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Novel RAAS agonists and antagonists:
clinical applications and controversies
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Abstract | The renin-angiotensin—aldosterone system (RAAS) regulates blood pressure homeostasis and
vascular injury and repair responses. The RAAS was originally thought to be an endocrine system critically
important in regulating blood pressure homeostasis. Yet, important local forms of the RAAS have been
described in many tissues, which are mostly independent of the systemic RAAS. These systems have been
associated with diverse physiological functions, but also with inflammation, fibrosis and target-organ damage.
Pharmacological modulation of the RAAS has brought about important advances in preventing morbidity

and mortality associated with cardiovascular disease. Yet, traditional RAAS blockers such as angiotensin
converting enzyme (ACE) inhibitors and angiotensin receptor blockers (ARBs) only reduce the risk of disease
progression in patients with established cardiovascular or renal disease by ~20% compared with other
therapies. As more components of the RAAS are described, other potential therapeutic targets emerge, which
could provide improved cardiovascular and renal protection beyond that provided by an ACE inhibitor or ARB.

This Review summarizes the present and future pharmacological manipulation of this important system.

Romero, C. A. et al. Nat. Rev. Endocrinol. advance online publication 10 February 2015; doi:10.1038/nrend0.2015.6

Introduction

More than seven decades ago, angiotensin, a polypeptide
that is the product of the enzymatic activity of renin, was
found in venous samples of ischaemic dog kidneys." In
the 1950s and 1960s, two forms of angiotensin were
reported: angiotensin-1 (Ang I), which is 10 amino acids
long, and angiotensin-2 (Ang II), with 8 amino acids.?
The latter form results from the metabolism of Ang I
by a dipeptidyl carboxypeptidase named angiotensin-
converting enzyme (ACE). The substrate of renin was
found to be angiotensinogen, a serum globulin produced
by the liver.® Also at this time, the role of Ang II in the
regulation of aldosterone production by the adrenal
cortex emerged.*

In the 1970s, the main catalytic cascade of the renin-
angiotensin—aldosterone system (RAAS) was described
(Figure 1).° Plasma angiotensinogen is cleaved by renal
renin, producing Ang I, which is then converted to
Ang IT by endothelial ACE, a process that occurs most
extensively in lung tissue. Ang II was considered the
most important RAAS mediator, with increased levels
of Ang II being associated with vasoconstriction and
increased blood pressure. Ang II binds to the type-1
Ang II receptor (AT1) in a variety of tissues, includ-
ing vascular smooth muscle and the adrenal grand, to
mediate many mechanisms that lead to raised blood
pressure. The stimulation of aldosterone production via
the AT1 receptor in the adrenal gland facilitates sodium
retention by the kidney when aldosterone binds to the
mineralocorticoid receptor.
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On the basis of the first experimental studies of AngII,
in which supraphysiological doses of this peptide were
tested in dogs, the RAAS was related to the pathophysio-
logy of hypertension mainly through the effects of this
system on vascular constriction.! However, more recent
studies have helped clarify that blood pressure control
by Ang II at physiological concentrations is more related
to sodium and water handling than to arterial constric-
tion.® Ang II shifts the natriuresis—blood pressure curve,
with increased levels of Ang II requiring increased blood
pressure to eliminate the same quantity of sodium. Part
of this effect occurs via direct mediation by Ang II, which
activates sodium transporters in the proximal tubules
of the kidney.””® Furthermore, Ang II, through binding
to the AT1 receptors, is the most potent regulator of aldo-
sterone secretion in the adrenal cortex.'®'" Aldosterone
binding to the mineralocorticoid receptor induces non-
genomic (rapid) and genomic effects in many tissues, but
mainly in the kidney, where it increases the epithelial
expression of epithelial sodium channel (ENaC, also
known as amiloride-sensitive sodium channel) at the
level of the distal tubules, which favours the retention of
sodium and water."

Blockade of the RAAS was a major breakthrough
in the treatment of cardiovascular disease, lowering
mortality and improving quality of life in patients with
hypertension, chronic kidney disease (CKD), myo-
cardial infarction and heart failure.”*"'” The classic RAAS
antagonists target the angiotensinogen-angiotensin-
AT1-aldosterone axis. However, as knowledge about
the RAAS expands, the number of potential therapeutic
targets in this system is increasing. In this Review we
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Key points

= Renin-angiotensin—aldosterone system (RAAS) blockade with an angiotensin
converting enzyme inhibitor or an angiotensin receptor blocker provides a 20%
relative risk reduction for the progression of established cardiorenal disease
compared with other non-RAAS blocking therapies

= The RAAS is an endocrine, paracrine and autocrine system that regulates blood
pressure homeostasis through effects on a variety of target organs, as well as
having a role in the responses to vascular injury and repair

= The RAAS is a complex system with a variety of sites suitable for
pharmacological intervention

= Novel molecules that alter the production of various RAAS peptides or that alter
receptor density, function or responsiveness to these peptides could have an
important influence on haemodynamics and vascular structure and function

discuss novel agonists and antagonists of the RAAS that
might improve the care of patients with cardiovascular
and renal disease.

Components and function of the RAAS

The components of the RAAS are schematically rep-
resented in Figure 1. Renin is the rate-limiting step in
Ang II production and is released by the juxtaglomerular
apparatus in the kidney in response to decreased renal
perfusion pressure, low tubular salt load or sympa-
thetic activation. Renin is synthesized from prorenin,
a pre-proenzyme that is constitutively released, with
plasma levels 10-fold higher than those of active renin.'®
Prorenin can be proteolytically activated in the kidney
by neuroendocrine convertase 1 (also known as pro-
hormone convertase 1 and proprotein convertase 1)
or cathepsin B and non-proteolytically (reversibly)
in many tissues by the renin receptor (also known as
renin/prorenin receptor). These two types of activa-
tion require the propeptide to expose its active site, a
cleft between two similar domains."” The renin recep-
tor also binds to mature renin, increasing its catalytic
activity by 4-5 fold." The renin receptor can initiate
Ang II-independent signalling pathways, such as the
MAPK/ERK pathway and pathways involving the zinc
finger protein PLZE.*® The effects of these signalling
pathways are not clear and the renin receptor has not
been shown to have a role in cardiovascular disease when
the effects of Ang IT are blocked.”!

The secretion of renin is controlled by short-term and
long-term negative feedback loops. Short-term regula-
tion is mediated directly by Ang II through binding to
AT1, which induces inhibition of renin gene expres-
sion.” The long-term negative feedback loop is an
indirect consequence of the effects of increased Ang II
levels: increased blood pressure, sympathetic inhibition
of baroreceptor mechanisms and increased intratubular
sodium levels.

The classic effects of Ang II are mediated by the
AT1 receptor, which is present in practically all tissues
(Box 1). Blood pressure effects are modulated by vascular
AT1 receptors, whose activity produces vasoconstriction
(rapid pressure effects) and by renal AT1 receptors that
mediate sodium and water reabsorption. Many fibrotic
and inflammatory effects of Ang II are also a conse-
quence of AT1 receptor activation.”” However, Ang II

can also activate the type-2 Ang II receptor (AT2),
which is more sparsely expressed in body tissues than
the AT1 receptor, but which is upregulated in many cases
of injury (for example, to the brain, heart and kidney).
AT2 is part of the protective arm of the RAAS, and, when
activated, has antifibrotic and anti-inflammatory effects
(Box 1). Activation of the AT2 receptor does not seem to
have blood pressure effects.”*

Other non-classic RAAS components have been
described in the past few years. A novel enzyme similar
to ACE was identified and called angiotensin-converting
enzyme 2 (encoded by ACE2 and hereby referred to as
ACE2).” This carboxypeptidase has great Ang II affin-
ity and can transform this peptide to angiotensin 1-7
(hereby referred to as Ang 1-7). ACE2 can also convert
Ang I to angiotensin 1-9 (Ang 1-9), which is then con-
verted to Ang 1-7 by ACE. Similarly, plasmatic endopep-
tidases can convert AngIto Ang 1-7. Ang 1-7 binds to a
G-protein-coupled receptor called proto-oncogene Mas
(encoded by MASI and hereby referred to as MAS1).%
This ACE2-Ang 1-7-MASI axis has been reported to
function as a counterbalance to the classic ACE-Ang II-
AT1 axis, with opposite effects than those mediated by
the classic axis (Box 1).%

Another non-classic axis in the RAAS is the pathway
mediated by angiotensin-4 (Ang IV) and its recep-
tor, leucyl-cystinyl aminopeptidase (also known as
insulin-regulated membrane aminopeptidase, insulin-
responsive aminopeptidase or IRAP).?** This recep-
tor, which was originally reported to colocalize with
the glucose transporter GLUT-4, has a role in the deg-
radation of vasopressin and oxytocin. Ang IV inhibits
the enzymatic activity of IRAP and knockout models
and studies of non-peptide inhibitors suggest a role of
IRAP in cardiovascular disease, mainly in target-organ
damage.**? The effects of IRAP inhibition are listed
in Box 1.

Beyond the original description of the endocrine
roles of the RAAS, experimental studies have demon-
strated that the system also has paracrine, autocrine and
intracrine functions. Different tissues (reproductive
and digestive tissues, heart and brain) and cells (adipo-
cytes and white blood cells) express RAAS components,
which not only perform the classic RAAS function (fluid
volume homeostasis), but are also involved in other
physiological functions, such as ovulation,*® secretion of
insulin by the pancreas,* cognitive function,® inflam-
mation® and cancer.””*® In addition, activation of local
RAASs is strongly related to target-organ damage, mostly
in the kidney and heart.*

Classic RAAS antagonists

Four clinically established groups of drugs inhibit the
RAAS: ACE inhibitors, angiotensin receptor blockers
(ARBs, which block the AT1 receptor), renin inhibi-
tors and mineralocorticoid receptor blockers (Box 2).
Despite the important improvements achieved with
these agents in slowing the progression of established
cardiorenal disease, the ACE inhibitors and the ARBs
only provide a 20% reduction in the relative risk of
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Figure 1 | Components of the renin-angiotensin—aldosterone system and main classes of pharmacological activators

and inhibitors of the system. Prorenin can be activated proteolytically in the kidneys (by neuroendocrine convertase 1 or
cathepsin B) or nonproteolitically by the renin receptor in many tissues. Circulating renin can also bind to the renin receptor,
which increases its enzymatic activity. Renin converts angiotensinogen to Ang I, which can then enter three main pathways.
These three axes, ACE-Ang II-AT1-aldosterone, ACE2-Ang 1-7-MAS1 and Ang IV-IRAP, are highlighted. Activation of the
AT1 receptor in the adrenal gland results in production of aldosterone, which can then bind to the mineralocorticoid
receptor. Abbreviations: ACE, angiotensin-converting enzyme; ACE2, angiotensin-converting enzyme 2; Ang, angiotensin;
ARB, angiotensin receptor blocker; ARN, angiotensin receptor—neprilysin; AT1, type-1 Ang Il receptor; AT2, type-2 Ang Il
receptor; IRAP, leucyl-cystinyl aminopeptidase (also known as insulin-regulated membrane aminopeptidase

or insulin-responsive aminopeptidase); MAS1, proto-oncogene Mas; rh, recombinant human.

progression of cardiovascular disease when compared
with non-RAAS blocking therapy.'*!¢!74 Moreover, no
data have demonstrated beneficial effects of ACE inhibi-
tors or ARBs in the primary prevention of either cardiac
or kidney disease. Therefore, much consideration has
been given to how to improve upon RAAS inhibition
with the classic, established drugs, by investigating new
agonists and antagonists of the complex RAAS cascade.
Many theories about why traditional RAAS inhibi-
tion has not provided more clinical benefits have
been proposed, but none of these theories has been
validated clinically.

Inhibitors of the ACE-Ang II-AT1-aldosterone axis

ACE inhibitors

In the early 1980s, early clinical studies of the first oral
ACE inhibitor, captopril, demonstrated this agent has
antihypertensive properties and improves the clini-
cal status of patients with heart failure.* ACE inhibi-
tors do not affect the levels of ACE2. Even though the
main mechanism of action of ACE inhibitors is to limit
the formation of Ang II, other activities, such as redu-
cing the catabolism of other vasodilator oligopeptides
(such as bradykinin) by ACE, might have a role in the
pharmacological effects of ACE inhibitors. Another
tetrapeptide, N-acetyl-seryl-aspartyl-lysil-proline (Ac-
SDKP), whose levels are elevated in patients receiving
ACE inhibitors, could also be responsible for many of
the antifibrotic and immune-beneficial effects of these

agents.”” Furthermore, ACE inhibitors increase the levels
of Ang I, which shifts RAAS activity to the axis produ-
cing Ang 1-7.%* Some of the favourable pharmacologi-
cal effects of ACE inhibitors might be mediated though
increased activity of the ACE2-Ang 1-7-MASI axis.'*?

Currently, ten ACE inhibitors are available in the
USA and several more are available globally. The clini-
cal effects of the various ACE inhibitors are not markedly
different, except for trandolapril and quinapril having a
longer half-life and broader tissue distribution than the
other agents owing to their liposolubility. Many years of
use have confirmed very good safety and tolerability pro-
files for these drugs, with cough (6-20% of patients) and
angioedema (1% of patients) being the most common
adverse effects. This drug class is the first-line therapy for
patients with hypertension, CKD and heart failure,*>*
with ACE inhibitors successfully controlling blood pres-
sure and reducing left-ventricular hypertrophy*® and
all-cause mortality.*’

ARBs

The first oral ARB, losartan, was made available in the
1990s, and currently nine ARBs exist for clinical use
(Box 2). Despite different pharmacokinetic character-
istics,® most ARBs are used as once-daily drugs and
have fewer adverse effects than ACE inhibitors.*" In
general, the indications for using ARBs are the same
as for using ACE inhibitors; ARBs are efficacious in
hypertension®>~** and heart failure,”* and confer renal
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Box 1 | Effects mediated by key receptors of the RAAS

AT1 activation

= Sodium and water retention
= Vasoconstriction

= Inflammation

= Hypertension

= Aldosterone secretion

= Adrenocorticotropin release
= Prolactin release

= Vasopressin release

= Myocyte hypertrophy

= Fibrosis

= Endothelial dysfunction

= Inflammation

= Increased sympathetic nerve activity
= Thirst

AT2 activation

= Antiproliferative effects

= Apoptosis

= Vasodilation (masked by AT1)

= Antifibrotic effects

= Anti-inflammatory effects

= Neuroprotection and neuroregeneration
= Nitric oxide release

MAS1 activation

= Antifibrotic effects

= Anti-inflammatory effects

= Increased baroreflex sensitivity

= Antiproliferative effect on vascular smooth muscle cells
= Nitric oxide release

IRAP inhibition

= Memory and learning improvements
= Anti-inflammatory effects

= Antifibrotic effects

= Nitric oxide release

Abbreviations: AT1, type-1 angiotensin Il receptor; AT2, type-2
angiotensin Il receptor; IRAP, leucyl-cystinyl aminopeptidase
(also known as insulin-regulated membrane aminopeptidase or
insulin-responsive aminopeptidase); MAS1, proto-oncogene Mas;
RAAS, renin-angiotensin—aldosterone system.

protection.”” As with ACE inhibitors, use of ARBs
increases the levels of Ang II as a substrate of ACE2 and
could have clinical benefits resulting from stimulation of
the ACE2-Ang 1-7-MAS1 axis.'**

In theory, combining ACE inhibitors with ARBs or
with a renin inhibitor could have pharmacological ben-
efits. However, no evidence of clinical benefits beyond
those achieved with single-agent approaches was seen
when combination therapy was used in patients with
hypertension, coronary artery disease or CKD, and
combination therapy could potentially be harmful.5*>

Mineralocorticoid receptor antagonists

The mineralocorticoid receptor antagonist spirono-
lactone was first used in the 1960s as a potassium-sparing
diuretic. Since then, the systemic effects of aldosterone
in hypertension, heart failure and target-organ damage
became better known. Randomized clinical trials con-
firmed the effectiveness of spironolactone to treat hyper-
tension and showed that the drug has antifibrotic and
anti-inflammatory properties.*® Spironolactone binds
to other receptors in addition to the mineralocorticoid

receptor, such as androgen and progesterone receptors,
which can have adverse effects such as gynaecomastia
and decreased libido. In 2002, a second mineralocorti-
coid receptor antagonist, eplerenone, was introduced.
Eplerenone has less affinity for sex hormone receptors
than spironolactone; the drug has a nearly similar anti-
hypertensive effectiveness to that of spironolactone, yet
is less potent and has fewer adverse effects.*®! A third
antagonist, canrenone, is available in some countries but
scant clinical data on this drug exist.®* In addition to their
use in primary hyperaldosteronism, mineralocorticoid
receptor blockers are commonly used to treat ascites,*
heart failure® and resistant hypertension.

Direct renin inhibitors

In 2007, and after many attempts, the first oral direct
renin inhibitor (DRI), aliskiren, became available,
replacing first-generation inhibitors of low bioavailabil-
ity. Aliskiren is an effective antihypertensive agent and
dual therapy with aliskiren and an ARB was tested in the
ALTITUDE trial.*® However, in this trial, the combina-
tion of aliskiren and losartan did not show any benefits
on cardiovascular or renal outcomes versus losartan
alone, and dual therapy was associated with an increased
rate of adverse events.*

Novel RAAS agonists and antagonists
Improving the benefits of RAAS blockade beyond the
effects of ACE inhibitors or ARBs will be challenging,
but research in this area is abundant. Several new non-
peptide drugs have been developed that modify RAAS
activity (Box 2); however, most of them are at preclinical
or early clinical stages.

Inhibitors of the ACE-Ang II-AT1-aldosterone axis

Angiotensin-receptor-neprilysin inhibitors

Natriuretic peptides have an important role in sodium
and water homeostasis, inducing natriuresis, inhibiting
the hypothalamic-pituitary-adrenal system at all regu-
latory levels®® and promoting vasodilatation; they also
possess antiproliferative properties.®*’® Neprilysin is a
vasopeptidase that metabolizes natriuretic peptides and
other peptides, such as bradykinin. Neprilysin inhibi-
tion increases the plasma levels of natriuretic peptides,
but has modest effects in reducing blood pressure.”
However, combining neprilysin with a RAAS blocker is
a powerful tool to increase natriuresis and vasodilation.
The first therapeutic agent in this class was omapatrilat,
a vasopeptidase that inhibits both neprilysin and ACE.
The cardiovascular effects of omapatrilat were encour-
aging, but a high rate of angioedema stopped clinical
trials of this drug.”? The next generation of drugs in this
group combines a natriuretic peptide inhibitor with
an ARB. LCZ696, the first agent of the angiotensin-
receptor-neprilysin (ARN) inhibitor class, combines a
neprilysin inhibitor moiety with a valsartan moiety. This
dual therapy decreases blood pressure in animals and
healthy humans with low rates of adverse effects.” This
type of drug intervention is promising in the fields of
hypertension and heart failure.
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A randomized clinical trial (RCT) evaluated the effect
of LCZ696 in the treatment of hypertension.” Patients
with mild to moderate hypertension (n=1,212) received
a single dose of 100, 200 or 400 mg of LCZ696, or 80, 160
or 320 mg of valsartan in a 12-week placebo-controlled
trial. LCZ696 showed a good safety profile and was
superior to placebo and valsartan in reducing office
blood pressure and pulse pressure. More than 70% of
patients had their blood pressure controlled with the
200 mg dose of LCZ696, whereas this proportion was
only 56% in the group receiving 160 mg of valsartan. In
approximately 50 patients per arm, ambulatory blood
pressure monitoring was utilized. Mean diastolic 24 h
blood pressure was not different between the groups
receiving the two therapies, but mean systolic blood
pressure was significantly reduced in the LCZ696 group
because of larger nocturnal decreases in blood pressure
than those observed in the valsartan or placebo groups.
The greater blood pressure reduction seen in patients
receiving LCZ696 when compared with patients in the
other groups was not related to increased levels of
the second messenger (cGMP) that mediates the actions
of natriuretic peptides.

A second RCT in an Asian population also confirmed
the efficacy of LCZ696 in treating hypertension.” The
PARAMETER study” is an ongoing study in elderly
patients with wide pulse pressure, which evaluates the
vascular effects of ARN inhibition, including changes in
arterial stiffness and central haemodynamics, and effi-
cacy in reducing blood pressure. The trial will be finished
in 2015.

The PARAMOUNT study’® evaluated the effects of
200mg of LCZ696 compared with 160 mg of valsartan
in almost 300 patients with heart failure and preserved
ejection fraction. Even though the levels of N-terminal
proBNP (also known as B-type natriuretic peptide) were
decreased and functional New York class of heart failure
was improved at 36 weeks of follow-up, no differences
in echocardiographic parameters were observed. No
changes were observed in the levels of plasma inflam-
mation markers. Surprisingly, proteinuria increased in
the LCZ696 group, an increase that was not observed
in patients treated with LCZ696 in the hypertension
trials. This increase could be related to increased intra-
glomerular pressure related to increased levels of natri-
uretic peptides.”” The most important observations in
this study were a 9 mmHg decrease in systolic blood
pressure and a 4 mmHg decrease in diastolic blood pres-
sure, which both persisted at 36 weeks of follow-up in
the LCZ696 group, whereas the decreases in blood pres-
sure seen in the valsartan group were 1.5 mmHg and
0.3 mmHg, respectively, over the same period.

The PARADIGM-HEF trial, in which therapy with
200 mg of LCZ696 was compared with therapy with 10 mg
of enalapril for the treatment of heart failure (with
decreased ejection fraction), was stopped according
to prespecified rules because LCZ696 reduced the fre-
quency of the primary outcome, a composite of death
from cardiovascular causes or hospitalization for heart
failure (HR 0.80, P <0.001).”%7° Blood pressure was
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Box 2 | RAAS agonists and blockers

ACE inhibitors

= Benazepril, captopril, enalapril, lisinopril, fosinopril,
moexipril, perindopril, quinapril, ramipril, trandolapril

AT1 inhibitors

Classic ARBs

= Losartan, candesartan, irbesartan, olmesartan,
telmisartan, valsartan, eprosartan, fimasartan, azilsartan

ARN inhibitors

= LCZ696

Mineralocorticoid receptor antagonists

Steroidal

= Spironolactone, eplerenone, canrenone
Nonsteroidal

= Finerenone (BAY 94-8662), BR-4628, SM-368229

Aldosterone synthase inhibitors
= FAD 286A, LCI699

Direct renin inhibitors
Classic

= Aliskiren

Novel

= ACT-077825, ACT-178882

AT2 agonists
= Compound 21

ACE2
= Human recombinant ACE2

MAS1 agonists
= AVE 0991, hydroxyl-propyl-p-cyclodextrin-Ang 1-7
combination

IRAP inhibitors
= HFI-419

Abbreviations: ACE, angiotensin-converting enzyme;

ACE2, angiotensin-converting enzyme 2; Ang, angiotensin;

ARB, angiotensin receptor blocker; ARN, angiotensin receptor—
neprilysin; AT1, type-1 angiotensin Il receptor; AT2, type-2
angiotensin Il receptor; IRAP, leucyl-cystinyl aminopeptidase
(also known as insulin-regulated membrane aminopeptidase or
insulin-responsive aminopeptidase); MAS1, proto-oncogene Mas;
RAAS, renin-angiotensin—aldosterone system.

significantly lower in the LCZ969 group than in the enal-
april group. The LCZ696 group had higher proportions
of patients with hypertension and nonserious angio-
edema, but fewer patients with renal impairment and
hyperkalaemia than the enalapril group. Urinary levels
of cGMP in the LCZ969 group did not change during the
trial. Some post-hoc analyses have noted that the ben-
efits of LCZ969 in the treatment of heart failure do not
correlate with the antihypertensive effects of the drug.®
ARN inhibition could be a breakthrough in the hyper-
tension field. The observed reductions in systolic noctur-
nal blood pressure and in pulse pressure might be an
indication of a substantial effect of LCZ969 on vascular
function or on the central nervous system rather than an
effect on natriuresis.

Nonsteroidal mineralocorticoid receptor antagonists

Nonsteroidal mineralocorticoid receptor antagonists
(third-generation and fourth-generation compounds)
have been developed with the aim of achieving cardio-
vascular benefits with fewer renal adverse effects
than those of classic mineralocorticoid receptor
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antagonists (spironolactone, eplerenone and canrenone).
Finerenone, previously called BAY 94-8862,' is a potent
and promising mineralocorticoid receptor antagonist
that conferred extensive cardiovascular and renal protec-
tion in rat models of hypertension and heart failure when
compared with eplerenone.® The ARTS trial assessed the
efficacy and safety of this drug in patients with systolic
heart failure and mild CKD.® This phase II study con-
sisted of two parts. Part A, which involved 65 patients,
evaluated the safety and tolerability of 2.5, 5 or 10 mg
daily doses of finerenone versus placebo. Part B assessed
the safety and efficacy of the drug in 392 patients ran-
domized in a 1:1:1:1:1:1 design to receive finerenone
orally at doses of 2.5, 5, or 10 mg daily, or 5mg twice
daily; placebo; or open-label oral spironolactone, which
was given at an initial dose of 25 mg daily and uptitra-
ted to 50 mg daily if serum potassium concentrations
allowed. Finerenone decreased the levels of BNP and
N-terminal proBNP. The drug decreased albuminuria
by a similar degree to spironolactone and was associ-
ated with lower incidence of hyperkalaemia and acute
renal failure. More data are needed to assess the clini-
cal effects of finerenone. The ARTS HF trial, which has
been completed but has not been published yet, assessed
the efficacy and safety of this drug when compared with
eplerenone in patients with diabetes mellitus but without
CKD or chronic left-ventricular dysfunction.®

Another nonsteroidal drug, BR-4628, has high potency
and selectivity for the mineralocorticoid receptor but
also blocks the L-type calcium channel, which might
help lowering blood pressure. After binding to the
mineralocorticoid receptor, BR-4628 triggers degrada-
tion of this receptor.® No clinical trials of BR-4628 have
been reported. PF-3882845 is a potent and selective non-
steroidal inhibitor of the mineralocorticoid receptor that
has been tested in healthy humans®*” and patients with
diabetic nephropathy,® but was discontinued owing to
adverse effects. SM-368229 is another agent of this class
that has potent activity as an antagonist of the mineralo-
corticoid receptor and, in hypertensive rats, dimin-
ishes blood pressure and reduces the urinary levels of
inflammatory markers.® SM-368229 has not been tested
in humans.*

Aldosterone synthase inhibitors

A different approach to avoid the deleterious effects
of aldosterone is by inhibition of the expression of
CYP11B2, the gene than encodes aldosterone synthase.
Inhibition at this level of the RAAS would block the
effects that are mediated through the mineralocorti-
coid receptor and also those that are independent of this
receptor. An additional potential benefit of this approach
is the prevention of a reactive increase in aldosterone
levels, which occurs when the receptor is blocked. The
potential downside of this strategy is that aldosterone
synthase inhibitors might also suppress cortisol release
by inhibiting cytochrome P450 11B1, mitochondrial
(also known as steroid 11B-hydroxylase, encoded by the
CYP11BI gene), because the two enzymes have a high
sequence homology.

FAD 286A is an isomer of fadrozole, an aromatase
inhibitor. This drug decreased plasma and urinary aldo-
sterone concentrations and improved cardiac and renal
target-organ damage in several animal models.”’-
FAD 286A has only a mild antihypertensive effect and,
therefore, might be more clinically important in the
treatment of heart failure than other approaches that
have a more potent effect in lowering blood pressure.

LCI699 is an orally active and nonselective aldoster-
one synthase inhibitor that has been evaluated in human
studies. In phase I studies, a 0.5 mg daily dose of LCI699
was well tolerated and lowered plasma and urinary aldo-
sterone levels without affecting cortisol secretion.”* At
higher doses, however, cortisol secretion was dimin-
ished. Phase II studies demonstrated that plasma and
urinary aldosterone levels are decreased with LCI699
therapy, but the RAAS is upregulated and slight hypo-
natraemia and increased serum potassium levels were
reported.”” In a large study, 524 patients were random-
ized to receive either LCI699 0.25 mg once daily (n=92),
0.5mg once daily (n=88), 0.5mg twice daily (n=97) or
1.0 mg once daily (n=86); eplerenone 50 mg twice daily
(n=284); or placebo (n="77) for 8 weeks.”® LCI699 intake
was associated with a modest reduction in blood pressure
that was lower than that achieved with eplerenone.When
aldosterone synthase is inhibited by LCI699, cortisol
levels remain normal, but 11-deoxycorticosterone levels
increase, which means that the adrenocorticotropic-
hormone-cortisol axis is stimulated by the inhibition
of expression of the CYP11B1 gene.” The stimulation of
this axis might be one of the reasons why the decrease in
blood pressure is only modest even at high LCI699 doses.

Lack of aldosterone synthase selectivity, a short half-
life and lack of adequate antihypertensive efficacy in
primary aldosteronism and resistant hypertension
hinder the usefulness of LCI699 in these areas. This
agent, however, might be of value in the treatment of
Cushing disease.”® Therefore, research is now set to
develop second-generation aldosterone synthase inhibi-
tors with better selectivity than LCI699, which would be
associated with improved effects on reduction of blood
pressure. N-(pyridin-3-yl) benzamides are potential
agents for future development in this drug class.”>'®

Post-transcriptional regulation of CYPI1BI and
CYPI11B2 expression by Dicer-dependent microRNAs
(miRNAs) can affect secretion of aldosterone and corti-
sol in adrenocortical cells.’®! Therefore, adrenal miRNAs
might also be potential therapeutic targets.

Direct renin inhibitors

The rationale behind complete RAAS inhibition through
blockade of the rate-limiting enzyme renin, and the expec-
tation that this approach would more effectively prevent
Ang II production than approaches targeted at other
components of the RAAS'® is theoretically attractive.
However, aliskiren is the only DRI available. As add-on
therapy to ARBs, aliskiren did not improve renal or
cardiovascular outcomes and was associated with more
adverse effects than ARB therapy alone.® Aliskiren has
not been evaluated as initial or solo therapy, because
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other drugs have proven benefits when administered in
this way. In the USA, the package insert of aliskiren con-
tains a formal recommendation by the FDA that the drug
should not be used as dual therapy in association with
ARBs or ACE inhibitors in patients with diabetes melli-
tus and renal disease. In 2013, a new DRI, ACT-077825,
was shown to have an adequate safety profile in humans
when administered once daily.'”® ACT-077825 inhibits
plasma renin activity, while the levels of immunoreactive
renin increase, a pattern typical of DRIs.*> However, the
decrease in plasma renin activity is transient and is not
dose-dependent at 7 days.'® The mechanism underlying
these observations is not clear, because the plasma levels of
ACT-077825 remain constant.'® The effects of this DRI on
blood pressure are controversial, as only one study showed
a decrease in blood pressure when ACT-077825 was used,
and this effect was seen in the supine position,'™ whereas
other studies showed no differences between the effects
of ACT-077825 and placebo on blood pressure in healthy
individuals and patients with hypertension.'**!*> More
studies are necessary to clarify this inconsistency.

The same pharmaceutical company that developed
ACT-077825 is developing another DRI, ACT-178882.
In early phase I and phase II studies, ACT-178882 has
shown a good safety profile.’® Not much information
is yet available about the antihypertensive efficacy of
ACT-178882.

AT2 agonists

For 20 years, different agonist and antagonist peptides
were used to study the function of the AT2 receptor. The
reported protective effects of this receptor were related
to its antifibrotic and anti-inflammatory properties*
(Box 1). In 2004, a selective non-peptide AT2 agonist,
Compound 21, was introduced for research. Most of the
known effects of this agent have been described in dif-
ferent animal models. In rats with spontaneous hyper-
tension, the drug reduces the amount of collagen in the
extracellular matrix and in vascular tissue in a blood-
pressure-independent manner.'”” Compound 21 has a
similar effect in animal models of myocardial infarction,
reducing scar formation and improving cardiac func-
tion.'”® Compound 21 reduced proteinuria in the kidney
of rat models of hypertension and kidney disease, and also
decreased the levels of inflammatory markers in these
models.®!'% In the central nervous system, AT2 recep-
tor activation has neuroprotective effects and induces
neuroregeneration. Compound 21 reproduces these
effects, but has to be administered centrally to bypass the
blood-brain barrier.""! However, systemic administra-
tion of Compound 21 might still have effects on neuro-
regeneration.''> Compound 21 does not have a net effect
on blood pressure, which is similar to the situation seen
with other AT2 agonists.* However, when the effects of
the AT1 receptor on vasoconstriction are blocked, the
vasodilator properties of Compound 21 are revealed, and
blood pressure decreases.** An AT2 antagonist can reverse
this effect. A study published in 2014 demonstrated that
the increased urinary sodium excretion that is induced by
Compound 21 is mainly due to effects on proximal tubular

REVIEWS

cells of the kidney, namely internalization of sodium/
hydrogen exchanger 3 (NHE-3) and Na*/K* ATPase.'®
Continuous Compound 21 infusion recruited more AT2
receptors to the proximal tubule brush border than an
acute infusion. Acute Compound 21 infusion did not
change blood pressure, but in a 7-day experiment in
which concomitant intrarenal Ang II infusion was admin-
istered, Compound 21 blocked the blood pressure effects
of Ang I, increasing natriuresis.

More studies are needed to clarify whether infu-
sion time, time to achieve AT2 receptor upregulation,
or administration route can influence blood pressure
responses to Compound 21. Even though no clini-
cal trials are published yet, available evidence suggests
that Compound 21 could modulate fluid retention,
hypertension and target-organ damage.

ACE2-Ang 1-7-MAS1 axis

Human recombinant ACE2

The benefits of ACE2 in vascular disease might be
brought about by two different mechanisms. First, by
participating in Ang II degradation, ACE2 decreases the
interaction of Ang IT with AT1 receptors, and second, by
increasing Ang 1-7 synthesis, ACE2 induces vasodilation.
The main function of ACE2 has been proposed to be
the counterbalancing of the effects of the ACE-Ang II-
AT1-aldosterone axis.** Decreases in ACE2 levels or
increases in ACE and Ang II levels induced damage
in animal models of diabetic nephropathy or hyper-
tension.'">!'® In animal models, the human recombinant
form of ACE2 (rthACE2) reduced progression of dia-
betic nephropathy, decreased blood pressure (in models
of hypertension), and decreased cardiac fibrosis."'”!'
In 2013, the pharmacokinetic and pharmacodynamic
characteristics of rhACE2 were described in healthy
humans.'”® Daily rhACE2 intake decreased the levels of
Ang II in a dose-dependent manner over 24 h, with a
transient increase in Ang 1-7 levels, and more sustained
increases in Ang 1-7 degradation products, such as
Ang 1-5. The authors of this study suggest that rhACE2
is likely to reach the extravascular space, a hypothesis
that is based on the large spread of rhACE2 distribution
they observed. This enzyme has a good safety profile and
did not induce immunogenicity, even when repeated
doses were administered. Similarly to results reported in
healthy animals, rhACE2 did not affect blood pressure or
heart rate in humans. Thus, rhACE2 is a promising drug
for treatment of patients with intolerance to other drugs
that target RAAS components, and also perhaps in acute
illnesses, such as myocardial infarction or decompen-
sated heart failure, in which the balance between ACE
and ACE2 is disturbed. This drug is attractive in the renal
field, because rhACE2 might quickly reduce proteinuria,
even in association with an ACE inhibitor. These two
classes of drugs used together might have important pro-
tective effects mediated through substantial increases in
Ang 1-7 levels. We look forward to more human clini-
cal trials in this area. Aside from cardiovascular effects,
some evidence exists that ACE2 might facilitate recov-
ery from acute lung injury, as rhACE2 has been reported
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to ameliorate virus-mediated lung injury in mouse
models.'?® Thus, rhACE2 therapy in virus-mediated
lung injury, especially influenza, in which Ang II levels
are correlated with the degree of lung injury and with
mortality,'*! is potentially promising.

MAS1 agonists
Similarly to ACE2 administration, Ang 1-7 binding
to the MASI1 receptor has shown beneficial effects in
animal models; these effects are related to decreased
fibrosis and inflammation and to blood pressure reduc-
tion by vasodilation and enhancement of baroreflex
sensitivity.* More than 10 years ago, the non-peptide
compound AVE 0991 showed similar effects to those of
Ang 1-7 in endothelial cells.'”? Subsequent data demon-
strated that AVE 0991 and Ang 1-7 compete for the
same MASI receptor in the kidney.’** This non-peptide
MASI receptor agonist has been studied in animals,
in which it demonstrated a capacity to decrease blood
pressure, alone or in combination with renin inhibi-
tors.’”* AVE 0991 was also demonstrated to attenuate
acute and chronic renal injury in animal models.'?>!?¢ In
2014, AVE 0991 was shown to improve penile erection
through nitric oxide release in rats.””” AVE 0991 has also
been shown to ameliorate kidney inflammation,'* and,
more interestingly, improve cell infiltration, cytokine
release and histology in two rodent models of arthritis.'?
Unfortunately, no clinical trials have yet been performed
to test this promising therapeutic approach in humans.
The development of compounds that protect Ang 1-7
from enzymatic degradation has also been the focus of
interest. The combination of Ang 1-7 with hydroxyl-
propyl-B-cyclodextrin protects Ang 1-7 from degradation
and acts as a long-lasting release system, enabling uptake
of Ang 1-7 in the colon. This drug combination has been
tested in animal models of hypertension, in which it
showed antihypertensive effects,'” and also had beneficial
effects in models of diabetes mellitus and atherosclerotic
inflammation."**!*! Phase I clinical trials are currently
testing the safety profile of this combination therapy in
humans (R. A. Santos, personal communication).

IRAP inhibitors

Many oligopeptides result from Ang II degradation by
endopeptidases. The hexapeptide Ang 3-8, known as
Ang IV, has been studied because it might have a role in
protecting cognitive function.”” IRAP, the Ang IV recep-
tor, which is inhibited by Ang IV, was identified in 2001.1%
IRAP colocalizes with the glucose transporter GLUT-4

and was originally thought to contribute to basal intra-
cellular retention of the transporter.’** IRAP is linked to
vasopressin and oxytocin degradation. A group of non-
peptide inhibitors of IRAP has been developed. HFI-419
is an IRAP-selective pyridinyl compound that enhances
memory in rats."* An Australian group is working on
the cardiovascular-protective effects of IRAP inhibition
with HFI-419 in mice. Preliminary data demonstrate that
HFI-419 prevents cardiac and endothelial damage induced
by AngII, independent of blood pressure.*> HFI-419 also
has anti-inflammatory properties.** The association of
IRAP with GLUT-4 is intriguing, and whether IRAP
inhibitors could be used to improve insulin sensitiv-
ity remains an interesting opportunity. More studies are
necessary to explore therapeutic uses for IRAP inhibitors.

Vaccines against the RAAS

The high prevalence of hypertension in the world and the
related cost of this burden have made the development
of vaccines against the RAAS an attractive strategy, with
the aim of achieving increased treatment compliance and
public access to therapy, and a decrease in public-health
costs. Many attempts were made to generate vaccines
against renin, Ang I, Ang IT and AT1."** However, most
of these attempts have been harmful or have not had
clinical efficacy. An RCT in which an anti-Ang II vaccine
(CYT006-AngQb) was tested passed phase IIa without
safety problems, and showed a promising 24 h reduction
in blood pressure of 9.0 mmHg (systolic) and 4.0 mmHg
(diastolic)."** However, subsequent studies could not
confirm these results. Novel strategies are currently in
development, such as the association of Ang II as an epi-
tope to a hepatitis A virus-like particle to generate an
improved immune response.’*” Future studies are needed
to explore the efficacy and safety of an immunological,
chronic and irreversible blockade of the RAAS.

Conclusions

Although to improve upon the cardiovascular and renal
protection offered by ACE inhibitors and ARBs will be
difficult, novel drugs are being developed to shift the activ-
ity of the RAAS towards the protective cardiovascular arm
(AT2 and MASI receptors). A role for RAAS blockade in
other, non-cardiovascular pathologies (such as lung injury
and cognitive disorders) is emerging. The combination
of RAAS inhibition with other autacoid systems (endo-
thelin blockade or natriuretic peptide stimulation) could
improve the efficacy of traditional RAAS blockade and
be the basis of specific tissue-targeted drug development.
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