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Characterization of cardiac angiotensin converting enzyme
(ACE) and in vivo inhibition following oral quinapril to rats

Bruno Fabris, Hiroshi Yamada, Rose Cubela, Bruce Jackson, Frederick A.O. Mendelsohn &
'Colin I. Johnston

The University of Melbourne, Department of Medicine, Austin Hospital, Heidelberg, Victoria. 3084 Australia

1 Angiotensin converting enzyme (ACE) from the rat heart and lung was studied by use of the radioli-
gand [125I]-351A.
2 Displacement of the bound radioinhibitor [125I]-351A was used to assess the relative potency of six
ACE inhibitors in rat heart and lung homogenates and estimate the binding association constant (KA).
3 The KA for atrial preparations was significantly higher than that of the lung (P < 0.025) and also the
ventricles (P < 0.005). Ventricular preparations and preparations from the lung also differed significantly
(P < 0.05). These differences in KA were noted for all six ACE inhibitors used to displace the radioligand.
4 The rank order of potency of the ACE inhibitors was quinaprilat = benazeprilat
> perindoprilat > 351A > lisinopril > fosinoprilat.
5 Cardiac ACE inhibition was studied ex vivo following oral administration of quinapril to rats. Follow-
ing 0.3mgkg-1 quinapril, the time course and degree of inhibition of ventricular and atrial ACE were

similar.
6 These results suggest that the detected differences in KA noted have only a limited potential biological
significance. The difference in KA may reflect variations in the structure or conformation of ACE in
different tissues.

Introduction

The renin angiotensin system (RAS) has traditionally been
regarded as a circulating endocrine system. The concept that
an endogenous RAS exists in tissues has recently been sup-
ported by the demonstration of all components of the system
in several tissues, including the heart, where locally generated
angiotensin may exert an autocrine or paracrine influence on
myocardial function (Ganten et al., 1984; Campbell, 1987;
Dzau, 1987).
The possible physiological role of the RAS in the heart is

suggested by clinical and experimental data on the cardiac
effects of angiotensin converting enzyme (ACE) inhibitors.
ACE inhibitors have been shown to (1) reduce ventricular
arrhythmias associated with coronary artery occlusion and
reperfusion (van Gilst et al., 1984; 1986), (2) reduce ischaemic
injury following coronary artery ligation (Ertl et al., 1982;
Daniell et al., 1984; Hock et al., 1985; de Graeff et al., 1987),
(3) increase coronary flow in vivo and in the isolated perfused
heart (Ertl et al., 1983; Linz et al., 1986), (4) prevent ventricu-
lar dilatation and remodelling after myocardial infarction
(Pfeffer & Pfeffer, 1988) and (5) prevent or reduce cardiac
hypertrophy in experimental hypertension (Sen et al., 1980;
Pfeffer et al., 1982; Sharma et al., 1983; Dussaule et al., 1986).
The results of animal studies support the clinical observa-

tions of a decreased incidence of arrhythmias (Cleland et al.,
1984; 1985; Webster et al., 1985), improvement in haemo-
dynamic indices, clinical symptoms (Dzau et al., 1980; Fouad
et al., 1982; Sharpe et al., 1988) and improved mortality (The
Consensus Trial Study Group, 1987; Newman et al., 1988) in
patients with congestive heart failure, and decrease in left ven-
tricular mass (Fouad et al., 1983) in patients with essential
hypertension after treatment with ACE inhibitors.
The rapid increase in the clinical use of ACE inhibitors and

the further development of a new generation of compounds
with the potential for differential binding characteristics to
tissue ACE suggested the present study. The effect of a panel
of ACE inhibitors on myocardial ACE has been compared to
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pulmonary ACE in the rat. We have also examined the ability
of the ACE inhibitor quinapril to inhibit myocardial ACE
when administered in vivo.

Methods

Radioinhibitor binding assay ofACE

Radioligand preparation 351A, (N-(lcarboxy-3-phenylpropyl)
-L-lysyl-[8N-4hydroxy benzimido]-L-proline, a potent com-
petitive inhibitor of ACE was used as the ligand for ACE.
351A was radioiodinated by the chloramine T method of
Hunter & Greenwood (1962). Two hundred and fifty ng of
351A was dissolved in 25jp1 of 0.5M potassium phosphate
buffer (pH 7.5) and, 1 mCi Na 125I and 10ul chloramine T
(1 mgml-') were added sequentially and mixed for 45s. The
reaction was stopped by addition of lOpl sodium metabisulp-
hite (5mgml-1) followed by 50u1 sodium iodide and bovine
serum albumin each at a concentration of 10mgml-P. The
mixture was applied to a 1 x 15cm column of SP Sephadex
C25 equilibrated with 0.01 M ammonium acetate buffer (pH 3).
The column was washed with the same buffer, then [125I]_
351A was eluted with 0.1M ammonium acetate buffer (pH
3.5). The purity of the radioligand was examined by high per-
formance liquid chromatography and a single peak of activity
was obtained. The specific activity of the iodinated 351A was
1600 uCi ug

Tissue ACE preparation Lungs and heart were collected
from male Sprague-Dawley rats (250-300 g). Immediately after
decapitation, the heart was removed and divided into right
atrium (RA), left atrium (LA), right ventricle (RV), left ven-
tricle (LV) and stored at -20°C. Tissues were thawed, homog-
enized in assay buffer (0.05M Tris buffer, pH 7.0, containing
0.3% bovine serum albumin, 75mM NaCl, 5OUM ZnSO4 and
0.02% NaN3) for lOs with an Ultra Turrax T-25 (13,500
r.p.m.), centrifuged for 15min (4°C at 1800g) in the same
buffer and the pellet resuspended and recentrifuged. The pellet
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from the second centrifugation was filtered through gauze and
used in subsequent assays. Protein in the homogenate was
measured by the method of Lowry et al. (1951).

In vitro estimation of ACE and its inhibition by ACE
inhibitors Binding experiments were initially conducted on
heart (RA, LA, RV, LV) and lung membrane preparations to
establish, for each tissue, the protein concentration necessary
for approximately 30% binding of ['25I]-351A. Two hundred
and fiftyaul of tissue resuspended membrane homogenate and
SOul of ['251]-351A (40,000 c.p.m.; lOpg per assay tube) were
added to duplicate tubes, and after overnight equilibration
[1251]-351A bound to ACE was separated from unbound
radioinhibitor by alcohol precipitation. The optimal condi-
tions for [125I]-351A binding have previously been estab-
lished (Jackson et al., 1986). Protein concentration ranged
from 0.012mgml-' (in lung) to 2.9mgml-' (in LV) to give
30% binding. Non-specific binding was estimated in the pre-
sence of an excess of unlabelled ligand (1 pM), or 1 mm EDTA.

Subsequent ligand binding displacement experiments were
performed on a pooled homogenate preparation for each
tissue. Diluted pooled tissue preparation (250,ul) was mixed
with 50#l [1251]-351A and 1Op1 of serial dilutions of the ACE
inhibitor to achieve a final concentration in the range 10-11
to 10-6moll1'. After 12h equilibration at 20'C, 1ml of
absolute ethanol was added to separate free radioinhibitor
from bound. The tubes were vortexed and then centrifuged for
5 min (40C at 1800 g). The supernatant was discarded and the
pellet containing ACE-bound radioligand was counted in a
gamma counter (LKB 1260 Multigamma II). All samples were
estimated in duplicate. Total counts were corrected for non-
specific binding which was always less than 6% of total.
Radioinhibitor binding was expressed as a percentage of
counts bound measured in tubes without ACE inhibitors.

Ex vivo study with quinapril

Quinapril was administered to adult male Sprague-Dawley
rats (250-300g) by gavage at a dose of 0.3 mg kg t. Rats were
killed by decapitation at 0, 1, 2, 4, 8 and 24 h after adminis-
tration of the drug (n = 3 at each time). Trunk blood was col-
lected for determination of drug concentration. The heart was
removed and immediately stored at -20°C for ACE evalu-
ation.

Plasma drug level Quinaprilat was extracted from l00gul
plasma by the addition of 10#1 of 1M HCI solution. After an
equilibrium period of 10min at room temperature, ethanol
(890,ul) was added and the mixture vortexed and centrifuged
for 1Omin (4°C at 1800 g). The ethanol supernatant containing
extracted quinaprilat was decanted, a lO 1 aliquot evaporated
to dryness by air and reconstituted in lOpul of buffer. Ten pl of
the reconstituted extract was then mixed with 250,pl pooled
normal rat sera containing ACE diluted 1:40 in binding buffer
and with 50jul [1251]-351A (40,000c.p.m.).
The plasma concentration of quinaprilat, the active diacid

of quinapril, was then measured by radioinhibitor binding dis-
placement assay as previously described in rat plasma
(Jackson et al., 1987). Results were expressed as ng
quinaprilat ml- 1.

Radioinhibitor binding assay ofcardiac ACE

Specific binding of radioligand in pooled homogenates of right
and left atrium and ventricle was determined over a range of
protein concentrations as described above. Specific binding of
['251]-351A to heart ACE in rats treated with quinapril was
compared with that of untreated animals at the protein con-
centration that gave 50% of maximal ['251]-351A specific
binding in homogenates from hearts of untreated animals. The
degree ofACE inhibition in treated rats was then expressed as
a percentage of the binding in tissues from untreated rats
(ACE ratio).

Drugs used

ACE inhibitors examined were: 351A, lisinopril; quinaprilat,
quinapril; benazeprilat; perindoprilat; fosinoprilat.

Data analysis and statistics

Estimation of KA was performed by the interative curve fitting
programme 'LIGAND' (Munson & Rodbard, 1980). Results
from multiple experiments were first analysed simultaneously.
Comparison of the mean KA value between tissues or between
ACE inhibitors was made by two-way analysis of variance
(Armitage & Berry, 1987).

Results

Characterization ofACE by 351A radioligand binding
and displacement by ACE inhibitors

[I251]-351A bound to ACE in a protein concentration-
dependent manner. Binding of [125I]-351A to ACE was dis-
placed by all six ACE inhibitors in a concentration-related
manner in the heart, as well as the lung (Figures 1, 2 and 3).
Computerized analysis of binding displacement data gave best
statistical fit with a single class of binding site model.

Calculated KA values for each ACE inhibitor with ACE
from heart and lung are shown in Table 1. KA values were
higher in the right and left atrium than in the lung (P < 0.025),
or the right and left ventricle (P < 0.005). Ventricular prep-
arations and preparations from the lung also differed signifi-
cantly (P < 0.05). No differences were observed between the
calculated KA values of the right and left atrium, or of the
right and left ventricle. In competitive binding displacement
experiments the rank order of potency of the ACE inhibitors
tested was quinaprilat = benazeprilat > perindoprilat >
351A > lisinopril > fosinoprilat. The same rank order of
potency was found in each of the tissue homogenates studied
(Figure 4).

Ex vivo studies with quinapril

The time course of ACE inhibition in preparations from the
atria and ventricles of rats following gavage with quinapril

a
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ACE inhibitor concentration (M)

Figure 1 Binding displacement of the radioligand [1251]-351A
(expressed as % bound) to angiotensin converting enzyme (ACE) in
the right atrium (a) and left atrium (b) of Sprague-Dawley rats by (0)
quinaprilat, (O3) benazeprilat, (A) perindoprilat, (+) 351A, (A) lisinop-
ril and (U) fosinoprilat.
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Figure 2 Binding displacement curves of ['251]-351A binding
(expressed as % bound) to angiotensin converting enzyme (ACE)
derived from right ventricle (a) and left ventricle (b) of Sprague-
Dawley rats by (0) quinaprilat, (l) benazeprilat, (A) perindoprilat,
(+) 351A, (A) lisinopril and (-) fosinoprilat.
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Figure 3 Binding displacement of [1251]-351A (expressed as %
bound) to angiotensin converting enzyme (ACE) from rat lung by (0)
quinaprilat, (El) benazeprilat, (A) perindoprilat, (+) 351A, (A) lisinop-
ril and (-) fosinoprilat.
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Figure 4 Binding association constant (KA) for quinaprilat (shaded
columns), perindoprilat (hatched columns) and lisinopril (open
columns) from heart and lung.

Time (h)

Figure 5 Plasma quinaprilat concentration (ngml-') (a), plasma
angiotensin converting enzyme (ACE, b), time course (h) of binding
[125I]-351A to ACE in membrane homogenates from atria (c) and
ventricles (d), of rats following quinapril (0.3mgkg-1). Tissue ACE
inhibition radioinhibitor binding (RIB) is expressed as a ratio of ACE
in untreated rats/treated rats.

(0.3mgkg-1) is shown in Figure 5. Maximal ACE inhibition
in plasma atria and ventricles occurred within the first 2h fol-
lowing drug administration, coincident with the highest
plasma levels of quinaprilat and inhibition of plasma ACE by
more than 90% (Figure 5). Inhibition of cardiac ACE per-
sisted throughout the 24h study, and was poorly correlated
with plasma drug concentration over this time. Following
quinapril the time course and degree of inhibition of ACE
derived either from the ventricles or from the atria were very
similar.

Discussion

In this study the active site of ACE from different regions of
the heart, and from the lung was examined by use of the
radioligand [1251]-351A, an iodinated ACE inhibitor. This
ligand is specific for ACE and binds with high affinity
(Jackson et al., 1986). Binding was protein concentration-
related and, like ACE enzyme activity, has been shown to be
dependent on both chloride and zinc concentration. Previous

Table 1 Binding association constant (KA) for angiotensin converting enzyme (ACE) inhibitor to ACE in homogenate of lung and the
heart of the rat

Quinaprilat Benazeprilat Perindoprilat
Tissue (CI 906) (CGS14831) (S 9780)

Lung 18.92 ± 2.08 19.96 + 2.39 13.28 ± 1.33

36.31 2.18
35.18 3.52
11.70 0.70
9.51 + 1.24

31.99 2.88
38.70 2.71
11.58 + 0.46
5.70 + 1.08

20.85 1.67
21.64+ 1.73
6.40 ± 0.38
4.54 + 0.73

351A
Lisinopril Fosinoprilat
(MK 521) (SQ 27519)

9.93 ± 1.70 4.08 ± 0.49 0.42 + 0.05

15.72 + 1.62
16.23 1.95
4.99 0.59
3.27 ± 0.93

4.36 0.44
4.93 0.44
1.94 + 0.12
1.59 0.24

0.94 + 0.07
1.13 + 0.16
0.46 + 0.03 l
0.27 + 0.05 J

RA = right atrium; LA = left atrium; RV = right ventricle; LV = left ventricle; KA values (x 109M) are mean ± s.e. * P <0.025
T P < 0.05 for KA values relative to lung; §P < 0.005 for KA values relative to right and left atrium, by two-way analysis of variance.
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studies have also demonstrated that the ligand is stable under
binding conditions in tissue homogenates of the rat (Jackson
et al., 1986).

Small, but statistically significant differences in the calcu-
lated KA were demonstrated between the rat atria, ventricles
and the lung. This is in keeping with a growing body of evi-
dence that suggests ACE may be different in various tissues.
For instance Sakharov et al. (1987) have recently found that
some of the physico-chemical properties of ACE isolated from
human heart differed markedly, on the basis of differential
protein gel electrophoretic mobility and of chromatofocusing
isoelectric point, from ACE from other organs. Also the effect
of sodium chloride on the heart ACE activity showed an
organ specificity. At higher sodium chloride concentrations
the activity of the heart enzyme sharply decreased, in contrast
to that of serum and lung ACE which was non-specifically
activated at high ionic strength. Also, other workers have
noted differences in the molecular weight ofACE derived from
different organs (Polsky-Cynkin & Fanburg, 1979; El-Dorry
et al., 1982a), and different carboxy terminal amino acids
(Iwata et al., 1982). Immunological cross-reactivity (Polsky-
Cynkin & Fanburg, 1979; El-Dorry et al., 1982a), and heat
lability studies (Velletri et al., 1985) have further supported the
notion that ACE derived from different tissues may have dif-
ferences in tertiary structure. However, convincing proof for
differences in the structure of ACE has been obtained only in
the case of testis (El Dorry et al., 1982b).
The role of ACE in the myocardium has yet to be delin-

eated in detail, but the conversion of angiotensin I to angi-
otensin II has been already demonstrated in human heart
(Sakharov et al., 1987) and in isolated heart preparations from
animals (Nakashima et al., 1982; Lindpaintner et al., 1987).
Experimental studies support a role for angiotensin II in
modulating cardiac myosin expression, particularly in remod-
elling during hypotensive therapy (Dussaule et al., 1986; Re,
1987). Laboratory studies during myocardial ischaemia have
also suggested that ACE inhibition leads to a reduction in
ischaemic injury, protection against ventricular arrhythmias
and reduced catecholamine release (Ertl et al., 1982; Daniell et
al., 1984; Ziogas et al., 1984; van Gilst et al., 1984; 1986;
Hock et al., 1985; de Graeff et al., 1987; Sumners et al., 1987).
The therapeutic potential thus exists for ACE inhibitors to be
of benefit in cardiac hypertrophy, ischaemic heart disease and
cardiac arrhythmias (Dzau et al., 1980; Fouad et al., 1982;
1983; Cleland et al., 1984; 1985; Webster et al., 1985; The
Consensus Trail Study Group, 1987; Newman et al., 1988;

Sharpe et al., 1988). The demonstration of different classes of
tissue ACE with differences in KA and variable lipophilicity
raises the potential of tissue-specific ACE inhibitor therapy. In
this study, we have used a variety of ACE inhibitors covering
a wide range of molecular structures. Displacement of the
index radioligand 351A occurred with each compound, with
the same rank order of displacement potency being observed
in each tissue studied. Thus amongst the compounds screened
there was no apparent variation in their relative affinities for
interaction with ACE derived from atria, ventricles or the
lung.
To examine further any potential biological significance of

the differences noted in the values of KA, we measured the
degree of ACE inhibition in atria and ventricles following oral
gavage of rats with the new ACE inhibitor quinapril. As can
be seen from in vitro binding displacement studies, quinaprilat,
the active diacid derivative of quinapril, is a very potent ACE
inhibitor, and showed some three fold difference in KA
between atria and ventricles. Following oral gavage with quin-
april (0.3 mgkg- 1), the time course and degree of ACE inhibi-
tion in the atria and the ventricles of rat hearts was found to
be similar. This would suggest that the observed differences in
KA have only a limited potential biological significance. The
dose of quinapril used produces near maximum inhibition of
plasma and renal ACE. It is possible that smaller doses of
quinapril may show differential inhibition between atrium and
ventricles.
However, differences in KA could be related to a different

amino acid sequence of ACE in different tissues or more prob-
ably differences in tertiary structure of ACE. The potential
development of novel ACE inhibitors, related not to the
natural substrate but to the architecture of the active site,
could offer the possibility of differential ACE inhibition in dif-
ferent tissues.
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