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Discovery of renin and milestones in the 
history of the renin–angiotensin system
Many investigators have made major contribu-
tions to our knowledge of the renin–angiotensin 
system (RAS), and also the renin–angiotensin 
aldosterone system (RAAS), during an era of dis-
covery and translational medicine that began in 
1898. This started with Tigerstedt and Bergman 
who showed how a crude saline renal extract from 
a rabbit increased blood pressure when infused 
into a different rabbit [Tigerstedt and Bergman, 
1898]. This pressor substance, which they named 
renin, was a key discovery as it indicated a link 
between the kidneys and hypertension. There was 
then little progress until 1934 when Goldblatt and 
colleagues demonstrated that renal artery con-
striction with a clip caused renal ischaemia and 
induced hypertension in dogs [Goldblatt et  al. 
1934]. This was followed in 1939/40 by Braun-
Menendez and colleagues in Argentina, and Page 
and Helmer in the USA, who independently and 
simultaneously discovered a crystalline pressor 

substance capable of causing renal hypertension. 
This was originally named hypertensin in 
Argentina and angiotonin in the USA [Braun-
Menendez et al. 1940; Page and Helmer, 1940]; it 
was later renamed as angiotensin to reflect its dis-
covery by both groups [Skeggs et al. 1976].

Skeggs and colleagues purified angiotensin and 
identified that it existed in two forms, with the 
precursor angiotensin I differing from angioten-
sin II only in terms of the histidine and leucine 
moiety at the C-terminus (Asp-Arg-Val-Tyr-IIe-
His-Pro-Phe-His-Leu and Asp-Arg-Val-Tyr-IIe-
His-Pro-Phe, respectively [Skeggs et  al. 1954a, 
1954b, 1955]. It was subsequently discovered 
that angiotensinogen (Asp-Arg-Val-Tyr-IIe-His-
Pro-Phe-His-Leu-Leu-Val-Tyr), the substrate 
for renin in the RAS, contains an additional leu-
cine, valine and tyrosine at the C-terminus 
[Skeggs et al. 1954a, 1954b, 1955]. Two groups 
synthesized angiotensin II, which was distributed 
by Ciba Pharmaceuticals to research groups 
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[Bumpus et  al. 1957; Rittel et  al. 1957]. 
Subsequent research initiatives transformed our 
understanding of this protein and its effects on 
different tissues, prompting its experimental 
application.

By 1958, Gross and colleagues had proposed a 
hypothetical relationship between renin, angio-
tensin and aldosterone, and were the first to spec-
ulate that angiotensin promotes the release of 
aldosterone. Together these two molecules pro-
mote sodium retention in the kidney. Other sci-
entists such as Davis, Laragh, Genest, Ganong 
and Mulrow added to this research and also dem-
onstrated aldosterone secretion in response to 
angiotensin II. In 1969, Bakhle and colleagues 
showed that a bradykinin-potentiating factor, 
originally described by Ferreira and colleagues, 
inhibited the conversion of angiotensin I into 
angiotensin II and so a potential drug target was 
identified [Bakhle et  al. 1969; Ferreira et  al. 
1970]. Rapid progress in this area enabled assay 
development to test for renin along with peptide 
antagonists for angiotensin II. This discovery of 
angiotensin converting enzyme (ACE) inhibition 
was the start of a new era of experimental inter-
vention that provided considerable information 
on the RAS and its role in the pathogenesis of 
cardiovascular disease.

Between the late 1980s and the present day, sig-
nificant work has been undertaken to determine 
the complexity of the RAS and the interaction of 
multiple enzymes and receptors involved in this 
process. This has been aided by endpoint trials as 

well as genetic models and highly sophisticated 
experimental techniques. Collectively, this infor-
mation has allowed the molecular dissection of this 
system and the identification of other targets and 
new therapies. Furthermore, the system was shown 
to be more complex than originally thought (see 
Figure 1) [Schmieder et al. 2007]. Much is now 
known about the RAS and the involvement of 
other proteins such as ACE-2 and angioten-
sin-(1-7) and various receptors, but the function of 
some of these components is still widely unknown.

RAS and cardiovascular disease, friend or 
foe
While angiotensin is known to raise blood pres-
sure and affect sodium balance, the full extent of 
its influence and wide-ranging effects have only 
recently been understood. Together these pro-
cesses mediate many of the damaging effects of 
angiotensin. These include cardiac remodelling, 
increased oxidative stress and inflammation, 
direct atherothrombotic effects, lipid deposition 
in the vascular wall, accelerating the development 
of atherosclerosis, cardiovascular fibrosis, and 
influencing glomerular haemodynamics and per-
meability, thereby causing proteinuria and the 
progression of chronic kidney disease. Many of 
these effects appear independent of blood pres-
sure per se, but are enhanced and magnified when 
hypertension is present.

It is likely the RAS originally existed as a repair 
mechanism and, in early evolution, activation of 
this was fundamental for the preservation of life, 

Figure 1. Expanded view of the complexity of the renin–angiotensin system (RAS).
Reproduced with permission from Schmieder et al. [2007].
ACE, angiotensin converting enzyme; Ang, angiotensin; AT1, angiotensin II type 1; AT2, angiotensin II type 2; AT4, angiotensin 
II type 4; R/P-R, renin/prorenin receptor.
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particularly for volume regulation in the face of 
trauma and/or significant blood loss [Fournier 
et al. 2012]. As part of this repair mechanism, the 
pressor action maintained blood pressure, its 
action on the kidney retained sodium, and the 
ability to stimulate coagulation, fibrosis and tissue 
repair promoted wound healing. Today, as trauma 
is less common, the RAS plays an important role 
in blood pressure regulation and its overactivation 
can be problematic; the pressor action becomes 
hypertension, the sodium retention a predisposi-
tion to volume overload and heart failure, and the 
benefits on tissue repair and coagulation lead to 
structural change, fibrosis and thrombosis. 
Inappropriate activation of this system, even at a 
low grade, contributes to the development of car-
diovascular disease and other related conditions.

RAS as a therapeutic target to prevent 
cardiovascular disease
Teprotide was the first drug to target the RAS, and 
this synthetic nonapeptide inhibitor induced a 
decrease in blood pressure via inhibition of the 
conversion of angiotensin I to II [Cushman et al. 
1973]. This was followed by the discovery of cap-
topril, a first-in-class, orally active angiotensin con-
verting enzyme inhibitor (ACE-I) [Cushman et al. 
1979, 1980; Mylan Pharmaceuticals, 2015], which 
was the first treatment shown to enzymatically 
block the conversion of angiotensin I to angioten-
sin II. Angiotensin receptor blockers (ARBs), such 
as candesartan, were subsequently developed and 
these specifically block the binding of angiotensin 
II to the angiotensin II type 1 (AT1) receptor 
[AstraZeneca, 1998]. This increases their selectiv-
ity and improves tolerability compared with 
ACE-Is [Smith, 2002]. A more recent treatment 
addition includes direct renin inhibitors (DRIs) 
such as aliskiren [Novartis, 2015]. The clinical 
development and positioning of DRIs has been 
challenging, due in part, to the effectiveness of the 
ACE-Is and ARBs. Anticipated new developments 
include the angiotensin receptor/neprilysin inhibi-
tor (ARNI) [Bloch and Basile, 2010; McMurray 
et  al. 2014] in addition to angiotensin II type 2 
(AT2) receptor agonists [Kaschina et  al. 2008; 
Bosnyak et  al. 2010; Rehman et  al. 2012] and a 
possible anti-RAS vaccine [Ambuhl et al. 2007].

One important difference between the RAS-
blocking drugs is their duration of action 
(Figure 2); the original ACE-I captopril requires 
twice daily or more frequent dosing [Mylan 
Pharmaceuticals, 2015], while ARBs usually need 

to be taken once daily [Novartis, 1996; 
AstraZeneca, 1998] and DRIs have been shown to 
be effective for a number of days once steady state 
blood levels are achieved after 7–8 days of dosing 
[Novartis, 2015]. This differing duration of action 
between ACE-Is and ARBs was originally shown 
in a study by Hermida and colleagues [Hermida 
et al. 2008] who investigated loss of efficacy after 
16 weeks of treatment with the ACE-I enalapril or 
the ARB valsartan in patients with previously 
untreated mild to moderate hypertension. Results 
indicated valsartan was associated with a sustained 
blood pressure lowering effect beyond the initial 
24 hours after dosing. Furthermore, there was no 
significant change in the efficacy of valsartan in 
the 24 hours after a missed dose. This indicated 
less rebound with the ARB compared with the 
ACE-I. The same trend is also observed with the 
DRIs compared with ARBs, where the DRIs show 
less rebound than the ARBs. In addition to dura-
tion of action, other differences in specificity and 
hence tolerability are seen among these treatments 
and these can have important consequences for 
patient outcomes.

Comparison of current antihypertensive 
treatments and clinical outcome trials
As the first treatment to target the RAS was the 
ACE-I captopril, the pivotal and registration tri-
als for this drug compared it with placebo [Mylan 
Pharmaceuticals, 2015]. A key challenge when 
introducing a new drug into a market in which 
there is already an effective treatment is the ethi-
cal requirement that all patients should receive 
appropriate treatment if available and tolerated 
[D’agostino et al. 2003]. This meant pivotal trials 
for ARBs required an ACE-I active comparator as 
this was the current standard of care for patients 
with hypertension. These trials were also powered 
to show noninferiority or equivalence rather than 
superiority and required the enrolment of a large 
number of patients. For DRIs, the situation is 
even more complex as ACE-Is or ARBs are 
already available for patients with hypertension 
and most will have already been treated with one 
of these classes of drug. Given that high risk 
patients are likely to be enrolled in these trials, 
there is an inherently high risk of adverse events 
being reported for these treatments.

Monotherapy and RAS blockade
While there is the perception ACE-Is are more 
effective than ARBs in reducing morbidity and 
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mortality, noninferiority trial data are not pow-
ered to show this and instead indicate that ARBs 
are at least as effective as ACE-Is. One such study 
is the Valsartan in Heart Failure Trial (Val-
HeFT), which compared valsartan (40 mg twice 
daily titrated to 160 mg twice daily) with placebo 
in 5010 patients with heart failure [New York 
Heart Association (NYHA) class II–IV, ejection 
fraction <40% and left ventricular internal dias-
tolic diameter (LVIDd) >2.9 cm/m2) [Cohn and 
Tognoni, 2001]. This treatment was given in 
addition to standard of care, with 93% receiving 
an ACE-I, 86% receiving treatment with a diu-
retic, 67% being treated with digoxin and 35% 
receiving a beta-blocker. After a mean follow up 
of 23 months, valsartan significantly (p = 0.009) 
reduced the risk of the combined primary end-
point of mortality and heart failure morbidity 
(cardiac arrest with resuscitation, hospitalization 
for worsening heart failure or treatment with 
intravenous inotropes or vasodilators) by 13% 
compared with placebo. Although it was not pos-
sible to compare ARBs and placebo as the main 
purpose of the study, data are available for a sub-
group of Val-HeFT patients who were unable to 
take ACE-Is due to tolerability issues (e.g. cough). 
In this subgroup analysis of 366 patients who 

took valsartan, the risk of the combined primary 
endpoint (all-cause mortality, cardiac arrest with 
resuscitation, hospitalization for worsening heart 
failure or treatment with intravenous inotropes or 
vasodilators) was significantly reduced by 44% 
(p < 0.001) compared with placebo [Maggioni 
et al. 2002].

Diabetes and RAS blockade
Hypertension and diabetes are closely linked and 
tend to be seen in the same person more often 
than would be expected by chance alone [Cheung, 
2010]. While increased body weight is commonly 
observed in people with hypertension and/or dia-
betes, this alone does not fully explain the inverse 
relationship between hypertension and insulin 
sensitivity [Sironi et al. 2004]. An increased depo-
sition of visceral fat in individuals with hyperten-
sion has been implicated in this process, which 
occurs as a result of the antagonism of angioten-
sin on insulin signalling [Motley et al. 2003]. As 
this antagonism occurs through the AT1 receptor, 
there is a biological basis for the hypothesis that 
blocking the RAS will improve insulin sensitivity 
and also offer some level of protection against 
renal damage [Cheung, 2010].

Figure 2. Evolution of renin–angiotensin system (RAS) inhibition strategies and their duration of action.
Note: Therapies included in blue are currently available in the clinic, while those in red are in only available in clinical trials 
or under development. This figure shows the typical duration of action of the various drug classes; however, some drugs will 
have longer or shorter durations of action than the typical value given in this figure. For example, some ACE inhibitors will 
have a longer duration of action than hours and are dosed daily, while some AT2 agonists may have a halflife of hours and 
require frequent dosing. It is thought the duration of action for these new therapies is likely to be longer than the action of 
currently available therapies.
ACE, angiotensin converting enzyme; AT1, angiotensin II type 1; AT2; angiotensin II type 2; RAS, renin–angiotensin system.
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Some studies, including a meta-analysis, com-
pared the effect of different antihypertensive 
drugs on the development of new-onset diabetes 
[Elliott and Meyer, 2007]. Results showed that in 
comparison with a diuretic, the rank order for 
reducing the risk of developing new-onset diabe-
tes was ARB [odds ratio (OR): 0.57; p < 0.001], 
ACE-I (OR: 0.67; p < 0.0001), placebo (OR: 
0.77; p = 0.009), calcium channel blocker (OR: 
0.75; p = 0.002) and beta-blockers (OR: 0.90; p 
= 0.30). When compared with placebo rather 
than the diuretic, only the ARB (OR: 0.75; p = 
0.003) and the diuretic (OR: 1.30; p = 0.009) 
maintained significance. While not a powerful 
effect, clinicians can conclude that ARBs, unlike 
beta-blockers and diuretics, will not worsen the 
risk of diabetes.

Combination therapy and dual blockade of 
the RAS
The VALsartan In Acute myocardial iNfarcTion 
Trial (VALIANT) directly compared valsartan 
160 mg twice daily (n = 4,909) with captopril 
50 mg 3 times daily (n = 4,909) and combination 
therapy with valsartan plus captopril (n = 4,885) 
[Pfeffer et al. 2003]. This study enrolled high risk 
patients who had clinical or radiological signs of 
heart failure and/or evidence of left ventricular 
systolic dysfunction and received treatment in the 
12 hours to 10 days following an acute myocar-
dial infarction (MI). Data show the risk of death 
with valsartan was similar to that observed with 
captopril, with no additional benefits from com-
bination therapy with valsartan and captopril in 
this population (the lack of benefit for combina-
tion therapy is discussed in full later in this 
article).

The findings of VALIANT regarding ARB and 
ACE-I combination therapy were confirmed by 
ON-TARGET. This study investigated combina-
tion therapy with the ACE-I ramipril and the 
ARB telmisartan compared with ramipril or tel-
misartan monotherapy [Yusuf et al. 2008]. This 
study showed there was no advantage in giving 
combination therapy over monotherapy and the 
risk of adverse events was higher with an ACE-I 
and an ARB. Furthermore, it confirmed the ARB 
was replicating the benefit of the ACE-I, although 
the ARB was better tolerated.

The ALTITUDE study investigated the benefits 
of the DRI aliskiren as an add-on to an ACE-I or 

an ARB in patients with high cardiovascular or 
renal risk and type 2 diabetes [Parving et al. 2012]. 
This study showed that dual RAS blockade in 
patients who had diabetes and renal complications 
was associated with increased hyperkalaemia, 
hypotension and general side effects compared 
with monotherapy. In addition, DRI add-on ther-
apy was not associated with any benefit and the 
authors concluded that this may even do some 
harm. ALTITUDE therefore ended the concept 
of dual RAS blockade for high risk patients, but its 
findings do not mean the DRI was ineffective, 
rather aliskiren as an add-on to an ACE-I was not 
appropriate and DRIs are effective when given as 
monotherapy [Novartis, 2015].

Due to the limitations of dual blockade of the 
RAS with an ARB and ACE-I combination ther-
apy or a DRI as add-on to an ACE-I or ARB, 
other options are needed as many patients with 
hypertension require more than a single drug to 
achieve blood pressure targets [James et al. 2014]. 
RAS blockade, irrespective of its benefits in 
reducing target organ damage, is fundamental to 
improving the efficacy of other blood pressure 
lowering drugs [Mancia et  al. 2014]. Indeed, 
modern combination therapy typically includes a 
RAS blocker as part of the treatment regimen 
alongside a diuretic or calcium channel blocker, 
and other options may be possible in the future.

Future antihypertensive treatments
Several new therapies are under investigation as 
antihypertensive treatments and include vaccina-
tion with an angiotensin II-derived peptide conju-
gated to an adjuvant [Ambuhl et al. 2007]. While 
this concept is attractive in terms of treatment 
compliance, many questions remain over the 
durability of the effect and the safety of the 
approach. Indeed, concerns exist over the devel-
opment of off-target effects, including immune 
complex disease or irreversibly blocking the RAS 
in patients who subsequently become volume 
depleted or go into systemic shock. In addition, 
vaccination is unlikely to control blood pressure 
on its own, and as most people will need to take 
antihypertensives, the requirement for daily dos-
ing will remain.

An alternative approach has investigated the use 
of an oral AT2 agonist, a receptor which is upreg-
ulated in response to damage and tissue remodel-
ling. Additionally, AT2 has been shown to release 
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nitric oxide, and has antiproliferative as well as 
anti-inflammatory properties. An AT2 receptor 
agonist, C21, is currently in preclinical testing 
and this has shown the potential to reduce hyper-
tension when given with an ARB [Bosnyak et al. 
2010], as well as improve endothelial function 
and vascular composition [Rehman et al. 2012], 
left ventricular function, remodelling post-MI 
and reduce the infarct size [Kaschina et al. 2008]. 
Furthermore, C21 has demonstrated antifibrotic 
and neuroprotective effects [Unger and Dahlof, 
2010] and is anti-inflammatory [Kaschina et  al. 
2008; Rompe et al. 2010]. This treatment there-
fore has the potential to become a useful add-on 
therapy to an ARB and/or may have benefit in 
other clinical indications.

Another exciting development is LCZ696, a first-
in-class ARNI. LCZ696 potentiates the benefits 
of natriuretic peptides and induces a physiologi-
cal response in addition to blocking the RAS and 
reducing the pathological effects of this system. 
This treatment has been tested in proof of con-
cept trials [Bloch and Basile, 2010; Gu et  al. 
2010], in addition to the PARADIGM study 
[McMurray et al. 2014]. Here it was shown to be 
superior to the ACE-I enalapril in terms of reduc-
ing morbidity and mortality over standard care in 
patients with systolic heart failure (class II, III or 
IV heart failure) and an ejection fraction of 40%. 
Further investigations are currently underway in 
the PARAMETER (Prospective comparison of 
Angiotensin Receptor neprilysin with Angiotensin 
receptor blocker Measuring arterial sTiffness in 
the elderly) study [Williams et  al. 2014]. It is 
anticipated these results will be published in 2016 
and it is hoped this treatment has the potential to 
inhibit cardiac remodelling and fibrosis, arterial 
stiffness and renal fibrosis, as well as improve 
renal haemodynamics. LCZ696 may also reduce 
vascular aging and aortic stiffness; this is dis-
cussed elsewhere in this special issue.

Conclusion
Our knowledge of the RAS has evolved over the 
past decades and the blockade of this system is an 
important foundation for the treatment for hyper-
tension, heart failure and chronic renal disease. 
Many different therapeutic options are available 
that target the RAS and these treatments have 
been shown to improve patient outcomes. While 
data exist to confirm the benefits of an ARB over 
an ACE-I in terms of blood pressure lowering and 
duration of effect, similar benefits are seen in 

terms of other clinical outcomes and both classes 
are better than diuretics at lowering diabetes risk. 
The adverse event rates, however, are lower with 
ARBs, and these drugs are better tolerated as they 
are associated with lower rates of cough and angi-
oedema. RAS blockade therefore remains the 
foundation of modern combination therapy with 
a calcium channel blocker and/or a diuretic given 
to reduce blood pressure and limit the impact of 
RAS activation.

While considerable research is ongoing into 
potential new therapies that target the RAS, it is 
unlikely we will see the emergence of a new mass 
treatment RAS inhibition target. These new ther-
apies are more likely to target niche applications 
or new treatment modalities such as vaccines, 
which can be used alongside existing therapies, or 
include complementary treatment strategies like 
combining an ARB and a neprilysin inhibitor. 
Clinical data indicate that these new therapeutic 
targets have shown promise and may enhance 
what is already delivered by highly effective and 
well-established treatments, such as ACE-Is and 
ARBs.
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