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The renin–angiotensin system (RAS) now underlies the successful treatment of

almost 50% of the patients in cardiovascular medicine, with serious possibilities of

extension to diabetes, Alzheimer's disease and cancer. This clinical transformation

started just over 50 years ago, with the unexpected identification of a bradykinin-

potentiating peptide from snake venom, as a potent inhibitor of ACE which led to the

development of the first synthetic inhibitor, captopril, followed by the angiotensin

receptor blockers. This article analyses the transformation of the RAS into its differ-

ent stages, from academic experiments to clinical use and back to the laboratory,

identifying the critical events involved, both clinical and scientific. The analysis also

assesses the contributions of chance, coincidence, and conviction that were crucial in

this transformation. Although questions remain, the transformation of the RAS over

the past five decades provides a success story for medicine, for pharmacology, and,

most significantly, for patients.

1 | INTRODUCTION

The renin–angiotensin system (RAS) had its beginnings at the end of

the 19th century (Tigerstedt & Bergman, 1898), and, over the follow-

ing six decades, all of its components were identified and functionally

characterised (see Fasciolo, 1990; Page & Bumpus, 1961). Renin,

released from the kidney, cleaved a decapeptide from a plasma protein,

renin substrate (angiotensinogen). This decapeptide (angiotensin I)

was biologically inactive but was hydrolysed to the active octapeptide,

angiotensin II, by another plasma protein, ACE. Angiotensin II was a

potent vasoconstrictor and stimulator of aldosterone secretion,

and these activities were lost after any further cleavage to smaller

peptides (Figure 1). Thus, in 1965, an authoritative Pharmacological

Review of the RAS concluded “The renin-angiotensin system has

emerged as a truly hormonal controlling system intimately concerned

with electrolyte balance …” and “It seems unlikely that the system

usually operates as a direct pressor system” (Peart, 1965).

However, over the next six decades, the RAS, in all its aspects

was transformed well beyond any predictions, possibilities or fanciful

speculations. Now, in 2020, the RAS underlies the clinical treatment

of at least 50% of the patient population in cardiovascular medicine

(including hypertension!) and has brought undoubted benefit to many

millions of patients. This clinical transformation has been accompanied

by an equal transformation of the scientific basis of the RAS. Particu-

larly relevant, in the present context, is that in 1965, Peart could ade-

quately cover the topic of the ACE in one short paragraph of

42 words. In 2013, the Pharmacological Review on ACE had eight

authors and 36 pages of printed text (Bernstein et al., 2013).

The present article seeks to analyse this transformation into its

different stages, to elucidate how and why those stages developed

and to identify events critical to that development. Because the pre-

sent state of the RAS represents a success story for pharmacology,

such an analysis could provide insights into this success, insights that

could help generate other pharmacological successes. Particularly, the

analysis could identify the contribution of non-scientific factors such

as chance, coincidence and conviction, to the scientific advances in

the RAS and its application to medicine. However, what is clear is that

this remarkable development of the RAS had, as its starting point, the

discovery of the ACE inhibitors.

2 | EARLY WORK IN ACE INHIBITION

That discovery actually started in the same year as Peart's review, but

in a very different system, that of a relatively newly discovered
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endogenous peptide, bradykinin. In 1965, a young Brazilian pharma-

cologist, Sergio Ferreira, published a paper in the British Journal of

Pharmacology based on his PhD thesis, describing the properties of an

extract of snake venom, a partly purified mixture of several short pep-

tides (5–11 residues) and called bradykinin-potentiating factor (BPF).

This BPF had no direct myotropic activity, but it did potentiate the

actions of the nonapeptide bradykinin, most likely due to inhibition of

the metabolism of bradykinin to inactive fragments (Ferreira, 1965).

Importantly, although there were chemicals, such as

2,3-dimercaptopropanol, which also potentiated bradykinin by block-

ing its metabolism, the BPF was the first naturally occurring

bradykininase inhibitor.

In the same year, Ferreira joined John Vane's group at the

Pharmacology Department in the Royal College of Surgeons in

London, as a post-doctoral fellow. This was not his original plan,

which had been to join Paton at the Oxford Department of Phar-

macology, for post-doctoral study. However, his wife had secured a

research post in London, and as Paton and Vane had been col-

leagues at the Department at the Royal College of Surgeons, it

was arranged that Ferreira should transfer his fellowship to

London. Vane was just starting his study of the fate of endogenous

vasoactive substances in the circulation, later summarised in his

Gaddum Lecture (Vane, 1969), using a newly developed bioassay,

the blood-bathed organ technique (Vane, 1964), to measure levels

of vasoactive hormones in vivo in experimental animals. As Fer-

reira's experience had been with bradykinin, he was allocated this

peptide for investigation. His first paper on the fate of bradykinin

in the circulation (Ferreira & Vane, 1967) showed that there was

extensive (80%) inactivation of this peptide on a single passage

through the pulmonary circulation. This inactivation was selective

in that eledoisin, a peptide closely related to bradykinin, did not

undergo such a high level of inactivation and, furthermore, the

inactivation of bradykinin was blocked by the BPF extract, adminis-

tered intravenously. While Ferreira was carrying out his studies on

bradykinin, another post-doctoral fellow, Kevin Ng, started to

assess the fate of another endogenous vasoactive plasma peptide,

angiotensin II, in vivo using the same blood-bathed organ technique

and including studies of its biologically inactive precursor, the

decapeptide, angiotensin I. From these experiments (Ng &

Vane, 1967, 1968), two interesting results emerged. One was that

passage through the pulmonary circulation did not inactivate angio-

tensin II but did convert angiotensin I to angiotensin

II. Furthermore, this conversion in the pulmonary vasculature was

more extensive and more rapid than that after incubation with

blood, which was, then, the sole location of ACE activity

(Helmer, 1955; Skeggs, Kahn, & Shumway, 1956). These findings

implied that there was a peptidase activity associated with the pul-

monary vascular bed that was highly active and selective towards

the angiotensin peptides. Because the earlier studies with bradyki-

nin had also implied a highly active but selective peptidase activity

in the pulmonary circulation, Ng and Vane suggested that these

two activities might be properties of the same enzyme (Ng &

Vane, 1968). Another further relevant coincidence was that a cell-

F IGURE 1 The RAS in 1965. Angiotensinogen, or renin substrate,
is a plasma protein synthesised, like other α-globulins, by the liver.
Renin is synthesised in the juxtaglomerular cells of the kidney and
secreted into the renal blood vessels and then into the systemic

circulation. There renin cleaves a decapeptide, angiotensin I, from
renin substrate. This peptide has little or no biological activity and is a
substrate for several plasma peptidases, one of which, the dipeptidyl
carboxypeptidase ACE, forms the octapeptide, angiotensin II. This
peptide was the only fragment of angiotensin I with biological activity
as a vasopressor agent and a stimulator of aldosterone release.
Subsequent cleavage of angiotensin II into smaller fragments by other
plasma peptidases yields biologically inactive peptides
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free extract of dog lung with ACE activity and very little

angiotensinase activity had been prepared, in Vane's group. Thus,

in 1968, it was immediately possible to test, in vitro, the lung ACE

for bradykininase activity and then to find out if Ferreira's BPF

inhibited both the ACE and bradykininase activities of the lung

preparation. The results of these highly speculative experiments

showed clearly that both ACE and bradykininase activities were

present in the same subcellular fraction of dog lung and, critically,

that both activities were inhibited by the BPF (Bakhle, 1968).

As the BPF was a mixture of peptides, the next stage was for

Ferreira, in a successful collaboration with Lewis Greene, to isolate six

separate peptides from BPF, one pentapeptide and the others, non-

apeptides and decapeptides. The profile of activity of these purified

peptides as bradykinin potentiators (Ferreira, Bartelt, & Greene, 1970)

was the same as their profile as ACE inhibitors (Ferreira, Greene,

et al., 1970), further supporting the possibility that ACE was also the

potent lung bradykininase.

These early years of ACE inhibition were crucially influenced

by chance events and coincidences. If Ferreira had gone to Oxford

as he originally intended, it is unlikely that he would have carried

out the experiments that Vane was planning, and Vane would

probably not have used bradykinin as a substrate to study but

would have concentrated on the angiotensin peptides. It is even

more unlikely that the BPF would have been tested for activity

against ACE. So Ferreira's “second choice” turned out to be the

critical choice in the discovery of the ACE inhibitors and the sub-

sequent transformation of the RAS.

Further, the work with angiotensin I, carried out by Kevin Ng,

was made possible by a ready supply of synthetic angiotensin I

provided by Wilkinson, a chemist at the Wellcome Laboratories in

Kent, who used the solid phase synthesis, then newly developed

by Merrifield. The first experiments showing inhibition of ACE by

the BPF were more than highly speculative; they were entirely

dependent on temporal and spatial coincidences. The results of

Ferreira and of Ng had to be fresh in the minds of Vane's group, and

the lung enzyme and BPF, along with a ready supply of angiotensin

I all had to be available at the same time. In these circumstances,

it was easier to do the experiment first and to assess its results, if

necessary, later. A more extensive scientific analysis of the reasons

for testing BPF against ACE would only have discouraged the

experiments.

3 | DEVELOPMENT AT E.R. SQUIBB

However, real pharmacological progress with the BPF peptides as

ACE inhibitors required much greater technical expertise and effort

than either Ferreira, now back in Brazil, or Vane in London could

provide. So Ferreira and Vane took the project to E.R. Squibb, who

were then a relatively small pharmaceutical company in New Jer-

sey. They were able to persuade Squibb that a synthetic, low MW

analogue of the BPF nonapeptide (the most potent peptide iso-

lated) would provide a compound with potential use as an anti-

hypertensive drug, based on the inhibition of the formation of the

known vasopressor angiotensin II. Although the majority of the

clinical opinions obtained, at the time, did not support that possi-

bility {Smith & Vane, 2003). Squibb assigned two researchers to

this project, a biochemist, David Cushman, and a peptide chemist,

Miguel Ondetti. Over the next 6 years, Cushman devised the first

spectrophotometric assay for ACE activity using purified ACE from

rabbit lung along with a synthetic substrate (Cushman &

Cheung, 1971), an assay that has been used with variations ever

since. Ondetti succeeded in sequencing and then synthesising the

most potent nonapeptide from BPF, known as SQ 20881 or

teprotide (Ondetti et al., 1971), which allowed it to be used in a

few patients to demonstrate its efficacy as an anti-hypertensive

agent (Case et al., 1976; Gavras et al., 1974). However, Cushman

and Ondetti did not succeed in their primary aim, to design a

potent, low MW, orally active analogue of the nonapeptide, and so

Squibb decided to close the project. According to Cushman (per-

sonal communication), it was while he was clearing out his ACE-

related reprints that he came across a paper by Byers and

Wolfenden (1973) on carboxypeptidase inhibitors, which inspired

him to design and Ondetti to synthesise and to test another dozen

low MW compounds. Among these few compounds was SQ

14225 (Ondetti, Rubin, & Cushman, 1977) which, as captopril, was

approved by the FDA in 1981 for hypertension. Many other ACE

inhibitors (enalapril, lisinopril, ramipril and perindopril) from other

companies followed soon after.

At Squibb, success of the search for low MW, orally available,

ACE inhibitors depended crucially on the actions and interactions

of the people most directly involved, particularly John Vane, Arnold

Welch and David Cushman. Vane and Welch had met some years

earlier at the Department of Pharmacology at Yale Medical School,

when Welch was Chairman of the Department and Vane an Assis-

tant Professor. In 1967, Welch moved to E.R. Squibb as Director

of the Squibb Institute for Medical Research and soon afterwards

Vane joined as Senior Consultant in Pharmacology. When Ferreira

and Vane brought their results and ideas about BPF and ACE inhi-

bition to Squibb, Welch was convinced of the viability of the pro-

ject to use the BPF peptides as lead compounds in the design of

synthetic non-peptide inhibitors. However, there was little evidence

of the clinical utility of ACE inhibitors and most clinical opinion

was negative. Welch's decision to initiate the search was strongly

influenced by his good relationship with Vane and by his trust in

Vane's scientific judgement. The personality of the biochemist

selected by Squibb to lead the project, Dave Cushman, was also

crucial to its eventual success, as shown by his persistence with

the project when it had been officially closed. Cushman was also

convinced, beyond reason for many, that a low MW, non-peptide

ACE inhibitor was just waiting to be found. In 1973, Vane gave up

his consultancy at Squibb on his appointment as Research Director

at the Wellcome Laboratories at Beckenham. This meant that the

final design, synthesis and testing of captopril and its immediate

analogues took place without his active support and

encouragement.
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4 | CLINICAL OUTCOMES OF ACE
INHIBITION

The clinical success of captopril in primary (essential)

hypertension—it was both effective and had relatively few side-

effects—had a number of consequences, not all immediately pre-

dictable. First and most predictable from the high prevalence of

primary hypertension worldwide was that many millions of patients

have received significant clinical benefit. The same features pro-

vided, very rapidly, a wide clinical experience with ACE inhibitors

which gave clinicians the confidence to use these agents “off-label”

in a variety of cardiovascular pathologies. In this way, ACE inhibi-

tors were soon used, again with success, to treat heart failure

(Turini, Brunner, Gribic, Waeber, & Gavras, 1979; Gavras &

Brunner, 2001; Sayer & Bhat, 2014) and in the aftermath of myo-

cardial infarction (AIRE study 1993; Borghi et al., 2018). Another

clinical area in which ACE inhibitors have provided real benefit is

renal dysfunction. Initially, these inhibitors were used to treat the

hypertension that often accompanies end-stage renal disease

(ESRD), the stage immediately before dialysis and transplantation.

In this condition, two results quickly emerged. As expected, ACE

inhibitors were effective anti-hypertensive agents, but they also

appeared to delay the progressive loss of renal function, i.e. they

appeared to be reno-protective. This protection did not correlate

with the level of hypertension and patients with ESRD but without

hypertension also showed improved renal function. Further studies

showed that ACE inhibitors were reno-protective before the end

stage was reached and benefit could be obtained in patients with

macroalbuminuria and then in patients with microalbuminuria,

independent of any anti-hypertensive action (Persson, Lindhardt,

Rossing, & Parving, 2016). Such early prevention of renal damage

and dysfunction is of particular relevance in diabetic nephropathy

(Ma, Kam, Yan, & Lam, 2010; Ruggenenti, 2017). There is now a

strong suggestion (Persson et al., 2016) that ACE inhibitors should

be used prophylactically to prevent renal dysfunction in patients

with either Type 1 or Type 2 diabetes, with or without hyperten-

sion. The case for such prophylactic use is strengthened by the

benefit provided by ACE inhibitors in another microvascular com-

plication of diabetes, retinopathy (Wang et al., 2015). Prophylactic

use of ACE inhibitors is already known to be effective in cardio-

vascular disease, as a component of the polypill, a fixed dose com-

bination of aspirin, a statin and an anti-hypertensive agent. Most

recently, three reports have shown polypill treatment, for

12 months or 5 years, to reduce the incidence and risk of cardio-

vascular events in patient populations lacking access to adequate

medical care (Muñoz et al., 2019; Roshandel et al., 2019; Selak

et al., 2019).

A further possible target for ACE inhibitors is the microvascu-

lature of tumours, suggesting that these inhibitors might be effec-

tive adjunct therapy for cancer (George, Thomas, & Hannan, 2010;

Radin, Krebs, Maqsudlu, & Patel, 2018; Xu et al., 2017). However,

the growing interest and data accumulation in another clinical area,

dementia, may reflect non-vascular effects of the RAS (Farag

et al., 2017; Santos et al., 2018; Wharton et al., 2018).

5 | PHARMACOLOGICAL OUTCOMES OF
ACE INHIBITION

The first pharmacological consequence of the rapidly established ben-

efit of ACE inhibitors in primary hypertension was the powerful impe-

tus it provided to the search for angiotensin receptor antagonists.

Although earlier work (Brunner, Gavras, Ribeiro, & Posternak, 1976;

Streeten, Anderson, Freiberg, & Dalakos, 1975) had shown that

saralasin (Sar1-Ala8-angiotensin II) exerted anti-hypertensive effects,

this compound had two major disadvantages, it was a peptide and

thus could not be administered orally and, pharmacologically, it was

actually a very weak partial agonist, capable of raising BP before

blocking angiotensin receptors. Furthermore, at the time, there was

not enough evidence that angiotensin receptor antagonists (later

called angiotensin receptor blockers, ARBs) would be clinically useful,

and thus, there was little support for further research. However, once

the clinical benefits of ACE inhibition had been demonstrated, the

search for ARBs was re-invigorated, successfully, in many pharmaceu-

tical companies (seeTimmermans et al., 1993).

The first ARB in clinical use was losartan, approved by the FDA in

1995, followed very soon by many others including candesartan,

valsartan and telmisartan. They are now used almost as widely as the

ACE inhibitors and their main clinical advantage is the absence of the

dry cough associated with inhibition of ACE. In parallel with this phar-

maceutical development, two receptors for angiotensin II, AT1 and

AT2, with significantly different structures, ligands and actions were

identified and the receptors cloned (Karnik et al., 2015). The ARBs in

clinical use are antagonists at the AT1 receptor, with minimal effects

at the AT2 receptor. This selectivity, together with the almost oppo-

site effects of AT2 receptor agonists on the vasculature, has raised the

possibility that some of the benefit of the ARBs could derive from

increased activation of AT2 receptors and not only from the blockade

of AT1 receptors (Carey, 2017; Wang et al., 2017).

6 | PHYSIOLOGICAL OUTCOMES OF ACE
INHIBITION

The clinical success of the ARBs, added to that of the ACE inhibi-

tors, has undoubtedly driven and sustained the further expansion of

the physiology of the RAS (Figure 2). The major advance has been

the uncovering of the parallel, “alternative,” or “depressor” RAS, with

a different converting enzyme, ACE2 (Kuba, Imai, Ohto-Nakanishi, &

Penninger, 2010), a new endogenous peptide agonist, the hepta-

peptide Ang1-7, that acts on a new receptor, Mas1, for which a

selective synthetic agonist and antagonist have been identified

(Karnik, Singh, Tirupula, & Unal, 2017). The effects of Ang1-7 and

other agonists at Mas1 receptors are mostly opposed to the effects

of angiotensin II at AT1 receptors, further supporting the concept of
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a RAS maintained in balance, by the opposing actions of endogenous

angiotensin peptides (Santos et al., 2018). Recent work on the alterna-

tive, parallel RAS has identified another bioactive heptapeptide,

alamandine (Ala1-Ang1-7), as an agonist at another orphan receptor,

MRGPRD (Oliveira et al., 2019; Santos et al., 2018; Villela, Passos-

Silva, & Santos, 2014). Alamandine is generated from Ang1-7 by a

decarboxylase (Figure 2), not a peptidase, raising the possibility of

other bioactive Ala1-peptides derived from angiotensin I and II (Santos

et al., 2019). Although the clinical relevance of these newest compo-

nents of the RAS is not yet established (Tetzner et al., 2018), the

prospect, of another RAS-based intervention in cardiovascular disease

will continue to drive research in this area.

The scientific expansion of the RAS has also been anatomical,

as the components of the RAS are now found in many organs, apart

from the kidney, including the heart (Zhuo et al., 1998) and, particu-

larly, the CNS (Ganten et al., 1971; McKinley et al., 2003; Santos

et al., 2018). Consequently, circulating levels of angiotensin peptides

and/or of renin may not reflect the activity of the RAS in any given

tissue which may control its own levels of angiotensin peptides, dis-

tinct from that of any other tissue or the circulating levels. For the

CNS, the blood–brain barrier ensures that the RAS located here is

separated from the peripheral RAS and all the necessary substrates,

enzymes, receptors and ligands are present in the CNS, along with

the required control processes of stimulation or inhibition. The loca-

tion of the RAS in the CNS has generated a new range of physio-

logical and/or pharmacological target areas, including anxiety,

learning, memory, physiological responses to stress and ischaemic

stroke, apart from the centrally regulated effects on the peripheral

cardiovascular system (Gebre, Altaye, Atey, Tuem, & Berhe, 2018;

Gironacci, Vicario, Cerezo, & Silva, 2018; Santos et al., 2018).

7 | CHARACTERISTIC ASPECTS OF THE
TRANSFORMATION OF THE RAS

The advances noted above form only a part of the expansion of the

RAS over the past 50 years, as almost every scientific aspect of this

system has experienced a significant and sustained increase in knowl-

edge. The new, transformed RAS has, however, to be seen in the con-

text of the marked increase in pharmacological knowledge over the

last five decades. For instance, 5-HT, the PGs, the endogenous opi-

oids, the endocannabinoid systems and NO have all developed into

major signalling systems since 1968. Against such a background of

continuous pharmacological discovery, the expansion and transforma-

tion of the RAS would seem to be just one example among many.

There are, nonetheless, some aspects peculiar to the RAS that

deserve comment. For example, the most striking characteristic of the

expansion of RAS-based clinical therapies is that it has been clinically

led, through clinicians using the ACE inhibitors off-label, at first, and

subsequently validating positive results with fully randomised clinical

trials (see Sadat-Ebrahimi et al., 2018). Two factors underlie this

empirical, rather than the more usual, predicted, development of drug

use. One is the relatively low level of side-effects of the ACE inhibi-

tors. The most common side-effect is a dry cough which is perhaps

less acceptable to companions, colleagues and family than to the

patient, and the other, angioedema, is relatively very rare. Such low

F IGURE 2 Development of the RAS since 1965. The first advance was the identification of the angiotensin AT1 and AT2 receptors, with the
same endogenous agonist, angiotensin II (Ang1-8) but with significantly different, almost antagonistic, outcomes. The clinically used ARBs are
selective antagonists of the AT1 receptor. The alternative RAS comprises a carboxypeptidase (ACE2) removing one peptide residue at a time, for
which angiotensin II is a substrate; both properties are marked differences from ACE. The product of ACE2 activity on angiotensin II is Ang1-7
which is an agonist at both AT2 receptors and its own receptor, Mas1 (where angiotensin II is not an agonist). The most recent component
identified is alamandine, another heptapeptide derived from Ang1-7 by decarboxylation of the N-terminal Asp. Alamandine has its own receptor,
an orphan GPCR known as MRGPRD, at which neither angiotensin II nor Ang1-7 are agonists
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levels of possible harm would make off-label use by clinicians easier

to propose and execute, both ethically and practically.

The other factor is the lack of a clear physiological or pharmaco-

logical explanation for the effects of the ACE inhibitors. The immedi-

ate consequence of ACE inhibition has always been clear, a decreased

amount of angiotensin II and consequent block of the biological activ-

ity of the RAS. The BPF nonapeptide (SQ 20881, teprotide) and cap-

topril lowered BP in models and in patients with high-renin

hypertension (Gavras et al., 1974; Laffan et al., 1978), providing a

clear proof of concept. However, there is no clear evidence that, in

primary hypertension, the activity of the RAS is increased, relative to

that in normotensive subjects. Equally, there was no clear reason to

include an animal model of primary hypertension—the SHR strain of

Wistar–Kyoto rats—in the definitive report on SQ 14225 (captopril),

which recorded the anti-hypertensive effects of ACE inhibition in the

SHR, but without further comment (Laffan et al., 1978). A subsequent

paper from the Squibb team (Antonaccio et al., 1979) showed chronic

treatment of the SHR strain with SQ 14225 to be effective, and here,

the authors considered and rejected several possible mechanisms.

However, neither paper gave any reason for including a model of pri-

mary hypertension in studies of an agent particularly designed for

high-renin hypertension. Nevertheless, these experimental results pro-

vided support for testing captopril in patients with primary hyperten-

sion, tests which showed that patients responding to ACE inhibitors

exhibited low, normal, or high levels of renin activity in plasma, with

no correlation of response with levels of renin activity (Gavras, Faxon,

Berkoben, Brunner, & Ryan, 1978).

This divergence from a simple relationship of beneficial effect

with the hypertensive activity of the RAS was much clearer in renal

disease where the benefits of ACE inhibitors did not correlate with

the severity of hypertension (Manley, 2000). Laragh, an early and vig-

orous supporter of the relevance of the RAS to primary hypertension,

proposed that renin alone is not the critical factor and that renin levels

needed to be combined with sodium excretion in each patient to

explain the response to RAS blockade (Laragh, 1981). However, this

proposition has not been converted into a reliable predictor of sensi-

tivity to RAS blockade, capable of identifying those clinical conditions

that would respond to ACE inhibitors (or ARBs). In the absence of eas-

ily assessable markers of sensitivity to ACE inhibition, the empirical

approach of careful clinical observation followed by off-label use (“try

this for a week and see if it helps”) is probably the best method of

assessing the possible clinical value of ACE inhibition.

The expansion of the science of the RAS has, however, been

much less empirical, using all the powerful new techniques, assays

and concepts of the last five decades, including molecular biology, the

application of MS and NMR to biology and all the “‘omics” available,

to provide more knowledge and understanding of biological events.

These advances have uncovered many actions of angiotensin II apart

from vasoconstriction and aldosterone secretion, actions such as its

proliferative effects on vascular smooth muscle and the generation of

ROS characteristic of inflammatory responses. Added to these, the

emergence of the alternative RAS (ACE2, Ang1-7, alamandine and

their bioactivity; Santos et al., 2018, 2019) provides many new and

different possible explanations of the clinical effects of ACE inhibition.

Nevertheless, even this scientific expansion has been made possible

by the clinical successes. The RAS as the basis of important medical

advances is much more “grant-worthy” than the RAS as just another

physiological system. “Translation” works both ways.

8 | CONTRIBUTION OF BRADYKININ TO
THE EFFECTS OF ACE INHIBITORS

Another question relevant to the action of the ACE inhibitors that has

remained unanswered since the early work with the BPF is the

contribution of bradykinin potentiation to the therapeutic benefits of

ACE inhibition (Regoli & Gobeil, 2017; Taddei & Bortolotto, 2016). All

the advances in science have confirmed the early suggestion that the

ACE protein was also an important bradykininase and that inhibition

of angiotensin II conversion is accompanied by an increased survival

of bradykinin (Bernstein et al., 2013). The dry cough that is a side-

effect of ACE inhibition was attributed to the effects of raised levels

of bradykinin, as was the rare case of angioedema. The latter effect

had a higher incidence when ACE inhibition was combined with

inhibition of neutral endopeptidase (neprilysin; NEP), another enzyme

inactivating bradykinin, and this was a major reason for the rejection

by the FDA of omapatrilat (Campbell, 2018). The low levels of

angioedema in the successful clinical trials of LCZ696 (sacubitril/

valsartan), in which the NEP inhibitor is combined with an ARB, would

support this assumption (Hubers & Brown, 2016). There is, therefore,

little doubt that ACE inhibitors can and do increase bradykinin levels

in vivo. Does such an increase make a clinical difference to the effects

of ACE inhibitors?

A significant contribution by bradykinin to clinical outcomes is

likely because of the indirect effects of this peptide. Bradykinin is

known to stimulate the production of two major endogenous vasodi-

lators, PGI2 andNO (de Nucci, Warner, & Vane, 1988; Hannan, Davis, &

Widdop, 2003), to stimulate the release of tissue plasminogen activator

(Pretorius, Rosenbaum, Vaughan, & Brown, 2003), to suppress apopto-

sis in endothelial cells (Kono et al., 2002) and to improve survival of

endothelial progenitor cells (Sheng et al., 2013), all effects likely to pro-

vide benefit in cardiovascular disease. Comparison of the effects of

ACE inhibitors with those of ARBs or of the renin inhibitor, aliskiren

(Pantzaris, Karanikolas, Tsiotsios, & Velissaris, 2017), does show some

differences, but they are not marked and not simple to evaluate. There

are, for instance, differences between ACE inhibitors in the treatment

of heart failure and in the aftermath of myocardial infarction (Borghi

et al., 2018; Di Nicolantonio, Hu, Lavie, O'Keefe, & Bangalore, 2014)

which could reflect differences in potency as bradykininase inhibitors.

Also, and unexpectedly, bradykinin levels in vivo are raised during treat-

ment with the ARB losartan (Campbell, Krum, & Esler, 2005).

As few studies have actually assayed bradykinin levels in patients

during treatment with ACE inhibitors, the possible relevance of brady-

kinin to the action of ACE inhibitors will remain without a satisfactory

answer. Overall, there has been less scientific progress with the

kallikrein–bradykinin system, relative to that of the RAS, even though
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these two peptide systems have been exposed to the same advances

in scientific concepts and methods over the past 50 years. This differ-

ence may reflect the lack of a clinical use for a bradykininase inhibitor

and/or a receptor antagonist, to provide the “justification” necessary

to drive the research.

These unanswered questions do not, however, detract from the

considerable benefits to patients and real scientific advances that

have emerged in the last five decades of the development of the RAS.

Such benefits and advances constitute a pharmacological success

story and illustrate the power of the scientific method—experiments,

analysis, and deduction—using all the new techniques and methods

that have become available, to explore and develop the potential of

new discoveries. However, this success story also demonstrates the

crucial contributions made by non-scientific factors, particularly

chance, coincidence and conviction, to the new discoveries and to

their successful development.

9 | FINAL COMMENTS

The pharmacological success story of the development of the RAS

over the past five decades exemplifies very clearly the two character-

istic aims of Pharmacology, analysis of biological events into pathways,

mechanisms and molecules and synthesis, reconstituting those mole-

cules and mechanisms into clinically useful medicines. A comparison

of the RAS with its companion plasma protein system, kallikrein–bra-

dykinin, suggests that, although the logical application of scientific

techniques and concepts to identify new compounds, new receptors,

new enzymes and new physiological pathways has been essential and

very effective in the development of the full potential of a

“discovery,” the potential for translation into clinical medicine may be

an intrinsic property of that biological system. Excellent science is

necessary but not sufficient for a therapeutic advance. As for the initi-

ating event, the “discovery” itself, that still depends, in Pasteur's

words, on Chance and a prepared mind. This certainly was true for the

transformation of the RAS over the last 50 years, as the initiating

event was the discovery of ACE inhibition by the BPF peptides. The

ACE inhibitors have been the key, not to Pandora's Box, but to a trea-

sure chest of patient benefit and scientific advance.

NOMENCLATURE OF TARGETS AND LIGANDS

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to

PHARMACOLOGY (Harding et al., 2018), and are permanently

archived in the Concise Guide to PHARMACOLOGY 2019/20

(Alexander, Christopoulos, et al., 2019; Alexander, Fabbro, et al., 2019).
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