Review Article

Page 1 of 11

A translational approach to the renin-angiotensin-aldosterone
system in heart failure
Constantinos Bakogiannis, Efstratios Theofilogiannakos, Christodoulos Papadopoulos,
Charalampos Lazaridis, Iosif Bikakis, Stergios Tzikas, Vassilios Vassilikos
3rd Cardiology Department AUTH, Hippokration General Hospital, Thessaloniki, Greece
Contributions: (I) Conception and design: C Bakogiannis, E Theofilogiannakos, C Papadopoulos, V Vassilikos; (II) Administrative support: None;
(III) Provision of study material or patients: None; (IV) Collection and assembly of data: C Bakogiannis, I Bikakis; (V) Data analysis and
interpretation: All authors; (VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.
Correspondence to: Constantinos Bakogiannis, MD, PhD. 3rd Cardiology Department AUTH, Hippokration Hospital, Konstantinoupoleos 49, 54 352,
Thessaloniki, Greece. Email: bakogianniscon@gmail.com.

Abstract: The renin-angiotensin-aldosterone system (RAAS) is a well-studied neurohormonal cascade
that plays key role in various homeostatic mechanisms, such as blood pressure control and tissue perfusion
balance. Dysregulation of RAAS has been involved in the pathogenesis of various cardiovascular disorders.
Heart failure (HF) is a very common cardiovascular disease with significant morbidity and mortality. RAAS
participates in the pathogenesis of HF and it has been indicated as important therapeutic target. Angiotensinconverting enzyme inhibitors (ACEi), angiotensin receptor blockers (ARBs) and mineralocorticoid receptor
antagonists (MRAs) and recently angiotensin receptor-neprilysin inhibitors (ARNIs) are the most common
used RAAS-modifying therapies that significantly improved the mortality and the morbidity of patients with
HF and reduced ejection fraction. On the other hand, the aforementioned therapeutic choices failed to show
promising results in HF with preserved ejection fraction. This article discusses current knowledge on the
role of RAAS modulation in HF and our therapeutic options.
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Introduction
The renin-angiotensin-aldosterone system (RAAS) is
one of the key human body’s regulatory mechanisms,
responsible for maintaining arterial pressure homeostasis,
and regulating tissue perfusion. Renin is the rate limiting
component of RAAS, while the angiotensin II (AngII) is the
active hormone, produced in the extracellular space, after
the proteolytic cleavage of the precursor protein (1).
Although renin has been initially described in 1898
as a protein which could increase arterial pressure,
RAAS and its role in the pathogenesis of cardiovascular
and renal disorders gained more focus during the last
decades (2). This is partly attributed to the development
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of pharmacologic agents effective to block RAAS. This
gave the opportunity for an in-depth study of RAAS
physiological and pathophysiological roles in experimental
setting, as well as their clinical interpretation.
In heart failure (HF) heart fails to adequately fulfill its
role as a pump. HF is a syndrome with increased mortality
and morbidity drastically affecting the patient’s quality of
life (3). Inappropriate activation of RAAS has been indicated
as a key pathophysiological mechanism involved in HF as
it is directly linked to neurohormonal dysregulation (4).
Neurohormonal dysregulation is central in driving disease’s
progression. RAAS was the first neurohormonal system
that was extensively studied in HF, especially in HF with
reduced ejection fraction (HFrEF). This has led to key
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developments in HF with regard to both understanding HF
mechanism, but also in discovering therapeutic strategies
for HF patients. It should be noted that although there
is robust data on effective therapeutic interventions in
HFrEF patients, there is currently no proven effective
treatment strategy in HF with preserved ejection fraction
(HFpEF) (5). Furthermore, based on the 2016 European
Society of Cardiology guidelines for HF, a new group of HF
patients with mid-range EF (HFmrEF) has been formed.
Patients with HFmrEF have ejection fraction ranging
from 40–49% (5). As for HFpEF patients, more data is
needed regarding potential underlying pathophysiological
mechanisms and therapeutic approaches (5).
In this article we review our current knowledge based
on experimental and clinical data on the pathophysiological
role of RAAS in HF and we discuss our current treatment
options targeting RAAS in HF.
The RAAS from a historical perspective
As previously mentioned, Tigerstedt and Bergmann
first published data in 1898 on a substance secreted by
renal cortex which is able to increase arterial pressure
when injected. This substance was named renin (2).
Long time after in 1934, it has been demonstrated that
externally-induced renal ischemia, apart from leading to
the development of arterial hypertension, also leads to
the production of a protein, in addition to renin. Based
on further experiments and observations, it has been
demonstrated that renin is responsible for the proteolytic
cleavage of this protein, which is called angiotensinogen (2).
The proteolytic cleavage of the short-lived angiotensinogen,
leads to the production of angiotensin. After a number
of experiments and purification processes, Ferrario
discovered two peptide forms of angiotensin, angiotensin I
(AngI) and angiotensin II (AngII) (6). Further, it has been
demonstrated that angiotensin-converting enzyme (ACE)
mediates AngI cleavage to generate the more active peptide
AngII (1). Finally, it has been shown that AngII stimulates
the release of hormone aldosterone from the adrenal cortex.
Aldosterone has a major role in regulating sodium and
potassium balance. Through these mechanisms, RAAS
actively participates in controlling blood pressure and
electrolyte balance.
RAAS cascade
The juxtaglomerular cells are the key renin producing
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cells. Various factors could facilitate the production of
renin. Renal baroreceptor mechanism in the afferent
arteriole could sense even minimal changes in renal
perfusion, macula densa cells of the distal tubule sense
changes in chloride anion delivery, as well as the activation
of sympathetic nervous system through beta-1 receptor
activation could facilitate renin production (7). On the
other hand, AngII could directly act on juxtaglomerular
cells, negatively regulating the production of renin.
Renin is normally produced as a pre-prohormone and
after the proteolytic cleavage the mature renin molecule
is stored in the juxtaglomerular cells. Upon activation
renin is released in the circulation. Renin production and
release is the key determinant of RAAS activation. Although
angiotensinogen has also been located in various tissues such
as kidney, brain heart, placenta and others, liver seems to be
the main production source for angiotensinogen (8). Renin
cleaves the N-terminal part of angiotensinogen in order to
form AngI which consists of 10 peptides. AngII is produced
after the C-terminal dipeptide is removed from AngI by
ACE (9). ACE is a membrane-bound enzyme which could
be found in various cell types, such as endothelial cells.
Beyond AngI, ACE also catalyzes the enzyme degradation
of other vasoactive peptides, such as bradykinin, to inactive
metabolites thus leading to increased vasoconstriction.
AngII as the active final product of the RAAS is the
key facilitator of the most significant biological actions of
the RAAS. Beyond AngII, there are two other significant
metabolites, namely AngIII and AngIV, which are formed
from AngII. They are mainly localized in kidney and heart
demonstrating actions such as blood pressure regulation (10).
Most of these actions are mediated through the binding of
AngII to the angiotensin type I receptor (AT1), although
there are four distinct angiotensin receptors (11). The
key cardiovascular actions mediated by AngII through its
binding to AT1 are vasoconstriction, increasing of arterial
blood pressure, increasing of cardiac contractility and
cardiac hypertrophy. Experimental data also demonstrated
that AT1 after binding AngII also mediates effects on cell
proliferation, cell growth as well as inflammation and
oxidative stress (6). In addition, AT2 receptor seems to play
a significant role in cardiac remodeling also exerting antiproliferative actions in cells such as smooth muscle cells
partly through facilitating cell apoptosis (11). It is important
to mention that both AngI and AngII are produced very
close to their site of action, while ACE is also membrane
bound linked to vascular endothelium. Taking these
observations into account, renin is the main circulatory
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hormone in RAAS.
Furthermore, AngII mediates renal tubular sodium
reabsorption, regulation of renin release and aldosterone
production from the adrenal cortex. Aldosterone plays
a significant role in regulating extracellular volume as
it directly regulates sodium and potassium balance (12).
Specifically, aldosterone acting on the distal tubules
increases the reabsorption of sodium and water, which
results in increased potassium excretion. Therefore
extracellular potassium levels along with AngII expression
levels are the most significant regulators of aldosterone
production.
Experimental data indicates that renin and prorenin
could directly participate in cellular growth processes via
their binding to specific (pro-) renin receptors (13). The
activation of these receptors via binding prorenin or renin
lead to the local production of AngI, but importantly they
also lead to the activation of several intracellular signaling
pathways. It has been demonstrated that the activation
of these receptors can facilitate the phosphorylation of
mitogen activated prorenin kinases (MAPKs), such as
the extracellular-signal-regulated kinases 1&2 (ERK 1&
ERK2) which are linked to transforming the expression of
growth factor β1 (TGF-β1) independently of AngII (13).
Activation of renin receptor leads to the activation of
hypertrophic and apoptotic activities, linked to extracellular
matrix remodeling which is crucial for the deterioration of
cardiac function, especially in disease states such as HF (14).
Prorenin receptor overexpression by using adenovirusmediated gene delivery led to worsening of cardiac
function and activation of myocardial fibrosis (14). These
results further supported the hypothesis that potent reninangiotensin-system blockade in patients with HF could
exert antifibrotic actions.
To sum up, the reduction in renal perfusion pressure
and afferent arteriolar pressure is the trigger that leads to
the release of renin from the juxtaglomerular cells. This
reduction could be the result of a temporary decrease
in circulating blood volume. Beyond renal perfusion
pressure, sympathetic nervous system activation, as well
as the reduction of sodium chloride concentration in
distal tubules, sensed by macula dense cells, leads to the
additional release of renin. Renin catalyzes the formation
of AngI via cleaving the N-terminal peptides of circulating
angiotensinogen. Consequently, ACE cleaves the C-terminal
octapeptide of AngI, leading to the formation of AngII.
After its production and the subsequent production of
aldosterone, AngII mediates various actions through its
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binding to AT1 receptor aiming at maintaining homeostasis.
AngII via mediating the reabsorption of sodium, as well as
renal and systemic vasoconstriction, results in increasing
blood pressure, circulating volume and restoring renal
perfusion (Figure 1). This leads to gradual reduction in
renin release, which negatively regulates RAAS activation.
However, it should be noted that under specific conditions
or diseases, such as HF, an inappropriate activation of RAAS
with detrimental effects has been observed.
RAAS activation in cardiovascular diseases
Hypertension is one of the most studied cardiovascular
disorders in which RAAS activation seems to play a pivotal
role. RAAS dysregulation seems to be involved both in
essential and in secondary hypertensive disorders (15,16). It
has been demonstrated that significant number of patients
with essential hypertension have moderately increased
plasma renin activity. This has been partly attributed to
increased sympathetic activity. On the other hand, most
patients with hypertension have normal renin levels.
However, it has been speculated that normal renin levels in
hypertensive patients may be a sign of RAAS dysregulation.
More specifically, it has been demonstrated that RAAS
blockade has a therapeutic effect in hypertensive patients
with normal renin levels, indirectly indicating the possibly
inappropriate activation of RAAS and renin in this group of
patients. Moreover more than 25% of hypertensive patients
have low circulating renin levels. This is partly expected
given the negative feedback that increased blood pressure
could have on RAAS activation. Low renin levels in
hypertensive patients are also linked to sodium and volume
overload. Beyond hypertension, there is data demonstrating
the role of RAAS dysregulation in primary aldosteronism. It
should be noted that hypertensive patients with high renin
levels are in mostly male and of young age. Hypertensive
patients with low renin levels are in most cases AfricanAmerican women, while diabetes type 2 has also been linked
with low renin levels (17).
Alongside with hypertension, HF is the cardiovascular
disorder in which RAAS dysregulation is of vital
importance.
RAAS in HF
Intensive ongoing research efforts are made in order to
discover the ways RAAS dysregulation affect the progression
of HF, but more importantly how the existing or newly
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The renin-angiotensin-aldosterone system
Angiotensinogen
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Angiotensin I
Angiotensin converting enzyme (ACE)
& other non-ACE pathways
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Figure 1 The renin-angiotensin-aldosterone system (RAAS). The precursor polypeptide angiotensinogen is produced in the liver. Renin
catalyzes the formation of angiotensin I by angiotensinogen, and angiotensin I is further cleaved by the angiotensin converting enzyme into
angiotensin II. At the kidney, angiotensin II binds to receptors (Angiotensin II Receptor type 1) stimulating the synthesis of aldosterone,
while it could directly enhance the sodium reabsorption resulting in increased extracellular fluid volume. Abbreviations: ACE: Angiotensin
Converting Enzyme, AT1: Angiotensin II Receptor type 1.

developed RAAS blocking agents could be effectively used
in order to optimally control the detrimental effects of the
disease and RAAS dysregulation.
Experimental data has demonstrated that increased
cardiac wall stress could induce the production of
angiotensinogen. Angiotensinogen mRNA levels were
increased in cardiac hypertrophy, specifically in animal
models of pressure overload cardiac hypertrophy (18-20).
Furthermore, there has been observed a significant increase
in angiotensinogen gene expression from cardiomyocytes in
rat animal model with left ventricular failure after coronary
artery ligation. These observations indicate the key role
that the local production of angiotensinogen could play in
cardiac hypertrophy and failure (18-20). However, it should
be noted that coronary artery ligation is also linked to
ischemia-related activation of intracellular pathways, beyond
hypertrophic changes. Similarly, local cardiomyocyte renin
mRNA is increased in rats’ infarcted left ventricle (21).
It should be noted that cardiomyocyte renin mRNA is
generally low, but it seems that renin expression is increased
under pathologic conditions (21,22). Experimental data
has also demonstrated that cardiomyocytes could produce
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low renin levels, as it was mainly shown in cardiomyocytes
isolated by animal models (23). Renin does not own a direct
biologic action. However, as previously mentioned, renin
receptor which binds both renin and prorenin induces the
activation of intracellular pathways, such as the activation
of ERK1 & ERK2, that may result in increased production
of AngII, as it was showed in cell culture experiments in
rat cardiac myocytes and fibroblasts (24). Given that renin
receptor has also been localized in the subendothelial layer
of coronary arteries, these observations from cell culture
experiments led to the hypothesis§ that renin receptor
could partly contribute to the production of angiotensin in
the heart (24).
AngII represents the most active component of
RAAS. Systemic actions of AngII in disease states such
as hypertension and cardiac hypertrophy have already
been mentioned. Importantly, it has been demonstrated
that AngII could directly affect cardiac metabolism and
energetics in HF (25,26). Specifically, it has been shown that
increased AngII levels result in a gradual increase in fatty
acid β-oxidation and decrease in carbohydrate oxidation, as
it was mainly demonstrated in mice treated with AngII (27).
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Impaired glucose oxidation has been observed in HF, in
cardiac hypertrophy, as well as in animal models with
dilated cardiomyopathy (28). This AngII-mediated shift
in cardiac metabolism could lead further to increased
ROS production and mitochondrial dysfunction. This
mitochondrial dysfunction and impaired energy metabolism
has been linked to both systolic and diastolic dysfunction
in experimental models with increased AngII levels,
subtly contributing to HF progression (28). As previously
mentioned, the animal models used in these experiments
were mainly treated with exogenous AngII, which could act
differently compared to the endogenous produced AngII in
patients with HF.
Increased myocardial expression of ACE has been
identified in experimental models of ventricular
hypertrophy and in rats’ myocardium after myocardial
infarction (29-31). Similarly, increased expression of ACE
has been found in myocardium of patients with end-stage
HF (31). Furthermore, ACE expression was increased
in the scar tissue and the cardiac myocytes from patients
after myocardial infarction. In this group ACE increased
expression was found in fibroblasts but also endothelial
cells, isolated from cardiac tissue obtained at left ventricular
aneurysmectomy, compared to the cells obtained from
apparently healthy subjects at necropsy (32). On the other
hand, evidence suggests that ACE might not be the key
enzyme catalyzing the conversion of AngI to AngII in
cardiac tissue. Experimental data demonstrate that ACE
inhibitors could only block 20% of AngI converted to
AngII (33). Further studies are needed in order to better
elucidate the role of local expressed ACE in HF.
Angiotensin receptors also play a key role in HF
pathophysiology. In vitro data suggest that that rats’ cardiac
myocytes demonstrate increased density of AT1 receptor
after myocardial infarction. This could be linked to an
increased susceptibility of the infarcted myocardium to
AngII actions (34), which might be partly mediated by the
nuclear-factor kappa B (NF-κB) pathway. Blocking this
pathway results in reduced expression of AT1 receptor in
rats with chronic HF (35). On the other hand, experimental
data from failing human hearts has shown reduced AT1
mRNA expression and a stable or unchanged AT2 mRNA
expression (36). AT2 receptor acting via signaling pathways,
including the activation of various phosphatases that
mediate the inactivation of MAPKs, such as the p42 and p44
MAPKs, could exert beneficial effects in the failing heart
(37). Various data demonstrate that AT2 receptor activation
under pathological condition could inhibit abnormal cellular
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growth and cardiac remodeling, while it could also induce
vasodilation (38,39). Furthermore, it has been demonstrated
that in vitro overexpression of AT2 receptor could attenuate
cardiomyocyte fibrosis independently of hypertrophy (40).
In addition, mice AT2 receptor overexpression had a more
favorable post-MI cardiac remodeling with a preserved left
ventricular function (40).
Beyond the most known RAAS components and AT
receptors, a number of molecules related to RAAS, having
a role in HF, have been discovered. ACE2 is a recently
discovered enzyme similar to ACE (41). Experimental
data demonstrate that ACE2 activity is increased after MI
induction (42). ACE2 cardiac gene and protein expression
are increased in patients with HF (42). Interestingly, ACE2
gene ablation led to ventricular dysfunction and dilatation,
as well as increased AngII levels (43). Ang-(1-7) is an AngII
fragment that could be formed from AngI via the action
of several peptidases. Ang-(1-7) seems to exert beneficial
actions in cardiovascular system. It has been demonstrated
that Ang-(1-7) plays a key role in preserving systolic cardiac
function in pressure-overload induced HF model (44).
There is evidence indicating that Ang-(1-7) levels are
increased after RAAS inhibition via ACE or ARB, while
exogenous administration of Ang-(1-7) improved cardiac
function and reversed cardiac remodeling after MI mainly
by reversing the deleterious effects of MI on transforminggrowth-factor betta-1 (TGF-β1) induced fibrosis (44,45).
Ang-(1-7) has also anti-inflammatory properties as could
inhibit NAPDH oxidase, the enzyme playing pivotal role
in ROS generation (46) while also inhibits cell proliferation
by inhibiting MAPKs. It has also been demonstrated that
Ang-(1-7) is among the peptides partly mediating the antiinflammatory and antifibrotic properties of telmisartan or
olmesartan (47,48). Finally, it has been shown that Ang-(1-7)
has antiarrhythmic properties via reducing interstitial
fibrosis, MAPKs signaling, and by reducing the expression
of inflammatory cytokines (49). Ang (1-9) is also an enzymic
fragment derived by the degradation of AngI by ACE2.
One the first experimental studies demonstrated that Ang
(1-9) levels were increased after MI induced by coronary
artery ligation in rats at first week alongside with the levels
of AngII, ACE and ACE2 (50). However, Ang (1-9) levels
were lower at 8th week of follow-up compared to control
group, while treatment with ACEi preserved Ang (1-9)
levels. Based on these observations it has been hypothesized
that Ang (1-9) could also act via negative feedback loop
counteracting the negative effects of AngII, mediating the
beneficial effects of ACEi (50). There is also experimental

Ann Res Hosp 2019;3:11 | http://dx.doi.org/10.21037/arh.2019.05.01

Page 6 of 11

data demonstrating that Ang (1-9) could improve, both
in vitro and in vivo, the endothelial function mainly via
increasing NO bioavailability (51).
RAAS inhibition in HF with reduced ejection
fraction
Angiotensin-converting enzyme inhibitors (ACEi)
Angiotensin converting enzyme inhibitors (ACEi) still
remain the first line treatment in patients with HF and
reduced ejection fraction. Large clinical trials such as
the Cooperative North Scandinavian Enalapril Survival
Study (CONSENSUS) and the Studies of Left Ventricular
Dysfunction (SOLVD) demonstrated that patients with
HFrEF have significantly reduced mortality (52-54). In
the CONSENSUS trial treatment of patients with NYHA
IV HFrEF with enalapril led to 31% mortality reduction
after one year of treatment compared to placebo. SOLVD
trials included patients with mild to moderate HF (SOLVD
treatment) and patients with asymptomatic, NYHA I, HF
(SOLVD prevention) (52,55). In SOLVD treatment trial
enalapril treatment led to significant decrease of morbidity
and mortality. Furthermore, in the group of asymptomatic
patients enalapril seemed to significantly reduce the
progression of the disease. Similar were the results
for patients with left ventricular dysfunction after MI.
Numerous data support the positive effect of ACEi on LV
remodeling and functionality after MI or in patients with
HFrEF. The Survival and Ventricular Enlargement (SAVE)
and the Trandolapril Cardiac Evaluation (TRACE) trials
demonstrated that ACEi treatment could significantly slow
the development of HF after MI (54,56). ACEi by inhibiting
the conversion of AngI to AngII seems to positively affect
the neurohormonal state in HF patients. This along with
other pleiotropic effects of ACEi on cellular processes such
as fibrosis, apoptosis seem to be the underlying mechanisms
mediating the role of ACEi inhibiting the remodeling
process (57-60).
Angiotensin receptor blockers (ARBs)
After their development, ARBs were supposed to offer
a more effective RAAS blockade given their effect on
angiotensin receptor. Compared to ACEi, ARBs do not
inhibit bradykinin breakdown. As increased bradykinin
levels are linked to airway irritation, cough, and increased
risk for angioedema, ARBs are better tolerated compared
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to ACEi. It has been hypothesized that ARBs via inhibiting
the effects of AngII on its receptor could be more effective
compared to ACEi. However, ARBs showed noninferiority but not superiority to ACEi in HF clinical trials.
In one of the first studies the Evaluation of Losartan in
the Elderly II (ELITE II) study, losartan failed to show
superiority compared to captopril, although there was
much of discussion that the dose of losartan used was not
optimal (60). The HF Endpoint evaluation of Angiotensin
II Antagonist Losartan (HEAAL) trial demonstrated the
superiority of the 150 mg/day losartan dose compared
with the 50 mg/day in reducing mortality risk and HF
hospitalizations, in HF patients with ACEi intolerance (61).
In addition, the Candesartan in Heart Failure-Assessment
of Reduction in Mortality and morbidity (CHARMAlternative) trial further demonstrated that treatment with
candesartan led to significantly reduced cardiovascular
mortality or HF hospitalizations in HF patients with ACEi
intolerance (62). Further trials tried to study the combined
effect of ACEi and ARBs. Clinical studies and meta-analyses
demonstrated that the combination of ACEi and ARBs
could result in reduced risk for HF hospitalizations, but
they had no significant additional benefit on HF mortality
risk. The Valsartan Heart Failure Trial (Val-HeFT) has
shown that the combination of ACEi with valsartan had no
effect on mortality risk compared to placebo, but led to less
hospitalizations (63). Similarly, ACEi combined with ARBs
had no additional benefit for patients with acute MI in the
Valsartan In Acute myocardial Infarction (VALIANT) trial
or for patients with stable CAD in the Ongoing Telmisartan
Alone and in Combination with Ramipril Global Endpoint
Trial (ONTARGET) (64,65). On the other hand,
various analyses demonstrated that the ACEi and ARBs
combination could increase the risk for hypotension or
acute kidney injury and hyperkaliemia.
Mineralocorticoid receptor antagonists (MRAs)
One of the interesting findings in HF patients who are
under chronic treatment with ACEi is the aldosterone
escape phenomenon (66). It has been observed that
there is a number of HF patients treated with ACEi that
have increased aldosterone levels. Aldosterone results
in increased water and salt retention. This attributed to
the fact that ACEi although reduce AngII also increase
potassium levels which lead to increased aldosterone
production. Furthermore, experimental data demonstrated
that aldosterone induce myocardial fibrosis which has a
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detrimental effects on ventricular remodeling in HF (67).
Both experimental and clinical data showed the beneficial
effects of aldosterone blockade in HF. The Randomized
Aldactone Evaluation Study (RALES) is one of the first
studies that investigated the role of spironolactone therapy
added to ACEi in patients with HFrEF and NYHA class
IV symptoms (67). In the RALES study patients were
randomized to receive 25 mg of spironolactone versus
placebo, while the dose could be increased up to 50 mg/day.
Notably, the study was early terminated due to a significant
reduction of mortality risk compared to placebo (67).
Spironolactone significantly reduced both the risk for
sudden cardiac death and deaths due to HF progression.
Eplerenone is a more specific inhibitor mineralocorticoid
receptor compared to spironolactone. The Eplerenone
Post-Acute Myocardial Infarction Heart Failure Efficacy
and Survival Study (EPHESUS) investigated the role of
eplerenone in patients with left ventricular dysfunction
and HF after myocardial infarction (68). Study results
demonstrate that eplerenone significantly reduced
cardiovascular death and hospitalizations due to HF, as well
as total mortality in this group of patients (68). Similarly, the
Eplerenone in Mild Patients Hospitalization and Survival
Study in Heart Failure (EMPHASIS- HF) demonstrated
similar results in patients with NYHA II–IV HF treated
with eplerenone (69). A number of pathophysiologic
mechanisms are involved in mediating the positive actions
of aldosterone blockers in patients with HF. It has been
shown that MRAs improve endothelial function, while
aldosterone blockade may reduce the risk for ventricular
arrhythmias. The antiarrhythmic effect of aldosterone
blockade may be attributed to more balanced potassium
levels or to the antifibrotic effects of MRAs (69). Finally, it
has been demonstrated that overexpression of aldosterone
receptors leads to ventricular arrhythmias, thus aldosterone
blockade might me linked to decreased risk for ventricular
arrhythmias (70).
Direct renin inhibitors
It is known that RAAS blockade via ACEi or ARBs may be
limited due to the remaining increased renin activity. Both
ACEi and ARBs reduce AngII production, thus limiting the
negative feedback of AngII on renin release. As mentioned
earlier, renin and prorenin could induce AngII production
via the chymase and cathepsin pathways, while they can also
induce the production of other angiotensin subtypes upstream
to the RAAS blockade, such as angiotensin III or angiotensin
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1-7. Furthermore, renin receptor further mediates significant
actions of renin and prorenin despite RAAS blockade. In
order to further block the aforementioned renin action,
direct renin inhibitors were developed. Aliskiren represents
the most active and efficient direct renin inhibitor tested
in HF (71). Aliskiren blocks the active site of renin and
prorenin, while it could block both circulating and tissue
renin (71). As for ACEi and ARBs, aliskiren owes a bloodpressure lowering ability comparable to the aforementioned
RAAS blockers categories (72). Based on the initial results
from proof-of-concept trial data, aliskiren resulted in
greater reduction in renin, AngII and aldosterone levels in
HF patients, compared to Ramipril (73). However, major
concerns have been raised due to the significant adverse
effects of aliskiren in diabetic patients, as well as in patients
with impaired kidney function (74).
Angiotensin receptor-neprilysin inhibitors (ARNIs)
Combined ARNIs represent a novel development in the
HFrEF treatment. It is known that natriuretic peptides
(NPs) are vasoactive released in response to the reactive
activation of RAAS and sympathetic nervous system
in HFrEF, due to the abnormal distension of atria and
ventricles. Atrial natriuretic peptide (ANP), B-type
natriuretic peptide (BNP) and C-type natriuretic peptide
(CNP) are the most common NPs (75). Experimental
data demonstrated that NPs have antifibrotic and antihypertrophic properties, beyond their vasodilatory role in
HF (75). Based on these findings, it has been hypothesized
that NPs could serve as a potential therapeutic target in HF.
Neprilysin is a membrane bound endopeptidase
catalyzing NPs degradation (76). Beyond NPs, neprilysin
also catalyzes the degradation of various substances, such
as bradykinin, substance-P, adrenomedullin and other
vasoactive substances (76). Therefore, neprilysin inhibition
was considered a potential therapeutic target in HF.
Sacubitril/valsartan represents the first ARNI officially
approved to be used in HFrEF patients. Sacubitril upon
ingestion is metabolized into sacubitrilat which is an active
neprilysin inhibitor. The Prospective Comparison of ARNI
with ACEI to Determine Impact on Global Mortality and
Morbidity in Heart Failure (PARADIGM-HF) was a phase
III randomized clinical trial which compared sacubitril/
valsartan with enalapril in HFrEF patients (77). It was
found that sacubitril/ valsartan significantly reduced the
primary composite endpoint of cardiovascular death and
HF hospitalization in patients with chronic HF (77). A
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number of clinical studies further investigate the role of
sacubitril/ valsartan in various HF patient groups, such as
HFpEF patients and patients with HF after MI (78,79).
Conclusions
RAAS plays a significant role in regulating blood pressure
and fluid volume balance participating in human body’s
homeostasis. Numerous experimental studies tried to
study the role of circulating and tissue-localized hormones
of RAAS. Dysregulation of RAAS has been indicated
in various cardiovascular diseases such as hypertension
and HF. Understanding the pathophysiology and the
role of RAAS in HF led to the development of specific
therapeutic interventions targeting RAAS. ACE inhibitors
are still considered the gold standard for HFrEF therapy,
while ARBs in most cases are used in patients with ACEi
intolerance. Aldosterone antagonists have also demonstrated
a benefit on mortality of HFrEF patients through a number
of pleiotropic actions. Recent data also indicated an
additional morbidity and mortality benefit for sacubitril/
valsartan, an angiotensin receptor-neprilysin inhibitor, in
HFrEF. Although clinical data established the use of the
aforementioned therapies in HFrEF, there is no proven
therapy for patients with HFmrEF and HFpEF. Further
studies are needed in order to define the role of RAAS in
HFpEF, and the optimal therapeutic strategy for this group
of patients.
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