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Abstract

Among numerous choices in cardiovascular therapies used for the management of hypertension and heart failure, drugs
affecting the renin—angiotensin—aldosterone system (RAAS) hold substantial therapeutic roles. Therapies aimed at modify-
ing the RAAS and its overactivation are employed for the management of various insidious disorders. In the pharmacologic
perspective, RAAS is one of the frequently manipulated systems for the management of hypertension, heart failure, myo-
cardial infarction, and renal disease. The RAAS pharmacologic interventions principally include the ACE inhibitors, the
angiotensin II-AT1 receptor blockers, the mineralocorticoid receptor antagonists, and the direct renin inhibitors. In addition,
therapeutic implication of ACE2/angiotensin (1-7)/Mas receptor activation using various ligands is being explored owing
to their anti-inflammatory, anti-fibrotic, vasodilatory, and cardiovascular defensive roles. Moreover, being considered as the
counter-regulatory arm of AT1 receptor, the potential role of AT2 receptor activation using selective AT2 receptor agonist is
currently investigated for its efficacy in pulmonary complications. As an important regulator of fluid volume, blood pressure,
and cardiovascular—renal function, the RAAS has been documented as a diversified intricate system with several therapeutic
possibilities coupled with their fundamental structural and functional modulatory roles in cardiovascular, renal, and other sys-
tems. The RAAS possesses a number of regulatory, deregulatory, and counter-regulatory axes of physiopathologic importance
in health and disease. The counter-regulatory arms of the RAAS might play an essential role in mitigating cardiovascular,
renal, and pulmonary pathologies. In light of this background, we sought to explore the classical and counter-regulatory
axes/arms of the RAAS and their imperative roles in physiologic functions and disease pathogenesis.
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Introduction

Significant progress has been made in the understanding
of the neurohormonal implications of the renin—angio-
tensin—aldosterone system (RAAS), which plays a funda-
mental role in cardiovascular and renal health and disease.
The RAAS is a century-old diversified system with several
therapeutic avenues. This intricate system is conventionally
linked with the control of electrolyte balance and regulation
of blood pressure. Nevertheless, chronic overactivation and
subsequent deregulation of the RAAS may have negative
impact on the structure and function of the renal, cardiac,
and vascular tissues through hemodynamic changes and
direct action [1-3]. The multifaceted nature of the RAAS
makes it a versatile system based on its fundamental impli-
cations in the pathogenesis of the cardiovascular and renal
disease [4-9]. The cardiovascular-renal negative impact
of the chronic RAAS activation is reflected by the poten-
tial beneficial outcomes of various RAAS interventions in
the management of cardiovascular and renal pathologies
[10-12].

The RAAS involves various bio-active molecules with
each other opposing physiologic effects such as vasocon-
striction vs vasodilation, proliferative vs anti-proliferative,
and pro-inflammatory vs anti-inflammatory actions. The
vasoconstrictive, pro-proliferative, and pro-inflammatory
actions are seen with angiotensin-converting enzyme
(ACE)-angiotensin II (Ang II)-type 1 (AT1) receptor axis.
The RAAS deregulation through overactivation of its clas-
sical arm (ACE-Ang-II-AT1 receptor axis) has been linked
to the development of cardiovascular pathologies. On the
other hand, ACE2-Ang (1-7)-Mas receptor axis might be
involved in partially counteracting the potentially cardiovas-
cular harmful actions of the ACE-Ang II-AT1 receptor axis
[3, 13]. Of note, ACE2 is recognized a regulatory enzyme of
the RAAS having protective functions in several cardiovas-
cular, pulmonary, and metabolic disorders [14]. In addition
to its peripheral cardiovascular role, the brain ACE2 has
been suggested to play a possible role in the central cardio-
vascular regulation [15]. Studies employing synthetic com-
pounds that could sustain the elevation of the activity of
ACE?2 or genetically overexpression of ACE2 in the specific
brain regions found some beneficial effects on cardiovascu-
lar function [15]. Further to these two well-recognized axes,
RAAS involves additional key axes, which are the focus of
this review and are evidently discussed. We herein review
the existence of different key axes/arms of the RAAS and
their imperative roles in the physiologic functions and dis-
ease pathogenesis.

An Overview of the RAAS: A Family
of Several Biologically Active Components

The primary site for renin release is the kidney even though
several other RAAS components are identified in many tis-
sues [16, 17]. The circulatory source of renin is utilized for
the local generation (for instance, the perivascular adipose
tissue) of several components of the RAAS [18]. This mul-
tifaceted system is exclusively activated by a number of
stimuli such as sympathetic stimulation, renal artery hypo-
tension, and diminished sodium delivery to the distal tubule
[19]. Renin is considered the rate-limiting enzyme in the
RAAS, and is secreted into the blood stream only from the
juxtaglomerular cells (JGC) of the kidney in response to
various stimuli [16]. However, prorenin, which is considered
the precursor of renin, has been noted to be synthesized not
only in the JGC but also in various tissues [16]. Prorenin is
secreted from various tissues into the blood constitutively,
while its level in the circulation has been suggested to be
10 times higher than that of renin [16]. The renin precursor
is considered inactive because the prosegment region with
43 amino acid residues is known to cover the active site
of renin, and prorenin activation takes place either proteo-
lytically or non-proteolytically [16]. The (pro)renin receptor
binds both renin and prorenin. The (pro)renin receptor might
have two important functions, first as a receptor for renin and
prorenin, whereas the second as an accessory subunit of the
v-H(+)-ATPase and a cofactor of the Wnt [20]. Although,
(pro)renin receptor has been identified as a membrane-bound
binding component of renin and prorenin, it is now empa-
thized that most of the effects of (pro)renin receptor are
independent of renin and prorenin [21].

Renin directs the switch of angiotensinogen (AOG)
into Ang I, while ACE further converts it into Ang II, the
widely studied major effector and vasoconstrictor peptide
of the RAAS. The Ang II acting upon AT1 receptors with a
high affinity provokes vasopressor effects, oxidative stress,
fibrosis, and increase in sympathetic outflow and aldosterone
release, among other key actions [4]. Besides, Ang I also
acts as a key substrate for ACE2, which generates Ang (1-9)
from it. The Ang (1-9) thus formed is converted to Ang
(1-7) by the involvement of ACE. In addition, the ACE2
exerts a prominent action on Ang II, converting it directly
into Ang (1-7), which is recognized as an agonist of the
Mas, a G protein-coupled receptor [4]. The recently explored
other imperative RAAS components and their physiopatho-
logic significance are discussed in subsequent sections. The
schematic representation of various key components of the
RAAS is shown in Fig. 1.
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Fig. 1 The schematic representation of various key components of
the RAAS and their potential actions. ACE angiotensin-converting
enzyme; APA aminopeptidase A; APN aminopeptidase N; IRAP insu-

Differential Axes of the RAAS with Several
Efficacious Members

Ang I, one of the major components of the RAAS, via acti-
vation of the AT1 receptor promotes vasoconstriction and
sodium retention to maintain blood pressure, and mediates
oxidative stress, inflammation, fibrosis, organ hypertrophy,
cellular growth, and proliferation in various pathologic
conditions [22, 23]. Importantly, Ang (1-7) has opposite
functional roles to that of Ang II, counteracting possibly
the adverse actions of Ang II on the blood vessels, the kid-
ney, and the heart [4, 22, 23]. This leaves the RAAS to have
two major axes, but may not be limited to, such as (i) the
ACE-Ang II-AT1 receptor axis, which plays a fundamental
role in mediating vasoconstriction, proliferation, and inflam-
mation; and (ii) the ACE2—-Ang (1-7)-Mas receptor axis,
which has abilities to counterbalance the adverse actions of
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Ang 11, affording Ang (1-7)-mediated endothelial protec-
tive, vasodilatory, anti-proliferative, antihypertrophic, and
cardio-renal protective actions [4, 22-24]. Increased under-
standing of the fundamental role of RAAS has led to the
exploration of novel approaches with an aim of upregulating
the ACE2-Ang (1-7)-Mas receptor axis to counterbalance
the harmful actions provoked by the activation of ACE-Ang
II-AT1 receptor axis [25]. This opens up new avenues for
the development of potential pharmacologic agents modulat-
ing the RAAS in optimal direction to more efficiently treat
hypertension and heart failure. The antihypertensive role of
ACE2-Ang (1-7)-Mas receptor axis generated interest in
investigating its potential cardioprotective effects against
a group of cardiovascular disorders such as hypertensive
heart disease, left ventricular hypertrophy, heart failure, and
ischemic heart disease [26, 27]. In contrast to the ACE-Ang
II-AT1 receptor axis, which activates multifaceted cell
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functions and several signal transduction pathways related
to tissue injury, inflammation, and fibrosis, the counterpart
ACE2-Ang (1-7)-Mas receptor axis exerts opposite effects
in relation to inflammation and tissue fibrosis [28]. Evidence
showed that the ACE2—-Ang (1-7)-Mas receptor axis has
abilities to reduce cytokine release and inhibit signaling
pathways of tissue fibrosis in experimental disease models
including atherosclerosis, obesity, chronic kidney disease,
and asthma [28]. Moreover, the ACE2—-Ang (1-7)-Mas
receptor axis is emerging as a potential pharmacologic target
for treating cardiopulmonary diseases [29]. It is worthwhile
to mention that the maintenance of Ang (1-7)/Ang II bal-
ance might represent a valuable criterion for monitoring the
outcomes of concerned therapeutic interventions in disease
pathogenesis. However, more clinical pharmacologic evi-
dence in different pathologic conditions is needed to support
this contention.

The major target of RAAS interventions to treat car-
diovascular and renal disorders is to primarily block the
detrimental effects of the aforementioned classical arm (i)
the ACE-Ang II-AT1 receptor axis, which may also be

VASOPRESSOR ARMS

Fig. 2 Differential axes of the renin—angiotensin—aldosterone system
with vasopressor and vasodepressor/defensive arms. ACE angioten-
sin-converting enzyme; AOG angiotensinogen; APA aminopeptidase
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represented as the renin—AOG-ACE-Ang II-AT1 recep-
tor—aldosterone axis. At the same time, pharmacologic strat-
egies to potentiate the effects or to enhance the formation
of key components of axis (ii) i.e., ACE2—-Ang (1-7)-Mas
receptor axis are of potential therapeutic importance in the
relevant disorders. Apart from these two key axes, additional
potential axes of the RAAS are described in recent stud-
ies (Fig. 2). These include (iii) the Ang II/aminopeptidase
A (APA)/Ang II/AT2 receptor/NO/cGMP axis [30-32],
(iv) the prorenin/renin/(pro)renin receptor/MAP kinases
ERK1/2/V-ATPase axis [30, 32, 33], and (v) the Ang I1I/
aminopeptidase N (APN)/Ang [V/insulin-regulated amin-
opeptidase (IRAP)/AT4 receptor axis, suggesting that RAAS
has at least five axes [30, 31, 33]. On functional perspec-
tives, the aforesaid axes (i) and (iv) represent principally the
vasopressor systems, playing the fundamental physiologic
role in maintaining cardiovascular, blood pressure, and renal
homeostasis, while their overactivation contributes to the
development of cardio-renal and vascular diseases [30]. On
the other hand, axes (ii) and (iii) might essentially serve
as the vasodepressor and cardio-renal protective arms of

A; APN aminopeptidase N; IRAP insulin-regulated aminopeptidase;
MAP kinases Mitogen-activated protein kinases; MrgD Mas-related G
protein-coupled receptor, member D
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the RAAS, possibly counteracting some of the detrimental
effects of the axes (i) and (iv) on the cardio-renal and vas-
cular system [30]. Besides, the Ang III/APN/Ang IV/IRAP/
AT4 receptor axis is unlikely falling exclusively under either
the vasopressor or the vasodepressor system, but it appears
to have a possible role in learning and memory [30, 34, 35].

Does RAAS have Additional Axes
of Therapeutic Importance?

Essentially, the category of angiotensin class of peptides is
growing with the findings of angioprotectin, alamandine,
and angiotensin A. Of note, angioprotectin is an Ang II-
like peptide but causing the vasodilatory effect, whereas it
has the affinity to the Mas receptor [36]. The physiologic
antagonism of vasoconstrictor actions of Ang II by angi-
oprotectin has been suggested to be mediated by the Mas
receptor [36]. Since its identification in 2011, there have
been only a few studies with regard to its key actions, and
hence the cellular and physiopathologic roles and the thera-
peutic implications of angioprotectin—-Mas receptor axis
remain elusive, necessitating further studies. Alamandine,
another vasodepressor component of the RAAS family, is
a vasoactive peptide suggested to have protective actions
like Ang (1-7) [37, 38]. Alamandine produces physiologic
actions resembling to those produced by Ang (1-7), includ-
ing vasodilation, antifibrosis, and antihypertensive effects
[37]. However, unlike Ang (1-7) (a Mas receptor agonist),
alamandine acts through the Mas-related G protein-coupled
receptor, member D (MrgD) [37]. On the other hand, angio-
tensin A is a vasoconstrictive Ang II-derived peptide that is
an agonist for AT1 receptor [39, 40]. The physiopathologic
role and therapeutic implications of angiotensin A in car-
diovascular and renal diseases are not precisely understood.
Taken together, Ang (1-7) and angioprotectin through Mas
receptor activation, and alamandine through MrgD activa-
tion might counterbalance some of the adverse actions of
Ang II mediated by the AT1 receptor overactivation (Fig. 1);
however, additional studies are required in this setting to
precisely understand the counter-regulatory mechanisms of
the RAAS.

The therapeutic potentials of alamandine/MrgD axis in
various pathologic conditions have been demonstrated in
recent experimental studies. In an aged, spontaneous hyper-
tensive rat model, Wang et al. [41] investigated the potential
therapeutic effects of alamandine on long-term hyperten-
sion-induced cardiac fibrosis. The findings of this study have
suggested that alamandine is an effective antihypertensive
peptide that has a potential to attenuate cardiac dysfunc-
tion and fibrosis induced by chronic hypertension indepen-
dently to blood pressure action [41]. A bench study showed
that alamandine via MrgD induced AMP-activated protein

@ Springer

kinase/nitric oxide (AMPK/NO) signaling to counter-regu-
late Ang II-induced experimental hypertrophy, highlighting
the therapeutic potential of an additional arm of the RAAS,
the alamandine/MrgD axis in the heart [42]. In addition,
alamandine has been shown to attenuate Ang II-induced vas-
cular fibrosis via inhibiting p38 MAPK pathway, suggesting
that alamandine/MrgD axis could be a potential therapeutic
target for the treatment of vascular remodeling [43]. Like-
wise, alamandine has been reported to attenuate arterial
remodeling in mice induced by transverse aortic constric-
tion, in part, through its anti-fibrotic and anti-inflammatory
effects, opening new avenues in potential therapeutic tar-
gets for vascular disease [44]. Moreover, a recent study by
Silva et al. [45] suggested that alamandine has a potential to
improve a number of aspects of pressure overload-induced
experimental cardiac remodeling, including oxidative stress
markers, cell hypertrophy, and fibrosis. Interestingly, a bench
study by Fernandes et al. [46] reported that alamandine treat-
ment attenuated the development of fibrosis in fibrotic rats.
This experimental in vivo study demonstrated the therapeu-
tic potential of alamandine in the alleviation of pulmonary
fibrosis and the improvement of respiratory system mechan-
ics [46]. Adding further, in line with these findings, Liu
et al. [47] demonstrated that alamandine via MrgD receptor
reduced the experimental pulmonary fibrosis through attenu-
ation of oxidative injury and induction of autophagy [47].
These studies collectively justify the inclusion of alaman-
dine/MrgD axis as one of the protective arms of the RAAS.
Considering its potential beneficial effects, alamandine/
MrgD axis might therefore be a promising therapeutic tar-
get for the management of cardiovascular and pulmonary
fibrotic disease. Exploration of the biologic importance of
such key RAAS components might expand the number of
aforementioned axes of the RAAS, a never-ending vibrant
system of the biologic and pharmacologic importance. The
differential arms of the RAAS are depicted in Fig. 2.

Concluding Remarks and Future
Perspectives

Although ACE inhibitors, ang I1I-AT1 receptor blockers
(ARBs), mineralocorticoid receptor antagonists (MRAs),
and direct renin inhibitors interrupt RAAS effectively at
its various points, their clinical efficacies are often consid-
ered different. For instance, ACE inhibitors may not halt
the entire generation of Ang II on account of the presence
of alternate pathways for Ang II production. In contrast to
ARB therapies, clinical use of ACE inhibitors often leads to
the elevation of bradykinin levels, which might influence the
overall clinical efficacy of ACE inhibitors on blood pressure
management, and also account for adverse effects such as
dry cough and angioedema. The ACE inhibitors and ARBs
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often lead to compensatory increases in the plasma renin
activity, the effect of which is not shared by the renin inhib-
itor. While efficiently lowering blood pressure in patients
afflicted with essential hypertension, the comparative effec-
tiveness of the pharmacologic RAAS interventions such as
ACE inhibitors, ARBs, MRAs, and direct renin inhibitors is
not precisely known. The existence of different RAAS axes
and their potential modulation by RAAS interventions might
improve our understanding of the differential efficacies of
pharmacologic agents interrupting RAAS at various levels.

Since the breakthrough finding of renin by Tigerstedt
and Bergman in 1898, there has been a tremendous evo-
lution toward a better understanding of the role of diverse
components of the RAAS in health and disease. In fact,
remarkable developments and conceptual changes have
occurred over the past decades in the multipronged field
of the RAAS research at the levels of bench to bedside.
This results in significant changes to our understanding of
this important biologic system. The RAAS is composed of
different arms, including vasopressor and vasodepressor
axes, that are certainly considered physiologic and physi-
opathologic importance in health and disease pathogenesis.
Increased understanding of the intricate role of RAAS com-
ponents in pathologic states has led to the exploration of
novel approaches aiming at upregulating the ACE2—Ang
(1-7)-Mas receptor axis to counteract the detrimental effects
of the ACE/Ang II/AT1 receptor axis. This opens up new
avenues for the identification and development of potential
pharmacologic interventions for ameliorating the abnormal
activation of harmful arms of the RAAS to treat optimally
the cardiovascular disorders such as hypertension and heart
failure. Though our knowledge on the diverse role of RAAS,
its different axes, and its multiple peptide components con-
tinues to distinctly advance, a comprehensive understanding
of their intricate central and peripheral implications in vari-
ous disease pathogenesis remains incomplete, necessitating
additional studies.
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