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INTRODUCTION 

Nonpeptide angiotensin II (All) receptor antagonists are a new class of drugs 
whose actions as experimental tools and potential therapeutic agents result 
from a specific blockade of the actions of All (1-3) . All is the primary 
humoral mediator of the renin angiotensin system (RAS). In this well­
characterized system, angiotensinogen is produced by the liver (4) and con­
verted to the decapeptide angiotensin I by the action of renal renin at both 
renal and extrarenal sites (5, 6) . Angiotensin I is essentially inactive itself but 
is converted by the action of converting enzyme in the kidneys, lungs, and 
other sites to the active effector, All. Angiotensin III and angiotensin 1-7 also 
have biological activity, but the principal effector of the RAS is All (7). With 
the new nonpeptide antagonists represented by Losartan (Losartan potassium; 
DuP#753; MK-954; 2-n-butyl-4-chloro-5-hydroxymethyl-l -[(2'-( lH-tetra­
zol-5-yl)biphenyl-4-yl)methyl]imidazole, potassium salt) it is possible for the 
first time to block the RAS at the angiotensin receptor without the confound­
ing partial agonist effect of peptide All receptor antagonists such as saralasin 
or the nonspecific angiotensin-converting enzyme (ACE) inhibitors such as 
captopril or enalapril. ACE inhibitors, for example, block the RAS 
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136 SMITH ET AL 

but also inhibit kininase II and thereby potentiate the vasodilator action of 
bradykinin. Losartan, by contrast, blocks only the action of All at its receptor 
(1-3). 

The nonpeptide nature of the new All receptor antagonists also facilitates 
the long-term oral treatment of animals, which will probably lead to clarifica­
tion of the physiologic and pathophysiologic role of All. The pharmacology 
of this new class of agents will be explored primarily on the basis of the 
experience with Losartan. Since this compound became available to research­
ers outside DUl Pont at the end of 1989, over 200 presentations and manu­
scripts have been published. It is hoped that this chapter will captllre the 
essence of the rapidly unfolding story of how a pharmacologic discovery can 
lead to greater physiological understanding and ultimately to new therapy. 

DISCOVERY 

Losartan represents the culmination of a long-term cooperative effort between 
medicinal chemists and biologists at E. I. du Pont de Nemours & Co. (now 
The Du Pont Merck Pharmaceutical Company) to identify a nonpeptide All 
receptor antagonist (3, 8-10). The ACE inhibitors had confirmed the im­
portance of th�: RAS in hypertension (11, 12), but early attempts, including 
those at Du Pont, to discover a receptor antagonist which was nonpeptide, or 
which lacked intrinsic (All-like) activity, were unsuccessful. The break­
through came when Furukawa et al (13, 14) disclosed a series of patents of 
antihypertensives that antagonized All. These compounds were shown to lack 
sufficient binding affinity for the All receptor but, importantly, to have 
specificity for All (15, 16). New compounds based on this chemical lead were 
tested for All receptor affinity in rat adrenal microsomes, functional All 
antagonism in isolated rabbit aorta, and intravenous (i.v.) and oral (p.o.) 
efficacy in renal hypertensive rats (3, 8-10). There were several milestones in 
the progress from the Takeda leads (S-8307 and S-8708) to Losartan. The first 
milestone was EXP6155, which demonstrated an approximately 1O-fold in­
crease in binding affinity (50% inhibitory concentration [IC50] = 1.6 x 10-6 
M) and All antagonism (pA2 = 6.54); this was followed by EXP6803 , a 
compound with an additional 1O-fold increase in affinity (ICso = 1.4 x 10-7 
M; pA2 = 7.2) (2). Then came EXP7711 (17), the first potent nonpeptide 
angiotensin receptor antagonist to display significant oral activity, producing 
a dose-related decrease in blood pressure in conscious renal artery-ligated rats 
and high-renin (furosemide-treated) dogs (17). The final step leading to 
Losartan was the synthetic work to replace the aromatic carboxylic acid 
function of EXP77 1 1 with more lipophilic isosteres such as a tetrazole (8-10). 
It is the biphenyl tetrazole moiety that is common to the newly disclosed All 
receptor antagonists (18, 19). 
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NONPEPTIDE All RECEPTOR ANTAGONISTS 137 

Concurrent with the discovery of Losartan, another series of compounds 
(such as PDI23177) was synthesized independently by Warner Lambert (20, 
21; Figure 1). Although patented as antihypertensive All receptor blockers, 
these compounds did not lower blood pressure in renal hypertensive rats (22) . 
PD123177 (also designated EXP655 and XD329) did, however, interfere with 
All binding in various tissues, and its affinity for these All-binding sites was 
found to be specific for tissue, species, and age of animal (see Defining All 
Receptor Heterogeneity, below). The biology of two new receptor an­
tagonists, DuP 532 (18) and L-158,809 (19), has been reported. Both of these 
compounds have greater in vitro affinity and in vivo potency than Losartan. 
DuP 532 differs from Losartan in being a noncompetitive (pseudoirreversible) 
antagonist of All in isolated tissue, decreasing the maximum response to All 
in a dose-related way (18, 23) . These three compounds have a common 
biphenyltetrazole moiety. A new series of nonbiphenyltetrazoles represented 
by SKF108566 has recently been described (24) 

PHARMACOLOGY OF SPECIFIC All 
RECEPTOR BLOCKADE 

The in vitro and in vivo effects of Losartan are primarily a result of blockade 
of All at its receptor as evidenced by competition/antagonism studies with 
exogenously added All and with endogenously formed All. 

In vitro competition assays with [3H]AII, [125I]AII, or e25I]Sarl-Ile8-AIl 
clearly show that Losartan has affinity for the All receptor in microsomal or 
membrane preparations from a diverse number of All target tissues with ICsos 
or Kjs of 2 X 10-8 to 2 X 10-9 M (in preparations with ICsos or Kjs for 
unlabeled All of 1 X 10-9 to 2 X 10-10 M). Importantly, concentrations of 
Losartan of �1O-5 M do not interfere with the a-I receptor (eH] prazosin) or 
Ca2+ channel e[H]nitrendipine) binding (25) and do not show affinity for a 
panel of receptors including opioid (IL, 'Y, K) dopamine-2, serotonin-2, 

OuP 753 PO 123177 

Figure 1 Chemical structures of Losartan and PD123l 77. 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

2.
32

:1
35

-1
65

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



138 SMITH ET AL 

phencyclidine" neurotensin, cholinergic (muscurinic and nicotinic), glycine 
(strychnine-insensitive), and basic FGF growth factor (26). Characteristical­
ly, however, Losartan and DuP 532 do not completely inhibit All binding in 
rat adrenal cortex, leaving 20-30% resistant sites (18, 27). These Losartan­
resistant sites are the basis of current efforts to explore All receptor 
heterogeneity (see Defining All Receptor Heterogeneity, below), The Losar­
tan-sensitive sites are designated AT 1 receptors (28) . 

The Losartan-sensitive (AT 1) binding sites are functional receptors for All 
as evidenced by the results of second�messenger and isolated-tissue studies 
(Table 1). All stimulates phospholipase C (through a G protein), the produc­
tion of inositol 1 ,4,5-triphosphate (IP3) and diacylglycerol, and the mobiliza­
tion of intracellular calcium (29). In rat aortic smooth muscle cells in culture 
(30), bovine adrenal cells (31), and rat liver cells (32) the All-induced 
calcium fluxes are blocked by Losartan (2 x 10-8 to 1 X 10-4 M). In 
the bovine adrenal cells (31), rat mesangial cells (33), clone 9 rat liver­
derived cells (34), rat liver cells (32), and 7315c cells derived from murine 
pituitary tumor (35), Losartan (4 X 10-9 to 1 X 10-4 M) blocked the 
AII-induced increases in IP 3 formation . In the 7315c cells and the rat hepato­
cytes, All both stimulated IP3 formation and inhibited adenylate cyclase 
activity (32, 3,5). Both second-messenger responses to All were blocked 
by Losartan. 

In isolated tissue, the nonpeptide All receptor antagonist Losartan selec­
tively attenuates contractile responses of isolated vascular and nonvascular 
smooth muscle and cardiac muscle to All (Table 1) . The responses of rabbit 
aortic strips or rings to All were competitively antagonized by Losartan, with 
pA2 ranging from 7 .98 to 8 .48 (30, 36). Likewise, the contractions of turtle 
aorta induced by All, but not norepinephrine, were blocked by Losartan (37). 
Losartan blocked the actions of All on rat portal vein, stomach, and urinary 
bladder; rabbit jugular vein and aorta; and human colon, intestine, and urinary 
bladder (38). The pA2s for Losartan were quite similar, ranging from 8.19 to 
8 .66, whereas the responses of these tissues to other agonists (e .g. nore­
pinephrine, acf:tylcholine, bradykinin, and bombesin) were unaffected (38). 
Collectively, these results suggest that Losartan and presumably other similar 
nonpeptide antagonists, are competitive and selective All receptor antagonists 
which lack agonist activity characteristic of the peptide antagonists. 

In the pithed rat, All (0.03-10 j.tg kg-I) produced a dose-related increase 
in diastolic blood pressure. Losartan at 3 and 10 mg kg -1 i. v. "competitively" 
antagonized All by right-shifting the dose-response curve while not decreas­
ing the maximum response (39). The peptide antagonist saralasin (4 and 12 
j.tg kg-I min-I i .v .)  right-shifted the All dose-response curve but decreased 
the maximum pressor response. The noncompetitive antagonism of saralasin 
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NONPEPTIDE All RECEPTOR ANTAGONISTS 139 

Table 1 In vitro responses to AIl (AT1) blocked by Losartan 

Responsea Species OrganlTissue DuP 753 Referenc€ 

( +) Contraction Alligator Aorta 10-6 M 193 
Turtle Aorta 10-6 M 37 
Rat Aorta 85 nM (lC50) 34 
Rabbit Aorta 8.45 (pA2) 25 
Rabbit Aorta 8.27 (pAz) 38 
Rat Pulmonary artery 8.4 (pA2) 194 
Rabbit Pulmonary artery 8.27 (pA2) 38 
Rat Portal vein 8.66 (pA2) 38 
Rat Uterus 8.75 (pKB) 83 
Rabbit Uterus -10-9 M 34 
Rabbit Jugular vein 8.27 (pA2) 38 
Rat Stomach 8.66 (pA2) 38 
Rat Urinary bladder 8.66 (pA2) 38 
Guinea pig Ileum 8.59 (pA2) 25 
Guinea pig Urinary bladder 10-7 M 138 
Guinea pig Gastrointestinal tract 10-6 M 195 
Alligator Isolated perfused heart 10-6 M 193 

( +) Aldosterone release Rat Adrenal capsular cells 1.3 X 10-8 M (KB) 177 
( +) Catecholamine Rat Perfused adrenal 10-6 M 22 

release 
Rat Perfused kidney 10-6 M 90 

( -) Renin release Rat Kidney slice 5 x 10-5 M 72 
(+) Ca2+ mobilization Rat Aortic smooth muscle cells 2 X 10-8 M (IC50) 30 

Rat Hepatocytes 10-5 M 32 
Cow Adrenal medullary cells 10-4 M 3 1  
Mouse Neuroblastoma 152 
Human Astrocytes 1.9 x 10-8 M 228 

( +) Inositol metabolism Rat Mcsangial cells 3.8 x 10-9 M 33 
Rat Hepatocytes 10-5 M 32 
Rat Hepatocytes 10-6 M 197 
Rat Liver clone 9 cells 1.9 X 10-8 M 34 
Cow Adrenal medulla cells 10-4 M 31 
Mouse 7315c cells (pituitary tumor) 1.75 x 10-7 M (K;) 35 
Rat Neonatal astrocytic glia 10-6 M 198 
Rat Adult astrocytic glia 10-6 M 199 

(±) cAMP Rat (-)Liver membranes 10-5 M 32 
Mouse ( -)7315c cells (pituitary 2 X 10-8 M (K;l 35 

tumor) 
Rat ( + )Rat fetal fibroblasts 183 

( +) Thymidine Rat Aortic smooth muscle cells 10-5 M 105 
incorporation 

Human Mesangial cells 10-8 M 117 

.(+) Stimulation, (- ) inhibition. 
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140 SMITH ET AL 

was reversed by Losartan (36), as was the noncompetitive antagonism by 
EXP3892 (40}, presumably owing to confonnational changes at the receptor 
(40) . Losartan was specific for All as it did not alter the pressor responses to 
norepinephrine or vasopressin or the depressor response to isoproterenol (39). 
Similar findings were made with the Losartan metabolite EXP3174 (41) and 
the new nonpeptide All receptor antagonist DuP 532 (23). 

In conscious rats and dogs, Losartan produced a dose-related blockade of 
the blood pressure response to All. In nonnotensive rats, Losartan at 1 or 3 
mg kg-I i.v. blocked the pressor response to All but had no effect on the 
basal blood pn�ssure (39). This lack of intrinsic agonist (All-like) activity is in 
sharp contrast to the dose-related increase in basal blood pressure following 
saralasin infusion (39). Similar findings have been made in nonnotensive rats 
with EXP3174 (41), DuP 532 (23), and the novel structure L-158,809 (19) . In 
spontaneously hypertensive rats (SHR) and Wi star Kyoto (WKY) cats, Losar­
tan, but not PDI23177, blocked the pressor responses to All (42) . In con­
scious dogs with normal renin levels, Losartan at 1-10 mg kg-1 i .v. produced 
a dose-related decrease in the pressor response to All but not to phenylephrine 
or vasopressin (43). In sodium-depleted dogs (high renin), Losartan infused at 
30-1000 fLg kg-1 min-1 for 180 min, lowered blood pressure, antagonized 
All, and increased the response to norepinephrine (44). 

The pharmacokinetics of Losartan are species specific. In rats and humans, 
Losartan is active itself, but is also converted to an active metabolite, 
EXP3174, which contributes to its overall effect (45). By contrast, Losartan is 
not converted to EXP3174 to any significant extent in dogs (46). Further­
more, the elimination.half-life of Losartan (3 mg kg-I i. v .)  is shorter in dogs 
(41 ± 10 min) (46) than in rats (5.7 ± 2.0 h) (45) . In rats, Losartan and 
EXP3174 have similar tV2 values following p.o. administration (45) . DuP 532 
and L-158,809 do not have significant active metabolites . 

BLOOD PRESSURE-LOWERING EFFECTS 

The extent to which nonpeptide All receptor antagonists such as Losartan 
lower arterial blood pressure is dependent upon the status of activation of the 
RAS in the particular animal. This important principle is based on the 
specificity of the All antagonistic effects and the lack of agonist effects of 
these compounds. In conscious normotensive rats (Sprague-Dawley and 
WKY rats), Losartan, EXP3174, DuP 532, and L-158,809 (19, 23, 39, 41) 
do not alter basal blood pressure, neither lowering pressure (indicative of All 
receptor antagonism) nor raising it (indicative of AIl receptor agonism). In 
long-tenn experiments, Losartan produces a modest lowering blood of pres­
sure in normal rats (47) . 

In sodium-de:pleted rats, with high renin levels, Losartan at 10 mg kg -I i. v.  
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NON PEPTIDE All RECEPTOR ANTAGONISTS 141 

lowers blood pressure significantly (48). The maximum hypotensive response 
was similar for a peptide All antagonist, renin inhibitor, and ACE inhibitor 
(48). Likewise, Losartan acutely lowered blood pressure in sodium-depleted 
conscious (44) or anesthetized (49) dogs. 

In renal hypertensive rats, Losartan significantly lowers arterial pressure 
[total ligation of one artery (50); 2KIC (51-53) or'lKIC (47)]. Blood 
pressure was lowered to the maximum extent in the short term by 3 mg kg-I 
i .v .  or 10 mg kg-I p .o .  (50). That these doses maximally lowered blood 
pressure was evidenced by the lack of an additional effect of captopril . In 
renal hypertensive cynomologus monkeys, Losartan at 1,3, or 10 mg kg-I 
reduced blood pressure in a dose-related manner. As in renal hypertensive 
rats, no tachycardia was noted in these animals, but the duration of action was 
less than 6 h in the monkeys compared with more than 24 h in the rats (54) . 

SHR have low plasma renin activity (55), but their renal RAS activity 
contributes to maintenance of arterial pressure. This has been shown by both 
short- and long-term experiments with RAS inhibitors (48, 50, 56), antibodies 
to All (57), and nephrectomy (56, 58). Losartan i.v .  (3-30 mg kg-I or p.o. (3 
or 10 mg/kg-I) produced a dose-related reduction in mean arterial pressure in 
SHR, and captopril (10 mg/kgl i.v.) gave no additional effect (56). The 
maximum hypotensive effect (ca. 50 mmHg) was somewhat greater than that 
observed in a similar preparation in which the maximum response to Losartan 
at 10 mg kg-I i.v., a renin inhibitor and ACE inhibitor, was ca. 15 mmHg 
(48) . The effects of L-158,809 in SHR appeared to be enhanced by pretreat­
ment with hydrochlorothiazide (59) . In chronic studies in 3-week-old SHR 
dosed for 4 weeks, Losartan at 15 mg kg -I day -lor captopril at 100 mg kg - I 
day-I via the drinking water lowered blood pressure (Losartan group, 104 ± 
10 mmHg; captopril group 93 ± 7 mmHg; control group, 130 ± 15 mmHg) 
and reduced the cardiac hypertrophy (60) . Unlike captopril, however, the 
4-week Losartan treatment did not reduce the vascular hypertrophy. Sub­
sequently, these investigators have dosed the SHR for 10 weeks and shown 
that the vascular hypertrophy was reversed (J. J. Morton, personal com­
munication), suggesting that 15 mg kg - 1 day - 1 may be on the low end of the 
dose-response curve . 

In deoxycorticosterone salt hypertensive rats, a low-renin model, Losartan 
at 10 mg kg-I i. v. had no effect on blood pressure (50). By contrast, 
Losartan, like ACE inhibition, lowered blood pressure in the REN2 transgen­
ic rat (61). In Dahl S rats fed a high-salt diet, Losartan at 30 mg kg-I day-I 
did not alter the development of pressure but decreased mortality (62). In 
stroke-prone SHR (SPSHR) given saline to drink, a severe hypertension 
developed which was not blocked by Losartan (63). In SPSHR fed a 4% NaCI 
diet, where hypertension was less severe, at 30 mg kg -I significantly blunted 
the rise in blood pressure (64). EXP7711, a Losartan predecessor, has also 
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142 SMITH ET AL 

been shown to reverse the hypertension caused by long-term, low-dose All 
infusion in rats (65). 

BLOCKADE OF ALDOSTERONE RELEASE AND 
DRINKING BEHA VIOR 

All has a powerful stimulant effect on aldosterone release (66), and this can 
be blocked by peptide All receptor antagonists (67). Nonpeptide All receptor 
antagonists also block this response, as Losartan at 10 mg kg-1 i .v .  blocked 
the All-induced rise in plasma aldosterone levels in normotensive rats (68). 
Siegl et al (19) reported similar findings with L-158,809. In SHR and WKY 
rats, All induces aldosterone release, which is blocked by Losartan (69) . 
Losartan was three times more potent in blocking the aldosterone response in 
SHR than in WKY rats and was three times more potent in blocking the 
All-induced aldosterone response than in blocking the All pressor response 
(69). 

The physiologic role of All in drinking behavior has been extensively 
reviewed (70, 71). Administration of All subcutaneously or directly into the 
brain (i .c .v.)  elicits a marked drinking response in rats (68, 72). Losartan at 3 
and 10 mg kg-1 subcutaneously (s.c . )  produced a dose-related blockade of 
the drinking response to All (200 f,Lg kg-1 s.c.). Likewise, EXP7711, a 
Losartan predt:cessor, at 25 or 50 nmol i .  c .  v ., blocked the drinking response 
to All at 100 pmol i .c .v .  (72) . Losartan i .c .v. also blocks the drinking 
response to i .e .v .  All without affecting the drinking response to carbechol 
(73). Acclimation to cold induces a drinking response in rats that is thought to 
involve All mechanism. This response was blocked by Losartan (M. J. 
Fregly, personal communication). 

RENAL FUNCTION 

The effects of All receptor antagonists on renal function are necessarily as 
complex as the role of All itself in maintaining arterial blood pressure and 
fluid and electrolyte balance (74-76). The extrarenal actions of All on 
systemic vascular resistance and aldosterone secretion and the antagonism by 
Losartan were discussed above. There are also multiple possible intrarenal 
effects of All and of receptor antagonists. All modulates intrarenal blood flow 
through actions on efferent and afferent arterioles and mesangial cells (74) 
acting in concert with other vasoactive peptides (75), by increasing the 
reabsorption of sodium and water in the proximal convoluted tubule (77), by 
enhancing renal sympathetic nerve transmission (77, 78), and by suppressing 
renin release (79). Nonpeptide receptor antagonists may act to modulate the 
actions of All at each of these sites. 
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NONPEPTIDE All RECEPTOR ANTAGONISTS 143 

In isolated perfused rat kidneys, Losartan had no effect of its own on renal 
vascular resistance (RVR) but completely reversed the vasoconstriction in­
duced by All (80) . In isolated hydronephrotic kidneys, Losartan (10-7-
1O-5M) completely blocked both the renal efferent and afferent arteriolar 
effects of All (81). In Munich Wistar rats, with the use of microperfusion, 
free-flow micropuncture, and clearance techniques, Losartan, like captopril, 
was shown to markedly reduce proximal-tubule (Sl segment) fluid and 
electrolyte transport (82). In vivo, in volume-expanded Wistar Kyoto rats 
(WKY) and SHR and in euvolemic Munich Wistar rats, Losartan (2 or 10 mg 
kg -I i. v . )  had limited effects on renal function (84) . At the highest dose in the 
SHR, Losartan, like captopril, lowered blood pressure and renal vascular 
resistance but produced little effect on sodium and water excretion (84). The 
renal response to Losartan appears to be partially systemic pressure in­
dependent. In one-kidney, one-clip hypertensive rats, Losartan lowered the 
pressure but decreased the glomerular filtration rate (GFR) in the clipped 
kidney and increased the GFR in the normal kidney (53). 

In conscious SHR, L-158,809 (1.0 mg kg-I i.v.) increased the urinary 
volume and electrolyte output throughout a 6 h period (59) . In anesthetized 
rabbits, Losartan (2 mg kg- I bolus plus I mg kg-I/h-I i .v. for 20 min) 
decreased arterial pressure and increased renal blood flow (RBF) (85, 86). 
Captopril further increased RBF, suggesting that ACE inhibitors have addi­
tional effects on the kidney, presumably by potentiating bradykinin (87). 
However, in normotensive guinea pigs, comparable blood pressure-lowering 
doses of Losartan and the ACE inhibitor MK-521 produced similar changes in 
GFR, RBF and urinary output (88). In that study the renin inhibitor R042582 
surprisingly produced significantly greater increases in RBF (88). In con­
scious genetic hypertensive dogs, Losartan (1-30 mg kg-I p.o.) blocked the 
pressor responses to All and produced a dose-dependent increase in GFR and 
RBF (89). 

All potentiated the response to renal sympathetic nerve stimulation, and 
this response was antagonized by Losartan in the isolated perfused rat kidney 
(90) . Likewise, Losartan increased efferent renal sympathetic nerve activity 
by 20-30% in anesthetized rabbits (91) and dogs (92) . This effect of All may 
be expressed both pre- and postsynaptically (90) . In the rat, Losartan blocked 
the potentiated response to exogenous norepinephrine, suggesting a 
postsynaptic effect (90). Losartan given to furosemide-treated rabbits in­
creased renal nerve activity and reduced baroreceptor sensitivity (93) . 

Renin release is modulated by sympathetic nerves, sodium levels in plas­
ma, and All action via a negative-feedback mechanism (79, 94). Interfering 
with the synthesis of All (ACE inhibitors) or blocking the action of All at its 
receptor results in a compensatory rise in plasma renin activity (PRA) and AI 
levels for ACE inhibitors and PRA, AI, and All for nonpeptide All receptor 
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144 SMITH ET AL 

antagonists (95). This effect of Losartan has not been tested directly, but it is 
clear that it acutely raises PRA like ACE inhibitors in rats (96), monkeys (96), 
guinea pigs (88), and humans (97). On chronic dosing in stroke-prone SHR, 
the initial rise in PRA returned toward baseline values by 12 weeks (98). This 
fall in PRA may reflect increased salt intake andlor blunted sympathetic 
activity (99). EXP7711 has been shown to reverse the inhibitory effect of All 
on renin release in kidney slices (72) . 

EFFECTS ON CELL GROWTH 

The role of All as a mitogen that stimulates the growth of smooth muscle 
(l00), cardiac (101) , and other (102) cells in culture has been demonstrated 
by the use of inhibitors of the RAS (both peptide All receptor antagonists and 
ACE inhibitors) (102-104). Although less well studied, the experience to date 
with Losartan appears to confirm the complex role of All in modulating 
growth in concert with other growth promoters. 

In cultured rat aortic smooth muscle cells, Losartan (10-5 M) blocked the 
All-induced intracellular calcium mobilization, increased protein synthesis 
([3H]leucine incorporation) and DNA synthesis ([3H]thymidine incorpora­
tion), and increased the hypertrophic response (105). In a similar rat aortic 
smooth muscle cell preparation, Losartan (ICso = 5.8 nM), Sarllle8-All (ICso 
= 1 nM), and dithiothreitol (DIT) (ICso = 0.2 mM) blocked the 5.5-fold 
AIl-induced increase in [3H]thymidine incorporation (106). The myoprolif­
erative response to balloon injury was blocked by Losartan (10 mg kg-I 
day-I) given at the time of injury ( 107). This is significant because ACE 
inhibitors must be given prior to the injury (103). Vascular hypertrophy seen 
in SHR was blocked by Losartan (15 mg kg-I day-I in the drinking water) 
after 10 weeks (J. J. Morton, personal communication) but not after 4 weeks 
(60). Rarefaction, or the decrease in the number of arterioles, in renal 
hypertensive rats (IK1C) has been shown to be blocked by captopril (104). 
Losartan, 10 mg kg-I day-I for 4 weeks, caused little lowering of blood 
pressure and did not reverse the hypertrophy of the aortic wall. However, this 
dose of Losafltan did decrease the rarefaction of small arterioles, indicating 
inhibition of growth (47) . A still lower dose of Losartan (4.6 mg kg-I day-I) 
administered to rats on a low-sodium diet had no effect on blood pressure or 
microvessel demsity, while blocking the pressor response to All (l08). These 
data suggest that the dose-response relationships for lowering of blood pres­
sure, antagonism of All pressor effects, and inhibition of vascular growth 
may be different. 

All can aClt (directly or indirectly) in concert with other mitogens to 
promote hypertrophy of cardiac tissue (101, 102, 109). The observations that 
lowering pressure (mechanical stress) did not necessarily reduce hypertrophy 
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NONPEPTIDE All RECEPTOR ANTAGONISTS 145 

( 110, 111) and that an ACE inhibitor (presumably by lowering All levels) 
could reduce hypertrophy at a dose that did not affect blood pressure (112) 
have strongly implicated All. In adult rats given 7- or 14-day All infusions, 
Losartan blocked the All-induced increases in left ventricular mass whereas 
enalapril and hydralazine were ineffective, even though the pressures were 
normalized by hydralazine ( 1 13). A low dose of Losartan (3 mg kg-I day -I 
for 6 weeks) was, however, less effective than ramipril in preventing or 
reversing the cardiac hypertrophy following aortic banding in rats (114). In 
the SHR, cardiac hypertrophy was blocked after 4 weeks of treatment with 
Losartan at 15 mg kg-I day-lor captopril at 100 mg kg-I day-l (60). In 
myocardially infarcted rats, Losartan, like captopril, tended to reduce the 
hypertrophic response (115, 1 16) . These data suggest that the hypertrophy is 
All receptor mediated and that ACE inhibitors are acting to decrease All 
formation. 

All has been shown to stimulate the growth of various cell lines in vitro, 
and this growth is blocked by RAS inhibitors (102) . Losartan (10-8 M), like 
ACE inhibitors, blocks the All-induced (insulin-dependent) increase in 
[3H]thymidine incorporation in human mesangial cells (117). In cultured 
human SHSY54 neuroblastoma cells, Losartan and PD123177 (see Defining 
All Receptor Heterogeneity, below) reduced the [3H]thymidine incorporation 
to a similar extent (118). As with the mesangial cells, the All response in 
neuroblastoma cells was insulin dependent. In cultured murine proximal 
tubule cells, high-glucose media increased eH]Leucine incorporation, which 
indicates an increased protein synthesis. All further increases the protein 
synthesis and the associated increase in cell size, and these effects are blocked 
by Losartan (10-6 M) (119) . It can be concluded that All antagonists will 
inhibit All-induced cell growth proportionally to the magnitude of the All 
response itself . 

Recently, the mas oncogene and its product have been patented as targets 
for peptide antagonists for use in cancer therapy ( 120). Likewise, "phar­
maceutical antagonists" of the RAS such as enalapril were shown to markedly 
increase survival in rats implanted with a Walker 256 carcinosarcoma and 
were patented for inhibiting tumor growth (121). 

OTHER EFFECTS OF All 

Losartan has been shown to act on nerve (central and peripheral) transmis­
sion, on animal "behavior," on nonvascular smooth muscle, and on in­
traocular pressure. Each action is presumed to be the result of specific All 
receptor blockade. 

Losartan has no direct electrophysiologic effects on the specialized con­
ducting tissue of the heart ( 122). Losartan does, however, antagonize the 
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All-enhanced response to nerve stimulation in renal (90-92) or mesenteric 
(123, 124) aItery preparations. By contrast, in rabbit vas deferens All en­
hanced the "adrenergic" neurotransmission and reduced the "nonadrenergic" 
neurotransmission. Losartan blocked only the nonadrenergic component 
( 125). The concurrent increases in phosphatidylinositol and phosphatidylcho­
line lipase activities elicited by All in the vas deferens were both blocked by 
saralasin, but only the phosphatidylinositol lipase activity was blocked by 
Losartan (126). In specific areas of the brain (e.g .  the para ventricular nucleus 
of the hypothalamus), All raised levels of norepinephrine without affecting 
dopamine (DA), 3,4-dihydroxyphenylethylene glycol (DOPEG), or 3,4-
dihydroxyphenylacetic acid (DOPAC), and this effect was blocked by Losar­
tan (127) . In vitro field stimulation of rat brain striatal sliees induces DA 
release, as evidenced by increased DOPAC levels. Losartan ( 10-5-10-6 M) 
reduced this response (128). By contrast, long-term treatment of normal rats 
with Losartan ( 10 mg kg-l day-l s.c. for 2 1  days) produced a 1.64-fold 
increase in DOPAC levels (128) . 

The behavioral effects of All have been defined largely by the responses to 
ACE inhibitors. ACE inhibition has been shown to reverse atropine-induced 
hypermotility (nootropic effect) (129), to antagonize scopalamine-induced 
impairment in lightJdark discrimination (cognition effect) (130), and to re­
verse the escape deficits following a foot shock (learned-helplessness) pro­
cedure (131). The "behavioral" effects of Losartan have not been extensively 
characterized, but it appears to have effects similar to those reported for ACE 
inhibitors . Losartan in extremely low doses (0.1-100 fLg kg- I, p.o.)  inhibited 
the suppressed behavior of mice in a light/dark aversion test (anxiolyticlike 
action) (132). In a learned-helplessness paradigm in rats , Losartan (0.5-2 mg 
kg -I) reversed the behavioral deficit and significantly potentiated the effects 
of imipramine (P . Martin, personal communication) . Losartan at 100 mg 
kg·1 s .c . ,  like ACE inhibitors, reversed apomorphine-induced stereotyped 
behavior (increased licking, gnawing, and motor activity) in rats (133) . 
However, the ATTselective agent PD123177 (see Defining All Receptor 
Heterogeneity. below), at 30 mg kg-1 s .c . ,  had a similar effect in antagoniz­
ing apomorphine (133). These preliminary findings encourage further study 
of the central role of All and of Losartan in behavior. The central bioavailabil­
ity of Losartan has not been established. although it has recently been reported 
that Losartan given i .  v. to rats displaces All binding in brain areas outside the 
blood-brain barrier (F.A.O.  Mendelsohn, personal communication). This is 
unexpected because of the high water solubility of Losartan and previous 
results showing that Losartan at 10 mg kg-1, p .o. did not block the pressor 
effect to i .c.v .. All (39). 

All can have direct and indirect effects (contraction, secretion, and trans­
port) on nonvascular smooth muscle tissues (134, 135). Inhibitors of the RAS 
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are potent antagonists of these effects in vitro, but the in vivo effects (e .g.  the 
gastrointestinal side effects of the ACE inhibitors) have been limited (136). 
Losartan very selectively antagonized the All contractile responses of rat 
stomach and urinary bladder and human colon, intestine, and urinary bladder 
(137) . Likewise, Losartan (0.1 JLM) completely blocked the ATI-induced 
contraction of circular rings from guinea pig bladders (138). 

Other reported effects of Losartan include intraocular pressure-(lOP) 
lowering effects in rabbits (139), calcium ion channel effects in isolated 
canine Purkinje fibers (140), anti arrhythmia effects in isolated perfused rat 
hearts (141), and prostaglandin release (142) . A lack of effect of Losartan was 
noted in monocrotoline-induced pulmonary hypertension (143). 

Inhibition of the intraocular RAS by ACE inhibitors or renin inhibitors has 
been shown to lower lOP in rabbits and/or monkeys (133, 144). Similarly, a 
1 % Losartan solution administered topically to the eyes of conscious rabbits 
produced a small but significant and long-lasting reduction in lOP (139), 
whereas the ATTselective agent XD329 (PDI23177) was inactive . The exact 
nature of the lOP-lowering effects of these agents is unknown, but the eye has 
a RAS system. ACE activity has been found in ocular fluids of many species, 
including humans (145) . Furthermore, GTP-regulated All receptors have also 
been identified in the aqueous humor-generating tissue (the ciliary process 
and the iris and ciliary body) of the rabbit (146). 

Losartan (1 JLM) had no effect on L-type calcium current in canine ven­
tricular myocytes but blocked the increase in the calcium current induced by 
All (140) . In isolated canine Purkinje fibers, Losartan (10 JLM) had no effect 
on transmembrane action potentials (122) . In isolated perfused rat heart, 
Losartan (2 pM) given before ischemia reduced the median duration of 
ventricular fibrillation (147) (see the discussion below). 

The contribution of arachidonic acid products to the actions of All is not 
fully understood. It has been shown that All releases prostacyclin (6-keto­
PGF I£» in cultured rat mesenteric and aortic smooth muscle cells (148) . 
Inhibiting prostaglandin synthesis in an in situ rat cremaster muscle prepara­
tion blocked the dilator but not the constrictor response to All (149). By 
contrast, inhibiting lipoxygenase in rats reduced both the in vitro and in vivo 
vascular effects of All (150) . However, in cultured human vascular endothe­
lial cells (umbilical cord vein), All did not increase prostaglandin 12 (PGI2) 
synthesis even though captopril had a concentration-related inhibitory effect 
(10-9-10-3 M) (151). Recently, it has been reported that All releases PGE2 
and PGI2 from cultured human astrocytes, rat C6 glioma cells, and porcine 
smooth muscle cells (142) . Both responses were blocked by Losartan (10-7 
M) in C6 glioma. Losartan, however, was reported to produce a con­
centration-related (10-7_10-5 M) increase in PGI2 release in the human 
astrocytes, C6 glioma cells, and porcine smooth muscle cells (152) . In 
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subsequent studies in our laboratories, using cultured porcine smooth muscle 
cells , All binding sites and All-induced PGl2 release were demonstrated. In 
these cells, however, Losartan had no PGI-releasing effect but completely 
antagonized the All response (153). Furthermore, in rat C6 glioma cells and 
porcine and bovine endothelial cells, no response to All or Losartan was 
observed (153) . A lack of effect of Losartan on prostaglandin release was also 
noted in the isolated vas deferens of the rabbit (125). 

The involv(�ment of All in the etiology of pulmonary hypertension has been 
supported by the observations that the ACE inhibitors cilazapril (154) and 
captopril (155) partially prevent or ameliorate monocrotaline-induced car­
diopulmonary injury in rats. In a rat model of chronic hypoxia known to be 
associated with pulmonary hypertension, inhibiting the RAS with cilazapril 
reversed the medial thickening of the pulmonary arteries but did not decrease 
pulmonary artery pressure or right ventricular weight (156). In an initial 
report, Losat1an at 10 mg kg-I s.c. had no effect on pulmonary vascular 
remodeling or pulmonary hypertension when administered daily for 21 days 
beginning 24lh after monocrotaline treatment (143) . It should be noted that in 
the previous studies, the ACE inhibitors were given at the same time as the 
monocrotaline: (154, 155). Additional studies are needed to clarify the role of 
All in the etiology of pulmonary hypertension and of the potential usefulness 
of inhibitors of the RAS. 

PHARMACOLOGY IN MODELS OF HUMAN DISEASE 

The primary therapeutic indications for Losartan and other nonpeptide All 
receptor antagonists have been defined by ACE inhibitors, namely hyperten­
sion and heart failure (11, 157) . Other uses of inhibitors of the RAS system, 
including proteinuria, scleroderma renal crisis, idiopathic edema, Raynaud's 
syndrome, and hypertensive emergencies, are being explored with ACE 
inhibitors (11, 157). Experimentally, the beneficial effects of these drugs are 
being evaluated in animal models of stroke, diabetes, and myocardial 
ischemia. 

The antihypertensive effects of Losartan in "renin-dependent" models of 
hypertension or in sodium-depleted normal animals have been described 
above (see Blood Pressure-Lowering Effects) . The potential key to the 
importance of RAS inhibitors, including Losartan, in the long-term treatment 
of hypertension is their ability to block vascular hypertrophy that may be 
independent of arterial pressure per se (112). In addition, early treatment with 
these agents may significantly delay the onset of hypertension. Dosing of 
SHR in utero with RAS inhibitors , for example, produces long-lasting 
normalization of blood pressure (158), which suggests that future treatment of 
the young may permanently alter the course of the disease. This prospect must 
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be weighed against the risk of altering the critical role of All in maintaining 
blood pressure and renal function in the fetus (159). 

The anti-cardiac failure effects of Losartan have been assessed by two 
separate laboratories, using rats with coronary artery ligation-induced 
myocardial infarctions ( 115, 116). In the first, Losartan at 40 mg kg-I day- I 
by gavage for 14 days, like captopril , reduced left ventricular end-diastolic 
pressure and volume index while increasing venous compliance (115) . These 
rats had electrocardiographic evidence of large myocardial infarction (>40%) 
of the left ventricle 3 weeks after the coronary ligation and were anesthetized 
at the time of hemodynamic evaluation. In the second series of experiments , 
Losartan was administered at 15 mg kg-I day-I by osmotic pumps for either 
days 1-21 or days 21-35 postinfarction (115, 160). It was found that Losartan 
decreased cardiac hypertrophy but did not improve performance in conscious 
rats as determined by monitoring the response to an infusion of Ringer's 
solution (115). DNA synthesis was also not blocked in their experiments 
(160). These data suggest that the dose was too low, since in SHR, Losartan 
at 15 mg kg - 1 day -I took 10 weeks to block both the vascular and cardiac 
hypertrophy (60). In addition, interpretation is made difficult by the observa­
tion that captopril is the only ACE inhibitor that increased performance (161) . 
In SHR (60), aortic coarcted rats (114), and newborn pigs ( 162), Losartan 
acted like ACE inhibitors in blocking cardiac growth or hypertrophy, suggest­
ing that the action of both classes of agents is to antagonize the actions of All. 

In stroke-prone SHR fed a high-sodium diet or given saline to drink, 
Losartan dramatically reduces morbidity and mortality (64, 163). In these 
animals the RAS is activated with increased mortality associated with renal 
and cerebrovascular lesions (164) . In the diet-fed group , Losartan at 30 mg 
kg-I day-I via the drinking water increased survival at 12 weeks (84% in the 
Losartan group versus 26% in the untreated group). The Losartan treatment 
delayed the onset of hypertension but did not completely block the rise in 
pressure (64). In a separate study, Losartan at 15 mg kg-I twice daily by 
gavage prevented the stroke and proteinuria associated with providing SPSHR 
with saline to drink ( 163). None of the vehicle-treated SPSHR survived the 
I8-day experiment, whereas all of the Losartan-treated animals survived 
(163). These results are similar to those observed with high-dose enalapril in 
the same model (165), which suggests that All is the mediator of the stroke. 
Losartan and ACE inhibitors increased survival without preventing the de­
velopment of hypertension. Likewise, in salt-loaded Dahl S rats, Losartan at 
30 mg kg-I day-I in the drinking water greatly enhanced survival after 10 
weeks (63% of the Losartan and 31 % of the untreated controls), even though 
the blood pressures were not different in the two groups (62). The nature of 
this protective effect is as yet unexplained. 

In a model of renal disease, Losartan appears to have an important pro-
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tective effect (166). In rats with 85% renal ablation (remnant kidney model). 
Losartan at 8·-16 mg kg-1 day-l p.o. for 7 days significantly lowered systolic 
blood pressure and urinary protein excretion (74 :±: 41 mg day-l for Losartan 
vcrsus 186 ± 70 mg-1 day-l for the untreated controls) (166). In this setting. 
the protective effect of Losartan may relate to the reduction in pressure. in 
contrast to that observed in the SPSHR, in which pressure was not reduced. In 
rats with passive Heymann nephritis. Losartan at 6 mg kg-1 day-l had little 
effect on blood pressure but, like enalapril, significantly decreased the albu­
minuria (167). In diabetic rats, Losartan lowered blood pressure and normal­
ized glomerular pressure ( 168). 

The use of RAS inhibitors as myocardial anti ischemia agents has been 
suggested by a number of studies that show that ACE inhibitors reduce 
ventricular fibrillation in rats, pigs, and, importantly, humans (20). It has 
been suggest�:d that in rats, part of this effect of ACE inhibitors is related to 
their ability to potentiate bradykinin (169). Losartan (2 JLM), which blocks 
only the action of All at its receptor, has been shown to reduce the median 
duration of v�:ntricular fibrillation produced in isolated rat hearts by reperfus­
ing after 40 min of no flow (147). Similar results were shown with the ACE 
inhibitor enalaprilat (20 nM) and the rat renin inhibitor CGP44099A (20 nM) . 
The creatine phosphokinase release and recovery of left ventricular developed 
pressure was, however, not affected by any of the treatments (147). 

The possible direct effects of All on cardiac tissue have been suggested by 
the observation that there is a moderate to high density of All-binding sites 
throughout the conducting system of the heart including the sinus node, 
atrioventricular node. and atrioventricular bundle (170. 171). Inhibitors of 
All may exert part of their effect on the heart via an action on these 
conducting tissues. No direct effect of All or of Losartan was noted, however, 
in isolated canine Purkinje fibers (122). Direct inotropic and chronotropic 
effects of All have been demonstrated (172), and it has been recently sug­
gested that in patients undergoing long-term treatment with ACE inhibitors, 
All may play an important role (173). According to this hypothesis. the high 
circulating AI levels seen in these patients are converted to All by an 
alternative (non-ACE) pathway, as evidenced by the ability of captopril to 
inhibit only 11 % of the All "forming activity" in tissue from normal and 
pathologic human hearts ( 173). The importance of this action of All should be 
answered by the clinical trials of the nonpeptide All receptor antagonists, 
which will pre:sumably antagonize the effects of All regardless of the source. 

DEFINING All RECEPTOR HETEROGENEITY 

Losartan and PD 123177 are the nonpeptide All receptor antagonists which 
have become the prototypical ATl and AT2 selective agents (3, 28 , l 74). 
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These two antagonists have been instrumental, along with the new peptide 
AT 2-selective peptide antagonist CGP42112A (175), in elucidating the All 
"receptor" subtypes . The discovery of these selective antagonists has initiated 
a wealth of research directed toward identifying the occurrence and function 
of each SUbtype (see Table 3). As discussed above, Losartan blocks virtually 
all of the effects of All but it does not completely inhibit All binding (Tables 
1 and 2). Although this research is in its early stage, several observations 
concerning the occurrence of these Losartan-sensitive (designated AT I) and 
Losartan-resistant ( designated AT 2) sites can be made: (a) the relative amount 
of AT 2 sites varies with both the species and the specific tissue being studied, 
(b) the ATI sites are localized in very discrete parts of the brain, and (c) the 
fetus contains high levels of AT 2-binding sites in tissues that do not express 
these sites in the adult animal. 

The use of the new antagonists to define All receptor heterogeneity and 
receptor subtypes (Table 3) stemmed from the observation that Losartan did 
not completely inhibit eH]AII or e25I]AII binding to isolated adrenal cortical 
membranes not containing DTT (174-176). Losartan was shown to inhibit 
All binding virtually 100% in some tissues (e.g. the rat aorta), virtually 0% in 
other tissues (e.g. the rat adrenal medulla) and 59-60% in yet other tissues 
(e.g. the heart) (27, 174, 175). Several different designations have been used 
for these All receptor SUbtypes, including type A and B (175), type 1 and 2 
(177), AII- l and AII-2 (174), and AlIa and AII/3 (178). Recently, an ad hoc 
committee of the High Blood Pressure Countil-American Heart Association 
proposed a new nomenclature in which the abbreviation for the angiotensin 
receptor is AT with the subtypes being designated by numbered subscripts, 

Table 2 In vivo responses to All (ATI) blocked by Losartan 

Responsea 

Pressor response 

( + ) Aldosterone release 

( -) Renin release 
( + ) Vasopressin release 
( +) Drinking 
Sympathetic nerve 

functions 

Species 

Rats, pithed 
Rats, conscious 
Rats, conscious SHR & WKY 
Rats, myocardial infarcted 
Dogs, conscious (salt depleted) 

Dogs, conscious hypertensive 
Rats, conscious 
Rats (SHR and WKY rats) 
Rats, monkeys 
Rat, conscious 
Rats, conscious 
Dogs, renal artery 

'(+) Stimulation, (-) inhibition. 
bTotal dose: Lv.!. = intraventricular; i.a. = intraarterial 

Dose (mg kg-I) 

10 i.v. 
1, 3 i.v.; 1, 3, 10 p.o. 
? 
40 mg kg-I day-I, p.o. 
30, 100, 300, 1000 J.Lg kg-I 

. -I' 
mm t.v. 

3, 10, 30 p.o. 
10 i.v. 
? 
5, 10 i.v. 
0.7 JLgb, i.v.1. 
3, 10 s.c. 
10, 30, 100 J.Lg kg-I, i.a.b 

Reference 

22 
39 
69 

115 
44 

89 
68 
69 
96 

200 
68 
92 
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Table 3 Occurrence of receptor subtypes defined by inhibition of binding studies with nonpeptide All receptor antagonists 

Tissue 

Kidney 
Cortex 
Glomeruli 

JG apparatus 
Mesangial cells 

Vascular 
Aorta 

PuLmonary artery 
Adrenal (whole) 

Cortex 

Medulla 
Heart 
Brain (whole) 

Circumventricular organs (SFO) 
Nucleus solitary tract 
Pituitary 
Ventrolateral medulla 
Hypothalamus 
Superior colliculus 

ATI 

Rat (96), rabbit" 
Rat (20 I ), rabbit (207) 
Human (202) 

Rat (203, 204) humanb 

Rat (205), rabbit (206)" 
Pig ( 153) 
Rat ( 194) 
Rabbit (34) 
Rabbit, monkeya 
Rat, dog (208) 
Cow (3 1 ,  208) 
Rate, monkeya 
Rabbit, monke� 
Rat ( 179) 
Rat, human (201) 
Rat (211 )  
Human (201)  
Rat ( 1 66) 

Pred ominant All receptor sUbtype 
AT2 Both ATI and AT2 

Rat (174, 209) 

Rat ( 194) 

Rat ( 1 58, 201)  

Monkey (96) 

Monkey (96) 

Rara, monkeya 

Rat ( 1 77) 
Rat ( 175, 177)" 
Human ( 175) 
Rat ( 177) 
Rat ( 1 82), rabbit (2IOt 
Rata 

-
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Thalamus Rat (21 1 )  
Subthalamic nucleus Human (20 1 )  Rat ( 158, 201 ) 
Locus ceruleus Human (20 1 )  Rat ( 1 58 ,  201 )  
Inferior olive Rat ( 1 58, 2 1 1 )  

Human (20 1 )  
Cerebellum Rat ( 179), cow (180), Z 

human (20 1 )  0 
Reproductive organs Z 

Ovarian granulosa cell Rat (212)  ril 
Uterus Rat (209) Rabbit (34), Rat ( 175) � 

human ( 175, 206) t1 
r:n 

Liver Rat (34, 178, 209) » 
Miscellaneous --

Fetus Rat (21 3 )  :;0 
r:n 

Fibroblasts (fetal skin) ( 1 83) (j 
73 1 5C cells (35) r:n "1:i 
Swiss 3T3 cells (214) ..., 

0 
PCI 2 cells ( 1 78) :;0 
NGI08-1 5  undifferentiated ( 1 52) » 

Z NGl 08- 1 5  differentiated ( 1 52) ..., 
Neuronal cells (1 day) Rat (198) » 

Q 
AS!rocytic gial cells Rat (198, 199) 0 

Z -
aR.S .L. Chang, personal communication. en 

..., bR. Ardaillou, personal communication. en 
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e.g .  AT1 or AT2 (28). Losartan and DTT bind preferentially to AT1 receptor 
subtype, whereas PD123 177, CGP421 12A, and pNHz-Phe6-AII preferential­
ly bind to AT2 receptor subtype. 

With these selective antagonists as tools, two results have emerged. First, 
the relative proportion of AT 1 and AT 2 subtypes varies greatly across species 
and across tissues within species (Table 3). Second, most all of the known 
effects of All are functionally coupled to the AT1 receptor subtype (3, 25, 
27). 

AT1 receptor subtypes predominate in virtually all vascular tissue, in the 
adrenal cortex of most species , and certain areas of the brain such as the 
circumventricular organs, e .g .  the subfomical organ (27, 174, 175, 177). AT2 
receptor subtypes predominate in the adrenal medulla of the rat and specific 
parts of the brain such as the locus ceruleus, thalamus, and cerebellum ( 179, 
180). It should be noted that the distribution of All receptor subtypes differs 
significantly between rats and humans, e .g .  the subthalamic nucleus and locus 
ceruleus conta:ins AT1 sites in humans and AT2 sites in rats (Table 3). In most 
other tissues, such as adrenal cortex and kidney, there is a mixture of the two 
receptor subtypes. Importantly, the occurrence and distribution of AT] and 
AT2 receptor subtypes change markedly with maturation (181 ,  182). Some 
tissues abundantly express AT 2 sites in the fetus but do not express these sites 
soon after birth (181 ) .  The ratio of AT1 to AT2 may also change with the 
"passage" of cultured cells, as has been shown with fetal fibroblasts (183) .  

Functionally, the well-known actions of  All  are coupled to the AT I -binding 
site (Tables 1 and 2) . Furthermore, as discussed above, the actions of All on 
the second-messenger cyclic AMP (cAMP), phosphoinositol, and Ca2+ sys­
tems are virtually all antagonized by Losartan (30, 32, 33,  35) . The potential 
importance of an alternative functional site, however, remains high, and 
efforts continue to explore further receptor subtypes that are Losartan or 
PD123177 insl�nsitive, such as the mas oncogene (184) and the amphibian All 

receptors expressed in Xenopus oocytes ( 1 85). 
Possible intracellular actions of All have been proposed ( 186). The potent 

binding affinity of Losartan and subsequent nonpeptide antagonists for All 
receptors may allow the monitoring of All receptor through its synthesis, 
membrane ins,ertion, and recycling. A cytosolic All (actually SarIIle8-AII)­
binding site from rat liver homogenates has been identified, but this site is not 
bound by either Losartan or PD 123 177 (187). Losartan-sensitive sites in the 
nuclear fraction of rat liver cells have also been identified ( 188) . The func­
tional importance of these sites is not known, but it suggests that still further 
research may be warranted. 

Losartan and PD 123177 also play a role in characterizing the products of 
angiotensin receptor cloning . The angiotensin receptors from rat vascular 
smooth muscle cells (189), bovine adrenal cortical cells ( 190), and kidney 
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cells from SHR (191) have been sequenced . The binding of All and the 
All-induced CA 2+ transients of these "receptors" expressed in COS7 cells are 
antagonized by Losartan but not by PD12377. 

HUMAN PHARMACOLOGY 

Losartan is currently undergoing clinical trials and some early results have 
been reported (97, 192). In this initial trial in healthy male volunteers, 
Losartan at 40 mg day-l p.o.  produced similar reductions of the All pressor 
response on days 1 ,  4, and 8 ( 192). There was a dose-related increase in 
plasma renin activity, as seen with ACE inhibitors (95). Losartan was well 
tolerated, and an evaluation in hypertensive patients is under way. On the 
basis of the animal data and the early clinical results, it seems highly probably 
that Losartan will lower blood pressure in renin-dependent (ACE inhibitor­
sensitive) hypertension. It will be some time before sufficiently large com­
parative studies with ACE inhibitors to establish any advantage of efficacy or 
safety are completed. 

FUTURE PERSPECTIVES 

Losartan is the first nonpeptide All receptor antagonist that has reached 
clinical trial, and it is much too early to know whether it will become an 
important therapeutic agent. It is clear, however, that new compounds will 
follow, such as the biphenyl tetrazoles DuP 532 and L-158,809 and the 
nonbiphenyl tetrazole SKF 108566 (24). What will the newer compounds 
add? "Improved" pharmacokinetics and/or tissue selectivity will be issues 
with newer angiotensin receptor antagonists, as they are with the current rush 
of ACE inhibitors (11) . Although Losartan is clearly ATl selective and there 
is no clear function for the AT 2, efforts to identify AT Tspecific antagonists 
will continue. Would an inhibitor that blocked both receptor SUbtypes be 
preferable? Are there AT 1 receptor SUbtypes that could be selectively in­
hibited? Are there as yet unknown angiotensin receptor SUbtypes? Answering 
these questions will continue to fuel All receptor antagonist discovery pro­
grams for the foreseeable future. Each new receptor antagonist may then be 
used to further clarify the actions of All and the therapeutic consequence of 
blocking these actions. 

ACKNOWLEDGMENTS 

We acknowledge the assistance of Jacque Connor in acquiring the information 
and in preparing the manuscript. 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

2.
32

:1
35

-1
65

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



156 SMITH ET AL 

Literature Cited 

1 .  Timmermans, P. B. M. W. M . ,  Carini, 
D. J . ,  Chiu, A. T . ,  Duncia, J. V., Price, 
W. A . ,  et a.1 . 1 990. The discovery and 
physiological effects of a new class of 
highly specific angiotensin II receptor 
antagonists. In Hypertension: Patho­

physiology, Diagnosis and Manage­
ment, ed. J. H. Laragh, B. M. Brenner, 
pp. 235 1-2360. New York: Raven 

2. Chiu, A. T. , Duncia, J. V., McCall, D.  
E . ,  Wong, P. C. , Price, W. A . ,  et  al. 
1 989. Nonpeptide angiotensin II recep­
tor antagonists. III. Structure-function 
studies. J. Pharmacal. Exp. Ther. 
250:867-74 

3 .  Timmermans, P. B. M. W. M . ,  Wong, 
P.  C. , Chiu, A. T . ,  Herblin, W. F. 
199 1 .  Nonpeptide angiotensin II recep­
tor antagonists. Trends Pharmacol. Sci. 
1 2:55--62 

4. Richoux, J. P . ,  Cordonnier, J. L . ,  
Bouhnik, J. 1983 . Immunocytochemical 
localization of angiotensinogen in rat 
liver and kidney. Cell Tissue Res. 
1 22:439-5 1 

5. Samani, N. J. , Swales, J. D. 199 1 .  
Molecular biology of the vascular renin­
angiotensin system. Blood Vessels 28: 
2 10--16 

6. Schunkert. H . ,  Ingelfinger, J.  R . ,  Dzau. 
V. J. 1 99 1 .  Evolving concept of the in­
trarenal renin-angiotensin system in 
health and disease: contributions of 
molecular biology. Renal Physiol. 
Biochem. 14:146-54 

7. Goodfriend, T. L. 1 99 1 .  Angiotensins. 
A family that grows from within. 
Hypertension 17(2) : 139-40 

8. Duncia, J .  V.,  Chiu, A. T . ,  Carini, D. 
J . ,  Gregory, G .  B . ,  Johnson, A. L.,  
e t  al. 1990. The discovery o f  potent 
nonpeptide angiotensin II receptor an­
tagonists: a new class of potent anti­
hypertensiv�:s. J. Med. Chem. 33: 1 3 1 2-
29 

9.  Carini, D.  J., Duncia, J. V., Johnson, 
A. L. ,  Chiu. A. T . ,  Price, W. A . ,  et al. 
1 990. Nonpeptide angiotensin II recep­
tor antagonists: N-benzyloxybenzylimi­
dazoles and related compounds as potent 
antihypertensives. 1. Med. Chem. 
33: 1 330--36 

1 0 .  Timmermans, P. B. M. W. M . ,  Carini, 
D.  J., Chiu, A. T., Duncia, J. V., Price, 
W. A . ,  et al. 199 1 .  The discovery of a 
new class of highly specific nonpeptide 
angiotensin II receptor antagonists. Am. 
J. Hypertens. 4(4):275S-8 1 S  

1 1 .  Salvetti, A. 1990. Newer ACE in­
hibitors. A look at the future. Drugs 
40(6):800-28 

1 2 .  Cushman, D. W . ,  Ondetti, M. A. 1980. 
Inhibitors of angiotensin-converting en­
zyme for treatment of hypertension. 
Biochem. Pharmacol. 29: 1 87 1-77 

1 3 .  Furukawa, Y . ,  Kishimoto, S . ,  Nishika­
wa, K. 1982. Hypotensive imidazole de­
rivatives. US Patent No. 4,340,598. 

14. Furukawa, Y . ,  Kishimoto, S . ,  Nishika­
wa, K. 1982. Hypotensive imidazol-5-
acetic acid derivatives. US Patent No. 
4.355.040. 

1 5 .  Chiu, A. T . ,  Carini, D. J . ,  Johnson, A. 
L. ,  McCall, D.  E . ,  Price, W.  A.,  et al .  
1988. Nonpeptide angiotensin II recep­
tor antagonists. II. Pharmacology of S-
8308. Eur. J. Pharmacol. 157: 1 3-21 

16. Wong, P. C. , Chiu, A. T. , Price, W.  
A . ,  Thoolen, M. J. M. C. , Carini, D.  J . ,  
et  al .  1988. Nonpeptide angiotensin II 
receptor antagonists. I. Phannacoiogical 
characterization of 2-n-butyl-4-chloro-
1 -(2-chlorobenzyIJimidazole-5-acetic 
acid, sodium salt (S-8307). J. Pharma­
col. Exp. Ther. 247:1-7 

17. Timmermans, P. B. M. W. M . ,  Carini, 
D. J . •  Chiu. A. T . •  Duncia. J. V . •  Price. 
W. A . ,  et al. 1990. Nonpeptide an­
giotensin II receptor antagonists: a novel 
class of antihypertensive agents. Blood 
Vessels 27:295-300 

1 8 .  Chiu, A. T . ,  Carini, D. J . ,  Duncia, J .  
V., Leung, K. H.,  McCall, D .  E . ,  et al. 
199 1 .  DuP 532: a second generation of 
nonpeptide angiotensin II receptor an­
tagonists. Biachem. Biaphys. Res. Cam­
mun. 177(1):209-17 

19.  Siegl, P. K.  S . ,  Chang, R. S .  L . ,  Green­
lee, W. J . ,  Lotti, V. J . ,  Mantlo, N. B . ,  
et al. 199 1 .  I n  vivo pharmacology o f  a 
highly potent and selective nonpeptide 
angiotensin II (All) receptor antagonist: 
L- 158,809. FASt.,B J. 5(6) :A1576 
(Abstr.) 

20. Blankey, C. J . ,  Hodges, J. C. , Kiely, J. 
S . ,  Klutchko, S .  R. 1989. 4,5,6,7-
Tetrahydro- l H-imidazo[4,5-Cl pyridine 
derivatives and analogues having 
hypertensive activity. US Patent No. 
4,8 1 2,464 

2 1 .  Lu, G. H . ,  Taylor, D.  G. Jr. , Hodges, J .  
C. , Panek, R. L. 1 99 1 .  Characterization 
of angiotensin II-type 2 (AT2) binding 
sites in the rabbit uterus. FASEB J. 
5(4):A872 (Abstr.)  

22. Wong, P. C.,  Hart, S.  D . ,  Zaspel, A.,  
Chiu, A. T. , Smith, R. D.,  Timmer­
mans, P. B. M. W. M. 1990. Functional 
studies of nonpeptide angiotensin II re­
ceptor subtype-specific ligands: DuP 
753 (All-I )  and PD1 23177 (AII-2 .  J. 
Pharmacal. Exp. Ther. 255(2):584-92 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

2.
32

:1
35

-1
65

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



NONPEPTIDE All RECEPTOR ANTAGONISTS 157 

23. Wong, P. C., Carini, D.  J.,  Chiu, A. T., 
Hart, S .  D., Price, W. A., et al.  199 1 .  
Nonpeptide angiotensin II (All) receptor 
antagonists: pharmacology of DuP 532. 
FASEB J. 5(4):A1039 (Abstr.) 

24. Weinstock, J . ,  Keenan, R. M., 
Samanen, J.,  Hempel ,  J.,  Finkelstein, J. 
A., et al. 1 99 1 .  1 -(Carboxybenzyl) 
imidazole-5-acrylic acids: potent and se­
lective angiotensin II receptor an­
tagonists. 1. Med. Chem. 34: 1 5 1 4- 1 7  

2 5 .  Chiu, A.  T . ,  McCall ,  D. E . ,  Price, W .  
A . ,  Wong, P .  C . ,  Carini, D.  J . ,  et al. 
1 99 1 .  In vitro pharmacology of DuP 
753, a nonpcptide All receptor an­
tagonist. Am. 1. Hypertens. 4(4):282S-
87S 

26. Wong, P. C . ,  Tam, S. W . ,  Herblin, W. 
F . ,  Timmermans, P. B. M. W. M.  
1 99 1 .  Further studies on the selectivity 
of DuP 753, a nonpeptide angiotensin II 
receptor antagonist . Eur. J. Pharmacal. 
196:201-3 

27. Herblin, W.  F., Chiu, A. T., McCall, 
D. E . ,  Ardecky, R. J . ,  Carini, D. J . ,  et 
al. 199 1 .  Angiotensin II receptor hetero­
geneity. Am. J. Hypertens. 4(4): 
299S-302S 

28. Bumpus, F. M . ,  Cat!, K. J . ,  Chiu, A. 
T . ,  DeGasparo, M.,  Goodfriend, T.,  et 
al. 1 99 1 .  Nomenclature for angiotensin 
receptors. Hypertension 1 7(5):72�23 

29. Griendling, K. K . ,  Tsuda, T. ,  Berk, B.  
c. ,  Alexander, R.  W. 1989. An­
giotensin II stimulation of vascular 
smooth muscle cells. Am. J. Hypertens. 
2:659-65 

30. Chiu, A. T . ,  McCall, D. E . ,  Price, W. 
A . ,  Wong, P.  C . ,  Carini, D.  J . ,  et al . 
1990. Nonpeptide angiotensin II recep­
tor antagonists. VII. Cellular and 
biochemical pharmacology of DuP 753, 
an orally active antihypertensive agent . 
J. Pharmacal. Exp . Ther. 252:7 1 1-18 

3 1 .  Rasmussen-Ortega, K. , Printz, M. P. 
1 99 1 .  Multiple angiotensin receptor sub­
types in bovine adrenal medullary cells. 
FASEB J. 5(4):A869 (Abstr.) 

32. Bauer, P .  H . ,  Chiu, A. T., Garrison, J.  
C. 1 99 1 .  DuP 753 can antagonize the 
effects of angiotensin II in rat liver. Mol. 
Pharmacal. 39:579-85 

33.  Pfeilschifter, J. 1990. Angiotensin II B­
type receptor mediates phosphoinositide 
hydrolysis in mesangial cells. Eur. J. 
Pharmacal. 1 84:201-2 

34. Dudley, D. T . ,  Panek, R. L . ,  Majur, T. 
C . ,  Lu, G. H . ,  Burns, R. F . ,  et al. 1990. 
Subclasses of angiotensin II binding 
sites and their functional significance. 
Mol. Pharmacal. 38:37�77 

35. Crawford, K. , Cote, T. 1 991 . An an­
giotensin II receptor regulates two dif-

ferent G-protein signalling pathways. 
FASEB 1. 5(4):A870 (Abstr.) 

36. Wienen, W . ,  Diederen , W.,  Mauz, A. 
B .  M . ,  van Meel, J. C. A. 1 990. Rever­
sal of the non-competitive behaviour of 
the angiotensin II-antagonist SAR l Ile8-
All by a nonpeptide All-antagonist in 
vitro and in vivo. Eur. J. Pharmacal. 
1 83: 1553 (Abstr.) 

37. Barbagiovanni, J . ,  Patskanick, K . ,  Sill­
dorff, E. ,  Stephens, G. 1 991 . Blockade 
of the contractile response of the isolated 
aorta of the turtle to angiotensins (ANG) 
and norepinephrine (NE) with DuP 753, 
[Sari ,lIeB] ANG II, captopril ,  and phen­
tolamine. FASEB 1. 5(4):AI057 (Abstr.) 

38. Rhaleb, N.-E. , Rouissi, N . ,  Nantel, F . ,  
D'Orleans-Juste, P . ,  Regoli, D.  1 99 1 . 
DuP 753 is a specific antagonist for the 
angiotensin receptor. Hypertension 17 :  
48�84 

39. Wong, P. C . ,  Price, W. A. ,  Chiu , A. 
T . ,  Duncia, J. V . ,  Carini, D. J . ,  et al. 
1990. Nonpeptide angiotensin II recep­
tor antagonists. VIII. Characterization of 
functional antagonism displayed by DuP 
753, an orally active antihypertensive 
agent. J. Pharmacal. Exp. Ther. 252: 
7 1 9-25 

40. Wong, P. C. ,  Timmermans, P. B. M. 
W. M. 1 99 1 .  Nonpeptide angiotensin II 
receptor antagonists: InsumlOuntable an­
giotensin II antagonism of EXP3892 is 
reversed by the surmountable antagonist 
DuP 753. J. Pharmacal. Exp . Ther . 
258:49-57 

4 1 .  Wong, P. c. ,  Price , W. A . ,  Chiu, A .  
T. ,  Duncia, J. V . ,  Carini, D.  J . ,  e t  al. 
1990. Nonpeptide ,mgiotensin II recep­
tor antagonists. XI. Pharmacology of 
EXP3 1 74, an active metabolite of DuP 
753-an orally active antihypertensive 
agent. 1. Pharmacal. Exp . Ther. 255 
( 1 ): 2 1 1-17 

42.  Tofovic, S . ,  Pong, A . ,  Jackson, E .  K .  
1 99 1 .  Role of angiotensin receptor sub­
types in vivo in normotensive versus 
genetically hypertensive rats. FASEB 1. 
5(6):AI576 (Abstr.) 

43. Wong, P. C. ,  Hart, S. D . ,  Duncia, J .  
V . ,  Timmermans, P. B .  M. W. M.  
1 99 1 . Nonpeptide angiotensin II  recep­
tor antagonists. XIII. Studies with OUP 
753 and EXP3 1 74 in dogs. Eur. J. Phar­
macal. 202:323-30 

44. MacFadyen, R. J . ,  Tree, M . ,  Lever, A. 
F. ,  Reid, J. L. 1 991 . Hemodynamic and 
neurohorma1 responses to infusion of an 
angiotensin receptor antagonist in the 
conscious salt deplete beagle. FASEB J. 
5(6):AI767 (Abstr.) 

45 . Christ, D.  D . ,  Kilkson, T . ,  Wong, N . ,  
Lam, G.  1990. Formation and disposi-

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

2.
32

:1
35

-1
65

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



158 SMITH ET AL 

tion of EXP3 174, a phannacologically 
active metabolite of the novel an­
giotensin III receptor antagonist DuP 
753. Proc. lnt. Soc. Study Xenobiotica 
(ISSX), San Diego, Oct. 21-25 

46. Christ, D. D . ,  Read, N. W . ,  Wong, N . ,  
Lam, G.  N . ,  Quon, C. Y .  1990. Phar­
macokinetics of the novel angiotensin II 
receptor antagonist DuP 753 in dogs. 
FASEB J. 4(3):A462 (Abstr.) 

47. Wang, D. H., Keelan, C.  A.,  Prewitt, 
R. L. 1991 . The effect of DuP 753, a 
nonpeptide ,mgiotensin II antagonist, on 
arteries and arterioles in renal hyperten­
sive rats. FASEB. J. 5(6):AI752 
(Abstr.) 

48. Wood, J .  MI. ,  Mah, S .  c., Schnell, C.  
1990. Comparison of the acute hypoten­
sive effects of renin inhibition, convert­
ing enzyme inhibition, and angiotensin 
II antagonism in rats. J. Cardiovasc. 
Pharmacol. 16 (Supp!. 4):S6� 

49. Ignasiak, D. P . ,  Peterson, J.  T. ,  Keiser, 
J .  A. 199 1 .  Cardiovascular effects of 
DuP 753 in Na-deplete anesthetized 
dogs. FASEB J. 5(4):AI413 (Abstr.) 

50. Wong, P. C., Price, W. A . ,  Chiu, A. 
T., Duncia, J.  Y., Carini, D .  J., et a!. 
1 990. Nonpeptide angiotensin II recep­
tor antagonists. IX. Antihypertensive 
activity in rats of DuP 753, an orally 
a,ctive antihypertensive agent. J. Phar­
macol. Exp. Ther. 252:726--32 

5 1 .  Weishaar, R. E . ,  Panek, R. L . ,  Major, 
T. C . ,  Lu, G .  H . ,  Hodges, J. C . ,  Dud­
ley, D. T. 1 990. Evidence for subclasses 
of angiotensin II binding sites and their 
functional significance. Am. J. Hyper­
tens. 3 (5):98A (Abstr.) 

52. Niederberger, M . ,  Nussberger, J . ,  Brun­
ner, H. R . ,  Waeber, B. 1 990. Effects of 
ACE inhibition, angiotensin II receptor 
blockade and Na-nitroprusside on sym­
pathetic nerve activity of renal hyperten­
sive rats . Circulation 82(4):III-684 
(Abstr.) 

53. Lee, H .  B., Blaufox, M.  D.  1 99 1 .  Renal 
effect of DuP 753 in renovascular 
hypertension. Am. J. Hypertens. 4(5): 
84A (Abstr.) 

54. Keiser, J .  A., Painchaud, C .  A. , Hicks, 
G. W . ,  Ryan, M. J . ,  Taylor, D. G.  
1 99 1 .  Effects of oral DuP 753 in renal 
hypertensive primates. Am. J. Hyper­
tens. 4(5):32A (Abstr.) 

55. Sweet, C. S . ,  Gross, D.  M . ,  Arbegast, 
P. T . ,  Gaul, S. L. ,  Britt, P. M . ,  et a!. 
1 98 1 .  Antihypertensive activity of 
N-[ (s)-I -(ethoxycarbonyl)-3-phenyl­
propyIJ-L-Ala-L-Pro (MK-421),  an oral­
ly active converting enzyme inhibitor. J. 
Pharmacol. Exp. Ther. 2 1 6:558--66 

56. Wong, P. C. , Price, W. A . ,  Chiu, A.  

T . ,  Duncia, J. Y . ,  Carini, D .  J . ,  et  al. 
1990. Hypotensive action of DuP 753, 
an angiotensin II antagonist, in spon­
taneously-hypertensive rats. Nonpeptide 
angiotensin II receptor antagonists: X.  
Hypertension 15 :459-68 

57. Wong, P. C . ,  Reilly, T. M . ,  Timmer­
mans, P. B .  M. W. M. 1990. An­
giotensin II monoclonal antibody: blood 
pressure effects in normotensive and 
spontaneously hypertensive rats. Eur. J. 
Pharmacol. 1 86:353-56 

58. Inagami, T. ,  Murakami, T . ,  Higuchi, 
" K . ,  Nakajo, S. 199 1 .  Roles of renal and 

vascular renin in spontaneous hyperten­
sion and switching of mechanism upon 
nephrectomy: lack of hypotensive 
effects of inhibition of renin, converting 
enzyme, angiotensin II receptor blocker 
after bilateral nephrectomy. Am. J. 
Hypertens. 4:155-225 

59. Kivlighn, S. D . ,  Gabel, R. A . ,  Siegl, P. 
K. S.  1991 . L-158,809: antihypertensive 
efficacy and effects on renal function in 
the conscious spontaneously hyperten­
sive rat (SHR). FASEB J. (6):AI576 
(Abstr.) 

60. Morton, J.  J . ,  Beattie, E. C., MacPher­
son, F. 199 1 .  Differential effects of cap­
topril and the angiotensin receptor an­
tagonist DuP 753 on cardiovascular 
remodelling in the spontaneously 
hypertensive rat (SHR). FASEB J. 
5(4):A I 255 (Abstr.) 

6 1 .  Chung, 0., Schips, T., Qadri , F . ,  Gan­
ten, D . ,  Mullins, J . ,  Unger, T. 199 1 .  
Cardiovascular characterization of the 
transgenic mRen2 rat (TGR). FASEB J. 
5(6):AI639 (Abstr.) 

62. von Lutterotti ,  N., Camargo, M. J.  F. , 
Mueller, F. B . ,  Timmermans, P. B .  M. 
W. M . ,  Laragh, J.  H. 1991 . Angiotensin 
II receptor antagonist markedly reduces 
morbidity in salt-loaded Dahl S rats. 
Am. J. Hypertens. 4(4):346S-49S 

63. Sim, G . ,  Mahboubi, K. , Shen, W . ,  
Chander, P . ,  Stier, C.  T .  Jr. 199 1 .  An­
giotensin II receptor antagonist DuP 753 
prevents stroke and hypertensive renal 
disease in salt-loaded stroke-prone SHR. 
J. Am. Soc. Nephrol. (Abstr.) 

64. Camargo, M. J. F.,  von Lutterotti , N . ,  
Peeker, M .  S . ,  James, G .  D . ,  Timmer­
mans, P. B .  M. W. M . ,  Laragh, J. H.  
199 1 .  DuP 753 increases survival in 
spontaneously hypertensive stroke-prone 
rats fed a high sodium diet. Am. J. 
Hypertens. 4(4):341 S-45S 

65. Smits, G. J . •  Blaine. E. H. 1990. Rever­
sal of hypertension caused by long-term, 
low dose angiotensin II (AIl) infusion in 
rats. 1. Hypertens. 8(Suppl. 3):S31 
(Abstr.) 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

2.
32

:1
35

-1
65

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



NONPEPTIDE All RECEPTOR ANTAGONISTS 159 

66. Laragh, J. H . ,  Angers, M . ,  Kelly, W. 
G.,  Lieberman, S .  1960. The effect of 
epinephrine, norepinephrine, angioten­
sin II and others on the secretory rate of 
aldosterone in man. J. Am. Med. Assoc. 
174:234-40 

67. Chiu, A. T . ,  Peach, M. J .  1974. lnhibi­
tion of induced aldosterone biosynthesis 
with a specific antagonist of angiotensin. 
Proc. Natl. Acad. Sci. USA 7 1 :341-
44 

68. Wong, P. c . ,  Price, W. A . ,  Chiu, A. 
T., Carini, D.  J . ,  Duncia, J .  V. , et al. 
1 990. Nonpeptide angiotensin II recep­
tor antagonists: studies with EXP9270 
and DuP 753 . Hypertension 15 :823-34 

69. Tofovic, S . ,  Pong, A . ,  Jackson, E. K.  
199 1 .  Role of angiotensin (ANG) recep­
tor subtypes in vivo in normotensive ver­
sus hypertensive rats. FASEB J. 
5(6) :AI576 (Abstr.) 

70. Reid, I. A. 1984. Actions of angiotensin 
II on the brain: mechanisms and 
physiologic role. Am. J. Physiol. 246: 
F533-43 

7 1 .  Phillips, M. 1.  1987. Functions of an­
giotensin in the central nervous system. 
Annu. Rev. Physiol. 49:413-35 

72. Koepke, J. P . ,  Bovy, P. R . ,  McMahon, 
E. G . ,  Olins, G. M . ,  Reitz, D. B . ,  et al. 
1989. Central and peripheral actions of a 
nonpeptide angiotensin II receptor an­
tagonist. Hypertension 15:841-47 

73. Stauss, H . ,  Rettig, R . ,  Unger, T. 199 1 .  
Role of angiotensin I I  as a neuropeptide 
in thirst-induced drinking. FASEB J. 
5(4):A658 (Abstr.) 

74. Hall, J. E. 1989. lntrarenal actions of 
converting enzyme inhibitors. Am. J. 
Hypertens. 2:875-84 

75.  Carmines, P. K . ,  Fleming, J. T. 1990. 
Control of renal microvasculature by 
vasoactive peptides. FASEB J. 4:3300-9 

76. Cogan, M. G. 1990. Angiotensin II: a 
powerful controller of sodium transport 
in the early proximal tubule. Hyperten­
sion 1 5 :451-58 

77. Johns, E.  J. 1989. Role of angiotensin II 
and the sympathetic nervous system in 
the control of renal function. Hyperten­
sion 7:695-701 

78 .  Zimmerman, B .  G. 1 98 1 .  Adrenergic 
facilitation by angiotensin: does it serve 
a physiological function? CUn. Sci. 
60:343-48 

79. Keeton , T. K . , Campbell, W. B .  1980. 
The pharmacological alteration of renin 
release. Pharmacol. Rev. 32:8 1-227 

80. Fontoura, B. M. A . ,  Nussenzveig, D.  
R. ,  Timmermans, P. B.  M.  W. M. ,  
Maack, T. 199 1 .  DuP 753 is a potent 
antagonist of angiotensin II receptors in 
isolated perfused rat kidney and in cul-

tured renal cells. Am. J. Hypertens. 
4(4):303S-8S 

8 1 .  Loutzenhiser, R . ,  Epstein, M . ,  Hayashi, 
K . ,  Takenaka, T . ,  Forster, H. 199 1 .  
Characterization of the renal micro­
vascular effects of angiotensin II an­
tagonist, DuP 753: studies in isolated 
perfused hydronephrotic kidneys. Am. J. 
Hypertens. 4(4):309S-14S 

82. Cogan, M. G . ,  Xie, M .-H. ,  Liu, F.-Y. , 
Wong, P. c. , Timmermans, P. B. M .  
W .  M .  199 1 .  Effects of DuP 753 on 
proximal nephron and renal transport. 
Am. J. Hypertens. 4(4) :315S-20S 

83.  Barnes, J. C . ,  Brown, 1. D . ,  Hancock, 
A. B . ,  Michel, R. D. 1991 . Angiotensin 
II-induced contractions of the isolated 
pupa of rat uterus are mediated through 
the ATI receptor. Br. J. Pharmacol. In 
press 

84. Fenoy, F. J . ,  Milicic, 1 . ,  Smith, R. D . ,  
Wong, P. C . ,  Timmennans, P. B .  M .  
W .  M . ,  Roman, R.  J .  199 1 .  Effects of 
DuP 753 on renal function of normoten­
sive and spontaneously hypertensive 
rats . Am. J. Hypertens. 4(4):32 IS-26S 

85.  Hajj-Ali, A. F . ,  Zimmerman, B. G.  
1 990. Persistence of ACE-inhibitor­
induced renal vasodilation during an­
giotensin receptor blockade. FASEB J. 
4(4):AI 1 13 (Abstr.) 

86. Zimmerman, B .  G., Hajj-Ali, A.  F .  
199 1 .  Bradykinin mediates captopril­
induced renal vasodilation during acute 
angiotensin receptor blockade. F ASEB 
J. 5(4):A\o40 (Abstr. )  

87.  Hajj-Ali, A.  F . ,  Zimmermann, B .  G.  
1 99 1 .  Bradykinin mediates the renal 
vasodilator effect of captopril during an­
giotensin receptor blockade. Hyperten­
sion 17:504--9 

88.  El Amrani, A.-I.  K . ,  Gonzales, M.-F. , 
Menard, J . ,  Michel, J .-B. 1 99 1 .  Com­
parisons between Ang II-receptor an­
tagonist, converting enzyme inhibitor 
and renin inhibitor on renal function in 
guinea pigs. FASEB J. 5(4):A841 
(Abstr.) 

89. Bovee, K. c., Wong, P. C., Timmer­
mans, P. B .  M. W. M . ,  Thoolen, M .  J.  
M. C.  199 1 .  Effects of the nonpeptide 
angiotensin II receptor antagonist DuP 
753 on blood pressure and renal func­
tions in spontaneously hypertensive PH 
dogs. Am. J. Hypertens. 4(4):327S-33S 

90. Hegde, S . ,  Vimont, R. , Clarke, D.  
199 1 .  Angiotensin receptors and renal 
noradrenergic neuro-effector mech­
anisms. FASEB J. 5(4):A871 (Abstr.)  

91.  Rhee, H .  R . ,  Lee, S .  M. 199 1 .  Does 
DuP 753 decrease renal sympathetic 
nerve activity in anesthetized rabbits? 
FASEB J. 5(6):AI766 (Abstr.) 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

2.
32

:1
35

-1
65

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



160 SMITH ET AL 

92. Wong, P. C . ,  Hart, S. D . ,  Timmer­
mans, P. B. M. W. M .  199 1 .  Effect of 
angiotensin II antagonism on canine re­
nal sympathetic nerve function. 
Hypertension 17: 1 127-34 

93 . Lee, S. M. , Rhee, H. M. 1 99 1 .  Effects 
of DuP 753, angiotensin II antagonist, 
on baroreceptor sensitivity and on renal 
nerve activity. Am. J. Hypertens. 
4(5):32A (Abstr.)  

94. Vander, A. J. ,  Geelhoed, G. W. 1 965 . 
Inhibition of renin secretion by an­
giotensin II , Proc. Soc. Exp. BioI. Med. 
1 20:399-403 

95. Brunner, H. R. , Nussberger, J . ,  Wae­
ber, B .  1990. Various approaches to 
blockade of the renin-angiotensin sys­
tem: persistl�nt renin response. J. Hyper­
tens. 8(Suppl. 7):SI49--53 

96. Gibson, R. E . ,  Thorpe, H. H . ,  Cart­
wright, M. E . ,  Frank, J. D . ,  Schorn, T. 
W . ,  et al. 199 1 .  Angiotensin II receptor 
subtypes in the renal cortex of rat and 
rhesus monkey. Am. J. Physiol. In press 

97. Christen, Y . ,  Waeber, B . ,  Nussberger, 
1 . ,  Lee, R. I . ,  Timmermans, P. B .  M. 
W.  M . ,  Brunner, H.  R. 199 1 .  Dose­
response relationships following oral ad­
ministration of DuP 753 to normal hu­
mans. Am. J. Hypertens. 4(4):350S-
53S 

98. Camargo, M. 1. F. , von Lutterotti, N . ,  
Pecker, M.  S . ,  James, G.  D . ,  Timmer­
mans, P. B. M. W. M . ,  Laragh, 1 .  H. 
1990. Effect of  a nonpeptide angiotensin 
II receptor .mtagonist in SHRsp. Am. J. 
Hypertens. 3(5): 14A (Abstr.) 

99. Camargo, M .  J .  F. , von Lutterotti, N . ,  
Campbell, W. G.  Jr. ,  James, G.  D . ,  
Peeker, M. S . ,  Laragh, J .  H. 1 99 1 .  
Abnormal relationship between ANF 
and PRA in stroke-prone SHR (SHRsp) 
is corrected by angiotensin II (All) an­
tagonism. Am. J. Hypertens. 4(5):84A 
(Abstr.) 

100. Campbell, J. H . ,  Tachas, G., Black, M. 
J. ,  Cockerill, G.,  Campbell,  G. R. 
1 99 1 .  Mol,ecular biology of vascular 
hypertrophy. Basic Res. Cardiol. 86 
(Suppl. 1):3-1 1 

1 0 1 . Morgan, H. E . ,  Baker, K. M. 1 99 1 .  
Cardiac hypertrophy: mechanical, neural 
and endocrine dependence. Circulation 
83(1): 1 3-25 

102. Schelling, P . ,  Fischer, H. , Ganten, D. 
1 99 1 .  Angiotensin and cell growth: a 
link to cardiovascular hypertrophy? J. 
Hypertens. 9(1 ):3-15 

1 03 .  Powell, J .  S . ,  Muller, R. K. M . ,  Rouge, 
M . ,  Kuhn, H . ,  Hefti, F . ,  Baumgarten, 
H. R. 1 990. The proliferative response 
to vascular injury is suppressed by an­
giotensin converting enzyme inhibition. 

J. Cardiovasc. Pharmacol. 1 6(Suppl. 
4):S42-S49 

104. Wang, D. H . ,  Prewitt, R. L. 1990. Cap­
topril reduces aortic and microvascular 
growth in hypertensive rats . Hyperten­
sion 1 5:68-77 

105. Chiu, A. T. , Roscoe, W. A . ,  McCall, 
D. E . ,  Timmermans, P. B. M. W. M .  
199 1 .  Angiotensin II-I receptors medi­
ate both vasoconstrictor and hypertro­
phic responses in rat aortic smooth mus­
cle cells. Receptor 1 (3): 1 33--40 

106. Briand, V . ,  Riva, L . ,  Galzin, A. M .  
199 1 .  Angiotensin II induces DNA syn­
thesis in cultured vascular smooth mus­
cle cells. Br. J. Pharmacol. In press 

107. Laporte, S . ,  Gervais, A. ,  Escher, E. 
199 1 .  Angiotensin II antagonists prevent 
the myoproliferative response after 
vascular injury. FASEB J. 5(4):A869 
(Abstr.)  

108. Hernandez, I . ,  Cowley, A. W. Jr. , Ro­
man, R. J . ,  Lombard, J. H . ,  Greene, A. 
S .  1 99 1 .  Salt intake and angiotensin II 
alter microvessel density in the cremas­
ter muscle of normal rats. FASEB J. 
5(6):AI482 (Abstr.) 

109. Samuel, J. L. , Dubus, 1 . ,  Contard, F . ,  
Schwartz, K . ,  Rappaport, L.  1990. 
Biological signals of cardiac hypertro­
phy. Eur. Heart J. l 1(Suppl. G): 1-7 

1 10.  Sen, S . ,  Tarazi, R. C . ,  Khairalleh, P.  
A.,  Bumpus, F.  M. 1974. Cardiac 
hypertrophy in spontaneously hyperten­
sive rats. Circ. Res. 35:775-81 

I l l .  Pfeffer, J. M . ,  Pfeffer, M. A. , Mursky, 
I . ,  Braunwald, E. 1982, Regression of 
left ventricular hypertrophy and preven­
tion of left ventricular dysfunction by 
captopril in the spontaneously hyperten­
sive rat. Proc. Natl. Acad. Sci. USA 
79:33 10-14 

1 12.  Linz, W.,  Scholkens, B .  A. ,  Ganten, D .  
1989. Converting enzyme inhibition 
specifically prevents the development 
and reduces regression of cardiac 
hypertrophy in rats . Clin. Exp. Hyper­
tens. 1 1 : 1 325-50 

I l 3.  Baker, K. M . ,  Dostal, D. E . ,  Chernin, 
M. I . ,  Wealand, A. L . ,  Conrad, K. M .  
1 99 1 .  Angiotensin II-mediated cardiac 
hypertrophy in adult rats. J. Cell. 
Biochem. Suppl. 15C: 167 (Abstr.) 

1 14.  Linz, W., Henning, R., Scholkens ,  B. 
A., Becker, R. H.  A. 199 1 .  CE­
inhibition and ANG II-receptor antago­
nism on developoment and regression of 
cardiac hypertrophy in rats. Curro Adv. 
ACE Inhibition II. In press 

I l5 .  Raya, T. E . ,  Fonken, S. J . ,  Lee, R. W . ,  
Daugherty, S . ,  Goldman, S . ,  et al. 
1 991 . Hemodynamic effects of direct 
angiotensin II blockade compared to 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

2.
32

:1
35

-1
65

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



NONPEPTIDE All RECEPTOR ANTAGONISTS 161 

converting enzyme inhibition in rat mod­
el of heart failure. Am. J. Hypertens. 
4(4):334S-40S 

1 16 .  Schoemaker, R. G . ,  Debets, J. J. M. , 
Smits, J. F. M. 1 99 1 .  Effects of capto­
pril on cardiac function in heart failure 
rats can not be explained by angiotensin 
II- I receptor mediated mechanisms. 
FASEB J. 5(4):A841 (Abstr.) 

1 17.  Bakris, G.  L., Akerstrom, V., Re, R.  N. 
1 99 1 . Insulin, angiotensin II antagonism 
and converting enzyme inhibition: effect 
of human mesangial cell mitogenicity 
and endothelin. Hypertension 1 6:326 
(Abstr.) 

1 1 8.  Chen, L . ,  Re, R. N. 199 1 .  Angiotensin 
and the regulation of neuroblastoma cell 
growth. Am. J. Hypertens. 4(5):82A 
(Abstr.) 

1 19 .  Wolf, G . ,  Neilson, E. G . ,  Goldfarb, S . ,  
Ziyadeh, F .  N .  199 1 .  The influence of 
glucose concentration on angiotensin 11-
induced hypertrophy of proximal tubular 
cells in culture. Biochem. Biophys. Res. 
Commun. 1 76(2):902-9 

120. Hanley, M .  R. 1990. Peptide an­
tagonists for use in cancer therapy, and 
the use of mas oncogene and its product. 
International Patent No. W090/03I81 

1 2 1 .  Fernandez, L. A. 1990. Inhibiting of 
tumor growth with an antagonist of the 
renin-angiotensin system. US Patent No. 
4,898, 732 

122. Brown, B .  S . ,  Smith, R.  D . ,  Murphy, 
P. A. 1 99 1 .  Lack of electrophysiological 
effects of DuP 753, a nonpeptide an­
tagonist of angiotensin II (All), in 
canine cardiac purkinje fibers. FASEB J. 
5(6):AI767 (Abstr.) 

123.  Jackson, E. K. , Inagami, T. 1990. 
Blockade of the pre- and post junctional 
effects of angiotensin in vivo with a noli­
peptide angiotensin receptor antagonist. 
Life Sci . 46:945-53 

1 24. Cline, W. H . ,  Stephenson, L. L. 199 1 .  
Reversal b y  indomethacin of the an­
tagonism of angiotensin II-mediated 
facilitation of mesenteric vascular 
noradrenergic neurotransmission by DuP 
753 in adult WKY and SHR prepara­
tions. FASEB J. 5(6):AI576 (Abstr.) 

125. Trachte, G. J . ,  Ferrario, C. M . ,  Khosla, 
M. C. 1990. Selective blockade of an­
giotensin responses in the rabbit isolated 
vas deferens by angiotensin receptor an­
tagonists. J. Pharmacol. Exp. Ther. 
255(3):929-34 

1 26.  Trachtc, G. J . ,  Khosla, M. c . ,  Farrario, 
C .  M .  199 1 .  Angiotensin II stimulates 
phosphatidyicholine phospholipase C to 
enhance adrenergic neurotransmission. 
FASEB J. 5(6):AI740 (Abstr.) 

1 27 .  Veltmar, A., Qadri , F., Stadler, T., Un-

ger, T. 199 1 .  Influence of angiotensin II 
(ANG II) on the release of noradrenaline 
(NA) in the nucleus paraventricularis 
(PVN) and nucleus supraopticus (SON): 
a microdialysis-study on conscious rats. 
FASEB J. 5(4):A I068 (Abstr. )  

128.  Jewell, A . ,  Painter, D . ,  Buxton, S. , 
Cassis, L. , Dwoskin, L. 199 1 .  DuP 753, 
a nonpeptide angiotensin II-I receptor 
antagonist, modulates dopaminergic 
function in rat striatum. FASEB J. 
5(4):A864 (Abstr.) 

129. Manning-Sayi, J., Leonard, B .  E. 1989. 
Studies on the nootropic potential of 
some angiotensin converting enzyme in­
hibitors in the mouse. Prog. Neuro­
Psychopharmacol. BioI. Psychiatry 13:  
953--62 

1 30. Costall, B . ,  Coughlan, J . ,  Horovitz, T. 
P . ,  Kelly, M. E . ,  Naylor, R. J . ,  Tom­
kins, D. M. 1989. The effects of ACE 
inhibitors captopril and SQ29,852 in ro­
dent tests of cognition. Pharmacol. 
Biochem. Behav. 33:573-79 

1 3 1 .  Martin, P . ,  Mossol, J . ,  Scalbert, E . ,  
Puech, A. J. 1990. Involvement of an­
giotensin-converting enzyme inhibition 
in reversal of helpless behavior evoked 
by perindopril in rats. Eur. J. Pharma­
col. 1 87 : 1 65-70 

1 32.  Barnes, N. M . ,  Costall, B . ,  Kelly, M .  
E . ,  Murphy, D. A . ,  Naylor, R.  J.  1 990. 
Anxiolytic-like action of DuP 753, a 
nonpeptide angiotensin II receptor an­
tagonist. NeuroReport 1 : 15-16 

133. Banks, R.  J. A., Dourish, C. T. 199 1 .  
The angiotensin receptor antagonists 
DuP 753 and WLl 9  block apomorphine­
induced stereotypy in the rat. Br. J. 
Pharmacol. 104:63P 

1 34. Regoli, D . ,  Park, W. K . ,  Rioux, F. 
1974. Pharmacology of angiotensin. 
Pharmacol. Rev. 26:69-123 

1 35 .  Levens, N .  R.  1985. Control of in­
testinal absorption by the renin-" 
angiotensin system. Am. J. Physiol. 
249:G3-G I 5  

1 36. Warner, N .  J . ,  Rush, J. E .  1 988. Safety 
profile of the angiotensin-converting en­
zyme inhibitor. Drugs 35(Suppl. 5):89-
97 

1 37 .  Rhaleb, N-E . ,  Rouissi, N . ,  Nantel, F. , 
D 'Orieans-Juste, P . ,  Regoli, D. 199 1 .  
DuP 753 i s  a specific antagonist for the 
angiotensin receptor. Hypertension 17 :  
48()"'84 

138.  Leung, E . ,  Eglen, R. M. 199 1 .  
Characterization of angiotensin II recep­
tors in the urinary bladder of the guinea­
pig. FASEB J. 5(4):A871 (Abstr.) 

1 39. Wilson, S . ,  Jin, Y., Elko, E., Yorio, T. 
1 99 1 .  The ocular hypotensive effect of 
DuP 753, a nonpeptide angiotensin II 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

2.
32

:1
35

-1
65

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



162 SMITH ET AL 

antagonist FASEB J. 5(4):AI 2 1 8  
(Abstr.) 

140. Moscucci, A . ,  Moscucci, M . ,  Murphy, 
M. B . ,  January, C. T. 1990. An­
giotensin II receptor-mediated effects on 
L-type CA + + current in canine ven­
tricular myocytes: a study using DuP 
753 , a new, receptor specific , nonpep­
tide angiotensin II antagonist. Biophys. 
J. 59:99a (Abstr.) 

1 4 1 .  Fleetwood, G . ,  Boutinet, S . ,  Wood, J. 
M . ,  Meier, M. 1 989. Angiotensin II and 
postischaemic myocardial arrhythmias. 
XIth Congr'�ss of the European Society 
of Cardiology. Eur. Heart J. 10:266 
(Abstr.) 

142. Jaiswal, N . . Diz, D. t ,  Tallant, E.  A . ,  
Khosla, M .  c. , Ferrario, C. M. 199 1 .  
The nonpepltide angiotensin II antagonist 
DuP 753 is a potent stimulus for prosta­
cyclin synthesis. Am. 1. Hypertens. 
4:228-33 

143. Rippetoe, P. E . ,  Fitz, R . ,  Painter, D. , 
Soltis, E . ,  Gillespie , M. N . ,  Cassis, L.  
1 99 1 .  Angiotensin (All) and monocrota­
line (MCT)-induced pulmonary hyper­
tension: effect ot DuP 753, a nonpeptide 
All- I receptor antagonist. FASEB J. 
5(4):A535 (Abstr.) 

144. Watkins, R. W . ,  Baum, T . ,  Cedemo, 
K . ,  Smith, E. M . ,  Yuen, P.-H . ,  et aL 
1 987. Topical ocular hypotensive effects 
of the novell angiotensin converting en­
zyme inhibitor SCH-33861 in conscious 
rabbits. 1. Ocular Pharmacol. 3:295-
307 

145.  Weinrek, R. N . ,  Sandman, R . ,  Ryder, 
M. t ,  Friberg, T. R. 1985. Angiotensin 
converting enzyme activity in human 
aqueous humor. Arch. Ophthalmol. 
103:34-40 

146. Mallorga, P . ,  Babilon, R. W . ,  Sugrue, 
M. F. 1989. Angiotensin II receptors 
labelled with 1 25I-[Sar1 ,lIe8l-AIl in 
albino rabbit ocular tissues. Curro Eye 
Res. 8(8):841-49 

147. Fleetwood, G . ,  Boutinet, S . ,  Meier, M . ,  
Wood, J.  M.  1 99 1 .  Involvement of the 
renin-angiot,ensin system in ischemic 
damage and reperfusion arrhythmias in 
the isolated perfused rat heart. J. Car­
diovasc. Pharmacol. 1 7:35 1-56 

148.  Chardonnens, D . ,  Lang, U . ,  Capponi, 
A. M . ,  Vallotton, M. B. 1989. Com­
parison of the effects of angiotensin II 
and vasopressin on cytosolic free cal­
cium concentrations,  protein kinase C 
activity and prostacyclin production in 
cultured rat aorta and mesenteric smooth 
muscle cells. J. Cardiovasc. Pharma­
col. 14(SuppL 6):S39-S44 

149. Fleming, J. T . ,  Joshua, t G. 1984. 
Mechanism of the biphasic arteriolar re-

sponse to angiotensin II. Am. J. Physiol. 
247:H88-H94 

1 50. Stern, N . ,  Golub, M . ,  Nozawa, K. , Ber­
ger, M . ,  Knoll, E . ,  et al. 1989. Selec­
tive inhibition of angiotensin II-medi­
ated vasoconstriction by lipoxygenase 
blockade. Am. J. Physiol. 257: 
H434-43 

1 5 1 .  Sawda, S . ,  Toyoda, T . ,  Takamatsu, H . ,  
Niwa, I . ,  Maebo, N . ,  et al. 1986. Pros­
tacyclin generation by cultured human 
vascular endothelial cells with reference 
to angiotensin I-converting enzyme. 
Jpn. Circ. J. 50:242-47 

1 52.  Tallant, E. A . ,  Diz, D. I . ,  Khosla, M .  
c . ,  Ferrario, C.  M.  1 99 1 .  Identification 
and regulation of angiotensin II receptor 
subtypes on NG 108-1 5  cells .  Hyperten­
sion 17(6): 1 135-43 

1 53 .  Leung, K .  H . ,  Roscoe, W. A . ,  Smith, 
R. D. , Timmermans, P. B. M. W. M . ,  
Chiu, A .  T .  199 1 .  DuP 753, a nonpep­
tide angiotensin II receptor antagonist, 
does not have a direct stimulatory effect 
on prostacyclin and thromboxane syn­
thesis. FASEB J. 5(6):A1767 (Abstr.) 

1 54. Molteni, A . ,  Ward, W . ,  Ts'ao, c . ,  
Solliday, N .  1987. Monocrotaline­
induced cardiopulmonary injury in rats: 
modification by thiol and nonthiol ACE 
inhibitors . elin. Exp. Hypertens. A 9: 
381-85 

155 .  Molteni, A . ,  Ward, W . ,  Ts'ao, C . ,  
Solliday, N .  1988.  Monocrotaline­
induced cardiopulmonary injury in rats: 
modification by the nonthiol ACE in­
hibitors CGSI 3945 and CGS 1 66 1 7 .  
Arch. Int. Pharmacodyn. Ther. 291 :21-
40 

1 56. Clozel, I . -P. , Saunier, C ,  Harlemann, 
D . ,  Fischli, W. 199 1 .  Effects of cela­
zapril, a novel angiotensin converting 
enzyme inhibitor, on the structure of 
pulmonary arteries of rats exposed to 
chronic hypoxia. J. Cardiovasc. Phar­
macol. 1 7:36-40 

1 57.  Raia, J. J . ,  Barone, J. A . ,  Byerly, W .  
G . ,  Lacy, C.  R.  1990. Angiotensin­
converting enzyme inhibitors: A com­
parative review. DICP Ann. Pharma­
cother. 24:506-25 

158 .  Lee, R. M . ,  Berecek, K. H . ,  Tsoporis, 
J . ,  McKenzie, R. , Triggle, C. R. 199 1 .  
Prevention of hypertension and vascular 
changes by captopril treatment. 
Hypertension 1 7(2) : 14 1-150 

159. Minsker, D. H . ,  Bagdon, W. J . ,  Mac­
Donald, J. S . ,  Robertson, R. T . ,  Bokel­
man, D. L. 1990. Matemotoxicity and 
fetotoxicity of an angiotensin-converting 
enzyme inhibitor, enalapril in rabbits. 
Fund. Appl. Toxicol. 14:461-70 

160. van Krimpen, C. , Cleutjens, J.  P. M . ,  

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

2.
32

:1
35

-1
65

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



NONPEPTIDE All RECEPTOR ANTAGONISTS 163 

Smits, J .  F. M . ,  Schoemaker, R. G. 
1 99 1 .  Effects of early angiotensin II re­
ceptor blockade and converting enzyme 
inhibition on DNA synthesis in the rat 
heart after infarction. FASEB J.  
5(4) :AI257 (Abstr.)  

1 6 1 .  Schoemaker, R .  G .  1 99 1 .  Experimental 
heart failure in rats: hemodynamic stud­
ies on pathophysiology and therapy. 
PhD thesis. Datawyse, Maastricht, The 
Netherlands. 1 16 pp. 

1 62.  Beinlich, C. J . ,  White, G. J . ,  Baker, K. 
M . ,  Morgan, H. E.  1 99 1 .  Angiotensin II 
and left ventricular growth in newborn 
pig heart. FASEB 1. 5(4):A I 395 (Abstr.) 

1 63 .  Stier, C. T. Jr. , Sim, G . ,  Mahboubi ,  K . ,  
Shen, W . ,  Levine, S . ,  Chander, P. N .  
1 99 1  . Prevention o f  stroke and hyperten­
sive renal disease by the angiotensin II 
receptor antagonist DuP 753 in salt­
loaded stroke-prone SHR. Curro Adv. 
ACE Inhibition II. In press 

164. Volpe, M . ,  Camargo, M. J .  F. , Mueller, 
F. B. 1990. Relation of plasma renin to 
end organ damage and protection of K 
feeding in stroke-prone hypertensive 
rats. Hypertension 1 5 : 3 1 8-26 

1 65 .  Stier, C. T. Jr. , Benten, I .  F . ,  Ahmad, 
S . ,  Zuo, H . ,  Selig, N . ,  et al . 1989. Ena­
lapril prevents stroke and kidney 
dysfunction in salt loaded and stroke 
prone spontaneously hypertensive rats. 
Hypertension 1 3 : 1 15-2 1 

1 66. Lafayette, R. A . ,  Mayer, G. , Meyer, T. 
W .  1 990. A nonpeptide angiotensin II  
receptor antagonist reduces sytemic and 
glomerular capillary pressure in remnant 
kidney rats. J. Am. Soc. Nephrol. 
(Abstr.) 

1 67 .  Hutchison, F. N . ,  Webster, S. K. 1 99 1 .  
Comparison of enalapril (E) and an­
giotensin II (All) receptor antagonist on 
albuminuria (UalbV) in rats with passive 
heymann nephritis (PHN). Clin. Res. 
39:358A (Abstr.) 

1 68 .  Anderson, S . ,  Ingelfinger, J. R. 1 99 1 .  
Chronic angiotensin I I  (All) receptor 
blockade lowers arterial pressure (AP) 
and glomerular capillary pressure (PGC) 
in diabetic rats. Am. J. Hypertens. 
4(5): 1 2A (Abstr.) 

1 69. Linz, W . ,  Scholkens, B. A. 1 987 . In­
fluence of local converting enzyme in­
hibition on angiotensin and bradykinin 
effects in ischemic hearts. J. Car­
diavasc. Pharmacol. IO(Suppl. 7):S75-
S82 

1 70.  Saito, K . ,  Gutkind, J .  S . ,  Saavedra, J. 
M.  1 987. Angiotensin I I  binding sites in 
the conduction system of rat hearts. Am. 
J.  Physiol. 253: H I 6 1 8-22 

1 7 1 .  Allen, A. M . ,  Yamada, H . ,  Mendel­
sohn, F. A. O. 1 990. In vitro auto-

radiographic localization of binding to 
angiotensin receptors in the rat heart. 
Int. J. Cardiol. 28:25-33 

1 72.  Peach, M .  J. 1 977 . Renin-angiotensin 
system: Biochemistry and mechanism of 
action. Physiol. Rev. 57:3 1 3-70 

173.  Urata, H . , Healy , B . ,  Stewart, R. W. , 
Bumpus, F. M . ,  Husain, A. 1990. An­
giotensin II-forming pathways in normal 
and failing human hearts. Circ. Res. 
66:883-90 

174. Chiu, A .  T . ,  Herblin, W. F . ,  Ardecky, 
R.  J., McCall,  D. E . ,  Carini, D .  J., et 
al. 1989. Identification of angiotensin I I  
receptor subtypes. Biochem. Biophys. 
Res. Commun. 1 65( 1) : 1 96-203 

1 75 .  Whitebread, S . ,  Mele, M . ,  Kamber, B . ,  
de Gasparo, M.  1 989. Preliminary 
biochemical characterization of two an­
giotensin II receptor SUbtypes .  Biochem. 
Biophys. Res. Commun .  1 63:284--9 1 

176. Chiu, A. T . ,  McCall, D. E . ,  Ardecky, 
R.  J . ,  Duncia, J .  V . ,  Nguyen, T. T . ,  
Timmermans, P. B .  M.  W.  M.  1 990. 
Angiotensin II receptor SUbtypes and 
their selective nonpeptide ligands. Re­
ceptor 1 :33-40 

1 77.  Chang, R .  S. L . ,  Lotti, V. J. 1 990. Two 
distinct angiotensin II receptor binding 
sites in rat adrenal revealed by new 
selective nonpeptide ligands. Mol. Phar­
macal. 29:347-5 1 

1 78 .  Speth, R. C . ,  Kim, K. H .  1 990. Dis­
crimination of two angiotensin II recep­
tor subtypes with a selective agonist ana­
logue of angiotensin II, p-aminophenyl­
alanine angiotensin II .  Biochem. Bio­
phys. Res. Cammun. 1 69(3): 
997-1006 

1 79. Rowe, B .  P . ,  Grove, K. L . ,  Saylor, D. 
L. , Speth, R .  C.  1 99 1 .  Discrimination 
of angiotensin II receptor subtypes in the 
rat brain using nonpeptidic receptor an­
tagonists. Regul. Pept. 33( 1 ) :45-53 

1 80.  Speth, R. C. 1 99 1 .  Angiotensin II recep­
tor subtypes in the bovine cerebellum. 
FASEB J. 5(4):A870 (Abstr.) 

1 8 1 .  Tsutsumi, K . ,  Saavedra, J .  M. 1 99 1 .  
Characterization and development of an­
giotensin II receptor SUbtypes in rat 
brain .  FASEB J. 5(6):A1 740 (Abstr.)  

1 82.  Schambelan, M.,  Sechi, L .  A.,  Grady,  
E .  F. , Griffin, C.  A. ,  Kalinyak, J .  E .  
1 99 1 .  In-situ characterization of an­
giotensin II receptor subtypes in the de­
veloping heart. FASEB 1. 5(4):A870 
(Abstr.) 

183 .  Johnson, C . ,  Aguilera, G.  1 99 1 .  
Changes in angiotensin I I  receptor sub­
types and coupling to adenylate cyclase 
in cultured fetal fibroblasts. FASEB 1. 
5(4):A872 (Abstr.) 

1 84.  Hanley, M. R . ,  Cheung, W. T., Haw-

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

2.
32

:1
35

-1
65

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



164 SMITH ET AL 

kins, P . ,  Poyner, D . ,  Benton, H. P . ,  et 
al. 1990. The mas oncogene as a neural 
peptide rec(:ptor: expression, regulation 
and mechanism of action. In Proto­
Oncogenes .in Cell Development, ed. G.  
Bock, J.  Marsh, pp.  23-46. Chichester: 
Wiley & Sons. 

1 85 .  Hong, J . ,  Sandberg, K . ,  Cat!, K. J. 
1990. Novel angiotensin II antagonists 
distinguish amphibian from mammalian 
angiotensin II receptors expressed in 
xenopus laevis oocytes. Mol. Pharma­
col. 39: 120--23 

1 86.  Re, R. N. 1989. The cellular biology of 
angiotensin: paracrine, autocrine and in­
tracrine actions in cardiovascular tis­
sues. J. Mol. Cell. Cardiol. 2 1(Suppl. 
5):63-69 

1 87.  Schelhorn, T. M . ,  Burkard, M. R . ,  
Rauch, A. L . ,  Mangiapane, M.  L . ,  
Murphy, W .  R . ,  Holt, W.  F .  1990. Dif­
ferentiation of the rat liver cytoplasmic 
All binding protein from the membrane 
angiotensin II receptor. Hypertension 
16:36 (Abstr. )  

1 8 8 .  Tang, S .-S . ,  Rogg, H . ,  Schumacher, 
R . .  Dzau. V .  J. 1 990. Evidence and 
characterization of distinct nuclear and 
plasma membrane angiotensin II binding 
sites in the rat liver. Hypertension 16:35 
(Abstr.) 

1 89. Murphy, T. J. , Alexander, R. W . ,  
Griendling, K. K . ,  Runge, M .  S . ,  Bern­
stein, K. E. 1 99 1 .  Isolation of a eDNA 
encoding the vascular type-I angiotensin 
II receptor. Nature 35 1 :233-36 

190. Sasaki, K . ,  Yamano, Y . ,  Bardhan, S . ,  
Iwai, N . ,  Murray, J.  J . ,  et al. 199 1 .  
Cloning and expression of a com­
plementary DNA encoding a bovine 
adrenal angi otensin II type- I receptor. 
Nature 351 :230-32 

1 9 1 .  Iwai, N . ,  Yamano, Y . ,  Chaki, S . ,  
Konishi, F. , Bardhan, S . ,  et al. 199 1 .  
Rat angiotensin II receptor: cDNA se­
quence and regulation of the gene ex­
pression. Biochem. Biophys. Res. Com­
mun. 1 77(1) :299--304 

192. Christen, Y . ,  Waeber, B . ,  Nussberger, 
J . ,  Porchet, M . ,  Lee, R . ,  et al. 199 1 .  
Oral administration of DuP 753, a 
specific angiotensin II antagonist, to 
normal male volunteers: inhibition of 
pressure response to exogenous an­
giotensin I and II. Circulation 83 
(4): 1 333-42 

1 93 .  Silldorff, E . "  Stephens, G. 199 1 .  Block­
ade of the direct cardiac and vascular 
effects of angiotensin II (ANG II) in the 
American alligator with DuP 753, 
[Sari ,lIe8] ANG II, captopril, and phen­
tolamine. FASEB J. 5(4):A681 (Abstr.) 

1 94. Chang, R. S.  L., Lotti , V.  J.  1989. 

Selective ligands reveal subtypes of 
angiotensin receptors in rat vasculature 
and brain. Pharmacologist 3 1 (3): 1 83 
(Abstr.)  

195. Eglen, R.  M., Rapp, J .  M., Leung, E .  
199 1 .  Characterization o f  angiotensin II 
receptors in guinea-pig gastrointestinal 
tract. rASEB J. 5(4):A869 (Abstr.) 

1 96 .  Parrish, D., Cassis, L. 199 1 .  The effect 
of isoproterenol on neurotransmission in 
the rat mesenteric artery. FASEB J. 
5(6):A1740 (Abstr.) 

197. Garcia-Sainz, J.  A., Macias-Silva, M. 
1 99 1 .  Angiotensin II stimulates phos­
phoinositide turnover and phosphorylase 
through All- I receptors in isolated rat 
hcpatocytes. FASEB J. 5(4):A872 
(Abstr.) 

198. Sumners, C., Tang, W., Zelezna, B . ,  
Gault, T . ,  Raizada, M .  K .  1 99 1 .  Func­
tional All receptor subtypes in neuronal 
and astrocyte glial cultures from one­
day-old rat brain. FASEB J. 5(4):A871 
(Abstr. )  

199.  Raizada. M.  K . .  Zelezna, B . ,  Tang, W.,  
Sumners, C. 1 99 1 .  Astrocytic glial cul­
tures from the brains of adult normoten­
sive and hypertensive rats predominantly 
express angiotensin II- I (All- I )  recep­
tors . FASEB J. 5(4):A871 (Abstr.)  

200. Hogarty, D. C.,  Phillips, M .  I .  199 1 .  
Vasopressin release by central an­
giotensin II is mediated through an an­
giotensin type- l receptor and the drink­
ing response is mediated by both AT-I 
and AT-2 receptors. Soc . Neurosci. 
Abstr. 

201 .  Mendelsohn, F. A. 0 . ,  Song, K . ,  Allen, 
A. M . ,  Paxinos, G. 199 1 .  Angiotensin 
II receptor subtypes in the brain and pe­
ripheral tissues. Int. Symp. Ace Inhibi­
tion, 2nd. London. (Abstr.) 

202. Simon, M . ,  Fiugge, G . ,  Fuchs, E . ,  
Grone, H . -J.  199 1 .  Evidence for two 
angiotensin II receptor subtypes in hu­
man fetal and adult kidney demonstrated 
by the All receptor antagonists DuP 753 
and PD123177.  FASEB J. 5(4):A870 
(Abstr.) 

203. Fontoura, B. M. A . ,  Nussenzveig. D.  
R . ,  Timmermans, P .  B .  M.  W. M.,  
Maack, T. 199 1 .  DuP 753 is  a potent 
non-peptide antagonist of angiotensin II 
receptors in isolated perfused rat kidney 
and cultured renal cells. Am . J. Hyper­
tens. 4:3035-85 

204. Zhou, J . ,  Ernsberger, P . ,  Douglas, J. G.  
1 99 1 .  Angiotensin II  receptor subtypes 
in rat renal mesangial cells. FASEB J. 
5(4):A870 (Abstr.)  

205. Ventuarelle, C. A., Rauch, A. L . ,  Man­
giapane, M. L . ,  Murphy, W. R . ,  Holt, 
W. F. 1990. Pharmacological character-

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

2.
32

:1
35

-1
65

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



NONPEPTIDE All RECEPTOR ANTAGONISTS 165 

ization of the angiotensin II receptors 
expressed by proliferating rat aorta 
smooth muscle cells . Circulation 82 
(4):III-230 (Abstr.) 

206. Criscione, L., Thomann, H . ,  
Whitebread, S . ,  d e  Gasparo, M . ,  Buhl­
mayer, P., et at. 1990. Binding charac­
teristics and vascular effects of various 
angiotensin II antagonists. 1. Car­
diovasc. Pharmacol. 16:(Suppl. 4):S56-
S59 

207. Herblin, W. F . ,  Diamond, S. M . ,  Tim­
mermans, P. B .  M .  W. M .  1 99 1 .  
Localization of Angiotensin II receptor 
subtypes in the rabbit adrenal and kid­
ney. Peptides 12:58 1-84 

208. Hedberg, A . ,  Cohen, R. B . ,  Liu, E. 
C.-K.,  Webb, M. L. , Dickinson, K. E.  
J .  1 99 1 .  Differential binding characteris­
tics of mammalian adrenal angiotensin II 
receptors. FASEB 1. 5(4):A871 (Abstr.) 

209. de Gasparo, M . ,  Whitebread, S . ,  Mele, 
M . ,  Motani, A. S . ,  Whitcombe, P. 1 . ,  et 
al. 1990. Biochemical characterization 
of two angiotensin II receptor subtypes 
in the rat. 1. Cardiovasc. Pharmacol. 16  
(Suppl. 4):S3 1-S35 

2 1 0 .  Rogg, H . ,  Schmid, A., de Gasparo, M.  
1 990. Identification and characterization 

of angiotensin II receptor subtypes in 
rabbit ventricular myocardium. Bio­
chem. Biophys. Res. Commun. 1 73(1):  
4 1 6-22 

2 1 1 .  Rowe, B. P . ,  Speth, R. C . ,  Saylor, D .  
L. 199 1 .  Analysis o f  angiotensin I I  re­
ceptor SUbtype heterogeneity in in­
dividual rat brain nuclei . F ASEB 1. 
5(4):A871 (Abstr.) 

212. Pucell, A. G., Hodges, J .  C., Sen, I . ,  
Bumpus, F .  M . ,  Husain, A.  199 1 .  
Biochemical properties of the ovarian 
granulosa cell type 2-angiotensin II re­
ceptor. EndocrinoLogy 128(4) : 1 947-59 

2 1 3 .  Grady, E. F . ,  Sechi , L. A. , Griffin, C.  
A. , Schambelan, M . ,  Kalinyak, J .  E .  
199 1 .  Expression o f  the type 2 an­
giotensin receptor in the developing rat 
fetus . FASEB 1. 5(4):A869 (Abstr.) 

214.  Dudley, D .  T., Hubbell, S .  E., Sum­
merfelt, R. M. 199 1 .  Angiotensin II 
binding sites (AT-2) in 3T3 cells. 
FASEB 1. 5(4):A869 (Abstr. )  

2 1 5 .  laiswal, N . ,  Tallant, E .  A., Diz, D .  I . ,  
Khosla, M. C . ,  Ferrario, C.  M .  199 1 .  
Subtype 2 Angiotensin receptors medi­
ate prostaglandin synthesis in human 
astrocytes.  Hypertension 1 7: 1 1 15-20 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

2.
32

:1
35

-1
65

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/0

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.


	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee


	ar: 
	logo: 



