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Inhibitors of Angiotensin-Converting Enzyme Prevent 
Myointimal Proliferation After Vascular Injury 

The role of a local angiotensin system in the vascular response to arterial injury was 
investigated by administering the angiotensin-converting enzyme (CE) inhibitor 
cilazapril to normotensive rats in which the left carotid artery was subjected to 
endothelial denudation and injury by balloon catheterization. In control animals, by 
14 days after balloon injury, the processes of smooth muscle cell (SMC) proliferation, 
migration of SMCs from the media to the intima, and synthesis of extracellular matrix 
produced marked thickening of the intima, with reduction of the cross-sectional area 
of the lumen. However, in animals that received continuous treatment with the CE 
inhibitor, neointima formation was decreased (by about 80 percent), and lumen 
integrity was preserved. Thus, the angiotensin-converting enzyme may participate in 
modulating the proliferative response of the vascular wall after arterial injury, and 
inhibition of this enzyme may have therapeutic applications to prevent the proliferative 
lesions that occur after coronary angioplasty and vascular surgery. 

S MOOTH MUSCLE CELL (SMC) PRO- 
liferation in the intima of muscular 
arteries and formation of extracellular 

matrix are major processes that lead to vas- 
cular stenosis in arteriosclerosis, after vascu- 
lar surgery, and after coronary angioplasty 
(1). Although these processes occur in the 
normal physiology of the vascular wall dur- 
ing development and in response to vascular 
injury, in excess they may cause significant 

morbidity (2). After endothelial denudation 
and injury to the arterial wall, the prolifera- 
tive response in the intima (Fig. 1, A and B) 
is the result of normally quiescent SMCs 
migrating from the media to the intima, 
proliferating both in the meda and in the 
intima (3), and producing extracellular ma- 
trix. 

Several organs contain local angiotensin 
systems. Both the production of angiotensin 

I1 (AII) and its interaction with specific A11 
receptors occur in these tissues, apparently 
independently of the plasma renin-angioten- 
sin system (4). Angiotensin-converting en- 
zyme (CE) is a membrane-bound enzyme 
present in the walls of large vessels (both 
arteries and veins) (4, and medial SMCs 
have high numbers of specific A11 receptors 
(6) .  In addition, treatment of hypertensive 
animals with inhibitors of CE reduces the 
medial hypertrophy of muscular arteries that 
results from chronic hypertension (7). We 
postulated that a local angiotensin system 
may participate in regulation of the vascular 
response to arterial injury and investigated 
the role of endogenous A11 production by 
examining the effects of the specific long- 
acting CE inhibitor cilazapril (8) in an ani- 
mal model of the proliferative response to 
arterial injury. This inhibitor was selected 
because it lowered blood pressure over a 24- 
hour period and reduced the medial hyper- 
trophy of hypertensive rats (8) .  

Endothelial denudation and vascular inju- 
ry were achieved in the left common carotid 
artery of 4-month-old male normotensive 
rats (9) (400 to 500 g) as described (3). A 
balloon catheter (2 French Fogarty, Ed- 
wards Laboratories, Santa Anna, California) 
was passed through the external carotid into 
the aorta; the balloon was inflated with 
sufficient water to distend the common ca- 
rotid and was then pulled back to the exter- 
nal carotid. This procedure was repeated 
three times and then the catheter was re- 
moved. Complete denudation of the endo- 
thelium was achieved throughout the com- 
mon carotid, with some injury to medial 
SMCs, as assessed by morphological exarni- 
nation of random controls 24 hours after the 
procedure. The rate of intirnal thickening in 
the rat carotid in response to balloon injury 
slows considerably after 14 days (10). There- 
fore, at 14 days the animals were anesthe- 
tized and perhsion-fixed as described (11), 
with the modification that 2.5% glutaralde- 
hyde and 90-nlmHg perfusion pressure 
were used. Carotid arteries were isolated 
from adherent tissue and embedded in Epon 
812. Semithin sections (1  pm) were stained 
with toluidine blue and basic fuchsin and 
processed for morphometric evaluation (3). 
Sections from the middle fifth of the carotid 
were analyzed, with the right carotid serving 
as a control for the balloon-catheterized left 
carotid. Rats were selected randomly to be 
given either placebo or cilazapril (10 mgikg 
per day, mixed with normal food). Animals 
were coded so that operation and analysis 
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were performed without knowledge of 
. . 

pressed the myointimal proliferative re- prior aclmmstntion of the inhibitor may 
which-treatment individual d re- 
ceived. 

The effect of cilazapril on blood pressure 
reaches a plateau by 1 week (8). Thedore, 
we began treatment with the drug 6 days 
before balloon injury so as to achieve a 

sponse to balloon catheteriktion (Table 1, &ect the time required to achieve comple& 
group A). Both the amount of neointima inhibition of CE activity. 
and the extent of internal elastic lamina To eliminate the possibility that the inhib- 
(EL)  covered by neointima were reduced itor itself c o n a i b d  directly to the ob- 
si&cantly. Primarily as a consequence of served suppression of neointima formation, 
decreased neointima formation, the lumen we tested cilazapril and its active metabolite 
remained almost as patent as the normal cilazaprilate for &m on cellular prolifera- 
artery. The decreased amount of neointima tion in vim. Proliferation of human umbili- 
appeared to rdect a reduction in all compo- cal cord vein SMCs cultured in medium 
nents of the intimal thickening, with fewer containing 10% serum was unaffected by 

maximal effect as measured by the physio- 
logical parameter of lower blood pressure. 
In normotensive rats a slight but significant 
decrease in blood pressure from 109 + 4.9 
to 86 + 4.8 rnrnHg (mean 2 SEM, n = 12) 
occurred as measured by tail cuff (12). The 
dose of cilazapril used for these s ~ d i c s  was 

SMCs and less matrix formation (Fig. 1C). 
To assess whether inhibition of CE activi- 

ty was required continuously, or only dur- 
ing or immediately after injury, for suppres- 
sion of the proliferative response, we tested 
several additional groups of rats (Table 1, 
groups B through E). Boch neointima for- 
mation and the extent of IEL covered by 
neointima were reduced when the CE inhib- 
itor was administered con~uously, either 

either compound at concentrations up to 
100 pg/d (the in vivo concentration of the 
drug in the rats used in these studies being 
0.03 pglml). 

Two additional groups of experiments 
were performed to analyze potential mecha- 
nisms for the observed inhibition of myoin- 
timal proliferation. First, we tested another 
CE inhibitor, captopril(13), which is chemi- 
cally different from cilazapril. Similar resdts 

selected becat& it was the lowest dose that 
had sustained dfccts on blood pressure over 
a 24-hour period in hypertensive rats. When 
administered 6 days before injury and con- 
tinuously until the animals were killed 14 
days after injury, the CE inhibitor s u p  

from 1 hour before balloon injury (group we& found when capto$ (100 m& per 
D) or from 2 days after injury (group E). day) mixed with normal food was adminis- 
However, neither neointima formation nor tered from 6 days &re to 14 days after 
the extent of IEL coverage was reduced by a balloon injury. f i e  cross-sectional area of 
single administration of the CE inhibitor 1 nwintima expressed as a percentage of me- 
hour before balloon injury (group C) or by dia was significantly reduced compared to 
administration from 6 days before to 2 days placebo-treated controls [42 + 11% (mean 
after injury (group B). These data suggest + SEM, n = 14) compared to 11 1 + 10% 
that for maximal suppression of neointima (n = 13) (P < 0.001)], as was the coverage 
formation, the CE inhibitor must be admin- of IEL [51 * 12% compared to 95 + 3% 
istered continuously during the response of (P < 0.001)]. In a second experiment we 
the vascular wall. The apparent advantage of tested the calcium-channel antagonist vera- 

Tabb 1. Formation of neointima after vascular injury by balloon catheterization. Cross-sectional area of 
neointima was measured by scrnithin sections of the middle fifth of the left carotid artery that were 
prepared 14 days after catheterization. Noninjured normal arteries had no neointima formation. Groups 
of treated animals underwent catheterization and balloon injury on the same days as placebo con&. 
Treatment groups were administered cilazapril(10 rngikg of body weight per day) mixed with food, or 
by gavage for single doses. Treatment schedules were as follows: group A, from 6 days @re to 14 days 
after balloon catheterization; group B, from 6 days before to 2 days after injury; group C, a single oral 
dose (10 mg/kg) 1 hour before balloon injury; group D, the single dose 1 hour More injury and then 
dady mixed with food to 14 days after balloon catheterization; group E, from 2 to 14 days after balloon 
injury. Cross-sectional surface areas of the neointima, media, and lumen and the length of the E L  were 
measured by using a computerized digitizer (Morphometry-System, DLASYS) with an IBM AT03 
(Datalab, Thoerigen, Switzerland). Means + SEM are given. The fourth column is the ratio of the 
cross-sectional area of the newly formed intima (neointima) to the cross-sectional area of the media of 
the injured carotid artery. Statistical si@cance was assessed by Student's two-taikd t test. Fig. 1. The vascular response to injury as depicted 

by light micrographs of semithin (1 pm) cross 
sections of rat carotid arteries. (A) Carotid artery 
of an u n c a t h e t e d  n o d  rat. (B) Carotid 
artery of a placebo-treated rat 14 days after bal- 
loon catheterization. (C) Carotid artery of a rat 
treated with cilazapril(10 mgkg per day per os, 
continuously from 6 days before to 14 days after 
balloon injury), shown at 14 days a h  balloon 
catheterization. The arrowheads mark the IEL. 
Abbreviations: Ad, adventitia; EC, endothelial 
cells; M, media; and NI, neointima. Bars, 50 pn. 
The lumen is at the top in each section. These 

Neointima 
Group n area 

Neointimal 
media 

(96) 

Coverage 
of IEL by 
neointim? 

(%I 
A 

Placebo 
Treated 

B 
Placebo 
Treated 

C 
Placebo 
Treated 

D 
Placebo 
Treatd 

E 

sections are representati<e of the hdings summa- 
rized in Table 1. The intimal thickenine lor NI) in 122 + 14 

94 + llt 
" \  ! 

response to injury is the result of the new accumu- 
lation of proliferating SMC and connective tissue. 
In the media, the SMCs near the IEL show 
evidence of damage after balloon injury (B and 
C). In the rat treated with cilazapril the coverage 
of the IEL by neointima formation is much 
reduced, and there is IEL denuded of endothelial 
cells but not covered by neointima [half-shaded 
arrowhead in (C)]. 

Placebo 
Treated 



pamil (14) at a concentration of 100 mglkg 
per day [a dose that lowered arterial pressure 
by 29 +- 3 mmHg (mean +- SEM, n = lo) ]  
by gavage from 6 days before to 14 days 
after balloon injury. At this dose no effect on 
myointimal proliferation was seen in the 
verapamil-treated rats [the cross-sectional 
area of neointima expressed as a percentage 
ofmedia being 129 * 18% (n = 6) in treat- 
ed rats compared to 127 ? 13% (n = 10) in 
placebo-treated controls]. 

The present observations, taken together 
with data showing CE activity (5), angioten- 
sinogen mRNA (15), and M I  receptors in 
the vascular wall (6), support the hypothesis 
that there is a local angiotensin system that 
has a role in the myointimal proliferative 
response of the vascular wall to injury. 

The processes that lead to formation of 
the neointima are complex and poorly un- 
derstood, but initially quiescent SMCs must 
be activated either directly by injury or 
indirectly by factors released early during 
the response, such as interferon-y from lym- 
phocytes (16) or platelet-derived growth 
factor (PDGF) (1, 17). Blocking the activa- 
tion of SMCs, however, is unlikely to be the 
principal mechanism for the suppression of 
neointima formation, as administration of 
cilazapril only during the initial phase of the 
vascular response was ineffective. 

It is probable that CE inhibitors suppress 
the vascular response to injury by interrupt- 
ing the conversion of angiotensin I (AI) to 
the active AII, and thus preventing modula- 
tion of SMC proliferation and matrix pro- 
tein synthesis by AII. Inhibition of CE also 
increases bradykinin levels, since CE is one 
of the enzymes that metabolize bradykinin 
(4). Although unlikely, the possibility that 
bradykinin mediates the suppression of the 
vascular response to injury cannot be exclud- 
ed. Bradykinin, however, is a mitogenic 
agent (18), and therefore it might be expect- 
ed that increased bradykinin concentrations 
would augment the proliferative response. 
The observation that the mas proto-onco- 
gene product is an angiotensin receptor with 
mitogenic activity (19) raises the possibility 
that the proliferative response to vascular 
injury is mediated through these receptors 
on SMCs and requires continued stimula- 
tion by AII. 

It has been reported that A11 neither 
stimulated the proliferation of cultured rat 
aortic SMCs nor augmented cell prolifera- 
tion induced by PDGF (20). However, A11 
did increase SMC protein content by 20% 
after 4 days, and this effect was blocked by 
saralasin, an antagonist of AII. In contrast, 
others have found that A11 stimulated the 
proliferation of human vascular SMCs cul- 
tured in serum-depleted medium (21). It is 
possible that A11 is effective only when 

added at specific phases of the cell cycle, as 
has been shown for the AII-augmented pro- 
liferation of NIH 3T3 cells stimulated by 
epidermal growth factor (22). 

Infusion of heparin suppresses neointima 
formation in the rat balloon model used for 
our study (23). The heparin administration 
must be started by 24 hours after injury and 
is equally effective whether administered 
continuously for 21 days or for 3 days (10). 
However, in contrast to our results with CE 
inhibitors, the maximal suppression of 
neointima formation achieved with heparin 
has been generally about 50% (23). It re- 
mains to be tested whether CE inhibition 
can act synergistically with heparin to pre- 
vent the proliferative response. 
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The Periaqueductal Gray Matter Mediates Opiate- 
Induced Immunosuppression 

The periaqueductal gray matter of the mesencephalon (PAG) subserves a variety of 
diverse autonomic functions and also avvears to be a site for oviate action in the 

L 

induction of immunosuppression. Microinjections of morphine into the PAG, but not 
into other opiate receptor-containing neuroanatomical sites, result in a rapid suppres- 
sion of natural killer (NK) cell activity. The NK cell suppression can be blocked by 
prior peripheral administration of the opiate antagonist naltrexone. These findings 
demonstrate that certain central actions of opiates that produce changes in NK cell 
function are mediated through opiate receptors in the PAG and identify a brain region 
involved in opiate replation of -immune function. 

PIATES EXERT PROFOUND EFFECTS 
on immune function in vivo (1). 
Opiate addicts have increased sus- 

ceptibility to infections ( Z ) ,  an effect related 
to deficits in immune function (3). Certain 
opiate agonists suppress antibody produc- 
tion (4), produce changes in the ability of 
leukocytes to respond to mitogenic stimuli 
(5) ,  and decrease cytotoxic activity of natural 
killer (NK) cells (6). These immunosuppres- 
sive effects of opiates result in decreased 
survival in tumor-bearing animals (7) and 
increased susceptibility to bacterial and fun- 
gal infections (8) as well as to murine retro- 

viral infections (9). Some in vivo effects of 
opiates on immune hnction are mediated 
indirectly through the central nervous sys- 
tem (CNS). For example, Shavit et al.  (10) 
have shown that injections of morphine into 
the lateral cerebral ventricle suppress NK 
cell activity in rats. Conversely, peripheral 
administration of N-methyl morphine, 
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