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Abstract

To investigate the mechanism by which angiotensin-converting
enzyme (ACE) inhibition attenuates atherogenesis, we have
studied the effects of a nonsulfhydryl ACE inhibitor, enalapril,
and an angiotensin receptor antagonist, SC-51316, in choles-
terol-fed rabbits. After 3 mo of enalapril treatment (10 mg/kg
per d, p.o.) the percent plaque areas in the thoracic aortas
of treated animals were significantly reduced (controls:
86.8±3.5%; treated: 31.1±8%, P < 0.001). Aortic cholesterol
content was also reduced (controls: 31.4±3.2 mg/g tissue;
treated: 7.4±1.8 mg/g, P < 0.001). Enalapril had no signifi-
cant effect on plasma lipid levels or conscious blood pressure.
In a second study, the angiotensin II receptor antagonist SC-
51316 was administered at a dose equivalent to enalapril at
blocking angiotensin pressor effects in vivo (30 mg/kg per d,
p.o.). Evaluation after 3 mo indicated no significant attenuation
of aortic atherosclerosis. These results demonstrate that: (a)
enalapril attenuates atherogenesis without affecting either
blood pressure or plasma lipid levels; (b) antioxidant activity,
found with sulfhydryl-containing ACE inhibitors, is not neces-
sary for reducing plaque formation; and (c) the attenuation of
atherogenesis by ACE inhibition may not be due to blockade of
the renin-angiotensin system. Alternatively, one must consider
the multiple effects of ACE inhibition on other hormone sys-
tems, such as bradykinin, or the possibility that alternate angio-
tensin II receptors may be involved in atherosclerosis. (J. Clin.
Invest. 1993. 91:1453-1458.) Key words: enalapril - SC-51316
* converting enzyme inhibitors * receptor antagonists * blood
pressure

Introduction

The importance ofhigh blood pressure as a risk factor for devel-
oping cardiovascular disease is well established. However, it
has been found that drug therapies that successfully reduce
blood pressure and the incidence of stroke do not necessarily
reduce the morbidity and mortality associated with coronary
artery disease ( 1, 2). These findings appear to indicate a multi-
factorial relationship between hypertension and atherosclero-
sis, suggesting that additional mechanisms, other than in-
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creased systemic blood pressure, contribute to the accelerated
atherosclerosis associated with hypertension. Increased plasma
or tissue levels of vasoactive hormones, such as angiotensin II,
may play a role in such mechanisms (3). This possibility is
further supported by a report showing that, independent of
other risk factors and within a narrow range ofblood pressures,
a high renin profile is clearly associated with an increased risk
of myocardial infarction but not stroke (4).

Recently, two studies reported that the sulfhydryl-contain-
ing angiotensin-converting enzyme (ACE) ' inhibitor captopril
can reduce the progression of atherosclerosis: after 9 mo in
Watanabe heritable hyperlipidemic rabbits (5) and after 6 mo
in cholesterol-fed cynomolgus monkeys (6). These data sug-
gest that the renin-angiotensin system (RAS) may play a direct
role in plaque formation, possibly through angiotensin II stimu-
lation ofcell proliferation (7). However, although both ofthese
studies used normotensive animals, captopril treatment also
caused a significant reduction in blood pressure (5, 6). Such an
effect could account for the reduction in atherosclerosis, since
it has been shown that even in normotensive populations those
with the lowest pressures are at a reduced risk for cardiovascu-
lar disease (8), while in cholesterol-fed animals, ligation ofves-
sels to reduce pressure resulted in a significant reduction in
lesion development (9, 10). In addition, captopril contains a
sulfhydryl moiety that could act as an antioxidant (5, 6), in-
hibiting the formation of oxidation products that may be in-
volved in atherogenesis (1 1, 12). It should also be noted that
ACE inhibitors can affect other hormone systems, including
enkephalins, substance P, kinins, and prostaglandins, which
may also have effects on atherogenesis ( 1 3-16). Thus the mech-
anism for the effect ofcaptopril on atherosclerosis remains un-
clear.

In an effort to differentiate among some of the possible
mechanisms involved in the beneficial effects of ACE inhibi-
tion on atherogenesis, we have studied the effects of the con-
verting enzyme inhibitor enalapril and the angiotensin II re-
ceptor antagonist, SC-51316, in a well-characterized model,
the cholesterol-fed rabbit. This model has the advantage that
both hypercholesterolemia and drug treatment can be initiated
simultaneously, thus allowing one to evaluate drug effects dur-
ing the early stages of lesion development. Enalapril is useful
because it blocks the RAS by the same mechanism as captopril
( 17), although it lacks a sulfhydryl group and the associated
antioxidant activity ( 18, 19). It has also been shown that in
normotensive, cholesterol-fed rabbits enalapril has little or no
effect on either blood pressure or lipid profiles (20). The com-
pound SC-5 1316 has been shown to reversibly antagonize the
AT, receptor subtype in vivo (21 ), thus selectively blocking
the RAS while having no known effects on other hormone
systems.

1. Abbreviations used in this paper: ACE, angiotensin-converting en-
zyme; RAS, renin-angiotensin system.
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Methods
Protocol. In two separate experiments, groups of male, New Zealand
white rabbits were placed on a standard diet ( 100 g/d) supplemented
with 0.3% cholesterol and 2% corn oil (Zeigler Brothers, Inc.,
Gardners, PA). Water was available ad lib. At the start ofthe diet half
of the animals received either 10 mg/kg per d enalapril or 30 mg/kg
per d SC-5 1316, in a single oral dose. The remaining rabbits served as
untreated controls. Groups of control and treated animals were killed
after 1 and 3 mo of treatment. Tissues were removed for characteriza-
tion ofatherosclerotic lesions. Blood samples were taken for determina-
tion of plasma lipid concentrations and serum ACE activity. Mean
arterial pressure was measured in conscious animals at the end of the
study. Statistical differences between means were analyzed by t test.
Differences were considered significant at a value of P < 0.05.

Plasma lipids and serum ACE activity. Plasma for lipid analysis
was obtained by withdrawing blood from the ear vein into EDTA-con-
taining tubes (Vacutainer; Becton Dickinson & Co., Rutherford, NJ),
followed by centrifugal separation of the cells. Total cholesterol was
determined enzymatically, using the cholesterol oxidase reaction (22).
HDL cholesterol was also measured enzymatically, after selective pre-
cipitation ofLDL and VLDL by dextran sulfate with magnesium (23).
Plasma triglyceride levels were determined by measuring the amount
of glycerol released by lipoprotein lipase through an enzyme-linked
assay (24). Serum ACE activity was determined spectrophotometri-
cally, from hydrolysis of the synthetic tripeptide substrate N-[3-[2-
furyl ] acryloyl ] -L-phenyl-alanylglycylglycine (FAPGG) (25).

Blood pressure. On the day blood pressure was measured, animals
were orally dosed in the morning as usual. Catheters for blood pressure
and angiotensin peptide injection were then implanted in animals anes-
thetized with a ketamine/xylazine mixture. Measurements were begun
after 4 h of recovery, - 5 h after oral dosing. Resting mean arterial
pressure was measured in conscious rabbits with a pressure transducer
(Statham Instruments, Inc., Oxnard, CA) connected to a catheter intro-
duced through the right carotid artery and positioned into the ascend-
ing aorta. The pressor effects of angiotensin peptides were evaluated by
continuous monitoring ofblood pressure during intravenous bolus in-
jections of peptide solutions via a catheter placed in the jugular vein.
Multiple injections ofpeptides ofincreasing concentrations were made
at intervals of 5-10 min after blood pressure had returned to baseline.
The duration of drug effects on the pressor response to peptide injec-
tions was measured in conscious, catheterized animals at intervals
ranging from 0.5 to 24 h after a single oral dose.

Atherosclerosis. Animals were killed by pentobarbital injection.
Thoracic aortas were rapidly removed, immersion fixed in 10% neutral
buffered Formalin, and stained with oil red 0 (0.3%). After a single
longitudinal incision along the wall opposite the arterial ostia, the ves-
sels were pinned open for evaluation of the plaque area. The percent
plaque coverage was determined from the values for the total area ex-
amined and the stained area, by threshold analysis using a true color
image analyzer (Videometric 150; American Innovision, Inc., San
Diego, CA) interfaced to a color camera (Toshiba 3CCD) mounted on
a dissecting microscope. Tissue cholesterol was measured enzymati-
cally as described, after extraction with a chloroform/methanol mix-
ture (2:1 ) according to the method of Folch et al. (26).

In vitro vascular response. The abdominal aortas were rapidly ex-
cised, after injection of sodium pentobarbital, and placed in oxygen-
ated Krebs-bicarbonate buffer. After removal of perivascular tissue,
3-mm ring segments were cut, placed in a 37°C muscle bath containing
Krebs-bicarbonate solution, and suspended between two stainless steel
wires, one of which was attached to a force transducer (Grass Instru-
ment Co., Quincy, MA). Force changes in response to angiotensin II
added to the bath were recorded on a chart recorder (model 8, Grass
Instrument Co.).

Results

Converting enzyme inhibitor studies. RAS activity in enalapril-

mo of treatment, the blood pressure response to bolus injec-
tions of angiotensin I was markedly inhibited in the enalapril-
treated rabbits at peptide concentrations ranging from 10 to
300 ng/kg (Fig. 1). Similarly, the serum ACE activity for
treated animals was < 8% ofthe control values at both 1 and 3
mo (Table I). However, mean arterial pressure after 3 mo of
treatment was not significantly affected, as shown in Table I.

RAS blockade with enalapril did not affect plasma lipid
levels in cholesterol-fed rabbits. As shown in Table II, there
were no significant differences between groups for total plasma
cholesterol, HDL cholesterol, or plasma triglyceride concentra-
tions after either 1 or 3 mo of treatment.

After 1 mo on the cholesterol diet, the mean value for the
percent aortic plaque area was considerably less for the enala-
pril-treated animals (2.3±0.8%) than for the controls
(16.2±6.9%) but, because ofthe variance in the control group,
this difference was not statistically significant (P = 0.07; Fig. 2
A). There was, however, a small but significant difference in
the tissue cholesterol concentration after 1 mo. As shown in
Fig. 2 B, vessels from treated animals contained 0.7±0.1 mg/g
tissue, while vessels from control animals had a cholesterol
concentration of 1.3±0.2 mg/g tissue (P < 0.05).

At 3 mo, vessels from the two groups showed an even
greater difference in the development ofatherosclerotic lesions,
with the percent of lipid stained plaque area being 31.1±8% for
the treated animals and 86.8±3.5% for the controls (P < 0.001)
(Fig. 3 A). Aortic cholesterol content was similarly affected by
enalapril at 3 mo, with tissues from the treated group having a
mean value of 7.4±1.8 mg/g, while the control group had a
value of 31.4±3.2 mg/g (P < 0.001; Fig. 3 B).

Receptor antagonist studies. Preliminary dose-response
studies were performed on rabbits to determine a dose of SC-
51316 that would be equivalent to enalapril at blocking the
RAS. It was found that SC-51316, at a dose of 30 mg/kg, dis-
played the same oral potency and duration of action as enala-
pril at 10 mg/kg (Fig. 4).

Treatment of cholesterol-fed rabbits with SC-51316 at 30
mg/kg per d was found to have no significant effect on body
weight, mean arterial pressure, or plasma lipid levels during the
course of this study (see Tables III and IV).

Blockade ofthe RAS after 3 mo was similar to that seen for
enalapril, with the pressor response to bolus injections ofangio-
tensin II being significantly inhibited in treated animals (Fig.
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Figure 1. Blood pressure
response to intravenous
injection of angiotensin
I in cholesterol-fed rab-
bits, after 3 mo of treat-
ment. Controls (n = 6):
circles; enalapril treated
(n = 8): squares. Values
are means±SEM. Dif-
ferences between con-
trol and treated groups
were significant (P
< 0.05) at all peptide
concentrations tested.
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Table I. Effect ofEnalapril on ACE Activity, Blood Pressure, and
Body Weight in Cholsterol-fed Rabbits

I mo 3 mo

Control Treated Control Treated

Serum ACE
activity (U/liter) 97±9 7+1* 96±8 5±1*

Mean arterial
pressure (mmHg) ND ND 79±3 81±2

Body
weight (kg) 3.2±.l 3.0±.1 3.5±.l 3.5±.1

Values are means±SEM. n = 10 except for control (n = 6) and treated
(n = 8) for mean arterial pressure. * P < 0.001 vs. control. ND, not
determined.

5). The vasoconstrictor response to angiotensin II in vitro was
also reduced in aortic ring segments from the SC-51316 treated
group, shown in Fig. 6. Treatment with the receptor blocker for
3 mo shifted the EC50 from 3.8±0.6 to 38± 12 nM (P < 0.05, n
= 7), while the calculated pD2 was reduced from 8.46±0.08 to
7.54±0.13 (P <0.01, n = 7).

After 1 mo on the cholesterol diet, the mean value for the
percent aortic plaque area was less for the treated animals
(23.8±7%) than for the controls (34.5±6.6%; Fig. 7 A); how-
ever, this difference was not statistically significant (P = 0.27).
Similarly, after 1 mo there was no significant difference be-
tween the two groups in the amount of tissue cholesterol ex-
tracted from the vessels, with control values having a mean of
1.6±0.5 mg/g, while treated animals had a mean value of
0.8±0.2 mg/g (P = 0.13; Fig. 7 B).

At 3 mo, vessels from the two groups also showed no signifi-
cant difference in the development of atherosclerotic lesions,
with the percent of lipid stained plaque area being 75.3±7.5%
for the controls and 66.4±6.7% for the treated animals (P
= 0.39; Fig. 8 A). Aortic cholesterol content was also not signifi-
cantly affected by SC-51316 treatment after 3 mo, with control
animal tissues having a mean value of 25.1±3.3 mg/g and the
treated group having a value of 18.9±3.6 mg/g (P = 0.22; Fig.
8 B).

Discussion
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Figure 2. Effect of ena-
lapril on aortic athero-
sclerosis after 1 mo. (A)
percent lipid-stained
area. (B) tissue choles-
terol content. Controls
(n = 10): open bars;
enalapril treated (n
= 10): shaded bars.
Values are
means±SEM. *P
< 0.05.

sion, high plasma cholesterol levels, lipoprotein oxidation, and
cellular chemotactic and growth factors. Therapies that attenu-
ate atherogenesis usually do so by affecting one or more of
these factors. In previously published studies demonstrating
reduced plaque formation with captopril therapy, the treated
groups also had blood pressure values lower than the controls
(5, 6). Since hypotension, in both humans (8) and experimen-
tal animals (9, 10), is associated with decreased atheroma for-
mation, the effects ofcaptopril on blood pressure in these stud-
ies could explain the observed reduction in vascular lesions.
However, the results reported here show that enalapril treat-
ment, while also significantly attenuating plaque formation,
had no effect on conscious blood pressure, thus ruling out hy-
potension as a possible mechanism for the observed effects of
ACE inhibition in this study. In other studies in which antihy-
pertensive drugs have an effect on atherosclerosis, there may
also be an effect on lipid metabolism (27). However, the results
reported here (Table II) and by others (28) indicate that ACE
inhibitors have no effect on plasma lipid levels. Thus, our re-
sults cannot be explained by effects on either blood pressure or
plasma lipid levels.

Alternatively, it is possible that the effects of captopril on
atherosclerosis may be related to its antioxidant properties.
Thus, it has been suggested that the oxidation ofLDL might be
inhibited due to captopril's sulfhydryl group, (5, 6), possibly
reducing the formation of vascular lesions (29). A similar
mechanism has been suggested for the effects of probucol and
its analogues (30) and the antioxidant butylated hydroxytolu-

Numerous factors have been implicated in the initiation and
development of atherosclerotic plaques, including hyperten-

Table II. Effect ofEnalapril on Plasma Lipids in Cholesterol-fed
Rabbits

I mo 3 mo

Control Treated Control Treated

Total
cholesterol 1,268+197 1,065±95 1,404±119 1,210±126

HDL
cholesterol

Triglycerides
49±8 50±7 33±4 30±4
144±27 119±8 194±21 145±16
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Figure 3. Effect of ena-
lapril on aortic athero-
sclerosis after 3 mo. (A)
percent lipid-stained
area. (B) tissue choles-
terol content. Controls
(n = 10): open bars;
enalapril treated (n
= 10): shaded bars.
Values are
means±SEM. **P
<0.001.
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40 Figure 4. Comparative
36 effects ofenalapril and
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Time (hours) a control period evalua-
tion, oral doses were

administered at 0 h. Duration of drug effect was then evaluated from
0.5 to 24 h. Values are means±SEM.

ene ( 31 ). However, the data presented here show reduced le-
sions in animals treated with enalapril, which, unlike captopril,
is not capable ofinhibiting free radical-induced lipid peroxida-
tion ( 18) or scavenging oxygen-derived free radicals ( 19), thus
indicating that antioxidant activity is not necessary for ACE
inhibitors to reduce plaque formation. Similarly, other sulfhy-
dryl-related effects of captopril, such as those observed in cul-
tured endothelial cells (32), also do not necessarily play a role
in the attenuation ofatherogenesis by convertingenzyme inhib-
itors.

In an earlier report, no significant effect on atherosclerosis
was seen with enalapril treatment of cholesterol-fed rabbits
(20). However, the dose administered was only 0.075-0.1 mg/
kg per d, compared with our treatment protocol with a dose of
10 mg/kg per d. The lower dose used in the earlier study ap-
pears to be the most likely reason for the observed lack ofeffect
on atherosclerosis.

The importance of cell migration and proliferation in
plaque formation is well established (33). In previous reports
showing the efficacy ofcaptopril in reducing atherosclerosis (5,
6), it was noted that this effect could result from the decrease in
angiotensin II levels caused by ACE inhibition, since it has
been observed that angiotensin II can be mitogenic in cultured
cells (34) and that it can stimulate the synthesis ofgrowth and
chemotactic factors (35, 36). However, the results reported
here indicate that blockade of the RAS by the angiotensin II
receptor antagonist SC-51316 does not significantly inhibit

Table III. Effect ofSC-51316 on Body Weight and Blood Pressure

I mo 3 mo

Control Treated Control Treated

Body
weight (kg) 3.0±.1 2.9±.1 3.4±.1 3.5±.1

n 13 10 10 10
Mean arterial

pressure (mmHg) ND ND 81±5 79±5
n 5 5

Values are means±SEM.

Table IV. Effect ofSC-51316 on Plasma Lipids
in Cholesterol-fed Rabbits

I mo 3 mo

Control Treated Control Treated

Total
cholesterol 1,425±101 1,518±118 1,560±180 1,330±110

n 13 10 5 5
HDL

cholesterol 51±4 47±5 41±2 36±9
n 13 10 5 5
Triglycerides 158±20 153±27 169±24 114±13
n 12 10 5 5

Values are means±SEM, in mg/dl.

plaque formation, in marked contrast to the results with the
ACE inhibitor enalapril. After 3 mo the difference between the
aortic plaque area in the enalapril treated group and the con-
trols was 55.7%. However, in the same 3-mo period, the differ-
ence between the SC-5 1316-treated animals and the controls
was only 8.9%. Statistical analysis indicates that the enalapril
effect was highly significant (P < 0.001 ) with a sample size of
10. However, if the 8.9% difference seen with SC-51316 treat-
ment were true, a fivefold increase in sample size would be
required to reach significance at the 0.05 level. Thus it appears
that enalapril's effect on the RAS contributes little, ifanything,
to the drug's effect on atherosclerosis.

Another possible explanation for the difference between
enalapril and the receptor antagonist is that SC-5 1316 lacks the
potency or duration to block the RAS sufficiently to attenuate
atherogenesis. However, at the doses used, both drugs were
equally effective in blocking equivalent pressor responses to
angiotensin I or II for 24 h (Fig. 4). It was also observed that
there was no decline in the receptor-blocking effect of SC-
51316 after chronic dosing in cholesterol-fed animals (Fig. 5).
Thus, there was no apparent increase in tolerance or metabo-
lism of SC-5 1316, which might reduce its efficacy in blocking
the RAS. In addition, it was found that chronic treatment with
SC-5 1316 results in the functional down-regulation ofvascular
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Figure 5. Blood pressure
response to intravenous
injection of angiotensin
II in cholesterol-fed rab-
bits, after 3 mo of treat-
ment with SC-5 1316.
Controls (n = 5): cir-
cles; SC-51316 treated
(n = 5): triangles. Val-
ues are means±SEM.
Differences between
control and treated
groups were significant
(P < 0.05) at all peptide
concentrations tested.
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Figure 6. Contraction
responses of aortic rings
to angiotensin II. Tissue
isolated from untreated,
cholesterol-fed rabbits
(n = 7) (circles), cho-
lesterol-fed rabbits,
treated with SC-5 1316
(n = 7) (filled triangles)
and chow-fed, un-
treated rabbits (n = 4)
(open triangles). Values
are means±SEM.
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Figure 8. Effect of SC-
51316 on aortic athero-
sclerosis after 3 mo. (A)
percent lipid-stained
area. (B) tissue choles-
terol content. Controls
(n = 10): open bars;
SC-51316 treated (n
= 10): shaded bars.
Values are
means±SEM. Differ-
ences are not statisti-
cally significant.

angiotensin II receptors, indicating a second mechanism by
which this drug can further block the vascular RAS in vivo
(Fig. 6). This down-regulation presumably occurs in response
to high circulating levels of angiotensin 11 (37), caused by
blockade of angiotensin receptors controlling feedback inhibi-
tion of renin release (38).

Since ACE inhibitors block the formation ofangiotensin II,
all angiotensin II receptor subtypes are functionally blocked.
However, SC-5 1316 is a specific antagonist for the AT, recep-
tor subtype (21 ). Thus, ifangiotensin II stimulates atherogene-
sis via a different receptor (e.g., AT2), then ACE inhibitors, but
not AT, antagonists, will attenuate lesion development. Al-
though this possibility is consistent with the results described
here, it appears to be unlikely in view ofcurrent reports indicat-
ing that vascular tissue contains only AT1 receptors (39).

A more likely explanation for these results is that other
peptide hormones, also regulated by ACE, may play a role in
suppressing the development of atherosclerosis. For example,
the activity of the vasoactive hormone bradykinin is poten-
tiated in the presence ofACE inhibitors (40). Increased brady-
kinin activity can stimulate endothelial cell production ofpros-
tacyclin or endothelium-derived relaxing factor/nitric oxide
(41), which could inhibit platelet activation (42, 43) and
monocyte adhesion or chemotaxis (44) at plaque sites, poten-
tially attenuating lesion formation (45, 46). Consistent with
this mechanism is the report that in vivo platelet activity is
significantly reduced in hypertensive patients receiving ACE
inhibitors but not other standard antihypertensive therapies
(47). A role for kinins in mediating the effect ofACE inhibitors
on vascular lesions is also supported by the report that a brady-
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Figure 7. Effect of SC-
51316 on aortic athero-
sclerosis after 1 mo. (A)
percent lipid-stained
area. (B) tissue choles-
terol content. Controls
(n = 13): open bars;
SC-51316 treated (n
= 10): shaded bars.
Values are
means±SEM. Differ-
ences are not statisti-
cally significant.

kinin receptor antagonist (HOE 140) can suppress the attenua-
tion of vascular lesions by ramipril, after arterial injury in rats
by balloon angioplasty (48).

Such speculations notwithstanding, it does not appear that
a reduction in angiotensin II can be the primary mechanism by
which ACE inhibitors attenuate atherogenesis. Instead it is sug-
gested that other peptide hormones may be important. Thus, in
the absence of effects on systemic blood pressure or changes in
plasma lipids, it appears that an ACE-dependent factor can
reduce the progression ofatherosclerosis, probably by modulat-
ing the effects that high plasma cholesterol levels have on cellu-
lar elements involved in the early stages of plaque formation.
Further characterization of this mechanism may provide new
leads in the development of unique therapies for treating ath-
erosclerosis and its clinical sequelae.
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