systemic vasodilatation dependent 
upon prostaglandin release [5]. 

In summary, we have shown that Ang I is metabolized 

* Neves LAA, Almeida AP, Carvalho AC, Nogueira PC and 
Santos RAS, Angiotensin-(l-7) enhances reperfusion arrhyth- 
mias in isolated rat hearts. Proceedings of the 13rh Internarional 
Symposium on Kinins, Brazil, 1993. 
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in the rat coronary circulation, leading to the appearance 
of several biologically active angiotensins: Ang II, Ang 
III, Ang-(3-8) and Ang-(l-7). Formation of Ang II and 
its carboxyl terminal fragments is partially dependent 
upon ACE, while formation of Ang-( l-7) is not changed 
significantly by ACE inhibitors. Generation of biologi- 
cally active angiotensins from circulating Ang I in the 
coronary circulation probably contributes to the cardiac 
actions of the RAS. 
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