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Abstract

The last decade was crucial for our understanding of the renin—angiotensin—aldosterone system (RAAS) as a two-axis, counter-
regulatory system, divided into the classical axis, formed by angiotensin-converting enzyme (ACE), angiotensin II (Ang II), and
the angiotensin type 1 receptor (AT1R), and the alternative axis comprising angiotensin-converting enzyme 2 (ACE2), angio-
tensin-(1-7) (Ang-(1-7)), and the Mas receptor. Breakthrough discoveries also took place, with other RAAS endopeptides being
described, including alamandine and angiotensin A. In this review, we characterize the two RAAS axes and the role of their
components in pediatric kidney diseases, including childhood hypertension (HTN), pediatric glomerular diseases, congenital
abnormalities of the kidney and urinary tract (CAKUT), and chronic kidney disease (CKD). We also present recent findings on
potential interactions between the novel coronavirus, SARS-CoV-2, and components of the RAAS, as well as potential impli-

cations of coronavirus disease 2019 (COVID-19) for pediatric kidney diseases.
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Introduction and history

The renin—angiotensin—aldosterone system (RAAS) was first
conceived as a single-arm hormonal axis centered on the bio-
logical functions of Angiotensin II (Ang II). The RAAS has
subsequently grown in scientific relevance due to its multi-
plicity of physiological interactions. Nowadays, the RAAS is
considered a two-arm, counter-regulatory system, with the
most important peptides being Ang II and angiotensin-(1-7)
(Ang-(1-7)) [1]. Figure 1 shows the RAAS cascade. The pres-
ent knowledge about RAAS, however, has gradually devel-
oped over the years.
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The concept of the RAAS classical axis started with the
discovery of vasoactive substances related to left ventricu-
lar hypertrophy [2]. The primary RAAS fragments were
described after several experimental studies using arterial
hypertension models as a result of renal ischemia [2]. The
first fragment identified by Tigerstedt and Bergman was
the aspartyl-type acid protease renin. The formation of
Ang II by means of the removal of two amino acids from
angiotensin I (Ang I) by the angiotensin-converting en-
zyme (ACE), however, was not described until 1940 by
groups in Argentina and the USA [2]. Ang II, hence, was
determined as a potent vasoconstrictor that elevates arterial
blood pressure (BP) by increasing vascular resistance.
Further characterization occurred in the 1970s, as the bind-
ing mechanism of Ang II to the membrane-binding sites,
later named as angiotensin II receptor types 1 and 2 (AT1R
and AT2R), was clarified after studies based on RAAS
nonspecific antagonism with saralasin [3]. Hence, it was
established that Ang II contributes to sodium/potassium
balance, body fluid volume and arterial pressure homeosta-
sis by stimulating vasoconstriction, sodium reabsorption,
and aldosterone release [4]. The complementary biological
functions of the ACE/Ang II/AT1R axis included the dis-
covery of new roles for Ang II, including its pro-
inflammatory properties, by several research groups [5].
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Fig. 1 Then renin—angiotensin system cascade. Legend: The liver pro-
duces angiotensinogen (AGT), a 14-amino-acid peptide, which is secret-
ed in sinusoidal capillaries. The 485-amino-acid (61 kDa) human AGT
glycoprotein contains a signal peptide that is removed co-translationally
to yield the 452-amino-acid substrate of renin resulting in 14 amino acids
plus 438 amino acids. Renin, an enzyme produced by the juxtaglomerular
apparatus of the kidney, is also secreted in the circulation. In the blood
stream, angiotensinogen is cleaved by renin into Ang I, which can also be
cleaved by ACE2, producing Ang-1-9; by NEP or PEP, producing Ang-
(1-7); and by ACE, producing Ang II. From that point, Ang II can also be
cleaved by ACE2 and produce Ang-(1-7) or it can be cleaved by APA,

The first evidence of the alternative RAAS axis was
established in 1988, when Santos et al. [6] described the for-
mation of Ang-(1-7) by an ACE-independent pathway. In the
same year, Schiavone et al. [7] reported that Ang-(1-7) is
equipotent to Ang II in releasing vasopressin (AVP) from the
rat hypothalamo-neurohypophysial system (HNS) in vitro. A
year later, Campagnole-Santos et al. [8] first described the bi-
ological actions of Ang-(1-7) in vivo, including several
vasodilatory effects related to the release of nitric oxide and
prostaglandins, therefore antagonizing the well-established
classical RAAS arm. In 2000, Tipnis et al. [9] and Donoghue
et al. [10] simultaneously discovered the production of Ang-(1-
7) by means of the removal of a phenylalanine from the Ang II,
catalyzed by the carboxypeptidase angiotensin-converting en-
zyme 2 (ACE2). More importantly, in 2003, the G protein-
coupled Mas receptor (MasR) was identified as the specific
binding-site for Ang-(1-7) [11]. Similar to the classical axis,
the ACE2/Ang-(1-7)/MasR axis also has functions beyond
the kidney and cardiovascular systems, including inhibition of
cell growth and anti-inflammatory actions [12]. When the mo-
lecular basis for the physiological function of the alternative
RAAS axis was clearly established, the system was conceived
as composed of two main axes with opposite local and systemic
effects [1]. Figure 2 shows the opposite actions of both RAAS
axes.

The diversity of the RAAS, however, goes far beyond these
two axes. New hormone fragments and functions continue to
be discovered, including pro-renin, alamandine,
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producing Ang III. Ang II can still have its first amino acid replaced,
forming Ang A, which can be cleaved by ACE2 into alamandine. This
heptapeptide alamandine can also be formed by Ang-(1-7) due to replace-
ment of one amino acid. Ang III can be cleaved by APN and form Ang
IV. Ang I, angiotensin I; Ang II, angiotensin II; Ang III, angiotensin III;
Ang IV, angiotensin IV; Ang 1-9, angiotensin (1-9); Ang 1-7, angiotensin
(1-7); Ang A, angiotensin A; ACE2, angiotensin-converting Enzyme;
NEP, neutral-endopeptidase; ACE, angiotensin-converting enzyme;
AD, aspartate decarboxylase; APA, aminopeptidase A; APN, aminopep-
tidase N; APB, aminopeptidase B

angiotensin-(1-9) and angiotensin IV [1]. Given the expanded
understanding of the RAAS, this review aims to summarize
the biochemical and physiological roles of the RAAS, as well
as to discuss the involvement of this system in pediatric kid-
ney diseases and related conditions. Furthermore, we also
present recent findings on the potential interactions between
the novel coronavirus, SARS-CoV-2, and RAAS components
and some potential implications of coronavirus disease 2019
(COVID-19) for pediatric kidney diseases.

Current understanding of the RAAS
The classical RAAS axis

The RAAS is well-known for its major role in BP control and
fluid balance [13]. Its endocrine (tissue-to-tissue), paracrine
(cell-to-cell), and intracrine (intracellular/nuclear) actions are
crucial for cardiovascular, kidney, immune, and neural ho-
meostasis [14]. Metabolic pathways of the classical RAAS
axis start with the conversion of angiotensinogen (Agt) into
angiotensin I (Ang I) by renin. The subsequent cascade of
events depends on the activity of the two angiotensin-
converting enzymes to either form Ang II or Ang-(1-7), the
effector peptides of the RAAS [14] (Fig. 1).

The Agt gene is located on chromosome 1 and leads to the
expression of a 14 amino acid peptide (Asp—Arg—Val-Tyr—
Ile-His—Pro—Phe—His—Leu—Leu—Val-Tyr—Ser) that is
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Fig. 2 Opposite actions of classical and alternative RAS axes. Legend:
Ang II binds to AT1 receptors and produces the traditional actions of
RAS classical axis, including stimulation of SNS tone, of
vasoconstriction, of inflammation, and of fibrosis and decrease of
baroreflex sensitivity, of natriuresis, and of NO release. The alternative
axis, however, is activated mostly due to Ang-(1-7) binding to Mas

primarily synthesized by hepatocytes. However, adipose tis-
sue, brain, spinal cord, heart, kidney, lung, adrenal gland,
small and large intestine, stomach, spleen, ovaries, and vascu-
lar endothelium are also capable of producing Agt [15]. Once
synthesized, Agt is released into the bloodstream and has a 5-h
half-life [16]. Agt is the only substrate of renin. Although
renin is the main enzyme that converts Agt into Ang I, this
conversion may also occur by the enzymes chymase; tonin;
cathepsins A, D, and G; proteinase-3; and neutrophil elastase
[17]. The physiological roles of these enzymes, however, re-
quire further characterization [17].

Renin is an aspartyl protease with two isoforms. The first
isoform is expressed in the juxtaglomerular (JG) cells and
the collecting duct (CD) and has extracellular functions [5].
Renin expressed in JG cells is secreted as pro-renin
(inactive) or renin (active) itself and is capable of catalyzing
the production of Ang II, which negatively regulates JG
production of the enzyme. On the other hand, renin secreted
by the CD into the tubular fluid also produces Ang II, and in
turn the octapeptide upregulates CD production of renin.
Both are key rate-limiting steps in determining Ang II
levels [5]. Hence, regulation of renin expression and secre-
tion significantly impact overall activity of the RAAS. The
main stimuli for renin release include the kidney barorecep-
tor reflex [18], sodium chloride (NaCl) concentration in the
macula densa, and renin microRNA expression and stimu-
lation by other molecular pathways, including nitric oxide,
prostaglandins, adenosine, and (31-adrenergic receptors
[13]. The second isoform of renin is related to the intracel-
lular environment. The pathways and location of this sec-
ond isoform are as yet not well established, but findings
suggest an intra-mitochondrial location and association
with increased BP [19].

receptors, promoting counter-regulatory actions, including decrease of
SNS tone, of blood pressure, and of cardiac hypertrophy; increase of
baroreflex sensitivity, of NO release, and of natriuresis; and stimulation
of vasodilatation. Ang 1-7, angiotensin 1-7; Ang II, angiotensin II; MasR,
Mas receptor; AT1R, ATI receptor; SNS, sympathetic nervous system;
NO, nitric oxide

Ang 1, the product of Agt, is an inactive peptide with a 10
amino acid chain (Asp—-Arg—Val-Tyr—Ile-His—Pro—Phe-His—
Leu). Cleavage of angiotensinogen also generates a 442 amino
acid chain named des-(Ang I)-Agt. This remaining fragment
appears to have function in plasma, but its actions on BP lack
characterization [20]. Subsequently, in the classical RAAS axis
pathway, Ang I is converted into Ang II by ACE, which is a
dicarboxypeptidase with four isoforms, generated by alterna-
tive splicing of the ACE gene [21]. Regarding ACE isoforms,
isoforms 1, 2, and 4 are expressed somatically, while isoform 3
is expressed in the testicles [21]. Somatic ACE is an
ectoenzyme located on the surface of endothelial cells through-
out the body, particularly abundant in lungs, intestine, choroid
plexus, placenta, and on brush border membranes of kidney
tubular cells. A soluble circulating form of ACE can be pro-
duced after the enzymatic cleavage of tissue-bound ACE at its
transmembrane domain [22]. ACE has two main substrates,
both related to BP homeostasis: Ang I and bradykinin, a pep-
tide with vasodilator and natriuretic properties [23].

Ang II is the central octapeptide (Asp—Arg—Val-Tyr—Ile—
His—Pro—Phe) of the classical RAAS axis. The biological func-
tions of Ang II take place both in the intra- and extracellular
space and are mediated by two cell surface receptors, ATIR
and AT2R [22]. The receptors belong to a 7-transmembrane
receptor family divided by nonpeptide antagonists’ affinity dif-
ference; however, AT2R only has ~ 34% sequence homology
with ATIR [24]. Although the ATIR has been described to
have two subtypes (ATla and AT1b) in some animal models
[25], only one gene has been found to codify ATIR in the
human genome [26]. Physiological responses attributed to
Ang II-AT1R binding include stimulation of kidney tubular
sodium reabsorption, aldosterone release from the adrenal
glomerulosa, smooth muscle cell contraction, and stimulation
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of hypothalamic thirst sensors [27]. The ATIR is expressed in
multiple organs involved in the regulation of BP, including the
kidney, vasculature, adrenal gland, heart, and both central and
peripheral nervous systems. Particularly in the kidneys, ATIR
is expressed in vasculature, the juxtaglomerular apparatus
(JGA), podocytes, mesangial cells, and tubular epithelial cells
[26]. This receptor is part of a Gaphag-linked signaling path-
way involving phospholipase C, inositol triphosphate (IP3),
and increased intracellular calcium levels [28]. ATIR has also
been linked to Janus kinase, a signal transducer and activator of
transcription, and (3-arrestin-dependent pathways, linked to ex-
tracellular signal-regulated kinases (ERK) activation [29].
Moreover, AT1R can transactivate the epidermal growth factor
receptor [30]. This pathway might contribute to chronic kidney
injury and kidney epithelial cell hypertrophy [30].

Once activated, the ACE/Ang I/ATIR axis triggers many
systemic and local actions which include (1) increased aldo-
sterone production, (2) stimulation of anti-diuretic hormone
(ADH) production [31], (3) activation of sympathetic nervous
system (SNS) tone, (4) elevation of BP (5) vasoconstriction,
(6) cardiac hypertrophy, (7) fibrosis, (8) inflammation, (9)
vascular smooth muscle cell (VSMC) dedifferentiation, (10)
reactive oxygen species (ROS) production [32], and (11) tis-
sue injury. On the other hand, activation of the ACE/Ang I/
ATIR axis decreases: (1) parasympathetic nervous system
(PSNY) tone, (2) baroreflex sensitivity, (3) nitric oxide (NO)
production, and (4) natriuresis. Ang II-AT2R binding has op-
posite effects from AT1R-mediated activities, including vaso-
dilation and natriuresis. Despite being upregulated by sodium
depletion and downregulated by Ang II, PDGF, and EGF,
AT2R expression is significantly lower during the lifespan,
except in fetal and neonatal life [4].

In the kidney, ACE/Ang II/ATIR axis has synergetic
local and systemic actions, both resulting in glomerular
hypertension due to preferential vasoconstriction of the
efferent arteriole. The systemic actions of Ang II include
(1) stimulation of the sympathetic nervous system, causing
renal vasoconstriction and increased renal tubular sodium
reabsorption, and (2) aldosterone secretion, by stimulating
adrenal glomerulosa cells in the early and late steps of the
steroid biosynthetic cascade. The intrarenal effects of Ang
II are (1) vasoconstriction of efferent arterioles, (2) sodium
reabsorption in the kidney tubules, and (3) reduction of
kidney medullary blood flow [33, 34]. The intrarenal stim-
ulation of Ang II synthesis is consistently associated with
arterial hypertension and chronic kidney disease (CKD).
Indeed, studies point to a key role of Ang II in the devel-
opment of glomerulosclerosis. Indeed, the deletion of the
ATla receptor in animal models resulted in the attenuation
of Ang Il-induced hypertension [35]. The expression of
ATIR in leukocytes and lymphocytes may also trigger
several pathological events, including enhanced inflamma-
tion and kidney fibrosis by activation of epidermal growth
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factors, increasing TGF-31 and NF-KB levels, which leads
to collagen I deposition [35].

Ang II effects on cardiac structure and function are well
established. In the cardiovascular system, Ang II leads to fi-
brosis, arrhythmias, endothelial dysfunction, and cardiac re-
modeling. Ang II infusion was associated with concentric left
ventricular (LV) hypertrophy due to proliferation of cardiac
myocytes. Despite this observation being contested in in vivo
models, LV hypertrophy may also be the result of arterial
hypertension, endothelial dysfunction, and perivascular fibro-
sis [35]. Recent studies suggest a key role of Ang II in acti-
vating the epidermal growth factor receptor (EGFR) via
A desintegrin and metalloproteinase 17 (ADAM17).
ADAMI17 expression is enhanced in atherosclerosis, in LV
hypertrophy with Ang II infusion, and in vascular neointima
after angioplasty [35]. Additionally, deletion of ADAMI17 in
human VSMC culture prevented cardiac and vascular hyper-
trophy, as well as perivascular fibrosis [36]. With respect to
cardiac remodeling secondary to Ang II-enhanced inflamma-
tion, its infusion resulted in elevated TNF-c, IL-13, NF-KB,
and iNOS levels in the heart, which was successfully sup-
pressed by pentoxifylline, a phosphodiesterase inhibitor [37].
Moreover, Ang II infusion in VSMC culture enhanced Nox2
and Nox4 activity and consequently induced hypertrophy and
fibrosis [38]. Nox2, however, was also linked to enhanced
contractile function due to increased Ca** uptake [38]. Other
possible pathways to Ang Il-induced cardiac hypertrophy in-
clude (-arrestin, IP3, and RhoA [35]. All cited remodeling
mechanisms might exert a major role in atrial fibrillation
(AF) development, the most common arrhythmia.
Accordingly, the VALUE and TRIAL studies showed the
beneficial effects of AT1R blocking in preventing AF, rein-
forcing the key role of ACE/Ang II/ATIR axis in cardiac
hypertrophy [39].

The deleterious pulmonary actions of Ang II have become
more well-known since the recently described beneficial effects
of ACE2/Ang-(1-7)/MasR axis in lung tissue. Additionally, this
mechanism has recently been associated with the pathophysi-
ology of infection with SARS-CoV-2 [40] (see the discussion
below). The role of Ang II in lung inflammation and fibrosis
was clarified after the manipulation of the ACE?2 gene in trans-
genic mice. Mice with deletion of the ACE2 gene experienced
enhanced vascular permeability, increased lung edema, and
neutrophil accumulation in SARS-CoV lung infection [41,
42]. Accordingly, Sodhi et al. [42] detected increased IL-17
and neutrophil infiltration amplified by STAR3 pathway in a
mouse model of Pseudomonas aeruginosa lung infection. This
effect was suppressed by administration of angiotensin receptor
blockers (ARB) [42]. Ang II is also associated with excessive
deposition of extracellular matrix, resulting in pulmonary fibro-
sis [43]. This event is particularly harmful, as it results in thick-
ened alveolar walls, reduced lung compliance, and decreased
oxygen diffusion.
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The activity of Ang II in the central nervous system (CNS)
has been associated with control of vascular and body fluid
homeostasis, stimulation of vasopressin release, thirst, salt in-
take, and enhancement of the sympathoadrenal system [44].
The RAAS in the brain is influenced by both endogenous and
peripheral circulation of its molecules, as AT1R has been
found in circumventricular organs, cerebrovascular endotheli-
al cells and neurons [45]. Other recently described functions
of Ang II in the CNS include the response to stress, stroke
susceptibility, and development of certain neuropsychiatric
diseases [45]. The concentration of AT1 receptors in the hy-
pothalamic areas belonging to the hypothalamic—pituitary—ad-
renal (HPA) axis, including the area responsible for
corticotrophin-releasing hormone (CRH) synthesis, is associ-
ated with Ang II signaling in response to stress [45]. The
ATIR is also abundant in the pituitary and adrenal glands,
corroborating this hypothesis [44]. Indeed, peripheral sympa-
thetic nerve stimulation led to increased renin activity and
therefore increased levels of Ang II [44]. Thus, prophylactic
ATIR blockade outside and inside the blood-brain barrier in
mice has been shown to reduce activation of the HPA axis and
increase catecholamine synthesis [44]. Selective inhibition of
ATIR in spontaneously hypertensive rats with middle brain
artery occlusion significantly reduced ischemia and tissue
swelling, besides diminishing BP due to Ang II-mediated
NO release. Moreover, the expression of AT1R in the limbic
system also suggests a key role of the classical RAAS axis as a
neuroendocrine modulator in neuropsychiatric disorders. Agt-
deficient mice presented less depressive-like behavior than
wild-type animals [44]. ARB administration has also been
reported to exert anti-depressant-like effects in mice subjected
to the forced swim test [44].

The RAAS also has important influences on metabolism.
For example, in vitro studies have demonstrated that Ang II
stimulates lipogenesis in human adipocytes [35]. Mice over-
expressing Agt in adipose tissue exhibited systemic insulin
resistance and inflammation [46]. Similarly, Agz gene deletion
reduced weight gain of animals under a high-fat diet compared
with wild-type mice [47]. Ang II-ATIR binding negatively
regulates insulin-induced phosphorylation of the insulin-
receptor (IR) [48]. In addition, Ang II directly interferes in
AMPK signaling, causing insulin resistance and inhibiting
adiponectin secretion [48].

In the liver, Ang II is able to enhance hepatic fibrosis
due to upregulation of TGF-1 and activation of Kupffer
cells [49]. Accordingly, the ARB candesartan and the ACE
inhibitor (ACEI) perindopril significantly decreased hepat-
ic fibrosis in animal models [49]. Furthermore, several
studies proved the major role of RAAS axes imbalance in
cirrhotic patients and rats with liver fibrosis [5S0-52]. In the
hepatorenal syndrome, Ang II also seems to promote kid-
ney vasoconstriction secondary to chronic liver disease and
advanced hepatic failure [49].

Several of the previously mentioned ACE/Ang II/ATIR
physiological effects rely on immune system activation. The
pro-inflammatory effects of Ang II-AT1R binding have spe-
cific signaling pathways for each cell line, immune and non-
immune mechanisms. Ang II-mediated macrophage activa-
tion, for example, increases TNF, IL-1beta, IL-6, and IL-10,
as well as ROS production [35]. Lymphocytes, which express
RAAS components such as the ATIR, are crucial for the Ang
[I-induced vascular inflammation, ROS production, and hy-
pertension [35]. T lymphocytes activated by Ang II increase
CC chemokine receptors (CCR), whose binding increases
lymphocyte and leucocyte recruitment and is associated with
thrombotic events. Neutrophils are also increased by Ang II
stimulation and play a key role in Ang II-induced cardiac and
pulmonary fibrosis [38, 43].

The alternative RAAS axis

The alternative RAAS axis, with its main biologically active
product Ang (1-7) has only been well characterized relatively
recently. Since the initial description of Ang (1-7) binding to the
Mas receptor, our understanding of the alternative or counter-
regulatory RAAS axis has grown [11]. Ang-(1-7) can be pro-
duced by two different pathways: in the extracellular compart-
ment, as blood and interstitial fluid of several organs, or in the
intracellular environment, as inside the mitochondria. The most
common pathway is the conversion of Ang Il into Ang-(1-7) by
means of ACE2 (Fig. 1). Ang-(1-7) may also be synthesized by
other endopeptidases, including prolyl-endopeptidase (PEP)
and neprilysin (NEP), forming Ang-(1-7) directly from Ang I
[1].

ACE2, a monocarboxypeptidase responsible for
converting Ang II into Ang-(1-7), is an ACE homologue
(42% homology) and formed of 805 amino acids (~ 120
kDa). As with ACE, the ACE2 protein sequence reveals a
hydrophobic site near the C-terminus and a potential signal
peptide at the N-terminus, which together classify ACE2 as a
type-1 integral membrane protein containing the zinc
metallopeptidase catalytic site [10]. Thus, when the
membrane-bound ectodomain of ACE2 is cleaved by the me-
talloproteinase ADAM17, ACE2 is released in the circulation
[53]. The specificity of ACE2 is not limited to Ang II or
RAAS peptides, as this enzyme has a multifunctional nature
and may also exert effects on many other vasoactive peptides,
including apelin-36, apelin-13, kinin metabolites kallidin,
neurotensin, kinetensin, and opioid peptides [53]. Other en-
zymes, such as NEP, PEP, and prolyl-carboxy-peptidase
(PCP), have been described as biochemically capable of pro-
ducing Ang-(1-7) from Ang II and Ang I [54]. NEP is a
membrane-anchored metalloendopeptidase [55]. Despite its
initial description as an opiate pentapeptide encephalin
hydrolyzer, NEP is capable of forming (1) Ang-(1-4) from
Ang 11, (2) Ang I from Ang-(1-12), and (3) Ang-(1-7) from
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Ang I [55]. This last conversion is due to the hydrolysis of the
Pro7-Phe8 from Ang I, generating Ang-(1-7). NEP is
expressed in several peripheral tissues [55] and its actions on
the kidney appear to be of critical importance [54]. PEP, in
turn, is a soluble intracellular serine peptidase that cleaves
Ang I and Ang II to form Ang-(1-7). Nonetheless, this enzyme
has already been found in transmembrane and nuclear forms
[56], although its actions are still unclear. Lastly, PCP is a
monocarboxypeptidase, with specificity for the C-terminal
hydrolysis of the Pro-X bond, where X is a hydrophobic res-
idue and is also responsible for converting Ang Il into Ang-(1-
7) [55].

Ang-(1-7) is a heptapeptide (Asp—Arg—Val-Tyr—Ile-His—
Pro) formed from Ang I or Ang II, as previously mentioned.
The most important difference between Ang II and Ang-(1-7)
is a phenylalanine amino acid on the N-terminal of the first
molecule. This phenylalanine is crucial to Ang II binding to
ATIR, explaining the lower affinity of Ang-(1-7) to ATIR
and higher affinity to the Mas receptor [6]. The signaling
mechanism of Ang-(1-7) is still poorly understood, but it has
been postulated to activate the phosphatidylinolsiol-3-kinase-
Akt pathway and/or the MAPKs (mitogen-activated protein
kinase), and/or the c-AMP-dependent protein kinase (PKA)
in different tissues [57]. Pharmacokinetic experiments deter-
mined that, in humans, Ang-(1-7) half-life is ~ 0.5 h [53],
normally being hydrolyzed by aminopeptidases, forming
Ang-(2-7) and Ang-(3-7), or by ACE, forming Ang-(1-5)
[1]. Despite being able to bind to the AT2R, the main effects
of Ang-(1-7) are related to its binding to the Mas receptor.

The Mas receptor was first described in 1986 as a proto-
oncogene due to its capability to induce cell transformation
via small GTPase p21-Rac2 [58]. Afterwards, computational
analysis of the amino acid sequence of the Mas receptor re-
vealed that it is indeed a G protein-coupled receptor with
seven transmembrane domains. The Mas receptor gene,
MAS]I, is located in close proximity to the imprinted Igf2r
gene in the human genome, being biallelically expressed
[59]. The MasR is mainly expressed in the brain, testicles,
kidneys, and heart [53]. Its signaling pathways require better
understanding. However, the proposed mechanisms include
the inhibition of ROS production, as well as MAP Kinases,
and the activation of phosphatases, phosphorylation of Akt/
eNOS, and counter-regulation of Ang II actions [57].

The primary effects elicited by the binding of Ang-(1-7) to
Mas receptor include (1) decreased aldosterone production,
(2) stimulation of anti-diuretic hormone release [7], (3) inhi-
bition of sympathetic tone, (4) reduction of BP, (5) vasodila-
tion [1], (6) decrease of cardiac hypertrophy, (7) anti-fibrosis,
(8) anti-inflammatory actions [12], (9) inhibition of VSMC
growth, (10) suppression of ROS production, and (11) promo-
tion of tissue protection [1]. Moreover, Ang-(1-7) also en-
hances insulin sensitivity, increases glycogen synthesis, and
stimulates lipid metabolism [60].
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Experimental studies have pointed to an important NEP-
mediated production of Ang-(1-7) in the kidney [54].
However, human production of Ang-(1-7) is mainly attributed
to ACE2 [1]. The activation of ACE2/Ang-(1-7)/Mas receptor
axis exerts protective roles by reducing oxidative stress, in-
flammation, cell proliferation, and fibrosis [12]. Several stud-
ies have shown that the renal actions of Ang-(1-7) may vary
depending on the part of the nephron, type of study, or inter-
vention applied. Sometimes Ang-(1-7) acts as a natriuretic
molecule, while, in other studies, it exerts anti-diuretic effects
[61]. Moreover, studies support that Ang-(1-7) has an impor-
tant physiological role for the regulation of glomerular filtra-
tion, water, and sodium handling [61]. By opposing Ang II
effects, Ang-(1-7) reduces glomerulosclerosis and BP, atten-
uating plasma elevations of urea and creatinine and preserving
cardiac function [61].

The cardiovascular actions of Ang-(1-7) are also important.
The inhibition of the classical RAAS axis by therapy with
ACEI and ARBs improves the outcomes of patients with hy-
pertension, acute myocardial infarction, and chronic heart fail-
ure [62]. The beneficial effects of the alternative axis in cardiac
tissue can be attributed to bradykinin potentiation or counter-
regulation of Ang II actions, leading to anti-fibrotic, anti-in-
flammatory, and anti-proliferative responses [63]. In the heart,
Ang-(1-7) can modulate heart rate, maintain calcium homeo-
stasis, and promote coronary vasodilation, mostly due to pros-
tacyclin and NO release [63]. In blood vessels, Ang-(1-7)
causes vasodilation, increases NO and prostaglandin release,
reduces thrombus size, and raises stem/progenitor cell prolif-
eration and migration to vascular repair, among other actions
[63].

In the respiratory system, the alternative RAAS axis has
been identified as crucial for the reduction of inflammatory,
fibrogenic, and proliferative effects of ACE/Ang II/AT1 axis
in several pulmonary disorders [64]. ACE2 administration
reduces oxidative stress and inflammatory mediators in lung
tissue [64]. Moreover, experimental and clinical evidence in-
dicate the classical RAAS axis activation and subsequent in-
crease of Ang II take part in the pathophysiology of allergic
pulmonary diseases, including asthma [65]. Regarding pulmo-
nary fibrosis, Ang-(1-7) acts as an anti-fibrotic pulmonary
survival factor by many mechanisms: cardiac protection, lung
ischemia prevention, inhibition of ROS generation, and oppo-
sition to Ang II inflammatory and fibrogenic effects [65].

Ang-(1-7) has been described as playing an important role
in the brain as a neuromodulator, mostly in areas related to
tonic and reflex control of arterial pressure. Guimaraes et al.
[66] demonstrated that Ang-(1-7) is able to diminish BP in
DOCA-salt hypertensive rats due to enhancement of the
baroreflex bradycardia, restoration of baroreflex control of
renal sympathetic activity, and regaining the balance of
cardiac autonomic tone. These findings are reinforced by
the improvement of baroreflex control of heart rate in
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normotensive and in hypertensive animal models [67].
Other studies suggest that the activation of ACE2/Ang-(1-
7)/Mas axis in the brain might play an important protective
role against cardiovascular and metabolic disorders [68].
Mecca et al. [69] have shown the association between cen-
tral administration of Ang-(1-7) and reduction in brain
damage, as well as improved neurological outcomes in an-
imals with ischemic stroke. These beneficial effects may be
due to the stimulation of angiogenesis and the anti-
inflammatory effects of Ang-(1-7) [67]. Moreover, it has
also been proposed that Ang-(1-7) possesses
neuromodulator actions by influencing the release of cer-
tain neurotransmitters (Kow and Pfaff 1988), including
norepinephrine, GABA, substance P, glutamate, taurine,
and dopamine [67].

Recent studies have suggested that the alternative RAAS
axis exerts several metabolic actions, including modulation of
hormone secretion in pancreas, adipose tissue, liver, and repro-
ductive organs [60]. Ang-(1-7) improves whole-body insulin
resistance, while its direct action on the glucagon pathway is
still unclear [60]. In adipose tissue, high levels of Ang-(1-7)
are associated with increased adiponectin and reduced lep-
tin levels. In addition, researchers aim to clarify the actions
of RAAS and complications of metabolic disorders associ-
ated with increased body adiposity, like diabetes mellitus
(DM) [60]. In the reproductive system, ACE2/Ang-(1-7)/
Mas axis molecules were found in ovarian follicles and
testicle cells [60]. Although the exact effects on those or-
gans are still unclear, evidence suggests the participation of
the RAAS alternative axis in the regulation of gonadotropic
hormones [60].

Ang-(1-7)-MasR binding has also been related to restora-
tion of liver function, as shown in experimental studies [49].
Santos et al. [70] showed the association between MasR ge-
netic deletion in FVB/N mice and dyslipidemia, increased
abdominal fat, enhanced muscle triglycerides, glucose intol-
erance, and reduced insulin sensitivity. In addition, studies
with ARBs, such as captopril and losartan, showed the role
of these drugs in preventing tissue fibrosis and restoring liver
function both in experimental and clinical studies [49]. Pre-
clinical studies also pointed to ACE2 activity as an important
endogenous negative regulator of chronic liver injury [51].
These results are reinforced by the downregulation of key
genes involved in liver fibrosis after Ang-(1-7) infusion and
the aggravation of liver fibrosis after pharmacological block-
age of the Mas receptor [51, 52]. More recently, studies sug-
gest that low levels of ACE2 may be a useful indicator of poor
prognosis in patients with cirrhosis [49].

In terms of immune response, the ACE2/Ang-(1-7)/MasR
axis inhibits the biological pro-inflammatory effects of Ang II,
causing anti-inflammatory, anti-proliferative, and anti-fibrotic
responses [1, 4, 12]. In inflammatory diseases, including ar-
thritis, acute lung injury, asthma, and diabetic nephropathy,

several studies have concluded that (1) Ang-(1-7) reduced
leukocyte recruitment and the production and expression of
chemokines, cytokines, and adhesion molecules and (2) the
Mas receptor increased neutrophil apoptosis and stimulated
the alternative macrophage activation [12]. In addition, studies
using the Mas receptor agonist AVE0991 demonstrated re-
duced accumulation of neutrophils and pro-inflammatory cy-
tokines [12].

Table 1 summarizes the main effects of the two RAAS axes
in different organs, systems, and disease conditions, including
several not directly discussed here.

Other RAAS peptides

Discovery of several novel molecules and pathways of the
RAAS cascade has led to the present view of the RAAS as
comprising two main axes (Fig. 2). Indeed, components of
the RAAS, including angiotensin-(1-9) (Ang-(1-9)) and
alamandine, for instance, show relevant biological effects, but
the physiological role of these molecules in the context of the
counter-regulation of the classical RAAS axis remains unclear,
especially in humans. It should be mentioned that the endoge-
nous and physiological relevance of a molecule encompasses
the existence of an enzyme that synthesizes the molecule and a
specific receptor that mediates the biological effects of it.
Therefore, the activity of an axis depends mostly on (1) the
peptide’s concentration, (2) the enzyme-substrate affinity, (3)
the peptide-receptor affinity, and (4) the expression of its re-
ceptor. Despite the existence of angiotensin peptides that have
their own receptors such as alamandine and the Mas-related G
protein-coupled receptor member D (MrgD), for example, the
physiological role of this molecule has not been clearly
established. Alamandine concentration is physiologically low,
as reported in several experimental studies [71]. Further inves-
tigation is needed for better understanding of the functions and
pharmacological potential of these novel RAAS fragments as
an escape route for both classical and alternative arms.
Alamandine is mainly produced following the hydrolysis of
Ang-(1-7), in which the aspartate radical group in the amino
terminal sequence is cleaved by aspartate decarboxylase [72,
73]. Other possible pathways to form alamandine are from
angiotensin A (Ang A), following the enzymatic action of
ACE2 [1]. Alamandine binds to the MrgD, a receptor previ-
ously reported in relation to neuropathic pain and the percep-
tion of itching [74]. Alamandine-MrgD interaction has been
shown to exert cardiovascular effects, as studies observed va-
sodilation after the administration of alamandine in spontane-
ously hypertensive rats [74]. Alamandine also increases eNOS
expression and promotes both central and local NO-mediated
vasodilation, capable of reversing endothelial dysfunction [74].
De Jesus et al. [75] also demonstrated the anti-hypertrophic
counter-regulatory role of the ACE2/alamandine/MrgD axis
in Ang II hypertrophy rat cardiomyocytes due to activation of
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Table 1 Effects of the classical and alternative RAS axes in human organs, systems, and disease conditions
ACE/Angll/ATIR ACE2/Ang-(1-7)/MasR
Kidney * Decrease renal blood flow * Increase of renal blood flow
* Increase of glomerular hypertension by efferent arteriole * Reduction of glomerular hypertension
vasoconstriction * Decrease of proteinuria
* Enhance glomerular damage * Control of sodium and water handling
« Stimulation of sympathetic nervous system * Decrease of aldosterone secretion
* Increase of aldosterone secretion * Inhibition of sympathetic tone
« Increase of renal inflammation and fibrosis * Reduction of oxidative stress, inflammation, cell proliferation,
and fibrosis
Heart « Stimulation of fibrotic, inflammatory, and proliferative * Anti-fibrotic, anti-inflammatory, and anti-proliferative effects
responses » Modulation of inotropic response
* Increase of arrhythmias » Stimulation of coronary vasodilation
* Enhance of endothelial dysfunction
« Stimulation of cardiac remodeling and hypertrophy
Lung « Stimulation of fibrotic, inflammatory, and proliferative * Anti-fibrotic, anti-inflammatory, and anti-proliferative effects
responses * Reduction of oxidative stress
« Stimulation of pulmonary vascular remodeling * Prevention of lung ischemia
* Decrease oxygen diffusion and reduce lung compliance
Brain * Modulation of vascular and body fluid homeostasis * Improvement of baroreflex gain
* Modulation of stress response * Enhance brain oxygenation
* Modulation of neuroendocrine changes * Modulation of neurotransmitter release
Endocrine * Increase of insulin resistance * Improvement of insulin resistance
system * Increase of inflammation on adipose tissue * Increase of adiponectin levels
* Stimulation of lipogenesis * Decrease of leptin serum levels
* Inhibition of adiponectin secretion * Modulation of gonadotropic hormones
Liver * Increase of inflammation and fibrosis * Prevention of fibrosis and inflammation

« Increase of oxidative stress

* Reduction of oxidative stress

the AMPK/NO pathway. Furthermore, in vitro studies have
demonstrated the anti-fibrotic effects of alamandine adminis-
tration in isoproterenol-treated rats [72]. Although patients with
CKD seem to have higher plasma levels of alamandine, the
pathophysiological implications of this finding require further
investigation [74].

Angiotensin III (Ang III), formed by the action of amino-
peptidase A on Ang II, is capable of binding to both ATIR
and AT2R [76-78]. Some research groups have postulated
that Ang I1I is, in fact, the biological ligand to the AT2R, after
the cleavage of the N-terminal aspartate residue of Ang I [76].
Along those lines, Padia et al. [79] observed increased natri-
uresis after Ang III infusion in rats under ARB treatment.
Although effects on decreasing arterial pressure through na-
triuresis have been reported, other studies have demonstrated
an important role of Ang III in the release of atrial natriuretic
peptide and vasopressin [76]. This finding may be due to the
higher expression of AT1R in comparison to AT2R in adults,
as Ang III possesses greater AT2R-AT1R selectivity than Ang
IT [76]. Indeed, more evidence is needed to define the physi-
ological and pharmacological properties of Ang III in vivo.

Angiotensin IV (Ang IV) is an interesting RAAS peptide
with a variety of described physiological properties in the
CNS. This fragment is formed following the cleavage of the
arginine from the N-terminus of Ang III by aminopeptidases
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N and B [80]. Ang IV has relevant affinity for both AT1R and
AT2R, with its affinity to AT2R being superior to that of
Ang-(1-7) for the same receptor [76]. In addition, Ang IV
has its own receptor, the angiotensin IV G protein-coupled
receptor (AT4R) [80]. Lochard et al. [81] concluded that
Ang IV is only able to bind to ATIR in the presence of Ang
II. The study was conducted with transgenic mice chronically
releasing Ang IV in the brain, which experienced an increase
in BP due to the mobilization of calcium by Ang IV via ATIR
[81]. This finding supports an allosteric mechanism between
ATIR and AT4R, since the administration of the ATIR an-
tagonist candesartan reversed Ang IV effect [81]. Ang IV-
AT2R binding was reported to prevent endothelial dysfunc-
tion in aortic vessels due to the reduction of NO bioavailability
in the development of atherosclerotic lesions [82]. The most
promising properties regarding Ang IV, however, are related
to its binding to AT4R, whose expression in the CNS is in-
creased in the neocortex, hippocampus, and cerebellum [81].
Albiston et al. [83] concluded in 2001 that AT4R is actually
the insulin-regulated aminopeptidase (IRAP), which substrate
in vivo lacks identification. Since Ang IV has been reported to
increase learning and memory recall, one current hypothesis
proposes that binding of this peptide to IRAP increases the
endogenous peptide’s half-life by inhibiting its degradation
[81]. Moreover, knowledge about the association between



Pediatr Nephrol (2021) 36:1407-1426

1415

IRAP and the glucose transporter type 4 (GLUT4) suggests
that Ang IV might play a distinct role in this protein translo-
cation [81].

Angiotensin-(1-9) is directly formed by ACE2 activity on
Ang I and is able to produce Ang-(1-7) after being hydrolyzed
by either ACE or NEP [1, 84]. This peptide was primarily
thought to be inactive, exerting counter-regulation to the
ACE/Ang II/ATIR axis by diminishing the conversion of
Ang I into Ang II and consequently producing Ang-(1-7) by
NEP activity [76]. However, new evidence points to physio-
logical implications due to Ang-(1-9) binding to the AT2R
receptor. Ocaranza et al. [85] were the first to identify its
biological effects in the cardiovascular system, leading to
anti-hypertrophic effects in neonatal and adult heart. The mo-
lecular mechanisms of Ang-(1-9) were clarified by
Sotomayor-Flores et al. [86]. Considering the main role of
mitochondrial dynamics and Ca®* handling in cardiac hyper-
trophy, Ang-(1-9) administration increased mitochondrial fu-
sion and reduced mitochondrial fission and intracellular calci-
um dysregulation, therefore exerting anti-hypertrophic effects
[86]. Previous studies also associated Ang-(1-7) and modula-
tion of pro-fibrotic pathways, decreasing cardiac fibrosis [85].
Moreover, Cha et al. [87] observed beneficial results after the
administration of Ang-(1-9) in pulmonary hypertensive rat
models, by altering the expression of apoptosis-related pro-
teins via AT2R. Although Ang-(1-9) affinity to the AT2R
receptor is only moderate (~ 100-fold lower than Ang II), this
peptide has also been described to enhance bradykinin action
and arachidonic acid release [76].

Angiotensin-(1-12) (Ang-(1-12)) plays an intriguing role in
understanding the noncanonical pathways of the RAAS [88].
Ang-(1-12) can be cleaved by NEP and ACE to form Ang I, at
least in the kidney [55]. Although Ang-(1-12) can be formed
from angiotensin-(1-14), Ahmad et al. [89] proposed that
Ang-(1-12) might be produced after cleavage of Agt by a
member of the kallikrein enzyme system. Well-established
data have demonstrated renin-independent cardiac Ang II
formation and function throughout the years, mainly by the
chymase-mediated hydrolysis of Ang-(1-12) and Ang I in
rat models and normal human left ventricles. In this matter,
the translational research comparing rodents and human
cardiac tissue reveals that the chymase rather than renin
might be the primary pathway to form Ang II, which may
explain the limited results regarding ACEI and ARB treat-
ment for preventing Ang II production in cardiovascular
disease [89]. Further investigation on Ang-(1-12) might
unravel a novel perspective on pharmacology related to
the RAAS.

Lastly, angiotensin A (Ang A) was identified by Jankowski
et al. in 2007 [90]. This octapeptide is very similar to Ang II’s
amino acid sequence, differing only by an alanine (Ala—Arg—
Val-Tyr—Ile-His—Pro—Phe) instead of an aspartate [80].
Although some affinity to the AT2R receptor has been

described, this molecule is considered to have intrinsic vaso-
constrictive and pro-hypertensive effects via the AT1R, with
similar binding affinity as Ang II [91]. Physiological plasma
concentration of Ang A is about 20% of the concentration of
Ang I, and its potency of vasoconstriction is one tenth that of
Ang II [91]. However, similarly to alamandine, patients with
stage 5 CKD showed higher Ang A/II ratio than healthy con-
trols [91]. This finding corroborates the supposed escape route
of other RAAS fragments in compromising diseases of the
kidney parenchyma. Again, the existence of alternative pep-
tides could help understanding the partial results of classical
RAAS blocker therapy in treating cardiovascular and kidney
diseases. In this context, an interesting perspective might be
the evaluation of the angiotensin A effects via AT2R after the
administration of ARBs.

Role of classical and alternative RAAS axes
in pediatric kidney diseases

Pediatric hypertension

The role of the kidney in hypertension is mainly based on
sodium and water retention, changes in pressure natriuresis,
impaired kidney autoregulation, and systemic and local acti-
vation of the classical RAAS axis [4]. However, literature
regarding HTN and the RAAS are controversial. Some re-
search groups have found higher Ang-(1-7) levels in hyper-
tensive adults, while other studies have reported normal levels
[61]. In the only study to include children, we found that levels
of Ang II in patients with renovascular hypertension were
higher than levels of Ang-(1-7) [92]. In addition, after inter-
vention and correction of renal artery stenosis, levels of RAAS
molecules were restored to normal. In contrast, the study
showed that patients with primary HTN had significant eleva-
tion of circulating levels of Ang-(1-7), while the levels of Ang
I and Ang IT were within the normal range [92]. Ang-(1-7), in
this sense, might play a key role as a biological marker of
primary HTN, as the elevation of Ang-(1-7) plasma levels
may be conceived as a compensatory mechanism to oppose
the deleterious effects of ACE/Ang II/ATIR upregulation.

The childhood obesity epidemic has highlighted the impor-
tance of excess weight as a risk factor for HTN development
[93]. A cross-sectional analysis conducted by South et al. [94]
investigated the association between very low birth weight in
preterm newborns, plasma and urinary Ang Il and Ang-(1-7),
and body weight. Results from 175 participants showed that
obesity was associated with high BP, increased Ang II, and
reduced Ang-(1-7) both in circulation and in the kidney [94].
Therefore, obesity may increase the risk of HTN and cardio-
vascular diseases in individuals born prematurely by further
augmenting the prematurity-associated imbalance of the
RAAS.
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Another intriguing issue related to renal arterial hyperten-
sion is the potential protective role of a low-sodium/high-po-
tassium diet [95, 96]. High-salt intake is clearly associated
with an elevation of BP, a greater risk of albuminuria and of
adverse kidney and cardiovascular outcomes compared with
low or moderate sodium intake. On the other hand, a
potassium-rich diet has been associated with a lower incidence
of HTN, stroke, nephrolithiasis, and kidney disease [95, 96].
Several mechanisms may be involved in the responses to low-
sodium and high-potassium intake, including decreased sen-
sitivity of VSMCs to Ang II and catecholamines, modulation
of baroceptor sensitivity, reduction of sympathetic activity,
increased urinary sodium excretion, decreased renal vascular
resistance, and increased GFR [95, 96].

In a recent study of fetal programming, ACE2/Ang-(1-7)/
Mas receptor axis and cardiovascular events were associated
with persistent alterations in Ang-(1-7) in the circulation and
kidney during adolescence and abnormal kidney sodium han-
dling, HTN, and cardiovascular disease in adulthood [97].
Therefore, both RAAS axes not only exert a critical physio-
logical role on BP homeostasis but also take part in the path-
ophysiology of arterial HTN in pediatric patients.

Glomerular diseases

The RAAS exerts a central role in the pathophysiology of
glomerular disease, especially in the progression to CKD, as
previously shown in several studies. Therefore, treatment with
RAAS blockers has been shown to reduce proteinuria and
exert renoprotective effects in almost all glomerular diseases
[61]. Pinheiro et al. [98] reported significant changes in kidney
function and histology secondary to the genetic deletion of
Mas receptor gene in mice, including (1) reduced renal blood
flow; (2) glomerular hypertension with consequent increased
urinary albumin excretion; (3) reduction in the diameters of
the glomerular tuft and Bowman’s capsule; (4) increased de-
position of collagen III, collagen IV, and fibronectin; and (5)
increase of AT1R and TGF-3 RNA expression in kidney tis-
sue. These results corroborate previous studies by showing
that Ang-(1-7) may act as a physiological regulator of
intraglomerular pressure and may oppose Ang II’s pro-
inflammatory and pro-fibrotic effects [1]. Additionally,
Silveira et al. [99] demonstrated beneficial effects of Mas re-
ceptor activation in a murine model of adriamycin-induced
nephropathy. Treatment with AVE0991, an agonist of the
Mas receptor, improved kidney function parameters, reduced
urinary protein loss, attenuated histological changes on kidney
tissue, and decreased urinary levels of fibrogenic cytokines
such as TGF-f31 [99]. The study also showed that mRNA
expression of AT1R and Mas receptors were both decreased
in adriamycin-induced nephropathy. More importantly, the
renoprotective effects of losartan in this experimental model
were dependent on Mas receptor activation [99].
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A recent study by Silva-Filha et al. [100] analyzed the role
of both RAAS axes in pediatric patients with primary nephrot-
ic syndrome (NS). Thirty-one patients with primary NS and
19 healthy controls underwent urine collection for measure-
ment of RAAS molecules [99]. The analysis showed that pri-
mary NS patients had reduced urinary levels of ACE2, but
increased urinary concentrations of Ang II, Ang-(1-7), and
ACE [100]. Additionally, reduced ACE2 levels were nega-
tively correlated with proteinuria in patients with primary
NS [100]. Previous studies had already indicated that acquired
or genetic deficiency of ACE2 increased kidney injury and
proteinuria in other kidney diseases [61], probably due to po-
tentiation of Ang II effects. Furthermore, Nadarajah et al.
[101] showed that the overexpression of ACE2 in glomerular
podocytes attenuated the development of diabetic nephropa-
thy in mice, apparently as a result of delaying the development
of albuminuria. This study also demonstrated that ACE2 over-
expression attenuates histological changes, preserves
podocyte proteins, avoids podocyte loss, and reduces
TGF-31 expression [101]. Taken together, these findings sup-
port a renoprotective role of ACE2 in glomerular diseases.

The apparently counterintuitive finding of high urine con-
centrations of Ang-(1-7) in parallel with lower urinary levels
of ACE2 in pediatric patients with primary NS, might be ex-
plained by the compensatory response to kidney damage trig-
gered by high-level activation of the classical RAAS axis
[100]. Other explanations include the synthesis of Ang-(1-7)
by other enzymes, such as NEP and PEP, and the diminished
MasR expression in kidney tissue, as reported by Ng et al.
[102]. Another important aspect in regard to glomerular dis-
eases and the role of both RAAS axes are the interactions
between components of the RAAS and inflammatory media-
tors in the context of glomerular diseases. Therefore, current
evidence strongly supports the important role of inflammation
for kidney injury in glomerular diseases. Pediatric patients
with primary NS had significantly higher concentrations of
MCP-1/CCL2, a pro-inflammatory chemokine related to mac-
rophage activation than controls without NS [100]. In addi-
tion, urine concentrations of IP-10/CXCLS-10, a cytokine re-
sponsible for chemotactic effects, apoptosis, and cell growth,
were positively correlated to proteinuria [100]. Moreover, uri-
nary levels of Ang-(1-7) and ACE2 were negatively correlated
with MCP-1/CCL2 and IP-10/CSCL-10, respectively, sug-
gesting that both RAAS molecules interact with inflammatory
pathways in glomerular diseases.

Well-established data associate low birth weight with sys-
temic diseases in childhood and adult life, including HTN,
insulin resistance, and coronary heart disease [103]. Previous
studies with animal models demonstrated that intrauterine
growth restriction (IUGR) impairs kidney development and
leads to a reduced number of nephrons, with consequent de-
velopment of glomerular hyperfiltration after birth and ulti-
mately, kidney damage in adulthood [103]. Analysis of serum
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levels of RAAS components in a rat model of nephrotic syn-
drome induced by prenatal ethanol exposure demonstrated (1)
increased serum levels of Ang II, probably due to higher pro-
portion of ACE in relation to ACE2; (2) reduced AT2R ex-
pression; and (3) reduced ACE2 and Mas receptor expression.
Additionally, prenatal ethanol exposure was shown to inhibit
normal kidney development, probably due to overexpression
of Cdhl1 and consequent growth retardation of ureteric bud
(UB) branching. Finally, intrauterine programming might be
impaired by ethanol damage at critical stages of development.
In other words, epigenetic modifications might also be respon-
sible for modulating the expression of RAAS molecules,
resulting in, for instance, low expression of renal AT2R [104].

Congenital anomalies of the kidney and urinary tract

The classical RAAS axis seems to have an important role in
CAKUT. High levels of Ang II lead to reduced renal blood
flow, causing ischemia and kidney growth arrest of the im-
paired kidney. Although renal blood flow usually normalizes
6 weeks after the relief of temporary obstruction, kidney
growth remains altered, suggesting that other factors are re-
sponsible for growth impairment, including the reduction of
cell proliferation, increased cell apoptosis, and progression of
interstitial fibrosis [105]. Ang II also increases the expression
of TNF-o« mRNA in obstructed kidneys, enhancing the inter-
est in ACEI drugs as an effective prevention of kidney fibrosis
in CAKUT [105].

Specifically, in ureteropelvic junction obstruction (UPJO),
the AGTR2 gene, responsible for AT2 receptor expression,
appears to have two main actions in relation to urethral devel-
opment: (1) the regulation of the apoptotic process in undif-
ferentiated mesenchymal cells surrounding the developing
ureter and (2) inhibition of ectopic ureteral budding [105].
Additionally, increased urinary levels of ACE2 and of
Ang-(1-7) as well as lower ACE urinary levels were detected
in fetuses with posterior urethral valves (PUV) when com-
pared with healthy neonates [106]. The explanation for the
increased levels of molecules of the alternative RAAS axis
relies on the potential role of ACE2 and Ang-(1-7) as a com-
pensatory mechanism against the intense inflammatory re-
sponse process triggered by PUV itself [106].

Chronic kidney disease

Chronic kidney disease in pediatrics mostly results from
CAKUT and glomerular and cystic diseases and evolves with
HTN. Results from The Chronic Kidney Disease in Children
Study Group showed that 37% of CKD pediatric patients had
systolic or diastolic BP measurements above the 90th percen-
tile for correspondent age and sex and 14% met the diagnostic
criteria for HTN [107]. The loss of glomerular autoregulation
in HTN leads to development of intraglomerular

hypertension, which may contribute to proteinuria and glo-
merular tissue damage [108]. In this setting, high BP is the
consequence of disease progression and a risk factor for stage
5 CKD.

Enhanced classical RAAS axis activation results in in-
creased Ang II production and higher stimulation of AT1 re-
ceptors, which may contribute to systemic and glomerular
capillary HTN, provoking kidney injury and progression of
CKD [1]. Ang-(1-7), on the other hand, induces dilatation of
pre-constricted renal afferent arterioles and increases kidney
blood flow, neutralizing Ang II effects [62]. Several mecha-
nisms may explain how Ang-(1-7) counteracts kidney effects
of Ang II, including (1) competition for the binding of Ang II
to AT1 receptors; (2) deregulation of Ang II/AT1 signaling
transduction; (3) interference of AT1 receptor syntheses; and
(4) stimulation of NO release, mobilization of anti-apoptotic
pathways, and reduction of oxidative stress by the activation
of mitochondrial RAAS alternative axis [61]. As previously
mentioned, we have found high levels of both Ang II and
Ang-(1-7) in children with renovascular HTN, whereas pa-
tients with primary HTN had a selective elevation of plasma
Ang-(1-7) [92]. These findings suggest upregulation of the
classical RAAS axis in renovascular HTN that differ from
the response of primary hypertensive pediatric patients [92].
Later studies have demonstrated that plasma levels of Ang-(1-
7) were even more pronounced in pediatric patients with stage
5 CKD, pointing to a deviation of RAAS metabolism toward
Ang-(1-7) synthesis at more advanced stages of the disease
[109]. In addition, this finding might also be due to an impair-
ment and/or downregulation of Mas receptor in patients with
stage 5 CKD [109].

The pro-inflammatory and pro-fibrotic effects of Ang II
may also contribute to CKD progression [12]. Ang II in-
creases the population of inflammatory monocytes by (1) fa-
cilitating differentiation of hematopoietic stem cells; (2) stim-
ulating adhesion molecules; (3) enhancing leukocyte rolling
flux, adhesion and migration; (4) upregulating plasma levels
of IL-6, IFN-y, TNF-« and IL-1f3; and (5) activating calcium
mobilization, among other actions [12]. Moreover, Ang 11
contributes to fibrogenesis and organ remodeling, while
Ang-(1-7) has anti-fibrogenic and anti-proliferative effects
[1, 17]. Hence, the Ang II pro-inflammatory environment in-
duces tissue damage, which eventually leads to progressive
loss of kidney function.

Ng and colleagues [102] demonstrated reduction of Mas
receptor expression in rats with CKD. This group also ob-
served an association between indoxyl sulfate (IS) administra-
tion and diminished Mas receptor kidney expression, as well
as increased TGF-31 in cultured human proximal tubular cells
[102]. Sun et al. [110] showed the effect of classical RAAS
axis inhibitors like losartan in preventing IS-induced fibrosis
on targeting organs. These data indicate that the pro-
inflammatory reactions and enhancement of oxidative stress
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of this uremic toxin may be the result of classical RAAS axis
activation [111]. Moreover, the inhibition of these pathways
might slow the development of CKD through indirect RAAS
suppression.

Consistent with these findings, Ma et al. [112] found that
mice with genetic deletion of the AT2 receptor gene have (1)
decreased cortical ACE2 activity, Mas expression, and
Ang-(1-7) levels in kidney tissue; (2) increased production
of ACE, Ang II, and AT1 receptor in kidney cortex; (3) high
BP, increased indices of kidney injury, and mesangial matrix
expansion score; and (4) microalbuminuria. Ali et al. [113]
showed that AT2 and Mas receptors have molecular interac-
tions, mainly concerning NO release and diuretic responses.
The main conclusion is that the downregulation of the alter-
native RAAS axis can extend kidney tissue damage.

Regarding acute kidney injury (AKI), increased kidney
vascular resistance due to stimulation of sympathetic nervous
activity was responsible for triggering renin secretion and con-
sequently elevation of Ang II levels [114]. The exact role of
the classical RAAS axis in AKI, however, is yet to be clari-
fied. Barroso et al. [115] detected renoprotective effects of
AVE0991, a Mas receptor agonist, in experimental AKI by
improving kidney function, decreasing tissue damage,
preventing leukocyte infiltration, and reducing cytokine re-
lease. It should also be mentioned that AKI can lead to CKD
and the activation of classical RAAS axis may also play a role
in this process.

Systemic diseases affecting the kidney

Several studies have demonstrated that kidney RAAS is al-
tered in DM patients and that RAAS inhibitors can reduce the
incidence of vascular complications in these patients, proba-
bly by means of the protection of skeletal muscle and pancre-
atic islets, enhancement of insulin sensitivity, and reduction of
adipocyte size [116]. A recent study by Alves et al. [117]
showed that hyperglycemia was responsible for increased uri-
nary levels of cytokines and kidney gene expression of IL-10,
suggesting a DM modulation of kidney inflammation.
Moreover, previous studies indicated the benefits of ACEI
and ARBs as first-line treatments for patients with DM and
HTN, mostly due to their cardiac and renoprotective effects
[118]. In line with these findings, Mori et al. [119] showed
that Ang-(1-7) ameliorates diabetic nephropathy through de-
creasing kidney inflammation and fibrosis, attenuating kidney
ROS production, and reducing kidney lipotoxicity.

Sickle cell anemia (SCA), the most common hemoglobin-
opathy worldwide, is capable of triggering sickle cell ne-
phropathy (SNC) as a result of a poorly understood inflamma-
tory state [120]. There is a clear association between albumin-
uria in children with SCN and urinary levels of cytokines and
chemokines, including IL-6, TNF, and MCP-1/CCL2. These
molecules might be possible biomarkers for poorer outcomes
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in SCN [121]. In addition, high hemoglobin F and platelet
levels were also associated with increased estimated glomer-
ular filtration rate and albuminuria, respectively [122]. As the
platelets from SCD patients can secrete higher amounts of
inflammatory molecules, SCA progression is closely related
to the development of SCN. Although some studies on ACEI
administration showed significant reduction of albuminuria in
patients with SCA, none had evaluated RAAS components in
these patients. In this regard, Belisario et al. [123] performed a
cross-sectional study with 72 children and showed lower
levels of ACE2 and Ang-(1-7) in SCA children with persistent
albuminuria. These results were the first to provide evidence
for a role of RAAS molecules in human SCN, suggesting that
SCA patients had RAAS imbalance towards the classical axis
[123].

The RAAS is also involved in the physiopathology of au-
toimmune diseases, including rheumatoid arthritis and lupus
nephritis (LN). LN is the result of acute kidney inflammation
triggered by the deposition of autoantibodies and immune
complexes in the kidney [124]. Accordingly, several studies
have shown that Ang II has pro-inflammatory effects in auto-
immune diseases due to regulation of chemokines, cytokines,
and chemotactic agents, including TGF-31, TNF, IL-6, osteo-
pontin, and NF-kappa B [125]. Similar to glomerular diseases,
LN can have a wide spectrum of presentations, from minimal
mesangial injury to advanced glomerular sclerosis. Likewise,
both diseases might be attenuated by the use of ACEI and
ARBsS, in order to provide renoprotection and reduction of
proteinuria [124]. Albuquerque et al. [126] showed that cap-
topril was able to reduce TGF-31 expression in the glomeruli
and TGF-32 expression in the periglomerular region of mice
with lupus. Furthermore, it was proposed that captopril chang-
es the cytokine profile of LN patients through inhibition of
Ang II effects on lymphoid cells and apoptosis signal com-
plexes [126].

All of these data support the main role of classical RAAS
axis activation in the pathophysiology of kidney damage trig-
gered by systemic diseases and open the possibility of novel
therapeutic approaches by stimulation of the alternative
RAAS axis.

RAAS and COVID-19

The outbreak of SARS-CoV-2 virus infection in Wuhan,
China, in 2019 has led to increased scrutiny of the role of
the RAAS in patients with novel coronavirus disease
(COVID-19). Early in the pandemic, several studies pointed
to a pivotal role of transmembrane ACE2 as a viral receptor in
nasal and oropharyngeal epithelia [127]. Hence, researchers
postulated about the function of the RAAS in COVID-19,
where a hypothesis of RAAS imbalance might explain the
disease’s clinical findings [40]. The intersection between
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COVID-19, RAAS, and pediatrics is particularly intriguing,
due to the epidemiological pattern confirmed in several re-
ports worldwide: lower frequency, severity, and fatality case
rates in the pediatric population [128].

Although COVID-19 occurs in all age groups, the number
of cases in children is overall low. In China, data from the
Chinese Center for Disease Control and Prevention reported a
percentage of 2.2% confirmed cases of COVID-19 among
patients aged < 19 years old [129]. In the USA, a report from
the Center for Disease Control (CDC) showed that only 2% of
COVID-19 cases were under 18 years old [130]. In Europe,
the incidence is even lower, with 1.2% of Italian patients and
0.8% of Spanish cases being < 18 years of age [131]. A com-
parison with adult patients made by Wu et al. [132] showed a
milder clinical presentation of children positive for COVID-
19 in the following signs and symptoms: fever (36% for pe-
diatric cases versus 86% for adult patients), cough (19% vs.
62%), elevated C reactive protein (3% vs. 49%), and pneumo-
nia (53% vs. 95%). This finding was also confirmed by the
American CDC regarding fever (56% for pediatric cases ver-
sus 71% for adult patients), cough (54% vs. 80%), and dys-
pnea (13% vs. 43%) [133]. Furthermore, American informa-
tion on hospitalization status of 745 COVID-19 pediatric
cases under the age of 18 presented a percentage of 5.7% of
hospitalization and 0.58% of admission to the intensive care
unit (ICU). In comparison, among the 35,061 adult cases,
20% were hospitalized and 2.0% went to ICU [133].
Mortality of children with COVID-19 has been rare, consis-
tent with the seemingly milder course of the infection in those
< 19 years old.

The significance of these data is counterintuitive in light of
the well-established higher susceptibility rates of infants to
respiratory infections [134]. Therefore, the theoretical protec-
tion of children from SARS-CoV-2 infection suggests the re-
evaluation of COVID-19 as a systemic condition with pulmo-
nary involvement, rather than a pulmonary disease with sys-
temic implications [135]. The various manifestations of
COVID-19 in pediatric patients might be a result of different
and multifactorial defense mechanisms involving the RAAS
dynamism throughout life, as well as its implications on dis-
ease course, and the naive immune system, which is not fully
developed in these patients. Pediatric symptomatology sup-
ports this hypothesis, as systemic complications have fre-
quently been reported, including sore throat, vomiting, diar-
rhea, and abdominal pain [130].

Indeed, the pathophysiology of COVID-19 might rely
greatly on imbalance of the RAAS. Binding of the viral spike
glycoprotein S to membrane-bound ACE2 leads to the en-
trance of ACE2 into the cell and as a consequence reduces
the amount of active enzyme [40]. Since the RAAS has two
counter-regulatory and dynamic arms, diminished ACE2 re-
sults in (1) higher Ang II levels, as well as classical arm ACE/
Ang II/ATIR upregulation and (2) Ang-(1-7) depletion and

consequent ACE2/Ang-(1-7)/MasR downregulation. The del-
eterious effects of Ang II in pulmonary, inflammatory condi-
tions have been previously discussed in this article. Hence, the
imbalance of both RAAS axes may be responsible for disease
progress in three main phases: hematological, pulmonary, and
inflammatory [40]. The first phase might be the result of
SARS-CoV-2 invasion of hematopoietic stem/progenitor cells
(HSPC) expressing ACE2, leading to the significantly high
frequency of lymphopenia and viral induced hypoxia [136].
Secondly, the pulmonary involvement possibly related to
ACE/Ang II/AT1R activation, which allegedly induces lung
inflammation, endothelial dysfunction, fibrosis, and pulmo-
nary arterial HTN, leading to development of the typical
acute respiratory distress syndrome (ARDS) [12].
Moreover, severe hypoxemia might be a result of hypoxic
vasoconstriction and reduced ventilation—perfusion ratio
[137]. This explains the widespread need for mechanical
ventilation in adults with COVID-19. The third phase is a
hyper-inflammatory state named cytokine storm syndrome
which plays a key role in determining disease severity. A
range of immune-related cascades might be activated by the
exacerbation of ACE/Ang II/ATIR, including the synthesis
and release of pro-inflammatory cytokines, including IL-1,
IL-6, and TNF-o [137]. This process, added to viral intrin-
sic activation of both innate and adaptive immune systems,
may explain the higher levels of IL-6, IL-2R, IL-10, and
TNF-«, as well as lower CD4+ and CD8+ levels in
COVID-19 patients [138]. Pediatric patients, in particular,
presented increased serum creatine kinase MB, pro-
calcitonin and C reactive protein, lymphocytopenia, and
leukopenia associated with higher disease severity [139].
The three presented mechanisms result in alveolar edema
and vascular leakage, both responsible for hypoxia and dys-
pnea [139].

Due to the relevance of the RAAS imbalance hypothe-
sis in the pathophysiological course of the disease, re-
searchers have pursued the presumable beneficial effects
of RAAS blocker therapy in COVID-19. The main pur-
pose is to prevent the exacerbation of the ACE/Ang II/
ATIR axis, thought to be responsible for the aggravation
of the condition [40]. In this sense, the National Health
Institute (NIH) included several clinical trials using low
doses of RAAS blocker therapy, ARBs and ACEI for
instance, to evaluate the effects on preventing disease pro-
gression. Additionally, studies on Ang-(1-7) analogues and
recombinant human ACE2 also seem promising. The dy-
namic changes of RAAS expression throughout life have
been considered an important modulator of development
of kidney and cardiovascular systems (Fig. 3). This phys-
iological modulation process might be divided in three
principal stages: fetal, postnatal, and puberty [140]. In fetal
life, the expression of ATl and AT2 receptors in vascu-
lature and kidneys is greater than at any other period of
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life in response to renal and cardiovascular demands
[140]. Subsequently, postnatal ontogeny implicates a de-
crease of AT2R expression due to kidney maturation, ac-
tivation of which by Ang Il plays a protective role in
newborns fighting infections [141]. Similarly, higher ex-
pression of AT2R might exert a beneficial effect in
COVID-19 due to its anti-inflammatory properties [28].
Research conducted by Bunyavanich et al. [142] showed
an age-dependent expression of ACE2 in nasal epithelium,
which was relatively low in children younger than 10
years old and progressively increased until adulthood.
This may also explain the lower infectivity of COVID-
19 in the pediatric group. Lastly, during puberty, sexual
dimorphism of arterial pressure is closely related to differ-
ential modulation of the cardiovascular system by sex hor-
mones, which may impact upon RAAS expression.
Testosterone, for instance, has been demonstrated to in-
crease the expression of ATI receptor and decrease the
expression of AT2 in male rodents [143]. Additionally,
greater ACE2 and MasR expression has been demonstrat-
ed in female rodents [144] and higher plasma Ang-(1-7)
levels have been seen in women than in men [145]. These
findings might explain the male predominance of COVID-
19 cases in both children and adults [130].

On the other hand, specific aspects of the immune
system in childhood may also exert an unexpected pro-
tection in COVID-19 due to its immaturity, as disease
progression and severity are correlated with a hyperim-
mune response. Immunity is constructed and modulated
by several genetic and environmental factors from the
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womb until late childhood [134]. Maternal diet, vaginal
health, birth period, breastfeeding, diet, hygiene, and
antibiotic medication are some of the defining aspects
that determine the child’s capacity to fight pathogens
through the improvement of the adaptive immune sys-
tem. Despite depending greatly on the innate response
due to the poor immunologic memory, studies on respi-
ratory infections showed an inadequate activation or
suppression of some innate components in infants—
INF-o/3, IL-6, and TNF-x for instance [134].
Furthermore, the naive adaptive immune system has
been described to present weaker T helper 1 (Thl) re-
sponses, limited B cell repertoire and inefficient gener-
ation of somatic hypermutations [134]. In common viral
infections, these findings might contribute to greater dis-
ease severity. In COVID-19, however, the presumed
disadvantage might actually be a protective mechanism,
preventing cytokine storm and leading to the large num-
ber of asymptomatic and milder cases in children.

The emergence of COVID-19 represents a unique
challenge for clinicians caring for patients from all age
groups. Better understanding of the disease is vital so
that improved clinical management and therapeutic strat-
egies can be developed. The dynamism of the RAAS
throughout life and the immature immune system in
pediatric patients may be responsible for the milder
clinical presentation and the epidemiological profile of
COVID-19 in the young. Further investigation is neces-
sary to completely solve the pathophysiological mechanism of
the disease.
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Fig. 3 Dynamic changes of RAS molecules during life span. Legend:
There is not enough evidence for RAS molecule variations through life
in humans. Most studies are related to animal models and we expand their
findings to human physiology. During intrauterine life, molecules of both
RAS axes are at the highest levels in the circulation. During childhood,
levels of RAS molecules decrease significantly, especially molecules of
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the alternative RAS axis. After puberty and during adult life, molecules of
both RAS axes increase and remain relatively stable. However, during
elderliness, the alternative RAS axis becomes less activated, while
molecules of the classical RAS axis increase. Male subjects usually
have biggest variations of the alternative RAS axis during childhood
and elderliness
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Concluding remarks

The RAAS is crucial for kidney homeostasis. The balance
between the classical and alternative RAAS axes is complex
and depends on several cascades of events and effector mole-
cules to exert its effects throughout the body. In this regard,
RAAS inhibitors have grown in clinical relevance due to the
multiplicity of beneficial applications. The role of the RAAS
in pediatric kidney diseases has been investigated by several
research groups in several different conditions. Their findings
corroborate the well-known deleterious effect of ACE/Ang 1/
ATIR axis upregulation in worsening disease prognosis. In
this regard, stimulation of the alternative axis seems promising
for reversing the inflammatory and fibrotic processes common
in these conditions. Meanwhile, several new RAAS fragments
have been discovered and must be closely analyzed to aid
further identification of its escape mechanisms and their phar-
macological potential, mainly in cardiovascular and kidney
diseases. Although the pathophysiology of COVID-19 re-
mains obscure and requires further study, the RAAS hypoth-
esis may help explain the disease’s natural history.

Key summary points

*  Two counter-regulatory axes form the renin—angiotensin—al-
dosterone system (RAAS): ACE/angiotensin II/AT1 recep-
tor axis and ACE2/angiotensin-(1-7)/Mas receptor axis.

» The binding of angiotensin II to the AT1 receptor leads to
vasoconstriction, inflammation, fibrosis, and tissue
damage.

* The binding of angiotensin-(1-7) to the Mas receptor re-
sults in anti-inflammatory, anti-proliferative, and anti-
fibrogenic actions and organ protection.

* The pathophysiology of COVID-19 infection might rely
on a large extent on imbalance of the RAAS.

Multiple-choice questions
1. Which of the following mechanisms lead to renin release?

a) Increased concentration of sodium in the macula
densa

b) Reduced renal blood flow to the afferent arteriole.

¢) Alpha adrenergic stimulation

d) Vasoconstriction of the efferent arteriole

2. Binding of Ang Il to the AT1 receptor causes which of the
following responses?

a) Reduction of endothelial dysfunction
b) Release of nitric oxide and prostaglandins

¢) Vasodilation of efferent arteriole
d) Stimulation of renal sodium reabsorption

3. SARS-CoV-2 binding to ACE-2 leads to

a) Viral entry to the target cell

b) Apoptosis of intestinal epithelial cells
¢) Systemic inflammation

d) Viral replication

4. Use of ACE inhibitors in hypertensive children with CKD

a) Accelerates loss of kidney function over time

b) Increases the risk of kidney disease progression
¢) Decreases the rate of kidney disease progression
d) Worsens blood pressure control

5. Compared with the classical arm of the RAAS, effects of
the alternative arm include

a) Increase in proteinuria and reduction of fibrosis

b) Stimulation of fibrosis and increased proteinuria
c) Stimulation of fibrosis and reduction in proteinuria
d) Reduction in fibrosis and decreased proteinuria
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