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Abstract

The renin-angiotensin system (RAS) is involved in a complex mechanism that serves to preserve the blood supply to organs so that tt
can maintain cellular function. Angiotensin Il exerts this effect, independently of the blood pressure generated, through two time-relate
events: a fast opening of the reserve collateral circulation and a much slower response of new vessel formation or angiogenesis. This eff
is observed in rats with ligation of the abdominal aorta and in gerbils with abrupt or progressive unilateral carotid artery ligation. Inhibition
of the angiotensin-converting enzyme (ACE) or the angiotensin Il receptor represses this effect, and it appears that it is mediated throu
a non-AT, receptor site of angiotensin 1. Many tumors, both benign and malignant, express renin and angiotensin. It seems that th
stimulating action of angiotensin Il on angiogenesis could also be involved in preserving the blood supply to tumor cells. Administratior
of converting enzyme inhibitors increases survival and decreases tumor size in tumor-bearing rats. These observations support
hypothesis that the RAS, directly or indirectly, is involved in situations in which the restoration of blood supply is critical for the viability
of cells and that it is present not only in normal but also in pathological conditions such as tumors. In view of the ubiquitous presence c
renins and angiotensins, it is also likely to be involved in other conditions, such as inflammation, arthritis, diabetic retinopathy, anc
retrolental fibroplasia, among others in which angiogenesis is prominent. In addition, angiotensin Il could be involved, through the
counterbalance of the ATand AT, receptors, in the rarefaction of blood vessels as an etiologic component of essential hypertension.
© 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction the blood of patients with hypertension [2,3]. Following the
seminal experiments of Goldbladt al. in 1934, in which
Renin was discovered by Tigerstedt and Bergman in the restriction of blood flow through the renal arteries was
1898 as a pressor substance present in the renal cortex [1]shown to produce a sustained increase of blood pressure,
Volhard in 1923 proposed that a vasospastic substance wasgnany investigators have used this methodology to produce
a cause of hypertension, and Bohn, one of his associatesexperimental renal hypertension [4]. Two groups of inves-
stated in 1932 that a vasoconstrictor substance was found irtigators independently arrived at the conclusion that this
ischemia-linked hypertension is produced by an enzymatic
chain of events involving renin, in which a pressor sub-
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verting enzyme; NO, nitric oxide: cGMP, cyclic GMP; GBM, glioblastoma  interest generated has led to many advances in the knowl-
multiforme; and SHR, spontaneously hypertensive rat. edge of the RAS, phylogenetically one of the oldest hor-

0006-2952/01/$ — see front matter © 2001 Elsevier Science Inc. All rights reserved.
PIl: S0006-2952(01)00687-6



262 J.-M. Achard et al. / Biochemical Pharmacology 62 (2001) 261-271

mone systems. Angiotensin Il emerged as the most impor-
tant effector peptide of the RAS, and its central
physiological role in the regulation of salt homeostasis,
kidney function, and blood pressure has been well estab-
lished. The physiology of the RAS was thought to be com-
prehensively understood. The vasoconstrictive peptide an-
giotensin 1l released in the circulation whenever blood o
pressure falls was seen as being responsible for increased
vascular resistance and stimulation of the renal reabsorption 2
of sodium, thereby effecting restoration of blood pressure.
As knowledge widened, it became increasingly clear that
the original schema was over simplified. First, it was found
that angiotensin II, unlike other classical circulating pep-
tidic hormones, is not restricted to the blood and can be
locally generated in almost all of the tissues of the body
[7,8]. As elegantly discussed by Goldblatt, renin and angio-
tensins were probably never “intended” to circulate but Fig. 1. Changes in blood rovy to_ thg ga_strocnemius mu;cle prior to, gt 1
rather to perform their actions locally [9]. At the same time, min, and at 24 hr after aortic ligation in the same animal. AL: aortic

. . . . ligation; ALLN: aortic ligation left nephrectomy; ALLN All: aortic liga-
it was demonstrated that other peptldes such as ang'Otens'rﬁon left nephrectomy plus angiotensin Il infusion; ALR: aortic ligation
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Il and angiotensin IV, initially regarded as inactive break-
down products of angiotensin | or Il, were indeed able to
produce physiological effects of their own [10]. Finally, a

pretreated with reserpine; ALLN DOCA: aortic ligation left nephrectomy
pretreated with desoxycorticosterone and saline solution to drink. The
arrow indicates the time of aortic ligation; “n” indicates the number of
animals in each group. Values are expressed as meaS8&M. Repro-

thlrd level of complexity had to be integrated with the duced with permission from Am J Physiol 1982;243: H869—75. Copyright
disclosure that the RAS acts through more than one receptor 1982y american Physiological Society. [Ref. 14]

[11]. Specific receptors for angiotensin Il and IV were
discovered, and two different receptors for angiotensin I,
AT, and AT, were characterized [12,13]. The functional left nephrectomy was performed remained paralyzed for up
dominance of the ATreceptor responsible for almost all of  to 24 hr after surgery. This incidental observation suggested
the hitherto known effects of angiotensin Il thus raises the that the RAS could be responsible for a mechanism leading
partially solved question of the physiological role of the to rapid restoration of blood flow to the organs subjected to
AT, receptor. This new complexity of the RAS led to the acute ischemia, presumably by enhancing the recruitment of
idea that its physiological role may encompass broader the collateral circulation. This hypothesis was explored fur-
functions than merely salt homeostasis and blood pressurether in a series of experiments in rats with aortic ligation and
control. Indeed, it was demonstrated that it participates in in an experimental model of stroke using gerbils with uni-
many additional regulatory processes, such as inflammation,lateral carotid artery ligation [14,16].
athero-thrombosis, cardiac and brain function, and cell Initially, it was considered that the recuperation from
growth and apoptosis. Experimental evidence also indicatesparalysis after aortic ligation was the result of a mechanical
that angiotensin Il tends to restore blood flow in the setting effect of the high blood pressure generated by the stimulated
of acute ischemia and plays a role in angiogenesis, a procesfRAS. However, after pharmacological manipulation of the
crucial in maintaining tissue perfusion during sustained blood pressure, it was possible to establish that this outcome
ischemia [14,15]. This commentary is focused on these is related to a chemical effect of angiotensin Il and not to a
latter two aspects of the RAS function, which support the physical or mechanical influence of the elicited hyperten-
broad general concept that the ultimate physiological role of sion. Measurements of the blood flow to the hind limb
the RAS is to preserve blood supply to the tissues. muscle at different times after aortic ligation, using different
labeled radioactive microspheres, showed that a significant
decline immediately followed the ligation (Fig. 1). After 24
hr, the reduced blood flow recovered in the groups in which
the left kidney remained intact and in nephrectomized rats
infused with exogenous angiotensin Il. The same trend was
During the course of a study in which renal ischemia- observed in aortic ligated-reserpinized animals, which have
dependent hypertension was induced by aortic ligation be-lower blood pressure. In contrast, blood flow remained low
tween the renal arteries of rats, the abrupt reduction of blood in animals with aortic ligation and left nephrectomy that had
supply to the muscles distal to the ligature resulted in hind lower blood pressure, and in rats similarly prepared but
limb paralysis [14]. In animals in which the left ischemic made hypertensive by being given desoxycorticosterone
kidney remained untouched, paralysis was transient and(DOCA) and salt. A strong correlation was found between
recovery was within 2 hr. On the contrary, animals in which the absence of gait anomaly, restored blood flow, and ele-

2. Protective effect of angiotensin Il during acute
ischemia
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HOURS Fig. 3. Cerebral blood flow in the ipsilateral hemisphere in gerbils with
AFTER RIGHT CAROTID OCCLUSION unilateral carotid artery ligation infused with either saline or angiotensin Il

Fig. 2. Cumulative mortality rate in gerbils with unilateral carotid artery ~at 500 ng/kg/min. Using the technique of hydrogen clearance, measure-
ligation after a 4-hr infusion with either saline, metaraminol, or angiotensin ments were taken before surgery, immediately after surgery, and 30, 60,
Il at 50, 250, or 500 ng/kg/min. Twenty-five gerbils were used in each and 90 min thereafter. Bars represent mean vatie3EM.

group. The chi-square test for trend yielded 5.26;=dfl; P < 0.025.

Reproduced with permission from Stroke 1986;17:82-5. Copyright (1986)

Lippincott Williams & Wilkins. [Ref. 16]. the ischemic area. If the RAS cascade plays a part in this
process, then inhibition of the system under conditions of
vated plasma renin activity. Animals with high plasmarenin progressive carotid artery ligation should result in more
activity had increased blood flow and walked normally, severe neurological impairment. To test this assumption,
whereas rats with unstimulated plasma renin activity had progressive unilateral carotid artery ligation was done in
low blood flow and gait alteration. Exogenous administra- gerbils infused for 4 hr with either enalaprilat, an ACE
tion of angiotensin Il to nephrectomized animals restored inhibitor, or saralasin, a competitive angiotensin Il antago-
blood flow to the muscles and prevented paralysis. Thesenist. The mortality in progressively ligated animals treated
results indicated that the restoration of blood supply to the with enalaprilat or saralasin markedly increased and was no
muscles of the posterior limb was dependent upon the highlonger different from that of abruptly ligated animals [18]
levels of angiotensin Il but independent of the effect of (Fig. 4). These results further support the role of angiotensin
elevated blood pressure. Aortographies showed that thell in the protective adaptation to ischemia. In another study,
restoration of blood flow distal to the ligature in animals the effects of pretreatment with enalaprilat and the specific
with high angiotensin Il levels was the consequence of a AT, receptor antagonist losartan were compared in a model
bypass of the ligation through collateral pathways, in this of an abrupt unilateral carotid artery ligation [19]. Pretreat-
case mainly through the mesenteric circulation. ment with losartan significantly increased the survival rate.
These observations raised the possibility that similar
mechanisms could be operative in other situations of exper-
imental ischemia such as those affecting the brain. The | rvsion R PROGRESSIVE + ENALAPRILAT (N+25)
gerbil (Meriones unguiculatysis characterized by a cere- ol & L s s ey e
bral vascular tree lacking a complete anastomotic circle of
Willis and is prone to development of focal brain ischemia
following abrupt unilateral carotid artery ligation [17]. Fig.
2 shows that an abrupt ligation of a carotid artery produced
a mortality rate of approximately 50% at 48 hr after surgery.
Infusion of exogenous angiotensin Il decreased the mortal-
ity rate to approximately 15%, while increasing blood pres-
sure to the same extent with metaraminol had no protective o-
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effect from mortality [16]. Blood flow measurements in the oz4 24 a8
ipsilateral hemisphere showed a trend of restoring blood TIME IN HOURS
supply in animals treated with angiotensin Il (Fig. 3). Fig. 4. Cumulative mortality rates in groups of gerbils with abrupt or

Gradual occlusion of a blood vessel produces a less progressive carotid artery ligation after a 4-hr infusion of saline, enalapri-

detri tal effect ti th d dd luSi lat, or saralasin. The log-rank test indicated a significant difference across
etrimental efrect on tissues than does sudden occ USIOI’]'all four groups §? = 11.0, df= 3, P < 0.025). Reproduced with permis

Slow occlusion allows adaptive processes to engage moresjon from J Cereb Blood Flow Metab 1988:8:149-54. Copyright (1988)
efficiently, and minimizes the decrease of blood supply to Lippincott Williams & Wilkins. [Ref. 18].



264 J.-M. Achard et al. / Biochemical Pharmacology 62 (2001) 261-271

SALINE PD-123319 10 mg/k LOSARTAN 10 mg/kg examined the role of the Ajllreceptor in vascular and renal
100 e ' Jte 1 Fa . responses to physiological increases in angiotensin Il in
5‘ 0 | 110 '“\ 1L \ | mice with targeted deletion of the ATeceptor gene. Mice
= 5 p——a lacking the AT, receptor (AT-null mice) had slightly ele
80 | 4 F 4 F B . . .
) . '\ . vated _systohc blood pressure compart_ad W|_th W|Id—typ_e con-
E nl {1t TR 1 trol mice. In AT,-null mice, but not in wild-type mice,
73] . . . .
¢ ol 11 11 infusion of low doses of angiotensin Il for 7 days produced
> a marked and sustained increase in systolic blood pressure
WITHOUT ENALAPRILAT WITHOUT ENALAPRILAT 4 . . . . . .
Nie ™ ST l Lo 3 F L w43 and a reduction in urinary sodium excretion. Afull mice
0 2 8 o0 2 8 0 2 48 had low basal levels of renal interstitial fluid bradykinin and
TIME SINCE LIGATION (HOURS) cGMP, compared with wild-type mice. Finally, dietary so-

Fig. 5. Cumulative survival at 24 and 48 hr after unilateral carotid artery dium restriction or angiotensin Il infusion increased renal
ligation with and without previous administration of enalaprilat after treat- jnterstitial fluid bradykinin and cGMP in Wild-type mice by
menI\IV:::]th?lg}e, ;Ei'ézjsel; i(na”e ;%‘,‘Elga?(?l} 9rsflisnaejtal\rlsg)§ns:|l-il;?eloc::s approximately 4-fold, whereas no changes were observed in
Egélaprilat, N= 3?[; PD-123319, N= 39;%D—f2.3319 pius er;alaprilatl?#sl ATz_nu!l mice. These results demons.trate. that thezﬁé:

30: losartan, N= 38; and losartan plus enalaprilat, & 30. Reproduced ~ CEPtOr is necessary for normal physiological responses of
with permission from J Cardiovasc Pharmacol 1994;24:937—40. Copyright bradykinin and NO to angiotensin Il and strongly suggest
(1994) Lippincott Williams & Wilkins. [Ref. 19]. that the AT, receptor plays a regulatory protective role
mediated via bradykinin and NO against the pressor actions
of angiotensin Il. A similar mechanism was observed in the
aorta of stroke-prone spontaneously hypertensive rats. In-
creasing circulating angiotensin Il, either exogenously or by
losartan, raised aortic cGMP independently of the changes
of blood pressure. This effect was sensitive to selective
blockade of AT, receptors, bradykinin Breceptors and NO
synthase, indicating that the activation of NO synthase and

The beneficial effect of losartan was repressed completely
when it was administered simultaneously with enalaprilat.
Enalaprilat curtailed angiotensin Il formation, whereas lo-
sartan, by blocking the AT receptor-mediated negative
feedback of angiotensin Il on renin release [20] and increas-
ing the circulating levels of angiotensin Il, intensified the

effec; of the ;moppqsed non-@:\Treceptt?Irs (Fig. 5)'|3 . hthe stimulation of bradykinin Breceptors are both involved
a_not er SEt of experiments, using gerbiis pretreated with AT,-dependent action of angiotensin Il on vascular
either saline, losartan, or enalaprilat, the left renal artery was CGMP [26]

ligated to stimulate endogenous renin-angiotensin Il pro-

duction. Again, only the addition of an ACE inhibitor mark- ;. antal models, AT stimulation is linked to NO-dependent
edly increased the mortality rate, while both enalaprilat and vasodilation, and support the hypothesis that such a mech-
losartan curtailed the increase in blood pressure induced by, nicm could account for the protective effect of angiotensin
the renal artery ligation. The deleterious effect on survival || during acute brain ischemia. This hypothesis was exam-
in gerbils after an abrupt carotid artery ligation was seen jneq in a model of acute carotid artery ligation in the gerbil.
consistently with other ACE inhibitors such as captopril and pretreatment with PD-123319 (1-[[4-(dimethylamino)-3-
lisinopril (Achard J-M, Mazouz H, and Fournier A, unpub- methylphenyl]methyl]-5-(diphenylacetyl)-4,5,6,7-tetrahy-
lished observations). Taken together, these studies PrOVidedro-]H-imidazo[4,5€] pyridine-6-carboxylic acid, ditriflu-
strong experimental evidence that in two different ischemic oroacetate), an ATreceptor ligand, induced a significant
territories, the brain and the area caudal to aortic ligation, decrease in mortality compared with saline-pretreated ani-
high levels of angiotensin Il have a protective effect against mals. Moreover, unlike the protective action of losartan, the
ischemia by limiting the decrease in blood flow through the peneficial effect of the ATligand was not inhibited signif
rapid recruitment of pre-existing collateral circulation, jcantly by pretreatment with enalaprilat (Fig. 5) [19]. This
which operates, most likely, via the non-pAfeceptors. suggests that PD-123319 decreased mortality by, agonisti-
Non-AT; receptors certainly represent appealing candi cally, stimulating AT, receptors. PD-123319 effectively
dates to mediate the protective response of angiotensin Il. Indisplaces radiolabeled angiotensin Il from Affeceptors,
a series of studies aiming to compare the vasculoprotectiveput seems to act as either antagonist or agonist, depending
effects of ACE inhibitors and AT receptor antagonists, on the experimental conditions and the model used. These
Unger and his group established that in spontaneously hy-findings are consistent with the hypothesis that the protec-
pertensive rats aortic tissue cGMP content, an index of NO tive effect of angiotensin Il in acute stroke is mediated by
production, increased to a greater extent with losartan thanAT, receptor stimulation. It has been demonstrated that both
with ramipril. The increase in cGMP with ramipril could be AT, and AT, receptors are expressed in the brain of rodents
attributed to a bradykinin-induced stimulation of NO pro- and humans, and the ligands for both receptors modulate
duction [21-23], while the effect of losartan was reminis- cerebral blood flow autoregulation in the rat [27]. However,
cent of a previous report that ABtimulation increases NO it is not known whether the AJreceptors involved in the
production in the kidney [24]. Indeed, Siragt al. [25] adaptative response are cerebral, modulating a central con-

These converging results establish that, in various exper-
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trol of blood flow redistribution, or vascular, responsible for strate the increase of local production of angiotensin Il in
a direct vasodilatory response. In the rat, Alut not AT, response to ischemia, which probably stimulates the AT
is expressed in cerebral arteries. This may not be the case inmeceptor sites. This suggests that the protective effect gf AT
the gerbil since no expression of ATeceptors was cb stimulation during ischemia may not be restricted to a reg-
served in the cerebral arteries of the gerbil [27]. However, a ulatory effect on local hemodynamics, but may also extend
possibility that should be considered is that A/Bceptors to a protective mechanism at the cellular level.
are poorly expressed under basal conditions and are effi- A non-hemodynamic protective mechanism that may
ciently and rapidly up-regulated in the cerebral arteries of also be present in the brain has been reported in rats with
the gerbil in response to ischemia. In this regard, it is temporary middle cerebral artery occlusion. This ischemia
interesting to note that AjJexpression has been shown to be induces an increase of transcription factors c-Fos and c-Jun
increased markedly by various pathological processes suchin the cortex, which positively correlated with the degree of
as brain lesions [28], ischemia [29], nerve transection [30], neurological deficits [38]. Intraventricular pretreatment with
myocardial infarction [31], or balloon-injured carotid artery the selective AT receptor antagonist irbesartan, which in
of the rat [32]. Thus, the angiotensin II-dependent protective hibits brain but not vascular ATreceptors, significantly
opening of the collateral circulation in the setting of acute improved the neurological outcome of focal cerebral isch-
ischemia may result from an ATeceptor-dependent path  emia and markedly reduced the expression of c-Fos and
way. Whether this effect is the consequence of a direct c-Jun proteins in the cortex on the ligated side of the brain.
vasorelaxing effect of the vascular ATeceptor or a mech Also irbesartan pretreatment completely abolished the isch-
anism similar to the “reverse vascular steal” seen in the emia-induced c-Fos and c-Jun expression in the hippocam-
heart [33] or results from central cerebrovascular regulation pus, a brain area highly sensitive to hypoxia. Whether the
mediated by AT receptors in the brain, remains an unre beneficial effect of AT blockade is due to the suppression
solved question. of a deleterious effect of ATreceptors on neuronal cut
Experimental evidence has shown that both ACE inhib- come [27], or to a protective effect of ATreceptor stimu
itors and AT, receptor antagonists are protective against lation as in the myocardial ischemic models is somewhat
myocardial ischemia. This finding, at first glance, supports controversial. It is interesting to note that the AfBceptor
the concept that high angiotensin Il levels are deleterious mRNA level after brain ischemia or during glutamate neu-
rather than protective for the ischemic heart. However, the rotoxicity in cultured cortical cells from rats increased by
mechanism of cardiac protection with ACE inhibition has 3-fold in both the cortex and the hippocampus [39]. Thus,
been shown to be mediated by the slowing down of brady- ischemia induces an overexpression of ,AfEceptors in
kinin degradation and appears not to be related to RAS neurons, as would be physiologically expected if,ATim-
inhibition, at least in the chronic phase of heart failure after ulation were to induce cellular adaptation to hypoxia. How-
2 months of coronary ligation [34]. Moreover, the protective ever, the viability of cortical cells after glutamate stimula-
effect of AT, blockade seems to be the consequence of thetion in vitro was partially restored by the antisense
stimulation of AT, receptors rather than the inhibition of oligonucleotide for the AJ receptor, leading the authors to
AT,. Similarly, the use of the AT receptor antagonist conclude that the AJreceptor may be related to one of the
candesartan reduced infarct size after regional myocardialprocesses in cell injury. It seems puzzling that, in the face of
ischemia in pigs. Pretreatment with the Afeceptor ligand an ischemic injury, the physiological cellular response is the
PD-123319, a bradykinin antagonist, or indomethacin did overexpression of the receptors, which increases the conse-
not affect infarct size but abolished the reduction of infarct quences of the insult, unless acceleration of cell death may
size achieved by candesartan. Therefore, the reduction ofbe, in some way, beneficial. ATreceptors are involved in
infarct size by candesartan in pigs involves, again,, AT the processes of wound healing and tissue repair, and their
receptor activation, bradykinin, and prostaglandins, but is role in the regeneration of neurons has been established both
not due to any changes in blood flow in the ischemic area in vitro andin vivo [40]. Paradoxically, AT, receptor stim
[35]. Similar results were seen with candesartan in dogs ulation has also been shown to induce apoptosis in various
subjected to temporary occlusion and reperfusion of a cor- cell types [40—43] including cultured neurons from new-
onary artery [36]. born rat brain [44]. Several observations suggest that neu-
On the other hand, Leeneet al. evaluated the time  ronal injury triggers early cellular molecular events that are
course of changes in cardiac tissue and plasma angiotensinglentical for both apoptosis and regeneration, such as the
in rats subjected to an acute coronary artery ligation. Plasmaactivation of the mitogen-activated protein kinase phospha-
angiotensins and ventricular angiotensin Il that had becometase-1 [45,46]. The idea is thus compelling that activation of
elevated after ligation returned to normal by 3 days in the the early genes tesand cjun in response to hypoxic insult
infarct-free venticular wall, but only after 1-2 weeks in the could, in fact, bring the cell to a metabolic crossroads, at
infarcted ventricle. The rapid increase in cardiac tissue an-which point either cell repair or programmed cell death
giotensin Il in both the infarct and infarct-free parts of the could still occur. Depending on whether or not energy
left ventricle was blocked by pretreatment with ACE inhib- supply has been restored at this point, the cell would be
itors but not by nephrectomy [37]. These studies demon- either engaged in a repair process or, on the contrary, would
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complete apoptosis, a process regarded as a physiological
mode of cellular waste disposal with minimal tissue reac-
tion.

It is thus proposed that all of the physiological actions of
the RAS can be viewed as a coordinated effort to preserve
tissues against acute ischemia. As blood pressure falls, sys
temic activation of the RAS contributes to maintaining
perfusion of the brain and other organs and functional glo-
merular filtration in the kidney. When blood supply is re-
stricted in a focal area, local activation of the tissue RAS
induces not only the rapid recruitment of the collateral
circulation to limit the effect of decreased blood flow, but
also contributes to cellular mechanisms for adaptation to the
ischemic insult, allowing the cells to survive and recover.
Ultimately, if the ischemic injury is severe enough, angio-
tensin Il then promotes apoptosis of the most severely Fig. 6. Dose effect of angiotensin Il, incorporated in a Hydron pellet and
affected cells, thereby favoring the use of limited energy placed in a corneal po_cket of the rat, on the num_ber ofvesse_ls that penetrate

. . . . through the corneal limbus. Number of eyes implanted with a different
_supphes to the st|I_I viable cells and reducmg_the costly  jose of angiotensin II: 0.0 ng, N 9; 0.00015 ng, N= 10: 0.0015 ng, N=
inflammatory reaction that would have been induced by 1s:0.015 ng, N= 17; and 0.15 ng, N= 13.
cellular necrosis.

Immediately after vascular occlusion, the rapid enhance-
ment of hitherto present but functionally inactive vascular 50]. Angiotensin Il indeed appears to be one of the most
pathways represents the emergency adaptative responspotent angiogenic factors known. Placement of angiotensin
[47]. As time proceeds, a slower process takes place toll, this time in the rat cornea and incorporated in a slow-
restore blood flow to ischemic areas through angiogenesis,releasing Hydron pellet, had an angiogenic effect in doses as
i.e. the formation of new vessels. The angiogenic propertieslow as 1.5 pg/pellet 6 days after surgery (Fig. 6). The
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of angiotensin Il have now been firmly established, indicat-
ing that this compound participates in long-term homeo-
static maintenance of tissue perfusion [15,48-51].

3. Angiotensin Il as an angiogenic factor

llich et al. reported that after renal ischemia there is not
only a development of collateral circulation but also an
increase of endothelial cell turnover, as an indication of
cellular mitosis, in the perirenal vessels. A humoral angio-
genic factor produced by the ischemic kidney was impli-
cated in this effect [52]. Moreover, Cuttiret al.[53] found
that, besides the development of the collateral circulation, a
factor extracted from ischemic kidneys induced the forma-
tion of new vessels when tested in the cheek pouch of the
hamster. After the results of experiments in which collateral
vessels were opened by angiotensin Il, the effect of this
octapeptide on vascular neoformatimnvivo was demon-
strated in 1985 [15]. Using the method described by Gim-
broneet al. for the rabbit cornea [54], angiotensin Il was
incorporated in a slow release matrix and placed in a pocket
surgically created in the cornea. Angiotensin Il produced a
progressive stimulation of new vessel formation, reaching a

mechanism by which angiotensin 1l stimulates vessel
growth appears to be related to a chemotactic effect of this
compound on endothelial cells [55] or, in addition, through
the migration of pericytes [56]. Notwithstanding, the angio-
genic effect of angiotensin Il could be a direct action on
endothelial cells or an indirect action through the expression
of vascular endothelial growth or fibroblast growth factors
[57,58]. Also, angiotensin Il activates, among others, gly-
cosaminoglycan, protein synthesis, G protein, phospho-
lipase C, diacylglycerol, and the inositol trisphosphate path-
way [50,59]. The stimulating effect of angiotensin Il on
cellular growth was reported in other cell lines such as
cultured 3T3 and adrenocortical cells [60,61]. The ;AT
receptor appears to intervene in the growth-promoting effect
of angiotensin Il. Recent research has shown that cell
growth and proliferation are mediated by ATeceptors,
whereas stimulation of AJreceptors leads to an inhibition
of cell proliferation and promotes cell differentiation [62—
64]. Evidence for an antiproliferative effect of angiotensin Il
was reported in cultured coronary cells and seems to be
mediated by AT, receptors [65]. On the other hand, Lesty

al. reported that AT receptor stimulation is the factor-re
sponsible for angiogenesis [66]. Under physiologic condi-
tions, AT, and AT, receptors develop sequentially during

plateau in the rabbit in approximately 1 month. Vehicle microvascular maturation, and the role of the endogenous
alone or incorporated with cholecystokinin, an unrelated angiotensin system in angiogenesis depends on the balanced
octapeptide, had no effect. The angiogenic effect of angio- local expression of its various components [67]. Moreover,
tensin 1l was further demonstrated in other models of an- angiotensin-(1-7) could be another player involved in vas-
giogenesis, such as the chorioallantoic membrane of thecular growth [68].

chick embryo and sponge implantation in the rodent [48—  An addition to these considerations is the provocative
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concept that the etiology of essential hypertension could be EFFECT OF ORAL ENALAPRIL TREATMENT
related to the angiogenic effect of angiotensin Il, not by ON SURVIVAL IN RATS

excess but by defect. The presence of vascular rarefaction in 100
spontaneous hypertensive rats and in cases of human dis-
ease [69—71] points to the probability that angiotensin Il is
involved in this action ([72,73]; for a review, see le Noble
et al. [74]).

The role of angiotensin Il on erythropoiesis is well
known [75,76]. During fetal development, the main site of
erythropoietin production is the liver. In rat fetuses and
neonates, extrarenal and renal production of erythropoietin L 10 MOML
is regulated primarily by oxygen demand and is increased aa | | ... 0.5 MG/ML
markedly by angiotensin Il perfusion [76]. The role of 20 —— oomGML
angiotensin Il in humans is largely supported by repeated
observations that ACE inhibition worsens anemia in pa- 0
tients with chronic renal failure [77], and both ACE inhibi-

tion and AT, antagonists are effective in correcting post _ ) ) )
| transplantation ervthrocvtosis [78 79] The mechanism Fig. 7. Survival rate of rats with a subcutaneously implanted Walker 256
rena P Yy Yy ! ' carcinosarcoma aftead libitum oral administration of enalapril in the

relies not only on the stimulation of erythropoietin produc- grinking water at three different concentrations. Number of animals used in
tion, but also on a direct stimulatory effect on proliferation each group: 1.0 mg/mL, N 30; 0.5 mg/mL, N= 10; 0.0 mg/mL, N= 30.
of erythroid progenitors by angiotensin Il [80,81]. The in-

crease of red cells induced by angiotensin Il increases ox- . . . . . .
. .~ stimulating effect of angiotensin Il on angiogenesis [15,48,
ygen transport and represents another mechanism by Wh'ChSS 91-93]. If this is the case, a specific inhibitor of angio-

th|§ octapeptlde contributes to the preservation of oxygentensin Il should block the angiogenic-stimulating effect of
delivery to tissues [82].
neoplasms.

GBM is the most prevalent tumor of the brain and is
characterized not only by the expression of renin by the
cells, but also by the histological feature of very prominent

Several reports have described the production of renin by capillary formations. Interestingly, despite this there is ev-
both benign and malignant tumors [83—88]. Some, but not idence that GBM receives less blood tha|_'1 th_e surrounding
all, of these neoplasms arise from the kidney. There appeard10St brain. Small arteriovenous communications are often
to be an association between the presence of renin and thddentified in angiograms of GBM [94], but the observation
degree of vascularization in some tumors such as angiolym-Of red veins over brain tumors suggests that a substantial
phoid hyperplasia with eosinophilia, GBM, alveolar sar- portion of blood is traversing the lesion without releasing
coma, small cell carcinoma, and adenocarcinoma of lung, ©Xygen or reducing hemoglobin. Also, a quantitative con-
pancreas, and ovary, suggesting that renin in tumors, mosffirmation of the red vein observation revealed an increase in
likely through the cascade to angiotensin II, could contrib- the shunt flow but not in the nutritional flow in GBM [95].
ute to angiogenesis in tumors. The above-discussed stimult appears that these ischemic changes in GBM resemble
lating effect of angiotensin 1l on endothelial growth, the fact those seen in kidney ischemia [96]. To test whether the
that some tumors have been shown to produce renin, and théresence of angiotensin Il in GBM is involved in a mech-
fact that tumors frequently express angiotensin Il receptors anism of angiogenesis, extracts of this lesion were incorpo-
[83,88] may yield the hypothesis that angiotensin Il acts as rated into Hydron pellets and placed in a surgically created
a paracrine-autocrine factor promoting tumor growth. Ex- pocket in the rat cornea. These extracts produced a marked
periments have shown that in rats implanted with Walker stimulation of new vessel formation. Saralasin, a specific
256 carcinosarcoma a significantly increased survival rate inhibitor of angiotensin Il but not the unrelated octapeptide
was seen over a 25-day period when enalapril, an inhibitor cholecystokinin, blocked the angiogenesis-induced by
of ACE, was administered orally (Fig. 7). A dose-dependent GBM extracts (Fig. 8).
reduction in tumor size was seen with lisinopril, a different
ACE inhibitor, when it was given to rats similarly prepared
[89]. Moreover, another ACE inhibitor, captopril, curtails 5. Clinical and therapeutic implications
the growth of chemically induced and implanted tumors in
rats and mice by reducing angiogenesis [55,90]. Most Although the RAS is increasingly being perceived to
likely, the RAS in tumors stimulates neovascularization, a exert effects beyond blood pressure control on vascular
requirement for tumor growth and development, through the structure and function, the beneficial effects of ACE inhib-
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VASCULARITY IN RAT CORNEA pressure, and previous treatment. It is necessary to point out
INDUCED BY GLIOBLASTOMA that the age-adjusted stroke incidence has been evenly rising
50 since 1994 [102,103]. This decreased efficiency in primary

*

45 prevention of strokes could be due to the increasing use of

antihypertensive treatments that decrease circulating levels
of angiotensin Il. Indeed, the trend of antihypertensive ther-
apy has changed dramatically since 1986 with the increas-
ing use of ACE inhibitors, their prescriptions rising from 10
to 68 million, whereas those for diuretics decreased from
105 to 85 million a year. Taken together, the analysis of the
large clinical trials on cerebrovascular accidents supports
the idea that complete inhibition of the RAS may not be the
most effective preventive therapeutical approach for the
HYDRON GBM GBM+SAR GBM + CCK cerebral complications of hypertension in humans. Even
ONLY though the beneficial effects of ACE inhibition are not in
Fig. 8. Vascularity induced by glioblastoma multiforme (GBM) extracts in dispute in cardiac and in severely atherosclerotic patients, as

the rat cornea implanted alone or concomitantly with saralasin (SAR) or . . .. .
cholecystokinin (CCK) in a vehicle of Hydron. Number of eyes implanted recently confirmed in the large clinical trial HOPE [104],

40
35
30
25
20
15
10

NUMBER OF VESSELS

in each group: Hydron only, N- 11; GBM, N = 12; GBM + SAR, N = AT, receptor antagonists could likely offer similar efficacy
11; and GBM+ CCK, N = 11. Bars represent mean values SEM. while preserving the potential beneficial effects of AT
Asterisks (*) indicate a significant difference between those groBps: dependent protective actions of angiotensin Il against cere-
0.02.

bral ischemia [105].
In relation to the angiogenic effect of RAS in tumors,

itors in cardiovascular patients have created the generallLever et al. [106] reported the first clinical evidence sup-
concept that activation of the RAS is, by nature, detrimental. porting the concept that long-term use of ACE inhibitors
This concept has influenced a pharmacological blockade of may protect against cancer. In a retrospective large cohort
a natural system that appears to be an effective treatment irstudy based on the records of 5207 Scottish patients, they
preserving cardiovascular function in at-risk patients. How- observed that the relative risks of incident and fatal cancer
ever, a critical review of large morbidity and mortality trials in the 1559 patients receiving ACE inhibitors were, respec-
clearly points to the superiority of renin-stimulating diuret- tively, 0.72 and 0.65 when compared with a control popu-
ics over renin-inhibiting3-blockers in preventing strokes in  |ation in West Scotland. In patients receiving other antihy-
hypertensive patients, not only at high doses but also at low pertensive drugs, the number of incidents and fatal cancer
doses [97]. This has been confirmed by the meta-analyses ofyas not lower than expected. This study suggests the pos-
Psatyet al. [98], which show that in elderly stroke patients  sipjlity of a relationship between RAS, likely intrinsic to
mortality was not decreased kgblockers. This discrep-  tymors, and tumor development and provides the first avail-
ancy betweer_1 the efficacy of diuretics apeblockers in able clinical data supporting such an hypothesis.

stroke protection even led Brown and Brown [99] to ask the ¢ is possible that, exactly as for the general growth factor
provocative question: “Does angiotensin |l protect against properties of angiotensin Il its angiogenic action results

slt:)ooke’._:_"hsoon after(';he lejinc?tior; oftthhe MFfCi_tria:)Of 1?8_5| from an equilibrium between an action of the Afeceptor,
[100]. The proposed explanation for this putative beneficia balanced by an effect of an ATeceptor. As a consequence,

effect of angiotensin Il was that its potent vasoconstricting . . .
. . AT, antagonists would be expected to decrease angiogenesis
effect reduces the risk of microaneurysm rupture. However, S S o
more efficiently than ACE inhibitors. The specific property

such a mechanism would account for the protection only fAT i i ists to block it diated h |
against intracranial hemorrhages, although ischemic strokes’ 1 receptorantagonists to block It mediated hormona

are more frequent. The intrinsic protective effect of angio- a;:ftlon while, r:n cor|1|trast, mcreasmg its Q\Tehceptor—b?sed
tensin 11 on tissue perfusion in the setting of both chronic Eff€Cts may thus allow one to envisage a theoretical advan-

and acute ischemia demonstrated in animal models could!@3€ Of AT, antagonists over ACE inhibitors on tumor
represent a more relevant explanation. Indeed, the first larged™oWth. The same is true for the angiogenic action of an-
trial comparing ACE inhibitors to conventional treatment in 9iotensin II, the second putative mechanism by which an-
primary prevention of stroke in hypertensive patients giotensin Il in tumors might facilitate their growth and
(CAPPP) was published in 1999 [101]. It further confirms Metastasis. If this hypothesis is correct, the differences in
that in hypertensive patients ACE inhibition is less effective actions between ACE inhibitors and A@ntagonists would
than angiotensin Il-stimulating diuretics in preventing point to the latter being the more efficient. A comparative
stroke. Captopril was associated with a greater risk of stroke prospective trial on the long-term use of A&ntagonists
for a similar blood pressure lowering effect, after adjust- rather than of ACE inhibitors versus other antihypertensive
ment for age, sex, presence of diabetes, initial systolic blood drugs appears justified.
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6. Conclusions

A great deal remains to be learned about the complexity [13]

of the RAS system, but recent new insights into the oppos-
ing and balanced effects mediated through distinct receptors
suggest a new view of the general physiological role of the
RAS, which may now be viewed as a central player in the
sequence of events leading to the protection of cells against
ischemia. Metaphorically, angiotensin Il not only opens

detours to bypass roadblocks ahead and create new trails,

but, additionally, stimulates the production of carriers nec-
essary to deliver the commodities to the consumers. Al-
though the development of potent inhibitors of angiotensin
Il converting enzyme has undoubtedly provided therapeutic
progress in the management of patients with heart failure
and atherosclerotic vascular disease, this new knowledge
must be integrated to better define how the RAS should be
pharmacologically manipulated in various types of patients.
A large body of converging experimental evidence, together
with preliminary clinical data, suggests that because of the
duality of angiotensin Il receptors, ATeceptor antagonists
may have a greater protective effect than ACE inhibitors
against stroke and at least similar potential protective effects

against cancer. Because of the burden of these diseases o 2

public health, the promotion of large multicenter random-
ized trials comparing ACE inhibitors and ATreceptor

antagonists should be regarded as a priority by healthcare [21]

providers and the pharmaceutical industry.

References

[1] Tigerstedt R, Bergman PG. Niere und Kreilauf. Skand Arch Physiol
1898;8:223-71.

[2] Volhard F. Der arterielle Hochdruck. Verh Dtsch Ges Inn Med

1923;35:134-84.

Bohn H. Untersuchungen zum Mechanismus des blassen Hoch-

druks: |. Mitt. Gefassverengernde Stoffe im Blute beim blassen

Hochdruck. Z Klin Med 1932;119:100-39.

Goldblatt H, Linch J, Hanzal RF, Summerville WW. Studies on

experimental hypertension. The production of persistent elevation of

systolic blood pressure by means of renal ischemia. J Exp Med

1934;59:347-79.

Fasciolo JC. The experimental observation that led to discovery of

angiotensin. 1939 Buenos Aires, Argentina. Hypertension 1990;16:

194-8.

[6] Page IH. Hypertension research. A memoir 1920-1960. Hyperten-
sion 1990:16:199-200.

[7] Deboben A, Inagami T, Ganten D. Tissue renin. In: Genest J, Kuchel
0O, Hamet P, Cantin M, editors. Hypertension, physiopathology and
treatment. New York: McGraw-Hill, 1983. p. 194-2009.

[8] Campbell DJ. Circulating and tissue angiotensin system. J Clin
Invest 1987;79:1-6.

[9] Goldblatt PJ. What is the role of extrarenal renin? Arch Pathol Lab
Med 1986;110:1128-30.

[10] Chancel D, Ardaillou R. Active metabolites derived from angioten-
sin 1l. Nephrologie 1998;19:427-32.

[11] Wright JW, Harding JW. Important role for angiotensin Il and IV
in the brain renin-angiotensin system. Brain Res Brain Res Rev
1997;25:96-124.

(3]

[4

5

[17

269

[12] Whitebread S, Mele M, Kamber B, de Gasparo M. Preliminary

biochemical characterization of two angiotensin Il receptor sub-
types. Biochem Biophys Res Commun 1989;163:284-91.
Criscione L, Thomann H, Whitebread S, de Gasparo M, Buhimayer
P, Herold P, Ostermayer F, Kamber B. Binding characteristics and
vascular effect of various angiotensin Il antagonists. J Cardiovasc
Pharmacol 1990;16:S56-9.

[14] Fernandez LA, Caride VJ, Twickler J, Galardy RE. Renin-angio-

tensin, and development of collateral circulation after renal isch-
emia. Am J Physiol 1982;243:H869-75.

[15] Fernandez LA, Twickler J, Mead A. Neovascularization produced

by angiotensin Il. J Lab Clin Med 1985;105:141-5.

[16] Fernandez LA, Spencer DD, Kaczmar T. Angiotensin |l decreases

mortality rate in gerbils with unilateral carotid ligation. Stroke 1986;

17:82-5.

Berry K, Wisniewski HM, Svarzbein L, Baez S. On the relationship

of brain vasculature to production of neurological deficit and mop-

hological changes following acute unilateral common carotid artery
ligation in gerbils. J Neurol Sci 1975;25:75-92.

Kaliszewski C, Fernandez LA, Wicke JD. Differences in mortality

rate between abrupt and progressive carotid ligation in the gerbil:

role of endogenous angiotensin Il. J Cereb Blood Flow Metab
1988;8:149-54.

Fernandez LA, Caride VJ, Stmberg C, Na&eri L, Wicke JD.

Angiotensin AT, receptor stimulation increases survival in gerbils

with abrupt unilateral carotid ligation. J Cardiovasc Pharmacol

1994;24:937-40.

0] Bunkenburg B, Schnell C, Baum HP, Cumin F, Wood JM. Pro-

longed angiotensin Il antagonist in spontaneously hypertensive rats.

Hemodynamic and biochemical consequences. Hypertension 1991;

18:278-88.

Gohlke P, Lamberty V, Kuwer |, Bartenbach S, Schnell A, Linz W,

Scholkens BA, Wiemer G, Unger T. Long-term low-dose angioten-

sin converting enzyme inhibitor treatment increases vascular cyclic

guanosine 35'-monophosphate. Hypertension 1993;22:682-7.

Gohlke P, Unger T. Chronic low-dose treatment with perindopril

improves cardiac function in stroke-prone spontaneously hyperten-

sive rats by potentiation of endogenous bradykinin. Am J Cardiol
1995;76:41E-5E.

Gohlke P, Linz W, Scholkens BA, Wiemer G, Unger T. Cardiac and

vascular effects of long-term losartan treatment in stroke-prone

spontaneously hypertensive rats. Hypertension 1996;28:397-402.

[24] Siragy HM, Carey RM. The subtype 2 (Arangiotensin receptor
mediates renal production of nitric oxide in conscious rats. J Clin
Invest 1997;100:264 9.

[25] Siragy H, Inagami T, Ichiki J, Carey R. Sustained hypersensitivity to
angiotensin Il and its mechanism in mice lacking the subtype-2
(AT,) angiotensin receptor. Proc Natl Acad Sci USA 1999;96:
6506-10.

[26] Gohlke P, Pees C, Unger T. ATreceptor stimulation increases
aortic cyclic GMP in SHRSP by a kinin-dependent mechanism.
Hypertension 1998;31:349-55.

[27] Saavedra J. Emerging features of brain receptors. Regul Pept 1999;
85:31-45.

[28] Viswanathan M, de Oliveira AM, Correa FM, Saavedra JM. Expres-
sion of a novel non-angiotensin F3]CGP 42112 binding site in
healing wounds of the rat brain. Brain Res 1994;658:265—70.

[29] Makino I, Shibata K, Ohgami Y, Fujiwara M, Furukawa T. Tran-
sient upregulation of the AT2 receptor mRNA level after global
ischemia in the rat brain. Neuropeptides 1996;30:596 —601.

[30] Lucius R, Gallinat S, Rosenstiel P, Herdegen T, Sievers J, Unger T.
The angiotensin |l type 2 (AJ) receptor promotes axonal regener
ation in the optic nerve of adult rats. J Exp Med 1998;188:661—70.

[31] Nio Y, Matsubara H, Murasawa S, Kanasaki M, Inada M. Regula-
tion of gene transcription of angiotensin Il receptor subtypes in
myocardial infarction. J Clin Invest 1995;95:46-54.

[18]

[19]

[22]

[23]



270

[32] Viswanathan M, Johren O, de Oliveira M, Saavedra JM. Increased
non-angiotensin Il P4]CGP 42112 binding in rat carotid artery
after balloon injury. Peptides 1996;17:695-9.

[33] Chiariello M, Ribeiro LGT, Davis MA, Maroko PR. “Reverse cor-

onary steal” induced by coronary vasoconstriction following coro-

nary artery occlusion in dogs. Circulation 1977;56:809—-15.

Liu YH, Yang XP, Sharov VC, Nass O, Sabbah HN, Peterson E,

Carretero OA. Effect of angiotensin converting enzyme inhibitor

and angiotensin |l type | receptor antagonist in rats with heart

failure. Role of kinin and angiotensin Il type 2 receptor. J Clin Invest
1997;99:1926-35.

Jalowy A, Schulz R, Dmge H, Behrends M, Heusch G. Infarct size

reduction by AT-receptor blockade through a signal cascade of

AT ,-receptor activation, bradykinin and prostaglandins in pigs.

J Am Coll Cardiol 1998;32:1787-96.

Dorge H, Behrends M, Schulz R, Jalowy A, Heusch G. Attenuation

of myocardial stunning by the ATreceptor antagonist candesartan.

Basic Res Cardiol 1999;94:208-14.

Leenen FH, Skarda V, Yuan B, White R. Changes in cardiac ANG

Il postmyocardial infarction in rats: effects of nephrectomy and

ACE inhibitors. Am J Physiol 1999;276:H317-25.

Dai W-J, Funk A, Herdegen T, Unger T, Culman J. Blockade of

central angiotensin AT receptors improves neurological outcome

and reduces expression of AP-1 transcription factors after focal
brain ischemia in rats. Stroke 1999;30:2391-8.

Shibata K, Makino |, Shibaguchi H, Niwa M, Ohgami Y, Fujiwara

M, Furukawa T, Katsuragi T. Expression of angiotensin type-2

receptors in rat brain during the cell injury. Nippon Yakurigaku

Zasshi 1998;112(Suppl 1):53P-7P.

Unger T. The angiotensin Il type 2 receptor: variations on an

enigmatic theme. J Hypertens 1999;17:1775-86.

Li W, Ye Y, Fu B, Wang J, Yu L, Ichiki T, Inagami T, Ichikawa I,

Chen X. Genetic deletion of AT2 receptor antagonizes angiotensin

ll-induced apoptosis in fibroblasts of the mouse embryo. Biochem

Biophys Res Commun 1998;250:72-6.

Yamada T, Horiuchi M, Dzau VJ. Angiotensin Il type 2 receptor

mediates programmed cell death. Proc Natl Acad Sci USA 1996;

93:156-60.

Yamada T, Akishita M, Pollman MJ, Gibbons GH, Dzau VJ, Ho-

riuchi M. Angiotensin Il type 2 receptor mediates vascular smooth

muscle cell apoptosis, and antagonizes angiotensin Il type 1 receptor
action: anin vitro gene transfer study. Life Sci 1998;63:PL289-95.

Shenoy UV, Richards EM, Huang XC, Sumners C. Angiotensin Il

type 2 receptor-mediated apoptosis of cultured neurons from new-

born rat brain. Endocrinology 1999;140:500-9.

[45] Fischer TA, Singh K, O’'Hara DS, Kaye DM, Kelly RA. Role of AT

and AT, receptors in regulation of MAPKs and MKP-1 by ANG Il

in adult cardiac myocytes. Am J Physiol 1998;275:H906-16.

Horiuchi M, Hayashida W, Kambe T, Yamada T, Dzau VJ. Angio-

tensin type 2 receptor dephosphorylates Bcl-2 by activating mito-

gen-activated protein kinase phosphatase-1 and induces apoptosis.

J Biol Chem 1997;272:19022—6.

Liebow AA. Situations which lead to changes in vascular patterns.

In: Hamilton WF, Dow P, editors. Handbook of physiology. Circu-

lation, Section 2. Washington, DC: American Physiological Society,

1963. p. 1251-75.

Le Noble FAC, Hekking JW, van Straaten HW, Slaaf DW, Struyker-

Boudier HAJ. Angiotensin Il stimulates angiogenesis in the chorio-

allantoic membrane of the chick embryo. Eur J Pharmacol 1991;

195:305-6.

Le Noble FA, Schreurs NH, van Straaten HW, Slaaf DW, Smits JF,

Rogg H, Struijker-Boudier HA. Evidence for a novel angiotensin Il

receptor involved in angiogenesis in chick embryo chorioallantoic

membrane. Am J Physiol 1993;264:R460-5.

[50] Andrade SP, Cardoso CC, Machado RD, Beraldo WT. Angiotensin-
ll-induced angiogenesis in sponge implants in mice. Int J Microcirc
Clin Exp 1996;16:302-7.

[34]

(35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[46]

[47]

(48]

[49]

J.-M. Achard et al. / Biochemical Pharmacology 62 (2001) 261-271

[51] le Noble FAC, Kessels-van Wylick LCGA, Hacking WJG, Slaaf
DW, oude Egbrink MGA, Struijker-Boudier HAJ. The role of an-
giotensin Il and prostaglandins in arcade formation in a developing
microvascular network. J Vasc Res 1996;33:480—8.

[52] llich N, Hollenberg NK, Williams DH, Abrams HL. Time course of
increased collateral arterial and venous endothelial cell turnover
after renal stenosis in the rat. Circ Res 1979;45:579—-82.

[53] Cuttino JT, Bartrum RJ, Hollenberg NK, Abrams HL. Collateral
vessel formation: isolation of a transferable factor promoting vas-
cular response. Basic Res Cardiol 1975;70:568-73.

[54] Gimbrone MA, Cotran RS, Leapman SB, Folkman J. Tumor growth

and neovascularization: an experimental model using the rabbit

cornea. J Natl Cancer Inst 1974;52:413-27.

Volpert OV, Ward WF, Lingen MW, Chesler L, Solt DB, Johnson

MD, Molteni A, Polverini PJ, Bouck NP. Captopril inhibits angio-

genesis and slows the growth of experimental tumors in rats. J Clin

Invest 1996;98:671-9.

Nadal JA, Scicli GM, Carbini LA, Nussbaum JJ, Scicli AG. Angio-

tensin Il, and retinal pericytes migration. Biochem Biophys Res

Commun 1999;266:382-5.

Otani A, Takagi H, Oh K, Suzuma K, Matsumura M, lkeda E,

Honda Y. Angiotensin ll-stimulated vascular endothelial growth

factor expression in bovine retinal pericytes. Invest Ophthalmol Vis

Sci 2000;41:1192-9.

Peifley KA, Winkles JA. Angiotensin Il, and endothelin-1 increase

fibroblast growth factor-2 mRNA expression in vascular smooth

muscle cells. Biochem Biophys Res Commun 1998;242:202-8.

[59] Rosendorff C. The renin-angiotensin system and vascular hypertro-
phy. J Am Coll Cardiol 1996;28:803-12.

[60] Schelling P, Ganten D, Speck G, Fischer H. Effects of angiotensin
Il and angiotensin Il antagonist saralasin on cell growth and renin in
3T3 and SV3T3 cells. J Cell Physiol 1979;98:503-13.

[61] Gill GN, Ill CR, Simonian MH. Angiotensin stimulation of bovine
adrenocortical cell growth. Proc Natl Acad Sci USA 1977;74:5569—
73.

[62] Munzenmaier DH, Greene AS. Opposing actors of angiotensin Il on
microvascular growth and arterial pressure. Hypertension 1996;27:
760-5.

[63] Monton M, Castilla MA, Alvarez Arroyo MV, Tan D, Gonzez-
Pacheco FR, Lpez FarfeA, Casado S, Caramelo C. Effects of
angiotensin Il on endothelial cell growth: role of AT-1 and AT-2
receptors. J Am Soc Nephrol 1998;9:969-74.

[64] Machado RD, Santos RA, Andrade SP. Opposing actions of angio-
tensins on angiogenesis. Life Sci 2000;66:67-76.

[65] Stoll M, Steckelings UM, Paul M, Bottari SP, Metzger R, Unger T.

The angiotensin AT2-receptor mediates inhibition of cell prolifera-

tion in coronary endothelial cells. J Clin Invest 1995;95:651-7.

Levy BI, Benessiano J, Henrion D, Caputo L, Heymes C, Duriez M,

Poitevin P, Samuel JL. Chronic blockade of AT2-subtype receptors

prevents the effect of angiotensin Il on the rat vascular structure.

J Clin Invest 1996;98:418-25.

Walsh DA, Hu DE, Wharton J, Catravas JD, Blake DR, Fan TP.

Sequential development of angiotensin receptors and angiotensin |

converting enzyme during angiogenesis in the rat subcutaneous

sponge granuloma. Br J Pharmacol 1997;120:1302-11.

Tallant EA, Diz DI, Ferrario CM. State-of-the-art lecture. Antipro-

liferative actions of angiotensin-(1-7) in vascular smooth muscle.

Hypertension 1999;34:950-7.

Hutchins PM, Darnell AE. Observation of a decreased number of

small arterioles in spontaneously hypertensive rats. Circ Res 1974;

34/35(Suppl 1):1161-5.

[70] Hutchins PM, Lynch CD, Cooney PT, Curseen KA. The microcir-
culation in experimental hypertension and aging. Cardiovasc Res
1996;32:772-80.

[71] Hutchins PM. Arteriolar rarefaction in hypertension. Bibl Anat
1979;18:166-8.

[55]

[56]

[57]

[58]

[66]

[67]

[68]

[69]



J.-M. Achard et al. / Biochemical Pharmacology 62 (2001) 261-271

[72] Greene AS. Life and death in the microcirculation: a role for angio-
tensin Il. Microcirculation 1998;5:101-7.

[73] Rieder MJ, Roman RJ, Greene AS. Reversal of microvascular rar-
efaction and reduced renal mass hypertension. Hypertension 1997;
30:120-7.

[74] le Noble FAC, Stassen FRM, Hacking WJG, Struijker-Boudier HAJ.
Angiogenesis and hypertension. J Hypertens 1998;16:1563—-72.

[75] Fried W, Barone-Varelas J, Morley C. Factors that regulate extra-
renal erythropoietin production. Blood Cells 1984;10:287-304.

[76] Gould AB, Goodman S, DeWolf R, Onesti G, Swartz C. Interrela-

tion of the renin system and erythropoietin in rats. J Lab Clin Med

1980;96:523-34.

Hirakata H, Onoyama K, Hori K, Fujishima M. Participation of the

renin-angiotensin system in the captopril-induced worsening of ane-

mia in chronic hemodialysis patients. Clin Nephrol 1986;26:27-32.

Glicklick D, Kapoian T, Mian H, Gilman J, Tallis V, Croizat H.

Effects of erythropoietin, angiotensin I, and angiotensin-converting

enzyme inhibitor on erythroid precursors in patients with posttrans-

plantation erythrocytosis. Transplantation 1999;68:62—6.

Ducloux D, Fournier V, Bresson-Vautrin C, Chalopin JM. Long-

term follow-up of renal transplant recipients treated with losartan for

post-transplant erythrosis. Transpl Int 1998;11:312-5.

[80] Freudenthaler SM, Lucht I, Schenk T, Brink M, Gleiter CH. Dose-
dependent effect of angiotensin Il on human erythropoietin produc-
tion. Pflugers Arch 2000;439:838—-44.

[81] Freudenthaler SM, Schreeb K, Korner T, Gleiter CH. Angiotensin Il

increases erythropoietin production in healthy human volunteers.

Eur J Clin Invest 1999;29:816-23.

Vlahakos DV, Kosmas EN, Dimopoulou I, Ikonomou E, Jullien G,

[77]

[78]

[79]

(82]

Vassilakos P, Marathias KP. Association between activation of the [100]

renin-angiotensin system and secondary erythrocytosis in patients

with chronic obstructive pulmonary disease. Am J Med 1999;106:

158-64.

Taylor GM, Cook HT, Sheffield EA, Hanson C, Peart WS. Renin in

blood vessels in human pulmonary tumors. Am J Pathol 1997;130:

543-51.

Fernandez LA, Olsen TG, Barwick KW, Sanders M, Kaliszewski C,

Inagami T. Renin in angiolymphoid hyperplasia with eosinophilia.

Its possible effect on vascular proliferation. Arch Pathol Lab Med

1986;110:1131-5.

Ariza A, Fernandez LA, Inagami T, Kim JH, Manuelidis EE. Renin

in glioblastoma multiforme and its role in neovascularization. Am J

Clin Pathol 1988;90:437—41.

[86] Yesner R. Spectrum of lung cancer and ectopic hormones. Pathol
Annu 1978;13:217-40.

[87] Reddy MK, Baskaran K, Molteni A. Inhibitors of angiotensin-
converting enzyme modulate mitosis and gene expression in pan-
creatic-cancer cells. Proc Soc Exp Biol Med 1995;210:221—-6.

[88] Inwang ER, Puddefoot JR, Brown CL. Angiotensin Il type 1 recep-
tor in human breast tissues. Br J Cancer 1997;75:1279—-83.

[89] Massicotte JM. Subcutaneous Walker 256 carcinosarcoma growth
limited by an angiotensin converting enzyme inhibitor. M.D. Thesis.
New Haven, CT: Yale University School of Medicine, 1992.

(83]

(84]

(85]

[101]

[102]

[105]

[106]

271

[90] Hii SI, Nicol DL, Gotley DC, Thompson LC, Green MK, Jonsson
JR. Captopril inhibits tumour growth in a xenograft model of human
renal cell carcinoma. Br J Cancer 1998;77:880-3.

[91] Gimbrone MA, Leapman SB, Cotram RS, Folkman J. Tumor dor-
mancy in vivo by prevention of neovascularization. J Exp Med
1972;136:261-76.

[92] Auerbach R, Kubai L, Sidky Y. Angiogenesis induction by tumors,
embryonic tissues, and lymphocytes. Cancer Res 1976;36:3435-40.

[93] Folkman J. Angiogenesis in cancer, vascular, rheumatoid and other
disease. Nat Med 1995;1:27-31.

[94] Taveras JM, Wood EH. Diagnosis of intracranial masses by tumor
circulation. In: Diagnostic neuroradiology (2nd ed.). Baltimore:
Williams & Wilkins, 1976. p. 751-78.

[95] Potchen EJ, Davis DO, Adatepe MH, Taveras J. Shunt flow in
glioblastoma. Study in regional autoregulation. Invest Radiol 1969;
4:186-92.

[96] Michel JB, Alhenec-Gelas F, Auzan C, Corvol P, Menard J. Renal
arteriovenous fistula: a model for renovascular hypertension in rats.
J Urol 1983;129:1270-2.

[97] MCR Working Party. Medical Research Council trial of treatment of

hypertension in older adults: principal results. Br Med J 1992;304:

405-12.

Psaty BM, Smith NL, Siscovick DS, Koepsell TD, Weiss NS,

Heckbert SR, Lemaitre RN, Wagner EH, Furberg CD. Health out-

comes associated with antihypertensive therapies used as first-line

agents. A systematic review and meta-analysis. JAMA 1997;277:

739-45.

Brown MJ, Brown J. Does angiotensin-Il protect against strokes?

Lancet 1986;2:427-9.

Medical Research Council Working Party. MRC trial of treatment of

mild hypertension: principal results. Br Med J 1985;291:97-104.

Hansson L, Lindholm L, Niskanen L, Lanke J, Hedner T, Niklason

A, Luomanmaki K, Dahlof B, de Faire U, Morlin C, Karlberg BE,

Wester PO, Bjorck JE. Effect of angiotensin-converting-enzyme

inhibition compared with conventional therapy on cardiovascular

morbidity and mortality in hypertension: the Captopril Prevention

Project (CAPPP) randomised trial. Lancet 1999;353:611-6.

Lenfant C, Rocella EJ. A call to action for more aggressive treat-

ment of hypertension. J Hypertens 1999;17:S3-7.

[98]

[99]

[103] National Heart, Lung, and Blood Institute Fact Book. Washington,

DC: Department of Health, and Human Services, 1995.

[104] The Heart Outcomes Prevention Evaluation Study Investigators.

Effects of an angiotensin-converting-enzyme inhibitor, ramipril, on
cardiovascular events in high-risk patients. N Engl J Med 2000;342:
145-53.

Achard J-M, Pruna A, Fernandez L, Fournier A. Prevention of
stroke and cancer: could angiotensin Il type | receptor antagonists do
better than angiotensin Il converting enzyme inhibitors? Am J Hy-
pertens 1999;12:1050-3.

Lever AF, Hole DJ, Gillis CR, McCallum IR, Mclnnes GT, Mac-
Kinnon PL, Meredith PA, Murray LS, Reid JL. Do inhibitors of
angiotesin-l-converting enzyme protect against risk of cancer? Lan-
cet 1998;352:179-84.



