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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishin
format of the SERIES parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. As a further 
means of saving time, the papers are not edited or reviewed 
except by the symposium chairman, who becomes editor of 
the book. Papers published in the ACS SYMPOSIUM SERIES 
are original contributions not published elsewhere in whole or 
major part and include reports of research as well as reviews 
since symposia may embrace both types of presentation. 
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PREFACE 

ipvuring the quarter of a century that I have been involved in the search 
for antihypertensive agents, there has been a continuing trend by 

the clinician to use antihypertensive therapy in patients with less and 
less severe hypertensive disease. This has led to a need for agents 
that are effective in milder degrees of hypertension and substantially 
free from side effects that might reduce compliance of the patient 
with the therapeutic regimen

The four papers tha
view of the current status of antihypertensive agents in use or in the 
later stages of development in 1975. The saluretic diuretics are not 
described in detail, although G. Onesti discusses their importance as 
an integral part of the antihypertensive therapeutic armamentarium. The 
intensive and extensive research in /^-adrenergic blocking agents is criti
cally reviewed by R. Clarkson. W. Hoefke discusses the centrally acting 
antihypertensive agents as typified by clonidine and methyldopa. J. E . 
Francis presents a comprehensive survey of antihypertensive agents 
with peripheral sites of action. Finally, Onesti discusses the clinician's 
use of various antihypertensive agents in providing optimal therapy. 

The development of new agents to permit better control of blood 
pressure while restoring normal hemodynamics with minimal side effects 
presents a continuing challenge to the medicinal chemist. Doubtless 
improved agents that fall into the pharmacological classes now recog
nized will be developed. The complexity of the interplay of neural and 
renal factors involved in the control of blood pressure gives hope that 
other points for therapeutic intervention will be found as our basic 
knowledge of the pathophysiology of hypertensive vascular disease 
increases. 

Merck Sharp & Dohme EDWARD L. ENGELHARDT 
Research Laboratories 
West Point, Pa. 
December 22, 1975 

vii 
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1 

β-Adrenoceptor Antagonists as Antihypertensive Agents 

RICHARD CLARKSON 

Imperial Chemical Industries Ltd., Pharmaceuticals Division, 
Hurdsfield Industrial Estate, Macclesfield Chesire, England. 

The search for specific β-adrenoceptor antagonists was 
ini t i a t e d in the belief that protection of the ischaemic, 
myocardium from adrenergic stimulation would be clinically 
valuable i n the treatment of angina pectoris and post-infarct 
patients. C l i n i c a l studies with the early compounds (especially 
propranolol) not only confirmed the belief but showed the agents 
to have several other therapeutic uses (1) perhaps the most 
significant of which is their anti-hypertensive action. This 
action was first discovered by Prichard in 1964 (2) using 
propranolol. The hypotensive effect of a β-blocking agent was 
so t o t a l l y unexpected that some scepticism surrounded the 
observation particularly as it seemed that enormous doses were 
generally required (relative to those required for complete 
β-blockade) and that even then, the falls in blood pressure 
were only modest. However, the large number of subsequent 
investigations have adequately confirmed Pritchard's findings 
(except perhaps for the necessity of the massive doses - see 
la t e r ) , have shown that the anti-hypertensive effect is a 
property of β-blocking agents as a class, and have established 
these drugs as possibly the treatment of choice for essential 
hypertension.(3) 

Despite intensive research the precise mechanism by which 
β-blocking drugs lower blood pressure i n clinical use is still 
uncertain although several fascinating hypotheses have been 
advanced and some partly validated by experiment. 

One major d i f f i c u l t y has been that no convincing laboratory 
model of the drug's c l i n i c a l effect has yet been established. 
This has not only hampered mechanistic investigations but has 
also prevented the rational search, by medicinal chemists, for 
more specifically effective anti-hypertensive β-blocking agents. 
New drug candidates appear to have been selected on the basis of 
the laboratory pharmacological profile of the molecule and how 
this profile relates to one or other of the various mode-of-
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2 ANTIHYPERTENSIVE AGENTS 

action hypotheses. 
The medicinal chemist expects to find that a review written 

specifically for him w i l l be mainly concerned with a discussion 
of structure/activity relationships. In the case of the anti
hypertensive a c t i v i t y of the β-blockers such a discussion i s 
not possible since no direct comparative ac t i v i t y data i s a v a i l 
able either from the laboratory or the c l i n i c (the few compar
ative c l i n i c a l studies are i n no way definitive - see l a t e r ) . It 
i s however possible to approach the problem somewhat indirectly 
and consider the influence of chemical structure on those pharma
cological properties which appear most relevant to the specific 
c l i n i c a l effect. I propose therefore to:-

1) outline some correlations of chemical structure with 
some of the standard pharmacological properties of the series; 

2) compare the laboratory pharmacological profiles and 
c l i n i c a l comparative appraisals of the hypotensive effect of a 
representative section

3) consider the characteristic
i n relation to some mode-of-action hypotheses; and 

4) summarise the available evidence i n terms of suggestions 
about the properties required for an anti-hypertensive 
β-blocking drug. 

This review i s not intended to be exhaustive. Its aim i s 
to provide an insight into the problems and questions sur
rounding the study of the hypotensive ac t i v i t y of the β-adren-
ergic antagonists and to i l l u s t r a t e possible avenues along which 
answers may be, and are being sought. Most of the data quoted 
i s from our own laboratory and many of the ideas and views 
expressed are those currently held by chemists, clinicians and 
biologists from this laboratory. 

Before moving into a discussion of chemical structure and 
pharmacological properties of the β-blocking molecules, may we 
br i e f l y consider some of the key points i n the discovery and 
development of the series as a whole. 

By ranking the sensitivity of a range of sympathetically 
innervated tissues to a number of sympathomimetic amines 
Ahlquist (4) proposed that the tissues contained two types of 
receptor and labelled them α and β. The tissues served predom
inantly by β-adrenergic receptors (β-adrenoceptors) are shown i n 
figure 1. Lands (5) later suggested a sub-division of the 
β-adrenoceptors and cla s s i f i e d those serving heart and adipose 
tissue as β-̂  and those serving bronchi and blood vessels as β 2. 
Thus a βχ-adrenoceptor stimulant produces an increase i n cardiac 
rate, force of contraction and conduction velocity together with 
an increase i n lypolysis; while a β2-adrenoçeptor stimulant 
causes bronchial relaxation and dilatation of the blood vessels 
i n certain vascular beds (e.g. skeletal muscle). 

The natural sympathetic transmitter substance ( i . e . 
that released at terminals following sympathetic nerve stim
ulation) i s noradrenaline figure 2. When administered 
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Sympathomimetic Amines 
(Ahlquist 1948) 

(Lands 1967) 

α-adrenoceptor β-adrenoceptor 
agonists agonists 

/ \ 
Heart Bronchi 

Adipose Blood 
Tissue Vessels 

(eye, uterus, stomach etc) 

Figure 1. The Ahlquist-Lands classification of the sypmpathomi-
metic amines 

Ethanolamines. 

OH n 

HO>j^%jX^s^NV|^ Isoprenaline 

OH H 

c o x « r 

9" H 

H. HO^>" 

MeSOgN 

.OH 

Cat. ED50(pg/kg/30min) 

D.C.I. 79 

Pronethalol 1,500 

MJ 1999 550 

(-)R <+)S 

Figure 2. Isoprenaline and the early ethanolamine β-adrenergic 
antagonists 
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4 ANTIHYPERTENSIVE AGENTS 

systemically to animals i t s predominant effect i s a-stimulât ion. 
The N-isopropyl analogue, isoprenaline, on the other hand shows 
predominantly a β-effect and has become the standard stimulus 
against which antagonists are tested. 

Dichloro-isoprenaline was the f i r s t β-adrenoceptor 
antagonist to be described ( 6 ) . I t was discovered i n a search 
for specific β-stimulants as bronchodilators. This compound 
i s a p a r t i a l agonist, i.e. i t can antagonise the action of 
isoprenaline but i t s e l f i s a β-stimulant. (The stimulant action 
of dichloro-isoprenaline i s readily demonstrated i n an animal 
depleted of natural catecholamines ( with say reserpine). In 
this type of preparation i t w i l l stimulate say heart rate to a 
maximum of JCP/o of that produced by isoprenaline i t s e l f ) . 
β-Blocking agents which can also stimulate the β-receptor are 
said to show i n t r i n s i c sympathomimetic ac t i v i t y ( i . s . a . ) . The 
very high level of i.s.a. shown by dichloro-isoprenaline was 
thought by Black and Stevenso
designed to protect th
drive. They thus began their search for a compound showing 
much less i.s.a. and of course discovered pronethalol (2) the 
f i r s t β-blocking drug to be tested i n man. The success of this 
work has led to the tremendous, almost explosive expansion of 
research i n this f i e l d ( 8 ) . 

Structure/activity relationships among these the 
ethanolamine series of β-blockers,(i.e. as i l l u s t r a t e d by 
pronethalol and sotalol, MJ1999) have been extensively reviewed 
( 8 , ° ; . ) One general point which needs to be emphasised i s that 
the structure/activity pattern with respect to modifications of 
the ethanolamine side-chain closely parallels that found for 
the β-stimulants, particularly with respect to type of amino-
substituent required. Another point i s that both blocking and 
stimulant a c t i v i t y l i e with the R-enantiomer. 

Modifying the way i n which the aromatic system was linked 
to the ethanolamine moiety led to the oxyproprano lamine s as 
typified by propranolol. I t i s 10-20 times more potent than 
pronethalol and shows no i n t r i n s i c sympathomimetic ac t i v i t y . 
The success of propranolol stimulated intense synthetic a c t i v i t y 
i n many laboratories. Several thousand oxypropanolamine 
analogues were produced, of these 30 - 40 have been studied i n 
man and some 14 are commercially available. 

Three examples are given i n figure 5. 
Structure Activity Relationships 

May we now consider the four pharmacological properties of 
the β-blockers most commonly studied i n the laboratory and at the 
same time review the highlights of the structural correlations 
of the oxypropranolamines with each action. 
( l ) Cardiac β-adrenergic blocking potency. This i s obviously 
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1. CLARKSON β-Adrenoceptor Antagonists 5 

the key pharmacological property of the molecules - i t s presence 
defines the series. There are now several standard tests for 
measuring cardiac β-blocking potency both i n vivo and i n vitro 
which depend on measuring the antagonism by the test compound 
of the cardiac action of the β-stimulant isoprenaline. Our 
laboratory screen test i s against a standard isoprenaline induced 
tachycardia i n the anaesthetised cat and ac t i v i t y i s recorded as 
the dose (μg/kg/infused i.v. over JO min.) to produce a 50% block. 
(This i s termed KD^Q and- except where stated, a l l references to 
potency i n this review are based on this test). 

Within the phenoxypropanolamines, what are the basic 
structural requirements for cardiac β-blocking activity? Simply 
an appropriately substituted aminopropanol moiety linked through 
an ether oxygen to an aromatic system. Within these basic 
requirements there i s enormous scope for structural variety. 
This fact, coupled with the easy synthesis of the molecule has 
meant that vast number
effect of structural chang
conveniently examined i f we divide the structural modifications 
into two kinds. F i r s t l y , there are those which directly modify 
the parts of the molecule that are clearly involved i n bonding 
to the receptors. These effects of structural change are 
specific and i n general have an all-or-none influence on act i v i t y 
and thus can not be correlated. Secondly there are those 
modifications which produce non-specific effects changing Sjay 
the total lipophylicity or charge density. Their effects can 
clearly be correlated i n some fashion. Hopefully an examination 
of the biological a c t i v i t y of any series of molecules permits 
one to identify most of the areas of structural changes which 
produce specific effects and thus simplify the total structure/ 
a c t i v i t y picture by a suitable correlation of the remaining 
non-specific effects. To a certain extent this has been 
achieved with the phenoxypropanolamine β-blocking drugs. 

Consider f i r s t the oxypropanolamine side chain figure 4 . 
Substitution on the α-,β or γ carbon atoms markedly lowers 
ac t i v i t y . Methylation of the hydroxyl group renders the molecule 
inactive - the corresponding acetate i s s t i l l active but probably 
through being hydrolysed to the free hydroxyl group. In general 
the effects of variations on the side chain closely parallel 
those found for both the ethanolamine β-agonists and the antag
onists. This was particularly true of N-substitution - the 
isopropyl and t-butyl groups usually being preferred. (Although 
recently more complex side chains have been used - çf tolamolol 
( l l ) l a t e r ) . The absolute configuration of the hydroxyl group i s 
also the same i n both series. (N.B. although the "active" 
ethanolamines have the "R" configuration and the propanolamines 
the "S", they have i n fact the same absolute configuration). The 
groups on the side chain are clearly involved i n bonding to the 
receptor and the effects of structural change are specific. 

Turning now to the effects of substitution i n the phenyl ring 
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6 ANTIHYPERTENSIVE AGENTS 

ED50 
Propanolamines. (Mg/kg/30 min ) 

OH 

NH.COCH3 

p^Y^ N ^ O x y p r e n o l o l 

^ OH 

(cat) 

1,500 

0 ' ' γ ' ^ Ν ^ ^ Propranolol 60 
1 OH "Inderal" 

Η ι 
Ç ^ Y ^ N - ^ p r a c t o i o

32 

Ν 
Η 

Figure 3. Some β-blocking agents of the propanolamine 
series 

Figure 4. Cardiac β-block
ing activity of the aryloxy-
propanolamines—modifica

tion of the side-chain 

iOH H 
•NR 

Rl 

S - configuration 
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1. CLARKSON β-Adrenoceptor Antagonists 7 

we can see, by a consideration of the β-blocking act i v i t y of 
pairs of ortho and para substituted analogues figure 5 that both 
specific and non-specific effects are involved. 

The compounds are arranged so that the substituents f a l l 
into 3 groups. The f i r s t group contains essentially non-
interacting substituents - note that the ortho-substituted 
compound i s more active than the para and that the difference 
appears greater, the larger the group. In the second group the 
substituent i s attached to the aromatic ring through a trigonal 
carbon - here the ortho, para difference i s even more startling. 
In the f i n a l group the substituent bears an exchangeable 
hydrogen - the above trend i s now reversed and the para-
substituent becomes the more active. 

Our interpretation of the results was that the para-
substituent was involved i n a specific interaction (we define 
this more clearly later) with the receptor. We then found (this 
i s the work of Dr R. Ξ
into classes according
then able to do a Hansen type regression (12) (usingrrand or) on 
each class and get quite meaningful results. 

As an example I would l i k e to consider the para-acylajni no 
"class" of propanolamines as developed from practolol. These 
have the general formula:-

Some 150 compounds were considered and the best f i t 
regression equation devised using τίvalues for the total molecule 
and <fm values for the ortho-sub s tituent R2, together with two a l l -
or-nothing-terms to handle two minor specific effects. 

LQgCDM?WtQQ) = 2.21-0.80^+0.128^-1.160-^-0.275^ 

-0.306r +0.30% 

(r=0.980; r.s.d.= + O .I4I5 mean experimental error=± 0.12) 
based on Practolol-R 1 =iPr5 R2=H, Rj=Me 
where (ζ̂  and are the meta-electronic effects of R 2 and 
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8 ANTIHYPERTENSIVE AGENTS 

when R 1 =tBu, Oj^= 0 
when R 1 = i P r , σ^= 0 
when R 1 = i P r , = 0 
when R-^=tBu, &r^= 1 
when R =̂Me or Et, 6^ =0 
when R^=>KnPr, o^ = 

* 3 
The conclusions derived from this equation are i l l u s t r a t e d 

diagramatically i n figure 6 and may be summarised as follows :-
( i ) Increasing l i p o p h i l i c i t y increased a c t i v i t y , 

( i i ) The ortho portion was relatively s t e r i c a l l y free and 
could tolerate quite large groups without them causing a sig 
nificant f a l l i n a c t i v i t y . 

( i i i ) Electron withdrawin
increased a c t i v i t y . The correlation was with the Hammett & m 

value and was interpreted as increasing the acidity of the 
para-ami die NH proton and hence strengthening a hydrogen bond 
to an acceptor site on the receptor (designated C=0). (A para 
substituent unable to make such a hydrogen bond would s t e r i c a l l y 
hinder the acceptor site and hence would give a less active 
molecule). In other ami die "classes" where the NE i s not 
directly attached to the aromatic ring (such as the para -
benzamides) the electronic influence of the ortho-sub s t i tuent 
weakens. When R̂  i s tBu the electronic influence of the ortho-
substituent i s enhanced. 
(iv) There was a step-drop i n a c t i v i t y as the R group of the 

acyl residue was lengthened from ethyl to η-propyl. There was 
no further drop on extending this chain further. This 
presumably indicates a kind of "steric-narrows" at a distance of 
4 to 5 atoms from the 4-position of the aromatic ring when the 
molecule i s attached to the receptor. A similar step-drop was 
seen with other classes as the para-side chain was lengthened 
through this c r i t i c a l distance. 

(v) t-Butyl analogues were more active than were i-propyl 
analogues. 

From the basic information derived for the para-acylami no 
class, we were able to derive regression equations for other 
classes using the f i r s t few examples synthesised and to use these 
to predict ( i n some cases with remarkable accuracy) the ED™ 
values for further compounds of that class. One example, the 
para-uriedo-series i s i l l u s t r a t e d by the results given i n table 1. 

The regression equation was derived from the f i r s t ten 
examples of the para-ureido class and used to predict the next 
dozen made. In 5 cases the prediction was out by a factor of 2 
i n the other 7 i t was well within a two fold variation. Con
sidering that the compounds span a twenty fold range of ac t i v i t y , 
the calculated ED^Q values are extremely close to the 
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1. CLARKSON β-Adrenoceptor Antagonists 9 

Rl R J0-ED50 P-ED50 

Me But 20 600 

CI Bu* 68 276 
Ph Pr' 75 1,000 
F Pr' 26 50 

H 
I c=o Pr' 17 NA 

1 3 

C=0 
H 
1 
C=N.N=CH-[Tsl 

Bu* 16 NA 

NH.S02Me Prj 300 160 
NH.CO.CH3 Pr' 480 210 
NH.CO.NH.Et Bul NA 200 
OH Prj 150 25 

Figure 5. Cardiac β-blocking activity of the 
aryloxypropanolamines—effect of ortho and 

para-substitution in the aromatic ring 

substitution (effect depends upon R) 

Figure 6. Cardiac β-blocking activity of 
the aryloxypropanolamines—summary of 

specific effects 
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10 ANTIHYPERTENSIVE AGENTS 

experimental ones. 
However, although the accuracy of these predictions i s 

impressive one must remember that they apply to a very closely 
defined series. We are s t i l l unable to predict the specific 
effects of substituents and have no answer to the intriguing 
question of why does the introduction of the OCIL) unit into the 
phenylethanolamines give such good β-blockers, or why the 
addition of a polar group (amide or ether) to a para-alkyi 
substituent to some extent relieves the steric crowding (cf 
ICI 66082 ( i l ) and metoprolol (14)) table 2. 
Table 1 - The para-Ureido Series 

R̂ NHCOMH 

KD50 (jig/kg) E D 5 0 (|ig/kg) 
R 2 R̂  predicted observed 

CH(CH5)2 Br CH5 31 30 
11 CH5 0 H 5 9 8 1 7 4 

11 CI CH^ 44 9 2 

C(CH 3) 3 CI CH3 9 1 7 . 4 

CH(CH5)2 Br C 2H 5 6 7 6 9 

CH(CH5)2 CI CgH 9 0 186 
C(CH 5) 5 I C 2H 5 2 4 2 2 

CH(CH3)2 H C 5H ? 110 1 3 5 

CH(CH ) 2 Ξ CH(CH3)2 110 9 3 

C(CH3) CH3 C 3H 7 4 7 4 5 

CH(CH3)2 CH3 C 4H 9 7 2 49 

C(CH 3) 3 CI γ 9 7 . 0 8 . 4 

( 2 ) Intrinsic Sympathomimetic Activity. The majority of 
β-blocking molecules are p a r t i a l agonists showing varying 
amounts of i.s.a. It i s i n fact quite d i f f i c u l t to design a 
pure non-stimulant β-blocker such as propranolol. Measurement 
of i.s.a. has to be done using an aiiimal depleted of catechol
amines. Our own laboratory test measures the increase i n heart 
rate (bts./min) when a single high dose ( 2 . 5 mg/kg iv.) i s 
given to a rat depleted of natural catecholamines by prior 
administration of syrosingopine. 
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1. CLARKSON β-Adrenoceptor Antagonists 11 

Structural requirements for i.s.a. among the β-blocking 
molecules are far from clear though an inspection of some of the 
data available permits certain generalisations to be made. 

Considering f i r s t the series of phenoxypropanolamines 
il l u s t r a t e d i n Table 2 we can see that although the unsubstituted 
phenoxy analogue shows a high level of i.s.a, this i s rapidly 
diminished as the size of the ortho-substituent i s increased. 
Introducing electronegative substituents into the para-position 
(giving practolol and H 87/07) produces compounds s t i l l retaining 
high levels of i.s.a. However i f one interposes methylene groups 
between the electronegative groups and the aromatic ring (giving 
metoprolol and ICI 66082) i.s.a. i s v i r t u a l l y eliminated. 
Another example of a molecular change resulting i n a sharp drop 
i n i.s.a. i s i l l u s t r a t e d by comparing tolamolol with the second 
molecule i n the table. We see that the change i s the replace
ment of the N-isopropyl substituent by an N-aryloxyethyl residue. 

Table 2 - Effect of Arylox
Phenoxy analogues 

Compound X i.s.a.* R 

H 1 0 4 * 7 i P r 
o-Me 6 5 ± 7 

11 

o-Et 29+7 11 

H 87/07 p-MeO(CH2)0 (>practolol) 11 

practolol p-AcKH 78 11 

metoprolol p-MeO(CH2)2 (o) 11 

ICI 66082 p-H2NC0CH2 0 11 

tolamolol o-Me (o) (CH 2) 20 CgH4C0M2 

(^tachycardia i n beats/min following 2.5 mg/kg i.v. to 
syrosingopinised rat) 

Several interesting effects of structural change on i.s.a. are 
ill u s t r a t e d by the compounds shown i n Figure 7. (The figures 
show the level of i.s.a. as defined above). To the l e f t are shown 
the aromatic moieties of propranolol, pindolol (LB 46) and 
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12 ANTIHYPERTENSIVE AGENTS 

timolol. The strikin g effect on the i.s.a. of substituting the 
indole residue of pindolol for the naphthalene group of 
propranolol i s obvious and one i s tempted to postulate that the 
indole ΉΚ group i s perhaps beginning to take on the role of the 
catechol group of the f u l l agonists. That the thiadiazole 
timolol shows no i.s.a. i s not surprising i n view of i t s bulky 
ortho-subs t i tuent. 

The three compounds on the right of Figure 7 show the effect 
of conformation on i.s.a. Linking the methoxy group to the 
1-position of the side chain results i n a lowering of i.s.a. 
while linking i t to the 2-position produces a marked increase. 
In fact the benzdioxepine i s more of a stimulant than a blocker. 
In the syrosingopinised rat test a f u l l agonist such as 
isoprenaline only produces an increase i n heart rate of 200-210 
beats/min. 

A tentative correlation between the population of specific 
conformers about the 1
emerged i n a preliminar
ortho-substituted phenoxypropanolamines (15) 

(5) Cardioselectivity. The data from which Lands postulated the 
sub-division of β-receptors (5) together with that derived from 
the research into P2-specific agonists as bronchodilators (l6), 
imply that the β̂  and &2 tyoes of receptor are chemically 
different. The finding ( l j ) that, para-substitution tended to 
give cardioselective blockers while ortho-substitution gave non
selective agents also lends support to this view. The results 
from our laboratory however, suggest that the cardiac and 
pulmonary β-receptors are identical with respect to the inter
action of β-blocking molecules, and that tissue selectivity 
results from differences i n non-specific interactions and i s i n 
effect due to differences i n distribution of the molecules to the 
micro-environment surrounding the receptor*. An attempt to 
graphically i l l u s t r a t e these results i s shown i n Figure 8. 

The effectiveness as a β-blocker of any particular molecule 
(i. e . i t s ED50) may be considered as two terms: the f i r s t i s the 
energy of binding to the receptor and the second i s a term 
representing the molecule's distribution to the receptor s i t e . 
The distributive term i s essentially related to the partition 
coefficient thus i f we subtract this distributive term from the 
ED™ we arrive at an estimate of the binding energy of the 
molecule at the receptor s i t e . We refer to this binding energy 
as i n t r i n s i c β-blocking ac t i v i t y or i.b.a. thus:-

(ED 5 0xl00\ 
i.b.a.= l o g ^ M < w t ) - Jcr+Bir 

*This i s the work of Dr. R. H. Davies of ICI Pharmaceuticals 
Division whose permission to publish i s gratefully acknowledged. 
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Miscellaneous Aryl groups 

British Medical Journal 
Figure 7. Effect of aryloxy group on i.s.a. (2) 

Log ρ 

Figure 8. Retotion between receptor binding affinity, lipid character, and iso-
prenaline antagonism in the guinea pig bronchospasm test 
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14 ANTIHYPERTENSIVE AGENTS 

where A and Β are constants derived from the regression equation 
for the particular series i n question. Plotting this against log 
Ρ gives a family of parallel isopotency lines (for the cardiac 
site) one of which i s shown i n Figure 8. 

The actual shape of the isopotency curves identifies the 
binding characteristics of the particular receptor site ( i n this 
case the cardiac s i t e ) . I f a plot of i.b.a. 1 s derived from 
pulmonary EDEQ data provided a family of different shaped curves 
then one could safely conclude that the cardiac and pulmonary 
β-receptors were indeed different. 

However a series of pulmonary E D ^ Q ' S were not available to 
us since our standard screen test for bronchial β-blockade 
measures the inhibitory effect of a single fixed dose on the 
protective action of isoprenaline against histamine induced 
bronchospasm i n the guinea pig. Groups of four animals are used 
and the results are expressed as numbers of animals dead within 
the group. However simpl
versus log Ρ plot, thos
test gave 1, 2 or 3 survivors ( i . e . the dose used approximates 
to the E D ^ Q ) would give a clear indication of whether the 
bronchial isopotency curve would follow the cardiac one. 
Figure 8 shows that i t i n fact does. (N.B. Although the 
compounds cover a 300 fold range of i.b.a. they almost a l l f a l l 
within a factor of two (cf. dotted lines) of the cardiac 
isopotency line shown. Furthermore compounds showing 0/4 and a 
4/4 deaths as expected, appeared i n the areas shown). 

Although this correlation uses rather crude data i t gives a 
clear indication that the actual antagonist/receptor binding i s 
the same at both the cardiac and bronchial sites and indicates 
that cardioselectivity i s a function of distribution to the 
micro-environment of the receptor s i t e . Some experimental 
evidence supporting this conclusion i s now available from 
biochemical studies on isolated membrane fragments derived from 
heart and lung*. 

Table 3 shows pAg values for practolol and propranolol 
against isoprenaline induced tachycardia i n the guinea pig a t r i a , 
relaxation of the tracheal chain, and adenylate cyclase a c t i v i t y 
of purified membrane fragments prepared from guinea pig heart 
and lung. While practolol i s clearly cardioselective i n the 
tissue preparations i t becomes non-selective on the membrane 
fragments. I t i s conceivable that i n the purification of the 
membranes the integrity of the micro-environment which controls 
access to the receptors i n the different tissues, i s destroyed. 

Our current belief i s that cardioselectivity i s more l i k e l y 
to be found with those β-blocking molecules containing hydrogen 
bond acceptor groups. 
^Results of Dr. A. R. Somerville and Mr. A. J. Coleman of the 
Biochemistry Dept., ICI Pharmaceuticals Division whose 
permission to publish them here i s gratefully acknowledged. 
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Table 5 - Values for Practolol and Propranolol on Heart 
and Lung Tissue and Membranes 

pAg 

Tissue Membranes 
propranolol heart 8.32 8.57 

lung 7.60 8.61 

practolol heart 6.49 5.56 
lung 4.66 5-58 

(pAp i s the negativ
antagonist which requires a doubling of the agonist 
concentration to maintain the same level of response 
from the tissue) 

( 4 ) Membrane Stabilising Activity (m.s.a.) Many of the 
β-blocking molecules exhibit a range of pharmacological effects 
a l l of which are due to a modification of the c e l l membrane 
structure which results i n a decrease of ion transport across the 
membrane. The type of actions produced are non-specific cardiac 
depression, depression of myocardial conduction velocity, local 
anaesthetic a c t i v i t y , reversal of cardiac glycoside induced 
arrhythmias, quinidine-like a c t i v i t y , depression of calcium ion 
uptake i n sarcoplasmic reticulum vesicles, etc. 

Hellenbrecht and co-workers ( l8) have now produced con
clusive evidence showing that the magnitude of these membrane 
effects correlate directly with l i p o p h i l i c i t y . 

Many groups of workers s t i l l measure m.s.a. for new 
β-blocking molecules and associate i t s absence with increased 
safety. There i s however overwhelming evidence to show that 
these effects are without c l i n i c a l significance (19). The main 
reason for including this section i n this review i s that those 
compounds showing m.s.a. are highly l i p o p h i l i c and hence would 
more readily concentrate i n the central nervous system than 
would the less l i p o p h i l i c analogues showing no m.s.a. This w i l l 
be an important consideration when we come to discuss the 
centrally mediated anti-hypertensLve action of the β-blocking 
molecules. 

Antihypertensive Properties 
Having considered the general relationships of chemical 

structure with these four different pharmacological actions, 
might we f i r s t look i n detail at six compounds whose c l i n i c a l 
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16 ANTIHYPERTENSIVE AGENTS 

anti-hypertensive properties have been compared to see i f there 
i s any correlation between laboratory pharmacology and the anti
hypertensive action i n man. And secondly, may we move on to 
consider the evidence for some of the more popular mode-of-
action hypotheses and try to relate these to the known pharma
cology of the β-blockers (20). 

( l ) Comparative Studies. Table 4 shows the laboratory pharma
cological profiles of these six β-blocking drugs. It w i l l be 
noted that the compounds have quite different profiles, (although 
pindolol and alprenolol appear superficially similar, pindolol i s 
i n fact far more potent as both an antagonist and as a stimulant) 
potency varies over a 100 fold range, 4 of the 6 are pa r t i a l 
agonists, 2 are cardioselective and half show m.s.a. 
Table 4 . Typical Laboratory Pharmacological Profiles 

Relative 
potency 
(cardiac) 

i.s.a. m.s.a. Cardioselectivity 

propranolol 1.0 - + -
alprenolol 1.0 + + -
pindolol 30 + + -
timolol 10 - - -
practolol 0.3 + - + 
ICI 66082 1.0 - - + 

Although these six compounds have not been directly com
pared with each other sufficient c l i n i c a l comparisons have been 
made to permit one to assess the relative effectiveness of a l l 
the compounds. The studies are l i s t e d i n Table 5· 

Table 5· C l i n i c a l Comparisons of β-blocking Drugs i n Hypertension 

propranolol vs. alprenolol 

propranolol vs. timolol 

propranolol vs. practolol 
propranolol vs. ICI 66082 

propranolol, timolol, 
pindolol, alprenolol 

(Bengtsson 1972) (21) 
(Berglund & Hannson 1973) (22) 

fPranciosa et a l . 1973) (ξΐ) 
(Lohmoller et a l . 1972) (là) 
(Zacharias 1974) (21) 

(Zacharias 1975) (26) 

(Morgan et a l . 1974) (21) 
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1. CLARKSON β-Adrenoceptor Antagonists 17 

The most striking conclusion from these studies i s that the 
hypotensive response i s v i r t u a l l y the same for a l l six drugs. 
Although i n some of the studies a s t a t i s t i c a l l y significant 
difference has been observed (e.g. i n Zacharias ! two studies, ICI 
66082 was sl i g h t l y more effective than propranolol which i t s e l f 
was s l i g h t l y more effective than practolol) the difference i s of 
l i t t l e consequence c l i n i c a l l y . The most detailed comparative 
study was that of Morgan et a l i n which no significant 
differences were found between any of the four drugs used. 

There was however a marked difference between the doses 
required to produce the optimum hypotensive effect (as i s shown 
i n Table 6.) 

Table 6. Anti-anginal and Anti-hypertensive Dose Compared to 
Experimental Cardiac β-blocking Potency 

Explt.Cardiac 
β-blocking 
potency 

Anti-anginal 
dose 
mg/day 

Anti-hypertensive 
dose 
mg/day 

propranolol 1 60 - 240 24Ο - 48Ο 

alprenolol 1 150 - 400 4OO - 800 
pindolol 50 2.5 - 5 15 - 45 

timolol 10 15 - 40 30 - 60 

practolol 0.3 200 - 600 600 - 1,200 

ICI 66082 1 100 - 200 

The anti-hypertensive dose i s clearly related to the dose 
used to treat angina although the former i s a good deal higher 
than the l a t t e r . Both doses however clearly correlate with the 
experimental cardiac β-blocking potency. 

There appears to be no relationship between the anti
hypertensive a c t i v i t y of the β-blocking agents and the other 
three laboratory pharmacological parameters. 

One must therefore conclude from these comparisons that 
provided sufficient drug i s given to maintain an effective 
blockade of the cardiac β-receptor, a l l β-blockers appear to 
produce equal f a l l s i n blood pressure. 
(2) Mode-of-Action Hypotheses. May we now turn to consider 
some of the suggested mechanisms put forward to explain the 
hypotensive action of the β-blocking drugs and see i f any are 
compatible with the c l i n i c a l and pharmacological data. Before 
doing so however, i t perhaps would be useful to summarise the 
characteristics of the anti-hypertensive action of the drugs. 
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18 ANTIHYPERTENSIVE AGENTS 

These are:-
( i ) Only 50-70% of patients respond - This can be 
increased by adding a diuretic and/or a vasodilator to 
the treatment. The 3-cLrug combination has been found 
to control blood pressure i n subjects previously 
refractory to other forms of treatment (28). 
( i i ) The compounds do not have a dramatic effect on 
blood pressure, i.e. i n general f a l l s of 20/12 mm.Hg 
are observed although i n some of the large open t r i a l s 
the reduction appears more marked (e.g. 58/32 mm.Hg) 
but probably contains some "placebo" effect Q.) · 

( i i i ) There i s a delay after dosing begins before 
the onset of the hypotensive effect. Some confusion 
s t i l l remains with respect to the time required for 
the β-blocking drug
hypertensive effect
the effect developed over several weeks or even months. 
While more recent t r i a l s with the newer compounds 
shows that a good effect may be achieved within 48 
hours (see l a t e r ) . One possible explanation of this 
discrepancy i s that i n the early studies the dosage 
was slowly raised over a period while the current 
practice i s to use the f u l l anti-hypertensive dose 
from the outset (20). I t may also be that the f a l l 
i n blood pressure occurs i n two phases. 
There i s no doubt, however, that the anti-hypertensive 
effect of the β-blocking drugs i s not immediate - a 
characteristic which one must take into consideration 
i n examining some of the proposed mechanisms of action. 

(iv) Good control of blood pressure i s achieved both 
i n the supine and upright positions. This i s of course 
of clear advantage over some forms of anti-hypertensive 
therapy especially i n the case of patients prone to 
hypertensive complications. 

(v) No postural hypotension. 
(YL) Few side effects. 

Bearing these characteristics i n mind may we now consider 
i n detail four of the more acceptable mechanisms which have 
been advanced to explain the anti-hypertensive action of the 
β-blocking drugs. 

(a) Reduction i n Cardiac Output (CO.) The most prominent 
effect of β-blockers on the circulation i s a lowering of heart 
rate and CO., to an extent that i s determined by the patients 
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level of cardiac sympathetic drive when the compound i s f i r s t 
administered and by the degree of i.s.a. of the drug. The f a l l 
i n CO. appears to be maintained for as long as treatment i s 
continued. However, although Lydtin et a l (29) reported that 
the anti-hypertensive action was related to the lowering of CO., 
other studies (jW,j5l) have fa i l e d to confirm t h i s . In fact, 
practolol i s reported to be almost as effective an anti
hypertensive as propranolol without producing a concurrent f a l l 
i n CO. (5 l ) . It i s now generally accepted that simple 
reduction i n CO. does not explain the anti-hypertensive action 
of the β-blockers Q). 

(b) Suppression of Renin Release. Renin i s a proteolytic 
enzyme mainly secreted by the kidney. It acts on i t s substrate 
(an α-2-glycoprotein, angiotensinogen) to give a decapetide 
angiotensin I which i s subsequently degraded to the 
physiologically activ
II i s a potent vasoconstricto
aldosterone production, leads to retention of Na + and water by 
the kidney. Thus, both actions of angiotensin I I are 
hypertensive. Renin release i s controlled by renal blood flow 
and by the level of ÎJa+. There i s also a fine control exerted 
by the sympathetic nervous system which appears to be mediated 
via a β-type receptor. For example administration of 
isoprenaline produces a rise i n renin level which i s prevented 
by β-blocking agents. The rise i n renin following a change i n 
posture (lying to standing) i s also blocked (though not 
completely) by β-blockers. 

Buhler et a l (52) observed that patients with high plasma 
renin values generally responded well to propranolol while those 
with abnormally low values responded poorly Figure 9. More 
recent studies have confirmed that the plasma renin value i s 
a useful index to those patients who are more l i k e l y to respond 
to β-blocking therapy. Figure 10 shows the results from a t r i a l 
by Amery et a l using ICI 66082 (20) 

Since i t has been reported that hypertensive patients with 
high plasma renin levels suffer a higher incidence of vascular 
complications, the use of β-blocking drugs would seem to be 
particularly beneficial to this class of patient (55). 

Although a high level of plasma renin appears to identify 
a subject l i k e l y to respond to β-blockers the relationship 
between the reduction i n renin level and f a l l i n blood pressure 
i s s t i l l obscure. While some investigators claim good 
correlations between the reduction i n renin and blood pressure 
others find no such correlation (20). In fact, Stokes et a l (34) 
showed that pindolol was able to maintain the f a l l i n blood 
pressure produced by chronic administration of propranolol 
without maintaining the reduction i n renin. 

A further d i f f i c u l t y to be explained i n relating f a l l i n 
renin to f a l l i n blood pressure i s the timing of the two events. 
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Inhibition of sympathetically mediated increases i n renin 
immediately follows the administration of a β-blocking drug, 
whereas the f a l l i n blood pressure takes some time to occur. 
(c) Central Mechanism. Intracerebroventricular (ICV) 
administration of propranolol to anaesthetised and to conscious 
animals causes an i n i t i a l transient rise followed by a prolonged 
f a l l i n blood pressure. Figure 11 shows this effect for ICV 
administration of (-) propranolol to the conscious rabbit. (55) 
Ghat the pressor effect i s due to the m.s.a. of propranolol and 
the depressor to the β-blocking ac t i v i t y i s clearly demonstrated 
by the administration of (+) propranolol. This isomer shows 
m.s.a. but no β-blocking ac t i v i t y and, as i s shown i n Figure 12. 
i t produces only a pressor effect (55)· Day and Roach compared 
the effects of a range of β-blocking drugs following ICV 
administration to the conscious cat (56). A l l the compounds 
brought about a f a l l i
was preceeded by a transien
compounds except ICI 66082. It i s concluded that the pressor 
effect results from m.s.a. o r i . s . a . or a combination of the two 
since a l l the drugs except ICI 66082 exhibit one or other, or 
both, of these properties. 

Table 7. ICV Administration of β-blockers to Conscious 
Normotensive Cats 

Compound dose (mg) mean f a l l 
b.p. (mm Eg) 

ρ ropranolol 1.0 50 

alprenolol 1.0 26 

pindolol 1.0 22 

practolol 4.0 20 

oxprenolol 0.5 14 

sotolol 1.0 22 

ICI 66082 2.0 15 

(data from Day and Roach 1974) 

It i s d i f f i c u l t to draw firm conclusions about the 
relevance of this central action of β-blockers i n animals to 
their c l i n i c a l anti-hypertensive a c t i v i t y bearing i n mind that 
brain concentrations of the different drugs varies widely 
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ι 1 1 1
0 30 60 9

Time(min) (hours) 

Journal of Pharmacology and Experimental Therapeutics 
Figure 11. Changes in mean arterial pressure (±S.E.) in conscious rabbits 

after 500 /*g of 1-propanolol ICV and i.v. ( 35 ) 
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Journal of Pharmacology and Experimental Therapeutics 
Figure 12. Changes in mean arterial pressure (±S.E.) after ICV injection of 500 
pg of d-propranolol to conscious rabbits and rabbits anaesthetized with sodium 

pentobarbital (35) 
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following oral (or parenteral) administration. Penetration to 
the C.N.S. appears to be related to the l i p o p h i l i c i t y of the 
molecule. Thus, i f a centrally mediated action was an important 
component i n the anti-hypertensive a c t i v i t y of the β-blockers, 
one might expect a compound of low l i p o p h i l i c i t y such as 
ICI 66082 to be only poorly effective. It i s i n fact one of the 
best. 

Another d i f f i c u l t y i s that a centrally mediated action 
would not explain the c l i n i c a l l y observed time delay to the 
onset of the hypotensive effect. 
(d) Indirect Lowering of Peripheral Resistance - ( 2 0 ) The 
immediate haemodynamic consequences of β-blockade are a f a l l i n 
cardiac output accompanied by a rise i n total peripheral 
resistance (T.P.R.) with the blood pressure remaining v i r t u a l l y 
unaffected. This immediate rise i n T.P.R. i s probably due to a 
reflex i n α-adrenergic
If β-blockade i s maintained
i n the responsive group, blood pressure f a l l s i n association 
with a decline i n peripheral resistance. These effects are 
clearly i l l u s t r a t e d by the study carried out by Tarazi and 
Dustan (j£l) and are summarised i n Figure 15» More recent 
studies would strongly suggest however that the time scale 
shown should be shortened to days, or even less. A recent 
study with ICI 66082 ( 2 0 ) clearly demonstrates that the f u l l 
antihypertensive action i s apparent within 48 hours of beginning 
treatment Figure 14 (although there i s perhaps a suggestion of a 
further reduction particularly of diastolic pressure occuring 
over the new few days). 

One noteworthy point emerging from this study was that 
blood pressure did not return to normal u n t i l some two to 
three weeks after medication was stopped. This might indicate 
that β-blockade has some effect on the hypertensive process 
i t s e l f . 

It therefore seems l i k e l y that the anti-hypertensive action 
of the β-blocking drugs i s i n some way associated with the 
decline i n peripheral resistance which had i n i t i a l l y been 
elevated as a response to a reduction i n cardiac output. The 
precise mechanism responsible for the f a l l i n t o t a l peripheral 
resistance i s as yet unknown. We do know however that the 
majority of untreated hypertensives show an excessive sympathetic 
response to stimulae such as stress and exercise. I t has been 
clearly shown that the substantial rise i n blood pressure 
experienced by hypertensive patients following exercise i s 
prevented by β-blocking drugs ( 2 0 ). It could be therefore that 
i t i s simply the blockade of surges i n cardiac output and blood 
pressure which leads to a relaxation of the vascular bed and the 

In Antihypertensive Agents; Engelhardt, E.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



ANTIHYPERTENSIVE AGENTS 

Mean arterial • 
pressure 1 

25-

-3% 

10-

ai en 
ji Ου 

J / 
/ 

I 

25· 

Αχ 
/ \ 

-15% 

-21% 

0% 

Control i.v. 7.6 months 
Propranolol-

>• Total peripheral resistance 

Cardiac index 

19.6 months 

American Journal of Cardiology 
Figure 13. Sequential changes with intravenous and long-term 

Propranolol therapy in the same 10 hypertensive patients (31 ) 

Figure 14. Effect of ICI 66082 (Tenormin) on blood pressure 
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subsequent hypotensive effect ( i . e . an action akin to bed rest). 
This mechanism of action unlike the previously discussed 

ones, would account for the delay i n onset of the hypertensive 
action. It would also f i t i n well with the results from the 
comparative studies, that provided sufficient drug i s given to 
adequately block the cardiac β-receptors, a l l β-blockers are 
roughly equally effective. A further point which may possibly 
explain why the cardioselective drug ICI 66082 i s marginally 
more effective than the non-selective propranolol, i s that the 
former could assist the relaxation of the peripheral vessels 
by not blocking the vascular β-receptors. 

The relevance of either the experimentally demonstrated 
central hypotensive action of the β-blockers, or their a b i l i t y 
to antagonise sympathetically mediated renin release remains 
to be proven. While i t i s s t i l l possible that the mechanism 
of the anti-hypertensive action of the β-blocking drugs could 
contain both a central
c l i n i c a l evidence woul
of either being a major component of the mode-of-action. 

Thus the "ideal" anti-hypertensive β-blocking agent should 
be a moderately long acting cardioselective agent showing l i t t l e 
or no in t r i n s i c sympathomimetic act i v i t y . 
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Centrally Acting Antihypertensive Agents 

WOLFGANG HOEFKE 

Department of Pharmacology, C. H. Boehringer Sohn, Ingelheim, W. Germany 

To show how comple
pressure with therapeut i c agents some informat ion on 
the phys io logy of blood pressure r e g u l a t i o n is g iven 
( F i g . 1) . The process of r e g u l a t i n g blood pressure can 
be compared with a p h y s i c a l c o n t r o l system where intra-
vascular pressure i s the c o n t r o l l e d process which has 
an output v a r i a b l e cont inuous ly measured by a feedback 
transducer - the arterial baroreceptors p r o v i d i n g a f -
f erent in format ion for the controlling system in the 
c e n t r a l nervous system - i n short "the blood pressure 
r e g u l a t i n g system in the medulla oblongata". In the 
controlling system a set l e v e l of blood pressure serves 
as a standard f o r comparison with the measured input of 
the system, and the d i f f e r e n c e between the two provides 
a s i g n a l for the autonomic e f f e c t o r , which in turn in-
f luences the c o n t r o l l e d process . 

Besides the arterial baroreceptors , c e n t r a l p r o -
j e c t i o n s from other i n p u t s , f o r example c a r d i a c mecha-
no-receptors , chemo-receptors, pulmonary stretch recep-
tors, and somatic i n p u t s , are capable of i n f l u e n c i n g 
the controlling system and thereby the autonomic e f f e c 
tors. 

There i s another system invo lved i n blood pressure 
r e g u l a t i o n : the r e n i n - a n g i o t e n s i n - a l d o s t e r o n e system 
( F i g . 2 ) . The a r t e r i a l blood pressure i n the kidney i n 
f luences i n t r a r e n a l baroreceptors which together with 
the sodium load at the macula densa lead to r e n i n l i b e 
r a t i o n , ang io tens in formation and aldosterone s e c r e 
t i o n , which by i n f l u e n c i n g the sodium balance changes 
the blood volume and in f luences the a r t e r i a l blood 
pressure . 

The anatomical s t r u c t u r e s invo lved i n the mainte
nance and r e g u l a t i o n of the a r t e r i a l blood pressure are 
b r i e f l y the fo l lowing ( F i g . 3): 1. the a r t e r i a l w a l l , 
2. the adrenergic r e c e p t o r s , 3. the p o s t - g a n g l i o n i c 
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part of the adrenergic neuron and the sympathetic nerve 
ending, 4. the sympathetic ganglion and 5. autonomic 
structures in the central nervous system. As already 
mentioned, a l l these structures are linked by one or 
more controlling systems. By influencing one or the 
other part of these systems the regulation may change 
in such a way that the blood pressure f a l l s . My lecture 
primarily deals with substances influencing these auto
nomic structures in the CNS. 

I should like to talk f i r s t about methyldopa (Fig. 
4). It i s well known that after stimulation of a sympa
thetic nerve, noradrenaline i s liberated at the nerve 
ending. These noradrenaline molecules combine with a-
adrenoceptors and are then decomposed by catechol-O-me-
thyl-transferase (COMT) or monoamine-oxydase (MAO) or 
for the most part go back into the nerve ending (reup
take) or into the tissue
alanine and 1-tyrosin
precursors of the catecholamines. Tyrosine i s taken up 
into the nerve ending. With the aid of tyrosine hydro
xylase, 1-dopa i s synthesised and dopamine i s formed by 
decarboxylation through the action of dopa-decarboxyla-
se. Dopamine i s then converted to noradrenaline through 
the action of dopamine-B-hydroxylase. The noradrenaline 
is stored inside the granules in combination with ATP 
(fig. 6). When methyldopa was found c l i n i c a l l y to be an 
antihypertensive agent as reported by OATES, GILLESPIE, 
UDENFRIEND and SJOERDSMA (3), i t was thought that the 
blood pressure lowering effect of methyldopa was due to 
competitive blocking of dopa-decarboxylase and subse
quent inhibition of noradrenaline synthesis. Biochemi
cally methyldopa is converted to a-methylnoradrenali-
ne which replaces noradrenaline as a sympathetic trans
mitter substance. The same holds for a-methyl-meta-ty-
rosine and α-methyl-para-tyrosine which biochemically are 
changed to metaraminol or α-methyl-octopamine. The 
blood pressure lowering capacity in man after intrave
nous treatment with α-methyl-meta-tyrosine has been 
shown by HORWITZ and SJOERDSMA (4). With a-methyl-para-
tyrosine c l i n i c a l results have been disappointing 
SJOERDSMA (5)). CARLSSON and LINDQVIST (6) were the 
f i r s t to indicate that under treatment with methyldopa 
α-methylnoradrenaline and not noradrenaline i s possibly 
released from the storage granules. On the basis of s i 
milar findings DAY and RAND (7) were able to present 
the theory that stimulation of nerves causes ot-methyl-
noradrenaline to be released from the storage granules 
of the sympathetic nerve endings as a false transmitter 
substance. This i s based on their findings that a-me-
thylnoradrenaline i s 2 - 8.5 times less potent than 

In Antihypertensive Agents; Engelhardt, E.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



30 ANTIHYPERTENSIVE AGENTS 

Brain 
reserpine 
clonidine 
methyldopa 

Sympathetic
guanethidine hexamethonium 
reserpine 

Figure 3. Anatomical structures involved in circulatory regulation 

Methyldopa 

Figure 4. Chemical structure of methyldopa 

Figure 5. Schematic of nerve ending 
and effector cell. 1, liberation of nor
adrenaline (NA); 2, reuptake; 3, com
bining with α-adrenergic receptor; 4, 
diffusion; 5, degradation of Ν A. MAO 
= mono amine oxydase, COMT = 

catechol-O-methyl-transferase. 

In Antihypertensive Agents; Engelhardt, E.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



2. HOEFKE Centrally Acting Antihypertensive Agents 31 

noradrenaline in widely differing test models. The the
ory of DAY and RAND had been disputed by several wor
kers who have been unable to establish a less potent 
biological activity of α-methylnoradrenaline, among 
them PALM et a l . , (8). Experiments done by HENNING and 
van ZWIETEN (9) with infusions of methyldopa into a pe
ripheral vein or into the vertebral artery of cats re
vealed the fact that the lower doses given centrally 
were more effective than peripheral administration of 
larger doses. These, as well as experiments done by IN-
GENITO et a l . (10), indicate a central mode of action. 

At this juncture, a new substance appeared on the 
scene, namely clonidine (fig. 7), of which I shall now 
give you a more detailed prof i l e , as I was closely i n 
volved in the development of this compound (HOEFKE and 
KOBINGER (11)). Tests carried out on dogs exhibited a 
complex influence o
can be seen in f i g
sure i s followed by a lasting f a l l . Increasing the dose 
causes a more distinct rise in blood pressure which 
might even conceal the hypotensive activity. Hyperten
sive and hypotensive actions are accompanied by brady
cardia. The nictitating membrane i s contracted depen
ding on the dose. The carotid sinus reflex produced by 
clamping both common carotid arteries causes an i n 
crease in blood pressure brought about by the decrease 
in pressure within the region of the carotid sinus. 
Clonidine has a dose-dependent inhibitory effect on 
this reflex. 

It can now be seen that an immediate peripheral 
action on the alpha-receptors of the sympathetic ner
vous system cause vasoconstriction, contraction of the 
nictitating membrane, increase in the hematocrit, and 
mydriasis. Clonidine i s effective following pretreat-
ment with reserpine which causes discharge of neural 
noradrenaline and, at the same time, inhibits periphe
r a l effects of the sympathetic nervous system. More
over, the above-mentioned effects can be blocked by a l 
pha sympatholytic agents such as phentolamine and phe-
noxy-benzamine. Analysis of the hypotensive as well as 
bradycardic actions of clonidine exclude to a large ex
tent the possibility of a peripheral vasodilating 
action, peripheral inhibitory action on the heart and 
ganglionic blocking activity (HOEFKE and KOBINGER (11), 
KOBINGER and HOEFKE (12), KOBINGER and WALLAND (13). 

The hypotensive action of clonidine could not be 
explained satisfactorily by effects on the peripheral 
circulation. Numerous studies therefore considered the 
pos s i b i l i t y of an effect on the central nervous system. 
Investigations performed on spinalized animals could 

In Antihypertensive Agents; Engelhardt, E.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



ANTIHYPERTENSIVE AGENTS 

Tyrosine-
hydroxylase 

( NORADRENALINE 

Figure 6. Schematic of noradrena
line synthesis in a sympathetic nerve 

ending 

Dopa-decarboxylase D o p a m i n e - Π -
hydroxylase 

Figure 7. Chemical struc
ture of clonidine 

C M K ι -hci 

N—( N N H - C H 2 

<s 
Clonidine, St 155, Catapres 

ι 

t 
1*2 

Ns««N-«U********; lti 

156 144 150 150 144 150 108 1 

St155 0,9% Ν St155 
1)jg/kg NiiCI 0.5ml 10jjg/kg 

Arzneimittelforschung 
Figure 8. Cardiovascular ejects of clonidine (St 155) in an anaes
thetized dog. Upper curve, blood pressure, heart frequency. Lower 
curve, nictitating membrane. At the whole dots carotid sinus occlusion 

reflex was elicited ( 11 ). 

In Antihypertensive Agents; Engelhardt, E.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



2. HOEFKE Centrally Acting Antihypertensive Agents 33 

provide the answer. The cervical part of the medulla 
was cut and thereby the brain function of these animals 
was eliminated. If the site of action i s located in the 
brain, neither a f a l l in blood pressure nor bradycardia 
w i l l occur after spinalization and this i s actually 
what happened after administration of clonidine ( f ig. 
9). On the contrary, clonidine causes an even more d i 
stinct rise in blood pressure in the peripheral circu
lation after spinalization. Fig. 10 ill u s t r a t e s that 
injection of 1 ug/kg clonidine into the cisterna cere-
be llomedu l i a r i s of a cat causes a lasting f a l l in blood 
pressure and bradycardia, whereas intravenous injection 
of the same dose i s di s t i n c t l y weaker in i t s effect. It 
is assumed that substances injected into the cisterna 
reach the fourth ventricle via the foramen Magendi and 
Luschka and then pass on to the medulla oblongata. KO
BINGER (15) i s of th
dia as well as decreas
tion of pressor circulatory reflexes are caused by an 
action on the sympathetic vasomotor center of the me
dulla oblongata. Investigations carried out by SATTLER 
and van ZWIETEN (16) provide further evidence of an 
action on the CNS. Low concentrations of clonidine i n 
fused into one of the vertebral arteries caused a f a l l 
in blood pressure and bradycardia, whereas hardly any 
effect at a l l could be observed following infusion of 
the same doses into one of the peripheral veins. 
SCHMITT and coworkers (17) performed tests on dogs re
cording the e l e c t r i c a l activity of sympathetic nerves 
before and after administration of clonidine in order 
to obtain a more exact analysis of the reduction of 
central sympathetic tone. On administration of cl o n i d i 
ne a decrease in the frequency of action potentials was 
observed in the splanchnic nerve and the cardiac sym
pathetic nerves. SCHMITT and SCHMITT (18) carried out 
further tests in order to localise the hypotensive and 
sympathetic inhibitory effects. The experiments in cats 
and dogs in which the CNS had been ablated in the area 
of the brain stem above the medulla oblongata - have 
shown that the clonidine action i s maintained. However, 
after ablation below the medulla oblongata neither a 
decrease in blood pressure nor bradycardia could be 
produced by clonidine any longer. According to these 
results the medulla oblongata can be regarded as the 
main site of action of the hypotensive and bradycardic 
effects of clonidine. 

Further investigations on the site of action of 
clonidine in the spinal cord have been performed by AN-
DÊN and coworkers (19). Injection of dopa caused in 
rats an intensified polysynaptic flexor reflex of the 
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extremities. Such an effect of dopa can be blocked by 
alpha-adrenolytic agents, for example phenoxybenzamine. 
Phenoxybenzamine does not influence the synthesis of 
noradrenaline from dopa; therefore i t must be assumed 
that phenoxybenzamine blocks adrenergic alpha-receptors 
in the spinal cord as i t does in the periphery of the 
body. The authors used this model for testing c l o n i d i 
ne and found that clonidine similar to dopa causes an 
intensification of the flexor reflex; this effect can 
be abolished by alpha-adrenolytic agents. The animals 
were pre-treated with reserpine in order to exclude the 
pos s i b i l i t y of the effect being brought about by re
lease of noradrenaline. Furthermore, to exclude nor
adrenaline synthesis by the precursors, appropriate 
blocking agents were administered. 

Further work by SCHMITT and coworkers (20) has 
supported the hypothesi
tors do occur insid
ted by clonidine. By intracisternal administration of 
the alpha-adrenolytic substance piperoxan the authors 
succeeded in abolishing in cats and dogs the decrease 
in blood pressure as well as the decrease in heart rate 
which had been caused by clonidine given intracister-
nally. Whereas the peripheral alpha-receptors stimula
ted physiologically by noradrenaline cause vasocon
str i c t i o n , stimulation of the central alpha-receptors 
causes a decrease in blood pressure. Noradrenaline can
not penetrate the blood-brain barrier but i f i t i s g i 
ven intracisternally, an action i s exerted on central 
alpha-receptors, causing a reduction in blood pressure. 
Piperoxan again produced an antagonistic effect. 

Now let us go back to methyldopa. The afore-men
tioned experiments by HENNING and van ZWIETEN (21) i n 
dicated a central mode of action. HEISE and KRONEBERG 
(22), perfusing part of the third and the entire fourth 
ventricle of the brain in cats with methyldopa, a-me-
thyldopamine and α-methylnoradrenaline were able to 
show a decrease in blood pressure. These effects were 
significantly blocked by pretreatment with yohimbine 
and to a lesser extent by phentolamine. These experi
ments support the concept of blood pressure lowering by 
an action on central a-adrenoreceptors. 

The fact that the modes of action of clonidine and 
α-methylnoradrenaline are similar to the mode of ac
tion of the physiological transmitter noradrenaline i n 
dicates the importance of the role of the latter in the 
central control of blood pressure. It may be mentioned 
that 1-dopa too, the precursor of noradrenaline, pene
trates the blood-brain barrier and causes hypotension 
and bradycardia after systemic administration, when do-
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pa-decarboxylase is inhibited extracerebrally by a-hy-
drazino-a-methyl-β-(3,4-dihydroxyphenyl)-propionic acid 
(HENNING and RUBENSON (23)). The same action can be 
seen after intraventricular administration of 1-dopa 
(BAUM and SHROPSHIRE (24). Experiments by HENNING et 
a l . (25), similar to those of SCHMITT (26) with mid-
c o l l i c u l a r transection of the brain in rats showed that 
1-dopa - after peripheral dopa-decarboxylase blockade -
reduced blood pressure in the same order as in intact 
animals and after spinalization was no longer active. 

In the integration of cardiovascular regulation in 
the so-called "medullary vasomotor centre" two d i f f e r 
ent areas for pressor and depressor activity are i n 
volved. The main part of the depressor area i s the nu
cleus tractus s o l i t a r i i , which i s rich in noradrenaline 
nerve terminals (DAHLSTROM and FUXE (27)). Ablation of 
this area leads to hypertensio
(28) ), while stimulatio
sion and bradycardia. The same holds true for microin
jections of noradrenaline into this area (de JONG 
(29) ). This area i s also involved in the carotid sinus 
occlusion reflex, which can be blocked by clonidine, as 
already mentioned. Recently HAEUSLER (30) has shown 
that the action of clonidine bears similarity to a cen
t r a l activation of the depressor baroreceptor reflex 
which was e l i c i t e d by e l e c t r i c a l stimulation of the 
sinus nerves. 

An essential part of the reduction of the blood 
pressure and bradycardia can be explained by central 
inhibition of sympathetic tone. However the parasympa
thetic system i s also involved in cardiovascular con
t r o l . A decrease in blood pressure and bradycardia can 
be produced by clonidine even after inactivating the 
vagus nerve. SCRIABINE and coworkers (31), however, 
have shown that the effect of clonidine in anesthetized 
dogs i s weaker after inactivation of the vagus nerve. 
ROBSON and KAPLAN (32) also came to the conclusion that 
clonidine might cause bradycardia by intensification of 
vagal reflexes. KOBINGER and WALLAND (33) demonstrated 
that clonidine influences vagal reflexes as well. In
jection of vasopressor substances such as noradrenaline 
and angiotensin cause reflex bradycardia mediated via 
the vagus nerve. Such a bradycardia i s reinforced i f 
clonidine i s given intracisternally, and the reinforce
ment can be blocked by phentolamine administered intra
cisternally. 

Destruction of central adrenergic neurons by i n 
traventricular injection of 6-hydroxydopamine (6 OHDA) 
vi r t u a l l y abolished the hypotensive effect of methyl-
dopa. Adrenergic neurons are probably required to con-
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vert methyldopa to α-methylnoradrenaline which i s the 
active agent. This i s proved by the fact that after 
pretreatment with the central dopamine-fi-hydroxylase 
inhibitor FLA 63, methyldopa shows no blood pressure 
decreasing properties (HAEUSLER and FINCH (34)). In the 
case of clonidine, pretreatment with 6 OHDA does not 
reduce the blood pressure lowering activity according 
to HAEUSLER and FINCH (34) and WARNKE and HOEFKE (35). 
This i s contrary to the results obtained by DOLLERY and 
REID (36) . Also after pretreatment with reserpine and 
blocking of noradrenaline synthesis with a-methyl-para-
tyrosine clonidine retains i t s action on the sympathe
t i c system (HAEUSLER (37)). The same holds true for the 
intensification of vagally mediated reflex bradycardia 
by clonidine (KOBINGER and PICHLER (38)). 

Recent experiments carried out by BOLME and cowor
kers (39) now raise
tors involved in reducin
ne receptors or noradrenaline receptors. These workers 
found that in rats small doses of yohimbine and piper
oxan blocked the blood pressure lowering effect of clo
nidine, but did not influence the clonidine-induced i n 
crease in flexor reflex activity. This effect on the 
reflex mechanism i s possibly mediated by noradrenaline 
receptors which can be blocked only by higher doses of 
α-adrenolytic agents. HOKFELT et a l . (40) consider that 
epinephrine terminals possibly innervate noradrenaline 
c e l l bodies at the locus coeruleus. 

MUJIC and van ROSSUM (41) tested several substi
tuted imidazolines used as nasal decongestants. These 
are specific sympathomimetic agents with a direct ac
tion on the α-adrenergic receptors. They proved to be 
more potent than the naturally-occurring noradrenaline. 
Clonidine, which was originally synthesised as a nasal 
decongestant, also has strong α-adrenergic activ i t y . 
Among the substances which were extensively investiga
ted by van ROSSUM (41) is tetrahydrozoline. HUTCHEON 
et a l . (42) found that in anaesthetised dogs tetrahy
drozoline decreased the blood pressure after an i n i t i a l 
increase and simultaneously caused bradycardia. No f a l l 
in heart rate was observed in spinal cats indicating a 
central mechanism of the pharmacological effects. 

Besides the similar biological properties of nor
adrenaline, clonidine and other imadazoline compounds 
there are also si m i l a r i t i e s in the molecular structure 
(fig. 11). I have taken noradrenaline as an example of 
a substance acting on α-receptors. According to PULMAN 
et a l . (43), two distances in the molecule are predomi
nant. A distance D from the cationic centre N + to the 
centre of the aromatic ring equals 5.1 - 5.2 8 and a 
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distance H from the cationic centre N + to the plane of 
the aromatic ring equals 1.2 - 1.4 8. In clonidine the 
free rotation of the benzene nucleus around the C-N 
single bond means that two conformational isomers may 
exist: the planar conformer and the aplanar conformer 
with the rings perpendicular to each other. The aplanar 
conformer i s given preference since the planar confor
mer i s s t e r i c a l l y hindered by the two chlorine atoms in 
ortho positions. Using the conformations according to 
WERMUTH et a l . (44), the distances D= (5.0 - 5.1 ft) and 
H= (1.28 - 1.36 8) can be estimated; these compare well 
with those of noradrenaline. 

The 2,6-diethyl analogue (St 91) i s a substance 
which i s very similar to clonidine in i t s chemical 
structure ( fig. 12). This compound tested in spinal 
rats i s 2.5 times as effective as clonidine in increa
sing blood pressure
blood pressure afte
bits (HOEFKE, KOBINGER and WALLAND (45)). A reduction 
in blood pressure, however, can be achieved by giving 
the compound intracisternally in a dose as low as 0.3 
yg/kg (fig. 13). The cause for this seems to be the i n 
a b i l i t y of St 91 to penetrate the blood brain barrier. 
One physical factor essential for the penetration of 
biological membranes i s li p o p h i l i c character. When this 
was tested, the distribution coefficient (P) between 
octanol and phosphate buffer at a pH 7.4 was Ρ = 0.06 
for St 91 and Ρ = 3.0 for clonidine. Therefore, d i s t r i 
bution coefficients play an important part in determi
ning the spectrum of pharmacological actions of drugs. 

The peripheral and central α-adrenergic a c t i v i t i e s 
of a group of di-substituted clonidine analogues with 
different distribution coefficients were estimated by 
investigating the blood pressure increase in spinal 
rats and the bradycardia after parasympathetic block
ade. It can be seen in f i g . 14 that the most active 
agent in spinal rats i s St 91, which however showed ab
solutely no activity on heart rate. From these data re
lative a c t i v i t i e s (clonidine « 1) were calculated and 
normal logarithms of the product of the α-adrenoceptor 
activity (hypertension in spinal rats) times distribu
tion coefficient were plotted along the x-axis. The 
normal logarithms of the central cardiodepressor action 
(bradycardia in vagotomised rats) were plotted along 
the y-axis. With the exception of St 91 which showed no 
central action the correlation of these parameters sup
ports the hypothesis that a connection exists between 
α-adrenergic activity, lipo i d s o l u b i l i t y and central 
action (HOEFKE, KOBINGER AND WALLAND (45), f i g . 15). 
Another physicochemical parameter which was investi-
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Journal of Medicinal Chemistry and Clinic Thérapeutique 
Figure 11. Appropriate structures of clonidine and noradrenaline for interaction 
with the postulated α-adrenergic receptors (on the basis of data from (43) and 

(44)). 

» - N = ( 
--NH-CH2 

1 -HCl 
'CI 

"NH—CH2 

St 155 

-C 2 H 5 

,NH—CH2 

>-N=( I -HCl 
^NH—CH2 

St 91 
' C2 H5 

^NH—CH2 

St 91 
Figure 12. Chemical structure 
of clonidine (St 155) and the 2,6-

diethyl-analog (St 91) 
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St 91 100ug/kg i.v. χ • S.E. n = 4 

Blood Pressure 
mm Hg 

120 • 

70-J 

0,3jjg/kg i.ci. x* S.E. η = 4 

ι r- m - i — ι r— 
-32 -16 0 A 8 16 32 

ι— 
64 126 

Figure 13. Mean blood pressure in anaesthetized rabbits (0.75 g/kg urethan i.p. 
and 30 mg Nembutal i.v.) under the influence of St 91 given either intravenously 

(i.v.) or intracisternally (i.ci.) 
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substance chemical structure distribution coefficient 
octanol / buffer 

blood pressure E 0 3 0 

increase in mmHg 

heart rate E D 5 0 

decrease in beats/min 

Clonidine 

(St 155) 
3,0 0,0U mg/kg 0,005 mg/kg 

St 91 

C 2 H 5 

006 0,0055 mg/kg 

St 93 0,29 0,022 mg/kg 0,0095 mg/kg 

Tolonidine 

(St 375) 
0,11 0,063 mg/kg 0,041 mg/kg 

St 600 0,15 0,195 mg/kg 0,300 mg/kg 

St 608 
C H 3 > . C l N

Figure 14. Effects of a group of clonidine derivatives on blood pressure 
in spinal rats and on heart rate in vagotomized rats. The distribution co
efficient was measured with 0.1 m Sôrensen phosphate buffer at a pH of 7.4. 

-5,25 -4,50 -3,75 -3,0 -2,25 -1,50 -0,75 0 0,75 1,50 

ln(»c-adrenoceptor activity"distribution quotient) 
blood pressure increase in spinalised rats 

Arzneimittelforschung 
Figure 15. Relationship between peripheral α-adrenoceptor activity, 
lipoid solubility, and centrally mediated cardiodepressor activity. 
Abscissa: natural logarithms of the product of rehtive activity on 
peripheral α-adrenoceptors as derived from blood pressure decreases 
in spinal rats multiplied by percentage of distribution between 
octanol/buffer (Figure 4). Ordinate: natural logarithms of the rela
tive CNS activity as derived from bradycardia test in vagotomized 

rats (45). 
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gated in connection with the accessibility to central 
α-receptors is the pKa. The v a l i d i t y of the correla
tions between physichochemical parameters and biologi
cal activity has, however, yet to be investigated with 
other substances. From a more practical point of view 
i t i s possible to test new derivatives of clonidine in 
anaesthetised rabbits to ascertain i f they have a blood 
pressure lowering capacity or not. With this rather 
simple method i t was possible to evaluate some rela
tionships between chemical structure and pharmacologi
cal a ctivity. 

The f i r s t group of compounds to be investigated 
were substituted phenylimino-imidazolines". The intro
duction of one, two or three chlorine atoms shows maxi
mal effect with 2,6-dichloro-substitution (fig. 16). 
The replacement of chlorine by bromine and trifluorome-
thyl decreases the hypotensiv
ternatively, switchin
other positions in the phenyl ring also lowers the ac
t i v i t y ( f i g. 18). The same applies to bromine substitu
tion ( fig. 19). The substitution with different halogen 
or alkyl groups in the 2- and 6-positions leads to a 
decrease in the action on blood pressure (fig. 20). The 
substitution of alkyl groups in the 2-, 4- and 6-posi
tions shows no clear cut relationship in structural 
activity. While substitution with a methyl and an ethyl 
in the ortho-position shows a low activity, the 2-, 6-
di-substituted methyl and ethyl compounds are total l y 
inactive. The 2-methyl-6-ethyl compound, however i s ca
pable of lowering the blood pressure. The 2-, 4-, 6-
trisubstituted derivatives are highly active (fig. 21). 
Here again, the distribution coefficient is of impor
tance. The mono-substituted and, to a larger extent d i -
substituted compounds show low values for distribution 
coefficients between octanol and phosphate buffer at 
pH 7.4 whereas the tri-substituted compounds show high 
values. Another po s s i b i l i t y of variation in the mole
cule i s extension of the bridge between the phenyl ring 
and the imidazoline ring. It can be seen in f i g . 22 
that extension leads to a reduced activity on blood 
pressure. The expansion of the imidazoline ring to a 
6-, 7- or 8-membered ring as well decreases activity 
( f i g . 23). Ring closure reactions of 2-imino-imidazoli-
nes lead to annellated b i - and t r i - c y c l i c hetero rings. 
Here again the blood pressure lowering activity i s re-
5: A l l the compounds tested were synthesised by Dr. H. 
STXHLE, Dept. of Pharmaceutical Chemistry, C.H. 
Boehringer Sohn, Ingelheim, W.-Germany (see also ST&HLE 
(46) and POOK et a l . (59)). 
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CHEMICAL STRUCTURE 

blood pressure 

decrease m m H g 

E D 2 0 m g/kg 

/ C l NH — CH 2 

U - " - < 1 

NH — CH 2 

1,0 0 

y C 1 NH — CH 2 

Q - N . < ι 
\ \ NH — C H 2 

0,0 1 

_ / C I NH — CH2 

NC1 N
0.0 9 

Figure 16. Influence of one, two, or three chlorine atoms in the phenyl 
ring on blood pressure in anaesthetized rabbits 

CHEMICAL STRUCTURE 
blood pressure 

decrease mmHg 

E D 2 0 mg/kg 

/ C 1 NH — CH 2 

Cl N H — C H 2 

0,0 1 0 

/ B r NH CH 2 

U - " - < ι . 
^ „ NH CH 2 Br L 

0.0 U 5 

/ C F 3 NH CH 2 0--< 1 
0.0 6 0 

Figure 17. Effect of replacement of chlorine in 2,6-position of the phenyl 
ring by bromine and trifluoromethyl on blood pressure 
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CHEMICAL STRUCTURE 
blood pressure 
decrease mmHg 
ED2Q mg/kg 

/ C 1 NH CH 2 

d-"-< ι 
" C 1 NH — C H 2 

0.0 1 

W C I .NH CH 2 

NH CH 2 

0.0 2 

/ C l NH CH 2 

NH CH 2 

0.1 7 

Ρ NH CH 2 

0-"-< ι 
NH CH

0.2 5 

CJ N

&--< ι 
/ NH CH 2 CI 

3.0 0 

CJ NH CH 2 

«-0-N.< 1 
NH CH 2 

— 

Figure 18. Significance of the position of 
two chlorine atoms in the phenyl ring on the 

blood pressure lowering effect 

CHEMICAL STRUCTURE 
blood pressure 
decrease mmHg 
ED 2g mg/kg 

y B r Ν H — C H 2 

^ 0 NH CH 2 

Br l 

0.0 U 5 

/ B r NH CH 2 

NH CH 2 

0.1 7 0 

/ B r NH CH 2 

J—1 . NH CH 2 

Br £ 

0.3 0 0 

Figure 19. Position of two bromine atoms in the phenyl 
ring shows similarities in its effect on blood pressure to 

chlorine substituted phenyl-imino-imidazolines 
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CHEMICAL STRUCTURE 
blood pressure 
decrease mmHg 
ED 2g mg/kg 

/ C l 

/r^\ / N H — C H 7 

V—< NH — CH 2 

X Cl 

0,01 

N—<^ X N H — C H 2 

0,04 

/ C l 
/NH — C H 2 

X NH — C H 2 

X CH 3 

0,05 

/ B r 

/r\ /NH-C,H2 

(0>-N=< ι 
N NH — CH 2 

X C H 3 

0,6 
Figure 20. Influence of substitu
tion with different halogens and 

C H E M I C A L S T R U C T U R E 
blood pressure 
decrease mmHg 
ED 2Q mg/kg 

/ C H 3 
yp^C / N H - C H 2 

X N H - C H 2 

12 

N — ' X N H - C H 2 

OA 

/ C H 3 
/p=z< / N H - C H 2 

V ^ C H \ N H - C H 2 

0 

/ C 2 H 5 
r^< / N H - C H 2 

C 2 H 5 

0 

/C 2Hc 
rp^( / N H - C H 2 

V ^ C H \ N H - C H 2 

0,3 

/^C / N H - C H 2 

C H 3 < > N = ( 1 
X N H - C H 2 

X C H 3 

0,03 

/ C 2 H 5 
rp^< / N H - C H 2 

C 2H 5 -Or^i 1 
X N H - C H 2 

\ C 2 H 5 

0,03 
Figure 21. Substitution of alkyl 
groups in the phenyl ring in imino-
imidazolines and effect on blood 

pressure 
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CHEMICAL STRUCTURE 

blood pressure 

decrease mmHg 

E D 2 0 mg/kg 

/ C l NH CH 2 

d--< 1 
\ NH C H 2 

CI c 

0.0 1 

/ C 1 NH C H 2 

< > N H - N = < 1 
\ , NH — C H 2 

0.2 4 

/ C l N

0 - C H 2 - N = < 1 
^ NH C H 2 

Cl * 

_ / C 1 N H — C H 2 

<fVCH2-NH-CH=< 1 
\ , NH — C H 2 

1.0 0 

Figure 22. Influence of "bridge extension" be
tween the phenyl and the imidazoline ring on 

blood pressure lowering activity 

CHEMICAL STRUCTURE 
blood pressure 
decrease mmHg 
E D 2 0 mg/kg 

βΚΝ Η"'Η 2 

V - < X N H — C H 7 

X C l 

0,01 

^ ( X N H — C H / 
X C l Δ 

3,0 

X C l 2 

3,0 

/ C l /™K 
1,0 

Figure 23. Effect of extension of the 
imidazoline ring to six-, seven-, and 
eight-membered rings on hypotensive 

activity in rabbits 
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duced (fig. 24). 
In the last few years many substances related to 

clonidine have been synthesised and tested pharmacolo
gic a l l y and c l i n i c a l l y a l l over the world. Examples of 
these substances can be seen in figs. 25 and 26. 

The sedative action of noradrenaline has been 
known since Ï 9 5 4 , when FELDBERG and SHERWOOD (47) i n 
jected the substance into the lateral ventricle of 
cats, thus avoiding the blood-brain barrier. Similar 
results have been obtained with adrenaline, which 
LEIMDURFER (48) proved to be active in producing deep 
sleep in man by injecting 2 mg intracisternally. The 
sedative action of methyidopa i s well known from i t s 
c l i n i c a l use. 

The sedative effects of clonidine were observed in 
the very f i r s t animal experiments performed (HOEFKE and 
KOBINGER (11)) . Obviou
served on administratio
cats, rabbits, rats and mice. Investigations on the me
chanism of the sedative action have mainly been per
formed on chicks. In chicks only a couple of days old 
the blood-brain barrier i s not yet f u l l y developed. 
This means that even substances administered to the pe
riphery of the body display an effect on the CNS which 
can no longer be observed later on. Clonidine induces 
sleep in these animals, as described by ZAIMIS (49), 
FUGNER and HOEFKE (50) and by DELBARRE and SCHMITT 
(51). Noradrenaline, as well as ct-methylnoradrenaline, 
which cannot permeate the blood-brain barrier in older 
animals, cause sleep. This effect could be inhibited 
with phentolamine in the case of noradrenaline and also 
in the case of clonidine (FUGNER (52)) . Therefore i t 
may be assumed, that here again central adrenergic a l 
pha-receptors are involved. 

Another c l i n i c a l l y important effect I would like 
to mention i s the inhibition of salivary secretion by 
clonidine. Both the sympathetic nervous system and the 
parasympathetic nervous system are involved in the phy
siological regulation of salivation. HOEFKE (53) as 
well as RAND and coworkers (54) found that parasympa
thetic salivary secretion stimulated by e l e c t r i c a l im
pulses on the chorda tympani and by carbachol could not 
be blocked by clonidine in anaesthetised animals. In 
our own experiments in rats with clonidine and the 2 ,6-
diethyl derivative St 91 which does not penetrate to 
the CNS, secretion of saliva was blocked only after 
clonidine, (HOEFKE (55)) indicating a central mode of 
action. 

When looking for new compounds i t i s important to 
show i f there i s any differentiation between the reduc-

American Chemical 
Society Library 
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CHEMICAL STRUCTURE 
blood pressure 
decrease mmHg 
E D 2 0 mg/kg 

cf<3 
X Cl 

0,01 

Ρ 
0,2 

Cl 

XCl 0 N(CH3)2 

1,5 

Figure 24. Hypotensive activity of 
clonidine derivatives with annel-

lated hetero-rings 

Medicinal Chemistry IV 
Figure 25. Survey of compounds structurally related to clonidine (46) 
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R 2 ^ S ^ ~ N \0̂ 1 Du Pont 1970 
ζ^~0 

\ q Searle 1971 

/R1 H 

/ Η 
S 

^ \ R p Pfizer 1970 

/R1 H 

n i 
N - N ^ R 3 Wander 1971 

/Ri 
/ — < R Ν 1 

X R 2 Sandoz 1969 

R 1-|Îj| ί I Smith Kline 1969 
^ ^ ^ N ^ N ^ a n d F r e n c h 

« 2 

/R1 

N R 2 H Bayer 1962 
\ t 0 / N=\f̂ } Du Pont 1965 

N \ p 0 Bayer 1966 
2 Lab. Daussee 1958 

/ - Χ * 1 ι 3 

/TjS—f N \ / R t M e a  J

^ ^ \ R L~N N R 5
 B r i S t ° ' M y e r S 1 9 7 1 

R 2 ^ — A * (A*B=-N=CH- or-CH-N-) 

Medicinal Chemistry IV 
Figure 26. Survey of compounds structurally related to clonidine ( 46 ) 

antihyp 
sympath 

antihyper
tensive a. 

rat 
ED2rjmg/kg 

srtensive 
omimetic 

sympatho-
mimet. a. 

rat 
EDsomg/kg 

and 
action 

quotient 

s / a 

central s 

sleep 
effect 
chick 

ED50mg/kg 

edation 

quotient 

c /a 

gastric s 

Shay rat 

ED50mg/kg 

ecretion 

quotient 

g/a 

Cloni -
dine 0.04 0,009 0,23 0,06 1,5 0,04 1,0 

St 600 0,5 0,039 0,078 1,95 3,8 7,5 15,0 

St 608 0,8 0,3 0,38 0,81 1,0 4,0 5,0 

Life Sciences 
Figure 27. Comparison of the relationship between 
antihypertensive and sympathomimetic activity and 
sedation and inhibition of gastric secretion of clonidine 
and two derivatives (St 600 and St 608). The antihyper
tensive activity was tested in genetic hypertensive rats. 
The sympathomimetic activity was measured as blood 
pressure increase in spinal rats. The sleep effect in 
chicks was tested according to the method in Reference 
50, and the gastric secretion in rats was measured 

according to the method in Reference 57. 
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CHEMICAL STRUCTURE dose 
mg/kg 

'• Ρ 

decrease in 
blood pressure 

mmHg 

HO C H 3 

H O - ^ ^ - C H 2 - C - COOH 

NH 2 

2 0 0 - 70 

HO CH 3 

H O - ^ ^ - C H 2 - Ç - COOH 

CH 3
 N H

30 0 0 

HO CH 3 

H O ~^3 _ C H 2~ c - C 0 0 H 

ChI NH2 

3 0 0 0 

HO CH 3 CH 3 

H O - ^ ^ - C H 2 - C - COOH 

NH 2 

2 0 0 0 

H3CO CH 3 

H O - ^ ^ - C H 2 — Ç — C O O H 

NH 2 

30 0 0 

HO CH 3 

H O - ^ ^ - C H 2 - C — COOH 

NH -CH3 

30 0 0 

Figure 28. Influence of an additional methyl group in derivatives of 
methyldopa on the blood pressure lowering activity in spontaneously 

hypertensive rats 
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tion in blood pressure and the sedation and the inh i b i 
tion of secretion. For screening purposes i t i s easier 
to test the effect on secretion in rats according to 
the method of SHAY et a l . (56), because in rats gastric 
secretion i s largely dependent on the volume of saliva 
(LEVINE (57), STOCKHAUS and WICK (58)) . It can be seen 
in f i g . 27 that secretion and sedation are both i n f l u 
enced less by St 600 than by clonidine; with St 608 on
ly the effect on salivary secretion was reduced. 

The effect on the blood pressure by these com
pounds can be explained by an action on central α-re
ceptors. But from the aforementioned facts i t can be 
assumed that the sedation and reduction in salivation 
are dependent also on an influence on central α-recep
tors. 

Now to return to methyldopa. It has to be conver
ted to α-methylnoradrenalin
methylnoradrenaline
able to penetrate the blood-brain barrier. 

It i s more d i f f i c u l t to look for active substances 
here because the precursor must be able to penetrate 
the blood-brain barrier, α-amino-acids must be decar-
boxylated, and the amines must be active on an order 
similar to noradrenaline. Further the substance should 
show no activity outside the CNS. For years substances 
were synthesized and tested under the auspices of the 
"false transmitter theory", but no one was able to 
prove i t s efficacy in c l i n i c a l practice. One example 
from our own experiments is given in f i g . 28. The i n 
troduction of one additional methyl-group either on the 
phenyl ring or replacing one hydrogen of the hydroxyl 
group or on the amino group, did not produce substances 
which are able to lower the blood pressure when high 
doses were tested in genetically hypertensive rats. 

It i s to be hoped that s c i e n t i f i c results w i l l 
soon give us new leads to even more effective antihy
pertensive agents. 
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Antihypertensives Acting by a Peripheral Mechanism 

JOHN E. FRANCIS 

Research Department, Pharmaceuticals Division, CIBA-GEIGY Corp., 
Ardsley, Ν. Y. 10502 

The e f for t s of medic ina l researchers i n trying to f i n d anti-
hypertensive agents working by a pe r iphera l mechanism arise from 
the expectat ion that these agents will effect good blood pressure 
con t ro l without the c e n t r a l nervous system side effects which are 
observed to some extent w i t h every marketed agent to date which 
has a strong cen t r a l component in its mechanism of a c t i o n . Since 
ant ihypertensive therapy, except in emergency treatment, requires 
drug treatment every day for a long period of t ime, perhaps 
decades, it i s important that the mental and phys i ca l capab i l i t i e s 
of the pat ient be impaired as little as pos s ib l e . This i s 
particularly important in those cases where the hypertensive 
pat ient feels w e l l despite h i s cond i t i on . 

Per iphera l Vasod i l a t ing Ant ihyper tensive Agents 

Pe r iphe ra l l y ac t ing drugs have not cornered the major share 
of the ant ihyper tensive market because of t h e i r own set of 
serious side e f f ec t s . Agents which act through r e l a x a t i o n of the 
vascula ture , commonly called pe r iphera l vasod i l a to r s (even though 
some per iphera l vasod i l a to r s do not lower blood pressure) , can 
cause edema and increased sodium and r en in l eve l s in the blood 
as w e l l as r e f l e x tachycard ia . Edema and elevated sodium l eve l s 
can be con t ro l l ed by co-adminis t ra t ion of a diuretic. The more 
recent f ind ing that the other two side effects can be overcome by 
β - a d r e n e r g i c b lock ing agents has g rea t ly increased the market 
p o t e n t i a l for v a s o d i l a t i n g ant ihypertensives used in combination 
wi th diuretics and β-blockers. 

Presently on the U.S. market there are three compounds 
commonly considered as peripheral dilating hypotensive agents. 
These are hydralazine (I), placed on the market in 1953 by CIBA, 
diazoxide (II) from Schering in 1973 and sodium nitroprusside 
(III) made available by Roche i n 1974. 

55 

In Antihypertensive Agents; Engelhardt, E.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



56 ANTIHYPERTENSIVE AGENTS 

NHNH2 

Na2Fe(CN)5NO 
.2H20 

II III 

Diazoxide and sodium nitroprusside, relative newcomers to 
the market, are indicated only for hypertensive emergencies. 
This leaves hydralazine as the only drug of this kind available 
to date on the U.S. marke
of the mechanism of actio
defined but there i s general agreement that direct relaxation of 
the vasculature leading to reduced peripheral resistance i s the 
principal component of i t s mechanism of action. This drug has 
stood the test of time despite such side effects as headache, 
tachycardia and a syndrome which resembles acute systemic lupus 
erythematosus, often called "hydralazine syndrome" (jL). 

Many attempts have been made to improve hydralazine through 
structure modification. The early work of the inventor, 
Jean Druey, at CIBA in Basle, covered many variations of the 
structure and the structure-activity relationships established 
by Druey and his co-workers hold to this day (2, 3). Th e most 
important compounds were those with the phthalazine (IV) and the 
pyridazine (V) ring systems. 

4 2 

1 
6 

5 

IV 

The following structure-activity relationships were defined: 
a) For prolonged hypotensive a c t i v i t y , the hydrazino group must 
be present in the 1-position of phthalazine or the 3-position of 
pyridazine. The hydrazino group is the most important structural 
feature. 
b) Activity i s retained in many examples where the other carbon 
atoms are additionally substituted. 
c) The benzene ring of phthalazine may be replaced by pyridine. 
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d) Ifydrazones of hydralazine retain ac t i v i t y . Reaction with 
acids, esters or acid chlorides converts hydralazine to an 
s-triazolo ( 3 , 4-a) phthalazine which i s inactive presumably 
because the hydrazino group i s tied up in a stable ring system. 

An empirical rule defining the minimum requirements for 
acti v i t y i n this type of compound i s illustrated by structure VI 
which shows that the -C=N-N«C- moiety must be in a six membered 
heteroaromatic system with the hydrazino group (or i t s hydrazone) 
attached to one of the carbons. 

Ν Ν 

C C-NHNH, 

There are some exceptions to the rule, namely structures VTI 
through XI. A l l of these were active i n animal tests but only 
1-hydrazinoisoquinoline (VII) showed ac t i v i t y in man comparable 
to hydralazine. 

X XI 
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Dihydralazine (XII), marketed by CIBA. i n Europe, shows less 
acute t o x i c i t y i n animals than hydralazine (4,5,). Ecarazine 
(XIII), sold by Polfa-Pabiance as Binazin , i s a hydrazide of 
hydralazine, which may indicate that other acylated derivatives 

NHNH2 

XII XIII 

may be active also, provided c y c l i z a t i o n can be avoided. Pico-
dralazine (XIV), a constituent of Vallene Complex®, i s sold by 
Farmasimes i n Spain and Hydracarbazine (XV), a constituent of 
Normatensyl®, i s marketed by Theraplix i n France. 

XIV XV 

New compounds continue to appear i n the l i t e r a t u r e and some 
are reported to show advantages over hydralazine i n animal 
studies. For example, L-6150 (XVI) i s said to be less toxic 
acutely (6). ISF-2123 (XVII) i s more potent i n rats and dogs (7). 
DJ-1461 (XVIII), a hydrazone of hydralazine, i s claimed to cause 
considerably less tachycardia (8). To date i t has not been shown 
that any of these compounds has a sign i f i c a n t c l i n i c a l advantage 
over hydralazine and therefore, over the last twenty-five years, 
s l i g h t modifications of the hydralazine structure have not pro
duced a better drug of this type. 
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OH 

N(CH2CH2OH)2 

Ν 
I 

Ν 

NHNH2 

XVI 

C H 3 \ ^CHgCHCEj 

Ν 
I 

Ν 

NHNH2 

XVII 
XVIII 

Diazoxide (II) ha
must be considered as
resemblance to the diuretic agent, chlorothiazide (XIX) but, 
unlike chlorothiazide, i t i s non-diuretic. Analogs have been 
prepared by scientists at Schering (10) and by a group in 
Italy (11). The Ital i a n group reported that compound XX lowers 
blood pressure and heart rate intravenously i n rats but causes 

XIX XX 

XXI 

atrioventricular block (12). The Schering group has designed 
pazoxide (XXI), which is more potent than diazoxide i n the DOCA 
rat model. I t i s interesting that pazoxide was one of the most 
potent compounds predicted by a multiple regression analysis of 
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a series of 2H-l,2,4-benzothiadiazine-l,l-dioxides (13). Com
parison of "calculated" with observed a c t i v i t i e s i n the DOCA rat 
lead to the conclusion that maximum act i v i t y would be expected 
for compounds with a) highly lipophilic groups at positions 6 
and 7, b) a pKa value greater than eight and c) a narrowly 
defined π factor which i s a measure of the effect of the sub
stituent at position 3 and can be calculated from the octanol-
water partition coefficient. 

Replacement of the -SC^- moiety of the diazoxide ring system 
by carbonyl leads to an interesting series of compounds, namely 
the 4-quinazolinones (XXIIa). Extensive synthetic efforts at 
Pfizer led to the 2-dialkylamino-6,7-dimethoxy-4-quinazolinones 
which were particularly promising in dog studies (14). The best 
of these, compound XXIII, showed good oral a c t i v i t y with no 
influence on heart rate and no sign of tolerance development. 
Examination of more than f i f t y analogs revealed that the 
2-aminoid group might b

XXIIa XXIIb XXIII 

6,7-dimethoxy substitution was essential for high a c t i v i t y . Re
placement of the methoxyls with a l k y l , hydrogen, hydroxyl or 
even 6,7-methylenedioxy diminishes or eliminates a c t i v i t y . Since 
substitution at the 3-position eliminates a c t i v i t y , this suggests 
that the 4-hydroxy-quinazoline structure (XXIIb) may be the 
active species. Structures XXIV and XXV bridge the gap between 

the diazoxide series and the 4-hydroxyquinazoline group but none 
of these compounds showed ac t i v i t y in the dog at the doses 
tested (15). Compound XXIII was shown to be active in man but 
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was subsequently displaced by compounds in the 4-aminoquinazoline 
series which were clearly more potent i n animal studies (16). 
The compounds XXVT through XXIX were reported to be more potent 
than hydralazine in dogs. 

XXVI R= NMe. 

XXVII R= -N N( CH2CH=CH2 

/ \ / H 3 

XXIX R= -N 

a l l lowered blood pressure and peripheral resistance without 
tachycardia. The piperazines XXVTII and XXIX were the most 
potent (20-150 ug/kg orally) . Of these four, prazosin (XXIX) 
has emerged as a potent antihypertensive agent i n c l i n i c a l t r i a l s 
(17) and has now been marketed in several countries including 
the United Kingdom. Trimazosin (XXX), with three methoxyl 
groups i n the benzene ring, has also been shown to be c l i n i c a l l y 
effective, although i t appears to be less potent than 
prazosin (18). 

0CH3 
CHo 

Ν NCOCHoC—OH 

V_y 1 C H 0 

XXX 

Another potent peripheral vasodilator with hypotensive 
act i v i t y i s minoxidil (U-10,858, XXXI). The drug was developed 
at the Upjohn Corporation, apparently as a follow-up of a 
previous c l i n i c a l candidate, diallylmelamine -N-oxide (U-20,388, 
XXXII). The amine precursor, diallylmelamine (U-7720, XXXIII), 
is active in rats and dogs but not in man because the active 
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metabolite i s the N-oxide, which does not form i n the human 
body (19, 20). 

2 

XXXI XXXII XXXIII 

C l i n i c a l reports on minoxidil indicate that the drug i s 
effective, particularl
drugs (21, 22). I t ha
tor and co-administrâtion of a diuretic and a β-adrenergic 
blocker is recommended i n many of the reported studies (21-28). 
An unusual and troublesome side-effect, particularly i n women, 
is lanugal hair growth (21, 22). 

An enzyme inhibitor of microbial origin with a simple 
structure, fusaric acid (XXXIV), i s a hypotensive agent. This 
compound has been tested c l i n i c a l l y as the free acid (29) and 
as the calcium salt (30) and i s orally effective i n man with a 
low incidence of side-effects. Dopamine-β-hydroxylase inhibitory 
action of this compound has been demonstrated i n man (29). 

0 
XXXIV XXXV XXXVI 

Introduction of chlorine or bromine into the 3- and/or 
4- positions of the side chain yields more potent compounds i n 
terms of hypotension i n rats and dopamine β- hydroxylase i n 
hibition (31, 32.). The analog YP-279 (XXXV) i s also hypotensive 
in rats but i s said not to affect brain norepinephrine bio
synthesis unlike fusaric acid or dibromofusaric acid (33-35). 
Fusaric acid amide (bupicomide, Sch 10595, XXXVI) i s c l i n i c a l l y 
effective at 300 to 1800 mg per day and i s said to have hemo
dynamic effects similar to hydralazine (36, 37). The amide i s 
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metabolized to the acid i n man (38). 
Turning from pyridine to dihydropyridine, we find another 

interesting structural type represented by SKF 24260 (XXXVII). 
In dogs, this compound i s a potent, long acting hypotensive 
which shows refle x tachycardia but no tolerance potential (39). 
It i s closely related to the Bayer compound nifedipine currently 
under investigation i n Europe as an antianginal agent (40). 
Both drugs are said to lower blood pressure i n man. 

An investigation of more than ninety analogs of XXXVII led 
to the following generalizations regarding structure-activity 
relationships (41): 

a) In general, the best compounds have a c y c l i c substituent 
at the 4-position, p a r t i c u l a r l y ortho-substituted a r y l or a 
heterocycle. 

b) Methyl groups at positions 2 and 6 are preferable to 
ethyl or hydrogen. 

c) Replacement of the ester groups at positions 3 and 5 by 
other electron-withdrawing groups lowers a c t i v i t y . 

d) The ethyl esters usually have greater o r a l potency than 
the methyl esters. 

e) Substitution at the nitrogen atom lowers a c t i v i t y i n 
general. 

Since the pyridine derivatives obtained as metabolic 
products of SKF 24260 are inactive (42), the importance of the 
dihydropyridine structure i s clear. 

A mesoionic compound PR-G-138-C1 (XXXIX) from Pharma 
Research i n Canada i s reported to lower blood pressure i n man at 
low doses by a vasodilator type mechanism (43). This structure 
is related to SIN-10 (XL) which was reported e a r l i e r by Japanese 
scient i s t s as active i n dogs (44). Compounds related to 
structure XXXIX were compared i n spontaneous hypertensive rats 
and those with the oxadiazole ring hydrogen replaced by chlorine 
or bromine were as active as the parent compound, although re
placement by methyl caused a loss of a c t i v i t y (45). 
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Drugs Affecting Noradrenergic Mechanisms 
Since the discover

adrenergic nerve termina
body maintains sympathetic tone, medicinal scientists have 
searched for agents which reduce sympathetic tone through inter
ference with norepinephrine peripherally. Reduction of the 
effect of norepinephrine should lead to a lowering of blood 
pressure which might be achieved i n the following ways: 
a) Adrenergic blockade: Substances which combine with the 
effector cells and make them unresponsive to norepinephrine 
cause adrenergic blockade and compounds which appear to inhibit 
selectively either a- or β-adrenergic receptors can be identi
fied. 
b) Adrenergic neuronal blockade: In contrast to adrenergic 
blockers, these agents act within the sympathetic nerves to 
prevent the release of transmitter amine, thus reducing stimula
tion at the effector cells without decreasing their responsive
ness. 
c) Inhibition of reuptake and storage: Norepinephrine i s present 
in adrenergic nerve terminals in a bound form i n storage vesicles 
in equilibrium with an intracellular pool of the free catechol
amine,. Activation of the neuron liberates norepinephrine into 
the synaptic c l e f t where some of the molecules activate the 
receptors but most are rapidly drawn back into the nerve terminal 
as the neuron f i r i n g ceases. An agent may interfere with the 
reuptake of norepinephrine into the nerve terminal thus prolong
ing the time norepinephrine i s present i n the synaptic c l e f t . 
The catecholamine may then be inactivated through methylation of 
the meta-hydroxyl group catalyzed by the enzyme catechol-O-
methyltransferase. Also, an agent may interfere with reuptake 
of norepinephrine into storage vesicles which allows the free 
intracellular pool to be depleted by oxidation catalyzed by 
monamine oxidase, an enzyme present i n mitochondria within the 
nerve terminal. 
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d) Inhibition of biosynthesis: The conversion of tyrosine to 
norepinephrine via dihydroxyphenylalanine (DOPA) and dihydroxy-
phenethylamine (dopamine) involves three enzymatically controlled 
steps. Drugs which inhibit these enzymes could be expected to 
decrease norepinephrine concentration. Since the f i r s t step i s 
rate-limiting, tyrosine hydroxylase inhibition should be the most 
desirable mechanism. 
e) Norepinephrine release: Agents which release norepinephrine 
from storage sites may cause a short acting sympathomimetic 
effect, but the long range effect i s one of depletion i f nor
epinephrine i s metabolized rapidly and not replaced by bio
synthesis quickly enough. 
f) Displacement of norepinephrine at storage sites: Some amines 
related i n structure to norepinephrine may displace molecule 
for molecule the natural transmitter i n the storage sites. I f 
these amines are less sympathomimetic they should, when released, 
produce an attenuated effec
in lowering of blood pressure

Although β-adrenergic blocking agents have only recently 
been exploited as potential antihypertensive agents, α-adrenergic 
blockers have been known since the late 1930's and have received 
early consideration as hypotensive agents. The drugs phentol-
amine (XLI), piperoxan (XLII) and phenoxybenzamine (XLIII) are 
three which were studied c l i n i c a l l y i n depth. These strong 
α-blocking agents have side effects resulting from the a-blockade, 

CH0CH9C1 XLIII 2 z 

namely increased cardiac rate and force, and postural hypotension, 
and they are not used alone i n the treatment of hypertension. 
Phentolamine and phenoxybenzamine are on the U.S. market for use 
in the management of pheochromocytoma (46). A successful c l i n i c a l 
t r i a l of a combination of. phentolamine with the β-adrenergic 
blocking agent oxprenolol (47), leads to the conclusion that a 
combination of a - and β-blockers could be a useful method for 
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controlling blood pressure and thus the α-blocking properties of 
a compound need not be feared. Prazosin (vide supra) has an 
α-blocking effect, for example (48). Another compound thought 
to have a strong α-blocking component as well as a vasodilating 
effect is indoramin (XLIV). This indole derivative differs 
from other α-blockers i n that i t depresses cardiac output with 
the result that, c l i n i c a l l y , tachycardia i s not a serious side 
effect (49, 50). 

0 

Indoramin was the product of investigation at Wyeth Labora
tories of a number of compounds containing the indolylethyl-
piperidine group. Structure-activity relationships have been 
published i n detail (51-53). The most remarkable findings appear 
to be that no advantage was gained by extensive modification of 
the 4-benzamidopiperidine moiety nor by replacement of the indole 
group by other heterocycles. Replacement of indolylethyl by 
benzoylpropyl (structure XLV: R=H) produced a compound equipotent 
in rats and the p-chloro analog was the most potent α-blocker i n 
the series. The central nervous system side effects of indoramin 
may limit i t s u t i l i t y and the close resemblance of XLV to known 
central nervous system drugs such as haloperidol suggests that 
this new series w i l l also have central effects. Nonetheless, 
indoramin appears to be an interesting lead and a focal point of 
further research. 

Since ergot alkaloids were the f i r s t adrenergic blocking 
agents to be discovered, i t i s noteworthy that the ergot deriva
tive nicergoline (XLVI) was marketed in Italy by Farmitalia in 
1974, for parenteral treatment of hypertension as well as peri
pheral and cerebral vasodilatation. It i s said to have 
α-blocking (54) and vasodilating properties and is well tolerated 
with no undesirable side effects on the heart. 
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XLVI J H 

The Allen and Hanburys compound ibidomide (AH 5158, XLVII) 
is a combination a- and β-blocker (55, 56), Early c l i n i c a l 
t r i a l s indicate that i t lowers blood pressure i n man (57) and 
although the β-blockad
constrictor effects appea
component (58). This profile differs markedly from that of the 

XLVII XLVIII 

close structural analog nylidrin (XLVIII) which is a β-stimulant 
possibly effective i n vasospastic disorders (59). 

The late 1950's and early I9601s saw the emergence of 
adrenergic neuron blocking agents. Xylocholine (XLIX), struc
turally similar to the general ganglionic blocking agents, showed 
some promise as a selective blocker of the peripheral sympathetic 
system, but since i t showed serious cholinergic side effects i t 
was undesirable for use i n man (60). 

XLIX L 
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Bretylium (L) showed selective adrenergic blocking ac t i v i t y i n 
animals and man but erratic absorption and other side effects 
limited i t s u t i l i t y i n hypertension (61). 

A significant advance i n this area was the discovery of 
the CIBA compound SU-4029 (LI). 

This amidoxime reduce
hypertensive dogs with
action (62). In the c l i n i c , i t was hypotensive i n man but 
caused elevation of body temperature (63). Extensive structure 
modifications by Dr. Robert Mull and co-workers at CIBA in terms 
of ring size, chain length and end group led to guanethidine 
(LII) (64). This guanidine had the optimal a c t i v i t y i n the 
series and i s much superior in adrenergic neuronal blocking 
properties to SU 4029. The drug showed a prolonged blood press
ure lowering effect i n man, even in severe cases, with no 
tachycardia, as expected for such an agent. This was marketed 
in 1960 and i s s t i l l the only drug of i t s kind on the U.S. 
market. Further studies i n animals showed that norepinephrine 
depletion occurs i n heart but not in brain and consequently 
central side effects are minimal. Although there i s no tachy
cardia, orthostatic hypotension i s a frequent side effect and 
diarrhea and inhibition of ejaculation are common reactions. The 
desirable blood pressure lowering effect coupled with these side 
effects made attempts to improve on guanethidine worthwhile. 
There have been many hundreds of publications on guanethidine and 
a vast number of synthetic variations on the structure. By 1967, 
five compounds related i n structure to guanethidine had reached 
the market in at least one European country (65), namely, 
guanochlor (Pfizer, L I I I ) , guanacline (Bayer, LIV), guanoxan 
(Pfizer, LV) bethanidine (Burroughs-Welicorne, LVI) and debriso-
quine (Hoffmann-LaRoche, LVII). A l l of these d i f f e r pharmaco
logically from guanethidine to some extent and each is claimed 
to show some advantage over guanethidine i n man, such as greater 
ac t i v i t y in patients refractory to guanethidine or better control 
of blood pressure through more frequent dosage. 

LI LII 
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LVII 

Inability to gain acceptance on the U.S. market has not dis
couraged a l l efforts i n this f i e l d and three other c l i n i c a l l y 
effective drugs have been studied extensively, namely guanadrel 
(Upjohn, LVIII), guanabenz (Wyeth, LIX) and guancydine (Lederle, 
LX). 
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Guanadrel i s similar to guanethidine but i s believed to 
cause fewer incidents of diarrhea (66). Guanabenz, a structural 
hybrid of guanethidin
which also appears to
pressure without orthostatic hypotension and diarrhea, but i t 
causes drowsiness, indicative of a central mode of action (69). 
At the opposite pole of ac t i v i t y profile i s guancydine which 
appears to have no significant neuronal blocking ac t i v i t y but 
rather a direct vascular effect (70, 71). Lederle scientists 
have reported that only the branched chain cyanoguanidines are 
significantly active; the guanethidine analog i s inactive (72). 
The history of the variation of the guanethidine structure 
illustrates that molecular modification can bring about vast 
changes in mechanism of action while the desired end result 
(in this case, hypotension) i s s t i l l achieved. 

The Rauwolfia alkaloid reserpine, due to i t s strong central 
component of a c t i v i t y , i s excluded from this review, even though 
i t has the peripheral effect of releasing norepinephrine from 
storage sites where i t can be metabolized by monoamine oxidase. 
This results i n neurotransmitter depletion and i t appears that 
good blood pressure control would be achieved by a drug which 
has this peripheral mechanism but lacks the central component. 
The Mead-Johnson compound MJ-10459-2 (LXI) shows activity i n 

. HBr 

LXI 
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several animal models apparently by peripheral norepinephrine 
depletion with no effect on brain amines. No c l i n i c a l reports 
have yet appeared but the pharmacological profile i n some ways 
resembles guanethidine and i n others, a "peripherally acting 
reserpine" (73-76). 

Inhibition of norepinephrine biosynthesis can be achieved 
quite well by chronic oral administration of the tyrosine hydro
xylase inhibitor α-methyl-p-tyrosine (LXII) but reduction i n 
blood pressure was not achieved in patients with essential 
hypertension (77). Another potent inhibitor, 3-iodotyrosine 
(LXIII) was also inactive in man (78). Apparently, substantial 
reduction of norepinephrine (50-707o) i s not enough to achieve 
the desired effect. 

When norepinephrine i s substituted i n the storage sites 
by amines of similar structure which are less agonistic, these 
agents are called "false transmitters." Until i t s central 

mechanism was defined, methyldopa (LXIV) was thought by some 
to be converted enzymatically to α-methylnorepinephrine (LXV) 
which was taken up in peripheral storage sites and subsequently 
released to cause blood pressure lowering effects (79, 80) by 
the false transmitter mechanism. Two genuine examples of 

CH-l3 COOH 

LXII LXIII 

OH Cfr 
I ι -

LXIV LXV 

In Antihypertensive Agents; Engelhardt, E.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1976. 



72 ANTIHYPERTENSIVE AGENTS 

peripherally acting false transmitters are metaraminol (LXVI) 
and p-hydroxynorephedrine (PHN, LXVII), since neither of them 
penetrate the blood-brain barrier at effective doses, unlike 
the metaraminol precursor, α-methy1-m-tyrosine (LXVIII) (81, 82). 
Crout and co-workers observed that metaraminol lowered blood 

LXVIII 

pressure i n humans at very low doses (83) without central side 
effects, but since sl i g h t l y higher doses produced strong pressor 
effects, the drug could not be used safely. PHN, tested by Oates 
and co-workers (84), has the same type of act i v i t y but much 
weaker potency. This drug also was administered cautiously. To 
avoid the inherent pressor ac t i v i t y of metaraminol, scientists 
at Merck, Sharp and Dohme prepared a number of ethers of 
metaraminol which showed no pressor act i v i t y i n animals (85). 
These ethers were slowly metabolized to metaraminol in vivo and 
the false transmitter gradually displaced norepinephrine from 
peripheral sites, whereupon blood pressure lowering was achieved. 
Like metaraminol, the ethers did not penetrate the brain 
appreciably (86). The m-chlorobenzyl ether (LXIX) was the most 
promising member of the series studied. 

LXIX 
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Substances Interfering with Angiotensin II 
The natural blood globulin, angiotensinogen, i s converted 

by the proteolytic kidney enzyme, renin, to the decapeptide 
angiotensin I. This substance i s not a pressor agent but i s 
cleaved by plasma converting enzyme to the powerful vaso
constrictor angiotensin I I , an octapeptide. 

Angiotensinogen 
Renin 

Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu 
[ - Converting Enzyme 

J c=-

Angiotensin II 
Asp-Arg-Val-Tyr-Ile-His-Pro-Phe 

Angiotensin II i s believed to trigger a series of events 
important in blood pressure regulation. Inhibition of the 
effect of this agent, either through competitive inhibition or 
interference with i t s biosynthesis could reveal the role of this 
peptide and perhaps lead to a different type of antihypertensive 
therapy. A rational approach to the target of a competitive 
inhibitor would require the synthesis of a number of peptides 
differing s l i g h t l y from the angiotensin II structure followed 
by biological evaluation. When the Merrifield method of peptide 
synthesis was developed (87), this approach became a r e a l i s t i c 
one. Several groups of investigators have prepared competitive 
inhibitors which look promising in v i t r o and in animal tests 
(88-96) but the inhibitor which has attracted the most attention 
to date i s Sar •'--Ala**-angiotensin I I , (saralasin, LXX) prepared 
at Norwich Pharmacal Company (97). When administered by intra
venous infusion i n patients with high renin hypertension, the 
synthetic peptide lowered blood pressure effectively (98). 
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Saralasin 

Sar-Arg-Val-Tyr-Ile-His-Pro-Ala 

LXX 

From an e n t i r e l y different source, namely, the venom of 
the snake Bothrops jararaca, scie n t i s t s at Squibb isolated a 
nonapeptide (SQ 20,881, LXXI) which i s a potent in h i b i t o r of 
the converting enzyme

f 
SQ 20,881 

p-Glu-Trp-Pro-Arg-Pro-Gln-Ile-Pro-Pro 

LXXI 

Comparison of SQ 20,881 with fifty-seven related synthetic 
peptides indicated that the last f i v e amino acids of the 
sequence are required for s i g n i f i c a n t enzyme i n h i b i t i n g a c t i v i t y 
(100). This nonapeptide, intravenously, lowered blood pressure 
even i n patients with normal renin levels (101, 102). This 
effect i s strongly augmented by sodium depletion. 

The interest i n these peptides and others whose mechanisms 
of action are not yet so c l e a r l y defined i s evident from the 
many recent publications. Since the peptides are not o r a l l y 
active, their role i n the treatment of hypertension i s uncertain 
at this point. Their value as diagnostic tools has been 
established. For example, the use of saralasin i n the recogni
tion of angiotensinogenic hypertension i n man has been demonstr
ated (103). Perhaps of greater value w i l l be the role of these 
compounds and peptides s t i l l to come i n defining the importance 
of the renin-angiotensin system i n the etiology of hypertension 
and the control of blood pressure. 
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Antihypertensive Agents as Seen by the Clinician 

GADDO ONESTI 

Division of Nephrology and Hypertension, Hahnemann Medical College and Hospital, 
Philadelphia, Pa. 19102 

It is now well accepte
pressure for an adequat
nificant vascular damage throughout the body(1,2). I t is also 
well recognized that lowering of the blood pressure with pharma-
cologic agents is effective in reducing morbidity and mortality 
not only in patients with malignant and severe hypertension(3), 
but also in patients with moderately severe and mild blood 
pressure elevation(4). Particularly, the survey by the Veterans 
Administration H o s p i t a l , reported in 1970, has provided final 
demonstration that antihypertensive therapy is capable of tangibly 
lowering the incidence of death and of adverse morbid events, even 
in patients with diastolic hypertensions between 90 and 114 mm Hg. 
(5). 

C l e a r l y , the i d e a l antihypertensive drug will be one which 
neutralizes a specific etiological factor responsible for the d i s-
ease. Unfortunately, a specific etiology has not been found f o r 
the overwhelming number of hypertensive states in man. It is also 
becoming apparent that numerous factors regulate the blood 
pressure and that, therefore, numerous variables may be deranged 
in hypertension(6). Thus, an empirical approach is still neces-
sary in the treatment of the hypertensive patients. 

With the increasing number of pharmacologic agents, however, 
and with the acceptance of the concept of drug combination for 
effective therapy(7), the physician may select the most appropri
ate drug (or combination) for the individual c l i n i c a l situation. 

Deranged Circulatory Homeostasis in Hypertension 

It i s estimated that approximately 90% of the patients with 
blood pressure elevation are affected by essential hypertension, 
which i s by definition, hypertension of unknown etiology. A l 
though the mechanisms responsible for essential hypertension re
main obscure, extensive hemodynamic studies have now revealed the 
precise derangements of the systemic hemodynamics of these 
patients(8). 

80 
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The generally accepted equation describing the hemodynamic 
factors regulating blood pressure may be expressed i n the form 
BP = CO χ TPR; where BP i s the mean a r t e r i a l pressure, CO the 
cardiac output, and TPR the total peripheral resistance. Using 
this simplified equation, i t may be concluded that high blood 
pressure may result from a high cardiac output, a high total pe
ripheral resistance, or a combination of the two. 

It i s now apparent that young essential hypertension pa
tients, in the early stage of the disease, have blood pressure 
elevations associated with high cardiac output and a normal pe
ripheral resistance at rest. The high cardiac output is due to a 
high heart rate and normal stroke volume. It could, therefore, 
be concluded that a high cardiac output with high heart rate 
might be involved in the production of high blood pressure i n 
young patients with essential hypertension(8). Even at this 
stage, however, a relative elevation of total peripheral resist
ance i s demonstrable durin
clude that both the hear
volved at the beginning of the hypertensive disease(8). 

With advancing age, the patient with essential hypertension 
progressively changes his hemodynamic pattern into one of normal 
cardiac output with increased peripheral arteriolar constriction 
and, f i n a l l y , later in the natural course of the disease into one 
of lower cardiac output and further increase in peripheral vascu
lar resistance(8). 

Factors which have been considered responsible for this hemo
dynamic alteration are: heredity, salt and water, the adrenergic 
nervous system and the renin-angiotensin system. 

The Ideal Antihypertensive Agent 
If a totally rational attack based on the etiology i s im

possible, the empirical approach i s necessary at this time. 
An ideal antihypertensive agent should have the following 

characteristics: 
1) orally active 
2) sufficiently prolonged duration of action 
3) effective in supine and standing positions, at rest and 

during exercise 
4) normalize the hemodynamic derangements 
5) free from adverse side reactions 

Peripheral Vasodilators 
If the hemodynamic defect i n essential hypertension i s pe

ripheral arteriolar vasoconstriction with increased total pe
ripheral vascular resistance, peripheral vasodilators would 
appear an ideal therapeutic approach. 

Indeed, hydralazine has been effectively used for the 
management of hypertension for over 20 years. The decrease i n 
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blood pressure produced by peripheral vasodilatation results i n 
significant stimulation of the baroreceptors. The baroreceptor 
mechanism i s , therefore, activated and increased adrenergic dis
charge from the vasomotor centers reaches the heart and the pe
ripheral vessels. This cardiovascular reflex results in a sharp 
increase in cardiac output and heart rate. Thus, although 
hydralazine can decrease total peripheral resistance by 50-60%, 
i t s effect on blood pressure i s much less because of the compen
satory increase in cardiac output(9). 

Hydralazine i s equally effective in the supine and standing 
positions. The cardiovascular reflexes are intact and no postural 
hypotension i s seen. However, the reflex tachycardia and increase 
in cardiac output (Figure 1) severely lim i t the c l i n i c a l use of 
this drug. Tachycardia i s almost invariably associated with the 
subjective complaints of severe palpitations (Figure 1). 

Together with the increase in cardiac output, renal blood 
flow i s also increased wit
lar resistance(10). 

Because of their reflex cardiac effect, vasodilators, i f 
used alone in the treatment of hypertension, have not been a suc
cessful therapeutic tool. However, the reflex tachycardia and i n 
crease in cardiac output can be effectively blocked by the thera
peutic association with a sympathetic blocker: guanethidine, 
reserpine, methyldopa, or clonidine. More specifically, blockade 
of the cardiac beta-adrenergic receptors w i l l also prevent the 
cardiac response to hydralazine. Thus, the therapeutic combina
tion of hydralazine and propranolol can be successfully employed 
for effective blood pressure reduction(11). 
Diuretic Agents 

Dietary salt restriction was one of the f i r s t successful 
therapeutic maneuvers for the reduction of blood pressure. During 
the past two decades, a variety of pharmacologic agents have been 
developed which promote diuresis by interfering with the tubular 
reabsorption of sodium. Although diuretic agents differ s i g n i f i 
cantly in chemical structure and in their mechanism of action on 
the renal tubule, they a l l have in common the a b i l i t y to decrease 
blood pressure. 

Despite their successful use for at least 20 years, the 
mechanisms by which they lower the blood pressure remain un
certain. Theories to explain the antihypertensive effectiveness 
of the diuretic agents have included: a) alteration of sodium 
and water content on ar t e r i a l smooth muscle, b) the induction of 
a decreased vascular response to catecholamines, c) a decrease in 
blood volume and total extracellular f l u i d volume, and d) a direct 
vasodilator action independent from the diuretic effect(12). 

From a hemodynamic standpoint, chlorothiazide has been shown 
to exert a diphasic action on systemic hemodynamics: f i r s t , the 
decrease i n blood pressure i s associated with a decrease in blood 
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volume and a decrease in cardiac output. Later, after more pro
longed administration, blood volume and cardiac output return to 
pretreatment levels, while total peripheral resistance shows a 
significant decrease. This hemodynamic event demonstrates that 
the long term effects of the thiazide diuretics (and possibly 
non-thiazide diuretics) i s indeed vasodilatation(13,14). 

The blood pressure reduction by the diuretic agents occurs 
equally in supine, s i t t i n g and standing positions, at rest and 
during exercise. There i s no orthostatic hypotension(13,14). 

The most important side effects of the thiazide diuretics, 
chlorthalidone, furosemide, ethacrynic acid and metolazone are: 
potassium losses with resultant hypokalemia, and hyperuricemia. 
Hyperuricemia may result in acute attacks of gouty a r t h r i t i s in 
individuals with a gouty diathesis. 

The aldosterone antagonist, spironolactone * has been success
f u l l y used for the treatment of hypertension  Its natriuretic 
effect i s associated wit
spironolactone in certai
ed, but subsequently denied in well controlled studies(15,16). 

Triamterene i s also a diuretic with d i s t a l tubule action and 
potassium retaining properties. It i s not generally used alone 
as an antihypertensive agent. 

In order to correct potassium losses and the consequent diu
retic-induced hypokalemia, spironolactone or triamterene can be 
successfully combined with the thiazide, metolazone, chlorthali
done, furosemide or ethacrynic acid. 

It i s now becoming apparent that a single daily dose (rather 
than 2-3 doses per day) significantly enhances patient compliance 
and, therefore, effectiveness of treatment. For this reason, the 
long-acting diuretics which can be administered once a day offer 
an important advantage: chlorthalidone, metolazone, tr i c h l o r -
methiazide can be administered once a day with a 24 hour na t r i 
uretic effect. 

Furosemide and ethacrynic acid preserve glomerular f i l t r a 
tion rate and are, therefore, the diuretic agents of choice in 
hypertensive patients with impairment of kidney function(17,18, 
19). Spironolactone may induce painful gynecomastia and impo
tence in the male, and menstrual irregularities in the female. 
For this reason, spironolactone i s not the diuretic of choice for 
long-term treatment of hypertension. Its major use appears to be 
in combination with other diuretics for the purpose of maintaining 
potassium balance. 

Because of their capability of lowering the blood pressure 
regardless of body position, of their overall excellent accept
ance by the patients and because of their favorable hemodynamic 
effects, the diuretic agents remain the most important contribu
tion to antihypertensive therapy. 

Equally important as their a b i l i t y to lower blood pressure 
when used alone i s the potentiation of a l l other antihypertensive 
drugs(7). The most commonly accepted explanation for this 
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potentiation i s that when non-diuretic antihypertensive agents 
lower the blood pressure, the kidney responds to the decreased 
perfusion pressure with retention of sodium chloride and water. 
This leads to expansion of plasma and extracellular f l u i d volume, 
thus attenuating or abolishing the original decrease in blood 
pressure. Concomitant administration of a diuretic i s , therefore, 
necessary when other antihypertensive drugs are given. 

Thus, diuretics, alone or in combination with other anti
hypertensive agents, represent the cornerstone of our antihyper
tensive armamentarium. 
Inhibitors of Peripheral Sympathetic Systems 

Historically, the f i r s t effective pharmacologic agents for 
lowering the blood pressure were the ganglionic blockers. At the 
level of the ganglia, these compounds block both sympathetic and 
parasympathetic transmission
function i s responsibl
develop an erection in the male patient and for the paralytic 
ileus. 

The inhibition of sympathetic tone to the venous system 
(capacitance vessels) results in increased pooling of blood in 
the venous vascular bed with consequent decreased venous return 
to the heart and decreased cardiac output. This phenomenon is 
more pronounced in upright positions because of the effect of 
gravity. The hemodynamic effects of ganglionic blockers include: 
decreases in cardiac output, renal blood flow, cerebral blood 
flow and orthostatic hypotension(20,21). 

A significant advance in pharmacology was achieved with the 
introduction of guanethidine. Guanethidine may be considered the 
prototype of sympathetic inhibitors acting at the level of the 
post-ganglionic sympathetic nerve ending. The drug depletes the 
neurotransmitter (norepinephrine at this site) and prevents neuro
humoral transmission. The absence of parasympathetic blockade 
represented a significant improvement over the ganglionic blockers. 
The hemodynamic effects of guanethidine, however, are determined 
by the decrease in sympathetic tone to the capacitance vessels and 
to the arterioles as well. Similar to that described for the 
ganglionic blockers, guanethidine results in decreases in cardiac 
output, (Figure 2), renal blood flow, glomerular f i l t r a t i o n rate 
(Figure 3), and cerebral blood flow(9). Reduced cerebral blood 
flow manifests i t s e l f c l i n i c a l l y by light-headedness. Decreased 
perfusion of the skeletal muscles results i n f a t i g a b i l i t y . Ortho
static hypotension i s prominent. Thus, from a hemodynamic stand
point, the circulatory defect of essential hypertension i n man i s 
certainly not corrected by this agent. 

It i s now becoming apparent that peripheral inhibition of 
sympathetic transmission, although effective in lowering blood 
pressure, does not restore circulatory homeostasis in the hyper
tensive patient, and in the light of recent progress in the 
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Figure 1. Cardiac output and blood pressure response in patient 
with hypertension 

Figure 2. 
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pharmacotherapy of hypertension must be considered of only his
t o r i c a l importance. 

The Rauwolfia alkaloids lower the blood pressure through 
various mechanisms. The antihypertensive effect i s probably due 
primarily to the depletion of norepinephrine in the postganglionic 
nerve endings. There is also an important effect on the brain 
biogenic amines. When administered orally for long-term therapy 
of hypertension, these compounds exert only a modest antihyper
tensive effect. Their effectiveness, however, may be enhanced 
by the concomitant administration of a diuretic(7). Because of 
the overall selective sympathetic inhibition, these drugs may re
sult in overriding manifestations of predominant parasympathetic 
effects. Thus, increased gastric secretion, peptic ulcer, i n 
creased intestinal motility, nasal arteriolar dilatation with 
nasal stuffiness, are common side effects. In addition, because 
of the depletion of brain amines and serotonin, behavioral changes 
are to be expected. Althoug
tively rare, subtle subclinica
be manifested by lack of energy, insomnia, and inefficiency in job 
performance. These subtle behavioral effects of the Rauwolfia 
compounds should limit their widespread use when other pharma
cologic agents are available. 
Antihypertensive Agents Acting on the Vasomotor Centers 

Methyldopa was developed in order to obtain an inhibitor of 
the dopa-decarboxylase enzyme system, thus preventing the step 
dopa to dopamine in the biosynthesis of norepinephrine. The de
creased a v a i l a b i l i t y of norepinephrine was expected to decrease 
blood pressure. Indeed, dopa-decarboxylase inhibition and anti
hypertensive action were recognized. It soon became apparent, 
however, that the biochemical and cardiovascular effects of 
methyldopa were unrelated. Subsequently, i t was demonstrated that 
conversion of methyldopa into alpha-methylnorepinephrine was 
essential for achieving blood pressure reduction. This finding 
generated the-"false neurotransmitter theory11. According to this 
interpretation, alpha-methylnorepinephrine, generated by metabo
lism of methyldopa, displaced the true neurotransmitter norepi
nephrine. Although this seems to be an interesting mechanism, the 
explanation now is considered incomplete. 

In 1967, Henning and Van Zwieten provided conclusive evidence 
that the most important effect of methyldopa i s on the vasomotor 
centers in the central nervous system(22). This central effect 
results in a decrease in sympathetic tone to the periphery. 

In addition, there i s now good evidence indicating that 
methyldopa effectively suppresses the release of renin by the 
kidney(23,24). This effect may contribute to the antihypertensive 
efficacy of the drug in some hypertensive states in which the 
renin-angiotensin system plays a pathophysiologic role. Thus, i t 
may be concluded that a) methyldopa lowers the blood pressure 
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primarily by action on the vasomotor centers resulting in de
creased sympathetic outflow; b) peripheral sympathetic modulation 
through the "false neurotransmitter" mechanism may add to the 
cardiovascular effect of the drug(25); c) the inhibition of renin 
release may contribute to the effectiveness of methyldopa in cer
tain c l i n i c a l situations. 

The hemodynamic effects of methyldopa in patients with essen
t i a l hypertension differ significantly from those of the pe
ripheral sympathetic inhibitors. Administration of methyldopa 
results in a decrease in blood pressure, a preservation of cardiac 
output and a significant decrease i n total peripheral vascular 
res is tance(26,2 7) (Figure 4). At the same time, cerebral vascular 
resistance is decreased with a well maintained cerebral blood flow 
(28). In addition, while blood pressure i s decreased, renal blood 
flow remains unchanged and renal vascular resistance i s decreased 
(26) (Figure 5). Thus, the hemodynamic effects of methyldopa 
approach the ideal restoratio
predominantly orthostati
present. This i s presumably due to the peripheral sympathetic 
inhibition ("false neurotransmitter") and i s significantly less 
apparent than with ganglionic blockers or guanethidine. 

Methyldopa has been used for approximately 15 years. The 
most common side effects are somnolence, hemolytic anemia (rare), 
appearance of a direct Coombs test (frequent), methyldopa fever 
and hepatotoxicity (rare). 

Another antihypertensive agent with action on the vasomotor 
centers i s clonidine. Kobinger and co-workers demonstrated i n 
the experimental animal that clonidine lowers the blood pressure 
by a direct effect on the vasomotor centers(29). This effect re
sults in a centrally mediated decrease in sympathetic discharge 
while vagal tone i s increased(30,31). There i s no inhibition of 
sympathetic neurotransmission at the level of the ganglion nor at 
post-ganglionic sites. The hemodynamic effect of this central 
action i s distributed between cardiac output, heart rate, and pe
ripheral vascular resistance. There i s a predictable decrease in 
heart rate and cardiac output. The total peripheral resistance 
effect i s evident in the standing position (Figure 6). Renal 
blood flow i s maintained with a consistent decrease in renal 
vascular resistance(32) (Figure 7). Also, muscle blood flow i s 
preserved. After acute administration of clonidine, the blood 
pressure reduction i s more marked in the standing position. After 
prolonged administration, however, there i s no detectable di f 
ference between supine and upright blood pressure(32). C l i n i 
cally, no orthostatic hypotension i s reported. Thus, while sympa
thetic outflow from the vasomotor center i s decreased by cloni
dine, central integration of cardiovascular reflexes mediated by 
the baroreceptors appears to be preserved. 

Both in the experimental animal and in patients, administra
tion of clonidine suppresses renin release by the kidney(32) 
(Figure 8). These observations suggest the possibility that this 
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Figure 3. 

Figure 4. 
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effect may contribute to the antihypertensive effectiveness of 
the drug in hypertensive states in which the renin-angiotensin 
system plays a pathophysiologic role. 

C l i n i c a l l y , clonidine has shown great v e r s a t i l i t y : effec
tive in mild, moderate and severe hypertension. The major side 
effects are drowsiness and dry mouth. Clonidine can be effec
tively used in combination with a diuretic(32). In addition, a 
vasodilator (hydralazine) can be usefully added. The brady-
cardiac effect of clonidine prevents the reflex tachycardia i n 
duced by the vasodilator. 

In general, the introduction of antihypertensive agents 
acting on the vasomotor center in the brain appears to be a major 
advance in the treatment of hypertension. The well balanced 
hemodynamic effect i s far superior to what is observed with i n h i 
bition of sympathetic transmission at peripheral sites. Ortho
static hypotension i s no longer a problem. It i s predicted that 
pharmacologic progress i
ther contributions to ou
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sedative action of 47 

α-Methylnoradrenaline 29,35,37, 51 
a-Methylnorepinephrine 71, 86 
α-Methyl-p-tyrosine 29 

tyrosine hydroxylase inhibitor 71 
Metolazone 83 

Minoxidil 61,62 
MJ-10459-2 70 

Ν 
Nerve, vagus 36 
Neuron blocking agents, adrenergic ... 67 
Neurotransmitter depletion 70 
Nicergoline 66 
Nifedipine, Bayer compound 63 
Non-diuretic antihypertensive agents 84 
Noradrenaline 2, 29, 35, 36, 37, 51 

receptors 37 
sedative action of 47 

Noradrenergic mechanisms, drugs 
affecting 64 

Norepinephrine 64, 86 
biosynthesis 

brain 62 
inhibition of 71 

Normatensyl 58 
Nylidrin 67 

Ο 
Oxprenolol 65 
Oxypropanolamine analogs 4 

Ρ 
Partial agonist 4 
Pazoxide 59 
Peptide(s) 73 

synthesis, Merrifield method of 73 
Peripheral 

arteriolar constriction 81 
dilating hypotensive agents 55 
inhibition of sympathetic 

transmission 84 
resistance, total 23, 82 
sympathetic systems, inhibitors of .. 84 
vascular resistance 81 
vasodilating antihypertensive agents 55 
vasodilators 81 

Phenoxy analogs 11 
Phenoxybenzamine 35, 65 
Phenoxypropanolamine(s) 5,11 
Phentolamine 65 
Phenylalanine 29 
Phenylethanolamines 10 
Phenylimino-imidazolines 42 
Phenyl ring, effects of substitution in 5 
PHN 72 
Phthalazine ring systems 56 
Physiology of blood pressure 

regulation 27 
Picodralazine 58 
Pindolol 16 
Piperoxan 35,65 
Practolol 14, 15,16 
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Prazosin 61,66 
Pressor and depressor activity 36 
Pressor effect(s) 72 
Prichard 1 
Pronethalol 4 
Propanolamines 

p-acylamino 7 
ethanolamines 5 

Properties, antihypertensive 15 
Propranolol 1, 4, 14, 15, 16, 21, 82 
Pulmonary β-receptors, cardiac and .... 14 
Pyridazine ring systems 56 

Q 
4-Quinazolinones 60 

R 
Rauwolfia alkaloid(s) 86 

reserpine 7
Receptors 

adrenergic a- 35, 47 
epinephrine 37 
noradrenaline 37 

/3-Receptors, cardiac and pulmonary 14 
Regulation, physiology of blood 

pressure 27 
Release of renin 86 
Releasing norepinephrine from 

storage sites 70 
Renal 

blood flow 82 
vascular resistance 82 

Renin 19 
-angiotensin-aldosterone system .... 27 
-angiotensin system 74, 86, 91 
hypertension 73 
release of 86 

Reserpine 82 

S 

Salivary secretion by clonidine, 
inhibition of 47 

Saralasin (Sar^Ala^angiotensin II)....73, 74 
Sedative 

action of methyldopa 47 
action of noradrenaline 47 
effects of clonidine 47 

SKF 24260 63 
Sodium nitroprusside 55,56 
Spironolactone, aldosterone antagonist 83 
SQ 20, 881 74 
Stabilizing activity, membrane 15 
^Stimulants as bronchodilators 4 

Storage sites, releasing norepinephrine 
from 70 

Structural requirements for intrinsic 
sympathomimetic activity 11 

Structure 
guanethidine 70 
modification, hydralazine 56 

Structure-activity relationships 2, 4, 63 
hydralazine 56 
indolylethyl-piperidine group 66 

SU-4029 68 
Substances interfering with 

angiotensin II 73 
Substituents, effects of 10 
Substitution in the phenyl ring, 

effects of 5 
Ĵ virpiathfitir 

systems, inhibitors of peripheral ... 84 
transmission, peripheral 

inhibition of 84 

Τ 
Tachycardia 82 
Thiazide diuretics 83 
Timolol 16 
Total peripheral resistance 23, 82 
Treatment of hypertension 91 
Triamterene 83 
Trichlormethiazide 83 
Trimazosin 61 
1-Tyrosine 29 
Tyrosine hydroxylase inhibitor 

α-methyl-p-tyrosine 71 

U 
p-Ureido series 8,10 

V 
Vagus nerve 36 
Vallene complex 58 
Vascular resistance, peripheral 81 
Vasodilating antihypertensive agents, 

peripheral 55 
Vasodilation 83 
Vasodilators 82 

peripheral 81 
Vasomotor centers, antihypertensive 

agents acting on the 86 

X 

Xylocholine 67 
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